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Abstract

Alport syndrome (AS) is a clinically and genetically heterogeneous, progressive nephropa-
thy caused by mutations in COL4A3, COL4A4,and COL4A5, which encode type IV collagen.
The large sizes of these genes and the absence of mutation hot spots have complicated
mutational analysis by routine polymerase chain reaction (PCR)-based approaches. Here,
in order to design a rapid and effective method for the genetic diagnosis of AS, we devel-
oped a strategy by utilizing targeted capture associated with next-generation sequencing
(NGS) to analyze cOL4A3, COL4A44,and COL4A5 simultaneously in 20 AS patients. All the
coding exons and flanking sequences of COL4A3, COL4A4, and COL4AS5 from the probands
were captured followed by HiSeq 2500 sequencing. Candidate mutations were validated by
classic Sanger sequencing and quantitative (q)PCR. Sixteen patients (16/20, 75%) showed
X-linked inheritance, and four patients (4/20, 20%) showed autosomal recessive inheri-
tance. None of the individuals had autosomal-dominant AS. Fifteen novel mutations, 6
known mutations, and 2 novel fragment deletions were detected by targeted capture and
NGS. Of these novel mutations, 12, 3, and 2 mutations were detected in COL4A5, COL4A4,
and coL4A43, respectively. A comparison of the clinical manifestations caused by different
types of mutations in coL4A5 suggested that nonsense mutations and glycine substitution
by an acidic amino acid are more severe than the other missense mutations. Pathogenic
mutations were detected in 20 patients. These novel mutations can expand the genotypic
spectrum of AS. Our results demonstrated that targeted capture and NGS technology are
effective in the genetic diagnosis of AS.
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Introduction

Alport Syndrome (AS) is a type of inherited nephropathy characterized by hematuria, protein-
uria, and progressive renal failure, often associated with extrarenal manifestations such as sen-
sorineural hypoacusis and ocular abnormalities [1]. The pathogenesis of AS is genetically
heterogeneous and is caused by mutations in the genes encoding type IV collagen [2, 3]. The
03, a4 and a5 chains of type IV collagen are encoded by COL4A3, COL4A4, and COL4A5,
respectively [4]. Type IV collagen is a major constituent of the glomerular basement mem-
brane (GBM), and is composed of six kinds of homologous o chains, which assemble into
three different heterotrimers (0,010, 01304405, and 0ts0i50,) [3]. Among them, the 30405 het-
erotrimer is essential for the structure and function of the basement membrane in the glomer-
uli of the kidney, cochlea, and eye [3, 5].

The majority (about 85%) of AS patients show an X-linked dominant inheritance pattern
(XLAS, OMIM no. 301050) due to mutations in COL4A5, which is located in the Xq22 region
[6]; while the other AS patients (about 15%) show autosomal recessive inheritance (ARAS,
OMIM no. 104200) and autosomal dominant inheritance (ADAS OMIM no.203780) caused
by mutations in COL4A3 or COL4A4 located in 2q36.3 [7-11]. COL4A3, COL4A4, and
COL4A5 are large genes comprising 52, 48, and 53 exons, respectively. Thus far, 225 mutations
in COL4A3, 170 mutations in COL4A4, and 909 mutations in COL4A5 have been described
(The Human Gene Mutation Database at the Institute of Medical Genetics in Cardiff, 2016.4.
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=COL4A3; http://www.hgmd.cf.ac.uk/ac/gene.
php?gene=COL4A4; http://www.hgmd.cf.ac.uk/ac/gene.php?gene=COL4A5). These muta-
tions are spread throughout the genes without any identified mutational hot spots.

Clinically, AS is heterogeneous, and patients always present a wide variability of clinical
manifestations: the rate of progression to end-stage renal disease (ESRD) and the presence or
absence of sensorineural deafness and ocular changes [12] depends on the mutation they carry
[13-15]. In the case of XLAS, hemizygous males exhibit more severe symptoms than heterozy-
gous female patients and usually reach ESRD before the age of 30 [13]. However, the female
patients have more variable symptoms, from isolated hematuria to ESRD [16]. Individuals
homozygous for COL4A3 and COL4A4 genes resulting in ARAS have similar clinical symp-
toms and prognosis as males showing XLAS, reaching ESRD in the first or second decade of
life [17]. However, early diagnosis and therapy can improve the prognosis. Life expectancy can
be increased via early effective and safe therapy for patients with AS [4]. The clinical pheno-
types of heterozygous mutations in COL4A3 and COL4A4 are heterogeneous, and can cause
autosomal dominant AS (ADAS), thin basement membrane nephropathy (TBMN), focal seg-
mental glomerulosclerosis (FSGS) and benign familial hematuria (BFH) [18, 19]. The early
clinical manifestations of these diseases are similar, and therefore, genetic classification is criti-
cal. However, the large size of the genes and the absence of mutational hot spots have signifi-
cantly hindered mutational analysis with Sanger sequencing. Recent advances in targeted gene
capture associated with next-generation sequencing (NGS) and validated bioinformatics tools
have facilitated research and diagnostics in the field of nephrogenetics [20]. Therefore, in this
study, we developed a strategy to analyze COL4A3, COL4A4, and COL4A5 simultaneously
using targeted capture and NGS in 20 patients with AS.

Materials and methods
Patients

Twenty patients (18 males and two females) from unrelated Chinese families were elected
from 400 patients from 2011 to 2014 diagnosed with AS according to standard criteria, and
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Table 1. Clinical and pathological features of all the patients.

11D Sex

0 IN|/O ||~ WIN|=

©

[N O O O O O O Y
0N OO 0o~ W N =

© )
zgmnzzzzzgzzmz g EEE

20

Age/AO

25/24.5
15/14
9/3
25/25
18/18
21/21
23/23
13/13
15/2
12/12
13/5
23/23
14/11
37/26
14/14
36/32
22/16
17/10
23/2
14/10

URBC
(10%ml)
138
56-225
1800
140
120
46

46
110
120
15
6401200
85-226
260
80
490
16

42

77
100
300

Pro Scr HT EE RB FH
(g/24h) (mg/dI) LM EM a3,05

6.19 2.32 SH n.a. FSGS L AA P
14.25 0.64 Nor Nor FSGS L M,M P
1.14 0.60 SH n.a. FSGS L AA P
5.78 2.64 SH cC FSGS L M,A P
5.46 1.99 SH n.a. FSGS L M,A P,C
4.80 2.43 SH Nor FSGS L AA P
1.62-1.39 1.07 Nor Nor FSGS L Nor,M P
1.12 0.62 SH Nor FSGS L M,M P,C
6.88 0.89 SH Nor FSGS L AA P
1.75 0.34 Nor Nor FSGS L AA N
0.43-1.01 0.54 Nor Nor FSGS L M,M P
2.32 0.95 Nor Nor FSGS L Nor,A N
1.79 0.69 Nor Nor FSGS L AA P
1.13 1.25 SH n.a FSGS L Nor,M P
11.16 2.13 SH Iso FSGS L AA P
0.71 1.30 Nor Nor FSGS L AA N
1.22 0.79 n.a. Nor FSGS L M,M N
4.36 1.22 SH Nor FSGS L AA P
1.22 0.62 n.a. n.a. FSGS L Nor,Nor P
1.71 0.84 SH Cl FSGS L AA N

1D, individual ID; AO, age at onset; URBC, urine red blood cell (10%/ml); Pro, proteinuria(g/24h); nephritic proteinuria (defined as 24-h urine protein
excretion >3.5g); Scr, serum creatinine(mg/dL); normal renal function (defined as SCr<1.24mg/dl); RB, renal biopsy; LM, light microscope; EM, electron
microscope; 03,05, a3,a5 chains in GBM; A, absence; M, mosaic; HT, hearing test; L, lamellation; SH, sensorineural hearing loss; Nor, normal; n.a., not
available; EE, eye examination; CC, conjunctival congestion; Iso, Isoametropic; Cl, corneal injury; FH, family history; P, positive; N, negative; C:

Consanguineous.

https://doi.org/10.1371/journal.pone.0177685.t001

were enrolled in this study [21]. All these patients met Gregory’s criteria of AS, including fam-
ily history of nephritis, persistent hematuria and/or proteinuria, immunohistochemical evi-
dence of complete or partial lack of epitope of type IV collagen in glomerular or epidermal
basement membranes or both, widespread GBM ultrastructural abnormalities, and presence
or absence of ear and eye abnormalities. A brief clinical summary of the patients is shown in
Table 1.

Peripheral blood samples were collected from all the participants. This study was approved
by the Ethics Committee of Jinling Hospital and written informed consent was obtained from
patients and both parents.

Targeted capture and next-generation sequencing

A custom capture array (NimbleGen, Roche, USA) was designed to capture all exons (1,625),
splice sites, and the flanking intron sequences of 78 genes known to be associated with genetic
kidney disease, including AS. The total size of the target regions of the capture array was 0.5
Mb. The pipeline described in previous studies [22, 23] was followed to capture and enrich the
targeted sequences, prepare the sequencing library, and for NGS. Genomic DNA was extracted
from peripheral blood using the QIAamp DNA BloodMiNi Kit (Qiagen, Hilden, Germany)
and then sheared into fragments ranging from 200-300 bp using an ultrasonoscope (Covaris
S2, Massachusetts, USA). Oligonucleotide adapters from Illumina (single reads) were ligated
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to the fragments. After the ligation was complete, successful adapter ligation was confirmed by
four-cycle PCR using a high-fidelity polymerase with PCR primers containing a custom-syn-
thesized barcode sequence (8 bp) as a sample index signature. PCR was used to generate a
library for further analysis, and the DNA adapter-ligated and indexed fragments from 10
libraries were pooled and hybridized to customized oligonucleotide probes. After hybridiza-
tion of the sequencing primer, base incorporation was carried out on an Illumina Hiseq2500
platform (Illumina, San Diego, CA), following the manufacturer’s standard cluster generation
and sequencing protocols, for 90 cycles of sequencing per read, to generate paired-end reads
including 90 bps at each end and 8 bps of the index tag by BGI, Tianjin, China.

Validation of candidate mutations by Sanger sequencing and
quantitative (q)PCR

To validate the variations identified with NGS, the corresponding gene regions surrounding
the variations were amplified by PCR and sequenced by Sanger sequencing. Purified PCR
products were sequenced using the same primers and PCR conditions in both directions on
an ABI3730x] DNA sequencer and were analyzed with the sequencer software (Sequencing
Analysis 5.2). The two fragment deletions were identified by comparing the normalized
sequencing depth of each exon in the same batch. Exons with a depth ratio of specific sample
to others > 1.4 were considered to have duplication, while those with values <0.6 were consid-
ered to have fragment deletion. The cut-off value for the Z-score was 2.58. qQPCR was used to
validate the fragment deletions using Step One Plus (Applied Biosystems, CA, USA). The
primers used for the amplification of COL4A3, COL4A4,and COL4A5 are listed in S1 Table.

Function prediction and alignment analysis of missense variations

Image analyses, error estimation, and base calling were processed by using the Illumina pipe-
line (version 1.3.4) after the entire run was completed to generate primary data. Indexed prim-
ers were used to identify the different reads from different samples in the primary data, and
only reads that were perfectly matched to the theoretical adapter indexed sequences and those
that matched the theoretical primer indexed sequences with a maximum of three mismatches
were considered acceptable reads. Then, we removed a few unqualified sequences from the pri-
mary data using a local dynamic programming algorithm, which included low quality reads,
defined as reads that contained >10% N in the read length, 50% reads with a quality value of
<5 and with an average quality of <10, and adapter sequences including indexed sequences.
The remaining sequences were termed as clean reads for further analysis. Clean reads

were aligned to the reference human genomic sequence (NCBI37/gh19) of COL4A3
(NM_000091.4), COL4A4 (NM_000092.4), and COL4A5 (NM_033380.2) by using the BWA
software package (Burrows Wheeler Aligner) [24]. SNPs and INDELs were identified via the
SOAPsnp software and GATK IndelGenotyper (http://www.broadinstitute.org/gsa/wiki/
index.php/), respectively [25]. The control database used in the pipeline included the 1000
genome database (http://www.1000genomes.org), dbSNP database, and a BGI in-house data-
base, which included 2,087 normal subjects. Phylop (phyloP46wayPlacental) was used to calcu-
late the conservation of each SNP. The functional impact of missense variation was analyzed
with the PolyPhen-2 (Polymorphism Phenotyping v2.2.5) [26] and SIFT algorithm (Sorting
Intolerant From Tolerant v5.1) [27]. According to the criteria of the American College of Med-
ical Genetics, we divided the mutation sites into the following five categories: pathogenic, likely
pathogenic, benign, likely benign and uncertain significance [28].
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Results
Identification of candidate mutations in COL4A3, COL4A4, and COL4A5

A total of 272 variants and 2 fragment deletions were identified in COL4A3, COL4A4, and
COL4A5 from the 20 patients diagnosed with AS using targeted capture and NGS. Among
these variants, 90.8% (247/272) were termed as “polymorphisms” with high frequency (>0.01
in control databases). We identified 16 missense mutations, one nonsense mutation, three
frameshift mutations, and one 5'-untranslated region (UTR) mutation. Among these, six were
known mutations that had been reported previously and 15 were novel ones (Table 2); 66.67%
(14/21) were new amino acid substitutions of glycine and 9.52% (2/21) were new amino acid
substitutions of proline. These candidate mutations were validated by Sanger sequencing. The
frequencies and prediction scores of these mutations are listed in Table 2.

In AS patient IID16, in addition to a glycine substitution (G572A) in COL4A4 in the hetero-
zygous state, there was another heterozygous mutation c.-23T>G in the 5'-UTR of this gene.
This heterozygous mutation c.-23T>G was inherited by his two sons (S1 Fig, III1, and III2)
who presented persistent isolated hematuria and normal renal function. The clinical
features of these two isolated hematuria patients accorded to the diagnosis of familial benign
hematuria.

Identification of fragment deletions in COL4A5

IID3 and IID10 carried fragment deletions in COL4A5 which were validated by qPCR (Fig 1).
IID10 had no sensorineural hearing loss and the mildest glomerular injury. However, IID10
carried a heterozygous ¢.3946G>A (p.G1316S) mutation in COL4A3 (S2 Fig & Table 2) and a
hemizygous deletion of exon 44 COL4A5. These two mutations were inherited from each of
his parents, who were healthy (S2 Fig). A hemizygous deletion of exon 29 was identified in
IID3, and the deletion was inherited from his mother, who had hematuria. The sequencing
depths of COL4A5 exons of patients IID3 and IID10 are listed in S2 Table; the PCR quantifica-
tion results are shown in Fig 1.

Discussion

Of the 20 AS patients, 16 (16/20, 75%) showed X-linked inheritance (mutations in COL4A5)
and four (4/20, 20%) showed autosomal recessive inheritance (mutations in COL4A3 and
COL4A4). This ratio is similar to that reported in the literature [4]. In our study, we did not
find any individuals with ADAS caused by mutations in COL4A3 or COL4A4. Twenty-one
mutations and two fragment deletions were identified by targeted capture and NGS. Sixteen
missense mutations, one nonsense mutation, three frameshift mutations, and one 5'-UTR
mutation were identified. Among these, 15 were novel mutations and six were known muta-
tions that had been reported previously. According to the criteria of the American College of
Medical Genetics [28], the 5'-UTR mutation is an uncertain significant mutation, while the
others are pathogenic mutations. Our results showed eight glycine substitutions and two pro-
line substitutions in COL4A5, two glycine substitutions in COL4A4, and four glycine substitu-
tions in COL4A3. Analyzing the correlations of phenotype and genotype, we found that the
clinical phenotypes caused by glycine substitution by an acidic amino acid seem more severe
than by a neutral amino acid in COL4A5. Patients IID1 (with p.G1060E), IID4 (with p.G675D)
and IID15 (with p.G878E) presented relatively more severe symptoms, such as grosser hema-
turia or proteinuria, higher level of serum creatinine, more rapid progression of disease and
with extra renal manifestations (Table 1) than other patients IID7 (with p.G1229S), IID11
(with p.G669S), IID12 (with p.G1229S) and IID13 (with p.G1170V). Similar severity was

PLOS ONE | https://doi.org/10.1371/journal.pone.0177685 May 18,2017 5/11


https://doi.org/10.1371/journal.pone.0177685

2001689/ 10"auod-[eulnol/|. /g1 0 1/B10°10p//:sdny

dojs ainjewaud 3,

‘[8z] sonauaw) [eaipa|y o 869)|00 uedLBWY UO paseq aie aouedliubis [eoIUIlD JO BB 8y |

08€€€0 NN 1duosuel} 80UBIBIBI GYHTOD 260000 INN ¥dudsuel) 8ouIlel #YH 100 ' 160000 N 1dUoSueI} 80UBIBNRI £V 10D
"(eoueoyIUbIS urepsoun) s ‘(ubluag)g pue (Buibeweq) g ‘(pelolpaid Jou) d°N UOHBIHISSEID), 4,

aseqejep asnoy-ul |9g ul Aouanbai4 3 :g714,

aseqelep dNSAp ut Aousnbaid 1z,

aseqelep swouab 00| ul Aousnbai 1L id,

Targeted capture and NGS for the diagnosis of Alport Syndrome

PLOS |ox

6xSJM608d
[eAou olusboyed dN dN - : : : : d VYVOOIep8Zye Gered | Hysewel | wey 0ex3a | Sv¥10D | oezall
(€66°0) | (956°0) | (€0°0)
[eAou oueboyyed a a a 1572 #1000 : : sozeldd 1<08G6€2 asusssiw oy SyX3 | SYFI00 | 6Lall
[9AON olusboyyed dN dN - L167) 0 : : xk2€18°d QlepgL Ly Hiyseweyy | way /X3 | Sv¥10D | 8Ldll
(€80°0) | (8€€0) | (200)
[eAou olusboyyed g g a 9/€'L 82000 | ¥S00°0 | G2¥S000 | V6ELdd 9<0G1220 asuessiw | way 8egx3a | SV¥10D | Ziall
[oAou olusboyyed (na (a | a GE9'S 0 : : 38/89°d V<DEEYZ O asuassiw way Llex3 | svy100 | Ssiail
[ee] (666°0)
umouy| ousboyyed a (na | (a LIY°G 0 : 0 sogolod V<5H880g™0 osusssiw | way gexa | Svy100 | viall
[eAou ousboyyed (na (na | (0a erdend 0 : : AOLLLDd 1<D60GED osusssiw | way 6ex3a | Sv¥10D | €Lall
[1e]
umouy ousboyyed (na (a | 0a 181°G 0 : : Séeelod V<DG89E™d asuassiw way lwX3 | SY¥100 | zial
(1L0°0)
[eAou oushoyyed (ha (na a ¥2€°S 0 : : $6999°d V<5002 asusssiw oy 9zx3 | SY¥I100 | Liall
81LxSINL2EA
[eAou olusboyred dN dN - : : : : d DD1VISPESE 0860 | Hlusewely | way ZIX3 | SVY¥100 6all
[1e]
umouy ousboyyed (a (Va | (0a 18v'G 0 : : Sézelod V<DG89E™0 asuassiw way wX3 | SV#100 2qll
[o€]
umouy oueboyyed dN dN - 1851 0 : 0 xe2e4°d 1<OLLELD esussuou | way 6LX3 | SY¥10D oall
[erou ousboyyed (na (a | (0a 882'S 0 : : asz9od V<H¥2020 asuassiw way 92x3 | Sv¥10D ¥ail
(586°0)
[oAou ousboyyed a (Wa | (0a €20 0 : : 30901H°d V<DBLLED osusssiw | way 9exa | Sv#7100 Lai
[9Aou sn dN dN dN 2€9°0 : : : : D<1€2-0 d1ns JE] : PY#700 | 9Lall
(866°0)
[oAou olusboyed a (wa | (0a 9v6'¢e : : : veLlsod 0<DGLLLD asuassiw 18y ¥ex3a | yv¥100 | 9kl
(866°0)
[oAou ojusboyyed a (a | a 9v6'¢e ) ) ) vels9d 0<HS1LLD asuassiw woy ¥ex3a | ¥v¥100 sail
[erou ousboyed (a (Na | (0a Sty ) ) ) solerod V<D9¥6€0 asuassiw 1By X3 | evyI00 | oLdll
(666°0)
[eAou ousboyyed a (a | (0a L€ ) : ) d/6z19d V<D69.E0 asuassiw woy evX3 | EV¥100 8all
[61]
umouy olueboyed (a La | a 689°€ : : : d/9119d V<DB6YED asuassiw 1By ovX3 | ev#I100 zail
[62]
umouy| ouaboyyed (na (a | a Sv.'€ : : : 3/669°d V<0662 asuassiw By 9exX3 | EeVFI00 zail
[8z] @oueaijiubis ,eudd | _gydd S9jeIqOMaA B |loquiig
juswwo) leauiy -HVAH | -AIGH | p1dIS dolhud 2€4d | q2id ebad SADHd SADHD uonoung | AysobAz | @l uixg | suspn | sdwes

)

‘SYT109 PUB ‘bYHT700 ‘€VHT02 Ul pa1dalep suoleinjy g ajqel

6/11

PLOS ONE | https://doi.org/10.1371/journal.pone.0177685 May 18,2017


https://doi.org/10.1371/journal.pone.0177685.t002
https://doi.org/10.1371/journal.pone.0177685

@° PLOS | ONE

Targeted capture and NGS for the diagnosis of Alport Syndrome

RQ vs Sample
1.00 ‘
075
=}
® oso0
025
0.00
1D 3 normal male control 1 normal male control 2
Sample
Legena
COL4AS5cds29F1/R1
RQ vs Sample
1.00
075
=}
o

1D 10 normal male control 3 normal male control 4

Sample

Legend

COL4A5cds44F1/R1

Fig 1. The PCR quantification detected in 1ID3 and 1ID10. A, the PCR quantification results of 1ID3. The
comparison of quantification of exon 29 of COL4A5 between patient 11D3 and male controls. RQ, real-time
quantitative PCR. B, the PCR quantification results of 1ID10. The comparison of quantification of exon 44 of
COL4A5 between patient IID10 and male controls. RQ, real-time quantitative PCR.

https://doi.org/10.1371/journal.pone.0177685.9001

observed in the clinical phenotypes caused by truncate mutations in COL4A5. All male patients
IID6 (with p.R373*), IID18 (with p.S1371*) and IID20 (with p.P809WTs*9) presented extra
renal manifestations (Table 1). In addition, IID6 and IID18 had gross hematuria or proteinuria
and high-level serum creatinine (Table 1). IID20 exhibited modest clinical manifestations
(Table 1), possibly because of his relatively young age. However, as the sample number is not
big enough to make a meaningful conclusion, it is necessary to enlarge the sample size for get-
ting further verification in future.

The patient (IID10) with double gene mutations (p.G1316S in COL4A3 and a hemizygous
deletion in COL4A5) which were inherited from each of his healthy parents (52 Fig) had only
moderate proteinuria, microscopic hematuria, normal renal function, and no extra renal man-
ifestations. However, Mencarelli et al reported that double heterozygotes have more severe
phenotypes, such as progression to ESRD by age 44 and sensorineural hearing loss, than indi-
viduals with heterozygous mutations in COL4A5 (in women) or COL4A4 [33]. As the modest
clinical symptoms of IID10, the phenotype of this patient could be caused mainly by the
COL4A5 deletion while COL4A3 mutation, as an incidental finding, probably played an insig-
nificant role in the patient. However, considering his young age, further follow-up is necessi-
tated for his clinical symptoms.
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The individuals with heterozygous mutations of COL4A3 or COL4A4 exhibit a broad range
of phenotypes. Recent studies have shown that about 40% patients with FBH [34], 10% of
familial FSGS patients [35], and <5% AS patients carry heterozygous mutations in COL4A3 or
COL4A4 [18]. In our study, compound heterozygous mutations p.G997E and p.G1167R in
COL4A3 were identified in the ARAS patient IID2. Interestingly, Xie et al reported p.G997E
heterozygous mutations in an FSGS patient, and the pathological manifestations showed typi-
cal focal segmental glomerulosclerosis [29]. However, the patient IID2, whose renal biopsy
showed lamellation changes of the GBM and significantly decreased expression of the o5
chain in GBM, was diagnosed with ARAS. A similar situation was observed in the family of
patient IID16. The proband carried two mutations in COL4A4 (p.G572A and c. -23T>G) and
was diagnosed with AS. Both his sons (S1 Fig, III1, and II12) with heterozygous mutations
(c. -23T>G) inherited from their father, presented isolated hematuria and accorded to the
clinical features of FBH. As the mutations in COL4A3 or COL4A4 are heterozygous, half of the
03 or a4 chains in the a304a5 heterotrimers of type IV collagen have a normal structure.
Therefore, carriers of heterozygous mutations presented mild phenotype clinically. Thus, these
carriers are different from the asymptomatic heterozygous carriers of some recessive metabolic
diseases such as phenylketonuria. On the basis of these two cases, we proposed that FBH, AS
and partial FSGS are type IV collagen-related disorders, and patients who carry a single hetero-
zygous mutation or compound heterozygous mutations may present independent diseases.

Genetic testing is of great and increasing importance for diagnosing AS, and it has some
advantages over conventional methods. Compared with renal biopsy, using DNA extracted
from peripheral blood for genetic analysis is much less invasive for patients, especially for chil-
dren. The sequencing results are independent of the stage of disease and the age of the pro-
band. In addition, genetic testing is helpful in clinical diagnosis, especially in sporadic patients
or patients whose renal biopsy data not available.

In conclusion, based on targeted capture and NGS, 17 new mutations in genes encoding
type IV collagen were identified in 20 AS patients which will be added to the mutation spec-
trums of COL4A3, COL4A4 and COL4A5 related to AS. Therefore, combining genetic test with
clinical and pathological phenotype, comprehensive diagnosis of AS can be performed at the
individual, tissue and molecular levels.

Supporting information

S1 Fig. Pedigree structure of the IID16 family. Squares indicate males and circles indicate
females. White symbols indicate individuals without clinical features of the AS disease. Filled
gray symbols denote individuals with isolated hematuria or slightly abnormal urine analysis.
Filled black symbols denote individuals with hematuria and/or proteinuria, renal failure enven
urinaemia. IID, individual ID. The arrows indicate the proband of the family. The horizontal
line stand for marriage and double horizontal line stands for consanguineous marriage.

(TTF)

S2 Fig. Pedigree structure of the IID3 and IID10 family.
(TIF)

S1 Table. Primers used in this study.
(DOC)

$2 Table. The value of sequencing depth of COL4A5 exons of patient IID3 and patient
IID10.
(DOC)
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