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Autosomal dominant form of type IV collagen nephropathy exists
among patients with hereditary nephritis difficult to diagnose

clinicopathologically
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SUMMARY AT A GLANCE

The study revealed that 69% of families
with hereditary nephritis that was difficult
to diagnose clinicopathologically had
heterozygous mutations of COL4A3/A4
(TBMN/ADAS). The finding suggests the
importance of genetic testing in
appropriate patients.

ABSTRACT:

Aim: Type IV collagen nephropathies include Alport Syndrome and thin
basement membrane nephropathy (TBMN), which are caused by mutations
in COL4A3/A4/A5 genes. Recently, reports of patients with heterozygous
mutations in COL4A3/A4 have been increasing. The clinical course of these
patients has a wide variety, and they are diagnosed as TBMN, autosomal
dominant Alport syndrome (ADAS), or familial focal segmental glomerular
sclerosis. However, diagnosis, frequency and clinicopathological manifesta-
tion of them remains unclear. We tested COL4A3/A4/A5 genes in patients
with hereditary nephritis that was difficult to diagnose clinicopathologi-
cally, and investigated who should undergo such testing.

Methods: We performed immunostaining for a5 chain of type IV collagen
[@5 (IV)] in 27 patients from 21 families who fitted the following criteria:
(i) haematuria and proteinuria (+ renal dysfunction); (ii) family history of
haematuria, proteinuria, and/or renal dysfunction (autosomal dominant
inheritance); (iii) no specific glomerulonephritis; and (iv) thinning, splitting,
or lamellation of the glomerular basement membrane (GBM) on electron
microscopy. Then we performed genetic testing in 19 patients from
16 families who showed normal o5 (IV) patterns. We conducted a retrospec-
tive analysis of their clinicopathological findings.

Results: Among 16 families, 69% were detected heterozygous mutations in
COL4A3/A4, suggesting the diagnosis of TBMN/ADAS. Twenty-one percent
of patients developed end stage renal disease. All patients showed thinning
of GBM, which was accompanied by splitting or lamellation in seven
patients.

Conclusion: A considerable fraction of patients with hereditary nephritis
that is difficult to diagnose clinicopathologically have TBMN/ADAS. It is
important to recognize TBMN/ADAS and perform genetic testing in appro-
priate patients.

Familial glomerular haematuria is a heterogeneous condi-
tion which include Alport Syndrome (AS) and thin base-
ment membrane nephropathy (TBMN). Since AS and
TBMN are mainly caused by the mutation of COL4A3,
COL4A4, or COL4A5 genes which encode o3, o4, and o5
chains of type IV collagen respectively, they are also called
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‘type IV collagen nephropathies’.! AS is a hereditary
nephropathy characterized by progressive renal failure
with ultrastructural changes of the glomerular basement
membrane (GBM), sensorineural deafness, and variable
ocular abnormalities.> AS is genetically heterogeneous and
there are three modes of inheritance, with this syndrome
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being X-linked in 80% of patients, autosomal recessive in
15%, and autosomal dominant in less than 5%.> X-linked
Alport syndrome (XLAS) is the most common form and is
due to mutations of COL4A5 located at Xq22.3.* Typically,
affected males develop end-stage renal disease (ESRD)
before 30 years of age and they also frequently have hear-
ing loss.> Immunohistochemical evaluation of renal biopsy
specimens shows lack of the o5 chain of type IV collagen
[a5 (IV)]. On the other hand, Autosomal dominant Alport
syndrome (ADAS) is caused by heterozygous mutations of
either COL4A3 or COL4A4. In patients with ADAS, progres-
sion of renal dysfunction is slower and the frequency of
deafness and ocular abnormalities is also lower than in
typical XLAS.® Immunohistochemistry of renal biopsy spe-
cimens shows normal o5 (IV) staining, so it is difficult to
make an accurate diagnosis of ADAS from the clinico-
pathological findings and genetic testing is necessary.
Although ADAS has been thought to be an extremely rare
condition, reports have been increasing in recent years,
suggesting that there may be undiagnosed patients.”” On
the other hand, heterozygous COL4A3/A4 mutations are
also found in about 40% of patients with TBMN.'®
Although their clinical course has classically been believed
to be benign, some authors reported that a part of patients
with TBMN develop proteinuria and renal impairment.'''?
Furthermore, recent studies revealed that some patients
with heterozygous COL4A3/A4 mutations develop focal
segmental glomerular sclerosis (FSGS) in their later life on
the basis of TBMN, which expand the spectrum of type IV
collagen nephropthy.’*™*” Thus, diagnosis, frequency and
clinicopathological manifestation of patients with heterozy-
gous mutations in the COL4A3/A4 genes remains largely
unknown.

In this study, we performed genetic testing of COL4A3,
COL4A4, and COL4A5 in patients with hereditary nephritis
that was difficult to diagnose from clinicopathological find-
ings, and investigated clinicopathological characteristics of
patients who should undergo genetic testing.

METHODS

We investigated 26 patients (from 22 families) who under-
went renal biopsy at Toranomon Hospital and Toranomon
Kajigaya Hospital from June 1985 to September 2015 and
fulfilled all of the following four criteria: (i) haematuria and
proteinuria with or without renal dysfunction; (ii) a family
history of haematuria, proteinuria, and/or renal dystunction
(especially showing autosomal dominant inheritance);
(iii) no specific glomerulonephritis identified by light micros-
copy and immunofluorescent staining of a renal biopsy spec-
imen; and (iv) thinning, splitting, or lamellation of the
glomerular basement membrane (GBM) on electron micros-
copy (Fig. 1). Measurement of the GBM was performed on
at least three photomicrographs at a magnification of 3000x.
We measured GBM width at 10 points in at least five
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Fig. 1 Typical glomerular basement membrane (GBM) changes on electron
microscopy. (a) Thinning of the GBM (x6000), (b) Lamellation of the
GBM (x6000).

capillary loops, and GBM thinning was defined by a mini-
mum width of less than 264 nm.

We performed immunohistochemical staining for a5
(IV) using renal biopsy specimens of all patients for whom
specimens were available. Twenty-one patients from
18 families showed a normal pattern of a5 (IV) staining
that excluded typical XLAS and they were classified as
having hereditary nephritis that was ‘difficult to diagnose
clinicopathologically’. Among them, we performed genetic
testing of COL4A3, COL4A4, and COL4A5 in 19 patients
from 16 families who consented to such testing. For
patients in whom we could not carry out a5 (IV) staining
of renal biopsy specimens, we confirmed that at least one
family member fulfilled the above four criteria and
showed normal a5 (IV) staining of a biopsy specimen. Ret-
rospective analysis of clinical and pathological findings was
performed using data from the medical records. This study
was approved by the Ethics Committee of Toranomon hos-
pital (2015-8) and all subjects gave written informed
consent.
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Genetic analysis

Blood samples were collected from patients and genomic
DNA was isolated from peripheral blood leukocytes using
the Quick Gene Mini 80 system (Wako Pure Chemical
Industries, Tokyo, Japan) according to the manufacturer’s
instructions. NGS samples were prepared using a HaloPlex
target enrichment system kit by following the manufacture’s
instruction (Agilent Technologies, Santa Clara, CA, USA).
Briefly, digested 225 ng of genomic DNA were hybridized at
54°C for 16 h with custom-designed NGS probes to capture
genes for inherited kidney diseases such as COL4A3, COL4A4,
COL4A5, CLCN5, OCRL and other FSGS causative genes.
Amplified target libraries were sequenced with 150 bp pair-
end reads on a MiSeq platform (Illumina, San Diego, CA,
USA), and followed by variant analysis on a SureCall 3.0
(Agilent). We conducted Sanger’s sequencing for all variants
detected by NGS analysis.

RESULTS
Clinical and genetic findings

Among 19 patients from 16 families, 69% (14 patients from
11 families) showed heterozygous mutations in COL4A3 or
COL4A4 gene, suggesting the diagnosis of TBMN/ADAS.
XLAS was diagnosed in 25% (four patients from four
families). One patient did not show mutation of COL4A3,
COL4A4, or COL4A5, and further investigation finally led to
a diagnosis of Dent disease by targeted sequencing
using NGS.

Table 1 shows the results of genetic testing in the
14 patients with TBMN/ADAS. In four of the 11 affected
families, ADAS was caused by mutation of the COL4A3 gene,
while there was mutation of COL4A4 in seven families.
Three mutations were reported to be causative mutation for

ARAS in previous studies.'®2° Six of the mutations were
novel mutations.

The clinical features of the 14 patients with TBMN/ADAS
are detailed in Table 2. There were eight males and six
females, and the median age at the time of genetic testing
was 54.5 years (range: 29-69 years). The median age at the
diagnosis of haematuria was 22 years (range: 5-44 years),
and the median age at detection of proteinuria was
21.5 years. An episode of macroscopic haematuria was
noted after upper respiratory infection in two patients
(14.3%). In 57.2% of the patients, renal dysfunction (stage
>3 chronic kidney disease (CKD)) was evident at the time of
genetic diagnosis. Three patients (21.5%) had reached end
stage renal disease (ESRD) at 42, 58, and 59 years old and
all of them were men. Renal biopsy was performed multiple
times in 11 patients (78.6%), with the average number of
biopsies being 1.9. The median age at the first biopsy was
28.5 years (range: 6-56 years), and there was an interval of
16.1 years (range: 0.2—41.9 years) from the first biopsy to
final diagnosis. Two patients had hearing loss (14.2%) and
none had ocular changes. Five patients (35.7%) had hyper-
tension at the time of genetic diagnosis, which accounted
for 62.5% of patients with stage >3CKD. The detection of
proteinuria and kidney dysfunction was prior to the detec-
tion of hypertension in all patients. None of our patients
had diabetes. Family trees are shown in Figure 2. The clini-
cal manifestation of patients varied from isolated haema-
turia, proteinuria and mild kidney dysfunction to ESRD in
many families.

Pathological findings

Pathological findings of the 14 patients with TBMN/ADAS
are listed in Table 2. In patients who underwent renal
biopsy more than once, the findings of the last biopsy were
analyzed. On light microscopy, 10 patients had minor

Table 1 Results of genetic testing in 14 patients from 11 thin basement membrane nephropathy (TBMN)/Autosomal dominant Alport syndrome (ADAS)

families

Patient No. Family No. Gene Exon/Intron Nucleotide change Amino acid change Previous report of ARAS
1 1 COL4A4 Exon 20 €.1323_1340del 18 bp deletion 18
2 1 COL4A4 Exon 20 €.1323_1340del 18 bp deletion 18
3 2 COL4A4 Exon 48 C.4847T>GT' p.Leu1616Arg -
4 2 COL4A4 Exon 48 €.4847T>GT' p.Leu1616Arg

5 3 COL4A4 Exon 14 .827G>Ct’ p.Gly276Ala

6 3 COL4A4 Exon 14 €.827G>Cy’ p.Gly276Ala

7 4 COL4A4 Exon 44 Cc.4129C>T p.Arg1377X 19
8 5 COL4A4 Exon 18 €.1057G>Ct! p.Gly353Arg

9 6 COL4A4 Exon 14 .827G>Ct’ p.Gly276Ala

10 7 COL4A4 Intron 38 c.3577+1G>A‘ﬂ

11 8 COL4A3 Exon 47 €.4207G>Af" p.Gly1403Arg -
12 9 COL4A3 Exon 40 C.3464G>A p.Gly1155Asp 20
13 10 COL4A3 Exon 40 C.3464G>A p.Gly1155Asp 20
14 1 COL4A3 Exon 33 €.2863G>A7 p.Gly955Arg -

TNovel mutation.
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Fig. 2 Family trees of the patients with thin basement membrane nephropathy (TBMN)/Autosomal dominant Alport syndrome (ADAS). Black shows patients
with hematuria and or proteinuria, chronic kidney disease and gray shows patients with isolated hematuria.

glomerular abnormalities, one patient displayed focal seg-
mental glomerular sclerosis, and three patients showed
nephrosclerosis. Immunofluorescent staining revealed non-
specific IgM deposits in three patients. Immunohistochem-
ical staining for a5 (IV) showed a normal pattern in all
11 patients in whom it was performed. While o5
(IV) staining was not performed in three patients, we con-
firmed that at least one of their family members showed a
normal pattern of a5 (IV) staining in a renal biopsy speci-
men. Thinning of the GBM was identified in all 14 patients
by electron microscopy, while thickening and splitting of the
GBM was noted in seven patients (50%). Among 11 patients
who underwent kidney biopsy multiple times, only two
patients were evaluated by electron microscopy in both
biopsies (Patient 2 and 12). In patient 2, the manifestation
of GBM did not differ in 10 years, and in patient
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12, lamellation of GBM was more noticeable after 12 years.
Skin biopsy was performed in three patients which all
showed a normal pattern of a5 (IV) staining.

DISCUSSION

In this study, we found 14 patients (11 families) with heter-
ozygous mutations in the COL4A3 or COL4A4 genes, suggest-
ing the diagnosis of TBMN/ADAS. They accounted for 69%
of patients with hereditary nephritis that was ‘difficult to
diagnose” who fulfilled the following five criteria:
(i) haematuria and proteinuria with or without renal dys-
function; (ii) a family history of haematuria, proteinuria,
and/or renal dystunction (especially showing autosomal
dominant inheritance); (iii) no specific glomerulonephritis
identified by light microscopy and immunofluorescent

© 2017 Asian Pacific Society of Nephrology
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Fig. 3 Proposed criteria for thin basement
membrane nephropathy (TBMN)/Autosomal
dominant Alport syndrome (ADAS) genetic
testing. It is important to perform genetic test-
ing of those patients fulfilling this criteria.

staining of a renal biopsy specimen; (iv) thinning, splitting,
or lamellation of GBM on electron microscopy; and
(v) normal immunohistochemical staining of a renal biopsy
specimen for a5 (IV). Our result suggests that autosomal
dominant forms of type IV collagen nephropathy (TBMN/
ADAS) appears more frequent than previously reported.
The detection of these patients could be improved by genetic
testing based on our criteria (Fig. 3).

The spectrum of type IV collagen nephropathy caused by
heterozygous mutation of COL4A3/A4 has been widening
and remains debatable. Some authors use the diagnosis of
ADAS, others use TBMN, or autosomal dominant later-
onset Alport-related nephropathy, or even familial FSGS, in
the presence of FSGS pathologically.

In 1997, Jetferson et al. reported the first convincing evi-
dence of an ADAS family.?' Although ADAS has been
thought to be an extremely rare condition, the reports of
patients with ADAS have been increasing during the last
decade, mainly from Europe and Japan.”®?2?* Recently,
Kamiyoshi et al. investigated the detailed characteristics of
16 ADAS families and concluded that ADAS accounted for
5% of AS.?> On the other hand, Fallerini et al. reported a
much higher frequency of ADAS (31%: 15/48 families) and
suggested the possible existence of undiagnosed ADAS
patients.” However, in fact, many patients with heterozy-
gous COL4A3/A4 mutations, but without ADAS diagnosis,
develop severe renal failure and even ESRD. Heterozygous
COL4A3/A4 mutations are also found in about 40% of
patients with TBMN.'® Some studies have shown that renal
function can decline in patients with TBMN during long-
term follow-up, suggesting that this disease might not be as
benign as was previously believed.'’!? Voskarides et al.

© 2017 Asian Pacific Society of Nephrology
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reported eight families with heterozygous COL4A3 mutation
and dual diagnosis of FSGS and TBMN, showing a wide
phenotypic spectrum that ranged from isolated haematuria
to ESRD."> More recently, Malone et al. reported that 10%
of their cohort of patients with the diagnosis of familial
FSGS had heterozygous mutation in COL4A3/A4 gene.'*
Furthermore, Papazachariou et al. reported that 12 out of
24 families (50%) with familial microscopic haematuria had
heterozygous mutation in COL4A3/A4 genes, 12% of those
developed ESRD.?* They used the diagnosis of autosomal
dominant later-onset Alport-related nephropathy, and con-
gruent with our study, they mention the difficulty of clinico-
pathological diagnosis of these patients.'>*

The median age at diagnosis of haematuria and proteinu-
ria was 22 years and 21.4% developed ESRD at the age of
40-50 years. The age at which the patients with heterozy-
gous mutation in COL4A3/A4 develop ESRD varies between
the reports. Some researchers report that 24.3% of ADAS
patients develop ESRD by the age of 51 years, which is con-
sistent with our reports.® On the other hand, others report
that 35% of patients with heterozygous COL4A3/A4 muta-
tions develop ESRD by the age of 70 years.?> Although renal
dysfunction in patients with heterozygous mutation in
COL4A3/A4 gene is milder than in patients with XLAS, it is
noteworthy that many patients still developed ESRD.
Although 62.5% of patients with stage >3 CKD had hyper-
tension at the time of genetic diagnosis, the detection of pro-
teinuria and kidney dysfunction was prior to the detection
of hypertension in all patients, which suggests that hyper-
tension could not be the main cause leading to renal dys-
function. In our series, only 14% of patients had
sensorineural hearing loss and there were no ocular
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abnormalities. These results are also similar to a previous
report that hearing loss and ocular abnormalities occurred in
13.3% and 0% of patients with ADAS, respectively.® The
low frequency of typical extra-renal manifestations of AS is
one of the factors that makes diagnosis of patients with het-
erozygous mutation in COL4A3/A4 gene difficult.

In the present study, half of our patients showed isolated
thinning of the GBM. Van der loop et al. reported lamella-
tion or splitting of the GBM in all four ADAS patients they
investigated by renal biopsy,”* while Kamiyoshi et al.
reported that isolated thinning of the GBM was found in
44% of ADAS patients.?”> Although GBM thinning is a path-
ological feature of TBMN, isolated thinning of the GBM is
known to occur in patients with XLAS, especially at an early
stage of the disease.?® In our cohort, only one patient
showed FSGS (Patient 8). Interestingly, many patients diag-
nosed as familial FSGS with heterozygous mutation in
COL4A3/A4 genes are accompanied by the thinning of GBM,
suggesting the causal relationship between TBMN and
FSGS.13—15,25,27

Although the spectrum of type IV collagen nephropathy
caused by heterozygous mutation in COL4A3/A4 genes is still
controversial, it is clear that the patients with these muta-
tions are more frequent than previously thought, and they
show a variety of clinical courses with some reaching ESRD,
regardless of what name we give to the diagnosis. It is
important for nephrologists to recognize this condition and
make an early diagnosis, so that adequate treatment can be
provided to delay the decline of renal function. The combi-
nation of comprehensive clinical evaluation and careful
follow-up, pedigree analysis, histopathology (including elec-
tron microscopy, a5 (IV) staining) and molecular studies are
required for an accurate diagnosis. However, we also have
to emphasize that we should perform genetic analysis before
performing kidney biopsy in the future, although it is still
common to perform kidney biopsy prior to genetic analysis
due to lack of recognition of this condition.

In the present study, XLAS patients accounted for 25% of
hereditary nephritis that was ‘difficult to diagnose’.
Although our criteria excluded patients with typical XLAS
based on the family history, symptoms, or absence of immu-
nostaining for a5 (IV), XLAS and ADAS cannot necessarily
be distinguished by obtaining a family history, and some
XLAS patients have mild clinical features and a normal pat-
tern of o5 (IV) staining. Female XLAS patients are known to
have less severe renal dysfunction than male XLAS patients,
and they show a normal or mosaic a5 (IV) staining pattern.’
Moreover, some male XLAS patients, especially those with
missense mutation in COL4A5 gene, have a milder clinical
phenotype than typical male XLAS patients, and o5
(IV) staining pattern is normal in these patients.”® It is
important for nephrologists to be able to recognize these
‘atypical XLAS patients’.

Our research has some limitations. First, the number of
subjects is small and they were enrolled from only two
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hospitals. Second, although we conducted targeted rese-
quencing to search for modifier genes, we could not identify
any modifier genes (Table S1). However, since there is a
detection limit of modifier genes with targeted sequence, it
is possible that modifier genes will be detected by whole
exome sequencing. Further investigations are needed to
solve this problem. Third, although some authors report that
unusual deep intronic mutations in the COL4A5 gene cause
XLAS by reverse transcription polymerase chain reaction
(RT-PCR) mRNA analysis, which cannot be detected by
NGS,** we have not performed such analysis in this study.
We cannot exclude the possibility that our patients have
another pathogenic deep intron mutation in either of
COL4A3, COL4A4, and COL4A5 genes.

Conclusion

Undiagnosed autosomal dominant form of type IV collagen
nephropathy (TBMN/ADAS) exists among patients with
hereditary nephritis that is ‘difficult to diagnose clinico-
pathologically’. It is important for nephrologists to recognize
these conditions and perform genetic testing of appropriate
patients to reach an early diagnosis and provide adequate
treatment.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s website:

Table S1. Targeted resequencing to search for modifier
genes. Forty-five podocyte-related genes in this table were
screened by targeted sequencing that are known to be caus-
ative of inherited focal segmental glomerulosclerosis or
Alport syndrome.
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