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ABSTRACT: Fibroblast growth factors (FGF) regulate bone growth,
but their expression in human cartilage is unclear. Here, we deter-
mined the expression of entire FGF family in human fetal growth
plate cartilage. Using reverse transcriptase PCR, the transcripts for
FGF1, 2, 5, 8-14, 16-19, and 21 were found. However, only FGF1,
2, 17, and 19 were detectable at the protein level. By immunohisto-
chemistry, FGF17 and 19 were uniformly expressed within the
growth plate. In contrast, FGF1 was found only in proliferating and
hypertrophic chondrocytes whereas FGF2 localized predominantly to
the resting and proliferating cartilage. In addition, only the 18 kD
isoform of FGF2 was found in resting chondrocytes while prolifer-
ating chondrocytes also synthesized 22 kD and 24 kD FGF2, similar
to in vitro cultivated chondrocytes. In cell growth experiments,
FGF1, 2, and 17 but not FGF19 inhibited the proliferation of FGFR3-
expressing rat chondrosarcoma chondrocytes (RCS) with relative
potency FGF2 >> FGF1 = FGF17. We conclude that FGF1, 2, 17,
and 19 are the predominant FGF ligands present in developing
human cartilage that are, with the exception of FGF19, experimen-
tally capable of inhibiting chondrocyte proliferation. (Pediatr Res
61: 267-272, 2007)

he human FGF family consists of 22 proteins that signal

via FGFR1-5. Several forms of human dwarfism are
caused by activating mutations in FGFR3, demonstrating the
important role of FGF signaling in endochondral bone growth.
Mutations in the extracellular domain, transmembrane do-
main, or kinase domain of FGFR3 result in short stature
syndromes, with graded severity ranging from the mildest
disorder, hypochondroplasia, to lethal TD (1).

In vitro studies utilizing mutated FGFR3 expressed in
model cell lines show that mutations activate FGFR3 in a
constitutive, ligand-independent fashion (2,3). However, re-
ceptor activity may be affected by the existing FGF back-
ground. For instance, phosphorylation of FGFR3 was in-
creased by ligand binding in cells harboring achondroplasia
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(G380R) or TD (K650E) mutations (4—6). When expressed at
physiologic levels, FGFR3-G380R required, like its wild-type
counterpart, ligand for activation (7). Similarly, in vitro cul-
tivated human TD chondrocytes as well as chondrocytes
isolated from Fgfr3-K644M mice had an identical time course
of Fgfr3 activation compared with wild-type chondrocytes and
showed no receptor activation in the absence of ligand (8,9).

Despite the importance of the FGF ligand for activation of
both wild-type and mutated FGFR3, our knowledge about
FGF expression in cartilage remains poor, leaving the nature
of FGF involved in activation of FGFR3 unclear. The aim of
this study was to identify the physiologic FGF ligands for
FGFR3 in human fetal cartilage.

MATERIALS AND METHODS

Chondrocyte isolation and culture. Human material was obtained through
the International Skeletal Dysplasia Registry at Cedars-Sinai Medical Center,
Los Angeles, CA. Cartilage was dissected from the ends of long bones of
20-28 wk gestation fetuses and cleared of the soft tissues. In TD cases, the
diagnosis was based on the radiographic appearance, histologic studies of
cartilage sections, and FGFR3 mutational analysis (10). Chondrocytes were
isolated by 24 h treatment with 0.1% bacterial collagenase (Invitrogen,
Carlsbad, CA) and grown in monolayer in Dulbecco’s modified Eagle’s
medium (DMEM, MediaTech, Herndon, VA) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Norcross, GA) and antibiotics. Alginate
suspension cultures were prepared as described (11) at a density of 2 X10°
cells/mL and the cells were cultivated in Opti-MEM (Invitrogen) supple-
mented with 10% FBS, 1 mM L-ascorbic acid, and antibiotics. Putative
redifferentiation was assessed by detection of anchorage-independent cell
growth.

For cell growth experiments, RCS chondrocytes (12) were seeded in
24-well plates, treated with FGF1, 2, 17, and 19 (R&D Systems, Minneapolis,
MN) with or without heparin (Invitrogen; 1 pwg/mL) for 72 h and counted. For
Erk MAP activation, cultivated human control chondrocytes were serum-
starved for 24 h, treated with FGF1, 2, 17, and 19 (20 ng/mL) with or without
heparin for 30 min, and analyzed for Erk activation by WB.

Reverse transcriptase PCR. Poly-dT-primed cDNA was synthesized from
3 ug of total chondrocyte RNA using the Omniscript RT Kit (QIAGEN,
Valencia, CA). Table 1 shows the PCR primers used. All primers were
designed to prevent amplification of genomic DNA and verified by PCR
containing genomic DNA as a template. PCR reactions were initially carried
out using TagDNA polymerase (Applied Biosystems, Foster City, CA). When
no product was detected, the Expand high-fidelity PCR system or GC-rich

Abbreviations: Erk MAP, extracellular-signal regulated MAP kinase; FGF,
fibroblast growth factor; FGFR, fibroblast growth factor receptor; HMW,
high molecular weight; RCS, rat chondrosarcoma chondrocytes; TD, thana-
tophoric dysplasia; WB, Western blotting
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Table 1. PCR primers used for amplification of FGF and GAPDH sequences

Gene Forward (5" to 3") Reverse (5’ to 3") Product (bp)
FGF1 CACATTCAGCTGCAGCTCAG TGCTTTCTGGCCATAGTGAGTC 261
FGF2 CTTCTTCCTGCGCATCCACC CACATACCAACTGGTGTATTTC 262
FGF3 TGAACAAGAGGGGACGACTCTATG AGTCTCGAAGCCTGAACGTGAG 390
FGF4 TCTCGAAGCCTGAACGTGAGAG CGGGGTACTTGTAGGACTCGTAG 301
FGF5 CACGAAGCCAATATGTTAAGTG CTGCTCCGACTGCTTGAATC 338
FGF6 CTACTGCAACGTGGGCATCG TGCTCAGGGCAATGTAGGTC 290
FGF7 GAAGACTCTTCTGTCGAACAC TATTGCCATAGGAAGAAAGTGG 380
FGF8 AGACGGACACCTTTGGAAGCAG TGAAGGGCGGGTAGTTGAGGAAC 333
FGF9 GCAGCTATACTGCAGGACTG AATGCAACATAGTATCGCCTTC 306
FGF10 GCGGAGCTACAATCACCTTC GGAAGAAAGTGAGCAGAGGTG 408
FGF11 GAGGATACCAGCTCCTTCAC CTGCCTTGGTCTTCTTAACTC 292
FGF12 GCACCCAGATGGTACCATTG TTCTTGCTGGCGGTACAGTG 244
FGF13 CTGTACTTGGCAATGAACAGTG CGTGAGATCGTGCAGTGATG 279
FGF14 CCAAGGATGACAGCACTAATTC TTCATTATTGCAGACGCACTTG 427
FGF16 GCCTGTACCTAGGAATGAATG GGACATGGAGGGCAACTTAG 266
FGF17 GCCAAGCTCATAGTGGAGAC TCTGCTTCTCGGCGTGGTTG 328
FGF18 GACAGACACCTTCGGTAGTC TCCTCTTGGTCACCGTCGTG 326
FGF19 GGAGATCAAGGCAGTCGCTC AGAGAACATGTCAGATTCCAAG 328
FGF20 GGTATCTTGGAATTCATCAGTG TCTGATGCCTCTTGGACCTG 271
FGF21 GACCCGAGCCATTGATGGAC TGGTAGTGGCAGGAAGCGAG 518
FGF22 AGCATCCTGGAGATCCGCTC GCTGTGAGGCGTAGGTGTTG 178
FGF23 TACAGGTGTGATGAGCAGAAG CTAATGGGTCACTGGCCATC 419
GAPDH CGAGATCCCTCCAAAATCAA AGGTCCACCACTGACACGTT 497
PCR system (Roche Diagnostics, Indianapolis, IN) were used for greater
sensitivity or to avoid false-negative results due to the high GC content of the
template. The identity of PCR products was confirmed by direct sequencing
using the BigDye Terminator Cycle Sequencing kit (Applied Biosystems). vy B W
WB and immunohistochemistry. Cells were lysed in ice-cold lysis buffer 3 g & s 3
(50 mM Tris-HCI, pH 8.0; 150 mM NaCl; 1% NP-40; 0.5% deoxycholate; _ ) B ey 2222 6
0.1% SDS) supplemented with proteinase inhibitors (1 mM phenylmethylsul- A . comnl IDIR2SC. B —— =& = ke -
fonyl fluoride, 0.2 uM aprotinin, 1 pg/mL leupeptin). Cartilage protein was FGF1 FGF1 - o
extracted after homogenization of tissue in liquid nitrogen followed by lysis. QOB == o= o o o o] gy
Lysates (30 ug) were resolved by SDS-PAGE, transferred onto a PVDF l-m-5= FGF2 —22
membrane, and visualized by luminescence (Amersham Pharmacia Biotech, | r.m_ - — 18
Inc., Piscataway, NJ). The following antibodies were used: FGF1 (Sigma ) g _.
Chemical Co., St. Louis, MO); FGF2 (Upstate Biotechnology, Lake Placid, For [ ———— ' -
NY); FGF5, 9-16, 19, 21 and actin (Santa Cruz Biotechnology, Santa Cruz, FGF10 m rors T e e
CA); FGFS, 17, and 18 (R&D Systems); collagen type II (Chemicon, Te- FGFI1 m B
mecula, CA); collagen type III (Oncogene; San Diego, CA); and Erkl1/2, FGEL2 _ FGF1 o
P-Erk1/2718¥Y185 (Cell Signaling, Beverly, MA). Recombinant FGF1, 2, and - kDa
17-19 were from R&D Systems. For detection of FGF2 and FGF18 in the R === e - - |- a
growth plate, 15-um-thick frozen sections of femora were soaked with PBS FGF14 _ i |18
supplemented with proteinase inhibitors. Tissue-specific samples were col- FOF16 [ ——— D _ —
lected using inoculation needle under an inverted microscope. FGF17 m FOF| o — g = _" kDa
For immunohistochemistry, paraformaldehyde-fixed, 15 um thick frozen B m e
sections of femora were quenched with 3% hydrogen peroxide in methanol, FGF2 ‘ |- 22
digested in 2 mg/mL hyaluronidase (Sigma Chemical Co.), and incubated e = = — - [—18
with primary antibody overnight in 4°C. Staining was developed by adding FGF21 —
0.6 mg/mL of DAB (Sigma Chemical Co.) in 0.05 M Tris-HCI pH 7.6 and GAPDH m E ays in vitro
0.03% hydrogen peroxide. Antibodies used for detection of FGF1 and 2 were 24 “\D"
the same as those used for WB. The specificity of staining was confirmed by - - N _i
lack of staining when the primary antibody was omitted. Goldner’s trichrome i * — 18
staining was performed as described (13). For immunocytochemistry, chon- “““'i F———

drocytes cultivated on glass slides were processed as described above. Human
fibroblast-specific antibody (CBL-271, Chemicon) was used to evaluate fi-
broblast contamination of isolated chondrocytes. Only cultures containing
<1% of positive cells were used.

RESULTS

RNA samples isolated from femoral growth plate cartilage
of 20-28 wk gestation fetuses were examined for expression
of human FGF family (FGF1-23) by conventional, nonquan-
titative reverse transcriptase (RT)-PCR. Using this technique,
FGF1, 2, 5, 8-14, 16—19, and 21 were detected whereas the
transcripts for FGF3, 4, 6, 7, 20, 22, and 23 were not found
(Fig. 1A). Next, WB was used to examine FGF presence in

Figure 1. FGF expression in cartilage and cultivated chondrocytes. (A)
RT-PCR analysis of the expression of human FGF family in control and TD
whole growth plate cartilage. GAPDH serves as a control for template
quantity. (B, C, D) FGF detected by WB in resting cartilage(B) and in vitro
cultivated chondrocytes grown in monolayer (C) or alginate suspension (D).
For each FGF, three control and five TD cartilage samples or cell lines are
shown. The type of TD as well as the FGFR3 mutation are indicated. Note that
C and D show only results different from resting cartilage, i.e. the presence of
FGF1 as well as HMW FGF2 (22 and 24 kD) in cultured chondrocytes. rFGF,
recombinant FGF.(E) FGF2 isoform expression during isolation and subse-
quent in vitro cultivation of chondrocytes. Cells were isolated from resting
cartilage of control 26 wk gestation fetus, plated, and cultivated for the
indicated times. FGF2 was determined by WB. Actin serves as loading
control. The molecular weights of FGF2 isoforms are indicated.



FGF IN HUMAN GROWTH PLATE CARTILAGE 269

cartilage at the protein level. The sensitivity of FGF1, 2, 5,
8-10, and 16-18 WB was evaluated by determining the
lowest amount of recombinant FGF visualized by the corre-
sponding antibody (14). With the exception of FGF9 and
FGF16, all antibodies recognized their targets at low picogram
levels. The detection limit of the FGF19 antibody, evaluated
here, was 5 pg of FGF19 (not shown).

In the resting cartilage lysates, only FGF2, 17, and 19 were
detected by WB (Fig. 1B). With exception of FGF17 and 19,
we next performed the same analysis with protein samples
isolated from in vitro cultivated chondrocytes grown either in
monolayer or in alginate suspension. The results were identi-
cal to the resting cartilage with two differences: In vitro
cultivated chondrocytes contained weakly detectable FGF1,
and there was a significant difference in FGF2 isoform ex-
pression pattern (Fig. 1, C and D). Specifically, only 18 kD
FGF2 was detected in resting cartilage whereas cultivated
chondrocytes synthesized, in addition, at least two HMW (15)
variants of FGF2 (22 and 24 kD). Chondrocytes, isolated by
24 h of collagenase treatment, showed abundant HMW FGEF2
signal by 3 d after plating (Fig. 1E).

The distribution of FGF1, 2, 17, and 19 within the growth
plate was determined by immunohistochemistry. FGF1 anti-
body stained the proliferative and hypertrophic zones of the
growth plate but not the resting zone (Fig. 2B). In contrast,
FGF2 antibody stained both the resting and proliferative zones,
with more signal intensity in the latter (Fig. 2C). Antibodies
specific to FGF17 and 19 stained the entire growth plate, i.e.
resting, proliferating, and hypertrophic chondrocytes (Fig. 3).

FGF1 FGF2

Figure 2. Distribution of FGF1 and 2 in the growth plate. (A) Histologic
appearance of resting (r), proliferative (p), and hypertrophic (h) zone of the
femoral growth plate of a control 25 wk gestation fetus. Sections were stained
with Goldner’s trichrome. ¢j, chondro-osseous junction. Immunohistochemi-
cal localization of (B) FGF1 and (C) FGF2 in the femoral growth plate of
control 25 and 28 wk gestation fetuses, respectively. Note the significant
FGF2 matrix staining in the proliferative zone. Bar = 100 um.
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Figure 3. Distribution of FGF17 and 19 in the growth plate. Immunohisto-
chemical localization of (A) FGF17 and (B) FGF19 in the femoral growth
plate of control 23 and 26 wk gestation fetus, respectively. r, resting zone; p,
proliferative zone; i, hypertrophic zone; c¢j, chondro-osseous junction. Bar =
100 pm.

The production of HMW FGF2 by in vitro proliferating
chondrocytes prompted us to test whether this phenomenon
occurs also in vivo or simply represents an artifact of tissue
culture. By immunohistochemistry, it is impossible to distin-
guish among the different FGF2 variants. We therefore used
frozen femoral sections to harvest, by microdissection, the
cartilage samples corresponding specifically to the resting,
proliferative, and hypertrophic zones of the growth plate, and
subjected such samples to FGF2 WB. Figure 4 shows that in
vivo proliferating chondrocytes synthesize at least three mo-
lecular variants of FGF2 (18, 22, 24 kD), whereas only 18 kD
FGF2 was detected in resting cartilage. Very little FGF2 was
found in the hypertrophic chondrocytes.

Taken together, our results demonstrate that FGF1, 2, 17,
and 19 are the predominant FGF ligands expressed in human
growth plate cartilage and thus may serve as cognate ligands
for FGFR3. We therefore tested the response of human pri-
mary chondrocytes to the FGF1, 2, 17, and 19 stimulation. As
a reporter, we used the FGF-mediated activation of Erk MAP
kinase, which represents a prominent target of FGFR signaling
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Figure 4. FGF2 isoform distribution in the growth plate. Ten micrograms of
protein extracted from different zones of femoral growth plate as well as from
surrounding bone and perichondrium of a control 25 wk gestation fetus was
subjected to FGF2 and 18 WB. Type II and type III collagen detection serves
to confirm the origin of the samples, whereas actin serves as a loading control.
The isoform molecular weight is indicated for FGF2 and the position of
closest protein marker bands is indicated for FGF18 and collagens. rFGF,
recombinant FGF2 or 18.

in cells. The results show that treatment with FGF1, 2, and 17
but not FGF19 elicited potent Erk activation (Fig. 5A4). Next,
we compared the ability of FGF1, 2, 17 and 19 to inhibit the
growth of FGFR3-expressing RCS chondrocytes. Figure 5B
shows that FGF1, 2, and 17 but not FGF19 inhibit the prolif-
eration of RCS chondrocytes with a relative potency FGF2 >
FGF1 = FGF17.

DISCUSSION

Activating mutations in the FGFR3 tyrosine kinase account
for a spectrum of human dwarfisms, highlighting the essential
role of FGF signaling in regulation of long-bone growth.
Although both wild-type and mutated FGFR3 appear to de-
pend on FGF ligand for their activation (7), FGF expression in
human cartilage remains, with the exception of FGF2 (16),
unknown. In this study, we characterized the expression of the
entire FGF family (FGF1-23) in human fetal cartilage.

By RT-PCR, we detected transcripts for FGF1, 2, 5, §-14,
16-19, and 21 in the cartilage (Fig. 1A). This surprisingly
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Figure 5. Effects of FGF treatment on chondrocytes. (A) Human primary
chondrocytes were serum-starved for 24 h, treated for 30 min with FGF with
or without heparin, and analyzed for Erk phosphorylation by WB. The levels
of total Erk serve as a loading control. Note that FGF1, 2, and 17 but not
FGF19 elicited significant Erk phosphorylation. (B) RCS chondrocytes were
treated with FGF with or without heparin, cultivated for 72 h, and counted.
Data represent the average from four wells with the indicated SD. Note that
FGF1, 2, and 17 but not FGF19 inhibited RCS proliferation. Also note that
both FGF1 and FGF17 required heparin to inhibit growth at low concentra-
tions, whereas FGF2 inhibited growth alone.

L

broad array of expressed FGF may reflect the fetal stage of the
tissue, with many genes being expressed in negligible amounts.
Alternatively, given the sensitivity of the PCR method, the FGF
signals may originate from minute amounts of contaminating soft
tissue or blood vessel RNA. Western blot analysis revealed that
only FGF1, 2, 17, and 19 are present in the growth plate or
cultivated chondrocytes at the protein level (Fig. 1, B—D). The
antibodies used for FGF detection showed comparable sensi-
tivities (14), thus allowing us to conclude that FGF1, 2, 17,
and 19 are the predominant FGF expressed in human fetal
cartilage.

Recent data demonstrated that Fgfl8 plays an important
role in murine endochondral bone growth. Fgf18~~ mice had
expanded zones of proliferating and hypertrophic chondro-
cytes and increased chondrocyte proliferation and differenti-
ation (17). In general, this phenotype was similar to that
observed in mice lacking functional Fgfr3 (18), implying that
Fgf18 acts as a physiologic ligand for Fgfr3 in mice. Here, we
did not detected FGF18 by WB in cartilage samples isolated
from either resting cartilage, whole growth plate cartilage, or
chondrocyte cell lines (data not shown). Since Fgfl8 is ex-
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Table 2. FGF and FGFR expression patterns in mouse (m), rat (r), and human (h) growth plate

FGF1 FGF2 FGFR1 FGFR3
Growth plate zone r h* m h* FGF17 h* FGF19 h* m h m h
References 24 26 16 18,27 16, 28 7,25 28
Resting - - ++ ++ ++ ++ - ++ + +
Proliferative ++ ++ ++ ++ ++ ++ + + ++ ++
Hypertrophic + ++ + + + ++ ++ - ++ ++

(-) No signal, (+) moderate signal, (++) intense signal. *This study.

pressed predominantly in perichondrium in mice (17), we
probed protein samples isolated from human fetal perichon-
drium for FGF18. Again, no specific signal was found (Fig. 4).
This absence of WB signal may be due to the slightly lower
sensitivity of the FGF18 antibody when compared with FGF2
antibody (14). Alternatively, FGF18 may be significantly
expressed in earlier gestational age than the 20-28 wk ana-
lyzed here.

We found a major difference in the FGF2 expression pattern
between the resting cartilage, which produced only 18 kD
FGF2, and proliferating chondrocytes, which produced two
additional variants of FGF2—the 22 and 24 kD HMW FGF2
(Fig. 4). Unlike 18 kD FGF2 that is released from cells and
acts by binding and activating the FGFR, the HMW FGF2
localizes predominantly to the nucleus and has an intracrine,
FGFR-independent mode of action (15). Data from various
cellular systems demonstrate that HMW FGF2 stimulates cell
survival and proliferation in conditions when extracellular
mitogenic signals are limited (19-22). We hypothesize that
HMW FGF2 plays a similar role in chondrocytes, which
proliferate in poorly vascularized growth plate where blood-
borne growth factor and nutrient supply is restricted. Notably,
the microscopic appearance of the growth plate of transgenic
mice over-expressing human FGF2 (23) seems to support our
view. In such animals, the growth plate appears short and
flattened with marked expansion of the proliferative zone,
suggesting intracrine action of HMW FGF2.

Given the fact that transgenic mice represent an important
model for studying human FGFR3-related skeletal dysplasias,
mouse to human comparison of the FGF/FGFR expression
patterns in the growth plate is of interest (Table 2). Although
there is, to our knowledge, no study evaluating FGF1 expres-
sion in the murine growth plate, FGF1 expression in the rat is
similar to human (24) (Fig. 2B). FGF2 as well as FGFR3
localization in the murine growth plate is also similar to
human (7,16,18,25,26) (Fig. 2C). In contrast, FGFR1 localizes
to the hypertrophic zone in mice (18,27) but is predominantly
expressed in the resting and proliferative zones in human
(16,28).

We also compared FGF expression between control and TD
cartilage. Although the immunohistochemistry results could
not be fully compared due to marked disturbances of growth
plate architecture in TD (data not shown), there was no
significant difference in FGF expression among the control
and TD cartilage (Fig. 1). It is therefore unlikely that signaling
of mutated FGFR3 affects FGF expression in cartilage by
either induction or repression of specific FGF.

We demonstrate that FGF1, 2, 17, and 19 are the predom-
inant FGF ligands expressed in human growth plate cartilage.
All FGF are experimentally able to bind FGFR3 (29,30) and
thus may serve as cognate ligands for FGFR3. We challenged
this hypothesis by testing the ability of FGF1, 2, 17, and 19 to
1) activate the FGFR3 signaling in chondrocytes, and 2)
inhibit chondrocyte growth, the principal FGF-regulated phe-
notype in cartilage (5). Figure 5 shows that treatment with
FGF1, 2, and 17 but not FGF19 induced both phenotypes.

Taken together, we identified FGF that are predominantly
expressed in human growth plate cartilage and thus may serve
as the autocrine physiologic ligands for FGFR3. The regula-
tion of FGFR3 activation in cartilage appears, however, to be
complex. This is clearly demonstrated in mice, where removal
of cartilaginous (autocrine) Fgfl and/or Fgf2 produces no
skeletal phenotype (31), in contrast to removal of perichon-
drial (paracrine) Fgf18, which results in skeletal overgrowth
from apparent lack of FGFR3 activation (17). Although our
study represents the first step toward identifying the physio-
logic ligand(s) of FGFR3 in human cartilage, additional ex-
perimental evidence is needed to determine contribution of
specific FGF autocrine and paracrine signals to FGFR3 acti-
vation in vivo.
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