SCIENCE ADVANCES | RESEARCH ARTICLE

DEVELOPMENTAL BIOLOGY

Human expandable pancreatic progenitor-derived

B cells ameliorate diabetes

Xiaojie Ma', Yunkun Lu't, Ziyu Zhou't, Qin Li't, Xi Chen', Weiyun Wang', Yan Jin',
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An unlimited source of human pancreatic p cells is in high demand. Even with recent advances in pancreatic dif-
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ferentiation from human pluripotent stem cells, major hurdles remain in large-scale and cost-effective production
of functional B cells. Here, through chemical screening, we demonstrate that the bromodomain and extraterminal
domain (BET) inhibitor I-BET151 can robustly promote the expansion of PDX1*NKX6.1" pancreatic progenitors
(PPs). These expandable PPs (ePPs) maintain pancreatic progenitor cell status in the long term and can efficiently
differentiate into functional pancreatic p (ePP-B) cells. Notably, transplantation of ePP-§ cells rapidly ameliorated
diabetes in mice, suggesting strong potential for cell replacement therapy. Mechanistically, I-BET151 activates
Notch signaling and promotes the expression of key PP-associated genes, underscoring the importance of epi-
genetic and transcriptional modulations for lineage-specific progenitor self-renewal. In summary, our studies
achieve the long-term goal of robust expansion of PPs and represent a substantial step toward unlimited supplies
of functional B cells for biomedical research and regenerative medicine.

INTRODUCTION
Diabetes mellitus represents a global health epidemic and affects mil-
lions of people worldwide. Islet transplantation holds great promises
but is limited by shortage in supply of organ donors and immuno-
suppression issues associated with transplantation (I1). Human plu-
ripotent stem cells (hPSCs) can give rise to all cell types of the body
(2, 3). During the past two decades, stepwise differentiation protocols
have been devised to guide the specification of hPSCs into definitive
endoderm (DE), pancreatic progenitor (PP), endocrine precursor
(EP), and pancreatic B-like cells (4-17). While these findings are
highly encouraging, generating a large quantity of functional pan-
creatic B-like cells for disease modeling, drug screening, and cell-
based therapy remains an extremely labor- and time-intensive process
because of the multiple intermediate steps in directed differentiation.
A possible solution is to bypass the upstream steps starting with
the hPSC source by initiating differentiation from renewable and
expandable pancreatic progenitors (ePPs) that are developmentally
more proximal to the B cells. However, robust expansion of human
pancreatic progenitors has been challenging because the molecular
mechanisms of human pancreatic progenitor self-renewal are poor-
ly defined. In development, transcription factors (TFs) play an inte-
gral role, and the expression of key TFs is widely used to monitor
the differentiation process and to evaluate cellular identity (18, 19).
During pancreatic development, expression of NKX6.1 follows that
of PDXI1 (20-23), and coexpression of PDX1 and NKX6.1 is widely
used for defining and identifying pancreatic progenitors that can
efficiently differentiate into functional pancreatic B-like cells (5-8).
In recent years, several groups reported methods for culturing human
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endodermal derivatives at early developmental stages (24-26). In terms
of pancreatic progenitors, Trott et al. (27) developed a culture condi-
tion that could expand PDX1-positive pancreatic progenitors, but
unfortunately, these progenitors could not maintain the expression
of NKX6.1. Pancreatic progenitors have also been expanded in three-
dimensional (3D) culture (28-30). Ameri et al. (31) reported that ge-
netic knockdown of cyclin-dependent kinase inhibitors CDKN1A and
CDKN2A could increase the proliferation of glycoprotein 2—positive
pancreatic progenitors, but here, application of the genetic methods
may cause safety issues, which potentially limit its clinical usages. We
previously demonstrated that pancreatic progenitors directly con-
verted from human fibroblasts could be expanded in a chemically
defined medium containing epithelial growth factor (EGF), basic
fibroblast growth factor (bFGF), and A83-01 [a transforming growth
factor-B (TGFp) inhibitor], but the percentage of PDX1 and NKX6.1
double-positive cells was less than 20% (32). Whether this culture con-
dition is suitable for human pancreatic progenitors directly differenti-
ated from hPSCs has not been demonstrated so far. Thus, whether
PDX1 and NKX6.1 double-positive pancreatic progenitors from
hPSCs are competent for long-term expansion and, if yes, how to
accomplish this goal are key questions in the field.

Synthetic chemical compounds provide useful tools to control
cell fates and can also be used to decode the molecular mechanisms
of biological processes (33, 34). During the past decades, small mol-
ecules targeting specific signaling pathways are selected and applied
on the basis of the knowledge learned from pancreatic developmental
biology, and unbiased high-throughput chemical screening ap-
proaches have also been applied stepwise during the pancreatic dif-
ferentiation process, resulting in the discovery of many effective small
molecules for pancreatic differentiation (5, 35-38). Small molecules
have several advantages over the genetic methods, including that they
are convenient to use, cost-effective, and can provide greater tem-
poral control and be fine-tuned by varying their concentrations and
combinations (39, 40).

Here, we carried out a phenotypic chemical screen and identi-
fied that BET bromodomain inhibitor I-BET151 could significantly
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promote hPSC-derived pancreatic progenitor expansion. Next, we
are able to uniformly capture and stably maintain ePPs from hPSCs.
Furthermore, ePPs can be efficiently differentiated into functional
pancreatic B-like cells (ePP- cells). After transplantation, these ePP-3
cells can rapidly ameliorate streptozotocin (STZ)-induced diabetes.
Mechanistically, I-BET151 acts by promoting the expression of key
pancreatic progenitor—associated genes and transcriptional network.
Therefore, our findings establish a rapid, efficient, and readily control-
lable approach for the production of functional pancreatic B-like cells.

RESULTS

A chemical screen identified I-BET151 that can promote

the expansion of human pancreatic progenitors

We differentiated hPSCs into pancreatic progenitors (Fig. 1A) (7)
and attempted to expand hPSC-derived pancreatic progenitors using
chemically defined media. We applied real-time quantitative poly-
merase chain reaction (RT-qPCR) and immunostaining to monitor
the pancreatic differentiation process (fig. S1, A to C). After pancre-
atic specification, fluorescence-activated cell sorting (FACS) results
showed that the percentage of PDX1 and NKX6.1 double-positive
cells was around 50 to 60% (fig. S1D). Next, we attempted to expand
these hPSC-derived pancreatic progenitors, aiming at generating a
large quantity of cells suitable for any downstream assays and appli-
cations. Unfortunately, the percentage of PDX1 and NKX6.1 double-
positive cells was significantly reduced from ~60% to less than 20%
after three to five passages (fig. S1, D and E), similar to earlier obser-
vations (27, 31).

Next, we decided to carry out a chemical screen to identify small
molecules that may support the expansion of PDX1 and NKX6.1
double-positive pancreatic progenitors (Fig. 1A). The detailed screen-
ing protocol is described in Materials and Methods. We used a basal
medium (EF6 medium) containing EGF, bFGF, and 616452 (a TGFB
inhibitor) (32). The directed differentiated human pancreatic pro-
genitors were passaged in basal medium containing EF6 for two to
three passages to produce enough number of cells for downstream
chemical screening. Briefly, cells were seeded into 24-well plates and
then treated with small molecules from a chemical library, which
contains bioactive small molecules mainly targeting epigenetic and
signaling pathways (Fig. 1, A and B, and table S3). After 7-day treat-
ments, we immunostained the cells for PDX1 and NKX6.1 and ana-
lyzed the percentage of PDX1 and NKX6.1 double-positive pancreatic
progenitors using PE HCS screening platform (fig. S1F). We initially
identified five candidates, and then we repeated the test above and
confirmed that only the small molecule I-BET151 could significant-
ly increase PDX1 and NKX6.1 double-positive pancreatic progeni-
tors (Fig. 1B and fig. S1, G and H).

I-BET151 is a specific inhibitor of the acetyl-lysine binding reader
bromodomain-containing proteins (BRDs) (Fig. 1C) (41). The ef-
fects of I-BET151 on pancreatic progenitor expansion were con-
firmed by detecting the coexpression of PDX1 and NKX6.1 using
immunostaining and FACS (Fig. 1, D to F). Next, we evaluated the
impact of different concentrations of I-BET151 on NKX6.1 expres-
sion using RT-qPCR. We found that I-BET151 stimulated NKX6.1
expression in a dose-dependent manner, and the optimal concen-
tration was 1 pM (fig. S1I). We examined the expression level of other
pancreatic progenitor maker genes HNF6, SOX9, PDX1, and NKX6.1
and found that all of these marker genes were induced significantly
upon I-BET151 treatment (Fig. 1G). Next, we assessed the possible
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changes in transcriptome induced by I-BET151 treatment using
RNA sequencing (RNA-seq). The human pancreatic progenitors
treated with and without I-BET151 were collected and subjected for
RNA-seq. In total, 620 genes were up-regulated and 2209 genes were
down-regulated after I-BET151 treatment [|log,fold change| > 1,
false discovery rate (FDR) < 0.05] (Fig. 1H). Next, by Gene Ontology
(GO) analysis, we found GO terms enriched among up-regulated genes
included cell development, positive regulation of Notch signaling
pathway, embryonic organ morphogenesis, cell fate specification, and
pancreas development (Fig. 1I). The GO terms among down-regulated
genes included cell migration, secretion, ion transport, lipid trans-
port, and acute inflammatory response (Fig. 1I). In particular, a number
of human pancreatic progenitor marker genes were transcrip-
tionally up-regulated after I-BET151 treatment, including NKX6.1,
PDX1, SOX9, HNF6, FOXA2, GATA4, GATA6, and MNX1 (Fig. 1]).
The expression of Notch signaling pathway genes was also signifi-
cantly up-regulated, such as NOTCH1, HEY1, and HESI (Fig. 1]). In
addition, the expression level of the proliferation-related gene PCNA
also increased (Fig. 1]). On the other hand, the expression of the late-
stage EP marker genes, such as NEUROG3, NEURODI, and cell cycle
inhibitor genes like CDKN1A, significantly decreased (Fig. 1]). Fur-
ther gene coexpression network analysis demonstrated that the pan-
creatic progenitor marker genes and Notch signaling pathway genes
were significantly positively coexpressed with each other while sig-
nificantly negatively coexpressed with NEUROG3, NEURODI, and
CDKNIA, suggesting that I-BET151 robustly up-regulated and main-
tained the gene regulatory network of human pancreatic progenitors
(Fig. 1K). Together, these data suggested that I-BET151 promoted
pancreatic progenitor expansion.

Next, we tested the effects of other BET inhibitors on pancreatic
progenitor expansion (42). We found that (+)-JQ1 could also pro-
mote PDX1 and NKX6.1 double-positive pancreatic progenitors,
whereas the inactive stereoisomer (—)-JQ1 did not show any positive
effect (fig. S2, A to D). In addition, RT-qPCR results showed that
(+)-JQ1 could increase the expression levels of key pancreatic pro-
genitor genes (fig. S2E). To test the target of I-BET151, we knocked
down BRD2, BRD3, and BRD4 genes by short hairpin RNAs (shRNAs),
respectively (fig. S3A). During passage 1, shBRD4 could increase
the expression of PP markers (fig. S3C), while shBRD2 and shBRD3
inhibited PP cell survival and decreased the expression of PP markers
(fig. S3, B to D). After passaging, PPs transfected with shBRD4 could
not proliferate in long term (fig. S3, E and F). These data suggested
that shBRD4, rather than shBRD2 and shBRD3, could transiently
mimic the effect of I-BET151. It is unclear why shRNAs against BRD4
show opposite effects in the long term. In addition, we applied dBET1,
a potent BRD4 protein degrader based on proteolysis-targeting chi-
mera technology (43), and confirmed that the presence of BRD4 pro-
tein is required for human pancreatic progenitor expansion (fig. S3,
G to I). These results also highlight the unique advantages of unbiased
chemical screening with a phenotypic and functional assay to identify
potent small molecules that can be used to precisely control cell fate and
status. Collectively, these results suggested that chemical inhibition of
BET by I-BET151 promoted human pancreatic progenitor expansion.

Robust and long-term expansion of hPSC-derived

pancreatic progenitors

After repeated testing and multiple iterations of optimizing, we de-
veloped a defined culture condition (EF6I, which is EF6 medium
plus I-BET151) for human pancreatic progenitor expansion (Fig. 2A).
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Fig. 1. A chemical screen identified that I-BET151 can promote hPSC-derived pancreatic progenitor expansion. (A) Schematic representation of the pancreatic
differentiation process from hPSCs to PPs and chemical screen for PP expansion. (B) Flowchart of the chemical screening process. After replication and confirmation,
I-BET151 was found as the hit compound. (C) Chemical structure of I-BET151. (D) Representative immunofluorescent staining of PPs treated with or without I-BET151 for
PDX1, NKX6.1, and nuclei. Scale bar, 100 um. (E and F) Representative flow cytometry dot plots (E) and population percentages (F) of cells stained for PDX1 and NKX6.1.
N=6. (G) RT-qPCR analysis of NKX6.1, PDX1, HNF6, and SOX9 gene expression in PPs treated with or without I-BET151. N = 3. (H) Volcano plot of differentially expressed
genes (|log,FC| > 1, FDR < 0.05) in samples treated with I-BET151 versus dimethyl sulfoxide (DMSO). Red, up-regulated genes (620 genes); blue, down-regulated genes
(2209 genes). X and Y axes represent logx(counts + 1). (1) GO terms of up-regulated and down-regulated genes in samples treated with I-BET151 versus DMSO. (J) Heatmap
of differentially expressed genes in samples treated with I-BET151 versus DMSO. (K) I-BET151 strengthened the gene regulatory network of PPs (lines, the square of
two genes’ expression’s Pearson correlation coefficient > 0.7; red lines, positive coexpression; blue lines, negative coexpression). Circle, PP marker genes; square,
genes in Notch signaling pathway; triangle, cell cycle-related genes; octagon, EP markers. All data are expressed as means + SD. Statistical significance was calculated
using two-tailed Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Using EF6I medium, we consistently established hPSC-derived ePPs ~ S4A). Both early-passage (passage 12) ePPs (ePP-P12) and late-passage
that represent a new type of cells. Significantly, these ePPs cultured  (passage 24) ePPs (ePP-P24) demonstrated homogenous expression
on feeder layers could be long-term expanded for at least 35 passages ~ of PDX1 and NKX6.1 (fig. S4B). The RT-qPCR results demonstrated
(Fig. 2B). Notably, these ePPs could be conveniently frozen and  the stable expression of HNF6, SOX9, PDX1, and NKX6.1 during
thawed, an important advantage enabling many downstream assays. long-term passaging (fig. S4C). Notably, global gene expression
The cellular identity of these ePPs was stable during expansion (fig.  analysis using RNA-seq showed that the transcriptome of late-passage
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Fig. 2. Long-term expansion and detailed characterization of ePPs. (A) Schematic of the long-term expansion of ePPs. (B) ePPs could be passaged more than 35 passages (N = 3).
(€) Volcano plot comparing global gene expression patterns between ePP-P9 and ePP-P21. The red dots and blue dots respectively represent up-regulated (log,FC > 1)
and down-regulated (log,FC < —1) differentially expressed genes in ePP-P21 versus ePP-P9 with statistical significance (FDR <0.05). X and Y axes represent log,(TPM +0.01).
(D) Karyotype of ePP-P24 indicates the chromatin stability of ePPs after long-term expansion. (E) Representative immunofluorescent staining of ePPs for PDX1, FOXA2, SOX9,
NKX6.1, and nuclei (Hoechst). Scale bar, 100 um. (F and G) Representative flow cytometry dot plots (F) and population percentages (G) of PDX1*NKX6.1* and SOX9*FOXA2*
cells demonstrated that ePPs were almost homogenous (N =4). Data are expressed as means + SD. (H) Representative immunofluorescent staining of ePPs for PDX1, Ki67, and
nuclei. Scale bar, 100 um. (1) Principal component analysis (PCA) of RNA-seq data. PP1, PDX1* pancreatic progenitors; PP2, PDX1*NKX6.1* pancreatic progenitors; ePP-P9,
ePPs at passage 9; ePP-P21, ePPs at passage 21. Circle, data cited from a recently published paper from Melton laboratory (70); triangle, data of the current study. (J) Transcriptome
analysis revealed different gene expression among hPSC, DE, PP1, PP2, ePP-P9, ePP-P21, and EP. M represents published data from Melton laboratory (70). Representative GO
terms and genes are also shown. (K) Heatmap of PP- and EP-related marker genes in the samples shown in (I). Both early- and late-passage ePPs expressed PP-related marker
genes including PDX1, NKX6.1, SOX9, HNF6, and MNX1 but not EP-related marker genes such as NEUROG3, NKX2.2, and NEUROD1. JNK, c-Jun N-terminal kinase.

level that is even higher than that of PP2 cells without expansion
(Fig. 2, F and G). In addition, these ePPs were positive for the pro-
liferative marker Ki67, an additional indication of their robust
expansion capacity (Fig. 2H). We also derived PDX1 and NKX6.1
double-positive ePPs from human induced pluripotent stem cells
(hiPSCs) and H9 human embryonic stem cells (hESCs), confirming the
reproducibility of the expansion protocol (figs. S5 and S6, A to D).
To further evaluate the transcriptional profile of ePPs, we com-
pared the transcriptomes of early- and late-passage ePPs (ePP-P9

ePPs (ePP-P21) was very similar to that of early-passage ePPs (ePP-P9)
(* = 0.96624), confirming the stability of ePPs at the transcriptome
level (Fig. 2C). Karyotyping analysis demonstrated that these ePPs
maintained a normal karyotype during long-term expansion (Fig. 2D
and fig. $4D). The immunostaining results demonstrated the uniform
expression of FOXA2, SOX9, PDX1, and NKX6.1 (Fig. 2E) within
the cell population. Significantly, quantitative FACS analysis of PDX1
and NKX6.1 demonstrated almost homogenous expression in these
ePPs, with about 90% of PDX1 and NKX6.1 double-positive cells, a
40f14
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and ePP-P21), hPSCs, DE, and PP2 by RNA-seq. We also compared
our RNA-seq dataset with that from the recent work by Melton lab-
oratory (hPSCs, DE, PP1, PP2, and EP, which were directly differ-
entiated endoderm derivatives without expansion) (10). Principal
component analysis (PCA) demonstrated that both early- and late-
passage ePPs were transcriptionally similar to PP2 cells than to PP1
cells (Fig. 2I). With GO analysis, we found that genes specifically
expressed in ePPs were related to DNA replication, epithelial cell
proliferation, embryonic organ development, and pancreatic devel-
opment, supporting their cellular identity of pancreatic progenitors
(Fig. 2]). In particular, ePPs expressed key pancreatic progenitor
genes, including PDX1, NKX6.1, SOX9, HNF6, and MNX1, but not EP
genes, such as NEUROG3, NKX2.2,and NEURODI (Fig. 2K). These
results demonstrated that ePPs stably have a global transcriptional
pattern similar to that of PP2 directly derived from hPSCs. Together,
these results demonstrate that the long-term goal of robust expan-
sion of human pancreatic progenitors is achieved, without any ge-
netic manipulation.

Efficient generation of functional pancreatic p-like
cells from ePPs
To address the question whether these hPSC-derived ePPs can further
develop into functional pancreatic p-like cells (ePP- cells), we ap-
plied an established protocol that can promote the differentiation
of hPSC-derived pancreatic progenitors without expansion into in-
sulin (INS)-producing pancreatic B-like cells (SC-B cells) (Fig. 3A).
We efficiently generated INS™ ePP-p cells from both early- and
late-passage ePPs (fig. S4E). Adding I-BET151 blocked the differ-
entiation of ePPs into ePP-P cells, suggesting the stage-specific
effects of I-BET151 (fig. S4F). By immunostaining, we found that
these C-peptide-positive ePP-p cells coexpressed PDX1, NKX6.1,
and NKX2.2 (Fig. 3B and figs. S5E and S6E). On the other hand,
these cells rarely costained for other endocrine hormones, including
glucagon (GCG) and somatostatin (SST) (Fig. 3B and figs. S5E and S6E).
FACS analysis revealed the formation of about 40 to 60% monohor-
monal C-pep"GCG™,C-pep'SST~, C-pep 'PDX1",and C-pep 'NKX6.1*
ePP-B cells (Fig. 3C). We observed comparable differentiation capac-
ity of ePPs from hESCs and hiPSCs (fig. S5, E and F). Thus, long-term
expansion does not alter the f cell differentiation capacity of ePPs.
To evaluate the transcriptional profile of ePP-f cells, we com-
pared the transcriptomes of ePP- cells, early- and late-passage ePPs
(ePP-P9 and ePP-P21), hPSCs, DE, and PP2 by RNA-seq and also
with the RNA-seq dataset (hPSCs, DE, PP2, SC-B, and B cells) from
the recent work by Melton laboratory (10). PCA demonstrated that
ePP-p cells were transcriptionally similar to SC- cells (Fig. 3D).
Compared to ePPs, many B cell genes were significantly up-regulated
in ePP-B cells, including INS, IAPP, SLC30A8, PCSK1, GCK, and
ABCCS (Fig. 3E). Further analysis demonstrated that 2713 genes were
up-regulated and 1400 genes were down-regulated after differentia-
tion (ePP-B cells versus ePPs) (Fig. 3F). Up-regulated Kyoto Ency-
clopedia of Genes and Genomes (KEGG) terms included protein
digestion and absorption, cyclic adenosine 3’,5'-monophosphate sig-
naling pathway, insulin secretion, maturity onset diabetes of the
young, type II diabetes mellitus, and growth hormone synthesis,
secretion, and action (Fig. 3G). Down-regulated KEGG terms in-
cluded DNA replication, cell cycle, homologous recombination, RNA
transport, extracellular matrix-receptor interaction, and p53 sig-
naling pathway (Fig. 3G). These results suggest that ePP- cells are
transcriptionally similar to SC-P cells.

Ma et al., Sci. Adv. 8, eabk1826 (2022) 23 February 2022

To further evaluate the functional capacity of these ePP-f cells,
we did the ultrastructural analysis for mitochondria and insulin pro-
duction using transmission electron microscopy (TEM). We ob-
served the morphology of mature mitochondria and detected the
up-regulation of mitochondrial DNA (mtDNA) content in ePP-§
cells in comparison to hPSCs and ePPs and comparable to that of
human islets (Fig. 3, H and I). Significantly, immunostaining data
showed that ePP-p cells expressed a high level of mature B-cell
marker MAFA (Fig. 3]). In addition, the TEM result revealed that
these ePP-P cells contained numerous typical insulin granules ex-
hibiting electron dense cores (Fig. 3K). In addition, we examined the
insulin and C-peptide content using enzyme-linked immunosorbent
assay (ELISA) and found that ePP-p cells contained 1.248 + 0.025 ng
of C-peptide per 1000 cells and 8.93 + 0.2 ng of insulin per 1000 cells
(Fig. 3L and fig. S5G). These values are comparable to those of SC-
cells and human islets (12). Moreover, a key feature of a functional
pancreatic B cell is its ability to release insulin upon glucose stimu-
lation. To test this for ePP-B cells, we performed the experiments of
glucose-stimulated insulin secretion (GSIS). The stimulation index,
as calculated by the ratio of insulin secreted in high glucose (16.8 mM)
to that in low glucose (2 mM), was around 2 for hESC-derived ePP-
cells and 1.5 to 1.6 for hiPSC-derived ePP-B cells (Fig. 3M and figs.
S5H and S6F). These values are comparable to those in SC- cells
and islet B cells (6, 7, 11, 12). Thus, ePP-p cells were capable of sens-
ing repeated low- and high-glucose impulses. Together, our results
illustrate that ePP-f cells are functional in vitro.

Human ePP-f cells can rapidly ameliorate diabetes
Functional pancreatic B cells are capable of regulating glucose levels
in surrogate animals. To evaluate the in vivo functions of ePP-§
cells, we transplanted them into immunodeficient mice (Fig. 4A).
Notably, we detected significant GSIS in ePP-B-transplanted mice as
early as 3 days after transplantation (Fig. 4B), and the GSIS capacity
was maintained at 12 weeks after transplantation (Fig. 4C). Encour-
aged by this result, we transplanted ePP-B cells under the kidney
capsule of mice rendered diabetic through treatment with STZ. We
performed a glucose tolerance test on mice transplanted with ePP-8
cells 30 days after transplantation. Mice transplanted with ePP-f cells
were significantly more glucose tolerant and also cleared glucose
faster than mice without transplantation of ePP-B cells (Fig. 4D).
Notably, for the blood glucose levels, mice transplanted with ePP-§
cells significantly reduced in 2 weeks after transplantation, and these
mice became and maintained euglycemia after 3 weeks (Fig. 4E).
About 12 weeks later, ePP- grafts were removed by nephrectomy,
and mice rapidly developed diabetes, demonstrating that ePP-f cells
indeed controlled glucose levels in STZ-treated mice (Fig. 4E). Im-
munofluorescence analysis of ePP-P grafts revealed that C-peptide-
positive cells coexpressed critical § cell TFs PDX1 and NKX6.1 but
did not exhibit expression of the other endocrine hormones GCG
and SST (Fig. 4F). Collectively, these results demonstrate that ePP-f3
cells maintain their differentiated phenotype and remain glucose
responsive after engraftment in vivo and can rapidly ameliorate di-
abetes, which highlight their potential therapeutic values.

Molecular mechanisms of I-BET151 on promoting human
pancreatic progenitor expansion

To study the binding patterns of BRD4 after I-BET151 treatment, we
applied cleavage under targets and tagmentation (CUT&Tag) (fig. S7,
A to C) and observed I-BET151-induced changes of BRD4-binding
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Fig. 3. Efficient generation of functional ePP-p cells from ePPs. (A) Schematic indicating the differentiation of ePPs to ePP-B cells. (B) Representative immunofluores-
cence staining of ePP-B cells. Scale bars, 50 um (low magnification) and 10 um (high magnification). (C) FACS results (N = 3). (D) PCA of RNA-seq data. PP2, PDX1*NKX6.1"
pancreatic progenitors; ePP-P9, ePPs at passage 9; ePP-P21, ePPs at passage 21; ePP-B, ePP-derived B cells; SC-B, hPSC-derived B cells; § cell, human pancreatic islet f cells.
Circle, data cited from a recently published paper (70); triangle, data of the current study. (E) The expression of § cell genes. M represents published data (70). (F) Volcano
plot comparing global gene expression patterns. Significant up-regulated genes (log,FC > 1, FDR < 0.05) are shown in red (2173 genes), and significant down-regulated
genes (log,FC < —1, FDR < 0.05) are shown in blue (1400 genes). X and Y axes represent log,(TPM + 0.01). (G) KEGG pathways enrichment. (H) Representative transmission
electron micrographs of mitochondria in ePP-B cells. Scale bar, 500 nm. (I) Mitochondrial DNA (mtDNA) content. mtDNA content was measured by the ratio of mtDNA/
nuclear DNA using qPCR for the mitochondrial 16S rRNA gene and the nuclear B2 microglobulin gene (N = 3). (J) Representative immunofluorescence staining of
ePP-B cells. Scale bars, 50 um (low magnification) and 10 um (high magnification). (K) Representative transmission electron micrographs of insulin granules in ePP-B cells.
Scale bar, 1 um. (L) Total insulin and C-peptide content in ePP-§ cells and human islets (N =4). (M) GSIS analysis of ePP-B cells and human islets (N = 4). All data are
expressed as means + SD. Statistical significance was calculated using two-tailed Student’s t test: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. cAMP, cyclic adenosine
3',5-monophosphate; ECM, extracellular matrix.
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calculated using two-tailed Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001, and **

peaks (Fig. 5A and fig. S7E). TF binding motif enrichment analysis of
I-BET151-induced BRD4 peaks identified RBPJ, GATA4, GATAS,
SOX9, FOXA2, HNF6, and PDX1 as the top-enriched TF binding mo-
tifs (Fig. 5B). GO terms of induced peak-related genes were associated
with stem cell population maintenance, pancreatic development, Notch
signaling pathway, and stem cell division (Fig. 5C). In particular,
BRD4 binding signals at PDX1, NKX6.1, SOX9, HEY1, and HESI loci
were all increased upon I-BET151 treatment (Fig. 5]J). These observa-
tions suggested that I-BET151 modulated the genome-wide binding
patterns of BRD4, consisting with changes in transcriptome.

To further investigate the regulations at genome-wide enhancer
landscape and chromatin accessibility, we performed chromatin
immunoprecipitation combined with sequencing (ChIP-seq) of

Ma et al., Sci. Adv. 8, eabk1826 (2022) 23 February 2022

**P <0.0001.

H3K27ac and assay for transposase-accessible chromatin using se-
quencing (ATAC-seq) (fig. S7, A and B). We observed global increases
of H3K27 acetylation and chromatin accessibility at I-BET151-
induced genes (fig. S7, C, D, F, and G). Then, we further analyzed
I-BET151-induced H3K27ac peaks and induced ATAC peaks (Fig. 5,
D and G). TF binding motif enrichment analysis of I-BET151-
induced H3K27ac peaks identified SOX17, CTCF, SOX9, PDX1,
and FOXA?2 as the top-enriched TF binding motifs (Fig. 5E). In ad-
dition, H3K27 acetylation level increased at PDX1, NKX6.1, SOX9,
HEY1,and HES1lociupon I-BET151 treatment (Fig. 5]). For -BET151-
induced ATAC peaks, we identified CTCF, HNF6, FOXA2, GATAS,
GATA4, SOX9, PDX1, and NKX6.1 as the top-enriched TF bind-
ing motifs (Fig. 5H). In particular, chromatic accessibility increased
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Fig. 5. Molecular mechanisms of I-BET151. (A) Differential BRD4-binding peaks in PP cells cultured in EF6 or EF6] medium. (B) Transcription factor (TF) binding motifs
enriched at up-regulated BRD4-binding peaks induced by I-BET151. (C) GO categories of BRD4-binding peaks specifically enhanced by I-BET151. (D) Differential H3K27ac
peaks in PP cells cultured in EF6 or EF6] medium. (E) TF binding motifs enriched at up-regulated H3K27ac peaks induced by I-BET151. (F) GO categories of H3K27ac peaks
specifically enhanced by I-BET151. (G) Differential ATAC peaks in PP cells cultured in EF6 or EF6] medium. (H) TF binding motifs enriched at up-regulated ATAC peaks induced
by I-BET151. (I) GO categories of enriched, more accessible genes induced by I-BET151. (J) Browser tracks showing BRD4-binding peaks, H3K27ac peaks, ATAC peaks, and
RNA abundance at PDX1, NKX6.1, SOX9, HES1, and HEY1 loci 7 days after I-BET151 treatment. EF6 group, peaks in brighter colors; EF61 group, peaks in darker colors.

at PDX1, NKX6.1, SOX9, HEY1, and HESI loci upon I-BET151 treat-
ment, highly consistent with the transcriptional up-regulation of
these genes (Fig. 5]). In addition, GO terms of induced peak-related
genes were associated with embryonic development, DNA repli-
cation, Notch signaling pathway, and pancreatic development
(Fig. 5, Fand I). Cumulatively, these results suggested that I-BET151
could modulate the enhancer landscape, increase the chromatin
accessibility, up-regulate the transcription of key pancreatic pro-
genitor genes, and stabilize the gene regulatory network of human
pancreatic progenitors.

Ma et al., Sci. Adv. 8, eabk1826 (2022) 23 February 2022

DISCUSSION
During pancreatic development, multipotent pancreatic progen-
itor cells with inherent proliferative capacity and coexpressing PDX1
and NKX6.1 are responsible for the proper growth of pancreas.
Developmentally more committed cells, such as the NGN3-positive
EPsand INS-positive B cells, are with limited to no proliferative capacity.
Therefore, expansion of pancreatic progenitors that are develop-
mentally proximal to the B cells is a promising approach for pro-
ducing an unlimited number of pancreatic f cells. Here, through
unbiased phenotype-based chemical screening, we identified small
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molecules that could enhance NKX6.1, SOX9, and HNF6 expres-
sion but reduce NGN3, NEUROD1, and NKX2.2 expression, indi-
cating the stabilization of pancreatic progenitor cell state. Further
in-depth analysis of these PDX1 and NKX6.1 double-positive ePPs
will provide invaluable information about the mechanisms under-
lying pancreatic progenitor self-renewal in a human setting that has
remained hard to study because of the limited supply of embryonic
samples at the relevant stages.

During development in vivo, the proliferation of pancreatic pro-
genitor cells is promoted by factors secreted by the surrounding
mesenchymal tissue (44). Here, our studies showed that in vitro dif-
ferentiated human pancreatic progenitor cells (derived from hPSCs)
could be long-term expanded using I-BET151 in a chemically de-
fined condition. We found that I-BET151 could transcriptionally
up-regulate key genes of pancreatic progenitors. Initially, I-BET151
was identified as an inhibitor of cell proliferation and cancer devel-
opment (41), and I-BET151 treatment blocked ESC self-renewal
(45). Counterintuitively, we found that I-BET151 could promote
human pancreatic progenitor expansion, which highlights the
context-dependent effects of BET inhibition. Recently, the positive
effects of BET inhibition on transcriptional regulation have also
been reported in other biological processes, including autophagy
(46), HIV-1 latency (47), and naive pluripotency (48). Thus, chro-
matin modification-based transcriptional regulation is context-
dependent. Further investigations on how I-BET151 promotes
human pancreatic progenitor expansion can provide better under-
standing of epigenetic modulation, transcriptional regulation, and
cell fate decision.

It is very encouraging that these hPSC-derived ePPs can be effi-
ciently differentiated into functional ePP-p cells. These ePPs and
ePP-p cells provide new opportunities for investigation in develop-
mental biology, disease modeling, and large-scale drug screening. For
example, patient-specific ePPs and ePP-f cells can be efficiently gen-
erated, with the hope to bypass the immunosuppression complica-
tions associated with transplantation. Furthermore, genome editing
tools can be applied to test variants identified by genome-wide asso-
ciated studies (49, 50). These ePPs and ePP-f cells will provide a new
and readily controllable platform for drug screening and for study-
ing human metabolism and diabetes (51).

As limited supplies of donated islets have severely limited islet
transplantation, the strategy that we describe here may address this
limitation and present an opportunity for cell-based therapy. These
hPSC-derived ePPs can be efficiently differentiated into functional
ePP- cells with high quality. Promisingly, with the capacity of ro-
bust expansion free of foreign genetic material and further efficient
differentiation into functional pancreatic B-like cells, the established
procedure should be upscalable for functional pancreatic f cell man-
ufacture at large quantity. In summary, our work on the robust ex-
pansion of PDX1 and NKX6.1 double-positive human pancreatic
progenitors represents a notable step toward providing unlimited
functional human pancreatic B cells that are of great interest for bio-
medical research and regenerative medicine.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney (HEK) 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies)
containing 10% fetal bovine serum (FBS) (Gibco) and 1x penicillin/

Ma et al., Sci. Adv. 8, eabk1826 (2022) 23 February 2022

streptomycin (Life Technologies). HEK293T cells were bought from
the American Type Culture Collection (ATCC) (CRL-3216).

Undifferentiated hESCs and hiPSCs were cultured in hPSC
medium: DMEM/F12 (Life Technologies) supplemented with 20%
KnockOut serum replacement (Life Technologies), 1x nonessential
amino acids (Life Technologies), 1x penicillin/streptomycin, 0.055 mM
2-mercaptoethanol (Sigma-Aldrich), and bEGF (10 ng ml™'; Peprotech).
hPSCs were maintained on CF1 feeder cells in a humidified incu-
bator at 37°C and 5% CO,. hPSCs were passaged by Accutase (Life
Technologies) as 1:3 to 1:6 every 3 to 6 days. Thiazovivin (0.5 uM;
TargetMol) was used durin&lthe first 24 hours when passaging or
thawing cells. MEL1 INSS™"""W hESC line was a gift from E. G. Stanley
and A. Elefanty. H9 hESCs were purchased from Wicell Research
Institute. hiPSCs were produced by reprogramming human fibro-
blasts that were purchased from ATCC (CRL-2097) (49, 52). Myco-
plasma contamination was routinely detected using the TransDetect
PCR Mycoplasma Detection Kit (TransGen Biotech). Institutional
Animal Care and Use Committee guidelines were followed with hu-
man or animal subjects.

Cell differentiation

Cells were differentiated according to a previously described proto-
col (7). hPSCs were seeded into 10-cm dishes and cultured for 4 days
before differentiation. The medium was changed every day. Then,
hPSCs were washed by Dulbecco’s phosphate-buffered saline (DPBS;
Life Technologies) followed by dissociation into single cells using
Accutase. The cells were counted and seeded at 5.5 x 10° cells per
well of low-attached six-well plates (Corning) in 5.5 ml of hPSC me-
dium supplemented with activin A (10 ng ml™*; Peprotech) and
heregulin B (10 ng ml™'; Peprotech). The plates were plated on a
shaker at 100 rpm in an incubator to promote cell aggregate forma-
tion. The media were changed every day. The differentiation media
are as follows: day 1: RPMI (Life Technologies) including 1:5000 ITS-X
(Gibco), 0.2% FBS, activin A (100 ng ml™),and 3 uM CHIR99021
(TargetMol); day 2: RPMI containing 0.2% FBS, 1:2000 ITS-X, and
activin A (100 ng ml™"); day 3: RPMI containing 0.2% FBS, 1:1000
ITS-X, KGF (25 ng ml Peprotech), and 2.5 uM A83-01 (TargetMol);
days 4 to 5: RPMI containing 0.4% FBS, 1:1000 ITS-X, and KGF
(25ng ml™); days 6 to 7: DMEM containing 1x B27 (Gibco) and 3 nM
TTNPB (Sigma-Aldrich); day 8: DMEM containing 1x B27, 3 nM
TTNPB, and EGF (50 ng ml™}; Peprotech); days 9 to 11: DMEM
containing 1x B27, KGF (50 ng ml™), and EGF (50 ng ml™); days 12
to 18 (R6 medium): DMEM containing 1x B27, 0.05% bovine serum
albumin (BSA; Yeasen), 10 pM zinc sulfate (Sigma-Aldrich), heparin
(10 pg ml™}; Sigma-Aldrich), 10 pM 616452 (TargetMol), 1 uM T3
(Sigma-Aldrich), 0.2 uM LDN-193189 (Tocris), 0.2 uM compound
E (MedChem Express), 0.5 mM vitamin C, and 10 uM forskolin
(TargetMol); days 19 to 24 (R7 medium): DMEM containing 1x B27,
0.05% BSA, 10 uM zinc sulfate, heparin (10 ug ml™"), 10 uM 616452,
1 uM T3, 1 mM N-acetyl cysteine (Sigma-Aldrich), 1 uM Trolox (Sigma-
Aldrich), and 0.5 mM vitamin C.

ePP culture

ePPs were cultured on feeder cells in EF6] medium: DMEM contain-
ing 1x B27, EGF (50 ng ml™"), bFGF (10 ng m1™"), 10 uM 616452,
and 1 pM I-BET151 (APExBIO). ePPs were passaged by Accutase
(Life Technologies) at a ratio of 1:3 every 3 to 5 days. Routinely, 0.5 pM
thiazovivin was used during the first 24 hours when passaging or
thawing cells.
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Chemical screening

A chemical library containing about 203 small molecules, listed in
table S3, was used for screening. PP cells cultured in basal medium
[DMEM containing 1x B27, EGF (50 ng ml™), bFGF (10 ng ml™?),
and 10 uM 616452] were seeded into 24-well plates and administrated
with different small molecules for 7 days. The culture media were
changed every 3 days. Then, PP cells were immunostained with
anti-PDX1 and anti-NKX6.1 antibodies. In addition, images were
generated using the Operetta CLS high-content analysis system
(PerkinElmer) and analyzed by the software of Operetta CLS high-
content analysis system.

Immunostaining

Cells were stained according to a previous protocol (49). In brief,
cells were fixed with 4% paraformaldehyde (PFA) for 10 to 15 min
at room temperature, washed with PBST buffer three times, and
blocked in blocking buffer for 1 hour at room temperature followed
by incubating with the primary antibody at 4°C overnight. Then,
secondary antibodies were used at 1:2000 dilution and incubated for
1 hour at room temperature. Detailed primary and secondary anti-
bodies are listed in table S1. Last, cells were stained with Hoechst at
1:5000 dilution to mark nuclei.

Flow cytometry

Cells were dissociated into single cells using Accutase followed by
washing with PBS buffer. Then, the cells were fixed by 4% PFA for
30 min and washed with PBST three to five times at 1500 rpm,
5 min per time. Thereafter, cells were blocked with blocking buffer
and incubated with primary antibodies at 4°C overnight. After wash-
ing using PBST for three times, cells were incubated with secondary
antibodies at room temperature for 1 hour. All the antibodies are
detailed in table S1. FACS data were acquired by Beckman CytoFlex
(Beckman Culture) and analyzed by CytExpert software.

Real-time quantitative PCR

Total RNA was extracted and purified using the Quick-RNA MiniPrep
Kit (ZYMO) followed by conversion into complementary DNA (cDNA)
using PrimeScript RT Master Mix (Takara). RT-qPCR was performed
using the TB Green Premix Ex Taq II Kit (Takara) on a CFX Connect
Real-Time system (Bio-Rad). Primer sequences are listed in table S2.

shRNA studies
Lentiviral vectors (pLKO.1) carrying independent BRD2-, BRD3-,
and BRD4-targeting or control shRNAs (sequences are shown in
table S1) were transfected into HEK293T cells maintained in DMEM
medium using Lipofectamine 3000 Transfection Reagent (Invitrogen).
Viruses were collected and filtered 48 and 72 hours after transfection.

For lentiviral infection, 60 to 70% confluent PPs were incubated
with viruses and basal medium (EF6) as 1:1. In addition, Polybrene
infection reagent (Santa Cruz Biotechnology) was added at 5 ug ml™".
After 4 hours, basal medium was used to culture cells for 1 week.
During this week, medium was changed every 3 days.

For infected cell collection, PPs with different shRNAs were dis-
sociated by incubation with Accutase for 1 to 3 min at 37°C. Then, cell
samples were collected for RNA extraction and RT-qPCR analysis.

Western blotting analysis
Lysis buffer (Beyotime) supplemented with 1% phenylmethylsulfo-
nyl fluoride (Beyotime) was used to extract total protein from cells.
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Cell extracts were centrifuged at 12,000¢ for 15 min, and the super-
natant was collected. Cell lysates were resolved on 8% acrylamide
gradient SDS-polyacrylamide gel electrophoresis gels and trans-
ferred to polyvinylidene difluoride membranes (Millipore). The
membranes were blocked with 5% nonfat milk in tris-buffered
saline containing 0.1% Tween 20 for 1 hour, then incubated with
anti-BRD4 (1:1000 dilution; Abcam) and anti-B-actin (1:10000
dilution; Sungenebiotech) antibody followed by horseradish
peroxidase-conjugated secondary antibody, and detected by im-
munoblotting with the High-Sensitivity ECL Chemilumines-
cence Detection Kit (Vazyme) or Super ECL Detection Reagent
(Yeasen Biotech).

C-peptide and insulin content analysis

ePP-p cells and human islets were collected, counted by Countess II
FL (Thermo Fisher Scientific), and lysed using radioimmuno-
precipitation assay buffer (Beyotime). Supernatant samples con-
taining total insulin and C-peptide were respectively detected by a
human insulin immunoassay kit (EZassay, catalog no. HM200)
and human C-peptide ultrasensitive ELISA kit (Mercodia, catalog
no. 10-1141-01). The insulin and C-peptide content was normalized
by the cell number.

Glucose-stimulated insulin secretion

GSIS was performed according to a previously reported protocol (6).
ePP-B cells and human islets were washed twice with 1 ml of KRBH
buffer (128 mM NaCl, 5 mM KCl, 2.7 mM CaCl,, 1.2 mM MgCl,,
1 mM sodium phosphate buffer, 1.2 mM KH,POy4, 5 mM NaHCOs,
10 mM Hepes, and 0.1% BSA). Then, clusters were preincubated in
1 ml of KRBH buffer for 30 min to remove residual insulin. During
incubation, all tube lids were left open for air exchange. Clusters
were incubated in 300 ul of KRBH buffer with 2 mM glucose
(low-glucose KRBH) for 1 hour. After incubation, 100 ul of the
supernatant was collected for ELISA analysis (low-glucose sample).
Then, clusters were incubated in KRBH with 16.8 mM glucose
(high-glucose KRBH) for 1 hour, and 100 pl of supernatant was
collected after incubation (high-glucose sample). Last, clusters were
dispersed into single cells using Accutase for cell counting.

Electron microscopic analysis

ePP-B clusters were fixed, standard processed, and analyzed by Life
Sciences Institute Microscope Core. Then, the electron data for
insulin granules and mitochondria were collected using a transmis-
sion electron microscope (HITACHI, HT7700).

mtDNA analysis

To measure mtDNA content, DNA was extracted from hPSCs, ePPs,
ePP-P cells, and human islets using the Quick-DNA MiniPrep Kit
(ZYMO). The ratio of mitochondrial mtDNA 16S ribosomal RNA
(rRNA) gene versus nuclear B-2-microglobulin (B2M) gene was
determined by qPCR (9). Human-specific primers used for mtDNA
16S rRNA and B2M are shown in table S2.

Karyotyping analysis

Karyotyping analysis by G-banding of ePPs at passages 12 and 24
was carried out by the Department of Prenatal Diagnosis (Screen-
ing) Center of Hangzhou Women’s Hospital (Hangzhou Maternity
and Child Health Care Hospital). Detailed methods are as reported
elsewhere.
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Mouse studies

Immunodeficient severe combined immunodeficient (SCID) beige
mice were purchased from Beijing Vital River Laboratory Animal
Technology. Male mice, aged 8 to 10 weeks, were used for trans-
plantation and fed in the Animal Core, Zhejiang University, Hangzhou.
Diabetic mice were rendered by administering STZ (45 mg kg’l) for
five consecutive days via intraperitoneal injection. Mice were anaes-
thetized with isoflurane (RWD). About 5 million ePP-f cells were
transplanted under the kidney capsule. For in vivo glucose chal-
lenge experiments, mice with grafts were fasted for 16 hours. Then,
the serum before and 60 min following an intraperitoneal injection
of p-glucose solution (3 g kg™') was collected for ELISA analysis.
For intraperitoneal glucose tolerance test (IPGTT), mice with or
without grafts were fasted for 16 hours, and we recorded the fasted
blood glucose level. After that, mice were injected with p-glucose
solution (2 g kg™"). In addition, the mouse blood glucose level was
recorded at the chosen time points after intraperitoneal injection.
For immunofluorescent staining, kidneys with grafts were removed
for cryosection 1 week after transplantation. All of the mouse studies
were compliant with relevant ethical regulations about animal research.

RNA-seq and data analysis

Total RNA was isolated from indicated samples using the Quick-
RNA MiniPrep Kit (ZYMO). cDNA library construction and high-
throughput sequencing were performed by Novogene, and paired-end
sequencing was carried out with the Illumina HiSeq 2500. Clean
reads were aligned to the human genome (GRCh38, hg38) using
HISAT?2 (v2.1.0) with the default parameter settings. Transcript
assembly was performed by stringtie (v2.0), and expression of tran-
scripts sharing each gene_id was quantified as transcripts per million
(TPM). The differential expression analysis was performed by R pack-
age DESeq2 (53) from the Bioconductor project (http://bioconductor.
org/). The GO and KEGG enrichment analyses were performed
with R package clusterProfiler (54) from the Bioconductor project.
Heatmaps were generated by R package pheatmap from CRAN
(https://cran.r-project.org/).

CUT&Tag assay

CUT&Tag assay was performed as follows. First, ConA Beads
(CST, #93569) were pipetted into a new tube (10 pl per sample) and
washed with activation buffer. Cells (1 x 10°) on day 7 were harvested
and washed with wash buffer. The cells were mixed with ConA
Beads and incubated with anti-Brd4 antibody (1:100; Abcam) over-
night at 4°C. Donkey anti-rabbit immunoglobulin G antibody
(Invitrogen) was diluted at 1:100 and added into the samples. Then,
the samples were incubated for 1 hour at room temperature. After
washing away the unbounded secondary antibody, Hyperactive
pG-Tn5 Transposase (Vazyme) was added and incubated with cells
for 1 hour at room temperature. The samples were washed with
Dig-med buffer and followed with tagmentation by tagmentation
buffer. Next, DNA was isolated by phenol-chloroform and dissolved
in TE buffer. DNA was amplified with N5 and N7 primers and
purified with VAHTS DNA Clean Beads (Vazyme) for high-
throughput sequencing.

CUT&Tag analysis

Paired-end sequencing was carried out with the Illumina NovaSeq
6000 with read length of 150 base pairs (bp). Clean reads were
aligned to the human genome (GRCh38, hg38) using Bowtie2 (v2.2.5)
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with the following options: --local --very-sensitive-local --no-
unal --no-mixed -nodiscordant --phred33 -I 10 -X 700. For peak
calling, parameters used were macs2 (v2.1.2) callpeak -p 1le-5 -f
BAMPE -g hs -n sample-name -B --keep-dup all. The peak visual-
ization in genome was shown by Integrative Genomics Viewer (IGV)
software (55). In addition, the peak annotations and heatmaps were
performed with R package ChIPseeker (56) from the Bioconductor
project. Motif enrichment was done using HOMER (v4.11) with the
following options: -fdr 0.05 hg38 -len 8,10,12. Bigwig files were
generated with the bamCoverage function in deepTools (v3.4.3)
with default parameter settings.

Assay for transposase-accessible chromatin using
sequencing

Cells (5 x 10*) were collected and lysed using lysis buffer [10 mM
tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl,, and 0.1% NP-40] to
collect cell nuclei. Then, the standard processing was performed using
the TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme). The
library concentration was measured using the Qubit Double-Stranded
DNA BR Assay Kit (Invitrogen) by Qubit (Invitrogen).

ATAC-seq analysis

High-throughput sequencing was performed by Novogene, and
paired-end sequencing was carried out with the Illumina Novaseq
6000 with read length of 200 bp. Clean reads were aligned to the
human genome (GRCh38, hg38) using Bowtie2 (v2.2.5) with the fol-
lowing options: --no-discordant --no-unal --no-mixed -X 2000 --local.
For removing the null and not unmapped reads, the sambamba
(v0.7.1) was performed with default parameter settings. The Mark-
Duplicates function in picard-tools (v2.20.5) was used for removing
the duplicated reads. Mitochondrial reads were removed by samtools
(v1.9). For peak calling, parameters used were macs2 (v2.1.2)
callpeak: -p le-5 --nomodel --shift -100 --extsize 200. The peak
visualization in genome was shown by IGV software (55). In addi-
tion, the peak annotations and heatmaps were performed with
R package ChIPseeker (56) from the Bioconductor project. Motif
enrichment was done using HOMER (v4.11) with the following
options: -fdr 0.05 hg38 -len 8,10,12. Bigwig files were generated
with the bamCoverage function in deepTools (v3.4.3) with default
parameter settings.

Chromatin immunoprecipitation combined with sequencing

Cells cultured in a 10-cm dish (about 107 cells) were collected and
fixed in 1% formaldehyde at room temperature for 10 min. Then,
0.125 M glycine was used to quench the reaction. After washing with
PBS twice, cells were harvested and lysed by lysis buffer and cell lysis
buffer in the Magna ChIP A/G One-Day Chromatin Immuno-
precipitation Kit (EMD Millipore Corp., catalog no. 17-10086) step
by step. Thereafter, the nuclear pellets were resuspended in nuclear
lysis buffer in the Magna ChIP A/G One-Day Chromatin Immuno-
precipitation Kit. The mixture was sonicated as 30 s on and 30 s off
with 20 cycles. The sonication samples were centrifuged at 12,000 rpm
for 20 min at 4°C to harvest supernatant. Protein A/G magnetic
beads (20 ul; EMD Millipore Corp) for each immunoprecipitation
were washed with block buffer (1x PBST and 0.5% BSA) twice.
Before immunoprecipitation, protein A/G magnetic beads and 2 ug
of antibodies were incubated at 4°C overnight followed by washing
using block solution three times. Moreover, the sonication supernatant
was diluted in dilution buffer to 1-ml total volume, and 20 pl of the
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mixture was left as input samples. Next, the sonication supernatant
was incubated with beads at 4°C for 6 to 10 hours. After incubation,
the protein A/G beads, antibody, and chromatin formed the com-
plex. In addition, the complex was stepwise washed in 1 ml of wash
buffer [20 mM tris-HCI (pH 8), 150 mM NaCl, 2 mM EDTA,
0.1% SDS, and 1% Triton X-100], high-NaCl buffer (wash supple-
mented with 500 mM NaCl), and TE buffer [10 mM tris-HCI (pH 8),
50 mM NaCl, and 1 mM EDTA] at 4°C for 5 min. Then, chromatin
was eluted by incubating with 200 pl of elution buffer [50 mM
tris-HCI (pH 8), 10 mM EDTA, and 1% SDS] at 65°C for 30 min
followed by reversing in elution buffer with 0.2 M NaCl at 65°C
overnight. Last, RNA in the samples was digested with ribonuclease
A (0.2 mgml™") at 37°C for 2 hours, and proteins were digested with
proteinase K (0.2 mg ml™") at 62°C for 2 hours and 95°C for 10 min.
DNA was extracted by using the DNA Clean & Concentrator-5 Kit
(ZYMO, catalog no. D4014). ChIP and input DNA were quantified
by Qubit before library preparation using the VAHTS Universal
DNA Library Prep Kit for Illumina V2 (Vazyme).

ChiP-seq analysis

High-throughput sequencing was performed by Novogene, and
paired-end sequencing was carried out with the Illumina Novaseq
6000 with read length of 200 bp. Clean reads were aligned to the
human genome (GRCh38, hg38) using Bowtie2 (v2.2.5) with op-
tions -3 5 --local. For removing the null and not unmapped reads,
the sambamba (v0.7.1) was performed with default parameter
settings. The MarkDuplicates function in picard-tools (v2.20.5) was
used for removing the duplicated reads. Mitochondrial reads were
removed by samtools (v1.9). For peak calling, macs2 (v2.1.2) was
also used with default parameter settings. The peak visualization in
genome was shown by IGV software (55). In addition, the peak
annotations and heatmaps were performed with R package
ChlIPseeker (56) from the Bioconductor project. Motif enrichment
was done using HOMER (v4.11) with the following options: -fdr 0.05
hg38 -len 8,10,12. Bigwig files were generated with the bamCoverage
function in deepTools (v3.4.3) with default parameter settings.

Statistics and reproducibility

The specific statistical analysis is described in the corresponding
figure legends. Two-tailed unpaired ¢ tests (Student’s ¢ test) were used
to obtain the P values. Data analysis was performed in GraphPad
Prism version 7. The following convention was used for indicat-
ing P values: not significant (ns), P > 0.05; *P < 0.05; **P < 0.01;
¥**P < 0.001; and ****P < 0.0001. All data are shown as the means
with error bars representing the SD.

In this manuscript, representative microscopy images are shown,
but these were replicated and confirmed by several independent
experiments as follows. In Fig. 1D: This staining result was replicat-
ed in four independent differentiations. In Fig. 2D: This karyotype im-
age was repeated in two independent experiments; Fig. 2E: this staining
result was replicated in three independent experiments; Fig. 2H:
staining results were obtained from two independent immunostain-
ing. In Fig. 3B: Staining results were repeated in three independent
differentiations; Fig. 3, H and K: these transmission electron micro-
graphs were reproduced in two independent experiments; Fig. 3]: this
staining result was replicated in three independent experiments.
In Fig. 4F: This staining result was replicated in three independent
experiments. In fig. S1A: This differentiation method was repeated
numerous times (>30) as it was the basis of all the experiments in
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Fig. 1 and figs. S1 and S2; fig. S1C: this staining result was repro-
duced by more than five independent experiments. In fig. S2B: This
staining result was reproduced by three independent experiments.
In fig. S3B: These bright-field images were reproduced in three in-
dependent experiments; fig. S3D: this staining result was repeated
three times; fig. S3F: these bright-field images were repeated in
three independent experiments; fig. S3G: this Western blotting result
represented three independent experiments; fig. S3I: this staining
result was reproduced three times. In fig. S4A: These bright-field
images were reproduced in three independent experiments; fig. S4B:
this staining result was replicated in three independent differentiations;
fig. S4D: this karyotype image was repeated in two independent
experiments; fig. S4, E and F: these staining results were repeated
in three independent differentiations. In fig. S5, A and E: These
staining results were reproduced in three independent experiments.
In fig. S6, A and E: These staining results were reproduced in three
independent experiments.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1826

View/request a protocol for this paper from Bio-protocol.
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