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SUMMARY

The cloaca is a transient structure that forms in the terminal hindgut giving rise to the rectum dorsally and the
urogenital sinus ventrally. Similarly, human hindgut cultures derived from human pluripotent stem cells
generate human colonic organoids (HCOs) which also contain co-developing urothelial tissue. In this study,
our goal was to identify pathways involved in cloacal patterning and apply this to human hindgut cultures.
RNA sequencing (RNA-seq) data comparing dorsal versus ventral cloaca in €10.5 mice revealed that WNT
signaling was elevated in the ventral versus dorsal cloaca. Inhibition of WNT signaling in hindgut cultures
maintained their differentiation toward colonic organoids. WNT activation promoted differentiation toward
human urothelial organoids (HUOs). HUOs contained developmental stage specific cell types present in
mammalian urothelial tissue including co-developing mesenchyme. Therefore, HUOs offer a powerful
in vitro model for dissecting the regulatory pathways that control the dynamic emergence of stage specific

cell types within the human urothelium.

INTRODUCTION

The epithelia of the small intestine, colorectum, and urothelium are
derived from the definitive endoderm. The urothelial epithelium is
derived from the ventral portion of the cloaca which forms in the
terminal hindgut." The cloaca undergoes septation resulting in
the separation of the urogenital sinus (UGS) from the colorectum.
Improper septation of the cloaca can result in anorectal malforma-
tions (ARMs), a common pathology affecting approximately 1 in
5,000 births.? Despite the frequency of ARMs, the mechanisms
underlying their development remain poorly understood. This is
partly attributed to the absence of appropriate in vitro models.

The generation of transplantable urothelial tissue remains an
urgent medical need. Patients with bladder cancer,’ interstitial
cystitis,” and bladder exstrophy® often require bladder replace-
ment. The standard of care for all of these patients is construc-
tion of neobladder from tissue derived from the patient’s own
ileum or sigmoid colon,® a procedure which has a high rate
(27%) of complications.” Expansion of autologous urothelial pro-
genitors could be a source of replacement tissue. However, in
the case of bladder cancer, these progenitors may have onco-
genic mutations making them unsuitable for transplantation.
Urethral injuries due to blunt trauma can lead to complications
such as impotence or incompetence.®° Therefore, generation
of urothelial tissues from human pluripotent stem cells could pro-
vide a continuous source of urothelium that could be used for tis-
sue replacement.

We previously developed a method to generate human
colonic organoids (HCOs) from human pluripotent stem cells
by inducing hindgut patterning. Recently, we demonstrated
that by increasing the plating density of the starting cultures,
we could generate HCOs with co-developing macrophages. In
addition, we also observed urothelium in these cultures.’® In
this study, we identified wingless-type MMTV integration site
family (WNT) signaling as a pathway that is upregulated in the
ventral portion of the cloaca in mice. We found that WNT
signaling inhibition prevented urothelial differentiation while
WNT signaling activation enhanced urothelial differentiation.
HUOs generated by activation of WNT signaling contained basal,
intermediate, and luminal urothelial cells. HUOs were stratified
even in the absence of exogenous factors. In addition, HUOs
contained mesenchymal cell types that are present in human ur-
othelial tissues. Therefore, HUOs provide an in vitro platform for
studying human urothelial development.

RESULTS

Genome wide transcriptomic analysis reveals the
presence of urothelial-like cell types in HCO cultures
Analysis of RNA sequencing (RNA-seq) data from H1 embryonic
stem cells (ESCs) derived human intestinal organoids (HIOs) and
HCOs (Figure S1A), revealed the presence of urothelial transcripts
within HCO cultures but not HIO cultures (Figure S1B). This indi-
cates that the bone morphogenetic protein BMP signaling that
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is required for the specification of HCOs, also specified urothelial
tissue, which is consistent with the known role of BMP signaling in
posterior-ventral development.”'~'® We confirmed the presence
of urothelial tissue expressing GATAS3 which is expressed in hu-
man adult bladder, an endoderm derived urothelial tissue.'® We
also examined the expression of KRT13, which marks the transi-
tional epithelium of the human bladder but not the epithelium of
the small intestine or colon.'” We found that urothelial organoids
developed in similar numbers to colonic organoids (Figures 1A,
1B, S1C, and S1D). In addition, we found a small subset of orga-
noids that expressed both urothelial and colonic markers
(Figures S1C and S1D). These results demonstrate that HCO cul-
tures contain co-developing urothelium.

To determine the cellular diversity of urothelial cells within H1
ESC derived 22-day-old and 37-day-old HCO cultures, we bio-
informatically selected the urothelial endoderm from single cell
RNA sequencing (scRNA-seq) data from HCO cultures. Uniform
manifold approximation and projection (UMAP) analysis of urothe-
lial endoderm revealed the presence of 7 different cell populations
within the urothelium including previously described superficial
cells (S-cells) and basal keratin 5 expressing cells (K5-cells)'®"°
(Figures 1C and 1D, Table S1). Although we saw an induction of
KRT14 mRNA in 35-day-old HCO cultures in the bulk RNA-seq
data (Figure S1B), we did not detect basal KRT74 expressing cells
(K14-cells) in the scRNA-seq data (Figure S1E). In addition, we
found that the urothelial cells followed a similar developmental tra-
jectory to what occurs in mice since KRT5 expressing cells were
not apparent in 22-day-old organoids but present in 37-day-old or-
ganoids (Figures 1C-1E). In summation, these data demonstrate
that HCO cultures contain diverse urothelial cell types including ur-
othelial progenitors that undergo maturation and differentiation.

RNA-seq profiling of dorsal and ventral cloaca reveals
patterning and increased WNT signaling in the ventral
region
To improve the differentiation of HCO cultures toward urothelial
tissues, we determined the signaling pathways and transcription
factors that are differentially enriched in the ventral versus dorsal
cloaca. To achieve this, we analyzed a publicly available dataset
from the GenitoUrinary Development Molecular Anatomy Project
(GUDMAP). In this dataset, the ventral and dorsal cloaca from
e€10.5 mouse embryos was separated using laser capture micro-
dissection and subjected to RNA-seq analysis. Principal-
component analysis (PCA) revealed that ventral and dorsal
cloaca samples clustered into distinct groups based on their
transcriptomic profiles (Figure S2A). We then performed gene
ontology analysis on transcripts that were enriched in ventral
versus dorsal cloaca (Table S2). Consistent with the known
role of WNT signaling in the induction of urothelial identity,?%>*
we found a strong enrichment for WNT signaling in the ventral
cloaca (Figure S2B), indicating that there is differential WNT
signaling activity in the ventral versus dorsal cloaca, consistent
with previous studies.’®?® Gene ontology analysis of dorsal
cloaca revealed a strong enrichment for epithelial development
and embryonic morphogenesis (Figure S3A).

To examine the transcription factors that are enriched in the
ventral cloaca, we filtered out the transcription factors present in
the differentially expressed genes. We observed enrichment of
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several transcripts known to be enriched in bladder tissue (which
is urothelial) including Trp63°“?° and GATA binding protein 3
(Gata3)”® (Figure S2C). Dorsal cloaca was enriched in colon tran-
scription factors including caudal type homeobox 2 Cdx2°"?®
and the intestinal mesenchyme marker NK2 homeobox 3
(Nkx2-3)*°° (Figure S3B). Wholemount immunofluorescence
staining of e10-10.5 mouse embryos revealed that TP63,
GATAS, and runt related transcription factor 1 (RUNX1) were all ex-
pressed in the ventral portion of the posterior hindgut while CDX2
was expressed in the dorsal portion of the posterior hindgut
(Figures S2D-S2F, Video S1). GATAS3 also stained other tissues
which are known to express GATAS including the nephric ducts
(which are derived from mesoderm), consistent with previous
studies,®'* and confirming the specificity of our staining. Our
findings reveal that WNT signaling is elevated in the ventral cloaca
compared to the dorsal cloaca and that CDX2, TP63, GATAS3, and
RUNX1 are differentially expressed in the dorsal versus ventral
portion of the posterior hindgut.

Transient WNT activation in human hindgut cultures
promotes differentiation into urothelial organoids

Based on the data from mice, we determined if WNT signaling
could pattern HCO cultures along the dorsal-ventral axis. To do
this, we patterned IPSC72.3% derived organoids using BMP2
but also treated, either with an inhibitor of catenin related tran-
scription 3 (ICRT3), or the glycogen synthase kinase 3 (GSK3) in-
hibitor CHIR99021 (CHIR) from days 7-10 (Figure 2A). PCA of the
RNA-seq data revealed that WNT inhibited and WNT activated
samples clustered into distinct groups based on their transcrip-
tomic profiles (Figure 2B). Gene ontology analysis on transcripts
that were enriched in WNT activated organoids (Table S3), re-
vealed an enrichment for proliferation associated genes and a
significant enrichment for WNT signaling and skeletal system
development (Figure 2C). WNT inhibited organoids were en-
riched in circulatory system development and tube development
(Figure S3C, Table S8). Analysis of transcription factors revealed
that WNT inhibition resulted in the increased expression of
several factors known to be involved in colorectal development,
such as H2.0 like homeobox (HLX),*® or expressed specifically
in intestinal tissue such as intestine specific homeobox (ISX).>”
(Figure S3D). In contrast, WNT activation resulted in the
increased mMRNA expression of several factors known to be
involved in urothelial development including grainyhead like tran-
scription factor 3 GRHL3%® and tumor protein p63 (TP63)>*
(Figure 3D). Furthermore, 5 of the top 10 transcription factors
that were upregulated in WNT-activated day 10 hindgut cultures
(Figure 3D), were also upregulated in the ventral cloaca including
ALX homeobox 4 (ALX4), distal-less homeobox 5 (DLX5), DLX6,
msh homeobox 2 (MSX2), and TP63.

To determine if urothelial cells were generated from CDX2+
endoderm from our IPSC72.3 derived mid/hindgut cultures, we
performed immunostaining for CDX2 and TP63. Although TP63
is expressed in other endoderm tissues including the esophagus
and trachea,® these other tissues are not derived from CDX2+
mid/hindgut. Consistent with previous studies,*>*" we found
that the endoderm (as marked by forkhead box A2 (FOXA2)) in
our mid/hindgut cultures expressed CDX2 exclusively. CDX2
expression was maintained in day 10 ICRT3 organoids but was
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Figure 1. Urothelial tissue is present in HCO differentiations

(A and B) (A) Immunofluorescence staining and (B) quantification on day 35 H1 ESC derived HCOs for CDH1 (white), CDX2 (red), and GATA3 (green) and
counterstained with DAPI (blue). A total of 29 organoids from 3 separate differentiations were analyzed.

(C) Uniform manifold approximation and projection (UMAP) Seurat clustering of all urothelial cells from the d22 and d37 HCO cultures.

(D) Relative proportions of predicted cell types as well as corresponding markers in each HCO sample.

(E) Feature plots of select urothelial genes including uroplakin genes (UPK1A, 1B, 2, and 3A), keratin genes (KRT13, 20, 8, and 5) and transcription factors (GATAS,
TBX3, TP63, and SOX2). See also Figure S1 and Table S1. Scale bars: (A) 50 pm.

decreased in day 10 CHIR treated organoids (Figures 2E and 2F).  promotes the differentiation of human hindgut cultures into
Instead, the day 10 CHIR treated organoids expressed TP63 TP63+ urothelial progenitors that give rise to the epithelium in hu-
(Figures 2E and 2F). These results indicate that WNT signaling  man urothelial organoids (HUOs).
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Figure 2. WNT signaling regulates lineage fate of hindgut cultures

(A) Schematic of WNT manipulation during patterning of human hindgut cultures.

(B) Principal-component analysis comparing day 7 midgut/hindgut cultures, day 10 BMP2 + ICRT3, and day 10 BMP2 + CHIR cultures. Samples were from 3 to 4
separate differentiations.

(C) Gene ontology analysis of genes upregulated in day 10 BMP2 + CHIR cultures compared to day 10 BMP2 + ICRT3 cultures.

(D-F) Table of most upregulated transcription factors in day 10 BMP2 + CHIR cultures compared to day 10 BMP2 + ICRT3 cultures. Transcription factors in
(D) that overlap with those upregulated in ventral cloaca are shown in bold. Immunofluorescence staining (E) and quantification (F) of d7 and 10 cultures stained for
CDH1 (white), CDX2 (red), TP63 (green) and counterstained with DAPI (blue). N = 12 total organoids per group, 4 organoids for each of 3 separate differentiations.
Organoids were derived from the IPSC72.3 cell line. See also Figure S3, Video S1 and Table S3. Scale bars: (E) 50 pm. Data in (F) are presented as mean + SD.
*** denotes p < 0.0001 based on ANOVA analysis.

Transiently WNT-activated organoids maintain ventral of ICRT3 or CHIR (Figure 3A). We included a BMP2 only group
identity and generate urothelial cell types to determine the effect of WNT manipulation on organoid gener-
To determine if WNT manipulations resulted in stable specifica-  ation. To examine the effects of WNT signaling manipulation on
tion of intestinal/colonic or urothelial tissue, we grew IPSC72.3  organoid architecture, we performed wholemount immunofluo-
derived organoids to 35 days in growth media that was devoid rescence staining on day 35 organoids. We used cadherin 17
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(CDH17) to mark intestinal/colonic epithelial cells and GATAS3 to
mark urothelial endoderm. This analysis revealed that ICRT3
treatment resulted in differentiation toward CDH17+ organoids
that were composed of simple columnar epithelium and sur-
rounding mesenchyme (Figures 3B and 3C). In addition, these
organoids displayed multiple budding structures reminiscent of
crypts. BMP2 treated cultures displayed a mix of organoids con-
taining CDH17+ epithelium with budding structures or GATA3+
epithelium that formed spherical structures (Figures 3B and
3C). In contrast, activation of WNT signaling resulted in differen-
tiation toward GATA3+ HUOs which contained stratified transi-
tional epithelium and were spherical (Figures 3B and 3C).
HUOs formed lumens that were not centrally located (Video
S2). We further quantified CDX2 and GATAS staining in sections
and found the same trend as with the wholemount immunostain-
ings (Figure 3D). We observed similar percentages of colonic,
mosaic, and urothelial organoids in IPSC72.3 BMP2 treated cul-
tures as we observed with HCO differentiations from H1 ESCs.
These results indicate that WNT signaling stably promotes the
generation of HUOs.

To determine the global transcriptional changes associated
with  WNT manipulation, we performed bulk RNA-seq on
35-day-old IPSC72.3 derived organoids. PCA revealed that
BMP2+ICRT3 treated cultures clustered separately from BMP2
+CHIR treated cultures (Figure 3E). To broadly interrogate the
tissue identity of BMP2+ICRT3 and BMP2+CHIR treated cul-
tures we compared them with published datasets of human fetal
large intestine and human fetal bladder. PCA revealed that pri-
mary tissues isolated from fetal bladder and our organoids clus-
tered together along principal component 1 (PC1) axis, which ac-
counted for 56% of the cumulative variation among samples
(Figure 3F), reflecting the persistence of a minor population
(11%) of HUOs in BMP2+ICRT3 treated cultures (Figure 3D).
The second principal component (PC2) which accounts for
14% of the cumulative variation, revealed that BMP2+ICRT3
treated cultures clustered closer to human fetal large intestine
and BMP2+CHIR treated cultures clustered closer to human
fetal bladder (Figure 3F). Examination of genes that were upregu-
lated in response to WNT inhibition revealed that BMP2+ICRT3
treated cultures were enriched in the fetal large intestinal tran-
scriptomic signature which included the expression of the pan-
intestinal transcription factors CDX7 and CDX2,°® as well as
the colon specific transcription factor FXYD domain containing
ion transport regulator 2 (FXYD2)*? (Figure S4A, Tables S4 and
S5). In contrast, BMP2+CHIR treated cultures were enriched in
a fetal bladder transcriptional signature which included the tran-
scription factors GATA3,*>** GRHL3,%® and TP63°* (Figure S4B,
Tables S4 and S5). These results confirm that transient BMP2
+ICRT3 treatment stably maintains the differentiation of mid/

iScience

hindgut cultures toward intestine and that transient BMP2
+CHIR treatment stably promotes the differentiation of hindgut
cultures into urothelium.

We next used hypergeometric means test to determine the
probability that BMP2+ICRT3 and BMP2+CHIR organoids share
similar patterns of tissue-specific gene expression with human
fetal large intestine and bladder respectively (Figures S4C and
S4D). A total of 1,875 transcripts are expressed in the human
fetal large intestine (Tables S4 and S5) and in BMP2+ICRT3
treated organoids compared to human fetal bladder or BMP2
+CHIR treated organoids, a proportion that is exceedingly un-
likely by chance alone (o = 2.9 x 1072%). Conversely, the set
of genes that is up-regulated in BMP2+CHIR treated organoids
is highly enriched for genes that are up-regulated in the human
fetal bladder compared to human fetal large intestines
(Table S5). This analysis demonstrated that BMP2+ICRT3
treated organoids approximate human fetal large intestine and
BMP2+CHIR treated organoids approximate human fetal
bladder. Collectively, these data indicate that HUOs accurately
reflect human fetal urothelial tissue.

HUOs recapitulate mammalian urothelial development

During mouse embryonic development, the urothelium contains
distinct cell types that emerge at different developmental stages
and that can be distinguished based on the combinatorial
expression of markers.”'®* Transient P cells (Foxa2* Upk*
Isli1* P63* Shh* Krt5") dominate between E11 and E13. By E14,
| cells (Foxa2™ Upk* P63* Shh* Krt5) K5-BCs (Foxa2  Upk™
P63* Shh* Krt5") and immature S-cells (Foxa2™ Upk* P63"
Shh™ Krt5") emerge (Figure 4A). To determine if IPSC72.3 derived
HUOs underwent similar transitions, we examined HUOs (BMP2
+CHIR cultures) at 10, 21, and 35 days. Based on prior work on
HIOs, these time points are equivalent to €9-10, e12-13, and
e16-18, respectively.”’ Analysis of FOXA2 and ISL LIM homeo-
box 1 (ISL1) revealed that most endodermal cells in day 10
HUOs were FOXA2*/ISL1* (Figures 4B and 4E). Interestingly,
FOXA2 expression was decreased at day 21 while ISL1 expres-
sion remained high (Figures 4C and 4E). By day 35, ISL1 expres-
sion was restricted to the basal layer of the epithelium and in the
surrounding mesenchyme (Figures 4D and 4E). P63 expression
was uniform at day 10, though we did not observe expression
of UPK2 (Figures 4F and 4l). At day 21, we found P63*/UPK2*
positive cells indicating the presence of | cells and a small pro-
portion (~4%) of UPK2*/P63~ S-cells, which increased to
~13% at day 35. (Figures 4G-4l). KRT5* which marks K5-BCs
and KRT20* which marks S-cells were only present in 35-day
old organoids in distinct populations of cells (Figures 4J-4M
and S4E, Video S3). In addition, marker of proliferation Ki-67
(KI67) expression, which marks actively cycling cells, was

Figure 3. WNT patterned hindgut cultures maintain urothelial identity

(A) Schematic of long-term growth of BMP2 + CHIR cultures and BMP2 + ICRT3 cultures to 35 days.

(B) Wholemount immunofluorescence staining of 35-day old organoids for CDH1 (green), CDH17 (yellow), GATA3 (red) and counterstained with DAPI (blue).
(C) Sections from wholemounts in (B). Yellow arrows in (B and C) point to simple columnar epithelium while red arrows point to stratified transitional epithelium.
(D) Quantification of organoids stained for CDX2 and GATAS3. N = 41 for BMP2+ICRT3, N = 38 for BMP2, N = 41 for BMP2 + CHIR.

(E) Principal-component analysis comparing day 35 BMP2 + ICRT3, and day 35 BMP2 + CHIR cultures. Samples from 4 separate differentiations are shown.
(F) Principal-component analysis comparing day 35 cultures (N = 4 per condition), human fetal colon (N = 4), and human fetal bladder (N = 2). Organoids were
derived from the IPSC72.3 cell line. See also Figures S4 and S5, Tables S4 and S5 and Video S2. Scale bars: (B and C) 100 pm.
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Figure 4. Urothelial cell type emergence in HUOs resembles murine fetal development

(A) Schematic depicting cell types and their associated markers during development of murine urothelium.

(B-Q) Immunofluorescence staining and quantification of 10, 21, and 35-day-old BMP2 + CHIR (HUO) cultures stained for (B—-E) CDH1 (white), FOXA2 (red), ISL1
(green), (F-l) CDH1 (white), P63 (red), UPK2 (green), (J-M) CDH1 (white), KRT5 (green), KRT20 (red), (N-Q) CDH1 (green), KI67 (red). (B-D, F-H, J-L, N and O)
Samples were counterstained with DAPI (blue). (N) and (O’) have DAPI excluded. Images are representative of 4 organoids per differentiation from 3 separate
differentiations. Organoids were derived from the IPSC72.3 cell line. See also Figure S4 and Video S8. Scale bars: (B-D, F-H, J-L, N, and O) 50 pm. Datain (E, I, M,
and Q) are presented as mean + SD.

# denotes p < 0.0001 based on ANOVA analysis.
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dramatically decreased in epithelium as the organoids aged
(Figures 4N-4Q). In contrast, KI67+ stromal cells were still abun-
dant at day 35 (Figures 4P and 4Q). At 35 days, HUOs expression
of KRT5, KRT7, KRT13, and TP63 was also evident (Figures S4E
and S4F). In addition, 35-day-old HCOs displayed intact barrier
integrity with 88% of HUOs impermeable to FITC-dextran diffu-
sion, which decreased to 11% following ethylenediaminetetra-
acetic acid (EDTA) treatment (Figures S4G and S4H). Collectively
these results indicate that WNT activation promotes the differen-
tiation of hindgut cultures into urothelial progenitors that sequen-
tially transition through distinct developmental stages, ultimately
giving rise to urothelium expressing markers of basal, intermedi-
ate, and superficial cell populations.

To further characterize the cellular composition of 35-day-old
HUOs, we performed immunostaining for additional mesen-
chymal and urothelial markers. Staining for E-cadherin (CDH1),
desmin (DES), and vimentin (VIM) revealed that organoids were
organized into distinct epithelial (CDH1+) and mesenchymal
layers that were marked by desmin and vimentin (Figure S5A).
Immunofluorescence staining for UPK2 (Figures 5A, S5B, and
S5C) and UPKS3 (Figure 5B) revealed the presence of S-cells lin-
ing the HUO lumen. KRT5/P637/Z0-1" S-cells were also found
lining the organoid lumens (Figure 5C, S5D, and S5E). We also
identified KRT5*/P63*/KRT20™ basal cells, KRT5/P63*/KRT20"
intermediate cells, and KRT5/P63/KRT20* S-cells present in
HUOs (Figure 5D, Video S3). Taken together, these results
indicate 35-day-old HUOs undergo stereotypical urothelial dif-
ferentiation and contain basal K5-cells, KRT20/Z0-1 expressing
S-cells and intermediate cells.

DISCUSSION

Lineage tracing studies have demonstrated that the colorectum,
bladder, and prostate all develop from common hindgut progen-
itors.?® Therefore, the presence of urothelial organoids in HCO
cultures reflects the common origin of colorectal and urothelial
tissues. Multiple studies have reported the generation of urothe-
lium from human pluripotent stem cells,*®~*° although only one of
these protocols generated stratified urothelium.*® However,
none of these studies generated 3-dimensional organoids with
co-developing mesenchyme. Furthermore, generation of strati-
fied urothelium required the growth of urothelial cells on trans-
wells with the addition of the combination of the peroxisome
proliferator activated receptor gamma (PPAR-y) agonist troglita-
zone, the epidermal growth factor receptor (EGFR) inhibitor
PD153035, and fibroblast growth factor 10 (FGF10).® Genera-
tion of human bladder organoids from patient biopsies has
been reported, however these organoids are composed of
bladder progenitors and lack expression of genes associated
with differentiated cell types such uroplakins or KRT20.%° In
contrast, our HUOs generated stratified urothelial tissue that
contains progenitors and differentiated cells concurrently, indi-
cating that HUOs are a suitable model for examining basal to
luminal differentiation of urothelial progenitors and that HUO cul-
tures endogenously supply the factors that are required for strat-
ification of the urothelium. Human bladder assembloids have
been generated through the combination of human bladder
organoids, bladder fibroblasts, pluripotent stem cell derived

8 iScience 28, 112398, May 16, 2025

iScience

smooth muscle cells, and a human microvascular endothelial
cell line HULEC.®" Although these assembloids remarkably
mimic human in vivo bladder, the process for generating assem-
bloids requires the growth of multiple cell types simulataneously
and HULEC cells would be genetically mismatched from the
other assembloid components.

Our results demonstrate the presence of KRT5 expressing cells
in our human hindgut cultures. In both murine models and in hu-
man pluripotent stem cell cultures, the origin of basal cells in the
urothelium remains unknown. In mice, the appearance of basal
cell populations coincides with increased urinary outflow in mouse
embryos,® and it has been suggested that this stress stimulus
might regulate the appearance or expansion of these cells.*> Ur-
othelium within our human hindgut cultures display maturation
and KRT5 expressing cells are only present in 37-day-old organo-
ids. Our findings suggest that the appearance of these cells is
intrinsically regulated in our organoid cultures. However, urinary
flow may enhance the numbers of KRT5 expressing cells that
appear, since the percentage of KRT5+ cells in our cultures are
a fraction of those that are observed in mice at the corresponding
developmental stage.'® Examination of multiple time points be-
tween day 22 and day 37 should allow us to elucidate the signaling
pathways and transcriptional programs that are involved in the
generation of KRT5 expressing basal cells.

Multiple studies have implicated WNT signaling in urothelial
development.®®~°° Interestingly, a previous Genome-Wide As-
sociation Study (GWAS) identified duplications in the WNT in-
hibitor dickkopf WNT signaling pathway inhibitor 4 (DKK4) in
patients with ARMs.>” Our results indicate that WNT signaling
promotes the differentiation of hindgut progenitors toward ur-
othelial fate. Therefore, CDX2/GATA3/TP63 co-staining could
reveal if ARMs caused by WNT signaling modulation (or other
factors) are a result of expanded ventral or dorsal cloacal pro-
genitors. For instance, we would predict that patients with
mutations in DKK4 would exhibit expansion of the GATA3/
TP63 domain into the dorsal portion of the cloaca. Interest-
ingly, loss of CDX2, and ectopic expression of GATA3 were
reported in the rectum of a fetus with urorectal septum malfor-
mation sequence (URSM)°® suggesting that the maintenance
of the CDX2 and GATA3 boundary may be important for
proper septation.

The septation of the cloaca into UGS and colorectum resem-
bles the septation of the esophagus and trachea from a com-
mon foregut tube. Consistent with this observation, genetically
engineered mice with perturbed sonic hedgehog,*® or WNT®°
signaling have defects in septation of the esophagus and tra-
chea as well as defects in the septation of the cloaca into
UGS and colorectum.’®®" Furthermore, tracheoesophageal
fistula and anorectal malformations occur in conjunction with
one another in human VATER syndrome (vertebral, anorectal,
tracheoesophageal, renal).’? Septation of the esophagus and
trachea in mice requires the dorsoventral patterning and spec-
ification of the common foregut tube into a dorsal SRY-box
transcription factor 2 (Sox2) expressing esophageal domain
and a ventral NK2 homeobox 1 (Nkx2.1) expressing tracheal
domain.®®* Our results suggest that the cloaca may be
patterned along the dorsal-ventral axis in a similar manner,
with  WNT signaling inducing the TP63/GATA3 expression



iScience ¢? CellPress
OPEN ACCESS

KRT5 P63 ZO-1 DAPI CDH1 UPK3 GATA3 DAPI CDH1 UPK2 DAPI

KRT5 P63 KRT20 DAPI

Figure 5. HUOs generate stratified layers of basal, intermediate, and superficial cells

(A) Immunofluorescence staining of 35-day old BMP2 + CHIR (HUO) cultures stained for (A) CDH1 (green) and UPK2 (red). (A") and (A”) show higher magnification
images of the boxed region in (A).

(B) Staining of CDH1 (green), UPK3 (red) and GATA3 (magenta). (B') shows GATA3 and (B”) shows CDH1/UPKS3.

(C) Staining for KRT5 (white), P63 (green) and ZO-1 (red). (C’) and (C") show individual channels for KRT5 and ZO-1 respectively.

(D) Staining for KRT5 (white), P63 (green) and KRT20 (red). (D’) and (D”) show higher magnification images of the boxed region in (D).

(A-D) Samples were counterstained with DAPI (blue). Images are representative of 4 organoids per differentiation from 3 separate differentiations. Organoids
were derived from the IPSC72.3 cell line. See also Figure S5 and Video S3. Scale bars: (A, B, B/, B”, and D) 50 pm and (A’, A”, C’, C”, D', and D”) 20 pm.
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domain and inhibiting the dorsal CDX2 expression domain of
the cloaca.

Limitations of the study

In this study, we find that a 3-day activation of BMP and WNT
signaling patterns CDX2+ mid/hindgut cultures into urothelial or-
ganoids. However, it is not certain that TP63+ urothelial progen-
itors are generated directly from CDX2+ endoderm as this would
require lineage tracing of day 7 CDX2+ endodermal cells.
Another limitation of our study is our assays of barrier integrity.
Our assays demonstrate that HUOs display barrier function in
the basal layer of the urothelium. However, among the cell layers
in the urothelium, the umbrella cell layer is the only one that that
forms detectable tight and adherens junctions. Although micro-
injecting FITC-Dextran into the lumen of HUOs would allow for
the assessment of barrier integrity in the umbrella cell layer,
this procedure is technically challenging due to the variable
size, shape, and location of the lumen in each HUO. Although
we found S-cells that line the lumen of HUOs, this lining is not
continuous which likely reflects the fetal nature of the system.
Although HUOs resemble human urothelium, we cannot distin-
guish if the urothelium is bladder-like, urethra-like, or a mix of
these 2 tissues. In humans, bladder and urethra can be distin-
guished based on morphological differences. However, there is
a dearth of markers that distinguish these tissues. Finally, the 2
cell lines used in these studies were both male so sex specific
differences in differentiation were not examined.
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This paper
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Experimental models: Cell lines

Human: H1 ES cells

CCHMC Pluripotent Stem cell
core / WiCell Research Institute

NIH hESC-10-0043

Human: iPSC72.3 iPS cells CCHMC Pluripotent Stem cell N/A
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Experimental models: Organisms/strains
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SCTransform Hafemeister et al.®®
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Image J.
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Ibidi 8 well chambers Ibidi 80286
Ce3D™ Tissue Clearing Solution Biolegend® 427703

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human PSC line generation and maintenance

The human ESC (H1, WiCell, RRID: CVCL_9771) and control human iPSC line 72.3 (RRID: CVCL_A1BW) were obtained from the Cin-
cinnati Children’s Hospital Medical Center (CCHMC) Pluripotent Stem Cell Facility. H1 cells were generated from human blastocysts
and iPSC 72.3 cells were derived from a donor of unspecified age. iPSC 72.3 cells were generated from foreskin fibroblasts using
episomal plasmids. Both lines were derived from male donors. HPSCs were maintained in mTeSR1 (StemCell Technologies) on
hESC-qualified Matrigel (Corning) coated Nunclon Delta Surface 6-well plates (Thermo Scientific). Spontaneous differentiation
was manually removed and cells were passaged every 3-4 days using Dispase. Cells were authenticated and routinely confirmed
to be karyotypically normal and mycoplasma negative.

METHOD DETAILS

Directed differentiation of human PSCs into HIO, HCOs and HUOs

Generation of HIOs and HCOs has been previously published.*®*! Briefly, human ES and iPSCs were plated as single cells in
mTeSR1 media plus ROCK inhibitor Y27632 (10 pM; Stemgent) on hESC-qualified Matrigel (Corning)-coated 24-well plate at
150,000 cells per well. Beginning the next day, cells were treated with Activin A (100 ng/ml; Cell Guidance Systems) for three
days in RPMI 1640 (Invitrogen) containing increasing concentrations of 0%, 0.2%, and 2.0% define fetal bovine serum (dFBS; Invi-
trogen). For endoderm induction of iPSC72.3, BMP4 (15 ng/ml) was added to the first day of Activin A treatment. Following definitive
endoderm induction, cells were treated for 4 days with FGF4 (500 ng/ml; R&D Systems) and CHIR99021 (3 uM; Stemgent) in RPMI
1640 with 2.0% dFBS to generate 3-dimensional mid-hindgut spheroids. For WNT inhibition and activation studies we used mid/
hindgut monolayer that was dissociated into clumps as previously described.®” These mid/hindgut clumps were embedded in base-
ment-membrane Matrigel (BD Biosciences) and subsequently grown in Advanced DMEM/F12 (Invitrogen) supplemented with N2
(Invitrogen), B27 (Invitrogen), L-glutamine, 10 uM HEPES, penicillin/streptomycin, and EGF (100 ng/ml; R&D Systems). For proximal
HIO and HCO specification, Noggin (100 ng/ml; R&D Systems) or BMP2 (100 ng/ml; R&D Systems) was added for the first three days
of three-dimensional growth, respectively. For WNT modulation experiments, BMP2 (100 ng/ml; R&D Systems) and either ICRT3
(50uM; Selleckchem) or CHIR99021 (3 pM; Stemgent) was added for the first three days of three-dimensional growth. Organoids
were transferred to new Matrigel following 2-3 weeks.

Tissue processing, immunofluorescence, and microscopy

Tissues were fixed for 0.5-1 hr in 4% paraformaldehyde (PFA) on ice. Organoids frozen in OCT. OCT sections were blocked using
donkey serum (5% serum in 1x PBS plus 0.5% Triton-X) for 30 min and incubated with primary antibody overnight at 4°C. Slides
were then washed 3X with 1X PBS plus 0.5% Triton-X and incubated in secondary antibody with DAPI in blocking buffer for 2 hr
at room temperature (23°C). The antibodies used are listed in the key resources table. Slides were then washed 2X with 1X PBS
plus 0.5% Triton-X followed by a final wash in 1X PBS. Slides were then mounted using Fluoromount-G® (SouthernBiotech). Images
were captured on a Nikon A1 confocal microscope (CCHMC) or a Zeiss LSM 880 NLO confocal microscope (MUSC) and analyzed
using NIS Elements (Nikon) or Imaris Imaging Software (Bitplane).

For wholemount staining of mouse embryos or organoids, fixed embryos or organoids were washed with PBS and then permea-
bilized in PBST overnight at 4°C on a rocking platform. Embryos or organoids were then blocked for 6-8 hours on a rocking platform,
incubated in primary antibody overnight at 4°C on a rocking platform, washed 5X with PBST, incubated in secondary antibody over-
night at 4°C on a rocking platform, washed 2X with PBST followed by a final wash in PBS. A set of organoids was cleared using
Ce3D™ Tissue Clearing Solution (Biolegend) following the manufacturer’s protocol. Alternatively, embryos or organoids were dehy-
drated by washing 3 times in 100% Methanol and cleared using Murray’s clear (2 parts benzyl benzoate and 1 part benzyl alcohol).
Images were captured on a Nikon A1 confocal microscope using Z-correction, or on a Zeiss LSM 880 NLO with Airscan confocal
microscope. Images were analyzed using Imaris Imaging Software (Bitplane) or Imaged.

RNA isolation and bulk RNA-seq sequence assembly abundance estimation

RNA was extracted using NucleoSpin® RNA extraction kit (Macharey-Nagel) according to manufacturer’s protocols. RNA library
construction and RNA sequencing was performed by BGI using the DNBseq platform. QC analysis was performed with data from
the DNBseq platform and downstream analysis was performed using Partek® Flow® software. Heatmaps were generated using

e3 iScience 28, 112398, May 16, 2025



iScience ¢? CellPress
OPEN ACCESS

TPM tables that were then converted into heatmaps using Morpheus (Broad Institute). H1 cell derived HIO and HCO data can be
found by accession number GSE240363 . WNT inhibited or activated hindgut organoids are also from 3-4 independent differentia-
tions done using a subclone of the IPSC72.3 line. Human fetal RNA-seq data were downloaded from GEO. Human fetal colon data
can be found via the accession number GSE18927. Human fetal bladder data can be found via the accession number GSE78563.

Single cell RNA-seq analysis

We used previously published scRNA-seq data which can be found by accession number GSE240363, for our analysis. Raw scRNA-
seq data was converted to FASTQ files and then aligned to the human genome [hg19 d37 HCO or hg38 for d22 HCQO] using
CellRanger v3.0.2 (10x Genomics). Individual analysis, including quality controls and clustering, of all datasets was first performed
using Seurat [v3.2.3]°* in R [v3.6.3]. Basic filtering parameters for gene detection included greater than or equal to 3 cells and all cells
with minimum 100 detected genes and maximum 7,500 genes. Percent.mito parameter was all cells less than 20. Data was normal-
ized using SCTransform®® in Seurat. Cell cycle effect was regressed out using previously established methods in Seurat. Normalized
expression levels underwent principal component analysis (PCA) followed by uniform manifold approximation and projection
(UMAP)®® with subsequent Louvain clustering. Cluster resolution was changed to increase or decrease number of clusters identified.
Datasets from two independent d22 HCO replicates were merged using Seurat prior to normalization, PCA, UMAP, and clustering.
Marker genes were determined using ‘FindAllMarkers’ function (Wilcoxon rank-sum test). Clusters were annotated manually using
unbiased methods.

Assessment of barrier function

Our barrier function studies which are modeled on a previous study,®® examined barrier integrity of the basal epithelial layer. Organo-
ids were isolated from Matrigel, and then resuspended in either PBS or 4mM EDTA diluted in PBS. The suspension was incubated for
15 minutes on ice. Following incubation, the solution was centrifuged, and the supernatant was removed. The organoids were then
washed once with PBS. Subsequently, the organoids were resuspended in Advanced DMEM-F12, with a working concentration of
FITC at 1mg/ml and incubated for 1 hour at 37°C. Following incubation, the organoids were directly imaged using a confocal
microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

For experiments involving patterned mid/hindgut clumps and in vitro grown organoids, “n” represents the number of biological rep-
licates (2-3 wells were collected for each replicate). Quantification of data are represented as mean + SD unless otherwise specified.
Significance was determined by either unpaired t tests with 2-tailed distribution and two-sample equal variance when comparing 2
conditions or one-way ANOVA with Tukey’s multiple comparison test when comparisons >2 conditions. Significance represented as
p<0.05*, <0.01**, p<0.001***, p<0.0001**** or # as denoted in Figure legends. Statistics were performed and graphs were generated in
GraphPad Prism. All figures were generated using Adobe lllustrator.
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