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Background:

Metformin is a widely used biguanide drug for the treatment of type 2 diabetes. It has been revaluated as a
potential anti-cancer drug with promising activity in various tumors. However, the precise mechanisms underlying the suppression of cancer cells by metformin remain not well understood.
In this study, human renal cell carcinoma cell line ACHN was used to investigate the anti-proliferation effect of
metformin. A cell counting kit-8 assay was used to detect the cell viability. The cell cycle distribution and apoptosis were analyzed by flow cytometry. The expression of cyclin D1 and p27KIP1 was detected by Western blot.
The underlying mechanism involving miRNA34a was further investigated by quantitative RT-PCR and transfection with miRNA inhibitor specific for miRNA34a in ACHN, 769-P, and A498 cells.
Metformin could significantly inhibit the proliferation of ACHN cells in a dose- and time-dependent manner.
In addition, the results showed that metformin induced G0/G1 phase arrest and delayed entry into S phase in
ACHN cells. It was shown that metformin downregulates the expression of cyclin D1 and increases the p27KIP1
level. Furthermore, metformin increased ACHN cell death. Lastly, miRNA34a was found to be upregulated by
metformin in ACHN, 769-P, and A498 cells. Subsequently, it was demonstrated that inhibition of miRNA34a
could partially attenuate the suppressive effect of metformin on renal cancer cell proliferation.
The study data revealed that metformin induced cell growth inhibition and cell cycle arrest partially by upregulating miRNA34a in renal cancer cells.
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Background

Material and Methods

Renal cell carcinoma (RCC) is the most common malignant cancer in kidney, accounting for about 90% of adult kidney cancers. Clear cell renal cell carcinoma (ccRCC) is the most common
histological subtype of RCC, which represents approximately
80% of RCC [1]. Surgical intervention is the primary treatment
for RCC. However, approximately 30–40% of patients develop
metastases after surgery [2]. Furthermore, ccRCC exhibits resistance to chemotherapy and radiation. Therefore, novel therapeutic strategies are urgently required.

Cell culture and reagents

Metformin (1,1-dimethylbiguanide hydrochloride), which belongs to the family of biguanides, is a widely used anti-diabetic drug for the treatment of type 2 diabetes. It can reduce
hepatic glucose production, improve insulin sensitivity, and
modify the serum lipid profile. It has been demonstrated to be
a well-tolerated drug with limited and transient side effects.
In the past few years, multiple epidemiologic studies have
shown that diabetic patients treated with metformin had a decreased incidence of different tumors [3]. Due to its potential
as a promising candidate for cancer therapy, metformin has
received more attention, and increasing evidence has indicated that it can inhibit cell proliferation in various cancer cells
and animal models, including prostate, lung, and liver cancers,
as well as RCC [4–7]. However, the precise mechanism underlying the suppression of RCC by metformin remains unclear.

Cell counting kit-8 (CCK-8) assay

ACHN, 769-P, and A498 cells were obtained from the American
type culture collection (ATCC). ACHN and A498 cells were maintained in minimum essential medium (MEM, Hyclone) supplemented with 10% (vol/vol) fetal bovine serum. 769-P cells
were maintained in RPMI-1640 medium (Hyclone) supplemented with 10% (vol/vol) fetal bovine serum. Metformin (1,1‑dimethylbiguanide hydrochloride) was purchased from Beyotime.

Cells were seeded on 96-well plates at an initial density of
2×103 cells per well and allowed to attach for 12 h. Then a series of concentrations of metformin (0.2, 1, and 5 mM) were
added to each well, and cells were further cultured for 24, 48,
72, and 96 h. At each time point, cells were stained with a
CCK-8 kit (Dojindo) for 1 h at 37°C. The absorbance was measured using a microplate reader at a wavelength of 450 nm.
All experiments were performed in triplicate.
Cell cycle analysis
Cell cycle analysis was performed as previously described [18].
Briefly, cells were fixed in 70% ethanol at 4°C overnight. After
incubation with RNase (0.1 mg/mL) for 30 min at 37°C, the
cells were stained with propidium iodide (PI) 50 µg/mL. Then
the cell samples were analyzed with a MoFlo XDP flow cytometer (Beckman). The cell cycle distribution was calculated using ModFit LT software.

The best known effect of metformin is the activation of AMPK,
a key regulator of multiple metabolic pathways. However, in
several previous studies, it has been shown that the inactivation of AMPK by siRNA or the pharmacological inhibitor did not
totally abolish the anti-cancer effects of metformin in prostate
and hepatic cancer cells [8,9], suggesting that the inhibitory
effect of metformin in cancers can be independent of AMPK
activation. Moreover, the alteration of the microRNA (miRNA)
profiles in vivo and in vitro has been shown to be associated
with the anti-tumor effect of metformin [10,11].

Cell apoptosis analysis
After cells were exposed to the indicated concentration of metformin for 48 h, the apoptotic cell death was quantified with
an FITC-Annexin V/PI apoptosis detection assay according to
the manufacturer’s protocol (BD Biosciences).

The miRNAs are a family of conserved non-coding small RNAs,
which negatively regulate the coding mRNAs at the post-transcriptional level and further play important roles in many biological processes. A number of studies have revealed that miRNAs
have a significant impact in the pathogenesis of RCC [12]. Several
miRNAs, such as miRNA148b, act as oncogenes in RCC [13], while
some other miRNAs were identified as tumor suppressors, including miRNA-451 and 34a [14,15]. miRNA34a was found to be
downregulated in RCC and inhibited cell proliferation and metastasis by affecting its downstream target genes [15–17], which
suggested that miRNA34a might be a potential novel target in
RCC therapy. In the present study, we used human RCC cell line
ACHN, 769-P, and A498 cells to investigate the effect of metformin on the cell growth and the mechanisms involving miRNA34a.
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Analysis of miRNA expression using quantitative RT-PCR
Expression of mature miRNAs was analyzed with Bulge-Loop™
miRNA quantitative RT-PCR primer kit (RIBOBIO, Guangzhou,
China). Total cellular RNA was extracted with RNAiso Plus reagent (Takara) and reversely transcribed to cDNA with BulgeLoop™ RT primers (RIBOBIO). The quantitative PCR was carried out with the ABI Vii7 Real-Time PCR system (Applied
Biosystems) using SYBR Premix Ex Taq II (Takara) according
to the manufacturer’s instructions. All reactions were carried out in triplicate. Relative gene expression was calculated using the 2–∆∆Ct method. Small nuclear U6 snRNA was used
as an internal control. The Bulge-Loop Forward and Reverse
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Primers for miRNA34a, U6 snRNA, and 5S rRNA were obtained
from RIBOBIO.
Relative cell viability (% of control)

Western blot analysis
Western blot was performed to detect the specific protein
expression levels as previously described [19]. The primary
antibodies used in Western blot were as follows: cyclin D1
(#2926) and p27KIP1 (#3686), purchased from Cell Signaling;
and GAPDH (60004-1, ProteinTech).
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Cell transfection
The micrOFF™ miRNA inhibitor specific for miRNA34a and negative control were obtained from RIBOBIO. Cells were transfected with these miRNA inhibitors using Lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions.
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Figure 1. Metformin inhibits cell proliferation in ACHN cells.
ACHN cells were treated with metformin at different
concentrations (0.2, 1, and 5 mM), while an equal
volume of phosphate-buffered saline (PBS) was used
as vehicle control. The cell viability was measured at
24, 48, 72, and 96 hours of treatment by CCK-8 assay.
The resulting cell viability was set to 100% for PBStreated control cells at each time point. Data show
mean values ±SD from three independent experiments.

Statistical analysis
Data analysis was performed using SPSS 16.0 (SPSS Inc.).
Statistical analysis was performed by Student’s t-test or analysis of variance (ANOVA) followed by the Newman-Keuls test.
Differences were considered statistically significant at p<0.05.

analysis by PI staining and flow cytometry. Notably, metformin
treatment increased the proportion of cells in G0/G1 phase
while decreasing the proportion of cells in S phase (Figure 2A).
Specifically, 5 and 20 mM metformin increased the percentage of cells in G0/G1 phase by 4.24% and 12.20%, respectively (Figure 2B). These data suggested that metformin treatment resulted in G0/G1 phase arrest and delayed entry into
S phase in ACHN cells.

Results
Metformin inhibits cell proliferation in ACHN cells
It is well established that metformin could inhibit cell proliferation in several cancer cells in vitro [5–7]. However, the effect and mechanism of metformin on cell proliferation in some
certain cancer cells remain poorly understood. To explore the
restriction effect of metformin on the proliferation of ACHN
cells, we carried out the cell proliferation assay by using the
CCK-8 kit to determine the cell viability. ACHN cells were treated with metformin at a series of concentrations (0.2, 1, and
5 mM), and the cell viability was measured at 24, 48, 72, and
96 hours of treatment. Compared with the control, metformin
significantly suppressed the proliferation of ACHN cells after
48 h in a dose- and time-dependent manner (Figure 1), which
was similar to the results in other cancer cell types [4,6]. These
results demonstrated that metformin was capable of inhibiting ACHN cell proliferation.

To explore the molecular mechanism responsible for the metformin-induced cell cycle arrest, the expression of several cell
cycle-related genes was analyzed. As indicated by Western blot,
the expression of cyclin D1 protein was significantly decreased
by metformin compared with the controls, while the expression of p27KIP1 was upregulated in the metformin-treated
cells (Figure 2C). These data suggested that metformin modulated the expression of cyclin D1 and p27KIP1 to induce the
cell cycle arrest at the G0/G1 phase.
Metformin increases the cell death in ACHN cells
We next assessed the effect of metformin on the induction of
ACHN cell apoptosis because cell cycle arrest sometimes proceeds to apoptosis or cell death. The Annexin V-FITC/PI staining and flow cytometry were performed to quantify the proportion of apoptotic and dead ACHN cells. Our results showed
that metformin treatment significantly induced cell death in
ACHN cells (Figure 3A). Compared with the control, 5 and
20 mM metformin increased the percentage of dead cells by
5.85% and 14.32%, respectively, in ACHN cells (Figure 3B). At

Metformin induces cell cycle arrest in ACHN cells
To determine whether the inhibitory effect of metformin on
cell growth was mediated through cell cycle arrest, flow cytometry analysis was performed to investigate the effect of
metformin on cell cycle distribution. ACHN cells were treated with 5 and 20 mM metformin for 48 h and harvested for
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Figure 2. Metformin induces cell cycle arrest in ACHN cells. ACHN cells were treated with 5 and 20 mM metformin for 48 hours, while
an equal volume of phosphate-buffered saline (PBS) was used as vehicle control. (A) Cells were subjected to analysis of cell
cycle distribution through flow cytometry. Representative data from triplicate experiments are shown. (B) Quantification
of cell cycle distributions was derived from three independent experiments. Data show mean values ±SD from three
independent experiments. (C) Western blot was performed to detect the expression of cyclin D1 and p27KIP1. GAPDH was
used as a loading control.

the same time, 20 mM metformin increased the proportion
of late-stage apoptosis slightly (Figure 3A). Therefore, it was
suggested that metformin induced the death of ACHN cells.

snRNA was used for normalization in further quantitative RTPCR analysis of miRNA34a in our present study.
As shown in Figure 4B, it was found that miRNA34a was significantly upregulated in metformin-treated cells. In 5 and 20
mM metformin-treated cells, the levels of miRNA34a expression were 1.66- and 2.46-fold greater, respectively, compared
with the levels in the control group (Figure 4B). In some previous studies, miRNA34a has been shown to be capable of inhibiting cell proliferation in renal cancer cells [15,16]. These
data implied that the upregulation of miRNA34a induced by
metformin probably contributed to the inhibitory effect of metformin on cell proliferation in ACHN cells.

Metformin upregulates the level of miRNA34a in ACHN
cells
In order to further investigate the possible molecular mechanisms of the anti-tumor effect of metformin involving miRNA34a in ACHN cells, we performed quantitative RT-PCR to
determine the effect of metformin on miRNA-34a expression
level in ACHN cells. These cells were treated with metformin
(5 and 20 mM) for 24 h and harvested for miRNA-34a quantitative analysis. U6 snRNA and 5S rRNA are the most frequently used small RNA reference genes for miRNA normalization
in plants, animals, and humans. Firstly, we measured the expression levels of these small RNAs and showed that U6 snRNA was not affected by metformin (Figure 4A). Therefore, U6

This work is licensed under Creative Common AttributionNonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

To further investigate whether the anti-proliferation activity of
metformin in ACHN cells was miRNA34a dependent, we transfected miRNA34a inhibitor into ACHN cells to downregulate
the miRNA34a. The inhibition efficacy of miRNA34a was then
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Figure 3. Metformin increases cell death in ACHN cells. ACHN cells were treated with 5 and 20 mM metformin for 48 hours, while
an equal volume of phosphate-buffered saline (PBS) was used as vehicle control. (A) Cells were subjected to analysis of
apoptosis with the FITC-Annexin V/PI apoptosis detection kit. Representative data from triplicate experiments are shown.
(B) Quantification of the percentage of dead cells was derived from three independent experiments. Data show mean values
±SD from three independent experiments. * – Indicates p<0.05 compared with the control.

verified by real-time PCR. As shown in Figure 4C, the miRNA34a
expression level was significantly suppressed in the specific inhibitor-transfected cells compared with the negative control.
Subsequently, we analyzed the effects of transient transfection
with miRNA34a inhibitor and additional metformin treatment
on the ACHN cell proliferation. As shown in Figure 4D, treatment with 5 mM metformin could significantly suppress the
cell viability, which was consistent with the results in Figure 1.
Moreover, it was found that the transfection with miRNA34a
inhibitor could partially reverse the inhibition effect of metformin on cell proliferation in ACHN cells (Figure 4D).

could inhibit the cell viability (Figure 5B, 5D), which was consistent with our results in ACHN cells (Figure 1, Figure 4D).
Furthermore, both 769-P and A498 cells were transfected with
miRNA34a inhibitor (data not shown), and it was found that
the inhibitor could partially reverse the suppressive effect of
metformin on cell proliferation in these cells (Figure 5B, 5D).
All these data suggested that metformin inhibited renal cancer
cell proliferation partially by upregulating miRNA34a.

Metformin has been demonstrated to inhibit cell proliferation
in several types of cancer cells [4–7], but the underlying mechanisms vary in various cells. Therefore, we tested whether metformin inhibited other renal cancer cells also by upregulating
microRNA-34a. As shown in Figure 5A and 5C, miRNA34a was
significantly upregulated by metformin treatment in 769-P
and A498 cells. In addition, treatment with 10 mM metformin

In the present study, we investigated the effect of metformin in suppressing the proliferation of human RCC cells and
the molecular events underlying the anti-proliferation activity. Our data showed that treatment with metformin significantly reduced ACHN cell viability in a dose- and time-dependent manner (Figure 1). Furthermore, metformin treatment
induced ACHN cell cycle arrest at the G0/G1 phase and cell
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Figure 4. Metformin upregulates the level of miRNA34a in ACHN cells. (A) ACHN cells were treated with 5 and 20 mM metformin for
48 hours, while an equal volume of phosphate-buffered saline (PBS) was used as vehicle control. Cell lysates were subjected
to quantitative PCR to measure the level of U6 snRNA. 5S rRNA was used as an internal control. (B) Quantitative PCR was
performed to quantify the expression level of miRNA34a. U6 snRNA was used as an endogenous control in B and C. (C) ACHN
cells were transfected with either the inhibitor-miRNA34a (inh-miRNA34a) or negative control (inh-NC) for 48 h. Quantitative
PCR was performed to verify the inhibition efficacy of miRNA34a. (D) Cells were transfected with indicated inhibitors (inh-NC
or inh-miRNA34a) for 24 h. After treatment with 5 mM metformin or PBS for another 72 h, the cell viability was measured
by CCK-8 assay. The resulting cell viability was set to 100% for PBS-treated control cells. Data show mean values ±SD from
three independent experiments. n.s. – Indicates no significance. * – Indicates p<0.05.

death (Figures 2, 3). Molecularly, metformin decreased cyclin
D1 expression level and enhanced the p27KIP1 expression level
(Figure 2C). We further found evidence to suggest that the antiproliferation effects of metformin in renal cancer cells may be
partially through the upregulation of miRNA34a (Figures 4, 5).

metformin to the anti-cancer effect remains to be ascertained.
There is increasing evidence that metformin could directly reduce the cell proliferation in numerous types of cancers such
as prostate, lung, and liver [4–6]. Consistent with these previous reports, it was shown that metformin inhibited cell proliferation significantly in human renal cancer cells in our present
study (Figures 1, 5). A recent study reported that metformin
could also regulate inflammation and might play a role in the
tumor microenvironment [23]. Moreover, metformin has been
found to improve the sensitivity and efficiency of some established chemotherapeutic agents and small-molecule inhibitors
such as gefitinib and erlotinib [24,25]. Therefore, a deep understanding of the functions and mechanisms of metformin
in various cancers is necessary to determine its therapeutic
effects and its clinical indications.

As an anti-diabetic biguanide, metformin has been widely used
in the treatment of type 2 diabetes around the world for more
than 40 years because there are no major contraindications
and the cost of the drug is low. In the past decades, various
studies have revealed the beneficial roles of this drug in different pathologies, including heart failure, obesity, aging, and
virus infections [20–22]. Especially, some recent epidemiologic
and clinical studies reported that metformin may reduce overall
cancer risk in diabetic patients [3], so metformin was revaluated as a potential anti-cancer drug. However, the contribution of
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Figure 5. Metformin upregulates the level of miRNA34a in 769-P and A498 cells. (A, C) 769-P and A498 cells were treated with 5 and
20 mM metformin for 48 hours, while an equal volume of phosphate-buffered saline (PBS) was used as vehicle control.
Cell lysates were subjected to quantitative PCR to quantify the expression level of miRNA34a. U6 snRNA was used as an
endogenous control. (B, D) 769-P and A498 cells were transfected with indicated inhibitors (inh-NC or inh-miRNA34a) for 24 h.
After treatment with 10 mM metformin or PBS for another 48 h, the cell viability was measured by CCK-8 assay. The resulting
cell viability was set to 100% for PBS-treated control cells. Data show mean values ±SD from three independent experiments.
* – Indicates p<0.05.

We next investigated the potential mechanism of metformin in suppressing cell proliferation, and found that metformin treatment caused G0/G1 phase cell cycle arrest in ACHN
cells (Figure 2). Cell cycle is a series of events leading to cell
division and replication, which is regulated strictly by cyclins,
cyclin-dependent kinase (CDKs), and CDK inhibitors (CDKIs).
It has been shown that cyclin D1 and CDKs are essential for
driving cells to pass the G1/S restriction point. CDKIs, such as
p21CIP1 and p27KIP1, can prevent inappropriate cyclin/CDK
activity in the G1 phase [26]. To explore the molecular mechanism responsible for the metformin-induced cell cycle arrest
in ACHN cells, we detected the expression of some key regulators. As shown in Figure 2C, the cyclin D1 was significantly decreased and the p27KIP1 was upregulated by metformin, effects that were consistent with some previous reports
on pancreatic and esophageal squamous cancer cells [27,28].

This work is licensed under Creative Common AttributionNonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

MicroRNAs have been demonstrated to play important roles in
numbers of biological processes, including cell differentiation,
proliferation, and apoptosis. In recent years, some researchers
have focused on the potential miRNAs involved in anti-tumor
effects of metformin in different cancer cells. MiRNA34a has
been identified to function as a tumor suppressor in different
types of cancers [29] and has gained more attention from researchers investigating metformin. In breast cancer cells, metformin induces miRNA34a to suppress the Sirt1/Pgc-1a/Nrf2
pathway and increases the susceptibility of wild-type p53 cancer cells to oxidative stress and TRAIL-induced apoptosis [30].
Another study reported that metformin could increase miRNA-34a expression and downregulate its direct targets Notch,
Slug, and Snail in pancreatic Panc02 cells [31]. We also found
that miRNA34a was significantly upregulated in metformintreated renal cancer cells (Figures 4B, 5A, 5C). Furthermore,
we have demonstrated that miRNA34a inhibitor could partially
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reverse the inhibition effect of metformin on cell proliferation (Figures 4D, 5B, 5D), which suggested that metformin
suppressed renal cancer cell proliferation partially by upregulating miRNA34a. However, the mechanism of miRNA34a upregulation with metformin treatment remains unclear. A previous study reported that promoter methylation contributed to
miRNA34a loss in ACHN, 786-O, and SN12PM6 renal carcinoma
cell lines [15], suggesting that the upregulation of miRNA34a
by metformin was probably due to promoter demethylation.
Although the precise role of metformin in DNA demethylation
needs to be defined, we have provided novel evidence for a
mechanism involving miRNA34a that might contribute to the
anticancer effect of metformin in renal cancer cells.

the high levels of glycine and serine, which were present in culture media in vitro, have been shown to attenuate metformin
sensitivity [36], probably leading to the high concentration of
metformin that was utilized to achieve its inhibitory effect on
cell proliferation in vitro. Thus, although the millimolar metformin concentration in vitro may not be relevant to the drug concentration required in vivo and clinically, the in vitro studies are
still thought to be important to investigate the potential antineoplastic activity of metformin in various cancers and the underlying molecular mechanisms. We have demonstrated the
anti-tumor effects of metformin and its related mechanisms in
human RCC cells in vitro in this study. The pharmacokinetics of
metformin and potential therapeutic strategies in RCC in vivo
are still under further investigation.

Recently, some pharmacokinetics studies of metformin have revealed that the plasma drug concentrations were achieved in the
micromolar (µM) range in mouse models and diabetic patients after conventional administration of metformin [32–34]. However,
most in vitro studies, as well as our present study (Figure 1),
demonstrated that the millimolar (mM) concentrations of metformin are required to inhibit the cell proliferation [4–7]. This
discrepancy remains a discussion point in the scientific community and promotes the studies of tumor-related biological factors to evaluate the effects of metformin. The high concentration of metformin required for its antineoplastic activity in vitro
might be related to the low expression levels of organic cation
transporters (OCT1, OCT2, and OCT3) that controlled the cellular uptake of metformin in immortalized cell lines [35]. Besides,

Conclusions
Our study indicated that metformin significantly reduced cell
viability in renal cancer cells. We found that metformin treatment induced ACHN cell cycle arrest at the G0/G1 phase and
cell death. Furthermore, our data revealed that metformin inhibited cell proliferation partially by upregulating miRNA34a
in renal cancer cells.
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