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In this issue of Cancer Cell, Li and colleagues demonstrate that the hematopoietic transcription factor Aiolos
(named after theWindGod of Greekmythology) confers anoikis resistance in lung tumor cells through repres-
sion of cell adhesion-related genes including the mechanosensor p66Shc.
Co-opting programming factors ordinarily

found only in alternative cell lineages for

the purpose of evading anoikis has been

reported in other settings, for example,

activation of the neuronal trkB and NGF

genes in breast cancer. The paper by Li

et al. (2014) in this issue of Cancer

Cell provides provocative evidence that

lung cancer cells utilize a hemato-

poietic transcription factor, Aiolos, to

drive both anoikis resistance and

anchorage independence.

Aiolos/Ikaros family zinc finger 3

(IKZF3) is a member of the Ikaros family

of lymphocyte maturation-driving tran-

scription factors (originally described by

the Georgopoulis laboratory), which

also includes Eos, Helios, and Pegasus.

Aiolos is expressed late in B- and T cell

maturation, when cells become inde-

pendent of attachment to the bone

microenvironment and prepare to circu-

late (John and Ward, 2011). Initial studies

to define the role of these transcription

factors in cancer progression naturally

focused upon hematopoietic malig-

nancies. Most studies have examined

Ikaros, the founding member of the

family with tumor suppressor function

that, when mutated, generates aberrant

anoikis-resistant precursors to B cell

acute lymphoblastic leukemia (Joshi

et al., 2014). However, there are sce-

narios where Ikaros family members

have a protumorigenic function in

hematopoietic cancers. For example,

Aiolos expression is elevated in chronic

lymphocytic leukemia and is proposed

to promote cell survival by regulation of

Bcl2 family proteins (Billot et al., 2011).

Aberrant expression of Ikaros family

members in solid tumors, including lung

and ovarian cancers has been reported,

but a unifying concept of their function

in solid tumors has not emerged. Li

et al. (2014) significantly advance these
studies by providing unique insight into

the mechanisms through which Aiolos

subverts normal epithelial cell function

to drive phenotypes associated with

malignant disease. Aiolos and its relatives

repress transcription through chromatin

remodeling factors including the NuRD

and CtBP complexes (Mandel and Gros-

schedl, 2010). Interestingly, both of these

complexes have been implicated widely

in tumorigenesis, the latter being a critical

factor for epithelial-mesenchymal transi-

tion (EMT) and accompanying acquisition

of resistance to anoikis (Grooteclaes

et al., 2003), and, in this connection,

Ikaros is implicated in ovarian cancer

cells in the control of expression of

several genes associated with EMT. Li

et al. (2014) demonstrate that Aiolos

represses a number of integrin and tight

junction genes, thus inhibiting both

cell-matrix and cell-cell adhesion. The

ensuing breakdown of cell polarity may

well drive anoikis resistance through

Wnt, TGF-b, and Hippo pathways acting

in concert, as reviewed recently (Frisch

et al., 2013). In addition, Aiolos also spe-

cifically repressed expression of the p66

isoform of Shc, which may have a pro-

found effect upon anoikis via multiple

mechanisms.

The p66Shc repression is of unique

importance, because this protein, an

alternative splice variant of the SHC1

gene (that also encodes p52Shc, a mito-

genic tyrosine kinase receptor adaptor

protein), is critical for anoikis sensitivity

in diverse normal and tumor cell types

(Ma et al., 2007). The Terada lab reported

previously, using ectopic expression and

knockdown approaches, that p66Shc is

a mechanosensory component that

translates changes in cell-matrix ten-

sion occurring in matrix detachment or

reattachment into cell death or survival

responses (Ma et al., 2007). RhoA
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in p66Shc-expressing detached cells,

generating outward force that is unop-

posed by matrix and engaging an anoikis

triggering mechanism (Ma et al., 2007).

Li et al. (2014) now demonstrate that

p66Shc is a direct target of repression

by Aiolos, which interacts with enhancer

elements and interferes with enhancer-

promoter interactions (shown by chro-

matin conformation capture), estab-

lishing repressive histone modifications

(Figure 1). Identification of the enhancer

protein(s) driving p66Shc expression

may shed additional light upon both this

repression mechanism and the regulation

of this gene more broadly. Importantly,

the re-expression of p66Shc in Aiolos-

expressing cells restored anoikis sensi-

tivity and anchorage dependence,

demonstrating the functional significance

of Aiolos-dependent p66Shc repression.

Alternative mechanisms involving the

loss of cell adhesion molecules and re-

sulting depolarization were not explored,

and the possibility that these adhesion

molecules act in part through regulating

p66Shc has not been excluded. This

mechanism is certainly plausible given

that p66Shc upregulation by cell conflu-

ence has been noted (Ma et al., 2007).

Examination of human lung tumor

samples demonstrated the significance

of Aiolos and p66Shc in tumor biology

robustly. Expression of Aiolos occurred

commonly in small cell lung cancer and,

to a lesser extent, non-small cell lung

cancer. Aiolos expression correlated

with poor prognosis and inversely corre-

lated with p66Shc expression.

Several mechanisms for apoptosis

induction and tumor suppression by

p66Shc have been proposed. One is a

profound inhibition of Ras activation,

thus activating Rho and contributing

to the ‘‘(un)opposed tension’’ model
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Figure 1. Proposed Mechanism for Anoikis Resistance in Lung Cancer Cells via the Overexpression of Aiolos
In normal epithelial cells, detachment engages a p66Shc-mediated response to the loss of cell tension that triggers anoikis (upper panel). With Aiolos expression
in lung cancer cells, this pathway is obviated due to the repression of p66Shc as well as other cell adhesion related genes.
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mentioned above (Ma et al., 2010).

Another is the generation of mitochondrial

reactive oxygen species (ROS) through

electron transport between p66Shc and

cytochrome c, triggering the apoptotic

mitochondrial permeability transition,

perhaps by peroxidation of cardiolipin

(Giorgio et al., 2005). Additionally,

p66Shc represses the expression of the

transcription factor Nrf, thereby indirectly

downregulating antioxidant genes, in-

creasing ROS levels.

Consistent with its pro-oxidant activity,

p66Shc is an anti-longevity gene inmouse

models and was also shown to exacer-

bate insulin resistance and glucose intol-

erance (Soliman et al., 2014). Deficiency

of p66Shc contributes to the increased

carbon flux through the glycolytic

pathway as well as the pentose phos-
552 Cancer Cell 25, May 12, 2014 ª2014 Els
phate and hexosamine biosynthetic path-

ways (Soliman et al., 2014). These effects

were mediated by p66Shc’s apparent

interference with the stimulation of

mTOR by growth factors. In light of the

importance of these metabolic pathways

in anoikis, this may provide an additional

mechanism by which Aiolos regulates

anoikis through p66Shc.

REFERENCES

Billot, K., Soeur, J., Chereau, F., Arrouss, I.,
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Oncogenic Kras is increasingly appreciated as an instigator of an inflammatory program that facilitates
pancreatic cancer. In this issue of Cancer Cell, McAllister and colleagues use both gain-of-function and
loss-of-function studies to demonstrate that oncogenic Kras activates an IL-17-dependent pathway that
promotes the initiation and progression of preinvasive pancreatic neoplasia.
Pancreatic cancer is well known for its

very poor prognosis. The disease is noto-

riously refractory to standard therapy,

especially for patients who present with

metastatic disease. Unfortunately, the

‘‘statistics’’ are getting worse. Pancreatic

cancer is one of only two cancers among

21 histotypes for which the death rate in

the United States rose from 1990 to

2008 (the other is liver/intrahepatic bile

duct cancer). Pancreatic cancer is likely

to become the second leading cause of

cancer-related death in the United States

by 2020 (behind lung cancer, which is

declining). Although new combination

chemotherapies are able to stabilize

many patients who present with meta-

static pancreatic cancer (representing

a major clinical advance), response rates

remain <35%, and patients with long-

term complete remissions after treatment

with these therapies are rare.

In the context of this unmet clinical

need, genetically engineered murine

models of pancreatic neoplasia have

become an increasingly important tool to

garner biological insights that might lead

to novel therapeutic strategies. Based

largely on the selective expression of

oncogenic Kras in the pancreas of

immune-competent hosts, these models

reproduce key biological aspects of the

human disease, including its highly des-

moplastic and inflammatory tumor micro-

environment. These models offer the

opportunity to uncover novel ‘‘non-tumor

cell autonomous’’ therapeutic targets in

the tumor stroma, which can be tested

for efficacy in tumor-bearing mice prior

to translation to the clinic (Beatty et al.,

2011). Because pathology in these
models advances from preinvasive dis-

ease to invasive disease, agents that pre-

vent or reverse the earliest neoplastic

events can also be explored.

In this issue of Cancer Cell, McAllister

et al. (2014) identify early inflammatory

events, dependent on the cytokine inter-

leukin-17 (IL-17) and oncogenic Kras,

that drive pancreatic neoplasia in vivo in

the Mist1CreERT2/+; LSL-KrasG12D murine

genetic model. IL-17 and related cyto-

kines potently evoke tissue inflammation

and can trigger autoimmunity by interact-

ing with multiple cell types in various

tissues. In cancer, the role of IL-17 (as

well as that of Th17 cells, helper T cells

that secrete IL-17) is far from clear cut;

in some experimental systems, Th17 cells

promote tumor formation, but, in other

studies, Th17 cells have clear, direct,

and powerful antitumor effects (Chen

and Oppenheim, 2014). In addition, IL-17

has been shown to mediate a paracrine

network that promotes tumor resistance

to antiangiogenic therapy by the induction

of GCSF expression and recruitment of

immunosuppressive immature myeloid

cells in the tumor microenvironment

(Chung et al., 2013). Many of these

studies, however, focus on implantable

tumor models or employ immune-incom-

petent mice, for which the tumor microen-

vironment, especially at early stages of

neoplastic growth, is not ideally repro-

duced. In their genetic model, McAllister

et al. (2014) identify two distinct IL-17-

secreting lymphoid cell populations,

Th17 cells and gdT cells, recruited to the

pancreas in the setting of mutant

Kras expression and inflammation. Both

cellular subsets are rare in the tissue,
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cells, and, in fact, were not specifically

noted in the initial immunophenotyping

studies of genetically engineered mice

bearing Kras-driven pancreatic intraepi-

thelial neoplastic (PanIN) lesions (Clark

et al., 2007). Nevertheless, in both gain-

of-function and loss-of-function studies

in vivo, McAllister et al. (2014) demon-

strate that IL-17 helps to drive initiation

and progression of pancreatic neoplasia.

Interestingly, Th17 cells have been previ-

ously reported to promote pancreatic

inflammation in the setting of autoimmune

diabetes in immune-incompetent mice in

which anti-IL-17 treatment reduces insu-

litic inflammation and disease progres-

sion (Martin-Orozco et al., 2009). In

human PanIN tissues, McAllister et al.

(2014) identify many elements of the

IL-17 inflammatory fingerprint, including

PanIN-infiltrating lymphocytes that ex-

press RORgt, the transcription factor

classically linked to Th17 cells. These

findings underscore the potential rele-

vance of IL-17 in the initiation of human

pancreatic cancer.

McAllister et al. (2014) also observe

Kras-dependent expression of functional

IL-17 receptor (IL-17R) on pancreatic

neoplastic epithelium. Based on a genetic

lineage tracing allele, IL-17R expression is

also evident on pancreatic neoplastic

cells undergoing epithelial-mesenchymal

transition. Neutralization of IL-17 in vivo

leads to a rapid change in the gene

expression program of neoplasic cells,

including the loss of IL-6 expression and

STAT-3 phosphorylation, two key regula-

tors of pancreatic neoplastic progression

(McAllister et al., 2014). Importantly, this
l 25, May 12, 2014 ª2014 Elsevier Inc. 553
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IL-17-epithelial cell crosstalk is observed

only in the presence of oncogenic Kras.

Although it remains to be determined if

IL-17R signaling triggers a cell-intrinsic

effect that promotes oncogenesis, there

likely is a paracrine aspect of IL-17 in

the neoplastic microenvironment, culmi-

nating in a disease-promoting scenario.

The findings are significant for a num-

ber of reasons. First, these results under-

score a role for IL-17 as an inflammatory

mediator that promotes neoplasia. Sec-

ond, the results offer novel insights

regarding the role of IL-17 in pancreatic

neoplasia in particular and Kras-mediated

oncogenesis in general. Third, the find-

ings point to a potential translational

path to neutralize IL-17 in patients with

pancreatic neoplasia, or those at high

risk, given the active development of

effective IL-17 monoclonal antibodies

that have shown stunning promise in

other (noncancer) inflammatory diseases

(van den Berg and McInnes, 2013).

Curiously, CD4 T cell depletion in this

model (by the use of depleting mono-

clonal antibody) reproduces aspects of

the phenotype observed with IL-17

neutralization, even though only a small

fraction of CD4 T cells secrete IL-17 and

other IL-17-secreting cells identified

(such as gd T cells) do not express CD4.

These observations are consistent with a

second report published earlier this year

that IL-17 secreting CD4 T cells are found

in the pancreas upon induction of mutant

Kras and treatment with the inflammatory

agent cerulein and that genetic deletion of

CD4 cells abrogates PanIN formation, an

effect that requires CD8 T cells (Zhang

et al., 2014). Regulatory T cells (Tregs)

comprise a far larger percentage of

PanIN-infiltrating CD4 T cells than Th17
554 Cancer Cell 25, May 12, 2014 ª2014 Els
cells, and, therefore, Th17 cells, Tregs,

and perhaps CD4 Th2 T cells may coop-

erate to accelerate pancreatic neoplasia

disease. Accumulating evidence shows

that Th17 cells and Tregs can stimulate

each other in vivo such that therapeutic

manipulation of one cell type will impact

the other (Chen and Oppenheim, 2014).

Further experiments are needed to

evaluate whether IL-17 neutralization is

as useful a therapeutic strategy in the

setting of invasive pancreatic carcinoma

as it appears to be, at least experimen-

tally, in the early stages of pancreatic

neoplasia. The development of potent,

clinical-grade anti-IL-17 mAb certainly

presents a translational temptation (van

den Berg and McInnes, 2013); however,

additional studies are needed to ensure

that such treatment would not be counter-

productive, given the antitumor activity

of Th17 in certain models (Chen and Op-

penheim, 2014). Such strategies are

amenable for testing via genetically engi-

neered mice with pancreatic cancer.

Finally, it is of great interest that the IL-

17 phenotype reported byMcAllister et al.

(2014) emerges in the setting of onco-

genic Kras, which appears capable of

orchestrating a tumor-promoting micro-

environment beyond well-described

tumor-cell autonomous Kras mecha-

nisms. GMCSF expression by PanIN and

invasive pancreatic cancer cells is

another example of a pathway down-

stream from oncogenic Kras that has

non-cell autonomous effects, in this case

functioning to establish an influx of

suppressive myeloid cells that inhibit

adaptive immunity (Bayne et al., 2012;

Pylayeva-Gupta et al., 2012). Pharmaco-

logical inhibition of oncogenic Kras, there-

fore, might realistically be expected to
evier Inc.
derail these tumor-promoting non-cell

autonomous mechanisms, providing

even more incentive (if more were

needed) for renewed efforts to drug Kras.
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Heterozygous deletions of chromosome 7 are frequent in myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML). In this issue of Cancer Cell, Chen and colleagues identify MLL3 as a novel haplo-
insufficient tumor suppressor on 7q that, in combination with NF1 suppression and TP53 deficiency, medi-
ates MDS and AML phenotypes in mouse and human systems.
Heterozygous deletions or losses of

chromosome 7 (�7/7q-) are frequently

observed in patients with myelodysplas-

tic syndrome (MDS) and acute myeloid

leukemia (AML) and are associated with

chemoresistance and poor outcome. Pre-

vious studies have examined the genetics

and functional genomics of patients with

�7/7q-, including at the stem cell level,

and identified genes involved in disease

pathogenesis (Wong et al., 2010; Pella-

gatti et al., 2010; Barreyro et al., 2012;

McNerney et al., 2013). However, no

definitive single haploinsufficient tumor

suppressor in this region has thus far

been functionally validated in its capacity

to induce overt MDS or AML in an experi-

mental model. Experimental heterozy-

gous deletion of one of the commonly

deleted regions failed to result in overt

myeloid disease in mice (Wong et al.,

2010), and previous studies did not detect

biallelic inactivation of any candidate

tumor suppressors (Curtiss et al., 2005).

Recent advances in our knowledge of

the multi-step pathogenesis of myeloid

malignancies and functional work on co-

occurring disease alleles have highlighted

limitations in the study of single candi-

date alleles and shown striking disease

phenotypeswhencombinatorial allelic ge-

notypes were examined (Jan et al., 2012;

Abdel-Wahab et al., 2013). This leads to

the hypothesis that haploinsufficiency of

candidate genes in regions commonly

deleted in cancers (e.g., here, on chromo-

some 7) may have detectable tumor sup-
pressing activity only in the context of

other cooperating genetic events.

In an approach to identify and experi-

mentally interrogate such context-depen-

dent combinatorial candidate tumor

suppressors in �7/7q- AML, Chen et al.

(2014; in this issue of Cancer Cell)

analyzed their own and other published

genomic data on AML patients and

focused on one particular candidate 7q

tumor suppressor, the mixed lineage leu-

kemia 3 (MLL3) gene. Chen et al. (2014)

noticed that haploinsufficiency of MLL3

(by deletion of 7q, loss of chromosome

7, orMLL3 nonsense mutation) frequently

co-occurred with monoallelic deletion of

the neurofibromin 1 (NF1) gene in combi-

nation with TP53 inactivation. MLL3 is a

member of the MLL family (comprising

other members that are frequently rear-

ranged in human leukemias) and contains

a SET domain that can transfer a methyl

group to lysine 4 of histone H3. In addi-

tion, MLL3 can mediate histone H3 K27

demethylation through a physical interac-

tion with the histone H3 demethylase

UTX. NF1 is a potent suppressor of RAS

oncogenic signaling, and its inactivation

has been shown to induce a myeloprolif-

erative phenotype (Le et al., 2004).

To functionally interrogate poten-

tial leukemogenic cooperativity among

MLL3, NF1, and TP53, Chen et al. (2014)

leveraged several elegant and comple-

mentary model systems. First, they used

retroviral delivery of short hairpin RNAs

(shRNAs), directed against Mll3 or Nf1
Cancer Cel
(shMll3 or shNf1) and labeled with

different fluorophores, into p53-deficient

hematopoietic stem and progenitor cells

(HSPCs), followed by syngeneic trans-

plantation. They observed striking coop-

erativity in the induction and progression

of an aggressive transplantable AML

when Mll3 and Nf1 were simultaneously

suppressed (Figure 1). Importantly, sup-

pression of Mll3 and Nf1 in wild-type

HSPCs was not leukemogenic, and

shMll3 alone in p53�/� HSPCs did not

accelerate p53-induced thymic lym-

phomas, demonstrating that indeed the

combinatorial suppression of all three

tumor suppressors (i.e., Mll3, Nf1, and

p53) is required for AML initiation. Anal-

ysis of gene expression in the formed

AML cells showed residual expression

levels of both Mll3 and Nf1 at about 50%

of their levels in controls. As the initially

transduced HSPC populations were poly-

clonal, this indeed suggested that cells

with intermediate Mll3 and Nf1 knock-

down have a selective advantage during

leukemogenesis. To further support their

hypothesis of Mll3 haploinsufficiency in

AML pathogenesis, Chen et al. (2014) uti-

lized in vivo CRISPR/Cas9 genome edit-

ing technology to disrupt Mll3. Strikingly,

and consistent with shRNA knockdown

experiments, CRISPR/Cas9 targeting

of Mll3 in shNf1;p53�/� cells led to dis-

ease acceleration and AML development

as opposed to T-ALL development in

recipient mice transplanted with cells of

the same background, but transduced
l 25, May 12, 2014 ª2014 Elsevier Inc. 555

mailto:ulrich.steidl@einstein.yu.edu
http://dx.doi.org/10.1016/j.ccr.2014.04.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2014.04.018&domain=pdf


Figure 1. Leukemogenic Cooperation of Mll3 and Nf1 Haploinsufficiency in a p53-Deficient
Background
Adoptive transfer of lentivirally transduced hematopoietic stem and progenitor cells (HSPCs) into
syngeneic recipient animals leads to an AML recapitulating hallmarks of human �7/7q- AML, in contrast
to thymic lymphoma induced by p53 deficiency only.
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by control CRISPR/Cas9 targeting

a noncoding region. Importantly, while

CRISPR/Cas9-directed mutagenesis can

lead to mutations in one or both

target alleles, sequencing of the induced

AML clones revealed that they were

indeed heterozygous for wild-type Mll3,

suggesting that Mll3 haploinsufficiency

rather than complete loss leads to AML

formation.

Correlative analyses of Mll3 suppres-

sion-induced transcriptional changes

with gene expression data from MDS pa-
556 Cancer Cell 25, May 12, 2014 ª2014 Els
tients’ CD34+ cells showed high similarity

and a significant enrichment of gene

expression differences found in �7/7q-

MDS versus normal karyotype MDS, sug-

gesting that MLL3 repression is, at least in

part, causing the molecular phenotype

observed in MDS patients’ cells. At the

mechanistic level, Chen et al. (2014) found

reduced trimethylation of H3K4 and

increased trimethylation of H3K27 at the

loci of genes downregulated upon Mll3

suppression. While this is consistent with

an Mll3-dependent epigenetic mecha-
evier Inc.
nism, further studies will be required to

determine whether this is indeed a direct

effect on histone modifications by Mll3

or Mll3-associated complexes or an

alternative mechanism of transcriptional

regulation.

To study the cellular phenotypes medi-

ated by Mll3, Chen et al. (2014) examined

shMll3;p53�/� HSPCs in comparison to

shRenilla;p53�/� controls. They discov-

ered features consistent with human

MDS (Will et al., 2012) transiently pre-

sent in shMll3;p53�/� mice: (1) aberrant

morphological features within the mature

myeloid cell compartment, (2) impaired

differentiation at the stem cell level

concomitant with an increase in long-

term HSCs, and (3) increased prolifera-

tive activity of immature cKit+ cells. These

findings indicate that MLL3 plays an

important role in HSC differentiation,

but requires cooperating events for sus-

tained MDS disease and progression to

overt AML.

Chen et al. (2014) furthermore suggest

that modest transcriptional changes in

HSC, even if they lead to transient func-

tional alterations, can determine transfor-

mation of a particular lineage at a later

stage or lead to a switch of the lineage

affected by transformation (a phenome-

non also observed in human leukemias

at relapse though infrequently). Further

studies will be required to determine

the step-wise temporal acquisition of ab-

errations and their precise cell type(s) of

occurrence.

Lastly, Chen et al. (2014) studied

the role of Mll3 in resistance to

chemotherapy. They observed that mice

harboring shMll3;shNf1;p53�/� (MNP)

AML were highly resistant to cytarabine

plus doxorubicin therapy, which resem-

bles the current standard in induction

chemotherapy used for AML treatment.

Furthermore, MLL3 suppression in a

chemosensitive type of leukemia (AML1-

ETO;NrasG12D) led to a remarkably

reduced sensitivity to chemotherapy,

suggesting that MLL3 suppression plays

a role in conferring chemotherapeutic

resistance. They went on to show that

MNP AML, as well as several AML cell

lines carrying �7/7q-, are sensitive to

treatment with the bromodomain and ex-

tra-terminal (BET) family inhibitor JQ1,

demonstrating the potential utility of their

model as a tool for the preclinical identifi-

cation and study of novel agents effective
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in these highly chemoresistant subtypes

of AML with poor prognosis. Additional

studies will be required to elucidate a

possible mechanistic link between Mll3

function and the JQ1-mediated, and

potentially Myc-dependent, antiprolifera-

tive effect.

In summary, Chen et al. (2014) have

shown that Mll3 is a haploinsufficient

tumor suppressor on 7q that can act in

conjunction with heterozygous Nf1 dele-

tion (and possibly other mechanisms of

RAS pathway activation) and Tp53 defi-

ciency to induce an aggressive trans-

plantable AML in a murine model. Mll3

suppression leads to a partial differentia-

tion block at the level of HSC and MDS-

like cellular and molecular features.

Furthermore, Chen et al.’s mouse model

of Mll3 suppression-induced AML repre-

sents an interesting new tool for the pre-
clinical evaluation and mechanistic study

of novel pathways and compounds that

may be effective for the treatment of �7/

7q- and possibly other types of chemo-

therapy-resistant AML.
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TGF-b signaling promotesmetastasis by controlling the expression of downstream target genes. In this issue
ofCancer Cell, Yuan and colleagues discover a novel TGF-b-induced lncRNA, lncRNA-ATB, which stimulates
EMT through sequestering miR-200s and facilitates colonization by stabilizing IL-11 mRNA, thus promoting
both early and late steps of cancer metastasis.
The transforming growth factor-b (TGF-b)

pathway plays crucial roles during devel-

opment and homeostasis and exerts

strong antiproliferative effects on

normal and premalignant cells. However,

advanced-stage cancers often become

insensitive to the tumor-suppressive

actions of TGF-b. Instead, advanced

cancers benefit from TGF-b’s pro-

found metastasis-promoting effects,

such as epithelial-to-mesenchymal tran-

sition (EMT) induction, angiogenesis

promotion, altered extracellular matrix

deposition, immune suppression, and

increased metastatic colonization (Ikush-

ima and Miyazono, 2010; Massagué,
2008). These prometastatic responses to

TGF-b are mediated by a variety of down-

stream effector proteins, including tran-

scription factors (e.g., AP-1, ID1, SNAIL,

SLUG, TWIST, and ZEB1/2), cytokines,

growth factors, and other ligands (e.g.,

ANGPTL4, PTHrP, IL-11, JAGGED1,

PDGF-B, CTGF, and VEGF), matrix pro-

teins and proteases (e.g., TNC, MMPs)

(Ikushima and Miyazono, 2010; Mas-

sagué, 2008), and a growing number of

microRNAs (miRNAs) (Butz et al., 2012).

In recent years, long noncoding RNAs

(lncRNAs), a new class of noncoding

RNAs longer than 200 nucleotides, were

recognized to regulate a wide variety of
physiological and pathological processes

through diverse mechanisms. For

example, lncRNAs ANRIL and HOTAIR

promote tumor growth or metastasis by

recruiting chromatin-remodeling com-

plexes to alter gene transcription, while

tumor-suppressing lncRNA GAS5 and

tumor-promoting lncRNA HULC act

as decoys for glucocorticoid receptor

and miR-372, respectively (Gutschner

andDiederichs, 2012). Although the diver-

sity and abundance of lncRNAs seem to

rival that of mRNAs in any given cell

type, there is little understanding of

crucial lncRNAs functioning downstream

of the TGF-b pathway. In this issue of
l 25, May 12, 2014 ª2014 Elsevier Inc. 557
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Figure 1. LncRNA-ATB Acts Downstream of TGF-b to Promote Different Steps of Cancer
Metastasis
TGF-b signaling promotes metastasis by altering the expression of a variety of downstream genes,
including many protein-coding mRNAs, miRNAs, and, in the current study, a long noncoding RNA
lncRNA-ATB. TGF-b signaling induces lncRNA-ATB, which reinforces the prometastatic TGF-b response
via two distinct mechanisms. LncRNA-ATB competitively binds to miR-200s and sequesters them
away from their mRNA targets ZEB1 and ZEB2, which encode two key EMT-promoting transcription fac-
tors that repress the expression of E-cadherin and the miR-200s themselves, thus promoting EMT.
LncRNA-ATB also binds to and stabilizes IL-11 mRNA, thereby increasing autocrine IL-11-STAT3
signaling to enhance the survival and metastatic colonization of disseminated tumor cells in the lung
and liver. While ZEB1/2 and IL-11 are known to be activated by Smad-dependent pathways downstream
of TGF-b receptor activation, lncRNA-ATB is activated by a Smad-independent noncanonical pathway
that remains to be identified.
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Cancer Cell, Yuan et al. (2014) report a

novel TGF-b-induced lncRNA that am-

plifies the prometastatic effect of TGF-b

via two independent mechanisms.

Aiming to identify TGF-b-regulated

lncRNAs involved in EMT, Yuan et al.

(2014) profiled lncRNA expression in

human hepatocellular carcinoma (HCC)

cells after TGF-b treatment. The authors

focused their attention on lncRNAs that

might function as potential competing

endogenous RNAs (ceRNAs) against the

miR-200 family miRNAs, which are sup-

pressed by TGF-b signaling and are

potent inhibitors of EMT through targeting

of two master EMT transcription factors

ZEB1 and ZEB2 (Figure 1). One such

lncRNA, aptly named lncRNA-activated
558 Cancer Cell 25, May 12, 2014 ª2014 Els
by TGF-b (lncRNA-ATB), stood out by vir-

tue of containing three predicted miR-200

binding sites. Binding of lncRNA-ATB by

miR-200s was confirmed by RNA

immunoprecipitation (RIP) of lncRNA-

ATB, luciferase assays, and anti-AGO2

RIP. LncRNA-ATB is nonpolyadenylated,

localizes primarily in the cytoplasm, and

has three close homologs in the human

genome. Notably, lncRNA-ATB is also up-

regulated by TGF-b in the MCF7 breast

cancer cell line and SMAD4-deficient

SW480 colorectal cancer cell line,

implying that lncRNA-ATB may be acti-

vated through the SMAD-independent,

noncanonical TGF-b pathway. LncRNA-

ATB increases ZEB1 and ZEB2 mRNA

and protein levels through competitively
evier Inc.
binding and sequestering miR-200s,

thereby inducing EMT (Figure 1). Remark-

ably, depletion of lncRNA-ATB is suffi-

cient to abolish TGF-b-induced EMT in

HCC cells, even though TGF-b is

known to strongly induce many other

EMT drivers, such as SNAIL, SLUG, and

TWIST. These findings suggest that

lncRNA-ATB may represent an essential

node in the EMT regulatory network.

While mutations in miR-200 binding

sites or miR-200 overexpression abol-

ished lncRNA-ATB’s function in stimu-

lating EMT, they only partially eliminated

the prometastatic effect of lncRNA-ATB,

suggesting that other mechanisms are

at play. The authors first tested the

role of lncRNA-ATB in different steps of

the metastatic cascade. While lncRNA-

ATB overexpression increases tumor

dissemination in a miR-200-dependent

manner, lncRNA-ATB promotes liver

and lung colonization of HCC cells inde-

pendent of miR-200s. Genome-wide RIP

revealed IL-11 mRNA as one of the top

transcripts bound by lncRNA-ATB. IL-

11 is a TGF-b target gene that has

been shown to promote bone metas-

tasis of breast cancer (Kang et al.,

2003) and liver colonization of colorectal

cancer by activating the prosurvival

GP130/STAT3 signaling pathway (Calon

et al., 2012). Yuan et al. (2014) showed

that lncRNA-ATB binds to and stabilizes

IL-11 mRNAs and stimulates autocrine

IL-11 production, thus triggering STAT3

signaling in tumor cells to promote colo-

nization (Figure 1).

LncRNA-ATB is upregulated in HCC

samples compared to paired noncan-

cerous hepatic tissues and significantly

correlates with liver cirrhosis, vascular

invasion, and reduced recurrence-free

and overall survival of HCC patients.

LncRNA-ATB levels are also significantly

higher in portal vein tumor thrombus, the

main route for intrahepatic metastasis of

HCC cells, compared to primary tumor

tissues. Furthermore, increased lncRNA-

ATB levels significantly correlate with

increased ZEB1/2 and IL-11mRNA levels

and decreased CDH1 (encoding for

E-cadherin). Collectively, these data high-

light strong clinical relevance and prog-

nostic value for lncRNA-ATB and suggest

its potential as a promising biomarker and

therapeutic target.

This exciting study revealed a novel

TGF-b-induced lncRNA that promotes
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both early and late steps of HCC metas-

tasis by enhancing the prometastatic

effects of TGF-b signaling in EMT and

colonization. These findings also raised

important questions that warrant future

explorations. First, because lncRNA-

ATB is responsive to TGF-b induction

even in SMAD4-deficient cells, this indi-

cates that noncanonical SMAD-indepen-

dent pathways downstream of TGF-b

(Moustakas and Heldin, 2005) are

involved and that lncRNA-ATB might be

able to mediate the prometastatic func-

tion of TGF-b in the context of Smad

deficiency. Further studies are needed

to connect TGF-b signaling to lncRNA-

ATB activation and to investigate the po-

tential regulation of lncRNA-ATB by other

oncogenic signaling pathways that are

active in the tumor microenvironment.

On the other hand, among >20,000

lncRNAs in the human genome, other

lncRNAs (including those identified but

not explored further in the current study)

are also likely to be involved in mediating

tumor-suppressive or tumor-promoting

effects of TGF-b. The field remains

wide open to identify these TGF-

b-responsive lncRNAs and elucidate

their mechanisms of action.

It is also worth noting that the prometa-

static effects of lncRNA-ATB rely on

miR-200s and IL-11, whose expressions

were previously known to be regulated

by TGF-b through transcriptional

mechanisms independent of lncRNA-
ATB. Thus, lncRNA-ATB functions by

enhancing the existing network of prome-

tastatic TGF-b signaling (Figure 1). It will

be of great interest to put this new link

into the tempo-spatial context of TGF-b

signaling dynamics during tumor progres-

sion. How are the levels of lncRNA-ATB

maintained in disseminated tumor cells

during colonization after the cells depart

from the TGF-b-rich primary tumor micro-

environment? Is lncRNA-ATB expression

maintained by a bistable control mecha-

nism just like the miR-200/ZEB double-

negative feedback loop, or perhaps

lncRNA-ATB has a long half-life? Is

lncRNA-ATB also involved in mediating

the paracrine signaling effect of TGF-b in

stromal cells during metastasis, as was

previously described for the production

of IL-11 from cancer-associated fibro-

blasts (Calon et al., 2012)?

Despite these questions, the strong

clinical significance of lncRNA-ATB in

HCC suggests its potential utility as a

therapeutic target. Soluble antisense

oligonucleotides against lncRNA-ATB or

other agents that block lncRNA-ATB’s

interactions with target miRNAs and

mRNAs may be developed to specifically

block the prometastatic branch of TGF-b

signaling (Wahlestedt, 2013). To avoid

potential detrimental side effects, it will

be essential to understand the normal

physiological function of lncRNA-ATB as

well as its three closely related homologs.

In this regard, it will also be important to
Cancer Cel
characterize the role of other miRNAs

and mRNAs that bind to lncRNA-ATB,

because they may also mediate lncRNA-

ATB’s function during development,

homeostatsis, and cancer progression.

Despite these challenges, the discovery

of lncRNA-ATB represents an exciting

step forward toward harnessing lncRNAs,

formerly among the ‘‘dark matters’’ of the

genome, for therapeutic intervention

against cancer.
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Focal amplifications in 6p21 containing the VEGFA locus occur in 7%–10% of hepatocellular carcinoma
(HCC). A recent paper describes how VEGF-A stimulates paracrine secretion of hepatocyte growth factor
by stromal cells, which induces tumor progression. HCC patients with VEGFA amplification are distinctly
sensitive to sorafenib.
Liver cancer is a major health problem

and the second cause of cancer death

after lung cancer. Hepatocellular carci-

noma (HCC) develops in patients with

underlying chronic liver inflammation

related to viral infection, alcohol, or meta-

bolic syndrome. Sorafenib remains the

only approved systemic drug for patients

at advanced stages of the disease (Llovet

et al., 2008). Molecular therapies targeting

signaling cascades involved in hepato-

carcinogenesis have been explored in

phase III clinical trials, but none of the

drugs tested showed positive results in

first- (brivanib, sunitinib, erlotinib, and

linifanib) or second-line therapy (brivanib

and everolimus) after progression on sor-

afenib (Llovet and Hernandez-Gea, 2014).

Thus, there is an urgent need to identify

molecular subclasses of HCC driven by

specific genetic aberrations that can be

effectively targeted recapitulating the

success of crizotininb in ALK-rearranged

lung cancer (Kwak et al., 2010) or vemur-

afenib in BRAF mutant melanoma.

Recent studies have provided a broad

picture of the mutational profile in HCC

and identified an average of 30–40 muta-

tions per tumor, among which 6–8 might

be drivers (Villanueva and Llovet, 2014;

Guichard et al., 2012). Common muta-

tions are described in the TERT promoter,

TP53, CTNNB1, ARID1A, and AXIN1.

Deep-sequencing studies confirmed

frequent TP53 and CTNNB1 mutations in

HCC and pointed to novel HCC-associ-

ated mutations in genes involved in

chromatin remodeling (ARID1A and

ARID2), ubiquitination (KEAP1), RAS/

MAPK signaling (RPS6KA3), oxidative
560 Cancer Cell 25, May 12, 2014 ª2014 Els
stress (NFE2L2), and the JAK/STAT

pathway (JAK1) (Villanueva and Llovet,

2014; Guichard et al., 2012) (Table 1).

Studies assessing copy number alter-

ations in HCC have consistently identified

high-level amplifications at 5%–10%

prevalence containing oncogenes in

11q13 and 6p21, whereas other more

common gains reported contain MYC

and MET (Villanueva and Llovet, 2014;

Guichard et al., 2012; Chiang et al.,

2008). We described amplifications of

11q13 in 5%–10% of tumors, pointing to

several candidate oncogenes including

CCND1 (Chiang et al., 2008). Subse-

quently, both CCND1 and FGF19 were

identified in experimental models as

bona fide oncogenes in HCC and poten-

tial targets for therapy (Sawey et al.,

2011). This finding prompted the design

of proof-of-concept trials testing FGFR4

inhibitors in patients with 11q13 focal

amplification containing FGF19. Similarly,

we defined high-level gains (more than

four copies) of 6p21 containing VEGFA

in 8% of cases out of 210 HCC patients

explored. Interestingly, there was a signif-

icant correlation between 6p21 gains and

VEGF-A mRNA expression (Chiang et al.,

2008). Now an elegant study by

Pikarsky’s group (Horwitz et al., 2014)

demonstrated that a subset of mouse

and human HCCs harbors VEGFA/Vegfa

genomic amplifications. They explored

the unique role of paracrine interactions

by which VEGF-A overexpression in

HCC cells leads to production of hepato-

cyte growth factor (HGF) by stroma that

reciprocally induce cancer cell prolifera-

tion. Interestingly, VEGF-A inhibition in
evier Inc.
experimental models induced HGF down-

regulation, and patients with VEGFA

amplification responded better to the

multi-kinase inhibitor sorafenib.

Horwitz et al. (2014) found that 14% of

HCC tumors developing in a mouse

model of inflammation-driven cancer

(MDR2-deficient mice) harbored an am-

plicon in a region syntenic to the human

6p21 region (Chiang et al., 2008). They

confirmed VEGFA amplifications and/or

chromosome 6 polysomy in 11% of hu-

man HCCs (out of 187 cases tested). In

experimental models, there was a correla-

tion between VEGFA/Vegfa gains and

expression levels (mRNA and protein).

To elucidate the mechanism by which

VEGFA amplifications induced tumor pro-

gression, the authors first demonstrated

that animals with amplification showed a

higher vessel density, macrophage con-

tent, and enrichment for tumor-associ-

ated macrophage expression signatures.

A relevant finding of the investigation is

macrophage-tumor cell crosstalk. VEGFA

amplified tumors showed higher mRNA

levels, and nonneoplastic stromal cells in

the microenvironment had positive HGF

immunostaining. Using cells isolated

from the experimental HCC models, the

authors demonstrated that hepatocytes

overexpressed c-Met and macrophages

overexpressed VEGFRs. In vivo studies

showed that VEGF-A overexpression in

HCC cells induced upregulation of HGF,

mostly in macrophages, and led to

increased proliferation and pro-angio-

genic features. Functional confirmation

of the role of VEGF-A was obtained by

blocking it in MDR2-deficient mice and
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Table 1. Landscape of the Most Prevalent Mutations and High-Level Gene

Amplifications in Human Hepatocellular Carcinoma

Gene

Pathways/Gene Functions

Involved

Estimated Frequency Based on

Deep-Sequencing Studies (%)

Driver Genes Frequently Mutated in HCC

TERT promoter telomere stability 60

TP53 genome integrity 20–30

CTNNB1 WNT signaling 15–25

ARID1A chromatin remodeling 10–16

TTN chromosome segregation 4–10

NFE2L2 oxidative stress 6–10

JAK1 JAK/STAT signaling 0–9

Oncogenes/Tumor Suppressors Rarely Mutated in HCC

IDH1, IDH2 NAPDH metabolism <5

EGFR growth factor signaling <5

BRAF RAS/MAPK signaling <5

KRAS, NRAS RAS/MAPK signaling <5

PIK3CA AKT signaling <5

PTEN AKT signaling <5

Oncogenes Contained in High-Level Amplifications in HCC

FGF19 FGF signaling 5–10

CCND1 cell cycle 5–10

VEGFA HGF signaling/angiogenesis 7–10

Modified from Llovet and Hernandez-Gea (2014).
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Hep3B xenograft models. A short course

of sorafenib treatment in animals with

VEGFA focal gains resulted in VEGF-A

inhibition, decreased HGF levels, and an

associated decrease in HCC proliferation.

This finding is consistent with the

decrease in HGF plasma levels observed

in HCC patients undergoing sorafenib

treatment (Llovet et al., 2012). Finally,

the authors retrospectively explored a

cohort of HCCpatients undergoing resec-

tion who were further treated with sorafe-

nib. FISH-based selection of focal VEGFA

gains defined a group of patients with

better outcome, pointing to this biomarker

as a potential predictor of sorafenib

response.

Taken all together, Horwitz et al.’s

paper provides experimental confirmation

that VEGF-A has oncogenic properties in

hepatocarcinogenesis by inducing para-

crine secretion of HGF in stromal cells,

specifically macrophages, which in turn

lead to cancer cell proliferation. Notably,

it would have been relevant to explore if

a genetically-engineered mouse model

reproducing this genomic aberration in a

tissue-specific manner would have been

able to recapitulate this result. Similarly,

although the outcome of patients bearing
VEGFA amplification suggests that they

have a better response to sorafenib, the

retrospective nature of the results pre-

cludes any firm conclusion. However,

they nicely point toward further steps in

designing prospective and poof-of-

concept trials to confirm the hypothesis.

HCC is in need of additional molecular

treatments in first- and second-line ther-

apy and in the adjuvant setting. Reasons

for recent trial failures are heterogeneous

and include a lack of understanding of

critical drivers of tumor progression and

dissemination, liver toxicity, flaws in trial

design, or marginal antitumoral potency

(Llovet and Hernandez-Gea, 2014).

Ongoing trials testing drugs head-to-

head against sorafenib in all-comers

might have difficulties in achieving supe-

rior results in first-line therapy. Novel trials

are currently designed to test drugs in

biomarker-based HCC patient subpopu-

lations. In this regard, the consequences

of Horwitz et al.’s study are 2-fold. First,

whether VEGFA-amplified tumors repre-

sent a specific HCC subclass that

responds better to sorafenib requires

prospective confirmation with optimal

control for confounding/concurring fac-

tors. Phase III trials testing sorafenib
Cancer Cel
have proven beneficial in all subgroup

analysis of patients with advanced tumors

(Bruix et al., 2012). Thus, the question to

be explored is whether VEGFA amplified

tumors certainly respond even better to

this drug. Interestingly, a recent large

phase III study testing sorafenib in the

adjuvant setting did not meet the primary

end-point of recurrence-free survival.

Whether a subgroup of patients with

VEGFA amplification might benefit from

this drug in the adjuvant setting can now

be elucidated. Second, high-level

VEGFA-amplification can be used as a

biomarker in phase II pivotal proof-of-

concept studies testing drugs blocking

VEGF-A or VEGFR2 receptors. Other

drugs beyond sorafenib, such as ramu-

rafenib (a monoclonal antibody against

VEGFR2) or bevacizumab can be ex-

plored. In addition, dual VEGF-A and

c-Met inhibitors appear to be appealing

in this setting. Such inhibitors (e.g., cabo-

zantinib) are being tested in phase III trials

for second-line therapy.

We are facing a new era for testing

drugs in HCC as a consequence of

discovering novel oncogenic drivers (see

Table 1). Although nonspecific drugs will

still be explored targeting all patients,

pivotal proof-of-concept trials or those

with biomarker-based enrichment will

emerge for specific pockets of HCC

patients, which can completely change

the treatment paradigm. The study by

Pikarsky’s group provides relevant infor-

mation for moving toward this direction

(Horwitz et al., 2014).
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The combination of relative nutrient deprivation and dysregulation of protein synthesis make malignant cells
especially prone to protein misfolding. Endoplasmic reticulum stress, which results from protein misfolding
within the secretory pathway, has a profound effect on cancer cell proliferation and survival. In this review, we
examine the evidence implicating endoplasmic reticulum dysfunction in the pathology of cancer and discuss
how recent findings may help to identify novel therapeutic targets.
In the crowded molecular environment of the endoplasmic retic-

ulum (ER), protein maturation requires the coordinated activity of

many chaperones and folding enzymes. BiP is an abundant ER

HSP70 chaperone that binds to exposed stretches of hydro-

phobic residues of immature polypeptide chains, while GRP94

is an HSP90 chaperone involved in subsequent folding steps

for a subset of ER client proteins. When the efficiency of secre-

tory protein folding is threatened, the cell is said to experience

‘‘ER stress’’ and elicits a homeostatic ‘‘unfolded protein

response’’ (UPR) (Figure 1) (Walter and Ron, 2011). The diverse

substrate repertoire of BiP enables it to function as a master

regulator of the UPR by binding to and inactivating the three

ER stress sensors, PERK, IRE1, and ATF6. During ER stress,

increased levels of unfolded substrates lead to the sequestration

of BiP, freeing the sensors to initiate UPR signaling. PERK

ameliorates ER stress through phosphorylation of the translation

initiation factor eIF2a. This causes generalized attenuation of

protein synthesis while also promoting the translation of a subset

of UPR target proteins, including the transcription factor ATF4.

ATF4 induces expression of the transcription factor CHOP and,

subsequently, the phosphatase subunit GADD34, which specif-

ically dephosphorylates eIF2a, enabling the recovery of protein

translation (Marciniak et al., 2004). The induction of ER oxidase

1a (ERO1a) by CHOP promotes oxidative protein folding in the

ER, but this increased formation of disulphide bonds can

contribute to worsening cellular stress through the generation

of reactive oxygen species (ROS). However, additional targets

of ATF4 include enzymes necessary to withstand oxidative

stress, which tend to limit this toxicity. Additional targets of

ATF4 promote amino acid import and synthesis, thus playing a

cytoprotective role during a variety of stressful insults. Because

other eIF2a kinases responding to different stresses can trigger

this pathway—for example, GCN2 responds to amino acid

deprivation—it has been named the integrated stress response

(ISR; Figure 2) (Harding et al., 2003).

Tumor Growth
As solid cancers grow, their nutrient requirements eventually

exceed the capacity of the existing vascular bed. Although

many cancers adapt by triggering angiogenesis, inevitably the

cores of most tumors become hypoxic and nutrient depleted.

Impaired generation of ATP compromises ER protein folding,

thus leading to activation of the UPR and ISR, while amino
acid starvation further contributes to ISR activation. Indeed,

phosphorylation of eIF2a by PERK has been shown to be neces-

sary for the growth of larger solid tumors (Bi et al., 2005).

During hypoxia, generation of ROS increases both in mito-

chondria (Brunelle et al., 2005) and the ER, partly through

UPR-mediated induction of ERO1a (Marciniak et al., 2004;

Song et al., 2008). Accordingly, a key function of the ISR is to

defend against oxidative stress, primarily by increasing biosyn-

thesis of the antioxidant glutathione (Harding et al., 2003). The

resulting increased capacity for oxidative protein folding is bene-

ficial for tumor growth. Levels of ERO1a correlate with a worse

prognosis in breast cancer (Kutomi et al., 2013), and depleting

breast carcinoma cells of PERK increases ROS production and

impairs cell growth (Bobrovnikova-Marjon et al., 2010). More-

over, the loss of PERK promotes G2/M cell cycle delay due to

oxidative damage of DNA (Bobrovnikova-Marjon et al., 2010).

This PERK-mediated resistance to oxidative stress is also

implicated in resistance to radiotherapy (Rouschop et al.,

2013; Rouschop et al., 2010), an effect of tumor adaptation to

preconditioned ER stress.

In addition to the ATF4-dependent antioxidant response, cells

can induce antioxidant pathways via Nrf2. This transcription fac-

tor is normally held inactive within the cytosol through binding to

Keap1, which promotes its ubiquitination by Cul3 and subse-

quent proteasomal degradation. Upon oxidative stress, Keap1

releases Nrf2 to transactivate target genes within the nucleus.

It has been suggested that this interaction is modulated by

PERK. Two early reports suggested that Nrf2 could be phos-

phorylated by PERK during ER stress, triggering dissociation

from Keap1 and induction of antioxidant genes (Cullinan and

Diehl, 2004; Cullinan et al., 2003). Indeed, Nrf2 appears to be

beneficial during ER stress-induced oxidative stress. However,

activation of PERK’s kinase domain in the absence of ER stress

leads to induction of ISR target genes in a manner that is entirely

dependent on phosphorylation of eIF2a (Lu et al., 2004). This

suggests either that phosphorylation of Nrf2 plays a minor role

in the transcriptional response to ER stress or that it is important

only when additional arms of the UPR are active.

Recent observations suggest that activation of the UPR in

hypoxic tumors leads to increased autophagy (Rouschop

et al., 2010). Autophagy is cytoprotective during stress by liber-

ating amino acids from long-lived proteins and the removal of

damaged organelles. Accordingly, hypoxic regions of human
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Figure 1. The UPR
Nascent secretory proteins synthesized by ER-
bound ribosomes enter the ER lumen. When the
load of unfolded protein threatens to exceed the
capacity of the organelle to fold them, the cell is
said to experience ER stress. This triggers three
UPR signal transducers: PERK, IRE1, and ATF6.
Activated PERK dimerizes, autophosphorylates,
and then phosphorylates the translation initiation
factor subunit eIF2a, causing general attenuation
of translation that lessens ER protein client load
while also increasing the translation of a subset of
genes, including the transcription factor ATF4.
Activated IRE1 oligomerizes, triggering its endo-
nuclease activity to initiate splicing of XBP1mRNA
and synthesis of the UPR transcription factor
XBP1s. Activated IRE1 can also degrade a variety
of mRNAs in proximity to the ER to reduced ER
client protein load; a process termed regulated
IRE1-dependent decay (RIDD). ATF6 traffics from
the ER to the Golgi apparatus during stress and is
cleaved to release a soluble UPR transcription
factor, ATF6c.
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tumor xenografts demonstrate increased expression of

autophagy factors, such as LC3, and increased autophagy. In

multiple cell lines, PERK mediates the upregulation of LC3 and

autophagy-related gene 5 via ATF4 and CHOP, respectively,

promoting phagophore formation (Rouschop et al., 2010). The

inability of PERK-deficient cells to replenish LC3 correlates

with impaired survival when subjected to hypoxia. Although

PERK clearly plays an important role in the survival of hypoxic

tumor cells, the IRE1 arm of the UPR is also important. During

hypoxia-induced ER stress, IRE1-driven XBP1 splicing (to

generate XBP1s) increases tumor cell tolerance to hypoxia,

whereas loss of XBP1 impairs hypoxic tumor growth (Romero-

Ramirez et al., 2004). Indeed, in breast cancer, increased

splicing of XBP1 is associated with a worse prognosis, perhaps

reflecting an increased tolerance of tumor cells to hypoxia

(Davies et al., 2008).

Angiogenesis and Invasion
It is well established that tumor hypoxia and glucose deprivation

induce angiogenesis. Hypoxia achieves this via HIF, but the

mechanism of nutrient limitation has remained obscure until

recently. Evidence suggests that the PERK-ATF4 arm of the

UPR directly upregulates vascular endothelial growth factor

(VEGF) while downregulating inhibitors of angiogenesis (Blais

et al., 2006; Wang et al., 2012). Depleting cells of PERK prevents

upregulation of VEGF by glucose deprivation, whereas antago-

nism of HIF1a does not (Wang et al., 2012). Similarly, inhibition
564 Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc.
of PERK, which reduces the growth of

xenograft tumors in mice, decreases

tumor vascularity and perfusion (Wang

et al., 2012). In addition, hypoxia-induced

vascularization is modulated by IRE1a

(Drogat et al., 2007). Ire1a�/� mouse em-

bryonic fibroblasts and glioblastoma cells

expressing dominant-negative IRE1a

induce less VEGFA in ischemic condi-

tions, limiting growth and angiogenesis

of xenografts. In a human glioma
model, it has been demonstrated that IRE1a is involved in

the expression of angiogenic factors, including VEGFA and

interleukin-6 (IL6), while suppressing the expression of antian-

giogenic factors (Auf et al., 2010). Consequently, loss of IRE1a

impairs glioma growth with increased overall survival of

glioma-implanted animals. However, the relationship between

IRE1a signaling and angiogenesis appears to be complex since,

in nonmalignant models of ischemia, IRE1 has been shown to

impair vascular regeneration by degrading mRNA encoding

the neurovascular guidance cue netrin-1 via the process of regu-

lated IRE1 dependent decay (RIDD) (Binet et al., 2013).

It is surprising that, although antagonism of IRE1 can impair

tumor vascularity and improve survival, it may promote tumor

invasion (Auf et al., 2010). Hypovascularity may contribute to

invasiveness, but a more complex picture is likely, as the induc-

tion of angiogensis does not fully suppress the infiltrative proper-

ties of IRE1-deficient glioma cells. Recent analysis has revealed

that the increased migratory phenotype likely reflects changes in

the secretome via a reduction in RIDD (Dejeans et al., 2012b). For

example, antagonism of IRE1 increases levels of the RIDD

target BM-40, promoting cell adhesion and migration (Dejeans

et al., 2012b). This suggests that, while suppression of IRE1

signalingmay offer a novel approach to target tumor vasculariza-

tion, it also risks promoting tumor invasion and so deserves

further study.

Tumor invasion is also influenced by epithelial-to-mesen-

chymal transition (EMT), a known characteristic of ER-stressed



Figure 2. The ISR
Phosphorylation of eIF2a serves as a hub for
integration of signals mediated by a family of
kinases: PERK responds to ER stress, HRI re-
sponds to iron deficiency and to oxidative stress,
PKR is activated by dsRNA during some viral in-
fections, and GCN2 is activated during amino acid
starvation (Harding et al., 2003). In unstressed
conditions, eIF2a supports new protein synthesis
as a component of the eIF2 complex that recruits
initiator methionyl-tRNA to the ribosome. During
its catalytic cycle, the eIF2 complex hydrolyzes
bound GTP and must interact with the guanine
nucleotide exchange factor eIF2B to be recharged
with GTP. Once eIF2a is phosphorylated, it
becomes a potent antagonist of eIF2B and thus
attenuates the rate of protein translation. Low
basal levels of eIF2a phosphorylation are antago-
nized by the constitutively expressed eIF2a
phosphatase CReP, but during stress, this is
overwhelmed and phospho-eIF2a accumulates.
While translation of most mRNAs is reduced by
phosphorylation of eIF2a, a subset is translated
more efficiently, most notably, the transcript factor
ATF4. This transactivates most genes of the ISR,
including amino acid transporters and synthe-
tases, which help counter amino acid limitation
while providing the thiol moieties necessary for
synthesis of the antioxidant glutathione. Subse-
quently, ATF4 induces another transcription factor

CHOP, which induces the eIF2a phosphatase GADD34 leading to dephosphorylation of eIF2a and the resumption of normal rates of cap-dependent translation.
CHOP also induces the ER oxidase ERO1a, thus promoting oxidative protein folding. While the induction of GADD34 and ERO1a can be seen as adaptive during
the response to transient ER stress, their induction during chronic stressful circumstances can contributes to worsening stress and result in exaggerated toxicity.
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cells. During embryonic development and in malignancy, HIF1a

and Notch signaling link hypoxia with EMT, causing loss of

epithelial integrity through downregulation of adhesion mole-

cules such as E-cadherin (Lester et al., 2007; Sahlgren et al.,

2008). Simultaneously, increased chemotaxis accompanies the

induction of the chemokine receptor CXCR4 (Azab et al., 2012;

Barriga et al., 2013). Thus, EMT promotes metastasis by

removing impediments to the egress of cells from their original

tumor while also honing them to new niches (reviewed in Hana-

han and Weinberg, 2011). ER stress has been shown to drive

EMT in vitro and in animal models of fibrosis through src-

mediated signaling (Tanjore et al., 2011; Ulianich et al., 2008).

It is therefore plausible that ER stress may contribute to EMT in

cancer invasion, although more formal examinations of this are

needed. A further consideration is that phenotypic change

from epithelium to mesenchyme will affect the secretory capac-

ity of a cell, thus altering its vulnerability to ER stress. Consistent

with this, evidence suggests that expression of the ER stress

markers CHOP and GADD34 change during dedifferentiation

of mesothelioma cells (Dalton et al., 2013).

ER-Mitochondrial Communication
Through a proteostatic network, impaired protein folding in one

cellular location leads to the propagation of cell-wide responses.

The interplay between the mitochondrial HSP90 chaperone net-

works and the protein-folding environment of the ER exemplifies

such a mechanism. HSP90 and its related chaperone, TRAP-1,

are abundant in the mitochondria of tumor cells but not in those

of most normal tissues, and they appear to antagonize mito-

chondrial death pathways (Chae et al., 2012). It is not surprising

that impaired function of mitochondrial HSP90 leads to a mito-

chondrial UPR and the induction of autophagy (Siegelin et al.,
2011). More recently, it has been shown that inhibition of mito-

chondrial HSP90 using the small molecule gamitrinib disrupts

tumor bioenergetics to such an extent that ER stress pathways

are activated (Chae et al., 2012). Notably, activation of the clas-

sical UPR of the ER was necessary for survival of mitochondrial

proteotoxicity.

Direct communication between the mitochondrion and ER

during stress serves to modulate the function of both organ-

elles. PERK is enriched at mitochondrial-ER contact sites

and appears to tether mitochondria to the ER membrane

(Figure 3) (Verfaillie et al., 2012). Mitofusin 2 (Mfn2), a GTPase

of the mitochondrial outer membrane that mediates mitochon-

drial fusion, has recently been shown to bind directly to PERK

(Muñoz et al., 2013). Because cells lacking Mfn2 experience

basal activation of PERK, it has been suggested that Mfn2

may normally inhibit PERK signaling. However, enhanced

signaling in all three branches of the UPR in Mfn2�/� cells is

difficult to explain by this dysinhibition of PERK alone, since

exaggerated phosphorylation of eIF2a would reduce ER stress

by attenuating protein translation. It therefore seems likely that

ER-mitochondrial signaling is affected more extensively.

Indeed, PERK modulates mitochondrial morphology and func-

tion, with overexpression of PERK causing mitochondrial frag-

mentation and reduced respiration, while depletion of PERK

reduces mitochondrial calcium overload and ROS production

in Mfn2-deficient cells (Muñoz et al., 2013). It is interesting

that the tethering function of PERK appears independent

of its kinase activity and facilitates ROS-mediated proapop-

totic signaling between the ER and mitochondrion (Verfaillie

et al., 2012). These organelles therefore function in tandem

and can both contribute to oxidative stress through production

of ROS.
Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc. 565



Figure 3. ER-Mitochondrial Communication during ER Stress
During ER stress, IRE1mediates activation of c-Jun N-terminal kinase (JNK) and apoptosis via activation of pro-apoptotic BH3 only family Bcl-2 proteins, such as
Bid, and inhibition of anti-apoptotic Bcl-2 (reviewed in Tabas and Ron, 2011). Calcium released from the ER is taken up by the mitochondrion to stimulate the
production of ROS and the release of cytochrome c, both of which promote apoptosis. Prolonged PERK activation induces ERO1a leading to increased pro-
duction of ROS within the ER. Mfn2, which along with mitofusin 1 (Mfn1) tethers mitochondria to the ER membrane (de Brito and Scorrano, 2008), is thought to
inhibit PERK by direct interaction. Ablation of Mfn2 leads to gross mitochondrial dysfunction in a PERK dependent manner, suggesting the existence of further,
yet to be discovered, interactions.

Cancer Cell

Review
Intercellular Signaling
In addition to communication between organelles during failure

of proteostasis, it has been suggested that, in cancer, ER

stress signals may be transmissible from cell to cell. One pro-

posed mechanism involves the tumor suppressor PAWR, which

is known to promote prostate cancer cell apoptosis via WT1.

Brief exposure to ER stress causes the secretion of PAWR

into the extracellular space that can trigger the apoptosis of

nearby cancer cells (Burikhanov et al., 2009). Controversially,

the ‘‘receptor’’ on nearby cells has been reported to be the

chaperone BiP (Burikhanov et al., 2009), and it has been sug-

gested that ER stress induces surface presentation of ER

chaperones that can then modulate the activity of other plasma

membrane proteins, such as cripto (Kelber et al., 2009). The
566 Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc.
apparent surface translocation of ER chaperones in cancer

cells must be subjected to further rigorous validation and would

be greatly strengthened by further mechanistic insight. How-

ever, the observation that cripto-dependent SMAD signaling

can be blocked by an antibody recognizing surface-exposed

BiP raises the possibility that this putative cancer-cell-specific

mechanism may offer novel therapeutic targets (Kelber et al.,

2009).

Cancer Cell Death
Depending on the context of ER stress, including intensity and

duration, the UPR can promote survival or trigger cell death. In

B cell chronic lymphocytic lymphoma, ER stress has been impli-

cated in causing spontaneous tumor cell apoptosis (Rosati et al.,
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2010). The initiation of cell death by ER stress involves several

partially redundant parallel pathways (reviewed in Tabas and

Ron, 2011), but evidence implicates PERK as a major effector

(Marciniak et al., 2004). Because loss of CHOP, a downstream

target of PERK, renders cells and mice more resistant to ER

stress, for some time it was believed that CHOP regulates a

cell death program, a theory that was not supported by tran-

scriptional analysis (Han et al., 2013; Marciniak et al., 2004).

Instead, CHOP regulates a complex array of more than 200

genes, which promote ongoing protein secretion and autophagy

(Marciniak et al., 2004; Rouschop et al., 2010). For example, by

inducing the ISR targets GADD34 and ERO1a, PERK and CHOP

trigger the upregulation of protein translation and protein oxida-

tion that, in the face of ongoing protein misfolding, represent a

worsening to the original toxic insult (Han et al., 2013; Marciniak

et al., 2004). Although recovery of protein translation is a neces-

sary part of the adaptive response to acute ER stress,

in situations of chronic stress, increased protein synthesis can

contribute to toxicity (Figure 2). Recovery of protein translation

is brought about by dephosphorylation of eIF2a by GADD34

(Marciniak et al., 2004), and so antagonism of GADD34 protects

cells from chronic ER-stress-induced cell death (Tsaytler et al.,

2011). In a murine model of medulloblastoma, loss of GADD34

increased eIF2a phosphorylation and promoted tumor growth,

invasiveness, and angiogenesis (Lin et al., 2011). Thismay reflect

the increased induction of VEGFA observed inmice lacking func-

tional GADD34.

Although mutation of the GADD34 gene is a rare event in

human carcinogenesis, there is increasing evidence that sup-

pression of the CHOP-GADD34 axis may be a tumor survival

mechanism. For example, in malignant mesothelioma, loss of

GADD34 expression correlates well with the degree of tumor

dedifferentiation and a worse prognosis (Dalton et al., 2013).

Reduced expression ofCHOP inmammary carcinoma,mediated

by the PERK-induced microRNA mir211, promotes tumor cell

survival (Chitnis et al., 2012), while attenuation of PERK-CHOP

signaling by overexpression of the DNAJ cochaperone p58IPK

enables malignant progression under conditions of nutrient limi-

tation (Huber et al., 2013). It therefore appears likely that, while

PERK-ATF4 signaling may promote tumor survival, the induction

of GADD34 may have broadly tumor-suppressive effects

(Figure 2). This hypothesis is testable, since Gadd34 null mice

are viable (Marciniak et al., 2004). It is noteworthy that, in addition

to GADD34, which is normally induced by ER stress, cells also

possess a constitutively expressed eIF2a phosphatase called

CReP. Recently, this has been shown to be downregulated in

cells deficient in the tumor suppressor PTEN (Zeng et al.,

2011). The resulting increase in phosphorylated eIF2a in these

cells leads to increased resistance to oxidative stress.

Tumor-Specific Mechanisms for the Induction
of Endoplasmic Stress
A number of mechanisms contribute to cancer-specific induc-

tion of the UPR. For example, deficiencies of the tumor sup-

pressors tuberous sclerosis complex (Tsc)-1 or Tsc2, which

negatively regulate mTORC1, cause ER stress through uncon-

trolled protein synthesis (Ozcan et al., 2008). Constitutive activa-

tion of the serine/threonine kinase mTORC1 is common to many

cancers and stimulates protein synthesis and cell growth. How-
ever, mTORC1 activity is often also repressed by homeostatic

responses to features of the tumor microenvironment, such as

hypoxia and nutrient deprivation, to promote cancer cell survival

(Figure 4) (Brugarolas et al., 2004; Inoki et al., 2003). Recently, it

has been recognized that an important function of Tsc2 is to

enable the cell to regulate its rate of protein synthesis to match

the availability of lipids (Düvel et al., 2010). In the secretory

pathway, these two processes are intimately linked, since an

increased demand for ER protein flux triggers an IRE1-XBP1-

dependent expansion of ER membrane to accommodate more

folding proteins. Defects in mTORC1 signaling can render

hypoxic tumors dependent on exogenous desaturated lipids,

an essential nutrient for hypoxic Tsc2�/� tumors (Young et al.,

2013). Lipid-deprived Tsc2�/� cells experience an exaggerated

ER stress response because IRE-1 activation fails to trigger

adequate expansion of the ER (Young et al., 2013). When lipids

are limiting, this leads to ER stress-induced cell death that can

be blocked by inhibition of mTORC1 with rapamycin. This

phenomenon was also seen in kidney tumors arising in Tsc2+/�

mice, as well as inmultiple cancer cell lines, suggesting that ther-

apies targeting lipid desaturation machinery might enhance ER

stress-induced cell death in a tumor-specific manner (Young

et al., 2013).

Frequently, transformed cells depend on the activation of

prosurvival pathways such as those mediated by the oncogene

Myc (reviewed in Dang, 2010), which enhance proliferation

through cell cycle deregulation and increased protein synthesis.

Increased protein load leads to activation of the UPR, which

promotes malignant transformation through PERK-mediated

cytoprotective autophagy. Limiting protein synthesis by genetic

manipulation abrogates UPR activation by Myc and attenu-

ates lymphomagenesis in a murine model (Hart et al., 2012).

Accordingly, PERK inhibition diminished the level of autophagy

accompanyingMyc activation, leading to reduced colony forma-

tion in vitro and decreasing tumor formation in vivo (Hart et al.,

2012).

In some situations, ER stress responses appear to be used as

antioncogenic mechanisms. In naevi of the skin, components of

the MAPK pathways are commonly dysregulated, but although

many naevi have oncogenic mutations, few develop into

malignant melanomas. Instead, they senesce through incom-

pletely understood mechanisms (Michaloglou et al., 2005).

Oncogenic mutations of HRAS have been shown to trigger the

UPR via activation of the AKT pathway (Denoyelle et al., 2006),

and while the link between AKT and ER stress is unclear, the

consequence of UPR activation is to induce senescence and

prevent transformation.

The Role of Endoplasmic Reticulum Stress in Tumor
Immunogenicity
In cancer, ER stress has the capacity to activate cells of the

adaptive immune system (Wheeler et al., 2008) and is sufficient

to trigger systemic inflammation by proteolytic activation of the

transcription factor CREBH at the ER membrane (Zhang et al.,

2006). ER stress in prostate cancer causes the release of proin-

flammatory cytokines such as IL6 and tumor necrosis factor a

(Mahadevan et al., 2010), the promoters of which contain func-

tional XBP1s binding sites (Martinon et al., 2010). These cyto-

kines not only stimulate inflammation but also have been
Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc. 567



Figure 4. Regulation of Protein Synthesis in
Cancer
mTORC1 stimulates protein translation at multiple
levels. Release of eukaryotic initiation factor 4E
(eIF4E) from its inhibitory binding partner 4E-BP is
promoted by 4E-BP phosphorylation by mTORC1,
while phosphorylation of S6K leads to activation
of eIF4A and eIF4B. Tsc1/2 complex inhibits
mTORC1 in response to cues from the tumor
microenvironments, while mitogenic factors inhibit
Tsc1/2 via PI3-kinase/Akt and Ras/Erk pathways
to promoting protein synthesis and growth (re-
viewed in Mendoza et al., 2011). PERK and IRE1
limit protein synthesis and expand the ER capacity
to match ER protein folding to the rate to protein
synthesis. GADD34-induced recovery of protein
synthesis can have toxic consequences during
chronic stress and so may mediate tumor-sup-
pressive effects. When glucose is limiting, reduced
cytosolic ATP:AMP ratios trigger Tsc1/2 via
AMPK, while hypoxia activates Tsc1/2 via HIF-1
and REDD1. Anoxia (O2 % 0.02%) additionally
activates PERK in a HIF-1 independent manner,
further limiting translation via eIF2a phosphoryla-
tion. Both hypoxia and nutrient deprivation alter
cell metabolism, promoting aerobic glycolysis,
lactate utilization, and glutaminolysis (reviewed in
Dang, 2012).
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implicated in promoting tumor survival (Kim et al., 2009; Pikarsky

et al., 2004). Remarkably, ER stress appears to be transmissible

from cancer cells to cells of the immune system. When cultured

in media conditioned by murine cancer cells experiencing ER

stress, macrophages show activation of the UPR in a TLR-

dependent manner (Mahadevan et al., 2011). It is plausible that

this acquired UPR of macrophages might cause the release

of proinflammatory mediators and thus contribute to tumor

inflammation.

Cell surface expression of damage-associated molecular

patterns (DAMPs) offers novel targeting strategies for immuno-

genic killing of cancer cells. ER-stress-mediated cell surface

presentation of calreticulin has emerged as a DAMP of potential

importance in cancer (Garg et al., 2012; Obeid et al., 2007). For

example, it has been proposed as a mechanism for immune

surveillance of hyperploid cancer cells, which display consti-

tutive ER stress (Senovilla et al., 2012). It is interesting that

anthracycline chemotherapeutics efficiently induce calreticulin

translocation to the cell surface, causing tumor immunogenicity,

while knockdown of calreticulin prevents phagocytosis and
568 Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc.
antigen presentation by dendritic cells

(Obeid et al., 2007). In contrast, agents

such as cisplatin that do not cause reloc-

alization of calreticulin fail to elicit an

anticancer immune response. This thera-

peutic limitation can be rectified by the

coadministration of ER-stress-inducing

agents (Martins et al., 2011). The com-

bined insult of ER stress and excess

reactive oxygen species appears to be

required for translocation of calreticulin

in a PERK-dependent process (Garg

et al., 2012; Martins et al., 2011; Panare-

takis et al., 2009). Phosphorylation of
eIF2a is likely to mediate this effect, although one report

suggested this to be nonessential (Garg et al., 2012). Although

calreticulin appears to be a key molecule in this response, the

combination of reactive oxygen species and ER stress also

causes surface exposure of additional DAMPs, the relative

importance of which remains unexplored (Fucikova et al.,

2011; Garg et al., 2012).

Endoplasmic Reticulum Stress as a Therapeutic Target
The homeostatic mechanisms that maintain proteostasis are

now sufficiently well understood to be legitimate targets of novel

anticancer strategies. For example, the HSP90 family of chaper-

ones are required for the proper folding and stability of many

kinases and transcription factors involved in tumor survival,

and HSP90 inhibitors have already entered clinical trials. Many

of the agents developed to target cytosolic HSP90s appear

also to inhibit the ER localized homolog GRP94, but it is currently

unclear which of these two targets is the most important for

cancer cell toxicity. Elevated levels of GRP94 have been

observed in many cancers and have been associated with
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advanced clinical stage (Wang et al., 2005; Zheng et al., 2008).

Reduction of GRP94 levels has been shown to augment the

toxicity of etoposide (Reddy et al., 1999) and actinomycin D

(Pan et al., 2009), while overexpression of GRP94 in breast

cancer promoted cell proliferation and migration (Dejeans

et al., 2012a). Inhibition of GRP94 within the ER lumen was first

achieved with the prototype HSP90 inhibitor geldanamycin.

This agent and many of its derivatives have been shown to

induce ER stress and cell death (Marcu et al., 2002). Recently,

agents displaying selectivity for GRP94 were developed but ap-

peared to be less toxic than nonspecific inhibitors of HSP90

(Duerfeldt et al., 2012); however, drug combinations that

maximize ER stress and proteotoxicity may prove to be more

effective. When combined with rapamycin, the HSP90 inhibitor

retaspimycin, or IPI-504, caused catastrophic ER stress and

the regression of aggressive ras-driven tumors (De Raedt

et al., 2011). Since inhibition of HSP90 induces a robust heat

shock response through effects on cytosolic protein folding,

cytoprotective induction of cytosolic HSP70-class chaperones

is characteristically seen. Consequently, cells depleted of both

HSC70 and HSP72 show enhanced toxicity during inhibition of

HSP90 (Powers et al., 2008), offering further opportunities for

synergistic drug combinations.

Prolonged inhibition of HSP90 may also disable the cell’s

ability to mount a cytoprotective UPR, since PERK and IRE1

are stabilized by this chaperone (Marcu et al., 2002). These ER

stress sensors have been targets of a number of successful

small molecule inhibitor screening programs. The specific

PERK inhibitor GSK2656157 reduces cancer growth in vivo,

most likely via impaired angiogenesis and amino acid meta-

bolism (Atkins et al., 2013), while the inhibitors of IRE1, MKC-

3946 and STF-083010, both show antimyeloma activity in animal

models (Mimura et al., 2012; Papandreou et al., 2011). While it

has been noted that oncolytic viral therapy induces a prosurvival

UPR, the cytoprotective effects of this are diminished by inhibi-

tion of IRE1, leading to increased oncolytic efficacy (Mahoney

et al., 2011). This represents one of many potential utilities of

such compounds in combination therapies. It should be noted,

however, that agents that antagonize the UPR, such as PERK

inhibitors, are likely to cause some systemic toxicity, since con-

ditional ablation of PERK in the adult murine pancreas causes

diabetes through ER stress-induced b-cell death (Gao

et al., 2012). In addition, administration of the PERK inhibitor

GSK2656157 to mice for 2 weeks caused combined degenera-

tion of the endocrine and exocrine components of the pancreas

(Atkins et al., 2013). Following this brief treatment, the effects

appeared to be reversible on withdrawal of the drug, but longer

term effects have yet to be determined.

The proteasome inhibitor bortezomib can induce cell death in

Burkitt lymphoma (Shirley et al., 2011) and multiple myeloma

(Meister et al., 2007), at least in part via ER stress. It is likely

the highly secretory nature of myeloma cells that renders them

especially vulnerable to agents that promote ER stress, and

in vitro studies have shown that inhibition of the proteasome

synergizes with other therapies that increase the load of ER

misfolded proteins, such as photodynamic therapy (Szokalska

et al., 2009). In addition, bortezomib has been shown to kill

hypoxic tumor cells, preferentially through overactivation of the

UPR, since hypoxia is a cause of protein misfolding (Fels et al.,
2008). The relative selectivity of bortezomib for a subset of

cancer cells reflects the dependence of professional secretory

cells on their ability to degrade proteins that have terminally

misfolded within the ER; the process of ER-associated degrada-

tion (ERAD). In addition to direct inhibition of the proteasome,

ERAD can be blocked by other means. Eeyarestatin I inhibits

the p97-Ufd1-Npl4 complex that mediates dislocation of polyu-

biquitinated substrates out of the ER into the cytosol and also

impairs their deubiquitination (Wang et al., 2008). This agent

synergizes with bortezomib in tumor cell killing by inducing the

proapoptotic protein NOXA in an ISR-dependent manner

(Wang et al., 2009). Similar synergy has been observed with

the combination of bortezomib and another p97 inhibitor,

DBeQ (Auner et al., 2013).

While the introduction of bortezomib has led to an increased

rate of remission in myeloma patients, acquired drug resistance

has limited its use in the clinic. Cells cultured in the presence of

proteasome inhibitors have been shown to acquire mutations of

the bortezomib binding site on proteasome subunit PSMB5 or to

overexpress this subunit, although such mutations are rarely

observed in the clinical setting (Balsas et al., 2012; Oerlemans

et al., 2008). An alternative mechanism involves increased basal

expression levels of BiP that allows cells to withstand the accu-

mulation of more misfolded proteins without activation of a cyto-

toxic UPR (Schewe and Aguirre-Ghiso, 2009). More recently, a

subpopulation of bortezomib-refractory B-cell progenitors has

been identified in which IRE1-XBP1s signaling is suppressed

(Leung-Hagesteijn et al., 2013). It has been known for some

time that XBP1s is necessary for the differentiation of B lympho-

cytes into plasma cells by enabling a dramatic expansion of the

ER (Carrasco et al., 2007). Continued signaling by the IRE1-

XBP1s axis was thought necessary to maintain healthy plasma

cells, but a recent screen identified IRE1 loss of function as pro-

moting bortezomib resistance in myeloma (Leung-Hagesteijn

et al., 2013). Despite previous evidence that inhibition of IRE1

is toxic to myeloma (Mimura et al., 2012; Papandreou et al.,

2011), knockdown of either IRE1 or XBP1 was surprisingly well

tolerated by myeloma-derived cell lines and induced resistance

to inhibition of the proteasome, while overexpression of XBP1s

restored sensitivity (Leung-Hagesteijn et al., 2013). Moreover,

XBP1 target genes were depressed in clinical samples from pro-

gressive myeloma. The protective effect of depleting myeloma

cells of XBP1s correlated with a partial reversal of plasma cell

differentiation, both morphologically and functionally, with a

reduced capacity to secrete immunoglobin light chains. More-

over, XBP1s-deficient myeloma progenitors could be isolated

from the bone marrow of patients with progressive disease,

and it was suggested that these represent a pool of cells intrinsi-

cally resistant to proteasome inhibition owing to their arrested

development. This may explain the inability of proteasome

inhibition to induce an outright cure in myeloma and the appear-

ance of resistance following initial remission. It is encouraging,

however, that bortezomib resistance can be overcome inmodels

of disease by potentiating the degree of ER stress with coadmin-

istration of an HSP90 inhibitor (Roué et al., 2011). The suppres-

sion of the UPR in some bortezomib-resistant cells is thought

to be facilitated by reduced phosphorylation of eIF2a. Accord-

ingly, promotion of phosph-eIF2a levels with the agent salubrinal

was shown to enhance bortezomib-induced cell killing (Schewe
Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc. 569



Figure 5. The UPR in Cancer
Activation of the UPR in malignancy results in complex signaling that is neither fully oncogenic nor tumor suppressive. The relative importance of each down-
stream pathway varies between cells depending on the chronicity of ER stress and on the relative expression of key factors; for example, GADD34. High rates of
protein synthesis during ER stress lead to cell death through the accumulation of misfolded protein, which would reduce tumormass. Loss of GADD34may serve
to antagonize this, leaving PERK unhindered in the attenuation of protein synthesis. Generation of ROS during ER stress, while potentially toxic, may help limit
tumor growth to match nutrient supply by initiating DNA damage checkpoints. Excess toxicity from ROS is limited by ATF4-mediated induction of antioxidant
pathways. Nutrient limitation within tumors is antagonized by autophagy and angiogenesis, which are induced by the PERK and IRE1 arms of the UPR. Reduced
expression of extracellular matrix molecules, such as BM-40, may limit migration and invasion.
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and Aguirre-Ghiso, 2009). Conversely, it has also been sug-

gested that enhanced induction of ATF4 may have undesirable

effects in the treatment of myeloma. Inhibition of the proteasome

is associated with accumulation of the antiapoptotic protein

Mcl-1, which can confer resistance to bortezomib (Hu et al.,

2012). This accumulation does not reflect stabilization of the

protein; instead, Mcl-1 appears to be induced by ATF4. Newer,

more selective inhibitors of eIF2a phosphatases are under devel-

opment and should help to clarify which effect, cytotoxicity or

antiapoptotic, is dominant.

Concluding Remarks
Current understanding of the cellular responses to ER stress has

made this a valid target for the development of rational therapies,

but the role of the UPR in modulating many aspects of tumor

behavior from cell proliferation and death to angiogenesis and in-

vasion is becoming clearer (Figure 5). It is perhaps not surprising

that the cellular response to ER stress is neither fully oncogenic

nor completely tumor suppressive. For example, antioxidant

pathways induced downstream of ATF4 appear to promote

tumor survival and may largely account for the requirement for
570 Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc.
PERK in models of solid tumors; while induction of GADD34

may be toxic to cancers experiencing chronic ER stress. Such

insights will contribute to better targeting of therapies while

also informing our appreciation of the cell biology of physiolog-

ical ER stress. Remarkably, the precise mechanisms of cell

death during ER stress remain unclear, and so better under-

standing will be required if death pathways are to be invoked

with selectivity to ER-stressed cancer cells. It is likely that the

relative importance of these death pathways will depend both

on the cancer type and on the tumor microenvironment, which

will offer further possibilities for personalization of treatment.

Finally, it is important to bear in mind the heterogeneity of

cancer as a disease, or rather as a group of diseases. The evo-

lution of an individual tumor over time frequently leads to loss

of differentiation and increased propensities for invasion and

metastasis, which will affect secretory capacity and reliance on

the UPR. Also, there is heterogeneity between subtypes of

cancer originating from a single tissue type such the breast,

which include basal-like, luminal-like, normal breast-like, and

HER2 positive. Given that subtype-dependent differences will

lead to differences in metabolic characteristics, it is to be
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expected that the importance of ER protein homeostasis for

each subtype will vary accordingly. This has already been

demonstrated in the context of cytosolic protein folding. HER2

is a client protein of Hsp90, and so HER2-positive tumors are

especially sensitive to inhibition of HSP90 (Rodrigues et al.,

2012). The highly secretory natures of the rare mucinous and

secretory breast cancers make them likely candidates for UPR

dependence.

A number of areas require further study. Clearly, there is a

need for a more sophisticated appreciation of the oncogenic

and tumor-suppressive features of the UPR. This is well illus-

trated by the antagonism of IRE1 that, while attenuating

tumor growth through impaired angiogenesis, might promote

tumor invasion. It is unclear what role the mutational burden

of a tumor cell plays in the induction of ER stress. Are specific

mutations more likely to cause ER stress? A better understand-

ing of how the UPR influences chemo- and radiosensitivity may

also direct more effective interventions.
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SUMMARY
Anchorage of tissue cells to their physical environment is an obligate requirement for survival that is lost in
mature hematopoietic and in transformed epithelial cells. Here we find that a lymphocyte lineage-restricted
transcription factor, Aiolos, is frequently expressed in lung cancers and predicts markedly reduced patient
survival. Aiolos decreases expression of a large set of adhesion-related genes, disrupting cell-cell and
cell-matrix interactions. Aiolos also reconfigures chromatin structure within the SHC1 gene, causing
isoform-specific silencing of the anchorage reporter p66Shc and blocking anoikis in vitro and in vivo. In
lung cancer tissues and single cells, p66Shc expression inversely correlates with that of Aiolos. Together,
these findings suggest that Aiolos functions as an epigenetic driver of lymphocyte mimicry in metastatic
epithelial cancers.
INTRODUCTION

Epigenetic dysregulation and instability occur at the earliest

steps of tumorigenesis and accompany every stage of cancer

progression. Consequent activation and/or silencing of tumor

related genes confers premalignant epithelial cells with the

capacity for unrestrained proliferation, resistance to cell death,

evasion from immune destruction, and progression to frank

malignancy (Mehlen and Puisieux, 2006; Timp and Feinberg,

2013; Valastyan and Weinberg, 2011). Despite its importance,
Significance

Epigenetic dysregulation is now believed to drive all stages o
However, specific epigenetic factors that broadly reprogram
spread—cellular behaviors which are chiefly responsible for c
that carcinoma cells co-opt a hematopoietic factor required f
repression of SHC1 and other genes. These findings have bro
certain hematopoietic characteristics.
specific epigenetic mechanisms by which evolving tumor cells

acquire metastatic potential are poorly understood. In particular,

processes by which widespread transcriptional reprogramming
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Aiolos (encoded by IKZF3) is amember of the Ikaros zinc finger

family, the expression of which is normally restricted to lymphoid

cells (Morgan et al., 1997). Aiolos exerts broad changes in gene

expression patterns, in large part through the recruitment of
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deacetylase (NuRD) complex (Kim et al., 1999; Koipally et al.,

1999). During lymphocyte development, Aiolos is first detected

in pro-B and pro-T cells and is upregulated as these cells prog-

ress to pre-B and double positive CD4/CD8 cells, reaching

maximum expression in mature, activated B and T cells (Wang

et al., 1998). Aiolos facilitates the transition from pre-BCR-driven

proliferation to differentiation and immunoglobulin light chain

rearrangement, and plays important roles in late stages of B

and T lymphocyte development (Ma et al., 2008; Mandal et al.,

2009; Quintana et al., 2012; Reynaud et al., 2008; Thompson

et al., 2007). Notably, this developmental stage also coincides

with a sustained loss of lymphocyte adhesion to its matrix-rich

microenvironment, which is required for lymphocyte entry into

the blood system and subsequent circulation to other organs

(Glodek et al., 2003).

Aiolos expression is also altered in both solid and liquid

tumors. Aiolos is highly expressed and may promote survival in

B cell leukemia and certain lymphomas; conversely, Aiolos is

absent in acute lymphoblastic leukemia (Antica et al., 2008; Billot

et al., 2011; Duhamel et al., 2008; Holmfeldt et al., 2013; Niebuhr

et al., 2013; Romero et al., 1999). Furthermore, Aiolos has been

detected in multiple malignant solid tumor cell lines including

MCF-7, SW480, HEK, PC3, and HeLa (Billot et al., 2010). In the

breast cancer cell line BT474, ectopic expression of Aiolos

results from a fusion event leading to its transcriptional control

by the VABP promoter (Edgren et al., 2011). In addition, a broad

bioinformatic analysis of the human transcriptome in normal and

abnormal tissues revealed upregulation of Aiolos in some breast

cancers (Kilpinen et al., 2008). These reports suggest that Aiolos

may be aberrantly expressed in some solid tumors; however, the

functional consequence of Aiolos expression in carcinomas is

completely unknown. Given the involvement of Aiolos in hemato-

poietic cell development, we hypothesized that Aiolos may pro-

mote the ability of cancer cells to survive in an unanchored state.

Here, we study the molecular and clinical consequences of Aio-

los expression by lung cancers.

RESULTS

Aiolos Expression Correlates with Poor Prognosis in
Human Lung Cancer
We studied Aiolos expression in 116 non-small cell lung cancers

(NSCLC), 17 small cell lung cancers (SCLC), and 7 tumor-adja-

cent normal lung tissues, using immunohistochemical (IHC) ana-

lyses. Normal lung epithelial cells in tumor-adjacent lung tissues

and stromal cells in lung cancer tissues did not express Aiolos.

Lymphocytes in folliculi lymphaticus exhibited strong Aiolos

staining (Figure 1A), consistent with previous reports (Wang

et al., 1998), supporting antibody specificity. Both NSCLC (ade-

nocarcinomas and squamous cell carcinomas) and SCLC cells

expressed Aiolos to varying degrees; many Aiolos-positive

NSCLC cells and all Aiolos-positive SCLC cells exhibited nuclear

localization of Aiolos (Figures 1B–1D). Quantification of staining

on a scale of 0 to 8.0 revealed significantly higher expression

of Aiolos in SCLCs than NSCLCs (Figure 1E). Of note, SCLC is

associated with an extremely poor prognosis (median survival <

2 years) owing to its strong tendency to disseminate early and

present with established metastatic foci (Fischer and Arcaro,

2008; Jackman and Johnson, 2005). Indeed, all 13 SCLC sub-
576 Cancer Cell 25, 575–589, May 12, 2014 ª2014 Elsevier Inc.
jects with available survival data had high Aiolos staining scores

(>4.0) and low survival rates (median survival 15 months; Table

S1 available online). Thus, the expression level of Aiolos corre-

lates inversely with overall prognosis between histologic sub-

types of lung cancers.

To more closely assess the prognostic significance of Aiolos,

we examined expression levels in resected NSCLC tumors

from subjects with known clinical outcomes. Subjects with early

stage disease (stage I–II, n = 67) whose tumors had low Aiolos

expression levels (staining scores 0–4.0, n = 27) had strikingly

longer survival times than those whose tumors had high expres-

sion levels (staining scores 4.1–8.0, n = 40), with median sur-

vivals of 71 months (low Aiolos) versus 33 months (high Aiolos,

p = 0.0003). Of 65 subjects with stage IIIA disease, median

survivals were 42 months with low Aiolos staining scores (n =

35) and 11 months with high Aiolos scores (n = 30, p < 0.0001).

The survival rate of the high Aiolos expressors is poor and similar

to that for extensive-stage disease SCLC. In a Kaplan-Meier

model, Aiolos protein expression was a strong predictor of

survival rates in patients with stage I or II lung cancer (hazard

ratio 2.95, CI 1.63–5.32, Figure 1F) and in those with stage IIIA

disease (hazard ratio 11.26, CI 5.53–22.90, Figure 1G). Aiolos

staining intensity did not correlate with age, TNM status, smok-

ing history, or sex (Tables S2–S4). These results indicate that

the hematopoietic lineage protein Aiolos is frequently expressed

in lung cancers and its high expression level correlates with

extremely poor survival rates in human lung cancer.

Aiolos Downregulates Cell Adhesion Genes
To explore the effect of Aiolos on established cancer cells, we

expressed Aiolos in A549 cells, a lung carcinoma cell line

that does not express endogenous Aiolos, and analyzed the

resultant expression profile using a microarray platform. Func-

tional classification of differentially expressed genes was

performed, revealing ontologic gene groupings with high fold-

enrichment and low false discovery rates. Within these enriched

functional groups, two gene trees that significantly changed

expression levels (>2-fold in either direction) after Aiolos/IKZF3

overexpression were identified. Tree 1 included 270 downregu-

lated genes and tree 2 contained 267 upregulated genes upon

Aiolos overexpression (Figure 2A). Functional groups most

commonly downregulated represented genes that control

cellular adhesion, including extracellular matrix-receptor inter-

acting proteins, focal adhesion proteins, actin cytoskeleton

regulating proteins, and cell adhesion molecules, with significant

downregulation of adherens, tight, and gap junction proteins,

indicating a broad repression of cell-matrix and cell-cell adhe-

sion machinery. Individual Aiolos-regulated genes and sub-

groups of different molecular pathways are shown in Tables

S5, S6, and S7.

We confirmed Aiolos-dependent differential transcription of

12 genes identified in the microarray analysis including downre-

gulation of CLDN1, CLDN2, ITGB3, ITGB6, ITGAV, ITGA5, and

VCAM1, which play important roles in mediating cell-matrix

and cell-cell adherence, and upregulation of SYK, which partic-

ipates in pre-B signaling and promotes tumor metastasis upon

ectopic expression (Sung et al., 2009), and TNFSF10, CXCR4,

FOS, and PTPRR, which also promote cancer metastasis (Fig-

ure 2B). To confirm the role of Aiolos in gene regulation, we



Figure 1. Aiolos Is Expressed in Lung Cancer

Cells and Predicts Mortality

(A–D) IHC staining with anti-Aiolos was performed

on seven normal lung tumor adjacent tissues, 116

NSCLC, and 17 SCLC specimens. Scale bars

represent 20 mm. Representative fields show positive

Aiolos staining in B lymphocytes in folliculi lympha-

ticus (A), lack of Aiolos staining in normal lung

epithelial cells (B), moderate Aiolos staining in

NSCLC cells (C), and strong Aiolos staining in SCLC

cells (D).

(E) Semiquantitative scoring of Aiolos staining

showed significantly stronger staining in SCLC than

NSCLC (p < 0.05). Error bars represent SD.

(F and G) Kaplan-Meier survival rates for 67 subjects

with stage I–II NSCLC disease and 65 subjects with

stage IIIA NSCLC disease with low (0–4.0 staining

scores, blue lines; n = 27 for stage I–II; and n = 35 for

stage IIIA), versus high (4.1–8.0 staining scores, red

lines; n = 40 for stage I–II; and n = 30 for stage IIIA)

Aiolos expression were compared. Median survivals

were 71 months (low Aiolos) versus 33 months (high

Aiolos) for stage I–II (p = 0.0003) and 42 months (low

Aiolos) versus 11 months (high Aiolos) for stage IIIA

(p < 0.0001).

See also Tables S1–S4.
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studied H1155 cells, a NSCLC cell line that expresses endoge-

nous Aiolos. Knockdown of Aiolos in these cells caused recip-

rocal changes in expression levels of these genes compared

with expression of Aiolos in A549 cells (Figure 2B).

To further study whether adhesion-related genes are regu-

lated directly by Aiolos, we determined the in vivo binding status

of Aiolos within genomic loci of four Aiolos-repressed genes

(CLDN1, CLDN2, ITGA5, and ITGAV) using chromatin immuno-

precipitation (ChIP). Cis-regulatory elements identified byDNase

I hypersensitive sites, as reported in the ENCODE database, and

potential Aiolos binding consensus sites were analyzed for

Aiolos association (Figure 2C). ChIP was performed in A549 cells

expressing Aiolos-FLAG. All four genes analyzed contained

Aiolos consensus sites that were occupied by Aiolos (Figure 2C).

These data suggest that Aiolos directly regulates key cell-matrix

and cell-cell adhesion-related genes.

Aiolos Disrupts Cell-Cell and Cell-Matrix Adhesion
The shift in epithelial gene expression profile induced by Aiolos is

consistent with its physiologic role in lymphocytes preparing for

release into the circulation. Notably, we observed major differ-

ences in A549 cell morphology between control cells and

Aiolos-expressing cells in regular two-dimensional culture.

Whereas control cells spread well and grew as clusters, Aio-

los-expressing cells appeared rounded and exhibited fewer

cell-cell interactions (Figure 3A). This morphological change is

consistent with the decrease in expression of tight junctional

proteins including Claudin 1, Claudin 2, and Occludin following

Aiolos expression. Expression of E-cadherin was not affected;

however, E-cadherin redistributed away from the cell periphery,

indicating disruption of adherens junctions (Figure 3B). These

data demonstrate that Aiolos may disrupt intercellular junctions

through specific repression of key adhesion proteins.

We then tested the effect of Aiolos expression on adherence of

lung cancer cells to fibronectin, a major extracellular matrix

component in lung and tumor stroma. In replating experiments,

Aiolos expression dramatically decreased the number of A549

cells adherent to fibronectin (Figure 3C). Conversely, knockdown

of Aiolos or overexpression of a dominant negative form of Aiolos

(DAiolos/IKZF3, lacking the DNA-binding domain (Caballero

et al., 2007)) significantly increased the adhesion of H1155 cells

to fibronectin (Figure 3C). These data are consistent with the

downregulation by Aiolos of genes involved in at least three

major fibronectin receptors, a4b1, a5b1, and avb3 (Table S5).

However, SCLC cells (H209, H69), which float in culture, do

not adhere following Aiolos knockdown (data not shown) despite

increases in integrin and claudin gene expression (Figure S1A).

Thus, SCLC cells have a more profound adhesion defect and
Figure 2. Aiolos Expression Downregulates Cell Adhesion Genes

(A) Functional profiling of genes differentially expressed between control A549 cell

genes upregulated and 270 genes downregulated by Aiolos. Representative Aiolo

under each molecular pathway (right).

(B) Quantitative RT-PCR was performed to confirm the transcriptional change of

Aiolos/IKZF3-expressing A549 cells and control or Aiolos/IKZF3 shRNA-expres

GAPDH.

(C) ChIP was performed in A549 cells transfected with Aiolos/IKZF3 or vector. Ge

sites; red starsmark siteswith Aiolos consensus sequences. Bar graphs show fold

See also Tables S5, S6, and S7.
may lack other proteins not under Aiolos control but which are

necessary for firm anchorage. Aiolos expression had no effect

on cell proliferation or invasiveness and caused a slight decrease

in cell motility, as evaluated by bromodeoxyuridine incorpora-

tion, Boyden chamber, and wound healing assays (Figures

S1B–S1D).

Aiolos Promotes Anchorage Independence
Similar to hematopoietic cells, metastatic cancer cells are able

to survive in suspension and thus bypass anoikis, a form of

apoptosis triggered by loss of anchorage to substratum. This

led us to ask whether Aiolos is able to relax cellular anchorage

requirements. We found that transient expression of Aiolos by

primary endothelial cells, which are highly sensitive to anoikis,

effectively blocked anoikis (Figure 3D). We then examined

the effect of Aiolos on anchorage-independent proliferation.

We expressed Aiolos in A549 cells and found that Aiolos signifi-

cantly increased anchorage-independent growth in soft agar

(Figure 3E).

As a third test of anchorage sensing, we studied the ability of

MCF-10Acells to formacinus-like spheroids in three-dimensional

basement membrane gels, which requires loss of inner cell mass

through anoikis (Debnath et al., 2002; Han et al., 2008). Whereas

control cells developed intowell-formed hollow spheroids, Aiolos

expression resulted in disrupted acinus formation with luminal

filling and lack of polarity (Figure 3F). These results indicate that

Aiolos promotes anchorage independence in primary endothelial

cells, immortalized epithelial cells, and transformed cancer cells.

Thus besides decreasing adhesion mechanisms, Aiolos protects

cells from anoikis following loss of anchorage.

Anchorage independence is essential for survival of circulating

cancer cells during metastasis (Valastyan and Weinberg, 2011).

To examine the effect of Aiolos expression on metastatic capac-

ity in vivo, we injected A549 cells into the tail vein of BALB/C

nudemice. Aiolos-expressing A549 cells caused lethality in eight

of eight mice by 77 days, with a median survival of 48 days (Fig-

ures 3G and 3H). In all cases, death was accompanied by a

heavy lung metastatic burden, verified by histologic examination

(Figure 3H). Mice injected with control A549 cells had longer

survival times, with only one of eightmice dying from lungmetas-

tases by 77 days. Therefore, in parallel with loss of anoikis

in vitro, ectopic expression of Aiolos promotes metastatic ca-

pacity of lung cancer cells in vivo.

We expanded our analysis to include solid tumor cell lines

from breast, liver, and colon tissues, and found Aiolos to be ex-

pressed in five of ten cell lines examined (Figure S1E). Further-

more, Aiolos expression correlated with the reported ability of

these cells to metastasize in nude mice with only one exception
s and Aiolos/IKZF3-expressing A549 cells. Double-headed arrows indicate 267

s-induced (red) and Aiolos-repressed genes (green) are listed vertically (left) and

indicated genes identified in the microarray. RNA was purified from control or

sing H1155 cells. Relative expression is shown as fold differences relative to

ne names are indicated at right. Vertical lines indicate DNase I hypersensitive

enrichment of Aiolos binding. Themean ± SDof three determinations is shown.
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Figure 3. Aiolos Promotes Cell Detachment, Anchorage Independence, and Lung Metastasis

(A) Phase-contrast micrographs of A549 cells expressing vector or Aiolos. Scale bars represent 40 mm.

(B) Immunofluorescence and immunoblot were performed to examine the localization of E-cadherin (left two panels) and expression level (right panel) in Aiolos-

expressing A549 cells. Scale bars represent 20 mm.

(C) Aiolos/IKZF3-expressing A549 cells, Aiolos/IKZF3 shRNA-expressing H1155 cells, or dominant-negative Aiolos (DIKZF3)-expressing H1155 cells were plated

on fibronectin-coated plates. After 15 min, attached cells were counted. Scale bars represent 200 mm. Bar graph below shows number of adherent cells. Mean ±

SD of three duplications is shown.

(D) HUVEC cells were transduced with Aiolos/IKZF3. Cell death was assessed after 16 hr under attached or floating conditions. *p < 0.05 from vector attached

conditions; yp < 0.05 from vector floating conditions. Error bars represent SEM.

(E) A549 cells were transduced as indicated, allowed to grow in soft agar for 4 weeks, and colonies counted. Error bars represent SD (n = 3).

(F) Phase-contrast micrographs of control and Aiolos/IKZF3-expressing MCF-10A acini cultured on Matrigel for 18 days. Scale bars represent 15 mm.

(G) A549 cells expressing empty vector or Aiolos/IKZF3were injected into the tail veins of 6-week-old female BALB/C nudemice. Survival curve is shown; survival

between groups was different, p < 0.001.

(H) Representative hematoxylin and eosin stain of lungs from mice injected with vector control and Aiolos/IKZF3-expressing A549 cells. Scale bars represent

50 mm.

See also Figure S1 and Table S8.
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(Table S8). Consistently, knockdown of Aiolos in these Aiolos-

expressing cells also lead to increased adhesion (Figure S1F).

To further correlate these findings with human data, The Cancer

Genome Atlas was interrogated for breast cancer outcomes.

Analysis of this data set revealed that high Aiolos/IKZF3 expres-

sion correlates with poor survival rates in breast cancer

(Figure S1G). In total, these data suggest that Aiolos may be of

general significance to anchorage mechanisms in tumors other

than lung cancers.

Expression of Aiolos Negatively Correlates with p66Shc

in Human Lung Cancers
Of particular note given the prominent effects of Aiolos in pro-

moting anchorage independence, we observed that the adaptor

protein Shc was downregulated 2.3-fold by Aiolos expression.

SHC1 contains tandem promoters that are thought to indepen-

dently control p52Shc and p66Shc transcription (Figure 4A),

although very little is known about control of either promoter

(Ventura et al., 2002). p66Shc is required for anoikis and functions

as a powerful metastasis suppressor in mice, whereas the

shorter p52Shc does not (Ma et al., 2010). We found that expres-

sion of Aiolos in A549 cells selectively repressed p66Shc but not

p52Shc expression (Figure 4A). Transient expression of Aiolos

also selectively decreased p66Shc protein levels in A549,

HepG2, and MDA-MB-231 cells, confirming an inhibitory effect

of Aiolos on p66Shc expression (Figure 4B). However, knock-

down of endogenous Aiolos did not restore p66Shc expression

in SCLC (H209, H69, and H82) as well as NSCLC (H1155) or

non-lung carcinoma (Hep3B and MCF-7) cell lines (Figure S2A).

Accordingly, knockdown of Aiolos did not increase sensitivity to

anoikis in H209, H69, and H82 lung cancer cells (Figure S2B).

Thus, although Aiolos is sufficient to repress p66Shc, it does not

appear to be necessary in established cancer cells. To study

this effect further, A549 cells were stably transfected with an

inducible Aiolos transgene. Upon induction of Aiolos by doxycy-

cline treatment for 8 hr, p66Shc protein levelsmarkedly decreased;

however, removal of doxycycline for 8 subsequent days caused

early loss of Aiolos expression but no recovery of p66Shc levels

(Figure S2C). These results indicate that Aiolos may be necessary

for the initiation but not the maintenance of p66Shc silencing.

In strong support of p66Shc repression by endogenously

expressed Aiolos, we noted in a panel of 18 human cell lines of

diverse origin a strict correlation between the expression of

Aiolos and repression of p66Shc (Figures 4C and 4D) but

not p52Shc (data not shown). In contrast, all cells without detect-

able Aiolos expression retained p66Shc expression (Figures 4C

and 4D).

To assess whether p66Shc is commonly repressed in lung

cancer, we screened 207 human lung epithelial cell lines for

expression of p66Shc. Normal lung epithelium consisted of

human bronchial epithelial cells (HBEC, n = 30) and small airway

epithelial cells (HSAEC, n = 29). Expression of p66Shc was robust

and not different between small and large airway epithelium (p >

0.05). Cells derived from lung cancers (n = 148), however, had

significantly reduced expression compared with normal lung

epithelium (p < 0.001; Figure 4E). Notably, p66Shc expression

was significantly lower in SCLC than in NSCLC, and each group

was decreased compared to nonmalignant human bronchial

epithelium (p < 0.001; Figure 4E). Expression at the level of pro-
tein in a subset of cells confirmed consistently robust levels of

p66Shc in normal endothelial or lung epithelial cells (Figure 4F).

In contrast, p66Shc protein levels were diminished in most

NSCLC and SCLC cell lines, despite persistence of p52Shc

expression. This expression pattern for p66Shc is opposite from

that which we found for Aiolos and suggests that repression by

Aiolos is biologically relevant.

To define the correlation between Aiolos and p66Shc in individ-

ual primary tumors, we used IHC to examine the expression

levels of Aiolos and p66Shc in serial sections of the previously

characterized NSCLC lung cancer samples. Tumors with signif-

icant levels of staining for Aiolos showed low levels of p66Shc

staining; conversely, surrounding lung parenchyma was nega-

tive for Aiolos but positive for p66Shc (Figure 4G). When intra-

tumoral staining was quantified, a highly significant negative

correlation was found between Aiolos and p66Shc expression

in both stages I–II (r2 = 0.451; p < 0.0001) and IIIA (r2 = 0.719;

p < 0.0001) tumors (Figures 4H and 4I). Accordingly, low

p66Shc expression correlated with worse survival rates in both

stage I/II and IIIA groups (Figures 4J and 4K). Median survivals

in subjects with stage I–II disease were 22 months for low

and > 80 months for high p66Shc staining (p < 0.0001). Median

survivals in subjects with stage IIIA disease were 11 months for

low and 42 months for high p66Shc staining (p < 0.0001).

Because of limitations associated with serial section analysis

and cell-to-cell heterogeneity in protein expression within

tumors, we sought more definitive evidence for biologically rele-

vant repression of p66Shc by Aiolos in human lung cancers

through single cell analysis. Single cancer cells were isolated

from four freshly dispersed human NSCLC tumors for single

cell RT-PCR. Expression of Aiolos/IKZF3, p66Shc, KRT19 (cyto-

keratin 19, a biomarker for NSCLC cells) andGAPDHwere deter-

mined in a single PCR reaction. Figure 4L shows examples of

capillary electropherograms for the four possible qualitative

patterns (±Aiolos/IKZF3, ±p66Shc). A total of 198 cells isolated

from four human lung cancer tissues expressing KRT19 and

GAPDH were further analyzed. Cancer cells purified from tumor

1 expressed p66Shc but not Aiolos/IKZF3, whereas the majority

of cancer cells isolated from the other three tumors expressed

Aiolos/IKZF3 but repressed p66Shc (Table S9). Quantification

of transcript levels revealed a negative correlation between

Aiolos/IKZF3 and p66Shc expression (r2 = –0.239; p < 0.001; Fig-

ure 4M). This correlation appeared biphasic, suggesting that at

the single cell level Aiolos controls a binary decision, strongly

repressing p66Shc when expressed above a certain threshold

level and becoming permissive below this level. Altogether,

these results indicate that expression of endogenous Aiolos

strongly represses p66Shc in multiple carcinomas in vitro and in

tumors and single cancer cells in vivo.

Aiolos Confers Anoikis Resistance through p66Shc

Repression
To assess whether Aiolos abrogates anchorage dependence

through p66Shc repression, we re-expressed p66Shc in Aiolos-

transfected primary endothelial cells, A549 cells, and MCF-10A

cells. Indeed, re-expression of p66Shc completely restored

anoikis in primary endothelial cells (Figure 5A), decreased

anchorage-independent growth of A549 cells in soft agar to

baseline levels (Figure 5B), and restored the ability of MCF-10A
Cancer Cell 25, 575–589, May 12, 2014 ª2014 Elsevier Inc. 581
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Figure 5. Aiolos Confers Anchorage Inde-

pendence through p66Shc Silencing

(A) HUVECs were transduced with Aiolos/IKZF3

or both Aiolos and p66Shc as indicated. Cell death

was assessed after 16 hr under attached or floating

conditions. *p < 0.05 from vector attached condi-

tions; yp < 0.05 from vector floating conditions.

Error bars represent SEM.

(B) A549 cells were transduced as indicated,

allowed to grow in soft agar for 4 weeks, and col-

onies counted. Error bars represent SD (n = 3).

(C) MCF-10A cells were transduced as indicated

and plated in Matrigel. Phase contrast and confocal

midpoint slices of DAPI stained acini are shown.

Scale bars represent 15 mm.

(D) Immunoblots of MCF-10A cells for Shc, Aiolos,

and actin under conditions shown as in (C).

See also Figure S3.
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to form differentiated spheroids (Figures 5C and 5D). These

results demonstrate that Aiolos represses p66Shc expression

and thus promotes anchorage-independent behavior, offering

an explanation for the poor prognostic association of Aiolos

with lung cancer mortality rates.

To assess the specificity of this effect for Aiolos, we tested the

expression of other Ikaros family members including Ikaros

(IKZF1), Helios (IKZF2), Eos (IKZF4), and Pegasus (IKZF5) in

normal endothelial and epithelial cells and multiple cancer cell

lines. Surprisingly, Helios, Pegasus, and Eos were expressed

in all 18 cell lines analyzed (Figure S3). The significance of this

broad expression pattern is not clear, although we did not find

any correlation with p66Shc repression. Ikaros is structurally

most similar to Aiolos and was expressed in only four cell lines

(Figure S3). Three of these cell lines also expressed Aiolos and
Figure 4. Aiolos Negatively Correlates with p66Shc Expression

(A) Semiquantitative RT-PCR was performed for p52Shc and p66Shc on control or Aiolos/IKZF3-expressing A

mRNA transcripts for SHC1. Shaded areas are 50 and 30 untranslated sequences. Arrows show location of

dilutions of cDNA.

(B) Transient expression of Aiolos/IKZF in A549, MDA-MB-231, and HepG2 cells downregulated p66Shc ex

(C and D) Expression of Aiolos/IKZF3 and p66Shc is shown for normal (HV, HBec) and lung cancer (C) or brea

(E) Expression of p66Shc was assessed from a probe specific for the Shc CH2 domain. Log base 2 of the signa

(p < 0.001) in NSCLC than normal bronchial epithelial cells and lower (p < 0.001) in SCLC than NSCLC or n

(F) Immunoblot of Shc in normal (top panel), NSCLC (middle panel), and SCLC (lower panel) cells showing

(G) IHC for Aiolos and p66Shc was performed on 105 lung specimens. Representative fields show lack of Ai

staining in intra-alveolar mononuclear cells, compared with strong staining in malignant cells. Antibodies

malignant cells in the center of the field are negative for p66Shc staining.

(H and I) Semiquantitative scoring was performed and Aiolos scores were correlated with p66Shc scores in st

0.719, p < 0.0001) tumors.

(J and K) Kaplan-Meier survival curves based on p66Shc staining for patientswith stage I–II (J) and stage IIIA (K

disease were 22months for low and > 80months for high p66Shc staining (p < 0.0001). Median survivals in sub

and 42 months for high p66Shc staining (p < 0.0001).

(L) Representative capillary electropherograms showing PCR products of Aiolos/IKZF3, p66Shc, GAPDH, a

(M) Quantitative analysis was performed to show the correlation of Aiolos/IKZF3 and p66Shc. Each dot repr

See also Figure S2 and Table S9.
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repressed p66Shc, and one (HCT-8) ex-

pressed Ikaros but not Aiolos, with weaker

but distinct expression of p66Shc (Fig-

ure 4D). While it is possible that Ikaros

has repressive effects on p66Shc similar

to Aiolos, Aiolos appears to be more
commonly expressed and correlates more strongly with p66Shc

repression across all cell lines.

Aiolos Represses p66Shc Transcription by Disrupting
Long-Range Enhancer-Promoter Interactions
We then explored the mechanism by which Aiolos silences

p66Shc. Using bisulfite sequencing, we detected variable DNA

methylation of the p66Shc promoter region in SCLC cells (Figures

S4A and S4B). ChIP analyses to scan 14 regions along the SHC1

gene for histone marks revealed decreased association of acti-

vating histones (H3K9acetyl, H3K4me2, and H3K4me3) and

enrichment of repressing histones (H3K9me2) in the p66Shc pro-

moter region in SCLC cells, indicating epigenetic silencing of

p66Shc (Figures S4C and S4D). Of note, repressive histones

were enriched primarily in a 3.5 kb region between the two
549 cells. Upper: splicing diagram of two separate

PCR primers. Lower: PCR products of serial 3-fold

pression by immunoblot.

st, liver, and colon cancer (D) cell lines as indicated.

l strength is shown. Expression of p66Shc was lower

ormal cells.

relative expression of 66, 52, and 46 kDa forms.

olos staining in lung parenchymal cells with variable

to p66Shc variably stain alveolar septal wall cells;

age I–II (H; r2 = 0.451, p < 0.0001) or stage IIIA (I; r2 =

) disease.Median survivals in subjects with stage I–II

jects with stage IIIA disease were 11months for low

nd KRT19.

esents one cancer cell.
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promoters in SCLC cells, suggesting a chromatin domain specif-

ically controlling p66Shc expression. Further ChIP studies

revealed the occupancy of this region, including the p66Shc

promoter, by endogenous Aiolos in SCLC cells, as well as by

transfected Aiolos in A549 cells (Figure 6A). Transient expression

of DAiolos/IKZF3 failed to repress p66Shc transcription (Fig-

ure 6B), indicating that Aiolos requires direct DNA binding,

possibly to this upstream cis-regulatory element, to silence

p66Shc transcription.

Alignment of human, mouse, and rat p66Shc genes revealed

a 113 bp conserved sequence residing within the noncoding

region 2.1 kb upstream from the p66Shc transcriptional start

site (TSS), marking one potential cis-regulatory enhancer (site

4, Figure 6C). As a second method to screen for enhancers,

we used ChIP to scan the SHC1 gene for H3K27ac and

H3K4me1, modified histones that are frequently associated

with human enhancers (Heintzman et al., 2007; Rada-Iglesias

et al., 2011). We identified two regions enriched with H3K27ac

in normal bronchial epithelium, again within the putative

p66Shc-regulatory domain (sites 2 and 5, Figure 6C). Site 5 but

not site 2 was co-occupied by H3K4me1. In contrast, in H209

SCLC cells, only the H3K27ac modification was recovered

from site 2 and neither modification from sites 4 or 5 (Figure 6C).

We then tested the function of sites 2, 4, and 5 (renamed E1,

–3,474 to –3,311; E2, –2,132 to –2,019; and E3, –779 to –610

from the p66Shc TSS) as potential enhancers of the p66Shc pro-

moter. Luciferase reporters transfected into both HUVEC and

Hbec, which express p66Shc, showed basal promoter activity

contained within the –508 to +101 fragment, as expected (Fig-

ure 6D). Serial extensions of this fragment demonstrated that

inclusion of E2+E3 but not E3 alone significantly enhanced basal

promoter activity, and inclusion of E1 had no further effect. Of

significance, the basal promoter had equivalent activity when

transfected into H69 and H209 SCLC cells, but no enhancement

was observed upon inclusion of E1, E2, or E3 (Figure 6D).

Because these cells express no detectable p66Shc, enhancer

rather than promoter activity appears to determine functional

p66Shc expression. Cotransfection of wild-type but not

DAiolos/IKZF3 with the luciferase reporter fully repressed

enhancer activity (Figure 6E), indicating that DNA binding is

necessary for Aiolos to inhibit enhancer activity. Three Aiolos

consensus sites were identified within E2 and one within the

p66Shc promoter. Whereas mutation of each of these single

binding sites in a luciferase reporter had no effect (Figure S4E),

mutation of all three sites within E2 significantly blocked

Aiolos-dependent inhibition of enhancer activity (Figure 6E).

Furthermore, EMSA with supershift showed direct binding of
Figure 6. Aiolos Directly Regulates p66Shc Transcription

(A) ChIP demonstrates association of Aiolos-Flag in transfected A549 cells with r

Aiolos with regions 2–7 in H209 SCLC cells.

(B) p66Shc expression was examined in A549 cells expressing wild-type Aiolos/IK

(C) ChIP shows distribution of H3K4me1 and H3K27ac histone modifications in

represent SD of three independent chromatin preparations.

(D) Diagram shows serial deletions of the luciferase reporter upstream of the p66

(E) Luciferase reporter studies with the –2,824 to +101 segment containing E2 an

p66Shc promoter enhancement. p66P denotes the p66Shc basal promoter. Triple m

of enhancer activity (top bar). Normalized signals for (D) and (E) represent mean

(F) EMSA shows mobility shift of probe with E2 sequence containing the first two

See also Figure S4.
Aiolos to this sequence (Figure 6F). These data support a model

whereby Aiolos suppresses p66Shc transcription through DNA

binding within a cis-regulatory upstream region with consequent

deactivation of p66Shc enhancer function.

Further luciferase studies revealed that in their native posi-

tions, both E2 and E3 were necessary for enhancer activity,

whereas deletion of either abrogated enhancement (Figure 7A).

In contrast, ectopic placement of E2 just upstream of the pro-

moter, in forward or inverted orientation, restored full enhancer

activity, whereas E1 and E3, alone or in combination, had no

effect (Figure 7B). Thus, E2 harbors the principal enhancer

activity for the p66Shc promoter. Because relocalization of E2

to a position adjacent to the promoter obviated the requirement

for E3, E3 may promote physical interactions between E2 and

the p66Shc promoter which are required for promoter activation.

To more directly study the importance of intragenic chromatin

interactions in p66Shc regulation, we used chromosome confor-

mation capture (3C) to examine the physical proximity of

enhancer and promoter elements. In brief, cross-linked chro-

matin was digested with Dpn II, diluted, re-ligated, and long-

range association frequencies were assessed with PCR. When

the p66Shc promoter fragment was used as a PCR anchor, very

strong associations were seen between the p66Shc promoter

and the E1, E2, E3, and p52Shc promoter regions in p66Shc-

expressing normal human bronchial epithelial cells (Hbec; Fig-

ure 7C). With the E1, E2, E3, and p52Shc promoter fragments

as anchors, strong interactions were confirmed between all three

candidate enhancers and both p66Shc and p52Shc promoter

regions, and between the two promoters in Hbec (Figures

S5A–S5D). Such extensive interactions between the five cis-

acting sites are seen in a heat-map representation of cross-link-

ing frequencies across chromatin domains (Figure 7D). Thus in

p66Shc-expressing cells, we detect a higher-order complex con-

taining both promoters and all three candidate enhancers.

In H209 SCLC cells, repression of p66Shc was associated with

persistence of interactions between E1 and the p66Shc promoter

(Figure 7C), and between E3 and E1 (Figures 7D, S5A, and S5B),

consistent with the enrichment of H3K27ac in E1 in H209 cells

(Figure 6C). However, interactions between E2, the p52Shc

promoter, and the p66Shc promoter were lost (Figures 7C, 7D,

S5C, and S5D). Importantly, transient expression of Aiolos by

A549 cells caused delocalization of E1, E2, and the p52Shc

promoter from the p66Shc promoter (Figure 7E), leading to a

chromatin structure resembling that seen in H209 cells. We

next studied the persistence of SHC1 structural remodeling

following transient Aiolos expression using the doxycycline-

inducible model. Eight days after doxycycline withdrawal and
egions 4–7, indicated in the upper diagram. Right: similar association of native

ZF3 or DAiolos/IKZF3.

Hbec (p66Shc-expressing) and H209 (p66Shc-nonexpressing) cells. Error bars

Shc TSS; bar graphs show luciferase activity.

d E3. Transient expression of Aiolos/IKZF3, but not DAiolos/IKZF3, abrogated

utation of three Aiolos consensus sites within E2 impaired Aiolos-induced loss

± SD of triplicates.

Aiolos consensus sites, with supershift following anti-Aiolos treatment.
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Figure 7. Aiolos Disrupts E2-p66Shc Pro-

moter Interactions

(A) Luciferase reporter activity is shown with dele-

tion of either E2 or E3.

(B) Ectopic placement of the candidate enhancers

adjacent to the p66Shc promoter was performed as

shown. Mean ± SD of three determinations is

shown.

(C–E) 3C was used to calculate cross-linking

frequency between chromatin segments to assess

proximity in Hbec (p66Shc-expressing, solid circles)

and H209 (p66Shc-nonexpressing, open circles)

cells. Vertical lines representDpn II restriction sites;

arrows indicate PCR primer sites and direction.

Anchor symbols mark anchoring primer for each

data set. Cross-linking frequency between the

p66Shc promoter and other Dpn II-defined seg-

ments is shown in (C). Mean ± SD of 3 independent

chromatin preparations is shown. (D) Heatmaps of

cross-linking frequency in Hbec and H209 cells.

Anchoring primer is listed below, Dpn II-defined

segments numbered as in (C). (E) Cross-linking

frequency is shown using the p66Shc promoter as

anchor in A549 cells transiently expressing Aiolos

(open circles) or vector control (solid circles).

Mean ± SD of three independent experiments is

shown.

(F) Schematic showing formation of a transcrip-

tionally active complex containing p52Shc /p66Shc

promoters and E1–E3 regions. Upon binding of

Aiolos (shaded circles) to E2 and surrounding

regions, the complex is disrupted and p66Shc is

silenced.

See also Figure S5.
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the disappearance of Aiolos, E2 remained strongly dissociated

from the p66Shc promoter, whereas the dislocation of E1 from

the p66Shc promoter was reversed (Figure S5E). The stability of

this chromatin reconfiguration with respect to the E2 enhancer

matches the durable silencing of p66Shc after Aiolos knockdown.

These data support a model whereby p66Shc transcription re-

quires long-range physical interaction between the primary

enhancer E2 and the p66Shc promoter. Aiolos associates with

multiple upstream sites including an E2-containing chromatin

domain, altering higher order chromatin structure, disrupting

enhancer-promoter interactions, and silencing p66Shc transcrip-

tion (Figure 7F).

DISCUSSION

Metastatic spread of tumors accounts for the vast majority of

cancer-related deaths; here, we describe an integrated cellular

program that enables transformed epithelium to gain metastatic

properties through lymphocyte mimicry. This process requires

cells to downregulate proteins that constitute cell-cell and cell-

matrix adhesion complexes and in addition, to acquire

anchorage independence. In part, this cellular behavior resem-

bles normal lymphocyte development as pro- and pre-B cell

progenitors prepare to leave the hematopoietic niche. During

this transition, B lymphocytes lose their ability to form sustained
586 Cancer Cell 25, 575–589, May 12, 2014 ª2014 Elsevier Inc.
adhesions to bone marrow matrix, and are capable of only tran-

sient adhesions as circulating mature cells (Glodek et al., 2003).

Accordingly, this lymphocyte maturation phase is accompanied

by broad shifts in the expression of integrins and other adhesion

proteins, with a preponderance of downregulated adhesion-

related genes moving from the early B through the pro- and

pre-B cell stages to immature B lymphocytes (Hystad et al.,

2007).

Aiolos expression in lymphocytes parallels this progression

and peaks in mature B and T cells. Consequently, loss of Aiolos

results in an increased pre-B population within the bone marrow

environment with diminished recirculating B lymphocytes (Wang

et al., 1998). While temporally correlated with changes in

lymphocyte adhesion properties, it is not clear whether Aiolos

expression directly modulates adhesion-related genes in lym-

phocytes. However, it is particularly striking that a major effect

of ectopic Aiolos expression in lung cancer cells is the repression

of a large number of adhesion-related genes. This shift in expres-

sion profile suggests that Aiolos may generally control a broad

transcriptional program that allows hematopoietic, or in an

abnormal context, epithelial cell departure from a developmental

niche to gain entry into the circulation.

Beyond the loss of durable cell-matrix adhesion, Aiolos may

confer other hematopoietic properties important for the acquisi-

tion of metastatic ability by epithelial cells. First, Aiolos
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downregulates claudins and occludins and disrupts cell-cell

junctions. Epithelial polarity and differentiation are maintained

by intact tight and adherens junctions, and disruption of such

intercellular junctions induces epithelial-to-mesenchymal transi-

tion and metastatic behavior (Derksen et al., 2006; Onder et al.,

2008). Themechanisms linking such loss of polarity to oncogenic

transformation involves changes in gene expression patterns

induced by alterations in Wnt, transforming growth factor b, Hip-

po, and TBX2 pathways (Frisch et al., 2013; Kumar et al., 2011).

Second, whereas release from a solid matrix environment is a

prerequisite for metastatic spread, circulating tumor cells must

also be able to survive such a loss of anchorage, which normally

triggers anoikis (Frisch and Francis, 1994). Accordingly, loss of

junctional integrity has also been shown to suppress anoikis,

which is critical for metastatic capacity (Derksen et al., 2006;

Kumar et al., 2011; Onder et al., 2008). Of importance, Aiolos

also silences p66Shc, a Shc isoform not expressed by hemato-

poietic cells.SHC1 gives rise to both p66Shc and p52Shc, proteins

with divergent cellular functions. p52Shc is recruited to integrins

and couples mitogenic stimulation of Ras and Rac1 to integrin

ligation, thus providing anchorage context to proliferative

signaling pathways (Mainiero et al., 1997; Wary et al., 1996). In

contrast, p66Shc inhibits growth factor signaling, restrains Ras

and Rac1, and induces anoikis (Giorgio et al., 2005; Ma et al.,

2007, 2010; Xi et al., 2010). Whereas p52Shc permits

anchorage-independent growth (Pelicci et al., 1992), p66Shc

enforces anchorage dependence and prevents metastatic

behavior in mice (Ma et al., 2007, 2010). Within the SHC1

gene, we find that Aiolos selectively silences p66Shc but not

p52Shc. Thus, p66Shc represents a critical target for Aiolos-

related silencing in metastatic cancers, confirmed by the ability

of p66Shc to reverse Aiolos-induced anchorage independent

behavior in vitro. However, upon Aiolos knockdown, we also

find that cell-matrix adhesion and the expression of adhesion-

related genes increase, whereas p66Shc remains deeply

silenced. This implies that Aiolos exerts both p66Shc-dependent

and p66Shc-independent effects in its ability to alter anchorage

properties.

A third characteristic of circulating lymphocytes assumed

bymetastatic solid tumors is their ability to home back to specific

vascular and lymphatic beds once in the circulation. In this

regard, it is noteworthy that Aiolos causes a marked induction

of CXCR4, a homing chemokine receptor involved in directing

hematopoietic cells to bone marrow, lymph nodes, lung, and

other vascular beds commonly targeted by metastatic solid

tumors. Although the full significance of this effect has yet to

be explored, CXCR4 expression has been shown to correlate

strongly with both metastatic activity and mortality in breast,

lung, and other carcinomas (Hermann et al., 2007; Jung et al.,

2013; Müller et al., 2001).

In summary, this study reveals a central mechanism by

which epithelial carcinomas acquire certain hematopoietic

characteristics to gain metastatic ability through abnormal

expression of a key epigenetic modifier required for lymphocyte

development and function. Expression of Aiolos leads to a

molecular form of hematopoietic ‘‘identity theft’’ that allows solid

tumors to mimic cellular behaviors normally involved in lympho-

cyte trafficking during immune surveillance. The high prevalence

of Aiolos expression in human lung cancers and its strong in-
verse correlation with the metastasis suppressor p66Shc in pri-

mary tumors and single cancer cells substantiates the clinical

significance and both prognostic and therapeutic implications

of this mechanism.

EXPERIMENTAL PROCEDURES

Immunohistochemical Analysis

Serial tissue sections were prepared from archived formalin-fixed paraffin-

embedded human lung cancer specimens and quantitative scoring of tissue

sections was performed in a blinded fashion. The percentages of positive cells

and staining intensity were scored separately and contributed to the aggregate

score. The use of all human lung cancer tissues and clinical data was approved

by the Institutional Review Board of Tianjin Medical University. Informed con-

sent was obtained from all patients, and samples were deindentified prior to

analysis. Kaplan-Meier survival curves were analyzed using Mantel-Cox log-

rank tests, and hazard ratios calculated using Mantel-Haenszel tests

(GraphPad Prism 6.02). Human lung cancer cell line expression profiles were

entered under Gene Expression Ominubus accession number GSE32036

(Osborne et al., 2013; Byers et al., 2013). Further details and references are

provided in the Supplemental Experimental Procedures.

Expression Profiling

The expression and functional profiles of genes were compared between A549

cells expressing empty vector and Aiolos/IKZF3 using Agilent SurePrint G3

HumanGene Expression 8x60K v2Microarray (Agilent Technologies). Analysis

of functional profiling of Aiolos-regulated genes was performed using the

Database for Annotation, Visualization, and Integrated Discovery (DAVID)

based on the biological pathways from KEGG (Kyoto Encyclopedia of genes

and genomes) database. Expression profiling for human lung cancer cell lines

was performed using the Illumina Human WG-6 V3 chip on 119 NSCLC, 29

SCLC, 30 HBEC, and 29HSAEC cell lines. Arrays were background-corrected,

quantile-normalized, and log-transformed. Further details and references are

provided in the Supplemental Experimental Procedures.

Anchorage-Independent Cell Behavior

Anoikis was assessed by measuring cell death (DNA fragmentation, Roche)

after 16 hr of culture on cell culture-treated or low attachment plates (Corning).

For anchorage-independent growth, 104 A549 cells were suspended in 0.35%

agarose the poured over 0.6% agar in six-well plates. Colonies were counted

after 4 weeks. To generate acini, MCF-10A cells were grown in reconstituted

basement membrane (Matrigel, BD). All animal procedures were approved

by Animal Care and Use Committee at Tianjin Medical University and conform

to the legal mandates and national guidelines for the care and maintenance of

laboratory animals. Further details and references are provided in the Supple-

mental Experimental Procedures.

Single Cell RT-PCR

Fresh human lung tumor surgical samples were trimmed free of adventitial

tissue, minced, and digested with collagenase to release cancer cells. Single

cancer cells were isolated and transferred into freshly prepared cell lysis buffer

for RT-PCR. Amplification of SHC1(p66), IKZF3, GAPDH, and KRT19 was

performed in a single tube, and products quantified by capillary electropho-

resis. Details of the protocol and sequences of primers used are provided in

the Supplemental Experimental Procedures.

Chromosome Conformation Capture

Cells (13 106) were cross-linked, lysed, and nuclei were digested with Dpn II.

After ligation and subsequent DNA purification, the cross-linking frequencies

between the anchor and test fragments were estimated by PCR reactions rela-

tive to standards. A PCR product from 6 kb upstream of the p66Shc promoter

was ligated at high concentration following Dpn II digestion was used to

generate standards. The cross-linking and ligation efficiencies between

different samples and different experiments were normalized by setting

the highest cross-linking frequency for each experimental series to 1.0. Error

bars represent the SDs from the means from three to five independent exper-

iments as indicated in the figure legends. Experimental details and primer
Cancer Cell 25, 575–589, May 12, 2014 ª2014 Elsevier Inc. 587
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sequences used in this study are provided in the Supplemental Experimental

Procedures.

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for A549 cell expression

profile data is GSE50812.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and nine tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2014.03.020.
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SUMMARY
Lung squamous cell carcinoma (SCC) is a deadly disease for which current treatments are inadequate. We
demonstrate that biallelic inactivation of Lkb1 and Pten in the mouse lung leads to SCC that recapitulates
the histology, gene expression, and microenvironment found in human disease. Lkb1;Pten null (LP) tumors
expressed the squamous markers KRT5, p63 and SOX2, and transcriptionally resembled the basal subtype
of human SCC. In contrast to mouse adenocarcinomas, the LP tumors contained immune populations en-
riched for tumor-associated neutrophils. SCA1+NGFR+ fractions were enriched for tumor-propagating cells
(TPCs) that could serially transplant the disease in orthotopic assays. TPCs in the LP model and NGFR+ cells
in human SCCs highly expressed Pd-ligand-1 (PD-L1), suggesting amechanism of immune escape for TPCs.
INTRODUCTION

Lung squamous cell carcinoma (SCC) is a common type of non-

small-cell lung cancer and the second leading cause of death

related to lung cancer, causing approximately 400,000 deaths
Significance

Although many of the molecular alterations underlying human
lenging to model in the mouse, and there are few in vivo mode
disease. The SCC model described herein is an important tool
genesis, including the identity of TPCs and the involvement o
model also provides a platform to study new therapeutic oppor
interaction with the immune cell microenvironment.
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per year worldwide (Cancer Genome Atlas Research Network,

2012; Siegel et al., 2013). Unlike lung adenocarcinoma (ADC),

for which many relevant oncogenic mutations have been defined

and used to develop strategies for targeted therapies, the

genomic landscape of lung SCC is only now emerging. There
lung SCC were recently described, lung SCC has been chal-
ls for the development of novel cancer therapeutics for this
for investigating the molecular mechanisms of SCC carcino-
f the immune microenvironment in tumor progression. This
tunities for lung SCC through the targeting of a TPC-specific
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are not yet any approved targeted therapies for lung SCC. Unfor-

tunately, therapeutic targets in lung ADC, such as EGFR and

EML4-ALK, do not appear to play major roles in lung SCC

(Rekhtman et al., 2012). This fact underscores the need to

develop a preclinical model of lung SCC in which to define and

test novel therapeutic approaches.

Currently, the field lacks a mouse model in which the intro-

duction of genetic alterations found in human squamous lung

cancers leads to tumors of purely squamous phenotype.Wepre-

viously reported that simultaneous activation of KrasG12D(Kras)

and inactivation of Lkb1 (also known as serine-threonine kinase

11 [Stk11]) in the lung gave rise to multiple lung cancer histol-

ogies, including SCCs (Ji et al., 2007); however, KRASmutations

are very rarely found in human squamous lung tumors. Recently,

it was reported that kinase-dead Ikka knockin mice developed

spontaneous lung SCCs characterized by Ikka downregulation

and marked pulmonary inflammation (Xiao et al., 2013). Sig-

nificant downregulation of Lkb1 was found in IkkaKA/KA lung

SCCs and adjacent lung tissues compared with wild-type lungs.

Together these results indicate that Lkb1 reduction is likely an

important determinant of lung squamous tumorigenesis.

Despite indications that Lkb1 loss may be central to the gener-

ation of squamous cell cancers, deletion of Lkb1 alone is unable

to drive tumor formation (Ji et al., 2007). PTEN (phosphatase

and tensin homolog) is another commonly mutated, deleted, or

epigenetically silenced tumor suppressor in human lung cancers

(Salmena et al., 2008). Importantly, PTEN is altered in 15% of

human SCCs (Cancer Genome Atlas Research Network, 2012).

PTEN negatively regulates the phosphatidylinositol 3-kinase

(PI3K)/AKT pathway, and PI3K pathway gene alterations are

found in more than half of human lung SCCs (Cancer Genome

Atlas Research Network, 2012). In the mouse model, Pten dele-

tion alone in airway basal cells can initiate lung tumor formation,

but with low tumor incidence, long latency, and mixed ADC and

SCC phenotype (Malkoski et al., 2013).

One key feature of tumor development that autochthonous

genetically engineered mouse models provide is a physiologi-

cally relevant tumor microenvironment. All of the models of lung

SCC to date, including the Ikka knockin mice and a model driven

by chronic tuberculosis infection, showed marked pulmonary

inflammation (Nalbandian et al., 2009; Xiao et al., 2013), suggest-

ing that an inflammatory microenvironment is central to the

development of lungSCCs. This is not surprising given that nearly

all humans with lung SCCs have histories of tobacco use that

drives squamous metaplasia, and the development of SCCs is

associated with inflammatory diseases and chronic immuno-

suppression. Both tumor-associated macrophages (TAMs) and

tumor-associated neutrophils (TANs) comprise significant pro-

portions of the inflammatory infiltrates in a wide variety of mouse

tumormodels andhumancancers (Murdochet al., 2008). Neutro-

phils were shown to predominate in human head and neck squa-

mous carcinomas (Trellakis et al., 2011). Neutrophils found in

mouse tumors are phenotypically characterized as polymorpho-

nuclear CD11b+Ly6G+ cells and may be related to a subtype

of myeloid-derived suppressive cells (MDSCs). MDSCs encom-

pass a heterogeneous population of myeloid cells, which share

the ability to suppress T cells through the production of arginase,

the expression of inducible nitric oxide synthase, and other

mechanisms (Dumitru et al., 2012). In the tumor microenviron-
ment, accumulated MDSCs are thought to promote tumor

progression through enhancing matrix degradation, tumor cell

proliferation, metastasis, and angiogenesis (Welch et al., 1989).

MDSCs have also been shown to antagonize effector T cell func-

tion, support the generation of immunosuppressive T cell popu-

lations, and inhibit the lysis of tumor cells by cytotoxic T cells or

natural killer (NK) cells (Dumitru et al., 2012). Some MDSCs

have neutrophilic features, but the precise relationship between

these cells and normal polymorphonuclear leukocytes remains

under active investigation. In this paper, we refer to polymorpho-

nuclear cells infiltrating lung cancers as TANs.

Tumorscanalsoevade immunesurveillancebyexpressingmol-

ecules that maintain immune tolerance in peripheral tissues, such

as Pd-ligand-1 (PD-L1), which interacts with the immune receptor

programmed cell death-1 (PDCD1 or PD-1) (Barber et al., 2006).

The PD-1/PD-L1 interaction inhibits CD8+ cytotoxic T lymphocyte

(CTL) proliferation, survival, and effector function and can induce

apoptosis of tumor-infiltrating T cells (Barber et al., 2006); PD-1/

PD-L1 interactions can also promote the differentiation of CD4+

Tcells intoFOXP3+Tregs (Franciscoetal., 2009),whichare known

to further suppress the immune system and cause peripheral im-

mune tolerance in lung cancer patients (Adeegbe and Nishikawa,

2013). Ectopic PD-L1 expression in tumor cells in a syngeneic

transplant model facilitated the escape of the tumor cells from

CTL control (Iwai et al., 2002). Consistent with these findings in

preclinical systems, infusing lung cancer patients with blocking

anti-PD-1/PD-L1 monoclonal antibodies has shown efficacy in

early stage trials, despite limited activity of prior immunotherapies

for lung malignancies (Brahmer et al., 2012; Topalian et al., 2012).

Tumor-propagating cells (TPCs) have the ability to self-renew

and differentiate into the bulk population of the tumor and are

thought to drive both disease recurrence and metastatic spread

(Visvader and Lindeman, 2012). Stem cell antigen-1 (Sca1 or

Ly6a)was reportedasabronchioalveolar stemcell (BASC)marker

in the distal lung and is also enriched in bronchiolar progenitor

cells (Kim et al., 2005; Lee et al., 2014). SCA1+ cells, located

at the bronchioalveolar duct junction, are hyperproliferative in

response tobothoncogenicKrasanddeletionofPten, suggesting

that they are susceptible to neoplastic transformation (Kim et al.,

2005; Tiozzo et al., 2009). In addition, SCA1 can be used to enrich

for TPCs in the lungADCKrasG12D;p53fl/fl (Kras;p53) model (Curtis

et al., 2010). In themoreproximal lung, nervegrowth factor recep-

tor (TNFR superfamily, member 16, Ngfr) is a stem cell marker

for the pseudostratified tracheal epithelium in both human and

mouse; NGFR expression is specifically observed in the p63+

mouse basal stem cells (Rock et al., 2009). NGFR+ basal cells

appear tobe thecellsof origin inaSOX2-inducedmodel of esoph-

ageal SCC, and NGFR has been suggested as a putative marker

for human esophageal SCC TPCs (Huang et al., 2009; Liu et al.,

2013). Despite these clues as to themolecular phenotype of a po-

tential TPC in SCC, no TPC population able to propagate disease

serially has been identified for lung SCC.

Using conditional knockout alleles of both Lkb1 and Pten, we

found that biallelic inactivation of these two tumor suppressors

in the lung resulted in lung tumors with a purely squamous cell

phenotype. These squamous lung tumors were 100% penetrant

and recapitulated thegenetic,molecular, andmicroenvironmental

aspects of the human disease. With this model, the molecular

and genetic mechanisms involved in the pathogenesis of lung
Cancer Cell 25, 590–604, May 12, 2014 ª2014 Elsevier Inc. 591



Figure 1. Biallelic Inactivation of Both Lkb1 and Pten in the Mouse Lung Leads to SCC

(A) Schematic of biallelic inactivation of both Lkb1 and Pten in the mouse lung by Ad-Cre inhalation, followed by tumor dissociation and sorting.

(B) Phenotypic quantification of lung tumor histologies from the indicated conditional mouse models, including KrasG12D (Kras), KrasG12D;p53fl/fl (Kras;p53),

KrasG12D;Lkb1fl/fl (Kras;Lkb1), and KrasG12D;p53fl/fl;Lkb1fl/fl (Kras;p53;Lkb1), Lkb1fl/fl;Ptenfl/fl (Lkb1, Pten) Lkb1fl/fl;Ptenfl/fl;p53fl/fl (Lkb1;Pten;p53), which all rely

upon Ad-Cre inhalation for tumor initiation (mean ± SEM, n = 5 mice per genotype).

(C) Representative H&E-stained sections derived from tumors arising in the Lkb1;Pten mouse model. Yellow arrows indicate specific features on individual

images. (a) Mature squamous cells with aberrant nuclear morphology; (b) large infiltrates of neutrophils in SCC nodules; (c) keratinized cells with markedly dense

eosinophilic cytoplasm surrounded by epithelial cells; (d) well-differentiated SCCwith keratin pearls; (e) SCC nodules in large airways; (f) squamous-like tumor cell

lymphovascular invasion.

Black scale bars represent 200 mm, yellow scale bars represent 50 mm, and the green scale bar represents 25 mm. See also Figure S1.
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squamous tumors, including TPCs, microenvironmental factors,

immune tolerance, and potential targets for future therapies, can

be explored.

RESULTS

Lkb1fl/fl;Ptenfl/fl Mice Develop Lung SCCs that
Recapitulate the Human Disease
In order to examine the possibility that Lkb1 and Pten loss would

lead to lung SCC formation, 6- to 8-week-old Lkb1fl/fl, Ptenfl/fl
592 Cancer Cell 25, 590–604, May 12, 2014 ª2014 Elsevier Inc.
(Lkb1,Pten or LP) mice were administered Adenovirus-Cre (Ad-

Cre) via intranasal instillation (Figure 1A). In contrast to other

lung-specific geneticmousemodels described to date, including

KrasG12D (Kras), KrasG12D;p53fl/fl (Kras;p53), KrasG12D;Lkb1fl/fl

(Kras;Lkb1), and KrasG12D;p53fl/fl;Lkb1fl/fl (Kras;p53;Lkb1), in

which the predominant phenotypes are ADC or mixed adeno-

squamous cell carcinoma, 100% of the LP mice developed

typical lung SCCs with 40 to 50 week latency (Figure 1B; Figures

S1A and S1B available online). Small malignant nodules with

squamous characteristics were evident at different time points
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after Ad-Cre infection, ranging from 30 to 40 weeks. Both Lkb1

and Pten were confirmed to be homozygously deleted by PCR

on genomic DNA from sorted tumor cells (Figure S1C). The LP

tumors were verified as recapitulating human SCC pathology:

within the tumor nodules, mature squamous cells growing in

a solid configuration with aberrant nuclear morphology (Fig-

ure 1Ca), large infiltrates of neutrophils (Figure 1Cb), and kerati-

nized cells or individual cells with markedly dense eosinophilic

cytoplasm were all observed (Figure 1Cc). Tumors showed hall-

marks of well-differentiated SCC, including invading fibrous

stromawith prominent keratinization (keratin pearls) (Figure 1Cd).

In some cases, SCC nodules were visible in airways (Figure 1Ce)

and at later time points showed lymphovascular invasion (Fig-

ure 1Cf). Tumors arose in both the proximal (Figure S1D, yellow

arrow) and distal lung (Figures S1D and S1E, green arrows),

though many nodules appeared to be surrounded completely

by alveolar epithelium. Low-frequency metastatic lesions were

visible in the chest wall of these mice (3 of 78) (Figure S1F).

To confirm the phenotype of the LP tumors, we performed

immunohistochemistry (IHC) for markers used clinically to distin-

guish human lung ADC from lung SCC. TTF1 (also known as

NKX2-1) and SOX2 are genomically amplified in lung ADCs

and SCCs, respectively, and routinely used as histologic

markers (Bass et al., 2009; Weir et al., 2007). In addition, positive

staining for the markers p63 and keratin-5/6 (KRT5/6) appears to

robustly differentiate SCCs from ADCs (Fatima et al., 2012).

Similar to the human SCC samples, the LP tumor nodules dis-

played high expression of p63, KRT5, and SOX2, while TTF1

staining was negative (Figure 2A). The expression patterns of

p63, KRT5, and SOX2 in SCC colocalized with the expression

of epithelial cell adhesion molecule (EpCAM) (Figure 2A). In

contrast, KrasG12D-driven murine ADC and human ADC tissues

were p63, KRT5, and SOX2 negative, while TTF1 staining was

strongly positive, confirming their ADC phenotype (Figure 2A).

Together these data indicate that LP tumors strongly resemble

human SCC by their expression of the classic squamous

markers p63, KRT5/6 and SOX2, and hallmarks of squamous dif-

ferentiation such as keratin deposition.

Next, we compared the transcriptional landscapes of the LP

tumors with those found in primary human tumors. To do this,

the gene expression profiles of 34 human SCC tumors with either

LKB1 or PTEN alterations from the Cancer Genome Atlas (Can-

cer Genome Atlas Research Network, 2012) were compared

with 35 normal human lung tissue samples to generate a list of

genotype-specific SCC genes. In parallel, the gene expres-

sion profiles of LP tumors from three independent mice were

compared with profiles of normal lung from three age-matched

LP mice that never received Ad-Cre. In the human comparison,

8,237 genes were significantly differentially expressed in the

SCCs versus normal human lung, with a corrected p value

(90th percentile false discovery rate) of zero. Compared with

normal, 3,658 genes were upregulated in tumors, and 4,579

were downregulated. In the smaller mouse data set, 2,236 genes

were differentially expressed, with 916 upregulated and 1,320

downregulated (Figure S2A). Comparison of the mouse and hu-

man gene sets yielded 893 genes that were significantly differen-

tially expressed in both human tumors with LKB1 and/or PTEN

alterations and LPmouse SCCs (Figure S2B). Among the shared

upregulated genes were several known squamous-associated
genes, including SOX2, P63, NOTCH3, HRAS, and several

keratins (KRT5/KRT6). Gene ontogeny analysis demonstrated

enrichment for genes implicated in squamous differentiation

(p = 3.623 10�10, Figure 2B). In contrast, the shared downregu-

lated genes were enriched for terminal respiratory unit differenti-

ation, consistent with the idea that SCC more closely resembles

proximal lung cells than distal epithelia (p = 4.07 3 10�7,

Figure 2C).

Lkb1fl/fl;Ptenfl/fl Lung SCCs Display Unique Gene
Expression, Metabolism, and Downstream Signaling
Pathways
In order to characterize the gene expression profiles specific to

the tumor cells within the mouse LP SCCs, we used fluores-

cence-activated cell sorting (FACS) to enrich for the epithelial

cells (CD45�CD31�EpCAM+) from LP SCC tumor nodules,

Kras-driven tumor nodules, and normal lung (Figure S3A). We

then contrasted the gene expression profiles of these three

epithelial cell fractions (Figure 3A, p < 0.001). Remarkably, all

of the genes differentially expressed between normal epithelial

and LP tumor cells were likewise differentially expressed when

comparing Kras tumor with LP tumor cells. This result suggests

that Kras tumors retain some gene expression reminiscent of the

normal distal lung epithelial cell, from which they likely arise. In

contrast, LP tumor cells do not resemble ADC or normal distal

lung cells and instead have markers expressed by tracheal basal

cells, as discussed below.

We next focused on the genes that were differentially

expressed in the LP tumor cells when compared with both

Kras tumor cells and normal lung. In this comparison, 408 genes

were upregulated and 297 genes were downregulated, with a log

fold change > 1.8 and an adjusted p value < 0.001 (Table S1).

Selected genes that can be organized by function or family are

illustrated in a heatmap (Figure 3B). Gene sets that were upregu-

lated in LP tumors include the keratin family members, including

Krt5, which we observed by IHC, and other squamous keratins

such as Krt6a, Krt6b, and Krt14. Also highly upregulated in LP

tumors were the transcription factors Sox2 and p63, consistent

with our IHC results, and Slug and Pax9. Among the secreted

proteins and cytokines produced by these tumors were several

Cxcl family members, including Cxcl3, Cxcl7, and Cxcl5, and

members of theWnt,Bmp, and interleukin superfamilies. Several

enzymes that were highly expressed in LP cells included Serpin

family members and arginase1. Lastly, genes for proteins and

receptors known to be localized to the cell membrane that

were highly expressed in LP cells included Sca1, Ngfr, Egfr,

and Pdl1. Ngfr is of particular interest because it is a known

stem cell marker in the tracheal epithelium, and Pdl1 expression

suggests a mechanism of immune evasion for LP tumor cells.

Genes downregulated in LP tumors included Tgfrb3 and

surfactants.

We next used gene set enrichment analysis (GSEA) to query

the pathways and molecular phenotypes specific to the LP tu-

mors (Subramanian et al., 2007). To do this, we queried a rank-

ordered gene list comparing LP EpCAM+ cells to Kras EpCAM+

cells for enrichment of the four known transcriptionally defined

subclasses of human lung SCC (Wilkerson et al., 2010). We

found that the LP model very closely recapitulates the expres-

sion pattern found in the basal subtype of human SCC
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Figure 2. Lung SCCs in Lkb1fl/fl;Ptenfl/fl Mice Closely Recapitulated the Human Disease

(A) Immunohistochemically stained human and mouse ADC and SCC tumors. The SCC canonical markers KRT5, SOX2, and p63 and the ADC canonical marker

TTF1 were used to distinguish the tumor types. EpCAM is an epithelial cell marker, and the expression patterns of p63, KRT5, and SOX2 in SCC colocalized with

EpCAM expression. Scale bars represent 100 mm for all panels.

(B) Microarray expression profiling of normal lung and SCC tumors frommouse and human (see description in text). Upregulated genes in bothmouse and human

SCC were enriched for a squamous differentiation signature.

(C) Downregulated genes from the analysis in (B) were enriched for a normal lung terminal respiratory unit signature.

See also Figure S2.
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(Figure S3B, p < 0.0001, normalized enrichment score [NES] =

1.9). Gene sets enriched in the LP tumor cells compared with

Kras tumor cells included those positively regulated by AKT1

and mTOR, while a lung-specific KRAS-associated gene set

was enriched in the Kras cells (Figure S3C; p < 0.0001 for

AKT1 and mTOR, p = 0.012 for KRAS). In addition, compared

with tumors driven by Kras, Kras;Lkb1, Kras;Pten, and

Kras;p53;Lkb1, the LP tumors had much stronger p-AKT but
594 Cancer Cell 25, 590–604, May 12, 2014 ª2014 Elsevier Inc.
weaker p-ERK staining (Figure 3C; Figure S3D). Together these

data indicate that the oncogenic signaling pathways activated

in the LP tumors predominantly involve AKT andmTOR, whereas

those in Kras tumors involve downstream mediators of RAS

signaling such as MEK and ERK.

To address potential metabolic differences between SCC,

ADC, and normal lung, we profiled the metabolites in each tis-

sue. In addition to the transcriptional differences observed



Figure 3. Lkb1fl/fl;Ptenfl/fl Lung SCCs

Display Unique Gene Expression, Meta-

bolism, and Downstream Signaling Path-

ways

(A) EpCAM+CD31�CD45� cells were isolated by

FACS and subject to microarray expression anal-

ysis. Euler diagram illustrating the gene expression

profiles of epithelial cells from LP SCCs, Kras

ADCs, and normal lung tissues.

(B) Heatmap depicting differential expression of

selected genes in LP SCCs, Kras ADCs, and

normal lung tissues as determined by microarray

expression profiling. Red indicates upregulation.

and green indicates downregulation.

(C) Immunohistochemical staining for p-AKT and

p-ERK on LP, Kras, Kras;Lkb1, Kras;Pten, and

Kras;p53;Lkb1 tumor nodules. Scale bars repre-

sent 50 mm for all panels.

(D) Hierarchical clustering by Ward method of

quantitative metabolomic profiling for LP SCC tu-

mors (S), Kras ADC tumors (K), and normal lung

tissues (N).

See also Figure S3 and Tables S1 and S2.
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among the samples, metabolic profiles of LP tumors, Kras tu-

mors, and normal murine lungs were unique. The metabolic pro-

files of both Kras and LP tumors clustered completely separately

from normal lung. Furthermore, metabolites in Kras tumors and

LP tumors segregated the tumor types into two distinct clusters

(Figure 3D; Table S2). Among the metabolites most significantly

changed in LP cells relative to normal lung were L-arginine

(reduced) and creatine (increased) (Figure S3E), which we

expected because of the increased expression of arginase1 in

these cells, which we confirmed by real-time RT-PCR (Fig-

ure S3F, p < 0.001).

Lkb1fl/fl;Ptenfl/fl Lung SCCs Are Enriched for TANs
As noted histologically, the LP SCC lesions contained large

neutrophilic infiltrates, suggesting that the immune microenvi-

ronment was distinct from the typical TAM-rich microenviron-

ments observed in most mouse Kras- and Kras;p53-driven

ADC models. To better understand the role of the inflammatory

microenvironment in lung SCC versus Kras ADC, immune cells
Cancer Cell 25, 590–
(CD45+) from LP SCCs and Kras or

Kras;p53 ADCs were compared using

flow cytometry. In Kras and Kras;p53

tumors, TAMs (alveolar macrophages,

CD45+CD11c+CD11b�CD103�) predo-

minated; however, within the LP tumors,

the CD45+ population contained sig-

nificantly fewer macrophages and more

TANs (CD45+CD11b+Ly6G+) (Figures 4A

and 4B, p < 0.0001). TANs may promote

tumorigenesis by stimulating angiogen-

esis and immunosuppression in the tu-

mor microenvironment (Dumitru et al.,

2013). Interestingly, the prevalence of

TANs increased with tumor burden, as

lung lobes with higher weight (indicative

of higher tumor burden) showed substan-
tially more TANs (Figure 4C, p < 0.0001). In contrast, the absolute

counts of T cells, B cells, NK cells, and TAMs decreased with

increasing lobe weight (Figure S4A), suggesting a selective

recruitment and/or proliferation of TANs during SCC tumor

progression.

To further confirm the presence of TANs in LP tumor nodules

in situ, we performed staining for myeloperoxidase (Mpo), a

marker that is highly expressed by TANs in tumor-bearing mice

(Youn et al., 2012). Within the LP SCCs, MPO+ TANs appeared

to be specifically localized to squamous lesions surrounded by

p63+ epithelial cells (Figure 4D; Figure S4B). Conversely, macro-

phages, identified by F4/80+ staining in mouse tissue, were

distributed widely within or around SCC and ADC lesions (Fig-

ure 4D; Figure S4B). Similar patterns were observed in human

samples; MPO staining was strongly positive in 13 of 15 human

primary SCCsamples examined,whereas only 4 of 12 humanpri-

mary ADCs showed staining (Table S3, p = 0.007); macrophages

(CD163+ in human tissue) were scattered in both human ADCs

and SCCs (Figure 4E; Figure S4C). These differences in cell
604, May 12, 2014 ª2014 Elsevier Inc. 595



Figure 4. TANs Were the Predominant Inflammatory Cell Population in Lkb1fl/fl;Ptenfl/fl SCC Tumors

(A) Representative flow cytometry plots for Kras ADC and LP SCC dissociated tumors. Plots are gated on live single CD45+ cells. In Kras tumors, tumor TAMs

(CD45+CD11c+CD11b�CD103�) constituted the majority of CD45+ cells, whereas in LP tumors, TANs (CD45+CD11b+Ly6G+) were predominant. Gating stra-

tegies are also described in Experimental Procedures.

(B) Quantification of inflammatory cell populations in Kras tumors (n = 7), Kras;p53 tumors (n = 8), and Lkb1;Pten tumors (n = 7) by flow cytometry (mean ± SEM,

p < 0.0001).

(C) Quantification of TANs within right lung lobes from samples with progressively increasing weights (shown in Figure S4A), indicating different tumor burdens:

n = 8 for normal lung control (ctrl), n = 5 for mild disease group (tumor plus surrounding tissue weight < 750 mg), n = 5 for severe disease group (tumor plus

surrounding tissue weight > 750 mg) (mean ± SEM; mild versus control p = 0.0034, severe versus control p < 0.0001).

(legend continued on next page)
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infiltrates between ADC and SCC lesions were clearly evident in

tumors obtained from the mixed histology p53fl/fl;Ptenfl/fl;Lkb1fl/fl

(p53;Lkb1;Pten or PLP) mouse model. In this model, distinct

areas of ADC and SCC were sometimes observed in close prox-

imity in the lung. Confirming their histologic identity, the squa-

mous areas in PLP mice expressed high levels of p63, whereas

the acinar areas were negative. Importantly, staining for MPO

was specific to the SCC area of the tumor, suggesting that

TANs are specifically recruited to SCC lesions (Figure 4F). Simi-

larly, the enrichment for TANs specifically in the areas of SCC tu-

morsbut not in theadjacent ADC tumorswasalsoobserved in the

Kras;Lkb1mousemodel, which also has themixedADCandSCC

histology (Figure S4D).

To further explore the differences between CD45+ fractions

within SCC and ADC lung tumors, we isolated CD45+EpCAM�

cells from LP and Kras tumors and performed microarray anal-

ysis. By comparing the gene expression profiles of LP CD45+

cells to LP EpCAM+ cells and Kras CD45+ cells, we constructed

a list of 156 genes significantly enriched in LP CD45+ cells (Ta-

ble S4, adjusted p < 0.025). Among the genes highly expressed

by these cells was Ly6G, further confirming the TAN phenotype

(Youn et al., 2012). By quantitative PCR, we also confirmed that

Mpo, arginase1, and Cxcr2 are enriched in SCC lesions from LP

mice, whereas their expression was negligible in Kras- and

Kras;p53-tumor derived CD45+ cells (p = 0.005, p < 0.001,

and p = 0.0011, respectively; Figure S4E). We then queried

immunologic signatures that were enriched in the ranked or-

dered list of LP versus Kras CD45+ genes. By using two sets

of independently derived signatures comparing monocyte/

macrophages to neutrophils (Abbas et al., 2005; Konuma

et al., 2011), we found a clear enrichment for neutrophil signa-

tures in the LP CD45+ cells, while macrophage signatures were

significantly enriched in the Kras CD45+ cells (Figure 4G) (p <

0.001).

Elevated expression of the chemokine receptor Cxcr2 sug-

gests one mechanism through which the LP EpCAM+ cells are

able to specifically recruit TANs. Many of the CXC-ligand fam-

ily members have neutrophil chemoattractant activity (De Fili-

ppo et al., 2013) and appeared to be upregulated at the tran-

scriptional level in our EpCAM microarray. Therefore, we

assessed the protein concentrations of these cytokines,

including CXCL1, CXCL2, CXCL5, and CXCL7, in bronchoal-

veolar lavage (BAL) fluid from Lkb1;Pten tumor-bearing mice.

Compared with levels observed in BAL fluid isolated from

normal mice, all these chemokines were significantly elevated

in the BAL fluid of LP tumor-bearing mice (Figure S4F, p <

0.002), suggesting a mechanism through which TANs are re-

cruited and stimulated by these tumors. In addition, GCSF,

another essential regulator of neutrophil trafficking (Semerad

et al., 2002), was also elevated in LP BAL fluid (Figure S4F,

p = 0.0002). Together these data confirm that in contrast to
(D and E) Representative immunohistochemical staining for MPO, F4/80 (D), and

ADCs.MPO staining indicating neutrophils was positive only in SCC nodules. F4/8

(E). Scale bars represent 200 mm for all panels of (D) and 800 mm for all panels o

(F) Representative immunohistochemical staining on Lkb1;Pten;p53 tumors in w

staining was restricted to the SCC area. Scale bars represent 200 mm for all pan

(G) GSEA was used to confirm the major immune cell types within Lkb1;Pten SC

See also Figure S4 and Tables S3 and S4.
murine Kras and Kras;p53 ADC models that contain predom-

inantly macrophages, lung SCCs show accumulation of

TANs, indicating that distinct oncogenic drivers in non-small-

cell lung cancer sculpt the immune microenvironment in

different ways.

Lkb1fl/fl;Ptenfl/fl Lung SCCs Display Hallmarks of
Immune Suppression
We next evaluated the types of T cells present in LP SCC tumors

by flow cytometry. Compared with T cell populations isolated

from normal lung and peritumoral areas, the T cells within LP

tumors were significantly enriched for Tregs, as determined

by FOXP3 staining (Figure 5A). The ratio of CD8+ T cells to

FOXP3+ Tregs within the tumor and surrounding tissues

decreased with increasing tumor burden, indicating that the

levels of immunosuppression rose with disease progression

(Figure 5B, p < 0.0001). The accumulation of Tregs in LP tumors

was further confirmed by immunohistochemical staining for

FOXP3 in LP nodules (Figure 5C). In addition, T cells in LP tu-

mors highly expressed the negative T cell costimulatory mole-

cule programmed cell death protein 1 (PD-1), and increased per-

centages of PD-1-positive T cells (both CD4+ and CD8+)

correlated with increased tumor burden (Figures 5D and 5E,

p < 0.0001). In contrast to the increased PD-1 expression on

T cells, lymphocyte-activation gene 3 (LAG3) and T cell immuno-

globulin domain and mucin domain 3 (TIM3), two other known

immune-modulating proteins, showed modestly increased

expression (Figure S5A). Cytokines in BAL fluids were further

evaluated, including transforming growth factor b (TGF-b) and

interleukin-6 (IL-6). Compared with levels in normal lung, these

cytokines were significantly increased in BAL fluids from LP tu-

mor-bearing mice (Figure S5B, p < 0.0009). Previous reports

have shown that TGF-b and IL-6 promote tumor growth, regu-

late Treg cell development, and cause immunosuppression (Fla-

vell et al., 2010).

Because we observed high levels of Pdl1 in the LP EpCAM+

cells by microarray, and published work suggests that PD-L1

can induce Tregs (Francisco et al., 2009), we further explored

the expression of this immunomodulating protein. PD-L1

expression was first observed on LP tumor cells by IHC (Fig-

ure 5F). High cell surface expression of PD-L1 on EpCAM+

CD45� cells from LP tumors was confirmed by flow cytometry

(Figure 5Ga, p < 0.0001). We further confirmed the Pdl1 expres-

sion with real-time PCR on EpCAM+CD45� cells from normal

lung and LP tumors and observed 6-fold more Pdl1 mRNA in

the LP tumor cells compared with levels in normal distal lung

epithelium (Figure 5Gb, p = 0.0013). The increased numbers

of Tregs, together with the high levels of PD-1 and PD-L1 on

immune and tumor cells, respectively, indicated that immune

suppression may play an important role during lung SCC

tumorigenesis.
CD163 (E) in SCCs and ADCs; the mouse slides were LP SCC and Kras-driven

0marksmacrophages inmice (D), while CD163marksmacrophages in humans

f (E).

hich distinct areas of ADC and SCC were adjacently located. p63 and MPO

els.

Cs and Kras ADCs (Abbas et al., 2005; Konuma et al., 2011).
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Figure 5. Lkb1fl/fl;Ptenfl/fl Lung SCCs
Display Hallmarks of Immune Suppression

(A) Representative flow cytometry plots for FOXP3

andCD8 in total CD3+ T cells within LP SCC tumor,

uninduced normal lung, and lung surrounding LP

SCC tumors.

(B) Ratios of CD8+ T cells to FOXP3+ Tregs as

determined with flow cytometry: n = 8 for control

lung, n = 5 for mild disease group, and n = 5 for

severe disease group (p < 0.0001).

(C) Immunohistochemical staining for FOXP3

confirmed the presence of Tregs in LP SCC nod-

ules. Scale bars represent 50 mm for both panels.

(D and E) Quantification the percentage of PD-1

positive cells within the CD8+ (D) and CD4+ (E)

T cell populations: n = 8 for control lung, n = 5 for

mild disease group, and n = 5 for severe disease

group (p < 0.0001).

(F) Representative immunohistochemical staining

for PD-L1 on LP SCC nodules. Scale bars repre-

sent 100 mm for both panels.

(G) (a) Percentage of PD-L1 positive cells within

the EpCAM+CD45-CD31� fraction from LP SCC

as measured by flow cytometry: n = 7 for LP tu-

mors and n = 5 for normal lung (p < 0.0001). (b)

Real-time RT-PCR for Pdl1 mRNA levels in the

indicated EpCAM+ purified cells from SCC tumors

and normal lung tissue: n = 6 for normal lung and

n = 5 for LP SCC tumors (p = 0.0013).

Data are presented as mean ± SEM in (B), (D), (E),

and (G). See also Figure S5.
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ASCA1+NGFR+Phenotype Is Enriched in Lkb1fl/fl;Ptenfl/fl

Lung SCC TPCs
We next wished to determine if LP SCCs contained distinct TPC

populations. We decided to begin with analysis for two known

stem cell makers, SCA1 and NGFR, which mark BASCs and

tracheal basal cells, respectively. We first examined NGFR

expression on BASCs and SCA1 expression on basal cells. We

found that although nearly 100% of NGFR+ basal cells ex-

pressed SCA1, only �25% of SCA1+ BASCs expressed NGFR

(Figure S6A). Within the EpCAM+CD45� cell populations, LP

tumor cells showed high expression of SCA1 and NGFR, and

LP tumors harbored a unique population of SCA1+NGFR+ cells

that constituted an average of 17.5% of the LP EpCAM+ cells.

Interestingly this population was nearly absent in both Kras

and Kras;p53 ADC models (Figures 6A and 6B, p < 0.0001; Fig-
598 Cancer Cell 25, 590–604, May 12, 2014 ª2014 Elsevier Inc.
ures S6B and S6C). Ngfr transcript was

30-fold more abundant in LP tumor cells

than in normal lung or Kras epithelial frac-

tions (Figure S6D, p < 0.0001). NGFR also

specifically stained the LP SCC tumor

lesions but was not detectable in Kras tu-

mor lesions by IHC (Figure 6Ca). Like-

wise, in human primary lung SCCs,

NGFR staining was observed in 11 of 13

samples examined, whereas only 2 of

12 human primary ADC sections had

detectable NGFR staining (Figure 6Cb;

Table S3; p = 0.001). In PLP tumors in

which the ADC and SCC lesions were
juxtaposed, NGFR staining was specific to the SCC side of the

tissue section (Figure 6Cc).

WenextusedFACSto fractionateLPEpCAM+CD31�CD45� tu-

mor cells according to SCA1 and NGFR expression for functional

comparisonofTPCcapacity. First, a surrogate in vitro assay for tu-

mor propagation was used. Four distinct populations, SCA1+

NGFR+, SCA1�NGFR+, SCA1+NGFR�, and SCA1�NGFR� cells,

were collected and cocultured in Matrigel (BD Biosciences) with

CD45+CD31+ ‘‘support’’ cells isolated from the primary tumors.

The tumor colony-forming ability of Kras and Kras;p53 sorted tu-

mor fractions was also evaluated in the 3D Matrigel system (Fig-

ure S6E). In agreement with previous in vivo results (Curtis et al.,

2010) and validating this assay for TPC capacity, SCA1+ cells

from Kras;p53 tumors were enriched for tumor colony formation

ability (p = 0.0026), but the same was not true for Kras tumors.
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SCA1+NGFR+ cells from LP tumors formed the most tumor col-

onies in 3D cultures, suggesting that they are the fraction enriched

for tumor propagation (Figure 6D, p = 0.0011). The morphology

and histology of the LP tumor colonies were distinct from those

found inKrasorKras;p53 tumor cultures (FigureS6F). By immuno-

fluorescence, the Lkb1;Pten tumor colonies expressed the squa-

mousmarkerp63but not theADC-associatedsurfactantproteinC

(SPC), while both the Kras- and Kras;p53-derived colonies ex-

pressed SPC (Figure S6F).

To determine if SCA1+NGFR+ cells from LP tumors were en-

riched for TPC characteristics in vivo, three major fractions of

the EpCAM+ cells fromprimary LP tumors, SCA1+NGFR+, SCA1+

NGFR�, andSCA1�NGFR�,were transplantedorthotopically into

immunocompromised mouse recipients immediately following

FACS purification (Figure S6G). The fraction of SCA1�NGFR+

was not tested, because of its reproducibly small abundance.

Of the four mice that received SCA1+NGFR+ cells, all developed

typical SCC with p63+, SOX2+, and KRT5+ staining within 30 to

40 weeks (Figures 6E and 6F). To assess the presence of self-

renewing TPCs within these tumors, the secondary tumors were

dissected, dissociated, and sorted for NGFR and SCA1, and the

three major fractions were transplanted for tertiary tumor forma-

tion. All mice transplanted with SCA1+NGFR+ developed tertiary

SCC within 11 to 27 weeks (Figure 6E, p = 0.001 for secondary,

p = 0.002 for tertiary, Fisher’s exact test). All primary, secondary,

and tertiary tumors shared the same histological and FACS char-

acteristics (FigureS6H). Together thesedata demonstrate that LP

tumors contained a distinct population of SCA1+NGFR+ TPCs

that could transplant disease retaining squamous characteristics.

TPCs Express High Levels of PD-L1
Little is known about how TPCs escape immunologic clearance

and clonally expand to form malignant tumor nodules. To

address this question, we further quantified the PD-L1 level on

LP tumor cell fractions. By gating the four SCA1;NGFR fractions

and analyzing the percentage of PD-L1+ cells in each fraction,

we found a clear enrichment for PD-L1+ cells within the SCA1+

NGFR+ fraction (Figure 7A). Within a group of seven mice,

an average of 69% of SCA1+NGFR+ cells expressed PD-L1 on

their cell surface, whereas only 39% of SCA1+NGFR� or 32%

of SCA1�NGFR+ cells were PD-L1+ (Figure 7B, p = 0.004). Like-

wise, by real-time RT-PCR for Pdl1 within the sorted LP tumor

fractions, SCA1+NGFR+ cells had 7-fold more Pdl1 mRNA than

SCA1�NGFR� cells and about 2-fold more than SCA1+NGFR�

or SCA1�NGFR+ cells (Figure 7C, p = 0.035). We also used

flow cytometry and real-time RT-PCR to assess PD-L1 levels

in BASCs and basal cells. NGFR+ BASCs expressed the most

PD-L1 in the distal lung, while PD-L1 expression was uniformly

high by flow cytometry in the trachea (Figures S7A and S7B).

In order to explore the relationship between NGFR and PD-L1

expression in patient tissue, we used human lung SCC tissues

that were passaged in immunocompromised mice as patient-

derived xenografts (PDXs) (Figure S7C). Hematoxylin and eosin

(H&E)-stained sections from the PDX samples showed that the

squamous histology of the tumors was retained in the xenograft

model (Figure 7D). PDX samples were dissociated and stained

with antibodies directed against human CD31, CD45, EpCAM,

NGFR, and PD-L1 (Figure S7D). We analyzed the amount of

PD-L1 staining on both EpCAM+NGFR+ and EpCAM+NGFR�
fractions. Using six different PDX samples, PD-L1 staining was

4.2-fold higher in the NGFR+ fraction relative to the NGFR� frac-

tion of the human EpCAM+ tumor cells (Figure 7E, p = 0.02). We

further confirmed this trend with independent human lung SCC

tumor samples by staining serial sections for NGFR and PD-

L1. Clearly, PD-L1 is colocalized to the NGFR+ cells within these

tumors, indicating that the majority of NGFR+ cells coexpress

PD-L1 (Figure 7F). Therefore, in lung SCC, PD-L1 is most abun-

dantly expressed on tumor cells that express NGFR, and if these

cells are analogous to the NGFR+ cells in mouse tumors, they will

also be enriched for TPC activity.

DISCUSSION

Here, we demonstrate that biallelic inactivation of both Lkb1 and

Pten in the mouse lung leads to fully penetrant SCC. Compared

with lung Kras-driven ADC models, the immune microenviron-

ment of these SCCs was enriched for TANs. Furthermore, we

demonstrate that SCA1+NGFR+ tumor cells are enriched for tu-

mor-propagating ability and express high levels of the immune

evasion molecule PD-L1. These tumors very closely recapitulate

the gene expression profiles of the basal subtype of human lung

SCC, indicating that these mice can serve as a valuable model

for understanding progression and maintenance of basal lung

SCCs. This SCCmodel will enable the investigation of themolec-

ular mechanisms of human SCC carcinogenesis and will allow

further preclinical and coclinical investigation of novel therapies

aimed at eradicating lung tumors.

Although lung ADC and SCC occur at relatively equal fre-

quencies worldwide, developing a genetic model of lung SCC

has been challenging. The Ad-Cre inhalation method may spe-

cifically target more distal lung progenitors, thus selecting for

tumor cells of origin that predispose toward an ADC phenotype.

Several studies have targeted deletion of squamous tumor sup-

pressors, such as Pten, or activation of squamous oncogenes,

such as Sox2, but despite these efforts, only partial SCC differ-

entiation was observed in either model (Lu et al., 2010; Malkoski

et al., 2013). Here, we demonstrate that deletion of both Pten

and Lkb1, via the traditional Ad-Cre inhalation system, is able

to produce lung tumors of purely squamous phenotype.

Lkb1;Pten tumor lesions appeared to grow into the distal lung,

suggesting that if basal cells are the cells of origin, they are

able to migrate more distally to propagate disease. When we

examined the expression of stem cell markers in normal lung tis-

sue, 100% of basal cells were SCA1+, while �25% of BASCs

were NGFR+. These data suggest an alternative possibility

that a rare subset of NGFR+ BASCs could serve as distal cells

of origin for these tumors. Surfactant protein C Cre-recombi-

nase and club cell secretory protein Cre-recombinase both

failed to produce tumors when used with the Lkb1;Pten alleles

(data not shown), indicating that distal lung cells may not be

the primary targets of oncogenic transformation in this model.

Further examination of the cells of origin for these tumors,

including the use of basal cell-specific Cre strains or repetitive

injury that targets particular cell populations, will help us under-

stand which lung cells can serve as precursors for these squa-

mous tumors.

As expected, the loss of both Lkb1 and Pten in these tumors

activated the AKT and mTOR pathways, likely driving cellular
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Figure 6. Lkb1fl/fl;Ptenfl/fl Lung SCC Contained SCA1+NGFR+ TPCs that Could Serially Transplant Squamous Disease

(A) Representative flow cytometry plots for NGFR and SCA1 expression within the indicated EpCAM+CD45�CD31� dissociated tumor cell populations. LP tumor

cells showed much higher expression of both SCA1 and NGFR than either the Kras or Kras;p53 tumors.

(B) Quantification of SCA1- and NGFR-expressing cells with the EpCAM+CD45�CD31� population as assessed by flow cytometry. The percentage of

SCA1+NGFR+ in LP tumors is much higher than in Kras or Kras;p53 tumors: n = 23 for Kras tumors, n = 25 for Kras;p53 tumors, and n = 34 for Lkb1;Pten tumors

(p < 0.0001).

(C) Representative immunohistochemical staining for NGFR on mouse SCC and ADC (a) and human SCC nodules (b). NGFR staining is strongly positive on SCC

tumors but negative on ADC tumors. In the Lkb1;Pten;p53 tumors, distinct areas of ADC and SCC were adjacently located. NGFR staining was restricted to the

SCC area (c). Scale bars represent 50 mm for (a) and (b) and 200 mm for panel (c).

(D) Quantification of tumorspheres derived from SCA1+NGFR+, SCA1�NGFR+, SCA1+NGFR�, and SCA1�NGFR� FACS purified cells that were cocultured in

Matrigel with equal amounts of CD45+CD31+ cells from the same primary tumors. Each fraction was seeded at 5,000 tumor cells/well. The colony-propagating

ability of the SCA1+NGFR+ fraction in LP tumors is higher than that of the other fractions (p = 0.0011).

(E) Quantification of tumor propagation ability of FACS-isolated SCA1+NGFR+, SCA1+NGFR�, and SCA1�NGFR� LP tumor cells. The secondary tumors were

derived from intratracheal transplantation, with tumor formation latency of �30 to 40 weeks. The tertiary tumors were derived from intrathoracic injection,

with tumor formation latency of �20 to 30 weeks. Ten thousand sorted cells from each fraction were injected for each fraction and each experiment.

(legend continued on next page)
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Figure 7. SCA1+NGFR+ TPCs in

Lkb1fl/fl;Ptenfl/fl Lung SCCTumor Expressed

High Levels of PD-L1

(A) Representative histogram of PD-L1 expressing

cells from a dissociated LP tumor gated on

DAPI�EpCAM+CD45�CD31� cells and then for

the four indicated fractions of SCA1;NGFR-ex-

pressing cells. The unstained control trace in gray

is shown for gating. DAPI, 40,6-diamidino-2-phe-

nylindole.

(B) Quantification of PD-L1 expression level

by flow cytometric analysis. PD-L1 expression is

higher in SCA1+NGFR+ population than any other

population (n = 7 tumors, p = 0.004).

(C) Real-time RT-PCR quantification of Pdl1

mRNA expression in SCA1+NGFR+, SCA1�

NGFR+, SCA1+NGFR�, and SCA1�NGFR� sorted

populations (n = 7 tumors, p = 0.035).

(D) Representative H&E staining confirming that

PDX tumors retained squamous histology. The

black scale bar represents 200 mm, and the yellow

scale bar represents 2,000 mm.

(E) Quantification of PD-L1 expression level by

flow cytometric analysis of PDX samples. Mean

fluorescence intensities for PD-L1 antibody on

EpCAM+NGFR+ fractions are higher than those

for EpCAM+NGFR� fractions. The control is

unstained dissociated PDX cells (n = 6 tumors,

p = 0.02).

(F) Serial sections of formalin-fixed human SCC

tumors stained with H&E, PD-L1, or NGFR. PD-L1

is colocalized to the NGFR+ cells within these tu-

mors. Scale bars represent 100 mm for all panels.

Data are presented as mean ± SEM in (B), (C), and

(E). See also Figure S7.
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proliferation and tumorigenesis. The deletion of these genes was

also associated with the upregulation of specific cytokines and

other immune-modulating proteins, leading to a unique tumor

microenvironment. Compared with Kras tumor cells, the LP

EpCAM+ cells expressed very high levels of the chemokines

CXCL3 and CXCL5, and the BAL fluid contained elevated

CXCL1, CXCL2, CXCL5, and CXCL7. The CXC chemokine family

controls the migration and adhesion of monocytes and neutro-
Only SCA1+NGFR+ populations could form tumors and be serially transplanted (p = 0.001 for secondar

exact test).

(F) Representative immunohistochemical staining on tertiary tumors derived from SCA1+NGFR+ LP tumor cell

squamous histology and were positive for all of the squamous markers examined. Scale bars represent 100

Data are presented as mean ± SEM in (B) and (D). See also Figure S6.

Cancer Cell 25, 590–
phils, mediating its effects on target cells

by interacting with CXCR2 (Põld et al.,

2004). CXCL5 is also known as epithe-

lial-derived neutrophil-activating peptide

78, and its expression is associated with

PI3K/AKT and Raf/MEK/ERK activation

(Hsu et al., 2013). Recent findings in tu-

mor-bearing mice and cancer patients

indicate that the increased metabolism

of L-arginine by TANs producing argi-

nase1 can inhibit T cell lymphocyte re-
sponses (Raber et al., 2012), and it is likely that this mechanism

is in play in the LP tumors. Furthermore, we observed strong

MPO staining in patient SCC tissues, suggesting that activated

TANs are a key component of SCC in both mouse and human.

In addition to expression of the TAN-attracting cytokines, the

LP EpCAM+ cells expressed high levels of the immune evasion

molecule PD-L1. Recently, there has beenmuch excitement sur-

rounding the potential of targeting molecules such as PD-L1 to
y tumors, p = 0.002 for tertiary tumors, Fisher’s

s after intrathoracic injection. The tumors retained a

mm for all panels.
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‘‘reawaken’’ the immune system and cause tumor destruction. In

the phase 1 study of nivolumab, a fully humanized monoclonal

antibody to PD-1, PD-L1 expression was determined by IHC in

pretreatment tumor biopsies of various tumor types (n = 42).

Thirty-six percent of patients whose tumors showed PD-L1

expression achieved objective response to nivolumab treatment

(9 of 25), while none of the 17 patients with PD-L1-negative tu-

mors showed any objective response, although some achieved

prolonged stable disease (Topalian et al., 2012). These data indi-

cate that PD-L1 expression might influence response to anti-

PD-1 antibody therapy. With the accumulation of clinical data,

the actual correlation between PD-L1 expression and response

to anti-PD-1 therapy should become clearer.

Intriguingly, the TPCs within our SCC model showed enrich-

ment for PD-L1 expression, suggesting that TPCs have unique

immune evasion properties. Strikingly, we found that the

SCA1+NGFR1+ cell population had enhanced tumor-propa-

gating activity compared with other tumor cell populations.

Notably, our studies compared three tumor cell populations

from murine SCC, but the SCA1�NGFR+ population could not

be assessed because of low abundance. Thus, there could be

additional TPCs to characterize in Lkb1;Pten SCCs. Further-

more, although PDX analyses showed that NGFR+ human SCC

cells are enriched for PD-L1, we have not yet established the

identity of TPCs in human SCC with a functional assay. SCA1

as a TPCmarker is not useful for human cell studies, andmarkers

in addition to NGFR may be required to enrich for propagating

activity from primary patient SCCs. It is also currently unclear

how universal the immune evasion ability of TPCs we found

will be in human SCC or in other tissues. It will be crucial in future

studies to investigate TPCs in other tumor types and charac-

terize their PD-L1 expression to further explore this intriguing

link between immune escape and tumor propagation. In the

future, it may be possible to first debulk the tumor with a more

generally targeted inhibitor or surgery and then prevent tumor

recurrence and/or metastasis through administration of anti-

PD-1 therapy to target TPCs. Together these data demonstrate

the potential of immunotherapy for the treatment of lung SCC

and lay the groundwork for further investigation into the

response of both cancer cells and the immune microenviron-

ment to such treatments.

EXPERIMENTAL PROCEDURES

Mouse Cohorts and Human Samples

All mice were housed in a biosafety level 2 lab at Dana-Farber Cancer Institute.

All care and treatment of experimental animals were in accordance with Har-

vard Medical School/Dana-Farber Cancer Institute institutional animal care

and use committee guidelines. Detailed mouse cohort information can be

found in Supplemental Experimental Procedures. Patient slides were provided

by the Pathology Department of Brigham and Women’s Hospital. The human

samples were obtained from consented subjects at the Dana-Farber Cancer

Institute/Harvard Cancer Center under institutional review board-approved

protocol 02-180. Frozen PDX tissues were purchased from the Van Andel

Institute.

Flow Cytometry Analysis and Sorting

Tumors were dissected from the lungs of primary mice, and tumor tissue was

prepared as previously described (Curtis et al., 2010). Single-cell suspensions

were stained using rat-antimouse antibodies. Detailed antibody information

and gating strategy can be found in Supplemental Experimental Procedures.
602 Cancer Cell 25, 590–604, May 12, 2014 ª2014 Elsevier Inc.
3D Culture and Tumor Transplants

FACS-sortedmouse cells were resuspended inMTEC/Plus containing 20 ng/ml

EGFandFGF2,mixed1:1with growth factor-reducedMatrigel, andpipetted into

a 12-well 0.4 mm Transwell insert (Falcon). MTEC/Plus medium (700 ml) was

added to the lower chamber and refreshed every other day. Intratracheal trans-

plantation was performed as previously described (Curtis et al., 2010). Intratho-

racic injections were performed as previously described (Jongsma et al., 2008).

Metabolomics Profiles Analysis

Metabolite extraction and targeted mass spectrometry analysis for metabo-

lomics profiles were conducted as reported previously (Yuan et al., 2012).

Briefly, the frozen tumors were smashed in cold 80% high-performance liquid

chromatography-grade methanol on dry ice twice, and then the extractions

were Speed Vac/lyophilized to a pellet using no heat. The data were normal-

ized and analyzed with MetaboAnalyst 2.0 (Xia et al., 2012). In hierarchical

cluster analysis, each sample begins as a separate cluster, and the algorithm

proceeds to combine them until all samples belong to one cluster. Clustering

results are shown as heatmap (distancemeasure using Pearson and clustering

algorithm using Ward).

Statistical Analysis

Statistical analyses were carried out using GraphPad Prism (GraphPad Soft-

ware). All numerical data are presented as mean ± SEM. Grouped analysis

was performed using two-way ANOVA. Column analysis was using one-way

ANOVA or Student’s t test. A p value < 0.05 was considered statistically

significant.
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Põld, M., Zhu, L.X., Sharma, S., Burdick, M.D., Lin, Y., Lee, P.P., Põld, A., Luo,
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SUMMARY
The close vicinity of cancer cells undergoing epithelial-mesenchymal transition (EMT) and tumor-associated
macrophages (TAMs) at the invasive front of tumors suggests that these two cell type may mutually interact.
We show that mesenchymal-like breast cancer cells activate macrophages to a TAM-like phenotype by GM-
CSF. Reciprocally, CCL18 fromTAMs induces cancer cell EMT, forming a positive feedback loop, in coculture
systems and humanized mice. Inhibition of GM-CSF or CCL18 breaks this loop and reduces cancer metas-
tasis. High GM-CSF expression in breast cancer samples is associated with more CCL18+ macrophages,
cancer cell EMT, enhanced metastasis, and reduced patient survival. These findings suggest that a positive
feedback loop between GM-CSF and CCL18 is important in breast cancer metastasis.
INTRODUCTION

It is well established that tumor microenvironment plays an

important role in cancer development and metastasis (Allavena

et al., 2008; Condeelis and Pollard, 2006). Tumor-associated

macrophages (TAMs), the most abundant immune-related stro-

mal cells in tumor microenvironment (Allavena et al., 2008), are

key orchestrators of tumor microenvironment, directly affecting

neoplastic cell growth, neoangiogenesis, and extracellular

matrix remodeling (Solinas et al., 2010). TAMs of breast cancer

often display an alternatively activated phenotype, promoting

tumor invasion and metastasis, and are associated with poor

prognosis in cancer patients (Chen et al., 2011; DeNardo et al.,
Significance

Cancer cell epithelial-mesenchymal transition (EMT) and tum
increased metastasis and are frequently observed at the invas
tween cancer cells undergoing EMT and TAMs remains unkn
macrophages to a TAM-like phenotype via GM-CSF, suggesti
unappreciated source of TAMactivators. In turn, TAMs induce E
feedback loop. Furthermore, the interaction between cancer c
humanizedmousemodel of breast cancer, suggesting that the
apeutic target for cancer metastasis.
2009). In addition, cancer cells can actively modulate nonmalig-

nant stromal cells, including macrophages (Pollard, 2004), in

tumor microenvironment to enhance cancer development and

metastasis (Joyce and Pollard, 2009). Cancer is a disease of het-

erogeneity and plasticity; however, it is not yet known whether

different kinds of cancer cells have different ability to modulate

tumor microenvironment.

Epithelial-mesenchymal transition (EMT) is a process whereby

cancer cells lose their epithelial properties to acquire a mesen-

chymal phenotype and become motile and invasive, which is

closely associated with metastasis (Thiery, 2002). EMT has

also been connected to induction of cancer stem cells (Mani

et al., 2008), drug resistance (Thiery et al., 2009), and
or-associated macrophages (TAMs) are associated with
ive front of advanced tumors. However, the interaction be-
own. In this study, mesenchymal-like cancer cells activate
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Figure 1. Mesenchymal-like Breast Cancer Cells Activate Macrophages to a TAM-like Phenotype

(A–C) Macrophages were obtained by culture of monocytes in DMEM medium supplemented with 10% heat-inactivated human AB serum in the presence or

absence of 30% CM from indicated cell lines for 6 days. The primary TAMs were isolated from fresh human breast cancer tissue as positive controls.

(A) Fluorescent CD68/DAPI staining in macrophages. The scale bar represents 20 mm.

(B) Expression of CD206/HLA-DR in macrophages. The histograms are representatives of five independent experiments of macrophages from five different

donors. Numerical values denote the mean fluorescence intensity (MFI).

(C) Cytokine levels in the media of macrophages (mean ± SEM, n = 5 independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 compared with control).

See also Figure S1.
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immunosuppression (Kudo-Saito et al., 2009), suggesting that

EMT may underlie many biological processes related to cancer

development. It has been reported that EMT of cancer cells is

frequently observed at the invasive front of advanced tumors

(Christofori, 2006; Francı́ et al., 2006), where TAMs are usually

found (Biswas andMantovani, 2010;Wyckoff et al., 2004). These

results suggest that cancer cells that undergo EMT may have a

selective advantage in modulating tumor microenvironment. In

this study, we investigated the interaction between cancer cells

with EMT and TAMs and explored the underlying mechanisms

that link these two metastasis-promoting phenomena.

RESULTS

Mesenchymal-like Breast Cancer Cells Activate
Macrophages to a TAM-like Phenotype
To investigate whether cancer cells with distinct epithelial or

mesenchymal-like phenotypes have different ability to activate

macrophages, we cultured freshly isolated human monocytes

in culture medium with 30% conditioned medium (CM) from six

breast cancer cell lines, including three typical epithelial-like
606 Cancer Cell 25, 605–620, May 12, 2014 ª2014 Elsevier Inc.
lines (MCF-7, BT-474, and T47D) and three mesenchymal-like

lines that express increased vimentin and decreased E-cadherin

(BT-549, MDA-MB-436, and MDA-MB-231) (Figure S1A avail-

able online), for 6 days to obtain macrophages. As a positive

control, we isolated primary TAMs from breast cancer tissue

and found that primary TAMs produced high amounts of protu-

mor cytokines (chemokine [C-C motif] ligand [CCL] 18, CCL17,

CCL22, and interleukin-10 [IL-10]) (Chen et al., 2011; Dangaj

et al., 2011; Mizukami et al., 2008) and exhibited a cluster of dif-

ferentiation (CD) 206high/human leukocyte antigen (HLA)-DRlow

phenotype that is associated with immunosuppression (Dangaj

et al., 2011; Kuang et al., 2007). Macrophages treated with CM

from mesenchymal-like lines, but not CM from epithelial-like

lines, became stretched and elongated (Figure 1A) and exhibited

a CD206high/HLA-DRlow phenotype (Figure 1B), similar to pri-

mary TAMs. Consistent with the changes in morphology and

surface markers, macrophages treated with CM from mesen-

chymal-like lines produced significantly more tumor-promoting

cytokines than untreated macrophages or those treated with

CM from epithelial lines (Figure 1C), indicating functional activa-

tion of TAMs. Moreover, the level of activation by CM from
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mesenchymal-like cancer cells, measured by cytokine produc-

tion and CD206/HLA-DR expression, was comparable with

that of primary TAMs, suggesting that CM from mesenchymal-

like cancer cells is a strong macrophage activator.

To confirm whether the ability of cancer cells to activate TAMs

is determined by their mesenchymal state, we induced EMT of

MCF-7 cells with transforming growth factor b (TGF-b), tumor

necrosis factor a (TNF-a) or by mammosphere culture (Guttilla

et al., 2012) (Figure S1B). CM from MCF-7 cells that had

undergone EMT also induced both morphological and functional

TAM-like changes in macrophages, with CM from mammo-

sphere-cultured MCF-7 (MCF-7M) having the strongest effects

(Figures S1C–S1E). BT-474 cells in which EMT was induced

also showed similar effects (data not shown). Together, these

data indicate that mesenchymal-like cancer cells or cancer cells

that have undergone EMT can directly activate macrophages to

a TAM-like phenotype and may serve as a previously unappreci-

ated source of TAM activators as important as interleukin-4

(IL-4)-producing CD4+ T cells (DeNardo et al., 2009).

Granulocyte-Macrophage Colony-Stimulating Factor
Mediates the Activation of Macrophages by
Mesenchymal-like Breast Cancer Cells
To identify the cytokines secreted by mesenchymal-like cancer

cells that activate macrophages, the cytokine profiles of CM

from MCF-7, MCF-7 induced to undergo EMT by treatment of

TGF-b, TNF-a, and prolonged mammosphere culture, and

MDA-MB-231 cells were analyzed using RayBio Human Cyto-

kine Antibody Array. Five cytokines were significantly increased

in the CM of MCF-7 cells under EMT and MDA-MB-231 cells

compared with CM of MCF-7 cells, which are granulocyte-

macrophage colony-stimulating factor (GM-CSF), interleukin-8

(IL-8), CCL2, growth-regulated oncogene (GRO; includes

GROa, GROb, and GROg), and GROa (Figure 2A). ELISA further

confirmed the increases in GM-CSF, IL-8, CCL2, GROa, GROb,

and GROg in the CM of mesenchymal-like cells (Figure S2). We

then evaluated which of these cytokines is responsible for

activating TAMs. We found that only GM-CSF, but not IL-8,

CCL2, or GROs, significantly induced the production of TAM-

related cytokines to levels comparable with the CM from MDA-

MB-231 cells (Figure 2B). Addition of IL-8, CCL2, or GROs to

GM-CSF did not further enhance the activation (data not shown),

suggesting that GM-CSF alone is sufficient to activate

macrophages. Furthermore, the addition of a neutralizing anti-

GM-CSF antibody to the CM of MCF-7M, MDA-MB-231, and

MDA-MB-436 significantly suppressed the induction of the

TAM-related surface marker expression (Figure 2C) and cyto-

kines (Figure 2D), indicating that GM-CSF is necessary for

mesenchymal-like cancer cells to induce macrophage activation

to a TAM-like phenotype.

Tumor-Derived Lactate Abrogates the Proinflammatory
Cytokine Production from GM-CSF-Activated
Macrophages
It has been reported that GM-CSF can exhibit proinflammatory

or anti-inflammatory activity in different disease models, and it

has been hypothesized that conflicting roles of GM-CSF may

be due to the concomitant stimulation factors (Hamilton, 2002).

We compared the cytokine profiles of macrophages treated
with interferon-g (IFN-g) (a standard activator of classically

activated macrophages), GM-CSF, or IL-4 (a standard activator

of alternatively activated macrophages). We found that GM-CSF

alone induced the production of both proinflammatory and anti-

inflammatory cytokines. As previously reported (Hamilton, 2008),

the addition of lipopolysaccharide (LPS) further increased the

production of proinflammatory cytokines (Figure S3A). However,

LPS is not a common factor found in tumor microenvironment.

We then explored the role of lactate, one of the most abundant

products of aerobic glycolysis and a widespread concomitant

factor in tumor microenvironment (Hirschhaeuser et al., 2011).

Breast cancer cell lines produced significantly more lactate

(4.8–15.6 mM) thanmacrophages or immortalized breast epithe-

lial cell lines (MCF-10A and HMLE) (0.8–1.7 mM) (Figure 3A). The

addition of 5 mM lactate abrogated the production of proinflam-

matory cytokines but did not inhibit or even promoted that of

anti-inflammatory cytokines from GM-CSF-activated macro-

phages (Figure 3B).

To further demonstrate the effect of tumor-derived lactate, we

treated macrophages with CM of MDA-MB-231 and found that

proinflammatory cytokines were significantly decreased, while

anti-inflammatory cytokines were significantly increased. The

suppression of proinflammatory cytokine production by 231

CM was completely reversed if the 231 cells were pretreated

by oxamic acid, an inhibitor of lactate dehydrogenase that

blocked the lactate production. The addition of exogenous

lactate in oxamic acid-pretreated 231 CM restored the suppres-

sion of the proinflammatory cytokines (Figure 3C; Figure S3B),

indicating that lactate is responsible for the skew of macro-

phages toward an anti-inflammatory phenotype.

Furthermore, we found that the higher the lactate level, the

lower the pH valuemeasured in the cell culturemedia (Figure 3A).

To investigate whether the lactate or the drop in pH level was

responsible for the suppression of proinflammatory cytokine

production, we adjusted the pH value of the oxamic acid-pre-

treated 231 CM to the level of untreated 231 CM by 1% hydro-

chloric acid (HCl) (Figure S3B). We found the acidification by

HCl did not suppress the production of proinflammatory cyto-

kines (Figure 3C), suggesting that it is the lactate, not the drop

in pH, that is accountable for the immunosuppressive effects

by CM of cancer cells.

GM-CSF-Activated Macrophages Induce EMT in Breast
Cancer Cells via CCL18
Previously, we have reported that TAMs can enhancemetastasis

of breast cancer cells (Chen et al., 2011; DeNardo et al., 2009),

which is often associated with EMT. Thus, we examined whether

activated macrophages can induce EMT of cancer cells. We

found thatMCF-7 cells,whencoculturedwithGM-CSF-activated

macrophages, changed from a rounded shape to an elongated

one, with loss of cell-cell contact, decrease of E-cadherin,

increase of vimentin, and enhancements of migration and inva-

siveness (Figures 4A and 4B; Figure S4A), suggesting that GM-

CSF-activatedmacrophages inducedEMTofbreastcancercells.

Further, anti-CCL18 neutralizing antibody inhibited EMT induced

by GM-CSF-activated macrophages, and CCL18 alone induced

EMT in MCF-7 (Figures 4A and 4B; Figure S4A), indicating that

CCL18 is the cytokine responsible for the EMT of breast cancer

cells induced by GM-CSF-activated macrophages.
Cancer Cell 25, 605–620, May 12, 2014 ª2014 Elsevier Inc. 607



Figure 2. GM-CSF Mediates the Activation of Macrophages by Mesenchymal-like Breast Cancer Cells
(A) Cytokine array of the CM of MCF-7; MCF-7 induced to undergo EMT by treatment of TGF-b, TNF-a, and prolong mammosphere culture; and MDA-MB-231

cells. A table summarizing the relative signal intensity of indicated cytokines is presented in the lower left corner.

(B) Cytokines levels in the media of macrophages treated with indicated recombinant human cytokines at indicated concentrations (ng/ml) (mean ± SEM, n = 4

independent experiments of macrophages from four different donors).

(C) Expression of CD206/HLA-DR in macrophages treated with 30% indicated tumor-CM in the presence or absence of control IgG or a GM-CSF neutralizing

antibody. The histograms are representative of five independent experiments of macrophages from five different donors. Numerical values denote the MFI.

(D) Cytokine levels in the media of macrophages treated as in (C) (mean ± SEM, n = 5 independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 compared

with macrophages treated with cancer cell CM alone; p values were obtained using two-tailed Student’s t tests).

See also Figure S2.
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It was recently shown that CCL18 induced EMT in breast

cancer cells via the phosphatidylinositol 3-kinase (PI3K)/Akt/

glycogen synthase kinase 3b (GSK3b)/Snail signaling pathway

(Zhang et al., 2013). We also observed that CCL18 activated

PI3K/Akt pathways (data not shown). NF-kB is an important

transcription factor that links the activation of the PI3K/Akt

pathway with EMT (Julien et al., 2007). Thus, we explored the

role of NF-kB and found that CCL18 induced p65 nuclear trans-

location and enhanced NF-kB transcriptional activity through

membrane-associated phosphatidylinositol transfer protein 3

(PITPNM3) (Figure 4C; Figures S4B and S4C), indicating the acti-

vation of the NF-kBpathway. Inhibition of NF-kBby BAY-117082

(an IKK inhibitor), 4-methyl-N1-(3-phenyl-propyl)-benzene-

1,2-diamine (JSH-23) (an inhibitor of NF-kB nuclear transloca-

tion) or small interfering RNAs (siRNAs) to p65 reversed the

CCL18-induced EMT in MCF-7 cells (Figure 4D), suggesting

that CCL18 activates NF-kB pathway to induce EMT.

NF-kB is known to be important in EMT, and it also regulates

the expression of various cytokines, including GM-CSF, IL-8,

CCL2, and GRO (Barnes and Karin, 1997). We found that inhibi-

tion of NF-kB by pharmacological inhibitors or siRNA targeting

p65 not only led to decreased vimentin and increased E-cad-

herin in mesenchymal-like breast cancer cell lines (Figure 4D;

Figure S4D) but also inhibited their cytokine production in CM

(Figure 4E; Figure S4E), suggesting that high NF-kB activity

in cancer cells is not only essential to their mesenchymal proper-

ties but also important to the ability of secreting cytokines to

induce TAMs.

A Positive Feedback Loop between GM-CSF and CCL18
In Vitro
Becausemesenchymal-like cancer cells activate tumor-promot-

ing macrophages that can in turn induce EMT of cancer cells, we

investigated the possibility of a positive feedback loop between

TAMs and cancer cells with EMT. CCL18-treated MCF-7 cells

(MCF-7CCL18) displayed an elongated shape and mesenchymal

markers with increased GM-CSF in media. When these cells

were replated without CCL18, the cells gradually reversed to

their original round shape, with reexpression of E-cadherin and

loss of vimentin by day 5 (Figure 5B; Figure S5A). The GM-CSF

in the media also decreased after an initial increase within

48 hr (Figure 5A). However, coculture with macrophages main-

tained the mesenchymal state of MCF-7CCL18 cells, and the

levels of GM-CSF and CCL18 in media kept increasing through

day 5 (Figures 5A and 5B; Figure S5A). The cocultured macro-

phages became stretched and elongated and displayed a

CD206high/HLA-DRlow TAM-like phenotype (Figure S5B).

Furthermore, the addition of anti-GM-CSF or anti-CCL18

neutralizing antibodies led to regression of the mesenchymal

state of MCF-7CCL18 cells and TAM-like phenotype of macro-

phages, while decreasing the levels of both GM-CSF and

CCL18 in media (Figures 5A and 5B; Figures S5A and S5B), sug-

gesting mutually dependent increases of GM-CSF and CCL18 in

the coculture system of MCF-7CCL18 cells and macrophages.

On the other hand, GM-CSF-activated macrophages, when

replated without GM-CSF, slowly reversed to a CD206low/HLA-

DRhigh phenotype (Figure 5D), and the production of CCL18

decreased after the peak at day 4 (Figure 5C). Nevertheless,

coculture of GM-CSF-activated macrophages with MCF-7
not only induced EMT of MCF-7 cells (Figure S5C) but also

maintained the TAM-like phenotype of the macrophages and

increased the levels of GM-CSF and CCL18 through day 20 (Fig-

ure 5C and 5D). The addition of anti-GM-CSF or anti-CCL18

neutralizing antibodies, but not control immunoglobulin G

(IgG), again led to the reversal of the mesenchymal state of

MCF-7 cells and the TAM-like phenotype of macrophages, as

well as decreasing GM-CSF and CCL18 in media (Figures 5C

and 5D; Figure S5C). Collectively, these data suggest that a

positive feedback loop between GM-CSF from mesenchymal-

like cancer cells and CCL18 from TAMs sustains or promotes

the mesenchymal state of cancer cells and the TAM-like pheno-

type of macrophages.

Furthermore, similar results were observed when we cocul-

tured MCF-7 cells with macrophages activated by CM of

MDA-MB-231, or cocultured macrophages with MDA-MB-231

cells or MCF-7 cells that were induced to EMT by TGF-b or

TNF-a (data not shown), corroborating the existence of a GM-

CSF-CCL18 positive feedback loop between TAMs and mesen-

chymal-like cancer cells.

The GM-CSF-CCL18 Loop Promotes EMT and
Metastasis in a Humanized Mouse Model of Breast
Cancer
It has been reported that chemokines released by human

macrophages are very different from those released by mouse

macrophages. Many of the chemokines upregulated in human

alternatively activated macrophages either lack murine ortho-

logs or are not upregulated in mice (Martinez et al., 2009).

CCL18, the key cytokine released by human macrophages to

promote metastasis (Chen et al., 2011), does not yet have a

mouse counterpart. Therefore, to study the interaction between

human macrophages and cancer cells in vivo, it is necessary to

use a humanized mouse model with human hematopoietic cells.

To establish such a model, nonobese diabetic (NOD)/severe

combined immunodeficiency (SCID) mice were treated with

anti-asialo-GM1 antibody to deplete host natural killer (NK) cells,

irradiated, transplanted with enriched CD34+ hematopoietic

stem cells (HSCs) isolated from fresh human umbilical cord

blood (CB) and injected with lentiviral vectors expressing human

CSF1 to improve human monocyte reconstitution. This model,

modified from a recent protocol (Wang et al., 2012), was

reported to increase the engraftment of human monocytes and

macrophages (Chen et al., 2009).

Engraftment of human HSCs into the mice resulted in the

detection of human CD45+ leukocytes, CD14+ monocytes and

macrophages, and CD19+ B cells in the peripheral blood

and xenografts of humanized mice. Few human CD3+ T cells

and CD56+ NK cells were detected (Figures S6A, S6B, and

S6E), which is consistent with previous reports (Ito et al., 2012;

Wang et al., 2012).

Consistent with the findings in vitro, injection of MCF-7CCL18
cells into the fat pads of humanized mice activated many

CCL18+ macrophages nearby, maintained the GM-CSF expres-

sion and EMT state of cancer cells (Figure 6A), and significantly

increased lung and liver metastasis (Figures 6B–6D), compared

with the injection of MCF-7CCL18 cells into the irradiated mice

without HSC transplantation or injection of MCF-7 cells without

CCL18 induction into the humanized mice. Anti-GM-CSF
Cancer Cell 25, 605–620, May 12, 2014 ª2014 Elsevier Inc. 609



Figure 3. Tumor-Derived Lactate Abrogates the Proinflammatory Cytokine Production from GM-CSF-Activated Macrophages

(A) The indicated cells were plated in a 24-well plate at a density of 23 105/ml. After 24 hr, lactate production and pH values were measured in the media (mean ±

SEM, n = 3; *p < 0.05 and **p < 0.01 compared with MCF10A; p values were obtained using two-tailed Student’s t tests).

(B) Macrophages were obtained by culture of monocytes in culture medium in the presence or absence of 500 U/ml IFN-g, 50 ng/ml GM-CSF, or 20 ng/ml IL-4 for

6 days. Afterward, macrophages were cultured in culture medium with or without 5 mM L-(+) lactic acid (lactate) for 24 hr. Cytokine levels in the media were

(legend continued on next page)
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neutralizing antibody not only decreased the number of CCL18+

cells adjacent to the tumor but also reversed the EMT state of

cancer cells and inhibited their metastasis. Furthermore, anti-

CCL18 antibody also decreased the expression of GM-CSF in

tumor cells, reversed the EMT state of cancer cells, and

inhibited metastasis (Figures 6A–6D). Neither GM-CSF nor

CCL18 blockade altered human leukocyte reconstitution, the

percentages of monocytes and macrophages (Figures S6A–

S6D), and primary tumor size (Figure 6E) in humanized mice.

These results indicate that GM-CSF from cancer cells and

CCL18 from TAMs form a positive feedback loop and promote

metastasis of cancer cells in vivo.

In addition, either anti-GM-CSF or anti-CCL18 antibody

prolonged the metastasis-free survival of humanized mice in-

jected with MCF-7CCL18 cells (Figure 6F), suggesting that the

GM-CSF-CCL18 loop could be a therapeutic target to inhibit

breast cancer metastasis. Similar results were observed in

humanized mice injected with MDA-MB-231, a mesenchymal

breast cancer cell line, or when GM-CSF was silenced in MCF-

7CCL18 cells or CCL18 was silenced in HSC-derived macro-

phages (data not shown) in humanized mice injected with

MCF-7CCL18 cells, substantiating the findings using MCF-

7CCL18 cells with neutralizing antibodies.

The GM-CSF-CCL18 Loop Is Associated with EMT,
Triple-Negative Subtype, Metastasis, and Poor
Prognosis in Breast Cancer Patients
To determine whether our findings are clinically relevant, we

examined 1,017 breast cancer cases from three independent

breast cancer centers for the expression of GM-CSF. We found

that GM-CSF was highly expressed in 293 (28.8%) cancer

samples, often observed at the invasive front, with no to

weak expression in normal or nonmalignant lesions of the

breast (Figure S7A). Double immunostaining of GM-CSF and

CCL18 showed significantly more stromal CCL18+ cells in

cancers with high GM-CSF expression than in cancers with

low GM-CSF expression (Figure 7A). The levels of GM-CSF

and CCL18 were also highly correlated in patients’ serum (Fig-

ure S7B). High GM-CSF expression was significantly correlated

with lymph node and distant metastasis, more advanced histo-

logical grade, triple-negative breast cancer subtype (Table S1).

Either GM-CSF or CCL18 was an independent prognostic

factor associated with poor prognosis (Figure 7B; Tables S2

and S3).

Furthermore, the cancer samples with high GM-CSF expres-

sion or more stromal CCL18+ cells nearby expressed sig-

nificantly less E-cadherin and more vimentin than the cancer

samples with less GM-CSF or CCL18 expression (Figures

S7C–S7E), an indication of EMT. More interestingly, the infiltra-

tion of CCL18+ macrophages was often observed at the invasive
measured by ELISA (mean ± SEM, n = 4 independent experiments of macrophag

were obtained using two-tailed Student’s t tests).

(C) 231 cells were cultured in the presence or absence of 90 mM oxamic acid for 5

oxamic acid. In addition, the lactate or pH level in 231 cell CM treated with oxam

lactate or 1% HCl, respectively. Macrophages were obtained by culture of mon

6 days. The cytokine concentrations of the macrophages were measured afterw

different donors; *p < 0.05, **p < 0.01, and ***p < 0.001; p values were obtained

See also Figure S3.
front of tumors, where cancer cells displayed more mesen-

chymal features and expressed high levels of GM-CSF

(Figure 7C). These data are consistent with the notion that

mesenchymal-like cancer cells secret more GM-CSF to activate

TAMs that produce CCL18 at the invasive front.

To further validate these findings, we searched the Oncomine

database for the prognostic value of GM-CSF and CCL18 in

human breast cancer. Four data sets showed a correlation

between GM-CSF expression and high-grade or triple-negative

subtype breast cancer, while one and four data sets showed

associations between CCL18 expression and high-grade breast

cancer and between CCL18 expression and triple-negative

subtype breast cancer, respectively. In addition, four and three

data sets confirmed that high levels of GM-CSF and of CCL18

are significantly correlated with poor prognosis in breast cancer

patients, respectively. Furthermore, four and two data sets

showed significantly inverse correlations between GM-CSF

and CCL18 expression and E-cadherin expression, respectively.

More important, in The Cancer Genome Atlas data set, with 593

breast cancer cases, GM-CSF was significantly correlated with

CCL18 in breast cancer samples (p < 0.0001) (Table 1). Collec-

tively, these data suggest that the GM-CSF-CCL18 loop plays

an important role in EMT and metastasis of human breast

cancer.

DISCUSSION

In this study, we show that cancer cells that have undergone

EMT secrete GM-CSF to activate macrophages to a TAM-like

phenotype. In turn, activated macrophages produce CCL18 to

induce EMT of cancer cells, forming a positive feedback loop.

This GM-CSF-CCL18 loop is essential to promoting the metas-

tasis of breast cancer cells and is associated with poor prog-

nosis in breast cancer patients.

EMT of cancer cells results in increased cell motility and is

associated withmetastasis. Our results indicate that cancer cells

that undergo EMT, often located at the invasive front of tumors,

have a superior function in activating macrophages to support

tumor expansion. Besides metastasis, EMT of cancer cells is

also linked with cancer stem cells, drug resistance, and immuno-

suppression (Kudo-Saito et al., 2009; Mani et al., 2008; Thiery

et al., 2009). We report here that the change of secretory cyto-

kine profile is also an important feature for cancer cells that un-

dergo EMT. We previously described that CCL18 is one of the

major cytokines released by TAMs and enhances breast cancer

cell metastasis (Chen et al., 2011). In line with these results,

CCL18 from activated macrophages induced EMT of breast

cancer cells through the activation of NF-kB. In addition, a panel

of inflammatory cytokines, including GM-CSF, CCL2, IL-8, and

GROs, were significantly induced as NF-kB target genes (Barnes
es from four different donors; *p < 0.05, **p < 0.01, and ***p < 0.001; p values

days. CMwere collected after the cells were cultured for another 24 hr without

ic acid were adjusted to the levels in untreated 231 cell CM by the addition of

ocytes in culture medium in the presence or absence of indicated 231 CM for

ard (mean ± SEM, n = 4 independent experiments of macrophages from four

using two-tailed Student’s t tests).
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Figure 4. GM-CSF-Activated Macrophages Induce EMT of Cancer Cells through CCL18

(A) Morphology and E-cadherin and vimentin expression of MCF-7 cells without or with the coculture of control macrophages (M4), GM-CSF-activated

macrophages alone or with control IgG, anti-CCL18 neutralizing antibody, or recombinant human CCL18. The scale bar represents 20 mm. GAPDH, glyceral-

dehyde 3-phosphate dehydrogenase.

(B) Migration and invasion assays of MCF-7 cells treated as in (A). The scale bar represents 200 mm (mean ± SEM, n = 3; **p < 0.01 and ***p < 0.001; p values were

obtained using two-tailed Student’s t tests).

(legend continued on next page)
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and Karin, 1997) by CCL18. Among the cytokines induced during

EMT, GM-CSF is the one responsible for macrophage activation.

Other increased cytokines are also known to be important in

other aspects of tumor microenvironment, for example, CCL2

in recruiting monocytes (Qian et al., 2011), GROs in neutrophil

recruitment (Jinquan et al., 1995), and IL-8 in angiogenesis (Lin

et al., 2004). It is possible that the inflammatory factors induced

during EMT work together to provide a permissive environment

for tumor progression.

It has been reported that both breast cancer cells and macro-

phages comigrate and depend upon each other to be invasive

in vivo (Wyckoff et al., 2004). Our findingsmay extend knowledge

of interactions between cancer cells and macrophages by

showing that GM-CSF from cancer cells and CCL18 from

TAMs form a positive feedback loop to sustain or promote

EMT and metastasis of cancer cells. The levels of these two

cytokines are mutually dependent, such that neutralizing either

of them broke the vicious circle and suppressed breast cancer

metastasis in a humanized mouse model. These results,

together with the analysis of clinical samples, provide an expla-

nation for the colocalization of TAMs and cancer cells that have

undergone EMT at the invasive front of tumors.

Our data suggest a protumor role of GM-CSF in cancer. How-

ever, GM-CSF has been shown to elicit powerful immune

responses and is often used as an immune adjuvant to cancer

vaccines (Dranoff, 2002). However, the effect of exogenous

GM-CSF on cancer remains controversial. Some recent clinical

studies reported that GM-CSF as an adjuvant to different cancer

vaccines can lead to adverse outcome in terms of immune

response as well as relapse-free and overall survival (Faries

et al., 2009; Filipazzi et al., 2007; Slingluff et al., 2009). Careful

analysis suggested that GM-CSF may increase the vaccine-

induced immune response when administered repeatedly at

relatively low doses (range 40–80 mg for 1–5 days), whereas an

opposite effect was often reported at higher dosages of 100–

500 mg (Parmiani et al., 2007). Similar findings were also re-

ported in animal models (Serafini et al., 2004). Furthermore, it

has been consistently reported that endogenous GM-CSF

from cancer cells is capable of suppressing the immune

response (Bronte et al., 1999; Marigo et al., 2010; Tsuchiya

et al., 1988) and correlated with increased metastasis (Park

et al., 2007; Takeda et al., 1991). The analysis of our clinical sam-

ples as well as independent Oncomine data sets also showed

that GM-CSF is associated with poor prognosis in breast cancer

patients. We observed that LPS, a common factor of infectious

disease, skewed GM-CSF-activated macrophages to a proin-

flammatory phenotype, while lactate, one of the most abundant

tumor metabolites, changed GM-CSF-activated macrophages

to an anti-inflammatory phenotype. It is possible that long-

term proximal exposure to endogenous GM-CSF from cancer

cells together with tumor metabolites, unlike the short-term sys-
(C) Confocal fluorescent microscopy of p65/DAPI staining in MCF-7 cells treated

PITPNM3. The scale bar represents 20 mm.

(D) Western blotting for E-cadherin and vimentin of CCL18-treated MCF-7 cells

siRNA or P65-siRNAs.

(E) The cytokine levels in the media of cells treated as in (D) (mean ± SEM, n = 3;

t tests).

See also Figure S4.
temic use of low doses of GM-CSF in cancer vaccines, leads to

cancer progression.

Compared with immortalized breast epithelial cell lines, both

epithelial-like and mesenchymal-like breast cancer cell lines

produced significantly more lactate. Further, the addition of

5 mM lactate, which was equivalent to or lower than the amount

produced by both epithelial-like and mesenchymal-like breast

cancer cell lines (4.8–15.6 mM), abrogated the production of

proinflammatory cytokines but did not inhibit that of anti-inflam-

matory cytokines from GM-CSF-activated macrophages. These

results indicate that lactate produced by epithelial-like breast

cancer cells is sufficient to affect GM-CSF-activated macro-

phage. However, our data also demonstrated that GM-CSF

produced by epithelial-like breast cancer cell lines was signifi-

cantly less than that by mesenchymal-like breast cancer cells

and was insufficient to activate macrophages. Thus, both

increased lactate level and enhanced GM-CSF production are

needed for breast cancer cells to activate macrophages to an

anti-inflammatory phenotype.

Previous studies have identified the interaction between

cancer cells and macrophages, including the colony-stimulating

factor 1 (CSF-1)(macrophage colony-stimulating factor

[M-CSF])-epidermal growth factor (EGF) loop by using a rat

mammary cancer cell line (MTLn3) and mouse macrophages

(Goswami et al., 2005; Hernandez et al., 2009). When human

breast cancer line MDA-MB-231 was used in an in vivo mouse

xenograft model, the proportion of macrophages among the

invasive cells was only 6%, much less than the 25% observed

with rodent tumors (Patsialou et al., 2009). In addition, while

Iressa (an EGF receptor inhibitor) completely inhibited the EGF

or CSF-1-driven invasion in rodent tumor, it failed to do so in

the MDA-MB-231 xenografts (Patsialou et al., 2009). It is known

that the chemokine profiles of human and mouse macrophages

are very different. At least five chemokines that are upregulated

in human alternatively activated macrophages either lack mu-

rine orthologs or are not upregulated in mice (Martinez et al.,

2009). We find that GM-CSF is significantly induced in human

mesenchymal-like cancer cells and is responsible for the

macrophage activation, which then promotes the EMT of can-

cer cells to form the self-reinforcing loop. We also found that

CSF-1 is much lower than GM-CSF and is only mildly increased

in human mesenchymal-like cancer cells (data not shown).

Moreover, blocking the CSF1-EGF loop has no significant effect

on mesenchymal-like cancer cell-induced macrophage activa-

tion in vitro and metastasis of cancer cell in vivo (data not

shown). More important, our findings using human breast can-

cer cell lines and human macrophages were validated in a

humanized mouse model of breast cancer in vivo and further

corroborated in 1,017 clinical samples as well as Oncomine

data sets. Nevertheless, it is possible that GM-CSF plays an

indispensable role in initiating the positive feedback loop at
without or with rhCCL20 or rhCCL18 together with siRNAs targeting GFP or

pretreated with DMSO, BAY-117082, or JSH-23 or pretransfected with GFP-

**p < 0.01 and ***p < 0.001; p values were obtained using two-tailed Student’s
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Figure 5. A Positive Feedback Loop between GM-CSF from Cancer Cells and CCL18 from Macrophages In Vitro

(A) Upper: schematic showing that MCF-7CCL18 cells were re-plated alone or cocultured with macrophages in transwell apparatus with 0.4 mm pore size with or

without control IgG, anti-GM-CSF, or anti-CCL18 neutralizing antibody for 5 days. Lower: GM-CSF and CCL18 levels in the indicated media were measured by

ELISA at indicated time points. All values are mean ± SEM, n = 4 independent experiments of macrophages from four different donors; *p < 0.05, **p < 0.01, and

***p < 0.001 compared with cells cultured alone; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with cells in the coculture systemwithout antibody addition at

the same time points (p values were obtained using two-tailed Student’s t tests).

(legend continued on next page)
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the early stage of metastasis, while other factors may be crucial

at later stages.

In summary, our study suggests an important role of the

positive feedback loop between cancer cells with EMT and

TAMs in cancer metastasis. The GM-CSF-CCL18 loop is essen-

tial for cancer cells to maintain or promote their mesenchymal

phenotype and could be a potential therapeutic target for cancer

metastasis.

EXPERIMENTAL PROCEDURES

Detailed procedures are provided in Supplemental Experimental Procedures.

Patients and Tissue Samples

Primary breast carcinomas were obtained from 759 patients at the Sun Yat-

Sen Memorial Hospital, Sun Yat-Sen University (Guangzhou, China), 145

patients at the First Affiliated Hospital, Shantou University Medical College

(Shantou, China), and 113 patients at Tianjin Medical University Cancer

Institute and Hospital (Tianjin, China). Normal breast tissue from 9 patients

undergoing breast reduction surgery and benign breast tissue samples from

23 patients with fibroadenoma and 17 patients with cystic fibrosis with or

without atypical epithelial hyperplasia were collected at Sun Yat-SenMemorial

Hospital. Additionally, serum levels of GM-CSF and CCL18 were measured in

peripheral blood samples from 151 patients with breast cancer before starting

therapy at Sun Yat-Sen Memorial Hospital. All samples were collected with

informed consent from patients, and all related procedures were performed

with the approval of the internal review and ethics boards of the indicated

hospitals.

Cell Culture and Treatment

MDA-MB-231, MDA-MB-436, BT-549, T47D, BT-474, and MCF-7 breast

cancer cells were obtained from American Type Culture Collection and grown

according to standard protocols. HMLE cells were kindly provided and

cultured as recommended by Dr. R.A. Weinberg (Whitehead Institute,

Cambridge, MA). When grown to 80% of confluence, cells were washed

with PBS, and fresh serum-free media were added. CM were harvested

24 hr later and filtered through a 0.22 mm filter. In some experiments, MCF-7

cells were treated with 5 ng/ml TGF-b, 10 ng/ml TNF-a, or 20 ng/ml CCL18

(PeproTech) for 2weeks or given prolongedmammosphere culture for 5weeks

as previously described (Guttilla et al., 2012). Afterward, cells were washed in

PBS and grown in adherent condition with cytokine/serum-free media, which

were harvested 24 hr later. To inhibit respective pathways, cells were incu-

bated with vehicle (DMSO), 5 mM BAY-117082, or 6 mM JSH-23 (Calbiochem)

for 1 hr at 37�C prior to the experiments. To inhibit lactate production, cells

were treated with 90 mM oxamic acid (Sigma) for 5 days.

Primary Human TAM Isolation from Breast Cancer

TAMs were isolated from five fresh breast cancer samples as previously

described (Chen et al., 2011; Dangaj et al., 2011), with slight modifications.

Briefly, the tissues were minced into small (1 to 2 mm) pieces and digested

with 5% fetal bovine serum Dulbecco’s modified Eagle’s medium containing

2 mg/ml collagenase I and 2 mg/ml hyaluronidase (Sigma) at 37�C for 2 hr.

The cells were sequentially filtered through 500 mm mesh, 100 mm, and

70 mm cell strainer. The cells were then centrifuged in a Beckman Allegra

X-15R centrifuge at 2,500 rpm for 20 min with 1 ml cell suspension above
(B) Immunofluorescence analysis of E-cadherin (E-cad) and vimentin (Vim) in MCF

represents 20 mm.

(C) Upper: schematic showing that macrophages obtained by culture of monocyt

cocultured with untreated MCF-7 in the absence or presence of control IgG, anti-G

CCL18 levels in the indicated media were measured by ELISA at indicated time

phages from four different donors; *p < 0.05, **p < 0.01, and ***p < 0.001 compare

with cells in the coculture system without antibody addition at the same time po

(D) Surface marker detection by flow cytometry in GM-CSF-activated macrophag

experiments of macrophages from four different donors. Numerical values deno

See also Figure S5.
5ml 45%Percoll (GEHealthcare) in themiddle and 5ml 60%Percoll at the bot-

tom in a 15 ml tube. Mononuclear cells were collected from the cell layer in the

interphase between 45% and 60% Percoll. CD14+ monocytes and macro-

phages were isolated by a magnetic-activated cell sorting using direct CD14

Isolation Kit (Miltenyi Biotec) according to the manufacturer’s instructions.

Hematopoietic Stem/Progenitor Cell Isolation

Fresh human CB was obtained from Sun Yat-Sen Memorial Hospital, accord-

ing to guidelines approved by the ethics boards and the Clinical Research

Committee at Sun Yat-Sen Memorial Hospital. The HSCs were isolated as

previously described (Holt et al., 2010). Briefly, CB mononuclear cells were

separated by density gradient of Ficoll-Hypaque. CD34+ HSCs were isolated

by using direct CD34 Progenitor Cell Isolation Kit (Miltenyi Biotec). More

than 95% of CD34+ cells were positively selected after two rounds of enrich-

ment. The HSCs were transplanted within 24 hr after isolation.

Transplantation of CD34+ Cells and MCF-7 into NOD/SCID Mice

All animal work was conducted in accordance with a protocol approved by

the Institutional Animal Care and Use Committee at the medical college of

Sun Yat-Sen University. Female NOD/SCID mice (3 to 4 weeks old) were in-

jected intraperitoneally with 50 ml of anti-asialo-GM1 antibody (Wako) 24 hr

before HSC transplantation. The mice were subjected to 200 cGy total-

body irradiation 12 hr before being injected with 2 3 105 HSCs in 0.2 ml of

medium via the tail vein. After transplantation, treatment with anti-asialo-

GM1 antibody was repeated once every 4 days for 24 days. The mice

were injected with 0.1 ml of human M-CSF encoding lentiviral vectors at

titers ranging from 5 3 108 to 10 3 108 total TU/ml via the tail vein 1 week

after transplantation. At 8 weeks after HSC transplantation, 5 3 106 MCF-7

cells with indicated treatment were injected into the mammary fat pads of

the mice. To supplement estrogen for MCF-7 growth, each mouse was im-

planted with a 1.5 mg 17b-estradiol pellet (Innovative Research of America)

3 days before MCF-7 injection. For antibody treatment, mice were injected

with CCL18-specific neutralizing antibody (Catalog No. ab9849; abCAM)

and/or GM-CSF-specific neutralizing antibody (Catalog No. MAB215; R&D

Systems) via the tail vein at 10 mg/mouse twice weekly after the xenografts

became palpable (about 0.4 cm in diameter). Tumor growth was evaluated

by monitoring tumor volume (length 3 width2 3 0.5) every 3 days. The

whole-body metastasis burden of animals bearing xenografts that stably ex-

press luciferase was monitored using the IVIS Lumina Imaging System

(Xenogen) every 2 days as previously described (Oskarsson et al., 2011).

The animals were sacrificed when the xenografts reached 1.5 cm in diam-

eter. The plasma, tumor xenografts, lungs, and livers of the sacrificed mice

were harvested for further investigation. Sections (4 mm) of the harvested

organs were immunostained with antibody specific for human cytokeratin

(catalog no. ab756; abCAM), and total RNA was extracted for quantitative

reverse transcription polymerase chain reaction analysis of human hypoxan-

thine phosphoribosyltransferase (HPRT) mRNA expression.

Statistics

All statistical analysis was done using SPSS for Windows version 13.0 (SPSS).

Pearson’s correlation and regression analysis was performed to assess the

relationship between GM-CSF and CCL18 in the serum of patients and human

breast tissuemRNA expression data fromOncomine. Chi-square analysis was

applied to analyze the relationship between GM-CSF expression and clinico-

pathological status. Kaplan-Meier survival curves were plotted, and the log-

rank test was done. Groups of discrete variables were compared by means
-7CCL18 cells alone or in the coculture system as described in (A). The scale bar

es in culture medium with 50 ng/ml GM-CSF for 6 days were re-plated alone or

M-CSF, or anti-CCL18 neutralizing antibody for 20 days. Lower: GM-CSF and

points. All values are mean ± SEM, n = 4 independent experiments of macro-

d with cells cultured alone; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared

ints (p values were obtained using two-tailed Student’s t tests).

es as described in (C). The histograms are representative of four independent

te the MFI.
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Figure 6. The GM-CSF-CCL18 Loop Promotes EMT and Metastasis in a Humanized Mouse Model

MCF-7CCL18 orMCF-7 cells without CCL18 treatment were injected into themammary fat pads of NOD/SCIDmice with or without human hematopoietic stem cell

transplantation. Mice were injected with control IgG, anti-CCL18 neutralizing antibody, and/or anti-GM-CSF neutralizing antibody via the tail vein after the

xenografts became palpable.

(legend continued on next page)
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Figure 7. The GM-CSF-CCL18 Loop Is Asso-

ciated with EMT and Metastasis in Breast

Cancer Patients

(A) Left: representative double IHC staining of GM-

CSF (red) and CCL18 (brown) in breast cancer

samples with low (upper panel; n = 724) or high

(lower panel; n = 293) GM-CSF expression. Right:

quantification of CCL18+ macrophages in human

breast cancer samples (mean ± SEM; ***p < 0.001; p

values were determined using Student’s t tests).

Scale bars represent 50 mm.

(B) Kaplan-Meier survival curve of breast cancer

patients with low (n = 724) and high (n = 293) GM-

CSF expression (p < 0.001 by log-rank test), with a

median follow-up period of 68 months. The number

of surviving patients stratified to the follow-up pe-

riods is indicated below the graph.

(C) Representative IHC staining for E-cadherin,

vimentin, GM-CSF, and CCL18 in the invasive front

and noninvasive front of serial sections from a

human breast cancer sample. The sample usedwas

derived from 1,017 breast cancer cases from three

independent breast cancer centers. Scale bars

represent 50 mm.

See also Tables S1–S3 and Figure S7.
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of the Mann-Whitney U test or Kruskal-Wallis nonparametric analysis of vari-

ance. All experiments for cell cultures were performed independently at least

three times and in triplicate each time. In all cases, p values < 0.05 were

considered statistically significant.
(A) Upper: representative pictures of double immunohistochemical (IHC) staining o

the sections from indicated tumor xenografts. Arrows indicate CCL18+ cells. Inse

Lower: immunoreactive scores of E-cadherin (red) and vimentin (brown) and imm

within indicated xenografts (mean ± SEM, n = 8 for each group; ***p < 0.001 compa

humanized mice treated with control antibody; p values were determined using

(B) Representative bioluminescence imaging (upper panel) and lung and liver secti

cell metastasis (lower panel) in mice treated as in (A). Scale bars represent 50 mm

(C) Bioluminescence signal of lung and liver metastasis in mice with the indicate

p values were determined using Student’s t tests).

(D) Expression of human HPRT mRNA relative to mouse 18S rRNA in the lungs

nonhumanized mice (mean ± SEM, n = 8 for each group; **p < 0.01 and ***p < 0

(E) Tumor size during the course of each indicated treatment (arrow indicates be

(F) Kaplan-Meier analysis of metastasis-free survival in mice with the indicated trea

**p < 0.01 and ***p < 0.001; p values were determined using log-rank tests).

See also Figure S6.
ACCESSION NUMBERS

The Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/)

accession number for the array data reported in this paper is GSE51938.
f E-cadherin (red) and vimentin (brown) or GM-CSF (red) and CCL18 (brown) in

ts show CCL18+ cells at higher magnification. The scale bar represents 50 mm.

unoreactive scores of GM-CSF (red) and CCL18+ cell number counts (brown)

redwith cells in nonhumanizedmice; ##p < 0.01 comparedwithMCF-7CCL18 in

Kruskal-Wallis tests). Abs, antibodies.

ons immunostained with human cytokeratin antibody to indicate human cancer

.

d treatments (mean ± SEM, n = 8 for each group; **p < 0.01 and ***p < 0.001;

and livers of the tumor-bearing mice. Data were normalized to the group of

.001; p values were determined using Student’s t tests).

ginning of the treatment when tumor is palpable). Error bars show ±SEM.

tments. Metastasis was determined by bioluminescence (n = 8 for each group;
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Table 1. Correlation of CCL18 and GM-CSF Expression and Clinical Features in Breast Cancer in the Oncomine Online Database

Fold Change p Value Database (Case Number)

Upregulation of GM-CSF in Triple-Negative Breast Cancer

Triple-negative breast carcinoma versus others 2.174 <0.0001 TCGA Breast (593)

Triple-negative breast carcinoma versus others 2.600 0.013 Stickeler Breast (57)

Triple-negative breast carcinoma versus others 1.113 0.039 Waddell Breast (85)

Triple-negative breast carcinoma versus others 1.192 0.042 Kao Breast (327)

Upregulation of GM-CSF in High-Grade Breast Cancer

Grade III versus grades I and II 1.984 <0.0001 Loi Breast3 (77)

Grade III versus grades I and II 1.041 <0.0001 Curtis Breast (2136)

Grade III versus grades I and II 1.287 0.007 Gluck Breast (158)

Grade III versus grades I and II 1.926 0.015 Stickeler Breast (57)

Correlation of GM-CSF and Poor Prognosis in Breast Cancer

Metastasis at 5 years versus no metastasis at 5 years 1.422 0.002 Kao Breast (327)

Metastasis at 5 years versus no metastasis at 5 years 1.424 0.015 Bos Breast (204)

Metastasis at 5 years versus no metastasis at 5 years 1.077 0.001 Hatzis Breast (508)

Recurrence at 1 year versus no recurrence at 1 year 1.022 0.043 Vandevijver Breast (295)

Upregulation of CCL18 in Triple-Negative Breast Cancer

Triple-negative breast carcinoma versus others 2.053 <0.0001 TCGA Breast (593)

Triple-negative breast carcinoma versus others 2.695 0.006 Bild Breast (158)

Triple-negative breast carcinoma versus others 2.499 <0.0001 Bittner Breast (336)

Triple-negative breast carcinoma versus others 2.842 <0.0001 Chin Breast (118)

Upregulation of CCL18 in High-Grade Breast Cancer

Grade III versus grades I and II 3.771 0.002 Sorlie Breast (167)

Correlation of CCL18 and Poor Prognosis in Breast Cancer

Recurrence at 5 years versus no recurrence at 5 years 3.351 0.003 Ma Breast (60)

Dead at 5 years versus alive at 5 years 1.135 0.007 Vandevijver Breast (295)

Metastasis at 5 years versus no metastasis at 5 years 1.159 0.049 Hatzis Breast (508)

Correlation of GM-CSF and E-cadherin in Breast Cancer

Correlation of GM-CSF and E-cadherin in breast cancer �0.289 <0.0001 Hatzis Breast (508)

Correlation of GM-CSF and E-cadherin in breast cancer �0.116 0.004 TCGA Breast (593)

Correlation of GM-CSF and E-cadherin in breast cancer �0.183 0.001 Bittner Breast (336)

Correlation of GM-CSF and E-cadherin in breast cancer �0.112 0.043 Kao Breast (327)

Correlation of CCL18 and E-cadherin in Breast Cancer

Correlation of CCL18 and E-cadherin in breast cancer �0.090 0.043 Hatzis Breast (508)

Correlation of CCL18 and E-cadherin in breast cancer �0.238 0.015 TCGA Breast (593)

Correlation of CCL18 and GM-CSF in Breast Cancer

Correlation of CCL18 and GM-CSF in breast cancer 0.533 <0.0001 TCGA Breast (593)
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J. (2011). Breast cancer cells produce tenascin C as a metastatic niche

component to colonize the lungs. Nat. Med. 17, 867–874.

Park, B.K., Zhang, H., Zeng, Q., Dai, J., Keller, E.T., Giordano, T., Gu, K., Shah,

V., Pei, L., Zarbo, R.J., et al. (2007). NF-kappaB in breast cancer cells

promotes osteolytic bone metastasis by inducing osteoclastogenesis via

GM-CSF. Nat. Med. 13, 62–69.

Parmiani, G., Castelli, C., Pilla, L., Santinami, M., Colombo, M.P., and Rivoltini,

L. (2007). Opposite immune functions of GM-CSF administered as vaccine

adjuvant in cancer patients. Ann. Oncol. 18, 226–232.

Patsialou, A., Wyckoff, J., Wang, Y., Goswami, S., Stanley, E.R., and

Condeelis, J.S. (2009). Invasion of human breast cancer cells in vivo requires

both paracrine and autocrine loops involving the colony-stimulating factor-1

receptor. Cancer Res. 69, 9498–9506.

Pollard, J.W. (2004). Tumour-educated macrophages promote tumour

progression and metastasis. Nat. Rev. Cancer 4, 71–78.

Qian, B.Z., Li, J., Zhang, H., Kitamura, T., Zhang, J., Campion, L.R., Kaiser,

E.A., Snyder, L.A., and Pollard, J.W. (2011). CCL2 recruits inflammatorymono-

cytes to facilitate breast-tumour metastasis. Nature 475, 222–225.

Serafini, P., Carbley, R., Noonan, K.A., Tan, G., Bronte, V., and Borrello, I.

(2004). High-dose granulocyte-macrophage colony-stimulating factor-

producing vaccines impair the immune response through the recruitment of

myeloid suppressor cells. Cancer Res. 64, 6337–6343.

Slingluff, C.L., Jr., Petroni, G.R., Olson, W.C., Smolkin, M.E., Ross, M.I., Haas,

N.B., Grosh, W.W., Boisvert, M.E., Kirkwood, J.M., and Chianese-Bullock,

K.A. (2009). Effect of granulocyte/macrophage colony-stimulating factor on

circulating CD8+ and CD4+ T-cell responses to a multipeptide melanoma

vaccine: outcome of a multicenter randomized trial. Clin. Cancer Res. 15,

7036–7044.

Solinas, G., Schiarea, S., Liguori, M., Fabbri, M., Pesce, S., Zammataro, L.,

Pasqualini, F., Nebuloni, M., Chiabrando, C., Mantovani, A., and Allavena, P.

(2010). Tumor-conditioned macrophages secrete migration-stimulating
Cancer Cell 25, 605–620, May 12, 2014 ª2014 Elsevier Inc. 619



Cancer Cell

GM-CSF-CCL18 Loop Promotes Breast Cancer Metastasis
factor: a new marker for M2-polarization, influencing tumor cell motility.

J. Immunol. 185, 642–652.

Takeda, K., Hatakeyama, K., Tsuchiya, Y., Rikiishi, H., and Kumagai, K. (1991).

A correlation between GM-CSF gene expression and metastases in murine

tumors. Int. J. Cancer 47, 413–420.

Thiery, J.P. (2002). Epithelial-mesenchymal transitions in tumour progression.

Nat. Rev. Cancer 2, 442–454.

Thiery, J.P., Acloque, H., Huang, R.Y., and Nieto, M.A. (2009). Epithelial-

mesenchymal transitions in development and disease. Cell 139, 871–890.

Tsuchiya, Y., Igarashi, M., Suzuki, R., and Kumagai, K. (1988). Production of

colony-stimulating factor by tumor cells and the factor-mediated induction

of suppressor cells. J. Immunol. 141, 699–708.
620 Cancer Cell 25, 605–620, May 12, 2014 ª2014 Elsevier Inc.
Wang, X., Qi, Z., Wei, H., Tian, Z., and Sun, R. (2012). Characterization of

human B cells in umbilical cord blood-transplanted NOD/SCID mice.

Transpl. Immunol. 26, 156–162.

Wyckoff, J., Wang, W., Lin, E.Y., Wang, Y., Pixley, F., Stanley, E.R., Graf, T.,

Pollard, J.W., Segall, J., and Condeelis, J. (2004). A paracrine loop between

tumor cells and macrophages is required for tumor cell migration in mammary

tumors. Cancer Res. 64, 7022–7029.

Zhang, B., Yin, C., Li, H., Shi, L., Liu, N., Sun, Y., Lu, S., Liu, Y., Sun, L., Li, X.,

et al. (2013). Nir1 promotes invasion of breast cancer cells by binding to

chemokine (C-C motif) ligand 18 through the PI3K/Akt/GSK3b/Snail signalling

pathway. Eur. J. Cancer 49, 3900–3913.



Cancer Cell

Article
Oncogenic Kras Activates a Hematopoietic-
to-Epithelial IL-17 Signaling Axis
in Preinvasive Pancreatic Neoplasia
Florencia McAllister,1,2 Jennifer M. Bailey,3 Janivette Alsina,3 Christopher J. Nirschl,1 Rajni Sharma,6 Hongni Fan,1

Yanique Rattigan,6 Jeffrey C. Roeser,3 Rachana H. Lankapalli,1 Hao Zhang,5 Elizabeth M. Jaffee,1 Charles G. Drake,1

Franck Housseau,1 Anirban Maitra,1,6 Jay K. Kolls,4 Cynthia L. Sears,1 Drew M. Pardoll,1 and Steven D. Leach3,*
1Department of Oncology, Johns Hopkins University, Baltimore, MD 21205, USA
2Division of Clinical Pharmacology, Department of Medicine, Johns Hopkins University, Baltimore, MD 21205, USA
3Department of Surgery and McKusick Nathans Institute of Genetic Medicine, Johns Hopkins University, Baltimore, MD 21205, USA
4Richard King Mellon Foundation Institute for Pediatric Research, Children’s Hospital of Pittsburgh, Pittsburgh, PA 15224, USA
5Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 21205, USA
6Department of Pathology, The Sol Goldman Pancreatic Cancer Research Center, Johns Hopkins University, Baltimore, MD 21205, USA

*Correspondence: leachs@mskcc.org

http://dx.doi.org/10.1016/j.ccr.2014.03.014
SUMMARY
Many human cancers are dramatically accelerated by chronic inflammation. However, the specific cellular
and molecular elements mediating this effect remain largely unknown. Using a murine model of pancreatic
intraepithelial neoplasia (PanIN), we found that KrasG12D induces expression of functional IL-17 receptors
on PanIN epithelial cells and also stimulates infiltration of the pancreatic stroma by IL-17-producing immune
cells. Both effects are augmented by associated chronic pancreatitis, resulting in functional in vivo changes
in PanIN epithelial gene expression. Forced IL-17 overexpression dramatically accelerates PanIN initiation
and progression, while inhibition of IL-17 signaling using genetic or pharmacologic techniques effectively
prevents PanIN formation. Together, these studies suggest that a hematopoietic-to-epithelial IL-17 signaling
axis is a potent and requisite driver of PanIN formation.
INTRODUCTION

A hallmark of many solid tumors is the prominent fibrocellular

stroma surrounding the neoplastic epithelium. This stromal

expansion is especially dramatic in both invasive pancreatic

cancer and its noninvasive precursor lesions. Recent studies

suggest that this stromamay be required for tumormaintenance,

progression, and resistance to chemotherapy (Jacobetz et al.,

2013; Olive et al., 2009; Provenzano et al., 2012). However, infor-

mation has only recently begun to emerge regarding the cellular

and molecular elements mediating this stromal effect. Much

recent attention has been focused on the role of activated
Significance
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stromal fibroblasts in pancreatic tumorigenesis, as these cells

produce a host of factors capable of influencing adjacent malig-

nant epithelium, including TGF-b and Notch pathway ligands

(Bailey and Leach, 2012; Chu et al., 2007). In addition to acti-

vated fibroblasts, analysis of immune cell infiltration has revealed

a prominent inflammatory infiltrate comprisedmainly of immuno-

suppressive myeloid cells, recruited in response to even the

lowest grade, preinvasive pancreatic lesions (Clark et al., 2007).

While oncogenic Kras itself can induce spontaneous infiltra-

tion of immune cells, the additional presence of antecedent

and/or concomitant chronic inflammation also appears to

dramatically modify the initiation and progression of pancreatic
gnancies. In addition to the malignant epithelium, pancreatic
ing mesenchymal and inflammatory cell types. While recent
r maintenance and progression, the specific molecular and
own. Here, we show that IL-17 production from CD4+ T cells
rly pancreatic cancer. Inhibition of IL-17 signaling effectively
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cancer. In mice, pancreatic cancer progression is accelerated in

the presence of associated chronic pancreatitis (Guerra et al.,

2007; Habbe et al., 2008; Kopp et al., 2012), and chronic inflam-

mation itself is capable of inducing metaplastic changes resem-

bling pancreatic intraepithelial neoplasia (PanIN) (Strobel et al.,

2007). In humans, many of the known risks factors for pancreatic

cancer, including chronic pancreatitis, diabetes, alcohol con-

sumption, cystic fibrosis, and tobacco use, are all commonly

characterized by the induction of chronic inflammation (Greer

and Whitcomb, 2009; Hassan et al., 2007; Maisonneuve et al.,

2007; Wittel et al., 2006).

Among the inflammatory cell types potentially mediating this

effect, a subset of IL-17-producing T helper cells (TH17) has

been shown to play an active role in both chronic inflammation

(Kimura et al., 2007) and inflammation induced-tumorigenesis

(Wu et al., 2009; Xiao et al., 2009). TH17 cell differentiation

requires IL-6 and TGF-b, and both factors are abundant in the

pancreatic tumor microenvironment (Lesina et al., 2011; Löhr

et al., 2001). Based on the strong association between chronic

inflammation and pancreatic cancer, we therefore sought to

identify the role of IL-17 producing hematopoietic cells in the

earliest stages of pancreatic neoplasia.

RESULTS

Human Pancreatic Cancer Precursor Lesions Are
Infiltrated by IL-17-Producing T Cells and Overexpress
IL-17 Receptor A
To better characterize inflammatory cell types participating in

early pancreatic neoplasia, we labeled human tissue arrays us-

ing antibodies against RORgt, a transcription factor that directs

differentiation of IL-17-producing T cells (Ivanov et al., 2006).

While RORgt+ cells were rarely identified in normal human

pancreas, they were abundant in human pancreatic preneo-

plastic tissue. RORgt+ cells were localized in the stroma imme-

diately adjacent to areas of acinar-ductal metaplasia (ADM), as

well as early or advanced PanIN (Figure 1A). Compared

to normal, we calculated an �25-fold increase in the abundance

of RORgt+ cells in human chronic pancreatitis and an �50-fold

increase associated with PanIN lesions (Figure S1 available

online).

In order to identify relevant cell types capable of responding to

IL-17, we examined the expression of the IL-17 Receptor

A (IL-17RA) in the same human tissue arrays and we detected

no IL-17RA expression in normal acinar tissue, low levels of

IL-17RA expression in ADMs and higher levels in PanINs (Figures

1B–1E). In transitional lesions containing both cuboidal ADM

cells and tall, columnar PanIN cells, we observed high level stain-

ing in the PanIN component, but low staining in the adjacent

cuboidal ADM cells (Figures 1D and 1F).

Oncogenic Kras and Chronic Pancreatitis
Synergistically Recruit TH17 and IL-17+/gdT Cells to the
Pancreatic Microenvironment
To functionally determine the significance of IL-17 signaling

in early pancreatic neoplasia, we utilized Mist1CreERT2/+;

LSL-KrasG12D (KCiMist1) or control Mist1CreERT2/+ (CiMist1) mice

treated with and without cerulein (Habbe et al., 2008) (Fig-

ure 2A). In the setting of concomitant cerulein-induced
622 Cancer Cell 25, 621–637, May 12, 2014 ª2014 Elsevier Inc.
chronic pancreatitis, these mice rapidly develop murine PanIN

(mPanIN) within 4 weeks following Kras activation, with pro-

gression to advanced mPanIN by 9 weeks posttamoxifen (Fig-

ures S2A–S2D). Similar to other transgenic systems used for

the induction of pancreatic tumorigenesis (Corcoran et al.,

2011), we detected phosphorylation of Stat3 in tamoxifen-

treated KCiMist1 mice, both within the mPanIN epithelium and

in the surrounding stroma (Figure S2E). When we assayed

media conditioned by whole pancreatic suspensions, we

observed a KrasG12D- and chronic pancreatitis-dependent

increase in the production of IL-6, consistent with prior reports

(Corcoran et al., 2011), and IL-17A (Figures S2F and S2G).

Based on the known roles for IL-6 and Stat3 in the peripheral

differentiation of naive CD4+ T helper cells into TH17 cells, we

performed flow cytometry on single cells obtained from colla-

genase-digested pancreas and observed that the relative and

absolute numbers of CD45+ hematopoietic cells displaying

intracellular staining for IL-17A were increased in the mice

with chronic pancreatitis (CiMist1 + CP) or oncogenic Kras

(KCiMist1). A synergistic increase in the number of IL-17A ex-

pressing cells was observed in mice in which KrasG12D activa-

tion was combined with chronic pancreatitis (KCiMist1 + CP)

(Figure 2B). We further assessed multiple cellular markers to

more definitively characterize IL-17A-expressing cells and

found that CD4+ T cells and gdT cells were the two types of

cells that also stained for intracellular IL-17A (Figure 2C).

We observed no colabeling of IL-17 with Gr1, CD11b, CD117,

or NKp46 (data not shown), ruling out macrophages, neutro-

phils, NK cells, mast cells, and MDSCs as significant sources

of IL-17.

In attempting to quantify the relative expression of IL-17 by

TH17 and gdT cells, we noted that while CD4+ T cells were

approximately five times more abundant than gdT cells within

the pancreatic microenvironment from KCiMist1 + CP mice,

only �10% of CD4+ T cells expressed IL-17A, compared to

�50% of gdT cells (Figures 2C and S2H), suggesting that the

contribution of IL-17A from both cellular sources may be similar.

In order to determine how the expression of IL-17A and other

cytokines was dynamically regulated within the CD4+ and gdT

cell compartments during mPanIN formation, we performed

quantitative RT-PCR (qRT-PCR) for IL-17A, IL-22, IFNg, IL-4,

and TNFa on RNA isolated from fluorescence-activated cell sort-

ing (FACS)-sorted CD4+ and gdTCR+ cells harvested from mice

with either chronic pancreatitis alone (CiMist1 + CP), oncogenic

Kras activation alone (KCiMist1) or oncogenic Kras activation

combined with chronic pancreatitis (KCiMist1 + CP). This analysis

revealed that the combination of oncogenic Kras and chronic

pancreatitis synergistically and dramatically activated expres-

sion of IL-17A and IL-22 in both the CD4+ and gdTCR+ popula-

tions, with less pronounced effects observed on expression of

IFNg, IL-4, and TNFa (Figure 2D).

To gain insight into a possible functional contribution of IL-17-

producing cells during early pancreatic neoplasia, we depleted

CD4+ T cells from KCiMist1 + CP mice with weekly GK1.5 injec-

tions. This resulted in a significant delay in PanIN formation,

with no overt change in the overall magnitude of the associated

stromal response (Figures 2E–2G). These findings led us to

hypothesize that IL-17-producing T cells might exert a proneo-

plastic influence during PanIN formation.
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Figure 1. Human Pancreatic Cancer Precursor Lesions Are Infiltrated by IL-17-Producing T Cells and Overexpress the IL-17 Receptor A
(A) Representative sections of RORgt+ cells infiltrating human ADM (left), early PanIN (middle), and advanced PanIN (right). Control sections treated with

hematoxylin for morphological reference are shown on the top panels. Scale bars represent 50 mm.

(B) Immunohistochemical detection of IL-17RA in normal acinar tissue (left, scale bar represents 50 mm), ADMs (middle, scale bar represents 100 mm), and PanIN

lesion (right, scale bar represents 150 mm).

(C) Immunofluorescent detection of IL-17RA on human ADMs (left), early PanIN (middle), and advanced PanIN (right). Scale bars represent 50 mm.

(D) Hematoxylin and eosin (H&E) staining of human tissue containing transitional elements comprised of both ADM and PanIN. Scale bars represent 50 mm.

(E and F) Immunofluorescent detection of IL-17RA on a PanIN (E) and on a transitional ADM (F). Scale bars represent 150 mm.

See also Figure S1.
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Figure 2. Oncogenic Kras and Chronic Pancreatitis Synergistically Recruit TH17and IL-17+ gdT Cells to the PanIN Microenvironment

(A) Protocol followed for tamoxifen-mediated KrasG12D activation and cerulein-mediated induction of chronic pancreatitis in KCiMist1 and CiMist1 mice.

(B) Flow cytometry dot plots for dual labeling of CD45 and intracellular IL-17A on dispersed pancreatic cells from the indicated mice. Control flow chart (Left)

represents pancreatic cells from a KCiMist-1 mouse stained for CD45 only.

(legend continued on next page)
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Pancreatic Overexpression of IL-17A Results in
Accelerated PanIN Initiation and Progression
In order to gain more insights into possible influences of IL-17A

on PanIN initiation and progression, we next performed gain-

of-function studies by injecting IL-17A encoding (AdIL-17A) or

control (Ad-EGFP or Ad-Luc) adenoviruses into the pancreas in

a manner that resulted in relatively uniform adenoviral gene de-

livery (Figures 3A and S3A). Following injection of AdIL-17, we

observed a 40-fold increase in IL-17A in media conditioned by

dissociated pancreatic cells (Figure 3B). To determine the effect

of IL-17A overexpression on PanIN formation, KCiMist1 mice un-

derwent pancreatic adenoviral infection one week following

tamoxifen induction of KrasG12D expression (Figure 3A). These

studies were performed in the absence of associated cerulein

pancreatitis. Six weeks later (7 weeks posttamoxifen), mice

were sacrificed and the pancreas was processed for histopath-

ologic examination and morphometric quantification of total

surface area occupied by ADM, early PanIN, late PanIN, and

fibroinflammatory stroma. In the absence of associated cerulein

pancreatitis, control pancreas displayed only focal changes

comprised predominantly of ADM, with rare associated early

PanIN and minimal stromal expansion (Figures 3C and 3D). In

contrast, overexpression of IL-17 resulted in a dramatic increase

of ADM and PanIN formation, as well as markedly enhanced

stromal expansion as assessed by Masson’s trichrome staining

(Figures 3E and 3F). Mice infected with AdIL-17A displayed

a >4-fold increase in ADM compared to mice infected with

Ad-Luc (3.97 ± 0.89 versus 0.95% ± 0.24%) and a >100-fold

increase in early PanINs (7.5 ± 2.48 versus 0.07% ± 0.14%) (Fig-

ure 3G). Advanced PanINs were absent in the Ad-Luc-infected

control pancreas but occupied 0.75% ± 0.29% of total surface

area in pancreas infected with AdIL-17A (Figure 3G). Using the

same quantification method, the pancreatic surface area occu-

pied by fibroinflammatory stroma was found to be 20-fold

greater in mice infected with AdIL-17 compared to mice infected

with Ad-Luc (31.61 ± 8.31 versus 1.56% ± 0.56%). This IL-17A-

accelerated phenotype, in the absence of cerulein-induced

chronic pancreatitis, was accompanied by an associated reduc-

tion in surface area displaying normal histology (56.15% ±

10.62% for AdIL-17A versus 97.4% ± 0.71% for Ad-Luc)

(Figure 3H). To rule out an inflammatory effect induced by adeno-

virus, we further confirmed no differences between Ad-Luc- and

PBS-injected animals in terms of pancreatic area occupied by

either inflammation or preneoplastic lesions (Figures S3B and

S3C). Finally, by crossing KCiMist1 mice with a Rosa26mTmG line-

age tracing mouse line to produce KCiMist1G mice, we were able

to confirm that IL-17 accelerated PanINs were derived from the

Mist1+ acinar compartment (Figure S3D). In addition to acceler-

ating the appearance and progression of epithelial PanINs, IL-

17A overexpression also accelerated the appearance of GFP+,
(C) Quantification of CD4+ T cells, gdT cells and their double staining with intracell

cells. Results are shown as percent of CD45+ cells ± SEM (n = 3–4).

(D) RT-PCR-based quantification of IFNg, IL-4, TNFa, IL-22, and IL-17A in CD4+

mice. Data was normalized to CiMist1 + CP mice and results were presented as r

(E) Representative H&E staining of pancreatic tissue sections fromKCiMist1+ CPm

bars represent 70 mm.

(F and G) Tridimensional quantification of fractional cross sectional area occupie

tissue (G) in KCiMist1 that received PBS or GK1.5 injection. Results are shown as

See also Figure S2.
E-cadherin� cells entering the stroma through a process of early

EMT (see arrows in Figure S3D) (Rhim et al., 2012). These results

demonstrate that IL-17A is capable of dramatically accelerating

PanIN initiation and/or progression, in a manner similar to that

observed for cerulein pancreatitis.

Genetic Ablation of IL-17A within the Hematopoietic
Compartment Results in Delayed PanIN Initiation and
Progression
The above data suggest that TH17 and IL-17+/gdT cells recruited

to PanIN-forming pancreas may play a functionally significant

role in driving PanIN progression. In order to directly test this

hypothesis, we eliminated hematopoietic IL-17A production in

KCiMist1 mice by lethal irradiation followed by rescue with trans-

planted bone marrow (BM) harvested from IL-17A knockout

mice (KCiMist1/IL-17KO BM). To control for treatment effects unre-

lated to IL-17, we similarly transplanted additional irradiated

KCiMist1 mice with bone marrow harvested from wild-type mice

(KCiMist1/IL-17WT BM). Mice undergoing lethal irradiation and

bone marrow transplant displayed an element of radiation-

induced pancreatic inflammation (Figure S4), obviating the

need for the induction of additional inflammation using cerulein.

Transplants were performed on mice at 8–10 weeks of age, and

tamoxifen induction of KrasG12D expression was performed

8 weeks following bone marrow transplantation (Figure 4A).

Immediately prior to proceeding with tamoxifen injections, we

confirmed functional bone marrow chimerism in KCiMist1/IL-

17KO mice by sacrificing a cohort of these mice, isolating their

splenocytes, placing them in TH17 polarization conditions and

restimulating them with phorbol 12-myristate 13-acetate

(PMA)/Ionomycin. Using flow cytometry for CD45+ and intracel-

lular IL-17A, we confirmed that KCiMist1/IL-17KO BM had indeed

been reconstituted with IL-17AKO bone marrow, as their spleno-

cytes failed to produce significant IL-17A after 1 week of TH17

polarization and restimulation (Figure 4B). Eight weeks after

Kras activation (or 16 weeks after the transplantation), mice

were sacrificed and pancreatic tissue was subjected to morpho-

metric analysis to quantify the total pancreatic surface area

occupied by ADM, PanIN, and fibroinflammatory stroma.

KCiMist1/IL-17KOBMmice displayed a 4-fold reduction in pancre-

atic surface occupied by ADMs (2.41 ± 0.7 versus 11.25% ±

3.19%) and a near complete prevention of PanIN formation

(0.07 ± 0.07 versus 4.62% ± 0.76%) (Figures 4C–4F and 4G).

For PanIN identification, Alcian blue was used to confirm the

presence of mucin in the apical cytoplasm of PanIN cells (Figures

4H and 4I). Masson’s trichrome staining demonstrated a

decrease in collagen deposition in the pancreas of KCiMist1/IL-

17KO BM mice (Figures 4J and 4K) and quantification of the

pancreatic fibroinflammatory stromal component showed that

KCiMist1/IL-17KO BM mice displayed less prominent stromal
ular IL-17A from the indicated mice. TH17 cells were defined as CD45+/IL-17A+

and gdT cells sorted by FACS from the pancreas of KCiMist1 and KCiMist1+ CP

elative expression of cytokines/ sorted cell. SEM from triplicates is shown.

ice that received PBS or GK1.5 injections at 7 weeks after Kras activation. Scale

d by ADMs or PanINs (F) or occupied by fibroinflammatory stroma or normal

mean ± SEM (n = 4) (*p < 0.05; NS, no statistical significance).

Cancer Cell 25, 621–637, May 12, 2014 ª2014 Elsevier Inc. 625
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Figure 3. Pancreatic Overexpression of IL-17A Results in Increased Tumor Initiation and Progression

(A) Protocol for Kras activation and delivery of adenovirus to KCiMist1 mouse pancreas.

(B) ELISA-based quantification of IL-17A production by dispersed pancreatic cells isolated 1 week following injection of the indicated adenovirus. Results are

shown as mean concentration ± SEM (n = 4).

(C–F) Representative H&E (C and E) or Masson’s trichrome (D and F) staining of pancreatic tissue harvested from KCiMist1 mice injected with Ad-Luc (C and D) or

AdIL-17A (E and F) at 7 weeks after Kras activation. Scale bars represent 70 mm.

(G and H) Quantification of fractional cross sectional area occupied by ADM, early PanIN, or advanced PanIN (G) or occupied by fibroinflammatory stroma or

normal tissue (H) in KCiMist1 mice infected with Ad-Luc versus AdIL-17A. Results are shown as mean ± SEM (n = 9–10) (*p < 0.05; **p < 0.01).

See also Figure S3.
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Figure 4. Genetic Ablation of IL-17A within the Hematopoietic Compartment Results in Delayed PanIN Initiation and Progression
(A) Protocol for the generation of KCiMist-1/IL-17AWT BM and KCiMist-1/IL-17AKO BM chimeric animals.

(B) Eight weeks following lethal irradiation and BM transplantation as indicated, splenocytes were cultured in TH17 polarization conditions and restimulated with

PMA/Ionomycin. Bone marrow chimerism was assessed by flow cytometry on polarized splenocytes labeled for cell surface CD45 and intracellular IL-17A.

Double-positive cells were quantified and results expressed as percent of total splenocytes.

(C–F) Representative H&E staining on pancreatic tissue sections from KCiMist-1/IL-17AWT BM (C and D) and KCiMist-1/IL-17AKO BM (E and F) mice at 8 weeks

following KrasG12D activation. Scale bars represent 400 mm (C and E) and 80 mm (D and E).

(G) Quantification of fractional cross-sectional area occupied by ADM or PanIN in the pancreas of indicated mice. Results are shown as mean ± SEM (n = 5–7)

(*p < 0.05; **p < 0.01).

(H and I) Alcian blue staining for mucins on pancreatic tissue sections from KCiMist-1/IL-17AWT BM (H) and KCiMist-1/IL-17AKO BM (I) mice. Scale bars

represent 80 mm.

(legend continued on next page)

Cancer Cell

IL-17 Signaling in Pancreatic Neoplasia

Cancer Cell 25, 621–637, May 12, 2014 ª2014 Elsevier Inc. 627



Cancer Cell

IL-17 Signaling in Pancreatic Neoplasia
expansion than that observed in KCiMist1/IL-17WT BM mice

(12.69 ± 3.04 versus 56.22% ± 6.05%) (Figure 4L). Correspond-

ingly, areas from KCiMist1/IL-17KO BM mice displayed a signifi-

cantly larger pancreatic surface area characterized by normal

histology (84.07% ± 3.6% for KCiMist1/IL-17KO BM versus

27.08% ± 9.8% for KCiMist1/IL-17WT BM) (Figure 4L). These

data confirm the functional significance of IL-17 production by

TH17 and IL-17+/gdT cells in the pathogenesis of early pancreatic

neoplasia.

Pharmacological Neutralization of IL-17 Pathway
Results in Delayed Initiation and Progression of PanINs
Antibody-based neutralization of IL-17 signaling is currently

being evaluated in the treatment of human autoimmune disease

(Genovese et al., 2010; Leonardi et al., 2012; Papp et al., 2012;

van den Berg and Miossec, 2009). In order to determine whether

this clinically-relevant mode of IL-17 inhibition might similarly

abrogate PanIN initiation and progression, we treated KCiMist1 +

CP mice with a cocktail of monoclonal antibodies directed

against IL-17RA (Stagg et al., 2011; Teng et al., 2012) and the

cytokines IL-17A (Sarkar et al., 2009) and IL-17F. Antibodies

were administered by weekly intraperitoneal (IP) injection, with

treatment starting 48 hr prior to tamoxifen induction and followed

by 3 weeks of cerulein injections to induce chronic pancreatitis

(Figure 5A). Morphometric analysis revealed that the fraction of

total pancreatic surface area occupied by ADMs was identical

in control mice and in mice receiving neutralizing antibodies.

However, there was a 4-fold decrease in surface area occupied

by early PanINs (6.5 ± 3.69 versus 26.41% ± 4.67%) and

a >3-fold reduction in advanced PanINs (1.17 ± 1.1 versus

4.86 ± 0.91) in KCiMist1 + CP mice treated with IL-17 pathway

neutralizing antibodies compared to control mice (Figures 5B

and 5C). There was a modest decrease in fibroinflammatory

stromal area in antibody-treated mice (19.3 ± 8.1 versus 32.4 ±

1.3) but this did not reach statistical significance (Figure 5D).

Similarly, the fraction of total pancreatic surface area displaying

normal histology was doubled in mice treated with neutralizing

antibodies compared to controls (64.67 ± 14.4 versus 32.1% ±

6.03%) (Figure 5D). When we performed flow cytometry analysis

for multiple cellular types, we detected a decrease in pancreatic

infiltration by MDSC, neutrophils and macrophages in mice that

received IL-17 neutralizing antibodies (Figure S5). As with

genetic ablation of hematopoietic IL-17, these studies confirm

a critical role for endogenous IL-17 signaling in PanIN initiation

and progression and further suggest that currently available,

clinical-grade neutralizing antibodies may represent a viable

option for pancreatic cancer prevention and/or treatment.

IL-17RA Expression Is Induced in Murine Pancreatic
Epithelium by Oncogenic Kras Activation
We next sought to determine whether the influence of IL-17 on

PanIN initiation and progression was mediated directly on PanIN

epithelial cells. Using a well characterized anti-IL-17RA antibody
(J and K) Masson’s trichrome staining for collagen deposition in pancreas from

represent 40 mm.

(L) Quantification of fractional cross-sectional area occupied by fibroinflammatory

as mean ± SEM (n = 5–7) (*p < 0.05; **p < 0.01).

See also Figure S4.
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(Figures S6A–S6C), we detected minimal pancreatic epithelial

expression of IL-17RA by immunofluorescent labeling of pancre-

atic tissue harvested from either CiMist1 or CiMist1+CP mice (Fig-

ures 6A and 6B). In contrast, we observed significant IL-17RA

expression on the basal membrane of ADM and mPanIN epithe-

lial cells in KCiMist1 mice (Figure 6C) and even more intense

labeling of the more abundant ADMs and mPanINs observed in

KCiMist1 + CPmice (Figure 6D). Furthermore, selected pancreatic

cells undergoing EMT were found to express IL-17RA, as

assessed in KCiMist-1G + CP mouse pancreas by colabeling for

IL-17RA and GFP (Figure S6D). Using E-cadherin labeling to

discern individual cells in KCiMist1 mouse pancreas, we found

that 9.3% ± 4.09% of ADM cells and 23.5% ± 8.07% of PanIN

cells stained positive for IL-17RA (Figures 6E andS6E, left panel).

In KCiMist1 + CP mice, these fractions increased to 33.4% ±

4.52% for ADM cells and 50.5% ± 9.03% PanIN cells (Figures

6E and S6E, right panel). To further confirm and validate the

expression of IL-17RA in the oncogenic epithelium, we examined

IL-17RA expression by qRT-PCR and flow cytometry. In order to

eliminate normal ductal epithelial cells from this analysis, we

again utilized Rosa26mTmG mice, generating KCiMist1G mice in

which GFP effectively marked cells undergoing effective Cre-

based recombination (Figure S6F). Three months following

tamoxifen administration, we observed a dramatic increase in

IL-17RA expression in FACS-isolated PanIN epithelial cells (Fig-

ure 6F). Flow cytometry on single cells harvested from KCiMist1G

and control CiMist1G mice also revealed a 250-fold increase

(2.48% versus 0.01%) in the number of GFP+ cells expressing

IL-17RA in KCiMist1G mouse pancreas compared to CiMist1G

controls, indicating cell-autonomous activation of IL-17RA by

oncogenic Kras (Figure 6G). The induction of IL-17RA expres-

sion by oncogenic Kras was also observed in the context of

chronic pancreatitis, with a >60-fold increase in the fraction

of GFP+/IL-17RA+ cells observed in KCiMist1G + CP mouse

pancreas at 2 months following Kras activation and

a >100-fold increase at 4 months (Figure 6H).

KrasG12D-Induced Activation of IL-17RA Expression
on PanIN Epithelial Cells Is Associated with In Vivo
Functional Responses to IL-17
In order to assess the functionality of IL-17 receptors on onco-

genic pancreatic epithelium, we treated KCiMist1G+ CP mice

that had already developed mPanIN lesions with a cocktail of

monoclonal antibodies directed against IL-17RA and the cyto-

kines IL-17A and IL-17F. Beginning at 6 weeks following Kras

activation, antibodies were administered by two IP injections

during the week prior to sacrifice (Figure 7A). At week 7, mice

were sacrificed and GFP+ mPanIN epithelial cells were isolated

by FACS. Microarray-based whole transcriptome expression

analysis was performed comparing GFP+ cells sorted from

mice that had received IL-17 neutralizing antibodies versus

mice that received IgG isotype control antibodies. When differ-

entially expressed genes were subjected to Ingenuity pathway
KCiMist-1/IL-17AWT BM (J) and KCiMist-1/IL-17AKO BM (K) mice. Scale bars

stroma or normal tissue in the pancreas of indicated mice. Results are shown



Progression

Tamoxifen
IP x 3

weeks
7

A

PBS Anti-IL-17AFR

Neutralizing Antibodies
Anti-IL-17RA, Anti-IL-17A, Anti-IL-17F (Anti-IL-17AFR) 

B

Cerulein
(3 weeks)

41

C D

0

5

10

15

20

25

30

35

ADM Early PanINs Advanced
PanINs

P
er

ce
nt

 o
f s

ur
fa

ce
 a

re
a MKC + PBS

MKC + Anti-IL-17A, IL-
17F, IL-17RA

PBS

anti-IL-17AFR

*

0

10

20

30

40

50

60

70

80

90

Fibro-inflammatory stroma Normal area

P
er

ce
nt

 o
f s

ur
fa

ce
 a

re
a

MKC + PBS

MKC + Anti-IL-17A, IL-
17F, IL-17RA

PBS

anti-IL-17AFR

*

Figure 5. Pharmacological Neutralization of IL-17 Pathway Results in Delayed Initiation and Progression of PanINs

(A) Protocol followed for induction of KrasG12D expression and administration of IL-17 pathway neutralizing antibodies to KCiMist1 mice.

(B) Representative H&E staining on pancreatic tissue sections from KCiMist1 mice that received IL-17RA, IL-17A, and IL-17F neutralizing antibodies or PBS

injection at 7 weeks after Kras activation. Scale bars represent 80 mm for top panels, 40 mm for bottom panels.

(C andD)Quantification of fractional cross sectional area occupied by ADMs or PanINs (C) or occupied by fibroinflammatory stroma or normal tissue (D) in KCiMist1

that received PBS injections (black bars) versus KCiMist1 that received the combination of IL-17RA, IL-17A, and IL-17F neutralizing antibodies (gray bars). Results

are shown as mean ± SEM (n = 4–5) (*p < 0.05; **p < 0.01).

See also Figure S5.

Cancer Cell

IL-17 Signaling in Pancreatic Neoplasia

Cancer Cell 25, 621–637, May 12, 2014 ª2014 Elsevier Inc. 629



Figure 6. Oncogenic Kras Activates IL-17 Receptor A Expression in Early PanIN Epithelium

(A–D) Immunofluorescent detection of IL-17RA expression (red) on pancreatic epithelium in CiMist1 normal pancreas (A), CiMist1 pancreas with associated chronic

pancreatitis (B), KCiMist1 pancreas at 8 weeks following Kras activation (C), and KCiMist1 with chronic pancreatitis at 6 weeks following Kras activation (D). Slides

were colabeled with anti-E-cadherin antibody (green) and DAPI nuclear marker (blue). Red arrow indicates IL-17R staining in stroma. Scale bars represent 80 mm.

(legend continued on next page)
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analysis, multiple IL-17-related functional groups were found to

be downregulated in mPanIN epithelial cells harvested from

mice undergoing pharmacologic inhibition of IL-17 signaling,

confirming a direct in vivo effect of IL-17 on IL-17 receptor-

expressingmPanIN epithelial cells (Figure 7B). In examining indi-

vidual genes, we found that multiple genes previously shown to

be regulated by IL-17 in other systems were also significantly

downregulated in mPanIN epithelial cells isolated from IL-17

neutralized mice, including Cxcl5 (Liu et al., 2011), Lcn2 (Shen

et al., 2005), Muc5ac (Fujisawa et al., 2009), Rgs13 (Xie et al.,

2010), and Il6 (Ogura et al., 2008; Wang et al., 2009) (Figures

7C and 8A; Table S1). Among these,Muc5ac and Il6 have previ-

ously been associated with pancreatic tumor progression (Hoshi

et al., 2011; Lesina et al., 2011). Other genes associated with

pancreatic tumorigenesis but not previously known to be regu-

lated by IL-17 were also found to be downregulated in the

same cohort, includingMmp7 (Fukuda et al., 2011),Dclk1 (Bailey

et al., 2013), Muc4 (Chaturvedi et al., 2007; Singh et al., 2004),

Ctse (Cruz-Monserrate et al., 2012), Tff1 (Prasad et al., 2005),

andOnecut2 (Prévot et al., 2012) (Figure 7C; Table S1). Together,

these findings implicate a direct hematopoietic-to-epithelial

IL-17 signaling axis as a critical regulator of early pancreatic

neoplasia.

Based on the known role of IL-6/Stat3 signaling in pancreatic

neoplasia, we further investigated the association between loss

of IL-17 signaling and downregulated IL-6 expression. Using

qRT-PCR, we noted a 90% decrease in Il6 expression in

FACS-isolated mPanIN epithelial cells following even a single

week of neutralizing antibody-based IL-17 signaling blockade

(Figure 8A). A similar loss of Il6 expression was observed in

pancreatic tissue harvested from KCiMist1/IL-17KO BMmice (Fig-

ure 8B). Additional evidence that this decrease in IL-6 expression

was functionally significant was provided by examination of

Stat3 activation in mPanIN epithelial cells. Compared to mPanIN

lesions arising in KCiMist1/IL-17WTBMmice, less abundant PanIN

epithelial cells arising in KCiMist1/IL-17KO BM mice displayed a

marked reduction in phospho-Stat3 (Figure 8C), consistent

with loss of IL-17-dependent IL-6 expression.

DISCUSSION

The critical role of host immunity in regulating the early stages of

tumorigenesis is well established (Grivennikov et al., 2010), and

mounting evidence has demonstrated the frequent failure to

mount an effective antitumor immune response within the tumor

microenvironment. In pancreatic cancer, many alterations in the

microenvironment appear to occur as a direct response to onco-

genic Kras. Besides a cell-autonomous influence on pancreatic
(E) Quantification of IL-17RA expressing cells, expressed as percent of all E-cadhe

lesions (ADMs and PanINs) from 5 mice were quantified (*p < 0.05; **p < 0.01).

(F) Relative expression of IL-17RA quantified by TaqMan RT-PCR onGFP+ cells so

(n = 3).

(G) FACS-based quantification of cells expressing cell surface IL-17RA in com

8weeks postoncogenic Kras activation. The ‘‘CiMist1G negative control’’ panel dep

secondary antibody only; these cells were used to establish subsequently utiliz

nonviable cells.

(H) FACS-based quantification of cells expressing cell surface IL-17RA in combin

staining was used to exclude nonviable cells. For clarity, only theGFP+ fraction is d

See also Figure S6.
epithelial cells, epithelial Kras activation also induces dramatic

stromal remodeling and expansion, including the recruitment

of both proinflammatory and immunosuppressive cell popula-

tions. Prior work in the field has begun to elucidate the cellular

and soluble components mediating interactions between

neoplastic pancreatic epithelium and adjacent inflammatory

cells. Among these, GM-CSF and other soluble factors have

recently been implicated in tumor-induced expansion and

recruitment of immunosuppressive cell populations (Bayne

et al., 2012; Pylayeva-Gupta et al., 2012), while IL-8 and the

IL-6-Stat3 pathway contribute to the induction of a protumori-

genic inflammatory microenvironment (Fukuda et al., 2011;

Lesina et al., 2011; Sparmann and Bar-Sagi, 2004). In turn,

inflammatory cells and other stromal elements exert a potent

effect on Kras-activated epithelial cells, as the induction of

chronic pancreatitis accelerates the process of pancreatic

tumorigenesis in both mice and humans.

Our work now implicates a hematopoietic-to-epithelial IL-17

signaling axis as another important driver of PanIN initiation

and progression. Previous studies have demonstrated that

IL-17A can elicit protumorigenic effects through a variety of

mechanisms. In a spontaneous genetic model of prostate can-

cer, a prior report demonstrated that mice deficient of an IL-17

receptor expressed in prostatic tumorigenic epithelium had a

reduced incidence of invasive prostate adenocarcinoma,

indicating that IL-17 may promote the formation and growth of

prostate adenocarcinoma (Zhang et al., 2012). In a different

study using lymphoma, prostate and melanoma cell line xeno-

grafts, the absence of IL-17RA was associated with decreased

tumor growth (He et al., 2010). Similarly, depletion of IL-17 not

only decreased DMBA/TPA–induced inflammation and keratino-

cyte proliferation, but also delayed skin papilloma development

(Xiao et al., 2009).

Although these studies and our results suggest that proinflam-

matory TH17 cells accelerate early neoplasia, the effects of IL-17

on pancreatic cancer growth may be complex. Several trans-

plantable tumor models have reported an anti-tumorigenic role

(Garcia-Hernandez et al., 2010). With respect to pancreatic

cancer, it has been reported that murine pancreatic cancer cells

engineered to produce IL-6 display enhanced infiltration by TH17

cells and reduced growth rates following subcutaneous injection

into syngeneic mice, suggesting that TH17 cells may retard

pancreatic tumorigenesis (Gnerlich et al., 2010). However, func-

tional studies of infiltrating TH17 cells were not conducted in this

study, and their increased recruitment may simply reflect known

effects of IL-6. In addition, prior studies have correlated TH17 cell

infiltration and plasma IL-17A levels with poor prognosis in

pancreatic cancer patients (He et al., 2011; Vizio et al., 2012).
rin+ cells in ADM or PanIN lesions. Results are shown asmean ± SEM. Multiple

rted fromCiMist1 mice versus KCiMist-1 mice. Results are shown asmean ± SEM

bination with GFP as a marker of effective Cre-based recombination in mice

icts cells harvest fromCiMist1G control mice receiving no tamoxifen labeled with

ed GFP and IL-17RA gates. Propidium iodide staining was used to exclude

ation with GFP following oncogenic Kras activation and CP. Propidium iodide

epicted in the FACS plots. Results are expressed as percent of total GFP+ cells.
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Figure 7. KrasG12D-Induced Activation of IL-17RA Expression on PanIN Epithelial Cells Is Associated with In Vivo Functional Responses to

IL-17A

(A) Protocol followed for induction of KrasG12D expression in KCiMist1G mice followed by delayed treatment with IL-17 signaling neutralizing antibodies and

subsequent FACS-isolation of GFP+ PanIN epithelial cells for microarray.

(legend continued on next page)
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Figure 8. IL-17 Neutralization Is Associated with Decreased IL-6/p-Stat3 Epithelial Activation

(A) Relative expression of Il6 in GFP+ cells sorted from KCiMist1Gmice treated for 1 week with IL-17 signaling neutralizing antibodies. Results are shown asmean ±

SEM (n = 4) (*p < 0.05; **p < 0.01).

(B) Relative expression of Il6 in pancreatic whole tissue from KCiMist/IL-17WTBM versus KCiMist/IL-17WT mice. Results were presented as relative expression of Il6

(2-DCT). Results are shown as mean ± SEM (n = 4) (*p < 0.05).

(C) Immunohistochemistry for phosphorylated Stat3 (pStat3) in dysplastic pancreatic epithelium of KCiMist/IL-17WT BM versus KCiMist/IL-17KO mice (bottom

panel). Scale bars in top panels represent 80 mm. Bottom panels are showing detailed dysplastic epithelium from top panels.
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Nevertheless, it is clearly possible that IL-17 signaling may exert

opposing influences on pancreatic tumorigenesis at different

stages of the disease and in the context of variability in the
(B) Top Ingenuity canonical pathways enriched among genes that were significan

signaling neutralizing antibodies. As indicated on y axis, pathways are sorted ba

(C) Relative expression of representative genes quantified by TaqMan RT-PCR.

See also Table S1.
host immune response. It should also be noted that many of

our experiments were performed in the setting of concomitant

inflammation, potentially amplifying the role played by IL-17.
tly downregulated in GFP+ cells sorted from KCiMist1G mice treated with IL-17

sed on p value. Arrows indicate pathways directly related to IL-17 signaling.

Results are shown as mean ± SEM (n = 3) (*p < 0.05; **p < 0.01).
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However, the fact that RORgt-expressing cells are also found in

human PanIN, and the fact that oncogenic Kras can itself induce

inflammation (Clark et al., 2007), suggest that our observations

may indeed be broadly applicable.

When we analyzed IL-17-producing cell types associated

with early pancreatic neoplasia, we found that both TH17 cells

and gdT cells were specifically recruited to the pancreatic

preneoplastic microenvironment, with both cell types likely

contributing similar amounts of IL-17. In addition to the roles of

TH17 cells described above, IL-17-producing gdT cells have

been similarly implicated in chronic inflammatory conditions

and autoimmune pathologies (Braun et al., 2008; Ito et al.,

2009), as well as in tumor progression (Wakita et al., 2010). As

we have not specifically studied the individual roles of TH17 cells

and gdT cells during PanIN formation, it is important to recognize

that other hematopoietic cell types may in fact be important

sources of IL-17; in this regard, our FACS analyses indicate

that TH17 cells and gdT cells together account for approximately

75% of all CD45+, IL-17-expressing cells within the PanIN

microenvironment.

Regardless of its source, our results suggest that IL-17may, at

least in part, exert its proneoplastic effects by direct interaction

with IL-17 receptors on emerging PanIN epithelium, whose

expression is activated in a cell-autonomous manner by onco-

genic Kras. Using whole transcriptome analysis of FACS-

isolated PanIN epithelial cells, we observe dramatic changes in

previously defined IL-17-dependent gene expression signatures

following even short term loss of IL-17 signaling, confirming the

in vivo functionality of hematopoietic-to-epithelial IL-17 signaling

in early pancreatic neoplasia. Among the genes displaying IL-17-

dependent expression in IL-17 receptor-expressing PanIN

epithelial cells was IL-6, previously identified as a critical driver

of pancreatic neoplasia (Lesina et al., 2011). This decrease in

epithelial IL-6 expression observed following IL-17 inhibition

was associated with loss of phospho-Stat3 in PanIN epithelial

cells. Although these data are merely correlative, they imply

that IL-17 and IL-6-Stat3 signaling may cooperatively accelerate

PanIN initiation.

In addition to direct effects of IL-17 on PanIN epithelial cells,

we are aware of possible additional indirect effects. In this

regard, it has also been shown that IL-17A can promote tumor-

igenesis by signaling through IL-17RA present on mesen-

chymal or endothelial cells (Numasaki et al., 2004; Takahashi

et al., 2005), and this could represent an additional mechanism

explaining the protumorigenic effect of IL-17 in our model. A

recent report (Chung et al., 2013) further emphasizes the role

of IL-17 in modulating the tumor vasculature by directing the

effector function of MDSCs and in inducing fibroblast-mediated

secretion of proinflammatory cytokines. It has been previously

reported that IL-17 is required for the development of MDSCs

in tumor-bearing mice, as a defect in IL-17RA reduces the

number of tumor-infiltrating MDSCs (He et al., 2010). We

have observed a significant decrease in MDSCs in the PanIN

microenvironment after neutralizing IL-17 signaling, suggesting

that another mechanism for IL-17’s tumor-promoting effect

might be through the differentiation and/or recruitment

of MDSCs. As we have observed that IL-6 expression by

pancreas-infiltrating MDSCs is dramatically activated in both

KCiMist1 and KCiMist1 + CP mice (data not shown), this effect
634 Cancer Cell 25, 621–637, May 12, 2014 ª2014 Elsevier Inc.
may also contribute to the loss of IL-6-Stat3 signaling we

observe in the absence of IL-17.

In addition to studies in the mouse, we were also able to

confirm that human PanIN lesions exhibit upregulated expres-

sion of IL-17RA and that human ADMs as well as PanINs are

infiltrated by RORgt-expressing cells. Together, these studies

identify a therapeutically targetable signaling axis of potential

relevance in the treatment and/or prevention of pancreatic

cancer.

EXPERIMENTAL PROCEDURES

Detailed materials and methods are provided in Supplemental Experimental

Procedures.

Genetically Engineered Mice

All animal experiments were conducted in compliance with the National

Institute of Health guidelines for animal research and approved by the Institu-

tional Animal Care and Use Committee of the Johns Hopkins University. A

tamoxifen-inducible Mist1CreERT2/+ (CiMist1) driver strain was used to activate

a conditional lox-stop-lox-KrasG12D allele, as previously described (Habbe

et al., 2008). A cohort of KCiMist1 mice was also crossed onto a Cre-sensitive

double fluorescent reporter line, Rosa26mTmG (Muzumdar et al., 2007). The

resulting triple transgenic Mist1CreERT2/+;LSL-KrasG12D;R26mTmG (KCiMist1G)

mice enabled FACS-based isolation of KrasG12D-expressing cells by virtue of

simultaneous GFP activation.

Human Pancreatic Tissue Microarrays

Tissue microarrays containing wide range of normal pancreas, ADM and

PanIN were constructed using paraffin tissue blocks. This study was Johns

Hopkins University-Institutional Review Board (IRB) exempt as no protected

health information was used.

Dissociation of Adult Mouse Pancreas

Whole adult mouse pancreas was harvested and digested in 1 mg/ml

collagenase-P (Boehringer Mannheim) at 37�C for 30 min. Following multiple

washes with Hank’s balanced salt solution (HBSS) supplemented with 5%

FBS, collagenase-digested pancreatic tissue was filtered through a 600 mm

polypropylene mesh (Spectrum Laboratories) and spun down. The pellet

was then diluted in trypsin (0.05%) (Mediatech) and incubated at 37�C for

5 min. After multiple washes, cells were finally filtered through a 100 mm cell

strainer and directly resuspended in HBSS for flow cytometry.

Adenoviral Infection

Adenovirus (5 3 109 plaque-forming units [pfu] suspended in 50 ml) encoding

either GFP (Ad-EGFP), Luciferase (Ad-Luc), or IL-17A (Ad-IL-17A) (Schwarzen-

berger et al., 1998) were injected directly into multiple sites throughout the

pancreatic parenchyma. A cohort of mice was sacrificed 1 week following

adenoviral injection to assess for expression of encoded genes, using fluo-

rescent microscopy for detection of eGFP in mice injected with Ad-EGFP

and ELISA for detection of IL-17A in mice injected with either Ad-IL-17A or

Ad-Luc. A second cohort of mice was sacrificed at 7 weeks following Kras

activation.

Neutralizing Antibody Administration

Monoclonal neutralizing antibodies against IL-17RA, IL-17A, and IL-17F were

generously provided by Amgen (Sarkar et al., 2009; Stagg et al., 2011; Teng

et al., 2012).

Bone Marrow Preparation and Transplantation

Femurs and tibias were harvested from sacrificed donor mice and the bone

marrow was flushed with RPMI from bone canals into a Petri dish. The flushed

marrowwere then filtered through a 100 mmcells strainer. Cells were then spun

and resuspended in sterile PBS at a concentration of 10,000,000 cells/200 ul.

Recipient mice were irradiated with a total of 900 cGy and allowed to rest

for 6 hr. Mice were then injected retro-orbitally with bone marrow cells
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(10,000,000 cells/mouse) using an intradermal 26 G 3 3/8 syringe. Mice were

evaluated for effective bonemarrow chimerism at 8 weeks after the transplant.

RNA Isolation and Gene Array Analysis

RNA was immediately isolated from GFP+ sorted PanIN epithelial cells using

the QIAGEN RNeasy extraction kit. Gene array analysis was performed using

Mouse exon microarrays 1.0 ST (Affymetrix).

Statistical Analysis

Data are summarized as mean ± SEM. Data were analyzed using GraphPad

Prism (GraphPad Software). Comparisons between groups where data were

normally distributed were made with Student’s t test, and comparisons among

multiple groups or nonparametric data were made with ANOVA. Significance

was accepted at a p value < 0.05.

ACCESSION NUMBERS

Microarray data has been deposited at Gene Expression Omnibus (accession

number GSE54753).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2014.03.014.
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SUMMARY
To identify regulatory drivers of prostate cancer malignancy, we have assembled genome-wide regulatory
networks (interactomes) for human and mouse prostate cancer from expression profiles of human tumors
and of genetically engineered mouse models, respectively. Cross-species computational analysis of these
interactomes has identified FOXM1 and CENPF as synergistic master regulators of prostate cancer malig-
nancy. Experimental validation shows that FOXM1 and CENPF function synergistically to promote tumor
growth by coordinated regulation of target gene expression and activation of key signaling pathways
associated with prostate cancer malignancy. Furthermore, co-expression of FOXM1 and CENPF is a robust
prognostic indicator of poor survival andmetastasis. Thus, genome-wide cross-species interrogation of reg-
ulatory networks represents a valuable strategy to identify causal mechanisms of human cancer.
INTRODUCTION

It is widely appreciated that cancer is not a single entity but rather

a highly individualized spectrum of diseases characterized by a
Significance

Genetically engineered mouse models have been widely used
ical investigations. However, inherent species differences often
mice to human cancer. Here we introduce a strategy using cro
latory networks for the effective integration of experimental find
enables the identification of conserved master regulators of m
ergistic interaction. This computational paradigm should be br
cer, as well as integrating preclinical analyses from mouse to

638 Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc.
large number of molecular alterations (Hanahan and Weinberg,

2011). Distinguishing those that constitute true drivers of cancer

phenotypes from the multitude that are simply deregulated has

proven to be a daunting task, which is further exacerbated by
for in vivo analyses of cancer phenotypes as well as preclin-
hinder the appropriate extrapolation of studies performed in
ss-species computational analysis of context-specific regu-
ings frommouse models and human cancer. This approach
alignant prostate cancer, as well as elucidation of their syn-
oadly applicable for elucidating causal mechanisms of can-
man.
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the complexity of elucidating how such drivers interact synergis-

tically to elicit cancer phenotypes. In this regard, prostate cancer

is particularly challenging because its notorious heterogeneity,

combined with a relative paucity of recurrent gene mutations,

has made it especially difficult to identify molecularly distinct

subtypes with known clinical outcomes (Baca et al., 2013;

Schoenborn et al., 2013; Shen and Abate-Shen, 2010). Addition-

ally, whereas most early-stage prostate tumors are readily

treatable (Cooperberg et al., 2007), advanced prostate cancer

frequently progresses to castration resistance, which is often

metastatic and nearly always fatal (Ryan and Tindall, 2011; Scher

and Sawyers, 2005). Thus, there is a pressing need to identify

bona fide determinants of aggressive prostate cancer as well

as prognostic biomarkers of disease outcome.

Analysis of genetically engineered mouse models (GEMMs)

can circumvent inherent challenges associated with the intrinsic

complexity of more heterogeneous human cancer phenotypes.

Indeed, investigations of mouse models of prostate cancer

have contributed to characterization of disease-specific path-

ways, led to the identification of biomarkers of disease progres-

sion, and provided useful preclinical models for prevention and

therapy (Irshad and Abate-Shen, 2013; Ittmann et al., 2013).

Following the description of an initial transgenic model nearly

20 years ago, there are now numerous GEMMs that collectively

model key molecular pathways deregulated in human prostate

cancer and recapitulate the various stages of disease pro-

gression, including preinvasive lesions (prostatic intraepithelial

neoplasia; PIN), adenocarcinoma, castration resistance, and

metastasis (Irshad and Abate-Shen, 2013; Ittmann et al., 2013).

However, inherent species differences often hinder direct

comparative analyses of mouse models and human cancer.

Indeed, such analyses would greatly benefit from computa-

tional approaches that enable accurate cross-species inte-

gration of regulatory information from mouse to man. Recent

advances in systems biology have led to the reverse engineer-

ing of regulatory networks (interactomes) that integrate large-

scale data sets encompassing expression profiles, protein-pro-

tein interactions, genomic alterations, and epigenetic changes

associated with cancer and other diseases (Lefebvre et al.,

2012). However, whereas individual analyses of human and

murine interactomes have led to relevant biological discoveries,

their cross-species interrogation has not been systematically

implemented.

Here, we introduce an approach for accurate cross-species

analysis of conserved cancer pathways based on reverse

engineering of genome-wide regulatory networks (i.e., interac-

tomes) representing both human and mouse prostate cancer.

To accomplish this, we have produced a regulatory network

based on in vivo perturbation of a repertoire of mouse cancer

models and implemented comparative analysis with a comple-

mentary regulatory network generated from human prostate

cancer data sets. Cross-species computational interrogation of

these paired interactomes, followed by experimental and clinical

validation, has elucidated the synergistic interaction of FOXM1

and CENPF as a driver of prostate cancer malignancy. We

propose that analyses of genome-wide, cross-species regula-

tory networks will provide an effective paradigm for elucidating

causal mechanisms of human cancer and other complex

diseases.
RESULTS

We developed a strategy for genome-wide interrogation of can-

cer phenotypes based on accurate integration of experimental

data from model organisms and human cancer (Figure 1). First,

we generated regulatory networks (interactomes) for human

and mouse prostate cancer using the Algorithm for the Recon-

struction of Accurate Cellular Networks (ARACNe; Basso et al.,

2005; Margolin et al., 2006b). We next evaluated the suitability

of these mouse and human interactomes for cross-species

interrogation using a computational approach to assess the

global conservation of their transcriptional programs. We then

used the Master Regulator Inference algorithm (MARINa; Carro

et al., 2010; Lefebvre et al., 2010) to infer candidate master reg-

ulators that act individually or synergistically to drive malignant

prostate cancer. Finally, we performed experimental studies

to validate synergistic interactions of master regulators, to

elucidate underlying mechanisms, and to evaluate their clinical

relevance.

Assembly of Interactomes for Human and Mouse
Prostate Cancer
ARACNe is an unbiased algorithm that infers direct transcrip-

tional interactions based on the mutual information between

each transcriptional regulator and its potential targets. For

optimal analyses, ARACNe requires large data sets of gene

expression profiles (R100) having significant endogenous (i.e.,

genetic) and/or exogenous (i.e., perturbation-induced) hetero-

geneity. To assemble a human prostate cancer interactome,

we analyzed the expression profile data set reported elsewhere

(Taylor et al., 2010), which is ideally suited for ARACNe because:

(1) it is relatively large (n = 185) and diverse, including primary

tumors, adjacent normal tissue, metastases, and cell lines; (2)

its primary tumors encompass the full range of pathological

Gleason scores and have well-annotated clinical outcome

data; and (3) it displays extensive genetic diversity and tumor

heterogeneity, as shown by t-Distributed Stochastic Neighbor

Embedding (t-SNE) analysis (Figure 2; Table S1 available online).

Notably, interactomes assembled from three alternative human

prostate cancer data sets (Table S1) were neither as complete

nor as extensive (data not shown).

To assemble a corresponding mouse prostate cancer interac-

tome, it was first necessary to generate an expression profile

data set of appropriate size and representing sufficient expres-

sion variability. We selected 13 distinct GEMMs, which together

represent the full spectrum of prostate cancer phenotypes,

including normal epithelium (wild-type), low-grade PIN (Nkx3.1

and APT), high-grade PIN, and adenocarcinoma (APT-P, APC,

Myc, NP, Erg-P, and NP53), castration resistance (NP-AI), and

metastatic prostate cancer (NPB,NPK, and TRAMP; Figure S1A;

Table S2). To further increase the variability of the expression

profiles, we introduced a controlled set of exogenous pertur-

bations by in vivo administration of 13 small-molecule pertur-

bagens to each GEMM. Perturbagens were selected for their

clinical relevance and/or ability to modulate key prostate cancer

pathways, including hormone signaling (testosterone, calcitriol,

and enzalutamide); PI3 kinase activity (MK2206, LY294002,

and rapamycin); MAP kinase activity (PD035901); tyrosine kinase

activity (imatinib, dasatinib, and sorafenib); NFkB signaling
Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc. 639



Figure 1. Strategy for Genome-wide Cross-

Species Analyses of Prostate Cancer

Schematic representation of the overall strategy.

Step I: assembly of human and mouse prostate

cancer interactomes. Step II: genome-wide

computational analysis of conservation of tran-

scriptional regulon activity in the mouse and

human prostate cancer interactomes. Step III:

master regulator analysis for identification of

conserved master regulators and prediction of

synergy. Step IV: validation of candidate master

regulators using functional, molecular, and clinical

analyses.
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Figure 2. Heterogeneity of Human and Mouse Data Sets Used for Interactome Assembly
t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis of human and mouse data sets used to assemble the prostate cancer interactomes. (Left) t-SNE

analysis of the Taylor data set relative to Gleason score (GS). (Middle) Schematic representation of GEMMs used to assembly the mouse prostate cancer

interactome. t-SNE analysis showing relative distribution of the GEMMs. (Right) Schematic diagram depicting perturbagens used to treat the GEMMs. t-SNE

analysis showing the relative distribution of perturbagens for a representative GEMM (i.e., the NP mice).

See also Figure S1 and Tables S1 and S2.
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(BAY 11-7082); JAK/STAT activity (WP1066); and chemotherapy

(docetaxel; Supplemental Experimental Procedures). Following

pilot studies to define appropriate doses and schedule (Figures

S1B–S1D), we adopted a universal treatment schedule of one

treatment per day for 5 days with dosage determined inde-

pendently for each perturbagen (Supplemental Experimental

Procedures).

The resulting data set comprises 384 gene expression profiles,

corresponding to the 13 GEMMs each treated with the 13 per-

turbagens or vehicles. t-SNE analysis revealed that the resulting

mouse data set represented an extensive range of expression

variability, as required for ARACNe (Figure 2). Specifically,

whereas expression profiles from the same GEMMs and

perturbagens clustered together, the diverse GEMMs and per-

turbagens provided independent and highly effective axes to

modulate gene expression variability.

ARACNe was run independently on the human and mouse

data sets using a conservative mutual information threshold

(p % 1.0 3 10�9, i.e., p % 0.05 Bonferroni corrected for all

candidate interactions). This resulted in highly robust regulatory

networks—in particular, the ‘‘human interactome’’ represented

249,896 interactions between 2,681 transcriptional regulators

and their inferred target genes (Figure 3A; Table S3), whereas

the ‘‘mouse interactome’’ represented 222,787 interactions for

2,072 transcriptional regulators (Figure 3A; Table S4).

Analysis of Genome-wide Conservation of
Transcriptional Regulatory Pathways
Because it has been previously established that target-by-target

analysis may not be optimal to evaluate cross-species interac-

tome conservation (e.g., Zhang et al., 2012), we developed a

quantitative metric to compare conservation of the human and

mouse interactomes. In particular, we developed a modification
of theMARINa algorithm that allows for single-sample analysis to

infer the differential activity of all 2,028 transcriptional regulators

represented in both interactomes. Analysis was performed on

1,009 expression profiles across the four human data sets (Table

S1) and the mouse data set (described herein) to determine

whether the inferred activities of each regulator were significantly

correlated (p % 0.05), indicating that the murine and human

regulatory programs were conserved (Supplemental Experi-

mental Procedures). The accuracy of this metric was evident

by comparing two equivalent same-species interactomes from

the human and mouse data sets (i.e., positive controls), in which

virtually all transcriptional regulators were conserved (>90%), in

contrast to randomized interactomes (i.e., negative controls),

which had virtually no conservation (Figure 3B).

Using this metric, we found that 70%of the transcriptional reg-

ulators in the human and mouse prostate cancer interactomes

regulate statistically conserved programs (p % 0.05; Figure 3C;

Table S5). Notably, among the conserved transcriptional regula-

tors are many genes important in prostate cancer, such as AR,

ETS1, ETV4, ETV5, STAT3, MYC, BRCA1, and NKX3.1 (Shen

and Abate-Shen, 2010; Figure 3A; Table S5). In particular, AR

displayed extensive correlation of its transcriptional activity

between the human and mouse interactomes (Figure 3D),

consistent with its known role as a key regulator of prostate

development and tumorigenesis (Ryan and Tindall, 2011; Shen

and Abate-Shen, 2010).

Cross-Species Computational Analysis Identifies
Synergistic Master Regulators of Malignant Prostate
Cancer
To identify master regulators (MRs) of malignant prostate cancer

(Figure 4), we used the MARINa algorithm, which identifies

candidate MRs based on the concerted differential expression
Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc. 641



Figure 3. Genome-wide Conservation Ana-

lyses of the Human and Mouse Prostate

Cancer Interactomes

(A) ARACNe subnetworks from the human and

mouse prostate cancer interactomes highlighting

selected conserved transcriptional regulators. The

scaled size of the transcriptional regulator nodes

(colored circles) indicates the degree of conser-

vation while the relative distance between them

approximates the strength of their association.

(B and C) Histograms (density plots) showing

conservation of transcriptional regulator activity

between the human and mouse prostate can-

cer interactomes. (B) Distribution of correlation

coefficients of activity profiles of transcriptional

regulators for randomized interactomes (negative

control; purple line) and the positive control inter-

actomes for human (yellow) and mouse (green;

Supplemental Experimental Procedures). (C) Dis-

tribution of Z score for conservation of activity

profiles between the human and mouse inter-

actomes at p % 0.05.

(D) Comparison of the androgen receptor (AR)

activity levels in each sample from Taylor et al.

(top) and the mouse data set (bottom) showing the

Spearman correlation coefficient.

See also Tables S3, S4, and S5.
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of their ARACNe-inferred targets (i.e., their inferred differential

activity, DA). Specifically, ‘‘activated’’ MRs have positively regu-

lated and repressed targets significantly enriched among over-

and underexpressed genes, respectively, while ‘‘repressed’’

MRs have the converse. We interrogated the human prostate

cancer interactome using a gene signature representing prostate

cancer malignancy derived from the Taylor data set as described

elsewhere (Aytes et al., 2013), which compares aggressive

prostate tumors (Gleason score R 8 with rapid biochemical

recurrence; n = 10) to indolent ones (Gleason score 6 tumors

with no biochemical recurrence; n = 39). This analysis identified

175 candidate MRs, including 49 activated and 126 repressed

(p % 0.05; Figure 4A; Table S6).

To investigate the robustness of these MRs, we performed

MARINa analysis using an independent malignancy signature

derived from the Balk data set (Table S1; Stanbrough et al.,
642 Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc.
2006), which compares castration-resis-

tant (n = 29) with hormone-naive disease

(n = 22). The MRs identified from the Balk

malignancy signature (Table S6) signifi-

cantly overlapped with those identified

from the Taylor malignancy signature

(36 in common; Fisher exact test p <

0.0001; Table S6). Furthermore, MARINa

analyses of 15 independent interactomes

revealed that the MRs inferred from two

independent prostate cancer interac-

tomes significantly overlapped with those

inferred from the Taylor prostate cancer

interactome (p < 7 3 10�9 and p < 8 3

10�20, Fisher exact test), whereas the

overlap of MRs inferred from 13 nonpros-
tate cancer-specific interactomes were orders of magnitude less

significant (Supplemental Experimental Procedures). Thus, MRs

of human prostate cancer malignancy are consistent across

independent prostate cancer malignancy signatures, but depen-

dent on a context-specific prostate cancer interactome.

To identify corresponding mouse MRs of malignancy, we per-

formedMARINa analysis on four independent GEMMsignatures,

which embody the diverse range of prostate cancer phenotypes

represented among the GEMMs (Figure S2A; Table S2; Supple-

mental Experimental Procedures). Meta-analysis of the resulting

MRs from these independent GEMM signatures led to identifica-

tion of 229 candidate mouse MRs, including 110 activated and

119 repressed MRs (p % 0.001; Figure 4A; Table S7).

The independent list of human and mouse MRs were then in-

tegrated to produce a ranked list of 20 conservedMRs, including

seven activated and 13 repressed (joint p value: p % 0.0074 by



Figure 4. Conserved Master Regulators of Malignant Prostate Cancer

(A) (left) Master regulators (MRs) were identified using human or mouse malignancy signatures; differential activity (DA) is based on enrichment of activated (red)

and repressed (blue) targets. DE, differential expression. (Right) Venn diagram showing integration of independent lists of activated MRs from human (49) and

mouse (110) with an overlap of seven conserved MRs. Clinical features of all human MRs versus the conserved MRs showing the percentage associated with

disease outcome (using a COX proportional hazard model) and the percentage that are differentially expressed in advanced prostate cancer (from Oncomine).

(B) Conserved activated MRs are shown for the human (left) and mouse (right) malignancy signatures, depicting their positive (activated; red bars) and negative

(repressed; blue bars) targets. The ranks of differential activity (DA) and differential expression (DE) are shown by the shaded boxes; the numbers indicate the rank

of the DE in the malignancy signature.

(C) Summary of conservedMRs showing joint p value from human andmouseMARINa analysis, calculated using Stouffer’s method; p value for COX proportional

hazard regression model applied to mRNA expression levels and predicted MR activity; and average p values for differential expression of MRs in metastatic

versus nonmetastatic primary tumors.

(D) Computational synergy analysis depicting FOXM1 and CENPF regulons from the human (left) and mouse (right) interactomes showing shared and nonshared

targets. Red corresponds to overexpressed targets and blue to underexpressed targets; the p value for the enrichment of shared targets is shown.

See also Figure S2 and Tables S6 and S7.
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Stouffer’s method; Figures 4A and 4B; Figure S2B). Notably,

these conservedMRsweremore likely to be associated with dis-

ease outcome than the nonconserved ones, as assessed by a

univariate COX proportional hazard regression model (p %

0.05), and were also more likely to be differentially expressed
in aggressive prostate tumors (Figures 4A and 4C; Supplemental

Experimental Procedures).

We focused our subsequent analysis on the activated

conserved MRs, each of which has been associated with can-

cer-related biological processes: CHAF1A (chromatin activity);
Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc. 643
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TRIB3 (regulation of cell signaling in transcriptional control);

FOXM1 (cell cycle progression); CENPF (mitosis); PSRC1

(growth control); TSFM (translational elongation); and ASF1B

(regulation of nucleosome assembly; Figure 4B). We further

prioritized these MRs by computationally evaluating their poten-

tial synergistic interactions. In particular, any pair of MRs was

considered ‘‘synergistic’’ if their coregulated ARACNe-inferred

targets were more significantly enriched in the malignancy

signature than in their individual targets (p % 0.001; Carro

et al., 2010; Lefebvre et al., 2010). Among all possible pairs of

conserved activated MRs, the only pair that was statistically

significant was FOXM1 and CENPF (Figure 4D). Notably, both

FOXM1 and CENPF are expressed in aggressive prostate

tumors and predicted to be associated with disease outcome

(Figure 4C; Supplemental Experimental Procedures). Strikingly,

among all activated (rather than conserved) human MRs

identified, only FOXM1 and CENPF were predicted to be both

synergistic and of potential clinical relevance (Supplemental

Experimental Procedures). Thus, cross-species analyses of

conserved MRs identified a single MR synergy pair of potential

clinical relevance.

Cosilencing FOXM1 and CENPF Synergistically
Abrogates Prostate Tumor Growth
To evaluate their individual and potential synergistic functions in

prostate cancer, we silenced FOXM1 and/or CENPF individually

or together in four human prostate cell lines, DU145, PC3,

LNCaP, and 22Rv1, which have differing tumorigenic properties

and responses to androgen signaling (Figure 5A; Figure S3A).

Notably, each of these cell lines express high levels of FOXM1

and CENPF mRNA; however, LNCaP does not have detectable

CENPF protein (Figure 5B; Figures S3B–S3E), and therefore

provides an excellent negative control for synergy analysis. To

silence FOXM1 and/or CENPF, we engineered doxycycline-

inducible lentiviral vectors expressing shRNAs for FOXM1 or

CENPF or a control shRNA, as well as an RFP or GFP reporter

(Figure 5A; Supplemental Experimental Procedures); analyses

were done using two independent shRNA to minimize concerns

about off-target effects (Figure S3). We distinguish ‘‘synergistic’’

versus ‘‘additive’’ effects of FOXM1 and CENPF by first extrap-

olating their ‘‘predicted additivity’’ based on their individual

silencing using a log-linear model, and then comparing this pre-

dicted value to the ‘‘actual’’ (observed) effect following their co-

silencing using a one-sample t test; if the ‘‘actual’’ is statistically

greater than the ‘‘predicted additive,’’ we conclude that FOXM1

and CENPF are synergistic rather than additive (Supplemental

Experimental Procedures).

Whereas individual silencing of FOXM1, and, to a lesser

extent, CENPF, resulted in reduced cellular proliferation, the

actual reduction following their cosilencing was statistically

greater (p < 0.01; one-sample t test) than the predicted additive,

and is therefore synergistic for each cell line that expresses both

FOXM1 and CENPF proteins (Figure S3F). Similarly, with respect

to colony formation, whereas individual silencing of FOXM1

or CENPF reduced the number of colonies, their cosilencing

resulted in nearly complete abrogation of colony formation in

each cell line expressing both FOXM1 and CENPF proteins

(p < 0.001; one-sample t test; Figures 5C and 5D; Figures S3G

and S3H). Importantly, cosilencing of FOXM1 and CENPF was
644 Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc.
not associated with reduced viability, apoptosis, or further cell

cycle arrest relative to their individual silencing (Figures S3I–

S3K), suggesting that their observed synergy was not simply

due to induction of cell death or was secondary to cell cycle

arrest.

To investigate their consequences for tumor growth in vivo, we

engrafted DU145 cells expressing silencing vectors for FOXM1

and/orCENPF (or controls) into immunodeficient mice andmoni-

tored tumor growth (Figures 5E–5H). Consistent with the cell cul-

ture studies, individual silencing of FOXM1 or CENPF resulted

in a modest but statistically significant reduction in tumor growth

(2-fold, p% 0.002 and 1.5-fold, p% 0.002, respectively), as well

as tumor weight (2.3-fold, p % 0.007, and 1.6 fold, p % 0.01,

respectively) (Figures 5F and 5G). However, cosilencing of

FOXM1 and CENPF resulted in a complete abrogation of tumor

growth (10.2-fold reduced, p%0.000013) and a profound reduc-

tion in tumor weight (12.9-fold, p % 0.000011; Figures 5F and

5G). Notably, the actual inhibition of tumor growth following

cosilencing of FOXM1 and CENPF was significantly greater

than the predicted additive inhibition (3.3-fold difference, p %

0.00026; one sample t test; Figure 5F), supporting the conclusion

that FOXM1 and CENPF synergistically regulate tumor growth

in vivo.

To further evaluate the synergistic activity of FOXM1 and

CENPF for tumor growth, we developed an in vivo competition

assay (Figures 5I–5K). Specifically, we infected DU145 cells

with silencing vectors expressing an FOXM1 shRNA and an

RFP reporter (red) or a CENPF shRNA and an GFP reporter

(green), or both lentiviruses (yellow; Figure 5I). As negative con-

trols, we infected DU145 cells with control vectors lacking the

FOXM1 or CENPF shRNA but expressing the fluorescent re-

porters. We then implanted equal numbers of viable red, green,

or yellow cells from the experimental or control groups into

immunodeficient mice. Following 1 month of growth in vivo,

the resulting tumors were isolated and the percentage of red,

green, and yellow cells were quantified by fluorescence-acti-

vated cell sorting.

Tumors derived from control cells (n = 4) were comprised of

equivalent numbers of red (34% ± 0.6%), green (34% ± 2.7%),

and yellow (33% ± 1.2%) cells, indicating that the respective len-

tiviral vectors offer no selective growth advantage (p % 0.614;

Hotelling’s one-sample T-squared test; Figures 5J and 5K). In

striking contrast, tumors derived from the experimental cells

(n = 7) were comprised primarily of green CENPF-silenced cells

(57% ± 3.5%) and red FOXM1-silenced cells (41% ± 2.6%),

whereas there were virtually no yellow cosilenced cells (2.0% ±

0.3%; Figures 5J and 5K). This profound selection against cells

cosilenced for FOXM1 and CENPF was highly significant (p %

0.0001; Hotelling’s one-sample T-squared test; Figure 5K),

which further supports the conclusion that FOXM1 and CENPF

synergistically regulate tumor growth in vivo.

FOXM1 and CENPF Coregulate Gene Expression and
Control Tumorigenic Signaling Pathways in Prostate
Cancer
To investigate the mechanism(s) underlying the observed activ-

ities of FOXM1 and CENPF, we assessed the consequences

of their individual versus cosilencing for expression of their

ARACNe-inferred common (shared) target genes (Table S3).



Figure 5. Functional Validation of FOXM1 and CENPF

(A) Human prostate cancer cells were infected with lentiviral silencing vectors expressing shRNA for FOXM1 and/or CENPF (or control) and either an RFP (red) or

GFP (green) reporter. Unless otherwise indicated, analyses were done using two independent shRNAs for each gene and in four independent prostate cancer cell

lines (DU145, PC3, LNCaP, 22Rv1); in most cases data using shRNA1 are shown.

(B) Western blot analysis showing expression of FOXM1 or CENPF proteins in DU145 cells with the indicated shRNAs.

(C and D) Colony formation assay. (C) Representative analyses of DU145 cells with an shRNA for FOXM1 and/or CENPF (or the control) with colonies visualized

using crystal violet. (D) Quantification of colonies using ImageJ.

(E–H) Analysis of tumor growth in vivo. (E) DU145 cells expressing an shRNA for FOXM1 and/orCENPF, or the control, were implanted subcutaneously intomouse

hosts. Beginning on day 7, mice were administered doxycycline to induce shRNA expression and tumor growth was monitored for 1 month. (F) Tumor growth

curves for the indicated shRNA. The dashed line shows the predicted additive effect of cosilencing FOXM1 and/or CENPF. (G) Tumor weights at the time of

sacrifice. (H) Representative tumors. In (D), (F), and (G) the predicted additive was estimated based on the consequences of individual silencing of FOXM1 and

CENPF using a log-linear model; the p value, calculated using a one-sample t test, indicates the significance between the predicted additive versus the actual

(observed) consequences of cosilencing FOXM1 and CENPF.

(I–K) In vivo competition assay. (I) Equal numbers of DU145 cells expressing the control shRNA (control cells), or the experimental shRNA for FOXM1 and/or

CENPF (experimental cells) as well as RFP or GFP were implanted into mouse hosts. Beginning on day 7, mice were administered doxycycline to induce shRNA

expression and tumor growth wasmonitored for 1 month, then tumors were collected and fluorescence-activated cell sorting was performed to quantify the total

number of red, green, or yellow cells in individual tumors for control and experimental groups. (J) Representative fluorescence-activated cell sorting plots showing

the percentage of red, green, or yellow cells relative to the total number of fluorescent cells. (K) (top) Graphs show the average percent of red, green, and yellow

cells in the control tumors (n = 4) or experimental tumors (n = 7); p values correspond to a Hotelling’s one-sample t test. (Bottom) Representative tumors. Error

bars represent ± SD.

See also Figure S3.
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Figure 6. FOXM1 and CENPF Synergistically Regulate Gene Expression and Control Tumorigenic Signaling Pathways in Prostate Cancer

(A) Validation of ARACNe-inferred shared targets of FOXM1 and CENPF. The graphs show relative mRNA expression levels, normalized to GADPH, for the

indicated genes in the cell lines shown following individual or cosilencing of FOXM1 and CENPF. The p values (indicated by *) show the significance of the

predicted additive effect versus actual effect on gene expression calculated using a one-sample t test (*p < 0.01; **p < 0.001).

(B) Chromatin immunoprecipitation followed by qPCR of genomic binding sites of FOXM1. Cells were infected with a lentivirus expressing V5-tagged FOXM1 as

well as an shRNA for CENPF (or a control) and ChIP was done using an anti-V5 antibody. Data are expressed as fold enrichment of FOXM1 binding normalized to

input.

(C) Subcellular localization of FOXM1 and CENPF in prostate cancer cells after silencing. Shown are microphotographs of immunofluorescence staining for

FOXM1 or CENPF in the control or silenced cells as indicated. Arrows indicate subcellular localization. Scale bars represent 1 mm.

(D and E) Consequences of silencing FOXM1 and/or CENPF for gene expression profiling in DU145 cells. (D) Heatmaps of differentially expressed genes. Colors

correspond to levels of differential expression; red corresponds to overexpression and blue to under-expression. Selected genes differentially expressed

following cosilencing are indicated. (E) Heatmaps showing leading edge genes of biological pathways enriched by cosilencing of FOXM1 andCENPF as assessed

by gene set enrichment analysis.

(F) Western blot analyses showing expression of the indicated markers of the PI3-kinase and MAP kinase signaling pathways in DU145 and PC3 prostate cancer

cells silenced for FOXM1 and/or CENPF, as indicated. Error bars represent ± SD.

See also Figure S4 and Tables S8 and S9.
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Although target gene expression was somewhat reduced by

their individual silencing, cosilencing of FOXM1 and CENPF pro-

duced a significantly greater reduction for themajority of targets,
646 Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc.
consistent with coregulation of target gene expression by

FOXM1 and CENPF (Figure 6A; Figure S4). Furthermore, using

chromatin immunoprecipitation (ChIP) followed by quantitative
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PCR, we found that binding by FOXM1 to its known genomic

sites on shared target genes was reduced following silencing

of CENPF (Figure 6B), suggesting that CENPF is required for

appropriate genomic binding by FOXM1. Interestingly, although

we did not observe a direct protein-protein interaction of FOXM1

and CENPF in co-immunoprecipitation assays (data not shown),

we observed that FOXM1 and CENPF were colocalized in the

nucleus of prostate cancer cells and that their subcellular coloc-

alization was mutually dependent (Figure 6C). In particular,

silencing of CENPF resulted in the redistribution of FOXM1 to

the cytoplasm as well as the nucleus, and conversely silencing

of FOXM1 resulted in the accumulation of CENPF at the nuclear

periphery (Figure 6C). Notably, subcellular colocalization of

FOXM1 and CENPF was also observed in human prostate tu-

mors and was associated with disease outcome (see below).

Taken together, our findings suggest that FOXM1 and CENPF

coregulate expression of shared target genes in prostate cancer

cells, at least in part, through their subcellular colocalization.

To elucidate molecular pathways underlying the synergistic

interaction of FOXM1 andCENPF for tumor growth, we analyzed

expression profiles from prostate cancer cells in which they were

individually silenced or cosilenced (Figure 6D; Table S8). The

differentially expressed genes following individual silencing of

FOXM1 or CENPF included a majority of their ARACNe-inferred

targets (p = 0.0028 for enrichment of FOXM1 targets; p% 0.001

for CENPF targets), further confirming the accuracy of the

ARACNe analysis (Table S8). Inspection of these differentially

expressed genes, as well as gene set enrichment analysis of en-

riched biological pathways confirmed the known individual func-

tions of FOXM1 and CENPF as regulators of cellular proliferation

and/or mitosis (Tables S8 and S9).

However, cosilencing of FOXM1 andCENPF revealed an addi-

tional repertoire of significantly differentially expressed genes

and enriched biological pathways (Figures 6D and 6E; Tables

S8 and S9), including several pathways associated with tumori-

genesis: ‘‘cell cycle’’ (normalized enrichment score [NES] 1.32;

p % 0.001), ‘‘stress pathway’’ (NES 1.58; p % 0.01), ‘‘regulation

of insulin-like growth factor’’ (NES 1.89; p% 0.001), ‘‘signaling by

NGF’’ (NES 1.25; p% 0.001), ‘‘metabolism of amino acids’’ (NES

1.25; p % 0.01), ‘‘PI3-Akt signaling’’ (NES 1.89; p % 0.001),

‘‘MAP kinase pathway’’ (NES 1.34; p % 0.008), ‘‘telomere main-

tenance’’ (NES 1.35; p % 0.01), and ‘‘cell adhesion molecules’’

(NES 1.32; p % 0.001).

Notable was the enrichment of PI3-kinase and MAP kinase

signaling pathways following cosilencing of FOXM1 and CENPF

(Figure 6E; Table S9) because these constitute established hall-

marks of aggressive prostate cancer (Aytes et al., 2013; Taylor

et al., 2010). As evident by western blot analysis, both pathways

are completely abrogated following cosilencing of FOXM1 and

CENPF (Figure 6F), suggesting that therapeutic targeting of

FOXM1 and CENPF in prostate cancer cells may be effective

for inactivation of these signaling pathways.

Co-Expression of FOXM1 and CENPF Is a Prognostic
Indicator for Human Prostate Cancer
We next asked whether expression of FOXM1 and/or CENPF is

associated with cancer progression and/or outcome by analysis

of tissue microarrays (TMAs; Figure 7A; Table S1). In particular,

we analyzed a high-density TMA containing primary tumors
from a large cohort of patients (n = 916) that had undergone pros-

tatectomy at Memorial Sloan-Kettering Cancer Center (MSKCC)

from 1985 to 2003 (Donovan et al., 2008). These cases have

extensive clinical follow-up data for up to 20 years, including

time to biochemical recurrence, prostate cancer-specific sur-

vival, and time tometastasis (Table S1).We also evaluated a sec-

ond TMA from the rapid autopsy program at the University of

Michigan, which contains prostate cancer metastases (n = 60),

including 6 lung, 11 liver, 22 lymph node, and 14 other sites

(Shah et al., 2004).

Analysis of the MSKCC prostatectomy TMA revealed that

FOXM1 and CENPF were overexpressed in 33% and 37% of

all cases, respectively, (n = 821 informative cases) with a trend

toward increased expression in tumors with higher Gleason

scores (Figure 7A; Figure S5A). Furthermore, analysis of the

Michigan metastasis TMA revealed that FOXM1 and CENPF

were expressed in most of the prostate cancer metastases

(88% and 90%, respectively; n = 53 informative cases; Fig-

ure 7A). Moreover, FOXM1 and CENPF were frequently co-

expressed and colocalized in the nucleus in both the MSKCC

prostatectomy TMA (Spearman’s Rho = 0.57, p % 2 3 10�16)

and the Michigan metastasis TMA (Spearman’s Rho = 0.43,

p % 1 3 10�3; Figure 7A). Additionally, at the mRNA level,

overexpression of FOXM1 and CENPF was well correlated in

advanced prostate cancer and metastases from independent

cohorts of human prostate cancer (Figure S5B).

To determine whether expression of FOXM1 and/or CENPF is

associated with disease outcome, we first defined four groups of

patients from the MSKCC TMA based on their expression levels:

(1) low/normal expression of both FOXM1 and CENPF (n = 418);

(2) high expression of FOXM1 and low/normal expression of

CENPF (n = 97); (3) high expression of CENPF and low/normal

expression of FOXM1 (n = 133); and (4) high expression of

both FOXM1 and CENPF (n = 173). Kaplan-Meier survival anal-

ysis revealed that patients having elevated expression of both

FOXM1 and CENPF had the worst outcome for three indepen-

dent clinical endpoints, namely, time to biochemical-free recur-

rence (p % 4.4 3 10�6), death due to prostate cancer (p %

5.93 10�9), and time to metastasis (p% 1.03 10�16; Figure 7B).

Notably, subcellular colocalization of FOXM1 and CENPF in

prostate tumors was also associated with the worst outcome

for all three independent clinical endpoints (Figure S5A). In

contrast, elevated expression of only FOXM1 or CENPF was

either not significant or marginally significant for biochemical

recurrence and prostate-specific survival (p % 0.053 and p %

0.011 for FOXM1, respectively; p % 0.078 and p % 0.402 for

CENPF, respectively), and was 10 to 13 orders of magnitude

less significant for time to metastasis (p % 0.001 for FOXM1

and p % 3.1 3 10�6 for CENPF; Figure 7B).

We independently corroborated the association of FOXM1

and CENPF with disease outcome in two independent human

prostate cancer data sets that had not been used for training

purposes elsewhere in this study; namely, the Glinsky data set,

in which biochemical recurrence is the clinical endpoint (Glinsky

et al., 2004), and the Sboner data set, in which the clinical

endpoint is prostate cancer-specific overall survival (Sboner

et al., 2010; Table S1). Using these independent cohorts, we

evaluated the mRNA expression levels of FOXM1 and CENPF

as well as their MARINa-inferred transcriptional activity
Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc. 647



Figure 7. Clinical Validation of FOXM1 and CENPF in Human Prostate Cancer

(A) Analysis of tissue microarrays (TMAs). Representative images from the MSKCC prostatectomy TMA and the Michigan metastasis TMA showing FOXM1 and

CENPF protein expression; Spearman correlation of their co-expression with p value is shown. Scale bars represent 10 mm (lower primary tumor) or 100 mm

(all others).

(B) Kaplan-Meier survival analysis based on protein expression levels of FOXM1 and CENPF in MSKCC prostatectomy TMA with respect to time to biochemical

recurrence, time to prostate cancer-specific death, or time to metastatic progression.

(C) Kaplan-Meier survival analysis based on the ARACNe-inferred activity levels of FOXM1 and CENPF (Supplemental Experimental Procedures) in two inde-

pendent human prostate cancer data sets using biochemical recurrence-free survival (Glinsky et al., 2004) or prostate cancer-specific survival (Sboner et al.,

2010) as disease endpoints. In (B) and (C), the p values correspond to a log-rank test and indicate the statistical significance of the association with outcome for

each indicated branch compared to control (i.e., patients with low activity levels of both FOXM1 and CENPF, blue line curve).

(D) C-statistics analysis, based on the protein levels of FOXM1 and CENPF from the MSKCC TMA, using death due to prostate cancer and time to metastasis as

evaluation endpoints.

See also Figure S5.
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(Supplemental Experimental Procedures; Figures 7C and S5C).

We then performed Kaplan-Meier survival analysis comparing

four patient groups: (1) those with low inferred activity or expres-

sion for FOXM1 and CENPF; (2) those with high inferred activity

or expression only for FOXM1; (3) those with high inferred activity

or expression only for CENPF; and (4) those with high inferred

activity or expression for both FOXM1 and CENPF. Similar to

our analysis of the TMA, patients with high inferred activity or

mRNA expression for both CENPF and FOXM1 were associated

with the worst outcome in both cohorts, as measured by
648 Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc.
biochemical recurrence (p % 0.000065) and prostate cancer-

specific survival (p % 0.000040; (Figures 7C and S5C). Notably,

these findings reveal that their MARINa-inferred activities are

well correlated with the actual protein expression of FOXM1

and CENPF, and further demonstrate the striking association

of their co-expression/co-activity with poor disease outcome.

Finally, association of FOXM1 and CENPF protein expres-

sion with disease outcome using C-statistics revealed its robust

prognostic value for disease-specific survival (C = 0.71; CI 0.59–

0.84, p % 0.00024), as well as time to metastasis (C = 0.77;
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CI 0.71–0.83, p % 3.0 3 10�19; Figure 7D). Notably, co-expres-

sion of FOXM1 and CENPF proteins dramatically improves

prognosis over Gleason score alone for both disease-specific

survival (C = 0.86; CI 0.80–0.93, p % 1.0 3 10�30; p value for

improvement p % 0.00020) and time to metastasis (C = 0.86;

CI 0.81–0.89, p % 6.5 3 10�58; p value for improvement, p %

5.3 3 10�13; Figure 7D). Taken together, these analyses

of independent clinical cohorts and using distinct statistical

models demonstrate that co-expression of FOXM1 and CENPF

is a robust prognostic indicator of poor disease outcome and

metastasis.

DISCUSSION

Recent advances in whole-genome analyses are providing an

increasingly high-resolution view of the multitude of genetic,

genomic, and epigenetic alterations associatedwith cancer phe-

notypes. Given the staggering number of potential interactions,

identification of the true causal drivers and essential synergistic

interactions represents a considerable challenge. In the current

study, we have demonstrated that cross-species interroga-

tion of genome-wide context-specific regulatory networks can

address this challenge by dramatically winnowing the candidate

gene interactions that implement the regulatory programs under-

lying cancer phenotypes. In particular, we have introduced a

comprehensive systems approach to interrogate complemen-

tary regulatory networks for human and mouse prostate cancer

to identify conserved causal regulators and to elucidate syner-

gistic interactions among them. These studies have led to the

identification of FOXM1 and CENPF as synergistic master regu-

lators of prostate cancer malignancy and robust prognostic bio-

markers of aggressive prostate cancer. We propose that this

overall approach for genome-wide cross-species analysis will

be generally applicable for identifying synergistic interactions

that drive physiologic and pathologic phenotypes in cancer

and other diseases.

The genome-wide assembly and cross-species interrogation

of human andmouse prostate cancer regulatory networks repre-

sents a major conceptual advance. A critical requirement was

the generation of a mouse prostate cancer interactome from a

data set of appropriate size and expression heterogeneity. We

incorporated the diversity afforded by genetically and pheno-

typically distinct mouse models of prostate cancer obtained

through a community effort (see Supplemental Experimental

Procedures), in combination with exogenous perturbations

administered to each mouse model. This strategy has led to

the successful construction of a genome-wide, context-specific

mouse interactome for the study of prostate cancer, and is

generalizable for the generation of interactomes for a wide range

of physiologic and pathologic phenotypes.

A second critical requirement was the development of

an informative algorithm to determine whether the human and

mouse prostate cancer interactomes represented conserved

regulatory programs, thus enabling accurate and robust

cross-species integrative analysis. Toward this end, we intro-

duced a metric for quantitative assessment of conservation of

regulatory networks, which revealed that the large majority of

regulatory programs represented by these networks are highly

conserved (>70%). Although the current study is focused on
prostate cancer interactomes assembled using ARACNe, this

general approach for evaluating conservation can be used for

cross-species analyses of regulatory networks for other cancers

or other diseases and can be readily adapted for analyses

of networks inferred using alternative algorithms, such as those

based on the Context Likelihood of Relatedness and Bayesian-

networks algorithms (Akavia et al., 2010; Faith et al., 2007).

Indeed, we envision that the ability to quantitatively evaluate

conservation of cross-species regulatory programs will be

broadly applicable for other physiological and pathological

comparisons, and particularly beneficial for accurate integra-

tion of preclinical findings from genetically engineered mice to

human clinical trials.

A third critical requirement for the success of our approach

was our ability to effectively mine these cross-species regulatory

networks to identify conserved master regulators of cancer

malignancy and to identify their synergistic interactions. The

MARINa algorithm used for these analyses infers ‘‘master regu-

lators’’ as genes that most significantly regulate the transcrip-

tional program associated with a particular phenotype (in this

case, prostate cancer malignancy), and hence are rate-limiting

drivers of the phenotype (Carro et al., 2010; Lefebvre et al.,

2010). Notably, MARINa also provides an effective computa-

tional tool for analyses of synergistic interactions among master

regulators (Carro et al., 2010); indeed, our unbiased interrogation

of �2,000 transcriptional regulators represented in the interac-

tomes led to identification of a single synergistic pair, namely

FOXM1 and CENPF. The power of this approach suggests that

it may be of general value in dissecting polygenic dependencies

in cancer and other diseases.

Although both FOXM1 and CENPF have been implicated in

various cancers, our study has uncovered their unexpected

synergistic interaction. FOXM1 encodes a forkhead domain

transcription factor that is frequently overexpressed in many

different types of cancer, including prostate (Alvarez-Fernandez

and Medema, 2013; Halasi and Gartel, 2013a; Kalin et al., 2011;

Koo et al., 2012). Many previous studies have established a role

for FOXM1 in regulation of cellular proliferation, DNA damage,

genomic stability, drug resistance, and metastasis, and have

shown that it interacts with other key regulators such as b-cate-

nin and MYB (Lefebvre et al., 2010; Zhang et al., 2011). In pros-

tate cancer, gain- or loss-of-function of FOXM1 in vivo have been

shown to elicit modest effects on tumor growth (Cai et al., 2013;

Kalin et al., 2006).

CENPF (also known as mitosin or LEK1 in mouse), a known

target of FOXM1, has also been implicated in various cancers,

although not previously in prostate, and in some cases has

been shown to undergo gene amplification and to be associated

with disease outcome (Ma et al., 2006; Varis et al., 2006). How-

ever, the actual functional role of CENPF has been more elusive

and difficult to reconcile. In particular, whereas CENPF is named

for its association with the centromere-kinetochore protein com-

plex, such association is transient and, in fact, CENPF has other

functions, including regulation of mitosis and cellular prolifera-

tion (Bomont et al., 2005; Feng et al., 2006; Holt et al., 2005),

which are mediated in part by protein interactions (Ma et al.,

2006; Varis et al., 2006).

Thus, although the individual functions of FOXM1 and CENPF

in cancer had been well studied, their synergistic interaction
Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc. 649
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could not have been anticipated from previous analyses. Cumu-

latively, our findings suggest that co-expression of FOXM1 and

CENPF in prostate cancer leads to coregulation of transcrip-

tional programs, which ultimately result in activation of the key

signaling pathways associated with prostate cancermalignancy,

including the PI3K and MAPK signaling pathways. Because

FOXM1 and CENPF can each be targeted pharmacologically

(Halasi and Gartel, 2013b; Pan and Yeung, 2005; Radhakrishnan

et al., 2006), their inhibition may provide an effective means

of treating advanced prostate cancer; indeed, therapeutic tar-

geting of FOXM1 and CENPF may help overcome the complex

feedback mechanisms that have hindered therapeutic targeting

of PI3K and MAPK signaling pathways.

Furthermore, we envision that by using alternative gene

signatures that represent other prostate cancer phenotypes,

genome-wide cross-species analysis of master regulators and

their potential synergistic interactions may help to define

molecular subtypes of prostate cancer, which have thus far

been elusive. More broadly, our general approach to elucidate

conserved and functionally relevant gene interactions can be

applied tomany tumor contexts as well as other human diseases

for which appropriate model systems are available.

EXPERIMENTAL PROCEDURES

Assembly of Interactomes and Master Regulator Analyses

Expression profile data sets for human prostate cancer are described in Table

S1. GEMMs are described in Table S2 and their representative histopathology

shown in Figure S1A. A description of perturbagen treatments is provided in

the Supplemental Experimental Procedures. Human and mouse interactomes

were assembled using the ARACNe algorithm (Margolin et al., 2006a). Details

of the resulting human and mouse networks are provided in Tables S3 and S4,

respectively. Analysis of cross-species network conservation was done using

a modification of the MARINa algorithm described in the Supplemental Exper-

imental Procedures. Master regulator analysis and computational synergy

analysis were performed using MARINa (Carro et al., 2010; Lefebvre et al.,

2010). Master regulators for the human and mouse interactomes are provided

in Tables S6 and S7, respectively.

Functional Validation

Gene silencing of FOXM1 and CENPF as well as forced expression of FOXM1

were done using lentiviral shRNAs or expression vectors (Open Biosystems

and CCSB Human ORFeome Library, respectively). Human cancer cell lines

used for functional studies were obtained from ATCC. All experiments using

animals were performed according to protocols approved by the Institutional

Animal Care and Use Committee at Columbia University Medical Center.

Tissue Microarray Analyses

All studies involving human subjects were approved by the Institutional Review

Board of MSKCC or University of Michigan. TMAs were constructed with

approval from the Human Biospecimen Utilization Committee and Institutional

Review Board; consent was obtained from all patients, as required. Analysis of

protein expression of FOXM1 and CENPF was performed using a high-density

TMA (Donovan et al., 2008) and ametastasis TMA (Shah et al., 2004). Available

clinicopathological features of these TMAs are summarized in Table S1.

Statistical Methods

Statistical analysis was performed with survcomp package using R v2.14.0.

Cox proportional hazard model was estimated with the surv and coxph

functions. Kaplan-Meier survival analysis was performed using surv, survfit,

and survdiff functions. Concordance indexes (c-index) were estimated

and compared using coxp and concordance.index (counting ties) and

cindex.comp functions. Details of all statistical analyses and all computational

procedures are provided in the Supplemental Experimental Procedures. An
650 Cancer Cell 25, 638–651, May 12, 2014 ª2014 Elsevier Inc.
executable SWEAVE document and R data objects are deposited in Figshare

at http://dx.doi.org/10.6084/m9.figshare.928353.
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SUMMARY
Recurring deletions of chromosome 7 and 7q [�7/del(7q)] occur in myelodysplastic syndromes and acute
myeloid leukemia (AML) and are associated with poor prognosis. However, the identity of functionally rele-
vant tumor suppressors on 7q remains unclear. Using RNAi and CRISPR/Cas9 approaches, we show that
an �50% reduction in gene dosage of the mixed lineage leukemia 3 (MLL3) gene, located on 7q36.1, coop-
erates with other events occurring in�7/del(7q) AMLs to promote leukemogenesis. Mll3 suppression impairs
the differentiation of HSPC. Interestingly, Mll3-suppressed leukemias, like human �7/del(7q) AMLs, are
refractory to conventional chemotherapy but sensitive to the BET inhibitor JQ1. Thus, our mousemodel func-
tionally validates MLL3 as a haploinsufficient 7q tumor suppressor and suggests a therapeutic option for this
aggressive disease.
INTRODUCTION

Acute myeloid leukemia (AML) comprises a series of clinically

and genetically heterogeneous cancers that are caused by mu-

tations that drive aberrant proliferation and impaired differentia-

tion of hematopoietic stem and progenitor cells (HSPC). Over the

past several years, genomic studies have identified a number of

genes that are affected by recurrent somatic point mutations

in different AML subtypes, information that in turn has led to

a greater understanding of AML biology and suggested new

treatments for these diseases (Patel et al., 2012). However,

some subsets of AML harbor large chromosomal deletions the
Significance
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impact of which on leukemia biology and treatment is poorly

understood. For example, monosomy 7 or large deletions of 7q

(�7/del(7q)) are associated with myelodysplastic syndrome

(MDS) and AML, and often occur together with �5/del(5q) and

del(17p) in the context of complex karyotype (CK) AML (Mrózek,

2008). Such mutations are also common in myeloid neoplasms

arising in patients treated with alkylating agents for a previous

cancer (Qian et al., 2010). Unlike AMLs with other abnormalities,

thesemalignancies are largely refractory to conventional chemo-

therapy and thus represent an AML subset for which new treat-

ments are urgently needed (Döhner et al., 2010; Grimwade

et al., 2010).
articularly dismal prognosis, yet no AML tumor suppressors
L3 as a 7q haploinsufficient tumor suppressor whose atten-
th other established AML lesions to drive leukemia in mice.
on are resistant to conventional chemotherapy, they are sen-
s with these aggressive cancers. Additionally, our data imply
LL3 occurring in many cancer types may actively contribute
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Candidate tumor suppressor genes have been identified in

some deletions found in AML, such as those arising on chromo-

some 17p that often target the TP53 tumor suppressor, and on

chromosome 5q (e.g., EGR1; Joslin et al., 2007 and CTNNA1;

Liu et al., 2007).However, less is knownabout the natureof poten-

tial AML tumor suppressorson7q. Indeed, the 7qdeletionsoccur-

ring in AML are often quite large, with minimally deleted regions

identified at 7q21.3 (Asou et al., 2009), 7q22 (Le Beau et al.,

1996), and 7q34-36 (Itzhar et al., 2011; Rücker et al., 2006). Inten-

sive efforts to uncover ‘‘second hit’’ mutations on the nondeleted

allele have been largely unsuccessful and no 7q gene has been

functionally validatedasa tumorsuppressor in thecontextofAML.

One candidate 7q tumor suppressor is the mixed lineage leu-

kemia 3 (MLL3) gene, located on 7q36.1. MLL3 is a member of

the MLL protein family and contains a SET domain capable of

methylating lysine 4 on histone H3 (H3K4), a histone mark asso-

ciated with active transcription (Shilatifard, 2012). Also, by virtue

of its association with other proteins, such as the histone H3

demethylase UTX, complexes containing MLL3 can trigger de-

methylation of histone H3 K27, which when methylated is linked

to transcriptional repression (Herz et al., 2012; Lee et al., 2007;

Tie et al., 2012). MLL3 is related to MLL1, which is involved

in multiple recurring translocations in acute lymphoid leukemia

(ALL) and AML. Somatic mutations in MLL3 are one of the most

frequent events in human cancer, with missense mutations

occurring throughout its open reading frame present in a wide

range of tumor types (Gui et al., 2011; Ong et al., 2012; Parsons

et al., 2011; Zang et al., 2012). Nonetheless,MLL3 is an extremely

large gene (1,700 kb; and MLL3 protein is 530 KDa), leading to

speculation as to whether its high mutation rate might simply

reflect the increased probability of sustaining passenger events

(Jones et al., 2008).

Consistent with a role for MLL3 in suppressing tumorigenesis,

mice subjected to transposon mutagenesis often develop tu-

mors harboring common insertion sites at the Mll3 locus (Mann

et al., 2012;March et al., 2011), and those harboring targeted de-

letions of the Mll3 SET domain are prone to ureter epithelial tu-

mors that are exacerbated in a p53+/� background (Lee et al.,

2009). Nevertheless, Mll3 mutant mice do not develop leukemia.

In this study, we investigated the in vivo function of Mll3 in hema-

topoiesis and leukemogenesis. Furthermore, we studied the

drug response and the susceptibility of Mll3 deficient AML.

RESULTS

Analysis of 7q Alterations in Human Myeloid Neoplasms
As a step toward understanding and modeling the genetic and

molecular changes that contribute to the aggressive nature

of complex karyotype (CK) AML, we analyzed the genome pro-

files of adult AML harboring normal and complex karyotypes. By

analyzing array-based comparative genomic hybridization data

sets produced in our laboratory, we identified one relapse

normal karyotype (NK) AML case harboring a focal deletion

(8.8 Mb) at 7q35-36 encompassing the MLL3 gene (Figure S1A

available online). This deletion was not present at diagnosis,

suggesting its acquisition was associated with therapy resis-

tance. We also identified a CK AML with a 7q deletion and a

17q deletion encompassing the neurofibromatosis 1 gene

(NF1), and two additional del(7q) cases with highly focal NF1 de-
letions (Figure 1A). NF1 is a RAS-GAP that when heterozygously

mutated predisposes patients to develop juvenile myelomono-

cytic leukemia that progresses to AML upon mutation of the

second allele (Balgobind et al., 2008); its inactivation promotes

myeloproliferative disease in mice (Le et al., 2004).

Interestingly, MLL3 is one of the most frequently mutated

genes in human cancer (Kandoth et al., 2013; Lawrence et al.,

2014) and analysis of chromosome copy number alterations of

more than 8,000 human cancers identified a single deleted

peak in 7q35-36, which perfectly matches the MLL3 locus (Fig-

ure S1B). Moreover, in analyzing a larger set of 200 AML cases

produced by the Cancer Genome Atlas consortium (Cancer

Genome Atlas Research Network, 2013), we identified 12 sam-

ples with chromosome 7 loss (�7), 12 samples with 7q deletions

(del(7q)) includingMLL3, and one case with a nonsensemutation

in MLL3 (Figure 1B and Figure S1C). By integrating SNP and

somatic mutation data for this panel of AML samples, we noticed

that Ras pathway mutations (NF1 deletions or activating muta-

tions in NRAS, KRAS, or PTPN11) occurred in ten of the

24 �7/del(7q) cases, which is significantly higher than that in

cases with chromosome 7 intact (chi square test, p = 0.011).

The single case with a MLL3 nonsense mutation also contained

an NRASG12D mutation (Figure 1C). Consistent with a previous

report (Rücker et al., 2012), alterations in TP53 were detected

in ten of 24 �7/del(7q) AMLs, a significantly higher frequency

than the samples with intact chromosome 7 (chi square test,

p < 0.0001; Figure 1C). Interestingly, all three�7/del(7q) patients

with NF1 deletions also had TP53 deletions that were often but

not always associated with losses on 5q. Therefore, �7/del(7q)

is associated with Ras pathway mutations and TP53 alterations

in AML. Based on these data, we reasoned that MLL3 loss might

cooperate with hyperactive RAS signaling and p53 inactivation

in myeloid leukemogenesis.

Mll3 Suppression Cooperates with Other Lesions to
Drive Leukemogenesis
To study the effect of Mll3 suppression during leukemogenesis,

we used a transplantation-based mouse modeling approach

that has been used to characterize driving genetic events in

AML and other hematologic malignancies (Zhao et al., 2010;

Zuber et al., 2009). In this approach, various genetic elements

are introduced into HSPC by retroviral mediated gene transfer,

and ‘‘mosaic’’ animals are produced following transplantation

of these modified cells into syngeneic recipient mice. Short-

hairpin RNAs (shRNAs) can be transduced to suppress gene

function by RNA interference (Dickins et al., 2005; Silva et al.,

2005), which can model the impact of both classic ‘‘two-hit’’

and haploinsufficient tumor suppressors (Figure 2A). By intro-

ducing shRNAs targeting Mll3 and/or Nf1 into p53 null HSPC

and studying their tumorigenic potential, we can eliminate the

requirement for intercrossing up to six mutant alleles. As a first

step toward examining the impact of Mll3 and Nf1 suppression

on leukemia, we produced multiple shRNAs capable of effi-

ciently suppressing Mll3 or Nf1 protein (Figure S2A). Of note,

the Mll3 shRNAs had no homology to any other gene (data not

shown) and did not affect expression of Mll4, its most closely

related gene (Figure S2B). shRNAs targeting Mll3 were linked

to mCherry and those targeting Nf1were linked to GFP, allowing

cells transduced with each shRNA to be tracked independently
Cancer Cell 25, 652–665, May 12, 2014 ª2014 Elsevier Inc. 653



Figure 1. Chromosome 7 Loss or Deletion Is Associated with Mutations in NF1/RAS and TP53 Pathways

(A) ROMAplots depicting copy number changes of three AML cases. Data plotted are the normalized fluorescence log ratio for each probe (85 K). Top plot, whole

genome view; left to right, chromosomes 1–22, X, Y. Bottom plots: high resolution of chromosome 17.

(B) Copy number events of the AML samples with chromosome 7 or 7q deletions (�7/del(7q)) in TCGA AML cohort. Blue, deletion; red, amplification.

(C) Top, heatmap of mutations in NF1/RAS pathways and TP53 in �7/del(7q) and MLL3 truncated (*) AML in the TCGA cohort. Black, deletions; red, gain-of-

function mutations; blue, truncation or loss-of-function mutations. Bottom, the ratio of NF1/RAS and TP53 mutations in �7/del(7q) compared to AML samples

without �7/del(7q). p value was calculated by chi-square test.

See also Figure S1.
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Figure 2. RNAi-Mediated Cosuppression of

Mll3 and Nf1 Cooperates with p53 Loss to

Promote Myeloid Leukemogenesis

(A) Schematic experimental design. p53�/� HSPC

were co-infected with GFP-linked and mCherry-

linked shRNAs and then transplanted into suble-

thally irradiated recipient mice.

(B–D) The recipient mice were then monitored for

disease in a variety of ways including overall sur-

vival (B) as well as WBC (C) and red blood cell (D)

counts (n = 10, 8 weeks posttransplant or upon

death of leukemia-bearing shMll3;shNf1;p53�/�

recipients if they died before 8 weeks), showing

mean ± SD.

(E) After sacrifice, the BM was harvested and

analyzed by flow cytometry to determine the fre-

quency double negative, GFP+, mCherry+, and

double positive cells, as compared to their fre-

quency pre-injection (Pre).

In all experiments, n = 10 except in (E) where n =

3–4. *p < 0.05; **p < 0.01; ***p < 0.001. See also

Figure S2.
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in vivo. Because TP53 mutations frequently occur together with

�7/del(7q) alterations in the context of CK AML (Figure 1; Rücker

et al., 2012), we used HSPC from E14.5 p53 null mice as the

target cell populations. The recipient animals were monitored

for evidence of hematologic disease and overall survival.

We observed a striking interaction between suppression of

Nf1 and Mll3 on leukemogenesis. Consistent with results from

p53 null mice (Donehower et al., 1992), mice transplanted with

p53�/� HSPC transduced with a control vector eventually suc-

cumbed to a hematologic malignancy with a median survival

of 125 days (Figure 2B). Whereas suppression of Nf1 alone pro-

duced a modest acceleration of disease (median survival =

103 days, p = 0.01 versus shRen), Mll3 suppression had no effect

on survival compared to mice transduced with neutral shRNA

(shMll3-1: median survival = 125 days, p = 0.79 versus shRen;

shMll3-2: median survival = 121.5 days, p = 0.17 versus shRen).

In contrast, co-suppression of Nf1 and Mll3 using two indepen-

dent shRNAs induced a dramatic reduction in survival, leading to

death of the mice within 2 months after transplantation (shMll3-

1;shNf1: median survival = 61.5 days, p < 0.0001 versus shRen;

and shMll3-2;shNf1: median survival = 57.5 days, p < 0.0001

versus shRen). A significant increase in peripheral white blood

cell (WBC) counts and anemia was noted in recipients of

shMll3;shNf1;p53�/� cells (hereafter referred to as MNP) shortly

before sacrifice, indicative of leukemic outgrowth with suppres-

sion of normal hematopoiesis (Figures 2C, 2D, and S2C). Inter-

estingly, only malignancies arising in mice receiving HSPC

transduced with both Mll3 and Nf1 shRNAs showed a predomi-

nantly mCherry/GFP double-positive population (Figures 2E and

S2D), confirming that cosuppression of Mll3 and Nf1 provided a
Cancer Cell 25, 652–
strong selective advantage during disease

expansion. Of note, co-expression of Nf1

and Mll3 shRNAs was not oncogenic in

wild-type HSPC, because mice trans-

planted with these cells showed no evi-

dence of leukemia for up to 6 months

(data not shown). Thus, the dramatic onset
of disease byMll3 shRNAs required suppression of Nf1 and inac-

tivation of p53.

Mll3 Suppression Promotes the Development ofMyeloid
Leukemia
Pathological analyses and immunophenotyping revealed that

mice transplanted with p53�/� HSPC transduced with control

shRNAs typically displayed an enlarged thymus consisting pri-

marily of CD3+ T cells (Figures S3A–S3D), indicative of the thymic

lymphoma that has been described in germline p53�/� mice

(Donehower et al., 1992; Jacks et al., 1994).Whereasmice trans-

planted with shNf1-expressing HSPC developed myeloid dis-

ease in some experiments (data not shown), the majority of

mice developed thymic lymphomas similar to those described

above (Figures 3A, 3B, and S3D). Consistent with the observa-

tion that cells transduced with shMll3 alone did not accelerate

disease onset or contribute to the malignant population recov-

ered at death (Figure 2), mice transplanted with shMll3;p53�/�

HSPC presented identically to those transplanted with p53�/�

HPSCs (Figures S3A–S3D).

In stark contrast, moribund recipients of HPSCs expressing

both shMll3 and shNf1 displayed hepatomegaly and massive

splenomegaly (Figures S3BandS3C), resulting fromextramedul-

lary hematopoiesis and the infiltration of malignant cells (Fig-

ure 3A). Bone marrow and spleens of 19/20 transplanted mice

were filled with leukemic cells that expressed myeloid lineage

markers (CD3�;B220�;c-kit+;Mac-1+; Figure 3B). Accordingly,

peripheral smears revealed leukocytosiswith increased numbers

of neutrophils, monocytes, and blasts (Figure 3A). These pheno-

types were not observed in any of the single knockdown or
665, May 12, 2014 ª2014 Elsevier Inc. 655



Figure 3. Characterization of MNP AML

(A) Histological analysis of blood (a), liver (b),

spleen (c), and BM (d) of an MNP recipient mouse.

Scale bar: 12 mm for (a–c) and 30 mm for (d).

(B) Representative flow cytometry profiles of

GFP/mCherry double-positive cells from BM

of MNP recipient mice versus control mice

(shRen;shNf1;p53�/� are shown; all other control

groups are similar, not shown). Left: lymphocyte

markers B220 and CD3; right: myeloid marker

Mac-1 and stem cell marker c-kit.

(C) Survival of secondary transplant recipient mice

of three independent MNP AML. n = 5 per group.

(D) Histological analysis of secondary transplant

recipient mice of MNP AML. (a) blood smears, (b)

section of bone marrow, (c) section of spleen, and

(d) section of liver. Scale bar: 12 mm for (a–c) and

30 mm for (d).

See also Figure S3.
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negative controls. Of note, neoplastic cells co-expressing shMll3

and shNf1 produced AML and rapid death in transplanted sec-

ondary recipients, indicating that they were fully transformed

(Figures 3C and 3D). Thus, Mll3 and Nf1 suppression switches

the lineage of hematologic cancers harboring p53 deletions

from T cell lymphoma to AML.

Mll3 Is a Haploinsufficient Tumor Suppressor in AML
Mutations and deletions ofMLL3 on 7q have been only noted on

one allele, suggesting thatMLL3 is a haploinsufficient tumor sup-

pressor (Jerez et al., 2012). To test this, we measured the Mll3

expression level in shMll3-induced AML. Interestingly, although

acute expression of Mll3 and Nf1 shRNAs in mouse embryonic

fibroblasts (MEFs) produces substantially greater Mll3 and Nf1

suppression, respectively (Figure S2A), the Mll3 levels present

in MNP AML were �50% of control untransformed 32D cells or

MLL-AF9;NrasG12D (MAR) AML cells (Figures S4A and S4B).

Similarly, we also observed approximate 50% Nf1 repression

by shNf1 in MNP AML compared to MAR AML (Figure S4C).

Because the initial transduced populations are polyclonal, likely

with a range of Mll3 knockdown, our data imply that clones with

intermediate Mll3 knockdown have a preferential advantage dur-

ing leukemogenesis. The haploinsufficiency of Mll3 in MNP AML

mimics that in human �7/del(7q) hematopoietic malignancy

(Figure S4D).

To further support our hypothesis that Mll3 is a haploinsuffi-

cient tumor suppressor in AML, we applied in vivo CRISPR/

Cas9 genome editing technology (Cong et al., 2013; Mali et al.,

2013) to disrupt Mll3 (Figure 4A). Consistent with Mll3 knock-

down by shRNAs, CRISPR/Cas9 targeting Mll3 (cr_Mll3) accel-

erated disease compared to a control CRISPR/Cas9 (cr_Ctrl)

targeting a noncoding region on mouse chromosome 8
656 Cancer Cell 25, 652–665, May 12, 2014 ª2014 Elsevier Inc.
(Figure 4B). Recipient mice transplanted

with cr_Mll3;shNf1;p53�/� HSPC also

had dramatically higher WBC counts

than cr_Ctrl;shNf1;p53�/� recipients at

their respective time of sacrifice (Fig-

ure 4B). As was observed using shRNAs,

pathological studies and flow cytometry
indicated that recipients of cr_Mll3;shNf1;p53�/� HSPC devel-

oped AML whereas mice receiving cr_Ctrl;shNf1;p53�/� HSPC

developed T-ALL (Figures 4C and 4D). All of the leukemic cells

in recipient mice transplanted with cr_Mll3;shNf1;p53�/� HSPC

expressed shNf1, indicating that Nf1 suppression is required

for tumorigenesis in this setting.

CRISPR-Cas9-directedmutagenesis canproducemutations in

one or both alleles of the target gene, which can be revealed by

sequencing of genomic DNA around the target site (Cong et al.,

2013; Mali et al., 2013). Indeed, on-target inactivatingMll3muta-

tions were detected in cr_Mll3;shNf1;p53�/� AML (Figure 4E).

Remarkably, sequencing of individual cr_Mll3;shNf1;p53�/�

AML clones revealed both wild-type and mutant alleles in five

of six samples analyzed; whereas on-target mutation was not

detected in the last clone. Consequently, these leukemia cells

wereheterozygous for intactMll3, again suggesting that leukemo-

genesis selects for partial but not complete Mll3 inactivation.

These data, together with results using RNAi, are consistent

with the genomic analyses of human leukemia and provide

compelling evidence that Mll3 is a haploinsufficient tumor sup-

pressor in AML.

Mll3 Suppression Impairs Differentiation and Produces
an MDS-like State
Mutations in AML are generally considered to contribute to leuke-

mogenesis by promoting proliferation and/or survival or impairing

myeloid differentiation together leading to the formation of

leukemic blasts (Kelly and Gilliland, 2002). Because Nf1 loss trig-

gers the aberrant proliferation of hematopoietic cells (Bollag et al.,

1996), we tested whether Mll3 suppression might impair the

differentiation of HSPC in vitro and in vivo. Accordingly, relative

to shRen;p53�/� controls, in vitro cultured shMll3;p53�/� HSPC



Figure 4. In Vivo CRISPR/Cas9 Confirmed

that Mll3 Is a Haploinsufficient Tumor Sup-

pressor in AML

(A) Schematic experimental design. p53�/� HSPC

were transduced with mCherry-shNf1 and then

CRISPR/Cas9 constructs targeting a control,

noncoding region on chromosome 8 (cr_Ctrl) or

Mll3 (cr_Mll3) were transiently introduced by

electroporation, and transplanted into sublethally

irradiated recipient mice.

(B) The average survival and WBC counts of recip-

ient mice transplanted with cr_Ctrl;shNf1;p53�/�

and cr_Mll3;shNf1;p53�/� HSPC, showing mean ±

SD (n = 3).

(C) Blood smear and BM sections of recipient

mice transplanted with cr_Ctrl;shNf1;p53�/� and

cr_Mll3;shNf1;p53�/� HSPC. Scale bar: 12 mm.

(D) Flowcytometryanalysisof cr_Mll3;shNf1;p53�/�

AMLs shows the expressions of mCherry and

myeloid surface markers c-kit and Mac-1/Gr-1.

(E) The sequences of the wild-type Mll3 region

targeted by CRISPR/Cas9, and the resulting in-

sertions/deletions detected in various cr_Mll3

leukemia clones.

See also Figure S4.
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displayed increasedproliferation (asassessedbybromodeoxyur-

idine incorporation) and frequency of c-kit+ cells (Figures S5A

and S5B). Then we performed a competitive reconstitution

assay and analyzed hematopoietic cell populations in recipient

mice at 6 weeks after transplantation by immunophenotyping

(Zuber et al., 2011; Figure 5A). Mll3 suppression significantly

increased the frequency and absolute number of long-term

hematopoietic stem cells (LT-HSC; Flt3�lin-Sca-1+c-kit+CD150+

CD48�CD34�), while decreasing short-term HSC (ST-

HSC; Flt3�lin�Sca-1+c-kit+CD150+CD48+CD34�) and multipo-

tent progenitors (MPP; Flt3�lin�Sca-1+c-kit+CD150-CD48+

CD34�), indicating the differentiation of LT-HSC to ST-HSC and

MPP was impaired (Figures 5B, 5C, and S5C). Accordingly,

shMll3;p53�/� mice had fewer common myeloid progenitors

(Flt3�lin�Sca-1�c-kit+CD34+CD16/32�) and granulocyte/mono-

cyte progenitors (Flt3�lin�Sca-1�c-kit+CD34+CD16/32+) than

controls (Figures 5D, S5C, and S5D). These changes were asso-

ciated with significant bone marrow (BM) hypocellularity in

shMll3;p53�/� recipients, although at this time posttransplanta-

tion, the frequency of shMll3-expressing BM cells was increased

(Figure 5E). Taken together, these results indicate that Mll3 is

required for efficient differentiation of HSPC from LT-HSC to

ST-HSC, MPP, and more committed myeloid progenitors.

Differentiation defects of HSPC can trigger MDS, a stem

cell disease characterized by ineffective hematopoiesis and

dysplasia that is frequently associated with �7/del(7q) alter-

ations (Corey et al., 2007). In mice, MDS is characterized by cy-

topenia in one or multiple lineages in peripheral blood, defects in

myeloid cell maturation in association with dysplastic myeloid

lineage cells and/or blasts, and the absence of fully transformed

leukemia (Kogan et al., 2002). To determine whether Mll3

suppression produces additional MDS phenotypes, we further

characterized the distribution, morphology, and functionality of

hematopoietic cells obtained from mice reconstituted with

shMll3;p53�/� HSPC in comparison to shRen;p53�/� controls.

shMll3;p53�/� recipients displayed a decreased WBC count,
largely owing to a marked reduction in myeloid lineage cells

and platelets (Figures 5F and S5E). Importantly, these defects

were not due to decreased fitness or apoptosis of these cells

(Figure 5G), indicating a maturation defect. Significant

dysplasia was observed in multiple lineages in peripheral blood

and BM of shMll3;p53�/� recipients but not controls (Figure 5H).

Finally, shMll3;p53�/� BM cells had reduced colony formation

capacity (Figure 5I), which is in agreement with the reduction

in committed progenitors noted above (Figure 5D). Whereas

the above observations meet the criteria of MDS in mice,

shMll3-expressing HSPC were eventually depleted 2 months

after transplantation (Figures 2E, S5F, and S5G), suggesting

that additional events on 7q may be required to sustain this

MDS-like state. Nonetheless, our studies clearly show that

Mll3 suppression impairs differentiation of myeloid lineage in

mice and is associated with phenotypes linked to �7/del(7q)

in humans.

Mll3 Suppression Produces a Transcriptional Profile
Linked to Human MDS
As a first step toward understanding the molecular mechanism

whereby Mll3 suppression impairs differentiation and con-

tributes to AML, we compared the transcriptional profiles of

fluorescence-activated cell sorted (FACS) shMll3;p53�/� and

shRen;p53�/� HSPC using Illumina microarray analysis (Table

S1). Differentially expressed genes were those in which expres-

sion was altered by more than 1.5-fold with p < 0.05 (Figure 6A).

Consistent with the predicted impact of H3K4 methylation

via MLL3 complexes on stimulating transcription (Shilatifard,

2012), shMll3;p53�/� HSPC displayed a preponderance of

underexpressed genes (44 downregulated versus 11 upregu-

lated). There was high concordance between the signatures of

the two Mll3 shRNAs, which further argues against an off-target

effect of the two Mll3 shRNAs (Figure 6B). Of these, genes

showing the greatest fold-change upon Mll3 suppression were

validated by quantitative RT-PCR (qRT-PCR) using RNA isolated
Cancer Cell 25, 652–665, May 12, 2014 ª2014 Elsevier Inc. 657



Figure 5. Mll3 Inhibition Blocks HSPC Differentiation and Results in an MDS-like Syndrome in Mice
(A) Schematic experimental design. p53�/� HSPC were transduced with GFP� Ren or mCherry-linked Ren or Mll3 shRNAs. One day after infection, GFP+ and

mCherry+ HSPC were mixed at a 1:1 ratio and transplanted into lethally irradiated syngeneic recipient mice.

(B) The percentage of LT-HSC (Flt3�lin�Sca-1+c-kit+CD150+CD48�CD34�), ST-HSC (Flt3�lin�Sca-1+c-kit+CD150+CD48+CD34�) and MPP (Flt3�lin�Sca-1+

c-kit+CD150-CD48+CD34�) in the mCherry+ HSC (Flt3�lin�Sca1+c-kit+CD34�) population at 6 weeks after transplant. n = 3.

(C) The absolute numbers of LT-HSC, ST-HSC, and MPP in the BM of recipient mice at 6 weeks after transplant. n = 3.

(D) The absolute numbers of common myeloid progenitor (CMP; Flt3�lin�Sca1�c-kit+CD34+CD16/32�), granulocyte-macrophage progenitor (GMP; Flt3�lin�

Sca1�c-kit+CD34+CD16/32+) and megakaryocyte erythrocyte progenitor (MEP; Flt3�lin�Sca1�c-kit+CD34�CD16/32�) in the BM of recipient mice at 6 weeks

after transplant. n = 3.

(E) Left, the BM cellularity of shRen;p53�/� and shMll3;p53�/� mice at 6 weeks after transplant. Right, reconstitution ratio of mCherry+ donor cells in BM at

6 weeks after transplantation. n = 5.

(F) White blood cell (WBC), red blood cell (RBC), and platelet (PLT) counts in shMll3 recipient mice compared to shRen control mice at 6 weeks after

transplant. n = 5.

(G) Reconstitution ratio of mCherry+ donor cells in the peripheral blood at 6 weeks after transplantation. n = 5.

(H) Representative pictures showing dysplastic blood and BM cells from shMll3;p53�/�mice at 6 weeks after transplant. Howell Jolly body in peripheral blood (a);

nucleated RBC in peripheral blood (b); hypersegmented neutrophil in peripheral blood (c); blast in peripheral blood (d); dysplastic megakaryocytes in BM (e).

Scale bar: 5 mm.

(I) Number of colonies formed per 10,000 BM cells from shRen;p53�/� or shMll3;p53�/� recipient mice 6 weeks after transplant. n = 3.

(B–G) and (I) show mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S5.
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from FACS purified LT-HSCs (Figure 6C), thus minimizing the

possibility that altered gene expression was solely due to

changes in cell composition between control and shMll3 recipi-

ents. Consistent with the functional studies above (Figure 5),

gene ontology analysis revealed that genes downregulated in

response toMll3 inhibition were enriched in functional categories

linked to hematopoietic differentiation, including ‘‘antigen pro-

cessing and presentation’’ (p = 0.001), ‘‘immune response’’

(p = 0.003), and multiple lineage differentiation (T cell differentia-

tion, p = 0.011, myeloid cell differentiation, p = 0.018 and leuko-

cyte differentiation, p = 0.037; Figure 6D).

Gene set enrichment analysis (GSEA) was used to determine

whether the transcriptional signature produced by Mll3 sup-

pression was significantly related to other previously studied

conditions (Subramanian et al., 2005). The global expression

changes produced in shMll3;p53�/� HSPC (compared to

shRen;p53�/� HSPC) positively correlated with a hematopoietic

early progenitor-associated gene signature (Ivanova et al.,

2002; normalized enrichment score [NES] = 1.89 and false dis-

covery rate [FDR] q = 0.0) but was negatively correlated with

the gene signature of mature hematopoietic cells (NES =

�2.22, FDR q = 0.0; Figure 6E and Table S1). Additionally,

genes differentially expressed in shMll3;p53�/� HSPC were

also enriched for genes previously identified as part of a leuke-

mia stem cell signature (Somervaille et al., 2009; LSC_UP:

NES = 1.48, FDR q = 0.02; LSC_DN: NES = �2.20, FDR q =

0.0; Figure 6F and Table S1). Strikingly, there was a significant

correlation between genes downregulated by Mll3 shRNAs in

murine HSPC and a signature of genes downregulated in

HSCs derived from patients with MDS compared to normal

HSCs (Pellagatti et al., 2010; NES = �2.17, FDR q = 0.0).

Furthermore, the downregulated signature of �7/7q MDS

HSC versus normal karyotype MDS was also negatively en-

riched in shMll3;p53�/� HSPC (NES = �2.14, FDR q = 0.0; Fig-

ure 6G and Table S1). Hence, Mll3 suppression is associated

with impaired differentiation and produces a gene signature

used to define �7/del(7q) MDS. The latter observation further

implies that Mll3 repression is a major driver of phenotypes

produced by �7/del(7q) alterations in patients.

Mll3 promotes transcriptional activation by methylating his-

tone H3 at lysine 4; additionally, Mll3 exists in a larger complex

that contains components capable of demethylating histone

H3 at K27, further promoting transcriptional activation by

removing this repressive mark (Lee et al., 2007; Shilatifard,

2012; Tie et al., 2012). To test whether Mll3 regulates its target

genes by affecting gene-specific histone modifications, we per-

formed a series of chromatin immunoprecipitation (ChIP) assays

using antibodies against H3K4me3 and H3K27me3. qPCR

following ChIP using gene-specific primers showed that there

was significantly reduced H3K4me3 and increased H3K27me3

at the loci of all downregulated genes tested (Figure 6H).

Although consistent with a direct effect of Mll3-containing

complexes (Herz et al., 2012; Shilatifard, 2012), it remains to

be determined whether Mll3 and the compass-like complex

directly modify the histone markers of these target genes.

Regardless, our data indicate that Mll3 suppression produces

a repressive chromatin context on genes linked to differentiation,

an effect that likely contributes to differentiation defects in MDS

and AML.
Mll3 Suppressed Leukemia Is Resistant to Conventional
Chemotherapy but Responds to BET Inhibition
Patients with �7/del(7q) AML have a dismal prognosis, in large

part because such leukemias respond poorly to chemotherapy

and quick relapse (Haferlach, 2008; Rücker et al., 2012). To

test this in our model, we used a regimen of cytarabine (araC)

and doxorubicin (Doxo) therapy that approximates the standard

induction chemotherapy used to treat patients with AML (Zuber

et al., 2009). Consistent with previous reports, mice harboring

AML1-ETO;NrasG12D AMLs responded well to therapy, whereas

mice harboring MAR leukemia were relatively resistant and

obtained only a modest survival advantage (Figure 7A). Mice

harboring MNP AMLs displayed the worst prognosis, showing

little to no clearance of leukemic blasts from the BM and no sur-

vival benefit (Figures 7A and 7B). Similarly, MNP AML cells were

also more resistant to treatment with either AraC or Doxo than

MAR AML cells in vitro (Figures S6A and S6B). In a more direct

experiment, Mll3 suppression in otherwise chemosensitive

AML1-ETO-induced AML cells also produced chemoresistance

in vitro and in vivo (Figures 7C, 7D, S6C, and S6D). These data

imply that Mll3 suppression, alone or in the context of other CK

AML lesions, can promote therapy resistance.

Currently, there are no animal models of CK AML for use

in preclinical studies to test new agents that might be effective

in treating these patients. Given the similarly poor response

of MNP AML and human CK AML to conventional therapy,

we tested whether our system might be used to generate

preclinical support for more effective agents. Recently, our

group and others identified the bromodomain and extra-

terminal (BET) family protein Brd4 as a therapeutic target in

AML and inhibition of Brd4 abolished the abnormal self-renewal

reprogram in leukemia stem cells through a Myc-dependent

mechanism (Dawson et al., 2011; Zuber et al., 2011). Because

Mll3 suppression affected a leukemia stem cell signature that

was subsequently linked to Myc activity (Figure 6E), we tested

whether murine and human leukemia cells harboring this alter-

ation would be likewise sensitive to BET inhibition.

Despite their profound resistance to chemotherapy (Figures

7A, 7B, S6A, and S6B), MNP AML cells were highly sensitive

to the BET inhibitor JQ1, which induced marked differentiation

and apoptosis (Figures 7E and S6E–S6G). Similarly, JQ1 treat-

ment of mice bearing MNP leukemia caused clearance of

leukemic cells from the peripheral blood without substantial ef-

fects on red blood cell and platelet counts, thereby doubling the

lifespan of leukemic mice (Figures 7F, 7G, and S7H). Human

AML cells with �7/del(7q) (UoCM1 and Mono7) were also sen-

sitive to JQ1 treatment in a manner similar to cell lines harboring

genetic alterations associated with better prognoses (Figure 7H).

As has been reported for other leukemia genotypes, JQ1 treat-

ment of both murine MNP AML and 7q altered human AML lines

produced a rapid decrease in Myc protein and mRNA expres-

sion, with consequent reduction of Myc transcriptional targets

(Figures S7I–S7K), and enforced Myc expression attenuated

the antiproliferative response to JQ1 (Figure S7L). Thus,

although �7/del(7p) AML harboring Mll3 suppression are che-

moresistant, they remain sensitive to BET inhibition. These

data support the preclinical utility of our model and suggest a

possible therapeutic approach for the treatment of patients

with �7/del(7q) AML.
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DISCUSSION

Our studies identify MLL3 as a tumor suppressor gene on 7q,

the attenuation of which contributes to the aggressive nature

of certain forms of AML. Although MLL3 is one of the most

frequently mutated and deleted genes in human cancer, the

biological significance of these mutations are not known (Kan-

doth et al., 2013; Lawrence et al., 2014). In AML, MLL3 is con-

tained within large hemizygous deletions that encompass all or

part of the long arm of chromosome 7 and are common in

treatment-associated myeloid neoplasms and complex karyo-

type AML but there is no evidence for homozygous inactiva-

tion of MLL3 in leukemia (Jerez et al., 2012). In our studies,

leukemia development triggered by Mll3 shRNAs selected for

an approximate 50% reduction in Mll3 rather than complete

loss and similarly, leukemia initiated by Mll3 CRISPR/Cas9

contained both wild-type and mutant alleles. Hence, we pro-

pose that MLL3 functions as a haploinsufficient tumor sup-

pressor. Although our study focused on leukemia, our data

imply that the heterozygous mutations in MLL3 frequently

observed in many tumor types may also be driving genetic

events.

The function of MLL3, a histone methyltransferase, likely in-

volves control of gene expression, and our studies suggest it

plays an important role in controlling the normal differentiation

of HSPC. Consistent with differentiation block of Mll3-sup-

pressed HSPC,Mll4 null pre-adipocytes have differentiation de-

fects into adipocytes andmyocytes (Lee et al., 2013), suggesting

that Mll3/Mll4-containing COMPASS-like complex may gener-

ally play significant roles in the differentiation of stem cells and

progenitors during normal development and homeostasis. How-

ever, Mll3 suppression is not sufficient to drive leukemogenesis

but instead cooperates with p53 loss to impair the differentiation

of hematopoietic stem and progenitor cells, resulting in an MDS-

like state. Beyond this differentiation block, Mll3 suppression

biased the development of disease to the myeloid lineage. This

result was particularly striking because p53 deficiency is strongly

associated with the development of lymphoid disease in mice

(Donehower et al., 1992; Jacks et al., 1994). Although the mech-

anistic basis for this phenomenon remains to be determined, it
Figure 6. Mll3 Suppression Enforces a Self-Renewal Gene Expression

(A) Differentially expressed genes in shMll3;p53�/� HSPC compared to shRen;p

Student’s t test), as revealed by Illumina microarray gene expression analysis.

(B) The correlation of the gene signatures between shMll3-1 and shMll3-2. The fold

(versus shRen;p53�/� HSPC) and shMll3-1;p53�/� HSPC (versus shRen;p53�/� H

R = 0.93.

(C) qPCR confirmation of gene expression changes using cDNA of FACS purifie

shMll3;p53�/� recipient mice 6 weeks after transplant. n = 3.

(D) Summary of the top functional categories of genes significantly enriched in

shMll3;p53�/� HSPC, using DAVID (http://david.abcc.ncifcrf.gov/tools.jsp).

(E) GSEA of shMll3;p53�/� HSPC expressing profile using a hematopoietic ear

hematopoietic cell-associated signature (NES = �2.22; FDR q = 0.0).

(F) GSEA of shMll3;p53�/� HSPC expressing profile using a leukemic stem cell (L

associated downregulated signature (NES = �2.20; FDR q = 0.0).

(G) Left, GSEA of shMll3;p53�/� HSPC expressing profile using a downregulated

q = 0.0); right, GSEA of shMll3;p53�/� HSPC expressing profile using a downregu

MDS HSC; NES = �2.14, FDR q = 0.0).

(H) Upper, ChIP-qPCR showing the levels of H3K4me3 and K3K27me3 at loci of

biological repeats and two technical repeats for each sample. Lower, the locatio

(C) and (H) show mean ± SD. **p < 0.01; ***p < 0.001. See also Table S1.
is possible that other MLL family members, such as MLL2

(Pasqualucci et al., 2011), play a more important role in influ-

encing the self-renewal and/or differentiation of the lymphoid

lineage.

The genes affected by Mll3 suppression in mice were highly

similar to those differentially expressed in HSCs from

�7/del(7q) patients, implying that Mll3 is a major driver of 7q

loss in human MDS and AML, and further supporting the rele-

vance of our model to the human disease. Nonetheless, the fail-

ure of Mll3 to sustain an MDS phenotype in mice and the large

scope of 7q deletions in patients imply that other 7q genes

may contribute to tumor suppression as well. In this regard, 7q

contains EZH2, a tumor suppressor in T-ALL (Ntziachristos

et al., 2012; Simon et al., 2012);MLL5, another MLL family mem-

ber that influences differentiation and self-renewal (Heuser et al.,

2009;Madan et al., 2009; Zhang et al., 2009); andCUX1, a home-

odomain protein whose suppression promotes the reconstitu-

tion of human hematopoietic cells in immunodeficient mice

(McNerney et al., 2013). More work is clearly needed to test

whether these 7q genes also promote AML in vivo, and if so,

whether they interact with Mll3 in an additive, synergistic, or

redundant manner.

The mouse model described here provides a murine model to

approximate the genetics and behavior of 7q� and complex kar-

yotype AML and recapitulate the marked chemoresistance of

these diseases. As such, the model may serve as a useful pre-

clinical system to test new therapies against these notoriously

aggressive forms of AML. Accordingly, we showed that the

BET inhibitor JQ1 has potent antileukemic effects in Mll3-sup-

pressed cells, due to increased apoptosis and terminal differen-

tiation associated with Myc suppression. Although the poor

pharmacologic properties of JQ1 preclude a full characterization

of the in vivo efficacy of Brd4 inhibition, our studies raise hope

that next-generation BET inhibitors will be more effective at

treating these aggressive AMLs than conventional therapies. A

further understanding of the complex interactions between

Mll3 and other haploinsufficient tumor suppressors on 7q or in

other AML-associated deletions may point toward yet other

more rational approaches for patients with leukemia harboring

�7/del(7q) lesions.
Program by Altering Chromatin Modifications

53�/� HSPC (>1.5-fold different expression values, log2; p < 0.05 by two-way

changes of the differently expressed genes (p < 0.05) in shMll3-1;p53�/�HSPC

SPC) were plotted as X and Y, respectively. k = 0.88 and Pearson’s coefficient

d LT-HSC (Flt3�lin�Sca-1+c-kit+CD150+CD48�CD34�) from shRen;p53�/� or

shMll3;p53�/� HSPC. Analyses were performed on downregulated genes in

ly progenitor-associated signature (NES = 1.89; FDR q = 0.0) and a mature

SC)-associated upregulated signature (NES = 1.48; FDR q = 0.02) and an LSC-

gene signature in human MDS HSC (versus normal HSC; NES = �2.17, FDR

lated gene signature in human �7/del(7q) MDS HSC (versus normal karyotype

Gadd45 g, Il1r2 and Cpa3 in shRen;p53�/� and shMll3;p53�/� HSPC, with two

ns of qPCR amplicons in target genes.
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Figure 7. Murine AMLs with Mll3 Suppres-

sion Are Resistant to Conventional Chemo-

therapy

(A andB) In vivo treatment ofmice transplantedwith

shMll3;shNf1;p53�/� (MNP), MLL-AF9; NrasG12D

(MAR) or AML1-ETO;NrasG12D (AER) AML with

chemotherapy. Recipient mice were transplanted

with MNP (n = 12), MAR (n = 12), or AER (n = 6 for

veh, 7 for chemo), leukemic cells (CD45.2+) at day 0.

Mice were treated with 100 mg/kg cytarabine

(AraC) for 5 days and 3 mg/kg doxorubicin (Doxo)

for 3 days by intraperitoneal injections starting at

day 3 (MNP and MAR) or day 25 (AER) post-trans-

plant. Kaplan-Meier survival curves of mice bearing

MNP leukemias with or without chemotherapy

treatment (A). Percentages of tumor cells in the

bone marrow of terminal recipient mice, or at sac-

rifice 65 days after transplant in the case of the AER

vehicle-treated group (B). n = 3. **p < 0.01, two-tail

student t test.

(C and D) AER AML cells were transduced with

shRen, shp53, or shMll3 and then treated with

indicated concentrations of AraC (C) or Doxo (D)

for 3 days. Cell number was normalized to vehicle-

treated cells. Graphs represent the average of four

independent experiments and insets display half-

maximal inhibitory concentration values. ***p <

0.001, two-way ANOVA test.

(E) Dose responseofMNPandMARAMLandMEFs

to JQ1 in vitro. Cells were treated with vehicle or 1–

200nMJQ1 for3days andviable cellswere counted

by flow cytometry and cell numbers were normal-

ized to vehicle-treated controls. Graph shows an

average of three independent experiments.

(F and G) MNP recipient mice were treated with

vehicle or 50 mg/kg/day JQ1 by gavage for 1 week

starting at 5 days after transplant. (F) left, WBC

counts of MNP mice treated with vehicle or JQ1,

12 days after transplantation (n = 5). Right, blood

smear of mice at day 12 after transplantation.

Scale bar: 10 mm. (G) Survival curve of recipient

mice.

(H) Dose response of human AML cell lines to JQ1.

Cells were treated with vehicle or 1–200 nM JQ1

for 3 days. Graphs represent the average of three

independent experiments performed as described

in (E).

(C–F) and (H) showmean ± SD. See also Figure S6.
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EXPERIMENTAL PROCEDURES

Human AML Genomics

The study was approved by the institutional review boards of the University of

Chicago and Cold Spring Harbor Laboratory. Representational oligonucleo-

tide microarray analysis (ROMA)-comparative genomic hybridization (CGH)

analysis was performed on 52 AML samples—42 samples obtained at

diagnosis, 3 at relapse, and 7 paired samples of diagnosis and subsequent

relapse. DNA was hybridized to custom-designed arrays (ROMA) that can

identify copy number changes with a resolution of �35Kb (Hicks et al., 2006;

Lucito et al., 2003). The Cancer Genome Atlas (TCGA) Tumorscape data

were obtained from http://www.broadinstitute.org/tcga/home. The TCGA

AML data set was downloaded from the TCGA data portal (https://

tcga-data.nci.nih.gov/tcga/; Cancer Genome Atlas Research Network,

2013). Data were analyzed as described previously (Xue et al., 2012). SNP

and somatic mutation data of 200 AML samples from TCGA were analyzed

for chromosome 7/7q deletions, MLL3 mutations, NF1/RAS pathway muta-

tion, and TP53 deletions/mutations.
662 Cancer Cell 25, 652–665, May 12, 2014 ª2014 Elsevier Inc.
Mice

All the mouse experiments were approved by Cold Spring Harbor Laboratory

Animal Use and Care Committee and the Institutional Animal Care and Use

Committee at Memorial-Sloan Kettering Cancer Center. Retrovirus-infected

HSPC (1 3 106) were transplanted into sublethally irradiated (6 Gy, Cs137)

C57Bl/6 mice (National Cancer Institution) by tail vein injection. For AML

transplant experiments, 1 3 106 AML cells were transplanted into sublethally

irradiated C57Bl/6 recipients. Mice were monitored for leukemogenesis by

complete blood cell (CBC) test and blood smear staining. In drug treatment ex-

periments, mice were treated by intraperitoneal injection of saline (vehicle) or

100 mg/kg cytarabine (araC, Bedford Laboratories) for 5 days and 3 mg/kg

doxorubicin (Doxo, Bedford Laboratories) for 3 days. Mice were sacrificed

and analyzed upon the moribund or indicated time point. JQ1 was delivered

by gavage at the dose of 50 mg/kg/day for 7 days.

shRNA Construction

Ninety-seven base-pair oligonucleotides with gene specific hairpins were

ordered from Integrated DNA Technologies. The sequences were shRenilla,

http://www.broadinstitute.org/tcga/home
https://tcga-data.nci.nih.gov/tcga/
https://tcga-data.nci.nih.gov/tcga/
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50-TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGC

CACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCGGA-30;
and shNf1, 50-TGCTGTTGACAGTGAGCGCGCTGGCAGTTTCAAACGTAATT

AGTGAAGCCACAGATGTAATTACGTTTGAAACTGCCAGCATGCCTACTGC

CTCGGA-30; shMll3-1, 50-TGCTGTTGACAGTGAGCGCGGAGACAAATATG

TAGAGTTATAGTGAAGCCACAGATGTATAACTCTACATATTTGTCTCCTTGC

CTACTGCCTCGGA-30; andshMll3-2, 50-TGCTGTTGACAGTGAGCGCACCA

GTGATCACTTTACTAAATAGTGAAGCCACAGATGTATTTAGTAAAGTGATCA

CTGGTTTGCCTACTGCCTCGGA-30. LMS (MSCV-mir30-SV40-GFP)-GFP

and LMS-mCherry shRNAs were cloned as reported (Dickins et al., 2005;

Scuoppo et al., 2012).

CRISPR Construction

CRISPRs were designed at http://crispr.mit.edu provided by the Zhang labo-

ratory and then cloned into pX330 CRISPR/Cas9 vector (Addgene) following

Zhang’s protocol (http://www.genome-engineering.org/crispr/?page_id=23).

The target sequence of Mll3 is TGCCAACCAGCACGCTTTAG and the control

CRISPR sequence is GGCAGAAGGAACACAGGCTC.

Other experimental procedures are available in the Supplemental Experi-

mental Procedures.

ACCESSION NUMBERS

The GEO accession number for the Illumina gene expression profiling data

reported in this paper is GSE54313.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2014.03.016.
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SUMMARY
The role of TGF-b-induced epithelial-mesenchymal transition (EMT) in cancer cell dissemination is well
established, but the involvement of lncRNAs in TGF-b signaling is still unknown. In this study, we observed
that the lncRNA-activated by TGF-b (lncRNA-ATB) was upregulated in hepatocellular carcinoma (HCC)
metastases and associated with poor prognosis. lncRNA-ATB upregulated ZEB1 and ZEB2 by competitively
binding the miR-200 family and then induced EMT and invasion. In addition, lncRNA-ATB promoted organ
colonization of disseminated tumor cells by binding IL-11 mRNA, autocrine induction of IL-11, and triggering
STAT3 signaling. Globally, lncRNA-ATB promotes the invasion-metastasis cascade. Thus, these findings
suggest that lncRNA-ATB, a mediator of TGF-b signaling, could predispose HCC patients to metastases
and may serve as a potential target for antimetastatic therapies.
INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common

and aggressive human malignancies in the world (Jemal et al.,

2011). The poor prognosis and high recurrence rate of HCC is

largely due to the high rate of intrahepatic and extrahepatic

metastases (Budhu et al., 2006). This emphasizes the urgency

of identifying these patients in advance and establishing new

therapeutic targets for successful intervention. Metastasis is a

complex process, and many cell-intrinsic identities and extrinsic

microenvironment factors influence the metastatic potential

of HCC cells (Fidler, 2003). However, the underlying molecular

mechanisms that mediate the metastatic cascade remain

largely unclear. Enhancing our understanding of the molecular

mechanisms may promote the development of effective metas-

tasis-targeted therapy and improve the overall prognosis of

patients with HCC.
Significance

Metastases account for the vast majority of cancer-associated
tumor invasion. However, the tumor-suppressive role of TGF-b
involvement of EMT inmetastatic colonization is still hotly deba
can mimic the prometastatic role of TGF-b. lncRNA-ATB induc
tion of disseminated tumor cells. High expression of lncRNA-A
ATBmay serve as a target for therapeutic intervention against
patients present with circulating tumor cells.

666 Cancer Cell 25, 666–681, May 12, 2014 ª2014 Elsevier Inc.
The multifunctional cytokine transforming growth factor b

(TGF-b) orchestrates an intricate signaling network to modulate

tumorigenesis and progression (Majumdar et al., 2012; Mas-

sagué, 2008). TGF-b exerts its tumor-suppressive role by

inducing cell-cycle arrest and apoptosis (Pardali andMoustakas,

2007). Nevertheless, TGF-b also promotes tumor progression

through enhancing proliferation, migration, and invasion, in part

by its ability to induce epithelial-mesenchymal transition (EMT)

(Akhurst and Hata, 2012). EMT has been shown to be of critical

importance in the early events of tumor cell metastatic dissemi-

nation by endowing cells with a more motile, invasive potential

(Thiery et al., 2009). However, the involvement of EMT and its

reverse process, mesenchymal-epithelial transition (MET) in the

late events of tumor cell metastasis, such as distant colonization,

are still hotly debated (Ocaña et al., 2012; Tsai et al., 2012). The

multiple and often contradictory functions of TGF-b necessitate

both a better understanding of the special downstream effectors
deaths and TGF-b-induced EMT has been associated with
hinders the application of anti-TGF-b cancer treatments. The
ted.We found that lncRNA activated by TGF-b (lncRNA-ATB)
ed EMT and tumor cell invasion and promoted the coloniza-
TB is a robust predictor of poor survival. Therefore, lncRNA-
cancer metastases early in the metastatic process and when
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of TGF-b and a search for specific inhibitors of the different TGF-

b-dependent pathways for HCC treatment.

Long noncoding RNAs (lncRNAs) are a class of transcripts

longer than 200 nucleotides with limited protein coding potential.

Recently, many studies have shown that lncRNAs are frequently

deregulated in various diseases and have multiple functions in

a wide range of biological processes, such as proliferation,

apoptosis, or cell migration (Mercer et al., 2009; Ponting et al.,

2009). Although several lncRNAs have been reported to modu-

late tumor metastases (Gupta et al., 2010; Prensner et al.,

2013), the specific roles of lncRNAs in mediating the prometa-

static role of TGF-b and regulating EMT are not well studied. In

this study, we report the identification of lncRNA-AL589182.3

(ENST00000493038), which we have named lncRNA-activated

by TGF-b (lncRNA-ATB), and focus on the role of lncRNA-

ATB in TGF-b signaling and in the invasion-metastasis cascade

of HCC.

RESULTS

lncRNA-ATB Is Upregulated by TGF-b and Is Physically
Associated with the miR-200 Family
To identify lncRNAs that are regulated by TGF-b and mediated

the role of TGF-b in inducing EMT, we treated SMMC-7721 hep-

atoma cells continuously with TGF-b for 21 days, which caused

SMMC-7721 cells to undergo EMT, as indicated by a spindle-

shaped appearance (Figure S1A available online), decreased

expression of the epithelial marker CDH1, and increased expres-

sion of the mesenchymal markers and transcription factors

CDH2, VIM, ZEB1, SNAI1, and TWIST1 (Figure S1B). We then

used microarray analysis to compare lncRNA expression levels

between TGF-b treated and untreated cells, and found 676

upregulated and 297 downregulated lncRNAs in the treated cells

(Table S1). Microarray results also indicated that TGF-b treat-

ment led to EMT gene expression signature (Figure S1C; Huang

et al., 2012) and gene set enrichment analysis (GSEA; Subrama-

nian et al., 2005) indicated that four published TGF-b response

signatures (Calon et al., 2012; Kang et al., 2003; Padua et al.,

2008) were significantly enriched in the treated cells (Figure S1D),

which further confirmed that the microarray results were trust-

able and TGF-b treatment for 21 days indeed induced EMT.

Recently, many RNA transcripts have been reported to func-

tion as competing endogenous RNAs (ceRNA) by competitively

binding common microRNAs (Cesana et al., 2011; Salmena

et al., 2011; Tay et al., 2011). The miR-200 family, including

miR-200a, miR-200b, miR-200c, miR-141, and miR-429, has

been reported to repress EMT and tumor invasion by targeting

the 30UTRs of ZEB1 and ZEB2 (Burk et al., 2008; Gregory

et al., 2008). Among the deregulated lncRNAs, we predicted 76

miR-200s targeting sites on 46 lncRNAs (Table S2) using the Tar-

getScan prediction algorithm (Lewis et al., 2005; http://www.

targetscan.org/). Interestingly, one of the upregulated lncRNAs,

lncRNA-ATB, which has a relatively large fold change, has three

predicted miR-200s targeting sites in a relatively short span (Fig-

ures 1A and 1B), indicating a strong possibility as a ceRNA (Tay

et al., 2011).

To confirm the microarray result, we treated SMMC-7721 and

the normal liver cell line QSG-7701 with TGF-b and measured

the expression of lncRNA-ATB at various time points. TGF-b
induced a robust increase of lncRNA-ATB in both cells, not

only in the long-term treatment, but also in short-term treatment

(Figures 1C–1F). In breast cancer cell line MCF7 and colorectal

cancer cell line SW480, TGF-b also upregulated lncRNA-ATB

(Figures S1E and S1F).

Thesequenceof full-length lncRNA-ATB ispresented inFigures

S1G and S1H. Northern blot analysis of lncRNA-ATB confirmed

the expected size (Figure 1G). Using a BLAST search of the

sequence of lncRNA-ATB against the human genome, we found

another three highly homologous lncRNA-ATB loci on chromo-

somes 13, 14, and 22, suggesting theremay be an lncRNA family,

which includes lncRNA-ATB. lncRNA-ATB was poly (A)-negative

and mainly located in the cytoplasm (Figures S1I and S1J).

Analysis of thesequencesbyORFFinder from theNationalCenter

for Biotechnology Information failed to predict a protein of

more than 55 amino acids (Figure S1K). Moreover, lncRNA-ATB

does not contain a valid Kozak sequence. In addition, we used

txCdsPredict fromUCSCandPhyloCSF (Lin et al., 2011) to calcu-

late its coding potential. The txCdsPredict score of lncRNA-ATB

is 309.5 and the codon substitution frequency score is lower

than �500 (Figure S1L), which further supports that lncRNA-

ATBhasnoprotein-codingpotential. Ananalysiswithquantitative

(q)RT-PCR revealed a significantly higher expression of lncRNA-

ATB in HCC cells than in normal liver cells, especially in highly

metastatic cells (Figures S1M and S1N).

To validate the direct binding between miR-200s and lncRNA-

ATBat endogenous levels,weperformedanRNA immunoprecip-

itation (RIP) to pull down endogenous microRNAs associated

with lncRNA-ATB and demonstrated via qPCR analysis that the

lncRNA-ATB RIP in SMMC-7721 cells was significantly enriched

for miR-200s compared to the empty vector (MS2), IgG, non-

targeting microRNA (miR-122), lncRNA-ATB with mutations

in miR-200s targeting sites (henceforth named ATB-mut(miR-

200)), and another lncRNA-ENST00000508851 (RP11-893F2.9;

henceforth named lncRNA-508851), which is also induced by

TGF-b, but does not have a predicated miR-200s targeting

site (Figure 1H; Figure S1O). The specific association between

miR-200s and lncRNA-ATB was further validated by affinity

pull-down of endogenous miR-200s using in vitro transcribed

biotin-labeled lncRNA-ATB (Figure 1I). For further confirmation,

we constructed luciferase reporters containing the 30 500nt of
lncRNA-ATB, which contains wild-type (WT) or mutated miR-

200s binding sites. We found that overexpression of miR-200s

reduced the luciferase activities of the WT reporter vector but

not empty vector or mutant reporter vector (Figure 1J). However,

we found no significant difference in lncRNA-ATB levels after

overexpression of miR-200s (Figure S1P). The microRNAs are

known to bind their targets and cause translational repression

and/or RNA degradation in an AGO2-dependent manner. To

determine whether lncRNA-ATB was regulated by miR-200s

in such a manner, we conducted anti-AGO2 RIP in SMMC-

7721 cells transiently overexpressing miR-200s. Endogenous

lncRNA-ATB pull-down by AGO2 was specifically enriched in

miR-200s-transfected cells (Figure 1K), supporting that miR-

200s are bona fide lncRNA-ATB-targeting microRNAs. These

data demonstrated that miR-200s bound to lncRNA-ATB but

did not induce the degradation of lncRNA-ATB. Ectopically

expressed lncRNA-ATB WT, but not the mutant or lncRNA-

508851, reduced the levels of miR-200s (Figure S1Q). To function
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asa ceRNA, theabundance of lncRNA-ATBandmiR-200s should

be comparable. We therefore used quantitative real-time PCR to

quantify the exact copy numbers of lncRNA-ATB and miR-200s

per cell in TGF-b treated and untreated SMMC-7721 cells. We

formulated standard curves with limit dilution approaches using

lncRNA-ATB expressing vector pcDNA3.1-ATB and reverse-

transcribed miR-200s cDNA as standard templates, and then

the exact copy numbers of lncRNA-ATB and miR-200s per cell

were calculated according to cell counts and molecular weights.

As a result, we found that in the untreated cells, the expression

level of lncRNA-ATB was approximately 100 copies per cell,

and mature miR-200s levels were approximately 200 copies per

cell. TGF-b treatment induced upregulation of lncRNA-ATB and

downregulation of miR-200s (Figure S1R). This result implied

that lncRNA-ATB may be able to function as a ceRNA for miR-

200s. All these data demonstrated that lncRNA-ATB physically

associatedwith themiR-200 family andmay function as a ceRNA.

lncRNA-ATB Upregulates ZEB1 and ZEB2 Levels
Because lncRNA-ATB shares regulatory miR-200s with ZEB1

and ZEB2, we wondered whether lncRNA-ATB could modulate

ZEB1 and ZEB2 and then EMT and invasion of HCC cells. We

stably overexpressed lncRNA-ATB WT, lncRNA-ATB-mut(miR-

200), and lncRNA-508851 in SMMC-7721 cells (Figure 2A; Fig-

ure S2A). The overexpression level of mutant clone is similar to

that of WT overexpression clone 1, which is also comparable

to that in highly metastatic HCCLM6 cells. For the rescue exper-

iment, we stably overexpressed miR-200a in lncRNA-ATB

overexpression clone 1 (Figure S2B). Overexpression of

lncRNA-ATB WT, but not the mutant or lncRNA-508851,

increased ZEB1 and ZEB2 transcript and protein levels in a

dose-dependent manner. Ectopic expression of miR-200a abro-

gated this increase (Figures 2B and 2C). In QSG-7701 cells, sta-

ble overexpression of lncRNA-ATB also upregulated ZEB1 and

ZEB2 (Figures 2D–2F). Additionally, HCCLM6 cells with stably

downregulated lncRNA-ATB or lncRNA-508851 were also con-

structed, which do not have any effect on other family members

of lncRNA-ATB (Figure 2G; Figures S2C andS2D). For the rescue

experiment, we inhibited miR-200a in lncRNA-ATB downregu-

lated HCCLM6 clone 1 (Figure S2E). The depletion of lncRNA-

ATB, but not lncRNA-508851, decreased ZEB1 and ZEB2 in a

dose-dependent manner. Inhibition of miR-200a overcame the

decrease of ZEB1 and ZEB2 (Figures 2H and 2I).

To ascertain whether this observed effect depends on regula-

tion of the ZEB1 and ZEB2 30UTR, we constructed luciferase

reporters containing either the ZEB1 or ZEB2 30UTR (pmirGLO-

ZEB1 or pmirGLO-ZEB2). Luciferase plasmid (pmirGLO-ZEB1,
Figure 1. lncRNA-ATB Is Upregulated by TGF-b and Interacts with miR

(A) Schematic outlining the predicted binding sites of miR-200s on lncRNA-ATB.

(B) The prediction for miR-200s binding sites on lncRNA-ATB transcript. The red

(C–F) Relative expression of lncRNA-ATB in SMMC-7721 cells or QSG-7701 cel

(G) Northern blot analysis of lncRNA-ATB in HCC cells.

(H) MS2-RIP followed by microRNA qRT-PCR to detect microRNAs endogenous

(I) SMMC-7721 cell lysates were incubated with biotin-labeled lncRNA-ATB; afte

(J) Luciferase activity in SMMC-7721 cells cotransfected with miR-200s and lucif

presented as the relative ratio of firefly luciferase activity to renilla luciferase acti

(K) Anti-AGO2 RIP was performed in SMMC-7721 cells transiently overexpressin

associated with AGO2.

Data are shown as mean ± SD; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 (Studen
pmirGLO-ZEB2, or the control reporter [pmirGLO]) was trans-

fected into the different SMMC-7721 and HCCLM6 cell clones.

Overexpression of lncRNA-ATB, but not the mutant or lncRNA-

508851, increased the luciferase activity of pmirGLO-ZEB1 and

pmirGLO-ZEB2 inadose-dependentmanner.Ectopic expression

of miR-200a abolished this upregulation (Figure 2J). Reciprocally,

the depletion of lncRNA-ATB, but not lncRNA-508851, decreased

the luciferase activity of pmirGLO-ZEB1 and pmirGLO-ZEB2,

which were rescued by inhibition of miR-200a (Figure 2K).

Because lncRNA-ATB could upregulate ZEB1 and ZEB2,

we next examined whether lncRNA-ATB is coexpressed with

ZEB1 and ZEB2 in human HCC samples. We measured the

expression levels of lncRNA-ATB, ZEB1, and ZEB2 in 86 human

HCC tissues. As shown in Figures 2L and 2M, lncRNA-ATB

transcript level was significantly correlated with ZEB1 or ZEB2

mRNA level. All these results suggest an important role of

lncRNA-ATB in modulating ZEB1 and ZEB2 by competitively

binding miR-200s.

lncRNA-ATB Induces EMT and Cell Invasion In Vitro
To investigate whether lncRNA-ATB regulates EMT through

modulating ZEB1 and ZEB2, we first examined the effect of

lncRNA-ATB on cell phenotypes. Overexpression of lncRNA-

ATBWT, but not the mutant or lncRNA-508851, induced mesen-

chymal-like morphological feature in SMMC-7721 cells. Ectopic

expression of miR-200a caused lncRNA-ATB overexpressed

cells to revert to an epithelial phenotype (Figure 3A). Analysis of

theepithelialmarkers E-cadherin andZO-1and themesenchymal

markers N-cadherin and vimentin revealed that overexpression

of lncRNA-ATB, but not the mutant or lncRNA-508851, reduced

E-cadherin and ZO-1 and increased N-cadherin and vimentin.

Consistently, ectopic expression of miR-200a abolished the

effects (Figures3Band3C). Immunofluorescencestainingalso re-

vealed that overexpression of lncRNA-ATB, but not themutant or

lncRNA-508851, induced lossof E-cadherin andZO-1expression

from the cell membrane, and increased N-cadherin and vimentin,

which was also abolished by overexpression of miR-200a (Fig-

ure 3D). Conversely, the depletion of lncRNA-ATB, but not

lncRNA-508851, induced an epithelial phenotype, upregulated

E-cadherin and ZO-1, as well as downregulated N-cadherin and

vimentin in HCCLM6 cells, which were also abrogated by

inhibition of miR-200a (Figures 3E–3G). Moreover, depletion of

lncRNA-ATB attenuated TGF-b-induced EMT in SMMC-7721

cells (Figure S3A; Figures 3H and 3I). Overexpression of

lncRNA-ATB also induced EMT in QSG-7701 cells and MCF7

cells (Figures S3B–S3H). To further support this conclusion, we

construct stable SMMC-7721 cell clone that overexpressed
-200s

nucleotides are the seed sequences of microRNAs.

ls treated with TGF-b1 for the indicated time was measured by qRT-PCR.

ly associated with lncRNA-ATB.

r pull-down, microRNAs was extracted and assessed by qRT-PCR.

erase reporters containing nothing, lncRNA-ATB or mutant transcript. Data are

vity.

g miR-200s, followed by qRT-PCR to detect lncRNA-ATB or lncRNA-508851

t’s t test). See also Figure S1 and Tables S1 and S2.
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Figure 2. Regulation of ZEB1 and ZEB2 by lncRNA-ATB

(A) The expression of lncRNA-ATB in stable SMMC-7721 cell clones.

(B and C) The mRNA (B) or protein (C) levels of ZEB1 and ZEB2 in stable SMMC-7721 cell clones.

(D) The expression of lncRNA-ATB in stable QSG-7701 cell clones.

(E and F) The mRNA (E) or protein (F) levels of ZEB1 and ZEB2 in stable QSG-7701 cell clones.

(G) The expression of lncRNA-ATB in stable HCCLM6 cell clones.

(H and I) The mRNA (H) or protein (I) levels of ZEB1 and ZEB2 in stable HCCLM6 cell clones.

(legend continued on next page)
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miR-200a with a similar overexpression level to the lncRNA-ATB

andmiR-200a simultaneously overexpressedclone1 (FigureS3I).

Our results indicate that overexpression of lncRNA-ATB rescued

the downregulation of ZEB1 and ZEB2 and the inhibition of EMT

caused by ectopic expression of miR-200a (Figures S3J and

S3K). Taken together, these data suggest a functional role for

lncRNA-ATB in inducing EMT. This inducing effect depends on

the competitive binding of miR-200s.

Consistent with the different expression of lncRNA-ATB in the

four HCC cells in Figure S1M, the expression of ZEB1, ZEB2,

N-cadherin, and vimentin were higher and the expression of

E-cadherin and ZO-1 were lower in lncRNA-ATB high expression

cells (Figure S3L), indicating the expression of lncRNA-ATB was

correlated with ZEB1, ZEB2, and EMT features.

To evaluate whether lncRNA-ATB overexpression induced

global EMT-related changes, we performed gene expression mi-

croarray analysis on lncRNA-ATB overexpressed SMMC-7721

cells. GSEA indicated that three published EMT gene signatures

(Alonso et al., 2007; Gotzmann et al., 2006; Huang et al., 2012)

were significantly enriched in lncRNA-ATB overexpressed cells

(Figure 3J), strongly suggesting that lncRNA-ATB overexpres-

sion induces a pervasive and sustained EMT signaling program.

To ascertain the pathological correlation between lncRNA-

ATB and EMT in human HCC samples, we measured E-cadherin

mRNA level in the same set of 86 HCC tissues shown in Figure 2L

and found that lncRNA-ATB transcript level was inversely corre-

lated with E-cadherin mRNA level (Figure 3K), consistent with a

role of lncRNA-ATB in EMT.

To directly test whether lncRNA-ATB could promote inva-

sive behavior by promoting EMT-like morphological changes,

we determined the invasion ability of different SMMC-7721 and

HCCLM6 cell clones using Matrigel-coated transwell experi-

ments. We observed that overexpression of lncRNA-ATB, but

not the mutant or lncRNA-508851, significantly increased the in-

vasion potential of SMMC-7721 cells, and this invasion potential

was completely abolished when miR-200a was overexpressed

(Figure 3L). We also found that depletion of lncRNA-ATB, but

not lncRNA-508851, reduced the invasion potential of HCCLM6

cells, whichwas abrogated by inhibition ofmiR-200a (Figure 3M).

Altogether, these results show that lncRNA-ATB induces EMT

and promotes a more invasive phenotype by competitively bind-

ing miR-200s.

Aberrant Expression of lncRNA-ATB in Human HCC
Tissues
To further define the role of lncRNA-ATB in human HCC, we

measured lncRNA-ATB expression level in the same set of

HCC tissues shown in Figure 2L and in their pair-matched

noncancerous hepatic tissues. The lncRNA-ATB transcript level

was higher in the HCC tissues than in the paired adjacent

noncancerous hepatic tissues (Figure 4A). We next examined

the relationship between lncRNA-ATB expression levels and
(J and K) Luciferase activity in stable SMMC-7721 cell clones (J) or HCCLM6 cell

30UTR or nothing. Data are presented as the relative ratio of firefly luciferase activi

***p < 0.001 (Student’s t test).

(L and M) The correlation between lncRNA-ATB transcript level and ZEB1 (L)

(normalized to 18S rRNA) were subjected to Pearson correlation analysis.

See also Figure S2.
the clinicopathological characteristics of the 86 HCC samples

(Table S3). Correlation regression analysis showed that high

expression of lncRNA-ATB was significantly correlated with liver

cirrhosis (p = 0.006), microvascular invasion (p = 0.000), macro-

vascular invasion (p = 0.000), and encapsulation (p = 0.007). Por-

tal vein tumor thrombus (PVTT) is the main route for intrahepatic

metastasis of HCC cells in human patients. We examined the

expression of lncRNA-ATB in 40 pairs of PVTT and pair-matched

primary tumor tissues. As shown in Figure 4B, the expression

level of lncRNA-ATB was significantly higher in the PVTT tissues

than in the primary tumor tissues. These data support that a high

level of lncRNA-ATB is strongly associated with the metastasis

of HCC cells.

We further examined whether the lncRNA-ATB expression

level was correlated with the outcome of HCC after hepatec-

tomy. Kaplan-Meier analysis in the 86 patients with HCC re-

vealed that high lncRNA-ATB expression level in HCC tissues

significantly correlated with a reduction in recurrence-free sur-

vival (p < 0.001; Figure 4C) and overall survival (p = 0.004; Fig-

ure 4D), consistent with the important roles of lncRNA-ATB in

the pathogenesis of HCC and the prognosis of HCC.

lncRNA-ATB Promotes the Invasion-Metastasis
Cascade of HCC Cells In Vivo
To evaluate the biological functions of lncRNA-ATB in vivo, we

inoculated different clones of SMMC-7721 and HCCLM6 cells

subcutaneously into nude mice. Neither the overexpression

nor the depletion of lncRNA-ATB had a measurable effect on

the growth of tumors and the proportion of proliferating (Ki67+)

cancer cells (Figures S4A and S4B; data not shown). We then

used subcutaneous tumor tissues to establish orthotopic tu-

mor models. In this model system, lncRNA-ATB overexpres-

sion effectively promoted intrahepatic, mesenteric, pulmonic,

and diaphragmatic metastases in SMMC-7721 cells. However,

mutating the miR-200s binding sites or overexpressing miR-

200a only partially abolished the prometastatic role of lncRNA-

ATB (Figure 5A; Figures S4C andS4D).We next included a stable

SMMC-7721 cell clone with inhibition of miR-200a (Figure S4E)

and found that inhibition of miR-200a promoted metastases

of SMMC-7721 cells, but the prometastatic role is weaker than

that of lncRNA-ATB (Figure 5A; Figure S4C). The depletion of

lncRNA-ATB inhibited intrahepatic, mesenteric, and pulmonic

metastases in HCCLM6 cells, which was also partially abolished

by inhibition of miR-200a (Figure 5B). This implies that miR-200s

is most likely not the only functional downstream effector of the

prometastatic role of lncRNA-ATB.

Because metastasis is a complex multistep process that in-

volves the early step of tumor invasion and the late step of met-

astatic colonization in distant organs, we aimed to explore the

influence of lncRNA-ATB and miR-200s on the different stages

of metastasis. We labeled the different clones with green fluores-

cent protein (GFP) and established orthotopic tumor models,
clones (K) transfected with luciferase reporters containing ZEB1 30UTR, ZEB2
ty to renilla luciferase activity. For (A–K), n = 3, mean ± SD. *p < 0.05, **p < 0.01,

or ZEB2 (M) mRNA level was measured in 86 HCC tissues. The DCt values
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Figure 4. Aberrant Expression of lncRNA-ATB in Clinical Samples

(A) lncRNA-ATB expression in human HCC tissues and paired adjacent

noncancerous hepatic tissues. (B) lncRNA-ATB expression in PVTT tissues

and paired primary HCC tissues. For (A) and (B), the expression level of

lncRNA-ATB was analyzed by qRT-PCR. The horizontal lines in the box plots

represent the medians, the boxes represent the interquartile range, and the

whiskers represent the 2.5th and 97.5th percentiles. The significant differences

between samples were analyzed using the Wilcoxon signed-rank test.

(C and D) Kaplan-Meier analyses of the correlations between lncRNA-ATB

expression level and recurrence-free survival (C) or overall survival (D) of 86

patients with HCC. The median expression level was used as the cutoff.

Patients with lncRNA-ATB expression values below the 50th percentile were

classified as having lower lncRNA-ATB levels. Patients with lncRNA-ATB

expression values above the 50th percentile were classified as having higher

lncRNA-ATB levels.

See also Table S3.
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and 5 weeks later examined circulating tumor cells (CTCs) by

flow cytometry from whole-blood samples. As shown in Fig-

ure 5C and Figure S4F, ectopic expression of lncRNA-ATB

significantly increased the number of CTCs, and the mutation

of the miR-200s binding sites or overexpressing miR-200a

completely abolished the increase. Inhibition of miR-200a also

increased the number of CTCs, which is comparable to that of

overexpression of lncRNA-ATB. Reciprocally, the depletion of

lncRNA-ATB significantly decreased the number of CTCs, which
Figure 3. The Effects of lncRNA-ATB on EMT and Invasion In Vitro

(A) Phase-contrast micrographs of indicated SMMC-7721 cell clones. Scale bar

(B and C) The mRNA (B) or protein (C) levels of EMT markers in indicated SMMC

(D) Immunofluorescence microscopy analysis of the localization and expression

(E) Phase-contrast micrographs of indicated HCCLM6 cell clones. Scale bars re

(F and G) The mRNA (F) or protein (G) levels of EMT markers in indicated HCCLM

(H and I) Phase-contrast micrographs (H) or the protein levels of EMT markers (I

induced EMT. Scale bars represent 100 mm.

(J) GSEA of EMT gene signatures in lncRNA-ATB overexpressed SMMC-7721 c

(K) The correlation between lncRNA-ATB transcript level and E-cadherin mRNA le

were subjected to Pearson correlation analysis.

(L and M) Indicated SMMC-7721 cell clones (L) or HCCLM6 cell clones (M) were a

per field was counted after 48 hr. Data are shown as mean ± SD n = 3. *p < 0.05
was abolished by inhibition of miR-200a (Figure 5D). We also

analyzed the levels of human LINE1 DNA, another indicator of

CTCs, by qPCR of genomic DNA from whole-blood samples.

The results were consistent with that of measuring GFP-positive

CTCs (Figures 5E and 5F). These data demonstrated that

lncRNA-ATB promoted intravasation of HCC cells, which was

dependent on the competitive binding of miR-200s.

Consistent with in vitro results, ZEB1, ZEB2, N-cadherin,

and vimentin were upregulated, and E-cadherin and ZO-1 were

reduced in the orthotopic tumor tissues with lncRNA-ATB over-

expression or miR-200a inhibition. In addition, the mutation of

the miR-200s binding sites or overexpression of miR-200a

completely abolished the effects (Figures S4G–S4J). These

data suggest that lncRNA-ATB upregulates ZEB1 and ZEB2, in-

duces EMT, and promotes tumor invasion in vivo, all of which

depend on miR-200s.

To explore the influence of lncRNA-ATB on liver colonization,

we labeled the different clones with firefly luciferase and inocu-

lated cells intrasplenically into nude mice. Overexpression of

lncRNA-ATB resulted in greater livermetastasesburden. Themu-

tation of the miR-200s binding sites or overexpression of miR-

200a, which induced MET in the liver metastases (Figure S4K),

however, did not change this liver metastases-promoting role of

lncRNA-ATB. Inhibition of miR-200a also did not influence liver

metastases (Figures 5G and 5H; Figures S4L and S4M). The

depletion of lncRNA-ATB reduced the liver metastases burden

of HCCLM6 cells, which was also not abolished by inhibition of

miR-200a (Figures 5I and 5J; Figures S4N and S4O). We further

explored the role of lncRNA-ATB in lung colonization by inocu-

lating cells directly into the tail veins of nude mice. We also

observed an increase in the lung metastases burden generated

by lncRNA-ATB-overexpressingSMMC-7721cells. Themutation

of the miR-200s binding sites or overexpression of miR-200a did

not abolish this lung metastases-promoting role of lncRNA-ATB.

InhibitionofmiR-200aalsodidnot influence lungmetastases (Fig-

ures 5K and 5L; Figures S4P and S4Q). Reciprocally, the deple-

tion of lncRNA-ATB significantly reduced the lung metastases

burden of HCCLM6 cells, whichwas also not abolished by inhibi-

tion of miR-200a (Figures 5M and 5N; Figures S4R and S4S).

These results demonstrate that lncRNA-ATB promotes the liver

and lung colonization of HCC cells and that this effect is not

dependent on miR-200s or EMT. This suggests that other genes

or signaling pathways are likely to mediate the procolonization

efficiency of lncRNA-ATB. Consistent with in vitro invasion assay

results, the in vivo results also indicated that HCCLM6 is highly

metastatic compared with SMMC-7721 cells.
s = 100 mm.

-7721 cell clones.

of EMT markers in indicated SMMC-7721 cell clones. Scale bars = 50 mm.

present 100 mm.

6 cell clones.

) in control and lncRNA-ATB-knockdown SMMC-7721 cells undergoing TGF-

ells versus control cells. NES, normalized enrichment score.

vel was measured in 86 HCC tissues. The DCt values (normalized to 18S rRNA)

dded to the top of transwells coated with Matrigel. The number of invasive cells

, **p < 0.01 (Student’s t test). See also Figure S3.
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lncRNA-ATB Interacts with and Increases Stability of IL-
11 mRNA
Wenext sought to explore themechanisms behind the potent ef-

fect of lncRNA-ATB on metastatic colonization. Recently, many

lncRNAs have been reported to interact withmRNA and increase

the stability of mRNA (Faghihi et al., 2008; Yoon et al., 2012). To

identify mRNA species bound by lncRNA-ATB, we performed an

RIP to pull down endogenous mRNAs associated with lncRNA-

ATB (Figure 6A) and sequenced the retrieved RNA. Interleukin-

11 (IL-11) was one of the most enriched transcripts (Figure 6B;

Figure S5A; Table S4), which has been reported to activate

STAT3 signaling and confer a survival advantage to metastatic

cells (Calon et al., 2012). Furthermore, GSEA indicated that

KEGG_JAK_STAT signaling pathway from the Molecular Signa-

tures Database (Liberzon et al., 2011) and published distinct IL-

11/STAT3 upregulated gene signatures (Azare et al., 2007; Dauer

et al., 2005; Putoczki et al., 2013) were significantly enriched in

lncRNA-ATB overexpressed cells, whereas IL-11/STAT3 down-

regulated gene signature was negatively enriched (Figure 6C).

We thus reasoned that lncRNA-ATB may promote metastatic

cell survival through IL-11 mRNA binding, autocrine induction

of IL-11, and activation of IL-11/STAT3 signaling. Promisingly,

we discovered that the liver metastases generated in the intra-

splenically inoculated model displayed higher expression of IL-

11 and more accumulation of p-STAT3 when derived from the

lncRNA-ATB-overexpressing SMMC-7721 cells, and lower

expression of IL-11 and less accumulation of p-STAT3 derived

from lncRNA-ATB-downregulated HCCLM6 cells (Figures S5B

and S5C).

Using BLAST (http://blast.ncbi.nlm.nih.gov/), we identified

six regions of high complementary between lncRNA-ATB and

IL-11 mRNA, but none for b-actin mRNA (Figure 6D). We then

mutated all six binding sites in lncRNA-ATB. To validate thedirect

interaction of lncRNA-ATB with IL-11 mRNA, we performed RIP-

qPCR and the results demonstrated that the lncRNA-ATB RIP

in SMMC-7721 cells is significantly enriched for IL-11 mRNA

compared to the empty vector, IgG, b-actin mRNA, IL-11 binding

sitesmutated lncRNA-ATB (lncRNA-ATB-mut(IL-11)), or lncRNA-

508851, which did not have a complementary region with IL-11

mRNA (Figure 6E). The specific association between lncRNA-

ATB and IL-11 mRNA was further validated by affinity pull-

down of endogenous IL-11 mRNA using in vitro transcribed
Figure 5. The Roles of lncRNA-ATB in the Invasion-Metastasis Cascad

(A and B) Incidence of metastases 8 weeks after orthotopic xenografting in nude

(Fisher’s exact test).

(C and D) The number of GFP labeled CTCs was examined by flow cytometry fro

SMMC-7721 cell clones (C) or HCCLM6 cell clones (D). PBMC, peripheral blood

(E and F) Relative levels of human LINE1 DNA were analyzed by qPCR of genomic

n = 10, nonparametric Mann-Whitney U test.

(G) Luciferase signal intensities of mice in each group 6 weeks after intrasplenic in

plots represent the medians, the boxes represent the interquartile range, and the

(H) Number of liver metastases in mice from (G).

(I) Luciferase signal intensities of mice in each group 6 weeks after intrasplenic in

(J) Number of liver metastases in mice from (I).

(K) Luciferase signal intensities of mice in each group 5 weeks after tail vein injec

(L) Number of metastatic nodules in the lungs from the mice in (K) (five sections

(M) Luciferase signal intensities of mice in each group 5 weeks after tail vein inje

(N) Number of metastatic nodules in the lungs from the mice in (M) (five sections

Bars represent mean ± SD. **p < 0.01, ***p < 0.001. See also Figure S4.
biotin-labeled lncRNA-ATB (Figure 6F). These results suggest

that lncRNA-ATB interacts with IL-11 mRNA.

To test whether lncRNA-ATB regulates the stability of IL-11

mRNA, we treated different clones of SMMC-7721 and HCCLM6

cells with a-amanitin to block new RNA synthesis and then

measured the loss of IL-11, b-actin, and 18S rRNA over a 24 hr

period. The overexpression of lncRNA-ATB, but not lncRNA-

ATB-mut(IL-11) or lncRNA-508851, elongated the half-life of

IL-11 mRNA, and conversely, the depletion of lncRNA-ATB

shortened the half-life of IL-11 mRNA (Figure 6G). Collectively,

these data demonstrate that lncRNA-ATB specially increases

the stability of IL-11 mRNA, which depends on the binding of

IL-11 mRNA.

lncRNA-ATB Activates IL-11/STAT3 Signaling
To further validate the effects of lncRNA-ATB on IL-11/STAT3

signaling in vitro, we measured IL-11 mRNA levels in different

clones of SMMC-7721 and HCCLM6 cells and found that the

overexpression of lncRNA-ATB, but not lncRNA-ATB-mut(IL-

11) or lncRNA-508851, significantly increased IL-11mRNA levels

in a dose-dependent manner, and ectopic expression of miR-

200a did not change the effects (Figure 6H). Reciprocally, the

depletion of lncRNA-ATB significantly reduced IL-11 mRNA

levels in a dose-dependent manner, whichwas also not changed

by inhibition of miR-200a (Figure 6I). Consistent with the different

expression of lncRNA-ATB in the four HCC cells in Figure S1M,

the expression of IL-11 was higher in lncRNA-ATB high expres-

sion cells (Figure S5D). We also found that overexpression of

lncRNA-ATB upregulated IL-11 mRNA level in QSG-7701 cells

(Figure S5E). To examine whether lncRNA-ATB increases IL-11

secretion and activates IL-11/STAT3 signaling, we measured

IL-11 levels in the cell supernatants and phosphorylation levels

of STAT3 in different clones. The overexpression of lncRNA-

ATB, but not lncRNA-ATB-mut(IL-11) or lncRNA-508851, leads

to increased IL-11 levels in the cell supernatants and phosphor-

ylation levels of STAT3 in a dose-dependent manner (Figures 6J

and 6K). Reciprocally, the depletion of lncRNA-ATB leads

to reduced IL-11 levels in the cell supernatants and phos-

phorylation levels of STAT3 in a dose-dependent manner

(Figures 6L and 6M). Neither overexpression nor inhibition of

miR-200a changed the effects (Figures 6J–6M). Overexpression

of lncRNA-ATB also upregulated IL-11 levels in the cell
e of HCC Cells

mice using indicated SMMC-7721 cell clones (A) or HCCLM6 cell clones (B)

m whole-blood samples 5 weeks after orthotopic xenografting using indicated

mononuclear cells.

DNA from the blood in (C) and (D), normalized to mouse LINE1 DNA. For (C–F),

jection with 23 106 indicated SMMC-7721 cells. The horizontal lines in the box

whiskers represent the minimum and maximum values.

jection with 2 3 106 indicated HCCLM6 cells. Data are shown as in (G).

tion with 1 3 106 indicated SMMC-7721 cells. Data are shown as in (G).

evaluated per lung).

ction with 1 3 106 indicated HCCLM6 cells. Data are shown as in (G).

evaluated per lung). For (G–N), n = 6, nonparametric Mann-Whitney U test.
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supernatants and phosphorylation levels of STAT3 in QSG-7701

cells (Figures S5F and S5G). STAT3 downstream target protein

BCL2 was also upregulated by overexpression of lncRNA-

ATB, but not lncRNA-ATB-mut(IL-11) or lncRNA-508851, and

was downregulated by depletion of lncRNA-ATB (Figures

S5H–S5J). These results indicate that lncRNA-ATB upregulated

the expression of IL-11, increased IL-11 secretion, and activated

STAT3 signaling in an autocrine manner. The effects of

lncRNA-ATB on IL-11/STAT3 signaling are not dependent on

miR-200s.

To confirm the regulation of IL-11 by lncRNA-ATB in human

HCC tissues, we measured IL-11 mRNA level in the same set

of 40 pairs of PVTT and pair-matched primary HCC tissues

shown in Figure 4B and found that IL-11 mRNA level was signif-

icantly higher in the PVTT tissues than in the primary HCC tissues

(Figure 6N). Importantly, the IL-11 mRNA level is correlated with

the lncRNA-ATB transcript level in the PVTT tissues (Figure 6O).

These clinical data demonstrated that IL-11 may be associated

with the metastasis of HCC cells and were consistent with the

role of lncRNA-ATB in the regulation of IL-11.

lncRNA-ATB Requires IL-11/STAT3 Signaling to
Promote Colonization
To test the contribution of IL-11 to the procolonization role of

lncRNA-ATB, we knocked down IL-11 in lncRNA-ATB-overex-

pressing SMMC-7721 clone 1. This knockdown has no signifi-

cant effect on lncRNA-ATB expression (Figure 7A). We first

measured the effects of IL-11 on EMT, and found that knock-

down of IL-11 did not induce or invert EMT (Figure S6A). Next,

we found that the mutation of IL-11 binding sites or knockdown

of IL-11 also did not change the proinvasive efficiency of

lncRNA-ATB (Figure S6B).

The cells were labeled with firefly luciferase and inoculated in-

trasplenically into nude mice. During the first few days following

inoculation, most of the cells that reached the liver were progres-

sively lost, and by 7 days, tumor cells were barely detectable.

The overexpression of lncRNA-ATB, but not lncRNA-ATB-mu-

t(IL-11), significantly increased the number of cells detected at

the early time points and inducedmoremetastatic foci in the liver
Figure 6. lncRNA-ATB Interacts with IL-11 mRNA and Activates IL-11/

(A) A schematic outline of the MS2-RIP strategy used to identify endogenous mR

(B) lncRNA-ATB-MS2 RIP-seq identification of IL-11 enrichment in anti-GFP and

(C) GSEA of KEGG_JAK_STAT signaling pathway and published IL-11/STAT3 regu

control cells. NES, normalized enrichment score.

(D) Regions of putative interaction between lncRNA-ATB (query) and IL-11 mRN

(E) RIP-derived RNA was measured by qRT-PCR. The levels of qRT-PCR produc

(F) SMMC-7721 cell lysates were incubated with biotin-labeled lncRNA-ATB; afte

as in (E).

(G) The stability of IL-11 and b-actin mRNA over time was measured by qRT-PCR

indicated SMMC-7721 cell clones or HCCLM6 cell clones and normalized to 18S

(H and I) Relative IL-11 mRNA levels in indicated SMMC-7721 cell clones (H) or

(J and K) Concentration of IL-11 in the culture medium measured by ELISA (J) or p

clones.

(L and M) Concentration of IL-11 in the culture medium measured by ELISA (L) o

clones. For (E–M), n = 3, mean ± SD, Student’s t test, *p < 0.05, **p < 0.01, ***p

(N) IL-11mRNA levels in primary HCC and PVTT tissues from the same set of patie

plots represent the medians, the boxes represent the interquartile range, and the

(O) The correlation between lncRNA-ATB transcript level and IL-11 mRNA leve

(normalized to 18S rRNA) were subjected to Pearson correlation analysis.

See also Figure S5 and Table S4.
at the late time point. The knockdown of IL-11 in lncRNA-ATB-

overexpressing cells reduced the amounts to near those of the

control cells (Figures 7B–7E). We further explored the role of

lncRNA-ATB and IL-11 in lung colonization by injecting cells

directly into the tail veins of nude mice. lncRNA-ATB overex-

pressing cells, but not that of lncRNA-ATB-mut(IL-11), displayed

increased lung colonization rates at the early time points and

formed more metastatic tumors in the lung at the late time point,

whereas knockdown of IL-11 mostly abolished this increase

(Figures 7F–7I). These data demonstrated that lncRNA-ATB

enhances the colonization potential of HCC cells and this effect

depends on IL-11.

DISCUSSION

In this study, we report that lncRNA-ATB, which could be acti-

vated by TGF-b, promotes HCC cell invasion by competitively

binding the miR-200 family, upregulating ZEB1 and ZEB2, and

then inducing EMT. On the other hand, lncRNA-ATB promotes

HCC cell colonization at the site of metastasis by binding IL-11

mRNA, increasing IL-11 mRNA stability, causing autocrine in-

duction of IL-11, and then activating STAT3 signaling. Therefore,

lncRNA-ATB plays a prometastatic role in HCC (Figure 8). We

also found that the expression of lncRNA-ATB was increased

in HCC andwas further increased in PVTT. Furthermore, a higher

level of lncRNA-ATB was associated with tumor invasion in

patients with HCC and was inversely correlated with prognosis.

All these data support our conclusion that lncRNA-ATB has

pleiotropic effects on HCC cell invasion, colonization, and

metastasis. Therefore, lncRNA-ATB was determined to have

oncogenic activity.

Our results indicated that a higher level of lncRNA-ATB was

associated with liver cirrhosis in patients with HCC, which is

consistent with the observation that TGF-b is also associated

with liver cirrhosis (Yang et al., 2013). A recent report indicated

that the level of TGF-b signaling activity was higher in PVTT tis-

sues than the primary HCC tissues (Yang et al., 2012), which

further supports the regulation of lncRNA-ATB by TGF-b in vivo.

The biphasic activities of the TGF-b signaling pathway during
STAT3 Signaling in HCC Cells

NA:lncRNA-ATB binding.

nonspecific IgG groups.

lated gene signatures in lncRNA-ATB overexpressed SMMC-7721 cells versus

A (subject).

ts were expressed as a percentage of input RNA.

r pull-down, mRNA was extracted and assessed by qRT-PCR. Data are shown

relative to time 0 after blocking new RNA synthesis with a-amanitin (50 mM) in

rRNA (a product of RNA polymerase I that is unchanged by a-amanitin).

HCCLM6 cell clones (I).

-STAT3 levels determined by western blot (K) from indicated SMMC-7721 cell

r p-STAT3 levels determined by western blot (M) from indicated HCCLM6 cell

< 0.001.

nts as in Figure 4B were measured by qRT-PCR. The horizontal lines in the box

whiskers represent the 2.5th and 97.5th percentiles. Wilcoxon signed-rank test.

l was measured in the same set of PVTT tissues as in (N). The DCt values
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Figure 7. The Pro-Colonization Role of lncRNA-ATB Requires IL-11/STAT3 Signaling

(A) The expression levels of IL-11 and lncRNA-ATB were determined by qRT-PCR. n = 3, Student’s t test.

(B) Luciferase signal intensities of the mice in each group over time after intrasplenic injection with 2 3 106 indicated SMMC-7721 cell clones.

(C) Representative images of mice from (B) over time.

(D) The number of liver metastases in the mice from (B) 35 days after intrasplenic injection.

(E) Representative livers from (D).

(F) Luciferase signal intensities of mice over time after tail vein injection with 1 3 106 indicated SMMC-7721 cell clones.

(G) Representative images of the mice from (F) over time.

(H) The number of metastatic nodules in the lungs from (F) 28 days after tail vein injection (five sections evaluated per lung).

(I) Hematoxylin and eosin-stained images of lung tissues isolated from themice in (H). Scale bars represent 500 mm. For (B–I), n = 6, nonparametric Mann-Whitney

U test; arrows indicate the metastasis nodules. Data are shown as mean ± SD, **p < 0.01. See also Figure S6.
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Figure 8. A Schematic Model of lncRNA-ATB Functions during the

Invasion-Metastasis Cascade

lncRNA-ATB, which could be activated by TGF-b, promotes HCC cell invasion

by competitively binding the miR-200 family, upregulating ZEB1 and ZEB2,

and then inducing EMT. On the other hand, lncRNA-ATB promotes HCC cell

colonization at the site of metastases by binding IL-11 mRNA, increasing IL-11

mRNA stability, causing autocrine induction of IL-11, and then activating

STAT3 signaling.
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tumorigenesis hinder its utilization in clinical treatment. There-

fore, it would be beneficial to target the tumor-progressing arm

of TGF-b action while avoiding the tumor-suppressing arm.

Thus, the specific downstream effectors of the different TGF-b

signaling pathways need to be explored further. In this study,

we identified that lncRNA-ATB mediates the role of TGF-b in

inducing EMT and promoting metastasis. Promisingly, lncRNA-

ATB was activated by TGF-b and induced EMT not only in

HCC cells, but also in colorectal cancer and breast cancer cells,

indicating that lncRNA-ATB is a more general TGF-b mediator.

Our results indicated that a short-term TGF-b treatment was suf-

ficient to activate lncRNA-ATB, which implied that lncRNA-ATB

may be a direct target of TGF-b/Smad pathway, but how TGF-

b activates lncRNA-ATB requires further investigation.

In this study, we found that lncRNA-ATB shares miR-200s

response elements with ZEB1 and ZEB2, the master inducers

of EMT. In our in vitro system, an orthotopic xenograft model

of nude mice and clinical HCC tissues, we observed that ectopic

expression of lncRNA-ATB was sufficient to increase ZEB1 and

ZEB2 and induce EMT. The mRNA expression profile after over-

expressing of lncRNA-ATB fortified its role in inducing EMT.

Notably, this role depends on the competitive binding of miR-

200s, indicating that lncRNA-ATB functions as a ceRNA.

Because there is a double negative feedback loop between

miR-200s and ZEB1/ZEB2 (Burk et al., 2008), the upregulation

of ZEB1 and ZEB2 by lncRNA-ATB could further augment the ef-

fects. It is widely recognized that EMT facilitates tumor invasion

and dissemination (Massagué, 2008). Consistently, in our in vitro

system, an orthotopic xenograft model of nude mice and clinical

HCC tissues, we all found that by inducing EMT, lncRNA-ATB

promotes HCC cell invasion.

In the orthotopic xenograft model in nude mice, we found

that lncRNA-ATB promoted HCC cell metastases, which were

not completely dependent on miR-200s or EMT. This implies

that metastasis is not only determined by the invasion potential
and that the miR-200-ZEB-EMT axis is not the only downstream

effector of lncRNA-ATB. Metastasis is a complex multistep

process that involves early invasion and late colonization of can-

cer cells (Tao et al., 2013). Clinical observations and animal

model studies have indicated that, despite the significant and

continuous tumor cell intravasation into the circulation, only a

small minority of these cells colonize a distant organ (Gupta

and Massagué, 2006). Therefore, colonization is a rather

inefficient process and also has a critical influence on ultimate

metastasis. In our tail vein injection and intrasplenic inoculation

xenograft models, we found that the miR-200-EMT axis had no

significant effect on colonization. Therefore, lncRNA-ATB exerts

its procolonization effect through other pathways.

We combined RIP-seq and transcriptome analysis to identify

that lncRNA-ATB bound IL-11 mRNA, increased IL-11 mRNA

stability, and caused autocrine induction of IL-11, and activated

IL-11/STAT3 signaling, which were further verified in our in vitro

system, the xenograft metastasis model, and clinical HCC tis-

sues. In our xenograft model using nude mice, IL-11 secreted

by HCC cells contributes to the procolonization role of lncRNA-

ATB, because the depletion of IL-11 in HCC cells abolished the

procolonization effect of lncRNA-ATB. The depletion of IL-11

did not induce or invert EMT, indicating that the role of lncRNA-

ATB or IL-11 in colonization is not dependent on EMT or MET.

Taken together, our research demonstrated that lncRNA-ATB

acts as a key regulator of TGF-b signaling pathways and

revealed roles of TGF-b in regulating long noncoding RNAs.

The findings of this study have significant implications regarding

our understanding of HCC metastasis pathogenesis. As direct

targets of lncRNA-ATB, miR-200-ZEB and IL-11 mediated the

role of lncRNA-ATB in local invasion and distant colonization,

respectively. The pleiotropic effects of lncRNA-ATB on the early

and late steps of the invasion-metastasis cascade suggest

that lncRNA-ATB could be an effective target for antimetastasis

therapies.
EXPERIMENTAL PROCEDURES

Patients

Frozen HCC tissues, normal liver tissues, and PVTT tissues were randomly ob-

tained with informed consent from patients who underwent radical resections

in the Eastern Hepatobiliary Surgery Hospital (Second Military Medical Univer-

sity, Shanghai, China). Ethical consent was granted from the Committees

for Ethical Review of Research involving Human Subjects of Second Military

Medical University.
Animal Studies

The animal studies were approved by the Institutional Animal Care and Use

Committee of the Second Military Medical University. Male athymic BALB/c

nude mice (4–5 weeks old) were used for animal studies. Subcutaneous tumor

growth assays were performed as previously described (Yuan et al., 2011).

Orthotopic xenograft model and metastasis model are described in the Sup-

plemental Experimental Procedures.
Statistical Analysis

All statistical analyses were performed using the GraphPad Prism Software

(GraphPad Software). For comparisons, Student’s t test (two-tailed), Wil-

coxon signed-rank test, Pearson chi-square test, Pearson correlation anal-

ysis, Log-rank test, Fisher’s exact test, and nonparametric Mann-Whitney

U test were performed as indicated. A p value < 0.05 was considered

significant.
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The Gene Expression Omnibus accession numbers for the lncRNA microarray

data for TGF-b-treated cells, gene expression data for lncRNA-ATB overex-

pressed SMMC-7721 cells, and RIP-seq data of lncRNA-ATB are GSE54797,

GSE54798, and GSE54799, respectively.
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SUMMARY
Ras-related small GTPases play important roles in cancer. However, the roles of RBJ, a representative of the
sixth subfamily of Ras-related small GTPases, in tumorigenesis and tumor progression remain unknown.
Here, we report that RBJ is dysregulated in human gastrointestinal cancers and can promote carcinogenesis
and tumor progression via nuclear entrapment of mitogen-activated protein/extracellular signal-regulated
kinase (ERK) kinase (MEK)1/MEK2 and activation of ERK1/ERK2. Nucleus-localized RBJ interacts with
MEK/ERK and prolongs the duration of MEK/ERK activation. Rbj deficiency abrogates nuclear accumulation
of MEK1/MEK2, attenuates ERK1/ERK2 activation, and impairs AOM/DSS-induced colonic carcinogenesis.
Moreover,Rbj knockdown inhibits growth of established tumors. Our data suggest that RBJmay be an onco-
genic Ras-related small GTPasemediating nuclear accumulation of activeMEK1/MEK2 in tumor progression.
INTRODUCTION

TheRas superfamily of small GTPases is divided into fiveprincipal

subfamilies: theRas,Rho,Rab,Arf (ADP-ribosylation factors), and

Ran subfamilies (Karnoub and Weinberg, 2008). Rbj is a recently

identified member of the sixth subfamily of Ras-related small

GTPases, which was cloned by us independently (GenBank No.

AF178983, named as Rabj) and reported by other labs. RBJ is

characterized by the fusion of a small GTPase domain with a

heat shock protein 70 (hsp70)-interacting J domain. Bioinformatic

analysis reveals thatRBJshareshighest sequencehomologywith

Rab proteins in small GTPase domain but represents a distinct

subfamily of Ras-related small GTPases (dos Santos et al.,
Significance

TheRas/Raf/mitogen-activated protein/extracellular signal-reg
nase (ERK) signaling pathway is crucial in tumorigenesis an
signaling pathway in sensitivity and resistance of human cance
of RBJ in tumorigenesis remain unknown. We show that nuc
MEK/ERK, maintaining constitutive MEK/ERK activation and
serve as a nuclear anchor forMEK1/MEK2 during tumorigenesi
nuclear entrapment of activeMEK1/MEK2 and activation of ER
the Ras/Raf/MEK/ERK signaling pathway, casting light on this
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2012; Elias and Archibald, 2009; Nepomuceno-Silva et al.,

2004; designated asRbj,Rjl, orDnajc27). However, the biological

and functional data for RBJ are absent up to date. Most of the

Ras-related small GTPases are involved in diverse aspects of

tumorigenesis and tumor progression (Karnoub and Weinberg,

2008). Therefore, we hypothesized that RBJmay also be involved

in tumorigenesis and tumor progression.

Among the well-defined Ras signaling pathways, the Raf/

mitogen-activated protein/extracellular signal-regulated kinase

kinase (MEK)/extracellular signal-regulatedkinase (ERK) signaling

cascade has been demonstrated to play important roles in tumor-

igenesis and has been regarded as targets for cancer treatments

(Friday and Adjei, 2005; Kolch, 2005; Luke and Hodi, 2012).
ulated kinase kinase (MEK)/extracellular signal-regulated ki-
d tumor progression, and critical questions regarding this
rs to targeted therapy have been raised. However, the roles
leus-localized RBJ is oncogenic and directly interacts with
leading to transformation and tumor progression. RBJ may
s and a potential target for cancer treatments. RBJ-mediated
K1/ERK2may represent an alternative mode for regulation of
targeted pathway in human cancers.
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Gain-of-functionmutations ofRas andRaf aswell as the constitu-

tive activation of ERK1/ERK2 andMEK1/MEK2 have been widely

observed in many cancers (Karnoub and Weinberg, 2008; Kolch,

2005). However, the mechanisms for constitutive MEK/ERK acti-

vation incancers havenotbeen fully elucidated.More importantly,

it remains to be determinedwhether or not other unknownmolec-

ular mechanisms exist in modulation of the Ras/Raf/MEK/ERK

signaling pathway, which may cast light on the understanding of

aberrant activation of MEK/ERK in human cancers and possibly

provide an alternative interpretation of clinically raised questions

about targeted therapy.

Herein, we investigated the roles of RBJ in carcinogenesis and

tumor progression by using knockout and transgenic mice/cells

and by using an azoxymethane (AOM)/dextran sodium sulfate

(DSS)-induced colonic carcinogenesis model. Our data suggest

that RBJ is an oncogenic small GTPase required for carcinogen-

esis and tumor progression by mediating the nuclear accumula-

tion of active MEK1/MEK2 and sustained activation of ERK1/

ERK2.

RESULTS

RBJ Is Aberrantly Overexpressed in Human
Gastrointestinal Cancers and Correlates with
Progression of Human Cancers
Rbj mRNA is rarely detected in normal tissues except testis,

ovary, and brain (Figures S1A and S1B available online) but was

frequently detected in a variety of human and mouse tumor cell

lines (Figures S1C and S1D). We prepared the rabbit polyclonal

antibody against recombinant full-length human RBJ that recog-

nized both human and mouse RBJ (93% protein identity) and

tested its application in western blot and immunohistochemistry

(IHC) assays. RBJ protein could be detected abundantly in

mouse testis (Figures S1E and S1F), in SW480 and B16.F10

tumor cells (Figures S1F and S1G), and in AOM/DSS-induced

mouse colonic tumors (Figure S1H). However, the antibody did

not detect RBJ in NIH 3T3 and LoVo cells negative for Rbj

mRNA expression (Figure S1F) and in colonic tumors derived

from Rbj knockout mice (Figure S1H). Moreover, the levels of

RBJ protein were decreased in Rbj-silenced SW480 and

B16.F10 tumor cells (Figures S1F andS1G). These data indicated

that the RBJ antibody is specific and suitable for applications in

both IHC and western blot.

Next, we examined RBJ expression in tissue microarrays of

human gastrointestinal cancers. We found that RBJ protein

was significantly higher in cancer samples than that in adjacent

noncancer samples (R2 cm away from cancer tissues; Figures

1A and 1B) and was mainly detected in cancers with later tu-

mor-node-metastasis (TNM) stages (Figure 1C; Tables S1, S2,

and S3). Moreover, patients with higher expression of RBJ

showed a shorter overall survival time (Figure 1D). The levels

of Rbj mRNA were also significantly higher in cancer tissues

than that in matched noncancer tissues (Figure 1E; Table S4)

and correlated to TNM stages of colorectal cancers (CRCs)

(Figure 1F).

Two CpG islands were predicted in the promoter region of Rbj

(Figure S1I). Because cancer-associated DNA hypomethylation

is as prevalent as cancer-linked hypermethylation (Esteller,

2008), we treated several human cancer cell lines with the DNA
methylation inhibitor 5-aza-20-deoxycytidine (5-Aza-dC) for

48 hr and then found that RBJ expression was increased in hu-

man cancer cells (Figure S1J). These results indicate that aber-

rant overexpression of RBJ may be potentially caused by

abnormal DNA hypomethylation of Rbj promoter.

RBJ Is an Oncogenic Small GTPase that Activates MEK/
ERK and Induces Cell Transformation
RBJ is predicted to be a Ras-related small GTPase that contains

a C-terminal J domain (Figures S2A and S2B) (Nepomuceno-

Silva et al., 2004). Using glutathione S-transferase (GST)-RBJ

fusion protein, we found that RBJ did bind with guanosine

triphosphate (GTP)/guanosine diphosphate (GDP) and possess

GTPase activity (Figures 2A, 2B, S2C, and S2D), and the C-ter-

minal J domain could interact with recombinant heat shock

cognate 70 (Figure S2E). Mutation of serine 30 (Ser30) into Asn

(RBJ-S30N) abrogated the GTP-binding activity: mutation of

His75 into leucine (Leu) (RBJ-H75L) completely abrogated its

GTPase activity, whereas mutation of His75 into glutamine

(Gln) (RBJ-H75Q) that was commonly found in other Ras-related

small GTPases increased its GTPase activity.

To ascertain the roles of RBJ in tumorigenesis, we stably over-

expressed RBJ in NIH 3T3 fibroblasts (RBJ-3T3; Figure S1F).

RBJ overexpression could enhance cell proliferation (Figure 2C)

and induce colony formation of RBJ-3T3 cells on soft agar (Fig-

ure 2D), both of which could be inhibited by MEK/ERK inhibitors.

In vivo, RBJ-3T3 cells could form fibrosarcoma in Balb/c nude

mice (100% of inoculated mice). Although RBJ-S30N could not

induce NIH 3T3 transformation, RBJ-H75L could potently induce

NIH 3T3 transformation (Figure 2D).

We found that RBJ overexpression activated MEK1/MEK2,

ERK1/ERK2, and Elk-1 in NIH 3T3 cells but with no effects on

Akt and NF-kB activation (Figure 2E). In RBJ+ SW480 and HT-

29 CRC cell lines, knockdown of Rbj could inhibit the basal acti-

vation of MEK/ERK (Figure 2E). By luciferase reporter assays,

we found that RBJ could transactivate Elk-1, AP1, and serum

response element (SRE) reporters, but not NF-kB reporters

(data not shown). These data together suggest that RBJ can acti-

vate the MEK/ERK signaling pathway, which may confer to the

oncogenic activities of RBJ.

The promoter region of Rbj may span a �300 to +50 bp re-

gion and potentially contained consensus sequences for bind-

ing with transcription factors (Figure S2F). Overexpression of

constitutively active K-Ras-G12V, BRAF-V600E, MEK1ED (mu-

tation of Ser218 and Ser222 into glutamate [Glu] and aspartic

acid [Asp], respectively), and ERK2, or treatment with various

extracellular stimuli, could robustly transactivate Rbj promoter

in RBJ� LoVo cells (Figure S2G). Therefore, Rbj may be

induced after hypomethylation of its promoter and then be up-

regulated by signals that potentially activate MEK/ERK and/or

NF-kB.

Transgenic overexpression of Rbj in mice did not induce the

spontaneous formation of visible neoplasms and did not affect

growth and reproduction of the transgenic mice. However, em-

bryonic day 13.5 (E13.5) mouse embryonic fibroblasts (MEFs)

derived from Rbj and RBJ-H75L transgenic mice showed

enhanced proliferation (Figure 2F) and could form colonies on

soft agar (Figure 2G). The Rbj transgenic MEFs could not

spontaneously form fibrosarcoma in Balb/c nude mice. When
Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc. 683



Figure 1. Aberrant Overexpression of RBJ in Human Gastrointestinal Cancers

(A) Representative IHC for RBJ expression in tissue microarrays. Typical stainings in the red box region were magnified and shown in adjacent rows.

Scale bars, 100 mm.

(legend continued on next page)
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Figure 2. RBJ Is a Small GTPase that

Induces Cell Transformation

(A) GTP-binding assays of RBJ (GST fusion pro-

teins) in the presence or absence of 100 mM

competitors.

(B) GTPase activity assays of RBJ (GST fusion

proteins).

(C and D) Mock- or RBJ-3T3 cells were examined

for proliferation by [3H]thymidine incorporation (C)

or for colony formation capacity (D) in the pres-

ence or absence of inhibitors. Error bars indicate

mean ± SD (n = 3). Representative images of the

formed colonies are shown (scale bars, 100 mm).

Similar results were obtained in three independent

experiments. V, vehicle (DMSO); P, PD98059

(10 mM); U, U0126 (10 mM); ***p < 0.001 (as

compared to Mock-3T3 cells; ANOVA).

(E) Mock- or RBJ-3T3 cells or CRC cells with

stable knockdown of Rbj were examined by

western blot for MEK/ERK activation. Indicated

NIH 3T3 cells were cultured under normal condi-

tions (control), serum starved for 24 hr, and re-

stimulated with 10% fetal calf serum (FCS) or

epidermal growth factor (EGF) for 30 min in the

presence or absence of inhibitors. Ctrl, scrambled

control RNAi; RNAi, Rbj-specific RNAi.

(F and G) MEFs derived from Rbj or RBJ-H75L

transgenic mice were transfected with or without

indicated active K-Ras/BRAF vectors and were

examined for proliferation (F) or colony formation

on soft agar (G). Error bars indicate mean ± SD

(n = 3). Similar results were obtained in three in-

dependent experiments. *p < 0.05; ***p < 0.001

(as compared to WT cells or mock-transfected

cells; ANOVA). IB, immunoblot.

(H) MEFs derived from WT or Rbj transgenic

mice were transiently transfected with active

K-Ras/BRAF vectors, and MEK/ERK activation

was examined by western blot.

See also Figure S2.
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K-Ras-G12V and BRAF-V600E were expressed in these MEFs,

the transforming capacity of RBJ in MEFs was enhanced (Fig-

ure 2G), corresponding to potentiated effects of RBJ

in activating MEK/ERK (Figure 2H). These data indicate that

RBJ may synergize with Ras/Raf in transformation.

Considering that both NIH 3T3 cells and MEFs were negative

for RBJ, we then validated the effects of RBJ in LoVo cells

potentially competent in expression of RBJ after demethylation
(B and C) IHC scores for RBJ staining in indicated cancer samples (B) or in cancer samples demonstrating diffe

plots represent the median, the boxes represent the interquartile range, and the whiskers represent the 2.5th a

Mann-Whitney U test). NC, noncancer.

(D) Overall survival of patients with cancer with high (Rmedian H scores) or low (< median H scores) RBJ level

CAC, colon adenocarcinoma; GAC, gastric adenocarcinoma; RAC, rectal adenocarcinoma

(E and F) qRT-PCR assays of RbjmRNA levels in human cancer tissues. The definitions of the box plots are th

test or Mann-Whitney U test).

See also Figure S1 and Tables S1, S2, S3, and S4.

Cancer Cell 25, 682–6
(Figure S1J) and B16 melanoma cells

with low RBJ expression (Figure S1F).

We found that RBJ overexpression (Fig-

ure S2H) promotes the cells in forming
colonies on soft agar (Figure S2I) and enhances ERK1/ERK2

activation (Figure S2J).

RBJ Is Required for AOM/DSS-Induced Colonic
Carcinogenesis and Tumor Progression
To test the roles of RBJ in tumorigenesis, we established Rbj�/�

mice and examined the effects of Rbj deficiency on AOM/DSS-

induced carcinogenesis (Figures S3A–S3C and 3A). Despite
rent TNM stages (C). The horizontal lines in the box

nd 97.5th percentiles (Wilcoxon signed rank test or

s. p values were calculated using the log rank test.

e same as that in (B) and (C) (Wilcoxon signed rank

96, May 12, 2014 ª2014 Elsevier Inc. 685



Figure 3. RBJ Is Required for AOM/DSS-Induced Colonic Carcinogenesis

(A) Schema of AOM/DSS treatments.

(B) Representative macroscopic findings of colon tumors (black circles) induced by AOM/DSS.

(C) Incidence of macroscopic tumors induced by AOM/DSS. Error bars indicate mean of three independent experiments (Fisher’s exact test).

(D and E) Number of macroscopic tumors (D) and tumor burden of AOM/DSS-treated mice (E) per colon. Error bars indicate mean (n = 20; Mann-Whitney U test).

Similar results were obtained in three independent experiments.

(F and G) Four hours after intraperitoneal injection of bromodeoxyuridine (BrdU), the tumors were stained for BrdU+ cells by IHC. Representative images are

shown (F), and BrdU+ cells were counted (G). Error bars indicate mean ± SD of five high fields (Fisher’s exact test). Similar results were obtained in three

independent experiments. Scale bars, 100 mm.

(H–J) AOM/DSS-induced colonic tumors in Rbj transgenic mice. (H) Representative macroscopic findings of colon tumors (black circles). (I) Number of

macroscopic tumors per colon. (J) Tumor burden of AOM/DSS-treated transgenic mice. Error bars indicate mean (n = 20). Similar results were obtained in three

independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 (as compared to WT mice; ANOVA).

(K and L) On indicated days, colons were collected and examined for microscopic pathological aberrations after hematoxylin and eosin staining (H&E) (n = 10).

The horizontal lines in the box plots represent the median, the boxes represent the interquartile range, and the whiskers represent the 2.5th and 97.5th percentiles.

*p < 0.05; **p < 0.01; ***p < 0.001 (as compared to WT mice; ANOVA).

See also Figure S3.
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that colonic tumors could be detected in both Rbj+/+ and Rbj�/�

mice (mainly in the distal colons; Figures 3B and S3D), Rbj

deficiency significantly decreased the incidence (Figure 3C)

and multiplicity (Figure 3D) of colonic tumors. Moreover, the tu-

mor burden (Figure 3E) and proliferation of the colonic epithelial

cells (Figures 3F and 3G) in Rbj�/� tumors were significantly

reduced.

Rbj or RBJ-H75L transgenic overexpression significantly

increased the multiplicity (Figures 3H and 3I) and tumor burden

(Figure 3J) of AOM/DSS-induced colonic tumorswhen examined

on day 80. Before the AOM treatment, the lengths of either colon

or crypt were not significantly different between wild-type (WT)

and Rbj transgenic mice (data not shown). However, we found

that the colons of Rbj or RBJ-H75L transgenic mice showed

an accelerated appearance of typical aberrant histology alter-

ations after AOM/DSS induction, including aberrant crypt foci

(ACFs; indicators of preneoplasms) and nonvisible microscopic
686 Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc.
tumors (adenomas or carcinomas) (Figures S3E, 3K, and 3L).

These data indicate that RBJ may accelerate AOM/DSS-

induced carcinogenesis and promote the progression of colon

tumors.

RBJ Directly Interacts with MEK1/MEK2 and ERK1/
ERK2
To investigate the mechanisms in RBJ-mediated activation of

MEK/ERK, we performed immunoprecipitation assays to deter-

mine potential RBJ-binding partners. We found that RBJ could

be coimmunoprecipitated with MEK1/MEK2 and ERK1/ERK2

in RBJ-3T3 cells (Figure 4A, lanes 3–5) and RBJ+ CRC cells

(lanes 6, 8, and 10). In RBJ+ CRC cells with Rbj knockdown (Fig-

ure 4A, lanes 7, 9, and 11), the levels of coimmunoprecipitated

MEK/ERK by RBJ were eliminated.

By GST pull-down assays, we found that RBJ could directly

interact with WT MEK1/ERK2 as well as dominant-negative



Figure 4. RBJ Interacts with MEK/ERK

(A) Mock- or RBJ-3T3 cells or CRC cells with stable knockdown of Rbjwere examined by western blot for RBJ-MEK/ERK interaction after immunoprecipitations

(IP). Indicated NIH 3T3 cells were cultured under normal conditions (control), serum starved (0.5% FCS) for 24 hr, and restimulated with 10% FCS or EGF for

30 min. WCL, whole-cell lysates.

(B) Indicated GST fusion proteins (full-length RBJ or RBJ mutants) were incubated with indicated recombinant (Rec) WT or mutant MEK1, ERK2 proteins. Then,

GST pull-down assays were performed followed by immunoblotting with MEK1 or ERK2 antibodies.

(C) NIH 3T3 cells stably transfected with HA-tagged RBJ (WT or mutants) vectors were examined for interactions between HA-tagged RBJ (WT or mutants) and

endogenous MEK/ERK after immunoprecipitations.

(D) Alignment of RBJ sequences (N-terminal 21 residues) derived from various species with molecules containing ERK-docking sites.

(E) Schematic of RBJ domains. EDS, ERK-docking sites; JD, J domain.

(F) GST pull-down assays of RBJ (WT or mutants) interaction with recombinant MEK1 or ERK2 in the presence of excessive GDP or GTPgS.

(G) NIH 3T3 cells stably transfected with indicated vectors were examined for RBJ-MEK/ERK interaction by western blot after immunoprecipitations.

(H) Mock- or RBJ-3T3 cells transiently transfected with vectors encoding WT or mutated MEK1/ERK2 were examined for RBJ-MEK/ERK interactions by western

blot after immunoprecipitations.
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MEK1/ERK2 (Figure 4B). Moreover, a RBJmutant with the N-ter-

minal 18 residues deleted (RBJDN18) failed to pull down ERK2,

whereas RBJ (19–208 aa) without the N-terminal 18 residues

and J domain could pull down MEK1 (Figure 4B). Similar inter-

action patterns between HA-tagged RBJ and endogenous

MEK/ERK were obtained (Figure 4C). Our data indicate that the

N-terminal 18 residues of RBJ may serve as an ERK1/ERK2-

docking site, and the small GTPase domain may be involved in

interaction with MEK1/MEK2 (Figures 4D and 4E).
As a small GTPase, RBJ may switch between GTP- and GDP-

bound conformations. We performed GST pull-down assays in

the presence of excessive GDP or GTPgS in vitro (Figure 4F)

and examined the interaction of RBJ mutants with MEK/ERK

(Figure 4G). Our data showed that RBJ interacted with MEK1/

MEK2 in its GTP-bound status (lanes 3 and 5 versus lanes 2, 4,

and 6 in Figure 4F; lane 4 versus lanes 3 and 5 in Figure 4G),

whereas the interaction between RBJ and ERK1/ERK2 was

affected to a minimal degree by the GTP-bound status of RBJ.
Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc. 687



Figure 5. Expression of RBJ Is Correlated to Nuclear Accumulation of Active MEK/ERK in Human Gastrointestinal Cancers

(A) Representative IHC images for phospho-MEK1/MEK2 and phospho-ERK1/ERK2 in consecutive tissue microarrays. Scale bars, 100 mm.

(B–E) IHCscores for phospho-MEK1/MEK2 (BandD) andERK1/ERK2 (CandE) in tissues showinghigh (RmedianHscores) or low (<medianHscores)RBJ levels.

(B and C) H scores of overall staining. (D and E) H scores for nuclear staining. The horizontal lines in the box plots represent the median, the boxes represent the

interquartile range, and the whiskers represent the 2.5th and 97.5th percentiles. **p < 0.01; ***p < 0.001 (as compared to RBJlow samples; Mann-Whitney U test).

(F–J) ELISAs of active MEK/ERK in lysates of human CRC samples (F and G), qRT-PCR assays of mRNA levels of potential ERK1/ERK2 targets (H), and ELISAs of

active MEK/ERK in lysates of human CRC samples showing differential RbjmRNA levels and K-Ras/Brafmutation status (I and J). The definitions of the box plots

are the same as that in (B)–(E). ns, not significant; **p < 0.01; ***p < 0.001 (as compared to Rbjlow samples; Mann-Whitney U test).

See also Figure S4.
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It is surprising to find that RBJ interacts with both WT and

dominant-negative MEK/ERK (Figure 4B). To further examine

the effects of MEK/ERK phosphorylation on RBJ-MEK/ERK

interaction, we transiently transfected RBJ-NIH 3T3 cells

with dominant-negative MEK1 or ERK2. We found that the

interaction of RBJ with dominant-negative MEK1 and ERK2

was decreased (lanes 5 and 6 versus lane 4 for MEK1; lanes

9 and 10 versus lane 8 for ERK2; Figure 4H). Considering

the differences between the in vitro and in vivo analytical con-

ditions, we inferred that the interaction between RBJ and

MEK/ERK may require the coincident compartmentalization

in vivo.
688 Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc.
Expression of RBJ Is Correlated with Nuclear
Accumulation of Active MEK/ERK in Human
Gastrointestinal Cancers
To investigate the relationship between RBJ expression and

MEK/ERK activation, we examined phosphorylated (phospho)

MEK/ERK in human tissue microarrays demonstrating aberrant

expression of RBJ (Figures S4A and 5A). Both phospho-MEK1/

MEK2 and phospho-ERK1/ERK2 were increased in human

gastrointestinal cancers (Figure 5A; Tables S1, S2, and S3). We

found that the levels of active MEK/ERK were significantly

higher in cancer tissues showing higher levels of RBJ (RBJhigh;

H score R median) than those showing lower levels of RBJ
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(RBJlow; H score <median) (Figures 5A–5C). Moreover, we found

that the nuclear levels of active MEK/ERK were significantly

higher in RBJhigh tissues than that in RBJlow tissues (Figures 5D

and 5E). These data indicated that the MEK/ERK signaling

pathway was activated in human gastrointestinal cancers, which

correlated with RBJ expression levels. The expression levels

of RBJ were also correlated with that of overall and nuclear

phospho-MEK1/MEK2 and phospho-ERK1/ERK2 (Figures

S4B–S4E).

In another collection of CRC samples, we also analyzed the

levels of Rbj and phospho-MEK/ERK. We found that levels

of MEK/ERK phosphorylation in cancer tissues were higher in

samples with higher Rbj mRNA levels (Figures 5F and 5G). As

further evidence, the mRNA levels of Ccnd1, Egr-1, and Mki67

(encoding Ki67 protein) were higher in tissues with high Rbj

mRNA levels (Figure 5H). These data indicate that aberrant

expression of Rbj may contribute to constitutive activation of

MEK/ERK in human CRC.

We have shown that RBJ could synergize with Ras/Raf in

MEK/ERK activation and transformation (Figures 2G and 2H).

To test this relationship in clinical samples, we examined the

genetic mutations of Ras (K-Ras, H-Ras, and N-Ras), Braf, and

Mek1 genes (Table S4). The mRNA levels of Rbj were not signif-

icantly different between samples with or withoutRas/Brafmuta-

tions (Table S4). However, the levels of phospho-MEK/ERKwere

significantly higher in cancer samples with Ras/Braf mutations

(Table S4). More importantly, we found that the levels of phos-

pho-MEK/ERK were significantly higher in Rbjhigh cancers either

with or without Ras/Brafmutations (Figures 5I and 5J; Table S4).

These data indicate that RBJ may provoke MEK/ERK activation

initiated either by Ras/Braf mutations or by other upstream sig-

nals activating MEK/ERK.

RBJ Is a Nucleus-Localized Small GTPase that Prolongs
Duration of MEK/ERK Activation
Typically, the Ras small GTPases translocate to plasma mem-

brane to mediate activation of Raf and phosphatidylinositol 3-ki-

nase (Hancock et al., 1990; Karnoub and Weinberg, 2008). So,

we examined the localization of RBJ and found that RBJ was

mainly localized in the nucleus (Figure 6A). The N-terminal 18

residues and the middle 5 resides contain typical monopartite

motifs of nuclear localization signal (NLS; Figures S5A, S5B,

and 6B), which may cause constitutive localization of RBJ within

the nucleus.

Thus, we hypothesized that RBJmay serve as a nuclear anchor

forMEK/ERK. As expected, we found that RBJ-3T3 cells showed

elevated nuclear levels of active MEK/ERK (Figure 6C) and pro-

longed nuclear kinase activity of MEK/ERK (Figure 6D). In RBJ+

CRC cells, such as Ras-mutated SW480 cells, Braf-mutated

HT-29 cells, and Caco-2 (WT Ras/Braf) cells, knockdown of Rbj

expression significantly reduced the nuclear phospho-MEK1/

MEK2and total phospho-ERK1/ERK2 (especially 24 hr after stim-

ulation) (Figure 6E). In contrast, Rbj knockdown did not affect the

nuclear presence of active MEK1/MEK2 in RBJ� LoVo cells.

To discriminate the relative importance of RBJ-MEK and RBJ-

ERK interaction in activating theMEK/ERK signaling pathway,we

examined the effects of RBJ-S30N (deficient in binding MEK1/

MEK2 but competent in binding with ERK1/ERK2, Figure 4G)

on ERK1/ERK2 activation in RBJ+ CRC cells. RBJ-S30N nega-
tively regulated the basal and residual MEK/ERK activation in

RBJ+ CRC cells (Figure 6F). These data indicated that RBJ may

be involved in constitutive activation of MEK/ERK in CRC cells

mainly via prolonging the nuclear entrapment of active MEK1/

MEK2.

It is still unclear how RBJ mediates nuclear accumulation of

MEK1/MEK2 becauseMEK1/MEK2 is characterized by the pres-

ence of nuclear export signal (NES) (Adachi et al., 2000; Burack

and Shaw, 2005; Fukuda et al., 1996, 1997a). We hypothesized

that RBJ may interact with the NES of MEK1/MEK2, thus block-

ing nuclear export of MEK1/MEK2. In NIH 3T3 cells, we found

that RBJ failed to coimmunoprecipitate MEK1 without NES

(MEK1DNES) (Figure 6G), which was further confirmed by GST

pull-down assays in the presence of NES polypeptide (Fig-

ure 6H). Therefore, RBJ entraps MEK1/MEK2 in the nucleus by

interacting with the NES of MEK1/MEK2.

Based on the above data, it may be inferred that RBJ functions

similarly to MEK1 without NES. To test this possibility, we per-

formed ELISAs of phospho-ERK1/ERK2, Elk-1 reporter assays,

and transformation assays. We found that MEK1DNES was

more potent in activation of ERK1/ERK2 and Elk-1 reporters

than WT MEK1 or RBJ, whereas cotransfection of WT MEK1,

but not MEK1DNES, could synergistically potentiate the effects

of RBJ in activating ERK1/ERK2 and Elk-1 reporters (Figures 6I

and 6J). Moreover, dominant-negative MEK1 mutants failed to

provoke RBJ in activating ERK1/ERK2 signaling. We also found

that MEK1 could promote the efficacy of RBJ in transformation

of NIH 3T3 fibroblasts (Figure 6K). Therefore, RBJ may activate

MEK/ERK signaling pathways in a similar manner to MEK1 inca-

pable of exporting from the nucleus, and RBJ-mediated activa-

tion of the MEK/ERK pathway requires the phosphorylation of

MEK1/MEK2.

Rbj Deficiency Blocks Nuclear Accumulation of Active
MEK1/MEK2 in AOM/DSS-Induced Colonic Tumors
To verify that RBJ activates MEK/ERK via nuclear entrapment of

active MEK1/MEK2, we examined the activation status and

localization of active MEK/ERK in AOM/DSS-induced colonic tu-

mors using Rbj�/� mice. We found that Rbj deficiency could

significantly decrease the levels of active MEK/ERK as well as

the target Ccnd1 in Rbj�/� tumors (Figures 7A–7C). Rbj defi-

ciency significantly reduced the percentages of colonic epithe-

lial cells showing the nuclear presence of active MEK1/MEK2

but not ERK1/ERK2 (Figures 7D and 7E) despite that Rbj

knockout significantly reduced the activation of ERK1/ERK2

in AOM/DSS-induced tumors (Figure 7C). Moreover, we found

that the kinase activities of MEK/ERK were significantly

decreased in Rbj�/� tumor cells (Figures 7F and 7G). These

data suggest that RBJ is required for the nuclear presence of

MEK1/MEK2 and activation of MEK/ERK in AOM/DSS-induced

colonic tumors.

Moreover, Rbj deficiency significantly inhibited AOM/DSS-

induced expression of multiple genes in tumors, most of which

were potentially regulated by the MEK/ERK signaling pathway

(Figures S6A and S6B). Quantitative RT-PCR (qRT-PCR) assays

demonstrated that the expression levels of c-fos, Egr-1, Ccnd1,

and Ccne2 were significantly decreased in Rbj�/� tumors (Fig-

ure 7H). Therefore, RBJ plays a role in provoking the MEK/ERK

signaling pathway during AOM/DSS-induced carcinogenesis.
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Figure 6. The Nucleus-Localized Small GTPase RBJ Serves as a Nuclear Anchor for MEK1/MEK2 and Prolongs the Duration of MEK/ERK

Activation

(A) Indicated cells were stained with BODIPY-BFA (Golgi apparatus, red) and for RBJ (green) and were viewed under confocal microscopy. Scale bars, 100 mm.

(B) NIH 3T3 cells were transfected with indicated HA-tagged RBJ fragments and were stained with anti-HA antibody (green). The nuclei were stained with

Hoechst. Scale bars, 100 mm.

(C and D) Mock- or RBJ-3T3 cells were cultured in 10% FCS (normal), or in 0.5% FCS for 24 hr (0 hr of restimulation) and subsequently treated with 10% FCS or

10 ng/ml EGF for 4 hr (C) or as indicated (D). Then, nuclear fractions were extracted and examined for activeMEK/ERK bywestern blot (C). In (D), nuclear fractions

were subjected to in vitro kinase assays. Immunoprecipitation with immunoglobulin G (IgG) or pretreatment with nuclear export inhibitor leptomycin B (LMB;

10 nM for 30 min) was used as a negative control and a positive control, respectively. Error bars indicate mean ± SD (n = 3). Similar results were obtained in three

independent experiments. ***p < 0.001 (as compared to mock-3T3 cells; two-way ANOVA).

(E) CRC cells with (RNAi) or without (Ctrl) stable Rbj knockdown were cultured in 10% FCS (normal), or in 0.5% FCS for 24 hr and subsequently restimulated (RS)

with 10% FCS as indicated. Active MEK1/MEK2 in the nucleus and ERK1/ERK2 in lysates were determined by ELISA. Error bars indicate mean ± SD (n = 3).

Similar results were obtained in three independent experiments. ns, not significant; ***p < 0.001 (as compared to Ctrl cells; ANOVA).

(F) CRC cells stably transfected with RBJ-S30N were treated and examined as in (E). Error bars indicate mean ± SD (n = 3). Similar results were obtained in three

independent experiments. ns, not significant; ***p < 0.001 (as compared to corresponding Mock cells; ANOVA).

(G) NIH 3T3 cells transiently transfected with indicated vectors were examined for RBJ-MEK1 interaction by immunoblotting after immunoprecipitations.

(legend continued on next page)
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In colonic tumors induced by AOM/DSS, K-Ras (notH-Ras,N-

Ras, and Braf) mutations were detected in colonic tumors (9 out

of 28 inRbj+/+ mice and 4 out of 12 inRbj�/�mice). The volume of

tumors with K-Ras mutations was not larger than that without

K-Ras mutations in Rbj+/+ mice, although the tumors with

K-Ras mutations were larger than that without K-Ras mutations

in Rbj�/� mice (Figure S6C). Regardless of K-Ras mutation sta-

tus, Rbj deficiency decreased the tumor volumes. Furthermore,

we found that the levels of phospho-MEK/ERK were decreased

in Rbj�/� tumors with or without K-Ras mutations (Figures S6D

and S6E). These data indicate that RBJ is involved in AOM/

DSS-induced tumorigenesis and MEK/ERK activation with or

without K-Ras mutations.

Knockdown of Rbj Inhibits Tumor Progression
To further test the significance of RBJ in tumor development, we

stably silenced the expression of RBJ in six CRC cell lines (Fig-

ure 8A). The MEK/ERK activation, cell proliferation, colony for-

mation on soft agar, and in vivo tumor growth of Rbj-silenced

tumor cells were all significantly inhibited (Figures 8B–8F). More-

over, Rbj-silenced CRC cells were more sensitive to MEK/ERK

inhibitor CI-1040 (PD184352) in cell proliferation (Figure 8D)

and colony formation assays (Figure 8E) as compared to control

RNAi. To exclude the potential off-target effects of Rbj knock-

down, we transiently overexpressed Rbj resistant to small inter-

fering RNAs (siRNAs) (pRe) in Rbj-silenced SW480 cells and

examined cell proliferation, colony formation, and ERK1/ERK2

activation. We found that this Rbj mutant could rescue these

effects of Rbj knockdown on SW480 cells (Figures S7A–S7C).

Similar results were obtained in HT-29 and Caco-2 cells (data

not shown). So, the above-observed effects of RBJ in CRC cells

were attributed to Rbj knockdown.

To investigate the possible application ofRbj knockdown in tu-

mor therapy, we tested the effects of Rbj siRNAs in established

tumors in combination with the selective MEK inhibitor CI-1040

(Sebolt-Leopold et al., 1999). Intratumoral injection of Rbj

siRNAs could potentiate the effects of CI-1040 in inhibiting the

growth of SW480 and HT-29 (Figure 8G) but not LoVo tumors.

Correspondingly, the levels of active MEK/ERK in the tumors

were inhibited by CI-1040 and Rbj knockdown, with the most

significant inhibition of MEK/ERK by the combination of CI-

1040 and Rbj siRNAs (Figure 8H). These data suggest that Rbj

siRNAsmay synergize with CI-1040 in inhibiting MEK/ERK, lead-

ing to tumor regression in vivo.

We then went further to investigate the effects of Rbj knock-

down on tumor progression in immune-competent hosts.

Silence of Rbj expression in RBJhigh CT-26, B16.F10, and 4T1
(H) GST pull-down assays of RBJ interaction with recombinant (Rec) MEK1 in the

Akt (2), IkBa (3), p53 (4), and cyclin B1 (5).

(I) Mock- or RBJ-3T3 cells (13 107 cells) were transiently transfected with indicate

Error bars indicate mean ± SD (n = 3). Similar results were obtained in three ind

responding Mock-3T3 cells; ANOVA).

(J) NIH 3T3 cells were transiently transfected with indicated vectors and Elk-1 rep

asmean ± SD (n = 3). Similar results were obtained in three independent experime

ANOVA).

(K) Mock- or RBJ-3T3 cells (1 3 104 cells) were transiently transfected with indic

Error bars indicate mean ± SD (n = 3). Similar results were obtained in three ind

responding Mock-3T3 cells; ANOVA).

See also Figure S5.
cells inhibited the cell proliferation, colony formation, as well as

in vivo tumorigenicity (Figures S7D–S7G). Rbj knockdown in es-

tablished tumors could inhibit the growth of these tumors (Fig-

ure S7H). These data suggest that Rbj knockdown inhibits tumor

progression, and RBJ may be a potential therapeutic target for

cancers.

DISCUSSION

Rbj itself was not spontaneously mutated within exons in human

CRC (data not shown). Unlike the observations in human cancers

with gain-of-function mutations of Ras/Raf, Rbj may regulate

tumorigenesis through aberrant overexpression. Searching the

Oncomine (Rhodes et al., 2007) database (gene, Rbj; analysis

type, cancer versus normal analysis; cancer type, gastric cancer

or CRC), we found that increased mRNA levels of Rbj had been

detected in adenomas and advanced cancers, with a larger size

or with a higher pathological grade of human gastric (Chen et al.,

2003b; D’Errico et al., 2009; Takeno et al., 2010) and colorectal

(Gaspar et al., 2008; Hong et al., 2010; Jorissen et al., 2009; Kai-

ser et al., 2007; Sabates-Bellver et al., 2007; Skrzypczak et al.,

2010) samples. However, these data are variable, even with

studies showing the downregulation of Rbj. Similar data were

obtained when we searched the Gene Expression Omnibus

(GEO) database provided by the National Center for Biotech-

nology Information (NCBI). However, our data convincingly

showed that RBJ was aberrantly overexpressed in CRC at

both mRNA and protein levels on the whole. The detection of

higher levels of RBJ expression in TNM stages III–IV versus

stages I–II as well as the potentiation of the MEK/ERK signaling

pathway by RBJ may together suggest that RBJ, unlike Ras in

the early onset of cancer (Johnson et al., 2001), may be an onco-

protein mainly promoting tumor progression at a later stage of

tumorigenesis.

Compartmentalization of ERK1/ERK2 by scaffolding proteins,

such as KSR, with a similar expression to fibroblast growth fac-

tor (FGF) (Sef) and IQGAP1, plays a crucial role in the regulation

of signaling duration, intensity, and specificity of ERK1/ERK2

(Kolch, 2005; Roy et al., 2004; Therrien et al., 1996; Torii

et al., 2004). MEK1/MEK2 is mainly a cytoplasmic protein due

to the NES (Adachi et al., 2000; Burack and Shaw, 2005; Fu-

kuda et al., 1996, 1997a; Jaaro et al., 1997). However, partial

nuclear localization of MEK1/MEK2 in cancers has been

observed by several groups (Duhamel et al., 2012; Gotoh

et al., 1999; Lee et al., 2004; Yao et al., 2001). In mammalian

cells, MEK1/MEK2 can enter the nucleus in the prophase of a

cell cycle and plays a potential role in M phase entry (Gotoh
presence of blocking peptide corresponding to the NES (NES BP) of MEK1 (1),

d vectors for 48 hr, and active ERK1/ERK2 in lysates was measured by ELISA.

ependent experiments. ns, not significant; ***p < 0.001 (as compared to cor-

orters for 48 hr. Then, reporter assays were performed, and data are presented

nts. ns, not significant; ***p < 0.001 (as compared to corresponding Mock cells;

ated vectors, and their capacities in colony formation assays were examined.

ependent experiments. ns, not significant; ***p < 0.001 (as compared to cor-
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Figure 7. RBJ Is Required for Nuclear Acti-

vation of MEK/ERK in AOM/DSS-Induced

Colonic Tumors

(A–E) IHC assays for colonic tumors isolated on

day 80 of AOM/DSS induction. The red boxes

represent the magnified typical staining of the

original images (A). Cells with positive staining (B

and C) or nuclear staining (D and E) of phospho-

MEK/ERK were counted. Error bars indicate

mean ± SD of five high fields (Fisher’s exact test).

Representative data of three independent exper-

iments are shown. Scale bars, 100 mm.

(F and G) Fresh colonic tumors derived from WT

(n = 16) or Rbj�/� (n = 6) mice were isolated for

colonic tumor cells and prepared for lysates or

nuclear proteins. The kinase activities of MEK/

ERK were then analyzed. The horizontal lines in

the box plots represent the median, the boxes

represent the interquartile range, and thewhiskers

represent the 2.5th and 97.5th percentiles. Similar

results were obtained in three independent ex-

periments. *p < 0.05; **p < 0.01 (Mann-Whitney U

test).

(H) qRT-PCR assays for indicated MEK/ERK tar-

gets in colonic tumors derived fromWT (n = 16) or

Rbj�/� (n = 6) mice. Error bars indicate mean ± SD.

Similar results were obtained in three independent

experiments. **p < 0.01; ***p < 0.001 (Mann-

Whitney U test).

See also Figure S6.
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et al., 1999; Jaaro et al., 1997; Tolwinski et al., 1999; Wright

et al., 1999). One report has suggested that Sef downregulation

by Ras may be one potential mechanism for the nuclear pres-

ence of MEK1/MEK2 in CRCs (Duhamel et al., 2012). However,

an apparent hypothesis and more efficient machinery for nu-

clear accumulation of MEK1/MEK2 exist: nuclear-anchoring

proteins blocking nuclear export of MEK1/MEK2. Our study

suggests that RBJ may be the nuclear anchor for MEK1/

MEK2. In human gastrointestinal cancers, we found that

expression levels of RBJ were correlated to nuclear active

MEK1/MEK2 staining. Therefore, RBJ may be the major mole-

cule that serves as the nuclear anchor for MEK1/MEK2,

possibly providing spatiotemporal regulation of ERK1/ERK2 in

the nucleus. The scaffolding roles of RBJ in deregulation of
692 Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc.
the MEK/ERK signaling can thus be

described as a ‘‘wait and entrap’’ model

(Figure S7I).

Constitutive activation of MEK/ERK

has been detected in about 30% of all

cancers (Karnoub and Weinberg, 2008;

Kolch, 2005) and can induce transforma-

tion (Cowley et al., 1994; Mansour et al.,

1994). Nucleus-localized MEK1/MEK2 is

potent in activation of ERK1/ERK2 and

transformation of fibroblasts (Fukuda

et al., 1997a; Duhamel et al., 2012). Phos-

pho-ERK1/ERK2 is dissociated from

MEK1/MEK2 in the cytoplasm and

entered the nucleus (Burack and Shaw,

2005; Fukuda et al., 1997b). RBJ-medi-
ated activation of ERK1/ERK2 may be due to the adaptation of

MEK/ERK together, which facilitates the activation of ERK1/

ERK2 by phospho-MEK1/MEK2. Our data suggest that RBJ

could slowly switch between GTP- and GDP-bound conforma-

tions, and RBJ-MEK1/MEK2 interaction required the GTP-bind-

ing capacity of RBJ. It may be inferred that the RBJ-MEK1/

MEK2 interaction may be stable but not permanently, which per-

mits a dynamic nucleocytoplasmic translocation of MEK1/MEK2

and reactivation of MEK1/MEK2 by upstream kinases in cytosol.

Our data showed that RBJ could promote the activation of MEK/

ERK and transcription of target genes, suggesting that RBJ-

mediated nuclear entrapment of MEK1/MEK2 may not lead to

inhibition of the MEK/ERK signaling pathway but contribute to

constitutive activation of MEK/ERK in human cancers.



Figure 8. Knockdown of Rbj Inhibits Tumor Progression and Increases Sensitivity of Cancer Cells to MEK1/MEK2 Inhibitor CI-1040

(A) Stable knockdown of Rbj expression in human CRC cell lines. RBJ expression was examined by western blot.

(B–F) Indicated human CRC cells were examined for active MEK1/MEK2 in the nucleus (B) and active ERK1/ERK2 in lysates (C) by ELISA, for cell proliferation (D)

and colony formation on soft agar (E), or for in vivo tumor growth (F). CI-1040was used at 5 mMof concentration. Error bars indicatemean ± SD (n = 3 in B–E; n = 10

in F). Similar results were obtained in three independent experiments. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (one-way or two-way ANOVA).

(G) When tumor volume reached 70–100 mm3, the established tumors (n = 10) were treated as indicated. Black arrows indicate the episodes of siRNA injections.

Error bars indicate mean ± SD. *p < 0.05; **p < 0.001; ***p < 0.001 (two-way ANOVA).

(H) The day after the last siRNA injection, tumors were excised and isolated for tumor cells. Then, whole-cell lysates were prepared and examined for MEK/ERK

activation status by ELISA. The horizontal lines in the box plots represent the median, the boxes represent the interquartile range, and the whiskers represent the

0–100th percentiles. Similar results were obtained in three independent experiments (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001 (Mann-Whitney U test).

See also Figure S7.
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Therapeutics targeting the Ras/Raf/MEK/ERK signaling

pathway have been tested in various human cancers (Friday

and Adjei, 2005; Luke and Hodi, 2012). Our data using siRNAs

specific for Rbj in the treatment of established tumors suggest
that Rbj knockdown could inhibit tumor growth and increase

the sensitivity of CRC cells to MEK1/MEK2 inhibitor. Recently,

a peptide corresponding to the ERK1/ERK2-binding domain of

the scaffold protein IQGAP1 inhibited Ras- and Raf-driven
Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc. 693
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tumorigenesis and acted as a systemically deliverable therapeu-

tic (Jameson et al., 2013). Peptide blocking the RBJ-MEK/ERK

interaction may be used in cancer therapies in the future. Further

examinations of RBJ-MEK1/MEK2 interaction with the assis-

tance of high-resolution crystal structure studies may help to

design potential drugs in the future.

A common phenomenon in Raf/MEK inhibitor-based therapy

is primary and acquired resistance (Friday and Adjei, 2005;

Luke and Hodi, 2012). Treatment of melanomas with vemurafe-

nib usually associates with a significantly reduced activation

of ERK1/ERK2 but a less-pronounced decrease of phospho-

MEK1/MEK2; failure of the drug to inhibit ERK1/ERK2 is associ-

ated with drug resistance (Bollag et al., 2010; Poulikakos et al.,

2010; Trunzer et al., 2013). Because Rbj knockdown inhibited

ERK1/ERK2 in CRC cells and increased their sensitivity to

CI-1040, Rbj may predict sensitivity to inhibitors in CRC. Upon

vemurafenib treatment, both nuclear and cytoplasmic ERK1/

ERK2 activities were inhibited, whereas decreases in cyto-

plasmic phospho-ERK1/ERK2 correlated better with tumor

response (Bollag et al., 2010). Whether Rbj is involved in vemur-

afenib-induced alteration of ERK1/ERK2 compartmentalization

may need future investigations.

In sum, our study has characterized the roles and potential

mechanisms of the oncogenic small GTPase RBJ in tumorigen-

esis and tumor progression. Our data suggest that RBJ may

serve as a nuclear scaffold for MEK/ERK, thus prolonging

the activation of MEK/ERK. However, roles for the J domain of

RBJ in tumorigenesis may need further investigation. Because

Rbj is preferentially expressed in testis and brain, further investi-

gations are required to reveal the physiological roles of RBJ in

these organs.

EXPERIMENTAL PROCEDURES

Mice

WTC57BL/6 and Balb/c mice and Balb/c nudemice (6–8 weeks old) were pur-

chased from Joint Ventures Sipper BK Experimental Animal. The transgenic

mice for Rbj were established as described (Wang et al., 2009). The knockout

C57BL/6N mice for Rbj were prepared by Lexicon Pharmaceuticals as

described by Hansen et al. (2008). All animal experiments were undertaken

in accordance with the National Institutes of Health Guide for the Care and

Use of Laboratory Animals and with the approval of the Scientific Investigation

Board of Second Military Medical University, Shanghai.

Tumor Samples

All the fresh tumor tissues were excised from patients hospitalized in the

Department of Pathology, Changhai Hospital, SecondMilitary Medical Univer-

sity (Shanghai), or in the Department of Colorectal Surgery, Xinhua Hospital,

Shanghai Jiaotong University School of Medicine (Shanghai) after providing

informed consent. Genomic DNA, total RNA, and tissue lysates were prepared

and stored at�80�C until analyses. All experiments were undertaken in accor-

dance with the approval of the Scientific Investigation Board of SecondMilitary

Medical University and Shanghai Jiaotong University School of Medicine and

were conducted in accordance with the ethical principles originating from the

Declaration of Helsinki.

RBJ Polyclonal Antibody Preparation

ThepurifiedGST-RBJ fusionproteinwasused to immunize femaleNewZealand

rabbits according to the conventional procedure. The anti-RBJ serum was

purifiedbyusing proteinA affinity chromatography after the serumwaschroma-

tographed through the columns (Pierce) embeddedwithE. coli lysates express-

ing GST-Rab39 (Chen et al., 2003a) and GST-DnaJC9 (Han et al., 2007), aiming

to remove the potential cross-reactivity to GST, Rab small GTPase, and J
694 Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc.
domain. Specificity and titration of the antibody were examined by western

blot, IHC, and immunofluorescencemicroscopy in cells or tissueswith differen-

tial levels of RBJ.
Tissue Microarrays and IHC

Tissue arrays containing multiple human gastrointestinal tissues, including

gastric (HStm-Ade180Sur-01), colon (HCol-Ade180Sur-01), and rectal

(HRec-Ade180Sur-01) adenocarcinomas, were obtained from Shanghai

Outdo Biotech. The EnVision+ detection system (Dako) was used per the man-

ufacturer’s instructions. Immunostained microarrays were scored by multi-

plying the intensity (0–3) and extent (0–100) of staining for each tissue point

as previously described by Bollag et al. (2010).
AOM/DSS-Induced Colon Cancer

Colitis-associated CRC was induced as described by Neufert et al. (2007).
Isolation and Manipulation of Primary MEFs

The MEFs were isolated from E13.5 embryos, propagated, cultured, and

manipulated as described by Aaronson and Todaro (1968).
Statistical Analysis

All the statistical analyses were performed using GraphPad Prism 5.0 soft-

ware. All the experiments were repeated at least three times. Data are

described using mean ± SD. p < 0.05 was considered statistically significant.

For cells and reagents, plasmids, genotyping, qRT-PCR, GTP binding,

GTPase activity assay, IHC scoring method, western blotting, and RNAi,

please see Supplemental Experimental Procedures.
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Lopes, U.G. (2004). RJLs: a new family of Ras-related GTP-binding proteins.

Gene 327, 221–232.

Neufert, C., Becker, C., and Neurath, M.F. (2007). An inducible mouse model

of colon carcinogenesis for the analysis of sporadic and inflammation-driven

tumor progression. Nat. Protoc. 2, 1998–2004.

Poulikakos, P.I., Zhang, C., Bollag, G., Shokat, K.M., and Rosen, N. (2010).

RAF inhibitors transactivate RAF dimers and ERK signalling in cells with

wild-type BRAF. Nature 464, 427–430.

Rhodes, D.R., Kalyana-Sundaram, S., Mahavisno, V., Varambally, R., Yu, J.,

Briggs, B.B., Barrette, T.R., Anstet, M.J., Kincead-Beal, C., Kulkarni, P.,

et al. (2007). Oncomine 3.0: genes, pathways, and networks in a collection

of 18,000 cancer gene expression profiles. Neoplasia 9, 166–180.

Roy, M., Li, Z., and Sacks, D.B. (2004). IQGAP1 binds ERK2 and modulates its

activity. J. Biol. Chem. 279, 17329–17337.

Sabates-Bellver, J., Van der Flier, L.G., de Palo, M., Cattaneo, E., Maake, C.,

Rehrauer, H., Laczko, E., Kurowski, M.A., Bujnicki, J.M., Menigatti, M., et al.

(2007). Transcriptome profile of human colorectal adenomas. Mol. Cancer

Res. 5, 1263–1275.
Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc. 695



Cancer Cell

Nuclear Entrapment of MEK1/MEK2 by RBJ in Cancer
Sebolt-Leopold, J.S., Dudley, D.T., Herrera, R., Van Becelaere, K., Wiland, A.,

Gowan, R.C., Tecle, H., Barrett, S.D., Bridges, A., Przybranowski, S., et al.

(1999). Blockade of the MAP kinase pathway suppresses growth of colon

tumors in vivo. Nat. Med. 5, 810–816.

Skrzypczak, M., Goryca, K., Rubel, T., Paziewska, A., Mikula, M., Jarosz, D.,

Pachlewski, J., Oledzki, J., and Ostrowski, J. (2010). Modeling oncogenic

signaling in colon tumors by multidirectional analyses of microarray data

directed for maximization of analytical reliability. PLoS One 5, e13091.

Takeno, A., Takemasa, I., Seno, S., Yamasaki, M., Motoori, M., Miyata, H.,

Nakajima, K., Takiguchi, S., Fujiwara, Y., Nishida, T., et al. (2010). Gene

expression profile prospectively predicts peritoneal relapse after curative

surgery of gastric cancer. Ann. Surg. Oncol. 17, 1033–1042.

Therrien, M., Michaud, N.R., Rubin, G.M., and Morrison, D.K. (1996). KSR

modulates signal propagation within the MAPK cascade. Genes Dev. 10,

2684–2695.

Tolwinski, N.S., Shapiro, P.S., Goueli, S., and Ahn, N.G. (1999). Nuclear local-

ization of mitogen-activated protein kinase kinase 1 (MKK1) is promoted by

serum stimulation and G2-M progression. Requirement for phosphorylation
696 Cancer Cell 25, 682–696, May 12, 2014 ª2014 Elsevier Inc.
at the activation lip and signaling downstream of MKK. J. Biol. Chem. 274,

6168–6174.

Torii, S., Kusakabe, M., Yamamoto, T., Maekawa, M., and Nishida, E. (2004).

Sef is a spatial regulator for Ras/MAP kinase signaling. Dev. Cell 7, 33–44.

Trunzer, K., Pavlick, A.C., Schuchter, L., Gonzalez, R., McArthur, G.A., Hutson,

T.E., Moschos, S.J., Flaherty, K.T., Kim, K.B., Weber, J.S., et al. (2013).

Pharmacodynamic effects and mechanisms of resistance to vemurafenib in

patients with metastatic melanoma. J. Clin. Oncol. 31, 1767–1774.

Wang, C., Chen, T., Zhang, J., Yang, M., Li, N., Xu, X., and Cao, X. (2009). The

E3 ubiquitin ligase Nrdp1 ‘preferentially’ promotes TLR-mediated production

of type I interferon. Nat. Immunol. 10, 744–752.

Wright, J.H., Munar, E., Jameson, D.R., Andreassen, P.R., Margolis, R.L.,

Seger, R., and Krebs, E.G. (1999). Mitogen-activated protein kinase kinase

activity is required for theG(2)/M transition of the cell cycle inmammalian fibro-

blasts. Proc. Natl. Acad. Sci. USA 96, 11335–11340.

Yao, Z., Flash, I., Raviv, Z., Yung, Y., Asscher, Y., Pleban, S., and Seger, R.

(2001). Non-regulated and stimulated mechanisms cooperate in the nuclear

accumulation of MEK1. Oncogene 20, 7588–7596.



Cancer Cell

Article
Disruption of CRAF-Mediated MEK Activation
Is Required for Effective MEK Inhibition
in KRAS Mutant Tumors
Piro Lito,1,2,8 Anna Saborowski,3,8 Jingyin Yue,2 Martha Solomon,2 Eric Joseph,2 Sunyana Gadal,2 Michael Saborowski,3

Edward Kastenhuber,3 Christof Fellmann,7 Kazuhiro Ohara,5 Kenji Morikami,5 Takaaki Miura,5 Christine Lukacs,6

Nobuya Ishii,5 Scott Lowe,3,4,* and Neal Rosen1,2,*
1Department of Medicine
2Molecular Pharmacology and Chemistry Program
3Cancer Biology and Genetics Program

Memorial Sloan-Kettering Cancer Center, New York, NY 10065, USA
4Howard Hughes Medical Institute, New York, NY 10065, USA
5Research Division, Chugai Pharmaceutical, Kamakura, 247-8530, Japan
6Roche Research Center, Hoffmann-La Roche, Nutley, NJ 07110, USA
7Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, USA
8Co-first authors
*Correspondence: lowes@mskcc.org (S.L.), rosenn@mskcc.org (N.R.)

http://dx.doi.org/10.1016/j.ccr.2014.03.011
SUMMARY
MEK inhibitors are clinically active in BRAFV600E melanomas but only marginally so in KRAS mutant tumors.
Here, we found that MEK inhibitors suppress ERK signaling more potently in BRAFV600E, than in KRAS
mutant tumors. To understand this, we performed an RNAi screen in a KRAS mutant model and found that
CRAF knockdown enhanced MEK inhibition. MEK activated by CRAF was less susceptible to MEK inhibitors
than when activated by BRAFV600E. MEK inhibitors induced RAF-MEK complexes in KRAS mutant models,
and disrupting such complexes enhanced inhibition of CRAF-dependent ERK signaling. Newer MEK inhibi-
tors target MEK catalytic activity and also impair its reactivation by CRAF, either by disrupting RAF-MEK
complexes or by interacting with Ser 222 to prevent MEK phosphorylation by RAF.
INTRODUCTION

Oncogenic KRAS mutations are common in cancer. Active RAS

mediates its effects on tumor formation through a number of

effector proteins, including RAF, PI3K, and RAL (Blasco et al.,

2011; González-Garcı́a et al., 2005; Gupta et al., 2007; Kolch

et al., 1991). Active RAS causes dimerization and activation of

RAFkinases.This initiatesasignalingcascade inwhichRAFphos-

phorylates and activates MEK, which in turn phosphorylates and

activates ERK (reviewed in Schubbert et al., 2007; Wellbrock

et al., 2004). Under physiologic conditions, the amplitude and

duration of ERK signaling are regulated by ERK-dependent feed-
Significance

We show that the effects of MEK inhibitors in KRASmutant tum
these tumors, someMEK inhibitors induce CRAF-MEK comple
compounds associate with MEK differently and are affected le
and structural approaches, we identified two allosteric effects
tumors: increasing the dissociation of MEK from RAF or causin
phorylated by RAF. Designingmore effective compounds for tr
action in the appropriate genetic context.
back inhibition of multiple components of the pathway, including

receptors, exchange factors, CRAF, and ERK itself (Dong Chen

etal., 1996;Doughertyetal., 2005;DouvilleandDownward,1997).

The importance of ERK signaling in cancers with mutant RAS

has been demonstrated in experimental systems in which ge-

netic and pharmacologic manipulation shows that this cascade

is required for tumor initiation and maintenance (reviewed in

Pylayeva-Gupta et al., 2011). The widespread importance of

ERK signaling in cancer is also demonstrated by the frequent

occurrence of mutations in other members of this pathway,

especially BRAF mutations that occur frequently in melanomas,

thyroid, and other cancers (Davies et al., 2002).
ors vary, owing to specific properties of drug-boundMEK. In
x formation, which prevents durable inhibition of ERK. Newer
ss by reactivated CRAF. Through genetic, pharmacological,
that improve the efficacy of MEK inhibitors in KRAS mutant
g MEK to adapt a conformation in which it cannot be phos-

eating cancer requires understanding themechanism of drug
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RAF and MEK inhibitors have been developed as potential

therapeutics in an effort to inhibit the growth of tumors depen-

dent on ERK signaling (Bollag et al., 2012; McCubrey et al.,

2010; Sebolt-Leopold et al., 1999). RAF inhibitors inhibit ERK

signaling in tumors harboring BRAFV600E/K mutations (Heidorn

et al., 2010; Joseph et al., 2010; Poulikakos et al., 2010) and

have remarkable therapeutic activity in melanomas harboring

these mutations (Bollag et al., 2010; Chapman et al., 2011). In

other tumors, however, including those with mutant RAS, RAF

inhibitors transactivate RAF dimers and stimulate ERK signaling.

In contrast, allosteric MEK inhibitors suppress ERK signaling

in all normal and tumor cells (Pratilas et al., 2008; Solit et al.,

2006). Yet, whereas MEK inhibitors have significant antitumor

activity in BRAFV600E tumors (Flaherty et al., 2012), their effec-

tiveness is marginal in tumors with KRAS mutations. We have

now investigated the basis for this genotype-specific differential

sensitivity.

RESULTS

KRAS Mutant Tumors Are Less Sensitive to MEK
Inhibitors Than Are BRAF Mutant Tumors
We examined the Genomics of Drug Sensitivity in Cancer

(GDSC) data set (Yang et al., 2013) to correlate the sensitivity

of tumor cells to MEK inhibitors with cancer genotype. The

mean IC50s for three such compounds, i.e., selumetinib,

RDEA119, and PD0325901, were compared in tumors

harboring BRAF or RAS mutations and those with wild-type al-

leles for these genes. Tumors of various lineages were included

in this analysis. Sensitivity to MEK inhibition was correlated with

the presence of oncogenic mutations and with the particular

oncoprotein responsible for activating the pathway (Figure S1A

available online; see below). The mean IC50 for each compound

was higher in KRAS mutant tumors than in BRAF mutant

tumors, whereas NRAS mutant tumors had an intermediate

sensitivity.

In order to investigate the reason for the reduced sensitivity of

KRAS mutant tumors to MEK inhibitors, we first confirmed the

mutation-dependent sensitivity to PD0325901 in a group of mel-

anoma (M) and lung (L) cancer cell lines harboring BRAFV600E

(A375M, MV522L, and HCC364L) or KRASG12C/S (H358L, A549L,

andH2030L)mutations. As predicted, the latter were significantly

less sensitive than were the former (Figure 1A). Three hours after

treatment, 40–50 nMPD0325901 was found to inhibit ERK phos-

phorylation more than 95%, both in KRAS and BRAF mutant tu-

mors (Figure 1B and S1B). We used this dose to ask whether the

difference in sensitivity between the genotypes was associated

with a difference in the durability of inhibition of ERK signaling

over time. In KRAS mutant lung cancer cell lines prolonged

PD0325901 exposure was unable to produce sustained ERK

inhibition as indicated by a rebound in ERK phosphorylation af-

ter 24–48 hr (Figure 1C). The magnitude of this rebound ranged

from 25% to 75% of the pre-treatment ERK phosphorylation

(Figure 1D) and also occurred in KRASmutant pancreatic cancer

cells (Figure S1B). In contrast, much less pERK rebound was

observed in BRAFV600E cell lines (Figures 1C and 1D). These

data imply that the reduced efficacy of PD0325901 in KRAS

mutant cancers may result from an inability to sustain pathway

inhibition.
698 Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc.
CRAF Knockdown Enhances the Antiproliferative Effect
of MEK Inhibition in KRAS Mutant Tumors
The difference in sensitivity between BRAF and KRAS mutant

tumors may reflect the fact that MEK is the major substrate of

mutant BRAF, whereas mutant KRAS signals through multiple

effectors. We hypothesized that the ability of MEK inhibitors

to inhibit the proliferation of KRAS mutant cells would be

augmented by concurrent targeting of other RAS-effector path-

ways. To address this possibility in a nonbiased way, we per-

formed a small hairpin RNA (shRNA) screen to identify genes

whose inhibition sensitize mutant KRAS tumors to PD0325901

inhibition using a well-characterized genetic model of mutant

KRAS-induced pancreatic cancer. In order to develop a system

in which shRNA expression is conditionally induced by tetracy-

cline, we engineered a ‘‘TET-ON’’ competent murine pancreatic

cancer cell line using pancreatic progenitor cells isolated from

a murine fetus harboring an endogenous KrasG12D mutation.

These cells were engineered to express c-Myc and a potent

p53-specific shRNA, linked to a reverse tet transactivator (Fig-

ures S1C–S1E). Orthotopic injection of these cells into the

pancreas of a recipient mouse resulted in a tumor that displayed

key histological characteristics of human pancreatic cancer

(Figure S1F). A cell line derived from such tumors, referred to

as KRPC, was dependent on KRAS (data not shown) and

capable of inducible shRNA expression. KRPC cells also ex-

hibited rebound ERK phosphorylation after treatment with

PD0325901 (Figure S1G), similar to that in human KRAS mutant

lung and pancreatic cancer cell lines.

KRPC cells were transduced with a doxycycline (dox)-induc-

ible shRNA library containing a panel of reporter-validated

shRNAs (Fellmann et al., 2011; Zuber et al., 2011) that target

70 genes encoding various components of RAS effector path-

ways. Dox-induction of shRNA expression was followed by

treatment with either DMSO or PD0325901 in order to identify

shRNAs that were selectively depleted after 10 days of MEK in-

hibitor treatment (Figures 1E, 1F, and S1H). PD0325901 was

chosen because it had the highest potency of the drugs in Fig-

ure S1A. Positive control shRNAs, targeting an essential gene

(Rpa3), were strongly depleted in both vehicle and drug-treated

cells. Consistent with the importance of mutant KRAS in cancer

maintenance, shRNAs targeting KRAS were also depleted from

the population regardless of drug treatment (Figures 1E and

1F). By contrast, CRAF-specific shRNAs were depleted by

over 6-fold after MEK inhibitor treatment (Figure 1F) but were

only minimally depleted after treatment with DMSO (Figures 1E

and S1I). One of three BRAF-specific shRNAs was marginally

depleted with PD0325901, whereas shRNAs targeting ARAF or

other RAS effectors were not selectively depleted after MEK in-

hibitor treatment (Figure S1J). In an independent screen with an

shRNA library enriched for known drug targets, CRAF knock-

down was again the most significant enhancer of MEK inhibition

in KRAS mutant cells (data not shown).

To confirm these findings, we tested a series of CRAF- and

BRAF-specific shRNAs in this pancreatic cancer model and in

human KRAS mutant cancer cell lines. Four different CRAF

shRNAs that effectively decreased CRAF expression (Figure 1G)

were not depleted when used alone but were selectively

depleted in tumor cells exposed to PD0325901 (Figure 1H).

The two effective BRAF shRNAs tested were also depleted after



Figure 1. KRAS Mutant Tumors Are Less Sensitive to Allosteric MEK Inhibitors Than Are BRAFV600E Tumors

(A) BRAFV600E and KRAS mutant tumor cell lines were treated with increasing doses of PD0325901 for 3 days to determine the effect on proliferation. A

representative example of three independent experiments (each performed in triplicate) is shown as means ± SEM.

(B–D) The indicated tumor cell lines were treated with increasing amounts of PD0325901 for 3 hr (B) or with 50 nM of PD0325901 for the indicated times (C).

Lysates were assayed by immunoblotting to determine the level of MEK and ERK phosphorylation. The bands were quantified by densitometry, and the pERK

level after treatment was normalized to the pre-treatment pERK level (D). A representative example of three independent experiments for each cell line is shown.

(E and F) Fold change in shRNA abundance in DMSO-treated (E) or PD0325901-treated (F) cells. Note the selective depletion in shRNAs targeting CRAF with

PD0325901 treatment. shRNAs targeting Rpa3 or KRAS were used as positive controls, whereas those targeting luciferase or renilla were used as negative

controls. Bars represent the mean fold change from an experiment performed in triplicate.

(G) KRPC cells were transduced with the indicated CRAF shRNAs, and lysates were subjected to immunoblotting to determine the knockdown in CRAF

expression.

(H) KRPC cells infected with four different CRAF shRNAs were treated with dox to induce CRAF knockdown and PD0325901 (+MEK inhibitor) or DMSO (�MEK

inhibitor) for the indicated times. The data were normalized to the shRNA abundance in cells after 48 hr of treatment with dox.

(I) KRPC cells were stably infected with the indicated dox-inducible CRAF shRNA, followed by implantation in athymic mice. The mice were treated with MEK

inhibitor PD0325901 in the presence or absence of dox. The effect of CRAF knockdown (+dox) on the ability of the MEK inhibitor to inhibit KRAS tumor growth is

represented as mean ± SEM (n = 6).

See also Figure S1.
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PD0325901 treatment, but to a lesser extent (Figures S1K and

S1L). In human KRAS mutant pancreatic cancer cells, CRAF

shRNAs were also depleted only after MEK inhibitor treatment

(Figures S1M and S1N). In this experiment, BRAF-specific

shRNAswere also depleted, but to a lesser extent. Similar results

were observed following PD0325901 treatment of KRPC xeno-

grafts harboring a tet-responsive CRAF shRNA: when CRAF

expression was knockdown in combination with PD0325901,

there was a significantly greater tumor regression than that

observed when PD0325901 was administered alone (Figure 1I).

These results show that CRAF inhibition is required for

PD0325901 to be effective against KRAS mutant cancers and
suggest that inhibitors like PD0325901 are less effective at inhib-

iting CRAF-activated MEK.

The Rebound in ERK Phosphorylation Is Dependent on
CRAF
To directly test whether RAF family members contribute to the

rebound in ERK phosphorylation observed after MEK inhibitor

treatment, we knocked down RAF in KRASmutant lung cancers.

CRAF small interfering RNAs (siRNAs) decreased pMEK levels

and attenuated the rebound in ERK phosphorylation at 48 hr,

whereas control siRNAs had no effect (Figures 2A, S2A, and

S2B). Knockdown of BRAF had a small effect on the rebound
Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc. 699



Figure 2. CRAF Expression Attenuates the Effects of MEK Inhibition in KRAS Mutant Tumors

(A) KRAS mutant lung cancer cells (A549) were transfected with siRNA pools targeting each of the RAF isoforms and then treated with 50 nM of PD0325901 for

48 hr.Whole-cell lysateswere evaluated by immunoblotting to determine the effect on ERK signaling. A representative example of three independent experiments

for each siRNA is shown.

(B) The indicated cell lines were treated with 50 nM of PD0325901 as shown. CRAF was immunoprecipitated from whole-cell lysates and subjected to a kinase

assay using an inactive MEK1 (K97R, KD) as the substrate. CRAF activity was determined by immunubloting with a phospho-MEK antibody. A representative

example of two or more independent experiments for each cell line is shown.

(C) Craf�/� MEFs were cotransfected with the indicated constructs and then treated with PD0325901 for 1 hr. Lysates were analyzed by immunobloting to

determine ERK phosphorylation. A representative example of two independent experiments for each RAS isoform is shown. WT, wild-type; KD, kinase dead.

See also Figure S2.
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in cells with mutant RAS, whereas knockdown of ARAF expres-

sion had no effect (Figure 2A). CRAF expression was also

required for the rebound observed in KRPC cells treated with

PD0325901 (Figure S2C). Although these data do not exclude

a potential role for wild-type BRAF in mediating the rebound in

ERK phosphorylation in KRAS mutant cells, they suggest that

CRAF is required for the pERK rebound and are consistent

with reports that CRAF is the main RAF isoform responsible for

driving ERK signaling in some RAS mutant tumors (Blasco

et al., 2011; Dumaz et al., 2006; Karreth et al., 2011).

The pERK rebound observed in KRAS mutant tumors was

associated with induction of pMEK (Figure 1C) and induction of

CRAF phosphorylation at Ser 338 (Figure S2D). The rebounds

in pMEK and pERK are not linearly related, probably because

the level of ERK phosphorylation is due to changes in MEK

kinase activity and the activity and expression of ERK phospha-

tases. Induction of MEK phosphorylation in cells exposed

to MEK inhibitors results from inhibition of ERK-dependent

inhibitory phosphorylations of CRAF, with attendant activation

of CRAF kinase (Alessi et al., 1994; Dougherty et al., 2005). By

contrast, and in agreement with previous data (Pratilas et al.,

2009), the level of MEK phosphorylation decreased slightly after

treatment in BRAFV600E tumors (Figure 1C). The selective induc-

tion of MEK phosphorylation suggests that CRAF activation

occurs differentially in tumors with mutant RAS compared to

those with mutant BRAFV600E.

In order to assay the induction of CRAF kinase activity, we

performed in vitro kinase reactions, with CRAF that was immu-

noprecipitated from cells treated with a MEK inhibitor and a

kinase-dead recombinant MEK1 as a substrate. In agreement
700 Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc.
with the conclusion above, PD0325901 treatment increased

CRAF activity over time in KRAS mutant models, whereas only

a small induction was noted in BRAFV600E cells (Figures 2B and

S2E). Thus, compared to cells harboring BRAFV600E, KRAS

mutant cells have more pronounced reactivation of CRAF after

inhibition of ERK signaling, which in turn mediates the rebound

in ERK phosphorylation.

MEK Is Less Susceptible to Inhibition when Activated by
CRAF Than by BRAFV600E

Because RAS activation and CRAF activity are both low in

BRAFV600E tumors, in which MEK/ERK signaling is driven almost

entirely by BRAFV600E (Wan et al., 2004), we hypothesized that

the decreased MEK inhibitor sensitivity of KRAS tumors is due

to ineffective inhibition of CRAF-driven MEK signaling by these

drugs. To test this, we undertook two experimental approaches.

In the first approach, mutant KRAS was coexpressed with either

wild-type (WT) CRAF or kinase-dead (KD, i.e., K375M) CRAF in

Craf�/� mouse embryonic fibroblasts (MEFs). As expected,

1 hr treatment with PD0325901 inhibited ERK phosphorylation

in cells expressing the CRAFKD. In those expressing CRAFWT,

however, the pathway sensitivity to the drug was significantly

reduced (Figure 2C). A similar effect was observed when ERK

signaling was driven by active NRAS (Figure 2C). These results

validate our CRAF knockdown findings and strengthen our

conclusion that CRAF activation reduces the efficacy of MEK

inhibitor treatment.

In the second approach, we developed a cellular system in

which ERK signaling could be selectively switched from being

driven by BRAFV600E to being driven by CRAF. To accomplish



Figure 3. MEK Is Less Susceptible to Inhibition when Activated by CRAF Than by BRAF V600E

(A) A schematic representation of the experimental system used. BRAFV600Emutant A375 cells have low levels of CRAF activity at baseline, andMEK activation is

dependent on BRAF kinase. Treatment with RAF or MEK inhibitors inhibits ERK signaling in these cells. We relied on the ability of RAF inhibitors to transactivate

RAF dimers in order to switch from BRAFV600E-dependent to catC-dependent signaling. To this end, catC was expressed to form BRAFV600E-catC heterodimers

in A375 cells. A gatekeeper mutation in catC (T421M) prevents RAF inhibitor binding. Thus, the RAF inhibitor vemurafenib binds to and inhibits BRAFV600E while

transactivating catC in heterodimers. A kinase-dead catC (T421M/K375M) was used as a control.

(B) A375 cells expressing the indicated constructs were treated with increasing doses of vemurafenib for 1 hr, and whole-cell lysates were subjected to

immunoblotting with the indicated antibodies.

(C) A375 cells were transfected with increasing amounts of plasmid encoding catCT421M. In the indicated rows, RAF inhibitor pretreatment (vemurafenib, 1 mM,

1 hr) was used to transactivate catC in heterodimers and switch fromBRAFV600E- to catC-driven signaling. Following transfection and pretreatment as shown, the

cells were treated with increasing doses of PD0325901 for 1 hr to determine the drug’s ability to inhibit ERK phosphorylation. A representative example of at least

two independent experiments for each condition is shown.

(D and E) The bands in (C) were quantified by densitometry and normalized to the level of pERK prior to PD0325901 treatment.

See also Figure S3.
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this, we took advantage of the ability of RAF inhibitors to trans-

activate RAF dimers (Figure 3A). We utilized the BRAFV600E cell

line A375, where CRAF activity is low and MEK activation is

BRAFV600E dependent (Lito et al., 2012; Pratilas et al., 2009).

Vemurafenib treatment inhibits BRAFV600E and ERK signaling in

these cells (Figure 3B, vector). An N-terminal truncated CRAF

(catC) was expressed in A375 to form intracellular BRAFV600E-

catC heterodimers. CatC dimerizes in a RAS-independent

manner and is transactivated by RAF inhibitor vemurafenib (Pou-

likakos et al., 2010). CatCwas engineered to harbor a gatekeeper

mutation (T421M) in order to prevent its binding to vemurafenib.

Thus, when vemureafenib binds to and inhibits BRAFV600E, it

transactivates catCT421M in heterodimers, thereby triggering a

switch from BRAFV600E- to catC-dependent MEK activation (Fig-

ure 3A). A kinase-dead catCT421M/K375Mwas used as a control. As
shown in Figure 3B, expression of catCT421M rendered ERK

signaling insensitive to vemurafenib, because this drug does

not inhibit RAF dimers (lanes 1–4), whereas ERK signaling was

sensitive to vemurafenib in cells expressing catCT421M/K375M

(compare lanes 7 and 8 to 3 and 4). The residual signaling in lanes

3 and 4 is therefore due to transactivation of catCT421M by vemur-

afenib and represents activation ofCRAF kinase-dependent ERK

signaling. Vemurafenib treatment induced similar effects even

when lower amounts of catCwere expressed (FiguresS3A–S3C).

We then determined whether the MEK inhibitor PD0325901

could effectively inhibit vemurafenib-induced catC-dependent

ERK signaling (i.e., CRAF-dependent signaling). The inhibition

of ERK phosphorylation in response to the MEK inhibitor

PD0325901 was similar in BRAFV600E cells transfected with

an empty vector or with catCT421M/K375M (Figure 3C, rows 1
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and 2), situations in which ERK phosphorylation is driven by

BRAFV600E. In contrast, expression of kinase active catCT421M

attenuated the ability of PD0325901 to inhibit ERK phosphoryla-

tion (Figure 3C, rows 3–6) in a manner that was proportional to

the level of catC expression (Figure 3D). Cells expressing low

catC levels showed no change in their sensitivity to MEK inhibi-

tors in the absence of vemurafenib (Figure 3C, rows 3 and 4). In

these cells, however, vemurafenib treatment induced appre-

ciable CRAF kinase signaling (Figures S3B and S3C), and this

was sufficient to reduce the sensitivity of pERK to PD0325901

(Figure 3C, rows 7 versus 3 or 8 versus 4; Figure 3E). In cells in

which catC expression was high enough to drive CRAF kinase-

dependent signaling in the absence of vemurafenib, the effects

of PD0325901 were attenuated regardless of whether the cells

were treated with vemurafenib (Figure 3C, rows 5 and 6 versus

9 and 10). These data show that ERK signaling activated by

CRAF is less sensitive to PD0325901 than when activated by

BRAF V600E.

MEK Inhibitors Induce RAF-MEK Complexes
In unpublished data (E.J. and P.L), we observed that some MEK

inhibitors induce the association of MEK with RAF. We hypothe-

sized that MEK bound to an activated RAF kinase is less sensi-

tive to MEK inhibitors than is unbound MEK. We first evaluated

if PD0325901 or selumetinib induced RAF/MEK complexes in

HEK293 cells engineered to express FLAG-MEK1. Exposure of

these cells to either drug increased the interaction of each RAF

kinase with FLAG-MEK1 (Figure 4A). We next tested whether in-

duction of these complexes differed between cells with mutant

BRAF or mutant KRAS. Treatment of KRAS mutant A549 cells

with PD0325901 increased the association of endogenous

MEK1 with all three RAF kinases (Figure 4B and 4C). In contrast,

the same treatment did not induce MEK-RAF complexes in

BRAFV600E A375 cells (Figure 4C). In this setting, PD0325901

reduced the level of MEK1 in complex with BRAF, as well as

the level of MEK phosphorylation.

In order to confirm that the differences described above were

related to the oncoprotein responsible for activating ERK

signaling, we repeated the experiments in HEK293 cells that ex-

press FLAG-MEK1 and either KRASG12V or BRAFV600E. Induction

of MEK1-RAF complexes by PD0325901 was only observed

when MEK1 was coexpressed with KRASG12V (Figure S4A,

lanes 1 and 2). In contrast, when MEK1 was coexpressed with

BRAFV600E, there was a decrease in MEK1-RAF complexes after

3 hr of treatment (Figure S4A, lanes 5 and 6). Similar findings

were observed when KRAS or BRAF mutants were coexpressed

with MEK2 (Figure S4B). The data suggest that binding of MEK

to allosteric inhibitors causes MEK to bind to RAF in cells with

mutant RAS, but not in those with BRAFV600E.

The Effect of MEK Inhibitors Is Enhanced when RAF-
MEK Interactions Are Impaired
These findings suggest the possibility thatMEK bound to an acti-

vated CRAF in tumors with activated RAS is less sensitive to

MEK inhibitors than is free MEK. We therefore tested whether

reducing the affinity of MEK for RAFwould enhance its sensitivity

to drugs in cells with activated CRAF. The proline-rich region of

MEK1 is thought to mediate its interaction with RAF (Dang et al.,

1998). Alanine substitutions of Met 308 and Ile 310 impair this
702 Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc.
interaction (McKay et al., 2009) and, in our experiments, pro-

duced a MEK1 mutant (impaired RAF interaction, IRI) that was

defective in its ability to bind RAF kinases (Figure 4D). We used

the system illustrated in Figure 3 to test if altering the RAF-

MEK interaction affects the inhibition of CRAF-induced ERK

signaling by these drugs. In cells in which catC was coexpressed

with FLAG-MEK1, there was residual pERK following treatment

with PD0325901, selumetinib, or RDEA119 (Figure 4E). When

catC was coexpressed with MEK1IRI instead, these drugs in-

hibited ERK phosphorylation more effectively (Figures 4E, S4C,

and S4D). These findings suggest that MEK bound to activated

CRAF is less sensitive to inhibition by MEK inhibitors like

PD0325901. Together, our data support the conclusion that

MEK inhibitors activate CRAF by relieving ERK-dependent nega-

tive feedback and also cause formation of a CRAF-MEK com-

plex. These two effects cooperate to attenuate inhibition of

MEK in KRAS mutant tumors (Figure 4F).

Trametinib and CH5126766 Inhibit ERK Signaling More
Durably Than PD0325901
Trametinib and CH5126766 are newer MEK inhibitors that have

been reported to inhibit the proliferation of selected RAS mutant

xenografts better than PD0325901 does (Gilmartin et al., 2011;

Ishii et al., 2013). On average, trametinib inhibited the prolifera-

tion of BRAFV600E and KRAS mutant cancer cell lines with lower

IC50s than did PD0325901 or selumetinib (Figures 5A and S5A),

even though trametinib and PD0325901 had similar potencies

against MEK1 in vitro (Figure S5B). When compared to

PD0325901, CH5126766 was less potent at inhibiting MEK1

kinase activity in vitro. CH5126766, inhibited the proliferation of

BRAFV600E and KRAS mutant cell lines at a similar IC50 range

(Figure 5A), although CH5126766 was still less effective against

some KRAS mutant cells (Figure S5A, H2030 and A549).

Increasing concentrations of PD0325901 did not reduce the

rebound in ERK phosphorylation occurring in KRAS mutant

A549 cells at 48 hr (Figure 5B). In contrast, the rebound associ-

ated with trametinib or CH5126766 decreased with increasing

concentrations of these drugs (Figure 5B). As these drugs have

different potencies for MEK1 in vitro (Figure S5B), we also eval-

uated the effects of each drug at concentrations 50 times higher

than their IC50 for kinase inhibition in vitro. As compared to

PD0325901, treatment with trametinib or CH5126766 for 48 hr

at these concentrations resulted in more sustained inhibition

of pERK in KRAS mutant cells (Figure S5C; H2030) and also

in A375 cells expressing increasing amounts of active CRAF

(Figure S5D).

If CRAF knockdown enhances the effect of MEK inhibitors by

more durably inhibiting ERK phosphorylation, then its effect

should be minimized when combined with trametinib (which

inhibits ERK signaling better than PD0325901). To test this,

we evaluated whether cells expressing CRAF shRNAs were

depleted when trametinib was administered at two different

doses: one associated with pERK rebound (4 nM) and a higher

dose associated with much less rebound (40 nM). As shown in

Figure 5C, cells expressing CRAF shRNAs were selectively

depleted following treatment with 4 nM trametinib, but not

following treatment with 40 nM trametinib. By contrast, a higher

dose of PD0325901 did not affect the selective depletion of

cells expressing CRAF shRNA (Figure 5D). A similar effect was



Figure 4. Allosteric MEK Inhibitors Induce RAF-MEK Complex Formation in KRAS Mutant Tumors

(A) HEK293 cells were transfected with FLAG-MEK1, followed by treatment with PD0325901 for 3 hr. MEK1 was immunoprecipitated using an anti-FLAG

antibody, followed by immunoblotting with the indicated antibodies to determine RAF-MEK interactions. A representative example of at least two independent

experiments with each drug is shown.

(B) Whole-cell lysates from A375 cells were subjected to immunoprecipitation with immunoglobulin G or a MEK1 antibody and then immunoblotted for the

indicated proteins. Two MEK-specific IP replicates are shown.

(C) Cells were treated with PD0325901 for 3 hr, and endogenous MEK1 was immunoprecipitated to determine its interaction with RAF kinases. A representative

example of three independent experiments is shown.

(D) HEK293 cells were transfected with WT MEK1 or a MEK1 mutant with impaired RAF interaction (IRI, M308A/I310A). RAF-MEK1 complexes were determined

as in (C).

(E) A375 cells were transfected with the indicated constructs and then treated with PD0325901 (50 nM), selumetinib (500 nM), or RDEA119 (100 nM) for 1 hr to

determine the effect on ERK phosphorylation. A representative example of at least two independent experiments for PD0325901 and selumetinib are shown.

(F) A schematic diagram modeling the role of CRAF in the differential adaptation of KRAS and BRAF mutant tumors to MEK inhibitor treatment.

See also Figure S4.
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observed with CH5126766 (data not shown). These data support

our model that PD0325901 does not sufficiently inhibit CRAF-

driven ERK signaling and that CRAF knockdown enhances the

effects of MEK inhibitors because the combination produces

sustained ERK inhibition.

If the added benefit of trametinib occurs because of better

inhibition of CRAF-driven signaling than PD0325901 does, then

the combination of PD0325901 with a CRAF inhibitor ought to

yield a similar response to that of trametinib alone. To test this,

we used AZ628, which has been characterized as an irreversible

CRAF inhibitor, although it also targets other RAF kinases. As

shown in Figure 5E, treatment with PD0325901 or AZ628 alone
did not cause significant growth inhibition in KRAS mutant

A549 cells. Combined PD0325901 andAZ628 treatment, howev-

er, was not only much more effective than either drug alone but

also produced a similar growth inhibition as observed with tra-

metinib treatment alone (Figure 5E).

Trametinib Decreases the Interaction of MEK1with RAF
Kinases
We then asked whether the newer MEK inhibitors have a

different effect on the formation of RAF-MEK complexes or

MEK phosphorylation. In contrast to PD0325901, trametinib

did not induce a significant interaction between MEK1 and
Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc. 703



Figure 5. Newer Allosteric MEK Inhibitors Inhibit ERK Phosphorylation Better Than PD0325901

(A) A panel of BRAFV600E (n, 15) and KRAS mutant (n, 50) tumor cell lines was subjected to proliferation assays with the indicated drugs. Cells were treated for

3 days with increasing amounts of the indicated compounds, in order to determine their respective IC50s. Themean (line) and range of IC50s across cell lines (n of 3

for each cell line) is shown.

(B) KRAS mutant A549 cells were treated with increasing concentrations of PD0325901, trametinib, or CH5126766 for 48 hr. Lysates were evaluated by

immunoblotting to determine the level of ERK phosphorylation. A representative of two independent experiments is shown.

(C and D) KRPC cells expressing dox-inducible CRAF shRNAs were treated with dox alone (no drug) or in combination with trametinib (C) or PD0325901 (D) at the

indicated concentrations. The data were normalized to the number of shRNA-expressing cells in the dox-only controls. A representative of two independent

experiments with at least two different shRNAs targeting CRAF is shown.

(E) KRAS mutant A549 cells were treated with 100 nM PD0325901, 2 mM AZ628, or 100 nM trametinib as indicated. The fold increase in viable cell number over

time is shown. Means ± SEM from a representative of two independent experiments, each performed in triplicate, are shown.

See also Figure S5.
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RAF kinases in HEK293 cells, regardless of whether MEK1 was

expressed alone (Figure 6A) or coexpressed with mutant KRAS

or BRAFV600E (Figure S4A). Similar effects were observed when

MEK2 was expressed with KRAS or BRAF (Figure S4B). More-

over, trametinib treatment diminished the ability of endogenous

MEK1 to interact with RAF kinases in both BRAFV600E (Figure 6B)

and KRAS mutant cells (Figure 6C). In KRAS mutant cells, this

effect persisted up to 48 hr after drug treatment (Figure 6D).

Surface plasmon resonance (SPR) was used to determine if

the change in complex formation reflected a change in the af-

finity of MEK for RAF. Purified BRAF or CRAF were immobilized

on a sensor chip followed by sequential injections of increasing

amounts of MEK1. These experiments were performed in

the presence of 500 mM ATP and before or after addition of

trametinib at a saturating concentration of 3 mM (Figure 6E).
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When bound to trametinib, the dissociation constants for the

interaction of MEK1 with either BRAF or CRAF kinase were

0.101 and 0.107 mM, respectively. By comparison, the dissoci-

ation constants for MEK1 unbound to drug were 0.055 and

0.038 mM, respectively. Thus, trametinib is a MEK inhibitor

that reduces the affinity of MEK from RAF, thereby reducing

steady-state levels of RAF-MEK complexes. Trametinib inhibits

the catalytic activity of MEK by the same mechanism as

PD0325901, yet it has the opposite effect on the interaction

of MEK with the RAF kinases. In contrast to the effect observed

with PD0325901, trametinib decreased the rebound in ERK

phosphorylation in tumor cells with mutant KRAS (Figure 5B).

This supports our above finding that CRAF-MEK complexes

reduce the ability of PD0325901-like inhibitors to inhibit ERK

signaling.



Figure 6. Trametinib Binding Weakens the Interaction of MEK1 with RAF

(A) HEK293 cells were transfected with FLAG-MEK1 and then treated with PD0325901 (50 nM), trametinib (10 nM), or CH5126766 (250 nM) for 3 hr. MEK1 was

immunoprecipitated with a FLAG antibody, and RAF-MEK complexes were determined by immunoblotting.

(B and C) BRAFV600E (A375; B) and KRASG12S (A549; C) cells were treated with the indicated MEK inhibitors as in (A). Lysates were subjected to immunopre-

cipitations and immunoblotting to determine the interaction between endogenous MEK1 and RAF kinases.

(D) A549 cells were treated with PD0325901 (50 nM) or trametinib (10 nM) for the indicated times. RAF-MEK complexes were determined as in (C).

(E) Recombinant GST-BRAF or GST-CRAF was immobilized on a sensor chip, followed by sequential injections of increasing amounts of His-MEK1 in the

presence or absence of trametinib at a saturating concentration (3 mM) to determine the association and dissociation rates of MEK-RAF complexes. A repre-

sentative of at least two independent experiments is shown in each panel of this figure.

(F) Effect of MEK inhibitors on the binding constants for the interaction between MEK1 and RAF.

See also Figure S6.
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CH5126766 Prevents Phosphorylation of MEK and
Induces RAF-MEK Complexes
In contrast to trametinib, CH5126766 promoted the formation of

RAF-MEK complexes (Figures 6A–6C; Figures S4A and S4B). In

addition, CH5126766 completely prevented the induction of

MEK phosphorylation in KRAS mutant tumor cells (Figure S6).

These results are consistent with our previous findings that

CH5126766 blocks MEK phosphorylation and that CH5126766-

bound MEK1 has a markedly slower dissociation from RAF ki-

nases (Ishii et al., 2013).

The ability of CH5126766 to prevent MEK phosphorylation,

while inducing RAF-MEK complexes, demonstrates another
mechanism for effectively inhibiting ERK signaling in KRAS

mutant tumors. To investigate the structural basis for this mech-

anism, we determined the ternary complex of MEK1 bound to

CH5126766 and an ATP analog at a resolution of 2.7 Å (Fig-

ure 7A; Table S1). CH5126766 interacts with a binding pocket

defined by the MEK1 activation segment, catalytic loop, and

ATP-binding site. MEK1 bound to CH5126766 was in a cata-

lytically inactive conformation, with an outwardly shifted aC

helix. CH5126766 formed a critical hydrogen bond with the

backbone amide of Ser 212, in a similar manner as other MEK

inhibitors, including PD03259021 (Figure S7A). This hydrogen

bond is critical for the binding of allosteric inhibitors to MEK
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Figure 7. Interaction with Ser 222 and Allosteric Displacement of the MEK Activation Segment by CH5126766 Prevents RAF-Mediated

Phosphorylation

(A) The ternary structure of MEK1 bound to CH5126766 and an ATP analog at a resolution of 2.7 Å. Its interaction with the MEK activation segment residues Ser

212, Asn 221, and Ser 222 are shown.

(B) Superpositioning of CH5126766 (green), CH4987655 (yellow), and PD0325089 (an enantiomer of PD0325901, red) and their effect on the orientation of the

MEK1 activation segment.

(C–E) Interactions of the indicated compounds with key residues in the MEK1 activation segment.

(F) KRAS mutant A549 cells were treated with the indicated inhibitors for 3 hr, and whole-cell lysates were subjected to immunoblotting with the indicated

antibodies. A representative example of three independent experiments is shown.

(G) HEK293 cells transfected with wild-type MEK1 or a MEK1mutant harboring phosphomimetic substitutions with glutamic acid at Ser 218 and Ser 222 (i.e., EE)

were treated with CH5126766 for 3 hr. Coimmunoprecipitations were used to determine the interaction between FLAG-tagged MEK1 and endogenous BRAF or

CRAF. A representative example of two independent experiments is shown.

(H) Schematic diagram representing the allosteric effects induced by each MEK inhibitor.

See also Figure S7 and Table S1.
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(Ohren et al., 2004) and thus represents a feature of this class of

drugs.

Compared to other inhibitors, the distinct feature of

CH5126766 binding was its extension along the activation

segment of MEK1 (Figures 7A and 7B) and its interaction with

Asn 221 and Ser 222 (Figure 7C), with the latter interaction being

coordinated by a water molecule. CH5126766-boundMEK1 dis-

played a lateral displacement of the activation segment, causing

a minor and a major repositioning of the RAF phosphorylation

residues Ser 218 and Ser 222, respectively (Figures 7B, 7C,

and S7B). This displacement was minimal in MEK1 bound to

an enantiomer of PD0325901 (Figures 7B, 7D, and S7C). Thus,

it is likely that CH5126766 prevents the phosphorylation of

MEK by binding to Ser 222, a key RAF phosphorylation site,

and by displacing the activation segment of MEK.

TheMEK inhibitor CH4987655 is similar to CH5126766 in that it

also interacts with Asn 221 and laterally displaces the activa-

tion segment of MEK (Figures 7B and 7E). Compared to

CH5126766, however, CH4987655 spans a shorter distance

along the MEK activation segment (Figure 7B) and does not

interact with Ser 222 (Figures 7E versus 7C). With these differ-

ences in mind, we tested the ability of CH4987655 to induce

MEK phosphorylation following MEK inhibitor treatment in KRAS

mutant A549 cells. CH4987655 caused a very minimal induction

of pMEK, compared to standard MEK inhibitors like PD0325901

(Figure 7F). MEK phosphorylation in CH4987655-treated cells,

however,wasmuchgreater than that inCH5126766-treatedcells,

suggesting that both lateral displacement of the activation

segment and Ser 222 binding are required for maximal inhibition

of MEK phosphorylation by allosteric compounds.

We thenaskedwhether the increase inMEK-RAFcomplexes in

cells treated with CH5126766 is caused by dephosphorylation of

MEK. A MEK1 mutant with phosphomimetic glutamate substitu-

tions at the RAF phosphorylation sites (i.e., S218E and S222E or

EE) was used to answer this question. As expected, CH5126766

treatment induced the interaction of MEK1WT with BRAF and

CRAF (Figure 7G). This induction was abolished in cells express-

ing MEK1EE treated with CH5126766, which suggests that the

higher affinity of CH5126766-bound MEK1 from RAF kinases

occurs because MEK bound to this compound cannot be phos-

phorylated. Consequently, CH5126766 is more effective at pro-

ducing sustained inhibition of ERK phosphorylation than is

PD0325901, despite inducing RAF-MEK complexes.

DISCUSSION

Selective MEK inhibitors have marginal activity in patients whose

tumors harbor KRAS mutations. Our data suggest that reactiva-

tion of CRAF limits the ability of MEK inhibitors to inhibit ERK

signaling in KRAS mutant tumors. Knockdown of CRAF expres-

sion enhanced the effects of MEK inhibitors on signaling and on

theproliferationofKRAS tumors.CRAFknockdownmayenhance

the antitumor effects of MEK inhibition by inhibiting other targets

of RAF in addition to MEK (Blasco et al., 2011). Several findings

presented here, however, suggest that MEK inhibitors do not

effectively inhibit CRAF-driven ERK signaling: the rebound in

ERK phosphorylation in mutant KRAS tumors exposed to MEK

inhibitors was driven by CRAF, and CRAF expression reduced

the ability of these drugs to inhibit ERK signaling. Furthermore,
when thepathwaywas inhibitedwith the stronger drug trametinib,

enhancement by CRAF knockdown was minimal.

Activated ERK feedback inhibits the RAF/MEK/ERK pathway

in cells with activated RAS by directly phosphorylating and inhib-

iting CRAF kinase activity (Dougherty et al., 2005). MEK inhibitors

relieve this feedback by inhibiting ERK and dephosphorylating

and reactivating CRAF. This causes induction of MEK phosphor-

ylation in most tumor cells, including those with mutant KRAS

(Alessi et al., 1994; Dougherty et al., 2005; Pratilas et al., 2009).

By contrast, RAS-GTP levels are very low in tumors with

BRAFV600E (Lito et al., 2012), and MEK inhibitors cause only

marginal induction of CRAF kinase activity and do not induce

MEK phosphorylation in these cells. As inhibition of cellular

ERK signaling by PD0325901 varied inversely with the level of

activated CRAF, the decreased effectiveness of MEK inhibitors

in mutant KRAS cells is likely due to the release of feedback

inhibition of CRAF kinase activity.

MEK inhibitors like PD0325901 and selumetinib also increase

the association of MEKwith RAF kinases. This occurs in cells ex-

pressing mutant KRAS, but not in those expressing mutant

BRAF. These data suggest that when MEK is bound to an acti-

vated CRAF, it is less sensitive toMEK inhibitors than is unbound

MEK. In support of this model, expression of a MEK mutant that

interacts more weakly with RAF resulted in better inhibition of

CRAF-dependent ERK signaling.

Near-complete inhibition of ERK signaling is required for RAF

inhibitors to cause tumor regression in BRAFV600E tumors (Bollag

et al., 2010). Such potent pathway inhibition is unlikely to be

achieved with PD0325901, solumetinib, or other standard MEK

inhibitors in tumors driven by mutant KRAS. Our model suggests

that ERK signaling in these tumors may be more effectively in-

hibited by compounds that not only inhibit the catalytic activity

of MEK but also reduce its reactivation by CRAF. Indeed, we

found two MEK inhibitors that display this property and produce

a more durable inhibition ERK signaling than does PD0325901.

Trametinib and CH5126766 bind to a similar pocket in MEK as

other MEK inhibitors and inhibit its catalytic activity allosterically.

These compounds, however, also reduce the activation of MEK

by RAF through two distinct mechanisms. Binding to trametinib

increases the dissociation rate ofMEK fromRAF and reduces the

intracellular level of RAF-MEK complexes. This reduces both the

induction of MEK phosphorylation and the rebound in ERK phos-

phorylation observed in KRAS mutant tumors. CH5126766

works by a different mechanism; it interacts with Ser 222 and

Asn 221 on MEK and prevents its phosphorylation by activated

CRAF. Drug-bound, dephosphorylated MEK binds more tightly

to RAF, and the level of MEK-RAF complexes is induced. How-

ever, because CH5126766-bound MEK cannot be phosphory-

lated and released from RAF, it becomes a dominant-negative

inhibitor of RAF (Ishii et al., 2013).

Based on computational modeling, others have proposed that

MEK inhibitors that prevent MEK phosphorylation do so by inter-

acting with Ser 212 (Hatzivassiliou et al., 2013). However, this

in silico modeling was based on a crystal structure with a limited

definition of the carboxy terminal portion of the MEK activation

segment, which does not include Asn 221 and Ser 222. Here,

we solved the ternary structure of CH5126766-bound MEK1

and show that CH5126766 forms multiple interactions with the

activation segment of MEK, binding not only to Ser 212 but
Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc. 707
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also to Asn 221 and Ser 222, and displaces the activation

segment of MEK1. We believe that this is the likely mechanism

by which it prevents the phosphorylation of MEK by RAF.

Our results demonstrate that the ability of MEK inhibitors

to inhibit MAPK activity and inhibit KRAS mutant cancer cells

vary as a function of the specific biochemical properties of the

drug-bound MEK complex. Differences in cellular responses to

these drugs reveal subtleties in the biochemical regulation of

the pathway, particularly the role of CRAF-MEK complex forma-

tion in rendering KRAS mutant cancers less sensitive to these

drugs. Rational drug discovery relies on lead optimization of

compounds based on their selectivity, potency, and pharmaco-

logic properties. Understanding the exact mechanism of drug

activity in the appropriate signaling context is imperative in order

to design more effective compounds. Here, we identify two

biochemical properties that, if optimized, will improve the effi-

cacy of MEK inhibitors: increasing the dissociation rate of MEK

from RAF and preventing MEK phosphorylation by reactivated

CRAF. If coupled with clinical trial designs aimed at improving

the therapeutic index of these drugs, e.g., pulsatile or intermit-

tent dosing schedules, these efforts are likely to maximize the

clinical benefit of MEK inhibitors in KRAS mutant tumors.

EXPERIMENTAL PROCEDURES

Compounds and Cell Culture

PD0325901 was synthesized in theMSKCCOrganic Synthesis Core Facility by

O. Ouerfelli. Trametinib and CH5126766 were obtained from GlaxoSmithKline

and Chugai Pharmaceuticals, respectively. All compounds were diluted in

DMSO for in vitro experiments. Craf�/� MEFs were kindly provided by M. Bac-

carini; HEK293 were from Invitrogen, whereas BRAF and KRAS mutant cell

lines were obtained from the American Type Culture Collection. Cell lines

were maintained in Dulbecco’s modified Eagle’s medium or RPMI supple-

mented with 10% fetal bovine serum, glutamine, and antibiotics.

Antibodies, Immunoblotting, and Immunoprecipitations

Antibodies detecting pMEK, pERK, pCRAF, MEK, ERK, and CRAF were

obtained from Cell Signaling. V5 and FLAG antibodies were from Invitrogen

and Sigma, respectively. Immunoblotting was performed as described

(Poulikakos et al., 2010). Exogenously expressed FLAG-MEK1 was immuno-

precipitated (IP) via a FLAG-specific antibody agarose conjugate (Sigma) in

accordance with the manufacturer’s recommendations. Endogenous MEK1

was immunoprecipitated with MEK1 612B12 antibody (Cell Signaling). In

both cases, IPs were carried out at 4�C overnight.

Immunoprecipitation Kinase Assays

Immunoprecipitation kinase assays were performed as described (Poulikakos

et al., 2010). Briefly, cells were lysed in NP-40 lysis buffer supplemented with

phosphatase and protease inhibitors (Roche). IPs were carried out at 4�C for

4 hr, and immunoprecipitated CRAF was subjected to a kinase assay with

kinase-dead MEK1 (Millipore). Kinase assays were conducted in the presence

of 100 mM ATP at 30�C for 30 min. MEK phosphorylation was assayed by

immunoblotting with phospho-specific antibodies.

Plasmids and Transfections

MEK1-, KRas-, and NRas-encoding plasmids were obtained from Biomyx.

CRAF or MEK constructs harboring various mutations were generated by

site-directedmutagenesis (Agilent). DNA and siRNA transfections were carried

out by using lipofectamine 2000 and RNAiMAX reagents in accordance with

the manufacturer’s recommendations.

Animal Studies

Nu/nu athymic mice were obtained from the Harlan Laboratories and main-

tained in compliance with Institutional Animal Care and Use Committee
708 Cancer Cell 25, 697–710, May 12, 2014 ª2014 Elsevier Inc.
(IACUC) guidelines. Subcutaneous xenografts and tumor measurements

were performed as described (Lito et al., 2012). All studies were performed

in compliance with institutional guidelines under an IACUC-approved protocol

(Memorial Sloan-Kettering Cancer Center no. 09-05-009).

Surface Plasmon Resonance

Surface plasmon resonance was performed as described (Ishii et al., 2013).

Briefly N-terminal glutathione S-transferase (GST)-tagged BRAF or CRAF

was captured on the surface of a CM5 sensor chip (GE Healthcare) by anti-

GST polyclonal antibodies that were preimmobilized on the chip in accordance

with themanufacturer’s instructions. His6-MEK1 solutions at concentrations of

0.0256, 0.064, 0.16, 0.4, and 1 mmol/l were injected sequentially in order of

increasing concentration over the sensor chip in the absence or presence

of 3 mmol/l of the test compounds, and then the dissociation constants of

His6-MEK1 were calculated for the immobilized RAF for each condition in the

presence of 500 mmol/l ATP. The effects of MEK inhibitors on the RAF-MEK1

complex formation were determined by using single-cycle kinetics.

Crystallization and Structural Determination of MEK1-CH5126766

Complex

MEK1 kinase (residues 62–393, del 271–302) was expressed in Escherichia

coliwith a His tag. The expressed protein was purified using standard chroma-

tography. Crystals were obtained at 4�C from sitting drops using a reservoir

solution (7.5%–10% PEG 8000, 0.2 M NaCl, 0.2 M Ammonium sulfate, and

0.1 M citrate buffer [pH 4.2]) by vapor diffusion. Diffraction data were collected

at 100 K at the SGX-CAT beamline in APX synchrotron using a Mar CCD de-

tector (Marresearch GmbH). The data set was processed with HKL2000 and

scaled with SCALA in the space group P3121. The structure of the MEK1

and CH5126766 complex was determined by molecular replacement. The

crystals contain onemonomer of the protein in the asymmetric unit. Themodel

was rebuilt manually in COOT and refined with CNX 2005 (Accelrys) to a final

resolution of 2.7 Å. B-factors were refined isotropically. The final model con-

sisted of residues 62–380 with two breaks (residues 79–81; 268–307 were

disordered). The resulting electron density revealed an unambiguous binding

mode of CH5126766. For crystallographic data and refinement statistics,

see Table S1. This structure has been deposited in the Protein Data Bank

(PDB) with the ID code 3WIG.

Pooled Negative Selection Screening

A miR30-based shRNA library containing 193 shRNAs targeting 70 genes

encoding for various components of the Ras effector pathway was assembled.

All shRNAs included in this set were the top-scoring candidates in a fluores-

cence-activated cell sorting (FACS)-based high-throughput reporter assay

that functionally evaluates shRNA potency and thus leads to the identification

of highly potent shRNAs (Fellmann et al., 2011). The hairpin pool was subcl-

oned into TRMPV-Neo (Zuber et al., 2011) and combined with positive and

negative control shRNAs. Viral supernatant from triplicate transfections into

PlatE cells was harvested and used to transduce Tet-on KRPC cells under

conditions that led to single integrations (less that 5% initial infection rate).

Triplicates were processed separately throughout the screen, and at all times,

care was taken to maintain an shRNA representation exceeding 1,0003 per

replicate.

Successfully transduced cells underwent G418 selection (Invitrogen, final

concentration 500 mg/ml) for 7 days. At this time, T0 samples were obtained

for genomic DNA extraction, and the remaining cells were cultured in doxycy-

cline containing media (final concentration 1 mg/ml) to induce shRNA expres-

sion. At 48hr after dox treatment, cells of each triplicatewere furtherpropagated

in doxycycline containingmedia in the presence of 40 nMPD0325901or DMSO

for the duration of the screen. On the final day of the screen (Tf), approximately 2

million cells per replicate and condition were FACS sorted (Venus+, dsRed+),

and genomic DNA was extracted from all samples using the Gentra Puregene

Cell Kit (QIAGEN). Deep-sequencing template libraries were generated for

each replicate by PCR amplification of shRNA guide strands. To allow for multi-

plexed illumina sequencing, forward primers located in the loop region of

the miR30 cassette were barcoded 30 of the p7 adaptor sequence (forward

primer: 50-CAAGCAGAAGACGGCATACGA - 8 nt barcode - TAGTGAAGCCA

CAGATGTA-30). The p5-adaptor-coupled reverse primer was placed 30 of the
miR30 shRNA cassette within the TRMPV-Neo backbone to achieve exclusive
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amplification of shRNAs that were part of the library and avoid amplification of

the miR30-based p53 shRNA present in the screen cell line (reverse primer:

50-AATGATACGGCGACCACCGACGGTAGAATTGCTAGAATTG-30). All PCR

reactions per barcode were pooled and subjected to Agencourt AMPure XP

bead purification (Beckman Coulter). Libraries were analyzed on an Illumina

2000 Genome Analyzer (Illumina) using the custom primer miR30EcoRISeq 50-
TAGCCCCTTGAATTCCAGGCAGTAGGCA-30. Sequence processingwas per-

formed using a custom script developed by the MSKCC Bioinformatics Core,

and downstream analysis was performed in R (http://cran.r-project.org/), and

the fold change of shRNA representation was calculated by comparing normal-

ized shRNA reads at Tf to normalized reads at T0. To identify synthetically lethal

interactions, fold change in the presence of theMEK inhibitor was set in relation

to the fold change in the absence of the MEK inhibitor.
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