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Abstract Fibroblast growth factor 10 (FGF10) is required
for embryonic epidermal morphogenesis including brain
development, lung morphogenesis, and initiation of limb
bud formation. In this study, we investigated the role of
FGF10 as a lead induction factor for stem cell differentiation
toward urothelial cell. To this end, human multipotent stem
cell in vitro system was employed. Human amniotic fluid
stem cells were co-cultured with immortalized bladder can-
cer lines to induce directed differentiation into urothelial
cells. Urothelial markers, uroplakin II, III, and cytokeratin
8, were monitored by RT-PCR, immunocytochemistry, and
Western blot analysis. Co-cultured stem cells began to ex-
press uroplakin II, III, and cytokeratin 8. Targeted FGF10
gene knockdown from bladder cancer cells abolished the
directed differentiation. In addition, when FGF10 down-
stream signaling was blocked with the Mek inhibitor, the
co-culture system lost the capacity to induce urothelial dif-
ferentiation. Exogenous addition of recombinant FGF10
protein promoted stem cell differentiation into urothelium
cell lineage. Together, this report suggests that paracrine
FGF10 signaling stimulates the differentiation of human
stem cell into urothelial cells. Current study provides insight
into the potential role of FGF10 as a lead growth factor for
bladder regeneration and its therapeutic application for blad-
der transplantation.
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Introduction

Preclinical and clinical studies with bladder tissue engineer-
ing, based on autologous bladder biopsies, have shown
promising early results for bladder regeneration (Atala
et al. 2006). When normal autologous cells are not available,
multipotent stem cells including the recently described hu-
man amniotic fluid stem cells (HAFSC) may be useful as a
potentially endless source of versatile cells for bladder tissue
engineering purposes (De Coppi et al. 2007, Kim et al.
2007). However, to date, the specific mechanisms that guide
bladder cell differentiation from stem cells are poorly
understood.

Co-culture of multipotent stem cells with a target cell
population has previously been shown to induce differentia-
tion of the stem cells into specific cell types, including
pulmonary epithelium (Van Vranken et al. 2005), retinal cells
(Sugie et al. 2005), liver cells (Lange et al. 2005), and neural
cells (Kitajima et al. 2005), most likely by specific growth
factors released from the target cells during the co-culture.
Alternatively, cancer cell co-cultivation has been used as a
source of the growth factors required for cellular changes in
many cases including co-culturing with lung cancer (Rippon
et al. 2008), breast cancer (Selvey et al. 2004), colorectal
cancer cells (Koshida et al. 2006), and leukemia cells
(Glenjen et al. 2005).

In this report, we describe the stem cell co-culture with
bladder cancer cells. Three human bladder cancer cell lines
were used for the co-culture, LD605, LD611, and LD627.
Multiple apoptosis-associated genes were methylated in both
LD605 and LD611 (Friedrich et al. 2004). In LD605 and
LD611, one or more vascular endothelial growth factor
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receptors were expressed (Wu et al. 2003). It was also shown
that EphB4 receptor tyrosine kinase was expressed in both
LD605 and LD611 (Xia et al. 2006). Interestingly, EphB4
receptor was phosphorylated only in LD605.

FGF family members function in embryonic develop-
ment, cell growth, and morphogenesis. Fibroblast growth
factor 10 (FGF10) is a paracrine-acting epithelial mitogen
produced by cells of mesenchymal origin that acts exclusive-
ly through a subset of receptors, including fibroblast growth
factor receptor 2b that is expressed predominantly by epi-
thelial cells. FGF10 signaling plays an important role in
bladder urothelial cell proliferation and migration, as
FGF10 functions as a mitogen for acceleration of epithelial
regeneration after bladder urothelial injury (Bagai et al.
2002). We tested the hypothesis that FGF10/Mek signaling
plays a role in bladder urothelial differentiation. Current data
revealed the potential role of FGF10 signaling for directed
differentiation of multipotent stem cell toward urothelial cell
lineages.

Materials and Methods

Cell lines and culture. HAFSCwere isolated and maintained
as previously described (De Coppi et al. 2007).
Undifferentiated stem cells were maintained in Chang's me-
dium (alpha-minimal essential medium 400 ml, L-glutamine
5 ml, penicillin/streptomycin 5 ml, Chang supplements
12.5 ml, and fetal bovine serum 100 ml; Irvine Scientific,
Irvine, CA) and incubated at 37°C in a 95% humidified
chamber with 5% carbon dioxide. The human bladder cancer
cell lines LD605, LD611, and LD627 (a kind gift of Dr. Peter
Jones, USC) were grown in Dulbecco's modified Eagle
medium (DMEM) containing 10% heat-inactivated fetal calf
serum, penicillin (100 U/ml), and streptomycin (100 μg/ml;
Life Technologies, Rockville, MD). Lung adenocarcinoma
A549 (a gift of Dr. Wei Ding, Children's Hospital in Los
Angeles) was cultured in the same culture medium of
DMEM/FBS/antibiotics. Both bladder cancer and lung can-
cer cells were incubated at 37°C in a 95% humidified cham-
ber with a 5% carbon dioxide.

Bladder cancer cell–stem cell co-culture. Undifferentiated
stem cells and bladder cancer cells were co-cultured indirect-
ly (without contact, but with exchanges of soluble factors)
using 0.4 μm pore-sized membrane tissue culture inserts
(Becton Dickinson LabWare, catalog number 353495, trans-
lucent polyethylene terephthalate membrane, Franklin
Lakes, NJ) for up to 4 wk. Cell suspensions containing
3,000 amniotic fluid stem cells were seeded in 24-well tissue
culture plates. Bladder cancer cell suspensions containing
3,000 cells were seeded onto the tissue culture inserts,
precultured for 16 h, and then placed into the corresponding

wells. The cells were co-cultured in DMEM containing 10%
heat-inactivated fetal calf serum, penicillin (100 U/ml), and
streptomycin and incubated at 37°C in a 95% humidified
chamber with 5% carbon dioxide.

Immunofluorescence staining. Cells were fixed with 4%
paraformaldehyde. Primary antibodies for the bladder
markers cytokeratin, uroplakin II, and uroplakin III (Santa
Cruz Biotechnology Inc., Santa Cruz, CA) were diluted
1:200 ratio in 1.5% horse serum in phosphate-buffered sa-
line. Primary antibodies were incubated with the cells for 1 h
at room temperature. Then, secondary antibodies
(biotinylated, Vector incorporated, Burlingame, CA) were
added and incubated for 30 min at room temperature.
Chromogenic substrate extravidine–fluorescein (Vector in-
corporated) was added and incubated for 15 min in dark. All
of the human stem cell stained DAPI and fluorescence pic-
tures were taken with Leica DFC280 camera (Leica, Wetzlar,
Germany) linked to the Leica DM IL microscope (Leica).

RT-PCR analysis. To examine gene expression in co-
cultured stem cells, RT-PCR was performed using primers
for uroplakin III, cytokeratin 8, and FGF-10 genes.
Oligonucleotide sequences for uroplakin III are forward
primer 5′-AACAACCCCACACTTACCACTG-3′ and re-
verse primer 5′-GGAGCTTGCTGGAATACACCTC-3′.
Oligonucleotide sequences for human cytokeratin 8 are for-
ward primer 5′-GCCTGGTTCGGCCCGCCTGCCTCC-3′
a n d r e v e r s e p r i m e r 5 ′ - G G C TGAGGGC TA
GGGCTGAGCCTC-3′. Oligonucleotide sequences for hu-
man FGF10 are forward primer 5′-ATGTGGAAATGGATA
CTGACACATTG-3′ and reverse primer 5′-TACATTTG
CCTCCCATTATGCTGCC-3′. Glyceraldehyde phosphate
dehydrogenase (GAPDH) was used as the housekeeping
gene. Primer sequences for GAPDH are forward primer 5′-
CCCCAATGTATCCGTTGTGGA-3′ and reverse primer 5′-
GCCTGCTTCACCACCTTCTT-3′. Total RNAs were
extracted from the co-cultured human stem cells. Then,
1 μg of total RNA was reverse transcribed and amplified
using One-Step RT-PCR kit (Qiagen, Valencia, CA). To
monitor the FGF10 expression in the human bladder cancer
cells, total RNAs were also extracted with RNeasy mini-prep
kit (Qiagen). One microgram of total RNA was reverse
transcribed and amplified with the primers specific to human
FGF10 gene. The RT-PCR conditions used were 50°C for
30 min, 95°C for 15 min, 35 cycles at 94°C for 1 min, 55°C
for 1 min, and 72°C for 1 min.

Targeted FGF10 knockdown and U0126—Mek inhibitor
treatment. FGF10 gene was targeted knocked down by
using FGF10 siRNA gene si lencer (Santa Cruz
Biotechnology; sc-39462), following manufacturer's instruc-
tions. FGF10 gene was silenced by transfecting siRNAs to
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10 μM, and RT-PCR was performed to confirm gene knock-
down. To block FGF-10 signaling downstream, U0126
(Calbiochem, San Diego, CA), a Mek inhibitor, was added
at a concentration of 20 μM to the stem cell culture medium
in co-culture system as previously described (Cushing et al.
2008).

Recombinant FGF10 protein addition. Recombinant FGF10
protein (R&D Systems, Minneapolis, MN) was diluted from
a stock containing hanks balanced salt solution and bovine
serum albumin to a final media concentration of 50, 100,
150, and 200 ng/ml. We observed four different concentra-
tion of FGF10 to find the optimal condition for differentia-
tion into urothelium.

Results

Co-cultivation induces early urothelial differentiation. To
determine whether certain cancer cell line can induce the
stem cell differentiation into bladder urothelium cells, we
performed the stem cell–cancer cell co-culture in vitro. After
2 wk of co-culture with bladder cancer cell LD605, approx-
imately 45~50% of the human amniotic fluid stem cells
began to change their morphology to the polygonal epithelial
structures, while the monocultured cells did not show the
same morphological changes Fig. 1a. Moreover, the co-
cultured stem cells started to express uroplakin III and
cytokeratin 8 RNAs from the RT-PCR analysis Fig. 1b.
Consistently, western data showed the urothelial lineage-
specific protein expressions from the co-culture Fig. 1b.
Immunocytochemistry was performed with the human stem
cells co-cultured with bladder cancer cell line LD605. Co-
cultured stem cells showed positive staining of uroplakin
(UP) II, UPIII, and CK8, while no expression was seen in
the monoculture control Fig. 1c. Our results suggest that
certain bladder cancer cell lines possess the differentiation
capacity through the mechanisms involved in paracrine
signaling.

Downregulation of urothelium markers with FGF10
knockdown. Stem cell co-culturing with a certain bladder
cancer cell line LD605 induced a differentiation into bladder
cell lineages. This possibly was induced by soluble factor(s)
secreted from LD605 cell line. Our next study is to find out
what molecular events are responsible for the differentiation.
Fibroblast growth factor 10 is a mitogen for epithelial regen-
eration after bladder urothelial injury, and its signaling is
known to play an important role in bladder urothelial cell
proliferation (Bagai et al. 2002). FGF10 is also a critical
morphogen involved in many organs' morphogenesis such
as prostate gland (Thomson and Cunha, 1999; Huang et al.

2005), liver growth during embryogenesis (Berg et al. 2007),
and early human kidney development (Carev et al. 2008).
We hypothesized that FGF10 signaling is involved in the
urothelial differentiation of stem cells. Hence, we decided to
examine FGF10 knockdown effects on the stem cell differ-
entiation. FGF10 gene was silenced by the siRNA transfec-
tion and confirmed by RT-PCR Fig. 2a. Then, we monitored
the human stem cell differentiation from the co-culture by
RT-PCR analysis of bladder cell markers Fig. 2b. When
FGF10 gene was silenced, the co-cultured stem cells did
not express the bladder cell markers, suggesting that

Figure 1. a, Human amniotic fluid stem cell morphology from the
monoculture and co-culture. Human stem cells were culture in the
monoculture and co-culture systems and morphology was observed
after 2 wk. Scale bar 100 μm. b, Left panel: RT-PCR was performed
with FGF10, uroplakin III, and cytokeratin 8 gene primers in stem cells
co-cultured with bladder cancer cell line LD605. Right panel: Western
blot was performed with the stem cells co-cultured and monocultured.
FGF10 protein and urothelial markers, UPIII and CK8, were examined
on the PAGE analysis. c, Immunofluorescence of bladder markers
uroplakin II, uroplakin III, and cytokeratin 8 in the co-culture system.
Amniotic fluid stem cells cultured alone (monoculture) served as a
control.
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FGF10 may be required for the differentiation process. Next,
we extended to turn off the FGF10 downstream signaling
and observe the directed differentiation.

U0126 is the highly selective inhibitor of Mek1 and Mek2
kinase in mitogen-activated protein kinase (MAPK) pathway
and known to efficiently shutdown FGF10 signaling. In the
presence of U0126, stem cell/cancer cell co-culture was
performed. There was no change in morphology or viability
of stem cells with the concentration of 20 μM concentration
of U0126. We monitored the bladder differentiation markers,
UPIII and CK8, and smooth muscle actin (SMA) expression.
RT-PCR analysis revealed no expression of the bladder
markers from the U0126 present co-culture, suggesting that
FGF10 signaling play a role in stem cell differentiation into
bladder lineages Fig. 2c.

FGF10 was expressed in LD605 and FGF10 addition pro-
moted urothelial differentiation. Since only LD605 was able
to induce the HAFSC differentiation into the bladder cells, we
wished to determinewhether FGF10was specifically expressed
in LD605. RT-PCR analysis was performed with LD605 and
other bladder cancer line LD611. HAFSC did not express
FGF10, while LD611 expressed low level of FGF10. LD605
expressed FGF10 clearly Fig. 3a. Lung adenocarcinoma cell

line A549was examined as a control. A549 expressed very low
level of FGF10 gene. Our results indicate that FGF10 express-
ing cancer cell has the differentiation capacity for multipotent
stem cells. This is consistent with the data that revealed FGF10
knockdown abrogated the stem cell differentiation induction.

To confirm the role of FGF10 in induction, recombinant
FGF10 protein was added to the stem cell culture to a final
concentration of 50, 100, 150, and 200 ng/ml. Exogenous
addition of FGF10 protein induced the urothelial differenti-
ation from the stem cells. UPIII gene was expressed with
200 ng/ml of FGF10, and CK8 was also expressed with
150 ng/ml of FGF Fig. 3b. Urothelial marker proteins,
UPIII and CK8, were also expressed in the presence of
FGF10 200 ng/ml Fig. 3c. Phospho-MAPK was also acti-
vated upon FGF10 treatment. These data are pointing FGF10

Figure 2. a, FGF10 gene was targeted knocked-down from the LD605
cancer cell lines. b, Co-cultured human stem cells were observed for the
bladder cell markers with FGF10 knockdown cells. Left panel: RT-PCR
results of UP III, CK8, and SMAwere presented. Right panel: Western
blot data of the same markers were presented. c, After the addition of
U0126 to block the downstream FGF-10 signaling pathway, RT-PCR
revealed no expression of the bladder markers uroplakin III and
cytokeratin 8, and no expression of smooth muscle actin in the co-
culture.

Figure 3. a, FGF10 overexpression in LD605. RT-PCR analysis was
performed with total RNAs extracted from LD605, LD611, and A549
cancer cells. Total RNAs were extracted from HAFSC and lung adeno-
carcinoma A549 cells. SC stands for human stem cells, 605 stands for
human bladder cancer cell line LD605, and 611 stands for human
bladder cancer cell line LD611. A549 stands for human lung adenocar-
cinoma cell line A549. b, RT-PCR was performed in the absence and
presence of recombinant FGF10 protein with the final concentration of
50, 100, 150, and 200 ng/ml. Cytokeratin 8 and uroplakin III expres-
sions were monitored from the monoculture and FGF10 added culture.
c, Western blot was performed with the stem cells monocultured and
recombinant FGF10 added culture. Uroplakin III, cytokeratin 8,
Phospho-MAPK, and total MAPK proteins were monitored on the
10% polyacrylamide gel electrophoresis. Upon FGF10 treatment,
UPIII and CK8 proteins began to express. Phospho-MAPK also began
to express upon FGF10 addition.
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as a leading induction factor for the stem cell differentiation
toward early bladder cell lineage.

Discussion

For patients with end-stage bladder diseases, current bladder
replacement techniques utilize intestinal segments, which are
associated with significant perioperative morbidity and long-
term complications (Gilbert and Hensle, 2005). As an alter-
native approach, multipotent stem cells are envisioned as a
viable source of cells, from which damaged or diseased
tissue can be replaced. This report describes a co-culture
system, in which human amniotic fluid stem cells were
induced to differentiate toward the urothelial-specific lineage
in vitro by co-culturing with human bladder cancer cells. The
co-culture system appears to be a viable system to investigate
the urothelial differentiation process, especially since the
factors governing this process are currently unknown.
There is still a possibility that human amniotic stem cells
are more prone to induced to bladder lineage, as their origin
source was amniotic fluid, which are associated with urinary
bladder location-wise and tissue-wise. It remains to be seen if
this specific induction holds true with other stem cells from
different origins.

FGF-10 is one factor that apparently plays a role in the
urothelial differentiation process. With the bladder cancer
cell co-culture system, we have demonstrated the FGF10
expressing bladder cancer cell has the capacity to induce
stem cell differentiation into urothelium. This is most likely
the paracrine effects of the LD605 in the co-culture. The
other bladder cancer cell line LD611 and lung adenocarci-
noma cell line A549 did not show the directed differentiation
capacity (data not shown). The addition of U0126, a down-
stream inhibitor of Mek in the FGF-10 signaling pathway, to
the co-culture system inhibited the expression of bladder
markers, uroplakin III, and cytokeratin 8. This underscores
the potential role of the FGF-10 signaling pathway, and spe-
cifically the Mek pathway, in early urothelial differentiation.

Since bladder cancer cell co-culture system was
employed, we wished to check whether the cancer cell co-
culture with human stem cells induced the stem cell tumor-
igenesis. Soft agar colony assay with monocultured HAFSC
and co-cultured HAFSC showed no differences in growth in
the anchorage-independent conditions in soft agar (personal
communications with Dr. Hyung-Gyoo Kang at Children's
Hospital in Los Angeles). This indicates that the cancer cell
co-culture does not necessarily induce stem cell tumorigen-
esis in co-culture system.

Future experiments will be directed toward further eluci-
dation of the components of these pathways as well as the
manipulation of FGF-10 activity to optimize the urothelial
differentiation process from the human stem cells.
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