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SUMMARY

Tbx3 has been identified as a regulator of liver development in the mouse, but its function in human liver development remains un-
known. TBX3 mutant human pluripotent stem cell (PSC) lines were generated using CRISPR/Cas9 genome editing. TBX3 loss led to
impaired liver differentiation and an upregulation of pancreatic gene expression, including PDX1, during a hepatocyte differentiation
protocol. Other pancreatic genes, including NEUROG3 and NKX2.2, displayed more open chromatin in the TBX3 mutant hepatoblasts.
Using a pancreatic differentiation protocol, cells lacking TBX3 generated more pancreatic progenitors and had an enhanced pancreatic
gene expression signature at the expense of hepatic gene expression. These data highlight a potential role of TBX3 in regulating hepatic
and pancreatic domains during foregut patterning, with implications for enhancing the generation of pancreatic progenitors from PSCs.

INTRODUCTION

The liver and pancreas play vital roles in metabolism and
digestion. Both organs arise from the posterior foregut re-
gion of the developing gut tube (Deutsch et al., 2001).
The gut tube is characterized by an expression pattern of
different transcription factors that specify distinct domains
for each of the endodermal organs. While the hepatic and
pancreatic domains of the gut tube lie in close proximity to
each other, they are specified by different signals. Fibroblast
growth factor (FGF) from the cardiac mesoderm (Jung et al.,
1999) and bone morphogenetic protein 4 from the septum
transversum specify the hepatic endoderm (Rossi et al.,
2001). Activin and FGF2 signals from the notochord, and
retinoic acid from the lateral plate mesoderm specify the
dorsal pancreatic endoderm (Hebrok et al., 1998).

T-box transcription factor 3 (TBX3) is involved in devel-
opment of a number of model systems. Tbx3 drives mesen-
doderm in Xenopus embryos and mouse pluripotent stem
cells (PSCs) (Weidgang et al.,, 2013), and regulates limb
and heart development (Gibson-Brown et al., 1998; Singh
et al., 2012). TBX3 is a member of the T-box gene family
that acts primarily as a transcriptional repressor (Carlson
et al, 2001). In humans, heterozygous mutations in
TBX3 result in Ulnar-Mammary Syndrome, a disorder
causing defects in limb, mammary, and apocrine gland
development (Bamshad et al., 1997). Tbx3 has also been
implicated in liver development. Thx3 is expressed in hep-
atoblasts, bipotential progenitors that give rise to hepato-
cytes and cholangiocytes, which comprise the liver bud.
Thx3~/~ mice have small liver buds that fail to expand
and mature (Ludtke et al., 2009). Thx3 has been detected

in the mouse pancreas, both during development and in
the adult, but its function remains unknown (Begum and
Papaioannou, 2011). The role of TBX3 in human liver
and pancreas development remains unclear.

PSCs, such as human embryonic stem cells (ESC) and
induced PSCs (iPSCs) can give rise to all cell types, and
are a model system for studying human development,
physiology, and disease. PSCs are easily manipulated using
CRISPR/Cas9 genome editing technology, making them
valuable for studying the role of specific genes in develop-
ment and disease (Maguire et al., 2019). Protocols to
differentiate PSCs to both hepatocytes (Ogawa et al.,
2013; Si-Tayeb et al., 2010) and pancreatic p-cells (D’Amour
et al., 2006; Nostro et al., 2011; Rezania et al., 2014) have
improved drastically over time. However, it is still difficult
to generate functionally mature terminal cell types in vitro.

Here we use PSCs to study the role of TBX3 in human
liver and pancreas development. TBX3 mutant PSC lines
were generated and differentiated to hepatocytes and
pancreatic progenitors. The loss of TBX3 caused a defect
in hepatocyte differentiation. Interestingly, the loss of
TBX3 resulted in the expression of Pancreatic and
Duodenal Homeobox 1 (PDX1), a master regulator for
pancreas development (Ahlgren et al., 1996). PSCs lack-
ing TBX3 differentiated more efficiently to pancreatic
progenitors than wild-type PSCs. These data suggest
that TBX3 may regulate liver development through sup-
pression of pancreatic genes. A better understanding of
how TBX3 regulates pancreatic precursor efficiency may
provide a potential avenue to improve generation of
in vitro-derived pancreatic B-cells for use in therapeutic
contexts.
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Figure 1. Loss of TBX3 impairs hepatocyte differentiation

(A) Schematic of endogenous TBX3 locus with sites of gRNAs indicated above exons. Schematic underneath represents 7TBX3 locus after 6.9-
kb deletion.

(B) Schematic of directed differentiation protocol of PSCs to hepatocytes.

(C) Time course of TBX3 expression during hepatocyte differentiation by gRT-PCR (n =5 separate experiments per time point, per cell line).
(D) Western blot of TBX3 protein in day 12 iPSC*/* and iPSC™/~ hepatoblasts.

(legend continued on next page)
2618 Stem Cell Reports | Vol. 16 | 2617-2627 | November 9, 202



RESULTS AND DISCUSSION

Loss of TBX3 impairs hepatocyte differentiation in
human PSCs

To study the role of TBX3 in human liver development, a
TBX3 mutant line was generated in the CHOPiO04-A
iPSC background (Mukherjee et al., 2020) using CRISPR/
Cas9 genome editing technology. Two guide RNAs were de-
signed to generate a 6.9-kb deletion that includes the tran-
scriptional start site and the entire DNA binding domain,
generating a nonfunctional protein (Figure 1A). The dele-
tion in both alleles was verified by sequencing and
confirmed to have a normal karyotype (Figures STA and
S1B). The genome-edited line is termed iPSC~/~, and the
unedited line, designated as iPSC**, was used as an
isogenic control (Table S1). To confirm the phenotype in
a second genetic background, we generated TBX3 muta-
tions in the Mell ESC line (Micallef et al., 2012) using the
same strategy (Figures S1C and S1D), referred to as ESC ™/~
(Table S1).

While TBX3 is expressed in mouse ESCs, it is not ex-
pressed in human PSCs (Esmailpour and Huang, 2012),
therefore control and mutant lines were differentiated
to hepatocytes (Ogawa et al., 2013) to verify loss of
TBX3 (Figure 1B). In iPSC*'* cells, TBX3 expression was
induced at the definitive endoderm stage of differentia-
tion and peaked at the hepatoblast stage (day 12).
TBX3 was not expressed in the iPSC™/~ line during differ-
entiation at the mRNA or protein level (Figures 1C
and 1D).

Liver marker expression was measured to determine the
impact of TBX3 loss on human liver development. There
was no difference in levels of hepatoblast marker HNF4«
at the mRNA level (Figure 1E), although expression at
the protein level was decreased, along with delayed
expression of a-fetoprotein (AFP) in the iPSC™~ line.
Tbx3~/~ mice develop a normal liver bud but have a small
liver due to impaired migration out of the liver bud
(Ludtke et al., 2009), suggesting that Tbx3 is not required
for hepatoblast specification, but rather for maturation.
This explains the subtle effect observed on hepatoblast
marker expression in the differentiation of the iPSC~/~
line. A more severe defect was observed later in the differ-
entiation, as expression of hepatocyte markers SERPINAI,

which encodes the ol-antitrypsin (AAT) protein,
and ALBUMIN were significantly reduced in iPSC™/~
cells compared with iPSC** cells (Figure 1E). At the
protein level, there were fewer hepatocyte nuclear
factor 4 (HNF4)a"/AFP™ cells (Figures 1F and 1G) and
AAT*/ALBUMIN® cells (Figures 1H and 1I) in the iPSC ™/~
line compared with the iPSC*'* line. iPSC™/~ hepatocytes
had significantly reduced CYP3A4 activity compared with
iPSC*’* hepatocytes, indicating that the TBX3 is also
needed for hepatocyte functionality (Figure 1J). Similar
defects were seen in the ESC™/~ line (Figure S2) which
were slightly more severe, including a greater downregula-
tion of HNF4«, which may indicate developmental abnor-
malities are occurring even at the hepatoblast stage.
These results indicate that the loss of TBX3 impairs the
ability of PSCs to differentiate to hepatocytes, suggesting
that TBX3 is important in both mouse and human liver
development.

Pancreas-specific genes are upregulated in TBX3
mutant hepatoblasts

The developing gut tube displays a well-established expres-
sion pattern of transcription factors that specify different
organ domains (Zorn and Wells, 2009). To determine if
the loss of TBX3 impacts gut tube patterning, the expres-
sion of the anterior gut tube marker SOX2, posterior gut
tube marker CDX2, and pancreatic master regulator PDX1
was examined during hepatocyte differentiation. There
was no impact on SOX2 expression, and a minor upregula-
tion of CDX2 in the iPSC™/~ line. However, PDX1 was
expressed in the iPSC™~ line (Figure 2A), which was sur-
prising, as PDX1 is not expressed during liver differentia-
tion. Because PDX1 protein levels are tightly regulated by
ubiquitination and proteasomal degradation (Claiborn
et al., 2010), the proteasome inhibitor MG132 (1 puM) was
added for 8 h on day 15 when PDX1 expression was high-
est. In the presence of MG132, iPSC™/~ cells had higher
PDX1 protein levels than without MG132, while the
iPSC*/* line displayed no PDX1 protein expression with
or without MG132 (Figure 2B). This indicates that the
loss of TBX3 allows for PDX1 protein expression during
the hepatocyte differentiation. In addition, expression of
ISL1 (Ahlgren et al., 1997) and Motor Neuron and Pancreas
Homeobox 1 (MNX1) (Li et al., 1999), genes involved in

(E) Time course of hepatoblast (HNF4o. and AFP) and hepatocyte (SERPINA1 and Albumin) markers during hepatocyte differentiation by

gRT-PCR (n = 5 per time point, per cell line).

(F) Representative example of HNF4a and AFP expression at day 15 and day 25 by flow cytometry.

(G) Time course of percentage HNF4a"/AFP* cells by flow cytometry (n = 5 per time point, per cell line).

(H) Representative example of AAT and ALBUMIN expression at day 15 and day 25 by flow cytometry.

(I) Time course of percentage of AAT*/ALBUMIN cells in iPSC** and iPSC™~ lines by flow cytometry (n = 5 per time point, per cell line).
(J) Rifampicin-induced CYP3A4 activity in iPSC** and iPSC™/~ hepatocytes at day 25 (n = 4 per cell line).

For all statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 2. Pancreatic genes are expressed in the iPSC/~ line during hepatocyte differentiation
(A) Time course of SOX2, PDX1, and CDX2 during hepatocyte differentiation by gRT-PCR (n =5 per time point, per cell line). PDX1 expression
in iPSC*/* differentiated to pancreatic endoderm for (+) control (n = 6).

(B) Western blot of PDX1 protein in day 15 iPSC*/* and iPSC™/~ immature hepatocytes with or without MG132 and pancreatic endoderm for
(+) control.

(C) Time course of early pancreatic markers ISL1 and MNX1 during hepatocyte differentiation by qRT-PCR (n =5 per time point, per cell
line).

(legend continued on next page)
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early pancreas development, was also increased in the
iPSC~/~ line (Figure 2C), suggesting a loss of repression of
pancreatic genes. Similar results were seen the ESC™/~
line (Figures S3A-S3C).

PDX1 drives PSCs to a pancreatic fate during differentia-
tion, in part by repression of hepatic genes, including TBX3
(Teo et al., 2015). The upregulation of PDX1, ISL1, and
MNX1 in the iPSC~/~ line suggests that TBX3 may be
suppressing pancreatic genes to drive hepatocyte differen-
tiation. To understand how the loss of TBX3 impacts
chromatin accessibility, we performed assay for transpo-
sase-accessible chromatin sequencing (ATAC-seq) in
iPSC*'* and iPSC~/~ day 12 hepatoblasts. The PDX1 locus
is generally accessible in both control and mutant hepato-
blasts, but the promoter region of PDX1 is more accessible
in iPSC™/~ than in iPSC** hepatoblasts (Figure 2D). This
suggests that TBX3 may inhibit PDX1 expression via regu-
lation of the PDX1 promoter, directly or indirectly, to pre-
vent transcription in wild-type hepatoblasts. In addition,
the promoter regions of both MNX1 and ISLI are more
accessible in iPSC~/~ hepatoblasts than in iPSC*/* hepato-
blasts (Figure 2E). The loss of TBX3 results in inappropriate
expression of pancreatic genes during hepatocyte differen-
tiation, suggesting that TBX3 may be important to main-
tain lineage fidelity of the hepatic domain during foregut
patterning.

Loss of TBX3 enhances pancreatic progenitor
generation from PSCs

Considering that TBX3 loss led to de-repression of pancre-
atic genes during liver differentiation, we tested whether
loss of TBX3 enhanced pancreatic differentiation. The
iPSC*"* and iPSC™/~ lines were differentiated to pancreatic
progenitors (Rezania et al., 2014) (Figure 3A). The iPSC~/~
line generated a higher percentage of the PDX1%/
NKX6.1* pancreatic progenitor 2 (PP2) population
compared with iPSC** cells (Figures 3B and 3C). PDX1
mRNA levels trend higher in the iPSC ™/~ line at the pancre-
atic progenitor 1 stage (PP1, day 8) of the pancreas differen-
tiation but do not reach statistical significance, and there
was no difference at the PP2 stage (day 11). This is likely
because the pancreatic differentiation protocol has factors
that drive cells toward a pancreatic identity, and virtually
all cells already express PDX1 (Figures 3C and 3D). Howev-
er, NKX6.1 expression was higher in iPSC™/~ PP2 cells
compared with iPSC** PP2 cells. NKX6.1 is crucial for
pancreatic progenitor identity and required for further dif-
ferentiation to B cells (Rezania et al., 2013). In addition,

expression of ISL1 was markedly increased, while MNX1
trended higher in iPSC ™/~ cells compared with iPSC*/* cells
(Figure 3D). In the ESC/~ line, MNX1 expression was
significantly increased (Figure S3F). We also examined he-
patic gene expression during the pancreatic differentiation.
Levels of hepatic genes were lower in the iPSC™~ line
compared with the iPSC*'* line (Figure 3E), suggesting
the loss of TBX3 generates a purer PP2 population. Similar
results were seen in the ESC™/~ line (Figures S3D-S3H).
These data suggest that a lack of TBX3 improves differenti-
ation efficiency and purity, as the iPSC™/~ line generated
more PP2 cells with increased expression of pancreas genes
and decreased expression of hepatic genes, compared with
the iPSC** line.

iPSC~/~ cells are enriched for a pancreatic gene
signature

To investigate the effect of the loss of TBX3 on pancreatic
differentiation in greater detail, genome-wide gene expres-
sion was examined using RNA sequencing (RNA-seq) in
iPSC~/~ versus iPSC*/* lines at days 6 and 8 of pancreas dif-
ferentiation (Figure 4A). We chose day 6 as TBX3 expres-
sion peaked at this point in the differentiation, and was
comparable to TBX3 levels at day 12 during the hepatocyte
differentiation (Figure 4B). This stage of differentiation is
representative of the gut tube (GT) endoderm when endo-
dermal cells are patterned to foregut. We chose day 8 PP1
cells, as this is when cells begin expressing PDX1. At both
the GT and the PP1 stages, pancreatic genes were upregu-
lated while hepatic genes were downregulated in iPSC "~
versus iPSC** (Figures S4A and 4C). Pathway analysis
showed that genes involved in metabolic pathways were
downregulated in iPSC™~ GT cells compared with iPSC*/*
GT cells (Table S4A), and pathways relating to pancreatic
development and function were upregulated in iPSC~/~
PP1 (Table S4B). To determine if the gene expression
signature of iPSC™/~ cells in our in vitro differentiation
was indicative of pancreas commitment at the expense
of liver fate, we used gene set enrichment analysis with
a previously published gene set from primary human
embryos, comparing the dorsal pancreatic buds with he-
patic cords (Jennings et al., 2017). Hepatic cord-specific
genes were enriched in iPSC** versus iPSC~ GT cells,
and pancreatic bud-specific genes were significantly en-
riched in the iPSC™/~ PP1 population (Figures S4B and
4D). These data further confirm that the loss of TBX3
helped drive cells toward a pancreatic fate and away from
a hepatic fate.

(D) Representative example of tracks showing increased accessibility at the PDX1 promoter in iPSC™/~ day 12 hepatoblasts.
(E) Representative example of tracks showing differential accessibility at the MNX1 and ISLI loci in day 12 hepatoblasts. The y axis

represents peak height.

For all statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 3. Loss of TBX3 enhances pancreatic progenitor generation from PSCs

(A) Schematic of directed differentiation protocol of PSCs to immature B cells.

(B) Representative example of PDX1 and NKX6.1 expression in PP2 cells by flow cytometry.

(C) Quantification of the percentage of PDX1*/NKX6.1* and PDX1" PP2 cells (n = 6 per cell line).

(D) Time course of PDX1, NKX6.1, ISL1, and MNX1 expression during pancreatic differentiation by gRT-PCR (n = 6 per time point, per cell
line).

(E) Time course of AFP, TTR, ApoA2, and ApoB expression during pancreatic differentiation by qRT-PCR (n = 6 per time, point per cell line).
For all statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Additional characterization was performed using RNA-
seq analysis of iPSC™/~ versus iPSC*'* hepatoblasts (Fig-
ure 4A). PROXI1, which is required for hepatoblast
migration and is downregulated in Thx3~/~ mice (Liidtke
et al., 2009), and CDH2, encoding mesenchymal marker
N-cadherin, were downregulated in iPSC~/~ hepatoblasts,

2622 Stem Cell Reports | Vol. 16 | 2617-2627 | November 9, 2021

suggesting a migratory defect. Consistent with our prior
gene expression findings, PDX1, ISL1, and MNX1 were up-
regulated in iPSC~/~ hepatoblasts (Figures S4C). To better
understand the global changes in gene expression due to
the loss of TBX3, a covariate analysis was performed to
identify commonly dysregulated genes in iPSC /" cells at
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Figure 4. iPSC™/~ cells are enriched for a pancreatic gene signature

(A) Schematic of stages from PSC differentiations collected for sequencing analysis.

(B) Time course of TBX3 expression by qRT-PCR during pancreatic differentiation (n = 6) and hepatoblasts (n = 5) for comparison.

(C) Volcano plot of up- and downregulated genes in iPSC™/~ versus iPSC*/* pancreatic progenitor 1 (PP1) cells. p-Adj = 0.05, fold
change: > 1.5 and < —1.5.

(D) Gene set enrichment analysis comparing normalized gene expression of samples in (C) to genes enriched in human fetal dorsal
pancreatic bud and hepatic cord.

(E) Expression of CDH1 and CDHZ in GT and PP1 cells from pancreatic differentiation by qRT-PCR (n = 5 per time point, per cell line).

(legend continued on next page)
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three developmental stages: GT and PP1 cells from the
pancreatic differentiation, and hepatoblasts from the hepa-
tocyte differentiation (Figures 4A and S4D). The covariate
analysis showed 1,398 genes were similarly up- or downre-
gulated in all three developmental stages (Figure S4E and
Table S4C). Several pathways, including epithelial-mesen-
chymal transition (EMT), were dysregulated upon loss of
TBX3, regardless of cell type (Table S4D), suggesting a com-
mon role of TBX3 in pancreas and liver development. At
the GT and hepatoblast stages, CDH1, encoding epithelial
marker E-cadherin, expression was higher in iPSC~/~ cells
than iPSC*'* cells, while there was no significant difference
at the PP1 stage. CDH2 expression was lower in iPSC ™/~
cells than iPSC*'* cells at all three stages (Figures 4E and
4F). E-cadherin protein levels were higher in iPSC~/~ cells
than in iPSC*/* cells, while the effect on N-cadherin protein
was subtle (Figures S4F and S4G). Taken together, these data
suggest that EMT may be dysregulated in liver and pancreas
cells with the loss of TBX3. Although this dysregulation
does not appear to have clear implications in impacting a
liver versus pancreas fate, it may have roles at other devel-
opmental stages.

TBX3 promotes invasiveness of cancer cells through
direct regulation of EMT genes SLUG (Krstic et al., 2019)
and E-cadherin (Rodriguez et al., 2008). During liver bud
expansion, hepatoblasts undergo EMT and delaminate
into the surrounding mesenchyme. Thx3 /" mice maintain
E-cadherin expression, indicating a failure in EMT (Liidtke
et al., 2009). In pancreas development, endocrine progeni-
tors undergo EMT and delaminate from the branching
epithelium to form pancreatic islets (Gouzi et al., 2011).
Although Thx3 expression has been observed in the devel-
oping and adult mouse pancreas, its role is unclear. Based
on the role of TBX3 in regulating EMT in other biological
contexts, it may function similarly in delamination during
islet formation. Cytoskeletal structure influences delami-
nation (Kesavan et al., 2014) and differentiation (Mamidi
et al.,, 2018) in the mouse, and enhances PP2 generation
from PSCs (Hogrebe et al., 2020). We show that loss of
TBX3 enhances PP2 generation, highlighting possible links
among TBX3, cytoskeletal state, and differentiation.

A more detailed analysis of the ATAC-seq dataset from
iPSC™/~ versus iPSC** hepatoblasts was performed and
compared with the RNA-seq datasets; 1,787 genes had
more accessible chromatin in iPSC~/~ hepatoblasts, while

396 genes had less accessible chromatin (Figure 4G), high-
lighting the role of TBX3 as a transcriptional repressor. Up-
regulated genes from the RNA-seq covariate analysis largely
overlap with genes identified by ATAC-seq as more open
(Figures S4H and S4I). Pathway analysis of the ATAC-seq
dataset showed that genes involved the same pathways
such as EMT identified in the RNA-seq covariate analysis
are differentially accessible, demonstrating good correla-
tion between accessibility and gene expression (Table
S4E). The top hit in the pathway analysis was upregulation
of Hallmark Pancreas Beta Cells, confirming de-repression
of the pancreatic program.

Interestingly, some genes involved in later endocrine cell
development and maturation, such as NEUROG3 and
NKX2.2, are more accessible in iPSC ™/~ than in iPSC*/* hep-
atoblasts. Although they are more accessible, NEUROG3 and
NKX2.2 are not expressed in iPSC™/~ hepatoblasts (Figures
4H and 4I). These data suggest that TBX3 not only represses
genes involved in early pancreatic development such as
PDX1, but also is involved in keeping genes expressed later
in pancreatic endocrine cell development in a less accessible
state. Further studies on how the loss of TBX3 affects later
pancreatic differentiation can enhance our understanding
of endocrine cell development and improve our methodol-
ogy for generating these cells from PSCs.

This study provides insight into the biology of patterning
of the hepatic and pancreatic domains during human fore-
gut development. We established that TBX3 is critical for
proper hepatocyte development and maturation in hu-
mans, similar to the role of Tbx3 in mouse liver develop-
ment. We also demonstrate that loss of TBX3 increases
the number of pancreatic progenitors derived from PSCs.
These results contribute to our knowledge of early endo-
derm patterning and provide a potential route to improve
the generation of in vitro-derived pancreatic progenitors,
which can be further differentiated into pancreatic cell

types.

EXPERIMENTAL PROCEDURES

PSC lines

The CHOPi004-A iPSC line was made by the Human Pluripotent
Stem Cell Core at the Children’s Hospital of Philadelphia (Mukher-
jeeetal., 2020). The Mel1 ESC line with a GFP reporter in the Insu-
lin locus, and reverse tetracycline transactivator construct in the

(F) Expression of CDH1 and CDHZ in hepatoblasts from hepatic differentiation by gRT-PCR (n = 9 per time point, per cell line).
(G) Volcano plot of differential accessibility of genes identified by ATAC-seq analysis in iPSC™/~ versus iPSC*/* hepatoblasts.

p value = 0.05, fold change: > 1.5 and < —1.5.

(H) Representative example of tracks showing differential accessibility at the NEUROG3 and NKX2.2 loci. The y axis represents peak height.
(I) Expression of NEUROG3 and NKX2.2 in hepatoblasts (n = 8 per cell line) from hepatic differentiation and PSC-derived B cells (n = 1) by

qRT-PCR.

For all statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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AAVS1 locus was used as a second genetic background (Micallef
et al., 2012; Tiyaboonchai et al., 2017).

Genome editing using CRISPR/Cas9

TBX3 mutant PSC lines were generated, as described previously
(Maguire et al., 2019), using two guide RNAs (gRNAs) to create a
deletion in the endogenous TBX3 locus. TBX3 gRNA1, 5'-GGAG
TGGATGAGCCTCTCC-3/, targeted the transcription site and
TBX3 gRNA2, 5-CAAAGGTAAACCATGTCAC-3, targeted the
boundary of exon 5 and intron 4 of the TBX3 locus. Single colonies
were screened for the deletion by PCR and topoisomerase-based
cloning, and sequenced for confirmation.

Hepatocyte differentiation

PSCs were differentiated to hepatocytes, as previously described
(Ogawa et al., 2013), with modifications. PSCs were split on to
1:3 diluted Matrigel (Corning)-coated 6-well plates, and the differ-
entiation was started when cells reached 80% to 90% confluency.
Cells were differentiated until the hepatocyte maturation B stage
(day 25). Detailed modifications can be found in the supplemental
experimental procedures.

Pancreatic B-cell differentiation

PSCs were differentiated to the PP2 stage, as previously described
(Rezania et al., 2014), with modifications. PSCs were split onto
1:30 Matrigel-coated 6-well plates, and differentiated as a mono-
layer until the end of stage 4 (day 11). Detailed modifications
can be found in the supplemental experimental procedures.

Genomic analysis

For RNA-seq analysis, iPSC*'* and iPSC ™/ lines were harvested on
day 12 of the hepatocyte differentiation protocol, and days 6 and 8
of the pancreatic differentiation protocol. Samples were collected
from three biological replicates for each time point and for each
genotype. RNA was extracted as described in the supplemental
experimental procedures, and sent for sequencing. For ATAC-seq
analysis, iPSC*"* and iPSC™/~ cells were harvested on day 12 of
the hepatocyte differentiation protocol. Samples were collected
from two biological replicates for each genotype and sent to
Genewiz for tagmentation and sequencing. Data were analyzed
by Rosalind (https://rosalind.onramp.bio/), with a HyperScale ar-
chitecture developed by OnRamp Biolnformatics, Inc. (San Diego,
CA). A gene list comparing gene expression in dorsal pancreatic
bud and hepatic cord tissues dissected from human embryos (Jen-
nings et al., 2017) was used for the gene set enrichment analysis.

Data and code availability
The RNA-seq and ATAC-seq data reported in this study can be
found using the GEO accession number GEO: GSE180528.

Statistical analysis

Results from multiple experiments are expressed as the mean +
SEM. An unpaired two-tailed Student’s t test for groups with equal
variance was performed to determine p values. All statistical ana-
lyses were performed on Prism version 8.4.3 for Mac (GraphPad

Software). In the figures, *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001, and n denotes individual experiments.
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Supplemental information can be found online at https://doi.org/
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Figure S1: Characterization of TBX3 knockout PSC lines supporting all figures
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Figure S2: Loss of TBX3 impairs hepatocyte differentiation supporting Figure 1
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Figure S3: Loss of TBX3 enhances pancreatic differentiation supporting Figure 2
and Figure 3
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Figure S4: iPSC** cells are enriched for hepatic gene signature supporting

Figure 4
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Figure S1. Characterization of TBX3 knockout PSC lines all figures

(A) Sequencing of the region to verify deletion in both alleles of the TBX3 locus in the iPSC™ line. Bars
represent locations of TBX3 gRNA1 and TBX3 gRNA2.

(B) Karyotype of iPSC™ line.

(C) Sequencing of the region of the gRNA sequences to verify deletion in both alleles of endogenous
TBX3 locus in the ESC™ line. Bars represent locations of TBX3 gRNA1 and TBX3 gRNA2.

(D) Karyotype of ESC™ line.

Figure S2. Loss of TBX3 impairs hepatocyte differentiation supporting Figure 1

(A) Time-course of TBX3 expression during hepatocyte differentiation by gqRT-PCR. (n =3 per time point,
per cell line).

(B) Western blot of TBX3 protein in day 12 ESC** and ESC™ hepatoblasts.

(C) Time-course of hepatoblast (HNF4« and AFP) and hepatocyte (SERPINA1 and ALBUMIN) markers
during hepatocyte differentiation by gqRT-PCR (n = 3 separate experiments per time, point per cell line).
(D) Representative example of HNF4a and AFP expression at day 15 and Day 25 by flow cytometry.

(E) Time-course of percentage of HNF4a*/AFP™ cells by flow cytometry (n=3 per time point, per cell line).
(F) Representative example of AAT ad ALBUMIN expression at day 15 and Day 25 by flow cytometry.
(G) Time-course of percentage of AAT*/ALBUMIN* cells by flow cytometry (n=3 per time point, per cell
line).

(J) Rifampicin-induced CYP3A4 activity in ESC** and ESC™- hepatocytes at day 25 (n = 3 per cell line). For
all statistical analysis, *p<0.05, **p<0.01, ***p<0.001, and **** p< 0.0001.

Figure S3. Loss of TBX3 enhances pancreatic differentiation supporting Figure 2 and Figure 3

(A) Time-course of anterior gut tube (SOX2), pancreatic endoderm (PDX1), and posterior gut tube
(CDX2) markers during hepatocyte differentiation by qRT-PCR (n = 3 per time point, per cell line). PDX1
expression in ESC** differentiated to pancreatic endoderm for (+) control (n = 5).

(B) Western blot of PDX1 protein in day 15 ESC** and ESC™- immature hepatocytes with or without
MG132 and pancreatic endoderm for (+) control.

(C) Time-course of early pancreatic markers ISL1 and MNX1 during hepatocyte differentiation by qRT-
PCR (n = 3 per time point, per cell line).

(D) Representative example of PDX1 and NKX6.1 expression in PP2 cells from pancreas differentiation.
(E) Quantification of the percentage of PDX1*/NKX6.1* and PDX1* PP2 cells (n = 5 per cell line).

(F) Time-course of PDX1, NKX6.1, ISL1, and MNX1 during pancreatic differentiation by gqRT-PCR (n =5
per time point, per cell line).

(G) Time-course of hepatoblast markers AFP, TTR, ApoA2, and ApoB during pancreatic differentiation by
gRT-PCR (n = 5 per time point, per cell line).

(H) Time-course of TBX3 expression during pancreatic differentiation (n = 5) by gqRT-PCR and day 12
hepatoblasts (n = 3) for comparison. For all statistical analysis, *p<0.05, **p<0.01, ***p<0.001, and **** p<
0.0001.

Figure S4. iPSC** cells are enriched for hepatic gene signature supporting Figure 4

(A) Volcano plot of up- and downregulated genes in iPSC™ versus iPSC** GT cells. p-Adj = 0.05, fold
change: >1.5and <-1.5.

(B) GSEA analysis comparing normalized gene expression of samples examined in (A) to genes enriched
in human fetal hepatic cords and dorsal pancreatic bud.

(C) Volcano plot of up- and downregulated genes in iPSC™ versus iPSC** hepatoblast cells. p-Adj = 0.05,
fold change: > 1.5 and < -1.5.

(D) Sample correlation of heatmap correlating RNA-seq samples of same replicate group, developmental
stage, tissue type, and genotype.

(E) Heat map of genes identified by covariate analysis that are commonly up- and downregulated in iPSC-
" versus iPSC** cells at different developmental stages and tissues types.

(F) Western blot of E-cadherin protein in iPSC** and iPSC™ cells.

(G) Western blot of N-cadherin protein in iPSC** and iPSC™ cells.

(H) Sample correlation of heatmap correlating ATAC-seq samples of same replicate group and genotype.



(I) Upregulated genes from (E) were analyzed for differential accessibility by ATAC-seq. Heat map
showing differentially accessible genes only (161 genes were more accessible while only 7 were less

accessible).

GT = day 6 gut tube, PP1 = day 8 pancreatic progenitor 1, and Hep = day 12 hepatoblast

Table S1: TBX3 mutant cells lines supporting all figures

Name Genetic Background Allele 1 Allele 2
iPSC*"* CHOPIi004-A Wild type Wild type
iPSC”- CHOPI004-A 6.9 Kb deletion [ 6.9 Kb deletion
ESC** Mel1 Wild type Wild type
ESC” Mel1 6.9 Kb deletion | 6.9 Kb deletion

Table S2: Primary and secondary antibodies supporting Figures 1-3

Antibody Species Dilution and Application [Source and Catalog Number
TBX3 Goat Polyclonal IgG 1:200 for Western Blot Santa Cruz #sc-17871

B-actin Mouse 1:2000 for Western Blot  [Sigma #A1978

HNF4a Rabbit Monoclonal IgG  [1:100 for flow cytometry |Cell signaling #3113

AFP Mouse Monoclonal IgG1 [1:400 for flow cytometry  |R&D Systems #MAB1368

AAT Mouse Monoclonal IgG1 [1:100 for flow cytometry  [Santa Cruz #sc-59438

Albumin Rabbit Polyclonal IgG  [1:1000 for flow cytometry |DakoCytomation #A0001

PDX1- Goat Polyclonal IgG 1:50 for flow cytometry R&D Systems #BAF2419
biotinylated 1:500 for Western blot

B-tubulin Rabbit 1:1000 for Western blot

NKX6.1 Mouse Monoclonal 1IgG1 [1:250 for flow cytometry [DSHB #F55A10

E-Cadherin  [Mouse 1:1000 for Western blot

N-Cadherin  [Rabbit 1:1000 for Western blot

Mouse IgG1 - |Goat 1:400 for flow cytometry |[Jackson Immunoresearch # 115-
Alexa488 545-205

Rabbit IgG - |Goat 1:400 for flow cytometry |[Jackson Immunoresearch #111-
Alexa 647 605-144

Mouse IgG1 - |Donkey 1:400 for flow cytometry |[Jackson Immunoresearch # 715-
647 606-151

Streptavidin 1:400 for flow cytometry [Invitrogen #S-11222

Pacific Blue

Goat-HRP Rabbit 1:1000 for Western Blot  |R&D Systems #HAF017
Mouse-HRP  |Goat 1:5000 for Western Blot  [Biorad #170-6516

Rabbit-HRP  |Goat 1:5000 for Western Blot  [Biorad #170-6515

Table of primary and secondary antibodies used for flow cytometry and western blot.




Table S3: Table of forward and reverse primers used for qRT-PCR supporting Figures 1-4.

Gene Forward Primer Reverse Primer

TBX3 5-TGAGATGTTCTGGGCTGG-3' 5'-CTTACCAGCCACCATCCA-3'

AFP 5'-GTTTGTTCAAGAAGCCACTTAC-3' 5'-CACCCTGAAGACTGTTCATC-3'

HNF4a 5-TCCAACCCAACCTCATCCTCCTTCTT-3' |5 TCCTCTCCACTCCAAGTTCCTGTT-3'
SERPINA1 |5'- AGGGCCTGAAGCTAGTGGATAGT-3" [5-TCTGTTTCTTGGCCTCTTCGGTGT-3'
ALBUMIN  [5'-GTGAAACACAAGCCCAAGGCAACA-3' [6'-TCCTCGGCAAAGCAGGTCTC-3'

SOX2 5'-CCATCACCCACAGCAAAT-3' 5'-AGTCCAGGATCTCTCTCATAA-3'

PDX1 5'-GGAGCTGGCTGTCATGTTG-3' 5'-CACTTCATGCGGCGGTTT-3'

CDX2 5'-AAGGACGTGAGCATGTACCCTAGC-3' |5-CACGTGGTAACCGCCGTAGTC-3'

ISL1 5--CAGAAGGAGGACCGGGCTCTAAT-3' 5'-GACTGGCTACCATGCTGTTAGGTGTAT-3'
MNX1 5'-AGAAGGCGGAAACCCACAGTGTAA-3' |5-CCCAGAGACGTAAGCATAAACCCT-3'
NKX6. 1 5'-AAGAAGCACGCTGCCGAGATG-3' 5'-CCGAGTTGGGATCCAGAGGCTTATT-3'
TTR 5'-ATGGGCTCACAACTGAGGAGGAAT-3' [5-AGATGCCAAGTGCCTTCCAGTAAGA-3'
APOA2 5-ATGTGTGGAGAGCCTGGTTTCTCA-3'  [5-AAGCTCTGGGCTCTTGACCTTCT-3'
APOB 5'-ACTCACATCCTCCAGTGGCTGAAA-3'  |5-CGCTGATCCCTCGCCATGTT-3'

CDH1 5'-TTCCCTCGACACCCGATTCAAAGT -3'  |5-GAGTCCCAGGCGTAGACCAAGAAAT-3'
CDH?2 5'-TGAGAGCAGTGAGCCTGCAGATTT-3'  [5-TGAGAGCAGTGAGCCTGCAGATTT-3'
NEUROG3 |5'GGAGTCGGCGAAAGAAG-3' 5-ATGTAGTTGTGGGCGAAG-3'

NKX2.2 5-GAATGTTTGCGCAGCTTCGCTTCT-3 5-CCACTTGCTTTAGAAGACGGCTGA-3
BP 5- TTGCTGAGAAGAGTGTGCTGGAGATG-3|5-CGTAAGGTGGCAGGCTGTTGTT-3

Supplemental Experimental Procedures

PSC lines




PSCs were cultured in an environment of 5% CO2, 5% Oz, and 90% Nz on 0.1% gelatin (Sigma) and
irradiated mouse embryonic fibroblasts. They were grown in human embryonic stem cell (hES) medium
consisting of DMEM/F12 (Corning) with 15% Knockout Serum Replacement (Gibco), 2mM L-glutamine
(Corning), 1x Non-Essential Amino Acids (Gibco), 1x Penicillin/Streptomycin (Corning), 0.1 mM 2 j-
mercaptoethanol (Gibco), and 10 ng/mL bFGF (R&D Systems). Medium was changed daily. PSCs were
grown to 80% confluency and split at a 1:12 ratio using TryplE (Gibco) dissociation regent. Cells were
replated in hES medium with 5uM ROCK inhibitor Y-27632 dihydrochloride (Tocris).

Hepatocyte Differentiation

The hepatocyte differentiation previously described (Ogawa et al., 2013) was modified as follows. PSCs
were split onto 1:3 Matrigel (Corning) coated 6-well plates and cultured until they reached 80-90%
confluency before starting Day 0 of the differentiation. Cells were differentiated as a monolayer in 5% Oz,
5% COz2, and 90% N2. Cells were cultured for 24 hours (Day 0) in RPMI medium (Corning) with 2mM L-
glutamine, 50 ug/ml stabilized ascorbic acid (SAA) (Wako), 4.5x10™*M MTG (Sigma), 100ng/mL Activin A
(R&D Systems), and 2uM CHIR (Tocris). Cells were then cultured for 24 hours in RPMI medium with 2mM
L-glutamine, 50 pug/ml SAA, 4.5x10™* M MTG, 100ng/mL Activin A, and 5 ng/mL bFGF (R&D Systems).
From Days 2-6, cells were cultured serum free differentiation (SFD) medium, 2mM L-glutamine, 50 pg/ml
SAA, 4.5x10*M MTG, 100ng/mL Activin A, and 5 ng/mL bFGF. SFD medium consists of Iscove’s DMEM
(Corning) supplemented with 25% Ham’s/F12 (Corning), 0.5% N2 supplement (Gibco), 1% B27 without
retinoic acid (RA) supplement (Gibco), and 1% bovine serum albumin (BSA) (Sigma). At Day 6, purity of
the definitive endoderm (DE) was assessed by flow cytometry with DE being 95-98% CXCR4*/C-kit*. Cells
were then dissociated using TryplE for 2 minutes and replated with Y-27632 dihydrochloride onto 1:3
Matrigel coated 6-well plates at a density of 3.5 x 10° cells per well. On Day 7, the medium was replaced
with hepatoblast specification consisting of H16 medium supplemented with supplemented 2mM L-
glutamine, 50 pg/ml SAA, 4.5x10* M MTG, 40 ng/mL bFGF, and 50 ng/mL BMP4 (R&D Systems). H16
base medium consists of DMEM Low glucose (Gibco) supplemented with 25% Ham’s/F12, 1% B27 with
RA (Gibco), and 1% BSA. Medium was changed every other day. On Day 13 medium was replaced with
hepatocyte maturation medium A consisting of H16 medium supplemented with 2mM L-glutamine, 50 pg/ml
SAA, 4.5x10™*M MTG, 20 ng/mL Hepatocyte Growth Factor (HGF) (R&D Systems), 20 ng/mL Oncostatin-
M (OSM) (R&D Systems), and 40 ng/ml dexamethasone (Dex) (Sigma). Medium was changed every other
day. On Day 21, cells were transferred to an environment of 20% Oz and 5% COz, and 90% N2. Medium
was replaced with hepatoblast maturation medium B consisting of H21 medium supplemented with 2mM
L-glutamine, 50 ug/ml SAA, 4.5x10™*M MTG, 20 ng/mL Hepatocyte Growth Factor (HGF) (R&D Systems),
20 ng/mL Oncostatin-M (OSM) (R&D Systems), and 40 ng/ml dexamethasone (Dex) (Sigma). H21 medium
is the same as H16 except using DMEM high glucose (Gibco) as the base medium. Medium was changed
every other day until Day 25. Cells were harvested on Day 0, Day 6, Day 9, Day 12, Day 15, Day 18, Day
21 and Day 25 for analysis.

Cytochrome P450 activity assay

The cytochrome p450 activity assay was performed using P450-GloTM CYP3A4 Luciferin-IPA kit
(Promega, V9002). On Day 22 of the hepatocyte differentiation, cells were cultured with 25 yM Rifampicin
(Sigma) or with DMSO (Tocris) as a vehicle control. To confirm that the induced activity was specific for
CYP3A4 enzyme, inhibition controls included the selective inhibitor ketoconazole at 1 uM (Sigma) in the
presence of 25 yM Rifampicin. Net signal was calculated by subtracting background luminescence values
(no-cell control) from Rifampicin or DMSO values. Luminescence values were normalized for 5x10° cells to

account for differences in cell numbers between wells.

Pancreatic B-cell Differentiation

The pancreatic B-cell differentiation previously described (Rezania et al., 2014) was modified as follows.
PSCs were split onto 1:30 Matrigel coated 6-well plates and cultured until they reached 80-90% confluency
before starting Day 0 of the differentiation. Cells were grown in 20% Oz and 5% CO2, and 90% Nz, and
differentiated as a monolayer. Cells were cultured for 24 hours in RPMI medium with 100ng/mL Activin A,
and 3uM CHIR (Day 0). Cells were cultured for another 24 hours (Day 1) in RPMI medium with 100 ng/mL



Activin A, 0.3 uM CHIR, and 5 ng/mL bFGF. On Day 2, cells were differentiated to definitive endoderm (DE)
with serum free differentiation (SFD) medium containing 100 ng/mL Activin A. At Day 3, purity of the DE
was assessed as described above. From Day 3-5, cells were cultured in DMEM/F12 medium with 1% fetal
bovine serum (FBS) (Gibco), 50ug/ml stabilized ascorbic acid (SAA), 1.25 mM IWP2 (Tocris), and 50 ng/ml
FGF7 (R&D Systems). Medium was changed every day. On Day 6 and 7, cells were cultured in DMEM
high glucose medium with 1% B27 without RA, 1X Glutamax (Gibco), 50 pg/ml SAA, 0.5% ITS-X (Gibco),
50 ng/mL FGF7, 0.5uM SANT1 (Sigma), 1uM RA (Sigma), 100nM LDN (Tocris), and 500nM Phorbol 12-
myristate 13-acetate (Tocris). Medium was changed daily. From Day 8-10, cells were cultured in DMEM
high glucose medium with 1% B27 without RA, 1X Glutamax, 50 ug/ml SAA, 0.5% ITS-X, 2 ng/mL FGF7,
0.5uM SANT1, 0.1uM RA, 100nM LDN, and 250nM Phorbol 12-myristate 13-acetate. Medium was changed
daily. Cells were harvested on Day 0, Day 3, Day 6, Day 8, and Day 11 for analysis.

RNA-seq Genomic Analysis

Cells were harvested on day 12 of the hepatocyte differentiation by dissociation with 0.25% Trypsin/EDTA
(Gibco) for 4 minutes. RNA was extracted as described below and sent to Genewiz (South Plainfield, NJ)
for library preparation and sequencing. Cells were harvested on day 6 and day 8 of the pancreas
differentiation as described above. RNA was extracted and sent to the Center for Applied Genomics
Biorepository Core at the Children’s Hospital of Philadelphia for library preparation and sequencing. Data
was analyzed by ROSALIND (https://rosalind.onramp.bio/), with a HyperScale architecture developed by
ROSALIND, Inc. (San Diego, CA). Reads were trimmed using cutadapt (Martin, 2011). Quality scores were
assessed using FastQC2. Reads were aligned to the Homo sapiens genome build hg19 using STAR (Dobin
et al., 2013). Individual sample reads were quantified using HTseq (Anders et al., 2015) and normalized
via Relative Log Expression (RLE) using DESeq2 R library (Love et al., 2014). Read Distribution
percentages, violin plots, identity heatmaps, and sample MDS plots were generated as part of the QC
step using RSeQC (Wang et al., 2012). Deseq2 was also used to calculate fold changes and p-values and
perform optional covariate correction. Clustering of genes for the final heatmap of differentially expressed
genes was done using the PAM (Partitioning Around Medoids) method using the fpc R library.
Hypergeometric distribution was used to analyze the enrichment of pathways, gene ontology, domain
structure, and other ontologies. The topGO R library was used to determine local similarities and
dependencies between GO terms in order to perform Elim pruning corrections. Several database sources
were referenced for enrichment analysis, including Interpro (Mitchell et al., 2019), NCBI (Geer et al., 2009),
KEGG (Kanehisa and Goto, 2000; Kanehisa et al.,, 2017, 2019), MSigDB (Liberzon et al., 2011;
Subramanian et al., 2005), REACTOME (Fabregat et al., 2018), WikiPathways (Slenter et al., 2018).
Enrichment was calculated relative to a set of background genes relevant for the experiment. Functional
enrichment analysis of pathways, gene ontology, domain structure and other ontologies was performed
using HOMER (Heinz et al., 2010). Gene set enrichment analysis was performed (Mootha et al., 2003;
Subramanian et al., 2005) using a gene list comparing gene expression in dorsal pancreatic bud and
hepatic cord tissues dissected from human embryos using laser capture technology (Jennings et al., 2017).
The gene list was sorted by a p-value of <0.05, then by fold change. The top 200 upregulated genes were
the most enriched in the dorsal pancreatic bud, and the top 200 downregulated genes were most enriched
in the hepatic cord. GSEA was performed on these subsets using the “gene_set” permutation and an FDR
cutoff of 5%.

ATAC-seq Genomic Analysis

Cells were harvested on day 12 of the hepatocyte differentiation by dissociation with 0.25% Trypsin/EDTA
(Gibco) for 4 minutes. 1x10° cells were frozen in 90% FBS (Gibco) and 10% DMSO (Tocris), and sent to
Genewiz (South Plainfield, NJ) for tagmentation, library preparation, and sequencing. Data was analyzed
by ROSALIND (https://rosalind.onramp.bio/), with a HyperScale architecture developed by ROSALIND, Inc.
(San Diego, CA). Reads were trimmed using cutadapt (Martin, 2011). Quality scores were assessed using
FastQC. Reads were aligned to the Homo sapiens genome build hg19 using bowtie2 (Langmead and
Salzberg, 2012). Per-sample quality assessment plots were generated with HOMER (Heinz et al., 2010)
and Mosaics (Kuan et al., 2011). Peaks were called using MACS2 (Zhang et al., 2008). Peak overlaps and
differential accessibility were calculated using the DiffBind R library (Ross-Innes et al., 2012). Differential
accessibility was calculated at gene promoter sites. Read distribution percentages, identity heatmaps, and
FRIiP plots were generated as part of the QC step using ChIPQC R library (Carroll and Stark, 2014) and




HOMER. HOMER was also used to generate known and de novo motifs and perform functional enrichment
analysis of pathways, gene ontology, domain structure and other ontologies.

RNA extraction, cDNA synthesis, and qRT-PCR

Cells were harvested by dissociation with 0.25% Trypsin/EDTA for 4 minutes. Cellular RNA was isolated
using the PureLink RNA Micro Scale Kit (Invitrogen) following the manufacturer’s protocol. Random
hexamers (Invitrogen) were used with the SuperScript Ill Reverse Transcriptase System (Invitrogen) to
synthesize cDNA from 500 ng of extracted RNA. qRT-PCR reactions were done in triplicate on a Roche
LightCycler 480 Il using SYBR Select Master Mix (Applied Biosystems). Serial dilutions of H9 embryonic
stem cell genomic DNA were used to generate a standard curve, and TBP (Veazey and Golding, 2011)
was used as a house keeping gene to determine relative gene expression levels. The primers that were
used in this study can be found in Table S3.

Western Blot

Cells were harvested with 1.5x Laemmli buffer (75 mM Tris-HCI3, 15% glycerol, 3% SDS, 3.75 mM EDTA,
and 200 mM NaF). Cell lysates were boiled at 95°C for 20 minutes and protein was quantified using Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Samples were aliquoted and diluted with 4x Laemmli
buffer. 20 pg of protein from each sample were run on a 4%-12% Bis-Tris SDS-polyacrylamide gel
(Invitrogen) and transferred to a 0.45 pm pore size nitrocellulose membrane (Thermo Fisher Scientific). The
membrane was stained with Ponceau S (Sigma-Aldrich) to ensure successful transfer. The membrane was
washed with 1X TBS (Bio-Rad) with 0.1% Tween-20 (Sigma) (TBST), then blocked in 5% nonfat dry milk
in TBST for 1 hour at room temperature. The membrane was probed with primary antibody diluted in 5%
nonfat dry milk in TBST overnight at 4°C. The membrane was washed with TBST and placed in a
horseradish peroxidase conjugated secondary antibody diluted in 5% nonfat dry milk in 1X TBST for 1 hour
at room temperature. Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) was added to the
membrane and exposed onto HyBlot CL autoradiography film (Denville Scientific) for visualization the TBX3
blots. Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) was added to
the membrane and visualized using a C-DiGit Blot Scanner and ImageStudioDigits Software Version 5.2.5
(LiCor) for the PDX1, E-Cadherin, and N-Cadherin blots. A list of antibodies used can be found in Table
S2.

Flow Cytometry

Cells were harvested by dissociation with 0.25% Trypsin/EDTA for 3 to 5 minutes. For intracellular
staining, cells were fixed with 1.6% paraformaldehyde (Electron Microscopy Science) for 30 minutes at
37°C. Cells were washed in 1X PBS (Corning), then permeabilized and stained in 1X saponin buffer
(Biolegend). Primary and secondary antibodies were diluted to the appropriate concentrations in saponin
buffer and cells were stained for thirty minutes each at room temperature. Following staining, cells were
washed in saponin, and resuspended in FACS buffer (1X PBS (Corning) with 0.1% BSA (Sigma) and 0.1%
sodium azide (Sigma)). For extracellular staining, conjugated primary antibodies were diluted to the
appropriate concentration in FACS buffer and cells were stained for fifteen minutes at room temperate.
Following the staining, cells were washed and resuspended in FACS buffer. All samples were analyzed on
a CytoFLEX V2-Br-R2 flow cytometer (Beckman Coulter Life Sciences) and FlowJo Version 10.6.2
(Beckton Dickenson) software program. Cell sorting was carried out on a single cell suspension using BD
FACSAria 1l (Becton Dickinson). A list of antibodies used can be found in Table S2.
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