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ABSTRACT

Signaling pathway-driven target gene transcription
is critical for fate determination of embryonic stem
cells (ESCs), but enhancer-dependent transcriptional
regulation in these processes remains poorly un-
derstood. Here, we report enhancer architecture-
dependent multilayered transcriptional regulation at
the Halr1—-Hoxa1 locus that orchestrates retinoic
acid (RA) signaling-induced early lineage differen-
tiation of ESCs. We show that both homeobox A1
(Hoxa1) and Hoxa adjacent long non-coding RNA
1 (Halr1) are identified as direct downstream tar-
gets of RA signaling and regulated by RARA/RXRA
via RA response elements (RAREs). Chromosome
conformation capture-based screens indicate that
RA signaling promotes enhancer interactions essen-
tial for Hoxa1 and Halr1 expression and mesendo-
derm differentiation of ESCs. Furthermore, the re-
sults also show that HOXA1 promotes expression of
Halr1 through binding to enhancer; conversely, loss
of Halr1 enhances interaction between Hoxa1 chro-
matin and four distal enhancers but weakens interac-
tion with chromatin inside the HoxA cluster, leading
to RA signaling-induced Hoxal overactivation and
enhanced endoderm differentiation. These findings
reveal complex transcriptional regulation involving
synergistic regulation by enhancers, transcription
factors and IncRNA. This work provides new insight
into intrinsic molecular mechanisms underlying ESC
fate determination during RA signaling-induced early
differentiation.
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INTRODUCTION

ESCs can undergo unlimited self-renewal and proliferation,
while maintaining the potential to differentiate into dif-
ferent germ layers, activities requiring precise control of
gene expression (1,2). Recent studies indicate that in addi-
tion to promoters, there are many other types of functional
DNA elements such as enhancers, insulators, silencers and
transposable elements that control the precise expression of
gene in ESCs (3-6). Enhancers also reportedly show sig-
nificant cell-type specificity during ESC lineage differen-
tiation stimulated by different signaling factors, while re-
sults obtained by chromosome conformation capture also
reveal significant changes in high-order chromatin structure
during these processes (7,8). Although enhancers regulate
expression of master transcription factors (TFs) through
long-range chromatin interactions to coordinate embryonic
development (9-11), the precise mechanisms underlying the
regulation of enhancer in ESC lineage differentiation re-
main largely unclear.
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RA signaling is essential for mammalian develop-
ment and functions in embryogenesis, immunogenesis,
hematopoiesis and skeletogenesis (12,13). Abnormal RA
signaling underlies numerous disease states, including tu-
morigenesis (12,14,15). ESCs rapidly differentiate in re-
sponse to RA signaling, a process requiring transcriptional
regulation by the RA receptor RXR/RAR (16,17). Recent
studies show that RA signaling induces neural differentia-
tion of ESCs, with HOXA playing a central transcriptional
role in this process (18-21) and CTCF organizing chromatin
interactions (22-24). However, early stages of ESC differen-
tiation induced by RA signaling are reportedly character-
ized by endodermal differentiation marked by significantly
high expression of endodermal master control genes Gata4,
Sox17 and Gata6 (25,26). These findings suggest that ESCs
may undergo multi-lineage differentiation in response to
RA signaling, and that the underlying molecular regulatory
mechanisms are unknown.

We and others have found that several enhancers and
CTCF binding elements (CBEs) at the Halrl-Hoxal lo-
cus play important regulatory roles during RA signaling-
induced ESC differentiation (23,26-29). In addition, the
long non-coding RNA (IncRNA) Halrl also reportedly reg-
ulates HoxA cluster gene expression by orchestrating en-
hancer interactions under RA-induced early ESC differen-
tiation (27,29). However, regulatory relationships between
enhancers, CBEs, IncRNAs and HoxA4 following RA induc-
tion of early ESC differentiation remain unknown. Consid-
ering that all these elements are present at the Halr/—Hoxal
locus, analyses of their activity in this context may provide
an excellent model to define mechanisms involved in RA
signaling-induced early ESC differentiation.

Here, using the Halri-Hoxal locus as a model, we con-
ducted various analyses of ESC differentiation and showed
that RA signaling significantly induced differentiation to-
wards ectoderm and endoderm lineages and that Halrl and
Hoxal were significantly activated in this process. We also
identified Halrl and Hoxal as direct downstream targets of
RA signaling and found that proper Halrl and Hoxal ex-
pression is necessary for RA-dependent induction of endo-
dermal ESC differentiation. Moreover, multiple enhancers
at the Halrl-Hoxal locus were required for RA signaling
to induce Halrl and Hoxal expression and mesendoderm
differentiation. We also observed reciprocal regulation be-
tween Hoxal and Halrl: HOXA1 promoted Halrl expres-
sion by binding to enhancer regions, while Halrl repressed
Hoxal expression by coordinating interactions of multiple
enhancers with Hoxal chromatin. Finally, we identified a
subset of genes regulated by HOXA! associated with en-
doderm development. Overall, these findings reveal a new
mechanism for RA signaling-induced early lineage differ-
entiation of ESCs and provide a new perspective on ESC
fate decisions.

MATERIALS AND METHODS
ESC:s culture

Mouse ESCs E14 were cultured in undifferentiated condi-
tion as previously described (23). Briefly, ESCs were grown
in culture dishes coated with 0.1% gelatin (Sigma) in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) supple-

mented with 15% fetal bovine serum (FBS, AusGeneX), 1 x
nonessential amino acids (100x, Gibco), 1x L-glutamate
(100x, Gibco), 1x penicillin—streptomycin (100x, Gibco),
50 wM B-mercaptoethanol (Sigma), 10 ng/ml LIF (ES-
GRO), 1 uM PD0325901 (MedChemExpress) and 3 pM
CHIR99021 (MedChemExpress). The medium was re-
placed every 1-2 days. ESCs were maintained at 37°C in a
5% CO, incubator.

Adherent differentiation of ESCs

ESC differentiation was carried out as previously reported
(23,26). ESCs were gently washed with 1 x phosphate buffer
saline solution (PBS, Solarbio), dissociated, and plated at
an appropriate density on gelatin-coated plates in LIF/2i
withdrawal medium or medium supplemented with 2 wM
RA (Solarbio). The differentiated culture mediums were re-
placed every day.

Embryoid bodies (EBs) formation

For EB formation, 10° ESCs were plated on non-adherent
10 cm plates in LIF/2i withdrawal medium. EBs were har-
vested using TRIzol reagent (Invitrogen) every day. RNA
was prepared, and qRT-PCR was performed as described
previously (26,30).

Alkaline phosphatase (AP) staining analysis

ESCs were plated at low density in 12-well plates coated
with gelatin for 3 days, washed twice with PBS, and then
incubated with reagents from the AP Staining kit (System
Biosciences) following the manufacturer’s instructions. Dig-
ital images were taken using an Olympus Inverted Fluores-
cence Microscope (26).

RNA extraction, cDNA synthesis and quantitative Real-Time
PCR (qRT-PCR)

Total RNA was extracted from differentiated or undiffer-
entiated ESCs using TRIzol Reagent (Life Technologies).
c¢DNA synthesis was performed using a PrimerScript™ RT
reagent Kit with gDNA Eraser (TaKaRa) according to
the manufacturer’s instructions. PCR reactions were per-
formed using Hieff TMgPCR SYBR Green Master Mix
(YEASEN) and a BioRad CFX Connect Real-Time sys-
tem. PCR cycling conditions were as previously reported:
95°C for 5 min, 40 cycles of 95°C for 15 s, 60°C for 15 s and
72°C for 30 s. We then constructed a melting curve of am-
plified DNA (23,26). Target gene values were normalized
to Gapdh expression and the experimental control using
AACt methods (31). Primer sequences used in this study
are shown in Supplementary Table S1.

Construction of stably transduced ESC lines

Full-length coding sequences (CDSs) of Rara, Rxra and
Hoxal were synthesized at GENEWIZ and inserted into
the FLAG-tag vector using Nhel and Not1 sites. ESCs were
transfected with the overexpression vectors using Lipofec-
tamine 3000 (Life Technologies) and then 24 h later were



treated with medium containing 5 wM puromycin (MCE)
until stably-transduced cells were harvested. qRT-PCR and
western blot (WB) were used to identify overexpression cell
lines (26). Full-length CDSs of Rara, Rxra and Hoxal are
shown in Supplementary Table S2.

Western blot analysis in ESCs

Protein was extracted using RIPA lysis buffer (Strong,
YEASEN) and electrophoresis was performed using a
PAGE Gel Quick Preparation Kit (10%, YEASEN) follow-
ing the manufacturer’s instructions. WB was carried out
with the following antibodies: (primary) RARA (Invitro-
gen, #MA1-810A, 1:1000), RXRA (Invitrogen, #433900,
1:1000), HOXA1 (Invitrogen, #PA5-68809, 1:1000), FLAG
(Beytime, #AF-0036, 1:1000) and GAPDH (Santa Cruz,
#SC-365062, 1:2000), and then HRP-linked secondary an-
tibodies (Sungene Biotech). HRP activity was detected us-
ing Luminol HRP Substrate (Millipore). Digital images
were taken using an automatic chemiluminescence imaging
analysis system (Tanon) (6,26,32,33).

CRISPR/Cas9-mediated genome editing in ESCs

CRISPR /Cas9-mediated knockout was performed using
published protocols (23,26,34). Briefly, target-specific guide
RNAs (sgRNAs) were designed using an online tool (http:
/lchopchop.cbu.uib.no/). sgRNAs of the appropriate site
and score were selected and sgRNAs were cloned into a
Cas9-puro vector using the Bsmbl site. sgRNA sequences
are shown in Supplementary Table S3.

For enhancer and TF binding site knockout cells, ESCs
were transfected with two sgRNNA plasmids using Lipofec-
tamine 3000 (Life Technologies), and 24 h later, cells were
treated with 5 puM puromycin (MCE) for 24 h and then
cultured in a medium without puromycin for another 5—
7 days. Individual colonies were picked and validated by ge-
nomic DNA PCR or subsequent Sanger DNA sequencing.
Enhancer knockout lines En1-KO, En2-KO, En3-KO and
Enl/2/3-KO were reported in our previous study (23). For
coding gene knockouts, sgR NAs were designed at both ends
of the gene CDS based on a previous report (21). Success-
ful knockout lines were validated by genomic DNA PCR,
gRT-PCR and WB. For IncRNA knockouts, sgRNAs were
designed at the promoter region based on a previous report
(27). Successful knockout lines were validated by genomic
DNA PCR and qRT-PCR. PCR primers used for genotyp-
ing are listed in Supplementary Table S4.

Chromosome conformation capture (Capture-C) assay and
data analysis

Probes used for Capture-C assay were designed using
an online tool (http://apps.molbiol.ox.ac.uk/CaptureC/cgi-
bin/CapSequm.cgi). Probe sequences are listed in Supple-
mentary Table S5. Capture-C libraries were prepared as
described (23,26,35,36). Briefly, undifferentiated or RA-
induced differentiated ESCs were fixed with 1% (vol/vol)
formaldehyde for 10 min at room temperature, quenched
with 125 mM glycine in PBS, and then lysed in cold ly-
sis buffer [10 mM Tris—-HCI, pH 7.5, 10 mM NaCl, 5 mM
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MgCl,, 0.1 mM EGTA, 0.2% NP-40, 1 x complete protease
inhibitor cocktail (Roche)]. Chromatin was digested with
Dpnll (New England Biolabs) at 37°C overnight. Frag-
ments were then diluted and ligated with T4 DNA ligase
(Takara) at 16°C overnight. Cross-linking was reversed by
overnight incubation at 60°C with proteinase K (Bioline).
Then 3C libraries were purified by phenol-chloroform fol-
lowed by chloroform extraction and ethanol-precipitated
at —80°C overnight. Sequencing libraries were prepared
from 10 pg of the 3C library by sonication to an average size
of 200-300 bp and indexed using NEBnext reagents (New
England Biolabs), according to the manufacturer’s proto-
col. Enrichment of 2 wg of an indexed library incubated
with 3 WM of a pool of biotinylated oligonucleotides was
performed using the SeqCap EZ Hybridization reagent kit
(Roche/NimbleGen), following the manufacturer’s instruc-
tions. Two rounds of capture employing 48—72 h and 24 h
hybridizations, respectively, were used. Correct library sizes
were confirmed by agarose gel electrophoresis, and DNA
concentration was determined using a Qubit 2.0 Fluorom-
eter (Thermo Fisher Scientific). All sequencing was per-
formed on Hi-Seq 2500 platforms using paired 150 bp pro-
tocols (Illumina).

Capture-C data were analyzed as previously described
methods (23,26,35,36). Briefly, clean paired-end reads were
reconstructed into single reads using FLASH (37). Af-
ter in silico Dpnll digestion using the DpnlI2E.pl script,
reads were mapped back to the mm10 mouse genome us-
ing Bowtiel. Finally, chimeric reads containing captured
reads and Capture-Reporter reads were analyzed using CC-
analyser3.pl. Results were visualized using the Integrated
Genome Browser (IGV) (38) and an online tool (https:
/lepgg-test.wustl.edu/browser/) (39).

Eukaryotic cognate transcriptome sequencing (RNA-seq)
and data analysis

RNA-seq was performed as reported (23,26). Briefly, ESCs
were lysed with Trizol reagent (Life Technologies), and
RNA was extracted based on the manufacturer’s instruc-
tions. RNA was sequenced by the Novogene. Clean reads
were mapped to the Ensemble mm10 mouse genome using
Hisat2 with default parameters. Gene reads were counted
by Htseq (40). Fold changes (FC) were computed as a log,
ratio of normalized reads per gene using the DEseq2 R
package (41). Gene expression with |log, FC| > 1 (FDR
< 0.05) was considered significantly altered. Heatmaps were
drawn using the heatmap.2 function or Microsoft Excel 97-
2003. At least two biological replicates were analyzed for
each experimental condition.

Gene ontology (GO) analysis

GO analyses were performed using the following on-
line tools: Metascape (http://metascape.org/gp/index.
html#/main/stepl) (42) and DAVID Functional An-
notation Bioinformatics Microarray Analysis  tool
(http://david.abce.nciferf.gov/) (43). Briefly, differential
genes (FC > 2, FDR < 0.5) were loaded into the analysis
module as instructed by the tools, then the mouse was
selected as the species for GO analysis to obtain the final
output.
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Gene set enrichment analysis (GSEA)

GSEA analysis was carried out using an online tool (https:
/Iwww.gsea-msigdb.org/gsea/index.jsp) as reported (44,45).
Gene sets of embryonic skeletal system morphogenesis and
stem cell population maintenance were obtained from the
KEGG database (https://www.genome.jp/kegg/) (46).

Data set availability

DNA-seq and RNA-seq data have been deposited in the
NCBI Gene Expression Omnibus (GEO, https://www.ncbi.
nlm.nih.gov/geo/) under accession number GSE169058.
Previously published datasets used in this study are shown
in Supplementary Table S6. These published data sets
were downloaded and analyzed using online tools (http:
/lcistrome.org/db/#/, http://promoter.bx.psu.edu/hi-¢/ and
https://www.ncbi.nlm.nih.gov/geo/) (47-49).

Statistical analysis

Data were analyzed by the unpaired Student’s ¢-test (two-
tailed) unless otherwise specified. Statistically significant P-
values are indicated in Figure legends as follows: * P < 0.05,
** P <0.01.

RESULTS

Characterization of RA signaling-induced early lineage dif-
ferentiation of ESCs

To analyze characteristics of RA-induced differentiation
of ESCs, we employed three commonly used ESC dif-
ferentiation protocols: spontaneous differentiation follow-
ing LIF/2i removal, differentiation induced by RA after
LIF/2i removal, and embryoid body (EB) differentiation
(Figure 1A). As differentiation proceeded, differentiated
cells showed greater cell morphological differences com-
pared to undifferentiated ESCs (Figure 1B and C). Pluripo-
tency marker genes and germ layer marker genes were used
to identify ESC differentiation status (23,50), qRT-PCR re-
sults showed that Nanog and Kif4 levels decreased with
time in all three protocols, and RA-induced ESC differen-
tiation resulted in significantly higher expression of ecto-
dermal (Sox/ and Pax6) and endodermal (Gata4, Gatab,
Foxa2 and Sox17) genes, compared with the other differen-
tiation schemes (Figure 1D), suggesting that RA-induced
ESCs’ early differentiation has the significant ectodermal
and endodermal profile.

To further assess the global view of gene expression
changes, we performed transcriptome sequencing (RNA-
seq) at day one after RA treatment. At that time point, we
observed 3070 up-regulated and 3303 down-regulated genes
compared to undifferentiated ESCs (Supplementary Figure
S1A). Further analysis of germ layer gene expression re-
vealed significant up-regulation of genes associated with the
ectoderm, trophectoderm and endoderm, with the greatest
up-regulation in endodermal genes (Supplementary Figure
S1B and C). GO analysis also showed enrichment of biolog-
ical processes associated with multicellular organism devel-
opment, cell differentiation, endoderm formation and cellu-

lar responses to RA (Supplementary Figure S1D; Supple-
mentary Table S7). Taken together, these data suggest that
RA signaling significantly induces early ESC differentiation
into endoderm and ectoderm.

Hoxal and Halrl are direct downstream target genes of RA
signaling

To explore the expression patterns of Hoxal and Halrl, we
next evaluated their transcript levels in various ESC differ-
entiation models. qRT-PCR results showed that Hoxal and
Halrl were more robustly expressed following RA-induced
ESC differentiation relative to other differentiation systems
(Figure 1D). Upon analysis of the RNA-seq data, we found
that Hoxal and Halrl were significantly enriched in the bi-
ological processes associated with cellular response to RA
(Supplementary Figure S1D and E). In addition, we also
found that Halrl transcript levels peaked at day one of dif-
ferentiation (Supplementary Figure S2A and B). These re-
sults suggest that RA signaling can specifically and signif-
icantly activate the expression of Hoxal and Halrl during
early ESC differentiation.

The transcriptional activation ability of RA signaling is
dependent on RA receptors such as RARA and RXRA
(16). Thus, we asked whether Hoxal and Halrl expression
depended on RARA and RXRA. To do so, we first an-
alyzed ChIP-seq data for RARA/RXRA and found that
RA induced a significant co-binding peak for RARA and
RXRA in the first intron of Halrl in ESCs (at day 1 of
differentiation) and a significant peak at the Hoxal 3'-end
(Figure 1E and F) (17,51), suggesting possible regulation of
Hoxal and Halrl by RARA and RXRA. Next, we overex-
pressed RXRA and RARA in ESCs and performed qRT-
PCR analysis for Hoxal and Halrl transcripts (Supple-
mentary Figure S3). At day 1 of RA differentiation, ex-
pression levels of both were significantly up-regulated in
cells overexpressing RARA and RXRA compared to the
control cells (Figure 1G). We also established RARA and
RXRA single or double knockout lines using the CRISPR-
Cas9 system and analyzed Hoxal and Halrl transcript lev-
els by qRT-PCR (Supplementary Figure S4). Relative to
wild-type (WT) controls, RARA and RXRA deletion, ei-
ther singly or double KOs, significantly suppressed Hoxal
and Halrl transcript levels at day one differentiation (Fig-
ure 1H). Taken together, these findings overall suggest
that Hoxal and Halrl may be direct target genes of RA
signaling.

RARE:s are required for RA signaling-induced Hoxal and
Halrl expression

Previous studies have shown that the regulation of target
gene expression by RA is dependent on the cis-functional
RARE at target gene loci (16,52). Several functional tar-
get genes exhibiting RARE elements have been identified,
such as Cyp26 (53), Hoxbl (54-58) and Hoxa7 (59). We
analyzed ChIP-seq data showing significant co-binding of
RARA/RXRA at the Hoxal and Halrl loci (Figure 2A).
However, whether these RAREs at the Halrl-Hoxal lo-
cus are functional is unclear. To assess their functional-
ity, we examined the region of RARA/RXRA co-binding
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Figure 1. Hoxal and Halrl are direct downstream target genes of RA signaling. (A) Schematic showing ESC differentiation protocols. (B) Images showing
AP staining of undifferentiated and differentiated ESCs. Scale bars: 100 wm. (C) Bright-field images of EBs on days 1-6. Scale bars: 200 pm. (D) qRT-
PCR data showing transcript levels of pluripotency and germ layer genes as well as Halrl and Hoxal during ESC differentiation (n = 3 replicates). (E
and F) ChIP-seq data showing RARA and RXRA binding peaks at Halrl and Hoxal loci on day 1 of RA-induced ESC differentiation. (G) qRT-PCR
data showing Halrl and Hoxal transcript levels in ESCs overexpressing RARA and RXRA on day 1 of RA treatment. Data represent the mean + SD
(n = 3 replicates). Statistical significance was determined by a two-tailed Student’s 7-test (unpaired), * P < 0.05, ** P < 0.01. (H) qRT-PCR data showing
Halrl and Hoxal transcript levels in WT or KO on day 1 of RA treatment. Data represent the mean + SD (n = 3 replicates). Statistical significance was
determined by a two-tailed Student’s #-test (unpaired), * P < 0.05, ** P < 0.01.
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Figure 2. RAREs are required for RA signaling-induced Hoxal and Halrl expression. (A) ChIP-seq data showing RARA and RXRA binding peaks
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at these loci using the JASPAR database (60) and identi-
fied multiple putative RAREs (Figure 2B). We deleted these
RARE:s using the CRISPR-Cas9 system (Figure 2B) and
then, using genomic-DNA PCR with specific primers and
Sanger sequencing, we obtained multiple RARE knock-
out clones (Figure 2C and D; Supplementary Figure S5).
RA treatment of RARE knockout cells resulted in sig-
nificantly lower Halrl and Hoxal transcript levels rela-
tive to WT cells (Figure 2E), strongly suggesting that these
RARESs act as cis-functional elements necessary for RA
signaling-dependent activation of Hoxal and Halrl expres-
sion. Taken together, these results indicated that Halrl and
Hoxal are direct downstream targets of RA signaling and
regulated by RARA/RXRA via RAREs.

Increased enhancer interactions promote RA signaling-
induced Hoxal and Halr1 activation

Our previous study reported that there are three enhancers
at the Halrl-Hoxal locus, and in the RA-induced ESC dif-
ferentiation state, the three enhancers significantly interact
with each other to form an enhancer-enhancer interaction
complex (EEIC) that regulates RA signaling-induced HoxA4
cluster gene expression (23). However, the pattern of in-
teractions between these enhancers in the RA signaling-
induced differentiated and undifferentiated states of ESCs
and the regulation of Hoxal and Halrl are unclear.

To investigate the chromatin interaction patterns of these
enhancers during RA-induced early ESC differentiation, we
used the Capture-C method (23,35,36,61), a 3C-based chro-
mosome conformation capture technique (62). The three
enhancers at the Halrl-Hoxal locus served as anchor re-
gions to perform enhancer capture using the capture-C
method in undifferentiated and RA-induced differentiated
ESCs (at day one) (Figure 3A and B) (28,63). Chromatin
interactions between Enl and En2 under RA-induced
ESC differentiation significantly increased, while En3 also
showed significantly enhanced interactions with Enl, En2
and Hoxal chromatin, but reduced interactions with HoxA4
cluster chromatin (Figure 3C-E). These data suggest that
a tight EEIC forms between enhancers during RA-induced
early ESC differentiation and that these interactions with
the HoxA cluster chromatin are also significantly enhanced.
Considering previous results showing that RA signaling in-
duces significant activation of Hoxal and Halrl (Figure
1D), we hypothesize that there may be a positive correla-
tion between increased enhancer interactions and high ex-
pression of Hoxal and Halrl. To test the hypothesis, we
treated both WT and enhancer KO cells with RA for one
day and monitored Hoxal and Halrl transcript levels by
qRT-PCR (23). WT cells showed significant upregulation of
Hoxal and Halrl expression after RA treatment, relative to
undifferentiated ESCs; however, RA-treated enhancer KO
cells showed significantly reduced Hoxal and Halrl expres-
sion (Figure 3F and G). In addition, Enhancer KO cells also
showed significant suppression of other genes in the HoxA
cluster (Hoxa2-13) (Supplementary Figure S6). Taken to-
gether, these data confirm the increase in enhancer inter-
actions following stimulation of RA signaling at the Halr1-
Hoxal locus, further suggesting that these enhancers are re-
quired for the activation of Hoxal and Halrl.
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Enhancers are required for RA signaling-induced early proper
lineage differentiation of ESCs

To further investigate whether these enhancers regulate RA
signaling-induced early lineage differentiation of ESCs, we
next performed RNA-seq analysis in WT and enhancer
knockout cells after one day of RA treatment. Enhancer
deletion resulted in significant changes in gene expres-
sion relative to WT cells (Supplementary Figure S7A).
GO analysis of significantly altered gene groups (FD > 2,
FDR < 0.05) revealed that tissue morphogenesis, heart
development, embryonic organ development and other
developmentally-related biological processes were signifi-
cantly enriched in enhancer KO cells (Supplementary Fig-
ure S7B). Moreover, among specific genes related to ESC
differentiation, Bmp4, Gata3, Gata4, Wnt3a and Notchl
were enriched (Supplementary Figure S7C; Supplementary
Table S8). These results suggest that enhancer deletion reg-
ulates RA signaling induced-early differentiation of ESCs.

Next, we also analyzed the changes in Halrl and HoxA
cluster gene expression in RNA-seq data and found that en-
hancer deletions significantly suppressed Halrl and HoxA
cluster gene expression (Figure 4A), a finding consistent
with the qRT-PCR results. Furthermore, analysis of the
expression of pluripotency and germ layer genes showed
that enhancers’ deletion significantly promotes the expres-
sion of pluripotency genes compared to WT cells, whereas
the mesendoderm genes were significantly repressed, indi-
cating that enhancers deletion inhibited RA-induced early
mesendoderm differentiation of ESCs (Figure 4B and C).
Cluster analysis of differentially-expressed genes and sub-
sequent GO analysis revealed that multiple biological pro-
cesses associated with differentiation were significantly en-
riched in enhancer deletion cells (Figure 4D and E; Supple-
mentary Table S9), such as embryonic organ development,
nervous system development, heart development and tissue
morphogenesis. Taken together, these data suggest that in
ESCs, these enhancers are required for induction of proper
lineage differentiation by RA signaling.

HOXAT1 promotes expression of Halr1 through binding to en-
hancer

Previous studies have shown that HOXA1 plays an essential
regulatory role as TF during RA signaling-induced early
ESC differentiation (18,19,21). However, whether HOXA1
regulates IncRNA is unknown. Interestingly, by analyzing
HOXA1 ChIP-seq data, we found significant binding of
HOXAT1 at the Halrl locus, and further analysis in con-
junction with H3K27ac ChIP-seq data revealed significant
co-localization of HOXA1 binding with enhancers at the
Halrl-Hoxal locus (Figure 5A) (21,28). These findings sug-
gest that HOXA1 may be involved in regulating Halrl ex-
pression.

To determine whether HOXA1 regulates Halrl expres-
sion, we examined potential direct regulatory effects of
HOXAT1 on the Halrl gene using overexpression and loss-
of-function studies. First, we overexpressed HOXA1 in un-
differentiated ESCs and found significant differences in
ESCs’ cell morphology (Figure 5B-D). Further pluripo-
tency gene assays revealed significant downregulation of
Nanog and Klf4, while differentiation genes such as Sox/
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(ectoderm), Gata6 and Foxa2 (endoderm) were significantly
upregulated and mesoderm genes (Bmp4 and T) were sig-
nificantly downregulated in HOXA1-over ESC, suggesting
that HOXAT1 overexpression perturbs ESC pluripotency
(Figure 5E). qRT-PCR analysis of ESCs overexpressing
HOXAT1 showed significantly higher Halrl expression com-
pared with vector control, suggesting that HOXAI1 pro-
motes Halrl expression in ESCs (Figure 5F). Following
RA-induced ESC differentiation, HOXA1 overexpression
still upregulated Halrl expression (Figure 5G-I). Further,
we used CRISPR-Cas9 technology to knockout HOXA1
and assess effects on Halrl expression (Supplementary Fig-
ure S8). qRT-PCR analysis showed significantly decreased
Halrl transcript levels in HOXA1 KO ESCs after RA treat-
ment compared to comparably treated WT cells (Figure 5J—
L). This combined with the HOXA1 ChIP-seq data suggests
that HOXAI1 directly regulates Halrl expression.

Considering the significant binding of HOXA1 to en-
hancer Enl and En2 (Figure 5A), we asked whether the
promoting effect of HOXA1 on Halrl expression was
enhancer-dependent. To do so, we overexpressed HOXA1
in WT and in Enl or En2 enhancer KO cells (Figure SM
and N). After 1 day of RA treatment, WT cells overex-
pressing HOXA1 showed increased Halrl expression, while
enhancers (Enl and En2) knockout cells overexpressing
HOXAT1 showed no change in Halrl expression (Figure
50). These results suggest that enhancers are required for
HOXAI1 to promote Halrl expression during RA-induced
early differentiation of ESCs. Further, to assess direct reg-
ulatory effects, we also knockout the HOXA1 binding sites
(H1BSs) at these enhancer regions (Enl and En2) by using
CRISPR-Cas9 technology (Supplementary Figure S9A-
D). gqRT-PCR results showed that deletion of these HI1BSs
significantly suppressed RA-induced Halrl expression, in-
dicating the direct regulatory effect of HOXA1 on Halrl
(Supplementary Figure S9E). Taken together, these data
suggest that HOXA1 promotes Halrl expression through
these enhancers.

Halrl orchestrates the Hoxal chromatin structure by acting
as the ‘brake’ and the ‘binder’

Previous studies have shown that long noncoding RNAs
regulate gene expression through multiple modes, such as
acting as sponges for microRNAs or as scaffolds that inter-
act with proteins to regulate target gene expression (64—66).
Halrl transcription site has significant H3K27ac labeling
and knockout of enhancer Enl abolishes Halrl expression,
suggesting that Halrl may be an enhancer-associated RNA
(eRNA) (Figure 6A).

A recent study showed that Halrl RNA regulates HoxA
cluster expression mainly by binding HoxA cluster chro-
matin (27). Our analysis of Halrl ChIRP-DNA-seq data
(27), combined with Hi-C data (8,47), revealed that Halrl
is mainly enriched at the Halrl-Hoxal locus and is located
within the same topologically associating domain (TAD)
(Figure 6B; Supplementary Figure S10). To determine if
Halrl regulates Hoxal chromatin structure, we again used
Capture-C technology to compare chromatin interactions
in WT and Halrl-KO cells using the Hoxal locus as the
anchor region (Figure 6C). Halrl deletion significantly al-
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tered Hoxal chromatin interactions, and in Halr1-KO cells,
Hoxal chromatin interactions with enhancers Enl and En2
significantly increased, while interactions with enhancer
En3 and HoxA cluster chromatin decreased (Figure 6D).
In addition, we also unexpectedly observed increased in-
teractions of two distal mini-enhancers (mEnl and mEn2)
with Hoxal chromatin in Halr1-KO cells (Figure 6C). These
results suggest that Halrl RNA bound to chromatin acts
as a scaffold, on one hand, as a ‘binder’ to facilitate inter-
action of Hoxal chromatin with enhancer En3 and main-
tain the HoxA cluster chromatin structure, and on the other
hand, as a ‘brake’ to inhibit interaction of Hoxal chromatin
with enhancers Enl and En2 and two distal mini-enhancers
(mEnl and mEn2).

Halr1 deletion promotes RA signaling-induced Hoxal over-
activation and early endoderm differentiation of ESCs

To investigate the regulation of Hoxal expression by Halrl,
we examined the mRNA expression levels of Hoxal by
gRT-PCR and showed that the mRNA expression levels of
Hoxal were significantly increased in Halrl-KO cells when
compared with WT cells in the presence of RA treatment
(Figure 6E). In addition, expression of other HoxA cluster
genes (Hoxa2—13) was also significantly increased in Halrl-
KO cells, consistent with previous reports (27,29). Consid-
ering that deletion of Halrl also increases the interaction of
Hoxal with two distal mini-enhancers (mEnl and mEn2),
itis unclear whether these enhancers regulate RA signaling-
induced Hoxal expression. Next, we also generated the two
distal mini-enhancers knockout cells by using CRISPR-
Cas9 technology (Supplementary Figure S11). At day one
after RA treatment, qRT-PCR analysis indicated significant
decreased Hoxal transcript levels relative to comparably
treated WT cells (Figure 6F), indicating that the two distal
mini-enhancers are also required for RA-induced Hoxal ex-
pression and are newly identified Hoxal enhancers. Taken
together, these data suggest that Halrl plays a critical role
in suppressing Hoxal expression during RA-induced early
differentiation of ESCs.

To further investigate the regulatory effect of Halrl in
the early stages of RA-induced ESC differentiation, we per-
formed RNA-seq in WT and Halri-KO cells at day one af-
ter RA treatment. Halrl deletion significantly altered gene
expression (Figure 7A; Supplementary Figure S12A), and
HoxA cluster genes were significantly up-regulated (Fig-
ure 7B), consistent with qRT-PCR results (Figure 6E).
Further analysis of pluripotency and germ layer genes re-
vealed that pluripotency and ectodermal genes were signif-
icantly down-regulated, while meso-endoderm was signifi-
cantly up-regulated, especially endoderm genes were more
significantly up-regulated (Figure 7C and D). Further GO-
BP analysis revealed that up-regulated genes were signif-
icantly enriched in biological processes related to embry-
onic skeletal system morphogenesis, endoderm formation
and endodermal cell differentiation, while down-regulated
genes were significantly enriched in processes associated
with stem cell population maintenance (Figure 7E; Sup-
plementary Table S10). GSEA of these biological processes
also showed significant differences (Figure 7F and G). In
summary, these results suggest that Halrl is required for
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RA signaling-induced early proper lineage differentiation
of ESCs, particularly of the endoderm.

Hoxal cooperates with Halrl to regulate RA signaling-
induced early lineage differentiation of ESCs

Our findings suggest that RA signaling activates Hoxal
and Halrl expression, and concomitantly, HOXAI1 pro-
motes Halrl expression, which in turn represses Hoxal ex-
pression. Given these complex relationships, we established
Hoxal /Halrl double-knockout (DKO) lines to investigate
effects on RA signaling-induced early ESC differentiation
(Supplementary Figure S8). RNA-seq data revealed that
Hoxal /Halrl DKO significantly altered gene expression
(Supplementary Figure S12A), and GO analysis of genes
differentially expressed in single or double knockout cells
revealed significant enrichment for biological processes as-
sociated with ESC development, such as heart develop-
ment, tissue morphogenesis, gliogenesis, embryonic mor-
phogenesis and cell fate commitment (Supplementary Fig-
ure S12B). Further analysis of biological processes associ-
ated with endoderm revealed changes in expression of sev-
eral TFs significantly associated with endoderm develop-
ment, such as Sox9, Gata3, Gata4 and Gata6 (Supplemen-
tary Figure S12C; Supplementary Table S11).

To reveal the co-regulatory effects of Hoxal and Halrl in
RA signaling-induced early lineage differentiation of ESCs,
we also analyzed pluripotency and germ layer genes ex-
pression in these knockout cells (Figure 8A). Among them,
Halrl KO promoted endoderm gene expression relative to
WT cells, while Hoxal KO suppressed endoderm gene ex-
pression, whereas endoderm gene expression in DKO cells
did not differ significantly (Figure 8B). These results reveal
that RA signaling-induced early proper lineage differentia-
tion of ESC requires expressions of Hoxal and Halrl. Fur-
ther, GO analysis after combining these differential genes in
knockout cells revealed significant enrichment in biological
processes related to heart development, vasculature devel-
opment, nervous system development and embryonic mor-
phogenesis (Figure 8C and D; Supplementary Table S12).
Taken together, these results suggest that Hoxal and Halrl
co-expression maintains RA signaling-induced early ESC
proper lineage differentiation.

HOXALI acts as a core transcriptional regulator and directly
regulates the expression of a subset of genes associated with
endoderm development

Considering that both enhancers and Halrl can regulate
Hoxal expression, and HOXALI, as a transcription factor,
has extensive downstream regulation within the genome
(18,21). To further characterize the regulatory effects of en-
hancers and Halrl through HOXA1 during RA-induced
early ESC differentiation. We also analyzed the distribution
of HOXAI binding within the genome (Figure 9A), and
HOXA1-bound genes were analyzed together with differ-
ential genes in various knockout cells using RNA-seq data.
That analysis resulted in seven gene sets (Figure 9B). Sub-
sequent GO analysis revealed significant enrichment in bi-
ological processes such as stem cell differentiation, devel-
opmental growth involved in morphogenesis, and embry-
onic morphogenesis (Figure 9C), suggesting that HOXA

may be directly involved in RA-induced ESC differentiation
as an executor in these regulatory processes. Furthermore,
to identify gene sets related to endoderm development, we
selected five gene sets enriched in developmental processes
and after overlap identified a cluster of genes directly regu-
lated by HOXA1, including Gata4, Wnt7b and Wnt3a (Fig-
ure 9D and E; Supplementary Table S13).

DISCUSSION

Temporally and spatially precise transcription of genes is
critical for ESC fate decisions. However, mechanisms under-
lying this process remain largely unclear. Previous studies
have revealed that many TFs play a central role in control-
ling gene expression during ESC differentiation (2). How-
ever, recent studies of high-order chromatin structure and
long non-coding RNAs have provided new insights into the
precise intrinsic mechanisms underlying the regulation of
gene expression (67-69). In this study, we report enhancer
architecture-dependent multilayered transcriptional regula-
tion at the Halri—Hoxal locus orchestrating RA signaling-
induced early lineage differentiation of ESCs. Our results
reveal a novel mechanism by which RA signaling facilitates
correct ESC fate decisions during early differentiation via
synergistic activity of enhancer elements, TFs and IncRNA
(Figure 10).

Maintenance of ESC pluripotency requires activation of
LIF signaling and inhibition of MEK and GSK3 pathways
(70,71). When stimulation of these signaling pathways is
withdrawn, the ESCs differentiate. In our random differen-
tiation conditions lacking RA, ESCs show marked ectoder-
mal differentiation with high expression of ectodermal mas-
ter control TFs Sox/ and Sox!I1. By contrast, RA-induced
ESC differentiation also activated endodermal master con-
trol TFs such as Gata4, Gata6, SoxI7 and Foxa2, as well
as ectodermal differentiation genes (Figure 1D), indicative
of mixed lineage differentiation at this early point (Figure
10A). Indeed, it has also been previously reported that RA
signaling significantly activates endoderm master control
TFs during ESC differentiation, already suggesting RA-
induced ESC endoderm differentiation (25,26). In addition,
recent reports reveal that in ESCs, RA signaling signifi-
cantly activates 2cell-like (2C-like) marker expression, such
as Zscan4, suggesting that RA also facilitates ESC conver-
sion to a 2C-like cell state (2CLC) (72-75). Interestingly, in
our data (Supplementary Figure S13), we also found that
the expression of Zscan4 was significantly increased during
R A-induced early ESC differentiation, while enhancers and
Hoxal both modulate Zscan4 expressions. These findings
suggest that RA signaling-induced early ESC lineage differ-
entiation may be more complex, and molecular mechanisms
underlying these complex activities warrant further analysis

TF-driven transcription plays a central role in ESC dif-
ferentiation (76,77). In our present study, the results reveal
that early ESC differentiation after RA treatment is regu-
lated on multiple levels (Figure 10B). First, we conclude that
Hoxal and Halrl are the direct downstream target genes
of RA signaling regulated by RARA/RXRA via RAREs.
The RARE at the 3’-end of Hoxal was previously reported
as required for RA-induced Hoxal expression (78,79), and
our results support this conclusion in our differentiation




A

Knockout cells
Halr1 Hoxa1l DKO

>
o
<
[]
2
<]
o
=
=
o

=
s
]
o
o
]
]
=

Endoderm

=
P
(7}
°
o
-
o
[
<
Q.
o
S
=

Boiig1

Lefty1
Myc
Zfp459
Tcl1
Kif2
Mycl
Mycn
Lrrc34
Rif1
Nr5a2
Zfp42
Gbx2
Fgf4
Sox2
Esrrb
Kif4
Prdm14
Nanog
Pousf1 C
Nes
Pax6
Tubb3
Sox11
Gli2
Zfhx3
Map2
Cdpf1
Ndrg2
Sox1

Foxn4
Kif26a
Bmp1
Nab2
Msi1
Fhi2
Twsg1
Chrd
Tbx6
Hoxb9
Elk3
Hdac7
Six2
Runx1
Nkx1-1
Foxa2
Sox17
Pdgfra
Gata4
Gatab
Pdgfrb
Cdx2
Fit1
Hand1
Krt7

Nucleic Acids Research, 2021, Vol. 49, No. 20 11589

1003

w 107
S K%
2 T *% i %
c
2 1 g=f=- 4
»
»
2
o
s
o 017
2
s
)
[:4

0.014

0.001 T T T T T T
{_O *0 ‘_o {_0 ~t_C) *O :&_O *_0 *‘0 *O +0 *‘0 *_0 *_0 *~0
R o 9 & “?\ < & “?\ < & .‘?\ < & +°\ <
2 + 2 2 2
RS o J Q~° > Q’o B Q~° B Q'o

Halr1-KO

Group 6 Group5 Group4 Group3 Group 2 Group 1

-log10(P)

02346 10 20

Regulation of cell adhesion

Vasculature development <=

Pattern specification process

Negative regulation of cell population proliferation
Hemostasis

Cell surface receptor signaling pathway involved in cell-cell signaling
Response to growth factor <=

MAPK cascade

Positive regulation of locomotion

Supramolecular fiber organization

Nervous system development <=

Head development <=

Pathways in cancer

Signaling by Receptor Tyrosine Kinases
Reproductive system development <=
Morphogenesis of an epithelium

Negative regulation of cell differentiation

Heart development <=

Cell junction organization

Embryonic morphogenesis ==

Figure 8. Hoxal cooperates with Halrl to regulate RA signaling-induced early lineage differentiation of ESCs. (A) Heatmap showing expression of pluripo-
tency and germ layer genes (RNA-seq data). (B) Changes in expression of pluripotency and germ layer genes in indicated single or double KO relative
to WT cells (RNA-seq data). Expression levels in WT ESCs were set to 1 and shown as the blue dotted line. (C) Cluster analysis of genes differentially
expressed in Halrl-KO, Hoxal-KO and DKO cells. (D) GO-BP analysis of gene clusters obtained in (C).



11590 Nucleic Acids Research, 2021, Vol. 49, No. 20

A Hoxa1 -binding peaks HOXA1-binding genes

® Promoter (2~3kb)(n = 531)
= Promoter (1~2kb)(n = 710)

u Promoter (<=1kb)(n = 4210)

Intron (n = 5804) 1298 2312 1112
=Exon (n=627)
=3' UTR(n = 277) En1-KO En2-KO En3-KO En1/2/3-KO Halr1-KO Hoxa1l-KO  DKO

Differentially expressed genes in knock out cells (FC 2 2, FDR < 0.05)

1og10(P)

[T -
[

Developmental growth involved in morphogenesis ==

- Cell junction organization

Mesenchyme development

Stem cell differentiation <=

Actin cytoskeleton organization

PRC2 methylates histones and DNA

Response to growth factor

Cardiac chamber development

Tissue morphogenesis ==

Cell projection morphogenesis

Heart development ==
-Pattern specification process

Negative regulation of cell differentiation

Regulation of cell adhesion

Vasculature development

Positive regulation of cellular component movement

Regulation of neuron projection development

Head development

Embryonic morphogenesis <=

Cell-substrate adhesion

Knock out cells
En1 En2 En3 En112_l3 Hair1 Hoxa1

DKO

Wnt7b
; -Gata4 j_
5,* Wnt3a —
"é ------------ Sema4c}
.§_ Fgfr2
g Cited2 —
% Notch1 —
. Edn1
Bmp4 ——

FC (KOIWT)

Figure 9. The core transcriptional regulator HOXA 1 directly regulates expression of a subset of endodermal development-related genes. (A) Data showing
the proportion of HOXAT1 binding peaks in various genomic loci. (B) Comprehensive analysis of differential genes enriched for regulation by HOXAL.
(C) GO-BP analysis of gene clusters obtained in (B). (D) Demonstration of common genes in selected biological process. (E) Heatmap showing expression
levels of genes overlapped in (D).



Nucleic Acids Research, 2021, Vol. 49, No. 20 11591

A
ﬁ'a'ﬁng-induced early lineage differentiati

RARAIRXRA A Halrt
e »G«
LL HOXA1
== \
RARE
'f\ Hoxa1
(o
-4
o
o
= —
_‘:“ AHalr1
c
1T

i-log1

Hoxa1lA

D Hartwr >

mEn1

IncRNA

Hoxa1

HoxA cluster

Off

tal

Halr1-KO Wnt7b

r
Gata4

'Wn t3a
-

HoxA cluster

Hoxa1 (overactivation) A

Semadc Bmp4

- |
Fgfr2

"Cited2
| 4

Notch1

|
Edn1
| 4

Figure 10. Schematic summary of this study. Schematic showing enhancer architecture-dependent multilayered transcriptional regulation at the Halrl—
Hoxal locus during RA signaling-induced early lineage differentiation of ESCs (A). (B) TF-driven gene expression: RARA/RXRA activates Halrl and
Hoxal expression via RAREs, and HOXA1 promotes Halrl expression through binding to enhancer regions. (C) Enhancer-dependent transcriptional
regulation: RA promotes increased interactions between enhancers, resulting in a tighter EEIC and expression of Halrl and Hoxal. (D) IncRNA Halrl-
mediated chromatin organization orchestrates Hoxal expression: Halrl RNA bound to DNA acts as a scaffold for chromatin structure, first as a binder to
facilitate Hoxal chromatin interaction with enhancer En3 and to maintain HoxA cluster chromatin structure, and second as a braking element to inhibit
Hoxal chromatin interaction with four distal enhancers (Enl, En2 and mini-enhancers). Endo, endoderm; Ecto, ectoderm; Meso, mesoderm; Trophe,

trophectoderm.

model. However, a RARE within the Halrl locus has not
until now been reported, and mechanisms underlying high
expression of Halrl induced by RA signaling were not clear.
Here, we identify a RARE within the Halrl locus that is
functionally comparable to that of Hoxal and required for
RA signaling to promote high Halrl expression. Secondly,
our results also further reveal that HOXAT1 can directly
promote Halrl expression. HOXAL is a core TF in RA
signaling-induced early ESC differentiation, and previous
studies have primarily characterized its regulation of cod-
ing genes (18,21), but whether it can regulate the expression
of long non-coding RNAs has not been reported. Here, we
show that HOXA1 can regulate expression of the IncRNA
Halrl, expanding its TF function. Thus, our study reveals
a novel model of multilayered regulation driven by TFs
during RA signaling-induced early ESC lineage differenti-
ation, whereby RARA/RXRA activates the expression of

Hoxal and Halrl, while HOXAT1 further promotes Halrl
expression. Furthermore, considering that both RA recep-
tors (RARA/RXRA) and HOXA1 bind and exert regula-
tory effects at the Halrl—Hoxal locus during RA signaling-
induced early ESC differentiation, the combined data above
suggest that the regulation of RA signaling at the Halrl—
Hoxal locus is more likely to be the result of synergistic
regulation by multi-factor, while the more refined underly-
ing mechanisms may require further validation.

Enhancer is essential as the functional DNA element
in ESCs maintenance and individual development (3). We
previously showed that enhancer interactions during RA-
induced ESC early differentiation result in formation of
an EEIC that regulates HoxA cluster gene expression (23).
In this study, we compared enhancer interactions in ESCs
in both undifferentiated and RA-induced differentiation
states and showed that RA signaling promoted enhancer
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interactions, with some results similar to those previously
reported (28), revealing dynamic chromatin interactions
at the Halrl-Hoxal locus (Figure 10C). Subsequently,
our further analysis indicated that these enhancers are re-
quired for RA-induced Hoxal and Halrl expression and
early ESC lineage differentiation, particularly regulating
mesendoderm differentiation, which has not been previ-
ously reported. We recently reported that two novel en-
hancers at the HoxB cluster locus are also required for RA-
induced early ESC differentiation (80). Overall, these evi-
dences reveal a direct regulatory relationship between en-
hancer and ESC lineage differentiation and highlight the
important role of functional elements such as enhancer in
fate determination of ESCs. However, we currently do not
have a thorough understanding of the underlying mecha-
nisms by which RA signaling promotes increased enhancer
interactions. Recent studies employing using HiChIP tech-
nology reveal that mechanistically TFs function to regu-
late high-order chromatin structure and promote DNA-
loop formation (81-83). Considering our previous results
showing HOXAT binding at the enhancer regions (Enl and
En2), we therefore speculate that HOXA 1 may be involved
in regulating enhancer interactions, and these need further
study.

Although IncRNAs reportedly regulate ESC multipo-
tency, only a few studies report their orchestration of
high-order chromatin structure in this context (27,33).
Halrl (also known as linc-HOXAI, Haunt, Gm15055 and
linc1547) reportedly regulates Hoxal expression in at least
three ways: by binding PURB to transcriptionally repress
Hoxal (84), by binding to the PRC2 complex to mediate
epigenetic repression (29), and by acting as a chromatin
RNA to inhibit interaction of enhancers (here, Enl and
En2) with Hoxal chromatin (27). In this study, we focus on
the regulatory effects of Halrl on chromatin structure (Fig-
ure 10D). By analyzing Hi-C and Halri-ChIRP-DNA-seq
data (8,27), we found that RA-induced high expression of
Halr] binds mainly to the Halri-Hoxal locus and acts as a
cis-acting element to regulate gene expression within a TAD
(Supplementary Figure S10). Further by Capture-C screen-
ing, we found that deletion of Halrl not only facilitated
the interactions of Hoxal chromatin with enhancer Enl
and En2 but also weakened the interactions with enhancer
En3 and HoxA cluster (Figure 6). These results suggest that
Halrl not only acts as a ‘brake’ to precisely control the in-
teractions of Hoxal chromatin with distal enhancers (27)
but also acts as a ‘binder’ to maintain the interactions with
enhancer and HoxA cluster. These results also suggest that
Halrl RNA binds to the HoxA cluster as a chromatin RNA
to maintain a relatively closed chromatin state and that in
its absence, HoxA cluster chromatin becomes opened, al-
lowing interaction with enhancers outside the cluster. Thus,
these findings not only expand the role of Halrl’s function
as a chromatin RNA but also further highlight the flexible
nature of IncRNAs to regulate gene expression by orches-
trating high-order chromatin structures.

Previous studies have shown that deletion of Halrl RNA
significantly promotes the expression of HoxA cluster genes,
while deletion of enhancer Enl significantly represses the
expression of HoxA cluster genes, revealing the opposite
regulation of HoxA cluster genes’ expression by Halrl RNA

and its genomic locus, and our findings are consistent with
that (27) (Supplementary Figure S14). Considering that we
also found that HOXA1 promotes Halrl expression, to-
gether these results suggest a significant positive feedback
regulation between Hoxal and Halrl that may resemble
a circular regulation. However, it is not clear who is the
initiator of the regulation and this needs to be explored
further (85). Furthermore, our transcriptome analysis re-
veals that Halrl regulates RA signaling-induced early ESC
lincage differentiation particularly by promoting ESC en-
doderm differentiation, a novel role for Halrl not previ-
ously reported. Interestingly, we observed that Halrl was
highly expressed in the early stage of spontaneous differen-
tiation of ESCs (without LIF/2i). This pattern of expres-
sion of Halrl in early ESC differentiation is very similar to
that of the previously reported IncRNA Ephemeron (86),
a IncRNA expressed only in mouse ESCs. Unexpectedly,
we found that Halrl is not present in human genome and
is only expressed in the mouse. We also found significant
differences in enhancer distribution and chromatin interac-
tions at the Skap2-Hoxal locus between mouse and human
(Supplementary Figure S15) (8,63,87,88). These new find-
ings suggest that Halrl is a species-specific IncRNA and
may play other regulatory roles during early mouse ESC
differentiation, which requires further investigation.

In conclusion, our studies reveal enhancer architecture-
dependent multilayered transcriptional regulation at the
Halrl-Hoxal locus orchestrating RA signaling-induced
early lineage differentiation of ESCs. These findings provide
new insight into molecular mechanisms underlying ESC
fate decisions.
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