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Abstract: Increasing evidence witnesses that cancer metabolism alterations represent a critical hallmark for many
types of human tumors. There is a strong need to understand and dissect the molecular mechanisms underlying
cancer metabolism to envisage specific biomarkers and underpin critical molecular components that might represent
novel therapeutic targets. One challenge, that is the focus of this review, is the reprogramming of the altered
metabolism of a cancer cell toward that of un-transformed cell. The anti-hyperglicemic agent, metformin has
proven to be effective in reprogramming the metabolism of cancer cells even from those subpopulations endowed
with cancer stem like features and very high chemoresistenace to conventional anticancer treatments. A functional
interplay involving selective modulation of microRNAs (miRNAs) takes place along the anticancer metabolic effects
exerted by metformin. The implications of this interplay will be also discussed in this review.
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Introduction
The anti-hyperglycemic agent, metformin, is a synthetic
dimethylbiguanide compound designed to reduce the
side effects of Galega officinalis (the French lilac), rich in
guanidine, which was usually prescribed to treat symptoms
of diabetes up until the early 1930s in France (1).
Today, metformin is a world wide prescribed agent for
treating patients with type II diabetes (T2D) due to its
ability to suppress hepatic gluconeogenesis and reduce
blood glucose levels (2). Metformin is also prescribed for
treating some metabolic disorders such as insulin resistance
and for women affected by polycystic ovary syndrome
(PCOS), one of the most common female endocrine
disorders.
Although the molecular mechanisms underlying
metformin action remains a topic of much debate,
the activation of the energy sensing enzyme AMPactivated protein kinase (AMPK), a key enzyme of energy
homeostasis, has emerged as playing a crucial role in this
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process. Indeed, metfomin-mediated AMPK activation leads
to the modulation of targets that restore energy homeostasis
by enhancing glucose uptake into the skeletal muscle (3)
and by inhibiting hepatic gluconeogenesis (4).
Interestingly, diabetic patients treated with metformin
had a significantly reduced risk of cancer compared to other
patients treated with other hypoglycemic therapies (5).
Bowker et al. found a positive correlation between metformin
assumption and cancer prevention. T2D patients who use
metformin have a lower cancer-related mortality incidence
compared with insulin users (6).
There is a huge amount of epidemiological evidence
relating to new molecular findings on the role of
metabolism in cancer development and progression. Cancer
cells, in fact, utilize glucose for glycolitic ATP generation
and macromolecule synthesis (7), while metformin
activity passes through a direct modulation of metabolic
homeostasis keepers, such as AMPK. This condition
impairs glycolysis and glucose uptake, mimicking starvation,
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thus promoting apoptosis in tumor cells.
Moreover, in vivo combination therapy using metformin
together with different chemotherapeutic agents, such as
carboplatin, cisplatin, doxorubicin and paclitaxel, has been
shown to increase the citotoxicity (8). Metformin has also
shown to enhance radiation response in vivo (9).
Based on molecular and retrospective epidemiological
evidence, numerous trials have been designed to test
metformin not only as an anti-neoplastic agent in patients
with established cancer, but also as a chemopreventive agent
in preventing tumor formation (10).
There are several ongoing studies that are attempting
to determine the role of metformin as a chemopreventive
agent. These studies include phase I, phase II and phase III
trials (clinicaltrials.gov.).
Here, we review the anticancer activity of metformin
focusing on its anticancer metabolic effects that occur
through a direct modulation of metabolic genes and
microRNAs (miRNAs). We first describe metformin’s
anticancer molecular mechanisms of action and its role in
the inhibition of tumor growth and proliferation. We then
provide insights into metabolic reprogramming of cancer
cells mediated by metformin through the modulation of
non-coding RNAs, emphasizing the crucial role of miRNA33a in the metabolism of breast cancer cells.

Once activated, AMPK regulates not only a pool of
substrates which represents the key enzymes in the catabolic
pathways and inhibits ATP-consuming anabolic pathways,
but also enzymes involved in cell cycle and protein
metabolism.
As described by Hardie et al., LKB1 and AMPK pathway
functions act as a cellular energy-sensing checkpoint that
controls cell growth and proliferation. This depends also
from the availability of fuel supplies (18).
However, there is evidence suggesting that metformin
acts via an AMPK-independent way of action. Kalender
et al. showed that metformin can enhance glucose uptake
in rat skeletal muscle cells and inhibits mTOR signaling
independent of AMPK (19). Foretz et al. found that
metformin inhibited liver glucose synthesis independent of
LKB1 or AMPK status (20).
Interestingly, the ataxia telangiectasia mutated (ATM)
gene, a tumor suppressor gene involved in DNA repair and
cell cycle control, was discovered to activate AMPK through
LKB1 dependent and independent pathways (21,22).
Both AMPK-dependent and independent pathways
have been proposed to mediate the anticancer effects of
metformin treatment. In the following paragraphs we will
discuss both metformin’s mechanisms of action.
AMPK-dependent mechanisms of action

Metformin anticancer mechanisms of action
Although the underlying mechanisms of metformin action
are still being elucidated, several studies highlight its
influence on the cellular energy balance.
Metformin diffuses into the cells through the organic
cation transporters (OCTs) (11). OCT1 null mice show a
reduction in hepatic metformin uptake, which is the main
target of this drug (12). Once in the citosol, metformim
induces an increase in the cellular AMP:ATP ratio
inhibiting complex I of mitochondrial respiratory chain
(13,14). Consequently, ATP depletion is checked by the
AMPK γ subunit that binds specifically to AMP. This
causes conformational changes that allosterically activate
the enzyme and inhibit dephosphorylation on Thr-172
within the activation loop of the catalytic α subunit (15,16).
A subsequent phosphorylation of the catalytic α subunit on
thr-172 residue is required to activate AMPK (17).
Metformin requires liver kinase B1 (LKB1), a tumor
suppressor gene, to phosphorylate the α subunit of AMPK
at Thr-172 and to activate the enzyme (17). This contributes
to maintain plasma glucose and insulin homeostasis.
© Annals of Translational Medicine. All rights reserved.

As mentioned above, AMPK activation induces the
inhibition of anabolic processes, consequently activating also
catabolic processes in order to restore energy homeostasis.
Two canonical anabolic processes such as lipogenesis and
cholesterol synthesis are inhibited by metformin through
AMPK activation (23,24) (Figure 1). Indeed, tumors such as
breast, colon, prostate and ovarian cancer are characterized by
a high rate of lipid metabolism. High expression of fatty acid
synthase (FAS) is a predictor of recurrence in stage I breast
carcinoma (25), lung carcinoma (26), endometrial carcinoma
patients (27). This is correlated with a worse prognosis in
breast carcinomas (28) and ovarian carcinomas (29). Recently,
Cantoria et al., have shown that metformin induced growth
arrest of pancreatic tumor cells through a direct inhibition of
fatty acid synthesis (30).
Not only lipid synthesis but also cholesterol synthesis
plays a pivotal role in cancer cell metabolism. Based on
this set of evidence, metformin induces a shift in lipid and
cholesterol metabolism that could deprive pre-malignant
and malignant cells of several substrates important for their
growth and proliferation.
www.atmjournal.org
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Figure 1 Metformin anticancer activities: schematic representation of the pathways that are perturbed by metformin activities. AMPK
plays a crucial role in the metformin anticancer activities by modulating proteins involved in several biological processes such as protein
translation (mTOR), cell proliferation (p53-p21 axis, mTOR), fatty acid synthesis (FASN, ACACA), aromatase (CRTC2) and sterol
synthesis (HMG-CoA). Metformin impacts on cell proliferation through the modulation of the insulin signalling. Metformin regulates
DNA damage and inflammatory responses impinging on ATM/CHK2 and TNFα activities respectively.

Indeed, activated AMPK impairs FAS and 3-hydroxy-3methyl-glutaryl-CoA (HMG-CoA) reductase, thus, reducing
the consumption of ATP. As a result, macromolecules are
oxidated to produce new ATP molecules, in order to restore
the ATP levels reduced by the metformin action.
Several evidences indicate that metformin impinges on
other pathways. One of these is the phosphatidylinositiol
3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) signaling pathway. It is a conserved signaling
pathway that tunes cell growth, survival and metabolism.
Growth factors and nutrients stimuli impinge this pathway
to sustain cell growth and proliferation [85]. Unfortunately, a
series of aberrations of this signaling axis promotes a number
of malignant and non-malignant diseases. Indeed, the PI3K/
Akt/mTOR pathways are often deregulated in a large number
of tumors and represent an emerging strategy for tumor
treatment. Nowadays, anti mTOR therapies are an alternative
strategy for renal cell carcinomas and breast cancer treatment.
Oncogenic activity of mTOR passes, largely, through the
constitutive activation of the protein synthesis pathway. In
fact, mTOR directly activates two important targets involved
© Annals of Translational Medicine. All rights reserved.

in this process, such as S6 kinase (S6K) and translation
initiation factor 4E binding protein 1 (4EBP1) (31).
Interestingly, mTORC1, one of the two functional complexes
on mTOR, is negatively regulated by AMPK (Figure 1).
AMPK, in fact, directly phosphorylates and inhibits
mTORC1 binding partner Raptor and, indirectly, modulates
the activity of tuberous sclerosis complex 2 (TSC2), which
together with TSC1 form a tumor suppressor complex that
inhibits mTOR (32-34).
Metformin has been reported to inhibit tumor
progression of renal cell carcinoma (35), proliferation of
bladder cancer cells in vitro and in vivo (36) and skin tumor
promotion in overweight and obese mice (37) by inhibiting
mTOR activity through AMPK modulation. In addition,
osteosarcoma cell lines treated with metformin exhibited a
significant cell growth reduction in comparison to untreated
cells. This effect appeared to be correlated with an increased
expression of AMPK and the consequence inhibition of
mTOR downstream targets (38).
The metabolic reprogramming induced by metformin
passes, also, through p53 activation. Metformin selectively
www.atmjournal.org
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impairs p53-deficient tumor cell growth unlike those
carrying wild type p53 proteins are no longer able to
reprogram their metabolism and become apoptotic (39)
(Figure 1).
Moreover, activation of AMPK stimulates cell cycle
arrest through the p53/p21 axis (40). Indeed, AMPK
phosphorylates p53 on serine 15 (40). This phosphorylation
is not sufficient for p53 activation (41,42), however, mutation
of p53 on serine 18 impairs the ability of AMPK to induce
cell cycle arrest (40). He and colleagues demonstrated that
AMPK-mediated phosphorylation of human MDMX on
Ser342 leads to an enhanced association between MDMX
and 14-3-3. This event inhibits p53 ubiquitylation and
markedly stabilizes and activates p53 (43).
Recently, metformin was reported to inhibit melanoma
cell line proliferation through the activation ofAMPK/p53
signaling (44).
The oncogene c-myc plays an important role during
the premalignant and malignant stages of tumor growth,
which makes it an ideal prevention and therapeutic target.
Akinyeke et al. showed that c-myc protein levels were
reduced by metformin treatment in prostate cancer cell
lines and in prostate cancer mouse models. They addressed
to the AMPK pathway, the down regulation of c-myc (45);
however, we reported that the metformin-mediated-c-myc
inhibition is a consequence of the up regulation of miR-33a
in breast cancer cell lines (46).
Interestingly, metformin-induced activation of AMPK
inhibited angiogenesis through the VEGF-dependent
activation of ERK1/2. The inhibition of AMPK activity, in
fact, abrogated this event (47) (Figure 1).
Metformin impaired aromatase expression in primary
human breast adipose stromal cells. This occurred via
AMPK and resulted in the inhibition of CREB regulated
transcription co-activator 2 (CRTC2) (48) (Figure 1).
Altogether these findings might suggest that, metformin
could be used in the treatment for hormone-dependent
post-menopausal breast carcinomas.
AMPK-independent mechanisms of action
Although, AMPK represents a key target in the metformin
anticancer mechanism of action, there is evidence showing
that metformin exert its action, also, in an AMPKindependent way. Metformin has been shown to inhibit
the PI3K/Akt/mTOR signaling pathway in an AMPK
independent way. Metformin modulated the activity of
mTOR, in lung tissues, by decreasing activation of insulin
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like growth factor receptor 1 (IGFR1) and Akt (49). Other
evidence highlighted the role of Rag GTPase in modulating
mTOR activity as a consequence of metformin treatment (19)
(Figure 1).
Metformin has been reported to exert anti-proliferative
activity on glioblastoma cells through inhibiting the Akt
pathway (50) or by inhibiting mTOR via an increase in
PRAS40-RAPTOR binding efficiency, an association known
to increase during stressful conditions (51).
Hyperandrogenemia is promoted by an aberrant
synergistic action between luteinizing hormone (LH) and
estrogen produced by granulose cells under insulin like
growth factor 1 (IGF1) stimulation (52). The increase of
insulin like growth factor binding protein 1 (IGFBP1),
mediated by metformin, has been reported to limit the
binding between IGF1 and their receptors (IGF1R) and
consequently also the production of androgen (Figure 1).
Subsequently, metformin treatment may synergize with
common anti-androgen therapies, which are usually
prescribed for metastatic prostate cancer treatment (53).
Moreover, high levels of IGF-1 impaired chemotherapyinduced apoptosis by activating the PI3K/Akt pathway.
Inhibition of IGF1R sensitized small cell lung cancer cell
lines to the cytotoxic effects of etoposide and carboplatin
combined treatment (54).
Quinn et al. found that metformin decreased lung
tumorigenesis in liver IGF-I-deficient (LID) mice.
The authors suggested that metformin directly inhibits
circulating growth factors and local receptor tyrosine kinase
(RTK) signaling in an AMPK/IGF-I independent way (55).
Metformin was, also, found to reduce chronic
inflammatory response by inhibiting the tumor necrosis
factor alpha (TNFα) production in human monocytes (56).
In addition, it was demonstrated that metformin blocks the
production of endogenous reactive oxygen species (ROS)
by interfering the mitochondrial complex I activity (57)
(Figure 1). Metformin modulates the activity of checkpoint
homolog kinase 2 (CHK2) which results in an increased
sensitivity of cancer cells against DNA damage (58,59)
(Figure 1). Recently, Do and colleagues proposed the RafERK-Nrf2 axis and the subsequent down regulation of
heme oxygenase-1 to explain a new AMPK-independent
metformin anticancer mechanism of action (60).
Ma et al. demonstrated that cancer cell response to
metformin was influenced by the K-Ras status (61). In fact,
they showed that metformin induced apoptosis in the K-Ras
mutant tumors, derived from A549 and PANC 1, but not in
the K-Ras wild type tumor, derived from A431 cells (61).
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MicroRNA, metabolism and cancer
Over the last few years several evidences have shown that
metformin can exert its anticancer effects through miRNAs
modulation. miRNAs are a family of small non-coding
RNAs of about 20-25 nucleotides in length, evolutionarily
conserved across species. They regulate gene expression at
the post-transcriptional level. Many miRNAs (~50%) are
in close proximity to other miRNAs, suggesting that they
are transcribed as clusters from a single polycistronic unit
(TU) (62-65). MiRNAs can be generated from both noncoding TUs and protein-coding TUs. In particular, ~40%
of miRNA loci are present in the intronic region of noncoding transcripts, whereas ~10% are placed in the exonic
region of non-coding TUs. miRNAs in protein-coding TUs
are usually found in intronic regions (~40%) but a minor
fraction of them (~10%) can also be present in exonic/
intronic regions, depending on the alternative splicing
patterns (66).
RNA Polymerase II is the enzyme that transcribes
miRNA genes in a 170 bp primary transcript (pri-miRNA),
containing both a 5’cap and a poly (A) tail, folding into a
hairpin-shaped structure (67). The first step of miRNA
maturation is a cleavage at the stem of the hairpin performed
by the “Microprocessor complex”. This large nuclear
complex contains two proteins, Drosha and DGCR8,
conserved only in animals. These two proteins recognize
and crop the stem structure releasing a small hairpin (~70 nt)
termed “pre-miRNA” (68). After nuclear cropping, premiRNAs are exported to the cytosol by exportin 5, a
member of the nuclear transport receptor family (69,70). In
the cytoplasm, the hairpin precursors are cleaved by Dicer,
a highly conserved RNAse III endonuclease, thus releasing
~22 nt miRNA duplexes (71,72). One of the two strands, the
mature miRNA, is loaded onto an Ago protein to generate
the effector complex of the miRNA pathway, the RISC (or
miRISC). Once in the miRISC, partial pairing between a
miRNA and the 3'UTR of target mRNA occurs, resulting
in repression of protein translation or in case of complete
pairing, in mRNA degradation (73).
MiRNAs are key regulators of many biological processes,
such as cell proliferation, differentiation, apoptosis, stress
response and angiogenesis due to their ability to bind 3'UTR
of multiple target mRNAs. This is why any deregulation
of miRNAs expression can contribute to diverse human
pathologies, including cancer (74). Indeed, miRNAs behave
either as oncogenes or tumor suppressor genes thereby
promoting or inhibiting cancer progression.
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Growing evidences have highlighted the role of
miRNAs as master regulators of metabolic processes, such
as lipid and cholesterol-synthesis. As mentioned before,
perturbation of these processes represents an important
step in tumor development, but also a strategic opportunity
to block the activity of specific miRNAs by using synthetic
antagomirs. MiRNA-122 family are the most abundant
miRNAs in the liver and modulate cholesterol and lipid
metabolism. Interestingly, the antisense targeting of miR122 resulted in a decrease of plasma cholesterol levels in
mouse models (75,76). This occurs through the indirect
modulation of genes involved in cholesterol biosynthesis,
such as 3-hydroxy-3-methylglutaryl-CoA synthase 1
(Hmgcs1), 3-hydroxy-3-methylglutaryl-CoA reductase
(Hmgcr) and 7-dehydrocholesterol reductase (Dhcr7) (76).
Similarly, the miR-33 family represents a potential target
for the treatment of metabolic disorders. MiR-33a and
miR-33b are intronic miRNAs that are encoded together
with their host genes, the sterol-regulatory element-binding
protein 1 (Srebp1) and 2 (Srebp2). The Srebp network
which includes two genes and two intragenic miRNAs act
synergistically to regulate cholesterol, triglyceride and lipid
homeostasis.
While Srebp1 and miR-33b regulate lipid homeostasis
and insulin signaling by modulating the activity of key
genes involved in these processes, Srebp2 and its intronic
miRNA, miR-33a, regulate cholesterol homeostasis by
modulating transcriptionally and post-transcriptionally
the activity of genes involved in the cellular cholesterol
export, such as the ATP-binding cassette (ABC) transporter
ABCA1 and ABCG1 (77-79). However, there is no
specific separation of function made between miR-33a and
miR-33b. The two miRNAs share overlapping gene targets
through their similar mature sequence that differs only for
two nucleotides.
Inhibition of ABCA1 by miR-33 induced an efflux
of cholesterol from peripheral tissues to the liver and
a consequent reduction of circulating high-density
lipoprotein-cholesterol (HDL-C) (78). In addition, this
condition induced fatty acid degradation in human liver
cells, through the lack of modulation in the expression of
genes involved in the oxidation of fatty acid (77,80). MiR-33
is also involved in the post-transcriptional modulation of
other mRNAs that modulate lipid and glucose metabolism,
such as the α1 subunit of AMP-activated protein kinase
(AMPKα1) (77,81,82).
Interestingly, miR33a has been found to interact with
the 3'-utr region of c-Myc mRNA in breast cancer cell
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Figure 2 Metformin-induced microRNAs deregulation: schematic representation of the microRNAs and their mRNA targets modulated by
metformin in both cancer and diabetic cell systems.

lines (46). c-Myc is an important oncogene deregulated in
several tumors. In particular, it is able to directly enhance
the glycolytic pathway modulating the expression of lactate
dehydrogenase A (LDHA), the enzyme that converts
pyruvate to lactate (83), and promote mitochondrial
biogenesis, hence increasing mitochondrial function (83,84).
These aspects are important in generating substrates for
macromolecular biosynthesis that guarantee rapid cell
proliferation, which is a typical hallmark of cancer cells.
The anticancer metabolic effects induced by metformin in
breast cancer cell lines were, also, a direct consequence of the
c-Myc inhibition mediated by the up regulation of miR-33a.
Metformin was no longer able to induce metabolic changes
in breast cancer cell lines over expressing c-Myc protein (46).
All these evidences have drawn researchers’ attention to
studying the role that miRNAs play in the development of
pathologies. This also highlights novel target therapies that
can reverse either aberrant or loss of miRNA function.
© Annals of Translational Medicine. All rights reserved.

MicroRNAs as mediators of the metformin
anticancer activity
Growing evidence show that metformin can exert
anticancer effects through miRNA modulation. It has
recently been shown that metformin inhibited the growth
of hepatocellular carcinoma by inducing G1 cell cycle
arrest. This occurred through the aberrant modulation of
miRNA expression (85). In addition, metformin treatment
modulates differently the expression of miRNAs in human
pancreatic cancer (86), esophageal squamous carcinoma (87),
gastric cancer (88) and prostate cancer (89) .
In pancreatic cancer cell lines, metformin up-regulated
the expression of miR-26a, miR-192 and let-7c (86). Over
expression of miR-26a inhibited cell proliferation, invasion,
migration and increased cell apoptosis through a direct
modulation of HMGA1 (86) (Figure 2 and Table 1).
In A549 and NCI-H358 human lung cancer cell lines
www.atmjournal.org
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Table 1 microRNAs modulated by metformin and their more
relevant known target genes in cancer
microRNA

Known target in
cancer

miR-140-5p ADAM10

Reference
Kai Y et al., 2014 (90)

TGFBR1; FGF9 Yang H et al., 2013 (91)

miR-222

DNMT1

Takata A et al., 2013 (92)

HDAC4

Song B et al., 2009 (93)

MGMT

Quintavalle C et al., 2013 (94)

p27

le Sage C et al., 2007 (95)

ADIPOR1

Hwang MS et al., 2013 (96)

DKK2

Li Q et al., 2013 (97)

ADAM17

Xu K et al., 2012 (98)

PTPu

Quintavalle C et al., 2012 (99)

PTEN, p57

Garofalo M et al., 2009 (100);
Wang Y et al., 2013 (101)

miR-142-3p ADCY9

Huang B et al., 2009 (102)

miR-192

ZEB2

Wang B et al., 2010 (103)

Bcl2 VEGFA

Geng L et al., 2013 (104)

RAS

Johnson SM et al., 2005 (105)

TRIB2

Wang PY et al., 2013 (106)

Bcl-xL

Cui SY et al., 2013 (107)

let-7c

ITGB3 MAP4K3 Zhao B et al., 2014 (108)

miR-26a

MYC

Nadiminty N et al., 2012 (109)

MMP11 PBX3

Han HB et al., 2012 (110)

EZH2

Lu J et al., 2011 (111)

HMGA2

Palmieri D et al., 2012 (112)

miR-200

ZEB1

Park SM et al., 2008 (113)

family

ZEB2

Gregory PA et al., 2008 (114)

SLUG

Liu YN et al., 2013 (115)

E2F3

Feng B et al., 2012 (116)

SIRT1

Eades G et al., 2011 (117)

LRP1

Song H, Bu G, 2009 (118)

ZEB1 ZEB2

Gregory PA et al., 2008 (114)

PTEN

Greene SB et al., 2010 (119)

ERBB3

Wu H et al., 2009 (120)

MYC

Blandino et al., 2012 (46)

TWIST

Zhou Y et al., 2014 (121)

PIM-1

Thomas M et al., 2012 (122)

miR-205

miR-33a

metformin reduced the expression of miR-222, thus
inhibiting cell growth and cell cycle progression via direct
targeting of p27, p57 and PTEN, whose expression was upregulated in cells exposed to metformin (101) (Figure 2 and
© Annals of Translational Medicine. All rights reserved.
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Table 1).
Metformin was also shown to significantly increase
the number of senescence-prone murine embryonic
fibroblasts (MEFs) entering a senescent stage in response to
doxorubicin treatment. This might in part occur through
metformin-induced modulation of the miRNAs 200 family
and miR-205 (123) (Figure 2 and Table 1).
Recent evidences suggest that metformin impacts of the
miRNA profile of type 2 diabetes patients.
The analysis of circulating miRNAs in plasma samples
collected from type 2 diabetes and healthy individuals
revealed a specific miRNAs profile linked to T2D.
Interestingly plasma concentrations of four circulating
miRNAs, miR-140-5p, miR-222, miR-142-3p and miR192 were significantly modulated by metformin, but not
by placebo (124) (Figure 2 and Table 1). Coleman et al.,
performed a miRNA profiling of internal mammary artery
segments collected from non-diabetic subjects, diabetic
subjects treated with metformin (DMMet+), and diabetic
subjects not treated with metformin (DMMet–). They
found that the DMMet– group exhibited a significant
increase in miR-221/222 which led to a decrease in p27
mRNA compared to both the ND and DMMet+ groups.
Vascular smooth muscle cells isolated from the internal
mammary artery of the DMMet- group showed a high
proliferation rate when compared to that of the ND and
DMMet+ groups (125).
We reported that metformin modulated miRNA
expression through the transcriptional modulation of Dicer
in human breast cancer cell lines (Figure 2). Metformin
was no longer able to affect tumor engraftment of breast
cancer cells whose endogenous expression of DICER was
selectively knocked-down (46). Low expression of DICER is
correlated with a worst prognosis of breast, lung and ovarian
cancer patients (126,127). Altogether these evidences
indicate that the transcriptional axis including DICER and
miRNAs could be one of molecular mechanisms underlying
the anticancer effects exerted by metformin.
Metformin was also shown to affect cancer stem
cells (CSCs). It increased the cytotoxicity of many
chemotherapeutic agents and prolonged tumor remission
through its ability to selectively kill CSCs (8,128).
Indeed, metformin sensitized breast cancer xenografts to
doxorubicin treatment by targeting CD44+/CD24− CSCs–.
This could potentially lead to a reduction in the dose of
chemotherapy used and thereby reducing complications due
to toxicity (8).
Interestingly, Bao and colleagues reported that pancreatic
www.atmjournal.org
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cell lines treated with metformin re-expressed several
miRNAs usually switched off in pancreatic cancer, such as
the miR-200 family of miRNA which plays a major role in
epithelial to mesenchymal transition and in maintaining
the stem cell state (129). They also showed that metformin
inhibited tumor sphere formation by deregulating several
CSC markers (CD44, EpCAM, EZH2, Notch-1, Nanog, and
Oct4) partially through the up regulation of miRNAs (130).
We recently showed that metformin reprograms of
ALDH bright cells. These represent a chemoresistant
breast cancer cell subpopulation endowing tumor initiating
cell properties. We demonstrated that metformin downregulates the c-MYC levels, possibly by up-regulating
the mir-33a levels (131). Altogether these findings depict
the close interplay between non-coding factors that exert
a profound impact on the coding-derived proteins and
reprogramming of cell metabolism.
Conclusions
In the last decades an extraordinary amount of experimental
work has been performed to uncover most of the messages
contained in the coding genome. The recent advent of
non-coding RNAs, of which miRNAs, among the diverse
non-coding RNA populations represent that mostly
investigated, adds a new layer of complexity toward the
fully comprehension of the aberrant molecular mechanism
underlying the diverse cancer hallmarks. In line with this,
the fine deciphering of the anticancer metabolic effects
exerted by metformin, at least partially, through the
interplay with miRNAs might provide powerful insights
to decode cancer metabolism. The principal aim is still to
reprogram cancer metabolism toward that of untransformed
cell through the re-wiring of the altered functional nodes.
Much more experimental evidence is required to fulfill it,
but the ongoing studies hold great promise.
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