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Abstract: Tumor microenvironments cause a wide range of responses in both cancer cells and surrounding host cells,
inducing gene expressions of growth factors and their receptors to lead such as angiogenesis and changes of metabolic
switch. To examine the possible mechanism by which cancer cells increase growth and survival during tumor
progression, we used human squamous cell carcinoma derived cell line DJM1 as a malignant tumor model.
Here we report that the cancer cells in the avasculature area in the mouse xenografts were able to induce the
expression of fibroblast growth factor receptor 3 (FGFR3) known as an oncogene. In vitro experiments
confirmed that serum-starvation induced the marked increased expression of FGFR3 in DJM1 cells. As a
significant finding, two alternatively spliced isoforms of FGFR3, FGFR3IlIb and FGFR3IlIc, expressed in
normal epithelial cells or in mesenchymal cells respectively, were both increased in DIJM1 cells under the
serum-starved conditions. Moreover, ectopic expression of FGFR3IlIc in DIJM1 cells in vitro greatly
enhanced anchorage-dependent and -independent growth in response to FGF2, suggesting that dysregulation
of FGFR3 expression has a role in tumor growth and survival in vivo. These findings provide an insight into
the mechanism of FGFR3-dependent tumor progression and a basis for the development of cancer therapies.
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INTRODUCTION

Hypoxic and low-nutrient environments are commonly
found in the central region of solid tumors [1]. These
microenvironments cause a wide range of responses at both
systemic and cellular levels including gene expressions,
angiogenesis, changes of metabolic switch, and apoptosis [2,
3]. Since solid tumors endure hypoxia before the formation
of microvessels, adaptive responses to hypoxia and
insufficient nutrients are crucial steps in tumor progression
[4, 5]. However, little is known about how tumors can
overcome growth factor depletion and manage to proliferate.
Aberrant expression of fibroblast growth factors (FGFs) and
their receptors (FGFRs) are found in multiple cancers,
providing a strong indication of their role in cancer
development [6-8]. Of the four different human FGFRs,
activating mutations of FGFR3 involved in skeletal
malformation syndromes have been identified as a causal
gene in multiple myeloma (MM) [9, 10]. FGFR3 mutations
have also been identified in gastric and colorectal cancers
[11], in virus-associated squamous cell carcinomas [12], and
in bladder and cervical carcinoma [13, 14]. These findings
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suggested that FGFR3 plays an important role in cancer
development, and as a result particular attention has been
given to FGFR3. The expression of FGFR isoforms is
temporally and spatially regulated in embryos and in normal
adult organs. FGFR3 has two different transmembrane-type
isoforms, FGFR3II1b and FGFR3Illc, which have distinctive
ligand-specificities. Both FGFR3IlIb and FGFR3IlIc bind to
FGF1, however, FGFR3Illlc has higher affinity to FGF2
than FGF1, and FGFR3IIIb does not bind to FGF2 [15, 16].
They are produced by the aternative usage of exons, exon 8
(111b) or exon 9 (Ilic), which encode the C-termina half of
the Iglll domain [17]. In the previous studies, FGFR3lllc
was present in non-epithelial cell populations, whereas FG-
FR3II1b was restricted to epithelial cell populations [18, 19].

To examine the possible mechanism by which cancer
cells increase growth and survival during tumor progression,
we used the human squamous cell carcinoma derived cell
line DJM1 as a malignant tumor model. We found that the
cancer cells in the avasculature area in the mouse xenografts
were able to induce the expression of FGFR3 known as an
oncogene [20-24]. FGFR3 was expressed in the intratumoral
area of the xenografts where a transcription factor, hypoxia-
inducible factor-la (HIF-1a), regulated by low oxygen
tension and nutrients [5] was also expressed. However, the
molecular mechanism that causes the enhanced expression of
FGFR3 in the skin cancer cells and the role of the FGFR3
expression, remains unclear. Therefore, we examined whether
FGFR3 expression at both mRNA and protein levels is
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enhanced in vitro in response to HIF-1la. In vitro
experiments showed that FGFR3 expression under hypoxic
conditions was increased at protein levels but not at mMRNA
levels. However, FGFR3 expression at both protein and
MRNA levels was increased under serum-starved conditions.
By the analysis of quantitative real time RT-PCR, we found
that both alternatively spliced isoforms, FGFR3IIlb and
FGFR3IlIc were dramatically induced under serum-starved
conditions. Usually, normal epithelial cells express only
FGFR3IIIb isoform, therefore in this study, we sought the
biological function of FGFR3Illlc in DIJM1 cells utilizing an
ecdysone-inducible expression system.

MATERIALS AND METHODS

Materials-Human recombinant FGF1 and FGF2 were
generous gifts from Drs. R. Sasada and T. Kurokawa (Takeda
Chemical Industries, Ltd., Osaka).

Cell Culture, Hypoxic and Serum-Starved Conditions

The human skin-derived squamous cell carcinoma cell
line was from Dr. H. Katayama. DJM1 cells were grown in
high glucose Dulbecco’s Modified Eagle medium (DMEM,
Nissui Pharmaceutical Co.) containing 10% (v/v) fetal
bovine serum (FBS, JRH Biosciences Co.), 2mM L-
glutamine, 50U/ml penicillin and 50ug/ml streptomycin
(10%FBS-DMEM) at 37°C in a humidified atmosphere of
95% air -5% CO2. The cells were seeded at a density of
1x106 cells/100 mm culture dishes. After 24h, the plates
were replaced with 10 ml of media with or without FBS
(serum-starved) and incubated under normoxic (5% COg,
balanced with air) or hypoxic (1% O2, 5% CO2, balanced
with N2) condition in a humidified incubator (Model 9200E,
Wakenyaku Co.) at 37°C.

Xenograft Model

Female athymic nude mice (4 to 6-weeks old) were
obtained from Shimizu Laboratory Supplies Co. Mice were
anesthetized and xenografts were established by injection of
1.0x106 DJM-1 cells per 200ul sterile phosphate-buffer saline
(PBS) under the dorsal skin of the mice. 6 weeks after
inoculation, xenografts were excised, fixed in Zinc Fixative
(BD Biosciences) overnight, processed and embedded in
paraffin wax.

Immunohistochemistry

Tumor sections (5um) were stained with primary
antibodies, that were 5ug/ml anti-CD31 antibody (BD
Bioscience), 20ug/ml anti-keratin-14 antibody (Lab Vision),
2ug/ml  anti-HIF-1la antibody and 2ug/ml anti-FGFR3
antibody (Santa Cruz Biotechnology). All of the slides were
subsequently washed several times in PBS with 0.1%
Tween 20 and were incubated with Histofine Simple Stain
Mouse MAX-PO (R) or Histofine Simple Stain Mouse
MAX-PO (Rat) (Nichirei) at room temperature for 45min.
Immunoreactive species were detected with the DAB Subst-
rate Kit for peroxidase (Vector Laboratories). Sections were
counterstained with hematoxylin.

RNA Extraction and Real Time RT-PCR

Total RNA was extracted using Isogen (Nippon Gene)
and first strand cDNA was synthesized using SuperScript™
First-Strand Synthesis System (Invitrogen). Quantitative
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real-time RT-PCR was performed using Power SYBR Green
PCR Master Mix & RT-PCR and Applied Biosystems 7500
Real-Time PCR System (Applied Biosystems). The
calculation method used for relative quantitation is the
standard curve method. Detection of human 18S rRNA
(NMO022551), used as internal control, was performed using
RPS18 primers from Takara Bio, Inc. The other primers
used for amplification were: FGFR2IIlb forward: 5'-TGG
ATC AAG CAC GTG GAA AAG AAC GG-3', FGFR2llIb
reverse: 5-CAG AGC CAG CAC TTC TGC ATT GGA
AC-3', FGFR3IlIb&lllc forward: 5'-CGG ACG GCA CAC
CCT ACG TT-3', FGFRaIllb reverse: 5-TCG GCC ACG
CCT ATG AAA TTG GT-3', FGFR3IlIc reverse: 5'-CAA
AGG TGA CGT TGT GCA AGG AGA GA-3.

Ectopic Expression of FGFR3llIc

To construct pIND-FGFR3IlIc, human FGFR3IlIc cDNA
was cloned into pIND ecdysone-inducible expression vector
(Invitrogen). DJM1 cells were cotransfected with pIND-
FGFR3IlIc and pVgRXR by the lipofection method. Stable
expression clones were first selected with 200ug/ml of
Zeocin (InvivoGen) and 400ug/ml of G418 (Nacalai tesque).
Clones were then screened for expression of FGFR3IlIc by
incubating with 5uM of Ponasterone A (PA) for 30h
followed by immunoblotting analysis. PA was dissolved in
ethanol.

Anchorage-Dependent Cell Growth Assay

DJM1-Illc cells were seeded into 24-well plates (1.0x10*
cells/well) and grown in DMEM containing 1% bovine
serum albumin (BSA, serum-free medium). The expression
of FGFR3IIIc was induced by 5uM of PA for 30h. Then, the
cells were stimulated by FGF1 or FGF2 (10ng/ml) or not
stimulated and incubated for 7 days. Cell numbers were
counted with a Coulter Counter (Beckman Coulter Inc.). All
experiments were performed in three wells and the results
are expressed as means * standard deviations (S.D.). These
experiments were performed at least three times.

Anchorage-Independent Soft-Agar Colony Formation
Assay

Colony formation assays were carried out in 35 mm
dishes. Each dish contained 2ml of 0.72% agar in 10% FBS-
DMEM on the bottom layer. The top layer consisted of 2ml
of 0.36% agar in 10% FBS-DMEM containing 5x10* DIM1-
Illc cells. Treatment with 5uM of PA, 10ng/ml of FGFL1, or
FGF2 was initiated at the same time when cells were seeded.
After incubated for 25 days, their colonies were stained with
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) at 37°C quantify living cells. The next day,
microphotographs were taken under phase contrast
microscopy (Eclipse TE300 and IP Lab, Nikon) and stained
colonies were counted.

Preparation of Cell Lysates

DJML1 cells were grown in 10% FBS-DMEM or serum-
free medium under normoxic or hypoxic condition for the
indicated period. Then the cells were washed with cold PBS
twice and solubilized in lysis buffer (1% Nonidet P-40,
10mM Tris-HCI pH7.4, 150mM NaCl, 1mM EDTA,
10ug/ml aprotinin, 1mM phenylmethylsulfonyl fluoride).
After 10min on ice, cell lysates were cleared by
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centrifugation at 15,000rpm for 10min. The protein
concentration in each sample was quantified by the DC
protein assay (Bio-Rad).

Western Blot Analysis

Cell lysates were analyzed by immunoblotting with an
anti-FGFR3 antibody or an anti-HIF-1o antibody (Santa
Cruz Biotechnology). Samples were electrophoresed through
a 7.5% polyacrylamide gel and transferred onto polyviny-
lidene difluoride (PVDF) membranes. After saturation in
blocking buffer (5% dried non-fat milk in 1xTris-buffered
saline, TBS), the blots were incubated for 1h at room
temperature with primary antibodies diluted with blocking
buffer containing 0.05% Tween 20. After washing,
incubation with a horseradish peroxidase conjugated
secondary antibody was performed for 1h at room
temperature, and reactive proteins were visualized by
enhanced chemiluminescence (Super Signal West Pico,
Thermo Fisher Scientific Inc.). Some immunoblots were
stripped with stripping buffer (Thermo) and reprobed.

RESULTS

Up-Regulation of FGFR3 Expression in DJM1 Cells in
vivo.

Human squamous cell carcinoma derived cell line DIJM1
was established from the dermal metastases in the malignant
trichilemmal cyst of the cancer patient [25, 26]. Therefore,
DJML1 cells were analyzed for their tumorigenic potential in
vivo. We implanted DJM1 cells subdermally into the back of
nude mice. Tumorigenicity was 100% for all the mice
examined. After 6 weeks of inoculation, the xenografts were
excised and the histological analysis of the tumor sections
was performed, using antibodies against keratin 14, hypoxia
inducible factor-la (HIF-1c), a blood vascular endothelial
marker CD31, and FGFR3 (Fig. 1). Mouse epidermis and
tumor were stained with an anti-keratin 14 antibody (Fig.
1B). Blood vessels that invaded into the tumor were stained
with an anti-CD31 antibody, indicating that DJM1 cells
induced angiogenesis in vivo (Fig. 1C, arrows). Stromal cells
that were not stained with an anti-keratin 14 antibody
infiltrated into the tumor tissue, surrounding the blood
vessels (Fig. 1B, arrow heads). Furthermore, increased
expression of HIF-1a, a transcription factor induced by low
oxygen tension or low nutritional conditions, was detected in
the intratumoral area apart from the blood vessels (Fig. 1D).
In the hypoxic region of the tumor where HIF-1o was
expressed, the intense expression of FGFR3 was observed
(Fig. 1E). These results suggest that the tumor environmental
factors such as low oxygen tension or low nutrition may
have induced the increased expression of FGFR3.

Up-Regulation of FGFR3 Expression in DIJM1 Cells In
Vitro

To examine whether the low oxygen or nutrition/growth
factor-deprivation regulates the expression of FGFR3, DJIM1
cells were incubated in vitro under three different cultural
conditions, such as normoxia, hypoxia, and serum-starved
conditions. After the indicated time of incubation, FGFR3
protein expression was analyzed with SDS-PAGE followed
by Western blotting. As shown in Fig. (2), expression of
FGFRS3 protein was increased under hypoxic condition (1%
02) by 24h incubation, whereas induction of FGFR3 in
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Fig. (1). Up-regulation of FGFR3 expression in DIM1 cells in
vivo. DIM1 xenografts stained with hematoxylin and eosin (A)
or the epithelial marker keratin-14 (B, brown). The arrowheads
point to the invasion of stromal cells into the tumor tissue (B).
The arrows point to the blood vessels stained with CD31 (C,
brown). The hypoxic area was stained with HIF-1a (D, brown).
FGFR3 was expressed in the hypoxic area of tumor tissue (E,
brown). Scale bars; 100um.

normoxic condition was weaker than that in hypoxic
condition (Fig. 2A). The several bands of FGFR3 are
consistent with variable N-terminal glycosylation. Although
HIF-1laowas induced in the hypoxic condition after 8h
incubation, the delayed induction of FGFR3 suggests that
HIF-laomay not be a direct inducer for FGFR3 up-
regulation.

Next, we analyzed FGFR3 mRNA expression during
hypoxic and normoxic conditions by quantitative real time
RT-PCR. FGFR3 has the Illb and Ilic isoform which are
produced by alternative splicing of the carboxy-terminal half
of the third Ig domain. Expression of each FGFR3I1Ib and
Illc was normalized with that of ribosomal RNA RPS18. As
shown in Fig. (2B), both FGFR3 isoforms were not
significantly induced at mRNA levels during normoxia or
hypoxia for the indicated time periods. Further, we analyzed
FGFR2I11b mRNA and protein expression (data not shown),
but neither mMRNA level nor protein level of FGFR2 was
changed significantly. FGFR2Illc mRNA was not detected
(data not shown). These results suggest that the up-
regulation of FGFR3 protein during hypoxia might be due to
increased translation or protein stabilization.

Next, we examined whether FGFR3 expression is up-
regulated under serum-starved conditions. For serum-starved
condition, cells were grown in DMEM containing 1% BSA.
After 24h incubation, FGFR3 protein expression was
analyzed by Western blotting (Fig. 2C). Compared to that in
the presence of 10% FBS, the expression of FGFR3 protein
was strongly up-regulated under serum-starved conditions.
We next analyzed mRNA levels of FGFR3 isoforms by
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Real-time RT-PCR (Fig. 2D). DJML1 cells were incubated
under serum-starved conditions for the indicated periods and
total RNA was extracted. As shown in Fig. (2D), mRNA of
FGFR3II1b was induced 4.5-fold of control level after 8h and
kept high levels for 48h under serum-starved condition.
Similarly, FGFR3Illc mRNA was induced as high as 4-fold
of control level after 8h and kept high levels. The increase of
mRNA levels in both FGFR3 isoforms was correlated with
the increased expression of FGFR3 protein (Fig. 2C). The
mRNA of FGFR2I11b was not increased significantly.

Taken together, these data show that FGFR3 expression
is induced in response to the change in the environment in
vitro such as serum-starvation and hypoxic conditions. In
addition, these results suggest that the serum-starved
induction of FGFR3IlIc, which is not usually expressed in
normal epithelial cells, may allow DJM1 cells to respond to
new types of FGFs such as FGF2 and to mediate new signals
into the cells.

FGF2 Enhances Anchorage-Dependent and -Independent
Growth of DJM1-1llc Cells Expressing FGFR3lllc

Therefore, we wanted to investigate whether the induced
expression of FGFR3IlIc has an effect on growth stimulation
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or cell survival in DJM1 cells. To gain insight into the
biological function, we employed the ecdysone-inducible
gene expression system to see the effects of FGFR3IlIc
expression. As described in the “Material and methods
section”, the cells expressing FGFR3IlIc by the addition of
Ponasterone A (PA) were cloned. DIJM1-lllc, one of the
clones selected was treated with the indicated concentrations
(0.1-10uM) of PA for 30h. PA induces FGFR3llic
expression in a concentration-dependent manner (Fig. 3A).

First, we tested the effect of the induced FGFR3Illlc
expression on the anchorage-dependent growth of DIJM1-lllc
cells treated with or without PA (Fig. 3B). DIJM1-IlIc cells
not treated with PA, do not express FGFR3IIlc. Addition of
FGF1 stimulated anchorage-dependent growth as well as it
did in the cells expressing FGFR3llIc (-, FGF1: 153+£10%).
However, stimulation with FGF2 was similar to FGF1 in
cells not treated with PA (-, FGF2: 175£7%). On the other
hand, PA-treated DJM1-llIc cells expressed FGFR3Illc and
addition of FGF1 or FGF2 stimulated cell growth of DJM1-
Illc cells expressing FGFR3Illc compared to no addition as
control (100%) (Fig. 3B) (+, FGF1: 156+21%, FGF2:
269+10%). Increased cell number with FGF2 stimulation
was much greater than that with FGF1 (1.7 fold). These
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Fig. (2). Up-regulation of FGFR3 expression in DJML1 cells in vitro. (A) FGFR3 expression in DJML1 cells cultured under normoxic or
hypoxic conditions in vitro Cell lysates from DJM1 cells grown in normoxic or hypoxic conditions (1% 0O2) after incubation for
indicated periods, were analyzed with antibodies against FGFR3 or HIF-1a. (B) Real-time RT-PCR analysis of FGFRs. DJM1 cells
were incubated as described in (A). Total RN A was extracted and the expression levels of FGFR3Il1b, FGFR3llIc, and FGFR2I1Ib were
determined by quantitative real-time RT-PCR. (C) Western blot analysis of FGFR3 in DJML1 cells cultured in the presence of 10% FBS
or in serum-starved conditions. After 24h seeding the cells, the medium was changed to DMEM containing 1%BSA (serum-starved) or
unchanged (10% FBS). Cell lysates from DJM1 cells grown for 24h were collected and analyzed. (D) Real time RT-PCR analysis of
FGFRs. DJM1 cells were incubated as in (C) for indicated periods, total RNA was extracted and the expression levels of FGFR3IlIb,
FGFR3IlllIc, and FGFR2I11b were determined using real time RT-PCR.
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results demonstrate that FGFR3Illc mediates the FGF2
signal to increase the anchorage-dependent growth of DJM1-
Illc cells.

In order to further demonstrate the effects of FGFR3IlIc
expression, we utilized an anchorage-independent colony
formation soft agar assay (Fig. 3C). DJM1-Ilic cells were
seeded with or without 5uM of PA, and in the presence of
10ng/ml FGF1, FGF2 or the absence in the medium
containing 0.36% agar on the top of the bottom agar layer.
Subsequently, the cells were incubated for 25 days and the
colonies were stained with MTT to detect living cells.
Compared to no addition, FGF1 and FGF2 did not increase
colony formation of DJM1-llic cells not expressing
FGFR3Illlc (-, FGF1: 90+19%, FGF2: 91+16%). When
DJM1-lllc cells were treated with PA to induce the
expression of FGFR3Illc, FGF1 slightly stimulated colony
formation, and furthermore, FGF2 greatly stimulated colony
formation (+, FGF1: 123+21%, FGF2: 276+37%) (Fig. 3C).

Together, these results demonstrate that expression of
FGFR3IlIc induces greater response to FGF2 in anchorage-
dependent and -independent cell growth in DJML1 cells.

DISCUSSION

Overexpression of FGFRs occurs frequently in human
tumors and correlates with a poor prognosis and shorter
survival time for the patient [7, 8]. DJM1 cells were
originally established from a patient who died from
metastasis of malignant skin squamous cell carcinoma [25,
26]. As shown in Fig. (1), DJM1 xenografts induced tumor
angiogenesis. In the present study, we found that FGFR3
protein expression is induced in the central area of DJIM1
xenografts. Since solid tumors endure hypoxia before the
formation of microvessels, adaptive responses to hypoxia
and insufficient nutrients are crucial steps in tumor
progression [5]. We hypothesized that FGFR3 expression is
induced in the DJM1 tumor environment and may play a role
in tumor progression.

To clarify first whether FGFR3 expression is regulated in
an HIF-la-dependent manner, we incubated DIJM1 cells
under hypoxia and normoxia in vitro and analyzed FGFR3
expression at both protein and mRNA levels (Fig. 2). Under
hypoxia, HIF-1o. protein was up-regulated by 8h incubation.
On the other hand, FGFR3 protein was also up-regulated by
24h and continued to increase by 48h. Next we analyzed
FGFR3 mRNA using quantitative real time RT-PCR.

In the present study, DJM1 cells induced FGFR3
expression under hypoxic, serum-starved conditions in vitro.
Under hypoxia, FGFR3 protein was increased, whereas
mRNA of FGFR3 was not increased. These results suggest
that translation of FGFR3 was stimulated in hypoxia or
protein stability was increased. On the contrary, mRNA of
FGFR3 was markedly increased under serum-starved
conditions. These results suggest that the enhanced
expression of FGFR3 is induced through transcriptional and
translational regulation that is dependent on the
environmental conditions.

In normal cells, the expression of alternatively spliced
isoforms of FGFRs is regulated in a tissue-specific manner.
Usually, I11b type of FGFRs, FGFR2I1Ib and FGFR3I1Ib are
expressed in normal epithelial cells and Ilic type of FGFRs,
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Fig. (3). Expression of FGFR3IlIlc stimulates anchorage-
dependent and -independent cell growth in response to FGF2.
(A) PA induces the expression of FGFR3IlIc in DIM1-IlIc cells.
Treatment of DIJM1-Illc cells with the indicated concentrations of
PA for 24h induces FGFR3IllIc protein. The cellular proteins were
extracted and analyzed by Western blot using an anti-FGFR3
antibody. (B) FGF2 stimulates anchorage-dependent growth in
DJM1-Illc cells expressing FGFR3Illlc. The expression of
FGFR3Ilic in DIM1-lllc cells was induced by the addition of 5uM
PA (+) or not induced by no addition (-). Then, the cells were
stimulated by FGF1 or FGF2 (10 ng/ml), or not stimulated (no
addition) and incubated for 4 days. The cell numbers were counted
and mean cell number (+ S.D.) of triplicate determinations are
expressed as % of control wells. (C) FGF2 stimulates anchorage-
independent growth in DIM1-Ilic cells expressing FGFR3Illc.
DJM1-Ilic cells were seeded in 10%FBS-DMEM containing 0.36%
agar. FGFR3IlIc was induced by 5uM PA (+) or not induced (-).
Then, the cells were treated with 10 ng/ml of FGF1, FGF2, or
without (no addition) and incubated for 25 days. Colonies were
stained with MTT to detect living cells. The number of colonies
was counted and mean colony number (+ S.D.) of ftriplicate
determinations are expressed as % of control wells.
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FGFR2lllc and FGFR3IlIc are expressed in mesenchymal
cells [17, 19]. They differ in ligand-specificity. FGFR3lllc
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has higher affinity to FGF2 than FGF1, and FGFR3IIIb does
not bind to FGF2 [15, 16]. These results suggest that the
dysregulation of expression and alternative splicing of
FGFR3 mRNA may occur in the tumor environment thus
influencing tumor growth and survival.

In our study, serum starvation in DJM1 cells induced
growth arrest and markedly increased expression of
FGFR3IIIb and Illc. However, it did not increase FGFR2I11b
expression, suggesting that expression of FGFR2 and
FGFR3 is differently regulated and that FGFR2 and FGFR3
play significantly different functional roles in epithelial
cancer cells (Fig. 2).

Most transformed cells of human origin have lost the
dependence on adhesion for survival and have acquired the
ability to proliferate in an anchorage-independent manner
[27, 28]. For example, constitutive levels of FGFR1 or
FGFR3 have been shown to be essential for FGF-stimulated
anchorage-independent growth of human adrenal adenocarci-
noma cells [29]. In the present study, to assess the biological
function of FGFR3IIlc in skin metastatic cancer cells, we
used anchorage-dependent and -independent growth assays.
As shown in Fig. (3), ecdysone-induced expression of
FGFR3IlIc in skin cancer cells enhanced cell proliferation
and anchorage-independent growth in response to FGF2. In
the present study, we showed that PA-induced expression of
FGFR3Illc in DJM1-lllc cells markedly promoted
anchorage-dependent and -independent growth in response
to FGF2. Most transformed cells of human origin have lost
the dependence on adhesion for survival and have acquired
the ability to proliferate in an anchorage-independent manner
[28]. Because anchorage-independent growth correlates with
tumor growth in vivo as well as metastatic potential, our
results suggest that the up-regulation of FGFR3IlIc in human
epithelial cancers may play an important role in cancer
metastasis. In the present study, exogenously added FGF1 or
FGF2 did not increase the anchorage-independent growth of
the DIM1-lllc cells, which are not expressing FGFR3Illc
(Fig. 3C). This suggests either that endogenously expressed
FGFR2I11b and FGFR3IIIb are not capable of stimulating the
anchorage-independent growth or that these receptors are
already stimulated with endogenously expressed FGF1 or
FGF2. However, the induced expression of FGFR3IlIc in
DJM1-lllc cells treated with PA greatly increased the
anchorage-independent growth of the cells. Together with
our results, the enhanced expression of FGFR3lllc
contributes to tumor growth and survival in the tumor
environment in vivo. These findings indicate that FGFR3llIc
stimulated by FGF2 is capable of inducing growth and
survival in the skin squamous carcinoma cells.

FGF1 and FGF2 have potent biological activities
implicated in malignant tumor development [30]. It has been
reported that high levels of FGF2 are expressed in metastatic
human esophageal tumor cells [31] and a poor prognosis in
human pancreatic cancer patients who express FGF2 [32].
The main source of FGF2 in the DIJM1 tumor and other
malignant tumor cells in vivo may be the tumor associated
stromal cells. We have shown that DJM1 tumors also
increased the transcription factor HIF-1a expression in vivo
(Fig. 1D). Hypoxia changes cellular gene expression through
stabilization of HIF-1a, including vascular endothelial
growth factor (VEGF) [5, 33]. This may help to explain that
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the xenografts of DJM1 cells developed blood vessels and
stromal cells infiltrated into the tumor tissue (Fig. 1B, C).
Cancer cells can alter their adjacent stroma to the activated
tumor stroma by producing a range of stroma-modulating
growth factors such as VEGF and proteases [34]. The
activated stroma can then release a myriad of angiogenic
factors including VEGF and FGF2.

In conclusion, we showed that the expression of FGFR3
is up-regulated in response to the tumor environment in vivo
and that FGF signaling through the up-regulated FGFR3
plays an important role in tumor growth and survival which
may lead to metastasis. This study highlights its importance
as a target for antitumor therapy.
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