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PGC1 alpha coactivates ERG fusion to drive
antioxidant target genes under metabolic stress
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The presence of ERG gene fusion; from developing prostatic intraepithelial neoplasia (PIN)

lesions to hormone resistant high grade prostate cancer (PCa) dictates disease progression,

altered androgen metabolism, proliferation and metastasis1–3. ERG driven transcriptional

landscape may provide pro-tumorigenic cues in overcoming various strains like hypoxia,

nutrient deprivation, inflammation and oxidative stress. However, insights on the androgen

independent regulation and function of ERG during stress are limited. Here, we identify

PGC1α as a coactivator of ERG fusion under various metabolic stress. Deacetylase SIRT1 is

necessary for PGC1α-ERG interaction and function. We reveal that ERG drives the expression

of antioxidant genes; SOD1 and TXN, benefitting PCa growth. We observe increased

expression of these antioxidant genes in patients with high ERG expression correlates with

poor survival. Inhibition of PGC1α-ERG axis driven transcriptional program results in apop-

tosis and reduction in PCa xenografts. Here we report a function of ERG under metabolic

stress which warrants further studies as a therapeutic target for ERG fusion positive PCa.
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E-Twenty Six transcription factor ERG; exists as a fusion
oncogene; in many cancers including myeloid leukemia,
Ewing sarcoma, and prostate cancer (PCa)4–7. Physiologi-

cally, temporal tissue-specific expression of ERG is important for
hematopoiesis, angiogenesis, and valve development8–10.
Although reported in ~50% of PCa with connection to aggres-
siveness and castration resistance (CrPC), the role of TMPRSS2-
ERG fusion gene in driving CrPC is not addressed
thoroughly1–3,7,11. Recent studies of androgen receptor (AR)
independent PCa with altered transcriptional circuits strengthen
the possibility of ERG fusion-driven programs12–14. Like many
cancers, metabolic programs associated with altered transcription
is an emerging hallmark for PCa and accentuate the requirement
of specific transcription factors and nutrients during disease
progression15–17. In this context, metabolic profiling of ERG
fusion-positive PCa patients exhibits altered metabolism of glu-
cose, citrate, and fatty acid associated with high Gleason
score15,18–20. However, the signals that drive ERG in absence of
androgen or under nutrient stress are not well known. Recently,
PPARGC1A (PPAR gamma Coactivator 1 alpha/PGC1α) a well-
known coactivator has been implicated in PCa oncogenesis via
coactivation of important transcription factors like AR, ERR-
α21–23. PGC1α is a metabolically inducible coactivator that can
transactivate various transcription factors in a tissue-dependent
manner under metabolic stress24 Interestingly, PGC1α can
coactivate a plethora of transcription factors in cancers including
PCa, thereby regulating cancer progression25–27. Nonetheless, the
behavior of PGC1α under nutrient deprivation has not been
studied in the context of PCa progression. We speculate that
metabolically induced PGC1α may transactivate ERG fusion-
driven programs under metabolic stress.

In this study, we found that PGC1α can interact and coactivate
ERG under various metabolic stress in the presence of SIRT1
deacetylase and drives an antioxidant function. We found anti-
oxidant target genes of ERG fusion; namely SOD1 and TXN
resulting in reactive oxygen species (ROS) clearance and survival.
Abrogation of PGC1α, ERG, or antioxidant genes SOD1 and TXN
results in ROS-mediated apoptosis during metabolic stress. PCa
xenografts show tumor regression and apoptosis in absence of
PGC1α. Together our study identifies ERG- PGC1α axis during
metabolic stress which might be crucial for PCa progression.

Results
PGC1α acts as a coactivator for ERG fusion under metabolic
stress. PGC1α is known to get induced and activated under
various metabolic stress and hence act as a coactivator24,27–29. We
tested if PGC1α affects ERG function under metabolic stress; like
glucose or serum deprivation. We deprived VCaP cells harboring
ERG fusion of glucose (5 mM) as described previously30 and
checked for expression of ERG, PGC1α and verified ERG targets
SPP131 (secreted phosphoprotein 1/Osteopontin) and PLAU3

(plasminogen activator, urokinase). We found increased expres-
sion of PGC1α without any alteration of ERG. Interestingly, we
observed an increased expression of ERG target genes, SPP1 and
PLAU under glucose stress (Fig. 1a, b). We have used, AICAR
(N1-(β-D-Ribofuranosyl)-5-aminoimidazole-4-carboxamide), to
mimic glucose deprivation in VCaP cells. Post-treatment with
AICAR showed similar alterations in the expression of ERG and
its target genes (Fig. S1a, b). To test the transactivation function
of PGC1α over ERG during metabolic stress, we used luciferase
reporter tagged SPP1 promoter (SPP1-Luc), in PC3 cells that lack
ERG fusion31. Introducing exogenous ERG along with an
increasing amount of PGC1α in PC3 resulted in increased SPP1-
Luc activity (Fig. 1c). We speculate that overexpression of PGC1α
possibly mimics induced PGC1α levels found during metabolic

stress resulting in SPP1 luciferase activity. However, in absence of
ERG, induced or exogenous levels of PGC1α couldn’t rescue SPP1
luciferase activity indicating PGC1α works by transactivating
ERG (Fig. S1c). We verified three different PGC1α shRNA and
used VCaP cells with stably silenced PGC1α expression con-
taining shRNA#130 to check the effects of PGC1α over ERG
fusion under metabolic stress (Fig. S1d). Glucose deprivation was
able to increase SPP1-Luc activity in VCaP control cells but not in
VCaP PGC1αKD cells, indicating PGC1α is important for the
transactivation of endogenous ERG (Fig. 1d). Basal glucose
concentration (25 mM) was unable to induce PGC1α and hence
fail to activate ERG-mediated SPP1 luciferase activity (Fig. 1d).
We observed a similar PGC1 mediated transactivation function
only under glucose deprivation in another ERG containing cell
line Colo320 but not in PGC1αKD Colo320 cells or in basal
conditions (Fig. S1e). Additionally, AICAR treatment showed
coactivation of SPP1-Luc promoter in VCaP control cells in
contrast to PGC1αKD cells (Fig. S1f). We further checked the
expression of ERG target genes in control and PGC1αKD; VCaP
and Colo320 cells. As reported previously24, PGC1α expression is
induced under glucose deprivation resulting in activation of ERG
target genes SPP1 and PLAU. Glucose deprivation in VCaP and
Colo320 PGC1αKD cells did not show any induction of ERG
target genes (Fig. S1g). AR-mediated signaling is an important
regulator of ERG fusion mediated transcriptional function. To
understand the effects of AR modulation during metabolic stress,
we treated glucose-deprived VCaP cells with AR antagonist;
Flutamide and measured SPP1-Luc activity. As compared to
control cells, we observe minimal decrement in SPP1 activity in
the presence of Flutamide; indicating PGC1α can trigger ERG
transactivation independent of androgen response (Fig. S1h). We
also checked if the PGC1α coactivation function over ERG is
affected by the androgen analog; R1881. Interestingly, we found
that R1881 addition to VCaP control cells further enhanced
SPP1-Luc activity suggesting a possible synergistic effect as
reported by others (Fig. S1i)21. However, R1881 stimuli in VCaP
PGC1αKD cells couldn’t activate SPP1-Luc at 24 h, indicating
PGC1α is important for the coactivation of ERG during metabolic
stress (Fig. S1i). As reported by others32, we did not observe any
upregulation of PGC1α mRNA levels in VCap cells upon treat-
ment with R1881 at normal glucose concentration (Fig. S1j). We
checked the effects of other metabolic stress like serum depriva-
tion and cold stress in the coactivation of ERG. Indeed, serum
deprivation and cold stress-induced PGC1 coactivation function
subsequently resulted in ERG-mediated activation of the SPP1-
Luc promoter (Figs. 1e and S1k). The basal condition of 10%
serum couldn’t induce PGC1 and subsequently failed to show any
SPP1 luciferase activity (Fig. 1e). We checked for ERG target gene
expression in VCaP cells (Control or PGC1αKD) under serum
deprivation or cold stress and observed induction in control cells
but not in PGC1αKD cells (Fig. 1f, g). We further tested if PGC1-
β, a homologous PGC1 family member; has overlapping func-
tions towards transactivation of ERG. Co-transfection with
PGC1-β did not alter the transactivation of SPP1-Luc, indicating
PGC1-β to be non-essential for ERG transactivation functions
(Fig. S1l). Together, the results indicate that only under metabolic
stress PGC1α is induced and may act as a coactivator for ERG
transcription factor.

PGC1α interacts and transactivates ERG fusion. In order to act
as a coactivator, PGC1α needs to interact with the ERG tran-
scription factor. PGC1 family of proteins are known to interact with
various transcription factors under nonbasal conditions, resulting in
transactivation of such factors25–27. Under metabolic stress, PGC1α
is activated by deacetylation and is induced at mRNA and protein
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levels for interaction27–29,33. For endogenous interaction, VCaP
cells were glucose deprived for 24 h and immunoprecipitation of
PGC1α protein was performed. We found that induced PGC1α
interacted with endogenous ERG during glucose starvation but not
under basal conditions (Fig. 2a). A reverse IP on glucose starved
VCaP cells with ERG antibody showed that endogenous ERG

interacts with PGC1α during metabolic stress (Fig. 2b). Interest-
ingly, we observed that ERG interacts with a deacetylated form of
PGC1α but not with the acetylated PGC1α, suggesting that an
induced and activate form of PGC1 formed during metabolic stress
is capable of interaction (Fig. 2a, b). We confirmed the interaction
using overexpression studies in VCaP and PC3 cells and found that
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ERG interacts with a deacetylated form of exogenously expressed
PGC1α (Fig. S2a, b). We found similar endogenous interaction
during serum deprivation in VCaP cells between ERG and PGC1α
(Fig. S2c). To understand if the PGC1α transactivation domain
(1–180 amino acid)34 is necessary for interaction with ERG protein,
we performed interaction studies using ectopic ΔN-PGC1α FLAG
(PGC1 lacking 1–180 amino acid) in VCaP cells. We did not
observe any pull-down of ERG protein with ΔN-PGC1α FLAG
(Fig. 2c). Moreover, ΔN-PGC1α FLAG could not transactivate

SPP1-Luc in PC3 cells (Fig. 2d). We tried to rescue the transacti-
vation function using the PGC1α 1–180 mutant but did not observe
a significant restoration of the PGC1α function. To our surprise, a
1–400 amino acid long PGC1α mutant containing both transacti-
vation domain and deacetylase binding domain was able to com-
pletely restore transactivation function (Fig. 2d). We found that
PGC1α (1–400) was able to interact with ERG protein (Fig. S2d)
and rescue SPP1 luciferase activity under glucose stress in absence
of full-length PGC1α (Fig. S2e). As reported earlier34,35, our

Fig. 1 PGC1α acts as a coactivator for ERG fusion under metabolic stress. a VCap Cells were treated for 24 h. Relative transcript levels of genes were
analyzed using qRT-PCR. b VCaP cells were treated for 24 h and the whole-cell extract was immunoblotted using indicated antibodies. c PC3 cells were
cotransfected as indicated. Luciferase assay was performed post 24 h of transfection and relative firefly luciferase activity was plotted. d VCaP control
(Scrambled shRNA) or VCAP PGC1α KD (PGC1α shRNA#1) stable cells transfected with SPP1 luciferase were glucose deprived(5mM) or cultured under
basal condition(25mM) post-transfection as indicated. Luciferase assay was performed and relative firefly luciferase activity was plotted. e VCaP control
or VCAP PGC1α KD stable cells transfected with SPP1 luciferase were serum-deprived or cultured under basal condition post-transfection as indicated.
Luciferase assay was performed and relative firefly luciferase activity was plotted. f VCaP control or VCAP PGC1α KD stable cells were serum-starved (Left
panel) or received cold stress (4 °C, Right panel) as indicated for 24 h and the whole-cell extract was immunoblotted using indicated antibodies. g VCaP
control or VCAP PGC1α KD stable cells were serum-starved (Left panel) or received cold stress (4 °C, Right panel) as indicated for 24 h. Relative transcript
levels of genes were analyzed using qRT-PCR. Experiments were performed as biological triplicates (mean ± SD). Two-way ANOVA with multiple
comparison test used for statistical significance of 1a, 1g. For 1c, d, e; one-way ANOVA with Dunnett’s multiple comparison test used for statistical
significance where ****p < .0001, ***p= 0.0001, **p= .001, *p= .01, n.s not significant.

Fig. 2 PGC1α interacts and transactivates ERG fusion. a VCaP cells were treated as indicated. Cells were harvested after 24 h and subjected to
immunoprecipitations using anti-PGC1α antibody or anti-IgG antibody, and western blots were performed for the indicated proteins. b VCaP cells were
treated as indicated. Cells were harvested after 24 h and subjected to immunoprecipitations using anti-ERG antibody or anti-IgG antibody, and western
blots were performed for the indicated proteins. c VCaP cells were transfected with either vector control(EV), PGC1α Flag, or ΔN-PGC1α Flag as indicated.
Cells were harvested 24 h post-transfection and subjected to immunoprecipitations using anti-FLAG antibody and western blots were performed for the
indicated proteins. d PC3 cells were cotransfected as indicated. Luciferase assay was performed 24 h post-transfection and relative firefly luciferase activity
was plotted. Experiments were performed as biological triplicates (mean ± SD). One-way ANOVA with Dunnett’s multiple comparison test was used for
statistical significance of 2d where **p= 0.001.
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findings indicate that both PGC1α (1–180) and PGC1α (200–400)
domains are necessary for interaction and transactivation function.
We speculate that 1–400 is also an activated form of PGC1α as the
full-length PGC1’s inhibitory constrains are lacking34,35. Further
PGC1α (1–400) domain was able to induce ERG target genes in
PGC1α KD cells during glucose starvation (Fig. S2f). Together, the
results indicate PGC1α (1–400) domain that includes the
N-terminal transactivation domain and deacetylase binding domain
is necessary for interaction with ERG fusion protein and results in
the transactivation of ERG during metabolic stress.

SIRT1 mediated deacetylation of PGC1α is necessary for ERG
interaction and function. Interaction studies indicate that
PGC1α deacetylation was crucial for the interaction and function
of ERG. In this regard, SIRT1, an important regulator of PGC1α
function under metabolic stress had been shown to deacetylate
and activate PGC1α29,33,35. Deacetylated PGC1α becomes acces-
sible for binding to various protein partners during metabolic
stress27,28. Since inhibition of SIRT1 has been reported to sup-
press prostate cancer growth36,37, we silenced SIRT1 in VCaP
cells to interrogate its role in ERG-PGC1α interaction (Fig. S3a).
As reported earlier29, we found that SIRT1 interacts and deace-
tylates PGC1α under glucose deprivation (Fig. 3a). We observed
ERG interaction with PGC1α in the presence of SIRT1 which was
absent in SIRT1 silenced cells during glucose deprivation
(Fig. 3a). SIRT1 specific inhibitor38; EX-527 also potentiated
similar loss of interaction between ERG and PGC1α proteins
under glucose stress (Fig. 3b). The SPP1-Luc assay showed no
transactivation during glucose or serum starvation in the presence
of an SIRT1 inhibitor (Figs. 3c and S3b). These observations
indicate that SIRT1 deacetylates PGC1α under stress and pro-
motes its coactivation function towards ERG. We further
observed that stress-induced PGC1α could not increase ERG
target genes expression during metabolic stress in the absence of
SIRT1 (Fig. S3c). Exogenous ERG expression that shall mimic
strong ERG activation was able to restore SPP1-Luc activity in the
presence of SIRT1 inhibitor confirming ERG transactivation as a
downstream event (Fig. 3d). Together these results suggest that
SIRT1 mediated deacetylation of PGC1α is necessary for the
transactivation of ERG under metabolic stress.

Physiological role of ERG- PGC1α axis during metabolic stress.
Metabolic stress results in the generation of reactive oxygen
species (ROS) that affect cell fate39,40. ROS clearance is an
effective mechanism that prostate cancer tumors might utilize to
overcome nutrient burden while acquiring castration
resistance41,42. The role of ERG in regulating ROS is not well
understood during PCa development. We observed increased
ROS levels in ERG silenced VCaP cells (VCaP siERG) undergoing
metabolic stress (Figs. 3e and S3d). Abrogation of PGC1α using
shRNA or PGC1α-inhibitor SR18292 mediated a similar increase
of ROS during metabolic stress (Figs. 3f and S3e, f). We
manipulated SIRT1 using inhibitor; EX-527 and observed an
increase in ROS levels of VCaP cells undergoing metabolic stress
(Fig. 3g). We further verified if the increased ROS was a direct
effect of SIRT1-PGC1α-ERG axis perturbations by performing
rescue experiments using the PGC1α (1–400) mutant which was
able to function similarly to full-length PGC1α in our interaction
and transactivation assays. Interestingly, the PGC1α (1–400)
domain was able to curtail ROS generation during glucose star-
vation in VCaP PGC1αKD cells but not in ERG silenced VCaP
cells indicating PGC1 acts via ERG for ROS clearance (Fig. 3h). In
the case of SIRT1 inhibition, exogenous ERG which shall mimic
strong ERG activation (Fig. 3d) was able to completely reduce
ROS generated during glucose stress (Fig. S3g). However, the

PGC1α (1–400) domain could partially curtail ROS (~20%
decrease) in cells with SIRT1 inhibition (Fig. S3g) suggesting
SIRT1 regulates functional forms of PGC1 to some extent. We
checked for apoptosis in VCaP cells undergoing energy stress.
Concomitant with increased ROS, we observed increased cas-
pase3/7 activity in VCaP cells where ERG, PGC1α, or SIRT1 was
abrogated using RNAi or inhibitors (Figs. 3i, j and S3h, i). ROS
scavenger; tiron was able to neutralize oxidative stress and
abrogate subsequent apoptosis, suggesting that apoptosis was due
to increased levels of ROS (Figs. 3i, j and S3h, i). We envisage that
ERG fusion-positive prostate cancer cells are susceptible to energy
stress and the PGC1α-Sirt1 axis might provide survival benefits to
tumors by activating antioxidant and metabolic functions of ERG
fusion.

PGC1α mediated transactivation of ERG fusion revealed
antioxidant target genes. Since our data revealed increased ROS
in cells upon ERG-PGC1α axis modulation, we were interested in
ERG inducible target genes that might affect ROS clearance. In
order to understand the metabolic signatures of ERG fusion-
positive prostate cancer, we interrogated the transcriptome of
VCaP cells having perturbations of ERG (GSE16671, GSE110656
ERG knockdown or GSE14595; GSE164859 ERG overexpression).
Gene set enrichment analysis identified a cluster of antioxidant
genes that showed negative enrichment upon knockdown of ERG
(ERG KD) in VCaP cells (Fig. 4a Top panel). We analyzed the
data set with overexpression of ERG (ERG OE) in fusion negative
cells and found the same cluster of antioxidant genes belonging to
the reactive oxygen species pathway to be upregulated (Fig. 4a
Bottom panel). Next, we picked the significant genes which show
core enrichment of ROS pathways in more than one ERG per-
turbation (Fig. 4b). ERG binding at promoter regions of these
core enriched genes were verified by revalidating ERG ChIP Seq
datasets (GSE110655) from VCaP cells with ERG knockdown.
Interestingly we found four antioxidant genes; TXN, SOD1,
LAMTOR5, and ATOX1 with ERG binding signatures at their
promoters which were abolished upon knockdown of ERG
(Fig. 4c). We verified two other datasets for ERG ChIP
(GSE14092 and GSE28950) in VCaP cells and found ERG
binding at the promoters of the same genes (Fig. S4a). We did not
observe any AR binding at promoters of these genes, indicating a
possibility of AR independent induction of these targets by ERG
(Figs. 4c and S4a). We further confirmed the presence of a pre-
viously reported ERG binding consensus motif in the promoters
of these genes43,44 (Fig. S4b).

To understand how the ERG-PGC1α axis relates to these genes
under metabolic stress, we performed chromatin immunopreci-
pitation studies on VCaP PGC1αKD cells undergoing glucose
deprivation. We found a loss of ERG binding at promoters of
these genes in the absence of PGC1α (Fig. 4d). We checked the
expression of these genes under various metabolic stress.
Interestingly, TXN, SOD1, and LAMTOR5 were significantly
upregulated in VCaP control cells during glucose deprivation. No
significant changes were observed in the absence of PGC1α or
ERG during glucose stress indicating functions to be mediated via
the ERG-PGC1α complex (Figs. 4e and S4c). We checked for
modulation of these ERG target genes under serum stress and
found them to be induced by ERG in a PGC1α dependent
manner (Fig. S4d). Together these data indicate that PGC1α
might regulate direct transcriptional target genes of ERG during
metabolic stress.

In order to access the functional importance of these
antioxidant genes, we checked ROS levels and caspase3/7 activity
of VCap cells undergoing glucose starvation by silencing TXN
and SOD1 genes selectively. We found that silencing of TXN or
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SOD1 genes abrogated ROS clearance in VCaP cells under
metabolic stress (Fig. 4f). We also observed increased caspase3/7
activity in cells under metabolic stress in absence of these genes
(Fig. 4g). Simultaneous knockdown of SOD1 and TXN further
elevated ROS and Caspase activity under metabolic stress. We
observed similar results for Caspase3/7 activity in ERG expressing

COLO320 cells during glucose stress (Fig. S4e). Under basal/
unstressed conditions, we did not observe any significant caspase
activity associated with the silencing of these genes alone
(Fig. S4f). To corroborate our finding in vivo, we used
intermittent short-term fasting (STF) on PCa xenografts as
described previously45,46. We had subjected SCID mice
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(NOD.Cg-Prkdcscid) (The Jackson Laboratory, Bar Harbor, USA)
bearing VCaP control or VCaP PGC1α knockdown xenografts to
STF, as described(details in supplementary methods)
previously46. Although no significant changes in animal body
weight subjected to STF was observed (Fig. S4g). We found that
Caspase3/7 activity increased in PGC1α silenced xenografts as
compared to control which correlated with decreased tumor
growth observed in PGC1α silenced xenograft-containing animals
(Fig. 4h, i). Additionally, the expression of ERG target genes
SOD1, TXN, and PLAT went down in PGC1α silenced xenograft
as compared to control animals under STF (Fig. S4h). Further
tumor growth between VCaP control or VCaP PGC1α knock-
down xenograft animals not subjected to STF were comparable,
indicating that PGC1α’s tumor-promoting function is activated
only under starvation resulting in ERG-mediated ROS clearance
and anti-apoptotic functions in control animals but fails in
absence of PGC1α (Figs. S4i and 4i). We conclude that PGC1α
silenced animals fail to initiate an ERG-mediated antioxidant
response to metabolic stress resulting in ROS-mediated apoptosis
and decreased tumor growth. Our in vitro results during
metabolic stress were further verified using an SIRT1 inhibitor
on VCAP xenografts containing animals. We observed significant
Caspase3/7 staining on xenografts of animals treated with a
combination of STF and SIRT1 inhibitor but not with SIRT1
inhibitor alone indicating SIRT1-PGC1 axis activity only during
metabolic stress (Fig. S4j). Together, our in vivo studies supports
the role of SIRT1 mediated deacetylation of PGC1α resulting in
the coactivation of ERG antioxidant and protumorigenic func-
tions during metabolic stress. Interestingly, we found high
expression of antioxidant genes; SOD1, TXN, LAMTOR5, and
ATOX1 in prostate cancer patients having higher ERG fusion
expression (Figs. 4j and S4k). Multivariant survival analysis
predicts poor survival and higher tumor recurrence of PCa
patients in correlation with high expression of these antioxidant
genes (Figs. 4k and S4l). In conclusion, our study identified the
ERG-PGC1 axis which provides antioxidant functions to PCa
cells undergoing metabolic perturbations.

Discussion
Interestingly metabolic stress including glucose, glutamine, and
serum deprivation has been reported to inhibit PCa growth via
altering the redox balance of cells47–50. Categorically, carbohy-
drate restriction in mouse retarded PCa tumor growth indicates
adaptive glucose metabolism51,52. However, in depth under-
standing of mechanisms maintaining redox balance thereby
providing adaptive benefits under nutrient-deprived state for PCa
is not well understood. Our study on metabolic stress and ERG

fusion-driven antioxidant functions is supportive of PCa meta-
bolic program. We report that PGC1α acts as a coactivator of
ERG fusion during metabolic stress resulting in the activation of
antioxidant target genes of ERG. SIRT1 mediated deacetylation of
PGC1α is necessary for ERG and PGC1α interaction and pre-
vention of ROS-dependent apoptosis. Given high SIRT1 levels
have been associated with PCa initiation, progression, and
metastasis, our study suggests that modulation of SIRT1 can be
an important vulnerability36,37,53.

Our study in PCa is corollary to oncogenic roles of PGC1α
coactivator in various cancers21,32,54,55. Earlier reports suggest
that PGC1α supports PCa progression by activating the PGC1α-
AR program under androgen stimulation21,32. Our results with
AR antagonist flutamide didn’t affect PGC1α mediated transac-
tivation of ERG fusion suggesting an AR independent mechanism
under metabolic stress. Additionally, we observed a synergistic
increase in ERG transcriptional activity upon androgen stimula-
tion in presence of PGC1α but not in its absence; indicating
PGC1α is necessary for transactivation of ERG fusion under
metabolic stress. As reported by others, we anticipate prolonged
androgen stimuli to activate the PGC1α-AR-dependent program
which is absent in our studies and is in support of a low PGC1α
state (basal levels) or AR low environment21,22,32. On the con-
trary, PGC1α has been recently shown to have tumor suppressor
functions in PCa22,23. In this context, the transcription factor
ERRα is reported to cooperate with PGC1α and suppress PCa
metastasis22,23. Interestingly, Torrano et al. report low endogen-
ous levels of PGC1α in basal cellular context while cautioning
about nonbasal conditions like stress to alter expression levels;
which might explain our contradictory observation with respect
to induced endogenous levels of PGC1α under metabolic stress22.
Opposingly, ERRα is reported to form a reciprocal regulatory
loop with ERG fusion which can steer PCa progression56. We
contemplate that the ERRα-PGC1α studies exogenously over-
express PGC1α in ERG fusion negative PC3 and DU145 cells thus
unable to acknowledge ERG fusion’s regulation over ERRα22,23,56.
PGC1α has been reported to alter promoter specificity of various
transcription factors under nonbasal conditions of metabolic
stress27,28,30. We envisage that PGC1α might alter promoter
specificity of ERG during nonbasal conditions thus overriding
ERRα function. Overall, our study highlights a prominent onco-
genic role of the PGC1α-ERG axis during metabolic stress, where
elevated PGC1α levels resulted in a pro-survival response.

In recent years, intermittent caloric restriction in combination
with chemotherapy has gained importance and clinical trials are
being proposed for cancers including PCa with dietary
restrictions57 (NCT02126449, NCT04288336, NCT02710721,

Fig. 3 Physiological role of ERG-PGC1α axis during metabolic stress. a VCaP cells were transfected with either SiRNA Negative control (SiNeg) or SiRNA
Sirt1. Post 24 h of transfection, cells were glucose deprived as indicated, harvested, and subjected to immunoprecipitations using anti- PGC1α antibody.
Western blots were performed for the indicated proteins. b VCaP cells were glucose deprived and subjected to either 0.1% DMSO or 10 μM of Sirt1
inhibitor (EX-527) treatment for 24 h. Cells were harvested and subjected to immunoprecipitations using an anti-ERG antibody, and western blots were
performed for the indicated proteins. c SPP1 luciferase transfected VCaP cells were glucose deprived and subjected to either 0.1% DMSO or 10 μM of SIRT1
inhibitor as indicated. Luciferase assay was performed and relative firefly luciferase activity was plotted. d SPP1 luciferase transfected VCaP cells were
glucose deprived post-ERG transfection and subjected to either 0.1%DMSO or 10 μM of SIRT1 inhibitor as indicated. Luciferase assay was performed and
relative firefly luciferase activity was plotted. e ROS levels in treated cells were measured by FACS analysis after staining with fluorescent dye DCFDA.
f ROS levels of treated cells were measured by flow cytometry after staining with the fluorescent dye DCFDA. g ROS levels in glucose deprived VCaP cells
treated with either 0.1% DMSO or 10 μM of Sirt1 inhibitor were measured by flow cytometry after staining with the fluorescent dye DCFDA. h ROS levels in
treated cells post-transfection with indicated constructs were measured by FACS analysis after staining with fluorescent dye DCFDA. i Relative caspase3/7
activity of glucose-deprived VCaP control or VCAP PGC1α KD stable cells were measured at the indicated time. ROS scavenger; Tiron (5mM) was added
for the last 12 h as indicated. j Relative caspase3/7 activity of glucose-deprived VCaP cells treated with either DMSO or 10 μM SIRT1 inhibitor for an
indicated time were measured. ROS scavenger; Tiron (5mM) was added for the last 12 h as indicated. Experiments were performed as biological triplicates
(mean ± SD). For 3c–j one-way ANOVA with Dunnett’s multiple comparison test used for statistical significance were performed; where ****p < 0.0001,
***p= 0.0001, **p= 0.001, *p= 0.01, n.s not significant.
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NCT04292041, and NCT03478904). The previous finding on
dietary restrictions alone in PCa xenograft-containing mice had
opposing results on survival and tumor growth45,46. Under short-
term fasting, we observed tumor inhibition in mice bearing
PGC1α silenced xenografts in comparison to ones having intact
PGC1α - ERG axis. Our findings on intermittent caloric

restrictions with abolished ERG-PGC1 axis might indicate a
positive outcome for patients with low PGC1α levels.

Oxidative stress has been insinuated into PCa initiation,
aggressiveness, castration resistance, and yet clinical interventions
with antioxidant agents is not very promising58–62. Although
antioxidant genes like SOD3, TXN, and SOD1 has been associated
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with PCa aggressiveness and metastasis, none have shown a direct
relationship with ERG fusion63–65. Our study identified the pre-
viously unknown antioxidant function of ERG fusion under
metabolic stress which is mitigated through its direct transcrip-
tional target genes SOD1 and TXN. We speculate that PCa
initiation under a nutrient-rich environment would show high
ROS levels and cancer growth as reported previously61,62. While
nutrient deficiency at later stages of the disease would activate the
PGC1α-ERG axis for prolonged survival via ROS clearance.

SOD1 and TXN has been previously shown to have a profound
role in the progression of various cancers66,67. We observed that
simultaneous inhibition of SOD1 and TXN genes during meta-
bolic stress caused significant apoptosis in PCa cells. Our study
showed high expression levels of these genes in ERG fusion-
positive PCa patients and their associated survival risk. Given the
recurrence of ERG fusion in ~50% of patients, these newly found
antioxidant functions might provide a therapeutic target for ERG
positive Pca patients2,7. We surmise that PGC1α mediated
coactivation of ERG fusion is largely tumor type and context-
dependent and might be advantageous during the transition to
castration-resistant phenotype.

Methods
Cell lines and culture conditions. We obtained VCaP (ATCC:CRL-2876™) from
ATCC (Manassas, VA). PC3 and Colo320 cells was purchased from the National
center for cell sciences (Pune, India). We cultured PC3 in RPMI medium (Thermo
Fisher Scientific) and Colo320, VCaP cells in DMEM medium (Thermo Fisher
Scientific). We supplemented the growth medium with 10% fetal bovine serum
(Thermo Fisher Scientific), and cells were maintained at 37 °C in 5% CO2 for all
experiments. The identity of all cell lines purchased were confirmed by STR ana-
lysis. All cell lines were determined to be mycoplasma free using the MycoAlert
Plus system and kit (Lonza). For inducing glucose starvation, cells were grown in
glucose-free DMEM (Thermo Fisher Scientific) containing dialyzed FBS (Thermo
Fisher Scientific) and 5 mM glucose (Sigma) as described previously30. Control
cells for starvation experiments were also grown in the same glucose-free DMEM
containing dialyzed FBS and 25 mM glucose for basal conditions. For inducing
serum starvation, cells were grown in serum-free DMEM (Thermo Fisher Scien-
tific). For cold stress, cells were exposed to 4 °C as described previously30.

Compounds, siRNAs, plasmids, and transfections. See Supplementary Table 1
for compounds and siRNAs used in this study. All compounds were dissolved in
DMSO at room temperature except glucose and AICAR that were dissolved in
Phosphate buffered saline. All siRNAs were transfected using RNAi-Max (Thermo
Fisher Scientific). All Plasmids used are listed in Supplementary Table 2. The SPP1
gene promoter with ERG binding site as described previously31; was cloned in the
PGL4.24 luciferase reporter vector (Promega). PGC1alpha shRNAs were cloned in
the pBABE-U6-shRNA plasmid (see Supplementary Table 2). pcDNA3FlagERG
was a gift from Christopher Vakoc (Addgene plasmid # 66977). pcDNA-
f:PGC1alpha, pcDNAflagPGC1alpha (180–797), and pcDNA-f:PGC1b were gifts
from Bruce Spiegelman (Addgene plasmid # 1026, Addgene plasmid # 8943,
Addgene plasmid # 1031). For transgene expression studies, plasmid DNA was
transfected using Lipofectamine 3000 (Thermo Fisher Scientific). We used pur-
omycin (2 µg/ml) to select for stably expressing cells (Thermo Fisher Scientific).

Gene expression. For real-time PCR analysis, total RNA from cells and tumor
tissues were extracted using an RNA extraction kit (Ambion, Life technologies) and
cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad Laboratories) was
performed following the manufacturer’s protocol. qPCR was performed using the
primer sets listed in Supplementary Table 2. Relative gene expression was assessed
using three biological replicas and data are shown as the mean ± SD. 18sRNA was
used as an internal control for all samples.

Immunoblotting and immunoprecipitation analysis. Whole-cell lysates from
cells were prepared using lysis buffer (Thermo Fisher Scientific) supplemented with
protease inhibitor and PhosphoSTOP tablets (Merck Millipore). An equal amount
of total cellular proteins per sample was subjected to SDS–PAGE, transferred to a
PVDF membrane (Merck Millipore) and probed with required antibodies. See
Supplementary Table 3 for antibodies used in this study.

Immunoprecipitations were performed using 500 μg cell extracts as described
previously68 and incubated with antibodies and precleared Protein A/G plus
agarose (Santacruz Biotechnology). Subsequent immunoblots were performed as
described above.

Chromatin Immunoprecipitation analysis. Chromatin immunoprecipitations
were performed using ChIP Kit (Millipore) according to the manufacturer’s
instructions. Briefly, 1 × 107 cells were fixed using 1% formaldehyde and then lysed
using SDS lysis buffer. We incubated 500 µl of sonicated chromatin with either
anti-ERG antibody or normal rabbit IgG antibody overnight at 4 °C followed by 2 h
incubation in Agarose bead Slurry. Precipitated chromatin DNA cross-links were
reversed by incubation at 65 °C for 4 h and immunoprecipitated DNA was ana-
lyzed by qPCR. We normalized values to those derived from normal IgG-
precipitated. qPCR primer sequences for ChIP are listed in Supplementary Table 2.
Fold-enrichment was assessed using three biological replicas of each treatment and
data are shown as the mean ± SD.

Functional assays. For luciferase assays, cells were treated as indicated 24 h post-
transfection. Post experiment, luciferase activity was determined using the Dual
Glo Luciferase Reporter assay system (Promega) as per the manufacturer’s
instruction. The difference in transfection efficiency across samples was normalized
by co-transfecting pRL-TK which expresses Renilla luciferase. Caspase activity was
measured using Caspase Glo 3/7 assay system (Promega) per the manufacturer’s
instruction. For all functional assays, three biological replicas were used and data
were shown as mean ± SD.

ROS generation was measured using CH2- DCFDA (Life Technologies). The
cells were incubated with 10 mM DCFDA at 37 °C for 30 min. The cells were then
harvested and resuspended in culture media. Samples were analyzed by flow
cytometry (BD Biosciences) and data analyzed using Flo Jo software.

Statistics and reproducibility. One-way analysis of variance (one-way ANOVA)
was performed in Prism (GraphPad) using Dunnett’s multiple comparisons test to
correct for multiple comparisons to the same control group; a p value < 0.05 was
considered significant. Brown Forsythe Welch corrections were performed for
variation in SD. Two-way analysis of variance (two-way ANOVA) was performed
in Prism (GraphPad) using Sidak’s multiple comparisons test to correct for mul-
tiple comparisons to the same control group; a p value < 0.05 was considered
significant. All experiments were performed in triplicate and mean ± SD was used
to represent data.

Fig. 4 PGC1α mediated transactivation of ERG fusion revealed novel antioxidant target genes. a Enrichment plot from GSEA was conducted with
datasets of ERG Knockdown (top panel) and ERG overexpression (bottom panel). Plots represent statistically significant enrichment (FDR <0.25) of
“reactive oxygen species pathway” genes. b Heatmap of core enriched genes in “reactive oxygen species pathway” from GSEA analysis as indicated.
c Aligned chromosomal peak regions and enriched ChIP signals (ERG ChIP left and AR ChIP right) in bigwig format were visualized using the UCSC
browser for indicated samples. d ChIP assay performed with either ERG or control IgG antibody on glucose-deprived cells. The fold enrichment of co-
precipitating DNA was determined by qPCR for indicated promoters. e VCaP control or VCAP PGC1α KD cells treated for 24 h. Relative transcript levels of
indicated genes were analyzed using qRT-PCR. f ROS levels of treated VCaP cells were measured by flow cytometry after staining with the fluorescent dye
DCFDA. g Relative caspase3/7 activity of treated VCaP cells were measured. h Representative cleaved-caspase3 staining (20X top, 40X bottom) in VCaP
control and VCaP PGC1α KD xenograft following STF on day 21. i VCaP (control) and VCaP(PGC1α KD) xenograft tumor volume (mm3) following STF on
days 4, 21, and 42. Lines indicate the mean ± SD (n= 6 per group). j Violin plots for transcript level in PRAD patient data set (TCGA targeted GTEx) were
accessed using the Xena browser. Data were Z-score normalized and p value calculated using Welch’s t-test. k Kaplan–Meier curves for survival probability
of TCGA PRAD data separated into high- and low-risk groups. Survival analysis was performed using Surv Express software. Experiments were performed
as biological triplicates (mean ± SD). Two-way ANOVA with multiple comparison tests used for statistical significance of 4e. For 4 d, f, g, i one-way
ANOVA with Dunnett’s multiple comparison test used for statistical significance were performed; where ****p < 0.0001, ***p= 0.0001, **p= 0.001,
*p= 0.01, n.s not significant.
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The following datasets are used for GSEA analysis GSE16671, GSE110656, GSE14595;
GSE164859. For ChIP-sequencing data analysis GSE110655, GSE14092, and GSE28950
were used. All datasets used for the study are listed in Supplementary Table 4. Details of
methods and tools used are described in Supplementary Methods. All raw data used in
the study are provided in Supplementary Data 1 and Supplementary Data 2. Other online
tools like UCSC XENA browser used TCGA PRAD and GTex data, SURV express used
TCGA prostate cancer and GSE40272 datasets.
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