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ABSTRACT The gene contained in the human cosmid
clone CosHcoll, previously designated an al(I) collagen-like
gene, has now been identified. CosHcoll hybridizes strongly to
a single 5.9-kilobase mRNA species present only in tissue in
which type II collagen is expressed. DNA sequence analysis
shows that this clone is highly homologous to the chicken
al(ll) collagen gene. These data together suggest that
CosHcoll contains the human a1(II) collagen gene COL2AI.
The clone appears to contain the whole gene (30 kilobases in
length) and will be extremely useful in the study of cartilage
development and for identifying those inherited chondro-
dystrophies in which defects occur in this gene.

Collagens are major structural components of the extracel-
lular matrix. In vertebrates they form a large family of
proteins represented by at least nine distinct types for which
a minimum of 17 genes exist to code for their constituent «a
chains (1-5). Different tissues are characterized by the types
and quantity of collagen expressed. The coordinated expres-
sion of these different collagen genes 1s believed to be
important in vertebrate development (6), and collagen ab-
normalities may be involved 1n a wide range of inherited
connective tissue disorders in man (7, 8). To approach these
questions, a variety of cDNA and genomic collagen clones
from a number of species have been isolated, including the
human «1(I) (9, 10) and a2(I) genes (11, 12).

We previously reported the isolation of the genomic clone
CosHcoll from a human placental cosmid library (13), using
the chicken al(I) cDNA clone pCg54 as a probe (14). This
cosmid clone contains a 36-kilobase (kb) insert and cross-
hybridizes with collagen a1(I) mRNA. However, the amino

acid sequence derived from 1 kb of the clone showed only
60-70% homology to chicken and bovine al(I) and «2(I)
collagen, and it did not match the human «1(I1I) amino acid
sequence. Since interspecies protein sequence homologies
between collagens of the same type are usually greater than
80%, we concluded that CosHcoll did not code for any of
these chains. In the absence of positive identification, we
labeled the clone an al(I) collagen-like gene.

To establish the identity of this collagen gene, its homolo-
gous mRNA was sought and a more extensive nucleotide
sequence was obtained. We report here that CosHcoll hy-
bridizes strongly with human fetal cartilage mRNA but not
to mRNA from a large number of other sources, suggesting
that its expression is cartilage specific. Analysis of the DNA
sequence obtained shows that CosHcoll 1s highly homolo-
gous to chicken al(II) collagen, which i1s the major hyaline
cartilage collagen. We therefore concluded that CosHcoll
probably contains the human «1(II) collagen gene.
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MATERIALS AND METHODS

Enzymes. Restriction endonucleases and DN A-modifying
enzymes were purchased from Bethesda Research Labora-
tories, Boehringer Mannheim, or New England Biolabs.

DNA Preparation, Manipulation, and Sequencing. Stan-
dard DNA manipulations were performed as described by
Maniatis et al. (15). DNA sequencing was carried out as
described by Bankier and Barrell (16).

Preparation of Poly(A)™ RNA. mRNA was prepared from
10% to 5 x 10°® cultured cells and from human fetal sterna (16
and 22 weeks) and calvaria (10, 12, and 14 weeks). Cells
were homogenized in a solution containing proteinase K
(Boehringer Mannheim) at 200 xg/ml, 20 mM Tris-HCI at pH
7.6, 1 mM EDTA, and 2% sodium dodecyl sulfate. Fetal
tissues were frozen in liquid N> and ground to a fine powder
with a mortar and pestle. The pulverized tissue was then
homogenized in the sodium dodecyl sulfate/proteinase K
solution described above. Poly(A)" RNA was isolated as
described by Cheah et al. (17). Usually 1-5% of total RNA
was recovered as poly(A)" RNA.

RNA Blot Analyses. mRNAs [1-2 ug of poly(A)" RNA per
gel slot] were denatured with glyoxal, electrophoresed in
0.8% agarose gels, and transferred to filters as described by
Thomas (18) except that Pall Biodyne (Santa Monica, CA) A
nylon membranes were used. Hybridization of the blots was
performed as described (13).

Isolation of Overlapping Cosmid Clones. Overlapping
clones from three human cosmid libraries were 1solated (19),
using the EcoRI fragments at the ends of the insert in
CosHcoll as probes.

RESULTS

Identification of a Homologous mRNA Species. To establish
the identity of CosHcoll, it was necessary to find a homolo-
gous mMRNA species. mRNAs were prepared from different
tissues and cultured cell lines that synthesize characteristic
collagen types. These included collagen type 1 (human fetal
calvaria, fibroblast lines) (1), type II (human fetal sterna, rat
chondrosarcoma, chicken sterna) (1, 20), type III (human
fibroblast lines) (1), type IV (mouse parietal endoderm,
human fibrosarcoma line HT1080) (21, 37), type V (human
placenta, rhabdomyosarcoma line A204) (1, 22), and type VI
(human placenta) (23). The ability of CosHcoll to hybridize
to these mRNAs was tested by blot hybridization.

CosHcoll hybridized strongly to mRNA 1n preparations
from only three of the tissues tested: a rat chondrosarcoma,
chicken sternal cartilage, and human fetal sterna (Fig. 1).
The Swarm rat chondrosarcoma is a transplantable tumor of
cartilage origin and has been shown to synthesize pre-

Abbreviations: bp, base pair(s); kb, kilobase(s). |
"Present address: Department of Biochemistry, Hong Kong Univer-
sity, Hong Kong.
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Fic. 1. Hybndization of CosHcoll to mRNA preparations.
Poly(A)®™ RNA preparations (1 wg) from rat chondrosarcoma
(RChs), chicken sterna (ChSt), human sterna (and rib ends) (HuSt),
and human calvaria (HuCal) were blotted and hybridized with
32P-labeled nick-translated CosHcoll, or human al(I) or a2(I) ge-
nomic probes. All tracks shown represent overnight exposures
except for the hybridization of CosHcoll to human calvaria mRNA,
which was a 2-day exposure. Sizes are given in kb.

dominantly type II collagen (20), which 1s the major collagen
synthesized by chondrocytes. Chicken sternal cartilage syn-
thesizes mainly type II collagen, as well as other minor types
(5, 24, 25). The human fetal sterna used consisted mainly of
sternal cartilage with the ends of rib bones attached and
would be expected to be synthesizing collagens typical of
bone and of cartilage—i.e., types I and II, respectively.
CosHcoll therefore appeared to hybridize to a cartilage-
specific mRNA, possibly type Il collagen mRNA.

Fig. 1 shows that CosHcoll hybridizes strongly to a
distinct 5.9-kb band in mRNA from the cartilaginous tissues
(tracks 1-3). The same probe hybridizes less strongly to two
different bands of 5.7 and 6.9 kb in mRNA from human fetal
calvaria (skull bones) (track 4), which synthesize type I but
not type Il collagen. These two bands correspond to the
sizes of al(I) mRNAs of type I collagen. To show that the
calvarnia were indeed synthesizing type I collagen, and to
determine whether type I was also present in the other three
tissues, the mRNA preparations were hybridized with hu-
man al(l) and «2(I) probes (tracks 5-8 and 9-12, respec-
tively). The human calvaria can be seen to contain large
amounts of type I mRNAs (tracks 8 and 12). The human
sterna produced small amounts of type I mRNAs (tracks 7
and 11), as was expected from the presence of the ends of the
rib bones, but the rat chondrosarcoma and chicken sterna
produced virtually no type I collagen. Cross-hybridization of
CosHcoll to the al(I) mRNA was only seen where type I
was present in very large amounts, as in human calvaria and
chicken tendon (latter not shown). Cross-hybridization to
a2(I) mRNA was not seen at all.

CosHcoll did not hybridize with mRNA from other tis-
sues tested, suggesting that it did not code for collagen types
III, IV, V, or VI (data not shown).

Nucleotide Sequence Determination. The 3.8-kb EcoRI frag-
ment and part of the adjacent 4.3-kb EcoRI fragment (see Fig.
4) were sequenced (Fig. 2). Exons were located by comparison
with other collagen gene sequences and by following the
A-G-G-T splicing rule (38). The nucleotide sequence was
combined with that already published (ref. 13; Fig. 2).

The sequenced fragments encode from amino acid 832 to
the end of the triple-helical region and the entire C
propeptide and extend into the 3’ untranslated region. Com-
parison with other collagen genes shows the CosHcoll
sequence to be most similar to the chick al(Il) gene (Table
1), and these are shown aligned in Fig. 2. Where there are
differences between the published genomic and cDNA chick
al(Il) sequences (26, 31), the genomic sequence has been
used 1n preference. The derived amino acid sequence from
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CosHcoll is shown in Fig. 3, aligned with the chicken al(II)
and human «al1(I) and a2(I) amino acid sequences. Although
the DNA sequence of the chick al(II) gene extends only up
to exon 4, direct amino acid sequence analyses for exons 3,
6, and 7 show that the high homology continues further
(Table 1 and Fig. 3; W. Butler, personal communication). As
can be seen from Table 1, the amino acid homologies
between CosHcoll and the chick al(II) gene in exons 1-7
range from 83% to 94% (89% overall), whereas the same
exons show only 61-83% (71% overall) and 61-72% (65%
overall) homology for the human «al(I) and a2(I) chains,
respectively. Other published sequences—e.g., chick al(11I)
collagen (30)—all show much lower homology than the chick
al(II) gene to CosHcoll (data not shown). The exon—intron
organization of the sequenced region of CosHcoll 1s shown
in Fig. 4. The sizes of exons 14 are conserved between
CosHcoll and the chick al(Il) gene. Intron sizes are different
and no significant homology was detected. However, in other
collagen genes, both intron and exon sizes have diverged from
CosHcoll, although the locations of introns within the coding
sequence have been conserved. We conclude from these
results, and from the specific hybridization to human sternal
mRNA, that CosHcoll codes for al(II) collagen.

The 3’ Untranslated Region. The sequence of the first 229
bp of the 3" untranslated region of the human a1(II) collagen
gene 1s shown in Fig. 2. A canonical polyadenylylation signal
(A-A-T-A-A-A) 1s present 189 bp downstream from the stop
codon. This, or a similar sequence, 1S necessary but not
sufficient for polyadenylylation (36).

Boundaries of the Gene. To determine the extent of the
type II gene in CosHcoll, EcoRI fragments from the 5’ and
3" regions of the clone were used to screen other human
cosmid libraries. Five overlapping clones were isolated,
covering a total of 75 kb, of which 12.5 kb was 5’ and 25.7 kb
was 3’ to CosHcoll. Fragments extending 5" and 3’ to
CosHcoll and fragments from within the clone were tested
for hybridization to rat chondrosarcoma mRNA on blots.
The results are shown diagramatically in Fig. 4.

At the 5" end, no hybnidization to mRNA was detected
with the 9.8-kb EcoRI fragment or the 5.9-kb EcoRI frag-
ment (which extends 3.2 kb into CosHcoll). The adjacent
4.8-kb EcoRI fragment hybridized to mRNA, as did all the
other EcoRI fragments in CosHcoll. The next 3’ fragment
did not hybridize to mRNA. Since the stop codon and a
polyadenylylation signal occur within the 3’ terminal EcoRI
fragment of CosHcoll, and sequences 12.5 kb 5’ and 2.5 kb
3" to CosHcoll did not hybridize to mRNA, this clone
probably contains the complete type II collagen gene. Hy-
bridization of parts of the 4.8-kb EcoRI fragment has located

Table 1. Percent sequence homology between CosHcoll and
other collagen genes (amino acid/nucleotide)

Chick Human Human
Exon al(Il) al(l) a2(])
10 = /= 67/69 72/63
9 / 68/70 53/62
8 / 67/56 50/44
7 94 /— 83 /80 69/58
6 89* /— 61/72 67/72
5 91/— 72/74 61/62
4 91/82 68/68 67/66
3 83/83 71/79 63/73
2 85/84 68 /74 62/68
1 94/82 73/70 67/70

=

Positions where deletion or insertion events have occurred have

not been used in this comparison.
*Part of the sequence of this exon is based on amino acid composi-

tion and alignment for maximum homology (see Fig. 3 legend).
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all of the mRNA homology within this fragment to a 1.3-kb
region beginning 1 kb from the 5’ end (data not shown). This
information, combined with the location of the putative
polyadenylylation signal, provides us with an estimate of the
gene length of 30 kb.

DISCUSSION

We have identified the human cosmid clone CosHcoll.
Strong hybridization to a 5.9-kb cartilage-specific mRNA
and comparison with the chick a1(II) collagen gene sequence
suggest that CosHcoll contains the human al(I1I) collagen
gene (COL2AI), of which we have sequenced 10 exons at the
3’ end. This represents approximately 15% of the estimated
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Fic. 2. Nucleotide sequence from
CosHcoll. The sequence of the 3.8-kb
EcoRI fragment and part of the 4.3-Kb
EcoRI fragment (see Fig. 4) was deter-
mined. This was combined with the se-
quence previously published (13), which
extends 720 base pairs (bp) into the 9.3-kb
EcoRI fragment. A few errors in the earher
sequence have been corrected. Of the se-
quence not previously published, 93% of
the protein-coding and 3’ untranslated re-
gions and 70% of the intron sequences
were determined on both strands. Upper-
case letters, exons:; lower-case letters,
introns. Exons 1-4 are compared with the
chicken «l1(1I) sequence (26). Only bases
that differ from the CosHcoll sequence are
shown. The termination codon is marked at
position 4617, and a canonical poly(A) ad-
dition signal 1s marked at 4806.

gene length and over 30% of the protein-encoding sequence.
mRNA hybridization and DNA sequence data together
provide evidence that CosHcoll may contain the entire
human type Il collagen gene and that the gene 1s ap-
proximately 30 kb in length.

The isolation of a genomic human «l1(II) collagen clone
has recently been reported elsewhere (39), and the published
sequence of the 3’ end of exon 4 and of the small fragment ot
adjacent intron matches exactly with CosHcoll. This sug-
gests that we have cloned the same gene even though no
homologous mRNA was described in that report. Further-
more, a 540-bp cDNA clone has recently been isolated from
human fetal cartilage (E. Vuorio, personal communication)
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F1G. 3. Amino acid sequence encoded by CosHcoll. The amino
acid sequence encoded by CosHcoll was deduced from the nucleo-
tide sequence, and is shown here, compared with other sequences.
The standard one-letter code (27) is used. Line 1, CosHcoll-derived
amino acid sequence; line 2, chicken al(II) amino acid sequence
(26); line 3, human al(I) amino acid sequence (28): line 4, human
a2(I) amino acid sequence (29). A dash indicates the presence of the

Proc. Natl. Acad. Sci. USA 82 (1985)

that 1s identical in DN A sequence with CosHcoll, extending
from exon 1 to exon 4. The poly(A)" mRNA from which the
cDNA clone was derived was shown to program the synthe-
sis of al(II) collagen in vitro (40). This strongly supports the
idea that CosHcoll does not carry a pseudogene.

It remains possible that CosHcoll carries an al(Il)-related
gene. For example, the minor cartilage collagen chain 3« is
highly homologous to al(Il) collagen (25, 41, 42) and may or
may not be genetically distinct. However, no evidence of
other sequences homologous to CosHcoll has been found in
Southern hybridizations, under conditions in which cross-
hybridization with the al(I) gene was visible (43), and copy
number estimates are consistent with only one copy of the
gene per haploid genome (R. Dalgleish, personal communi-
cation). It has been claimed that the 3« collagen chain differs
from al(II) collagen in that it has a much larger peptide in
place of the al(Il) cyanogen bromide peptide CB9,7 (42).
The sequence presented in this paper covers the whole of the
region encoding CB9,7 and agrees with the human «l(II)
cyanogen bromide map (44). Nevertheless, absolute proof of
this gene’s identity will require a comparison of the amino
acid sequence of human type Il collagen with that derived
from the DNA sequence.

The al(Il) gene has been assigned to chromosome 12 (43,
45). The gene is therefore not linked to the al(I) or a2(I)
collagen genes, which map to chromosomes 17 and 7,
respectively (4649), or to the al(IIl) or al(IV) collagen
genes, which map to chromosomes 2 and 13, respectively (43).

The 1solation of the al(II) collagen gene is a major step
towards the identification of those connective tissue dis-
orders for which an abnormality in this gene is the primary
defect. CosHcoll should prove to be particularly useful in
this respect because it appears to carry the entire gene.
Several polymorphisms with high allele frequencies have
been identified in this gene (50-52) and are being used for
linkage analyses in families with some of these disorders.
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Organization of the human al(Il) collagen gene. (Upper) Restriction map showing CosHcoll within 75 kb of genomic DNA.

Fragment sizes (in kb) and positions are composites from five different cosmid clones overlapping CosHcoll and extending 5" and 3’ to it. The
positions of EcoRlI sites are indicated by the arrows. The order of the 4.5- and 1.1-kb fragments (bracketed) was not determined. Filled boxes,
EcoRI fragments hybridizing to rat chondrosarcoma mRNA (data not shown); hatched boxes, fragments that do not hybridize to mRNA; open
boxes, fragments not tested. Only 2.5 kb of the 4.6-kb EcoRI fragment was tested. Repetitive sequences were present in all fragments
represented by hatched or empty boxes except for the 0.8-kb (the small fragment in CosHcoll) and 1.2-kb fragments, and also in the 5.2-kb
fragment. (Lower) The region sequenced is expanded to show its organization into exons and introns (sizes given in bp) and is compared with
the chicken al(11) gene (26), the chicken al(I1I) gene (30, 32), the chicken a2(I) gene (30, 33-35), and the human a1(I) gene (10). Filled boxes
indicate protein-coding regions, while hatched boxes indicate 3’ untranslated regions. The end of this region has not been determined for
CosHcoll. Vertical lines within the 3’ untranslated regions indicate the presence of alternative polyadenylylation sites.
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