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Metformin targets histone acetylation in cancer-prone epithelial cells
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ABSTRACT
The usage of metabolic intermediates as substrates for chromatin-modifying enzymes provides a direct link
between the metabolic state of the cell and epigenetics. Because this metabolism-epigenetics axis can regulate
not only normal but also diseased states, it is reasonable to suggest that manipulating the epigenome via
metabolic interventions may improve the clinical manifestation of age-related diseases including cancer. Using a
model of BRCA1 haploinsufficiency-driven accelerated geroncogenesis, we recently tested the hypothesis that:
1.) metabolic rewiring of the mitochondrial biosynthetic nodes that overproduce epigenetic metabolites such as
acetyl-CoA should promote cancer-related acetylation of histone H3 marks; 2.) metformin-induced restriction of
mitochondrial biosynthetic capacity should manifest in the epigenetic regulation of histone acetylation. We now
provide one of the first examples of how metformin-driven metabolic shifts such as reduction of the 2-carbon
epigenetic substrate acetyl-CoA is sufficient to correct specific histone H3 acetylation marks in cancer-prone
human epithelial cells. The ability of metformin to regulate mitonuclear communication and modulate the
epigenetic landscape in genomically unstable pre-cancerous cells might guide the development of new
metabolo-epigenetic strategies for cancer prevention and therapy.
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While metabolic rewiring of cancer cells can be a direct conse-
quence of the concerted action of oncogenes and tumor suppressor
genes that drive aberrant growth of cancer tissues, altered metabo-
lism might also play a primary, causative role in oncogenesis.
Accordingly, metabolic reprogramming is increasingly appreciated
as a candidate hallmark of tumorigenesis.1-5 In a recently proposed
metabolism-centered model of carcinogenesis, known as geronco-
genesis2 the possibility of acquiring genetic aberrations increases
when aging itself operates as a driver of cancer-like metabolic land-
scapes. Tumor formation might therefore depend not only on
accumulating mutations in the genome, but also on the decline in
the homeostasis or metabolic health that naturally occurs in aging
cells. Indeed, after many years of being subordinated to the nucleus
as the commander-in-chief, able to initiate biological events, the
capacity of metabolism to independently dictate cellular actions is
increasingly recognized among most cell biologists. Accordingly,
the research community now acknowledges that aging-driven
alteration of metabolic homeostasis might be sufficient to favor an
imbalance in self-amplifying metabolic landscapes that ultimately
manifest as aging-driven diseases, including cancer.6

Metabolic programs: From anabolic supporters of genomic
instability to epigenetic regulators of carcinogenesis

Themetabolic health of our cells might be a key determinant factor
pushing the risk balance or cancer risk-meter toward health or the

risk of cancer.1,2 On the one hand, genomic instability, a character-
istic of almost all human cancers, can be perpetuating or limiting,
as it comes at the cost of meeting a minimum set of metabolic
requirements. Genomic instability can occur prior to or as a conse-
quence of malignant transformation and forces cells to undergo
metabolic adaptation to promote their survival and growth. The
competitive advantages provided by some bioenergetic programs
associated with resistance to cell death and biosynthetic programs
capable of providing building blocks for cell growth and mitogene-
sis might expedite significant changes in metabolic functioning.
The establishment of such aberrant metabolic states compatible
and permissive with increased genomic instability would allow the
accumulation of additional genetic and epigenetic alterations dur-
ing carcinogenesis. Aging-related chronic activation of anabolic
metabolism supporting cell growth and proliferation could favor a
metabolic scenario for later oncogenic stimuli to complete the jour-
ney from non-cancerous to cancerous states.2,6

On the other hand, the so-called oncometabolites and gerome-
tabolites have been defined as small-molecule components
(or enantiomers) of normal metabolism whose accumulation or
depletion, respectively, causes a significant impact on the 2 primary
epigenetic codes, histone modification and DNA methylation,
establishing an epigenetic milieu capable of initiating carcinogene-
sis and/or driving aging.3,4,7-11 Although it remains intriguing how
aging-related changes in cellular metabolism might control the
layers of epigenetic instructions that influence cell fate without
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altering the primary DNA sequence, it should be acknowledged
that the multiple processes involved in the alteration of the chro-
matin state, including post-translational modifications of histone
proteins, incorporation of specific histone variants, methylation of
DNA and ATP-dependent chromatin remodeling, are likely the
pivotal molecular bridges that mediate the direct communication
between themetabolic and the chromatin state, and the consequent
epigenetic targeting of cell fate regulatory genes.12-20 Indeed,
because the usage ofmetabolic intermediates as substrates for chro-
matin-modifying enzymes provides a direct link between themeta-
bolic state of the cell and epigenetics, one can envision that the
spatio-temporal distribution of the levels and types of specific
metabolites might operate as key cancer-related molecular events,
rendering a cell susceptible to the epigenetic rewiring required for
the acquisition of an aberrant cancer cell state and, concurrently, of
refractoriness to normal differentiation.

Metabolo-epigenetic clocks in aging-driven cancer:
Understanding the link to delineate interventions

Given that the metabolism-epigenetics axis can regulate not only
normal but also diseased states, it is reasonable to suggest that
manipulating the epigenome through metabolic intervention
should improve the manifestation of age-related diseases including
cancer. In other words, if aging-driven metabolic reprogramming
in normal tissues can significantly alter the endogenous metabolic
production of bona fide etiological determinants of cancer, such as
oncometabolites and gerometabolites, this undesirable trade-off
between aging and cellular metabolism might pave the way for the
epigenetic initiation of carcinogenesis in a strictlymetabolic-depen-
dent manner. Aging-driven, tissue-specific alterations in critical
metabolic factors for de/methylation, de/acetylation, or de/phos-
phorylation dynamics in the nuclear epigenome (e.g., acetyl-CoA,
a-ketoglutarate, NADC, FAD, ATP, or S-adenosylmethionine)
might induce faulty epigenetic reprogramming capable of redirect-
ing cell-specific differentiation of adult cells into cancer-prone cel-
lular states.2

Specific patterns of metabolites or metabolic signatures can
poise cells with chromatin states competent for rapid dedifferentia-
tion–a hallmark of malignancy–while concomitantly allowing the
acceleration of the rate at which a bioenergetic/biosynthetic thresh-
old would permit the survival and expansion of (epi)genomically-
altered cells. In this geroncogenic scenario, aging-driven metabolic
changes might operate, in a subtle but significant manner, as true
oncogenic events without markedly changing cellular phenotypes
until they are qualitatively or quantitatively sufficient to be selec-
tively advantageous in the tumor microenvironment. Unfortu-
nately, a robust experimental framework to model and verify the
notion that age-related metabolic changes could per se underlie
tumorigenesis is lacking.Moreover, our ability to decipher how epi-
genetic traits are affected by metabolic signals remains limited
despite the ever-growing evidence that the prevalent landscape of
epigeneticmodifications in any cell typemight be viewed as a snap-
shot of its metabolic status. Indeed, beyond the well-characterized
examples of how accumulation of some competitive oncometabo-
lites due to mutations in the metabolic enzymes SDH, FH, and
IDH can drive phenotypic changes through epigenetic mecha-
nisms,21-29 very few studies have assessed whether more transient
changes in metabolism without the involvement of oncogenic

mutations in Krebs cycle enzymes are also capable of exerting epi-
genetic effects.19,30-32

BRCA1-driven accelerated geroncogenesis: A framework
for modeling and evaluating aging-driven alterations in
the metabolism-epigenetic axis

To hasten the assessment of how the metabolic milieu impacts on
epigenetics to advance/delay the “metabolo-epigenetic clock” that
controls aging-driven diseases such as cancer, we recently envi-
sioned that, similar to the use of human progeroid syndromes (e.g.,
Hutchinson-Gilford progeria and Werner’s syndrome) as acceler-
ated aging models recapitulating some features of normal aging, it
might be possible to employ acceleratedmodels of aging-associated
cancer to rapidly and accurately dissect and therapeutically test the
metabolic requirements for the epigenetic traits that underlie
aging-driven cancer risk. Based on the geroncogenesis hypothesis
that postulates that aberrations in cellular metabolism naturally
occurring with aging drives a field effect, predisposing normal tis-
sues for cancer development, we proposed thatmutations in cancer
susceptibility genes such as BRCA1 might trigger accelerated ger-
oncogenesis in breast epithelia33 BRCA1-driven accelerated
geroncogenesis33 establishes that: a.) The reprogramming of bioen-
ergetic/biosynthetic metabolic programs induced by BRCA1 hap-
loinsufficiency should result in a significant reduction in the time
required for breast epithelial cells to fully phenocopy a cancer-like
anabolic metabolism; b.) The alteration of metabolic co-factors
closely associated with chromatin-modifying processes of active
de/methylation, de/acetylation, and de/phosphorylation induced
by BRCA1 haploinsufficiency might impart faulty epigenetic pro-
grams, which might drastically alter cell-specific differentiation
before the development of disease.

Acetyl-coA: A proof-of-concept epigenetic metabolite to
test the ability of metformin to modify histone acetylation

Although the use of pharmacologicals that directly regulate the
activity of epigenetic enzymes is a well-established technique to
modify the epigenetic landscape and cell phenotypes, we envi-
sioned that the sole alteration of the availability of key metabolites
used by chromatin-modifying enzymes could be an alternate
approach tomodulate the epigenetics of cancer-prone aging cells.33

As such, alterations in cellular metabolism such as the restriction of
mitochondrial biosynthetic capacity imposed by the biguanide
metformin should manifest in global epigenetic effects. In line with
recent studies proposing a “substrate limitation”model of metfor-
min action,34,35 we recently revealed that the anti-diabetic/anti-
aging drugmetformin36-39 impedes the production of several mito-
chondrial-dependent biosynthetic intermediates by reducing the
anaplerotic flux of glucose, glutamine, and likely branched-chain
amino acids,40 into the tricarboxylic acid (TCA) cycle, leading to
the depletion of acetyl-CoA andmalonyl-CoA required for de novo
lipid biosynthesis and inhibition ofmTOR-driven protein synthesis
in anabolism-addicted BRCA1 haploinsufficient cells.41

To mark histones post-translationally, chromatin modifiers use
metabolic intermediates such as acetyl-CoA, the key cofactor used
by histone acetyltransferases (HATs). Hence, histonemodifications
may reflect the metabolic status of cells and be influenced by the
concentrations of epigenetic metabolites such as acetyl-CoA.
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Accordingly, histone acetylation is intimately associated with the
cellular acetyl-CoA pool in response to metabolic state as it
depends on intermediary metabolism for supplying acetyl-CoA in
the nucleocytosolic compartment.20,42-46 The fact that themutation
of a single BRCA1 allele dramatically alters the metabolomic signa-
ture of normal-like breast epithelial cells to induce a significant
>20-fold augmentation of acetyl-CoA41 supports the notion that
this model of BRCA1 haploinsufficiency might be relevant to
directly explore:

(a) whether histone acetylations are influenced by these dif-
fering concentrations of acetyl-CoA between normal-
like and pre-diseased, cancer-prone epithelial cells, and

(b) whether restricting the mitochondrial production of
acetyl-CoA with metformin is sufficient to correct his-
tone acetyl modification defects in a pre-diseased state.

Highly anabolic BRCA1 haploinsufficient cells exhibit
increased histone H3 acetylation marks

To characterize the manner of acetyl-CoA-related epigenetic
regulation by BRCA1 haploinsufficiency, we used the

Luminex� Histone H3 post-translational modification (PTM)
assay to simultaneously survey specific acetylation marks (i.e.,
H3K27, H3K9, and H3K56) as well as the pan-acetylated status
of histone H3 in BRCA1185delAG/C heterozygous and parental
BRCA1C/C cells. We found that BRCA1 haploinsufficient cells
exhibited significantly higher H3K27 and H3K56 acetylation
levels than the baseline histone acetylation levels found in iso-
genic BRCA1 parental cells (Fig. 1, top). Of note, alterations in
the histone H3 acetylation marks H3K27ac and H3K56ac, 2
epigenetic markers of active gene transcription, are altered in
various cancers. H3K27ac is an active enhancer marker and
reflects global cell-type-specific gene expression in various can-
cer types.47,48 Data show that H3K56ac is increased in multiple
types of cancer and is closely related with epigenetic activation
of DNA damage response/DNA repair signaling pathways and
stem cell pluripotency.49-51 Although the highly abundant
H3K9 mark in BRCA1C/C cells remained unaltered in BRCA1
one-hit cells, a significantly elevated pan-acetylated status of
H3 confirmed that an up-regulation of global histone acetyla-
tion ostensibly takes place in parallel to the anabolic rewiring
occurring in BRCA1 haploinsufficient cells.

Figure 1. Metformin normalizes BRCA1 haploinsufficiency-induced acetylation and phosphorylation of histone H3 marks. BRCA1185delAG/C heterozygous and parental
BRCA1C/C cells were pretreated with the indicated concentrations of metformin for 48 h. Acid extracts were prepared and lysates were used to evaluate H3 pan-acetyl,
H3K27ac, H3K9ac, H3K57ac, H3S10ph, and S3T11ph Ab-conjugated beads in multiplex along with H3 Total beads for normalization to determine relative post-transla-
tional modifications (PTM) values using the Active Motif Histone H3 PTM Multiplex Assay. n.s. non-significant differences relative to untreated control cells by Student’s t
test for paired values; � P< 0.05 relative to control cells by Student’s t test for paired values; a: comparing 10 mmol/L metformin (MET)-treated cells to control cells by Stu-
dent’s t test for paired values.
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Metformin-driven suppression of acetyl-CoA normalizes
histone acetylation marks in BRCA1 haploinsufficient cells

We then evaluated whether the ability of metformin to reverse
the anabolic phenotype of BRCA1 one-hit cells by shutting-
down mitochondria-driven generation of acetyl-CoA by
approximately 90% could decrease the acetylation levels at
H3K27 and H3K56. Metformin treatment was sufficient to
reduce the abundance of H3K27ac and H3K56ac to levels not
significantly different to those of the parental cells (Fig. 1, mid-
dle). Moreover, H3K9ac hyperacetylation, which is associated
with specific genes in breast cancer,52 was highly sensitive to
the inhibitory effects of metformin. Thus, H3K9ac levels were
significantly lower in metformin-treated BRCA1 haploinsuffi-
cient cells than in BRCA1 wild-type parental cells (Fig. 1, mid-
dle). Because phosphorylation of H3 is clearly associated with
H3 acetylation, strongly implicating a synergistic coupling of
these modifications in transcription activation and the DNA
damage response,53-55 we explored whether H3S10 and H3T11
phosphorylation was significantly altered in BRCA1 haploinsuf-
ficient cells. BRCA1 one-hit cells likewise exhibited significantly
higher levels of H3 phosphorylation on S10 and T11, which
were markedly reduced by metformin (Fig. 1, bottom).

The route of acetyl-CoA from mitochondria to the nucleus:
Where and how metformin regulates histone acetylation

A recent study by the Chandel group has shown how the contribu-
tion of mitochondria to control diverse biological outcomes
extends beyond their classical bioenergetic function to include pro-
liferation, oxygen sensing, and epigenetics.56 Thus, whereas mito-
chondrial membrane potential is required for proliferation and
HIF-1 activation, the biosynthetic function of the TCA cycle is nec-
essary for histone acetylation. This landmark study demonstrated
thatmitochondrial respiration regulates specific histone acetylation

by allowing the oxidative TCA cycle to generate metabolites.56 We
here report that metformin-induced inhibition of mitochondrial
respiration regulates specific histone acetylation likely by restricting
the biosynthetic capacity of mitochondria to generate the epige-
netic metabolite acetyl-CoA (Fig. 2).

It should be acknowledged that the 4 acetyl-CoA-producing
enzymes (ACPEs), namely pyruvate dehydrogenase complex
(PDC), ATP citrate lyase, acetyl-CoA synthetase short-chain family
member 2, and carnitine acetyltransferases, that produce acetyl-
CoA in mitochondria or the cytoplasm are all present and
functional in the nucleus, producing acetyl-CoA.18 Because the
“moonlighting” of ACPEs in the nucleus apparently solves the
problem that acetyl-CoA is not permeable through mitochondrial
membranes and, owing to its instability, needs to be produced close
to where it is needed, it remains to be determined whether the
metformin-induced restraining of mitochondrial-dependent bio-
synthesis of metabolic intermediates imposes either global changes
in nuclear acetyl-CoA levels (and therefore regulates global histone
acetylation) or small, localized changes in nuclear acetyl-CoA levels
(and therefore regulates selective histone acetylation).18 Although
the latter scenario appears counterintuitive, it should be noted that
pyruvate kinase (PK), especially the isoenzyme PKM2, and mito-
chondrial PDC are translocated and form a complex in the nucleus
with a histone acetyl transferase to locally produce acetyl-CoA and
drive specific acetylation of histone marks.57,58 Moreover, nuclear
PKM2 operates not only as a biosynthetic enzyme to produce pyru-
vate to be used by PDC for nuclear generation of acetyl-CoA, but
also as a non-canonical kinase that binds and phosphorylates his-
tone H3 at T11 to promote subsequent acetylation of H3 at K9.59

Because metformin can reduce not only pyruvate dehydrogenase
activity but also impairs nuclear PKM2 function,60-62 it might be
argued that the ability of metformin to target the metabolism-epi-
genome axis involves the direct effects of ACPEs on histone acety-
lation/phosphorylation. It is relevant to note that the presence of
cytosolic acetate and pyruvate, which can both generate nuclear

Figure 2. Metformin targets themetabolic control of histone acetylation. Themetabolic facet of BRCA1 haploinsufficiency involves alterations in critical metabolic factors for de/meth-
ylation, de/acetylation or de/phosphorylation in the nuclear epigenome including acetyl-CoA. Metformin’s ability to markedly restrict the production of mitochondrial-dependent bio-
synthetic intermediates by reducing the anaplerotic flux of glucose, glutamine, and likely branched-chain amino acids into the TCA cycle ultimately impacts on the intracellular
concentration of the epigenetic metabolite acetyl-CoA. The change in histone acetylation status occurring in response to metformin might reflect its ability to regulate acetyl-CoA lev-
els. The finding that histone acetylation changes during the metabolic stress imposed by metformin supports the notion that directing metabolism to modulate the epigenetic land-
scape could be a promising therapeutic strategy for themanagement of aging-driven diseases including cancer.

3358 E. CUY�AS ET AL.



acetyl-CoA57,63 fails to restore histone H3 acetylationmarks in cells
lackingmitochondrial DNA (rho-zero cells), which suggests that in
addition to acetyl-CoA limitation invoked by impaired mitochon-
drial respiration, there are likely other TCA cycle metabolites that
are necessary for histone acetylation.56 Therefore, metformin-lim-
ited mitochondrial respiration might regulate specific histone acet-
ylation by impeding the oxidative TCA cycle to generate
metabolites.34,35,41

Corollary

By providing the precise metabolic mechanisms for tumor initia-
tion in a tissue-dependent manner, breast epithelial cells from
BRCA1 carriers are fertile models of oncogenesis. We recently pro-
posed that the modeling of BRCA1-driven accelerated geroncogen-
esis might offer an idoneous experimental framework to rapidly
and accurately characterize the therapeutic value of metabolo-epi-
genetic axes that underlie the normal “geroncogenic risk” for those
individuals without the mutation.33,41 The identification of the key
metabolic messengers directly communicating the metabolic status
to the cancer-prone (epi)genome in one-hit BRCA1 breast epithe-
lial cells might uncover unforeseenmetabolic strategies to epigenet-
ically target genomic instability and carcinogenesis in more
common sporadic forms of age-associated cancers. Using this
model of accelerated geroncogenesis, we here confirmed that: 1.)
BRCA1 haploinsufficiency-driven metabolic rewiring of the mito-
chondrial biosynthetic nodes to overproduce epigenetic metabo-
lites such as acetyl-CoA promotes cancer-related acetylation of
specific histone H3 marks (e.g., H3K27ac and H3K56ac); 2.) met-
formin-induced restriction of mitochondrial biosynthetic capacity
likewise translates into the epigenetic regulation of histone acetyla-
tion. We now provide one of the first examples of howmetformin-
driven metabolic shifts, such as reduction of the 2-carbon epige-
netic substrate acetyl-CoA, is sufficient to correct specific histone
H3 acetylation marks in cancer-prone human epithelial cells. The
finding that histone acetylation changes following the metabolic
stress imposed by metformin supports the notion that directing
metabolism to modulate the epigenetic landscape is a promising
therapeutic strategy for the management of aging-driven diseases
including cancer. Metformin’s ability to regulate mitonuclear com-
munication64 and metabolically modulate the epigenetic landscape
should guide the development of new therapeutic strategies involv-
ingmetabolo-epigenetic aging/cancer prevention and therapy.
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