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SUMMARY

Stem cell-based therapy for type 1 diabetes would
benefit from implementation of a cell purification
step at the pancreatic endoderm stage. This would
increase the safety of the final cell product, allow
the establishment of an intermediate-stage stem
cell bank, and provide a means for upscaling
B cell manufacturing. Comparative gene expression
analysis revealed glycoprotein 2 (GP2) as a specific
cell surface marker for isolating pancreatic endo-
derm cells (PECs) from differentiated hESCs and
human fetal pancreas. Isolated GP2* PECs effi-
ciently differentiated into glucose responsive insu-
lin-producing cells in vitro. We found that in vitro
PEC proliferation declines due to enhanced expres-
sion of the cyclin-dependent kinase (CDK) inhibitors
CDKN1A and CDKN2A. However, we identified a
time window when reducing CDKN1A or CDKN2A
expression increased proliferation and yield of
GP2* PECs. Altogether, our results contribute tools
and concepts toward the isolation and use of PECs
as a source for the safe production of hPSC-derived
B cells.

INTRODUCTION

Success in generating human pluripotent stem cell (hPSC)-
derived glucose-responsive insulin-producing cells that share
functional properties with normal beta cells (Pagliuca et al.,
2014; Rezania etal., 2014; Russ et al., 2015) has made the imple-
mentation of a cell-based therapy for the treatment of type 1 dia-
betes a tangible reality. The number of islet cells required for dis-
ease recovery has been estimated to be around 300 million to
750 million cells per patient (Bruni et al., 2014; Pagliuca et al.,
2014). Thus, to be able to generate a sufficient number of
hPSC-derived beta cells to be useful for a large number of
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patients, it will be necessary to implement expansion steps.
Toward this end, expansion of either undifferentiated hPSCs
(Schulz et al., 2012) or proliferative intermediate endodermal
progenitors (Cheng et al., 2012; Zhu et al., 2016) has been
explored.

During pancreas development, multipotent pancreatic endo-
derm cells (PECs) with inherent proliferative capacity, co-ex-
pressing PDX1, NKX6-1, and SOX9, are responsible for the
proper growth of the organ (Kopp et al., 2011; Schaffer et al.,
2010; Seymour et al., 2007). The pancreatic epithelium prolifer-
ates and expands between embryonic day (E) 8.5 and E11.5 in
the mouse (Stanger et al., 2007) corresponding to 25-35 days
post-conception in human development (Jennings et al., 2013;
Nair and Hebrok, 2015). In contrast to more committed cells
with limited to no proliferative capacity, such as the NEUROG3
(NGN3)* endocrine progenitors (Castaing et al., 2005), PECs
give rise to all mature pancreatic epithelial derivatives, including
acinar, ductal, and endocrine cells (Gu et al., 2002; Herrera,
2002; Kawaguchi et al., 2002).

Previous attempts have identified putative markers for human
embryonic stem cell (hESC)-derived PECs (CD142) and endo-
crine cells (CD200/CD318) (Kelly et al., 2011). However, more
specific PEC markers remain to be identified, because CD142 la-
bels additional cell types (Kelly et al., 2011).

Proliferation of pancreatic progenitors (both human and
mouse) can be induced by co-culture with mesenchymal or
endothelial cells (Cheng et al., 2012; Sneddon et al., 2012) or
by the addition of mitogenic signals such as fibroblast growth
factors (FGFs) or epidermal growth factor (EGF) (Bonfanti
et al., 2015; Elghazi et al., 2002; Zhu et al., 2016). However, it
remains unclear whether the proliferative capacity of PECs
in vitro corresponds to the self-renewal of pancreatic endoderm
(PE) that underlies organ growth in vivo (Stanger et al., 2007).
Thus, to develop strategies for expanding pure populations of
PECs, it is necessary to both improve methods for isolating
pure populations of PECs and understand how PEC prolifera-
tion is regulated. In this study, we identified glycoprotein 2
(GP2) as a specific cell surface marker for the isolation of human
PECs from differentiated hESCs and the human fetal pancreas.
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Furthermore, we showed that re-plated GP2* PECs retain the
capacity to differentiate with high efficiency into glucose-
responsive insulin-producing beta-like cells. In addition, we
discovered that as PECs mature into PDX1*/NKX6-1"9" cells
in vitro, the expression of the negative cell-cycle regulators
CDKN1a (also known as p21) and CDKN2a (also known as
p16) increase. Specifically, we identified a temporal window in
which the proliferation and vyield of early PDX1*/NKX6-1'"%
PECs can be enhanced through reduced expression of
CDKN1A or CDKN2A. Altogether, our study provides key ele-
ments toward a strategy in which isolated GP2* PECs can be
used as a new source for production of beta cells for future
cell replacement therapy in type 1 diabetes.

RESULTS

Comparative Gene Expression Analysis of Pancreatic
and Posterior Foregut Endoderm

To define the specific gene expression signature of PECs and
identify PEC-specific cell surface markers, we first designed a
strategy for generating putative PECs (PDX1*/NKX6-17, proto-
col A) (Figures 1A and 1B) and posterior foregut endoderm
(PFG) cells (PDX1*/NKX6-1", protocol B) (Figures 1A and 1E).
Analysis of the gene expression pattern of known pancreatic
endoderm markers in PDX1* and PDX1~ cells (GFP* and
GFP™ cells using a PDX1-EGFP hESC reporter [PDXeG]) (Fig-
ures S1A-S1F) demonstrated that PDX7, CDH1, ONECUTT1,
and SOX9 were all significantly upregulated in the GFP* cells
generated by both protocols (Figures 1C, 1D, 1F, and 1G). How-
ever, while protocol A generated GFP* cells with significant
PDX1, NKX6-1, and MNXT upregulation, the GFP*/PDX1* cells
from protocol B expressed lower levels of NKX6-1 and MNX1
(Figures 1D and 1G). Immunostainings at day 17 confirmed
the expression of NKX6-1, SOX9, CDH1, and HES1 in the
pancreatic endoderm cells obtained with protocol A (Fig-
ure S1G; data not shown). Collectively, these results suggest
that the GFP* cells obtained with protocol A represent bona
fide PECs, while GFP™* cells obtained with protocol B corre-
spond to PFG cells.

Identification of Cell Surface Markers for Prospective
Isolation of PECs

To identify PEC-specific cell surface markers, we performed mi-
croarray analysis to compare the gene expression pattern in
PDX1*/NKX6-1" (GFP* PECs), PDX1*/NKX6-1~ (GFP* PFG),
and PDX1~ (GFP™) cells (Figure 2A). Only genes with a fold
change above 1.4 (p < 0,005) were selected for further analysis.
A total of 3,403 genes (3,791 probe sets) were differentially
expressed among the three sample groups. Hierarchical clus-
tering revealed 382 genes enriched in PECs compared to
PFG cells, while 698 genes were enriched in the PECs
compared to GFP™ cells. Interestingly, 115 genes were specif-
ically enriched in PECs compared to PFG and GFP~ cells (Fig-
ure 2B; Table S1). Gene ontology analysis showed that pro-
cesses related to proliferation (e.g., cell cycle, epithelial cell
proliferation, ad DNA replication) were significantly enriched in
the PDX1*/NKX6-1* PECs (Figure 2C). Consistent with our initial
analysis, genes that are induced early during pancreatic endo-

derm specification, such as PDX1, HHEX, GATA4, and FOXA2,
were present in both PECs and PFG cells, while markers of late
PECs, such as NKX6-1, SOX9, ONECUT1/2, and PRDM186,
were specifically enriched in the PEC population (Figure 2D).
CD142 (also known as F3) and CD200, two cell surface markers
previously shown to enrich for pancreatic endoderm cells and
endocrine progenitors (Kelly et al., 2011), were expressed in
both PECs and PFG cells (Figure 2D).

For a more in-depth analysis, nine sub-clusters were created
by hierarchical clustering. Sub-cluster 3a represents genes en-
riched in the GFP™ cells, including the mesenchymal markers
GATA2, MEIS2, TBX2, EYA1, FGFR1, HEY2, HOXA2, and VIM.
Genes enriched in both PECs and PFG cells were confined to
sub-cluster 6—PDX1, CDH1, GATA4, HNF1a, F3, EPCAM,
FOXA2, and HES—whereas pancreatic endoderm-associated
genes in sub-cluster 5, such as NKX6-2, SOX9, EGFR, ERBB2,
and ONECUT2, were upregulated in PECs (Figure 2E). We iden-
tified cell surface makers that could potentially be used for the
isolation of PECs. Specifically, glycoprotein 2 (zymogen granule
membrane GP2) was enriched in PDX1*/NKX6-1* PECs (sub-
cluster 5), Folic receptor 1 (FOLRT) was enriched in all PDX1*
cells (sub-cluster 6), and Integrin alpha 4 (ITGA4 or CD49d)
was enriched in GFP™ cells (sub-cluster 3a) (Figure 2E). Overall,
our expression analysis not only reveals a set of genes uniquely
expressed in PECs but also provides putative cell surface
markers for isolation of PECs.

Functional Validation of Identified Cell Surface Markers
To validate GP2, FOLR1, and ITGA4 for the isolation of PECs,
flow cytometry analysis of differentiated PDXeG cells was car-
ried out (Figure 3A). Double staining with antibodies against
GP2 and ITGA4 showed that most GFP* cells (76%) co-ex-
pressed GP2, while 71% of the GFP™ cells expressed CD49d
at day 17. Only a low fraction of the GFP™ cells (3%) expressed
GP2, and basically none (1%) of the GFP* cells expressed
ITGA4 (Figure 3A). To confirm GP2’s specificity in labeling the
PDX1*/NKX6-1* cells, gene expression analysis on sorted cell
fractions (ITGA4*/GP2~, ITGA4~/GP2*, and GFP*/GP27) was
performed. This analysis revealed that the pancreas-associated
markers PDX1, NKX6-1, MNX1, SOX9, FOXA2, and ONECUT1
were all significantly enriched in the ITGA4 /GP2* cells
compared to the ITGA4*/GP2™ cells. Furthermore, while similar
levels of PDX1, SOX9, FOXA2, and ONECUT1 were expressed
in GFP*/GP2~ and ITGA4 /GP2* cells, NKX6-1 and MNX1 were
exclusively enriched in ITGA47/GP2" cells (Figure 3B). As ex-
pected, both GP2 and FOLR1 were enriched in the ITGA4™/
GP2* cells, whereas ITGA4 was enriched in the ITGA4*/GP2~
cells (Figure S2A). Similar results were obtained from the gene
expression analysis performed on the cell fractions stained
with FOLR1 and ITGA4 (Figures S2B and S2C). Altogether,
these results suggest that GP2 and FOLR1 represent specific
markers for PECs.

Next, we confirmed the cell surface markers in genetically
unmodified hESCs under feeder-free conditions. This adapta-
tion resulted in few ITGA4* cells (Figure 3C; Figure SZ2E).
Consistent with the previous results, the pancreatic markers
PDX1, NKX6-1, SOX9, ONECUT1, FOXA2, and MNX1 were
all significantly enriched in ITGA4 /GP2* cells in comparison
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A Protocol A (PE) Protocol B (PFG) Figure 1. Analysis of In Vitro Differentiated
Diff PDXeG hESCs
— (A) Two differentiation protocols were used to
Lot e e - T A sy L. obtain either pancreatic endoderm cells co-ex-
hPSCs Isolation of GFP- vs GFP+ cells  Isolation of GFP- vs GFP+ cells pressing PDX1 and NKX6-1 (protocol A, PEC) or
- s posterior foregut cells expressing PDX1 but lack-
°. .. ing NKX6-1 (protocol B, PFG).
(B) Schematic depicting the differentiation proto-
col referred to as protocol A, generating PECs.
(C) FACS isolation of GFP* and GFP~ fractions at
day 17 in hESCs treated according to protocol A.
?: ’ 3 , (D) Gene expression analysis of sorted GFP* and
i GFP~ cells showed significant enrichment of PE
B PDX1-  PDX1+/NKX6-1+  PDX1-  PDX1+/NKX6-1- markers (importantly PDX7 and NKX6-1) in the
GFP* cells. The graphs depict mean expression +
Definitive Endoderm Primitive GT SEM (n = 5) and represent the fold increase
compared to control samples (GFP~ cells) at day
““ 17. The control sample was arbitrarily set to a value
RPMI RPMI + B27 DMEM + B27 DMEM + B27 of one. *p < 0.01, **p < 0.001, ***p < 0.0001.
(E) Schematic depicting the differentiation proto-
1 day 4 days 3 days 9 days col referred to as protocol B, generating PFG cells.
(F) FACS isolation of GFP* and GFP~ cells (from
C D day 17) obtained by protocol B.
E (d17) PDX1 NKX6-1 CDH1 (G) Gene expression analysis of sorted GFP* and
Afgg 15 g:g GFP~ cells showed that whereas markers such as
0 100J i 12] - 1:g| . PDX1, CDH1, ONECUTT, and SOX9 were en-
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E a 0 Q° ((Q 0 & & 00 & & was significantly upregulated in the GFP* cells.
8’5 ¢ 9 ¢ o The graphs depict mean expression + SEM (n =
co MNX1 ONECUT1 SOX9 2-4) and represent the fold increase compared to
6 h 5 = 150 = 15 2 control samples (GFP ™ cells) at day 17. *p < 0.05,
° g 100 10 “p < 0.01.
S 3] i J - 5 See also Figure S1.
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E
Definitive Endoderm Posterior FG ITGA4"/FOLR1" cells, ITGA4"/FOLR1~
“m cells still expressed PDX1, NKX6-1,
RPMI RPMI + B27 DMEM + B27 an GP2 (Figure .SZF). Thesg data un-
s e S .e.rscore that whllg GP2 is h:ghly spe;
cific for hPSC-derived PDX1*/NKX6-1
F G DX KX .y PECs, FOLR1 recognizes both PECs
PFG (d17) * o and PFG cells.
. A 150 2.0 3
i e |0 i lgm | = GP2 Enables Isolation of Bona Fide
= k! 0 83 o PECs from Human Fetal Pancreas
™ CERA % dl & & £ £ & &£ To corroborate the relevance of GP2 as a
; ) 20 specific PEC marker, we examined the
g2 MNX1 ONECUT1 SOX9 expression of GP2 and ITGA4 in human
e ; 2 28 2 fetal pancreas at 9.1 weeks in devel-
[¢) 40 4 . . . .
GFP i 1 o0 B opment. Consistent with differentiated
0 o m 0 &7 . 0 & . hESCs, GP2 and ITGA4 showed no over-
& & & & & & lap in the human fetal pancreas (Fig-

to ITGA4*/GP2~ and ITGA47/GP2~ cells (Figure 3D). PDX1
expression was still detectable in the ITGA47/GP2™ cells; how-
ever, these cells expressed low levels of NKX6-1 (Figure 3D)
and GP2 (Figure S2D), suggesting that these cells most likely
represent PDX1* PFG cells. Consistently, FOLR71 was also
expressed in the ITGA47/GP2~ cell fraction (Figure S2F).
Moreover, although pancreatic markers were enriched in the

38 Cell Reports 19, 36-49, April 4, 2017

ure 3E). While ITGA4 is expressed in the

mesenchyme, GP2 is confined to the
epithelium (data not shown). gPCR analysis showed that GP2*
cells are significantly enriched for PDX1 and NKX6-1 (Figure 3F).
PDX1 and NKX6-1 co-expression was confirmed in the GP2*
cells by flow cytometry (Figure 3G). Collectively, our results
demonstrate that GP2 can be used for isolation of PDX1*/
NKX6-1* PECs from heterogeneous populations of differentiated
hPSCs, as well as from human fetal pancreas in vivo.
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Validation of GP2 Using an Independent Differentiation
Protocol

To further substantiate the ability of GP2 to specifically recognize
PECs, we used a slightly modified version of a published feeder-
free differentiation protocol (Figure 4A) (Rezania et al., 2013).
This protocol generates a more heterogeneous cell population
with less GP2™" cells (Figure 4B) in comparison to our modified
protocol (Figures S4A and S5B). Consistent with the results
shown earlier, GP2*/GFP* cells expressed high levels of the
PEC-associated genes PDX1, NKX6-1, SOX9, and GP2 (Fig-
ure 4C). FOLR1 expression was detected in all sorted popula-
tions (GP27/GFP~, GP27/GFP*, and GP2*/GFP* cells), high-
lighting again that GP2 is a more specific marker for PECs

B Up-regulated genes

16 PFG vs GFP-

00 05 1.0 1.5 20 25 3.0 35 40 45 50

Sub 3a: ITGA4, GATA2, MEIS2, TBX2,
CDH10, EYA1, FGFR1, HEY2, HOXA2,
HOXA3, HOXA4, HOXB2, ITGAS3,
NCAM2, PBX3, TWIST1, VIM

Sub 5: GP2, NKX6-2, SOX9, CALB1,
CTNND2, CUX2, CCND1, CCND2, EGFR,
MPZ, ONECUT2, OTX2, TGFA, TTYH1,

Sub 6: FOLR1, PDX1, CDH1, F3, EPCAM,
FOXA2, FOXA3, HES1, HNF4G, ELFS,
GATA4, HNF1A, SMAD9, SOX13, DLK1,
LYZ, RXRA, ZHX2

Figure 2. Global Gene Expression Analysis
of In Vitro-Derived PDX1*/NKX6-1* PECs
versus PDX1*/NKX6-1" Cells

(A) Heatmap displaying hierarchical clustering of
genes differentially expressed in the PDX1*/
NKX6-1" (PEC, GFP*) pancreatic progenitors
generated using protocol A, PDX1*/NKX6-1~ (PFG,
GFP*) posterior foregut cells generated using pro-
tocol B, and PDX1~ (GFP™) cells from protocol A.
(B) Venn diagrams showing the distribution of
genes upregulated in PECs versus GFP~ cells,
PECs versus PFG cells, and PFG cells versus
GFP~ cells at day 17.

(C) Gene ontology (GO) analysis showing enrich-
ment of genes in the PDX1*/NKX6-1* pancreatic
endoderm cells. Representative GO categories are
shown and plotted against —log (p value).

(D) Expression of common genes expressed in the
PFG and PE was analyzed in the different sub-
populations.

(E) Hierarchical clustering of the genes differen-
tially expressed in the three-comparison analysis
depicted in (A) (average expression levels are
shown). The bars indicate sub-clusters with rele-
vant genes; nine sub-clusters were created. Sub-
cluster 3a shows genes enriched in the GFP ™ cell
population, including the cell surface marker
CD49d (ITGA4), whereas sub-cluster 5 displays
genes enriched in the pancreatic endoderm cells
(PEC cell fraction), also including the cell surface
marker GP2. Sub-cluster 6 indicates genes en-
riched in PDX1* cells irrespective of NKX6-1
expression (PFG cells and PECs), such as CDH1
(ECAD), EPCAM, F3 (CD142), and the cell surface
marker FOLRT.

See also Table S1.

PEC vs PFG

compared to FOLR1 (Figure 4C). As
expected, the highest level of ITGA4 was
expressed in the GP27/GFP~ cells (Fig-
ure 4C). GP2-mediated enrichment of
PECs was confirmed at the protein
level by co-staining the different cell frac-
tions with antibodies against PDX1 and
NKX6-1 (Figure 4D). Finally, indepen-
dent quantification analysis showed a
similar percentage of GP2* and PDX1*/
NKX6-1* cells at the PE stage (14.8%
GP2" cells versus 15% PECs) (Figures 4E-4G). In sum, these re-
sults unambiguously show that GP2 specifically labels PDX1*/
NKX6-1* PECs.

Comparative Analysis of GP2 with CD142 and CD200

Analysis of the expression pattern of the previously reported cell
surface markers CD142, CD200, and CD318 (Kelly et al., 2011)
revealed that CD318 was significantly enriched in the PDX17/
GFP~ cells (data not shown), while CD142 and CD200 were pre-
sent on both PDX1*/GFP* and PDX17/GFP~ cells (Figure S3A).
Comparative analysis of GP2, CD142, and CD200 stainings re-
vealed that CD142 and CD200 labeled most differentiated cells,
while GP2 only stained a subset of the cells (Figures S3A-S3C).
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Figure 3. Validation of the Cell Surface Markers GP2 and ITGA4 in hESCs and Human Fetal Pancreas
(A) Flow cytometry analysis of the cell surface markers GP2 and ITGA4 performed on differentiated hESCs cultured on MEFs (day 17), confirmed that GP2 was
highly expressed in the GFP* cells, whereas ITGA4 was enriched in the GFP™ cells.

(legend continued on next page)

40 Cell Reports 19, 36-49, April 4, 2017



gPCR analysis of the sorted cell populations showed an enrich-
ment of the PE-specific genes PDX1, NKX6-1, and SOX9 in GP2*
cells compared to CD142" and CD200" cells (Figure S3D).
Furthermore, immunostainings of the CD142* and CD200" cell
fractions with PDX1 and NKX6-1 antibodies unequivocally
showed that GP2 is superior in labeling PDX1*/NKX6-1* PECs
(Figure 4D; Figure S3E). Altogether, our findings demonstrate
that GP2 specifically labels PDX1*/NKX6-1* PECs and can be
used for purification of PECs from heterogeneous populations
of differentiated hPSCs independent of culture system or differ-
entiation protocol.

Lineage Potential of GP2" PECs toward Beta Cells
To assess the ability of isolated GP2* PECs to differentiate into
mono-hormonal insulin-producing beta-like cells, we optimized
our differentiation protocol depicted in Figure 1B to generate
glucose-responsive beta-like cells (protocol C) (Figure S4A).
Specifically, two more stages were introduced in which the cells
were first differentiated in the presence of TPB and Noggin and
finally in a medium containing forskolin, ALK5i, Noggin, and nico-
tinamide. This protocol generated on average 60%-80% PDX1*/
NKX6-1* PECs at the PE stage (days 17-18) (Figures S4B and
S4C). This percentage can be directly correlated with the num-
ber of GP2™9" cells present in the culture (Figure S4D). Further-
more, we have observed that the GP2"°" cell population shifts
into a GP2™9" cell population over time (data not shown) and
that this shift correlates with the increase in NKX6-1 expression.
This suggests that the GP2™'9" cells are late PECs (co-express-
ing PDX1 and NKX6-1), whereas GP2-°Y cells are early PECs in
which NKX6-1 expression is just initiated. As the cells are differ-
entiated further, INS and GLU gene expression is observed from
day 23 onward (Figure S4E). On day 32, glucose-responsive
C-peptide (CPEPY) cells that were also positive for PDX1 and
for NKX6-1 were detected, while few glucagon (GLUY) cells
(3.6%) were observed (Figures S4F-S4H; see also Figure 5G).
GP2* PECs sorted on day 18 were re-plated in the same differ-
entiation medium for 2 weeks (Figures 5A and 5B). Negative se-
lection with ITGA4 was not necessary, because extremely few
ITGA4* cells appeared (Figure 5C). While CPEP* cells emerged
from both GP2H19" cells and GP2°" cells, there was a significant
enrichment of CPEP* cells from the GP2"9" cells (44% from
GP2"9" versus 18% from GP2-°%) (Figures 5D and 5E). Similar
to the unsorted cultures, few GLU* cells were observed,
although GP2™ purification at the PE stage resulted in an enrich-

ment of GLU™ cells (8.3% versus 3.2%) (Figure 5G). Furthermore,
most mono-hormonal CPEP* cells co-expressed PDX1, and
CPEP*/NKX6-1* cells were observed (Figure 5F). Insulin secre-
tion analysis of the CPEP™ cells derived from GP2H9" cells re-
vealed an approximately 2-fold increase in insulin release in
response to high versus low glucose (Figure 5H). This result
corresponds to the behavior of CPEP™ cells derived in unsorted
cultures (Figure S4H). The level of glucose responsiveness is
comparable to what has been previously published (Pagliuca
et al., 2014; Rezania et al., 2014). Thus, we have developed an
experimental system for generating glucose-responsive mono-
hormonal CPEP™* cells from isolated hPSC-derived GP2* PECs.

These experiments were repeated on the good manufacturing
practice (GMP)-graded hESC line MShef-7 (Figure 6). Similar to
the HUES4 cell line, INS and GLU expression was detected
from day 23 and onward (Figure 6A) and ITGA4* cells were
scarce at day 17 (Figure 6B).

Generation of CPEP* cells was in general less efficient in
MShef-7 cultures compared to HUES4 (Figure 6C). However,
sorted and re-plated GP2"9" MShef-7 cells generated signifi-
cantly higher numbers of CPEP* cells compared to unsorted
and GP2°" cells (Figures 6D-6F; Figures S5C and S5D). Slightly
more GLU" cells were observed with the MShef-7 cell line in
comparison to the HUES4 cell line (5.0% versus 3.2%), and anal-
ogous to the HUES4 cultures, GP2" purification resulted in an
enrichment of GLU™ cells (11.1% versus 8.3%) (Figure 6G). Simi-
larly, most CPEP* cells were mono-hormonal, and PDX1 and
CPEP*/NKX6-1* co-expressing cells were observed (Figures
S5D and S6E). The CPEP* cells derived from the GP2"9" cells
were also glucose responsive (Figure 6H). Altogether, these re-
sults substantiate the use of GP2 in isolating PECs with the ca-
pacity to differentiate into beta-like cells.

Silencing of CDKN1A or CDKN2A Promotes Cell-Cycle
Progression of GP2* PECs

Current differentiation protocols of insulin-producing beta-like
cells from hPSCs do not support significant expansion of
PECs, suggesting that PEC proliferation is inhibited in vitro.
Directed differentiation of hESCs toward pancreatic endoderm
is associated with a decrease in proliferation (Figure SE6A).
Although MKI67 expression is maintained until day 11, it drops
concomitant with increased expression of PDX71 and NKX6-1
(Figures S6A and S6B). Consistently, microarray analysis re-
vealed that the negative cell-cycle regulators CDKN1A (p21)

(B) Gene expression analysis showed that PE markers were highly enriched in GP2*/ITGA4 ™~ sorted cells. The data are shown as mean expression + SEM (n = 3).
*p < 0.05, *p < 0.01, **p < 0.001.

(C) Flow cytometry analysis of GP2 and ITGA4 in genetically untagged HUES4 cells, cultured in a feeder-free system using protocol A depicted in Figure 1.
(D) GP2*ITGA4™, ITGA4*GP2~, and GP2 ITGA4™ cells were sorted and the gene expression pattern was analyzed. PDX7, SOX9, MNX1, and NKX6-1 were
significantly enriched in the GP2*ITGA4 ~ cell fractions. The remaining PDX7* cells in the GP2~"T8A4~ fraction express only low levels of NKX6-1, confirming that
GP2 specifically enrich for PDX1*/NKX6-1* cells. The data are shown as mean expression + SEM (n = 5-6). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
(E) Flow cytometry analysis of GP2 and ITGA4 expression in human fetal pancreas (9.1 weeks in development [WD]) gated on non-hematopoietic and non-
endothelial cells (CD45CD31"7).

(F) gPCR analysis of PDX1, and NKX6-1 expression in FACS-sorted GP2* and ITGA4 cell populations, showed significant enrichment of PDX7 and NKX6-1 in the
GP2* versus the ITGA4 cells. Results are shown as mean expression + SD, presented in arbitrary units (AU) relative to expression of the control gene PPIA.
*p = 0.023, **p = 0.010. ND, non-detected.

(G) Flow cytometry analysis of PDX1 and NKX6-1 expression in GP2* and CD45*/CD31* cells at 8.7 WD. 91% of the GP2*/PDX1" cells co-expressed NKX6-1.
CD45*CD31" cells were used as a negative control for PDX1 and NKX6-1 expression. FACS plots are representative of three independent experiments.

See also Figure S2.
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Figure 4. Validation of GP2 Using an Inde-
pendent and Previously Published Differen-
tiation Protocol

(A) Scheme for generation of hPSC-derived PECs
according to a modified protocol by Rezania et al.
(2013). AA, Activin A; F7, FGF7; Nog, Noggin;
DF12, DMEMF12; VitC, vitamin C.

(B) Characterization of GFP and GP2 expression by
flow cytometry on differentiated PDXeG cells.

(C) gPCR analysis of the sorted populations:
GP2 GFP~, GP2 GFP*, and GP2*GFP* cells
showed that NKX6-1 expression is significantly
enriched in the GP2*GFP* cell fraction in com-
x parison to the GP2~GFP* cell fraction. The data are
shown as mean expression + SEM (n = 3).

(D) Immunofluorescence stainings of the sorted
cell populations confirmed significant enrichment
of PDX1*/NKX6-1* cells in the GP2*/GFP* cells.
Scale bars, 100 um.

(E) Flow cytometry analysis of differentiated
PDXeG cells on day 13.

(F) PDX1 and NKX6-1 expression in cultures at day
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and CDKN2A (p16) were specifically enriched in the PDX1*/
NKX6-1* PECs at day 17 (Figure S6D). Further analysis revealed
that the expression of both CDKN1A and CDKN2A increased at
day 14 and remained high during subsequent differentiation
stages (Figure S6A). Both CDKN1A and CDKN2A block cell-cy-
cle progression by inhibiting the activity of the cyclin/cyclin-
dependent kinase (CDK) complexes that regulate progression
through the cell cycle (Figure S6C) (Besson et al., 2008). To
test whether increased expression of CDKN1A and CDKN2A
were responsible for the drop in PEC proliferation, differentiated
hESCs corresponding to PDX1*/NKX6-1" late PECs (day 17)
were re-seeded and transfected with small interfering RNA
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13 was analyzed by immunofluorescence. Scale
bars, 100 um.

(G) Percentage of PDX1*/NKX6-1* quantified from
day 13 cultures.

See also Figure S3.

(siRNA) against CDKN1A or CDKN2A.
Knockdown efficiency was assessed
by gPCR analysis 24 hr after the transfec-
tion (Figures S6E and S6F). Unexpect-
edly, knocking down either CDKN1A or
CDKN2A had no significant impact on
5-ethynyl-2’-deoxyuridine (EdU) incorpo-
ration (Figures S6G-S6l) and MKI67
expression (Figures S6J and S6K). We
confirmed that downregulation of
CDKN1A or CDKN2A expression had no
negative influence on the differentiation
of the PECs, because PDX1 and NKX6-1
expression was comparable to scram-
bled controls (Figure S6L).

To examine whether blocking the
increased expression of CDKN1A and
CDKN2A at an earlier time point would in-
crease PEC proliferation, we repeated the
knockdown experiments at day 11. Knockdown efficiency was
confirmed by gPCR and western blot analysis 24 hr after trans-
fection (Figures S7A-S7C). In contrast to experiments performed
at day 17, this time we observed that reduced expression of
CDKN1A and CDKN2A resulted in increased number of cells in
the G2/M and S phases of the cell cycle, respectively (Figures
7A-7C). gPCR analysis confirmed that MKI67 expression
increased 24 hr after knockdown of CDKN1A, but not CDKN2A
(Figures 7D and 7J). Nevertheless, we observed a significant in-
crease in the number of MKI67* cells (Figures 6E, 6F, 6K, and
6L), as well as in the number of PDX1*/NKX6-1* PECs 72 hr after
transfection (Figures S7D and S7E). This increase correlated with
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an increase in the total number of cells (Figure S7F). Altogether,
these results suggest that preventing increased expression of
CDKN1A or CDKN2A in early hESC-derived PDX1*/NKX6-1-°%
PECs enhances their proliferative capacity.

To address whether the CDK inhibitors autonomously affect
PEC proliferation, we knocked down the expression of CDKN1A
and CDKN2A and subsequently assessed the outcome on the
proliferative capacity of GP2* PECs specifically. Consistent
with the results from the unsorted cell population, knockdown
of CDKN1A and CDKN2A increased the number of GP2* PECs
that transitioned into the G2/M and S phases of the cell cycle,
respectively (Figures S7G-S7K). Altogether, by preventing
increased expression of CDKN1A and CDKN2A in early hPSC-
derived PECs, the proliferative capacity of PECs can be
enhanced during in vitro differentiation (Figure 7M).

DISCUSSION

In this study, we report the identification of a cell surface marker,
GP2, for efficient purification of human PDX1*/NKX6-1" PECs
endowed with the capacity to give rise to glucose-responsive in-
sulin-producing beta-like cells. Furthermore, by counteracting
the increased expression of the cell-cycle inhibitors CDKN1A
and CDKN2A in the early PECs, the proliferative capacity of
hPSC-derived PECs can be sustained in vitro.

The unique experimental design to compare the gene expres-
sion pattern in isolated PFG cells and PECs allowed us for to
identify 115 genes exclusively enriched within human PECs
(Table S1). Comparing our PE gene list with another study, which
systematically analyzed genes expressed in heterogeneous cell
populations at intermediate pancreatic differentiation stages (Xie
et al., 2013), showed that 16 (including GP2) of our 115 genes
overlapped with their “PE genes” (Table S2). This gene signature
of human PE provides a unique source for interrogating unan-
swered questions in PE biology, such as the molecular machin-
ery involved in PEC maturation (increased expression of NKX6-1)
and self-renewal.

Our genome-wide expression analysis showed enrichment of
the integral membrane protein GP2 in the PDX1*/NKX6-1* PECs.
GP2 expression has previously been described in the acinar cells
in the human adult pancreas (Hoops and Rindler, 1991; Yu et al.,
2004) (http://www.proteinatlas.org/) but the role and function of
GP2 during pancreas development has not been examined.
Hence, we show that GP2 is expressed in the human PECs
and that it can be used as a cell surface marker for isolation of

PECs. Furthermore, a comparison between GP2 and previously
published markers CD142 and CD200 (Kelly et al., 2011) demon-
strated the superiority of GP2 in labeling PDX1*/NKX6-1* PECs
both in heterogeneous populations of differentiated hESCs and
in human fetal pancreas. In addition, the broad applicability of
GP2 as a cell surface marker for isolation of PECs was proved
by using independent differentiation protocols and cell lines.

During development, proliferation of pancreatic progenitor
cells is promoted by factors secreted by the surrounding mesen-
chymal tissue (Attali et al., 2007; Bhushan et al., 2001; Ye et al.,
2005). Co-culture of pancreatic endoderm and mesenchymal
cells promote expansion of the PDX1* population while main-
taining its progenitor identity. These activities are mediated
partly by FGF10 and EGF signaling (Attali et al., 2007; Bonfanti
et al., 2015; Guo et al., 2013; Zhang et al., 2009). However, the
underlying mechanism for how these factors promote pancreatic
progenitor proliferation has not been elucidated. Here, we iden-
tify the cell-cycle inhibitors CDKN1A and CDKN2A as relevant
regulators of PEC proliferation during in vitro differentiation.
We show that increased expression of PDX7 and NKX6-1, a hall-
mark of late PECs, coincides with increased expression of
CDKN1A and CDKN2A and a significant decrease in the prolifer-
ative capacity of PECs. Moreover, our observation that lowered
expression of CDKN1A and CDKN2A sustains proliferation of
early PECs is consistent with previous work linking repression
of CDKN1A and CDKN2A activities to self-renewal and expan-
sion of other stem cell or progenitor populations (Kippin et al.,
2005; Koike et al., 2014; Orford and Scadden, 2008).

Although reduction of both CDKN1A and CDKN2A levels pro-
motes an overall increase in proliferation of early PECs, their ef-
fect on cell-cycle progression, as well as the immediate impact
on MKI67 expression, differs, suggesting different mechanisms
of action. CDKN1A and CDKN2A belong to different families of
CDK inhibitors. CDKN1A is a member of the Cip/Kip family and
binds to multiple Cdk-cyclin complexes, inhibiting their catalytic
activities at the G1/S- and Gy/M-phase checkpoints. CDKN2A
belongs to the INK4 family and blocks entry into the S phase
by targeting the CDK4/6-cyclin complexes that are present in
G1 phase (Figure S6C) (Besson et al., 2008; Donovan and Sling-
erland, 2000; Yoon et al., 2012). It is possible that the activation
of a broader range of Cdk-cyclin complexes upon reduction of
CDKN1A levels results in a faster progression through the cell cy-
cle compared to the CDKN2A knockdown. This may explain the
observed differences in the number of cells in the Go/M and S
phases. This notion could also explain the lack of immediate

Figure 5. Differentiation of Purified GP2+/ITGA4— PECs into Glucose-Responsive Insulin-Expressing Cells

(A) Schematic illustrating differentiation of hESCs into PECs that are dissociated and stained with the cell surface markers ITGA4 and GP2.

(B) Table depicting the differentiation protocol to generate insulin-expressing cells from PECs. Rocki is omitted when the protocol is applied to unsorted cultures.
Rocki, Rock inhibitor; For, forskolin; Alki, Alk5 inhibitor; Nog, Noggin; Nic, nicotinamide; DF12, DMEM/F-12; B27, B27 supplement.

(C) Flow cytometry analysis of differentiated PECs (from day 18) stained with GP2 and ITGA4.

(D) C-peptide staining of re-plated GP2"'9"- and GP2-°"-expressing cells. Scale bars, 100 um.

(E) Percentage of CPEP* cells in the GP2"9" and GP2-°" cells is shown. ***p < 0.0001.

(F) Immunofluorescence analysis of FACS-sorted GP2*/ITGA4~ pancreatic endoderm cells re-plated and differentiated to insulin-expressing cells. Scale bars,

100 pm.

(G) Percentage of GLU* cells in the unsorted and GP2"9" cells is shown. ***p < 0.0001.
(H) The release of human C-peptide was measured in the differentiated GP2+/ITGA4- cells by a static glucose-stimulated insulin secretion assay (GSIS). Error
bars represent mean expression + SEM (n = 4), ** p < 0.001, and *** p < 0.0001.

See also Figure S4.

44 Cell Reports 19, 36-49, April 4, 2017


http://www.proteinatlas.org/

A INS GLU

§ E 25 5

g § 2.0 4

221 15 3

w310 2

2® |

8 g:s 0.5 1

O'Osb%\vﬁg%@%m Omo%'\w\s(b@q%
QVUVTIIIIISS” O OVTIITIIISKS?
Time points Time points

Mshef-7
unsorted
| CPEP/GLU/DAPI |

w)

Mshef-7
Gp2Low
| CPEP/GLUIDAPI |

=
=1 K
o |
9}
o
w
o
O

Mshef-7
GP2High

F B 2 100 ******** G B » 20 ***:***
5% o E s BT
tg 60 i Tx 10{ . =
{13 W 40] fan . .. Y 3 3 - :. L
$ % 28 = E [G) 2 —.‘.’t— % .

> & S NI
< S < S
606 QV Qﬁi\ 606 QV Q(§
\)Q () [©) 00 ©) [©)

Figure 6. Validation of GP2 in the GMP-Graded Cell Line MShef-7

=t GP2Hish
i 34.9%

. GPatow
=z 34.7%

& Tg %81 —
B c
5 8
GQJ_ @ 6 ek
0 NI
()
rLé‘ rﬁ’)& NS
Treatment

(A) Time course analysis of INS and GLU expression in differentiated MShef-7 cells. The data are shown as mean expression + SEM (n = 3).

(B) Flow cytometry analysis of differentiated PECs stained with GP2 and ITGA4.
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transcriptional effect on MKI67 upon reduced CDKN2A levels,
compared to CDKN1A. Still, because knocking down the
expression of either CDKN1A or CDKN2A promotes proliferation
of PECs, they both remain relevant targets for future in vitro
expansion of PECs.

Figure 7. CDKN1A and CDKN2A Knock-
down Promotes Proliferation of hESC-
Derived PECs

(A and B) Cell-cycle analysis of differentiated
hESCs at day 14 corresponding to early PECs.
Cells from day 11 were transfected with CDKN1A
siRNA, harvested 72 hr later, stained with EdU, and
analyzed by flow cytometry (a representative
analysis is shown).

(C) Summary of data depicted in (A) and (B), where
the corresponding ratio of COKN1A/CTR siRNA for
each cell-cycle phase is shown.

(D) gPCR analysis of samples treated with scram-
bled and CDKN1A siRNA confirmed upregulation
of MKIB7 expression 24 hr after CDKN1A knock-
down. The data are shown as mean expression +
SEM. ***p < 0.0001.

(E) Immunofluorescence analysis confirmed a sig-
nificant increase of MKI67* cells 72 hr after
knockdown of CDKN1A. Scale bars, 100 pm.

(F) Quantification of MKI67-expressing cells in the
cultures showed there was a significant increase in
the number of MKI67* cells. ****p < 0.0001.

(G and H) Cells from day 11 were transfected with
CDKN2A siRNA, harvested 72 hr later, stained with
EdU, and analyzed by flow cytometry (a repre-
sentative analysis is shown).

(I) Summary of data depicted in (K) and (L), where
the corresponding ratio of CDKN2A/CTR siRNA for
each cell-cycle phase is shown.

(J and K) gPCR analysis showed no statistically
significant up-regulation of MKI67 expression in
the CDKN2A knocked down samples 24h after
transfection, error bars represent mean expression
+ SEM (J). However, immunofluorescence analysis
showed a significant increase of MKI67* cells (K)
after 72 hr of knockdown of CDKN2A. Scale bars,
100 pm.

(L) Quantification of MKI67-expressing cells in the
cultures confirmed the significant increase in the
number of MKI67* cells. ****p < 0.0001.

(M) Schematic displaying PE formation during
development. As the PECs mature, CDKN1A (p21)
and CDKN2A (p16) expression levels increase and
MKI67 expression is downregulated (upper panel).
Downregulation of p21 or p16 within early PECs
prevents the decrease in proliferation during PE
maturation (middle panel), whereas inhibition
within late PE is unable to restore proliferation
(lower panel).

See also Figures S6 and S7.
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We observed that only when the expression of CDKN1A and
CDKN2A was decreased in early PECs, proliferation was
restored. Previous studies have shown that Neurog3 controls
cell-cycle exit in mouse endocrine progenitors at least in part
through regulation of CDKN1A expression (Miyatsuka et al.,

(C) Co-staining of CPEP (white) and GLU (green) of unsorted cells. Scale bar, 100 pm.

(D and E) Immunostainings of differentiated GP2-°" cells (D) and GP2"9" cells (E) with CPEP (white), GLU (green), and NKX6-1 (red). Scale bars, 100 pm.
(F) Percentage of CPEP* cells in unsorted, GP2-°%, and GP2"9" cells. ****p < 0.0001.

(G) Percentage of GLU* cells in unsorted, GP2-°", and GP2M9" cells. ***p < 0.0001.

(H) Static GSIS assay of differentiated GP2High cells showed a 2-fold change in CPEP response. Error bars represent mean expression + SEM ** p < 0.01.

See also Figure S5.
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2011; Piccand et al., 2014). Time course analysis of differentiated
hESCs indicates that NEUROGS3 transcription is initiated in the
late PECs (data not shown), suggesting that NEUROG3 may
be responsible for the sustained expression of at least CDKN1A
in the late PECs. However, because knocking down the expres-
sion of CDKN1A and CDKN2A in late PECs is not sufficient to
reinstate the proliferative capacity of these cells, additional mod-
ulators downstream of NEUROGS must be involved in regulating
proliferation and cell-cycle exit in late PECs.

Future clinical trials aiming to test the safety and efficacy of
hPSCs-derived beta cells in type 1 diabetes will profit from im-
plementing cost-effective strategies for cell purification. We
envision that using isolated GP2* PECs for derivation of insu-
lin-producing cells for clinical use will significantly improve the
safety of the final product. Furthermore, GP2* PECs can be
used to establish an intermediate-stage stem cell bank, permit-
ting the use of more mature yet proliferative cells as a source of
functional beta cells. Thus, future studies will need to focus on
identifying conditions for in vitro expansion of GP2* PECs. We
foresee a strategy that combines pharmacological targeting of
the underlying machinery that regulates proliferation through
CDKN1A and/or CDKN2A with growth-promoting signals, such
as FGFs and EGF. Once this has been achieved, additional ex-
periments will be required to characterize the maintenance of
the PEC phenotype, as well as the capacity to differentiate into
functional beta cells over sequential passages.

EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation

The PDXeG clone 170-3 was maintained on mouse embryonic fibroblasts
(MEFs) in medium containing knockout (KO)-DMEM, 10% knockout serum
replacement (KO-SR), 10 ng/mL basic fibroblast growth factor also known
as FGF2 (bFGF), 1% non-essential amino acids (NEAAs), 1% Glutamax, and
beta-mercaptoethanol (all reagents from Life Technologies). HUES4 and the
PDXeG clone 170-3 were adapted and maintained in DEF-CS (Takara),
whereas MShef-7 was maintained on laminin-521 (LN521, Biolamina) in Nutris-
tem hESC xeno-free (XF) medium (Biological Industries). Detailed information
regarding the differentiation protocols can be found in the Supplemental
Experimental Procedures.

RNA Extraction and Real-Time qPCR

Total RNA was extracted with the GenElute Mammalian total RNA kit (Sigma-
Aldrich). Reverse transcription was performed with SuperScript I, according
to the manufacturer’s instructions, using 2.5 tM random hexamer and 2.5 uM
oligo(dT) (Invitrogen). Real-time PCR measurements were performed using the
StepOnePlus system (Applied Biosystems) with SuperMix-UDG w/ROX,
400 nM of each primer, and 0.125x SYBR Green | (all reagents from Life Tech-
nologies), with the exception of the qPCR data in Figures 5 and 6, which were
generated using the LightCycler 480Il (Roche) with PowerSYBR Green PCR
Master Mix (Applied Biosystems) and 500 nM of each primer. Primer se-
quences are available as supplemental data (Table S3) and in our previous
publication (Ameri et al., 2010). The data are shown as mean expression +
SEM. Relative gene expression was determined using ACTB or GAPDH
expression as housekeeping genes. When indicated, the control sample was
arbitrarily set to a value of one in the graphs representing the fold increase in
comparison to the control sample.

Microarray Analysis of PDXeG Sorted Populations

Four replicates for each sample were collected by fluorescence-activated cell
sorting (FACS). RNA isolation was performed with the GenElute Mammalian
total RNA kit (Sigma-Aldrich). cDNA was synthesized and amplified using

Ovation RNA amplification system (NUGEN) according to the manufacturer’s
instructions. The labeled samples were hybridized to the Human Gene 1.0 ST
GeneChip array (Affymetrix). The arrays were washed, stained with phycoer-
ythrin-conjugated streptavidin (SAPE) using the Affymetrix Fluidics Station
450, and scanned in the Affymetrix GeneArray 3000 7G scanner to generate
fluorescent images, as described in the Affymetrix GeneChip protocol. Cell
intensity files (CEL files) were generated in the GeneChip Command Console
Software (Affymetrix Genechip Command Console [AGCC]) (Affymetrix).
Additional information can be found in the Supplemental Experimental
Procedures.

Glucose-Stimulated Insulin Secretion Assay

Late-stage cultures of differentiated hESCs were washed twice with Krebs-
Ringer bicarbonate buffer (KRB) containing 2 mM glucose. Samples were
incubated for 2 hr in 2 mM glucose containing KRB to allow equilibration
of cells. Fresh KRB containing 2 mM glucose was added, cells were incu-
bated for 30 min, medium was collected, and then cells were washed
and incubated for 30 min in KRB containing 25 mM glucose. Medium was
collected, and then cells were washed again and incubated with final
KRB containing 2 mM glucose and 25 mM KCI. All samples were analyzed
for human C-peptide content using a commercially available kit from
Mercodia.

siRNA Knockdown in Differentiated hESCs

Differentiated hESCs corresponding to day 11 or day 17 were dissociated
and transfected with 40 nM CDKN1A, CDKN2A, or scrambled siRNA control
(Silencer Select siRNA, Thermo Fisher Scientific) using Lipofectamine
RNAIMAX (Thermo Fisher Scientific). 24 hr after transfection, cells were har-
vested for gPCR; 72 hr later, cells were harvested for immunostainings or
western blot analysis and/or treated with EdU for cell-cycle analysis. Immuno-
fluorescence stainings were analyzed with a Leica AF6000 epifluorescence
widefield screening microscope.

Cell-Cycle Analysis by Flow Cytometry

For cell-cycle analysis with flow cytometry, cells were incubated with EdU
(5-ethynyl-2’-deoxyuridine) at a concentration of 10 uM for 4 hr before disso-
ciation. Collected samples were live stained with GP2 and fixed with 4% para-
formaldehyde (PFA). EJU was revealed by the Click-it EQU Alexa 647 Flow
Cytometry Assay kit (Invitrogen). Compatible phosphatidylinositol (PI) staining
was added to visualize the cell-cycle profile based on DNA content. Analysis
was performed using BD LSR Fortessa (BD Biosciences). 10,000 events
were recorded, and doublets were excluded.

Data Analysis and Statistics

Fiji (ImageJ) software was used for all quantifications. The percentage of
CPEP* and GLU* cells was calculated by measuring the area of CPEP or
GLU over the DAPI area. The percentage of MKI67* cells was calculated by
measuring the area of MKIB7 over the area of PDX1. The total area was
estimated by PDX1 antibody staining and DAPI. The percentage of PECs
was quantified by measuring the area of NKX6-1 over the PDX1 area. 20-25
randomly selected fields were chosen for each parameter. All data were statis-
tically analyzed by unpaired or paired Student’s t test or by multivariate com-
parison (one-way ANOVA) with Bonferroni correction using GraphPad Prism 6
software. All values are depicted as mean + SEM and considered significant if
p < 0.05.
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