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Metformin-induced ablation of microRNA 21-5p releases
Sestrin-1 and CAB39L antitumoral activities
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Metformin is a commonly prescribed type II diabetes medication that exhibits promising anticancer effects. Recently, these
effects were found to be associated, at least in part, with a modulation of microRNA expression. However, the mechanisms by
which single modulated microRNAs mediate the anticancer effects of metformin are not entirely clear and knowledge of such a
process could be vital to maximize the potential therapeutic benefits of this safe and well-tolerated therapy. Our analysis here
revealed that the expression of miR-21-5p was downregulated in multiple breast cancer cell lines treated with pharmacologically
relevant doses of metformin. Interestingly, the inhibition of miR-21-5p following metformin treatment was also observed in mouse
breast cancer xenografts and in sera from 96 breast cancer patients. This modulation occurred at the levels of both pri-miR-21
and pre-miR-21, suggesting transcriptional modulation. Antagomir-mediated ablation of miR-21-5p phenocopied the effects of
metformin on both the clonogenicity and migration of the treated cells, while ectopic expression of miR-21-5p had the opposite
effect. Mechanistically, this reduction in miR-21-5p enhanced the expression of critical upstream activators of the AMP-
activated protein kinase, calcium-binding protein 39-like and Sestrin-1, leading to AMP-activated protein kinase activation and
inhibition of mammalian target of rapamycin signaling. Importantly, these effects of metformin were synergistic with those of
everolimus, a clinically relevant mammalian target of rapamycin inhibitor, and were independent of the phosphatase and tensin
homolog status. This highlights the potential relevance of metformin in combinatorial settings for the treatment of breast cancer.
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Introduction

The ability to suppress hepatic gluconeogenesis and
reduce blood glucose levels, together with its safe

profile have made the dimethyl-biguanide metformin a
worldwide prescribed agent for type II diabetes
patients[1]. Recent epidemiological studies supported a
new therapeutic role for metformin toward the
prevention and treatment of cancer. In detail, type II
diabetes patients treated with metformin showed an
important reduction in cancer risk compared with
those treated with other hypoglycemic therapies[2].
Chronic treatment with metformin in diabetic
patients was associated with a reduction, in several
types of cancer, of the incidence compared with other
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antidiabetic agents[3], findings which led to the
initiation of many clinical trials testing the preventive
effects of the drug in numerous cancers. Given its
excellent safety profile, metformin has also been used to
enhance the effects of chemotherapies[4, 5]. Further,
mammalian target of rapamycin (mTOR) inhibition,
mediated by metformin, sensitized breast cancer
cell lines and thyroid cancer cells to cytotoxic effect of
everolimus and vemurafenib, respectively[6, 7].
Despite these promising clinical data, the mechanisms
by which metformin elicits antiproliferative effects
alone or in combination with other agents are not fully
understood but vital to understand in order to guide
clinical development. The AMP-activated-protein-
kinase (AMPK) is a main mediator of the
metformin-anticancer activities. It is activated upon
phosphorylation of Thr172 within the catalytic
alpha-subunit by the LKB1–STRAD–CAB39L
(CAB39L is also known as MO25β) complex[8–10].
The calcium-binding protein 39 (Cab39 or MO25)
exists as two isoforms, encoded by the closely related
genes MO25α (CAB39) and MO25β (CAB39L). It is a
scaffold protein that binds and stabilizes the LKB1
activation loop in a conformation required for
phosphorylation of substrates[8]. In particular, its
presence enhances the regulatory effect of the
pseudokinases, STE20-like kinase family, STRADα
and STRADβ, on the activity of LKB1. AMPK is
further activated through Sestrin-1 (SESN1)[11], this
latter being a critical factor at the interface between
metabolism and cancer[12, 13]. Importantly, in cells
lacking LKB1 or AMPK cell growth is uncontrolled
[14], as being at least partially fuelled by a glycolytic
switch that maximizes macromolecule synthesis.
Those effects were counteracted by metformin treat-
ment[15, 16]. Moreover, AMPK activation inhibited
the mTOR pathways, which is constitutively activated
in a broad spectrum of tumors[17], thus representing an
appealing target for cancer treatment. As a
consequence, mTOR was no longer able to promote
protein synthesis pathways through the activation
of S6 kinase (S6K) and translation initiation factor 4E
binding protein 1 (4EBP1). This resulted in an
inhibition of the mTOR oncogenic signaling, which
mainly required S6K and active protein synthesis[18].
Surprisingly, despite the well-known actions of
metformin toward AMPK, the mechanisms by which
metformin elicits activation of the kinase in tumors
are still not fully understood. Notably, in contrast
to the liver which has high concentrations of
metformin that disrupt oxidative phosphorylation,
the tumor concentrations of metformin are much

lower. However, such doses were found to
be sufficient to activate AMPK in tumor
xenografts[19–21].

We recently showed that metformin-induced
anticancer effects correlated with decreased levels of
multiple microRNAs (miRNA), through an E2F1/3-
dependent modulation of the DICER processing
enzyme. This elicited metabolic reprogramming in vivo
and in vitro and correlated with metformin’s anticancer
effects[22]. miRNAs are important modulators of the
cancer phenotype. It has been demonstrated that an
aberrant expression of a single miRNA can, alone,
induce and sustain cancer, while its silencing
could induce reversion of the tumor[23–25]. Within
this line, miR-21-5p represents a paradigmatic
example. Its inactivation has been found to induce a
complete tumor regression, thus demonstrating that
cancer can be addicted to a single oncomiR[26].
miR-21-5p was found, also, to be overexpressed in
most of the tumor types examined so far, including
neuroblastoma, glioblastoma, colorectal, lung,
breast, pancreas, head and neck, gastric cancer,
leukemia and lymphoma[27–32]. Moreover, in a
large-scale analysis of 540 human samples representing
6 different tumor histotypes, miR-21 was the only
upregulated miRNA common to all the tumor
specimens[33]. Further, its circulating levels in serum
or plasma were found to be diagnostic and prognostic
for detecting and staging breast[34], pancreatic[35] and
colorectal cancer[36].

In the current study, we have discovered that met-
formin induced a decrease in the oncogenic miR-21-5p
in cultured human breast cancer cells in vitro, in mouse
xenografts and in sera of breast cancer patients.
Decreased miR-21-5p released the expression of two,
yet undiscovered miR-21-5p targets, SESN1 and
CAB39L, leading to the activation of AMPK. This
caused inhibition of mTOR following the activation of
the AMPK cascade and strictly correlated with a
reduced clonogenicity, migration and invasion of
multiple breast cancer cell lines. Changes in the
miR-21-5p levels and of the stoichiometry of the
CAB39L-LKB1 complexes were important for met-
formin’s effects in both PTENwt and PTENdel cell
lines. Finally, we explored the possibility of combining
metformin with everolimus to enhance the activity of
the latter, which was weaker in breast cancer
cell lines harboring a PTENwt allele. Thus here
we further characterized the complex yet
promising action of metformin and indicated a
potential, translationally relevant combination
therapy.
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Results

Metformin modulates the levels of miR-21-5p
We have shown that metformin anticancer effects

include and require a widespread modulation of
miRNAs[22]. Here we deepened such observation
and focused on miR-21-5p, among the miRNAs pro-
minently modulated in the SUM159PT triple-negative
breast cancer cells, treated with pharmacologically
relevant doses of metformin (0.5mM) (Figure 1a and
Supplementary Figure S1a)[21, 37]. By using
quantitative PCR (qPCR), we specifically evaluated
the levels of the miR-21-5p precursors (pre-miR-21-5p
and pri-miR-21-5p) in the treated SUM159PT cells
(Figure 1a). This revealed that both the miR-21-5p
species were steadily downregulated, as compared with
the control cells (Po0.05), thus suggesting that
modulation of the miR-21-5p levels by metformin
may occur transcriptionally. This phenomenon
was common to three additional breast cancer cell
lines (MCF-7, BT-474, BT-549) (Supplementary
Figure S1b). Next, we assessed whether the modula-
tion of miR-21-5p by metformin may take place in
more clinically relevant experimental systems
(Figure 1b and c). First, we evaluated the miR-21-5p
levels in RNA extracted from pooled SUM159PT
tumors of mice treated with vehicle or metformin
(16mg kg− 1, bi-weekly), for 10 weeks, after the average
starting tumor volume was 0.2 cm3. This showed that
the levels of miR-21-5p significantly dropped in the
metformin-treated mice, as compared with the
vehicle-treated ones (Figure 1b). To validate these
experimental data, we analyzed the levels of miR-21-5p
in the sera of patients (n = 96) with history of breast
cancer, collected before and after 3 months of daily
treatment with metformin (500mg day− 1)[38]. We
observed that serum levels of the miR-21-5p were
decreased in most of the patients after a 3-month
treatment (Figure 1c). Additionally, we found that
transfection of SUM159PT and of three more breast
cancer cell lines (MCF-7, BT-474, BT-549) with a
miR-21-5p mimic or inhibitor strongly recapitulated
the effect of metformin treatment on both the
clonogenicity and migration of the treated cells
(Supplementary Figure S1f–i). Thus downregulation
of miR-21-5p by metformin happened in vitro and
in vivo and affected clonogenicity and migration of four
independent breast cancer cell lines. Intriguingly, in
silico analysis of the miR-21-5p promoter revealed the
presence of three E2F-binding sites, respectively, at
− 4530/− 4515 (first site), − 2834/− 2814 (second site)
and − 2216/− 2204 (third side) base pairs from

translational starting sites (ATG) (Figure 1e). E2F3
was capable of transcriptional repression[39] and was
already shown to be a target of metformin in a similar
experimental context[22, 40]. Thus we evaluated
whether metformin treatment may cause variations in
the occupancy of the miR-21-5p promoter by E2F3.
First, we verified that, in vitro, transfection of
increasing doses of E2F3 strongly reduced the activity
of a miR-21-5p-promoter-LUC vector containing the
proximal E2F3-binding site (Figure 1d). Conversely,
the repressive effect of E2F3 was lost when its binding
consensus sequence was mutated, ensuring specificity
of our observation (Figure 1d). Next, chromatin
immunoprecipitation revealed increased binding of
E2F3 at all the three sites of the miR-21-5p promoter
analyzed (Figure 1e and Supplementary Figure S1d
and e). This correlated with decreased signal, in the
same regions, for the hyper-acetylated Histone H4,
which reached statistical significance in two out of the
three regions (Figure 1e and Supplementary
Figure S1d and e). The presence of hyper-acetylated
Histone H4 is generally considered an indicator of
transcriptionally active chromatin[41]. Thus its
decrease, concomitant with increased binding of E2F3,
indicated transcriptional repression and correlated
with decreased activity of the miR-21-5p promoter.
Moreover, qPCR showed an increase of the E2F3
transcript in time after metformin treatment
(Figure 1f), which paired the increased presence of this
factor on the miR-21-5p promoter (Figure 1e). Finally,
small interfering RNA (siRNA)-mediated silencing of
E2F3 impaired the ability of metformin at reducing the
colony-forming ability of treated SUM159PT cells
(Figure 1g). This caused the levels of miRNA 21-5p
being left unstimulated in the presence of metformin
(Supplementary Figure S1c).

CAB39L and SESN1 are modulated by metformin-
miR-21-5p

To study the mechanistic details of the metformin
effect on miR-21-5p, we performed an extensive
in silico analysis to search for mRNAs that contained
miR-21-5p binding sites in their 3′ untranslated region
(UTR) and whose levels anticorrelated with those of
the miR-21-5p. We found that both CAB39L and
SESN1 mRNAs fulfilled those two criteria and this
happened similarly in gastric cancer, head and neck
and breast cancer cohorts of patients (Table 1). First,
RNA-Seq of metformin-treated SUM159PT cells
confirmed that SESN1 and CAB39L transcripts were,
indeed, significantly upregulated when compared with
control-treated cells (Supplementary Figure S2a).
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We confirmed such a similar modulation in three
additional breast cancer cell lines (MCF-7, BT-474,
BT-549) by qPCR (Figure 2a and b). Finally,
increased mRNA levels paired with increased protein
levels of both SESN1 and CAB39L in the treated
SUM159PT cells (Figure 2c). We also found increased
CAB39L expression in sections of tumors excised from
SUM159PT xenografted mice treated with metformin
(Supplementary Figure S2b). On a similar note,
Kaplan–Meier analysis showed that breast cancer
patients with higher expression of both SESN1 and
CAB39L exhibited better survival (Supplementary
Figure S2c). Altogether, these data suggested a

possible clinically relevant effect of metformin on the
two miR-21-5p targets. To validate these findings, we
studied the effect of exogenously added miR-21-5p
inhibitor on the levels of CAB39L and SESN1
(Figure 2d–f). We found increased mRNA and
protein levels of CAB39L and SESN1 (Figure 2e–g) in
cells transfected with 0.5–1 nM of miR-21-5p inhibitor,
the latter concentrations of antagonist being those that
more closely mimicked the effect of metformin on the
endogenous mRNAs. This correlated with a significant
reduction in the ability of the interfered cells at forming
colonies and to migrate (Figure 2h and i). Conversely,
we found that a miR-21-5p mimic transfected in
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SUM159PT cells caused a decrease of both SESN1 and
CAB39L endogenous mRNAs (Figure 2j) and reduced,
dose-dependently, both SESN1 3′-UTR- and CAB39L
3′-UTR-driven luciferase activity (Figure 2k and l).
Such effect was not observed when the miR-21-5p seed
sequence was mutated, ensuring the specificity of our
observation (Figure 2k and l). Thus the miR-21-5p
could directly modulate the SESN1 and CAB39L
levels, thereby strictly mimicking the effect of
metformin on those mRNAs.

Biochemical effects of metformin-induced increase of
CAB39L and SESN1

Metformin is an AMPK activator and we assessed
whether the effect of altering CAB39L and SESN1
levels in metformin-treated cells would impinge on the
AMPK signaling (Figure 3a and b). Staining of
whole-cell lysates obtained from vehicle- and
metformin-treated cells revealed that metformin-
induced levels of CAB39L and SESN1 in
SUM159PT cells tightly matched the activation of
AMPK and the downregulation of the mTOR signal-
ing, as assessed by reduced (phospho-ser2448)-mTOR,
(phospho-ser235/236)-S6 and (phospho-thr37/46)-4-EBP1
(Figure 3a and b, upper and lower panels,
respectively). siRNA-mediated downregulation of
CAB39L and SESN1 exerted opposite effects to those
of metformin on the phosphorylation of the mentioned
signaling molecules (Figure 3a and b, upper and
lower panels, respectively). To further characterize,
mechanistically, this signaling, we found that depletion
of either CAB39L or SESN1 impinged on the

AMPK activation and on the mTOR inhibition
triggered by metformin, which were reduced and
increased, respectively, in transfected HEK-293 cells
(Supplementary Figure S3a and b). On the contrary,
cells transfected with both the coding sequence of
CAB39L and SESN1 showed higher levels of
phospho-AMPK on residue thr172 and a significant
downregulation of the phospho-mTOR on the residue
ser2448 protein levels, as compared with their control
(Supplementary Figure S3c). Further, we found that
exogenous increase of the miR-21-5p could counteract
the effects of metformin, thus causing reduced
AMPK activation and increased phospho-mTOR
signal, as compared with the metformin-treated,
control-transfected cells (Supplementary Figure S3d,
upper and lower panels, respectively). On the other
hand, the same cells transfected with a miR-21-5p
agonist, in the presence of SESN1 and CAB39L
overexpression and without metformin treatment,
exhibited AMPK activation and mTOR inhibition
(Supplementary Figure S3d). Altogether, these
experiments revealed a rather complex interplay
between miR-21-5p and its two targets in metformin-
treated breast cancer cells.

Mechanistically, CAB39L is a scaffold protein that
binds to LKB1, thereby favoring the downstream
activation of AMPK[42]. Thus we assessed
whether metformin treatment enhanced the formation
of a LKB1/CAB39L protein complex. Reciprocal
coprecipitation experiments revealed that the LKB1/
CAB39L complex was more evident upon metformin
treatment, at least partially due to the increased of

Figure 1 Metformin downregulated the miR-21-5p expression. (a) Quantitative PCR. Expression of the pri- and pre-miR-21-5p in
SUM159PT cells treated with metformin (0.5 mM) for 24 h. Bars indicate the average of three independent experiments. Statistics (t-test):
Po0.05. (b, c) Modulation of miR-21-5p happened in vivo. (b) Relative levels of miR-21-5p (log2) expression in pooled SUM159PT
tumors treated intraperitoneally with vehicle (n = 4) or metformin (n = 4) (16 mg kg− 1, bi-weekly, for 10 weeks) when the average starting
tumor volume was 0.2 cm3. Statistics (t-test): Po0.05. (c) Scatter plot indicating the miR-21-5p fold changes (log2) in the sera of women
(n = 96) with established breast cancer collected before and after 3 months of daily treatment with metformin (500 mg day− 1). Each circle
indicates a patient with decreased (blue ones) or increased (red ones) levels of miR-21-5p as compared with the pretreatment levels.
Statistics: (Wilcoxon sign-rank test, matched samples) Po0.001. (d) Luciferase assay. HEK-293 cells co-transfected with the wild-type
or mutated miR-21-5p promoter/LUC reporter construct and with different doses of E2F3. Histograms show the normalized luciferase
values from three independent experiments. Statistics (t-test): Po0.05. (e) E2F3 binding to the miR-21-5p promoter mediated the effect
of metformin. Upper panel. Predicted E2F-binding sites in the miR-21-5p promoter. Horizontal bars indicate the three different
E2F-binding sites amplified in the chromatin immunoprecipitation experiment. Lower panel. Histograms showing the amplification of the
E2F-binding sites in the chromatin precipitated with anti-E2F3 and anti-acetylated Histone H4 (Acetyl-H4), from vehicle and
metformin-treated (0.5 mM, 24 h) SUM159PT cells. Statistics (t-test): Po0.05. Please see additional data in Supplementary Figures
S1d and e (f) Metformin induced E2F3 transcriptional expression. Quantitative PCR. Relative expression of E2F3 in SUM159PT cells
treated with metformin (0.5 mM) for different times (0–720 min). Statistics (t-test): Po0.05 over untreated cell (dashed line). (g) Altering
the levels of E2F3 impaired the metformin effect on the SUM159PT clonogenic ability. Histograms showing the average percentage of
colonies formed by SUM159PT cells transfected with two different E2F3 siRNAs (or scrambled control) and treated with vehicle or
metformin (0.5 mM, 24 h) before seeding at clonal density. Statistics (t-test): Po0.05 *Significant versus vehicle, **Significant versus
control transfected cells treated with metformin.
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CAB39L levels (Figure 3c, left and right, respectively).
This correlated with the observed higher phosphor-
ylation of AMPK (Figure 3a and b). Finally, we
performed an LKB1-immune kinase assay and found
that metformin increased LKB1 kinase activity as
assessed by using a specific substrate peptide,
(Figure 3d). In line with this, we found that
downregulation of LKB1 by siRNA impaired the effect
of metformin on the clonogenicity of the transfected
cells (Supplementary Figure S3e).

Modulation of CAB39L and SESN1 impinged on
clonogenicity and invasiveness of breast cancer cells

We evaluated the biological consequences of met-
formin–miR-21-5p modulation of CAB39L and
SESN1 by means of clonogenic and migration assays
(Figure 4g–h and Supplementary Figure S4a–f).
Metformin treatment reduced the clonogenicity of
SUM159PT and that of the BT-474 and MCF-7 cells
(Figure 4a–c) and affected their migration as well
(Figure 4d–f, Supplementary Figure S4a and b).
This occurred similarly for metformin-treated BT-549
cells (Supplementary Figure S4c and d). The over-
expression of either CAB39L or SESN1 mimicked the
effect of metformin, while the depletion of CAB39L or
SESN1 increased both clonogenicity and migration of
all the breast cancer cell lines tested (Figure 4a–f,
Supplementary Figure S4a–d). This suggested that the
anticancer effect of metformin could at least partially
be mediated by these two novel miR-21-5p targets. On
the other hand, downregulation of either SESN1 or
CAB39L impaired, significantly (Po0.05), the ability
of metformin to affect colony number and migration
(Figure 4g and h). These data suggest that CAB39L or
SESN1 depletion counteracted the metformin
antitumorigenic effects. In line with these observations,
we also found that, in SUM159PT transfected with a
miR-21-5p agonist, the effect of metformin was
attenuated, again in terms of colony-forming assay and
migration assays (Supplementary Figure S4e and f).
Finally, we evaluated the effect of overexpressing
miR-21-5p, CAB39L and SESN1 in SUM159PT. The
triple-transfected cells were significantly less able at
forming colonies and to migrate when compared with
the untreated ones and their behavior was similar to the
metformin-treated ones (Supplementary Figure S4e
and f). It is worthy to note that both CAB39L and
SESN1 constructs do not have 3′-UTR, and
consequently miR-21-5p could not affect their
translation. Thus CAB39L and SESN1 overexpression
mimicked metformin effects.T
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Phosphatase and tensin homolog (PTEN) was not
involved in the metformin-mediated anticancer effect

The tumor-suppressor PTEN is a well-known target
of the miR-21-5p[43], and thus we aimed at addressing
whether modulation of PTEN may influence our
conclusion in this experimental system. First, we found

that metformin treatment reduced colony formation
and migration of the PTEN-devoid BT-549 cells
(Figure 5a and b, respectively). However, as being a
long-grown cell line, the BT-549 cells may harbor
additional genetic lesions, in addition to PTEN
deletion, ultimately influencing the interpretation of
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the results. Thus we evaluated the effect of metformin
on matched isogenic HCT116 cells, virtually differing
each other only for the deletion of the PTEN gene.
This revealed that metformin treatment affected
similarly both the clonogenicity and migration of the
isogenic colon carcinoma cells in a dose-dependent
way (Figure 5c and d and e and f, respectively). Thus
metformin effect may appear to be independent of the
PTEN status.

Metformin synergized with the mTOR inhibitor
everolimus

Everolimus is a promising mTOR inhibitor shown
to be effective in patients harboring hyperactive
phosphoinositide-3 kinase pathway while not
modifying the progression-free survival of patients
harboring ‘normal’ phosphoinositide-3 kinase pathway
activation in epidermal growth factor receptor
2-positive tumors[44]. As metformin treatment showed
similar potency on both PTEN-proficient and -deficient
cells, we assessed whether the anticancer activity of
everolimus could be potentiated in PTENwt cells by
the concomitant treatment with metformin. Regarding
this hypothesis, we explored whether combining
everolimus with metformin would exert synergistic
effects. We found that metformin enhanced
everolimus-induced killing of the PTENwt
SUM159PT cells, as assessed by label-free viability
assays (Figure 6a), combination index analysis of 72 h
viability test (Figure 6b) and by clonogenic assay
(Figure 6c). A similar effect was observed when
the everolimus treatment was coupled with miR-21-5p
antagonists; conversely, co-treatment with the
miR-21-5p mimic counteracted the everolimus-induced
cell killing of SUMPT159 cells (Supplementary Figure
S5a and b). This was evident when comparing the 50%
cytotoxic concentration (CC50) of the double-treated

cells (Table 2). Biochemically, concomitant treatment
with metformin and everolimus exhibited additive
effects on the mTOR downstream effectors, especially
with regard to inhibiting the phosphorylation
of 4-EBP1 at thr37/46 and of S6 at Ser235/236 (Figure 6d).
Again, treatment of the SUM159PT cells with the
miR-21-5p agonist effectively counteracted those
biochemical effects (Supplementary Figure S5c), in line
with the previous observations. As CAB39L and
SESN1 are the targets of metformin, we tested whether
manipulating their levels could influence the response
to everolimus. RNAi-mediated depletion of either
CAB39L or SESN1 rendered SUM159PT cells more
resistant to everolimus treatment, while ectopic
expression of either CAB39L or SESN1 (this latter
condition mimicking metformin treatment) increased
cell death in response to the drug, with significant
changes in the CC50 of the treated cells (Figure 6e and
Table 2). Next we evaluated the effect of the
combination treatment (metformin plus everolimus) on
the matched PTEN-proficient and -deficient HCT116
cells (Figure 6f and g). This showed that the
co-administration of metformin potentiated the effect
of everolimus, which was significantly less potent
toward PTENwt HCT116 cells when used alone
(Figure 6f). We also evaluated the migration of the
matched HCT116 cells co-treated with everolimus and
metformin (Figure 6g). Even in this case, we observed
synergy between the two drugs; however, this was less
evident in the PTENdel HCT116 cells (Figure 6g),
with both compounds less capable of inhibiting the
migration. Altogether these findings indicate that
downregulation of miR-21-5p expression by metfor-
min, followed by release of CAB39L and SESN1,
contributed to attenuating the mTOR aberrant activity
and rendering breast cancer cells more prone to cell
death induced by a clinically relevant mTOR inhibitor.

Figure 2 Calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) are targets of metformin-miR-21-5p. (a, b) Quantitative PCR.
Histograms showing the relative levels of CAB39L (a) and SESN1 (b) mRNAs in SUM159PT, BT-474, MCF-7 and BT-549 cells, treated
with vehicle or metformin (0.5 mM) for 24 h. Statistics (t-test): Po0.05. (c) Representative western blotting with anti-CAB39L or SESN1
antibodies of whole-cell lysates from SUM159PT cells treated with vehicle or metformin (0.5 mM) for 24 h. Actin staining was used as a
loading control. (d–i) Modulation of CAB39L and SESN1 by metformin required miR-21-5p. (d–f) Quantitative PCR. Histograms showing
the relative levels of miR-21-5p (d), CAB39L (e) and SESN1 (f) mRNAs in SUM159PT transfected with different doses of miR-21-5p
inhibitor. Statistics (t-test): Po0.05. (g) Representative western blotting of whole-cell lysates from SUM159PT cells treated as from panel
(d–f), stained with the indicated antibodies. Actin staining was used as a loading control. (h, i) Colony-forming assay (h) and invasion
assay (i). Histograms showing average colony counts (h) or the number of migrated cells (i) of SUM159PT cells treated as from panel (g).
Statistics (t-test): Po0.05. (j) Quantitative PCR. mRNA levels of SESN1 or CAB39L in SUM159PT cells expressing either a control
vector or a miR-21-5p mimic vector. Bars indicate the average of three independent experiments. Statistics (t-test): Po0.05. (k, l) Dual
luciferase assay. SUM159PT cells co-transfected with the wild-type or mutated CAB39L (k) or SESN1 (l) 3′-untranslated region
luciferase reporter and, subsequently, with either a scrambled- or a specific miR-21-5p agonist. Histograms show the normalized
luciferase values from three independent experiments. Statistics (t-test): Po0.05.
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Thus concomitant metformin and everolimus treat-
ment may be exploited therapeutically.

Discussion

The biguanide metformin is the most widely used
drug for treatment of type II diabetes. The primary

systemic effect of metformin is the lowering of blood
glucose levels achieved through reduced hepatic
gluconeogenesis and increased glucose uptake in the
skeletal muscles[45]. Metformin treatment leads to
activation of AMPK in vitro and in vivo [46–48].
Epidemiological studies have demonstrated that
chronical metformin treatment affects insurgence and
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mitigates the progression of several tumors. This has
generated a plethora of reports addressing the potential
anticancer mechanisms of the drug and the
intracellular signaling it elicits, mainly downstream of
AMPK activation; however, it should be noted that the
growth-suppressive properties of metformin have
ancient roots and that AMPK is not always required
for the antiproliferative effects of metformin in cancer
tissues[49]. In line with this, the anticancer effect of
metformin does not appear only to be due to the
control of glucose levels, as equally effective glucose-
lowering-agents did not show relevant anticancer
activity. Additionally, to date, the molecular
mechanisms by which metformin leads to AMPK
activation are not entirely understood. We and others
have shown that metformin metabolic action resulted
in a direct and broad modulation of several miRNAs
that correlated with anticancer effects in vitro and
in vivo. Starting from this observation, we focused here
on the miR-21-5p, which we showed to be reduced by
metformin in breast cancer cell lines, xenografted
tumor tissues and in sera of metformin-treated breast
cancer patients. We provided evidence that metformin
modulates AMPK/mTOR signaling through
miR-21-5p-dependent regulation of the scaffold
proteins CAB39L and SESN1 (Figure 7). This hap-
pened, partially, through a metformin-dependent
increase in the stoichiometry of the CAB39L–LKB1
complex. Interestingly, these effects were mimicked
either by the overexpression of the targets (CAB39L
and SESN1) or by downregulating miR-21-5p.

Then we further characterized, for the first time ever,
the specific functional interaction between metformin,
miR-21-5p and two effector targets, adding novelty
to our understanding of the metabolic-anticancer
properties of this promising compound. The involve-
ment of CAB39L in mediating the activation of

AMPK is already described[50]. With regard to
SESN1, it is of note that this protein is a p53 target
gene and is involved in linking DNA damage-induced
p53 activation to the mTOR signaling pathway[11]. In
this work, we showed upregulation of SESN1 in both
p53wt (MCF-7) and p53mut (BT-474; BT-549) cells
and in cells expressing undetectable p53wt
(SUM159PT)[51]. This raises the interesting possibility
that metformin-induced increase of SESN1 may be at
least partially p53 independent and thus metformin
treatment may be exploited in p53-null tumors. In line
with this, Buzzai et al. [52] also described a selectivity
of metformin treatment toward p53− /− tumor cell
growth. Of course, downregulation of the miR-21-5p
cannot be the only anticancer mechanism of metfor-
min. We have previously shown that upregulation of
miR-33a and downregulation of c-MYC was relevant
to metformin action in a similar experimental system
[22]. In our experimental system, we did not observe
changes in miR-33a levels upon downregulation of
miR-21-5p, thus suggesting that the two mechanisms
ignited by metformin may act independently. In line
with this, we found that downregulation of miR-21-5p
mainly took place at the transcriptional levels follow-
ing increased occupancy of its promoter by E2F3.
Conversely, upregulation of miR-33a followed
increased levels of Dicer in metformin-treated cells.
This might reflect a tumor- and stage-specific issue. We
investigated whether metformin may synergize with
everolimus, a clinical trial-grade mTOR inhibitor. This
confirmed to be true in both breast cancer cell lines and
in the isogenic colon carcinoma cells. Ectopic expres-
sion of CAB39L and SESN1 in everolimus-treated cells
recapitulated the effect of metformin treatment, thus
strengthening the relevance of the two miR-21-5p tar-
gets for the synergistic action of metformin.
Altogether, this may represent a translationally

Figure 3 Calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) mediated the anticancer effects of metformin through AMP-
activated protein kinase–mammalian target of rapamycin (AMPK-mTOR) signaling. (a, b) Altering the levels of CAB39L and SESN1
mimicked the effect of metformin on the AMPK/mTOR signaling axis. (a) Upper panel. Representative western blotting of whole-cell
lysates from SUM159PT treated with vehicle or metformin or transfected with the expression vectors coding for CAB39L or for two
shRNAs against CAB39L, stained with the indicated pan- and phospho-specific antibodies. Lower panel. Quantitative densitometry of
phospho-thr172 AMPKα calculated from the analysis of three western blottings including that in panel (a). (b) Upper panel. Representative
western blotting of similarly stained whole-cell lysates from of the same cells treated as from panel (a) and transfected with the expression
vectors for SESN1 or with a siRNA against SESN1. Lower panel. Quantitative densitometry of phospho-thr172 AMPKα calculated from the
analysis of three western blottings including that in panel (b). (c) The LKB1–CAB39L complex was modulated by metformin.
Representative western blotting of whole-cell lysates of vehicle- and metformin-treated SUM159PT cells, immunoprecipitated with anti-
LKB1 and anti-CAB39L antibodies (upper left and lower left panels, respectively). Actin staining was used as a loading control for the
input material (right panel). (d) Metformin stimulates LKB1 kinase activity. Immuno-kinase assay. Histograms showing the enzymatic
activity of LKB1: immunoprecipitates from HEK-293 cells treated or not with 0.5 mM of metformin for 24 h. Mean of two independent
experiments. Statistics (t-test): Po0.001.
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Figure 4 Modulation of calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) underlies metformin anticancer
activities. (a–c) Colony-forming assay. Histograms showing average colony counts of SUM159PT (a), BT-474 (b) and MCF-7 (c)
cells expressing either a control vector or a CAB39L-expressing vector or CAB39L- or SESN1-targeting shRNAs and treated with
vehicle or metformin (0.5 mM) before seeding at clonal density. Statistics (t-test): Po0.05. (d) Wound healing assay. Percentage
of wound closure (over vehicle) of SUM159PT cells transfected and treated as from panel (a–c), for 48 h. Statistics (t-test):
Po0.05. (e, f) Invasion assay. BT-474 (e) and MCF-7 (f) cells were treated with vehicle or metformin (0.5 mM) for 24 h and the
number of migrated cells was scored. (g, h) Colony-forming assay (g) and invasion assay (h). Histograms showing average
colony counts (g) or the number of migrated cells (h) of SUM159PT cells transfected either with a control vector or CAB39L- or
SESN1-targeting shRNAs and treated with vehicle or metformin (0.5 mM). Histograms indicating the average± s.e. of triplicate
experiments. Statistics (t-test): Po0.05. *Significant versus vehicle, ºSignificant versus untransfected, metformin-treated ones.
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Figure 5 Metformin effects were not influenced by the status of phosphatase and tensin homolog (PTEN). (a) Colony-forming
assay. Histograms showing average colony counts of BT-549 cells expressing either a control vector or a calcium-binding protein
39-like (CAB39L)-expressing vector or CAB39L- or Sestrin-1 (SESN1)-targeting shRNAs or and treated with vehicle or metformin
(0.5 mM) before seeding at clonal density. Statistics (t-test): Po0.05. (b) Invasion assay. BT-549 cells transfected and treated as
from panel (a) for 24 h and the number of migrated cells was scored. Statistics (t-test): Po0.05. (c, d) Clonogenic assay. Isogenic
HCT116 bearing a wt PTEN (c) or a shRNA targeting PTEN (PTEN K/D) (d) were treated with vehicle or metformin (0.5 mM) and
colonies stained and counted 8 days later. Histograms indicating the average± s.e. Statistics (t-test): Po0.05. (e, f) Invasion
assay. The cells were treated with vehicle or metformin (0.5 mM) for 24 h and the percentage of migrated cells was scored.
Histograms indicating the average± s.e. of triplicate experiments. Statistics (t-test): Po0.05.
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relevant observation that may be worth testing in
clinically relevant models. The latter will be a future
avenue of investigation together with the possibility

that the levels of miR-21-5p and those of CAB39L and
SESN1 may inform selection of patients for combina-
torial therapies.
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Materials and Methods

Cell cultures and treatments
SUM159PT, MCF-7, BT-474 and BT-549 (ATCC,

Manassas, VA, USA) were grown in Dulbecco’s modified
Eagle’s medium (GIBCO, Thermo Fisher Scienific, Waltham,
MA, USA) supplemented with 10% non-heat-inactivated fetal
bovine serum (FBS; GIBCO) and 100 Units ml− 1 Penicillin and
100 μg ml− 1 Streptomycin (GIBCO). HCT116 PTEN wt and
PTEN k/o cell lines (Horizon Discovery, Cambridge, UK) were
grown in RPMI supplemented with 5% inactivated FBS
(GIBCO) and 100 Units ml− 1 Penicillin and 100 μg ml− 1

Streptomycin (GIBCO). Metformin (1,1-dimethylbiguanide-
hydrochloride) and everolimus (RAD001) were purchased
from Sigma-Aldrich (St Louis, MO, USA) and SelleckChem
(Houston, TX, USA), respectively.

Chromatin immunoprecipitation
Precleared chromatin was incubated overnight with the

following antibodies: anti-E2F3 (Santa Cruz Biotechnology
#251, Dallas, TX, USA) and anti-Histone H4 (Upstate
#06–866, EMD Millipore, Billerica, MA, USA). All the chro-
matin immunoprecipitation antibodies were used at 4 μg ml− 1 of
diluted chromatin. qPCR was used to assess for DNA enrich-
ment. Primer sequences used for the three different E2F-binding
sites contained in hsa-miR-21-5p promoter are: first site Fw:
5′-GCCCCAAGCTACCGTTTTTAA-3′, Rv: 5′-CCGGTTT
GGCAACTGTAGCTA-3′; second site Fw: 5′-GCCTTT
TGAGTCCAGGTGGTAA-3′, Rv: 5′-AGAAAAAGACAC
ATTTGGGAAGAAA-3′; and third site Fw: 5′-GACTTA
CTGAGGTGACTTGAATATCTCC-3′, Rv: 5′-TTCAGCTA
TGGTAAGAGCCTTGG-3′.

RNA processing and qPCR
Total RNA from breast cancer cell lines or tumor engrafment

was extracted by TRI Reagent lysis reagent (Ambion, Thermo
Fisher Scientific, Waltham, MA, USA), according to the

manufacturer’s instructions. qPCR quantification of miRNA
expression was performed using TaqMan MicroRNA Assays
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol. The first-strand
cDNA was synthesized according to the manufacturer’s
instructions (M-MLV RT Kit, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). qPCR assays were performed
by STEPOne PCR using the FastStart SYBR Green Master
Mix (Applied Biosystems). Sequences of qPCR primers are
ACTIN Fw: 5′-GGCATGGGTCAGAAGGATT-3′, Rv:
5′-CACACGCAGCTCATTGTAGAAGC-3′; pri-miR-21 Fw:
5′-TTTTGTTTTGCTTGGGAGGA-3′, Rv: 5′-AGCAGAC
AGTCAGGCAGGAT-3′; pre-miR-21 Fw: 5′-CATTGTGGG
TTTTGAAAAGGTTA-3′, Rv: 5′-CCACGACTAGAGGCT
GACTTAGA-3′; CAB39L Fw: 5′-TTAGTGCTCATCC
TCATATCCTGTTTA-3′, Rv: 5′-CCCACAACGTAAGGCA
ATCTG-3′; and SESN1 Fw: 5′-ACTACATTGGAAT
AATGGCTGCGG-3′, Rv: 5′-CCCCAACCAACATGAGGA
AATCAT-3′. RNU49 was used as an endogenous control
to standardize miRNA expression. Taqman probes for the
following miRNA was purchased: hsa-miR-21-5p (Applied
Biosystems).

Human serum specimen
Sera stored at − 80 °C (n = 96) were previously collected

from de-identified patients with breast cancer enrolled in a
randomized controlled trial to test the effect of different doses of
metformin[38].

Serum RNA extraction and qPCR
Total RNA from serum specimen was extracted by the miR-

Neasy Serum/Plasma Kit (Qiagen, Valencia, CA, USA),
according to the manufacturer’s instructions. The first-strand
cDNA was synthesized according to the manufacturer’s
instructions (miScript Reverse Transcription Kit, Qiagen). qPCR
assays were performed by STEPOne PCR (Agilent Technologies,
Santa Clara, CA, USA) using the miScript SYBR Green PCR

Figure 6Metformin synergized with everolimus. (a) Graphs indicating the change in impedance of SUM159PTcells pretreated or not with
metformin (0.5 mM) for 24 h and subsequently treated with everolimus (10–100 nM) for 0–550 min to evaluate early changes in cell fitness.
Statistics (t-test): Po0.05 (versus control). (b) Combination index (CI) versus the fractional effect obtained from SUM159PT cells treated
simultaneously with metformin (0.5 mM) and everolimus (0-100 nM) for 72 h. (c) Histograms showing the average percentage of colonies
formed by SUM159PT cells pretreated with vehicle or metformin (0.5 mM) and subsequently treated with everolimus (0–100 nM). Bars
indicate the average± s.e. of triplicate experiments. Statistics (t-test): Po0.05. (d) Everolimus and metformin treatment synergistically
affected mammalian target of rapamycin (mTOR) signaling. Representative western blotting (upper panel) and quantitative densitometry
(lower panel) phospho-ser2448-mTOR, (phospho-ser235/236)-S6, (phospho-thr37/46)-4-EBP1 and (phospho-thr389)-p70 S6 normalized to their
respective non-phosphorylated protein levels. Bars indicate the average of three independent experiments. Statistics (t-test): Po0.05.
(e) Altering the levels of calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) affected the response to everolimus. Graphs
indicating the change in impedance of SUM159PT treated as indicated. (f) Metformin affected the clonogenic ability and potentiated the
antitumorigenic effects of everolimus in both phosphatase and tensin homolog (PTEN) wt and PTEN K/D isogenic HCT116 cells. Briefly,
HCT116 cells harboring either PTEN wt (left panel) or deleted for PTEN (right panel) were treated, 24 h after seeding, with metformin, in
the presence or absence of everolimus. Histograms showing the average of three independent clonogenic assays. Colonies were
stained after 9 days. Statistics (t-test): Po0.05. Please note that very similar results were obtained after altering the levels of the miR-21-
5p, whose downregulation strictly mimicked the effect of metformin on the everolimus-treated cells (Supplementary Figure S5).
(g) Invasion assay. HCT116 cells harboring either PTENwt (left panel) or deleted for PTEN (right panel) were treated as from panel (e) for
24 h and the number of migrated cells was scored. Statistics (t-test): Po0.05.
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Kit (Qiagen). miScript primer Assay probe for the following
miRNA was used: hsa-miR-21-5p. The C. Elegans miR-39
(miRNeasy Serum/Plasma Spike-In Control, Qiagen) was used
as control to standardize the miRNA expression.

Clonogenic assays
Cells were grown at 70% confluence and were exposed or not

to a short pulse of metformin (0.5 mM). Subsequently, cells were
detached and seeded at 600 cells per six-well into six-well dishes
(Corning-Costar, New York, NY, USA) in drug-free media.
Fresh media (25%) was added every 3 days. Number of colonies
was scored by Cristal Violet staining 10 days later.

Transwell invasion assay
Migration assay was performed using a 24-well Boyden

chamber with a non-coated 8-mm pore size filter in the insert
chamber (BD Falcon, Corning-Costar, New York, NY, USA).
Cells were suspended in 0.5 ml Dulbecco’s modified Eagle’s
medium/F12 media without containing FBS and seeded into the
insert chamber. Cells were allowed to migrate for 24 h into the
bottom chamber containing 0.5 ml of Dulbecco’s modified
Eagle’s medium/F12 media containing 10% FBS in a humidified
incubator at 37 °C in 5% CO2. Migrated cells were visualized by
staining with 4,6-diamidino-2-phenylindole and counted. The
average number of cells per field was expressed as the percentage
of the control after normalizing for cell number.

Wound-healing migration assay
SUM159PT cells were grown to 80% of confluence in six-well

tissue culture plates and wounded with a sterile 10-μl pipette
tip to remove cells. Phosphate-buffered saline washing was used
to remove loosely attached cells. The progression of migration
was photographed at different times under a light microscope.

The number of cells migrated into the scratched area was
calculated.

Western blotting analysis
Cell lysis was performed on ice for 30 min in NP40 lysis

buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM

EGTA, 1 mM EDTA) supplemented with protease and
phosphatase inhibitors (5 mM PMSF, 3 mM NaF, 1 mM DTT,
1 mM NaVO4). Equal amounts of total proteins extracts (30 μg)
were resolved by 8% denaturing sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred for 2 h to
polyvinylidene difluoride membrane. Membranes were blocked
in 5% milk-TBS-0.05% Tween 20 for 1 h and incubated
overnight with the specific primary antibodies. In the
coimmunoprecipitation, the lysis buffer was modified
accordingly the protein isoelectric point. Protein concentrations
were determined by colorimetric assay (Bio-Rad, Hercules, CA,
USA). For each immunoprecipitation, 1 μg of rabbit LKB1
(Abcam, Cambridge, UK, ab58786) or mouse CAB39L
antibody (Abcam, ab57880) and 1 μg of rabbit or mouse IgG
(Santa Cruz Biotechnology) as control were used. Precleared
extracts were incubated with protein A/G-Agarose beads
(Thermo Fisher Scientific, Rockford, IL, USA) in lysis buffer
containing 0.05% bovine serum albumin and antibodies under
constant shaking at 4 °C for 3 h. After incubation, agarose bead-
bound immunocomplexes were rinsed with lysis buffer and
eluted in 50 ml of sodium dodecyl sulfate sample buffer for
western blotting. The following primary antibodies were used:
anti phospho-AMPKα (Thr-172) (Cell Signaling, (Danvers,
MA, USA) #2531); anti-AMPK (Cell Signaling, #9158);
anti-phospho-mTOR (Ser-2448) (Cell Signaling, #2971);
anti-β-Actin (Santa Cruz, sc-81178); anti CAB39L (Abcam,
ab57880); anti SESN1 (Abcam, ab67156); anti LKB1 (Abcam,
ab58786); anti IgG (Santa Cruz, sc-2030); anti-phospho p70 S6
Kinase (thr389) (Cell Signaling, #9234); anti-phospho 4-EBP1
(thr37/46) (Cell Signaling, #2855); and anti-phospho S6
(ser235/236) (Cell Signaling, #2211). All the indicated anti-
bodies were used at the minimum dilutions suggested by the
manufacturer. Secondary horseradish peroxidase-conjugated
was purchased from Santa Cruz. ECL reagent (Amersham,
GE Healthcare, Piscataway, NJ, USA) was employed for the
chemo-luminescence detection. The Uvitec Alliance software
(Eppendorf, Hamburg, Germany) was used to quantify the
obtained data.

Immunoprecipitation and LKB1 kinase activity
HEK-293 cells transfected with an LKB1 expression vector

were treated or not with metformin for 24 h. Cells were lysed at
4 °C in Buffer A (Tris HCl pH 8 50 mM, EGTA 1 mM, EDTA
1 mM, NaF 50 mM, glicerolo 10%, KCl 5 mM, NaCl 170 mM,
DTT 1 mM, protease inhibitor) plus 1% Triton X100. An equal
volume of Buffer B (Tris HCl pH 8 50 mM, NaF 50 mM,
glicerolo 7%, KCl 5 mM,MgCl2 0.2 mM, CaCl2 0.2 mM, protease
inhibitor) was added after 20 min. Three milligrams of
precleared cell lysate protein was incubated at 4 °C overnight
with human LKB1 antibody.

The immune-precipitates were washed four times with Buffer
B plus 0.15% NP40 and NaCl 100 mM. LKB1 activity was

Table 2 CC50 values

CC50 (nM)

Vehicle 16.47± 0.5

Metformin 7.88113± 0.36

21 inhibitor 6.93223± 0.49

Mimic 21 42.2588± 0.47

Si SESN1 58.6414± 0.36

Over SESN1 12.7958± 0.38

Sh CAB39L 54.8008± 0.3

Over CAB39L 12.7175± 0.42

Sh CAB39L si SESN 1 81.3338± 0.45

Sh CAB39L over SESN 1 11.0902± 0.4

Sh CAB39L over CAB39L 8.68656± 0.3

OverCAB39L over SESN1 3.30453± 0.29

Abbreviations: CAB39L, calcium-binding protein 39-like; CC50, 50%
cytotoxic concentration; SESN1, Sestrin-1. Altering the levels of CAB39L
and/or SESN1 affected everolimus response. Here are reported the CC50

values obtained from viability assay experiments conducted in
SUM159PT cells treated with everolimus (0.001–100 nM) for 72 h.
CompuSyn software (http://www.combosyn.com/feature.html) was used
for analysis.
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measured in a total volume of 50 μl consisting of 50 mMTris HCl
pH 7.5, 0.1 mM EGTA, 0.5 mM DTT, 10 mM MgCl2, 0.1 mM

ATP and 200 uM of LKB1 substrate peptide[53] (Jena
Bioscience, Jena, Germany, #PE-215). LKB1 phospho-
transferase activity was assessed by using the ADP-Glo Kinase
Assay (Promega, Madison, WI, USA, #V6930), according to
the manufacturer’s instructions.

EnSpire cellular label-free platform
SUM159PT, BT-549 and MCF-7 cells were seeded in

specially designed 384-well plate with highly precise optical
sensors able to measure changes in light refraction resulting
from dynamic mass redistribution within the cell’s monolayer.
Change in the light refraction was indicated by a shift in
wavelength.

Luciferase assays
For the 3′-UTR reporter assays, cells were co-transfected in 24-

well plates PSICHECK2-CAB39L/or SESN1-3′UTR or PSI-
CHECK2 (as a control) together with different doses of
hsa-miR-21 mimic or control (Ambion, Thermo Scientific,
Waltham, MA, USA). For the miR-21-5p promoter activity, the
pMLuc-1 AccepTor plasmid (Novagen, Madison, WI, USA) was
used for the generation of miR-21-5p promoter reporter constructs
[21]. Renilla luciferase activities were measured 48 h after trans-
fection using the Dual Luciferase Reporter Assay System (Pro-
mega) in the GloMax 96 Microplate Luminometer (Promega).
Firefly luciferase was used to normalize the Renilla luciferase.

Plasmid and transfection
The full-length 3′-UTR of the human CAB39L and

SESN1 genes (OriGene, Rockville, MD, USA) were

amplified and inserted downstream of the Renilla luciferase
gene into the Not I site of the dual luciferase reporter
plasmid psiCHECK-2 (Promega). CAB39L, SESN1 and
miR-21-promoter mutants were made with the
QuikChange site-directed mutagenesis Kit (Stratagene,
San Diego, CA, USA) using the following primers: CAB39L
Fw: 5′-GTGATGGGCAATTATAGAATGACGATTTAT
TAGAAAAAAATTGCTTTTATCAACATCTGATACAAT
GGCT-3′, Rv: 5′-AGCCATTGTATCAGATGTTGATA
AAAGCAATTTTTTTCTAATAAATCGTCATTCTATAA
TTGCCCATCAC-3′; SESN1 Fw: 5′-GTAGTCGTAAATT
TTTTTCGTTAAATCTAATCGGTTTTAATTCACGGATT
TTCGTTAAATCTAA-3′, Rv: 5′-TTTTCGTTAAATCTAAT
TTTTTCGTACGTTTAAAAAATCTAATTTTTTCGTACG
TTTACGGCTTT-3′; and miR-21-promoter Fw: 5′-CTTCT
CCCCTCTGGGAAGTGAAATTACATTCACAGC-3′, Rv:
5′-GCTGTGAATGTAATTTCACTTCCCAGAGGGGAGA
AG-3′. Transfections were performed with Lipofectamine 2000
or Lipofectamine RNAiMax (Life Technologies) according to
the manufacturer’s recommendations, using either negative
control (NC) (Life Technologies) or mimic-21-5p (Life
Technologies) or miR-21-5p inhibitor (Life Technologies).
SESN1 and E2F3 were silenced in SUM159PT cell line using
siRNAs: siSESN1 5′-GGCATTAGAATTCCTCGA(dTdT)-3′
(Eurofins MWG, Louisville, KY, USA) and siE2F3 (1),
5′-CGUCCAAUGGAUGGGCUGC-3′[54] (Eurofins MWG),
siE2F3 (2) 5′-UAACCUUUGAUUCUCUGAAUCCUCG-3′
[55] (Eurofins MWG), respectively. siScr 5′-AAUUCAGC
GUGUCCGGGGAG(dTdT)-3′ (Eurofins MWG) was used as
a control while CAB39L was stably silenced in SUM159PT
using shRNA expression vector (OriGene, TR314249).
SUM159PT differently expressing high levels of CAB39L or

Figure 7 Working model. Metformin treatment downregulated, transcriptionally, the levels of miR-21-5p by inhibiting its
transcription through increased occupancy of the promoter regions by E2F3. Consequently, this relieved the mir-21-5p-mediated
repression of calcium-binding protein 39-like (CAB39L) and Sestrin-1 levels. This, in turn, activated AMP-activated protein kinase
(AMPK) and inhibited mammalian target of rapamycin (mTOR) signaling, discouraging clonogenicity and invasion of the treated
cells, independently of their phosphatase and tensin homolog (PTEN) status.
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SESN1 were obtained with a specific plasmid containing either
CAB39L (OriGene, SC320905) or SESN1 (OriGene, SC212558)
coding sequence. HEK293 cells expressing different
levels of E2F3 were obtained by using a pCMV-Neo-Bam
E2F3a[56]. It was a gift from Jacqueline Lees (Addgene plas-
mid # 37970, Cambridge, MA, USA).

RNA-Seq
Total RNA from metformin- or vehicle-treated

SUM159PT cells was isolated using miRNeasy including the
optional DNase treatment (Qiagen). RNA quality was verified
using an Agilent Bioanalyzer (Agilent Technologies; RNA 6000
Nano Kit). All RNAs used for subsequent library preparation
had an RNA integrity number 49.0. RNA libraries for
sequencing were generated according to the Epicenter ScriptSeq
v2 RNA-Seq Library Preparation Kit (Illumina, Madison, WI,
USA) with an initial ribosomal depletion step using Ribo-Zero
Magnetic Gold (Illumina, Madison, WI, USA). Starting
material was 5 μg of total RNA. Based on qPCR quantification,
libraries were normalized to 1 nM and denatured by using 0.1 N

NaOH. Cluster amplification of denatured templates was
carried out according to the manufacturer’s protocol (Illumina,
Inc., San Diego, CA, USA). Sequencing was performed on a
Genome Analyzer IIx (Illumina) in paired-end mode; quality
control has been performed to assess sequence data quality and
to discard low quality reads. For the analysis, we exploited the
RNA-Seq analysis workflow RAP that comprises of read
mapping, transcript assembly and abundancy estimation
followed by transcript-based differential expression via the
Tuxedo suite. Paired-end reads were mapped to the human
genome assembly hg19 with TopHat and further analyzed by the
Cufflinks-Cuffdiff pipeline to identify differentially expressed
transcripts. We run the pipeline without novel transcript
discovery, correcting for multiply mapping reads with the ‘-u’
option of Cuffdiff and a mask file for rRNAs and tRNAs. The
RNA-Seq was conducted with three biological replicates.

Cell viability assay
Viability of treated cells was assessed using ATPlite assay

(Perkin Elmer, Waltham, MA, USA) accordingly to the
manufacturer’s instructions. Cells (8 × 102 cells) were seeded in
96-well plates and cultured for 24 h and treated for 72 h with
everolimus. Each plate was evaluated immediately on a
microplate reader (Expire Technology, Perkin Elmer, Waltham,
MA, USA).

In silico individuation of miR-21-5p putative targets
Putative miR-21-5p targets were identified using the

predictive target search of miRWalk with the programs
DIANAmT, miRanda, miRDB, miRWalk, RNA22 and
Targetscan, taking only those genes in consideration that were
predicted to be miR-21-5p targets by at least five different
programs and resulted as common deregulated in three different
data sets. A permutation test and a false discovery rate
procedure were used to assess a significant difference between
tumoral and normal samples. Targets were sorted by a
combined correlation P-value calculated with Stouffer’s and
Fisher’s methods.

Statistical analysis
For miRNA analysis, Pearson’s correlation coefficient was

calculated to assess quality of replicates. Analysis of variance
test (α = 5%) was performed to assess statistical significance of
the observed differences in miRNA profiling. Generally,
Student’s t-test was used to assess significance of the data.
P-valueso0.05 were considered statistically significant.
CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA) was
used for CC50 determination.

Immunohistochemical analysis
Formalin-fixed and paraffin-embedded 5 μm sections from

mice tumor sections were stained with anti-CAB39L antibody
(Abcam, ab57880). Seven fields chosen randomly from each
sample were scored.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

This work has been supported by grants AIRC (IG-2013-
14455), Italian Health Office ‘Tevere project’ and MIUR
‘Epigen’ Epigenomics Flagship Project (EPIGEN; sub-project
7.6) to GB; by an AIRC and Marie Curie Actions—People—
COFUND fellowship to MC and by the ArceloMittal Dofasco
Company to PM.

Author contributions

GB and SS conceived the study, coordinated the experiments
and revised the manuscript. CP performed qPCR assays, RNA
and miRNA extraction from cells and sera, CAB39L and
SESN1 3′-UTR studies, western blotting analysis, label-free
assays, performed part of the in vitro tumorigenic assays and
participated in coordinating the experiments. FM performed
invasion and migration assays and coordinated the in vivo
studies. AS performed the statistical analysis. FG and M
Fanciulli performed RNA-Seq and statistical analysis. M
Ferraiuolo performed chromatin immunoprecipitation assays
and miR-21 promoter analysis. PP, CC and FB coordinated the
human trial and collected sera from patients. MC participated in
drafting the manuscript and coordinated the experiments. GRS
and RJF revised the manuscript. ML and NP provided the
miR-21-5p promoter reporter constructs and revised the
manuscript. MM and LC provided HCT116 syngeneic cell
lines. PM participated in designing the study and revised the
manuscript.

References

1 Witters LA. The blooming of the French lilac. J Clin Invest
2001; 108: 1105–1107.

2 Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR,
Morris AD. Metformin and reduced risk of cancer in
diabetic patients. BMJ 2005; 330: 1304–1305.

Claudio Pulito et al.

17

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


3 Emami Riedmaier A, Fisel P, Nies AT, Schaeffeler E,
Schwab M. Metformin and cancer: from the old medicine
cabinet to pharmacological pitfalls and prospects. Trends
Pharmacol Sci 2013; 34: 126–135.

4 Hirsch HA, Iliopoulos D, Tsichlis PN, Struhl K.
Metformin selectively targets cancer stem cells, and acts
together with chemotherapy to block tumor growth and
prolong remission. Cancer Res 2009; 69: 7507–7511.

5 Inoki K, Corradetti MN, Guan KL. Dysregulation of the
TSC-mTOR pathway in human disease. Nat Genet 2005;
37: 19–24.

6 Hanly EK, Bednarczyk RB, Tuli NY et al. mTOR
inhibitors sensitize thyroid cancer cells to cytotoxic effect of
vemurafenib. Oncotarget 2015; 6: 39702–39713.

7 Wang Y, Wei J, Li L, Fan C, Sun Y. Combined use of
metformin and everolimus is synergistic in the treatment of
breast cancer cells. Oncol Res 2014; 22: 193–201.

8 Hawley SA, Boudeau J, Reid JL et al. Complexes between
the LKB1 tumor suppressor, STRAD alpha/beta and
MO25 alpha/beta are upstream kinases in the AMP-
activated protein kinase cascade. J Biol 2003; 2: 28.

9 Shaw RJ, Kosmatka M, Bardeesy N et al. The tumor
suppressor LKB1 kinase directly activates AMP-activated
kinase and regulates apoptosis in response to energy stress.
Proc Natl Acad Sci USA 2004; 101: 3329–3335.

10 Carling D, Sanders MJ, Woods A. The regulation of
AMP-activated protein kinase by upstream kinases.
Int J Obes (Lond) 2008; 32 (Suppl 4): S55–S59.

11 Budanov AV, Karin M. p53 target genes sestrin1 and
sestrin2 connect genotoxic stress and mTOR signaling. Cell
2008; 134: 451–460.

12 Ben Sahra I, Le Marchand-Brustel Y, Tanti JF, Bost F.
Metformin in cancer therapy: a new perspective for an old
antidiabetic drug? Mol Cancer Ther 2010; 9: 1092–1099.

13 Luo Z, Zang M, Guo W. AMPK as a metabolic tumor
suppressor: control of metabolism and cell growth. Future
Oncol 2010; 6: 457–470.

14 Nattrass M, Alberti KG. Biguanides. Diabetologia 1978;
14: 71–74.

15 DeBerardinis RJ, Lum JJ, Hatzivassiliou G,
Thompson CB. The biology of cancer: metabolic
reprogramming fuels cell growth and proliferation. Cell
Metab 2008; 7: 11–20.

16 Zhou S, Huang C, Wei Y. The metabolic switch and its
regulation in cancer cells. Sci China. Life Sci 2010; 53:
942–958.

17 Alayev A, Holz MK. mTOR signaling for biological con-
trol and cancer. J Cell Physiol 2013; 228: 1658–1664.

18 Dowling RJ, Zakikhani M, Fantus IG, Pollak M,
Sonenberg N. Metformin inhibits mammalian target of
rapamycin-dependent translation initiation in breast
cancer cells. Cancer Res 2007; 67: 10804–10812.

19 Dowling RJ, Lam S, Bassi C et al. Metformin pharmaco-
kinetics in mouse tumors: implications for human therapy.
Cell Metab 2016; 23: 567–568.

20 Chandel NS, Avizonis D, Reczek CR et al. Are metformin
doses used in murine cancer models clinically relevant? Cell
Metab 2016; 23: 569–570.

21 Scisciani C, Vossio S, Guerrieri F et al. Transcriptional
regulation of miR-224 upregulated in human HCCs by
NFkappaB inflammatory pathways. J Hepatol 2012; 56:
855–861.

22 Blandino G, Valerio M, Cioce M et al. Metformin
elicits anticancer effects through the sequential
modulation of DICER and c-MYC. Nat Commun 2012; 3:
865.

23 Cheng CJ, Slack FJ. The duality of oncomiR addiction in
the maintenance and treatment of cancer. Cancer J 2012;
18: 232–237.

24 Donzelli S, CioceM,Muti P et al.Non-coding fine tuners of
receptor tyrosine kinase signalling in cancer. Semin Cell
Dev Biol 2016; 50: 133–142.

25 Iorio MV, Croce CM. MicroRNA dysregulation in
cancer: diagnostics, monitoring and therapeutics.
A comprehensive review. EMBO Mol Med 2012; 4:
143–159.

26 Medina PP, Nolde M, Slack FJ. OncomiR addiction in an
in vivo model of microRNA-21-induced pre-B-cell
lymphoma. Nature 2010; 467: 86–90.

27 Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an
antiapoptotic factor in human glioblastoma cells. Cancer
Res 2005; 65: 6029–6033.

28 Ganci F, Sacconi A, Bossel Ben-Moshe N et al. Expression
of TP53 mutation-associated microRNAs predicts clinical
outcome in head and neck squamous cell carcinoma
patients. Ann Oncol 2013; 24: 3082–3088.

29 Iorio MV, Ferracin M, Liu CG et al. MicroRNA gene
expression deregulation in human breast cancer. Cancer
Res 2005; 65: 7065–7070.

30 Sacconi A, Biagioni F, Canu V et al. miR-204 targets Bcl-2
expression and enhances responsiveness of gastric cancer.
Cell Death Dis 2012; 3: e423.

31 Schetter AJ, Leung SY, Sohn JJ et al. MicroRNA
expression profiles associated with prognosis and ther-
apeutic outcome in colon adenocarcinoma. JAMA 2008;
299: 425–436.

32 Si ML, Zhu S, Wu H, Lu Z, Wu F, Mo YY.
miR-21-mediated tumor growth. Oncogene 2007; 26:
2799–2803.

33 Volinia S, Calin GA, Liu CG et al. A microRNA expres-
sion signature of human solid tumors defines cancer gene
targets. Proc Natl Acad Sci USA 2006; 103: 2257–2261.

34 Asaga S, Kuo C, Nguyen T, Terpenning M, Giuliano AE,
Hoon DS. Direct serum assay for microRNA-21 con-
centrations in early and advanced breast cancer. Clin Chem
2011; 57: 84–91.

35 Abue M, Yokoyama M, Shibuya R et al. Circulating
miR-483-3p and miR-21 is highly expressed in plasma of
pancreatic cancer. Int J Oncol 2015; 46: 539–547.

36 Zhang H, Li P, Ju H et al. Diagnostic and prognostic
value of microRNA-21 in colorectal cancer: an original
study and individual participant data meta-analysis. Cancer
Epidemiol Biomarkers Prev 2014; 23: 2783–2792.

37 Kurtyka CA, Chen L, Cress WD. E2F inhibition synergizes
with paclitaxel in lung cancer cell lines. PLoS ONE 2014; 9:
e96357.

Metformin in antitumoral activities

18

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


38 Campagnoli C, Pasanisi P, Abba C et al. Effect of
different doses of metformin on serum testosterone and
insulin in non-diabetic women with breast cancer: a
randomized study. Clin Breast Cancer 2012; 12: 175–182.

39 Aslanian A, Iaquinta PJ, Verona R, Lees JA. Repression of
the Arf tumor suppressor by E2F3 is required for normal
cell cycle kinetics. Genes Dev 2004; 18: 1413–1422.

40 Block M, Fister S, Emons G, Seeber S, Grundker C,
Gunthert AR. Antiproliferative effects of antiestrogens
and inhibitors of growth factor receptor signaling on
endometrial cancer cells. Anticancer Res 2010; 30:
2025–2031.

41 Yu Y, Waters R. Histone acetylation, chromatin
remodelling and nucleotide excision repair: hint from the
study on MFA2 in Saccharomyces cerevisiae. Cell Cycle
2005; 4: 1043–1045.

42 Boudeau J, Baas AF, Deak M et al. MO25alpha/beta
interact with STRADalpha/beta enhancing their ability to
bind, activate and localize LKB1 in the cytoplasm. EMBO
J 2003; 22: 5102–5114.

43 Wu YR, Qi HJ, Deng DF, Luo YY, Yang SL.
MicroRNA-21 promotes cell proliferation, migration, and
resistance to apoptosis through PTEN/PI3K/AKT signal-
ing pathway in esophageal cancer. Tumour Biol 2016; 37:
12061–12070.

44 Andre F, Hurvitz S, Fasolo A et al. Molecular alterations
and everolimus efficacy in human epidermal growth factor
receptor 2-overexpressing metastatic breast cancers: com-
bined exploratory biomarker analysis from BOLERO-1
and BOLERO-3. J Clin Oncol 2016; 34: 2115–2124.

45 Viollet B, Guigas B, Sanz Garcia N, Leclerc J, Foretz M,
Andreelli F. Cellular and molecular mechanisms of met-
formin: an overview. Clin Sci (Lond) 2012; 122: 253–270.

46 Stephenne X, Foretz M, Taleux N et al. Metformin
activates AMP-activated protein kinase in primary
human hepatocytes by decreasing cellular energy status.
Diabetologia 2011; 54: 3101–3110.

47 Turban S, Stretton C, Drouin O et al. Defining the
contribution of AMP-activated protein kinase (AMPK)
and protein kinase C (PKC) in regulation of glucose uptake
by metformin in skeletal muscle cells. J Biol Chem 2012;
287: 20088–20099.

48 Viollet B, Andreelli F. AMP-activated protein kinase
and metabolic control. Handb Exp Pharmacol 2011,
303–330.

49 Wu L, Zhou B, Oshiro-Rapley N et al. An ancient, unified
mechanism for metformin growth inhibition in C. elegans
and cancer. Cell 2016; 167: 1705–1718 e1713.

50 Zeqiraj E, Filippi BM, Deak M, Alessi DR, van Aalten
DM. Structure of the LKB1-STRAD-MO25 complex
reveals an allosteric mechanism of kinase activation.
Science 2009; 326: 1707–1711.

51 Barnabas N, Cohen D. Phenotypic and molecular
characterization of MCF10DCIS and SUM
breast cancer cell lines. Int J Breast Cancer 2013; 2013:
872743.

52 Buzzai M, Jones RG, Amaravadi RK et al. Systemic
treatment with the antidiabetic drug metformin selectively
impairs p53-deficient tumor cell growth. Cancer Res 2007;
67: 6745–6752.

53 Lizcano JM, Goransson O, Toth R et al. LKB1 is a
master kinase that activates 13 kinases of the AMPK
subfamily, including MARK/PAR-1. EMBO J 2004; 23:
833–843.

54 Subtil-Rodriguez A, Vazquez-Chavez E, Ceballos-Chavez M
et al. The chromatin remodeller CHD8 is required for
E2F-dependent transcription activation of S-phase genes.
Nucleic Acids Res 2014; 42: 2185–2196.

55 Zhang Y, Zhang Z, Li Z et al. MicroRNA-497 inhibits the
proliferation, migration and invasion of human bladder
transitional cell carcinoma cells by targeting E2F3. Oncol
Rep 2016; 36: 1293–1300.

56 Lees JA, Saito M, Vidal M et al. The retinoblastoma pro-
tein binds to a family of E2F transcription factors.Mol Cell
Biol 1993; 13: 7813–7825.

(Supplementary information is linked to the online version of the
paper on the Cell Discovery website.)

This work is licensed under a Creative Commons
Attribution 4.0 International License. The images or

other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in the
credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the
license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

Claudio Pulito et al.

19

Cell Discovery | www.nature.com/celldisc

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/celldisc

	Metformin-induced ablation of microRNA 21-5p releases Sestrin-1 and CAB39L antitumoral activities
	Introduction
	Results
	Metformin modulates the levels of miR�-�21-5p
	CAB39L and SESN1 are modulated by metformin-miR�-�21-5p
	Biochemical effects of metformin-induced increase of CAB39L and SESN1

	Figure 1 Metformin downregulated the miR�-�21-5p expression.
	Modulation of CAB39L and SESN1 impinged on clonogenicity and invasiveness of breast cancer cells

	Table 1 Commonly deregulated and predicted gene targets of miR�-�21-5p in three different patient data sets
	Phosphatase and tensin homolog (PTEN) was not involved in the metformin-mediated anticancer effect
	Metformin synergized with the mTOR inhibitor everolimus

	Figure 2 Calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) are targets of metformin-miR�-�21-5p.
	Discussion
	Figure 3 Calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) mediated the anticancer effects of metformin through AMP-activated protein kinase&#x02013;mammalian target of rapamycin (AMPK-mTOR) signaling.
	Figure 4 Modulation of calcium-binding protein 39-like (CAB39L) and Sestrin-1 (SESN1) underlies metformin anticancer activities.
	Figure 5 Metformin effects were not influenced by the status of phosphatase and tensin homolog (PTEN).
	Materials and Methods
	Cell cultures and treatments
	Chromatin immunoprecipitation
	RNA processing and qPCR
	Human serum specimen
	Serum RNA extraction and qPCR

	Figure 6 Metformin synergized with everolimus.
	Clonogenic assays
	Transwell invasion assay
	Wound-healing migration assay
	Western blotting analysis
	Immunoprecipitation and LKB1 kinase activity

	Table 2 CC50 values
	EnSpire cellular label-free platform
	Luciferase assays
	Plasmid and transfection

	Figure 7 Working model.
	RNA-Seq
	Cell viability assay
	In silico individuation of miR�-�21-5p putative targets
	Statistical analysis
	Immunohistochemical analysis

	This work has been supported by grants AIRC (IG-2013-14455), Italian Health Office ‘Tevere project’ and MIUR ‘Epigen’ Epigenomics Flagship Project (EPIGEN; sub-project 7.6) to GB; by an AIRC and Marie Curie Actions&#x02014;People&#x02014;COFUND fellowship
	This work has been supported by grants AIRC (IG-2013-14455), Italian Health Office ‘Tevere project’ and MIUR ‘Epigen’ Epigenomics Flagship Project (EPIGEN; sub-project 7.6) to GB; by an AIRC and Marie Curie Actions&#x02014;People&#x02014;COFUND fellowship
	ACKNOWLEDGEMENTS
	Witters LA. The blooming of the French�lilac. J Clin Invest 2001; 108: 1105&#x02013;1107.Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris AD. Metformin and reduced risk of cancer in diabetic patients. BMJ 2005; 330: 1304&#x02013;1305.Emami Riedma
	Witters LA. The blooming of the French�lilac. J Clin Invest 2001; 108: 1105&#x02013;1107.Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris AD. Metformin and reduced risk of cancer in diabetic patients. BMJ 2005; 330: 1304&#x02013;1305.Emami Riedma
	REFERENCES


