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Cancer cells must avoid succumbing to a variety of noxious conditions within their surroundings. Acido-
sis is one such prominent feature of the tumor microenvironment that surprisingly promotes tumor sur-
vival and progression. We recently reported that acidosis prevents apoptosis of starved or stressed
lymphoma cells through regulation of several Bcl-2 family members (Ryder et al., JBC, 2012). Mechanistic

Ke)"WOTdSi studies in that work focused on the acid-mediated upregulation of anti-apoptotic Bcl-2 and Bcl-xL, while
:c",jm's . additionally showing inhibition of glutamine starvation-induced expression of pro-apoptotic PUMA by
AHSHSO;CSI s acidosis. Herein we report that amino acid (AA) starvation elevates PUMA, an effect that is blocked by
PSN? A extracellular acidity. Knockdown studies confirm that PUMA induction during AA starvation requires
CHOP expression of both CHOP and c-Jun. Interestingly, acidosis strongly attenuates AA starvation-mediated
c-Jun c-Jun expression, which correlates with PUMA repression. As c-Jun exerts a tumor suppressive function

in this and other contexts, its inhibition by acidosis has broader implications for survival of cancer cells in

the acidic tumor milieu.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Tumor growth and progression breeds an increasingly inhospi-
table local environment, thereby imposing numerous obstacles to
further expansion. In order to survive, cancer cells must overcome
microenvironmental stresses such as hypoxia, nutrient limitation,
and acidic stress [1]. Adaptations that facilitate malignant progres-
sion in the face of these harsh cell-extrinsic conditions are critical
to the oncogenic process. In fact, deregulated responses to external
stimuli figure prominently among the hallmarks of the disease [2].

One characteristic perturbation within the tumor micro-environ-
ment is the development of extracellular acidosis. Whereas most nor-

Abbreviations: AAR, amino acid response; Apaf-1, apoptotic protease-activating
factor-1; ATF, activating transcription factor; Bcl-2, B cell lymphoma-2; Bax, Bcl-2-
associated X protein; Bim, Bcl-2-interacting mediator of cell death; CHOP, CCAAT/
enhancer-binding protein homologous protein; elF2a, eukaryotic initiation factor-
2alpha; GCN2, general control nonderepressed 2; GPCR, G protein-coupled recep-
tor; Mdm2, Murine double minute 2; PARP, poly-(ADP-ribose) polymerase; pHe,
extracellular pH; PUMA, p53-upregulated mediator of apoptosis.
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mal tissues exhibit a pHe ~ 7.4, numerous studies find intratumoral
pH. measurements between 6.5 and 7.0 [3]. Despite this extracellular
acidity, cancer cells maintain a slightly alkaline intracellular space.
This pH gradient reversal is critical, as intracellular acidosis can acti-
vate nucleases and the apoptotic cascade [4,5]. Indeed, extracellular
acidosis is toxic to some cell types [6,7]. In stark contrast, numerous
reports show that acidosis promotes therapeutic resistance and
invasive phenotypes [8-10]. Mechanisms continue to be elucidated
for this surprising tumorigenic role for acidosis.

We recently reported that acidosis inhibits apoptosis of starved
or stressed lymphoma cells through regulation of multiple mem-
bers of the Bcl-2 family [11]. This group consists of over 20 proteins
that share homology in at least one of four distinct Bcl-2 homology
(BH) domains [12]. These proteins primarily control entry into the
intrinsic apoptosis cascade, with some members promoting cell
death and others having an inhibitory role. Our work revealed that
induction of anti-apoptotic family members Bcl-2 and Bcl-xL by
acidosis contributes significantly to its cytoprotective effect and
that the elevation of these pro-survival proteins requires GPR65,
an acid-sensing G protein-coupled receptor (GPCR). Additionally,
we found acidification to strongly block starvation-induced
elevation of pro-apoptotic PUMA (p53-upregulated mediator of
apoptosis) at both the mRNA and protein level. Yet the mechanism
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for repression of PUMA by acidosis remains undetermined. Further
inquiries in this direction stand to uncover pH-dependent regula-
tory factors that contribute to acidosis-mediated evasion of
apoptosis.

Though originally discovered to be induced by p53, PUMA
expression has since been shown to be controlled by numerous
factors, primarily at the level of transcription (reviewed in [13]).
Activation of this BH3-only protein is known to occur in response
to diverse stimuli such as DNA damage, ER stress and growth factor
withdrawal. Involved transcription factors include CCAAT/enhan-
cer-binding protein (C/EBP) homologous protein (CHOP) and c-
Jun, among others. PUMA exerts its pro-apoptotic function by di-
rectly activating Bax and Bak, leading to mitochondrial outer mem-
brane permeabilization and apoptosis [14]. It is no surprise then
that expression levels of this tumor suppressive gene are decreased
in several tumor types, though genetic inactivation does not seem
to be contributory [13]. Further understanding of PUMA repression
in cancer remains an important area of investigation.

In this study we show that PUMA upregulation during amino
acid (AA) starvation requires induction of both CHOP and c-Jun.
Interestingly, we find that acidosis strongly represses starvation-
induced c-Jun levels while not affecting CHOP expression. We pro-
pose that CHOP and c-Jun cooperate to elevate pro-apoptotic
PUMA and that acidosis represses PUMA elevation by blocking c-
Jun expression. These findings highlight a novel mechanism for
the promotion of cancer cell survival mediated by tumor-associ-
ated acidity.

2. Materials and methods
2.1. Cell culture

Maintenance and experimental conditions for wild type and
Bcl-2-expressing WEHI7.2 cells were previously described [11].
Initial cell density of 3-6 x 10° cells/mL was used for all experi-
ments. Control and acidic pH media were set to 7.55+0.1 and
6.50 £ 0.1, respectively.

2.2. Immunoblot analysis

Protocol was described previously [11]. Antibodies used in-
clude: anti-PUMA, anti-Bim, anti-CHOP, anti-c-Jun, anti-cleaved
caspase-3, and anti-PARP from Cell Signaling, and anti-Actin from
Sigma. Protein expression was visualized with ECL reagent or ECL
Prime (GE Healthcare).

2.3. RNA isolation and RT-PCR

RNA isolation and RT-PCR were performed as described previ-
ously [11]. All assays were created from Roche universal probe li-
brary. Primers are as follows (5 — 3’): CHOP (Forward (F)-
gcgacagagccagaataaca, Reverse (R)-gatgcacttccttctggaaca); c-Jun
(F-ccagaagatggtgtggtgttt, R-ctgaccctctccecttge); JunB (F-ccacggagg-
gagagaaaatc, R-agttggcagctgtgcgtaa); c-Fos (F-gggacagcctttcctac-
tacc, R-agatctgcgcaaaagtectg).

2.4. RNA interference

For gene knockdown, 107 cells were electroporated with ON-
TARGETplus SMARTpool siRNA (Dharmacon, Lafayette, CO), as de-
scribed previously [11]. Cells were transiently transfected with
either non-targeting control, CHOP-specific or c-Jun-specific siRNA.

2.5. Statistical analysis

All statistical analyses show the highest level of significance for
repeated measures ANOVA with Tukey-Kramer post-test. Analyses
were performed using GraphPad Prism software. Densitometric
analysis was done using Image] software. Error bars repre-
sent * standard error of the mean for at least three experiments.

3. Results

3.1. Starvation of different AAs causes similar acid-inhibitable
increases in apoptosis and PUMA levels

The goal of this study was to understand the mechanistic basis
for the pH-dependent induction of PUMA during glutamine starva-
tion of lymphoma cells. As a first step to address this question, we
needed to understand the nature of the apoptotic stress. This
knowledge would then inform our later investigation into the
mediating factors. As glutamine is a vital fuel source for cancer
cells in addition to its roles as a precursor for protein synthesis
and transamination reactions, we investigated whether starvation
of different AAs, namely the two sulfur-containing amino acids
cysteine and methionine, would elicit a similar response and
whether this cell death would also be inhibited by acidosis. Impor-
tantly, sulfur-containing AAs are among those decreased in the tu-
mor microenvironment [15]. Therefore, we set up a direct
comparison of glutamine versus cysteine/methionine starvation
of WEHI7.2 murine lymphoma cells in the presence or absence of
extracellular acidity. We found similar levels of cell death upon
starvation of either AA(s) after 12 h (Fig. 1A). Furthermore, acidosis
inhibited the cell death in either starvation condition. In CEM-C7
human lymphoma cells, AA starvation caused minimal cell death
before 72 h (data not shown). As expected from our previous work
we found the cell death to be apoptotic, as starvation markedly in-
creased cleavage of caspase-3 and PARP (Fig. 1C). Acidosis strongly
attenuated the appearance of these apoptotic markers. In contrast,
the appearance of cell death upon glucose starvation only became
detectable at 24 h, when glutamine starved cells are nearly all dead
(Fig. 1B and [11]) These data suggest that the apoptosis is an AA
withdrawal response rather than a metabolic starvation.

We next tested whether the two AA starvation protocols regu-
late the pro-apoptotic Bcl-2 family members PUMA and Bim simi-
larly, as shown for glutamine withdrawal in our earlier studies
[11]. In fact, robust elevation of both proteins occurred after star-
vation of either AA(s). In line with our previous findings acidosis
strongly blocked PUMA induction, whereas the degree of Bim pro-
tein repression by acidity varied between experiments (Fig. 1C).
Since acidosis elevates PUMA-interacting proteins Bcl-2 and Bcl-
xL, we next examined the regulation of PUMA upon AA starvation
of Bcl-2-overexpressing WEHI7.2 cells. This experiment tested
whether the increase in anti-apoptotic Bcl-2 proteins by acidosis
mediates changes in pro-apoptotic family members. AA starvation
and acidosis had similar effects on PUMA levels in Bcl-2-expressing
compared to wild type cells (Fig. 1C and D), suggesting that the
control of PUMA levels occurs independently of expression
changes for its inhibitory binding partners.

3.2. Starvation-induced CHOP mediates PUMA and Bim elevation

Because PUMA and Bim upregulation occurred in response to an
AA starvation insult, we next focused on factors induced or acti-
vated by AA starvation that could, in turn, mediate increases in
these BH3-only proteins. Among the downstream components of
the AA response (AAR) is CHOP (C/EBP;, CHOP10, DDIT3,
GADD153) [16]. Importantly, CHOP has been shown to mediate
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Fig. 1. Starvation of different AAs causes similar acid-inhibitable increases in apoptosis and PUMA levels. (A) WEHI7.2 cells were incubated in the presence or absence of
either glutamine (Gln) or cysteine (Cys) and methionine (Met) with or without acidification of media for 12 h. Cell viability was assessed by Trypan blue exclusion. (B) Cells
were starved of glucose for 24 h with or without media acidification. Viability was determined as in (A). (C) Protein was isolated from cells treated as in (A) for immunoblot
analysis. (D) Bcl-2-overexpressing WEHI7.2 cells were treated as in (A) and harvested for Western blot analysis.

expression of both PUMA and Bim in response to a variety of toxic
stimuli [17,18]. To explore a role for CHOP in PUMA and Bim eleva-
tion during the AAR, we first examined CHOP expression upon AA
starvation with or without acidosis. As expected, we found a robust
induction of CHOP by AA limitation at both the mRNA and protein
level (Fig. 2A and B). Elevated CHOP mRNA and protein were seen
by 1-2 h (data not shown). However, we saw no significant differ-
ence in CHOP levels when comparing normal and acidic pH in
starved cells, whereas acidosis caused differential regulation of
PUMA and Bim (Fig. 2B and C). Still, the strong and early induction
of CHOP by AA starvation supported its possible contribution to the
regulation of PUMA and Bim in this context. To test this hypothesis,
we next sought to prevent CHOP elevation during AA starvation by
transfection of CHOP-specific siRNA. This knockdown robustly
inhibited starvation-induced increases in CHOP (Fig. 2D). Impor-
tantly, it also blocked the elevation of both PUMA and Bim during
AA starvation. This finding confirmed that CHOP plays an essential
role in the induction of these pro-apoptotic factors in response to
AA starvation.

3.3. Other p53-regulated genes differ from PUMA in expression pattern
during AA starvation and acidosis

The absence of an effect of acidosis on CHOP levels during AA
starvation meant there must be an additional factor(s) that ac-
counts for the pH-dependent regulation of PUMA. The most exten-
sively studied PUMA regulatory factor is p53 [13]. To assess the
possibility that p53 controls PUMA expression during AA starva-
tion and acidosis, we investigated other p53-regulated genes under
these conditions. None of the genes we examined (Apaf-1, Mdm?2,

Bax and p21) showed a pattern of regulation similar to that of
PUMA, though some minor (less than twofold) expression changes
did occur (data not shown). Furthermore, we previously showed
that another p53-regulated BH3-only protein, Noxa, was not al-
tered by AA starvation and acidosis [11]. Thus, it is unlikely that
p53 contributes significantly to the regulation of PUMA in this
context.

3.4. AA starvation-induced c-Jun is blocked by acidosis and contributes
to PUMA regulation

Among other factors that regulate PUMA gene expression, the
AP-1 transcription factor c-Jun is known to cooperate with CHOP
in this process [18]. Moreover, the AP-1 genes c-Jun, JunB and c-
Fos have been shown previously to be induced during the AAR
[19]. Therefore, we assayed for changes in mRNA levels of these
genes during AA starvation with or without acidosis (Fig. 3A-C).
Of these three genes, AA starvation strikingly elevated c-Jun alone.
Impressively, acidosis completely blunted this induction. The other
two AP-1 genes showed only slight variation in transcript levels in
response to these conditions at the time points examined. The
expression changes for c-Jun correlated well with PUMA regulation
during AA starvation and acidosis, prompting us to investigate fur-
ther the role of c-Jun in PUMA induction by inhibiting its expres-
sion during AA starvation with siRNA (Fig. 3D and E).
Interestingly, c-Jun knockdown prevented induction of PUMA but
had minimal effect on Bim elevation (Fig. 3D). These data indicate
that CHOP and c-Jun cooperate in the elevation of PUMA during AA
starvation. They additionally support a model wherein c-Jjun
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Fig. 2. Starvation-induced CHOP mediates PUMA and Bim elevation. (A)-(C) Cells were incubated in the presence or absence of glutamine with or without media acidification
for 10-12 h and harvested for (A) RT-PCR or (B) Western. (C) Densitometry for PUMA protein relative to Actin for (B). (D) Cells were electroporated with siRNA either non-
targeting or CHOP specific, allowed to recover overnight and treated as in (A) then harvested for immunoblot analysis.

expression changes contribute to the differential regulation of
PUMA and Bim during acidosis in AA-starved cells.

4. Discussion

In this report we elucidate the role of the transcription factors
CHOP and c-Jun in controlling the differential regulation of two
pro-apoptotic BH3-only proteins during AA starvation and acido-
sis. We show that CHOP mediates the elevation of both PUMA
and Bim during AA starvation. This bZIP (basic leucine zipper) tran-
scription factor plays an essential role in the adaptive response to
AA starvation. However, prolonged elevation of CHOP can also trig-
ger apoptosis [20]. To our knowledge, this study is the first to link
AA starvation to PUMA and Bim induction by CHOP. More interest-
ingly, we demonstrate that the regulation of PUMA has an addi-
tional requirement for the AP-1 transcription factor c-Jun that
correlates with the pH-dependence of PUMA induction by AA star-
vation. As acidosis is a common feature of the tumor microenviron-
ment, this negative regulation of a pro-apoptotic activity of c-Jun
has broader implications for the inappropriate survival of nutrient
deprived cancer cells.

The c-Jun gene has been intensively studied for over 25 years
[21], being implicated as both an oncogene and tumor suppressor
and performing functions ranging from proliferation to apoptosis
(reviewed in [22]). The outcome of c-Jun expression is determined
by its available dimerization partners, leading to cell type and con-
text dependent effects [23]. As a fellow bZIP transcription factor, c-
Jun can dimerize with CHOP as well as itself and other related AP-1
factors [24,25]. Previous work in palmitate-treated hepatoma cells

showed that cooperation between CHOP and c-Jun occurs at an AP-
1 binding site in the proximal PUMA promoter [18]. Interestingly,
Bim induction during ER stress requires a CHOP:C/EBPo binding
site [17]. However, the PUMA gene lacks such a promoter element.
As C/EBPa is another gene known to be elevated by AA limitation
[26], the different transcriptional complexes (CHOP: c-Jun and
CHOP: C/EBPa) are likely to mediate PUMA and Bim elevation,
respectively.

Acidosis has been reported to have apparently contradictory ef-
fects on c-Jun and AP-1 activity across different model systems. In-
creased AP-1 levels and transcriptional activity has been shown to
occur in the face of acidosis in several cell types [27,28]. However,
a recent report showed that lactic acidosis blocked c-Jun phosphor-
ylation in stimulated cytotoxic T lymphocytes [29]. The present
study was performed in a T cell lymphoma cell line, raising the
possibility that the effect of acidosis to inhibit c-Jun activity may
be specific to lymphoid cells. Interestingly, mining of multiple
microarray data sets with Oncomine showed that lymphoma cells
had a greatly reduced c-Jun level compared to other cancer types
[30-32]. This information raises two possibilities: First that the ob-
served negative regulation of c-Jun is specific to lymphoid malig-
nancies and secondly that lymphoma cells reside in an acidic
microenvironment [33], accounting for the downregulation of c-
Jun.

A critical question that remains is the identity of the upstream
factors that inhibit AA starvation-induced c-Jun expression in re-
sponse to acidosis. The cellular response to AA limitation is initi-
ated by general control nonderepressed 2 (GCN2), which
phosphorylates eukaryotic initiation factor 2 alpha (elF-2a.), there-
by causing a stall of most protein translation [34]. However, some
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Fig. 3. AA starvation-induced c-Jun is blocked by acidosis and contributes to PUMA regulation. (A)-(C) Cells were incubated in the presence or absence of glutamine with or
without media acidification for 10-12 h and harvested for RT-PCR for (A) c-Jun, (B) JunB, or (C) c-Fos. (D) Cells were electroporated with siRNA either non-targeting or c-Jun
specific, allowed to recover overnight and treated as in (A) then harvested for immunoblot analysis. Densitometric analysis for PUMA protein compared to Actin from (D) is

represented graphically in (E).

genes such as activating transcription factor 4 (ATF4) are then pref-
erentially translated. Concurrently, AA starvation causes an acti-
vating phosphorylation of ATF2 [35]. Elevation of CHOP during
AA deprivation requires both ATF4 upregulation and ATF2 phos-
phorylation [35]. However, since both CHOP and c-Jun induction
during the AAR requires ATF2 activity [19] yet are differentially
regulated by acidosis, it is unlikely that acidosis modulates this
pathway. As another possibility, activating phosphorylation of c-
Jun occurs via JNK (c-Jun N-terminal kinase) [36]. A recent report
showed that phosphorylation of existing c-Jun facilitates its auto-
regulation during AA limitation [19]. Interestingly, in that study
upregulation of c-Jun during the AAR was inhibited by either JNK
or MEK inhibitor treatment. Additionally, a requirement for JNK1
has been shown for an apoptotic pathway that culminates in
CHOP- and AP-1-mediated PUMA expression [18,37]. Confusingly,
acidosis has been reported to either positively or negatively regu-
late JNK activity, while others find no effect of acidosis [29,38,39].
In our hands, JNK inhibition fails to prevent AA starvation-induced
PUMA elevation (data not shown). Yet potentially differing effects
of JNK1 and JNK2 may confound inhibitor experiments [19].

Finally, the initial responder to extracellular acidosis represents
an important target for investigation. As one possibility, the acid-
sensing GPCRs GPR65 and GPR4 have been shown to be overex-
pressed in cancer and to function as oncogenes [40,41]. In normal
immune cells, GPR65 also mediates inhibition of pro-inflammatory
cytokine production during acidosis [42,43]. Importantly, c-Jun
plays a role in induction of all the genes studied (IL-2, IL-6, TNF-
o) [44-46]. Thus, the finding of c-Jun inhibition by acidosis may
explain other related findings in normal immune cell biology. Fu-
ture studies should address the potential link between c-Jun inhi-
bition and upstream pH-responsive GPCRs.
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