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ABSTRACT

Epigenetic mechanisms, including chromatin struc-
ture, chromatin dynamics and histone modifications
play an important role for maintenance and differen-
tiation of pluripotent embryonic stem cells. However,
little is known about the molecular mechanisms of
adult stem cell specification and differentiation. Here,
we used intestinal stem cells (ISCs) as a model sys-
tem to reveal the epigenetic changes coordinating
gene expression programs during these processes.
We found that two distinct epigenetic mechanisms
participate in establishing the transcriptional pro-
gram promoting ISC specification from embryonic
progenitors. A large nhumber of adult ISC signature
genes are targets of repressive DNA methylation in
embryonic intestinal epithelial progenitors. On the
other hand, genes essential for embryonic develop-
ment acquire H3K27me3 and are silenced during ISC
specification. We also show that the repression of
ISC signature genes as well as the activation of en-
terocyte specific genes is accompanied by a global
loss of H2A.Z during ISCs differentiation. Our results
reveal that, already during ISC specification, an ex-
tensive remodeling of chromatin both at promoters
and distal regulatory elements organizes transcrip-
tional landscapes operating in differentiated entero-
cytes, thus explaining similar chromatin modification
patterns in the adult gut epithelium.

INTRODUCTION

Together with transcription factors, the structure and or-
ganization of chromatin play important roles in the estab-
lishment and maintenance of different transcriptional pro-
grams during development and differentiation. The fun-
damental element of chromatin, the nucleosome core, is a
multi-subunit structure consisting of four histone types (1).
Each histone has the potential to be differentially altered by

a number of covalent modifications. Biochemical and ge-
netic studies showed that post-translational modifications
of core histones modulate gene expression. For example,
the acetylation of lysine residues within histone tails in-
creases the accessibility of the chromatin template to the
transcriptional machinery (2). Consistently, genome-wide
studies mapping the distribution of modified histones iden-
tified high levels of histone acetylation in promoter regions
of active genes (3) and enhancers (4).

In contrast, tri-methylation of histone H3 at lysine 27
(H3K27me3) is required for the repression of genes instruct-
ing developmental patterning and differentiation, such as
transcription factors, receptors and signaling molecules (5).
Analogous to histone modifications, histone variants also
regulate gene expression (6). For instance, the histone vari-
ant H2A.Z influences the accessibility of chromatin struc-
ture at promoters and enhancer elements and is required
for embryonic stem cells (ESCs) maintenance and differ-
entiation (7). The organization and composition of nucleo-
somes, in turn, affect DNA methylation, an essential epige-
netic modification in eukaryotes (8). Genetic studies in mice
revealed that the establishment and maintenance of DNA
methylation patterns are crucial for early steps of embry-
onic development (8).

Recent genetic and chromatin profiling analyses provided
new insights on the functions of chromatin modifications
during the maintenance and differentiation of adult stem
cells. Most of the studies were focused on the adult intesti-
nal stem cells (ISCs), which are essential for continuous re-
newal of the gut epithelium (9). In contrast to ESCs, loss of
the DNA methyltransferase Dnmtl has modest effects on
homeostasis of the adult intestinal stem cells (ISCs) (10).
Accordingly, DNA methylation patterns are very similar be-
tween adult ISCs and terminally differentiated enterocytes
(10-12). Loss of essential components of the Polycomb Re-
pressive Complex 2, which positions the H3K27me3 mark,
in the adult ISCs leads to cell cycle arrest and spontaneous
differentiation towards the secretory lineage, yet has little ef-
fect on enterocyte specific differentiation program (13-15).
Consistently, H3K27me3 patterns are very similar between
adult ISCs and enterocytes (14). This raises the question of
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which epigenetic control(s) determine changes in gene ex-
pression programs during differentiation of the gut epithe-
lium. Furthermore, how epigenetic mechanisms influence
the establishment of the ISC identity during embryonic de-
velopment is not known.

To address these questions, we established transcriptome
and chromatin profiles for the embryonic intestinal epithe-
lium at two different stages, prior to and after the specifi-
cation towards stem cells (16), as well as for the adult ISCs
and their most abundant differentiated progenies, entero-
cytes. Based on the distribution of H3K27me3, H3K4me3
and H3K27Ac, the histone variant H2A.Z, as well as DNA
methylation, in these four cell populations we found that the
embryonic intestinal epithelium is very different to the adult
ISCs at the transcriptional and chromatin levels. Genes es-
sential for embryonic development are the main targets of
H3K27me3 mediated repression during the transition from
embryonic progenitors to adult ISCs. In contrast, the ma-
jority of ISC signature and enterocyte specific genes lose
DNA methylation during adult ISCs specification. We fur-
ther show that the loss of H2A.Z accompanies activation of
many enterocyte specific genes during ISCs differentiation.
Finally, our data demonstrate that already during embryo-
genesis, major chromatin changes at TSS and distal regu-
latory elements prepare appropriate transcriptional land-
scapes for later activation of the enterocyte specific genes
during ISC differentiation.

MATERIALS AND METHODS
Mice

Lgr5EGrP-Cre-ERT mjce were obtained from Jackson labo-

ratory. BI6/N and CD1 mice were from Charles Rivers.
Mouse colonies were maintained in a certified animal fa-
cility in accordance with European guidelines.

Isolation of embryonic intestinal epithelial cells using flow cy-
tometry

Small intestines were dissected from mouse embryos at
indicated stages, cut in pieces of 2 mm and incubated
for 5-10 min with 0.15 mg/ml collagenase (Sigma) in
PBS at 37°C with shaking at 800 rpm. Single cell sus-
pensions were collected by centrifugation at 200g for 3
min, washed twice and resuspended in PBS supplemented
with 2% fetal calf serum. Cells were stained with PerCP-
eFluor® 710-conjugated anti-EpCAM 1:400 (eBioscience),
PE-conjugated anti-CD45 at 1:400 (BD Biosciences) and
anti-CD31 at 1:400 (BD Biosciences) antibody for 15 min
at room temperature. Living cells were gated by DAPI dye
exclusion. Embryonic intestinal epithelial cells were isolated
as EpCAM*CD31-CD45-DAPI~. Fluorescence-activated
cell sorting was performed using BD FACS Aria III SORP
cell sorter (85 wM nozzle) and analysed using FlowJo soft-
ware.

Isolation of adult enterocytes and ISCs using flow cytometry

Small intestines were dissected from 2 months old
Lgr5ECFP-Cr-ERT males, cut in pieces of 2 mm?, placed
into 50 ml conical tubes and washed three times for 10
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min with 40 ml of PBS/5 mM EDTA on a rocking plate
at room temperature. Villi were mechanically removed
by gentle shaking three times and trituration using a 10
ml pipette. Villi material was collected by centrifugation
at 200g for 3 min and washed twice with PBS. Crypts
were separated from the intestine by vigorous shaking
two times passing through a 70 wM filter (BD Falcon).
Crypt material was collected by centrifugation at 200g
for 3 min, washed twice with PBS and incubated for 5-10
min with 0.15 mg/ml collagenase (Sigma) and 0.1 mg/ml
DNase I (Qiagen) at 37°C on a rocking plate. Single cell
suspensions were washed twice and resuspended in PBS
supplemented with 2% fetal calf serum. Cells were stained
with PerCP-eFluor® 710-conjugated anti-EpCAM 1:400
(eBioscience), PE-conjugated anti-CD45 at 1:400 (BD
Biosciences) and anti-CD31 at 1:400 (BD Biosciences)
antibody for 30 min at room temperature. Living cells were
gated by DAPI dye exclusion. Enterocytes were isolated
as EpCAM*CD31 - CD45 DAPI~. ISCs were isolated
as Lgr5-EGFP"e"CD31-CD45 DAPI-. Fluorescence-
activated cell sorting was performed using BD FACS Aria
IITI SORP cell sorter (85 M nozzle) and analysed using
FlowlJo software.

RNA-sequencing

Fifty thousand EpCAM™ embryonic intestinal cells, Lgr5-
EGFPhigh ISCs or enterocytes were isolated by FACS di-
rectly in 300 pl of RTL buffer (Qiagen) supplemented with
1% B-mercaptoethanol and stored at —80°C. For each repli-
cate, RNA was isolated from pools of 20 embryos (E12.5)
or one adult gut using RNeasy micro-kit (Qiagen). 50 ng of
total RNA was used for cDNA synthesis using Ovation v2.0
kit (NuGEN) according to manufacturer’s instructions. Af-
ter cDNA fragmentation (Covaris), libraries were prepared
using NEBNext v2.0 kit (NEB) according to manufacturer’s
instructions. Three independent RNA extractions, cDNA
synthesis, library preparations and sequencing experiments
were performed.

MBD-sequencing

Two hundred thousand EpCAM* embryonic intestinal
cells, Lgr5-EGFPhgh ISCs or enterocytes were isolated by
FACS and stored at —80°C. For each replicate, DNA was
isolated using phenol: chloroform extraction. 1 ug of ge-
nomic DNA was fragmented to 150-250 bp using Co-
varis. MBD pull-downs were performed using Methylminer
Methylated DNA Enrichment kit (Invitrogen) according to
manufacturer’s instructions. Libraries were prepared using
NEBNext v2.0 kit (NEB) according to manufacturer’s in-
structions. Two independent DNA extractions, MBD pull-
downs, library preparations and sequencing experiments
were performed for each stage.

ChIP-sequencing

Single cell suspensions of embryonic or adult intestinal cells
were fixed for 10 min with 1% PFA at RT, washed twice with
PBS and stained with PerCP-eFluor® 710-conjugated anti-
EpCAM 1:400 (eBioscience), PE-conjugated anti-CD45 at
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1:400 (BD Biosciences) and anti-CD31 at 1:400 (BD Bio-
sciences) antibody for 15-30 min at RT. For H3K27Ac
ChIP, samples were dissected and all the time processed in
the presence of 20 mM Na butyrate. Two hundred fifty thou-
sand EpCAM™ embryonic intestinal cells, Lgr5-EGFPhigh
ISCs or enterocytes were isolated by FACS and stored at
—80°C. To obtain fragments ~350-700 bp, chromatin was
resuspended in 150 ul of sonication buffer (1% SDS, 50
mM Tris—CI pH 8.0, 10 mM EDTA) and sonicated for
56 cycles 10 s ON/ 90 s OFF (Diagenode) at 4°C. Anti-
H3K27Ac (Abcam 4729), H3K27me3 (Millipore #17-622),
H2A.Z (Active Motif, #39113), H3K4me3 (Millipore #07-
473) antibodies were used. 20 uL of Protein A/G sepharose
beads (Sigma, P6486 and E3403) were pre-incubated for 3 h
with 0.5 ug of antibody in RIPA buffer, then washed three
times with RIPA buffer. The sonicated chromatin was di-
luted till final volume 750 ul and incubated with antibody-
bead slurry at 4°C overnight. Beads were washed three times
with 1 ml of RIPA buffer and once with TE. DNA was
eludet and incubated with RNAse A for 30 min, followed
by overnight incubation with PK. DNA was extracted us-
ing phenol: chloroform. Libraries were prepared using Nu-
GEN Ovation Ultralow Library System V2 (NuGEN) ac-
cording to manufacturer’s instructions. Two independent
ChIP pull-downs, library preparations and sequencing ex-
periments were performed for each stage and each antibody.
Whole genomic DNA obtained after the sonication for each
stage were used as an input control.

RNA-sequencing data analysis

Reads were mapped to the mouse (mm9)
genome using STAR  (http://support.illumina.com/
sequencing/sequencing_software/igenome.html), al-
lowing up to two mismatches and discarding all secondary
alignments and reads mapping to more than 10 loci.
Quality of the sequencing was assessed with FastQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc)
and RSeQC (17). To quantify the reads per gene, HTSeq-
count (18) was used in the default union mode. To
normalize, transform and test the differential expression of
genes between conditions we used the DESeq2 (19). For
calling differential expression between conditions, the read
counts were fitted to a negative binomial (NB) generalized
linear model (GLM) and the default Wald test was used.
Genes with RPKM=>2 were considered as expressed.
Genes, expression of which would differ log, >1 and FDR
<0.01, were considered as differentially expressed. Hierar-
chical clustering was performed using Euclidian distance
as a similarity metric (Gene Cluster 3.0 software, http:
/[bonsai.hgc.jp/~mdehoon/software/cluster/). Heatmap was
obtained using Treeview (http://jtreeview.sourceforge.net/).
The GO enrichment analysis was performed using DAVID
(20). P-values were determined by a hypergeometric and
ANOVA tests.

ChIP-sequencing data analysis

Reads were converted to FASTQ format and were mapped
to the mouse genome (mm9) using Bowtie version 12.5, al-
lowing up to two mismatches and retaining not exceeding a

base quality of 70, only the best position. Duplicates were
removed with Picard (http://http://broadinstitute.github.io/
picard/). For the H2A.Z, H3K4me3 and H3K27Ac ChlIPs,
peaks were called using MACS version 2.1.0.20150420
(21) with a g-value cutoff of le—5 and the default M-
fold of 5.50. Peaks were assigned to genes based on Ref-
Seq gene annotation. The closest gene promoter was de-
fined as a window of £3 kb around the TSS. H2A.Z and
H3K4me3 marks were called with the broad option of
MACS activated. For the H3K27me3 ChIP, we used SICER
version 1.1 with the same parameters used in (14). We
used DiffBind (http://bioconductor.org/packages/release/
bioc/vignettes/DiffBind/inst/doc/ DiffBind.pdf) to call dif-
ferent peaks between conditions in the default edgeR (22)
model. Peaks with width >450 bp, and FDR <0.01 were
considered for further analyses. Sequencing tracks were vi-
sualized with UCSC genome browser (http://genome.ucsc.
edu/). P-values were determined by a hypergeometric and
ANOVA tests.

MBD-sequencing data analysis

After mapping reads and removing duplicates as with the
ChIP-seq datasets, peaks were called using MACS version
1.4.2 with a bandwidth of 200 and fragment size of 180,
coinciding with the average fragment length of the library.
Data was downstream processed as described in the ChIP-
seq section.

RNA in situ hybridization and histological techniques

Embryonic small intestines were dissected, fixed overnight
in 4% formaldehyde in PBS at 4°C, dehydrated and embed-
ded in paraffin. 10 wm sections were rehydrated, treated 15
min with 6% H,0;, 10 min with 20 pg/ml proteinase K,
post-fixed with 4% formaldehyde for 15 min, treated with
acetic anhydride, equilibrated with 2x SSC and hybridized
overnight at 63°C with digoxygenin labeled RNA probes
for Axin2, Kcne3 and Sfrp5. Sections were washed and in-
cubated overnight with sheep anti-digoxygenin antibody
1:3000 (Roche). The signal was revealed using NBT/BCIP
(Roche). Images were acquired with Leica DM2500 mi-
croscope. For antibody staining, small intestines were dis-
sected, fixed for 20 min in 1% formaldehyde in PBS at 4°C,
incubated overnight in 30% sucrose, embedded in OCT and
kept at —80°C. Immunohistochemical analyses were per-
formed on 10 pwm cryosections using 1:1000 anti-EpCAM
antibody (rat, eBiosciences), anti-H2A.Z 1:1000 (Active
Motif, #39113) and H3K27Ac 1:1000 (Abcam 4729), fol-
lowed by 1:300 Alexa566-conjugated secondary antibody
(Invitrogen), Images were acquired with Leica AF7000 mi-
croscope.

RESULTS

Defining transcriptional programs during specification, main-
tenance and differentiation of the adult ISCs

To follow the changes in the transcriptional programs ac-
companying the specification, maintenance and differenti-
ation of the adult ISCs we sequenced whole transcriptomes
of embryonic intestinal epithelium progenitors (at E12.5
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and E14.5), adult ISCs and their differentiated progenies,
the majority of which are absorptive enterocytes. EpCAM
positive embryonic gut epithelium was isolated from dis-
sected small intestines using fluorescence activated cell sort-
ing (FACS) (Figure 1A and B and Supplementary Figure
S1A). Adult ISCs were purified on the basis of GFP flu-
orescence from crypts of Lgr5%P-Cre-ERT mice (Figure 1C
and D and Supplementary Figure S1B; (23)), whereas en-
terocytes (EpCAM* CD45~ CD317) were isolated from
villi (Figure 1E and F and Supplementary Figure S1C).
RNA-sequencing analyses revealed 1603 differentially ex-
pressed genes between E12.5 and E14.5 embryonic epithe-
lial cells (RPKM > 2, log, > 1, FDR < 0.01) (Figure 1G and
Supplementary Tables S1 and S2), suggesting very dynamic
changes of the transcriptome during gut development. 2505
genes were differentially expressed in E14.5 embryonic ep-
ithelium versus adult ISCs (Figure 1G and Supplementary
Tables S3 and S4), indicating that different transcriptional
programs operate in these cell populations. Finally, over
4100 transcripts were significantly changed in enterocytes
relative to the adult ISCs (Figure 1G and Supplementary
Tables S5 and S6).

Using hierarchical clustering of differentially expressed
transcripts across all cell types, we identified five major
groups of co-regulated genes (Figure 1H-M). Genes up-
regulated or specifically expressed in enterocytes formed the
largest group (2142 genes, 34%), here referred to as ‘ente-
rocyte signature’ (Figure 1H and I). Consistent with the
functions of absorptive enterocytes, Gene Ontology (GO)
term analysis showed enrichment for protein transport, ion
transport, fatty acid metabolism, mitochondria, Golgi ap-
paratus and peroxisome (Figure 1N). The next group con-
sisted of 1164 (19%) genes specifically down-regulated in
the differentiated enterocytes compared to the embryonic
epithelial cells and adult ISCs (Figure 1H). Many of these
genes encoded cell cycle regulators representing a ‘pro-
liferation signature’ (Figure 1K). Accordingly, GO anal-
ysis revealed enrichment for cell cycle progression, mito-
sis, centromere, DNA damage repair, ribosome biogenesis
and ncRNA processing (Figure 10). 1070 transcripts (17%)
found in both E12.5 and E14.5 embryonic epithelium and
down-regulated in the adult cell populations constituted the
list of ‘embryonic epithelium signature’ (Figure 1H). This
cluster included imprinted genes (Igf2-H19, DIki-Meg3-
Rian and Peg3-Zim loci), factors regulating transcription
(Dnmt3a, Dnmt3b, Sox11 and Tcf711), signalling molecules
(Bmp2, Igf2, Ihh, Pdgfc and Shh) and multiple extracellular
matrix proteins (Fnl, Frasl, Gjcl/Cx45 and Lamal) high-
lighting the importance of intercellular crosstalk during gut
tube development (Figure 1L and P).

Notably, our analysis showed that genes down-regulated
from E12.5 to E14.5 would either be even less expressed or
stay at the same expression level during the adult stages (757
out of 900 genes, P < 1072°, hypergeometric test), indicat-
ing that the early embryonic transcriptional programs are
not re-activated in adult cells. The genes whose expression
increased in the adult small intestinal epithelium compared
to the embryonic stages (628 genes, 10%) defined the ‘adult
intestinal epithelium signature’ (Figure 1H and M). This
cluster was the most highly enriched for antimicrobial re-
sponse transcripts (Figure 1Q). Again, our data showed that
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genes up-regulated from E12.5 to E14.5 would either be fur-
ther activated or stay at the same expression level in adults
(524 out of 704 genes, P < 1072, hypergeometric test), sug-
gesting that an important switch establishing the adult tran-
scriptional programs occurs already during embryogenesis,
between E12.5 and E14.5.

The only exception was the group of ‘adult ISCs signa-
ture’ genes (395 genes, 6%), which were up-regulated in the
adult ISCs but got silenced or strongly down-regulated in
differentiated enterocytes (Figure 1H and J, and Supple-
mentary Table S7). Based on transcriptome dynamics dur-
ing embryogenesis we further subdivided the adult ISCs
marker genes into two sub-clusters. The first group of genes
(Lgr5, Axin2, Kcne3, Slcl12a2 and Smoc2) was activated in
the embryonic epithelium between E12.5 and E14.5 (Fig-
ure 1J). All these genes are known targets of Wnt signalling
(24). The second group of genes (Olfm4, Kcngl and Lrigl)
was up-regulated specifically in the adult ISCs. The expres-
sion of those genes is not directly controlled by Wnt sig-
nalling (24), implying at least two modes of transcriptional
regulation for the ‘ISCs signature’ genes.

Multiple genetic studies have shown that an inhibition of
Bmp pathway is important for the maintenance and pro-
liferation of adult ISCs (25). Furthermore, Bmp signalling
plays an important role during differentiation of the em-
bryonic intestinal epithelium (26). Consistently, we detected
higher expression of Bmpl and Bmp2 as well as Bmpr1b and
Bmpr2 receptors in the embryonic epithelium compared
to the adult ISCs (Supplementary Tables S1-S3). Further-
more, in differentiated enterocytes Bmpl, Bmp2 and Bmp8a
were upregulated compared to the adult ISCs (Supplemen-
tary Table S6), indicating that the expression of some Bmp
ligands anti-correlates with adult ISC transcriptional pro-
gram. In summary, we defined changes in transcriptional
programs during specification, maintenance and differenti-
ation of the adult ISCs and showed that the ‘ISC signature’
genes get activated during embryogenesis after E12.5.

Developmental regulators are the main targets of H3K27me3
mediated repression during ISC specification

The global patterns of histone modifications show little
change during differentiation of the adult ISCs (14). We ex-
plored the potential importance of dynamic changes in hi-
stone marks during development and specification of the
ISCs by mapping the repressive H3K27me3 as well as mod-
ifications associated with active transcription, H3K4me3
and H3K27Ac. We performed chromatin immunoprecip-
itation followed by sequencing (ChIP-seq) using 2x10°
FACS purified embryonic intestinal epithelial cells at two
time points of development (E12.5 and E14.5), adult Lgr5*
ISCs and enterocytes. We identified over ten thousand re-
gions positive either for H3K4me3 (peak width > 450 bp,
FDR < 0.01) or for H3K27me3 (peak width > 1000 bp,
FDR < 0.01) in each cell population. Over thirty thou-
sand H3K27Ac positive sites (peak width > 450 bp, FDR
< 0.01) were detected either in embryonic epithelium or
adult ISCs, and only ~19 000 sites were identified in dif-
ferentiated enterocytes. Peaks called for each dataset were
assigned to the genome features including promoters, 5 and
3" UTRs, exons, introns and distal elements, defined as re-
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Figure 1. Transcriptional programs during specification, maintenance and differentiation of the adult ISCs. (A) Immunostaining for EpCAM in E12.5
mouse small intestine. EpCAM (red) specifically labels epithelial cells. DAPI staining (blue) shows nuclei. (B) Fluorescence-Activated Cell Sorting (FACS)
plot showing purification of EpCAM™* cells (red) from E12.5 mouse small intestine (n > 10). (C) Immunofluorescence for Lgr5-EGFP expressing adult ISCs
(green). (D) FACS plot showing isolation of LgrS-EGFPhgh adult ISCs (green) (n > 10). (E) Image of intestinal villi. (F) FACS plot showing isolation of
EpCAM*CD31-CD45" enterocytes (red) (7 > 10). Scale bar: 27 um (A), 100 wm (C), 0.5 mm (E). (G) Pair-wise comparisons of gene expression between
successive cell populations. The differentially expressed genes are shown in green or red. (H) Heat map showing clustering of differentially expressed genes
for each cell population. (I-M) Representative examples of gene expression patterns for ‘enterocyte’ (I), ‘adult ISC’ (J), ‘proliferation’ (K), ‘embryonic
epithelium’ (L) and ‘adult epithelium’ (M) signatures. The y-axis indicates the coverage normalized by library size (reads per million). (N-Q) Gene ontology
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gions positioned at least 3 kb from a gene body. Consis-
tent with previous reports, 35-40% of H3K27me3 positive
peaks were found at promoters, and a similar fraction at in-
tergenic regions (Supplementary Figure S2A). Around 45%
of H3K27Ac enriched sites were located within promot-
ers, 22% within introns and 24% within intergenic regions
(Supplementary Figure S2A). In contrast, around 86% of
H3K4me3 positive peaks mapped to promoters while less
than 8% were found in intergenic regions (Supplementary
Figure S2A).

The majority of genes (80%) associated with H3K27me3
were transcriptionally silent at all stages examined (Supple-
mentary Figure S2B). These include known Polycomb tar-
gets from the Hox, DIx, Thx, Six and Zic families (Supple-
mentary Figure S2C-E). We therefore focused on the 6200
differentially expressed genes that we previously identified
(Figure 1G and H). Among those, few genes were differ-
entially marked by H3K27me3 between E12.5 and E14.5
(Figure 2A and D). Furthermore, we found moderate cor-
relation between changes in H3K4me3 and H3K27Ac lev-
els and gene expression between embryonic stages (Figure
2B-D). Specifically, hundreds of poised genes belonging
to the ‘adult epithelium’ and ‘enterocyte’ clusters gained
H3K4me3 at their promoters at E14.5 (Figure 2B, D and
Supplementary Figure S2B). These genes were activated
subsequently during ISC differentiation (Figure 2B and
D), indicating that extensive changes of chromatin marks
at TSS, establishing enterocyte specific transcriptional pro-
grams, take place already in embryonic epithelium.

Strong changes in the distribution of H3K27me3 mark
occurred during the transition from the embryonic progen-
itors to the adult ISCs (Figure 2A). In ISCs, we observed en-
richment for H3K27me3 over the TSS of 616 differentially
expressed genes. Two third (373 genes) of those had gained
the mark in ISCs compared to E14.5 epithelium. Strikingly,
one third of the genes belonging to the ‘embryonic epithe-
lium’ cluster gained H3K27me3 over their promoters in
ISCs (Figure 2D and F), suggesting a key role for this mark
in silencing developmental regulators in adult cells. Many of
these genes are essential for embryonic gut morphogenesis,
with the most prominent being Prdmli (27,28).

A quarter of genes (863) carrying H3K27me3 mark at
their promoters was also positive for H3K4me3 in adult
ISCs. The majority of genes with bivalent promoters was
silent or expressed at very low levels in all intestinal cell
types examined. In contrast to ESCs, promoters of the genes
from the Hox, DIx and Zic families were only H3K27me3
positive (Supplementary Figure S2C-E) both in embryonic
and in adult intestinal cells. Interestingly, the majority of
differentially expressed bivalent genes was from the ‘em-
bryonic epithelium’ cluster (168 out of 328) (Figure 2F). In
contrast, fewer genes (56 out of 328) belonged to the ‘ente-
rocyte’ cluster. This suggests that in the adult ISCs (and in
strong contrast with ESCs) bivalent H3K4me3/H3K27me3
promoters usually characterize genes that were expressed
at an earlier developmental stage and were subsequently
silenced in ISCs, rather than genes poised for activation
upon differentiation. Of note, a subset of the genes clas-
sified as bivalent was expressed only in a subset of ISCs.
Indeed, there are significant differences in gene expression
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profiles, amongst ISCs, along the anterior—posterior axis of
the small intestine (16,29).

Half (317 out of 560 genes) of the differentially expressed
genes positive for H3K27me3 in the E14.5 embryonic ep-
ithelium lost this mark during ISC specification (Figure
2A and D). Some of them (44 out of 317) belonged to
the ISCs signature (Figure 2E). Notably, the pattern of
H3K27me3 distribution was very diverse for the ISC sig-
nature genes. While Ascl2, Cd44, Notchl and Smoc2 pro-
moters were marked in embryos (Figure 2E), Lgr5 pro-
moter was only marked in enterocytes (Supplementary Fig-
ure S2F), indicating that H3K27me3 mediated repression
is gene and stage specific. Interestingly, the adult ISC signa-
ture genes showed very dynamic changes in H3K4me3 and
H3K27Ac at their promoters during both specification and
differentiation of the adult ISCs (Figure 2D-E and Supple-
mentary Figure S2F), supporting the notion that chromatin
changes could be involved in tightly coordinated transcrip-
tion of the regulators of ISC specification and maintenance.

The other groups of genes that lost H3K27me3 mark
during ISC specification belonged to the ‘adult intestine’
and ‘enterocyte’ classes, implying that some enterocyte spe-
cific genes lose this repressive mark prior to their activa-
tion, already in ISCs. Accordingly, we detected few genes
regulated by H3K27me3 during differentiation of the ISCs
towards the enterocyte lineage (Figure 2D). 218 genes lost
H3K27me3 during ISCs differentiation towards enterocytes
(Figure 2A), with the most prominent being the Cdkn2a/b
gene cluster (Supplementary Figure S2G). On the other
hand, 98 genes gained H3K27me3 in enterocytes (Figure
2A). Several ISC signature genes, including Lgr5, Msil and
Slc12a2 were on that list (Supplementary Figure S2F). The
majority of genes downregulated in enterocytes did not gain
the H3K27me3 mark but lost H3K27 acetylation at their
promoters (‘proliferation signature’, Figure 2C). In sum-
mary, strong changes in distribution of H3K27me3 mark
take place during transition from embryonic progenitors to
adult ISCs. A large proportion of genes essential for the
development of the small intestine acquire H3K27me3 in
adult ISCs, suggesting its role during ISCs specification.

‘ISC signature’ genes are the main targets of SmC mediated
repression in the embryonic epithelium

Only a small fraction of ISC signature genes showed differ-
ential methylation of H3K27 during the specification and
differentiation of the intestinal stem cells. This prompted us
to assess whether changes in DNA methylation, a distinct
repressive mechanism, were associated with the regulation
of ISC signature genes. Methylated regions of DNA from
whole genome were isolated using Methyl Binding Domain
pull-down followed by sequencing (MBD-seq). The size of
DNA fragments was between 120 to 170 bp, which provides
a resolution at nucleosome level. We have detected up to
three hundred thousand 5SmC positive regions in embryos
(FDR<0.01) and over two hundred thousand in adults, re-
spectively. Since MBD-sequencing does not provide quan-
titative data and weakly methylated DNA regions (methy-
lation ratio <0.2) are underrepresented in MDB pull-down
experiments (30), we performed comparative analyses on a
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Figure 2. Dynamics of histone marks during specification and differentiation of ISCs. (A—C) Pair-wise comparisons showing changes in H3K27me3 (A),
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expression profiles for ‘adult ISC’ (E) and ‘embryonic epithelium’ (F) signatures. The y-axis indicates the coverage normalized by library size (reads per

million).

qualitative level, considering only the presence or absence
of the peaks.

We observed few differences in DNA methylation pro-
files between two embryonic stages. 68 genes (7%) lost DNA
methylation upon their activation from E12.5 to E14.5 (Fig-
ure 3A and Supplementary Figure S3A). These genes be-
longed to the ‘adult epithelium’ and ISC signature clusters.
Only 15 genes showed gain in DNA methylation and were
downregulated between E12.5 and E14.5 (Figure 3A). Con-
sistent with previous studies (10,11) we observed very simi-
lar DNA methylation patterns between adult ISCs and en-
terocytes. Only 5 genes were differentially methylated in the
adult cells (Figure 3A and Supplementary Figure S3B), in-
dicating that the regulation of either stem cell or enterocyte
specific genes does not rely on changes in DNA methylation
status in the adult gut. Overall, changes in DNA methyla-
tion patterns were not only confined to few genes but also
to one or two peaks per gene.

In striking contrast, 473 genes (44% of upregulated genes)
lost DNA methylation during the transition from embryo at
E14.5 to adult ISCs (Figure 3A). Importantly, differentially
methylated regions were very large, spanning up to 20 kb
or more in some cases (Figure 3B and Supplementary Fig-
ure S3C). Moreover, they were often located within the first
intron of the genes. Loss of DNA methylation was accom-
panied by gain of H3K27Ac and H3K4me3 modifications
over the same regions. The highest proportion of genes un-
dergoing changes in DNA methylation patterns was found
in the ISC signature cluster (114 out of 395 ISC signature
genes, 29%). Between them were Olfind, Axin2, Scll2a2,
Kcne3 and Lrigl (Figure 3B and Supplementary Figure
S3C). During ISC differentiation, these genes were silenced
without any changes in DNA methylation pattern but lost
H3K27Ac at their TSS. Further comparative analysis of
DNA methylation and H3K27Ac modification profiles re-
vealed that the ISC signature genes carried both marks at
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Figure 3. Dramatic changes in DNA methylation during ISC specification. (A) Pair-wise comparisons showing changes in SmC distribution over the
differentially expressed genes between successive stages. Silent genes that lost SmC mark upon activation are indicated in red, whereas genes that were
downregulated and gained SmC mark are indicated in blue. (B) Representative example of chromatin and gene expression profiles in four cell types for
ISC marker Axin2. The y-axis indicates the coverage normalized by library size (reads per million). (C-E) Expression patterns of Axin2 (C), Kcne3 (D)
and Sfrp5 (E) in the embryonic small intestine at E14.5. Only a subset of the embryonic intestinal epithelial cells expresses Axin2 or Kcne3, whereas Sfip5
is expressed in all epithelial cells. Scale bar: 50 wM. (F) Representative example of chromatin and gene expression profiles in four cell types for enterocyte
specific Txnl. The y-axis indicates the coverage normalized by library size (reads per million).

E14.5, indicating that this group of genes were expressed
only in a subset of embryonic epithelium. Indeed, RNA in
situ hybridization on tissue sections showed that the ISC
signature genes were activated in some embryonic epithelial
cells (Figure 3C-E).

The ‘enterocyte’ (207 genes) and ‘adult epithelium’ clus-
ters (152 genes) composed the rest of the genes losing DNA
methylation in ISCs (Figure 3F), indicating that the chro-
matin landscapes are already prepared in ISCs for further

transcriptional changes in differentiated progenies. A ma-
jority of genes that gained DNA methylation (66%, 166
genes) were embryonic genes silenced in adult ISCs (Sup-
plementary Figure S3D). The number of embryonic genes
silenced via DNA methylation was significantly lower com-
pared to those marked by H3K27me3, underlying the im-
portance of the H3K27me3 modification in this process. To
conclude, strong changes in DNA methylation patterns un-
derlie transcriptional changes during the switch from the
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embryonic progenitors to adult ISCs. These changes oc-
curred most often in both promoter and intron regions of
differentially expressed genes.

Enterocytes specific genes are associated with H2A.Z in stem
cells

While acetylation of H3K27 strongly correlated with
changes in gene expression, H3K27me3 and DNA methyla-
tion marks were more stable between ISCs and enterocytes.
Therefore, we examined whether the distribution of H2A.Z
(6) correlates with gene activity and could be implicated in
the regulation of gene expression during both specification
and differentiation of the stem cells in the gut epithelium.
We detected over eleven thousand H2A.Z positive peaks in
each cell type. 62% of H2A.Z positive regions we found at
promoters, 8% within introns and 27% at distal elements
(Supplementary Figure S4A). 70% of genes with H2A.Z
promoter occupancy were transcriptionally active (Supple-
mentary Figure S4B). Very little difference in distribution of
H2A.Z was detected between two embryonic stages. Only
158 out of 4614 differentially expressed genes showed dif-
ferent occupancy of H2A.Z at their promoters (Figure 4A).
During transition from embryonic to adult ISCs stage, 178
differentially expressed genes lost and 177 gained H2A.Z at
their promoters (Figure 4A). These data indicate that the
distribution of H2A.Z does not change significantly and
does not correlate with strong transcriptional changes ob-
served during ISC specification.

During ISCs differentiation, we observed a great bias to-
wards the loss of H2A.Z over promoter regions (896 lost
versus 73 gained) (Figure 4A). Further histological analy-
sis confirmed that H2A.Z levels were globally lower in the
nuclei of enterocytes compared to ISCs (Figure 4B and C).
Interestingly, 421 genes activated in enterocytes lost H2A.Z
mark at their promoters, suggesting that the presence of
H2A.Z negatively regulated their transcription in ISCs (Fig-
ures 3F and 4D). The majority of these genes (300 out of
421, 71%) were already H3K4me3 and H3K27Ac positive
in ISCs and only a minor fraction (77 out of 421, 18%)
gained those marks in enterocytes. The other group of genes
that lost H2A.Z was Polycomb targets carrying H3K27me3
mark at their promoters in ISCs. Those genes (158 out of
616, 25%) were silent or expressed at low levels in both adult
cell types but further lost H2A.Z and H3K4me3 upon dif-
ferentiation. 51 out of 133 genes (38%, P < 10~*, hypergeo-
metric test) downregulated in enterocytes and losing H2A.Z
belonged to ISC signature genes (Supplementary Figure
S4C), indicating that the expression of ISC signature genes
is tightly regulated at multiple layers with involvement of
histone modifications but also histone variants. Taken to-
gether, H2A.Z occupancy strongly correlates with the pres-
ence of H3K4me3 and H3K27Ac marks at gene promoters
and correlates with active transcription. On the other hand,
loss of H2A.Z seems to facilitate transcription of enterocyte
specific genes during differentiation of the adult ISCs and
suggests a repressive function for this mark in stem cells.

Dynamic chromatin landscapes at distal elements

The presence of H3K27Ac and H2A.Z in intergenic regions
is indicative of putative distal enhancers (4,31). We ob-

served very dynamic enrichment for H3K27Ac¢ mark across
embryonic and adult cell populations at distal sites (fur-
ther than 3 kb from TSS) located near differentially ex-
pressed genes (Figure 5A). More than 30% of all regions
were marked only in one cell type (Figure 5A). Consistent
with the idea that H3K27Ac is present at active enhancers,
the distribution of H3K27Ac at distal sites correlated with
a higher transcriptional activity of nearby genes (Figure 5B,
P < 1074, ANOVA test). In contrast, genes linked only to
H2A.Z positive regions did not show enhanced transcrip-
tion (Figure 5B).

Comparative analysis linking H3K27Ac positive distal
regions with differentially expressed genes showed that 34%
of the regions unique for E12.5 were assigned to the genes
specifically expressed at this developmental stage and down-
regulated in other cell types. Accordingly, genes immedi-
ately adjacent to H3K27Ac regions were expressed at signif-
icantly higher levels (P < 1072°, ANOVA test) at E12.5 com-
pared to other stages and to the genes, which did not have
H3K27Ac positive region in their proximity (Figure 5C).
Interestingly, the same analysis showed that genes, which
acquired H3K27Ac positive regions in their proximity at
E14.5 (compared to E12.5), were expressed at higher levels
at E14.5 but also in adult ISCs and enterocytes, when com-
pared to the genes lacking H3K27Ac regions (Figure 5D,
P < 10~ for E14.5 and P < 10~ for ISCs or enterocytes,
ANOVA test). This suggests that some of the distal elements
positive for H3K27Ac could be shared between E14.5 and
adult stages. Indeed, we observed that 721 out of 1177 (61%)
of distal elements, which gained H3K27Ac mark at E14.5,
were linked to genes belonging to ‘enterocyte’ and ‘adult ep-
ithelium’ signatures (Figure 5E). Furthermore, some genes
belonging to ISC signature, including Axin2, Ascl2, Cd44,
Slcl12a2, Olfm4 and Lrigl, showed enrichment of H3K27Ac
on distal elements already at E14.5 (Supplementary Fig-
ure S5A-B). Half of H3K27Ac positive regions detected at
E14.5 but not in adult ISCs were specific for embryonic ep-
ithelium (Figure 5A). 40% (846 out of 2119 elements) of
embryo-specific peaks were linked to genes downregulated
from E14.5 to adult ISCs (Figure SF-G), including multiple
imprinted genes as well as transcription factors critical for
gut morphogenesis, such as Prdml and Id2 (16,27,28,32).

Consistent with the activation of numerous adult and
stem cell specific genes, over 3500 H3K27Ac positive re-
gions were detected in the adult ISCs compared to the em-
bryonic stages (Figure 5A). Of those, 1831 were linked to
differentially expressed genes. 17% of H3K27Ac regions
were assigned to ‘adult epithelium’ signature genes and
were shared between both adult cell types (Figure 5H).
However, the largest fraction (817 out of 1831, 45%) of
H3K27Ac positive distal elements was assigned to genes
belonging to ‘enterocyte’ signature, indicating that many
regulatory elements with potential function in enterocytes
are already pre-marked in stem cells (Supplementary Figure
S5C). Moreover, for genes linked to multiple H3K27Ac pos-
itive islands we observed cell type specific changes in regu-
latory element landscapes. For example, the enterocyte spe-
cific gene Sis was linked to two distal elements pre-marked
already at E14.5 and in ISCs, and it acquired one more in
enterocytes (Figure SE). The TSS of the gene was H3K27Ac
positive only in ISCs and enterocytes, indicating that the
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Figure 4. H2A.Z levels decreases during ISC differentiation. (A) Pair-wise comparisons showing changes in H2A.Z levels at the TSS of differentially
expressed genes between successive stages. (B and C) Immunostainings for H2A.Z (B, yellow) and H3K27Ac (C, yellow) in the adult mouse small intestine.
H2A.Z levels are decreased in enterocytes (Ent) compared to the crypt cells. Red arrowheads point on the ISCs. In contrast, equal amounts of H3K27Ac
are detected in both enterocytes and crypt cells. DAPI staining (blue) shows nuclei. Scale bar: 50 wM. (D) Representative example of chromatin and gene
expression profiles in four cell types for Txnl. The y-axis indicates the coverage normalized by library size (reads per million).

acquisition of H3K27Ac mark at distal elements preceded
that at promoters. Accordingly, the expression of Sis was
gradually increasing from E14.5 to ISCs (32 times) and to
enterocytes (32 times) (Figure 5E).

12% of ISC specific H3K27Ac positive distal elements
were assigned to ISC signature genes, including Olfin4,
Lrigl, Proml, Slci2a2, Smoc2, Ednl and Axin2 (Supple-
mentary Figure SSA-B). Consistent with the loss of ex-
pression for ISC signature genes during differentiation,
H3K27Ac mark was lost over all these elements in en-
terocytes. The largest number (483 out of 1809, 27%) of
H3K27Ac peaks observed in ISCs but not in enterocytes
were assigned to ‘proliferation signature’ genes, such as
Myc, Sox9 and Mki67 (Figure 51, J and Supplementary Fig-
ure S5D). Interestingly, the Sox9 gene displayed different
H3K27Ac-positive distal elements in its vicinity, when com-
paring embryos and adult ISCs (Figure 5J), suggesting the
involvement of different regulatory programs controlling
Sox9 expression in these cell types. Moreover, a comparative
analysis of the intestinal and hair follicle stem cells (HF-
SCs) (33) revealed different H3K27Ac landscapes around
Sox9. While H3K27Ac marked over ten distal elements in
ISCs, only three H3K27Ac positive regions were identified
in HFSCs (Supplementary Figure SSE). Two of those were
overlapping with the intestinal epithelium enhancers. This
suggests that the transcriptional regulation of the common
stem cell marker Sox9 might be partly shared, yet it differs
between intestinal and skin lineages.

In agreement with the activation of enterocyte specific
genes during ISCs differentiation, 996 out of 1404 (71%)
H3K27Ac positive regions were detected specifically in en-

terocytes and were linked to ‘enterocyte signature’ genes
(Figure 5SK). Thus, our data demonstrate that the specifica-
tion and differentiation of the adult ISCs is accompanied
by dynamic changes in H3K27Ac at distal regulatory el-
ements. Importantly, analysis of H3K27Ac positive distal
regions revealed that the enterocyte specific transcriptional
landscape is pre-established already during embryogenesis
at E14.5.

Recent studies shed light on the relationship between
DNA methylation states and enhancer activity in cultured
epithelial and cancer cells (34-36). We therefore analysed
distribution of SmC and 5-hydroxymethylcytosine (ShmC)
(37) at H3K27Ac positive distal elements in intestinal ep-
ithelial cells. Here, we considered that at least one MBD/
MeDIP peak (150 bp) must overlap with H3K27Ac pos-
itive region. We found that 15-22% of H3K27Ac pos-
itive distal elements overlapped with 5SmC peaks (Sup-
plementary Figure S6A), which is in agreement with the
known antagonistic relationship between H3K27Ac and
DNA methylation (38). Over 75% of H3K27Ac/5mC dis-
tal elements were found in every cell type. We focused
then on the cell type specific distal elements (~300 ele-
ments). This analysis did not reveal either significant en-
richment or loss for any gene signature linked to double
positive H3K27Ac¢/5mC compared to H3K27Ac distal el-
ements in any cell type examined. In contrast to SmC, we
found that 58% of H3K27Ac distal elements overlapped
with ShmC peaks in ISCs and differentiated enterocytes
(Supplementary Figure S6B), indicating that ShmC corre-
lates well with the presence of H3K27Ac at distal elements
and with the transcriptional activity of the linked genes.
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Figure 5. Epigenetic changes at distal elements during specification and differentiation of the ISCs. (A) Pair-wise comparisons showing changes in
H3K27Ac levels at distal elements between successive stages. The distal elements linked to differentially expressed genes are indicated in dark blue and
red. (B) Box and whisker plots showing correlations of RNA expression levels (logy) with the presence of either H3K27Ac positive (magenta) or H2A.Z
positive (orange) distal elements in all studied cell populations. Genes linked to H3K27Ac distal elements (magenta) are expressed at higher levels than
non-linked genes (gray). The expression levels of genes linked to H2A.Z distal elements (orange) do not differ from non-linked genes (gray). ****P < 10—,
by ANOVA test. (C, D, F, H, I, K) Box and whisker plots showing correlations of RNA expression levels (logy) for genes linked to H3K27Ac positive distal
elements (magenta) versus control genes (gray) at E12.5 (C), at E14.5 absent at E12.5 (D), at E14.5 absent in ISCs (F), in ISCs absent at E14.5 (H), in ISCs
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in four cell types for Sis (E), 1d2 (G) and Sox9 (J) loci. The y-axis indicates the coverage normalized by library size (reads per million).

Moreover, 60-70% of H2K27Ac/5hmC double positive dis-
tal elements were cell type specific, suggesting that double
positive H3K27Ac/5hmC elements might play an impor-
tant role during maintenance and differentiation of ISCs.

H2A.Z and H3K27Ac mark distinct classes of distal elements

Next, we investigated whether changes in H2A.Z correlated
with different enrichment of H3K27Ac at distal elements
and with alterations in gene expression. Strong differences
(over 50% of the peaks) in H2A.Z distribution at distal el-

ements were found between embryonic and adult stages as
well as between ISCs and differentiated enterocytes (Fig-
ure 6A). In contrast, only 1220 (10% of H2A.Z positive
regions) regions were different between E12.5 and E14.5
(Figure 6A). Similar to H3K27Ac, most of the distal ele-
ments (665 out of 1713, 39%), which gained H2A.Z in ISCs,
were assigned to genes belonging to ‘enterocyte signature’
(Supplementary Figure S5C). Furthermore, genes (547 out
of 1920, 28%) that lost H2A.Z at distal elements and were
downregulated in enterocytes belonged to the “proliferation’
signature (Supplementary Figure S5D). Consistent with the
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Figure 6. H3K27Ac and H2A.Z mark distinct set of inter and intragenic
elements. (A) Pair-wise comparisons showing changes in H2A.Z levels at
distal elements between successive stages. The distal elements linked to dif-
ferentially expressed genes are indicated in dark blue and red. (B) Overlap
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Changes of chromatin marks at distal elements during transition from em-
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chromatin mark at E12.5 are displayed on the left y-axis. The percentage
of distal elements in ISCs is shown on x-axis. Most regions positive for
either H3K27Ac or H2A.Z at E12.5 are negative for both marks in ISCs
(grey). In contrast, most distal elements double positive at E12.5 stay either
double positive (green) or become single H3K27Ac (magenta), or H2A.Z
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global loss of H2A.Z in enterocytes, only few regions linked
to differentially expressed genes gained this histone variant
upon activation.

The strong overlap between H2A.Z and H3K27Ac at
TSS suggests that these chromatin marks could also coin-
cide at distal regions. However, our analysis identified that
only 22% of H2A.Z positive distal regions, including both
inter and intragenic, showed an overlap with H3K27Ac
peaks (Figure 6B). This was true for both differentially ex-
pressed as well as stably expressed genes in all cell types. For
example, 57% of differentially expressed genes were linked
to both H2A.Z and H3K27Ac positive regions, which were
not overlapping, suggesting that the majority of H2A.Z and
H3K27Ac distal elements could function independently for
the regulation of gene expression. We further tested how
H2A.Z, H3K27Ac and double positive regulatory regions
evolve during transition from embryonic epithelium to the
adult ISCs. The majority of regions labelled only by one
mark, either H2A.Z (60%) or H3K27Ac (83%), in embry-
onic epithelium lost the mark in adult ISCs (Figure 6C).
Furthermore, less than 2% of single labelled regions ac-
quired a second mark in adult ISCs, indicating that the
majority of double positive regulatory elements acquired
both H2A.Z and H3K27Ac during the specification of the
adult ISCs de novo. Interestingly, the double positive regions
found in embryos remained either double (31%) or single
H2A.Z (30%), or H3K27Ac (22%) positive in ISCs (Figure
6C), indicating that these regions are more stable between
embryonic and adult stages. GO term analysis revealed that
double positive distal elements were linked to genes encod-
ing factors regulating transcription (P < 1074 for E12.5
and P < 107 for ISCs). In summary, out data show that
in contrast to TSS, H3K27Ac and H2A.Z mark different
sets of inter- and intragenic distal regulatory elements.
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Figure 7. Epigenetic changes during the specification and differentia-
tion of ISCs. In embryonic progenitors, ISC signature, adult epithe-
lium and enterocyte specific genes are repressed by DNA methylation
(5mC) or Polycomb complexes (H3K27me3). On the other hand, pro-
moters of ISC and enterocyte specific genes are poised for activation and
marked by H3K4me3. Moreover, distal elements linked to embryonic, ISC
and enterocyte specific genes are H3K27Ac positive. Upon specification,
ISC signature, adult epithelium and enterocyte specific genes lose SmC
and H3K27me3, whereas developmental genes get silenced and acquire
H3K27me3. During differentiation of the adult ISCs, while enterocyte spe-
cific genes lose H2A.Z and get activated, ISC signature genes get silenced.

DISCUSSION

In this study, we report the first genome-wide characteriza-
tion of the transcriptome and chromatin profiles of the em-
bryonic intestinal epithelium prior to and during the spec-
ification of adult ISCs. Our results reveal highly dynamic
changes at the molecular level during gut development. We
define sets of signature genes associated with different stages
of ISCs specification, maintenance and differentiation. Fur-
thermore, we show that large-scale epigenetic changes in
the distribution of modified histones, the histone variant
H2A.Z and DNA methylation in genic and intergenic re-
gions accompany the specification and differentiation of the
adult intestinal stem cells (Figure 7). Our results suggest
that DNA methylation greatly impacts specification of ISCs
from embryonic progenitors by negatively regulating the ex-
pression of ISC signature genes. Furthermore, Polycomb
mediated repression is also likely critical for the specifica-
tion of ISCs during embryogenesis since a substantial num-
ber of developmental genes acquires H3K27me3 mark at
their promoters in ISCs. Strikingly, we found that the re-
pression of ISC signature genes as well as the activation
of enterocyte specific genes was associated with decrease in
H2A.Z levels during ISCs differentiation. Moreover, we ob-
served strong changes in the distribution of histone mod-
ifications associated with transcriptional activity at puta-
tive regulatory regions during specification and differenti-
ation of the ISCs. Unexpectedly, we detected little overlap
between H3K27Ac and H2A.Z positive distal regulatory re-
gions both in embryonic progenitors and adult ISCs.

Epigenetic changes during the specification of the adult ISCs

Lgr5* intestinal stem cells became a classical model system
to study mechanisms of tissue maintenance and differen-
tiation. Yet, the mechanisms of ISCs specification during
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embryogenesis are poorly understood. Our data show that
distinct transcriptional programs operate in the embryonic
intestinal epithelium compared to the adult ISCs. Both the
gene expression and chromatin profiles revealed that ISC
signature genes are activated after E12.5. Proportional to
transcriptional activity we detected an increase in the levels
of H3K27Ac at the TSS of ISC signature genes at E14.5.
Simultaneously, we observed the presence of either methy-
lated DNA or H3K27me3 mark at the promoters of these
genes at both embryonic stages but not in the adult ISCs.
This indicates that ISC signature genes are activated only
in a subset of embryonic epithelial cells by E14.5, which we
further confirmed by RNA in situ hybridization.

Our chromatin and transcriptome data demonstrate that
in embryonic epithelium different ISC signature genes have
different modes of repression, such as DNA methylation
(Axin2, Scll2a2, Kcne3, Lrigl and Olfin4), H3K27me3
modification (A4scl2, Cd44, Nfia and Smoc2) or none of
them (Lgr5) implying that distinct mechanisms likely oper-
ate for their activation. Furthermore, some of the ISC sig-
nature genes were already expressed at E14.5 whereas the
others were detected only in adult ISCs. This step-wise ac-
quisition of the ISC transcriptional program suggests that
their specification requires multiple mechanisms working
together to establish ISC identity. The extensive changes in
DNA methylation patterns, spanning up to 20 kb, over de-
velopmental and ISC signature genes make this epigenetic
mark a candidate for mediating ISC specification during
embryogenesis. Another major feature of ISC specification
is the repression of a considerable number of developmental
genes and gain of H3K27me3 over their promoters. There-
fore, Polycomb mediated repression might play an essential
role for the correct specification of adult ISCs.

Epigenetic changes during the maintenance and differentia-
tion of adult ISCs

The changes in chromatin states during specification of
ISCs are in strong contrast to the chromatin landscapes
in adult cells. In the small intestine over 4000 genes (al-
most half of the whole active transcriptome) are differen-
tially expressed between stem cells and enterocytes. How-
ever, the profiles of chromatin marks associated with gene
repression are very similar between stem cells and differen-
tiated enterocytes. Our results show that all enterocyte spe-
cific genes lose DNA methylation already during ISC spec-
ification. Furthermore, many enterocyte specific genes lost
H3K27me3 mark already in ISCs. The most prominent ex-
ception was the Cdkn2a/b cluster, encoding inhibitors of
cell cycle progression. Therefore, our data suggest that chro-
matin landscapes operating in differentiated enterocytes are
established during the specification of embryonic progeni-
tors towards the adult ISCs. In contrast, genes essential for
differentiation along the secretory lineage, including Neu-
rodl, Neurog3 and Atohl, were H3K27me3 positive at all
stages examined, indicating that Polycomb mediated repres-
sion prevents differentiation of the ISCs towards secretory
cells (13).

A prominent loss of H2A.Z over promoters of enterocyte
specific genes upon differentiation implies that this histone
variant could play repressive functions in the ISCs, when

DNA methylation and H3K27me3 patterns do not change
much. Remarkably, the promoters of these enterocyte spe-
cific genes were both H3K4me3 and H3K27Ac positive in
ISCs, indicating that they could be poised by H2A.Z for fur-
ther activation. Moreover, the majority of these enterocyte
specific genes was H2A.Z positive in embryonic epithelium,
implying that H2A.Z could prevent precocious differentia-
tion of the embryonic progenitors towards enterocytes dur-
ing development. A recent study in C. elegans revealed that
H2A.Z is required for the repression of DREAM (Dimer-
ization Partner, R B-like, E2F and multi-vulval class B) com-
plex target genes, which regulate G2/M-specific progression
during the cell cycle (39). It is possible that a certain class of
transcription factors in concert with H2A.Z coordinates re-
pression of enterocyte specific genes in ISCs and in the em-
bryonic epithelium. Consistent with the genome-wide de-
crease in the number of H2A.Z positive regions, we have
observed a loss of H2A.Z at the transcriptional and protein
levels specifically in enterocytes. Whether loss of H2A.Z is a
general mark of differentiation remain unknown. However,
it has been shown that H2A.Z levels are elevated in various
cancers (40-42).

Stage-specific activation of putative distal regulatory ele-
ments

Our time course analysis of potential distal regulatory el-
ements revealed very dynamic regulatory landscapes di-
recting biological processes essential for the specification,
maintenance and differentiation of the ISCs. Thousands of
stage specific H3K27Ac and H2A.Z positive distal elements
were identified at each time point indicating that chromatin
marks at the regulatory elements are more transient than
at the promoters. For instance, genes belonging to the pro-
liferation signature were downregulated and lost H2A.Z
at the associated distal elements in enterocytes. However,
H2A.Z occupancy at the promoters of these genes was con-
stant. The stage specific differences in the distribution of
H3K27Ac and H2A.Z over distal regulatory regions re-
flected very well the transition from embryonic progenitors
to ISCs, which takes place between E12.5 to E14.5. On the
other hand, many distal regulatory elements linked to ente-
rocyte specific genes acquired H3K27Ac and H2A.Z marks
either at E14.5 or in ISCs, indicating that not only repres-
sive but also activating chromatin marks pre-establish ente-
rocyte specific transcriptional landscape already in ISCs.
The strong correlation between the presence of H3K27Ac
positive distal elements and the activity of the nearest in sil-
ico associated genes was remarkable. This correlation was
observed for all gene clusters at specific developmental or
differentiation stage, reflecting very well underlying biolog-
ical processes. For example, the distal elements marked by
H3K27Ac in ISCs but not in embryonic epithelium were in
close proximity and associated with the genes belonging to
the ISC signature, adult epithelium and enterocyte clusters.
Consistently, these genes were expressed in the adult tis-
sues. In contrast, the distal elements marked by H3K27Ac
in ISCs but not in enterocytes were connected to the ISC
signature and proliferation clusters. Accordingly, genes pos-
itively regulating proliferation were transcribed in all cell
types except of differentiated enterocytes. Our data thus in-



dicate that H3K27Ac positive distal elements are good in-
dicators of cell identity as well as its proliferation and dif-
ferentiation status.

H3K27Ac and H2A.Z marked distinct and largely non-
overlapping sets of distal elements. A majority of genes were
linked to both H3K27Ac and H2A.Z positive elements.
Many genes encoding transcription factors essential for in-
testinal development and homeostasis were linked to dou-
ble (overlapping) H3K27Ac/H2A.Z positive regions. Ac-
cordingly, these elements were more stable between different
stages. Interestingly, genes that were linked only to H2A.Z
positive distal elements were either silent or expressed at
low levels at all stages examined suggesting that, in the ab-
sence of H3K27Ac, H2A.Z could mark silent or poised reg-
ulatory elements. However, only a negligible fraction (2%)
of H2A.Z positive regions acquired H3K27Ac during the
transition from embryonic to ISC stage, leaving the ques-
tion about their potential functions open.

Our analyses showed that most H3K27Ac positive (ac-
tive) distal elements overlapped with ShmC peaks in ISCs
and differentiated enterocytes. Importantly, the major-
ity of H2K27Ac/5hmC double positive distal elements
was cell type specific suggesting that double positive
H3K27Ac/5hmC elements might play an important role
for tissue specific regulation of gene expression. In con-
trast, only a minor fraction of H3K27Ac positive distal el-
ements overlapped with SmC peaks in embryonic progeni-
tors, adult ISCs and differentiated enterocytes. The major-
ity of H3K27Ac/5mC double positive distal elements were
not cell type specific. In agreement with our data, the com-
parative analyses of epigenetic and transcriptional changes
accompanying differentiation of skin stem cells revealed
few distal elements decorated by both H3K27Ac and 5SmC
marks (36). In skin stem cells depletion of Dnmt3b, which
is responsible for positioning of SmC at both gene bodies
and enhancers, leads to decrease in transcriptional activity
of many genes (36). However, it is not known whether deple-
tion of SmC at enhancers or gene bodies affects transcrip-
tion of the target genes. Thus, functions of SmC at distal
elements remain poorly understood.

Of note, in the adult intestine both ISCs and enterocytes
have a large number of stage specific H3K27Ac distal ele-
ments. In contrast, during differentiation of the skin stem
cells over 10 000 H3K27Ac positive elements are lost and
only 110 are gained specifically in keratinocytes (36), sug-
gesting that there are very important differences between
gene regulatory programs operating during differentiation
of the adult intestinal and skin stem cells. In summary, our
results suggest that profound changes in chromatin states
are likely critical for controlling the specification of the ISCs
during embryogenesis and their differentiation along the
absorptive lineage in the adult gut.
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