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Growth hormone (GH) stimulates growth plate chondrogen-
esis and longitudinal bone growth with its stimulatory effects
primarilymediated by insulin-like growth factor-1 (IGF-1) both
systemically and locally in the growth plate. It has been shown
that the transcription factor Stat5bmediates the GH promoting
effect on IGF-1 expression and on chondrogenesis, yet it is not
knownwhether other signalingmolecules are activatedbyGH in
growth plate chondrocytes. We have previously demonstrated
that nuclear factor-�B p65 is a transcription factor expressed in
growth plate chondrocytes where it facilitates chondrogenesis.
We have also shown that fibroblasts isolated from a patient with
growth failure and a heterozygous mutation of inhibitor-�B�
(I�B; component of the nuclear factor-�B (NF-�B) signaling
pathway) exhibit GH insensitivity. In this study, we cultured rat
metatarsal bones in the presence of GH and/or pyrrolidine
dithiocarbamate (PDTC), a known NF-�B inhibitor. The GH-
mediated stimulation of metatarsal longitudinal growth and
growth plate chondrogenesis was neutralized by PDTC. In cul-
tured chondrocytes isolated from rat metatarsal growth plates,
GH induced NF-�B-DNA binding and chondrocyte prolifera-
tion and differentiation and prevented chondrocyte apoptosis.
The inhibition of NF-�B p65 expression and activity (by NF-�B
p65 siRNA and PDTC, respectively) in chondrocytes reversed
the GH-mediated effects on chondrocyte proliferation, differ-
entiation, and apoptosis. Lastly, the inhibition of Stat5b expres-
sion in chondrocytes prevented the GH promoting effects on
NF-�B-DNA binding, whereas the inhibition of NF-�B p65
expression or activity prevented the GH-dependent activation
of IGF-1 and bone morphogenetic protein-2 expression.

TheNF-�B2 family is a group of transcription factors includ-
ing seven members, p65 (RelA), c-Rel, RelB, p50/p105 (NF-

�B1), and p52/p100 (NF-�B2), which can form various hetero-
or homodimers (1). In an unstimulated cell, NF-�B homo-
dimers or heterodimers are sequestered in the cytoplasm and
bound to I�B proteins (2). Binding to I�B prevents the
NF-�B�I�B complex from translocating to the nucleus, thereby
maintaining NF-�B in an inactive state. Upon activation by a
wide variety of stimuli (proinflammatory cytokines, growth fac-
tors, and viral proteins), the previously bound NF-�B is then
released, and it is able to translocate to the nucleus where it
modulates the expression of target genes involved in cell
growth, survival, adhesion, and death (3, 4).
Previous evidence indicates that NF-�B exerts a regula-

tory role in bone growth and development. In chick embryo,
overexpression of I�B�, which prevents NF-�B activation,
results in abnormal limb development (5). It has also been
shown that mice deficient in both the NF-�B subunits p50
and p52 have retarded growth and shortened long bones,
suggesting that NF-�B may be involved in bone formation
and growth (6).
We have recently demonstrated that NF-�B p65 is expressed

in the murine growth plate, and it facilitates longitudinal bone
growth and growth plate chondrogenesis in part by inducing
bone morphogenetic protein-2 (BMP-2) expression (7). In
addition, we have also shown that NF-�B p65 mediates the
growth-promoting effects of insulin-like growth factor-1
(IGF-1) on chondrogenesis and longitudinal bone growth (8).
Along with IGF-1, growth hormone (GH) is another critical
regulator of longitudinal bone growth and growth plate chon-
drogenesis. Although it also elicits some IGF-independent
effects, GH primarily stimulates chondrogenesis by inducing
IGF-1 synthesis in chondrocytes via the activation of the tran-
scription factor Stat5b. However, it is not clear whether other
intracellular signaling pathways mediate the effects of GH on
chondrocyte function. The aim of our study was to determine
whether GH stimulates the activity of NF-�B in growth plate
chondrocytes and whether such stimulatory effect is necessary
for the GH promoting effect on chondrogenesis and IGF-1
expression.
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EXPERIMENTAL PROCEDURES

Chondrocyte Culture—The cartilaginous portions of meta-
tarsal bones isolated from Sprague-Dawley rat embryos (20
days postcoitum) were dissected, rinsed in PBS, and then incu-
bated in 0.2% trypsin for 1 h and 0.2% collagenase for 3 h. The
cell suspension was aspirated repeatedly and filtered through a
70-�m cell strainer, rinsed first in PBS and then in serum-free
DMEM, and counted. Chondrocytes were seeded in 100-mm
dishes at a density of 5 � 104/cm2 in DMEMwith 100 units/ml
penicillin, 100�g/ml streptomycin, 50�g/ml ascorbic acid, and
10% FBS. The culture medium was changed at 72-h intervals.
After reaching 70–80% confluence, cells were washed with
serum-free medium and cultured without or with graded con-
centrations of recombinant mouse GH (1, 10, and 100 ng/ml)
(Sigma) and/or 1 �M pyrrolidine dithiocarbamate (PDTC), a
known NF-�B inhibitor. Animal care was in accordance with
the Guide for the Care andUse of Laboratory Animals (Depart-
ment of Health, Education, and Welfare Publication (National
Institutes of Health) 85-23, revised 1988).
siRNA Transfection—Chondrocytes were transfected with a

pool of three target-specific, 20–25-nucleotide-long siRNAs
designed to selectively inhibit NF-�B p65 or Stat5b mRNA
expression (p65 siRNA: sense strand A, GAAGAAGAGUC-
CUUUCAAUtt (mRNA loc. 1000); sense strand B, CCAU-
CAACUUUGAUGAGUUtt (mRNA loc. 1131); sense strand C,
GCAUUAACUUCCCUGAAGUtt (mRNA loc. 1893) (catalog
number 61876, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA); Stat5b siRNA: sense strand A, CUGUAUCCGGCACA-
UUCUAtt (mRNA loc. 431); sense strand B, CGGAA-
GAGAAGUUCACAAUtt (mRNA loc. 1417); sense strand C,
GUGUGAGUUUGCACGUUGUtt (mRNA loc. 2653) (catalog
number 156026, Santa Cruz Biotechnology, Inc.)). A pool of
siRNAs each comprising a scrambled sequence was similarly
transfected as control siRNA (catalog number 44230, Santa
Cruz Biotechnology, Inc.). siRNAs were introduced to cells
using Lipofectamine 2000 (Invitrogen) according to the proce-
dure recommended by themanufacturer.One day before trans-
fection, cells were plated in 500 �l of growth medium without
antibiotics such that they were 30–50% confluent at the time of
transfection. The transfected cells were cultured in DMEM
containing 10% FCS for 72 h after transfection.
To determinewhether p65 siRNAand Stat5b siRNA silenced

p65 and Sta5b expression, respectively, we analyzed the expres-
sion of these two target mRNAs by real time PCR. When
compared with untransfected chondrocytes and control
siRNA-transfected chondrocytes, cells transfected with p65
siRNA and Stat5b siRNA exhibited decreased p65 and Stat5b
mRNA expression, respectively (supplemental Fig. 1).
NF-�B Transcription Factor Assay—NF-�B p65-DNA bind-

ing activity was determined by an enzyme-linked immunosor-
bent assay (Cayman Chemicals, Ann Arbor, MN) according to
the manufacturer’s instructions. A specific double-stranded
DNA (dsDNA) sequence containing the NF-�B p65 response
element was immobilized onto the bottom of wells of a 96-well
plate. Chondrocyteswere treatedwithGHand/or PDTCor p65
siRNA for 24 h, and then nuclear extracts were collected.
Nuclear extracts containing NF-�B p65 were added to the plate

and incubated overnight at 4 °C without agitation. NF-�B p65
was detected by addition of a specific primary antibody directed
against NF-�B p65. A secondary antibody conjugated to HRP
was added to provide a sensitive colorimetric readout at 450
nm. Data are expressed as A450/�g of nuclear extract and rep-
resent three separate experiments.
Whole Metatarsal Culture—The second, third, and fourth

metatarsal bone rudiments were isolated from Sprague-Dawley
rat embryos (20 days postcoitum) and cultured individually in
24-well plates (8). Each well contained 0.5 ml of minimum
essential medium (Invitrogen) supplemented with 0.05 mg/ml
ascorbic acid (Invitrogen), 1 mM sodium glycerophosphate
(Sigma-Aldrich), 0.2% bovine serum albumin (Sigma), 100
units/ml penicillin, and 100 �g/ml streptomycin (Invitrogen)
without or with 10 ng/ml recombinant mouse GH and/or 1 �M

PDTC.The culture plateswere incubated for 3 days in a humid-
ified incubatorwith 5%CO2 in air at 37 °C, and themediumwas
changed every other day.
Measurement of Metatarsal Linear Growth—The length of

each metatarsal bone was measured every day under a dissect-
ing microscope using an eyepiece micrometer. The culture
medium was briefly removed immediately before each
measurement.
Quantitative Histology—At the end of the culture period (3

days), metatarsal bones were fixed with 4% paraformaldehyde
overnight and embedded in paraffin. Three 5–7-�m-thick lon-
gitudinal sections from each bone were obtained and stained
with hematoxylin. Metatarsal whole growth plate and growth
plate epiphyseal, proliferative, and hypertrophic zone heights
(�m) were measured. All measurements were performed by a
single observer blinded to the treatment regimen.
[3H]Thymidine Incorporation—To assess cell proliferation in

the metatarsal growth plate, we measured [3H]thymidine
incorporation into newly synthesized DNA (9). After 3 days of
culture, [3H]thymidine was added to the culture medium at a
concentration of 5 �Ci/ml (25 Ci/mmol; Amersham Biosci-
ences). Bone rudimentswere incubated for an additional 5 h. At
the end of the incubation, all bones were fixed in 4% phosphate-
buffered paraformaldehyde, embedded in paraffin, and cut in
5–7-�m-thick longitudinal sections. Autoradiographywas per-
formed by dipping the slides in Hypercoat emulsion, exposing
them for 4 weeks, and then developing them with an Eastman
Kodak Co. D-19 developer. Sections were counterstained with
hematoxylin. The labeling index was calculated as the number
of [3H]thymidine-labeled cells per grid divided by the total
number of cells per grid. The grid circumscribed a portion of
the growth plate zone as viewed through a 40� objective and
generally contained an average of 50 cells. In each growth plate,
the labeling index was calculated separately in three distinct
grid locations of the epiphyseal and proliferative zones and then
averaged. For each treatment group, we sampled eight bones
and analyzed both growth plates of each of three longitudinal
sections per bone. All determinations were made by the same
observer blinded to the treatment category.
To assess proliferation in cultured chondrocytes, 2.5 �Ci/

well [3H]thymidine (Amersham Biosciences) was added to the
culture medium for an additional 3 h at the end of the culture
period. Cells were then released by trypsin and collected onto
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glass fiber filters. Incorporation of [3H]thymidine was mea-
sured by liquid scintillation counting.
In Situ Hybridization—At the end of the culture period,

metatarsals were fixed overnight in 4% paraformaldehyde at
4 °C, then dehydrated in ethanol, and embedded in paraffin.
Sections (5 �m thick) were hybridized to 35S-labeled Col10a1
antisense riboprobes. Slides were exposed to photographic
emulsion at 4 °C for 4 days, then developed, fixed, and cleared.
Sections were counterstained with hematoxylin and viewed
using a light microscope. Sections hybridized with a labeled
sense Col10a1 riboprobe were used as negative controls. The
mouse Type X collagen (Col10a1) probe (a gift from Dr. Bjorn
Olsen, Harvard Medical School, Boston, MA) was a 650-bp
HindIII fragment containing 400 bp of non-collagenous (NC1)
domain and 250 bp of 3�-untranslated sequence of the mouse
Col10a1 gene in pBluescript (10).
Real Time PCR—At the end of the culture period, total RNA

was extracted from chondrocytes using the Qiagen RNeasy
Mini kit (Qiagen Inc., Valencia, CA). The recovered RNA was
further processed using a First Strand cDNA Synthesis kit for
RT-PCR (avian myeloblastosis virus) (Roche Diagnostics) to
produce cDNA. 1 �g of total RNA and 1.6 �g of oligo(dT)15
primer were incubated for 10 min at 25 °C followed by incuba-
tion for 60 min at 42 °C in the presence of 20 units of avian
myeloblastosis virus reverse transcriptase and 50 units of
RNase inhibitor in a total reaction volume of 20 �l. The cDNA
products were directly used for PCR or stored at �80 °C for
later analysis. Real time quantitative PCR was carried out using
the StepOne Real Time PCR System (Applied Biosystems, Fos-
ter City, CA) in a final volume of 25�l containing 1�l of cDNA,
12.5 �l of 2� SYBR Green Master Mix (Applied Biosystems),
and 0.1 �M primers (Applied Biosystems) in DNase-free water.
The primers used were as follows: rat collagen X (GenBankTM
accession number AJ131848): forward, 5�-TCT GTA CAA
CAG GCA GCA GCA CTA-3�; reverse, 5�-GTA CAT TGT
GGG CGT GCC ATT CTT-3�; rat IGF-1 (M15481): forward,
5�-GGG CAT TGT GGA TGA GTG TTG CTT-3�; reverse,
5�-TGG AAC GAG CTG ACT TTG TAG GCT-3�; rat BMP-2
(NM_017178): forward, 5�-AAC CAT GGG TTT GTG GTG
GAA GTG-3�; reverse, 5�-CCA GCT GTG TTC ATC TTG
GTG CAA-3�; rat NF-�B p65 (NM_199267): forward, 5�-CAT
GCG TTT CCG TTA CAA GTG CGA-3�; reverse, 5�-TGG
TCC CGT GTA GCC ATT GAT CTT-3�; rat STAT5b
(NM_022380): forward, 5�-GCG CTC AAC ATG AAG TTC
AAG GCT-3�; reverse, 5�-AGG ACA CGG ACA TGC TGT
TGT AGT-3�; and rat �-actin (NM_031144): forward, 5�-TGA
GCG CAA GTA CTC TGT GTG GAT-3�; reverse, 5�-TAG
AAG CAT TTG CGG TGC ACG ATG-3�. Product sizes were
as follows: collagen X, 148 bp; IGF-1, 95 bp; NF-�B p65, 115 bp;
STAT5b, 136 bp; and�-actin, 129 bp. The PCR conditionswere
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, and samples were normalized to
�-actin.
Western Blot—Whole cell lysates were solubilized with 1%

SDS sample buffer and electrophoresed on a 4–15% SDS-poly-
acrylamide gel (Bio-Rad). Proteins were transferred onto a
nitrocellulose membrane and probed with the following pri-

mary antibodies: goat polyclonal antibody against IGF-1 (Santa
Cruz Biotechnology, Inc.), goal polyclonal antibody against
BMP-2 (Santa Cruz Biotechnology, Inc.), rabbit polyclonal
antibody against phospho-Stat5 (Cell Signaling Technology
Inc., Danvers, MA), and rabbit polyclonal antibody against
�-actin (Sigma-Aldrich). The blots were developed using a
horseradish peroxidase-conjugated polyclonal donkey anti-
goat/rabbit IgG antibody and the enhanced chemilumines-
cence system (GE Healthcare). The intensity of the bands on
Western blots was analyzed by NIH ImageJ. The protein size
was confirmed by molecular weight standards (Invitrogen).
In Situ Cell Death—At the end of the culture period, meta-

tarsals were fixed in 4% phosphate-buffered paraformaldehyde,
embedded in paraffin, and cut in 5–7-�m-thick longitudinal
sections. Fromeachbone, three sections parallel to the long axis
of the bone were obtained. Apoptotic cells in the growth plate
were identified by terminal deoxynucleotidyltransferase-medi-
ated deoxyuridine triphosphate nick end labeling according to
the manufacturer’s instructions (TdT-FragEL kit, Oncogene
Research Products, Boston, MA) with slight modifications
(deparaffinized and rehydrated sections were treated with pro-
teinase K for 10 min instead of 20 min). A positive control was
generated by covering the entire tissue section with 1 �g/liter
DNase I in 1�Tris-buffered saline and 1mMMgSO4 for 20min
following proteinase K treatment. A negative control was gen-
erated by substituting distilled H2O for the terminal deoxy-
nucleotidyltransferase in the reaction mixture. Apoptosis was
quantitated by determining the apoptotic index (calculated as
the number of apoptotic cells per grid divided by the total num-
ber of cells per grid). The grid circumscribed a portion of the
growth plate analyzed through a 40� objective and generally
contained an average of 50 cells. In each growth plate, the apo-
ptotic index was calculated separately in three distinct grid
locations of the epiphyseal, proliferative, and hypertrophic
zones and then averaged. For each treatment group, we sam-
pled five bones and analyzed both growth plates of each of three
longitudinal sections per bone. All determinations were made
by the same observer blinded to the treatment category.
At the end of the culture period, cultured chondrocytes were

briefly washed with PBS, fixed in �10 °C methanol for 5 min,
and then air-dried. Apoptotic cells were identified by terminal
deoxynucleotidyltransferase fragment end labeling (TdT-Fra-
gEL kit, Oncogene Research Products). Apoptosis was quanti-
tated by determining the apoptotic index (calculated as the
number of apoptotic cells per grid divided by the total number
of cells per grid). The grid circumscribed a portion of chondro-
cytes analyzed through a 40� objective and generally contained
an average of 30 cells. In each slide, the apoptotic index was
calculated separately in four distinct grid locations and then
averaged. For each group, we sampled three slides during each
experiment. Results are expressed as the percentage of control
and were obtained from three separate experiments. All deter-
minationsweremade by the same observer blinded to the treat-
ment category.
Caspase-3 Assay—Cytosolic caspase-3 activity was deter-

mined in amedium containing 50mMTris-HCl buffer (pH 7.0),
0.5 mM Na-EDTA, 20% glycerol, 500 �g of cytosolic protein,
and a 75 �M concentration of a synthetic fluorogenic substrate
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containing the recognition sequence for caspase-3 (acetyl-
DEVD-7-amido-4-methylcoumarin) (Upstate Biotechnology
Inc., Lake Placid, NY). The caspase-3 activity was measured
spectrofluorometrically at 460 nm using a 380-nm excitation
wavelength at 37 °C for 150 s. The relative level of caspase-3
activity was expressed as nmol/mg of protein/h. Results are
expressed as the percentage of control (mean � S.E.) and were
obtained from three separate experiments.
Statistics—All data are expressed as the mean � S.E. Statis-

tical significance was determined by t test or analysis of
variance.

RESULTS

Effects of GH on NF-�B p65 DNA Binding in Growth Plate
Chondrocytes—To determine whether GH specifically induces
NF-�B activation in growth plate chondrocytes, we evaluated
the binding of NF-�B p65 to nuclear DNA. Chondrocytes iso-
lated from rat metatarsal growth plates were cultured in the
absence or presence of graded concentrations of GH (1, 10, and
100 ng/ml). 10 and 100 ng/ml GH induced NF-�B-DNA bind-
ing in chondrocytes in a dose-dependent manner (Fig. 1A, p �

0.001 versus control). Such stimulatory effect was detected first
after 5 min and up to 24 h of treatment. Co-treatment of chon-
drocytes with 10 ng/ml GH (the lowest concentration of GH
inducingNF-�B-DNAbinding) and PDTCprevented this stim-
ulatory effect of GH, whereas the addition of 10 ng/ml GH to
the culture medium of chondrocytes previously transfected
with p65 siRNA did notmodify NF-�B p65-DNA binding com-
pared with untreated chondrocytes transfected with a control
siRNA (Fig. 1B and supplemental Table 1).
Effects of GH and NF-�B onMetatarsal Longitudinal Growth

and Metatarsal Growth Plate Chondrogenesis—To determine
whether the stimulatory effects of GH on longitudinal bone
growth and growth plate chondrogenesis are mediated by
NF-�B,we cultured ratmetatarsal bones in serum-freemedium
in the absence or presence of the lowest effective concentration
ofGH (10 ng/ml). After 3 days of culture, GH significantly stim-
ulated metatarsal longitudinal growth (Fig. 2A, p � 0.05, and
supplemental Table 2). We then evaluated the effects of GH on
the metatarsal growth plate morphology: 10 ng/ml GH in-
creased the metatarsal growth plate proliferative and hyper-
trophic zone heights (Fig. 2B, p� 0.01, and supplemental Table
2). The addition of PDTC to the serum-freemediumof cultured
metatarsal bones neutralized all of the stimulatory effects ofGH
on metatarsal longitudinal growth and growth plate morphol-
ogy (Fig. 2, A and B, p � 0.05 versus GH, and supplemental
Table 2). To determine the effects of GH on growth plate chon-
drocyte proliferation, we examined the in situ [3H]thymidine
incorporation into the metatarsal bones at the end of the cul-
ture period (3 days). GH significantly increased [3H]thymidine
incorporation into the growth plate epiphyseal and prolifera-
tive zones, whereas co-treatment with PDTC abolished such
effect (Fig. 2C, labeling index, and supplemental Fig. 2, repre-
sentative sections of untreated and treated metatarsals). We
then evaluated the effects ofGHon chondrocyte differentiation
by assessingmRNAexpression of collagenX (amarker of chon-
drocyte differentiation) in the metatarsal growth plate. In situ
hybridization revealed a more intense and more discrete
expression in the hypertrophic zone of the metatarsals treated
with GH when compared with untreated controls or PDTC-
treated metatarsal bones (supplemental Fig. 3, in situ hybrid-
ization, representative sections of untreated and treated meta-
tarsals); the addition of PDTC in the culture medium
neutralized the stimulatory effect induced by GH on collagen X
mRNA expression (supplemental Fig. 3).
In light of the regulatory role of NF-�B on chondrocyte apo-

ptosis, we evaluated the effects of GH and PDTC on growth
plate in situ cell death. Metatarsals cultured with 1 mM SNP (a
known inducer of apoptosis) exhibited increased cell death (Fig.
2D, apoptotic index, p � 0.001 versus control, and supplemen-
tal Fig. 4, representative photographs) when compared with
untreated metatarsals. The addition of 10 ng/ml GH to the cul-
ture medium of the SNP-treated metatarsals partially pre-
vented the SNP-mediated increase of cell death, and such effect
was partially neutralized by the addition of PDTC (Fig. 2D and
supplemental Fig. 4).
Effects of GH, PDTC, and NF-�B p65 siRNA on Chondrocyte

Proliferation, Differentiation, and Apoptosis—To evaluate the
interaction between GH and NF-�B p65 in regulating growth

FIGURE 1. Effects of GH on NF-�B p65-DNA binding activity. NF-�B p65-
DNA binding activity was determined by an enzyme-linked immunosorbent
assay according to the manufacturer’s instructions. A, chondrocytes were cul-
tured in the absence or presence of 1, 10, or 100 ng/ml GH for the indicated
time intervals (�, minutes). B, chondrocytes were transfected with a control
siRNA or NF-�B p65 siRNA and cultured in the absence or presence of 10
ng/ml GH with or without 1 �M PDTC. Results are expressed as the percentage
of control and represent means � S.E. obtained from three independent
experiments.
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plate chondrocyte function, we isolated chondrocytes from
metatarsal growth plates and cultured them in serum-free
medium in the absence or presence of the lowest GH concen-
tration inducing NF-�B p65-DNA binding (10 ng/ml). GH
increased chondrocyte proliferation (assessed by [3H]thymi-
dine incorporation; Fig. 3A, p � 0.01 versus control, and sup-
plemental Table 1) and differentiation (assessed by real time
PCR analysis of collagen XmRNA expression; Fig. 3B, p � 0.05
versus control, and supplemental Table 1), whereas co-treat-
ment with PDTC or chondrocyte transfection with p65 siRNA
prevented such stimulatory effects (Fig. 3,A and B, and supple-
mental Table 1). To assess the interaction between GH and
NF-�B p65 on chondrocyte apoptosis, we evaluated in situ cell
death and caspase-3 activity. Chondrocytes cultured with 1mM

SNP exhibited increased cell death (Fig. 4A, apoptotic index,
p � 0.001 versus control; supplemental Fig. 5, representative
photographs; and supplemental Table 3) and caspase-3 activity
(Fig. 4B, p � 0.001 versus control, and supplemental Table 3)
when compared with untreated chondrocytes. The addition of
10 ng/ml GH to the culture medium of the SNP-treated chon-
drocytes partially prevented the SNP-mediated increase of cell
death and caspase-3 activity, and both effects were partially
neutralized by the addition of PDTC (Fig. 4, supplemental Fig.
5, and supplemental Table 3).
Interaction between GH, Stat5b, and NF-�B p65—To deter-

mine whether GH activates NF-�B p65 via Stat5b, we cultured

chondrocytes transfected with a control siRNA or Stat5b
siRNA in the absence or presence of 10 ng/ml GH and then
evaluated the binding of NF-�B p65 to DNA. The addition of
GH in the medium of control siRNA-transfected chondrocytes
induced NF-�B p65-DNA binding (Fig. 5A, p � 0.001 versus
untreated control siRNA-transfected chondrocytes). How-
ever, no stimulatory effect was elicited by GH in Stat5b
siRNA-transfected chondrocytes compared with untreated
chondrocytes transfected with a control siRNA (Fig. 5A). We
then studied Stat5b phosphorylation by Western blot in chon-
drocytes cultured in the absence or presence of 10 ng/ml GH.
The addition of GH in the culturemedium induced Stat5 phos-
phorylation as early as 5 min and up to 24 h of treatment (sup-
plemental Fig. 6 and supplemental Table 4). Such GH stimula-
tory effect was prevented by the co-treatment with PDTC or by
chondrocyte transfectionwith p65 siRNA (Fig. 5B). These find-
ings suggest a reciprocal functional interaction betweenNF-�B
p65 and Stat5b.
Effects of GH, PDTC, and NF-�B p65 siRNA on IGF-1 and

BMP-2 Expression—Because GH is known to modulate the
expression of IGF-1, we evaluatedwhether this effect wasmedi-
ated by NF-�B p65 activity. The addition of 10 ng/ml GH in the
culture medium of control siRNA-transfected chondrocytes
induced IGF-I mRNA expression (assessed by real time PCR;
Fig. 6A, p � 0.001 versus control, and supplemental Table 1)
and protein expression (assessed by Western blot; Fig. 6B)

FIGURE 2. Effects of GH on metatarsal linear growth and metatarsal growth plate morphology. Fetal mouse metatarsals were cultured for 3 days in
serum-free minimum essential medium in the absence or presence of GH (10 ng/ml, the lowest GH concentration inducing NF-�B p65-DNA binding activity)
with or without 1 �M PDTC. A, bone length was measured daily using an eyepiece micrometer in a dissecting microscope. B, at the end of the experimental
period, metatarsal bones were fixed and paraffin-embedded. Three 5–7-�m-thick longitudinal sections were obtained and stained with hematoxylin. The
metatarsal growth plate zone heights were measured by one observer blinded to the treatment groups. EZ, epiphyseal zone; PZ, proliferative zone; HZ,
hypertrophic zone. C, after 3 days in culture, [3H]thymidine was added to the culture medium at a final concentration of 5 �Ci/ml. Bone rudiments were
incubated for an additional 5 h. The labeling index was calculated as the number of [3H]thymidine-labeled cells per grid divided by the total number of cells per
grid. For each treatment group, we sampled five bones and analyzed both growth plates of each of three longitudinal sections per bone (15 bone sections per
group). All determinations were made by the same observer blinded to the treatment category. D, after 3 days in culture, metatarsal bones were fixed in 4%
phosphate-buffered paraformaldehyde and embedded in paraffin. 5–7-�m-thick longitudinal sections were obtained and treated with terminal deoxynucle-
otidyltransferase-mediated deoxy-UTP nick end labeling (TUNEL) assay. The apoptotic index was calculated as described under “Experimental Procedures.”
Results are expressed as the percentage of untreated control (mean � S.E.).
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when compared with untreated control siRNA-transfected
chondrocytes; in contrast, GHdid notmodify IGF-1 expression
in chondrocytes transfected with p65 siRNA (Fig. 6, A and B,
and supplemental Table 1). The stimulatory effects of GH on
IGF-1 expression in control siRNA-transfected chondrocytes
were neutralized by the addition of PDTC in the culture
medium (Fig. 6, A and B, and supplemental Table 1).
To determine whether GH regulates BMP-2 expression

through NF-�B p65, we cultured growth plate chondrocytes
in the presence or absence of GH, with or without PDTC, or after
transfection of control siRNA or p65 siRNA. GH significantly
stimulated BMP-2 mRNA (assessed by real time PCR; Fig. 6C
and supplemental Table 1) and protein expression (assessed by
Western blot; Fig. 6D) in control siRNA-transfected chondro-
cytes, whereas addition of PDTC neutralized such stimulatory
effects (Fig. 6, C andD, and supplemental Table 1). GH did not
modify BMP-2 expression in chondrocytes transfected with
p65 siRNA (Fig. 6, C and D, and supplemental Table 1).

DISCUSSION

Our findings indicate that GH induces the activity of NF-�B
p65 (an importantmember of theNF-�B family of transcription
factors) in growth plate chondrocytes. In addition, we have
demonstrated that NF-�B mediates the stimulatory effects of
GH onmetatarsal longitudinal growth and growth plate forma-
tion. Such effect on bone growth and growth plate chondrogen-
esis results from the permissive role of NF-�B p65 on the
GH-mediated induction of chondrocyte proliferation and dif-
ferentiation and prevention of chondrocyte apoptosis.
We have previously shown that NF-�B p65 is expressed in

the murine growth plate, and it facilitates growth plate chon-
drogenesis (7). In addition, we have demonstrated that skin
fibroblasts isolated from a child harboring a heterozygous
mutation of I�B� (responsible for impairedNF-�Bp65 activity)
exhibited an absent proliferative response to GH in vitro (11).
The addition of GH to the culture medium of mutated fibro-
blasts failed to induce IGF-1mRNAand protein expression and
Stat5b phosphorylation with all these findings reflecting GH
insensitivity. Additional evidence supports a functional inter-
action between GH and NF-�B: it has been shown that GH

FIGURE 3. Effects of GH, PDTC, and NF-�B p65 siRNA on chondrocyte pro-
liferation and collagen X expression. Chondrocytes were washed with
fresh serum-free DMEM, seeded in a 24-well plate, transfected with control
siRNA or NF-�B p65 siRNA, and cultured in the absence or presence of 10
ng/ml GH with or without 1 �M PDTC. A, at the end of culture period, chon-
drocytes were added with 2.5 �Ci/well [3H]thymidine (Amersham Biosci-
ences) 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 the percentage 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 “Experimental Procedures.” The rela-
tive expression levels of mRNA were normalized by �-actin in the same sam-
ples. Results are expressed as -fold change compared with control
siRNA-transfected chondrocytes (mean � S.E.).

FIGURE 4. Effects of GH and PDTC on chondrocyte apoptotic index and
caspase-3 activity. A, chondrocytes incubated with 1 mM SNP in the pres-
ence or absence of 10 ng/ml GH and/or 1 �M PDTC were washed with PBS
three time, fixed in �10 °C methanol for 5 min, and then air-dried. Apoptotic
cells were identified by TdT-FragEL assay according to the manufacturer’s
instructions. The apoptotic index was calculated as described under “Experi-
mental Procedures.” Results are expressed as the percentage of untreated
control (mean � S.E.). B, cytosolic caspase-3 activity in chondrocytes was
analyzed by a colorimetric assay. Results are expressed as the percentage of
untreated control (mean � S.E.).
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exerts antiapoptotic and proliferative effects through NF-�B in
murine pro-B lymphocytes (12, 13). In addition, GH has been
found to increase NF-�B activity in neutrophils of rats treated
with lipopolysaccharide (14).
GH is a potent stimulator of longitudinal bone growth: GH

deficiency or insensitivity markedly impairs human postna-
tal growth (15–17). The role of the GH-IGF-1 axis in longi-
tudinal bone growth has also been evaluated by genetic tar-
geting of its components in mice. Mice lacking the GH gene
exhibit a reduction in postnatal growth (18), whereas mice
lacking the igf-1 gene show intrauterine as well as postnatal
growth retardation. Although IGF-1 has long been known as
the mediator of the systemic effects of GH on somatic
growth, more recent evidence indicates that GH can also
stimulate longitudinal bone growth by a local action on the
growth plate. Injection of GH into the tibial growth plate
accelerates longitudinal growth in the injected growth plate
compared with the vehicle-injected contralateral growth
plate (19). The addition of GH in the culture medium of
whole rat metatarsal bones stimulates the metatarsal linear
growth (20). In addition, in cultured growth plate chondro-
cytes, GH induces chondrocyte proliferation and IGF-I
secretion (21). In support of a direct effect of GH on the
growth plate, growth hormone receptor has been demon-
strated in rabbit (22), rat (23), and human (24) growth plate
chondrocytes.
GH action in mammalian cells is mediated by binding to

the transmembrane growth hormone receptor, thereby trig-
gering increased association with and activation of Janus
kinases (JAKs) (25–27), which in turn leads to the activation
of signal transducers and activators of transcription (STATs)
(28–30), the phosphatidylinositol 3-kinase (PI3K)/Akt sys-
tem (31, 32), and the extracellular signal-regulated kinases 1
and 2 (ERKs 1 and 2) (33–35). Recent studies have demon-
strated that GH stimulates IGF-1 gene transcription through
the activation of Stat5b (36), and findings in experimental
animals and in humans have shown that the absence or

mutations of the Stat5b gene are associated with diminished
postnatal growth, GH resistance, and reduced IGF-1 synthe-
sis (15, 37, 38).
In our study, the targeted silencing of Stat5b through Stat5b

siRNA transfection prevented the GH-induced NF-�B p65-
DNA binding, thus indicating that GH-mediated induction of
NF-�B p65 activity in chondrocytes is Stat5b-dependent. In
addition, the inhibition of NF-�B p65 via treatment with PDTC
or p65 siRNA transfection prevented theGH-dependent Stat5b
phosphorylation. Thus, these findings suggest a reciprocal
functional interaction of these two GH-dependent signaling
pathways. The timing of this functional interaction is not
entirely clear because GH appears to induce both NF-�B
nuclear translocation and Stat5b phosphorylation between 1
and 5 min of treatment. It is conceivable that NF-�B activa-
tion and Stat5b phosphorylation may be initiated indepen-
dently and that they need to reciprocally interact to persist
overtime. Recent evidence supports our findings relative to
NF-�B p65 and Stat5b: depletion of Stat5 in lymphoid tumor
cells leads to reduced NF-�B-DNA binding (39). On the other
hand, increased activity of NF-�B resulting in up-regulated lev-
els of STAT5 has been demonstrated in tumor cells (40) and
transgenic mouse livers overexpressing I�B kinase (41). In con-
trast, thymocytes and T cells of transgenic mice with down-
regulated NF-�B exhibit a dramatic reduction of STAT5 acti-
vation (42).
In light of the demonstrated interaction between NF-�B p65

and Stat5b in chondrocytes and of the known permissive role of
Stat5b in the GH-dependent activation of IGF expression, we
evaluated whether NF-�B p65 activity in chondrocytes medi-
ates the GH effects on IGF-1. The targeted silencing of NF-�B
p65 expression or activity prevented the GH stimulation of
IGF-1 mRNA and protein expression, suggesting that both
Stat5b and NF-�B p65 are necessary to mediate the GH stimu-
latory effects on IGF-1 in chondrocytes. Interestingly, we have
previously shown that NF-�B p65 mediates the stimulatory
effects of IGF-1 on chondrocyte proliferation and differentia-

FIGURE 5. Interaction between GH, NF-�B p65, and Stat5B. A, chondrocytes transfected with control siRNA or Stat5b siRNA were cultured in the absence or
presence of 10 ng/ml GH. NF-�B p65-DNA binding was determined by an enzyme-linked immunosorbent assay according to the manufacturer’s instructions.
Results are expressed as the percentage of untreated control siRNA-transfected chondrocytes and represent mean values obtained from three independent
experiments. B, chondrocytes transfected with control siRNA or NF-�B p65 siRNA were cultured in the absence or presence of 10 ng/ml GH with or without 1
�M PDTC. At the end of the culture period, chondrocytes were harvested, lysed, electrophoresed, and immunoblotted for phospho-STAT5 (p-STAT5) and the
loading control �-actin. A representative blot from three independent experiments is presented. The intensity of the bands on Western blots was analyzed by
NIH ImageJ. Results are expressed as the ratio of phospho-STAT5 to total STAT5 (mean � S.E.).
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tion and demonstrated its preventive effects on chondrocyte
apoptosis (8). Thus, our study supports a reciprocal functional
interaction between NF-�B p65 and IGF-1 in which the tran-
scription factor modulates both IGF-1 synthesis and action in
growth plate chondrocytes.
BMPs are important modulators of skeletal growth and

development. We have previously demonstrated that BMP-2
stimulates longitudinal bone growth and growth plate chon-
drogenesis (43), and BMP-2 expression and activity in growth
plate chondrocyte function are regulated by NF-�B p65 (7). In
this study, we show that the NF-�B p65 activation by GH also
induces BMP-2 expression, which suggests that GH may pro-
mote growth plate chondrocyte function by activating both
IGF-1 and BMP-2 activity.
In conclusion, our findings indicate that GH stimulates

NF-�B p65 nuclear translocation and DNA binding in growth
plate chondrocytes. Such stimulatory effect is necessary for the
GH-dependent modulation of chondrocyte proliferation, dif-
ferentiation, and apoptosis. The induction of IGF-1 and BMP-2
expression by GH in growth plate chondrocytes, via the activa-
tion of NF-�B p65, suggests that multiple signaling pathways

mediate the promoting effects of GH on growth plate chondro-
genesis and longitudinal bone growth.
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