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SUMMARY

Intestinal organoids are physiologically relevant tools used for cellular models.
However, the suitability of organoids to examine biological functions over
existing established cell lines lacks sufficient evidence. Cytochrome P450 3A4
(CYP3A4) induction by pregnane X receptor ligands, glucose uptake via so-
dium/glucose cotransporter 1, and microsomal triglyceride transfer protein-
dependent ApoB-48 secretion, which are critical for human intestinal metabolism,
were observed in organoid-derived two-dimensional cells but little in Caco-2
cells. CYP3A4 induction evaluation involved a simplified method of establishing
organoids that constitutively expressed a reporter gene. Compound screening
identified several anticancer drugs with selective activities toward Caco-2 cells,
highlighting their characteristics as cancer cells. Another compound screening re-
vealed a decline in N-(4-hydroxyphenyl)retinamide cytotoxicity upon rifampicin
treatment in organoid-derived cells, under CYP3A4-induced conditions. This
study shows that organoid-derived intestinal epithelial cells (IECs) possess similar
physiological properties as intestinal epithelium and can serve as tools for
enhancing the prediction of biological activity in humans.

INTRODUCTION

The small intestine is a vital organ that is responsible for many biological functions, including acting as a
physical barrier against various pathogens, digestion, and absorption of dietary nutrients, and chylomicron
synthesis for lipid transport. The molecular mechanism of the small intestinal functions has been thoroughly
investigated both in vivo and in vitro using animal models, such as mice, and established cell lines, such as
Caco-2 cells. For instance, knockout mice experiments have demonstrated the critical roles of numerous
intestinal genes. However, their functions in humans are often considered speculative. Several differences
in species in terms of gene expression and metabolism have been illustrated until now. Caco-2 cells, which
have been established from human colon adenocarcinoma, have been widely used for decades that mimic
human intestinal epithelium in vitro (Rousset, 1986). Because they can spontaneously differentiate into
absorptive epithelial-like cells with a brush border layer on being cultured for more than 2 weeks after
confluence, they are widely used as a model that can mimic intestinal absorption and permeability,
especially in pharmacology (Meunier et al., 1995).

Nevertheless, Caco-2 cells are not reliable in terms of reciprocating the physiological function of intestinal
epithelial cells (IECs) because several differences exist between Caco-2 cells and in vivo tissue. For
instance, glucose and galactose are mainly absorbed in enterocytes via sodium/glucose cotransporter 1
(SGLT1) encoded by SLC5AT; however, this gene is expressed at low levels in Caco-2 cells (Kwon et al.,
2021; Sun et al., 2002; Turner et al., 1996), although the gene expression is likely to be influenced by the
nutrient environment, and low-glucose-consuming Caco-2 cells are reported to express SGLT1 (Mahraoui
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drug metabolism and is the most abundant CYP enzyme in the small intestine; however, its induction by
chemicals is not observed most likely because one of the nuclear receptors called pregnane X receptor
(PXR), which is encoded by NR1I2 and regulates cytochrome P450 3A4 (CYP3A4) expression, is either
scarcely expressed in Caco-2 cells or is not expressed at all (Kiblbeck et al., 2016; Prueksaritanont et al.,
1996). Therefore, alternative biological tools are essential to understand the detailed and precise mecha-
nism of IEC function in human biology.

Drug-induced intestinal toxicity can cause diarrhea, nausea, and bleeding, resulting in the discontinuation
of the production of the drug or the impairment of quality of life (Rodrigues et al., 2019). Therefore, an ac-
curate prediction and evaluation of the intestinal toxicity of bioactive molecules, particularly in preclinical
stages, is essentially important. Direct injury to mucosal integrity, which is frequently accompanied by IEC
death, is one of the major causes of intestinal toxicity. For instance, irinotecan (or its metabolite SN-38) and
5-fluorouracil can cause mucosal damage and diarrhea (Gupta et al., 1994). Nevertheless, no suitable
in vitro model is available at present to predict intestinal toxicity in humans in a better manner.

Recently, organoids have been established as in vitro organ models that are composed of tissue-specific
stem cells and differentiated cells in three-dimensional (3D) culture. They are self-organizing cell aggrega-
tions that are highly physiological owing to their potential to give rise to functional organs being trans-
planted into the animal model (Dutta et al., 2017; Rossi et al., 2018). Intestinal organoids are a promising
alternative intestinal epithelial model that can replace Caco-2 cells. Wnt3a, R-spondin1, and Noggin are
known as key factors essential for maintaining the stemness of intestinal stem cells that reside in the orga-
noids (Sato et al., 2011). Application of intestinal organoids in nutrient and food science research, such as
nutrient transport, metabolism, and function, is expanding (Cai et al., 2018; Huang et al., 2020; Zietek et al.,
2020); however, evidence show that intestinal organoids possess better metabolic functions that are similar
to in vivo IECs is insufficient. Our previous study demonstrated ways to reduce the cost and labor for orga-
noid culture (Takahashi et al., 2018). Monolayer IECs were also developed simply by disrupting organoids
and seeding them onto collagen |-coated plates (Takahashi et al., 2017). IECs generated by this method
possess fundamental characteristics that are similar to in vivo IECs, although their biological functions
have not been thoroughly investigated. Therefore, this study examined the physiology of IECs derived
from human intestinal organoids by assessing the expression and function of genes that play an essential
role in the small intestine but are expressed to a limited extent in Caco-2 cells. We assumed that monolayer
or dispersed IECs are superior to organoids compared with Caco-2 cells in terms of their physiological
characteristics because organoids are 3D structures and complexities of different cultural environments
which may affect both the expression and function of genes. We showed that SLC5A1, MTTP, and NR1/2
expression was remarkably higher in organoid-derived monolayer IECs than in Caco-2 cells. Moreover,
the products of these three genes were functional. Interestingly, we were able to establish organoids
that stably express luciferase reporter gene under human CYP3A4 promoter and determine CYP induction
in response to PXR activation in organoid-derived IECs. Furthermore, compound screening was conduct-
ed, and several compounds that induce selective cytotoxicity against IECs or Caco-2 cells were identified.
Compounds with selective cytotoxicity against Caco-2 cells include histone deacetylase (HDAC) inhibitors
that cause apoptosis in cancer cells, indicating that Caco-2 cells originated from colon cancer cells. More-
over, cytotoxicity of N-(4-hydroxyphenyl)retinamide (4-HPR) in IECs was found to decrease by cotreatment
with rifampicin, a CYP3A4 inducer, suggesting that 4-HPR was enzymatically metabolized into inactive
forms. Based on these results, it can be inferred that organoid-derived IECs exhibit better physiology
that is closer to in vivo IECs compared with Caco-2 cells. Therefore, utilizing the IECs can enhance our un-
derstanding of human intestinal biology through molecular and biological approaches and thus prevent
and mitigate intestinal diseases using detailed mechanisms of IEC function based on advanced physiolog-
ical systems.

RESULTS

Unlike Caco-2 cells, organoid-derived intestinal epithelial cells appropriately express intes-
tinal genes

We previously efficiently differentiated human iPS cells into intestinal organoids with ileum-like properties
(Takahashi et al., 2018). Through extensive gene expression analysis, it was observed that metabolically
essential genes substantially expressed in the ileum, including APOA1, APOA4, and NPCIL1, were
confirmed to be expressed in both human iPS cell (TkDN4-M)-derived organoids (iPSOs) and primary ileum
organoids (PIOs; Figure S1). This indicates their suitability for use as a small intestinal model. Therefore,
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intestinal gene expression of IECs from iPSOs and undifferentiated and differentiated Caco-2 cells was
compared. To avoid the effect of the culture environment between two-dimensional (2D) and 3D condi-
tions, IECs derived from intestinal organoids in our previous studies (Sato et al., 2019; Takahashi et al.,
2017) were adopted rather than the organoids themselves. Recently, we demonstrated that culture condi-
tions from 3D to 2D have no considerable impact on the fundamental properties of IECs in terms of intes-
tinal gene expression and ligand responsiveness to ligand-activated transcription factors (Takahashi et al.,
2021). Moreover, culturing on a transparent membrane confers cellular polarity and epithelial electrical
resistance to both cells, which may affect cellular characteristics. Cells grown on collagen-coated six-
well plates and Transwells, generally used for standard cultures, were harvested. It was confirmed that
both organoid-derived |IECs and Caco-2 cells express PPARA, DGATT1, and NPC1L1, the critical genes
involved in fatty acid and cholesterol homeostasis in the small intestine and the intestinal epithelial marker
genes, VIL1, CDX2, and CDH17 (Figure 1A). In contrast, Caco-2 cells exhibited considerably low levels of
LYZ, a Paneth cell gene, and MUC2, a goblet cell marker gene. This observation was consistent with pre-
vious findings in that organoid-derived IECs contained Paneth and goblet cells, as observed in the parental
organoids (Takahashi et al., 2017) (Figure 1B). In contrast, the expression of APOE, a gene encoding Apo E,
and NR1I3, a gene encoding the constitutive androstane receptor belonging to the xenobiotic-activated
receptor family, was much higher in Caco-2 cells than in IECs (Figure 1C). Most importantly, both genes
are reportedly expressed at low levels in the small intestine but at aberrantly high levels in Caco-2 cells
(Bruck et al., 2017; Reisher et al., 1993). Unlike NR113, NR1/2, which encodes another xenobiotic-activated
receptor, PXR, is highly expressed in the small intestine and scarcely expressed in Caco-2 cells (Bruck et al.,
2017); itis also highly expressed in organoid-derived IECs (Figure 1D). Of note, a significant difference in
mRNA levels between cell culture vessels (six-well plates and Transwells) was not observed. Furthermore,
we performed an RNA sequence to compare the overall characteristics among primary human IECs, orga-
noid-derived |IECs, and differentiated Caco-2 cells. Clustering analysis revealed more similarity between
primary human |ECs and organoid-derived |IECs than between primary human IECs and differentiated
Caco-2 cells (Figure S2A). From the analysis, we were able to identify many genes highly or exclusively ex-
pressed in primary human |[ECs and organoid-derived |ECs but not in Caco-2 cells (Figure S2B), including
NR112. Gene expression analysis suggested that organoid-derived monolayer IECs exhibit physiological
characteristics that are similar to in vivo |[ECs, which are not necessarily reciprocated in Caco-2 cells.

CYP3A4 induction by PXR can be evaluated in organoid-derived intestinal epithelial cells

Because organoid-derived IECs express NR112, they would enable the evaluation of PXR ligand activities by
monitoring CYP3A4 mRNA levels (Fahmi et al., 2010). Cells grown on collagen-coated six-well plates were
treated with rifampicin, a well-known ligand for human PXR but not rodent PXR, and the expression of
CYP3A4 was induced in a dose-dependent manner up to more than 20-fold (Figure 2A). The induction
was similarly observed when collagen-coated Transwells were used (Figure S3), indicating that the culture
equipment does not affect this phenomenon. Furthermore, SR-12813, a synthetic PXR agonist (Watkins
etal., 2001), induced CYP3A4 mRNA levels in a dose-dependent manner (Figure 2B). Consistent with a pre-
vious study (Yamaura et al., 2016), rifampicin failed to cause CYP3A4 induction in Caco-2 cells (Figure 2C).
To avoid the possibility that CYP3A4 induction is only observed in IECs derived from iPSOs, monolayer IECs
were also established from PIOs. IECs from PIOs were observed to be morphologically similar to iPSO-
derived |ECs by phase-contrast microscopy (Figure 2D), and transepithelial electrical resistance (TEER)
values increased in a culture time-dependent manner (Figure 2E) as well as IECs from iPSOs (Takahashi
et al.,, 2017), which indicates tight junction formation. Their characteristics as IECs were further confirmed
by immunofluorescent staining of frozen sections seeded on Transwells with anti-Villin1 and anti-E-cad-
herin antibodies, thereby demonstrating expression of the apical brush border protein, Villin1 on the apical
side and the adherens junction marker protein, E-cadherin between cells (Figure 2F). Expression levels of
several key marker genes between iPSO- and PIO-derived IECs under the basal culture condition were
indistinguishable (Figure 2G), which also supports the similarity of IECs developed from iPSOs and PIOs.
It was found that rifampicin induced CYP3A4 mRNA levels in IECs derived from PIOs (Figure 2H). These
data indicate that endogenous PXR in monolayer IECs, generated from intestinal organoids, is functional,
and IECs enable the evaluation of CYP3A4 induction mediated by PXR activation.

Although CYP induction can be routinely estimated by determining mRNA expression or protein activities,
this process is expensive and laborious, and its throughput is usually low. Therefore, a luciferase reporter
gene assay system was implemented to further explore the method that can readily evaluate CYP3A4 in-
duction. A reporter plasmid construct containing a human CYP3A4 promoter that combines proximal
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Figure 1. Comparison of gene expression between monolayer IECs from hiPSOs and Caco-2 cells

(A-D) hiPSO-derived dispersed IECs or Caco-2 cells were seeded on collagen I-coated six-well plates or Transwells and
cultured as monolayers as described in “STAR Methods.” After cells were harvested, the mRNA levels of each gene were
determined by qRT-PCR and normalized to 18S rRNA levels. Assays were performed in n = 3 independent biological
replicates (mean £ S.D.). Statistical significance was assessed by one-way analysis of variance with the Bonferroni test.
*p < 0.05 (versus each group of IECs). (A) Intestinal genes are expressed in both monolayer IECs and Caco-2 cells. (B)
Intestinal epithelium marker genes are exclusively expressed in monolayer [ECs. (C) Genes are unphysiologically highly
expressed in Caco-2 cells. (D) Identification of NR1/2 as a highly expressed gene in monolayer IECs.

See also Figure S2.

(UP1) and distal (XREM) regions with each identified functional PXR-responsive element (Figure 3A) was
created based on a previous study (Coumoul et al., 2002). The reporter plasmid was transiently transfected
into HepG2 cells, a hepatoma-oriented cell line expressing endogenous PXR (Al-Dosari and Parvez, 2018),
and luciferase activities were induced upon rifampicin treatment (Figure 3B).

Gene transduction into organoids with high efficiency is often considered challenging because they form
3D cell clumps. A previous study developed a method to efficiently express exogenous genes by lipofec-
tion or lentiviral infection via transient 2D culture of IECs (Takahashi et al., 2018). Therefore, transient gene
transduction was performed by lipofection in IECs derived from iPSOs, and rifampicin treatment was found
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Figure 2. CYP3A4 induction by PXR ligands in monolayer organoid-derived IECs

(A and B) hiPSO-derived monolayer IECs in collagen |-coated 12-well plates were treated with 0, 0.2, 2, and 20 uM
rifampicin (A) or 0, 0.1, 1, 10 uM SR-12813 (B) for 48 h. Cells were harvested, and CYP3A4 and VILT mRNA levels were
determined by qRT-PCR and normalized to 18S rRNA levels. Assays were performed in n = 3 independent biological
replicates (mean + S.D.). Statistical significance was determined by one-way analysis of variance with the Bonferroni test.
*p < 0.05 (versus no treatment group).

(C) Differentiated Caco-2 cells cultured in collagen |-coated 12-well plates were treated with 0, 0.2, 2, and 20 pM rifampicin
for 48 h. After cells were harvested, the mRNA levels of each gene were determined by gRT-PCR and normalized to 18S
rRNA levels. Assays were performed in n = 3 independent biological replicates (mean + S.D.).

(D) Representative bright-field images of hiPSO- or PIO-derived IECs observed under a phase-constant microscope.
Scale bar, 200 um.

(E) TER values of PIO-derived IECs cultured in collagen-coated Transwells were measured on the indicated days. Assays
were performed in n = 4 independent biological replicates (mean + S.D.).
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Figure 2. Continued

(F) Immunohistochemistry analysis of frozen sections of PIO-derived monolayer IECs stained with 4',6-Diamidino-2-
phenylindole (DAPI) (blue), anti-E-cadherin (green), and anti-Villin1 (red) antibodies. Scale bar, 20 um. Right, magnified
image of the boxed area.

(G) hiPSO- or PIO-derived monolayer IECs cultured in collagen I-coated 6-well plates were harvested, and the mRNA
levels of each gene were determined by gRT-PCR and normalized to 18S rRNA levels. Assays were performed inn = 3
biological replicates (mean + S.D.).

(H) PIO-derived monolayer IECs or cultured in collagen |-coated 12-well plates were treated with 0, 0.2, 2, and 20 uM
rifampicin for 48 h. After cells were harvested, the mRNA levels of each gene were determined by gRT-PCR and
normalized to 18S rRNA levels. Assays were performed in n = 3 independent biological replicates (mean + S.D.).
Statistical significance was determined by one-way analysis of variance with the Bonferroni test. *p < 0.05 (versus no
treatment group).

See also Figure S3.

to induce luciferase activities in cells (Figure 3C). To further develop the assay that enables a more conve-
nient evaluation of CYP3A4 induction, organoids that stably express a luciferase reporter gene under hu-
man CYP3A4 promoter with PXR-responsive elements were established by lentiviral infection. Because the
organoid disruption procedure was switched from physical breaking (previous study) to enzymatic diges-
tion (this study) before culturing to obtain IECs, the timing of infection with lentiviruses for Venus expres-
sion was optimized. As a result, the enzymatic digestion method was able to achieve almost 100% infection
efficiency with both undiluted and 4-fold diluted viruses, whereas the physical breaking method achieved
70% and 40% infection efficiency with undiluted and 4-fold diluted viruses, respectively (Figures 3D, 3E, and
S4). The result indicates that a higher infection efficiency was successfully achieved compared with the
previous method, prompting us to consider that luciferase activity induction can be determined without
cloning organoids after infection. As expected, rifampicin treatment induces luciferase activities in orga-
noid-derived IECs that stably express the luciferase gene under the CYP3A4 promoter (Figure 3F). These
results indicate that intestinal CYP3A4 induction by PXR activation could be determined by luciferase re-
porter gene assay in monolayer IECs by expressing the reporter gene both transiently and constitutively.
Unlike organoids with 3D complexities and variations, monolayer IECs are homogeneous and would be
suitable for screening studies. However, it takes a long time to obtain monolayer IECs from organoids, re-
sulting in low throughput. Therefore, dispersed single IECs obtained by trypsin-treated organoids were
used instead, followed by vigorous pipetting. The cells also responded to rifampicin, and the induction
levels of luciferase activity were nearly the same when monolayer I[ECs were used (Figure 3G). Thus,
CYP3A4 induction can be determined by luciferase assay in IECs of both monolayer and dispersed states,
which would help perform high-throughput or large-scale studies.

SLC5A1and MTTP are expressed and functional in organoid-derived intestinal epithelial cells

We next focused on another gene whose expression is reported to be low in Caco-2 cells, namely SLC5A1
(Sun et al., 2002; Turner et al., 1996; Kwon et al., 2021), which encodes SGLT1. SLC5A1 was found to be
expressed in significantly higher levels in organoid-derived monolayer IECs compared with Caco-2 cells
(Figure 4A). Immunofluorescent staining revealed that SGLT1 was expressed in the apical side of the
|IECs (Figure 4B). Rifampicin treatment failed to induce SLC5AT (Figure S5), which indicates that PXR is
not involved in the transcriptional regulation of SLC5A1. SGLT1 is exclusively expressed in the small intes-
tine and is critically involved in sodium-dependent glucose and galactose absorption. To assess whether
SGLT1 in IECs is functional as a transporter, ['*C]-labeled a-methyl-D-glucopyranoside (AMG) uptake
was quantified to evaluate SGLT1 transporter activity (Takasu et al., 2019). At first, we generated Caco-2
cells that overexpress Flag-tagged SGLT1 by transient transfection and found that ["*C]-AMG uptake
was enhanced by exogenous SGLT1 (Figure S6), which shows that the evaluation method works properly.
We also found that ["*C]-AMG uptake was much more prominent in IECs than in Caco-2 cells regardless of
the differentiation state (Figure 4C). Moreover, phlorizin and sotagliflozin, which are SGLT1/2 dual inhibi-
tors, effectively inhibited the uptake in IECs but not in Caco-2 cells. Given the low SGLT2 expression in the
small intestine, these findings indicate that SGLT1 was responsible for the uptake in IECs.

Furthermore, this study noted the impaired function of Caco-2 cells as limited lipid export capacity,
especially in terms of chylomicron secretion (Levy et al., 1995). Gene expression involved in chylomicron
synthesis and secretion was explored. MTTP expression, encoding MTP involved in lipids and ApoB-48
assembly, which is an important event in chylomicron synthesis, was much higher in I[ECs than in Caco-2
cells even in the differentiated stage (Figure 4D). Consistent with SLC5A1, MTTP expression in [ECs was
not increased with rifampicin treatment (Figure S5), suggesting no involvement of PXR in its transcriptional
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Figure 3. Evaluation of CYP3A4 by reporter gene assay in organoid-derived IECs

(A) Part of a reporter gene construct (pNL1.2-hCYP3A4) with human PXR promoter combined with two regions (XREM and
UP1) containing functional PXR response elements.

(B and C) HepG2 cells (B) or hiPSO-derived monolayer IECs (C) were transiently transfected with pNL1.2-hCYP3A4 with
pSVA40-B-Gal. After 24 h, cells were treated with 0 or 20 uM rifampicin for 24 h. Luciferase activities were measured and
normalized to B-galactosidase activities. Assays were performed in n = 3 independent biological replicates (mean +
S.D.). Statistical significance was determined by Student's t test. *p < 0.05. (D, E) After being disrupted by physical
breaking with a 26-gauge needle or dispersed by enzymatic digestion with TrypLE Express solution followed by vigorous
pipetting, hiPSO-derived intestinal organoids were seeded on collagen I-coated plates. Cells were cultured for four days
(physical breaking, “Needle”) or one day (enzymatic digestion, “Enzyme”), infected with undiluted CSII-EF-MCS-IRES2-
Venus lentiviruses, and embedded in Matrigel to regenerate organoids.

(D) bright-field or fluorescent images of organoids after 9 days of infection were taken. Scale bar, 200 pm.

(E) The proportions of Venus-positive organoids per microscopic bright field after 9 days of infection were calculated.
Assays were performedinn =4 independentimages (mean =+ S.D.). Statistical significance was determined by Student’s t
test. *p < 0.05 (versus Needle).
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Figure 3. Continued

(F and G) Monolayer (F) or dispersed (G) IECs developed from hiPSOs stably expressing human CYP3A4-Nluc were
treated with 0-20 uM rifampicin for 24 h, and luciferase activities were determined. Assays were performed in n = 3 in-
dependent biological replicates (mean + S.D.). Statistical significance was determined by one-way analysis of variance
with the Bonferroni test (F) or by Student's t test (G). *p < 0.05 (versus no treatment group).

See also Figure S4.

regulation. Because chylomicron is generated from the resynthesized triacylglycerol in the endoplasmicre-
ticulum and secreted into the basolateral side of lymph, Transwells that provide polarity to cells were used
to examine MTP-mediated lipoprotein secretion. Apical and basolateral compartments of Transwell corre-
spond to intestinal lumen and bloodstream sides, respectively. A time-dependent analysis revealed that
ApoB-48, a marker of chylomicron particles, was secreted preferentially into the basolateral side of mono-
layer IECs (Figure 4E). Based on the results obtained, whether MTP mediates ApoB-48 secretion was
verified. Both IECs generated from human iPSOs (hiPSOs) and differentiated Caco-2 cells were incubated
with oleic acid (OA) with or without MTP inhibitor (CP346086). The secreted amounts of ApoB-48 were
considerably suppressed in a dose-dependent manner by CP346086 treatment in the basolateral side of
IECs (Figure 4F) but not in Caco-2 cells (Figure 4G), which implies that MTP has an essential role in
chylomicron secretion in organoid-derived IECs. From these findings, organoid-derived IECs exhibit
more physiological features than Caco-2 cells from the perspective of intestinal nutrient metabolism.

High-throughput screening identified Caco-2-selective compounds with anticancer drugs

Because Caco-2 cells are derived from colon cancer cells (Ghadimi et al., 2000), their response to drugs,
especially sensitivity to cytotoxicity, might differ from that of normal IECs. Therefore, to validate the hy-
pothesis, compound screening was performed using approximately 3500 chemical libraries composed
of drugs and pharmacologically active compounds to compare sensitivities between Caco-2 cells and or-
ganoid-derived IECs. Dispersed cells of each cell type were used rather than monolayer cells to improve
assay throughput and reduce measurement variation. In addition, as a positive control compound that
causes cytotoxicity against [ECs, SN-38, which is a topoisomerase | inhibitor and an active metabolite of
irinotecan, was chosen because it is known to cause intestinal toxicity and diarrhea as side effects (Gupta
et al., 1994). The cytotoxic effect of SN-38 was confirmed, and 1 uM SN-38 was employed to secure the
assay quality of each plate (Figure 5A).

The first screening of chemical library compounds using Caco-2 cells was performed at a single concentra-
tion of 2 uM of each compound in 0.2% dimethyl sulfoxide. The average Z'-factor of the screening ex-
ceeded 0.6, indicating the robust assay performance, which was adequate to filter compounds (Figure 5B).
As initial hits, 150 compounds with an inhibitory activity of >40% were chosen (Figure 5C). Subsequently,
counter screening of hiPSO-derived IECs was performed with 45 selected compounds having an inhibitory
activity of <40%. Dose-dependent analysis of these compounds was subsequently performed using Caco-2
cells and IECs derived from hiPSOs and PIOs. As a result, compounds with dose-dependent cytotoxicity
against Caco-2 cells and superior selectivity against IECs were successfully identified. The compounds
include apicidin, fludarabine, niclosamide, NSC 95397, oxamflatin, and scriptaid (Figure 5D), all of which
are known as anticancer drugs with antiproliferative activities (Monneret, 2005; Frank et al., 1999; Ren
et al., 2010; Vogt et al., 2008).

Cytotoxic activity of 4-HPR is attenuated by rifampicin treatment in organoid-derived in-
testinal epithelial cells

This study demonstrated that rifampicin treatment induces CYP3A4 expression in organoid-derived IECs
(Figure 2), prompting speculation that the metabolism of certain drugs can be enhanced with rifampicin,
thereby altering their overall pharmacological activities in cells. To elucidate this hypothesis, another
compound screening was conducted using the same chemical library as in Figure 5, and the cytotoxicity
of compounds against organoid-derived IECs was compared in the presence or absence of 20 uM rifam-
picin (Figure 6A). As a result, most compounds had little impact on the cytotoxic activity by simultaneous
addition of rifampicin, including a positive control compound, SN-38 (Figure éB). Interestingly, we discov-
ered that 4-HPR exhibited cytotoxicity against IECs, and its activity was decreased by rifampicin treatment
(Figure 6C). Notably, this decrease in its cytotoxicity was amplified by a 24-h pretreatment of rifampicin
before the addition of 4-HPR (Figure D), with 50% inhibitory concentration (ICsg) values of 0.87 uM
(—rifampicin) and 4.8 uM (+rifampicin) (Table S1). These findings strongly support that rifampicin induces
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Figure 4. Determination of expression and activity of SGLT1 and MTP in monolayer IECs

(A and D) Monolayer IECs from hiPSOs and undifferentiated and differentiated Caco-2 cells were cultured in either
collagen I-coated six-well plates or Transwells, as in Figure 1. mRNA levels of each gene were determined by gRT-PCR
and normalized to 18S rRNA levels. Assays were performed in n = 3 independent biological replicates (mean + S.D.).
Statistical significance was determined by one-way analysis of variance with the Bonferroni test. *p < 0.05 (versus each
group of IECs).

(B) Immunohistochemistry analysis of frozen sections of hiPSO-derived IECs stained with DAPI (blue) and an anti-SGLT1
(red) antibody. Scale bar, 20 um.

(C) Monolayer IECs from hiPSOs and undifferentiated and differentiated Caco-2 cells were treated with 10 uM phlorizin or
1 uM sotagliflozin for 2 h before treatment with 100 uM AMG and 1 uM ["*C]-AMG for 1 h. A scintillation counter deter-
mined radioactivity. Assays were performed in n = 3 independent biological replicates (mean + S.D.). Statistical signif-
icance was determined by one-way analysis of variance with the Bonferroni test. *p < 0.05 (versus no inhibitor treatment
group). No asterisk indicates no significance (p > 0.05).

(E) Monolayer IECs from hiPSOs were treated with or without 500 uM OA for 3, 8, 24, and 48 h in a basal medium with 20%
FBS. Supernatants were collected from the apical or basolateral side. The same volume of the supernatant was subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and Western blot analysis was performed
using an anti-ApoB antibody. Right, an illustration of Transwell insert.

(F and G) Monolayer IECs (F) or differentiated Caco-2 cells (G) were treated with or without 500 uM OA for 24 h in a basal
medium with 20% FBS. Cells were after that treated with O, 1, 10, 100, and 1000 nM CP346086 in the presence of 500 uM
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Figure 4. Continued

OA After 24 or 48 h, supernatants from the basolateral side were collected. The same volume of the supernatant was
subjected to SDS-PAGE, and Western blot analysis was performed using an anti-ApoB antibody.

See also Figures S5 and Sé.

the conversion of 4-HPR into its inactive forms. In addition, the decrease in 4-HPR cytotoxicity was
confirmed by cotreatment with rifampicin in IECs derived from PIOs (Figure 6E). From these results, we
concluded that organoid-derived IECs have a great potential to be applied to the prediction of drug meta-
bolism and interaction in the small intestine.

DISCUSSION

Although established from colon adenocarcinoma, Caco-2 cells have been widely used as modeled human
small intestinal epithelium to investigate its function for decades. However, they have also been reported
to exhibit properties that are similar to colon IECs and cancer cells owing to their origins. In addition to
chromosome aneuploidy and mutations (Ghadimi et al., 2000), Caco-2 cells possess a limited capacity to
induce CYP3A4 (Kiiblbeck et al., 2016) and export lipids (Levy et al., 1995). Alternatively, we previously es-
tablished monolayer IECs from intestinal organoids that exhibited better physiological characteristics than
Caco-2 cells, including Paneth and goblet cells and valid TEER values, which were unphysiologically high in
Caco-2 cells (Takahashi et al., 2017). We hypothesized that the organoid-derived IECs would overcome the
drawbacks of Caco-2 cells in terms of physiological intestinal function and metabolism. Using monolayer or
dispersed IECs rather than organoids is a reasonable strategy to compare their cellular properties to
Caco-2 cells because both cells are cultured in 2D conditions using the same culture equipment. This study
verified IEC phenotypes from the perspective of intestinal biology. We focused on essential genes associ-
ated with human intestinal metabolism, including NR112, SLC5A1, and MTTP, which are expressed at low
levels in Caco-2 cells, and found that these genes were functional in IECs; therefore, we believe that they
possess physiologically relevant properties of small intestines that are similar to the in vivo tissue. Notably,
PXR ligand specificity can differ among species (Xie et al., 2000); for instance, rifampicin and pregnenolone
16a-carbonitrile selectively activate human and rodent PXR, respectively. Therefore, data extrapolation
from mice to humans should be avoided, and a system to precisely evaluate PXR activity in the human
intestine is required. This study showed evidence that ligand activity of human PXR can be assessed in or-
ganoid-derived IECs. Besides mRNA levels, CYP3A4 induction by PXR activation can be determined by
luciferase reporter gene assay in both monolayer or dispersed IECs. To the best of our knowledge, this
is the first example of a biochemical assay that uses organoids that stably express a reporter gene, which
may further accelerate the use of organoids in molecular and cellular biology, in terms of their extensive
application such as for the purpose of screening. It should be emphasized that dispersed cells can be easily
prepared from organoids, and monolayer IECs can be maintained for >1 week (Takahashi et al., 2017),
whose flexible handling and cell homogeneities would contribute to expanding their applications. More-
over, unlike the dispersed cells, the monolayer IECs have the polarity of luminal and basolateral sides, and
little chance to exhibit anoikis.

Nevertheless, why SLC5A1, MTTP, and NR1I2 expression is high in organoid-derived IECs and low in
Caco-2 cells remains elusive. Although it is reported that MTP expression can be regulated by PXR
(Meng et al., 2019), SLC5AT and MTTP expression in IECs was not induced upon rifampicin treatment.
Therefore, there is higher chance that important transcriptional regulators other than NR1I2 are expressed
at low levels in Caco-2 cells but at high levels in organoids and organoid-derived IECs, which play critical
roles in gene regulation. The expression of SLC5A1 and MTTP is reported to be regulated by HNF1 and
HNF4 (Koepsell, 2020; Hussain et al., 2011). However, these transcription factors would not be candidates
responsible for the gene expression regulation in the IECs, as Caco-2 cells highly express these transcrip-
tion factors (Hu and Perlmutter, 1999). There is a possibility that such transcriptional regulators might be
identified through the analysis of RNA sequence in Figure S2. In any case, based on this study, the molec-
ular mechanism regarding the law of various gene expressions would be gradually clarified in the future for
a better insight into the physiological function of the human intestinal epithelium.

Several compounds from the chemical library that selectively induce cellular toxicity against Caco-2 cells
were identified. These compounds include drugs that cause cytotoxicity, specifically against cancer cells
and not normal cells, such as HDAC inhibitors, including apicidin, oxamflatin, and scriptaid, which display
the properties of Caco-2 cells as cancer-oriented cells. Therefore, Caco-2 cells would not be appropriate
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Figure 5. Identification of compounds by compound screening with selective cytotoxicity against Caco-2 cells
(A) Cytotoxic activity of 1 uM SN-38 against Caco-2 cells. Assays were performed in n = 6 independent biological repli-
cates (mean + S.D.). Statistical significance was determined by Student’s t test. *p < 0.05.

(B) Z'-factor values of the overall primary screening using Caco-2 cells.

(C) Scatterplots of primary screening data at a single concentration of 2 uM in Caco-2 cells and selection of hit compounds
exhibiting >40% cytotoxic inhibition activity determined by CellTiter-Glo reagents.

(D) Dose-dependent analysis of compounds with prominently selective cytotoxicity against Caco-2 cells using dispersed IECs
from hiPSOs, PIOs, and Caco-2 cells. Assays were performed in n = 4 independent biological replicates (mean + S.D.).

for screening compounds with potential intestinal toxicity in normal tissue. In contrast, whether organoid-
derived |IECs can be a potential biological tool to predict the intestinal toxicity accompanied by IEC death
requires both basic and clinical investigation in the future. Another screening study showed that 4-HPR,
which exerts cytotoxicity against IECs, was effectively inhibited by rifampicin treatment. 4-HPR was re-
ported to be a substrate of CYP3A4 (Cooper et al., 2011); however, its inactive form metabolized by
CYP3A4 has not been identified yet. Despite this problem, although it is reported that 4-HPR exhibits
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Figure 6. Decreased cytotoxic activity of 4-HPR by rifampicin treatment in organoid-derived IECs

(A) Scatterplots of primary screening data of cytotoxicity determined by CellTiter-Glo reagents at a single concentration
of 2 uM with or without 20 uM rifampicin in dispersed hiPSO-derived IECs.

(B and C) Dose-dependent cytotoxic activity of SN-38 (B) or 4-HPR (C) with or without 20 uM rifampicin in dispersed hiPSO-
derived IECs. Assays were performed in n = 6 independent biological replicates (mean + S.D.).

(D and E) Dose-dependent cytotoxic activity of 4-HPR in dispersed hiPSO-derived (D) or PIO-derived (E) IECs after
treatment with or without 20 pM rifampicin for 24 h. Assays were performed in n = 6 independent biological replicates
(mean + S.D.).

See also Table S1.

cytotoxicity against breast cancer cells (Simeone et al., 2002), whether intestinal toxicity in vivo can be
caused by 4-HPR is worth further examination. It should be noted that these types of experiments using
organoid-derived IECs would enable us to assess the change in pharmacological activities within the small
intestine, mediated by endogenously induced CYP3A4. Therefore, the IECs have more potential to be used
as a noble and essential tool to thoroughly investigate human physiological intestinal metabolism. Any
future studies conducted to deduce a comparison between Caco-2 cells and organoid-derived IECs would
help better understand the physiological and unphysiological aspects of Caco-2 cells, in addition to the
elucidation of function and metabolism-associated signals conserved in vivo in intestinal tissue.
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Recently, Kwon et al. established and physiologically characterized the monolayer human intestinal epithe-
lial models derived from iPS cells or organoids (Kwon et al., 2027). The authors demonstrated the expres-
sion and activities of intestinal transporters and drug-metabolizing enzymes, such as CYP3A4, in the IECs,
suggesting their usefulness for the better prediction of drug absorption and biocavailability in humans.
Despite the differences in the establishment, culture methods, and medium ingredients, we believe that
both IECs similarly exhibit fundamental properties that resemble the intestinal epithelium in vivo. In this
study, we focused not only on drug metabolism (CYP3A4) but also on nutrient metabolism and drug
responsiveness; therefore, together with the evidence provided by Kwon et al., these characterizations
would further strengthen the usefulness of organoid-derived IECs in various research areas.

Withdrawal of Wnt signal activators such as Wnt3a has been reported to enhance differentiation toward
enterocyte lineage. In the previous studies, intestinal organoids cultured with a differentiation medium
without Wnt3a and SB202190 were used to examine enterocyte function or responsiveness, including
ion transport (Foulke-Abel et al., 2016), norovirus replication (Ettayebi et al., 2016), and nutrient transport
and metabolism (Zietek et al., 2020). In this study, we also used the differentiation medium to examine
CYP3A4 induction and SGLT1 activity in the monolayer IECs. Given that switching from the human organoid
culture medium to differentiation medium would yield more terminally differentiated IECs, the use of [ECs
cultured with a differentiation medium may enable us to evaluate the physiological function of mature en-
terocytes in a variety of assays in a more precise way.

In summary, IECs generated from human intestinal organoids exhibit pivotal physiological phenotypes in
terms of intestinal metabolism, preserved in in vivo tissue but not in Caco-2 cells. Their use would aid in a
better understanding of human intestinal physiology, including nutrient absorption and metabolism.
Furthermore, responsiveness to bioactive compounds can be different in IECs and Caco-2 cells. Several
compounds that selectively showed cytotoxicity against Caco-2 cells are anticancer drugs; therefore,
Caco-2 cells would not be suitable for predicting intestinal toxicity in normal intestinal tissue. Instead,
the use of IECs might open new avenues of understanding human intestinal biology, which has not been
achieved yet using in vitro cell lines and in vivo animals. In addition to this, as the dog can represent closer
gastrointestinal physiology to humans than mice (Ambrosini et al., 2020; Chandra et al., 2019; Mochel et al.,
2017), the IECs have the potential to be applied not only to the substitution of preclinical animal studies but
also to the development of veterinary medicine in the future.

Limitations of the study

Organoid-derived IECs exhibit characteristics that are more physiological than Caco-2 cells; however, to
what extent and how IECs are similar to in vivo human IECs would need further investigation. Examination
with organoids from more different donors would contribute to expanding the application of methods pre-
sented in this study. Besides mRNA expression, protein expression, localization, or function other than PXR,
SGLT1, and MTP should be comprehensively analyzed, including intestinal marker genes. Studies on actual
metabolism in IECs would be desired, especially in the research field of food/nutrient science and pharma-
cology. Organoid-derived IECs lack immune cells and bacterial flora, unlike in vivo IECs, which enable
simplified analysis but may affect cellular characteristics. Their applications in basic and clinical sciences
would help in understanding their usefulness in the future.
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Mouse Anti-Villin1 Abcam Cat#ab3304; RRID: AB_303688

Rabbit Anti-E-cadherin

Rabbit Anti-SGLT1

Goat Anti-Apolipoprotein B-100

Cy3-conjugated donkey anti-mouse IgG
Cy3-conjugated donkey anti-rabbit IgG

Alexa Fluor 488-conjugated donkey anti-rabbit IgG
HRP-conjugated donkey anti-goat IgG

Cell Signaling Technology
Merck
Abcam
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Jackson ImmunoResearch

Cat#3195; RRID: AB_2291471

Cat#07-1417

Cat#ab7616; RRID: AB_305987

Cat#711-166-150
Cat#711-166-152
Cat#711-546-152
Cat#705-035-147

Bacterial and virus strains

One Shot™ Stbl3™ Chemically Competent E. coli Thermo Fisher Scientific C737303
Mix & Go! Competent Cells-TG1 Zymo Research 13017
Chemicals, peptides, and recombinant proteins

DMEM, high glucose FUJIFILM Wako 044-29765
E-MEM with L-Glutamine and Phenol Red FUJIFILM Wako 051-07615
Advanced DMEM/F12 Thermo Fisher Scientific 12634-028
MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Scientific 11140050
Fetal bovine serum Thermo Fisher Scientific 10270-106
GlutaMAX Supplement (100X) Thermo Fisher Scientific 35050061
HEPES (1 M) Thermo Fisher Scientific 15630080
30% Bovine serum albumin FUJIFILM Wako 015-23871
Matrigel Cormning 354234
Y-27632 FUJIFILM Wako 257-00511
SB202190 Sigma-Aldrich S7067
CultureSure A83-01 FUJIFILM Wako 039-24111
Gentamicin Sulfate Solution (50 mg/mL) Nacalai Tesque 11980-14
Hexadimethrine bromide (Polybrene) Sigma-Aldrich 107689
Rifampicin FUJIFILM Wako 189-01001
Oleic acid Nacalai Tesque 25630-51
CP-346086 dihydrate Sigma-Aldrich PZ0103
a-methyl-D-glucopyranoside (AMG) Tokyo Chemical Industry M0228
['*C] AMG PerkinElmer NEC659
N-(4-hydroxyphenyl)retinamide (4-HPR) Tokyo Chemical Industry H1464
Whnt3a, R-spondin1, Noggin CM Takahashi et al., 2018 N/A
Lipofectamine 3000 Transfection Reagent Thermo Fisher Scientific 300015
Lipofectamine Stem Transfection Reagent Thermo Fisher Scientific STEMO00015
TrypLE Express Thermo Fisher Scientific 12604013
Cell Recovery Solution BD Biosciences 354253
Recombinant mouse EGF PeproTech 315-09
Recombinant human HGF R&D systems 294-HG-005
Tissue-Tek Optimal Cutting Temperature compound Sakura Finetechnical 4583
Fluoromount Diagnostic BioSystems K024
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Prestained XL-Ladder Broad Intégrale SP-2120
30% (w/v)-Acrylamide-bis (29:1) Nacalai Tesque 06141-35
DAPI Fluorescence Stain, 1000X Cell Biolabs 112002
Immobilon-P Merck IPVH00010
Blocking One Nacalai Tesque 03953-95
Critical commercial assays
SmGM-2 Bullet Kit Lonza CC-3182
ISOGEN NIPPON GENE 319-90211
RNeasy Mini Kit QIAGEN 74104
RNase free DNase set QIAGEN 79254
High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 4368814
FASTStart Universal SYBR Green Master (ROX) Roche 4913914001
TagMan Gene Expression Master Mix Thermo Fisher Scientific 4369016
QIAGEN Plasmid Midi Kit QIAGEN 12145
BD Cytofix/Cytoperm Fixation/Permeabilization BD Biosciences 554714
Solution Kit
ECL Western Blotting Detection Reagents Cytiva RPN2106
Immobilon Western Chemiluminescent HRP Substrate Merck WBKLS0500
Nano-Glo Luciferase Assay System Promega N1130
HS RNA Kit Agilent DNF-472-0500
MGIEasy RNA Directional Library Prep Set MGl Tech 1000006386
Dynabeads mRNA Purification Kit Thermo Fisher Scientific 61006
dsDNA HS Assay Kit Thermo Fisher Scientific Q32851
DNBSEQ-G400RS High-throughput Sequencing Kit MGI Tech 1000016941
CellTiter-Glo 3D Cell Viability Assay Promega G9682
Deposited data
RNA-seq (primary-hlECs, Organoid-IECs, Differ-Caco-2) This paper DRA accession number: DRA013757
Experimental models: Cell lines
Mouse: L cells ATCC CRL-2648
Human: Caco-2 cells ATCC HTB-37
InEpC — Human Intestinal Epithelial Cells Lonza CC-2931
TkDN4-M Stem Cell Bank (The N/A
University of Tokyo)
Human iPS cell-derived intestinal organoids Takahashi et al. (2018) N/A
Oligonucleotides
See Table S2 for information on gPCR probes and primers.
Recombinant DNA
p3xFLAG-CMV-10 Sigma-Aldrich E7658
p3xFLAG-CMV-10-hSGLT1 This paper N/A
pNL1.2 Promega N1011
pNL1.2-hCYP3A4 This paper N/A
pSV40-B-gal Promega E1081
pCAG-HIVgp RIKEN BioResource Research Center N/A
pCMV-VSV-G-RSV-Rev RIKEN BioResource Research Center N/A
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CS-UbC-hSox2-IRES2-Venus RIKEN BioResource Research Center N/A
CS-hCYP3A4-Nluc This paper N/A

Software and algorithms

GraphPad Prism

Cutadapt (v1.9.1)
Sickle (v1.33)
Hisat2 (v2.2.1)

GraphPad Software

Martin (2011)
Joshi and Fass, 2011
Kim et al. (2019)

https://www.graphpad.com/scientific-

software/prism/
https://github.com/marcelm/cutadapt

https://github.com/najoshi/sickle

http://daehwankimlab.github.io/hisat2/

Samtools (v1.11) Li et al. (2009) http://www.htslib.org/

featureCounts (v2.0.0) Liao et al. (2014) https://www.rdocumentation.org/packages/
Rsubread/versions/1.22.2/topics/featureCounts

R R Core Team 2020 https://www.r-project.org/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Ryuichiro Sato (roysato@g.ecc.u-tokyo.ac.jp).

Materials availability

Plasmids generated in this study are available from lead contact upon reasonable request. However, len-
tiviral plasmids and TkDN4-M are only available to academia with a material transfer agreement with the
RIKEN BioResource Research Center (Ibaraki, Japan) and the University of Tokyo (Tokyo), respectively.

Data and code availability

RNA sequencing data have been deposited at DDBJ and are publicly available as of the date of publica-
tion. The accession number is in the key resources table. This study does not generate original code. Any
additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture

Caco-2 cells were cultured in Eagle’s minimum essential medium (MEM) with 10% fetal bovine serum (FBS),
1% MEM non-essential amino acid solution, 100 units/mL penicillin, and 100 ng/mL streptomycin. For dif-
ferentiation, Caco-2 cells were monolayer cultured in type | collagen-coated 6-well plates, 12-well plates, or
Transwells (all from Corning) for more than two weeks after they reached confluency. When cultured in
Transwell, induction of stable TEER values was confirmed using Millicell ERS-2 (Merck Millipore) before
use in assays. The cells were cultured in a 5% CO; incubator at 37°C.

L cells stably expressing human R-spondin and human Noggin with (L-WRN) or without (L-RN) mouse
Wnt3a were established by lentiviral infection as described previously (Takahashi et al., 2018). Cells were
cultured in Dulbecco’s modified Eagle's medium (DMEM) with 10% FBS, 100 units/mL penicillin, and
100 pg/mL streptomycin. Each conditioned medium was prepared from supernatants seeded at
1.4 x 10° cells/35 mm dish for 72 h. The cells were cultured in a 5% CO, incubator at 37°C.

Primary human fetal small intestinal epithelial cells were purchased from Lonza (CC-2931). The cells were
cultured in a 5% CO, incubator at 33°C using SmGM-2 Bullet Kit (CC-3182) following the manufacture’s
instructions.

Differentiation of human-induced pluripotent stem (iPS) cells (TkDN4-M) into intestinal organoids were

conducted as described previously (Takahashi et al., 2018). According to the previous procedure, human
intestinal organoid culture and passage were conducted with small modifications (Sato et al., 2019).
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Organoids embedded in Matrigel were washed with phosphate-buffered saline (—) and treated with
TrypLE Express solution (Thermo Fisher Scientific) for 5 min at 37°C in a water bath. Recovered organoids
were disrupted by vigorous pipetting 30 times and collected by centrifugation at 440 X g for 3 min. After
removing supernatants, organoids were washed with 10 mL basal medium [Advanced DMEM/F-12 supple-
mented with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.3), 2 mM GlutaMAX
I, 100 units/mL penicillin, and 100 pg/mL streptomycin]. After centrifugation at 440 x g for 3 min, organoids
were resuspended in Matrigel with 20% human organoid culture medium [Advanced DMEM/F-12 with 25%
WRN CM, 10 mM HEPES (pH 7.3), 1% bovine serum albumin (BSA), 2 mM GlutaMAX |, 50 ng/mL mouse
epidermal growth factor (mEGF), 50 ng/mL human hepatocyte growth factor, 10 pM Y-27632, 10 uM
SB202190, 500 nM A83-01, 100 pg/mL gentamicin, 100 units/mL penicillin, and 100 pg/mL streptomycin]
on ice. Suspension aliquots were added to wells of Nunc Multidish four-well plates (Thermo Fisher Scien-
tific), leaving the border of each well untouched, and solidified in a 5% CO, incubator at 37°C for 15 min.
Human organoid culture medium (500 pL) was added to each well. The entire medium was changed every
3 days. Organoid passage was carried out every 6 or 7 days. The passaging ratio was from 1:8 to 1:16. The
cells were cultured in a 5% CO, incubator at 37°C. The experiments using primary human organoids com-
plied with the Declaration of Helsinki and were approved by the human ethical committee of The University
of Tokyo and Osaka University. All tissues were sampled with informed consent.

Monolayer culture of organoid-derived cells

After harvesting from Matrigel, digestion, and disruption by pipetting 30 times in TrypLE Express solution,
organoids were collected by centrifugation at 440 x gfor 3 min. Alternatively, after treated with cell recov-
ery solution (BD Biosciences) for 30 min on ice, organoids were harvested by centrifugation at 440 x g for
3 min and disrupted in 1 mL of basal medium by passing through a 26-gauge needle 10 times, followed by
centrifugation at 440 x g for 3 min. After washing with basal medium and harvest by centrifugation, cells
were resuspended with human organoid culture medium, filtered through a 40 pm nylon mesh (Corning),
and seeded on type | collagen-coated 6-well plates, 12-well plates, or Transwells. The medium was re-
placed every 2-3 days. Cell confluence was determined by microscope observation (6- or 12-well plates)
or induction of TEER values (Transwell). To determine CYP3A4 induction upon ligand treatment and
SGLT1 activity, the medium was replaced with differentiation medium [Advanced DMEM/F-12 with
12.5% RN CM, 10 mM HEPES (pH 7.3), 1% BSA, 2 mM GlutaMAX [, 50 ng/mL mEGF, 10 pM Y-27632,
500 nM A83-01, 100 ng/mL gentamicin, 100 units/mL penicillin, and 100 pg/mL streptomycin] and cultured
in a 5% CO, incubator at 37°C. The cells were used for assays when they reached confluency.

METHOD DETAILS
Plasmid construction

An expression plasmid for human SGLT1 was constructed by inserting a PCR fragment encoding
human SGLT1 into p3xFLAG-CMV-10 (Sigma-Aldrich). A fragment of human CYP3A4 promoter with two
PXR-responsive elements (Coumoul et al., 2002) was amplified by PCR and inserted into pNL1.2 plasmid
(Promega) to generate pNL1.2-hCYP3A4. Lentiviral expression plasmid of CS-hCYP3A4-Nluc was con-
structed by replacing UbC-hSox2-IRES2-Venus of CS-UbC-hSox2-IRES2-Venus with the PCR fragment of
NanoLuc gene under human CYP3A4 promoter. All lentiviral plasmids were amplified in Stbl3 E.coli
(ThermoFisher Scientific), and other plasmids were in TG1 E.coli (Zymo Research).

Lentiviral production and infection

HEK293T cells seeded at 4 x 10° per dish (100 mm dish) were transfected with a lentiviral expression
plasmid (10 ng/dish) with a packaging (pCAG-HIVgp; 4 ng/dish) and VSV-G- and Rev-expressing plasmid
(PCMV-VSV-G-RSV-Rev; 4 pg/dish) using Lipofectamine 3000 Reagent (Thermo Fisher Scientific; 40 ulL/
dish) and P3000 Reagent (Thermo Fisher Scientific; 35 ulL/dish) according to the supplier’s protocols. Af-
ter 6 h, the culture medium was replaced by a fresh medium with 10 uM forskolin. After 48 h later, the
medium containing lentiviruses was collected and filtered. Organoid-derived monolayer IECs seeded in
six-well plates were infected with the medium containing 10 pg/mL polybrene using a centrifugation
method (2500 rpm for 90 min). After centrifugation, cells were washed twice and refed with a fresh culture
medium. Cells were harvested with TrypLE Express solution and embedded in Matrigel to regenerate
organoids.
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Reporter gene assay

HepG2 cells seeded at 1 x 10° per well (12-well plates) were transiently transfected with a reporter gene
plasmid, pNL1.2-hCYP3A4 (0.25 pg/well), together with pSV40-B-Galactosidase (0.75 pg/well) using Lipo-
fectamine 3000 Reagent (1.5 pL/well) and P3000 Reagent (2 ulL/well). Alternatively, organoid-derived
dispersed IECs on collagen |-coated 12-well plates were transiently transfected with pNL1.2-hCYP3A4
(0.25 pg/well), with pSV40-B-Gal (0.75 pg/well), using Lipofectamine Stem Transfection Reagent (Thermo
Fisher Scientific; 2 uL/well). After 24 h transfection, cells were treated with 20 uM rifampicin and incubated
for another 24 h. Luciferase activities were determined by the Nano-Glo Luciferase Assay System (Promega)
according to the manufacturer’s protocol and normalized to B-galactosidase activities determined by
absorbance at 405 nm, which was a result of conversion from o-nitrophenyl-B-D-galactopyranoside to
o-nitrophenyl.

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

Total cellular RNA was extracted by Isogen (Nippon Gene) or RNeasy Mini Kit (Qiagen). Reverse transcrip-
tion was performed using High-Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific). mRNA
levels were measured by fluorescence real-time PCR on a StepOnePlus (Thermo Fisher Scientific) using
PrimeTime qPCR Assays (Integrated DNA Technologies). 18S rRNA levels were used as an internal control
to normalize the mRNA levels of each gene.

RNA sequencing

RNA sequencing was performed on our behalf by Bioengineering Lab (Kanagawa, Japan). Total RNA was
extracted by RNeasy Mini Kit (Qiagen) with an additional step of on-column DNase | digestion. The RNA
sample quality was checked with a 5200 Fragment Analyzer System (Agilent Technologies, Santa Clara,
CA, USA) and Agilent HS RNA Kit (Agilent Technologies). Libraries for the sequencing were constructed
using a MGIEasy RNA Directional Library Prep Set (MGl Tech, China), together with Dynabeads mRNA
Purification Kit (Thermo Fisher Scientific) for removing the ribosomal RNA, according to the manufacturer’s
instructions. After the measurement of concentrations with a Qubit 3.0 Fluorometer (Thermo Fisher Scien-
tific) and dsDNA HS Assay Kit (Thermo Fisher Scientific), the prepared library was circulated using a
MGlEasy Circularization Kit (MGl Tech). DNA Nanoballs (DNBs) were subsequently prepared with a
DNBSEQ-G400RS High-throughput Sequencing Kit (MGl Tech). The sequence of these DNBs was analyzed
on the DNBSEQ-G400 with 100-bp pair-end reads. The raw sequencing data were deposited in the DDBJ
Sequence Read Archive (Kodama et al., 2012) (DRA accession number: DRA013757).

Processing and analysis of RNA sequencing data

Adaptor sequences and low-quality reads were removed using the Cutadapt (version 1.9.1) and Sickle soft-
ware (version 1.33) (Quality score < 20, read length < 40), respectively. Hisat2 (version 2.2.1) was used to
map the processed reads against the human genome (GRCh38.p13). SAM files were converted to BAM
files, and then sorted and indexed using Samtools (version 1.11). The number of reads aligned to the
genome was counted using featureCounts (version 2.0.0), followed by normalization of raw counts to the
total gene length and the number of reads by transcripts per million (TPM). Clustering analysis was con-
ducted by determination of Spearman’s rank correlation coefficient-based distance from TPM values using
the R function hclust. A heat map of genes was prepared with TPM values using Gene Cluster 3.0.

Western blot analysis

Afterindependent collection of culture supernatant from both apical (100 pL) and basolateral (600 pL) sides
of Transwells, the apical medium was diluted 6-fold with basal medium. After the addition of 6 x Laemmli
sample buffer [1 mM Tris—-HCI (pH 6.8), 30% glycerol, 10% sodium dodecyl sulfate, 600 mM dithiothreitol,
and 0.03% bromophenol blue] followed by boiling for 5 min, equal volumes of the samples were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvi-
nylidene difluoride membrane. The membrane was blocked with Blocking One (Nacalai Tesque, Japan) for
1 h at room temperature (R.T.), incubated overnight at 4°C with a primary antibody against ApoB (1:200),
and incubated with a secondary antibody for 1 h at R.T. Chemiluminescent signals were determined by
Fusion Solo S (Vilber).
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Immunofluorescence staining

Immunofluorescence staining of frozen sections of IEC was performed according to a previous protocol
(Takahashi et al., 2017). Briefly, the Transwell membrane was fixed with 10% formalin, washed three times
in 70% ethanol, and cut out by a surgical blade. The membrane was subsequently embedded in Tissue-Tek
Optimal Cutting Temperature compound (Sakura Finetechnical) and frozen with liquid nitrogen. After
blocking with 5% normal donkey serum, cryostat sections were incubated with mouse anti-Villin1 (1:50)
and rabbit anti-E-cadherin (1:200) antibodies, followed by Cy3-conjugated donkey anti-mouse IgG
(1:100), Alexa Fluor 488-conjugated donkey anti-rabbit 1gG (1:100), and 4’,6-diamidino-2-phenylindole
(DAPI; 1:1000). Alternatively, after blocking with Fixation and Permeabilization Solution (BD Biosciences),
cryostat sections were incubated with rabbit anti-SGLT1 (1:25), followed by Cy3-conjugated donkey anti-
rabbit IgG (1:100) and DAPI (1:1000). Fluorescence signals were visualized using a Leica TCS SP2 confocal
laser scanning microscope.

Measurement of SGLT activity

Caco-2 cells seeded at 1 x 10° per well (12-well plates) were transiently transfected with human SGLT1
expression plasmid (1.3 pg/well) using Lipofectamine 3000 Reagent (3 plL/well) and P3000 Reagent
(2.5 pl/well). SGLT activity assay was conducted after 72 h of transfection. Organoid-derived IECs were
cultured with differentiation medium for two days before determining SGLT1 activity. Cells cultured in
collagen I-coated 12-well plates were replaced with choline assay buffer [140 mM choline chloride,
2 mM KCI, 1 mM CaCl,, T mM MgCl,, 10 mM HEPES, and 5 mM Tris-HCI (pH 7.4)] and incubated at
37°C for 20 min. The buffer was subsequently replaced with sodium assay buffer [140 mM NaCl, 2 mM
KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 5 mM Tris-HCI (pH 7.4)] with or without 10 uM phlorizin
or 1 uM sotagliflozin. After incubation at 37°C for 2 h, cells were treated with 100 uM nonlabeled a-methyl-
D-glucopyranoside (AMG) with or without 1 uM ["*C]-AMG at 37°C for another 1 h. Cells were washed twice
with cold choline assay buffer with 10 MM AMG and solubilized with 150 pL lysis buffer [2 mM dithiothreitol,
2 mM trans-1,2-diaminocyclohexane-N, N, N’, N’-tetraacetic acid, 10% glycerol, 1% Triton X-100, and
25 mM Tris-phosphate (pH 7.8)]. Cell lysates (20 ul) were mixed with 3 mL Ultima Gold (Perkin-Elmer).
Radioactivity was determined by Tri-Carb 4810TR (Perkin-Elmer).

Determination of cell viability

After harvesting from Matrigel and disruption by pipetting 30 times in TrypLE Express solution, organoids
were collected by centrifugation at 440 x g for 3 min. After washing with basal medium and harvest by
centrifugation, cells were resuspended with human organoid culture medium and filtered through a
40 um nylon mesh, resulting in the dispersed state at single-cell levels. Cells were seeded at 5.0 x 10°
per well (96-well plate) or 1.2 x 10% per well (384-well plate) with or without compounds and incubated
for 48 h in a 5% CO, incubator at 37°C. Next, CellTiter-Glo® 3D reagent (Promega) was added to each
well and incubated for 10 min at R.T.; luminescence signal was measured by TriStar2 (Berthold) or
PHERAstar (BMG Labtech) according to the manufacturer’s protocols.

Data analysis

Assay validation was assessed using the Z'-factor calculated using Equation (1) as follows:
Z' =1 — [(3S.D.ctrs + 3S.D.ppani)/(Meancy; — Meanpand], Equation (1)

where ctrl is the 100% viable cell signals, blank is the no cell signals, and S.D. is the standard deviation. Con-
centration-response data were fitted to Equation (2) with fixed maximum inhibition values of 100% using
GraphPad Prism 9 software (GraphPad Software) as follows:

% inhibition = 100/(1 + 1009 150 — Leglcomp) x Hilh) Equation (2)

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification was represented as the mean +S.D. Data were analyzed using Student’s t test for two
groups and one-way analysis of variance with the post hoc Bonferroni test for more than three groups. Dif-
ferences were considered significant at p < 0.05, indicated by asterisks. All quantifications included at least
n = 3 independent biological replicates.
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