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The genes COL4A5 and COL4A6, coding for basement membrane
collagen chains a5(IV) and a6(IV), are located head-to-head
in close proximity on human chromosome Xq22 and COL4A6
is transcribed from two alternative promoters
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ABSTRACT The genes for the as(IV) and a6(IV) chains
of human basement membrane colagen type IV have been
found together on chromosomeX at segment q22 and have been
reported to be araed in a head-to-head fashion. Here we
report the 5' lanking sequences ofCOMAS and COL4A6 and
that COUA6 is tansribed from two alternative promoters in
a tissue-specific fashion. Analysis of the sequence immediately
upstream of the transcription start sites revealed some features
of housekeeping genes-4.e., the lack of a TATA motifand the
presence ofCCAAT and CTC boxes. Further analysis revealed
that COLA6 coain two alternative promoters that control
the generation of two different t pts. One tr ription
start site (from exon 1') is 442 bp away from the tiption
start site of COMAS, while an alternative tr in start
site (from exon 1) is located 1050 bp from the first one and
drives the expression of a second trnript that encodes an
a6(IV) chain with a different signal peptide. Reverse tran-
scription-PCR experiments revealed that the trspt from
exon 1' is abundant in placenta, whereas the trnript from
exon 1 is more frequently found in kidney and lung. These
results provide additional dues to ansering the general ques-
tion ofwhatmech are used to generate unique basement
membrane structures in different tissues.

The collagen gene superfamily is composed of >30 distinct
genes with products that form 18 or more heterotrimeric or
homotrimeric molecules (1, 2). Many of the collagen genes
are dispersed throughout the human genome. For instance
COLIAJ and COLIA2, the genes encoding the al(I) and a2(I)
chains of collagen type I, are located on chromosomes 17 and
7, respectively. To date, 28 collagen genes have been as-
signed on individual chromosomes in humans. However, for
the genes that code for collagen IV the situation is different
(1, 2). Not only were the genes for the al(IV) and a2(IV)
chains (COMA) and COL4A2) initially mapped to the same
segment ofthe long (q) arm ofhuman chromosome 13 (3), but
the two genes were found to be arranged in a head-to-head
fashion and separated by only 127 bp (4, 5).

In addition to the two major subunit components of col-
lagen IV, al(IV) and a2(IV), four minor components, a3(IV),
a4(IV), a5(IV), and a6(IV), have been identified and char-
acterized. The genes for the a3(IV) and a4(IV) chains are
colocalized on chromosome 2q35-q37 (6, 7). Based on amino
acid sequence homology, domain structure, and gene struc-
ture, these six chains can be classified into two groups: group
A, consisting of al, a3, and aS chains, and group B, with a2,
a4, and a6 chains (8). As mentioned above, COUAI and

CO4A2 are colocalized on chromosome 13 and COUA3 and
COLA4 are on chromosome 2. Based on the existence of
these two gene pairs, each encoding one member ofthe A and
B groups, we predicted, even before the a6(IV) chain had
been identified, the existence of an additional chain in the
group B as the counterpart of the a5(IV) chain. We hypoth-
esized that the genes encoding a5(IV) and this unknown
chain would represent a third type IV collagen gene pair on
the X chromosome, where COLAS had been localized. This
prediction and hypothesis have now been confirmed through
the cloning of a6(IV) cDNAs (8) and through the identifica-
tion of the a6(IV) gene in the region upstream of the a5(V)
gene promoter (9). In this paper we describe the precise
relationship between the 5' flanking regions of COL4A6 and
COL4AS and we report that COL4A6 is transcribed from
different transcription start sites in different tissues.§

MATERIALS AND METHODS
Screening of Genomic DNA. A restriction fragment of

cDNA, TM51 (1550 bp, ref. 8), encoding the human a6(IV)
chain was used for isolation of the related gene fragment. A
total genomic library in A phage EMBL3 was purchased from
Clontech (HL1006d) and screened. Two positive clones, AF2
and AF3, were isolated from 6 x 105 phage plaques. One of
them, AF2, was characterized further, because Southern
blotting analysis revealed that AF2 encoded more of the 5'
part of the gene. Fragments were labeled by the random
primer method (10). Hybridization and washing were as
described (11).

Total human genomic DNA was isolated (12) from white
blood cells from a healthy young man. Approximately 30 ,g
of the DNA was digested with Pst I, electrophoresed in a
0.8% agarose gel, blotted onto a nylon filter (Hybond-N+;
Amersham), and hybridized with two probes: TM51-5 (probe
1, 398 bp), representing the 5' end of a6(IV) cDNA, and aPst
1-HincIl restriction fragment (probe 2, 506 bp, indicated by
an asterisk in Fig. 1) of the genomic DNA clone AF2,
covering exon 1 of the a5(IV) gene.
Rapid Amplifcatin of cDNA 5' Ends (5' RACE) and

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). RNA was extracted from frozen kidney, lung, and
placenta and cultured keratinocytes by the guanidinium thio-
cyanate method (12). To determine the structure ofthe 5' end
of the cDNA, we used 5' RACE (13). Four primers were
synthesized for this purpose. Primer 1 was 5'-TTCCTCG-
GTCAGGCACAA-3' [complementary to nt 268-285 from the
5' end of cDNA for a6(IV) chain (8)]; primer 2 was 5'-

Abbreviation: RACE, rapid amplification of cDNA ends.
*To whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. D28116).
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AACCAGGAGCAGCCACAA-3' (complementary to nt 247-
264). Also, hybrid primer 5'-CTGAATTCTCGAGTCGAC-
(T)17-3' and adaptor primer 5'-CTGAATTCTCGAGTC-
GAC-3' were prepared. The first-strand cDNA was
synthesized by Moloney murine leukemia virus reverse tran-
scriptase (United States Biochemical) from primer 1 and total
RNA extracted from placenta, kidney, lung, and kerati-
nocytes. A stretch of dA residues was added to the first-
strand cDNA by terminal deoxynucleotidyltransferase. Us-
ing an aliquot ofthe material, we performed PCR with primer
2 and the hybrid primer under the following conditions: 920C
for 40 sec, followed by 40 cycles of940C, 40 sec; 580C, 1 min;
70'C, 1.5 min. At the end of the last cycle, the sample was
further incubated at 700C for 15 min.
The products were electrophoresed in 1.5% agarose gels,

blotted onto Hybond-N+ (Amersham), and hybridized with
32P-labeled specific probes: cDNA fragment TM51-5 (probe
1, 398 bp) and AF2/Ecol.4/Hinc Eco 0.8 fragment (probe 3,
774 bp), which covers the entire exon 1' of the a6(IV) gene.
The TA cloning system (Invitrogen) was used to clone the
PCR product.
Nudeotide Sequence Analysis. Nucleotide sequence was

determined by the dideoxy chain-termination method (14) on
double-stranded pBluescript II vectors (15). We used the
fluorescence labeled dye-terminator method on an Applied
Biosystems model 373A automatic sequencer. For long frag-
ments, a Kilo-Sequence deletion kit (Takara Shuzo, Kyoto)
with exonuclease III, mung bean nuclease, and specific
primers was utilized for sequencing. Nucleotide sequence
was determined from both directions. Promoter sequence
was analyzed by the computer program MACVECTOR (Inter-
national Biotechnologies).

RESULTS AND DISCUSSION
Isolatin of Genomic Fragents That Contain S' Exons for

the a6(IV) Chain. Two a6(IV) genomic clones, AF2 and

AF 2

(Sal I) (20 kb)

AF3, were isolated by screening a genomic library with
cDNA TM51 (8) as probe. This cDNA (1550 bp) has been
sequenced and shown to encode the 5' untranslated region,
the signal peptide, the 7S domain, and the amino-terminal
portion of the COLl domain of the human a6(IV) chain (8).
Southern blotting analysis revealed that AF2 encoded more
of the 5' part of the gene than AF3, and AF2 was therefore
characterized further. Digestion ofAF2 (20 kb) with Pst I and
EcoRI and Southern blotting with TM51-5 (the most 5' part
of TM51, probe 1) showed hybridization to two restriction
fragments, Pst I-Pst I (0.8 kb, see Fig. 1) andPst I-EcoRI (0.8
kb). Their nucleotide sequences were determined. By com-
paring the nucleotide sequence obtained from the genomic
DNA with that of the cDNA, we identified two exons, exons
1 and 2 (Fig. 2), 246 and 50 bp. We also determined the
nucleotide sequence of the EcoRI-EcoRI fragment (1.4 kb,
see Figs. 1 and 2) which is located upstream ofthe EcoRI-Pst
I fmrgment (0.8 kb). Interestingly, we found exon 1 of
COIAAS (16) within the sequence of this upstream fragment.
The coding sequences of exons 1 and 2 ofCOL4A6 and exon
1 ofCOL4A5 were located on opposite strands. The distance
between the two exons 1 was 1492 bp. This was an indication
that the two genes were closely associated: this association
was more precisely analyzed in subsequent experiments.
To demonstrate that the isolated genomic clone did not

represent a cloning artifact, we compared the restriction map
of clone AF2 with that seen by genomic Southern blot
analysis. Human genomicDNA was digested with restriction
enzyme Pst I and hybridized with probe 1 (a portion of the
cDNA for the human a6(IV) chain, TM51-5; ref. 8] and probe
2 [a portion of genomic DNA for the human a5(IV) chain,
indicated by an asterisk in Fig. 1). One of the Pst I restriction
fragents (2.1 kb) hybridized with these two probes (data not
shown). This result confirmed the restriction map of the
upstream region of the two genes as shown in Fig. 1.
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FIG. 1. Schematic representation of the genomic fiagment AF2 and the head-to-head arrangement of the human a6(IV) and a5(V) genes.
The top line depicts the isolated genomic fragment AF2 (20 kb), harboring both a6(IV) and a5(V) genes. A part of the fragment is highlighted.
Genomic organization of the 5' ends of the two genes, COL4A5 and COL4A6, are arranged in opposite directions on opposite strands.
Representative restriction sites and relative locations of exon 1 for COLA5 and exons 1', 1, and 2 for COL4A6 and introns are shown. The
HincH site is indicated within the 1.4-kbEcoRl-EcoRI fragment. The locations ofprobes 2and 3 are indicated by an asterisk and double asterisks,
respectively. Numbers in parentheses indicate the lengths of the restriction fragments and exons and introns. As indicated by the dotted lines,
exon 1' is spliced to exon 2 and exon 1 is spliced to exon 2.
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5' RACE Idctsthe Presence of the Alternative Exon. To fr-agment TM51-5. This cDNA fr-agment encodes the most
find out whether the 5' end sequence was the same among all amino-terminal portion of the a6(IV) collagen chain (8). It
COMA6 mRNAs, we performed 5'RACE using RNAs from showed one major band for placenta, kidney, lung, and
various tissues and cells. The primners were hybrid primer keratinocytes. The other probe (probe 3) used for hybridiza-
with T17 (as the forward primer) and primer 2 (as the reverse tion with the same Southern blot (Fig. 3C) was a genomic
primer). The 5' RACE products were hybridized with two Hindll-EcoRI fragment of Afl shown in Figs. 1 and 2 (nt
probes. One of the probes (probe 1 in Fig. 3B) was the cDNA 631-1405). The PCR products from, placenta, kidney, and
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FIG. 3. 5' RACE using RNAs from placenta, kidney, lung, and keratinocytes. First-strand cDNA was synthesized from RNAs from placenta
(lanes 1 in B and C), kidney (lane 2), lung (lane 3), and keratinocytes (lane 4) as template from primer 1, and poly(A) was added at the 5' end.
The product was used as PCR template. PCR was performed with the hybrid primer and primer 2. Southern blot analysis showed that the PCR
products hybridized with TMS1-5 (probe 1, 398 bp), the most 5' end ofthe cDNAforthe human W6MV) chain (B). The same sample was hybridized
with probe 3, AF2/Eco 1.4/Hinc Eco 0.8 (774 bp), a Hincdl-EcoRl fiagment of the genomic fiagment AF2 (C). The exposure time for the film
shown in C was five times longer than that for the film in B. Note that bqth forms of transcript are present in placenta, kidney, and lung, whereas
only one form of transcript is present in keratinocytes (C). PCR products were subcloned and complete nucleotide sequences were determined.
The nucleotide sequences were compared with those ofthe genomic fragment shown in Fig. 2. Some ofthe PCR products were shown to contain
sequences of exons 1 and 2, whereas the other products contained sequences of exons 1' and 2 (A). The expected size of PCR products when
exon 1' joins exon 2 is 194 bp (as seen in C) and when exon 1 joins exon 2 is 296 bp (B). Some clones were fully extended to the 5' side, whereas
others were not. Clones from keratinocyte RNA were significantly shorter than those isolated from placenta, kidney, and lung.

lung RNAs hybridized with probe 3 (Fig. 3C), and, interest-
ingly, the product size was significantly smaller than that
seen with probe 1 (Fig. 3B). This suggested that two kinds of
RNAs were expressed in these tissues. The relative amounts
of PCR products differed for the various tissues.
To find out how these two RNAs are different, the PCR

products were cloned by the TA cloning method (Invitrogen)
and sequenced. As expected, all 9 clones (4 from placenta, 1
from kidney, 1 from lung, and 3 from keratinocyte) screened
by probe 1 and sequenced. represented exons 1 and 2.
Relative locations of the clones identified by nucleotide
sequence analysis are drawn in Fig. 3A. However, nucleotide
sequence analyses of the four clones from placenta screened
by probe 3 demonstrated that they were the same and that
they all contained a 5' sequence of 124 bp different from the
other clones, whereas the 3' part of the sequence was the
same as exon 2. Interestingly, the 5' sequence was found in
the genomic DNA, nt 838-961 in Fig. 2. We refer to this exon
as exon 1' in this report. The transcription initiation site is
slightly different from that determined by cDNA analysis (9).
We confirmed this initiation site by cloning and sequencing
two different clones. Thus, from comparison of the nucleo-
tide sequence between the genomic DNA and the two dif-
ferent kinds of cDNA encoding the a6(IV) chain, we con-
clude that there are two kinds of transcripts. One starts from
exon 1, and exon 1 is spliced to the sequence ofexon 2 in the
usual manner. The alternative exon sequence, that ofexon 1',

is spliced to the sequence of exon 2. These results indicate
that the presence ofthe two differentmRNAs is due to the use
of the alternative transcription start sites. Alternative pro-
moters are utilized in transcription of al(IX) genes (17, 18).
In the al(IX) case, an alternative promoter located in intron
6 of the al(IX) gene transcribes RNA from alternative exon
in intron 6 and the alternative exon is spliced to exon 8. This
transcription form results in an al(IX) chain missing almost
the entire NC4 noncollagenous domain, when it is translated.

But the alternative promoter described in this paper is not far
from the other promoter. These closely located alternative
promoters result in different signal peptides at its amino
terminus (Fig. 4).

Struture of the Promoter Region for a5(IV) and a6(IV)
Genes. The complete nucleotide sequence of the upstream
region of both COLAS and COLA6 is shown in Fig. 2.
Comparison between this genomic sequence and the 5'-
terminal cDNA sequences of both genes confirmed that AF2
indeed contains the 5' region ofthe a5(IV) gene as well as that
of the a6(IV) gene. The coding sequences are aligned on
opposite strands, indicating that the two genes are tran-
scribed in opposite directions and thus are oriented in a
head-to-head fashion. Further, cloning and characterization
of the two kinds of cDNAs of different 5' regions, as men-
tioned above, indicated that the presence of the two mRNAs
is due to the use of the alternative transcription start site as
shown in Fig. 1. The transcription initiation site for COL4AS
and the start sites for the two transcripts generated from
COLA6 are separated by 442 bp and 1492 bp. This suggests
the presence of a common promoter region.
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FIG. 4. Two signal peptides starting from exon 1' and exon 1.
Two different signal peptides forthe a6(V) chain are encoded by two
different exons controlled by alternative promoters. Starting from
the two alternative promoters, either exon 1' or exon 1 is spliced to
exon 2, resulting in two different signal peptides. The two vertical
arrows indicate the putative signal peptidase cleavage sites.
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The sequence ofthe promoter region is rich inG and C, and
no typical TATA box or related sequences can be found at a
location compatible with a TATA-box-type function. How-
ever, some other typical sequence motifs are found within the
promoter sequence. CCAAT boxes are located about 90
bases and 120 bases upstream of the start site of exon 1' of
the COL4A6 gene, and a GC box, a potential interaction site
with transcription factor Spl, is located 40 bases upstream of
exon 1 of COL4A6. A GC box is located in the middle of the
bidirectional promoter in COL4A1 and COL4A2 (4), but this
is not the case for the promoter in COIAA5 and COL4A6.
Intriguingly, a recently described CTC box that has been
suggested to bind CTC-binding factor (CTCBF) for efficient
transcription of COL4A] and COLA2 (19) was found in the
middle of the promoter region (nt 606-614) between exon 1
of COL4AS and exon 1' of COL4A6. Both genes could
contain elements in their first introns that would seem to be
essential for efficient initiation of collagen gene transcription
(20).
Exon 1' of the a6(IV) gene includes 110 bp of the 5'

untranslated region and 14 bp coding for 4% amino acid
residues of the signal peptide. On the other hand, exon 1
contains a longer 5' untranslated region (234 bp) and 11 bp
coding for 32A amino acid residues of the different amino
terminus of the signal peptide. The two signal peptides are
compared in Fig. 4. Exon 2 ofthe a6(IV) gene contains 50 bp
coding for 16%3 amino acid residues of the remaining signal
peptide, indicating that the following exon, no. 3, should start
with the coding region of the 7S domain.

It would be interesting to find out whether the genes for
a3(1V) and a4(IV) collagen chains have the same regulatory
arrangements oftheir promoter region on chromosome 2q36.
We do not know whether expression of the homo- or het-
erotrimeric collagen IV including the a6(IV) chain is essential
for the structural integrity and functional properties of the
basement membrane, but we do know that the genes,
COMAS and COMA6, coding for their respective subunits
are located close to each other on chromosome X and are
transcribed from a common bidirectional promoter element.
We predict that the common promoter region of collagen IV
does not represent an equally functional bidirectional ele-
ment but may be better understood as two overlapping
promoters with shared elements.
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