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Reducing acetyl-CoA
enhances BET inhibition
Elie Traer | Oregon Health & Science University

Altered metabolism has long been recognized as a hallmark of cancer,1 but
recently, the direct effect ofmetabolites on epigenetic regulation has become
more appreciated. In this issue of Blood, Jiang et al2 use a mouse model of
acutemyeloid leukemia (AML) to show that themetabolic regulator adenosine
monophosphate–activated protein kinase (AMPK) controls acetyl-coenzyme
A (acetyl-CoA) homeostasis.

Warburg’s3 observation that cancers con-
sume large amounts of glucose despite
available oxygen led to his hypothesis that
aerobic glycolysis was a hallmark of cancer
growth. Although glycolysis is frequently
observed in cancer, most cancer cells still
use mitochondrial oxidative phosphoryla-
tion and the citric acid cycle to generate
energy and substrates for cell growth.
Many of the downstream metabolites of
glucose metabolism were later found to
be important as cofactors for proteins that
regulate gene transcription, thus providing a
direct link between metabolism and regu-
lation of gene expression. Two examples of
this are a-ketoglutarate and acetyl-CoA.

a-Ketoglutarate is produced by isocitrate
dehydrogenase (IDH) and is an important
cofactor for several enzymes, including
TET2, which is involved in demethylation
of cytosine in DNA. TET2 itself is fre-
quently mutated in AML, but TET2
can also be functionally inactivated by
IDH1 and IDH2 mutations. Mutated IDH
leads to the production of the oncome-
tabolite 2-hydroxyglutarate instead of

a-ketoglutarate, and 2-hydroxyglutarate
inhibits the demethylase activity of TET2.
IDH1 and IDH2 inhibitors restore TET2
activity, gene transcription, and cause
differentiation of leukemia cells. IDH1 and
IDH2 inhibitors were recently approved
by the US Food and Drug Administration
for AML, which proves that altered cancer
metabolism and gene transcription can be
effectively targeted.4

Acetyl-CoA is another product of the
citric acid cycle and is the building block
for fatty acid synthesis as well as a co-
factor for acetylation of proteins. Al-
though cancer cells are often thought to
be dependent upon glycolysis, they can
readily adapt to use energy sources
other than glycolysis during periods of
nutrient deprivation. AMPK activates sev-
eral catabolic pathways to increase acetyl-
CoA in addition to increasing glucose
transport into the cell.5 A previous article
by the authors demonstrated that ge-
netic deletion of AMPK in the MLL-AF9
mouse model of AML impairs glucose
metabolism, which leads to reduced

growth and delayed leukemogenesis.6 In
the Jiang et al article in this issue, the
authors investigated the effect of AMPK
deletion on metabolites other than glu-
cose. As expected, numerous glucoseme-
tabolites were decreased after AMPK
deletion. The authors then performed a
rescue screen with the metabolites and
found that acetate was most effective at
restoring growth. Acetate was also able
to inhibit differentiation and increased
expression of the genesMyc,Meis1, and
HoxA9, suggesting that it was playing a
role beyond energy metabolism. Be-
cause acetate is converted into acetyl-
CoA by the acyl-CoA synthetase short
chain (ACSS) family of proteins, the au-
thors used CRISPR-Cas to verify that the
Acss2 gene is required for converting
acetate back into acetyl-CoA (see figure).
Accordingly, Acss2 deletion also delayed
leukemogenesis and prolonged survival
in the MLL-AF9 leukemia model, similar
to deletion of AMPK.

The authors then looked at the histones
in the AMPK-deleted leukemia cells and
discovered that acetylation is reduced on
H3 and H4 histones. Acetylated histones
are recognized by bromodomain and
extra-terminal domain (BET) family of
proteins, and AMPK-deleted cells were
found to have decreased expression of
several genes regulated by BET proteins.
This suggested that inhibition of AMPK
and BET may be synergistic because they
regulate many of the same genes. The au-
thors then confirmed this synergy by using
both genetic deletion and small-molecule
inhibitors of AMPK and BET proteins.

As noted by the authors, the link between
metabolism, acetyl-CoA, and histone acety-
lation has been previously reported,7 but
the synergy between histone acetylation
and bromodomain inhibitors in the MLL-
AF9mousemodel isworth noting.Although
there are reports of BET inhibitors having
activity in leukemia, the Jiang et al study
suggests that multiple agents targeting
the same pathwaymay bemore effective.
That being said, there are still many
questions about how to translate these
findings.

Because both AMPK and BET proteins
are present in normal cells, it is difficult to
predict the adverse effects of AMPK and
BET inhibition. The authors created an
AMPK/Brd4 heterozygous mutant mouse
for their experiments that did not have
any hematopoietic deficits. Although this
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AMPK regulates acetyl-CoA levels, which reduces histone acetylation and makes cells more sensitive to BET
inhibitors. ACSS2 also contributes to acetyl-CoA levels by converting free acetate to acetyl-CoA.
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suggests that there might be a potential
therapeutic window, it remains to be proven
in patients.

Another problem with targeting AMPK
is that acetate can circumvent decreased
acetyl-CoA production, as the authors
themselves show in their rescue experi-
ments. Acetate is present in large amounts
in the plasma, so it is unclear how effective
AMPK inhibition alone will be. Targeting
ACSS2 to prevent use of acetate may be a
way to avoid this problem. The authors
demonstrated that deletion of Acss2 itself
slowed leukemia growth in the MLL-AF9
model, andAcss2deletion has been shown
to slow tumor growth in other cancer
models.8,9

Drugs that target metabolic pathways
are already widely used in hematologic
malignancies and include methotrexate,
asparaginase, and IDH inhibitors. It should
be noted that all of these drugs are most
effective when used in combination with
other agents. Although the complexity
of metabolism and epigenetics is chal-
lenging,10 discovering the unique ways
that cancer cells adapt to metabolic
stress to sustain growth will help guide
rational combinations or sequencing
of drugs that can enhance response to
therapy.
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Closing the loop on cohesin
in hematopoiesis
Sridhar Rao | Blood Research Institute, Versiti

In this issue of Blood, Sasca et al1 provide molecular insights into how dynamic
changes in cohesin complex levels are critical to erythroid differentiation and
how perturbations can contribute to myeloid malignancies.

Hematologic cancers derived frommyeloid
cells, such as myelodysplastic syndromes
(MDS) or acute myeloid leukemia, remain
high-risk diseases with suboptimal long-
term survival. Importantly, in myeloid
malignancies, mutations within genes
encoding the cohesin complex (RAD21,
SMC3, SMC1A, and STAG2) occur within
;15% of patients (for a review, see Fisher
et al2), making them comparable in fre-
quency to mutations in other “drivers”
such as KRAS/NRAS or TET2.3 The cohesin
complex has a well-described role in mi-
tosis, where it promotes sister chromatid
cohesion and is expressed in all cell types,
including postmitotic cells such as neurons.
Recently, it has been discovered that the
cohesin complex also plays a critical role
in the regulation of gene expression by
facilitating the interaction of distal DNA
regulatory sequences with genes by “loop-
ing out” the interveningchromatin segment.4

Complete loss of the cohesin complex
prevents proper mitosis and quickly in-
duces cell death, so not surprisingly, almost
all mutations of cohesin genes in myeloid
malignancies are heterozygous, or in the
case of STAG2, complete loss of function
is partially tolerated because of compen-
sation by its paralog, STAG1, as elegantly
demonstrated in a recent report.5 Multiple
groups6-9 have reported the phenotype
induced by cohesin haploinsufficiency with
remarkable agreement that loss of cohesin
enhances hematopoietic stem and pro-
genitor cell (HSPC) self-renewal, a critical
first step in the development myeloid

malignancies. These studies also identi-
fied that altered chromatin accessibility6-8

and/or elevated expression of the tran-
scription factor HOXA99 were key drivers
of this abnormal HSPC self-renewal. Im-
portantly, all the proposed mechanisms of
augmenting self-renewal in HSPCs as-
sume that cohesin levels are relatively in-
variant across cell types, implying that
heterozygous mutations should affect
different hematopoietic lineages similarly,
although this is clearly not the case and has
been an important open question within
the field.

The elegant study performed by Sasca
et al in this issue of Blood challenges the
concept that all hematopoietic lineages
express cohesin proteins at the same level.
Using a combination of genomics, single-cell
transcriptomics, mass spectrometry–based
proteomics, and patient-derived data,
they identified not only a novel phe-
notype associated with cohesin loss but
also the underlying molecular mechanism.
This study demonstrates that cohesin
protein levels rise as HSPCs differentiate
into the erythroid lineage (see figure). In
HSPCs, cohesin binds to genes required
for erythroid differentiation occupied by
the transcriptional repressor Etv6, which
prevents their expression. Upon addition
of erythropoietin to stimulate differenti-
ation of HSPCs, cohesin accumulates at
these same Etv6-occupied red cell genes,
and as cohesin levels rise, Etv6 is displaced
from chromatin, thereby permitting these
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