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SUMMARY

JNK and p38 phosphorylate a diverse set of sub-
strates and, consequently, can act in a context-
dependent manner to either promote or inhibit tumor
growth. Elucidating the functions of specific sub-
strates of JNK and p38 is therefore critical for our
understanding of these kinases in cancer. ATF2 is
a phosphorylation-dependent transcription factor
and substrate of both JNK and p38. Here, we show
ATF2 suppresses tumor formation in an orthotopic
model of liver cancer and cellular transformation
in vitro. Furthermore, we find that suppression of
tumorigenesis by JNK requires ATF2. We identify a
transcriptional program activated by JNK via ATF2
and provide examples of JNK- and ATF2-dependent
genes that block cellular transformation. Signifi-
cantly, we also show that ATF2-dependent gene
expression is frequently downregulated in human
cancers, indicating that amelioration of JNK-ATF2-
mediated suppression may be a common event dur-
ing tumor development.

INTRODUCTION

The stress-activated kinases JNK and p38 play an essential role
in the cellular response to a number of different extracellular and
intracellular signals including exposure to cytokines, growth fac-
tors, and various stresses. They regulate many key biological
processes, such as cellular proliferation and death, which func-
tion aberrantly in cancer. Accordingly, these kinases are pro-
posed to have critical roles in tumor development (Wagner and
Nebreda, 2009). However, the complexity of stress-dependent
signaling networks means that JNK and p38 have both pro-
and antitumorigenic functions. Consistent with a protumorigenic
role, these kinases are frequently found to be highly activated in
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human cancers and to support the proliferation of tumor-derived
cell lines (Esteva et al., 2004; Hui et al., 2008; Salh et al., 2002;
Yang et al., 2003). Conversely, comprehensive analysis of can-
cer genomes has revealed inactivating mutations in several
kinases lying upstream of JNK and p38, strongly implying a tu-
mor-suppressive role for these pathways. For example, a recent
survey of breast cancer genomes revealed mutations in MEKK1
in 6% of cancers, most of which resulted in protein truncation. In
this same study, LZK1 was also found to be mutated in some
breast cancers (Stephens et al., 2012). ASK1 and MLK1 have
been reported to be frequently mutated in melanomas (Stark
et al., 2012), leading to loss of their function, and the MAP2 ki-
nase MKK4, which directly activates JNK and p38, has been
identified as a “cancer gene” on the basis of its frequent muta-
tion in several cancers (Greenman et al., 2007).

The role of JINK and p38 in tumorigenesis has been studied ina
variety of mouse tumor models. p38 is inhibitory to oncogenic
Ras-mediated transformation in vitro (Dolado et al., 2007) as
well as liver and lung tumorigenesis in vivo (Hui et al., 2007; Ven-
tura et al., 2007). These studies support a tumor-suppressive
role for p38. The role of JNK is more complex, and depending
on the experimental setting, this kinase either promotes or an-
tagonizes tumorigenesis in mice. For example, studies using
JNK1~~ mice indicate that JNK1 facilitates DEN-induced liver
tumor formation (Eferl et al., 2003; Hui et al., 2008; Sakurai
etal., 2006). However, JNK drives liver tumorigenesis by promot-
ing expression of hepatic cytokines in nonparenchymal liver
cells, and deletion of JNK specifically in hepatocytes reveals
its suppressive role in liver tumor development (Das et al.,
2011). Furthermore, although JNK supports tumor growth in
some tissues such as lung and gastric cancer (Cellurale et al.,
2011; Shibata et al., 2008), it exhibits potent tumor-suppressive
properties in mouse models of prostate and breast cancer (Cel-
lurale et al., 2010, 2012; Hlbner et al., 2012). Thus, a complex
picture emerges, in which JNK and p38 function in a context-
dependent manner to regulate tumorigenesis. In order to unravel
such complexity, a better understanding of the role of effector
substrates for the stress-activated protein kinases is required.
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Figure 1. Suppression of Ras-Mediated Transformation and Liver Tumorigenesis by ATF2
(A) Extracts from Atf2 WT (Atf2*/*, Atf7~/~, and p53~/~) and Atf2 KO (Atf2~/~, Atf7~/~, and p53 /") hepatoblasts were immunoblotted for ATF2 and B-actin.

(B-D) Anchorage-independent growth of HRasV12-expressing Atf2 WT and KO MEFs (B and C) and hepatoblasts (D). Values plotted are numbers of colonies per
dish; + SD; n = 18 (three experiments X six dishes per experiment); *p < 0.05.

(legend continued on next page)
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JNK and p38 have many downstream targets including a
diverse set of transcription factors through which they can
initiate complex changes to gene expression. ATF2 is a sub-
strate of both JNK and p38 and belongs to the AP-1 family of
B-Zip-containing transcription factors. In response to diverse
stimuli, these kinases phosphorylate ATF2 at two key threonine
residues in the N-terminal transactivation domain (TAD), lead-
ing to its activation (Gupta et al., 1995). Several studies have
implicated ATF2 in cancer. High levels of phospho-ATF2 have
been detected in human melanoma samples, and a role for
ATF2 in driving progression of these tumors has been sug-
gested (Berger et al., 2003; Shah et al., 2010). Conversely,
ATF2 can inhibit tumor formation in some settings. After a la-
tency period of 60 weeks, ATF2 heterozygous mice develop
mammary tumors spontaneously, and furthermore, low levels
of ATF2 expression in human breast tumors have been re-
ported (Maekawa et al., 2007). ATF2 also inhibits tumor devel-
opment in a mouse model of skin cancer (Bhoumik et al., 2008),
and deletion of ATF2 in B cells leads to a resistance to
apoptosis and accelerates the onset of lymphoma in the
Ep-Myc mouse model (Walczynski et al., 2014). Furthermore,
recent findings indicate that the SS18-SSX2 fusion protein
found in human synovial sarcomas derives its oncogenicity
from its ability to interact with ATF2 and to silence ATF2 target
promoters (Su et al., 2012).

In this study, we sought to clarify the role of ATF2, and its
requirement for JNK and p38 signaling, in cellular transformation
and tumorigenesis. By using an orthotopic model of liver cancer,
we demonstrate a tumor-suppression role for JNK, which is
effected via activation of ATF2-dependent transcription. Further-
more, we define an ATF2-dependent gene signature that is
decreased in several types of human cancer, consistent with a
tumor-suppressive role for JNK-ATF2 signaling.

RESULTS

ATF2 Suppresses Ras-Dependent Cellular
Transformation and Liver Tumorigenesis

To investigate the effect of ATF2 on oncogenic HRas-mediated
transformation, we utilized mouse embryonic fibroblasts
(MEFs), which allow for the conditional deletion of the ATF2
DNA-binding domain (Atf27o¥Floxy  ATF2 shares overlapping
functions with ATF7 during development (Breitwieser et al.,
2007). To eliminate the potential for redundancy, we deleted
ATF7 by crossing Atf27ox/Fx mice with Atf7~/~ mice. To render
the cells susceptible to HRasV12-mediated transformation, we
deleted p53 by crossing Atf27oX/F1oX | Atf7~/~ mice with p53~/~
mice. Deletion of Atf2 was achieved in vitro by transient expres-
sion of Cre recombinase, using an adenoviral vector. This
approach led to complete deletion of the ATF2 DNA-binding

domain, generating cells with the genotype Atf2~/~, Atf7~/~,
537/, referred to hereafter as Atf2 knockout (KO). Cells treated
with a control vector continue to express full-length ATF2 protein
and are referred to hereafter as Atf2 wild-type (WT) (Atf2**,
Atf7~/~ , p53~'~; Figure 1A).

To assess the role of ATF2 in cellular transformation, we
compared the growth of HRasV12-expressing Atf2 WT and
Atf2 KO MEFs in soft agar. Atf2 KO cells gave rise to significantly
greater numbers of colonies than did wild-type controls, indi-
cating that ATF2 suppresses cellular transformation (Figures
1B and 1C). Re-expression of ATF2 in Ras-transformed Atf2
KO MEFs impaired colony formation, confirming that the
observed phenotype was due to loss of ATF2 (Figures 1E and
1F). Notably, in the absence of HRasV12, Atf2 KO cells did not
form colonies in soft agar (Figure S1A), showing that loss of
ATF2 is not sufficient for transformation.

We next studied the role of ATF2 in tumor development in vivo
using an orthotopic mouse model of hepatocellular carcinoma,
which involves transformation of embryonic hepatoblasts
in vitro and their subsequent injection into preconditioned recip-
ient mice (Zender et al., 2006). Similarly to MEFs, Atf2 KO hepa-
toblasts displayed enhanced colony formation in soft agar (Fig-
ure 1D), which was efficiently rescued by re-expression of
ATF2 (Figure 1G). Although anchorage-independent growth of
Atf2 KO cells was enhanced, adherent growth was not signifi-
cantly affected (Figures S1B and S1C).

Next, HRasV12-transformed Atf2 KO and Atf2 WT hepato-
blasts were introduced into the spleen of recipient mice, from
where they home to the liver. Tumor growth was assessed
14 days later using luciferase-dependent luminescence. Prior
to injection, bioluminescence of Atf2 WT and KO cells was
similar (Figure S1D). However, a significantly higher level of
bioluminescence was observed in the mice injected with
HRasV12-transformed Atf2 KO cells, indicating greater tumor
growth (Figure 1H). Analysis of dissected livers confirmed the
presence of large tumor masses in all (6/6) mice injected with
Atf2 KO cells. In comparison, in the Atf2 WT group, tumor growth
was reduced and detected in only four of the six recipient mice
(Figure 11). Both Atf2 WT and KO cells formed trabecular, pseu-
doglandular, and solid histological tumor types typical of human
hepatocellular carcinoma (HCC) (not shown).

To enumerate tumors, the experiment was repeated with
fewer hepatoblasts being injected, and livers were assessed af-
ter 6 weeks. Multiple small tumor nodules were observed in 92%
(11/12) of recipient mice injected with Atf2 KO cells and 75% (9/
12) of recipient mice injected with Atf2 WT cells. However, Atf2
KO cells generated approximately 3-fold more tumor nodules
(Figure 1J). Thus, both the number and size of tumors was
greater in the absence of ATF2, indicating that ATF2 suppresses
HRasV12-driven liver tumorigenesis.

(E-G) HRasV12-expressing Atf2 KO MEFs (F) or hepatoblasts (E and G) were transduced with recombinant adenoviruses (Ad-) expressing either ATF2 or GFP as

indicated; n = 18; + SD; *p < 0.05.

(H) Bioluminescence imaging of mice injected with HRasV12- and luciferase-expressing Atf2 WT (upper panel) and Atf2 KO (lower panel) hepatoblasts (1.5 x 10°

cells/mouse; n = 6). Mice were imaged 14 days after cell injection.
(I) Bioluminescence of resected livers at day 14.

(J) Quantification of liver tumors. HRasV12- and luciferase-expressing Atf2 WT and Atf2 KO hepatoblasts were injected into the spleen of recipient mice (0.2 x 108
cells/mouse; n = 12). *p < 0.05. Tumor nodules were enumerated 6 weeks after cell transplantation.
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Phosphorylation of the ATF2 TAD Is Required for
Suppression of HRasV12-Dependent Transformation

To examine the role of the ATF2 TAD in suppression of onco-
genic Ras-mediated transformation, we generated an adenoviral
vector expressing a mutant ATF2, wherein two key mitogen-acti-
vated protein (MAP) kinase phosphorylation sites are changed to
alanine (ATF2AA). This mutant is transcriptionally inactive (Fig-
ures S2A and S2B). Unlike wild-type ATF2, ATF2AA was unable
to efficiently suppress colony formation in soft agar, indicating
that phosphorylation of the TAD is important for suppression of
HRasV12-dependent transformation by ATF2 (Figure 2A). In
addition, we constructed an adenoviral vector expressing a
constitutively active form of ATF2 (C2/ATF2; Steinmuller and
Thiel, 2003), which does not require stress-dependent phos-
phorylation for its activity (Figures S2C and S2D). When ex-
pressed in Ras-transformed Atf2 KO cells, C2/ATF2 markedly
suppressed anchorage-independent growth (Figure 2A). These
lines of evidence demonstrate that ATF2-dependent suppres-
sion of cellular transformation is dependent upon transcriptional
activation.

ATF2-Mediated Suppression of Ras-Mediated
Transformation Is Independent of p38 MAP Kinase

Both JNK and p38 efficiently phosphorylate ATF2 and can
suppress cellular transformation and tumor development. To
address the potential role of p38, we utilized an activated mutant
of Map2k6 (MKK6EE), which activates p38 specifically. MKK6GEE
efficiently suppressed colony formation in both Atf2 WT and Atf2

Figure 2. p38 MAPK Is Not Required for
ATF2-Mediated Suppression of Ras Trans-
formation

(A) HRasV12-expressing Atf2 KO hepatoblasts
were transduced with Ad-ATF2, Ad-ATF2-AA, Ad-
C2/ATF2, or Ad-GFP, and colony formation in soft
agar was assessed. + SD; n = 18; *p < 0.05.

(B and C) HRasV12-expressing Atf2 WT and KO
MEFs (B) or hepatoblasts (C) were transduced with
Ad-MKK6EE or Ad-GFP, and anchorage-inde-
pendent growth was analyzed. + SD; n = 18; *p <
0.05.

(D) Anchorage-independent growth of HRasV12-
expressing p38 WT and KO MEFs transduced with
Ad-ATF2, Ad-C2/ATF2, Ad-ATF2AA, and Ad-GFP.
+ SD; n=18; *p < 0.05.

(E) p38a WT and KO cells transduced with either
Babe-HRasV12 or Babe-Empty control retrovirus
were treated with Ad-GFP, Ad-ATF2, and Ad-C2A.
FACS analysis, employing a redox-sensitive fluo-
rophore, dihydroethidium (DHE), was used to
detect cellular ROS. ROS levels were calculated as
(BABE-RAS mean DHE fluorescence/BABE mean
DHE fluorescence) x 100. + SD; n = 3; *p < 0.05.

HRasV12 Hep

O AtF2" a7+
W Atr27F,Atf77

Ad -MKK6EE

KO MEFs (Figure 2B) and hepatoblasts
(Figure 2C), showing that, in this setting,
p38 does not require ATF2 to mediate
its suppressive activity. p38a knockout
MEFs form greater numbers of colonies
in soft agar than p38 WT MEFs when
transformed by oncogenic Ras (Dolado et al., 2007). ATF2
strongly impaired this enhanced colony formation of p38a KO
cells (Figure 2D), showing that ATF2 does not require p38a-me-
diated phosphorylation for the suppression of transformation.
Notably, suppression by ATF2-AA was impaired (Figures 2D
and S2E), confirming that phosphorylation of ATF2 is required
for suppression of transformation and, further, that this phos-
phorylation must still occur in p38a knockout cells. Given that
p38a. has been shown to suppress Ras transformation by
lowering intracellular reactive oxygen species (ROS) levels (Do-
lado et al., 2007), we asked whether ATF2 also suppresses col-
ony formation by controlling ROS. As expected, p38a knockout
cells generated high levels of ROS in response to HRasV12
transformation (Figure 2E), but ATF2 expression had no influence
on these elevated ROS levels (Figure 2E). Thus, ATF2 and p38
can suppress transformation independently of each other and
by distinct mechanisms.

JNK Is Required for ATF2 Function

In response to a range of stresses, ATF2 was efficiently phos-
phorylated in p38« knockout cells (Figure S3A) but was sensitive
to specific JNK inhibition (Figure S3B). To further confirm this
finding, ATF2 phosphorylation was examined in Jnk1/2 WT
(nk1/2*"*, p53~'7) and Jnk1/2 KO (Jnk1/2~/~, p53~'~) MEFs.
Loss of JNK led to a severe impairment of ATF2 phosphorylation
despite the fact that p38 was strongly activated in response to
stress (Figure S3C). Furthermore, binding of ATF2 to the c-Jun
promoter, a known target gene, was impaired in Jnk1/2 KO cells
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(Figure S3D). Thus, JNK is indispensable for ATF2 function,
strongly indicating that suppression of tumorigenesis by ATF2
is likely to be JNK dependent.

JNK1 Suppresses Oncogenic Ras-Mediated
Transformation via ATF2

Because ATF2 inhibited formation of liver tumors and requires
JNK for activation, we asked whether ATF2 is required for tumor
suppression by the JNK pathway. Expression of constitutively
active JNK (UNK1-CA; Lei et al., 2002) significantly elevated
the level of ATF2 phosphorylation in Ras-transformed NIH 3T3
cells (Figure S3E) compared to GFP and kinase-dead JNK con-
trols. Phosphorylation of c-Jun by JNK-CA was also observed
(Figure S3E). Expression of JNK1-CA in HRasV12-transformed
NIH 3T3 cells significantly suppressed colony formation whereas
JNK1-KD or GFP had no effect (Figure 3A). Thus, although
genetic ablation of JNK renders cells resistant to Ras transfor-
mation (Cellurale et al., 2011), increased JNK activity causes
phosphorylation of its downstream substrates and impairs
Ras-dependent transformation.

Next, we asked whether JNK1-CA suppresses transformation
and tumorigenesis via ATF2. JNK1-CA strongly suppressed col-
ony formation in Atf2 WT cells whereas only minor suppression
was observed in the Atf2 KO cells (Figures 3B and 3C). Expres-
sion of JNK1-KD had no effect on colony formation in soft agar
(Figures 3B and 3C). Equal expression of JNK-CA in Atf2 WT
and Atf2 KO cells was confirmed by western blot analysis (Fig-
ure S3F). Furthermore, re-expression of ATF2 in Atf2 KO cells
restored JNK1-CA-mediated suppression of transformation
(Figure 3D). Consistent with these findings, we observed a
marked suppression of liver tumorigenesis by JNK1-CA when
expressed in Atf2 WT, but not Atf2 KO cells (Figure S3G).
Furthermore, re-expression of ATF2 in Atf2 KO cells together
with JNK1-CA resulted in strong suppression of liver tumorigen-
esis, whereas coexpression of JNK1-CA and GFP resulted only
in a modest reduction (Figures 3E and S3H). These results indi-
cate that JNK activity suppresses liver tumorigenesis in vivo
and requires ATF2.

The Cellular Response to ATF2 Activation and
Identification of ATF2-Dependent Transcriptional
Targets

To identify ATF2 transcriptional targets involved in cellular trans-
formation, we carried out gene-expression profiling, employing
constitutively active ATF2 (C2/ATF2), which allows for the
expression of ATF2 targets in the absence of stress (Figures
S2C and S2D).

First, we assessed the biological consequences of ATF2-
dependent gene expression. Expression of C2/ATF2 in hepato-
blasts led to a striking loss of cellular proliferation within 16 hr
(Figures 4A and 4B), and within 48 hr, we observed the onset
of cell death detected by annexin V staining (Figures 4C and
4D). Note that expression of WT ATF2 did not affect cell viability
(Figure 4D), consistent with our observation that overexpression
of ATF2 does not induce target gene expression unless accom-
panied by stress (Figures S2A and S2B). Treatment of C2/ATF2-
transduced cells with cycloheximide (Figures 4E and 4F) or
actinomycin D (data not shown) significantly blocked the induc-

tion of apoptosis, suggesting that target gene expression is
required for the induction of cell death by active ATF2.

To identify ATF2 target genes, we expressed C2/ATF2 or GFP
in hepatoblasts for 8 hr and performed microarray analysis. Em-
ploying a threshold of a 3-fold or greater change in expression,
we observed 270 differentially expressed genes (244 up- and 26
downregulated; p < 0.01) including previously reported ATF2
targets, e.g., ATF3, DUSP10, and JUN. Next, we confirmed
that the microarray strategy successfully identified authentic
targets of wild-type ATF2. We selected a subset of genes, all
of which were induced by 4-fold or greater in the microarray
experiment, and confirmed that the majority of these selected
genes were dependent on ATF2 for their expression by
comparing their transcript levels in Atf2 WT versus Atf2 KO
cells, in the presence or absence of methyl methanesulfonate
(MMS) stress, using quantitative RT-PCR (qRT-PCR) (Table
S1). Because JNK activity is critical for ATF2 activation (Fig-
ure S3C), we compared the expression of ATF2-dependent
genes in Jnk1/2 WT versus Jnk1/2 KO MEFs and found that
the majority of these were expressed in a JNK-dependent
manner (Table S2). Furthermore, analysis of chromatin immuno-
precipitation sequencing (ChlP-seq) data in the ENCODE
database (Thomas et al., 2007) confirmed the presence of
ATF2-binding sites in 219 out of 270 genes from the microarray
gene set (Table S3), suggesting that the majority of genes we
identified are direct targets of ATF2.

As presented in Figure 3, expression of active JNK led to inhi-
bition of tumorigenesis in an ATF2-dependent manner. To
assess ATF2 target gene expression under these conditions,
we expressed JNK1-CA together with ATF2, ATF2-AA, or GFP
in Atf2 KO cells and measured the expression of genes selected
from the microarray data by qRT-PCR. JNK1-CA displayed
limited or no ability to induce expression of the microarray tar-
gets when expressed in Atf2 KO cells. On the other hand, coex-
pression of JNK1-CA with ATF2 led to a significant induction of
several of the identified targets (Table S4). This induction
depended entirely on the phosphorylation of ATF2, because co-
expression of JNK1-CA and ATF2-AA did not lead to transactiva-
tion of the targets. Thus, we identified a set of genes whose
expression is induced by JNK via phosphorylation of ATF2.

Inhibition of Cellular Transformation by Selected
JNK-ATF2-Dependent Target Genes

Next, we wished to ascertain whether any of the identified genes
were capable of suppressing cellular transformation mediated
by oncogenic Ras. We selected six candidate genes for further
analysis. Each of the genes was confirmed to be a transcriptional
target of JNK signaling via ATF2. Thus, their expression is
impaired in Atf2 KO cells versus WT controls (Figure 5A) and in
JNK1/2 KO MEFs versus WT controls (Figure 5B; note, however,
that NTS expression was not reduced in JNK1/2 KO cells). In
addition, expression of each of these genes was induced by
JNK1-CA via phosphorylation of ATF2 (Figure 5C). HRasV12-
transformed Atf2 WT and KO MEFs were infected either with ad-
enoviruses expressing each of the JNK-ATF2-dependent targets
or a GFP-expressing control. Subsequently, the efficiency of
cellular transformation was monitored by assessing colony
formation in soft agar. Expression of three of the candidates
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(PPP2R5B, GABRAT1, and RCANT) suppressed colony formation
(Figure 6A). Although some suppression of colony formation was
observed in Atf2 WT MEFs, the suppression was most clearly
observed in Atf2 KO MEFs, where exogenous expression of
each of these genes substantially suppressed the Atf2 KO
phenotype. As shown in Figure 6B, expression of GABRA1
induced apoptosis in both Atf2 WT and KO cultures, which
may account for its ability to impair anchorage-independent
growth. On the other hand, expression of neither PPP2R5B nor
RCANT1 induced significant amounts of apoptosis, indicating
that these genes likely inhibit transformation by another
mechanism. Therefore, we measured the effect of expressing
PPP2R5B and RCANT1 on cell-cycle progression and found
that both genes led to a reduction of cells in S phase (Figures
6C and 6D). Interestingly, whereas PPP2R5B expression
increased the number of cells in G1/G0, Rcan1 caused cells to
accumulate in G2. These data identify transcriptional targets of
ATF2 that are either proapoptotic or antiproliferative and capable
of inhibiting HRasV12-mediated cellular transformation.

JNK- and ATF2-Dependent Transcripts Are
Underexpressed in Human Tumors

To determine whether our findings are relevant to human tumor
development, we examined the expression of ATF2-dependent
transcriptional targets in human tumors through interrogation
of tumor-derived transcriptomic data available in the public
domain.

First, we examined expression of ATF2 targets in human HCC.
We observed that RCAN1 expression was markedly downregu-
lated in HCCs when compared to normal tissue in three indepen-
dent studies, consistent with a tumor-suppressive role of ATF2 in
HCC (Figure 7A). In addition, we noted that PPP2R5B and
GABRAT1 were also underexpressed in HCC samples (Figure S4).

To obtain a more-comprehensive picture of the behavior of
ATF2-dependent transcripts in tumors, we used our microarray
data to compile an ATF2 gene signature comprising 31 genes.
Each gene in the signature was shown to be induced by JNK-
mediated phosphorylation of ATF2 as shown in Table S4. Next,
we analyzed the Oncomine data set, comparing expression of
the ATF2 gene signature in normal tissue versus tumor samples,
expanding the analysis to encompass all tumor types. We
observed a significant (p < 0.001) overlap between the ATF2
gene signature and the top-ranking (1%-10%) underexpressed
genes in 8/20 cancer types, including brain, breast, colorectal,
and lung (Table S5). Notably, in no case was the ATF2 gene
set significantly overexpressed. The downregulation of ATF2 tar-
gets was particularly striking in breast cancers. As an example,
the heatmap presented in Figure 7B illustrates the reduced
expression of the ATF2 gene signature in mucinous breast carci-

nomas analyzed by Curtis et al. (2012). For this data set, 13 of the
31 genes comprising the ATF2 gene signature fell within the top
10% of underexpressed genes in tumor versus normal samples.
In addition, we identified several ATF2 targets (including RCAN1)
that are consistently downregulated in ductal and lobular tu-
mors, as well as the rarer medullary, tubular, and mucinous
breast cancer types (Figure 7C). Furthermore, ATF2 targets
were underexpressed in ductal carcinoma in situ samples, indi-
cating that loss of their expression may be an early event in
development of breast tumors. The underexpression of ATF2
targets was also evident in breast cancer data from The Cancer
Genome Atlas study (Figure 7D). Thus, loss of ATF2-dependent
transcription appears to be a common feature of breast cancer.
These findings, when taken alongside our findings in the mouse
model, indicate a role for ATF2-dependent transcription in tumor
suppression.

DISCUSSION

ATF2 functions in a context-dependent manner to either pro-
mote or antagonize tumorigenesis. In this study, we show that
ATF2 inhibits anchorage-independent growth of cells trans-
formed by oncogenic Ras and suppresses tumor formation in a
mouse model of liver cancer. This suppression requires phos-
phorylation of its transactivation domain by JNK. We identify a
JNK-ATF2-dependent gene signature that is downregulated in
many human tumors, strongly supporting a role for JNK and
ATF2 in the inhibition of cancer development in humans. Our
observation that JNK suppresses the development of liver tu-
mors is consistent with the results of Das et al. (2011), who
demonstrated that hepatocyte-specific deletion of JNK pro-
motes liver tumor formation. Although other groups have shown
that JNK can promote liver tumorigenesis (Hui et al., 2008; Sa-
kurai et al., 2006), this effect involves JNK-dependent expres-
sion of cytokines in liver stromal cells (Das et al., 2011). Given
that ATF2 is an effector of JNK-dependent gene expression, it
is possible that ATF2 also influences tumor development by di-
recting transcription in stromal cells. Further studies are needed
to address this question. Hyperactivation of Ras signaling, due
either to increased expression of HRas or silencing of negative
regulatory proteins (Calvisi et al., 2011; Newell et al., 2009), is a
common feature of HCC. Its importance in tumor development
is underscored by the favorable responses seen in some patients
treated with the Raf kinase inhibitor sorafenib (Galmiche et al.,
2014). In addition, activating mutations in HRas are frequently
detected in mouse liver tumors induced by chemical carcino-
gens (Jaworski et al., 2005).These observations support the rele-
vance of the Ras-driven HCC model we have used in these
studies of ATF2. However, it will be of interest to determine

Figure 3. JNK Suppresses HRasV12-Dependent Transformation and Tumorigenesis via ATF2
(A) Anchorage-independent growth of HRasV12-transformed NIH 3T3 cells expressing GFP, JNK1-CA, or JNK-KD as indicated. + SD; n = 18; *p < 0.05.
(B) Anchorage-independent growth of HRasV12-transformed Atf2 WT and KO hepatoblasts expressing GFP, JNK1-CA, or JNK-KD as indicated. + SD; n = 18;

*p < 0.05.

(C) As in (B), except Atf2 WT and KO MEFs were used. + SD; n = 18; *p < 0.05.

(D) Anchorage-independent growth of HRasV12-transformed Atf2 KO hepatoblasts expressing GFP, ATF2, JNK1-CA, and JNK1-KD as indicated. + SD; n = 18;

*p < 0.05.

(E) Liver tumor formation in mice injected with HRasV12-transformed Atf2 KO hepatoblasts expressing GFP, ATF2, and JNK1-CA as indicated; n = 5.
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Figure 4. Active ATF2 Blocks Cellular Proliferation and Causes Apoptosis
(A) Atf2 WT hepatoblasts were transduced with adenoviruses expressing either GFP or C2/ATF2 and harvested for cell-cycle analysis by FACS 16 hr later. Typical

results are shown.
(B) Quantification of (A). + SD; n = 3; *p < 0.05.

(C) Atf2 WT hepatoblasts expressing either GFP or C2/ATF2 were harvested 48 hr after viral transduction, and apoptosis was assessed by FACS. Typical results

are shown.
(D) Quantification of (C). + SD; n = 3; *p < 0.05.

(E) Atf2 WT hepatoblasts were transduced with adenoviruses expressing either GFP or C2/ATF2, treated with cycloheximide (CHX) or vehicle control, and

harvested for FACS analysis 48 hr later.
(F) Quantification of (E). + SD; n = 3; *p < 0.05.

whether ATF2 can also suppress tumor formation driven by other
oncogenes implicated in HCC such as beta-catenin.

We selected six ATF2-dependent target genes identified
by microarray and tested their ability to impair RasV12-depen-
dent transformation. Exogenous expression of three genes,
PPP2R5B, GABRAT1, and RCANT1, blocked anchorage-indepen-
dent growth of Ras-transformed MEFs, effectively reversing
the enhanced colony formation observed in ATF2 KO cells.
PPP2R5B encodes a PP2A-regulatory subunit belonging to the

B56 family of proteins (Arnold and Sears, 2008). We show that
its overexpression impaired proliferation of MEFs transformed
by oncogenic Ras and caused an accumulation of cells in G1.
Two substrates have been identified for the B56b-containing
PP2A holoenzyme: it regulates Akt phosphorylation in the
context of insulin signaling (Rodgers et al., 2011) and interacts
with the proto-oncogene, Pim-1, mediating its dephosphoryla-
tion and subsequent degradation (Ma et al., 2007). Both Akt
and Pim-1 are pro-oncogenic kinases, and it will be of interest
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to determine whether JNK and ATF2 can regulate their function
via B56b expression. GABRAT encodes the alpha 1 subunit of
the GABA receptor. Methylation of the GABRA1 promoter region
has been detected in a cohort of colorectal tumors, with an
accompanying drop in expression (Lee et al., 2012). In addition,
loss of GABRA function in brain tumors is frequently seen and
loss of expression is particularly striking in glioblastoma (Labra-
kakis et al., 1998). This would be consistent with a suppressive
role for GABRAT1 in the development of such tumors. RCAN1
(also known as DSCR1—Down syndrome critical region 1) en-
codes a regulator of the calcium-dependent phosphatase calci-
neurin, which in turn activates the NFAT family of transcription
factors. RCAN1 is a candidate tumor suppressor that can
impede angiogenesis by inhibiting the proliferation of endothelial
cells (Baek et al., 2009). We found that exogenous expression of
RCANT1 inhibited proliferation of Ras-transformed MEFs, which
may explain its ability to inhibit anchorage-independent growth
of these cells. Analysis of Oncomine data sets revealed that
RCAN1 is significantly underexpressed in HCCs and a range of
other tumor types, implying that increased calcineurin-NFAT
signaling may occur in many tumors. Indeed, aberrant NFAT
function has been implicated in the proliferation and survival of
several tumor types including liver cancer (Mdller and Rao,
2010; Wang et al., 2012). Interestingly, the calcineurin-NFAT-
and JNK-signaling pathways are known to be coordinately regu-
lated: calcineurin interacts with, and activates, ASK-1, leading to
activation of JNK. On the other hand, phosphorylation of NFAT
proteins by JNK inhibits their translocation to the nucleus
(Chow et al., 1997). Therefore, the activation of RCAN1 transcrip-
tion by ATF2 may represent another layer of control exercised by
JNK over NFAT function. To date, we have characterized the
response of Ras-transformed cells to just six of the genes iden-
tified in the microarray data, and we anticipate that several other
ATF2-dependent genes contribute to the antioncogenic effects
described in this study. Indeed, we cannot rule out the possibility
that ATF2 promotes expression of other JNK substrates that
participate in tumor suppression. Furthermore, it should be
noted that JNK may regulate ATF2 function by phosphorylating
other factors present in the ATF2-transcription complex.

The analysis of various gene-expression tumor data sets high-
lights a strong tendency for ATF2 targets to be underexpressed
in hepatocellular carcinoma and several other tumor types.
Intriguingly, there is widespread underexpression of JNK-ATF2
transcriptional targets in breast tumors. Notably, loss of ATF2
function is sufficient to promote breast tumor formation: Mae-
kawa et al. (2007, 2008) report the spontaneous development
of mammary tumors in ATF2 heterozygous mice, which they
attribute to impaired expression of maspin and GADD45a in
ATF2 heterozygous (and knockout) MEFs and tumors. Further-
more, histological analysis of human breast tumors by Knippen
et al. (2009) demonstrated that high expression of phosphory-
lated (and therefore transcriptionally active) ATF2 correlated

with prolonged survival. These findings are consistent with a tu-
mor-suppressive role for ATF2 in breast. Our findings raise the
possibility that several ATF2-dependent target genes may be
involved in actively suppressing breast tumor formation.

At this stage, we do not know how downregulation of ATF2-
dependent gene expression in tumors occurs. One possibility
is that somatic mutations in JNK, or its upstream kinases, leads
to impaired ATF2 activation. As yet, however, the impact of can-
cer-associated mutations in stress-signaling kinases on ATF2
function remains to be examined. Another possibility is that
epigenetic silencing of ATF2 targets occurs during tumor devel-
opment. The SS18-SSX fusion protein provides a specific
example of oncogenesis, involving epigenetic regulation of
ATF2 targets. In synovial sarcomas, SS18-SSX forms a protein
complex with TLE1 and DNA-associated ATF2. This targets the
epigenetic corepressor function of TLE1 to ATF2 target pro-
moters and silences transcription—an effect that is required for
the oncogenic function of the fusion protein (Su et al., 2012). In
principle, therefore, epigenetic inhibition of ATF2 transcription
could promote tumor development in other settings, and there
is widespread evidence that enzymes involved in epigenetic
modification of chromatin often function aberrantly in tumor
cells, leading to alterations in transcriptional programs.

In summary, our data indicate that JNK and ATF2 cooperate to
drive a transcriptional program that can suppress tumor devel-
opment. Further studies are ongoing to define in detail the nature
of this program.

EXPERIMENTAL PROCEDURES

Reagents

The following cell lines were employed: NIH 3T3 (American Type Culture
Collection; LGC Standards UK); Jnk1/2*"*, p53~'~ and Jnk1/2~/~,p53~/~
MEFs (a kind gift of Prof. R.J. Davis); and p38*/*, p38~/~ MEFs (a kind gift of
Prof. A. Nebreda). Cultivation of hepatoblasts and MEFs is described in the
Supplemental Experimental Procedures. MKKBEE (Raingeaud et al., 1996)
and MKK7-JNK1 (Lei et al., 2002) coding sequences were obtained from
Addgene.

Cre-Mediated Deletion of ATF2 Sequences

Ad-GFP and Ad-CRE-GFP virus stocks were obtained from Gene Transfer
Vector Core (University of lowa). Cells were incubated with 0.5-1 ul of
virus in serum-free Dulbecco’s modified Eagle’s medium (DMEM) for
30-60 min at 37°C. Cells were sorted for GFP expression 24-48 hr post-
infection by fluorescence-activated cell sorting (FACS) and expanded in
culture.

Mice, Chimeric Mouse Model for Hepatocellular Carcinoma

In vivo experiments were approved by the Cancer Research UK (CRUK) Man-
chester Institute Animal Ethics Committee and performed under a project li-
cense issued by the United Kingdom Home Office, in keeping with the Animal
Scientific Procedures Act 1986. C57BL/6 mice were purchased from Harlan.
ATF2" and ATF7~/~ mice are described in a previous report (Breitwieser
et al., 2007). The chimeric mouse model for hepatocellular carcinoma is
described in (Zender et al., 2006) and in Supplemental Experimental

Figure 5. Identification of Genes Expressed in an ATF2- and JNK-Dependent Manner

(A) Gene expression was assessed by gPCR of RNA from Atf2 WT and KO hepatoblasts treated with 1 mM MMS or vehicle control for 3 hr; + SD; n = 3; *p < 0.05.
(B) As in (A), except JNK1/2 WT and JNK1/2 KO MEFs were compared; + SD; n = 3; *p < 0.05.

(C) Gene expression was assessed by gPCR of RNA from Atf2 KO hepatoblasts transduced with adenoviruses expressing GFP, ATF2, ATF2AA, and JNK1-CA in

the indicated combinations; + SD; n = 3; *p < 0.05.
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Figure 6. Inhibition of Cellular Transforma-
tion by Selected JNK-ATF2-Dependent
Targets Genes

(A) Anchorage-independent growth of HRasV12-
transformed Atf2 WT and KO MEFs expressing
the indicated ATF2-dependent target genes. + SD;
n=18; *p < 0.05.

(B) Atf2 WT and KO MEFs were transduced with
adenoviruses expressing the indicated ATF2-
dependent target genes, and apoptosis was as-
sessed by FACS 48 hr later. + SD; n = 3; *p < 0.05.
(C) Atf2 WT and KO MEFs were transduced with
adenoviruses expressing the indicated ATF2-
dependent target genes and harvested for cell
cycle analysis by FACS. The FACS plots show
typical results obtained when either PPP2R5B or
RCANT1 is expressed in Atf2 KO MEFs.

(D) Quantification of (C). + SD; n = 3; *p < 0.05.

10% fetal bovine serum (FBS) (5,000/well of a 6-
well plate). One milliliter of this suspension was
overlaid onto a base layer of 0.5% agarose in
DMEM 10% FBS. The plates were incubated for
14 days and stained with iodonitrotetrazolium
chloride (0.5 mg/ml) overnight. Colonies were
counted by processing scanned images using
ImagedJ software.

ROS Measurement

To assess intracellular ROS levels, p38** and
p38~'~ MEFs were stained with dihydroethidium
(DHE) (10 pg/ml) for 30 min and trypsinized, and
the mean fluorescence was measured by FACS.

Kinase Inhibitors
JNK inhibitors SP600125 (Tocris Bioscience;

1496), BI-87G3 (Calbiochem; 420142), and MEK
inhibitor PD98058 (Tocris Bioscience; 1213) were
used at a final concentration of 10 uM. DMSO
(Sigma; D2650) was used as a vehicle control for
each inhibitor.

Cell Cycle and Apoptosis Assays

Cells were labeled with bromodeoxyuridine (BrdU)
for 15 min and fixed in 70% ethanol. Histones were
extracted in 0.1M HCI and 0.5% Triton X-100 for
10 min on ice. After resuspension in water, cells
were heated to 95°C for 10 min and then cooled
on ice. PBS/0.5% Triton was used for permeabili-

A 350 4
*
300 A
*
8 250 | . MEFs
c
_8 200 - . HRasV12
w 150 0O Atr2¥ a7+
° B Atr27 At
S 100 -
B .
I
g * MEFs
3.5 1
& HRasV12
3 -
% ) 0O Atr2¥* a7+
x © B Atf27 Atf7 7
2 27
S 15 -
o ]
A 1
Z 05"
£ .
@ A
c Q v N o N ©
S
3 S -4
& ¥ v
2, Atf7", Ad- AT, Ad- 5| tr2 ", At7", Ad-|
C Atf2",Atf7"", Ad-GFP Atf2 -, Atf7", Ad-PPP2R5B Atf2 -, Atf7", Ad-RCAN1
4 ® S-37.6% ® S-25.5% o S$-25.1%
K ® k3
% <2 52 5%
al © " G2-30.4% i - ¢ G2-43.2%
® =] [ R ..
G1-45.4% G1-23.9%
2T T T T T T BT T T T T T B T T T T T
o0 Velowa o« 100y Volowa Persy
[,
Lol
Pl
D
W Atr2*"*,Atf7”, Ad-GFP
S O atr2**,Atfr", Ad-PPP2R5B
2 I Atz Ati7", Ad-RCAN1
% [ Atr2+,Atf7'", Ad-GFP
c
@ [ Atf2 *,Atf7"", Ad-PPP2R5B
W Atf2 -, Atf7"", Ad-RCAN1

G1/G0

G2/M S

Procedures. Imaging of tumors in vivo is described in Supplemental Experi-
mental Procedures.

Cell Growth and Colony Formation in Soft Agar

To assess their adherent growth rate, cells were plated at 8,000/well on 24-well
plates and cultured for 5 days. Cell density was measured daily by staining with
0.1% crystal violet. Crystal violet was subsequently dissolved in 2% SDS, and
absorbance at A = 595 nm was measured. To assess growth in soft agar, cells
were seeded in a semisolid medium comprising 0.35% agarose in DMEM and

zation. To stain, cells were incubated with anti-
BrdU (Roche; 11170376001) diluted in PBS/0.1%
BSA. Detection was via a fluorescent goat anti-
mouse secondary antibody (Life Technologies;
A21236). Apoptosis was measured by FACS anal-
ysis of Annexin V (Biolegend; 640912) and phos-
phatidylinositol-stained cells (25 ng/ml; Sigma; P4864). For cycloheximide
treatment, Ad-C2/ATF2-infected cells were treated with 3 uM of cyclohexa-
mide (Sigma; C4859) and apoptosis was measured 48 hr later.

qPCR and ChIP

RNA was extracted using a GenElute Total RNA extraction kit (Sigma;
RTN350). cDNA synthesis was performed using a Quantitect reverse transcrip-
tion kit (QIAGEN; 205313). Quantitative PCR was performed using Jumpstart
qPCR ready mix for probes (Sigma D6442) and the Universal Probe Library

Cell Reports 9, 1361-1374, November 20, 2014 ©2014 The Authors 1371

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A RCAN1 expression in Chen et al. RCANT expression in Roessler et al. RCANT1 expression in Wurmbach et al.
>
2
3 7.0
£ 30 . L] ° . [ 6.0] r
£ ] [ 6.0 + ] [
= 1 I 50] o [
o 204 r 5.0 F ] [
3 i b a0l F4.0] . [
S 1.0 . | 4.0] F ] r
€ 3.0 F
£ i L 3.0 r ] H
o L 1 r 1 L
: 0.1 . F 20 L 20/ F
3 10| L 1.0] o F10; [
£ 1 o r 0.0 0.0
% -2.0 normal tumour [ 1 normal tunfour [ 1 normal tumour [
o
Fold change -1.859, P = 3.64E-19 Fold change -3.708, P = 2.73E-73 Fold change -8.393, P = 2.19E-9
B Rank P-value Fold Change Gene
29 2.83E-40 -2.53 CREBS |:[
178 6.20E-30 -2.58  SLC25A25
361 6.69E-25 -5.07 PAMR1
533 4.45E-22 -5.02 RCAN1 {1/
943 1.23E-17 -5.66 ATF3
976 2.32E-17 -7.79 KRT17 I:|
1110 3.55E-16 -1.60 DENNDS5B
1258 4.67E-15 -4.39 EGR2
1326 1.40E-14 -2.87 PDLIM3
1337 1.62E-14 -1.76 NR4A3
1479 2.12E-13 -1.36 MCAM E
1528 4.43E-13 -1.70 DAAM1
1545 5.77E-13 -1.28 PPP2R5B
2200 1.18E-9 -1.33  ANGPTL1
3009 7.26E-7 -1.21  ATP6V0A4
3367 5.47E-6 -1.09 CALCA
4020 9.81E-5 -1.46 BTG2 [[
4650 7.12E-4 -1.47 TNFAIP6
6927 0.045 -1.12 DGAT1
7490 0.085 -1.02 NTS II II m
1 2
1 - breast tissue (n=144)
2 - mucinous breast carcinoma (n=46)
p-Value Gene p-Value Gene
1.40E-63 CREBS 7.65E-19 CREBS
6.20E-30 SLC25A25 6.44E-12 PAMR1
1.76E-7 PAMR1 1.86E-34 RCAN1
4.54E-35 ATF3 5.35E-12 SLC25A25
4.45E-22 RCAN1 2.54E-8 ATF3
1.17E-29 EGR2 2.04E-12 ANGPTL1
4.19E-24 DENNDS5B 2.54E-8 EGR2
1.95E-38 ANGPTL1 277E-21 DENNDS5B
2.12E-13 MCAM 0.001 MCAM
4.02E-4 NR4A3 1.32E-12 PDLIM3
1.96E-15 DAAM1 6.20E-16 NR4A3
9.13E-15 KRT17 6.71E-9 KRT17
1.61E-15 PDLIM3 1.74E-5 DAAM1
4.01E-23 PPP2R5B 4.93E-5 BTG2
0.006 BTG2 0.019 CALCA
2.03E-4 CALCA 0.022 PPP2R5B
1.98E-4 ATP6VOA4 0.091 CFTR
2.46E-4 ocart [ 0025  ATPGVOA4
0.036 ATP6VOA1 9.12E-4 STMN4
0.208 STMN4 0.043 NTS
112|3|4|5]|6]|7]|8]9 112|3]|4|5]|6|7]|8]9]10
1 - Breast Phyllodes tumour vs normal 1 - Curtis et al. Invasive breast carcinoma vs normal
2 - Ductal Breast Carcinoma In Situ vs normal 2 - Curtis et al. Invasive ductal and invasive lobular carcinoma vs normal
3 - Invasive Breast Carcinoma vs normal 3 - Curtis et al. Invasive ductal carcinoma vs normal
4 - Invasive Ductal Breast Carcinoma vs normal 4 - Curtis et al. Invasive lobular carcinoma vs normal
5 - Invasive Ductal and Invasive Lobular Breast Carcinoma vs normal 5 - Curtis et al. Mucinous breast carcinoma vs normal
6 - Invasive Lobular Breast Carcinoma vs normal 6 - TGCA Invasive breast carcinoma vs normal
7 - Medullary Breast Carcinoma vs normal 7 - TGCA Invasive ductal and invasive lobular carcinoma vs normal
8 - Mucinous Breast Carcinoma vs normal 8 - TGCA Invasive ductal carcinoma vs normal
9 - Tubular Breast Carcinoma vs normal 9 - TGCA Invasive lobular carcinoma vs normal

10 - TGCA Mucinous breast carcinoma vs normal

least expressed most expressed
EEEEEOO000000DEEE

(legend on next page)

1372 Cell Reports 9, 1361-1374, November 20, 2014 ©2014 The Authors



system (Roche). TBP and TAF6 housekeeper genes were used for normaliza-
tion of data. ChIP was performed using an ATF2-specific antibody (E243; Milli-
pore; 04-1021) and Simple ChIP reagents (Cell Signaling Technology no.
9002), according to manufacturer’s instructions. gPCR and ChIP primer se-
quences are presented in Table S6.

Oncomine

Oncomine was used for analysis and visualization of JNK- and ATF2-depen-
dent transcripts in normal and tumor samples (https://www.oncomine.org/
resource/login.html; Thermo Fisher Scientific).

ACCESSION NUMBERS

The data have been uploaded to the Gene Expression Omnibus, accession no.
GSE50530. Details are in the Supplemental Experimental Procedures.
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Supplemental Information includes Supplemental Experimental Procedures,
four figures, and six tables and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2014.10.043.
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