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Sequential 3′-to-5′ activation of the Hox gene clusters in
early embryos is a most fascinating issue in developmen-
tal biology. Neither the trigger nor the regulatory ele-
ments involved in the transcriptional initiation of the 3′-
most Hox genes have been unraveled in any organism.
We demonstrate that a series of enhancers, some of which
are Wnt-dependent, is located within a HoxA 3′ subtopo-
logically associated domain (subTAD). This subTAD
forms the structural basis for multiple layers of 3′-polar-
ized features, including DNA accessibility and enhancer
activation. Deletion of the cassette of Wnt-dependent en-
hancers proves its crucial role in initial transcription of
HoxA at the 3′ side of the cluster.

Supplemental material is available for this article.
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Correctly timed initiation of Hox transcription is funda-
mental to mediating the generation and patterning of na-
scent axial embryonic tissues (Kmita and Duboule 2003;
Deschamps and van Nes 2005). Initial transcription of
the earliest Hox genes in mouse embryos takes place in
the posterior epiblast in precursors of the extraembryonic
and embryonic mesoderm at the late primitive streak
stage (embryonic day 7.2 [E7.2]) during gastrulation (Fig.
1A; Forlani et al. 2003). A striking feature is that the
very first Hox gene is poised for transcription at the begin-
ning of gastrulation, one full day before its transcription
really starts (Forlani et al. 2003). Here we set out to inves-
tigate the molecular genetic interactions implementing
the earliest Hox gene transcription.

Results and Discussion

Wnt activates Hox in a temporally collinear way

We reasoned that the trigger for Hox activationmight be a
canonicalWnt signal:Wnt3 is present in the early posteri-
or epiblast just before primitive streak formation (Rivera-

Perez andMagnuson 2005), andWnt3-nullmutants do not
expressHox genes (Liu et al. 1999). Pregastrulation embry-
os (E6.0, “prestreak,” before primitive streak appearance)
do not express Hox genes, but exposure to CHIR99021
(Chiron, a Wnt agonist) for 10 h strongly induces expres-
sion of the 3′ paralogs Hoxa1 and Hoxb1 (Fig. 1B; Supple-
mental Fig. S1A). This observation led us to turn to a cell
culture system very close to the pregastrulation epiblast:
epiblast stem cells (EpiSCs) (Brons et al. 2007; Tesar
et al. 2007). Activation of the Wnt pathway confers these
cells a primitive streak-like identity (Kojima et al. 2014;
Tsakiridis et al. 2015). We generated EpiSCs from wild-
type and Wnt3-null pregastrula epiblasts and cultured
them in the presence of Wnt inhibitor IWP2 (Fig. 1C).
Upon Wnt stimulation by Chiron, Hox genes were in-
duced rapidly, reminiscent of what occurs in prestreak
embryos. Wnt activation induced not only the 3′-most
Hox gene but the other Hox genes as well in a temporally
collinear way, mimicking the in vivo situation (Fig. 1D;
Supplemental Fig. S1B,C; Supplemental Table S1; Izpi-
sua-Belmonte et al. 1991; Deschamps and van Nes
2005). We observed similar results upon inducing wild-
type and Wnt3-null EpiSCs with Chiron (shown for
Hoxa1 in Supplemental Fig. S1D).
We compared the Hox chromatin states prior to and af-

ter Wnt exposure in EpiSCs that never experienced Wnt
signaling before. We observed a dense coverage across
the entire cluster by the repressive chromatin mark
H3K27me3 (deposited by Polycomb-repressive complex
2 [PRC2]) and by PRC1 component Ring1b (Fig. 1E; Sup-
plemental Fig. S2). Wnt activation leads to the removal
of these repressive decorations, starting on the 3′ side of
the clusters and reaching completion ∼72 h after Chiron
addition. The progressive loss of the H3K27me3 and
Ring1b coverage was accompanied by the deposition of
the activating marks H3K4me3 and H3K27ac, similar to
what was shown for HoxD in midgestation embryos (Fig.
1E; Supplemental Fig. S2; Soshnikova and Duboule 2009).

Putative early HoxA enhancers are located
in a 3′ subtopologically associated domain (subTAD)

A key component of developmental gene regulation is the
interaction between promoters and their regulatory land-
scapes (de Laat and Duboule 2013). For in-depth analysis
of early Hox regulation, we further focused on the HoxA
cluster, which is located at the boundary between two
TADs (Supplemental Fig. S3A, top row; Dixon et al.
2012). Circularized chromosome conformation capture
(4C) combined with sequencing (4C-seq) shows that
most HoxA genes interact muchmore frequently with re-
gions lying in the 3′ TAD than with sequences in the 5′
TAD. Only the posterior-most Hoxa13 mainly contacts
remote sequences in the 5′ TAD (Supplemental Fig.
S3A). We observed that a proximal 300-kb genomic inter-
val contains the majority of the interactions and, together
with the 3′ side of the HoxA cluster, forms a 3′ subTAD
(Fig. 2A; Supplemental Fig. S3A). Quantification of the[Keywords: Hox regulation; chromatin conformation; DNA accessibility;
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interactions reveals that the more 3′ the HoxA gene, the
more it contacts the 3′ subTAD, with Hoxa1 showing a
majority of these interactions, in particular with the prox-
imal part of the 3′ subTAD (Supplemental Fig. S3B). Com-
parison of 4C-seq profiles between embryonic stem cells
(ESCs) and EpiSCs revealed that the Hoxa1 interaction
domain is less restricted in ESCs (Supplemental Fig.
S3C), indicating that the 3′ subTAD conformation is rein-
forced specifically in EpiSCs. We identified several
H3K27ac peaks in the 3′ subTAD that correspond to pre-
viously identified β-catenin-binding regions (Zhang et al.
2013). Several of them overlap with 4C-seq interaction re-
gions with Hoxa1 (Fig. 2A) and are now referred to as
“HoxA developmental early side” (Ades) putative enhanc-
ers. Three Ades regions are already acetylated before Wnt
exposure (Ades3-4 [part of theHalr1 long noncoding RNA
locus {De Kumar et al. 2015}], Ades5, and
Ades6), and two depend onWnt exposure
(Ades1 and Ades2) for their acetylation
(Fig. 2A). Ades1 lies in a region that was
shown to drive part of theHoxa1 endoge-
nous expression pattern (Frasch et al.
1995; Nolte et al. 2013). In reciprocal
4C-seq experiments, we found that the
Ades sites show interactions with the 3′
part of the Hox cluster (Supplemental
Fig. S4). The 3′ subTAD that we identi-
fied in EpiSCs is therefore a domain of in-
tensive interactions between the cluster
and its putative enhancers.

The HoxA landscape is segmented
in several subdomains with particular
interaction specificities

We investigated whether chromosome
architecture changes during Hox initia-
tion in EpiSCs. Chromosomal interac-
tions of Hoxa1 with the Ades region

within the 3′ subTAD do not change
upon Wnt stimulation (Fig. 2B; Sup-
plemental Fig. S5A), indicating a con-
stitutively active conformation of
this region. In uninduced conditions,
contacts between the most proximal
Ades enhancers (Ades2, Ades3–4,
and Ades5) and Hox genes involve 3′
and middle Hox genes (Supplemental
Figs. 4B, 5B). Chiron induction leads
to a further 3′ restriction of these con-
tacts to the 3′ subTAD (Supplemental
Fig. S5B). Activation of HoxA tran-
scription therefore leads to a further
focalization of the already confined
enhancer–3′Hox interactions occur-
ring within the 3′ TAD. The situation
is different forAdes6 that lies at an in-
ternal boundary of the 3′ subTAD and
is less confined in its interactions,
maintaining contacts with middle
Hox genes on the one side and reach-
ing the distal part of the 3′ subTAD
on the other side (Fig. 2B; Supplemen-
tal Fig. S5B). The 3′ subTAD thus ap-
pears to be segmented into a

proximal and a distal part (Fig. 2; Supplemental Fig.
S5B). Seen from the Hox viewpoints, a relative loosening
of the interactions of middle HoxA genes (Hoxa6 and
Hoxa10) from their 5′ surrounding and a decrease in inter-
actions of Hoxa13 with its 3′ surrounding are observed
uponWnt stimulation, demarcating a virtual boundary lo-
cated between Hoxa10 and Hoxa13 (Fig. 2B; Supplemen-
tal Fig. S6). These data in uninduced and stimulated
EpiSCs revealed that the HoxA locus and its 3′ TAD are
segmented in different cis domains, which become more
compact during Wnt activation. According to the prefer-
ence of interactions, the HoxA cluster itself appears to
be subdivided in three parts: 3′ genes (Hoxa1–4), middle
HoxA genes on the overlap between the 3′ and 5′ TADs
(Hoxa5–10/11), and Hoxa13 that belongs to the 5′ TAD
(Fig. 2B).

Figure 1. Transcriptional initiation of HoxA in early embryos and in epiblast stem cells
(EpiSCs). (A) Early expression pattern of Hoxa1 in gastrulating embryos. (A) Anterior; (P) poste-
rior. (B) Precocious induction of Hoxa1 expression in an E6.0 embryo by Chiron (10 h). Bar, 100
µm. (C ) Parallelism between induction of Hoxa1 in embryos and Wnt-stimulated induction of
Hoxa1 in EpiSCs. (IWP2) Wnt inhibitor. (D) Kinetics of induction of HoxA genes by Chiron in
wild-type EpiSCs. Transcriptionmeasured by RT-qPCR is relative to the highest value of expres-
sion. Error bars indicate ±SD. (∗) P < 0.05; (∗∗) P < 0.01. (E) H3K27me3 and H3K4me3marks along
the HoxA cluster in uninduced (0 h) and Wnt-induced (12 and 72 h) Wnt3-null EpiSCs.

Figure 2. Interactions between the HoxA locus and putative Ades enhancers. (A) Zoom in
on 3′ subTAD region with 4C-seq profile from theHoxa1 viewpoint (red dotted line) and dis-
tribution of H3K27ac in uninduced (0 h) and Chiron-induced (24 h) EpiSCs. Positions acety-
lated before induction (Ades3–4, Ades5, and Ades6) and positions becoming acetylated after
induction (Ades1 and Ades2) are highlighted in red and blue, respectively. β-Catenin (β-cat)-
binding regions (Zhang et al. 2013) are indicated. (B) 4C-seq profiles fromAdes enhancers and
HoxA viewpoints in uninduced (−) and Wnt-stimulated (+) conditions. The patterns of inter-
actions define a proximal and a distal subpart of the 3′ subTAD. Wnt stimulation results in
more compaction of these segments (arrows). The HoxA cluster appears to comprise three
parts, indicated below. See also Supplemental Figures S5 and S6.
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Differential activation of Ades enhancers during
development

The biological activity of theAdes putative enhancerswas
tested in vivo using lacZ reporters. Each of the five Ades
regions appeared to exhibit transcription-enhancing activ-
ity that reproduces aspects of the spatiotemporal expres-
sion pattern of Hoxa1 between E6.5 and midgestation
(Fig. 3A; Supplemental Fig. S7). Ades1 and Ades2 are ac-
tive the earliest, perfectly mimicking the temporal and
spatial features ofHoxa1 initial transcription in the poste-
rior-most epiblast and extraembryonic mesoderm precur-
sors of the nascent allantois (Fig. 3A, bottom row;
Supplemental Fig. S7). Ades3–4 and Ades5 are active
from more anterior positions of the primitive streak, ex-
cluding the posterior streak and extraembryonic meso-
derm (Fig. 3A, bottom row). Ades6 drives a pattern
restricted to a subset of tissues expressing endogenous
Hoxa1, starting at a later time point than the other Ades
regions (Fig. 3A). Thus, Ades1 and Ades2, which depend
onWnt for their activation, are the earliest active enhanc-
ers driving Hox expression.
To obtain information on the DNA accessibility of the

different Ades enhancer chromatin in vivo and in EpiSCs,
we performed ATAC-seq (assay for transposase-accessible
chromatin [ATAC] with high-throughput sequencing) ex-
periments (Buenrostro et al. 2013). Ades3–4, Ades5, and
Ades6 are accessible in uninduced EpiSCs, whereas
Ades1 and Ades2 are not yet opened in these conditions
(Fig. 3B). Strikingly, Ades1 and Ades2 are accessible in
Wnt-treated EpiSCs and in prestreak (E6.0) and older em-
bryos (E7.2 and posterior part of early somite at E7.8) (Fig.
3B). Comparing the kinetics of chromatin opening of the
strictly Wnt-dependent Ades1 and Ades2 enhancers in
EpiSCs and embryos suggests that uninduced EpiSCs rep-
resent the naïve state of the Hox neighborhood (“pre-
primed” Hox state) and that the prestreak embryos,
which already accumulatedWnt3 in their posterior region
(Rivera-Perez and Magnuson 2005), are in a primed Hox

state. These prestreak embryos have their HoxA cluster
open already (Supplemental Fig. S8A, left panel). In em-
bryos and EpiSCs that have started Hox expression, all
Ades enhancers (Fig. 3B) and HoxA genes (Supplemental
Fig. S8A) are accessible. Interestingly, the 5′ Hox TAD in
E7.8 embryos displays accessible positions corresponding
to limb-specific enhancers (Supplemental Fig. 8A, right
panel; Berlivet et al. 2013; Lonfat et al. 2014). These 5′ reg-
ulatory regions never become open or acetylated upon
Wnt exposure in EpiSCs, showing that the Wnt response
is restricted to the 3′ side of the HoxA locus and that the
gradual transcriptional activation is independent of the
5′ neighborhood (Supplemental Fig. S8B).

A proximal region in the 3′ subTAD is required
for Wnt-induced Hox initiation

Our results obtained by H3K27ac ChIP-seq (chromatin
immunoprecipitation [ChIP] combined with high-
throughput sequencing) and ATAC-seq reveal that the
HoxA 3′ subTAD contains Wnt-responsive enhancers.
The developmentally early active enhancers Ades1 and
Ades2 that depend onWnt for their activation are located
in the proximal part of the Ades region, whereas the en-
hancers already acetylated before Wnt exposure reside
more distally. To directly test the functional significance
of the proximal Wnt-dependent region for Hox gene acti-
vation, we engineered its CRISPR/Cas9-directed deletion.
We excised a 39.8-kb region proximal to Hoxa1 in ESCs
(Fig. 4; Supplemental Fig. S9A). After differentiation of
the ESCs into EpiSCs and subsequent Wnt activation
(Supplemental Fig. S9B), we measured transcript levels
of Hoxa1 and its paralog, Hoxb1 (Fig. 4). We observed
that deletion of the Wnt-dependent genomic interval
leads to severely reduced Wnt responsiveness of Hoxa1
transcription. The proximal part of the HoxA 3′ subTAD
therefore is crucial for the transcriptional response of
the 3′ end of the HoxA cluster to incoming Wnt signals.

Deletion of this region also caused a decrease in
Wnt response of Hoxa5, whereas more 5′ genes
Hoxa7 and Hoxa9 remain highly inducible (Sup-
plemental Fig. S9C). Deletion of the Ades1–2
region thus compromises transcriptional activa-
tion of Hoxa1 and affects the sensitivity of more
5′ HoxA genes for Wnt signals. Some of the effects
of the deletion on the expression of 5′ Hox genes
may result from the reduction in the distance be-
tween these genes and distal Ades enhancers.

In summary, we identified several layers of reg-
ulatory events that modify and activate the HoxA
cluster neighborhood on its 3′ side (Fig. 5). On top
of a tropism of interactions of the earliest HoxA
genes with their segmented 3′ regulatory land-
scape, we found a bipartite activating regulatory
module. A Wnt-dependent proximal cassette of
enhancers (Ades1 and Ades2) responds to incom-
ing Wnt signals in the posterior primitive streak
region and initiates 3′ HoxA transcription. A
more distal cassette (Ades3–4 to Ades6) consoli-
dates gene expression via enhancers that are
activated slightly later in development. These ac-
tivating modules and early Wnt dependence are
exclusively located at the 3′ side of the HoxA lo-
cus. We propose that it is the 3′ restriction of
consecutive chromatin opening and enhancer

Figure 3. Activity and DNA accessibility of the Ades enhancers. (A, top row) Ac-
tivity of Ades enhancers coupled to lacZ in E7.5 to E7.8 (head fold to early somite)
embryos. (Right)Hoxa1 expression. (Bottom row) The earliest embryonic stage at
which each enhancer is observed to be active (varying from E6.5 [before actual
Hoxa1 expression] to E7.5). (Black curved line) Region of activity; (dotted line)
boundary between embryonic (below the line) and extraembryonic (above the
line) tissues. (B) ATAC-seq (assay for transposase-accessible chromatin [ATAC]
with high-throughput sequencing) profile of EpiSCs (uninduced and after 48 h of
Chiron activation) and in pre-Hox (E6.0), early Hox (E7.2), and later Hox (posterior
tissues of E7.8) embryos in the Ades region. Bars, 100 µm.

Why Hox expression starts at the cluster’s 3′ side
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activation in this 3′ HoxA region that dictates the first
Hox transcription on the early side of the cluster in
response to the earliest Wnt signal in the gastrulating
embryo. Our data elucidate the molecular genetics under-
lying one of the most intriguing and evolutionarily con-
served developmental systems: the spatiotemporally
controlled turning on of the Hox genes when the body
plan is laid down during early embryogenesis.

Material and methods

Animals

All mice used were in the C57Bl6j/CBA mixed back-
ground. Heterozygous Wnt3 mutants were generated
by intercross of a Wnt3 conditional strain (Barrow et al.
2003) with Sox2Cre mice (Hayashi et al. 2002). Ear
clipDNAwas used for genotyping (primers in Supplemen-
tal Table S2). All animal experiments were performed
in accordance with institutional and national regula-
tions under control of the Central Animal Experiments
Committee.

Embryo culture

E6.0 embryos were isolated in M2 medium (Sigma Al-
drich) and cultured in four-well plates (Nunc, Thermo-
Fisher Scientific) for 10 h in medium containing 75%
knockout serum replacement (KOSR), 25% DMEM/
F12, 1% nonessential amino acids (NEAAs), and 2 mM
L-glutamine (all ThermoFisher) in the presence of 20 µM
CHIR99021 (“Chiron”; Cell Guidance Systems) in
DMSO or DMSO only.

In situ hybridization (ISH)

ISH was performed as described elsewhere (Young et al.
2009). A Hoxa1 probe was generated from a 1.2-kb insert
transcribed by T7 polymerase (Promega). The Hoxb1
probe was described elsewhere (Marshall et al. 1994). For
each experiment, n > 3 embryos were used.

EpiSC culture and Hox induction

E6.0 embryos were isolated in M2 medium; extraembry-
onic tissue and primitive endoderm were removed. Ex-

plants were cultured on mitotically inactivated
mouse embryonic fibroblasts (MEFs) in medium
containing 20% KOSR, 77% DMEM/F12, 100 U/
mL 1× penicillin/streptomycin (pen/strep), 2 mM
L-glutamine, 1× NEAAs, 0.01% β-mercaptoetha-
nol (β-ME), 12 ng/mL Fgf basic (ThermoFisher),
20 ng/mL Activin A (R&D Systems), and 2 µM
Wnt inhibitor IWP2 (Sigma Aldrich) in DMSO.
Wnt3-null EpiSCs were genotyped once cultured
free ofMEFs.MEF-free culture took place on a sur-
face coated by fibronectin (ThermoFisher) in me-
dium containing 48% DMEM/F12, 48%
neurobasal medium, 1% B27 supplement, 0.5%
N2 supplement B (all ThermoFisher), 1× pen/
strep, 12 ng/mL Fgf basic, 20 ng/mL Activin A,
2 µM IWP2, and 0.01% β-ME. Medium was re-
freshed on a daily basis. Cells were tested for my-
coplasma contamination. Wnt stimulation was

performed after at least two passages of feeder-free cultur-
ing by withdrawal of IWP2 and addition of 3 µM Chiron.

RT-qPCR

RNA was isolated by combining Trizol (ThermoFisher)
extraction followed by on-column (RNAeasy purifica-
tion kit, Qiagen) DNase I (Promega) treatment. One mi-
crogram of total RNA was used for reverse transcription
by SuperScript II (ThermoFisher) using oligo dTs (Pro-
mega). qPCR was performed on 1:10 (Hox genes) or
1:100 (reference gene Ppia) cDNA dilutions. Primer se-
quences are in Supplemental Table S3. The reference
gene was verified to be expressed constantly and to not re-
spond to Wnt. Two microliters or 3 µL of diluted cDNA,
50 nM primers, and SYBR Green master mix (Bio-Rad)
were used in 20-µL reactions. Measurements were done
on a CFX Connect real-time PCR detection system (Bio-
Rad). Two to three biological and three technical repli-
cates were used. For analysis, the 2−ΔΔCt method (Livak
and Schmittgen 2001) was used. Comparison between
samples was performed using Student’s t-test.

Figure 4. The most proximal region of the 3′ subTAD is required to activate
Hoxa1. Deletion of the Wnt-dependent Ades1 and Ades2 region reduces Hoxa1
transcriptional response to Chiron (24 h);Hoxb1 is unaffected. Transcriptionmea-
sured by RT-qPCR is relative to the highest value of expression. Errors bars indi-
cate ±SD. (∗) P < 0.05.

Figure 5. Model summarizing the findings of distinct steps leading
to transcriptional initiation of HoxA genes. Three successive phases
of 3′-oriented epigenetic events culminate in 3′ Hox gene transcrip-
tion. (1) Tropism of contacts between 3′ HoxA and the 3′ surrounding
in ESCs (Hox ground state) and its compaction to the 3′ subTAD in
EpiSCs (preprimed Hox state). (2) Accessibility of Wnt-dependent
proximal elements (open triangles) in the proximal 3′ subTAD ap-
pears between uninduced EpiSCs and E6.0 embryos. (3) Acetylation
of these enhancers and 3′ HoxA transcription arise at E7.2. At that
stage, all enhancers are acetylated. More 5′ HoxA genes are subse-
quently expressed (E7.8).
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ChIP-seq

ChIP was performed on 10 million feeder-free EpiSCs.
Cells were cross-linked (1% formaldehyde) for 10 min.
Cross-linking was stopped by glycine (125 mM end con-
centration). Nuclei were isolated in lysis buffer 1 (50
mM HEPES, 140 mM NaCl, 1 mM EDTA, 10% glycerol,
0.5% IGEPAL [Sigma Aldrich], 0.25% Triton X-100
[Sigma Aldrich], 1 mM PMSF, 1× PIC [Roche]) for 10
min on ice. Nuclei were lysed with lysis buffer 2 (1%
SDS, 50 mM Tris at pH 8.0, 10 mM EDTA, 1 mM PMSF,
1× PIC) on ice. Samples were sonicated on a Diagenode
Bioruptor twice for 20 cycles (30 sec on/off at high power)
at 4°C. Samples were rotated overnight at 4°Cwith 5 µg of
the appropriate antibody: H3K4me3 (Abcam, ab8580),
H3K27ac (Abcam, ab4729), H3K27me3 (Millipore, 17-
622), or Ring1b (ActiveMotif, 39663). The next day, pre-
washed Dynabeads protein G beads (ThermoFisher) were
added. After 4 h, beads were washed with HEPES buffer
(20 mM HEPES, 1 mM EDTA, 0.5% IGEPAL, 150 mM
NaCl, 1 mM PMSF, 1× PIC), LiCl buffer (250 mM LiCl,
1% IGEPAL, 1% sodium deoxycholate, 1 mM EDTA, 10
mMTris at pH 8.0, 1 mM PMSF, 1× PIC), and TE contain-
ing 1 mM PMSF and 1× PIC at 4°C. The bound complexes
were eluted in elution buffer (1% SDS, 100mMNaHCO3)
and decross-linked overnight. The next day, RNase A
(30min at 37°C) and Proteinase K (3 h at 55°C) treatments
followed. DNA was extracted by phenol/chloroform.
Concentration and quality were checked by Qubit
(ThermoFisher) and Bioanalyzer (Agilent), respectively.
Ten nanograms of DNA was used for the TruSeq DNA
sample preparation kit (Illumina). Samples were run by
the Massachusetts Institute of Technology BioMicro
Center (Cambridge, MA) or the Utrecht Sequencing Facil-
ity (USF; Utrecht, the Netherlands) on an Illumina
HiSeq2000.

4C-seq

4C-seq was performed on 5 million to 10 million feeder-
fee EpiSCs or ESCs according to published protocols
(Splinter et al. 2012). A first digest was performed with
DpnII (New England Biolabs); a second digest was per-
formed with Csp6I (ThermoFisher). PCR primers were de-
signed using guidelines described previously (Splinter
et al. 2012) and are listed in Supplemental Table S4. Sam-
ples were run by the USF on an Illumina NextSeq500. Af-
ter mapping on a reduced mm9 genome (van de Werken
et al. 2012), the highest covered fragment was removed,
and the data set was normalized to 1million intrachromo-
somal reads.

LacZ reporter assays

Ades enhancers were cloned upstream of a minimal
Hsp68 promoter (Pennacchio et al. 2006). Primers are in
Supplemental Table S5. The vector was linearized for mi-
croinjection. DNA concentration was filtered on a 0.45-
µm column (Millipore), diluted to 2 ng/µL, and refiltered
on a 0.22-µm column (Millipore) (Ittner and Gotz 2007).
Embryos were harvested between E6.5 and E9.5 and fixed
in 1% formaldehyde and 0.2% glutaraldehyde. Staining
took place in PBS containing 1 mg/mL X-gal (Thermo-
Fisher), 5 mMC6N6FeK3, 5 mMC6N6FeK4, 2 mMMgCl2,
and 0.02% IGEPAL. For each construct, n > 5 positively

stained embryos were analyzed. Embryos were genotyped
by the primers listed in Supplemental Table S2.

CRISPR/Cas9-directed genomic deletion

Mouse ESCs (129/Ola-derived IB10) were cultured on
MEFs in G-MEM containing 10% FCS, 1× glutamax,
1mMsodiumpyruvate, 1×NEAAs, 0.01% β-ME (all Ther-
moFisher), and 10 ng/mL LIF (Millipore). Synthetic guide
RNA (sgRNA) sequenceswere designed using http://crispr
.mit.edu (see Supplemental Table S6) and cloned into
pX330 (Cong et al. 2013). A puromycin resistance vector
was cotransfected with the pX330 plasmids using Lipo-
fectamine 3000 (ThermoFisher). Transfection took place
in feeder-free conditions inmedium conditioned on buffa-
lo rat liver (BRL) cells (60%) and supplemented with LIF
and β-ME. Cells were selected for 48 h with 2 µg/mL puro-
mycin. ESCswere replated, and, after 3–4 d, at least 24 col-
onies were picked. Cells were passaged, frozen, and
genotyped. Primers are in Supplemental Table S2. Posi-
tive clones were cultured and differentiated to EpiSCs by
culturing them in EpiSC medium (including IWP2) for
3 wk on MEFs.

ATAC-seq

ATAC-seqwas performed according to the standard proto-
col (Buenrostro et al. 2013) on 50,000 EpiSCs and on em-
bryos (E6.0, E7.2, posterior parts of E7.8). Embryos were
treated with collagenase for 30 min at 37°C, and cells
were suspended bymild pipetting. The numbers of embry-
os used per assay were as follows: 25 for E6.0, five for E7.2,
and seven posterior parts for E7.8. Nuclei were lysed and
subjected to Tn5 transposase (Illumina), and DNA was
isolated by MinElute columns (Qiagen). After PCR (max-
imum of nine cycles), tagmented DNAwas purified using
1.6× vol AmpureBeads (Betancourt). Concentration and
quality were checked by Qubit and Bioanalyzer, respec-
tively. Samples were paired-end-sequenced (Illumina,
NextSeq500) by the USF.
All sequencing data are available under Gene Expres-

sion Omnibus accession number GSE81203.
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