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SUMMARY
Early endoderm progenitors naturally possess robust propagating potential to develop a majority of meter-long gastrointestinal tracts

and are therefore considered as a promising source for therapy. Here, we demonstrated the reproducible generation of human CDX2+

posterior gut endoderm cells (PGECs) from five induced pluripotent stem cell clones by manipulating FGF, TGF, and WNT signaling.

Transcriptome analysis suggested that putative PGECs harbored an intermediate signature profile between definitive endoderm and

organ-specific endoderm. We found that combinatorial EGF, VEGF, FGF2, Chir99021, and A83-01 treatments selectively amplify stor-

able PGECs up to 1021 cell scale without any gene transduction or feeder use. PGECs, compared with induced pluripotent stem cells,

showed stable differentiation propensity into multiple endodermal lineages without teratoma formation. Furthermore, transplantation

of PGEC-derived liver bud organoids showed therapeutic potential against fulminant liver failure. Together, the robustly amplified

PGECs may be a promising cellular source for endoderm-derived organoids in studying human development, modeling disease, and,

ultimately, therapy.
INTRODUCTION

Targeting Developmental Progenitors for Future

Applications

Transient amplification of developmental progenitors dur-

ing early organogenesis is a mechanism for ensuring organ

growth. These progenitor cells are amenable to prolifera-

tive stimuli because of their high levels of both genomic

and epigenetic stability (Cang et al., 2007; Elliott et al.,

2015; Shi et al., 2013). Although pluripotent stem cells

(PSCs) show unlimited capacity for in vitro expansion,

recent emerging evidence suggests that factors including

genetic and epigenetic variations or chromosomal instabil-

ities (Peterson and Loring, 2014) may change the proper-

ties of PSCs and their derivations, thus dampening their

utility for future applications, because of the resulting

high risk of tumorigenicity (Lund et al., 2012). Therefore,

targeting such developmental progenitors seems to be a

reasonable strategy to obtain a large number of cells for

subsequent application purposes. Although some attempts

have beenmade to differentiate cardiac (Christoforou et al.,

2013; Wang et al., 2013), endodermal (Cheng et al., 2012;

Hannan et al., 2013), renal (Hu et al., 2010), neuronal,

and cortical (Hu et al., 2010; Shi et al., 2012) progenitors

by using pluripotency, establishing a stable source of devel-

opmental progenitors remains a challenge.
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Developmental Gut Progenitors in the Posterior

Region

Human posterior gut endodermal progenitors, herein

referred to as PGECs, are found along almost the entire

length of the gut (Franklin et al., 2008) and eventually

develop the majority of the gastrointestinal (GI) tract

(Sheaffer and Kaestner, 2012), which is approximately

9 m in length (including approximately 6 m of small intes-

tine and 3 m of colon) (Tortora and Derrickson, 2008).

Indeed, the total number of epithelial cells composing

the GI tract is not known. It has been estimated that there

are 5 3 1010 human colonic epithelial cells in the gut and

that 20% of them are replaced each day (Hagedorn et al.,

2011), indicating the high expansion capability of PGECs.

Posterior gut specification occurs at a caudal part of the

primitive gut endoderm on embryonic day 8.5 (E8.5) in

mice and day 20 in human stem cell culture (McCracken

et al., 2014), and this process primarily contributes to the

formation of the small and large intestines in adults (Wells

and Melton, 1999). Relative to the anterior domain of the

endoderm, posterior gut progenitors elongate, forming

a significantly longer segment of the gut through exten-

sive proliferation and migration (Franklin et al., 2008).

It is likely that PGEC rearrangement and proliferation

are required to achieve the expansion of the gut endo-

derm. One current major unmet challenge involves the
thor(s).
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recapitulation of the differentiation process of PGECs in a

dish from pluripotent cells.

Molecular Identity of the CDX2-Positive Posterior Gut

Endoderm

Previous fate-mapping studies have revealed the complex

genetic program involving anterior-posterior patterning

of embryonic gut tubes derived from definitive endoderm

cells (Ikonomou and Kotton, 2015; Sherwood et al.,

2009). The regional identify of the developing gut tube is

specifically separated by Sox2 and Cdx2, i.e., an anterior

Sox2+ domain and a posterior caudal-related homeobox

transcription factor (Cdx2)+ domain (Ikonomou and Kot-

ton, 2015). From mouse E8.5 onward, Cdx2 is predomi-

nantly activated in the posterior part of gut. Subsequently,

Cdx2 expression is restricted to the intestinal epithelium

posterior to the transition from the stomach to the

duodenum (Sherwood et al., 2009). Genetic and functional

analyses of the posterior endoderm marker Cdx2 have re-

vealed that conditional ablation of Cdx2 results in expan-

sion of the anterior foregut, as indicated by ectopic Sox2

expression (Ikonomou and Kotton, 2015). Additionally,

a Cdx2-deficient gut converts the colon into a proximal

intestinal identity whereas ectopic expression of Cdx2

in gastric epithelial cells induces intestinal metaplasia, an

example of a posterior homeotic transformation (Silberg

et al., 2002).

WNT-Based Gut Specification and Extension of the

CDX2-Positive Posterior Gut

Previous studies have shown that multiple signaling path-

ways converge on Cdx2 and mediate endoderm posteriori-

zation, such as Wnt (Sherwood et al., 2011) and fibroblast

growth factor (FGF) signaling (Chawengsaksophak et al.,

2004). Genetic activation of the Wnt pathway directly on

the endoderm induces Cdx2 expression with a shifting

phenotype from anterior endoderm to posterior endoderm

(Sherwood et al., 2011). Additionally, chemical activation

of Wnt signaling efficiently induces Cdx2 expression by

suppressing anterior foregut fates (Ikonomou and Kotton,

2015). Wnt3a-null mutants exhibit a posterior-truncated

phenotype similar to that ofCdx2-null embryos (Chaweng-

saksophak et al., 2004), and partial ablation of Wnt

signaling in Wnt5a-null mice results in a dramatically

shortened small intestine (Cervantes et al., 2009), with a

phenotype similar to that of the Cdx2 mutant gut (Gao

et al., 2009). In addition, FGF signaling plays an essential

role in determining the Sox2-Cdx2 boundary at the

duodenal-pyloric junction (Sheaffer and Kaestner, 2012).

Canonical Wnt signaling (Gregorieff and Clevers, 2005)

and the inhibition of transforming growth factor b

(TGF-b) signaling promote human colonic crypt stem/pro-

genitor cell (Reynolds et al., 2014). Additionally, mini-gut
organoids require epidermal growth factor (EGF) signal

activation for long-term culture (Date and Sato, 2015).

In zebrafish, vascular endothelial growth factor (VEGF) is

required for early gut-tubemorphogenesis (Zorn andWells,

2009). Both FGF and Wnt signaling are required for poste-

rior gut endoderm marker Cdx2 expression (Sherwood

et al., 2011). The current study seeks to differentiate human

induced PSCs (iPSCs) into CDX2-positive (CDX2+) human

posterior gut progenitors and amplify this CDX2+ popula-

tion by recapitulating early endoderm organogenesis.

We also investigated the self-organizing potential of

these cells to develop into liver bud organoids as well as

two endoderm derivatives including hepatic and hindgut

lineages, with the aim of applying these cells for future

therapeutic use.
RESULTS

Derivation of Expandable CDX2+ Posterior Gut

Endoderm Cells from Human iPSCs by Using a

Combination of Five Factors

We used a specified stepwise differentiation protocol in

serum-free medium (SFD) that has previously been shown

(Gouon-Evans et al., 2006) to induce definitive endoderm

(DE) (Figure S1A) cell fate in multiple human iPSC lines

(TKDA3-4, and four xeno-free iPSCs 1231A3, 1383D2,

1383D6, and Ff06). Four of the iPSCs were cultured on

Laminin-511 E8 fragment (iMatrix)-coated dishes, whereas

TKDA3-4 iPSC and its derivatives were cultured on

Matrigel-coated dishes. This DE induction protocol mimics

embryogenesis by initial treatment with activin A and

Wnt3a for 2 days, followed by bone morphogenetic pro-

tein 4 (BMP4), FGF2, VEGF, and activin A treatment for

4 days. The generated DE cells were subsequently replated

onto Matrigel- or Laminin-511 E8-coated culture dishes at

a 1:1 ratio to specify PGECs (Figure 1A). In the mouse early

embryo, Cdx2 is activated and predominantly expressed in

the posterior gut (Hannan et al., 2013). Therefore, we first

performed screening experiments to initiate expression of

the posterior gut endoderm marker CDX2 in cells induced

with different combinations of various potential inducers,

based on gene expression profiling using qRT-PCR (Fig-

ure 1B). In contrast to the endodermal progenitor deriva-

tion protocol (Cheng et al., 2012), BMP4 could not induce

high CDX2 expression and DE cells were efficiently con-

verted into CDX2-positive PGECs in the presence of three

factors: the growth factor FGF2 and the small molecules

Chir99021 and A83-01. Interestingly, after only 1 day of

induction, these cultured cells exhibited morphology

distinct from that of DE cells (Figure 1C). However, treat-

ment with only FGF2 or Chir99021 and A83-01 failed

to induce CDX2 expression, whereas the combination of
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Figure 1. Directed Differentiation into CDX2+ Posterior Gut Endoderm Progenitor Cells
(A) Schematic of human iPSC-derived PGEC differentiation protocol in medium containing Chir99021 (CHIR), A83-01, epidermal growth
factor (EGF), basic growth factor 2 (FGF2), and vascular endothelial growth factor (VEGF). PGEC, posterior gut endoderm cells.
(B) Effect of CDX2 gene expression induction under indicated media treatment (n = 3 independent experiments, mean ± SEM; *p < 0.05,
**p < 0.01).
(C) Phase-contrast image shows the morphology of differentiated DE and TKDA3-4 iPSC induced PGECs after initial passage;
immunostainings show expression of OCT4, FOXA2, and CDX2. Scale bar, 100 mm.

(legend continued on next page)
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those three factors generated CDX2-positive PGECs (Fig-

ure 1B). Immunostaining revealed that the endoderm cell

marker FOXA2 was present in both DE cells and PGECs,

whereas CDX2 was specifically expressed in PGECs (Fig-

ure 1C). qPCR analysis further revealed low expression of

the DE cell-specific markers CXCR4 and CERBELUS1 and

high expression posterior gut marker CDX2 as well as a

similar expression level of endodermal marker FOXA2

and SOX17 in PGECs compared with DE (Figure 1D). Addi-

tionally, inhibition of theWNTsignaling pathway by using

IWP2 significantly downregulated posterior gut-related

marker CDX2 expression (Figure 1E), while no significant

effect was detect on the expression of DE-related marker

FOXA2, SOX17, and CXCR4 in PGECs (Figure S2B), thus

suggesting an important role of the Wnt pathway for pos-

terior gut induction, in agreement with previously pub-

lished data (Gao et al., 2009). To confirm whether PGECs

were contaminated with DE cells, we used flow cytometry

to analyze the DE cell markers CXCR4 and c-KIT.We found

that the CXCR4+c-KIT+ population was broadly present

among DE cells, whereas almost no CXCR4+c-KIT+ DE cells

were detected in PGECs (Figures 1F and S1B).

Furthermore, principal component analysis (PCA) based

on global transcriptomic data revealed that PGECs derived

from different iPSC clones (TKDA3-4, Ff06, 1231A3, and

1383D6) exhibited a unique intermediate state of lineage

among DE cells and hepatic endoderm (HE) (Figure 1G).

Notably, based on PCA of gene expression profiles, the

cellular identity of PGECs was significantly different from

that of previously published endodermal progenitor (EP)

cells, based on publicly available expression data (Cheng

et al., 2012) (Figure 1G). An unbiased functional enrich-

ment analysis of gene ontology (GO) terms showed that

the general categories of biological processes including

anterior/posterior (A-P) pattern formation and regionaliza-

tion were significantly enriched in PGEC-upregulated

genes compared with DE cells (Figure 1H). In a number of

non-endoderm tissues, Cdx factors exert their develop-

mental effects by regulating Hox transcription factors,
(D) Inhibitory effect of CDX2 induction in PGECs in the presence of W
mean ± SEM; *p < 0.05).
(E) qRT-PCR of endoderm related gene expression in PGECs relative t
endodermal related gene FOXA2/SOX17 as well as posterior gut-specifi
significant difference; *p < 0.05).
(F) Flow-cytometry analysis of the endoderm progenitor CXCR4/c-KIT d
data are shown from three separate experiments.
(G) PCA using our data (iPSC, DE, HE, IH, MH, and PGEC) and publicly a
the differential unique identity of PGECs. The variance of each PC is
(H) GO analysis of differentially expressed genes (DEG) of PGECs, com
(I) The heatmap of anterior/posterior pattern formation genes (GO:00
Resources 6.7) in DEG of PGECs were extremely highly expressed in P
See also Figures S1 and S2.
which are critical for the A-P patterning process of the

vertebrate embryo (Gao et al., 2009). Interestingly, PGECs

exhibited posterior properties by strongly expressing

CDX2 with a number of posterior HOX genes, including

HOXC8,HOXB9, andHOXC9, while still maintaining ante-

rior properties, as evidenced by HOXA3 expression, thus

suggesting that iPSC derived PGECs possess a previously

undescribed A-P transitional phenotype with posterior

gut identity (Figure 1I).

Characterization of Extensively Propagated PGECs

Next, we sought to determine whether the modified cul-

ture medium could sustain the expansion of PGECs. As

an initial screen, we passaged PGECs in the absence of

each gut extension factor: EGF, VEGF, FGF2, Chir99021,

A83-01, and Y27632. Among these factors, VEGF removal

significantly abrogated the PGEC expansion capability,

whereas removal of the other factors inhibited prolifera-

tion to a lesser extent (Figures 2A and S2A). Furthermore,

inhibition of the WNT signaling pathway by using IWP2

significantly slowed PGEC expansion (Figure S2C). Four

different donor-derived iPSC clone-derived PGECs were

maintained (for approximately 1,015-, 1,019-, 1,019- and

1,020-fold expansion for up to 70 days of TKDA3-4, Ff06,

1231A3, and 1383D6 iPSC clone-derived PGECs, with

doubling times of 33.09 hr, 21.65 hr, 23.13 hr, and

22.65 hr, respectively) for more than 20 passages and

demonstrated epithelial-likemorphology and proliferation

(Figures 2B, S3A, and S3B). Over a number of passages, se-

rial qRT-PCR (Figure 2D) and immunostaining analyses

(Figures 2E and 2F) showed that the posterior gut pheno-

type was maintained with stable CDX2, SOX17, FOXA2,

and c-KIT expression, and the cell proliferative capability

was maintained with active Ki-67 expression (Figures 2E

and 2F). Of note, the generation of PGECs from Ff06 iPSCs

was carried out exclusively on Laminin-511 E8-coated

dishes, and the resulting xeno-free PGECs also showed

the same proliferative phenotype (Figure S3C). We then

seeded the PGECs at a low density and followed them via
NT signal pathway inhibitor IWP2 (n = 3 independent experiments,

o DE. The definitive endoderm-specific gene CXCR4/CERBELUS and
c gene CDX2 (n = 3 independent experiments, mean ± SEM; ns, no

ouble-positive cells in differentiated DE and PGECs. Representative

vailable EP data (from GEO: GSE35461 [Gadue et al., 2013]) revealed
shown in each axis legend.
pared with DE. The top 5 significantly enriched terms are displayed.
09952, anterior/posterior pattern formation; DAVID Bioinformatics
GECs and not in EP.
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Figure 2. Robust Propagation of CDX2+ Posterior Gut Endoderm Progenitor Cells
(A) Factor screening based on subsequent proliferative potential. The PGEC expansion cell number is quantified under treatment with a
different combination of factors (n = 3 independent experiments, mean ± SEM; ***p < 0.001).
(B) Growth curve of PGECs derived from different iPSC clones (TKDA3-4, 1383D6, 1231A3, and Ff06) as well as frozen PGECs derived from
TKDA3-4. PGECs derived from TKDA3-4, 1383D6, and 1231A3 are cultured under Matrigel coating, while Ff06-derived PGECs are cultured
under Laminin coating (TKDA3-4, n = 3 independent experiments, mean ± SEM; 1383D6, 1231A3, Ff06, n = 1 independent experiment).

(legend continued on next page)
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time-lapse microscopy. The results showed that the major-

ity of cells were able to clonally propagate and form col-

onies within 4–5 days (Figures S3D and S3E), and expressed

posterior gut endoderm markers (Figure S3F). Flow-cytom-

etry analysis of PGECs showed that PGECs were negative

for pluripotent-, mesenchyme-, endothelial-, and meso-

derm-lineage markers (Figure S4B). Next, we conducted

PCA using iPSC, DE, HE, immature hepatocyte (IH),mature

hepatocyte (MH), and PGEC, and identified principal

component 3 (PC3) as the PGEC axis (Figure S4C),

which specifically divided PGECs and DE cells. Notably,

PC3-contributed genes characterized PGECs and did not

differentiate PGECs according to the number of passages

(Figure 2G).

To determine chromosomal stability, we performed a kar-

yotype analysis. PGECs passaged five times had one copy

each of 23 chromosomes, similar to the normal original

iPSC clone in the absence of monosomy or trisomy (Fig-

ure 2C). iPSCs possess a tumor-prone phenotype, which

represents a major impediment for future clinical applica-

tions. To determinewhether PGECs possess tumor-forming

potential, we intracapsularly transplanted 1million PGECs

into the kidneys of NOD/SCID mice (Figure S5A). After

1 month of injection, six of the human iPSC-injected

mice developed teratomas, whereas all six mice that

received PGECs did not (Figure 2H). Next, we used immu-

nohistochemistry to examine the tissues for endoderm for-

mation potential. The generated tissue contained a struc-

ture resembling the hindgut epithelium and expressed

the transcription factors CDX2 and SOX9 (Figure S5B) as

well as pancreatic differentiation potentials with positively

detected human PDX1 (Figure S5C). Together, these results

demonstrated the reproducible generation of unique

CDX2+ PGECs with rigorous amplification and multi-dif-

ferentiation potential from feeder-free human iPSCs.

PGECs Exhibited Potential of Developing Hindgut

Organoids In Vitro

Following modification of a previously defined stepwise

directed differentiation approach (Sato and Clevers, 2013)

that mimics signaling events occurring during normal
(C) Chromosomal karyotyping of original iPSC and iPSC-derived PGECs
(D) Maintenance of PGEC-related genes including CDX2, SOX17, FOXA
qRT-PCR (n = 3 independent experiments, mean ± SEM).
(E and F) Immunostaining analysis of pluripotency marker; NANOG and
in TKDA3-4-induced PGECs from different passage. Quantification dat
Scale bar, 100 mm.
(G) Unsupervised hierarchical clustering using PGEC axis-contributin
tionship with the number of passage. The uncertainty of cluster was e
Procedures.
(H) Number of mice bearing teratoma after transplanting iPSC or iPSC
See also Figures S3–S5.
hindgut development in vivo (Figure 3A), we were

able to promote cell differentiation in vitro. Remarkably,

Chir99021- and FGF4-treated single PGEC suspensions

underwent morphogenesis that was similar to embryonic

hindgut formation. After 3 days of Chir99021 + FGF4

pre-treatment, two-dimensional (2D) cultured cell sheets

started budding off and formed floating hindgut spheroids

(Figure 3B). In vitro hindgut spheroid formation was never

observed without Chir99021 + FGF4 treatment. These

results support a previously described mechanism for gut

development, whereby synergy between WNT signaling

and FGF signaling is required for generation of the hindgut

lineage.

We next investigated whether the spheroids could

develop and differentiate into hindgut organoids in vitro

by using three-dimensional (3D) culture conditions under

published protocols. After the spheroids were embedded

and after 7 days of culture, the epithelium of the spheroid

differentiated and protruded into the lumen of the orga-

noid when cells were pre-treated with Chir99021 + FGF4

(Figure 3C). PGEC-derived hindgut organoids comprise

a mostly polarized epithelium that includes different

differentiated cell types, confirmed by immunofluores-

cence and qPCR analysis. After 7 days in 3D culture, absorp-

tive enterocytes (VILLIN+) and hindgut epithelial cells

(E-CAD+) were both readily detected (Figures 3D and 3E).

The hindgut transcription factors CDX2 and SOX9 were

broadly detected, suggesting that the PGEC-derived spher-

oids embedded onto the matrix retain a hindgut pheno-

type. Thus, directed differentiation of PGECs into hindgut

organoids could be achieved in vitro.

Hepatic Differentiation Potential Is Preferentially

Induced in CDX2+ PGECs

Experimental animal models have shown that the early

endoderm or gut possesses relative plasticity for anterior

versus posterior gut endoderm, and our data also showed

that genes related to A-P pattern formation, regionaliza-

tion, and pattern specification processes are enriched in

the transcriptome of PGECs (Figure 1H). Given the success

in hindgut lineage generation in CDX2+ PGECs, we next
after 5 times of passaging.
2, and c-KIT at 5, 10, 15, and 20 times of passaging assessed by

PGEC markers; CDX2, SOX17, FOXA2, and proliferation marker; Ki-67
a are shown in (F) (n = 3 independent experiments, mean ± SEM).

g genes demonstrated that the feature of PGECs did not have rela-
valuated by bootstrapping, as shown in Supplemental Experimental

-derived PGECs.
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Figure 3. Hindgut Organoids from Posterior Gut Endoderm Cells
(A) The differentiation strategy of hindgut organoid generation from PGECs.
(B) Bright-field images of PGECs 2D cultured for 3 days in media with or without CHIR/FGF4. CHIR/FGF4 cultures drive three-dimensional
spheroid generation (arrowheads). Scale bar, 250 mm.

(legend continued on next page)
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tested whether the PGECs could be induced toward hepatic

differentiation through our modified hepatic differentia-

tion protocols. We found that both fresh and thawed

PGECs could successfully differentiate into mature hepato-

cyte-like cells (PGEC-MHs) (Figure 4A). As determined by

qRT-PCR (Figure 4B) and immunohistochemistry (Fig-

ure 4C), hepatic-related markers including AFP, TTR, ALB,

GLUT2, CK8, ZO-1, and the liver-associated transcription

factor HNF4A were induced in PGEC-MHs. Furthermore,

microarray gene expression profiles indicated that PGEC-

MHs showed signaturesmore similar to human adult hepa-

tocytes or liver tissues, a result confirmed by pseudo-time

and heatmap analyses of a previously reported hepatic

developmental signature (Figure 4D).

PGEC-MHs exhibited glycogen accumulation by periodic

acid-Schiff (PAS) staining, and these PAS-positive cells

also showed a hepatocyte morphology (Figure 4E). The

cellular uptake and excretion of indocyanine green (ICG)

is a unique characteristic of hepatocytes, and cellular up-

take was observed in a very high percentage of our PGEC-

MHs. The excretion of ICG appeared 1 hr after the removal

of ICG, with most of the ICG excreted within 3.5 hr (Fig-

ure 4E) and almost complete disappearance of the ICG by

12 hr. One of the important functions of hepatocytes is

to secrete functioning proteins into the blood, such as albu-

min. An ELISA for human albumin showed that both fresh

PGECs and thawed PGEC-derived mature hepatocytes

secreted approximately 1,533 ± 403 ng/mL and 1,620 ±

573 ng/mL of albumin into the medium per million

cells within 24 hr, which was significantly more than

iPSC-derived mature hepatocytes (Figure 4F) (p = 0.0003,

n = 18). Based on these analyses, we concluded that PGECs

can efficiently and reproducibly generate hepatocyte-like

cells under well-defined culture conditions.

PGEC-Derived Liver Bud Organoids Rescue an Acute

Liver Failure Mouse Model

With our previous protocol for liver bud organoid gen-

eration, we cultured PGECs with endothelial (human um-

bilical vein endothelial cell [HUVEC]) and mesenchymal

(mesenchymal stem cell [MSC]) lineages (Figure 5A) to

generate PGEC liver bud organoids (PGEC-LBs). After co-

culture, human PGECs self-organized intomacroscopically

visible 3D cell clusters with an intrinsic organizing capacity
(C) Macro- and bright-field images of 3D culture-derived hindgut org
CHIR/FGF4 treatment formed highly convoluted epithelial structures
bars, 250 mm and 5 mm.
(D) Seven-day PGEC-derived organoid 3D cultures immunofluorescen
as well as hindgut transcription factor CDX2 and SOX9, identify po
counterstained with DAPI (blue). Scale bars, 50 mm and 100 mm.
(E) qRT-PCR of VILLIN and SOX9 suggests that PGEC differentiates into e
CHIR/FGF4 prior treatment; iPS-S, iPSC-derived hindgut organoids (n
up to 72 hr after seeding (Figure 5B). To examine whether

this protocol was appropriate for PGECs, we first analyzed

the human albumin secretion between different culture

media of hepatocytes and epithelial cell growth (HCM/

EGM). After culture for 8 days, significantly higher human

albumin secretion was detected under HCM/EGM culture

conditions (427 ± 34 ng/mL and 552 ± 85 ng/mL, respec-

tively) (Figure 5C). qPCR analysis further revealed the

significantly increased expression of early hepatic marker

genes such as ALB, G6P, HNF4A and CYP3A7 by PGEC-

LBs (Figure 5D). Another important indicator of hepatocyte

function, ammonia removal, was also carried out and

showed detoxifying ammonia capability in in vitro condi-

tions (Figure 5E). Human serum albumin was tracked by

ELISA under long-term culture of PGEC-LBs, and the results

showed that human albumin was secreted into the culture

media at approximately day 7, and up to 1,063 ± 127 ng/

mL of human albumin was produced by day 28 of culture.

Additionally there was a significantly higher human albu-

min concentration in the PGEC-LB group compared with

the PGEC-only group (Figure 5F) (p < 0.0001, n = 5). To

evaluate the functional maturation of human PGEC-LBs,

we transplanted PGEC-LBs into an acute liver failuremouse

model (Alb-TRECK/SCID) by kidney capsule transplanta-

tion. Notably, compared with the sham group, PGEC-LB

transplantation significantly rescued mouse survival

(p = 0.036) (Figure 5G). These results suggest that PGEC-

LBs with a 3D and vascularized structure achieved success-

ful engraftment and differentiation in vivo. The PGEC-LB-

derived tissue exhibited hepatic cord-like structures

(Figure 5H) at day 30, and immunohistochemistry showed

positive detection of human nuclei, the vascular marker

CD31, the bile duct marker CK19, and the mature hepato-

cyte marker human ALB (Figure 5H), suggesting the matu-

ration of human PGEC-LBs in vivo.
DISCUSSION

Human Posterior Gut Endoderm with Foregut

Potential: A Developmentally Relevant Population?

Soon after endoderm specification, the primitive gut is

divided into regions with distinct gene expression patterns

along the A-P axis. Wnt signaling is active in the posterior
anoids with or without 2D CHIR/FGF4 treatment. 2D priming with
. 2D priming: treatment with CHIR/FGF4 prior to 3D culture. Scale

tly analyzed for VILLIN and epithelial marker E-CADHERIN (ECAD),
larized structure in PGEC-derived hindgut organoids. Nuclei were

nterocyte lineage. PGEC-CF-S, PGEC-derived hindgut organoids with
= 3 independent experiments, mean ± SEM; *p < 0.05, **p < 0.01).
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Figure 4. Unexpected Efficient Hepatic Differentiation of CDX2+ PGECs
(A) Bright-field images of mature hepatocyte (MH) morphology differentiated from iPSCs, PGECs, and thawed PGECs. Scale bar, 200 mm.
(B) qPCR analyzed the mRNA expression level of AFP, TTR, ALB, and GLUT2 in iPSC- and PGEC-derived mature hepatocytes (MH) (n = 3
independent experiments, mean ± SEM).
(C) PGEC-derived mature hepatocytes were immunostained with various mature hepatocyte markers (AFP, CK8/18, ALB, ZO-1, and HNF4A);
nuclei were counterstained with DAPI (blue). Scale bar, 200 mm.

(legend continued on next page)
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endoderm as early as E7.5 to induce the intestinal master

regulator Cdx2, shifting global gene expression toward a

posteriorized intestinal program (Dye et al., 2015). Cdx2

genes thus influence early A-P patterning all along the com-

plete vertebral column and act as later mediators of poste-

rior axial elongation (McCracken et al., 2014). Experiments

in mice and Xenopus have suggested that Cdx2 genes may

be directly involved in the regulation of Hox genes, and a

subset of the posterior enteric Hox code is dependent on

the presence of Cdx2, which is indicative of a transcrip-

tional network in the establishment of regional identity,

especially in the posterior gut domain (Gao et al., 2009).

The intestinal epithelium is constantly repopulated by

the coordinated division of stem cells into faster cycling

transit-amplifying cells that divide to produce all differen-

tiated cells (Sheaffer and Kaestner, 2012).

However, among the extensive studies of Cdx2-positive

PGECs and their functions in regional specification and

morphogenesis of the intestine in vivo, no studies have

shown whether CDX2-positive PGECs can be differenti-

ated in vitro from human iPSCs with the extensive pro-

liferation capability. Herein, by mimicking the molecular

developmental mechanism in mice, we succeeded in

inducing CDX2+ cell populations from human iPSCs with

EGF, VEGF, FGF2, Chir99021, and A83-01 treatment.

Global gene analysis revealed that our generated CDX2+

cells highly expressed the posteriorHOX genes and actively

functioned in A-P patterning formation and regionaliza-

tion, indicating that the CDX2+ PGECs could be differenti-

ated from human iPSCs in vitro. Thus, PGECs possessed a

posteriorized gut endoderm phenotype with clear CDX2

expression, efficiently contributing to midgut and hindgut

lineages with an extensive elongation potential.

From an endoderm developmental biology perspective,

one interesting highlight of our human PGEC analysis is

the remarkable differentiation propensity toward foregut-

derived cells. Even with the use of an expanded clone,

CDX2+ PGECs hold hepatic and hindgut lineages as well

as a higher functionality than iPSCs for liver bud organoid

formation. These results raise a question related to human

developmental biology: does the CDX2+ posteriorized hu-

man gut naturally give rise to a part of the foregut endo-

derm tissue? To answer this question, a careful study using

early human embryos is necessary to determine whether
(D) Heatmap of gene array analyses showing that expression of 40 liv
PGEC-derived immature hepatocyte (IH) and mature hepatocyte (MH
majority of these mRNAs were expressed at relatively low levels (blue
(E) PAS assay of differentiated PGEC cells indicated numerous hepato
excretion of indocyanine green (ICG) confirmed the metabolism of IC
(F) Albumin secretion by iPSC-, PGEC-, and thawed PGEC-derived mat
was changed to fresh medium 24 hr before the assay. This experiment
of PGEC compared with iPSC (n = 3 independent experiments, mean ±
CDX2+ PGECs are developmentally relevant and capable

of differentiating posterior foregut cells, revisiting the

concept of early human endoderm development by

defining the presence of CDX2+ transitional posterior

endoderm precursors.

Robust Amplification of Storable PGECs under

Xeno- and Feeder-free Conditions

iPSC technology holds promise for regenerative medicine,

disease modeling, and drug development. However, the

current major limitation of this technology involves the

establishment of approaches to obtain sufficient quantity

and quality of cell sources for realistic medical applications

because of the tumor-prone nature and, more importantly,

the reproducibility challenges associated with the use of

PSCs. Toward this aim, the derivation of lineage-committed

expandable progenitors would be a rational approach to

generate a stable supply for medical applications. Recent

studies have shown the possibility of this concept in endo-

derm derivatives by differentiating or reprogrammingmul-

tipotent endoderm progenitors (Cheng et al., 2012; Zhu

et al., 2014) or foregut stem cells (Hannan et al., 2013),

yet these cells relied on the use of feeders or xenogeneic

products including serum, which are not compatible with

clinical applications. In contrast, our CDX2+ PGECs repre-

sent a more desirable approach to generate specific endo-

dermal lineage cells because of their rigorous proliferative

potential in vitro and the absence of teratoma formation

in vivo with the use of chemically defined media under

feeder-free conditions. As PGEC generation does not neces-

sarily require Matrigel, the use of Laminin-511 E8 will alle-

viate safety concerns associated with PGEC generation for

future clinical application. In fact, in vitro our PGECs dis-

played a 1021-fold increase in cell number after more

than 20 passages without any gene/viral transduction or

feeder cell usage. Global gene analysis and chromosomal

stability analysis revealed the proliferation and differentia-

tion stability of PGECs based on gene and protein expres-

sion, presumably because these cells are inherently

amenable to intensive proliferative stimuli that are experi-

enced during development throughout the gut elongation

process. Additionally, PGECs were successfully generated

from five different iPSC lines. Given the necessity of

1010-scale hepatocytes for therapeutic applications in
er-specific mRNAs (Ma et al., 2013) was increased (red) in iPSC and
) compared with undifferentiated (iPSC, DE, HE) cells where the
). AH, adult hepatocytes; ALT, adult liver tissue.
cytes exhibiting cytoplasmic glycogen storage. Cellular uptake and
G. Scale bar, 200 mm.
ure hepatocytes was assayed by ELISA. The differentiation medium
suggested the highly efficient hepatocyte differentiation potential
SEM; ns, no significant difference; **p < 0.01, ***p < 0.001).
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Figure 5. PGEC-Derived Liver Bud Organoid Transplant Rescue of Liver Failure
(A) Differentiation strategy of liver bud organoids (PGECs co-cultured with HUVEC and MSC) and hepatic sphere (PGECs only) from PGECs.
(B) Time-lapse imaging through liver bud organoid formation from PGECs.
(C) ELISA of PGEC-derived liver bud organoids secreted higher human albumin in medium HCM/EGM compared with HCM, suggests HCM/
EGM (1:1) is the most efficient medium for PGEC-derived liver bud organoids toward hepatic differentiation (n = 3 independent experi-
ments, mean ± SEM; ***p < 0.001).

(legend continued on next page)
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adults, the use of storable and robustly amplifying PGECs

from feeder-free human iPSCs represents a rational cell

source for future applications.

Self-Organizing Liver Bud Organoid Generation Using

PGECs Highlights Their Therapeutic Applications

Recent technological advancements in developing self-

organizing organoids provide a new opportunity to study

organogenesis anddrugdevelopment. At present, anumber

ofprotocols for 3Dorganoid cultureshavebeenestablished,

including for the intestine (Dye et al., 2015; Spence et al.,

2011), stomach (McCracken et al., 2014), optic cup (Eiraku

et al., 2011; Nakano et al., 2012), optic vesicle (Koehler and

Hashino, 2014), and cerebellum (Lancaster et al., 2013), us-

ing human PSCs. These organoid approaches not only hold

promise for use in regenerativemedicine but alsomay serve

as novel platforms for disease modeling and drug develop-

ment. In this context, we showed the successful adaptation

of PGECs for liver bud organoid formation. Notably, our

CDX2+ PGECs efficiently generated liver bud organoids

after co-culture with endothelial and mesenchymal cells,

and in vivo transplantation of PGEC-derived liver bud

organoids rescued mouse survival from acute liver failure.

These results indicate thatCDX2+ PGECsmaybe promising

candidates for in vivomodeling and autologous therapy for

human liver diseases because PGECs in vivo bear character-

istics of tumor resistance.

Finally, the derivation of PGECs is highly reproducible

because PGEC differentiation was successful in all five

of the tested iPSC lines without a need to establish exten-

sively individualized protocols. Collectively, PGECs not

only provide a unique in vitro model of human endoderm

development but also represent an important tool to

deliver the clinical or pharmaceutical promises of human

iPSCs in medical applications.
EXPERIMENTAL PROCEDURES

Human iPSC Culture and Definitive Endoderm Cell

Induction
Human iPSCs were routinely cultured in mTeSR1 on Matrigel

(growth factor reduced) (BD Biosciences, Bedford, MA, USA)-
(D) qRT-PCR analysis of hepatic markers (ALB, HNF4A, CYP3A7, and G6P
15), and original PGEC (n = 3 independent experiments, mean ± SEM
(E) Ammonium removal capacity in PGEC liver organoids (day 15) (n
(F) Human albumin secretion by hepatic sphere and liver bud organoid
fresh medium 24 hr before the assay. The amount of albumin released i
21, and 28 of differentiation in HCM/EGM (n = 3 independent experim
(G) Survival curve of liver bud organoid-transplanted (n = 18), hepa
groups following lethal liver failure in Alb-TRECK-scid mouse. *p < 0.
(H) H&E staining and immunostaining (human nuclei, human CK19,
from 30 days after liver bud organoids were transplanted into Alb-TR
coated plates for the TKDA3-4 iPSC clone and in StemFit

(AK03N, Ajinomoto, Tokyo, Japan) on Laminin-511 E8 (Nippi,

Tokyo, Japan)-coated dishes for the clinical xeno-free iPSC clones

including D2, 1383D6, 1231A3, and Ff06. To generate definitive

endoderm cells, we plated monolayers of pluripotent cells har-

vested using Accutase (Millipore, Billerica, MA, USA) on 6-well

plates (Corning Costar #3516) (Corning, NY, USA) pre-coated

with 1:30 diluted Matrigel (growth factor reduced; BD Bioscience)

or 0.5 mg/cm2 Laminin-511 E8 (Nippi) at a density of 6 3 105 cells

per well with 100 ng/mL activin A (R&D Systems, Minneapolis,

MN, USA), 50 ng/mL Wnt3a, and 10 mM Rock inhibitor Y27632

in RPMI/B27 (Invitrogen, Carlsbad, CA, USA) medium for 1 day.

Differentiation was initiated by culture with 100 ng/mL activin A

and 50 ng/mL Wnt3a in RPMI/B27 medium for 1 day under 5%

CO2, followed by 2 days with 100 ng/mL activin A, 0.5 ng/mL

BMP4 (Peprotech, Rocky Hill, NJ, USA), 5 ng/mL FGF2 (Invitro-

gen), and 10 ng/mL VEGF (Gibco, Carlsbad, CA, USA) in RPMI/

B27 under 5% CO2, then followed by another 2 days with

100 ng/mL activin A, 0.5 ng/mL BMP4 (Peprotech), 5 ng/mL

FGF2 (Invitrogen), and 10 ng/mL VEGF (Gibco) in SFD-based

medium under 5% CO2.
Establishment and Maintenance of Posterior Gut

Endoderm Cells
The optimal culture conditions for maintaining PGECs were

established by culturing cells on growth factor-reduced Matrigel

(TKDA3-4 derived PGECs) or recombinant Laminin-511 E8

(1231A3-, 1383D2-, 1383D6-, and Ff06-derived PGECs) and

promoting cell differentiation. This medium was composed of

SFD-based medium supplemented with FGF2 (5 ng/mL), VEGF

(10 ng/mL), EGF (20 ng/mL; Sigma, St. Louis, MO, USA),

Chir99021 (3 mM; Peprotech), and A83-01 (0.5 mM; Tocris, Bristol,

UK). SFD-based medium contained 75% IMDM (Invitrogen),

25% F12 nutrient medium (Invitrogen), monothioglycerol (4.5 3

10�4 M), 1% B27 (Invitrogen), 1% N2 supplement (Invitrogen),

50 mg/mL ascorbic acid (Sigma), 0.1% BSA (Sigma), and 1 mM

L-glutamine (Invitrogen).
Differentiation of PGECs
For hepatic differentiation, PGECs were dissociated with Accutase

and then replated onto Matrigel (1:30 dilution)- or Laminin 511

E8-coated 12-well tissue culture plates (BD) at 1 3 105 cells per

well as adherent cultures. SFD-based mediumwas used for the first

4 days for hepatic differentiation of PGECs. During the first 4 days

of differentiation, the following cytokines and growth factors were
) in PGEC-derived liver bud organoids (day 15), hepatic sphere (day
; ns, no significant difference; **p < 0.01, ***p < 0.001).
= 3 independent experiments, mean ± SEM; ***p < 0.001).
s was assayed by ELISA. The differentiation medium was changed to
nto the medium per 24 hr per 106 cells was measured at days 1, 7, 14,
ents, mean ± SEM; ns, no significant difference; ***p < 0.001).

tic sphere-transplanted (n = 18), and sham-transplanted (n = 17)
05.
human CD31, and human albumin) shows hepatic tissue formation
ECK-scid mouse. Scale bar, 50 mm.
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added: DM3189 (250 nM), IWP2 (4 mM; Stemgent), PD0325901

(500 nM), and RA (2 mM) for 1 day, followed by A-83-01 (1 mM),

BMP4 (10 ng/mL), IWP2 (4 mM), and RA (2 mM) for another

3 days. For the next 3 days, cells were cultured in Knockout

DMEM with 1 mM L-glutamine, 1% non-essential amino acids,

0.1 mM 2-mercaptoethanol, 1% DMSO, and 20% Knockout serum

replacement (Gibco). From day 8 on, the medium contained hepa-

tocyte growth factor (100 ng/mL), oncostatin M (20 ng/mL), and

dexamethasone (2 3 10�7 M) in hepatocyte culture medium; the

medium was changed every 2 days.

For hindgut differentiation of PGECs, a modification of the

protocol described by Spence et al. (2011) was used. Cultured

PGECs in 24-well plates were treated with Chir99021 (3 mM)

and FGF4 (500 ng/mL) for 3 days and were then harvested by

digesting the Matrigel with collagenase B treatment at 37�C
for 1 hr. The resultant colonies were mixed with undiluted

Matrigel (BD Biosciences) and were differentiated with DMEM/

F12 advanced medium containing 1% penicillin/streptomycin,

2 mM L-glutamine, B27, 15 mM HEPES, 500 ng/mL R-spondin-1,

100 ng/mL Noggin, and 100 ng/mL EGF. Cells were fed every

2–3 days.

All the differentiation cultures of PGECs were maintained in

a 5% CO2/90% N2 environment. All cytokines were purchased

from R&D except for indicates. The protocols of human iPSC

culture and transplantation into animals were approved by the

relevant ethical committee of Yokohama City University.
Statistics
The statistical significance of differences was evaluated by the

Mann-Whitney U test when two groups were compared or by

one-way ANOVA and Bonferroni’s multiple comparison tests

when multiple groups were compared. We used the log-rank

(Mantel-Cox) test and Kaplan-Meier method to assess post-trans-

plantation survival. A p value of less than 0.05 was considered

statistically significant, Statistical analysis was performed using

GraphPad Prism. Additional experimental procedures are listed

in Supplemental Experimental Procedures.
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