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Histone acetyltransferases KAT2A and KAT2B are paralogs highly expressed in the intestinal epithelium, but their
functions are not well understood. In this study, double knockout of murine Kat2 genes in the intestinal epitheli-
um was lethal, resulting in robust activation of interferon signaling and interferon-associated phenotypes includ-
ing the loss of intestinal stem cells. Use of pharmacological agents and sterile organoid cultures indicated a
cell-intrinsic double-stranded RNA trigger for interferon signaling. Acetyl-proteomics and sequencing of immu-
noprecipitated double-stranded RNA were used to interrogate the mechanism behind this response, which identi-
fied mitochondria-encoded double-stranded RNA as the source of intrinsic interferon signaling. Kat2a and Kat2b
therefore play an essential role in regulating mitochondrial functions and maintaining intestinal health.

INTRODUCTION
The intestinal epithelium not only serves absorptive functions but
also acts as a barrier against pathogens and microbiota within the
lumen. Following an infection, nucleotides of pathogenic origin can
be detected by pattern recognition sensors, such as Toll-like recep-
tors (TLRs), stimulator of interferon (IFN) genes (STING), mela-
noma differentiation-associated gene 5, and retinoic acid-inducible
gene 1. Besides these pathogen-associated molecular patterns, host-
derived danger-associated molecular patterns from DNA damage
and apoptosis can trigger an epithelial response. Host-derived
double-stranded RNA (dsRNA) from the nuclear genome via en-
dogenous retrovirus reactivation, or via leaked mitochondrial
transcripts, may activate these pattern recognition sensors (1-9). In
response to detection of these nucleotides, type I and type III IFNs
are produced in the intestinal epithelium to activate transcription of
IFN-stimulated genes (ISGs) that mount a defense against threats
(10-12). Furthermore, specialized types of intestinal epithelial cells
(IECs) partake in innate immunity, such as Paneth cells via secre-
tion antimicrobial peptides and cytokines (13, 14). Activation of
IFN signaling can also have negative consequences on intestinal
function, such as with the loss of intestinal stem cells via Irf2 dele-
tion or polyinosinic:polycytidylic acid [poly(I:C)] treatment (15, 16).
DNA, as the carrier of genetic instructions for all cells, must also
be carefully regulated to allow or prohibit transcription of genes as
needed. DNA is compacted into chromatin by wrapping approxi-
mately 146 base pairs around a nucleosome with each nucleosome
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comprised of an octomer of histones (17). Histones contain un-
structured N-terminal “tails” that are the substrate for a variety of
posttranslational modifications (PTMs). Histone PTMs serve as a
means for controlling formation of euchromatin (open chromatin)
and heterochromatin (compacted chromatin) and alter the recruit-
ment of transregulating proteins to the chromatin. Histone PTMs
do not necessarily behave independently but rather cross-talk among
one another and collectively form a “histone code” as proposed by
Strahl and Allis (18). Many histone readers, writers, and erasers
maintain this histone code, allowing or disabling transcription of
specific genes based on the needs of the cell.

KAT2A and KAT2B encode for proteins general control nondere-
pressible protein 5 (GCNS5, also GCN5L2) and p300/CREB-binding
protein (CBP)-associated factor (PCAF), respectively. KAT2A and
KAT?2B are paralogous genes and have roughly 70% amino acid se-
quence homology (19, 20). Both KAT2A and KAT2B are reported to
redundantly catalyze acetylation of lysine residues on histone H3
tails, particularly lysines 9 and 14 (H3K9ac and H3K14ac, respec-
tively). In addition, these acetyltransferases also catalyze other ace-
tyl and nonacetyl marks (21-34).

Previous studies suggest that KAT2A and KAT2B function to-
gether in chromatin remodeling, DNA replication, DNA repair, cell
cycle, cell death, and transcriptional regulation (35-40). Other studies
also point to their roles in the Notch signaling pathway, heart develop-
ment, limb development, the immune response, cell adhesion,
brown adipogenesis, and keratinocyte differentiation (41-48). How-
ever, KAT2A-specific functions include in utero embryonic devel-
opment, neural tube closure, synaptic plasticity, long-term memory,
T cell regulation, and regulatory T cell differentiation (49-51).

We sought to define the functions of KAT2 family members in
the intestine. In this study, we find that double knockout (DKO) of
lysine acetyltransferases 2A (Kat2a) and 2B (Kat2b) in the intestinal
epithelium triggers an intrinsic IFN response and critically compro-
mises intestinal function. Upon inactivation of Kat2 paralogs in the
intestinal epithelium, the IFN pathway is activated, and intestinal
stem cells are lost. Kat2 DKO in IECs leads to compromised mito-
chondrial function and the accumulation of mitochondrial dsRNA,
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which serves as the trigger for IFN signaling. As a result, key epithe-
lial functions such as intestinal stem cell renewal are compromised,
and the animal can no longer survive.

RESULTS

To study the functions of KAT2A and KAT2B genes in intestinal
health, we generated genetic mouse models that ablate both Kat2
paralogs in the intestinal epithelium (henceforth referred as Kat2
DKO). Specifically, we integrated the Villin-Cre®? transgenic allele
(52) with Kat2a"®"°% alleles (52, 53) and with Kat2b germline KO
alleles (Kat2b™"") (36). Induction of Kat2 DKO via tamoxifen treat-
ment of adult mice was efficient, and loss of Kat2 paralogs was con-
firmed at the RNA and protein level (Fig. 1, A, B, and F). Induced
Kat2 DKO led to rapid and statistically significant weight loss, with
animals typically reaching a humane end point and requiring eutha-
nasia within a week after the start of tamoxifen injections (Fig. 1C).
These results indicate a vital intestinal function for Kat2 paralogs.

KAT2A and KAT2B are reported to catalyze histone PTMs H3K9ac
and H3K14ac (23, 42, 54) but could more broadly affect the histone
code. To comprehensively screen changes in histone modifications
from Kat2 DKOs, we conducted histone PTM mass spectrometry
(MS) (Fig. 1D) (55). Consistent with previous literature linking
KAT2 to H3K9ac, the relative abundance of H3K9ac in Kat2 DKO
mutants was decreased (Fig. 1E). Other changes were observed in
histone PTMs, such as nearly complete loss of detection of multiple
acetyl-lysine marks on histone H4 involving H4K5ac, H4K8ac,
H4K12ac, and H4K16ac in various combinations (Fig. 1E and
table S2). Total acetylation across all histone tails did not signifi-
cantly change, suggesting the specificity of Kat2a and Kat2b to these
specific lysine residues (fig. S1A). Additional changes to histone
marks, such as statistically significant increases in methyl marks
H3K18melK23mel and H3K56me2 (table S2), are not expected to
be catalyzed by Kat2, which, we assume, are likely indirect effects
of Kat2 loss. Immunohistochemistry (IHC) confirmed notable de-
pletion of H3K9ac immunoreactivity in the intestinal epithelial nu-
clei and in expanded crypt regions in Kat2 DKO mice compared to
controls (Fig. 1, F and G). This loss was not observed in either single
Kat2 KO (fig. S1, B and C), suggesting redundant roles of the para-
logs in H3K9ac modification. The absence of H3K9ac was addition-
ally quantified by immunoblotting of purified histones from IECs of
control and DKO mice (Fig. 1H). Conversely, competing or neigh-
boring marks, such as H3K9me3 and H3K14ac, did not exhibit a
qualitative difference between controls and DKO in IHC nor histone
PTM MS (fig. S1, D and E). These data suggest efficient depletion of
KAT?2 activity in an in vivo model.

To further investigate the effects of intestinal Kat2 DKO on intes-
tinal health, we conducted immunostaining for stem cell marker
olfactomedin 4 (OLFM4) and proliferation marker protein Ki-67
(K167) (Fig. 2A). Both protein and transcript levels were notably
diminished in Kat2 DKO intestinal epithelium, suggesting that Kat2
function is necessary for maintaining stemness in the intestinal
epithelium. In addition, fewer numbers of crypt cells expressed the
proliferation marker K167 and stem cell marker OLFM4 in Kat2
DKO with statistical significance (fig. S2, A to D). To assay for stem
cell function, we isolated murine intestine epithelial crypts and cul-
tured them as organoids (56, 57). Of 250 crypts plated from each
condition, just over 100 gave rise to organoids from control mice,
while, virtually, none were observed from in vivo DKO mice
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(Fig. 2B), further suggesting compromised stem cell activity upon
loss of Kat2 function.

To more comprehensively characterize the functions of Kat2a
and Kat2b in the intestine epithelium, we used RNA sequencing
(RNA-seq). Epithelium was harvested from control and mutant
mice before the onset of overt symptoms (Fig. 2C) to understand
how the Kat2 paralogs affect the transcriptome before secondary
changes of declining mouse health. RNA-seq from Kat2 DKO IECs
and controls resulted in 483 up-regulated and 362 down-regulated
genes [Fig. 2D; average fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) > 1, fold change > 2 or < —2, DESeq2
adjusted (adj.) P < 0.05, n = 4]. Consistent with reverse transcription
quantitative polymerase chain reaction (RT-qPCR) data (Fig. 2A),
RNA-seq transcript levels for Olfim4 and Mki67 decreased with Kat2
DKO (Fig. 2E). In addition, RNA-seq transcript levels for another
stem cell marker, Lgr5, were lower with statistical significance in the
intestinal epithelium of Kat2 DKO (fig. S2I). Most other key tran-
scripts used as lineage markers of various intestinal cell types did
not show statistically significant changes in Kat2 DKO mutants
(Fig. 2E). However, use of broader gene sets associated with intesti-
nal lineages using gene set enrichment analysis (GSEA) (58) sug-
gested higher expression of transcripts associated with secretory
lineages (enteroendocrine, goblet, and Paneth cell signatures) and
reduced expression of transcripts associated with stem cell, differen-
tiation, and enterocyte progenitor signatures (16, 59, 60) in Kat2
DKOs (Fig. 2, F and G). The decrease in stem cell transcripts cor-
roborated the lack of organoid forming ability from the DKO crypts
(Fig. 2B). Several of these phenotypes have been associated with a
reduction in Notch signaling, and a gene set associated with Notch
signaling in the intestine (16) was also reduced in the transcriptome
of the Kat2 DKO (fig. S2J). Consistent with an increase in Paneth
cell gene signature transcripts, Kat2 DKO mutants also demonstrated
increased periodic acid-Schiff (PAS) staining for Paneth cells and
disruption in lysozyme protein localization in the intestine (Fig. 2H
and fig. S2, E and F). Overall, intestinal KAT2 appears to be required
for intestinal stem cell transcript expression and function, and dis-
ruption of KAT2 expression leads to changes in intestinal homeosta-
sis and a rapid decline in the health of the mouse.

To understand how KAT2 could function to control these aspects
of intestinal homeostasis, we further interrogated RNA-seq data.
Database for Annotation, Visualization and Integrated Discovery
(DAVID) gene ontology (GO) analysis revealed that the most en-
riched category of genes is associated with viral infection and related
immune responses, while down-regulated genes are associated
with oxidoreductase and mitochondrial functions (Fig. 3, A to C,
and table S3). Genes induced after viral infection are often linked to
an IFN signaling response. We therefore queried whether the genes
induced upon Kat2 DKO are similar to genes induced upon IFN-A
treatment of intestinal organoids or upon treatment of neonatal
mice with IFN-p in the intestinal epithelium. We found very robust
correlations between these datasets using GSEA (Fig. 3C), indicat-
ing that the IFN signaling pathway is activated upon Kat2 DKO
(61). These findings are consistent with previous literature in which
active IFN signaling disturbed intestinal stem cell maintenance and
health (15, 16).

Activation of IFN signaling in the Kat2 DKO mice could be ei-
ther dependent on a microbial agent or initiated intrinsically in the
mouse cells. To discern whether activation of IFN signature genes
was dependent on the microbiome, we induced Kat2 DKO in the
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Fig. 1. Intestinal epithelium-specific DKO of Kat2a and Kat2b depletes H3K9ac and is required for survival. (A) Timeline of induction of genetic KOs and harvest.
Vertical arrows indicate the days of tamoxifen injection. Horizontal arrows indicate the average time range for tissue collection. (B) Transcript levels of Kat2a and Kat2b
from Kat2 DKO mice in vivo, normalized to housekeeping gene controls [two-way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test, *adj. P < 0.05,
n =12 to 13 per group]. (C) Average weights over time in percentage, relative to first day of tamoxifen injection, of DKO and control mice show that loss of Kat2 in the
intestine leads to rapid weight loss and death (n = 12 to 15 per group, mixed-effects ANOVA analysis, *adj. P < 0.05). (D) Schematic of the pipeline for histone PTM
MS. Created with Biorender.com. (E) Relative abundance (%) of H3K9ac and H45acK12acK16ac from histone PTM MS of histones from Kat2 DKO IECs (n = 4 to 5 per group,
Welch's t test). (F) Immunohistochemistry (IHC) of jejunal sections using the indicated antibodies in control and DKO mice (n = 3 to 4 per group). Scale bars, 100 pm. Note
efficient depletion of GCN5, PCAF, and H3K9ac in DKO tissues. (G) Additional H3K9ac immunostaining; insets outline the intestinal epithelium to highlight the epithelial-
specific reduction of H3K9ac immunoreactivity. Scale bars, 100 pm (center images) and 50 pm (insets). Immunostaining is representative of four biological replicates.
(H) Left: Immunoblots of two representative samples for H3K9ac and histone H3 expression on purified histones. Right: Ratios of H3K9ac to histone H3 in DKOs from
densitometric analysis using ImageJ (n = 5 per group, unpaired t test, *P < 0.01). All graphs show means with error bars in SEM.

Nguyen et al., Sci. Adv. 10, eadl1584 (2024) 7 August 2024 30f15


http://Biorender.com

SCIENCE ADVANCES | RESEARCH ARTICLE

A Control DKO gy ofme Cv.”_ i
8% in-tre Tamoxifen injections
; % 1,04 yo00, Villin-CrefR72; Kat2afioxflox; Kat2b~- daily for 3jdays
) 5 ) g2
< 1 ég 0.5 o
= 3%l Q ¥ ¥ ¥ Harvest
(T i) Control DKO o]
_l N : ———
o gg MW Day: 0 1 2 3
88 1
fg Rl RNA-seq timeline
EE 0.5
S
g ool
5 " Control DKO D o>
& 0
S & &
© Srsf6 O Q
E ’ 15 m r r 1r .

normalized to Cyb561d1
5

2
2
s
8
I
2
o
=3
2
4
£
S
z
S
2

0,01
Control DKO

B ContrOI DKO Organoid viability
% 60 —
'O. .
284
2 % Row z score
>3
54 20 2 1 0 1 2
i . Up-regulated Down-regulated
g Control  DKO 483 genes 362 genes
E
olfm4 Mki67 Lyz1 Chgb Mttp Krt20
100 . 1500 1500
s = 10009 : = 1000 &3 i & control
EX < I oko
E E 500 & 500
0 [}
F Up-regulated terms in DKO G Down-regulated terms in DKO H
Enteroendocrine cell signature IEC stem cell signature
0.4- ™ FDRg=0.04 00 Ny FDR ¢ <0.01
| . NES144 D NES -1.73
NN N 1
00 i NN o \f,;
LU LI IILAERAH
g Goblet cell signature g Differentiation markers 2
Q 05{ "\ FDRq<001 9 0.0 - FDR ¢ <0.01 o
— . NES220 — ™ NES -1.83
c N c I
[0) f N [0} N\ /
E 00 AN E -04- S
€ I (ORI T
w w
Paneth cell signature Enterocyte progenitor signature
By o FDR g =0.02 0.0 FDR g <0.01
\ NES 145 Qij b o
J /
] / S
0.0 \\\\A‘\ oal E,‘
111 R UL T T S|
Up in DKO Down in DKO Up in DKO Down in DKO

Fig. 2. Intestinal epithelium-specific Kat2a/Kat2b DKO leads to loss of stem cell renewal and skews expression of distinct intestinal lineage markers. (A) Left: IHC
on mouse jejunum for antibodies against OLFM4 and KI67 at 4 to 7 days after onset of tamoxifen treatment (n = 3 per group). Scale bars, 100 pm. Right: RT-qPCR of Olfm4
and Ki67 transcript changes in DKO. Srsf6 was used as an additional reference gene, and all transcript expression was normalized to housekeeping gene control (n = 3 per
group, unpaired t test, *P < 0.01). ns, not significant. (B) Left: Crypts were collected from mice 4 to 5 days after the onset of tamoxifen treatment and then seeded in Matri-
gel for organoid culture. Ex vivo primary epithelium-derived intestinal organoids grown for 6 days (n = 3 per group). Scale bars, 500 pm. Right: Survival graph of intestinal
organoids (n = 3 per group, unpaired t test, *P < 0.01). (C) Experimental design for RNA-seq. Arrows indicate the days of tamoxifen injection, with tissue collection occur-
ring on day 3. (D) Heatmap of significantly up-regulated or down-regulated RNA transcripts in Kat2a/Kat2b DKO mice (n = 4 per group, average FPKM > 1, DESeq?2 adj.
P < 0.05, fold change > 2 or < —2). (E) FPKM values of Olfm4, Mki67, and select intestinal cell lineage markers from RNA-seq (n = 4 per group, *DESeq?2 adj. P < 0.05). GSEA
enrichment profiles from RNA-seq that are (F) up-regulated or (G) down-regulated (n = 4 per group). FDR, false discovery rate; NES, normalized enrichment score. (H) PAS
staining and IHC for lysozyme of intestinal tissue (n = 3 per group). Scale bars, 10 pm (middle) or 100 pm (top and bottom). All graphs show means with error bars in SEM.
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Fig. 3. Kat2a/Kat2b DKO induces epithelial-intrinsic IFN signaling, which can be suppressed with pharmacological inhibitors of cytoplasmic double-stranded
nucleic acid-sensing pathways. (A) Top up-regulated (red) and top down-regulated (blue) GO terms in DKO samples (483 and 362 genes, respectively, from RNA-seq
Fig. 2D) using DAVID GO. (B) Expression profile of immune-related genes populated from RNA-seq and GO analysis (from five GO terms: GO:0051607, GO:0009615,
G0:0002376, GO:0045087, and GO:0045071). (C) GSEA profiles demonstrate enrichment of IFN-p and IFN-A targets from GSE142166 and down-regulation of mitochon-
drial complex V in Kat2a/Kat2b DKO. (D) Timeline of events for ex vivo epithelium-derived intestinal organoid experiments, where mice are harvested on day 0 for three-
dimensional organoid culture containing antimicrobials [Primocin (0.1 mg/ml) and penicillin-streptomycin (100 U/ml)]. Induction of DKO with 16-hour tamoxifen (1 pM)
treatment in ex vivo culture begins on day 4. Inhibitor treatment also begins on day 4 and ends on day 8 at the time of organoid collection. (E) Schematic of IFN signaling
pathway activation via double-stranded nucleic acids. Targets of select inhibitors are shown in red. MAVS, mitochondrial antiviral-signaling protein. (F) RT-qPCR of ISGs
from epithelium-derived intestinal organoids with DKO induced in culture, which were treated with pharmacological inhibitors targeting TBK1 (GSK8612; 10 pM), JAK
(ruxolitinib; 2 pM), and STING (H-151; 2 uM) for 4 days. Inhibitors were added during and after induction of DKO in culture, with media and inhibitors refreshed daily (n =3
per group, two-way ANOVA with Tukey post hoc analysis, *adj. P < 0.05 for the indicated gene versus 0.2% DMSO vehicle-treated DKO, normalized to Hprt). Mean shown
with error bars in SEM.

context of established intestinal organoid cultures, which are grown
under sterile conditions. Organoids were grown for 4 days in the
presence of antimicrobials (primocin, 0.1 mg/ml) before DKO in-
duction (Fig. 3D) and then monitored for ISG expression. Com-
pared to control organoids, DKO organoids exhibited statistically
significant elevation of a panel of ISGs (Fig. 3F and fig. S3A). Given
the absence of microbial populations and other host-derived cell
populations in these epithelial organoid cultures, this IFN response
upon Kat2 DKO appears intrinsic to the intestinal epithelium.
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Kat2s suppress a self-derived dsRNA-induced activation of
IFN signaling

Cell-intrinsic IFN responses can come from several sources, including
self-derived double-stranded DNA (dsDNA) and dsRNA. dsDNA
and dsRNA sensors initially activate different signaling proteins in
the IFN response but later converge and share the same downstream
pathway to trigger transcription of ISGs (Fig. 3E). In the ex vivo
DKO organoid model, the IFN response can be suppressed using a
TANK binding kinase 1 (TBK1)-specific inhibitor (62) (GSK8612)

50f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

or even more potently suppressed with a Janus kinase (JAK) inhibi-
tor (ruxolitinib; Fig. 3F). However, inhibition of STING, which is
typically activated by dsDNA, failed to repress DKO-induced ISG
activation (H-151; Fig. 3F). To confirm efficacy of the STING in-
hibitor, we transfected wild-type intestinal organoids with a dsDNA
mimetic. Poly(deoxyadenylic-deoxythymidylic) acid [poly(dA:dT)]
treatment successfully induced ISG expression, as expected, and ad-
dition of H-151 effectively repressed this dsSDNA response (fig. S3B).
Last, to further test the hypothesis that the Kat2 response was due to
dsRNA detection, we challenged organoids with the dsSRNA mimetic,
poly(I:C). Poly(I:C) induced the same ISG profile induced by Kat2
DKOs, and the induction of ISGs by poly(I:C) could be suppressed
with the same pharmacological agents that blocked Kat2 DKO-
induced ISG expression (fig. S3, C to F). Thus, dsRNA, and not
dsDNA, appears to drive the intrinsic IFN response in Kat2a/
Kat2b DKO.

ISGs are not enriched with nucleosomes containing H3K9ac
To understand whether ISGs are induced in response to dysregula-
tion of transcription associated with loss of H3K9ac in the Kat2
DKO, we interrogated H3K9ac chromatin immunoprecipitation se-
quencing (ChIP-seq) from murine jejunal epithelial cells (GSE86996)
(63). H3K9ac signal was aligned at all annotated transcription start
sites (TSSs) and enriched immediately upstream of the nucleosome-
free region associated with the TSS and immediately downstream of
the TSS, as expected on the basis of previous profiles of H3K9ac
marked histones (GSE86996; Fig. 4A) (63). K-means clustering re-
solved five distinct H3K9ac patterns at intestinal genes: high signal
downstream the TSS (cluster 1), moderate and bidirectional signal
from the TSS (cluster 2), moderate signal downstream the TSS
(cluster 3), weak signal downstream the TSS (cluster 4), and negli-
gible to no signal (cluster 5; Fig. 4B). We sought to identify what
patterns of H3K9ac signal were associated with ISGs differentially
expressed in Kat2 DKO versus controls from RNA-seq analysis (listed
in Fig. 3B). Most ISGs that are up-regulated in Kat2 DKO were
found in clusters with moderate or low H3K9ac-marked promoters
(clusters 3 to 5), suggesting no clear link between ISG induction and
epigenomic regulation by KAT2A- and KAT2B-mediated H3K9ac.
ISGs cluster similarly to all differentially expressed genes (DEGs)
up-regulated in Kat2 DKO (Fig. 4C). DEGs that are down-regulated
have a slightly greater proportion of genes in clusters 1 and 3 (Fig. 4C).
However, DEGs and even all genes from Kat2 DKO RNA-seq gener-
ally do not have a strong correlation with H3K9ac ChIP-seq signal
(Fig. 4D), which implies that a non-H3K9ac mechanism is likely
activating the IFN response upon Kat2 DKO. Notably, this should
not diminish the implications that other biological processes unre-
lated to IFN signaling are controlled, at least in part, by Kat2 DKO-
mediated H3K9ac of TSSs, especially given that ~48% of all Kat2
DKO DEGs that are down-regulated (146 genes) reside in clusters
1 to 3 with moderate to high H3K9ac signal.

Identification of Kat2-dependent acetylation targets reveals
that mitochondrial protein acetylation and mitochondrial

function are compromised in Kat2 DKO intestinal epithelium
We next aimed to understand whether KAT2A and KAT2B regulate
the IFN response through means beyond transcriptional changes
associated with H3K9ac loss. KAT2A and KAT2B are reported to
directly acetylate nonhistone proteins in controlling various bio-
logical functions in the cell (34, 35, 37, 38, 42, 43, 64, 65). To
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investigate what proteins may be under Kat2-dependent acetylation,
we used acetylomic MS of intestinal epithelial lysates from control
versus Kat2 DKO mice (Fig. 5A and table S4). In agreement with our
findings at the transcript level, the Kat2 DKO proteome exhibited
enrichment in terms related to immune and viral response and sup-
pression of oxidoreductase activity (Fig. 5B and table S5). Acetylo-
mic MS identified more peptides with diminished acetylation than
increased acetylation, as expected upon loss of the Kat2 acetyltrans-
ferases (Fig. 5C). Among the proteins harboring Kat2-dependent
acetylated residues were those associated with mitochondrial func-
tions (Fig. 5, B and C). These included members of the solute carrier
family 25 (SLC25) family, which are mitochondrial transport carri-
ers of solutes such as adenosine 5’-diphosphate (ADP)/adenosine
5’-triphosphate (ATP), amino acids, and fatty acids. In light of these
changes to the acetylome and diminished mitochondrial transcripts
(Fig. 3A) and proteins (Fig. 5, B and C), Kat2 DKO intestinal tissue
was stained for activities of enzymes from mitochondrial complexes
I and IV to assess disruptions in mitochondrial function. Both re-
duced form of nicotinamide adenine dinucleotide (NADH) oxida-
tion (complex I) and cytochrome ¢ oxidase (COX; complex IV)
activities were weaker in Kat2 DKO (Fig. 5, D and E). In addition,
colorimetric-based COX activity was lower with statistical signifi-
cance in Kat2 DKO intestinal epithelium cells (Fig. 5F), implying
that mitochondrial function is disrupted in the Kat2 DKO epitheli-
um. These results provide an intriguing look at the acetyl-proteome
and link Kat2 as a potential regulator of mitochondrial function.

Mitochondria-derived dsRNA accumulates in Kat2 DKO
intestinal epithelium

It has previously been demonstrated that compromised mitochon-
drial function can lead to the generation of mitochondria-derived
dsRNA (4, 66, 67) and activation of IFN signaling. For example,
knockdown of polynucleotide phosphorylase, an exoribonuclease
responsible for degrading mitochondrial transcripts, results in ac-
cumulation of cytoplasmic mitochondrial dsRNA and induces tran-
scription of IFNB in HeLa cells (4). Inhibition of ATP synthase from
the mitochondrial electron transport chain with oligomycin A also
disrupts mitochondrial membrane potential and structure, promot-
ing mitochondrial dsRNA efflux and activating IFN-p and ISGs in
chondrosarcoma cells (67).

To identify the source of dsRNA in Kat2 DKO epithelium, we
conducted sequencing of immunoprecipitated dsSRNA (dsRIP-seq)
as previously described (68) using two different monoclonal anti-
bodies designed to recognize dsRNA (anti-dsRNA antibody clones
K1 and J2; Fig. 6A and fig. S4). Stranded RNA libraries were gener-
ated to allow for detection of both sense and antisense transcripts
that could contribute to dsRNA generation. Differential enrichment
and DAVID GO analyses illustrated an up-regulation of dsRNA in
dsRIP-seq originating from mitochondria-encoded genes in the
Kat2 DKO samples (Fig. 6, B and C; fig. S4, A and B; and table S6).
The highest GO enrichment category of genes associated with dsRNA
production is from the mitochondrial genome, regardless of whether
the dsRIP-seq was conducted with the K1 or ]2 anti-dsRNA anti-
body. For example, mitochondrial genes mt-Atp8 and mt-Nd5 were
prominent in dsRNA pull-downs from DKOs but not in control
pull-downs nor any input samples (Fig. 6, D and E, and fig. S4,
C and D). Notably, mt-Nd5 and mt-Nd6 are located on opposite
strands at adjacent positions in the mitochondrial genome. These
two mitochondrial genes are most susceptible to dsRNA generation
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due to transcription in opposing directions (69) and are among the
most abundant sources of dsRNA in our dsRIP-seq results (Fig. 6E
and fig. $4D). Furthermore, dsRNA pull-downs in DKOs presented
with a higher fraction of unique mitochondrial reads (Fig. 6F). Con-
sistent with successful enrichment of dsRNA in pull-down samples,
antisense transcripts were enriched in the immunoprecipitation
samples compared to input RNA (fig. S4E), and total antisense tran-
scripts were higher in mutant samples compared to controls (Fig. 6F).
Last, we note that antisense transcript enrichment in the Kat2 DKOs
was specific to the mitochondrial genome, as the nuclear genome
had a smaller and consistent fraction of antisense reads across all
samples (Fig. 6F and fig. S4F). Collectively, these findings imply that
Kat2 DKO-generated dsRNA originates from the mitochondrial
genome rather than the nuclear genome and that mitochondrial
dsRNA then triggers an IFN response and subsequent imbalances in
intestinal homeostasis.

DISCUSSION

IEC-specific Kat2 DKO mutants presented with both an IFN re-
sponse and stem cell loss. Links between the IFN signaling pathways
inhibiting intestinal stemness have been previously documented.
Transcription factor interferon regulatory factor 2 (IRF2) negatively
regulates type I IFN signaling, and deletion of Irf2 impairs regenera-
tion and maintenance of stem cells in the intestine (15, 16). Further-
more, wild-type colonic organoids from mice treated with poly(I1:C)
to induce chronic type I IFN signaling fail to thrive in culture; or-
ganoids from Ifnarl ™~ mice undergoing the same treatment, but
lacking type I IFN signaling, are capable of growing (15). It is likely
that mice with Kat2 DKO in IECs follow a similar trajectory from
induction of ISGs to suppression in stemness, ultimately leading to
the rapid decline in health.

The IFN response is also connected to changes in intestinal ho-
meostasis as the presence of excess IFN signaling induces stem cells
to prematurely differentiate into secretory progenitors (16). An
accumulation of immature Paneth cells is observed in Irf2™~ intes-
tines, with PAS* granule morphology much similar to the IEC Kat2
DKO mutants (16). Deletion of SET domain bifurcated histone ly-
sine methyltransferase 1 (SETDB1) in the intestine also activates
ISGs and results in mislocalization of lysozyme expression (8).

Abolishment of histone acetyltransferases such as KAT2A and
KAT2B and the resulting decrease in histone acetylation might be
expected to repress transcription on a global level, but many genes
including ISGs were up-regulated in IEC-specific Kat2 DKO mu-
tants. Therefore, KAT2A and KAT2B may be important components
of functioning transcriptional complexes and machinery from ini-
tiation to termination, or these histone modulators catalyze acetyl
marks on RNA that would confer posttranscriptional stability. For
example, KAT2A and KAT2B have been previously described to
acetylate proteins recruited for nucleotide excision repair, such as
replication protein A1l (RPA1), and catalyze H3K9ac at sites of DNA
damage to mark them for repair (35, 70). In the absence of KAT2A/
KAT2B, these DNA repair pathways may become inefficient or de-
fective. Future studies should focus their efforts on obtaining a com-
prehensive understanding of the diverse roles that the KAT2 genes
play both inside and outside the nucleus.

Kat2 DKO-induced ISG up-regulation has been previously doc-
umented (42, 48). A study found that knockdown of KAT2A and
KAT2B in human keratinocyte cell lines induced transcription
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of ISGs at both subconfluence and confluence (48). In another
study, Kat2 DKO in mouse embryonic fibroblasts also identified up-
regulation in viral and immune response from RNA-seq, which was
attributed to GCN5 directly suppressing TBK1 activity (42). How-
ever, the mechanisms behind this response in vivo have not yet been
investigated. The intestine-specific KO in the current study suggests
a mechanism driving this intrinsic IFN response, using novel tech-
niques including acetylomics and dsRIP-seq to elucidate dsSRNA
from the mitochondria as the instigator in the intestinal epithelium.
How KAT2A and KAT2B modulate mitochondrial function is still
uncertain but may relate to acetyl-coenzyme A as a substrate for
both posttranslational acetylation and oxidative phosphorylation or
the acetylation status of KAT2-targeted mitochondrial proteins. No-
tably, Kat2 DKO diminished acetylation of solute transporter SLC25
family members at multiple lysines. Modeling simulations of human
SLC25A4 determined that acetylation of lysine-23 within the ADP-
binding pocket reduced ADP-binding affinity (71), although this
particular residue was not identified in our acetylomics data. While
published evidence for other acetyl sites is limited, the SLC25 carrier
family is closely tied to mitochondrial pathologies and diseases (72—
76). Kat2-catalyzed acetylation may be crucial for conformational
changes required for normal carrier functions and providing essen-
tial solutes for mitochondrial respiratory complex activity. Notably,
formation of mitochondrial dsRNA has been reported to activate
type I IEN signaling in HeLa cells upon depletion of polynucleotide
phosphorylase and in patients with hypomorphic mutations in the
corresponding PNPT1 gene (4). Overall, these mitochondrial de-
fects may cause mitochondrial dsRNA to escape into the cytoplasm
and trigger IFN signaling.

MATERIALS AND METHODS

Experimental design

The objective of this study is to investigate the functions of Kat2a
and Kat2b in the intestinal epithelium using mouse models and in-
ducible KO systems as described below.

Mouse strains

Mouse strains are an outbred mix of 129SvEv and C57BL/6] strains.
For Kat2a"""°% 10xP sites were inserted into the gene locus before
exon 3 and after exon 19 (36, 49, 77). Whole-body Kat2b™'~ mice
with the neomycin construct were generated as previously described
(36, 49, 77). Kat2 mice were provided to our laboratory by S. Dent
(The University of Texas MD Anderson Cancer Center).

Mouse intestinal epithelium harvesting

Mice taken for harvest were euthanized by cervical dislocation.
Mouse intestine was removed and unraveled before flushing with
phosphate-buffered saline (PBS) and then cut longitudinally. Intes-
tines were further cut into ~2.54-cm pieces and then incubated in
0.5 M EDTA in a series of 5-, 10-, and 25-min intervals at 4°C on a
rotator. After EDTA incubations, intestinal epithelium was isolated
by aggressive shaking. For separating crypt and villus preparations,
the epithelium-containing EDTA was passed through a 70-pm filter.
Isolated crypts and villi were further cleansed in PBS and centri-
fuged at 4°C for 3 min at 200 rpm to make pellets for organoid cul-
ture, RNA, and RT-qPCR. Animal protocols are approved by the
Rutgers Institutional Animal Care and Use Committee. For mouse
breeding colonies, mice were fed with special breeder diet (PicoLab
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Mouse Diet 20, 5058). For weaned mice and other nonbreeding
adult mice, the standard mouse diet was provided (PicoLab Rodent
Diet 20, 5053).

For conditional and inducible KO of Kat2a using intestinal
epithelium-specific Villin-Cre®®™ in mice (52), tamoxifen [100 mg/
kg; 10% (w/v) of ethanol and 90% corn oil] was administered by
intraperitoneal injections for 4 days daily; for RNA-seq, the same
treatment regimen was implemented except for 3 days daily. Control
mice received vehicle intraperitoneal injections (10% ethanol and
90% corn oil).

Intestinal organoid culture

Crypts isolated from mouse intestine were seeded at a density of
250 crypts per 25 pl of Matrigel (Cultrex reduced growth factor
basement membrane extract, type R1, R&D Systems, catalog no.
3433-010-R1) in 48-well plates. Organoids were fed with 250 pl of
media [N-2, B-27, 0.5 M N-acetylcysteine, mouse epidermal growth
factor (50 pg/ml), Noggin (100 pg/ml), R-spondin, and primocin
(0.1 mg/ml) in advanced Dulbecco’s modified Eagle’s medium/F-12
supplemented with GlutaMAX, Hepes, and penicillin/streptomycin
(100 U/ml)], typically grown until mature, and differentiated at 6 to
7 days. For ex vivo KO, 3- to 4-day-old primary organoids were
treated with either 1 pM tamoxifen in ethanol or an equivalent vol-
ume of ethanol vehicle (100% ethanol) for 16 hours and then col-
lected 72 hours later in TRIzol for RNA.

For small-molecule inhibitor studies in organoids, all com-
pounds [GSK8612, MedChemExpress, catalog no. HY-111941 (62);
H-151, MedChemExpress, catalog no. HY-112693; ruxolitinib, Cay-
man Chemical, item #11609] were reconstituted in dimethyl sulfoxide
(DMSO). Stock concentrations and dilutions were prepared to at-
tain a 0.2% DMSO concentration across all groups and treatments.
DKO was induced on 4-day-old primary organoids (tamoxifen
treated for 16 hours), with collection in TRIzol for RT-qPCR on day
8 of the same passage. Compound treatment overlapped with DKO
induction and was changed every 24 hours for 3 days for a total
treatment time of 88 hours. Three wells of a 48-well plate were col-
lected in 1 ml TRIzol per group and treatment.

For poly(dA:dT) (InvivoGen, catalog code tlrl-patn) studies in
organoids, the compound was reconstituted in water as instructed
by the manufacturer. Transfection with poly(dA:dT) was performed
with Lipofectamine 2000 (Thermo Fisher Scientific, catalog no.
11668019) following the instructions from the manufacturer for
6 hours on 10-day-old primary intestinal organoids, which were
separated from Matrigel by pipetting in ice-cold PBS. H-151 (2 pM)
0r0.2% DMSO vehicle was given concomitantly with poly(dA:dT).
Concentrations for poly(dA:dT) was chosen on the basis of the
manufacturer’s recommendations.

RNA extraction and cDNA synthesis

For primary mouse intestinal epithelium, ~20 to 50 pl of packed
epithelial cell pellet was resuspended in 1 ml of TRIzol, and RNA
was isolated according to the manufacturer’s instructions. Mouse
intestinal epithelium-derived organoids were also resuspended in
TRIzol (3 wells from a 48-well plate in 1 ml of TRIzol) and extracted
for RNA using chloroform. RNA-containing aqueous phase was
processed following the instructions from QIAGEN’s RNeasy micro
kit (QIAGEN, catalog no. 74004). For cDNA synthesis, 500 to 1000 ng
of RNA was measured using Nanodrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific) and then processed per the
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SuperScript III first-strand synthesis protocol provided by Invitro-
gen (Thermo Fisher Scientific, catalog no. 18080051).

Reverse transcription quantitative polymerase

chain reaction

RT-qPCR was conducted with the ABI PRISM 7900HT Sequence
Detection System for a 384-well plate loaded with SYBR green
(Thermo Fisher Scientific, catalog no. 4309155), cDNA, and reac-
tion mix containing a 0.5 pM final primer concentration. For analy-
sis, C; values were normalized to Hprt, Cyb561d1, or Srsf6, which
were chosen because of Kat2 DKO-induced expression changes in
typical housekeeping genes and based on RNA-seq.

RNA sequencing

Whole mouse duodenal epithelial cells were isolated and extracted
for RNA using TRIzol (Invitrogen) and chloroform. RNA samples
were sent to BGI for transcriptome library preparation, paired-end
RNA-seq, and quality control check using their DNBSEQ platform
(40 million reads per sample). Subsequent fastq files were processed
using Kallisto (version 0.46.1) with 100 bootstraps for raw read
counts and indexed to the mouse (mm9) genome. Transcript abun-
dance HDF5 binary files were imported with tximport and then
processed using DESeq2 (version 1.32) for calculating FPKM nor-
malization and for differential expression analysis in R. Genes for
analysis were filtered for an average FPKM of >1. DESeq2 was used
to generate a preranked gene list based on signal-to-noise ratios for
conducting GSEA (58).

Sequencing of immunoprecipitated dsRNA

Whole IECs from the proximal half of the small intestine of two
control and two Kat2a/Kat2b DKO mice were collected for dsRIP-
seq, following Gao et al. (68). Briefly, ~20 to 30 pl of epithelial cell
pellet per sample was resuspended in TRIzol (Invitrogen) as inputs.
A total of 200 pl of pellets per sample were also resuspended in 3 ml
of dsRIP buffer [100 mM NaCl, 50 mM tris-HCI (pH 7.4), 3 mM
MgCl,, and 0.5% IGEPAL CA-630 with 1X mammalian ProteaseAr-
rest protease inhibitor (G-Biosciences, catalog no. 786-433) and
SUPERase-In ribonuclease inhibitor (40 U/ml; Thermo Fisher Sci-
entific, catalog no. AM2696) in water], incubated for 5 min on ice,
and then centrifuged at maximum speed (13,000¢) for 10 min at
4°C. Supernatant was divided into three aliquots for incubation in
normal mouse immunoglobulin G (IgG) (MilliporeSigma, catalog
no. 12-371), dsRNA K1 (Cell Signaling Technology, #28764), or
dsRNA J2 (Cell Signaling Technology, #76651) at 5 pl per 300 pl of
supernatant. Samples in normal mouse IgG, dsRNA K1, or dsSRNA
J2 were incubated with rotation at 4°C for 2 hours and then incu-
bated along with pre-washed Protein G Dynabeads (Thermo Fisher
Scientific, catalog no. 10003D), using 25 pl of beads per 300 pl of
supernatant, for 1 hour at 4°C with rotation. Beads were collected
with a magnetic rack and washed four times in a cold room before
addition of TRIzol.

RNA extraction for dsRIP was performed using an miRNeasy
micro kit (QIAGEN, catalog no. 217084) following the manufac-
turer’s protocol and two rounds of chloroform incubations to reduce
phenol contamination. RNA was measured using Nanodrop ND-
1000 spectrophotometer (Thermo Fisher Scientific) before shipping
to Azenta (GeneWiz) for next-generation sequencing. Similar to
previous reports, IgG samples yielded insufficient amounts of RNA
for sequencing and were not included for further analysis (68).
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Library prep included ribosomal RNA-depleted total RNA, fol-
lowed by cDNA synthesis using random hexamers. FastQC (version
0.12.0) was used for quality checking fastq files. Unique molecular
identifiers (UMIs) were provided by Azenta in a separate fastq file.
UMIs were linked to their respective sequencing read with umis
(version 1.0.3) (78), and strand-specific reads were aligned to the
mm10 genome (from GENCODE, GRCm38.p4) using STAR (ver-
sion 2.7.10b) for splice awareness. The resulting BAM file was then
indexed with SAMtools (version 1.17) and deduplicated with UMI-
tools (version 1.1.4) (79-82). Per-gene raw reads counts were ob-
tained using HTSeq (version 2.0.2), and differential expression
analyses were conducted with DESeq2 (version 1.40.1) by calculat-
ing ratios of ratios (83, 84). FPKM values were determined using
edgeR (version 3.42.2) following the script provided by Gao et al.
(68) and Robinson et al. (85). Bigwig files for Integrative Genomics
Viewer (IGV) tracks were generated using BAM files from STAR
and deepTools (version 3.5.1) (86).

ChiIP-seq analysis

Analysis of H3K9ac ChIP-seq from GSE86996 (63) was conducted
using Bowtie (v1.3.0) (87) and deepTools (v3.5.0) (86) with align-
ment to the mm9 mouse genome. Positive and negative sense strands
were reoriented into the same direction for analysis. Counts from
BAM files were used to compare H3K9ac signal from ChIP-seq to
the log fold change of FPKM values between Kat2 DKOs and con-
trols from RNA-seq.

Histology

Harvested mouse intestine used for paraffin embedding was flushed
with PBS and cut longitudinally, then pinned, and fixed in 4% para-
formaldehyde in PBS for 10 min before Swiss rolling. After over-
night incubation in additional 4% paraformaldehyde, intestine
Swiss rolls were briefly rinsed in PBS and dehydrated in a series of
70 to 100% ethanol incubations. Rolls were transferred into xylene
for 2 hours, then submerged in melted paraffin for 4 hours, and em-
bedded for sectioning. Paraffin-embedded tissues were sectioned at
a thickness of 5 pm.

Immunohistochemistry

Five-micrometer paraffin-embedded tissue sections were heated at
65°C and incubated in xylene before processing in increasing con-
centrations of ethanol. Sections were rehydrated and underwent an-
tigen retrieval with 10 mM sodium citrate buffer (pH 6) along with
peroxidase quenching and permeabilized with 0.5% Triton X-100.
Samples were blocked in 5% fetal bovine serum and incubated over-
night with primary antibody diluted in fetal bovine serum (see ta-
ble S1 for antibody list). After biotinylated secondary antibody
incubation following the instructions from VECTASTAIN Elite
ABC (avidin/biotin complexing) HRP (horseradish peroxidase)
Kit (Vector Laboratories, catalog no. PK-6101), antigen signal
was amplified with ABC for 1 hour and developed with 0.05%
3,3’-diaminobenzidine [Chemical Abstracts Service (CAS), #868272-
85-9] and 0.015% hydrogen peroxide in 0.1 M tris. Tissue was coun-
terstained with hematoxylin and then processed again in increasing
ethanol concentrations and xylene before mounting.

Mitochondrial enzymatic activity staining
Four-micrometer sections of unfixed, Optimal Cutting Temperature
(OCT)-embedded jejunal tissue were incubated in NADH-containing
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buffer [nitro blue tetrazolium chloride (1 mg/ml), 5 mM MgCl,, 25 mM
CoCly, NADH (2 mg/ml), and 0.2 M tris-HCI buffer (pH 7.4)] at
room temperature until the tissue developed a blue color or buffer
containing cytochrome ¢ [5 mg of 3,3’-diaminobenzidine, 10 mg of
cytochrome ¢, 20 pg of catalase, 750 mg of sucrose, and 2.5 ml of 0.2 M
sodium phosphate buffer, (pH 7.6) in 7.5 ml of deionized water] at
37°C until the tissue developed a brown color. For mitochondrial
complex I activity staining, tissue was then fixed in 4% paraformal-
dehyde for 10 to 15 min, washed two times in water, and then
mounted in water-based mounting medium (88). For COX activity
staining, tissue was washed in water before dehydration with increas-
ing concentrations of ethanol, clearance with xylene, and mounting
with a xylene-based medium (89).

COX activity assay

IEC homogenates from control and Kat2 DKO mice were used to
quantify the activity of COX by spectrophotometry using the COX
Assay Kit (Abcam, #ab239711) according to the instructions of the
manufacturer. After protein quantification, 25 pg of cell homog-
enate protein was used to measure COX activity. To characterize the
enzyme activity over a 30-min period, the oxidation of reduced cy-
tochrome ¢ with an absorbance decrease at 550 nm was measured.
The rate of the enzyme reaction was calculated in the linear range
(n =3 mice per group) and normalized per protein amount, accord-
ing to the manufacturer.

Cell lysis and protein extraction

Primary IECs were processed in radioimmunoprecipitation assay
(RIPA) buffer [150 mM sodium chloride, 50 mM tris (pH 8.0), 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% SDS in water] to ex-
tract total protein. RIPA buffer was spiked with inhibitors to achieve
final concentrations of 1X protease inhibitor, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM sodium orthovanadate, 10 mM sodium
fluoride, and 10 mM sodium butyrate. Samples were sonicated for 2
to 3 min before incubating at 4°C with rotation for 30 min. After
spin down at maximum speed in a mini centrifuge for 15 min at
4°C, the resulting supernatant containing protein was saved for ad-
ditional assays described below. Protein quantification was per-
formed following the instructions from the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, catalog no. 23225), using
the SpectraMax M2 (Molecular Devices) plate reader and SoftMax
Pro software (Molecular Devices).

Histone purification and PTM MS

Histones were purified from isolated IECs using acid-based meth-
odology for MS of histone PTMs, as described by Sidoli et al. (55)
and Yuan et al. (90). Briefly, for histone extraction and digestion,
histone proteins were extracted from pelleted IECs to ensure good-
quality identification and quantification of single histone marks
(55). Briefly, histones were acid-extracted with chilled 0.2 M sulfuric
acid (5:1, sulfuric acid:pellet) and incubated with constant rotation
for 4 hours at 4°C, followed by precipitation with 33% trichloroace-
tic acid overnight at 4°C. Then, the supernatant was removed, and
the tubes were rinsed with ice-cold acetone containing 0.1% HCI,
centrifuged, and rinsed again using 100% ice-cold acetone. After the
final centrifugation, the supernatant was discarded, and the pellet
was dried using a vacuum centrifuge. The pellet was dissolved in
50 mM ammonium bicarbonate (pH 8.0), and histones were sub-
jected to derivatization using 5 pl of propionic anhydride and 14 pl
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of ammonium hydroxide (all Sigma-Aldrich) to balance the pH at
8.0. The mixture was incubated for 15 min, and the procedure was
repeated. Histones were then digested with 1 pg of sequencing grade
trypsin (Promega) diluted in 50 mM ammonium bicarbonate (1:20,
enzyme:sample) overnight at room temperature. Derivatization
reaction was repeated to derivatize peptide N termini. The samples
were dried in a vacuum centrifuge.

Before MS analysis, samples were desalted using a 96-well plate filter
(Orochem) packed with 1 mg of Oasis HLB C-18 resin (Waters).
Briefly, the samples were resuspended in 100 pl of 0.1% trifluoroace-
tic acid (TFA) and loaded onto the hydrophilic/lipophilic balanced
(HLB) resin, which was previously equilibrated using 100 pl of the
same buffer. After washing with 100 pl of 0.1% TFA, the samples
were eluted with a buffer containing 70 pl of 60% acetonitrile and
0.1% TFA and then dried in a vacuum centrifuge.

For liquid chromatography-MS/MS acquisition and analysis,
samples were resuspended in 10 pl of 0.1% TFA and loaded onto a
Dionex RSLC Ultimate 300 (Thermo Fisher Scientific), coupled on-
line with an Orbitrap Fusion Lumos (Thermo Fisher Scientific).
Chromatographic separation was performed with a two-column
system, consisting of a C-18 trap cartridge (300 pm in inside diam-
eter and 5 mm in length) and a picofrit analytical column (75 pm in
inside diameter and 25 cm in length) packed in-house with reversed-
phase Repro-Sil Pur C18-AQ 3-pm resin. Peptides were separated
using a 30-min gradient from 1 to 30% buffer B (buffer A, 0.1% for-
mic acid; buffer B, 80% acetonitrile + 0.1% formic acid) at a flow
rate of 300 nl/min. The mass spectrometer was set to acquire spectra
in a data-independent acquisition mode. Briefly, the full MS scan
was set to 300 to 1100 mass/charge ratio (mm/z) in the orbitrap with a
resolution of 120,000 (at 200 m/z) and an automatic gain control
(AGC) target of 5 x 10°. MS/MS was performed in the orbitrap with
sequential isolation windows of 50 m/z with an AGC target of 2 X
10° and a higher-energy collisional dissociation (HCD) collision en-
ergy of 30.

Histone peptides raw files were imported into EpiProfile 2.0 soft-
ware (90). From the extracted ion chromatogram, the area under the
curve was obtained and used to estimate the abundance of each pep-
tide. To achieve the relative abundance of PTMs, the sum of all dif-
ferent modified forms of a histone peptide was considered as 100%,
and the area of the particular peptide was divided by the total area
for that histone peptide in all of its modified forms. The relative ratio
of two isobaric forms was estimated by averaging the ratio for each
fragment ion with different masses between the two species. The re-
sulting peptide lists generated by EpiProfile were exported to Micro-
soft Excel and further processed for a detailed analysis.

Acetylomics

Primary IECs in the proximal half of the small intestine from four
control and six Kat2a/Kat2b DKO mice were collected. Protein was
extracted with RIPA buffer and processed for acetylomic MS as
described previously (91) using PTMScan HS Acetyl-Lysine Motif
(Ac-K) Kit (Cell Signaling Technology, #46784).

Immunoblotting

Protein preps were mixed with loading dye and a final concentration
of 0.1 M dithiothreitol and then heated at 95°C for 10 min. For puri-
fied histones, 5 pg was loaded for each sample into a NuPAGE 4 to
12% bis-tris polyacrylamide gel (Thermo Fisher Scientific, catalog
no. NP0336BOX) and run in NuPAGE MES SDS running buffer
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(Thermo Fisher Scientific, catalog no. NP0002). Proteins were wet
transferred onto polyvinylidene difluoride membrane, which was
subsequently blocked in 5% bovine serum albumin for phosphory-
lated proteins or 5% milk for nonphosphorylated proteins for 1 hour
at room temperature and incubated overnight with primary anti-
body in blocking buffer (table S1). After washing in Tris-buffered
saline with 0.1% Tween 20 (TBS-T), membranes were incubated in
secondary HRP antibody for 1 hour. Enhanced chemiluminescence
substrate (Ultra Digital-ECL substrate solution, Kindle Biosciences,
#R1002) was used to detect and image protein (KwikQuant Imager,
Kindle Biosciences, #D1001). Quantification was performed us-
ing Image] by measuring the mean gray value of each band and
subtracting it from the background. Ratios were calculated by divid-
ing the resulting value for the target protein of interest by that of the
total protein or control.

Statistical analysis

Statistical analyses were typically conducted with ¢ tests or two-way
analysis of variance (ANOVA) with post hoc analyses, unless other-
wise specified, as described in the figure legends for each figure.

Supplementary Materials
This PDF file includes:

Figs. S1to S4

Legends for tables S1 to S6

Other Supplementary Material for this manuscript includes the following:
Tables S1to S6
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