ISSCR

Stem Cell Reports

Resource
OPEN ACCESS

Efficient Generation of Small Intestinal Epithelial-like Cells from Human iPSCs
for Drug Absorption and Metabolism Studies

Ryosuke Negoro,! Kazuo Takayama,!?34* Kanae Kawai,* Kazuo Harada,> Fuminori Sakurai,*

Kazumasa Hirata,> and Hiroyuki Mizuguchi',3+6*

1Laboratory of Biochemistry and Molecular Biology, Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita,
Osaka 565-0871, Japan

2PRESTO, Japan Science and Technology Agency, Saitama 332-0012, Japan

3Laboratory of Hepatocyte Regulation, National Institutes of Biomedical Innovation, Health and Nutrition, Osaka 567-0085, Japan
4Laboratory of Biochemistry and Molecular Biology, School of Pharmaceutical Sciences, Osaka University, Osaka 565-0871, Japan
SLaboratory of Applied Environmental Biology, Graduate School of Pharmaceutical Sciences, Osaka University, Osaka 565-0871, Japan
6Global Center for Medical Engineering and Informatics, Osaka University, Osaka 565-0871, Japan

*Correspondence: takayama@phs.osaka-u.ac.jp (K.T.), mizuguch@phs.osaka-u.ac.jp (H.M.)

https://doi.org/10.1016/j.stemcr.2018.10.019

SUMMARY

The small intestine plays an important role in the absorption and metabolism of oral drugs. In the current evaluation system, it is difficult
to predict the precise absorption and metabolism of oral drugs. In this study, we generated small intestinal epithelial-like cells from hu-
man induced pluripotent stem cells (hiPS-SIECs), which could be applied to drug absorption and metabolism studies. The small intestinal
epithelial-like cells were efficiently generated from human induced pluripotent stem cell by treatment with WNT3A, R-spondin 3,
Noggin, EGF, IGF-1, SB202190, and dexamethasone. The gene expression levels of small intestinal epithelial cell (SIEC) markers were
similar between the hiPS-SIECs and human adult small intestine. Importantly, the gene expression levels of colonic epithelial cell markers
in the hiPS-SIECs were much lower than those in human adult colon. The hiPS-SIECs generated by our protocol exerted various SIEC

functions. In conclusion, the hiPS-SIECs can be utilized for evaluation of drug absorption and metabolism.

INTRODUCTION

Many drugs are administered orally. Drugs administered in
this fashion are absorbed and metabolized in the small in-
testine. Thus, a model that could evaluate drug absorption
and metabolism in the small intestine would be useful for
drug discovery. Currently, experimental animals and can-
cer cell lines are widely used as intestinal models for small
intestinal absorption and metabolism studies because pri-
mary human small intestinal epithelial cells are difficult
to obtain and culture (Di Claudio et al.,, 2017; Hansen
et al., 2000; Shirasaka et al., 2006; Taylor et al., 2010; The-
odoropoulos et al.,, 2003; Yamashita et al., 2002). These
existing models, however, do not accurately reflect the hu-
man small intestine functions (Gupta et al., 2008; Hartley
etal., 2006; Sun et al., 2008). This is because the expression
patterns of drug transporters and drug-metabolizing en-
zymes in the existing models are different from those in
the human small intestine (Lu and Li, 2001; Martignoni
et al., 2006; Maubon et al., 2007; Nakamura et al., 2002).
Therefore, it is difficult to precisely predict the absorption
and metabolism of oral drugs by using existing models.
An evaluation system whereby a model can evaluate drug
absorption and metabolism in the small intestine is thus
greatly needed.

Recently, several researchers have reported that intestinal
organoids can be differentiated from human pluripotent
stem cells in vitro (Forster et al., 2014; Kauffman et al.,
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2015; Spence et al., 2011; Tamminen et al., 2015). Human
intestinal organoids consist of all small intestinal cell types
(paneth cells, goblet cells, enterocytes, and enteroendo-
crine cells). Human intestinal organoids are very attractive
cell sources in terms of regenerative medicine. However, it
would be difficult to generate a monolayer small intestine
model, such as could be used in pharmaceutical research,
using these intestinal organoids. On the other hand,
several groups have demonstrated that a monolayer small
intestine model can be generated from human pluripotent
stem cells. Ogaki and co-workers succeeded in generating
epithelial-like cells (ELCs) from human pluripotent stem
cells in vitro by using (2'Z,3'E)-6-bromoindirubin-3’-oxime
(BIO) and N-[N-(3,5-difluorophenacetyl-L-alanyl)]-(S)-phe-
nylglycine t-butyl ester (DAPT), but there is room for
improvement in terms of the differentiation efficiency
(Ogaki et al., 2013, 2015). Kauffman et al. (2013) reported
that human induced pluripotent stem cell (iPSC)-derived
epithelial-like cells (hiPS-ELCs) form a monolayer showing
barrier formation. However, the usefulness of the hiPS-
ELCs in pharmaceutical research of oral drugs has not
been adequately validated, because the evaluation of small
intestinal drug-metabolizing enzymes and drug trans-
porters has not been well characterized.

We previously showed that intestinal epithelial cell dif-
ferentiation from human iPSCs could be promoted by us-
ing WNT3A, epidermal growth factor (EGF), SB431542,
and overlaying Matrigel (Negoro et al.,, 2016; Ozawa
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etal., 2015). Moreover, we succeeded in establishing an in-
testinal epithelial cell model from human iPSCs that has
the potential to be applied in drug absorption and meta-
bolism studies. However, further enhancement of the in-
testinal epithelial cell differentiation efficiency is required
because the percentage of villin 1-positive cells in the
hiPS-ELCs was not high enough (approximately 55%). In
addition, intestinal epithelial cells are known to have
different properties in the small intestine and the colon
(Beuling et al.,, 2012; Walker et al., 2014b, 2014a). For
example, it is known that the expression levels of peptide
transporter 1 (PEPT1), cytochrome P450 3A4 (CYP3A4),
apolipoprotein A4 (APOA4), and apolipoprotein C3
(APOC3) in the small intestine are higher than those in
the colon (Berggren et al., 2007; Meier et al., 2007; Walker
et al., 2014a). To establish a small intestinal model for oral
drug discovery, it is essential to prepare small intestinal
epithelial-like cells, not colonic ELCs. Nevertheless, to the
best of our knowledge there have been no reports exam-
ining whether hiPS-ELCs have the properties of the small
intestinal epithelial cells or colonic epithelial cells.

In this study, we developed a highly efficient differentia-
tion protocol of human iPSC-derived small intestinal
epithelial-like cells (hiPS-SIECs) by referring to the develop-
mental process of the small intestine and the method of
culturing intestinal organoids. In addition, we examined
whether human iPSC-derived cells have small intestinal
or colonic properties. Finally, we examined the drug ab-
sorption and metabolism capacities of hiPS-SIECs.

RESULTS

LY2090314 Treatment Promoted the Intestinal
Progenitor Cell Differentiation of Human iPSCs
Activation of the WNT/B-catenin signal is known to be
important for the differentiation of cells from definitive
endoderm cells to intestinal progenitor cells (Spence et al.,
2011). We therefore performed a screen for glycogen syn-
thase kinase 3B (GSK3pB) inhibitors, which can activate
WNT/B-catenin signaling (Figure 1A). We used BIO and
DAPT as controls for intestinal progenitor cell differentia-
tion (Ogaki et al., 2013). As a result of GSK3pB inhibitor
screening, the expression level of intestinal progenitor cell
marker caudal type homeobox 2 (CDX2) was increased in
the LY2090314-treated cells (Figure 1B). In addition, the
expression levels of the pancreatic progenitor cell marker
pancreatic and duodenal homeobox 1 (PDX1) and hepatic pro-
genitor marker alpha fetoprotein (AFP) in LY2090314-treated
cells were lower than those in definitive endoderm cells
(DECs) (Figure 1B). Moreover, the expression levels of
CDX2 were increased in a concentration-dependent
manner by LY2090314 treatment (Figures S1A and S1B).
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Consistently, the CDX2 protein expression level was
increased by LY2090314 treatment (Figure 1C). To examine
the intestinal progenitor cell differentiation efficiency, we
examined the percentage of CDX2-positive cells in the hu-
man iPSC-derived intestinal progenitor cells by fluores-
cence-activated cell sorting (FACS) analysis (Figure S1C).
The percentage of CDX2-positive cells was approximately
50%. Moreover, immunohistochemical analysis showed
that more than 90% of human iPSC-derived intestinal pro-
genitor cells were positive for CDX2 (Figures 1D and S1D).
This discrepancy of percentage of CDX2-positive cells might
be due to the difference of detection limit between FACS
and immunohistochemical analyses. These results suggest
that LY2090314 is a GSK3pB inhibitor suitable for selective
and efficient intestinal progenitor cell differentiation.

Promotion of Intestinal Epithelial Cell Differentiation
by WNT3A, R-Spondin 3, Noggin, EGF, IGF-1,
S$SB202190, and DEX Treatments

We next performed a screening experiment to establish an
efficient intestinal epithelial cell differentiation protocol,
as shown in Figure 2A. The test compounds or cytokines
used are known to regulate signals that play important
roles in intestinal epithelial cell differentiation, small intes-
tinal stem cell homeostasis, or small intestinal epithelial
cell maturation. We used BIO and DAPT as controls for
the intestinal epithelial cell differentiation (Ogaki et al.,
2013). The gene expression levels of the intestinal epithe-
lial cell markers villin 1 and intestine specific homeobox
(ISX) were examined by real-time RT-PCR on day 20. The
gene expression levels of villin 1 and ISX were increased
in the cells treated with SB202190, dexamethasone
(DEX), triiodothyronine (T3), SB431542, EGF, insulin-like
growth factor 1 (IGF-1), WNT3A-conditioned medium,
and WRN-conditioned medium (Figure 2B). We also found
that the combination of WRN (WNT3A, R-spondin 3,
Noggin), EGF, IGF-1, SB202190, and DEX resulted in the
most efficient intestinal epithelial cell differentiation,
judging from the gene expression levels of villin 1 and
ISX (Figure 2C). These results suggest that the combination
of WRN, EGF, IGF-1, SB202190, and DEX was suitable for
efficient intestinal epithelial cell differentiation. In the
following experiments, this combination was used.

WNT3A, R-Spondin 3, Noggin, EGF, IGF-1, SB202190,
and DEX Treatments Promoted Intestinal Epithelial
Cell Differentiation

We optimized the culture period to increase the intestinal
epithelial cell differentiation efficiency as shown in Fig-
ure 3A. The gene expression levels of villin 1, ISX, and
CDX2 in the WRN-, EGF-, IGF-1-, SB202190-, and DEX-
treated cells were examined by real-time RT-PCR analysis
at day 20, 24, or 28 of differentiation. The gene expression
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Figure 1. LY2090314 Treatment Promoted the Intestinal Progenitor Cell Differentiation of Human iPSCs

(A) The procedure for intestinal progenitor cell differentiation from human iPSCs (Tic) is shown. Definitive endoderm cells were treated
with solvent (DMSO), 40 uM SB216763, 3 uM CHIR99021, 20 nM LY2090314, 5 uM BIO, or 5 uM BIO +10 uM DAPT for 4 days.

(B) The gene expression levels of CDX2, PDX1, and AFP were examined by real-time RT-PCR analysis. On the y axis, the gene expression

levels in the definitive endoderm cells (DECs) were taken as 1.0.

(C) The CDX2 protein expression levels were measured by western blotting analysis.
(D) Immunostaining analysis of CDX2 (green) was performed in the human iPSC-derived intestinal progenitor cells. Nuclei were stained

with DAPI (blue). Scale bars represent 50 um.

All data are presented as means + SEM of three independent experiments. Significant differences between the definitive endoderm cells
and drug-treated groups were evaluated by one-way ANOVA followed by Dunnett’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001:

compared with “DECs"). See also Figure S1.

levels of villin 1, ISX, and CDX2 were the highest at day 28
(Figure 3B). Next, the gene expression levels of the intesti-
nal epithelial cell markers—i.e., villin 1, ISX, CDX2, alanyl
aminopeptidase, membrane (ANPEP), and sucrase-isomaltase
(SI)—in the hiPS-SIECs (day 28) were compared with those

in the human adult small intestine (hereafter small intes-
tine) by real-time RT-PCR analysis. The gene expression
levels of villin 1 were similar between the hiPS-SIECs and
the small intestine, while the gene expression levels of
ISX and ANPEP in the hiPS-SIECs were lower than those
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of the small intestine (Figure 3C). The SI expression level of
hiPS-SIECs was about 1/62 of that in the small intestine
(Figure 3C). We performed immunostaining of E-cadherin
and Zonula occludens-1 (ZO-1). Immunohistochemical
analysis showed that the hiPS-SIECs were positive for
E-cadherin and ZO-1 (Figures S2A and S2B). The percent-
ages of villin 1- and SI-positive cells in the hiPS-SIECs
were examined by FACS analysis. The percentage of villin
1- and SI-positive cells was approximately 95% and 88%,
respectively (Figure 3D). In addition, two other human
iPSClines, YOW-iPS and HC2-14-iPSCs, were differentiated
into intestinal ELCs and then the gene expression levels of
the intestinal epithelial cell markers (Figure S2C) and villin
1-positive cells were analyzed (Figure S2D). We were able to
perform intestinal epithelial cell differentiation at high ef-
ficiency in the two other human iPSC lines as well as the
human iPSC line, Tic. To further characterize the hiPS-
SIECs, we prepared confocal optical cross-sections and
performed immunostaining of villin 1. Apical villin 1 local-
ization was confirmed in our hiPS-SIECs (Figure 3E). We
also evaluated alkaline phosphatase (ALP) activity of
hiPS-SIECs (Figure 3F). The ALP activity was detected in
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the hiPS-SIECs, whereas it was not confirmed in a negative
control, mouse embryonic fibroblast (MEFs) (Figure 3F). In
addition, we observed the microvillus of monolayer of the
hiPS-SIECs using an electron microscope (Figure 3G). Our
hiPS-SIECs exhibited columnar morphology and micro-
villus structure. We performed immunostaining analysis
of chromogranin A (CHGA), lysozyme, and mucin 2
(MUC2) to confirm the existence of enteroendocrine,
paneth, and goblet cells, respectively (Figure S2E). We
confirmed the existence of other major intestinal epithelial
cell types in our model. These results suggest that the intes-
tinal epithelial cell differentiation was promoted by treat-
ment with WRN, EGEF IGF-1, SB202190, and DEX.
Although the gene expression levels of PDX1, pluripotent
marker SOX2, and lung marker NKX2.1 in hiPS-SIECs
were at nearly background levels, the gene expression
levels of AFP in the hiPS-SIECs were much higher than
those in the small intestine (Figure S2F). Immunohisto-
chemical analysis also showed that the hiPS-SIECs were
positive for AFP (Figure S2G). These results suggest that
there is still room for improvement in the intestinal differ-
entiation method.
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alyses were performed using the unpaired
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(D) The percentages of villin 1-positive and
SI-positive cells were measured by FACS
analysis.

(E) Immunostaining analysis of villin 1
(red) was performed in the hiPS-SIECs.
Nuclei were stained with DAPI (blue). Scale
bar represents 10 pum.

(F) Alkaline phosphatase (ALP) activities of
hiPS-SIECs and mouse embryonic fibroblasts
(MEF) were confirmed by ALP staining. Scale
bars represent 100 um.

(G) Transmission electron micrographs of monolayer of the hiPS-SIECs. Scale bar represents 2 um.
All data are presented as means + SEM of three independent experiments. See also Figure S2.

Expression Analysis of Small Intestinal and Colonic
Epithelial Cell Markers

We evaluated whether the hiPS-SIECs have small intestinal
or colonic properties. First, the gene expression levels of the
small intestinal epithelial cell markers—i.e., apolipoprotein
A4 (APOA4), apolipoprotein C2 (APOC2), apolipoprotein C3
(APOC3), fibroblast growth factor 19 (FGF19), and GATA bind-
ing protein 4 (GATA4)—were examined by real-time RT-PCR
analysis (de Wit et al., 2008; Tsai et al., 2017). The gene
expression levels of APOA4, APOC2, APOC3, and FGF19 in
the hiPS-SIECs were similar to those in the small intestine
(Figure 4A and Table S2). The gene expression levels of the
colonic epithelial cell markers—i.e., carbonic anhydrase 1

(CA1), carbonic anhydrase 2 (CA2), solute carrier family 2 mem-
ber 2 (SLC9A2), solute carrier family 9 member 3 (SLC9A3), and
SATB homeobox 2 (SATB2)—were also examined by real-time
RT-PCR analysis (de Wit et al., 2008; Tsai et al., 2017). The
gene expression levels of CA1, CA2, SLC9A2, SLC9A3, and
SATB2 in hiPS-SIECs and the small intestine were lower
than those in the colon (Figure 4B and Table S3). In addi-
tion, we examined global intestinal gene expression profile
by microarray analysis. The intestinal-focused gene expres-
sion profile in hiPS-SIECs was similar to that of small intes-
tine rather than that of colon (Figure 4C). These results
suggest that the hiPS-SIECs indeed have small intestinal
characteristics but not colonic characteristics.
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Expression Analysis of Drug-Metabolizing Enzymes
and Drug Transporters

Drugs administered orally are known to be metabolized not
only in the liver but also in the small intestine. Therefore,
we first examined the gene expression levels of the drug-
metabolizing enzymes cytochrome P450 family 2 subfamily
C member 9 (CYP2C9), cytochrome P450 family 2 subfamily
J member 2 (CYP2]2), CYP3A4, UDP glucuronosyltransferase
family 1 member A1 (UGT1A1), UDP glucuronosyltransferase
family 1 member A3 (UGT1A3), and carboxylesterase 2
(CES2)—Dby real-time RT-PCR analysis. The gene expression
levels of drug-metabolizing enzymes in the hiPS-SIECs
were lower than those in the small intestine (Figure 5A
and Table S4).

It is known that the small intestine plays an important
role in intestinal absorption and excretion of oral drugs,
because the drug transporters are highly expressed in the
small intestine (Giacomini et al., 2010). In the present
study, therefore, we first examined the gene expression
levels of the drug transporters expressed on the apical sur-

1544 Stem Cell Reports | Vol. Il | 1539—1550 | December |1, 2018

CA2 SLC9A2SLC9A3 SATB2

Figure 4. Expression Analysis of Small

[ hiPS-SIECs
O Small Intestine  Intestinal Epithelial Cell Markers and
I Colon Colonic Epithelial Cell Markers
b b b (A and B) The gene expression levels of
a a a small intestinal epithelial cell markers (A)

a and colonic epithelial cell makers (B) in the
human iPSC (Tic)-derived small intestinal
epithelial-like cells (hiPS-SIECs), human
adult small intestine (Small Intestine), and
human adult colon (Colon) were examined
by real-time RT-PCR analysis. On the y axis
in (A), the gene expression levels in the
human adult small intestine were taken as
1.0. On the y axis in (B), the gene expres-
sion levels in the human adult colon were
taken as 1.0. Statistical significance was
evaluated by one-way ANOVA followed by
Tukey’s post hoc test (p < 0.05). Groups that
do not share the same letter are signifi-
cantly different from each other.

(C) Global intestinal gene expression ana-
lyses were performed in undifferentiated
human iPSCs, hiPS-SIECs, small intestine,
and colon. Heatmap represents the average
log,-fold difference. Data are presented
as the means = SEM of three independent
experiments.

face of enterocytes, i.e., multidrug resistance protein 1
(MDR1), breast cancer resistance protein (BCRP), peptide trans-
porter 1 (PEPT1), multidrug resistance-associated protein 2
(MRP2), multidrug resistance-associated protein 4 (MRP4),
and multidrug resistance-associated protein 6 (MRP6), by
real-time RT-PCR analysis. The gene expression levels of
PEPT1, MRP2, and MRP6 were similar between the hiPS-
SIECs and the small intestine (Figure 5B and Table S5).
However, the MDR1 expression levels in the hiPS-SIECs
were approximately 66 times lower than those in the small
intestine (Figure 5B). Next, the gene expression levels of the
drug transporters expressed on the basolateral surface of
enterocytes, i.e., multidrug resistance-associated protein 1
(MRP1), multidrug resistance-associated protein 3 (MRP3),
multidrug resistance-associated protein 5 (MRPS5), organic so-
lute transporter alpha (OSTA), and organic solute transporter
beta (OSTB), were examined by real-time RT-PCR analysis.
The gene expression levels of OSTA were similar between
the hiPS-SIECs and the small intestine (Figure 5C and Table
S6). However, the MRP3 and OSTB expression levels in the
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hiPS-SIECs were lower than those in the small intestine
(Figure 5C).

Because Caco-2 cells, human colorectal adenocarcinoma
cells, are often used as a human intestinal epithelial cell
model for pharmaceutical research, we compared the gene
expression levels of drug-metabolizing enzymes and drug
transporters between hiPS-SIECs and Caco-2 cells. The
gene expression levels of CYP2J2 and MRP4 in the hiPS-
SIECs were similar to those in the Caco-2 cells (Figure S3A;
Tables S4 and S5). The gene expression levels of CYP3A4,
CES2, BCRP, PEPT1, MRP1, and MRPS5 in the hiPS-SIECs
were higher than those in the Caco-2 cells (Figure S3A and
Tables S4-S6). However, the gene expression levels of
CYP2C9, UGT1A1, UGT1A3, MDR1, MRP2, MRP6, MRP3,
OSTA, and OSTB in the hiPS-ELCs were lower than those
in the Caco-2 cells (Figure S3A and Tables S4-S6). These re-
sults might suggest that our hiPS-SIECs resemble to fetal
rather than the adult small intestine because the gene
expression levels of drug-metabolizing enzymes and several
drug transporters such as MDRI in the hiPS-SIECs were
lower than those in the adult small intestine.

The Drug Absorption and Metabolism Capacities of
hiPS-SIECs

Among the various CYPs, CYP3A4 has been shown to be a
dominant drug-metabolizing enzyme in the small intesti-
nal epithelial cells (Paine et al., 2006). We evaluated the ac-
tivity levels of CYP3A4 in hiPS-SIECs. The CYP3A4 activity
levels in the hiPS-SIECs were approximately 3-fold higher
than those in undifferentiated human iPSCs (Figure S3B).
Moreover, CYP3A4 expression in the small intestinal
epithelial cells can be induced by various drugs (Glaeser
et al.,, 2005; Kolars et al.,, 1992; Theodoropoulos et al.,
2003). However, the use of experimental animal models
and cancer cell lines cannot provide an accurate evaluation
of the CYP3A4 induction in human small intestinal
epithelial cells (Hewitt et al., 2007). In the present study,
therefore, to examine the CYP3A4 induction potency of
the hiPS-SIECs, these cells were treated with either of two
CYP3A4 inducers, 1a,25-dihidroxyvitamin D3 (VD3) and
rifampicin (RIF), then the gene expression levels of
CYP3A4 were examined by real-time RT-PCR analysis. We
used iPSCs as negative controls for a CYP3A4 induction
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Figure 6. The Drug Absorption and Meta-
** bolism Capacities of hiPS-SIECs
(A) The human iPSC (Tic)-derived small
intestinal epithelial-like cells (hiPS-
SIECs) were treated with solvent (DMSO),
20 uM rifampicin (RIF), or 100 nM 1a,25-
dihydroxyvitamin D3 (VD3) for 48 hr. The
gene expression levels of CYP3A4 were
examined by real-time RT-PCR analysis.
On the y axis, the gene expression levels
in the DMSO-treated cells were taken as
1.0.
(B) The CES2 activity levels in the hiPS-
SIECs were measured by treatment with
fluorescein diacetate (a CES2 substrate) in
the presence or absence of 1 mM loperamide
(a CES2 inhibitor).
(C) Monolayer formation of hiPS-SIECs in
the presence or absence of 10 mM capric
acid (C10; an absorption-enhancing agent).
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of rhodaminel23 across the hiPS-SIECs
monolayer in the presence or absence of
10 pM cyclosporine A (CysA; an MDR1
inhibitor).

(F) The hiPS-SIECs were treated with
25 puM D-Ala-Leu-Lys-AMCA (blue) for
4 hr in the presence or absence of
100 puM captopril (a PEPT1 inhibitor).
After the uptake of D-Ala-Leu-Lys-AMCA,
the cells were fixed. Immunostaining
analysis of E-cadherin (red) was per-
formed in the hiPS-SIECs. Scale bars
represent 50 pm.

unpaired two-tailed Student’s t test (*p < 0.05, **p < 0.01). See also Figures S3 and S4.

test (Figure S3C). The results showed that the CYP3A4
expression levels were increased by RIF or VD3 treatment
in the hiPS-SIECs (Figure 6A). It is also known that CES2
is highly expressed in the small intestine (Imai et al.,
2006). CES2 contributes to the pharmacokinetics of oral
drugs having an ester structure (Imai et al., 2006; Wang
et al.,, 2011). However, the expression levels of CES2 in
Caco-2 cells are much lower than those in the human
adult small intestine (Imai et al., 2005). Therefore, we
also evaluated the activity levels of CES2 in hiPS-SIECs.
We confirmed that the CES2 activity levels in the hiPS-
SIECs were higher than those in Caco-2 cells (Figure S3D),
and the CES2 activity in the hiPS-SIECs was significantly
inhibited by loperamide (a CES2 inhibitor) (Figure 6B).
These results suggest that hiPS-SIECs could potentially be
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used to evaluate the CYP3A4 induction test and CES2
activity.

To examine whether the hiPS-SIECs could be applicable
to drug permeability studies, we evaluated barrier function
in the hiPS-SIECs monolayer by transepithelial electrical
resistance (TEER) measurements, Lucifer yellow (LY) and
fluorescein isothiocyanate-dextran, average molecular
weight 3,000-5,000 (FD4) permeability tests. We used
iPSCs and Caco-2 cells as negative controls and positive
controls, respectively, for TEER, LY, and FD4 permeability
tests (Figures S4A-S4C). The TEER value in the hiPS-SELCs
monolayer was approximately 656 Q cm? (Figure 6C), indi-
cating that a tight junction was formed. The TEER value in
the Caco-2 cells monolayer was approximately 954 Q cm?
(Figure S4A). It is known that the TEER value in the



Caco-2 cells monolayer is higher than those in the human
small intestine (Ayehunie et al., 2014). Thus, the hiPS-
SELCs monolayer would be more suitable for evaluating
the absorption of hydrophilic drugs than the Caco-2 cells
monolayer. The TEER value was significantly decreased by
treatment with capric acid (C10, an absorption-enhancing
agent) (Figure 6C). The LY and FD4 apparent membrane
permeability coefficient (Papp) values were increased by
treatment with C10 (Figures 6D and S4D-S4F). These re-
sults suggest that the hiPS-SIECs could be applicable to
drug permeability studies.

MDR1 is known to play an important role in the intes-
tinal absorption and excretion of various drugs, such as
digoxin and verapamil. We performed an apical-to-baso-
lateral MDR1 transport assay in the hiPS-SIECs monolayer
by using rhodaminel23 (an MDRI1 substrate). We used
iPSCs and Caco-2 cells as negative controls and positive
controls, respectively, for MDR1 transport assay (Fig-
ure S4G). The Papp value of thodaminel23 in the hiPS-
SIECs was significantly increased by cyclosporine A (an
MDRI1 inhibitor) (Figures 6E and S4H). PEPT1 mediates
the absorption of various drugs with a peptide-like struc-
ture, such as cephalexin and valaciclovir. We performed
a peptide-uptake analysis of a fluorescently labeled tripep-
tide (D-Ala-Leu-Lys-AMCA, a PEPT1 substrate). At first we
prepared confocal optical cross-sections and performed
immunostaining of PEPT1. Apical PEPT1 localization was
confirmed in our hiPS-SIECs (Figure S4I). We confirmed
that E-cadherin-positive hiPS-SIECs could take up D-Ala-
Leu-Lys-AMCA (Figure 6F). Moreover, this uptake was in-
hibited by captopril (a PEPT1 inhibitor). Similarly, the
Papp value of glycylsarcosine (a PEPT1 substrate) in the
hiPS-SIECs was significantly decreased by captopril (Fig-
ure S4J). These results suggest that hiPS-SIECs have barrier
ability and could be applied to the development of an
absorbance-accelerating agent. In addition, intestinal ab-
sorption and excretion through transporters including
MDRI1 and PEPT1 may be accurately predicted by using
hiPS-SIECs.

DISCUSSION

The aim of this study was to develop a method for gener-
ating small intestinal, but not colonic, ELCs from human
iPSCs for the evaluation of drug absorption, metabolism,
and excretion. To this end, we performed screening experi-
ments using various compounds or cytokines under the
two-dimensional culture condition. We also examined the
drug absorption and metabolism capacities of hiPS-SIECs.
LY2090314 was a suitable GSK3p inhibitor for intestinal
progenitor cell differentiation (Figure 1). It is known that a
high concentration of WNT3A/FGF4 or BIO/DAPT can pro-

mote intestinal progenitor cell differentiation (Ogaki et al.,
2013; Spence et al., 2011). We found that LY2090314 treat-
ment could efficiently promote intestinal progenitor cell
differentiation as well as BIO/DAPT. Compared with the pro-
tocol that uses a high concentration of WNT3A/FGF4, our
protocol decreased the cost of intestinal progenitor cell dif-
ferentiation. It is known that BIO exhibits various off-target
effects, such as the inhibition of JAK/STAT signals (Liu et al.,
2011). Because JAK/STAT signals are necessary for intestinal
stem cell proliferation (Lin et al., 2010), LY2090314 might
be amore suitable compound for the promotion of intestinal
progenitor cell differentiation as compared with BIO.

We demonstrated that the combination of WRN, EGF,
IGF-1, SB202190, and DEX could efficiently promote intes-
tinal epithelial cell differentiation (Figures 2 and 3).
Because it is known that WNT3A, R-spondin 3, Noggin,
EGF, and SB202190 are necessary for intestinal organoid
maintenance (Sato et al., 2011), intestinal stem cells might
have appeared among our hiPS-SIECs. It has been reported
that IGF-1 promotes the proliferation of small intestinal
epithelial cells, while DEX promotes maturation in
neonatal rat small intestinal epithelial cells (Booth et al.,
1995; Leeper et al., 1998; McDonald and Henning, 1992).
Thus, IGF-1 and DEX treatments would also have pro-
moted intestinal epithelial cell differentiation. In the
future it will be necessary to clarify the mechanism of our
intestinal epithelial cell differentiation method using
WRN, EGF, IGF-1, SB202190, and DEX.

In this study, we succeeded in generating small intesti-
nal, but not colonic, ELCs from human iPSCs (Figure 4).
Recently, Munera et al. (2017) reported that the colonic or-
ganoid differentiation from human pluripotent stem cells
requires activation of transient bone morphogenetic pro-
tein (BMP) signals. Thus it might be important to suppress
the BMP signal to perform efficient small intestinal differ-
entiation. Because we used Noggin, which can suppress
the BMP signal during the small intestinal epithelial cell
differentiation, the small intestinal epithelial cell differen-
tiation would have been successfully performed.

The gene expression levels of most drug transporters
were similar between the hiPS-SIECs and the adult small in-
testine (Figures 5 and 6). However, the gene expression
levels of CYP3A4 and MDR1 in hiPS-SIECs were still lower
than those in the small intestine. These phenomena were
also observed in other studies (Iwao et al., 2015; Ogaki
et al., 2015; Ozawa et al., 2015). Therefore, further small
intestinal epithelial cell maturation studies are needed. In
our previous report, hepatic maturation of the human
iPSC-derived hepatocyte-like cells was enhanced by gene
transfer technology (Nakamori et al.,, 2016; Takayama
et al., 2012b, 2012a). This technology might also be useful
for improvement of the small intestinal epithelial cell
maturation.
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Recently, Vernetti et al. (2017) showed the possibility of
evaluating systemic pharmacokinetics by using the Or-
gans-on-a-Chip system, which consists of various types of
cells in the body including intestinal organoids. Organs-
on-a-Chip would be an attractive model for systemic phar-
macokinetic study. Although it is difficult to obtain various
types of cells from the same donor, human iPS-derived cells
would be able to provide various types of cells from the sin-
gle donor. It is known that there are large inter-individual
differences in drug-metabolizing capacity due to the vari-
ety of genetic background (Ingelman-Sundberg, 2001;
Zhou, 2009). Thus, human iPS-derived cells, but not bi-
opsy-derived organoids, might be the most appropriate
model for the Organs-on-a-Chip system.

In this study, we have succeeded in generating small in-
testinal epithelial cells from human iPSCs for use in drug
absorption and metabolism tests. We believe that our
hiPS-SIECs model would greatly accelerate the safe and effi-
cient discovery and development of novel drugs.

EXPERIMENTAL PROCEDURES

Human iPSC Culture

Three human iPSC lines, Tic (provided by Dr. A. Umezawa,
National Center for Child Health and Development), YOW-iPSCs,
and HC2-14-iPSCs (Takayama et al., 2014) were maintained on a
feeder layer of mitomycin C-treated MEFs (Merck Millipore) with
ReproStem medium (ReproCELL) supplemented with 10 ng/mL
FGF2 (Katayama Chemical Industries).

In Vitro Differentiation

Before the initiation of small intestinal epithelial cell differentia-
tion, human iPSCs were dissociated into clumps by using dispase
(Roche) and plated onto growth factor reduced BD Matrigel
Basement Membrane Matrix (BD Biosciences). These cells were
cultured in the MEF-conditioned medium for 2-3 days. The dif-
ferentiation protocol for the induction of DECs was described
previously (Takayama et al., 2014). In brief, for the definitive
endoderm cell differentiation, human iPSCs were cultured for
4 days in WNT3A-expressing cell (ATCC; CRL2647)-conditioned
RPMI1640 medium (Sigma-Aldrich) containing 100 ng/mL acti-
vin A (R&D Systems), 1x GlutaMAX (Thermo Fisher Scientific),
0.2% fetal bovine serum (FBS), and 1x B27 Supplement Minus
Vitamin A (Thermo Fisher Scientific). For the induction of intes-
tinal progenitor cells, the DECs were cultured for 4 days in an in-
testinal differentiation medium, DMEM-High Glucose medium
(FUJIFILM Wako) containing 10% knockout serum replacement
(Thermo Fisher Scientific), 1% non-essential amino acid solution
(NEAA; Thermo Fisher Scientific), penicillin/streptomycin (P/S;
Nacalai Tesque) and 1x GlutaMAX supplemented with 20 nM
LY2090314 (MedChem Express). Then, for the induction of small
intestinal epithelial-like cells, the intestinal progenitor cells were
cultured for 20 days in WNT3A-, R-spondin 3-, and Noggin-
expressing cell (ATCC; CRL3276)-conditioned intestinal differen-
tiation medium containing 10 uM SB202190 (FUJIFILM Wako),
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1 uM DEX (FUJIFILM Wako), 50 ng/mL EGF (R&D Systems),
and 20 ng/mL IGF-1 (R&D Systems).

Caco-2 Cell Culture

Caco-2 cells (ATCC, HTB-37) were cultured with minimal
essential medium (Sigma-Aldrich) containing 10% FBS, 1% NEAA,
1xGlutaMAX, and P/S. For differentiation of Caco-2 cells, Caco-2
cells were cultured for 21 days after they reached confluence.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, four figures, and six tables and can be found with
this article online at https://doi.org/10.1016/j.stemcr.2018.10.
019.

AUTHOR CONTRIBUTIONS

K.T. and H.M. conceived and supervised the study; R.N. designed
the experiments; R.N. performed the experiments; R.N., K.T.,
K.K., K. Harada, ES., K. Hirata, and H.M. analyzed the data; R.N.,
K.T., and H.M. wrote the manuscript.

ACKNOWLEDGMENTS

We thank Ms. Yasuko Hagihara, Ms. Natsumi Mimura, and Ms.
Ayaka Sakamoto for their excellent technical support. We thank
Mr. Marcos Taracena for critical reading of the manuscript. This
research is supported by the grants from Japan Agency for Medical
Research and Development, AMED (16mk0104004h0303), Mo-
chida Memorial Foundation for Medical and Pharmaceutical
Research, and JSPS KAKENHI (grant numbers 18H05033 and
18H05373).

Received: September 22, 2017
Revised: October 25, 2018
Accepted: October 25, 2018
Published: November 21, 2018

REFERENCES

Ayehunie, S., Stevens, Z., Landry, T., Klausner, M., Hayden, P., and
Letasiova, S. (2014). Novel 3-D human small intestinal tissue
model to assess drug permeation, inflammation, and wound
healing. Toxicol. Lett. 229, S144.

Berggren, S., Gall, C., Wollnitz, N., Ekelund, M., Karibom, U.,
Hoogstraate, J., Schrenk, D., and Lennernds, H. (2007). Gene and
protein expression of P-glycoprotein, MRP1, MRP2, and CYP3A4
in the small and large human intestine. Mol. Pharm. 4, 252-257.

Beuling, E., Aronson, B.E., Tran, L.M.D., Stapleton, K.A., ter Horst,
E.N., Vissers, L.A.T.M., Verzi, M.P,, and Krasinski, S.D. (2012).
GATAG is required for proliferation, migration, secretory cell matu-
ration, and gene expression in the mature mouse colon. Mol. Cell.
Biol. 32, 3392-3402.

Booth, C., Evans, G.S., and Potten, C.S. (1995). Growth factor regu-
lation of proliferation in primary cultures of small intestinal
epithelium. In Vitro Cell. Dev. Biol. Anim. 31, 234-243.


https://doi.org/10.1016/j.stemcr.2018.10.019
https://doi.org/10.1016/j.stemcr.2018.10.019
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref4
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref4
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref4

Di Claudio, F, Muglia, C.I., Smaldini, P.L., Orsini Delgado, M.L.,
Trejo, EM., Grigera, J.R., and Docena, G.H. (2017). Use of a
collagen membrane to enhance the survival of primary intestinal
epithelial cells. J. Cell. Physiol. 232, 2489-2496.

de Wit, N.J., Bosch-Vermeulen, H., de Groot, P.J., Hooiveld, G.J.,
Bromhaar, M.M.G., Jansen, J., Miiller, M., and van der Meer, R.
(2008). The role of the small intestine in the development of die-
tary fat-induced obesity and insulin resistance in C57BL/6] mice.
BMC Med. Genomics 1, 14.

Forster, R., Chiba, K., Schaeffer, L., Regalado, S.G., Lai, C.S., Gao,
Q., Kiani, S., Farin, H.E, Clevers, H., Cost, G.J., etal. (2014). Human
intestinal tissue with adult stem cell properties derived from
pluripotent stem cells. Stem Cell Reports 2, 838-852.

Giacomini, K.M., Huang, S.-M., Tweedie, D.J., Benet, L.Z., Brouwer,
K.L.R., Chu, X., Dahlin, A., Evers, R., Fischer, V., Hillgren, K.M.,
et al. (2010). Membrane transporters in drug development. Nat.
Rev. Drug Discov. 9, 215-236.

Glaeser, H., Drescher, S., Eichelbaum, M., and Fromm, M.E. (2005).
Influence of rifampicin on the expression and function of human
intestinal cytochrome P450 enzymes. Br. J. Clin. Pharmacol. 59,
199-206.

Gupta, A., Mugundu, G.M., Desai, P.B., Thummel, K.E., and Unad-
kat, J.D. (2008). Intestinal human colon adenocarcinoma cell line
LS180 is an excellent model to study pregnane X receptor, but not
constitutive androstane receptor, mediated CYP3A4 and multi-
drug resistance transporter 1 induction: studies with anti-human
immunodeficiency. Drug Metab. Dispos. 36, 1172-1180.

Hansen, T., Borlak, J., and Bader, A. (2000). Cytochrome P450
enzyme activity and protein expression in primary porcine enter-
ocyte and hepatocyte cultures. Xenobiotica 30, 27-46.

Hartley, D.P., Dai, X., Yabut, J., Chu, X., Cheng, O., Zhang, T., He,
Y.D., Roberts, C., Ulrich, R., Evers, R., et al. (2006). Identification of
potential pharmacological and toxicological targets differentiating
structural analogs by a combination of transcriptional profiling
and promoter analysis in LS-180 and Caco-2 adenocarcinoma
cell lines. Pharmacogenet. Genomics 16, 579-599.

Hewitt, N.J., Lecluyse, E.L., and Ferguson, S.S. (2007). Induction of
hepatic cytochrome P450 enzymes: methods, mechanisms, rec-
ommendations, and in vitro-in vivo correlations. Xenobiotica
37,1196-1224.

Imai, T., Imoto, M., Sakamoto, H., and Hashimoto, M. (2005). Iden-
tification of esterases expressed in Caco-2 cells and effects of their
hydrolyzing activity in predicting human intestinal absorption.
Drug Metab. Dispos. 33, 1185-1190.

Imai, T., Taketani, M., Shii, M., Hosokawa, M., and Chiba, K.
(2006). Substrate specificity of carboxylesterase isozymes and their
contribution to hydrolase activity in human liver and small intes-
tine. Drug Metab. Dispos. 34, 1734-1741.

Ingelman-Sundberg, M. (2001). Genetic susceptibility to adverse
effects of drugs and environmental toxicants: the role of the CYP
family of enzymes. Mutat. Res. 482, 11-19.

Iwao, T., Kodama, N., Kondo, Y., Kabeya, T., Nakamura, K., Hori-
kawa, T., Niwa, T., Kurose, K., and Matsunaga, T. (2015). Genera-
tion of enterocyte-like cells with pharmacokinetic functions

from human induced pluripotent stem cells using small- molecule
compounds. Drug Metab. Dispos. 43, 603-610.

Kauffman, A.L., Gyurdieva, A.V., Mabus, J.R., Ferguson, C., Yan, Z.,
and Hornby, PJ. (2013). Alternative functional in vitro models of
human intestinal epithelia. Front. Pharmacol. 4, 79.

Kauffman, A.L., Ekert, J.E., Gyurdieva, A.V., Rycyzyn, M.A., and
Hornby, PJ. (2015). Directed differentiation protocols for success-
ful human intestinal organoids derived from multiple induced
pluripotent stem cell lines. Stem Cell Biol. Res. 2, 1.

Kolars, J.C., Schmiedlin-Ren, P., Schuetz, J.D., Fang, C., and Wat-
kins, P.B. (1992). Identification of rifampin-inducible P450111A4
(CYP3A4) in human small bowel enterocytes. J. Clin. Invest. 90,
1871-1878.

Leeper, L.L., McDonald, M.C., Heath, ].P., and Henning, S.J. (1998).
Sucrase-isomaltase ontogeny: synergism between glucocorticoids
and thyroxine reflects increased mRNA and no change in cell
migration. Biochem. Biophys. Res. Commun. 246, 765-770.

Lin, G., Xu, N., and Xi, R. (2010). Paracrine unpaired signaling
through the JAK/STAT pathway controls self-renewal and lineage
differentiation of Drosophila intestinal stem cells. J. Mol. Cell
Biol. 2, 37-49.

Liu, L., Nam, S., Tian, Y., Yang, F, Wu, J., Wang, Y., Scuto, A., Poly-
chronopoulos, P., Magiatis, P., Skaltsounis, L., et al. (2011). 6-Bro-
moindirubin-3’-oxime inhibits JAK/STAT3 signaling and induces
apoptosis of human melanoma cells. Cancer Res. 71, 3972-3979.

Lu, C., and Li, A.P. (2001). Species comparison in P450 induction:
effects of dexamethasone, omeprazole, and rifampin on P450 iso-
forms 1A and 3A in primary cultured hepatocytes from man,
Sprague-Dawley rat, minipig, and beagle dog. Chem. Biol. Interact.
134, 271-281.

Martignoni, M., Groothuis, G.M.M., and de Kanter, R. (2006). Spe-
cies differences between mouse, rat, dog, monkey and human cy-
tochrome P450-mediated drug metabolism. Expert Opin. Drug
Metab. Toxicol. 2, 875-894.

Maubon, N., Le Vee, M., Fossati, L., Audry, M., Le Ferrec, E., Bolze,
S., and Fardel, O. (2007). Analysis of drug transporter expression in
human intestinal Caco-2 cells by real-time PCR. Fundam. Clin.
Pharmacol. 21, 659-663.

McDonald, M.C., and Henning, S.J. (1992). Synergistic effects of
thyroxine and dexamethasone on enzyme ontogeny in rat small
intestine. Pediatr. Res. 32, 306-311.

Meier, Y., Eloranta, J., and Darimont, J. (2007). Regional distribu-
tion of solute carrier mRNA expression along the human intestinal
tract. Drug Metab. Dispos. 35, 590-594.

Munera, J.O., Sundaram, N., Rankin, S.A., Hill, D., Watson, C.,
Mahe, M., Vallance, J.E., Shroyer, N.E, Sinagoga, K.L., Zarzoso-La-
coste, A., et al. (2017). Differentiation of human pluripotent stem
cells into colonic organoids via transient activation of BMP
signaling. Cell Stem Cell 21, 51-64.e6.

Nakamori, D., Takayama, K., Nagamoto, Y., Mitani, S., Sakurai, E,
Tachibana, M., and Mizuguchi, H. (2016). Hepatic maturation of
human iPS cell-derived hepatocyte-like cells by ATFS, c/EBPa,
and PROX1 transduction. Biochem. Biophys. Res. Commun.
469, 424-429.

Stem Cell Reports | Vol. Il | 1539—1550 | December I1,2018 1549



http://refhub.elsevier.com/S2213-6711(18)30442-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref11
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref11
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref11
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref12
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref12
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref12
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref12
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref12
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref12
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref13
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref13
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref13
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref13
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref14
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref14
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref14
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref14
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref15
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref15
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref15
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref15
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref16
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref16
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref16
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref17
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref17
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref17
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref17
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref17
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref18
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref18
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref18
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref19
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref19
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref19
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref19
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref20
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref20
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref20
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref20
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref21
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref21
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref21
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref21
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref22
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref22
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref22
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref22
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref23
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref23
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref23
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref23
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref23
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref24
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref24
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref24
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref24
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref24
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref25
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref25
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref25
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref25
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref26
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref26
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref26
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref26
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref27
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref27
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref27
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref28
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref28
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref28
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref29
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref29
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref29
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref29
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref29
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref30
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref30
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref30
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref30
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref30

Nakamura, T., Sakaeda, T., Ohmoto, N., Tamura, T., Aoyama, N.,
Shirakawa, T., Kamigaki, T., Nakamura, T., Kim, K.I., Kim, S.R.,
et al. (2002). Real-time quantitative polymerase chain reaction
for MDR1, MRP1, MRP2, and CYP3A-mRNA levels in Caco-2 cell
lines, human duodenal enterocytes, normal colorectal tissues,
and colorectal adenocarcinomas. Drug Metab. Dispos. 30, 4-6.

Negoro, R., Takayama, K., Nagamoto, Y., Sakurai, F, Tachibana, M.,
and Mizuguchi, H. (2016). Modeling of drug-mediated CYP3A4 in-
duction by using human iPS cell-derived enterocyte-like cells. Bio-
chem. Biophys. Res. Commun. 472, 631-636.

Ogaki, S., Shiraki, N., Kume, K., and Kume, S. (2013). Wnt and
Notch signals guide embryonic stem cell differentiation into the
intestinal lineages. Stem Cells 31, 1086-1096.

Ogaki, S., Morooka, M., Otera, K., and Kume, S. (2015). A cost-effec-
tive system for differentiation of intestinal epithelium from hu-
man induced pluripotent stem cells. Sci. Rep. 5, 17297.

Ozawa, T., Takayama, K., Okamoto, R., Negoro, R., Sakurai, F., Ta-
chibana, M., Kawabata, K., and Mizuguchi, H. (2015). Generation
of enterocyte-like cells from human induced pluripotent stem cells
for drug absorption and metabolism studies in human small intes-
tine. Sci. Rep. 5, 16479.

Paine, M.F, Hart, H.L., Ludington, S.S., Haining, R.L., Rettie, A.E.,
and Zeldin, D.C. (2006). The human intestinal cytochrome P450
“pie”. Drug Metab. Dispos. 34, 880-886.

Sato, T., Stange, D.E., Ferrante, M., Vries, R.G.J., Van Es, ].H., Van
Den Brink, S., Van Houdt, W.]., Pronk, A., Van Gorp, J., Siersema,
P.D., et al. (2011). Long-term expansion of epithelial organoids
from human colon, adenoma, adenocarcinoma, and Barrett’s
epithelium. Gastroenterology 141, 1762-1772.

Shirasaka, Y., Kawasaki, M., Sakane, T., Omatsu, H., Moriya, Y., Na-
kamura, T., Sakaeda, T., Okumura, K., Langguth, P., and Yamashita,
S. (2006). Induction of human P-glycoprotein in Caco-2 cells:
development of a highly sensitive assay system for P-glycopro-
tein-mediated drug transport. Drug Metab. Pharmacokinet. 21,
414-423.

Spence, J.R., Mayhew, C.N., Rankin, S.A., Kuhar, M.E, Vallance,
J.E., Tolle, K., Hoskins, E.E., Kalinichenko, V.V., Wells, S.I., Zorn,
AM., et al. (2011). Directed differentiation of human pluripotent
stem cells into intestinal tissue in vitro. Nature 470, 105-109.

Sun, H., Chow, E.C.Y,, Liu, S., Du, Y., and Pang, K.S. (2008). The
Caco-2 cell monolayer: usefulness and limitations. Expert Opin.
Drug Metab. Toxicol. 4, 395-411.

Takayama, K., Inamura, M., Kawabata, K., Katayama, K., Higuchi,
M., Tashiro, K., Nonaka, A., Sakurai, F., Hayakawa, T., Kusuda
Furue, M., et al. (2012a). Efficient generation of functional hepato-
cytes from human embryonic stem cells and induced pluripotent
stem cells by HNF4o. transduction. Mol. Ther. 20, 127-137.

1550 Stem Cell Reports | Vol. Il | 1539—1550 | December I 1,2018

Takayama, K., Inamura, M., Kawabata, K., Sugawara, M., Kikuchi,
K., Higuchi, M., Nagamoto, Y., Watanabe, H., Tashiro, K., Sakurai,
E, et al. (2012b). Generation of metabolically functioning hepato-
cytes from human pluripotent stem cells by FOXA2 and HNF1-
alpha transduction. J. Hepatol. 57, 628-636.

Takayama, K., Morisaki, Y., Kuno, S., Nagamoto, Y., Harada, K., Fur-
ukawa, N., Ohtaka, M., Nishimura, K., Imagawa, K., Sakurai, F.,
et al. (2014). Prediction of interindividual differences in hepatic
functions and drug sensitivity by using human iPS-derived hepato-
cytes. Proc. Natl. Acad. Sci. US A 111, 16772-16777.

Tamminen, K., Balboa, D., Toivonen, S., Pakarinen, M.P., Wiener,
Z., Alitalo, K., and Otonkoski, T. (2015). Intestinal commitment
and maturation of human pluripotent stem cells is independent
of exogenous FGF4 and R-spondin1. PLoS One 10, e0134551.

Taylor, MJ., Tanna, S., and Sahota, T. (2010). In vivo study of a
polymeric glucose-sensitive insulin delivery system using a rat
model. J. Pharm. Sci. 99, 4215-4227.

Theodoropoulos, C., Demers, C., Delvin, E., Ménard, D., and
Gascon-Barré, M. (2003). Calcitriol regulates the expression of
the genes encoding the three key vitamin D3 hydroxylases and
the drug-metabolizing enzyme CYP3A4 in the human fetal intes-
tine. Clin. Endocrinol. (Oxf.) 58, 489-499.

Tsai, Y.-H., Nattiv, R., Dedhia, P.H., Nagy, M.S., Chin, A.M., Thom-
son, M., Klein, O.D., and Spence, J.R. (2017). In vitro patterning of
pluripotent stem cell-derived intestine recapitulates in vivo hu-
man development. Development 144, 1045-1055.

Vernetti, L., Gough, A., Baetz, N., Blutt, S., Broughman, ]J.R.,
Brown, ]J.A., Foulke-Abel, ]J., Hasan, N., In, J., Kelly, E., et al.
(2017). Functional coupling of human microphysiology systems:
intestine, liver, kidney proximal tubule, blood-brain barrier and
skeletal muscle. Sci. Rep. 7, 1-15.

Walker, E.M., Thompson, C.A., Kohlnhofer, B.M., Faber, M.L., and
Battle, M.A. (2014a). Characterization of the developing small in-
testine in the absence of either GATA4 or GATA6. BMC Res. Notes
7,902.

Walker, E.M., Thompson, C.A., and Battle, M.A. (2014b). GATA4
and GATAG regulate intestinal epithelial cytodifferentiation dur-
ing development. Dev. Biol. 392, 283-294.

Wang, J., Williams, E.T., Bourgea, J., Wong, Y.N., and Patten, C.J.
(2011). Characterization of recombinant human carboxyles-
terases: fluorescein diacetate as a probe substrate for human car-
boxylesterase 2. Drug Metab. Dispos. 39, 1329-1333.

Yamashita, S., Konishi, K., Yamazaki, Y., Taki, Y., Sakane, T., Sezaki,
H., and Furuyama, Y. (2002). New and better protocols for a short-
term Caco-2 cell culture system. J. Pharm. Sci. 91, 669-679.
Zhou, S.-F. (2009). Polymorphism of human cytochrome P450 2D6
and its clinical significance. Clin. Pharmacokinet. 48, 761-804.


http://refhub.elsevier.com/S2213-6711(18)30442-9/sref31
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref31
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref31
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref31
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref31
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref31
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref32
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref32
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref32
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref32
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref33
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref33
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref33
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref34
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref34
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref34
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref35
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref35
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref35
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref35
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref35
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref36
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref36
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref36
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref36
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref36
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref37
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref37
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref37
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref37
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref37
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref38
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref38
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref38
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref38
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref38
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref38
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref39
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref39
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref39
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref39
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref40
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref40
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref40
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref41
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref41
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref41
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref41
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref41
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref42
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref42
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref42
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref42
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref42
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref43
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref43
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref43
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref43
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref43
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref44
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref44
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref44
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref44
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref45
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref45
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref45
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref46
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref46
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref46
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref46
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref46
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref47
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref47
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref47
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref47
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref48
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref48
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref48
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref48
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref48
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref49
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref49
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref49
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref49
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref50
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref50
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref50
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref51
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref51
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref51
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref51
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref52
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref52
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref52
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref53
http://refhub.elsevier.com/S2213-6711(18)30442-9/sref53

	Efficient Generation of Small Intestinal Epithelial-like Cells from Human iPSCs for Drug Absorption and Metabolism Studies
	Introduction
	Results
	LY2090314 Treatment Promoted the Intestinal Progenitor Cell Differentiation of Human iPSCs
	Promotion of Intestinal Epithelial Cell Differentiation by WNT3A, R-Spondin 3, Noggin, EGF, IGF-1, SB202190, and DEX Treatments
	WNT3A, R-Spondin 3, Noggin, EGF, IGF-1, SB202190, and DEX Treatments Promoted Intestinal Epithelial Cell Differentiation
	Expression Analysis of Small Intestinal and Colonic Epithelial Cell Markers
	Expression Analysis of Drug-Metabolizing Enzymes and Drug Transporters
	The Drug Absorption and Metabolism Capacities of hiPS-SIECs

	Discussion
	Experimental Procedures
	Human iPSC Culture
	In Vitro Differentiation
	Caco-2 Cell Culture

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


