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ABSTRACT

Breast cancer is one of the most common cancer types in women in the world and our country. Antitumorigenic
activity is achieved with various therapeutic drugs by directly suppressing the constantly active PI3K/Akt/mTOR
signaling pathway or enabling AMPK activation. AMPK, a positive regulator of autophagy, ensures the induction
of autophagy by suppressing the Akt/mTOR pathway. Metformin, an anti-diabetic drug, achieves its anti-
tumorigenic effect by activating AMPK. Deregulation of the Hippo signaling pathway is a new therapeutic target
because it causes cancer cells to become aggressive and evade cell death mechanisms. The study aims to reveal
the effects of metformin treatment on Hippo signaling pathway activity on apoptosis and autophagy, depending
on drug treatment in MDA-MB-231 breast cancer cells. Metformin decreased the cell viability through induction
of mitochondria membrane potential loss in dose and time dependent manner in MDA-MB-231 cells. The colony
forming potential of the MDA-MB-231 cells were suppressed by 10 mM metformin treatment which was induced
apoptotic cell death and autophagy by increasing Bim, Bad, Bak and cleavage of caspase 3, 9, PARP and Beclin1,
Atg5 and Atg7. Moreover, Hippo signaling related protein levels showed remarkable increase due to metformin
treatment. It was shown that metformin treatment increased the activity of the hippo signaling pathway,
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Introduction

Breast cancer is one of the most common cancer types in
women in the world. Risk factors such as menopausal age,
obesity, type 2 diabetes, personal cancer history, familial
cancer history, BRCA1-2 mutations, and environmental
factors such as smoking and alcohol use are involved in
the development of breast cancer. According to 2018
World Health Organization (WHO) data, one in every six
deaths is caused by cancer, and breast cancer ranks first
in women [1]. According to research by the International
Agency for Research on Cancer (IARC), breast cancer,
which was seen in 2.26 million women in 2020, is
predicted to be seen in 3.19 million women 20 years later.
According to 2020 IARC data, 24,175 women were
diagnosed with breast cancer in Turkey and 7,161 women
died due to breast cancer [2]. New therapeutic agents
need to be developed for the treatment of breast cancer,
which is a common type of cancer among women and its
incidence is increasing.

Metformin is a biguanide-class antidiabetic drug used as
first-line treatment in patients with type 2 diabetes. The
primary effect of metformin is to inhibit glucose
production in the liver, but it also increases the insulin
sensitivity of peripheral tissues [3]. In addition to
regulating insulin metabolism, metformin provides weight
control and is also used in the treatment of insulin
resistance. The required daily dose has been determined
as 500-2500 mg/day [4]. The main molecular targets of

|"®gu/sahsonalp@gmail. com

resulting in the induction of apoptosis and autophagy.
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metformin are the mitochondrial electron transport chain
(ETC), Adenosine monophosphate-activated protein
kinase (AMPK) and mTOR [5]. ETC causes downregulation
of AMPK by producing Adenosine triphosphate (ATP).
Metformin, on the other hand, inhibits ETC, reducing ATP
synthesis, and the high AMP/ATP ratio activates AMPK,
which suppresses mTOR. Metformin-mediated inhibition
of ATP synthesis provides mTOR inhibition. Many studies
in colon cancer cells, breast cancer cells and the model
organism C. elegans have shown that metformin slows
down the growth of cancer cells in various types of cancer
[6,7]. Studies have shown that metformin has
tumorigenesis-suppressing and antiproliferative effects in
various types of cancer. It shows its anticancer effect
through  AMPK-dependent or AMPK-independent
pathways [8]. Signal transmission in cancer cells occurs
through the activation of cytoplasmic kinases such as
serine/tyrosine kinase and receptor tyrosine kinases
(RTK). Uncontrollable and continuous RTK activity is
observed during the tumor formation phase. The
PI3K/Akt/mTOR signaling pathway is involved in
important cellular events such as cell growth, autophagy,
apoptosis and lipid metabolism. Antitumorigenic activity
is achieved by directly suppressing or AMPK-dependent
inhibition of the PI3K/Akt/mTOR signaling pathway using
various drugs. AMPK, a positive regulator of autophagy,
induces autophagy by suppressing the Akt/mTOR pathway
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[9]. AMPK/mTOR signaling induces apoptosis by causing
an increase in the expression of caspase-3, which provides
DNA fragmentation in apoptosis as well as autophagy [10].
Metformin induced apoptosis through induction of ROS
production and the effect of metformin were highly
associated with the glucose concentration on MDA-MB-
231 aggressive breast cancer cells. But, the relation of
these mechanism with Hippo signaling still largely
unknown in MDA-MB-231 cells.

The Hippo signaling pathway regulates organ size and
maintains tissue stability by managing cell proliferation
and apoptosis. The Hippo signaling pathway consists of
mammalian STE20-like kinase 1/2 (MST 1/2), large tumor
suppressor kinase 1/2 (LATS 1/2) and Yes-associated
protein 1 (YAP) and its paralogue WW-domain-containing
transcription regulator 1 (TAZ) elements [10]. The basis of
the Hippo pathway is based on serine/threonine
phosphorylation. Activation of the Hippo pathway results
in phosphorylation of YAP at Ser127 via LATS 1/2 and
consequently YAP inactivation. Phosphorylated YAP is
degraded in the cytoplasm as a result of its interaction
with 14-3-3, resulting in inhibition of target gene
transcription [11,12]. When the Hippo pathway is
inactivated, the inactive MST1/2 and LATS1/2
dephosphorylate  YAP/TAZ, leading to YAP/TAZ
accumulation in the nucleus. YAP/TAZ accumulates in the
nucleus and binds with TEAD family transcriptional factors
(TEAD1-4) to stimulate gene transcription that regulates
various cellular activities such as cell proliferation [13].
Defects in the Hippo signaling pathway encourage breast
cancer cells to metastasize. YAP deficiency has been
observed to reduce the incidence of lung metastases in a
genetically engineered mouse model of breast cancer
[14]. A study showed that metformin inhibited the stem
structure and epithelial-mesenchymal transition of glioma
cells by regulating YAP activity [15]. The Hippo signaling
related genes showed variation between various breast
cancer cells. So, the oncogenic and tumor suppressor role
of Hippo signaling against chemotherapeutics are still
needed to be investigated

In line with the information in the literature, this study
aims to demonstrate the effects of metformin treatment
in breast cancer cells on the Hippo signaling pathway
activity in a relation with apoptosis and autophagy,
depending on the drug treatment concentrations. In
addition, the results obtained are intended to be used as
preliminary data in phase studies for breast cancer
treatment.

Material and Methods

MTT Cell Viability Test

MDA-MB-231 (ATCC HTB-26) breast cancer cells were
seeded in a 96-well/plate with 1x10* cells in each well, and
the cells were incubated at 37°C for 24 hours. Then, the
cells are incubated with 1-10 mM metformin for 24h and
48h at 37°C. At the end of the incubation, 10 pl of 3-(4,5-
dimethyltriazol-2-yl)-2-5-diphenyltetrazolium  bromide
(MTT) agent was added to the medium on the cells and
incubated for 4 hours at 37°C. After incubation with the

MTT agent, 100 pl Dimethyl sulfoxide (DMSO) was added
and kept in the dark for 5 minutes to dissolve the
formazan crystals formed by living cells metabolizing the
MTT agent. After dissolving Formazan crystals with DMSO,
the cell viability rate was measured by absorbance at 570
nm in a microplate ELISA reader (Bio-Rad, California, USA).
The results were shown as the average of three
experiments with at least four repetitions.

Colony Formation Test

MDA-MB-231 cells were seeded into a 6-well petri dish
as 2x103 cells. 10 MM metformin was treated for 24h and
48h. Then, the medium on the cells was replaced with
fresh medium. Compared to the control group cells
reaching 90% density, the media was removed after
approximately 14 days. Cells were washed with 1X PBS
and incubated for 15 minutes at RT with a 3:1 ratio of
100% methanol: acetic acid. 500 pl 0.5% crystal violet was
added to the cells and incubated at RT for 20 minutes.
After 20 minutes, the dye was removed by washing with
distilled water. Colonies were drawn and counted.

Trypan Blue Cell Proliferation Assay

A cell survival experiment was performed to
determine the effect of metformin on cell proliferation in
MDA-MB 231 breast cancer cells. 5x10* cells were seeded
in a 6-well/plate. 10 mM metformin was treated for
different time points. At the end of every 24, 48 and 72
hours, cells were collected with trypsin and centrifuged at
2000 rpm for 5 minutes. Cells were dissolved with 10 pl
media and mixed with 10 ul of trypan blue and counted in
a hemocytometer. Cell survival assay was examined as the
average of three different experiments with at least
duplicates.

Fluorescence Microscopy

1x10* cells were seeded into 6 wells/plates and then
treated with various concentrations (1, 2, 5 and 10 mM)
of metformin for 24h and 48h. The effect of metformin on
mitochondrial membrane potential loss was examined by
3,3’-dihexyloxacarbocyanine iodide (DiOC6) (4 nM;
Calbiochem, La Jolla, CA, USA) fluorescent staining and
visualized by fluorescence microscopy (Ex./Em.: 488/525
nm) [16]. Propidium iodide (PI) staining was performed to
observe the cell death ratio after metformin treatment
(Ex./Em.: 536/617 nm) [17].

Immunoblotting

MDA-MB-231 cells were treated with the 10 mM
metformin for 24h and 48 h. As was proceeded in our
previous study; first, cells were washed with ice-cold 1x
PBS and lysed mPER extraction buffer in the presence of a
protease inhibitor cocktail (Complete, Roche)[18].
Following lysis of the cells, total protein lysate was
obtained after centrifugation for 15 min at 13,200 rpm.
Bradford protein assay was used to determine the protein
concentrations (Bio-Rad, California, USA). Samples were
kept in the -80° freezer until use. Separation of total
protein lysates proceeded with a 10-12% SDS-PAGE and
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proteins were transferred onto PVDF membranes (Roche,
Basel, Switzerland). The membranes were then blocked
with a 5% milk-blocking solution (prepared with Tris buffer
saline-Tween 20) and incubated with appropriate primary
and HRP-conjugated secondary antibodies (CST) in
antibody. Then membranes were washed

with 1X TBS-Tween 20, the proteins were analyzed
using an enhanced chemiluminescence detection system
(Chemidoc Bio-Rad, California, USA).

Statistical Analysis

The results obtained are the average of three different
experiments with at least two repetitions. All numerical
results obtained from the experiments were converted
into graphs using GraphPad Prism 6 and statistical analysis
was carried out using the Two-way ANOVA method. The p
value for significant changes is *p<0.05; **p<0.01,
**%*p<0.001, ****p<0.0001.

Results and Discussion

Metformin Reduced Cell Viability in a Time and
Dose-dependent Manner in MDA-MB-231 Breast
Cancer Cell

Metformin is a first-line anti-diabetic drug used to
treat type 2 diabetes mellitus and regulate blood sugar in
overweight people. The risk of breast cancer in women

with diabetes increases compared to healthy people,
especially the risk of breast, pancreas, colon, liver and
uterine cancer increases in people with diabetes. A meta-
analysis has shown that long-term metformin treatment
will reduce the risk of T2D-related breast cancer [19]. In
the study conducted by Phoenix et al. in 2010, long-term
treatment with metformin was shown to be effective in
primary tumor growth [20]. In light of this information, the
mechanisms of action and signaling pathways of
metformin on the MDA-MB-231 triple-negative breast
cancer cell line were investigated and the research was
supported by in-vitro experiments. MTT survival test was
performed to determine the effect of metformin on cell
viability. Metformin was treated to MDA-MB-231 breast
cancer cells depending on dose (1-10 mM) and time (24-
48 hours) (Figure 1A). Metformin caused a dose-
dependent decrease in cell viability. While a 40% loss of
cell viability was observed in a 24h application of 10 mM
metformin, a 50% cell viability was observed in a 48h
application of 10 mM metformin. The effect of 10 mM
metformin on cell proliferation depending on time was
examined by trypan blue assay (Figure 1B). Compared to
the control group, 10 mM metformin showed a cytotoxic
effect and suppressed the cell proliferation rate in a time-
dependent manner in cell viability. The study on the
xenograft model of breast cancer showed the anti-
proliferative role of metformin at the concentration of
150 mg/kg/day led to significant reduction of tumor
growth [21].
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Figure 1. Metformin increased cell viability loss in MD-MB-231 breast cancer cells. A. MTT cell survival assay was performed
after metformin treatment in MDA-MB-231 breast cancer cells in a dose- and time-dependent manner (* p<0.05; **
p<0.01, *** p<0.001). B. Cell survival assay (Trypan blue assay) was proceeded after metformin treatment to MDA-MB-
231 cells (*p<0,05). C. The effect of metformin on cell viability was examined by DiOC6 and PI staining by fluorescence

microscopy. Scale bar: 50 um
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It was examined by DiOC6 staining to observe the effect of
metformin on cell viability depending on mitochondrial
membrane potential (MMP) (Figure 1C). Live cells stained with
DiOC6 were observed in green fluorescent color. Treatment of 1
mM and 2 mM metformin for both 24h and 48h did not cause a
significant decrease in cell viability. However, although 5 mM
metformin was more effective in 48h metformin treatment, it
also reduced cell viability by 50% in the 24h treatment period. By
increasing MMP loss, 10 mM metformin significantly reduced
MDA-MB-231 breast cancer cell viability. Propidium iodide is a
fluorescent intercalating agent that can bind to DNA insertion
with little or no sequence preference between bases. When 10
mM metformin was treated, cells with impaired membrane
integrity were observed in red color (Figure 1C). In the study with
ovarian cancer, metformin enhanced the cytotoxic effect of
cisplatin [22]. It was known that metformin as an anti-diabetic
drug reduces the glucose levels. The cell death mechanisms
under the low glucose level especially in MDA-MB-231 breast
cancer cells still under investigation. The high glucose
concentration (25 mM) prevent the anti-proliferative
mechanism of metformin in MDA-MB-231 cells [23]. Therefore,
the mechanism under induction of cell death is further
investigated.

Time-dependent Metformin Treatment Increased
Apoptotic Cell Death of MDA-MB-231 Triple-negative
Breast Cancer Cells

Recent studies have shown that metformin may suppress
tumor growth in many types of cancer, reduce cancer risk, and
be associated with improved prognosis in patients with cancer
[24]. When the long-term effect of metformin was examined,
the effects of 24h and 48h treatment on colony formation
potential were determined as 265 and 72 colonies, respectively,
compared to the control group (410 colonies) (Figure 2A).
Considering the number of colonies and colony diameters, it was

Metformin (10 mM)

shown that the treatment of 10 mM metformin for 48h
significantly suppressed cell proliferation. A study in MCF-7 and
MDA-MB-231 cells showed that the anticarcinogenic effect of
metformin was induced by increasing glucose uptake [25].
Moreover, metformin treatment in these cells caused an
increase in oxidative stress generation and DNA damage [26].
Therefore, in our study, we investigated the effect of metformin
on the apoptotic cell death mechanism. Cells were treated with
the selected concentration of 10 mM metformin for 24 and 48
h, followed by total protein isolation. Changes in the expression
of apoptosis-related proteins (BIM, BAD, BAK, cleaved caspase
3, cleaved caspase 9, and PARP) were examined by
immunoblotting (Figure 2A-B). Both pro-apoptotic and anti-
apoptotic proteins regulate apoptotic cell death. BIM, a pro-
apoptotic protein, works with pro-apoptotic proteins such as
BAD to regulate cell death and survival necessary for normal
tissue homeostasis. Decreased BIM expression in cancer cells
induces tumor formation. As a result, a 4-fold increase in Bad
and Bak protein expressions was observed and a 2-fold increase
in Bim protein expression was observed compared to the
control group. As consistent with our study, metformin exerted
pro-apoptotic effect on HT-29 colon cancer cells by inhibiting
nuclear factor-kappa B (NF-kB) signaling which activated
caspases [27]. The high concentration of metformin (25 mM)
induced apoptotic cell death via upregulation of p53 but
decreasing in cyclin D1 expression. Additionally, the AMPK
expression level of the breast cancer cells also effect the anti-
proliferative role metformin [28]. Other proteins that are
effective in apoptotic cell death are caspases. Caspases, which
remain inactive until the appropriate signal arrives, take part in
the apoptotic pathway after being activated. Activated caspase
9 is cleaved and acts as the initiator caspase, enabling the
activation of caspase 3, which is the effector caspase, and thus
causing cell death through the intrinsic apoptotic pathway [29].
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Figure 2. A. Examination of the effect of metformin on the colony formation potential of MDA-MB-231 breast cancer cells. B.
Display the number of colonies formed as a result of time-dependent metformin treatment using the Image J program
(****p<0.0001). C. Apoptotic marker protein expressions (Bim, Bad, Bak, Cle. Caspase 3, Cle. Caspase 9 and Cle. PARP)

were analyzed by immunoblotting flowing 24h and 48h

metformin treatment in MDA-MB-231 cells. D. Graphical

representation of the changes in the expression of apoptotic marker proteins by using the Image J program

(****p<0,0001).
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A 4-fold increase was observed in cleaved caspase 9 and
therefore cleaved caspase 3 protein expressions compared to
the control group, depending on time, after metformin
treatment. Caspase-mediated apoptotic cell death occurs
through the cleavage of PARP. Due to the increase in caspase 3
expression, an increase in the expression of cleaved PARP is also
observed (Figure 2A-B). A study in A498 renal cell carcinoma cells
also showed the apoptotic effect of metformin which induced
cleavage of caspase 3 and PARP in a dose-dependent manner. In
the same study it was concluded that the metformin-induced
apoptosis was modulated by degradation of caspase 8 (FLICE)-
like inhibitory protein (c-FLIP.) which has an inhibitory role on
caspase-8 activation [30]. As a result, it has been shown that
metformin treatment causes a 4-fold decrease in colony
formation in MDA-MB-231 cells depending on the treatment
time, proliferation is suppressed. Similar to the study conducted
by Jang et al. on T4 bladder cancer cells, a positive effect on
caspase-dependent apoptosis was observed in our study after
metformin treatment [31]. Treatment with metformin caused
an increase in the expression of intrinsic apoptosis pathway
markers in breast cancer cells, causing the cell to undergo
programmed cell death.

Effect of Time-dependent Metformin Treatment on
the Autophagy Mechanism in MDA-MB-231 Breast
Cancer Cells

Although autophagy, a process that regulates cell
homeostasis that occurs under various stressful conditions such
as organelle damage, the presence of abnormal proteins and

A
MDA-MB231
- 24h  48h Metformin (10 mM)
B.

Beclin-1 Atgd Atg7

nutrient deprivation, is associated with non-apoptotic cell death,
it is considered a survival mechanism because it maintains
intracellular balance. In the study conducted by Gozliagik and
Kimchi in 2006, p53 activation stimulates autophagy by
inhibiting mTOR activity, which is effective in an antiapoptotic
signaling pathway [32]. To demonstrate the effect of time-
dependent metformin treatment on autophagy-induced cell
death, immunoblotting with autophagy-related proteins (Atg5,
Atg7, Beclin-1) was examined after 24 and 48 hours of
metformin treatment (Figure 3A-B). Beclin-1 protein is the
central regulator of autophagy. It is also a tumor suppressor
whose expression is decreased in many types of cancer such as
breast and ovarian [33,34]. Therefore, decreased Beclin-1
expression has been associated with tumorigenesis. As a result
of the treatment of 10 mM metformin, which is the effective
dose, for 24 and 48 h, a 2-fold and 2.3-fold increase in Beclin-1
expression was observed in MDA-MB-231 cells, respectively.
Atg5, another autophagy regulator, is a central regulator
required for autophagy in terms of its participation in
autophagosome elongation. In studies, inhibiting Atg5 caused
partial resistance to chemotherapy [35,36]. Deficiency of Atg7,
which is involved in the regulation of autophagy, causes a
phenotype lacking autophagy and disruption of cell homeostasis
[37]. As a result of immunoblotting, no significant difference was
observed in the expression of Atg5 with 24-hour metformin
treatment, while 48-hour metformin caused a 2-fold increase in
Atg5 expression. A 2-fold increase in Atg7 expression was
observed compared to the control group, depending on both 24
h and 48 h metformin treatment duration (Figure 3A-B).
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Figure 3. Demonstration of autophagy marker protein expressions (A. Beclin-1, Atg-5, Atg7) in MDA-MB-231 cells following
metformin administration using the ChemiDoc MP Imaging System. B. Graphical representation of the changes in the
expression of autophagy marker proteins as a result of time-dependent treatment with 10 mM Metformin in the MDA-
MB-231 breast cancer cell line, using the Image J program. (****p<0.0001) C. Demonstration of mTOR and p-mTOR
protein expressions in MDA-MB-231 cells following metformin treatment and analyse with the ChemiDoc MP Imaging
System device. D. Graphical expression of mTOR and p-mTOR protein expression rates by using the Image J program. (**

p<0.01, *** p<0.001)
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After 48 hours of metformin treatment, a 2-fold
decrease in phosphorylated mTOR (Ser2448) expression
level was observed compared to the control group, but
there was no significant change in total mTOR expression
due to metformin treatment (Figure 3C-D). mTOR activity
supports cell survival and energy metabolism, a
mechanism that works opposite to the autophagy
mechanism. In a study conducted to demonstrate the
effect of metformin on Beclin-dependent autophagy in
gastric cancer cells, it was shown that autophagy was
induced in gastric cancer cells by decreasing the p-mTOR
protein level and resulting in an increase in Beclin protein
level [38]. As aresult, it has been observed that Metformin
induces autophagy through inhibition of mTOR activity in
addition to apoptotic death in MDA-MB-231 breast cancer
cells and has an inhibitory effect on tumor growth caused
by autophagy-dependent cell death.

Metformin Suppressed the Proliferation and
Invasion of MDA-MB-231 Breast Cancer Cells
through Activation of the Hippo Signaling Pathway.

The Hippo signaling pathway, which modulates cell
death, cell proliferation, and cell differentiation, plays a
role in cell homeostasis by regulating cell number. YAP
and TAZ, two interrelated transcriptional factors, have an
important place in tissue repair and organ size control in
cancer treatment [39]. In this study, to observe the effect
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of metformin on the Hippo signaling pathway in MDA-MB-
231 triple-negative breast cancer cells, changes in Hippo
signaling pathway markers YAP, TAZ and p-YAP protein
expressions following 24h and 48h of metformin
treatment were examined by immunoblot analysis (Figure
4A-C). It was observed that YAP protein expression, which
has an anti-apoptotic, cell migration and invasion-
promoting effect, decreased to 0.3-fold and 0.4-fold
levels, respectively, after 24h and 48h of metformin
treatment, compared to the control group. Metformin
treatment for 24h and 48h caused a 2.6- and 2.7-fold
increase in the level of p-YAP, which increases apoptotic
activity by ensuring YAP phosphorylation, respectively,
compared to the control group. When p-YAP expression is
compared to total Yap expression, 24h metformin
increased 3-fold and 48-h metformin increased 3.5-fold
(Figure 4C). Studies have suggested that the Hippo
signaling pathway can control apoptosis through the YAP
protein, based on the response of the effector YAP protein
regulated by the Hippo signaling pathway after DNA
damage. Recent studies have suggested that YAP
activation is associated with drug resistance in cancer
treatment, and as a result of the experiments, it has been
observed that there is more YAP expression in drug-
sensitive breast cancer cells compared to non-resistant
ones. Accordingly, in vivo experiments showed that the
YAP level in the nucleus was downregulated after
treatment with metformin [40].
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Figure 4. A. Demonstration of Hippo signaling pathway marker protein expressions (LATS1, MTS1, SAV1, YAP and p-YAP (S127)
in MDA-MB-231 cells following metformin treatment. GAPDH was used as a loading control. B. Graphical expression of
the changes in protein expression using the Image J program. C. Graphical representation of YAP and p-YAP protein
expression rates in MDA-MB-231 breast cancer cell line as a result of 10 mM Metformin treatment (24-48 h) using the

Image J program. (**p<0.01, ****p<0.0001)
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Increased expression of TAZ, a Hippo signaling pathway
regulator with anti-apoptotic effect that is highly expressed in
many types of cancer, is associated with cancer metabolism
[41]. Previous studies have observed that treatment with
metformin has a dependent or independent effect on YAP
inhibition, depending on the increase in MST1 and LATS1
interaction and expression [42]. In this study, metformin
treatment for 24h and 48 h increased MST1 expression by 3.2
and 3.6-fold, respectively, and LATS1 expression level by 2.1
and 3.1-fold, respectively. Accordingly, it caused suppression
of YAP expression. The expression of SAV1 protein, which has
a tumor suppressor effect in many types of cancer, decreased
by 0.5-fold in MDA-MB-231 breast cancer cells after
metformin treatment within 24h while it increased by 1.8-fold
with 48h metformin (Figure 4A-B). In the study conducted to
demonstrate the role and mechanism of SAV1 on the
development of pancreatic cancer; overexpression of SAV1
was shown to suppress cell migration and invasion and
promote apoptosis [43]. Recent studies have reported that
drug-sensitive and resistant cells are affected by different
mechanisms of metformin treatment. /n vivo and in vitro
experiments indicated that metformin suppressed breast
cancer by an AMPK-independent pathway to decrease YAP
nuclear localization. In drug-sensitive cells, metformin
activated the Hippo pathway by increasing KIBRA and FRMD6
expression, but this did not occur in drug-resistant cells [44].

As a result, following the 48h treatment of metformin, an
increase in apoptotic cell death was observed due to activation
of the Hippo signaling pathway.

Conclusion

As aresult, in the light of the experiments performed, it has
been shown that metformin treatment induced Hippo
signaling pathway-dependent apoptosis in MDA-MB-231
triple negative breast cancer cells. Moreover, beside the
downregulation of Hippo signaling, metformin inhibited cell
proliferation and survival through upregulation of autophagy
mechanism due to mTOR inhibition in breast cancer cells. The
current study has some limitations, albeit the promising
results. Firstly, glucose concentration is a limiting factor of
metformin therefore the molecular mechanism of metformin
as an anti-cancer drug in nondiabetic subjects should be
investigated. Secondly, in the healthy cells, the adequate drug
concentration of metformin should be determined, and
thirdly, metformin-induced hippo signaling pathway in MDA-
MD-231 cells should be investigated in various glucose
concentration.

Acknowledgements

The authors wish to thank Scientific Research Projects Unit
of Istanbul Kultur University for funding the study.

Conflict of Interest

There is not any conflict of interest or common interest with
an institution/organization or a person that may affect the
review process of the paper.

References

(1

(2]
(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

Ferlay J., Colombet M., Soerjomataram I., Mathers C.,
Parkin DM, Pifieros M. Estimating the global cancer
incidence and mortality in 2018: GLOBOCAN sources and
methods, Int J Cancer, 144 (8) (2019) 1941-53.

IARC. GLOBOCAN : Estimated Number of New Cases from
2020. Int Agency Res Cancer. 247 (22) (2020) 3087-3088.
Erices R., Cubillos S., Aravena R., Santoro F., Marquez M.,
Orellana R. Diabetic concentrations of metformin inhibit
platelet-mediated ovarian cancer cell progression,
Oncotarget, 8 (13) (2017) 20865—20880.

Wang YW., He SJ., Feng X., Cheng J., Luo YT., Tian L.
Metformin: a review of its potential indications, Drug Des
Devel Ther., 11 (2017) 2421-2429.

Vancura A, Bu P, Bhagwat M, Zeng J, Vancurova I.
Metformin as an Anticancer Agent, Trends Pharmacol Sci.,
39 (10) (2018) 867-878.

Sabit H., Abdel-Ghany SE., M Said OA., Mostafa MA., El-
Zawahry M. Metformin Reshapes the Methylation Profile
in Breast and Colorectal Cancer Cells, Asian Pac J Cancer
Prev. 19 (10) (2018) 2991-2999.

Wou L., Zhou B., Oshiro-Rapley N., Li M., Paulo JA., Webster
CM., An Ancient, Unified Mechanism for Metformin
Growth Inhibition in C. elegans and Cancer, Cell, 167 (7)
(2016) 1705-1718.e13.

Davies G., Lobanova L., Dawicki W., Groot G., Gordon JR.,
Bowen M. Metformin inhibits the development, and
promotes the resensitization, of treatment-resistant
breast cancer, PLoS One 12 (12) (2017) e0187191.
LiangP., Jiang B, Li Y., Liu Z., Zhang P., Zhang M. Autophagy
promotes angiogenesis via AMPK/Akt/mTOR signaling
during the recovery of heat-denatured endothelial cells,
Cell Death Dis. [Internet]. 9 (12) (2018) 1152-1160.

Bu H., Liu D., Zhang G., Chen L., Song Z. AMPK/mTOR/ULK1
Axis-Mediated Pathway Participates in Apoptosis and
Autophagy Induction by Oridonin in Colon Cancer DLD-1
Cells, Onco Targets Ther. 13 (2020) 8533-8545.

Mo JS., Park HW., Guan KL. The Hippo signaling pathway in
stem cell biology and cancer, EMBO Rep., 15 (6) (2020)
642-656.

Yu FX., Guan KL. The Hippo pathway: regulators and
regulations, Genes Dev., 27 (4) (2013) 355-371.

Moroishi T., Hansen CG., Guan KL. The emerging roles of
YAP and TAZ in cancer, Nat. Rev. Cancer, 15 (2) (2015) 73—
79.

Wei C., Wang Y., Li X. The role of Hippo signal pathway in
breast cancer metastasis, Onco Targets Ther., 11 (1) (2018)
2185-2193.

Yuan X., Wei W., Bao Q., Chen H., Jin P., Jiang W.
Metformin inhibits glioma cells stemness and epithelial-
mesenchymal transition via regulating YAP activity,
Biomed Pharmacother, 102 (1) (2018) 263-270.
Renciizogullari O., Arisan ED., Obakan Yerlikaya P., Coker
Gurkan A., Keskin B., Palavan Unsal N. Inhibition of
extracellular signal-regulated kinase potentiates the
apoptotic and antimetastatic effects of cyclin-dependent
kinase inhibitors on metastatic DU145 and PC3 prostate
cancer cells, J Cell Biochem., 120 (4) (2019) 5558-5569.
Akkog Y., Berrak 0., Arisan ED., Obakan P., Coker-Giirkan
A., Palavan-Unsal N. Inhibition of PI3K signaling triggered
apoptotic potential of curcumin which is hindered by Bcl-2
through activation of autophagy in MCF-7 cells, Biomed
Pharmacother, 71 (1) (2015) 161-171.

Obakan Yerlikaya P., Mehdizadehtapeh L., Renclizogullari

233



Cumhuriyet Sci. J., 45(2) (2024) 227-234

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

0., Kuryayeva F., Cevikli SS., Ozagar S. Gemcitabine in
combination with epibrassinolide enhanced the apoptotic
response in an ER stress-dependent manner and reduced
the epithelial-mesenchymal transition in pancreatic cancer
cells, Turkish. J. Biol., 46 (6) (2022) 439-457.

Park YMM., Sandler DP. Making sense of associations
between type 2 diabetes, metformin, and breast cancer
risk, Br J Cancer, 125 (7) (2021) 909-910.

Phoenix KN., Vumbaca F., Fox MM., Evans R., Claffey KP.
Dietary energy availability affects primary and metastatic
breast cancer and metformin efficacy, Breast Cancer Res
Treat., 123 (2) (2010) 333—-344.

Rizvi F., Shaukat L., Azhar A., Jafri A., Aslam U., Imran-Ul-
Haq H. Preclinical meritorious anticancer effects of
Metformin against breast cancer: An In vivo trial, J. Taibah
Univ Med Sci., 16 (4) (2021) 504-512.

ZhengY., Zhu )., Zhang H., Liu Y., Sun H. Metformin inhibits
ovarian cancer growth and migration in vitro and in vivo by
enhancing cisplatin cytotoxicity, Am J Trans/ Res., 10 (10)
(2018) 3086-3098.

Zordoky BNM., Bark D., Soltys CL., Sung MM., Dyck JRB.
The anti-proliferative effect of metformin in triple-
negative MDA-MB-231 breast cancer cells is highly
dependent on glucose concentration: implications for
cancer therapy and prevention, Biochim Biophys Acta,
1840 (6) (2014) 1943-1957.

Kasznicki J., Sliwinska A., Drzewoski J. Metformin in cancer
prevention and therapy, Ann Transl Med., 2 (6) (2014) 57-
67.

Amaral 1., Silva C., Correia-Branco A., Martel F. Metformin
interferes with glucose cellular uptake by both estrogen
and progesterone receptor-positive (MCF-7) and triple-
negative (MDA-MB-231) breast cancer cell lines: PS156,
Porto Biomed., 2 (5) (2014) 218-225.

Marinello PC., da Silva TNX., Panis C., Neves AF., Machado
KL., Borges FH. Mechanism of metformin action in MCF-7
and MDA-MB-231 human breast cancer cells involves
oxidative stress generation, DNA damage, and
transforming growth factor B1 induction, Tumor Biol., 37
(4) (2016) 53375-53346.

Sena P., Mancini S., Benincasa M., Mariani F., Palumbo C.,
Roncucci L. Metformin induces apoptosis and alters
cellular responses to oxidative stress in Ht29 colon cancer
cells: Preliminary findings, Int J Mol Sci., 19 (5) (2018) 45-
56.

Yenmis G., Besli N., Yaprak Sarag E., Hocaoglu Emre FS.,
Senol K., Kanigir G. Metformin promotes apoptosis in
primary breast cancer cells by downregulation of cyclin D1
and upregulation of P53 through an AMPK-alpha
independent mechanism, Turkish J Med Sci., 51 (2) (2021)
826-834.

Fujita E., Egashira J., Urase K., Kuida K., Momoi T. Caspase-
9 processing by caspase-3 via a feedback amplification
loop in vivo, Cell Death Differ., 8 (4) (2001) 335—-344.

Jang JH., Song IH., Sung EG., Lee TJ., Kim JY. Metformin-

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

induced apoptosis facilitates degradation of the cellular
caspase 8 (FLICE)-like inhibitory protein through a caspase-
dependent pathway in human renal cell carcinoma A498
cells, Oncol Lett., 16 (2) (2018) 2030-2040.

Jang JH., Sung EG., Song IH., Lee TJ., Kim JY. Metformin
induces caspase-dependent and caspase-independent
apoptosis in human bladder cancer T24 cells, Anticancer
Drugs, 31 (7) 2020 655-662.

Gozuacik D., Kimchi A. DAPk protein family and cancer,
Autophagy, 2 (2) (2006) 74-79.

Wijshake T., Zou Z., Chen B. Tumor-suppressor function of
Beclin 1 in breast cancer cells requires E-cadherin, Proc
Natl Acad Sci USA, 118 (5) (2021) e2020478118.

Cai M., Hu Z, LiuJ., Gao J., Liu C,, Liu D. Beclin 1 Expression
in Ovarian Tissues and Its Effects on Ovarian Cancer
Prognosis, Int J Mol Sci., 215 (4) (2014) 5292.

Ge J., Chen Z.,, Huang J.,, Chen J., Yuan W., Deng Z.
Upregulation of Autophagy-Related Gene-5 (ATG-5) Is
Associated with Chemoresistance in Human Gastric
Cancer, PLoS One, 9 (10) (2014).

Maskey D., Yousefi S., Schmid I., Zlobec I., Perren A., Friis
R. ATGS5 is induced by DNA-damaging agents and promotes
mitotic catastrophe independent of autophagy, Nat
Commun., 4(1) (2013) 2130.

Zhou H, Qian X, Xu N, Zhang S, Zhu G, Zhang Y. Disruption
of Atg7-dependent autophagy causes electromotility
disturbances, outer hair cell loss, and deafness in mice, Cell
Death Dis., 11 (10) (2020).

LiuS, Yue C, Chen H, Chen Y, Li G. Corrigendum: Metformin
promotes beclinl-dependent autophagy to inhibit the
progression of gastric cancer, Onco Targets Ther., 13 (1)
(2020) 4445—4455.

Fu M, Hu Y, Lan T, Guan KL, Luo T, Luo M. The Hippo
signalling pathway and its implications in human health
and diseases, Signal Transduct Target Ther., 7 (1) (2020) 1-
20.

Liu J, Li J, Chen H, Metformin suppresses proliferation and
invasion of drug-resistant breast cancer cells by activation
of the Hippo pathway, J Cell Mol Med., 24 (10) (2020).
Han Y, Liu D, Li L. Increased expression of TAZ and
associated upregulation of PD-L1 in cervical cancer, Cancer
Cell Int., 21 (1) (2021) 592.

Liu J, Li J, Chen H, Wang R, Li P, Miao Y. Metformin
suppresses proliferation and invasion of drug-resistant
breast cancer cells by activation of the Hippo pathway, J
Cell Mol Med., 24 (10) (2020) 5786-5796.

Wang L, Wang M, Hu C, Li P, Qiao Y, Xia Y. Protein salvador
homolog 1 acts as a tumor suppressor and is modulated by
hypermethylation in pancreatic ductal adenocarcinoma,
Oncotarget, 8 (38) (2017) 62953-62961.

Liu J, Li J, Chen H, Wang R, Li P, Miao Y. Metformin
suppresses proliferation and invasion of drug-resistant
breast cancer cells by activation of the Hippo pathway, J
Cell Mol Med., 24 (10) (2020) 5786-5796.

234



