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Histone H3K9 butyrylation is regulated by dietary
fat and stress via an Acyl-CoA dehydrogenase
short chain-dependent mechanism
Zhi Yang 1, Minzhen He 1, Julianne Austin 1, Jessica Pfleger 2, Maha Abdellatif 1,*
ABSTRACT

Objective: We previously reported that b-oxidation enzymes are present in the nucleus in close proximity to transcriptionally active promoters.
Thus, we hypothesized that the fatty acid intermediate, butyryl-CoA, is the substrate for histone butyrylation and its abundance is regulated by
acyl-CoA dehydrogenase short chain (ACADS). The objective of this study was to determine the genomic distribution of H3K9-butyryl (H3K9Bu)
and its regulation by dietary fat, stress, and ACADS and its impact on gene expression.
Methods and results: Using genome-wide chromatin immunoprecipitation-sequencing (ChIPeSeq), we show that H3K9Bu is abundant at all
transcriptionally active promoters, where, paradoxically, it is most enriched in mice fed a fat-free vs high-fat diet. Deletion of fatty acid synthetase
(FASN) abolished H3K9Bu in cells maintained in a glucose-rich but not fatty acid-rich medium, signifying that fatty acid synthesis from car-
bohydrates substitutes for dietary fat as a source of butyryl-CoA. A high-fat diet induced an increase in ACADS expression that accompanied the
decrease in H3K9Bu. Conversely, the deletion of ACADS increased H3K9Bu in human cells and mouse hearts and reversed high-fat- and stress-
induced reduction in promoter-H3K9Bu, whose abundance coincided with diminished stress-regulated gene expression as revealed by RNA
sequencing. In contrast, H3K9-acetyl (H3K9Ac) abundance was minimally impacted by diet.
Conclusion: Promoter H3K9 butyrylation is a major histone modification that is negatively regulated by high fat and stress in an ACADS-
dependent fashion and moderates stress-regulated gene expression.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Some TCA cycle intermediates are required for histone modifications.
For example, citrate is exported from the mitochondria and converted
into acetyl-CoA via nuclear ATP citrate lyase [1]. Alternatively, acetyl-
CoA can be synthesized from pyruvate via pyruvate dehydrogenase
complex present in the nucleus [2,3]. Similarly, oxoglutarate dehy-
drogenase has also been located in the nucleus in association with
chromatin [4], where it supplies succinyl-CoA for histone succinylation
[5]. We recently identified b-oxidation enzymes assembled in the
nucleus at H2A.Z-occupied promoters [4], which led us to hypothesize
that they are potentially a source of short-chain acyl-CoA moieties in
the nucleus required for histone modifications.
Histone acetylation and methylation are associated with transcriptional
regulation, where increases in specific histone K-acetylation are
generally associated with actively transcribed genes and enhanced
transcriptional activity, while methylation has a more differential effect
depending on the histone, residue, and number of methyl moieties
added [6]. These modifications influence transcription partly by
regulating the accessibility and binding of transcription factors to the
promoters and regulatory elements of genes in a highly specific
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fashion. In contrast, the roles of other histone modifiers remain
ambiguous, as functional studies are in their early stages. Specifically,
with regard to histone butyrylation, it was first identified by Chen et al.,
in 2007 by mass spectrometry of H4 [7]. It has since been studied in
sperm, where H4K5 butyrylation competes with acetylation of the
same Lys residue and inhibits the binding of Brdt [8]. In the liver,
starvation-induced ketogenesis increased pan histone H3 butyrylation
[9], while in a high-fat diet-induced obesity model, H3K18Bu was
downregulated [10]. There are potentially two sources of butyryl-CoA
in the cell. The first is its production as an intermediate of the b-
oxidation spiral of even-chain fatty acids. The second is its synthesis
from butyrate (produced in the intestine by bacterial fermentation of
non-digestible polysaccharides) via acyl-CoA synthetase short-chain
family member 2 (ACSS2) in the nucleus [11]. The latter is consid-
ered the more likely source, as butyryl-CoA produced via b-oxidation
cannot be exported from the mitochondria unless plausibly if converted
into butyrylcarnitine when in excess, although it remains uncertain how
the latter is exported from the mitochondria [12].
ACADS is an enzyme that reduces butyryl-CoA to crotonyl-CoA in the
last steps of the b-oxidation spiral [12]. Therefore, the accumulation of
butyryl-CoA during b-oxidation and, accordingly, histone butyrylation
sey Medical School, Newark, NJ, 07103, USA 2Center for Translational Medicine,

1 � Available online 11 May 2021

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:abdellma@njms.rutgers.edu
https://doi.org/10.1016/j.molmet.2021.101249
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2021.101249&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
will depend on the activity/abundance of this enzyme. In this study, we
show that H3K9Bu is enriched at the promoters of all expressed genes
in the heart and decreases dramatically by high dietary fat, which
increases ACADS, or by stress, which is reversed by deletion of
ACADS. In the absence of fatty acids, acetyl-CoA produced from
glucose is converted into fatty acid by FASN [13], which is required for
H3K9 butyrylation under this condition. Higher levels of promoter-
H3K9Bu are associated with moderated stress-regulated gene
expression, as seen with the low- vs. high-fat diet or in ACADS-deleted
mice vs wild-type mice.

2. MATERIALS AND METHODS

2.1. Animals, diets, and animal care
Ten- to 12-week-old C57BL/6J, Balc/cJ, and Balb/cByJ mice were
purchased from the Jackson Laboratory. Mice diets were purchased
from Research Diets, Inc. (New Brunswick, NJ, USA), including a
custom-made 0 Kcal % fat, 80 Kcal % carbohydrate, 20 Kcal % protein
diet (fat-free, cat# D10062804Gi); 10 Kcal % fat, 70 Kcal % carbo-
hydrate, 20 Kcal % protein diet (low-fat, cat# D12450B); and 60 Kcal
% fat, 20 Kcal % carbohydrate, 20 Kcal % protein diet (high-fat, cat#
D12492). SpragueeDawley dams with 1- to 2-day-old pups were
purchased from Envigo (Indianapolis, IN, USA). All the animal pro-
cedures used in this study were in accordance with the US National
Institute of Health’s Guidelines for the Care and Use of Laboratory
Animals (No. 85e23). All the protocols were approved by the Insti-
tutional Animal Care and Use Committee at the Rutgers-New Jersey
Medical School.

2.2. Human haploid (Hap1) and Hap1 knockout cell lines
Hap1, Hap1Dacetyl-CoA acyltransferase 2 (DACAA2), Hap1Dhydrox-
yacyl-CoA dehydrogenase A (DHADHA), Hap1DFASN, and Hap1DA-
CADS cell lines were purchased from Horizon Discovery and cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine
serum (FBS). These cells were fibroblast-like derived from human
male chronic myelogenous leukemia (CML) cell line KBM-7. The
knockouts were generated by CRISPR/Cas9 editing of the genes as
follows: Hap1DACAA2 was generated by an 8 bp deletion in exon 6,
Hap1DHADHA was generated by a 7 bp deletion in exon 14, Hap1D
FASN had a 2 bp insertion in exon 42, and Hap1DACADS was
generated by a 19 bp deletion in exon 5. All the lines were viable and
proliferated at relatively normal rates, except the Hap1DFASN and
Hap1DACADS were smaller in size relative to the parent cell line.

2.3. Culturing neonatal cardiac myocytes
Cardiac myocytes were cultured as described in our previous reports
[14]. Briefly, hearts were isolated from 1-day-old SpragueeDawley rats.
After dissociation with collagenase, cells were subjected to Percoll
gradient centrifugation followed by differential pre-plating for 30 min to
enrich cardiac myocytes and deplete non-myocyte cells. Myocytes were
cultured in DMEM/F12 plus 10% fetal bovine serum (FBS).

2.4. Construction of GFP fusion ACADS and NLS mutant
Plasmids harboring cDNAs of turbo-GFP (tGFP) and mouse ACADS
(NM_007383) were purchased from Origene. The latter’s cDNA was
then subcloned in-frame upstream of tGFP and the fusion cDNA was
subsequently subcloned into pDC316 shuttle plasmid vector (Microbix),
which was used to generate recombinant adenoviral vectors via ho-
mologous recombination in HEK293. NLS-mutant ACADS cDNA was
generated by a polymerase chain reaction-based approach that
substituted lysine 335, 338, and 339 for glutamine.
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2.5. Construction and delivery of recombinant adenovirus (Ad)
vector
Recombinant adenoviral vectors were constructed, propagated, pu-
rified, and tittered as described in our previous reports [15e17].
Briefly, cDNA was cloned into the pDC316 shuttle vector (Microbix
Biosystems Inc.) downstream of a cytomegalovirus (CMV) promoter.
These were co-transfected with replication-defective human adeno-
virus serotype 5 (Ad5) viral DNA backbone into 293HEK cells, where a
Cre-Lox-mediated recombination reaction introduced the cDNA insert
into the viral DNA. Single virus plaques were amplified in 293HEK
cells, purified on a cesium chloride gradient, dialyzed, and tittered on
293HEK cells with an agarose overlay. Cardiac myocytes were
infected with 10e30 multiplicity of infection (moi) of the viruses for
w20 h.

2.6. Recombinant modified nucleosomes, subcellular fractionation,
and Western blotting
Recombinant nucleosomes with modified histones H3K9Ac (cat# 16-
0314), H3K9Bu (cat# 16-0371), and H3K18Bu (cat# 16-0373) were
purchased from EpiCypher, Inc., and analyzed by Western blotting with
the corresponding antibodies.
Cellular protein (25-50 mg) was fractionated using a subcellular protein
fractionation kit (Thermo Fisher Scientific, cat# 78,840) according to
the manufacturer’s protocols. The cellular fractions were separated on
a 4%e12% gradient SDS-PAGE (Criterion gels, Bio-Rad) and trans-
ferred to nitrocellulose membranes. The antibodies used included anti-
H3K9Bu (Abcam, cat# ab241248), anti-H3K18Bu (PTM Bio, cat# PTM-
331), anti-H3K9-crotonyl (RevMab, cat# 31-1225,099), anti-H3K27-b-
hydroxybutyryl (Abcam, cat# ab241463), anti-H3K9-b-hydroxybutyryl
(Thermo Fisher Scientific, PIPA5112503), anti-ACADS (Origene, cat#
TA321036), anti-ACAA2 (Origene, cat# TA506126), anti-ACC1/2 (Cell
Signaling Technology, cat# 36,765), anti-FASN (Abcam, cat#
ab22759), anti-H3 (Active Motif, cat# 61,476), anti-H3K9Ac (Active
Motif, cat# 39,917), anti-AKT1 (Millipore 07-416), anti-voltage-
dependent anion-selective channel 1 (VDAC1, Genscript, cat#
A01419), anti-RNA pol II (Active Motif, cat# 102,660), and anti-
turboGFP (Origene, cat# TA150041). Western blotting signals were
detected by an Odyssey imaging system (LI-COR) and quantitated
using ImageJ.

2.7. Mitochondrial stress test
This was performed as previously described [18]. Hap1 or Hap1DFASN
were seeded in 96-well Seahorse analyzer plates (50,000 cells/well) in
full medium DMEM plus 10% FBS overnight (w20 h). The medium
was then changed to DMEM (with 17.5 mM of glucose) without FBS
(since it contained fatty acids) or DMEM (glucose-free) without FBS
plus 100 mM of palmitate bovine serum albumin (BSA) as indicated in
Figure 4. Using a Seahorse XFe96 Analyzer, basal oxygen consumption
rates (OCR) were measured in live cells followed by measurements
after the sequential addition of 1 mM of oligomycin 8 min after the start
of measurements, 1 mM of FCCP at 22 min, and 10 mM of anti-mycin A
plus rotenone at 35 min. Two or 3 readings were taken after each
compound was injected, and the results were plotted in real time in
pmol/min vs time (min) [19]. The raw data were then exported to an
Agilent Seahorse XF Mito Stress Test Report Generator file to calculate
and graph the mitochondrial basal capacity, spare respiratory capacity,
proton leak, and ATP production.

2.8. Transverse aortic constriction (TAC) in mice
This was performed as described in our previous reports [20,21].
Briefly, a 7-0 braided polyester suture was tied around the transverse
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thoracic aorta against a 27-gauge needle between the innominate
artery and left common carotid artery. Control mice were subjected to a
sham operation involving the same procedure minus the aortic
constriction.

2.9. Echocardiography and Doppler measurements
This was performed as described in our previous reports [20,21].
Briefly, transthoracic echocardiography was performed using a Vevo
3100 imaging system (Visual Sonics, Inc.) with a MX400-30 MHz
(mouse cardiology) scan head encapsulated transducer. Electrocar-
diographic electrodes were taped to the four paws, and then, one-
dimensional (1D) M mode and 2D B mode tracings were recorded
from the parasternal short-axis view at the mid papillary muscle level.
Pulse-wave Doppler was used to measure the blood flow velocity and
peak gradient pressure in the aorta. For analysis, we used Vevo 3100
Software (Vevo Lab v3.2.6), which included analytic software package
for B mode (2D) image capture and analysis; cine loop image capture,
display, and review; software analytics for advanced measurements
and annotations; and physiological data on-screen tracing.

2.10. ChIPeseq analysis (Active Motif)
The mice were subjected to transverse aortic constriction or a sham
operation. After 7 days, cardiac function and structures were assessed
by echocardiography before isolation of the hearts. Mice heart tissues
were then analyzed by ChIP using the following antibodies: anti-
H3K9Bu (Abcam, cat# ab241248), anti-H3K9-acetyl (H3K9Ac) (Active
Motif, cat# 39,918), and anti-ACAA2 (Origene Technologies, cat#
TA506126) followed by next-generation sequencing (Active Motif).
Briefly, ChIP libraries (w200 bp average fragment length) were
sequenced using NextSeq 500, generating 75 nt single-end sequence
reads that were mapped to the genome using BWA algorithms. The
reads/tags were extended in silico by 200 bp at their 3ʹend (frag-
ments), the density of which was determined along the genome
divided into 32 nt bins. The results were saved in BigWig and binary
alignment/map (BAM) files, which were used for the plots, heatmaps,
and images of the fragments aligned to the chromosome coordinates.
Fragment peaks were identified using MACS [22] (for ACAA2 ChIPe
Seq and histone marks), which identified local areas of tag enrich-
ment compared to input, defined as intervals, while overlapping in-
tervals were grouped into merged regions. The locations and
proximities to gene annotations of the intervals and active regions were
defined and compiled in Excel spreadsheets, which included average
and peak fragment densities. The number of peaks in each sample and
the fraction of reads in peaks (FRiP) values are included in the Results
section and tabulated in Supplementary Table 1S.
We also analyzed the fragment densities by gene region, where the
average value (Avg Val) of fragment densities at the transcription start
site (TSS, �1,000 to þ1,000) and gene bodies (þ1,000 to 3’ end)
regions for all of the genes were calculated separately. These results
were integrated with those of the RNA-Seq data, which were used to
sort the genes into upregulated, downregulated, or unchanged after
transverse aorta constriction.

2.11. RNA-seq analysis (Active Motif)
Using an Illumina NextSeq 500, 42 nt sequence reads were generated,
which were aligned with the genome using the STAR algorithm. Read
pairs that had both ends aligned were counted, and those with at least
25 bp overlapping bases in a fragment were assigned. Gene annota-
tions were obtained from the Subread package [23]. Differential genes
were detected by DESeq2 at 10%FDR (adjusted p value) [24].
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2.12. ChIPeseq and RNA-Seq analysis software
An integrated genome browser [25] can be downloaded for free at
http://bioviz.org/igb/, EaSeq [26] can be downloaded for free at http://
easeq.net/, and GSEA can be downloaded for free at https://www.
gsea-msigdb.org/gsea/downloads.jsp/ [27,28].

2.13. Statistical analysis
One-way ANOVA with post hoc Tukey or multiple comparison analysis
was used to determine the significant differences between 3 or more
groups, and a t-test (equal variance, 2-tailed) was used to determine
the significant difference between 2 groups. P � 0.05 was considered
significant.

3. RESULTS

3.1. b-oxidation enzymes are localized to both mitochondria and
nuclei and influence histone acylation
Using mass spectrometry, we previously revealed that all fatty acid b-
oxidation enzymes reside in the nucleus in association with H2A.Z-
bound chromatin [4]. ACAA2 is the enzyme that catalyzes the last
step of the b-oxidation spiral, converting acetoacetyl-CoA into 2 acetyl-
CoA molecules. To validate its nuclear presence and determine the
effect of diet on its chromatin association, we performed an anti-
ACAA2 ChIPeSeq assay on chromatin extracted from the heart tis-
sue of mice fed either a low- (10 Kcal %) or high-fat (60 kcal %) diet for
4 days before subjecting them to a sham or transverse aortic
constriction (TAC) surgery for one week while being sustained on the
same diets. The TAC surgery imposed stress on the heart in the form of
pressure overload, which induced hypertrophy of the cardiac myocytes
associated with transcriptional remodeling. Within one-week post-
TAC, there was w25% increase in heart mass, with no signs of
cardiac dysfunction (Supplementary Figure 1S). Notably, the high-fat
diet did not increase body weight within this period (Supplementary
Figure 1S).
ACAA2 ChIPeSeq collective reads were plotted as average signals
(Figure 1AeB) or shown in heatmaps across the TSS region (�2 Kb
to þ2 Kb) (Figure 1CeD). The numbers of total filtered peaks in the
different conditions were as follows: 2,244 in Sham (10% fat), 1,843 in
TAC (10% fat), 607 in Sham (60% fat), and 1,415 in TAC (60% fat)
hearts. The number of peaks relative to genomic annotations are
displayed in Supplementary Figure 2S. The fraction of reads in peaks
(%, FRiP) was as follows: 0.7% in Sham (10% fat), 0.54% in TAC (10%
fat), 0.15% in Sham (60% fat), and 0.39% in TAC (60% fat). The FRiP
values were below the 1% threshold described by ENCODE; however,
this was acceptable in cases where the protein has few binding sites,
as seen with ZNF274 and human RNA polymerase III [29]. The results
showed that TAC-induced stress reduced total peaks in the presence
of a low-fat diet, whereas it increased it with a high-fat diet. This was
also reflected in the representative gene promoters (Clasp1, Arpc4,
and Usp1), where the ACAA2-bound sequence fragments aligned with
the chromosome coordinates (Figure 1E). With no DNA-binding
domain, we deduced that the association of ACAA2 with chromatin
was expected to be indirect, which may have influenced the robust-
ness of the ChIPeSeq data.
To determine whether b-oxidation contributes to histone butyrylation,
we examined the abundance of H3K9Bu in human Hap1 cells with or
without a deletion in the ACAA2 (DACAA2), hydroxyacyl-CoA dehy-
drogenase (DHADHA), or ACADS (DACADS) genes. The deletion of
ACAA2 was expected to reduce the overall rate of b-oxidation, as
acetoacetyl-CoA accumulation inhibits the enoyl-CoA hydratase long-
chain enzyme (trifunctional enzyme) [30], similar to the deletion of
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

http://bioviz.org/igb/
http://easeq.net/
http://easeq.net/
https://www.gsea-msigdb.org/gsea/downloads.jsp/
https://www.gsea-msigdb.org/gsea/downloads.jsp/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: ACAA2 is associatedwith promoters and required for H3K9 butyrylation. Twelve-week-old C57BL/6Jmicewere maintained on a low-fat (10 Kcal %) or high-fat (60 Kcal %)
diet for 4 days before subjecting them to transverse aortic constriction (TAC) or sham surgeries. They were then maintained on the same diets for 7 days before they were assessed by
echocardiography, sacrificed, and the hearts isolated and pooled (n¼ 3 each). Chromatin was extracted from the heart tissue and subjected to anti-ACAA2 ChIPeSeq. AeB. The average
signal (Avg Signal) of the chromatin-bound ACAA2 sequence reads (Y axis) assembled at gene promotors (�2 Kb toþ2 Kb from the transcription start sites [TSS], X axis) were graphed for
each condition (see color keycode at top) or CeD. all reads were represented by heatmaps aligned across the same region. Each input was generated from a pool of Sham and TAC heart
chromatin. E. ACAA2-bound sequence fragments (Y axis) aligned to chromosome coordinates (X axis) are shown for Clasp1, Arpc4, and Usp1 genes. Each ChIPeSeq reactionwas conducted
with a pool of 3 hearts (LV). The anti-ACAA2 ChIPeSeq was 2x for the low-fat diet with similar results (1 set, sham and TAC, in this figure and 1 set previously published, GEO accession #
GSE119391) and 1x for the high-fat diet. F.A diagram of theb-oxidation pathway and the enzymes that catalyze it depicted in red. Deletion of ACADS (DACADS), HADHA (DHADHA), or ACAA2
(DACAA2) and its consequences on the intermediate metabolites are shown, where the upward arrow signifies an increase and the downward arrow signifies a decrease in the indicated
intermediates. Accumulation of acetoacetyl-CoA upon deletion of ACAA2 inhibited the trifunctional enzyme activity. Short-chain acyl-CoA was salvaged by ketogenesis as depicted in light
blue. G. Recombinant H3K9Ac, H3K9Bu, and H3K18Bu nucleosomes (25, 50, and 75 ng of protein) were analyzed by Western blotting using the corresponding antibodies. H. Protein from
human Hap1, Hap1DACAA2, J. Hap1DHADHA, or L. DHap1DACADS cells was extracted, fractionated into cytosol (Cyto), membrane/mitochondria (Mem/mito), nucleoplasm (Nuc), and
analyzed byWestern blotting for the molecules listed on the right of each panel (n¼ 3e6 each). I., K., andM. H3K9Bu or H3K9Cr signals were normalized to H3 or POL II, averaged, and the
relative values calculated and graphed after adjusting one of the Hap1 sample levels to 1. Error bars represent S.E.M. The brackets encompass the values that were statistically compared for
significance, with the p values listed above each.
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Figure 1: (continued ).
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Figure 2: H3K9Bu encompasses TSSs and is modulated by dietary fat and stress. Twelve-week-old C57BL/6J mice were maintained on A., D., H., and K. a fat-free (0 Kcal
%), B., E., I., and L. low-fat (10 Kcal %), or C., F., J., and M. high-fat (60 Kcal %) diet for 4 days before subjecting them to transverse aortic constriction (TAC) or sham surgeries.
They were then maintained on the same diets for 7 days before they were assessed by echocardiography, sacrificed, and the hearts isolated and pooled (n ¼ 3 each). Chromatin
was extracted from the heart tissue and subjected to AeG. anti-H3K9Bu or HeM. anti-H3K9Ac ChIPeSeq (n ¼ 1, pool of 3 hearts each). AeC and HeJ. Curves representing the
average signal (Avg Signal) of the chromatin-bound sequence reads assembled at all the gene promoters (�2 kb to þ2 kb from the TSS, see color keycode at top). Each input was
generated from a pool of Sham and TAC heart chromatin. DeF. and KeM. Heatmaps representing the sequence reads aligned across the same region. g. H3K9Bu-bound
sequence fragments aligned (Y axis) to chromosome coordinates (X axis) are shown for Clasp1, Arpc4, and Usp1 genes.
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Figure 3: Higher levels of H3K9Bu correlate with blunted stress- and diet-induced changes in gene expression. Twelve-week-old C57BL/6J mice were fed a fat-free
(0 Kcal % fat) or high-fat (60 kcal % fat) diet for 4 days before subjecting them to transverse aortic constriction (TAC) or sham surgeries. They were then maintained on the
same diets for 7 days before they were assessed by echocardiography, sacrificed, and the hearts isolated and pooled for ChIPeSeq assay with anti-H3K9Bu or anti-H3K9Ac
(n ¼ 1, pool of 3 hearts each) or the RNA was extracted for RNA-Seq (n ¼ 3 independent hearts each). AeF. The results were sorted according to mRNA of genes that
were significantly (p � 0.05) AeC. upregulated (2,221 genes) or DeF. downregulated (2,242 genes) during TAC and a 60 kcal % fat diet (Fat 60 diet). a. and d. Violin plots
showing the median and quartiles of H3K9Bu and B. and E. H3K9Ac average values of reads at the promoter regions (�1 kb to þ1 kb) after subtracting the input for each. c. and
F. Violin plots of the median and quartiles of the shrunken log2 fold change (LFC) of the RNA-Seq for fat-free (Fat 0) TAC/Sham, Fat 60 TAC/Sham, Fat 60 TAC/Fat 0 TAC, and Fat 60
Sham/Fat 0 Sham. G. and H. MA plots of the DeSeq2 shrunken LFC (Y axis) vs mean of normalized counts (X axis) of the TAC/Sham RNA-Seq data with the different diets. I. A gene
enrichment plot of GO term fatty acid b-oxidation generated from the heart tissue RNA-Seq data (n ¼ 3) from the mice maintained on the low-fat (10% fat) vs high-fat (60% fat)
diet for 11 days. Heatmap of the differentially expressed genes is shown on the right. The red asterisks indicate p < 0.05. J. RNA-Seq reads for ACADS mRNA from the heart tissue
of the mice on the indicated diets were averaged and plotted. Error bars represent S.E.M. The brackets encompass the values that were statistically compared for significance, with
the p values listed above each. KeL. RNA-Seq results for K. Nppb, Ankrd1, and Acta1, or L. Tbx20, Rasl11b, and Grk5 were averaged (n ¼ 3) and plotted as bar graphs (see color
keycode at top). * indicates p � 0.05 vs Sham and # indicates p � 0.05 vs TAC. MeN. H3K9Bu- and H3K9Ac-bound sequence fragments (Y axis) aligned to the chromosome
coordinates (X axis) are shown for the genes in (KeL.). O. Gene enrichment plots of GO term respirasome generated from the Sham vs TAC heart tissue RNA-Seq data (n ¼ 3,
each) from the mice maintained on a 0, 10, or 60 kcal % fat diets, with a heatmap of the differentially expressed genes shown on the right of each.
HADHA, and in turn will reduce the abundance of acyl-CoA in-
termediates (Figure 1F). In contrast, the deletion of ACADS was ex-
pected to increase butyryl-CoA and therefor histone butyrylation
(Figure 1F). Protein from the Hap1, Hap1 DACAA2, DHADHA, or
DACADS cells was extracted, fractionated, and analyzed by Western
blotting. The results confirmed the localization of the ACAA2, HADHA,
and ACADS proteins to both mitochondria and nuclei, which were
eliminated from the corresponding knockout cells. To determine how
these knockouts impact H3K9Bu, we first confirmed the specificity and
efficiency of anti-H3K9Bu using modified recombinant H3K9Ac,
H3K9Bu, and H3K18Bu protein, the results of which revealed little or
no detectable, nonspecific, cross-reactivity of the specific antibodies
(Figure 1G). We also showed that anti-H3K9Bu antibody did not detect
H3K9-crotonyl or H3K9-b-hydroxybutyryl (Supplementary Figure. 3S).
The data showed that the deletion of either ACAA2 or HADHA reduced
the abundance of H3K9Bu and H3K9Cr (Figure 1HeK), whereas
DACADS significantly increased H3K9Bu (Figure 1LeM) in accordance
with expectations if histone butyrylation was a product of b-oxidation
(Figure 1F). Antibodies against histone H3, Pol II, VDAC1, and AKT1
MOLECULAR METABOLISM 53 (2021) 101249 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
were used as internal controls and to distinguish the protein fractions.
We predict that H3K9 butyrylation is a product of b-oxidation in the
nucleus, where we detect the catalyzing enzymes. However, we
cannot exclude the posiibility that butyryl-CoA is also exported from the
mitochondria [12].

3.2. H3K9Bu is enriched at transcription start sites and
downregulated by dietary fat and stress
If histone butyrylation is a product of b-oxidation, then it is likely to be
modulated by dietary fat. Therefore, to examine the effect of dietary fat
on H3K9Bu abundance and genomic distribution in the healthy or
stressed heart, we performed ChIPeSeq analysis with chromatin
extracted from heart tissue of mice fed either a fat-free (0 kcal %), low-
fat (10 kcal %), or high-fat (60 kcal %) diet for 4 days. The mice were
then subjected to either a sham or TAC surgery followed by a one-
week survival period while they were sustained on the same diets.
Body weight and cardiac functions were normal within this period
(Supplementary Figure 1S). There was no difference between the
extent of hypertrophy with the different diets (see also Figure 3K).
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 3: (continued ).
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H3K9Bu ChIPeSeq reads were plotted as average signals or shown in
heatmaps across the TSS region (�2 kb toþ2 kb). The results showed
the enrichment of H3K9Bu surrounding the TSSs (Figure 2AeF). The
numbers of total filtered peaks with the different conditions were as
follows: 40,287 in Sham (0% fat), 35,349 in TAC (0% fat), 41,838 in
Sham (10% fat), 24,082 in TAC (10% fat), 33,947 in Sham (60% fat),
and 16,768 in TAC (60% fat). The numbers of peaks relative to
genomic annotations are displayed in Supplementary Figure 2S. FRiP
(%) values was as follows: 22.53% in Sham (0% fat), 18.26% in TAC
(0% fat), 17.06% in Sham (10% fat), 5.14% in TAC (10% fat), 7.24% in
Sham (60% fat), and 2.95% in TAC (60% fat); these numbers are
tabulated in Supplementary Table 1S. As predicted, the levels of
H3K9Bu were indeed influenced by diet; however, counter to our
prediction, the levels were reduced with increasing levels of dietary fat
(Figure 2AeF) and surprisingly were highest in the hearts of the mice
on a fat-free diet (Figure 2A,D). These effects were global as could be
seen at the promoters of representative genes (Clasp1, Arpc4, and
Usp1), where the sequence fragments were aligned with the chro-
mosome coordinates (Figure 2G). This is also evident across the
8 MOLECULAR METABOLISM 53 (2021) 101249 � 2021 The Author(s). Published by Elsevier GmbH. T
coordinates of whole chromosomes (Supplementary Figures 4Sea).
Moreover, the levels were reduced by TAC-induced stress, which was
more pronounced with the low- and high-fat diets vs. the fat-free diet.
The data were confirmed by ChIP-qPCR (Supplementary Figures 5Se
c). Thus, these results were the first demonstration of the genome-
wide distribution of H3K9Bu in addition to its differential regulation
by diet and stress. The causes of the reduction in H3K9Bu with the
high-fat vs fat-free or low-fat diets and the source of butyryl-CoA
associated with the fat-free diet are shown in Figures 3 and 4.
We next addressed how diet-induced changes in H3K9Bu correlate
with H3K9Ac abundance in the normal and stressed heart. For that
purpose, we conducted an anti-H3K9Ac ChIPeSeq assay from the
same chromatin used for H3K9Bu ChIPeSeq. H3K9Ac ChIPeSeq
reads were plotted as average signals or shown in heatmaps
across the TSS region (�2 Kb to þ2 Kb). The results showed the
enrichment of H3K9Ac surrounding the TSSs (Figure 2HeM). The
numbers of total filtered peaks with the different conditions were as
follows: 30,778 in Sham (0% fat), 26,577 in TAC (0% fat), 31,850
in Sham (10% fat), 30,855 in TAC (10% fat), 32,366 in Sham (60%
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: FASN is required for H3K9 butyrylation in the absence of fatty acids. AeB. Hap1 and Hap1DFASN cells were cultured to near confluency before the fetal bovine
serum was removed and the cells were maintained in A., C., and E. DMEM with 17.5 mM of glucose or B., D., and F. DMEM (no glucose) with 100 mM of palmitate-BSA. AeB.
After w20 h, the protein was extracted, fractionated, and analyzed by Western blotting as described in A. CeF. Cells maintained in C. and E. glucose only or D. and F. palmitate
only were subjected to a Mito Stress Test using an extracellular flux analyzer (XFe96). Oxygen consumption rates (OCR) were measured in live cells before and after sequentially
treating the cells with oligomycin (oligo), FCCP, and anti-mycin A and rotenone (AA/Rtn) as indicated by the arrows shown on the curve in E. CeD. The curves represent the real-
time measurements of the OCR (pmole/min, Y axis) vs time (min, X axis). EeF. The bar graphs represent the mitochondrial basal OCR (last rate measured before oligo injection
minus non-mitochondrial respiration rate), SRC (the difference maximum [which was the maximum measurement after FCCP injection minus the non-mitochondrial respiration rate]
and basal respiration), proton leak (minimum rate measured after oligo injection minus non-mitochondrial respiration), and ATP production levels (last rate measured before oligo
injection minus the minimum rate after oligo injection). G. Western blotting signals for H3K9Bu in A. and B. were quantitated, normalized to H3K9Ac, averaged, and graphed. Error
bars represent S.E.M. and p � 0.05 vs Hap1.
fat), and 31,873 in TAC (60% TAC). The numbers of peaks relative
to genomic annotations are displayed in Supplementary Figure 2S.
Although the total numbers of peaks were slightly reduced by TAC
with all 3 diets, FRiP (%) increased incrementally, 31.46% in Sham
(0% fat), 32.15% in TAC (0% TAC), 32.44 in Sham (10% fat), 32.82
in TAC (10% fat), 31.56% in Sham (60% fat), and 34.62% in TAC
(60% fat), which was reflected in the promoter peaks (Figure 2He
J); these numbers are tabulated in Supplementary Table 1S. Thus,
in contrast to promoter-H3K9Bu, cumulative promoter-H3K9Ac did
not exhibit substantial changes in the unstressed hearts with the
different diets, increasing incrementally after stress (Figure 2HeM).
This is also evident across the coordinates of whole chromosomes
(Supplementary Figure 4S).
MOLECULAR METABOLISM 53 (2021) 101249 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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3.3. Higher levels of H3K9Bu coincide with blunted stress- and
diet-induced changes in gene expression
To study the relationship between diet, H3K9Bu, H3K9Ac, and gene
expression, we performed RNA-Seq using the same conditions. We
then integrated the results of the ChIPeSeq (promoter regions) and
RNA-Seq. The genes were then sorted according to those that were
either significantly (p � 0.05) upregulated or downregulated in the
hearts of the high-fat-fed mice post-TAC. The results were graphed
as violin plots of the medians and quartiles (Figure 3AeF). The
means of the same data sets were calculated, graphed, and
analyzed, revealing significant differences between all of the
compared conditions (Supplementary Figure 5Saeb). These results
confirmed the global nature of the changes in promoter-H3K9Bu with
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
diet, where it was highest with fat-free vs high-fat diet and reduced
slightly after TAC (Figure 3A,D). In contrast, H3K9Ac increased
(w25%) post-TAC at the promoters of genes whose expression was
upregulated (Figure 3A). However, H3K9Ac was not collectively
reduced at the promoters of downregulated genes but was selectively
reduced. H3K9Ac at the promoters of constitutively expressed
housekeeping genes increased incrementally (Supplementary
Figure 6S) in parallel with the reported incremental RNA polymer-
ase II pause release at their promoters, which underlies cardiac
hypertrophy [31]. The RNA-Seq data revealed that TAC induced both
overall greater increases and decreases in gene expression in the
hearts of the high-fat- vs fat-free-fed mice (Figure 3C,F). This was
also displayed in the MA plots, where the red dots representing all
RNA-Seq data points with p values < 0.1 showed a wider range of
both positive and negative LFC with the high- vs low-fat diet
(Figure 3GeH). The figure also reveals a higher number of genes
dysregulated by stress during the high-fat vs fat-free fat diet. With
the high-fat diet, there were 2,221 genes upregulated and 2,242
downregulated significantly, p � 0.5; with the fat-free diet, there
were 1,589 genes upregulated and 1,074 genes downregulated
significantly, p � 0.5. Diet also induced significant changes in basal
gene expression, albeit subtle (Supplementary Figure 6S). The high-
fat vs low-fat diet significantly increased the basal expression of b-
oxidation genes as demonstrated in the gene enrichment plot, GO
fatty acid b-oxidation (Figure 3I). The heatmap on the right reveals
that some of these genes, which included ACADS, exhibited a sig-
nificant increase vs low-fat diet levels (Figure 3J). This finding may
explain the reduced levels of H3K9Bu after the high-fat diet, as the
increase in ACADS was expected to accelerate the reduction of
butyryl-CoA to crotonyl-CoA. On the other hand, b-oxidation enzymes
are downregulated in the heart post-TAC, which may be the reason
for further reductions in H3K9Bu.
At this time point (1 week post-TAC), TAC-induced increase in the left
ventricular (LV) mass was similar in the mice on the low- or high-fat
diet (Supplementary Figure 1S). We also confirmed that some of the
established cardiac hypertrophy markers, including Nppb, Ankrd1, and
Acta1, equally increased with both diets (Figure 3K). This confirmed
that the overall differences observed in gene expression with the
different diets (Figure 3GeH) were not due to variations in the extent of
TAC-imposed stress on the heart. In contrast to the cardiac hyper-
trophy markers, other genes exhibited significantly higher increases
(1.5- to 2-fold) in the high-fat-fed mice (Tbx20, Rasl11b, and Crk5,
Figure 3L). Notably, genes such as Nppb, Ankrd1, and Acta1 that were
insensitive to the type of diet exhibited a relatively more robust in-
crease in expression post-TAC (3e100-fold) and had significantly less
promoter-H3K9Bu (Figure 3M) vs the latter group (Figure 3N). In
contrast, H3K9Ac in both gene groups increased similarly post-TAC
with both diets, suggesting that the differences in gene expression
with the different diets were not due to differences in promoter-
H3K9Ac.
As with the upregulated genes, the high-fat diet also amplified TAC-
induced decreases in gene expression. Gene Set Enrichment Anal-
ysis (GSEA) revealed GO respirasome as one of the most significant
diet-dependent differential gene expression in the heart (Figure 3O).
The GSEA plots and corresponding heatmaps (right) uncovered a more
pronounced downregulation of mitochondrial respiratory genes in the
TAC-stressed hearts of the mice on the high-fat vs low-fat or fat-free
diet, but none in the unstressed sham hearts. Thus, while levels of
promoter H3K9Ac did not vary much with the diet, lower H3K9Bu
induced by the high-fat diet and stress coincided with exaggerated
changes in gene expression, implicating it in worse disease outcomes.
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3.4. In the absence of fatty acids, fatty acid synthesis from glucose
reconstitutes H3K9 butyrylation
We predicted that histone butyrylation is a product of butyryl-CoA
produced by b-oxidation. However, the results shown in Figure 2
contradict this hypothesis, as the mice fed the fat-free diet had the
highest levels of H3K9Bu. One possibility was that fatty acids syn-
thesized from carbohydrate were the source of butyryl-CoA necessary
for histone butyrylation. Fatty acid synthase (FASN) is an enzyme that
catalyzes the synthesis of long-chain fatty acids from citrate that is
exported from the mitochondria during nutrient abundance after it is
sequentially converted into malonyl-CoA by ATP citrate lyase and
carboxylase 1 and 2 (ACC1/2) [32]. First we confirmed that (FASN) and
(ACC1/2) were expressed in the mouse heart, where we also showed
that they increased significantly after TAC (Supplementary
Figure 8Saeb). To determine the role of FASN in H3K9 butyrylation,
we used human Hap1 cells with or without a deletion in the FASN gene
(Hap1DFASN). The knockout cells were healthy and proliferated at
near normal rates; however, they were smaller in size relative to the
parent cells (Supplementary Figure 8Sced). The cells were cultured in
medium containing either glucose or palmitate only for w20 h before
the protein was extracted and analyzed by Western blotting. As ex-
pected, the DFASN cells were devoid of FASN protein and exhibited
greater levels of lysine-malonyl as its substrate, malonyl-CoA, accu-
mulated in these cells (Figure 4AeB). When they were maintained in a
high-glucose fatty acid-free medium, the DFASN cells had <5% of
H3K9Bu vs the parent Hap1 cells, while H3K9Ac levels were unaffected
(Figure 4A,G). In contrast, when the knockout cells were maintained in
medium with palmitate-BSA, they had slightly higher levels of H3K9Bu
vs the parent cells (Figure 4B,G).
We also questioned whether the FASN-synthesized fatty acids were
stored or utilized by the cells, considering that glucose was in abun-
dance. To address this, we used the same culturing conditions pre-
viously described to measure the oxygen consumption rates (OCR) in
these cells. The working hypothesis was that if the FASN-synthesized
fatty acid was being oxidized for fuel even in the presence of glucose,
then deletion of FASN would reduce the OCR. Notably, the results
showed that the OCR was reduced by w90% in the DFASN cells,
including the basal capacity, spare respiratory capacity, proton leak,
and ATP-linked OCR (Figure 4C,E). This indicated that even in the
presence of high glucose, these cells predominantly utilized FASN-
synthesized fatty acids for energy. In comparison, the DFASN cells
cultured with palmitate-BSA showed no significant differences in the
OCR relative to the parent cells (Figure 4D,F). These results are evi-
dence that H3K9 butyrylation requires b-oxidation, where in the
absence of fatty acid substrate, fatty acid synthesized from glucose-
derived acetyl-CoA is the substitute.

3.5. ACADS localizes to both mitochondria and nuclei and its
deletion increases H3K9Bu in the mouse heart
ACADS is recognized as a mitochondrial protein involved in the b-
oxidation spiral, where it reduces butyryl-CoA to crotonyl-CoA
(Figure 1F). The Human Protein Atlas documented its nuclear locali-
zation as well [33]. The Western blotting shown in Figure 1J confirmed
its nuclear presence in human Hap1 cells. For further confirmation, we
fused its C-terminus to turbo-green fluorescence protein (tGFP) and
delivered the construct to cultured cardiac myocytes. Western blotting
analysis of the protein showed that tGFP localized to the cytosol and
membrane/mitochondrial fractions, with none detected in the nuclear
fraction (Figure 5AeB). However, when it fused to ACADS, the protein
redistributed to the membrane/mitochondrial and nuclear fractions
(Figure 5A and 5B, top panel). This localization overlapped with the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 5: ACADS is a mitochondrial and nuclear protein and its deficiency is associated with a specific increase in H3K9Bu. AeB. Cardiac myocytes were isolated and
cultured for 24 h before they were supplemented with Ad-tGFP, Ad-ACADS-tGFP, or Ad-NLS-mutant ACADS (Ad-mt-ACADS) for an additional 24 h before the cells were harvested.
CeD. Twelve-week-old Balc/cJ and Balb/cByJ (ACADS-deficient) mice were maintained on a high-fat (60 Kcal %) diet for 4 days before subjecting them to transverse aortic
constriction (TAC) or sham surgeries. They were then maintained on the same diet for 7 days before they were assessed by echocardiography, sacrificed, and the hearts isolated.
A. and C. Protein from isolated cardiac myocytes or heart tissue was fractionated into cytosol (Cyto) membranes, including mitochondria (Mem/Mito), nucleoplasm (Nuc), and
chromatin (Chrom). The protein was analyzed by Western blotting with antibodies for the molecules listed on the right of the panels or A. with anti-tGFP (top panel) or anti-ACADS
(second from the top panel). The first and last lanes show protein standards, and their sizes are listed on the left of each panel. B. and D. Western blotting signals were quantitated,
and cytosolic proteins were normalized to AKT1, membrane/mitochondrial protein to VDAC1, nucleoplasm proteins to Pol II, and H3K9Bu to H3 or Pol II (n ¼ 4e6 each). D. The
results were plotted relative to a cJ-Sham signal adjusted to 1. B. Signals for tGFP, ACADS-tGFP, and mt-ACADS-tGFP in the Cyto and Nuc fractions were plotted each relative to its
corresponding Mem/Mito signal adjusted to 1. Error bars represent S.E.M. The brackets encompass the values that were statistically compared for significance, with the p values
listed above each.
endogenous ACADS (Figure 5A, second panel from the top). Moreover,
when a mutation was introduced into a putative NLS sequence in that
gene (Supplementary Figure 9S), it reduced its nuclear localization
while increasing it in the cytosol.
Thus, we show that ACADS is a nuclear and mitochondrial protein and
propose that it functions in steps in the b-oxidation pathway in the
nucleus, regulating the accumulation of butyryl-CoA and in turn H3K9
butyrylation. The fact that knockout of ACADS in human Hap1 cells
increased H3K9Bu supports this concept. We also tested this idea in
Balb/cByJ (cByJ) mice, which were deficient in ACADS as a result of a
spontaneous deletion mutation in the gene [34], and their wild-type
Balb/cJ (cJ) counterparts. The mice were maintained on a 60 kcal
% fat (or 10% kcal) (Supplementary Figure 10S) diet for 4 days before
subjecting them to a sham or TAC surgery for 7 days. Protein from the
heart tissue was extracted, fractionated, and analyzed by Western
blotting. The results confirmed that the ACADS protein was absent in
the cByJ-deficient mice and was associated with a more than 3-fold
MOLECULAR METABOLISM 53 (2021) 101249 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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increase in H3K9Bu, with no significant reduction after TAC
(Figure 5CeD). In contrast, levels of H3K9Cr were significantly
reduced, suggesting that H3K9Cr is also a product of b-oxidation re-
actions in the nucleus and inversely regulated by ACADS. Intriguingly,
levels of H3K18Bu remained unchanged (see validation of antibody
specificity in Figure 1G), demonstrating the highly specific and regu-
lated nature of histone modification.

3.6. Deletion of ACADS reverses stress-induced downregulation of
H3K9Bu
H3K9Bu was not only reduced by the high-fat diet but also by pressure
overload-induced stress (Figure 2BeC). We hypothesized that this
reduction was mediated by enhanced ACADS activity. To test this, we
performed H3K9Bu ChIPeSeq on the hearts of the Balb/cJ and
ACADS-deficient Balb/cByJ mice one week after a sham or TAC sur-
gery. H3K9Bu ChIPeSeq reads were plotted as average signals or
shown in heatmaps across the TSS region (�2 Kb to þ2 Kb). The
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Figure 6: Deletion of ACADS reverses stress-induced downregulation of H3K9Bu in the heart. Twelve-week-old Balc/cJ and Balb/cByJ (ACADS-deficient) mice were
maintained on a low-fat (10% of calories) diet for 4 days before subjecting them to transverse aortic constriction (TAC) or sham surgeries. They were then maintained on the same
diet for 7 days before they were assessed by echocardiography, sacrificed, and the hearts isolated and pooled (n ¼ 3, each). Chromatin was extracted from the heart tissue and
subjected to anti-H3K9Bu ChIPeSeq (n ¼ 1, a pool of 3 hearts each). AeB. The average signal (Avg Signal) of the chromatin-bound H3K9Bu reads assembled at all of the gene
promotors (�2 Kb to þ2 Kb from the TSS) were plotted for each condition (see color keycode at top) CeD. or all sequence reads were represented by a heatmap across the same
region. EeF. H3K9Bu-bound sequence fragments (Y axis) aligned to chromosome coordinates (X axis) are shown for Clasp1, Arpc4,Usp1, and Myl2 genes. g. Violin plots showing
the median and quartiles of H3K9Bu average values of sequence reads within gene bodies in 3,242 genes (þ1 Kb from TSS to gene end). HeI. The average signal (Avg Signal) of
the chromatin-bound H3K9Ac reads assembled at all of the gene promotors (�2 Kb to þ2 Kb from the TSS) graphed for each condition (see color keycode at top) or JeI. all reads
were represented by heatmaps across the same region. The input was generated from a pool of Balb/cJ and Balb/cByJ, Sham, and TAC heart chromatin.
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numbers of total filtered peaks with the different conditions were as
follows: 44,416 in Sham (Balb/cJ), 28,975 in TAC (Balb/cJ), 38,596 in
Sham (Balb/cByJ-DACADS), and 40,745 in TAC (Balb/cByJ-DACADS).
FRiP values (%) were as follows: 20.42% in Sham (Balb/cJ), 10.69% in
TAC (Balb/cJ), 15% in Sham (Balb/cByJ-DACADS), and 17.41% in TAC
(Balb/cByJ-DACADS); these numbers are tabulated in Supplementary
Table 1S. The results showed the enrichment of H3K9Bu surrounding
the TSSs, where in contrast to the wild-type mice, the ACADS-deficient
mice exhibited an increase vs a decrease in promoter-H3K9Bu post-
TAC stress (Figure 6AeD). These effects were global as can be seen at
the promoters of representative genes (Clasp1, Arpc4, and Usp1),
where the sequence tags aligned with the chromosome coordinates
(Figure 6E). The data were confirmed by ChIP-qPCR (Supplementary
Figures 5Sec).
Of note, unstressed levels of promoter-H3K9Bu in the sham mice
were unchanged or slightly higher than in the wild-type vs ACADS-
deficient mice. This contrasts with the Western blotting in
Figure 5C, which shows higher total H3K9Bu, which includes H3K9Bu
across all the genomic regions. One possibility is that H3K9Bu within
other regions of the genome compensated for this difference. We
therefore examined the levels of H3K9Bu within gene bodies. We
observed that H3K9Bu extended into the gene bodies of 3,242 genes,
where the ACADS-deficient mice had higher levels in the unstressed
vs wild-type heart (Figure 6FeG and Supplementary Figure 11S),
plausibly explaining the higher levels detected by Western blotting.
Thus, deletion of ACADS did not increase unstressed promoter-
Figure 7: Deletion of ACADS blunts stress-induced changes in gene expression. Twe
fat (10% of calories) diet for 4 days before subjecting them to transverse aortic constriction
they were assessed by echocardiography, sacrificed, and the hearts isolated and pooled (n
each) or the RNA was extracted for RNA-Seq (n ¼ 3 independent hearts each). AeF. The r
upregulated (1,272 genes) during TAC in the Balb/cJ mice (cJ) or DeF. downregulated (1,0
of H3K9Bu and B. and E. H3K9Ac average values of sequence reads at the promoter regio
median and quartiles of the shrunken log2 fold change (LFC) of the RNA-Seq for cJ-TAC/Sh
of the DeSeq2 shrunken LFC (Y axis) vs mean of normalized counts (X axis) of the TAC
generated from the Sham and TAC and heart RNA-Seq results of the Balb/cJ (cJ) and Ba
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H3K9Bu, but it did reverse its downregulation seen during stress,
with an increase above normal levels. However, DACADS increased
H3K9Bu within the gene bodies.
We also measured changes in H3K9Ac to determine how it correlates
with H3K9Bu. H3K9Ac ChIPeSeq was performed using the same
chromatin used for H3K9Bu ChIPeSeq. The sequence reads were
plotted as average signals or shown in heatmaps across the TSS re-
gion (�2 Kb to þ2 Kb) (Figure 7AeD). The numbers of total filtered
peaks with the different conditions were as follows: 34,545 in Sham
(Balb/cJ), 36,934 in TAC (Balb/cJ), 32,117 in Sham (Balb/cByJ-
DACADS), and 31,359 in TAC (Balb/cByJ-DACADS). FRiP values (%)
were as follow: 27.87% in Sham (Balb/cJ), 31.46% in TAC (Balb/cJ),
37.42% Sham (Balb/cByJ-DACADS), and 29.75% in TAC (Balb/cByJ-
DACADS). The results showed that in contrast to promoter-H3K9Bu,
promoter-H3K9Ac was slightly upregulated by TAC in the wild-type
mice, whereas unstressed levels were higher in the ACADS-deficient
mice but downregulated post-TAC to levels nearing those in the
wild-type mice (Figure 7HeK). Although unstressed levels of
promoter-H3K9Ac were collectively higher in the DACADS mice, the
total numbers of peaks were reduced but had a higher fraction of reads
in peaks.

3.7. Deletion of ACADS blunts stress-induced changes in gene
expression
With the fat-free vs high-fat diet, the heart exhibited much higher levels
of H3K9Bu, which coincided with blunted stress-induced changes in
lve-week-old Balc/cJ and Balb/cByJ (ACADS-deficient) mice were maintained on a low-
(TAC) or sham surgeries. They were then maintained on the same diet for 7 days before
¼ 3 each) for ChIPeSeq with anti-H3K9Bu or anti-H3K9Ac (n ¼ 1, a pool of 3 hearts

esults were sorted according to mRNA of genes that were significantly (p � 0.05) AeC.
16) during TAC in the cJ mice. A. and D. Violin plots showing the median and quartiles
ns (�1,000 to þ1,000) after subtracting the input for each. C. and F. Violin plots of the
am, cByJ-TAC/Sham, cJ-TAC/cByJ-TAC, and cJ-Sham/cByJ-Sham. G. and H. MA plots
/Sham RNA-Seq data for Balb/cJ and Balb/cByJ. IeJ. Enrichment plots for GO terms
lb/cByJ (cByJ) mice.
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gene expression (Fig. 3). Meanwhile, H3K9Ac levels were minimally
perturbed by the type of diet. Thus, to determine whether the higher
H3K9Bu levels restricted stress-induced changes in gene expression,
we examined the response of the ACADS-deficient mice vs wild-type
mice to TAC-induced changes in gene expression.
Using the same dietary and surgical conditions described in Figure 6,
we performed RNA-Seq to determine the associated changes in gene
expression in the heart. We analyzed the relationship between
ACADS, H3K9Bu, H3K9Ac, and gene expression in the unstressed
and TAC-induced hearts by integrating the results of the ChIPeSeq
(promoter regions) and RNA-Seq. The genes were then sorted ac-
cording to those that were either significantly (p � 0.05) upregulated
or downregulated in the Balb/cJ hearts post-TAC. These results
revealed the global nature of the changes in H3K9Bu in the heart
post-TAC, where it was downregulated in the wild-type mice but
upregulated when ACADS was deleted as revealed by the medians
and quartiles in the violin plots (Figure 7A,D). In contrast, H3K9Ac
increased (w20%) post-TAC at the promoters of genes with upre-
gulated RNA (Figure 7B). Notably, the ACADS-deficient mice had
higher unstressed median levels of promoter-H3K9Ac, which also
increased incrementally post-TAC to levels slightly higher than those
observed in the wild-type mice. However, promoter-H3K9Ac was
unchanged at the promoters of the downregulated genes in the wild-
type mice but slightly reduced in the ACADS-deficient mice
(Figure 7E). The RNA-Seq data revealed no major significant changes
in the levels of gene expression in the unstressed hearts of the
ACADS-deficient vs wild-type mice. However, TAC induced greater
increases and decreases in gene expression in the latter as evident in
the violin plots of the shrunken LFC and MA plots (Figure 7CeF,G and
H and Supplementary Figure 12S). Enrichment plots of GO terms
were generated from the RNA-Seq data. As examples, we show one
GO term with upregulated genes GO basement membrane, and one
term with downregulated genes GO respiratory chain complex
(Figure 7IeJ), both of which were relevant to the stressed heart. In
both cases, the Balb/cJ vs cByJ/DACADS mice exhibited greater
changes in gene expression (Figure 7IeJ). At this time point (1 week
post-TAC), TAC induced a significant increase in the left ventricular
(LV) mass in the wild-type but did not reach significance in the
ACADS-deficient mice, which was also associated with better cardiac
functions (Supplementary Figure 1S). Thus, the data revealed that,
similar to the mice on the fat-free vs high-fat diet, the mice with
DACADS had higher promoter-H3K9Bu post-TAC that coincided with
blunted changes in gene expression vs wild-type mice. Accordingly,
we extrapolated from this that higher promoter-H3K9Bu may curb
stress-induced changes in gene expression, but the mechanism
remains unknown.

4. DISCUSSION

Although we know that acyl-CoA molecules such as butyryl- and
crotonyl-CoA (intermediates of even-chain b-oxidation) or propionyl-
CoA (intermediate of odd-chain b-oxidation) are required for histone
modifications [11,35,36], we have no certain knowledge on how they
are transported to the nucleus, as they cannot be exported from the
mitochondria. We previously reported that b-oxidation enzymes,
including acyl-CoA synthetase long-chain 1 (ACSL1), acyl-CoA dehy-
drogenase medium-chain (ACADM), acyl-CoA dehydrogenase long-
chain (ACADL), ACAA2, HADHA, and HADHB are associated with
H2A.Z-bound chromatin at active gene promoters [4]. This was
serendipitously identified by an anti-H2A.Z rapid ChIP, followed by
mass spectrometry of endogenous protein (RIME) [37] of heart
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chromatin. We confirmed this association using ACAA2 ChIPeSeq of
heart chromatin. This is also corroborated by the fact that ACAA2 had a
putative NLS, which we have shown to mediate its nuclear import [4].
We also show herein that HADHA and ACADS localized to the nucleus
and that deletion of ACAA2 or HADHA reduced the abundance of
H3K9Bu and H3K9Cr, whereas deletion of ACADS increased it signif-
icantly in human cells and the mouse heart (Figure 1 and Figure 5). We
surmised that nuclear-localized b-oxidation enzymes catalyze fatty
acids to generate short-chain acyl-CoA intermediates that could be
used as histone modifiers. It should be noted that, alternatively,
butyryl-CoA could be synthesized from butyrate (produced in the in-
testine by bacterial fermentation of non-digestible polysaccharides) via
acyl-CoA synthetase short-chain family member 2 (ACSS2) in the
nucleus [11]. However, our results demonstrate that this is not the only
source of this substrate, as H3K9Bu abundance is not only modulated
by deletions of b-oxidation enzymes, but also strongly regulated by
dietary fat in an ACADS-regulated fashion in vivo and in cultured cells.
This is an initial report of the genome-wide distribution of H3K9Bu in the
mouse heart, where it is predominantly localized at the promoters of all
of the expressed genes, and in a fraction of those, it extends throughout
the gene body (Figure 6 and Supplementary Figure 11S). Moreover, we
demonstrated how those levels are sensitive to diet and stress. Para-
doxically, however, a high-fat vs fat-free diet had the lowest levels of
H3K9Bu. We found that this could be explained by a significant increase
in ACADS expression, together with other b-oxidation enzymes that
were induced by the high-fat diet (Figure 3IeJ), limiting the accumu-
lation of any intermediates. This was supported by the reversal of high-
fat-induced reduction of H3K9Bu in the ACADS-deficient mice
(Figure 5B). Additionally, applying stress on the heart by transverse
aortic constriction (TAC) reduced the levels of H3K9Bu in an ACADS-
dependent manner, as deletion of the enzyme reversed this effect
and, overall, increased H3K9Bu (Figures 5 and 6). Kebede et al. were the
first to report the genome-wide distribution of H3K14Bu [36]. However,
in their study, knockout of ACADS did not influence the abundance of
this modification in mouse liver. Similarly, we observed that H3K18Bu
was not influenced by the knockout of ACADS in the heart (Figure 5),
suggesting that butyrylation of specific amino acid is highly regulated
and not constitutively driven by an abundance of butyryl-CoA.
Since we established that H3K9Bu is regulated by ACADS, it was
surprising to see it highest with a fat-free diet. A plausible explanation
was that in the absence of fatty acids, carbohydrates are converted into
fatty acid via FASN. Indeed, we confirmed this in DFASN cells, where
H3K9Bu was barely detectable in the presence of glucose, whereas it
was fully reconstituted in the presence of fatty acids (Figure 4). In
contrast to H3K9Bu, the type of diet or gene knockouts applied in our
study did not have a substantial effect on promoter-H3K9Ac. This was
a reflection of the numerous confirmed sources of acetyl-CoA. On the
one hand, during substrate abundance, citrate is exported from the
mitochondria to the nucleus, where ACLY converts it into acetyl-CoA
[1], so it can be equally sustained by dietary carb, protein, fat, or
any metabolic substrate that converges on the TCA cycle. During
substrate shortage, acetate is imported from the circulation and con-
verted into acetyl-CoA by nuclear ACSS2 [38]. Moreover, others [2,3]
and we [4] have uncovered the presence of pyruvate dehydrogenase
complex in the nucleus, where it generates acetyl-CoA for histone
acetylation [3]. Thus, with this wide spectrum of acetyl-CoA sources, it
is hardly surprising that H3K9Ac is not substantially affected by diet.
An interesting aspect of our findings was the global nature of the
genomic changes in H3K9Bu abundance with diet or stress (they did
not correlate with specific changes in gene expression). In particular,
the high-fat diet reduced genomic H3K9Bu by an average of 66% in all
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of the peaks (Figures 2 and 3 and Supplementary Figure 4Sa). In the
unstressed heart, the expression of 2,625 genes were significantly
different in the mice on the high-fat vs fat-free diet (Supplementary
Figure 7S). The majority of those (2,394 genes) increased, albeit
very modestly (average increase ¼ 1.1-fold). In contrast, major dif-
ferences in gene expression in the high-fat vs fat-free diet became
evident only after stress was applied to the heart; the extent of
upregulation of RNA in TAC/Sham (shrunken LFC medians ¼ 0.85
high-fat vs 0.55 fat-free diet) or downregulation (shrunken LFC
medians¼�0.6 high-fat vs - 0.3 fat-free diet) of gene expression was
consistently greater with the high-fat diet, coinciding with the globally
lower levels of H3K9Bu in the unstressed or stressed hearts (Figure 3).
These results alone did not implicate the differences in H3K9Bu levels
in the extent of changes in gene expression observed in the different
diets. However, when compared with the Balb/cJ (wild-type) and cByJ
(DACADS) mice, we were able to establish that link.
Similar to the mice models on different diets, the knockout of ACADS
had a minimal impact on levels of gene expression in the unstressed
heart (Supplementary Figure 7S). Differences were triggered only after
stress, where the extent of upregulation of RNA in TAC/Sham
(shrunken LFC with medians ¼ 0.83 WT vs 0.51 DACADS) or
downregulation (shrunken LFC with medians ¼ �0.52 WT vs �0.29
DACADS) of gene expression was consistently greater in the wild-type
vs DACADS mice. Thus, we extrapolated from this that the higher
levels of H3K9Bu in the fat-free vs high-fat-fed mice and the DACADS
vs WT mice after stress curbed the changes in gene expression. We
predicted that the major global changes in H3K9Bu induced by diet or
stress may have been responsible for regulating the recruitment of
transcription factor(s), either directly or indirectly. It was also plausible
that the reduction in H3K9Bu might have been associated with an
increase in other histone marks, for example, crotonyl, which remains
to be explored under these conditions.
The debate continues regarding how fatty acid- vs carbohydrate-rich
diets impacts cardiovascular health [39,40]. This study is the first
demonstration of how a high-fat vs a low-fat or fat-free diet impacts the
histone code by substantially reducing H3K9Bu in a genome-wide
fashion. Interestingly, within a short period (11 days), a high-fat diet
appears to have no adverse effects on cardiac function under quiescent/
unstressed conditions. It is, though, associated with modest, significant,
increases in the expression of b-oxidation enzymes, as it adapts to the
high-fat diet by accelerating itsmetabolism, which explains the decrease
in histone butyrylation (Figure 3I). Notably, the impact of diet on the heart
became more evident when stress was imposed via work overload. In
this case, our data revealed that high-fat was associated with more
pronounced changes in gene expression, whether it was upregulation or
downregulation. In particular, one of themost detrimental changes in the
heart was the significant reduction in the respiratory complex proteins
with the high- vs low-fat diet only after stress was applied (Fig. 3o). The
greater changes in gene expression coincided with reduced levels of
H3K9Bu associated with the high-fat diet (Figures 2 and 3AeF), which is
reversed by deletion/inhibition of ACADS. Thus, our results confirmed
and partly explained the adverse effect of a high-fat diet on cardiovas-
cular health, especially during stress, and its relation to the underlying
epigenetics. The findings provide an incremental first step in under-
standing the impact of diet on the heart’s epigenetics, which would
eventually afford us the knowledge to manipulate it to our advantage.
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