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Histone acetylation is sensitive to the availability of acetyl-CoA. However, the extent to which metabolic alterations
in cancer cells impact tumor histone acetylation has been unclear. Here, we discuss our recent findings that oncogenic
AKT1 activation regulates histone acetylation levels in tumors through regulation of acetyl-CoA metabolism.

Metabolism is extensively rewired in
cancer cells. These metabolic alterations are
crucial for generation of the building
blocks, reducing equivalents, and ATP
needed for synthesis of proteins, lipids, and
nucleic acids. In addition, increasing evi-
dence suggests that metabolic reprogram-
ming plays important roles in promoting
growth and proliferation beyond direct
production of energy or macromolecules.
For example, novel nuclear functions for
metabolic enzymes, such as pyruvate kinase
M2, have been uncovered. It has also
become increasingly clear that certain post-
translational modifications are sensitive to
metabolite availability, raising the possibil-
ity that metabolic alterations in cancer cells
could have a profound influence on signal
transduction and epigenetics.

In certain cases, it is already established
that metabolites regulate the cancer cell
epigenome. Tumors with /DHI1/2 muta-
tions, for example, generate high levels of
(R)-2-hydroxyglutarate, which interferes
with normal activities of a-ketoglutarate-
dependent enzymes such as tet methylcy-
tosine dioxygenase 2 (TET2), resulting in
epigenetic and transcriptional deregula-

tion.'!  Even beyond pathological

circumstances such as this, accumulating
evidence indicates that metabolic modula-
tion of signaling, transcription, and chro-
matin can dramatically impact cellular
activities. Metabolites can thus exert dual
functions in providing both building
blocks and instructions to the cell. Emerg-
ing at the forefront of such regulation is
acetyl-CoA, a metabolite that plays key
roles in glucose, amino acid, and lipid
metabolism, but is also required for lysine
and N-terminal acetylation.

Acetyl-CoA is compartmentalized in
cells into mitochondrial and nuclear—cyto-
plasmic pools. Outside of mitochondria,
ATP-citrate lyase (ACLY) and acyl-CoA
synthetase short chain family member 2
(ACSS2, also known as ACECS1) serve as
major generators of acetyl-CoA.” In addi-
tion to these 2 enzymes, a third mecha-
nism  for  production  of
mitochondrial acetyl-CoA was identified
very recently, in which the mitochondrial

extra-

pyruvate dehydrogenase complex (PDC)
translocates into the nucleus enabling gen-
eration of nuclear acetyl-CoA from pyru-
vate.” As a metabolite at the crossroads of
catabolic and anabolic processes and the
substrate for acetyltransferase enzymes,
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acetyl-CoA is strongly positioned to con-
vey information about cellular metabolic
status. Acetyl-CoA is dynamically regu-
lated within the cell in response to its
nutritional conditions, and lysine acetyla-
tion (of histones and other proteins,
including many metabolic enzymes) has
been implicated in controlling gene
expression, metabolism, and autophagy in
response to changes in nutrient availability
or the cell’s metabolic state.*® These data
suggest that acetylation may be critical for
proliferation-related ~ gene
expression and metabolism,
while suppressing catabolic processes such

promoting
anabolic

as autophagy, when nutrient levels are
high (Fig. 1). Acetyl-CoA and acetylation
could thus represent crucial components
of the cell’s nutrient-sensing repertoire.
Cancer cells exhibit substantial epige-
netic alterations that contribute to the
acquisition of all hallmarks of cancer.’
How extensively might metabolic reprog-
ramming contribute to this epigenetic
deregulation? It is clear from a number of
studies over the past several years that acet-
ylation of histones is sensitive to the avail-
ability of acetyl-CoA.> We have recently
shown that levels of acetyl-CoA and the
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Figure 1. A cancerous web: acetyl-CoA promotes growth and proliferation through multiple mech-
anisms. Outside of mitochondria, acetyl-CoA can be generated from citrate by ATP-citrate lyase
(ACLY), from acetate by acyl-CoA synthetase short chain family member 2 (ACSS2), and from pyru-
vate by the pyruvate dehydrogenase complex (PDC), which was recently reported to translocate
from mitochondria into the nucleus. Acetyl-CoA has long been known to support growth and prolif-
eration through its roles in the synthesis of fatty acids and cholesterol. Acetyl-CoA also participates
in the regulation of histone acetylation and gene expression, is required for acetylation of numer-
ous metabolic enzymes, and suppresses autophagy. Although many details remain to be eluci-
dated, it is clear that acetylation plays crucial roles in modulating cellular activities, including
decisions to grow and divide, in accordance with metabolic resources.

ratio of acetyl-CoA:CoA are regulated
dynamically by glucose availability in
mammalian cells, and that nuclear levels
of both acetyl-CoA and CoA can impact
overall histone acetylation levels.® In the
context of cancer biology, though, what is
the significance of these observations?
How is acetyl-CoA metabolism altered in
cancer cells and is metabolism a significant
contributor to tumor histone acetylation
levels? If so, how does this impact tumor
growth?

We have recently attempted to address
the first question—is oncogenic control of
acetyl-CoA metabolism a major determi-
nant of cancer cell histone acetylation lev-
els? We found that constitutive activation
of the PI3 kinase-AKT1 pathway does
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indeed promote elevated histone acetyla-
tion, both 77 vitro in cancer cell lines and
in vivo in 2 different mouse models.® The
effects of AKT1 on histone acetylation
rely on glucose-dependent production of
acetyl-CoA, and when AKT1 is inhibited,
both acetyl-CoA and histone acetylation
levels decrease.® Interestingly, although
histone acetylation levels are regulated by
glucose, phosphorylation of ACLY down-
stream of AKT1 allows histone acetylation
to be sustained during glucose limitation.®
Such a mechanism could potendally
enable tumor cells to maintain histone
acetylation in a heterogeneous microenvi-
ronment. In support of this possibility,
global histone acetylation levels were
found to correlate significanty with
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pAKT(Ser473) in human gliomas and
prostate tumors.® These data strongly sug-
gest that metabolic reprogramming medi-
ated by AKT1 could indeed be a major
contributor to histone acetylation levels in
tumors.

What  this

tumor development and growth will

ultimately means for
require further investigation. In glio-
blastoma cells, genes favored in the
presence of high acetyl-CoA include
those with roles in cell cycle and DNA
replication.® During glucose limitation,
artificially increasing acetyl-CoA levels
stimulated expression of these genes,
but did not promote proliferation
unless other glucose-dependent metabo-
lites were provided.® Thus, acetyl-CoA
may provide a pro-growth signal to the
cell by regulating relevant gene expres-
sion programs. Notably, elevated his-
tone acetylation is observed upon
oncogene activation in mice prior to
the appearance of tumors.® Future stud-
ies could thus also consider the intrigu-
ing possibility that oncogene-induced
metabolic regulation of histone acetyla-
tion might promote a favorable epige-
netic context for malignant
transformation. Finally, it is worth con-
sidering that whatever the role of ace-
tyl-CoA-regulated histone acetylation in
tumorigenesis, it may well represent the
tip of the iceberg since oncogene-
induced metabolic alterations may also
impact levels of other key metabolites
needed for chromatin modifications,
such as the methyl donor S-adenosyl
methionine (SAM) or UDP-N-acetyl-
glucosamine (UDP-GIcNAc), the sub-
strate for O-GlcNAc modification.'® Tt
will be of interest to assess whether
therapeutics targeting cancer metabo-
lism also impact chromatin modifica-
tions. If they do, might this interaction
play a role in therapeutic efficacy or
sensitize cells to drugs that target
epigenetics?

Tumorigenesis is often considered a
linear process whereby gene mutations or
epigenetic alterations cause oncogenic sig-
naling and transcription that then pro-
growth and through
multiple mechanisms, including rewiring

metabolism. The finding that AKT1-
dependent metabolic reprogramming has

mote survival
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a significant impact on the tumor epige-
nome provides evidence that cancer epige-
netics, signaling, and metabolism are
engaged in a complex interplay. It will be
important to continue investigating how
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