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ABSTRACT
We have isolated the 5'-end of the gene for the rat and
human link protein by screening genomic libraries with
oligonucleotides corresponding to the 5'-cDNA
sequence. Several overlapping clones were isolated for
the human link protein gene, while only one clone was
obtained for the rat. All the clones contained a single
exon of which the sequence was identical to the most
5'-end of the rat and human cDNAs. Transcription
initiation sites for the rat link gene were identified by
primer extension and S1 protection analysis using total
RNA from the rat Swarm chondrosarcoma.
Transcriptional initiation sites for the human link gene
were determined by specific primer extension of RNA
from human fetal cartilage. Comparison of 1500 bp of
5'-flanking sequence between the rat and human link
protein genes showed strong sequence conservation
near the start site of transcription with 80% overall
identity. Analysis of the 5'-flanking regions also
revealed a large inverted repeat consisting of repeating
purine-pyrimidine, which has the potential to form left-
handed Z-DNA.

Transcriptional regulation of the link protein gene
was studied by coupling either 7.0 kb or 0.85 kb of
5'-flanking rat DNA to the chloramphenicol
acetyltransferase (CAT) gene followed by transfection
into chick embryonic chondrocytes (CEC) and HeLa
cells. Both constructs had considerable CAT activity
in CEC cells and less activity in HeLa cells.
Furthermore, inclusion of a DNA fragment from the first
intron increased relative CAT activity in both of these
cell types. The increased activity from the first intron
was shown to be orientation independent in CEC.
These results indicate the presence of positive cis-
acting regulatory elements in both the promoter and
first intron of the rat gene for link protein.

INTRODUCTION

Link protein (1) is a major structural component of cartilage and
is present in various connective tissues. Various sizes of link
protein have been described (2-8) which appear to be due to
differences in the degree of glycosylation (9). Link protein
heterogeneity may also be affected by alternative splicing of the
link protein gene transcripts, as has been shown in
chondrosarcoma tumor cells (10). Link protein and the large
aggregating cartilage proteoglycan, which has recently been
renamed aggrecan (11), contain similar domains (12, 13) and
have an affinity for hyaluronic acid (HA). In cartilage, the
interaction of these molecules produce a large stable aggregate
structure which contributes to compression resistance and to shock
absorption in the joint.

Developmental and tissue-specific expression of cartilage genes
including type II collagen, link protein, and aggrecan have been
investigated in several systems. Abundant production of these
proteins is characteristic of both hyaline cartilage (15) and the
fully differentiated chondrocyte which show a co-regulation of
these genes. Both aggrecan and link protein are co-localized in
the developing chick limb buds (16). Differential expression of
collagen II, aggrecan, and link protein has also been reported.
In the nanomelic chicken sternum reduced levels of aggrecan
mRNA and protein are found when compared to that of a normal
chicken. However, link protein levels are expressed at similar
levels in both nanomelic and normal chicken (17). In normal
chicken eyes, link protein but not aggrecan is expressed in the
lens capsule and epithelium, whereas co-expression of aggrecan
and link protein is detected in the sclera (18). The immortalized
rat chondrocyte (IRC) cell line also reveals a non-coordinate
pattern of expression with reduced expression of ype II collagen
and high levels of expression of both aggrecan and link protein
(19).
We have isolated the 5'-flanking regions for both the rat and

human link protein genes in order to understand the mechanisms
by which the link protein gene is regulated. We have identified
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start sites of transcription by SI nuclease mapping and primer
extension. We have examined the DNA regions necessary for
expression of the link protein gene by transfecting chondrocytes
and HeLa cells with plasmid constructs containing the promoter
of the rat link protein gene coupled to a reporter gene for
chloramphenicol acetyl transferase (CAT) (20).

MATERIALS AND METHODS
Construction of cDNA library
RNA was prepared from the rat Swarm chondrosarcoma (21),
and poly(A) +RNA selected on oligo (dT)-cellulose. Plaques on
nitrocellulose were screened as described (22) with an
oligonucleotide that was located 5' to the oligonucleotide used
as a primer for the cDNA synthesis.
The human link protein cDNA sequence was determined from

a cDNA clone pHLIO isolated from a human chondrocyte cDNA
library (gift of T. Kimura) using the rat cDNA as probe.

Isolation of Genomic clones
A rat genomic library in charon 4A (gift ofTom Sargent, National
Institute of Child Health and Human Development, NIH), or a
human genomic library in EMBL3 (gift of Frank Gonzalez,
National Cancer Institute, NIH), were plated and the plaques
transferred to nitrocellulose filters.

Construction of Recombinant CAT Plasmids
A series of plasmids was constructed in which DNA flanking
the first exon was fused to the CAT gene of E. coli. The first
of this series were promoter modifications; pRLIO, had a Hind
11 fragment (-7000 to +35) ligated to Hind 11 digested
pSVOCat vector (20), while pRL12 (-7000 to -850), and
pRLl 1(-850 to + 35), were made by attaching Hind 111 linkers.
pRL16 was derived from pRLIO by inserting a 2.2 kb EcoRI
fragment into the BamHI site of pRL1O after blunt-ending the
fragment and attaching BamHI linkers. pRL18 and pRL20, which
contain 1.5 kb and 0.8 kb DNA of the 3' portion of the 2.2 kb
intron segment, respectively, were prepared by attaching BamHI
linkers to DNA fragments isolated from asymmetric Bal-31
digested 2.2kb EcoRI fragment.
A second series ofCAT expression plasmids, pRL21-pRL24,

was made by subcloning specific restriction endonuclease
fragments from the first intron into the BamHI site of pRLIO.
pRL21, from a 280 bp AccI-StyI fragment; pRL22, from 340
bp StyI-EcoRI fragment; and pRL23, from a 1.6 kb EcoRI-AccI
fragment (see Fig. 1 and Fig. 4).

In addition, plasmid pRL26 was identical to pRL16 but in the
reverse orientation. Whereas pRL27 was made by subcloning
a transcriptionally inactive 2.3 kb DNA fragment from the first
intron of mouse a1 (IV) collagen chain gene (23) into the BamHI
site of pRL1O.

DNA Sequence Analysis of the 5' Rat and Human Genomic
Clone
DNA fragments cloned into M13 phage or Bluescript vectors
(Stratagene) were sequenced by the enzymatic chain termination
(24) method using T7 DNA polymerase (Sequenase, U.S.
Biochemicals). S1 analysis was performed as described (25).

Transient Transfection and CAT Assay
Chick embryonic chondrocytes (CEC) were prepared from sterna
of 15 day-old embryos as described (26). HeLa cells were grown
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Fig. 1. Diagrammatic representation of the cDNA and genomic clones used in
these studies. Restriction sites are indicated as: E, a EcoRI; Bg, BgIll; Hc, HinO;
X, XAoI; B, BamHI; RV, EcoRV; H, HindIH;B,BalI. Boxes represent exons.
A. The complete exon structure for amino acid coding region ofthe rat link gene
was reported previously (10). Additional cDNA clones were obtained by specific
primer extension of rat chondrosarcoma poly(A)+ mRNA. The 5' extended cDNA
contained 35 bp of the first exon (designated by the 5' solid box). The
oligonucleotide used for primer extension is represented by the arrow. The
oligonucleotide used for screening is represented by a short line, and the size
scale is in bp. B. The first exon for the rat genomic clone is shown as a closed
box with the small arrow above indicating direction of transcription. The second
exon is represented by the stippled box. Two Hind m sites, whose order has
not been determined, occur in the 5' region and are designated by (H-H). Several
Hincd sites occur 3' of the HincH site indicated by (Hc). The flanking EcoRI
sites may have been introduced as synthetic linkers. C. The exon for the human
genomic clone is shown as a closed box with a small arrow above indicating
the direction of transcription.

in DMEM containing 10% fetal calf serum. The cells were
transfected with 10 /tg DNA from each construct, using the
calcium-phosphate precipitation method (27). Precipitates were
removed from the culture after 3 h (chick chondrocytes), or 15
h (HeLa cells). The cells were harvested 48 h after transfection,
and CAT activity was assayed by the phase extraction method
(28). Each construct was tested in duplicate in the same
experiment. At least three independent assays were used in figure
4, and the constructs having a positive transcriptional influence
were tested and compared in more than eight independent assays
in the CEC cells. In figure 5 three transfection assays were
prepared and repeated in duplicate. In addition, the plasmids used
in figure 5 were prepared at the same time as a set.

RESULTS
Isolation of Rat cDNA and Genomic Clones
We previously isolated several cDNA and genomic clones for
the rat link protein. Sequence analysis of these clones revealed
that they coded for the entire link protein plus a short
5'-untranslated sequence (10, 29). These cDNA clones were
missing the most 5'-untranslated sequence and the genomic clones
did not contain the first exon. In order to obtain a full length
cDNA clone, a new cDNA library was constructed by extension
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Fig. 2. S1 nuclease and primer extension analysis of the rat link gene first exon and primer extension of the human link gene first exon. A. Primer extension reactions
(RT) were carried out using a 35-mer oligonucleotide (based on cDNA sequence), and 15 itg total RNA from rat chondrosarcoma, lanes 1 and 2 . Sl nuclease
mapping, lanes 3 and 4, was done using a X7wI-EcoRI fragment labeled at the EcoRI site by polynucleotide kinase. The DNA was then hybridized to RNA and
incubated with 1 unit/ml SI, lane 3, and 10 unit/ml SI, lane 4. A sequencing reaction was performed using as a sequencing primer the same oligo as used for
the primer extension reactions. The sequencing template used was a plasmid containing the region. A 7 M urea/ 8% acrylamide sequencing gel was used for the
electrophoresis. The DNA sequence of the region is shown. Arrows denote major products of the SI nuclease protection assay or the primer extension product.
Note the end of the DNA fragment used in the SI analysis is closer to the start of transcription than is the oligonucleotide used for primer extension. The canonical
cap sequence is boxed. Y represents a pyrimidine, while N represents any base. B. A diagram of the region showing the relationship of the S1 nuclease and reverse

ranscriptase products. (Ex) Denotes the end of the exon; (E), denotes the EcoRI site in the exon; (*), represents the 32p labeled position. C. Primer extension reactions
(RT) were carried out using a 35-mer oligonucleotide (based on cDNA sequence), and 15 ;&g total RNA from human fetal cartilage. (NS) denotes non-specific;
oligo, denotes the 35 base position.

of a specific oligonucleotide primer from the link cDNA sequence
(nucleotides 396-419, (10)). The library was screened using a

second oligonucleotide from the most 5' cDNA sequence and
several clones were isolated, which included 10-25 nucleotides
of additional 5' sequence. The longest previous clone was

terminated at an internal EcoRI site, of which only fifteen bases
extended into the first exon. Based upon the sequence of the
longest cDNA obtained, a 35-mer (nucleotides +62 to +28, Fig.
3) was prepared for screening a rat genomic library. A single
clone containing two EcoRI inserts, 9 kb and 2.2 kb was isolated
(Fig. 1, B). Because there was an EcoRI site within the
oligonucleotide used in the screening, one EcoRI site was

predicted to be within the first exon.

Isolation of the Human Link Genomic Clones
Human link protein genomic clones encoding the first exon and
flanking sequence were obtained by screening a human genomic

library with a synthetic oligonucleotide constructed from the most
5' sequence of human link protein cDNA. A cDNA sequence
for human link protein has been determined by us (data not
shown) and others as previously reported (30). Three distinct
overlapping genomic clones were obtained and were characterized
by both restriction enzyme analysis and Southern blot
hybridization. Using the oligonucleotide as probe, blot
hybridization analysis allowed the identification of a 9 kb EcoRI
fragment. This was subcloned into Bluescript and a restriction
endonuclease map was prepared (Fig 1, C).

Determination of the Transcriptional Initiation Sites

S1 nuclease protection and primer extension were performed to
determine the transcriptional start site for the first exon of the

rat link protein gene. Total cellular RNA from rat
chondrosarcoma was used to protect the XhoI-EcoRI fragment
32P-labeled at the EcoRI site (Fig. 2, B). Three major protection

A
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1132 A~AiAl1GCI~AIGCIAAIA ACATTiII 111CTTiITCTTAAo4TTTAGTTATT'TTCAiTIGA1TTToAC4GAlC!4A
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1222 l4 1AAU AAGTTTCATA 1GTAGAATAAITITI ICIAA ITIII14CII~AAII AIAATAGI4 111~4TJLA.
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Fig. 3. Nucleotide sequence comparison of the 5'-end of the rat and human link genes. DNA sequence from the human and rat link genes was compared using
the University of Wisconsin DNA analysis programs (32) and displayed using DNA:Draw (33). The top and bottom sequence rows correspond to sequences for

the rat and hunma, respectively. Numbering on the right column is relative to the start site of transcription (+1). Left column numbering is relative to the beginning
of the sequence shown. Vertical lines indicate nucleotides of identity between rat and human. Periods in the sequence represent insertion/deletion bases. The underlined

regions near the beginning of the sequences are long inverted repeats repeated before the start site of transcription (see text). The inverted repeats are present in

both rat and human as shown. The rat and human first exons are in reverse font. A putative TATAA box homolog for the rat gene is boxed.

products were obtained, (Fig. 2, lane 4), corresponding to lengths
of 53, 54, and 55 bases (Fig. 2, B). Reverse transcriptase
extension with an oligonucleotide primer produced a major cDNA
of 62 b (Fig. 2, lanes and 2). The difference in size between

the primer-extension products and Si-protected fragments
products was due to the utilization of different labeled ends; the

EcoRI site labeled in the Si protection assay is 9 bases closer

to the start site of transcription than the oligonucleotide used in

the primer extension (Fig 2, B). The site defined as the first

transcribed base is an A following a C in close agreement the

most frequent eukaryotic CAP site CANYYY (31). The

agreement in size of the primer-extended product and the SI

nuclease protected fragment product, excluded both the possibility
of SI nuclease detecting an intron boundary and the possibility
of an additional exon.

Primer extension was also performed to determine the

transcriptional start site of the human link protein gene (Fig. 2,

C). The oligonucleotide, a 35-mer, and a non-specific product
(which was detected in a reaction without RNA) are indicated

with the two specific primer extension products. The same

oligonucleotide was used in the sequencing reaction (Fig 2. lanes

T,G,C,A).

Nucleotide Sequence of the Rat and Human Link Protein

Promoter and First Exon

The nucleotide sequence of the 5 '-end of the rat and human link

protein genes was determined and is shown in figure 3. The first

exon in both genes coded for the untranslated sequence, while

the translation initiation codon was in exon 2. No consensus

TATAA box (34) was observed while a sequence, ACTTAA,

occurred at 30 of the rat sequence. ACTTAA is similar to the

sequence, CCTTAA, which has been described in the Ella

transcription unit of adenovirus as a TATAA sequence homolog
(35). However, analysis of human fetal cartilage RNA indicates
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Fig 4. Transcriptional analysis of the rat link promoter and first intron. As
diagramed, several fragments from the 5'-flanking region of the link protein gene
were cloned into the unique Hindu site of pSVOCAT. Intron fragments were

cloned into the unique BamHI site, distal to the CAT gene. Constructs were

transfected into Hela cells and chick embryonic chondrocytes (CEC). Some
constructs were tested only in CEC. CAT assays were performed after 48 h
incubation. The activity was expressed in all cases as a percentage of the activity
obtained with a 850 bp active promoter construct, pRLl . Transfections were

performed in duplicate, in three separate experiments. se*, indicates the standard
error. Constructs pRL10, PRLll, and pRL16 were transfected into CEC more

than eight times.

this region as the start site of transcription in humans (Fig. 2,
C). A GC-boxes (36) was present in the human at -548 that
was not present in the rat. An Api-like binding site, AGTCATCT
(37), and a c-AMP responsive element (CRE), TGACG (38),
occurred at rat sequences -315 and -192, respectively, and
were conserved in the human sequence. This APi -like site was
shown to bind to a protein, in vitro, that interacts with a Fos
specific antibody (unpublished results).
Two regions in the human link promoter and one region in

the rat had the potential to form left-handed Z-DNA which is
characterized by alternating purine and pyrimidine bases. G-C
repeats, in particular, have been shown in vitro to form Z-DNA
(39). Short G-C repeats were observed in the rat DNA sequence
at -810, and in the human sequence at -900 after 26 bp of
d(G-T)13:d(C-A)13. Computer stem-loop analysis indicated the
repeating purine-pyrimidine bases occurred in two large inverted
repeats of approximately 40 bp in both the rat and human
sequences (underlined sequences in Fig. 3). Pairing of distantly
placed inverted repeats might form large cruciform structures,
however, these forms may be thermodynamically unstable (40).
Within the rat second inverted repeat (-80 to -45), an imperfect
repeat sequence (CACACCC), of the -885 d(G-T)13:d(C-A)13,
occurred several times. The human sequence maintained a more

perfect inverted repeat, consisting of repeating CACA in this
same region. A sequence similar to CACACCC, GCCACACCC
is an important cis-acting transcriptional element of globin
promoters (41, 42).
Comparison of the human and rat promoter sequences revealed

two regions which had greater than 90% identity: the first 70
bases of figure 3 (-913 to -844), and between bases -90 and
-320 of the rat DNA sequence. The region between -30 and

106,914 5,603

62,694 1.237

6,715 87

Fig 5. The first intron of the link gene increases activity of the promoter in an

orientation independent manner in CEC. As diagamed plasmids pRL16 and pRL26
containing both orientations of the rat link first intron, were compared with the
promoter alone construct and with a plasmid pRL27. pRL27 containing a similar
in size 3' insert from the first intron of the mouse al (IV) collagen chain gene

(2.2 kb for pRL16 and pRL26 and 2.3 kb for pRL27). Each number for pR16,
pRL26, and pRL27 is the mean of three transfections in duplicate (6 values) while
pRL10 is the mean of 4 values. Statistical analysis by Scheffe F-test indicates
a higher than 99% significance to the differences between pRL16 or pRL26 and
pRLIO or pRL27. The differences for pRL16 and pRL26 or pRLIO and pRL27
are not significant. se*, indicates the standard error.
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ccctcccttcctc
ccctcccttcccc
ccatccccttccc
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ggagagctgtaaa
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Fig 6. Regions of similarity within the 5'-flanking regions of several cartilage
associated proteins. A. 5' flanking regions for type II collagen (43), cartilage
matrix protein (44), and fibronectin (45); genes were compared using the University
of Wisconsin bestfit program. Sequence numbering is the same as in the listed
references. B. Short regions of similarity within the collagen I enhancer, the
rat first intron, and the human first intron.

the start site of transcription, as determined for the rat link protein
gene, contained many base changes between the two species. The
untranslated sequences of exon 1 (exon 1 is completely
untranslated) appeared only moderately conserved between rat
and human genes. In addition, the human gene contained several
insertions in the 5' flanking region, which made it approximately
100 bp longer than the corresponding region of the rat gene.

Transcriptional Activity
Activity of the promoter of the rat link protein gene was analyzed
by transient transfection of CAT constructs (Fig. 4 and Fig. 5).
A construct containing 7 kb of the 5'-flanking sequence, pRL10,
contained a medium strength promoter in CEC cells. The activity
in HeLa cells, on a per cell basis, was approximately 15% of
the activity obtainable in CEC. A small construct pRLl 1 (-850

5' Modifications CAT gene 3' Modifications CPM

59,273 4,558

115,039 2,966
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to + 35), also revealed substantial CAT activity while a negative
control CAT plasmid pRL12 (-7000 to -850, missing -850
to + 35 the transcriptional start site) had no CAT activity above
untransfected cells alone. Because several positive cis-acting
transcriptional elements have been localized to first intron DNA,
a 2.2 kb DNA fragment from the first intron fragment of rat
genomic DNA was inserted into pRL1O generating pRL16. CAT
activity ofpRL16 was increased approximately two-fold in each
cell type.

Transfections and CAT analyses were also performed with
constructs including other restriction endonuclease fragments
from the first intron region. pRL23, containing a 1.3 kb 5'-intron
sequence, maintained the CAT activity of pRL16. pRL18,
pRL20, and pRL24, which contain various lengths of the 3'
portion of the 2.2 kb intron fragment, did not show a significantly
higher CAT activity when compared to the promoter-alone CAT
construct pRLIO; however, pRL18 produced an intermediate
CAT activity through many assays (Fig 4, pRL18). Constructs
pRL21and pRL22 (see Materials and Methods), which contained
fragments from the most 3'-region of the rat first intron, were
also tested but did not contain detectable positive elements as the
CAT activity observed was again similar to pRL1O (data not
shown).
A plasmid with the first intron fragment in reverse orientation

(pRL26), remained similar in activity to pR16 (Figure 5). A
control plasmid, pRL27, having a 2.3 kb DNA fragment from
the first intron of mouse al (IV) collagen chain gene inserted
into the BamHI site of pRL0 did not reveal any increase in
activity and remained similar in activity to the promoter alone
construct.

DISCUSSION
Using oligonucleotide probes from the 5'-portion of the link
protein cDNA we obtained one rat and three human genomic
clones. Primer extension and SI mapping identified the
transcription initiation site of the rat link protein gene in rat
chondrosarcoma. The first exon of the rat clone encoded an
untranslated sequence of 62 bp. Although the first exon of the
human gene was predicted to be 67 bp long (by comparison to
the rat sequence), our sequence analysis of the human cDNA
indicated at least a 85 bp exon and specific primer extension a
95 or 96 bp exon. DNA sequence analyses revealed that the
5'-flanking sequence of the rat and human link protein genes are
highly conserved and this similarity extends 5' past base -1000
and 3' past +600.
Computer comparison (32) of the 5'-flanking regions for the

rat link protein, type II collagen gene (43), and the cartilage
matrix protein gene (44), indicated no large stretches of DNA
identity. However, a 12 bp sequence from the link promoter was
found in the promoter region of type II collagen, the fibronectin
gene (45), and the cartilage matrix protein 5' regions (Fig. 6).
Gel-shift analyses of this sequence indicated binding of a
sequence-specific protein that is unaffected by retinoic acid and
occurs in cell types other than chondrocytes (data not shown).
Two large inverted repeat sequences consisting of alternating

purine-pyrimidine occurred in the human and rat genes. Regions
of repeating purine-pyrimidine, potential left-handed Z-DNA,
occur frequently in the mammalian genome (46), and long
inverted repeats are observed in bi-directional promoters. The
exact purine-pyrimidine repeat was not maintained in the second

sequence. Z-DNA has also been reported in the rat prolactin gene
and in subsequent CAT analysis the Z-DNA functioned to down
regulate transcription (47).

Transcriptional activity of the rat link protein promoter was

analyzed by expression of chimeric CAT plasmids in transfected
cells. These experiments indicated that a 0.85 kb as well as a

7 kb 5'-flanking fragment was transcriptionally most active in
CEC which produce link protein. The CAT activity of these
constructs in HeLa cells, which do not synthesize link protein,
was approximately 15% of the CAT activity obtained in CEC.
When DNA from the first intron was included with the 7 kb link
protein promoter construct, CAT activity increased approximately
two-fold. This transcriptional effect was orientation independent
and was not merely due to DNA size or a spacing effect because
a construct containing an unrelated 2.3 kb insert had no increase
in activity.
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