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Abstract
Dissecting epigenetic mechanisms controlling early cardiac differentiation will provide insights into
heart regeneration and heart disease treatment. SWI/SNF complexes remodel nucleosomes to
regulate gene expression and play a key role in organogenesis. Here we reported a unique function
of BAF250a in regulating the physical interaction of OCT4 and β-CATENIN during cardiac lineage
differentiation from human ESCs. BAF250a deletion greatly reduced the physical interaction
between OCT4 and β-CATENIN but did not alter the expression of β-CATENIN and OCT4 in the
mesodermal progenitor cells. BAF250a ablation led to decreased recruitment of OCT4 and βCATENIN at promoters of key mesodermal lineage genes, such as MESP1 and EOMES.
Subsequently, the expression of lineage specific genes was down-regulated whereas the expression
of pluripotent genes was up-regulated. In parallel, BAF250a ablation also altered recruitments of
OCT4 and β-CATENIN to the promoter of CCND2 and CCND3, two key genes for S phase entry
+
during cell cycle. Consequently, BAF250a deletion led to prolonged S phase in Mesp1 cardiac
+
+
progenitor cells, which in turn inhibited efficient differentiation of Mesp1 to Isl1 cells.
Furthermore, BAF250a deletion abolished the interaction of OCT4 and BRG1 in mesoderm,
suggesting that BAF250a is the key component in SWI/SNF complex that determines the
interaction of Oct4/β-catenin in mesoderm. In contrast, we found that BAF250a did not regulate the
OCT4/β-CATENIN interaction during neuroectoderm differentiation. Altogether, our results
suggest that BAF250a specifically controls proper cardiac mesoderm differentiation by
reorganizing the binding of OCT4/β-CATENIN and regulates both key lineage differentiation genes
and cell cycle genes coincided in response to WNT/β-CATENIN signal.
Keywords: SWI/SNF complex, cardiac differentiation, epigenetics, cell cycle
Highlights
BAF250a is required for hESC cardiac differentiation
BAF250a is required for the assembly of Brg1/OCT4/β-CATENIN complex and the recruitment of
OCT4/β-CATENIN to cardiac genes
BAF250a is dispensable for the interaction of OCT4/β-CATENIN interaction in neuroectoderm
differentiation
BAF250a interacts with OCT4/ β-CATENIN to promote cardiac differentiation by regulating cell cycle.
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1. Introduction
Dissecting the molecular mechanisms underlying the differentiation of pluripotent stem cells (PSC) into
tissue specific progenitors and terminal differentiated cell types are key to understanding organ
development and regeneration. Within heart, embryonic cardiac progenitor cells (CPCs) are promising
cell sources for cell-based therapies for heart disease. Direct differentiation of CPCs from PSCs has been
achieved based on the knowledge of embryonic development (1,2). Each step of differentiation is tightly
regulated by stage-specific signals and epigenetic regulation(3). In particular, an initial WNT activation
and subsequent WNT inhibition is required for CPC differentiation(4). In parallel, epigenetic regulations
including histone modification and chromatin remodeling are also believed to contribute to the precise of
cardiac differentiation(5). However, how WNT signaling and epigenetic regulation work together to
direct cardiac differentiation is poorly understood.
SWI/SNF ATP-dependent chromatin remodeling complexes modulates the chromatin accessibility by
reorganizing nucleosomes to regulate chromatin accessibility and are essential in organogenesis(6). BAF
complexes also interact directly with other epigenetic factors and transcription factors in regulating gene
expression. Studies from numerous research groups including us reveal that BAF complexes are
important for embryonic stem cell (ESC) pluripotency and cardiogenesis(7-11). Nevertheless, the
underlying epigenetic mechanisms of BAF mediated cardiac lineage specification are not well understood.
Cell cycle control is another key regulatory process during differentiation. Recent studies have identified
cross-talk between cell cycle and cell fate determination of human ESCs (hESCs)(12,13). The hESCs
have a unique cell cycle pattern with a short G1 phase, while their differentiation lengthened the G1
phase(14). The differentiation potential of hESCs vary at different cell cycle stage. It is shown that the
activity of Activin/Nodal signal is regulated by cyclinD-CDK4/6 complex in early and late G1 stage(12).
S and G2 phases have further been found to actively promote pluripotent state(15). These studies suggest
that cell cycle phases could play an essential role in commitment of mesodermal cells into cardiac
lineages, a notion that remains to be confirmed.
In this study, we define a unique function of BAF in regulating cardiac lineage differentiation in human
ESCs by examining a key regulatory subunit BAF250a. By taking advantage of a conditional BAF250a
knockout human ESCs we generated(16), we observed that BAF250a is required for the physical
interaction of OCT4 and β-CATENIN in mesoderm cells. Consequently, BAF250a deletion affected the
recruitment of OCT4 and β-CATENIN at target gene promoters and altered gene expression of
differentiation, pluripotent, and cell cycle genes. We further revealed that the BAF250a deletion led to S
phase population increase of mesodermal cells which have less differential potential into Isl1+ CPC cells.
In addition, we found that BAF250a was dispensable for the interaction of OCT4 and β-CATENIN during
neuroectoderm differentiation and BAF250a deficiency did not affect neuroectoderm differentiation.
These results suggest an important role of BAF250a in reorganizing the binding of OCT4/β-CATENIN
and regulating both key genes for lineage differentiation and cell cycle phases for proper cardiac
mesoderm differentiation in response to WNT signal.
2. Methods
2.1.
hESC culture and differentiation
hESCs were maintained on Matrigel-coated dishes with mTseR1 medium as described(34). The
differentiation of hESC to cardiomyocyte was performed using sequential WNT modulation (4). Briefly,
hESCs was dissociated into single cells with Versene solution. 1 million hESCs were plated to a 35mm
dish with 10 µM Rock inhibitor. 6 µM GSK3 inhibitor CHIR99021 in chemical defined medium (CDM,
0.5% Human Albumin in RPMI1640) was added to the confluent hESC to induce the differentiation for
two days. Cells were recovered for two days in CDM, then treated with 2 µM IWR1 in CDM for another
two days. The culture medium was changed to CDM for two days, then 3% Knockout serum replacement
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was added to CDM in subsequent cultures. For neuroectoderm differentiation, the hESC monolayer
culture was subject to differentiation medium (20% KOSR in KO DMEM) containing 500nM
LDN193189 and 10 µM SB431542 for 4 days(26). Then the differentiation medium was changed to
containing 25%, 50%, 75% and 100% N2 medium every other day from day 4 to day 12. The medium
was changed every day. Day 12 cells were harversted for FACS and RT-qPCR analyses.
2.2.
Western Blot
Cells were lysed in 0.25% Triton X-100; 50 mM Tris HCl, pH 7.4; 150 mM NaCl; 1 X protease inhibitors
(Roche) then spun at 16000xg for 5 min at 4°C. Laemmli sample buffer was added before boiling for 5
minutes. Primary antibody OCT4 (sc-8628, 1:1000), BRG1(ab4081, 1:1000), BAF250a (sc-32761,
1:1000), T (sc-17745, 1:1000), active β-CATENIN (CST 4270, 1:1000) and β-ACTIN (CST4970, 1:2000)
was applied to the blots at 4°C overnight. Secondary antibody from LiCOR was used for detection.
2.3.
Co-immunoprecipitation - The co-immunoprecipitation was performed as previously described(8).
Briefly, day 1 differentiated cells were harvested in cold PBS and extracted for 30 min at lysis buffer
(20mM HEPES pH8.0, 150mM NaCl, 1% NP-40, 2mM EDTA) with proteinase inhibitors. After
centrifugation, 5% of supernatant was kept in 4°C as input. The remaining supernatant was separated into
equal volume and incubated with 1 μg of OCT4 or rabbit IgG with 20 μL Dynabeads at 4°C overnight.
The complex was washed 4 times in wash buffer (20mM HEPES pH8.0, 150mM NaCl, 0.1% NP-40,
2mM EDTA). Beads were boiled for 5 minutes in 1x SDS buffer to denature proteins. After SDS-PAGE,
western blots were performed using antibody against β-CATENIN (CST8480, 1:1000) and active βCATENIN (1:1000).
2.4.
Immunostaining
Embryos were fixed in 4% paraformaldehyde at 4°C overnight and embedded in paraffin. Sections were
collected using microtome. Sections were blocked with 10% horse serum in PBS buffer containing 0.1%
Tween 20 and 0.1% Triton X-100 for 1 h at room temperature and incubated with goat anti-T (sc-17745
1:100), mouse anti-OCT4(sc-8628, 1:200) and rabbit active β-CATENIN (CST 4270, 1:200) at 37°C for 1
h. Then sections were washed three times with PBS buffer with 0.1% Tween 20 before being incubated
with a donkey anti-goat Alexa 488-conjugated, donkey anti-mouse Alexa 594-conjugated and donkey
anti-rabbit Alexa 647-conjugated antibodies at room temperature for 1 h. After washes, section slides
were mounted and analyzed by fluorescent microscopy.
2.5.
Proximity ligation assay (PLA)
PLA was performed using Duolink® In Situ Red kit (DUO92101) according to Sigma’s protocol. Briefly,
E7 embryo sections were dewaxed with xylene, and rehydrate with descending alcohol. Antigen retrieval
was performed by microwaving section in pH9 Tris-EDTA buffer for 15 minutes. The section was
permeabilized with 0.2% Triton X-100 and blocked in 5% horse serum for 1 hour. Incubation with
primary antibodies OCT4 and β-CATENIN were performed at 4°C overnight. Sections were washed for
three times in PBST. The ligation and detection of OCT4/β-CATENIN by proximity probes was
performed according the manufacture’s protocol.
2.6.
Chromatin immunoprecipitation
ChIP experiments were performed as previously described(8). Briefly, cells were fixed in 1%
formaldehyde for 10 minutes and quenched with 0.125M glycine for 5 minutes. Cells were then harvested
and sonicated into 200-1000bp using branson sonifier. Chromatin solution was incubated with Dynabeads
and antibodies against OCT4 or β-CATENIN overnight. Beads were washed four times with LiCl wash
buffer followed by one wash of TE buffer then eluted with elution buffer at 65 °C. DNA was purified
using phenol:chloroform extraction. Enrichment of immunoprecipitated DNA was then validated by
quantitative PCR.
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3. Results
3.1.
BAF250a Deletion disrupted cardiomyocyte differentiation but not primitive induction of hESCs
To examine the role of BAF250a in human cardiac differentiation, we used direct differentiation protocol
(Fig 1A) in a 4-hydroxytamoxifen(4-OHT)-inducible BAF250a knockout (KO) hESC line we
generated(4,16). 4-OHT was added one day before induction of differentiation (day -1) and BAF250a was
undetectable after 24 hours of 4-OHT treatment. The percentage of T+ cell was not affected after
BAF250a deletion (Fig 1B). However, the T expression was slightly decreased after BAF250a deletion at
day 1 of differentiation (Fig 1C). In contrast, deletion of BAF250a at ESC stage led to significant
reduction of cTNT+ CMs (Fig 1D). We further found that BAF250a deletion in ESC led to decreased
differentiation efficiency of MESP1+ cell and ISL1+ CPC cells (Fig 1D). These results indicated that
BAF250a was dispensable in the primitive induction during hESC differentiation and was required for
efficient cardiomyocyte differentiation from mesodermal progenitor cells.
3.2.
BAF250a was required for OCT4/β-CATENIN interaction
WNT/β-CATENIN signaling pathway is essential for gastrulation and mesodermal formation and are key
factors in the established cardiac lineage differentiation from hESCs(17). We therefore examined the
expression and activity of WNT/β-CATENIN with and without BAF250a during hESC differentiation.
We found that the expression of active form β-CATENIN in day 1 differentiated cells was not changed
after BAF250a deletion (Fig 1C). Moreover, the expression of OCT4, which has been shown to have
important roles in mesoderm differentiation(18,19), was not affected by BAF250a deletion (Fig 1C). We
then hypothesized that BAF250a might be required for the physical interaction of OCT4 and β-CATENIN
in the mesoendoderm cells during hESC differentiation, as BAF250a interacts with OCT4 in ESCs(20)
and OCT4/β-CATENIN interaction is important for proper mesoderm differentiation(19). Coimmunoprecipitation experiments at day 1 of differentiation demonstrated decreased interaction of OCT4
and β-CATENIN or active β-CATENIN in BAF250a depleted cells (Fig 2A, B), indicating that BAF250a
was required for efficiency physical interaction of OCT4 and β-CATENIN. Consistent with this finding,
we detected that OCT4 and β-CATENIN was co-localized at T+ cells at E7.0 mouse embryos (Fig 2C).
Moreover, OCT4 and β-CATENIN interaction was also observed in E7.0 embryos by Proximal ligation
assay (PLA) (21)(Fig 2D). As BRG1, the core catalytic subunit of SWI/SNF complex, has been shown to
interact with OCT4 in ESCs (22) and BAF250a is considered a regulatory subunit and does not affect the
formation of the core SWI/SNF complex, we wonder whether the observed BAF250a and OCT4/βCATENIN interaction is secondary to BRG1 and OCT4/β-CATENIN interaction. Surprisingly, we found
that the interaction of OCT4 and BRG1 was abolished in BAF250a KO cells (Fig 2E&F), indicating that
BAF250a is a key subunit determining the interaction of SWI/SNF with OCT4 in mesoderm cells.
Together with our previous finding that BAF250a is essential for mesoderm formation during mouse
embryogenesis(23), our results suggested that BAF250a-mediated OCT4/β-CATENIN interaction is key
to cardiac mesoderm specification during development.
3.3.
Proper OCT4 and β-CATENIN interaction mediated by BAF250a guided cardiac mesoderm gene
expression
To reveal the function BAF250a-mediated OCT4/β-CATENIN interaction in the differentiation of cardiac
mesoderm, we first investigated the mesodermal gene expression at day 1 and day 3 after hESC
differentiation. MESP1 and EOMES expression was significantly down regulated in BAF250a KO cells.
We also found that the pluripotent gene SOX2 and NANOG expression were not properly turned down in
BAF250a KO cells. In addition, we also detected upregulation of neural gene expression TFAP2A (Fig
3A). These results suggest that BAF250a is required for proper silencing of pluripotent genes and neural
genes during differentiation. Given that SWI/SNF complex is essential to create accessible chromatins
(24), we then examined the recruitment of OCT4 and β-CATENIN at MESP1, EOMES and TFAP2A
promoters, as OCT4/β-CATENIN interaction is important for the activation of cardiac mesoderm genes
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and repressing neural genes. ChIP assays showed decreased recruitment of OCT4 and β-CATENIN to
MESP1 and EOMES promoters, whereas only decrease of OCT4 recruitment was found at TFAP2A
promoters (Fig 3B, C). In addition, we found that the H3K27me3 modifications at MESP1 and EOMES
promoters were not efficiently removed in BAF250a KO cells, while lower H3K27me3 level was found
in TFAP2A promoters (Fig 3D). Considering that OCT4/β-CATENIN replace OCT4/Sox2 to promote
cardiac mesoderm differentiation(25) and play a critical role in neural gene repression(19), it is likely that
BAF250a is required for efficient OCT4/β-CATENIN recruitment to targets for both silencing pluripotent
genes and activating cardiac mesoderm genes.
To examine whether the role of BAF250a is specific for mesoderm lineage, we next determined the
differentiation efficiency of neuroectoderm from hESC using a dual inhibitor neuroectoderm
differentiation assay (26) using both WT and BAF250a KO hESCs. We found that the percentage of
Pax6+ neuroectoderm cells was not affected in BAF250a KO cells at days 12 after inducing differentiation
(Fig 4A). The expression levels of TFAP2A and PAX6 were also comparable between WT and BAF250a
KO cells (Fig 4B). Importantly, we found that the interaction of OCT4 and β-CATENIN was not affected
in BAF250a KO cells at day 2 of neuroectorderm differentiation (Fig 4C&D). Furthermore, the
recruitment of OCT4 and β-CATENIN to TFAP2A and PAX6 was not changed in BAF250a KO cells
(Fig 4E&F). These results suggested that BAF250a was dispensable for the interaction of OCT4 and βCATENIN during neuroectoderm differentiation, which was distinct from its key role in regulating the
interaction of OCT4 and β-CATENIN during mesoderm differentiation.
3.4.
BAF250a deletion led to prolonged S-phase in MESP1+ cells and poor differentiation potential of
+
MESP1 cells to ISL1+ CPCs
To further determine how the disassociation of OCT4/β-CATENIN contributed to the later cardiac
differentiation defects shown in Fig 1, we examined how the cell cycle and genes essential for cell cycle
regulation were affected by BAF250a ablation, as cell cycle control is a key regulatory process for
differentiation(27), and BAF250a, OCT4 and WNT/β-CATENIN are all involved in cell cycle regulation.
We labeled the proliferating mesoderm cells with 5-ethynyl-2-deoxyuridine (EdU) pulse at day 3 for one
hour (Fig 4A). FACS analysis was performed immediately after EdU pulse labeling and showed a higher
percentage of S phase cell population and a lower G1 phase cell population in BAF250a deficient cells,
indicating that BAF250a deletion led to prolonged S-phase in MESP1+ cells (Fig 4B). When we examined
the EdU labeled cells at Isl1 CPC stage, we detected about 43.8%±7.4% of EdU-/ISL1+ cells and
13.0%±4.3% of EdU+/ISL1+ cells from WT hESC differentiation, but only 32.4%±5.6% of EdU-/ISL1+
cells and 1.0%±0.4% Edu+/ISL1+ cells from the differentiation of BAF250a KO hESCs (Fig 4C),
suggesting that the ISL1+ cells are largely derived from non-proliferating mesoderm cells and BAF250a
could contribute to the differentiation of ISL1+ cells by regulating cell cycle of mesoderm cells.
We next examined the cell cycle genes regulated by BAF250a, together with OCT4 and WNT/βCATENIN. Expression of G1/S transition protein CCND2 and CCND3 was significantly higher in
BAF250a KO cells (Fig 4D). We detected decreased recruitment of OCT4 and increased recruitment of βCATENIN at both CCND2 and CCND3 promoters (Fig 4E,F). Since overexpression of OCT4 in somatic
cell reduces cell proliferation(28) and activation of WNT/β-CATENIN leads to the proliferation of ISL1+
CPCs(29), it is likely that BAF250a regulates proper expression of CCND2 and CCND3 by modulating
the recruitment of OCT4 and β-CATENIN to the promoters of proliferation driving genes. Together, our
results strongly suggested that the prolonged S phase in Mesp1 cells caused by BAF250a deletion was a
major contributor to defective Isl1 CPC differentiation.
4. Discussion
In this study, we show that BAF250a regulates cardiac lineage specification through regulating the
interaction of OCT4 and β-CATENIN and their recruitment to target genes. BAF250a-mediated OCT4/ β-
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CATENIN interaction not only fine-tunes the MESP1 and EOMES gene expression but also regulates the
cell cycle progression of mesoderm cells. We further demonstrate that BAF250a regulates G1/S transition
in mesoderm cells, which is critical for the differentiation into cardiac lineage. Therefore, by modulating
the interaction and recruitment of OCT4 and β-CATENIN, BAF250a guides the direct cell-type specific
gene expression and the cell cycle machinery in mesodermal cells to promote cardiac lineage commitment.
Importantly, our data indicate that BAF250a is a key subunit regulating SWI/SNF activity. We show that
BAF250a is required for BRG1 interaction with OCT4 in mesoderm cells. In addition, the observed key
role of BAF250a in regulating cardiac mesoderm differentiation appears lineage specific, as BAF250a is
dispensable for the interaction of OCT4 and β-CATENIN during neuroectoderm differentiation and
BAF250a deficiency does not affect neuroectoderm differentiation.
We report here that BAF250a is required for efficient interaction of OCT4 and β-CATENIN in T+ cells
for proper cardiac mesodermal differentiation. Direct differentiation of cardiomyocytes from human ESCs
is based on sequential stimulation and inhibition of WNT/β-CATENIN signals identified during
cardiogenesis(4). Dynamic Oct4 recruitment to the genome in response to different signals is required for
proper differentiation of mesoderm from hESCs(19,30) and the interaction of OCT4 and β-CATENIN is
essential for mesoderm differentiation(19). In this report, we have identified that the physical interaction
of OCT4 and β-CATENIN is significantly reduced in BAF250a KO cells, which leads to aberrant
recruitment of Oct4 and β-CATENIN to the promoter of mesoderm genes, such as MESP1 and EOMES.
OCT4/β-CATENIN has been revealed to prepattern the epigenome by regulating PRC2 recruitment to the
mesoendoderm genes, whereas BAF250a/BAF complex is required for PRC2 eviction in the genome(31).
In our study, we find reduced removal of H3K27me3 at MESP1 and EOMES promoters during
differentiation in BAF250a KO cells. Based on these studies and our findings presented here, BAF250amediated OCT4/β-CATENIN interaction likely plays an important role in efficiently removing mesoderm
differentiation barrier during differentiation.
Indeed, our studies show that the aberrant recruitment of Oct4 and β-CATENIN leads to altered
expression of several key groups of genes that negatively affect cardiac lineage differentiation.
Particularly, the expression of key mesodermal lineage gene MESP1 and EOMES is decreased. In
contrast, we have identified upregulation of SOX2 and NANOG in BAF250a knockout cells during
differentiation. Our finding is consistent with reported studies that the interaction of OCT4 and βCATENIN is essential for the repression of SOX2 and activation of mesoderm genes (19,32,33).
Importantly, the upregulation of neural gene such as TFAP2A we find in BAF250a KO cells could be
direct consequence of OCT4 and β-CATENIN complex dissociation, because β-CATENIN induces the
expression of neural genes in the absence of OCT4(19). Furthermore, we find that BAF250a deletion does
not alter the interaction and the recruitment of OCT4/β-CATENIN during neuroectoderm differentiation.
These results suggest that BAF250a is a key subunit defining the specificity of SWI/SNF in mesoderm
cells.
Our findings on the connection of cell cycle regulation and direct differentiation in mesodermal cells
highlight the importance of cell cycle regulation in direct differentiation in the multipotent cells. We find
that BAF250a regulates the cell cycle of mesoderm cell through controlling the expression of cell cycle
gene CCND2/3. This is consistent with previous studies that BAF complexes could act as transcriptional
repressor of positive cell cycle factors in G1/S transitions(27). As CyclinD proteins have been suggested
to modulate the transcriptional activity of SMAD2/3 to promote neuroectoderm differentiation of
hESCs(12), it is likely that BAF250a-mediated OCT4/β-CATENIN complex could directly activate
cardiac gene program while also mediating cell cycle exit. Indeed, our finding that most of Isl1+ cells are
derived from non-proliferating mesoderm cells reveals a significant role of cell cycle in regulating cell
differentiation. Importantly, BAF250a deletion reduces the cardiac differentiation by promoting cell
proliferation, as indicated by lower cardiac differentiation potential of S stage mesoderm cells in
BAF250a knockout cells. Moreover, we find that BAF250a is also required for proper recruitment of
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OCT4/β-CATENIN to CCND2/3 promoters in mesoderm cells. As persistence of WNT/β-CATENIN
signal leads to expansion of cardiac progenitors(29) and overexpression of Oct4 leads to reduced
proliferation in somatic cells(28), our results suggest that BAF250a coordinates with WNT/β-CATENIN
signal to control the cell cycle exit of mesoderm cells and therefore cardiac differentiation.
In summary, we demonstrate that the physical interaction of BAF250 with Oct4 and WNT/β-CATENIN
complex is critical for the cardiac differentiation by directly regulating cardiac mesodermal lineage gene
expression and cell cycle phases. Our study also indicates that manipulating the cell cycle state of
mesoderm cell may further enhance the cardiac lineage specification. Further studies in understanding
how BAF complex interplays with developmental signals in maintaining proliferation and differentiation
balance may provide key molecular mechanisms for therapies against heart disease.

Acknowledgments: This work was supported by the National Institutes of Health Grant HL109054 **,
an Inaugural Award from the Samuel and Jean Frankel Cardiovascular Center, University of Michigan, a
Pilot Award from the Joint Institute of University of Michigan Health System and Peking University
Health Science Center to Z.W..
** The content is solely the responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health.

Conflict of interests: The authors declare that there is no conflict of interests.

Contributions: I.L., Y.Z. and Z.W. designed the study; I.L., T.S. and V.C. performed experiments; I.L.,
Y.Z. and Z.W. wrote the manuscript; Z.W. final approval of manuscript.

7

bioRxiv preprint first posted online Jan. 18, 2019; doi: http://dx.doi.org/10.1101/524454. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

References:
1.

Lian, X., Hsiao, C., Wilson, G., Zhu, K., Hazeltine, L. B., Azarin, S. M., Raval, K. K., Zhang, J.,
Kamp, T. J., and Palecek, S. P. (2012) Robust cardiomyocyte differentiation from human
pluripotent stem cells via temporal modulation of canonical WNT signaling. Proceedings
of the National Academy of Sciences of the United States of America

2.

109, E1848-1857

Kattman, S. J., Witty, A. D., Gagliardi, M., Dubois, N. C., Niapour, M., Hotta, A., Ellis, J.,
and Keller, G. (2011) Stage-specific optimization

of activin/nodal and

BMP signaling

promotes cardiac differentiation of mouse and human pluripotent stem cell lines. Cell
stem cell
3.

8, 228-240

Alexander, J. M., Hota, S. K., He, D., Thomas, S., Ho, L., Pennacchio, L. A., and Bruneau, B.
G.

(2015)

Brg1

Development
4.

modulates

enhancer

activation

in

mesoderm

lineage

commitment.

142, 1418-1430

Burridge, P. W., Matsa, E., Shukla, P., Lin, Z. C., Churko, J. M., Ebert, A. D., Lan, F., Diecke,
S., Huber, B., Mordwinkin, N. M., Plews, J. R., Abilez, O. J., Cui, B., Gold, J. D., and Wu, J.

11,

C. (2014) Chemically defined generation of human cardiomyocytes. Nat Methods
855-860
5.

Wamstad, J. A., Alexander, J. M., Truty, R. M., Shrikumar, A., Li, F., Eilertson, K. E., Ding,
H., Wylie, J. N., Pico, A. R., Capra, J. A., Erwin, G., Kattman, S. J., Keller, G. M., Srivastava,
D., Levine, S. S., Pollard, K. S., Holloway, A. K., Boyer, L. A., and Bruneau, B. G. (2012)
Dynamic

and

coordinated

cardiac lineage. Cell
6.

epigenetic

regulation

of

developmental

transitions

151, 206-220

Ho, L., and Crabtree, G. R. (2010) Chromatin remodelling during development.

in

the

463, 474-

484
7.

Lei, I., Gao, X., Sham, M. H., and Wang, Z. (2012) SWI/SNF protein component BAF250a
regulates cardiac progenitor cell differentiation by modulating chromatin accessibility
during second heart field development. The Journal of biological chemistry

287, 24255-

24262
8.

Lei, I., West, J., Yan, Z., Gao, X., Fang, P., Dennis, J. H., Gnatovskiy, L., Wang, W., Kingston,
R.

E.,

and

Wang,

Z.

(2015)

BAF250a

Protein

Regulates

Nucleosome

Occupancy

and

Histone Modifications in Priming Embryonic Stem Cell Differentiation. The Journal of
biological chemistry
9.

290, 19343-19352

Lei, I., Liu, L., Sham, M. H., and Wang, Z. (2013) SWI/SNF in cardiac progenitor cell
differentiation. Journal of cellular biochemistry

10.

Ho, L., Miller, E. L., Ronan, J. L., Ho, W. Q., Jothi, R., and Crabtree, G. R. (2011) esBAF
facilitates

pluripotency

by

conditioning

regulating polycomb function.
11.

114, 2437-2445

the

genome

signalling

and

by

13, 903-913

an

epigenetic

pathway

to

repress

cardiomyocyte program in the sinoatrial node. Cell Res

the

Nkx2.5-directed

contractile

24, 1201-1213

Pauklin, S., and Vallier, L. (2013) The cell-cycle state of stem cells determines cell fate
propensity. Cell

13.

LIF/STAT3

Wu, M., Peng, S., Yang, J., Tu, Z., Cai, X., Cai, C. L., Wang, Z., and Zhao, Y. (2014) Baf250a
orchestrates

12.

for

155, 135-147

Dalton, S. (2015) Linking the Cell Cycle to Cell Fate Decisions. Trends Cell Biol
600

8

25,

592-

bioRxiv preprint first posted online Jan. 18, 2019; doi: http://dx.doi.org/10.1101/524454. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

14.

Calder, A., Roth-Albin, I., Bhatia, S., Pilquil, C., Lee, J. H., Bhatia, M., Levadoux-Martin, M.,
McNicol, J., Russell, J., Collins, T., and Draper, J. S. (2013) Lengthened G1 phase indicates
differentiation status in human embryonic stem cells. Stem Cells Dev

15.

22, 279-295

Gonzales, K. A., Liang, H., Lim, Y. S., Chan, Y. S., Yeo, J. C., Tan, C. P., Gao, B., Le, B., Tan, Z.
Y., Low, K. Y., Liou, Y. C., Bard, F., and Ng, H. H. (2015) Deterministic Restriction on
Pluripotent State Dissolution by Cell-Cycle Pathways. Cell

16.

knockout in human embryonic stem cells. Cell Res
17.

162, 564-579

Bu, L., Gao, X., Jiang, X., Chien, K. R., and Wang, Z. (2010) Targeted conditional gene

20, 379-382

Lian, X., Zhang, J., Azarin, S. M., Zhu, K., Hazeltine, L. B., Bao, X., Hsiao, C., Kamp, T. J.,
and

Palecek,

S.

P.

(2013)

Directed

cardiomyocyte

differentiation

from

human

pluripotent stem cells by modulating WNT/beta-catenin signaling under fully defined
conditions. Nat Protoc
18.

8, 162-175

Wen, J., Zeng, Y., Fang, Z., Gu, J., Ge, L., Tang, F., Qu, Z., Hu, J., Cui, Y., Zhang, K., Wang, J.,
Li, S., Sun, Y., and Jin, Y. (2017) Single-cell analysis reveals lineage segregation in early
post-implantation mouse embryos. The Journal of biological chemistry

19.

292, 9840-9854

Funa, N. S., Schachter, K. A., Lerdrup, M., Ekberg, J., Hess, K., Dietrich, N., Honore, C.,
Hansen,

K.,

and

Semb,

H.

(2015)

beta-Catenin

Regulates

Primitive

Streak

Induction

through Collaborative Interactions with SMAD2/SMAD3 and OCT4. Cell stem cell

16,

639-652
20.

Ding, J., Xu, H., Faiola, F., Ma'ayan, A., and Wang, J. (2012) Oct4 links multiple epigenetic
pathways to the pluripotency network. Cell Res

21.

22, 155-167

Leuchowius, K. J., Weibrecht, I., and Soderberg, O. (2011) In situ proximity ligation assay
for microscopy and flow cytometry. Curr Protoc Cytom

22.

Chapter 9, Unit 9 36

van den Berg, D. L., Snoek, T., Mullin, N. P., Yates, A., Bezstarosti, K., Demmers, J.,
Chambers, I., and Poot, R. A. (2010) An Oct4-centered protein interaction network in
embryonic stem cells. Cell Stem Cell

23.

Gao,

X.,

Tate,

pluripotency

P.,

and

Hu,

component BAF250a.
24.

P.,

Tjian,

germ-layer

6, 369-381

R.,

Skarnes,

formation

W.

require

C.,

the

and

Wang,

SWI/SNF

Z.

(2008)

chromatin

ES

cell

remodeling

105, 6656-6661

King, H. W., and Klose, R. J. (2017) The pioneer factor OCT4 requires the chromatin
remodeller BRG1 to support gene regulatory element function in mouse embryonic
stem cells. Elife

25.

6

Li, Y., Yu, W., Cooney, A. J., Schwartz, R. J., and Liu, Y. (2013) Brief report: Oct4 and
canonical WNT signaling regulate the cardiac lineage factor Mesp1 through a Tcf/LefOct4 composite element. Stem Cells

26.

31, 1213-1217

Tchieu, J., Zimmer, B., Fattahi, F., Amin, S., Zeltner, N., Chen, S., and Studer, L. (2017) A
Modular Platform for Differentiation of Human PSCs into All Major Ectodermal Lineages.
Cell Stem Cell

27.

21, 399-410 e397

Ruijtenberg, S., and van den Heuvel, S. (2015) G1/S Inhibitors and the SWI/SNF Complex
Control Cell-Cycle Exit during Muscle Differentiation. Cell

28.

162, 300-313

Hochedlinger, K., Yamada, Y., Beard, C., and Jaenisch, R. (2005) Ectopic expression of
Oct-4 blocks progenitor-cell differentiation and causes dysplasia in epithelial tissues. Cell

121, 465-477

9

bioRxiv preprint first posted online Jan. 18, 2019; doi: http://dx.doi.org/10.1101/524454. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

29.

Qyang, Y., Martin-Puig, S., Chiravuri, M., Chen, S., Xu, H., Bu, L., Jiang, X., Lin, L., Granger,
A., Moretti, A., Caron, L., Wu, X., Clarke, J., Taketo, M. M., Laugwitz, K. L., Moon, R. T.,
Gruber, P., Evans, S. M., Ding, S., and Chien, K. R. (2007) The renewal and differentiation
of Isl1+ cardiovascular progenitors are controlled by a WNT/beta-catenin pathway. Cell
stem cell

30.

1, 165-179

Tsankov, A. M., Gu, H., Akopian, V., Ziller, M. J., Donaghey, J., Amit, I., Gnirke, A., and
Meissner,

A.

(2015)

differentiation. Nature
31.

Transcription

factor

binding

dynamics

during

human

518, 344-349

Chory,

E.

J.,

and

Crabtree,

G.

R.

(2017)

Dynamics

of

BAF-Polycomb

opposition on heterochromatin in normal and oncogenic states. Nat Genet

complex

49, 213-222

Ying, L., Mills, J. A., French, D. L., and Gadue, P. (2015) OCT4 Coordinates with WNT
Signaling

to

Pre-pattern

Chromatin

at

the

SOX17

Locus

Differentiation into Definitive Endoderm. Stem Cell Reports
33.

cell

Kadoch, C., Williams, R. T., Calarco, J. P., Miller, E. L., Weber, C. M., Braun, S. M., Pulice, J.
L.,

32.

ES

during

Human

ES

Cell

5, 490-498

Rao, J., Pfeiffer, M. J., Frank, S., Adachi, K., Piccini, I., Quaranta, R., Arauzo-Bravo, M.,
Schwarz, J., Schade, D., Leidel, S., Scholer, H. R., Seebohm, G., and Greber, B. (2016)
Stepwise Clearance of Repressive Roadblocks Drives Cardiac Induction in Human ESCs.
Cell stem cell

34.

Lei,

I.

L.,

18, 341-353

Bu,

L.,

and

Wang,

Z.

(2015)

embryonic stem cells. J Vis Exp, 52047

10

Derivation

of

cardiac

progenitor

cells

from

bioRxiv preprint first posted online Jan. 18, 2019; doi: http://dx.doi.org/10.1101/524454. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

Figure Legends
Figure 1. BAF250a deletion in hESCs led to cardiac differentiation defects. (A) Schematic diagram of
cardiac differentiation. (B) Immunostaining of T at differentiation day 1 in both WT and BAF250a KO
cells. (C) Western blot of BAF250a, BRG1, T, β-CATENIN and OCT4 in WT and BAF250a KO cells at
differentiation day 1. β-actin was used as a loading control. (D) FACS analysis of differentiation of WT
and BAF250a KO hESC to Mesoderm, cardiac progenitors, and cardiomyocytes using MESP1, ISL1 and
cTNT antibodies at differentiation day 3, 6 and 10. Scale bar: 50µm
Figure 2. BAF250a regulated proper OCT4 and β-CATENIN interaction during differentiation. (A)
Immunoprecipitation of day 1 differentiation mesodermal cells with anti-OCT4 antibody, followed by
Western blotting to detect β-CATENIN and active β-CATENIN. 5% of cell lysates were used as input
controls. (B) Relative band intensity of precipitated β-CATENIN and active β-CATENIN in WT and
BAF250 KO cells. (C) Immunostaining of OCT4, T, and active β-CATENIN showing their colocalization
at E7.0 embryos. (D) OCT4 and active β-CATENIN interaction in E7.0 embryos detected by PLA. Scale
bar: 50µm (E) Immunoprecipitation of day 1 differentiation mesodermal cells using anti-OCT4 antibody,
followed by Western blotting to detect BRG1. 5% of cell lysates were used as input controls. (F) Relative
band intensity of precipitated BRG1 in WT and BAF250 KO cells. *p<0.05, **p <0.01, n=3.
Figure 3. BAF250a controlled cardiac mesoderm gene expression. (A) Expression of MESP1,
EOMES, SOX2, NANOG, and TFAP2A at differentiation day 1 and day 3. ChIP assays with (B) AntiOCT4, (C) anti-β-CATENIN and (D) anti-H3K27me3 antibodies using day 1 differentiated cells at
MESP1, EOMES and TFAP2A promoters. *p <0.05, n=3.
Figure 4. BAF250a was dispensable for neuroectoderm differentiation. (A) FACS analysis of
differentiation of WT and BAF250a KO hESC to neuroectoderm using PAX6 antibody at differentiation
day 12. (B) Relative mRNA expression of TFAP2A and PAX6 at day 12 differentiation. (C)
Immunoprecipitation of day 2 differentiation cells after LDN193189 and SB43142 treatment using antiOCT4 antibody, followed by Western blotting to detect β-CATENIN and active β-CATENIN . 5% of cell
lysates were used as input controls. (D) Relative band intensity of precipitated β-CATENIN and active βCATENIN in WT and BAF250 KO cells. ChIP assays with (E) Anti-OCT4 and (F) anti-β-CATENIN
antibodies using day 2 differentiated cells after LDN193189 and SB43142 treatment at TFAP2A and
PAX6 promoters. n=3.
Figure 5. BAF250a regulated the cell cycle of MESP1 cells and promoted MESP1 cell
differentiation to Isl1 CPCs. (A) Schematic diagram of EdU labeling. (B) Cell cycle analysis at
differentiation day 3 with EdU and DAPI. (C) FACS analysis of Isl1+ cells at differentiation day 6 using
EdU pulse labeling. (D) Expression of cell cycle genes CCND1, CCND2, CCND3, MCM5 and PCNA at
differentiation day 3. ChIP assays with (E) Anti-OCT4, (F) anti-β-CATENIN antibodies using day 3
differentiated cells.
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