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The homeotic (Hox) genes are highly conserved in metazoans, where they are required for various processes in de-
velopment, and misregulation of their expression is associated with human cancer. In the developing embryo, Hox
genes are activated sequentially in time and space according to their genomic position within Hox gene clusters.
Accumulating evidence implicates both enhancer elements and noncoding RNAs in controlling this spatiotemporal
expression of Hox genes, but disentangling their relative contributions is challenging. Here, we identify two cis-
regulatory elements (E1 and E2) functioning as shadow enhancers to regulate the early expression of theHoxA genes.
Simultaneous deletion of these shadow enhancers in embryonic stem cells leads to impaired activation of HoxA
genes upon differentiation, while knockdown of a long noncoding RNA overlapping E1 has no detectable effect on
their expression. Although MLL/COMPASS (complex of proteins associated with Set1) family of histone methyl-
transferases is known to activate transcription of Hox genes in other contexts, we found that individual inactivation
of the MLL1-4/COMPASS family members has little effect on early Hox gene activation. Instead, we demonstrate
that SET1A/COMPASS is required for full transcriptional activation of multiple Hox genes but functions inde-
pendently of the E1 and E2 cis-regulatory elements. Our results reveal multiple regulatory layers for Hox genes to
fine-tune transcriptional programs essential for development.
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In mammals, the 39 Hox genes, organized into four clus-
ters on different chromosomes, encode helix–turn–helix
DNA-binding transcription factors (TFs) that are critical
for specifying the anterior–posterior body plan during an-
imal development (Alexander et al. 2009; Mallo et al.
2010). Knockout experiments in mouse models indicate
that Hox genes are important for the development of the
hindbrain, axial skeleton, and limbs (Wellik 2007; Zakany
and Duboule 2007; Alexander et al. 2009). Hox genes in
each cluster are activated sequentially in both time and
space in the developing embryo according to their geno-
mic position within the cluster (Kmita and Duboule
2003). Despite being extensively studied, themechanisms
underlying the spatial and temporal colinearity of Hox
genes remain mysterious.
Accumulating evidence demonstrates the impact of

cis-regulation on the activation of Hox gene clusters.

Chromatin decondensation coincides with the activation
sequences of HoxB and HoxD clusters during embryonic
stem cell (ESC) differentiation and embryonic develop-
ment (Chambeyron and Bickmore 2004; Chambeyron
et al. 2005; Morey et al. 2007). The genome architecture
at the HoxD cluster is also dynamically remodeled at dif-
ferent development stages (Noordermeer et al. 2011,
2014). Moreover, multiple regulatory sequences are
found to be critical for the activation of Hox clusters.
Retinoic acid (RA) response elements (RAREs) located
at the 3′ of HoxA and HoxB clusters are responsible for
the activation of 3′ Hox genes triggered by RA, but genet-
ic studies and single-cell analyses suggest that additional
regulatory sequences are involved (Studer et al. 1994;
Popperl et al. 1995; Dupe et al. 1997; Maamar et al.
2013). Indeed, a group of regulatory regions located
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>500 kb upstream of the HoxD cluster are necessary for
the expression of 5′ HoxD genes in developing mouse
digits and genitals (Montavon et al. 2011; Lonfat et al.
2014). On the other hand, distal enhancers downstream
from the HoxD cluster regulate the expression of 5′

HoxD genes in the forelimb (Andrey et al. 2013). Further-
more, DNA elements within the Hox gene clusters,
which include CTCF-binding sites, have been shown to
serve as topological boundaries separating active and re-
pressive domains during stem cell differentiation (Naren-
dra et al. 2015). Nevertheless, distal regulatory elements
required for the activation of the 3′ Hox genes are still
unidentified.

Epigenetic mechanisms are associated with establish-
ing Hox gene expression patterns during embryonic
development and stem cell differentiation (Soshnikova
and Duboule 2009). The antagonism between trithorax
group proteins (TrxG) and polycomb group (PcG) pro-
teins is known to enforce changes in H3K4me3 and
H3K27me3 levels at Hox clusters, resulting in activation
or repression, respectively, during development (Ring-
rose and Paro 2004; Schuettengruber et al. 2007; Piunti
and Shilatifard 2016). In mammals, the COMPASS (com-
plex of proteins associated with Set1) family of six pro-
tein complexes is responsible for the implementation of
the vast majority of H3K4 methylation. The MLL1
branch of the COMPASS family, which is related to Dro-
sophila Trx, is required for proper expression of many
genes within the HoxA and HoxC clusters in mouse em-
bryonic fibroblasts (MEFs) (Wang et al. 2009). MLL2
depletion in ESCs leads to loss of H3K4me3 at promoters
of bivalently marked genes, which includes the Hox
genes, and at numerous intergenic regions bearing signa-
tures of transcriptional enhancers (Hu et al. 2013b, 2017).
Nevertheless, none of the members of the COMPASS
family has been demonstrated to participate in the early
activation of anterior Hox genes during ESC differentia-
tion to date.

To understand the relative contributions of cis-regula-
tory sequences and theCOMPASS family,we individually
and combinatorially examined the contribution of two
shadow enhancers, a long noncoding RNA (lncRNA),
and members of the COMPASS family to early activation
of HoxA genes during ESC differentiation. Our study un-
veils novel cis- and trans-regulatorymechanisms that sug-
gest a multilayered regulation model for Hox gene
transcriptional activation.

Results

Identification of enhancers functioning in transcriptional
regulation of the HoxA cluster

Hox genes are silent in pluripotent mouse ESCs but could
be activated rapidly through RA-induced differentiation.
Expression of 3′ HoxA genes occurs in <4 h upon RA in-
duction (De Kumar et al. 2015) in ESCs, making it an ideal
model for deciphering mechanisms of early Hox gene
activation. To examine the effects of RA-induced tran-
scriptional activation in an unbiased fashion, we first per-

formed RNA sequencing (RNA-seq) in undifferentiated
and RA-treated ESCs at two different time points. Upon
RA treatment, genes within the HoxA cluster, including
the lncRNA genes Halr1 and Hotairm1, were highly ele-
vated, while the expression of Skap2, a neighboring gene
of the HoxA cluster, remained unchanged (Fig. 1A). En-
hancers harboring RAREs contribute to the activation of
Hox genes (Studer et al. 1994; Frasch et al. 1995; Morrison
et al. 1996); however, deletion of the Hoxa1 proximal en-
hancer with RAREs significantly reduces, but does not si-
lence, the expression of Hoxa1 in vivo (Dupe et al. 1997),
suggesting the requirement of additional cis-regulatory se-
quences. To identify novel regulatory elements of HoxA
genes, we performedChIP-seq (chromatin immunoprecip-
itation [ChIP] combined with high-throughput sequenc-
ing) of the enhancer-associated histone marks H3K27ac
and H3K4me1 and the active promoter mark H3K4me3
in ESCs treated with RA. In addition to proximal enhanc-
ers of Hoxa1, two putative enhancer regions (referred to
here as E1 and E2), located in the gene desert between
Skap2 and Hoxa1, are enriched with H3K27ac upon RA
treatment (Fig. 1B). These regions are marked initially
by H3K4me1 in undifferentiated ESCs, and, upon RA-in-
duced differentiation, this histone mark spreads to form
a broad domain covering the majority of the intergenic re-
gion (Fig. 1B). Additionally, moderate levels of H3K4me3
were found at E1 upon differentiation (Fig. 1B). The E1 re-
gion overlaps with the Halr1 gene; however, unlike the
H3K4me3 peak that mainly covers the transcription start
site (TSS) region, the H3K27ac-coated E1 is located within
the Halr1 gene body (Supplemental Fig. S1A). These data
suggest that E1 and E2 may gain enhancer activity upon
RA induction and can potentially impact transcriptional
activation of HoxA genes.

Looping between enhancers and promoters plays an in-
structive role in transcriptional activation (Deng et al.
2012, 2014). To identify regions that gain interaction
with the HoxA cluster during RA-induced differentiation,
we generated chromatin interaction profiles of theHoxa1
promoter in ESCs using circularized chromosome confor-
mation capture (4C) combined with high-throughput se-
quencing (4C-seq). Silent Hoxa1 interacts with the
previously identified RARE-containing proximal enhanc-
er (Frasch et al. 1995) and a region 20 kb downstream
from Hoxa1 in undifferentiated ESCs (Fig. 1C, left).
Upon RA treatment, these aforementioned interactions
were strengthened. Interestingly, the contact frequency
of Hoxa1 with E1, E2, and their surrounding regions
was moderately elevated upon differentiation (Fig. 1C,
left). 4C-seq with the viewpoint at E1 indicates that the
interactions between E1 and the HoxA cluster are elevat-
ed upon RA induction (Fig. 1C, right). Furthermore, E1-
and E2-neighboring regions had tighter contacts in
RA-treated ESCs (Fig. 1C, right), suggesting a cooperation
of these two regions during ESC differentiation. Together
with the finding that E1 and E2 had the most prominent
increase of H3K27ac upon differentiation, we hypo-
thesized that these elements participate in transcrip-
tional activation of HoxA genes during RA-induced
differentiation.
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Deletion of enhancers E1 and E2 impairs HoxA cluster
activation in response to RA

To test whether the putative E1 and E2 enhancer regions
play a role in transcriptional activation of the HoxA clus-
ter, we deleted them using clustered regularly interspaced
short palindromic repeats (CRISPR)–Cas9-guided homol-
ogous recombination (Supplemental Fig. S1A,B). We gen-
erated E1 knockout ESCs by replacing the endogenous
3.2-kb genomic DNA, including most of the first intron
and the second exon of Halr1, with a fragment of donor
DNA containing a green fluorescent protein (GFP) gene
and a G418-resistant gene cassette (Supplemental Fig.
S1B). After G418 selection, ESC clones were screened
with Southern blotting, and a 5-kb band representing the
knockout allele could be detected in the E1 knockout
clones (Supplemental Fig. S1C). Out of the 240 clones

picked, 18 homozygous E1-deleted clones were identified.
We then transfected two of the 18 clones with a Cre
recombinase-expressing plasmid to remove the donor cas-
sette to generate E1 knockout cells. Genotyping PCR us-
ing primers inside (wild-type primer) and outside
(knockout primer) the guide RNA (gRNA) recognition
sites, together with Sanger sequencing, confirmed the ex-
cision of donor sequences in the E1 knockout clones (Sup-
plemental Fig. S1D,E). E1 knockout cells had morphology
similar to that of their parental wild-type ESCs (data not
shown) and comparable expression profiles (Supplemental
Fig. S2A). Similarly, we deleted the 3.1-kb E2 region with
two gRNAs and derived nine homozygous ESC lines out
of the 96 picked clones. Deletion of the E2 regionwas con-
firmed by PCR genotyping and Sanger sequencing (Sup-
plemental Fig. S1D,E). As DNA looping between E1 and
E2 was noticeably increased upon RA-induced

Figure 1. Identification of distal cis-regulatory elements at the HoxA cluster. (A) University of California at Santa Cruz (UCSC) genome
browser view of RNA-seq signals of undifferentiated and RA-treated ESCs at two different time points. The HoxA gene cluster is shown.
Genes on the Watson strand are labeled in black, and those on the Crick strand are marked in blue. (CPM) Counts per million mapped
reads. (B) UCSC genome browser view of H3K4me1, H3K27ac, and H3K4me3 ChIP-seq tracks at the HoxA cluster in undifferentiated
and RA-treated ESCs. The centers of potential distal regulatory regions are marked with blue stripes. (E1) Putative enhancer 1; (E2) puta-
tive enhancer 2. (C ) 4C-seq (circularized chromosome conformation capture [4C] combined with sequencing) analysis with the Hoxa1
promoter as the viewpoint (left) and E1 as the viewpoint (right) in undifferentiated and RA-treated ESCs. (Blue arrow) Increased contact
betweenHoxA-proximal enhancers and the viewpoint. Themedian and 20th and 80th percentiles of a sliding 5-kbwindow determine the
main trend line. The color-coded scale represents enrichment relative to the maximum median value at a resolution of 12 kb.
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differentiation (Fig. 1C), we generated E1 and E2 double-
knockout ESCs by deleting the E1 region in E2 knockout
ESCs using CRISPR–Cas9-guided gene editing and con-
firmed the successful deletion with Sanger sequencing
(Supplemental Fig. S1E). As expected, the morphology of
undifferentiated E2 and double-knockout cells was indis-
tinguishable from wild-type ESCs (data not shown), and
the ESC transcriptome was not significantly perturbed
by these genetic manipulations, as indicated by RNA-
seq analysis (Supplemental Fig. S2A).

To investigate the functions of the potential regulatory
regions identified by ChIP-seq and 4C-seq, we performed
RNA-seq in wild-type, E1 knockout, E2 knockout, and
double-knockout ESCs treated with RA. Our results dem-
onstrate that although individual deletion of E1 or E2 does
not have a significant impact on Hoxa1 expression upon
RA induction, double deletion of these two regions damp-
ens the activation of Hoxa1 (Fig. 2A). Interestingly, such
impairment also applied to many other HoxA genes,
such as Hoxa4, Hoxa5, and Hoxa7 (Fig. 2B). Cyp26a1,

Figure 2. Redundancy of the putative enhancers on the activation of HoxA genes. (A) UCSC genome browser view ofHoxa1 expression
levels in wild-type, E1 knockout, E2 knockout, and double-knockout ESCs treated with RA. The arrow indicates transcription direction.
(B) UCSC genome browser view of Hoxa3–Hoxa7 expression levels in wild-type, E1 knockout, E2 knockout, and double-knockout ESCs
treated with RA. (C ) UCSC genome browser view of Cyp26a1 expression levels in wild-type, E1 knockout, E2 knockout, and double-
knockout ESCs treatedwith RA. (D) Correlation analysis of gene expression levels betweenwild-type and E1 knockout (top), E2 knockout
(middle), and double-knockout (bottom) ESCs treated with RA. Plots were generated based on two biological replicates of RNA-seq ex-
periments from two independent cell clones for each genotype. The X-axis represents the expression level (log2 normalized CPM) of
wild-type cells, and the Y-axis represents the expression level of knockout cells. Significantly down-regulated genes (compared with
wild type) are labeled in green, and up-regulated ones are labeled in purple. HoxA genes that were changed significantly (adjusted P <
0.01) are marked with red dots, while unchanged ones are marked with black dots. Other unchanged genes are labeled with gray dots.
(E) Heat map analysis comparing the expression fold changes of the 39 Hox genes andHalr1 in wild-type ESCs with that in E1 knockout,
E2 knockout, and double-knockout cells. The heat map was generated based on four biological replicates of RNA-seq experiments from
two independent cell clones for each genotype. All values were normalized to wild-type values at the indicated time points to derive the
fold changes.
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one of the genes most rapidly induced by RA (Lin et al.
2011), had a comparable level across all cell lines upon
RA treatment (Fig. 2C), indicating that the failure in
transcriptional activation during ESC differentiation is
specific to the HoxA gene cluster. RNA-seq analysis dem-
onstrated that the majority of genes located in the HoxA
cluster had significantly reduced expression levels in dou-
ble-knockout ESCs compared with wild-type cells upon
RA induction (Fig. 2D, bottom), suggesting that E1 and
E2 together contribute to the activation of the entire
HoxA gene cluster. Except for the slight and nonsignifi-
cant reduction in expression levels of a few genes such
as Hoxa5 and Hoxa7, other genes in the HoxA cluster
remained unchanged in the E1 or E2 knockout ESCs com-
pared with wild type (Fig. 2D, top and middle), indicating
that the two putative enhancers act redundantly to acti-
vate the HoxA gene cluster.
We next examined the expression levels of the HoxB

genes and found that none of them exhibited significant
changes in the single-knockout or double-knockout
ESCs (Supplemental Fig. S2B), confirming the specificity
of E1 and E2 on activating HoxA cluster. Furthermore,
heatmap analysis demonstrated that the effects of knock-
outs were restricted to the HoxA cluster, as genes in the
other three Hox gene clusters were largely unaffected
(Fig. 2E). We considered that the E1 region was located
within the Halr1 gene, whose transcript has been shown
to repress the expression of HoxA genes (Maamar et al.
2013; Yin et al. 2015; Liu et al. 2016). To investigate the
potential antagonism between the enhancer activity of
E1 and the repressive role of Halr1, we depleted Halr1 by
shRNA-guided knockdown to test whether the lncRNA
regulates HoxA gene expression in our system. Halr1
depletion did not affect the activation of HoxA genes de-
spite effective knockdown of the lncRNA (Supplemental
Fig. S2C). Taken together, our data suggest redundant
functions of the two putative enhancers E1 and E2 on
the activation of the HoxA gene cluster during ESC
differentiation.

Deletion of enhancers E1 and E2 disrupts the chromatin
structure of the HoxA cluster

Changes in promoter–enhancer interactions are associat-
ed with implementation of epigenetic marks (Soshnikova
and Duboule 2009; Noordermeer et al. 2011). To deter-
mine the roles of E1 and E2 on chromatin dynamics at
the HoxA cluster during differentiation, we performed
ChIP-seq of H3K4me1 andH3K27ac in wild-type and dou-
ble-knockout cells before and after RA induction. Unex-
pectedly, double deletion of E1 and E2 led to the loss
of the broad H3K4me1 domain formed between Skap2
and Hoxa1 upon RA induction (Fig. 3A). In contrast,
H3K4me1 occupancy was comparable across the HoxB
cluster in wild-type and double-knockout cells (Supple-
mental Fig. S3A), indicating that the H3K4me1 loss at dis-
tal regions is specific to the HoxA cluster. These effects
require cooperative activities of E1 and E2, since removal
of a single enhancer does not fully disrupt the H3K4me1
domain in RA-treated ESCs (Supplemental Fig. S3B).

Although H3K4me1 levels at HoxA genes did not exhibit
significant changes when comparing wild-type and dou-
ble-knockout cells, H3K27ac peaks located within the
cluster and in proximity to Hoxa1 were diminished (Fig.
3B), consistent with the reduction in transcription of the
entire HoxA cluster. In contrast, a decrease in H3K27ac
levelswas not observed at theHoxB cluster (Supplemental
Fig. S3A), and H3K27ac was not strongly reduced at the
HoxA cluster in the single enhancer knockout cells
upon differentiation (Supplemental Fig. S3B). As seen
with H3K4me1, H3K4me2 levels within the HoxA gene
cluster did not exhibit significant changes in double-
knockout cells (Supplemental Fig. S3C). These data indi-
cate that enhancer regions E1 and E2 are required for
establishing specific chromatin features at the HoxA clus-
ter during RA-induced differentiation.
Three-dimensional (3D) chromatin structure is critical

for the spatiotemporal activation of Hox genes during de-
velopment (Montavon et al. 2011; Noordermeer et al.
2011; Andrey et al. 2013). To investigatewhether the dele-
tion of E1 and E2 affects the higher-order chromatin struc-
ture at the HoxA cluster, we generated interaction maps
for theHoxa1 promoter by high-resolution 4C-seq in dou-
ble-knockout ESCs. The interaction between Hoxa1 and
its 3′ distal regions in the undifferentiated state was al-
ready diminished drastically compared with wild-type
cells (Fig. 3C, cf. the two top panels). Upon RA induction,
interactions betweenHoxa1 and its regulatory regions in-
creased in wild-type cells, while such increases in double-
knockout cells could be detected only at more proximal
regions. Interestingly, deletionofE1andE2causeda reduc-
tion in interactions between Hoxa1 and its proximal en-
hancers (Fig. 3C, bottom panels). Moreover, Hoxa1 was
in closer proximity to posterior HoxA genes in double-
knockout cells in contrast to wild-type cells, suggesting
that Hoxa1 is under a more compact chromatin environ-
ment in double-knockout versus wild-type cells. Hi-C
(chromosome capture followed by high-throughput se-
quencing) data (Dixon et al. 2012) showed that the HoxA
cluster was located on the border of two neighboring topo-
logically associated domains (TADs) in ESCs (Supplemen-
tal Fig. S3D). Thus, our data suggest that deletion of the
distal regulatory regions of the HoxA cluster disrupts the
boundary of these neighboring TADs in double-knockout
cells, leading to topological compartment switching of
the anterior HoxA genes. Such alterations in higher-order
chromatin structure could play a pivotal role in establish-
ing the expression pattern of the HoxA genes.

E1 and E2 are bound by multiple chromatin-modifying
proteins and TFs

We next sought to identify factors that function through
E1 and E2 to regulate the activation of HoxA genes in
our system. Multiple lines of evidence have shown that
cohesin connects enhancers and promoters and plays an
important role in the formation of 3D chromatin architec-
ture (Kagey et al. 2010; Dowen et al. 2014). We thus exam-
ined whether cohesin binds E1 and E2 enhancers by
browsing previously published ChIP-seq data sets (Kagey
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et al. 2010). Indeed, cohesin core component SMC1Awas
recruited to both E1 and E2 in undifferentiated ESCs (Sup-
plemental Fig. S4A). To test whether cohesin contributes
to the transcriptional regulation of HoxA genes, we per-
formed RNA-seq in RA-treated and SMC1A-depleted
ESCs (Supplemental Fig. S4B,C). Unexpectedly, the ex-
pression levels of HoxA genes were not perturbed by
SMC1A depletion, suggesting that cohesin is not required
for their activation in response to RA treatment.

To search for TFs that bind E1 and E2, we performed
motif analysis of the enhancers and a control region that
is located downstream fromE1 and has distinct epigenetic
features (Supplemental Fig. S4D) using the MatInspector
software developed by Genomatix (Cartharius et al.
2005). We identified 121, 136, and 148 TF matrices for
E1, E2, and the control region, respectively, under strin-
gent conditions. Overlapping these analyses, we observed
that E1 and E2 shared 56 TF matrices, within which 36
matrices could be found on the control sequence (Supple-
mental Fig. S4E). Due to the interaction and redundancy
of E1 and E2, we focused on the 20 matrices found for E1
and E2 but not for the control sequence. A careful exami-
nation revealed that the 20 matrices contained motifs of
17 TFs, six of which havemoderate to high expression lev-
els in both undifferentiated and RA-treated ESCs (Supple-
mental Fig. S4F).

Within these six TFs, HIF1A protein is known to be de-
graded rapidly under normoxic conditions (Hu et al. 2006),

excluding the possibility that it participates in the rapid
induction of Hox genes in our system. On the other
hand, NFE2L1 knockout mouse embryos die at late gesta-
tion due to an impaired liver erythropoiesis (Chan et al.
1998), and ESCs null for NFE2L1 are able to contribute
to the majority of chimeric tissues (Chen et al. 2003),
while HSF2 is not essential for normal development (Mc-
Millan et al. 2002), suggesting that these two TFs do not
contribute to early development and differentiation. It
was reported that the chromatin remodeling protein
BPTF knockout ESCs display up-regulated expression of
Hox genes (Landry et al. 2008), indicating that BPTF acts
as a repressor of Hox genes. ZIC2 functions with Mbd3/
NuRD and participates in the regulation of certain poste-
rior HoxC genes in undifferentiated ESCs (Luo et al. 2015).
Interestingly, Zic2 expression levels had a twofold in-
crease upon RA treatment (Supplemental Fig. S4G), sug-
gesting its importance in RA-induced differentiation,
whereas YY1 has been reported to bind to both active pro-
moters and enhancers (Sigova et al. 2015), with its dual ac-
tivity on gene transcription likely resulting from its
interactions with both PRC2 and the chromatin remod-
eler INO80 (Satijn et al. 2001; Vella et al. 2012).

Consistent with ourmotif analysis, ZIC2 and YY1were
recruited to E1 and E2 in ESCs (Supplemental Fig. S4H).
It is also noteworthy that the H3K27 acetyltransferase
P300 binds to E1 and E2 in ESCs (Supplemental Fig.
S4H) prior to the activation of these two enhancers.

Figure 3. Effects of enhancer deletion on epigenetic marks and the three-dimensional (3D) chromatin architecture. (A) UCSC genome
browser view of H3K4me1 ChIP-seq tracks at the HoxA gene cluster in wild-type and double-knockout ESCs. E1 and E2 are marked
with blue stripes. (B) UCSC genome browser view ofH3K27ac ChIP-seq tracks at theHoxA gene cluster inwild-type and double-knockout
ESCs. E1 and E2 aremarkedwith blue stripes. (C ) 4C-seq analysis with theHoxa1 promoter as the viewpoint inwild-type (left) and double-
knockout (right) ESCs without (top) or with (bottom) RA treatment. The median and 20th and 80th percentiles of a sliding 5-kb window
determine themain trend line.Thecolor-coded scale represents enrichment relative to themaximummedianvalue at a resolutionof 12kb.
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Suchobservationspromptedus todeplete theseknownE1-
and E2-binding factors to explore their functions in Hox
gene regulation. Although ZIC2 depletion did not cause
significant changes in Hoxa1 and Hoxa5 expression,
both YY1 and P300 knockdown led to an increase in tran-
scription of these twoHox genes (Supplemental Fig. S4I). It
has been reported that differentiation-related genes were
up-regulated in respective P300- and YY1-depleted ESCs
(Zhong and Jin 2009; Vella et al. 2012), suggesting that
the observed increase in Hox gene expression is at least
partially due to skewed differentiation programs in ESCs.

MLL1–4 are dispensable for Hox cluster activation during
RA-induced differentiation

Despite extensive studies linking COMPASS activity to
transcriptional regulation of the Hox cluster, the roles of
these histone methyltransferase complexes in the early
activation of Hox genes were unknown. To study whether
any of the COMPASS family members are recruited to
Hox clusters and their regulatory sequences, we per-
formed ChIP-seq of SET1A, MLL2, and MLL4 in RA-in-
duced and undifferentiated ESCs. Upon RA induction,
each of the three COMPASS proteins was observed to
have increased occupancy atmultiple regulatory sequenc-
es in the HoxA and HoxB clusters, including E1 and E2
(Supplemental Fig. S5). Many of the sites that gain COM-
PASS proteins also had increased active histone modifica-
tions during differentiation (Supplemental Fig. S5),
suggesting an instructive role of COMPASS on the activa-
tion of Hox genes.
The loss of broad H3K4me1-enriched domains at the

intergenic regions in double-knockout ESCs (Fig. 3A) sug-
gests that the implementation of this histone mark may
have an impact on the activation of HoxA genes. Our lab-
oratory (Hu et al. 2013a) has shown that the MLL3/MLL4
branch of the mammalian COMPASS family is the major
regulator of H3K4me1 at enhancers; therefore, we gener-
ated respective MLL3 knockout ESCs and MLL4 SET
[Su(var)3-9, Enhancer of zeste, and Trithorax] domain
truncated ESCs (referred to here as “MLL4ΔSET”) by
CRISPR–Cas9-guided gene editing to determine whether
these histonemethyltransferases are involved in the early
activation of Hox genes.
To generate MLL3 knockout ESCs, we deleted exons 8

and 9 of the Kmt2c gene to produce a frameshift mutant
of MLL3 (Fig. 4A). For MLL4, we deleted exons 52–54 of
Kmt2d, which encode the SET and post-SET domains,
eliminating the catalytic activity of MLL4 (Fig. 4B). It is
noteworthy that the mRNA levels of mutant Kmt2c are
lower than its wild-type counterpart and that Western
blotting demonstrates lower levels of mutant MLL3 pro-
tein than wild-type MLL3 in ESCs (Fig. 4A,C). Moreover,
mutantMLL3 was not able to bind RBBP5, one of the core
subunits of COMPASS, suggesting a loss of function of the
mutant (Fig. 4C). In contrast, the level of the SET domain
truncated MLL4 protein was comparable with wild-type
MLL4 (Fig. 4D), indicating the stability of mutant
MLL4. Both MLL3 knockout and MLL4ΔSET ESCs had
normal ESC morphology (data not shown). MLL4ΔSET

cells have lower levels of H3K4me1 (Fig. 4E), suggesting
that MLL4 is the major H3K4me1-catalyzing enzyme in
ESCs. By treating the mutant cells and their wild-type
counterparts with RA and performing RNA-seq, we found
that the expression levels ofHox genes uponRA induction
were not affected by individualmutants ofMLL3 orMLL4
(Fig. 4F). ChIP-seq analysis indicated that H3K4me1
levels at HoxA enhancer regions were slightly decreased
in the intergenic region between Hoxa1 and Skap2 in
MLL4ΔSET cells in both pluripotent and differentiated
states (Fig. 4G). These results demonstrate that single in-
activation of the MLL3/MLL4 branch of the COMPASS
family was not enough to impair Hox gene activation by
RA induction in ESCs.
As the individual mutation of MLL3 or MLL4 did not

have a significant impact on H3K4me1 levels at HoxA
enhancer regions, we depleted MLL3 in MLL4ΔSET ESCs
by shRNA to determine whether MLL3 and MLL4 redun-
dantly regulate the transcription and enhancer H3K4me1
levels of Hox genes during differentiation. Although
MLL3 knockdown did not cause global changes in
H3K4me1 levels in wild-type ESCs (Hu et al. 2013b),
H3K4me1 levels were reduced in MLL3-depleted
MLL4ΔSET (MLL3 and MLL4 loss of function, referred to
here as “MLL3/MLL4 LOF”) ESCs compared with control
knockdown cells, while H3K4me3 levels were unchanged
(Supplemental Fig. S6A), indicating the redundancy of
MLL3 and MLL4 in H3K4me1 implementation. Unex-
pectedly, several HoxA genes, including Hoxa1 and
Hoxa5, were slightly up-regulated in MLL3/MLL4 LOF
cells compared with control shRNA-infected cells upon
RA-induced differentiation (Supplemental Fig. S6B,D).
Geneontology (GO) analysis indicated that genes involved
in neuron development were enriched in up-regulated
genes in MLL3/MLL4 LOF cells, while genes functioning
in embryo development and stem cell maintenance were
down-regulated (Supplemental Fig. S6C). These data sug-
gest that the moderate increase in expression levels of
HoxA genes in MLL3/MLL4 LOF ESCs is probably due
to the accelerated differentiation state of these cells. In-
deed, pluripotency genes such as Pou5f1 and Nanog were
down-regulated in MLL3/MLL4 LOF cells compared
withMLL4ΔSET cells upon differentiation (Supplemental
Fig. S6E). H3K4me1 levels at several enhancers near the
HoxA cluster were reduced byMLL3/MLL4 LOF in undif-
ferentiated cells, and H3K4me1 at multiple enhancers
failed to increase or spread upon differentiation of MLL3/
MLL4 LOF cells (Supplemental Fig. S6F). These results
indicate that MLL3 and MLL4 coregulate enhancer
H3K4me1 at the HoxA gene cluster, but the loss of
H3K4me1 levels in MLL3/MLL4 LOF cells does not lead
to reduction in the expression of HoxA genes, suggesting
that the context of MLL3/MLL4 COMPASS could play a
central role over their methyltransferase function.
TrxG and PcG proteins have been proposed to fine-tune

the expression of Hox genes (Ernst et al. 2004; Ringrose
and Paro 2004; Boyer et al. 2006; Piunti and Shilatifard
2016; Rickels et al. 2016). To further explore the roles of
TrxG proteins in Hox gene activation, we generated
MLL1 knockout ESCs by deleting exons 11–15 of the
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Kmt2a gene. RNA-seq analysis and Sanger sequencing
confirmed the deletion at Kmt2a in MLL1 knockout
ESCs (Supplemental Fig. S7A), and Western blotting dem-
onstrated that MLL1 protein was undetectable in these
cells (Supplemental Fig. S7B). Bulk H3K4me levels were
not perturbed byMLL1 depletion, as indicated byWestern
blotting (Supplemental Fig. S7C). We did not observe
changes in HoxA expression in MLL1 knockout or previ-
ously generated MLL2 knockout ESCs (Hu et al. 2017) be-
fore or after RA treatment (Supplemental Fig. S7D),
supporting the notion that MLL1 and MLL2 are dispensa-
ble for early activation of Hox genes (Hu et al. 2013b;
Denissov et al. 2014). Furthermore, MLL1 or MLL2 deple-
tion had little effect on the levels of H3K4me1 atHox gene
clusters (Supplemental Fig. S7E). Overall, our results indi-

cate that the inactivation of MLL1–4 methyltransferases
has little impact on transcriptional activation of Hox
genes by RA induction in ESCs.

SET1A/COMPASS regulates transcriptional activation
of genes within the HoxA cluster independently
of the shadow enhancers

Four of the six methyltransferases of the COMPASS fam-
ily are dispensable for RA-induced Hox gene activation
when individually deleted or inactivated in ESCs (Fig. 4;
Supplemental Figs. S6, S7). In the remaining two branches
of the COMPASS family, SET1B is lowly expressed in
ESCs (data not shown), while SET1A is required for ESC
pluripotency and mouse blastocyst development in vivo

Figure 4. Inactivation ofMLL3 andMLL4 in ESCs has little effect onHox gene activation. (A,B) UCSC genome browser view of RNA-seq
signals and Sanger sequencing results showing successful deletion of the indicated exons (red arrows and rectangles) at Kmt2c (A) and
Kmt2d (B) genes, respectively. Genome locations of gRNAs are labeled in blue, and PAM sequences are labeled in green. Red dashed lines
represent deleted sequences. (C ) Coimmunoprecipitation assay using Rbbp5 antibody and IgG with nuclear extract from wild-type and
MLL3 knockout ESCs. Antibodies used for Western blotting are labeled beside each blot. (D) Western blotting assay of wild-type and
MLL4ΔSET ESCs with antibodies against MLL4 and Hsp90. (E) Western blotting assay of wild-type, MLL3 knockout, and MLL4ΔSET
cell lysates with H3K4me1, H3K4me3, and H3 antibodies. (F ) UCSC genome browser view of RNA-seq signals at the Hoxa1 (top) and
Hoxa3–a7 (bottom) genes of wild-type, MLL3 knockout, and MLL4ΔSET ESCs upon RA induction. (G) UCSC genome browser view of
H3K4me1 ChIP-seq at the HoxA cluster in undifferentiated (top) and RA-treated (bottom) wild-type, MLL3 knockout, and MLL4ΔSET
ESCs, respectively.
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(Bledau et al. 2014). Furthermore, SET1A binding at many
Hox regulatory sequences was elevated upon differentia-
tion (Supplemental Fig. S5). Based on this evidence, we hy-
pothesized that SET1A may participate in regulating Hox
gene expression during ESC differentiation. To test this
hypothesis, we attempted to generate SET1A-null ESCs
by CRISPR–Cas9-guided gene editing but were not able
to derive homozygous SET1A knockout ESC clones (T
Sun, K Cao, and A Shilatifard, unpubl.), indicating the im-
portance of SET1A in ESC self-renewal. We therefore de-
pleted SET1A by shRNA knockdown in ESCs and
induced differentiation by RA treatment. Knockdown of
SET1A led to a substantial reduction in SET1A protein

levels (Fig. 5A) and decreased H3K4me3 levels, consistent
with previous observations (Wu et al. 2008; Fang et al.
2016). Unlike other COMPASS family members, SET1A
depletion led to a drastic reduction in the expression lev-
els of Hoxa4–Hoxa7 genes in RA-induced ESCs despite
Hoxa1 levels remaining unaffected, as shown by RNA-
seq (Fig. 5B).
To test whether regulation of HoxA genes by SET1A/

COMPASS relies on E1 and E2 enhancers, we depleted
SET1A in double-knockout ESCs and differentiated the
cells by RA treatment. We observed that Hoxa4–Hoxa7
expression levels were further diminished in double-
knockout ESCs by SET1A/COMPASS depletion (Fig.

Figure 5. Depletion of SET1A leads to failures in Hox gene activation. (A) Western blotting assay of SET1A (left) and H3K4me3 (right)
with control and SET1A-depleted cell lysates, respectively. HSP90 and H3 Western blots served as loading controls, respectively. (B)
UCSC genome browser view of RNA-seq signals at the Hoxa1 (left) and Hoxa3–a7 (right) genes of RA-treated wild-type (blue) and dou-
ble-knockout (pink) ESCs infectedwith respective nontargeting shRNA (nonTsh) and SET1A shRNA (SET1Ash). (C ) Correlation analysis
of gene expression levels in SET1Ash- and nonTsh-infected wild-type (top) and double-knockout (bottom) ESCs treated with RA. The X-
axis represents the expression level (log2 normalized CPM) of nonTsh-infected cells, and the Y-axis represents the expression level of
SET1Ash-infected cells. Significantly changed Hox genes are labeled with red dots. Significantly down-regulated genes (compared with
nonTsh-infected cells) are labeled in green, and up-regulated ones are labeled in purple. The numbers of significantly changed genes
are shown in each plot. (D–F ) UCSC genome browser view of H3K4me3 (D), H3K27ac (E), and H3K4me1 (F ) ChIP-seq atHoxa3–a7 genes
in undifferentiated or RA-treated wild-type (left) and double-knockout (right) ESCs infected with respective nonTsh and SET1Ash. Black
arrowheads indicate peaks of histone marks altered in SET1A-depleted cells.
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5B), suggesting E1- and E2-independent regulatory mech-
anisms of SET1A on these HoxA genes. On the other
hand, Hoxa1 expression levels in double-knockout cells
remained unchanged by SET1A knockdown, further indi-
cating that multiple pathways and factors are potentially
involved in Hox gene activation. The effects of SET1A/
COMPASS on gene expression were not restricted to the
HoxA cluster, as HoxB genes were also down-regulated
in SET1A-depleted cells upon RA induction (Fig. 5C).
GO analysis of misregulated genes in SET1A-depleted
RA-treated ESCs showed that P53 pathway genes were
significantly up-regulated, suggesting activation of apo-
ptotic pathways (Supplemental Fig. S8A), whereas pattern
specification process-related genes, including Hox genes,
were significantly down-regulated (Supplemental Fig.
S8B). Similar groups of geneswere found throughGO anal-
ysis on SET1A-regulated genes in double-knockout ESCs
(data not shown). To explore whether Hox gene down-reg-
ulation by SET1A/COMPASS depletion reflected a RA in-
duction-specific role for SET1A/COMPASS activity, we
identified a gene set significantly up-regulated by RA
treatment in wild-type cells and examined the behavior
of these targets upon SET1A depletion. Of the 1212 RA-
activated genes, only 164 genes in this set were altered
upon SET1A depletion; moreover, of this small subset,
half displayed down-regulation, whereas the other half
were up-regulated (Supplemental Fig. S8C). Collectively,
this analysis strongly suggests that SET1A does not have
a general role in regulatingRA-responsive genes but rather
has a locus-specific function at Hox gene clusters. It is
noteworthy that SET1A depletion did not decelerate
RA-induced differentiation, as reflected by the expression
levels of pluripotency genes and differentiation markers
(Supplemental Fig. S8D). Thus, we conclude that SET1A
regulates RA-triggered activation of Hox genes in ESCs in-
dependently of the E1 and E2 enhancers.

To further explore the mechanisms through which
SET1Amodulates the transcriptional levels of Hox cluster
genes, we performed ChIP-seq of H3K4me1, H3K27ac,
and H3K4me3 in control and SET1A-depleted ESCs. The
distribution of H3K4me1 was similar between control
and SET1A-depleted cells at the HoxA cluster (Fig. 5F;
Supplemental Fig. S8E), while H3K4me3 levels at Hoxa3
and Hoxa4 loci were reduced upon SET1A depletion in
RA-treated cells (Fig. 5D; Supplemental Fig. S8E). Similar
patterns could be observed at the HoxB cluster, which had
unchanged H3K4me1 and local reductions in H3K4me3
signals upon SET1A depletion in differentiated cells (Sup-
plemental Fig. S8E, right). Interestingly, H3K27ac peaks
were reduced at Hoxa3–a7, Hoxb2, and a previously re-
ported enhancer region between Hoxb4 and Hoxb5
(Sharpe et al. 1998) in SET1A-depleted cells (Fig. 5E; Sup-
plemental Fig. S8D). Knockdown of SET1A in double-
knockout cells also led to further reductions in H3K27ac
levels in RA-treated cells (Fig. 5E), confirming the additive
effects of enhancers and SET1A on HoxA gene regulation.

HistoneH3K4me2 has been shown previously to be cat-
alyzed by different COMPASS family members in differ-
ent organisms (Wang et al. 2009; Herz et al. 2012; Hu
et al. 2013a; Rickels et al. 2016). To test which form of

COMPASS is responsible for H3K4me2 levels at Hox clus-
ters in ESCs, we performed H3K4me2 ChIP-seq in undif-
ferentiated and RA-treated wild-type and COMPASS-
inactivated cells. H3K4me2 levels within Hox clusters
were drastically reduced in MLL2 knockout ESCs, while
inactivation of other COMPASS proteins had little impact
(Supplemental Fig. S9). RA treatment led to a significant
increase of H3K4me2 levels at enhancers and promoters
in HoxA and HoxB clusters, while MLL2 deletion only
led to decreased H3K4me2 at promoter-proximal regula-
tory sequences. These data indicate that MLL2 is the ma-
jor methyltransferase responsible for H3K4me2 at Hox
genes in ESCs, while H4K4me2 at distal Hox enhancers
such as E1 and E2 may be implemented redundantly by
several COMPASS family members.

Discussion

TFswithin the Hox family are responsible for establishing
animal body patterning, and their misregulation has been
linked to oncogenesis. Transcriptional regulation of the
genes encoding these TFs includes cis-regulation through
enhancer–promoter looping and trans-regulation through
protein complexes such as PcG and TrxG. Unveiling how
Hox genes are turned on during development and malig-
nant transformation would pave the way for understand-
ing cell fate specification and cancer pathogenesis as
well as developing novel cancer therapies.

In this study, we identified two cis-regulatory elements
located upstream of the HoxA cluster that govern activa-
tion of the entire cluster in response to RA. Analysis of
active enhancer marks in undifferentiated and RA-treated
ESCs indicated that E1 and E2 are themost prominent pu-
tative enhancers in the gene desert region betweenHoxa1
and Skap2 (Fig. 1B). However, we note that there are other
potential enhancer-like regions that harbor H3K27ac and
interact with Hoxa1 upon differentiation, including pre-
viously reported RARE-containing regions (Frasch et al.
1995; De Kumar et al. 2015) located near or within the
HoxA cluster. It is noteworthy that the HoxA cluster in-
teracts with broad domains covering regions with local-
ized H3K27ac upon RA treatment (Fig. 1C). We surmise
that the H3K27ac-decorated regions such as E1 and E2
are enhancer “cores,” while the anchors of chromatin
loops are away from the “cores,” and differentiation-trig-
gered chromatin looping brings enhancers into proximity
to Hox genes to drive gene expression. These enhancer
elements likely act cooperatively as a regulatory archipel-
ago for the transcription of anterior HoxA genes, similar
to what was reported for the HoxD cluster (Montavon
et al. 2011).

Interestingly, the E1 region identified in our study is lo-
cated within the lncRNA gene Halr1, whose expression
levels are highly elevated upon RA induction. Several
studies have shown that Halr1 RNA dampens the activa-
tion of HoxA genes through a PRC2 recruitment mecha-
nism (Maamar et al. 2013; Yin et al. 2015; Liu et al.
2016). However, our data argue that Halr1 depletion
does not alter HoxA gene expression levels in ESCs
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(Supplemental Fig. 2C). ESCs grown in “2i+LIF” (two
inhibitors [MEK inhibitor and GSK3 inhibitor] and leuke-
mia inhibitory factor) conditions used in the current study
have transcriptome and epigenome profiles different from
traditional “serum+LIF”-grownESC such thatH3K27me3
levels and bivalent domains are significantly reduced in
“2i+LIF”-grown cells (Marks et al. 2012). The differential
cell states established by growth conditions may have an
impact on the downstream effects of Halr1 depletion. It
is also worth noting that mice deleted of Halr1 gene
from exon 2 to the end of exon 3, a region not overlapping
with E1, are viable (Sauvageau et al. 2013), demonstrating
that the Halr1 transcript is dispensable for embryonic de-
velopment. It would be interesting to determine the ex-
pression levels of HoxA genes in Halr1-deleted embryos
at different developmental stages to further dissect the po-
tential antagonisms between Halr1 and HoxA activation.
During the preparation of our report, the loss of an ∼7-kb
region—from the promoter to ∼2 kb after the second exon
of Halr1—has been shown to cause a minor defect in the
transcriptional activation of several HoxA genes (Yin
et al. 2015). Unlike this truncation, our E1 deletion does
not include the H3K4me3-enriched Halr1 promoter or
the CTCF-binding site after the second exon of Halr1
(Supplemental Fig. S1A,B). The subtle differences in our
experimental design may provide further molecular in-
sight into HoxA cluster regulation.
The existence of two enhancers apparently acting

redundantly for the early activation of Hox genes is remi-
niscent of the “shadow enhancers” that regulate tran-
scription in Drosophila embryos (Hong et al. 2008;
Smith and Shilatifard 2014). Individual knockout of E1
or E2 has little impact on HoxA gene expression upon
RA-induced differentiation, whereas compound deletion
of the two regions causes significant and specific loss of
transcription at the HoxA gene cluster (Fig. 2). The redun-
dancy observed for E1 and E2 is different from α-globin en-
hancers, which act in an additivemanner (Hay et al. 2016),
suggesting the locus specificity of enhancer commission-
ing (Smith and Shilatifard 2014). Although the previously
generated 58-kb knockout ESCs (Yin et al. 2015) showed a
reduction of HoxA gene induction upon RA treatment,
the 58-kb deleted region not only contains E1 and
E2 but also covers a CTCF-binding site and a broad
H3K4me1-decorated domain harboring several RAREs
(Fig. 1B; De Kumar et al. 2015). The loss of such a large re-
gion may not reflect the effects of deleting individual cis-
regulatory elements but rather the outcome of losing nu-
merous positive and negative regulatory elements. Simi-
larly, a recent study reported that the deletion of a 40-kb
region proximal to Hoxa1 containing the RARE enhanc-
ers led to a delay of Hoxa1 induction through Wnt path-
way activation (Neijts et al. 2016). There are at least
three potential cis-regulatory elements in this 40-kb re-
gion based on increased H3K27ac as observed in our study
(Fig. 1B). Whether these elements have additive, synergis-
tic, or redundant effects onHoxa1 expression could not be
assessed by deleting a broad domain containing multiple
cis-regulatory regions. On the other hand, our study focus-
es on specific putative enhancer regions (∼3 kb each) and

reveals cooperation between the enhancer regions with-
out disrupting other potential regulatory elements.
The E1- and E2-dependent spreading of H3K4me1 over

the majority of the ∼150-kb gene desert between Skap2
and Hoxa1 upon RA-induced differentiation (Fig. 3A),
concomitant with increased interactions between E1,
E2, and the surrounding DNA regions (Fig. 1C), suggests
that E1 and E2 are likely anchoring points or “hubs” for
events triggered by RA. DNA-binding motifs for 17 TFs
could be found on both E1 and E2, and a number of chro-
matin proteins and TFs are recruited to E1 and E2 in ESCs,
including cohesin, ZIC2, YY1, and P300 (Supplemental
Fig. S4). However, depletion of these factors did not
dampen the transcription levels of Hoxa1 and Hoxa5 in
our system. It is possible that unknown factors or cooper-
ation of multiple chromatin regulators contribute to the
activity of enhancer elements; thus, depletion of a single
factor would not be able to undermine the transcriptional
outputs. The interaction between E1 and E2 during RA-in-
duced differentiation adds to the complexity and possible
mechanisms of cis-regulatory elements on transcription
regulation. Such an intricate regulation network may be
necessary to assure the proper regulation of critical devel-
opmental gene clusters. Future studies, such as unbiased
screening with shRNA or CRIPSR/Cas9 libraries, may
shed further light on additional factors required for en-
hancer function and gene activation at Hox clusters.
Our ChIP-seq analysis demonstrated that COMPASS

family members are recruited to HoxA and HoxB clusters
(Supplemental Fig. S5). However, SET1A, MLL2, and
MLL4 preferentially occupy distinct regulatory regions.
MLL2 and SET1A have higher occupancy at proximal reg-
ulatory sequences, while MLL4 binds more distal sites,
suggesting different roles for COMPASS proteins in mod-
ulating histone modifications and transcription on Hox
clusters. Inactivation of MLL3 or MLL4 did not alter
Hox gene transcription. Our MLL3 mutation generated a
frameshift mutated form of MLL3 that does not bind
RBBP5, one of the common components of the COMPASS
family of methyltransferase complexes, while the
MLL4ΔSET mutant lacks the catalytic domain (Fig. 4).
We did not observe a drastic loss of H3K4me1 at the
Hox clusters in either mutant cell line, although
H3K4me1 was decreased globally in theMLL4ΔSET cells.
The MLL3 and MLL4 branches of COMPASS are respon-
sible for H3K4me1 deposition at enhancers (Herz et al.
2012; Hu et al. 2013a). Consistently, we observed redun-
dancy ofMLL3 andMLL4 inmaintainingH3K4me1 levels
in ESCs and found that MLL3 and MLL4 are responsible
for spreading of H3K4me1 in the HoxA cluster during dif-
ferentiation (Supplemental Fig. S6). Nevertheless, tran-
scription levels of Hox genes were not reduced in MLL3/
MLL4 LOF ESCs upon differentiation, suggesting that
the reduction of H3K4me1 levels at enhancers is insuffi-
cient to impair early Hox gene activation in ESCs.
The residual H3K4me1 thatwe observed at E1 and E2 in

MLL3/MLL4 LOF ESCs suggests additional redundancy
within the COMPASS family. Indeed, MLL2 and SET1A
are recruited to these enhancers and may contribute to
the deposition of H3K4me1. It is also noteworthy that
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the potential acceleration of differentiation in MLL3/
MLL4 LOF ESCs may overcome the local activating func-
tions of MLL3 and MLL4 on Hox genes. Therefore, dis-
secting the functions of other components of MLL3 and
MLL4 complexesmay reveal roles onHox gene activation,
as the loss of function of certain components may not im-
pair ESC pluripotency as severely as MLL3/MLL4 LOF.
UTX, a H3K27 demethylase and common component of
MLL3 and MLL4 COMPASS, has been shown to regulate
RA induction of transcription and H3K4me3/H3K27me3
levels at bivalent genes, including Hox genes (Lee et al.
2007; Dhar et al. 2016). Depletion of TRR, theDrosophila
homolog of MLL3/MLL4, leads to the degradation of UTX
(Herz et al. 2012). However, whether the functions ofUTX
on Hox gene regulation are dependent on MLL3/MLL4
COMPASS is unknown. Unlike MLL3 and MLL4, which
are required for mouse embryogenesis, UTX-null male
mice develop to term without defects in early develop-
ment (Shpargel et al. 2012). MLL3/MLL4 conditional
knockout mice would be useful tools to dissect the roles
of these methyltransferases on Hox gene activation in a
stage-specific and tissue type-specific manner during
development.

SET1A and SET1B are mammalian homologs of Droso-
phila SET1. SET1A is highly expressed in ESCs, while
SET1B is lowly expressed. SET1A knockout mouse em-
bryos die before embryonic day 7.5 (E7.5) with failures in
gastrulation (Bledau et al. 2014). Moreover, ESCs could
not be derived from outgrowth of SET1A-null blastocysts
(Bledau et al. 2014), suggesting the requirement of SET1A
for ESC self-renewal. We found that SET1A depletion trig-
gers apoptosis and impairs the activation of Hox genes in-
duced by RA (Fig. 5). Such results are consistent with the
reported developmental failure of SET1A-null inner cell
mass (Bledau et al. 2014; Fang et al. 2016). SET1A acts in-
dependently from the enhancers E1 and E2, as depletion of
SET1A in the double-knockout ESCs caused further re-
duction of HoxA gene activation (Fig. 5). Besides E1 and
E2, there are at least six putative enhancer regions that
gain H3K27ac upon RA induction in the gene desert be-
tween Skap2 and Hoxa1 (Fig. 1). SET1A recruitment
increases at one of these putative enhancers and at multi-
ple gene-proximal elements in response to RA treatment,
and SET1A depletion leads to reduced H3K27ac at many
of these sites (Supplemental Fig. S8), suggesting that
SET1Adirectly regulates the activity of these cis-regulato-
ry elements. H3K4me3 peaks located near Hoxa3 and
Hoxa4 were also reduced in SET1A-depleted cells, sup-
porting a promoter-proximal role of SET1A in regulating
Hox gene expression. Similar activities of SET1A are ob-
served at previously characterized HoxB enhancers. We
also noted that, unlike E1’s and E2’s effects onHoxa1 tran-
scription, SET1A depletion did not alterHoxa1 expression
(Fig. 5B). It is possible that SET1A is dispensable for the ac-
tivity of strong proximal enhancers such as the RARE el-
ements, which require the distal enhancers E1 and E2 to
maintain optimal Hoxa1 expression. Indeed, we observed
robust interactions between Hoxa1-proximal enhancers
and E1 (Fig. 1C), suggesting cooperative effects of the dis-
tal and proximal enhancers. Furthermore, as shown by

Neijts et al. (2016), HoxA-proximal enhancers have a
stronger impact on Hoxa1 than posterior HoxA genes
(e.g., Hoxa5–7), which may rely on both distal enhancers
and SET1A to get activated. Thus, SET1A depletion has
a more profound effect on the activation of posterior
HoxA genes.

In summary, we identified two distal cis-regulatory ele-
ments governing the early activation of the HoxA gene
cluster and have shown that these enhancers act in a re-
dundant manner on gene transcription. Deletion of the
enhancers leads to the removal of active histonemodifica-
tions and reorganization of 3D chromatin structure at
HoxA genes, while SET1A/COMPASS regulates Hox
gene transcription through activating proximal enhancers
and promoters. Deciphering the enigmaticmechanisms of
Hox gene regulation could provide critical insight for clin-
ical applications in diseases driven by misregulation of
Hox gene expression.

Materials and methods

Antibodies

The following antibodies were used in this study: anti-H3K4me1
(generated in-house), anti-H3K4me2 (generated in-house), anti-
H3K4me3 (generated in-house), anti-H3K27ac (Cell Signaling,
8173), anti-H3 (generated in-house), anti-SMC1A (Bethyl Labora-
tories, A300-055A), anti-SET1A (generated in-house), anti-MLL1
(Cell Signaling, 14689), anti-MLL2 (generated in-house), anti-
MLL3 (generated in-house), anti-MLL4 (generated in-house),
anti-RBBP5 (Bethyl Laboratories, A300-109A), anti-HSP90 (Santa
Cruz Biotechnology, 7947), and anti-tubulin (Developmental
Studies Hybridoma Bank, E7).

ESC culture, shRNA knockdown, and CRISPR–Cas9-guided knockout

V6.5 ESCs were grown in N2B27medium supplemented with 2i/
LIF as described previously (Ying et al. 2008). For RA-induced dif-
ferentiation, ESCs were grown in plain N2B27 medium with 1
µM all-trans RA (Sigma) without addition of 2i or LIF. All RA
treatments were performed for 24 h unless specifically men-
tioned. Knockdown was performed as described in Hu et al.
(2013b). The sequences of the shRNA against Kmt2c and Set1a
transcripts were published previously (Hu et al. 2013b; Fang
et al. 2016).
Oligos encoding the desired gRNA sequences were annealed

and cloned into pX459 plasmid according to a published protocol
(Ran et al. 2013). Donor plasmids containing homology arms
flanking CMV-GFP and PGK-Neo were constructed in pBlue-
Script SK(+) vector. ESCswere transfectedwith pX459 containing
the desired gRNA-coding sequences and donor plasmid using
Nucleofector 2b (Lonza) according to the manufacturer’s instruc-
tions. Transfected ESCs were selected with 2 µg/mL puromycin
(Life Technologies) for 48 h and 200 µg/mL G418 (Life technolo-
gies) for 10 d until cell clones were pickable. Cell clones were
screened with Southern blotting assay, and the genotypes were
confirmed by PCR. Desired cell clones were transfected with
pCAG-Cre (Addgene, 26646) to remove the GFP/Neo cassette.
The following oligo sequences encoding sgRNAs were used in
this study: E1 knockout (left, AGCACACGTGCTTTTAACTC;
right, CTCAGCTTCTCTGGAAGAGC ), E2 knockout (left,
GCTCCATTCCATTAAGAACA; right, ACAGTAAATATGCG
CGACAC), MLL1 knockout (left, TCACTTGCTGCGCTACCG
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TC; right, TCTAAGCAAAACTTGTGGAA), MLL3 knockout
(left, CATATGCTGTAGGAACCGTA; right, TTGGGACAGG
TACGAAAATA), and MLL4ΔSET (left, AGGCGAGGGG
CCCCGATTGA; right, CAGCTTAAATTCCGGCCTTG).

ChIP-seq assay

ChIPwas performed as described previously (Lee et al. 2006) with
modifications. Briefly, ESCswere fixedwith 1% formaldehyde for
10min. After quenching and cell lysis, chromatin were sonicated
using an E220 focused ultrasonicator (Covaris). One-hundred mi-
crograms of sheared chromatin, 5 µg of antibody, and 50 µL of pro-
tein A/G beads (Santa Cruz Biotechnology) were used for each
immunoprecipitation. Immunoprecipitated DNA were purified
after washing, eluting, and reverse cross-linking and submitted
for library preparation. ChIP-seq libraries were generated with
KAPA HTP library preparation kit (KAPA Biosystems) following
the manufacturer’s instruction and loaded onto NextSeq 500
sequencer (Illumina) for sequencing. At least two biological repli-
cates were performed for ChIP-seq of H3K4me1, H3K27ac, and
H3K4me3 under each experimental condition.

4C-seq

4C-seq was performed following the protocol published in van de
Werken et al. (2012a) with DpnII (New England Biolabs) and
NlaIII (New England Biolabs) as the first and second restriction
enzymes, respectively. The primers below were used to amplify
the final 4C template for generating 4C-seq libraries, and index
sequences are underlined. Reads were sorted into individual sam-
ple FastQ files according to the index sequences, and then 4Cseq-
pipe (van de Werken et al. 2012b) was used to align the reads and
analyze the DNA interactions around viewpoints. The primers
used were as follows: HoxA1 (forward, AATGATACGGCG
ACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCTNNNNNNATGCCACTGAAACGGTGATC; re-
verse, CAAGCAGAAGACGGCATACGAGATCAGAGGATTG
ACTGGGAGGA) and E1 (forward, AATGATACGGCGACC
ACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCTNNNNNNTAACCTGCCCTCAGGAGATC; reverse,
CAAGCAGAAGACGGCATACGAGATTGGAGAGACGGTCC
AGAGTT).

Data availability

Next-generation sequencing data sets have been deposited at
Gene Expression Omnibus with accession number GSE98140.
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