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: For augmentation or reconstruction of urinary bladder after cystectomy, bladder urothelium derived

from human induced pluripotent stem cells (hiPSCs) has recently received focus. However, previous
studies have only shown the emergence of cells expressing some urothelial markers among derivatives
of hiPSCs, and no report has demonstrated the stratified structure, which is a particularly important
attribute of the barrier function of mature bladder urothelium. In present study, we developed a
method for the directed differentiation of hiPSCs into mature stratified bladder urothelium. The
caudal hindgut, from which the bladder urothelium develops, was predominantly induced via the
high-dose administration of CHIR99021 during definitive endoderm induction, and this treatment
subsequently increased the expressions of uroplakins. Terminal differentiation, characterized by the
increased expression of uroplakins, CK13, and CK20, was induced with the combination of Troglitazone
+ PD153035. FGF10 enhanced the expression of uroplakins and the stratification of the epithelium,

. and the transwell culture system further enhanced such stratification. Furthermore, the barrier

. function of our urothelium was demonstrated by a permeability assay using FITC-dextran. According

. to animmunohistological analysis, the stratified uroplakin ll-positive epithelium was observed in the

. transwells. This method might be useful in the field of regenerative medicine of the bladder.

. Patients with bladder congenital anomalies, neuropathic disorder, chronic inflammation, and bladder cancer
© undergo cystectomies and subsequently often require augmentation or reconstruction of the urinary bladder.
Gastrointestinal tissue has generally been employed as a substitute for bladder tissue in these cases. While this
approach does provide a urinary reservoir function, the use of intestinal tissue for this purpose often leads to
significant complications, including recurrent infections, bladder stones, metabolic disturbance, and an increased
© cancer risk™?. Furthermore, patients are at risk for perioperative complications due to this approach, including
* bowel obstruction and bowel leak of anastomosis’.
: To overcome these complications, autologous bladder cells have been studied as alternative biomaterials for
© augmentation or reconstruction of the urinary bladder. Many reports in animal models have examined the util-
. ity of autologous bladder cells for bladder augmentation®. Furthermore, in a human clinical study for pediatric
. patients with neurogenic bladders treated with autologous bladder cells seeded onto collagen-coated polygly-
- colides, most of the patients showed improved bladder compliance and capacity without the complications asso-
ciated with the intestinal tissue approach after up to 61 months of follow-up®. However, it is generally difficult to
maintain and expand autologous cells®. In addition, bladder cells from diseased bladder are not ideal because of
the risk of cancer recurrence or an impaired proliferative ability of the cells”™’.
Thus, bladder urothelium derived from adult stem cells or pluripotent stem cells, including human embry-
onic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), have received focus as alternative
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sources®”1%. hiPSCs are particularly attractive candidates, as they can overcome problems associated with the
autologous cells approach thanks to their ability to be induced from any cell type and proliferate infinitely!!. Many
reports have found that hiPSCs can differentiate into various somatic cells. In some of these reports, the recapit-
ulation of the developmental process using a combination of several small molecules improved the efficiency of
differentiation and induced more mature cells from hiPSCs'?-%.

Although several reports on the differentiation of hiPSCs into bladder urothelium have reported that these
cells can differentiate into uroplakin-positive cells'>~"7, the efficiency of the differentiation and the maturation
of these cells has yet to be evaluated. The stratified structure is a particularly important attribute of the mature
bladder urothelium because the structure plays a critical role in the bladder providing a barrier against pathogens,
toxins and waste products in urine!®!; however, no report has demonstrated the derivation of stratified bladder
urothelium from hiPSCs.

In the present study, we developed a novel protocol for the directed differentiation of hiPSCs into stratified
bladder urothelium through the posterior definitive endoderm (DE) and caudal hindgut by recapitulating embry-
ogenesis using high-dose CHIR99021. In addition, we demonstrated the enhanced terminal differentiation and
stratification of bladder urothelium derived from hiPSCs using a combination of a PPAR-+ agonist and an EGFR
inhibitor as well as FGF10 and transwell culture.

Results

High-dose GSK3(3 inhibitor treatment led first to posterior DE and then caudal hindgut differ-
entiation. Bladder urothelial cells are derived through posterior DE, caudal hindgut, urogenital sinus®*?!, and
terminal differentiation in embryogenesis. Although several previous reports have suggested that a high dose of
GSK3 inhibitor enhanced the directed differentiation of several hiPSC lines to the posterior DE**"%4, the concrete
values of the concentrations and durations of treatment varied among the reports, suggesting that the optimal
concentration and duration of GSK3( inhibitor treatment differ among cell lines. We therefore attempted to opti-
mize the GSK33 inhibitor treatment conditions for the hiPSC line confirmed to be pluripotent (Fig. SIA-D) and
which was used in this study.

First, to clarify the maximum tolerable dose of the GSK33 inhibitor CHIR99021, we added 1, 3, 5, or 7uM of
CHIR99021 to the medium for 3 days of DE induction with Activin A (Fig. S2A). CHIR99021 was obviously toxic
at 7 puM (Fig. S2B) and resulted in the reduced expression of the endoderm marker SOX17 (Fig. S2C). At concen-
trations between 1 and 5uM, we found that the expression of CDX2, a marker of posterior DE, was increased in
a dose-dependent manner with no obvious difference in the SOX17 expression (Fig. S2C). We therefore adopted
5uM as the high dose and 1 1M as the low dose of CHIR99021 treatment in the present study.

To confirm the efficacy of high-dose CHIR99021 in posterior DE induction from hiPSCs, we quantitatively
compared the differentiation efficiency between 1M and 5pM CHIR99021 in 3 independent experiments
(Fig. 1A). The expression of CDX2 mRNA was about 100-fold higher in 5pM than 1M, while the expression of
SOX17 mRNA was similar in both conditions (Fig. 1B). A comparative immunocytochemistry analysis showed
that the expression of CDX2 protein was enhanced by 5pM of CHIR99021 treatment, while the expression of
SOX17 was roughly unaffected (Fig. 1C). The mean proportions of CDX2 + cells were 2.3% and 63.8% with 1 uM
and 5pM of CHIR99021 treatment, respectively (Fig. 1D). In contrast to a previous report showing 1-day treat-
ment of CHIR99021 to be effective?, 1-day treatment of CHIR99021 did not enhance the CDX2 expression in the
present study (Fig. S2D,E). On the other hand, the expression of SOX2 mRNA was increased in the cells treated
with 1 uM CHIR99021 (Fig. S2F), suggesting that these cells were predominantly differentiated into anterior DE.

To induce the differentiation of the posterior DE cells toward bladder urothelium, we employed keratinocyte
serum-free medium containing bovine pituitary extract (BPE) and all-trans retinoic acid (ATRA), in reference
to previous reports!>!®. We evaluated the effect of CHIR99021 treatment on the expression of HOXA13 and
HOXD13, which are essential inductive signals for the normal development of the hindgut25’28, four days after
posterior DE induction had ended (Fig. 2A). In the quantitative polymerase chain reaction (qQPCR) analysis,
5uM CHIR99021 treatment increased the expression of HOXA13 (15.4-fold, p < 0.05) and HOXD13 (8.1-fold,
p <0.05) compared to 1 uM treatment (Fig. 2B). In a comparative immunocytochemistry analysis of HOXA13+
and HOXD13+ cells, while there were no positive cells after 1 uM treatment, 5pM treatment induced positivity
in 81.9% of HOXA13 and 84.2% of HOXD13 cells (Fig. 2C,D).

A PPAR-~ agonist and an EGFR inhibitor enhanced the terminal urothelial differentiation from
hiPSCs. Previous reports using primary urothelium culture have suggested that the combination of the
PPAR-~ agonist troglitazone (TZ), and the EGFR inhibitor PD153035 (PD) (hereafter referred to as TZ + PD)
enhances the terminal differentiation of bladder urothelium?*-**. We thus evaluated whether or not the combi-
nation of TZ + PD enhances terminal urothelial differentiation from hiPSCs. We added 1uM of TZ+ PD during
the last 4 days of differentiation for 18 days (Fig. 3A). qPCR revealed that the combination of TZ+ PD increase
the expression of the following urothelial markers: Uroplakin IA (7.0-fold, p < 0.05), II (5.6-fold, p < 0.05), and
III (8.2-fold, p < 0.05) (Fig. 3B). Furthermore, semi-quantitative reverse transcription PCR (RT-PCR) (Fig. 3C)
and immunocytochemistry (Fig. 3D) showed the mRNA and protein expressions of the terminal differentiation
markers CK13 and CK20 induced by TZ + PD. In addition, we evaluated the effect of a single administration
of TZ and PD. A semi-quantitative RT-PCR showed that the single administration of TZ also induced terminal
differentiation. but the expression of CK13 and CK20 of these cells was markedly lower than in those treated with
TZ+ PD (Fig. S3).

We further compared the expression of Uroplakin IA, II, and III after 18 days of differentiation using TZ + PD
with 1 and 5pM of CHIR99021 treatment during DE induction (Fig. 4A). The increased expressions of Uroplakin
IA (5.0-fold, p < 0.05), IT (4.3-fold, p < 0.05), and III (5.6-fold, p < 0.05) in the samples treated with 5pM
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Figure 1. Treatment with a high-dose GSK3( inhibitor predominantly induced posterior DE. (A) A schematic
diagram of posterior DE induction using Activin A and CHIR99021. (B) An expression analysis of SOX17 and
CDX2 in differentiated cells treated with the indicated dose of CHIR by qPCR (n=3 independent experiments;
mean £ SEM). (C) Immunostaining of SOX17 and CDX2 in differentiated cells. Representative fluorescence
microscopic images for treatment with 1 uM (upper panels) and 5uM CHIR (lower panels) are shown. Scale
bar, 50 pm. (D) The proportion of CDX2-positive cells after treatment with 1 or 5uM CHIR (n =3 independent
experiments; mean £ SD). *p < 0.05; two-tailed paired ¢-test. Abbreviations: iPSc, induced pluripotent stem cell;
DE, definitive endoderm; CHIR, CHIR99021.

compared to those treated with 1M (Fig. 4B) indicated that a high-dose GSK3( inhibitor and TZ 4 PD had an
additive effect on bladder urothelial differentiation from hiPSCs.

FGF10 treatment enhanced the differentiation into stratified urothelium. FGF10 secreted from
mesenchyme has been reported to play an important role in regulating the growth, differentiation, and repair of
the urothelium in a paracrine manner****, and previous reports have shown that urothelium failed to stratify in
Fgf10-null mice.

We therefore examined whether or not FGF10 treatment enhances bladder urothelial differentiation from
hiPSCs by adding various concentrations of FGF10 to the culture media for 2 weeks subsequent to DE induc-
tion (Fig. 5A). In a qPCR analysis, FGF10 treatment at concentrations of >100 ng/ml resulted in about a 5-fold
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Figure 2. Treatment with a high-dose GSK3( inhibitor efficiently induced caudal hindgut. (A) A schematic
diagram of hindgut maturation after posterior DE induction. (B) An expression analysis of the hindgut markers
HOXA13 and HOXD13 after four days of maturation following posterior DE induction with the indicated

dose CHIR by qPCR (n = 3 independent experiments; mean &= SEM). (C) Immunostaining of HOXA13 and
HOXD13 in differentiated cells. Representative fluorescence microscopic images for treatment with 1 uM
(upper panels) and 5uM CHIR (lower panels) are shown. Scale bar, 100 pm. (D) The proportions of HOXA13
(left panel)- and HOXD13 (right panel)-positive cells (n =3 independent experiments; mean = SD). *p < 0.05;
two-tailed paired t-test. Abbreviations: iPSc, induced pluripotent stem cell; DE, definitive endoderm; CHIR,

CHIR99021; BPE, bovine pituitary extract; ATRA, all-trans retinoic acid.
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Figure 3. A PPAR-~ agonist and an EGFR inhibitor enhanced the terminal transitional differentiation into
bladder urothelium. (A) A schematic diagram shows that the PPAR-~ agonist Troglitazone (TZ) and EGFR
inhibitor PD153035 (PD) were added for the last four days to complete terminal transitional differentiation into
bladder urothelium. (B) A qPCR analysis of the urothelial markers UPK Ia, UPK II, and UPK III after TZ + PD
treatment for 4 days to complete terminal differentiation (n =5 independent experiments; mean & SEM,

*p < 0.05; two-tailed paired t test). (C) An expression analysis of the transitional differentiation markers CK13
and CK20 at day 18 by semi-quantitative RT-PCR. Bladder RNA was used as a positive control. Full-length
gels are presented in Supplementary Figure 6. (D) Immunostaining of CK13 and CK20 in differentiated cells
after treatment with (lower panels) or without (upper panels) TZ + PD for 4 days. Representative fluorescence
microscopic images are shown. Scale bar, 50 pm. Abbreviations: iPSc, induced pluripotent stem cell; DE,
definitive endoderm; CHIR, CHIR99021; BPE, bovine pituitary extract; ATRA, all-trans retinoic acid; TZ,
troglitazone; PD, PD153035; UPK, uroplakin.
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Figure 4. Treatment with a high-dose GSK3( inhibitor during posterior DE induction enhanced urothelial
differentiation. (A) An overview of the culture protocol for urothelial differentiation. (B) An expression analysis
of the urothelial markers in differentiated cells treated with a high (5uM) or low (1 uM) dose of CHIR during
posterior DE induction by qPCR (n=5 independent experiments; mean &= SEM). *p < 0.05; two-tailed paired
t-test. Abbreviations: iPSc, induced pluripotent stem cell; DE, definitive endoderm; CHIR, CHIR99021; BPE,
bovine pituitary extract; ATRA, all-trans retinoic acid; TZ, troglitazone; PD, PD153035; UPK, uroplakin.

increased expression of uroplakin IA, II, and III (Fig. 5B), indicating enhanced bladder urothelial differentiation.
An immunocytochemistry analysis revealed the UPKIII protein expression at the cell membrane and cytoplasm
after treatment with 5pM of CHIR99021, TZ 4 PD, and FGF10 (Fig. 5C). Our urothelium also showed other
urothelial markers, such as p63, CK20, ZO-1 and E-Cadherin, on immunostaining (Fig. 5C), but the expression
of these markers’ mRNA was not enhanced by FGF10 (Fig. S4A).

Notably, FGF10 treatment seemed to increase the elevated regions in phase-contrast microscopy (Fig. 5D).
In order to more objectively evaluate the thickness of differentiated cell clumps, we employed optical coher-
ence tomography (OCT). OCT showed that the epithelium treated with FGF10 was actually thicker (by about
three-fold) than that without FGF10 treatment (Fig. 5E). In the analysis of the distribution, the epithelium treated
with FGF10 was generally thicker than that without FGF10 treatment, as the proportions of the areas with a thick-
ness of >30 um in the culture with and without FGF10 treatment were 19.8% and 71.2%, respectively (Fig. 5EG).
These findings suggest that FGF10 enhanced the stratification of urothelial cells. To clarify whether the effect of
FGF10 was due to the promotion of cell proliferation or to the suppression of cell death, we performed an EdU
assay and Caspase assay. As shown in Fig. 5H, the uptake of EAU was markedly enhanced with FGF10 treatment.
The uptake of EAU was detected in the elevated regions. In contrast, there was no marked difference in the expres-
sion of cleaved caspase-3 between cells with and without FGF10 treatment (Fig. S4B). These findings suggested
that stratification by FGF10 was due to the promotion of cell proliferation.

Transwell culture enhanced the generation of stratified urothelium. In previous reports, a tran-
swell culture system was used for the differentiation of hiPSCs into polarized and functional tissues®” .

To examine the effect of transwell culture on our objective, we seeded hiPSCs onto a transwell as well as a nor-
mal plate (Fig. 6A) and carried out the urothelial differentiation protocol optimized in the present study (Fig. 6B).
We used the same culture medium both above and below the transwell membrane. To clarify the presence of any
difference at the DE and caudal hindgut stages between normal culture and transwell systems, we evaluated the
expression of CDX2 at day 3 and the expression of HOXA13 and HOXD13 at day 7 in normal plates and transwell
plates treated with 1 or 5pM CHIR99021. On semi-quantitative RT-PCR, the cells showed similar levels of CDX2,
HOXA13 and HOXD13 between the two systems (Fig. S5A,B), suggesting that there was no marked difference at
the DE or caudal hindgut stage. We next confirmed the mRNA expression of uroplakins, CK13, CK20, p63, ZO-1
and E-Cadherin in the cells in the transwell and normal plates at day 18 (Fig. 6C). Notably, the epithelium in the
transwell culture system elevated more extensively than that in normal plate culture in phase-contrast micro-
scopic images (Fig. 6D). We again employed OCT, and it showed that the epithelium on transwell was actually
thicker than that on normal plate (Fig. 6E). In the analysis of the distribution, the epithelium on the transwell was
generally thicker than that on the normal plate, as the proportions of the areas with a thickness of >30 um on the
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Figure 5. FGF10 enhanced urothelial differentiation and stratification. (A) After posterior DE induction, cells
were treated with 0, 100, 200, or 500 ng/ml FGF10 from days 3 to 18. (B) A quantitative RT-PCR analysis of
urothelial markers (UPK Ia, UPK II, and UPK III) in differentiated cells at day 18 after treatment with the indicated
concentrations of FGF10. Data are shown as the mean = SEM (n = 6 independent experiments). *p < 0.05;
Dunnett’s test. (C) Immunostaining of UPK III, CK20, p63, ZO-1 and E-Cadherin in differentiated cells. Scale bar,
50 um. (D) Phase contrast images of differentiated cells with (right panel) or without (left panel) FGF10 treatment
(100ng/ml). (E) Optical coherence tomography (OCT) images of differentiated cells treated with (lower panel) or
without (upper panel) FGF10 in high-resolution mode. (F) The thicknesses of the differentiated cells with (right
panel) or without (left panel) FGF10 treatment were visualized using a color-scale heatmap from 10 to 70 pm in
low-resolution mode. Scale bar, 1 mm. (G) A histogram of the OCT analysis of differentiated cells with (red line)
or without (blue line) FGF10 treatment in low-resolution mode. (H) An EdU assay for the cells with and without
FGF10 treatment. Representative fluorescence microscopic images of EQU (left panel) and the proportions of
EdU-positive cells (right panel) are shown (n=5 different fields; mean + SD). *p < 0.05; two-tailed paired t-test.
Abbreviations: iPSc, induced pluripotent stem cell; DE, definitive endoderm; CHIR, CHIR99021; BPE, bovine
pituitary extract; ATRA, all-trans retinoic acid; TZ, troglitazone; PD, PD153035; UPK, uroplakin.
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Figure 6. Transwell culture generated more stratified epithelium than normal plate culture. (A) Schematic
images of normal plate culture (left) and transwell culture (right) for urothelial differentiation. (B) An overview
of the culture protocol on transwell. (C) A semi-quantitative RT-PCR analysis of urothelial markers (UPK Ia,
UPK II, UPK III), transitional differentiation markers (CK13, CK20) and other differentiation markers (p63,
Z0-1 and E-Cadherin) in differentiated cells cultured in the normal plates and transwells. Total RNA of human
bladder tissue was used as a positive control. Full-length gels are presented in Supplementary Figure 7. (D)
Phase contrast images of differentiated cells at day 18 on normal plate (left panel) and transwell (right panel).
Scale bar, 500 pm. (E) OCT images of differentiated cells on normal plate (upper panel) and transwell (lower
panel). (F) The thicknesses of the differentiated cells on normal plate (right panel) or transwell (left panel)

were visualized using a color-scale heatmap from 10 to 90 um in low-resolution mode. Scale bar, 1 mm. (G)

the histogram distribution of the OCT analysis of differentiated cells on normal plate (blue line) and transwell
(red line) in low-resolution mode. (H) An in vitro permeability assay using FITC dextran. Fluorescence
intensities were quantified by relative fluorescence units (RFU) (n=3 independent experiments; mean & SEM,
*p < 0.05; two-tailed paired t-test). (I) Immunostaining of UPK II in DE cells (upper panel) and differentiated

SCIENTIFICREPORTS|  (2079) 9:10506 | https://doi.org/10.1038/s41598-019-46848-8 8


https://doi.org/10.1038/s41598-019-46848-8

www.nature.com/scientificreports/

urothelial cells (lower panel) on a transwell plate (*). Scale bar, 50 pm. (J) Immunostaining of CK20 and

p63 in differentiated urothelial cells in the stratified area (upper panel) and less-stratified area (lower panel).
Abbreviations: iPSc, induced pluripotent stem cell; DE, definitive endoderm; CHIR, CHIR99021; BPE, bovine
pituitary extract; ATRA, all-trans retinoic acid; TZ, troglitazone; PD, PD153035; UPK, uroplakin.

normal plate and transwell were 49.2% and 95.6%, respectively (Fig. 6EG). These findings suggested that tran-
swell culture further enhanced the stratification of urothelial cells differentiated with FGF10. Next, we performed
an in vitro permeability assay using FITC dextran to evaluate the barrier function of our stratified urothelium
from iPSC. As shown in Fig. 6H, our urothelium in transwell culture obviously blocked the permeation of FITC
dextran, suggesting that our bladder urothelium from iPSCs has a viable barrier function. In an immunohistolog-
ical analysis, stratified epithelial cells expressed uroplakin IT (Fig. 6I) and CK20 (Fig. 6]) in all layers, despite these
being markers of superficial urothelial cells. In contrast, cells expressing the basal cell marker p63 were detected in
only less-stratified areas (Fig. 6] lower panel) and not in stratified areas at all (Fig. 6] upper panel). Although our
urothelium did not identically reproduce an authentic bladder urothelial structure with the correct distribution of
superficial and basal cells, these results indicated that our differentiation protocol with a transwell culture system
provided stratified epithelial tissue structure which has barrier function resembling urothelium in vivo.

Discussion

In the present study, we succeeded in the directed differentiation of hiPSCs into mature bladder urothelium
through the posterior DE and caudal hindgut. While some previous reports have shown that a high dose of
CHIR99021 enhanced the differentiation of hiPSCs into cells positive for some markers of the posterior DE as
well as the mid hindgut and intestine?>?*, which is one of the derivatives of posterior DE, this is the first report
demonstrating the effect of CHIR99021 on the caudal hindgut and bladder urothelium. In addition to establish-
ing a novel protocol to obtain human urothelium from iPSCs, our results provide evidence that the derivative of
hiPSCs dominantly induced by high-dose CHIR99021 with Activin A actually recapitulate authentic posterior
DE able to give rise to not only intestine but also lower urinary tract tissue. Furthermore, as a primary cul-
ture of urothelial cells, terminal differentiation of the present urothelium derived from hiPSCs was enhanced by
TZ+ PD?-*. This consistent responsiveness to TZ + PD suggested that our urothelium from iPSCs recapitulates
authentic bladder urothelium; notably, no previous reports of iPSC-derived cells expressing urothelial markers
have mentioned the responsiveness to TZ + PD. In the present study, we only demonstrated the positive effect
of TZ+ PD on urothelial differentiation, but did not specify the optimal addition timing and concentration of
TZ 4 PD for the iPSC line used in the study; PB3AB4. Generally, the ideal administration timing and concentra-
tion of compounds for differentiation to a certain type of cells will differ among cell lines**. Therefore, the opti-
mized conditions should be examined for each individual cell line by the researchers using the line.

It should be noted that we generated stratified structure of urothelium derived from hiPSCs through the use of
FGF10 and a transwell culture system that permits the cells to take up the nutrient on basal surfaces, mimicking
in vivo condition. One of the essential roles of the bladder is to function as a barrier against pathogens, toxins and
waste products in urine'®!?, and the stratification of bladder urothelium contributes to this barrier function. Thus,
the stratification of bladder urothelium is very important for the future clinical application of this technique. In
addition to the tissue functions, the ordered structures of tissues are generally implicated in the proliferation and
differentiation of each individual component cell of the tissues in the development, regeneration and tumorigene-
sis in various kinds of tissues. Thus our stratified urothelium model might be applicable for research on the mech-
anisms underlying the development, regeneration, tumorigenesis, and tumor invasion of the human bladder.

The structure of the stratified urothelium derived from hiPSCs in the present study, in which all layers were
positive for uroplakins, did not identically recapitulate an authentic bladder urothelial structure, in which the
apical region is positive for uroplakins while the basal region is negative. This might be due to the incomplete
recapitulation of FGF signaling in our present system. FGF10-FGFR2IIIb signal has been reported to play an
important role in regulating the growth, differentiation, repair, and stratification of the urothelium®***. FGF10
treatment was found to consistently enhance the expression of uroplakins, which are differentiation markers of
bladder urothelium, and urothelial stratification in our study. Interestingly, FGF7, another ligand of FGFR2IIIb,
also enhanced the stratification of urothelium in mice, similar to FGF10, but suppressed the differentiation of
urothelium*, in contrast to FGF10. FGF?7 is considered to originate in the mesenchyme and be active at the
urothelium®. FGF7 from mesenchyme may thus cause the negative expression of uroplakins in the basal region of
urothelium. Considering the distribution of superficial markers (uroplakins and CK20) and the basal cell marker
p63, our differentiated urothelial cells did not reproduce an actual bladder urothelial structure. In future studies
using our system with transwell culture, the addition of FGF7 to the medium below the insert membrane, which
corresponds to the mesenchyme in authentic bladder tissues, might enable us to generate bladder urothelium
with a similar expression pattern of uroplakin, CK20 and p63 to authentic bladder urothelium. Furthermore, we
should develop stratified urothelial cell sheets suitable for in vivo transplantation experiments for clinical appli-
cation in the future.

In conclusion, we demonstrated for the first time that several factors enhanced the directed differentiation
and stratification of bladder urothelium from hiPSCs. Our stratified urothelium model might be useful in the
field of regenerative medicine of the bladder as well as studies on the mechanisms underlying the physiology and
pathology of the bladder.
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Materials and Methods

Establishment of a human induced pluripotent stem cell line from peripheral blood mono-
nuclear cells. The human induced pluripotent stem cell (hiPSC) line FF-PB-3AB4 was established from a
healthy donor’s peripheral blood mononuclear cells (PBMCs), as described previously*#”. In brief, PBMCs were
electroporated with the episomal vectors pCXLE-hOCT3/4-shp53 (#27077; Addgene, Cambridge, MA, USA),
pCXLE-hSK (#27078; Addgene), pCXLE-hUL (#27080; Addgene), and pCXWB-EBNA1 (Addgene; #37824)
using the Nucleofector IIb device (Lonza, Basel, Switzerland) and plated on iMatrix-511-coated cell culture plates
(Nippi, Inc., Tokyo, Japan). The iPSCs were induced by changing the medium to StemFit medium (Ajinomoto,
Tokyo, Japan). Twenty-nine days after electroporation, colonies were isolated and expanded for validation.

The institutional review board of Kobe University Graduate School of Medicine approved this study (No.
1722), and informed consent was obtained from the donor. FF-PB-3B4 showed typical human embryonic stem
cell-like morphology (Fig. S1A), expressed pluripotent stem cell markers OCT3/4 and NANOG (Fig. S1B) and
had the ability to differentiate into cells comprising all three germ layers in vitro (Fig. S1C). In addition, we per-
formed a “pluritest” and confirmed that the generated clone was pluripotent and similar to validated normal PSCs
(Fig. S1D). Karyotype of FF-PB-3AB4 was normal (data not shown).

Cell culture. FF-PB-3AB4 was maintained with Stem Fit AKO2N according to the manufacturer's instruc-
tions. Cells were passaged onto precoated with iMatrix-511 (Nippi) at a density of 0.5 mg/cm? every 7 days using
0.5x TripLE select (Life Technologies, Waltham, MA, USA) with 0.5mM EDTA (Life Technologies) and 10 uM
Rho-associated kinase (Rock) inhibitor, Y-27632 (WAKO, Osaka, Japan).

Definitive endoderm induction. hiPSCs grown with 80% confluency were dissociated into single cells
by 0.5% TrypLE select with 0.5 mM EDTA and seeded onto iMatrix-511 coated plates at a density of 1.0 x 10°
cells/cm?, after which they were cultured for 1 day with Stem Fit AKO2N (Ajinomoto) and 10 uM Y-27632.
The following day, the medium was changed to RPMI-1640 (NACALAI TESQUE, Kyoto, Japan) containing
100 ng/ml of Activin A (PeproTech, Rocky Hill, NJ, USA), 2% B27 (Life Technologies), 2mM of L-glutamine
(Life Technologies) and 1% Pen strep (Life Technologies). For posterior DE and hindgut induction, CHIR99021
(TOCRIS, Bristol, UK) dissolved in DMSO was added at the following final concentrations: 1, 3, 5 or 7 uM. The
medium was changed daily for 3 days. To make the final DMSO concentration consistent, we prepared 1, 3, 5 or
7mM CHIR dissolved in DMSO and used a 1 in 1000 dilution.

Differentiation into bladder urothelium. Following DE induction, the medium was changed to RPMI-
1640 containing 10 uM all-trans retinoic acid (WAKO) and 100 ng/ml human recombinant FGF10 (R&D Systems,
Minneapolis, MN, USA), supplemented with KGM-Gold™ SingleQuots™ (Lonza). The medium was changed
every other day for 2 weeks. For terminal differentiation, 1 M of Troglitazone (Sigma-Aldrich, St. Louis, MO,
USA) and 1 pM of PD153035 (Sigma-Aldrich) were added on the last 4 days of this protocol.

Transwell culture. hiPSCs were seeded onto transwells (0.4-pm pore size; Corning, Corning, NY, USA)
pre-coated with iMatrix-511 at a density of 1.0 x 10° cells/cm?. The protocol of differentiation was the same as
that of normal dish culture.

Optical coherence tomography. The living cell layers on normal plate and transwell were imaged
by Cell’iMager Estier (SCREEN Holdings, Kyoto, Japan) without staining. We observed 0.5 mm? with a
high-magnification lens and 5 mm? with a low-magnification lens. The X-Y plane resolutions were 1 and 10 pm/
pixel, respectively. The Z-axis resolution was 0.92 pm/pixel in both lens. The obtained three-dimensional (3D)
imaging data were binarized by the suitable threshold for evaluating the thickness of cell layers using the image
processing software program Image] (National Institutes of Health, Bethesda, MD, USA). The signal of the well
bottom was observed as a high-signal band, and the center of this band was defined as the height reference point
of the normal plate. The signal of the transwell membrane was observed as two parallel high-signal bands, indicat-
ing the upper and bottom sides of the membrane, and 5 um (half of the membrane thickness) above the center of
these bands was defined as the height reference point of the transwell. Heatmaps were generated using the Image]
software program, and histograms were plotted using the Python 3.6.5 Seaborn library.

EdU assay. We used a Click-iT® Plus EQU Alexa Fluor® 555 Imaging Kit (Life Technologies) to evaluate the
proliferation of cells. EAU at a final concentration of 10 .M was added, and the cells were incubated at 37 °C for
3 h. The cells were then fixed with only 4% paraformaldehyde. After washing with PBS (—), the cells were per-
meabilized using PBS (—) containing 0.5% Triton X-100 for 20 min at room temperature and then washed with
3% BSA in PBS (—) after permeabilization and incubated with Click-iT® Plus reaction cocktail, mixed according
to the manufacturers’ protocols. After 30-min incubation, protected from light, at room temperature, cells were
washed with 3% BSA in PBS (—), and nuclei were stained with Hoechst 33342. The images were taken with a
BZ-X700 (Keyence, Osaka, Japan).

In vitro permeability assay. To evaluate the barrier function of urothelium from hiPSCs on transwell
plates, we examined the permeability using FITC dextran, a component (Part No. 90328) of the Millipore In Vitro
Vascular Permeability Assay Kit (Merck Millipore, Billerica, MA, USA). At day 18, the end of differentiation, the
medium was carefully removed from the transwell plates without disturbing the cells, and the transwells were
transferred to a new plate, where the bottom of the wells was filled with 800 uL of medium. FITC-dextran (300 L)
diluted with differentiation medium (1:40) was then added to each transwell. Samples were incubated for 20 min,
protected from light, at room temperature. Permeation of FITC-dextran was stopped by removing the transwells
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from the wells. The medium containing FITC-dextran in the bottom of the wells was thoroughly mixed, and
100 pL of the medium was transferred into the wells of a black 96-well plate (PerkinElmer, Waltham, MA, USA).
Fluorescence intensities were measured using an EnSpire (PerkinElmer), a multi-well microplate reader, with
filters appropriate for 490- and 520-nm excitation and emission, respectively.

Semi-quantitative and real-time quantitative reverse transcription polymerase chain reaction
analyses. Total RNA was extracted using TRIZOL regent (Life Technologies) and treated with a TURBO
DNA-free kit (Life Technologies), and 500 ng of RNA was reverse transcribed into cDNA using the Prime
Script™ II 1st strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). Semi-quantitative reverse transcription
polymerase chain reaction (RT-PCR) was performed with Ex Taq (Takara Bio) on a PCR Thermal Cycler Dice
Touch (Takara Bio). The PCR products were run on a 2% (w/v) agarose gel and visualized with ethidium bromide.
Real-time quantitative RT-PCR was performed with TB green Premix Ex taq II (Takara Bio) on a LightCycler
480 (Roche, Basel, Switzerland). GAPDH was used as an internal control. Total RNA of human bladder tissue
(BioChain Institute Inc., Newark, CA, USA) was used as a positive control. The sequences of the primers used in
these studies are described in Table S1.

Immunohistochemistry. For Uroplakin I1I, cells were fixed with a mixture of 4% paraformaldehyde and
1% glutaraldehyde for 10 min and then washed with 100 mM glycine. For others, cells were fixed with only 4%
paraformaldehyde. After washing with PBS (—), cells were permeabilized and blocked with 1% BSA/PBS (—) con-
taining 0.1% Triton X-100 (NACALAI TESQUE) and 5% normal donkey serum for 1h at room temperature. The
cells were then incubated with the primary antibodies overnight at 4 °C. Primary antibodies and concentrations
are listed in Table S2.

Alexa Fluor 488- or Alexa Fluor 594-conjugated secondary antibodies (Life Technologies) were used as
secondary antibodies. Nuclei were stained with Hoechst 33342, and the images were taken with a fluorescence
microscope (BZ-X700; Keyence). The cells were counted using the hybrid cell count system of the BZ-X700
(Keyence).

Histological and immunohistochemical analyses of urothelium on transwell.  The entire transwell
was fixed in 10% buffered formalin, and then the membrane was cut from the well using a scalpel and embedded
in paraffin vertically. Immunohistochemistry was performed using the Benchmark XT autostainer (Roche) with
an XT ultraView Universal DAB Detection Kit (Ventana Medical Systems, Tucson, AZ, USA), according to the
manufacturers’ protocols. The images were obtained with a BZ-X700.

For preparation of cryosections, the fixed membrane was embedded in Tissue-tek O.C.T (Sakura Finetek
USA, Torrance, CA, USA) and frozen at —30°C.

Embryoid body formation. For embryoid body (EB) formation, undifferentiated iPSCs were dissociated
into single cells, resuspended in Primate ES medium (Reprocell, Yokohama, Japan) containing 20 uM Y-27632,
and seeded onto low-cell-adhesion 96-well spindle-bottom plates (MS-9096V, PrimeSurface; Sumitomo
Bakelite, Tokyo, Japan) at a density of 1.0 x 10* cells per well. After 7 days of culture, the EBs were transferred to
gelatin-coated 24-well plates and cultured in the same medium for another 7 days. The differentiated cells were
immunostained with the indicated antibodies.

Pluritest. Pluritest was performed as previously described*® using a GeneChip PrimeView Human Gene
Expression Array (Thermo Fisher Scientific). The data files were uploaded to www.pluritest.org, scored for
pluripotency, and deposited into the National Center for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO) database with accession no. GSM3489481 (201B7), GSM2804015 (409B2) and GSE131371
(3AB4).

All methods were performed in accordance with the relevant guidelines and regulations including Declaration
of Helsinki and Ethical Guidelines for Medical and Health Research Involving Human Subjects.

References

1. Krajewski, W., Piszczek, R., Krajewska, M., Dembowski, J. & Zdrojowy, R. Urinary diversion metabolic complications -
underestimated problem. Advances in clinical and experimental medicine: official organ Wroclaw Medical University 23, 633-638
(2014).

2. Tanrikut, C. & McDougal, W. S. Acid-base and electrolyte disorders after urinary diversion. World journal of urology 22, 168-171
(2004).

3. Nieuwenhuijzen, J. A. et al. Urinary diversions after cystectomy: the association of clinical factors, complications and functional
results of four different diversions. Eur Urol 53, 834-842 (2008). discussion 842-834.

4. Lin, H. K. et al. Biomatrices for bladder reconstruction. Adv Drug Deliv Rev 82-83, 47-63 (2015).

5. Atala, A, Bauer, S. B, Soker, S., Yoo, J. J. & Retik, A. B. Tissue-engineered autologous bladders for patients needing cystoplasty. The
Lancet 367, 1241-1246 (2006).

6. Koh, C.]. Tissue Engineering, Stem Cells, and Cloning: Opportunities for Regenerative Medicine. Journal of the American Society of
Nephrology 15, 1113-1125 (2004).

7. Osborn, S. L. & Kurzrock, E. A. Production of urothelium from pluripotent stem cells for regenerative applications. Curr Urol Rep
16, 466 (2015).

8. Subramaniam, R, Hinley, J., Stahlschmidt, J. & Southgate, J. Tissue engineering potential of urothelial cells from diseased bladders.
] Urol 186, 2014-2020 (2011).

9. Dozmorov, M. G., Kropp, B. P,, Hurst, R. E., Cheng, E. Y. & Lin, H. K. Differentially expressed gene networks in cultured smooth
muscle cells from normal and neuropathic bladder. Journal of smooth muscle research=Nihon Heikatsukin Gakkai kikanshi 43, 55-72
(2007).

10. Chan, Y. Y, Sandlin, S. K., Kurzrock, E. A. & Osborn, S. L. The Current Use of Stem Cells in Bladder Tissue Regeneration and
Bioengineering. Biomedicines 5 (2017).

SCIENTIFICREPORTS|  (2079) 9:10506 | https://doi.org/10.1038/s41598-019-46848-8 11


https://doi.org/10.1038/s41598-019-46848-8
http://www.pluritest.org

www.nature.com/scientificreports/

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42,

43.
44.

45.

46.

47.

48.

Takahashi, K. et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131, 861-872 (2007).
Fujimori, K. et al. Escape from Pluripotency via Inhibition of TGF-beta/BMP and Activation of Wnt Signaling Accelerates
Differentiation and Aging in hPSC Progeny Cells. Stem Cell Reports 9, 1675-1691 (2017).

Ang, L. T. et al. A Roadmap for Human Liver Differentiation from Pluripotent Stem Cells. Cell Rep 22, 2190-2205 (2018).

Toyoda, T. et al. Cell aggregation optimizes the differentiation of human ESCs and iPSCs into pancreatic bud-like progenitor cells.
Stem Cell Res 14, 185-197 (2015).

Osborn, S. L. et al. Induction of human embryonic and induced pluripotent stem cells into urothelium. Stem Cells Transl Med 3,
610-619 (2014).

Kang, M., Kim, H. H. & Han, Y. M. Generation of bladder urothelium from human pluripotent stem cells under chemically defined
serum- and feeder-free system. Int ] Mol Sci 15, 7139-7157 (2014).

Moad, M. et al. A novel model of urinary tract differentiation, tissue regeneration, and disease: reprogramming human prostate and
bladder cells into induced pluripotent stem cells. Eur Urol 64, 753-761 (2013).

Birder, L. A. et al. How does the urothelium affect bladder function in health and disease? ICI-RS 2011. Neurourol Urodyn 31,
293-299 (2012).

Khandelwal, P., Abraham, S. N. & Apodaca, G. Cell biology and physiology of the uroepithelium. Am ] Physiol Renal Physiol 297,
F1477-1501 (2009).

Haraguchi, R. et al. Molecular analysis of coordinated bladder and urogenital organ formation by Hedgehog signaling. Development
134, 525-533 (2007).

. Matsumaru, D. et al. Systematic stereoscopic analyses for cloacal development: The origin of anorectal malformations. Sci Rep 5,

13943 (2015).

Matsuno, K. et al. Redefining definitive endoderm subtypes by robust induction of human induced pluripotent stem cells.
Differentiation 92, 281-290 (2016).

Tamminen, K. ef al. Intestinal Commitment and Maturation of Human Pluripotent Stem Cells Is Independent of Exogenous FGF4
and R-spondinl. PLoS One 10, 0134551 (2015).

Hannan, N. R. et al. Generation of multipotent foregut stem cells from human pluripotent stem cells. Stem Cell Reports 1,293-306
(2013).

Warot, X., Fromental-Ramain, C., Fraulob, V., Chambon, P. & Dolle, P. Gene dosage-dependent effects of the Hoxa-13 and Hoxd-13
mutations on morphogenesis of the terminal parts of the digestive and urogenital tracts. Development 124, 4781-4791 (1997).
Scotti, M., Kherdjemil, Y., Roux, M. & Kmita, M. A Hoxal3:Cre mouse strain for conditional gene manipulation in developing limb,
hindgut, and urogenital system. Genesis 53, 366-376 (2015).

Dan, Z. et al. Hoxd-13 expression in the development of hindgut in ethylenethiourea-exposed fetal rats. J Pediatr Surg 45, 755-761
(2010).

de Santa Barbara, P. & Roberts, D. J. Tail gut endoderm and gut/genitourinary/tail development: a new tissue-specific role for
Hoxal3. Development 129, 551-561 (2002).

Varley, C. L., Stahlschmidst, J., Smith, B., Stower, M. & Southgate, J. Activation of Peroxisome Proliferator-Activated Receptor-~
Reverses Squamous Metaplasia and Induces Transitional Differentiation in Normal Human Urothelial Cells. The American Journal
of Pathology 164, 1789-1798 (2004).

Varley, C. L. et al. Role of PPARgamma and EGFR signalling in the urothelial terminal differentiation programme. J Cell Sci 117,
2029-2036 (2004).

Varley, C. L. et al. PPARgamma-regulated tight junction development during human urothelial cytodifterentiation. J Cell Physiol
208, 407-417 (2006).

Varley, C. L. & Southgate, J. Effects of PPAR agonists on proliferation and differentiation in human urothelium. Exp Toxicol Pathol
60, 435-441 (2008).

Varley, C. L., Bacon, E. J., Holder, J. C. & Southgate, . FOXA1 and IRF-1 intermediary transcriptional regulators of PPARgamma-
induced urothelial cytodifferentiation. Cell Death Differ 16, 103-114 (2009).

Bagai, S. et al. Fibroblast growth factor-10 is a mitogen for urothelial cells. J Biol Chem 277, 23828-23837 (2002).

Zhang, D., Kosman, J., Carmean, N., Grady, R. & Bassuk, J. A. FGF-10 and its receptor exhibit bidirectional paracrine targeting to
urothelial and smooth muscle cells in the lower urinary tract. Am J Physiol Renal Physiol 291, F481-494 (2006).

Yucel, S. et al. Anatomical studies of the fibroblast growth factor-10 mutant, Sonic Hedge Hog mutant and androgen receptor mutant
mouse genital tubercle. Advances in experimental medicine and biology 545, 123-148 (2004).

Wong, A. P. et al. Directed differentiation of human pluripotent stem cells into mature airway epithelia expressing functional CFTR
protein. Nat Biotechnol 30, 876-882 (2012).

Firth, A. L. et al. Generation of multiciliated cells in functional airway epithelia from human induced pluripotent stem cells. Proc
Natl Acad Sci USA 111, E1723-1730 (2014).

Wilson, H. K., Canfield, S. G., Hjortness, M. K., Palecek, S. P. & Shusta, E. V. Exploring the effects of cell seeding density on the
differentiation of human pluripotent stem cells to brain microvascular endothelial cells. Fluids Barriers CNS 12,13 (2015).
Hollmann, E. K. et al. Accelerated differentiation of human induced pluripotent stem cells to blood-brain barrier endothelial cells.
Fluids Barriers CNS 14, 9 (2017).

Kamao, H. et al. Characterization of human induced pluripotent stem cell-derived retinal pigment epithelium cell sheets aiming for
clinical application. Stem Cell Reports 2,205-218 (2014).

Carr, A. J. et al. Protective effects of human iPS-derived retinal pigment epithelium cell transplantation in the retinal dystrophic rat.
PLo0S One 4, €8152 (2009).

Aoi, T. 10th anniversary of iPS cells: the challenges that lie ahead. Journal of biochemistry 160, 121-129 (2016).

Tash, J. A., David, S. G., Vaughan, E. E. & Herzlinger, D. A. Fibroblast growth factor-7 regulates stratification of the bladder
urothelium. J Urol 166, 2536-2541 (2001).

Lendvay, T. S. et al. Compensatory paracrine mechanisms that define the urothelial response to injury in partial bladder outlet
obstruction. Am J Physiol Renal Physiol 293, F1147-1156 (2007).

Nakagawa, M. et al. A novel efficient feeder-free culture system for the derivation of human induced pluripotent stem cells. Sci Rep
4,3594 (2014).

Okita, K. et al. An efficient nonviral method to generate integration-free human-induced pluripotent stem cells from cord blood and
peripheral blood cells. Stem Cells 31, 458-466 (2013).

Watanabe, D. et al. The Generation of Human gammadeltaT Cell-Derived Induced Pluripotent Stem Cells from Whole Peripheral
Blood Mononuclear Cell Culture. Stem Cells Transl Med 7, 34-44 (2018).

Acknowledgements

We wish to express our gratitude to Dr. Sadahiro Watanabe for his helpful advice. We thank all of the members
of our laboratory for their scientific comments and valuable discussion and all of the staff of Kobe University
Hospital Advanced Tissue Staining Center for the tissue staining. We also thank Yukari Takatani for the
administrative support. This work was supported by a grant for Research Center Network for Realization of
Regenerative Medicine (16817073) from the Japan Agency for Medical Research and Development, AMED.

SCIENTIFICREPORTS|  (2079) 9:10506 | https://doi.org/10.1038/s41598-019-46848-8 12


https://doi.org/10.1038/s41598-019-46848-8

www.nature.com/scientificreports/

Author Contributions

K.S., M.K.-A. and T.A. developed the concept, designed the experiments, and wrote the manuscript. K.S.
performed the experiments and analyzed the data. N.H. and M.E. developed the concept and commented on
the manuscript as the senior author. K.U. helped us to perform immunohistochemistry and assisted in the
pathological diagnoses of samples.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46848-8.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2079) 9:10506 | https://doi.org/10.1038/s41598-019-46848-8 13


https://doi.org/10.1038/s41598-019-46848-8
https://doi.org/10.1038/s41598-019-46848-8
http://creativecommons.org/licenses/by/4.0/

	Directed differentiation of human induced pluripotent stem cells into mature stratified bladder urothelium

	Results

	High-dose GSK3β inhibitor treatment led first to posterior DE and then caudal hindgut differentiation. 
	A PPAR-γ agonist and an EGFR inhibitor enhanced the terminal urothelial differentiation from hiPSCs. 
	FGF10 treatment enhanced the differentiation into stratified urothelium. 
	Transwell culture enhanced the generation of stratified urothelium. 

	Discussion

	Materials and Methods

	Establishment of a human induced pluripotent stem cell line from peripheral blood mononuclear cells. 
	Cell culture. 
	Definitive endoderm induction. 
	Differentiation into bladder urothelium. 
	Transwell culture. 
	Optical coherence tomography. 
	EdU assay. 
	In vitro permeability assay. 
	Semi-quantitative and real-time quantitative reverse transcription polymerase chain reaction analyses. 
	Immunohistochemistry. 
	Histological and immunohistochemical analyses of urothelium on transwell. 
	Embryoid body formation. 
	Pluritest. 

	Acknowledgements

	Figure 1 Treatment with a high-dose GSK3β inhibitor predominantly induced posterior DE.
	Figure 2 Treatment with a high-dose GSK3β inhibitor efficiently induced caudal hindgut.
	Figure 3 A PPAR-γ agonist and an EGFR inhibitor enhanced the terminal transitional differentiation into bladder urothelium.
	Figure 4 Treatment with a high-dose GSK3β inhibitor during posterior DE induction enhanced urothelial differentiation.
	Figure 5 FGF10 enhanced urothelial differentiation and stratification.
	Figure 6 Transwell culture generated more stratified epithelium than normal plate culture.


