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Abstract

TGF- signaling family plays an essential role to regulate fate decisions in pluripotency and lineage specification. How the action of TGFf3
family signaling is intrinsically executed remains not fully elucidated. Here, we show that HBO1, a MYST histone acetyltransferase (HAT) is
an essential cell intrinsic determinant for TGF- signaling in human embryonic stem cells (hESCs). HBO1~/~ hESCs fail to response to TGF
3 signaling to maintain pluripotency and spontaneously differentiate into neuroectoderm. Moreover, HBO1 deficient hESCs show complete
defect in mesendoderm specification in BMP4-triggered gastruloids or teratomas. Molecularly, HBO1 interacts with SMAD4 and co-binds the
open chromatin labeled by H3K14ac and H3K4me3 in undifferentiated hESCs. Upon differentiation, HBO1/SMAD4 co-bind and maintain the
mesoderm genes in BMP4-triggered mesoderm cells while lose chromatin occupancy in neural cells induced by dual-SMAD inhibition. Our
data reveal an essential role of HBO1, a chromatin factor to determine the action of SMAD in both human pluripotency and mesendoderm
specification.
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Introduction of adult life (3-5). Specifically, TGF-f signaling plays impor-

During early mammalian embryonic development, the epi-
blast cells undergo pluripotency exit and lineage specifica-
tion to differentiate into three germ layer fates (the neuroec-
toderm, mesoderm and endoderm) instructed by the external
signaling morphogens (1,2). TGF-f signaling is an evolution-
arily conserved morphogen signaling that regulates cell fate
decision in both embryonic development and various stages

tant roles in regulating stem cell maintenance, cell prolifera-
tion and early embryonic lineage decision and is also involved
in tumorigenesis (3-5). TGF-f signaling family contains two
subfamily branches, the TGF-f/Nodal/Activin branch and
the bone morphogenic protein (BMP) branch. During early de-
velopment, two branches differentially regulate fate decision
in early germ layer specification (6,7). BMP signaling serves
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as an essential morphogen to specify mesoderm and primitive
streak patterning, while neural fate specification usually re-
quires dual suppression of TGF-p/BMP branch signaling (8-
11). In addition, TGF-f branch signaling is essential to main-
tain the pluripotency and self-renewal of human embryonic
stem cells (ESCs), while BMP4 signaling was reported to trig-
ger human ESC differentiation (12-14).

The majority effects of TGF-B family signaling are me-
diated by SMAD transcription factors that become phos-
phorylated and activated upon ligand-receptor binding (15).
The phosphorylated SMAD2/3 induced by TGF-f branch
signaling or SMAD1/5/8 by BMP signaling form a com-
plex with SMADA4, the co-SMAD and enter nuclei to recruit
other factors such as chromatin related factors (CRFs) to me-
diate gene regulations (15-17). SMAD2/3 was reported to
bind CBP/p300, the histone acetyltransferase (HAT) catalyz-
ing histone acetylation for loosening chromatin and promot-
ing transcription (18). Other CRFs were also reported to as-
sociate with SMADs and potentialize SMAD functions, such
as TRIM33 (19), GCNS5 (20), SMIF (21), etc. However, most
of these reported SMAD associated CRFs are not known as
lineage specific factors that specify a particular lineage fate.
At the meantime, the cell intrinsic determinants for TGF-
signaling action in early embryonic development remain less
elucidated.

CRFs and chromatin modification play important roles to
regulate normal development and stem cell differentiation
(22-24). For example, polycomb repressive complex proteins
(PRC) maintain the developmental genes in a repressive but
poised state in undifferentiated ESCs through histone H3K27
trimethylations (H3K27me3) (25-27). Recently, some CRFs
were shown to play a role to regulate specific lineage fate
choice in pluripotent stem cell differentiation. We and oth-
ers have shown that PRC specifically determines neuroecto-
derm fate specification in human ESC differentiation (28,29).
hESCs deficient in EZH1 or EZH2, the PRC members failed
to generate the whole neuroectoderm lineage but maintained
mesendoderm in teratoma formation (28). Other CRFs in-
volved in specific lineage decision were also reported, such as
Whsc1 in mesendoderm (30), Setd2 in endoderm (31), Zrf1 in
ectoderm (32), etc.

Histone acetylation is a canonical epigenetic mechanism to
maintain the open chromatin structure and active transcrip-
tion in eukaryotic cells (33). HBO1 (also known as KAT7,
MYST2) is a HAT of the MYST family that belongs to three
HAT families in eukaryotic cells, and mainly catalyzes acety-
lation of histone H4 and H3K14 (34,35). HBO1 is highly
conserved from yeast to human and widely expressed in
various cell types (36). However, HBO1 functions are far
from elucidated, particularly in early embryonic fate deci-
sion. Here in this study, we reveal that HBO1 is an essen-
tial cell intrinsic determinant for TGF-f signaling/SMAD ac-
tion to regulate human pluripotency as well as mesendoderm
specification.

Materials and methods

Cell lines and culture conditions
The human embryonic stem cell lines H1 (Wi Cell)
and knockout cell lines H1-HBO1~/~—1/2# and hESCs-

HBO1~/~/OE were grown on Matrigel (Corning) coated
plates in the mTeSR1 (STEMCELL Technologies) medium.
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Culture medium was changed every day. All cell lines were
passaged every 3 days and maintained at 5% CO,.

Establishing the gene knockout or knock-in cell
lines in human ESCs

Cas9 protein and guide RNA were expressed through pX330
(Addgene). Guide RNAs (gRNAs) for the knockout and
knock-in of HBO1 were designed on the website (CCTop,
http://crispr.cos.uni-heidelberg.de). The knockout donor plas-
mid contained a left homology arm, a LoxP-flanked PGK-
puromycin cassette and a right homology arm. In addition,
the left homology arm of the knock-in donor plasmid con-
tained a 3 x FLAG tag. These donor plasmids were used for
targeting.

After all the plasmids were constructed, then 4 ug of each
pX330 plasmid and donor plasmid were electroporated into
1 x 10 H1 hESCs by Nucleofector 2b Device (Lonza). These
hES cells were cultured in mTeSR1 medium with Thiazo-
vivin (0.1 uM, Selleck) for 1 day, then screened by puromycin
(1 ug/ml, Gibco).

To identify gene knockout or knock-in cell lines, Genomic
DNA extracted by the TIANamp Genomic DNA Kit (Tian-
gen) was used in PCR experiments. For gene knockout, the
KO-F/R primers were used to amplify a ~2 kb product of the
targeted integration. For gene knock-in, the KI-F/R primers
were used to amplify a ~2 kb product of the targeted integra-
tion. All gRNA sequences and primer sequences are listed in
Supplementary Table S1.

Establishing inducible over-expression or gene
knockout cell lines in human ESCs
Inducible gene over-expression was through the Tet-on sys-
tem. Firstly, typical coding protein sequences of HBO1 were
cloned in the inducible over-expression plasmid FUW-HBO1.
FUW-HBO1 and rtTA plasmids were in company with
pMD2G and psPAX2 respectively co-transfection in 293T for
producing viral particles, which were concentrated by ultra-
centrifugation. These cells were selected with doxycycline (2
pg/ml, DOX) and puromycin, known as hESCs-HBO1-OE.
Endogenous HBO1 was deleted in the inducible over-
expression cell line. For targeting, the same method as
gene knockout in hESCs. Positive clones were selected by
puromycin and picked and cultured in mTeSR1 with DOX,
known as hESCs-HBO1~/~-OE. We got a total of three clones
of hESCs-HBO17/~/OE, and these clones showed consistent
phenotype. All primer sequences are listed in Supplementary
Table S1.

Overexpression of HBO1 mutants in the
hESCs-HBO1-/~-OE

High fidelity polymerase (Vazyme) was used in PCR to pro-
duce the wild type and all mutant cDNAs of human HBO1.
Using homologous recombination technology, these PCR
products were put into the pSIN-3 x FLAG vector, respec-
tively. After that, 293T cells were used to package these plas-
mids into lentiviruses. hESCs-HBO1~/~-OF were cultured in
mTeSR1 medium on Matrigel-coated 6-well plates without
DOX for 1 day and infected with these lentivirus containing
these above cDNAs for 1 day. Then, we used puromycin (1
mg/ml, Gibco) to screen positive cells. These primer sequences
are listed in the Supplementary Table S2.
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RNA extraction and quantitative real-time PCR

Total RNA was extracted with Trizol (Invitrogen), and com-
plementary DNA was generated using oligo dT (Takara) and
RT ACE (Toyobo). mRNA levels were quantified by real-time
PCR using SYBR Green (Vazyme) and CFX96 machine (BIO-
RAD) and were represented relative to GAPDH expression.
All the data were measured in three duplicates. All primer se-
quences are listed in Supplementary Table S2.

Western blot analysis

Total proteins of hES cells were extracted using RIPA buffer
(Beyotime) loaded on 4-20% SDS-PAGE gel and transferred
to PVDF membranes (Millipore), and incubated with primary
antibodies at room temperature for 2 h. The membranes were
washed in TBST, and incubated with HRP-conjugated sec-
ondary antibodies. HRP was detected by ECL (Trans), and
visualized by GelView 6000Plus (BLT). The information for
antibodies is listed in Supplementary Table S3.

Flow cytometry analysis

The cells were dissociated into single cells by Accutase (Sigma)
treatment, and fixed in solution buffer (BD, 554655) for
about 20 min at room temperature, washed twice with 2%
fetal bovine serum (FBS, Vistech) in PBS. Cell suspensions
were stained with antibodies, incubated at 37°C for 30
min, then further stained with secondary antibodies for 30
min, and analyzed with a CytoFLEX S (BECKMAN) using
FlowJo software. The information for antibodies is listed in
Supplementary Table S3.

Immunofluorescence analysis

The cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.3% Triton X-100 (sigma) and 10% FBS (Vis-
tech) in PBS, and stained with primary antibodies overnight
at 4°C. After washing thrice in PBS for 5 min each time, the
cells were stained with secondary antibodies for 1.5 h at room
temperature. Images were captured with an LSM 800 mi-
croscope (Zeiss). The information for antibodies is listed in
Supplementary Table S3.

Co-immunoprecipitation analysis

Briefly, Co-immunoprecipitation experiments were performed
in 293T cells based on double overexpression of both proteins.
293T cells were seeded in a 6-well plate and co-transfected
with the over-expression plasmid pSIN-FLAG-HBO1 and
pSIN-HA-SMADA4. In addition, Co-IP experiments werer per-
formed in KI-3 x FALG hESCs in the presence or not of Ben-
zonase (Beyotime). Proteins were extracted from these cells
using an immunoprecipitation kit (Biolinkedin) following the
manufacturer’s instructions. The beads-protein complex was
washed three times in wash buffer, and boiled with 30 ul
1 x SDS-PAGE sample loading buffer for 10 min and sub-
jected to western blot analysis. The information for antibodies
is listed in Supplementary Table S3.

Teratoma formation analysis

Teratoma formation assays were performed as described pre-
viously (28). Briefly, knockout and WT hES cells (1 x 10°)
were resuspended in 30% matrigel (Corning) in DMEM/F12
(Hyclone) and injected subcutaneously into severe combined
immunodeficient mice. Four weeks later, mice with tumors
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were euthanized, and tumors were fixed in 4% paraformalde-
hyde for several days, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin for histological analysis.
We had replicates for teratoma formation for each cell lines
and there were two teratomas generated from each WT hESC
line or HBO1~/~ hESC line. Mice were used according to an-
imal care standards and all experimental procedures were ap-
proved by the local ethical committee.

hESC lineage specification

Neuroectoderm differentiation was performed as described
previously (37). Briefly, hESCs were passaged at a 2:1 ratio
on new six-well plates in mTeSR1 medium and changed into
neural induction medium with 5 uM SB431542 (Sigma) and
5 uM Dorsomorphin (Sigma) the next day. After 8 days of in-
duction, cells were passaged on a new Matrigel plate at a 1:2
ratio and changed into N2B27 medium. After 16 days, canon-
ical neural rosettes appeared and were selected. These neural
rosettes were named Neural progenitor cells (NPC).

For primitive streak differentiation as described previously
(38), hESCs were dissociated by Accutase (Sigma) and on new
six-well plates at a 1:3 ratio in mTeSR1 medium with thiazo-
vivin (0.1 uM, Selleck) and changed into induction medium
the next day. The medium contained 40 ng/ml BMP4 (Pepro-
tech), 30 ng/ml ACTIVIN A (Sino Biological Inc.), 20 ng/ml
bFGF (Sino Biological Inc.), 6 uM CHIR99021 (Selleck), 10
WM LY294002 (Selleck) with 5 uM SB431542 (Sigma) and 5
uM Dorsomorphin (Sigma). After 2 days, the cells were named
T+ cells.

For gastrulation-like specification as described previously
(39), prior to differentiation, the ~80% confluent hESCs were
dissociated by Dispase (Sigma) at 37°C for 5 min. After wash-
ing cells three times in DMEM/F12 (Hyclone), the cells were
scraped off on the plates and passaged at a 1:4 ratio on
new six-well plates in mTeSR1 medium with thiazovivin (0.1
uM, Selleck). After overnight culture (designated as day 0),
the hESCs were induced for gastrulation-like specification in
mTeSR1 medium with BMP4 (50 ng/ml, R&D) for 3 days.

Gene expression RNA-seq analysis

Total RNA was extracted using Trizol (Invitrogen), and se-
quencing libraries for RNA-seq analysis were carried out us-
ing the VAHTS Universal V8 RNA-seq Library Prep Kit for
[llumina (Vazyme #NR6035) following the manufacturer’s in-
structions. The samples were run on the sequencing platform
of lllumina NovaSeq 6000.

Raw reads were filtered by Trimmomatic (v0.35) and then
mapped to the human reference genome (hg38) using Hisat2
(v2.0.4). Gene expression was calculated using SAMtools
(v1.3.1) and htseq-count (v0.6.0), then filtered by a threshold
of at least 20 average raw read counts among samples, and
normalized Using EDASeq (v2.12.0). Differential expression
was analyzed Using DESeq (v 1.18.1). Differences in gene ex-
pression with a P-value <5% and a fold-change >2 were con-
sidered significant differences. A heatmap was performed us-
ing pheatmap (v1.0.10) and Gene ontology analysis was pre-
pared using clusterProfiler (v3.6.0).

CUT&tag-seq analysis

The sequencing libraries for CUT& Tag-seq analysis were car-
ried out using the Hyperactive Universal CUT& Tag Assay Kit
for Illumina Pro (Vazyme, #TD904) following the manufac-
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turer’s instructions. The samples were run on the sequencing
platform of Illumina NovaSeq 6000. Two biological replicates
were performed for each sample.

Cutadapt (v1.13) was used to cut adaptors of raw
fastq files with parameters -m 35 -e 0.1. Processed se-
quences were then aligned to reference human genome (hg38)
by bowtie2 (v2.4.1), and parameters were set as recom-
mended in the official protocol (https://yezhengstat.github.
i0o/CUTTag_tutorial/). Low-quality mapped reads were fil-
tered out using SAMtools (v1.3.1), followed by tagging du-
plicated reads utilizing Picard tools MarkDuplicates (v1.90).
Peak calling of transcription factor and histone modifica-
tions were carried out using MACS2 (v2.1.0) and SICER2,
respectively. Peaks (blacklist region excluded) with -log(q-
value) >10 from MACS2 and score >200 from SICER2 were
kept for downstream analysis. Bigwig files were generated by
DeepTools (v3.4.3) module bamCoverage, computeMatrix,
plotHeatmap, and plotProfile modules were adopted to visu-
alize them. Annotation of peaks relied upon the annotatePeak
function of R package ChIPseeker (v1.26.0) on transcript
level, and tssRegion was set as ¢ (-3000,3000). R package
clusterProfiler (v3.18.0) provides effective ways to conduct
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis. Differentially binding
regions were identified by the Differential Peaks module, and
motif analysis was conducted by the Motifs Genome module,
both are affiliated in Homer.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism and
Microsoft Excel software. For samples at least three biologi-
cal repeats, values in all figures represent means + SD (stan-
dard deviation). The P values were calculated by two-tailed
unpaired Student’s #-test. Differences with a P value <0.05
were considered statistically significant. No samples were ex-
cluded from any analysis.

Results

HBO1-/~ hESCs undergo spontaneous neural fate
specification

To examine the role of HBO1 in human ESCs, we gener-
ated HBO1 gene knock-out in human ESCs (Supplementary
Figure S1A-C). Strikingly, HBO1~/~ hESCs displayed a com-
plete differentiation phenotype resembling neural fate cells,
even under typical culture conditions that support pluripo-
tency and suppress differentiation in human pluripotent stem
cells (PSCs) (Figure 1A). Indeed, neural fate related genes
were significantly up-regulated in HBO1~/~ hESCs based
on RT-qPCR or immunostaining assay (Figure 1B, C). Since
HBO1~/~ hESCs could not be further maintained and ex-
panded, to extensively analyze the role of HBO1, we trans-
fected a exogenous lentiviral based DOX inducible HBO1 ex-
pression in hESCs and performed endogenous HBO1 knock-
out (hESCs-HBO1~/~/OE) (Supplementary Figure S1D-H).
HBO1 expression and the undifferentiated state of hESCs-
HBO1~/~/OE were maintained by DOX treatment (Figure
1D). Upon DOX withdrawal, hESCs-HBO1~/~/OFE under-
went spontaneous differentiation towards a neural fate mor-
phology (Figure 1D). Upon longer culture at the same hESC
culture condition, we could detect substantial MAP2*/TUJ1*
neurons in hESCs-HBO1~/~/OE (Figure 1E). As a control,
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we failed to detect MAP2*/TUJ1* neurons in WT hESCs un-
der the same culture condition (Figure 1E). Western-blot data
confirms that HBO1 as well as pluripotency associated factors
OCT4 and NANOG gradually disappeared upon DOX with-
drawal, while SOX2, the known neuroectoderm factor were
sustained expression consistent to the neural fate differentia-
tion of these cells (Figure 1F). Furthermore, Since that HBO1
acetylates histones H3 and H4 (40), we examined H3 or
H4 histone acetylation and showed that H3K14ac while not
other histone acetylation was impaired HBO1 deficient cells
(Figure 1F). Based on expression analysis, neural fate genes
while not mesendoderm genes were up-regulated in hESCs-
HBO1-/~/OE (Figure 1G). Together, these data show that
hESCs-HBO1~/~ failed to maintain pluripotency under typ-
ical culture conditions that support hESC pluripotency and
underwent spontaneous neural fate specification.

The C-terminal MYST domain is essential for the
function of HBO1

HBO1 is a core catalytic subunit of MYST acetyltransferase
complexes and contains a C-terminal MYST acetyltransferase
domain and a N-terminal domain (NTD) (41) (Figure 2A).
The N-terminal domain contains a short zinc fingure (ZF)
motif that is considered to bind co-factors to regulate HBO1
functions (41). To analyze the role of these domains in HBO1
functions, we generated lenti-viral based expression vector
of different mutant forms of HBO1 deleted by either NTD
or MYST domain (Figure 2A). The expression of different
mutant forms of HBO1 could be detected western-blot as
well as immunostaining (Figure 2B, C). Based on the hESCs-
HBO1-/~/OFE system, NTD deleted HBO1 (H_NTD")
largely rescued phenotype of hESCs-HBO1~/~ (Figure 2D). In
contrast, MTST domain deleted (H_MYST ™) or HAT domain
deleted HBO1 (H_HAT ™) showed impaired function to rescue
HBO1 deficiency in hESCs (Figure 2D). Analysis on the gene
expression confirmed that H_NTD™ largely maintained ex-
pression of pluripotency associated genes and suppressed up-
regulation of neuroectoderm genes in HBO1 deficient hESCs,
while H_.MYST~ or H_HAT" lost this function (Figure 2E).
Together, these data demonstrate that the C terminal MYST
acetyltransferase domain is essential to HBO1 functions
in hESCs.

HBO1 binds transcriptionally active or poised
chromatin of pluripotency and embryonic
patterning genes in hESCs

We then sought to examine the molecular role of HBO1 in
hESCs. We firstly generated a triple-FLAGs knock-in at the
C terminal of endogenous HBO1 in hESCs (HBO1_F hESCs)
(Supplementary Figure S2A-D). HBO1_F hESCs showed typi-
cal undifferentiated morphology and HBO1_F expression was
validated by western blot (Figure 3A, B). We then performed
CUT&Tag-seq assay by anti-FLAG and also anti-H3K14ac in
HBO1_F hESCs (Figure 3C). HBO1_F binding peaks greatly
co-localized with H3K14ac perks on chromatin (Figure 3D),
consistent to previous reports and the data shown in Fig-
ure 1F that HBO1 catalyzed H3K14ac (42,43). HBO1 and
H3K14ac co-bound genes were highly enriched in functions
related stem cell regulations (Supplementary Figure S2E).
Roughly 50% of HBO1 and H3K14ac peaks localized on
promoter region, and a portion of previously identified en-
hancers (44) was also associated with HBO1 and/or H3K14ac
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(Supplementary Figure S2F, G). Generally, HBO1 highly en-
riched genes showed more elevated expression levels com-
pared with HBO1 less-enriched genes (Figure 3E, F). We
and others have shown that the pluripotency and homeosta-
sis genes in hESCs have active chromatin associated with
H3K4me3 while the developmental genes are repressed with
H3K27me3 (26,27). HBO1 highly enriched genes showed
a high level of H3K4me3 but less H3K27me3 enrichment
(Figure 3G, H, Supplementary Figure S2H). Conversely,
H3K27me3 less-enriched genes exhibited higher HBO1 en-
richment compared with H3K27me3 high-enriched genes
(Figure 31-K). Together, these data indicate that HBO1 bound
transcriptionally active or poised genes rather than inactive
genes in human ESCs. For example, genes related to self-

renewal, stem cell functions or other critical homeostasis func-
tions, such as POUSF1, SOX2, LIN28A, etc. were highly en-
riched in HBO1 binding (Figure 3L, Supplementary Figure
S21). However, some housekeeping genes that known as stem
cell genes were less bound by HBO1, such as mitochon-
drial genes (Figure 3L, Supplementary Figure S2K). In ad-
dition, HBO1 also preferentially bound early essential em-
bryonic patterning genes in hESCs such as PAX6, SOXI,
SOX17, T, etc. (Figure 3M, Supplementary Figure S2]), rather
than other H3K27me3 associated genes such as behavior
related genes (Figure 3M, Supplementary Figure S2L). To-
gether, these data suggest that HBO1 preferentially binds
transcriptionally active genes that are related to pluripotency
in hESCs.
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HBO1 and SMAD4 assoaciate and co-occupy on
pluripotency related genes in hESCs

Since dual-SMAD (SB431542/Dorsomorphin) inhibition in
hESCs leads to pluripotency exit and neural fate differen-
tiation (10), resembling the phenotype of spontaneous neu-
ral differentiation in HBO1 deficient hESCs. To further ex-
amine whether HBO1 regulates TGF-f functions in hESCs,
we searched enriched transcription factor (TF) motifs in
HBO1 peak regions and revealed that the SMAD motif was
among the top enriched motifs (Figure 4A). Indeed, we further
showed that HBO1 and SMAD4, the co-SMAD for both TGF-
B branches were associated based on co-immunoprecipitation
assay (Figure 4B). Furthermore, using HBO1_F hESCs, we
showed that the endogenous SMAD4 and HBO1 were in-
teracted and this interaction could be impaired by the nucle-
ase treatment (Figure 4C), indicating that their interaction de-
pends on chromatin binding. We then performed CUT& Tag-
seq assay by anti-SMAD4 in HBO1_F hESCs. SMAD4 and
HBO1 showed substantial overlap on chromatin occupancy in
hESCs (Figure 4D). The top genes bound by both factors were
highly enriched in genes related to pluripotency, early embry-
onic patterning, self-renewal etc. (Figure 4E, F). These data
indicate that HBO1 might be a downstream effector recruited
by SMAD4 to mediate TGF-f actions at the chromatin level.
It’s known that TGF-B family member genes are also direct
targets of TGF-f signaling to form a feedback auto-regulatory
mechanism (45,46). These genes were suppressed by the dual-
SMAD inhibition in human ESCs (Figure 4G). We showed that
these genes were also suppressed in HBO1 deficient hESCs al-
beit in the presence of TGF-{ signaling (Figure 4H), indicating
that HBO1 is important for the TGF-f signaling target gene
expression in human ESCs.

SMAD inhibition alleviates HBO1 chromatin
occupancy in hESCs

We next examined interdependency of SMAD4 and HBO1 in
chromatin occupancy. We firstly analyzed SMAD4 chromatin
bindings in HBO1 deficient hESCs. Upon DOX withdrawal,
hESCs-HBO1~/~ /OE cells lost most of HBO1 protein at day
3 of DOX withdrawal (HBO1~/~ hESCs) but still maintained
undifferentiated phenotype with a high level of OCT4 pro-
tein (Figure SA-C, Supplementary Figure S3A-C). SMAD4
chromatin occupancy showed no significant impairment in
HBO1~/~ hESCs compared with WT hESCs (Figure 5D, E).
Over 90% of SMAD4 associated genes were overlapped in
between WT and HBO1~/~ hESCs (Figure SF). Examples for
SMAD#4 associated genes in WT and HBO1~/~ hESCs were
shown in Figure 5G. On the other hand, we analyzed HBO1
chromatin bindings in hESCs with dual-SMAD inhibition (2i)
(Figure SH). Strikingly, HBO1 chromatin enrichment was sig-
nificantly reduced in 2i-treated hESCs (Figure 51). About 50%
of HBO1 associated genes in WT hESCs significantly reduced
HBO1 enrichment down below the peaking-calling bar in 2i-
treated hESCs (Figure 5J). Examples for these HBO1 associ-
ated genes in WT or HBO1~/~ hESCs were shown in Figure
5K. These genes include pluripotency associated genes as well
as other linage genes (Figure 5K). Together, these data suggest
that SMAD4 is important for HBO1 chromatin occupancy in
hESCs.

HBO1 specifies human mesendoderm

TGF-f branch and BMP branch of the TGF-$ family play
different roles to regulate human ESCs. TGF-f branch sig-

Nucleic Acids Research, 2024, Vol. 52, No. 9

naling supports self-renewal while the BMP branch triggers
differentiation (14,47,48). BMP4 was also reported to in-
duce hESCs to form a 2D gastruloid model containing typ-
ical three early germ layer lineages (39). To further examine
whether HBOT1 is essential for BMP action in hESC differen-
tiation, we performed BMP4 induced gastruloid formation in
the presence or absence of HBO1 (Figure 6A). We then trig-
gered gastruloid formation on hESCs-HBO1~/~/OE cells by
BMP4 at day 3 of DOX withdrawal based on the previously
published protocol (39) (Figure 6B). As expected, we could
clearly detect various early embryonic lineage fates in 2D
gastuloids derived from wild-type (WT) hESCs, represented
by immunostaining of lineage markers including SOX2/NES
for neuroectoderm, GATA3 for trophectoderm, T for meso-
derm and SOX17/GATAG6 for endoderm (Figure 6C). In con-
trast, we failed to detect T* or GATA6*/SOX17* mesendo-
derm in HBO1 deficient hESCs, while the SOX2* neuroecto-
derm lineage cells were enhanced (Figure 6D). Consistently,
the mesendoderm genes were greatly suppressed in gastru-
loids formed in HBO1 deficient hESCs, according to RNA-
seq data (Figure 6E-H). Lastly, we performed teratoma for-
mation on WT and HBO1 deficient hESCs. We could eas-
ily detect tissue structures for all three germ layers in ter-
atomas derived from WT hESCs (Figure 6]). In contrast, the
mesendoderm tissue structure is very rare in teratomas de-
rived from HBO1 deficient hESCs, while the neuroectoderm
represented the majority of teratoma tissue (Figure 6I). In
addition, we also performed directed differentiation of neu-
ral or mesoderm fate in hESCs-HBO1~/~/OE based on pre-
viously published protocol (37,38). Based on neural differ-
entiation protocol through dual-SMAD inhibition (2i), we
showed that HBO1 deficiency promoted neural differentia-
tion while HBO1 over-expression (OE) suppressed neural dif-
ferentiation in hESCs (Supplementary Figure S4A-F). Simi-
larly, based on our previously published protocol to trigger
hematopoietic progenitor cells (HPCs) differentiation through
mesoderm, HBO1 deficient hESCs showed severe defect in
generation of T* mesoderm cells while HBO1 OE enhanced T*
mesoderm cell generation (Supplementary Figure S4G-I). In
hESCs-HBO1~/~/OE derived T* mesoderm cells, withdrawal
of DOX for inactivation of HBO1 expression did not show se-
vere cell death (Supplementary Figure S4], K), indicating that
impairment mesoderm specification in HBO1 deficient hESCs
was not due to the cell death of these cells. Taken all the data
together, we demonstrate HBO1 plays a critical role to specify
mesoderm cell fate triggered by BMP4 signaling pathway.

HBO1 and SMAD4 specify the active chromatin for
mesoderm genes upon pluripotency exit

To further investigate the role of HBO1 in mesendoderm
specification, we examined its chromatin occupancy switch
in mesoderm or neural progenitor cells (NPCs) derived from
hESCs. Firstly, we triggered HBO1_F hESCs into T* meso-
derm lineages based on our previously reported hematopoietic
differentiation protocol through which hESCs could be con-
verted into nearly 100% T* mesoderm lineage cells at Day
2 of differentiation (38). hESCs derived NPCs were gener-
ated by the previously published typical dual-SMAD signaling
inhibition strategy to suppress both branches of TGF-p sig-
naling (37) (Figure 7A, Supplementary Figure S5A, B). Sub-
stantial levels of HBO1 protein could be detected in both
hESCs derived T* mesoderm cells and NPCs, albeit a slight
down-regulation compared with undifferentiation hESCs
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(Figure 7B, C). We then examined genome wide occupancy
by HBO1 and SMAD4 in mesoderm cells and NPCs. Chro-
matin binding intensities of HBO1 or SMAD4 showed signif-
icant reductions in both hESCs derived mesoderm cells and
NPCs compared with undifferentiated hESCs (Figure 7D, E).
However, a substantial number of confident HBO1 or SMAD4
chromatin binding peaks could be called out in mesoderm cells
based the stringent peak-calling bar (Supplementary Figure
S5C, D). In contrast, we failed to detect binding peaks of
HBO1 and SMAD4 in NPCs based on the same algorithm
(Supplementary Figure S5C, D). Since hESCs derived NPCs
require dual-SMAD inhibition, it was not surprise that no
confident SMAD4 chromatin binding peaks could be detected
(Supplementary Figure SSE). Lastly, we examined chromatin
occupancy of HBO1 and SMAD4 in mesoderm cells trig-
gered by BMP4 signaling. Compared with their chromatin oc-
cupancy in undifferentiated hESCs, HBO1 or SMAD4 bind-
ing peaks were divided into three groups i.e. reduced, main-
tained or gained (Figure 7F). The genes that showed re-
duced HBO1/SMAD4 in mesoderm cells were enriched in
neural developmental genes as well as pluripotency genes
(Figure 7G, H). In contrast, the mesoderm lineage associ-
ated genes maintained or gained HBO1/SMAD4 bindings in
mesoderm cells (Figure 7G, I). Together, these data indicate
that HBO1/SMAD4 co-bind the mesoderm lineage associated
genes upon pluripotency exit.

Discussion

CRFs have been known to be important in lineage fate
decision through establishing an lineage specific signature
for epigenome (49,50). Early embryonic lineage decision
was mainly instructed by the external signaling morphogens
(51,52). How the morphogen signaling is intrinsically inter-
preted to establish the lineage specific epigenetic signature re-
mains not fully elucidated. TGF-B family signaling represents
the most important morphogen in early embryonic pattern-
ing and lineage decision (53,54). Here in this study, we re-
veal that HBO1, a known histone acetyltransferase (HAT) de-
termines the action of SMAD in both human pluripotency
and mesendoderm lineage specification. TGF-f fails to acti-
vate target genes and support pluripotency in hESCs in the ab-
sence of HBO1. HBO1~/~ hESCs exit pluripotency but spon-
taneously give rise to neuroectoderm fate rather than the ran-
dom fate choice. Moreover, HBO1 deficient hESCs failed to
specify mesendoderm that were triggered mainly by BMP4
signaling. Our results highlight that CRFs are instructed by
the external morphogen signaling to specify the poised lin-
eage specific chromatin state. Indeed, HBO1 and SMAD4 co-
occupy the chromatin of mesoderm lineage associated gene in
hESCs derived mesoderm cells while reduce chromatin occu-
pancy in NPCs with suppressed TGF-p signaling, indicating
that HBO1 depends on SMAD4 to bind the target chromatin
for the normal TGF-§ signaling action.

HBO1 belongs to MYST family HAT that mainly catalyzes
H3K14ac and is highly conserved from yeast to human (55).
Compared with another HAT, CBP/P300 that were exten-
sively investigated, the role of HBO1 has not been fully un-
covered. Our findings reveal that HBO1 serves as a critical
cell intrinsic CRF to for the function of TGF-p family signal-
ing morphogens in early embryonic lineage patterning. Our
data are consistent with previous studies that mouse embryos
lacking Hbo1 were lethal at the early embryonic stage due to
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a widely disorganized tissue (56). Together, these data indicate
that HBO1 plays an important role to regulate critical lineage
decision in early embryonic development.

Besides, HBO1 was also shown to link to cancer genesis
(41). HBO1 was found to be over-expressed in various cancers
with gene amplification (57-59). The somatic mutation fre-
quency in human HBO1 in cancer cells is also very high (41).
HBO1 was shown to promote cell proliferation in bladder and
breast cancers and also related to drug resistance in pancreatic
cancer (60-62). Up-regulation of HBO1 was shown to con-
nect to the poor prognosis in gastric cancer (58). However, on
the other hand, HBO1 was also reported to be suppressed in
acute myeloid leukemia (63), indicating that the role of HBO1
in cancer is largely context-dependent. The HBO1 function to
embryonic lineage fate decision described here is largely de-
pendent on TGF-f signaling. Interestingly, TGF-p signaling
is also well known to play important role in cancer genesis
(4,64). TGF-B induces an epithelial-mesenchymal transition
(EMT) in cancer cells and promotes their metastasis (65,66).
It will be interesting to elucidate whether HBO1 is also a cell
intrinsic determinant for TGF-f signaling in cancer genesis.
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