











Differentiation of Human iPS Cells to Enterocytes

Fig. 3. Immunofluorescence analysis of sucrose-isomaltase in differentiated enter-
ocyte-like cells. Human iPS cells were cultured in the presence of activin A for 3
days. The cells were further cultured in a medium containing FGF2 for 4 days and
then in the presence of EGF for 19 days. PD98059/5-aza-2'-deoxycytidine/A-83-01
(PD/5-aza-dC/A) was added on days 14-26. After 26 days of differentiation,
differentiated cells were stained with anti-sucrase-isomaltase antibody. Nuclei were
counterstained with DAPI. DAPI-stained DNA (A, D, G, J), immunofluorescence
staining of sucrase—isomaltase (B, E, H, K), overlay image of sucrose-isomaltase and
DAPI (C, F, I, L). Scale bar, 500 um (A-F), 100 um (G-L).

the compounds. In the group treated with PD98059, 5-aza-2'-deoxycytidine,
and A-83-01 from days 8-26, the induction of expression level was
significant. Not only CYP3A4 mRNA expression but also CYP3A4/5
activity were significantly increased by 2.3- to 3.3-fold on treatment with
the small-molecule compounds compared with that of the nontreatment
group (Fig. 6B). Moreover, after the addition of 1a,25-dihydroxyvitamin
Ds, the activity was also significantly increased 1.6- to 2.6-fold in the
presence, but not in the absence of, the compounds.

Uptake of b-Ala-Lys-AMCA. The oligopeptide transporter SLC15A1/
PEPT1 is expressed in intestinal enterocytes and is involved in peptide
transport from the lumen (Giacomini et al., 2010). To investigate
SLC15A1/PEPT1-mediated peptide transport, we performed an uptake
study using B-Ala-Lys-AMCA, a fluorescence-labeled dipeptide that
is a substrate of SLC15A1/PEPT1 (Groneberg et al., 2001). In the
differentiated enterocyte-like cells treated with PD98059, 5-aza-2'-
deoxycytidine, and A-83-01, the uptake of B-Ala-Lys-AMCA was
observed and suppressed by ibuprofen, a noncompetitive inhibitor
(Omkvist et al., 2010) (Fig. 7, A and B, respectively). Uptake was
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Fig. 4. Morphology of human iPS cells and differentiated enterocyte-like cells.
Human iPS cells were cultured in the presence of activin A for 3 days. The cells
were further cultured in a medium containing FGF2 for 4 days and then in the
presence of EGF for 19 days. PD98059/5-aza-2'-deoxycytidine/A-83-01 (PD/5-aza-dC/A)
was added on days 14-26. Human iPS cells (A); differentiated enterocyte-like cells (B).
Scale bar, 100 wm.

also suppressed when the temperature was lowered from 37°C to 4°C
(Fig. 7C).

Discussion

Many studies involving the differentiation of human iPS cells into
various cells and tissues are performed worldwide because the cells
are expected to be applicable to regenerative medicine and drug
development; however, reports concerning the intestinal differentiation
of human iPS cells are few. In the first report, Spence et al. (2011)
reported the generation of intestinal tissues, which were called organoid,
from human iPS cells by a three-dimensional culture method. Ogaki
et al. (2013) then reported that human iPS and embryonic stem cells
differentiated to various types of intestinal cells, such as absorptive
enterocytes, goblet cells, enteroendocrine cells, and Paneth cells, on feeder
cells in the presence of Wnt and Notch inhibitors. These reports had
a great impact and attracted high interest; however, pharmacokinetics-
related gene expression and pharmacokinetic functions were almost
unexplored in these reports. Moreover, it is desirable to cultivate cells
two-dimensionally, without mixture with other cells, for a precise
evaluation of intestinal pharmacokinetics. We have also reported dif-
ferentiation of human iPS cells into enterocyte-like cells with peptide
uptake function using a simple two-dimensional culture method without
feeder cells (Iwao et al., 2014). In the present study, we performed the
intestinal differentiation of human iPS cells by the addition of small-
molecule compounds during the differentiation stage and evaluated drug
metabolism and inducibility. Differentiated enterocyte-like cells were
morphologically similar to the intestinal epithelial cells previously reported
by Chougule et al. (2012) and Takenaka et al. (2014). Intestinal
marker genes were expressed, and expression levels of sucrose-isomaltase
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Fig. 5. Drug-metabolizing enzyme activities of CYP1A1/2 (A), CYP2C9 (B), CYP2C19 (C), CYP2D6 (D), UGT (E), and SULT (F) in differentiated enterocyte-like cells.
Human iPS cells were cultured in the presence of activin A for 3 days. The cells were further cultured in a medium containing FGF2 for 4 days and then in the presence of
EGF for 19 days. GSK-3 Inhibitor XV/dorsomorphin (GSKi/BMPi) was added on days 8-14 and PD98059/5-aza-2'-deoxycytidine/A-83-01 (PD/5-aza-dC/A) was
subsequently added on days 14-26, or PD98059/5-aza-2'-deoxycytidine/A-83-01 (PD/5-aza-dC/A) was added on days 8-26 or 14-26. After 26 days of differentiation, the
differentiated cells were incubated with basal medium containing CYP, UGT, and SULT probe substrates for 24 hours. Supernatant was recovered and metabolites were
analyzed by UPLC-MS/MS. Data are expressed as mean * S.D. (n = 3): N.D., not detected. Levels of statistical significance compared with the nontreatment group: *P <

0.05; **P < 0.01.

and CYP3A4 were markedly increased (Figs. 2 and 6A). The expression
levels of several drug transporters were slightly increased. Sucrase-
isomaltase is an index of intestinal differentiation that is expressed
specifically in the brush-border membrane in the small intestine. In
immunofluorescence staining, sucrose-isomaltase positive cells were
increased by the addition of small-molecule compounds (Fig. 3). The
increase in sucrose-isomaltase—positive cells on the addition of small-
molecule compounds suggested that these compounds promoted dif-
ferentiation from intestinal stem cells into enterocytes. In contrast,
intestinal stem cell marker gene expression was unchanged by treatment
with small-molecule compounds (Fig. 1). We infer that these com-
pounds had little influence on the differentiation of intestinal stem cells
at early stages of intestinal differentiation.

Hepatic CYP3A4 is induced by rifampicin and is regulated mainly
by PXR (Drocourt et al., 2002). Intestinal CYP3A4 is induced by
la,25-dihydroxyvitamin Dj through vitamin D receptor and is also
induced by rifampicin (Kolars et al., 1992; Glaeser et al., 2005; van de
Kerkhof et al., 2008). In our differentiated enterocytes, not only
CYP3A4 mRNA expression but also CYP3A4/5 activity were induced
by la,25-dihydroxyvitamin D3 (Fig. 6). Not only CYP3A4 but also
CYP1A, CYP2C, CYP2D, UGT, and SULT are expressed in the small
intestine (Zhang et al., 1999; Paine et al., 2006; Teubner et al., 2007;
Yamanaka et al., 2007; Riches et al., 2009). SLC15A1/PEPT1 as
a typical uptake transporter is also expressed. It is also important that
activities of these drug-metabolizing enzymes and peptide uptake
through peptide transporter were detected (Figs. 5 and 7). We infer
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Fig. 6. Induction of CYP3A4 mRNA expression level (A) and CYP3A4/5 activity
(B) in differentiated enterocyte-like cells by la,25-dihydroxyvitamin D;. Human
iPS cells were cultured in the presence of activin A for 3 days. The cells were further
cultured in a medium containing FGF2 for 4 days and then in the presence of EGF
for 19 days. GSK-3 Inhibitor XV/dorsomorphin (GSKi/BMPi) was added on days
8-14, and PD98059/5-aza-2'-deoxycytidine/A-83-01 (PD/5-aza-dC/A) was subsequently
added on days 14-26, or PD98059/5-aza-2'-deoxycytidine/A-83-01 (PD/5-aza-dC/A)
was added on days 826 or 14-26. 1a,25-dihydroxyvitamin D; was added for the last
48 hours. After 26 days of differentiation, in CYP3A4 mRNA expression analysis, total
RNA was extracted and mRNAs were analyzed by SYBR Green real-time PCR. mRNA
expression levels were normalized relative to that of GAPDH. In metabolic activity
analysis, the differentiated cells were incubated with basal medium containing CYP,
UGT, and SULT probe substrates for 24 hours. The supernatant was recovered and
metabolites were analyzed by UPLC-MS/MS. The induction of CYP3A4 is represented
relative to the level in the cell differentiated in the absence of the small-molecule
compounds (vehicle), which is defined as 1. Data are expressed as the mean = S.D.
(n = 3). The vehicle groups are represented by white and black bars, and 1a,25-
dihydroxyvitamin D5 addition groups are represented by gray bars. Levels of statistical
significance compared with the nontreatment group: **P < 0.01; and compared with the
vehicle group; P < 0.05, 1P < 0.01.

that the differentiated cells have intestinal-characteristic features, and the
cells would be quite useful for application in drug-development studies.

Various drug transporters are expressed in Caco-2 cells, but ex-
pression levels of drug-metabolizing enzymes are very low (Bourgine
et al., 2012). Thus, using Caco-2 cells, we cannot predict drug-drug
interactions, such as the induction or inhibition of drug-metabolizing
enzymes or transporters by either parent drugs or metabolites, in a
condition close to those in vivo. Moreover, the interaction between
CYP3A4 and P-glycoprotein has also been reported (Siissalo and
T. Heikkinen, 2013). Our enterocyte-like cells would thus be useful for
evaluating such complex intestinal pharmacokinetics if the transporter
functions of these cells were also elucidated in detail.

In this study, we identified small-molecule compounds effective in
the intestinal differentiation of human iPS cells. We considered that
these compounds promoted intestinal differentiation, considering mRNA
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B 10 mM ibuprofen

Fig. 7. The uptake of B-Ala-Lys-AMCA into differentiated enterocyte-like cells.
Human iPS cells were cultured in the presence of activin A for 3 days. The cells
were further cultured in a medium containing FGF2 for 4 days and then in the
presence of EGF for 19 days. PD98059/5-aza-2-deoxycytidine/A-83-01 (PD/5-aza-
dC/A) was added on days 14-26. After 26 days of differentiation, the differentiated
cells were incubated with 25 uM $-Ala-Lys-AMCA (blue) for 4 hours at 37°C, with
or without 10 mM ibuprofen, or at 4°C. After uptake was stopped, the differentiated
cells were fixed. Control (A); 10 mM ibuprofen (B); 4°C (C). Scale bar, 500 wm.

expression of sucrase-isomaltase, and CYP3A4 was markedly increased,
whereas those of intestinal stem cell markers were decreased after
the treatment with the compounds. CYP3A4 induction by 1a,25-
dihydroxyvitamin D5 was also observed. In particular, PD98059, 5-aza-
2'-deoxycytidine, and A-83-01 were useful in enhancing the differentiation
and gain of pharmacokinetic function. The constitutive activation of
mitogen-activated protein/extracellular signal-regulated kinase led to de-
creased caudal type homeobox 2, a major transcription factor associated
with intestinal development and differentiation, and resulted in the
inhibition of intestinal differentiation (Lemieux et al., 2011). We accordingly
speculated that PD98059, which is a mitogen-activated protein inhibitor,
promoted intestinal differentiation through this pathway. DNA methylation
and histone deacetylation epigenetically regulate gene expression. PXR
promoter methylation was involved in the regulation of CYP3A4 and
PXR expression in colon cancer cell lines (Habano et al., 2011). In that
study, the expression of CYP3A4 and PXR were increased on treatment
with 5-aza-2'-deoxycytidine, an inhibitor of DNA methylation, in several
cell lines. In another study, the expression of CYP3A genes was also
increased in HepG2 cells, a human hepatoblastoma cell line (Dannenberg
and Edenberg, 2006). We accordingly hypothesized that pharmacokinetics-
associated genes would be upregulated by a DNA methyltransferase
inhibitor in enterocyte-like cells. It has become apparent that transforming
growth factor (TGF)-8 production increases during the epithelial-to-
mesenchymal transition (EMT). TGF-f3 was recently found to be one of the
most important EMT inducers (Zavadil and Bottinger, 2005). In this
intestinal differentiation study, A-83-01, a potent and selective TGF-3
pathway inhibitor, inhibited EMT and might contribute to inducing the
differentiation of epithelial cells. GSK-3 inhibitor XV and dorsomorphin,
a selective bone morphogenetic protein (BMP) inhibitor, is expected to be
effective for inducing the proliferation of intestinal stem cells, considering
that Wnt signaling is activated and BMP signaling is suppressed in
intestinal crypts (Scoville et al., 2008). Taking these results together, we
suggest that these small-molecule compounds were effective at promoting
the intestinal differentiation and gain of function; however, the detailed
mechanism awaits further investigation.

In conclusion, we generated enterocyte-like cells from human iPS
cells. The differentiated cells expressed intestinal marker genes and
displayed pharmacokinetic functions such as drug-metabolizing activ-
ities, inducibility of CYP3A4, and active peptide transport. We also
found that several small-molecule compounds were effective in inducing
the differentiation of human iPS cells into enterocytes and gain of
pharmacokinetic function. Enterocyte-like cells may be useful as an in
vitro evaluation system for predicting intestinal pharmacokinetics.

Acknowledgments

The authors thank Drs. Hidenori Akutsu, Yoshitaka Miyagawa, Hajime
Okita, Nobutaka Kiyokawa, Masashi Toyoda, and Akihiro Umezawa for
providing human iPS cells.

T20z ‘8T Afenuer uo speudnor | 34SY e 6o sfeuno fledse pwip wiouy papeojumod


http://dmd.aspetjournals.org/

610

Authorship Contributions
Participated in research design: Iwao, Nakamura, Kurose, Matsunaga.
Conducted experiments: Iwao, Kodama, Kondo, Kabeya, Horikawa, Niwa.
Performed data analysis: Twao, Horikawa.
Wrote or contributed to the writing of the manuscript: Iwao, Nakamura,
Horikawa, Niwa, Kurose, Matsunaga.

References

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, Haegebarth A, Korving
J, Begthel H, and Peters PJ, et al. (2007) Identification of stem cells in small intestine and colon
by marker gene Lgr5. Nature 449:1003-1007.

Boller K, Arpin M, Pringault E, Mangeat P, and Reggio H (1988) Differential distribution of
villin and villin MRNA in mouse intestinal epithelial cells. Differentiation 39:51-57.

Borlak J and Zwadlo C (2003) Expression of drug-metabolizing enzymes, nuclear transcription
factors and ABC transporters in Caco-2 cells. Xenobiotica 33:927-943.

Boudreau F, Rings EHHM, van Wering HM, Kim RK, Swain GP, Krasinski SD, Moffett J, Grand
RJ, Suh ER, and Traber PG (2002) Hepatocyte nuclear factor-1 o, GATA-4, and caudal related
homeodomain protein Cdx2 interact functionally to modulate intestinal gene transcription.
Implication for the developmental regulation of the sucrase-isomaltase gene. J Biol Chem 277:
31909-31917.

Bourgine J, Billaut-Laden I, Happillon M, Lo-Guidice J-M, Maunoury V, Imbenotte M,
and Broly F (2012) Gene expression profiling of systems involved in the metabolism and the
disposition of xenobiotics: comparison between human intestinal biopsy samples and colon cell
lines. Drug Metab Dispos 40:694-705.

Chougule P, Herlenius G, Hernandez NM, Patil PB, Xu B, and Sumitran-Holgersson S (2012)
Isolation and characterization of human primary enterocytes from small intestine using a novel
method. Scand J Gastroenterol 47:1334-1343.

Dannenberg LO and Edenberg HJ (2006) Epigenetics of gene expression in human hepatoma
cells: expression profiling the response to inhibition of DNA methylation and histone deacetylation
(Abstract). BUC Genomics 7:181.

Drocourt L, Ourlin J-C, Pascussi J-M, Maurel P, and Vilarem M-J (2002) Expression of CYP3A4,
CYP2B6, and CYP2C9 is regulated by the vitamin D receptor pathway in primary human
hepatocytes. J Biol Chem 277:25125-25132.

Giacomini KM, Huang S-M, Tweedie DJ, Benet LZ, Brouwer KLR, Chu X, Dahlin A, Evers R,
Fischer V, and Hillgren KM, et al.; International Transporter Consortium (2010) Membrane
transporters in drug development. Nat Rev Drug Discov 9:215-236.

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

Groneberg DA, Doring F, Eynott PR, Fischer A, and Daniel H (2001) Intestinal peptide transport:
ex vivo uptake studies and localization of peptide carrier PEPT1. Am J Physiol Gastrointest
Liver Physiol 281:G697-G704.

Grossmann J, Walther K, Artinger M, Kiessling S, Steinkamp M, Schmautz W-K, Stadler F,
Bataille F, Schultz M, and Schélmerich J, et al. (2003) Progress on isolation and short-term ex-
vivo culture of highly purified non-apoptotic human intestinal epithelial cells (IEC). Eur J Cell
Biol 82:262-270.

Gu N, Adachi T, Matsunaga T, Tsujimoto G, Ishihara A, Yasuda K, and Tsuda K (2007) HNF-1a
participates in glucose regulation of sucrase-isomaltase gene expression in epithelial intestinal
cells. Biochem Biophys Res Commun 353:617-622.

Habano W, Gamo T, Terashima J, Sugai T, Otsuka K, Wakabayashi G, and Ozawa S (2011)
Involvement of promoter methylation in the regulation of Pregnane X receptor in colon cancer
cells (Abstract). BMC Cancer 11:81.

Hilgendorf C, Ahlin G, Seithel A, Artursson P, Ungell A-L, and Karlsson J (2007) Expression of
thirty-six drug transporter genes in human intestine, liver, kidney, and organotypic cell lines.
Drug Metab Dispos 35:1333-1340.

Iwao T, Toyota M, Miyagawa Y, Okita H, Kiyokawa N, Akutsu H, Umezawa A, Nagata K,
and Matsunaga T (2014) Differentiation of human induced pluripotent stem cells into func-
tional enterocyte-like cells using a simple method. Drug Metab Pharmacokinet 29:44-51.

Jung P, Sato T, Merlos-Sudrez A, Barriga FM, Iglesias M, Rossell D, Auer H, Gallardo M, Blasco
MA, and Sancho E, et al. (2011) Isolation and in vitro expansion of human colonic stem cells.
Nat Med 17:1225-1227.

Kolars JC, Schmiedlin-Ren P, Schuetz JD, Fang C, and Watkins PB (1992) Identification of
rifampin-inducible P4501IIA4 (CYP3A4) in human small bowel enterocytes. J Clin Invest 90:
1871-1878.

Kondo Y, Iwao T, Nakamura K, Sasaki T, Takahashi S, Kamada N, Matsubara T, Gonzalez FJ,
Akutsu H, and Miyagawa Y, et al. (2014a) An efficient method for differentiation of human
induced pluripotent stem cells into hepatocyte-like cells retaining drug metabolizing activity.
Drug Metab Pharmacokinet 29:237-243.

Kondo Y, Iwao T, Yoshihashi S, Mimori K, Ogihara R, Nagata K, Kurose K, Saito M, Niwa T,
and Suzuki T, et al. (2014b) Histone deacetylase inhibitor valproic acid promotes the differ-
entiation of human induced pluripotent stem cells into hepatocyte-like cells. PLoS ONE 9:
€104010.

Lemieux E, Boucher M-J, Mongrain S, Boudreau F, Asselin C, and Rivard N (2011) Constitutive
activation of the MEK/ERK pathway inhibits intestinal epithelial cell differentiation. Am J
Physiol Gastrointest Liver Physiol 301:G719-G730.

lwao et al.

Ma X, Duan Y, Tschudy-Seney B, Roll G, Behbahan IS, Ahuja TP, Tolstikov V, Wang C, McGee
J, and Khoobyari S, et al. (2013) Highly efficient differentiation of functional hepatocytes from
human induced pluripotent stem cells. Stem Cells Transl Med 2:409-419.

Martin P, Riley R, Back DJ, and Owen A (2008) Comparison of the induction profile for drug
disposition proteins by typical nuclear receptor activators in human hepatic and intestinal cells.
Br J Pharmacol 153:805-819.

Nakamura T, Sakaeda T, Ohmoto N, Tamura T, Aoyama N, Shirakawa T, Kamigaki T, Nakamura
T, Kim KI, and Kim SR, et al. (2002) Real-time quantitative polymerase chain reaction for
MDRI1, 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.

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.

Omkvist DH, Brodin B, and Nielsen CU (2010) Ibuprofen is a non-competitive inhibitor of the
peptide transporter hPEPT1 (SLC15A1): possible interactions between hPEPT1 substrates and
ibuprofen. Br J Pharmacol 161:1793-1805.

Paine MF, Hart HL, Ludington SS, Haining RL, Rettie AE, and Zeldin DC (2006) The human
intestinal cytochrome P450 “pie”. Drug Metab Dispos 34:880-886.

Pavek P, Pospechova K, Svecova L, Syrova Z, Stejskalova L, Blazkova J, Dvorak Z, and Blahos J
(2010) Intestinal cell-specific vitamin D receptor (VDR)-mediated transcriptional regulation of
CYP3A4 gene. Biochem Pharmacol 79:277-287.

Perreault N and Beaulieu JF (1996) Use of the dissociating enzyme thermolysin to generate viable
human normal intestinal epithelial cell cultures. Exp Cell Res 224:354-364.

Riches Z, Stanley EL, Bloomer JC, and Coughtrie MWH (2009) Quantitative evaluation of the
expression and activity of five major sulfotransferases (SULTs) in human tissues: the SULT
“pie”. Drug Metab Dispos 37:2255-2261.

Robine S, Huet C, Moll R, Sahuquillo-Merino C, Coudrier E, Zweibaum A, and Louvard D
(1985) Can villin be used to identify malignant and undifferentiated normal digestive epithelial
cells? Proc Natl Acad Sci USA 82:8488-8492.

Schmiedlin-Ren P, Thummel KE, Fisher JM, Paine MF, and Watkins PB (2001) Induction of
CYP3A4 by 1 «,25-dihydroxyvitamin D3 is human cell line-specific and is unlikely to involve
pregnane X receptor. Drug Metab Dispos 29:1446-1453.

Scoville DH, Sato T, He XC, and Li L (2008) Current view: intestinal stem cells and signaling.
Gastroenterology 134:849-864.

Seino Y, Miki T, Kiyonari H, Abe T, Fujimoto W, Kimura K, Takeuchi A, Takahashi Y, Oiso Y,
and Iwanaga T, et al. (2008) Isx participates in the maintenance of vitamin A metabolism by regulation
of beta-carotene 15,15"-monooxygenase (Bcmol) expression. J Biol Chem 283:4905-4911.

Siissalo S and Heikkinen AT (2013) In vitro methods to study the interplay of drug metabolism
and efflux in the intestine. Curr Drug Metab 14:102-111.

Si-Tayeb K, Noto FK, Nagaoka M, Li J, Battle MA, Duris C, North PE, Dalton S, and Duncan SA
(2010) Highly efficient generation of human hepatocyte-like cells from induced pluripotent
stem cells. Hepatology 51:297-305.

Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Vallance JE, Tolle K, Hoskins EE,
Kalinichenko VV, Wells SI, and Zorn AM, et al. (2011) Directed differentiation of human
pluripotent stem cells into intestinal tissue in vitro. Nature 470:105-109.

Sun D, Lennernas H, Welage LS, Barnett JL, Landowski CP, Foster D, Fleisher D, Lee K-D,
and Amidon GL (2002) Comparison of human duodenum and Caco-2 gene expression profiles
for 12,000 gene sequences tags and correlation with permeability of 26 drugs. Pharm Res 19:
1400-1416.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, and Yamanaka S (2007)
Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131:861-872.

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

Takenaka T, Harada N, Kuze J, Chiba M, Iwao T, and Matsunaga T (2014) Human small
intestinal epithelial cells differentiated from adult intestinal stem cells as a novel system for
predicting oral drug absorption in humans. Drug Metab Dispos 42:1947-1954.

Teubner W, Meinl W, Florian S, Kretzschmar M, and Glatt H (2007) Identification and localization
of soluble sulfotransferases in the human gastrointestinal tract. Biochem J 404:207-215.

Thummel KE, Brimer C, Yasuda K, Thottassery J, Senn T, Lin Y, Ishizuka H, Kharasch E,
Schuetz J, and Schuetz E (2001) Transcriptional control of intestinal cytochrome P-4503A by
1o,25-dihydroxy vitamin D3 Mol Pharmacol 60:1399-1406.

van de Kerkhof EG, de Graaf IAM, Ungell A-LB, and Groothuis GMM (2008) Induction of
metabolism and transport in human intestine: validation of precision-cut slices as a tool to study
induction of drug metabolism in human intestine in vitro. Drug Metab Dispos 36:604-613.

Yamanaka H, Nakajima M, Katoh M, and Yokoi T (2007) Glucuronidation of thyroxine in human
liver, jejunum, and kidney microsomes. Drug Metab Dispos 35:1642—1648.

Zavadil J and Béttinger EP (2005) TGF-B and epithelial-to-mesenchymal transitions. Oncogene
24:5764-5774.

Zhang Q-Y, Dunbar D, Ostrowska A, Zeisloft S, Yang J, and Kaminsky LS (1999) Character-
ization of human small intestinal cytochromes P-450. Drug Metab Dispos 27:804-809.

Address correspondence to: Dr. Tamihide Matsunaga, Department of Clinical
Pharmacy, Graduate School of Pharmaceutical Sciences, Nagoya City University, 3-1
Tanabe-dori, Mizuho-ku, Nagoya 467-8603, Japan. E-mail, tmatsu@phar.nagoya-cu.
acjp

T20zZ ‘8T Afenuer uo speudnor | 34SY e 6o sfeuno fledse pwip wiouy papeojumod


mailto:tmatsu@phar.nagoya-cu.ac.jp
mailto:tmatsu@phar.nagoya-cu.ac.jp
http://dmd.aspetjournals.org/

