
1

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8659  | https://doi.org/10.1038/s41598-023-35875-1

www.nature.com/scientificreports

Elucidation of HHEX in pancreatic 
endoderm differentiation using 
a human iPSC differentiation model
Ryo Ito 1,2, Azuma Kimura 1, Yurie Hirose 1, Yu Hatano 1, Atsushi Mima 1, Shin‑Ichi Mae 1, 
Yamato Keidai 2, Toshihiro Nakamura 2, Junji Fujikura 2, Yohei Nishi 1, Akira Ohta 1, 
Taro Toyoda 1*, Nobuya Inagaki 2 & Kenji Osafune 1*

For pluripotent stem cell (PSC)-based regenerative therapy against diabetes, the differentiation 
efficiency to pancreatic lineage cells needs to be improved based on the mechanistic understanding 
of pancreatic differentiation. Here, we aimed to elucidate the molecular mechanisms underlying 
pancreatic endoderm differentiation by searching for factors that regulate a crucial pancreatic 
endoderm marker gene, NKX6.1. Unbiasedly screening an siRNA knockdown library, we identified 
a candidate transcription factor, HHEX. HHEX knockdown suppressed the expression of another 
pancreatic endoderm marker gene, PTF1A, as well as NKX6.1, independently of PDX1, a known 
regulator of NKX6.1 expression. In contrast, the overexpression of HHEX upregulated the expressions 
of NKX6.1 and PTF1A. RNA-seq analysis showed decreased expressions of several genes related to 
pancreatic development, such as NKX6.1, PTF1A, ONECUT1 and ONECUT3, in HHEX knockdown 
pancreatic endoderm. These results suggest that HHEX plays a key role in pancreatic endoderm 
differentiation.

Type 1 diabetes is a condition in which pancreatic β cells are destroyed by autoimmunity, resulting in an absolute 
deficiency of insulin1. Although insulin injection is the standard treatment, the complete return to normal blood 
glucose maintenance is often difficult, resulting in hypoglycemia and hyperglycemia. Whole-organ pancreas 
and islet transplantations are among the treatments that may achieve normoglycemia, but these therapies are 
hampered by severe donor shortages1–3. Since pluripotent stem cells (PSCs), such as embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs), have infinite proliferative and pluripotent differentiation potential, 
they are expected sources of pancreatic β cells for regenerative medicine. Recently, in vitro differentiation 
methods from human PSCs to pancreatic β cells have substantially advanced4–10. However, detailed elucidation 
of the differentiation mechanism is required to achieve higher differentiation efficiency.

During the developmental process of endoderm lineages, the posterior foregut expresses a specific marker 
gene called pancreatic and duodenal homeobox 1 (PDX1) and differentiates into the pancreas, duodenum, 
extrahepatic bile duct and posterior stomach11. A part of the posterior foregut differentiates into pancreatic 
endoderm which expresses NK6 homeobox 1 (NKX6.1) and pancreas associated transcription factor 1a (PTF1A). 
These PDX1+NKX6.1+PTF1A+ pancreatic endoderm cells act as multipotent pancreatic progenitor cells that 
give rise to all pancreatic lineages12. PDX1+NKX6.1+/high pancreatic endoderm cells derived from human PSCs 
mature into functional β cells and improve hyperglycemia when transplanted into immunodeficient diabetes 
model mice, whereas human PSC-derived PDX1+NKX6.1+/low cells differentiate into polyhormonal cells and do 
not functionally mature13. Thus, the expression of NKX6.1 in pancreatic endoderm may play a crucial role in the 
subsequent differentiation to pancreatic β cells. It is known that Pdx1 promotes Nkx6.1 expression in murine 
pancreatic endoderm and that in E10.5 Pdx1−/− mice, the expression of Nkx6.1 is absent from the residual 
pancreatic epithelium14. However, regulators of NKX6.1 expression other than PDX1 in pancreatic endoderm 
have not been fully elucidated.

PSCs are powerful tools for elucidating developmental mechanisms when used in in vitro differentiation 
systems to mimic developmental processes in embryos9,10,15. In the present study, we aimed to identify regulatory 
genes and elucidate their roles in pancreatic endoderm differentiation using a human iPSC differentiation model. 
We established a screening system using an siRNA knockdown library and found that the transcription factor 
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hematopoietically expressed homeobox (HHEX) is a key regulator for pancreatic endoderm differentiation. 
We found that HHEX affects several genes related to pancreatic development and is essential for pancreatic 
endoderm differentiation.

Results
Development of siRNA screening system for regulators of NKX6.1 expression in pancreatic 
endoderm.  To identify the regulators of NKX6.1 expression in human pancreatic endoderm, we established 
a screening system using siRNA-mediated gene knockdown. As shown in Fig. 1A, we differentiated human iPSCs 
into pancreatic endoderm by modifying our previously reported induction method using a two-dimensional 
monolayer culture10. Cell re-seeding was performed on Stage 3  day 2 (day 9), which is the differentiation 
stage of posterior foregut. The next day (day 10), siRNA transfection was performed when changing to Stage 
4 medium. The estimated value of the siRNA transfection efficiency using fluorescent RNA oligo was nearly 
100% (Fig. S1A). We used siRNA against the PDX1 gene (siPDX1) as a positive control, since this gene is known 
to promote the expression of NKX6.114, and found siRNAs at more than 7.5 nM are effective (Fig. S1B). The 
effect of each siRNA on NKX6.1 expression was evaluated by measuring the percentage of NKX6.1+ cells among 
total cells in immunostaining images. The percentage of NKX6.1+ cells was similar among different wells and 
decreased with the transfection of siPDX1 (Fig. S1C). Thus, we developed a screening system for regulators of 
NKX6.1 expression in human pancreatic endoderm using siRNA-mediated gene knockdown.

siRNA screening identified HHEX as a regulator of NKX6.1 expression.  We searched for NKX6.1 
regulators by screening siRNAs against 719 available transcription factors extracted from the FANTOM5 
(Function ANnoTation Of the Mammalian genome-5) database (fantom.gsc.riken.jp/5). We calculated the 
NKX6.1+ relative score by dividing the difference between the mean NKX6.1+ cell percentage (%) of the negative 
controls without siRNAs and the NKX6.1+ cell percentage (%) with the tested siRNAs by the difference between 
the mean NKX6.1+ cell percentage (%) of the negative controls without siRNAs and the maximum NKX6.1+ cell 
percentage (%) of the positive controls with siRNA against PDX1 (Fig. 1B). We defined genes with an NKX6.1+ 
relative score greater than 1 as a hit. Consequently, 29 hit genes were identified by the primary screening (blue 
dots; Fig. 1C, D). A secondary screening was performed using these 29 hit genes in the same manner as the 
primary screening, narrowing down the hits to nine genes (red dots; Fig. 1E), among which two genes (GATA4 
and GATA6) were previously reported as regulators of PDX1 expression and therefore excluded16. Reproducibility 
was confirmed with three of the remaining seven genes by examining siRNAs against other sequences in the same 
seven genes (Fig. 1F). We further excluded two of the three genes; FOXS1, whose knockdown only modestly 
decreased the NKX6.1+ cell percentage according to a flow cytometry analysis (Fig. S2A), and RUNX3, whose 
knockdown caused a decrease in the number of PDX1+ cells and total cells as well as NKX6.1+ cells, probably due 
to non-specific cytotoxicity (Fig. S2B). Finally, HHEX was extracted as a candidate.

HHEX is essential for pancreatic endoderm differentiation.  We further verified HHEX knockdown 
in pancreatic endoderm (Fig. 2A, B). The analysis revealed that HHEX knockdown reduced both the NKX6.1+ 
cell percentage and NKX6.1 protein expression, but not the PDX1+ cell percentage or PDX1 protein expression, 
which suggests that HHEX affects NKX6.1 expression by mechanisms independent of PDX1. The decrease in 
the NKX6.1+ cell percentage by HHEX knockdown was observed in the iPSC line 585A1, iPSC line Ff-I01 and 
human ESC line KhES-3 (Fig. 2C), indicating that the effect was not cell line-specific. Next, we evaluated the 
effects of HHEX knockdown on the expression of another pancreatic endoderm marker gene, PTF1A, and found 
that its expression too was reduced (Fig. 2D). We also considered whether HHEX promotes the proliferation 
of pancreatic endoderm cells, because cultures with high cell density facilitate the differentiation of pancreatic 
endoderm cells from hESCs/iPSCs9. However, HHEX knockdown, like PDX1 knockdown, did not affect the 
total cell number (Fig. 2E). Therefore, we concluded that HHEX regulates NKX6.1+ pancreatic endoderm cell 
differentiation and not proliferation.

HHEX contributes to the generation of pancreatic endoderm.  HHEX is expressed in endoderm 
lineage tissues at early developmental stages17,18. We therefore examined the temporal expression of HHEX in 
our iPSC differentiation culture system to compare the expression pattern with embryos. In our culture, HHEX 
expression was increased through day 4 of the stage of the definitive endoderm (Stage 1) to day 3 of the primitive 
gut tube (Stage 2) (day 7), decreased by day 3 of the posterior foregut (Stage 3) (day 10), and then substantially 
increased again by day 1 of the pancreatic endoderm (Stage 4) (day 11) (Fig. 3A). This increase at Stage 4 was 
observed regardless of re-seeding on Stage 3 day 2 (day 9) (dotted line; Fig. 3A). To examine whether the increase 
at Stage 4 promotes the expressions of NKX6.1 and PTF1A, we overexpressed HHEX. The cell transfection 
efficiency of pCXLE-eGFP using electroporation was about 30% (Fig. 3B). When we modified the Stage 4 culture 
by removing EGF, nicotinamide and TPB from the original Stage 4 medium, the rise of HHEX expression was 
delayed (Fig. S3A) compared to the early and rapid increase in HHEX expression in the original Stage 4 cultures 
(Fig.  3A). In the modified conditions, HHEX was overexpressed by the transfection of pCXLE-HHEX. As a 
result, HHEX overexpression restored the HHEX upregulation in early Stage 4 (day 11) (Fig. 3C). The expression 
of NKX6.1 and PTF1A also increased three days after HHEX upregulation (day 14) (Fig. 3C). In addition, HHEX 
overexpression increased the NKX6.1+ cell percentage (Fig. 3D).

HHEX is involved in pancreatic endoderm maturation.  To verify the detailed roles of HHEX, the 
transcriptional profile of iPSC-derived pancreatic endoderm cells, in which HHEX was knocked down, was 
analyzed by RNA sequencing (RNA-seq; Fig.  4A). Gene expressions in the HHEX-knockdown pancreatic 
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endoderm cells (PE siHHEX) were closer to control pancreatic endoderm cells (PE siControl) than posterior 
foregut cells (PF). Among the genes related to pancreatic development, the expressions of ONECUT1, ONECUT3 
and EPCAM as well as NKX6.1 and PTF1A were downregulated by HHEX knockdown (Fig. 4A). Reproducibility 
was confirmed for ONECUT1 and ONECUT3 by multiple rounds of qRT-PCR (Fig. 4B). We also considered 
whether transient HHEX knockdown diverts cells from the pancreatic lineage and permanently impairs their 
ability to differentiate towards pancreatic endoderm but found, with continued culturing in Stage 4 medium, the 
percentage of PDX1+NKX6.1+ pancreatic endoderm cells in siHHEX gradually reached the level of siControl 

Figure 1.   Screening the siRNA knockdown library for regulators of NKX6.1 expression in pancreatic 
endoderm. (A) A schematic diagram of the procedures used to differentiate pancreatic endoderm cells from 
iPSCs. A activin A; C CHIR99021; Y Y-27632; K KGF; N Noggin; KC KAAD-cyclopamine; TT TTNPB; E 
EGF; Ni nicotinamide; TP TPB. (B) A schematic diagram showing NKX6.1+ relative scores for each gene in the 
screening. (C) A scatterplot showing NKX6.1+ relative scores of each siRNA from the 1st screen. (D) The list of 
29 hit genes in the 1st screening. (E) A scatterplot showing NKX6.1+ relative scores of each siRNA from the 2nd 
screen. (F) Validation of 7 hit genes using siRNAs with different sequences. The data from four independent 
experiments are presented as the mean ± SD (n = 4). **p < 0.01 by one-way ANOVA with Dunnett’s test for 
comparison with no siRNA.
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Figure 2.   The effects of HHEX knockdown on pancreatic endoderm cells. (A) Immunofluorescence images 
(left panels) and percentage (right panels) of NKX6.1+ and PDX1+ cells at Stage 4 upon knockdown of HHEX or 
PDX1. Scale bars; 500 µm. (B) The protein expression of HHEX, NKX6.1 and PDX1 upon HHEX knockdown at 
Stage 4 by western blotting. (C) Percentage of NKX6.1+ and PDX1+ cells at Stage 4 upon knockdown of HHEX 
or PDX1 in other PSC lines. (D) Expressions of HHEX, PDX1, NKX6.1 and PTF1A at Stage 4 upon knockdown 
of HHEX or PDX1. (E) The number of Stage 4 cells upon knockdown of HHEX or PDX1. The data from three 
independent experiments are presented as the mean ± SD (n = 9 for A; n = 6 for C; n = 3 for D and E). **p < 0.01 
by one-way ANOVA with Dunnett’s test for comparison with siControl.



5

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8659  | https://doi.org/10.1038/s41598-023-35875-1

www.nature.com/scientificreports/

(Fig. 4C). Moreover, HHEX knockdown did not downregulate definitive endoderm-related genes or consistently 
upregulate hepatobiliary and duodenal development-related genes (Figure S3B). The differentiation of HHEX-

Figure 3.   HHEX contributes to the generation of pancreatic endoderm. (A) The expression of HHEX during 
differentiation from the undifferentiated state to pancreatic endoderm cells with (solid line) or without 
re-seeding on Stage 3 day 2 (dotted line). (B) A representative flow cytometer plot showing the transfection 
efficiency of pCXLE-eGFP into pancreatic endoderm cells by electroporation. (C) Expressions of HHEX, 
NKX6.1 and PTF1A in Stage 4 day 1 (day 11; left panels) and Stage 4 day 4 (day 14; right panels) cells 
overexpressing HHEX on Stage 4 day 0 (day 10). (D) Representative flow cytometer plots showing NKX6.1+ cell 
percentage upon the overexpression of HHEX. The data from three independent experiments are presented as 
the mean ± SD (n = 3). *p < 0.05 and **p < 0.01 by two-tailed Student’s t-test.
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knockdown pancreatic endoderm cells into C-peptide (CPEP)+NKX6.1+ pancreatic β cells after Stage 4 culture 
for 4 days had a modestly lower efficiency than the differentiation of controls (Fig. 4D). Therefore, we concluded 
that HHEX is essential for the differentiation of mature pancreatic endoderm cells that express NKX6.1, PTF1A, 
ONECUT1 and ONECUT3 and show the differentiation potential into β cells, but not for pancreatic lineage 
commitment itself.

In the RNA-seq data, the expression of Sonic Hedgehog (SHH) was upregulated in HHEX-knockdown 
pancreatic endoderm cells (data not shown). It has been reported that HHEX is involved in liver bud development 
through an inhibitory effect on SHH19. Given the possibility that HHEX is also involved in pancreatic endoderm 
differentiation through an inhibitory effect on SHH, we examined whether SHH signaling affected the expression 

Figure 4.   HHEX knockdown results in defective pancreatic endoderm generation. (A) A heatmap representing 
normalized Z-scores of pancreatic marker expressions in posterior foregut (PF) and pancreatic endoderm (PE) 
with or without HHEX knockdown. (B) Expressions of ONECUT1, ONECUT3 and EPCAM at Stage 4 with or 
without HHEX knockdown. (C) Temporal changes in the percentage of NKX6.1+PDX1+ cells under continued 
Stage 4 culture with (dotted line) or without HHEX knockdown (solid line). (D) Immunofluorescence images 
(left panels) and percentage (right panels) of CPEP+NKX6.1+ cells at Stage 6 with or without HHEX knockdown. 
Scale bars, 100 µm. The data from three independent experiments are presented as the mean ± SD (n = 3). 
*p < 0.05 and **p < 0.01 by two-tailed Student’s t-test in (B) and by one-way ANOVA with Dunnett’s test for 
comparison with siControl in (D).
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of NKX6.1. However, the percentage of NKX6.1+ cells was independent of the concentration of SHH or a 
hedgehog signaling inhibitor, KAAD-Cyclopamine (Figure S3C). Therefore, the suppression of SHH expression 
by HHEX does not affect the differentiation of pancreatic endoderm cells.

Discussion
In this study, a knockdown screening system using siRNA and a pancreatic lineage differentiation model from 
human iPSCs was constructed to elucidate the mechanisms of pancreatic endoderm differentiation. Recently, we 
and others have conducted comprehensive screening using RNA interference techniques in human iPSC culture 
systems to determine the mechanisms of action of the proliferation-promoting compound for PDX1+ pancreatic 
progenitor cells and the mechanisms of skin epithelial cell differentiation20,21. Here, we searched for NKX6.1 
regulators in pancreatic endoderm differentiation using similar siRNA screening and found that the transcription 
factor HHEX is involved. These screening systems are highly versatile for elucidating the differentiation and 
proliferation mechanisms of various organs and tissues.

Hhex is expressed in endoderm lineage tissues early in mouse development (around embryonic day (E) 7.0). 
It is then expressed in the ventral-most cells of the anterior intestinal portal at E8.5 and of the ventral pancreas at 
E9.522–24. The deletion of Hhex causes hypoplasia of the thyroid, thymus, lungs, liver and ventral pancreas17,18,23,24. 
The effects of Hhex deletion on the dorsal pancreas remain unknown, partly because Hhex-deficient mice are 
embryonic lethal around E15.0, making a detailed evaluation difficult17. However, Hhex expression starts in the 
dorsal pancreas of wild-type mice at around E10.0 to 11.5, and its expression becomes restricted to the pancreatic 
epithelia and duct by around E16.5 to 18.518,25. Therefore, it is possible that Hhex plays roles in pancreatic 
development even in late embryonic stages. Our results revealed that HHEX regulates the expression of NKX6.1 
and PTF1A in the differentiation of pancreatic endoderm.

Additionally, Hhex plays a crucial role in the differentiation of somatostatin-secreting δ cells in the pancreatic 
islets of adult mice26, suggesting HHEX may have different functions at multiple pancreatic developmental stages. 
The current study revealed a novel function of HHEX in pancreatic endoderm differentiation: HHEX knockdown 
in pancreatic endoderm modestly lowers the pancreatic β cell differentiation efficiency. Although HHEX is not 
expressed in adult human or mouse pancreatic β cells26, there is the possibility that lower HHEX expression 
during development leads to the loss of pancreatic endoderm cells, resulting in a decreased number of pancreatic 
β cells and an increased risk of developing diabetes. Indeed, a human genome-wide associated study (GWAS) 
identified the HHEX gene locus as substantially contributing to the susceptibility for type 2 diabetes27, and several 
variants in or near the HHEX gene are associated with the increased risk of type 2 diabetes28,29. Future studies 
on the function of HHEX at each pancreatic developmental stage may elucidate the mechanisms underlying the 
onset of type 2 diabetes and contribute to the development of novel therapeutic approaches.

The RNA-seq analysis in this study showed that HHEX knockdown reduced the expression of the pancreatic 
endoderm marker genes NKX6.1 and PTF1A as well as other genes related to pancreatic development, including 
ONECUT1 and ONECUT3. ONECUT1 was recently reported to bind to numerous active enhancers while 
co-binding with GATA6, PDX1, NKX6.1 and FOXA2 at posterior foregut and pancreatic endoderm stages in 
pancreatic development, indicating it is a crucial regulator for pancreatic endoderm differentiation30. Taken 
together with the results of the current study, HHEX may be involved in pancreatic endoderm differentiation 
by regulating ONECUT1 expression. Onecut3 expression depends on the activation by Onecut131, which is 
consistent with the expression patterns of ONECUT1 and ONECUT3 in our study. In contrast, Onecut2 is 
known to play partially redundant roles with Onecut1 in pancreas morphogenesis32, which might explain the 
different expression patterns of ONECUT1 and ONECUT2 in our study (Fig. 4A). Considering previously 
reported downstream factors of HHEX, the expression of SHH, for which HHEX is inhibitory in liver bud 
development19, was upregulated in HHEX-knockdown pancreatic endoderm cells. However, SHH did not affect 
pancreatic endoderm differentiation (Figure S3C). In addition, the expression of EOMES and Flk-1/KDR, which 
are downstream factors of HHEX in hepatic and hemangioblast development, respectively33,34, did not show 
significant changes in HHEX-knockdown pancreatic endoderm cells in our current study (data not shown). 
Future studies should consider the role of HHEX in the gene expression regulation network of pancreatic 
endoderm.

A more recent study reported that HHEX is involved in a commitment to pancreatic lineage differentiation25. 
Some findings in that study, including the effects of HHEX knockout on NKX6.1 expression, are consistent with 
ours. However, HHEX knockout significantly affected PDX1 expression in the previous study but not ours. 
Furthermore, the deletion of HHEX impaired pancreatic differentiation and caused ectopic liver differentiation, 
whereas our study did not show a preference for the hepatic differentiation of HHEX-knockdown cells. The 
possible reasons for these discrepancies include the stage of the HHEX deletion (undifferentiated ESCs 
versus conditional knockdown at the pancreatic endoderm stage). The advantage of our approach is that we 
elucidated more specific roles of HHEX in pancreatic endoderm, eliminating the effects of other stages from the 
undifferentiated state to posterior foregut.

Our current study has several limitations. First, since we have conducted knockdown experiments using 
siRNA, which do not completely knockout gene expression, the effects of remaining HHEX cannot be ruled out. 
Second, our study is in vitro and only used cultured cells; confirmational work in vivo about human pancreatic 
development is required. Finally, other molecular mechanisms involving HHEX, such as binding to promoter 
or enhancer regions and molecular interactions, cannot be inferred by our experiments.

In conclusion, using an siRNA screening system and human iPSCs, we revealed that the transcription 
factor HHEX is involved in pancreatic endoderm development by regulating the expression of the pancreatic 
development-related genes NKX6.1, PTF1A, ONECUT1 and ONECUT3. These findings should contribute 
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to understanding the detailed mechanisms of pancreatic endoderm development and the efficient and stable 
differentiation of human iPSCs/ESCs into pancreatic endoderm.

Materials and methods
Cell lines and maintenance.  The experiments using human iPSCs and ESCs were approved by the Ethics 
Committee of the Department of Medicine and Graduated School of Medicine, Kyoto University. Informed 
consent was obtained from all donors from whom iPSCs were derived. The iPSC line 585A135 was cultured in 
Essential 8 medium (Thermo Fisher Scientific). The ESC line KhES-336 and iPSC line Ff-I0137 were cultured in 
StemFit AK02N medium (Reprocell). The cells were maintained under feeder-free conditions, passaged every 
3–4 days using 0.5 mM EDTA/PBS (Thermo Fisher Scientific) and gentle pipetting, and routinely examined for 
mycoplasma contamination.

Differentiation of iPSCs and ESCs.  iPSCs/ESCs were directed to differentiate into pancreatic lineage 
cells as previously described38,39. The medium composition was as follows:

Stage 1 (day 0–3)—RPMI 1640 medium (Nacalai Tesque) supplemented with 2% (vol/vol) B-27 Serum-Free 
Supplement (B27; Thermo Fisher Scientific), 50 U/mL Penicillin/Streptomycin (P/S; Thermo Fisher Scientific), 
100 ng/mL recombinant human/mouse/rat Activin A (R&D Systems) and CHIR99021 (Axon Medchem) at 3 μM 
on day 0, 1 μM on days 1–2 and 0 μM on day 3.

Stage 2 (day 4–6)—Improved MEM (IMEM) medium (Thermo Fisher Scientific) supplemented with 1% B27, 
100 U/mL P/S and 50 ng/mL recombinant human keratinocyte growth factor (KGF; R&D Systems).

Stage 3 (day 7–9)—IMEM medium supplemented with 1% B27, 100 U/mL P/S, 50 ng/mL KGF, 10 nM 
4-[(E)-2-(5,6,7,8-Tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl]-benzoic acid (TTNPB; Santa 
Cruz Biotechnology), 100 ng/mL recombinant human Noggin (PeproTech) and 0.5 μM 3-keto-N-aminoethyl-
N′-aminocaproyldihydrocinnamoyl cyclopamine (KAAD-Cyclopamine; Toronto Research Chemicals).

Stage 4 (day 10–14)—IMEM medium supplemented with 1% B27, 100 U/mL P/S, 100 ng/mL KGF, 50 ng/
mL recombinant human epidermal growth factor (EGF; R&D Systems), 10 mM nicotinamide (STEMCELL 
Technologies), 100 nM (2S,5S)-(E,E)-8-(5-(4-(trifluoromethyl)phenyl)-2,4-pentadienoylamino)benzolactam 
(TPB; Merck) and 50 μM Y-27632 (Wako).

For continued culture in Stage 4 medium, cell re-seeding was performed on Stage 4 day 4 (day 14) and 
day 10 (day 20) in the same manner as on Stage 3 day 2 (day 9). For the SHH experiments, Stage 4 medium 
was supplemented with 50 or 250 ng/mL recombinant human SHH (C24II) (R&D systems) and/or 0.5 μM 
KAAD-cyclopamine.

For the differentiation of pancreatic β cells, Stage 4 day 4 cells were dissociated into single cells by gentle 
pipetting after treatment with 0.25% trypsin–EDTA (Invitrogen) for 15 min at 37 ℃, and cell aggregates consisting 
of 3 × 104 cells were formed in Stage 4 medium using 96-well microplates with cell-repellent surface (Greiner). 
The following medium changes (200 μL) were done from the next day (day 15) per well every 3 to 4 days:

Stage 5 (day 15–20)—IMEM medium supplemented with 1% B27, 100 U/mL P/S, 1 μM RO4929097 (Selleck), 
10 μM Alk 5 inhibitor II (Cayman Chemical), 1 μM Triiodothyronine (Merck Millipore) and 0.1 μM LDN193189 
(Axon Medchem).

Stage 6 (day 21–28)—IMEM medium supplemented with 1% B27, 100 U/mL P/S, 10 μM Alk 5 inhibitor II, 
1 μM Triiodothyronine and 0.1 μM LDN193189.

siRNA transfection.  Cells were transfected 1  day after seeding on Stage 3  day 2 and differentiated for 
an additional 4  days. siRNAs were added to the transfection reagent in the Stemfect RNA Transfection Kit 
(STEMGENT) and incubated for 10  min at room temperature. The transfection mixture was then added 
to the cells at a final siRNA concentration of 7.5  nM unless otherwise indicated. The transfection efficiency 
was determined using a BLOCK-iT Alexa Fluor red fluorescent control (Thermo Fisher Scientific), which 
was transfected into the cells the same way as the siRNA. The siRNAs used are as follows: PDX1 (siRNA ID 
s223944; Thermo Fisher Scientific), ARNTL (siRNA ID s1616; Thermo Fisher Scientific), FOXS1 (siRNA ID 
s5254; Thermo Fisher Scientific), HHEX (siRNA ID s6535; Thermo Fisher Scientific), RUNX3 (siRNA ID s2469; 
Thermo Fisher Scientific), SIX4 (siRNA ID s224247; Thermo Fisher Scientific), SMARCC1 (siRNA ID s13145; 
Thermo Fisher Scientific), SMARCD1 (siRNA ID s13152; Thermo Fisher Scientific), and non-targeting control 
siRNA pool #1 (Catalog ID D-001206-13-05; Horizon Discovery).

siRNA screening.  Posterior foregut cells were seeded on Matrigel (Corning)-coated 96 well plates at 1.6 × 105 
cells/cm2 one day prior to the addition of siRNA. On the day of the transfection, the medium was replaced 
with 100 μL of Stage 4 medium using a Biomek NX (Beckman Coulter). A manually aliquoted siGENOME 
SMARTpool siRNA library (2.5 μM, 2 μL; Horizon Discovery) was diluted using the Stemfect RNA Transfection 
Kit according to the manufacturer’s instructions. The siRNA transfection complex solution was mixed with 100 
μL of Stage 4 medium and then added to the wells. The final concentration of the siRNA was approximately 
25 nM. The medium of the wells containing no siRNA or siRNA against PDX1 and transfection reagent was 
manually replaced. Four days after the transfection, the cells were fixed and analyzed for a proportion of 
pancreatic endoderm cells using anti-NKX6.1 antibody (DSHB) staining and cell counting using Hoechst33342 
staining (Thermo Fisher Scientific). siRNA against PDX1 was used as a positive control.

Immunofluorescence staining.  Cells were washed with PBS (Nacalai Tesque) twice, fixed with 4% PFA 
(Nacalai Tesque)/PBS for 20 min at 4 °C and blocked in PBS with 5% donkey serum (Millipore) and 0.4% Triton 
X-100 (Nacalai Tesque) (blocking solution) for 30 min at room temperature. The following primary antibodies 
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were diluted in blocking solution and incubated overnight at 4 °C: goat anti-PDX1 (R&D Systems, AF2419, 1:200), 
mouse anti-NKX6.1 (DSHB, F55A12, 1:200), rabbit anti-NKX6.1 (Cell Signaling, 54551, 1:500) and rat anti-
CPEP (DSHB, GN-ID4, 1:200). After washing with PBS, the cells were incubated with the following fluorescent 
secondary antibodies for 1 h at room temperature: Alexa Fluor 488-conjugated donkey anti-goat (Thermo Fisher 
Scientific, A-11055, 1:500), Alexa Fluor 546-conjugated donkey anti-mouse (Thermo Fisher Scientific, A-10036, 
1:500), Alexa Fluor 555-conjugated donkey anti-rabbit (Thermo Fisher Scientific, A-31572, 1:500) and Alexa 
Fluor 488-conjugated donkey anti-rat (Thermo Fisher Scientific, A-21208, 1:500). Immunofluorescence images 
were acquired using a CellInsight NXT (Thermo Fisher Scientific) or BZ-9000 (Keyence). For quantification, 9 
images per well were obtained using CellInsight NXT.

Overexpression.  585A1 cells were transfected with a pCXLE-gw episomal expression vector encoding 
HHEX (pCXLE-HHEX) or eGFP (pCXLE-eGFP) as a control40. 1 × 106 cells were suspended in 100 μL Opti-
MEM (Thermo Fisher Scientific), and plasmids were introduced into the cells by electroporation using the Super 
Electroporator NEPA 21 (NEPA GENE) under the following conditions: (A) pulse voltage, 125 V; pulse interval, 
50 ms; pulse length, 5 ms; and pulse number, 2; or (B) pulse voltage, 20 V; pulse interval, 50 ms; pulse length, 
50 ms; and pulse number, 5. The cells were cultured in Stage 4 medium for 4 days after transfection. Since multiple 
plasmids are not independently transfected but easily co-transfected into the cells41, we co-transfected iPSCs with 
pCXLE-HHEX and pCXLE-eGFP and concentrated pCXLE-HHEX-transfected cells by flowcytometry sorting 
eGFP-positive cells. 7.5 μg pCXLE-HHEX and 2.5 μg pCXLE-eGFP were introduced for HHEX overexpression, 
and 10 μg pCXLE-eGFP was introduced as a control per 1 × 106 cells.

Flow cytometry.  Cells were dissociated into single cells by gentle pipetting after treatment with 0.25% 
trypsin–EDTA (Invitrogen) for 15 min at 37 ℃ and fixed with a Cytofix/Cytoperm Kit (BD Biosciences) according 
to the manufacturer’s protocol. Then, the cells were blocked with 2% donkey serum in permeabilization solution 
and incubated with the following primary antibodies diluted in blocking solution overnight at 4 °C: goat anti-
PDX1 (R&D Systems, AF2419, 1:200), mouse anti-NKX6.1 (DSHB, F55A12, 1:200), rabbit anti-NKX6.1 (Cell 
Signaling, 54551, 1:500) and rat anti-CPEP (DSHB, GN-ID4, 1:200). After washing with wash buffer once, the 
cells were incubated with the following fluorescent secondary antibodies for an hour at room temperature: Alexa 
Fluor 488-conjugated donkey anti-goat (Thermo Fisher Scientific, A-11055, 1:500), Alexa Fluor 647-conjugated 
donkey anti-mouse (Thermo Fisher Scientific, A-31571, 1:500), Alexa Fluor 647-conjugated donkey anti-rabbit 
(Thermo Fisher Scientific, A-31573, 1:500) and Alexa Fluor 488-conjugated donkey anti-rat (Thermo Fisher 
Scientific, A-21208, 1:500). The stained cells were analyzed using a FACSAria II or LSRFortessa (BD Biosciences). 
The cell number was counted using a TC20™ automatic cell counter (Bio-Rad).

Western blotting.  Cells were collected and lysed with RIPA Buffer (Wako) containing 1% protease 
inhibitor cocktail (Sigma-Aldrich). The lysate was mixed with Sample Buffer Solution with 2-mercaptoethanol 
(Nacalai Tesque), incubated for 3 min at 95 °C, loaded into a 4–20% Mini-protein TGX precast gel (Bio-Rad) 
and transferred to a PVDF membrane using a Trans-Blot Turbo Transfer System (Bio-Rad) after electrophoresis. 
Then, the membrane was blocked with 5% skim milk in Tris-based saline with Tween 20 (0.1% TBS-T) buffer 
and incubated with the following primary antibodies diluted in blocking solution overnight at 4  °C: rabbit 
anti-HHEX (R&D Systems, MAB83771-100, 1:200), goat anti-PDX1 (R&D Systems, AF2419, 1:5000), rabbit 
anti-NKX6.1 (Cell Signaling, 54551, 1:1000) and mouse anti-GAPDH (Sigma-Aldrich, MAB374, 1:300). After 
washing with TBS-T, the membrane was incubated with the following secondary antibodies diluted in blocking 
solution for an hour at room temperature: horseradish peroxidase (HRP) conjugated sheep anti-mouse (Cytiva, 
NA931VS, 1:3000), HRP conjugated donkey anti-rabbit (Cytiva, NA934VS, 1:3000) and HRP conjugated donkey 
anti-goat (Abcam, ab6885, 1:5000). After washing with TBS-T, the membrane was incubated with ECL Western 
Blotting Detection Reagent (Amersham) for 5  min at room temperature. The protein bands were visualized 
using an ImageQuant 800 (Cytiva).

Real‑time quantitative reverse transcription polymerase chain reaction (qRT‑PCR).  Total RNA 
was isolated from the cells with the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions 
and reverse transcribed using ReverTra Ace qPCR Master Mix (TOYOBO), dNTP Mix (Qiagen) and oligo dT 
primer (FASMAC). SYBR Premix Ex Taq II (Takara) was used for quantitative PCR on a StepOnePlus Real-
Time PCR System (Applied Biosystems). Each expression level of the target genes was normalized to those of 
beta-actin (ACTB). The primer sequences were as follows: ACTB, 5′-CAT​GTA​CGT​TGC​TAT​CCA​GGC-3′ and 
5′-CTC​CTT​AAT​GTC​ACG​CAC​GAT-3′; HHEX, 5′-CAC​CCG​ACG​CCC​TTT​TAC​AT-3′ and 5′-GAA​GGC​TGG​
ATG​GAT​CGG​C-3′; PDX1, 5′-AGC​AGT​GCA​AGA​GTC​CCT​GT-3′ and 5′-CAC​AGC​CTC​TAC​CTC​GGA​AC-3′; 
NKX6.1, 5′-ATT​CGT​TGG​GGA​TGA​CAG​AG-3′ and 5′-TGG​GAT​CCA​GAG​GCT​TAT​TG-3′; PTF1A, 5′-CCC​
CAG​CGA​CCC​TGA​TTA​-3′ and 5′-GGA​CAC​AAA​CTC​AAA​TGG​TGG-3′; ONECUT1, 5′-AAC​CCT​GGA​GCA​
AAC​TCA​AA-3′ and 5′-TGG​ATG​GAC​GCT​TAT​TTT​CC-3′; ONECUT3, 5′-GGC​CCA​GTG​AGC​TTC​TTA​GA-3′ 
and 5′-GAA​CGA​TCC​CAA​GCC​AAG​TC-3′; and EPCAM, 5′-CGC​AGC​TCA​GGA​AGA​ATG​TG-3′ and 5′-TGA​
AGT​ACA​CTG​GCA​TTG​ACG-3′.

RNA sequencing.  Total RNA was isolated from the cells with the RNeasy Mini Kit according to the 
manufacturer’s instructions. The samples were preserved at −80  °C before use. The RNA sequence library 
preparation, sequencing, mapping and gene expression analysis were performed by DNAFORM (Yokohama, 
Japan). The quality of total RNA was assessed using a Bioanalyzer (Agilent) to ensure that the RNA integrity 
number (RIN) was over 7.0. After poly (A) + RNA enrichment using a NEBNext Poly (A) mRNA Magnetic 
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Isolation Module (New England BioLabs), double-stranded cDNA libraries (RNA-seq libraries) were prepared 
using a SMART Seq® Stranded Kit (TaKaRa) according to the manufacturer’s instructions. RNA-seq libraries 
were sequenced using paired end reads (50 nt of read 1 and 25 nt of read 2) on a NextSeq 500 instrument 
(Illumina). Obtained raw reads were trimmed and quality-filtered using the Trim Galore! (version 0.6.6), 
Trimmomatic (version 0.39), and cutadapt (version 3.1) software. Trimmed reads were mapped to the human 
GRCh38 genome using STAR (version 2.7.3a). Reads on annotated genes were counted using featureCounts 
(version 2.0.1). TPM values were calculated based on FPKM values, and heatmaps were created by converting 
them into normalized Z-scores for each gene. The gene sets of pancreas, hepatobiliary, duodenum primordium 
and definitive endoderm markers are provided with reference to previous reports42–44.

Statistics.  All quantitative data are presented as the mean ± SD. Data were analyzed for statistical significance 
using Microsoft Excel for Windows version 2202 and R version 4.1.2 (R Core Team (2021). R: A language and 
environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria, http://​www.R-​
proje​ct.​org/). Two-tailed Student’s t-test was used to compare the means of two groups, and one-way ANOVA 
with Tukey or Dunnett’s test was used for multiple comparisons between groups. p < 0.05 was considered 
statistically significant for all analyses. *p < 0.05 and **p < 0.01 in the figures.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author upon 
reasonable request. The NCBI GEO accession number for RNA sequencing data reported in this paper is GSE 
222068.
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Figure S1. siRNA knockdown screening system for regulators of NKX6.1 expression 

in pancreatic endoderm. 

(A) Representative flow cytometer plots showing the transfection efficiency of BLOCK-

iT Alexa Fluor red fluorescent control into pancreatic endoderm cells. (B) 

Immunofluorescence images of pancreatic endoderm cells transfected with various 

concentrations of siPDX1 for PDX1. Scale bars, 100 µm. (C) Scatterplot distribution of 

NKX6.1+ cell percentage per well with or without PDX1 siRNA. **p < 0.01, two-tailed 

Student's t-test. 
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Figure S2. Reproducibility of siRNA screening for regulators of NKX6.1 expression 

in pancreatic endoderm.  

(A) Representative flow cytometry dot plots and percentages of PDX1-NKX6.1-, 

PDX1+NKX6.1-, PDX1-NKX6.1+ and PDX1+NKX6.1+ cells upon knockdown of PDX1, 

HHEX or FOXS1. (B) Percentage of PDX1+ cells (left panel) and total cell number (right 

panel) upon knockdown of PDX1, HHEX or RUNX3 as evaluated by immunostaining 

image analysis. The data from four independent experiments are presented as the mean ± 

SD (n=4). **p < 0.01 by one-way ANOVA with Dunnett’s test for comparison with no 

siRNA. 
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Figure S3. Verification of HHEX in pancreatic endoderm differentiation.  

(A) HHEX expression during differentiation from posterior foregut to pancreatic 

endoderm using modified Stage 4 medium without EGF, nicotinamide or TPB. (B) 

Heatmaps representing normalized Z-scores of hepatobiliary, duodenum and definitive 

endoderm markers in posterior foregut (PF) and pancreatic endoderm (PE) with or 

without HHEX knockdown. (C) Percentage of NKX6.1+ cells Stage 4 upon the addition 

of Sonic Hedgehog (SHH) and/or KAAD-Cyclopamine. The data from four independent 

experiments are presented as the mean ± SD (n=4). *p < 0.05 by one-way ANOVA with 

Tukey’s test. 
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Full unedited membrane view for Figure 2B 
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