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MUL1 E3 ligase regulates the antitumor effects of metformin
in chemoresistant ovarian cancer cells via AKT degradation
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Abstract. Chemoresistance is one of most critical clinical
problems encountered when treating patients with ovarian
cancer, due to the fact that the disease is usually diagnosed
at advanced stages. Metformin is used as a first-line drug for
the treatment of type 2 diabetes; however, drug repositioning
studies have revealed its antitumor effects, mainly mediated
through AMP-activated protein kinase (AMPK) activation
and AKT/mammalian target of rapamycin (mTOR) pathway
inhibition in various types of cancer, including drug-resistant
cancer cells. The current study revealed that the novel antitumor
mechanism of metformin is mediated by regulation of
mitochondrial E3 ubiquitin protein ligase 1 (MULI) expression
that negatively regulates AKT. The results demonstrated that
metformin decreased the expression of AKT protein levels via
MULI E3 ligase. In addition, metformin increased both mRNA
and protein levels of MULI and promoted degradation of AKT
in a proteasome-dependent manner. Silencing MULI expression
suppressed the metformin-mediated AKT degradation and
its downstream effects. Cell cycle analysis and a clonogenic
assay demonstrated that knockdown of MULI significantly
diminished the antitumor effects of metformin. Together,
these data indicate that MULI regulates metformin-mediated
AKT degradation and the antitumor effects of metformin in
chemoresistant ovarian cancer cell lines.

Introduction

Ovarian cancer is one of the most lethal gynecological
malignancies (1-3). Ithas an unfavorable prognosis,and numerous
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of patients are diagnosed at an advanced stage, because of the
absence of representative symptoms and sensitive diagnostic
approaches (4). Cytoreductive surgery and postoperative
adjuvant chemotherapy using platinum-based compounds
and taxanes, as a single or combination treatment, have been
standard for ovarian cancer (5). Therefore, chemotherapy is
the inevitable therapeutic option for ovarian cancer. However,
chemoresistance is a major hindrance to clinical trials for
this disease. Furthermore, ~75% of patients who are initially
sensitive to the platinum/paclitaxel-based chemotherapy
relapse due to chemoresistance, which results in therapeutic
failure, causing >90% of related deaths (6). Therefore, it is
highly necessary to develop new treatment strategies against
chemoresistant ovarian cancers.

Metformin has been widely used for the treatment of
type 2 diabetes mellitus for decades. Metformin is a complex
drug with various mechanisms of action. Previous studies have
reported that metformin decreases glucose production in the
liver (7,8) and increases glucose utilization in the gut, altering
the microbiome in the intestine and increasing glucagon-like
peptide 1 secretion (9). Molecularly, the established direct
target of metformin is the mitochondrial complex I in the
electron transport chain, which metformin binds to and
inhibits, thereby decreasing mitochondrial respiration
and ATP production (10). In vivo and in vitro studies have
demonstrated that metformin-induced energy depletion could
activate AMP-activated protein kinase (AMPK) in the liver
and hepatocytes, respectively (11,12). Because AMPK serves a
critical role in regulating metabolism and maintaining cellular
energy homeostasis, it has been considered an important
therapeutic target for controlling human diseases, including
metabolic diseases and cancer (13).

Accumulating in vitro and in vivo studies have suggested
that metformin has anticancer properties and, therefore,
inhibits the growth of various types of cancer, including
gastric, esophageal, colon and breast cancers (14-18). The
primary mechanism of the antitumor effects of metformin is
activating the AMPK signaling pathway. Activated AMPK
activates the tumor suppressor tuberous sclerosis complex 1
and 2 (TSC1/2), which then negatively regulates mammalian
target of rapamycin (mTOR). mTOR is a key mediator
of phosphatidylinositol 3-kinase (PI3K)/AKT signaling,
which is one of the most frequently altered pathways in
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human cancer (19,20). Additionally, previous studies have
demonstrated that metformin decreases the activation of AKT
in several cancer cells not only via AMPK-dependent but also
independent mechanisms (21-24). Although several reports
suggest that metformin downregulates the PI3K/AKT pathway,
many aspects of the regulatory mechanism remain unclear.

AKT, a well-known serine/threonine protein kinase,
has important roles in cell survival, proliferation and tumor
development (25). A previous report from our group has
demonstrated that mitochondrial E3 ubiquitin protein
ligase 1 (MULL) negatively regulates AKT, through the
induction of K48-linked polyubiquitination at the K284
residue (26). This polyubiquitination of AKT by MULI1
subsequently leads to its proteasomal degradation (26).

The present study demonstrated that metformin inhibited
the growth of chemoresistant cancer cell lines. Furthermore,
the current results revealed that metformin downregulated
AKT protein expression by upregulating MUL1 E3 ligase.
These findings we suggest that MULI may have a key role in
the antitumor effects of metformin.

Materials and methods

Reagents and cell culture. Human ovarian cancer A2780
cells were purchased from the European Collection of
Authenticated Cell Cultures (Salisbury, UK), while SKOV3
and paclitaxel-resistant SKOV3-TR cells were kindly provided
by Dr Anil K Sood (The University of Texas MD Anderson
Cancer Center, Houston, TX, USA). A2780/Cis cells were
kindly provided by Professor Jaec Ho Lee (Cheil General
Hospital and Women's Healthcare, Seoul, Republic of Korea).
The cells were maintained in RPMI-1640 medium (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with
10% (v/v) fetal bovine serum (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and 1% (v/v) penicillin/streptomycin.
All the cells were incubated in a humidified atmosphere of
5% CO, at 37°C. Metformin (Sigma-Aldrich; Merck KGaA)
was dissolved in phosphate-buffered saline (PBS). Human
AKT serine/threonine kinase 2 (AKT2) cDNA was cloned into
pcDNA3.1-Myc/His (Invitrogen; Thermo Fisher Scientific,
Inc.), as previously described (26). The HA-ubiquitin (HA-Ub)
plasmid pMT123 was kindly provided by Dr Dirk Bohmann
(University of Rochester, Rochester, NY, USA).

Cell viability. Cells were seeded in 96-well plates
(2x10* cells/well), and their viability was evaluated using the
water-soluble tetrazolium (WST)-1 assay (EZ-Cytox cell
viability assay kit; ITSBio, Seoul, Korea), according to the
manufacturer's protocol. Briefly, the cells were treated with
the indicated concentrations of metformin for 72 h and then
the WST-1 solution was added to each well. The absorbance
of the reaction solution was then measured at 450 nm with a
reference wavelength of 655 nm using an iMark microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Proliferation was assessed using the BrdU cell proliferation
assay (Cell Signaling Technology, Inc., Danvers, MA, USA),
according to the manufacturer's protocol.

Immunoblotting. The protein expression levels were determined
using western blot analysis. The cells were harvested and
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lysed in radioimmunoprecipitation assay (RIPA) lysis buffer
(Thermo Fisher Scientific, Inc.), supplemented with EDTA-free
protease inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN, USA). Total protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer's
instruction. Then, 5X SDS sample buffer was added to each
cell lysate sample, and 40 ug of proteins were loaded into
8-12% SDS-PAGE gel and separated. Then, the proteins
were transferred onto a nitrocellulose membrane (Whatman;
Thermo Fisher Scientific, Inc.). The membrane was blocked
with 5% skim milk for 1 h and subsequently incubated with
the indicated antibodies overnight at 4°C. After washing
with Tris-buffered saline with 0.1% Tween-20 (TBST),
the membranes were incubated with a horseradish
peroxidase (HRP)-conjugated anti-mouse or anti-rabbit
secondary antibody (Cell Signaling Technology, Inc.). Proteins
were visualized using enhanced chemiluminescence (ECL)
reagents (Bio-Rad Laboratories, Inc.) and detected with the
ChemiDoc Touch Imaging system (Bio-Rad Laboratories,
Inc.). Anti-AMPK (cat. no. 2532), anti-phosphorylated (p-)
AMPK (cat. no. 50081), anti-AKT (cat. no. 4691), anti-AKT
serine/threonine kinase 1 (AKT1; cat. no. 2967), anti-AKT2
(cat. no. 5239), anti- AKT serine/threonine kinase 3 (AKT3;
cat. no. 4059), anti-p-AKT (S473; cat. no. 9271), anti-glycogen
synthase kinase 3f (GSK3p; cat. no. 9315), anti-p-GSK3p
(cat. no. 9323), anti-Cyclin D1 (cat. no. 2922), anti-B-actin (cat.
no. 4967) and anti-Myc-tag (cat. no. 2272) antibodies were
purchased from Cell Signaling Technology, Inc. Anti-MULI
(cat. no. HPA026837) antibody was purchased from
Sigma-Aldrich (Merck KGaA). Anti-HA-tag antibody (cat.
no. SC-7392) was purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). The primary antibodies were diluted
to 1:1,000 in TBST. The secondary anti-mouse IgG (cat.
no. 7076) and anti-rabbit IgG (cat. no. 7074) were purchased
from Cell Signaling Technology, Inc., and diluted to 1:5,000
in TBST. The intensity of each protein band (normalized to
[(-actin) was quantified using ImagelJ software (version 1.6.0;
National Institute of Health, Bethesda, MD, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNAs were isolated the TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Reverse transcrip-
tion was performed to synthesize cDNA with 1 ug of total RNA
using 1X First-Strand buffer, 10 mM DTT, 10 U/ul Moloney
Murine Lukemia Virus (M-MLV) Reverse Transcriptase,2 U/ul
RNaseOUT Recombinant Ribonucleaase Inhibitor (all from
Invitrogen; Thermo Fisher Scientific, Inc.),0.5 mM dNTP Mix
(Takara Bio Inc, Shiga, Japan), and 100 pmol oligo(dT) primer
(Bionics, Seoul, Republic of Korea). The reaction mixture
(20 pl) was incubated for 50 min at 37°C, 15 min at 70°C and
then held at 4°C. qPCR was performed using the StepOnePlus
system (Thermo Fisher Scientific, Inc.). Each reaction (20 ul)
was performed using EvaGreen dye-based 1X HOT FIREPol
EvaGreen qPCR Mix Plus (Solis BioDyne, Tartu, Estonia),
1 ul of RT product and 10 pmol/ul primers. The reaction was
incubated at 12 min at 95°C, followed by 40 cycles at 95°C for
15 sec, 50°C for 30 sec and 72°C for 30 sec. Relative quanti-
fication of MULI expression was calculated according to the
2-44% method (27) and normalized by an endogenous internal
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control (B-actin) expression. The primers used were as follows:
[-actin, 5'-GGA TTC CTA TGT GGG CGA CGA-3' (forward)
and 5'-CGC TCG GTG AGG ATC TTC ATG-3' (reverse); and
MULI, 5-CAC AAG ATG GTG TGG AAT CG-3' (forward)
and 5'-TCA GCA TCT CCT CGG TCT CT-3' (reverse).

RNA interference (RNAi). SKOV3-TR and A2780/Cis cells
were transfected with 100 pmol of MULI small interfering
RNA (siRNA; Bioneer, Corporation Daejeon, Korea) using
Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher
Scientific, Inc.). The sense sequence of MULI siRNA was
5-GGGAUUUUUAUCUCGAGGC-3". RNAi targeting MULLI
was delivered to the cells using a lentivirus encoding MULI1
short hairpin (sh) RNA as previously described (26).

In vivo ubiquitination assay. In vivo ubiquitination assays
were performed as previously described (26). SKOV3-TR and
A2780/Cis cells were transfected with Myc/His-tagged AKT2
and HA-tagged ubiquitin and treated with metformin for 48 h.
Then the cells were treated with proteasome inhibitor MG132
for 6 h prior to cell lysis. The cells were gathered, washed and
lysed in 200 ul of denaturing lysis buffer (50 mM Tris-HCI
pH 7.4,0.5% SDS and 70 mM [-mercaptoethanol) by vortexing
and boiling for 15 min at 95°C. The lysates were diluted with
800 ul buffer A (50 mM NaH,PO,, 300 mM NacCl, and 10 mM
imidazole, pH 8.0) containing protease inhibitor cocktail and
MG132. Diluted lysates were incubated overnight at 4°C with
Ni-NTA beads (Qiagen GmbH, Hilden, Germany), which have
an affinity for proteins carrying a His tag. The beads were
washed five times with buffer B (50 mM NaH,PO,, 300 mM
NaCl, and 20 mM imidazole, pH 8.0). Bound proteins were
eluted by boiling in SDS-PAGE sample buffer. Eluted proteins
were immunoblotted with anti-HA antibody for determination
of ubiquitination levels of AKT?2.

Cell cycle analysis. The cells were harvested with trypsin, fixed
in 70% cold ethanol overnight at 4°C, and then stained with
propidium iodide (PI) solution for 1 h in the dark at 37°C. The
cell pellets were washed with PBS, and the cellular DNA content
was analyzed using a BD FACSCalibur flow cytometry platform
(BD Biosciences, San Jose, CA, USA). Cell cycle fractions were
quantified using the Cell Quest software (BD Biosciences).

Clonogenic assay. The cells were seeded at 1.5x10° cells/well
in six-well cell culture plates and incubated for 24 h. After
72 h exposure to 20 mM metformin, the cells were washed
and the medium was replaced with fresh medium. Then, the
cells were incubated for another 14 days, and the cell colonies
were stained with 0.1% crystal violet solution. The colonies
on random area of each well were counted, and the results
were quantified using Image J software (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis. All data are presented as mean + standard
deviation from triplicate experiments. Results were analyzed
for statistical significance using GraphPad Prism version
5 (GraphPad software, Inc., San Diego, CA, USA) with the
Student's t-test or one-way ANOVA followed by Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.
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Results

Metformin has anticancer activity against chemoresistant
ovarian cancer cell lines. Previous studies have reported
that metformin inhibits chemoresistant cancer cell growth,
including that of the ovarian cancer cell lines, SKOV3-TR
and A2780/cis (28,29). The present study further examined
the in vitro cell growth inhibition and antiproliferative effects
of metformin on parental and chemoresistant ovarian cancer
cell lines, in specific SKOV3 and SKOV3-TR, and A2780 and
A2780/cis. First, confluency changes following metformin
treatment were investigated. Consistent with previous studies,
metformin decreased cell confluency in all the cell lines tested in
a concentration-dependent manner (Fig. 1A and C). In addition,
20 mM metformin significantly inhibited the growth of SKOV3
and SKOV3-TR cells in a time-dependent manner (Fig. 1B).
A similar result was observed in A2780 and A2780/cis
cells (Fig. 1D). The effect of metformin on cell viability and
proliferation was further evaluated. SKOV3, SKOV3-TR, and
A2780,A2780/cis cells were treated with various concentrations
of metformin for 48 h. The WST-1 assay demonstrated that
cell viability was significantly decreased in all cell lines in a
concentration-dependent manner (Fig. 1E and G). Furthermore,
as shown in Fig. 1F and H, the proliferation of all cell lines
was inhibited in a concentration-dependent manner following
exposure to metformin for 48 h. These data demonstrated that
metformin had anticancer activity not only on the parental but
also on the chemoresistant ovarian cancer cell lines. Thus, the
underlying mechanism of metformin was further investigated
in the present study using these two cell lines, SKOV3-TR and
A2780/cis.

Metformin decreases AKT expression in a
proteasome-dependent manner in parental and chemoresistant
ovarian cancer cell lines. The anticancer effect of metformin
has been previously reported to be mediated by regulation of
AKT signaling in various types of cancer (21-24). Therefore,
the present study sought to determine if metformin regulated
the activation of AKT in parental SKOV3 and A2780, and
chemoresistant SKOV3-TR and A2780/cis cells. To this end,
SKOV3-TR and A2780/cis cells were treated with 20 mM
metformin for 72 h. As illustrated in Fig. 2A and B, metformin
significantly decreased p-AKT (Ser473) expression in both
cell lines. Although previous studies have demonstrated that
metformin increases the phosphorylation of AMPK and
regulates the PI3K/AKT pathway in an AMPK-dependent
manner (21,30), a significant difference in p-AMPK (Thr472)
expression was not observed in the present study. Thus, the
mRNA and protein expression levels of the AKT subfamily
members, AKT1, AKT2 and AKT3, were examined. Notably,
among the AKT family of proteins, the expression levels of
AKT?2 were significantly decreased following metformin
treatment (Fig. 2A and B), but the mRNA expression
levels of the AKT family members were not changed (data
not shown). Consistent with these data, metformin was
demonstrated to also decrease AKT?2 protein levels in parental
SKOV3 and A2780 cells (Fig. 2C and D). Therefore, it was
hypothesized that metformin regulated AKT expression levels
post-translationally. To investigate the difference in AKT
degradation following metformin exposure (effect on AKT2
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Figure 1. Metformin inhibits cell growth in both parental and chemoresistant ovarian cancer cell lines. (A) Parental SKOV3 and resistant SKOV3/TR cells were
treated with indicated concentrations of metformin for 72 h and subsequently observed using phase contrast microscopy. (B) The number of viable cells was
counted using a hemocytometer every 24 h for a total of 72 h, following treatment with 20 mM metformin. (C) Parental A2780 and resistant A2780/cis cells
were treated with indicated concentrations of metformin for 72 h and subsequently observed using phase contrast microscopy. (D) The number of viable cells
was counted using a hemocytometer every 24 h for a total of 72 h, following treatment with 20 mM metformin. (E) Cell viability by WST assay and (F) cell
proliferation by BrdU assay in SKOV3 and SKOV3/TR cells. (G) Cell viability by WST assay and (H) cell proliferation by BrdU assay in A2780 and A2780/cis

cells. "P<0.05 compared with control group. Met, metformin.

protein degradation by metformin), SKOV3-TR and A2780/cis
cells were treated with cycloheximide (CHX) to block de novo
protein synthesis following dimethyl sulfoxide (DMSO;
vehicle control) or 20 mM metformin treatment. As illustrated
in Fig. 3A and B, metformin treatment significantly accelerated
the protein degradation of AKT2 in both SKOV3-TR
and A2780/cis cell lines. To elucidate the mechanism of
metformin-induced AKT2 degradation, we then investigated
whether inhibition of the proteasome-dependent protein
degradation pathway could abrogate the effect of metformin on
AKT?2 protein stability. SKOV3-TR and A2780/cis cells were
treated with the peptide aldehyde proteasome inhibitor MG132
or DMSO (vehicle control) for 12 h following incubation with
or without metformin for 48 h. MG132 treatment rescued the
decreased protein expression of AKT2 and p-AKT induced
by metformin treatment in SKOV3-TR cells (Fig. 3C). Similar

results were observed in A2780/cis cells (Fig. 3D), indicating
that metformin decreased AKT2 and p-AKT protein
expression in a proteasome-dependent manner.

Metformin increases MULI expression. Previous studies
have demonstrated that AKT could be degraded by MULI1
and tetratricopeptide repeat domain 3 (TTC3) via K48-linked
ubiquitination in a proteasome-dependent manner (26,31).
Bae et al (26) have reported that MULI1 interacts with
AKTI1 and AKT?2 through a kinase domain of AKT and
preferentially degrades p-AKT. Western blot analysis
revealed that metformin particularly induced the degradation
of AKT2 (and p-AKT) among the three AKT isoforms
(AKTI1, AKT2 and AKTS3; Fig. 2A and B). Therefore, the
present study investigated if metformin could increase MULLI
expression. MULI mRNA expression levels in A2780/cis
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Figure 2. Metformin decreases AKT and p-AKT expression in ovarian cancer cell lines. (A) SKOV3-TR, (B) A2780/cis cells, (C) SKOV3 and (D) A2780 cells
were treated with PBS or metformin (20 mM) for 72 h. The protein expression levels of AMPK, p-AMPK, AKT and p-AKT were determined by western blot
assay. Protein levels of AKT isoforms were expressed as ratio to the mean in the control group. 3-actin was used as a loading control. Samples were derived
from the same experiment and gels/blots were processed in parallel. Results are presented as mean + standard deviation. "P<0.05 compared with control. AKT,
AKT serine/threonine kinase; p-, phosphorylated; AMPK, AMP-activated protein kinase; Met, metformin.

and SKOV3-TR cells treated with metformin were measured
using reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). As shown in Fig. 4A and B, metformin
treatment significantly increased MULI mRNA levels in
A2780/cis and SKOV3-TR cells. Similarly, the protein
expression levels of MULI were also increased following
metformin treatment (Fig. 4A and B). In addition, we examined
whether metformin-induced MULI expression was specific
to the chemoresistant cells. As illustrated in Fig. 4C and D,
treatment with metformin significantly upregulated MULI1
mRNA and protein expression in the parental SKOV3 and
A2780 cells. Together, these findings indicate that metformin
treatment enhanced both mRNA and protein expression levels
of MULL.

Metformin-induced MULI expression promotes AKT
degradation in a proteasome-dependent manner and
regulates the AKT downstream pathway. The aforementioned
results led to the hypothsis that metformin-induced AKT
degradation may be mediated by MULI. To test this
hypothesis, His-ubiquitin pull-down assays were performed.
As illustrated in Fig. 5A and B, exposure to metformin induced

polyubiquitination of AKT, and siRNA directed against MULI
abrogated metformin-induced AKT ubiquitination in both
SKOV3-TR and A2780/cis cell lines. As metformin decreased
the viability and proliferation of chemoresistant ovarian cancer
cell lines (Fig. 1), the effects of metformin on AKT downstream
genes associated with cell cycle progression and cell growth
were further examined. The GSK3p/cyclin DI pathway is a
well-known downstream pathway of AKT associated with
cell proliferation and cycle progression. Several reports
have suggested that phosphorylation of GSK3p at Serine 9
by AKT decreases the kinase activity of GSK3f for Thr286
of cyclin D1, which leads to the cytoplasmic proteasomal
degradation of cyclin D1 (32,33). Thus, in the present study
the protein expression levels of p-GSK3f (Ser9) and cyclin D1
were determined following metformin treatment using western
blot analysis. As illustrated in Fig. 5C and D, metformin
treatment significantly inhibited GSK3[ phosphorylation and
cyclin D1 expression. However, knockdown of MULI using
siRNA rescued the protein expression levels of p-AKT, AKT2,
p-GSK3p,and cyclin DI in both cell lines. Taken together, these
findings suggest that the increase in MULI1 expression induced
by metformin regulated the AKT downstream pathway.
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Figure 3. Metformin decreases expression levels of AKT in a proteasome-dependent manner. (A) SKOV3-TR and (B) A2780/cis cells were treated with PBS or
metformin (20 mM) and cyclohexamide and harvested at 12 and 24 h. AKT?2 stability was determined using western blot analysis. (C) Proteasome-dependent
degradation inhibitor (MG132; 10 xM) rescued the expression levels of AKT2 and p-AKT reduced by metformin treatment (20 mM) in SKOV3-TR and
(D) A2780/cis cell lines. B-actin was used as a loading control. Samples were derived from the same experiment and gels/blots were processed in parallel.
Protein levels of AKT2 and p-AKT were expressed as ratio to the mean in the control group. Results are presented as mean + standard deviation. "P<0.05 with
comparisons indicated by brackets. AKT, AKT serine/threonine kinase; p-, phosphorylated; CHX, cycloheximide; Met, metformin.

Antitumor effects of metformin are regulated by MULI. Next,
the present study sought to determine whether the increase
in MULLI expression was required for the antitumor activity
of metformin in the chemoresistant ovarian cancer cell lines.
To this end, MUL1 knockdown SKOV3-TR and A2780/cis
cell lines were generated, by expressing a shRNA construct
targeting MUL1 (shMULI). First, the clonogenic growth
ability was investigated in the control and shMUL1 knockdown
SKOV3-TR and A2780/cis cells. The results revealed that
metformin treatment significantly inhibited clonogenic growth.
However, the metformin-mediated inhibition of clonogenic
growth was partially rescued in MULI1 stable knockdown
cells, compared with the control cells (Fig. 6A and B). Because
the results of Figs. 1 and 5 demonstrated that metformin
treatment decreased cell viability and proliferation and
downregulated the AKT/GSK3p/cyclin DI pathway, which
is associated with cell cycle progression, further cell cycle
analyses were conducted using flow cytometry. As presented

in Fig. 6C, there was a higher increase in the number of cells in
the Gl-phase of the cell cycle in the metformin-treated control
SKOV3-TR cells compared with the metformin-treated
shMUL1 SKOV3-TR cells. Similar results were observed in
A2780/cis cells (Fig. 6D). Together, these data suggest that
metformin-mediated MULI expression may be important for
the antitumor activity of metformin.

Discussion

Taxane (paclitaxel) and platinum drugs (such as cisplatin)
induce DNA damage and constitute the first-line chemotherapy
for ovarian cancer. Unfortunately, >70% of patients with
ovarian cancer who are prescribed paclitaxel show relapse
and develop chemoresistance (34). This clinical therapeutic
challenge is caused by several factors. Currently, most ovarian
cancers are left undiagnosed until they reach an advanced
stage because there are few reliable symptoms and etiological
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Figure 4. Metformin increases MULLI expression. (A) SKOV3-TR, (B) A2780/cis cells, (C) SKOV3 and (D) A2780 cells were treated with 20 mM metformin
for 48 h. MULI mRNA and protein levels were analyzed using reverse transcription-quantitative polymerase chain reaction and western blot assays, respec-
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the same experiment and gels/blots were processed in parallel. Results are presented as the mean + standard deviation. "P<0.05 with comparisons indicated by

brackets. MULI, mitochondrial E3 ubiquitin protein ligase 1.

factors in the early stages of ovarian cancer (35). Furthermore,
chemoresistance is reported to be responsible for 90% of
deaths in patients with advanced ovarian cancer (36). This
observation indicates that chemoresistance is the primary
factor in ovarian cancer relapse; however, the development
of strategies targeting these chemoresistant ovarian cancers
remains a fundamental challenge. These problems make
ovarian cancer one of the most lethal tumors with pernicious
growth and progression, frequent metastasis, and commonly
acquired chemoresistance (34).

The results of the present study demonstrated the
chemosensitizing effect of metformin on drug-resistant
SKOV3-TR and A2780/Cis cells. Biochemical assays revealed
that metformin significantly suppressed cell proliferation,
viability, and cycle progression in these cells. Notably,
metformin increased both mRNA and protein levels of
MULI and promoted the degradation of AKT protein in
a proteasome-dependent manner. To further analyze this,
the effect of metformin on MULI and AKT expression was
examined in the parental cell lines, SKOV3 and A2780,
because data in Fig. 1 demonstrated that metformin had
anticancer activity not only on the parental but also on
the chemoresistant ovarian cancer cell lines. The results
demonstrated that treatment with metformin decreased the
level of AKT?2 and significantly upregulated MULI expression
in those cell lines, similar with the results from the SKOV3-TR

and A2780/Cis resistant lines. These findings indicate that
metformin-induced MULI1 expression was not a result specific
to chemoresistance. AKT is known to be associated with the
resistance of cancer cells to various anticancer drugs (37-41),
including ovarian cancer cells (8). In addition, previous studies
have demonstrated that metformin decreases the expression of
p-AKT in several cancer cells. Hyperactivation of AKT, which
is known to stimulate cell survival and proliferation pathways,
is frequently observed in cancers. Furthermore, MULI1 has
been previously demonstrated to be an E3 ubiquitin ligase
for AKT1 and AKT?2 (26); therefore, the present data further
suggested that the chemosensitizing effect of metformin is
mediated by MULI expression in drug-resistant ovarian cancer
cells. This hypothesis was supported by the observation that
silencing of MULI expression suppressed metformin-mediated
AKT degradation and its downstream effects. Additionally,
metformin significantly decreased colony formation compared
with control cells; however, this inhibitory effect was suppressed
by silencing MULI expression, indicating that MULI1 regulated
metformin-mediated AKT degradation and anticancer effects
in chemoresistant ovarian cancer cells. A previous study has
also reported that metformin exerts a chemosensitizing effect
on drug-resistant ovarian cancer cells (29). Specifically, the
authors observed that metformin decreased proliferation levels
with downregulation of the inflammatory signaling pathway
in paclitaxel-resistant A2780 and cisplatin-resistant ACRP cell
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HA-Ub plasmid with scrambled siRNA or siMULLI. Following overnight incubation, cells were treated with 1 xM MG132 for 24 h after exposure to metformin
for 48 h. His-pull down assay was then performed using Ni-NTA beads, and the samples were analyzed by immunoblotting with the indicated antibodies.
(C) MULLI knockdown inhibited metformin-induced AKT downregulation in SKOV3-TR and (D) A2780/cis cells, which were transfected with 100 pmol
scrambled siRNA or siMULI followed by metformin treatment for 72 h. Expression levels of indicated proteins were analyzed by immunoblotting. $-actin
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lines (29). Further studies are required to assess whether the
effect of metformin is dependent on inflammatory signaling, as
there is presently no functional evidence that MULI1 regulates
inflammatory signaling in cancer cells.

Metformin, a widely used drug for the treatment of
type 2 diabetes with relatively low side effects (7,8), has
attracted much attention in oncology owing to its anticancer
activities (14-18). Although the exact mechanisms underlying
the effects of metformin have not been completely
elucidated, the most well-known mechanism is activation
and phosphorylation of AMPK by inhibiting the activity
of mitochondrial complex I (11,12). The present study
demonstrated that treatment with metformin distinctly
upregulated MULI expression and downregulated AKT
and its downstream targets GSK3f and cyclin D1. However,
the p-AMPK levels remained unchanged, suggesting that
the anticancer and chemosensitization effects of metformin

are independent of the AMPK-mediated pathway. Recent
accumulating evidence suggests that the anticancer activities
of metformin are mediated by not only AMPK-dependent
but also -independent pathways. Metformin decreases the
expression levels of cyclin D1, which is an important regulator
of cell cycle progression, in the absence of AMPK (42). In
addition, the antiproliferative effect of metformin is mediated
by AMPK-independent inhibition of mammalian target of
rapamycin complex 1 (mTORCI) signaling, which has been
implicated in cancer progression (43). Based on these reports,
the current findings suggest that AMPK activation is not
essential for the anticancer and chemosensitization effects of
metformin on drug-resistant ovarian cancer cells.

In summary, the present findings indicate that metformin
inhibited the growth and proliferation of drug-resistant ovarian
cancer cells, which was mediated by MULI1 expression and
the subsequent AKT degradation. Additionally, metformin
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MULI, mitochondrial E3 ubiquitin protein ligase 1; sh, short hairpin; PI, propidium iodide.

promoted the chemosensitization in a MULI-dependent and
AMPK-independent manner. To the best of our knowledge,
this is the first study to elucidate the promoting effect and
cellular mechanism of metformin and its chemosensitizing
potential in drug-resistant ovarian cancer cells.
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