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Abstract

Purpose To engraft bladder organoids (BO) on de-epithelialized mouse colon using an epithelial replacement technique.
Methods BO cultured using bladder specimens from enhanced green fluorescent protein (EGFP) transgenic mice were
engrafted to replace proximal colon epithelium stripped from an approximately 1 cm long target site in syngeneic wild-type
recipient mice (n=9) by exposure to ethylenediaminetetraacetic acid by infusion and flushing with phosphate buffered saline.
Target sites were harvested on postoperative days 2, 7, and 28 for hematoxylin—eosin staining and immunofluorescence.
Results Histology on postoperative days 7 and 28 showed BO derived EGFP + cells forming multiple layers on the luminal
surface of the colon. Immunohistochemistry showed that EGFP + areas were positive for CK5 and CK14, markers for basal
and immature subtype urothelium, respectively, but negative for CA2, a marker for colonic epithelium. Ki67 was detected
predominantly in the basal parts of EGFP + areas on postoperative day 7 and day 28.

Conclusions This is the first report of successful engraftment of BO in de-epithelialized colon with urothelial tissue recon-
stituted by actively proliferating cells. This technique could be developed for augmentation cystoplasty to prevent bladder
calculi formation and malignant transformation.

Keywords Bladder augmentation - Long-term complication - Malignancy - Bladder organoid - Engraftment - Epithelial
replacement

Introduction

Augmentation cystoplasty using gastrointestinal tract (GIT)
segments is performed in patients with neurogenic bladder
dysfunction, tuberculous cystitis, and interstitial cystitis to
extend dry-time by increasing compliance and capacity of
the dysfunctional native bladder [1, 2]. As a result, improve-
ment in quality of life and protection of upper urinary tract
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function can be expected [3]. However, prevention of seri-
ous postoperative complications such as bladder calculi
and malignant transformation requires life-long monitoring
because of the constant exposure of gastrointestinal epithe-
lium to urine [1, 2, 4]. Formation of urinary tract calculi
occurs in up to 40% of all augmentation cystoplasties and
the incidence of malignancy ranges from 1 to 4.6% in the
literature [1, 2]. In fact, 2 cases of malignancy have devel-
oped at the authors’ institute in 120 cases of augmentation
cystoplasty performed over 25 years. One case was after
14 years and the other after 25 years [5, 6].

New strategies for bladder augmentation have been
devised over the years to avoid using GIT segments to
prevent serious complications, but few have been practi-
cally or clinically viable. For example, ureterocystoplasty
[7] requires a megaureter, as a condition and is applicable
only to a limited number of cases. Organoid technology has
attracted close scrutiny in recent years because by culturing
tissue stem cells and inducible pluripotent stem cells, tis-
sue with specific features can be created and incorporated

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00383-022-05294-w&domain=pdf

14 Page20of10 Pediatric Surgery International (2023) 39:14

Transplantation
onto proximal colon
after colonic injury

*/ —_ — QDI —_ Analysis on days 2, 7, and 28

EGFP-tg C57BL/6
(donor) (recipient)

Bladder organoid
A culture

E F

DAPI CK5 UPK3 DAPI CK5 DAPI UPK3 DAPI Ecad CK14 DAPI Ecad DAPI CK14

P1
P1

Adult
Adult

Organoids
Organoids

@ Springer



Pediatric Surgery International (2023) 39:14

Page3of10 14

«Fig. 1 Engraftment of basal type bladder organoids onto de-epithe-
lialized colon tissue by chemical injury. A Diagram of the experi-
mental design. Recipient mice were sacrificed on days 2, 7, or 28
after engraftment for histologic evaluation of the characteristics of
EGFP+ bladder organoid cells that had been incorporated onto recipi-
ent colon tissue. B Surgical procedure for preparing a target site in
the proximal colon and engraftment of bladder organoids. Proximal
colon was exposed (arrow) through a midline abdominal incision (I).
500 mM ethylenediaminetetraacetic acid was instilled into a target
site of the colon approximately 1 cm in length between two clamps
(II). Bladder organoid cells were infused into the de-epithelialized
region between the clamps (III). Hematoxylin and eosin (H&E) stain-
ing of a longitudinally sectioned target site immediately after the epi-
thelium had been removed chemically. muscular layers are preserved
intact (IV). High-power views of the inset showing de-epithelialized
colon. Scale bar: 500 ym [low] and 100 ym [high]. C Introduction
of urothelial organoid culture derived from murine bladder. An exam-
ple of morphological changes in a representative organoid formation
from day O to 7 is shown on the left. Scale bar: 100 ym. A stereo-
scopic image of an organoid culture on day 7 at low magnification is
shown on the right. Scale bar: 500 ym. D Imaging of bladder orga-
noids derived from EGFP transgenic mice using a fluorescent micro-
scope. High-power view of the inset is shown on the right. Scale bar:
1 mm [low] and 500 ym [high]. E Urothelial subtypes in (P1) pup
mice, adult mice, and murine organoids characterized by immunoflu-
orescence. Fluorescence for co-staining with CK5 and UPK3 shown
with DAPI. Scale bar: 50 ym. F Urothelial subtypes in (P1) pup mice,
adult mice, and murine organoids characterized by immunofluores-
cence. Fluorescence for co-staining with E-cadherin and CK14 shown
with DAPI. Scale bar: 50 ym

into recipient animals by engraftment [8, 9]. The scope for
organoid technology to create useful materials is broad and
expectations are high.

Methods to culture urothelial organoids from healthy
murine bladders and human urothelial cancer specimens
have been published [10] and undifferentiated basal urothe-
lial cell clusters, mainly composed of cells expressing a spe-
cific marker for basal cells, cytokeratin 5 (CK5), were cul-
tured by one protocol. Using a different protocol, urothelial
clusters consisting of both undifferentiated and differentiated
clusters, the latter of which expressed a specific marker for
suprabasal cells, uroplakin III (UPK3) were created. This
report hinted at the potential of organoid technology for
treating morbidity and research has been applied to tissue
engineering, regenerative medicine, and understanding epi-
thelial disease pathogenesis [11, 12].

Colon has been used widely for experimental organoid
engraftment. Yui et al. succeeded in grafting colonic epi-
thelial organoids into chemically induced colitis lesions in
recipients and reported that organoid-derived cells main-
tained their regenerative potential in vivo [13]. Fukuda et al.
reported a different organoid engraftment model in which
the luminal surface of the recipient’s rectum was temporar-
ily exposed to ethylenediaminetetraacetic acid (EDTA), a
chelating agent that loosens epithelial cell adhesions to the
basement membrane. Small intestinal organoids cultured
using specimens of small intestine were then engrafted to

the rectum heterotopically and were found to retain many
characteristics typical of small intestine [14]. This EDTA-
mediated colonic de-epithelialization technique was recently
applied by Sugimoto et al. [9] to show the beneficial clinical
outcome of colonic epithelial replacement with small intes-
tinal organoids. They reported that re-surfacing of a certain
length of the colon with small intestinal organoids in a rat
model of short bowel syndrome resulted in improvement in
mortality and several clinical manifestations by compensat-
ing the loss of small intestinal functions [9].

This study was designed to develop a technique for
replacing the epithelium of a segment of colon with bladder
organoids to create hybrid urothelium-lined colon that could
be used for augmentation cystoplasty without the intensive
follow-up that is currently mandatory for life to monitor cal-
culi formation and malignant transformation after augmen-
tation colocystoplasty. A new protocol combining surgery
and modified EDTA de-epithelialization of a target site in
the proximal colon of a murine model is presented with his-
tological assessment of how engrafted tissue behaves in a
heterotopic environment (Fig. 1A).

Materials and methods

All animal experiments were performed with the approval
of the Institutional Animal Care and Use Committee of Jun-
tendo University (registration number: 1429, permission
number: 2021155).

Mice

Donor cells for engraftment experiments were sourced
from the bladders of 8—10-week-old enhanced green fluo-
rescent protein (EGFP) transgenic mice of C57BL/6 back-
ground [15]. Recipients for engraftment experiments were
8—10-week-old C57BL/6 mice. Bladder tissue from 1-day-
old pups (P1) from breeding pairs of C57BL/6 mice and
adult C57BL/6 mice were applied for histological reference.

Mouse bladder organoid culture

In this study, basal type organoids were cultured from EGFP
transgenic mice according to a modified technique based
on a report by Mullenders et al. [10]. Briefly, minced blad-
der tissue was placed into a collagenase solution (2 mg/
mL of collagenase from Clostridium histolyticum, Sigma-
Aldrich, UK) in Advanced Dulbecco's Modified Eagle’s
Medium/F-12 (AdvDMEM; Sigma-Aldrich, UK) to isolate
urothelium. The tissue was incubated at 37 °C for 30 min
while being rapidly shaken. After the cell suspension
was filtered through a 70 um filter, cells were plated in a
35 pL drop of Matrigel (Corning, USA) in individual wells
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of a prewarmed 24-well plate. The medium was changed
every 3 days until the cultured cells could be used. Blad-
der organoids were cultured for at least 14 days and recov-
ered from Matrigel using Cell Recovery Solution (Corning,
USA). 1.0x 10° cells were resuspended in 20 pL of diluted
Matrigel/AdvDMEM (1:1) to be ready for engraftment.

Preparing the target site in a recipient mouse;
stripping the colonic epithelium and engraftment

To prepare a target site, the epithelium of a segment of
proximal colon was exposed to EDTA using a previously
published technique [14] modified for this study. Briefly,
C57BL/6 mice were anesthetized by isoflurane inhalation
(2L/min) and a laparotomy was performed through a mid-
line abdominal incision. One small incision was made at
either end of an approximately 1 cm long target site in the
proximal colon. A 22-gage catheter was inserted in each
incision, tied with a silk suture (Fig. 1B), and 3 mL of
500 mM EDTA instilled. After 1 min of exposure to EDTA,
the epithelium was stripped by flushing with 25-50 mL of
PBS. The silk sutures were untied and the catheters were
removed. Hemostatic forceps were used to clamp the dis-
tal incision site and just proximal to the proximal incision
site (Fig. 1B) and 20 pL of resuspended organoid cells was
pipetted into the de-epithelialized target site between the
two clamps for 10 min. The intestinal incisions were closed
and the abdomen closed. All mice were fed with DietGel®
Recovery (ClearH20, USA) for 7 days after surgery then had
unrestricted access to standard feed. Recipient mice were
sacrificed on postoperative days 2, 7, or 28 and target sites
were harvested for hematoxylin—eosin (H&E) staining and
immunofluorescence.

Histologic analyses

Each harvested target site was opened longitudinally and
imaged to identify EGFP + cells using M165FC FSM, a
fluorescence stereomicroscope system (Leica, Germany).
Target sites, P1 bladder tissue, and adult mice bladder tissue
were processed as follows. All specimens were fixed in 4%
paraformaldehyde (PFA) at 4 °C for 2 h, sequentially dehy-
drated in 10%, 15%, and 20% sucrose in PBS, embedded in
OCT mounting compound (Sakura Finetek Japan, Japan),
frozen at — 80 °C, and sectioned transversely at a thickness
of 8 pm. Frozen sections were stained with H&E or pro-
cessed for immunofluorescence using the following primary
antibodies according to manufacturer protocols: Green fluo-
rescent protein (GFP; Invitrogen, USA, 1:250), E-cadherin
(H-108, SANTA CRUZ, USA, 1:200), Cytokeratin 5 (CKS5)
(EP1601Y, abcam, UK, 1:250), Cytokeratin 14 (CK14)
(LL002, Invitrogen, USA, 1:250), Uroplakin III (UPK3)
(AU1, Progen, Germany, 1:200), CA II (H-70, SANTA
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CRUZ, USA, 1:200), Ki67 (16A8, BioLegend, USA, 1:200),
Laminin (abcam, UK, 1:250). Slides were incubated with
primary antibody at 4 °C overnight. Secondary antibody
was added in PBS with Tween 20 (PBST) at room tempera-
ture for 1 h at the following dilutions: anti-chicken Alexa
Flour 488 (Invitrogen, USA), anti-rabbit Alexa Flour 594
(Invitrogen, USA), anti-mouse Alexa Flour 548 (Invitrogen,
USA), anti-goat Alexa Flour 548 (Invitrogen, USA): 1:200
each. Finally, slides were washed with PBS and mounted
with coverslips using Vectashield containing DAPI (Vector
Laboratories, USA). Fluorescent imaging was also acquired
using a BZ-X 700 microscope (KEYENCE, Japan).

Whole mount staining of organoids

Organoids were fixed in 4% PFA for 30 min followed by
treatment with 50 mM NH4CI for 30 min. Permeabilization
was performed with 0.1% Triton X-100 for 30 min, and then
blocking was performed with 5% bovine serum albumin for
1 h. Thereafter, organoids were incubated with primary anti-
bodies overnight at 4 °C and then with the secondary anti-
body for 1 h at room temperature. Primary and secondary
antibodies were used in the same concentrations described
earlier. All samples were treated with Hoechst 33,342 for
nucleus staining. Images were acquired using a TCS-SP5
confocal laser scanning microscope (Leica, Germany).

Quantification of cell layers in graft tissue

The number of cell layers of EGFP+and Ki674+ were
counted perpendicularly from the basement membrane in
100 positions per colon specimen to quantify EGFP+ and
Ki67+ cell layers in EGFP+ areas of target sites (Fig. 4B for
EGFP+ and Fig. 4E for Ki67+). Data from 3 target sites on
each of days 2, 7, and 28 were averaged to calculate a mean.

Statistical analysis

All data are expressed as mean value + standard deviations
(SD). Differences between two groups were tested for sta-
tistical significance using the unpaired t-test. All statistical
tests were two-sided; p value of 0.05 or less was considered
statistically significant.

Results

Features of cultured bladder organoids as donors
for engraftment

Cells isolated from adult mouse bladders grew as spheri-
cal organoids initially (Fig. 1C) and after approximately
7 days of culture, some exhibited branch formation, a typical
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morphological feature of basal organoids. Cells from EGFP
transgenic mice cultured using the same protocol grew the
same way but expressed EGFP fluorescence (Fig. 1D).

Bladder urothelium has a well-organized multi-layered
structure of epithelial cells with distinct differentiation
[10]; cells in the superficial layer contain highly differenti-
ated cells types that are positive for UPK3, while there is
an abundance of undifferentiated CK5+ cells in the basal
layers. Immunofluorescence of bladder tissues isolated
from P1 and adult mice confirmed these features. In both
tissues, UPK3+ cells were detected in the surface layer,
while CK5+ cells in deeper layers on the basal side (Fig. 1E
top and middle). Of note, organoids cultured from the blad-
ders of adult mice had CK5+ cells in outer layers of their
enclosed structure, while UPK3+ cells were absent (Fig. 1E
bottom) which suggests that basal organoid cells are mostly
undifferentiated, a finding that was also reported by Mul-
lender et al. [10].

Basal organoid cells were further assessed using an anti-
body for CK14, a marker for a subpopulation of bladder
urothelium that emerges during a short window of devel-
opment, capable of self-renewal as well as differentiation
into all urothelial lineages [16]. As reported [16], expression
of CK14 was observed in nearly a half (44.8%) of E-cad-
herin+ epithelial cells in P1 tissues, whereas in only a minor
population (5.7%) in adult tissues, respectively (Fig. 1F top
and middle). These data coincide with a previous finding
that CK14+ cells in mice reach a peak during the postnatal
period and then decrease in number [16]. When organoids
cultured for 14 days were immunostained for CK14 expres-
sion, CK14+ cells were found to be abundant and distributed
broadly (Fig. 1F bottom), a previously unreported finding.
Thus, cells in basal organoids that grew from adult urothe-
lium showed phenotypical features of urothelium from a
much earlier phase of development because of the abundant
presence of CK14.

Fig. 2 Histological evalua- A
tion for recipient colon 2 days
post-engraftment. A Combined
stereoscopic and EGFP fluo-
rescent view (top) and EGFP
fluorescent view alone (lower
left). High-power view of the
inset is shown (lower right).
Bars: 1 mm. B Immunobhistol-
ogy of graft tissue from recipi-
ent colon on day 2. Fluores-
cence for EGFP and E-cadherin
with DAPI staining. Scale bar:
100 pm

Bladder organoid cells engrafted on recipient colon
demonstrate immature urothelium-like features

In preparation for engraftment, the epithelium of the colon
was stripped from the target site leaving underlying non-
epithelial tissues intact (Fig. 1B). EGFP+ organoid cells
were engrafted onto the de-epithelialized colon segments.
At the first histological assessment 2 days post-engraft-
ment, clusters of EGFP+ cells were observed attached
on the luminal side of the recipient colon (Fig. 2A).
These EGFP+ cells expressed E-cadherin suggesting
that engrafted cells on day 2 had an epithelial feature
(Fig. 2B). By 28 days post-engraftment, EGFP+ cells
had formed a multi-layered structure (Fig. 3A left and
lower right) resembling the transitional epithelium in
bladder specimens from P1 and adult mice, morphologi-
cally (Fig. 3B). EGFP+ areas were also devoid of crypts
and mucus-containing goblet cells (Fig. 3A lower right),
both typical of colonic epithelium (Fig. 3A upper right).
Immunofluorescence demonstrated that EGFP+ cells were
present immediately above the laminin+ basement mem-
brane (Fig. 3C). CK5 and CK14 were expressed broadly
in EGFP+ cells (Fig. 3D, E). However, UPK3 was not
detected in EGFP+ cells or the native colon of the recipi-
ent (Fig. 3F). Expression of CA2, a colon-specific marker
enzyme was negative in EGFP+cell areas but positive in
areas of native colonic epithelium (Fig. 3G). Collectively,
these findings prove that EGFP+ cell areas were com-
prised of cells that retain the morphological features of
the urothelium from which the engrafted organoids were
cultured, without acquiring epithelium-like features of the
colon onto which they were engrafted. Of note was the
abundance of CK14 and complete absence of UPK3 in
EGFP+ cells, findings typical of developing bladder tissue
seen postnatally rather than adult bladder urothelium from
which the organoids were cultured.

B
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Fig.3 Engrafted bladder organoid cells demonstrate immature
urothelium-like features on recipient colon. A Histologic analysis of
a longitudinally sectioned target site at 28 days post-engraftment. A
stereoscopic image overlaid with results of EGFP fluorescence (upper
left) and H&E staining (lower left) obtained sequentially from a sin-
gle section, are shown. High-power views of the inset and the dashed
line indicate a colonic epithelial region of the recipient and graft
region (right panel). Scale bar: 500 pm [low] and 20 pm [high]. B
H&E staining of bladder tissue from a P1 pup (top) and adult mouse

Active proliferation and regenerative capacity
of engrafted bladder organoids

During the study period of 4 weeks, EGFP+ cells in
target sites increased in thickness and the number of
layers of EGFP+ cells in grafted areas was counted
to measure thickness, quantitatively. Thickness was
a mean of 1.68 +1.04 layers (Fig. 4A top, B) on day 2
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(bottom). Note the urothelial layer. Scale bar: 20 pm. C Multilayered
structure of EGFP +cells shown with respect to the laminin+ base-
ment membrane. Image of recipient colon co-stained with EGFP and
laminin antibodies at 28 days post-engraftment. Scale bar: 100 pm.
D-F Immunofluorescence of a target site for EGFP and CKS5 (F),
CK14 (G), and UPK3 (H). Scale bar: 100 pm. (G) Immunofluores-
cence for EGFP and CA2 shown for different sections from a single
recipient. Fluorescent images presented with DAPI staining. Scale
bar: 100 pm

post-engraftment, mean of 2.64 + 1.73 layers on day 7
(Fig. 4A middle, B) and a mean of 4.58 + 1.3 layers on
day 28 (Fig. 4A bottom, B). Some grafted areas were actu-
ally 8 layers thick on day 28, exceeding the 2—7 layers seen
in normal bladder urothelium of healthy adult mice [17].
These findings suggest that EGFP+ urothelial cells con-
tinue to proliferate on recipient colon after engraftment.
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Fig.4 Active proliferation and tissue regeneration of engrafted blad-
der organoid cells. A Co-staining for EGFP and Ki67 in a target site:
2 days (top), 7 days (middle), 28 days (bottom) days post-engraft-
ment. Arrowhead indicates a Ki67+cell. Scale bar: 50 pm. B Graph
of EGFP+cell layers on recipient colon: 2 days (left), 7 days (mid-
dle), 28 days (right) post-engraftment. C Immunofluorescence for
Ki67+ cells on E-cadherin+ urothelium in a P1 pup (top) and an adult

Target site specimens were examined by immunofluores-
cence to Ki67 to assess the pattern of actively proliferat-
ing cells in urothelium quantitatively. As expected, expres-
sion of Ki67 in E-cadherin+ urothelial cells in P1 bladder

mouse (bottom). The arrow indicates a Ki67+cell. Scale bar: 50 pm.
D Graph of Ki67+ cells in E-cadherin+ urothelium from a P1 pup and
an adult mouse and in E-cadherin+cells of a EGFP+region on days
2, 7, and 28. In recipient colon, E-cadherin+cells of graft tissue are
synonymous with EGFP+ cells. **p <0.001 and *p <0.05. (E) Graph
of Ki67+cell layers in EGFP+regions of recipient colon: 2 days
(left), 7 days (middle), 28 days (right) post-engraftment

(15.9+3.51%) was significantly higher than in adult mice
(2.0+0.43%; Fig. 4C, D), indicating that proliferation of
urothelium postnatally is more active than in adults. Specifi-
cally, Ki67 expression in E-cadherin+ graft tissues on day
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2 was almost negative (0.27 +£0.61%) (Fig. 4D), indicating
that graft proliferative activity was poor at that stage. How-
ever, on day 7, Ki67 was 26.0+ 13.0%, a level of expression
higher than for both P1 and adult mice (Fig. 4D). Although
it decreased to 18.4 +7.4% on day 28, this level was still
comparable with P1 pup levels (Fig. 4D). Next, the distri-
bution of actively proliferating Ki67 cells was investigated
to determine if they were distributed broadly throughout
grafted areas or were localized in a non-uniform pattern.
The number of Ki67+ cells in the layers of grafted areas on
days 2, 7, and 28 post-engraftment were counted and used
to calculate the distribution of Ki67+ cells. On day 2, there
were very few Ki67+ cell layers in grafted areas; a mean of
0.03+0.17 of alayer on day 2 (Fig. 4A top, E) that increased
just adjacent to the basement membrane in EGFP+ regions
to a mean 1.48 + 1.19 layers on day 7 (Fig. 4A middle, E)
and mean of 1.8+ 1.26 layers on day 28 (Fig. 4A bottom, E).
Localization of Ki67+ cells in these layers was discovered
in this study.

Discussion

The protocol presented in this study successfully engrafted
basal type bladder organoids onto a segment of de-epithelial-
ized proximal colon in recipient mice, the first-time bladder
urothelial cells were incorporated stably onto a non-epithe-
lial component of colon using a modified epithelial replace-
ment technique. This result expands the application of orga-
noid technology from engraftment of intestinal columnar
cells onto colon [9, 13, 14] and has abundant potential for
growing organoids originated from different types of tis-
sue, ectopically. This study was limited to post-engraftment
follow-up of 28 days, but the structure and growth of grafted
organoids was suggestive of healthy urothelium and further
follow-up is required to confirm that engrafted bladder
organoids can grow into phenotypically true tissue when
engrafted heterotopically. Once long-term stability is con-
firmed, the presented protocol could be used to create hybrid
urothelium-lined colon, ideal for augmentation cystoplasty
with less risk for complications such as calculi formation
and malignant transformation and adapted to create GIT
segments lined by tissue grown from engrafted urothelial
organoids.

Grafted EGFP+ cells formed multi-layered tissue, char-
acteristic of bladder urothelium, as shown by the presence
of CK5+ urothelial cells and absence of CA24-colonic cells
in grafted tissue. However, grafted urothelium differed from
the adult bladder urothelium it originated from which con-
tains terminally differentiated UPK3+-cells in addition to
undifferentiated cells. Grafted tissue was mostly composed
of undifferentiated cells, but with greater proliferative capac-
ity than adult bladder urothelium in adults; in other words,
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the turnover rate of grafted tissue was faster than adult blad-
der urothelium, more akin to turnover seen in early phases
of development [18-20]. As proof of this, the population of
Ki67 + cells in graft tissues and bladder urothelial cells were
compared quantitatively. As reported, Ki67+ cells in bladder
urothelium of P1 pups was significantly higher than bladder
urothelium from adults. Notably, Ki67+ cells were signifi-
cantly increased in 7-day-old grafts compared with P1 pups
and remained close to levels seen in P1 pups throughout the
study despite decreasing in grafts after 28 days. This sug-
gests that an undetermined mechanism predominantly active
in early developmental phases must be acting to induce pro-
liferation of urothelium in grafted tissue even though the
organoids were cultured from adult bladder urothelium with
no such function. Interestingly, grafted cells expressing Ki67
were distributed immediately above the basement membrane
clearly demarcated by laminin, without any of the uncon-
trolled patterns of distribution of Ki67+ cells commonly
observed in hyperplasia, dysplasia, or malignant transfor-
mation [21], similar to the distribution seen in developing
stages of urothelium or during the rapid regeneration to tis-
sue damage by induction of Ki67 expression in the very bot-
tom layers of basal cells reported in the literature [16, 22].
In other words, active proliferation of graft tissues would
seem to occur preferentially close to the basement membrane
between days 7 and 28 post-engraftment and the behavior
of Ki67+ cells would suggest that proliferation of graft cells
on colon tissue is activated by a mechanism resembling the
regeneration of bladder urothelium after injury.

Similarly, CK14 expression in bladder urothelium, known
to be linked to its proliferative capacity during development
was abundant consistently throughout the study although
CK14 expression in bladder urothelium has been reported
as 32% in 5-day-old pups, 3% in 8-week-old mice, and 0.8%
in 24-week-old mice [16, 18, 23]. However, CK 14 is also
induced markedly in bladder urothelium in response to
injury, suggesting it contributes to tissue regeneration [16,
23]. Thus, CK14 expression in grafted cells would also sug-
gest re-activation of some mechanism that controls active
proliferation of bladder urothelium during development
and in response to tissue injury, by the process of organoid
culture and engraftment. Further research on how grafted
urothelium derived from adult mouse bladder becomes
highly proliferative when placed in a heterotopic microen-
vironment will provide valuable insight for understanding
the mechanism of urothelial tissue morphogenesis during
development as well as regeneration after injury.

To date, several studies have proposed unique strate-
gies for augmentation cystoplasty to overcome com-
plications. A technical report published by the authors
described how bladder tissue derived from a donor rat
could be embedded in a pedicle of omentum in a recipient
for 14 days, then anastomosed successfully to the bladder
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of the recipient [24]. This modified bladder augmentation
technique decreased the development of bladder calculi in
the long-term compared with conventional augmentation
cystoplasty using a GIT segment, indicating that tissue
other than GIT was advantageous. However, this allogenic
transplantation strategy required the use of one-third of
the donor’s bladder, so was not practical. Another recent
study reported harvesting a colonic segment from a rat
donor, chemically decellularizing it, and anastomosing it
to the bladder of a recipient rat as a patch for augmen-
tation cystoplasty [25]. The patch became lined by tran-
sitional epithelial cells, presumably by migration from
surrounding areas of bladder to the decellularized colon
patch, after surgery. This strategy required reconstruction
of non-epithelial components of the patch, such as blood
vessels and neuronal elements, after anastomosis of the
patch to the bladder of the recipient with full postopera-
tive recovery taking some 3 months. As alternatives to
augmentation colocystoplasty using a segment of GIT are
not readily forthcoming, the clinical application of the
protocol presented in this study could be advantageous
because culture of bladder organoids from a small amount
of a patient’s own bladder may allow generation of large
areas of urothelialized colon tissues sufficient enough for
autologous augmentation cystoplasty and in contrast to
decellularized colon used for augmentation cystoplasty,
urothelialized colon would be well-structured and fully
mature at the time of surgery, if bladder organoid engraft-
ment is performed appropriately, beforehand.

In conclusion, the presented protocol could find clinical
application as a novel strategy to decrease risks for calculi
formation and malignant transformation after augmentation
cystoplasty. Further research on engraftment in larger ani-
mals and assessment of outcome over longer periods will
consolidate the potential of organoid technology for clinical
use.
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