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SUMMARY

The histone H3 lysine 27 demethylases lysine (K)–specific
demethylase 6A and lysine (K)–specific demethylase 6B
were studied in the intestinal epithelium of adult mice.
Although dispensable for intestinal homeostasis and regen-
eration, lysine (K)-specific demethylase 6A/B regulate spe-
cific intestinal gene expression programs and histone H3
lysine 27 patterns.

BACKGROUND & AIMS: Although trimethylation of histone H3
lysine 27 (H3K27me3) by polycomb repressive complex 2 is
required for intestinal function, the role of the antagonistic
process—H3K27me3 demethylation—in the intestine remains
unknown. The aim of this study was to determine the contri-
bution of H3K27me3 demethylases to intestinal homeostasis.

METHODS: An inducible mouse model was used to simulta-
neously ablate the 2 known H3K27me3 demethylases, lysine
(K)-specific demethylase 6A (Kdm6a) and lysine (K)-specific
demethylase 6B (Kdm6b), from the intestinal epithelium. Mice
were analyzed at acute and prolonged time points after Kdm6a/
b ablation. Cellular proliferation and differentiation were
measured using immunohistochemistry, while RNA sequencing
and chromatin immunoprecipitation followed by sequencing
for H3K27me3 were used to identify gene expression and
chromatin changes after Kdm6a/b loss. Intestinal epithelial
renewal was evaluated using a radiation-induced injury model,
while Paneth cell homeostasis was measured via immunohis-
tochemistry, immunoblot, and transmission electron
microscopy.

RESULTS: We did not detect any effect of Kdm6a/b ablation on
intestinal cell proliferation or differentiation toward the
secretory cell lineages. Acute and prolonged Kdm6a/b loss
perturbed expression of gene signatures belonging to multiple
cell lineages (adjusted P value < .05), and a set of 72 genes was
identified as being down-regulated with an associated increase
in H3K27me3 levels after Kdm6a/b ablation (false discovery
rate, <0.05). After prolonged Kdm6a/b loss, dysregulation of
the Paneth cell gene signature was associated with perturbed
matrix metallopeptidase 7 localization (P < .0001) and
expression.

CONCLUSIONS: Although KDM6A/B does not regulate intesti-
nal cell differentiation, both enzymes are required to support
the full transcriptomic and epigenomic landscape of the intes-
tinal epithelium and the expression of key Paneth cell genes.
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he small intestinal epithelium is maintained by a
Abbreviations used in this paper: ChIP-seq, chromatin immunopre-
cipitation followed by sequencing; DKO, double-knockout; EdU, 5-
thynyl-20-deoxyuridine; FDR, false discovery rate; GSEA, gene set
enrichment analysis; H3K27me3, histone H3 lysine 27 trimethylation;
IGV, Integrative Genomics Viewer; ISC, intestinal stem cell; KDM6A,
lysine (K)-specific demethylase 6A; KDM6B, lysine (K)-specific
demethylase 6B; LiCl, –; MMP7, matrix metallopeptidase 7; mRNA,
messenger RNA; PBS, phosphate-buffered saline; PRC2, polycomb
repressive complex 2; RNA-seq, RNA sequencing; RT-qPCR, quanti-
tative reverse-transcription polymerase chain reaction; SDS, sodium
dodecyl sulfate.
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Tpopulation of rapidly cycling intestinal stem cells
(ISCs). Marked by Lgr5 expression, these ISCs reside at the
base of epithelial invaginations termed crypts of Lieberkühn
and divide symmetrically to produce absorptive and secre-
tory progenitor cells.1–4 Absorptive progenitor cells prolif-
erate in a process called transit amplification as they
migrate out of the crypt base and up the crypt wall. Upon
exiting the crypt and entering finger-like projections termed
villi, absorptive progenitors differentiate to produce mature
absorptive enterocytes. Secretory progenitors do not un-
dergo transit amplification but differentiate progressively to
give rise to the secretory cell types of the epithelium, which
include goblet cells, enteroendocrine cells, tuft cells, and
Paneth cells.5

The carefully orchestrated process of cellular differen-
tiation is driven largely by dramatic shifts in the transcrip-
tional program as differentiating ISCs cease to express their
stem cell–specific gene program and initiate cell
type–specific gene activity.6 Well-defined signaling path-
ways and lineage-specific transcription factors help
orchestrate these shifts in gene activity. However, recently,
the epigenetic mechanisms regulating transcriptional
reprogramming during ISC differentiation have become the
topics of intense investigation. Epigenetic modifiers, such as
the Polycomb group proteins, control cellular differentiation
by determining chromatin compaction, which in turn pre-
vents or enables lineage-defining transcription factors to
bind DNA and determine cell identity.7

The polycomb repressive complex 2 (PRC2) consists of
multiple proteins including the catalytically active enzymes
enhancer of zeste homolog 1 and 2, as well as the structural
proteins suppressor of zeste 12 and embryonic ectoderm
development.8 PRC2 maintains cellular identity by cata-
lyzing the monomethylation, dimethylation, and trimethy-
lation of histone H3 lysine 27 (H3K27me1/2/3), resulting in
the transcriptional repression of target genes.9 In intestinal
crypts, PRC2 plays a dual role in promoting cell proliferation
and preventing aberrant differentiation toward the secre-
tory lineage.10–12 Loss of PRC2 activity in the intestinal
epithelium depletes H3K27me3 and reactivates genes
involved in cell-cycle arrest and secretory lineage specifi-
cation.11,12 Accordingly, ablation of the required PRC2
component embryonic ectoderm development from the in-
testinal epithelium of adult mice results in decreased
numbers of proliferating cells and increased numbers of
goblet cells and enteroendocrine cells.11,12 Conversely,
inappropriate stabilization of enhancer of zeste homolog 2
results in perturbed Paneth cell differentiation, homeostasis,
and functioning.13 Chromatin immunoprecipitation followed
by sequencing (ChIP-seq) specifically in ISCs identified
suppressor of zeste 12 binding and an associated
accumulation of H3K27me3 at key secretory
lineage–defining transcription factors,12 suggesting that
PRC2 functions in ISCs to prevent premature differentiation
toward the secretory lineage. Together, results from these
studies bring into question whether the subsequent differ-
entiation of ISCs requires removal of the repressive epige-
netic layer placed by PRC2. However, the function of active
H3K27me3 demethylation in the intestinal epithelium re-
mains unknown.

To address this critical knowledge gap, we investigated
the function of the only identified H3K27me3 demethylases,
lysine (K)-specific demethylase 6A (KDM6A) and lysine (K)-
specific demethylase 6B (KDM6B), in the intestinal
epithelium. KDM6A and KDM6B, also termed ubiquitously
transcribed tetratricopeptide repeat gene X chromosome and
jumonji domain containing 3, respectively, catalyze the
demethylation of H3K27me3.14–17 Kdm6a resides on the X
chromosome and escapes X inactivation.18 Ubiquitously
transcribed tetratricopeptide repeat gene Y chromosome
(UTY), the male paralog of Kdm6a, previously was consid-
ered catalytically inactive17; however, UTY retains modest
demethylase activity and can partially compensate for
KDM6A.19,20

Given the ability to revert PRC2-mediated gene repres-
sion, KDM6A and KDM6B are critical for gene activation
during differentiation in many developing and self-renewing
tissues, including embryonic stem cells21,22 and the he-
matopoietic,23 epidermal,24 and muscle compartments.25,26

Indeed, Kdm6a deficiency in mice results in embryonic
lethality owing to failed cardiac development, whereas
Kdm6b null mice are perinatal lethal as a consequence of
failed neuronal development.21,27 In adult tissues, KDM6A
demethylates H3K27me3 at the Myogenin promoter after
muscle injury to promote myoblast differentiation.26 Simi-
larly, KDM6B activates expression of key epidermal differ-
entiation genes during calcium-induced differentiation of
human keratinocytes.24 Furthermore, simultaneous removal
of both Kdm6a and Kdm6b from intrathymic CD4þ T-cell
precursors blocks late stages of T-cell development, owing
largely to a failure to remove H3K27me3 at genes involved
in terminal differentiation.28 Importantly, disruption of
either Kdm6a or Kdm6b alone yields a less-pronounced
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phenotype, demonstrating the overlapping functions of
KDM6A and KDM6B in differentiating CD4þ T cells.28,29

Together, these studies show that KDM6A- and KDM6B-
mediated H3K27me3 demethylation is an important epige-
netic process regulating cellular differentiation during
development and adult tissue homeostasis. However,
whether KDM6A and KDM6B are required for cellular dif-
ferentiation in the intestinal epithelium remains unknown.
In the present study, we use an inducible, intestine-specific
mouse model of simultaneous Kdm6a and Kdm6b deficiency
to elucidate the function of H3K27me3 demethylases during
adult intestinal homeostasis.
Results
To determine the function of H3K27me3 demethylases

in the intestinal epithelium, we simultaneously ablated both
Kdm6a and Kdm6b (Kdm6a/b) expression, thereby pre-
sumably removing any H3K27me3 demethylase activity. We
generated Kdm6af/f; Kdm6bf/f; Villin-CreERT2 double-
knockout (DKO) mice, in which the Villin promoter drives
expression of tamoxifen-inducible Cre recombinase specif-
ically in the intestinal epithelium. Adult control (Kdm6af/f;
Kdm6bf/f) and DKO mice were treated for 3 consecutive
days with tamoxifen to induce Cre activity, and intestinal
tissue was analyzed 7 days (acute ablation model) or 5
months (prolonged ablation model) later (Figure 1A). To
mitigate any H3K27me3 demethylase compensation by
UTY,20 female mice were used for all experiments. Efficient
gene ablation was confirmed via immunohistochemistry for
KDM6A protein (Figure 1B) and quantitative reverse-
transcription polymerase chain reaction (RT-qPCR) for
Kdm6a and Kdm6b messenger RNA (mRNA) (Figure 1C).
Importantly, genetic ablation of both Kdm6a and Kdm6b
mRNA persisted 5 months after induction of genetic abla-
tion (Figure 1C), suggesting a lack of competitive pressure
selecting for any crypt cells that might have escaped Cre-
mediated recombination.

To identify the earliest consequences of Kdm6a/b loss,
we used the acute ablation model and analyzed intestinal
tissue 7 days after the final tamoxifen dose. First, we
employed immunohistochemistry to determine whether
KDM6A/B are required for cell proliferation and differen-
tiation toward the secretory lineages in the jejunum. We
stained for the proliferation marker protein Ki-67 (hereafter
referred to as Ki-67), a protein expressed only in prolifer-
ating cells, as well as markers of mature secretory cell types
including chromogranin A to mark enteroendocrine cells
and lysozyme to mark Paneth cells. We also used Alcian blue
staining to visualize the acidic mucin-positive goblet cells.
Surprisingly, we observed no differences in cell proliferation
(Figure 2A) or differentiation toward the goblet cell
(Figure 2B), Paneth cell (Figure 2C), or enteroendocrine cell
(Figure 2D) lineages when comparing control and DKO
mice. Given the increasing evidence of significant regional-
ization along the gastrointestinal tract,30 we also evaluated
KDM6A/B function in a more distal region of the intestine.
We analyzed the ileum of control and DKO mice after acute
Kdm6a/b ablation and completed immunohistochemistry as
described earlier. Consistent with our findings from the
jejunum, we did not detect any statistically significant dif-
ference in the number of proliferating cells (Figure 3A) or
differentiation toward the secretory lineages (Figure 3B–D)
in the ileum of DKO mice. Finally, prolonged ablation of
Kdm6a/b yielded similar results because differentiation to-
ward the goblet cell, Paneth cell, and enteroendocrine cell
lineages remained unchanged 5 months after induction of
gene ablation (data not shown). Together, these findings
demonstrate that KDM6A/B are dispensable for cell prolif-
eration and cell lineage allocation in the intestinal
epithelium.

Next, we asked whether KDM6A/B are required to
maintain the transcriptomic landscape of the intestinal
epithelium. We collected intestinal epithelial cells from
the crypts of control and DKO mice after acute and pro-
longed ablation and completed bulk RNA sequencing
(RNA-seq). A total of 382 genes were differentially
expressed at the acute time point (n ¼ 5–7 per group;
adjusted P value � .05; fold-change, �2). Consistent with
the known function of Kdm6a/b in facilitating gene acti-
vation, the majority of the differentially expressed genes
(262) were down-regulated in DKO mice (Figure 4A). At
the prolonged time point, a total of 364 genes were
expressed differentially (n ¼ 3–5 per group; adjusted P
value � .05; fold-change, �2), of which 225 were down-
regulated in DKO mice (Figure 4B). A total of 176 genes
were expressed differentially at both the acute and pro-
longed time points (Figure 4C). To understand the func-
tional significance of these gene expression changes, we
performed gene set enrichment analysis (GSEA)31 using
published gene signatures of intestinal cell lineages.32–35

We found that at both the acute and prolonged time
points, signatures of mature cell types, including Paneth
cells, enteroendocrine cells, tuft cells, and distal enter-
ocytes, were down-regulated in DKO mice (Figure 4D and
E). In addition, both acute and prolonged Kdm6a/b abla-
tion down-regulated the Lgr5þ ISC, secretory progenitor,
and enterocyte progenitor signatures (Figure 4D–G), and
the Lgr5þ ISC signature was the most dysregulated
signature at the acute time point. A subset of differentially
expressed genes identified at both the acute and pro-
longed time points were validated via RT-qPCR (Figure 4H
and I). Together, these data suggest that although cellular
differentiation remains intact in DKO mice (Figures 2 and
3), Kdm6a/b are required to maintain the expression of
intestinal epithelial cell gene signatures (Figure 4), and in
their absence the intestinal epithelium is susceptible to
significant shifts in gene activity.

We next used ChIP-seq for H3K27me3 to identify
genomic regions that are direct targets of KDM6A/B
demethylase activity. To determine the earliest H3K27me3
changes associated with Kdm6a/b loss, we performed ChIP-
seq 7 days after induction of gene ablation in DKO mice. A
total of 378 genomic regions with differential H3K27me3
signals were identified, and 228 genes were associated with
increased H3K27me3 levels in DKO mice (n ¼ 4 per group)
(Figure 5A). Thus, our ChIP-seq data did not show a global
increase in H3K27me3 across the genome, but rather
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Figure 1. Kdm6a and Kdm6b gene expression is ablated from the intestinal epithelium of Kdm6af/f; Kdm6bf/f; Villin-
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CreERT2) mice. Mice were treated with tamoxifen once daily for 3 consecutive days and analyzed 7 days (middle panel, acute
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localized changes in H3K27me3 levels at a subset of genes.
To confirm this finding, we completed immunohistochem-
istry for H3K27me3 in control and DKO mice after acute
Kdm6a/b ablation. Consistent with our ChIP-seq results, we
did not observe a significant increase in H3K27me3 levels in
DKO mice (Figure 5B), suggesting that in the absence of
Kdm6a/b, increased H3K27me3 levels are restricted to a
subset of loci rather than being increased universally across
the genome.

We next compared those genes showing increased
H3K27me3 levels with those that are down-regulated in
DKO mice. To identify the maximum possible overlap, no
fold-change cut-off value was used for the down-regulated
genes when making this comparison. A total of 16,517
genes were covered in both the RNA-seq and ChIP-seq an-
alyses. Of these, 1,258 genes were down-regulated, and 191
genes were associated with increased H3K27me3 levels in
DKO mice, with a significant overlap of 72 genes (expected
overlap ¼ 15; P < 2.2e-16 with both the chi-square and
Fisher exact tests) (Figure 5C). Consistent with the observed
down-regulation of the Lgr5þ ISC signature after Kdm6a/b
ablation (Figure 4D and F), we identified 9 Lgr5þ ISC
signature genes with decreased mRNA and increased
H3K27me3 levels in DKO mice (Figure 5C). Integrative Ge-
nomics Viewer (IGV) (Broad Institute)36 tracks of Slc14a1
and Afap1l1, 2 representative Lgr5þ ISC signature genes,35

show decreased mRNA expression and increased
H3K27me3 levels in DKO mice (Figure 5D and E). Together,
these data suggest that genetic ablation of Kdm6a/b results
in modest changes in H3K27me3, which partially overlap
with Lgr5þ ISC signature genes.
Given the observed impairment of the Lgr5þ ISC gene
signature in DKO mice, we next asked whether Kdm6a/b are
required for intestinal stem cell renewal during homeostasis
and after intestinal damage. We began by using an EdU (5-
ethynyl-2’-deoxyuridine) incorporation assay to identify
changes in homeostatic intestinal crypt cell renewal in DKO
mice. EdU, a thymidine analog, is incorporated into the DNA
of cells during S phase of the cell cycle and therefore is a
robust marker of DNA synthesis and cell replication.37

Control and DKO mice were analyzed 7 days after tamox-
ifen treatment and were injected with EdU 2 hours prior to
sacrifice. Analysis of the number of EdUþ cells per crypt in
the jejunum of control and DKO mice showed no statistically
significant difference (Figure 6A), suggesting that homeo-
static epithelial cell renewal as measured by EdU incorpo-
ration does not require KDM6A/B activity.

In addition to homeostatic self-renewal, the intestinal
epithelium also has the remarkable capacity to regenerate
after damage. Given its high mitotic index, the intestinal
epithelium is highly susceptible to ionizing radiation and
other DNA damaging agents, which induce extensive
apoptosis of proliferative Lgr5þ ISCs and transit-amplifying
cells.38 After radiation-induced cell death, a regenerative
response characterized by crypt enlargement and increased
cell proliferation repopulates intestinal crypts and restores
the crypt–villus architecture.38 This robust regenerative
response is mediated by multiple cell types, including
dedifferentiating crypt progenitors as well as surviving
Lgr5þ cells.39–46 We took advantage of the high degree of
regeneration induced by radiation damage to determine
whether compromised expression of the Lgr5þ ISC gene
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Figure 2. KDM6A and KDM6B are dispensable for intestinal epithelial cell proliferation and lineage allocation in the
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signature in DKO mice sensitizes the mice to radiation
damage and perturbs intestinal epithelial cell renewal.
Seven days after tamoxifen treatment, control and DKO mice
were subjected to 14 Gy irradiation. Mice were killed 4 days
after radiation treatment during the regenerative phase of
recovery, and epithelial cell renewal was measured via EdU
incorporation into regenerative crypt foci (Figure 6B and C).
Under these experimental conditions, we did not detect any
significant difference in the number of regenerative crypt
foci per unit distance or the number of EdUþ cells per
regenerative crypt foci when comparing control and DKO
mice (Figure 6D). These findings show that intestinal
epithelial cell renewal, both during homeostasis and after
radiation-induced damage, does not require KDM6A/B ac-
tivity. Taken together with our gene expression analyses,
our results suggest that impaired expression of the Lgr5þ

ISC gene signature is not sufficient to perturb the robust
epithelial cell renewal process in DKO mice.
Finally, in addition to the observed function of KDM6A/B
in regulating expression of the Lgr5þ ISC gene signature, we
also identified a role for the enzymes in maintaining
expression of mature cell type signatures (Figure 4D and E).
In particular, the Paneth cell gene signature was down-
regulated after both acute and prolonged Kdm6a/b abla-
tion (Figure 7A and C) and was the most statistically
significantly down-regulated gene signature after prolonged
gene ablation. Analysis of individual Paneth cell marker
genes identified down-regulation of multiple defensins and
antimicrobial peptides in DKO mice (Figure 7B and D).
Surprisingly, we did not identify increased H3K27me3
levels at Paneth cell marker genes, defensins, or other
antimicrobial peptides.

Interestingly, acute and prolonged Kdm6a/b ablation
resulted in significant down-regulation of the Paneth cell
marker gene Mmp7 (Figure 7E), which encodes an enzyme
required for proteolytic activation of defensins and thus is
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critical for Paneth cell microbicidal activity and host defense
against infection.47,48 Seeking to better understand the ef-
fect of Kdm6a/b loss on Mmp7 expression, we used immu-
nohistochemistry to evaluate matrix metallopeptidase 7
(MMP7) localization patterns in Paneth cells of DKO mice.
Given the extended half-life of Paneth cells (w60 days),49

we analyzed DKO mice after prolonged Kdm6a/b ablation
to observe the most significant effects of Kdm6a/b loss on
MMP7 localization. In control mice, MMP7 showed a punc-
tate staining pattern, consistent with its localization to
Paneth cell secretory granules (Figure 7F). However, after
prolonged Kdm6a/b ablation, MMP7 adopted a more diffuse
staining pattern, with a reduced percentage of MMP7-
expressing cells showing a punctate staining pattern
(Figure 7F). To assess whether this diffuse staining pattern
may reflect reduced MMP7 protein expression in DKO mice,
we completed Western blot analysis for MMP7 after pro-
longed Kdm6a/b ablation. Although statistical significance
was not reached, we identified a trend toward decreased
MMP7 protein expression in DKO mice (Figure 7G). Inter-
estingly, transmission electron microscopy analysis of Pan-
eth cells in control and DKO mice did not identify a change
in the number of electron-dense secretory granules per
Paneth cell, the percentage area of the Paneth cell occupied
by secretory granules, or the average granule area
(Figure 7H), suggesting that the diffuse MMP7 staining
pattern is not a result of perturbed secretory granule for-
mation in DKO mice. Together, these data indicate that
Kdm6a/b are required for expression of the Paneth cell gene
signature and that prolonged absence of Kdm6a/b expres-
sion results in disrupted MMP7 localization, with a slight
reduction in MMP7 protein expression.

Together, our studies investigating KDM6A and KDM6B
function suggest that these 2 enzymes support the tran-
scriptomic and epigenomic landscape of the intestinal
epithelium despite being dispensable for intestinal cell dif-
ferentiation and self-renewal.

Discussion
Accurate execution of cell type–specific gene expression

programs and cell lineage allocation are critical for main-
taining intestinal homeostasis. Epigenetic processes such as
PRC2-mediated gene silencing are critical determinants of
cell type–specific gene activity, and, thus, cell fate determi-
nation. Although many studies have dissected the mecha-
nism by which PRC2 regulates intestinal homeostasis
by H3K27me3 deposition, the role of the antagonistic
process—H3K27me3 demethylation—in the intestine
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remains unexplored. In the present study, we investigated
the function of KDM6A and KDM6B, the only identified
H3K27me3 demethylases, specifically in the mammalian
intestine.
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differentiation toward the secretory lineages remained
intact in both the jejunum and ileum after Kdm6a/b inacti-
vation. At the genomic level, we identified a modest role for
KDM6A/B in maintaining accurate gene expression through
H3K27me3 removal, as 72 genes were down-regulated with
an associated increase in H3K27me3 after Kdm6a/b abla-
tion. Although we identified a set of 9 Lgr5þ ISC signature
genes that are regulated by Kdm6a/b, we found that ho-
meostatic and injury-induced renewal of the intestinal
epithelium does not require KDM6A/B activity. Our findings
of limited KDM6A/B involvement in regulating cellular dy-
namics and the transcriptional and epigenomic environment
of the intestinal epithelium are surprising given the critical
function of PRC2 in the intestine. First, PRC2 maintains cell
proliferation in intestinal crypts through transcriptional
repression of Cdkn2a, which encodes the cell-cycle in-
hibitors p16INK4A and p19ARF.10–12,50 Second, by transcrip-
tionally repressing secretory lineage–defining transcription
factors, such as Atoh1 and Gfi1, PRC2 prevents premature
differentiation of Lgr5þ ISCs and transit-amplifying cells
toward the secretory lineages.11,12 Finally, PRC2 maintains
crypt cell plasticity during radiation-induced regeneration,
and Eed inactivation before radiation injury results in failed
crypt regeneration and subsequent mortality.12 Our findings
indicate that active H3K27me3 demethylation is not
required to antagonize PRC2-mediated regulation of cell
proliferation, differentiation, or regeneration, and, thus, the
rapid cellular turnover of the intestinal epithelium occurs
independently of H3K27me3 demethylases.

Our findings of modest KDM6A/B function in the intes-
tine, together with our understanding of PRC2 activity in the
intestinal epithelium, suggest that an alternative mechanism
might be operating to revert the repressive effects of PRC2
on gene expression and cellular dynamics. We propose that
one such mechanism involves the passive dilution of
H3K27me3-marked nucleosomes during cellular replica-
tion.51 During symmetric cell division, epigenetic patterns
must be faithfully inherited by daughter cells to ensure
epigenetic memory; however, the process of DNA replica-
tion is inherently disruptive and requires breakdown of the
nucleosome.52 Thus, to preserve H3K27me3 patterns,
daughter cells inherit parental H3K27me3-marked nucleo-
somes and incorporate naïve, unmodified nucleosomes that
undergo de novo modification via PRC2 recruitment.53,54 If
H3K27me3 is not actively added on these newly
Figure 4. (See previous page). Kdm6a/b loss perturbs the tr
seq analysis of intestinal epithelial cells collected from the cryp
gene ablation identifies up-regulated and down-regulated tran
down-regulated with a fold-change of at least 0.5 and an adjus
that are up-regulated with a fold-change of at least 2 and an ad
0.5 (blue) and 2 (red). n ¼ 3–7 per group. (C) Venn diagram de
between the acute and prolonged time points. GSEA using inte
that are enriched in genes down-regulated after (D) acute an
descending order based on -log10 (adjusted P value). GSEA plo
after (F) acute and (G) prolonged Kdm6a/b ablation. RT-qPCR
acute and (I) prolonged Kdm6a/b ablation. (H) Cdx1 and (I) C
comparisons were made using the Mann–Whitney test with corr
*q < 0.05, **q < 0.01. n ¼ 3–7 per group. EEC, enteroendoc
enrichment score; RLM, ranked list metric.
incorporated nucleosomes, parental H3K27me3-marked
nucleosomes are diluted out at each successive round of
cellular division.55,56 Given that transit-amplifying cells
divide up to 6 times in intestinal crypts before terminal
differentiation,57,58 simply turning off PRC2 components or
redirecting the PRC2 complex away from target loci in these
progenitor cells would enable H3K27me3 removal via rep-
licational dilution.

A recent study provided support for replicational dilu-
tion as the primary mode of H3K27me3 decay in intestinal
epithelial cells.51 After PRC2 inactivation in the intestinal
epithelium, the rapidly dividing transit-amplifying
compartment lostd H3K27me3 and reactivated PRC2
target genes more rapidly than the slower-dividing Lgr5þ

ISC population. Furthermore, inactivation of PRC2 specif-
ically within Lgr5þ ISCs resulted in uniform reduction of
H3K27me3 levels across the genome, and computational
modeling of dilution-mediated H3K27me3 decay showed
that PRC2-deficient ISCs lose H3K27me3 at a rate matching
what would be expected given the published ISC replication
rate. Thus, in this context, auxiliary processes, such as active
H3K27me3 demethylation, are not required for H3K27me3
loss across the genome. Importantly, the rate of target gene
reactivation after PRC2 depletion is dependent not only on
the number of cell divisions, but also on promoter poising,
or rather, the abundance of the active methylation mark
H3K4me3 at gene promoters.10,51 Thus, active demethyla-
tion by KDM6A/B may not be required to remove
H3K27me3 in most cases; instead, genes that lose
H3K27me3 may do so via replicational dilution and may be
transcriptionally activated at a rate dependent on their level
of promoter poising.

Given the evidence of replication dilution as a primary
means of H3K27me3 removal, the question arises as to why
Kdm6a/b are expressed throughout the intestinal epithe-
lium. Our observations of increased H3K27me3 levels at a
small fraction of genes after Kdm6a/b ablation suggest that
these enzymes may function as a fail-safe mechanism to
ensure appropriate levels of H3K27me3 in intestinal
epithelial cells. Indeed, previous investigations of KDM6B
occupancy at p53-bound promoters and enhancers suggest
that rather than contributing to the direct activation of p53
target genes, KDM6B may function as a fail-safe to maintain
low levels of H3K27me3 and enable post-translational
modification of other histones, such as acetylation of
anscriptomic landscape of the intestinal epithelium. RNA-
ts of control and DKO mice after (A) acute and (B) prolonged
scripts. Blue shaded box represents all transcripts that are
ted P value < .05. Red shaded box represents all transcripts
justed P value < .05. Dashed lines represent a fold-change of
picting the overlap of differentially expressed genes (DEGs)
stinal cell type gene signatures identifies a suite of signatures
d (E) prolonged Kdm6a/b ablation. Gene sets are listed in
ts showing down-regulation of the Lgr5þ ISC gene signature
analysis confirms a subset of down-regulated genes after (H)
cnd3 were included as negative control genes. Statistical

ection for multiple comparisons made by controlling the FDR.
rine cell; NES, normalized enrichment score; RES, running
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H3K27 at enhancers.59 Furthermore, in terminally differ-
entiated human fibroblasts, KDM6A controls steady-state
H3K27me3 levels at transcriptional start sites of Hox
genes, suggesting a role for this enzyme in maintaining
optimal H3K27me3 levels at genes that are maximally
silenced in differentiated cells.17,60 In the intestinal epithe-
lium, the master transcription factor caudal type homeobox
2 (CDX2) prevents H3K27me3 from spreading into vulner-
able enhancer regions that are predisposed to H3K27me3
accumulation.61,62 KDM6A also binds these vulnerable
enhancers in a CDX2-dependent manner to help prevent
H3K27me3 spreading and maintain accurate gene expres-
sion patterns.62 Thus, in intestinal epithelial cells, KDM6A
and KDM6B may prevent the accumulation of H3K27me3 at
vulnerable loci rather than directly activating gene expres-
sion during cellular transitions. Finally, reports of
demethylase-independent functions of KDM6A and KDM6B
leave open the possibility that both enzymes regulate the
epigenomic environment of the intestinal epithelium via
mechanisms that do not involve H3K27me3 removal.19,63
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Our findings of modest gene expression and H3K27me3
changes after Kdm6a/b inactivation are consistent with
previous studies investigating the chromatin landscape of
the intestinal epithelium. Comparison of the repertoire of
active intestinal enhancers in Lgr5þ ISCs, secretory pro-
genitor cells, and enterocyte progenitor cells identified
striking similarity among the cell populations, indicating
that the cis-regulatory landscape of differentiating cells may
be established already in Lgr5þ ISCs.6,10,33 Accordingly,
comparison of Lgr5þ ISCs and intestinal villus cells found
remarkably similar H3K27me3 patterns between both cell
compartments and identified only a small fraction of genes
that undergo H3K27me3 removal with associated tran-
scriptional activation during the differentiation process.10,64

Thus, results from our study, together with these previous
investigations of intestinal enhancer and H3K27me3 dy-
namics, support a model in which a permissive chromatin
landscape exists within the intestinal epithelium: a chro-
matin landscape that does not require active H3K27me3
demethylation by KDM6A/B.

Importantly, significant changes in the distribution of
H3K27me3 occur during the development of the embryonic
intestinal epithelium into a mature adult organ.64 A subset
of enterocyte-specific genes lose H3K27me3 during the
transition of embryonic intestinal progenitor cells into adult
Lgr5þ ISCs, indicating that genes activated in enterocytes
have lost H3K27me3 already in ISCs. Furthermore, a group
of adult ISC signature genes, including Smoc2 and Notch1,
are marked with H3K27me3 in the intestinal epithelium at
embryonic day 14.5, and lose this mark in adult ISCs.64

Interestingly, we identified both Smoc2 and Notch1 as two
dysregulated genes following Kdm6a/b ablation (Figure 4B),
as both were down-regulated with a concomitant increase in
H3K27me3. Thus, it is possible that loss of Kdm6a/b pre-
disposes genes that were developmentally marked with
H3K27me3 to reaccumulate this repressive histone modifi-
cation. Ultimately, these studies suggest that H3K27me3
patterns of the adult intestinal epithelium may be estab-
lished during development and indicate that KDM6A/B may
function in the embryonic intestinal epithelium to remove
H3K27me3 or in the adult intestinal epithelium to maintain
low H3K27me3 levels in developmentally marked genes.

Using the acute and prolonged ablation models to iden-
tify transcriptomic changes after Kdm6a/b depletion, we
identified significant down-regulation of Paneth cell–specific
genes, including genes encoding defensins and antimicrobial
peptides. In addition, expression and localization of the
defensin-processing enzyme, MMP7, was perturbed after
prolonged Kdm6a/b ablation.47,65 Interestingly, we did not
observe increased H3K27me3 levels at the Mmp7 locus or at
any other Paneth cell marker gene. Furthermore, analysis of
H3K4me3 levels, a histone modification associated with
active promoters and linked to KDM6A/B activity in certain
contexts, did not identify differential patterns at Paneth cell
gene promoters after Kdm6a/b ablation (data not
shown).19,66–68 These findings are consistent with previous
reports showing mild, demethylase-independent gene
expression changes after Kdm6b inactivation,66 and leave
open the possibility that KDM6A/B use an alternative
mechanism to regulate Paneth cell gene expression, for
example, by promoting interactions between chromatin
remodelers and transcription factors at enhancer ele-
ments.69,70 Furthermore, given current ChIP-seq limitations,
we were unable to identify Paneth cell–specific changes in
H3K27me3 levels after Kdm6a/b loss. To account for the
high number of cells required for ChIP-seq, we used bulk,
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crypt-enriched intestinal epithelial cells for our analysis of
H3K27me3 patterns after Kdm6a/b ablation. Thus, it re-
mains possible that KDM6A/B have cell type–specific
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enabling ChIP-seq at single-cell resolution, it would
be interesting to revisit cell type–specific H3K27me3 dy-
namics, specifically within the Paneth cell population, after
Kdm6a/b ablation.71

There were several limitations to the current study. First,
although we ablated both Kdm6a and Kdm6b simulta-
neously with the goal of removing all H3K27me3 deme-
thylase activity, the possibility remains that an as yet
unidentified demethylase compensates for Kdm6a/b
removal and facilitates H3K27me3 demethylation in their
absence. Second, evidence that KDM6A/B can localize both
to the nucleus and cytoplasm,72,73 together with our find-
ings of disrupted MMP7 localization after prolonged
Kdm6a/b loss, raises the possibility that these enzymes have
unknown cytoplasmic function in regulating protein locali-
zation to Paneth cell secretory granules. Finally, given the
evidence of extensive H3K27me3 changes during intestinal
development, it remains possible that KDM6A/B functions
in fetal development to promote the differentiation of em-
bryonic intestinal progenitor cells into adult intestinal
epithelial cells.64 Additional studies using an intestine-
specific, developmental Kdm6a/b gene ablation mouse
model would be needed to address this possibility.

In sum, our study shows limited involvement of KDM6A/
B in regulating intestinal homeostasis. When taken together
with our understanding of the epigenetic landscape of the
intestine, both during development and in the adult, we can
appreciate the limited role for H3K27me3 removal in
driving cellular differentiation in the established intestinal
epithelium. Despite the modest function of KDM6A/B in the
intestine, our findings enhance our overall comprehension
of the epigenetic mechanisms regulating intestinal biology
and complement previous studies identifying replicational
dilution as the dominant mechanism regulating H3K27me3
removal in the intestinal epithelium.

Materials and Methods
Mouse Studies

All animal experiments performed in this study were
reviewed and approved by the Institutional Animal Care and
Use Committee of the Office of Animal Welfare at the Uni-
versity of Pennsylvania. Mice were subjected to 12-hour
Figure 7. KDM6A and KDM6B regulate expression of the
regulation of the Paneth cell gene signature after (A) acute and
Paneth cell–specific genes that are down-regulated in DKO mic
regulated Paneth cell–specific genes include multiple antimicro
analysis confirms down-regulation of Mmp7 mRNA after acute a
(F) Immunohistochemistry of MMP7 in control and DKO mice af
percentage of the total MMP7þ cell population belonging to e
MMP7 typically localizes to Paneth cell granules but adopts a
Dashed white boxes depict zoomed-in crypt regions. Statistica
pendence: c2 (degrees of freedom ¼ 2, n ¼ 7–9) ¼ 157.8, P < .
analysis shows a trend toward decreased MMP7 protein levels
were normalized to actin. n ¼ 3–5 per group. (H) Transmission
granules in control and DKO mice after prolonged Kdm6a/b abl
between control and DKO mice when measuring the number of
cell occupied by granules, and the average granule area. n ¼ 4
made using the Student’s t test with Welch’s correction excep
RES, running enrichment score; RLM, ranked list metric.
light-dark cycles, fed standard rodent chow, and had ac-
cess to water at all times. Two- to 7-month-old female mice
were used for all experiments. Kdm6af/f mice have been
described previously19 and were re-derived in the Univer-
sity of Pennsylvania Transgenic and Chimera Mouse Facility
using the Kdm6a JM8A3.N1 GO1 embryonic stem cell line.
Kdm6bf/f and Villin-CreERT2 mice were generously donated
by Dr Giuseppe Testa and Dr Sylvie Robine, respectively.

To induce Cre activity, animals were treated by intra-
peritoneal injection with 1.6 mg/30 g body weight of
tamoxifen (T5648; Sigma-Aldrich) dissolved in sunflower
seed oil. Animals were injected with tamoxifen once daily
for 3 consecutive days and killed 7 days after the final
tamoxifen dose. To induce prolonged Kdm6a and Kdm6b
ablation, mice were treated for 3 consecutive days with
tamoxifen as described earlier and killed 5 months after the
final tamoxifen dose.

For the EdU incorporation assay, mice were treated by
intraperitoneal injection with 150 mL of 10 mg/mL EdU
(C10640; Invitrogen) dissolved in water 2 hours before
being killed.

Radiation studies were completed at the University of
Pennsylvania Small Animal Radiation Research Platform.
Mice were anesthetized using 2% isoflurane and subse-
quently treated with a single dose of 14 Gy 220 keV X-rays
to the whole body. A shield was used to protect the head
and neck of mice. Mice were monitored daily after irradia-
tion treatment until the experimental end point.

Histology, Immunohistochemistry, and
Transmission Electron Microscopy

The small intestine was isolated and the proximal 2 cm
discarded as duodenum. The next proximal 4–7 cm was
isolated as proximal jejunum, cut longitudinally, and rinsed
in cold phosphate-buffered saline (PBS). For ileum studies,
the distal-most 6 cm of the small intestine was collected.
Intestinal tissue was made into a Swiss Roll, fixed in 4%
paraformaldehyde overnight at 4�C, embedded in paraffin,
and sectioned.

Tissue sections were deparaffinized with xylene and
rehydrated by serial incubation of 100%, 95%, 80%, and
70% ethanol followed by PBS. Antigen retrieval was
Paneth cell gene signature. GSEA plots showing down-
(C) prolonged Kdm6a/b ablation. Heatmap representation of
e after (B) acute and (D) prolonged Kdm6a/b ablation. Down-
bial peptides and defensins. n ¼ 3–7 per group. (E) RT-qPCR
nd prolonged Kdm6a/b ablation. n ¼ 3–7 per group. *P < .05.
ter prolonged Kdm6a/b ablation. Right: Quantifications of the
ach of 3 categories: diffuse, <6 granules, and �6 granules.
diffuse staining pattern after prolonged Kdm6a/b ablation.

l analysis was performed using the chi-square test for inde-
0001. n ¼ 7–9 per group. Scale bars: 50 mm. (G) Western blot
after prolonged Kdm6a/b ablation. MMP7 expression levels
electron microscopy of electron-dense Paneth cell secretory
ation. Right: Quantifications showing no significant difference
granules per Paneth cell, the percentage area of each Paneth
per group. Scale bars: 2 mm. Statistical comparisons were

t where otherwise noted. NES, normalized enrichment score;
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performed in citric acid buffer (10 mmol/L citric acid,
0.05% Tween 20, pH 6.0) or Tris–EDTA–Tween buffer (10
mmol/L Tris base, 1 mmol/L EDTA, 0.05% Tween 20, pH
9.0) in a pressure cooker (2100 Antigen Retriever; Aptum
Biologics, Ltd) and the slides cooled to room temperature.
Slides then were blocked with blocking buffer (008120,
CAS-Block; Invitrogen) for 30 minutes followed by over-
night incubation of primary antibodies diluted in blocking
buffer at 4�C in a humidified chamber. To detect EdU signal,
tissue sections were incubated in Click-iT Edu Reaction
Cocktail for 30 minutes at room temperature before block-
ing and primary antibody incubation (C10640; Invitrogen).
The next day, 3 washes of PBS were performed followed by
incubation with secondary antibodies at room temperature
for 2 hours. Rabbit anti–ubiquitously transcribed tetra-
tricopeptide repeat gene X chromosome (33510S, 1:150;
Cell Signaling), rabbit anti–chromogranin A (20085, 1:1000;
Immunostar), rabbit antilysozyme (A0099, 1:1000; Dako),
rat anti–Ki-67 (50-245-563, 1:500; Invitrogen), rabbit
anti-MMP7 (3801S, 1:100; Cell Signaling), and mouse
anti–E-cadherin (610181, 1:500; BD Biosciences) primary
antibodies were used. Secondary antibodies included Cy3
anti-mouse, Cy3 anti-rabbit, Cy2 anti-mouse, and Cy2
anti-rabbit antibodies. Hoechst dye (H3570, 1:10,000;
Molecular Probes) was used to label nuclei.

For colorimetric staining, tissue sections were depar-
affinized and endogenous peroxidase enzymes were
quenched in 3% hydrogen peroxide (426000250; Thermo
Scientific). Slides were sequentially blocked in Avidin D
blocking reagent, biotin blocking reagent, and Cas Block (SP-
2001; Vector Laboratories). The tissue sections then were
incubated overnight in primary antibodies diluted in Cas
Block. The following day, the tissue sections were washed
and incubated in biotinylated secondary antibodies for 1
hour followed by an incubation with horseradish-perox-
idase–conjugated avidin (PK-7100; Vector Laboratories).
Antibody signal was developed by incubating the tissue
sections with 3,30-diaminobenzidine tetra hydrochloride
substrate (SK-4100; Vector Laboratories). The tissue sec-
tions were washed, counterstained with hematoxylin,
dehydrated, and mounted (H-5000-60; Vector Labora-
tories). Primary antibodies included rabbit anti-H3K27me3
(07-449, 1:500; Millipore Sigma), and secondary anti-
bodies included goat anti-rabbit IgG biotinylated antibody
(BA-1000-1.5; Vector Laboratories). For colorimetric EdU
staining, the earlier-described protocol was followed with
slight modifications in accordance with the manufacturer’s
protocol (C10644; Invitrogen). After deparaffinization and
quenching, antigen retrieval was completed using a
trypsin–EDTA solution. Tissue sections then were treated
with the Click-iT EdU Reaction cocktail for 30 minutes, fol-
lowed by a 15-minute wash in 1� Click-iT EdU Wash Buffer
and a 30-minute incubation with streptavidin–peroxidase
conjugate. EdU signal subsequently was developed, and tis-
sue sections were counterstained and mounted.

To visualize goblet cells, deparaffinized and rehydrated
tissue sections were stained in Alcian blue solution (Alcian
blue 8GX, 3% acetic acid, pH 2.5) for 30 minutes, washed in
running tap water for 2 minutes, and counterstained with
hematoxylin. Tissue sections then were dehydrated, cleared
in xylene, and mounted.

Brightfield and fluorescent images were obtained using a
Keyence BZ-X700 microscope, a Keyence BZ-X800 micro-
scope, and a Leica laser scanning confocal microscope (TCS
SP8; Penn Cell and Developmental Biology Microscopy
Core). Images were processed and brightness and contrast
were enhanced using FIJI (ImageJ, version 2.1.0; National
Institutes of Health) or Keyence Analysis Software.

Samples for transmission electron microscopy analysis
were collected from the proximal jejunum. Briefly, the small
intestine was isolated and the proximal 2 cm of the intestine
was discarded. The next 2 cm of proximal intestine was
collected, cut into four 3- to 4-mm pieces, rinsed in electron
microscopy fixative (2.5% glutaraldehyde, 2.0% para-
formaldehyde in 0.1 mol/L sodium cacodylate buffer, pH
7.4), and incubated in fixative for approximately 48 hours at
4�C. After subsequent buffer washes, the samples were
postfixed in 2.0% osmium tetroxide for 1 hour at room
temperature and rinsed in deionized H2O before en bloc
staining with 2% uranyl acetate. After dehydration through
a graded ethanol series, the tissue was infiltrated and
embedded in EMbed-812 (Electron Microscopy Sciences,
Fort Washington, PA). Thin sections were stained with
uranyl acetate and lead citrate and then examined with a
JEOL 1010 electron microscope fitted with a Hamamatsu
digital camera and AMT Advantage image capture software.

Data are presented as means ± SEM. Only well-
positioned crypts were quantified. For immunohistochem-
ical analysis, at least 16 crypts were analyzed per biological
replicate. For transmission electron microscopy analysis, at
least 6 Paneth cells identified by the presence of electron-
dense granules were analyzed per biological replicate. Sta-
tistical differences between groups were assessed by the
Student t test with Welch correction, the Mann–Whitney test
with corrections for multiple comparisons by controlling
false discovery rate (FDR), or by a chi-square test of inde-
pendence, as appropriate. Statistical analyses were per-
formed using GraphPad Prism software (9.0.1; GraphPad
Software, LLC).

RNA Extraction, RT-qPCR, and RNA-Seq
The small intestine from stomach to cecum was

dissected, and the first 4 cm was discarded as duodenum.
The proximal jejunum, measured as the next one third of the
small intestine, was cut longitudinally, rinsed 3 times in ice-
cold PBS, and washed for 10 minutes in dissociation buffer
(PBS pH 8.0, 5 mmol/L EDTA) at 4�C with rotation. The
tissue was placed in fresh dissociation buffer (PBS pH 8.0, 5
mmol/L EDTA) and incubated for 40 minutes at 4�C with
rotation. Intestinal epithelial cells were mechanically
dissociated from the underlying mesenchyme by shaking
vigorously for approximately 30 seconds every 10 minutes
during the incubation period. The solid tissue then was
discarded, and the supernatant containing intestinal
epithelial cells was filtered using a 70-mm cell strainer
(352350; Corning Falcon) to enrich for crypts. The filtrate
was centrifuged for 5 minutes at 300 � g at 4�C and washed
once with ice-cold PBS. Sedimented intestinal epithelial cells
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then were resuspended in 2 mL TRIzol reagent (15596026;
Invitrogen) and stored at -80�C until RNA extraction.

RNA was extracted using the RNeasy Micro Kit (74004;
QIAGEN) following the manufacturer’s protocol. Briefly, in-
testinal epithelial cells lysed in TRIzol reagent (15596026;
Invitrogen) were treated with chloroform to denature pro-
teins and extract RNA. After a 10-minute centrifugation at
4�C (17,000 � g), the aqueous phase containing RNA was
isolated, washed, eluted in RNase-free water, and quantified
using the NanoDrop 1000 Spectrophotometer (Thermo
Fisher) and BioAnalyzer RNA 6000 Nano (5067-1511; Agi-
lent) systems. Samples with an RNA integrity number of 7
or greater were used for downstream analysis.

After RNA extraction, complementary DNA synthesis was
performed using the SuperScript II Reverse Transcriptase
system (18064022; Invitrogen). An input of 500 ng of RNA
for each sample was used for complementary DNA synthe-
sis. RT-qPCR was completed using the Brilliant III Ultra-Fast
SYBR Green qPCR system with ROX reference dye (600883;
Agilent Technologies). Reactions were run on an Agilent
Stratagene MX3005P qPCR system and fold changes were
calculated using the delta-delta-cycle threshold (ddCt)
method with ActinB and Hprt as internal controls. The
following primer sequences were used: Actb forward: 5’-
GAAGTGTGACGTTGACATCCG-3’, Actb reverse: 5’-GTCAG-
CAATGCCTGGGTACAT-3’; Hprt forward: 5’-GGTTAAGCAG-
TACAGCCCCA-3’, Hprt reverse: 5’-GGC-
CTGTATCCAACACTTCG-3’; Kdm6a forward: 5’-TTCGG-
GTTCGTGAGGTTTCA-3’, Kdm6a reverse: 5’-CGTAGCAGCGAA
CAGCCTTG-3’; Kdm6b forward: 5’-ACAGTCCACTTCCA
ACTCCATC-3’, Kdm6b reverse: 5’-TCCACAGAAAG-CCAAT-
CATCA-3’; Ncald forward: 5’-GGCAGAAATGCTGGAGATTG-3’,
Ncald reverse: 5’-TATTGGTATCCATCTGGCGG-3’; Slc6a20b
forward: 5’-GTACCAAGCCTGGGATGCTACTCA-3’, Slc6a20b
reverse: 5’-CTGATCTTGAAGTGGCGTGTGACA-3’; Epb41l1
forward: 5’-GGACACCCACCAAGATCAAG-3’, Epb41l1 reverse:
5’-GCCTGGTGCTTCAACAAGAC-3’; Dclk3 forward: 5’-TT
ACTGTGTGTGGGACGCC-3’, Dclk3 reverse: 5’-GGAAGCCACA-
CAAGAGGATG-3’; Paqr5 forward: 5’-GGCTATTCCGCATA-
GACCAG-3’, Paqr5 reverse: 5’-CGTCCAGATGTTGA-GGG
TCT-3’; Akr1c14 forward: 5’-TGTGGTCCTGACCAGGAGT
T-3’, Akr1c14 reverse: 5’-GTCCTCTGAAGCCAACTGGA-3’;
Afap1l1 forward: 5’-CCCCCGAGTATATCAGCTCTC-3’, Afap1l1
reverse: 5’-GGTGGGGTAGCTGTTGTCTG-3’; Slc14a1 forward:
5’-GGAGGGATGTTCATGGCACT-3’, Slc14a1 reverse: 5’-GG
TACAAGCTGGCAGGTGAA-3’; Reg4 forward: 5’-AACC-
TGCCTGTGTGGATTGG-3’, Reg4 reverse: 5’-GTTCATCTCAG
CGCAATGCC-3’; Mptx2 forward: 5’-AGGAAGTGTAGCACAAA-
CAGACAT-3’, Mptx2 reverse: 5’-TGTCCTTAGT-TCTTGTGCTG
TAGG-3’; Cdx1 forward: 5’-GGACGCCCTACGAATGGAT-3’,
Cdx1 reverse: 5’-TGTCCTTGGTTCGGGTCTTA-3’; Ccnd3 for-
ward: 5’-CCTCCTACTTCCAGTGCGTG-3’, Ccdn3 reverse: 5’-
AGCCAGAGGGAAGACATCCT-3’; and Mmp7 forward: 5’-GGCT
TCGCAAGGAGAGATCA-3’, Mmp7 reverse: 5’-GCCAAATTCA
TGGGTGGCAG-3’.

RNA-seq libraries were prepared using the NEBNext
Ultra RNA Library Prep Kit from Illumina (E7530; NEB)
with the NEBNext Poly(A) mRNA Magnetic Isolation Module
(E7490; NEB). An input of 250 ng RNA was used for each
sample, and manufacturer protocols were followed at all
library preparation steps. NEBNext Multiplex Oligos for
Illumina (E7730; NEB) were used as index primers for li-
brary multiplexing, and DNA purification was completed
using Agencourt AMPure XP Beads (A63881; Beckman
Coulter). Library concentrations were measured using the
Qubit dsDNA High Sensitivity Assay Kit (Q32854; Thermo
Fisher), and library quality was assessed using a Bio-
Analyzer High Sensitivity DNA Analysis (5067-4626; Agi-
lent) system. DNA libraries were sequenced on an Illumina
NovaSeq 6000 with 100 base pair single-end reads.

RNA-seq data quality was assessed using the FastQC
program (v0.11.5). Alignment against the mm9 reference
genome was performed using the STAR method (v2.4.0)
with default parameters and a maximum fragment size of 2
kb. Samtools (v1.9) then was used to filter for properly
paired primary alignments. Mitochondrial reads and reads
on nonchromosome contigs were removed using Bedtools
(v2.27.1), and read counts on RefSeq genes were computed
using featureCounts (v1.6.2) in the nonstranded manner.
Differential gene expression analysis was performed using
the DESeq274 (Bioconductor) R package with normalization
to correct for library sizes. We define genes as differentially
expressed genes with an FDR value of 0.05 or less.

GSEA was performed using the GSEAbase (1.52.1) and
clusterProfiler (3.18.1) packages in R (4.0.4). GSEA enrichment
plots were produced using the enrichplot package (1.10.2).
Intestinal cell type–gene signatures were obtained from pub-
lished resources.32–35 A total of 9 intestinal cell type signatures
were used as input for GSEA analysis, and the genes making up
the Paneth cell gene signature were cross-validated across 2
different data sets to ensure accuracy.32,34 Volcano plots and
bubble plots were generated using the tidyverse ggplot2
package (1.3.0), and heatmaps were produced using the
heatmap.2 function in the gplots package (3.1.1). To visualize
RNA-seq genome tracks, the CrossMap (v0.6.1) program in
python (v3.9.1) was used to liftover the mm9 bigWig files to
the mm10 genome build. Genome tracks then were produced
of the mm10 build bigWig files using the IGV (v2.11.9). Venn
diagrams were produced using the BioVenn web application.75

Chromatin Isolation and ChIP-Seq
The entire small intestine was removed, and the proximal

2 cm was discarded as duodenum. The next 4 cm of tissue
was collected for histology, and the next one third of intestine
was collected as the proximal jejunum and cut open longitu-
dinally. Jejunal intestinal epithelial cells were dissociated as
described earlier and subsequently fixed by incubation in 1%
paraformaldehyde for 15 minutes with rotation at room
temperature. To quench paraformaldehyde, the cells were
treated with 0.125 mol/L glycine for 5 minutes with rotation
at room temperature. Fixed cells then were washed twice
using PBS supplemented with EDTA-free protease inhibitor
(4693132001; Sigma-Aldrich). The washed and fixed cells
were lysed and MNase-digested immediately or flash frozen
and stored at -80�C for later processing.

To digest isolated chromatin, a 10-U/mL and a 5-U/mL
MNase (LS004797; Worthington) solution was prepared in
cell lysis buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl pH
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8.0, 1% Triton X-100 (T8787, Sigma-Aldrich), 0.1% deoxy-
cholic acid sodium salt (DOC), 5 mmol/L CaCl2) supple-
mented with EDTA-free protease inhibitor (4693132001;
Sigma-Aldrich). Fixed cells were resuspended in cell lysis
buffer and subsequently treated with 2 mL of 10 U/mL or 5
U/mL MNase for a final amount of 20 U and 10 U MNase,
respectively. Cell lysis then was completed by incubating the
cells for 15 minutes on ice with occasional physical agita-
tion. MNase activity subsequently was induced by incu-
bating the lysed cells at 37�C for 10 minutes. To quench
MNase activity, 20 mmol/L EDTA was added, and the
digested chromatin solution was incubated on ice for 10
minutes. Samples then were centrifuged (17,000 � g, 10
minutes, 4�C) and the supernatant was removed and placed
in a fresh tube. Digested chromatin then was evaluated for
quality (as described later) or stored at -80�C for later ChIP-
seq library preparation.

To evaluate the product of MNase digestion, 10 mL
digested chromatin was removed to a fresh tube and treated
with 1 mL of 10 mg/mL RNase A for 30 minutes at 37�C.
Then, 40 mL Proteinase K solution (10 mmol/L Tris-HCl pH
8.0, 5 mmol/L EDTA, 300 mmol/L NaCl, 0.6% sodium dodecyl
sulfate [SDS], and 50 U Proteinase K) was added and the
sample was incubated at 37�C for 2 hours, followed by a 16-
hour incubation step at 65�C. DNA was purified using 2�
Agencourt AMPure XP Beads (A63881; Beckman Coulter) and
resuspended in 20 mL elution buffer (10 mmol/L Tris-HCl, pH
8.0). DNA concentration was measured using the Qubit
dsDNA High Sensitivity Assay Kit (Q32854; Thermo Fisher),
and DNA quality was visualized using a BioAnalyzer High
Sensitivity DNA Analysis (5067-4626; Agilent) system.

ChIP-seq libraries were prepared as previously
described with the following modifications.76 Digested
chromatin samples were combined (20 U and 10 U samples)
and incubated with 2 mg H3K27me3 antibody (07-449;
Millipore Sigma) overnight at 4�C with rotation. The next
day, 20 mL Protein G Dynabeads (10004D; Thermo Fisher)
per sample were washed 3 times with ice-cold cell lysis
buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl pH 8.0, 1%
Triton X-100, 0.1% DOC, 5 mmol/L CaCl2) and resuspended
in an equal volume of cell lysis buffer supplemented with
EDTA-free protease inhibitor (4693132001; Sigma-Aldrich).
Samples were spun down and incubated with 20 mL
washed beads for 1 hour with rotation at 4�C. Samples then
were washed 5 times with RIPA buffer (10 mmol/L Tris-HCl
pH 8.0, 140 mmol/L NaCl, 1 mmol/L EDTA, 0.1% SDS, 0.1%
DOC, 1% Triton X-100), 3 times with RIPA-500 buffer (10
mmol/L Tris-HCl pH 8.0, 500 mmol/L NaCl, 1 mmol/L
EDTA, 0.1% SDS, 0.1% DOC, 1% Triton X-100), 3 times with
lithium chloride (LiCl) wash buffer (10 mmol/L Tris-HCl pH
8.0, 0.25 mol/L LiCl, 1 mmol/L EDTA, 0.5% DOC, 0.5%
IGEPAL CA-630 [I8896-50ML; Sigma-Aldrich]), and 3 times
with 10 mmol/L Tris-HCl, pH 7.4. All washes were
completed in a volume of 150 mL using ice-cold buffers.

Next, end repair was completed by resuspending the
chromatin bead complex in 10 mL of 10 mmol/L Tris-HCl pH
7.4 supplemented with EDTA-free protease inhibitor. The
samples then were treated with 15 mL ER mix (50 mmol/L
Tris-HCl pH 7.5, 10 mmol/L MgCl2, 10 mmol/L dithiothreitol,
1 mmol/L adenosine triphosphate, 0.4 mmol/L each deoxy-
nucleoside triphosphate, 0.15 U/mL PNK, 0.04 U/mL T4 Pol,
protease inhibitor) and incubated at 12�C for 22 minutes,
followed by a 22-minute incubation at 25�C. Samples were
washed twice in 150 mL elution buffer (10 mmol/L Tris-HCl
pH 8.0) and resuspended in 20mL elution buffer (10mmol/L
Tris-HCl pH 8.0) supplemented with EDTA-free protease in-
hibitor. dA tailing was completed by adding 10 Deoxy-
adenosine monophosphate mL dA mix (2.83 mmol/L Tris-
HClpH 8.0, 2.83 mmol/L MgCl2,14.2 mml/L NaCl, 0.28
mmol/L dithiothreitol, 0.16 mmol/L dATP, 025 U/mL Kle-
now Exo)to each sample and incubting the samples for 30
minutes at 37�C. Samples were again washed once with
elution buffer (10 mmol/L Tris-HCl pH 8.0) and resuspended
in 9 mL elution buffer (10 mmol/L Tris-HCl pH 8.0) supple-
mented with EDTA-free protease inhibitor.

Adaptor ligation was completed by adding 2.5 mL Tru-
Seq RNA Single Index adaptors (15032612, 15032613;
Illumina) and 17 mL Adaptor Ligation Master Mix (14.5 mL
2� Quick Ligation Buffer [M2200S, New England Biolabs],
2.5 mL DNA Quick Ligase) to each sample. Samples were
incubated for 45 minutes at 25�C and washed 3 times with
RIPA buffer (10 mmol/L Tris-HCl pH 8.0, 140 mmol/L NaCl,
1 mmol/L EDTA, 0.1% SDS, 0.1% DOC, 1% Triton X-100),
once with RIPA-500 buffer (10 mmol/L Tris-HCl pH 8.0, 500
mmol/L NaCl, 1 mmol/L EDTA, 0.1% SDS, 0.1% DOC, 1%
Triton X-100), and once with LiCl Wash Buffer (10 mmol/L
Tris-HCl pH 8.0, 0.25 mol/L LiCl, 1 mmol/L EDTA, 0.5%
DOC, 0.5% IGEPAL). Reverse cross-linking was completed
by incubating samples in 24 mL Elution Buffer with SDS (10
mmol/L Tris-HCl pH 8.0, 5 mmol/L EDTA, 300 mmol/L
NaCl, 0.6% SDS) supplemented with 1 mL of 10 mg/mL
RNase A for 30 minutes at 37�C. Samples then were treated
with 24 mL Elution Buffer with SDS (10 mmol/L Tris-HCl
pH 8.0, 5 mmol/L EDTA, 300 mmol/L NaCl, 0.6% SDS)
supplemented with 1 mL Proteinase K and incubated for 2
hours at 37�C followed by a 16-hour incubation at 65�C.

Reverse cross-linked DNA was purified using 0.85� Agen-
court AMPure XP Beads (A63881; Beckman Coulter) and eluted
in 25 mL elution buffer (10 mmol/L Tris-HCl, pH 8.0). Libraries
then were PCR amplified using the Kapa HiFi HotStart ReadyMix
(07958935001; Roche) and the TruSeq DNA Sample Preparation
PCR Primer Cocktail (15031748; Illumina). After amplification,
DNA libraries were purified using 0.85� Agencourt AMPure XP
beads to yield the final ChIP-seq libraries. Library concentrations
were measured using the Qubit dsDNA High Sensitivity Assay Kit
(Q32854; Thermo Fisher), and library quality was visualized
using a BioAnalyzer High Sensitivity DNA Analysis (5067-4626;
Agilent) system. ChIP-seq libraries were run on an Illumina
NovaSeq 6000 with 50 base pair paired-end reads.

ChIP-seq data quality was assessed using FastQC (v0.10.1),
and raw read alignment to the mm10 reference genome was
completed using Bowtie (v0.12.7). Aligned reads were filtered
using samtools (v1.11) and picard (v1.141) to remove reads
that were unmapped, reads in which the next segment was
unmapped, reads that were not aligned properly, reads not
passing platform quality, secondary alignments, and PCR or
optical duplicates. Deduplication was performed using picard
(v1.141). Peak calling using SICER2 (v1.0.3)was performed on
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the filtered, sorted, deduplicated bam files, and wig files were
produced to visualize coverage generated by peak calling.77

Differential methylation analysis was performed using
csaw78,79 to directly identify quantitative changes in the
H3K27me3 profiles between the control and DKO conditions.
Reads overlapping the ENCODE blacklisted regions were
removed. Reads then were counted using 2 different sliding
window resolutions (2000 bpwith 500 bp spacing and 1000 bp
with 250 bp spacing), and windows having at least 2-fold more
coverage than the average background (estimated using 10-kb
bins) were retained. Normalization factors were computed us-
ing the composition bias method, and edgeR was used for sta-
tistical modeling of differential H3K27me3. Combined P values
for the 2window resolutionswere calculated by csaw using the
Simes’method for region-level FDR control.79,80 All regionswith
an FDR less than 0.05 were called differentially methylated.
Differentially methylated regions were annotated to all neigh-
boring genes within 5000 base pairs of the region. Annotation
leveraged the following Bioconductor R packages:
TxDb.Mmusculus.UCSC.mm10.knownGene and org.Mm.eg.db.

ChIP-seq heatmaps were produced using the deepTools
(v3.5.1) computeMatrix and plotHeatmap functions.
Genomic regions with increased H3K27me3 in DKO mice
were used as the input regions and the center reference
point setting was used. Genomic regions were sorted based
on decreasing mean signal intensity in DKO mice. ChIP-seq
genome tracks were produced using IGV (v2.11.9).

Western Blot
Tissue samples were collected after prolonged Kdm6a/b

ablation. A 1-cm region of the proximal jejunum was removed,
rinsed in ice-cold PBS, and snap-frozen in liquid nitrogen.
Tissue samples were stored at -80ºC until analysis. Western
blot was performed as previously described, with slight
modifications.81 Briefly, protein extracts were prepared from
frozen tissue by placing tissue in RIPA buffer with protease
inhibitors (Roche), followed by sonication using a Diagenode
Bioruptor for 7 minutes (30 seconds on, 30 seconds off, high
setting). Protein was quantified using a standard BCA assay
(Pierce). Proteins were separated in 4%–12% Bis–Tris
NuPAGE gels (Invitrogen) and transferred to a nitrocellulose
membrane using a Bio-Rad Transblot Turbo system. The
membrane was blocked with Intercept blocking buffer (TBS,
LI-COR) for 1 hour and then overnight with primary anti-
bodies. Antibodies used were as follows: rabbit anti-Mmp7
(1:1000, cat# 2443S, RRID:AB_823598; Cell Signaling) and
mouse anti-actin (1:10,000, clone C4, MAB1501; Millipore).
After washing, blots were incubated with the following sec-
ondary antibodies: anti-mouse IgG IRDye 680RD (cat# 926-
68072, RRID:AB_10953628; LI-COR) and anti-rabbit IgG,
donkey, IRDye 800CW (cat# 926-32213, RRID:AB_621848; LI-
COR). Blots were imaged on a LI-COR Odyssey imaging system.

Access to Data
All authors had access to the study data and reviewed

and approved the final manuscript. The data sets generated
during this study are available in the Gene Expression
Omnibus Database: GSE200976.
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