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Abstract

Short chain fatty acids (SCFAs) are small metabolites that are produced through the
activity of microbes and have important roles in human physiology. These metabolites
have varied mechanisms in interacting with the host, of which one such mode is
decorating the chromatin landscape. We previously detected specific histone
modifications in the mouse gut that can be derived from SCFAs and are regulated by
the microbiota. However, the roles of these SCFAs on chromatin and how they impact
gene regulation in human cells is largely unknown. Now, our studies demonstrate these
microbiota-dependent histone posttranslational modifications (PTMs) are associated
with alterations in gene regulation in human cells. We show that histone butyrylation on
H3K27 is detected in human colon samples. Furthermore, histone acetylation,
butyrylation, and propionylation on H3K9 and H3K27 are responsive to levels of SCFAs
in human colon cancer cell lines and are associated with active gene regulatory
elements. In addition, treatment of human cancer cell lines with individual metabolites or
combinations of SCFAs replicating the intestinal lumen environment result in distinct
and overlapping gene program changes, with butyrate largely driving gene regulatory
effects of SCFA combinations. Lastly, we define butyrate effects on gene expression
that are independent of HDAC inhibition and are dependent on p300/CBP, suggesting
potential gene programs regulated by histone butyrylation. Together, these results
demonstrate that SCFAs are key regulators of the chromatin landscape and gene
programs in human colorectal cancer cells.

Introduction


https://doi.org/10.1101/2025.05.07.652677
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.07.652677; this version posted June 8, 2025. The copyright holder for this preprint (which

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

In the gut, commensal microbes ferment fiber resulting in the accumulation of
high concentrations of the metabolites acetate, butyrate, and propionate in the intestinal
lumen'2, These SCFAs act on the host epithelium through several different mechanisms
or “fates”: for example, they can bind to cell surface or nuclear receptors to induce
signaling cascades and specific gene programs, and they can feed into host cell energy
pathways. Furthermore, SCFAs can impact the chromatin landscape both directly
through serving as donor molecules for histone posttranslational modifications and
indirectly by inhibiting select chromatin-modifying enzymes, such as histone
deacetylases (HDACs)3". SCFAs regulate multiple physiological systems including
neuronal health, intestinal inflammation, tumor development and metabolic processes
such as insulin sensitivity and intestinal gluconeogenesis®. It is likely that a combination
of molecular mechanisms occurs simultaneously in vivo for SCFA action on host
physiology. We aimed to investigate the role of SCFA addition to chromatin in gene
regulation.

The chromatin landscape is a key regulator of gene transcription, chromatin
accessibility, and genomic organization'?'3. Posttranslational modifications on histone
proteins, or histone ‘marks’, allow for the dynamic regulation of chromatin and
demarcate genomic regions. Histone marks are composed of diverse chemical
moieties, of which many ‘newer’ histone marks have recently been discovered'. Since
the source of many of these histone marks are small metabolites, metabolite availability
is often linked to the global levels of different histone marks'5-'8. Enzymes that deposit
histone marks, such as histone acyltransferases (HATs), utilize small metabolites as
donor molecules'®. After coenzyme-A addition, the SCFAs acetate, butyrate, and
propionate can be utilized to deposit histone acetylation, butyrylation, and
propionylation, respectively'2%.21. These SCFA-derived histone marks are part of a
class of modifications called histone acyl marks, which are often associated with gene
activation and expression'”.

We recently discovered that in addition to histone acetylation, histone
butyrylation and propionylation are localized in the mouse intestinal epithelium and are
regulated by the microbiome and metabolite availability''. In addition, murine histone
butyrylation is associated with high levels of gene expression'!. Histone propionylation
on histone H3 lysine 14 is associated with gene activation in the mouse liver and
butyrylation on histone H4 lysine 5 and 8 activates transcription?'-22. Furthermore,
different site-specific marks of histone butyrylation and propionylation were discovered
to have distinct roles in human colon cell lines and mouse intestinal cells, which are
correlated with open regions of chromatin and gene expression®®. Here, we aimed to
define how histone butyrylation and propionylation sites found in the mouse intestine act
in human cells in response to SCFA signaling. In addition, we focus the “fate” of butyrate
as histone butyrylation using a targeted approach in human colorectal cancer cells.

Results
To investigate the role of different histone acyl marks in human colon cells, we first
wanted to establish whether these modifications are detectable in human tissue. We
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therefore stained human intestinal sections for one representative non-acetyl histone
acyl marks that we previously detected in the mouse gut: histone H3 butyrylation on
lysine 27 (H3K27bu). This histone mark was readily detected by immunofluorescence
staining in colon sections from two different patients, while we detected minimal staining
in the neighboring ileum (Figure 1a). This data suggests that histone butyrylation is
present in the human colon.

We then aimed to investigate how the exogenous treatment of SCFAs regulate different
histone marks by treating human colon cancer cell lines, HCT-116 and Caco-2, with
different types of SCFAs. We reasoned that the addition of SCFAs may result in the
deposition of SCFA-derived histone marks onto chromatin. We decided to focus on the
same histone marks that we had previously identified in vivo in mouse intestinal
epithelial cells: acetylation, butyrylation, and propionylation on histone H3 lysine 9 and
27", Treatment with butyrate, propionate, or a mixture of all three SCFAs resulted in a
global increase in histone butyrylation or propionylation (Figure 1b-d, Supplemental
Figure 1-2). While these modifications display similar patterns, our previous work
demonstrates that these antibodies are specific to their respective histone marks™. In
addition, histone acetylation was increased following butyrate and propionate
treatments but was not affected by acetate treatment. This was expected, since typically
increases in histone acetylation following exogenous acetate treatment is only observed
when cells are grown in low glucose?*. Together, these data suggest that global levels of
histone acyl marks on H3K9 and H3K27 are increased following butyrate or propionate
treatments in human colon cancer cell lines.

We then mapped the genomic localization of the different histone acyl marks. Chromatin
immunoprecipitation followed by sequencing (ChlP-seq) revealed that all histone acyl
marks display similar patterns of localization (Figure 2a-b). H3K9bu had a weaker
occupancy signal, but still followed the same basic pattern observed for the other
marks. Based on the tracks and similar localization to other active histone marks like
H3K4me3, it seemed that all of the histone acyl marks interrogated overlapped with
active genomic regions or open chromatin. We further analyzed the localization of
sequencing reads, which revealed increased proportions of acyl mark ChlP-seq reads in
gene promoter regions, 5’ untranslated regions, and coding sequences (Figure 2c).
These observations suggest that the histone acyl marks all have similar localization
patterns that overlap with active chromatin and gene regulatory elements, which is
consistent with other reports?'-23,

Next, we interrogated how exogenous SCFA treatment regulates gene expression. We
first treated HCT-116 cells with either single SCFAs or a combination of all three SCFAs
where all treated cells received equimolar treatments. We chose a six-hour time point to
better capture potential direct gene expression changes. We observed that treatment
with sodium acetate or sodium propionate resulted in distinct gene expression changes,
while treatment with sodium butyrate mimicked the treatment with a combination of all


https://doi.org/10.1101/2025.05.07.652677
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.07.652677; this version posted June 8, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

129 three SCFAs (Figure 3a-b). Since the different combination treatments greatly

130 overlapped, we focused on the 5 mM combination treatment moving forward, since this
131  treatment had equimolar total concentrations of SCFAs compared to the individual

132 treatments. Analyzing the overlap of differential genes changing with individual SCFAs
133 and the 5 mM SCFA mixture revealed largely overlapping gene changes, with butyrate
134 treatment alone almost completely overlapping with the combination of SCFAs (Figure
135 3c-e). This suggests that the effects of the combination SCFA treatment on gene

136  expression may primarily be due to the action of butyrate.

137

138  We also performed RNA-seq analysis with the individual or combination SCFAs in the
139 context of HPLM media (Supplemental Figure 3). Here, we analyzed differential gene
140 expression after 24 hours of treatment. At this time point, differentially expressed genes
141  following propionate and butyrate treatments were similarly clustered with genes

142  following both the equimolar and physiological combination of SCFAs (Supplemental
143  Figure 3a-c). However, despite the time difference and change in media composition,
144  we generally observed many similar genes changing in both experiments following

145  butyrate treatment (Supplemental Figure 3d). Again, butyrate treatment alone almost
146  completely overlapped with SCFA combination treatments, either at the 1:1:1 or 3:1:1
147  ratios of acetate:butyrate:propionate (Supplemental Figure 3e).

148

149  Since butyrate largely drives gene expression changes with an SCFA mixture, we

150 decided to focus on butyrate for the remainder of our studies. We next aimed to further
151  analyze how butyrate impacts gene expression across different cell lines and species
152  (Supplemental Figure 4). We first compared the effect of butyrate on gene expression
153  across different cell lines: HCT-116 and Caco-2. Butyrate treatment of these two cell
154  lines resulted in both distinct and overlapping differential genes (Supplemental Figure
155  4a). We also compared butyrate treatment in these cell lines to an in vivo setting:

156  tributyrin gavage in mice, in which we observed dynamic regulation of histone

157  butyrylation in intestinal epithelial cells (Supplemental Figure 4b)"'. We identified 560
158 genes that overlapped between all three model systems (Supplemental Figure 4c).
159  These overlapping genes were enriched in cell signaling responses and lipid catabolism
160 (Supplemental Figure 4d). This suggests that butyrate treatment has some common
161  effects on gene expression across cell lines and species.

162

163  Since butyrate can have different fates in the intestinal epithelium, we next wanted to
164  define potential chromatin effects with a focus on histone butyrylation. We therefore set
165  up a series of different treatments (Figure 4a). We first wanted to eliminate genes that
166  were changing simply as a result of HDAC inhibition, since butyrate can function as an
167  HDAC inhibitor®. We treated cells with another HDAC inhibitor, Entinostat, to identify
168  genes that were targets of HDAC inhibition (HDACI)?°. We also aimed to target the

169  enzyme that deposits histone butyrylation, which was previously described to be

170  p300/CBP'425. We therefore treated cells with A485, a selective p300/CBP inhibitor, with
171  or without butyrate?’. Treatment with either inhibitor impacted cell number after 48 or 72
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172 hours, yet had minimal effects at 24 hours (Supplemental Figure 5). Importantly, both
173 inhibitors regulated histone butyrylation and acetylation at H3K27 (Figure 4b-c). Since
174  p300/CBP catalyzes H3K27bu as well as acetylation, we reasoned that differential

175 genes changing with A485 treatment that were separate from Entinostat-dependent
176  genes would potentially identify genes that were related to the function of butyrate on
177  chromatin, such as histone butyrylation.

178

179  We observed robust differential gene expression changes following our inhibitor

180 treatments (Figure 4d). Expectedly, butyrate and Entinostat had many differential genes
181  that overlapped, which we attributed to their common HDAC inhibitory roles. In addition,
182  A485 treatment in the presence of butyrate impacted the expression of many genes, the
183  majority of which overlapped with Entinostat (Figure 4d). Next, after removing

184  differential genes changing with Entinostat, we performed hierarchical clustering to

185 identify genes that were differentially regulated by A485 (Figure 4e). These genes we
186 identified as p300/CBP dependent, but independent of HDAC inhibition. We performed
187 GO analysis on all clusters, and two subsets (clusters 2 and 4) were significantly

188  enriched for distinct gene categories. We observed genes related to cellular respiration
189 and cell transport were decreased following A485 treatment, while genes related to cell
190 cycle and DNA repair were increased (Figure 4f). This suggests that butyrate has

191  distinct effects on gene regulation that are dependent on p300/CBP activity, but

192  independent of its function as an HDAC inhibitor.

193

194  Discussion

195  Our study demonstrates that select histone acylations originally found in the mouse
196 intestinal epithelium are also dynamically regulated by metabolites in human colon

197  cancer cells (Figure 1). Consistent with other studies, our work further demonstrates
198 that these histone acylation marks are associated with open chromatin regions (Figure
199  2). In addition, we detect a representative histone acylation mark, H3K27bu, in human
200 colon samples. This suggests that similar to the in vivo setting of the mouse intestine,
201 human samples and cell culture models also harbor unique histone acyl marks that can
202 be regulated by metabolism and metabolite availability.

203

204 Inthe intestinal lumen, SCFAs are often detected as a mixture of acetate, butyrate, and
205 propionate. We aimed to compare the effects of single SCFA treatments vs. mixtures on
206  gene regulation. Surprisingly, our data suggests that in the presence of acetate,

207 butyrate, and propionate, differential genes changing with butyrate completely overlap
208 with the differential genes changing with a mixture of SCFAs (Figure 3). This suggests
209 that butyrate drives effects on gene expression, especially at an earlier time point after
210 treatment. Furthermore, we observe a subset of butyrate-dependent genes that are

211 consistent across different growth conditions, as well as across cell lines and species.
212

213  While these associative studies demonstrate that butyrate regulates gene expression,
214  the action of SCFAs can occur through a variety of mechanisms. Here, we aimed to
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focus on potential chromatin functions of these histone acylations and their impact on
gene regulation. The role of butyrate as an HDAC inhibitor has been extensively
studied, yet potential functions of histone butyrylation are less known. By using
inhibitors to target different fates of butyrate, we could elucidate HDAC inhibitor-
independent effects that are governed by the histone acyltransferases p300/CBP
(Figure 4). We reasoned that these genes are likely to be connected to histone
butyrylation. Importantly, we identified a select gene set that fits this profile as potential
histone butyrylation targets, and found genes enriched in chromatin remodeling,
transcription, and translation.

The fact that single treatments of butyrate or propionate increase levels of multiple
histone acyl marks including acetylation, butyrylation, and propionylation (Figures 1C-
D, Supplemental Figure 2A) suggests action of these metabolites beyond functioning
as donor molecules. These metabolites have additional regulatory effects on chromatin
through inhibiting histone deacetylase enzymes, which we speculate is a likely
mechanism for these increased acyl marks. Furthermore, this suggests that
endogenous levels of histone butyrylation and propionylation can be uncovered through
HDAC inhibition, which is supported both by the inhibitory action of these metabolites
and by the detection of these marks in untreated cells®'4.26.28,

A class | HDAC inhibitor, Entinostat, also increases levels of histone butyrylation
analogous to acetylation (Figure 4B). This observation suggests that histone
butyrylation may be regulated by the activity of class | HDACs. Interestingly, histone
butyrylation is thought to generally be erased by Sirtuins, or class Il HDACs?°.
However, histone crotonylation, which is the same length as histone butyrylation but
with a double bond, can be regulated by both sirtuins and class | HDACs3?3'. How
different classes of erasers function to remove histone butyrylation and potential side
chain differences in the dynamics of histone acylations are important open questions for
future investigation.

Methods

Cell Culture & Treatments

HCT-116 and Caco-2 cells were obtained from ATCC. HCT-116 cells were grown in
DMEM medium (Gibco 11965-092) with 10% fetal bovine serum (FBS, Gibco
A5669701) and 1% penicillin/streptomycin (Gibco 15140-122). Caco-2 cells were grown
in Eagle's Minimum Essential Medium (MEM medium (Gibco 10370-021) supplemented
with 2 mM GlutaMAX, 1 mM sodium pyruvate, 20% FBS, and 1%
penicillin/streptomycin). When cells were grown in human plasma like media (HPLM,
Gibco A4899101), cells were washed in PBS and cultured in HPLM for at least three
days prior to experiments. All cell lines were regularly tested for Mycoplasma (ABM,
G238) and confirmed with STR testing (ATCC). Cells were grown in conditions of 37 °C
and 5% CO.. For SCFA treatments, cells were treated with 5 mM of metabolites for 24
hours, unless specified differently in the figure legends. Metabolites were dissolved in
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258  sterile water and used are as follows: sodium acetate (Sigma-Aldrich S1429), sodium
259  butyrate (Sigma-Aldrich 1.37127.0250), and sodium propionate (Sigma-Aldrich 18108).
260

261  Histone Extraction

262 Cells were harvested and lysed in hypotonic buffer. The supernatant was saved as cell
263 lysate, and the pellet was processed for acid extraction of histones®. Briefly, pellets
264  were vortexed in 0.4 N sulfuric acid and incubated overnight, then precipitated with
265 100% trichloroacetic acid. After precipitation, pellets were washed with acetone and
266 allowed to air dry. Histones were then resuspended in water and protein concentration
267 was assessed with BCA assay (Thermo 23225) and Coomassie staining.

268

269  Immunoblotting

270  Samples were run on 16% or 4-20% tris glycine SDS-PAGE gels (Invitrogen

271 XP00165BOX or XP04205BOX) and transferred to PVDF membranes. Blocking and all
272  antibody incubations were done in 5% milk, with TBST washes in between.

273  Immunoblots were imaged using Immobilon ECL (Millipore WBKLS0500) and an

274  ChemiDoc MP Imaging System (BioRad). Antibodies used are as follows: H3K27bu
275  (Millipore ABE2854, 1:2,000), H3K9bu (PTM-Biolabs PTM-305, 1:5,000), H3K27ac
276  (Active Motif 39133, 1:5,000), H3K9ac (Invitrogen MA5-33384, 1:5,000), and histone H3
277  (Abcam, ab1791, 1:100,000).

278

279  Immunofluorescence

280 Paraffin-embedded human benign intestinal tissue microarrays were received from

281  HistoWiz and stained as previously described'. Briefly, sections were rehydrated,

282  Dboiled in sodium citrate buffer, pH 6.0 (10 mM sodium citrate, 0.05% Tween 20), and
283 then stained with the following antibodies or stains: a-H3K27bu (Millipore ABE2854,
284  1:500), a-Villin-647 (SantaCruz sc58897-647 lot D2920, 1:200), Goat anti-Rabbit Alexa
285  Fluor 488 (Invitrogen A-11008, 1:1,000), DAPI (1:1,000). Imaging was performed on a
286 Zeiss Inverted LSM 780 laser scanning confocal microscope using a 40x objective.
287

288 GLO Assay

289  Approximately 1,000 HCT-116 cells in HPLM culture medium were seeded per well in
290 three 96-well plates to evaluate cell viability at three time points (24 h, 48 h, and 72 h).
291  The plates were incubated at 37°C with 5% CO,. On the following day, the culture

292 medium was replaced with treatment medium containing: 5 mM of individual SCFAs; 1
293 uM of A485, a p300/CBP inhibitor (MedChemExpress, HY-107455), a combination of 1
294  uM A485 and 5 mM butyrate; or 1 yM of Entinostat (ES), a class | HDAC inhibitor

295 (MedChemExpress, HY-12163). Cells treated with DMSO and 5 mM NaCl served as
296 vehicle controls. Treatments were performed in triplicate for each condition. After 24
297  hours, cell viability for one 96-well plate was measured by adding an equal volume of
298 CellTiter-Glo® Reagent to the cell culture medium in each well. The contents were

299 mixed on an orbital shaker for 2 minutes to induce cell lysis, incubated at room

300 temperature for 10 minutes, and luminescence was recorded using the VICTOR Nivo™
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multimode plate reader. For the remaining two plates, treatment medium was replaced
with regular culture media after 24 hours, and cell viability was assessed at 48- and 72-
hours post-treatment.

RNA Isolation

Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen 74104) or Quick-
RNA Miniprep Kit (Zymo R1054) with on-column DNA digestion. RNA samples were
analyzed on the Bioanalyzer RNA 6000 Pico (Agilent) or TapeStation prior to library
preparation.

Chromatin Immunoprecipitation

Cells were fixed in PBS with 1% formaldehyde for 10 minutes, followed by quenching
with 125 mM glycine for 5 minutes. Crosslinked cells were washed once with PBS and
then lysed following the NEXSON protocol®3. Briefly, cells were resuspended in FL
Buffer (5 mM PIPES, pH 8.0, 85 mM KCI, 0.5% NP-40, protease inhibitor cocktail) and
then sonicated in the Bioruptor Pico (Diagenode) on low power at 15 seconds on 30
seconds off cycles to lyse cell membranes and release nuclei. Nuclei were pelleted,
washed in FL Buffer, and then resuspended in D3 Sonication Buffer (10 mM Tris-HCI,
pH 8.0, 0.1% SDS, 1 mM EDTA, protease inhibitor cocktail) Sonication was performed
in the Covaris E220 (Covaris) and checked prior to proceeding with
immunoprecipitations (IPs). For IPs, 30 ng sonicated chromatin was diluted into ChIP
Dilution Buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 150 mM NaCl, 1% Triton-X,
protease inhibitor cocktail) and added to antibody-bound Protein A Dynabeads
(Invitrogen 10002D) and incubated overnight in the cold room, rotating. Antibodies used
were as follows: H3K4me3 (Active Motif 39159), H3K27bu (Millipore ABE2854),
H3K9bu (PTM Biolabs PTM-305), H3K27pr (Millipore, ABE2852), H3K9pr (Millipore,
ABE2852). The next day, beads were washed six times with RIPA buffer (50 mM
HEPES-KOH, pH 7.5, 100 mM LiCIl, 1 mM EDTA, 0.7% Na-Deoxycholate, 1% NP-40)
followed by one wash with TE-NaCl Buffer (10 mM Tris-HCI, pH 8.0, 50 mM NaCl, 1 mM
EDTA). DNA was eluted from the beads using Elution Buffer (50 mM Tris-HCI, pH 8.0,
10 mM EDTA, 1% SDS). DNA was reverse crosslinked at 65 °C overnight, followed by
RNase and ProteinaseK digestion and column purification using the ChIP DNA Clean &
Concentrator kit (Zymo D5205). DNA was quantified using the Qubit 4 Fluorometer
(Thermo).

Library preparations & sequencing

RNA libraries were prepared using the NEBNext Poly(A) mRNA Magnetic Isolation
Module (NEB E7490L) and NEBNext Ultra Il RNA Library Prep Kit for lllumina (NEB
E7770L). ChIP libraries were prepared using NEBNext Ultra || DNA Library Prep Kit for
lllumina (NEB E7645L). All kits were used according to the manufacturers instructions.
All libraries were analyzed for quality by TapeStation prior to sequencing. Single-end
sequencing was performed on the lllumina NextSeq 500 sequencer and paired-end
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sequencing was performed at Admera Health, LLC. Paired-end data was processed as
single-end to be consistent across experiments.

Bioinformatics Analysis

Sequence and transcript coordinates for human hg19 UCSC genome and gene models
were retrieved from knownGene (v.3.4.0) Bioconductor libraries:
BSgenome.Hsapiens.UCSC.hg19 and TxDb.Hsapiens.UCSC.hg19.knownGene. For
the analysis of RNA-seq data, transcript expressions were calculated using Salmon
quantification software®* (v.0.8.2) and gene expression levels as TPMs and counts were
retrieved using Tximport3® (v.1.8.0). Normalization and rlog transformation of raw read
counts in genes, principal-component analysis and differential gene expression analysis
were performed using DESeq2 (v.1.20.0). To visualize overlapping differential genes,
the UpSetR package (v.1.4.0) and eulerr package (7.0.2) were used®¢. Heatmaps were
made with pheatmap (v 1.0.12) based on subsets of genes derived from DESeq2
analysis (indicated in figure legends). For hierarchical clustering, significantly variable
genes were determined using a Likelihood Ratio Test (padj < 0.05). The z score of the
rlog of gene counts was used as the input for clustering. Hierarchical clustering was
performed using pheatmap. Gene set enrichment tests were conducted using
clusterProfiler®” (v.3.18.1). GO analysis was performed using over representation
analysis and the Fisher exact test in DAVID3839, For the analysis of ChlP-seq data,
reads were mapped using the Rsubread package’s align function*® (v.1.30.6). Genome
distribution was determined using the ChIPQC package (v.1.16.2)*'. Heat maps were
generated with deeptools*? (v.3.5). Normalized, fragment-extended signal bigWigs were
created using the rtracklayer package*? (v.1.40.6) and then visualized and exported
from IGV.

Statistics

Details for statistical tests and replicates are described in the figure legends. All
measurements shown were taken from distinct biological samples unless otherwise
indicated. No data points were excluded from analysis. Data distribution was assumed
to be normal but this was not formally tested, unless otherwise noted. Prism 10 was
used to generate plots and perform statistical tests. Error bars represent the standard
error. Unpaired two-tailed Student’s t-test, one-way ANOVA with multiple comparisons,
or Likelihood Ratio Test were used to assess significance and is indicated in the figure
legends. P<0.05 was considered statistically significant.

Data Availability

The RNA-seq and ChlIP-seq data have been deposited to the NCBI GEO under
accession number GSE298547. Any additional data that support the findings of this
study or materials are available from the corresponding author upon request.

Code Availability
No custom code was used for this study.
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Figure Legends

Figure 1: Histone acylations are detected in human colon cells and regulated by
metabolites. (A) Histone butyrylation on H3 lysine 27 is detected in human colon
samples. Representative immunofluorescence images of H3K27bu, Villin (marker of
epithelium), and DAPI in human colon and ileum sections. The colon images are of
sections from two different patients. Scale bar = 50 um. (B) Schematic for cell culture
treatments with SCFAs. Image was created with Biorender.com (C-D) Select SCFA
treatment results in global increases of histone acyl marks. Representative immunoblots
of n =3 independent biological replicates from (C) HCT-116 cells grown in HPLM and
(D) Caco-2 cells grown in standard EMEM growth media. Cells were treated with a
sodium matched control (NaCl), 5 mM of single SCFAs, an equimolar combination (1.67
mM) each of acetate, butyrate, and propionate (1:1:1 mix), or physiological combination
(3:1:1 mix of 3 mM acetate, 1 mM butyrate, 1 mM propionate) for 24 hours. NaCl serves
as a control for sodium addition and H3 serves as a loading control.

Figure 2: Histone propionylation and butyrylation are associated with open
chromatin in human colon cancer cells. (A) Global localization of different histone
acyl marks in HCT-116 cells. ChlP-seq was performed in HCT-116 cells grown in DMEM
and treated with different SCFAs for 24 hours. Heatmaps of ChlP-seq data depicting
localization of different histone acyl marks and a positive control, H3K4me3 at TSS +/-
2kb. Heatmaps were generated using deepTools. (B) Genomic distribution of ChlP-seq
reads. Enrichment of reads within the listed annotated regions are displayed as a
heatmap. The enrichment is normalized to the proportion of these elements in the
genome. Data was generated with ChIPQC and representative ChlPs are shown. (C)
Representative tracks depicting ChlP-seq data. Tracks represent normalized, fragment-
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extended signal bigWigs. All tracks are individually autoscaled and figure was generated
using IGV.

Figure 3: SCFA treatments result in overlapping and distinct gene expression
changes. RNA-seq was performed on HCT-116 cells grown in DMEM and treated with
5 mM of single SCFAs or an equimolar combination (1.67 mM) each of acetate,
butyrate, and propionate for 6 hours. (A) Principle Component Analysis depicting the
variance across all groups. (B) Heatmap of differential gene expression. Differential
genes were identified using DESeq2 Wald test and statistically significant genes were
defined using a padj < 0.05 cutoff. Displayed are all significant genes after a pairwise
comparison between vehicle treatment and the combination SCFA treatment. Genes
and samples are hierarchically clustered and values shown are z-scores of regularized
log of counts across genes. (C) UpSet plot showing the overlap between significant
differential gene expression of different treatment groups compared to vehicle (D-E)
Euler diagrams showing the overlap between significant differential gene expression of
different treatment groups compared to vehicle.

Figure 4: Butyrate treatment has effects independent of HDAC inhibition that rely
on p300/CBP activity. (A) Schematic of experimental set-up. Cells were treated with
either vehicle (DMSO), 5 mM butyrate, 1 uM Entinostat, 1 uM A485, or A485 with
butyrate for 24 hours in HPLM media. Image was created with Biorender.com. (B)
Levels of select histone marks were analyzed by immunoblotting with the different
treatments. H3 serves as a loading control and representative blot is shown. (C)
Quantitative analysis of signal intensity for the histone marks normalized to total histone
H3 levels. Immunoblot signal intensities were quantified using Image Lab 6.1, and the
bar graphs represent the mean and s.e.m. for three independent experiments (n = 3).
Statistical significance was evaluated using one-way ANOVA with Dunnett’s test for
multiple comparisons. (D) Heatmap of differential gene expression. Genes were subset
to those that are significantly variable across the dataset using Likelihood Ratio Test
(padj < 0.05) in DESeq2. Z-scores of regularized log counts across genes are shown.
Genes and samples are hierarchically clustered. (E) Heatmap and hierarchical
clustering of differential gene expression after removing Entinostat-dependent genes.
Entinostat-dependent genes were identified using DESeqg2 Wald test and defined using
a padj < 0.05 cutoff in DMSO vs HDACI. Genes were subset to those that are
significantly variable across the dataset using Likelihood Ratio Test (padj < 0.05) in
DESeq2. Z-scores of regularized log of counts across genes are shown. Genes and
samples are hierarchically clustered, and tree was cut into 5 separate clusters. (F) Gene
Ontology analysis of p300/CBP dependent genes that are independent of HDAC
inhibition. GO term enrichment of genes in clusters 2 and 4 from Figure 4e are shown
using over representation analysis with Fisher exact test from clusterProfiler.

Supplemental Figure 1: Quantification of immunoblotting data related to Figure 1.
Histones were extracted from (A) HCT116 cells cultured in HPLM medium or (B) Caco-2
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cells and treated for 24 hours with 5 mM of the following treatments: NaCl, acetate,
butyrate, propionate, 1:1:1 Mix (equimolar SCFA mixture, 1.67 mM each), and 3:1:1 Mic
(physiological SCFA ratios: 3 mM acetate, 1 mM butyrate, and 1 mM propionate).
Quantitative analysis of signal intensity for the histone marks normalized to total histone
H3 levels. Immunoblot signal intensities were quantified using Image Lab 6.1, and the
bar graphs represent the mean and s.e.m. for three independent experiments (n = 3).
Statistical significance was evaluated using one-way ANOVA with Dunnett’s test for
multiple comparisons.

Supplemental Figure 2: Immunoblotting data in HCT-116 cells grown in DMEM.
HCT116 cells cultured in DMEM medium were treated for 24 hours with 5 mM of the
following treatments: NaCl, acetate, butyrate, propionate, 1:1:1 Mix (equimolar SCFA
mixture, 1.67 mM each), and 3:1:1 Mix (physiological SCFA ratios: 3 mM acetate, 1 mM
butyrate, and 1 mM propionate). (A) Representative immunoblot of n =3 independent
biological replicates. NaCl serves as a control for sodium addition and H3 serves as a
loading control. (B) Quantitative analysis of signal intensity for the histone marks
normalized to total histone H3 levels. Immunoblot signal intensities were quantified
using Image Lab 6.1, and the bar graphs represent the mean and s.e.m. for three
independent experiments (n = 3). Statistical significance was evaluated using one-way
ANOVA with Dunnett’s test for multiple comparisons.

Supplemental Figure 3: SCFA treatment in HPLM generally recapitulates gene
expression changes observed in DMEM. RNA-seq was performed on cells treated
with a sodium matched control (NaCl), 5 mM of single SCFAs, an equimolar
combination (1.67 mM) each of acetate, butyrate, and propionate (1:1:1 mix), or
physiological combination (3:1:1 mix of 3 mM acetate, 1 mM butyrate, 1 mM propionate)
for 24 hours. (A) Principal component analysis of all samples. (B) Heatmap of
differential gene expression. Differential genes were identified using DESeq2 Wald test
and statistically significant genes were defined using a padj < 0.05 cutoff. Displayed are
all significant genes changing in the 3:1:1 SCFA mixture versus untreated samples.
Genes and samples are hierarchically clustered and values shown are z-scores of
regularized log counts across genes. (C) UpSet plot showing the overlap between
significant differential gene expression of different treatment groups compared to vehicle
(D-E) Euler diagrams showing the overlap of significant differential genes compared to
untreated cells (D) following butyrate treatments across experiments and (E) following
butyrate or SCFA mixes in HPLM.

Supplemental Figure 4: Comparison of gene expression changes from butyrate
treatments in different human cell lines and mouse intestinal epithelial cells. (A)
Heatmap showing differential gene expression in different human cell lines, HCT-116
and Caco-2, in response to butyrate treatment. Differential genes were identified using
the DESeq2 package and defined using a padj < 0.05 and log2fc > 2 or < -2 as cut offs.
Genes and samples are hierarchically clustered and values shown are z-scores of
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regularized log counts across genes. (B) Schematic showing different treatments in
mice and human cell lines, generated in Biorender.com. (C). Euler diagram showing
overlap between human cell lines and mouse IECs. Mouse IEC genes are defined as all
significant differentially expressed genes from tributyrin treatment with ampicillin
compared to ampicillin treatment and mock gavage from GSE216319. Human cell lines
genes are defined as significantly changed genes 2< fold change >2. (D) Gene ontology
categories for the 560 common genes from mouse IECs and both cell lines treated with
butyrate. GO analysis was performed using over representation analysis and the Fisher
exact test in DAVID. The top 10 Biological Process categories are shown.

Supplemental Figure 5: Cell viability following treatments with SCFAs, a
p300/CBP inhibitor, and an HDAC inhibitor. HCT-116 cells in HPLM culture medium
were treated with media containing: 5 mM of SCFAs; 1 uM of A485 (a p300/CBP
inhibitor); a combination of 1 yM A485 and 5 mM butyrate; or 1 uM of Entinostat (ES), a
class | HDAC inhibitor. Cells treated with DMSO served as vehicle controls. Treatments
were performed in triplicate for each condition. Cell viability was measured by CellTiter-
Glo®. Results are presented as the mean and s.e.m. (n = 3). Statistical analysis was
performed using two-way ANOVA followed by Dunnett’s test for multiple comparisons.
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