








treatment were continued with an intermission of 7 or 14
days (Fig. 4A). In the UM-UC-14 xenografts, growth inhibi-
tion and regression of the tumor induced by PD173074 was
observed for a limited period of treatment (days 0–6 and
14–20). However, tumor regrowth was observed during the
withdrawal interval of days 7 to 13. The mean relative tumor
volumes in the treated and control groups on day 21 were
0.73 � 0.14 (range, 0.52–1.13) and 2.87 � 0.14 (range, 1.89–
5.09), respectively (P 	 0.01; Fig. 4A). The experimental
results in MGHU3 were similar to those in the UM-UC-14
xenografts. After the first 7 days of treatment (days 0–6),
approximately 14 days of withdrawal were required for the
transition of MGHU3 xenograft tumors into the stably grow-
ing phase. The mean relative volumes in the treated and
control groups on day 28 were 1.01 � 0.39 (range, 0.42–2.83)
and 5.31 � 2.06 (range, 1.78–11.83), respectively (P 	 0.01;
Fig. 4A). No significant body weight loss and appearance
change was observed in mice treated by PD173074 compared
with controls (Fig. 4B). In UM-UC-14 and MGHU3 cells,

tumors from treated mice were significantly smaller and
paler than those from control mice (Fig. 4B). These results
suggested that bladder cancers carrying the FGFR3 muta-
tion involved in exons 7, 10, or both would be indicated for
PD173074 treatment.

In UM-UC-14 xenografts, hematoxylin and eosin (H&E)
staining of the resected tumors revealed that PD173074
treatment induced formation of shrunken and circular-
shaped cancer cells, decreased nuclear-to-cytoplasmic ratio,
and chromatin condensation (Fig. 5, A and E), which were
characteristic morphological features of apoptotic cells. In
the IHC analysis for FGFR3 expression, a slight increase in
the cytomembrane expression levels was detected in the
treated tumors compared with the control tumors (data not
shown). To investigate the cell proliferation status of the
treated and control tumors, the levels of Ki-67 and p27 were
analyzed with IHC method. The results showed that
PD173074 treatment induced a significant decrease of the
intranuclear expression of Ki-67 (Fig. 5, B and F). Inversely,
an increase of the intranuclear expression of p27 was ob-
served in the treated tumors (Fig. 5, C and G). These data

Fig. 3. PD173074 induces the transition of UM-UC-14 and MGHU3
cells into the G0 phase with p27 up-regulation. A, UM-UC-14, MGHU3,
and KU7 cells treated with the indicated concentrations of PD173074
for 24 h and subjected to Western blot analysis using anti-p27 and
anti-actin antibody. UM-UC-14 and MGHU3 were PD173074-sensitive
cell lines, whereas KU7 was a PD173074-resistant cell line. B, UM-
UC-14, MGHU3, and KU7 cells treated with the indicated concentra-
tions of PD173074 in growth medium for 48 h and subjected to immu-
nocytochemical analysis using anti-Ki67 and anti-p27 antibody.
Methyl green was used for counterstaining. Original magnification,
200�.

Fig. 4. Inhibition of FGFR3 by PD173074 induces the tumor regression
during oral administration. A, relative values of tumor volume were
plotted for 21 and 28 days in the UM-UC-14 and MGHU3 xenografts,
respectively. When the tumors reached 0.5 cm, treatment was initiated
(day 0). The tumor volume of each mouse on day 0 was defined as 1.0. The
bold bars shown bellow indicate the periods of the treatment. The tumor
sizes were measured three times a week. The data are expressed as
mean � S.E.M. from four to five mice per group. The statistical differ-
ences between mice in the treated and control groups were analyzed
using two-sided Mann-Whitney U test. �, P 
 0.05. B, mice were photo-
graphed on day 21 and day 28 in UM-UC-14 and MGHU3 xenografts,
respectively. The resected tumors from xenograft mice also were
photographed.
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were consistent with those observed in vitro. Moreover, the
expression of cleaved caspase-3 was observed in the treated
tumor, indicating that oral administration of PD173074
could induce apoptosis of tumor cells. The results of IHC
analysis in the MGHU3 xenografts were similar to those in
the UM-UC-14 xenografts (Fig. 5, I–P).

Discussion
In this study, PD173074 treatment resulted in a remark-

able growth inhibitory effect in two bladder cancer cell
lines, namely, UM-UC-14 and MGHU3, harboring FGFR3
mutations, suggesting that aberrant FGFR3 signaling
plays a critical role in the cellular proliferation in bladder
cancer cells with FGFR3 mutations affecting either the
extracellular Ig2-Ig3 domain or transmembrane domain.
FGFR3 is a responsible gene for congenital skeletal disor-
ders, which present a graded spectrum of phenotypic se-
verity depending on distinct missense mutations of
FGFR3. Thanatophoric dysplasia, characterized by neonatal
lethality and profound dwarfism, derives from FGFR3 muta-
tions identical to those reportedly found in the bladder UCs,
including S249C, Y375C, and K652E substitutions.

The R248C and S249C mutations of FGFR3 involved in
exon 7 are associated with ligand-independent activation
(Naski et al., 1996; Wu, 2005; Tomlinson et al., 2007b). The
Western blot analysis revealed that UM-UC-14 harboring
homozygous S249C mutation expressed stably dimerized
FGFR3 as expected based on the potential of forming a di-
sulfide bond in the extracellular domain under the nonreduc-
ing condition (Fig. 1A). This phenomenon was equally ob-
served in 97-7 bladder cancer cells (Tomlinson et al., 2007b).
However, stably dimerized FGFR3 was not detected in
MGHU3 expressing the Y375C mutated FGFR3. A previous
research demonstrated that mutations affecting the trans-
membrane domain were likely to enhance mutant receptor
dimerization, leading to constitutive ligand-independent ac-
tivation (Webster and Donoghue, 1996). Alternatively, an-
other report suggested that these mutations disrupt c-Cbl-
mediated ubiquitination that serves as a targeting signal for
lysosomal degradation and termination of receptor signaling,
resulting in the increase of stability of FGFR3 (Cho et al.,

2004). The biological characteristic of FGFR3 mutations af-
fecting the transmembrane domain is controversial.

It was surprising that J82 cells carrying the K652E
mutation of FGFR3 expressed undetectable levels of
FGFR3 protein in the Western blot analysis. Consistently,
PD173074 treatment achieved little inhibitory effect
against proliferation of J82 cells (Fig. 1A). Reportedly, the
frequency of FGFR3 mutations involved at codon 652 in
exon 15 are much lower in the bladder UCs compared with
those in exons 7 and 10 (Wu, 2005). These findings sug-
gested that this mutation would not play a key role on
oncogenesis and development of the bladder UCs. FGFR3
mutations affecting the intracellular kinase domain are
known to stimulate the enzymatic activity by stabilizing
the noninhibitory conformation of the kinase regulatory
loop (Webster et al., 1996; Bernard-Pierrot et al., 2006). In
a previous report, the constitutive tyrosine kinase activity
of the K652E mutated FGFR3 was at least 100 times
greater than that of the wild-type FGFR3, implying that
this mutational type has an oncogenic property (Webster
et al., 1996). Further studies are required to evaluate the
pathogenicity and potential availability of this particular
type of FGFR3 mutation involving codon 652 in exon 15 as
a therapeutic target for PD173074 in the bladder UCs.

In the bladder UCs, the precise biological effect of FGFR3
mutations and downstream signaling pathways of constitu-
tively phosphorylated FGFR3 have not been elucidated yet.
In a recent study (Bernard-Pierrot et al., 2006), the NIH-3T3
cells with stable transfection of the S249C-mutated FGFR3b
acquired both high anchorage-independent growth ability on
soft agar and high cell proliferation compared with those
transfected with the wild-type FGFR3b. In addition, the
transfection of the S249C-mutated FGFR3b could induce sig-
nificant tumorigenicity in the nude mice, whereas little or no
tumor development was observed in the cells transfected
with the wild-type FGFR3b. However, T24 cells, which har-
bor a missense mutation of HRAS, did not increase the on-
cogenic activity by stable transfection of the S249C-mutated
FGFR3b, suggesting that the mutated FGFR3 and Ras gene
shared a common signaling pathway in the bladder UCs. The
idea can be supported by the data of Jebar et al. (2005). They
analyzed 98 bladder tumor and 31 bladder cell lines for

Fig. 5. Morphological changes in the xenograft evoked by
oral administration of PD173074. The resected tumors of
xenograft were analyzed by H&E staining and immunohis-
tochemical staining for Ki-67, p27/Kip1, and cleaved
caspase-3. A to D, UM-UC-14 xenograft tumor of the con-
trol mice. E to H, UM-UC-14 xenograft tumor of the treated
mice. I to L, MGHU3 xenograft tumor of the control mice. M
to P, MGHU3 xenograft tumor of the treated mice. A, E, I,
and M for H&E. B, F, J, and N for Ki-67. C, G, K, and O for
p27/Kip. D, H, L, and P for cleaved caspase-3. Original
magnification, 400�.
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mutations of FGFR3 and three Ras gene members (HRAS,
NRAS, and KRAS2), and concluded that FGFR3 and Ras
gene mutation coexisted in no cases and no cell lines (Jebar et
al., 2005). Likewise, the mutual exclusion of FGFR3 and Ras
gene mutations was observed in multiple myeloma cells
(Chesi et al., 2001).

A significant involvement of FGFR3 was also observed in
multiple myeloma, in which the t(4;14)(p16;q32) transloca-
tion occurs frequently and leads to overexpression of FGFR3
from the derivative 14 (Chesi et al., 2001). Both overexpres-
sion and mutational activation of FGFR3 are suggested to
contribute to tumor development and have the potential of
therapeutic target (Trudel et al., 2005). In our work, no
bladder cancer cell line overexpressed the wild-type FGFR3.
Although only the KU7 cells showed a weak expression of the
wild-type FGFR3, there was no remarkable sensitivity to
PD173074, implying that cellular proliferation of KU7 was
not dependent on the FGFR3 signaling pathway (Fig. 1). In a
recent study, Tomlinson et al. (2007a) examined whether
FGFR3 mutational status correlated with the FGFR3 protein
levels in IHC analysis. Although a significant correlation was
shown between the presence of the FGFR3 mutations and the
overexpression, 42% of bladder tumors with no detectable
FGFR3 mutation showed overexpression of FGFR3. This im-
plies that even the overexpression of the wild-type FGFR3
potentially make up a fraction of nonmutant tumors with
transformed phenotype and consequent responsiveness to
the FGFR3-targeted therapies. Drug response assay with
primary culture of clinical tumor tissues will be required for
evaluating whether the patient population with the wild-type
FGFR3-overexpressing bladder UC would benefit from
PD173074 treatment.

We demonstrated that PD173074 treatment inhibits the
cellular proliferation and elicits up-regulation of p27. The
levels of p27 are stringently governed by the post-transla-
tional modification via the ubiquitin/proteasome pathway
(Blain et al., 2003). Previous reports demonstrated that
down-regulation or loss of p27 protein expression of the blad-
der tumor tissues was a significant prognostic indicator of
intravesical recurrence or progression in the bladder UCs
(Del Pizzo et al., 1999; Sgambato et al., 1999; Lopez-Beltran
et al., 2004; Rabbani et al., 2007). These data suggest that
the adequate expression of p27 is a key factor for suppressing
the potential of development and progression of the bladder
UCs. Mitogen-induced activation of receptor tyrosine kinases
is followed by activation of the Ras/Raf/mitogen-activated
protein kinase kinase or Ras/PI3K/Akt/protein kinase B sig-
naling pathway, which plays an important role in the regu-
lation of cell cycle (Cheng et al., 1998; Medema et al., 2000;
Sherr, 2000; Blain et al., 2003). In human cancer cells, con-
stitutive activation of the Ras-mediated signaling pathway
could promote the stabilization of cyclin D1 and degradation
of p27 (Sherr, 2000). In the UM-UC-14 and MGHU3 cells,
which are sensitive to PD173074, inhibition of FGFR3 phos-
phorylation resulted in the transition into G0 arrest medi-
ated by the up-regulation of p27 in vitro and in vivo. This
finding also supports the assumption that Ras-related sig-
nals are downstream effector of mutated FGFR3 signaling in
the bladder UCs. Up-regulation of p27 and reversible G1

arrest were induced by inhibition of the EGFR tyrosine ki-
nase in cell lines harboring gene amplification or showing
EGFR overexpression (Busse et al., 2000; Ling et al., 2007).

They reported that the cells did not reenter S phase with
removal of the kinase inhibitor, but treatment of the cells
with phosphorothioate p27 oligonucleotides decreased p27
protein in A431 cells and abrogated the quinazoline-medi-
ated G1 arrest. Inhibition of the mitogen-activated protein
kinase activity did not induce G1 arrest or increase the levels
of p27 but that of PI3K up-regulated p27, and recruited cells
in G1, suggesting that the G1 arrest and up-regulation of p27
resulting from EGFR blockade are not due to interruption of
mitogen-activated protein kinase, but result from interrup-
tion of constitutively active PI3K function. A similar analogy
might be true in the case of FGFR3 blockade mediated by
PD173074. Mutations of PIK3CA gene (phosphoinositide-3-
kinase, catalytic, � polypeptide) were detected in bladder
cancer harboring FGFR3 mutations (López-Knowles et al.,
2006). Unlike the cases of Ras oncogene, mutations of
PIK3CA and FGFR3 genes are not mutually exclusive, but
they seem to be compound and work synergistically in blad-
der carcinogenesis.

In summary, our results suggest that both topical and oral
administration of PD173074 are potentially available for the
management of bladder tumors carrying the FGFR3 muta-
tion involved in exon 7, exon 10, or both. The major limitation
of our work is that the experiments were confined to the
analyses using established bladder cancer cell lines. His-
toculture drug response assay and clinical trials should be
designed for confirming the true clinical benefit of PD173074
treatment and establishing clinicopathological and molecular
markers that accurately predict the therapeutic efficacy of
this treatment. For example, the expression levels of Ki-67,
p27, and FGFR3 protein, presence of FGFR3 mutation and
mutational type of FGFR3 are potentially promising predic-
tive markers. We hope that this novel therapeutic approach
enables 1) the decrease of intravesical recurrence rate after
the initial transurethral resection for nonmuscle invasive
diseases and 2) the improvement of the poor prognosis in
advanced diseases in the future.
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