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Key Points

« Patients with both COL4A3 and COL4A4 variants exhibited poor renal prognosis compared with those with autosomal
dominant Alport syndrome.

 The proportion of patients with digenic Alport syndrome was 1.7% among all patients with Alport syndrome.

Abstract
Background Digenic Alport syndrome could be associated with poor renal prognosis. However, the characteristics of
patients with digenic Alport syndrome remain ambiguous.

Methods We retrospectively investigated the clinical symptoms, pathological findings, genetic variants, and proportions of
patients with digenic Alport syndrome. The ages at detection of proteinuria and development of ESKD were compared
between patients with digenic Alport syndrome with disease-causing variants in COL4A3 and COL4A4 and those with
autosomal dominant Alport syndrome (ADAS) previously analyzed by our group.

Results Eighteen patients from nine families with digenic variants in COL4A3 and COL4A4 and four male and five female
patients with digenic variants in COL4A5 and COL4A3 or COL4A4 were enrolled in this study. Next-generation sequencing
revealed that the proportion of patients with digenic Alport syndrome was 1.7% among all patients with Alport syndrome.
In patients with digenic variants in COL4A3 and COL4A4, the median ages at detection of proteinuria and ESKD were 10.0
and 57.0 years, respectively. Compared with the patients with ADAS, the age at detection of proteinuria tended to be earlier
(10.0 versus 20.0 years; P = 0.073) and that at development of ESKD was significantly earlier (57.0 versus 72.0 years;

P = 0.045) in patients with digenic Alport syndrome.

Conclusions Overall, patients with digenic Alport syndrome harboring COL4A3 and COL4A4 variants exhibited poor renal
compared with the patients with ADAS. Therefore, timely identification of the two disease-causing variants is critical for the
renal prognostic assessment and early treatment of patients with digenic Alport syndrome.
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Introduction 104200). We have previously revealed that renal prognosis

Alport syndrome is an inherited kidney disease char-
acterized by hematuria with proteinuria and renal dys-
function in progressive stages, hearing loss, and ocular
abnormalities.!® Alport syndrome is caused by disease-
causing variants in COL4A3, COL4A4, and COL4A5, which
encode a3, a4, and a5 chains of type 4 collagen, respectively.
The inheritance patterns of Alport syndrome include X-
linked Alport syndrome (XLAS; OMIM: 301050), autosomal
recessive Alport syndrome (ARAS; OMIM: 203780), and
autosomal dominant Alport syndrome (ADAS; OMIM:

is influenced by the inheritance pattern, and the median age
at the development of ESKD was reported to be 35 years in
men with XLAS,* 65 years in women with XLAS,® 21 years in
ARAS,® and 70 years in ADAS,” respectively. In addition,
two disease-causing variants of the COL4A3-COL4A5 genes
have recently been recognized to cause digenic Alport
syndrome.?°

Many digenic variants may have been previously over-
looked because laboratories often did not extend their anal-
ysis beyond identifying a single disease-causing variant,
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particularly before the widespread adoption of targeted
panel sequencing technology.® In recent years, the identifi-
cation of digenic Alport syndrome cases has increased with
the widespread use of targeted panel sequencing.”810-14
Digenic Alport syndrome results from a disease-causing
variant in COL4A5 combined with one in either COL4A3
or COL4A4 or disease-causing variants in COL4A3 and CO-
L4A4. The renal prognosis in XLAS varies according to sex
and variant type. Therefore, the clinical presentation, modes
of inheritance, and frequency of digenic Alport syndrome
should be considered separately according to the type of
disease-causing variant: COL4A3 and COL4A4, COL4A5,
and COL4A3 or COL4A4 in men and COL4A5 and COL4A3
or COL4A4 in women.’

Previous studies have suggested that digenic Alport syn-
drome may be associated with poor renal prognosis.”!4
However, limited data exist on the clinical presentation,
pathology, and genotype-phenotype correlation in patients
with digenic Alport syndrome. Furthermore, there are few
reports on its prevalence in patients with Alport syndrome.
In this study, we investigated the prevalence of digenic
Alport syndrome in patients previously diagnosed with
Alport syndrome through genetic analysis of large cohorts
accumulated by our research group over several years. We
also assessed the clinical characteristics, pathological find-
ings, and variant patterns of patients with digenic Alport
syndrome and their family members, to evaluate the poten-
tial association of a digenic disease-causing variant with a
severe phenotype. Moreover, we conducted a comparative
analysis of the age at the onset of proteinuria and renal
prognosis between patients with digenic Alport syndrome
(carrying two disease-causing variants in COL4A3 and
COL4A4) and those with ADAS (carrying a single disease-
causing variant in either COL4A3 or COL4A4) within the
same cohort.

Methods
Diagnostic Criteria for Digenic Alport Syndrome

Digenic Alport syndrome in the study was defined as
fulfilling one of the following criteria in accordance with
previous study”?: (1) Patients with clinical symptoms (he-
maturia, proteinuria, or renal dysfunction), along with renal
pathology demonstrating abnormal glomerular basement
membrane (GBM) and presence of two disease-causing
variants located in different genes of COL4A3, COL4A4,
or COL4A5; (2) patients with clinical symptoms, a family
history of Alport syndrome or ESKD, and two disease-
causing variants located in different genes of COL4A3,
COL4A4, or COL4A5; and (3) among families of patients
diagnosed using criteria (1) or (2), those who met the
following subcategories: (1) symptomatic family members
with two different disease-causing variants or (2) symp-
tomatic family members of patients with disease-causing
variants in COL4A3 and COL4A4 on the same allele (in cis)
who have not undergone any genetic tests.

Study Design and Patient Population

In this retrospective observational study, patients with
suspected Alport syndrome were referred to our hospital for
genetic analysis between January 2006 and January 2023. A
total of 27 patients from 14 families who met the diagnostic
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criteria for digenic Alport syndrome were included in this
study.

Data Collection and Analysis

At the time of genetic analysis, the following data were
extracted from medical records: (1) clinical data, including
sex, initial symptoms, height, body wt, family history,
age at detection of proteinuria, age at the development
of ESKD, presence of hearing loss or eye lesions, and
therapeutic interventions; (2) laboratory data, including
serum creatinine levels, albumin levels, total choleste-
rol levels, urine protein-creatinine ratio, and urine red
blood cell count; (3) pathological findings; and (4) family
history details, including the age at the detection of
proteinuria, age at the development of ESKD, and the
presence of hearing loss or eye lesions. Age at ESKD
onset was defined as the time of initiation of KRT. The
age at detection of proteinuria was defined as the point
when the protein/creatinine ratio exceeded 0.2 g/g Cre
in the first morning urine. Cr-eGFR, measured in ml/min
per 1.73 m?, was calculated using an equation designed
for Japanese patients age between 2 and 18 years'® and a
different equation for Japanese patients age 19 years and
older.1®

Patients were classified into three groups based on
their genetic variants and sex: patients with disease-
causing variants in COL4A3 and COL4A4, male patients
with disease-causing variants in COL4A5 and COL4A3 or
COL4A4, and female patients with disease-causing var-
iants in COL4A5 and COL4A3 or COL4A4. We investi-
gated the clinical symptoms, pathological findings, and
genetic variants in these patients. In addition, the de-
tection of proteinuria and development of ESKD were
compared using the Kaplan-Meier method between
patients with digenic Alport syndrome with disease-
causing variants in COL4A3 and COL4A4 and previously
reported patients with ADAS in our group.” We also
investigated the proportion of patients diagnosed with
digenic Alport syndrome among all patients diagnosed
with Alport syndrome via targeted panel sequencing
analysis at our hospital.

Genetic Analysis

Genomic DNA was isolated from the peripheral blood
leukocytes of patients using the Quick Gene Mini 80 System
or QuickGene-Auto 12S (Kurabo Industries Ltd., Tokyo,
Japan), according to the manufacturer’s instructions. Muta-
tional analyses of COL4A3, COL4A4, and COL4A5 were
performed using Sanger sequencing from January 2006 to
November 2015. Targeted panel sequencing, which was
engineered custom panel, for genes associated with inheri-
ted kidney diseases, including COL4A3, COL4A4, and
COL4A5 from November 2015 to January 2023 (Supplemen-
tal Table 1). If heterozygous variants were not identified via
Sanger sequencing or targeted panel sequencing, addi-
tional confirmation was performed using either multiplex
ligation-dependent probe amplification or RT-PCR analy-
sis of mRNA. Sanger sequencing, targeted panel sequenc-
ing, multiplex ligation-dependent probe amplification,
and PCR analysis of mRNA were performed as previously
described.*
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Variant Evaluation

Variants were classified according to the American College
of Medical Genetics (ACMG) consensus guiclelines.w’18 In
this study, disease-causing variants were specifically defined
based on the ACMG guidelines as pathogenic or likely path-
ogenic. To evaluate variant pathogenicity, in silico analyses
were conducted using the following prediction tools: Sorting
Intolerant from Tolerant (SIFT; http://sift.bii.a-star.edu.sg),
PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/), Mu-
tation Taster (https://www.mutationtaster.org/), and Align
GVGD (http:/ /agvgd.iarc.fr). Each variant was also in-
vestigated to determine whether its heterozygous variant
could cause urinary abnormality using the Human Gene
Mutation Database variant database (https://digitalin-
sights.qiagen.com/products-overview/clinical-insights-
portfolio/human-gene-mutation-database/).

Statistical Analyses

Data were presented as medians with interquartile ranges
(IQRs) for continuous variables and percentages for cate-
gorical variables. The occurrence of events (age at detection
of proteinuria and age at onset of ESKD) was analyzed using
the Kaplan-Meier method. The log-rank test was used to
calculate the P values. A P value of <0.05 was considered
statistically significant. All statistical analyses were per-
formed using JMP version 14.0 (SAS Institute Japan, Tokyo,

Japan).

Ethical Considerations

All procedures in this study were conducted according to
the ethical standards of the Institutional Review Board of
Kobe University School of Medicine (approval number:
301), the principles of the Declaration of Helsinki, and
ethical guidelines of the Japanese Ministry of Health, Labor,
and Welfare. Informed consent was obtained from all pa-
tients and/or their parents.

Results
Patients” Characteristics

During the study period, 961 patients with Alport syn-
drome were identified, 687 of whom were diagnosed using
targeted panel sequencing. The clinical features of 27 pa-
tients from 14 families diagnosed with digenic Alport syn-
drome are shown in Table 1. Among them, 18 patients from
nine families carried disease-causing variants in COL4A3
and COL4A4, four male patients in COL4A5, and COL4A3 or
COL4A4, and five female patients in COL4A5 and COL4A3
or COL4A4. The median age of genetic analysis was 34.0
years (IQR, 29.0-51.0 years old).

Among all patients diagnosed with Alport syndrome
using targeted panel sequencing analysis at our hospital,
the proportion of patients with digenic syndrome was 1.7%
(12/687). Of 406 patients with a disease-causing variant in
COL4A5, five patients (1.2%) had additional COL4A3 or
COL4A4 disease-causing variants. Of 248 patients with
pathogenic heterozygous variants in COL4A3 or COL4A4,
seven patients (2.8%) had an additional COL4A3 or COL4A4
disease-causing variant.
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Patients with Disease-Causing Variants in COL4A3 and
COL4A4

The median age at proteinuria detection was 10.0 years.
Varying degree of kidney dysfunction was observed. Six
patients developed ESKD, with a median age that ESKD of
57.0 years. No patients exhibited hearing loss or eye lesions.

Among previously reported patients with ADAS in our
group,” two patients (patient identification; 120,141) had
digenic variants and were consequently included in the
digenic Alport syndrome group in the present investigation.
Therefore, the ADAS group (referred to as the ADAS group)
comprised 18 families. The age at detection of proteinuria in
patients with a disease-causing variant in COL4A3 and
COL4A4 tended to be earlier than patients of ADAS group,
although there was no significant difference between two
groups (10.0 versus 20.0 years; P = 0.073; Figure 1A). The
age at the development of ESKD in patient with a disease-
causing variant in COL4A3 and COL4A4 was significantly
earlier than in the ADAS group (57.0 versus 72.0 years;
P = 0.045; Figure 1B). In addition, we combined the data of
our results and those of the recent review study of digenic
Alport syndrome’ and analyzed the age at the development
of ESKD compared with ADAS patients in our cohort. There
was also a significant difference between the two groups
(55.0 versus 72.0 years; P = 0.011; Supplemental Figure 1).

Patients with Disease-Causing Variants in COL4A5 and
COL4A3 or COL4A4

The median age at detection of proteinuria was 5 years in
men, whereas one female patient developed proteinuria at
age 4.5 years. Two male patients developed ESKD at age
27 years. At the time of genetic analysis, a female patient
with disease-causing variants in COL4A5 and COL4A3 or
COL4A4 had hearing loss. No male patients exhibited
hearing loss or eye lesions.

Pathological Findings

Table 2 shows the pathological findings of patients with
digenic Alport syndrome for whom information was available.
Renal biopsy was performed in seven patients with COL4A3
and COL4A4 variants and in four patients with COL4A5 and
COL4A3 or COL4A4 variants. The median age at renal biopsy
was 32.5 years (IQR, 18.3-40.0). Light microscopy revealed
that three patients had FSGS, three had diffuse mesangial
proliferation, and five had minimal glomerular changes. Elec-
tron microscopy revealed thin basement membrane in all
11 patients, whereas basket-weave changes (BWCs) and lamel-
lation were observed in two patients. Immunohistochemical
analysis of type 4 collagen a5 chain revealed normal expres-
sion in all nine patients who underwent examination.

Detected Variants

The detected disease-causing variants are listed in Table 3.
Six novel variants were identified in the five patients. Fol-
lowing the ACMG criteria modified by Alport experts,!8
three variants were classified as pathogenic while the
remaining 16 variants as likely pathogenic. All variants
were located in the collagenic domain and all missense
variants resulted in glycine substitutions.
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Table 1. Clinical findings

sCr,
P Hearin, Ocular mg/dl .
Pati Age Family Height oy It 514D Loss ¢ Lesion (eé{:R, sAlb U-P/Cre . 2G5 e O.f
atient ID Sex Wt Detected Detected A Treatment Variants or In Truncating
(yr) Member (cm) (kg) e (i) Az (679) Detected Detected ml/min (g/dl) (g/8) T Alleles
Age (yr) Age (yr) per
1.73 m%)
COL4A3
+COL4A4
122 35 M 183 66 9 — — — 1.27 (53.8) 43 0.45 ARB COL4A3+COL4A4 In cis 0
122-1 39 w Sister 156 51 2 — — — N/A N/A N/A N/A COL4A3+COL4A4 In cis 0
122-3 63 M Father 163 60 15 57 — — ESKD ESKD ESKD ESKD COL4A3+COL4A4 In cis 0
122-4 Dead w Paternal sister N/A N/A N/A 20 — — ESKD ESKD ESKD ESKD COL4A3+COL4A4 In cis 0
140 16 M 180.4 105.3 6 — — — 0.81 (80.9) 42 0.92 ACE-I COL4A3+COL4A4 In cis 0
140-1 57 M Father 172 89.8 > 33 — — ESKD ESKD ESKD ESKD COL4A3+COL4A4 In cis 0
140-2 70 \ Paternal grandmother N/A N/A N/A 70 N/A N/A ESKD ESKD ESKD ESKD COL4A3+COL4A4 In cis 0
503 51 w 162.2 58.5 N/A — 33 — 1.43 (31.2) 42 278 ARB COL4A3+COL4A4 N/A 0
719 48 M N/A N/A 12 — — N/A 1.8 3.8 1.9 ARB COL4A3+COL4A4 N/A 1
758 29 W 154 51 — — — — 0.68 (83.2) 42 0.03 — COL4A3+COL4A4 In cis 0
758-1 34 M Brother N/A N/A N/A N/A N/A N/A N/A N/A 0.54 N/A COL4A3+COL4A4 In cis 0
758-2 65 M Father N/A N/A N/A 40 N/A N/A ESKD ESKD ESKD ESKD COL4A3+COL4A4 In cis 0
817 5 w 102.3 15.5 — — — — 0.35 (100.5) 45 0.13 — COL4A3+COL4A4 In cis 0
817-1 30 M Father N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A COL4A3+COL4A4 In cis 0
8172 71 M Paternal grandfather N/A N/A N/A 50 N/A N/A ESKD ESKD ESKD ESKD COL4A3+COL4A4 In cis 0
1092 40 M 173 67 4 — — — 1.22 (54.1) 4.1 0.67 — COL4A3+COL4A4 N/A 0
1140 60 w 153.6 48 38 — — — 1.08 (40.7) 37 159 ARB COL4A3+COL4A4 N/A 0
1154 57 w 159 53 10 — — — 0.74 (62.5) 39 2.14 ARB COL4A3+COL4A4 in trans 1
COL4A5
+COL4A3
or COL4A4
967 35 M 168 58 4 27 — — ESKD ESKD ESKD ESKD COL4A3+COL4AS5
967-1 29 M Brother 178 55 6 — — — 0.99 (74.6) 34 0.3 ACE-I COL4A3+COL4A5
1062 26 M 170 62.8 11 — — — 0.90 (86) 43 1.52 ARB COL4A4+COL4A5
1124 7 M 114 23.4 e — — 0.23 (165) 48 0.12 ACE-T COL4A4+COL4A5
344 11 w 138 36.6 45 — — — 0.28 (171.1) 35 0.84 ARB COL4A3+COL4A5
690 30 W 165 62.5 N/A — — — 0.54 (106) 42 0.33 — COL4A4+COL4AS5
690-1 N/A w Mother N/A N/A N/A 27 + —2 N/A N/A N/A N/A COL4A4+COL4A5
1062-3 30 w Sister N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A COL4A4+COL4AS5
1124-2 33 w Mother N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A COL4A4+COL4AS5

In cis refers to two disease-causing variants on the same chromosome, whereas in trans refers to those on opposite chromosomes. ACE-], angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ID, identification; M, man or boy; N/A, not applicable;
sAlb, serum albumin; sCr, serum creatinine; U-P/Cre, urinary protein-to-creatinine ratio; W, woman or girl.
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Figure 1. Probability of each clinical symptom in Alport syndrome cases with digenic COL4A3 and COL4A4 variants compared with that in
ADAS cases. (A) Probability of occurrence of proteinuria. No significant differences were observed between the digenic and ADAS cases
(P=0.073). (B) Probability of developing ESKD. Significant differences were observed between the digenic and ADAS cases (P = 0.045). ADAS,

autosomal dominant Alport syndrome.

Among the patients with disease-causing variants in
COL4A3 and COL4A4, seven families had two missense
variants, one had a splice site variant and a missense variant,
and one had a large deletion and a missense variant. Three
families had the same variant (c.4217G>A in COL4A3 and
c.2869G>A in COL4A4), whereas the other three families
had the same variant (c.469G>C in COL4A3 and ¢.2510G>C
in COL4A4). Two disease-causing variants were detected on
the same allele (in cis) in four families and on the opposite
allele (in trans) in one family. Among patients with disease-
causing variants in COL4A5 and COL4A3 or COL4A4, three
families had two missense variants, one had a nonsense
variant and a missense variant, and one had a splice-site
variant and a missense variant. One female patient (patient
identification: 344) had a somatic mosaic variant in COL4A5

with variant frequency 22.1%, as previously reported by our
group.'?

Genotype-Phenotype Correlation in Patients with Disease-
Causing Variants in COL4A3 and COL4A4

Among the patients with disease-causing variants in
COL4A3 and COL4A4, two families (719 and 1154) had
one truncating variant, whereas the other families had no
truncating variants. There was no significant difference in
the age at proteinuria detection between patients with and
without one truncating variant (P = 0.78). Two patients with
one truncating variant did not develop ESKD at age 40 and
50 years, and no significant difference was observed with or
without truncating variants (P = 0.53). Furthermore, there

Table 2. Pathologic findings

Patient Digenic g}%‘;; Sex Light Immunofluorescence Electron ab
ID Variants (y1) Microscopy Staining Microscopy Staining
122 COL4A3+COL4A4 35 Man DMP Negative TBM Positive
140 COL4A3+COL4A4 16 Man FSGS IgM TBM Positive
503 COL4A3+COL4A4 50 Woman MGA IgA, IgM, Clq TBM Positive
758 COL4A3+COL4A4 28 Woman MGA C3 TBM Positive
1092 COL4A3+COL4A4 40 Man FSGS IegM, C3 TBM, BWC, lamellation  Positive
1140 COL4A3+COL4A4 40 Woman MGA Negative TBM N/A
1154 COL4A3+COL4A4 52 Woman MGA Negative TBM Positive
344 COL4A3+COL4A5 11 Woman DMP IgA, IgM TBM Positive
690 COL4A4+COL4A5 30 Woman DMP Negative TBM Positive
1062 COL4A4+COL4A5 25 Man FSGS IgA, IgG TBM, BWC, lamellation N/A
1124 COL4A4+COL4A5 6 Man MGA Negative TBM Positive
BWC, basket-weave changes; DMP, diffuse mesangial proliferation; MGA, minimal glomerular abnormality; TBM, thin basement
membrane.
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Table 3. Genetic findings

E;tlent Gene Exon Nggaeggge An&ﬁ;ﬂ?gld Type ACMG Classification

122 COL4A3 47 c4217G>A p-Gly1406Glu Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 32 c.2869G>A p-Gly957Asp Missense Likely pathogenic (PM1, PM2, PP2, PP3)

140 COL4A3 47 c4217G>A p-Gly1406Glu Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 32 c.2869G>A p-Gly957Asp Missense Likely pathogenic (PM1, PM2, PP2, PP3)

503 COL4A3 9 c.469G>C p.Gly157Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 29 ¢.2510G>C p-Gly837ALa Missense Likely pathogenic (PM1, PM2, PP2, PP3, PP5)

719 COL4A3 29-33 del Large deletion Pathogenic (PVS1, PM2, PP3)
COL4A4 36 C.3307G>A p-Gly1103Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)

758 COL4A3 9 ¢.469G>C p-Gly157Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 29 €.2510G>C p.Gly837ALa Missense Likely pathogenic (PM1, PM2, PP2, PP3, PP5)

817 COL4A3 47 c4217G>A p-Gly1406Glu Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 32 c.2869G>A p-Gly957Asp Missense Likely pathogenic (PM1, PM2, PP2, PP3)

1092 COL4A3 35 €.2962G>C? p.Gly988Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 11 c.677G>A p-Gly226Glu Missense Likely pathogenic (PM1, PM2, PP2, PP3)

1140 COL4A3 9 c.469G>C p-Gly157Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 29 ¢.2510G>C p-Gly837ALa Missense Likely pathogenic (PM1, PM2, PP2, PP3, PP5)

1154 COL4A3 40 c.3427G>A p-Glyl143Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 37 c3506-1G>C* Splicing Pathogenic (PVS1, PM2, PP3)

344 COL4A5 32 c.2732G>A p.Gly911Glu Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A3 42 c.3691G>A"? p-Gly1231Ser Missense Likely pathogenic (PM1, PM2, PP2, PP3)

690 COL4A5 41 c.3764G>A p-Gly1255Glu Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 46 c.4440C>A" p-Cys1480° Nonsense Pathogenic (PVS1, PM2, PP5)

967 COL4A5 c.3107-4A>G Splice-region Likely pathogenic (PM2, PM4, PP3, PP5)
COL4A3 34 c.2863G>A p.Gly955Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)

1062 COL4A5 47 c.4351G>C? p-Gly1451Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3)
COL4A4 14 c.827G>C p-Gly276Ala Missense Likely pathogenic (PM1, PM2, PP2, PP3)

1124 COL4A5 19 c1075G>C p-Gly359Arg Missense Likely pathogenic (PM1, PM2, PP2, PP3, PP5)
COL4A4 14 ¢.827G>C p.Gly276Ala Missense Likely pathogenic (PM1, PM2, PP2, PP3)

ACMG, American College of Medical Genetics.

“Novel mutation.

was no significant difference in the age of proteinuria de-
tection and the development of ESKD between patients with
two variants on the same allele (in cis) and those on the
opposite allele (in trans) (P = 0.65 and 0.93, respectively).

Discussion

This study investigated the clinical presentation, patho-
logical findings, and variant patterns in patients with
digenic Alport syndrome. A total of 27 patients from 14
families were included in the study, comprising 18 patients
from nine families with disease-causing variants in
COL4A3 and COL4A4, four male patients in COL4A5 and
COL4A3 or COL4A4, and five female patients in COL4A5
and COL4A3 or COL4A4. The proportion of digenic Alport
syndrome among Alport syndrome was 1.7%. To our
knowledge, this cohort represents one of the largest studies
of patients with digenic Alport syndrome to date.”810-14
Furthermore, this is the first study to elucidate the pro-
portion of patients with digenic Alport syndrome, com-
pare the renal prognosis of patients with COL4A3 and
COL4A4 variants with those of ADAS patients within
the same cohort, investigate the pathological findings
in patients with COL4A3 and COL4A4 variants, and ex-
plore the genotype—phenotype relationship in patients
with COL4A3 and COL4A4 variants.

In our study, using targeted panel sequencing analysis,
another disease-causing variant was found in 1.2% of pa-
tients with XLAS and 2.8% of patients with ADAS. A recent
study reported that approximately 1% (6/417) of patients
with Alport syndrome were identified with disease-causing
variants in COL4A5 and COL4A3 or COL4A4, which was
consistent with our results.'* However, no reports have
investigated the percentage of patients with XLAS with
digenic variants or the percentage of patients with ADAS
with digenic variants. A previous large population-based
study showed that the frequency of disease-causing variants
in COL4A5 was approximately one in 2000 and that for
COL4A3 or COL4A4 was one in 100.' Considering these
frequencies, approximately 1% of patients with XLAS could
have disease-causing variants in COL4A3 or COL4A4 if
inheritance of each variant occurs independently. Similarly,
considering a frequency of one in 200 for the COL4A3
variant and one in 200 for the COL4A4, approximately
0.5% of patients with ADAS could have the other variant
of COL4A3 or COL4A4.° Although our results for the fre-
quency of COL4A5 and COL4A3 or COL4A4 variant were in
line with this estimation, that of COL4A3 and COL4A4 was
higher than the frequency estimated from population-based
study. Our study included patients with urinary abnormal-
ities, whereas a population-based study!® also included
asymptomatic patients without hematuria. Thus, our study
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may have included patients with two variants resulting in
urinary abnormalities, even if each disease-causing variant
did not independently result in urinary abnormalities. In
addition, owing to racial differences from a population-
based study,' it is possible that a higher percentage of
Japanese patients, who are the patients in this study,
have a variant in COL4A3 or COL4A4 classified as patho-
genic or likely pathogenic by ACMG. The discrepancy in the
prevalence may be due to the facts mentioned above, the
nonindependent inheritance of two disease-causing variants
on the same allele (in cis), potential random errors because of
the small sample size, or collection bias via founder effects in
our study.

In our study, patients with two heterozygous disease-
causing variants in COL4A3 and COL4A4 tended to be
detected proteinuria earlier and developed ESKD signifi-
cantly earlier than patients with ADAS reported previously
in our group.” Although there have been no reports directly
comparing the renal prognosis of digenic Alport syndrome
and ADAS, Savige et al. summarized the characteristics of 32
patients with two heterozygous disease-causing variants in
COL4A3 and COL4A4 from previous reports and showed
that ESKD occurred earlier in patients with digenic Alport
syndrome compared with those with ADAS (P = 0.01),
which is consistent with our study.® In Japan, an annual
urine screening system contributes to accurate detection of
the age at occurrence of proteinuria, which suggests that our
data concerning the age of proteinuria detection was reli-
able. The reason for the poor renal prognosis in patients with
digenic Alport syndrome seems to be that two disease-
causing variants in COL4A3 and COL4A4 result in a loss
of 75% of the collagen IV heterotrimers, whereas one
disease-causing variant in COL4A3 or COL4A4 results in
loss of 50% of these heterotrimers, as is mentioned in pre-
vious nice review papers.®1°

The phenotype can be more severe in patients with two
variants in COL4A3 and COL4A4 on the opposite allele (in
trans) compared with those on the same allele (in cis).”'#
However, in this study with a limited number of patients,
there was no significant difference between these two
groups. Further studies are required to assess whether the
two variants of the opposite allele (in trans) result in more
severe phenotypes. Identifying two variants located in trans
or cis is crucial not only for assessing severity but also for
correctly identifying and treating affected family members.

Our study also indicated that having one truncating var-
iant may not necessarily influence the severity of digenic
Alport syndrome. Whether the truncating variants are as-
sociated with the renal prognosis of patients with ARAS
remains controversial.>20-22 Large previous studies on pa-
tients with ADAS showed no association between the pres-
ence of truncating variants and renal prognosis.”-?*> There
have been no previous studies evaluating the impact of
truncating alleles on severity in patients with digenic Alport
syndrome, and further investigations are needed.

In this study, one male patient with a truncating variant in
COL4A5 developed ESKD at age 27 years, which is consis-
tent with previous studies on patients with XLAS with
truncating variants.*?%24 Our results support the hypothesis
that an additional disease-causing variant in COL4A3 or
COL4A4 may not affect the renal prognosis for patients with
XLAS with a truncating variant because a truncating variant
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in COL4Ab leads to the destruction of the collagen IV a3 and
a4 chain. %19 In addition, one female patient in the study
developed ESKD at age 27 years, whereas her daughter
with the same two variants had only mild proteinuria at the
same age. This difference may be attributed to epigenetic
factors, including skewed X inactivation, or environmental
factors. ! In addition, patients in our study with nontrun-
cating variants in COL4A5 had mild renal dysfunction and
proteinuria. None of the patients in this study, including the
male patients with XLAS, had abnormal ocular lesions. One
reason for this may be that ophthalmologic examinations
were performed by local ophthalmologists at the time of
genetic testing and abnormal findings may have been over-
looked. Owing to the small sample size, further studies with
larger cohorts could provide insights into the effect of an
additional variant in COL4A3 or COL4A4 in patients with
nontruncating variants in COL4A5.

To date, no comprehensive studies have reported a5
staining and electron microscopy findings in digenic Alport
syndrome. In this study, normal expression of a5 in GBM
was observed in all enrolled patients. Electron microscopy
revealed thin basement membrane in all patients and BWC
and lamellation in two adult male patients with renal dys-
function. Large-scale studies are needed to investigate
whether GBM changes, including BWC and lamellation,
are associated with age or disease severity in patients with
digenic Alport syndrome.

This study has several limitations. First, owing to the
retrospective study design, we could not collect information
on confounders leading to renal dysfunction, such as hy-
pertension, diabetes, and incidental glomerular disease, and
use of drugs leading to renal dysfunction, such as anti-
inflammatory drugs. Second, although the age at which
ESKD develops could be affected by treatment, such as
angiotensin-targeting drugs, we could not compare the
patients with or without treatment owing to the small
sample size. On the other hand, as angiotensin-targeting
drugs were administered after proteinuria was detected in
all cases, the use of these drugs did not affect the age at
detection of proteinuria. Third, some patients with digenic
Alport syndrome could have been overlooked in this study,
even after targeted panel sequencing analysis.

In conclusion, our findings suggest that digenic Alport
syndrome can account for approximately 1% of all Alport
syndrome cases and that the number of patients with
COL4A3 and COL4A4 variants may be higher than that of
patients with COL4A5 and COL4A3 or COL4A4 variants.
Moreover, patients with digenic Alport syndrome with
COL4A3 and COL4A4 variants can exhibit poor renal prog-
nosis. Therefore, identification of disease-causing variants is
crucial for the renal prognosis assessment and treatment of
patients with digenic Alport syndrome, as well as the de-
tection of any affected family members.
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