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ABSTRACT
Since altered energy metabolism is a hallmark of cancer, many drugs targeting metabolic pathways are in
active clinical trials. The tumor suppressor p53 is often inactivated in cancer, either through
downregulation of protein or loss-of-function mutations. As such, stabilization of p53 is considered as one
promising approach to treat those cancers carrying wild type (WT) p53. Herein, SIRT1 inhibitor Tenovin-1
and polo-like kinase 1 (Plk1) inhibitor BI2536 were used to stabilize p53. We found that both Tennovin-1
and BI2536 increased the anti-neoplastic activity of metformin, an inhibitor of oxidative phosphorylation,
in a p53 dependent manner. Since p53 has also been shown to regulate metabolic pathways, we further
analyzed glycolysis and oxidative phosphorylation upon drug treatments. We showed that both Tennovin-
1 and BI2536 rescued metformin-induced glycolysis and that both Tennovin-1 and BI2536 potentiated
metformin-associated inhibition of oxidative phosphorylation. Of significance, castration-resistant prostate
cancer (CRPC) C4-2 cells show a much more robust response to the combination treatment than the
parental androgen-dependent prostate cancer LNCaP cells, indicating that targeting energy metabolism
with metformin plus p53 stabilizers might be a valid approach to treat CRPC carrying WT p53.
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Introduction

Altered cancer metabolism, called “Warburg effect,” has been
heavily studied ever since its discovery1 and is now considered
as one hallmark of cancer.2,3 Instead of relying on oxidative
phosphorylation by mitochondria as the cells in normal differ-
entiated tissue, cancer cells rely on aerobic glycolysis to support
a high rate of proliferation.4 Consequently, drugs targeting dif-
ferent steps of glycolytic pathway have been developed for
treatment of different kinds of cancers, including inhibitors
against pyruvate kinase isoform M2 (PKM2), phosphofructose-
kinase (PFK), lactate dehydrogenase (LDH) and more.5,6

Several signaling pathways have established roles in regulat-
ing metabolic pathways, offering additional targets against
altered cancer metabolism.7 As a tumor suppressor, p53 has
long been studied for its involvement in DNA damage check-
point response and hypoxia.8-10 Recently, p53 has also been
shown to regulate several energy metabolism pathways, includ-
ing both glycolysis and mitochondrial respiration.11,12 To sup-
port, activation of p53 suppresses glycolysis through directly or
indirectly inhibiting the transcription of several factors that are
important in the glycolytic pathway, including glucose trans-
porter type 1 (GLUT1), GLUT4, PFK1 and phosphoglycerate
mutase (PGM) and other enzymes in glycolytic pathway.12-15

Since wild type (WT) p53 could induce apoptosis, cancer
cells use different ways to inactive p53, such as downregulation
of protein level or loss-of function mutations.16-18 Despite the
high rate of p53 mutations in different kinds of cancers,19,20

some cancers do harvest WT p53. For example, p53 is not
mutated in the majority of melanomas18 and prostate cancer,
especially in the early stage of the disease.21 Thus, reactivation
of p53 would provide a promising strategy in treating those
cancers that harvesting WT p53. Although drugs developed to
directly activate p53 are not successful, different kinds of p53
stabilizers have been developed by targeting the p53-associated
pathways.22-24 DNA damage induces the stabilization of p53 in
a phosphorylation and acetylation dependent manner.25-27

Acetylation of p53 is a major mechanism to control the stability
of p53.28,29 Accordingly, Tenovin-1 activates p53 by inhibiting
sirtuin family histone deacetylases (HDACs), SIRT1 and
SIRT2, leading to increased p53 acetylation thus its stabiliza-
tion.30 Mitotic kinase Plk1 is another established antagonist of
p53 as Plk1 inhibition results in p53 activation.31-33 Inhibition
of Plk1 activity also leads to an increase in p53 protein level.34,35

Interestingly, Plk1 inhibition by either knock down or small
molecule inhibitor decreased the glycolysis rate.36

Metformin, a drug widely used for type II diabetes, has
recently gained interests in treating cancer. Diabetes patients
treated with metformin had decreased risk of different kinds of
cancers.37 Metformin directly inhibits mitochondrial respira-
tion, thus increased glycolysis rates.38 It has also been shown
that Metformin works synergistically with MAPK pathway
inhibitor trametinib inhibiting tumor growth in NRAS mutant
cancer.39 Interestingly, combination of metformin and mTOR
pathway inhibitor rapamycin leads to cancer cell apoptosis
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under chemotherapy but protect normal cells in low glucose
condition.40

Previous work in our lab has shown that inhibition of Plk1
with BI2536 sensitized p53 WT prostate cancer to metformin
treatment in a p53-dependent manner.41 Since BI2536 treat-
ment leads to stabilization of p53, here we tested whether Teno-
vin-1 can also work with metformin or other p53 stabilizers to
inhibit the growth of cancer cells carrying WT p53.

Results

Co-treatment of SIRT1 inhibitor Tenovin-1 with DNA
damage agent doxorubicin or Plk1 inhibitor BI2536
resulted in increased cell death in p53 WT cancer cell lines

DNA damage has long been known to induce stabilization of
p53, leading to activation of DNA damage checkpoint.25-27

Tenovin-1 increases the p53 protein level through inhibiting
SIRT1 and SIRT2 HDACs, thus increased acetylation of p53
that stabilizes the protein.30 Plk1 is a negative regulator of p53.
Thus, small molecule inhibition of Plk1 with BI2536 also leads
to an increased level of p53 protein.41 To further understand
the anti-neoplastic activity of Tenovin-1, we first tested which
class of HDACs might deacetylate Plk1. A375 cells were treated
with TSA (trichostatin A), an inhibitor of HDAC I and II, or
NAM (nicotinamide), an inhibitor of the SIRT family deacety-
lases, either alone or together. The lysates were then enriched
by anti-Plk1 immunoprecipitation (IP), followed by immuno-
blotting (IB) against acetylated lysine. As indicated, there was
an increased level of acetylation of Plk1 upon TSA treatment
but not NAM treatment alone (Fig. 1A), suggesting that HDAC
I and II are HDACs that are likely responsible for the deacetyla-
tion of Plk1 but not the SIRT family HDACs. We noticed that
there is less acetylation of Plk1 upon inhibition of all HDAC
families, compared with the TSA-treated sample alone
(Fig. 1A). The underlying mechanism behind this observation
awaits further investigation. Since Tenovin-1 inhibits the SIRT
family of HDACs, it would not directly affect the acetylation
status of Plk1. We then asked whether Tenovin-1 treatment
affects Plk1 protein level. For that purpose, A375 cells were
treated with Tenovin-1 for 24 hours and harvested. Tenovin-1
treatment resulted in obvious stabilization of p53 as expected,
accompanying with a sharp decrease in Plk1 protein level
(Fig. 1B). This result is consistent with the previous finding
that p53 negatively regulates Plk1 protein level.42 Next, we
asked whether combination of different p53 activators led to
cell death in a synergistic manner in A375, a melanoma cell
line carrying WT p53. Combination of a DNA damage agent
doxorubicin with Tenovin-1 caused increased p53 protein level
and cell death as indicated by p53 and cleaved-PARP IB
(Fig. 1C). Further, combination of BI2536 with Tenovin-1 led
to increased p53 acetylation and protein level as well as
increased cell death (Fig. 1C). Similar experiments were
repeated in LNCaP and C4-2, prostate cancer cell lines carrying
WT p53. Combination of BI2536 and Tenovin-1 also led to
increased p53 level, as well as increased cell death in a synergis-
tic manner (Fig. 1D, E). In striking contrast, combination of
Tenovin-1 and BI2536 did not induce increased cell death in
p53-null prostate cancer cell line PC3 (Fig. 1F). These data

suggest that these p53 activators act synergistically to induce
cell death in a p53-dependent manner. We further tested
whether Plk1 status affects Tenovin-1-induced cell death in a
different approach. For that purpose, LNCaP and C4-2 (derived
from LNCaP but androgen-independent) cells were infected
with lentivirus to deplete Plk1, followed by treatment with
Tenovin-1. Loss of Plk1 potentiated Tenovin-1-associated cell
death in both cell lines (Fig. 1G, H). To test whether p53 status
affects the efficacy of Plk1 inhibition, we depleted p53 with len-
tivirus-based shRNA approach. Depletion of p53 clearly antag-
onized BI2536-associated cell death in both LNCaP and C4-2
cells (Fig. 1I, J), indicating that p53 status is critical in the effi-
cacy of BI2536.

Co-treatment of Tenovin-1 and metformin caused
increased cell death in p53 WT cancer cells

Our lab has previously shown that combination of Plk1 inhibi-
tor BI2536 and mitochondrial respiration inhibitor metformin
leads to increased cell death in prostate cancer cell line LNCaP
and C4-2.41 Since p53 plays a critical role in BI2536-induced
cell death, and Plk1 inhibition has been shown to stabilize p53
protein, we tested whether other p53 activators also work syn-
ergistically with metformin in inducing cell death. Accordingly,
LNCaP and C4-2 cells were treated with metformin and Teno-
vin-1 either alone or together and harvested. Upon combina-
tion of the two drugs, a significant increase of cell death was
observed in both cell lines as indicated by cleaved-PARP IB
(Fig. 2A, B), suggesting that Tenovin-1 can also potentiate met-
formin-induced cell death. We also performed colony forma-
tion assays using LNCaP cells treated with Tenovin-1 and
metformin. Again, the combination of the two drugs signifi-
cantly decreased the colony formation ability of LNCaP cells
(Fig. 2F). However, combination of the two drugs did not lead
to any increased cell death in p53-null (PC3) and p53-mutant
(DU145) prostate cancer cells (Fig. 2C), suggesting that the
synergistic effect of Tenovin-1 and metformin might also
depend on WT p53, as reported for the synergistic effect of
BI2536 and Metformin. To further test this concept, LNCaP
and C4-2 cells were depleted of p53, then treated with Teno-
vin-1 and metformin. Upon p53 knock down, Tenovin-1 plus
metformin no longer induced increased cell death compared
with single drug treatment (Fig. 2D, E), suggesting that the syn-
ergistic effect of Tenovin-1 and metformin is indeed p53
dependent.

Glycolysis and oxidative phosphorylation are inhibited
upon treatment with Tenovin-1 and metformin

Since p53 and metformin are involved in metabolism regula-
tion, it is possible that combination of Tenovin-1 and metfor-
min leads to more severe defects in metabolism pathways that
are important for energy production, eventually causing
increased cell death. Accordingly, we first examined the glucose
consumption and lactate production of LNCaP and C4-2 cells
upon either single drug treatment or combination by measur-
ing the glucose and lactate concentrations in the medium. As
expected, metformin treatment induced increased glucose con-
sumption and lactate production in both LNCaP and C4-2 cells
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(Fig. 2G-J). Tenovin-1 treatment alone did not significantly
affect glucose production and lactate production. However,
cells treated with Tenovin-1 plus metformin have reduced glu-
cose consumption and lactate production compared with cells
treated with metformin alone (Fig. 2G-J), suggesting that Teno-
vin-1 treatment partially rescued the increased glycolysis
induced by metformin treatment.

Since aerobic glycolysis and mitochondrial oxidative phos-
phorylation are two major pathways that cells use to produce
enough energy for survival, we decided to test the glycolysis
ability and mitochondrial function more carefully using Sea-
horse XF extracellular Flux Analyzer. Accordingly, LNCaP or
C4-2 cells in microplates were treated with either single drug or
combination for 24 hours, and subjected to the protocols to

examine glycolysis and mitochondria function by glycolysis
stress test (GST) and mitochondria stress test (MST), respec-
tively. For GST, cells were incubated in GST medium for
1 hour, then extracellular acidification rate (ECAR) were mea-
sured as graphed (Fig. 3A, C). Data were analyzed by using
stress test report generator from Seahorse Bioscience. Consis-
tent with our glucose and lactate measurement described in
Figure 2, metformin increased glycolysis rate, while Tenovin-1
treatment led to a slightly decrease in glycolysis rate. Of signifi-
cance, combination of metformin and Tenovin-1 led to a signif-
icant decrease in glycolysis rate compared with cells treated
with metformin alone (Fig. 3B, D). Of note, metformin treat-
ment led to a decrease in glycolytic capacity in LNCaP cells but
did not have any effect in C4-2 cells. However, Tenovin-1

Figure 1. Combination of different p53 activators led increased cell death in cancer cells carrying WT p53. (A) Plk1 was acetylated by HDAC I/II but not SIRT family deace-
tylases. A375 cells were treated with either NAM (N) or TSA (T) alone or both, and harvested 24 hours post-treatment for anti-Plk1 IP, followed by IB against acetylated
lysine. (B) Inhibition of SIRT deacetylases led to increased p53 level and decreased Plk1 level. A375 cells were treated with tenovin-1 for 24 hours, harvested for IB against
Plk1 and p53. Lysates were also subjected to anti-Plk1 IP, followed by IB. (C) Combing Plk1 inhibitor or DNA damage agent with SIRT inhibitor led to an increase of cell
death in A375 cells. A375 cells were treated with BI2536 or doxorubincin either alone or with Tenovin-1 for 24 hours, and harvested for IB with antibodies indicated. (D,
E) Plk1 inhibitor and SIRT inhibitor together induced an increase of cell death in p53-positive LNCaP and C4-2 cells. Cells were treated with BI2536 or Tenovin-1 alone or
together for 24 hours, and harvested for IB. (F) Plk1 inhibitor plus SIRT inhibitor did not induce an increase of cell death in p53-null PC-3 cells. Cells were treated with
BI2536 or Tenovin-1 alone or together for 24 hours, and harvested for IB. (G, H) Knock-down of Plk1 sensitized p53-positive cancer cells to Tenovin-1. LNCaP (G) and C4-2
(H) were treated with either control or Plk1-shRNA lentivirus for 2 days, incubated with Tenovin-1 for 24 hours, and harvested for IB. (I, J) Knock-down of p53 antagonized
BI2536-induced cell death. LNCaP (I) and C4-2 (J) cells were treated with either control or p53-shRNA lentivirus for 2 days, incubated with BI2536 for 24 hours, and har-
vested for IB.
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treatment led to a significant decrease of glycolytic capacity in
both LNCaP and C4-2 cells (Fig. 3B, D). Further, combination
of the two drugs did not have a very significant effect on

glycolytic capacity in C4-2 cells compared with Tenovin-1
treatment alone, while in LNCaP cells it led to a slightly
increase in glycolytic capacity compared with cells treated with

Figure 2. Combination of Tenovin-1 and metformin led to increased cell death in prostate cancer cells in a p53 dependent manner (A, B) Combination of Tenovin-1 and
metformin induced an increased cell death in LNCaP and C4-2 cells. Cells as indicated were treated with either metformin or Tenovin-1 alone or together for 24 hours,
and harvested for IB. (C, D) Metformin plus Tenovin-1 did not induce an increase of cell death in p53-negative prostate cancer cells. PC-3 (p53-null) and DU145 (p53
mutant) cells were treated with indicated drugs for 24 hours and harvested. (D, E) No increased cell death with metformin plus Tenovin-1 in LNCaP and C4-2 cells upon
p53 depletion. Cells were depleted of p53 with lentivirus-based shRNA, treated with indicated drugs for 24 hours, and harvested. (F) Combination of Tenovin-1 and met-
formin led to significantly decreased colony formation. LNCaP cells were seeded in 6-well plates and treated with indicated drug(s) for 1 month, with medium changing
and drug treatment every 3 days. Cells were fixed with formalin and stained with crystal violet. (G to J) Tenovin-1 treatment antagonized metformin-induced increased
glycolysis. After LNCaP (G, H) and C4-2 (I, J) cells were cultured in 6-well plates and treated with indicated drug(s) for 24 hours, medium were harvested for glucose and
lactate measurement. Relative glucose consumption rate and lactate production rate were calculated.
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Tenovin-1 alone. For glycolytic reserve, the parameter stands
for how much glycolytic activity the cells do not use compared
with the full glycolytic capacity, combination treatment led to
complete abolishment in both cell lines (Fig. 3B, D). These
analyses suggest that metformin treatment leads to increase of
glycolysis rate in cells, but it does not interfere with the glyco-
lytic pathway components directly. In contrast, Tenovin-1 is
able to directly interfere with the glycolytic pathway compo-
nents since it leads to a decrease in glycolytic capacity. There-
fore, the effect of combination of two drugs on glycolytic
pathway components (indicated by glycolytic capacity) was
very similar to Tenovin-1 treatment alone although the combi-
nation led to decreased glycolysis rate compared with metfor-
min treatment alone.

Since both Tenovin-1 and metformin have been implicated
in the regulation of mitochondrial function, we also tested
whether combination of two drugs would affect mitochondrial
function using MST. Accordingly, LNCaP and C4-2 cells were
incubated in MST medium for 1 hour, followed by measure-
ment of oxygen consumption rate (OCR) as graphed (Fig. 4A,
C). Metformin treatment led to impair of mitochondrial func-
tion in both LNCaP and C4-2 cells, as indicated by reduced
mitochondria basal activity, spare respiratory capacity, proton
leak, and ATP production rate (Fig. 4B, D). However, to our
surprise, Tenovin-1 treatment also led to a significant decrease
in mitochondrial function in both cell lines (Fig. 4B, D), sug-
gesting that Tenovin-1 has an undiscovered effect on inhibiting
mitochondrial function. Combination of the two drugs led to a
moderate decrease in mitochondrial function in LNCaP cells
(Fig. 4B), but resulted in a more significant decrease of mito-
chondrial function in C4-2 cells (Fig. 4D). These data suggest
that Tenovin-1 and metformin act synergistically to inhibit the
mitochondrial function, especially for castration-resistant pros-
tate cancer cells.

Glycolysis and oxidative phosphorylation are inhibited
upon co-treatment with BI2536 and metformin

Previous work in the lab has shown that upon combination of
BI2536 and metformin, BI2536 rescues metformin-induced
increased glucose consumption, which may be one reason to
cause the increased cell death. We also used the Seahorse XFe24

Extracellular Flux Analyzer to test the glycolysis and mitochon-
drial function upon the combination of these two drugs. After
cells were treated with indicated drugs for 24 hours, both GST
(Fig. 5A, C) and MST (Fig. 6A, C) were performed to examine
glycolysis and mitochondrial function in these cells, respec-
tively. Compared with Tenovin-1 treatment alone, BI2536
induced a more dramatic decrease of glycolysis rate in LNCaP
and C4-2 cells (Fig. 5B, D). BI2536 treatment also led to a more
dramatic decrease in glycolytic capacity, similar to Tenovin-1
treatment (Fig. 5B, D). Moreover, BI2536 antagonized metfor-
min-induced elevation of glycolysis rate, as combination of the
two drugs caused a decrease in glycolytic capacity in C4-2 cells,
but not LNCaP cells (Fig. 5B, D). For MST, BI2536 alone par-
tially inhibited oxidative phosphorylation. Significantly, BI2536
clearly potentiated metformin-associated inhibition of mito-
chondrial function in both cell lines, with a much more dra-
matic effect in C4-2 cells (Fig. 6B, D).

Discussion

Activation of the tumor suppressor p53 in cancer carrying WT
p53 has been considered as one promising approach to induce
cancer cell death. Although targeting p53 protein itself meets
with many difficulties, targeting p53- related pathways has
been effective in inducing p53, such as DNA damage agents,
inhibitors of proteins that antagonize p53 stability.23,28-30 The
mitotic kinase, Plk1, has been shown as a negative regulator of
p53, both directly or indirectly.43 Acetylation of p53 also leads
to its stabilization with SIRT1 as the deacetylase that destabil-
izes p53.28 Tenovin-1 has been shown to promote p53 activa-
tion by inhibiting SIRT1.30 In this study, we first tested whether

Figure 3. Tenovin-1 antagonized metformin-induced glycolysis in LNCaP and C4-2
cells. (A, C) ECAR under single or both drug treatment was measured by Seahorse
XFe24 analyzer. Cells were seeded in XFe24 cell culture microplates, treated with
metformin, Tenovin-1 or both for 24 hours, and subjected to the protocol for gly-
colysis tolerance test in which glucose, oligomycin and 2-deoxyglucose (2-DG)
were added at the time points indicated. (B, D) Calculated glycolysis rates,
glycolysis capacity and glycolytic reserve.
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combing of different p53 activators would lead to increased cell
death in p53 WT cancer cells. DNA damage agent doxorubicin
or Plk1 inhibitor BI2536, when combined with Tenovin-1,
indeed led to more severe apoptosis in melanoma and prostate
cancer cells, and such a synergistic effect is apparently p53
dependent (Fig. 1).

Cancer cells tend to have altered energy metabolism with
elevated glycolysis. It has been established that p53 inhibits gly-
colysis and promotes oxidative phosphorylation at the same
time. As such, reactivation of p53 with small molecule chemi-
cals is predicted to inhibit glycolysis, thus potentiating the anti-
neoplastic activity of metformin, an inhibitor of oxidative phos-
phorylation. We recently reported that BI2536 and metformin
act synergistically to cause prostate cancer cell death in a p53
dependent manner. We aimed to test whether Tenovin-1,
another p53 activator, could also have the similar effect when
combining with metformin. We found that Tenovin-1 plus
metformin indeed led to a synergistic increase in prostate can-
cer cell death in a p53 dependent manner (Fig. 2A-F).

Since both p53 activators and metformin regulate metabolic
pathways, we analyzed the glycolysis and mitochondrial func-
tion in detail using a Seahorse XF Extracellular Analyzer.

Following GST, we showed that metformin induced an
increased glycolysis rate but a moderate decrease in glycolysis
capacity, and that both Tenovin-1 and BI2536 led to decreased
glycolysis rates and glycolytic capacity. Consequently, combi-
nation of p53 activators antagonized metformin-associated
high rate of glycolysis and led to moderate decrease in glyco-
lytic capacity as well (Fig. 3B, D, 5B, D). Following MST, we
showed that metformin inhibited mitochondrial function, con-
sistent with previous work. However, to our surprise, we found
that both Tenovin-1 and BI2536 resulted in some degree of
mitochondrial inhibition. Whether this interesting observation
depends on activation of p53 needs further investigation in the
future. Of significance, combination of p53 activators Tenon-
vin-1 or BI2536 with metformin led to significant inhibition of
mitochondrial function (Fig. 4B, D, 6B, D). Furthermore, the
synergistic effect is clearly much more robust in castration-
resistant prostate cancer C4-2 cells than their parental andro-
gen-dependent LNCaP cells, suggesting a novel approach to
treat CRPC.

Combining data from GST and MST, we hypothesized that
the synergistic effect of p53 activators with metformin might be
due to inhibition of two important energy production pathways

Figure 4. Tenovin-1 potentiated metformin-induced impair of mitochondrial function in C4-2 but not in LNCaP cells. (A, C) OCR under single or both drug treatment was
measurement by Seahorse XFe24 analyzer. Cells were seeded in XFe24 cell culture microplates, treated with metformin, Tenovin-1 or both for 24 hours, and subjected to
the protocol for mitochondria tolerance test in which oligomycin, FCCP and Rotenone/antimycin A were added at the time points indicated. (B, D) Calculated basal
respiratory rate, spare respiratory capacity, proton leak and ATP production.
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at the same time. Metformin causes inhibition of the mitochon-
drial function,38 so cells have to rely more on the glycolysis
pathway for survival. Since both Tenovin-1 and BI2536 lead to
inhibition of glycolysis and mitochondrial function, their com-
binations with metformin will completely block energy produc-
ing pathways at the same time, eventually increasing cell death
significantly (Fig. 7).

In summary, our study suggests that p53 activators are effi-
cient in inducing cancer cell death when combined with mito-
chondrial inhibitor metformin. Our finding is particularly
relevant to prostate cancer as CRPC is considered non-curable
at this moment.

Materials and methods

Cell culture, lentivirus-based shRNA

A375 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma) supplemented with 10% Fetal
Bovine Serum (FBS), L-glutamine (Sigma) and 100 units/ml
penicillin, 100 units/ml streptomycin in 5% CO2 incubator at
37�C. LNCaP and C4-2 cells were cultured in RPMI 1640
Medium (Sigma) supplemented with 10% FBS and 100 units/
ml penicillin, 100 units/ml streptomycin in 5% CO2 incubator
at 37�C. The lentivirus vectors containing Plk1 or p53 shRNA
were co-transfected with pHR’-CMV-D8.20 vpr and pHR’-
CMV-VSV-G into 293T cells using polyJet transfecting
reagents (Signagen). After supernatants were harvested every
12 hours, lentivirus were concentrated using ultracentrifuge.
10 mM Hepes and 10mg/ml polybrene were added together
with lentivirus to reduce toxicity and increase infection
efficiency.

Chemicals

BI2536 was purchased from Symansis NZ Ltd, New Zealand.
Tenovin-1 was purchased from Santa Cruz. Metformin and
doxorubicin hydrochloride were purchased from Sigma.

Antibodies

Plk1 (sc-17783) and p53 antibodies were purchased from Santa
Cruz. Antibodies against acetylated-lysine (9441s), acetylated-
p53 (2565s) and p-s6 (4858s) were purchased from Cell Signal-
ing. Cleaved-PARP antibody (ab3565) was obtained from EMD
Millipore.

Immunoblotting (IB) and immunoprecipitation (IP)

Cells were treated with corresponding drugs, followed by steps
described before. Briefly, cells were transferred into 1.5 ml tube
after scraping from the plates, centrifuged at 2,000 rpm for
2 min, washed with PBS, and re-suspended in TBSN buffer
with 150 mM NaCl. Upon sonication to break the cells, cells
were centrifuged at 14,000 rpm for 10 mins. Supernatants were
collected, mixed with the SDS loading buffer and boiled at
95�C for 5 mins. Samples were resolved on SDS-PAGE, trans-
ferred to PVDF membrane, and subjected to a standard IB pro-
tocol. For IP, enough antibodies were added into 1 mg cell
lysates and incubated at 4�C overnight, followed by incubation
with protein A/G plus-Agarose beads for 1 hour at 4�C. IP pel-
lets were washed three times with TBSN buffer with 500 mM
NaCl, three times with TBSN buffer with 150 mM NaCl, and
subjected for IB steps described above.

Colony formation

LNCaP cells were seeded in 6-well plates (500 cells/well) and
treated with indicated drug(s) for 1 month, with medium
changing and drug treatment every 3 days. Cells were then
fixed with 10% formalin, and stained with 0.5% crystal violet,
followed by PBS wash three times.

Figure 5. BI2536 antagonized metformin-induced glycolysis in LNCaP and C4-2
cells. (A, C) ECAR under single or both drug treatment was measured by Seahorse
XFe24 analyzer. Cells were seeded in XFe24 cell culture microplates, treated with
metformin, BI2536 or both for 24 hours, and subjected to the protocol for glycoly-
sis tolerance test in which glucose, oligomycin and 2-DG were added at the time
points indicated. (B, D) Calculated glycolysis rates, glycolysis capacity and glycolytic
reserve.
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Glucose consumption and lactate production
measurement

Indicated cells were cultured in 6-well plates and treated
with corresponding drugs. After one day treatment, a por-
tion of medium in each well was taken out and diluted
50 times, glucose and lactate concentrations in the culture
medium and original medium (not cultured with cells) were
measured using Glucose Assay kit and Lactate Assay kit
from Eton Bioscience Inc. Cell numbers in each well were
counted using TC-20 cell counter from Bio-Rad. Glucose
consumption was calculated based on the difference of glu-
cose concentrations in the original medium versus the cul-
tured medium, normalized to cell numbers in
corresponding wells. Lactate production was calculated
based on the difference of lactate concentrations in cultured
medium vs. original medium, normalized to cell numbers
in corresponding wells. Relative glucose consumption and
lactate production rates were calculated by normalization of
each treatment to control group.

Seahorse analysis

LNCaP and C4-2 Cells were seeded in XFe24 cell culture micro-
plates in RPMI 1640 medium (10% FBS with antibiotics). After
overnight incubation, cells were treated with corresponding
drug(s) for 24 hours. 12 hours before analysis, cartridges were
hydrated in calibrant buffer in a non-CO2 incubator at 37�C.
Before subjected to seahorse analysis, cells were washed with
corresponding medium for three times and incubated in corre-
sponding medium in a non-CO2 incubator for 1 hour. For
GST, GST medium was prepared by supplementing XF base
Medium with 2 mM glutamine, warmed to 37�C in water bath
and adjust pH to 7.4. Glucose, Oligomycin and 2-DG from the
XF Glycolysis Stress Test Kit were diluted into designed con-
centrations (Glucose: 80mM, Oligomycin: 9mM, 2-DG:
500 mM) and added into corresponding ports of cartridge.
After calibration of the cartridge, cells went through GST. For
MST, MST medium was prepared by supplementing XF base
Medium with 2 mM glutamine, 1 mM pyruvate and 10 mM
glucose, warmed to 37�C in water bath and adjust pH to 7.4.

Figure 6. BI2536 potentiated metformin-induced impair of mitochondrial function in both LNCaP and C4-2 cells. (A, C) OCR under single or both drug treatment was mea-
surement by Seahorse XFe24 analyzer. Cells were seeded in XFe24 cell culture microplates, treated with metformin, BI2536 or both for 24 hours, and subjected to the pro-
tocol for mitochondria tolerance test in which oligomycin, FCCP and Rotenone/antimycin A were added at the time points indicated. (B, D) Calculated basal respiratory
rate, spare respiratory capacity, proton leak and ATP production.
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Oligomycin, Carbonyl cyanide-4-(trifluoromethoxy) phenylhy-
drazone (FCCP) and Retenone/antimycin A from the XF Gly-
colysis Stress Test Kit were diluted into designed
concentrations (Oligomycin: 8 mM, FCCP: 9 mM, Retenone/
antimycin A: 5 mM) and added into corresponding ports of
cartridge. After calibration of the cartridge, cells went through
MST.
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