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Detection and Characterization of Spl Binding Activity
in Human Chondrocytes and Its Alterations during

Chondrocyte Dedifferentiation™
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Rita M. Dharmavaram, Gang Liu, Sheryl D. Mowers, and Sergio A. Jimenez}

From the Division of Rheumatology, Department of Medicine, Jefferson Medical College, Thomas Jefferson University,

Philadelphia, Pennsylvania 19107

We have detected DNA binding activity for a synthetic
oligonucleotide containing an Spl consensus sequence
in nuclear extracts from human chondrocytes. Changes
in the levels of Spl oligonucleotide binding activity
were examined in nuclear extracts from freshly isolated
human chondrocytes, from chondrocytes that had been
cultured under conditions that allowed the mainte-
nance of a chondrocyte-specific phenotype on plastic
dishes coated with the hydrogel poly(2-hydroxyethyl
methacrylate), and from chondrocytes induced to de-
differentiate into fibroblast-like cells by passage in
monolayer culture on plastic substrata. It was observed
that Sp1 binding was 2-3-fold greater in nuclear extracts
from dedifferentiated chondrocytes than in nuclear ex-
tracts from either freshly isolated chondrocytes or from
cells cultured in suspension. The Spl binding activity
was specific, since it was competed by unlabeled Sp1 but
not by AP1 or AP2. The addition of a polyclonal antibody
against Spl to nuclear extracts from freshly isolated
chondrocytes or to extracts isolated from chondrocytes
cultured in monolayer decreased the binding of Spl by
~85%. However, when the same experiment was carried
out with nuclear extracts prepared from cells cultured
on poly(2-hydroxyethyl methacrylate)-coated plates,
only a very slight inhibition of Spl binding was ob-
served. When fragments of the COL2A1 promoter con-
taining putative Spl binding sites amplified by polym-
erase chain reaction were examined, it was found that
the amounts of DNA-protein complex formed with nu-
clear extracts from dedifferentiated chondrocytes were
2-3-fold greater than the amounts formed with nuclear
extracts from freshly isolated chondrocytes or from cells
cultured in suspension. Quantitation of DNA binding
activity by titration experiments demonstrated that
nuclear extracts from fibroblast-like cells contained
approximately 2-fold greater Sp-1 specific binding ac-
tivity than nuclear extracts from chondrocytes. The
direct role of Spl in type II collagen gene transcription
was demonstrated by co-transfection experiments of
COL2A1 promoter-CAT constructs in Drosophila
Schneider line L2 cells that lack Spl homologs. This is
the first demonstration of Spl binding activity in hu-
man chondrocytes and of differences in Spl1 DNA bind-
ing activity between differentiated and dedifferenti-
ated chondrocytes.

* This work was supported by National Institutes of Health Program
Project Grant AR39740 (to S. A. J.) and Training Grant AR07583 (to
G. L.). The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

# To whom correspondence and reprint requests should be addressed:
Room 509, Bluemle Life Sciences Bldg., 233 S. 10th St., Philadelphia,
PA 19107. Tel.: 215-503-5042; Fax: 215-923-4649.
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The extracellular matrix of articular cartilage consists of a
large number of tissue-specific macromolecules including type
II, IX, and XI collagens and the large aggregating proteoglycan,
aggrecan (1). These extracellular matrix components are pro-
duced by chondrocytes, highly differentiated cells responsible
for the maintenance of the structural integrity of the tissue
through a precisely regulated balance between the synthesis
and the degradation of these cartilage-specific macromolecules.
The biosynthetic program of chondrocytes is determined by the
highly conserved expression of a set of cartilage-specific genes
(type II, IX, and XI collagens and the proteoglycan aggrecan),
which is maintained during complex biological processes such
as cartilage development, differentiation, and repair (2).

Most of the studies that examined the stability of the chon-
drocyte phenotype have consistently shown that culture of
these cells in monolayers on plastic substrata for prolonged
periods or upon repeated passages leads to the loss of their
spherical shape and to the acquisition of an elongated fibro-
blast-like morphology (3-10). These morphologic alterations
are accompanied by profound biochemical changes including
the loss of production of cartilage-specific macromolecules, ini-
tiation of synthesis of the interstitial collagens (types I, III, and
V), and an increase in the synthesis of fibroblast-type proteo-
glycans (versican) at the expense of aggrecan (3—12). The chon-
drocyte-specific phenotype can be reexpressed when these cells
are cultured in agarose or alginate matrices (6, 10, 11) or, as
shown in our recent studies, by culture on a hydrogel (12).

Few studies have been performed to characterize the tran-
scriptional activity and regulation of the promoter of the car-
tilage-specific type II procollagen gene (COL2A1I) despite the
crucial role that its encoded product plays in the maintenance
of the structure and function of articular cartilage. Structural
and functional analyses of the promoter regions of COL2A1
have revealed multiple putative regulatory elements (13-17).
Electrophoretic mobility shift assays employing bp —977 to
—30 of the COL2A1 promoter and nuclear extracts from chick
embryonic chondrocytes indicated the involvement of an Spl-
like factor in the cartilage-specific expression of the gene, since
the addition of anti-Spl antibodies to the binding reaction
caused a supershift of the DNA-protein complex (16). Moreover,
short mutations in the Spl binding sites abolished the forma-
tion of the DNA-protein complex (16). DNase I footprint anal-
ysis indicated that a sequence between bp —132 and —101 of
the COL2A1 promoter bound nuclear proteins isolated from
chick embryonic chondrocytes (16). Western/Southwestern
analyses showed that a protein complex that included Spl
could bind to the COL2A1 promoter and enhancer under non-
denaturing conditions and was dissociated under denaturing
conditions. These results suggested the formation of a DNA
loop structure between the COL2A1 promoter and enhancer
that is mediated by nuclear proteins (16) and clearly indicated
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Sp1 and Chondrocyte Dedifferentiation

the importance of transacting factors in the regulation of ex-
pression of COL2A1. However, studies of the changes in DNA-
binding proteins that may occur during chondrocyte dediffer-
entiation have not been examined in detail, although one study
showed that chondrocyte dedifferentiation was associated with
the induction of nuclear factor binding activity for an AP-1 site
and with a concomitant activation of pro-al(I) collagen gene
transcription (18). In this study we investigated the changes in
the levels and activity of the transcriptional factor Sp1 occur-
ring during the process of chondrocyte dedifferentiation.

EXPERIMENTAL PROCEDURES

Isolation and Culture of Human Chondrocytes—Human fetal epiph-
yseal cartilage was removed under sterile conditions from femoral
heads, knee condyles, and tibial plateaus from spontaneous abortions.
The tissues were obtained from the International Institute for the
Advancement of Medicine (Philadelphia, PA), following protocols re-
viewed and approved by the National Institutes of Health and the
Institutional Review Committee in accordance with the National Organ
Transplant Act and the Pennsylvania Organ Transplant Act. To remove
adherent fibrous tissues, the cartilage was incubated in Hanks’ medium
containing trypsin and bacterial collagenase (2 mg/ml each) for 1 h at
37 °C. The medium was discarded, and the tissue fragments were
minced and digested overnight at 37 °C in Dulbecco’s minimum essen-
tial medium with 4.5 g/liter glucose containing 10% fetal bovine serum
and 0.5 mg/ml bacterial collagenase. The cells released by the enzy-
matic digestion were filtered through a nylon membrane into a vessel
containing fresh Dulbecco’s minimum essential medium and 10% fetal
bovine serum. The cells were collected by centrifugation at 250 X g for
5 min, resuspended, and washed four times with collagenase-free me-
dium. The average yield was 3.0 = 0.4 X 10® chondrocytes/g, wet
weight, of cartilage.

The isolated chondrocytes were cultured at a density of 5 X 10° cells
in 60-mm plastic dishes previously coated with 0.9 ml of a 10% (v/v) of
polyHEMA! (19, 20) (PolySciences Inc. Malvern, PA) following a proce-
dure modified from that described by Folkman and Moscona (21) as
described previously (12). For coating the culture dishes with poly-
HEMA, 0.9 ml of a 10% (v/v) solution of polyHEMA in 95% ethanol was
layered onto 60-mm Falcon bacterial culture dishes and was allowed to
dry overnight under a tissue culture hood. The polyHEMA-coated
dishes were sterilized by exposure to bactericidal ultraviolet light for 30
min. The culture medium employed for these studies was Dulbecco’s
minimum essential medium containing 4.5 g/liter glucose, 10% fetal
bovine serum, 1000 units/ml penicillin, 1 mg/ml streptomycin, 2 mMm
glutamine, 1% vitamin supplements, 2.5 pug/ml fungizone, and 50 pg/ml
ascorbic acid. The medium was replaced every 3—4 days. The differen-
tiated chondrocytes were those cultured on poly(HEMA) dishes. The
dedifferentiated chondrocytes were those that were plated at a density
of 2.5 X 108 cells on T75 flasks so that they would grow as attached cells
in the same medium as that used for growing cells on poly(HEMA)-
coated dishes and passaged twice at 20-day intervals.

Western Blot Analysis—For Western blot analysis, freshly isolated
chondrocytes, chondrocytes that had been cultured on poly(HEMA)-
coated plates, and fibroblast-like chondrocytes that were passaged on
plastic were utilized. The cells were suspended and then centrifuged at
3,000 rpm for 5 min and washed twice with phosphate-buffered saline.
They were heated to 100 °C for 5 min in 1% SDS, 50 mMm DTT, and 1%
(v/v) glycerol, and the cell-associated proteins were separated by elec-
trophoresis in 6% polyacrylamide gels on a minigel apparatus at 125 V
for 90 min. The proteins were electroblotted at 40 V for 90 min from the
polyacrylamide gel onto a supported nitrocellulose membrane, and the
transferred proteins were reacted for 30 min with a 1:500 dilution (v/v)
of SJ 441 antibody, which is a polyclonal antibody specific for the
COOH-terminal telopeptide of human type II collagen (22), or with an
anti-type I human collagen polyclonal antibody purchased from South-
ern Biotechnology Associates, Inc. (Birmingham, AL). The proteins on
the filter were detected utilizing the ECL Western blotting detection
reagent (Amersham Corp.).

Preparation of Nuclear Extracts—Chondrocyte nuclear extracts were
prepared according to the procedures of Dignam et al. (23). The cells
were pooled and washed in phosphate-buffered saline (10 mM phos-

! The abbreviations used are: polyHEMA, poly(2-hydroxyethyl meth-
acrylate); DTT, dithiothreitol; PCR, polymerase chain reaction; CAT,
chloramphenicol acetyltransferase; bp, base pair(s).
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phate buffer, pH 7.4, 137 mMm NaCl, and 2.7 mm KCl). The resulting cell
pellets were resuspended in a hypotonic buffer (10 mm HEPES, pH 7.9,
at 4 °C, 1.5 mm MgCl,, 10 mMm KCl, 0.2 mM phenylmethylsulfonic fluo-
ride, and 0.5 mM DTT) approximately 5 times the packed cell volume
and centrifuged at 3000 rpm for 5 min. The pellet was resuspended in
3 times the original packed cell volume in hypotonic buffer and incu-
bated for 10 min on ice. Next, the cells were homogenized slowly with 10
strokes in a Dounce homogenizer, and the nuclei were collected by
centrifugation at 4000 rpm for 15 min. The nuclei were resuspended in
one-half packed nuclear volume of low salt buffer (20 mm HEPES, pH
7.9, at 4 °C, 25% glycerol, 1.5 mm MgCl,, 0.02 m KCI, 0.2 mm EDTA, 0.2
mM phenylmethylsulfonic fluoride, 0.5 mm DTT). This was followed by
dropwise addition with continuous stirring of one-half packed nuclear
volume of high salt buffer (20 mm HEPES, pH 7.9, at 4 °C, 25% glycerol,
1.5 mm MgCl,, 1.2 M KCI, 0.2 mm EDTA, 0.2 mM phenylmethylsulfonic
fluoride, 0.5 mm DTT) and centrifugation at 14,500 rpm for 30 min. The
supernatant was next dialyzed against approximately 50 volumes of
dialysis buffer (20 mm HEPES, pH 7.9, at 4 °C, 20% glycerol, 100 mMm
KCl, 0.2 mm EDTA, 0.2 mM phenylmethylsulfonic fluoride, 0.5 mMm DTT)
for 5 h and then stored in aliquots at —70 °C. The resulting nuclear
extracts were utilized for electrophoretic mobility shift analysis.

Amplification of COL2A1 Promoter by PCR—The reaction was car-
ried out as follows. 150 ng of «1(II) procollagen minigene, which con-
tains the entire COL2A1 promoter region (24), was utilized as a tem-
plate and was amplified with 10 pmol of each primer set (P1/P2, P3/P4,
P5/P6, P7/P8; see Fig. 9) under the following conditions: 95 °C for 30 s
and 60 °C for 1 min for 40 cycles followed by a final extension at 72 °C
for 7 min in a Gene Amp 480 thermocycler (Perkin-Elmer).

Electrophoretic Mobility Shift Analysis of DNA-binding Proteins—
Electrophoretic mobility shift analyses were performed according to the
procedure of Garner and Revzia (25), as described previously (26). The
PCR products containing specific regions of COL2A1 prepared as de-
scribed above were end-labeled by kinasing the 5'-primer with T,
polynucleotide kinase and [y-**P]ATP and then carrying out the PCR
reaction. The binding reaction was 20 mm Tris, pH 7.5, 10 mM sodium
acetate, 0.5 mm EDTA, 5% glycerol, and 10-15 ug of nuclear extract in
a final volume of 20 ul. Next, 3-5 X 10® cpm of end-labeled probe was
added, and the incubation was carried out for 1 h at room temperature.
DNA-protein complexes were separated by electrophoresis on 5% poly-
acrylamide gels in 40 mM Tris acetate, 1 mm EDTA buffer and visual-
ized by autoradiography.

Determination of the Specificity of Binding—The specificity of bind-
ing of putative regulatory elements within the PCR fragments was
confirmed by competition with unlabeled specific oligonucleotides (con-
sensus Spl, AP1, and AP2 oligonucleotides, Santa Cruz Biotechnology,
Santabury, CA). Once the binding was determined to be specific, an
anti-Spl antibody (Santa Cruz Biotechnology) was utilized. Electro-
phoretic mobility shift assays were carried out as outlined above. Nu-
clear extracts were preincubated with increasing concentrations of the
anti-Spl antibody for 60 min at 20 °C before the binding reaction was
carried out.

Quantitation of Sp1-binding Proteins in Chondrocytes—The level of
Spl-binding protein in nuclear extracts of chondrocytes was quanti-
tated by protein titration experiments analyzed by gel shift analysis as
described by Riggs et al. (27). One set of binding reactions contained a
constant amount of labeled Spl and an increasing concentration of
protein. The amounts of bound and free probe were quantitated by
scintillation counting of excised regions of the gel. In the plateau region
with excess protein, it was possible to determine the amount of protein
required to reach equilibrium with the DNA probe. This reaction al-
lowed determination of the proportion of DNA probe bound to protein,
since under some conditions binding of probe is not complete even if
there is excess protein present. The second set of titration experiments
was performed under identical conditions except that the amount of
protein determined from the first set of binding reactions was main-
tained constant while the amount of Sp1 oligonucleotide was increased.
At plateau, all of the protein would be expected to be saturated with the
Sp1 oligonucleotide. The counts per minute at plateau correspond to the
amount of probe required to bind all of the active protein involved in
DNA binding. By comparing the amount of probe in the DNA-protein
complex to a set of standard dilutions of free probe included on a gel
electrophoresed in parallel, the number of moles of protein in the
reaction can be calculated assuming a one-to-one binding, since the
specific activity and the molarity of probe was known.

Drosophilia Schneider Line 2 Cell Culture and Transfections—Dro-
sophila Schneider line 2 cells (28), which lack Spl homologs, were
cultured in Schneider Drosophila medium (Life Technologies, Inc.,
Rockville, MD) supplemented with 12% heat-inactivated serum and 1%
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Fic. 1. Phase contrast micrographs of cultured human fetal
chondrocytes. The cells were isolated as described under “Experimen-
tal Procedures.” A, freshly isolated chondrocytes. B, freshly isolated
chondrocytes 12 days following plating on polyHEMA. C, freshly iso-
lated chondrocytes passaged twice at 20-day intervals on plastic.

penicillin/streptomycin at 25 °C. The cells were seeded at a density of
1 X 108 cells/60-mm dish 16 h prior to transfection. Transient transfec-
tions were performed by the calcium phosphate precipitation method
with the Profection mammalian transfection system (Promega, Madi-
son, WI). The transfections were performed using 100 pg of either
pPacSpl plasmid, which contains a 2.1-kilobase pair Spl ¢cDNA insert
or the insertless plasmid pPac0O (29) and 5 pg of either E/0.7-CAT, a
human COL2A1 promoter construct spanning bp —577 to +63 linked to
the CAT reporter gene or E/0.2-CAT, a human COL2A1 promoter con-
struct spanning bp —131 to +63 linked to the CAT reporter gene. All of
the reactions contained 0.5 ug of phsp82LacZ, a plasmid containing the
Drosophila heat shock protein 82 promoter fused to the lacZ gene to
correct for variations in transfection efficiencies. The transfected cells
were harvested following a 48-h incubation, and CAT activity was
determined from equal amounts of cell extracts as described previously
(26).

RESULTS

Detection of Sp1 Binding in Chondrocyte Nuclear Extracts—
Nuclear extracts were prepared from freshly isolated chondro-
cytes, from chondrocytes cultured on polyHEMA for 12 days
under conditions that allow the preservation of the cartilage-
specific phenotype, and from chondrocytes that lost their phe-
notype and became morphologically fibroblast-like by passage
in monolayer culture on plastic for 40 days. The phase-contrast
morphology of the three cell types is shown in Fig. 1. Western
blot analysis of cell extracts isolated from the three different
cell types indicated that culture of chondrocytes on polyHEMA
allows preservation of the cartilage-specific phenotype as they
continue to express type II collagen and not type I collagen (Fig.
2). In contrast, culture and passage of chondrocytes in mono-
layer on plastic leads to loss of their chondrocyte-specific phe-
notype as these cells express markedly lower levels of type II
collagen and initiate production of large amounts of fibroblast-
specific type I collagen (Fig. 2).

For detection of Spl binding activity, the consensus Spl
oligonucleotide (5'-ATTCGATCGGGGCGGGGCGAGC-3’) was
radiolabeled and used as a probe in the binding assays. As
shown in Fig. 3, there was binding of nuclear proteins from
freshly isolated chondrocytes and from fibroblast-like cells to
consensus Spl oligonucleotide. However, the binding of nuclear
extracts from dedifferentiated chondrocytes to Spl was 2-3-
fold greater than the binding of nuclear extracts from freshly
isolated chondrocytes. The results obtained from chondrocytes
that were cultured on polyHEMA-coated plates in suspension

Sp1 and Chondrocyte Dedifferentiation
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Fic. 2. Western blot analysis of collagens synthesized by cul-
tured human fetal chondrocytes. The cell-associated proteins syn-
thesized by chondrocytes cultured under the various conditions were
extracted as described under “Experimental Procedures” and subjected
to Western blot analysis utilizing either a polyclonal antibody specific
for the type II procollagen telopeptide (22) or a polyclonal antibody
specific for type I collagen. Lanes 1 and 4, freshly isolated chondrocytes.
Lanes 2 and 5, chondrocytes cultured on polyHEMA. Lanes 3 and 6,
chondrocytes dedifferentiated into fibroblast-like cells following pas-
sage on plastic. The position of migration of the a1 and a2 chains of type
I collagen is shown.

Sp1 COMPETITOR = 01 1 10 - 01 1 10
(fold excess) @ meh

- - ...

CHONDROCYTE

PHENOTYPE FIBROBLAST-LIKE

Fic. 3. Binding of nuclear extracts from freshly isolated chon-
drocytes and from fibroblast-like cells. Nuclear extracts were pre-
pared from freshly isolated chondrocytes or from chondrocytes that
were allowed to become fibroblast-like by culture for 40 days on plastic
and were examined for binding to consensus Spl oligonucleotide and
competition analysis with unlabeled Spl. The nuclear extracts were
preincubated with the indicated amounts of unlabeled consensus Spl
oligonucleotide at room temperature for 30 min followed by the addition
of labeled consensus Sp1l oligonucleotide for 1 h at room temperature.

were similar to those obtained from freshly isolated chondro-
cytes (data not shown).

Specificity of Spl Binding—The binding of labeled Spl to
nuclear extracts from both chondrocytes and fibroblast-like
cells was competed away completely when a 10-fold excess of
unlabeled Spl was added (Fig. 3). However, when unlabeled
AP1 or AP2 was added to the reaction, the binding of labeled
Spl was not competed away, indicating that the DNA-protein
complexes were specific for Spl (Figs. 4 and 5). Moreover, when
the binding of recombinant Spl was carried out with the con-
sensus Sp1 oligonucleotide, a DNA-protein complex of the same
size as that observed upon binding of Spl to chondrocyte or
fibroblast-like nuclear proteins was observed (not shown). The
DNA-protein complex formed between recombinant Spl and
consensus Spl oligonucleotide had the same pattern of migra-
tion as the complex formed by the consensus Sp1 oligonucleo-
tide with nuclear proteins from either chondrocytes or fibro-
blast-like cells. The Spl binding with extracts from both
chondrocytes and fibroblast-like cells was enhanced by the
addition of increasing amounts of KCl as shown in Fig. 6.
Moreover, the addition of increasing amounts of EDTA inhib-
ited the formation of the DNA-protein complex (Fig. 7). The
inhibition of Sp1 binding by EDTA was abrogated when MgCl,
was added to the binding reaction, and when equal concentra-
tions of EDTA and MgCl, were present (40 mM each) in the
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AP1 COMPETITOR - 01 1 10 - 01 1 10
(fold excess)
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CHONDROCYTE FIBROBLAST-LIKE

Fic. 4. Competition analysis with unlabeled AP-1. Binding of
nuclear extracts with >?P-labeled consensus Sp1 was carried out in the
presence of increasing amounts of AP-1. The nuclear extracts were
preincubated with the indicated amounts of unlabeled consensus AP1
oligonucleotide at room temperature for 30 min followed by the addition
of labeled consensus Sp1l oligonucleotide for 1 h at room temperature.

PHENOTYPE

COMPETITOR — — Spl AP-1 AP-2 — Sp1 AP-1 AP-2

L | | |

CHONDROCYTE FIBROBLAST-LIKE

Fic. 5. Competition analysis with unlabeled Spl, AP-1, and
AP-2. Binding of nuclear extracts with *?P-labeled consensus Spl was
carried out in the presence of a 10-fold excess of unlabeled Sp1, AP-1, or
AP-2. The nuclear extracts were preincubated with unlabeled consen-
sus Spl, AP-1, or AP-2 at room temperature for 30 min followed by the
addition of labeled consensus Spl oligonucleotide for 1 h at room
temperature.

PHENOTYPE

binding reaction no inhibition of Sp1 binding was observed. The
inhibition of Sp1l binding by EDTA was not abrogated by the
addition of ZnCl,. Thus, the formation of Spl protein complex
requires the presence of Mg2™".

Effect of the Addition of a Polyclonal Sp1 Antibody to Nuclear
Extracts—When a polyclonal anti-Spl antibody was preincu-
bated with the chondrocyte nuclear extracts prior to the bind-
ing reaction, only a weak inhibition of the protein-Sp1 complex
was observed even at an antibody concentration of 15 ug.
However, when 15 ug of anti-Spl was added to the fibroblast-
like nuclear extract, greater than 80% inhibition of the DNA-
protein complex was observed (Fig. 8).

Amplification of COL2A1 Promoter by PCR—As illustrated
in Fig. 9A, four consensus Spl binding sites (GGGCGGQG) at
nucleotides —80 to —75, —115 to —110, —119 to —114, and
—198 to —193 have been identified in the human COL2A1
promoter. Three of these (at nucleotides —80, —119, and —198)
are found at identical locations in the human, mouse, and rat

26921

[KCI] mM 0 20 40 60 80 0 20 40 60 80

-
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PHENOTYPE

Fic. 6. Effect of increasing concentrations of KC1 on binding of
nuclear extracts isolated from chondrocytes and fibroblast-like
cells to consensus Spl oligonucleotide. Binding reactions were
performed as described under “Experimental Procedures.” The nuclear
protein utilized for each experiment was 15 ug for chondrocytes and 5
ng for fibroblast-like cells. The indicated concentrations of KCl were
present in each binding reaction.

[EDTA] mM 0 20 40 60 80 40 40

MgCl2) mM 0 0 0 0 0 20 40

L d— _— e

Fic. 7. Effects of increasing concentrations of EDTA and
MgCl, on binding of chondrocyte nuclear extracts to consensus
Spl oligonucleotide. The indicated amounts of EDTA and MgCl,
were present in the binding reaction that was performed as described
under “Experimental Procedures.”

COL2A1 promoters. The extremely high conservation of these
sequences coupled with the observation that the CCAAT box is
absent in the human COL2A1 promoter suggests that these
Sp1 sites may play a major role in determining the activity of
the COL2A1 promoter. We amplified the region encompassing
of the COL2A1 promoter nucleotides —391 to —40 in four
fragments designated P1/P2, P3/P4, P5/P6, and P7/P8 as
shown in Fig. 9 (A and B).

Detection of Nuclear Proteins from Freshly Isolated Chondro-
cytes and from Chondrocytes Dedifferentiated into Fibroblast-
like Cells That Bind to Spl Binding Sites in the COL2A1
Promoter—As shown in Fig. 10, we detected binding of chon-
drocyte nuclear proteins to COL2A1 promoter fragments span-
ning bp —226 to —148 (fragment P5/P6; Fig. 10, lane 1) and bp
—169 to —40 (fragment P7/P8; Fig. 10, lane 7) from the initia-
tion of transcription site. Since these fragments contain puta-
tive Sp1 sites, we examined the effects of added unlabeled Spl
to the binding reaction. The formation of DNA-protein com-
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[Antibody] pg 0 15 15 0 15 15

- e P

L Il J

CHONDROCYTE FIBROBLAST
-LIKE

PHENOTYPE

Fic. 8. Effect of preincubation with specific anti-Sp1 antibody
on the binding of nuclear extracts isolated from chondrocytes
and fibroblast-like cells to Spl oligonucleotide. The nuclear ex-
tracts were preincubated with the indicated amounts of a polyclonal
anti-Spl antibody at room temperature for 30 min before the binding
reaction, which was performed as described under “Experimental
Procedures.”

A —= P1 P - P3
-391 [ttggtctagggcetotggect]goegectetgcaaadacececctecedte[caactce =377

E
=336 gg tecgag) g tccegectftggtcagaggggg  -280
Pz =
S —= P5
=279 g gggtttggggg catct [atca -223

] —== P7
-222 ggccactcggcgcacta]ggggtggaggacgdgaagegtgacteccagagaggglggg -167
P4 -
S _§
-166 tccggettgggeaggtge)gggeactggeagggeccaggegggetecgggggcgggeg  -110
PE -—

] E
-108 g)ttcaggttacageccagetgggggeagggggcadecchcagtitggge[gagttege -53

T
9 tata gegecgeggegy -1

-52 cagcctcgaaagg]gg

PS-‘—
b o
oo § ¥ e g
- = ~ =
1% - o) 5 =
[-] o o o o

Fic. 9. PCR amplification of the region encompassing nucleo-
tides —391 to —40 of the COL2A1 promoter. Panel A, sequence of
the COL2A1 promoter showing the consensus regulatory sequences and
the position of the primers employed. The putative regulatory elements
are boxed. P, pyrimidine-rich sequence; E, enhancer core elements; S,
Sp1 binding sites; T, TATAAA box. Panel B, agarose gel electrophoresis
of the amplified PCR products utilizing the indicated primers.

plexes with nuclear proteins from human chondrocytes was
completely competed by a 10-fold excess of unlabeled Spl,
indicating that the Spl sites on P5/P6 and P7/P8 are involved
in binding (Fig. 10, lanes 2 and 8). The DNA-protein complex
formed by each COL2A1 promoter fragment was also competed
by a 10-fold excess of corresponding unlabeled COL2A1 pro-
moter fragment as shown in Fig. 10, lanes 3 and 9. In addition,
P5/P6 competed the complex formed with P7/P8 in nuclear
extracts isolated from chondrocytes and chondrocytes dediffer-
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Fic. 10. Binding of nuclear extracts from freshly isolated
chondrocytes and from chondrocytes dedifferentiated into fi-
broblast-like cells to PCR-amplified COL2A1 promoter frag-
ments. 10 pg of each nuclear extract from freshly isolated chondrocytes
or from chondrocytes allowed to become fibroblast-like by culture on
plastic for 40 days was utilized and electrophoresed on a 6% polyacryl-
amide gel for DNA binding. The COL2A1 promoter fragments examined
were P5/P6 (bp —226 to —148, lanes 1-6) and P7/P8 (bp —169 to —40,
lanes 7-12). Lanes 1-3 and 7-9, binding with chondrocyte nuclear
protein; lanes 4-6 and 10-12, binding with fibroblast-like nuclear
protein; lanes 2, 5, and 11, competition with 10-fold excess cold Spl;
lanes 3, 6, 9, and 12, competition with a 10-fold excess of the oligonu-
cleotide used for binding.

entiated into fibroblast-like cells (results not shown). Similar
results were observed when nuclear proteins were isolated
from chondrocytes dedifferentiated into fibroblast-like cells ex-
cept that there was a 2-3-fold greater binding in nuclear ex-
tracts from dedifferentiated chondrocytes cultured in mono-
layer as compared with that from fresh chondrocytes (Fig. 10,
lanes 4, 5, 6, 10, 11, and 12).

Quantitation of Sp1-binding Proteins in Chondrocytes—The
amounts of nuclear proteins from chondrocyte and fibroblast-
like cells that bind to the consensus Spl oligonucleotide were
quantitatively determined by DNA-binding protein titration
experiments. The first set of binding reactions contained a
constant amount of labeled Spl oligonucleotide (88 nm) and
increasing concentrations of nuclear protein. When the chon-
drocyte nuclear protein concentration was increased from 1 to
25 pg/reaction, an increase in the amount of DNA-protein
complex formed was detected (Fig. 11, A and B). Increasing the
concentration of nuclear proteins in the reaction above 20 ug/
reaction did not result in a further increase in binding, indi-
cating that at this concentration equilibrium was reached with
the labeled Spl oligonucleotide. Therefore, in the next set of
reactions, the concentration of nuclear proteins was main-
tained constant at 20 ug/reaction, and the amount of Spl
oligonucleotide was increased from 22 to 352 nm/reaction. As
shown in Fig. 11, C and D, the binding was essentially complete
at a concentration of 264 nM. Thus, at the plateau of 264 nm, all
of the DNA-binding protein was saturated with Sp1. Next, a set
of standard dilutions of the free oligonucleotide ranging from
22 to 352 nm was electrophoresed, and the radioactivity of the
free probe was determined (Fig. 11, E and F). Comparison of
the amount of oligonucleotide in the DNA-protein complex with
a set of standard dilutions of free oligonucleotide demonstrated
that 11.88 num of chondrocyte nuclear protein was bound to the
Spl oligonucleotide in the reaction, assuming a one-to-one
binding of the probe and the Spl oligonucleotide. Similar ex-
periments were performed with nuclear extracts isolated from
chondrocytes dedifferentiated into fibroblast-like cells. Since
the binding of 88 nMm of Sp1 oligonucleotide was saturated at a
protein concentration of 20 pg (Fig. 11, A and B) in the next set
of reactions, 20 ug of protein was used per reaction, and the
concentration of Spl oligonucleotide was increased from 22 to
352 nM/reaction. As shown in Fig. 11, C and D, the binding was
essentially complete at a concentration of 264 nwm, similar to
that observed for chondrocyte nuclear protein. Comparison of
the amount of oligonucleotide in the DNA protein complex to a
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Fic. 11. Protein titration analyzed by gel shift analysis. A, increasing concentrations of nuclear proteins (chondrocyte nuclear protein
(CNP) and fibroblast-like cell nuclear protein (FNP)) were incubated with a constant amount of consensus Sp1 radiolabeled oligonucleotide (88 nm)
B, graph showing the radioactivity in DNA-protein complexes shown in A plotted as a function of protein concentration. C, titration of DNA-protein
binding with increasing concentrations of consensus Sp1 radiolabeled probed with 20 ug of chondrocyte nuclear protein or fibroblast-like nuclear
protein. D, graph showing the radioactivity in DNA-protein complexes shown in C plotted as a function of Spl oligonucleotide concentration. E,
autoradiogram of a set of standard dilutions of free Sp1 oligonucleotide analyzed by gel shift analysis. F, plot of radioactivity as a function of Sp1

oligonucleotide concentration shown in E.

set of standard dilutions of free probe demonstrated that 23.2
nM of nuclear protein isolated from chondrocytes dedifferenti-
ated into fibroblast-like cells was present in the reaction (Fig.
11F). Therefore, the amount of nuclear proteins binding to the
Sp1 oligonucleotide was about 2-fold higher in nuclear extracts
isolated from chondrocytes dedifferentiated into fibroblast-like
cells as compared with that of nuclear extracts isolated from
chondrocytes.

Sp1 Activation of the Transcription of COL2A1 Promoter-
CAT Constructs in Drosophila Schneider Cells—To provide
direct evidence of the role of Spl in COL2A1 transcription,
cotransfection experiments were performed with Drosophila

Schneider line L2 cells that lack homologs of Sp1. The construct
E/0.7, which spans bp —577 to +63 of the COL2A1 promoter,
was co-transfected with either the Spl expression plasmid
pPacSp1 or the insertless plasmid pPac0, an identical plasmid
lacking the Sp1l ¢cDNA. The plasmid pSV,-CAT, which contains
the SV40 promoter linked to the CAT reporter gene, or the
plasmid pSV0-CAT, an identical plasmid but lacking the SV40
promoter, was used as positive or negative control, respec-
tively. As shown in Fig. 12, when E/0.7 was transfected alone or
was co-transfected with pSV0-CAT into the Drosophila cells, no
CAT activity was observed. However, when E/0.7 was co-trans-
fected with pPacSpl, the Spl expression plasmid, substantial

/702 ‘LT Ateniged uo AisieAlun uosieler sewoy | e /810 ag mmm/:dny wol) papeojumod


http://www.jbc.org/

26924
A

pSV,-CAT pSVy-CAT E/0.2 E/0.7

1 T nl

Plasmids r — T -1 T
- PPySpl pPu0 - pPuSpl pPu0 - pP.Spl pPy0 - pP.Spl pP.0

Ac

pSV, E/0.2 E/0.7

o L 1 B
L LN ]

“ 000000000

Fic. 12. Effect of Spl expression on transcriptional activity of
human COL2A1 promoter constructs transfected into Drosoph-
ila Schneider line L2 cells. Drosophilia Schneider line L2 cells were
cultured and transfected by the calcium phosphate precipitation
method using either the pPacSpl expression plasmid or the insertless
pPacO0 and were co-transfected with 5 ug of either E/0.7, a human
COLZ2A1 promoter construct spanning bp —577 to +63 linked to the
CAT reporter gene or E/0.2, a human COL2A1 promoter construct
spanning bp —131 to +63 linked to the CAT reporter gene. All reactions
contained 0.5 ug of the phsp82LacZ, a plasmid containing the Drosoph-
ila heat shock protein 82 promoter fused to the lacZ gene to normalize
for variations in transfection efficiencies. The transfected cells were
harvested and CAT activity determined. A, autoradiogram of a repre-
sentative CAT assay. Drosophila Schneider L2 cells were co-transfected
with either pPacSpl expression plasmid or the insertless plasmid
pPac0 and COL2A1-CAT E/0.2 and E/0.7 as described under “Experi-
mental Procedures.” The plasmids pSV,-CAT, a plasmid containing the
SV40 early promoter and pSV0-CAT, a plasmid lacking the SV40 early
promoter were used as positive and negative controls, respectively. Ac,
acetylated chloramphenicol; NA, non-acetylated chloramphenicol. B,
autoradiogram of co-transfection of Drosophila Schneider line L2 cells
with pPacSpl expression plasmid, and pSV,, E/0.2, and E/0.7. Results
from three separate experiments are shown.

CAT activity was detected. When the construct E/0.2, which
spans bp —131 to +63 was utilized in experiments similar to
those with E/0.7, substantial CAT activity was obtained when
it was co-transfected with the Spl expression plasmid
pPacSpl. However, the CAT activity obtained with E/0.2 was
>43% lower than that obtained with E/0.7. The higher CAT
activity produced when E/0.7 was employed may be due to the
presence of two additional Spl binding sites in the construct
E/0.7 in comparison with E/0.2.

DISCUSSION

The results reported here revealed qualitative and quantitative
alterations in Spl binding activity during chondrocyte dedif-
ferentiation. This conclusion is based on studies carried out
with consensus Spl oligonucleotide showing that (i) Sp1 bind-
ing activity was present in nuclear extracts from all three cell
types studied; (ii) Sp1 binding was 2—-3-fold greater in nuclear
extracts from chondrocytes dedifferentiated into fibroblast-like
cells by passage in monolayer culture on plastic substrate than
in freshly isolated chondrocytes or in chondrocytes allowed to
maintain their phenotype by culture on polyHEMA-coated

Sp1 and Chondrocyte Dedifferentiation

dishes; (iii) Sp1 binding was specific, since it was competed by
unlabeled Sp1 and not by AP1; (iv) Sp1l binding was enhanced
by KCI and inhibited by the addition of EDTA; (v) A polyclonal
antibody against Spl decreased the binding of Sp1 by 85% in
chondrocytes dedifferentiated into fibroblast-like cells but
caused only a very slight inhibition in freshly isolated chondro-
cytes or in chondrocytes cultured in suspension on polyHEMA.
Inhibition of Sp1 binding by this polyclonal antibody has been
previously reported in the human granulocyte-macrophage col-
ony-stimulating factor gene promoter (30).

We also observed that culture of chondrocytes under condi-
tions that result in the acquisition of fibroblast-like morphology
resulted in an increase in DNA binding activity to COL2A1
promoter fragments containing Sp1 sites. The increase in bind-
ing to the consensus Spl oligonucleotide or to the COL2A1
promoter fragment could be due to several reasons. First, there
may be an increased expression of the Spl gene. Increase in
Spl mRNA has been observed in several organs during mouse
embryo development (31). Second, there may be post-transla-
tional mechanisms that are involved. These could be O-linked
glycosylation, protein kinase phosphorylation, or formation of
multimers on single or multiple GC elements. The differential
antibody response observed in the two morphologically differ-
ent cells types may indicate that the DNA-binding proteins are
different in the two cell types although they have the same
apparent molecular mass. Alternatively, it is possible that
there are subtle differences in the binding of Sp1l oligonucleo-
tide to the same nuclear protein in the two different cell types
that are reflected in the differential antibody response. Quan-
titative analysis of the amounts of binding proteins employing
DNA-binding protein titration assays demonstrated that 11.88
nM chondrocyte nuclear protein was bound to the consensus
Sp1 oligonucleotide as compared with a 23.2 nm concentration
of fibroblast-like cell nuclear protein. Drosophila Schneider L2
cells that lack homologs of Sp1 have previously been utilized in
co-transfection experiments with the Spl expression plasmid
and COL1A1 promoter-CAT constructs to demonstrate a direct
role of Spl in the transcription of this gene (32, 33). Higher
stimulation of the COL1A1 promoter activity with CAT con-
structs containing progressively greater number of Spl sites
has previously been reported (33). The activity of the COL2A1
promoter was also significantly increased by Spl expressed in
Drosophila Schneider line L2 cells. Higher stimulation of pro-
moter activity was observed when a COL2A1 construct contain-
ing a greater number of Spl sites was utilized. These results
indicated a direct role of Spl in regulation of activity of the
COL2A1 promoter.

Although Spl is a ubiquitous transcription factor that is
present in all mammalian cells that have been examined (34),
it has been demonstrated that its binding affinity and tran-
scriptional properties can be altered by different cytokines via
indirect action with co-factors. The role of Sp1 in regulation of
the o2(I) procollagen gene expression has been extensively
studied (35-36). Transforming growth factor-g stimulates the
expression of the a2(I) procollagen gene by increasing the af-
finity of an Spl-containing transcriptional complex that is
bound to a sequence in the promoter termed the transforming
growth factor-B-responsive element (35). The same element
also mediates the transcriptional signal of the cytokine tumor
necrosis factor-a that inhibits «2(I) procollagen gene expres-
sion (34). Therefore, it is very likely that Sp1 along with other
co-factors may be involved in the regulation of expression of
COL2A1 in chondrocytes.

Our observations of reduced DNA binding of Sp1 in differen-
tiated chondrocytes in comparison with fibroblast-like dediffer-
entiated chondrocytes can be proposed as a molecular mecha-
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nism that contributes to alterations in expression of COL2A1
and possibly other genes that are differentially regulated in the
two cell types. Further studies to examine the specific se-
quences within the COL2A1 promoter that interact with Spl
and to identify the precise mechanism of Spl binding will
further our understanding of the mechanisms responsible for
the profound changes in the expression of this gene occurring
during the process of chondrocyte dedifferentiation or in dis-
eases such as osteoarthritis.
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