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Cell proliferation is fundamental for almost all stages of development

and differentiation that require anincrease in cell number. Although cell
cycle phase has been associated with differentiation, the actual process

of proliferation has not been considered as having a specific role. Here we
exploit human embryonic stem cell-derived endodermal progenitors that
we find are anin vitro model for the ventral foregut. These cells exhibit
expansion-dependentincreases in differentiation efficiency to pancreatic
progenitors that are linked to organ-specific enhancer priming at the level of
chromatin accessibility and the decommissioning of lineage-inappropriate
enhancers. Our findings suggest that cell proliferation in embryonic
developmentis about more than tissue expansion; it is required to ensure
equilibration of gene regulatory networks allowing cells to become primed
for future differentiation. Expansion of lineage-specific intermediates

may therefore be animportant step in achieving high-fidelity in vitro

differentiation.

Theregulation of gene expression during differentiation is considered
alinear processinvolving the action of signalling and transcription fac-
tors (TFs). Cell proliferationis regarded as peripheral to differentiation,
although it has a clear function in the selection of specific cell types.
While cell cycle phase has been linked to differentiation’?, here we
explore the notion that differentiation requires progenitor prolifera-
tionitselfto enhance the processing of lineage-promoting information.

The visceral organs are formed during embryonic development
fromthe endoderm germlayer’. These cells are initially specified dur-
ing gastrulation and undergo extensive proliferation as they prepare
to differentiate into distinct organ primordia®. In particular, the liver
and pancreas are derived from the anterior definitive endoderm (ADE).
ADE is formed as a result of the anterior migration of cells from the

anterior region of the primitive streak at the beginning of gastrulation.
The anterior-most definitive endoderm (DE) will then migrate ventrally
to form the ventral foregut, containing a bipotent precursor of liver
and ventral pancreas®®, a population that has recently been shown to
expand and retain potency for both lineages in vivo over a period of
several days of mouse development’.

Pluripotent embryonic stem cells (ESCs) can be differentiated
in vitro to form all embryonic germ layers including endoderm?®”.
As aresult, directed linear ESC differentiation is used to produce
organ-specific cell types such as pancreatic beta cells'*'? and hepat-
ocytes™*. An alternative to directed differentiation is the use of
ESC-derived expandable endodermal progenitors (EPs) as a stag-
ing platform for further differentiation”", and the expansion of
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endodermal cells from human ESCs (hESCs) promotes the generation
of more mature pancreatic beta cells®.

Inthis Article, we find that the in vivo identity of human EP (hEP)
cells is ventral foregut and that continued proliferation of these
cells results in lineage priming that is correlated with organ-specific
enhancer accessibility. Lineage priming is not accompanied by large
changes in transcription of organ-specific genes, but instead pre-
pares appropriate enhancers for their activation and decommissions
enhancersnormally presentin other lineages. Our findings suggest that
the extensive cell proliferation that characterizes normal embryonic
developmentis not merely required for tissue expansion, but ensures
equilibration of gene regulatory networks for future high-fidelity
differentiation.

Results

Expanding endoderm progenitors mimic ventral foregut
invitro

To characterize the impact of expansion on endodermal differentiation,
we focused on 3D hEP culture®. This protocol expands endoderm in
the presence of FGF2, BMP4, VEGF and EGF™", cytokines known to act
inthe ventral foregut region. We quantitated gene expression during
expansion by single-cell RNA sequencing (RNA-seq) and found that
transient ADE cells comprised two subpopulations (ADE.1and ADE.2)
while EP culture was homogeneous (Extended Data Fig. 1a, left). In
human development, ventral foregut endoderm has been described at
Carnegie stages 8and 9 (ref.'*), and we compared hESC-derived endo-
dermwithsingle-cell RNA-seq fromthese stages of humanembryos with
our cluster alignment tool (CAT)". For this analysis, we used a recently
published dataset containing human embryonic foregut (hFG.1-4), the
lip formed from ventral foregut—referred to as the lip of the anterior
intestinal portal (hAL)—midgut (hMG.1-3) and hindgut (hHG.1-2) (ref. *°)
(Extended DataFig.1a, right). We found that ADE aligns to the foregut
hFG.2 and midgut hMG1 clusters (Fig. 1a). In contrast, EP cells align
with hAL and hMG1, a population of midgut cells located adjacent to
the hAL?. As EP cells align to both these clusters, we assessed gene
expression specifically enriched in RNA-seq from H9-derived EP cells
(Extended DataFig.1b) and asked whether this set contained genes with
differential expression between hAL and hMG.1 clusters. With a few
exceptions, genes expressed at higher levelsin hAL were also elevated
in EP cells (Fig. 1b). The hAL or ventral foregut identity of EP cells was
confirmed by immunohistochemistry of the hAL markers HHEX*® and
TBX3 (ref. ) (Extended Data Fig. 1c).

Asmurine ventral foregut endodermis actively cycling”, we meas-
ured the proliferation rate of hEP cultures and found itincreased with
timein culture (p6, p8, p12 and p15) (Fig. 1c). In mouse, HHEX is known
tosupport ventral foregut expansion and morphogenesis. To further
confirm the identity of hEP, we knocked down HHEX by short hairpin
RNA (shRNA) and observed areductionin growth withoutinduction of
apoptosis (Extended Data Fig.1d,e). We measured actively proliferating
cellsin ADE, EP cells and HHEX knockdown (KD) EP cells by 5-ethynyl-
2’-deoxyuridine (EdU) labelling followed by cell-cycle analysis based

on 4’,6-diamidino-2-phenylindole (DAPI) staining (Extended Data
Fig. 1f). The percentage of S-phase cells increased with expansion in
an HHEX-dependent fashion, while the fraction in G2M was reduced
(Fig. 1d,e). On the basis of the expression of ventral foregut mark-
ers, the cytokines used in these cultures and the function of HHEX in
proliferation, we conclude hEP cells are an in vitro model for human
ventral foregut and refer to them hereafter as ventral foregut progeni-
tor cells (VFGs).

To probe VFG differentiation efficiency, we established VFG cul-
tures from an hESC line containing a pancreatic reporter (PDX1-eGFP)*
and determined the minimal cytokine set required to transform VFG
spheres into proliferating pancreatic spheroids or hepatic organoids
(Extended DataFig. 2a). Removal of BMP4 from VFG culture resulted in
negligible PDX1reporter expression (<2% GFP*), no PDX1 proteinand no
dramatic transcriptional change at single-cell level (Extended Data Fig.
2b-d). Subsequent addition of FGF7 and FGF10, and to a lesser extent
FGF2, stimulated PDX1-eGFP expression and induced robust transcrip-
tional change (Extended DataFig.2d-f). Inresponse to initial cytokine
treatment, we could separate PDX1*and PDX1  cells, and expand PDX1*
cellsas pancreatic spheroids, or PDX1 cells as hepatic organoids (Fig.
1f and Extended Data Fig. 2g-i) in defined media****. These observa-
tionsindicate that human VFG cultureis poised to generate expanding
hepatic and pancreaticendoderm.

Expansion enhances pancreatic differentiation of VFG cells

To compare the differentiation efficiency of expanding VFGs with stand-
ard differentiation, we employed aspects of three established proto-
cols for the derivation of pancreatic endoderm (PE) from ESCs'*'>*
(Extended DataFig. 3a). In two of these protocols'>** we observed rela-
tively inefficient differentiation (<20% PDX1") (Fig. 2a and Extended
DataFig. 3b). However, a protocol coupling BMP inhibition, FGF and
WNT activation™ resulted in>80% PDX1" induction, suggesting that VFG
cultures are adapted to protocols harnessing signals regulating ventral
pancreatic specification. VFG-derived PE expressed pancreatic markers
including PDX1and NKX6-2, Glycoprotein 2 (GP2) (refs. *>*) and the
ventral pancreatic marker Roundabout2 (ROBO2) (ref. *°) (Extended
DataFig. 3c). Consistent with the observation that ventral pancreatic
bud expands more than the dorsal bud*®, cells differentiated via this
third protocol, and not the other two, proliferate (Fig. 2b,c).

The efficiency of pancreatic differentiation increased with time
in expansion and was maintained at a similar level following six pas-
sages (Fig. 2d and Extended Data Fig. 3d). Later passage VFG cells
re-introduced into differentiation also produced more insulin-positive
(INS*) endocrine cells (Fig. 2e,f). Similarly, extended VFG expan-
sion produced enhanced hepatic, but not intestinal, differentiation
(Extended Data Fig. 3e,f). Expression of primitive-streak and early
endoderm genes, GSC, GATA6 and CERI, decreased upon expansion
(Fig.2g). General endoderm markers expressed in the ventral foregut,
suchas FOXA2, HHEX and SOX17, were expressed throughout expansion
atlevels comparable to those in transient ADE cells. Expression of the
foregut marker HNF1B* and the ventral foregut markers TBX3, /D2 and

Fig.1| Expanding endoderm progenitors as anin vitro model for ventral
foregut. a, Visualization of the CAT alignments between in vitro clusters
(ADE.1, ADE.2 and EP) from this study and in vivo endodermal clusters from
theLi et al. dataset®’. Only significant CAT alignments between clusters are
shown. b, Heat map showing expression of hAL and hMG marker genesin ESC,
ADE and EP cells (bulk RNA-seq dataset, scaled normalized expression, N=3
independent experiments). Only markers expressed significantly different
between ADE and EP are shown (log,FC > 1.5, adjusted P < 0.05). ¢, Cumulative
growth curves showing EP cell counts at different passages of expansion for
controland HHEX KD (EPs were derived from H9 (circle) or HUES4 (triangle)
ESCs). Data are represented as mean + s.e.m.; N = 6 independent experiments.
**P<0.01,***P<0.0001 (one-way ANOVA Tukey’s multiple comparison test was
applied to analyse differences at day 8; only significant comparisons are shown).

d, Dot plots showing percentage of G1, S and G2M cycling cells assayed by flow
cytometry with EQU and DAPI staining in control and HHEX KD EP expansion.
Data are represented as mean + s.e.m.;N = 6 independent experiments. *P < 0.05,
**P < 0.01,**P < 0.001, ***P < 0.0001 (one-way ANOVA Tukey’s multiple
comparison test; only significant comparisons are shown). e, Representative
images (from three independent experiments) of control (top row) and HHEX
shRNA (bottom row) EP cells stained with EdU, FOXA2, HHEX and DAPI. Scale
bars, 50 um. f, Top: representative immunostaining of PDX1and SOX9, including
DAPI, of VFG-derived pancreatic spheroids at passage 5. Bottom: representative
immunostaining of AFP and ALB, including DAPI, of VFG-derived hepatic
organoids at passage 5. Images represent three independent experiments. Scale
bars, 50 um. DIC, differential interferance contrast.
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Fig.2| Expansion enhances pancreatic differentiation of VFG cells.

a,b, Bar plots showing percentage of PDX1-eGFP* (a) or EdU* (b) cells from flow
cytometry analysisin VFG cells and PE generated from VFG cells on the basis

of different differentiation protocols. Data are represented as mean +s.e.m.;
N=3independent experiments. *P < 0.05, ***P < 0.0001 (one-way ANOVA
Dunnett’s multiple comparison test compared with VFG cells). ¢, Representative
immunostaining (from three independent experiments) of VFG cells and PE
generated using conditions from Nostro et al. (ref.'°), stained with PDX1, EdU and
DAPI. Scale bar, 50 pm. d, Left: schematic of PE differentiation using conditions
from Nostro et al. (ref. ). from ADE and VFG at p3, p6 and p12. Right: bar plot
showing percentage GFP*-positive cells generated for the indicated conditions.
Data are represented as mean + s.e.m.; N =3 independent experiments.
Statistical analysis was performed for differentiation of each indicated cell type
(*P<0.01,**P<0.001, ***P< 0.0001, unpaired two-tailed t-test), as well as
comparisons between different differentiations (***P < 0.001, ***P < 0.0001,
one-way ANOVA Tukey’s multiple comparison test; only significant comparisons
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are shown). e, Bar plots showing percentage of INS* cells generated from VFGp3
or VFGpé6 cultures derived from HUES4 (triangles) and H9 (circles) ESCs. Data
arerepresented as mean + s.e.m.; N=4 independent experiments. Statistical
analysis was performed for differentiation of each indicated cell type (**P < 0.01,
***+p < 0.0001, unpaired two-tailed t-test), as well as comparisons between
different differentiations (****P < 0.0001, unpaired two-tailed ¢-test; only
significant comparisons are shown). f, Representative immunostaining (from
three independent experiments) of VFGp6-derived B-like cells, stained with
PDX1, INS and DAPI. Scale bar, 50 pm. g, Expression analysis of ESC-derived

VFG cultures at different passages: RT-qPCR of the indicated genes in transient
ADE and VFGs. Expression is normalized with ACTB. Data are represented as
mean +s.e.m.; N=6 independent experiments. *P < 0.05,**P < 0.01, **P < 0.001,
***+Pp < (0.0001 (one-way ANOVA Dunnett’s multiple comparison test compared
with ADE; only significant comparisons shown). *P < 0.05 (one-way ANOVA
Dunnett’s multiple comparison test compared with VFGp3-4; only significant
comparisons shown).

GATA3 (refs.>**) were elevated in early passaged (p3 and p4) VFGcells
and maintained during expansion. The pancreatic progenitor marker
PDX1was never detected during VFG expansion.

Chromatin accessibility is fine-tuned in VFG expansion
Principal component analysis (PCA) of VFG RNA-seq data at multiple
passages showed that VFG cells forma cluster separated from ADE, PE

and ESC (Fig.3a). Different passages of VFGs, cultured with and without
BMP4, cluster together and separate in the first principal component
from PE. Comparison between VFG passage (p)3 and VFGpé6 cells shows
asmallsetof genes (21 upregulated and 102 downregulated) with signifi-
cantchangesin expression (log, fold change (FC) >2, P < 0.05), includ-
ing downregulated primitive-streak markers (GSC, CER1 and LEFTYI)
(Extended Data Fig. 4a and Supplementary Table 1a). The only Gene
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Ontology terms for gene set enrichment with expansion were associ-
ated with chromatin modificationand cell-cycle transition (Extended
Data Fig. 4b). We used assay for transposase-accessible chromatin
using sequencing (ATAC-seq) to map chromatin accessibility during the
progression of hESCs to pancreatic progenitors, at five defined stages
of differentiation and expansion: hESC, ADE, VFGp3, VFGp6 and PE.
Unlike the transcriptome of different passage VFG cultures that cluster
together by PCA, we observed considerable change in the ATAC-seq
profile as a function of time in culture, with the higher-passage VFGs
moving towards PE (Fig. 3b).

We used general linear modelling® to define the dynamic changes
inchromatin accessibility at promoter-distal ATAC-seq peaks (putative
enhancers) across these five stages of differentiation. Thisresulted ina
dynamicset of 57,803 sites (Extended Data Fig. 4c) showing chromatin
opening or closing in at least one stage of differentiation. Temporal
patterns of chromatin accessibility were defined using c-means cluster-
ing, producing eight clusters corresponding to six distinct groups of
putative enhancers (Fig. 3c and Supplementary Table 1b). The largest
group of sites are where chromatinaccessibility isreduced at the start
of differentiation and remains closed for the duration through to PE.
The VFG®' cluster contains sites that become accessible during ESC
to ADE differentiation, but that then lose accessibility during VFG
differentiation or expansion, so that they are inaccessible in PE. The
PE°™ cluster also appears at ADE and then loses accessibility but only
after VFG expansion. The PE°" cluster encompasses regions that only
openup during differentiation to PE. We defined two VFG clusters, VFG
transient (VFG™) and PEPRMED clysters.

Chromatin accessibility for the P cluster increases gradu-
ally during VFG expansion and is most accessible in PE. An element
located ~5 kb upstream of the GLIS3 transcriptional start site (TSS)
(Fig. 3d, left, and Extended Data Fig. 4d) is an example of this. In vivo
Glis3is expressed in pancreatic endocrine progenitors and then beta
cells®. RNA-seq shows that GLIS3is not expressed until PE differentia-
tion from expanded VFGs (Fig. 3d, right). We also observed increases
in accessibility in the conserved enhancer regions (area IV) of PDX1
(refs.>>**) (Extended Data Fig. 4e). The VFG™® cluster contains regions
where chromatin accessibility increases during VFG expansion and is
then shut down during differentiation to PE. The putative enhancers
located ~7 kb upstream of the TBX3 TSS (Fig. 3e, left, and Extended
Data Fig. 4f) are an example of this. TBX3 is expressed in the develop-
ing human posterior foregut (FG) and liver bud progenitors®>**and is
expressed specificallyin VFGs, but thensilenced during the differentia-
tion to PE (Fig. 3e, right).

Tolink these enhancer clusters to changesin gene expression, we
defined significantly changing genesin the transition from expansion
into further differentiation (log2FC > 1.5, P < 0.05) (Supplementary
Tablelc). To pair enhancers with specific genes, we considered enhanc-
ers located either within 25 kb or 200 kb of the single nearest gene’s
TSSand we excluded low level changes in basal gene expression (Sup-
plementary Table1d,e). While filtering out gene expression noise that

EPRIMED

occurs with passaging reduces the size of the gene set, we were able
to define enhancers located within either 25 kb or 200 kb of upregu-
lated PE genes. Regardless of which enhancer set used, we observed
significantenrichment of both PEP"™ and PE°N enhancer classes with
upregulated PE genes (Fig. 3f and Extended Data Fig. 4g,h), although
the enrichment is greater for enhancers located closest to the genes
they regulate. We also identified enhancers at the same distance from
genes downregulated in differentiation (Supplementary Table 1f,g).
These downregulated PE gene sets were associated with the PE°*F and
VFG™enhancer categories (Fig. 3g and Extended Data Fig. 4i,j). Taken
together, this suggests that VFG expansion primes some pancreatic
enhancers for later target gene induction while decommissioning
enhancers driving gene expression inappropriate for the PE lineage.

Differentiation imperfectly realizes the VFG enhancer
landscape

To understand the extent to which the enhancer network induced
during expansion is normally exploited in directed differentiation,
we compared our data with a previous study that profiled chromatin
accessibility by ATAC-seq during the differentiation of hESC through
DE and posterior FG stages to pancreatic progenitors (PP1) (ref. **).
Onthe basis of this analysis we could define acommon set of putative
enhancersactivated in either VFGs or FG* and that then remain acces-
siblein later differentiation (PE or PP1), respectively (PE-PP1common);
and aclass of element thatis notinduced in the absence of expansion
(PE-not-PP1) (Extended Data Fig. 5a,b and Supplementary Table 2a).
Many of the peaks that closed down during or after VFG expansion
(VFG®"*-in-DE-PP1and VFG™-in-PP1) remain accessible in the FG or
PP1stages (Extended Data Fig. 5a,c). Together, these data suggest that
VFG expansion allows for the commissioning of enhancers relevant
to pancreatic differentiation and the decommissioning of enhancers
for alternative lineages. This process appears bypassed in directed
differentiation.

Mapping of these enhancer elements to potential target loci
(located within 200 kb) (Supplementary Table 2b,c) reveals anenrich-
ment for the two pancreatic endoderm enhancer clusters, PE-PP1com-
mon and PE-not-PP1, in the vicinity of genes upregulated in VFG-derived
PE (the same gene set used for Fig. 3f,g) (Extended Data Fig. 5d). How-
ever, elements induced in directed differentiation, but not active in
VFG-derived PE (VFG°™-in-DE-PP1 or VFG™-in-PP1), do not correlate
withour PEupregulated gene set. Moreover, the PEdownregulated gene
set correlates with VFG™-in-PP1 elements. These observations suggest
that expansionis required for appropriate enhancer decommissioning.

In embryogenesis, the pancreas is derived from two buds that
originate in different regions of the posterior FG, dorsal and ventral®. As
the ventral pancreasis derived fromthe ventral foregut, we assessed the
expression of markers thought to distinguish the dorsal pancreatic line-
ages’®. Extended Data Fig. 6ashows the increase in expression of these
markersindirected differentiation as foregut-like cells give rise to PP1
and suggests that directed differentiation has more of adorsal identity.

Fig. 3 | Dynamic chromatin accessibility and gene expression during

VFG expansion and pancreatic differentiation. a, PCA based ontop 2,000
differentially expressed genes in bulk RNA-seq dataset (from three or two
(VFGpl18) independent experiments) of ESC, transient ADE and VFG cells (at p3,
p6 and p18), VFG cells cultured without BMP4 (at p6) and PE cells generated from
VFGpé6 cells. b, PCA of ATAC-seq dataset (from two independent experiments)
for ESC, transient ADE and VFG cells (at p3 and p6). ¢, Left: heat maps of the
normalized ATAC-seq signal for the dynamic clusters identified by fuzzy
clustering. DHS is defined as a peak of Tn5 insertions in ATAC-seq. Right: Time-
course sequencing (TC-seq) trajectories for each cluster. Membership score
reflects how well agiven enhancer follows the patternidentified in time-course
analysis. d,e, Left: representative UCSC Genome Browser screenshot (from two
independent experiments) at the GLIS3 (d) and TBX3 (e) locus showing ATAC-
seq datafrom ESC, ADE, VFGp3, VFGp6 and PE. Genome coordinates (bp) are

from the hgl9 assembly of the human genome. The PEPRME° regulatory element
(peak246749) (d) and VFG™ element (peak60307) (e) are shown with ablack bar.
Approximate distance between the element and the respective TSSisindicated
by abroken dashed line in each panel. Right: RNA-seq data (normalized read
count) for GLIS3 (d) and TBX3 (e) across the same conditions as the ATAC tracks.
RNA-seq dataare represented as mean +s.e.m.; N =3 independent experiments.
f,g, Bar plot showing enrichment scores (log, observed/expected) of ATAC peak
sets found within a200 kb window from genes upregulated (f) or downregulated
(g) between PE and VFGp6 across the defined ATAC peak clusters. Genes
considered here had a base mean expression >1,000, log,FC >1.5and adjusted
P<0.05. Forannotation, see Supplementary Table 1d-g. Analysis using lower
base mean (100) or reduced genomic window sizes (25 kb) are shown in Extended
DataFig. 3g-j. All data shown are significant using chi-squared analysis.
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Toexplore global correlations between genes differentially regu-
lated in pancreatic endoderm derived from VFGs and directed differ-
entiation, we plotted gene expression from both protocols (Extended
DataFig. 6b) and focused on the two classes of expansion dependent
elements, PE-not-PP1and VFG™-in-PP1 (Extended DataFig. 6¢,d, left).
Genes in the vicinity of PE-not-PP1 elements are better induced in
VFG-derived PE than directed differentiation, whereas genes mapped
to elements decommissioned as a result of expansion—VFG™-in-PP1—
are more extensively downregulated when PE is differentiated from
expanding VFGs. Examples of expansion-dependent upregulation

include FRMD6 and FGFR2 and for those ectopically expressed in
directed differentiation, /HH and EPHA4 (Extended Data Fig. 6c,d,
right). These analyses suggest that there are differences in messenger
RNA expressionrelated to expansion dependent changesin enhancer
accessibility.

VFG expansion captures human foetal organ-specific enhancers
To determine how the enhancer landscape captured during VFG expan-
sionand PE differentiationin vitro corresponds with pancreatic devel-
opment in vivo, we compared our ATAC-seq data with H3K27ac data
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Fig. 4| VFG proliferation-dependent enhancers are associated active histone
marks and correlate with later gene expression. a, Enhancer classification
relative to VFG expansion time (from two independent experiments). Top: heat
maps of normalized ATAC-seq signal in enhancers that open (VFGp3°"™ and
VFGp6°™™) or close (VFGp3“°t and VFGp6©°%F) at VFGp3 or p6. VFGp3©Hot
group comprises ADE enhancers that are shut down during VFG expansion at
passage 3. Bottom: average ATAC-seq signal in 10 bp bins for these enhancersin
same stages. b,c, H3K4mel (b) and H3K27ac (c¢) enrichment by ChIP-qPCR for
ADE, VFGp3 and pé6 culture at VFGp6°™™ enhancer regions: SFRPS (peak32665),
HNFIB (peak97567) and FGFR2 (peak35254); and at VFGp6“°St enhancer regions

of LGRS (peak56279), ANGPTI (peak242621) and SOX1 (peak70345). Circles and
triangles mark cells derived from H9 and HUES4 WT ESCs, respectively. Data
arerepresented as mean + s.e.m.; N=4 independent experiments. *P < 0.05,
**P<0.01,**P<0.001, **P < 0.0001 (one-way ANOVA Tukey’s multiple
comparison test; only significant comparisons shown). d,e, Bar plot showing the
prevalence (log, observed/expected) of ATAC peaks withina200 kb window from
genes upregulated between PE and VFGp6 (d) and from genes downregulated
between ADE and VFGpé6 (e) across the ATAC peak clusters (defined ina). Genes
considered here had a base mean expression >1,000, absolute log,FC>1.5and
adjusted P < 0.05. All data shown are significant using chi-squared analysis.

obtained frommicro-dissected endodermal (pancreatic, liver, lung and
stomach), mesodermal (adrenal and heart) and ectodermal (retinal
pigment epithelium (RPE) and brain) tissues collected from Carnegie
stages 15-22 human embryos® (Supplementary Table 3). Consistent
with the VFG identity of our cultures, the PEPR"ME class of element is
enriched for both liver and pancreatic enhancers, while the PE°~ class
overlaps more extensively with pancreatic elements (Extended Data Fig.
7aand Supplementary Table 4a). Enhancer clusters that shutdown as
expanded VFGs differentiate to PE (VFG™ and PE®) are most enriched
forenhancers activein the developingliver, consistent with their rolein
non-pancreatic VFG differentiation. Elements decommissionedin early
differentiation or expansion (ADE® or VFG°F) are non-VFG enhancers,
including elements spanning the ectodermal and mesodermallineages
(Extended Data Fig. 7b and Supplementary Table 4a,b).

We assessed how the enhancers classes that differ between in vitro
VFG expansion and direct differentiation from pluripotent cells com-
pare with human organogenesis. Not surprisingly, the PE-PP1 com-
mon class of element was enriched in enhancers accessible in the
ventral-foregut-derived pancreas and liver, while expansion-dependent
PE-not-PP1 enhancers were more enriched in pancreatic elements
(Extended DataFig. 7c,d). Moreover, the set of enhancers accessiblein
directed differentiation, but decommissioned as consequence of expan-
sion (VFG®™-in-DE-PP1) or VFG differentiation to PE (VFG™-in-PP1), did
not contain meaningful numbers of pancreatic elements.

Enhancers explicitly correlating with VFG proliferation
Although differentiation efficiency increased with timein VFG culture,
we wished to exclude alterations to enhancer accessibility that could
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Fig. 5| VFG expansion captures enhancers that are active during human
ventral foregut-derived organogenesis. a, Enrichment of tissue-specific
H3K27ac enhancers from human embryos (from two independent experiments
for most tissue types, except for stomach where only one sample was available)
indifferent ATAC clusters defined in Fig. 4a displayed by enrichment score
(observed/expected) inradar charts. b, Representative UCSC Genome Browser
screenshot (from two independent experiments) at the HNF1B locus showing
ATAC-seq data from this study (ESC, ADE, VFGp3, VFGp6 and PE) and H3K27ac
ChIP-seq data® from multiple human embryonic tissues (pancreas, liver, lung,
stomach, brain, RPE, adrenal and heart). Genome coordinates (bp) are from
the hgl9 assembly of the human genome. VFGp6°™™ (peak97567) element

VFGp6°PN-not-PP1 VFGp6COSE.in-PP1

overlapping with pancreatic-specific H3K27ac enhancer is shown at the bottom,
and the approximate distance between the elements and the HNFIBTSS is
indicated. ¢, Enrichment of lineage-specific H3K27ac enhancers (endoderm,
ectoderm and mesoderm) from human embryos® in the different VFG expansion-
specific ATAC clusters defined in Fig. 4a by enrichment score (observed/
expected).d, Enrichment of tissue-specific H3K27ac enhancers from human
embryos across different VFG*™ and VFG®°** clusters (defined in Fig. 4a) that
are not regulated in directed differentiation were displayed by enrichment score
(observed/expected) inradar charts. P, pancreas; Ly, liver; H, heart; A, adrenal; B,
brain; R, RPE; Ln, lung; S, stomach.

result from the shift to VFG culture and variations in pancreatic differ-
entiation arising between the dorsal and ventral lineages. We therefore
defined a restricted set of enhancers specifically regulated between
passages 3 and 6, correlating with enhanced pancreatic and hepatic,
but not intestinal, differentiation. We segregated defined enhancers
activated or inactivated for the first time at passage 3 (VFGp3°™ and
VFGp3©°SE) and those responding to increased passaging (VFGp6°FeN
and VFGp6°“-°%) (Fig. 4a). While the chromatin accessibility of VFGp3°Ft
and VFGP3“°St enhancer elements also respond to expansion, the influ-
ence of passaging is difficult to resolve from aninitial response to the
changein culture medium.

To investigate whether there was a change in chromatin state of
enhancers specifically responding to expansion, we performed chro-
matin immunoprecipitation (ChIP)-quantitative polymerase chain
reaction (qPCR) for H3K27 acetylation (H3K27ac) and H3K4 mono-
methylation (H3K4mel) for multiple expansion-regulated elements
(Fig.4b,c). There were robust changes in H3K27ac deposition at these

elementsbetween VFGp3 and VFGp6, while changesin H3K4mel were
more subtle. We also paired these explicitly expansion-dependent
enhancersto specificgenes (within200 kb of the single nearest gene’s
TSS) (Supplementary Table 5a). We identified 480 enhancers explicitly
correlated with expansion and located them within 200 kb of PE upreg-
ulated genes (the same gene set being used in Fig. 3f) (Supplementary
Table 5b). Chromatin accessibility at both VFGp3°™ and VFGp6°™
enhancers correlated with gene expression (Fig. 4d). Similarly, for
genes downregulated during VFG expansion (log,FC < -1.5, P< 0.05),
we observed good correlation with decommissioning (Supplementary
Table 5c-e), where in this instance, only the expansion-specific VFG-
p6°™ correlates well with gene expression (Fig. 4¢) here.

To ask whether enhancers correlating directly with expansion are
also related to ventral foregut specific differentiation, we compared
these enhancers with the in vivo regulatory landscape in foetal organ
development (Supplementary Table 6). Consistent with the inter-
pretation that extended VFG culture lays the groundwork for further
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Fig. 6| FOXA proteins are required for VFG enhancer priming towards
pancreatic differentiation. a, TF motif enrichment in VFGp6°™ (n =1,804)
and VFGp6“°5 (n = 7,421) ATAC clusters; n, number of peaks analysed. P

values were derived from hypergeometric enrichment using HOMER default
background. Candidate factors with P>1x 107" for both clusters were not
includedin the plot. Gene expression of the candidate factors that upregulated
(red) or downregulated (green) from VFGp3 to VFGp6 (log,FC> 0.5, P< 0.05)
arelabelled. b, Top: schematic of FOXAl and FOXA2 shRNA KD VFG cells and
their PE differentiation. Bottom: histogram for proliferation assay (cell counts)
for FOXAland FOXA2 shRNA KD and scrambled shRNA control VFG cells. Data
arerepresented as mean + s.e.m.; N =4 independent experiments. Statistical
analysis was performed between KDs and control VFG cells (**P < 0.01, unpaired
two-tailed ¢-test; only significant comparisons are shown). ¢, Differentiation

of FOXAland FOXA2 shRNA KD and scrambled control VFG cells to PE, with
legend shown in b. Relative FC in mRNA of pancreatic genes (PDX1, GLIS3, SOX9
and NKX6-2) was assayed by RT-qPCR. Expression is normalized to ACTB. Data
arerepresented as mean +s.e.m.; N =4 independent experiments. *P < 0.05,
***P<0.001,***P<0.0001 (one-way ANOVA Dunnett’s multiple comparison
test compared with control). d-f, FOXA1binding (d), H3K4mel (e) and H3K27ac
(f) enrichment by ChIP-qPCR at enhancer regions of PDXI (arealV), GLIS3
(peak246749) and TBX3 (peak60307) in FOXA1shRNA KD VFG and scrambled
control cell lines. Anintragenic region of NCAPD2 served as a non-bound (n.b.)
control. Data are represented as mean + s.e.m.; N = 4 independent experiments.
Statistical analysis was performed between the KD and control VFG cells.
*P<0.05,**P<0.001, ***P< 0.0001, (unpaired one-tailed ¢-test; only significant
comparisons are shown).

differentiation,boththe VFGp3°™™and the expansion-specific VFGp6°"™
clusters overlap with active enhancer sets from the foetal pancreas
and liver, but not stomach, lung or other non-endodermal organs
(Fig.5a,b). Bothsets of VFG°™ enhancers are enriched in the endoderm
lineage, while the VFG®°5®® enhancers contain more mesodermal and
ectodermal elements (Fig. 5c). Finally, we compared expansion clusters
with directed-differentiation clusters (Fig. 5d). Both VFG°"® enhancer
clusters that are not regulated in directed differentiation (VFGp3°™"
and VFGp6°™-not-PP1) overlap with foetal pancreas and liver enhanc-
erssets, while VFG decommissioned enhancers that remain accessible
in directed differentiation (VFGp3°°®* and VFGp6“-°5t-in-PP1) have
little in common with pancreatic and hepatic elements.

TFs FOXA and HHEX in pancreatic priming
Todetermine factors responsible for VFG enhancer priming, we assessed
TFmotifsindifferentenhancerclasses (Fig. 6aand SupplementaryTable7),

focusingonthose linked directly to expansion, and regulated between P3
andPé6. TF motifsin VFGp6°™ enhancersincluded FOXA factorsand, toa
lesser extent,anumber of unrelated endodermal/hepatic factors broadly
classed as hepatic nuclear factors (HNFs)** and TEAD1. In contrast, motifs
in VFGp6<-°** elements included early endoderm and mesendoderm
factorssuchas GATA4,6 and EOMES. To further refine the association of
specific TFswith these enhancer classes, we used k-means clustering to
define patterns of mRNA expression associated with enhancers that are
upregulated or downregulated during VFG expansion (Extended Data
Fig. 8a,b) and selected clusters that correlated with differentiation. In
those enhancers related to clusters of upregulated gene expression in
pancreatic differentiation, we identified motifs for TF classes relevant
to human pancreatic and liver development®**’, such as FOXA, HNFI1B,
TEAD and the architectural factor CTCF. For those enhancers mapping
todownregulated clusters, we observed no motifs linked to pancreatic
differentiation or function (Extended Data Fig. 8c).
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Of TFs known to recognize FOX DNA binding motifs, embryonic
expression patterns and phenotypes in mouse development suggest
that FOXA1 and FOXA2 could be relevant to VFG-mediated enhancer
priming®*°, FOXA2 is required for pancreas development and differ-
entiation in both mouse® and human ESCs*, and a requirement for
FOXALlin pancreas developmentis observed in the context of FOXA1/2
double mutants. FOXA factors are known ‘pioneer TFs’ that access
regulatory regions and prepare them for later activation*'. However,
FOXAI mutant ESCs undergo apparently normal directed pancreatic
endoderm differentiation®. To assess their function in pancreatic
priming during human VFG expansion, we knocked down FOXAland
FOXA2 by shRNA during VFG expansion (Fig. 6b and Extended Data
Fig.9a). Neither factor produced asignificant reductionin VFG marker
expression (Extended DataFig. 9b,c), although FOXA2, but not FOXAL,
KD impaired VFG expansion. When VFG cells knocked down for either
FOXAlor FOXA2were challenged in pancreatic differentiation, expres-
sion of pancreatic markers were significantly reduced (Fig. 6¢). We
confirmed FOXA1binding, using ChIP-qPCR, at the PDX1 enhancer area
1V, the PEPR"™EP enhancers of GLIS3, and VFGp6°P™ enhancer of SFRPS,
butnotinthe VFG™ element of TBX3. Binding was reduced in the stable
FOXA1KD VFG lines (Fig. 6d). KD of FOXAl led to a significant reduc-
tion in H3K4mel and H3K27ac at primed enhancers associated with
PDX1and SFRP5 (Fig. 6e,f), but not the enhancer associated with TBX3.

HHEX is suggested to be an essential transcriptional regulator of
directed ESC differentiation to pancreatic endoderm*. We therefore
asked whether HHEX was required for expansion-linked pancreatic
enhancer regulation. KD of FOXA1 or HHEX produced similar defects
in pancreatic differentiation, and the double KD had a combinatorial
effect on PDX1induction (Extended Data Fig. 10a,b) consistent with
the specific influence they have on each other’s binding at the PDX1
enhancer (Extended DataFig.10c,d). At VFG-linked enhancer elements,
HHEX has a particularly pronounced effect on H3K27ac (Extended
Data Fig. 10e,f). To gain insight into the relation of HHEX binding to
our enhancer dataset, we aligned HHEX ChIP-seq data from directed
differentiation*’ to the enhancer regions from the different classes
defined here (Extended Data Fig. 10g). HHEX binding at both direct
differentiation stages (FG and PP1) was detected at PE-PP1 common
enhancers, but was depleted at the expansion-dependent PE-not-PP1
class of elements. Moreover, the VFG decommissioned enhancers
VFG-in-DE-PP1 and VFG™-in-PP1 elements, which are incompletely
silenced in directed differentiation, were still occupied by HHEX dur-
ing these stages of directed differentiation. Asaresult, itappears that
all enhancer classes defined here and represented in the directed dif-
ferentiation dataset are occupied by HHEX, including those normally
decommissioned during VFG expansion. Perhaps the binding of HHEX
atthese elementsin directed differentiation prevents their decommis-
sioning during rapid directed differentiation.

Discussion

Aportion of the pancreas comprising the uncinate process, in addition
totheliver and gall bladder, is derived from the ventral foregut region
ofthe developing embryo beginning at embryonic day 8.5in mouse or
at Carnegie stage 10 (25-27 days post coitum) inhuman'®*, On the basis
of gene expression and differentiation competence, hESC-derived EP
cells were found to recapitulate ventral foregut. While prior studies
have shown that VFG expansion can produce functional pancreatic
endocrine cells”, here we demonstrate that this is a direct conse-
quence of time in VFG culture. In vivo, pancreas development begins
from two locations, the dorsal and ventral foregut, promoting organ
developmentviadistinct signalling. Dorsal pancreasisinduced by fac-
tors derived from the notochord and dorsal aorta (retinoic acid (RA),
activinand FGF2) (ref. **), while the ventral pancreas differentiates in the
absence of signals driving hepatic specification (FGF2 produced by the
cardiac mesodermand BMP4 originating in the septum transversum)*.
Ventral foregut embryonic explants therefore default to pancreatic

differentiation in the absence of exogenous signalling’. However,
invivo, VFG progenitors and their descendants retain multipotency
uptoE1l.5inmouse wherethe cell cycle time has been estimated to be
between17.3 hand 26.6 h (ref.”). As these progenitor cells are located
close to both the cardiac mesoderm (FGF source) and septum trans-
versum mesenchyme (BMP source), both componentsin VFG culture
medium, these founder populations may persist via self-renewing
cell division in vivo exploiting their proliferation to ensure efficient
onwards differentiation.

Anincreasing set of TFs have the ability to bind DNA in chromatin
and to destabilize nucleosomes. These pioneer factors include the
FOXA proteins identified here as important for VFG priming. FOXA
proteins are associated with enhancer priming during foregut devel-
opment* and associate with mitotic chromatin*. Yet, FOXA1 is not
required for directed differentiation to pancreaticendodermin vitro.
While we have not shown a direct relationship between the cell cycle
and enhancer priming by FOXA proteins, the major variable in our
experiments is the amount of time in VFG culture and we cannot for-
merly exclude the influence of prolonged culture in these conditions
on the enhancer network. However, it is possible that FOXAI pioneer
activity in VFG culture depends on proliferation, leading to a progres-
sive equilibration of the enhancer network, involving both commis-
sioning and decommissioning. Although pioneer factors are known to
recognize their sites in chromatin, they may have an enhanced ability
tobind theirsites before the full restoration of heterochromatic marks
following replication and then remain at these positions through mito-
sis. The hESC-directed differentiation protocol that comes closest to
reproducing the proliferative nature of early ventral foregut isthe one
instance where a role for FOXA1 was previously suggested”. HHEX is
also associated with enhancer priming in VFGs and can influence the
stability of FOXA1 binding at the PDX1 enhancer. As HHEX physically
interacts with FOXAlinboth gut tube and pancreatic progenitor stages
of directed hESC differentiation®, it is possible that HHEX could act
together with FOXAL1 to enhance the stability of binding to targets in
mitotic chromatin.

While we are not aware of many progenitor culture systems where
the impact of proliferation on differentiation has been explored, the
transition into expanded primed pluripotent cells alters the type of
endoderminduced by the same cytokines*. Itisintriguing to hypoth-
esize that the reconfiguration of the enhancer network during the
transition from naive to primed pluripotency*’ may also involve pro-
liferation as cells at gastrulation stages proliferate rapidly with a cell
cycle as short as 5 h as measured in rodents***. Moreover, in both
naive and primed pluripotency, the binding of pluripotency TFs to
differentiation specific genes determines how these enhancers will
respond to signalling and whether differentiating cells retain plastic-
ity*>*?, suggesting that TFs function to set the enhancer network for
lineage specific progenitors to respond to signalling. In addition to
preparing enhancers for later activation, we also found that enhancer
decommissioning exploits expansion, perhaps as a result of going
through multiple rounds of replication in the absence of specific TFs
that protect these enhancers from nucleosome occlusion following
replication. In VFGs, these decommissioned elements contain motifs
for GATA factors, with GATA4 and GATA6 being downregulated in the
early stages of VFG culture. While FOXAL1 can bind mitotic chroma-
tin, GATA factors are only partially retained**, suggesting that expan-
sion could provide FOXA proteins with a competitive advantage.
In this way, expansion not only primes differentiation, but shields
the later developing endoderm from the lingering action of early
endoderm enhancers.

Weobservethat the proliferation or expansion of lineage-restricted
progenitors may be essential for high-efficiency later differentiation.
Proliferation is therefore not just about producing sufficient num-
bers of cells, but fine-tuning the response of these cells to upcoming
differentiation cues. Progenitor cell expansion can also equalize the
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differentiation efficiency of poorly performing hESCs'****¢, suggest-
ing that the lineage potential of different pluripotent cell lines may be
determined by the extent they proliferate in differentiation. Moreover,
asproliferationand growth are ahallmark of later foetal development,
additional expansion steps could enhance the efficiency with which
more mature organ-specific cell types can be obtained from human
pluripotent cells.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Experimental design

Maintenance of hESC. Undifferentiated hESCs H9 (WA09, WiCell)
were maintained on tissue culture plates pre-coated with 0.1% gela-
tine with irradiated C57BL6 mouse embryonic fibroblast feeder cells
(MEFs) (25,000 cells cm™) in H9 ESC medium: Dulbecco’s modified
Eagle medium (DMEM)/F12 GlutaMAX medium (Thermo Fisher Sci-
entific,10565018) supplemented with KnockOut Serum Replacement
(Thermo Fisher Scientific,10828010), MEM Non-Essential Amino Acids
(Thermo Fisher Scientific, 11140050), B-mercaptoethanol (Thermo
Fisher Scientific, 21985023) and 10 ng mI"' FGF2 (Peprotech, 100-18B).
Cells were passaged as clusters with collagenase IV (Thermo Fisher
Scientific, 17104019) when reaching approximately 70% confluence
and maintained in 20% 0,/5% CO,/37 °C. Undifferentiated ESC HUES4
wild-type (WT) and PDXeG clone 170-3 (ref.??) were adapted and main-
tained in Defined Culture System (DEF-CS) (Takara, Y30017). When
reaching approximately 80% confluence, cells were dissociated with
TrypLE (Thermo Fisher Scientific, 12604013) and counted with the
automated NucleoCounter NC-200 cell counter (Chemometec). Cells
werere-plated at adensity of 40,000 cells cm?and maintained in20%
0,/5% CO,/37 °C. All hESC lines were routinely screened for myco-
plasma, and all were negative. All cell lines were approved for use in this
project by De Videnskabsetiske Komiteer, Region Hovedstadenunder
number H-4-2013-057 and H-21043866.

Transient differentiation of ADE cells. Transient ADE cells were gener-
atedfrom WTH9 and HUES4 ESCs, as well as HUES4 PDX1-eGFP reporter
(PDXeG clone170-3) ESC cell line?? as described in Cheng et al.”. Inbrief,
ESC cellsat 70-80% confluence were collected with Accutase (Thermo
Fisher Scientific, 00455556), re-plated at a density of 50,000 cells cm™
on polystyrene cell culture plates (Corning, 353047) pre-coated with
undiluted growth factor reduced (GFR) Matrigel (Corning, 354230),
culturedin either H9 ESC or DEF-CS medium for 48 hwith10 uMROCK
inhibitor Y-27632 (STEMCELL Technologies, 72302) for the first 24 h
and maintained in 20% 0,/5% CO,/37 °C. The ESC clusters were used
to generate transient ADE cells in three-dimensional differentiation
under hypoxic conditions (5% 0,/5% CO,/37 °C) for 5 days. On day
1, the cell clusters were cultured in RPMI 1640 GlutaMAX (Thermo
Fisher Scientific, 61870036) with 10% Serum-Free Differentiation (SFD)
medium®” supplemented with Activin A (100 ng ml™) (Peprotech, 120-
14 P), CHIR99021 (3 uM) (Tocris, 4423) and 4.5 x 10™*M monothioglyc-
erol (Sigma-Aldrich, M6145). On day 2, the medium was changed to
RPMI1640 GlutaMAX supplemented with Activin A (100 ng mI™), BMP4
(0.5 ng ml™) (Peprotech, 120-05ET), FGF2 (10 ng mI™), VEGF (10 ng mI™)
(Peprotech, 100-20), 0.5 mM ascorbic acid (Sigma-Aldrich, A92902)
and 4.5 x10™* M monothioglycerol. The same medium was applied at
day 3. At day 4, differentiation medium was changed to SFD medium
supplemented with Activin A (100 ng mI™), BMP4 (0.5 ng ml™), FGF2
(10 ng mI™), VEGF (10 ng ml™), 0.5 mM ascorbic acid and 4.5x10™* M
monothioglycerol.

Generation and expansion of VFG. EP/VFG expansion was per-
formed as described” with minor modifications. In brief, day-5 tran-
sient ADE clusters were dissociated with 1 volume of trypsin-EDTA
(0.25%) (Thermo Fisher Scientific, 25200056) for 5 min at 37 °C and
the enzyme then inactivated with 0.5 volume of foetal bovine serum
(FBS) (Sigma-Aldrich, F4135). Single-cell suspensions were obtained
by repeatedly washing with 10 volumes of ice-cold washing buffer,
which contains 3% FBS in phosphate-buffered saline without calcium
and magnesium (PBS—/-) (Thermo Fisher Scientific,10010023). Single
cellswereincubated with1:100 CD184-PEcy7 (BD Biosciences, 560669)
and CD117-APC (BD Biosciences, 561118) for 45 min at 4 °C and stained
with DAPI (Thermo Fisher Scientific, D3571) to exclude dead cells.
CD184-CD117 double-positive cells were sorted into SFD medium with
1:100 penicillin-streptomycin (Thermo Fisher Scientific, 15140122)

by fluorescence-activated cell sorting (FACS) on an SH800 (SONY
SH800 Software). Sorted cells were re-plated at a density of 20,000-
30,000 cells cm™ on polystyrene cell culture plates pre-coated with
GFR-Matrigel and pre-seeded with low-density (8,000 cells cm™) irradi-
ated DR4 MEFs (ATCC, SCRC-1045). Cells were cultured in complete EP/
VFG medium (SFD medium supplemented with BMP4 (50 ng ml™), FGF2
(10 ng mI™), VEGF (10 ng ml™), EGF (10 ng mI™) (Peprotech, AF-100-15),
0.5 mM ascorbic acid and 4.5 x 10™* M monothioglycerol) and main-
tained under hypoxic conditions (5% 0,/5% CO,/37 °C).

Medium was changed every other day until cells reached conflu-
ence, at 80,000-120,000 cells cm™. When VFG cells reached approxi-
mately 100 pmin diameter, they were passaged by dissociation using
1volume of trypsin-EDTA (0.25%) for 5 min at 37 °C, detached from
the plate using a cell scraper and then supplemented with 0.5 volume
of FBS for enzyme inactivation. Single-cell suspension was obtained
by repeatedly washing with 10 volumes of ice-cold washing buffer.
VFG single cells were re-plated on the pre-coated GFR-Matrigel with
feeders at 15,000-20,000 cells cm™. Antibody information is listed
inSupplementary Table 8.

Single-cell preparation for RNA-seq and index sorting. Dissociated
ADE and VFG single cells with treatments (mock, BMP4 withdrawal
and BMP4 withdrawal plus FGF2 stimulation) were incubated with
1:100 CD184-PEcy7 and CD117-APC for 45 mi at 4 °C, and cells were
stained with DAPI to exclude dead cells. The single cells from BMP4
withdrawal plus FGF2 stimulated VFG culture were incubated only with
1:100 CD117-APC in a similar condition to that described above. Cells
were sorted using a BD FACS Aria Ill (FACSDiva) with a100 pm nozzle
and 20 psisheath pressure. Forward scatter (FSC) and side scatter (SSC)
were used to define a homogeneous population. FSC-H/FSC-W gates
were used to exclude doublets, and dead cells were excluded on the
basis of DAPI inclusion. The boundary between positive and negative
populations was set on the basis of anegative population of unstained
cells. Sorting speed was kept at100-300 events s to eliminate sorting
two or more cellsinto one well. Single-cell sorting was verified colouri-
metrically onthe basis of a previously described protocol*®, Cells were
sorted directly into lysis buffer containing the first RT primer and RNase
inhibitor, immediately frozen and later processed by the MARS-seql
protocol as described previously®. All single-cell RNA-seq libraries
were sequenced using lllumina NextSeq 500 at a median sequencing
depth 0f 225,000 reads per single cell. Antibody information s listed
inSupplementary Table 8.

Immuno-histochemical analysis. Medium was removed completely,
and Matrigel-dome-containing 3D clusters were gently mixed with
freshundiluted Matrigel 1:1and transferred to eight-well p-slides (Ibidi,
80826) wells (20 pl cmwell) for whole-mountimmunostaining. When
the Matrigel was solidified at 37 °C, room-temperature 4% paraform-
aldehyde (Sigma-Aldrich, 158127) was added and cultures were fixed
at room temperature for 10 min, blocked and permeabilized with 2%
donkey serum (Jackson Immuno Research, 017-000-121), 0.3 % Triton
X-100 (Sigma-Aldrich, X100) and 0.1% BSA (Sigma-Aldrich, A7906) in
PBS-/-for1hatroomtemperature. Primary antibodies were incubated
with 3% FBS in PBS—/-overnight at 4 °C, subsequently incubated with
the appropriate secondary antibody (Alexa Fluor, Molecular Probes)
and DAPlat room temperature for1 h. Antibody informationislistedin
Supplementary Table 8. Brightfield and fluorescentimaging were done
using aLeicaSP8 confocal microscope with Las X software (3.5.7.23225)
and processed in Imaris 9.6.

EdU labelling and apoptosis assay. Cells were incubated with 10 uM
EdU (Click-iTEdU) (Thermo Fisher Scientific, C10634) inmediumfor4 h
at5%0,/5% CO,/37 °C. The 3D clusters were prepared for whole-mount
immunostaining as described above. Dissociated cells were collected
for flow cytometry as described above. Permeabilization, blocking
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and Click-iT reaction for EdU detection were performed according to
the manufacturer’s instructions. Immunostaining of EdU-labelled 3D
clusters were performed with antibodies supplied with thekitand with
DAPI (1 ug mI™) for nuclear staining. Flow cytometry of EdU-labelled
dissociated cells was performed with DAPI (10 pg ml™) staining cells for
DNA content. Cell apoptosis was measured by Annexin V Conjugates for
Apoptosis Detection kit (Thermo Fisher Scientific, A13202) according
to the manufacturer’sinstructions.

Flow cytometry. For surface marker staining, dissociated cells were
incubated with conjugated antibodies for 1 h at 4 °C and were stained
with DAPI (1 pg ml™) to exclude dead cells. For intracellular staining,
cells were stained with Ghost Dye 450 (TONBO Biosciences, 13-0868)
before 4% paraformaldehyde fixation to stain dead cells. Fixed cells
were permeabilized in PBS with 5% donkey serum and 0.3% Triton
X-100 for 30 min at room temperature. Cells were incubated with
primary antibodies in1x PBS—/-with 5% donkey serum and 0.1% Triton
X-100 overnight at 4 °C. The following day, cells were washed twice in
1xPBS and unconjugated antibodies were further incubated with sec-
ondary antibodies (Alexa Fluor conjugates) for 2 h. Antibody sources
and concentrations are indicated in Supplementary Table 8. Cells
were analysed using an LSR Fortessa (BD Bioscience) or FACS sorted
by SH800 (SONY SH800 Software). All data were analysed with FCS
Express 6 software (BD Biosciences). Antibody information is listed
inSupplementary Table 8.

Generation of PDX1-eGFP-positive and PDX1-eGFP-negative cells
with minimal cytokine sets for pancreatic spheroid and hepatic
organoid expansion. PDX1-eGFP reporter VFG cells passage 6 was
plated at 25,000 cells cm™on polystyrene cell culture plates pre-coated
with undiluted GFR-Matrigel and pre-seeded with 8 x 10° cells cm™
MEFs. The cells were cultured in BMP4 withdrawal medium (SFD
medium supplemented with FGF2 (10 ng ml™), VEGF (10 ng mI™), EGF
(10 ng mI™), 0.5 mM ascorbic acid and 4.5 x 10™* M monothioglyc-
erol) and maintained under hypoxic conditions (5% 0,/5% CO,/37 °C)
for 5 days with medium changing every other day. For generating
PDX1-eGFP-positive and PDX1-eGFP-negative fractions, cells were
further differentiated in DMEM high-glucose GlutaMAX Supplement
(Thermo Fisher Scientific, 10566016) with 1% vol/vol B27 supplement
(Thermo Fisher Scientific, 17504044), 50 ng ml™ FGF2, FGF7 (Pepro-
tech, 100-19) or FGF10 (Peprotech, 100-26) for 5 days with medium
changed every day. Both BMP4 withdrawal and FGF stimulation were
performed under hypoxic conditions (5% 0,/5% CO,/37 °C).

The single PDX1-eGFP-positive and PDX1-eGFP-negative cells
generated from the BMP4 withdrawal and FGF10-stimulated VFG cul-
ture were sorted by FACS using a SH800. GFP” cells were expanded as
pancreaticspheroids and GFP~ cells as hepatic organoids according to
the described protocols?*, except that the cultures were maintained
under hypoxic conditions (5% 0,/5% CO,/37 °C).

Pancreatic differentiation

VFG cells at passages 6-8 were plated at 25,000 cells cm™ on poly-
styrene cell culture plates pre-coated with undiluted GFR-Matrigel
and pre-seeded with 8,000 cells cm™MEFs in the VFG medium. Day-5
expanding VFG cells were used for pancreatic differentiations under
hypoxic conditions (5% 0,/5% CO,/37 °C) according to protocols
described as below:

For the protocol adapted from Ameri et al.”?, day-5 expanding VFG
cellswere treated with DMEM high-glucose GlutaMAX Supplement with
1% vol/vol B27 supplement as basal medium throughout the differen-
tiation and were supplemented with 2 uM RA (Sigma-Aldrich, R2625)
for 3 days; then with 64 ng mI” FGF2 and 50 ng mI” hNOGGIN (R&D
Systems, 6057-NG-100/CF) for 3 days; and finally with 64 ng mI™ FGF2,
50 ng mI"hNOGGIN and 0.5 uM TPB (PKC activator) (Merck Millipore,
565740) for 3 days, with the medium changed every day.

For the protocol adapted from Rezania et al.”?, day-5 expanding
VFG cells were exposed to MCDB 131 basal medium (Thermo Fisher
Scientific, 10372019) throughout differentiation and supplemented
with1.5g ™" sodiumbicarbonate (Thermo Fisher Scientific,25080094),
1x Glutamax Supplement (Thermo Fisher Scientific, 35050061),10 mM
D-(+)-glucose (Thermo Fisher Scientific, G8270) 0.5% BSA, 0.25 mM
ascorbic acid and 50 ng mI™ FGF7 for 2 days; and then with 2.5g |
sodiumbicarbonate, 1x Glutamax Supplement, 10 mM glucose, 2% BSA,
0.25 mMascorbicacid, 1:200 insulin-transferrin-selenium-ethanola-
mine (ITS-X) (Thermo Fisher Scientific, 51500056), 50 ng mI™ FGF7,
1uMRA, 0.25 pM SANT-1 (Sigma-Aldrich, S4572),100 nM LDN193189
(Tocris, 6053) and 80 nM TPB (EMD Millipore) for 2 days; and finally
with2.5 gl sodiumbicarbonate, 1x Glutamax, 10 mMglucose, 2% BSA,
0.25 mM ascorbicacid, 1:2001TS-X, 2 ng mI™'FGF7,0.1 u(MRA, 0.25 uM
SANT-1,200 nM LDN193189 and 40 nM TPB for 3 days.

For the protocol adapted from Nostro et al.'’, day-5 expanding VFG
cells were fed SFD medium supplemented with 50 ng ml™ of FGF10,
3 ng mlI™ mouse WNT3A (R&D Systems, 1324-WN-010/CF) and 0.75 uM
dorsomorphin (Sigma-Aldrich, P5499) for 3 days with the medium
changed every day. Medium was then changed to DMEM high-glucose
GlutaMAX Supplement with 1% vol/vol B27 supplement, 50 ng ml™
FGF10,50 ng mI"hNOGGIN, 50 pg ml™ascorbicacid and 2 uMRA, with
0.25 UM KAAD-cyclopamine (Sigma-Aldrich, 239804) for 1 day. Finally,
medium was changed to DMEM high-glucose GlutaMAX Supplement
with 1% vol/vol B27 supplement, 50 ng mI”" hNOGGIN, 50 ng mI™ EGF,
10 mM nicotinamide (Sigma-Aldrich, N0636) and 50 pg ml™ ascorbic
acid for 4 days with the medium changed every day.

The protocol adapted from Nostro et al.’” was used to assess effi-
ciency of pancreatic differentiation in a directed protocol from ADE
cells, VFGp3, VFGp6 and VFGp12 cells generated from the PDX-eGFP
reporter. Day-5 transient ADE cells were generated as described pre-
viously and directly used for differentiation. Differentiation of WT
H9 and HUES4 VFGp3 and VFGpé6 cells to pancreatic beta-like cells
were performed as reported™* with modifications during endo-
crine differentiation. In brief, day -13 differentiating VFG cells were
re-aggregated following treatment with 1 ml Corning Cell Recovery
Solution (Sigma-Aldrich, CLS354270) and cultured on the membrane
surface of Millicellinsert (Millipore, PICM03050) in the same medium
described in Tiyaetal.”.

Hepatic and intestinal differentiations. Hepatic and intestinal dif-
ferentiations were started from day-5 expanding VFG cells according
to the protocols described in Cheng et al.”.

Total mRNA purification, reverse transcription and gPCR analy-
sis. Two hundred thousand cells were washed in 1x PBS twice, lysed
in RLT buffer (RNeasy Micro kit) (Qiagen, 74004) containing 1%
B-mercaptoethanol (Sigma-Aldrich, M6250) and stored at -80 °C until
processing. TotalmRNA wasisolated using the RNeasy Microkitaccord-
ing to the manufacturers’ instructions and digested with RNase-free
DNasel, (Qiagen, 79254) to remove genomic DNA. First-strand comple-
mentary DNA synthesis was performed with SuperScript Ill First-Strand
Synthesis System (Thermo Fisher Scientific,18080051) using random
hexamers (Thermo Fisher Scientific, N8080127) and amplified using
SYBR Green PCR Master Mix (Thermo Fisher Scientific,4309155). PCR
primers were designed using Primer3Plus® and validated for efficiency
ranging between 95% and 100%. Primer sequences used in quantitative
reverse transcription PCR (RT-qPCR) arelisted in Supplementary Table
9.StepOnePLUS Real-Time PCR System (Thermo Fisher Scientific) was
used for RT-qPCR in 96-well plate format. Expression values for each
gene were normalized against ACTB, using the delta-delta CT method.

Sample preparation for bulk RNA-seq. TotalmRNA amountand RNA
integrity were assessed using a Fragment Analyzer (AATI). Ribosomal
RNA was removed from samples using the NEBNext Poly(A) mRNA
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Magnetic Isolation Module (NEB, E7490L). Sequencing libraries were
prepared from 100 ng of purified total mRNA using NEBNext Ultra Il
RNA Library PrepKit for lllumina (NEB, E7770L) according to the manu-
facturer’sinstructions. RNA-seq libraries were sequenced for 75 cycles
insingle-end mode on NextSeq 500 platform (Illumina, FC-404-2005).

Sample preparation for ATAC-seq. Dissociated single cells were
washed with ice-cold PBS—/- and pelleted at 500g for 10 min at 4 °C.
Fifty-thousand cells were taken from a diluted stock in PBS buffer to
prepare ATAC-seq libraries as described in Buenrostro et al.* with
slight modifications. Nuclei were prepared by resuspending the cellsin
100 plice-cold ATAC lysis buffer (10 mM Tris-HCI pH 7.4,10 mM NacCl,
3 mM MgCl, and 0.1% NP40) followed by incubation on ice for 15 min
while mixing every 5 min. Nuclei were then collected by centrifuging
at1,000g for 10 min at 4 °C, and the pellet was resuspended in 50 pl
transposition buffer (10 mM Tris pH 8,5 mM MgCl, and 10% dimethyl-
formamide). Tagmentation was performed by adding 2.5 pl Tn5 trans-
posase (Illumina, 20034197) and incubating at 37 °C while shakingina
thermomixer setat1,000 rpm. Tagmentation reactions were stopped
and purified with MinElute PCR Purification Kit (Qiagen, 28004) and
tagmented DNA eluted in 10 pl elution buffer (10 mM Tris pH 8.0).
A 50 pl PCR reaction was assembled containing 10 pl of tagmented
DNA, 25 pl NEBNext High-Fidelity PCR Mix (NEB, M0541S), 5 pl of SYBR
Green (Invitrogen, S7563) and index primers at 2 M concentration.
Tenmicrolitres of each PCR reaction was used to decide the optimum
number of PCR cycles required with following conditions: 5 min at
72°C;30sat98°C;and 20 cyclesof10 sat 98 °C,30 sat 63 °Cand 60 s at
72 °C.Thereactionwas monitoredinaLightCycler-480 qPCR (Roche),
and the number of cycles required was deduced from the amplification
curve. Theremaining PCR reaction was then subjected to this number
of PCR cycles. The PCR reaction was purified with an equal volume of
AMPure XP beads (Beckman, A63880) following manufacturer’s pro-
tocolandwas eluted in 20 pl Tris pH 7.8. Libraries were quantified with
Qubit dsDNA High-sensitivity Assay (Invitrogen, Q32851), and fragment
profileswere checked using Bioanalyzer High Sensitivity assay (Agilent)
or Fragment Analyzer (AATI). Samples that showed nucleosomal bands
were sequenced for 75-150 cycles in paired-end mode on an lllumina
HiSeq-2000 platform or NextSeq 500.

Generation of shRNA KD VFG cell lines. shRNAs targeting HHEX,
FOXAI and FOXA2 transcripts were designed using RNAi consortium
(TRC) GPP Web Portal (Broad Institute) (https://portals.broadinstitute.
org/gpp/public) (for HHEX, FOXAI and FOXA2 shRNA sequences, see
Supplementary Table 9). A vector delivering ascrambled sequence was
used as control (for scrambled shRNA sequence, see Supplementary
Table9). AllshRNA sequences were cloned into alentiviral vector (pL-U
6-sgRNA-SFFV-Puro-P2A-EGFP), a gift from Kristian Helin (Addgene,
175037) (ref. ¢%), using BsmBI sites. HEK293FT packaging cells were
co-transfected with the pL-U6-sgRNA-SFFV-Puro-P2A-EGFP carrying
individual shRNAs and pAX8 and pCMV-VSV using Lipofectamine
2000 supplemented with polyethylenimine (Sigma-Aldrich, 408727)
according to standard protocols. SFD medium carrying lentivirus
produced from HEK293FT cells (48 h post-transduction) was applied
1:1with fresh VFG expansion medium to one 12-well plate of day 2 VFG
cell culture (passaged at 25,000 cells cmat day 0). Transduction was
performed in presence of 1:1,000 polybrene infection/transfection
reagent (Merck Millipore, TR-1003-G) at 8 pg ml™. Forty-eight hours
after transduction with the sgRNA-encoding lentiviral plasmids, the
VFG cells were selected and maintained at 0.25 pg ml™ puromycin in
standard VFG condition.

ChIP-gPCR. ChIPwas carried out using the True MicroChlIP kit (Diagen-
ode, C01010132) with modifications. One-hundred-thousand sorted
CD184-CD117 double-positive cells ADE, VFGp3 and VFGpé6 cells; or
shRNAs (scrambled, FOXA1, FOXA2 or HHEX) KD VFGpé6 cells were fixed

in 1% formaldehyde (Thermo Fisher Scientific, 28906) in ADE or VFG
medium for 10 min at room temperature followed by a 5 min quench
with glycine (in True MicroChlP kit, Diagenode) at room temperature.
Cells were lysed and immunoprecipitation performed using the True
MicroChIPkit (Diagenode, AB-002-0016) with the following modifica-
tions. Up to 100,000 cells were sonicated in one lysate and split into
50,000 equivalents after sonication. Samples were lysed using 50 pl of
buffertL1andincubated for 5 min onice. One-hundred-fifty microlitres
of Hank’s buffered salt solution with 1x protease inhibitor cocktail (in
True MicroChlIP kit, Diagenode) was added, and the lysate was soni-
catedin 0.65 mlBioruptor Pico Microtubes (Diagenode, C30010020).
Chromatin was sheared using a Bioruptor Pico (Diagenode) with ten
cycles (30 son, 30 s off). Sonicate was aliquoted in 100 pl (for 50,000
cells),and an equivalent volume of complete ChIP buffer tClwas added.
For immunoprecipitation, the following antibodies and amounts of
antibody were used for the 50,000-cell ChIP: 2 pg of FOXAL1 (1:50)
(Abcam, ab170933), 2 pg of H3K4mel (1:50) (Abcam, ab8895), 2 ug
of H3K27ac (1:50) (Abcam, ab4279) and 2 pg of HHEX (1:100) (R&D,
MAB83771). Immunoprecipitation and washes were as described in
the True MicroChlP protocol, then purified by phenol chloroform
extraction and ethanol precipitation. The pull-down DNA was eluted
in 100 pl elution buffer and qPCR was performed as described in the
True MicroChlP protocol for different genomic loci. Enrichment was
calculated as percentage of input. Antibody information is listed in
Supplementary Table 8. The primer sequences used in ChIP-PCR are
listed in Supplementary Table 9.

In vitro scRNA-seq analysis. Sequences were mapped to the hg38
assembly of the human genome, de-multiplexed and filtered as previ-
ously described**®* extracting a set of unique molecular identifiers
(UMis) that define distinct transcripts in single cells for further process-
ing. We estimated the level of spurious UMIs in the data using statistics
onempty MARS-seq wells as previously described®. Mapping of reads
was done using HISAT (version 0.1.6) (ref. °*). Reads with multiple map-
ping positions were excluded. Reads were associated with genesif they
mapped to an exon. Raw counts were further analysed using Seurat
(4.0.1) (ref.®®) (https://satijalab.org/seurat/). Cells were filtered with the
following thresholds (lower bound: 2,000 UMIs; 550 genes and upper
bound: 35,000 UMIs; 4,950 genes). Additionally, cells with more than
20% of mitochondria content were removed. In Extended Data Fig. 1a,
wesubset ADE and VFG cells (505 cells). Raw counts were further normal-
ized, log-transformed and scaled using NormalizeData and ScaleData,
respectively. PCAwas computed on 2,000 highly variable genes without
cell cycleregression. The dataset was clustered using Louvain with 0.7
resolution followed by uniform manifold approximation and projection
dimensionreductionontop 20 PCs. In Extended DataFig.2d, we subset
for treated and withdrawal cells (562 cells). We follow the same steps
above adjusting only clustering resolutionset to 0.5. Detailed analyses
can be found at https://github.com/brickmanlab/wong-et-al-2022/.

In vivo scRNA-seq re-analysis. The Li et al.?° dataset HRA0O00280 was
downloaded from Genome Sequence Archive. Cells with low quality
and mitochondrial content higher than 20% were filtered out (lower
bound: 3,000 genes and upper bound: 9,000 genes; 400,000 UMIs).
Additionally, cells labelled as ‘poor quality’ were also discarded. We
followed the same pre-processing steps as mentioned above without
clustering. We subsetted the final dataset for hMG, hHG, hFG and hAL
population.

CAT. We used CAT to determine similarity between clusters fromin vivo
andinvitrostudies. CAT calculates mean gene expression of randomly
sampled cells with replacement for each cluster 1,000 times. Euclidian
distance is measured between all pairs of clusters. A small distance
represents high similarity. A detailed explanation of the method can
be found in Rothovaetal.”.
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Analysis of bulk RNA-seq data. Fastq files from bulk RNA-seq sam-
ples were aligned to the hg38/GRCh38 genome using STAR v2.5.3a%.
Transcript expression levels were estimated with the quantMode
GeneCounts option and GRCh38p10.v27 annotations. FastQC v0.11.7
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was
used for quality control metrics and multiqc v1.7 (ref.”) for reporting.
Data analysis was then performed with R/Bioconductor®® (https://
www.R-project.org). Normalization was performed with DEseq2
(v1.24.0) (ref. *°). The Lee et al.” dataset was retrieved from NCBI GEO
(GSE114102) and analysed as above. Differential gene expression was
assessed using DESeq2 (R package version 1.32.0). Z-scoring was cal-
culated as previously described for each dataset separately. Gene set
enrichment analysis was performed by Webgestalt (http://www.web-
gestalt.org) (log,FC between VFGp3 and VFGp6) for Gene Ontology
Biological Process (GO-BP) with false discovery rate <0.05.

Processing of ATAC-seq datasets. The quality of the sequencing reads
was assessed with FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) followed by trimming of poor-quality base calls
and adaptor sequences with cutadapt’. Read pairs were then aligned
to the hgl9 reference genome using bowtie2 (ref.”") with the following
parameters: bowtie2-no-discordant-no-mixed-no-unal-very-sensitive
-X 2000. Samtools’ was used for sorting alignments and format con-
versions. Alignments from PCR duplicates were removed using Picard
(http://broadinstitute.github.io/picard/). Alignments were then con-
verted into BED format using bedtools™. The 5’ ends of the reads were
offset by +4 bases for the reads on Watson strand and by -5 bases for
thereads on Crick strand, to reflect the exact location of Tn5insertion
site. Single-base genome-wide coverage was computed using a 30 bp
fragment centred at the Tn5 insertion site in BigWig format. We called
peaks using Macs2 (ref. *) with the following parameters: macs2 call-
peak-nomodel-extsize 150-shift -75-g ‘hs’-p 0.01. For each condition,
data from two biological replicates were used to create a set of highly
reproducible peaks usingirreproducible discovery rate (<0.05, ref. ™).
Deeptools™was employed to compute Pearson’s correlation among the
conditions/replicates and for PCA plots. Bedtools intersect command
was used to find overlapping or unique (with parameter -v’) enhancer
positions (bed format) between two conditions in question (Fig. 3b).

Detection of differential chromatin accessibility and temporal
dynamics of enhancers from ATAC-seq data. A consensus set of
ATAC-seq peaks was created using reproducible peaks from all five
stages of differentiation. Next, we computed normalized read cover-
age (RPKM) for the consensus peak set in all stages. General linear
modelling was applied to the normalized counts from the step above to
detect changesin chromatin accessibility across the stages and inboth
directions. We used the following parameters for differential accessi-
bility: log,FC>2 orlog,FC <2 at adjusted Pvalue <0.005 (time-course
sequencing (TC-seq), ref.*°). We then defined stage-specific peaks using
c-means clustering of the dynamic peak-set from the step above. We
called eight clusters that gave afunctionally relevant patternalong the
timeline of differentiation. Some clusters were merged, as they were
too similar to be dealt with separately. This led to formation of the six
groups of dynamic enhancers (Fig. 3¢, right). RPKM-normalized BigWig
tracks from merged replicates were used to plot heat maps in deep-
tools”™. For locus-specific visualizations, we used the UCSC Genome
Browser (http://genome.ucsc.edu, ref.”’) to load BigWig tracks.

Enrichment scoring of defined ATAC-clusters from the mapped
gene sets that are up- or downregulated at the PE stage com-
pared with VFGp6. ATAC-seq peaks were assigned to genes using
GREAT’® with the setting of single nearest gene within 25 or 200 kb
(Supplementary Table 1b). The enrichment of gene-annotated ATAC
clusters in differential expression gene sets was calculated by log,
ratio between number of observed overlaps and number of expected

overlaps from the dataset. We compared the impact of very low levels
ofbackground gene expression noise (those genes not reaching more
than1000r1,000 readsin aparticular sample, baseMean 100 or1,000)
onthesegenesets (Supplementary Table 1d-g). Whilefiltering out gene
expression noise reduces the size of the gene set, it canbe expanded by
considering enhancers located within200 kb of a target gene.

Motif analysis from ATAC-clusters. Enrichment of knownand de novo
TF binding motifs was calculated with the HOMER v4.11.1suite” using
the findMotifsGenome function with default parameters.

Hierarchical k-means clustering of expression patterns of genes
annotated to ATAC-peaks clusters. Bulk RNA-seq gene expres-
sion levels were normalized using DESeq2 R package version 1.32.0
(ref. ©°). The mean of normalized expression was calculated for each
condition and transformed into z-scores. Gene expression levels were
then separated into the different annotated ATAC-peaks clusters.
Finally, gene expression patterns were grouped using hierarchical
clustering (k=10) based on Euclidian distances.

Mapping and analysis of H3K27ac data from human embryo sam-
ples. Pre-processing and alignment of ChIP-seq reads was as described
in Gerrard et al.”’. Single-end reads were aligned to hg19 genome assem-
bly with bowtie 1.0.0 (parameters: -m1 -n 2 -1 28, uniquely mapped
readsonly). Thesealignments werereceived incompressed BAM format
from European Genome-Phenome Archive (https://ega-archive.org/)
under accession numbers EGAS0O0001003163 and EGAS0001004335.
We converted the alignments to BED format and called peaks with
HOMER (parameters: findPeaks -style histone) against apooled input
sample. We then used bedtools-2.30 (ref.”) to select the peaks present
inbothreplicates (bedtoolsintersect -f0.50 -r -u-arepl.bed -brep2.
bed) of most tissue types except for stomach.

Lineage-specific sets of H3K27ac regions were generated by con-
catenating peaks fromrelevant tissues as follows: ectoderm (RPE and
brain), endoderm (pancreas, liver, lung and stomach) and mesoderm
(heartand adrenal). Toidentify unique regions for each germ layer, we
use bedtools intersect command, followed by sorting regions using
sort option and finally merging smaller regions that are subsets of
larger regions using bedtools merge command. This process ensures a
unique count of peaks evenif agiven peakis part of alarger regulatory
region. Similarly, weidentified regions unique to tissue types. Tomap
different ATAC clusters to the H3K27ac regions described above, we
took regions in different enhancer classes and intersected these with
different classes of H3K27ac regions from human foetal samples with
bedtoolsintersect command. These overlaps were used in generating
over-representation scores defined as observed/expected.

Enrichment scoring of dynamic ATAC-seq clusters with H3K27Ac
regions from human embryonic tissues. The enrichment of ATAC
clusters in different lineage- and tissue-specific H3K27ac groups was
calculated onthe basis of the ratio between number of observed over-
lapped regions (between ATAC and H3K27ac peaks) and number of
expected overlapped regions from the datasets.

Analysis of HHEX ChIP-seq dataset. We aligned HHEX ChIP-seq
data from Yang et al.** to hg19 assembly using bowtie-1.3.1 (ref. 5°)
with default parameters and converted the alignments to HOMER
tag-directory format. We created depth-normalized bigwig files using
the HOMER” makeUCSCfile program. ComputeMatrix (deeptools
suite’®) was used to plot the coverage centred at the midpoint of
enhancer regions in different classes (Extended Data Fig. 10g). This
dataset can be found on NCBIGEO under accession number GSE181480.

Statistical analyses and reproducibility. No statistical methods were
used to pre-determine sample size. Data distribution was assumedtobe
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normal, but this was not formally tested. The experiments were not ran-
domized. Datacollection and analysis were not performed blind to the
conditions of the experiments. No data points were excluded fromthe
analyses. Data collection was performed using Microsoft Office Excel
(16.16.2). Datarepresentation and statistical analyses were performed
using GraphPad Prism. Unless mentioned otherwise, data are shown
as mean = standard error of the mean (s.e.m.) and N numbers refer to
biologicallyindependent replicates. Statistical significance (P < 0.05)
was determined asindicated in figure legends using one-way analysis of
variance (ANOVA) Tukey’s multiple comparison test (Figs.1c,d,2d and
4b,cand Extended DataFig.3d-f), one-way ANOVA Dunnett’s multiple
comparison test (Figs. 2a,b and 6b,c and Extended Data Figs. 2h,i, 9a,c
and 10a,b), unpaired two-tailed t-test (Fig. 2d,e), unpaired one-tailed
t-test (Fig. 6d-f and Extended Data Fig. 10c-f) and chi-squared test
(Figs. 3f,gand 4d,e and Extended Data Fig. 5d).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data generated in this study are available on NCBI GEO
under the accession numbers GSE185670 (bulk RNA-seq), GSE188362
(single-cellRNA-seq) and GSE108623 (ATAC-seq). The Lee et al.* dataset
reanalysed here can be found at NCBI GEO under accession number
GSE114102. Thehuman embryo H3K27ac ChIP-seqdatareanalysed here
and based on our previous study® are available on European Genome
Phenome repository (EGASO0001004335 and EGASO0001003163).
The ChiIP-seqdataset for HHEX binding during pancreatic differentia-
tion and reanalysed here*’ can be found on NCBI GEO under accession
number GSE181480. Processed dataand gene lists from various analysis
areincluded as supplementary tables. Source data are provided with
this paper. All other data supporting the findings of this study are
available from the corresponding authors on reasonable request. Cell
lines and reagents generated for this study are available from the cor-
responding authors with acomplete Materials Transfer Agreement.

Code availability

Code used to perform the analyses in this study is available at https://
github.com/brickmanlab/wong-et-al-2022/ or from the corresponding
authors upon request.
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Extended Data Fig. 1| Ventral foregut identity of expanding endodermal
progenitors. a, Left: UMAP visualization of single cells from the transient ADE
(ADE.1and ADE.2) and EP passage 6 samples. Right: UMAP visualization of

single cells from different endodermal populations from early human embryos
reported inLietal.”. b, Heatmap illustrating gene expression in H9-derived ESC,
ADE, and EP cells (N = 3 independent experiments) from bulk RNA-seq dataset.
Scaled normalized expression of the top 20 differentially expressed genes for
each condition (ADE vs EP) is shown. ¢, Representative immunostaining of hAL
markers, HHEX and TBX3, in EP passage 6 cells derived from H9 ESC cells. Images
represent three independent experiments. Scale bar =50 um. d, Expression
analysis in HHEX shRNA KD cells (set 1and set 2) and scrambled shRNA control
by RT-qPCR. Relative fold change in mRNA of HHEX gene in KDs and control EP/
VFG cells was assayed by RT-qPCR. Expression is normalized to ACTB. Circles and
triangles mark cells derived from H9 and HUES4 WT ESCs respectively. Data are

represented as mean + SEM (N = 4 independent experiments). Statistical analysis
(*P<0.01, unpaired two-tailed t-test) was performed between KD and control
EP/VFG cells. Comparisons without anindicated P value are not significant.e,
Apoptosis assay in HHEX shRNA (set2) KD and scrambled shRNA control EP/
VFG. Bar plot showing percentage of Annexin V + cells for each assay. Circles

and triangles mark cells derived from H9 and HUES4 WT ESCs respectively. Data
arerepresented as mean + SEM (N = 4 independent experiments). No statistical
difference (unpaired two-tailed t-test) was found between HHEX shRNA KD and
scrambled shRNA control. f, Representative flow cytometry plots used to analyze
the cell cycle in transient ADE, early EP/VFG (p3-4), expanding EP/VFG (p6-8) and
HHEX depleted EP/VFG (p6-8). Cells were stained with EQU and DAPI. Cells in G1
(red), S (blue), and G2M (green) were gated and percentages of each fraction
shown. Flow Cytometry plots represent three independent experiments.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Human VFG cultures can be readily transformed to
either pancreatic or hepaticlineages. a, Schematic representation showing
the conversion of VFG culture to pancreatic and hepatic expansion. The figure
illustrates the generation of PDX1 eGFP positive (PDX1") and negative (PDX1")
cells from VFG culture after BMP4 withdrawal and subsequent stimulation
with FGF. b-c, Flow cytometry of eGFP expression (b) or intracellular PDX1 (c)
for HUES4 wild type (grey), PDX1"eGFP reporter (purple) in VFG culture, and
the reporter following BMP4 withdrawal (green). Fractions of eGFP* or PDX1*
were gated and percentages are shown. Flow Cytometry plot represents three
independent experiments. d, Left: UMAP visualization of 526 cells isolated
from mock-treated VFG (blue), VFG cells grown in the absence of BMP4 (red),
and transient pancreatic induction by FGF2 simulation (green). Right: UMAP
visualization of Seurat clustering from the samples described on the left. e,

Representative bright-field (top) and fluorescent (bottom) images for the PDX1-

eGFPreporter VFGs (left) or following BMP4 withdrawal (right), and then treated
with FGF2, FGF7, or FGF10. Images represent three independent experiments.
Scale bar =50 pm. f, Flow cytometry of eGFP expression for the conditions
described in (e), including mock-treated cells. Percentages of PDX1" cells were
shownin the rectangle boxes of each histogram. Flow Cytometry plots represent
three independent experiments. g, PDX1" cells form 3D spheres and expand as
pancreatic spheroids (Top). PDX1 cells form 2D clusters and expand as hepatic
organoids (bottom). Images represent three independent experiments. Scale bar
=50 pum. h-i, Relative fold change in mRNA of pancreatic markers (PDX1, SOX9,
and ONTCUTI) (h) and hepatic markers (AFP, ALB, and SERPINAI) (i) in the VFGs
and VFG-derived cell types (as described inaand g). Expression is normalized
with ACTB. Data are represented as mean + SEM (N = 3 independent experiments).
*P<0.01,**P<0.001, ***P < 0.0001 (one-way ANOVA Dunnett’s multiple
comparison test compared with VFG).
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Extended Data Fig. 4 | See next page for caption.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-022-01075-8

Extended DataFig. 4 | The dynamic chromatin landscape and gene
expression in VFG expansion and further differentiation. a, MA-plot
representing differential expressionin VFGp6 versus VFGp3 culture (Log2

fold change >2, P < 0.05) (N =3 independent experiments). b, GSEA for

GO-BP of VFGp6 compared to VFGp3 cells. Normalized Enrichment Score for
significant terms for VFGp6 are shown as positive value, and VFGp3 as negative
value (FDR < 0.05). ¢, Pie-chart showing distribution of dynamic ATAC-peaks
(n=57803) with percentage and numbers of peak indicated per cluster in Fig. 3c.
d, Representative UCSC Genome Browser screen shot (from two independent
experiments) at the GL/S3locus showing ATAC-seq data from ESC, ADE, VFGp3,
VFGp6, and PE. Genome coordinates (bp) are from the hgl9 assembly of the
human genome. PE"™EP elements (peaks 246735, 246749, and 246752) are shown
at the bottom and the corresponding regions are highlighted in yellow. e, Left:
Representative UCSC Genome Browser screen shot asind. The region of the area
IVenhancer is highlighted in yellow. Approximate distance between the region
and PDX1TSS isindicated by abroken dashed line. Right: bar plots for expression

(normalized RNA-seq counts, N =3 independent experiments) for PDX1 RNA
across the same samples as ATAC-seq. f, Representative UCSC Genome Browser
screen shot at the TBX3locus as in d. VFG™ elements (peaks 60300, 60307, and
60310) are shown at the bottom and the corresponding regions are highlighted
inyellow. g-h, Mapping dynamic enhancer classes to gene expression (up-
regulated genes). Left: Number of mapped ATAC peaks in each cluster defined
inFig. 3clocated within 25Kb (g) or 200 Kb (h) of the single nearest gene’s TSS
from the PE up-regulated gene set with baseMean >100 (grey) or >1000 (green).
Right: Enrichment (log2 observed/expected) of the PE up-regulated gene set
with baseMean >100 (grey) or >1000 (green), in proximity (withina 25or 200
Kb window) to ATAC-clusters defined in Fig. 3c. i-j, Mapping dynamic enhancer
classes to gene expression (down-regulated genes) for elements located

within 25Kb (i) or 200 Kb (j) of the single nearest gene’s TSS from the PE down-
regulated gene set, analysis and labels as in g. All data shown are significant by
chi-square analysis.
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experiments for most tissue types, except for stomach where only one sample
was available) across different VFG-specific ATAC clusters defined in Extended
Data Fig. 4a by enrichment score (observed/expected) inaradar chart (c) and
bar plot (d). P: pancreas, Lv: liver, H: heart, A: adrenal, B: brain, R: RPE, Ln: lung, S:
stomach.
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Extended Data Fig. 8 | k-means clustering and motif analysis for VFG
expansion dependent ATAC-clusters. a-b, k-means clustering of genes within
200Kb of peaks in ATAC clusters as defined in Fig. 4a (VFGp3°"™, VFGp6°™™,
VFGp3“°%, and VFGp3€'©5E). Z-scored logl10 normalized gene expression of
ADE, VFGp6, and PE samples (a); and of ADE, VFGp3, and VFGp6 samples (b)
were plotted for VFG*®¥ and VFG®°t clustered genes respectively (n =10).c,

Motif TF p-value Motif TF p-value Motif TF p-value Motif TF p-value
IXASTAAAGA Fox  1ess AATGATTAAG  HNF1B  1e-20 TGAGGACCTTOT ™8 1e20 CTTATCTS GATA  1e-31
LERCCARTSE  TEAD  1e9 TRTITACE  Fox  tets GGGGTTGTTCTC  sox et AGCTGACTCA  BACH  tet7
GCCACCIGETGE CTCF 1e47 CCATICET  teAD  1e-t6 llégéglgééég PRDM  1e-16 AGGTGACAGAGA  SMAD  1e-t5
GTTAMTEATTAR  HNF1B 1o GACCTITE  Hnesn  tets CTTCTGAMMTTC cese 1ete  ACTTICROCTGA  PROM  tes
aLTAAICA  GATA  te42 CAGCETIATSTA  THAP  te-14 AAGCTCCCCCA WT1 1e-14 GAACCCAAGGTT MR 1e-12

De novo motif search was made using Homer findMotifsGenome and searched
within +200 bp of peak center for genes mapped to the vicinity of VFGp3°™
(k-means clusters1and 9,n =1330), VFGp6°™™ (k-means clusters 5and 6, n = 376),
VFGp3“°% (k-means clusters1and 8, n =1006), and VFGp6“-°% (k-means clusters
land2,n=524).
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cells was normalized relative to the expression in scrambled shRNA controls.
Triangles and circles mark cells derived from HUES4 and H9 ESCs respectively.
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indicated Pvalue are not significant. b, Representative flow cytometry density
plots showing CD184 (CXCR4) and CD117 (KIT) expression in scrambled shRNA
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analysis in FOXAland FOXA2 shRNAKD cells (described in Fig. 6b) by RT-
qPCR. Expression of VFG markers TBX3, GATA3, ID2, and ISL1in the KD cells was
normalized relative to thatin scrambled shRNA controls. Triangles and circles
mark cells derived from HUES4 and H9 ESCs respectively. Data are represented as
mean + SEM (N = 4 independent experiments). No statistical difference (unpaired
two-tailed t-test) was found in the comparisons.
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Extended Data Fig.10 | HHEX is also required alongside FOXA1 for enhancer
primingin VFGs. a, RT-qPCR of HHEX (left) and FOXA1 (right) in the HHEX

or FOXALKD cells. Expression was normalized relative to the scrambled

shRNA controls. Triangles and circles mark cells derived from HUES4 and H9
ESCs respectively. Data are represented as mean + SEM (N = 4 independent
experiments).**P < 0.01 (unpaired two-tailed t-test, only significant comparisons
are shown). b, Differentiation of scrambled control, HHEX KD, FOXA1KD and
HHEX/FOXAl double KDs VFG cells to PE. Relative fold change of pancreatic
genes (PDX1, GLIS3, SOX9 and NKX6-2) was assayed by RT-qPCR and normalized
relative to the scrambled shRNA controls. Data are represented as mean + SEM
(N=3independent experiments). *P < 0.05,**P < 0.01, **P < 0.001, ***P < 0.0001
(one-way ANOVA Dunnett’s multiple comparison test compared with scramble
control and HHEX/FOXAl double KDs). c-d, FOXA1 (c) and HHEX (d) binding
enrichment by ChIP-qPCR at enhancer regions of PDXI (area V), SFRPS
(peak32665), GLIS3 (peak246749), and TBX3 (peak60307) in HHEX and FOXA1

shRNA KD VFG and scrambled control cell lines. An intragenic region of NCAPD2
served as non-bound control. Data are represented asmean + SEM (N =3
independent experiments). Statistical analysis was performed between KD and
control VFG cells (*P < 0.05, **P < 0.01, unpaired one-tailed t-test, only significant
comparisons are shown). e-f, H3K4mel (e) and H3K27ac (f) enrichment by
ChIP-qPCR atenhancer regions of PDX1 (areaIV), SFRPS (peak32665), GLIS3
(peak246749), and TBX3 (peak60307) in HHEX shRNA KD VFG and scrambled
control cell lines. An intragenic region of NCAPD2 served as a non-bound control.
Data are represented as mean + SEM (N = 3 independent experiments). Statistical
analysis was performed between the KD and control VFG cells (*P < 0.05,
**P<0.01,**P < 0.001, ***P < 0.0001, unpaired one-tailed t-test, only significant
comparisons are shown). g, HHEX signal plotted on VFG-specific enhancer
classes (PE-PP1common, PE-not-PP, VFG°™-in-DE-PP1, and VFG™-in-PP1) at the
FG and PP1 stages of directed differentiation (ChIP-seq dataset*?) (from two
independent experiments).
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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Software and code

Policy information about availability of computer code

Data collection - BD FACSDiva™ Software version 8 was used for index sorting of cells for single cell RNA-seq and acquisition of LSR Fortessa.
- SONY SH800 Software version 1.8 was used for cell sorting.
- Las X software (3.5.7.23225) was used for taking image.
- lllumina NextSeq 500 (v4.0.1) was used for both single-cell RNA-seq, bulk RNA-seq.
- lllumina HiSeq-2000 (HCS 2.2.68) and NextSeq 500 (4.0.1) platforms were used for ATAC-seq.
- StepOnePLUS Real-Time PCR System (v2.3) for quantitative PCR Analysis.
- Roche LC480 LightCycler (1.5.1.62.SP3) for optimizing production of ATAC-seq library.
- Agilent 2100 Bioanalyzer (B.01.03) for optimizing production of ATAC-seq library.
- AATI Fragment Analyzer (v1.0.0.2) for optimizing production of RNA-seq library.

Data analysis 1. GraphPad Prism version 8 for Mac OS X
2. Microsoft Excel 16.16.2 for Mac OS X
3. FCS Express 6

4. IMARIS 9.6

5. HISAT (version 0.1.6)

6. DESeq?2 (R package version 1.32.0)

7

. Rversion 4.1.2 and following packages were used for single-cell RNA-seq analysis

abind: 1.4.5, annotate: 1.72.0, AnnotationDbi: 1.56.2, Biobase: 2.54.0, BiocGenerics: 0.40.0, BiocParallel: 1.28.3, Biostrings: 2.62.0, bit: 4.0.4,
bit64: 4.0.5, bitops: 1.0.7, blob: 1.2.2, cachem: 1.0.6, callr: 3.7.0, cellranger: 1.1.0, cli: 3.1.0, cluster: 2.1.2, codetools: 0.2.18, colorspace: 2.0.2,
commonR: 0.1.0, cowplot: 1.1.1, crayon: 1.4.2, data.table: 1.14.2, DBI: 1.1.2, DelayedArray: 0.20.0, deldir: 1.0.6, desc: 1.4.0, DESeq2: 1.34.0,
devtools: 2.4.3, digest: 0.6.29, dplyr: 1.0.7, ellipsis: 0.3.2, evaluate: 0.14, fansi: 1.0.2, fastmap: 1.1.0, fitdistrplus: 1.1.6, fs: 1.5.2, future: 1.23.0,
future.apply: 1.8.1, genefilter: 1.76.0, geneplotter: 1.72.0, generics: 0.1.1, GenomelnfoDb: 1.30.0, GenomelnfoDbData: 1.2.7,
GenomicRanges: 1.46.1, ggplot2: 3.3.5, ggrepel: 0.9.1, ggridges: 0.5.3, ggsignif: 0.6.3, globals: 0.14.0, glue: 1.6.0, goftest: 1.2.3, gridExtra: 2.3,
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gtable: 0.3.0, hdf5r: 1.3.5, htmltools: 0.5.2, htmlwidgets: 1.5.4, httpuv: 1.6.5, httr: 1.4.2, ica: 1.0.2, igraph: 1.2.11, IRanges: 2.28.0, irlba: 2.3.5,
jsonlite: 1.7.2, KEGGREST: 1.34.0, KernSmooth: 2.23.20, knitr: 1.37, later: 1.3.0, lattice: 0.20.45, lazyeval: 0.2.2, leiden: 0.3.9, lifecycle: 1.0.1,
listenv: 0.8.0, Imtest: 0.9.39, locfit: 1.5.9.4, magrittr: 2.0.1, MASS: 7.3.55, Matrix: 1.4.0, MatrixGenerics: 1.6.0, matrixStats: 0.61.0, memoise:
2.0.1, mgev: 1.8.38, mime: 0.12, miniUl: 0.1.1.1, munsell: 0.5.0, nlme: 3.1.155, parallelly: 1.30.0, patchwork: 1.1.1, pbapply: 1.5.0, pheatmap:
1.0.12, pillar: 1.6.4, pkgbuild: 1.3.1, pkgconfig: 2.0.3, pkgload: 1.2.4, plotly: 4.10.0, plyr: 1.8.6, png: 0.1.7, polyclip: 1.10.0, prettyunits: 1.1.1,
processx: 3.5.2, promises: 1.2.0.1, ps: 1.6.0, purrr: 0.3.4, R6: 2.5.1, RANN: 2.6.1, RColorBrewer: 1.1.2, Rcpp: 1.0.8, RcppAnnoy: 0.0.19, RCurl:

1.98.1.5, readxl: 1.3.1, remotes: 2.4.2, reshape2: 1.4.4, reticulate: 1.23, rlang: 0.4.12, rmarkdown: 2.11, ROCR: 1.0.11, rpart: 4.1.15, rprojroot:

2.0.2, RSQlite: 2.2.9, rstudioapi: 0.13, Rtsne: 0.15, S4Vectors: 0.32.3, scales: 1.1.1, scattermore: 0.7, sctransform: 0.3.3, sessioninfo: 1.2.2,
Seurat: 4.1.0, SeuratDisk: 0.0.0.9019, SeuratObject: 4.0.4, shiny: 1.7.1, spatstat.core: 2.3.2, spatstat.data: 2.1.2, spatstat.geom: 2.3.1,
spatstat.sparse: 2.1.0, spatstat.utils: 2.3.0, stringi: 1.7.6, stringr: 1.4.0, SummarizedExperiment: 1.24.0, survival: 3.2.13, tensor: 1.5, testthat:
3.1.1, tibble: 3.1.6, tidyr: 1.1.4, tidyselect: 1.1.1, usethis: 2.1.5, utf8: 1.2.2, uwot: 0.1.11, vctrs: 0.3.8, viridisLite: 0.4.0, withr: 2.4.3, xfun: 0.29,
XML: 3.99.0.8, xtable: 1.8.4, XVector: 0.34.0, yaml: 2.2.1, zlibbioc: 1.40.0, zoo: 1.8.9

All custom software is deposited at GitHub
https://github.com/brickmanlab/wong-et-al-2022

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

- Sequencing data generated in this study is available on NCBI GEO under the accession numbers GSE185670 (bulk RNA-seq), GSE188362 (single-cell RNA-seq), and
GSE108623 (ATAC-seq).

- The Lee et al. dataset reanalyzed here can be found at NCBI GEO under the accession number GSE114102 (Lee, K. et al. FOXA2 Is Required for Enhancer Priming
during Pancreatic Differentiation. Cell Reports 28, 382-393.e7 (2019)).

- The human embryo H3K27ac ChlP-seq dataset of human embryos is reanalyzed here and based on our from our previous study and is available on European
Genome Phenome repository (EGAS00001004335 and EGAS00001003163 ) (Gerrard, D. T. et al. Dynamic changes in the epigenomic landscape regulate human
organogenesis and link to developmental disorders. Nat Commun 11, 3920 (2020)).

- The ChIP-seq dataset for HHEX binding during pancreatic differentiation and reanalyzed here can be found on NCBI GEO under accession number GSE181480
(Yang, D. et al. CRISPR screening uncovers a central requirement for HHEX in pancreatic lineage commitment and plasticity restriction. Nat. Cell Biol. 24, 1064—1076
(2022)).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size - Sample size was chosen based on previously published literature in this area (Cheng, X. et al. Self-renewing endodermal progenitor lines
generated from human pluripotent stem cells. Cell Stem Cell 10, 371-384 (2012)).
- Biological replicates were at least N = 3 unless otherwise noted. These are clearly showed with the dot-plot overlaying the bar graph.
- All attempts at replication were successful.
- For single-cell RNA-seq, we sampled 1067 cells spread across 5 samples.

Data exclusions - For scRNA-seq data, we excluded cells with following thresholds: minimum 2,000 UMIs; 550 genes and maximum 35,000 UMls; 4,950 genes.
Additionally, cells with higher than 20% mitochondrial content were discarded.
- For other experiments, no data were excluded.

Replication Biological replicates were performed at least 3 times. The mean +/- S.E.M, and statistical analysis (ANOVA Tukey’s multiple comparison test,
one-way ANOVA Dunnett’s multiple comparison test, unpaired two-tailed t-test, unpaired one-tailed t-test) was used to see if and how the
difference between parameters are significant. Significance were presented as stars, calculated by Graph Pad software and described under
Methods.

Randomization  There were no randomization as there were no clinical studies or patient participants were involved. Moreover, we included appropriate
controls in all experiments, so the randomization was not required.

Blinding The investigators were not blinded to allocation during experiments or analysis, as group allocation was clearly visible in the samples due to
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Blinding phenotypic changes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used Below is a summary of commercially available antibodies used in this study: or as cited in the Materials and methods section:
FOXA2 R&D Systems AF2400 1:500
HHEX R&D Systems MAB83771 Clone#2018B 1:100
TBX3 abcam ab99302 1:500
PDX1 R&D Systems AF2419 1:500
SOX9 Millipore AB5535 1:300
AFP R&D Systems MAB1369 Clone#189506 1:500
ALB R&D Systems AF3329 1:500
NKX6-2 abcam ab58708 1:100
ROBO?2 Cell Signaling Technology 45568S 1:100
GP2 MBL INTERNATIONAL D277-5 3G7-H9 1:100
INS Dako a0564 1:1000
H3K4mel abcam ab8895 1:50
H3K27ac abcam ab4729 1:50
FOXA1 abcam ab170933 EPR10881 1:50
CD184-PECy7 BDBiosciences 560669 12G5 (RUO) 1:100
CD117-APC BDBiosciences 561118 YB5.B8 (RUO) 1:100
Alexa fluor 488 anti-goat Thermo Fisher A11055 1:800
Alexa fluor 568 anti-goat Thermo Fisher A11057 1:800
Alexa fluor 647 anti-goat Thermo Fisher A21447 1:800
Alexa fluor 488 anti-mouse Thermo Fisher A21202 1:800
Alexa fluor 568 anti-mouse Thermo Fisher A10037 1:800
Alexa fluor 488 anti-rabbit Thermo Fisher A32790 1:800
Alexa fluor 568 anti-rabbit Thermo Fisher A10042 1:800
Alexa fluor 647 anti-rabbit Thermo Fisher A32795 1:500

Validation Antibodies were validated as noted on manufacturer's websites as following:

- FOXA2 R&D Systems AF2400 1:500; https://www.rndsystems.com/products/human-hnf-3beta-foxa2-antibody_af2400

- HHEX R&D Systems MAB83771 Clone#2018B 1:100; https://www.rndsystems.com/products/human-mouse-rat-hhex-
antibody-2018b_mab83771

- TBX3 abcam ab99302 1:500; https://www.abcam.com/tbx3-antibody-ab99302.html

- PDX1 R&D Systems AF2419 1:500; https://www.rndsystems.com/products/human-pdx-1-ipfl-antibody _af2419

- SOX9 Millipore AB5535 1:300; https://www.merckmillipore.com/DK/en/product/Anti-Sox3,MM_NF-AB5535-25UG?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F&bd=1

- AFP R&D Systems MAB1369 Clone#189506 1:500; https://www.rndsystems.com/products/human-alpha-fetoprotein-afp-
antibody-189506_mab1369

- ALB R&D Systems AF3329 1:500; https://www.rndsystems.com/products/human-mouse-serum-albumin-antibody_af3329

- NKX6-2 abcam ab58708 1:100; https://www.abcam.com/nkx62gtx-antibody-ab58708.html

- ROBO2 Cell Signaling Technology 45568S 1:100I; https://www.cellsignal.com/products/primary-antibodies/robo2-e4méd-rabbit-
mab/45568

- GP2 MBL INTERNATIONAL D277-5 3G7-H9 1:100; https://www.mblintl.com/products/d277-3/

- INS Dako a0564 1:1000; https://antibodyregistry.org/search.php?q=AB_10013624

- H3K4mel abcam ab8895 1:50; https://www.abcam.com/histone-h3-mono-methyl-k4-antibody-chip-grade-ab8895.html

- H3K27ac abcam ab4729 1:50; https://www.abcam.com/histone-h3-mono-methyl-k4-antibody-chip-grade-ab8895.html

- FOXA1 abcam ab170933 EPR10881 1:50; https://www.abcam.com/foxal-antibody-epr10881-chip-grade-ab170933.html

- CD184-PECy7 BDBiosciences 560669 12G5 (RUQ) 1:100; https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/pe-cy-7-mouse-anti-human-cd184.560669

- CD117-APC BDBiosciences 561118 YB5.B8 (RUO) 1:100; https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/apc-mouse-anti-human-cd117.561118

- Alexa fluor 488 anti-goat Thermo Fisher A11055 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-




L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11055

- Alexa fluor 568 anti-goat Thermo Fisher A11057 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-
L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11057

- Alexa fluor 647 anti-goat Thermo Fisher A21447 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-
L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21447

- Alexa fluor 488 anti-mouse Thermo Fisher A21202 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-
1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21202

- Alexa fluor 568 anti-mouse Thermo Fisher A10037 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-
|gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A10037

- Alexa fluor 488 anti-rabbit Thermo Fisher A32790 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-
H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32790

- Alexa fluor 568 anti-rabbit Thermo Fisher A10042 1:800; https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-1gG-
H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A10042

- Alexa fluor 647 anti-rabbit Thermo Fisher A32795 1:5001; https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-
1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A32795

The above antibodies are also used routinely in our laboratory and have been tested on numerous protocols and shown to be
specific.

Additional validation was done by the use of negative control
and control tissue samples.

Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) Human embryonic stem cell lines used in this study were published:
1. H9 WT hESC (WA09) was obtained from WiCell (WiCell Madison, WI)
2. HUES4 WT hESC was obtained from D.A. Melton, Howard Hughes Medical Institute (Harvard University, Cambridge, MA).
3. PDXeG clone 170-3 hESC was from Henrik Semb. (Ameri et al Cell Reports, 2017 vo.19 (1) pp.36-49)
Authentication The cell lines were karyotyped and tested for differentiation competence.

Mycoplasma contamination The cell line has been tested negative for mycoplasma contamination

Commonly misidentified lines  No cell lines used in this study were found in the database of commonly misidentified cell lines that is maintained by ICLAC
(See ICLAC register) and NCBI Biosample.

Flow Cytometry

Plots

Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Human ESC, ADE, VFG, and pancreatic spheroids were dissociated with Trypsin 0.25%/EDTA, and then
resuspended in FACS buffer (PBS/FBS) to stop dissociation.

Instrument Sony SH800 and BD LSR Fortessa.

Software Cells were sorted on a 4 laser (488nm, 561nm, 638nm and 405nm) SONY SH800 and acquisition was done using Sony SH800
software version 1.8. The acquisition of BD LSR Fortessa (488nm, 405nm, 355nm, 640nm, 561nm) was done using BD
FACSDiva software version 8. Data was analyzed using FCS Express 6.

Cell population abundance Human ESC culture contained more than 80% live cells. Differentiating ADE cells contained around 60% live cells which were
CD184-CD117 double positive. In expanding VFG cell cultures, more than 80% of live cells were CD184-CD117 double
positive. Pancreatic spheroids generated from VFG (with PDX1-eGFP reporter) contained more than 80% of GFP positive cells.

Gating strategy Cells were first gated based on similar light scatter properties, doublets gated out using the width parameter on forward
scatter, and then live cells gated based on DAPI. For conjugated Ab cell surface marker staining, negative (isotype control)
cells were used as gating parameter.

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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