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Six distinct genes have been identified as belonging to the type IV collagen gene family.
They can be organized into three sets, i.e.,, COL4A1/COL4A2, COL4A3/COL4A4, and
COL4A5/COL4A6, which are localized on three different chromosomes in humans, 13, 2, and
X, respectively. Within each set the genes are aligned head-to-head and their expression is
regulated by bidirectional promoters between the genes. Transcriptional regulation of the
COL4A1/COL4AZ2 set has been well characterized. The transcription of COL4A6 seems to be
controlled by two alternative promoters. While collagen IV molecules composed of 1 and
a2 chains are broadly distributed, molecules comprising combinations of the other four
chains, a3- 6, are important components of specialized basement membranes. The precise
chain composition of triple-helical molecules assembled from the ¢3-26 chains is not
entirely clear, but it is hypothesized that #3-25 chains and 5 and «6 chains form
heterotrimeric molecules. Several pieces of evidence indicate that a3/ a4/a5 molecules and
a5/ a6 molecules are components of the basement membrane network. This helps explain
the observation that the kidney and skin basement membranes from patients with Alport
syndrome caused by mutations in the o5 coding gene, COL4AS5, are defective in the o3, a4,
and 6 chains together with the o5 chain. Large deletions involving the COL4A5 and
COL4A6 genes have been found in rare cases of diffuse leiomyomatosis associated with
Alport syndrome.
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diffuse leiomyomatosis associated with Alport syndrome.

Basement membrane (BM)s are thin and amorphous
specialized extracellular matrices that play roles in diverse
biological events, including embryonic development, main-
tenance of tissue architecture, protection of tissues and
organs from mechanical stress and exogenous factors,
tissue remodeling during development and wound healing,
and filtration of blood and air. The BM located underneath
epithelial cells, i.e. the epidermal BM, usually faces a cell
membrane on one surface and the extracellular matrix on
the other, however, there are several types of cells in which
the BMs face cell layers on both surfaces, e.g., smooth
muscle, skeletal muscle, alveoli, capillaries in the brain,
and neuromuscular junctions. BMs are composed of col-
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lagen IV, laminin, nidogen, heparan sulphate proteoglycan,
and other glycoproteins (1). Recent progress in research on
basement membrane biology has revealed new BM compo-
nents including laminins, collagens XV, XVIII, and XIX,
fibulins, and dystroglycan (1, 2). Interactions between cells
and BM molecules, and between BM molecules and BM
molecules are being investigated, but the biological func-
tions of BMs in general have yet to be determined.
Furthermore, investigations involving gene targeting tech-
nology and fine analyses of genetic disorders, including
Alport syndrome and others, have allowed us to take a
comprehensive approach for clarifying the biological roles
of BMs. Because of the huge number of papers published on
the molecular, biological and pathological aspects of BMs,
our present review will be selective and focused on the
following: the organization and expression of collagen IV
genes, collagen IV molecules and chain compositions, the
evolution of collagen IV genes, and what we have learned
from mutation analysis of cases of Alport syndrome (AS)
and diffuse leiomyomatosis (DL) associated with AS.

Chromosomal location of collagen IV genes

Since the first two human collagen IV genes found,
COL4A1 and COL4A2, were assigned to the same chromo-
somal locus, 13934 (3, 4), it was hypothesized that addi-
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tional genes belonging to the same subclass would also be
located in the same region, like in other multigene families
of globin and histone genes. But the other four genes turned
out to be on different chromosomes (5-8). COL4A3 and
COL4A4 were located on 2q35-q37 (5, 6) and COL4A5 and
COL4AG6 on Xq22 (7-9). Namely, the three paired genes
were found to reside at the three different chromosomal
regions, as shown in Fig, 1. It is intriguing that two sets of
the paired genes, COL4A1/COL4A2 and COIL.4A5/
COL4AG, are located head-to-head on chromosome 13 and
X, respectively, sharing common bidirectional promoters
(8, 10-14). The structural relationship between the
COL4A3 and COL4A4 genes is less characterized, although
they are likely to be head-to-head on chromosome 2 as in
the case of the other two pairs. Three more collagen genes,
COL6A3, COL3A1, and COL5A2, are known to be located
on chromosome 2 (15, 16). It is not known yet how close the
two collagen IV genes are located to these three genes.

The mouse and dog (17) collagen IV genes are known to
be arranged like the human collagen IV genes. It is interest-
ing that in the nematode, Caenorhabditis elegans, there are
two collagen IV genes; one is most similar to the mam-
malian «2(IV) chain and the other is rather similar to the
a1(IV) chain. However, the genes are located on separate
chromosomes, X and III (18), suggesting that the primor-
dial collagen IV gene became duplicated prior to the
separation of vertebrates and invertebrates. However, the
two collagen IV genes in Drosophila appear to be located on
the same chromosome (19).

Differential expression of collagen IV genes

The complete exon/intron structure of a collagen IV gene
was first characterized for the COL4A1 gene, which con-
tains 52 exons (20). The last five exons at the 3’ end encode
the NC1 domain, which is located at the carboxyl end of the
a1(IV) chain. The central 39 exons encode the COL
domain, which contains the typical collagenous Gly-X-Y
repeated structure with many breaks. The first intron of
COL4A1l is large (>18kb). Repetitive sequences are
present at numerous sites in the intervening sequences,
some of which could regulate the expression of the gene.
The structural organization of the human COL4A2 gene is
similar to that of COL4Al; but instead of the long first
intron, it has a long intron 3 (21). Thus, the promoter and
about 100 bp of the coding sequence in both genes are
flanked by the two long intron sequences of > 20 kb.

Although the COL4A3 and COL4A4 genes have not been
characterized completely (22, 23), the two genes, COL4A5
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all BMs

[a3, a4, a5]
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alveolar BMs, etc.

[as, a5, as]
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Bowman's capsule BMs, etc.
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Fig. 1. Organization of collagen IV
genes. The six human collagen IV genes
are located in pairs in a head-to-head
manner on three different chromosomes.
These six genes can be classified into two

groups, Group A (depicted by white
boxes): COL4A1, COL4A3, and COL4A5
encoding the al a3d, and o5 chains,
respectively, and group B (shaded boxed):
COL4A2, COL4A4, and COL4A6 encod-
ing the a2, @4, and a6 chains, respective-
ly. These are based on the gene structure,
amino acid sequence homology, and
domain structure of the translation prod-
ucts. Three molecules consisting of a1/a2
chains, a3/a4/a5 chains, and a5/a6
chains are predicted to be present in
different BMs.

and COL4AG6, on chromosome X have been characterized
extensively (24, 25). One of the reasons for this is that
mutations in COL4A5 cause Alport syndrome. The gene
structure is very similar in COL4A1 and COL4A5. In both
genes, the first intron is very long and the second exon
starts with the last residue of the signal peptide (24). The
COL4A6 gene was found in a head-to-head arrangement
within 500 bp from the COL4A5 gene on chromosome X
(14). Aninteresting finding is that there are two alternative
promoters in the COL4A6 gene and that they are used in a
tissue-specific manner.

In order to determine whether the translation products of
the six genes are co-localized in various tissues, we raised
al-a6 chain-specific rat monoclonal antibodies against
synthetic peptides reflecting sequences near the carboxy
terminus of each NC1 domain (26, 27). In the kidney, all
BMs in glomeruli and tubules were stained positively by
the antibodies for the @1 and «2 chains, whereas the «3
and a4 chains were confined to the glomerular BMs and
some parts of the tubules. Thus, the a3 and a4 staining
pattern is rather limited as compared to that of the a1 and
a2 chains, but their common location suggests that they are
synthesized by the same cells. In stark contrast, the
expression pattern of the 5 and a6 chains is different in
the glomerulus: the a6 chain is never detected in the
glomerular BMs, but is positive in the BMs of the Bow-
man’s capsules and some distal tubules in humans, whereas
the &5 chain is densely positive in the glomerular BMs and
its staining pattern is similar to that obtained with the 3
and a4 antibodies. These results suggested that there are
two kinds of collagen IV molecules, one with «3, a4, and
ab chains, and the other with 5 and a6 chains (27).

In skin tissues, the staining pattern for the a1 and a2
chains was almost the same: positive in all epidermal BMs
and capillary BMs. However, little if any reaction was seen
in basement membranes with the @3 and @4 antibodies.
The a5 and 6 chains were co-localized only in the
epidermal BMs. The temporal and spatial expression of the
al, a2, a5, and @6 chains was demonstrated during the
formation of the basal lamina in an “in vitro” skin model
(28). Loss of @5 and a6 chains has been demonstrated in
basal cell carcinomas (29), invasive prostate carcinomas
(30), and DL associated with AS (31, 32). Thus, the
COL4A3/COL4A4 and COL4A5/COL4A6 genes are ex-
pressed in a tissue-specific manner, probably due to the
unique function of the bidirectional promoters of these
genes.

J. Biochem.
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Regulation of collagen I'V gene expression

The transcription start sites for COL4A1 and COL4A2
are separated only by 130bp (10-13). The genes are
transcribed from the opposite DNA strands starting from
the short intergenic space that harbors the common bidi-
rectional promoters. The incomplete palindromic symme-
try with the Spl binding site in the center and several
inverted repeats have been recognized in the region.
Several novel cis elements including a CTC box within the
short space bind to some transcription factors (33, 34).
Distal regulatory elements including enhancers located in
the first intron or in close vicinity to it, and silencers have
been identified (35, 36).

The COL4A5 and COL4A6 genes are aligned head-to-
head on chromosome X in a similar manner to as found for
the COL4A1 and COL4A2 genes (8, 14). Interestingly, the
COL4AG gene is transcribed from two alternate promoters
in a tissue-specific manner (14). One transcription start site
is 442 bp away from the transcription start site of COL4AS5,
whereas the alternative transcription start site is located
1,050 bp apart from the first one and drives the expression
of a second transcript that encodes an a6(IV) chain with a
different signal peptide. The presence of a third cryptic
promoter was hypothesized to exist in the second intron of
COLA4AG6 (37), which was estimated to be as long as 180 kb
(38).

Collagen IV molecules and their a chain composition

It is well known that a molecule with two «1 chains and
one a2 chain exists in various BMs. A huge amount of
biochemical, immunohistological and molecular biological
data have been accumulated supporting the presence of this
molecular form: (i) Collagen IV molecules purified from
placenta were composed of «1 and «2 chains (39). (ii)
Immunohistochemical analysis involving a-chain specific
monoclonal antibodies demonstrated that the staining
pattern for a1 was exactly the same as that for o2 in serial
sections of kidney, skin, and placenta (14, 40, 41). (iii)
Transfection experiments with «1 and a2 ¢cDNAs intro-
duced into CHO cells showed that the secreted collagen
molecule was composed of @1 and a2 chains in a ratio of 2:
1 (42).

As mentioned above, collagen IV molecules consisting of
a3, a4, and a5 chains are distributed in glomerular BMs.
This was also found in alveolar BMs and some parts of
tubular BMs. In these BMs, the three « chains were co-
distributed (14, 40, 41). In male cases of X-linked Alport
syndrome, these three a« chains could not be detected in
kidney BMs or were greatly decreased in amount (43, 44).
Although a mosaic pattern was observed in female cases of
X-linked Alport, in BMs negative for the a5 chain, the
staining for both #3 and a4 chains was also negative,
suggesting that the three « chains are co-distributed. In
some autosomal recessive-type Alport cases, staining of all
three chains was negative (45). Furthermore, two auto-
somal Alport mouse models lacking a3(IV) were recently
established, and immunohistochemical analysis showed the
absence of @4 and a5 chains as well as of #3 chains in their
glomerular BM (46, 47).

The co-distribution of &5 and a6 chains was detected in
BMs of the Bowman’s capsule and some tubules in kidney,
and in epidermal BMs (14, 40, 41). The presence of a
heterotrimeric molecule composed of @5, «6 and an
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unknown third chain was also supported by the following
evidence: In typical male Alport cases in which mutations
in COL4Ab cause a lack of the a5 chain, the a6 chain is also
missing in dermal BMs. However, epidermal BMs of
female Alport cases showed a mosaic pattern; i.e. in BMsin
which a5 was present, a6 existed, whereas in BMs in which
a5 was missing, «6 was missing as well (40), which
strongly supports the presence of the molecule. The third
chain cannot be &3 or @4, since neither chain is distributed
in epidermal BMs. Furthermore, in autosomal recessive
Alport cases there are a5 and a6 chains in dermal BMs just
like in normal skin (Naito and Sado, unpublished). Another
piece of evidence is that the distribution of «5 and o6
chains seems to be quite normal in COL4A3-knockout

A ) 78 COL domain NC1
a chain HzN-—f\vavvv\/\/vW\gg)‘.coo“

B type IV collagen molecule

C monomers

[all2a2 ./
o3adas ._1/
a5laé _/

supramolecular
assembly
containing
[al)2a2
molecules

supramotecular
assembly
containing
a3adasS
molecules

supramolecular
assembly
containing
[@))z202 and
aS/ab
molecules

Fig. 2. Schematic representation of the collagen IV ¢ chain (A)
and a collagen IV molecule (B) consisting of three a chains.
Three monomers, white, gray, and black (in C), consisting of «1/a2
chains, a3/a4/a5 chains, and «5/a6 chains, respectively, form
dimers (D) through interactions between the amino terminal 7S
domains or the carboxy termini, and tetramers (E) through the
combination of the two dimers at the 7S domains. Thus, the supra-
molecular network (F, G, and H) is formed through the assembly of
dimers and further aggregates. Some aggregates consist of only a1/
a2 (F) or 3/a4/a5 molecules (G), but others of 1/a2 and a5/a6
together in the same network (H).
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A B C D
al: RGGCAGSGCGKCDCH (120)LGHVPGMLLK (51)FQ(21)QVOERGDFATK (15)G

a2: KFDVPCGGRDCSGGCQOCYPER

(114)YALPKEERDRYR(51) FY ( 18 ) SDTLHPI IAPTGVTFHPDOYK ( 15)L

a3: KGCVCKDKGQCFCD (117)AKEEDIELDAK (51)VI(21)IVTLTGPDNRTDLK (24)Y
a4: SGKKYIGPCGGRDCSVCHCVPEK (114 ) VFILGAVK (51)GV(21 ) LLVEPPDFCLYK (24)G
a5 AACYGCSPGSKCDCS (120)IMSSLP (54)FQ(21)SEQRKRPIDVEFQK (24)G
ab: SYGKPCGGODCSGSCQCFPEK  (114)VLAPGSFK (54) FO( 18 ) PSTGELEFMGFPK (24)6G

E F G H 1 J
al: v (60)IGT (39)vP (24)LP  (24)NGIVECQP (30)CLICDID  (60)Y
a2: K (57)AYSPHPSLAK (33)IGDGDQRR(18)ALYG(27)F (33)RCTEGDEAIK(S7)R
a3: GSEK(57)EYYDTYQEK (33)RP (24)AM (30)X (30)CTQCPYIP (60)L
ad: 1 (63)VIPPLPLK (33)CA (27)DSAP(24)VIYCSV (30)ACEP (63)V
aS: (63)IPRPGTGITI (36)VM (24)IP (24)IPPSDEICEP (27)CFRCIGT  (63)L
ab: L  (66)VFIDIDGAVIS(33)ALS (24)TI (21)SPEFETETLHNKES (27)ACDGGVPNT (57)I

K K1 K2 L M Ml M2 M3
al: FDLRLK[66](66) GY(33)VPLP [921(42)61 (48)
a2: TITTK (65]1(36)GD  (27)GL(36)DCDTDVKRAVGGDRQEATQPGCIA[93](93)
a3: QPE  [69)(39)ALS (27)GY(30)SVSTPVP [89](42)GI (45)
ad: VSRVK [65] (39)EDATP(21)GL(33)ISCNVTYP [B9] (42)EIP (21)PV(21)
a5;: TFp [69)(42)TFK (24)GF(33)ITQP [92](42)G1 (48)
ab: LSTIQ [65)(36)GD  (27)GN(33)LPCIIP [93) (45)HLPELP(42)
N N1 N2 N3 O 01 o2 P
al: LP  [199)( 60)GI ( 36)MP (99)DKVDMGSMK (108](108) GI (117)FP [54]
a2: LGAQP[198](198) PVILPGMEDIK [106]}( 42)K(63)INLP (114)IH [55]
a3: AVAMP[196]( 60)IE ( 36)RS (96)EISHVI [108](108) EGTRP(111)RAPP[54]
ad: aF [201]( 63)CER(135) AIISQK [106)( 42)R(63)ASHF (114)DV (53]
aS: LP  {199]( 60)GI ( 36)VP (99)DPNLL (1113(¢111) SI  (117)NP (54}
a6 FGAEN[198)( 99)VKK( 30)ALS(63)SPRRPMSNLWLK[106]( 42)K(63)VEIS (114)IT ([55]
Q Q2 R R1 R2 S S1 S2

al: (54) TE {1203 (120) DIIK (841(84) SVD(NC1)
a2: (18)NTLP(33)PPSNIS [117]( 27)ALP (87)QKIAIQP [84])(45)AVP(36) VSI(NC1)
a3: (54) IP [(1163( 27)VI (87)KIISLP {81)(81) ATW(NC1)
a4: (24)PP (27)PRDIPDP[112]( 27)DLLR(81)ADVDDCPRIP{80](24)GP (54)PGYLGG(NC1)
a3: (54) LE [120](120) IIIK [84](84) SVA(NC1)
ab: (21)1 (33)LPSLIA [114]( 30)SNQ (81)PTAEAVQVPP[84](84) MRV (NC1)

Fig. 3. Comparison of the lengths of G-X-Y repeats and amino
acid sequences of the interruptions of the six human «(IV)
chains. The G-X-Y repeat structure is interrupted by many non-G-X-
Y structures (interruptions). G-X-Y repeats (represented only by the
numbers of amino acid residues in parentheses) are named A to S from
the amino terminus. When the numbers of residues did not correspond
with each other among the six a chains in some G-X.Y repeats, they
are presented in brackets as the numbers including those in interrup-
tions. For instance, [65] in a2-K represents the total number of

mouse skin (46, 47). A supramolecular assembly contain-
ing a5/a6 molecules and a1/a2 molecules form the
basement membrane architecture, as shown in Fig. 2. This
is still hypothetical, and more extensive investigations
involving pseudolysine will provide some insight into the
detailed assembly of the BMs, which comprises complex
networks composed of a1-a6 chains and «3-«6 chains in
addition to the classical network of @1 and « 2 chains (48).

What we learn from sequence comparison among the
six ¢(IV) chains

The entire amino acid sequences of the «1(IV) and
a2(IV) chains were determined for man (49-52) and

residues of 36 (in K1)+ 2(G and D)+ 27 (in K2). Note that the residue
numbers in the G-X-Y repeats in a1 are pretty similar to those in the
a2 chain, but quite different from those in #3-a6. One good example
is D; thus, the numbers of 15 and 15 of the al and a2 chains,
respectively, correspond exactly. Similarly, those of 24, 24, 24, and
24 of a3-a6 chains, respectively, correspond as well, however, the
number of Gly-X-Y repeats is different from that for the a1 and a2
chains.

mouse (53, 54). The total length of the «1 polypeptide for
man and mouse is the same, and the G-X-Y repeated
structure, and positions and lengths of interruptions of
G-X-Y are identical. The mouse «2 chain is 5 amino acid
residues shorter than the human a2 one, which could be due
to 2 residues between C and D regions and 3 residues
between I and J. The positions and lengths of interruptions
of G-X-Y are identical as well.

When the locations and lengths of G-X-Y repeats and
interruptions of the human 1 and @2 chains are compared,
as shown in Fig. 3, the difference in G-X-Y repeats was
noted to be within 6 residues. At three places, A, F, and G,
where 6 residues are different, the length might be adjusted

J. Biochem.
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by means of the neighbouring interruptions. Namely,

(i) In A, the @1 chain is longer than a2 by 6 residues.
Since A continues to the NC domain at the amino
terminus, the difference should be considered as the
length to the first cysteinyl residue. There is only one
residue between this cysteine and A in a1 but 4 residues
in 2.

(ii) The a1 chain is longer than «2 by 6 residues in F.
Here, if one inciudes interruptions before and after, the
length for 2 would be longer than that for a1 by 13
residues.

(iii) The @1 chain is longer than o2 by 6 residues in G,
too; but if one includes neighbouring interruptions, the
length for @2 would be longer than that for «1 by 8
residues.

The interruption following L in the &2 chain is 20 residues
longer than that in a1. Since it contains 2 cysteinyl
residues, we postulate that it would stick out and form a
loop. Furthermore, there is a large difference in the inter-
ruption following C. It might be unimportant for triple-
helix formation because it is different in the mouse.

The amino acid sequences of a3 and a4 were determined
last for human collagen IV (55, 56). The a5 gene was first
discovered as a gene responsible for X-linked Alport
syndrome, and its entire sequence is known only for man
(57). The partial sequence covering the entire NC1 domain
and 532 residues of the COL domain was reported for the
dog a5 (58). When the G-X-Y repeat structure and inter-
ruptions were compared between man and dog within this
region, they were found to be identical.

The locations and lengths of the G-X-Y repeat structure
and interruptions were compared among the a3, a4, and
a5 chains, as shown in Fig. 3. It should be noted that when
the lengths of the individual G-X-Y repeats are compared,
the maximum difference among the three chains is 6-8
residues, as found on comparison of the 1 and @2 chains
which form the collagen IV molecule. On more precise
analysis,

(1) In A, a5 is longer than a4 by 6 residues. If the
length is taken to include the residues to the first
cysteinyl residue in the amino terminal NC domain, the
difference would be smaller.

(ii) The a4 and &5 chains are 6 residues longer than 3
in E. This difference would be adjusted if one includes
residues in the interruption in front of E.

(ii1) In H, @3 is longer than a4 and «5 by 6 residues.
The total lengths of the interruptions before and after H
for 4 and a5 are longer than those for 3 by 7 and 9
residues, respectively.

(iv) In K2, @3 is longer than «4. The interruption in
front of K2 in a4 is 2 residues longer than that in front
of a3.

(v} In P, a5 is longer than «3 by 6 residues. Neigh-
bouring interruptions in a3 represent 5 more residues
than in 5.

(vi) InR, a5 is longer than a4 by 8 residues; however,
the interruption in front of @4 is 5 residues longer than
that in front of &5.

(vil) In R2, @3 is longer than @4, but neighbouring
interruptions adjust the difference.

Vast differences in the corresponding interruptions
among the three « chains were not observed, but small
differences were noted in those after H, i.e. those of #4 and
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a5 were shorter than those of 3. Since there are cysteinyl
residues in the interruptions in a4 and @5, a disulfide
bridge might be formed between the two chains.

Can ¢5(IV) and «6(IV) form a molecule?

When the amino acid sequence of the human @6 chain (9)
is compared with that of the «5 chain (57), striking
similarity is noted, as shown in Fig. 3. The maximum
difference in the lengths of G-X-Y repeats between a5 and
a6 was found to be 6 residues, which is the same as that
between @1 and «2. The following 5 G-X-Y repeats showed
the maximum difference, which could be adjusted by
interruptions to form a molecule:

(i) In A, the a5 chain is longer than a6 by 6 residues.
Since this G-X-Y repeat is located closest to the amino
terminus, the G-X-Y repeat should include residues to
cysteines that are located in the amino terminal NC
domains. Thus, the difference would be less.

(ii) In J, the a5 chain is again longer than a6 by 6
residues, but if one includes the interruptions before and
after J, the 6 chain here would be longer than the a5
chain by 4 residues.

(i11) In K1, the a5 chain is again longer than a6 by 6
residues. The interruption in front of K1 of «6 is longer
than that of 5 by 2 residues. There is thus only a 4-
residue difference in the total residues in K here.

(iv) Although the &5 chain is longer than a6 by 6
residues in M2, neighboring interruptions in «6 add up to
11 residues, which is 7 residues longer than in «5.
Therefore, the difference would be only one residue.

(v) In R, the a5 chain is longer than «6 by 6 residues,
since the a6-interruption in front of R is 4 residues
longer than that in front of 5.

Most of the corresponding interruptions in the 5 and 6
chains are strikingly similar to each other. Thus, as judged
on comparison of the amino acid sequences, the lengths of
G-X-Y repeats and interruptions of both the 5 and a6
chains are favorable enough to allow the formation of a
triple-helical molecule between the two chains.

The next question would be if the third chain is different
from the a5 or @6 chain. No experimental evidence is
available to answer this question at present. It is clear that
the a3 and a4 chains cannot be candidates since the «5 and
a6 chains are distributed in epidermal BMs, where the a3
and a4 chains are not be found at all. As discussed below,
the six mammalian collagen IV genes are assumed to have
evolved from a common ancestral gene that was duplicated
and inverted so that the genes became arranged head-to-
head. Later the genomic region containing the two genes
was then duplicated again, which resulted in the three pairs
of collagen IV genes that we are able to recognize today in
vertebrates. The first duplication and inversion event
created the two groups of genes: groups A (odd numbers)
and B (even numbers). Thus, group A duplicated into the
COL4A1, COL4A3, and COL4AS5 genes, and group B into
the COL4A2, COL4A4, and COL4AS6 genes. Since evidence
for the two groups of genes has been obtained in Caenorhab-
ditis elegans (18), and, furthermore, since the two chains
form a trimeric collagen molecule, the first duplication
event would have happened before the vertebrates evolved.
Furthermore, it is reasonable to think that the rule that the
collagen IV triple-helix is formed by the two groups of
proteins, groups A and B, was kept during evolution. The
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(COL4A(15), COL4A(26)) (COL4A3, COL4A4)

 J \
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Chromosome 13 Chromosome X Chromosome 2

Fig. 4. Transition of collagen IV chains during gene duplica-
tions. COL4A(1,2,3,4,5,6) and «(1,2,3,4,5,6) represent a common
ancestral collagen IV gene for the a1-a6 chains and its translation
product, respectively. Similarly, COL4A(1,3,5) and «(1,3,5) repre-
sent a common ancestral collagen IV gene for the a1, @3, and a5
chains, and its translation product, respectively. The combinations of
a chains of triple-helical molecules are shown in brackets. As gene
duplication occurred, new collagen molecules of different a chain
combinations appeared. As time elapsed a few molecules with certain

presence of the two molecular forms of [al,a1,a2] and
[(«3,a4,a5] supports this idea. Thus, the two group A
proteins and one group B protein form a collagen IV
molecule. If this is true for the 5/ «6-containing molecule,
the third chain would be restricted to the a1 or a5 chain.

Supposing that the third chain is a1, the maximum
difference in the length of G-X-Y repeats would be 9
residues in D (Fig. 3) between the @1 chain and the a5 or
a6 chain. If we consider the results of the sequence
comparison that we discussed above, this figure is too large
for the « chains to form a collagen molecule. Furthermore,
even if we consider the length of the neighboring interrup-
tions flanking D, it cannot be adjusted to align @1 with a5
and «6 to form a molecule since the difference would be
larger. Therefore, we do not think that a1 participates in
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a chain combinations became predominant and survived; thus we
speculate that collagen molecules are composed of two odd numbered-
chains and one even numbered-chain. Three different molecules, [«1,
al,a2), [a3,a4,a5], and [aX,a5,a6], are likely to be present in
tissues, where we presume that X is 5 based upon several lines of
evidence including that obtained on immunochistochemistry using «
chain-specific antibodies, and amino acid sequence comparison be-
tween G-X-Y repeats and interruptions among « chains.

the formation of the a5/« 6-containing molecule. However,
the a5 chain can easily find a position in the molecule. We
need further experimental evidence to support this idea,
since this conclusion is based on hypothetical evaluation.

Evolution of collagen IV genes

Since the ¢cDNAs for the six a(IV) chains have been
reported, it is possible to predict from the nucleotide and
derived amino acid sequences how the six genes have
evolved. Considering the « chain composition of individual
collagen IV molecules together with the prediction, we are
able to follow the route by which collagen polypeptides have
originated, developed, and been improved.

Ideally the ancestral collagen «(IV) chain was able to
form a homotrimeric collagen molecule (Fig. 4). The

J. Biochem.
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Fig. 5. A large deletion span-
ning the 5’ region of the COL4A5/
COL4A6 cluster recognized in a

Normal allele
Li

773

COLAAS COLA4AG6

Exonl I' 1 2. AluAlu  MERI9

case of diffuse leiomyomatosis

associated with Alport syn-

drome. As indicated, the two genes,

COL4A5 and COL4A6, are arranged

head-to-head. Exons 1 and 1’ of the ~ Mutant allele
COL4AG6 gene are used alternative- i

} O-O—#

(17 kb deletion) 11 IVS-II

3

/L
ly. The location of the 17-kb deletion L /4
is indicated on both the normal and
mutant alleles. For the sake of sim-

& /;
oo 7
Ll AluAlu MER]9

1kb

plicity, only COL4A6 introns are indicated, as intervening sequences I, II, and III. Black and white boxes indicate exons with the numbers shown
above. Several characteristic elements, i.e., L1, Alu, and MER19, are shown by various boxes (32).

common primordial gene coding for the «(IV) chain was
duplicated, and the duplicates were thus in neighboring
positions. As time passed, the nucleotide sequences of these
paired genes gradually became altered; one (group A) gene
(COL4A(1,3,5)], coding for odd-numbered « chains, and
another (group B) gene (COL4A(2,4,6)], coding for even-
numbered « chains, becoming established. Collagen IV
triple-helix molecules were thus formed from the two «
chains [«(1,3,5)] encoded by the group A genes and the one
« chain [«(2,4,6)] encoded by the group B gene. The rule
would be strictly kept even after the gene duplication event
that occurred later.

These paired genes duplicated again and diverged into
the common ancestral gene [COL4A(1,5)] for the «1 and
ab chains, the gene (COL4A3) for the a3 chain, the
common ancestral gene [COL4A(2,6)] for the «#2 and a6
chains and the gene (COL4A4) for the a4 chain. Although
at this time the possible combinations of the & chains was
6, only the two combinations of [«(1,5),2(1,5),2(2,6)] and
(@(1,5),a3,04] successfully survived to form triple-
helices. At this time ideally it was possible for the combina-
tion of [a3,a3,a4] to survive but practically it did not.
Similarly, the common ancestral COL.4A(1,5) and COL4A-
(2,6) genes duplicated one more time. As time elapsed, the
two ancestral genes diverged into the COL4Al and
COLA4A5 genes, and COL4A2 and COL4A6 genes, respec-
tively. At this time the possible combinations of [«(1,5),
a(1,5),a(2,6)] was 6, but only two combinations, [(a1,a1,
a2) and [a5,a5,a6], remained. On the other hand, from
the [@(1,5),43,a4] combination there were two possibil-
ities, {a1,a3,a4) and [a5,a3,a4]; but only the combina-
tion of [a3,a4,a5] was selected. Consequently, it is now
possible to understand how the collagen IV genes and
collagen triple-helices evolved. We believe that the combi-
nation of [a3, @4, and «5] was not an accidental but an
inevitable product during evolution.

It is reasonable to consider that the combination of (a3,
a4, and «5] is an indispensable molecule for the glomer-
ular BMs in kidney since progressive glomerulonephritis
occurs when it disappears from glomerular BMs. Supra-
molecular aggregates containing (al,al,a42] molecules
maintain their function as basement membrane collagen in
the basal laminae which are widespread throughout the
animal kingdom; whereas the biological role of (a5,a5,a6]
molecules is not known yet.

Mutations in the COL4A3, COL4A4, and COL4A5 genes
cause Alport syndrome
Ultrastructural changes in glomerular BMs started being
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recognized in cases of hereditary Alport syndrome in the
late 60s (59). These observations suggested that this
disease might be caused by a mutation in some gene(s)
coding for protein(s) functioning in glomerular BMs. Soon
thereafter in 1971, Kefalides found a new collagen type IV
in glomerular BMs (60), and Spear proposed that Alport
syndrome might be caused by mutations in this gene (61).
Cloning of ¢cDNAs for the most abundant human «a chains,
a1 and @2, and chromosomal assignment of these genes
(62, 63) did not reveal the pathogenesis of the disease.
Obviously, the genes were on chromosome 13 instead of
chromosome X. Attention was then focused on new collagen
chains «3 and a4, the genes of which were found to be on
chromosome 2 several years later. In 1988, linkage analysis
assigned the Alport syndrome locus to Xq22-26 (64).
Hostikka et al. reported the isolation of the ¢cDNA for a
novel a5(IV) chain and assignment of the gene on X¢22 in
1990 (7). Soon after that report, mutations in Alport cases
were identified in the COL4A5 gene (65). To date, more
than 200 mutations have been reported in the COL4A5
gene in X-linked Alport patients. These mutations include
large and small rearrangements such as deletions, inser-
tions, inversions and duplications, as well as single base
changes. Strikingly, the mutations are highly dispersed
throughout this huge gene (~250 kb), which contains 51
exons. The same mutations have not been found in un-
related families, except in a few cases. The highly dispersed
Alport mutations in the COL4A5 gene remind us of the
similar situation in the case of mutations causing osteo-
genesis imperfecta, a brittle bone disease characterized by
a variety of mutations spread out in two type I collagen
genes, COL1A1 and COL1A2 {66).

Autosomal forms of Alport syndrome have been pos-
tulated based on the results of linkage analyses. It was
reasonable to search for mutations in the COL4A3 and
COL4A4 genes since the translation products of both genes
were found in glomerular BMs. Homozygous and hetero-
zygous mutations were found in the COL4A3 and COL4A4
genes in four different autosomal Alport kindreds (67, 68).
A splice-mediated insertion of an Alu sequence in the
COL4A3 mRNA that might cause autosomal recessive
Alport syndrome has been found as well (69).

At this time no information is available suggesting that
mutations in the COL4A6 gene alone can cause Alport
syndrome; however, deletions at the 5 end of COL4A6
extending to the neighbouring COL4A5 gene (Fig. 5) have
been reported to cause diffuse leiomyomatosis associated
with Alport syndrome (8, 37), which is discussed below.
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Diffuse Leiomyomatosis associated with Alport syn-
drome

One particularly interesting Alport phenotype includes
diffuse leiomyomatosis (D) in addition to the regular
symptoms of Alport syndrome (AS). COL4A5 is tightly
linked in a head-to-head manner to the functionally related
and coordinately regulated COL4A6 gene, as mentioned
above (see Figs. 1 and 5). However, there have been no
X-linked AS cases due to COL4A6 mutations. On the other
hand, DL/AS cases are always associated with deletions
spanning the 5 regions of the COL4A5/COL4A6 cluster
(31, 37, 70). Unlike the COL4A5 breakpoints, the COL4A6
breakpoints have been found clustered within intron 2 of
the gene. Recently, we identified a DL/AS deletion and
characterized the breakpoint sequences, it being demon-
strated that a 17 kb deletion eliminates the first coding exon
of COL4AS5 and the first two of COL4AG6 (32). Intriguingly,
the information also showed that the breakpoints share the
same sequence, which is in turn closely homologous to the
consensus sequences of topoisomerases I and II. These
findings suggest that topoisomerase I and II activities might
be involved in the mechanisms of DNA breakage and
reunion. Additional DNA evidence indicated that the male
patient is a somatic mosaic for the mutation.

What causes DL in the cases of deletion of the upstream
region of both the COL4A5 and COL4A6 genes? Since one
case having a large deletion including the entire COL4A6
exhibited only the AS and not the DL phenotype (37), it is
not plausible that the entire loss of COL4A6 expression
causes DL. There might be a third gene and/or its regu-
latory elements within the long intervening sequence III
that regulates smooth muscle cell proliferation.

Concluding remarks

The collagen IV subfamily comprises six genes whose
products constitute the major scaffold components of the
BMs. Although we do not yet know the precise functions of
all these components, it is already evident that they play
important roles in development and morphogenesis. At
least we predict the two types of collagen IV molecules exist
in a tissue-specific manner; one might function as a filtering
unit, which is observed in renal glomerular BMs, and the
other might be needed in tissues, such as the aorta walls,
where there are certain pressure loads against blood
pressure. We hypothesized how the six genes evolved.
Genetic analysis of the human and dog mutations in
collagen IV genes provided significant information on the
molecular forms of proteins and the organization of collagen
IV genes. Experimental mutations in mice and gene target-
ing will supply key knowledge as to the functions of collagen
IV genes.
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