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Fi16.1. Hybridization of canine NC1-domain cDNA fragment to
Pst 1 digests of genomic DNA. Lane 1, normal human male DNA;
lane 2, normal human female DNA; lane 3, human-Chinese hamster
somatic cell hybrid DNA with the X chromosome as the only human
chromosome; lane 4, normal Chinese hamster DNA; lane 5, normal
female dog DNA; lane 6, normal male dog DNA. Hybridization
bands at 8.6, 5.0, and 2.0 kb are seen in lanes 1-3; bands at 7.4 kb
and 6.2 kb in lanes 3 and 4; and bands at 12.5, 9.0, and 4.6 kb in lanes
5 and 6. DNA size markers (HindIII-digested phage A DNA) are
indicated at left.

Identification of a Premature Stop Codon in the Affected
Male Dog cDNA. Sequencing of the PCR-amplified portions
of the a5(IV) cDNA was carried out for both normal and
affected male dogs, beginning with the NC1 domain and
proceeding in the 5’ direction. A single nucleotide substitu-
tion, G — T, was detected in affected male dogs (Fig. 34),
changing a conserved glycine codon (GGA) to a stop codon
(TGA). This substitution is located 659 residues upstream
from the C terminus. If the canine a5(IV) chain has the same
length as the human a5(IV) chain (1685 amino acids), then the
mutation would alter Glycine-1027.

Comparison of Nucleotide Sequence of Exon 35 in Normal
Canine and Affected Male Canine Genomic DNA. The pub-
lished sequence for the exons of the human a5(IV) gene (36)
was used to locate the mutation in the dog a5(IV) gene in
canine X-linked HN to exon 35, based on a total of 51 exons
in the human a5(IV) gene (23). The region of exon 35
containing this mutation was amplified by PCR from both
affected male and normal dog genomic DNA. Sequence
analysis demonstrated the G — T substitution in codon 1027
(Fig. 3B) in all of three samples of affected male dog genomic
DNA and none of three normal dog samples.

Northern Analysis of a5(IV) mRNA. With the cDNA frag-
ment encoding the canine NC1 domain as a probe, two
transcripts of =8.6 kb and =~6.7 kb were identified in both
normal and affected male dog kidney RNA (Fig. 4). The
6.7-kb transcript was the more abundant in each case.
However, the abundance of both a5(IV) transcripts was
decreased by a factor of 7-11 in the affected dog as deter-
mined by densitometry (data not shown).
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DISCUSSION

Over 30 mutations in the a5(IV) gene have been described in
human X-linked HN or Alport syndrome. Described a5(IV)
gene mutations are compiled in a recent review by Tryggva-
son et al. (23). About half of the mutations published to date
involve single base substitutions that often replace a con-
served glycine residue in the collagenous portion of the
molecule with a more bulky amino acid, thereby disrupting
the normal helical structure. Single base substitutions have
also involved the NC1 domain and splice sites of exons.
Other mutations have involved deletions (partial or total),
duplications, and insertions which would eliminate or shorten
the a5(IV) chain or disrupt the normal folding of the a5(IV)
collagen molecule. Although the specific effects of each
mutation are not well understood at the molecular level, the
end result of all of them is predicted to be an abnormal
collagen type IV molecule. This leads to structurally weak-
ened GBM, with the multilaminar splitting and progressive
renal disease seen in X-linked HN.

In the present study, we used the sequence of the human
a5(IV) cDNA to isolate the canine equivalent by PCR. The
canine PCR product was established to be a part of the a5(IV)
gene in two ways. (i) Our PCR product hybridized to the
human X chromosome, rather than an autosome. According to
Ohno’s hypothesis, a gene that is X-linked in one mammal is
invariably X-linked in all mammals, thereby implying that the
canine a5(IV) gene is also X-linked. (ii) Sequencing of the
canine a5(IV) cDNA showed >90% identity to the human
a5(IV) cDNA at both the nucleotide and amino acid levels,
with conservation of the sites of interruption in the Gly-Xaa-
Yaa sequence in the collagenous portion and of cysteine
residues in the NC1 domain. The sequence for the normal
canine a5(IV) chain is the only one currently available for a
nonhuman species. Such data are necessary for comparison
with single amino acid substitutions found in human families
with X-linked HN, in order to help determine whether a
particular amino acid substitution is actually pathogenic or a
tolerable variation.

Comparison of the sequence of the a5(IV) cDNA in normal
dogs and affected male dogs with canine X-linked HN
identified a single base substitution, G — T, changing a
conserved glycine codon (GGA) to a stop codon (TGA)
associated with a =90% reduction in the amount of a5(IV)
mRNA in the kidney. This mutation was confirmed in ge-
nomic DNA in exon 35 of the a5(IV) gene. If the canine
a5(IV) chain has the same length (1685 amino acids) as the
human a5(IV) chain, the mutation occurs in Gly-1027.

The distribution of the a5(IV) chain is restricted to kidney
(14) and specific extrarenal locations (5), correlating with the
selective organ involvement seen in X-linked HN. Patients
with HN vary in the age of onset and the severity of renal
disease and only sometimes have extrarenal disease (1, 2).
Attempts have been made to correlate individual mutations in
the a5(IV) gene with the phenotype of X-linked HN (re-
viewed in ref. 23), but, in general, the phenotype remains
difficult to predict from the nature of the mutation in the
a5(IV) gene. It has been estimated that 50% of cases of
human X-linked HN may have mutations in the a6(IV) gene
(16). In canine X-linked HN, affected male dogs suffer from
early onset of renal disease (2-3 months of age), with rapid
progression to renal failure and death (8—10 months of age),
but never develop extrarenal disease. In particular, affected
male dogs have no hearing impairment.

Although the primary defect in many families with human
X-linked HN involves a mutation in the a5(IV) gene, abnor-
malities in other o(IV) chains have been observed in this
disease at the biochemical level. Both the a3(IV) and a4(IV)
chains appear to be absent from GBM in X-linked HN (37,
38). These alterations are likely secondary phenomena (38-
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1 GATGGTTTGCAGGGTCAGCCAGGACCTCCTGGCCCTGAAGGAGAAAAAGGTGGTAAAGGAGAGCCTGGCCTTCCAGGCCCTCCTGGACCAGTGGATCCAGATCTG
1 AspGlyLeuGlnGlyGlnProGlyProProGlyProGluGlyGluLysGlyGlyLysGlyGluProGlyLeuProGlyProProGlyProValAsapRroAspLeu
- = =« -« =« « =« - Leu- - - Thr~ - - - 8er- - = =+« = = = = = =« = = Met- =~ Asn-
106 TTGGGCTCAAAAGGAGAGAAGGGGGACCCTGGCTTACCAGGTATTCCTGGAGTTTCAGGGCCAAAAGGTTACCAGGGTTTGCCTGGAGACCCAGGGCAACCTGGA
36 LeyGlySerLysGlyGluLysGlyAspProGlyLeuProGlyIleProGlyValSerGlyProLysGlyTyrGlnGlyLeuProGlyAspProGlyGlnProGly
- = = = = = = =« Qlu- - = = - « = e e = & = - = & & & @ © = © © = « = =
BE 3
211 CTGAGTGGACAACCTGGATTACCAGGACCA CCAAAGGTAACCCCGGCCTCCCTGGGAAACCAGGACTTACAGGACCTCCTGGGCTTAAAGGAAGCATA
71 LQuSorGlyGlnProGlyLonProO lyProSe yPrcLy.GlythroolyLauP:oalyl.y.Pmlmn!h:@ly?ro?roﬂlmunvoalysorI le
- - - =« =« = =« =« =« Proqd - -~ - = ~« -« @Gln- - - Ile- =~ - = - = Thr-
316 GGTGATATGGGTTTTC! GGGTGTGAAAGGGTCTCCTGGACCTCCTGGAGTTCCTGGACAACCTAGCTCCCCAGGATTACCTGGACAAAAAGGTGAA
106 GlyAspMetGlyPhePr yProGlnalyVnlby.alyso:PmlyProP:oolyvalProolyoln?mlyso:?mlmu?zoalwlnnyaolyo1u
- - s = = - - = = Glu- Pro- - - Ser- - -~ - - - - - - Asp
421 AAAGGTGATCCTGGTGTTTCAGGCATTGGTCTTCCAGGTCTTCCTGGCCCAAAGGGTGAAGCTGGTCTTCCTGGATACCCAGGAAACCCTGGAATCAAAGGTTCT
141 Lysclyupl’toGlWalso:mmlybouP:oclmqulyPror..y.olyolulaolymuP:oclmrP:oolythmlyIlohyscly&u:
- = = Ile- Ser- - - = = - = = Pro- - - =~ - -
526 ATGGGAGATACTGGTTTGCCTGGATTACCAGGGACCCCTGGAGCAAAAGGACAACCAGGCCTTCCTGGATTCCCCGGAACCCCAGGACTTCCTGGACCAAAAGGT
176 MetG lyMp'l'hrdleoquoGlyLouProGly‘l'hrl’roolyuabyoolyﬁlnProGlyLouPMlﬁho?mlﬂhr?:o@lmu?roaly?rcmylc ly
Val- - Pro- - - - = = Pro- -
631 ATTAATGGTCCACCTGGGAACCCTGGCCTTCCAGGAGAACCTGGTCCCGTAGGTGGTGGAGGGCGTCCTTGGCCACCAGGGCCTCCAGGTGAAAAAGGAAACCCA
211 IleAsnGlyP roProGlythroGlyLouProclyGluProolyProValclye lyo1yalyu:grro'rrpl’:oPtoGlszoPtoOlyGluLysclyMnPro
- Ser- - - =~ = = = =+« e =« =« =« =« =« - - =« =~ His- GlyGln- - - - - - = Lys-
736 GGTCAAGATGGTATTCCTGGACCAGCTGGACAGAAGGGTGAACCAGGTCAACCAGGCTTTGGAATCCCAGGACCCCCTGGACTCCCAGGACTTTCTGGTCAAAAG
246 GlyGlnAspGlyIleProGlyProAlaGlyGlnLysGlyGluProGlyGlnProGlvyPheGlyIleProGlyProProGlyLeuProGlyLeuSerGlyGlnLys
- - - - - - - - - - - - - - - - - - - - - ”n_ - - - - - - - - - - - -
841 GGTGATGGAGGATTACCTGGCATTCCAGGAAACCCTGGCCTTCCTGGTCCAAAAGGAGAACCAGGCTTTCAGGGTTTCCCTGGTGTCCAGGGTCCCCCAGGCCCT
281 GlyMpGlyGlyLonP:oolyI1.ProOlyMnP:oGlYLouProolyvrobysalyoluProoly?ho@ln@ly?ho?:o@l;ﬂulclnGlyProProGlyPro
- - His- - - -
946 CCTGGCTCTCCAGGTCCAGCTCTGGAAGGCCCTAAAGGCAACCCTGGTCCTCAGGGTCCTCCTGGGAGACCAGGTCTACCAGGTCCAGAAGGTCCCCGGGGTCTC
316 ProalyserProGlypmlmalypzol‘..ysolyhnl’:oolyrroGlnolyP:oProOlyAtgP:oclmnP:oGlyProoluclyProAxgolyLeu
- - - - - - - R T N - - - =- - Pro- -
1051 CCTGGAAATGGAGGTATTAAAGGAGAGAGAGGAAACCCAGGCCAACCTGGGCAACCTGGTTTGCCTGGCTTAAAAGGAGATCAAGGACCACCAGGAATCCAGGGT
351 P:oGlyhnGlyolyI1ol.y-olyelumolyMnP:oclyolnP:oelyolnl’roalmuProolybounysolyhpolnolyvzol’roclylloclnoly
- - - - Lys- - -~ - - - Leu- -~ - - - Leu- -
1156 AATCCTGGCCGGCCAGGTCTCAATGGAATGAAAGGAGATCCTGGTCTCCCTGGTGTTCCAGGATTTCCAGGTATGAAGGGACCCAGTGGAGTACCAGGTTCAGCT
386 AsnProGlyArgProGlyLeuAsnGlyMetLysGlyAspProGlyLeuProGlyValProGlyPheProGlyMetLysGlyProSerGlyValProGlySerila
1261 GGCCCTGAGGGGGATCCAGGACTTGTTGGCCCACCAGGTCCCCCTGGACTACCTGGTCCTTCAGGACAGAGTATTATAATCAAAGGAGATGTTGGTCCACCAGGG
421 GlyProG1uGlyMpProGlyLouVa101yProProGlyP:oPtoGlyLouP:ocly!‘rosorclyelnsormmclyhpwllolyl*rol’x:oGly
- - - - QGlu- - - Ile- - - - = = = = = & = = = = = = =« = - - Ala- - - -
1366 ATCCCAGGCCAGCCTGGATTAAAAGGTCTACCAGGACTACCAGGACCTCAGGGCTTACCAGGTCCAATTGGCCCTCCAGGAGATCCAGGACGCAACGGACTCCCT
456 I 1eProG lyolnProalyLouLy-GlyLeuProGlyLouP:oGlyP:oclnelyLouP:oalyProI loolyProProo lyhpproclynghnclyl..eu?ro
- - ProGlmn- - Thr- -
1471 GGCTTTGATGGCGCTGGAGGGCGCAAAGGAGACCCAGGTCTGCCAGGCCAGCCAGGTACCCGTGGTTTGGATGGTCCCCCTGGACCAGATGGAATGCAAGGTCCT
491 GlyPheMpGlyAllG lyclyhquY.G 1lyAspProGlyLeuProGlyGlnProGlyThrArgGlyLeuAspGlyProProGlyProAspGlyMetGlnGlyPro
- - - - - - - = = 2 2 e e 2 @« ® @ = @© = = = = = ®= = = = Leu=- - =
1576 CCAGGTCCTCCAGGAACTTCCTCTATTGCCCATGGATTCCTCATCACACGTCACAGCCAGACAACAGATGCACCACAATGCCCACATGGAACTGTCCAGATTTAT
526 ProG lyPtoProcly'l‘hzs.rs.rI 1 eAlaHi.GlyPhoLouI lo‘rhrhxgl{ios.zeln‘l'h:'rhrhpllal’:oOlnCysProHi-Oly‘l‘hrValGlnI leTyr
- - Val- - - - Gln- - Leu- Val-
1681 GAAGGCTTTTCTCTCTTATATGTCCAAGGAAATAAAAGAGCTCACGGTCAAGACTTGGGGACGGCTGGCAGTTGCCTTCGTCGCTTCAGTACCATGCCTTTCATG
561 GluGlyPheSerLeuLeuTyrValGlnGlyAsnLysArgAlaHisGlyGlnAspLeuGlyThrAlaGlySerCysLeuArgArgPheSerThrMetProPheMet
1786 TTCTGCAACATCAACAATGTTTGCAACTTTGCTTCAAGAAATGATTATTCTTACTGGCTGTCTACCCCAGAGCCCATGCCAATGAGCATGGAGCCCCTGAAGGGC
596 PhocysMnI lohnhn\hlcyohnPhcAlasorArngp‘l'y:Ser'l‘yt‘!':pt.ouSor‘rhtP ro@luPtollotProllotSorllotOluProLouLy.Gly
- - - = Gln- -

1891 CAGAGCATCCAGCCATTCATTAGTCGATGTGCAGTATGCGAACGTCCAGCTGTGGTGATTGCAGTTCACAGTCAGACCATCCAGATTCCCCATTGTCCTCACGGA
631 GlnSerIleGlnProPheIleSerArgCysAlaValCysGluArgProAlaValValIleAlaValHisSerGlnThrIleGlnIleProHisCysProHisGly
- = = = = e e 2 & = = = - - Ala- - - = = « & 2 « + = = = = = - = = @ln-
1996 TGGGATTCTCTCTGGATTGGCTATTCCTTCATGATGCACACGAGCGCAGGAGCAGAGGGCTCAGGTCAAGCCCTGGCCTCCCCTGGTTCCTGCTTGGAAGAGTTT
666 TrpAspSerLeuTrplleGlyTyrSerPheMetMetHisThrSerAlaGlyAlaGluGlySerGlyGlnAlaLeuAlaSerProGlySerCysLeuGluGluPhe
2101 CGTTCAGCTCCTTTCATTGAATGTCATGGGCGGGGTACCTGCAACTACTATGCCAACTCCTACAGCTTTTGGCTAGCAACTGTAGATGTGTCAGATATGTTCAGC
701 ArgSerAlaProPheIleGluCysHisGlyArgGlyThrCysAsnTyrTyrAlaAsnSerTyrSerPheTrpLeuAlaThrValAspValSerAspMetPheSer

2206 AAACCTCAGTCAGAAACACTGAAAGCAGGAGACTTGAGGACACGTATTAGCCGATGTC
736 LysProGlnSerGluThrLeuLysAlaGlyAspLeuArgThrArgIleSerArgCys
F1G.2. Nucleotide sequence and deduced amino acid sequence of dog a5(IV) 3’ half cDNA (except the terminal 20 bp) and comparison with
the amino acid sequence of the human a5(IV) chain. Upper row gives the nucleotide sequence numbered from the 5’ end. The region of exon

35 is boxed. The mutation in canine X-linked HN changing a conserved glycine codon (GGA) to a stop codon (TGA) is indicated by an asterisk.
Middle row gives the deduced amino acid sequence of the dog a5(IV) chain. Numbering of the amino acid residues begins with the first residue

of the deduced sequence. Interruptions in the repeating Gly-Xaa-Yaa sequence are underlined. Conserved cysteine residues are circled. Bottom

row gives the corresponding sequence of the human a5(IV) chain where it differs from the dog aS(IV) chain.

40) reflecting failure of these two chains to be incorporated
into collagen type IV molecules. It is also possible that these

two chains are not properly incorporated in a triple helix, so
that normal immunoreactivity is lost. Whatever the mecha-
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Fi1G. 3. Nucleotide sequencing gel comparing normal male (NM)
dogs and affected male (AM) dogs with X-linked HN. A single base
substitution from G to T (arrowheads) is seen in affected male dogs
in a5(IV) cDNA prepared from kidney total RNA (A) and in exon 35
of the a5(IV) gene prepared from genomic (peripheral blood leuko-
cyte) DNA (B).

nism, deficiency of one or more of the a(IV) chains may
contribute as much to renal disease in X-linked HN as the
primary mutation in the a5(IV) chain itself.

In summary, the identification of a mutation in the a5(IV)
gene in affected male dogs establishes at the molecular level
that canine X-linked HN is an animal model for human
X-linked HN. This single family of dogs provides an animal
model of a mutation in a basement-membrane collagen gene.
The value of the model is enhanced because the mutation in
these dogs results in a premature stop codon such that there
is almost no expression of the aS(IV) gene. The model
provides an opportunity to study the effects of a selective
absence of the a5(IV) chain on other basement-membrane
components and overall GBM structure, at both the molec-
ular and the biochemical level. The systemic nature of the
defect can be exploited to study and compare a wide variety
of basement membranes of the body. Of particular interest
will be the eyes and ears, which are inconsistently affected in
human X-linked HN and which are extremely difficult to
study in humans. The model also provides the opportunity to
study the efficacy of new therapies for human X-linked HN.
In this regard, gene-therapy experiments to overcome the
mutation in the a5(IV) gene are feasible. Studies with the
canine model of X-linked HN can be expected to help
establish the specific role of the a5(IV) chain not only in
X-linked HN but in normal basement membranes as well.
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Fi1G. 4. Northern analysis comparing a5(IV) transcripts in kid-
neys of normal male (NM) dogs and affected male (AM) dogs with
X-linked HN. Two transcripts of 8.6 kb and 6.7 kb are detected. The
position of 28S rRNA is marked (arrowhead).
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