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Abundant Steady-state Levels of Type VI Procollagen Messenger RNAs
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Abstract

Previous studies have suggested that procollagen types I and
III are the major collagenous gene products of cultured human
skin fibroblasts. In this study the expression of 10 different
genes, encoding the subunit polypeptides for collagen types
I-VI, by human skin fibroblasts in culture was analyzed by
molecular hybridizations. Northern transfer analysis demon-
strated the presence of specific mRNA transcripts for collagen
types L, IIL, IV, V, and VI, but not for type II collagen. Quan-
titation of the abundance of these mRNAs by slot blot hybrid-
izations revealed that type I, II1, and VI procollagens were the
major collagenous gene products of skin fibroblasts in culture.
The mRNAs for type IV and V collagens represented only a
small percentage of the total collagenous mRNA transcripts.
Further analysis by in situ hybridization demonstrated that the
majority of the cultured cells coexpressed the genes for type I,
111, and VI procollagen pro-a chains. Further in situ hybridiza-
tion analyses revealed the expression of type VI collagen genes
in normal human skin. These data demonstrate that human
skin fibroblast cultures can be used to study the transcriptional
regulation of at least nine genetically distinct procollagen
genes. The data further suggest that type VI collagen, in addi-
tion to types I and III, may be a major collagenous component
of human skin.

Introduction

Fibroblasts, differentiated mesenchymal cells, are the major
cell type responsible for the synthesis of collagen, the predomi-
nant extracellular matrix component in skin and other con-
nective tissues. Previous studies have suggested that genetically
distinct procollagens type I and III are the major collagenous
gene products expressed by cultured dermal fibroblasts (1).
These conclusions were initially based on biosynthetic studies
using chromatographic and electrophoretic separation of type
I and III collagen chains. Additional lines of evidence using
biochemical techniques and immunodetection with specific
antibodies have suggested that fibroblastic cells are capable of
synthesizing other genetically distinct procollagens, including
types IV, V, and VI (2-6). In accordance, the presence of
specific mRNA transcript for the corresponding a-chains has
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been detected in skin fibroblasts by Northern transfer analysis
(7-10). The results of these studies indicated that type IV col-
lagen is a minor gene product in human skin fibroblast cul-
tures (7, 8). The synthesis of collagens type V and VI, relative
to types I and III, has not been quantitated, although the
steady-state mRNA ratio for type I/VI collagen in a fetal skin
fibroblast cell strain was shown to be ~ 5.3 (10).

A recent study has suggested that type VI collagen repre-
sents a major fraction of connective tissue collagens in a vari-
ety of tissues (11); however, the amount of type VI collagen in
human skin was not determined. Type VI collagen is a hetero-
trimer consisting of a1(VI), a2(VI), and a3(VI) chains, which
are synthesized as polypeptides with M, of ~ 140, 140, and
260 kD, respectively (5, 12-14). These collagenous molecules
contain unusually large globular domains at the ends of the
polypeptides (5, 6). Type VI collagen molecules have been
suggested to assemble into dimers and tetramers by lateral
association before secretion (13). The assembly is stabilized by
extensive disulfide bonding and this aggregation mechanism
may be unique to type VI collagen (13). The genes coding for
these polypeptides have been localized to human chromo-
somes 21 (a1 and a2 chains) and 2 (a3 chain) (15). Alterations
in type VI collagen have also been implicated in heritable
diseases (16, 17).

The present study examined the expression of 10 different
procollagen genes, including the three subunits of type VI col-
lagen, using three different mRNA hybridization techniques.
First, the presence of specific mRNAs for distinct procollagen
genes was analyzed by Northern transfer hybridizations with
human sequence-specific cDNAs for types I-VI procollagen
polypeptides. Second, the relative levels of expression of these
genes were quantitated by slot blot hybridizations. Finally, in
situ hybridizations were performed using cultured fibroblasts
to address the issue of whether an individual cell has the capa-
bility of synthesizing several collagen types simultaneously, or
whether evidence for heterogeneity with respect to collagen

* gene expression can be found within a defined population of

normal diploid fibroblasts.

Methods

Cell cultures. Human skin fibroblast strains obtained from the Ameri-
can Type Culture Collection (Rockville, MD) or the Human Genetic
Mutant Cell Repository (Camden, NJ) were cultured in DME supple-
mented with 2 mM glutamine, 50 pg/ml streptomycin, 200 U/ml
penicillin G, 20 mM N-2-hydroxyethylpiperazine-2'-ethane sulfonic
acid, pH 7.4, and 10% FCS. Total mRNA was isolated from the cell
cultures in early visual confluency by extraction with guanidinium
isothiocyanate, followed by cesium chloride density gradient centrifu-
gation (18). Poly(A)*RNA was isolated by oligo(dT) cellulose chroma-
tography (19).

RNA hybridizations. For Northern transfer analysis RNA was
electrophoresed on 1% agarose gels under denaturing conditions,
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transferred to nitrocellulose filters (20), and hybridized with cDNAs
labeled by nick translation with o[*?P]dCTP to a specific activity of at
least 1 X 10® cpm/ug as described previously (7).

The relative abundance of the different collagenous mRNAs was
determined by slot blot hybridizations. Total RNA was dotted onto
nitrocellulose filters in varying concentrations and the filters were hy-
bridized with radioactive cDNAs (7). The [*?PlcDNA-mRNA hybrids
were visualized by autoradiography and the mRNA levels were quan-
titated by scanning densitometry of the autoradiograms. To allow
comparison of the relative expression of genes coding for the geneti-
cally distinct collagen types, the densitometric units/microgram RNA
dotted were corrected for the specific activities and sizes of the cDNAs,
as well as for a-chain composition of the collagen molecules (21).

For in situ hybridization the cells were grown on acetylated object
glasses (22), permeabilized, and fixed with 95% ethanol at —20°C for
15 min and 4% paraformaldehyde at room temperature for 15 min,
after which the cells were pretreated to block charged groups as de-
scribed (22, 23). The samples were hybridized in the presence of 50%
formamide and 10% dextran sulfate for 50 h at 42°C using cDNAs
labeled with [**S]JdATP by nick translation. After hybridization the
samples were washed in solutions of decreasing ionic strength at in-
creasing temperature, treated with S1-nuclease to degrade nonspecifi-
cally-bound single-stranded cDNA, washed, and dehydrated. The
[>*SIcDNA-mRNA hybrids were detected using Kodak NTB 3 emul-
sion by exposing the samples for 5 d at 4°C. The samples were subse-
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Figure 1. Northern transfer analysis of human skin fibroblasts
mRNA. Poly(A)*RNA was isolated from adult human skin fibro-
blast cultures and 1 ug RNA/lane was electrophoresed on a 1% aga-
rose gel. The RNA was transferred to nitrocellulose filters, and paral-
lel lanes were hybridized with a1(I), a1(Il), al(III), 22(IV), a2(V),
al(VI), a2(VI), and a3(VI) procollagen cDNAs in lanes /-8, respec-
tively. The numbers on the left correspond to the sizes of the mRNA
transcripts, in kilobases, of the a2(VI) (3.5 kb), and «3(VI) (8.5 kb)
chains of type VI procollagen and the proa1(I) (4.8 and 5.8 kb) poly-
morphic transcripts of type I procollagen.
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Figure 2. Slot blot hybridizations of RNA from a human skin fibro-
blast strain with different procollagen cDNAs. Total RNA was iso-
lated from a fibroblast strain established from the skin of a 54-yr-old
individual. Varying amounts of RNA, 4.0-0.25 ug, were dotted onto
nitrocellulose filters and parallel filters were hybridized with a1(I)
(lane 1), a1(III) (lane 2), a1(IV) (lane 3), a2(V) (lane 4), a1(VI) (lane
5), a2(VI) (lane 6), and a3(VI) (lane 7) procollagen cDNAs. The
filters were hybridized and washed in parallel (see Methods) and ex-
posed to x-ray film for 24 h.

quently developed using Kodak D-19 developer (15°C, 120 s) and
stained with hematoxylin to visualize the nuclei. The specimens were
photographed using a Nikon optiphot microscope equipped with cam-
era attachments (23).

To demonstrate the expression of type VI collagen genes in vivo,
specimens were obtained from the skin of a 19-wk-old fetus and from
the apparently normal perilesional skin of a 52-yr-old female patient
with type 1 neurofibromatosis. S-um frozen sections were pretreated
and hybridized with a 3S-labeled a1(VI) collagen cDNA as described
previously in detail (23). Detection of [**S]cDNA-mRNA hybrids was
then performed as above.

cDNA probes. The following human sequence-specific cDNAs were
used for the three different types of hybridizations: for type I collagen, a
1.8-kb proa1(I) (Hf 677) cDNA (24) and a 2.2-kb proa2(I) (Hf 32)
cDNA (25); for type II collagen, a 0.525-kb proa1(II) (pCAR1) cDNA
(26); for type III collagen, a 1.3-kb proa1(III) (Hf 934) cDNA (27); for
type IV collagen, a 2.6-kb proa1(IV) (HT-21) cDNA (28) and a 1.7-kb
proa2(IV) (HT-39) cDNA (29); for type V collagen, a 2.5-kb proa2(V)
(Hf 511) cDNA (30); for type VI collagen, three different cDNAs, 2.1-
(p18), 1.5- (p8), and 1.5- (p24) kb in size, coding for the proal(VI),
proa2(VI), and proa3(VI) chains, respectively (10).

Results and Discussion

To examine the expression of the different procollagen genes,
poly(A*)RNA isolated from adult human skin fibroblast cul-
tures was subjected to Northern hybridizations with cDNAs
corresponding to the pro-a chains of type I-VI procollagens.
Autoradiograms of the Northern blots revealed the presence of
characteristic mRNA transcripts corresponding to al(I) (4.8
and 5.8 kb), al(IIl) (5.4 and 4.8 kb), a2(IV) (6.7 kb), and
a2(V) (5.2 kb), as well as the a1 (4.2 kb), a2 (3.5 kb), and a3
(8.5 kb) chains of type VI procollagen, when hybridized with
the respective cDNAs (Fig. 1). Similarly, characteristic tran-
scripts corresponding to the a2(I) (5.2, 4.6, and 4.2 kb) and
al1(IV) (6.8 kb) procollagen polypeptides were detected (not
shown). However, an a1(II) procollagen cDNA did not reveal
any specific hybridization with the same RNA preparations
even after extended exposure of the Northern filters to x-ray
films (Fig. 1). These data demonstrate that human skin fibro-
blasts express the genes coding for the subunit polypeptides of
type I, III, IV, V, and VI procollagens but not for type II
procollagen.



Figure 3. In situ hybridization of human skin fibroblast cultures in relatively high (4, C, and E) or low (B, D, and F) density. Hybridizations
were performed with a1(I) (4, B), al(Ill) (C, D), or a3(VI) (E, F) procollagen cDNAs.

Our initial impression, based on the intensity of the bands
detected by Northern transfer analysis, was that the steady-
state abundance of mRNAs for type I and VI collagens was the
highest among the five genetically distinct types of collagens
expressed in these cells. This observation was somewhat sur-
prising because type VI collagen has been thought to account
for a minor portion of total collagen in human dermis (31). To
determine the relative expression of genes coding for the dif-
ferent procollagen pro-a chains, the ratios of the correspond-
ing mRNA steady-state levels were quantitated by slot blot
hybridizations. A representative set of blots is shown in Fig. 2.
Since all the hybridizations were done in parallel using the
same amount of RNA from the same preparation, and the

exposure time of all blots was the same, these analyses allow a
direct comparison of the relative abundance of the corre-
sponding mRNAs (Fig. 2). The mRNA levels for type IV and
V procollagens were found to represent < 1% of the.total col-
lagenous mRNAs. Examination of 15 separate control skin
fibroblast strains indicated that the ratio of type I/VI procolla-
gen mRNAs was 3.24+0.99 (mean+SD, n = 24). There was no
apparent correlation between the age (20 fetal wk and 87 yr) or
sex (4 male vs. 11 female) of the donors, or the passage number
of the cell cultures (6-11 passages). The mRNA ratio of
al(VI), a2(VI), and a3(VI) chains was ~ 1:1:1, a ratio pre-
viously suggested by Northern transfer analysis (10). This stoi-
chiometry also has been noted at the protein level (11-14).
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Our data suggest that type VI collagen may be a more abun-
dant connective tissue protein in human dermis than has been
recognized earlier. This suggestion is supported by a recent
study based on a new procedure for extraction of type VI
collagen from other tissues (11). Using the improved method a
tenfold higher yield of the protein was obtained from human
placenta, bovine uterus, chicken gizzard, and whole mouse
body, suggesting that type VI collagen is a major component of
these tissues (11).

In situ hybridization was used to address the issue of
whether an individual fibroblast was capable of coexpressing
multiple procollagen genes, or whether evidence of heteroge-
neity with respect to collagen production could be observed
within cultures of normal fibroblasts. This question was
prompted by previous suggestions (31) that type VI collagen
segregates into microfibrils that are clearly distinct by mor-
phologic criteria from type I and III collagen-containing fibers.
Hybridizations with a1(I) and «1(III) procollagen cDNAs re-
vealed that essentially all cells present in fibroblast monolayer
cultures uniformly expressed these genes both in high- and
low-density cultures (Fig. 3). Similar observations were made
with the a2(I) cDNA (not shown). Furthermore, the majority
of the cells clearly expressed the a3(VI) gene of type VI pro-
collagen (Fig. 3, E and F). Thus, on a statistical basis it is clear
that a single fibroblast can coexpress at least four [a1(I), a2(I),
a1(III), «3(VI)] and probably six (all subunits of collagen types
I, III, and VI) different procollagen genes. These observations
attest to the omnipotent characteristic of cultured human skin
fibroblasts with respect to procollagen gene expression. These
results also extend previous demonstrations of colocalization
of type Iand III procollagen epitopes on a single fibroblast cell
as detected by immunocytochemistry (32). Thus, our results
indicate that although type VI collagen is present in fibrils
distinct from type I and III collagen fibers, all three collagen
types are synthesized by the same cells. Therefore, the aggre-
gation mechanisms unique to type VI collagen are apparently
responsible for segregation of these collagen types to different
fibrillar structures of the matrix (13, 31).

In situ hybridizations with type IV and V procollagen
cDNAs were inconclusive. These findings are probably attrib-
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Figure 4. In situ hybridization of human skin with an
al(VI) procollagen cDNA. Frozen sections of normal
human skin from a 19-wk-old fetus (4) or a 52-yr-old
female (B) were hybridized under conditions de-
scribed in Methods. After exposure the nuclei were
visualized by counterstaining with hematoxylin. Note
the presence of cytoplasmic grains representative of
[>*S]cDNA-mRNA hybrids (arrows). The bars repre-
sent 20 um.

uted to the low abundance of the corresponding mRNAs in
these cells, as suggested by Northern transfer analysis. In situ
hybridizations with the a1(II) procollagen cDNA yielded only
a background signal, consistent with nonexpression of this
gene.

To demonstrate the expression of type VI collagen genes in
vivo, in situ hybridizations were also performed with sections
of normal human skin. Direct evidence of the expression of
al(VI) collagen gene was obtained both in fetal and adult
human dermis (Fig. 4). Thus, expression of type VI collagen
genes in human skin fibroblast cultures appears to reflect the
expression of these mRNAs in the relevant tissue.

In summary, the results of this study indicate that cultured
human skin fibroblasts express the genes encoding type I, III,
IV, V, and VI procollagens. The relatively high abundance of
type VI procollagen mRNAs suggests this collagen may be a
major connective tissue component of the skin. Thus, fibro-
blast cultures provide a convenient system to study aberrations
in the expression of numerous procollagen genes in diseases,
including those encoding type VI collagen.

Acknowledgments

The authors wish to thank May Wu, Gail Unger, and Felicula Guer-
raro for expert technical assistance. Skillful secretarial help was pro-
vided by Diane Woite and Eileen O’Shaughnessy. The authors thank
Dr. Eero Vuorio for the a1(II) cDNA, Dr. Taina Pihlajaniemi and Dr.
Darwin Prockop for the al(IV) cDNA, Dr. Charles Boyd and Dr.
Markku Kurkinen for the a2(IV) cDNA, and Dr. Francesco Ramirez
for the pro a2(V) cDNA. Dr. Risto Penttinen and Dr. Mark Lebwohl
provided skin specimens.

This work was supported in part by the United States Public Health
Service, National Institutes of Health grants AR-28450, GM-28833,
AR-35927, AR-38188, AR-38923, and AR-38912. Dr. Olsen was sup-
ported by a Dermatology Foundation Fellowship, and Dr. Peltonen
was the recipient of a Young Investigator Award from the National
Neurofibromatosis Foundation.

References

1. Uitto, J., L. Ryhdnen, and E. M. L. Tan. 1981. Collagen: its
structure, function, and pathology. Prog. Dis. Skin. 1:103-141.



2. Alitalo, K. 1980. Production of both interstitial and basement
membrane procollagens by fibroblastic WI-38 cells from human em-
bryonic lung. Biochem. Biophys. Res. Commun. 93:873-880. -

3. Narayanan, A. S., and R. G. Page. 1985. Synthesis of type V
collagen by fibroblasts derived from normal, inflamed and hyperplas-
tic human connective tissues. Collagen Relat. Res. 5:297-304.

4. Narayanan, A. S., and R. C. Page. 1983. Biosynthesis and regula-
tion of type V collagen in diploid human fibroblasts. J. Biol. Chem.
258:11694-11699.

5. Triieb, B., and K. H. Winterhalter. 1986. Type VI collagen is
composed of a 200 kd subunit and two 140 kd subunits. EMBO (Eur.
Mol. Biol. Organ.) J. 5:2815-2819.

6. Aumailley, M., H. von der Mark, and R. Timpl. 1985. Size and
domain structure of collagen VI produced by cultured fibroblasts.
FEBS (Fed. Eur. Biochem. Soc.) Lett. 182:499-502.

7. Olsen, D. R., M.-L. Chu, and J. Uitto. 1988. Expression of
basement membrane zone genes coding for type IV procollagen and
laminin by human skin fibroblasts in vitro: elevated a1(IV) collagen
mRNA levels in lipoid proteinosis. J. Invest. Dermatol. 90:734-738.

8. Myers, J. C., P. S. Howard, A. M. Jelen, A. S. Dion, and E. J.
Macarak. 1987. Duplication of type IV collagen COOH-terminal re-
peats and species-specific expression of a1(IV) and a2(IV) collagen
genes. J. Biol. Chem. 262:9231-9238.

9. Myers, J. C., H. R. Loidl, J. M. Seyer, and A. S. Dion. 1985.
Complete primary structure of the human a2 type V procollagen
COOH-terminal propeptide. J. Biol. Chem. 260:11216-11222.

10. Chu, M.-L., K. Mann, R. Deutzmann, D. Pribula-Conway,
C. C. Hsu-Chen, M. P, Bernard, and R. Timpl. 1987. Characterization
of three constituent chains of collagen type VI by peptide sequences
and cDNA clones. Eur. J. Biochem. 168:309-317.

11. Trieb, B., T. Schreier, P. Bruckner, and K. H. Winterhalter.
1987. Type VI collagen represents a major fraction of connective tissue
collagens. Eur. J. Biochem. 166:699-703.

12. Hessle, H., and E. Engvall. 1984. Type VI collagen. Studies on
its localization, structure, and biosynthetic form with monoclonal anti-
bodies. J. Biol. Chem. 259:3955-3961.

13. Engvall, E., H. Hessle, and G. Klier. 1986. Molecular assembly,
secretion, and matrix deposition of type VI collagen. J. Cell Biol.
102:703-710.

14. Colombatti, A., P. Bonaldo, K. Ainger, G. M. Bressan, and D.
Volpin. 1987. Biosynthesis of chick type VI collagen. I. Intracellular
assembly and molecular structure. J. Biol. Chem. 262:14454-14460.

15. Weil, D., M.-G. Mattei, E. Passage, N’G. Van Cong, D. Pri-
bula-Conway, K. Mann, R. Deutzmann, R. Timpl, and M.-L. Chu.
1988. Cloning and chromosomal localization of human genes encod-
ing the three chains of type VI collagen. Am. J. Hum. Genet. 42:435-
445,

16. Crawford, S. W., J. A. Featherstone, K. Holbrook, S. L. Yong,
P. Bornstein, and H. Sage. 1985. Characterization of a type VI collagen
related M, ~ 140,000 protein from cutis-laxa fibroblasts in culture.
Biochem. J. 227:491-502.

17. Murata, K., T. Motoyama, M. Suka, and M. Ohno. 1987. High
production of type VI collagen in multiple fibromatosis with multiple
articular dysplasia. Biochem. Biophys. Res. Commun. 147:275-281.

18. Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J.
Rutter. 1983. Isolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry. 18:5294-5299.

19. Aviv, H., and P. Leder. 1972. Purification of biologically active
globin messenger RNA by chromatography on oligothiymidylic acid-
cellulose. Proc. Natl. Acad. Sci. USA. 69:1408-1412.

20. Thomas, P. S. 1980. Hybridization of denatured RNA and
small DNA fragments transferred to nitrocellulose. Proc. Natl. Acad.
Sci. USA. 77:5201-5205.

21. Ohta, A., and J. Uitto. 1987. Procollagen gene expression by
scleroderma fibroblasts in culture. Inhibition of collagen production
and reduction of proal(I) and proal(IIl) collagen messenger RNA
steady-state levels by retinoids. Arthritis Rheum. 30:404-411.

22. Brahic, M., and A. T. Haase. 1978. Detection of viral sequences
of low reiteration frequency by in situ hybridization. Proc. Natl. Acad.
Sci. USA. 75:6125-6129. ,

23. Peltonen, J., S. Jaakkola, M. Lebwohl, S. Renvall, L. Risteli, I.
Virtanen, and J. Uitto. 1988. Cellular differentiation and expression of
matrix genes in type | neurofibromatosis. Lab. Invest. 59:760-771.

24. Chu, M. -L., J. C. Myers, M. P. Bernard, J.-F. Ding, and F.
Ramirez. 1982. Cloning and characterization of five overlapping
c¢DNAEs specific for the human proa1(I) collagen chain. Nucleic Acids
Res. 10:5925-5934.

25. Myers, J. C., M. -L. Chu, S. H. Faro, W. J. Clark, D. J. Prockop,
and F. Ramirez. 1981. Cloning a cDNA for the pro-a2 chain of human
type I collagen. Proc. Natl. Acad. Sci. USA. 78:3516-3520. :

~ 26. Vuorio, E., L. Sandell, D. J. Kravis, V. C. Sheffield, T. Vuorio,
A. Dorfman, and W. B. Upholt. 1982. Construction and partial char-
acterization of two recombinant cDNA clones for procollagen from
chicken cartilage. Nucleic Acids Res. 10:1175-1192.

27. Chu, M. -L., D. Weil, W. de Wet, M. P. Bernard, M. Sippola,
and F. Ramirez. 1985. Isolation of cDNA and genomic clones encod-
ing human pro-a(IIl) collagen. Partial characterization of the 3’ end
region of the gene. J. Biol. Chem. 260:4357-4363.

28. Pihlajaniemi, T., K. Tryggvason, J. C. Myers, M. Kurkinen, R.
Lebo, M. C. Cheung, D. J. Prockop, and C. D. Boyd. 1986. cDNA
clones coding for the pro-a1(IV) chain of human type IV procollagen
reveal an unusual homology of amino acid sequences in two halves of
the carboxyl-terminal domain. J. Biol. Chem. 260:7681-7687.

29. Boyd, C. D., S. Toth-Fejel, I. K. Gadi, M. Litt, M. R. Condon,
M. Kolbe, I. K. Hagen, M. Kurkinen, J. W. Mackenzie, and E. Ma-
genis. 1988. The genes coding for human proa1(IV) collagen
proa2(IV) collagen are both located at the end of the long arm of
chromosome 13. Am. J. Hum. Genet. 49:309-314.

30. Weil, D., M. Bernard, S. Gargano, and F. Ramirez. 1987. The
proa2(V) collagen gene is evolutionarily related to the major fibrillar-
forming collagens. Nucleic Acids Res. 15:181-198.

31. Timpl, R., and J. Engel. 1987. Type VI collagen. In Extracellu-
lar Matrix. R. Mayne and R. E. Burgeson, editors. Academic Press,
New York. 105-143.

32. Gay, S., G. R. Martin, P. K. Miiller, R. Timpl, and K. Kiihn.
1976. Simultaneous synthesis of types I and III collagen by fibroblasts
in culture. Proc. Natl. Acad. Sci. USA. 73:4037-4040.

Collagen Gene Expression 795



