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Themetabolite acetyl-coenzymeA (acetyl-CoA) is the required acetyl donor for lysine acetylation and thereby links
metabolism, signaling, and epigenetics. Nutrient availability alters acetyl-CoA levels in cancer cells, correlating
with changes in global histone acetylation and gene expression. However, the specific molecular mechanisms
through which acetyl-CoA production impacts gene expression and its functional roles in promoting malignant
phenotypes are poorly understood. Here, using histone H3 Lys27 acetylation (H3K27ac) ChIP-seq (chromatin im-
munoprecipitation [ChIP] coupled with next-generation sequencing) with normalization to an exogenous reference
genome (ChIP-Rx), we found that changes in acetyl-CoA abundance trigger site-specific regulation of H3K27ac,
correlating with gene expression as opposed to uniformly modulating this mark at all genes. Genes involved in
integrin signaling and cell adhesion were identified as acetyl-CoA-responsive in glioblastoma cells, and we dem-
onstrate that ATP citrate lyase (ACLY)-dependent acetyl-CoA production promotes cell migration and adhesion to
the extracellular matrix. Mechanistically, the transcription factor NFAT1 (nuclear factor of activated T cells 1) was
found to mediate acetyl-CoA-dependent gene regulation and cell adhesion. This occurs throughmodulation of Ca2+

signals, triggering NFAT1 nuclear translocation when acetyl-CoA is abundant. The findings of this study thus es-
tablish that acetyl-CoA impacts H3K27ac at specific loci, correlating with gene expression, and that expression of
cell adhesion genes are driven by acetyl-CoA in part through activation of Ca2+–NFAT signaling.
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Metabolic reprogramming in cancer cells facilitates the
acquisition and utilization of nutrients necessary for pro-
liferation and survival within the tumor microenviron-
ment. In addition to direct roles in metabolic processes,
metabolites can be substrates of enzymes that carry out
post-translational modifications and thus serve parallel
functions as signaling molecules that regulate gene ex-
pression, impacting cell differentiation and function (Met-

allo and Vander Heiden 2010; Wellen and Thompson
2012; Pavlova and Thompson 2016).
Onemetabolic intermediate that linksmetabolism, sig-

naling, and the epigenome is acetyl-coenzyme A (acetyl-
CoA), the acetyl donor for acetylation reactions (Lee
et al. 2015; Pietrocola et al. 2015; Kinnaird et al. 2016).
Histone acetylation levels correlate with acetyl-CoA
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abundance (Cai et al. 2011; Lee et al. 2014; Cluntun et al.
2015). In diverse types of mammalian cells, the acetyl-
CoA-producing enzyme ATP-citrate lyase (ACLY) regu-
lates histone acetylation levels in a nutrient-dependent
manner (Wellen et al. 2009; Donohoe et al. 2012; Covarru-
bias et al. 2016; Zhao et al. 2016; Wong et al. 2017; Siva-
nand et al. 2018). ACLY is localized to both the cytosol
and nucleus and generates acetyl-CoA from citrate, thus
directly linkingmitochondrialmetabolism to nuclear pro-
cesses, such as histone acetylation, and cytosolic process-
es, such as lipid biosynthesis. Under glucose- or oxygen-
depleted conditions or when ACLY function is impaired,
high concentrations of acetate can compensate to main-
tain global histone acetylation (Wellen et al. 2009; Gao
et al. 2016; Zhao et al. 2016).

We established previously that nutrient-dependent
fluctuations in acetyl-CoA abundance impact global his-
tone acetylation levels and gene expression profiles in
glioblastomamultiforme (GBM) cells (Lee et al. 2014). Un-
der low-glucose conditions, acetate supplementation res-
cues acetyl-CoA production and the expression of a
subset of glucose-regulated genes, which we termed “ace-
tyl-CoA-up-regulated” genes. Among the acetyl-CoA-up-
regulated genes that we identified in GBM cells are those
involved in cell adhesion, extracellular matrix (ECM) in-
teraction, cytoskeletal dynamics, and integrin signaling
(Lee et al. 2014). GBM, the most common brain tumor
in adults, is highly diffuse and invasive, limiting the effi-
cacy of surgical resection (Furnari et al. 2007; Jhanwar-
Uniyal et al. 2015). Whether metabolic alterations con-
tribute to the invasive phenotype in GBM is unclear. In
this study, we aimed to define the mechanisms through
which acetyl-CoA abundance regulates expression of
cell adhesion and migration genes in GBM cells, since
such insights could guide therapeutic strategies to limit
the invasive characteristics of this lethal cancer.

Building on our previous findings that global histone
acetylation levels are responsive to the availability of glu-
cose and acetate (Lee et al. 2014), we analyzed the impact
of nutrient availability on histone acetylation throughout
the genome using an exogenous reference genome for nor-
malization to account for changes in total acetylation be-
tween conditions (Orlando et al. 2014). Remarkably,
manipulation of glucose and acetate in the culture medi-
um had only a modest impact on histone H3 Lys27 acety-
lation (H3K27ac) peaks near the transcription start site
(TSS) of most genes but potently impacted H3K27ac at
specific loci, correlating with gene expression. Thus,
changes in acetyl-CoA abundance resulted in site-specific
changes in H3K27ac, raising the question of how this spe-
cificity ismediated by ametabolite.We hypothesized that
particular transcription factors might be regulated in an
acetyl-CoA-dependentmanner. We identified nuclear fac-
tor of activated T cells 1 (NFAT1) as a key acetyl-CoA- and
ACLY-responsive transcription factor that promotesGBM
cell migration and adhesion to the ECM.Mechanistically,
we discovered that acetyl-CoA abundance impacts
NFAT1 nuclear localization through modulation of intra-
cellular calcium (Ca2+) levels. These data thus demon-
strate that changes in acetyl-CoA abundance result in

site-specific modulation of histone acetylation and identi-
fy the regulation of Ca2+–NFAT1 signaling by acetyl-CoA
as a key link between cellular metabolism and gene regu-
lation that promotes GBM cell interaction with the ECM
and migration.

Results

Acetyl-CoA availability regulates expression of cell
migration and adhesion genes in GBM cells

Global histone acetylation levels decline when glucose is
limited, correlating with reduced acetyl-CoA abundance,
and both acetyl-CoA and global histone acetylation levels
can be restored upon supplementation of acetate (Wellen
et al. 2009; Lee et al. 2014), which enters the cell and is
directly converted to acetyl-CoA by acetyl-CoA synthe-
tase enzymes (ACSS1 in mitochondria and ACSS2 in the
cytosol) (Schug et al. 2016). We previously identified sev-
eral gene sets enriched specifically when acetyl-CoA
abundance is high in GBM cells (Lee et al. 2014). Among
these were annotated pathways involved in cell adhesion,
migration, and cytoskeletal dynamics (PANTHER: integ-
rin signaling pathway; KEGG [Kyoto Encyclopedia of
Genes and Genomes]: regulation of actin cytoskeleton;
KEGG: cell adhesion molecules; Reactome: integrin cell
surface interactions; and KEGG: ECM–receptor interac-
tion) (Lee et al. 2014). To confirm these findings, mRNA
expression patterns for select genes within these sets
were validated by RT-qPCR in LN229GBMcells, compar-
ing low-glucose (1mMglucose), high-glucose (10mM glu-
cose), and low-glucose plus acetate (1mM glucose + 5mM
acetate) conditions (Fig. 1A). Given this regulation of cell
adhesion and migration genes by glucose and acetate, we
next investigatedwhether acetyl-CoA abundance impacts
the ability of cells to migrate using wound healing and
transwell migration assays. In both assays, cell migration
was impaired in low-glucose conditions and rescued by ac-
etate supplementation (Fig. 1B,C).

Integrin-mediated adhesion to theECMis acrucial com-
ponent of cancer cell migration and invasion (Pickup et al.
2014). To test whether acetyl-CoA abundance promotes
GBM cell adhesion to the ECM, we used a brain-inspired
(i.e., modeled on the ECM composition of the brain) bio-
material platform comprised of 50% fibronectin, 25%
vitronectin, 20% tenascin C, and 5% laminin (Barney
et al. 2015). After incubating cells in high or low glucose
with or without acetate supplementation, cells were seed-
ed onto the ECM, and their adhesion kineticswere quanti-
fied. Both glucose and acetate enhanced LN229 cell
adhesion to the brain-inspired ECM (Fig. 1D) as well as
to fibronectin alone (Fig. 1E). Similar observations were
alsomadewith three other GBM cell lines (Fig. 1F–H). Im-
portantly, acetate rescuedadhesionandmigrationwithout
impacting cell doubling time (Lee et al. 2014), AMPK acti-
vation (Supplemental Fig. S1A), ormarkers of the unfolded
protein response (Supplemental Fig. S1B), suggesting that
the adhesion and migration phenotypes are not secondary
to effects on proliferation, bioenergetics, or endoplasmic
reticulum (ER) stress. On the other hand, acetate restored
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histone acetylation levels in low-glucose conditions, and
inhibition of the lysine acetyltransferase (KAT) p300 sup-
pressed glucose- and acetate-dependent increases in global
H3K27ac and cell adhesion to the ECM (Supplemental Fig.
S1C,D), consistent with a potential role for histone acety-
lation in promoting these phenotypes. These data suggest
that acetyl-CoA promotes GBM cell adhesion to ECM in a
p300-dependent manner.
Next, to assess whether acetyl-CoA-dependent cell ad-

hesion is likely to require transcription, we analyzed the

time required for cells to adhere following glucose and ac-
etate supplementation. Cells were incubated overnight in
1 mM glucose, then glucose or acetate was added, and ad-
hesionwas subsequentlymeasured over 24 h. Increased fi-
bronectin adhesion was observed beginning 4 h after
glucose or acetate addition and further increased after
24 h (Fig. 1I). These data are consistent with a mechanism
whereby gene transcription rather than a more acute sig-
naling mechanismmediates glucose- and acetate-induced
cell adhesion to the ECM.

A
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C

Figure 1. Acetyl-CoApromotes cell adhesion andmigration inGBMcells. (A) RelativemRNA levels of acetyl-CoA-up-regulated genes as
determined by RT-qPCR in LN229 cells. (#) P < 0.05; (##) P < 0.01, significance of acetate treated over 1 mM glucose. (∗∗) P < 0.01; (∗∗∗) P <
0.001, significance of 10 mM glucose treated over 1 mM glucose. (B) Wound healing assay in LN229 cells. (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001.
(Rightpanel) Lines indicate the boundaryof the scratch. Photoswere captured at 0h andafter 24h. (C ) Transwellmigration of LN229across
an 8.0-µm polycarbonatemembrane. (∗) P < 0.05; (∗∗) P < 0.01. (Right panel) Cells on themembranewere stained with Hoechst, and photos
werecaptured24hafter seeding. (D)Adhesionquantifiedonbiomaterial platformwithECMcomponentsof thebrain.Cellswerepretreated
with the indicated conditions for 24 h, and the area covered by cells wasmeasured over time. (∗) P < 0.05, significance of acetate conditions
over 1 mM glucose conditions determined by Tukey’s post hoc test. (E–H) Relative adhesion to 1% fibronectin after 24 h of the indicated
treatments in LN229 (E), LN18 (F ), U87 (G), andU251 (H) cells. (∗∗) P < 0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001. (I ) LN229 cells were incubated
in 1 mM glucose overnight, and then the mediumwas changed to the indicated conditions. Quantification of adhesion to 1% fibronectin
after the indicated hours of treatment. (∗∗) P < 0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001. All panels show mean ± SEM of triplicates.
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Glucose-regulated cell adhesion and migration
require ACLY

We next sought to distinguish whether acetate is used ex-
clusively for acetyl-CoA production in the cytosol or
whether its use in mitochondria is also relevant to the ad-
hesion phenotype. Acetate can be converted to acetyl-
CoA by ACSS2 in the cytosol and by ACSS1 in mitochon-
dria (Comerford et al. 2014; Schug et al. 2015, 2016), and it
has been shown to feed into the TCA cycle in GBM
(Mashimo et al. 2014). Consistent with this, acetate sup-
plementation significantly rescued citrate levels under
low-glucose conditions (Supplemental Fig. S2A), and
13C-acetate tracing confirmed that acetate carbon con-
tributes significantly to the synthesis of citrate, ACLY’s
substrate, in both high- and low-glucose conditions (Sup-
plemental Fig. S2B). Moreover, supplementation of either
pyruvate or fatty acids, each of which can be metabolized
to acetyl-CoA inmitochondria, resulted in significant res-
cue of cell adhesion to fibronectin, similar to that ob-
served with acetate supplementation (Supplemental Fig.
S2C,D). These data indicate that acetyl-CoA production
in mitochondria can promote cell adhesion.

Since regulationofhistoneacetylationbyacetyl-CoAre-
quires its production outside of mitochondria and since
acetyl-CoA transfer from mitochondria to cytosol and
the nucleus is mediated by citrate export and cleavage by
ACLY, these findings prompted us to investigate whether
ACLYpromotesGBMcell adhesionandmigration. Indeed,

both wound healing and adhesion to fibronectin were im-
paired uponACLY silencing (Fig. 2A,B). Biochemical inhi-
bition of ACLY also potently suppressed transwell
migration (Fig. 2C), cell adhesion (Fig. 2D), and glucose-de-
pendent expression of adhesion- and migration-related
genes (Fig. 2E; Supplemental Fig. S2E). ACLY inhibition
also suppressed acetate-dependent induction of some of
these genes (Fig. 2E), indicating that acetate’s effects on
gene expression are partially dependent on ACLY. To fur-
ther validate these findings, we deleted ACLY from
LN229 cells using CRISPR/Cas9 gene editing (Zhao et al.
2016). Consistent with RNAi and inhibitor data, nutri-
ent-dependent adhesion to ECM (Fig. 2F) and expression
of the integrin ITGA2B (Fig. 2G) were suppressed upon
genetic deletion ofACLY in LN229 cells. Moreover, xeno-
graft tumor growth wasmarkedly impaired in the absence
of ACLY (Supplemental Fig. S2F,G), and several adhesion-
andmigration-related genes exhibited lower expression in
tumors generated fromACLY knockout cells (Supplemen-
tal Fig. S2H), supporting the relevance of ACLY in modu-
lating expression of these genes in vivo. Collectively,
thesedataestablish thatACLY-dependentacetyl-CoApro-
duction promotes GBM cell adhesion and migration.

Nutrient availability alters histone acetylation
in a site-specific manner

Since acetyl-CoA abundance was found to impact global
histone acetylation levels and expression of distinct sets

A

E

F G

B C D Figure 2. Glucose-dependent cell migra-
tion requires ACLY. (A) Wound healing as-
say in U251 with stable knockdown of
ACLY. (∗) P < 0.05. (B) Relative adhesion in
U251 cells with knockdown of ACLY. (∗∗)
P < 0.01; (∗∗∗∗) P < 0.0001. (C ) Transwell mi-
gration of LN229 cells after treatment with
50 µM ACLY inhibitor (ACLYi;
BMS303141) or vehicle in 10 mM glucose.
No FBS is a negative control. (∗∗) P < 0.01.
(D) Adhesion assay in with U251 cells after
treatment with 50 µMACLYi or vehicle for
24 h. (E) Relative mRNA expression of ace-
tyl-CoA-regulated genes in LN229 cells
treated with 50 µM ACLYi. (###) P < 0.001;
(####) P < 0.0001; (∗∗) P < 0.01; (∗∗∗) P <
0.001; (∗∗∗∗) P < 0.0001. (F ) Relative adhe-
sion in twodifferentACLYknockout clones
(sg3.6 and sg3.8) on1%fibronectin.Parental
cells were infected with vector expressing
Cas9 but without guide RNA. (∗∗) P < 0.01;
(∗∗∗∗) P < 0.0001. (G) Relative expression of
ITGA2B in cells described in F. (∗) P < 0.05;
(∗∗) P < 0.01. All panels showmean ± SEM.
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of genes associated with cell adhesion and migration, we
next aimed to define the specific loci at which histone
acetylation was regulated in response to glucose and ace-
tate availability. To investigate this, we performed
H3K27ac chromatin immunoprecipitation (ChIP) coupled
with next-generation sequencing (ChIP-seq). We focused
on H3K27ac, since it has important roles in gene regula-
tion and is mediated by CBP/p300 (Feller et al. 2015),
which is also required for glucose- and acetate-dependent
adhesion (Supplemental Fig. S1D). The overall distribu-
tionofH3K27ac peaks throughout the genomewas similar
between conditions (Supplemental Fig. S3A). Since tradi-
tional ChIP-seq data normalization to percentage of reads
fails to account for differences in the abundance of histone
modification between conditions, we used an exogenous
reference genome (Drosophila melanogastor chromatin
spike-in) for normalization (ChIP-Rx) (Orlando et al.
2014). As expected, the ratio of total H3K27ac reads align-
ing to the Homo sapiens genome versus the D. mela-
nogaster genome decreased markedly in low glucose and
increased with acetate supplementation (Supplemental
Fig. S3B). These data are consistent with the pronounced
changes in global H3K27ac observed in these conditions
by Western blot (Supplemental Fig. S1C). We next aimed
to broadly evaluate the genome-wide loci at which
H3K27ac was gained in high-glucose or acetate-supple-
mented conditions compared with the 1mM glucose con-
dition. Using a stringent computational tool, DiffBind, we
identified 1091 regions that gained peaks. When the near-
est genes were analyzed, only a small fraction overlapped
with the acetyl-CoA-up-regulated genes defined previous-
ly byRNAsequencing (RNA-seq) (Supplemental Fig. S3C).
These differential regions were primarily within introns
and intergenic regions (Supplemental Figs. S3D, S4A);
thus, we reasoned that some of these peaks are likely to
be putative enhancers, and it is also possible that some
peaks are gained in regions not directly involved in tran-
scriptional control.
We next specifically interrogated the relationship

between H3K27ac and gene expression in response to
acetyl-CoA levels. Inspection of candidate loci encod-
ing acetyl-CoA-up-regulated genes (genes from which
mRNAexpression is reduced in low glucose and increased
with high glucose or acetate) (Lee et al. 2014) such as
PDGFRA and MMP11 revealed markedly reduced signal
in low-glucose conditions relative to high-glucose or ace-
tate-supplemented conditions, in agreement with ChIP-
qPCR (ChIP coupled with quantitative PCR) data (Fig.
3A,B; Supplemental Fig. S4B). Notably, these differences
were obscured when using a traditional normalization to
the percentage of reads, highlighting the importance of
the reference genome normalization (Fig. 3A; Supplemen-
tal Fig. S4B). For genes at which mRNA expression was
not altered by glucose or acetate, such as RPL19, ChIP-
Rx reported no distinct change inH3K27ac (Supplemental
Fig. S4C). Metagene analysis of all acetyl-CoA-up-regulat-
ed genes demonstrated that H3K27ac was potently sup-
pressed near the TSS under low- versus high-glucose
conditions and rescued upon acetate supplementation
(Fig. 3C,D). Normalization to percentage of reads con-

cealed this regulation (Fig. 3C). In contrast to the acetyl-
CoA-up-regulated genes, metagene analysis of all genes
revealed only a modest suppression of signal in low-
glucose conditions (Fig. 3C). Together, these data demon-
strate that acetyl-CoA abundance results in a widespread
but modest tuning of H3K27ac at promoter TSS loci
across the genome but also that H3K27ac at specific genes
is highly responsive to acetyl-CoA, correlating with ex-
pression of those genes. These findings suggest that ace-
tyl-CoA abundance might impact expression of distinct
sets of genes as well as H3K27ac at these genes through
specific upstream mechanisms.

Cellular adhesion and migration genes are regulated by
NFAT family transcription factors

We thus postulated that acetyl-CoA levels elicit distinct
patterns of gene expression by activating specific acetyl-
CoA-responsive transcription factors. A query of the Broad
Institute Molecular Signatures Database (MSigDB) re-
vealed that theNFAT-binding consensusmotif TGGAAA
(Badran et al. 2002) was the most enriched transcription
factor motif within 2 kb upstream of and downstream
from the TSSs of acetyl-CoA-up-regulated genes (Supple-
mental Fig. S5A; Mootha et al. 2003; Subramanian et al.
2005). Gene set enrichment analysis (GSEA) specifically
interrogating an NFAT signature confirmed this enrich-
ment (Fig. 4A; Supplemental Fig. S5B).
NFAT comprises a family of four Ca2+-regulated tran-

scription factors, which control diverse cellular processes
in a wide range of cell types (Mancini and Toker 2009;
Muller and Rao 2010). NFAT isoforms also interact with
the coactivator p300 (Garcia-Rodriguez and Rao 1998), a
KAT that facilitates nutrient-dependent adhesion (Sup-
plemental Fig. S1D). Notably, NFAT has a well-estab-
lished role in not only regulating migration of normal
cells but also tissue invasion by cancer cells (Qin et al.
2014) and has been implicated in the pathogenesis of
GBM (Tie et al. 2013; Wang et al. 2015). However, few
NFAT-regulated genes have been identified in gliomas,
and NFAT sensitivity to acetyl-CoA availability has not
been explored.
To investigate the role of NFAT, we examined the

impact on cell adhesion of inhibiting NFAT activation
with the calcineurin (CaN) inhibitor cyclosporin A
(CsA) (Schreiber and Crabtree 1992). CsA potently sup-
pressed LN229 and U251 cell adhesion to fibronectin in
the presence of either glucose or acetate (Fig. 4B; Supple-
mental Fig. S6A). qPCR analysis revealed that NFAT1
(NFATC2) is the most highly expressed NFAT isoform
in LN229 cells (Supplemental Fig. S6B). Silencing of
NFAT1 suppressed expression of known NFAT target
genes such as PTGS2 as well as putative NFAT target
genes identified by our analysis of acetyl-CoA-responsive
genes (Fig. 4C; Supplemental Fig. S6C,D). In addition,
NFAT1 silencing reduced cell migration and adhesion to
fibronectin (Fig. 4D,E), consistent with a mechanism in
which these acetyl-CoA-dependent responses are mediat-
ed by NFAT1.

Acetyl-CoA-dependent regulation of NFAT1
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NFAT1 nuclear localization is regulated by acetyl-CoA
availability and mediates acetyl-CoA-dependent cell
adhesion

NFAT is retained in an inactive hyperphosphorylated
form in the cytoplasm, and its activation is triggered
by Ca2+-dependent CaN-mediated dephosphorylation.
Dephosphorylation exposes a nuclear localization signal
that promotes NFAT nuclear translocation, allowing it
to bind to its canonical DNA motif (Okamura et al.
2000; Mancini and Toker 2009; Muller and Rao 2010).

Since the data suggested that acetyl-CoA abundance
might regulate cell adhesion and migration through

NFAT1 and sinceNFAT1 transcriptional activity depends
on its nuclear localization, we asked whether acetyl-CoA
alters NFAT1 localization. We indeed observed markedly
fewer cells containing nuclear NFAT1 under low-glucose
conditions than in high-glucose or acetate-supplemented
conditions (Fig. 5A,B). Furthermore, NFAT1 was largely
excluded from nuclei of ACLY-deficient cells, and nuclear
localization was rescued upon reconstituting these cells
withmurineACLY (Fig. 5C,D). ACLY inhibition similarly
suppressedNFATnuclear localization (Fig. 5E).These data
indicate that acetyl-CoA production promotes NFAT1
nuclear localization. To further test the role for NFAT1
in acetyl-CoA-dependent cell adhesion, we next asked

A

B

C

D

Figure 3. H3K27ac near TSSs is sensitive to acetyl-CoA availability. (A) PDGFRAChIP-seq trackswith reference normalization (top) and
traditional normalization (bottom). (B) H3K27ac ChIP-qPCR analyzing the PDGFRA promoter region. (C ) Metagene analysis of H3K27ac
in the region−10 to +10 kb around theTSS of acetyl-CoA-up-regulated genes identified in Lee et al. (2014) and for all genes. (Top) Reference
genome-normalized data. (Bottom) Traditional normalization. (D) Heat map of H3K27ac at acetyl-CoA-up-regulated genes (reference-
normalized).
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whether NFAT1 activation is sufficient to rescue cell ad-
hesion defects when acetyl-CoA abundance is limited. In-
deed, we found that constitutively active NFAT1 (CA)
(Okamura et al. 2000) rescued defects in cell adhesion pro-
duced by low-glucose conditions or ACLY inhibition (Fig.
5F,G). Thus, acetyl-CoA regulates GBM cell adhesion to
ECM by controlling NFAT1 nuclear localization.

Acetyl-CoA-triggered cytoplasmic Ca2+ signals control
NFAT1 activation and cell adhesion

Since NFAT1 nuclear localization is controlled by its
Ca2+-dependent dephosphorylation, we asked whether
NFAT1 phosphorylation is regulated in response to chang-
es in acetyl-CoA abundance. Both low-glucose conditions
and ACLY inhibition reduced NFAT gel mobility relative
to high-glucose or acetate-treated conditions, consistent
with hyperphosphorylation. Treatmentwith theCa2+ ion-
ophore ionomycin induces NFAT dephosphorylation, and
ionomycin treatment reversed the low-glucose-induced or
ACLY inhibition-induced shift inNFATmobility (Supple-
mental Fig. S7A,B), suggesting that acetyl-CoA promotes
Ca2+-dependent dephosphorylation of NFAT.
To directly test whether acetyl-CoAmobilizes Ca2+, we

performed single-cell measurements of cytosolic Ca2+ in
LN229 cells that express the genetically encoded calcium
reporter GCaMP6f (Chen et al. 2013). GCaMP6f-express-
ing cells were cultured overnight in low glucose (1 mM),
and, 18–20 h later, Ca2+ measurements were initiated fol-
lowing replacement with fresh medium containing either
1 mM glucose, 10 mM glucose, or 1 mM glucose + 5 mM
acetate. Under all conditions, a large Ca2+ spike was ob-
served immediately following addition of fresh serum-
containing medium (Fig. 6A). However, after this initial
spike, subsequent Ca2+ bursts occurred with higher fre-
quency in the presence of either high-glucose or acetate

medium than in low-glucose medium (Fig. 6A,B). Addi-
tion of the calcium chelating agent EGTA to the medium
inhibited these persistent Ca2+ bursts (Fig. 6C), indicating
that acetate-dependent Ca2+ oscillations require an influx
of extracellular ions. Collectively, these data suggest that
acetyl-CoA production promotes NFAT dephosphoryla-
tion and nuclear localization through regulation of Ca2+

influx. To further validate this role for acetyl-CoA-depen-
dent Ca2+ signaling, we tested cells’ ability to adhere in
low-acetyl-CoA conditions if treated with ionomycin.
Ionomycin treatment rescued defective cell adhesion un-
der low-glucose conditions or upon ACLY inhibition (Fig.
6D,E), indicating that Ca2+ signals are sufficient to medi-
ate adhesion when acetyl-CoA is low. Together, these
data establish that acetyl-CoA promotes cell adhesion at
least in part by mobilizing Ca2+, which promotes
NFAT1 nuclear localization and NFAT1-dependent gene
expression (Fig. 6F).

Discussion

Metabolites are now recognized to exert potent signaling
effects that can impact cancer phenotypes. Using ge-
nome-wide approaches,we found that in response to nutri-
ent-dependent fluctuations in acetyl-CoA abundance,
H3K27ac is potently regulated near the TSSs of specific
genes (correlating with gene expression) rather than uni-
formly at all genes. Acetyl-CoA-responsive genes in
GBM cells include many associated with cell migration
and adhesion to the ECM. Mechanistically, we identify
NFAT1as akeymediator of acetyl-CoA-dependent regula-
tion of adhesion- and migration-related genes. We further
establish that acetyl-CoA abundance regulates NFAT1
through control of Ca2+ homeostasis, triggering NFAT1
dephosphorylation and nuclear translocation when ace-
tyl-CoA is abundant (Fig. 6F). Further work, including

A

C D E

B Figure 4. The transcription factor NFAT1
mediates acetyl-CoA-dependent cell adhe-
sion and migration. (A) GSEA of acetyl-
CoA-up-regulated genes, comparing 1 mM
glucose with “rest” (10 mM glucose and 1
mM glucose + acetate conditions). (B)
LN229 cell adhesion onto 1% fibronectin
after 24 h of treatment with 10 µM cyclo-
sporin A (CsA) or vehicle control. (∗) P <
0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001. (C ) Rela-
tive mRNA expression of acetyl-CoA-up-
regulated genes after knockdown of
NFAT1 in LN229 cells. Representative
genes from the list generated from GSEA
in A are shown (see also Supplemental Fig.
S5B). (D) Relative adhesion onto 1% fibro-
nectin after shRNA-mediated knockdown
of NFAT1 in LN229 cells. (∗∗∗) P < 0.001.
(E) Wound healing assay in LN229 cells af-
ter shRNA-mediated knockdown of
NFAT1. (∗) P < 0.05. All panels show mean
± SEM.
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NFAT1 ChIP studies, will be needed to confirm the genes
that NFAT1 directly regulates in GBM.

Our findings expand on prior studies that revealed that
there is substantial cross-talk betweenCa2+–NFAT signal-
ing and glucose metabolism (Lawrence et al. 2002; Koenig
et al. 2010; Ho et al. 2015; Vaeth et al. 2017). Specifically,
the glycolytic metabolite phosphoenolpyruvate (PEP)
was shown in T cells to inhibit SERCA, resulting in sus-
tained increases in cytosolic Ca2+- and NFAT1-dependent
transcription (Ho et al. 2015). While PEP abundance de-
creases under low-glucose conditions in GBM cells, it is
not rescued by acetate supplementation (Supplemental
Fig. S8A), indicating that PEP levels do not account for
the activation of Ca2+–NFAT signaling observed in re-
sponse to acetate. Instead, we provide evidence that ace-

tyl-CoA is a key product of glucose metabolism that
promotes elevated intracellular Ca2+ in a manner depen-
dent on Ca2+ entry into the cell (Fig. 6C). While we did
not determine the mechanism by which acetyl-CoA con-
trols Ca2+ dynamics, there are a limited number of candi-
date calcium channels expressed in GBM cells, including
voltage-operated calcium channels, ligand-gated calcium
channels, and store-operated calcium channels (Leclerc
et al. 2016). Store-operated calcium entry (SOCE) occurs
following IP3 receptor-mediated Ca2+ release from ER
into the cytosol (Putney 1986). The subsequent decrease
in ER Ca2+ levels activates STIM proteins (Liou et al.
2005), which oligomerize and relocalize in the ER mem-
brane to regions juxtaposed to the plasma membrane,
where they activate ORAI1–3 channels responsible for

A

C
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Figure 5. NFAT1 nuclear localization is acetyl-CoA-regulated and required for cell adhesion. (A) Immunofluorescent detection of endog-
enous NFAT1 localization in LN229 cells. Representative images are shown. (B) Quantification of NFAT1 detected in the nucleus, as
shown inA, as percentage of cells in each field. At least 170 cells were scored per condition. (∗∗) P < 0.01. (C ) Immunofluorescent detection
of endogenous NFAT1 localization in ACLY knockout sg3.6 cells with or without murine wild-type ACLY cDNA expression. Represen-
tative images are shown. (D) Quantification of endogenous NFAT1 detected in the nucleus, as shown in C, as percentage of cells in each
field. (∗∗) P < 0.01; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001. (E) MurineHA-taggedNFAT1was transiently expressed in LN229 cells, cells were treat-
ed with the indicated doses of ACLYi, and nuclear and cytosolic fractions were prepared and analyzed by Western blot. (F ) Glucose reg-
ulation of cell adhesion on 1% fibronectin in LN229 cells expressing empty vector,murinewild-typeNFAT1, or constitutively active (CA)
NFAT1 (CA-NFAT1). (G) ACLYi regulation of cell adhesion on 1% fibronectin in cells expressing empty vector (plx303), wild-type
NFAT1, or CA-NFAT1. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗∗) P < 0.0001.
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the sustained influx of extracellular Ca2+ (Roos et al. 2005;
Feske et al. 2006; Vig et al. 2006; Prakriya and Lewis 2015).
Delineating the precise mechanisms that link acetyl-CoA
to Ca2+ signaling will be an important focus of future
studies.
These data contribute to a growing body of evidence

that the deregulation of Ca2+ signaling in the cytoplasm
can contribute to tumorigenesis by regulating prolifera-
tion, apoptosis, migration, and tissue invasion of trans-
formed cells (Stewart et al. 2015; Monteith et al. 2017).
Substantial prior data also tie NFAT transcription factors
to tumor progression (Mancini and Toker 2009; Qin et al.
2014). In GBM, Ca2+ dynamics and STIM1/Orai-mediated
SOCE have been implicated in tumor growth and inva-
sion (Chigurupati et al. 2010; Motiani et al. 2013; Zhang
et al. 2017), and both NFAT1 and NFAT2 have been
shown to promote invasive phenotypes of GBM cells
(Tie et al. 2013; Wang et al. 2015). The findings of this
study now link acetyl-CoA abundance to Ca2+–NFAT sig-
naling and GBM cell adhesion and migration. Additional
investigation using autochthonous tumormodels is need-
ed to more thoroughly evaluate the potential for targeting

acetyl-CoA metabolism and Ca2+–NFAT signaling in
GBM.
While we focused on GBM cells in this study, NFAT

plays important roles in numerous cell types, including
T cells. Priorwork has shown thatmitochondrial function
is required for efficient NFAT activation in T cells, and
this involves SOCE and reactive oxygen species produc-
tion (Hawkins et al. 2010; Sena et al. 2013). Similarly,
we noted that mitochondrial complex I inhibition sup-
pressedNFAT1 nuclear localization inGBMcells (Supple-
mental Fig. S8B), suggesting that common mechanisms
between cell typesmight be involved. Acetyl-CoAmetab-
olism has also been implicated in gene regulation in T
cells. Ifng expression, for example, is regulated in part by
glycolysis-dependent histone acetylation (Peng et al.
2016), and ACLY has been shown to regulate cytokine-in-
duced gene expression (Osinalde et al. 2016). Thus, under-
standing whether acetyl-CoA also impacts Ca2+–NFAT
signaling cell types in addition to GBM cells, such as T
cells, is of substantial interest.
Todate, the functions ofmetabolic control of chromatin

modification and its roles in the regulation of specific

A
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Figure 6. Ca2+ signaling is acetyl-CoA-regulated. (A) Representative Ca2+ traces from the GCaMP6f reporter in the indicated conditions.
Each trace represents one cell, and at least 15 cells were analyzed from two different fields in each condition. (B) Quantification of Ca2+

spikes after nutrient add-back. At least 116 cells were scored in each condition in a blinded manner. (∗) P < 0.05; (∗∗) P < 0.01. (C ) Repre-
sentative Ca2+ traces in the presence or absence of EGTA are shown. (D) LN229 cell adhesion onto 1% fibronectin after 20 h of
incubation in the indicated concentrations of glucose and acetate followed by 4 h of treatment with 0.5 µM ionomycin or vehicle control.
(∗∗∗∗) P < 0.0001. (E) Relative adhesion after 20 h of treatment with ACLYi followed by 4 h of treatment with 0.5 µM ionomycin or vehicle
control in LN229 cells expressing murine wild-type NFAT1. (∗) P < 0.05; (∗∗) P < 0.01. (F ) Model showing how acetyl-CoA promotes GBM
cell adhesion and migration through Ca2+–NFAT signaling.
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genes have largely remained mysterious. This study ad-
dresses both the genome-wide regulationofH3K27ac in re-
sponse to nutrient availability and the mechanisms
through which specific genes are regulated by acetyl-
CoA. The marked reduction in H. sapiens versus spiked-
in D. melanogaster reads observed by H3K27ac ChIP-Rx
under low-glucose conditions (Supplemental Fig. S3B) is
consistent with the striking suppression in global
H3K27ac seen by Western blot (Supplemental Fig. S1C)
as well as with glucose-dependent alterations in multiple
histone acetyl marks recorded by mass spectrometry
(Lee et al. 2014). While potent regulation of H3K27ac at
the promoter TSSs of acetyl-CoA-up-regulated genes was
observed (Fig. 3C,D), these changes occur at a relatively
small number of genes and cannot account for the global
changes in acetylationobserved.Notably,manyof theoth-
er differentially regulated loci were in intronic and inter-
genic regions of the genome (Supplemental Fig. S3D),
and, while many of these peaks could be in enhancers, un-
derstanding the significance of these sites for gene regula-
tion requires further investigation. It is possible that the
broader modest tuning of H3K27ac peak height observed
across all genes accounts for a portion of the global changes
in histone acetylation (Fig. 3C), without impacting gene
expression. Although histone acetylation and gene ex-
pression are closely linked, precedence does exist for
regulation of histone acetylation independent of gene reg-
ulation. For example, acetate mobilization from chroma-
tin has been proposed to be a mechanism of intracellular
pH regulation, since acetate export from the cell is pro-
ton-coupled (McBrian et al. 2013). It has also been suggest-
ed that histones might represent a source of acetate that
could be mobilized for energetic purposes (Martinez-Pas-
tor et al. 2013), although little direct experimental evi-
dence for this possibility has yet emerged. Relatedly,
histones have also been proposed as a methyl sink, and
SAM-dependent changes in histone methylation were
found to be uncoupled from transcriptional regulation in
yeast (Ye et al. 2017). Thus, our data are consistent with
a model in which (1) global histone acetylation changes
may be largely separate from gene regulation, and (2) ace-
tyl-CoA coordinates more specific upstreammechanisms
of gene regulation (such as regulation of transcription fac-
tors that function together with KATs) to control locus-
specific H3K27ac and gene expression. Consistent with
the notion that acetyl-CoA-dependent regulation of tran-
scription factors may be a major mechanism dictating
the effects of this metabolite on gene expression, a recent
study found that breast cancer metastasis increases upon
acetyl-CoA carboxylase inhibition due to acetyl-CoA ac-
cumulation and increased Smad2 acetylation (Rios Garcia
et al. 2017). Thus, it is possible that acetyl-CoAabundance
may regulate multiple transcription factors in different
contexts through both acetylation-dependent and acetyla-
tion-independentmechanisms.We anticipate that further
investigation into the distinct transcriptional programs
that are regulated by acetyl-CoA abundance will provide
crucial insights intomechanisms throughwhich oncogen-
icmetabolic reprogramming andmicroenvironmental nu-
trient availability control cell functions and fates.

Materials and methods

Cells

All cell lines used in this study were regularly checked for myco-
plasma and authenticated using STR profiling. LN229 and LN18
cellswere normally cultured inRPMIwith 10%CS (Hyclone) and
supplemented with 1% L-glutamine (Gibco). U87 and U251 cells
were normally cultured in DMEM (Gibco) with 10% heat-inacti-
vated FBS (Gemini Bio-products) and supplemented with 1% L-
glutamine (Gibco). For experiments, cells were grown in glu-
cose-free medium supplemented with 10% dialyzed FBS (dFBS)
(Gibco) and the indicated amounts of glucose and acetate for
24 h unless otherwise indicated. Cells were cultured at 37°C
and 5%CO2. Cells expressingNFAT constructswere usedwithin
96 h of transduction.

Reagents (plasmids, antibodies, drugs, and metabolites)

The antibodies used were Tubulin (Sigma), NFAT1 (Cell Signal-
ing for Western; Abcam for immunofluorescence), HA (Thermo-
Scientific), H3K27ac (Abcam), H4K12ac (Millipore), AMPKα
(Cell Signaling Technology), p-phospho-AMPKα T172 (Cell Sig-
naling Technology), IRDye 800CW goat anti-rabbit IgG second-
ary (Licor), and IRDye 680RD goat anti-mouse IgG secondary
(Licor). NFAT1 shRNA were cloned into a pLKO.1 backbone
(sense sequence #47: GTGAACTTCTACGTCATCAAT). ACLY
shRNA #12 and #13 were published previously (Lee et al. 2014;
Sivanand et al. 2017). siRNA against NFAT1 was a SMARTpool
from Dharmacon. CA-NFAT1 (Addgene, plasmid 11792) and
wild-type NFAT1 (Addgene, plasmid 11791) were cloned into
pLX303. ACLY inhibitor (ACLYi: BMS303141), CsA (TEVA),
and ionomycin (Tocris) were dissolved in ethanol. C646 (p300 in-
hibitor) was dissolved in DMSO. Glucose and sodium acetate
stock solutions were purchased from Sigma. GlcNAc (Sigma)
was dissolved in water. Fatty acids (palmitate: oleate mix) were
conjugated to BSA as described previously (Shah et al. 2016). Py-
ruvate was purchased from Gibco, and dimethyl-α-ketoglutarate
was purchased from Sigma.

Transwell migration assay

Transwell migration assays were completed on 8-µm pore mem-
branes in six-well format (Corning). Cells were pretreated with
1 mM glucose, 25 × 104 cells were seeded with glucose and/or ac-
etate in the upper and lower chambers, and dFBS was added only
to the lower chamber as a chemoattractant. After 24 h, cells that
did not migrate were cleaned off the top of the membrane with a
cotton swab, and migrated cells were fixed, stained with DAPI,
and mounted onto slides.

Scratch assay

Cells were grown in a monolayer in a six-well plate format and
scratched with a pipet tip. Cell positions were recorded at pre-
treatment and 24 h after treatmentwith the indicated conditions.
Cell positions were recorded on a Leica staged microscope to al-
low for accurate pretreatment and post-treatment imaging.

Brain ECM adhesion assay

LN229 GBM cells were pretreated as described above. Cells were
then trypsinized and reseeded for adhesion experiments on cover-
slips prepared as described previously (Barney et al. 2015) with
brain-inspired ECM proteins: 50% fibronectin (EMD Millipore),
25% vitronectin (R&D Systems), 20% tenascin C (R&D
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Systems), and 5% laminin (Life Technologies) (all weight per-
centages). Briefly, glass coverslips were UV ozone-treated for 10
min (Bioforce Nanoscience) and functionalized through sequen-
tial deposition of (3-aminopropyl)triethoxysilane (Sigma),
N,N-disuccinimidyl carbonate (Sigma), diisopropylethylamine
(Sigma), and then ECM proteins. For adhesion experiments, cells
were seeded at 4000 cells per square centimeter in low-glucose
medium and imaged 10 min after seeding at 5-min intervals for
2 h using a Zeiss Axio Observer Z1 microscope (Carl Zeiss).
ImageJ (National Institutes of Health) was used tomanually trace
cell areas.

Fibronectin adhesion assay

Before use, 96-well plates were coated with 1% human plasma fi-
bronectin-purified protein (Millipore). Cells were treatedwith nu-
trients and/or inhibitors for the indicated amount of time,
typically 24 h, in a six-well format. After treatment, media
were collected, and cells were washed once with PBS before tryp-
sin was added. Trypsin was quenched with the collectedmedia to
prevent changes in nutrient availability during the adhesion as-
say. For LN229 and LN18 cells, 6 × 104 cells were seeded per
well and allowed to adhere for 15 min. For U251 and U87 cells,
4 × 104 cells were seeded per well and allowed to adhere for 15
min. Wells were washed three times with PBS and stained with
crystal violet solution for 30 min. Crystal violet was washed
with tap water, and the plate was air-dried overnight. Crystal vi-
olet was solubilized in 10% acetic acid solution, and the absor-
bance was read at 590 nm.

Calcium imaging

LN229 cells stably expressing (G418-selected) pGP-CMV-
GCaMP6f (Chen et al. 2013) were seeded onto fibronectin-coated
coverslips and maintained in low-glucose culture medium
(RPMI, 10% dFBS, 1 mM glucose, supplemented with L-gluta-
mine) for 16 h prior to the recordings. Cells were maintained in
a temperature- and CO2-controlled chamber mounted on the
stage of a fluorescence microscope for the experiment, and
GCaMP6f images of individual cells were captured every 15 sec
for 1 h following addition of medium containing 1 mM glucose,
1mM glucosewith 5mMacetate, 10mMglucose, and 1mMglu-
cose with 5 mM acetate plus 1 mM EGTA. For visualization of
the calcium traces, GCaMP6f fluorescence intensitywas normal-
ized to the cells’ resting GCaMP6f intensity at the beginning of
the recording (F/F0), and each trace contained representative sam-
ples from two separate fields. For quantification of calcium sig-
nals, only fields that underwent medium-dependent changes
were included. Calcium spikes were analyzed by calculating the
number of spikes per number of cells in each field.

Metabolomics: PEP and citrate

Cells were grown on six-well dish format. After treatment with
1 mM glucose overnight, glucose and/or acetate was added to
themedium for the indicated amount of time. At harvest, theme-
dium was aspirated off the cells, and the cells were scraped
directly into 1 mL of supercold 80:20 MetOH:water. Samples
were transferred to a 1.5-mL tube. Standards for PEP were added
to 1 mL of MetOH:water. Internal standard (20 µL of 0.05 µg/µL
U-13C-citrate) was added to every sample and standard. Samples
were centrifuged at 17,000 rcf for 10 min at 4°C, and the superna-
tant was transferred to glass tubes for drying under nitrogen. Pel-
lets were resuspended in 100 µL of water, and mass analysis was
determined on a TSQ instrument.

Immunofluorescence

Cells were grown on 22-mm glass coverslips in a six-well dish.
Cells were fixed with 3% formaldehyde in 1× PBS for 10 min at
room temperature. Eachwell waswashed twicewith 1× PBS to re-
move traces of formaldehyde and then permeablized for 5 min on
ice with 0.1% Triton in PBS (PBS-T). The following steps were all
performed at room temperature. Coverslips were blocked with
3% nonfat milk in PBS-T (filtered) for 15min followed by incuba-
tionwith antibody at 1:100 in 3%milk in PBS-T for 30min. After
incubation, coverslips were washed three times with PBS-T for 1
min and incubated with secondary antibody diluted in 3% milk
in PBS-T at 1:1250 for 30 min, protected from light. Coverslips
were washed three times with PBS-T for 1 min, stained with
Hoechst, washed twice with PBS-T, and mounted. Photos were
taken on an Olympus inverted microscope. Merged images
were generated by ImageJ. Quantification of the percent nuclear
was completed in a blinded manner.

Animals

Xenograft tumor experiments were approved by the Animal Care
and Use Committee at the University of Pennsylvania. Briefly,
seven female 7-wk-old athymic nude mice (Charles River) were
injected subcutaneously with 1.5 million vector control LN229
cells or sg3.8 cells in the left or right flank, respectively. Before
each injection, cells were resuspended in 200 µL of DMEM
mixed with an equal volume of Matrigel (BD Bioscience). Once
palpable tumors were established, tumor size was measured
twice a week with a digital caliper. After 6 wk, mice were sacri-
ficed by CO2 euthanasia, and xenograft tumors were dissected,
weighed, and snap-frozen with liquid nitrogen until further
analysis.

Transcription factor identification

The up-regulated subset of genes from the 881 acetyl-CoA-regu-
lated genes (Lee et al. 2014) was entered into MSigDB version
4.0 with a false discovery rate (FDR) q-value set to <0.05. The
top 10 transcription factor targets were queried. The FDR q-value
was calculated byMSigDB.The 881 geneswere then tested for en-
richment of TGGAAA_V$NFAT_Q4_01 using GSEA version 3.0
with 1000 permutations and gene set permutation type as recom-
mended on the GSEA user guide.

Cell lysis for Western blot

Nuclear and cytoplasmic fractionation protocols were followed
as published previously (Sivanand et al. 2017). Whole-cell lysate
was prepared with RIPA buffer or direct lysis with 2× LDS (Invi-
trogen). All buffers were supplemented with protease inhibitor
cocktail (Sigma) and phosphatase inhibitor tablets (Roche). Sam-
ples were quantified by BCA (Thermo Fisher) prepared for West-
ern blot analysis and resolved through a 4%–12% Bis-Tris
NuPAGE and Bolt gel systems (Invitrogen). Usually, 20 µg of pro-
tein was loaded per lane.

Acid extraction of histones for Western blot

Cells grown on a six-well plate format were pretreated in the in-
dicated conditions for 24 h, and histones were harvested by acid
extraction as described (Lee et al. 2014). Usually, 2 µg of protein
was loaded for per lane.
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RT-qPCR

RNA isolated with Trizol was quantified, and 1–2 µg was used for
cDNA synthesis using a kit (Invitrogen). qPCR was completed
with Power SYBR (Invitrogen) on ViiA 7 (Applied Biosystems)
for a total of 40 cycles. Results were analyzed usingΔΔCt. Primers
for cDNA are listed in Supplemental Table S1. Gene expression
was normalized to ribosomal protein RPL19.

ChIP library preparation

LN229 cells grown on a 15-cm plate formatwere pretreated in the
indicated conditions for 24 h. Drosophila S2 cells were not ex-
posed to the glucose or acetate treatments, and one additional
flaskwas also used to count the number of cells. Additional plates
per condition were used for cell counts. All cells were cross-
linked in 1% methanol-free formaldehyde in PBS for 15 min at
room temperature. Cells were removed with a cell lifter and
transferred to 50-mL conical tubes. Cell pellets were resuspended
in lysis buffer 1 (50 mMHEPES-KOH at pH 7.5, 140 mMNaCl, 1
mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1×
inhibitors [protease inhibitor, sodium butyrate, and phosphatase
inhibitors] added fresh). Cells were spun at 3000 rpm at 4°C, and
the pellet was resuspended in lysis buffer 2 (10 mM Tris-HCl at
pH 8.0, 200mMNaCl, 1mMEDTA, 0.5mMEGTA, 1× inhibitors
[protease inhibitor, sodium butyrate, and phosphatase inhibitors]
added fresh). Samples were pelleted at 3000 rpm at 4°C and resus-
pended in 1 mL of lysis buffer 2. Drosophila S2 and LN229 cells
were combined at a ratio of twoDrosophila cells for every one hu-
man cell. This ratio allowed us to check our normalization by
qPCR prior to preparation for sequencing. After combining
LN229 and Drosophila S2 cells, traditional ChIP protocol as de-
scribed previously (Shah et al. 2013) was followed with slight
changes. Briefly, chromatin was suspended in lysis buffer 3 (10
mM Tris-HCl at pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, 1× in-
hibitors [protease inhibitor, sodiumbutyrate, and phosphatase in-
hibitors] added fresh) and shearedwith aCovaris Sonicator (S220).
Equal aliquots of sonicated chromatin were used per immunopre-
cipitation reaction—H3K27ac (Abcam, ab4729), IgG (Cell Signal-
ing Technology, 2729S), and histone H3 (Abcam, ab1791)—
overnight at 4°C. The beads were then washed, and DNA was
reverse-cross-linked and purified. Following ChIP, immunopre-
cipitated DNA was quantified by qPCR using Power SYBR (Life
Technologies) on ViiA 7 real-time PCR (Life Technologies). Li-
braries were prepared using the New England Biolabs Next Ultra
II DNA library kit with 25 nM starting material. Samples were
multiplexed and sequenced on an Illumina Next-Seq platform.

ChIP-Rx analysis

Sequenced reads were aligned to the human genome (hg19) and
Drosophila genome (dm3) followingmethods described previous-
ly (Orlando et al. 2014). All sampleswere trimmed for low-quality
ends of reads and adaptors by Trimmomatic (Bolger et al. 2014)
with the parameters ILLUMINACLIP:TruSeq3-SE.fa:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:3:3 MINLEN:30
followed by alignment to the human genome (hg19) and Droso-

phila genome (dm3) using Bowtie2 (Langmead and Salzberg
2012) with the parameters -N 1 –phred33. H3 and H3K27ac sam-
ples were peak-called against the paired input samples using
MACS (Zhang et al. 2008) after removing duplicate reads and mi-
tochondria reads by SAMtools (Li 2011). Next, all peaks were an-
notated by HOMER annotatePeaks.pl (Heinz et al. 2010). As
described previously (Orlando et al. 2014), read counts (depth)
were adjusted with traditional normalization (per base pair per

peak [TSS] on top of the standard total mapped tag normalization
of 10 million tags) or reference-adjusted normalization (per base
pair per peak [TSS] on top of the total mapped tag normalization
of Drosophila reference). To create the browser tracks shown in
Figure 3 and Supplemental Figure S3, we created bedGraph and
bigwig files from each human SAM file using the HOMER-
made University of California at Santa Cruz (UCSC) file (Heinz
et al. 2010). The bigwig files were then visualized in the Integrat-
ed Genomics Viewer (IGV) (Thorvaldsdottir et al. 2013) browser
to produce the gene tracks. Processed ChIP-seq files and raw
FASTQ files are available on the Gene Expression Omnibus re-
pository under study GSE109340.
Formetagene analysis of TSS regions, two sets of genes (all pro-

tein-coding genes and acetyl-CoA-up-regulated genes [as defined
in Lee et al. 2014], shown as purple and orange clusters) were
used for comparison between traditional normalization and refer-
ence-adjusted normalization. Each TSS was separated into 100
equally sized bins, and the number of ChIP-seq reads mapping
into each bin was calculated. These counts were then scaled by
either traditional or reference-adjusted normalization, and, final-
ly, the column-wise average was visualized. For the acetyl-CoA-
regulated genes, geneswere identified from the RNA-seq analysis
with significantly differential expression.
Heat maps were created by gplots heatmap.2 (https://CRAN.R-

project.org/package=gplots) afterHOMERannotatePeaks.pl sepa-
rated the peak signals of each gene into 10 equally sized bins
between −2 kb and +2 kb from the center of the TSS. To identify
differentially regulated regions, DiffBind (http://bioconductor.
org/packages/3.7/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf)
and DESeq2 (Love et al. 2014) with two replicates of each condi-
tion were used. The cutoff threshold was set at FDR-adjusted
P-value <0.01, and peak width was set at 2500 base pairs × 2
from summit.

Statistics

All results reported in the figures and Supplemental Material are
presented as mean ± SEM unless specified otherwise. Data were
reported as average of biological replicates. P-values were calcu-
lated based on two-tailed unpaired Student’s t-tests.
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