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ABSTRACT: The type X collagen gene (Coll0al) is a specific molecular marker of hypertrophic chondro-
cytes during endochondral bone formation. Mutations in human COLI0AI and altered chondrocyte hy-
pertrophy have been associated with multiple skeletal disorders. However, until recently, the cis-enhancer
element that specifies Coll0al expression in hypertrophic chondrocytes in vivo has remained unidentified.
Previously, we and others have shown that the Coll0al distal promoter (—4.4 to —3.8 kb) may harbor a
critical enhancer that mediates its tissue specificity in transgenic mice studies. Here, we report further
localization of the cis-enhancer element within this Coll0al distal promoter by using a similar transgenic
mouse approach. We identify a 150-bp Coll0al promoter element (—4296 to —4147 bp) that is sufficient to
direct its tissue-specific expression in vivo. In silico analysis identified several putative transcription factor
binding sites including two potential activator protein-1 (AP-1) sites within its 5'- and 3'-ends (—4276 to
—4243 and —4166 to —4152 bp), respectively. Interestingly, transgenic mice using a reporter construct
deleted for these two AP-1 elements still showed tissue-specific reporter activity. EMSAs using oligonu-
cleotide probes derived from this region and MCT cell nuclear extracts identified DNA/protein complexes
that were enriched from cells stimulated to hypertrophy. Moreover, these elements mediated increased
reporter activity on transfection into MCT cells. These data define a 90-bp cis-enhancer required for tissue-
specific Coll0al expression in vivo and putative DN A/protein complexes that contribute to the regulation of
chondrocyte hypertrophy. This work will enable us to identify candidate transcription factors essential both
for skeletal development and for the pathogenesis of skeletal disorders.
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INTRODUCTION

HE TYPE X collagen gene (CollOal) is a specific

molecular marker of hypertrophic chondrocytes, a
terminal stage of endochondral ossification. Altered
COLI0AI expression and chondrocyte hypertrophy have
been associated with a spectrum of skeletal disorders such
as Schmid metaphyseal chondrodysplasia (SMCD), clei-
docranial dysplasia (CCD), and osteoarthritis.('"® Tt has
been reported that Coll0al-null mice have subtle growth
plate compressions partially resembling SMCD.” Abnor-
mal hypertrophic cartilage and Coll0al expression in the
cranial base have also been observed in certain mouse
models, suggesting its potential role in craniofacial develop-
ment.® Characterization of the tissue-specific cis-acting ele-
ments that control Coll0al transcription during chondrocyte
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hypertrophy is, therefore, critical toward identification of
transcription factors that specify this critical step during en-
dochondral bone formation and the pathogenesis of skeletal
dysplasia and osteoarthritis.

Multiple cis-elements and trans-acting factors have been
reported to regulate Coll0al expression both in vitro and
in vivo. The immediate upstream sequence of the Coll0Oal
transcription start site (—120 to +1 bp) shows a high level of
conservation across species and is likely the basal pro-
moter.” In vitro transfection studies have identified mul-
tiple regulatory elements within human, murine, and
chicken Coll0al promoter regions that further regulate
Coll0al expression.(w’“) We have previously reported
identification of a 4-kb murine Coll0al promoter (—4018
to +185 bp) that can mediate reporter activity selectively in
lower hypertrophic chondrocytes in transgenic mice. We
have also shown that Runx2 contributes directly to trans-
activation of this Coll0al promoter both in vitro and in

"Department of Anatomy and Cell Biology, Rush University Medical Center, Chicago, Illinois, USA; *Department of Molecular and
Human Genetics, Baylor College of Medicine, Houston, Texas, USA; 3Center of Pediatrics and Adolescence Medicine, University
Hospital of Freiburg, Freiburg, Germany; “Department of Orthopedics, Case Western Reserve University and University Hospital-Case
Medical Center, Cleveland, Ohio, USA; *Howard Hughes Medical Institute, Baylor College of Medicine, Houston, Texas, USA;
6Respiratory and Inflammation Research Area, Astrazeneca, Macclesfield, Cheshire, United Kingdom.

1022



CIS ENHANCER ELEMENT FOR MOUSE COL10A1 EXPRESSION

vivo through putative Runx2 binding sites found in this
promoter region.!?)

Recently, a 4.6-kb murine Coll0al promoter fragment
(—4410 to +634 bp) was shown to drive higher levels of
tissue-specific expression in hypertrophic cartilage in
vivo."® These data together with our previous studies
suggest that the major cis-enhancer essential for tissue-
specific CollOal expression in vivo is within the CollOal
distal promoter (—4.4 to —3.8 kb), where it locates the
conservative enhancer.'?¥ Interestingly, not all hyper-
trophic chondrocytes in the growth plate of these trans-
genic mice show reporter (LacZ) expression.'> More re-
cently, a bacterial artificial chromosome (BAC) construct
that contains the complete Coll0al gene and large flanking
sequences was shown to control efficient and specific LacZ
expression in all hypertrophic chondrocytes in transgenic
mice.""> This shows that additional cis-elements located
elsewhere (i.e., further upstream of the Coll0al promoter
or intronic sequence) may be needed to contribute to high-
level cell-specific CollOal/reporter expression.

Here we report a systematic dissection of the Coll0al
promoter/intronic region by transgenic studies using various-
sized CollOal elements ranging from 10 to 4.6 kb up-
stream of the LacZ as reporter. Our results confirmed
the observation that the Coll0al distal promoter (—4.4 to
—3.8kb) harbors a critical enhancer that mediates its tissue
specificity.1*!Y We further report localization of a mini-
mal 90-bp cis-enhancer within 150 bp (—4296 to —4147 bp)
of this CollOal promoter that is sufficient to direct high-
level hypertrophic chondrocyte-specific reporter expres-
sion in vivo. Putative transcription factors that may bind
this Coll0Oal cis-enhancer and together mediate its tissue
specificity are also discussed.

MATERIALS AND METHODS
Generation of CollOal promoter reporter constructs

The Coll0al regulatory elements used for generation of
different reporter constructs in this study were derived from
the Coll0al BAC" by either PCR amplification or re-
striction enzyme digestion and subcloned into pBluescript 11
KS vector. The 8-kb (—4018 to +4220 bp) transgenic re-
porter construct (7g-8kb) encompasses the original 4-kb
Coll0al promoter™ and a large second intron (an 8.2-kb
Xhol fragment) that drives LacZ as a reporter (Fig. 1A;
Table 1). Thel0-kb (—6022 to +4220 bp) reporter construct
(Tg-10kb) contains an additional 2-kb upstream sequence
(generated by PCR) of the CollOal promotor compared
with the above 8-kb construct. (The sequences of the primers
are available on request). The 6-kb (—6022 to + 185) and 4.6
kb (—4580 to + 185 bp) reporter construct (7g-6kb and Tg-
4.6kb) each contains a 2-kb or a 0.6-kb upstream sequence
respectively followed by the original 4-kb Coll0al promoter/
intronic element and the LacZ gene (Fig. 1A; Table 1).

The Tg-1x600 and Tg-2x600 transgenic reporter con-
struct was generated by inserting one or two copies of the
conserved distal Coll0al promoter element (—4433 to —3790
bp, an EcoRI restriction fragment) upstream of the
Coll0al basal promoter (—220 to +110 bp, a PCR derived
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fragment and the sequences of the primers are also avail-
able upon request) driving LacZ as reporter (Figs. 2A and
3A; Table 1). Transgenic reporter constructs 7g-1x300, Tg-
4x300, and Tg-4x150 contain one or four copies of highly
conserved 300 bp of CollOal promoter element (—4296 to
—4009 bp) and four copies of the 150-bp element (—4296 to
—4147 bp) upstream of the same Coll0al basal promoter
and LacZ gene (Figs. 2A and 3A; Table 1). The 300- and
150-bp Coll0al promoter fragments were generated by
PCR amplification with BamHI or Bg/II linkers added to
the 5" or 3’ end, respectively, such that multiple copies can
be generated by enzyme digestion followed by linear liga-
tion (Table 2). Two deletion mutant transgenic reporter
constructs with or without the two putative activator
protein-1 (AP-1) elements within 150 bp of the Coll0Oal
promoter region (5'AP 1: —4276 to —4243 bp and 3" AP-1:
—4166 to —4152 bp) were generated. The first reporter
construct contains six copies of consecutive 5’ and 3" AP-
1 elements (60 bp, Tg-6xAP) upstream of the same
Coll0al basal promoter driving the LacZ gene (Figs. 4A
and 4B). The second reporter construct was derived from
the 150-bp Coll0al regulatory fragment with the two AP-1
elements deleted (90 bp, Tg-6xAP~; Figs. 4A and 4B).
These fragments were obtained by annealing the com-
mercially synthesized oligos (IDT Technologies) with
BamHI and Bglll adapters for generating multiple copies
(Table 2). The strategy of using BarmHI and Bg/II linkers/
adapters enables us to generate reporter constructs with
multiple copies of the putative enhancers (Coll0al distal
promoter elements) and only in the forward direction.
These constructs include Tg-1x300, Tg-4x300, Tg-4x150
Tg-6xAP, and Tg-6xAP~ as described. The enhancer ele-
ment (—4433 to —3790 bp, an EcoRlI restriction fragment)
of reporter construct 7g-1x600 is also in the forward di-
rection. However, because of random ligation, both copies
of the EcoRI fragment used in reporter construct 7g-2x600
are in the reverse direction by sequencing confirmation.
The Coll0al basal promoter used in all these reporter
constructs is in the forward direction. Additional reporter
constructs using elements derived from the Col/l0al distal
promoter (—4.4 to —3.8 kb) are described in the following
sections (see also Fig. 3A).

EMSA

A series of nine pairs of DNA oligos (~50 bases) derived
from the conserved Coll0al distal promoter (—4.4 to —3.8
kb) have been commercially synthesized by IDT Tech-
nologies (Fig. 3A). EMSAs using MCT cell nuclear ex-
tracts and these annealed DNA oligos as probes have been
carried out as previously described.'?) Briefly, 10 fmol of a
32p_end-labeled double-stranded probe corresponding to
these series of annealed DNA oligos was incubated with
3 wg of MCT cell nuclear extracts. Characteristics of MCT
cells (mouse chondrocytes, a cell model of chondrocyte
hypertrophy), preparation of the MCT cell nuclear ex-
tracts, and the conditions for the DNA-binding experi-
ments were as described previously. 121 Complexes
were electrophoresed on a 4% nondenaturing polyacryla-
mide gel and visualized by autoradiography.
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FIG. 1. Transgenic mouse studies using Coll0al promoter/intronic elements. (A) Analysis of mouse type X collagen gene: Coll0al is
composed of three exons numbered I, II, and III. Positions of the conserved Runx2 binding sites’® (A and B, arrows) and the AP1
element (red triangle) are as indicated. The 4-, 4.6-, and 6-kb Coll0al fragments used in transgenic studies are indicated by arrows and
shown at bottom. The 8- and 10-kb Coll0al elements with endogenous ATGs within exon IT were mutated into ACGs. (B) Whole mount
staining of Coll0al 4-,4.6-, 6-, and 10-kb transgenic P1 mice. X-gal staining of postnatal day 1 (P1) transgenic mice showed that the 4.6-, 6-,
and 10-kb Col10al regulatory element containing the conserved AP-1 element can direct higher level reporter expression (blue staining)
of transgene compared with the staining pattern of 4-kb transgenic mice (7g-4 kb, Tg-4.6 kb, Tg-6 kb, and Tg-10 kb, arrows).!® The 8-kb
Coll0al promoter/intronic element directs weak but more specific reporter expression (7g-8 kb) compared with Coll0al 4-kb transgenic
mice"® (data not shown). (C) Histological analysis of Coll0al-4.6-, 6-, and 10-kb transgenic P1 mice. Paraffin-embedded sections of
representative P1 mice from X-gal-stained Coll(0al 4.6-, 6-, and 10-kb transgenic mice were counterstained with nuclear fast red. Sagittal
sections of distal humerus, proximal ulna, and femur from these transgenic mice show blue staining throughout the zone of hypertrophy
(Cc, Cf, and Ci, Tg-10 kb; Cb, Ce, and Ch, Tg-6 kb; Ca, Cd, and Cg, Tg-4.6 kb). Similar results were also observed in ribs and all other long
bone sections (data not shown). Staining is representative of data from at least three transgenic founder mice or lines. The wildtype
littermate controls showed no staining (data not shown). Tg, transgenic mice.

Cell culture and transfection studies was added to all transfections and used as an internal
control for normalizing the cell transfection efficiency.”
Transfections were also performed in triplicate at three
doses to ensure a linear dose response.

MCT cells were grown at 32°C in standard DMEM with
8% FBS (Gibco BRL) and 8% CO, as per the published
protocol."® Three reporter constructs were selectively
generated by inserting six copies of the first, third, and sixth
cis-elements (corresponding to the annealed pairs of DNA
oligos used in EMSA studies) upstream of the Coll0al
basal promoter on a pSABgeobpA backbone. The reporter The DNA fragments containing entire transgenic cas-
plasmids and the pSABgeobpA control vector and the settes that include various Coll0al promoter/intronic
transgenic reporter construct (7g-4x300) were transfected elements on a SABgeobpA reporter plasmid backbone
into hypertrophic MCT cells as previously described.!?  were released by Norl and Sall digestion. Purified DNA
Briefly, MCT cells grown at 32°C were transfected for 6 h  was redissolved and microinjected into fertilized mouse
using Lipofectamine-plus (Gibco BRL), incubated for an eggs and implanted into FVB pseudopregnant foster
additional 48 h at 37°C, and harvested for a -galactosidase mothers®! using the Axiovert 200 transgenic apparatus
activity assay. A luciferase expression plasmid pRSVIuc (Carl Zeiss). Transgenic founder mice were genotyped by

Generation and histochemical analysis of
transgenic mice
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TABLE 1. Transgenic Studies of Coll0al
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Transgenic Position to transcription Founders or
lines start site Expression pattern lines analyzed
Tg-4kb 4-kb promoter and first intron Weak reporter expression in Three founders and two lines

(—4018 to +185 bp)

lower hypertrophic zone

Stronger but still low level reporter
expression in hypertrophic zone

High-level lacZ expression in
hypertrophic zone with some
staining in other tissue/cells

High-level tissue-specific expression,
no background

High-level tissue-specific expression,
no background

High-level tissue-specific expression,
no background

High-level tissue-specific expression,
no background

High-level tissue-specific expression,
no background

No tissue-specific reporter expression

at E15.5 and P1 stage
Three founders and three
lines at E15.5 and P1 stage
Two founders at P1, one line at
E15.5 and P1 stage

Three founders at P1, two lines at
E15.5 and P1 stage

Three founders and two lines at
P1 stage

Two founders, two lines at E15.5
and P1 stage

Two founders at P1, one founder
at E15.5 stage

Two founders at P1, two lines at
E15.5 and P1 stage

Four founders at E15.5

Tg-8kb Original 4-kb element and second

intron (—4018 to +4220 bp)
Tg-10kb 2-kb upstream sequence and the

8-kb fragment (—6022 to +4220 bp)
Tg-6kb 2-kb upstream sequence and the

4-kb element (—6022 to +185 bp)
Tg-4.6kb 600-bp upstream sequence and the

4-kb element (—4580 to +185 bp)
Tg-2x600bp  Two copies of the 600-bp

(—4433 to —3790 bp)

and ColX basal promoter
Tg-4x300bp  Four copies of the 300-bp

(—4296 to —4009 bp)

and ColX basal promoter
Tg-4x150bp  Four copies of the 150-bp

(—4296 to —4147 bp)

and ColX basal promoter
Tg-6xAP Six copies of the two AP-1 elements

(60 bp) and ColX basal promoter
Tg-6XAP— Six copies of the 150-bp without AP-1 sites

(90 bp) and ColX basal promoter

was observed
High-level tissue-specific expression,
no background

Two founders at E15.5, Two lines
at E15.5 and P1 stage

PCR amplification using LacZ-specific primer pairs and
analyzed by X-gal staining of mouse embryos at the stages
of E15.5 and P1 for B-galactosidase expression.(zz) After
staining, mice were paraffin embedded, sectioned, and
counterstained with nuclear fast red (Poly Scientific;
R&D). Sections of all long bones and ribs were analyzed,
and comparisons were made only among littermates at the
same magnifications using the Axioplan 2 imaging system
as described previously.(>?? At least 30 sections of each
growth plate were analyzed. The studies were approved by
the animal care and oversight committees at Baylor Col-
lege of Medicine and Rush University Medical Center.

RESULTS

CollOal distal promoter (—4.4 to —3.8 kb) harbors
essential enhancer(s)

To study whether the conserved enhancer within the
Coll0al distal promoter and whether additional cis-elements
located elsewhere are needed for high-level tissue-specific
expression in vivo, we generated a series of transgenic
mouse lines in addition to the original one using the 4-kb
Coll0al promoter for further promoter analysis (Figs. 1A
and 1B, Tg-4 kb).(m The 8-kb Coll0al regulatory element
that includes the 4-kb proximal promoter and the large
second intron was shown to mediate weak reporter ex-
pression (LacZ) within the zone of hypertrophy as previ-
ously observed (Fig. 1A, Tg-8kb; data not shown).!'>) The
10-kb Coll0al fragment that adds an additional 2 kb up-
stream sequence can direct higher-level reporter expres-
sion throughout the hypertrophic zone of long bones and

ribs (Figs. 1B and 1C, Tg-10kb; data not shown). Although
some nonspecific reporter expression was also observed in
resting chondrocytes of digits as shown by histological
analysis (data not shown), these in vivo data suggest the
presence of strong enhancer elements in the upstream 2 kb
(—6.0 to —4.0 kb) of the CollOal distal promoter but not
the intronic region. To further map this distal element, we
generated two additional transgenic mouse lines using 6-
and 4.6-kb Coll0Oal promoters, each driving the LacZ
reporter (Fig. 1A). High-level tissue-specific reporter
expression was also observed in these transgenic mice
(Figs. 1B and 1C, Tg-6kb and Tg-4.6kb). Compared with
the original 4-kb CollOal promoter element (—4018 to
+185 bp),"'? the 6- and 4.6-kb Coll0al regulatory elements
added an additional 2 and 0.6 kb of distal promoter, re-
spectively. Although there is a slight sequence difference
between our Tg-4.6kb reporter construct (—4580 to +185 bp)
and the reported CollOal regulatory element (—4410 to
+634 bp)"1?) used for transgenic studies, both results sug-
gest that the tissue-specific cis-enhancer for CollOal/
reporter expression is located in the Coll0al distal pro-
moter (—4.4 to —3.8 kb) where the conservative enhancer
is located as previously reported (Fig. 1A; Table 1).131%

One hundred fifty base pairs of the CollOal distal
promoter (—4.3 to —4.15 kb) contain
a major cis-enhancer

To study the contribution of the putative enhancer
(—4433 to —3790 bp) within the Coll0al distal promoter to
its expression in hypertrophic chondrocytes in vivo, we
generated a transgenic mouse line using only this enhancer
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FIG. 2. Distal Coll0al promoter elements used in transgenic mouse studies. (A) Transgenic studies using 600, 300, and 150 bp of
Coll0al distal promoter elements The 600 bp of the putative enhancer element (—4.4 to —3.8 kb) and the highly conserved 300-bp
fragment (—4.3 to —4.0 kb) are highlighted as purple and green bars, respectively (top). The 5’ portion of the 150-bp element within the
300-bp fragment is shown as a red square. The transgenic reporter constructs containing two copies of the 600-bp fragment (7g-2x600) or
four copies of the 300-bp (7g-4x300) and the 5’ 150 bp of fragment (7g-4x150) upstream of the Coll0al basal promoter (red bar) driving
the LacZ gene are shown at the bottom. (B) Whole mount staining of 7g-2x600, Tg-4x300, and Tg-4x150 transgenic P1 mice. Whole
mount X-gal-stained postnatal day 1 (P1) transgenic mice of Tg-2x600, Tg-4x300, and Tg-4x150 showed a reporter expression pattern
(blue staining) in the chondro-osseous junction of limbs and ribs (white arrows). (C) Histological analysis of 7g-2x600, Tg-4x300, and Tg-
4x150 transgenic P1 mice. Paraffin-embedded sagittal sections of the scapula, radius, and tibia of representative P1 mice from X-gal-
stained 7g-2x600 (Ca, Cd, and Cg), Tg-4x300 (Cb, Ce, and Ch), or Tg-4x150 (Cc, Cf, and Ci) transgenic lines show blue staining
throughout the zone of hypertrophy (black arrows and data not shown). No staining was observed in wildtype littermates. Data were
collected from at least three founders or F; mice from each transgenic mouse line.

upstream of the Coll0al basal promoter (—220 to +110 bp)
driving the LacZ gene. No tissue-specific reporter expres-
sion pattern was observed in transgenic founder mice
(Tg-1x600, data not shown). However, when the reporter
constructs were generated by using two copies of this pu-
tative enhancer and in the reverse direction as described
above, the transgenic founder mice showed similar high-
level tissue-specific reporter expression pattern compared
with that of Tg-4.6kb, Tg-6kb, and Tg-10kb transgenic mice
(Figs. 1B, 2A, and 2B, Tg-2x600). Histological analysis
showed X-gal staining correlated with -galactosidase re-
porter activity throughout the hypertrophic zone of the
long bones and ribs (Fig. 2C, Tg-2x600; data not shown).
This result showed that the 600-bp Coll0al distal promoter
(—4433 to —3790 bp) contains an essential enhancer that is
responsible for its tissue specificity in vivo.

Comparative sequence analyses have shown that this
600-bp putative murine enhancer is 60-70% homologous to

that of the corresponding human enhancer.('*'¥) However,
a detailed sequence analysis identified a highly conserved
300-bp fragment (—4.3 to —4.0 kb), which shows >80%
identity to that of human. Therefore, we generated trans-
genic mice carrying a reporter construct containing this
highly conserved 300-bp fragment upstream of the same
Coll0al basal promoter and the LacZ gene (Fig. 2A, Tg-
1x300). These Tg-1x300 transgenic founder mice did not
show reporter expression patterns in long bones and ribs
after whole embryo staining (data not shown). However,
when four copies of the highly conserved 300-bp fragment
were used for generation of the transgenic reporter con-
struct, high-level tissue-specific reporter expression was
observed in 7g-4x300 transgenic founder mice, as shown by
whole embryo staining and histological analysis (Figs. 2B
and 2C, Tg-4x300). These data suggest that the highly
conserved 300-bp Coll0al regulatory element contains the
major enhancer that mediates its tissue specificity.
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FIG. 3. In vitro studies using cis-elements derived from the CollOal distal promoter. (A) Dissecting the Coll0Oal distal promoter
elements. This is a schematic map covering the entire putative enhancer sequence: the EcoRI fragment within the Coll0al distal
promoter ranging from —4433 to —3790 bp. The 600-, 300-, and 150-bp enhancer sequences used for %eneration of various reporter
constructs are indicated. The newly identified 5" and 3’ AP-1 binding sites and the original AP-1 site™® that is outside of the 150-bp
enhancer region (—4.3 to —4.15 kb) are underlined. A series of nine pairs of DNA oligos (~50 base with a few bases of overlapping
sequence between junctions) within this Coll0al distal promoter (—4.4 to —3.8 kb) were commercially synthesized by IDT Technologies.
These oligos were designed with BamHI (G-GATC-C) and Bg/II (A-GATC-T) adapters for generating multiple copies and for cloning of
corresponding reporter constructs as shown in Table 2. (B) Putative enhancer element binding in MCT cell nuclear extracts. EMSAs were
performed using hypertrophic MCT cell nuclear extracts and nine consecutive pairs of DNA oligos as probe. Two specific DNA/protein
complexes formed with the third and sixth double-stranded oligos (a, lanes 3 and 6). These DNA/protein complexes diminished with
competition when 100-fold of cold probe was used (data not shown). We also performed EMSA using proliferative MCT cell nuclear
extracts (grown at 32°C) and these double-stranded oligos. Interestingly, formation of the DNA/protein complex can only be seen with
the third DNA element (b, lanes 3 and 6). (C) Transfection studies using reporter plasmids derived from the putative cis-elements.
Reporter plasmids were generated each with the first, third, and sixth element and were transfected into hypertrophic MCT cells. An
RSV-luc luciferase expression plasmid was cotransfected as an internal control for transfection efficiency. The results showed that the
reporter plasmid p4x300-Xbp-Bgeo (Tg-4x300) that shows in vivo relevance (Fig. 2) showed significant reporter activity. Reporter
plasmids with the third or sixth element, which form DNA/protein binding complexes, also show upregulated reporter activity (p6x3E-
Xbp-Bgeo, p6x6 E-Xbp-Bgeo), whereas the reporter plasmid derived from the first element (p6x! E-Xbp-Bgeo) only shows basal promoter
activity. Bars represent the average ratios of B-galactosidase to luciferase activity. The SDs are indicated by the error bars. pBgeo, pSA-
Bgeo-bpA as empty vector control; Xbp, Coll0Oal basal promoter; E, element.

To further refine this enhancer element, we divided this
300-bp enhancer into 5’ and 3’ portions with a 20-bp
overlapping sequence for additional transgenic studies. We
first generated a reporter construct in which the Lac Z
reporter gene was driven by four copies of 3’ portion of this
300-bp fragment and the basal promoter (—4.17 to —4.0 kb,
Tg-4x3’-150, data not shown). No reporter expression
pattern (blue staining) was observed in any tissues of all
four transgenic founder mice. In another reporter con-
struct, when the 5’ portion (—4.3 to —4.15 kb; Fig. 3A) of
this 300-bp fragment was used, a tissue-specific reporter
expression pattern was observed in both the transgenic

founders and the F; mice (Figs. 2A-2C, Tg-4x150; data not
shown). These results localize the major cis-enhancer ele-
ment to a 150-bp Coll0al distal promoter between —4296
and —4147 bp.

In vitro studies with cis-elements derived from the
Coll0al distal promoter

To determine whether cis-enhancer element (s) within
the CollOal distal promoter (—4.4 to —3.8 kb; Fig. 3A)
could bind putative transcription factors in the cell model
of chondrocyte hypertrophy, we performed EMSA assays
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TABLE 2. Primer and Linker/Adapter Sequences for Reporter Constructs

Primer names Primer sequences

300 forward 5"-AATGGATCCTCCTGTTTCACGTAG-3" (GGATCC: BamHI linker)

300 reverse 5'-TATAGATCTCGAGCTTTGGGAAG-3' (AGATCT: BgIII linker)

150 forward 5'-AATGGATCCTCCTGTTTCACGTAG-3' (GGATCC: BamHI linker)

150 reverse 5'-AACAGATCTGTAGAATCAGAG-3' (AGATCT: BgIII linker)

6 X AP forward 5'-GATCCGAATAAGCTCCTTCATAAAGTCACAGACCAGTCAGGCTGAAC
AAATACTCTGATTCTACAATCTGTTA-3' (GATCC/A:BamHI/BgIII adapter)

6 X AP reverse 5'-GATCTAACAGATTGTAGAATCAGAGTATTTGTTCAGCCTGACTGGTCT
GTGACTTTATGAAGGAGCTTATTCG-3' (GATCT/G: Bglll/BamHI adapter)

6 X AP~ forward 5'-GATCCGCCTCCTGTTTCACGTACAGCTCCGAGGAAACACCCAGAATAA

AAATAGTTTAATACACACAATTAGGTGTGGGTGTGGCCAGCA-3' (GAT
CC/A: BamHI/BgIII adapter)

6 X AP™ reverse 5'-GATCTGCTGGCCACACCCACACCTAATTGTGTGTATTAAACTATTTTTA
TTCTGGGTGTTTCCTCGGAGCTGTACGTGAAACAGGAGGCG-3' (GATC
T/G: Bglll/BamHI adapter)

A

Tg-6XAP™

150-BP COL10A1 PROMOTER ELEMENT

GCCTCCTGTTTCACGTAGAATAAGCTCCTTCATAAAGT
-4296 5-AP1 (-4276 t0-4243)

CACAGACCAGTCAGGCTGAACAGCTCCGAGGAAACACC

CAGAATAAAAATAGTTTAATACACACAATTAGGTGTGG

GTGTGGCCAGCAAATACTCTGATTCTACAATCTGTT
3-AP1 (-4166 to-4152) -4147

E15.5 E15.5

B 150 bp D fibula radiusiuina
A — @ 5-AP1 @ 3-AP1 ' -' ——
150 b

= 5'and 3-AP1 deleted

FIG. 4. Analysis of the putative AP-1 elements within the 150-bp Coll0al promoter. (A) The two putative AP-1 sites within the 5’
(—4276 to —4243 bp) and 3’ (—4166 to —4152 bp) portion of the 150-bp sequence are underlined. (B) The red rectangle represents the
150-bp fragment; the 5’ and 3’ AP-1 elements are shown as black and blue dots, respectively. Transgenic reporter constructs containing
six copies of consecutive 5’ and 3" AP-1 elements (7g-6xAP) or AP-1 deletion mutant (7g-6xAP"~) upstream of the same Coll0al basal
promoter (red bar) driving the LacZ gene are shown at the bottom (also see Table 2). (C) X-gal-stained E15.5 transgenic founder mouse
embryo of Tg-6xAP~ showed reporter expression pattern (blue staining) in the chondro-osseous junction of limbs and ribs (white
arrows). No staining was observed in 7g-6xAP transgenic mouse embryos (left). (D) Sagittal section of X-gal-stained E15.5 mouse
embryo from one 7g-6xAP~ founder showed reporter activity (blue staining) exclusively throughout the hypertrophic zone in the fibula,
radius, ulna, and other long bone and rib sections (black arrows and data not shown). a and c are lower magnifications compared with b
and d. No staining pattern was observed in wildtype littermate controls.
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using proliferative or hypertrophic MCT cell nuclear ex-
tracts and a series of DNA 50-mers derived from this re-
gion. Two specific DNA/protein complexes formed with
probes 3 and 6 (Fig. 3B) when the hypertrophic MCT cell
nuclear extracts were used, whereas only probe 3 showed a
DNA/protein complex when incubated with proliferative
MCT cell nuclear extracts. Interestingly, probes 3 and 6
overlap with the 5" and 3’ ends of this 150-bp enhancer
(—4.3 kb to —4.15 kb) defined by in vivo studies (Fig. 3A).
To determine whether these probes and the corre-
sponding DNA/protein complex correlated with detectable
transactivation activities in this cell model, we performed
transfection studies using hypertrophic MCT cells as pre-
viously described.? Reporter constructs containing six
copies of either probe 1, 3, or 6 were generated. As a
positive control, reporter construct p4x300-Xbp-Bgeo or
Tg-4x300, which shows specific reporter activity in hyper-
trophic chondrocytes of transgenic mice, was used (Figs.
2A and 3C). As expected, p4x300-Xbp-Bgeo gave the
highest B-galactosidase activity when transfected in hy-
pertrophic MCT cells (7Tg-4x300; Fig. 3C). Significant up-
regulation of reporter activity was also seen in reporter
constructs containing probes 3 or 6 (p6x3/6/E-Xbp-Bgeo;
Fig. 3C) but not probe 1. These results suggest that putative
transcription factors could bind cis-elements within this
150-bp region and mediate Coll0al/reporter expression.

Characterize the role of two AP-1 elements within the
150-bp CollOal promoter in vivo

To identify the putative transcription factor binding sites
that may mediate tissue-specific CollOal/reporter expres-
sion, we performed in silico cross-species analysis of this
conserved 150-bp element using the rVISTA tool.?> We
identified several putative transcription factor binding sites
including two potential novel AP-1 sites within the 5" and
3’ ends as described (—4276 to —4243 and —4166 to —4152 bp;
Fig. 4A). Previously, putative AP-1 binding sites within
the Coll0al distal promoter have been reported to con-
tribute to its expression by in vitro experiments.(13 ) Given
the importance of AP-1 family members in cell fate de-
termination and specifically in chondrogenesis, 1*?*>1 we
further studied whether these newly identified AP-1 ele-
ments contribute to tissue-specific Coll0al expression in
vivo. We generated two deletion mutant reporter con-
structs with or without the two putative AP-1 elements for
transgenic studies (7g-6xAP and Tg-6xAP ; Fig. 4B).
Interestingly, tissue-specific reporter activity was only ob-
served in transgenic mouse embryos with the two AP-1 el-
ements deleted (7g-6xAP; Figs. 4C and 4D) but not in
the one with the putative AP-1 elements (7g-6xAP;
Fig. 4C; data not shown).

DISCUSSION

Tissue-specific gene expression typically requires bind-
ing of specific transcription factors to major enhancer(s) in
addition to action of general transcription factors to the
core promoter region.(32’34) These enhancers are cis-acting
DNA regulatory elements that are known to stimulate

1029

transcription, independent of their position and orienta-
tion.®*3> The type X collagen gene (Coll0al) is a specific
molecular marker of hypertrophic chondrocytes, a cell type
that undergoes terminal differentiation and apoptosis and
may help mineralization and angiogenesis during long
bone development.®® However, until recently, the cis-
enhancer element that mediates hypertrophic chondrocyte-
specific Coll0al expression in vivo has not been identified.
Putative transcription factors that are suggested to be
responsible for Coll0al expression are therefore still
illusive, (121337

In this study, our data together with others suggested
that the cis-acting regulatory element responsible for high-
level CollOal/reporter expression is located within the
Coll0al distal promoter (—4.4 to —3.8 kb; Fig. 1, Tg-10kb,
-6kb, -4.6kb).® A putative enhancer that mediates upre-
gulated Coll0Oal promoter activity in vitro was previously
reported within this region."*!¥) In our further transgenic
studies, whereas a single copy of this putative CollOal
enhancer (7g-1x600, Tg-1x300) did not confer tissue
specificity, multiple copies of the enhancer (7g-2x600, Tg-
4x300) directed high-level reporter expression throughout
hypertrophic zone of transgenic mouse embryos (Fig. 2).
Interestingly, a putative enhancer used for generation of
the Tg-2x600 transgenic reporter construct was found in
the reverse direction. Although, we did not make a re-
porter construct by placing two copies of the 600-bp en-
hancer in the forward direction, our data suggest that this
enhancer works independent of its orientation and func-
tions better when presented in multiple tandem cop-
ies.®33 Moreover, we further performed promoter
analysis and successfully refined mapping the major cis-
enhancer to 150 bp (—4296 to —4147 bp) of the CollOal
promoter that is sufficient to mediate its tissue specificity in
vivo (Fig. 2, Tg-4x150).

Our in vitro DNA binding experiments showed that
specific DN A/protein complexes formed when MCT cell
nuclear extracts were incubated with annealed DNA oligos
derived from the 5" or 3’ end of the 150-bp Coll0al pro-
moter (Fig. 3B). Correspondingly, reporter constructs de-
rived from the above correlated oligos (3 and 6) showed
upregulated reporter activity when transfected into hy-
pertrophic MCT cells (Fig. 3C). It has been well shown that
MCT cells grew continuously at a temperature permissive
for the activity of the SV40 large tumor antigen (32°C).
However, these cells undergo growth arrest when cultured
at a nonpermissive temperature (37°C) and show signifi-
cant upregulation of Coll0al expression.'>'® This will
make MCT cells a suitable model to study Coll0al gene
regulation in vitro. Formation of specific DNA/protein
complex(es) and the upregulated promoter activity seen in
corresponding reporter constructs suggest that certain
transcription factors might bind these elements and specify
Coll0al expression. Hypertrophic MCT cells also express
type I collagen, indicating their acquirement of osteoblastic
characteristics.'® However, given the in vivo relevance of
this 150-bp refined enhancer, transcription factors that
upregulate CollOal/reporter expression are very likely to
interact with cis-elements within this enhancer and to-
gether mediate reporter activity. Therefore, these in vitro
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data provide valuable information in finding the molecular
determinants important for Coll0al gene regulation by
means of EMSA candidate approach and proteomics
methods.

Multiple transcription factors and signaling pathways
have been shown to contribute to regulation of chondro-
cyte maturation and type X collagen expression by in vitro
transfection and mouse genetic studies. These include the
transcription factors AP-1, specific protein-1, and Runx2,
and the Thh/PTH-related protein (PTHrP), BMP/Smad,
Wnt/B-catenin, fibroblast growth factor (FGF), and TGFpB
signaling pathways.&1171437) pPreviously, multiple AP-1 bind-
ing sites were identified within the Coll0Oal distal pro-
moter, one of which was shown to be functionally active
(—4123 to —4116 bp) and specific for induction of reporter
activity in hypertrophic chondrocytes by in vitro transfec-
tion studies.!¥ Interestingly, these reported AP-1 binding
sites implicated in Coll0al expression are located outside
and downstream of the 150-bp Col/10al enhancer described
here. Here, using the rVista 2.0 tool,(23) we report the
identification of two potential AP-1 binding sites within
this 150-bp enhancer that were not reported previously.®
Transgenic studies using a reporter construct that deleted
the two AP-1 elements from the 150-bp enhancer still gave
tissue-specific reporter activity (Tg-6xAP™; Figs. 4C and
4D). Whereas another reporter construct that contained
only the AP-1 elements and the LacZ as a reporter did not
show any tissue specificity (Tg-6XxAP, data not shown).
These data do not rule out AP-1 involvement in regulating
Coll0al expression but do further restrict the major cis-
enhancer element to 90 bp of the Coll0al promoter. AP-1
family members are known to have multiple biological
roles by functioning as both transcriptional activators
and repressors.(zs"zg) The repressor activity of AP-1 family
members on CollOal/reporter expression has been shown
previously by in vitro studies.'*>” These AP-1 elements
may serve as silencers and be part of the enhanceosome that
mediates transcriptional repression to exclude gene activity
in inappropriate tissues as previously described.**3%

Our previous results showed that the contribution of
Runx2 regulating Coll0al expression is mediated by con-
servative Runx2 binding sites within the proximal 4-kb
Coll0al promoter.'” No Runx2 binding sites were iden-
tified within this 90-bp Coll0al enhancer by preliminary in
silico analysis.®® It is possible that additional cis-elements
located elsewhere or multiple transcription factors in ad-
dition to Runx2 and AP-1 may work together or inde-
pendently to contribute to Coll0Oal expression. It has been
shown that, beside the core promoter region, enhancers, as
well as silencers and insulators, may be present in the dis-
tant 5’ upstream or 3’ downstream region, in introns and
even in interchromosomal DNA, which constitute auxiliary
transcriptional regulatory elements.1-5?)

In summary, dissection of type X collagen gene regula-
tion during chondrocyte hypertrophy has been attempted
by both in vitro and in vivo studies. Recently, this has also
drawn extensive attention from scientists all over the
world, because chondrocyte maturation is not only a criti-
cal stage of skeletal development but also an essential
player that is involved in the pathogenesis of skeletal
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dysplasia and osteoarthritis.'® Published results to date
point to a plethora of possible transcription factors and cis-
enhancer elements!>131537) that contribute to regulation
of Coll0al expression. None, however, to date have been
able to define a sufficiently refined element in vitro and in
vivo to facilitate cloning of candidate transcription factors.
In this study, we successfully showed that the major cis-
enhancer element that is responsible for Coll0al expres-
sion is within the 90-bp Coll0al promoter as described
above. Although it is not practical to characterize many of
the putative binding factors based on the results of in
silico sequence analysis (such as CdxA, CRE-BP, Nkx-2,
and NF-«kB), this refined CollOal cis-enhancer element
will enable us to identify the candidate transcription
factor(s) that mediate its tissue specificity by using candi-
date EMSA, proteomics, and/or one-hybrid screening
approaches. Moreover, such a short element will have
direct applications in targeting genes of interest selectively
to hypertrophic chondrocytes by combining transgenic
and/or Cre/LoxP recombination approaches.(53) The easy
cloning strategy described in this study that involves re-
placement of the LacZ reporter only enhances these pro-
cesses. The mouse models generated in this study will also
help genetically to elucidate the potential transcriptional
determinants for Coll0al gene regulation during terminal
chondrocyte differentiation.
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