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ABSTRACT Several lines of evidence have suggested that
the regulation of type I collagen gene transcription is complex
and that important regulatory elements reside 5’ to, and
within, the first intron of the al(I) geme. We therefore
sequenced a 2.3-kilobase HindIII fragment that encompasses
804 base pairs of 5’ flanking sequence, the first exon, and most
of the first intron of the al(I) human collagen gene. A
274-base-pair intronic sequence, flanked by Ava I sites (A274),
contained a sequence identical to a high-affinity decanucleotide
binding site for transcription factor Spl and a viral core
enhancer sequence. DNase I protection experiments indicated
zones of protection that corresponded to these motifs. When
A274 was cloned 5’ to the chioramphenicol acetyltransferase
(CAT) gene, driven by an al(I) collagen promoter sequence,
and expression was assessed by transfection, significant orien-
tation-specific inhibition of CAT activity was observed. This
effect was most apparent in chicken tendon fibroblasts, which
modulate their level of collagen synthesis in culture. We
propose that normal regulation of al(I) collagen gene tran-
scription results from an interplay of positive and negative
elements present in the promoter region and within the first
intron.

Type I procollagen is a major secreted product of a variety of
cells, and the synthesis of this protein is subject to a wide
range of control, as part of developmental programs and in
cellular differentiation. However, relatively little is known
concerning the cis-acting regulatory elements in either of the
al(I) and a2(I) genes that code for the two homologous
polypeptides in the protein.

Early studies of the reduction in collagen synthesis ob-
served in cells transformed with retroviruses provided evi-
dence that regulation occurred at the transcriptional level (1,
2). Schmidt et al. (3) subsequently showed that transforma-
tion of NIH 3T3 cells with a mixture of Moloney sarcoma and
murine leukemia viruses significantly reduced the transcrip-
tion of transfected plasmids containing the chloramphenicol
acetyltransferase (CAT) gene driven by either the chicken or
mouse a2(I) promoter and upstream elements. Schmidt et al.
(3) therefore concluded that retroviral transformation inhib-
ited the expression of endogenous and transfected a2(I)
promoters in a similar fashion. These investigators have
proceeded to examine the expression of plasmids in which
the CAT gene was driven by the mouse a2(I) collagen
promoter, from —2000 base pairs (bp) to +54 bp from the start
site of transcription of the a2(I) gene. Deletions in this
promoter suggest that several regions in this sequence may be
important for expression of the a2(I) gene (4).

An interesting clue to the regulation of the al(I) gene in
mice has come from the studies of Jaenisch and coworkers.
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Schniecke et al. (5) and Harbers et al. (6) found that the
Mov-13 strain, which is an embryonic lethal mutation in the
homozygous form, results from insertion of Moloney murine
leukemia virus into the first intron of the a1(I) collagen gene.
The mouse al(I) gene (7) as well as the human al(I) gene (8)
and the chicken a2(I) gene (9) contain DNase I-hypersensi-
tive sites in the first intron. Virus insertion causes changes in
the methylation pattern (10) and in the chromatin conforma-
tion of the mutated gene. Specifically, a DNase I-hypersen-
sitive site 5’ to the start of transcription, which is associated
with active transcription of the normal collagen gene, is
absent in the mutant allele (7). Hartung et al. (11) have
compared the activity of the al(I) collagen promoter in cells
derived from wild-type and Mov-13 embryos by nuclear
run-on transcription and S1 nuclease mapping. They showed
that initiation of transcription of the mutant gene was reduced
by a factor of 20-100. These findings, taken together, suggest
that the structure of the first intron of the a1(I) gene could
participate in the regulation of its transcription.

In an initial analysis of the function of the first intron of the
human al(I) gene,$ we have observed that a 274-bp Ava
I-Ava I fragment is capable of inhibiting the transcription of
the CAT gene, under control of a collagen promoter se-
quence, in transient transfection experiments. Such inhibi-
tory activity could contribute to the array of regulatory
influences to which the type I collagen genes are subject.

MATERIALS AND METHODS

Plasmid Construction. The 2.3-kilobase (kb) HindIII-
HindIII fragment (E) of the a1(I) collagen gene, derived from
the cosmid CG103 (8), was subcloned into the HindIII site of
pUC19 to produce pUC19-E. An Ava I digest of pUC19-E
was fractionated by acrylamide gel electrophoresis, and a
274-bp fragment containing a unique Bgl! II site (A274; bases
820-1093, see Fig. 1) was isolated by electroelution. The
fragment was blunt-ended with the Klenow fragment of DNA
polymerase I, ligated to synthetic BamHI linkers, and cloned
into pUC19 to produce A274-pUC19.

pSV1-CAT was a gift of F. Yoshimura and T. Hollon
(University of Washington, Seattle). The plasmid was de-
rived from pUC18 and pSV2-CAT (12) and contains a
multiple cloning polylinker and the CAT gene driven by the
simian virus 40 (SV40) early promoter but lacks the 72-bp
SV40 enhancer contained in pSV2-CAT. A274 was cloned
into the BamHI site of pSV1-CAT in both orientations to
produce A274(+)pSV1-CAT and A274(—)pSV1-CAT.

Abbreviations: CAT, chloramphenicol acetyltransferase; SV40, sim-

ian virus 40; BHK, baby hamster kidney; CTF, chicken tendon

fibroblast(s). _
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(Bolt, Beranek, and Newman Laboratories, Cambridge, MA, and
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The SV1 promoter was removed from pSV1-CAT and a
430-bp fragment from —332 to 98 in the collagen gene (Fig. 1)
was substituted to produce pCOL-CAT (Fig. 2). A274 was
cloned into the BamHI site of pCOL-CAT in both orienta-
tions to produce A274(+)pCOL-CAT and A274(—)pCOL-
CAT (see Fig. 2).

DNA Sequence Analysis. The 2.3-kb HindIII fragment was
subcloned into the filamentous phage vector M13mp19 (17)
and subclones were recovered that carried the 2.3-kb HindIII
fragment in both orientations, as shown by hybridization
analysis of single-stranded DNA (18). Double-stranded DNA
was subjected to unidirectional digestion with exonuclease
I1I; this procedure facilitated the generation of an overlapping
set of deletions by a concerted enzymatic method (19). This
set of subclones was sequenced by the chain-termination
method of Sanger et al. (20). The sequence of each strand was
determined independently. The position of the cap site and
the junction for the first exon were taken from Chu ez al. (21).

DNase 1 Protection (“Footprinting’’). HeLa and human
lymphoid cell (BJAB) nuclear extracts were prepared as
described by Dignam et al. (22) and Wildeman et al. (16) and
dialyzed against 20 mM Hepes, pH 7.9/20 mM KCl/1 mM
MgCl,/0.5 mM dithiothreitol/17% glycerol. Nuclear extracts
of mouse L cells, prepared by minor modifications of the
method described by Piette et al. (23), were dialyzed against
the same buffer.

The BamHI-linkered A274 collagen intronic fragment,
cloned into the BamHI site of pUC19, was 5’ end-labeled with
32p on the coding or noncoding strand with T4 polynucleotide
kinase. DNase I footprinting was performed by modifications
of the methods described by Wildeman er al. (16) and
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FiG. 2. Structure of pCOL-CAT. The CAT gene, driven by a
430-bp collagen 5’ flanking sequence from —332 to +98, was inserted
in pUC18. The CAT sequence contains, in addition to the CAT
structural gene, the small t intron and a poly(A) signal (12).
BamH]I-linkered A274 was inserted in either orientation into the
BamHI site to produce A274(+)pCOL-CAT or A274(—)pCOL-CAT.

Augereau and Chambon (24). Nuclear extract (4—6 ul) was
incubated on ice for 15 min in 10 ul containing 10% glycerol,
12 mM Hepes (pH 7.9), 50 mM KCl, 2.5 mM MgCl,, 0.5 mM
dithiothreitol, and 80-100 ng of sonicated salmon sperm
DNA. One microliter of 32P-labeled template (6-9 X 10* cpm,
~=50fmol) was then added and the samples were incubated for
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-800 TTTCTTCTGCAGAGGCCACCTAGTCATGTTTCTCACCCTGCACCTCAGCCTCCCCACTCCATCTCTCAATCATGCCTAGGGTTTGGAGGAAGGCATTTGA
-700 1TCTGYYCTGGAGCACAGCAGAAGAATTGACATCCICAAAATTAAAACTCCCT;GéCYGCACCCCTCCCTCAGAYATC?GATVCYYAATGTCYAGAAAGG
-600 AATCTGTAAATTGTTCCCCAAATATTCCTAAGCTCCATCCCCTAGCCACACCAGAAGACACCCCCAAACAGGCACATCTTTTTAATTCCCAGCTTCCTCT
-500 GTTTTGGAGAGGTCCTCAGCATGCCTCTTTATGCCCCTCCCTTAGCTCTTGCCAGGATATCAGAGGGTGACTGGGGCACAGCCAGGAGGACCCCCTCCCC
-400 AACACCCCCAACCCTTCCACCITTGGAAGTCYCCCCACCCAGCICCCCAGTTCCCCAGTTCCACTTCTTC?AGAYYGGAGGICCE:EE;;E:E:GCAGAG
-300 GGGCACCCCTACCCACYOGTTAGCCCACGCCA!TCYGAGGACCCAGCYGCACCCCTACCACAGCACC1C1GGCCCAGGC‘GGGCTGGGGGGCYGGGGAGG
-200 CAGAGCTGCGAAGAGGGGAGAIG'GGGGYGGACTCCCTTCCC?CCTCCTCCCCCTCYCCATTCCAACTCEE::;Th CGGGCCAGGCAGCTCTGA
-100 TTGGC TGGGGCACGGGCGGCCGGCTCCCCCTCYCCGAGGGGCAGGGT ‘lchccCTGC?CYCCATCAGGACAGGGGCCCGGGCCAG?CGYCOG

CAP SITE AGCAGACOGGAGTTTC?CCYCGGGGTCGGAGCAGGAGGCACGCGGAGTGYGAGGCCACGCATGAGCGGACGCTAACCCCCTCCCCAGCCACAAAGAGICT

101

etPheSerPheVal AspL.uAr LeuLeuLeuLeuLeuAioAlaThrAloLeuLeuThrHisG! yGInGI uGluGlyGin
ACATGTCYAGGGTCIAGACATGIICAGCTITGTGGACCTCCG VCCTGCYCCTCTYAGCGGCCACCGCCCTCCTGACGCACGGCCAAGAGGAA CAA

ValGluGlyGlnAspcluA

201 GTCGAGGGCCAAGACGAAGAC TAAGTCCCAAACT TTTGGGAGTGCAAGGATACTCTATATCGCGCCTTGCGCTTGGTCCCGEEEGCCECEGCT TAAAA
301 CGAGACGTGGATGATCCGGAGACT ccccAAmcucccmncuémccqtcr1cctccccccccrcAcAt:AcoAcccAcctcncccrccccccAccn
401 GGGGTTGAACGCGCCCCGGGAGCGGGAGGTGAGGGTGGAGCGCCGCETGAGT TGGTGCAAGAGAGAATCCCGAGCGCGCAACCGGGGAAGTGGGGATCTT
501 GGGTGCAGAGTGAGGAAAGCACGTCGAAGATGGGATGGGGGCCCCCAGCGGGGCATTTGAAGCCCAAGATGTAGAAGCAATCAGGAAGGCCGTGGGATGA
601 TTCATAAGGAAAGATTGCCCTCTCTGCGGGCTAGAGTGTTGCTGGGGCCGTGECEGTCCTGGCAGCCECEGAGCEGGTCCGEAGCGTGOGCGEETCOAG
701 GATGAGAAACTTTGGCGCGGACTCGOCBGEECEGGTECTTOCGECCECTOCTOACCEATGCTGAGEACTGCETCTCCCGETCCAACGCT TACTGEGGCA
801 GGAGCCGGAGCGGGA'AGACECGGGY TATTGCTGGGTGCGGACCCCCACCTGCTAGATCTGGAAAGTAAAGCCAGGGATGGGGCAGCCCAAGCCTCT TAAA
901 GAGGTAGTCGGGCCGOTGAGGTCHECCCCGCECRGCCCATTACT TAGCGT TGCCCGACACCTAGTGGCCETCTGGEGAGCCGCTAGCGCOGTCGAGT

1001 COTTAGCTAACTTCTGOACTATTTGCOGACT TTTTGGTTCTTTGGCTAMAGTGACCTGEAGGCAT TGGCTGGCT TTGGGOACT GGGGATGGOCCOAGAG

o . . . .

1201

1301

1401

CGGCTTTTAAGTTGTCTAGGTGCTGGAGGT TAGGGTGTCTCCTAATTTAGGTACATTTCAAGTCTTGGGGGEGCCTCCCT TCCAATCAGCCGCTCCCATT
CTCCTABCCCCGCCCOEGCCACCCCACCTGCCCAGGGAATAEGGGCCEGATIGAGGGCTGGACCTCCCTTCTCTCCTCCCTCECCCTCCTCCTGTCTCTAC
CACGCAAGCCACTCCCCACGAGCCTGCCCTCCCEATGGEGCCCCTCCTATTCTCCEECCEECCTCCCCCTCTCACCCTGTGETTTTTATTTCACTTIGGET

TCAGCGCCAATGGGCTRARRTTGGAGT TGGAAGCCACCGCGGACTAAAGCTT

FiG. 1. Nucleotide sequence
of the 2.3-kb HindIII fragment of
the al(I) collagen gene. The ami-
no acid sequence of the translat-
ed part of the first exon, corre-
sponding to the signal peptide
and 12¥5 amino acids of the NH,-
terminal propeptide, is also giv-
en. The start of transcription at
base +1 (cap site) is indicated.
TATAAA and CCAAAT se-
quences are boxed. Also boxed
are four decanucleotide GC mo-
tifs shown to have high or medi-
um affinity for the transcription
factor Spl (13). The junction be-
tween exon 1 and intron I (bases
222-223) is indicated by a verti-
cal line. A sequence that resem-
bles the adenovirus E1A en-
hancer element (14) is overlined
and two viral core enhancer mo-
tifs (15) are underlined. The
274-bp Ava I intronic fragment,
A274, is flanked by brackets.



Biochemistry: Bornstein et al.

10 min at 20°C. One microliter of DNase I (50-500 ng in
nuclear extraction buffer, freshly diluted from a 1 mg/ml
solution in 50% glycerol/50 mM Tris-HCI, pH 7.5/50 mM
KCI/S mM MgCl,/0.5 mM dithiothreitol) was added and
digestion was allowed to proceed for 90 sec at 20°C. Control
digestion of template in the absence of nuclear extract was
performed with 5-10 ng of DNase. The reaction was termi-
nated by the addition of 250 ul of 0.3% NaDodS0,4/0.15 M
NaCl and phenol/CHCI; extraction. Nucleic acids were
precipitated from ethanol in the presence of 15 ug of glycogen
and analyzed on 6% polyacrylamide gels containing 50%
urea.

Gene Transfer into Mammalian Cells by Transient Trans-
fection. Baby hamster kidney (BHK) cells, HeLa cells, L
cells, and chicken tendon fibroblasts (CTF) were grown in
monolayer culture in 60-mm dishes. CTF were isolated from
17-day chicken embryos as described (25) with the modifi-
cation that partially purified bacterial collagenase (CLSP-A,
Worthington) was substituted for trypsin. Cells were grown
in Dulbecco’s modification of Eagle’s medium with 10% fetal
calf serum. CTF were transfected after four or five passages
in medium without added ascorbate, conditions under which
the initially high level of collagen synthesis is markedly
reduced (26). Plasmid DN A was isolated by twice-banding in
CsCl gradients, which was followed by proteinase K and
RNase A digestion and precipitation from ethanol. DNA (3 or
5 png per dish) was added as a calcium phosphate precipitate
(27). The culture medium was changed 24 hr later and cells
were harvested 48 hr after addition of DNA. Cell lysates were
obtained by three cycles of freeze-thawing and supernatants
were assayed for CAT activity by acetylation of [**C]chlor-
amphenicol (27). In experiments in which a plasmid contain-
ing the B-galactosidase gene was cotransfected as a control
for the efficiency of transfection, cell lysates were assayed
for B-galactosidase activity by fluorescence with 4-methyl-
umbelliferyl B-p-galactoside as a substrate.

RESULTS

Nucleotide Sequence of the 2.3-kb HindIII Fragment of the
al(I) Collagen Gene. The nucleotide sequence of the 2256
bases comprising the HindIII-HindIII fragment at the 5’ end
of the human al(I) collagen gene is shown in Fig. 1. The
predicted amino acid sequence for the translated portion of
the first exon is also shown. The sequence consists of a 5’
flanking sequence of 804 bases, the first exon of 222 bases,
and 1230 bases of the first intron, which is =1.4 kb long (28).
The start site of transcription, previously determined by Chu
et al. (21) by S1 nuclease mapping, is located at base +1 and
is preceded by TATAAA and CCAAAT sequences, which
are boxed in Fig. 1. Two canonical CCAAT sequences are
present on the opposing strand at —97 to —101 and —122 to
—126. The sequence is largely in agreement with the se-
quence —275 to 281 published by Chu et al. (21), although a
number of differences exist, particularly 5’ to the CCAAT
motif.

Four GC motifs, shown to have high or medium affinity for
the transcription factor Spl (13), are also enclosed within
boxes in Fig. 1. One of these is located within the intronic
fragment A274, shown below to have regulatory properties
for collagen gene transcription. There are also two se-
quences, underlined in Fig. 1, that closely resemble the viral

core enhancer consensus sequence GTGG%%%G (15). The

5’ flanking sequence also contains a sequence, overlined in
Fig. 1, that is reminiscent of the adenovirus E1A enhancer
element (14). Two very similar pyrimidine-rich sequences are
found in the 5’ flanking sequence at —167 to —136 and in the
intron at 1262-1298.
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Protein Binding to a Collagen Intronic Sequence. The 274-bp
intronic sequence, flanked by Ava I restriction sites (A274,
bases 820-1093, Fig. 1), was chosen for initial study because
this sequence contained a complete high-affinity GC motif as
well as a viral core enhancer sequence. This region also
encompasses a DNase I-hypersensitive site in fibroblast and
placental chromatin; this site was mapped 0.5 kb from the 3’
end of the 2.3-kb HindIII fragment—i.e., at about base 950
(8). The collagen intronic fragment A274 was 5' end-labeled
with 2P on the noncoding strand and subjected to partial
digestion with DNase I in the absence or presence of nuclear
extracts (Fig. 3). The fragmentation pattern clearly shows
three regions of protection (footprints) flanked by DNase
I-hypersensitive sites. Based on coelectrophoresis of the
products of an A + G sequence reaction and a 5’ 3*P-end-
labeled Msp I digest of pBR322, these regions correspond to
bases 919-944 (I), 951-978 (II), and 986-1009 (III). Region I
contains a high-affinity (but inverted) decanucleotide GC
motif, GCCCCGCCCC (29) (bases 925-934), and regions II
and Il are (G + C)-rich; in addition, region III contains a viral
core enhancer element (15).

We used nuclear extracts from HeLa and lymphoid cells as
sources of ubiquitously distributed transcription factors and
extracts of L cells, which are fibroblastic and may preferen-
tially express factors involved in regulation of collagen gene
transcription. All three nuclear extracts induced similar
zones of protection; however, it would appear that the L-cell
extract was most effective since the footprint in region II was
more complete with this extract, even though a smaller
amount of protein was used.

A274 was also 5’ end-labeled with 3P on the coding strand
and subjected to DNase I footprinting (Fig. 4). The fragmen-
tation pattern again shows regions of protection that parallel
those observed with the noncoding strand. In the case of the
coding strand, region I is represented by a footprint extending

e

111
" » " 242
‘. Q‘ F 21
- 828~ 201
,, II = 190
SREE: S22 180
— B08ies 00
l”‘ 11! § . =160
— .!‘ ow B8, =147
‘.’ '&-:
..t i -
-l - e
O‘-on guey - 110
12345686 7 891011 12

Fic. 3. DNase I cleavage pattern of the noncoding strand of the
collagen intronic sequence A274 in the presence of nuclear extracts.
The vertical lines mark three regions of protection (footprints): I, II,
and III. Unlabeled arrows indicate DNase I-hypersensitive sites.
Sizes are given in bp. Lane 1, cleavage with 5 ng of DNase I in the
absence of nuclear extract (naked DNA); lane 2, 40 ug of HeLa
extract, 200 ng of DNase I; lane 3, 40 ug of HeLa extract, 150 ng of
DNase I; lane 4, naked DNA; lane 5, 24 ug of L-cell extract, 200 ng
of DNase I; lane 6, 24 ug of L-cell extract, 150 ng of DNase I; lane
7, naked DNA; lane 8, 40 ug of lymphoid cell extract, 500 ng of
DNase I; lane 9, 40 ug of lymphoid cell extract, 300 ng of DNase I;
lane 10, naked DNA; lane 11, A + G sequence ladder of A274 (a
longer exposure of the autoradiogram permitted visualization of the
sequence to beyond the position of region I); lane 12, 5’ end-labeled
(with 32P) Msp 1 digest of pBR322.
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from base 920 to 940 and regions II and III are represented by
a zone of partial protection extending from base 950 to 1000
(Fig. 4). DNase I-hypersensitive sites at about base 950 can
be seen in some of the lanes in Fig. 4.

Orientation-Specific Inhibition of CAT Gene Expression by
a Collagen Intronic Sequence. When pCOL-CAT was intro-
duced into BHK cells, HeLa cells, or CTF by calcium
phosphate-mediated transfection, substantial CAT activity
was detected in all three cell types. Although extensive
comparisons were not performed, the collagen promoter
appeared more effective in directing the transcription of the
CAT structural gene than was the SV1 promoter, and this
effectiveness was more pronounced in CTF, cells known to
be capable of synthesizing high levels of collagen (under
some conditions) in vitro (26). Indeed, in CTF the collagen
promoter was more effective than was the SV40 promoter in
combination with the 72-bp SV40 enhancer (data not shown).

Consistently, the presence of A274 in the (—) orientation 5’
either to the SV40 basal promoter or to the collagen promoter
inhibited the transcription of the CAT gene when plasmids
were transfected into CTF (Table 1). The fold inhibition with
the collagen promoter varied from 4 to 20 and averaged about
5 in 12 experiments. Occasionally, when CAT activity was
high in cells transfected with pCOL-CAT, less inhibition was
achieved by addition of the collagen intronic sequence. In no
experiment was stimulation observed. In contrast, less inhi-
bition (about 2- to 3-fold in 7 experiments) was observed
when A274 was introduced in the (+) orientation. Similar
results were obtained with the SV40 basal promoter (Table
1). The inhibition observed with A274 is not likely to be due
to titration of limiting amounts of an essential transcription
factor necessary for binding to the promoter (e.g., SP1) since
cotransfection of a 12-fold excess of A274-pUC19 did not
change CAT activity (data not shown).

111 1000—;
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FiGc. 4. DNase I cleavage pattern of the coding strand of the
collagen intronic sequence A274 in the presence of nuclear extracts.
Lane 1, A + G sequence ladder; lane 2, cleavage with 5 ng of DNase
I in the absence of nuclear extract (naked DNA); lane 3, 36 ug of
L-cell extract, 100 ng of DNase I; lane 4, 24 ug of L-cell extract, 50
ng of DNase I; lane 5, 60 ug of HeLa extract, 200 ng of DNase I; lane
6, 40 ug of HeLa extract, 100 ng of DNase I. The regions of
protection from DNase I cleavage—I, II, and III (determined as
indicated in Fig. 3)—are indicated by open rectangles. Base numbers
(with base 1 representing the start of transcription) were derived from
comparison of the A + G reaction with the DNA sequence in Fig. 1.

Proc. Natl. Acad. Sci. USA 84 (1987)

Table 1. Modulation of CAT activity by the collagen intronic
sequence A274 in transient transfection experiments

CAT activity*

HeLa

CTF BHK cells cells

Group Plasmid % n % n % n
A pSVI-CAT 100 3 100 3
A274(+)pSV1-CAT 58+38 3 65+119 3
A274(-)pSV1-CAT 21+42 3 38+ 6.5 3

B pCOL-CAT 100 12 100 3 100 2

A274(+)pCOL-CAT 44 +56 7 100 3 842

A274(-)pCOL-CAT 19%26 12 63 +10.2 3 106 2

Cells received 4 ug of CAT plasmid and 1 ug of Rous sarcoma virus
B-galactosidase plasmid per 60-mm dish in group A and 2 ug of CAT
plasmid and 1 ug of Rous sarcoma virus B-galactosidase plasmid per
60-mm dish in group B.

*CAT activity (conversion of chloramphenicol to acetylchloram-
phenicol) was measured after a 90-min incubation and was correct-
ed in each case to reflect an equal degree of B-galactosidase activity.
The % conversion was set at 100 for pSV1-CAT and pCOL-CAT,
and the effects of A274(+) and A274(—) were indicated as a
percentage *+ the standard error of the mean. n, Number of
determinations.

When CAT gene constructs containing either the collagen
or SV40 promoter were transfected into BHK or HeLa cells,
two major differences were observed in comparison with
transfection of CTF. The collagen promoter was more effec-
tive in directing transcription of the CAT gene in CTF than
it was in BHK or HeLa cells. Thus, in one of the experiments
summarized in Table 1, using the same level of specific
transfected DNA (2 ug per 60-mm culture dish), 10 ug of CTF
cell protein was sufficient to produce 41% conversion of
chloramphenicol to acetylchloramphenicol, whereas 100 ug
of HeL a cell protein was required to produce 5% conversion.
These numbers were normalized with reference to cotrans-
fected B-galactosidase activity and therefore cannot be ex-
plained by differences in the effectiveness of transfection in
these cells. BHK cells were more responsive to the collagen
promoter than were HeL a cells but far less so than CTF (data
not shown).

A274 in the (+) or (—) orientation produced little inhibition
of CAT gene transcription in either BHK or HeLa cells when
used in conjunction with the collagen promoter (Table 1).
However, BHK cells did respond negatively to the A274
element, particularly in the (—) orientation, when the CAT
gene was driven by the SV40 basal promoter, although the
effect was less than in CTF (Table 1). Thus, CTF, which are
capable of producing collagen, recognize the collagen pro-
moter more efficiently than do BHK or HeLa cells, which
synthesize little or no collagenous protein. In addition, the
collagen intronic sequence is more effective as a modulator
of transcription in CTF than in BHK or HeLa cells.

DISCUSSION

It is likely that the mechanisms that have developed for
regulation of type I collagen gene expression are complex and
are based in part on transcriptional control. [See Bornstein et
al. (30) for a brief review.] Since the available evidence
suggests that the al(I) and a2(I) genes coding for type I
collagen, as well as the al(III) gene coding for type III
collagen, are usually coordinately expressed (31), clues to the
regulation of a1(I) may be gained by a study of the promoter
and 5’ flanking sequences of the a2(I) and «l(III) genes.
Comparison of the 5’ regions of the mouse and chicken a2(I)
genes shows several areas of substantial similarity (32). The
most striking is a sequence that surrounds the translational
initiation site. It has been suggested that this sequence could
code for an inverted complement in the mRNA, which may
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assume a relatively stable stem-loop structure (33). Similarly
conserved sequences have been discovered in the al(I) and
al(III) genes (21, 34). Other conserved features include
TATAAA and CCAAT motifs, inverted G/C-rich comple-
mentary sequences bracketing the CCAAT motif, and a
pyrimidine-rich stretch. The latter sequence, in the mouse
and chicken genes, is sensitive to S1 nuclease when intro-
duced into supercoiled bacterial plasmids (35). A DNase
I-hypersensitive site has also been found in this region in
chromatin (9). These data collectively implicate the 5’ flank-
ing region of collagen genes in transcriptional control.

In this work we provide evidence that a 274-bp sequence
within the first intron of the human a1(I) gene (bases 820-1093;
Fig. 1) contributes to the inhibition of transcription of this gene.
The intronic sequence contains a high-affinity Spl binding site
(bases 925-934) and a viral core enhancer motif (bases
999-1007). As shown by DNase I protection footprinting of the
coding and noncoding strands of A274 (Figs. 3 and 4), DNA
binding proteins that recognize sequences within the intronic
segment occur in nuclear extracts of HeLa cells, lymphoid cells,
and L-cell fibroblasts. This protection matches the location of
the GC box and viral core enhancer motif.

It would at first appear paradoxical that a collagen-
synthesizing cell such as the CTF should recognize an
inhibitory element within the collagen gene. However, it
should be emphasized that under the conditions used for
growth and transfection of cells, collagen synthesis was
reduced substantially compared with the rate of synthesis in
these cells immediately after their removal from the tissue
(ref. 26; unpublished observations). The hypothesis that the
ability of A274 to negatively regulate the activity of a collagen
promoter correlates with the level of collagen synthesis in
CTF awaits testing. Thus, it may be possible, with ascorbate
supplementation, to reduce the effectiveness of A274 as an
inhibitor of collagen gene transcription.

Since nuclear extracts from fibroblast-like cells (L cells) as
well as HeLa and lymphoid cells provide protection of the
intronic segment of A274 from DNase I digestion (Figs. 3 and
4), the relevant protein factors would seem to be broadly
distributed. Similar considerations apply to the proteins that
bind to the immunoglobulin heavy chain enhancer (36). There
is, indeed, increasing evidence that many cis-acting elements
may be shared in viral and cellular genes and that common
trans-acting factors may function differently in different
genes depending on a combinatorial arrangement of binding
sites and protein factors (37).

We suggest that a limited number of cis-acting elements,
and their corresponding proteins, combine to confer appro-
priate regulation of cellular genes and to provide tissue
specificity. This assumption requires that transcriptional
complexes will differ as a consequence of the number and
arrangement of regulatory elements and that each gene will
possess a unique combinatorial arrangement of these ele-
ments. In the case of the al(I) collagen gene, regulatory
elements in the first intron, although in themselves not unique
in character, would interact through DNA binding proteins
with promoter and upstream elements to provide transcrip-
tional control appropriate for that gene. The ability of DNA
binding proteins to act at a distance could be explained by a
looping model, as discussed by Ptashne (38).

If this analysis is correct, an inhibitory or silencer function
for the intronic elements might occur only if the levels of the
relevant DNA binding proteins in the cell were sufficiently
high. Conceivably, the same sequences could act in either a
stimulatory or inhibitory fashion depending on the relative
effective concentrations of these proteins. Complex cellular
control, appropriate to the needs for type I collagen synthesis
in different circumstances, could therefore be effected by the
relative abundance of the several DNA binding proteins and
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competition for binding provided by other genes in an
“‘open’’ conformation in chromatin. Posttranscriptional reg-
ulatory mechanisms would serve to augment this repertoire.

Note. While this manuscript was under review, Rossi and de Crombrug-
ghe (39) reported related results. A related paper also appears in this
issue (40).
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