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ABSTRACT

Chick embryonic sternal chondrocytes do not
synthesize a2(l) collagen until they are shifted by
treatment with 5-bromo-2'-deoxyuridine (BrdUrd) to a
fibroblastic phenotype, yet they transcribe this gene as
rapidly as BrdUrd-treated cells. To examine further this
transcription, the DNase I hypersensitive sites were
mapped in the 5' region of this gene in chondrocytes,
BrdUrd-treated chondrocytes, fibroblasts and three
types of non-transcribing cells. A DNase I hyper-
sensitive site at - 200 bp, previously shown to be
associated with the active transcription of this gene in
fibroblasts, is not present in chondrocyte chromatin.
The chondrocyte a2(l) gene contains, however, a novel
major hypersensitive site in the DNA region
corresponding to the fibroblast intron 2, near the
chondrocyte-specific transcription initiation site of this
gene. This novel hypersensitive site is associated with
the use of this alternate start site by chondrocytes,
since it is lost when BrdUrd treatment causes these
chondrocytes to switch to the initiation of transcription
at the fibroblast start site. The BrdUrd-treated
chondrocytes contain the same a2(l) hypersensitive
sites as fibroblasts, except that fibroblasts have an
additional, previously unreported, site at - 1000 bp.

INTRODUCTION

The two most abundant types of collagen in vertebrates are type
I collagen, found in major proportions in bone, skin, ligaments
and tendons, and type II collagen, found almost exclusively in
hyaline cartilage. The regulation of synthesis of these molecules
is extremely important in development and in a number of
physiological and pathological conditions (for reviews see

references 1 and 2). A promising system for investigating how
this regulation is achieved is provided by the exposure of cultured
chick embryonic chondrocytes to 5-bromo-2'-deoxyuridine

(BrdUrd) (3, 4, 5). During 7-8 days of culture in the presence

of this thymidine analogue, the initially floating chondrocytes
become attached to the culture dish and shift from a chondrocytic
to a fibroblastic phenotype. Untreated chondrocytes synthesize
type II collagen and other cartilage specific products, but do not
make type I collagen. The BrdUrd-shifted chondrocytes, on the
other hand, synthesize type I collagen and other products
characteristic of fibroblasts, but do not make type II collagen.
Since the mesenchymal cells that are the precursors of
chondrocytes synthesize type I collagen (6), the BrdUrd may be
causing a 'de-differentation' back to the mesenchymal phenotype.
A similar shift in phenotype is also induced by the tumor
promoter, phorbol-12-myristate-13-acetate (7, 8), or by repeated
subculture (reviewed in reference 6), or by transformation with
Rous Sarcoma virus (9, 10, 11).
Although chondrocytes do not synthesize type I collagen, a

heterotrimer of chain composition [al(I)]2a2(I), our previous
studies indicated that they transcribe the a2(1) gene. The steady
state level of a2(I) mRNA in the cytoplasm of untreated
chondrocytes, measured with cDNA probes derived from the 3'
end of the mRNA, was found to be surprisingly high, about one
third of the level in the cytoplasm of the BrdUrd shifted cells
(12). The a I(I) mRNA, which codes for the other type of chain
present in the type I collagen molecule is, by contrast, present
in the cytoplasm of untreated chondrocytes at less than 3% of
its level in BrdUrd-shifted cells. Subsequent nuclear run-on

experiments have shown that the untreated chondrocytes
transcribe the a2(l) gene at rates similar to the BrdUrd-treated
cells (13). Because of the unusual situation of the apparent
synthesis of the a2(I) mRNA but the absence of synthesis of the
a2(I) polypeptide, we wished to study further the transcription
of the a2(I) gene in untreated chondrocytes. A DNase I
hypersensitive site has been reported to be present at 200 bp 5'
to the transcription start site of the a2(I) gene in transcription-
ally active chromatin but not in transcriptionally inactive
chromatin (14,15). Therefore, we undertook to examine the
chromatin structure of the a2(I) gene in chondrocytes.
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In contrast to all the previously observed cell types that actively
transcribe this gene (14, 15), chondrocyte chromatin was found
to be lacking the hypersensitive site at -200 bp. This chromatin
did contain, however, a novel major hypersensitive site in intron
2 (exons and introns are numbered throughout this paper
according to the fibroblast a2(I) gene). Since these major changes
in chromatin structure seemed likely to be related to the recently
reported observation (16, 17) that chondrocytes initiate transcrip-
tion of the c2(I) gene at a different start site than fibroblasts,
located in intron 2, we showed by RNase protection assays that
these chondrocytes also use this new start site. The observation
that BrdUrd causes chondrocytes to switch initiation of
transcription from the chondrocyte start site to the fibroblast start
site provided a way to show that the chondrocyte-unique start
site and hypersensitive site are coordinately regulated, since the
BrdUrd-treated chondrocytes were found to have lost the
hypersensitive site located in intron 2.
The use of a 5' probe allowed the resolution of the -200 bp

hypersensitive site, present in the chromatin of fibroblasts and
BrdUrd-treated chondrocytes, into two sites and the detection of
a new site in fibroblast chromatin at -1,000 bp.

MATERIALS AND METHODS
Isolation of Cells and Nuclei
Chondrocytes were isolated from the sterna of 14-day old chick
embryos (purchased from Spafas, Norwich, CT) by the floater
selection method (18), except that the cells were cultured in
Dulbecco's Modified Eagle's medium supplemented with 10%
fetal calf serum (Gibco) and 10% CO2. The chondrocytes were

induced to shift to a fibroblastic phenotype by culture in the
presence of 6.5 x 10-5 M bromodeoxyuridine (Boehringer
Mannheim). Chick embryo fibroblasts (CEF) were isolated from
decapitated 10-day old embryos by a standard procedure (19)
and incubated on tissue culture plates under the same conditions
as chondrocytes for 2-4 hours, prior to harvesting of the attached
cells. The brain cells from 14-day embryos were treated as

cultured cells after dissociation of the tissue by mincing with a

spatula. The erythrocytes were obtained from the blood of 14-day
old chick embryos. Nuclei were prepared from cells chilled to
0°C and were stored in 400-800 Al aliquots at - 80°C until
needed according to the procedure of Konieczny and Emerson
(20). The chick intestinal epithelial nuclei were a generous gift
from Mark Mooseker. The pelleted nuclei were resuspended in
nuclear storage buffer (20) and stored at - 80°C.

DNase Treatment of Nuclei and Isolation of DNA
The nuclei were thawed on ice and washed once in 10.0 ml of
DNase I digestion buffer (21) and pelleted by centrifugation for
5 min at 1000 x g. The subsequent suspension in digestion buffer
and incubation with 5-100 Ag/ml of DNase I (Boehringer
Mannheim) for 10 min at 30°C followed exactly the procedure
of Babiss et al. (21). The digestion was stopped and proteinase
K added as described (21) and the sample was incubated for 1-3
hours at 50°C. The DNA was then isolated by phenol:chloroform
extraction followed by ethanol precipitation in the presence of
ammonium acetate (22). The DNA (25 yg) was digested to
completion with 100 units of EcoRI overnight at 37°C and was

recovered by ethanol precipitation as above. It was resuspended
in 50 A1I of TE (22) and stored at -80°C. Deproteinized chick
genomic DNA was prepared from the livers of 14-day chick
embryos by a standard procedure (see p 9.17-9.19, ref. 22).

Identification of a2(I) DNase I Hypersensitive Sites
10 Ag of DNA after the DNase I and EcoRI digestions were
fractionated on a 1.2% agarose gel in tris-borate-EDTA buffer
by electrophoresis overnight at approximately 3 volts/cm (22).
The DNA fragments were then transferred by capillary transfer
(22) to nitrocellulose filters (Schleicher and Schuell). The filters
were prehybridized and, after the addition of probes (see below),
were hybridized overnight at 42°C in 50% formamide by a
standard procedure (see p. 9.52-9.53, ref. 22). The filters were
washed as described (see p. 2.116, ref. 22) but after the room
temperature washes the next wash was with 0.1 x SSC and 0.5%
SDS for two hours at 68°C and the final wash was with 1 x SSC
in 1% SDS for 30 min at 68°C.
The probes were 32P-labeled by the random primer method

(23). They were separated from unincorporated nucleotides by
Nu-Clean D-50 Spun Columns (BI) and were further purified
by filtration through a 0.45 Am cellulose acetate filter (Nalgene).
The 5' probe consisted of the 400 bp EcoRI-BamHI fragment
from the 5' end of pCg5.7, a pBR322 plasmid clone generously
provided by Dr. Helga Boedtker (24, 25) that contains a chick
a2(I) genomic insert which extends from 1.6 kb upstream of the
fibroblast transcription start site to 4.1 kb downstream of this
site (see Fig. 4). This 400 bp fragment was subcloned into the
EcoRI and BamHI sites of pUC18. The 3' probe consisted of
the 360 bp Hind Ill -EcoRI fragment from the 3' end of pCg5.7
(see Fig. 4). This fragment was subcloned into the same
restriction sites in the plasmid pBluescribe (pBS, Stratagene). The
(x2(I) inserts were isolated from the vectors prior to labeling.
The probes were present in the hybridization reaction at a
concentration of 10 ng/ml and a specific activity of approximately
109 cpm4tg.
A 100 ng sample of BstEII-digested lambda DNA was included

in each gel as a size-marker and, after localization of the a2(I)
fragments on the nitrocellulose filter, the filter was hybridized
with 32P-labeled lambda DNA to locate the BstEll fragments.
In all cases, the radioactive bands were detected by exposure of
the filters to Kodak X-Omat X-ray film for 1-10 days at -800C,
followed by development in a Kodak M35A X-Omat automatic
processor.

S1 Nuclease Digestion
The digestion of supercoiled pCgS.7 or pBR322 DNA with S1
nuclease and the subsequent purification of the DNA were as
described (24). After digestion with EcoRI as described above,
S1-treated or untreated DNA samples (0.2 ng) were mixed prior
to electrophoresis with approximately 10 ytg of chondrocyte DNA
obtained from chondrocyte nuclei by the usual procedure except
omitting the addition of DNase I.

RNase Protection Assay
RNA was isolated as described previously (12). The antisense
RNA probes were transcribed in vitro with T3 RNA polymerase
after inserting the desired a2(I) DNA sequences into the plasmid
vector pBS which contains a bacteriophage T3 promoter. The
template for the antisense riboprobe that began in exon 6 at nt
+375 from the transcription start site and extended through nt
+9 in exon 1 (see Fig. 6A) was made by ligating a Sau3A-SmaI
fragment from an a2(I) cDNA clone pMF21 (25), generously
provided by Louis Gerstenfeld, into the BamHI and SmaI sites
of pBS. Prior to transcription with T3 polymerase, this plasmid
was linearized by digestion at its SnaI site. An identical template,
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but linearized at the BstUI site, yielded an antisense riboprobe
that extended from nt +375 in exon 6 through nt + 155 in exon
1 (Fig. 6B). The template for the riboprobe (Fig. 6C) that began
at nt +11 of exon 3 and contained the adjoining 470 nt from
the 3' end of intron 2, was prepared by ligating the corresponding
genomic PstI fragment, isolated from the ca2(I) genomic clone,
pCg5.7, into the PstI site of pBS. This plasmid was linearized
at its SmaI site. RNA probes were purified by electrophoresis
in 6% polyacrylamide sequencing-type gels. The transcription
reaction in the presence of [a-32p] UTP used the Stratagene
Transcription kit according to the manufacturer's directions.
Hybridization at 45°C overnight and subsequent digestion with
RNase A and TI were according to Melton et al. (26), except
that these enzymes were reduced to one-tenth the recommended
levels, 4yg/ml and 70 units/ml, respectively, since these amounts
reduced degradation of the protected fragment and gave cleaner
autoradiograms. The termination of the RNase digestion,
recovery of protected hybrids and electrophoresis on 6%
polyacrylamide sequencing gels were as described (26).

RESULTS
Chondrocyte Chromatin Has a Unique Major DNase I
Hypersensitive Site in Intron 2 of the a2(I) Collagen Gene
The DNase hypersensitive sites present in the chromatin of the
ca2(1) gene in different cell types were mapped by the indirect end-
labeling method (27) within a 5.7 kb EcoRI genomic fragment

spanning the region from 1.6 kb upstream to 4.1 kb downstream
of the fibroblastic transcription start site (24, 25). The probes used
for mapping were a 400 bp EcoRI-BamHI fragment from the
extreme 5' end of this 5.7 kb region and a 360 bp Hind lIH-EcoRI
fragment from the extreme 3' end (see Fig. 1).
When the 5' probe was used to locate DNase I hypersensitive

sites, a major band of 4.0 kb was found in the chromatin of these
sternal chondrocytes (Fig. 1). This hypersensitive site maps to
approximately 250 bp downstream from the 5' end of intron 2,
which is the region that contains the reported chondrocyte-specific
transcription start site (17). This hypersensitive site is present
at very low levels in the chromatin from chick embryo fibroblasts
(Fig. 1, CEF lanes) or from several other cell types that have
been examined (see below). The location of this novel
hypersensitive site in chondrocyte chromatin was confirmed by
mapping with the 3' probe, which detected a major band resulting
from DNase cleavage at 1.7 kb from the 3' end of this 5.7 kb
genomic fragment (Fig. 2, Chond. lanes). Although this site was
also detectable in fibroblast chromatin with the 3' probe (Fig. 2,
CEF lanes), its concentration relative to that in chondrocyte
chromatin is very low.
Chondrocyte chromatin was also found to contain a second

minor DNase hypersensitive site not present in fibroblast
chromatin. This site maps to 1.8 kb from the 5' end of the 5.7 kb
a2(I) genomic fragment (Fig. 1), which would place it in the
region of the junction between exon 1 and intron 1. The remaining
three sites in chondrocyte chromatin (Fig. 1) are shared by
fibroblast chromatin and are discussed below.
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Fig. 1. DNase I hypersensitive sites in the 5' region of the collagen a2(I) gene

in chondrocytes and fibroblasts mapped with the 5' probe. The sites of DNase
cleavage within a 5.7 kb EcoRI fragment of the c2(I) gene were mapped by
hybridization of Southern blots to a 32P-labeled 400 bp sequence from the 5' end
of this region (see map at right). The sizes of the fragments smaller than the
intact 5.7 kb fragment correspond to the distances of these sites from the 5' end
of this 5.7 kb genomic region and allow placement of these sites on the gene
as shown on the far right. pCg5.7 refers to the plasmid clone of this EcoRI genomic
fragment (24,25). R, B, and H symbolize EcoRI, BamH and Hindal sites,
respectively.
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Fig. 2. DNase I hypersensitive sites in the same region of a2(I) DNA as in Fig. 1,
but mapped with the 3' probe. The 32P-labeled DNA probe used here was a
360 bp fragment from the 3' end of the 5.7 kb genomic a2(I) EcoRI fragment
(see map at right in Fig. 1). The sizes of the fragments correspond to the distance
of the cleavage sites from the 3' end of this 5.7 kb fragment. The two lanes on
the left contained chick DNA which was isolated and deproteinized to destroy
chromatin structure prior to treatment with DNase and subsequent isolation by
the usual procedure.
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The ct2(1) Gene in the Chromatin of Chick Embryo
Fibroblasts Contains Two Major Hypersensitive Sites that
Appear to be Associated with Transcriptional Activity
Previous mapping of the DNase hypersensitive sites in the a2(I)
gene in tie chromatin of chick embryo fibroblasts identified a major
hypersensitive site at approximately 200 bp upstream of the
transcription start site, that was present only in transcriptionally
active chromatin (14, 15). These workers detected this site as a
4.3 kb band with the same 3' probe used in the present studies.
We obtained identical-results with fibroblast chromatin (Fig. 2,
CEF lanes), but this site was barely detectable in chondrocyte
chromatin (Fig. 2, Chond. lanes). When mapped with the 5' probe,
this site in fibroblast chromatin was resolved into two sites, a major
site at 1.5 kb and a minor site at 1.3 kb from the 5' end of the
5.7 kb fragment (Fig. 1). While the DNase sensitivity of the minor
site at 1.3 kb appears to be unchanged by whether transcription
begins at the chondrocyte or fibroblast start site, the major site
at 1.5 kb is present only in fibroblast chromatin (Fig. 1). The site
at 1.5 kb is therefore apparently associated with transcription of
the a2(I) gene from its fibroblast start site.
The same region of DNA that contains the DNase I

hypersensitive site at 4.3 kb when mapped with the 3' probe has
been found to contain an SI nuclease-sensitive site when the
isolated DNA is present in a supercoiled plasmid (24, 28). The
resolution of the 4.3 kb site into two sites at approximately 300
and 100 bp 5' to the fibroblast transcription start site raised the

Lt g/ml
DNase

Shifted
Chond.

0 20

LrL

CEF Chond.

20 20

41W

1ii ,z
0
x
LU

Fig. 3. DNase I hypersensitive sites in the collagen a2(I) gene in BrdUrd-shifted
chondrocytes mapped with the 5' probe and compared with the sites in chondrocytes
and fibroblasts. The experimental procedure was the same as that described in
Fig. 1.

question whether the SI site was in the more sensitive region
closer to the start site or in the more 5' region. When the
electrophoretic mobilities of the 1.3 and 1.5 kb fragments from
DNase cleavage were compared with that of the S1-released
fragment from the 5.7 kb region present in the supercoiled
plasmid pCg 5.7 (24, 25), the 1.5 kb DNase site was found to
be in the same DNA region as the SI site, whereas the 1.3 kb
site was further upstream of the transcription start site (data not
shown). Since this S1 site has been mapped at nucleotide
resolution to several phosphodiester bonds at around -190 bp
(24), the 1.5 kb DNase hypersensitive region probably extends
5' to at least -200 bp.

In addition to the 1.5 kb site, a second major hypersensitive
site was present in fibroblast, but not chondrocyte, chromatin
at 600 bp from the 5' end of the 5.7 kb ct2(I) genomic fragment
(Fig. 1). This previously unreported site is approximately
1000 bp upstream of the fibroblast transcription start site. This
site may be associated with the high transcription rate of the a2(1)
gene in these fibroblasts, since it is almost absent from the
transcriptionally less active BrdUrd-treated chondrocytes (Fig. 3)
which also utilize the fibroblast transcription start site, as shown
below. Although this site was always highly visible with the 5'
probe, it was not detected with the 3' probe. This result was
expected, however, since sites that were at a large distance from
where the probe hybridized were consistently found to be difficult
to detect, presumably because of the increased occurrence of
nuclease cleavages between these sites and the region recognized
by the probe.
The presence of identical DNA fragments in the samples from

nuclei incubated with or without added DNase I, especially in
the case of the chromatin from fibroblasts (Figs. 1 and 2) and
from BrdUrd-shifted chondrocytes (Fig. 3), is due to endogenous
DNase activity, which has been noted in other cases (see for
example references 29, 30). These endogenous fragments are
clearly given by DNase hypersensitive sites, since they have
repeatedly been seen to increase in concentration with increasing
levels of added DNase. Also the 4.3 and 3.4 kb bands detected
in fibroblast chromatin with the 3' probe (Fig. 2, CEF lanes)
have been previously shown to represent DNase hypersensitive
sites (14, 15); these sites give rise, respectively, to the bands
at 1.3 and -1.5 kb and the band at 2.3 kb (discussed below) when
the 5' probe is used (Fig. 1). These sites are due to the chromatin
structure of the gene, since when deproteinized chick genomic
DNA was similarly digested with DNase I and then with EcoRI,
the amount of the 5.7 kb a2(I) genomic fragment decreased, as
compared to a no-DNase control, but no smaller fragments of
discrete sizes due to cleavage at preferred sites were detected
(Fig. 2).
The a2(I) Gene in the Chromatin of BrdUrd-Shifted
Chondrocytes Resembles Fibroblast Rather than Chondrocyte
Chromatin
Since BrdUrd-shifted chondrocytes have a fibroblastic phenotype
and synthesize type I collagen, it seemed likely that the cU2(I)
chromatin structure in these cells might have shifted from the
chondrocyte to the fibroblast type. This expectation was fulfilled,
since the chromatin of shifted chondrocytes had lost the major
site at 4.0 kb characteristic of untreated chondrocytes and had
gained the major site at 1.5 kb which is associated with the
transcriptionally active form of this gene in fibroblasts (Fig. 3).
The major site at 600 bp which is present in fibroblast chromatin
was, however, barely detectable in the chromatin of the BrdUrd-

I p



Nucleic Acids Research, Vol. 19, No. 18 4979

shifted chondrocytes, although both types of cells synthesize ca2(I)
mRNA. The chromatin of BrdUrd-shifted chondrocytes also
resembled the chromatin of fibroblasts rather than of chondrocytes
in its pattern of minor DNase I hypersensitive sites (Fig. 3).
Three hypersensitive sites detected by the 5' probe appeared

to be present in the chromatin of all three cell types (Fig. 3).
One is the minor site at 1.3 kb from the 5' end of the 5.7 kb
genomic fragment discussed above. The second is a major site
at 2.3 kb, which places it approximately 450 bp into intron 1.
The third is the minor site at 3.0 kb, located near the middle
of intron 1. This site was much weaker in chondrocytes. Both
the 2.3 and 3.0 kb sites were also detected with the 3' probe
as bands of, respectively, 3.4 and 2.7 kb (Fig. 2).
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Chromatin Structure of the a2(I) Gene in Chick Intestinal
Epithelial Cells (CIE), Brain Cells and Erythrocytes
In order to get more evidence for which of the hypersensitive sites
in the chromatin of fibroblasts and chondrocytes were correlated
with the transcriptional activity of this gene, the DNase
hypersensitive sites were mapped in the chromatin of intestinal
cells, brain cells and erythrocytes, since these three cell types were
expected to contain the a2(I) gene in a transcriptionally inactive
state (Fig. 5). Although each of these three types of cells appeared
to have a unique pattern of hypersensitive sites, all were alike in
containing very low levels of the sites associated with transcription
from either the fibroblast or chondrocyte transcription start sites.
These hypersensitive sites were undetectable with the two
exceptions of a faint very diffuse 1.5 kb band in brain chromatin,
which has been reported to make low levels of type I collagen
due to the presence of glial cells (14), and a faint band at 4.0 kb
in the chromatin of intestinal epithelial cells.
The 1.3 kb site at approximately 300 bp upstream from the

fibroblast transcription start site shows unique behavior in that
it is missing from the chromatin of brain, intestinal and red blood
cells (Fig 5), yet is present in the chromatin of both chondrocytes
and fibroblasts, including the fibroblast-like BrdUrd-treated
chondrocytes. It may, therefore, be associated with transcription
of the a2(1) gene, regardless of whether this transcription utilizes
the fibroblast or chondrocyte start site.
The sites at 2.3 and 3.0 kb appear to be constitutive since they

were found in brain, intestinal and red blood cells (although the
2.3 kb band is barely visible in the erythrocyte sample in Fig. 5,
it was clearer in other autoradiograms), as well as in chondrocytes,
fibroblasts and BrdUrd-treated chondrocytes. The 2.3 kb band has
also been previously suggested to be constitutive (14).
To summarize these DNase-hypersensitive studies (see Fig. 4),

chondrocyte chromatin has two hypersensitive sites not present
in the chromatin of fibroblasts or BrdUrd-shifted chondrocytes:
a major site at 4.0 kb and a minor one at 1.8 kb from the 5'
end of the 5.7 kb a2(I) genomic fragment. Fibroblast chromatin
has two major sites not present in chondrocyte chromatin: the
newly discovered site at 600 bp and the site at 1.5 kb which had
previously been mapped to 4.3 kb with the 3' probe (14, 15).
BrdUrd-shifted chondrocytes closely resemble fibroblasts in their
chromatin structure, except that the site at 600 bp is barely
detectable and the site at 1.5 kb is less pronounced. All three
cell types share the site at 1.3 kb which is not present in the
transcriptionally inactive gene. The major site at 2.3 kb and the
minor site at 3.0 kb appear to be constitutive sites that are present
in both the transcriptionally inactive and active forms of the gene.

Fig. 4. Comparison of the DNase I hypersensitive sites in the collagen a2(I) gene

in the chromatin of chondrocytes, fibroblasts and BrdUrd-treated chondrocytes.
Major sites that give rise to markedly darker bands on the autoradiograms are

indicated by the larger arrow heads. The distance of the sites from the 5' end
of the 5.7 kb genomic fragment is shown in kb above the arrows. Exons 1 and
2 are shown in the chondrocyte gene to facilitate comparision, but they are absent
from chondrocyte transcripts, being replaced by exon A.
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Fig. 5. DNase I hypersensitive sites in the chromatin of cells that contain a

transcriptionally inactive collagen a2(I) gene. The sites were mapped with the 5'
probe by the usual method. The chondrocyte and fibroblast samples were included
to facilitate comparison with the sites in the inactive chromatin samples. The
erythrocyte lanes are from a 3-day exposure and the other lanes from a 10-day
exposure of the autoradiograms. The nuclei from the erythrocytes and intestinal
cells were digested with 50 ,Ag/mf of DNase and the nuclei from brin with 40 ,ug/ml.
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Sternal Chondrocytes Contain o2(I) RNA with an Altered 5'
End

To investigate whether the differences described above between
the ct2(I) chromatin structure in chondrocytes and fibroblasts is
related to the presence in these chondrocytes of the recently
reported a2(I) mRNA with an altered 5' end (16, 17), the a2(I)
mRNA in these chondrocytes was examined by RNase protection
experiments. Although a primer extension experiment had
previously indicated that this altered (x2(I) RNA was present in
the total RNA isolated from embryonic chick sterna (16), its
presence in our cultured chondrocytes needed to be confirmed
since its level might vary with the development stage of the sterna
used as a source of the chondrocytes (7, 12) and with the culture
conditions (16). The probe previously used in RNase protection
assays gave only indirect evidence for the presence of the altered
RNA, which was inferred from the absence of any protected
probe fragment (16). The antisense probes that we used were
chosen so that the presence of unique fragments protected by the
chondrocyte-type but not the fibroblast-type of cx2(I) mRNA
would give direct evidence for the presence of this altered species.
When the RNA probe contained 367 nucleotides

complementary to mature spliced fibroblast-type ca2(I) mRNA
from position +9 of exon 1 to +23 of exon 6 (Fig. 6A), all of
these sequences were protected by hybridization to the RNA
isolated from embryonic calvaria, a rich source of the fibroblast-
type of ax2(I) RNA (Calvaria lane). When, however, chondrocyte
RNA was assayed (Chond. lane), only trace amounts of the 367
nt piece protected by fibroblasts were present, and a new fragment
was obtained consistent with the predicted size of 163 nt for the
fragment protected by chondrocyte-specific ct2(I) RNA (17). This

41b .

result suggests that these sternal chondrocytes also contain the
recently reported chondrocyte-specific form of ct2(I) RNA (16,
17) that is missing the first two fibroblastic exons (the absence
of these exons would be expected to result in a protected fragment
of 161 nt, but two nt, AG, are fortuitously the same whether
exon A or exon 2 is spliced to exon 3). Since the caudal two-
thirds of the sternum, which comprises permanent hyaline
cartilage, differs by day 17 of development in its pattern of
collagen synthesis from the cephalic one-third which comprises
presumptive calcification cartilage (31), chondrocytes isolated
from these regions of 14-day sterna were analyzed separately and
were found in both cases to contain the cartilage-specific type
of ca2(I) RNA (Fig. 6A). In additional RNase protection
experiments (data not shown) the altered c2(I) RNA in
chondrocytes was found to be in the poly(A)-containing RNA
fraction, a finding consistent with our previous evidence that the
ca2(1) RNA in chondrocytes is polyadenylated (12). The presence
of small amounts of the fibroblastic a2(I) mRNA in these
chondrocyte RNA samples, as shown by the 367 nt protected
fragment, is probably due to fibroblast contamination of these
cultures, rather than representing an authentic chondrocyte
product. The relative concentration of this RNA is much lower
in some chondrocyte samples than in others (Fig. 6A, Cephalic
and Caudal Chond. lanes versus Chond. lane), presumably due
to more complete removal, during preparation of the chondrocyte
cultures, of the fibroblast-containing perichondrium that
surrounds the sternum.

Since the shorter probe fragment protected by chondrocyte
RNA compared to fibroblast RNA could be due to the absence
from chondrocyte a2(I) RNA of sequences present at either the
5' end or 3' end of this region of the fibroblastic ca2(I) mRNA,

4h

40

Fig. 6. Comparison of the 5' regions of a2(I) RNA in fibroblasts, sternal chondrocytes and BrdUrd-treated chondrocytes by the RNase protection assay. RNA from
the sources shown above the lanes was hybridized with the 32P-labeled antisense a2(I) riboprobes that are shown, along with the DNA templates, below each panel.
Transcribed pBS vector sequences are indicated by hatched boxes. The Marker lanes contained 10,000 cpm of 32P-labeled MspI-digested pBR322, and the Probe
lanes contained 1000 cpm (10,000 cpm in panel B) of the un-hybridized 32P-labeled antisense RNA. The following amounts of RNA in ug were hybridized with
50,000 cpm of riboprobe: calvaria, 0.2 except 0.83 in panel A and 2.0 in panel C, lOx sample); sternum, 2; tRNA, 10; chondrocyte, including cephalic and caudal,
20; BrdUrd-shifted chondrocyte, 2; poly (A)' calvaria, 2; CEF, 0.02 in panel B and 0.2 in panel C. (A) The riboprobe of 405 nt contained 38 nt of pBS sequence
and 367 nt of a2(I) mRNA sequence, starting at nt +23 in exon 6 and extending to nt +9 in exon 1. The two left lanes are from a different autoradiogram than
the other lanes; in the marker sample run with the right-hand lanes, the 404 bp fragment is running just ahead of the undigested probe, and the 160 bp fragment
is running with the RNA fragment protected by chondrocyte RNA. (B) The same riboprobe was present as in A, but truncated so as to extend only through nt
+ 155 of exon 1; in addition to the 38 nt of pBS sequence it contained 221 nt of a2(I) mRNA sequence. (C) The riboprobe of 520 nt contained 39 nt of pBS sequence
and 481 nt of c(2(I) genomic sequence (11 nt of exon 3 and 470 nt of intron 2).
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another probe was constructed that had the same 5' end, in exon
6, as the previously used probe, but which, at its 3' end, contained
only 49 nt complementary to exon 1 mRNA sequences (Fig. 6B),
rather than the 195 nt complementary to exon 1 in the probe used
in Fig. 6A. If the chondrocyte form of a2(I) RNA is missing
the fibroblastic exons 1 and 2 as reported (16, 17), deletion of
these exon 1 sequences should not change the length of the probe
sequence that is protected by chondrocyte RNA. In accord with
this prediction, this deletion had no effect on the size of the probe
protected by chondrocyte RNA, which was still 163 nt (Fig. 6B,
Chond. lane). As expected, the size of the fragment protected
by fibroblast-type a2(I) mRNA was shorter, being 221 nt
(Calvaria and CEF lanes). The fibroblast a2(I) sequences that
are missing from the chondrocyte a2(I) RNA must therefore be
from the 5' end of the fibroblast mRNA, a finding consistent
with the conclusions from the previous reports (16, 17).
To detect the presence of exon A, which is a 96 bp region

including bp +234 through bp + 329 of intron 2 (17), an

antisense RNA probe that began at nucleotide 11 of exon 3 and
extended through position 138 from the 5' end of intron 2 was

synthesized from a genomic fragment as template (Fig. 6C).
Mature spliced fibroblast RNA lacks introns and would not be
expected under our assay conditions to protect any fragment of
this probe, since it contains only 13 complementary nucleotides,
11 nt of exon 3 plus the last two nucleotides of exon 2 (AG)
which fortuitously match the last two nucleotides of intron 2.
If chondrocyte RNA, however, contains 96 nt of intron 2 ('exon
A') one would expect it to protect a 96 nt probe fragment. In
agreement with this prediction chondrocyte RNA did protect a

fragment of this probe of approximately this size (Fig. 6C,
Chond. lane). Calvaria and CEF RNA, which contain the
fibroblast-type of a2(I) RNA, were unable to protect this probe
(Fig. 6C, Calvaria and CEF lanes) when present at levels that
give strong protected bands from a2(I) exon-containing probes.
When 2 Ag, 10 times the usual amount of calvaria RNA was

assayed, or 2 itg of calvaria poly (A)+ RNA, a protected species
appeared of approximately 481 nt, the predicted size if unspliced
fibroblastic a2(I) RNA was present (Fig. 6C, lOx Calvaria and
poly (A)+ Calvaria lanes). Even at these levels, however, no

protected product of 96 nt corresponding to the presence of exon
A of chondrocyte-type a2(1) RNA was seen. The results of these
assays with all three RNA probes show therefore that the
previously reported altered form of a2(I) mRNA (17) is present
in these sternal chondrocytes.

Treatment of Chondrocytes with BrdUrd Causes the
Disappearance of the Chondrocyte-Specific a2(I) RNA and
the Appearance of the Fibroblast-Type a2(I) mRNA
The BrdUrd-induced shift in collagen synthesis from type II to
type I was shown above to be accompanied by the loss of the
major DNase hypersensitive site in the region of exon A and the
acquisition of the hypersensitive site characteristic of fibroblasts,
at 1.5 kb from the 5' end of the 5.7 kb genomic fragment. If
the conclusion is correct that the presence of each of these
hypersensitive sites is associated with the use of the neighboring
transcription start site, one would predict that the BrdUrd-shifted
chondrocytes would no longer use the chondrocyte start site but
would initiate transcription at the fibroblast start site. This
prediction is fulfilled, as shown by the RNase protection assays.
With the antisense RNA probe used in Fig. 6A, the RNA from
BrdUrd-shifted cells protected the 367 nt piece characteristic of
fibroblast type a2(I) RNA (Fig. 6A, Shifted Chond. lane) rather

than the 163 nt piece that is protected by chondrocyte RNA. The
antisense probe used in Fig. 6B also showed that the a2(I) RNA
in BrdUrd-shifted chondrocytes had the 5' end characteristic of
the a2(1) mRNA in fibroblasts (Shifted Chond. lane). The probe
used in Fig. 6C that is specific for the exon A of chondrocyte-
type a2(1) RNA was not protected at all by the RNA from the
BrdUrd-shifted chondrocytes (Fig. 6C, Shifted Chond. lane), in
agreement with the behavior of the RNA from Calvaria or CEF
(Fig. 6C). BrdUrd-treated chondrocytes therefore simultaneously
lose the transcription start site in intron 2 of the a2(I) gene and
the DNase hypersensitive site in this region, and they
simultaneously acquire the fibroblast-type transcription start site
and the DNase hypersensitive site approximately 100 bp upstream
of this site.

DISCUSSION
This paper reports major differences between the chromatin
structure of the a2(I) gene in chondrocytes and fibroblasts, both
of which actively transcribe this gene. We also show here that
these differences are associated with the different transcription
start sites used by these cells. When chondrocytes, which initiate
transcription of the a2(J) gene in intron 2 (16, 17 and this paper),
are induced to switch to the usage of the fibroblast start site by
BrdUrd treatment, they lose the unique hypersensitive site in
intron 2 and acquire the hypersensitive site at -100 bp that is
characteristic of fibroblasts.
The BrdUrd-induced loss of both the chondrocyte-specific

transcription start site and the nearby hypersensitive site suggests
that the presence of this hypersensitive site is associated with the
activity of the chondrocyte-specific transcription start site.
Hypersensitive sites associated with the activity of transcription
start sites have been shown in a number of cases to be
nucleosome-free regions ofDNA that are bound by transcription
factors (27). An analysis of the transcription factors bound by
the chondrocyte-specific hypersensitive site, currently underway
in our laboratory, is likely to help in understanding the mechanism
of this switch in transcription start site. Motifs similar to a TATA
box and a CCAAT box are present 5' to the chondrocyte start
site in intron 2 (17).
When the hypersensitive site at -200 bp in fibroblast chromatin

(14, 15) was resolved into two sites, the major site at
approximately -100 bp was found to be associated with
transcriptional activity of the gene from the fibroblast start site,
whereas the minor site at approximately -300 bp was associated
with the transcriptional activity of the gene, regardless of whether
the fibroblast or chondrocyte start site was used. The more
sensitive site at -100 bp is likely to correspond to the DNase
I hypersensitive site found to be present near the transcription
start site of the mouse a2(I) gene in fibroblast chromatin but
absent from the chromatin of a myeloma cell line, which does
not transcribe this gene (32). This site was found to extend from
approximately -240 bp to +110 bp by its accessibility to
restriction enzymes (32). Since these regions of the chick and
mouse a2(I) promoters contain blocks of conserved sequences
at similar locations (33), it is likely that the chick hypersensitive
site spans a similar region. The lower DNase sensitivity of the
1.3 kb site in the chick, mapping to -300 bp, is in agreement
with the observation that mouse a2(I) fibroblast chromatin is less
sensitive to nucleases in this region than in the -240 to + 110
bp region (32).
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Within the major hypersensitive site associated with the
transcriptional activity of the a2(I) gene in fibroblasts is a site
that has been shown to be sensitive to SI nuclease cleavage in
vitro, when present in a supercoiled form in plasmids. In the chick
promoter, this SI nuclease site lies at around -190 bp in a stretch
of 42 pyrimidines interrupted by a single G (24, 34), and in the
mouse promoter a similar SI nuclease site lies in a partially
conserved pyrimidine-rich sequence (28). The significance of this
site for the regulation of transcription is, however, unknown.
No direct evidence is available concerning the identity of the

transcription factors that are bound to the DNase hypersensitive
sites in the chick oa2(I) gene in fibroblast chromatin. From studies
of the mouse a2(I) gene, reviewed in refs. 35 and 36, three sites
that bind factors present in fibroblast nuclei and that are required
for maximal promoter activity have been identified in the
5'-flanking region, and an enhancer region has been localized
to within intron 1. The most upstream of these binding sites at
-307 bp, which binds nuclear factor 1 (NF- 1), has not been
located in the chick promoter. The factor that binds to the next
site in the mouse promoter at -250 bp has not yet been identified,
but an homologous factor is likely to bind to the chick promoter,
which contains an identical 8 bp site, beginning at -282 bp. It
is not clear whether this site lies within the region most sensitive
to nucleases, mapped to -100 bp or within the less nuclease-
sensitive region, mapped to -300 bp. The third binding site in
the mouse promoter at -84 bp, contains an inverted CCAAT
box in an 8 bp region that is conserved in the chick promoter
in approximately the same location. It is probable, therefore, that
a factor homologous to that identified in mouse fibroblast nuclei
also binds to the chick promoter in this region, which would be
within the major fibroblast DNase I hypersensitive site. Additional
blocks of conserved sequences in the chick and mouse promoters
suggest that further unidentified regulatory factors may bind to
these promoters (32). No homology to the region containing the
mouse enhancer could be found in intron 1 of the chick gene (37).

Although studies of the mouse gene to date have not implicated
any regulatory region as far upstream from the transcription start
site as -1000 bp (33), the presence of a strong DNase
hypersensitive site in this region in the chromatin of chick embryo
fibroblasts, as reported here, suggests this region may play a
regulatory role. The absence of this site from the other cell types
examined, including BrdUrd-shifted chondrocytes that transcribe
this gene from the fibroblast start site, suggests that this site might
contribute to the higher rate of transcription of this gene in
fibroblasts.
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