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As tumors grow larger, they often experience an insufficient supply of oxygen and nutrients. Hence, cancer
cells must develop mechanisms to overcome these stresses. Using an in vitro transformation model where the
presence of the simian virus 40 (SV40) small T (ST) antigen has been shown to be critical for tumorigenic
transformation, we investigated whether the ST antigen has a role to play in regulating the energy homeostasis
of cancer cells. We find that cells expressing the SV40 ST antigen (+ST cells) are more resistant to glucose
deprivation-induced cell death than cells lacking the SV40 ST antigen (—ST cells). Mechanistically, we find
that the ST antigen mediates this effect by activating a nutrient-sensing kinase, AMP-activated protein kinase
(AMPK). The basal level of active, phosphorylated AMPK was higher in +ST cells than in —ST cells, and these
levels increased further in response to glucose deprivation. Additionally, inhibition of AMPK in +ST cells
increased the rate of cell death, while activation of AMPK in —ST cells decreased the rate of cell death, under
conditions of glucose deprivation. We further show that AMPK mediates its effects, at least in part, by
inhibiting mTOR (mammalian target of rapamycin), thereby shutting down protein translation. Finally, we
show that +ST cells exhibit a higher percentage of autophagy than —ST cells upon glucose deprivation. Thus,
we demonstrate a novel role for the SV40 ST antigen in cancers, where it functions to maintain energy
homeostasis during glucose deprivation by activating AMPK, inhibiting mTOR, and inducing autophagy as an

alternate energy source.

The localization of most mammalian cells within a 100- to
150-pwm distance from blood vessels ensures a continuous sup-
ply of oxygen and nutrients, a prerequisite for cell survival.
However, tumors often grow beyond this limit, thereby expe-
riencing oxygen and nutrient deprivation (28). Tumors over-
come this barrier by initiating neoangiogenesis, a process that
supplies new blood vessels (44). However, before neoangio-
genesis can set in, incipient tumors must survive the stresses of
nutrient deprivation. Therefore, an understanding of the mo-
lecular mechanisms that regulate cancer cell survival under
conditions of nutrient deprivation is fundamental in cancer
biology. Additionally, targeting the ability of cancer cells to
survive under nutrient-deprived conditions can be exploited
for designing novel cancer therapeutics.

Glucose is the major source of energy for mammalian cells.
Several types of cancer cells exhibit marked resistance to cell
death upon glucose deprivation (22). In this study we have
attempted to delineate the mechanisms that allow cancer cells
to survive under conditions of glucose deprivation by using
human foreskin fibroblasts that have been transformed by the
serial introduction of the simian virus 40 (SV40) early region
(coding for the large T [LT] and small T [ST] antigens), the
catalytic subunit of human telomerase (hnTERT), and an on-
cogenic allele of H-Ras (H-Ras V12) (referred to below as
+ST cells) (32). In this model, human cells lacking the ST
antigen but expressing the rest of these genetic elements (re-
ferred to below as —ST cells) are nontumorigenic (16, 32),
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highlighting the importance of the ST antigen in human cell
transformation. However, little is known about the specific
cellular functions moderated by the ST antigen that aid in
transformation (3).

Since glucose is the major source of energy for mammalian
cells, and cancer cells experience glucose deprivation when
they are beyond the diffusion limit, we investigated whether the
ST antigen has any role to play under conditions of glucose
deprivation. We report here a novel link between the ST an-
tigen and AMP-activated protein kinase (AMPK) activation
that enables cancer cell survival under glucose deprivation via
inhibition of protein synthesis and activation of autophagy as
an alternate energy source.

MATERIALS AND METHODS

Cell culture and pharmacological chemical inhibitors. The following cell lines
were used in this study: human foreskin fibroblasts carrying hTERT, LT antigen,
ST antigen, and Ras (+ST cells); human foreskin fibroblasts carrying only
hTERT, LT antigen, and Ras (—ST cells); human embryonic kidney (HEK) cells
carrying hTERT, LT antigen, ST antigen, and Ras (referred to below as
HEK+ST cells); HEK cells carrying only h\TERT, LT antigen, and Ras (referred
to below as HEK—ST cells); and HEK cells carrying hTERT, LT antigen, Ras,
and mutant ST antigen cDNA encoding N-terminal amino acids 1 to 100 (re-
ferred to below as HEKAST 1-100 cells). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
at 37°C under 5% CO, (32). Pharmacological inhibitors used include rapamycin (1
nM; Calbiochem), 5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR) (1
mM; Sigma), okadaic acid (OA) (0.1 nM; Calbiochem), and 6-[4-(2-piperidin-1-yl-
ethoxy-phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine (compound C) (5 pM;
Calbiochem). Absolute ethanol and dimethyl sulfoxide were used as solvents for
rapamycin and OA, respectively.

Glucose deprivation. A total of 2 X 10° cells were seeded in a 60-mm-diameter
tissue culture dish (Tarsons). After 24 h of seeding, the cells were washed twice
with DMEM (without glucose) (Sigma) and then incubated in DMEM (without
glucose) supplemented with 10% dialyzed fetal bovine serum for 16 to 18 h. The
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cells were monitored for 16 to 18 h for detection of phenotypic changes. For all
protein analyses, the cells were lysed after 2 h of glucose deprivation.

Cell viability and apoptosis detection. Cell viability was determined by a
trypan blue dye exclusion assay.

Antibodies and immunoblotting. Primary antibodies against phosphorylated
AMPK (pAMPK) («!7?), phosphorylated acetyl coenzyme A carboxylase
(pACC) (Ser”), phosphorylated eukaryotic initiation factor 4E binding protein
1 (phospho-p4EBP1) (Ser®), cleaved poly(ADP-ribose) polymerase (PARP)
(Asp?'*), and phosphorylated mammalian target of rapamycin (phosphorylated
mTOR) (Ser***%) were obtained from Cell Signaling Technologies, and a-tubulin
was obtained from Calbiochem. Horseradish peroxidase-conjugated anti-mouse
and anti-rabbit antibodies were obtained from BD Pharmingen and Jackson
ImmunoResearch Laboratories. For Western blotting, cells were lysed in lysis
buffer (1% NP-40 detergent, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 50 mM sodium fluoride, 1 tablet of protease inhibitor [Roche], 1 mM
sodium orthovanadate, and 10 mM sodium pyrophosphate) for 30 min on ice.
Two hundred micrograms of protein per lane was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluo-
ride membranes, and probed with appropriate antibodies.

Transfection. Lipofectamine (Invitrogen) was used to transfect eGFP-LC3
(enhanced green fluorescent protein fused to light chain 3) DNA into +ST and
—ST cells, and Fugene (Roche) was used to transfect CSCG AST 1-100 into
HEK-ST cells according to the manufacturer’s guidelines.

Generation of a mutant ST cell line. From a vector expressing the full-length
ST antigen (pMIG-ST) (16), bp 1 to 300, corresponding to N-terminal amino
acids 1 to 100, was PCR amplified using forward primer 5'-CGCAGGATCCA
TGGATAAAGTTTTAAACAG-3' and reverse primer 5'-CCGAGAATTCAC
ACTCAGGCCATTGTTT-3'. The PCR-amplified mutant ST antigen cDNA
(AST 1-100) was cloned between the BamHI and EcoRI restriction sites of the
CSCG lentiviral vector. The resultant CSCG-AST 1-100 construct was trans-
fected into HEK—ST cells to obtain stable clones.

RESULTS

The ST antigen protects transformed human cells under
glucose-deprived conditions. One of the major nutrients that
acts as fuel for mammalian cells is glucose. Cancer cells have a
heavy demand for glucose in order to maintain their high
proliferative rate. How cancers overcome this demand under
nutrient stress conditions remains poorly understood. In order
to investigate a possible role for the SV40 ST antigen under
glucose-deprived conditions, we cultured +ST and —ST cells
in glucose-free medium. After 18 h of glucose deprivation,
—ST cells were completely circularized and detached from the
culture dish, whereas +ST cells showed only a slight change in
morphology (Fig. 1a). Trypan blue staining revealed 65% cell
death among —ST cells, in contrast to only 5% among +ST
cells, indicating that the ST antigen confers a survival advan-
tage on cancer cells under glucose deprivation (Fig. 1b).

Glucose deprivation has previously been shown to trigger
apoptosis in mammalian cells (41). In order to determine if
—ST cells also underwent apoptosis when subjected to glucose
deprivation, we assayed for chromatin condensation and
PARP cleavage, two hallmarks of apoptosis (2). Staining with
Hoechst 33342 revealed condensed nuclei in 36% of —ST cells,
in contrast to only 3% in +ST cells (Fig. 1c and d). Immuno-
blot analysis revealed that compared to control cells, —ST cells
growing under glucose-deprived conditions showed an increase
in the density of the 89-kDa band corresponding to cleaved
PARP (Fig. le), showing that indeed —ST cells undergo
apoptosis when deprived of glucose.

In order to address the question of whether this protective
effect of the ST antigen under glucose deprivation is restricted
to fibroblasts or is a general phenomenon, we tested yet an-
other cell type that had been transformed by the introduction
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of the same genetic elements. Like fibroblasts, HEK cells car-
rying the SV40 LT antigen, hTERT, and oncogenic Ras and
also expressing the ST antigen (HEK+ST cells) show a trans-
formed phenotype, whereas those lacking the ST antigen
(HEK—ST cells) fail to be transformed (15). When +ST and
—ST cells derived from HEK cells were deprived of glucose,
phenotypic differences similar to those for fibroblasts became
evident by 36 h, and at 48 h a clear difference could be seen in
viability, with HEK—ST cells showing 26% cell death com-
pared to 6% for HEK+ST cells (Fig. 1f and g). Taken to-
gether, these results demonstrate that ST confers a survival
advantage on cancer cells under glucose-deprived conditions.

Inhibition of PP2A mimics ST function. The SV40 ST anti-
gen binds to and inhibits protein phosphatase 2A (PP2A), a
principal serine/threonine phosphatase found in mammalian
cells (16). PP2A regulates diverse activities, including metab-
olism, DNA replication, transcription, RNA splicing, transla-
tion, cell cycle progression, morphogenesis, development, and
transformation (12). ST antigen-mediated inhibition of PP2A
has been shown to be essential for human cell transformation.
We investigated whether the protective effects of the ST anti-
gen on glucose-deprived cells are also mediated via PP2A. In
order to address this question, we used the selective and cell-
permeant pharmacological inhibitor OA (26) to determine
whether inhibition of PP2A in —ST cells would confer protec-
tion against cell death. In parallel with glucose deprivation,
+ST and —ST cells were treated with 0.1 nM OA (26). The
addition of OA caused a marked reduction in the rate of cell
death for —ST cells upon glucose deprivation, from 54.3% to
11.4%, while no change was detected for +ST cells (Fig. 2a
and b). Thus, inhibition of PP2A by OA mimicked the effects
of the ST antigen, suggesting that an ST antigen-PP2A inter-
action is critical for the survival effects mediated by the SV40
ST antigen under glucose deprivation.

To further confirm that the ST antigen—PP2A interaction is
critical for the protective role of the ST antigen in glucose
deprivation, we employed a C-terminally truncated construct
of the ST antigen that is known to prevent its interaction with
PP2A (16, 43). To this end, we PCR amplified bp 1 to 300 of
ST antigen cDNA (corresponding to N-terminal amino acids 1
to 100) using specific primers (see Materials and Methods) and
ligated the product into the CSCG lentiviral expression plas-
mid. The HEK—ST cells transfected with the ST (1-100) con-
struct (HEKAST 1-100 cells) showed expression of the trun-
cated ST antigen as detected by reverse transcription-PCR
(Fig. 2c). When deprived of glucose, compared to HEK+ST
cells (which showed marginal cell death), both HEK—ST cells
and HEKAST 1-100 cells showed ~28% cell death (Fig. 2d and
e), clearly highlighting the requirement of ST antigen—-PP2A
interactions for the survival of cancer cells under glucose-
deprived conditions.

The SV40 ST antigen activates AMPK. We next investigated
the mechanism downstream of the ST antigen—-PP2A interac-
tion that may bring about the observed effects. Since PP2A has
several substrates (3), we reasoned that an ideal downstream
candidate to mediate the cellular effects of glucose deprivation
would be a molecule whose function is regulated by the cellular
energy status. One likely candidate is AMPK, which consists of
a catalytic subunit (o) and two regulatory subunits (8 and ry).
In response to nutrient deprivation, AMPK is allosterically
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FIG. 1. Effect of glucose deprivation on the survival of +ST and —ST cells. (a) Phase-contrast microscopic images of +ST and —ST cells in
the presence and absence of glucose. (b) Graph representing quantification of trypan blue-positive (dead) cells upon glucose deprivation. (c)
Photomicrographs showing fluorescent images of glucose-deprived cells stained with Hoechst 33342 to detect apoptosis. (d) Graph representing
quantification of Hoechst 33342-positive (apoptotic) cells upon glucose deprivation. (¢) Immunoblot analysis of whole-cell lysates of glucose-
deprived +ST and —ST cells for cleaved PARP using an antibody that specifically recognizes the large fragment of cleaved PARP protein.
Doxorubicin (Dox)-treated HeLa cells served as a positive control. (f) Phase-contrast microscopic images of HEK+ST and HEK—ST cells in the
presence and absence of glucose. (g) Graph representing quantification of trypan blue-positive (dead) cells upon glucose deprivation (n = 6). #*x*,
P < 0.001; #*, P value between 0.001 and 0.01. In all experiments, statistical significance was determined using one-way analysis of variance. Error

bars, standard errors of the means (n = 3).

activated by an increase in the intracellular AMP/ATP ratio,
followed by phosphorylation of threonine 172 within its « sub-
unit by the upstream kinases LKB1 and Ca*"/calmodulin-de-
pendent protein kinase kinase (40, 45). Upon activation,
AMPK turns off energy-consuming anabolic processes while
triggering energy-producing catabolic processes, thereby regu-
lating cellular energy homeostasis (4).

In order to address the involvement of AMPK in ST antigen-
mediated protection, we first measured the levels of active

pAMPK by immunoblotting using phospho-Thr!”*-specific an-
tibodies. We found that the basal levels of pAMPK Thr'”?
were higher in +ST cells than in —ST cells (Fig. 3a). In re-
sponse to glucose deprivation, a further increase in pAMPK
Thr'”? levels was detected in +ST cells, while —ST cells
showed marginal changes (Fig. 3a). No change was detected in
the levels of total AMPK (Fig. 3a). Since AMPK activation
leads to phosphorylation of its downstream effector ACC, we
further measured the levels of pACC as a readout of AMPK
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FIG. 2. OA mimics the effects of the ST antigen. (a) Phase-contrast microscopic images of +ST and —ST cells in the presence and absence of
OA. (b) Quantification of trypan blue-positive cells in the presence and absence of OA. Dimethyl sulfoxide (DMSO) was used as a vehicle control
(n = 3). (c) Reverse transcription-PCR analysis for AST 1-100 in HEK—ST and HEKAST 1-100 cells. (d) Phase-contrast microscopic images of
HEK+ST, HEK—ST, and HEKAST 1-100 cells in the presence and absence of glucose. (e) Quantification of trypan blue-positive cells in the

presence and absence of glucose. ***, P < 0.001; ns, nonsignificant.

activity. In parallel with higher levels of pAMPK, we detected
elevated levels of pACC in +ST cells upon glucose deprivation
(Fig. 3a). A similar trend in pAMPK Thr'”? levels was ob-
served in HEK+ST and HEK—ST cells upon glucose depri-
vation (Fig. 3b). Thus, these results revealed that ST-mediated
inhibition of PP2A enables the accumulation of higher levels of
PAMPK within the cells, which may in turn regulate energy
homeostasis under glucose-deprived conditions.

In order to further assess the involvement of AMPK under
glucose-deprived conditions, we inhibited AMPK activity in
+ST cells using 5 mM compound C, a selective inhibitor of
AMPK (10). Immunoblot analysis revealed a clear decrease in
the levels of pACC (Fig. 3c), demonstrating the inhibition of
AMPK by the addition of compound C. Like —ST cells, some
of the +ST cells treated with compound C started rounding up
upon glucose deprivation (Fig. 3d). Furthermore, trypan blue
analysis revealed a higher frequency of cell death in compound
C-treated +ST cells (47%) than in untreated control cells
(2%) (Fig. 3e). Treatment with compound C had no significant
additional effects on —ST cells. Thus, inhibition of AMPK
rendered +ST cells susceptible to cell death upon glucose
deprivation.

We next gauged if activation of AMPK is sufficient to mimic
the effects of the ST antigen. In order to do so, we subjected
—ST cells to an artificial activator of AMPK, AICAR (33).
AICAR is a cell-permeant adenosine analog that is taken up by
the cells and phosphorylated to form its monophosphate de-
rivative, ZMP. ZMP mimics AMP and acts as an activator of
AMPK. Treatment of —ST cells with 1 mM AICAR resulted in
an increase in pAMPK levels, as determined by immunoblot-
ting (Fig. 3f). Upon glucose deprivation, AICAR-treated —ST
cells exhibited 11% cell death, whereas untreated cells exhib-
ited 63% cell death (Fig. 3g and h). No significant difference
was noticed in the survival of +ST cells upon glucose depri-
vation in the presence or absence of AICAR. Thus, activation
of AMPK is sufficient to protect —ST cells from glucose de-
privation.

Since we demonstrated above that addition of OA (PP2A
inhibitor) rescued —ST cells from glucose deprivation-induced
cell death (Fig. 2a and b), we investigated whether PP2A in-
hibition also involved AMPK activation. We observed in-
creases in the levels of pAMPK and pACC in OA-treated —ST
cells deprived of glucose (Fig. 3i), suggesting that the protec-
tion conferred by the inhibition of PP2A in —ST cells also
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FIG. 3. Involvement of AMPK in ST antigen-mediated protection under glucose-deprived conditions. (a) Whole-cell extracts from +ST and
—ST cells in the presence and absence of glucose were subjected to immunoblot analysis for pAMPK (Thr!'"?), total AMPK, and pACC (Ser”®).
a-Tubulin was used as a loading control for all immunoblots. (b) Whole-cell extracts of HEK+ST and HEK—ST cells in the presence and absence
of glucose were subjected to immunoblot analysis for pAMPK (Thr'7?) and total AMPK. (c) Whole-cell extracts from +ST cells deprived of glucose
and treated with compound C (Comp C) were subjected to immunoblot analysis for pACC (Ser’®). (d) Phase-contrast microscopic images of +ST
and —ST cells in the presence and absence of compound C. (e) Quantification of trypan blue-positive cells in the presence and absence of
compound C (n = 3). (f) Whole-cell extracts of +ST and —ST cells deprived of glucose in the presence and absence of AICAR were subjected
to immunoblot analysis for pAMPK (Thr!'”?), total AMPK, and pACC (Ser”). (g) Phase-contrast microscopic images of +ST and —ST cells in the
presence and absence of AICAR. (h) Quantification of trypan blue-positive cells in the presence and absence of AICAR (n = 3). (i) Whole-cell
extracts of —ST cells deprived of glucose and treated with OA were subjected to immunoblot analysis for pAMPK (Thr'7?) and pACC (Ser”). *,
P value between 0.01 and 0.05; ***, P < 0.001.
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FIG. 4. Involvement of mTOR in ST antigen-AMPK-mediated rescue. (a) Immunoblot analysis of whole-cell extracts of glucose-deprived +ST
and —ST cells for phospho-p4EBP1 (P-p4EBP1) (Ser®). (b) Immunoblot analysis of whole-cell extracts of rapamycin-treated —ST cells for
P-p4EBP1 (Ser®). (c) Photomicrographs represent phase-contrast images of +ST and —ST cells treated with rapamycin. (d) Quantification of
trypan blue-positive +ST and —ST cells upon glucose deprivation and rapamycin treatment (n = 3). **%, P < 0.001. (¢) Whole-cell extracts of
glucose-deprived +ST and —ST cells were subjected to immunoblot analysis for pAMPK (Thr'”?), total AMPK, pACC (Ser”™), total ACC,
phospho-raptor (pRaptor) (Ser’?), and total raptor. (f) Whole-cell extracts of glucose-deprived +ST and —ST cells were subjected to immunoblot
analysis for pAMPK (Thr'”?), pACC (Ser’), phosphorylated mTOR (pmTOR) (Ser***¥), and total mTOR.

involves AMPK activation. Taken together, these results
clearly demonstrate that ST mediates its protective effects on
glucose deprivation via activation of AMPK. Thus, the ability
to activate AMPK and maintain it in a phosphorylated form
may be critical for the prolonged survival of cancer cells under
glucose-deprived conditions.

AMPK inhibits mTOR. mTOR has been shown to coordi-
nate nutrient response and cell growth by regulating transla-
tion in response to cellular energy status (19). Under condi-
tions of energy stress, AMPK has been shown to negatively
regulate the TOR pathway in HEK 293 cells cultured in glu-
cose-free medium (20). Since protein translation utilizes a ma-
jor proportion of cellular energy, we reasoned that cancer cells
might survive better by limiting their energy demand under
glucose-deprived conditions by inhibiting mTOR.

In order to address the question of whether ST antigen-
mediated activation of AMPK further led to the inhibition of
mTOR, we undertook immunoblot analysis to assess the func-
tional status of the mTOR pathway. To do so, we measured the
phosphorylation status of p4EBP1 (Ser®®), a downstream sub-

strate of mTOR (35). We observed reductions in phospho-
p4EBP1 levels upon glucose deprivation only in +ST cells (Fig.
4a), indicating that the mTOR pathway may be inhibited in
these cells. Furthermore, inhibition of mTOR in —ST cells by
use of 20 nM rapamycin both reduced the levels of mTOR
activity, as detected by lowered levels of phospho-p4EBP1
(Fig. 4b), and decreased the rate of cell death from 71% to
26% (Fig. 4c and d), indicating that mTOR inhibition is suffi-
cient to rescue —ST cells from glucose deprivation. Thus, ST-
mediated AMPK activation may promote survival, at least in
part, by inhibiting the mTOR pathway.

We next investigated how AMPK may negatively regulate
mTOR signaling under glucose deprivation. Recently,
AMPK-mediated phosphorylation of the mTOR binding
protein, raptor, at Ser’**> has been shown to inactivate
mTOR signaling in HEK 293 cells (13). In order to investi-
gate if AMPK-mediated inhibition of mTOR in transformed
human fibroblasts also involved raptor phosphorylation, we
probed for raptor Ser’?? phosphorylation status in +ST and
—ST cells. Our results showed that upon glucose depriva-
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tion, the levels of phospho-raptor Ser’? increased in +ST
cells concomitantly with increases in pAMPK and pACC
levels, whereas no such changes were detected in —ST cells
(Fig. 4e). In addition to the phosphorylation of raptor, di-
rect phosphorylation of mTOR has also been shown to reg-
ulate its function. In HEK 293 cells, S6K phosphorylates
mTOR at Ser***® in response to insulin signaling, while
AMPK phosphorylates mTOR at Thr***® in response to
serum deprivation. Phosphorylation of these two sites on
mTOR has been shown to be mutually exclusive and to act
as a switch to control positive and negative signals regulat-
ing protein translation (6, 7). We found that mTOR Ser®**®
phosphorylation decreased to undetectable levels in +ST
cells upon glucose deprivation (Fig. 4f), while no change was
detected in the levels of total mTOR. In contrast, the levels
of phospho-Ser®**® remained unperturbed in —ST cells (Fig.
4f). The decrease in phospho-Ser***® mTOR levels in +ST
cells coincides with the increase in pAMPK levels, suggest-
ing that activated AMPK-mediated phosphorylation of
mTOR under glucose-deprived conditions in +ST cells may
prevent its phosphorylation at Ser***®. Taken together,
these results reveal that activation of AMPK by the ST
antigen leads to mTOR inactivation in multiple ways,
thereby inhibiting protein translation, reducing energy con-
sumption, and promoting survival under glucose-deprived
conditions.

The ST antigen triggers autophagy upon glucose depriva-
tion. Autophagy probably factors into both the promotion and
the prevention of cancer (25), and its role may be altered
during tumor progression (42). During the early phase of can-
cer progression, autophagy is shown to facilitate tumor pro-
gression in colorectal cancer cells under amino acid depriva-
tion (38). We reasoned that while prolonged autophagy may
result in cell death, short-term autophagy can provide an al-
ternate energy supply to incipient tumors facing energy depri-
vation. Interestingly, under nutrient starvation, activation of
AMPK and inhibition of mTOR signaling have also been
shown to activate autophagy in colon cancer cells (25, 38).
Since we find that mTOR is inhibited in +ST cells under
glucose deprivation, we investigated whether +ST cells sur-
vived better under glucose deprivation by upregulating auto-
phagy.

We observed a distinct, punctate appearance of GFP-LC3, a
marker of autophagy (25), in 51% of +ST cells, compared to
only 10% of —ST cells, under glucose-deprived conditions
(Fig. 5a and b). Additionally, immunoblot analysis revealed
higher levels of cleaved LC3 protein (yet another marker of
autophagy) in +ST cells than in —ST cells, revealing that the
ST antigen indeed triggers autophagy during energy stress
(Fig. 5¢). We demonstrated above that rapamycin treatment
rescued —ST cells from cell death upon glucose deprivation
(Fig. 4d). To ask if rapamycin treatment did so by activating
autophagy in —ST cells, we once again measured autophagy
using the GFP-LC3 construct in rapamycin-treated —ST cells.
We found that —ST cells now showed increased autophagy
concomitant with cell survival (Fig. 5a and b). Thus, induction
of autophagy by the ST antigen may account for the increased
survival of +ST cells under glucose-deprived conditions.
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FIG. 5. Autophagy in +ST and —ST cells upon glucose depriva-
tion. (a) eGFP-LC3 localization in +ST and —ST cells upon glucose
deprivation and rapamycin treatment. (b) Quantification of eGFP-LC3
punctate cells among +ST and —ST cells upon glucose deprivation
and rapamycin treatment (n = 8). **%, P < 0.001. (¢) Immunoblot
analysis of whole-cell extracts for the cleaved LC3 fragment upon
glucose deprivation.

DISCUSSION

The study of transforming viruses, and the oncoproteins they
encode, has shaped our current understanding of the mecha-
nisms involved in cellular transformation (17). For example,
the E6 and E7 oncoproteins encoded by human papillomavi-
ruses, adenoviral E1A and E1B proteins, and the SV40 LT
antigen have provided key insights into the functions of two
major cellular-growth-regulatory proteins, p53 and pRb (1, 5,
30). Both these proteins are also found to be mutated in sev-
eral cancers (18). In addition to the LT antigen, the SV40 early
region encodes the ST antigen, a 174-amino-acid protein. The
LT and ST antigens share 82 amino acids at their N termini.
Earlier studies indicated that the ST antigen replaces growth
factor requirements in Chinese hamster ovary cells during
transformation by SV40 (27). Further studies showed that even
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though the ST antigen by itself was not sufficient for transfor-
mation, it facilitated transformation by the LT antigen in ro-
dent cells (34). More recently, in a human cell transformation
model, it was shown that normal human cells can be trans-
formed into their tumorigenic counterparts by the serial intro-
duction of the SV40 early region, hTERT, and oncogenic Ras
(15). However, when similar studies were carried out using
human papillomavirus E6 and E7 proteins (which, like the LT
antigen, inactivate p53 and pRB), normal human fibroblasts
failed to be transformed (15, 29, 46). Subsequent studies re-
vealed that the ST antigen, encoded by the early region of
SV40, was additionally required for the experimental transfor-
mation of human cells (16). However, the mechanisms of ac-
tion of the ST antigen in cellular transformation remain poorly
understood. In this study we report that in the absence of
glucose, cancer cells that express the ST antigen survive longer
than those that do not (Fig. 1a, b, f, and g), thereby revealing
a hitherto unidentified function for the ST antigen in the sur-
vival of cancer cells under glucose-deprived conditions.

Studies using SV40 ST antigen mutants have revealed that
the major transforming functions of the ST antigen are medi-
ated via its interaction with and inhibition of PP2A complexes
(31), suggesting that alteration of the phosphorylation status of
signaling molecules is the primary mode of action of the ST
antigen in transformation. ST antigen-mediated PP2A inhibi-
tion has been shown to regulate mitogen-activated protein
kinase and Wnt pathways at multiple steps (3) and to activate
Akt and telomerase in human fetal keratinocyes (46). Inhibi-
tion of PP2A activity by the ST antigen stabilizes c-Myc (47).
More recently, the PP2AR subunit was shown to form a com-
plex with, and decrease the transforming functions of, RalA
(37). Thus, PP2A complexes are involved in the regulation of
several cellular proteins, and many of these interactions could
play important roles in transformation. In this report we iden-
tify AMPK as a novel target downstream of the ST antigen—
PP2A interaction in transformation. Our results reveal that
indeed Thr'”? phosphorylation of AMPK is maintained at a
higher level in +ST cells than in —ST cells (Fig. 3a), suggesting
that PP2A may directly regulate AMPK function by dephos-
phorylating the key Thr'”? residue. Alternatively, PP2A may
dephosphorylate a phosphorylated residue that negatively in-
fluences AMPK activation, thereby permitting the phosphory-
lation of AMPK at the critical Thr'”? residue by its upstream
kinases, as has been shown for ST antigen-PP2A-mediated
regulation of c-Myc activity (24). Taken together, our results
reveal that in the presence of functional PP2A, —ST cells are
unable to maintain a high level of pAMPK, suggesting that
strong activation of AMPK requires the phosphatase (PP2A)
to be inactivated.

Once activated, AMPK regulates the cellular energy de-
mand by inhibiting the energy-consuming metabolic pathways
while activating the energy-producing pathways. For example,
in muscle, AMPK activation decreases the activity of glycogen
synthase, thereby diverting the glucose for energy production.
AMPK activation is known to phosphorylate and inactivate the
enzymes essential in lipid and cholesterol synthesis, namely,
ACC2 and 3-hydroxy-3-methylglutaryl coenzyme A reductase,
in HeLa cells and rat liver cells, respectively (8, 14). Protein
synthesis is one of the highest-energy-consuming reactions
within the cell, and AMPK has been shown to regulate protein
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FIG. 6. Schematic of tumor development. As incipient tumors (or
micrometastases) grow beyond the homeostatic limit (~150 wM), they
often experience insufficient supplies of oxygen and nutrients. Tumor
cells must overcome this stress before replenishment arrives by way of
neoangiogenesis. Our data show that ST antigen-mediated induction
of autophagy can be one such mechanism that provides an alternate
source of energy for tumor growth and the establishment of metasta-
ses. Thus, pathways activating autophagy can be targeted for cancer
therapy.

synthesis in mouse embryonic fibroblasts in response to
AICAR treatment (39). Our results reveal that ST antigen-
mediated activation of AMPK leads to the downmodulation of
mTOR activity, as revealed by a reduction in phospho-p4EBP1
levels (Fig. 4a). Reduction of energy-consuming reactions
would favor longer cell survival under conditions of nutrient
deprivation. Thus, it appears that when cancer cells are faced
with starvation, a shutdown of protein synthesis, a major en-
ergy-consuming reaction within the cells, is better suited for
survival (and cancer progression) (see the model in Fig. 6) than
an attempt to divide, thereby facing death. Indeed, we note
that under glucose deprivation, +ST cells show an arrest in the
G,/G1 phase of the cell cycle (data not shown).

Autophagy is known to play a critical role in normal devel-
opment (23), while its role in cancer is just beginning to be
revealed. Limited self-eating has been shown to be required
both for the initial phase of development and for regular or-
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ganelle turnover within cells. However, progressive autophagy
can be detrimental, leading to cell death (25). The relationship
of autophagy to tumors is complex, with evidence supporting
both a tumor-suppressive and a tumor-promoting role. Loss of
autophagy has been correlated with tumorigenesis (9). Fur-
thermore, several inducers of autophagy are tumor suppres-
sors, while overexpression of genes involved in autophagy de-
creases tumorigenicity (11). Conversely, under conditions of
metabolic stress, induction of the autophagic pathway has been
hypothesized to help cancer progression. In keeping with this,
autophagy has been detected in regions of metabolic stress in
tumors but not in vascularized areas, suggesting that autophagy
may be involved in promoting tumor cell survival under con-
ditions of energy deprivation (9). Indeed, our experiments
provide direct evidence that ST antigen-expressing cells initi-
ate autophagy, which enables them to survive longer under
glucose-deprived conditions, while in the absence of the ST
antigen, cells die earlier. Thus, autophagy may provide an
alternate source of energy to cancer cells under nutrient-de-
prived conditions. Autophagy, unlike apoptosis, is reversible.
While apoptosis, once triggered, will lead to cell death, the use
of autophagy might allow cells to survive stress conditions until
the arrival of new resources. Indeed, replenishing the supply of
glucose to +ST cells that had been starved for 24 h resulted in
the downregulation of autophagy, followed by the restoration
of cell proliferation, while prolonged autophagy resulted in
major cell death (data not shown).

Our results additionally show that ST antigen-mediated in-
activation of PP2A is required for cancer cell survival under
glucose-deprived conditions, lending further support to the
growing notion that PP2A is a tumor suppressor. Indeed, re-
cent studies have reported multiple ways in which PP2A func-
tions are compromised in naturally arising tumors. Several
mutations have already been mapped to the PP2A protein that
led to the compromise of its functions in lung, colon, breast,
and cervical carcinomas and primary glioblastoma (3, 36). In
addition, overexpression of SET (a phosphoprotein) or CIP2A
(cancerous inhibitor of PP2A) (36) in chronic myelogenous
leukemia or colon cancers, respectively, has been reported to
inhibit PP2A function (21). Thus, exploration of the physio-
logical mechanisms that lead to the disruption of the PP2A
gene or its function in cancers and identification of specific
downstream targets of PP2A are likely to provide new mech-
anistic insights into cancer progression.

Taken together, our results demonstrate a novel function for
the SV40 ST antigen in protecting cancer cells under glucose
deprivation by activating AMPK, inhibiting mTOR, and trig-
gering autophagy (Fig. 6). Our results provide direct proof of
the use of autophagy as a crutch for tumor cell survival under
energy stress conditions. Therefore, the prevention of cancer
cell survival under nutrient-deprived conditions, either by tar-
geting the AMPK/mTOR pathway or by restricting the ability
of cancer cells to initiate the autophagy response, is likely to
offer new therapeutic strategies to curb tumor growth and
progression.
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