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The collagen X gene is expressed exclusively by dif-
erentiated, hypertrophic chondrocytes. The mecha-
isms controlling collagen X expression remain

argely unknown. Here we show that collagen X pro-
oter activity can be induced by serum stimulation of

hondrogenic MCT cells. The serum response is con-
erred by a 462 nucleotide promoter fragment. Both
he c-Raf/MEK/ERK and p38 MAP kinase pathways are
equired for this effect, whereas phosphatidylinositol-
-kinase and protein kinase A repress promoter acti-
ation. These data are the first to demonstrate serum
nducibility of the collagen X promoter and to identify
ignal transduction pathways involved. © 1999 Academic

ress

Key Words: collagen X; chondrocytes; c-Raf; p38;
RK.

Longitudinal growth of endochondral bones is regu-
ated by the coordinated proliferation and differentia-
ion of growth plate chondrocytes (recently reviewed in
1]). Maintenance of the fine balance between prolifer-
tion and differentiation of growth plate chondrocytes
s crucial for normal development of the skeleton, since
isruption of this balance can cause skeletal deformi-
ies, dwarfism, and frequently death (reviewed in [2,
]). However, little is known about the intracellular
echanisms controlling chondrocyte proliferation and

ifferentiation.
The collagen X gene is the classical marker gene

or differentiated, hypertrophic chondrocytes [4].
utations in the human collagen X gene cause

chmid Metaphyseal Chondrodysplasia, a heritable
keletal disorder [5, 6]. Similar phenotypes have

1 Corresponding author. Fax: 403 283 5666. E-mail: vpalu@acs.
calgary.ca.
Abbreviations used: DMSO, dimethylsulfoxide; ERK, extracellular

ignal-regulated kinase; FBS, fetal bovine serum; JNK, c-Jun
-terminal kinase; MAP, mitogen-activated kinase; MEF, myocyte

nhancer factor; MEK, MAP/ERK kinase.
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ominant-negative collagen X gene [7] and in colla-
en X-null mice [8]. Since the collagen X gene is
xclusively expressed by hypertrophic chondrocytes,
tudies of the regulation of collagen X expression
ould reveal mechanisms regulating chondrocyte dif-
erentiation into hypertrophic cells.

Although it has been shown that regulation of
xpression of the chicken collagen X gene occurs at
he level of transcription [9, 10], the signaling path-
ays and transcription factors controlling collagen X
romoter activity remain unknown. We have shown
reviously that the c-Raf/MEK/ERK pathway is nec-
ssary for maximal collagen X promoter activity in
hondrogenic MCT cells [11], which display several
haracteristics of hypertrophic chondrocytes [12].
ere we show that collagen X promoter activity is

nduced by serum and that this induction involves
he c-Raf/MEK/ERK pathway, as well as the related
38 pathway.

ATERIALS AND METHODS

Materials. The human collagen X promoter plasmids pGlXH3000,
GlH2500, pGlBH900, and pGlSH500 have been described [12, 13].
xpression vectors for dominant-negative c-Raf [14] and dominant-
egative ERK, JNK, and p38 were generously provided by Drs. U.
app and R. Davis, respectively. The chemical inhibitors PD98059,
B202190, wortmannin and H-89 were purchased from Calbiochem
nd dissolved in DMSO.

Cell culture, transfections, and luciferase assays. Cell culture of
CT cells [11], transfections, luciferase assays, and statistical anal-

ses of luciferase data were done as described [12]. Luciferase data
re given as the average of three independent transfection experi-
ents. After transfections, cells were cultured in serum-free medium

or 48 hours. This medium was then replaced with medium contain-
ng the indicated amount of FBS, and cells were harvested for lucif-
rase assays at the indicated time points. For cotransfections, 1 mg of
ollagen X reporter plasmid was cotransfected with 0.2 mg of
RlSV40 (Promega; for standardization), and 0.3 mg of empty expres-
ion vector or expression vectors for dominant-negative c-Raf, ERK,
NK, or p38.
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ESULTS

Collagen X promoter activity is induced by serum.
erum has been shown to regulate chondrocyte differ-
ntiation and collagen X mRNA expression in a dose-
ependent manner [11, 15]. We examined the effects of
erum on collagen X promoter activity by transfection
f the plasmid pGlXH3000, containing 2864 nucleo-
ides of the collagen X promoter [12, 13], into MCT cells
hat express collagen X [11]. Cells were incubated in
erum-free medium for 48 hours. Medium was then
xchanged for medium containing 0, 1, or 10% FBS.
ells were harvested at 0, 6, 12, 18, and 24 hours of
erum stimulation for determination of luciferase ac-
ivity. Stimulation of promoter activity was detected
fter 12 hours with 1 and 10% FBS and reached max-
mal activity at 18 hours (Fig. 1). 1% FBS was 40%

ore effective in stimulation of collagen X promoter
ctivity then 10% FBS.

Medium containing 1–2% FBS yields optimal stimu-
ation of collagen X promoter activity. Next we
anted to determine the optimal serum concentration

or stimulation of collagen X promoter activity. MCT
ells were transfected with pGlXH3000, serum-starved
or 48 hours, and restimulated with 0, 0.1, 0.5, 1, 2, 5,
nd 10% FBS. After 18 hours, cells were harvested for
easurement of luciferase activity (Fig. 2). Whereas

.1 and 0.5% FBS had relatively little effect on collagen
promoter activity, 1% and 2% induced an approxi-
ate 4-fold increase in promoter activity. This effect
as weaker with higher FBS concentrations which
nly induced promoter activity approximately 2-fold.

FIG. 1. Serum induction of the collagen X promoter. MCT cells
ours, and restimulated with medium containing 0, 1, or 10% FBS. A
ctivity was measured and standardized to Renilla luciferase act
eviations from three independent experiments are shown.
51
The basal collagen X promoter confers serum induc-
ion. We transfected several different collagen X pro-
oter constructs [12, 13] into MCT cells to analyze

e transfected with pGlXH3000 and pRlSV40, serum-starved for 48
0, 6, 12, 18, and 24 hours, cells were harvested and firefly luciferase

y to yield the relative luciferase activity. Average and standard

FIG. 2. Effect of serum concentration on collagen X promoter
ctivity. MCT cells were transfected with pGlXH3000 and pRlSV40,
erum-starved for 48 hours, and restimulated with medium contain-
ng 0, 0.1, 0.5, 1, 2, 5, or 10% FBS. After 18 hours, cells were
arvested and firefly luciferase activity was measured and standard-

zed to Renilla luciferase activity to yield the relative luciferase
ctivity. Average and standard deviations from three independent
xperiments are shown.
wer
fter
ivit



w
i
b
T
s
i

s
S
s
i
i
p
e
d
c
1
m
2
(
s
d
f
w
d
c

dominant-negative form caused a 30% reduction in
c

r
T
s
p
s
F
f
w
i
6
H
w
K
p

D

p
n
W
X
f

o
t
t
J
h
h
s
r
t

m
p
a
c
s
e
d

Vol. 262, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
hich part of the promoter is responsible for serum
nduction. All tested promoter fragments were induced
y stimulation with 1% FBS for 18 hours (Fig. 3).
he plasmids pGlH2500, pGlBH900, and pGlSH500
howed a 5- to 6-fold induction, compared to a 3.8-fold
nduction of pGlXH3000.

The c-Raf/MEK/ERK and p38 pathways are neces-
ary for serum induction of the collagen X promoter.
ince the plasmid pGlSH500, which is responsive to
erum, requires the c-raf/MEK/ERK pathway for max-
mal activity [12], we next tested whether this pathway
s involved in the serum stimulation of the collagen X
romoter. pGlXH3000 was cotransfected with either
mpty expression vector or an expression vector for a
ominant-negative form of c-Raf (C4B; [14]) into MCT
ells. After serum starvation and restimulation with
% FBS for 18 hours, luciferase activities were deter-
ined. The dominant-negative form of c-Raf caused a

.5-fold reduction in serum-induced promoter activity
Fig. 4). A similar result was obtained when an expres-
ion vector for a dominant-negative form of ERK1, a
ownstream target of c-Raf signaling, was cotrans-
ected with pGlXH3000. In contrast cotransfection
ith dominant-negative JNK, a related MAP kinase,
id not affect collagen X promoter activity signifi-
antly. Inhibition of a third MAP kinase, p38, with a

FIG. 3. Effect of serum stimulation on collagen promoter frag-
ents. MCT cells were transfected with pRlSV40 and pGlXH3000,

GlH2500, pGlBH900, or pGlSH500, serum-starved for 48 hours,
nd restimulated with medium containing 1% FBS. After 18 hours,
ells were harvested and firefly luciferase activity was measured and
tandardized to Renilla luciferase activity to yield the relative lucif-
rase activity. Average and standard deviations from three indepen-
ent experiments are shown.
52
ollagen X promoter activity.

PhosphatidylinositoI-3-kinase and protein kinase A
epress serum induction of the collagen X promoter.
o further analyze the signaling pathways mediating
erum induction of the collagen X promoter,
GlXH3000 was transfected into MCT cells, cells were
erum starved, and the effects of stimulation with 1%
BS for 18 hours in the presence of chemical inhibitors

or several kinases was examined. 20 mM PD98059,
hich inhibits MEK1/2, and 1 mM SB202190, which

nhibits p38, reduced collagen X promoter activity by
1% and 46%, respectively (Fig. 5). In contrast, 1 mM
-89, an inhibitor of protein kinase A, and 100 nM
ortmannin, an inhibitor of Phophatidylinositol-3-
inase, caused an increase in 83% and 31% in
GlXH3000 promoter activity, respectively (Fig. 5).

ISCUSSION

Previous work had shown that serum regulates ex-
ression of collagen X mRNA in a dose-dependent man-
er in MCT cells and primary rat chondrocytes [11, 15].
hereas high concentrations of serum repress collagen
expression, low concentrations have stimulatory ef-

ects [15]. We demonstrate here that these effects are

FIG. 4. Effect of dominant-negative c-Raf, ERK1, JNK, and p38
n serum stimulation of the collagen X promoter. MCT cells were
ransfected with pGlXH3000, pRlSV40, and empty expression vec-
ors or vectors for the expression of dominant-negative c-Raf, ERK1,
NK, or p38. After transfection, cells were serum-starved for 48
ours, and restimulated with medium containing 1% FBS. After 18
ours, cells were harvested and firefly luciferase activity was mea-
ured and standardized to Renilla luciferase activity to yield the
elative luciferase activity. Average and standard deviations from
hree independent experiments are shown.
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ue—at least in part—to activation of collagen X
romoter activity. Our experiments show that 1–2%
erum had optimal effects on collagen X promoter ac-
ivity. This effect was seen in the smallest construct
ested, which contains 462 nucleotides of the human
ollagen X promoter. The largest promoter fragment,
n pGlXH3000, displayed reduced activation by serum
ompared to the other three constructs. This effect is
ost likely due to the presence of silencer elements in

his promoter fragment [13].
The 462 nucleotide basal collagen X promoter re-

uires the c-Raf/MEK/ ERK pathway for maximal ac-
ivity [12]. We show that this pathway is also necessary
or the serum-induction of the collagen X promoter. In
ddition, a second MAP kinase pathway, p38, is neces-
ary for maximal serum induction of the collagen X
romoter. Both ERK and p38 could act through a pu-
ative binding site for Ets family transcription factors
hich is conserved among the chicken, mouse, bovine,
nd human collagen X promoters [16]. However, a
inding site for MEF-2-related transcription factors
as been identified in the mouse collagen X promoter
17], and several MEF-2 proteins are among the tran-
cription factors phosphorylated by p38 [18]. Experi-

FIG. 5. Effect of chemical inhibitors on serum stimulation of the
ollagen X promoter. MCT cells were transfected with pGlXH3000
nd pRlSV40, serum-starved for 48 hours, and restimulated with
edium containing 1% FBS. At the time of serum stimulation,
MSO or 20 mM PD98059, 1 mM SB202190, 1 mM H-89, or 100 nM
ortmannin were added. After 18 hours, cells were harvested and
refly luciferase activity was measured and standardized to Renilla

uciferase activity to yield the relative luciferase activity. Average
nd standard deviations from three independent experiments are
hown.
53
n the collagen X promoter targeted by the ERK and
38 pathways.
In contrast to the described MAP kinases,

hosphatidylinositol-3-Kinase and Protein Kinase A
ppear to repress the activity of the collagen X pro-
oter, since their inhibition causes increased promoter

ctivity. These data suggest that a wide variety of
ignal transduction pathways contribute to the regula-
ion of collagen X transcription. It remains to be deter-
ined whether or not these pathways act directly on

he collagen X promoter, and what role they play in the
egulation of chondrocyte proliferation and differenti-
tion.
In summary, our data show for the first time that the

ollagen X promoter is induced by serum stimulation,
nd that the c-Raf/MEK/ERK and p38 MAP kinase
athways are necessary for maximal induction. These
ata suggest a surprisingly complex regulation of col-
agen X transcription and form a basis for the complete
lucidation of the mechanisms controlling collagen X
xpression and chondrocyte differentiation during nor-
al and pathological skeletal development.
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