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Metformin potentiates the effects of paclitaxel in endometrial
cancer cells through inhibition of cell proliferation and
modulation of the mTOR pathway.!
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Abstract

Objectives—To examine the effects of combination therapy with metformin and paclitaxel in
endometrial cancer cell lines.

Methods—ECC-1 and Ishikawa endometrial cancer cell lines were used. Cell proliferation was
assessed after exposure to paclitaxel and metformin. Cell cycle progression was assessed by flow
cytometry. hnTERT expression was determined by real-time RT-PCR. Western immunoblotting
was performed to determine the effect of metformin/paclitaxel on the mTOR pathway.

Results—Paclitaxel inhibited proliferation in a dose-dependent manner in both cell lines with
ICsq values of 1-5 nM and 5-10 nM for Ishikawa and ECC-1 cells, respectively. Simultaneous
exposure of cells to various doses of paclitaxel in combination with metformin (0.5 mM) resulted
in a significant synergistic anti-proliferative effect in both cell lines (Combination Index <1).
Metformin induced G1 arrest in both cell lines. Paclitaxel alone or in combination with metformin
resulted in predominantly G2 arrest. Metformin decreased hTERT mRNA expression while
paclitaxel alone had no effect on telomerase activity. Metformin stimulated AMPK
phosphorylation and decreased phosphorylation of the S6 protein. In contrast, paclitaxel inhibited
AMPK phosphorylation in the ECC-1 cell line and induced phosphorylation of S6 in both cell
lines. Treatment with metformin and paclitaxel resulted in decreased phosphorylation of S6 in
both cell lines but only had an additive effect on AMPK phosphorylation in the ECC-1 cell line.

Conclusions—Metformin potentiates the effects of paclitaxel in endometrial cancer cells
through inhibition of cell proliferation and modulation of the mTOR pathway. This combination
may be a promising targeted therapy for endometrial cancer.
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INTRODUCTION

Endometrial cancer is the fourth most common cancer among women in the United States,
and the death rate from this disease has alarmingly increased by 227% over the past ten
years, paralleling the rise in the obesity epidemic. Type | or those tumors of endometrioid
histology comprise 70-80% of cases and are thought to arise in part from unopposed
estrogen stimulation, either endogenous or exogenous. Women who develop these tumors
are typically peri- or post-menopausal and often have risk factors such as obesity,
hyperlipidemia, diabetes mellitus and insulin resistance, polycystic ovarian syndrome
(PCOS) and hypertension. Obesity, which increases bioavailable estrogen levels by
enhancing the conversion of androstenedione to estrone in peripheral adipose tissue, is a
well-established risk factor for developing type | endometrial cancer and has been estimated
to account for up to 40-90% percent of type | endometrial cancer cases (1-3). Diabetes and
insulin resistance have also emerged as independent risk factors for endometrial cancer (4—
7) and have been linked to a 2-3 fold increased risk of developing this disease.

Metformin is a biguanide drug that is widely used for the treatment of type Il diabetes. It is
commonly thought of as an insulin sensitizer because it enhances signaling through the
insulin receptor, leading to an improvement in insulin resistance, followed by a reduction in
circulating insulin levels. More recently, evidence suggests that metformin’s key target of
action is the inhibition of hepatic gluconeogenesis (8), resulting in a secondary decline in
insulin levels. Metformin inhibits complex I activity in the mitochondria (9). This leads to
activation of its downstream target, AMPK, which regulates multiple signaling pathways
controlling cellular proliferation, including inhibition of the mTOR pathway (10). AMPK
regulates energy metabolism and is activated in response to cellular stresses that deplete
cellular energy levels and increase the AMP/ATP ratio (10). AMPK functions to detect
cellular energy and ensure that cell division only proceeds if there are sufficient metabolic
resources to support proliferation. Once activated, AMPK restores cellular energy levels by
stimulating catabolic pathways, such as glucose uptake, glycolysis and fatty acid oxidation
and halting ATP-consuming processes such as fatty acid, cholesterol and protein synthesis.

AMPK activation leads to regulation of multiple downstream pathways involved in the
control of cellular proliferation, including inhibition of the mTOR pathway. Given the
interrelationship between these two pathways, metformin is thought to behave as a novel
mTOR inhibitor and has been shown to dramatically decrease proliferation in a number of
different human cancer cell lines in vitro (11-14). As demonstrated in our previous work in
endometrial cancer cell lines, metformin-mediated AMPK activation decreases cell growth
through inhibition of mMTOR and a decrease in phosphorylation of its downstream target, S6
(11). This ultimately results in the inhibition of translation and critical mRNAs involved in
cell cycle progression (13, 15). Treatment with metformin has also been shown to
effectively repress tumor growth in xenograft animal models of breast, prostate and colon
cancer (16-18).

Recent epidemiological evidence suggests that metformin lowers all cancer risk and reduces
cancer incidence and deaths among diabetic patients (19-21). Furthermore, a recent
retrospective cohort study of diabetic patients with early stage breast cancer found that those
women receiving metformin and adjuvant chemotherapy had a higher response rate (22).
This has led to the idea that metformin may have a role in cancer treatment and prevention.
Multiple Phase I-111 clinical trials are ongoing, most notably in breast cancer, to further test
metformin’s effects (23, 24).

mTOR inhibitors have shown their efficacy in enhancing the effects of chemotherapeutics
agents in various malignancies (25-29). We have recently demonstrated that the mTOR
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inhibitor, rapamycin, potentiates the anti-proliferative effects of paclitaxel in endometrial
cancer cell lines (30). Paclitaxel is a chemotherapeutic agent that stabilizes the microtubules
leading to mitotic arrest and eventual cell death. Given metformin’s inhibitory effects on the
mTOR signaling pathway, we hypothesize that metformin similar to rapamycin may also
serve as a chemosensitizer when combined with paclitaxel. In addition, we have previously
demonstrated that rapamycin and metformin both profoundly suppress telomerase activity
via inhibition of hnTERT mRNA expression in endometrial cancer cell lines (11, 31),
constituting another anti-tumorigenic effect shared by these agents. Thus, our goal was to
examine the effects of combination therapy with metformin and paclitaxel in endometrial
cancer cell lines, in regards to proliferation, apoptosis, telomerase regulation and mTOR
signaling. If this combination proves synergistic, metformin and paclitaxel may have great
potential in the treatment of women with advanced or recurrent endometrial cancer, a
disease strongly impacted by obesity and insulin resistance.

MATERIALS AND METHODS

Cell culture and reagents

ECC-1 and Ishikawa endometrial cancer cell lines, were used in these experiments. ECC-1
cells were maintained in RPMI 1640 containing 5% fetal bovine serum, 300 mM L-
glutamine, 5 pg/ml bovine insulin, 10,000 U/ml penicillin and 10,000 pg/ml streptomycin
under 5% CO2. The Ishikawa cells were grown in MEM supplemented with 5% fetal bovine
serum, 300 mM L-glutamine, 5 pg/ml bovine insulin, 10,000 U/ml penicillin and 10,000 pg/
ml streptomycin under 5% CO2.

Metformin, MTT (3-(,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye and
RNase A were purchased from Sigma (St. Louis, MO). The anti-cyclin D1, anti-cyclin B1,
anti-phospho-AMPK, anti-pan-AMPK, anti-phospho-S6 and anti-pan-S6 antibodies were
purchased from Cell Signaling (Beverly, MA). Enhanced chemiluminescence Western
blotting detection reagents were purchased from Amersham (Arlington Heights, IL). All
other chemicals were purchased from Sigma.

Cell proliferation assays

The ECC-1 and Ishikawa cells were plated and grown in 96-well plates at a concentration of
6000 cells/well and 8000 cells/well, respectively, for 24 hrs. These cells were subsequently
treated with varying doses of metformin and paclitaxel for 24-72 hrs. Viable cell densities
were determined by metabolic conversion of the dye MTT. MTT (5 mg/ml) was added to
the 96-wells plates at 10 pl/well, followed by an additional hour of incubation. The MTT
reaction was terminated through the addition of 100 pl of DMSO. The results were read by
measuring absorption at 595 nm. The effect of metformin and paclitaxel was calculated as a
percentage of control cell growth obtained from DMSQO treated cells grown in the same 96-
well plates. Each experiment was performed in triplicate and repeated three times to assess
for consistency of results.

Flow cytometry

Cells were plated in the appropriate media at 2.5 x 10° in a 6-well plate for 24 hrs. Cells
were subsequently treated with metformin and paclitaxel at varying concentrations for 24
hrs. Cells were collected, washed with PBS, fixed in a 90% methanol solution and then
stored at —20°C until flow cytometric analysis was performed. On the day of analysis, cells
were washed and centrifuged using cold PBS, suspended in 100 pl PBS and 10 pl of RNase
A solution (250 pg/ml) followed by incubation for 30 min at 37°C. After incubation, 110 pl
of PI stain (100 pg/ml) was added to each tube and kept at 4°C for at least 30 min prior to
analysis. Flow cytometric analysis was performed using the CyAn machine (Beckman
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Coulter, Miami, FL). ModFit software (Verity Software House, Topsham, ME) was utilized
for the analysis to control for dead cells and debris. All experiments were performed in
duplicate and repeated twice to assess for consistency of response.

Apoptosis assay

The cells were cultured in 6-well plates at concentrations of 2—4 x 10° cells/well for 24 hrs
and then treated with metformin and paclitaxel at indicated doses for an additional 24 hrs.
Flow cytometry for Annexin-V was performed using the Annexin-V FITC kit (BioVision,
Mountain View, CA). All experiments were performed in duplicate and repeated twice to
assess for consistency of response.

Real-time RT-PCR for hTERT mRNA expression

Total RNA was extracted using the AlQshredder kit (Qiagen, Valencia, CA) and further
purified by the RNeasy Mini-kit (Qiagen, Valencia, CA). The reverse transcription and PCR
reactions were performed using the TagMan Gold onestep RT-PCR kit in the ABI Prism
7700 Sequence Detection System (Applied Biosystems, Foster City, CA). The cells were
cultured in 6-well plates at concentrations of 3 x 10° cells/well for 24 hrs and then treated
with metformin, paclitaxel or a combination of the two for 48 hrs in 0.5% stripped serum.
Reverse transcription was carried out at 48 °C for 30 min. The PCR conditions consisted of
a 10-min step at 95 °C, 40 cycles at 95 °C for 15 s each and 1 min at 65 °C. A housekeeping
control gene acidic ribosomal phosphoprotein PO (RPLPO, also known as 36B4) was used as
an internal control to correct for differences in the amount of RNA in each sample. Primers
and fluorogenic probes for hTERT and RPLPO have been described previously (32). The
standard curve for hnTERT was generated by using dilutions of a known amount of cDNA
synthesized by in vitro transcription of a cloned fragment. The normalized level of hnTERT
in each sample was estimated by a ratio of the hTERT level to the RPLPO level, as described
previously (32). Each experiment was performed in triplicate and repeated twice to assess
for consistency of results.

Western immunoblotting

The Ishikawa and ECC-1 cells were plated at 3 x 10° cells/well in 6-well plates in their
corresponding media and then treated for 16 h with metformin, paclitaxel or the combination
of both of these agents. Cell lysates were prepared in RIPA buffer (1% NP40, 0.5 sodium
deoxycholate and 0.1% SDS). Equal amounts of protein were separated by gel
electrophoresis and transferred onto a nitrocellulose membrane. The membrane was blocked
with 5% nonfat dry milk and then incubated with a 1:1000 dilution of primary antibody
overnight at 4 °C. The membrane was then washed and incubated with a secondary
peroxidase-conjugated antibody for 1 hr after washing. Antibody binding was detected using
an enhanced chemiluminescence detection system via the Alpha Innotech Imaging System
(Protein Simple, Santa Clara, CA). After developing, the membrane was stripped and re-
probed using antibody against B-actin and either pan-S6 or pan-AMPK to confirm equal
loading. Western blot films were digitized, and band net intensities were quantified by a
densitometer using the Genegynome Image System (Sygene, MD). Band net intensities were
normalized to B-actin as an internal control. Each experiment was repeated three times to
assess for consistency of results.

Statistical analysis

Results for experiments were normalized to the mean of the control and analyzed using the
student t-test. Differences were considered significant if the p value was less than 0.05
(p<0.05) with a confidence interval of 95%.

Gynecol Oncol. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hanna et al.

RESULTS

Page 5

Statistical analysis on synergy was used to evaluate the effects of combined drug treatments.
The results from the MTT assays of each cell line after treatment with metformin alone,
paclitaxel alone and the combination of these two agents were analyzed by the CalcuSyn for
Windows computer program (Biosoft, Cambridge, UK) to determine the presence of
synergy between metformin and paclitaxel.

The software uses a median-effect method, which is a well-established procedure to quantify
the effects of drug combinations and to determine if there is an additive or synergistic effect
of the combination. Such conclusions are based on the calculated combination index (CI) via
the software; Cl < 1 means a synergistic activity; whereas a Cl value =1 and a Cl > 1 mean
additive and antagonistic effects, respectively.

Synergistic anti-proliferative effects of metformin and paclitaxel

The effects of metformin in combination with paclitaxel on cell proliferation was examined
in the ECC-1 and Ishikawa endometrial cancer cell lines. Both cell lines were exposed to
varying doses metformin and paclitaxel alone, followed by the combination of 0.5 mM
metformin and increasing concentrations of paclitaxel (0.0001 — 100 nM) (Figure 1A and
1B). As anticipated, treatment with paclitaxel resulted in dose-dependent growth inhibition
in both cell lines with 1C5q values of 1-5 nM and 5-10 nM for Ishikawa and ECC-1 cells,
respectively. The addition of metformin at 0.5 mM to paclitaxel led to a greater inhibition of
cell proliferation than that of paclitaxel alone (p=0.0007-0.0086 for ECC-1; p=0.0005-
0.0076 for Ishikawa).

Median-effect plot analyses and calculation of the multiple drug effect/Cl was performed
using the well-established method of Chou and Talalay (33). Simultaneous exposure of
various doses of paclitaxel in combination with 0.5 mM of metformin on both endometrial
cancer cell lines resulted in a significant synergistic anti-proliferative effect with a Cl of <1,
with a range of 0.104 — 0.561 for the ECC-1 cell line (Table 1). Synergy of the metformin
and pacitaxel combination was also confirmed in the Ishikawa cell line for all paclitaxel
concentrations greater than 0.001 nM (ClI<1, range of 0.275 to 0.754) (Figure 1C).

Effect of metformin/paclitaxel on cell cycle and apoptosis

To evaluate the underlying mechanism of growth inhibition by metformin and paclitaxel, the
cell cycle profile was analyzed after treating the ECC-1 and Ishikawa endometrial cancer
cell lines with metformin, paclitaxel and the combination of these two agents for 24 hrs. In
Figure 2, metformin (0.1 — 5 mM) resulted in G1 cell cycle arrest in both the ECC-1 and
Ishikawa endometrial cell lines (Figure 2A and 2B). In contrast, paclitaxel (0.1 nM — 100
nM) inhibited cell cycle progression through G2 arrest in both cell lines (Figure 2D and 2E).
When both metformin and paclitaxel were used in combination, the overall effect in both
endometrial cancer cell lines was G2 cell cycle arrest as opposed to G1 arrest (Figure 2 C
and 2F).

Cyclin B1 plays a critical role in the regulation of cell-cycle progression from G2 through M
phase; and thus, accumulates after treatment with paclitaxel (34, 35). The synthesis of cyclin
D1 is initiated during G1 and drives the G1/S phase transition, and metformin has been
shown to decrease cyclin D1 expression (16, 36, 37). Treatment with paclitaxel and
metformin alone resulted in decreased cyclin D1 (28-34% decrease for paclitaxel and 17—
29% decrease for metformin) for both the ECC-1 and Ishikawa cell lines (Figure 2G and
2H). As expected, treatment with paclitaxel led to increased cyclin B1 expression (1.2 fold
for ECC-1 by densitometry and 1.4-1.6 fold for Ishikawa). Treatment with metformin in the
ECC-1 cell line also resulted in increased cyclin B1 expression (1.5-1.6 fold by
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densitometry), but this effect was not seen in the Ishikawa cell line. Treatment with
metformin and paclitaxel in combination resulted in greater induction of cyclin B1 than
either agent alone (3.7 fold for the combination by densitometry versus 1.1 — 1.7 fold as
single agents in the Ishikawa cell line; 1.4 fold for the combination by densitometry versus
1.2 — 1.3 fold as single agents in the ECC-1 cell lines) (Figure 2I). This corresponds to our
cell cycle results in that the overall effect seen with the combination of metformin and
paclitaxel was G2 arrest as opposed to G1 arrest.

The effect of metformin in combination with paclitaxel on apoptosis was evaluated in the
endometrial cancer cell lines. Apopotosis was assessed by flow cytometry, using an
antibody to Annexin V. As demonstrated in Figure 3, paclitaxel induced apoptosis in a dose-
dependent manner (p=0.007-0.032 for ECC-1; P=0.005-0.031 for Ishikawa). Metformin
also induced apoptosis in these cell lines at higher doses of treatment (2-5 mM) (p=0.022—
0.041 for ECC-1, p=0.035-0.055 for Ishikawa). The combination of metformin (1 mM) and
paclitaxel (10 nM - 100 nM) resulted in increased apoptosis, over that of either alone
(p=0.031-0.041 for ECC-1; p=0.020-0.037 for Ishikawa). These results indicate that
metformin enhances the efficacy of paclitaxel by potentially two mechanisms - increasing
G2 arrest and stimulating paclitaxel-induced apoptosis.

Effect of metformin/paclitaxel on hTERT mRNA level

The maintenance of telomere length via the expression of telomerase is vital to the ability of
cancer cells to remain proliferative. nTERT expression is the rate-limiting determinant of the
enzymatic activity of human telomerase and is thought to be a sensitive marker of
telomerase function. Real-time RT-PCR was used to quantify hTERT mRNA expression in
the endometrial cancer cell lines. Treatment with metformin alone decreased hTERT mRNA
expression as compared to control (p=0.05 for ECC-1; p=0.0004 for Ishikawa), whereas
hTERT mRNA expression was not affected by paclitaxel treatment alone. However, the
combination of metformin (1 mM) and increasing concentrations of paclitaxel (1 — 10 nM)
resulted in a dose dependent decrease in hTERT mRNA expression (p=0.006-0.028 for
ECC-1; p = .0041-0.057 for Ishikwa). This was observed in both endometrial cancer cell
lines used (Figure 4). This data suggests that the combination of metformin and paclitaxel
inhibits telomerase activity by rapidly decreasing hTERT mRNA levels.

The effect of metformin and metformin/paclitaxel on the mTOR pathway

To investigate the molecular mechanisms underlying the synergistic anti-proliferative effect
between metformin and paclitaxel, we characterized the effect of this combination treatment
on relevant cell signaling targets. Metformin induced AMPK phosphorylation in a dose-
dependent manner in both endometrial cancer cell lines whereas it had no effect on the total
AMPK (Figure 5A). Per densitometric analysis, phosphorylation of AMPK was increased
1.6 — 5.4 fold for the ECC-1 cell line and 1.1 — 3.2 fold for the Ishikawa cell line. Paclitaxel
induced AMPK phosphorylation in the ECC-1 cell line (1.7 — 2.3 fold by densitometry)
(Figure 5B) but had no effect on AMPK phosphorylation in the Ishikawa cell line (Figure
5B). The combination of metformin (1 mM) and paclitaxel (1 nM) induced AMPK
phosphorylation in the ECC-1 cell line that was more than that induced by either agent alone
(3.2 fold for the combination by densitometry versus 1.2 — 1.6 fold as single agents) (Figure
5C). This additive effect of metformin and paclitaxel treatment on AMPK phosphorylation
was not demonstrated in the Ishikawa cell line (Figure 5C).

Previous studies suggest that p70S6K is a downstream target of the mTOR pathway (38).
p70S6K kinase directly phosphorylates the 40S ribosomal protein S6, which results in
enhanced synthesis of proteins that contain a polypyrimidine tract in the 50-untranslated
region (38). Therefore, we evaluated the effect of metformin and paclitaxel on the
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phosphorylation of the S6 ribosomal protein in both cell lines. Metformin (0.1 — 1 mM)
alone decreased phosporylation of S6, whereas it had no effect on total S6 (Figure 6A). Per
densitometric analysis, phosphorylation of S6 was decreased 18-87% for the ECC-1 cell
line and 20-96% for the Ishikawa cell line. In contrast, paclitaxel (0.01 — 10 nM) alone
induced S6 phosphorylation (Figure 6B). Densitometric analysis revealed a 1.3 — 1.8 fold
increase in S6 phosphorylation for the ECC-1 cell line and 1.9 — 7.9 fold increase for the
Ishikawa cell line. The overall effect of the combination of metformin (1 mM) and paclitaxel
(1 nM) differed between the two cell lines. Combination treatment with metformin and
paclitaxel resulted in overall inhibition of S6 phosphorylation in the Ishikawa cell line (81%
decrease by densitometry) whereas induction of S6 phosphorylation was seen in the ECC-1
cell line (2.1 fold increase by densitometry) (Figure 6C). However, in both cell lines,
metformin effectively decreased S6 phosphorylation when compared to that of paclitaxel
alone.

DISCUSSION

We have demonstrated a synergistic relationship between paclitaxel and metformin in
regards to inhibition of cell proliferation and induction of apoptosis in human endometrial
cancer cell lines. Treatment with metformin and paclitaxel resulted in decreased
phosphorylation of S6, a critical downstream target of the mTOR pathway. Metformin
consistently induced AMPK phosphorylation, but the combination of metformin and
paclitaxel had more variable effects on AMPK activation. Additionally, metformin and the
combination of metformin and paclitaxel decreased hTERT mRNA expression, whereas
paclitaxel alone had no effect on telomerase activity. These findings suggest that the
combination of metformin and paclitaxel may be an effective treatment strategy in the
management of endometrial cancer patients.

Synergy was quantified using the CI equation of Chou and Talalay which allows for the
evaluation of two or more chemotherapeutic agents at different concentrations and effect
levels (33). Through this methodology, synergy versus antagonism of various drug
combinations can be analyzed as well as their maximal anti-tumor efficacy. mMTOR
inhibitors such as rapamycin are thought to be potent chemotherapeutic chemosensitizers in
many types of cancer cells, including our previous work in endometrial cancer cell lines (30,
39). Given the parallels in the effects of metformin and rapamycin on the mTOR signaling
cascade, it is not surprising that metformin may also behave as a chemosensitizer when used
in combination with cytotoxic agents. We have demonstrated that metformin has the ability
to potentiate the cytotoxic effects of paclitaxel even at low doses of the latter (0.01 - 0.1
nM) (Figure 1). Clinically, this may be important in decreasing toxicities associated with
paclitaxel in endometrial cancer patients without significantly impacting efficacy.

Recent studies in breast, prostate and lung cancer cell lines confirm our work that the
combination of metformin and paclitaxel shows great promise in the management of these
various cancers (40, 41). The combination of metformin with paclitaxel, carboplatin or
doxorubicin has been shown to prolong relapse rate in prostate and lung xenograft models
(40). Most importantly from this study, metformin had comparable effects on tumor
regression and prevention of relapse even when combined with a reduced dose of
doxorubicin that is not usually effective as a monotherapy (40). A subsequent study found
similar results in that metformin and paclitaxel resulted in decreased proliferation via cell
cycle arrest in G2 phase in lung and breast cancer cell lines (41). In this same study, the
combination of paclitaxel and metformin was also found to more effectively decrease tumor
growth and induce apoptosis in a xenograft model of lung cancer as compared to the
individual drug treatments alone (41). To our knowledge, this is the first study to
demonstrate synergy betweem metformin and paclitaxel in endometrial cancer cell lines.
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Treatment with metformin alone results in G1 arrest in the endometrial cancer cell lines. In
contrast, treatment with paclitaxel alone results in G2 arrest as does the combination of
metformin and paclitaxel. These findings mirror that which has been demonstrated in lung
and breast cancer cell lines (41). It is not clear why G2 arrest predominates with metformin
and paclitaxel treatment as opposed to G1 arrest. As we reported previously and in this
work, metformin had minimal effects on apoptosis except at higher doses of treatment (2-5
mM), suggesting that metformin’s anti-tumorigenic effect is more dependent on cell cycle
arrest as opposed to cell death (11). Although 1 mM of metformin did not significantly
induce apoptosis in these endometrial cancer cell lines, treatment with metformin at this
dose and paclitaxel together increased the induction of apoptosis, over that of either agent
alone. The mechanism for this is not well understood. We have found this same
phenomenon for the combination of rapamycin and paclitaxel in endometrial cancer cell
lines and have postulated that this may result from cross talk with the mTOR pathway and
the apoptotic signaling cascade activated by microtubule damage via paclitaxel, possibly
through phosphorylation of the anti-apoptotic Bcl-2 protein (42).

Telomerase activation has been implicated as a fundamental step in cellular immortality and
oncogenesis of many malignancies (43), including endometrial cancers (44, 45). Ninety
percent of endometrial cancers have been found to express telomerase (44). Telomerase
activation, potentially through estrogen stimulation, is thought to be an early step in the
malignant transformation of the endometrium. The first study that linked metformin to the
regulation of telomerase activity was from our laboratory (11), and these findings were
further substantiated in this work. Paclitaxel had no effect on hTERT mRNA expression in
the endometrial cancer cell lines. This is not surprising, given that paclitaxel is known to
induce telomere erosion rather than to regulate telomere activity (46, 47). This erosion
typically occurs before the onset of apoptosis. Interestingly, metformin in combination with
paclitaxel had additive effects on hTERT expression as compared to metformin alone. It can
been hypothesized that the combination of chemotherapeutic agents that interfere with both
telomere structure and telomerase activity, such as metformin and paclitaxel, may ultimately
confer a complementary anti-tumorigenic benefit that is related to regulation of hnTERT
MRNA expression that is distinct from their anti-proliferative effects.

As expected, metformin treatment led to the induction of AMPK phosphorylation in a dose-
dependent manner in the endometrial cancer cell lines. Little is known of the effects of
paclitaxel on AMPK phosphorylation. We found that paclitaxel increased AMPK
phosphorylation in one of the endometrial cancer cell lines but not the other. In addition, the
combination of metformin and paclitaxel resulted in greater induction of AMPK
phosphorylation that was more than either agent alone for the ECC-1 cell line. However, this
was not demonstrated in the Ishikawa cell line, although the effects of metformin and
paclitaxel on inhibition of proliferation were similar for both of these cell lines. There is no
readily appreciable difference between these cell lines that would explain these differing
results. Both are derived from women with type 1 endometrial cancers, and both are
estrogen receptor and progesterone receptor positive. To our knowledge, only one other
study has examined the effect of paclitaxel on AMPK and found that paclitaxel increased
AMPK phosphorylation in lung and breast cancer cell lines (41). In this same study, the
combination of metformin and paclitaxel had an additive effect on AMPK phosphorylation,
similar to what we found in the ECC-1 cell line.

Despite the differences in the effect of metformin and paclitaxel on AMPK in the two
endometrial cancer cell lines, the inhibition of the S6 ribosomal protein with this
combination was universal. p70S6K is a critical downstream target of the mTOR pathway
and directly phosphorylates the 40S ribosomal protein S6. This results in enhanced synthesis
of proteins that contain a polypyrimidine tract in the 5’-untranslated region (38). Metformin

Gynecol Oncol. Author manuscript; available in PMC 2013 May 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Hanna et al.

Page 9

decreased S6 phosphorylation while paclitaxel appeared to increase S6 phosphorylation in
the endometrial cancer cell lines. However, the overall effect with the metformin and
paclitaxel combination was inhibition of S6 phosphorylation as compared to paclitaxel
alone. The effect of paclitaxel on p70S6K and S6 is controversial with seemingly
contradictory results found in regards to induction of p70S6K activity versus inhibition of
phosphosphorylation in breast and ovarian cancer cell lines (41, 48). These findings further
add to this controversy and demonstrate the complexity of effects of treatment with these
agents on the signaling pathways involved as there may be many other pathways that are
also simultaneously regulated.

Alterations in the mTOR pathway have been strongly implicated in endometrial cancer
carcinogenesis. PTEN is a negative regulator of this pathway, and loss of PTEN expression
is one of the most prevalent molecular abnormalities associated with endometrial cancers,
occurring in up to 83% of type | endometrial cancers (49-51). The loss of PTEN expression
may enhance sensitivity of tumor cells to the effects of mTOR inhibitors (52-54), but we
were not able to address this possibility given that Ishikawa and ECC-1 cell lines are both
strongly positive for PTEN (11). In addition, PIK3CA and PIK3R1 mutations have been
reported a high frequency in endometrial cancer tumors (55-57), and PIK3CA mutations
may be associated with increased response rates to PI3K/Akt/mTOR inhibitors (57). Thus,
the mTOR pathway is thought to be a promising target for endometrial cancer treatment, and
mTOR inhibitors are already in clinical trials for this disease. Given the interaction between
metformin and inhibition of the mTOR pathway, there is now growing interest in metformin
for endometrial cancer prevention and treatment, especially for a disease that is so strongly
impacted by obesity and insulin resistance.

Obesity and diabetes have been linked to an increased risk of mortality from endometrial
cancer (4, 58), making metformin a particularly innovative treatment strategy for this
disease. However, the important biological question remains whether metformin will be
universally effective in endometrial cancer treatment or more efficacious in the obese
population. We postulate that the interaction between the tumor and its host environment
(i.e. the obese state) may be critical in endometrial cancer development and progression, and
ultimately, in response to a therapy such as metformin either alone or in combination with
other chemotherapeutic agents. We currently have a preoperative window study of
metformin in endometrial cancer patients that is ongoing that may help to address this
question, and we plan a phase 11 trial of metformin and paclitaxel that is stratified for obesity
status in this disease. If our hypothesis holds true, this may lead to the individualization of
endometrial cancer treatment based on both tumor biology and the metabolic composition of
the patient.

RESEARCH HIGHLIGHTS

1. Paclitaxel and metformin demonstrated synergy in regards to inhibition of cell
proliferation in human endometrial cancer cell lines.

2. Treatment with metformin and paclitaxel resulted in decreased phosphorylation
of S6, a critical downstream target of the mTOR pathway.

3. These findings suggest that metformin and paclitaxel may be an effective
treatment strategy in endometrial cancer patients.
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Metformin (mM) Paclitaxel (nM) Clfor ECC-1 Cell | CIfor Ishikawa
Line Cell Line
05 0.001 0.185 1.045
05 0.01 0.150 0618
05 0.1 0104 0610
05 1 0214 0479
05 10 0.272 0275
0.5 50 0.391 0448
05 100 0.561 0.754

Figure 1. Metformin increased sensitivity to paclitaxel in the ECC-1 and Ishikawa cell lines
The ECC-1 (A) and Ishikawa (B) cells were cultured in the presence of varying
concentrations of paclitaxel (0.001 — 10 nM) and 0.5 mM metformin in regular medium for
48 hours. The inhibition of cell growth was determined by MTT assay. The results are
shown as the mean + SE of triplicate samples and are representative of 3 independent
experiments. Statistically significant results are marked with an *. (C) Combination Index
(CI) values for the ECC-1 and Ishikawa cell lines treated with metformin and paclitaxel. A
Cl of <1 indicates synergy between two chemotherapeutic agents.
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Figure 2. The effect of paclitaxel and metformin on cell cycle progression in the ECC-1 and
Ishikawa cell lines

ECC-1 (A, B, C) and Ishikawa (D, E, F) was cultured for 24 hours and then treated with
different concentrations of paclitaxel (0.1 — 100 nM) and metformin (0.1 — 5 mM) as
indicated for 24 hours. Cell cycle analysis was performed by flow cytometry (M =
metformin; T = paclitaxel). Results shown are representative of two independent
experiments. Treatment with metformin led to G1 arrest whereas treatment with paclitaxel
led to G2 arrest. Combination treatment with both these agents resulted in overall G2 arrest.
The effect of paclitaxel and metformin on cyclin D1 and cyclin B1 expression was also
examined in the Ishikawa and ECC-1 cell lines by Western Immunaoblotting. The cells were
treated with paclitaxel (Figure 2G), metformin (Figure 2H) or both in combination (1 mM
metformin and 1nM paclitaxel, Figure 21) for 48 hours. Paclitaxel treatment resulted in
decreased cyclin D1 and increased cyclin B1 expression. Metformin treatment resulted in
decreased cyclin D1 expression in both cell lines, but only increased cyclin B1 expression in
the ECC-1 cell line. The combination of paclitaxel and metformin treatment led to an overall
increase in cyclin B1 that was greater than the effect of either agent alone. The densitometric
analysis of band intensities, as normalized to the B-actin internal control, is represented
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under each Western blot and signifies the fold increase or decrease in cyclin D1 or cyclin B1
expression.
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Figure 3. Paclitaxel and metformin increases apoptosis in the ECC-1 and Ishikawa cell lines
The ECC-1 (A, B, C) and Ishikawa (D, E, F) cells were cultured for 24 hours and then
treated with different concentrations of paclitaxel (0.1 — 100 nM) and metformin (0.1 -5
mM) as indicated for 24 hours. Apoptosis was measured by annexin V assay (M =
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metformin; T = paclitaxel). The results are shown as the mean + SE of two independent
experiments. Statistically significant results are marked with an *.
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Figure 4. Metformin but not paclitaxel decreased hTERT mRNA expression in the ECC-1 (A)
and Ishikawa (B) cell lines. However, there was an additive effect on inhibition of hnTERT mRNA
expression when both metformin and paclitaxel were used in combination

Both cell lines were cultured for 24 hours and then treated with the indicated concentrations
of metformin (1 mM) and paclitaxel (1-10 nM) for an additional 24 hours. nTERT
expression was determined by real-time RT-PCR (M = metformin; T = paclitaxel). The
results are shown as the mean + SE of two independent experiments. Statistically significant
results are marked with an *.
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Figure 5. The effects of metformin and paclitaxel on phosphorylation of AMPK in the Ishikawa
and ECC-1 cell lines

Metformin induced AMPK phosphorylation in a dose-dependent manner in both
endometrial cancer cell lines (A). Paclitaxel induced AMPK phosphorylation in the ECC-1
cell line (B); however, it had no effect on AMPK phosphorylation in the Ishikawa cell line
(B). In the ECC-1 cell line, the combination of paclitaxel (1 nM) and metformin (1 mM)
increased AMPK phosphorylation to more than that of either agent alone (C). This additive
effect on AMPK phosphorylation was not demonstrated in the Ishikawa cell line (C). The
densitometric analysis of band intensities, as normalized to the B-actin internal control, is
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represented under each Western blot and signifies the fold increase or decrease in
phosphorylated AMPK expression. (P-ampk = phosphorylated ampk)
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Figure 6. The effects of paclitaxel and metformin on phosphorylation of S6 in the Ishikawa and
ECC-1 cell lines

The cells were treated with metfomin (A), paclitaxel (B) or both in combination (C) for 24
hrs. Metformin (0.1 — 1 mM) decreased phosphorylation of S6 and paclitaxel (0.01 — 10
mM) increased phosphorylation of S6 in dose dependent manner as determined by Western
immunoblotting. The densitometric analysis of band intensities, as normalized to the B-actin
internal control, is represented under each Western blot and signifies the fold increase or
decrease in phosphorylated S6 expression. (P-S6 = phosphorylated S6)
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