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Abstract

Cartilage intermediate layer protein (CILP) is an extracellular matrix protein abundant in cartilaginous tissues. CILP is implicated in
common musculoskeletal disorders, including osteoarthritis and lumbar disc disease. Regulation of the CILP gene is largely unknown,
however. We have found that CILP mRNA expression is induced by TGF-1 and dependent upon signaling via TGF-p receptors.
TGF-B1 induction of CILP is mediated by Smad3, which acts directly through cis-elements in the CILP promoter region. Pathways
other than Smad3 also are involved in TGF-B1 induction of CILP. These observations, together with the finding that CILP protein binds
and inhibits TGF-B1, suggest that CILP and TGF-1 may form a functional feedback loop that controls chondrocyte metabolism.

© 2006 Elsevier Inc. All rights reserved.
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Cartilage intermediate layer protein (CILP) is a mono-
meric glycoprotein that resides in the extracellular matrix
(ECM). 1t is expressed chiefly in the middle (intermediate)
zone of human articular cartilage [1] but also localizes to
meniscus [2], tendon, ligament [3], synovial membrane [4],
and intervertebral disc [5]. A pro-form of two polypeptides,
CILP, is post-translationally processed into amino (N)-
and carboxyl (C)-terminal halves. N-terminal CILP binds
TGF-B1 directly in vitro and acts as a negative regulator
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of TGF-B1 in chondrocytes from rabbit nucleus pulposus
[5]. Sequence homology suggests that C-terminal CILP
functions as nucleotide pyrophosphohydrolase [6,7],
although its enzymatic activity remains uncertain [2,5].
CILP has been implicated in several diseases that affect
cartilage. Its expression increases substantially in associa-
tion with aging in human articular cartilage. In osteoarthri-
tis (OA), CILP is among the few cartilage matrix proteins
whose expression is up-regulated in early and late stages
of the disease [1,8]. Genetic analysis has shown significant
association between a single nucleotide polymorphism
(SNP) in CILP and OA progression [9]. In mice, injection
of recombinant CILP induces arthropathy [10]. CILP
expression also is up-regulated in articular cartilage from
patients with calcium pyrophosphate dihydrate (CPPD)
crystal deposition disease [11]. Finally, we have shown that
CILP is associated with lumbar disc disease (LDD), and its
expression is markedly increased in the intervertebral discs
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of LDD patients [5]. These findings indicate that CILP is
important in maintaining cartilage homeostasis in humans,
and its dysfunction contributes to various diseases. Howev-
er, regulation of the CILP gene remains largely unknown.
In this study, we investigated the transcriptional regula-
tion of CILP. We show that CILP mRNA expression is
induced by TGF-B1, in a manner dependent upon signaling
via the type I TGF-B receptor (TB-RI). TGF-p signal is
mediated directly by Smad3, as evidenced by the induction
of CILP mRNA expression in cells over-expressing Smad3
and the presence of Smad3-responsive elements in the
CILP promoter region. We also show that pathways other
than Smad are involved in TGF-B1 induction of CILP.

Materials and methods

Cell culture. HuH-7 cells were obtained from the RIKEN Cell Bank
(Tsukuba, Japan) and HeLa cells from the JCRB Cell Bank (Osaka,
Japan). HEK293 cells were purchased from Clontech (Palo Alto, CA).
CS-OKB cells were a gift from Dr. Chano (Shiga University of Medical
Science). These cell lines and HCS-2/8 cells [12] were cultured in Dul-
becco’s modified Eagle’s medium (DMEM)-high glucose supplemented
with penicillin (50 U/ml), streptomycin (50 pg/ml), and 10% fetal bovine
serum (FBS). OUMS-27 cells were obtained from the IFO Animal Cell
Bank (Osaka, Japan) and cultured in DMEM-high glucose supple-
mented with kanamycin (50 pg/ml) and 10% FBS. ATDCS5 cells were
obtained from the RIKEN Cell Bank and maintained in a 1:1 mixture
of DMEM and Ham’s F12 medium (DMEM/F12) (Invitrogen, Carls-
bad, CA), supplemented with 5% FBS and antibiotics (100 U/ml peni-
cillin G and 100 pg/ml streptomycin). Cells were plated at 3 x 10* cells
per well in 12-well tissue culture plates. After cells reached confluence,
the culture medium was replaced with differentiation medium (DMEM/
F12 supplemented with 5% FBS, antibiotics, 10 pg/ml bovine insulin,
10 ug/ml human transferrin, and 3 x 1078 M sodium selenite) and cul-
tured for various experimental time periods. The growth medium was
replaced every other day.

Construction of plasmids. CILP promoter-luciferase fusion genes were
constructed in the pGL3-basic or pGL3-promoter vector (Promega,
Madison, WI). Various CILP fragments were amplified by PCR using
primer pairs containing Mlul- or Nhel-cleaved restriction sites at the
5’ ends. DNA sequences of PCR products were verified by automated
DNA sequencing (model 3700; ABI, Foster City, CA). The SBE4-Lux
reporter construct was made by annealing primers 5-GATCTAAG
TCTAGACGGCAGTCTAGAC-3" and 5-GATCGTCTAGACTGCCG
TCTAGACTTA-3' then concatemerizing them into the Bg/II site of the
pGL3 promoter vector (Promega). Full-length cDNAs encoding SOX9,
SOXS5, and SOX6 were PCR amplified and cloned into the pEGFP-C1 or
pShuttle mammalian expression vector (Clontech). The full-length cDNA
encoding Smad3 was PCR amplified and cloned into the pcDNA3.1(+)
vector.

Luciferase reporter assay. Cells were plated at a density of 5 x 10* cells
per well in 24-well tissue culture plates. Using FuGENEG6 (Roche Applied
Science, Mannheim, Germany), luciferase reporter plasmids were
co-transfected with the pRL-TK plasmid as an internal control for
transfection efficiency. Cells were harvested 48 h after transfection, and
luciferase activity was measured using the PG-DUAL-SP Reporter Assay
System (Toyo Ink, Tokyo, Japan). Relative transcriptional activity was
calculated as the ratio of luciferase activity from the experimental vector
to that from the internal control vector.

Real-time quantitative PCR assays. Total RNAs were isolated from
cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and digested
with DNasel. Total RNA (500 ng) was reverse transcribed into cDNA
using the Tagman Core Reagent Kit (ABI) according to the manufac-
turer’s protocol. An aliquot (2 pl) of the reaction was used as a template
for the second step of SYBR Green real-time PCR (Qiagen). Partial

cDNAs of CILP and GAPDH were amplified by PCR using the primer
sequences 5'-CCACCATCAAGGCAGAGTTT-3' and 5'-CTGCACTGG
ATCTCCCTTTC-3, 5~ ACCACAGTCCATGCCATCAC-3', and 5'-TC
CACCACCCTGTTGCTGTA-3', respectively, and cloned into the
pCR-TOPOII vector. In ATDCS cells, first-strand cDNA was amplified
using 5'-AAAGATGCTGACCCGAACAG-3" and 5-GCTTTGCAGCA
CAGAGACAC-3' for Cilp, 5-GCCAAGACCTGAAACTCTGC-3' and
5'-GCCATAGCTGAAGTGGAAGC-3' for Col2al, 5'-CCAAACC
AGCCTGACAACTT-3" and 5-TCTAGCATGCTCCACCACTG-3' for
Agcl, 5'-CATAAAGGGCCCACTTGCTA-3' and 5-TGGCTGATATT
CCTGGTGGT-3' for CollOal, 5'-TTGCTTCAGCTCCACAGAGA-3’
and 5-GTTGGACAACTGCTCCACCT-3' for Tgfbl, and 5'-ACCAC
AGTCCATGCCATCAC-3’ and 5-TCCACCACCCTGTTGCTGTA-3’
for Gapdh. Primer sequences for each quantitative PCR are available on
request. SYBR Green PCR amplification and real-time fluorescence
detection were performed using the ABI PRISM 7700 sequence detection
system. PCR cycling conditions were as follows: 94 °C for 15 min,
followed by 40 cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30s.

Inhibition of intracellular signaling mediators. Downstream signaling
from TGF-B/TB-RI was examined by measuring the effects of biochemical
inhibitors on TGF-Bl-stimulated CILP induction. Specific inhibitors
included SB-431542 for TGF-f type 1-receptor kinase activity, LY-294002
for phosphatidylinositol 3-kinase (PI3 kinase), U-0126 for extracellular
signal-regulated kinase (ERK1/2), H-89 for protein kinase A, and SB-
203580 for p38 mitogen-activated protein kinase (MAPK).

Huh-7 cells were seeded at 5x 10* cells per well in 12-well tissue
culture plates, in DMEM-high glucose supplemented with penicillin
(50 U/ml), streptomycin (50 pg/ml), and 10% FBS. The following day,
the growth medium was replaced with the same mixture containing
0.2% FBS. On the third day, cells were treated with signal inhibitors
(dissolved and diluted in 10 mM DMSO) 4 h before adding TGF-pl1
(1 ng/ml), at concentrations determined by preliminary experiments
(data not shown). CILP mRNA expression was measured using real-
time quantitative PCR assays. The inhibitor effects were evaluated by
measuring relative CILP mRNA expression, calculated as the ratio of
TGF-Bl-stimulated expression in the presence or absence of
inhibitors.

Results

CILP mRNA expression in various human cell lines and
during chondrocyte differentiation

We measured expression of CILP mRNA in various
human cell lines using real-time quantitative PCR. Sub-
stantial CILP expression was detected in chondrogenic cell
lines and HEK?293 cells (Fig. 1). We also examined Cilp
expression during chondrocyte differentiation using
ATDCS cells, an in vitro model of chondrogenesis [13]
(Fig. 2). Cilp expression increased until day 10, then
decreased. The increase in Cilp expression preceded those
of Agcl and Col2al, suggesting an earlier role in chondro-
cyte differentiation. Cilp mRNA expression also paralleled
the expression of Tgfbl.

Identification of core promoter of the CILP gene

To identify the core promoter of the CILP gene, we gen-
erated luciferase constructs (pGL3 basic vector) containing
various lengths of the putative promoter region and the
5’-untranslated region (5’-UTR) (+1 to +46) and measured
relative luciferase activity (RLA) in transfected HCS-2/8
cells. Various 5'-deletions from —1014 to —95 retained
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Fig. 1. CILP mRNA expression in chondrogenic (OUMS-27, CS-OKB,
and HCS-2/8) and non-chondrogenic (HuH-7, HeLa, and HEK293) cell
lines. Endogenous CILP mRNA levels were quantified by real-time PCR
and normalized to total RNA. CILP mRNA expression in increased in
chondrogenic cells. Values represent means =+ standard error of mean
(SEM) of triplicate measurements.

almost complete promoter activity, while a further deletion
to —60 showed remarkably decreased activity (Fig. 3).
Consensus sequence analysis localized the TATA box
between nucleotides —23 and —29.

Effect of SOX9 on CILP expression

SOXO9 is the critical transcription factor in chondrogen-
esis. In concert with its co-activators SOX5 and SOX®6,
SOX9 regulates the expression of cartilage matrix genes
including COL2A1, COLIIAl, and AGCI [14-16]. To
examine upstream factors in CILP expression, we tested
the effects of these SOX genes on CILP expression in
OUMS-27 cells. Expression of CILP depended neither on

1014
,,,,,, C———"9C— 1014-LUC F
460
............. . 460-LUC F
176
.................. 0 176-LUC -

+1 +46 LUC .
0 5 10 15 20

RLA

Fig. 3. Localization of the core promoter of the CILP gene. CILP
reporter gene constructs and their luciferase activities in HCS-2/8 cells.
Various lengths of promoter fragments (white boxes) were cloned into the
pGL3 reporter vector. Positions of the 5’ nucleotides relative to the
transcription start site (+1) of the CILP gene (GenBank Accession No.
NMO003613) are indicated above the boxes. Relative luciferase activity
(RLA) is calculated as the ratio of luciferase activity from the experi-
mental vector to that from the internal control vector. Sequences between
—95 and —60 contain critical elements. Values represent means + SEM of
triplicate measurements.

SOX9 alone nor on combinations of SOX9 with SOX5
or SOX6 (Fig. 4).

Effect of TGF-p1 on CILP expression

TGF-B1 is a key regulator of chondrocyte differentia-
tion and proliferation, and it is known to induce Cilp
expression in adult and young porcine chondrocytes
[17]. We examined CILP mRNA expression over time
in Huh-7 cells treated with TGF-B1. CILP expression
peaked 24 h after addition of TGF-B1 (Fig. 5A). In var-
ious human cell lines, TGF-B1 markedly induced CILP
mRNA expression in a dose-dependent manner (Figs.
5B-D).
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Fig. 2. CILP expression during chondrocyte differentiation. mRNA expression of Cilp (A), Agel (B), Col2al (C), CollOal (D), and Tgfbl (E) during
chondrocyte differentiation of ATDCS cells was quantified by real-time PCR. Cilp expression parallels those of early chondrocyte differentiation markers

and Tgfbl. Values represent means + SEM of triplicate measurements.
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Fig. 4. CILP mRNA is not induced by SOX genes. Total RNA was
isolated from OUMS-27 cells following transient transfection of SOXS,
SOX6, SOX9, and SOX9 with SOX5 or SOX6. CILP mRNA levels were
quantified by real-time PCR and normalized to GAPDH mRNA. The
values represent means + SEM of triplicate measurements.

SB-431542 is a selective inhibitor of TGF-B type 1-re-
ceptor kinase activity [18,19] (Fig. 6A). To further evaluate
the pathway mediating C/LP induction, we examined the
effect of SB-431542 on TGF-B1-induced CILP expression
in Huh-7 cells. SB-431542 inhibited the induction of CILP
in a dose-dependent manner, with complete inhibition
observed at 10 uM (Fig. 6B), indicating that induction
occurs mainly via the TGF-f receptor.

TGF-p signaling pathways on CILP expression

Smad3 is the cardinal mediator of TGF-B1 signal in
chondrogenic cells [20]. To examine whether CILP tran-
scription is regulated by Smad3, we measured CILP
mRNA expression in Huh-7 cells transiently transfected
with Smad3. Real-time PCR analysis showed that Smad3
significantly induced CILP expression (Fig. 7A). In tran-
sient co-transfection assays using various CILP promoter
constructs, luciferase activity decreased significantly for
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constructs lacking sequences between —3190 and —1014
(Fig. 7B), suggesting the presence of a Smad3-responsive
element in this region. Smad3 specifically recognizes an
identical 8-bp palindromic sequence (GTCTAGAC) [21].
Sequences between —1276 and —1269 (GTCTAGAG)
and between —1873 and —1880 (CAGATCTA) are very
similar to the Smad3 consensus sequence, and sequences
between —2139 and —2146 (GACTAGGC) and between
—2393 and —2404 (GGCTAGGC) each share 6 bp with
the consensus sequence.

TGF-p signal can be mediated inside the cell by factors
other than Smad3, including PI3 kinase, ERK1/2, protein
kinase A, and p38 [22]. Therefore, we examined the contri-
butions of these mediators to TGF-B1-stimulated CILP
expression using their specific inhibitors. LY-294002 (PI3
kinase inhibitor), U-0126 (ERK1/2 inhibitor), H-89 (pro-
tein kinase A inhibitor), and SB-203580 (p38 inhibitor)
showed maximal inhibition at concentrations of 0.1, 0.1,
1, and 10 uM, respectively. At these concentrations, the
inhibitors decreased CILP mRNA expression by about
half (Fig. 8). These results suggested that signaling path-
ways other than Smad are involved in CILP induction by
TGF-p1.

Discussion

A key growth factor in chondrocyte metabolism, TGF-f
influences matrix production, proliferation, and differentia-
tion [20]. TGF-B1 induces CILP mRNA expression in por-
cine chondrocytes [17], and we have shown similar
induction in human cells. Cilp mRNA expression parallels
those of the early chondrocyte differentiation markers Agcl/
and Col2al. Notably, each of these cartilage genes is regu-
lated by SOX9, the cardinal transcription factor in chon-
drocytes [14-16], whereas CILP is not. Tgfbl mRNA
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Fig. 5. CILP is induced by TGF-B1. (A) Induction of CILP mRNA after addition of TGF-B1 (1 ng/ml) in Huh-7 cells. (B-D) TGF-B1 induction of CILP
mRNA in various cell lines. Values were normalized to GAPDH mRNA. The values represent means + SEM of triplicate measurements.
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Fig. 6. TGF-Bl-induction of CILP mRNA is mediated by the canonical
TGF-p signal. (A) type I TGF-B receptor kinase inhibitor (SB-431542)
inhibited the activity of the TGF-B-responsive reporter (SBE4-lux) in
Huh-7 cells. RLA, relative reporter activity. (B) SB-431542 inhibited the
TGF-B1 induction of CILP. Values represent means + SEM of triplicate
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expression also parallels that of Cilp during chondrocyte
differentiation in ATDCS cells, suggesting that their
expression is linked in chondrogenesis. Conversely, CILP
acts as a negative regulator of TGF-B1 in rabbit nucleus
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Fig. 8. Effects of TGF-f signaling inhibitors on CILP transcription. CILP
mRNA levels in Huh-7 cells treated with inhibitors of TGF-f1 signaling
were determined by quantitative real-time PCR. The expression level
relative to the value in the absence of inhibitor is indicated. Values were
normalized to GAPDH mRNA and represent means + SEM of triplicate
measurements.

pulposus cells of the intervertebral disc and CILP protein
binds TGF-B1 directly in vitro [5]. These lines of evidence
suggest that CILP and TGF-B1 form a functional negative
feedback loop. Therefore, production of CILP at appropri-
ate levels is essential for chondrocyte homeostasis and
important in the pathogenesis of bone and joint diseases.
We have shown that Smad3 directly induces CILP.
Smad2 and Smad3 are major mediators of TGF-f signaling
and associate directly with the TGF-B receptor complex.
Activation of TB-RI by the ligand-bound type II TGF-
receptor (TB-RII) results in phosphorylation of associated
Smad molecules by TB-RI [22]. Smad3 also mediates inhib-
itory effects of TGF-B1 on chondrocyte maturation [23].
Targeted disruption of Smad3 in mice produces degenera-
tive joint disease, as characterized by a progressive loss of
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Fig. 7. CILP is regulated by Smad3. (A) CILP mRNA is induced by Smad3. Real-time PCR assay 48 h after Smad3 transfection in Huh-7 cells. Values
represent means + SEM of triplicate measurements. *P < 0.05 (Mann—Whitney U test). (B) Smad3-responsive elements in the CILP promoter region.
Smad3 induction of various 5’-deletion constructs of CILP promoter in Huh-7 cells. Smad3 (200 ng/well) was added to cells transfected with the deletion
plasmids. Values represent means + SEM of triplicate measurements. *P < 0.05 (Mann—Whitney U test).
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articular cartilage and decreased production of proteogly-
cans [24], indicating that Smad3 is a cardinal mediator of
TGF-p signaling pathways that affect matrix gene expres-
sion in chondrocytes.

Our results indicate that intracellular effectors other than
Smad3 are involved in CILP induction by TGF-B1. TGF-f
regulates the expression of target genes through Smad-inde-
pendent pathways, including ERK1/2, p38, p85-PI3 kinases
and PKA. We have shown that TB-RI kinase activity is crit-
ical to induction of CILP by TGF-B. Smads are direct tar-
gets of the kinase activity, but ERK1/2, p38, and p85 are
not [19,25]. Therefore, these intracellular signal mediators
might associate with Smad or its downstream signaling cas-
cade. ERK-dependent activation of Smad3 occurs through
linker region phosphorylation of Smad3 in certain cell types
[26]. The p38 pathway also affects linker region phosphory-
lation, and activation of the p38 MAP kinase pathway is
necessary for TGF-f to induce the full transcriptional acti-
vation potential of Smad3 in a human breast cancer cell line
[27]. The activated TBRI serine-threonine kinase can induce
PI3 kinase activity through indirect association with p85
[25], and PI3 kinase modulates TGF-B signaling through
a direct interaction with Smad3 [28]. TGF-B activates
PKA independent of increased cAMP through formation
of a complex between a PKA subunit and Smad [29].
Clarification of the cross-talk between these molecules
and Smad in chondrocytes will be the focus of future
research.
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