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Retinoic acid (RA) regulates clustered Hox gene expression
during embryogenesis and is required to establish the anteri-
or-posterior body plan. Using mutant embryonic stem cell
lines deficient in the RA receptor y (RARYy) or Hoxal 3'-RA-
responsive element, we studied the kinetics of transcriptional
and epigenomic patterning responses to RA. RARY is essential
for RA-induced Hox transcriptional activation, and deletion of
its binding site in the Hoxal enhancer attenuates transcrip-
tional and epigenomic activation of both Hoxa and Hoxb gene
clusters. The kinetics of epigenomic reorganization demon-
strate that complete erasure of the polycomb repressive mark
H3K27me3 is not necessary to initiate Hox transcription.
RARY is not required to establish the bivalent character of
Hox clusters, but RA/RARY signaling is necessary to erase
H3K27me3 from activated Hox genes during embryonic stem
cell differentiation. Highly coordinated, long range epigenetic
Hox cluster reorganization is closely linked to transcriptional
activation and is triggered by RARYy located at the Hoxal 3’-
RA-responsive element.

During development, the differentiation of embryonic cells
is modulated by extrinsic patterning signals of immense com-
plexity. Remarkably, all-trans-retinoic acid (RA)? induces se-
quential activation of the clustered Hox (homeobox) genes in
an anteroposterior order that resembles their positions in the
chromosomal cluster, and this patterning activity is replicated
when cultured embryonic stem cells (ESCs) are exposed to
RA (1, 2). In both mice and humans, the Hox genes are orga-
nized into four clusters (Hoxa to Hoxd), with each cluster
containing 9-11 genes (3, 4). In the developing CNS, individ-
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ual Hox genes within these chromosomal clusters are ex-
pressed in a precise spatiotemporal pattern along the antero-
posterior axis (5, 6). Hox gene expression is tightly regulated
during the differentiation of adult stem cells, and dysregulated
Hox gene expression is found in many human malignancies
(7-12). The mechanisms by which the sequential activation of
Hox genes is achieved are not fully understood.

Several interdependent signaling pathways (e.g. RA, Wnt
pathway, sonic hedgehog, and fibroblast growth factors) exert
their patterning effects by regulating Hox gene expression in
the developing embryo (13, 14). Both local and distant DNA
cis-regulatory elements have been implicated in the co-linear
transcriptional control of Hox gene expression during devel-
opment (4, 15). RA plays an essential role in Hox gene regula-
tion by binding to specific retinoic acid receptors (RARs:
NR1B1 (RAR), NR1B2 (RARB), or NR1B3 (RARY)) at RA-
responsive DNA elements (RAREs) located within the Hox
clusters (2, 16 —33). Elegant genetic analyses have revealed
critical cross-regulation of Hoxal and Hoxb1 during rhom-
bomere segmentation (18, 34-39). Although these auto- and
para-regulatory controls govern the duration and degree of
Hoxb1 expression and are known to be subordinate to up-
stream RA signaling, the extent to which this cross-regulation
dictates the epigenomic and transcriptional reorganization of
the entire Hoxa and Hoxb clusters is less well appreciated.

Specific epigenetic modifications are associated with, and
tend to predict, the transcriptional state of the chromatin.
Several modifications located in close proximity to one an-
other form the basis of a “histone code” that is recognized by
proteins interacting in either a synergistic or antagonistic
manner to control access to the underlying genetic informa-
tion encoded by the DNA (40 —42). Tri-methylation of his-
tone H3 lysine 4 (H3K4me3) is associated with the body and
promoters of genes poised for transcription, and the relative
enrichment of this mark generally correlates with expression
level (43, 44). Acetylation at H3 lysines 9 and 14 (acH3) tends
to co-localize with H3K4me3 and is associated with accessible
euchromatin (44 —46). In contrast, genes marked for chroma-
tin condensation and expression silencing are often associated
with tri-methylation of H3 lysine 27 and lysine 9 (H3K27me3
and H3K9me3) and/or CpG methylation (47-51). In pluripo-
tent ESCs, some genes are marked by both the H3K4me3
modification and the repressive H3K27me3 chromatin mark.
Such “bivalent” domains are believed to underlie ESC plastic-
ity and mark genes for either silencing or activation as differ-
entiation proceeds (52-55).
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Master epigenetic regulatory proteins of the homeobox,
trithorax, jumonyji, and polycomb group families orchestrate
the transcriptional activation and remodeling of Hox gene
chromatin. Although Hox genes are silenced in ESCs, their
transcription is rapidly induced early in development, and
patterned tissue-specific Hox gene subsets are expressed
throughout life. Tight regulation of Hox gene expression is
also required for ESC differentiation in vitro (56, 57). Poly-
comb group proteins control the transition from stem cells to
differentiated cells (58 —61). Polycomb group-repressive com-
plexes (PRC1 and PRC2) mark Hox genes for silencing in
ESCs (59, 62). Ezh2 is a component of the PRC2 complex that
places the H3K27me3 mark recognized by PRC1 factors,
which in turn bring Ringl to mono-ubiquitinylate histone
H2A lysine 119 (H2Aub) (63). The DNA elements that PRCs
bind have not been characterized but may include CpG is-
lands (64, 65). Noncoding RNAs within the Hox clusters in-
teract with PRCs to regulate Hox gene expression (66, 67)
reinforcing the tight interdependence of expression and epi-
genetic remodeling. These repressive PRC marks must be re-
moved by the histone lysine demethylase activity of Jumonji C
(JmjC) domain-containing enzymes for physiological Hox
gene induction and normal development (58, 68 —73). Global
(cluster) control regions coordinate the recruitment of his-
tone acetyltransferases, JmjC domain-containing demethy-
lases, and H3K4 methylases of the trithorax family, at least
partially through their interactions with JmjC proteins such as
UTX (74).

In this study, we utilized mutant ESCs to probe the spatio-
temporal sequence of RA-induced transcriptional and epi-
genomic reorganization of the clustered Hox genes. These
mutant ESC lines allowed us to answer the following ques-
tions concerning the functions of RARy and the Hoxal 3'-
RARE in RA signaling. Are RARs required to establish the
basal epigenomic configuration of the clustered Hox genes?
Which RAR is most important for transcriptional activation
of the clustered Hox genes in ESCs? To what extent is the
co-linear activation of these genes dependent upon RA-in-
duced epigenomic reorganization of the locus and how exten-
sive is this reorganization? Is the removal of the H3K27me3
mark necessary for transcriptional activation? How are the
epigenetic changes coordinated over time across the Hoxa
and Hoxb chromosomal clusters?

EXPERIMENTAL PROCEDURES

Derivation and Culture of the ESC Lines—W e isolated the
RARy ', RARB™/~ ESC line (RARY-KO) by crossing RARYy/
RARPB heterozygous male and female mice (75, 76) and estab-
lishing ESC lines in culture from isolated blastocysts (77).
RARB ™/~ ESCs were generated similarly from mating
RARB /" mice. WT ESCs were established by this method at
the same time. RARE-KO ESCs were cloned following trans-
fection of WT cells with a vector targeting the Hoxal 3'-
RARE enhancer (Fig. 1). Two rounds of selection were per-
formed to knock out both enhancer alleles. All genotypes
were verified by Southern blotting. WT, RARE-KO, and
RAR7y-KO ESCs were cultured as described previously (78).
All experiments were performed in the presence of leukemia
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inhibitory factor (Millipore, Billerica, MA). All-trans retinoic
acid (RA) was from Sigma. Additional methods are provided
in the supplemental “Experimental Procedures”.

ChIP, ChIP-Chip, and Gene Expression Profiling—ESCs
were plated in gelatin-coated tissue culture dishes ~48 h
prior to harvesting. At various times after RA addition (0, 1, 4,
8, and 24 h), cells were cross-linked (1% formaldehyde, 10
min), quenched (200 mm glycine, 5 min), washed with ice-
cold phosphate-buffered saline (PBS), and harvested by scrap-
ing. At least three biological replicate ChIP experiments were
performed, as described previously (31, 32). ChIP DNA was
amplified by ligation-mediated PCR and hybridized to cus-
tom-designed Agilent tiling oligonucleotide arrays per the
manufacturer’s instructions (Agilent). For expression analysis,
cells were plated as described and then harvested at various
times after RA treatment. Total RNA was extracted using
TRIzol, and RNA was labeled and hybridized to mouse-ref8
expression arrays (Illumina), per manufacturer’s instructions.
Data were analyzed using custom-designed R language rou-
tines utilizing Bioconductor packages. Detailed methods are
provided in the supplemental Experimental Procedures”.

ChIP Antibodies, RNA Polymerase II—Anti-phospho-Ser-5
carboxyl-terminal domain of RNA polymerase II (H14) was
purchased from Covance Research Products (catalog no.
MMS-134R, Richmond, CA). acH3 antibody was purchased
from Upstate (catalog no. 06-599, Billerica, MA); H3K4me3
antibody was purchased from Upstate (catalog no. MC315)
or Abcam (catalog no. ab8580, Cambridge, MA); and H3K27
antibody was purchased from Upstate (catalog no. 07-449).
Anti-RARY serum was generated in rabbit against a peptide
corresponding to 15 amino acids at the carboxyl terminus of
RARY. Polyclonal anti-RARYy IgG was purified from the crude
serum through use of a DEAE-Affi-Gel blue column (Bio-
Rad). Ash2l antibody was a kind gift from Dr. Jeffrey
Dilworth.

Custom Array Design—Long oligonucleotide microarrays
were designed using the Agilent eArray platform. Probes were
tiled through each of the murine Hox clusters and through
biological control regions such as Cyp26al and Gapdh. Addi-
tional probes used for quality control and normalization were
also included on the arrays (Agilent). A total of 44,000 probes
were tiled at 100 -300-bp intervals through these loci with the
median gap of 43 bp between the probes. Detailed methods
are provided in the supplemental “Experimental Procedures”.

RESULTS

RA Activation of Hoxal Requires RARy Bound to a
3'-Enhancer—We generated ESC lines in which either RARy
(RARY-KO) or its cognate binding site downstream of Hoxal
(RARE-KO) (Fig. 1A) are deleted. In WT ESCs, RA triggers a
15-fold increase in Hoxal transcripts within 24 h (Fig. 1, A
and B). This response is severely blunted in both the
RAR7Y-KO and RARE-KO mutants (Fig. 1, B and C). These
results demonstrate that RARYy is essential for RA-mediated
activation of Hoxal transcription and that RARYy acts through
the Hoxal 3'-RARE enhancer. Moreover, these results dem-
onstrate that neither RAR«a nor RARS can functionally com-
pensate for RARy in ESCs at these early times, as we have pre-
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FIGURE 1. Hoxa1 is transcriptionally activated by RA in WT and RAR/KO but not in RARy/KO and RARE/KO cells. A, schematic of the Hoxa1 3'-RARE
targeting construct. B, Northern blot showing dose response of Hoxa1 induction 48 h after different doses of RA in WT, heterozygous RARE/KO, and two
independently derived lines with RARE/KO in both alleles. C, relative Hoxa1 expression prior to and 24 h after 1T um RA in WT, RARE/KO, and RARy/KO ESCs.
Quantitative RT-PCR was used to quantify transcripts normalized to a 36B4 reference control (mean = S.E.). Asterisk denotes p < 0.05 for the relative expres-
sion of Hoxal mRNA in WT compared with the RARE/KO and RARy/KO ESCs. D, relative Hoxa1 expression prior to and 24 h after 1 um RA in WT and
RARB/KO ESCs. Quantitative RT-PCR was used to quantify transcripts normalized to a 36B4 reference control (mean =+ S.E.).

viously reported in F9 embryonal carcinoma cells (31, 32). We
also show that Hoxal transcript levels in RARB KO ES cells
are similar to those in WT ES cells (Fig. 1D), demonstrating
that RARS is not essential for the RA-induced transcriptional
activation of Hoxal in ES cells at these early time points. We
next examined the epigenetic changes that accompanied
Hoxal transcriptional activation.

RA Triggers Broad Epigenomic Reorganization of the Hoxa
Cluster—W e studied the spatiotemporal epigenetic reorgani-
zation of the entire ~120-kb Hoxa chromosomal cluster (24)
by examining three epigenetic marks (acH3, H3K4me3, and
H3K27me3) prior to and 1, 8, and 24 h after RA addition
(Hoxa cluster genes Hoxal to Hoxal3 plus Evx1, Fig. 2D). We
also assessed the transcriptional activity of the Hoxa cluster
genes using expression microarrays (Fig. 2E).

In self-renewing WT ESCs, the clustered Hoxa genes reside
within a large bivalent epigenomic domain broadly coated by
the polycomb (PRC) repressive mark, H3K27me3, and punc-
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tated with foci of the oppositional H3K4me3 modification
(Fig. 2, WT). These foci, representing regions poised for tran-
scription, are coupled with acetylation of H3K9/K14 (acH3)
and are highly correlated with the CpG islands and gene tran-
scription start sites within the cluster (Fig. 2).

Immediately following RA exposure, the bivalent character
of the proximal Hoxa genes (Hoxal to Hoxa7) is rapidly re-
modeled (within 1 h), and transcription is induced in WT
ESCs. The regions with H3K4me3 and acH3 marks increase
in magnitude and spread laterally, with the regions with H3
acetylation extending more broadly than those with
H3K4me3. These changes are clearly evident at 1 h, the earli-
est time point shown (Fig. 2, A and B, WT). RA induces tran-
scription of the proximal Hoxa cluster genes, with the relative
exclusion of Hoxa3 and Hoxa6 (Fig. 2E, WT), and this tran-
scriptional activation is associated with the increased place-
ment of the acH3 and H3K4me3 chromatin marks surround-
ing the transcription start site of the activated genes. In
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FIGURE 2. Epigenetic landscape of the Hoxa gene cluster with RA treatment. The Hoxa gene cluster is shown with the genomic coordinates of the locus
indicated at the top of the panel and the location of the Hoxa1 3'-RARE indicated by an arrow. ChIP-chip data for acH3 (A), H3K4me3 (B), and H3K27me3 (C)
is presented as heatmaps with rows representing ChIP-chip data sets (replicate means), columns indicating genomic loci, and color representing log2-trans-
formed ChIP enrichment. ChIP-chip was performed for three ESC lines as follows: WT, RARE-KO (E—), and RARy-KO (y—). ESCs were cultured =1 um RA for 1,
8, and 24 h, as indicated. The color scale of the log2 enrichment is indicated at the top of the figure. D, gene locations (blue tones) and CpG islands (green
tones) are indicated schematically. The direction of transcription for each gene is indicated by light blue hash marks and proceeds from right to left. E, log2-
transformed average (triplicate) mRNA microarray expression signal is represented for each gene in the locus as a grayscale level. The expression scale is
indicated in the right-hand portion of the panel. At least three biological replicates were performed for each experiment. F, quantitative analyses of the
Hoxa1 and Hoxa4 regions shown in D as gray boxes. The -fold change in enrichment in acH3 (7st subpanel), H3K4me3 (2nd subpanel), and H3K27me3 (3rd
subpanel) is shown for the Hoxa1 locus (solid lines) and the Hoxa4 locus (dashed lines) and each of the ESC lines as follows: WT (black), RARE-KO (green), and
RARy-KO (blue).

found that in the absence of RA, neither deletion of RARy nor
of its cognate binding site downstream of Hoxal altered the
transcriptional or qualitative epigenetic configuration of the
Hoxa cluster (Fig. 2, None/0 h). We observed a modest in-
crease in activation marks (acH3 and H3K4me3) in the
RARE-KO ESCs surrounding the site of the deleted RARE
where an active PGK promoter was inserted. These results

contrast, removal of the PRC repressive mark, H3K27me3,
occurs several hours later (Fig. 2C, WT). Only a minor local
reduction of H3K27me3 is seen surrounding the Hoxal 3'-
RARE early after RA exposure (1 h). Further removal of this
mark occurs more broadly at 8 h, but full erasure of H3K27
does not occur until the 24-h time point. These findings
strongly suggest that placement of activating marks and in-

duction of transcription are not directly coupled to removal of
H3K27me3, at least within the context of a bivalent chroma-
tin domain.

Hoxal 3'-RARE Is a Key Organizer of Hoxa Cluster Activa-
tion by RARy at Early Times after RA Addition—We exam-
ined the same epigenetic marks (acH3, H3K4me3, and
H3K27me3) and gene expression in the RARy-KO and
RARE-KO ESC lines to assess how deletion of RARYy or of the
3’'-Hoxal RARE affects activation of the Hoxa cluster. We
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indicate that RAR7y and other factors capable of binding or
being recruited to the Hoxal 3'-RARE are dispensable for the
establishment of a bivalent Hoxa chromatin domain in undif-
ferentiated ESCs.

In contrast, RA must signal through RARY to induce tran-
scription of the proximal Hoxa genes and to trigger reorgani-
zation of the epigenomic configuration of the cluster (Fig. 2,
v—). In the absence of RARY, all of the normal transcriptional
responses to RA within the Hoxa cluster are severely blunted
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or absent. Aside from the small and delayed induction of
Hoxal, Hoxa5, and Hoxa7, the proximal Hoxa genes remain
unaltered by RA exposure, and the entire locus remains in a
bivalent configuration throughout the first 24 h of RA expo-
sure. These results demonstrate that RARY is essential for
Hoxa cluster transcriptional activation within the first 24 h of
RA exposure.

We next asked whether RARYy acts exclusively through the
3’-Hoxal RARE to activate the entire Hoxa cluster. Com-
pared with WT ESCs (Fig. 2, WT), RA-mediated Hox gene
induction was severely attenuated in RARE-KO ESCs, and the
deposition of activating histone modifications (acH3 and
H3K4me3) was constrained (Fig. 2, E—). Yet these deficits
were far less comprehensive than those seen in the RARy-KO
cells (e.g. Hoxa4, -a5, and -a7), suggesting that aspects of RA
signaling are mediated either directly or indirectly through
other genomic elements or target genes. Remarkably, the spa-
tiotemporal pattern of H3K27me3 removal from the Hoxa
locus in RARE-KO ESCs was virtually identical to the WT,
suggesting that activation or recruitment of the JmjC domain-
containing enzymes is uncoupled from Hoxa locus-specific
recruitment of RAR7y. These results provide direct biochemi-
cal evidence that RA-mediated activation of the Hoxa cluster
is triggered by RARy bound to the 3'-Hoxal RARE but that
normal epigenetic remodeling requires indirect signaling. To
highlight the magnitude of epigenetic changes seen in the
heat map (Fig. 2, A-C), we show the quantitative analysis of
the acH3, H3K4me3, and H3K27me3 marks at the indicated
regions in the Hoxal and Hoxa4 genes (Fig. 2F).

RA-induced Activation of the Hoxb Cluster Requires RARy
Activity Mediated through the Hoxal 3'-Enhancer—Coordi-
nate activation of the Hoxa and Hoxb clusters occurs during
central nervous system development, and we observed syn-
chronous activation of these clusters in ESCs (Figs. 2D and
3D). Both Hoxal and Hoxb1 have essential 3'-RAREs re-
quired for RA-induced transcriptional activation (19 -21, 29),
yet in hindbrain development, activation of Hoxb1 is subordi-
nate to Hoxal because of a Hoxal responsive enhancer up-
stream of the Hoxb1 promoter (34, 36, 38). We explored how
genetic lesions affecting the Hoxa locus alter the transcrip-
tional and epigenomic responses of the Hoxb cluster to RA.

Like the Hoxa cluster, the Hoxb cluster has a bivalent char-
acter in WT ESCs, and RA induces a rapid reorganization of
this domain, with focal placement of activating marks (acH3
and H3K4me3) preceding a more gradual and diffuse removal
of H3K27me3 (Fig. 3, A—C, WT). Coincidently, RA triggers
transcription of proximal Hoxb cluster genes (Hoxb1 to b7)
within 1 h of RA exposure (Fig. 3E, WT). All of these tran-
scriptional and epigenomic responses are severely blunted in
RAR<y-KO ESCs during the first 24 h after RA addition, sug-
gesting that RA-mediated activation of the Hoxb cluster is
largely dependent on RARYy at early time points (Fig. 3, A—C,
and E, y—) and that RAR« and RARf cannot compensate for
the loss of RARy. However, a surprising degree of cross-regu-
lation between the Hoxa and Hoxb clusters was also evident.

Activation of the entire Hoxb cluster was attenuated in the
RARE-KO ESCs (Fig. 3E, E—), and placement of activating
histone modifications was blunted (Fig. 3, A and B, E—). How-
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ever, RA-induced removal of the H3K27me3 mark proceeded
normally across the Hoxb cluster genes in RARE-KO ESCs,
even in the absence of normal transcriptional activation (Fig.
3C, WT, E-). To highlight the magnitude of epigenetic
changes seen in the heat map (Fig. 3, A—C), we have shown
the quantitative analysis for the acH3, H3K4me3, and
H3K27me3 marks at the indicated regions in the Hoxal and
Hoxa4 genes (Fig. 3F).These data indicate that RA signaling
through RARYy bound to the Hoxb1 3’-RARE is not sufficient
to trigger Hoxb cluster activation despite appropriate removal
of the H3K27me3 mark. Although cross-regulation of Hoxal
and Hoxb1 is well recognized during development, we show a
major dependence of the Hoxb cluster on normal Hoxa clus-
ter activation. This broad interdependence is initiated at the
3’'-Hoxal RARE and subsequently reinforced by direct RARYy
signaling within the 3'-Hoxb1 RARE and indirectly by both
proximal Hoxa cluster genes (predominantly Hoxal) and pos-
sibly other RARYy target genes (79, 80).

RARYy Is Required for RA-induced Transcription of Cyp26al—
The Cyp26al gene encodes an enzyme that metabolizes RA
(81, 82) and is transcriptionally activated by RA through two
closely localized RAREs in the proximal promoter (31, 32,
81-83). We examined the transcriptional activation of
Cyp26al and its chromatin marks in response to RA in WT,
RARE-KO, and RARY-KO cells (Fig. 4, A-E).

In contrast to what we found at the Hox genes, RA-induced
transcription of Cyp26al was robust in both WT and
RARE-KO ESCs (Fig. 4E, WT, E—). RA exposure led to near
normal epigenomic activation of the Cyp26al bivalent do-
main in these ESC lines. The activation marks (acH3,
H3K4me3) rapidly increased and spread laterally, and the
H3K27me3 mark was erased, initially from the RAREs and
then across the promoter and proximal Cyp26al gene body
(Fig. 4, A—C, WT, E—). In contrast, we found minimal histone
acetylation and a comparatively small increase in H3K4me3
following RA treatment of RARy-KO ESCs (Fig. 4E, y—). As
we saw at the Hox genes, the H3K27me3 mark was retained
across this gene in the RARy-KO line (Fig. 4C, y—), and tran-
scriptional activation of Cyp26al was virtually absent (Fig. 4E,
v—). Thus, RARY is essential for RA-induced Cyp26al activa-
tion. Although other RA signal transducers, presumably other
RAREs, can affect some biochemical responses at this locus,
only signaling mediated by RARYy leads to transcriptional
activation.

As a control, we also examined a constitutively active gene,
Gapdh (Fig. 4F), in the three ESC lines. Gapdh transcript lev-
els were not responsive to RA treatment in any of the lines
(Fig. 4/, and the epigenomic configuration of Gapdh was
highly similar among the WT, RARE-KO, and RARy-KO cell
lines (Fig. 4, F-H). Thus, deletion of RARYy or of the 3'-Hoxal
RARE causes RA-dependent and locus-specific abnormalities
of the epigenome and gene transcription.

RARYy Is Bound to RAREs and RNA Polymerase II Is Bound
to Proximal Promoters—W e identified a central dependence
on RARY for the long range epigenomic reorganization of
several RA-responsive genes in ESCs. To further investigate
the mechanism of this dependence, we performed two-step
ChIP (31, 32) to determine whether RARYy is present at the
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RAREs 3’ of the Hoxal and Hoxb1 genes and within the
Cyp26al promoter. In WT ESCs, we identified RARvy at these
RAREs prior to RA, with further recruitment after RA addi-
tion (Fig. 5, A, B, and D). We did not identify RARy at the
proximal promoter of either Hoxal or Hoxb1 (Fig. 5, C and E)
or at a negative control region downstream of Hoxb1 (Fig.
5F). As expected, we detected no RARy bound to any of the
sites tested in the RARy-KO ESCs (Fig. 5, A—F, filled squares).
We next examined the recruitment of RNA polymerase II
(pol II) to Hoxal, Hoxb1, and Cyp26al utilizing a monospe-
cific antibody that recognizes the engaged/paused form of pol
II phosphorylated at serine 5 (Ser(P)-5) (84). We did not iden-
tify pol IT at the Hoxal or Hoxb1 3’-RARE prior to RA addi-
tion in any of the ESC lines (Fig. 5, H and J). Pol II was bound
to the proximal promoters of these genes in both WT and
mutant ESCs, but only in WT did RA induce further recruit-
ment of pol II to these loci (Fig. 5, I and K). Thus, RA expo-
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sure increases the likelihood of RARy binding to RAREs and
leads to activation and recruitment of pol II to the proximal
promoter regions of Hoxal and Hoxb1. Importantly, pol I
levels increased normally at the Cyp26al proximal promoter
in RARE-KO ESCs, indicating that the defects in this line are
not common to all RA target genes (Fig. 5G). These results
reinforce the primacy of RA-RARvy signaling at the 3’-Hoxal
RARE for normal transcriptional and epigenetic activation of
the Hoxa and Hoxb loci (Figs. 2 and 3).

RA-induced Placement of H3K4me3 Is Not Explained by
Ash2l Recruitment—Histone lysine methyltransferases that
can place the H3K4me3 mark reside in several complexes
(MLL complexes) that share core components as follows:
Ash2l, Rbbp5, Wdr5, and Dpy-30 (85). We next assessed
whether changes in the H3K4me3 mark across the Hox clus-
ters result from altered recruitment of MLL complexes in the
mutant ESC lines. We used standard ChIP assays to probe the
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occupancy of a common MLL complex component, Ash2], at
the Hoxal and Hoxb1 3’-RAREs and proximal promoters,
and at the Cyp26al proximal promoter. We found Ash2l as-
sociated with all of these loci prior to the addition of RA in
WT, RARE-KO, and RARy-KO ESCs (Fig. 6). (The Hoxal
RARE cannot be assessed in the RARE-KO cells because it has
been knocked out.) Basal occupation of these loci by the MLL
complex is expected in ESCs because the product, H3K4me3,
is also present (Figs. 2B, 3B, and 4B). Following RA exposure,
Ash2l was further recruited to these loci in WT cells, but the
level was slightly lower in the mutant ESC lines. Ash2l re-
cruitment did not correlate with transcriptional activation or
with Ser-5 phosphorylation of pol II at these loci (e.g. Figs. 4E,
5, G-K; and 6), and the magnitude of the change was modest
(=2-fold) when compared with the degree of H3K4me3
placement at these loci following RA exposure (Figs. 24, 34,
and 4A). These results suggest that RA-induced transcription
requires not just locus-specific recruitment of the MLL com-
plex but also activation of some complex component or inter-
acting partners.

DISCUSSION

We combined genetic tools with epigenomic technologies
to investigate the spatiotemporal mechanisms of RA-induced
Hox gene activation in ESCs. We identified RARY as the pre-
dominant mediator of RA signaling in ESCs in the context of
transcriptional activation of the Hoxa and Hoxb chromo-
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somal clusters at early time points after RA addition. RARYy is
required to trigger broad epigenomic reorganization of the
Hoxa and Hoxb chromosomal clusters and for gene-specific
removal of the H3K27me3 mark. We found rapid intra-clus-
ter reorganization follows RA exposure, with transcription
and the placement of activating marks preceding the removal
of the polycomb-repressive mark, H3K27me3, by several
hours. These results suggest that H3K27me3 erasure is tem-
porally uncoupled from MLL complex activities and the coin-
cident transcriptional induction. Our data also revealed a
striking degree of inter-cluster coordination between the
Hoxa and Hoxb clusters. This coordination results from
cross-regulation of the proximal Hoxa and Hoxb cluster genes
triggered by RARYy localized to the Hoxal 3’-RARE. Thus, the
3’'-Hoxal RARE is a critical regulatory element necessary for
RA-RARy-mediated activation of both the Hoxal and Hoxb1
clusters.

We found that large bivalent chromatin domains encom-
pass the clustered Hox genes in self-renewing ESCs, as also
demonstrated by other groups (52). Assembly of these re-
gional domains did not require basal occupation of RAREs by
RARy because the bivalent character of these clusters was
maintained in our mutant ESC lines (Figs. 2 and 3 and supple-
mental Figs. S1 and S2). It may be that these bivalent domains
are self-assembling with their organization linked to the un-
derlying sequence characteristics of the loci (52, 64). Place-
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ment of the activating marks (acH3 and H3K4me3) was highly
periodic and tightly correlated with the transcription start site
of cluster genes. This periodicity suggests a topological orga-
nization of the cluster with the activating marks collected by
an intranuclear hub such as a “transcription factory” (86, 87).
Although we detected no basal transcription from the clus-
tered Hox genes, it is clear that these genes are maintained in
a “poised” state so that they may be transcribed when trig-
gered by developmental cues.
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RA is an essential developmental signaling molecule that
affects body plan organization through its regulation of Hox
genes. We found that RA induces synchronous activation of
the proximal Hoxa and Hoxb cluster genes in WT ESCs (Fig.
2E and Fig. 3E). Coincident with transcriptional activation,
the epigenomic configuration of these clusters is rapidly re-
modeled, with the earliest changes occurring near the TSSs
marked by H3K4me3 and acH3 (Figs. 2, A and B, and 3, A and
B, WT). H3K4me3 can serve as an anchor for post-initiation
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and splicing factors, and the induced placement of this mark
may provide a link to co-transcriptional RNA processing (88).
Elegant studies of ESC nuclear organization have previously
shown that Hoxb1 rapidly relocates to a transcription factory
in response to RA (89). Transcription factories allow for
shared enhancer activity and the concentration of regulatory
proteins necessary for localized spreading of chromatin modi-
fications (86, 90). In this light, the association of clustered
Hox genes with transcription factories (either by de novo as-
sembly or recruitment of preformed factories) may facilitate
coordinated cluster regulation (87). In many ways, the syn-
chronous spread of acH3 and H3K4me3 surrounding genes
with RA-induced transcription appears to be a linear repre-
sentation of the Hox cluster topology. It is tempting to specu-
late that transcription factories processing the proximal Hoxa
and Hoxb clusters are managed by RARY seated at the Hoxal
3’'-RARE because deletion of either the receptor or its this
binding site diminishes or abolishes RA induction of both the
Hoxa and Hoxb cluster genes (Figs. 2 and 3, y—, E—).

Dynamic co-localization of actively transcribed genes ap-
pears to be the rule rather than the exception (91). Active
transcription factories typically harbor the elongating form of
pol II phosphorylated on Ser-2 (Ser(P)-2) (87, 91). However,
certain developmental genes residing within PRC1-positive
bivalent domains (64) are instead associated with poised tran-
scription factories containing pol II Ser(P)-5 in place of pol II
Ser(P)-2 (92, 93). Surprisingly, RNA synthesis does occur in
poised transcription factories, but pol II elongation is ineffec-
tively coupled to nascent RNA maturation, and transcription
is nonproductive. Strikingly, induction of such developmental
genes is not associated with major changes in pol II occu-
pancy but is instead linked to removal of the PRC1/Ring1-
mediated H2A ubiquitination, at least at later time points (92,
93). We found pol II Ser(P)-5 preloaded onto the promoters
of Hoxal and Hoxb1 in self-renewing ESCs, suggesting that
these genes are basally associated with poised transcription
factories (Fig. 5). RA triggered only modest further recruit-
ment of the polymerase to these promoters implicating other
mechanisms in the rapid transcriptional induction of these
genes (Figs. 2E and 3E).

Epigenomic reorganization of the proximal Hox clusters
quickly follows RA exposure. The transition from a bivalent
configuration to a mature pattern is largely complete by 24 h,
but the kinetics of activation are much more rapid than the
pace of H3K27me3 erasure (Figs. 2 and 3). Prior studies have
also shown that tri-methylation of H3K4 by a MLL2/3 com-
plex precedes H3K27me3 demethylation by the JmjC domain
protein UTX, but these studies evaluated the Hox genes fol-
lowing relatively long (18 =72 h) exposure to RA (73, 94). Our
studies extend these prior reports by providing mechanistic
insights from the early kinetics of Hox gene activation in
ESCs. Although the action of UTX may be required for full
transcriptional activation of Hox genes by RA at late time
points (94), removal of H3K27me3 is not required to initiate
transcriptional induction (Figs. 2, C and E, and 3, C and E).
Furthermore, H3K27me3 erasure does not appear to be suffi-
cient for normal transcriptional induction because transcrip-
tion is severely depressed in the RARE-KO ESC line despite
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the tempo of demethylation being preserved (Fig. 2, C and E,
E—). Thus, if RA-triggered induction of the proximal Hox
clusters requires removal of H2Aub1 to release the poised pol
II Ser(P)-5, it occurs too rapidly to depend upon shedding of
the PRC1 complexes responsible for placing the H2Aub1
mark (93). Perhaps then, RA recruits to the Hox genes an
H2A deubiquitinase such as 2A-DUB through its interactions
with the RAR/RXR co-activator p300/PCAF (31, 32, 95).

Although we and others have shown that RA stimulates
RARSs to shed co-repressors and recruit co-activator mole-
cules to specific RAREs (31, 32), recruitment alone does not
fully explain Hox activation in ESCs. Like pol II Ser(P)-5
within a poised transcription factory, histone acetyltrans-
ferases and MLL complexes are preassembled at the Hox loci,
yet their activity is insufficient to initiate productive tran-
scription (Figs. 2, 3, 5, and 6). Similarly, UTX associates with
the Hoxb1 locus in self-renewing ESCs at a time the locus is
broadly marked by H3K27me3; thus, UTX activity must also
be constrained prior to RA addition (94). Neither RARy nor
the Hoxal 3'-RARE is necessary to assemble these factors,
and further recruitment of these complexes to the Hox loci
following RA exposure is modest compared with the pace and
extent of transcriptional activation. Our data clearly show the
primacy of RARvy as the mediator of early Hox activation by
RA, but they do not explain how the Hox genes are so rapidly
transcriptionally activated. Perhaps even minor changes in a
specific factor or histone mark trigger a cascade of events
leading to effective transcription. We speculate that RA in-
duces an RARy-dependent activity that unharnesses the pre-
assembled complexes and permits transcription to initiate.

Our data support a model in which RARvy functions in
ESCs as a critical regulator of the Hoxa and Hoxb clusters
through interactions with distinct enhancer elements. We
show that these Hox clusters fail to undergo normal tran-
scription and epigenomic patterning following RA if either
RARY or its binding site 3" of Hoxal is missing. The kinetics
of these events suggest that activation of poised transcription
does not wait for erasure of PRC2 marks. These results invite
the discovery of the initial arbiter of RARy-induced Hox
activation.
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