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Background: Evidence suggests that fibroblast growth factor 21 (FGF21) inhibits longitudinal bone growth.
Results: FGF21 antagonizes the growth hormone (GH) stimulatory effects on thymidine incorporation and collagen X expres-
sion in chondrocytes.
Conclusion: FGF21 inhibits bone growth by antagonizing GH effects on chondrocyte proliferation and differentiation.
Significance: Increased FGF21 during food restriction may contribute to growth failure by directly inhibiting chondrogenesis.

Fibroblast growth factor 21 (FGF21) modulates glucose and
lipid metabolism during fasting. In addition, previous evidence
indicates that increased expression of FGF21 during chronic
food restriction is associated with reduced bone growth and
growth hormone (GH) insensitivity. In light of the inhibitory
effects on growthplate chondrogenesismediated by other FGFs,
we hypothesized that FGF21 causes growth inhibition by acting
directly at the long bones’ growth plate. We first demonstrated
the expression of FGF21, FGFR1 and FGFR3 (two receptors
known to be activated by FGF21) and �-klotho (a co-receptor
required for the FGF21-mediated receptor binding and activa-
tion) in fetal and 3-week-old mouse growth plate chondrocytes.
We then culturedmouse growth plate chondrocytes in the pres-
ence of graded concentrations of rhFGF21 (0.01–10 �g/ml).
Higher concentrations of FGF21 (5 and 10 �g/ml) inhibited
chondrocyte thymidine incorporation and collagen X mRNA
expression. 10 ng/ml GH stimulated chondrocyte thymidine
incorporation and collagen X mRNA expression, with both
effects prevented by the addition in the culture medium of
FGF21 in a concentration-dependent manner. In addition,
FGF21 reduced GH binding in cultured chondrocytes. In cells
transfected with FGFR1 siRNA or ERK 1 siRNA, the antago-
nistic effects of FGF21 on GH action were all prevented, sup-
porting a specific effect of this growth factor in chondrocytes.
Our findings suggest that increased expression of FGF21 dur-
ing food restriction causes growth attenuation by antagoniz-
ing the GH stimulatory effects on chondrogenesis directly at
the growth plate. In addition, high concentrations of FGF21
may directly suppress growth plate chondrocyte proliferation
and differentiation.

Fibroblast growth factor 21 (FGF21) is a member of a sub-
family of fibroblasts growth factors (FGFs) (with includes

FGF15/19 and FGF23) that lacks the FGF heparin binding
domain (1, 2). Thus, these FGFs can diffuse away from their
tissue of synthesis and function as endocrine factors.
Previous evidence indicates that, in mammals, fasting

induces the expression of FGF21 in the liver and raises its cir-
culating levels; increased FGF21 expression and activity modu-
lates metabolic adaptation to fasting by inducing increased glu-
coneogenesis, fatty acid oxidation, and ketogenesis (3–5). In
addition, we have recently demonstrated (6) in mice that the
increased expression of FGF21 during prolonged food restric-
tion, both in the liver and in the long bones’ growth plate, con-
tributes to the attenuation of skeletal growth and growth plate
chondrogenesis; one of the underlying mechanisms of growth
attenuation is the FGF21-dependent systemic GH insensitivity.
Additional evidence also indicates that transgenicmice overex-
pressing FGF21 are significantly smaller, have reduced tibial
length, and display reduced hepatic GH insensitivity when
compared with wild-type mice (7).
FGF21 has a specific affinity for FGFR12 but can also signal

through all fibroblast growth factor receptors (FGFRs) (2, 8).
FGF21-mediated signal transduction requires this growth fac-
tor to bind a FGFR complexed with �-klotho, a membrane-
spanning protein (9–11). Although FGFRs are expressed in a
variety of tissues, expression of FGF21 and �-klotho has been
detected mostly in the liver, pancreas, and white adipose tissue
(12, 13). The aim of our study was to determine whether during
prolonged undernutrition FGF21may also inhibit bone growth
by directly suppressing chondrogenesis and GH action at the
growth plate.

MATERIALS AND METHODS

Chondrocyte Culture—The cartilaginous portions of meta-
tarsal bones isolated from C57BL/6N mouse embryos (19 days
post-coitus) were dissected, rinsed in PBS, then incubated in
0.2% trypsin for 1 h and 0.2% collagenase for 3 h. Cell suspen-
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sion was aspirated repeatedly and filtered through a 70-�m cell
strainer, rinsed first in PBS then in serum-free DMEM, and
counted. Chondrocyteswere seeded in 100-mmdishes at a den-
sity of 5 � 104/cm2 in DMEMwith 100 units/ml penicillin and
100 �g/ml streptomycin, 50 �g/ml ascorbic acid, and 10% FBS.
The culture medium was changed at 72-h intervals. Upon
confluence, cells were subcultured, and their chondrogenic
phenotype was confirmed by studying the expression of type-I
collagen, type-II collagen, and type X collagen by immunocyto-
chemistry. In our culture conditions the percentage of cells
expressing type-I, type-II, and type-X collagen was 3.9, 97.1,
and 22.0%, respectively. Subsets of cells with confirmed chon-
drogenic phenotype (with at least 95% of the cells positive for
type II collagen and negative for type I collagen) were treated
without or with graded concentrations of rhFGF21 (0.01, 0.1, 1,
5, and 10 �g/ml, recombinant human, Lilly Research Laborato-
ries) up to 14 days. In another series of experiments, cells were
first cultured for 24 h without or with graded concentrations
of rhFGF21 (0.01, 0.1, 1, 5, and 10�g/ml). After 24 h, culture
medium containing FGF21 was removed and replaced with
fresh serum-free DMEM without or with recombinant
mouse growth hormone (rmGH; 10 ng/ml, National Hor-
mone and Peptide Program, Harbor-UCLA Medical Center,
Torrance, CA).
[3H]Thymidine Incorporation—To assess cell proliferation,

we measured [3H]thymidine incorporation into newly synthe-
sized DNA. At the indicated time points during the culture
period, 2.5�Ci of [3H]thymidine/well (25Ci/mmol; Amersham
Biosciences) was added to the culturemedium for an additional
3 h. Cells were released by trypsin and collected onto glass fiber
filters. Incorporation of [3H]thymidine was measured by liquid
scintillation counting. The data represent percentage of control
from three independent experiments.
Western Blot—Whole cell lysates were solubilized with 1%

SDS sample buffer and electrophoresed on a 4–15% SDS-
PAGE gel (Bio-Rad). Proteins were transferred onto a nitrocel-
lulose membrane and probed with the following primary anti-
bodies: rabbit polyclonal against p-ERK 1/2 and ERK 1/2 (Cell
Signaling Technology, Inc.), mouse beta Klotho Affinity-puri-
fied polyclonal antibody (R&D Systems Inc.Minneapolis, MN),
goat polyclonal antibody against FGFR1 (Santa Cruz), mouse
monoclonal antibody against FGFR3 (Santa Cruz), rabbit poly-
clonal antibody against GH receptor (GHR) (Santa Cruz), and
rabbit polyclonal antibody against �-actin (Sigma). The blots
were developed using a horseradish-peroxidase-conjugated
polyclonal donkey-anti rabbit or mouse IgG antibody and
enhanced chemiluminescence system (GE Healthcare). Quan-
titation of exposed x-ray films was performed with Image-J
software (National Institutes of Health, Bethesda MD).
RNA Extraction and PCR—Total RNA was extracted from

the 3-week-old mouse liver and tibial growth plates and from
cultured chondrocytes isolated from fetal (20 days post-coitus)
mouse metatarsal growth plates using the Qiagen RNeasyMini
kit (Qiagen Inc., Valencia CA). The recovered RNAwas further
processed using the 1st Strand cDNA synthesis kit for RT-PCR
avian myeloblastosis virus (Roche Applied Science) to produce
cDNA. 1 �g of total RNA and 1.6 �g of oligo-p(dT)15 primer
were incubated for 10 min at 25 °C followed by incubation for

60 min at 42 °C in the presence of 20 units of avian myeloblas-
tosis virus reverse transcriptase and 50 units of RNase inhibitor
in a total 20-�l reaction. The cDNAproductswere directly used
for PCR or stored at �80 °C for later analysis. Real-time quan-
titative PCR was carried out using the StepOne real time PCR
system (Applied Biosystems, Foster City, CA) in a final volume
of 25 �l containing 1 �l of cDNA, 12.5 �l of 2� SYBR Green
mastermix (Applied Biosystems), 0.1�Mprimers (Applied Bio-
systems) in DNase-free water. Primers used were: mouse �-ac-
tin, 5�-TGT GAT GGT GGG AAT GGG TCA GAA-3� and
5�-TGT GGT GCC AGA TCT TCT CCA TGT-3� (PCR frag-
ment 140 bp); mouse FGF21, 5�-AAC AGC CAT TCA CTT
TGC CTG AGC-3� and 5�-GGC AGC TGG AAT TGT GTT
CTG ACT-3� (PCR fragment 85 bp); mouse Collagen X,
5�-ATAAGAACGGCACGCCTACGATGT-3� and 5�-CTG
CAT TGG GCA ATT GGA GCC ATA-3� (PCR fragment
128bp); FGFR1, 5�-CCAGTGCATCCATGAACTCTGGGG
TTC TCC-3�, 5�-GGT CAC ACG GTT GGG TTT GTC CTT
ATC CAG-3� (PCR fragment 230 bp); FGFR3, 5�-AGT GCT
AAA TGC CTC CCA CGA AGA-3�, 5�-AGG ATG GAG CAT
CTG TTA CAC GCA-3�(PCR fragment 107 bp); �-klotho,
5�-CTG GCT AAG GTT CAA GTA CGG AGA CCT CCC-3�
and 5�-GGA GCT GAG CGA TCA CTA AGT GAA TAC
GCA-3� (PCR fragment 198 bp); GHR, 5�-AGCCTCGATTCA
CCA AGT GTC GTT-3� and 5�-CAG CTT GTC GTT GGC
TTT CCC TTT-3� (PCR fragment 138 bp); ERK 1, 5�-TCA
ACC CAA ACA AGC GCA TCA CAG-3� and 5�-TCC AGC
TCC ATG TCG AAG GTG AAT-3� (PCR fragment 121 bp);
IGF-1, 5�-TGA GCT GGT GGA TGC TCT TCA GTT-3� and
5�-TCA TCC ACA ATG CCT GTC TGA GGT-3� (PCR frag-
ment 114 bp). The real time PCR conditions were: 50 °C for 2
min followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.
Values were quantified using the comparative cycle threshold
(CT) method (14), and samples were normalized to �-actin.
siRNA Transfection—Chondrocytes were transfected with

pools of siRNAs targeted for IGF-1 (sc-37194, Santa Cruz),
IGF-1R (sc-35638, Santa Cruz), ERK 1 (sc-29308, Santa Cruz),
or for FGFR1 (sc-29317, Santa Cruz). A pool of siRNAs consist-
ing of scrambled sequences was similarly transfected as control
siRNA (Santa Cruz) and introduced into cells using Lipo-
fectamine 2000 (Invitrogen) according to the procedure recom-
mended by themanufacturer.One day before transfection, cells
were plated in 500 �l of growth medium without antibiotics
such that they were 30–50% confluent at the time of transfec-
tion. The transfected cells were cultured in DMEM containing
10% FCS for 72 h after transfection.
To validate siRNA-mediated inhibition of the target(s)

expression, we analyzed the mRNA expression by real-time
PCR. In the cells co-transfectedwith IGF-1 siRNAs and IGF-1R
siRNAs, IGF-1 mRNA and IGF-1R mRNA were markedly
reduced (13 and 20% of those measured in control
siRNA-transfected cells, respectively). In cells transfected with
ERK 1 siRNA or FGFR1 siRNA, the ERK 1 mRNA and FGFR1
mRNA were also significantly reduced (35 and 31% of those
measured in control siRNA-transfected cells, respectively).
GH Binding Activity—Once reached 70–80% confluence,

chondrocytes were washed with serum-free medium and
treated for 24 h without or with graded concentrations of
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rhFGF21 (0.01, 0.1, 1, 5, and 10 �g/ml). After 24 h, culture
medium containing FGF21 was removed and replaced with
serum-free DMEM.Monolayer cultures set up in 100-mm cul-
ture (15, 16) dishes were then detached by scraping in 4 ml of
PBS containing a mixture of protease inhibitors (10 mg/ml
aprotinin, 10mMbenzamidine, and 0.2mMphenylmethylsulfo-
nyl fluoride). After centrifugation, the packed cells were resus-
pended in 2.5 ml of ice-cold inhibitor mixture and disrupted by
sonication. Total cellular membranes were obtained by centrif-
ugation of the cell sonicates at 150,000� g for 15min at 4 °C. To
measure GH binding, the membrane pellets were resuspended
at protein concentrations of 1 mg/ml in 300 �l of binding assay
buffer (25 mM Tris-Cl (pH 7.4), 0.1% BSA, and 10 mM MgCl2)
and incubated at 4 °C in triplicate with 105 cpm human 125I-
labeled GH in the presence or absence of 10 �g of unlabeled
GH.At the indicated time points (1, 6, and 24 h), themembrane
suspensions were centrifuged and washed twice with 1 ml of
ice-cold PBS/BSA, and radioactivity was counted using a scin-
tillation counter.
To determine the soluble GH binding activity, conditioned

media were collected, centrifuged for 5 min at 1500 � g to
remove cell debris, and concentrated approximated 15-fold by
ultracentrifugation using aCentricon (Millipore). Identical vol-
umes of each supernatant were incubated for 8 h at 4 °C with
2 � 105 cpm of [125I]GH, and radioactivity was counted using a
scintillation counter.

RESULTS

Expression of FGF21, FGFR1, FGFR3, and �-Klotho inMouse
Growth Plate Chondrocytes—To determine whether compo-
nents of the FGF21 signaling pathway are expressed in growth
plate chondrocytes, we used real-time PCR and Western blot.
In cultured chondrocytes isolated from 3-week-old mouse tib-
ial growth plates and from fetal (20 days post-coitus) mouse
metatarsal growth plates, we demonstrated mRNA (FGF21,
FGFR1, FGFR3, and �-klotho) and protein (FGFR1, FGFR3,
and �-klotho) expression (Figs. 1 and 2).
Effects of FGF21 on Chondrocyte Proliferation and Dif-

ferentiation—To evaluate the direct effects of FGF21 on chon-
drocyte proliferation and differentiation, we added graded con-
centrations of rhFGF21 (0.01, 0.1, 1, 5, and 10 �g/ml) to the
culture medium. After 24 h, higher concentrations of rhFGF21
(5–10 �g/ml) significantly reduced total thymidine incorpora-
tion (Fig. 3A, p� 0.01 versus control) and decreased themRNA
expression of collagen X (assessed by real-time PCR, Fig. 3B,
p � 0.01 versus control), a marker of chondrocyte differentia-
tion. The inhibitory effects of the higher concentrations of
FGF21 on both total thymidine incorporation (supplemental
Fig. 1A) and collagen X mRNA expression (supplemental Fig.
1B) persisted at subsequent time points (days 3, 7, and 14).
These findings suggest that the FGF21-dependent decreased
chondrocyte differentiation is, at least in part, independent
from the inhibitory effects of FGF21 on chondrocyte
proliferation.
Effects of FGF21 on the FGF Signaling Pathway—To deter-

mine whether FGF21 directly modulates the expression and
activation of the FGF-dependent signaling pathway in chon-
drocytes, we first studied the effects of graded concentrations of

FIGURE 1. FGF21 mRNA expression in the mouse liver and growth
plate chondrocytes. Liver, tibial, and metatarsal chondrocytes were iso-
lated, and total RNA was extracted and processed as described under
“Materials and Methods.” FGF21 mRNA expression was determined by
real-time PCR.

FIGURE 2. mRNA and protein expression of FGFR1, FGFR3, and �-klotho
in the mouse liver and fetal metatarsal chondrocytes. A, FGFR1, FGFR3,
and �-klotho mRNA expression in chondrocytes and liver was assessed by
real time PCR. Total RNA was extracted from chondrocytes isolated from fetal
(20 days post-coitus) mouse metatarsal growth plates and from the liver of
3-week-old mice. It was then processed as described under “Materials and
Methods.” The mRNA expression of FGFR1, FGFR3, and �-klotho mRNA was
normalized by �-actin in the same samples. B, protein extracted from liver and
chondrocytes was immunoblotted for FGFR1, FGFR3, and �-klotho. �-Actin
was used as a loading control. A representative blot from three independent
experiments is presented.

Effects of FGF21 on Growth Plate Chondrocytes

26062 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 31 • JULY 27, 2012

http://www.jbc.org/cgi/content/full/M112.343707/DC1
http://www.jbc.org/cgi/content/full/M112.343707/DC1
http://www.jbc.org/cgi/content/full/M112.343707/DC1
http://www.jbc.org/cgi/content/full/M112.343707/DC1


FGF21 on the expression of FGFR1, FGFR3, and �-klotho.
None of the concentrations of rhFGF21 used induced the
expression of FGFR3, whereas the highest concentration (10
�g/ml) significantly increased the mRNA expression of FGFR1
and �-klotho (Fig. 4A, p � 0.05 versus control). We then eval-
uated the effects of rhFGF21 on the phosphorylation of ERK
1/2, members of the FGFR-dependent intracellular signaling
cascade. After 24 h, rhFGF21 (0.1, 1, 5, and 10�g/ml) increased
ERK 1/2 phosphorylation (Fig. 4, B and C, p � 0.01 or p � 0.05
versus control).
Functional Interaction between FGF21 and GH in Chon-

drocytes—To determine whether FGF21 antagonizes the
effects of GH on chondrocyte function, we cultured mouse
growth plate chondrocytes without or with graded concentra-
tions of rhFGF21 (0.01, 0.1, 1, 5, and 10 �g/ml) for 24 h. After
removal of FGF21 from the culture medium, chondrocytes
were incubated with 10 ng/ml rmGH. In chondrocytes previ-
ously cultured without rhFGF21, rmGH significantly induced
total thymidine incorporation (Fig. 5A) and collagen X mRNA
expression (Fig. 5B). Both effects were prevented in chondro-
cytes previously treatedwith rhFGF21, with the lowest effective
concentration being 0.1�g/ml.We then evaluated the effects of
rhFGF21 on GH binding; in chondrocytes previously cultured
in the presence of rhFGF21, 125I-labeled GH binding (Fig. 6)
was significantly decreased when compared with that in chon-
drocytes not previously cultured in the presence of FGF21.
Such effect was detected as early as 1 h after 125I-labeled GH
incubation. To determine whether the FGF21-dependent
decreased GH binding was due to increased proteolysis at the
cell surface, we measured soluble growth hormone binding
protein by analyzing 125I-labeledGHbinding in transfected cell
culture medium. The GH binding in the medium of FGF21-
treated cells was not significantly different from that in the
mediumof untreated cells (supplemental Fig. 2).We then eval-
uated the GHR expression in mouse growth plate chondro-
cytes cultured in the presence of graded concentrations of
FGF21. None of the FGF21 concentrations significantly
modified GHR mRNA expression (assessed by real-time
PCR, Fig. 7A) or GHR protein expression (assessed by West-
ern, Fig. 7, B and C) when compared with untreated chon-

drocytes. These findings indicate that FGF21 specifically
prevents the GH stimulatory effects on chondrocyte func-
tion by reducing GH binding. Such reduced binding is not
due to either changes in GHR expression or increased pro-
teolysis of the cell surface-bound GHR.
To determine whether the effects of GH and/or FGF21

depend on the intracellular activity of IGF-1 in chondrocytes,
we transfected cells with both IGF-1 siRNAs and IGF-1R
siRNAs. Total thymidine incorporation and collagen X mRNA
expression in GH-treated, siRNA-transfected chondrocytes
remained significantly greater than in untreated transfected
chondrocytes (supplemental Figs. 3 and 4, respectively). In
addition, the antagonistic effects of rhFGF21 on GH activity
were confirmed in IGF-1 siRNA � IGF-1R siRNA-transfected
cells.
Last, we evaluated the effects of FGF21 and GH in chondro-

cytes transfected with FGFR1 siRNA or ERK 1 siRNA. As pre-
viously shown, FGF21 dose-dependently (0.1, 1, 5, and 10
�g/ml) prevented the GH stimulatory effects on total thymi-
dine incorporation (Fig. 8, panel A) and collagen X expression
(Fig. 8, panel B) in control siRNA-transfected chondrocytes. In
contrast, in FGFR1 siRNA-transfected or ERK 1 siRNA-
transfected cells only the highest concentration of FGF21 (10
�g/ml) prevented the GH effects in chondrocytes. These find-
ings suggest that the FGF21 effects on chondrocyte function are
specific and depend on the normal activity of the FGFR1 and
ERK 1.

DISCUSSION

Longitudinal bone growth occurs at the growth plate by a
process called endochondral ossification (17) in which car-
tilage is first formed and then remodeled into bone tissue.
Cartilage formation primarily results from growth plate
chondrocyte proliferation and hypertrophy (18) and extra-
cellular matrix secretion. The newly formed cartilage is
invaded by blood vessels and bone cell precursors from the
metaphysis, which remodel the cartilaginous hypertrophic
zone into bone (19). The net effect of these events is that new
bone tissue is progressively laid down at the bottom of the
growth plate, resulting in bone elongation. Longitudinal

FIGURE 3. Effects of FGF21 on total [3H]thymidine incorporation and collagen X expression in chondrocytes. Chondrocytes were washed with fresh
serum-free DMEM, seeded in 24-well plate, and cultured in the absence or presence of graded rhFGF21 (0.01–10 �g/ml) for 24 h. A, at the end of the culture
period, 2.5 �Ci of [3H]thymidine/well (Amersham Biosciences) was added to the culture medium for an additional 3 h. Chondrocytes were released by trypsin
and collected onto glass fiber filters. Incorporation of [3H]thymidine was measured by liquid scintillation counting. Results are expressed as % of control, and
represent mean values obtained from three independent experiments. B, collagen X mRNA expression was determined by real time PCR. Total RNA was
extracted from chondrocytes and then processed as described under “Materials and Methods.” The relative expression levels of mRNA were normalized by
�-actin in the same samples. Results were expressed as -fold change compared with control chondrocytes (mean � S.E.).

Effects of FGF21 on Growth Plate Chondrocytes

JULY 27, 2012 • VOLUME 287 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 26063

http://www.jbc.org/cgi/content/full/M112.343707/DC1
http://www.jbc.org/cgi/content/full/M112.343707/DC1


bone growth is tightly governed by a complex network of
endocrine and paracrine growth factors, the latter of which
includes the FGFs.

The FGFs is a family of proteins known to be implicated in
the regulation of growth plate chondrogenesis (20, 21). The
murine growth plate expresses several members of this family,

FIGURE 4. Effects of FGF21 on FGFR1, FGFR3, and �-klotho mRNA expression and ERK 1/2 phosphorylation in chondrocytes. Chondrocytes were
washed with fresh serum-free DMEM, seeded in 24-well plate, and cultured in the absence or presence of graded rhFGF21 (0.01–10 �g/ml) for 24 h. A, at the end
of culture period, total RNA was extracted from chondrocytes and then processed as described under “Materials and Methods.” The relative expression levels
of mRNA were normalized by �-actin in the same samples. Results were expressed as -fold change compared with control chondrocytes (mean � S.E.).
B, chondrocytes were harvested, lysed, electrophoresed, and immunoblotted for phosphorylated Erk1/2 and total Erk1/2. A representative blot from three
independent experiments is presented. C, the intensity of the bands on Western blots of phosphorylated ERK 1/2 and total ERK 1/2 was analyzed by Image J
(software from NCBI). Results are expressed as ratio of phosphorylated ERK 1/2 to total ERK 1/2 (mean � S.E.).

FIGURE 5. Effects of GH and FGF21 on total [3H]thymidine incorporation and collagen X expression in chondrocytes. Chondrocytes were washed with
fresh serum-free DMEM, seeded in 24-well plate, and cultured for 24 h in the absence or presence of rmGH (10 ng/ml) without or with graded concentrations
of rhFGF21 (0.01–10 �g/ml). A, at the end of culture period, 2.5 �Ci/well of [3H]thymidine (Amersham Biosciences) was added to the culture medium for an
additional 3 h. Chondrocytes were released by trypsin and collected onto glass fiber filters. Incorporation of [3H]thymidine was measured by liquid scintillation
counting. Results are expressed as % of control and represent mean values obtained from three independent experiments. B, collagen X mRNA expression was
determined by real time PCR. Total RNA was extracted from chondrocytes and then processed as described under “Materials and Methods.” The relative
expression levels of mRNA were normalized by �-actin in the same samples. Results were expressed as -fold change compared with control chondrocytes
(mean � S.E.).
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including FGF21; it has been shown to be expressed in the
perichondrium surrounding the rat postnatal growth plate (22).
In addition, all four FGFRs are also expressed in the growth
plate (22); evidence in humans and in experimental animals
indicates that FGFR1 and FGFR3 act as negative regulators of
growth plate chondrogenesis (23, 24) and share a remarkably
similar downstream signaling pathway (25). In contrast, the
activation of FGFR2 and FGFR4 appear to facilitate growth
plate chondrogenesis (26, 27). With respect to the functional
role of the FGFs expressed in the growth plate, mice overex-
pressing FGF2 or FGF9 exhibit suppressed growth plate chon-
drocyte hypertrophy, shortened long bones, and dwarfism (28,
29).Micewith a targeted disruption of FGF18 display expanded
growth plate proliferative and hypertrophic zones, thus sug-
gesting that FGF18 (similarly to FGF2 and FGF9) inhibits
growth plate chondrogenesis, likely by binding and activating
FGFR3 (30, 31).
FGF21 is a member of a subfamily of atypical FGFs that

includes FGF15/19 (FGF15 and FGF19 are mouse and human
orthologs, respectively) and FGF23 (1, 2). Because these FGFs
lack the typical FGF heparin binding domain, they can be
released from the tissue of synthesis and act on distant sites as
systemic or endocrine factors. On the other hand, recent evi-
dence suggests that FGF21 may also function in a paracrine/
autocrinemanner (32, 33). To activate its intracellular signaling
pathway, FGF21 binds one of the classic, cell-bound, FGF
receptors complexed to �-klotho (9–11), a recently identified
membrane-spanning protein. Although some studies indicate
that FGF21 may preferentially activate the FGFR1/�-klotho
complex, other evidence indicates that it can bind all the four
FGFRs (2, 8). FGF21 is predominantly expressed in the exocrine
and endocrine pancreas, liver,muscle, andwhite adipose tissue.
The co-localization of the FGFRs and �-klotho in these tissues
suggest that that FGF21may exert its function in the same sites
(12, 13).

Although FGF21 is most known as an important metabolic
regulator during fasting, recent evidence suggests that itmay be
implicated in the regulation of skeletal growth. In 2008, Inagaki
et al. (7) showed that transgenicmice overexpressing FGF21 are
smaller and exhibit shorter tibiae when compared with WT
mice. In addition, the decreased expression of phosphorylated
Stat5 and IGF-1 in the liver of FGF21 transgenic mice suggests
that overexpression of FGF21 may cause GH insensitivity.
These findings and the fact that FGF21 expression is increased
during fasting, led us to hypothesize that increased expression
of FGF21 during chronic undernutrition may cause undernu-
trition-associated growth failure in mammals.
Indeed, we have recently demonstrated that mice undergo-

ing food restriction experience reduced body and tibial growth
along with increased FGF21 expression in the liver and in the
tibial growth plate (6). Food-restricted Fgf21 knock-out mice
exhibit greater body and tibial growth and spared growth plate
chondrogenesis compared with food-restricted wild-type lit-
termates. In addition, food-restricted Fgf21 knock-outmice are
more GH-sensitive than the wild-type mice, with such differ-
ence resulting from greater GH receptor abundance in hepato-
cytes. These findings suggest that increased expression of
FGF21 during prolonged food restriction causes growth atten-
uation by inducing systemic GH insensitivity. Interestingly,
food-restricted Fgf21 knock-out mice also show greater GH
receptor abundance and reduced Stat5 phosphorylation and
IGF-1 expression in the tibial growth plate chondrocytes.
Although it is plausible to hypothesize that FGF21 may also
cause GH insensitivity directly at the growth plate, these previ-
ous findings do not confirm a direct effect of FGF21 on growth
plate chondrocytes.
In this study, we have demonstrated that FGF21 directly

antagonizes GH stimulatory effects on proliferation and differ-
entiation of growth plate chondrocytes. Of note, the GH effects
on chondrocyte function (as well as the antagonistic effects of
FGF21) persist in IGF-1 siRNA-transfected chondrocytes.
Thus, it is plausible to speculate that these effects are, at least in
part, non-IGF-1-dependent. The direct effects of FGF21 on the
growthplate are supported by the expression of FGFR1, FGFR3,
and �-klotho in growth plate chondrocytes as well as by the
FGF21-mediated induction of ERK 1/2 phosphorylation (ERK
1/2 aremembers of the FGFR-dependent intracellular signaling
cascade). The fact that the antagonistic properties of FGF21 on
GH binding and GH-stimulated chondrocyte proliferation and
differentiation are prevented in FGFR1 siRNA- or ERK 1
siRNA-transfected chondrocytes further support the conclu-
sion that the effects of FGF21 are specific. In our study high
concentrations of rhFGF21 have been found to directly inhibit
chondrocyte proliferation and differentiation; such effects may
be explained by the increased expression of FGFR1 and
�-klotho induced by the highest concentration of FGF21,which
could potentiate the intracellular transcriptional changes elic-
ited by FGF21. However, we do not know whether these high
concentrations used in vitro reflect the levels of expression in
tissues or the serum levels of FGF21 during prolonged food
restriction.
In our study the lack of any direct effect of FGF21 on GHR

expression or on the proteolysis of the cell membrane-bound

FIGURE 6. Time-dependent and concentration-dependent effects of
FGF21 on GH receptor binding activity in chondrocytes. [125I]GH binding
activity was measured at the indicated time points in chondrocytes previ-
ously cultured without or with graded concentrations of rhFGF21. Results are
expressed as % of control and represent mean values obtained from three
independent experiments.

Effects of FGF21 on Growth Plate Chondrocytes

JULY 27, 2012 • VOLUME 287 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 26065



GHR suggests that the FGF21-dependent decreased GH bind-
ing likely results from a reduced GHR intracellular recycling.
Interestingly, a recent study has demonstrated the increased
hepatic expression of LEPROT and LEPROTL1 (two small pro-
teins known to regulate intracellular protein trafficking) during
fasting in rodents. The increased activity of LEPROT and
LEPROTL1 causesGH insensitivity by inhibitingGHR intracel-
lular trafficking and, in turn, GHR cell-surface abundancewith-
out affecting GHR expression (16). Ongoing studies in our lab-

oratory are evaluating the functional interaction between FGF21
and LEPROT/LEPROTL1 in the liver and in chondrocytes.
Although our study demonstrates its direct effects on chon-

drocytes, it is still unclear whether FGF21 antagonizes GH
effects on growth plate chondrogenesis as a systemic (endo-
crine) and/or as a paracrine growth factor. Indeed, its food
restriction-related increased expression in the liver (and plau-
sibly in other tissues) as well as in the mouse tibial growth plate
would suggest both (or either) modalities of action.

FIGURE 7. Effects of FGF21 on GHR expression in chondrocytes. Chondrocytes were washed with fresh serum-free DMEM, seeded in 24-well plate, and
cultured for 24 h in the absence or presence of graded concentrations of rhFGF21 (0.01–10 �g/ml). A, total RNA was extracted from chondrocytes and then
processed as described under “Materials and Methods.” GHR mRNA expression was evaluated by real time PCR. The relative expression levels of mRNA were
normalized by �-actin in the same samples. Results were expressed as -fold change compared with control (untreated) chondrocytes (mean � S.E.). B, at the
end of culture period chondrocytes were harvested, lysed, electrophoresed, and immunoblotted for GHR protein. A representative blot from three indepen-
dent experiments is presented. C, the intensity of the bands on Western blots was analyzed by Image J (software from NCBI). Results are expressed as ratio of
GHR to �-actin (mean � S.E.).

FIGURE 8. Effects of GH and FGF21 on total [3H]thymidine incorporation and collagen X expression in FGFR1-siRNA- and ERK 1 siRNA-transfected
chondrocytes. After being previously cultured without or with graded concentrations of FGF21, siRNA-transfected chondrocytes were cultured for 24 h in the
absence or presence of rmGH (10 ng/ml). A, at the end of culture period, 2.5 �Ci/well of [3H]thymidine (Amersham Biosciences) was added to the culture
medium for an additional 3 h. Incorporation of [3H]thymidine was measured by liquid scintillation counting. Results are expressed as % of untreated and
represent mean values obtained from three independent experiments. B, collagen X mRNA expression was determined by real time PCR. Total RNA was
extracted from transfected chondrocytes and then processed as described under “Materials and Methods.” The relative expression levels of mRNA were
normalized by �-actin in the same samples. Results were expressed as -fold change compared with control chondrocytes (mean � S.E.).
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In conclusion, our study provides evidence for a specific,
direct effect of FGF21 on growth plate chondrocytes; by bind-
ing FGFR1 and/or FGFR3 (negative regulators of growth plate
chondrogenesis), FGF21 prevents GH-mediated stimulation of
chondrocyte proliferation and differentiation. In addition, high
concentrations of FGF21 directly inhibit cell proliferation and
differentiation. Thus, our findings contribute to elucidate the
cellular and molecular mechanisms underlying the growth
attenuation associated with the increased expression of FGF21
during food restriction in rodents.
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