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Objective: IgA nephropathy (IgAN) is the prevailing primary glomerulonephritis globally and is the key factor contributing to the
onset of chronic kidney disease and eventual progression to end-stage renal disease. This study aims to explore the mutated gene in
a familial case of IgAN, especially COL4A3.

Methods: Family lineages diagnosed with familial [gAN at the Longyan First Hospital of Fujian Medical University were selected for
this study, followed by comprehensive whole exome sequencing. After obtaining the sequencing data, bioinformatics analyses were
conducted to discern potential mutated genes. These findings within the familial lineages were validated using Sanger sequencing to
identify IgAN-associated mutated genes, based on literature references and in accordance with the genetic variation classification
criteria determined by the American College of Medical Genetics and Genomics.

Results: Whole exome sequencing analysis of familial IgAN family lineages led to the identification of a total of 212,187 single
nucleotide variant/insertion-deletion mutation sites, annotated using ANNOVAR. These sites were screened targeting four mutated
genes, revealing three mutations of undetermined significance along with a single disease-causing mutation: a heterozygous disease-
causing mutation within COL4A3 (p.G1167R). This mutation manifested across seven family members within the group, encompass-
ing both family members diagnosed with kidney disease and those serving as normal carriers. Notably, one additional family member
with [gAN within the familial lineage exhibited an absence of the pathogenic mutation.

Conclusion: This study identified four mutated genes that may be involved in the onset and progression of IgAN, further revealing
the complex multigenic inheritance characteristics of IgAN. The underlying mechanisms of the disease require further investigation.
Additionally, we discovered potential mutations associated with known genetic kidney diseases, such as COL4A3 mutations.
Therefore, we recommend comprehensive genetic screening in familial cases of IgAN to improve disease diagnosis and facilitate
genetic counseling.
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Introduction

Primary IgA nephropathy (IgAN) represents a clinically significant immunopathological syndrome characterized by the
primary manifestation of IgA or IgA-based immunoglobulins within the glomerular mesangial region. It is the most
prevalent primary glomerular disorder globally.! Despite the typically slow progression observed in the most cases,
a notable subset of patients—approximately 25% to 30% —experience renal failure within a span of 20 to 25 years
following disease onset, a consequence of the yet incompletely elucidated pathogenesis.”* This lack of understanding,
diagnostic precision, and effective therapeutic methods constitutes the principal driver behind the chronic kidney disease
and end-stage renal disease (ESRD) burden, imposing substantial socioeconomic strains on both healthcare systems and
patients. It is worth noting that the incidence of [gAN demonstrates marked familial clustering and racial differences.
Notably, first-degree relatives of individuals with I[gAN exhibit an increased susceptibility to the disorder.
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Predominantly prevalent among East Asians, followed by Europeans, IgAN exhibits a low incidence rate among
individuals of African descent, thereby underscoring the profound influence of genetic factors in disease pathogenesis.*
' With the widespread integration of second-generation sequencing technology, the research of hereditary kidney
disorders has witnessed remarkable advancement. Presently, extensive studies have implicated nearly 30 susceptibility
genes in sporadic IgAN."""'® However, research relating to familial IgAN remains notably scarce, necessitating further
assessment of the genetic underpinnings of IgAN.

Familial IgAN presents an increased risk of progression to ESRD when compared to sporadic cases. Recent chain
analyses have pinpointed several loci of significant relevance, including 2q36, 3p23-24, 4q26-31, 6q22-23, and 17q12-
221972 yet they fail to definitively delineate the causal genes.” Data from studies have indicated that changes in type IV
collagen are present in approximately 20% of familial IgAN cases, encompassing variants within COL4A3/COL4A4
genes, and to a lesser extent, COL4AS5 variants. Conversely, the likelihood of concurrent mutations in type IV collagen
genes in sporadic IgAN is less than 10%. Situated within the chromosome 2q36 region, the COL4A3/COL4A4 genes
exhibit significant association with IgAN. However, the precise relationship between IgAN and mutations in type IV
collagen genes remains ambiguous, as IgAN has not been historically classified among diseases linked to mutations in
type IV collagen genes as per existing literature.

In the current study, comprehensive whole exome sequencing analysis of a familial [gAN lineage in China identified
four susceptibility genes, comprising three notably unidentified mutant genes along with one pathogenic mutation within
the type IV collagen gene, COL4A3 (p.G1167R). This underscores the genetic complexity inherent to IgAN, with
a broad spectrum of mutation phenotypes observed within type IV collagen genes. Consequently, there is a pressing need
to broaden the spectrum of mutation phenotypes targeted in screening efforts and to contemplate diseases concomitant
with mutations in type IV collagen genes within the Alport syndrome (AS).

Materials and Methods

Study Materials

Study Participants

Participants for the study were selected from a familial IgAN lineage diagnosed at Longyan First Affiliated Hospital of
Fujian Medical University. The family, comprising 18 members, encompassed 10 males and 8 females, with ages
spanning from 8 to 71 years. Ethical principles outlined in the Declaration of Helsinki were adhered to in the study,
which received approval from the Ethics Committee of the hospital under acceptance number [2022] Lun Audit Scientific
Research No. (168). Informed consent forms were signed by all participants.

Inclusion and Exclusion Criteria

This study included family lines meeting the diagnostic criteria for familial IgAN. Diagnostic criteria included
confirmation of IgAN through renal biopsy tissue examination in two or more related family members within the
same family.”>**?® Exclusion criteria encompassed secondary IgAN resulting from allergic purpura, systemic lupus
erythematosus, Sjogren’s syndrome, ankylosing spondylitis, malignant tumors, psoriasis, chronic liver disease, infectious
diseases such as tuberculosis, HIV infection, and other conditions.

Renal Pathology Experimental Methods

Percutaneous Renal Biopsy

Renal biopsy specimens include more than 10 glomeruli. All specimens undergo staining with hematoxylin-eosin (HE),
periodic acid-Schiff (PAS), periodic acid-methenamine silver (PAM), and Masson’s trichrome. Immunofluorescence
staining is performed for IgG, IgA, 1gM, C3, C4, and Clq.

Light Microscopy
Renal tissues are fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned continuously at a thickness of
2 pum. Sections are stained with HE, PAS, PASM, and Masson stains according to the following protocols:
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PASM Staining

1: Dewaxing and hydration; 2: Periodic acid oxidation; 3: Methenamine silver staining; 4:2% sodium thiosulfate
treatment; 5: Hematoxylin counterstaining; 6: Dehydration and clearing; 7: Mounting; 8: Microscopic observation.1.3.3
Immunopathology: Direct immunofluorescence is performed using frozen sections (3—5 um thick). The sections are air-
dried at room temperature and fixed in acetone at 4°C. After washing with PBS, fluorochrome-labeled antibodies are
added. The slides are incubated at 37°C in an incubator. Unbound antibodies are washed off with PBS, and the sections
are observed under a fluorescence microscope.

Electron Microscopy

The specimens are cut into small pieces measuring 1 mm x I mm x 1 mm. The tissue, pre-fixed in 3% glutaraldehyde, is
further sectioned into ultrathin slices about 50 nm thick. The sections are double-stained with uranyl acetate and lead
citrate and observed using a transmission electron microscope.

Research Method

General Data Collection

Detailed medical histories were obtained from the family members. Review of hospitalization data and outpatient records
was conducted, along with auxiliary examinations, encompassing blood routine, biochemistry, urine sediment analysis,
urinary CT, skin type IV collagen biopsy for certain members, and immunofluorescence to detect type IV collagen
expression. Furthermore, ocular examination, pure tone audiometry, and other relevant tests were conducted.

Whole Exome Sequencing and Bioinformatics Analysis

Following informed consent from participants with pre-existing conditions and their family members, peripheral blood
samples ranging from 2 mL to 5 mL were extracted and stored at —80 °C for an extended period. Genomic DNA
extraction was performed based on the instructions provided by the manufacturer in the kit manufactured by Sangon
Biotech (Shanghai) Co., Ltd. Peripheral blood samples were collected from a total of 10 family members, including the
core participants and control members (1:1/1:2/1:3/1:4/11:2/11: 1/11:4/11:5), for whole exome sequencing.

The Agilent 12g high-depth kit was uniformly used to generate raw data. Quality assessment of the sequencing data
was conducted visually using FastQC and analyzed in comparison with the reference genome (hg38). This analysis
involved assessing the ratio of Q20 and Q30 sequences, average depth of coverage, and ratio of exon regions covered by
1X~100X. After ensuring data quality and reliability, the GATK HaplotypeCaller method was used to detect single
nucleotide variant (SNV)/insertion-deletion (InDel). Subsequently, all known information regarding SNV/InDel loci was
compared and analyzed using ANNOVAR to assess variant frequency, functional characteristics, conservation, patho-
genicity and so on. Screening for mutated genes among all SNV/InDel variants was performed through case and control
analysis using human population databases (Alt(1000g), ExXAC, gnomAD), and computerized prediction software (SIFT,
PolyPhen-2, MutationTaster, CADD).

In this study, 5 participants (I:1/1:4/11: 1/11:2/11:5) were considered as family cases, with at least 4 cases carrying the
mutated gene, and 2 outgroup members (I:2/I1:7) were used as controls to identify IgAN-related mutated genes. The
detailed process is illustrated in Figure 1. Finally, mutated genes were screened based on previous literature reports and
American College of Medical Genetics and Genomics (ACMG) criteria.

The Alt(1000g) database (http://www.internationalgenome.org/) represents the first database based on extensive data

from numerous individual genomes, providing a comprehensive resource of human genetic and mutation data. ExAc
(http://exac.broadinstitute.org/) is a collaboration among international researchers compiling complete exon sequences

from 60,706 individuals and related genetic information into a mutation database. GnomAD (https://gnomad.broad

institute.org/) is a resource developed by an international consortium of researchers, housing a dataset containing
123,136 exon sequences and 15,496 whole genome sequences from unrelated individuals.
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT (http://sift.jcvi.org) are tools used for predicting

whether missense mutations (mutations resulting in changes in amino acids) lead to changes in protein structure or
function. MutationTaster is another commonly used tool for this purpose, accessible at http://www.mutationtaster.org/,
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Figure | Screening Process.
Notes: Alt(1000g), EXAC, gnomAD represent population databases, SIFT: D (damaging); Polyphen2_HDIV: D (probably damaging); MutationTaster: (A = disease causing
automatically, D = disease causing); Cadd 2 20: pathogenic.

used to predict whether a mutation affects transcriptional shearing, among other factors. Category III (CADD) is
a comprehensive prediction tool facilitating quantitative ranking of functional, deleterious, and disease-causing variants
across various functional categories, effect sizes, and genetic structures.”* Suggested pathogenicity thresholds for
selection include: Polyphen2 HDIV (official annotation, B = benign, P = possibly damaging, D = probably damaging),
SIFT (official annotation, D = damaging, T = tolerated), MutationTaster (official Note, A = disease causing automatic,
D = disease causing, N = polymorphism, P = polymorphism automatic), and CAdd > 20.>* The ACMG Genetic
Variation Classification Criteria and Guidelines for Interpretation of Screened Variant Loci categorize pathogenicity as
follows: pathogenic, likely pathogenic, benign, likely benign, and of uncertain significance.

Sanger Sequencing for Lineage Validation

Mutated genes were identified based on a bioinformatics analysis. Gene mutation results of all family members were
acquired through the design of specific primers, PCR amplification, and subsequent sequencing. Following this, the
results of Sanger sequencing validation were analyzed. By integrating these findings with genealogical charts, we
determined the carrier status of the detected gene variants within the family lineage.

Results

General Results
After clinical investigation, inquiry about family history, and retrieval of outpatient and inpatient treatment data from our
hospital and other hospitals, 18 family members were included in the study. Among them, IgAN was diagnosed in 3
cases (II:1/11:2/111:6) following renal puncture biopsy, while 2 cases (I:1/1:4) were diagnosed with ESRD and underwent
hemodialysis for treatment, and 1 case (II:5) exhibited renal puncture biopsy pathology indicating thin basement
membrane nephropathy. In total, renal disease was present in 6 patients. The remaining 3 cases (I:3/111:1/111:4) exhibited
a single abnormal urinalysis with an unknown phenotype. Details of the family lineage chart are presented in Figure 2,
and renal puncture pathology details are provided in Figure 3 Participant II:1 information is unavailable, and there are no
high-definition pathology charts.

As described below, presenter (11:2), a 33-year-old male, with a history of “foamy urine for 1 year”, presented to our
clinic in September 2022. No history of hypertension or diabetes mellitus was reported. Occult blood and proteinuria,
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gene; (B) ZNF107 gene; (C) ZICS5 gene; and (D) WDR76 gene. Members not labeled in the figure: no blood specimens were collected.

Figure 2 Familial IgAN lineage map. Individual wild-type genes are represented by letters A, B, C, and D, while mutant genes are indicated by A*, B¥, C*, D*. (A) COL4A3
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Figure 3 Renal pathology information.

Notes: (A-C) Correspond to light microscopic PASM staining, immunofluorescence, and electron microscopy images of family member 1I:2, respectively. These images
reveal partial glomerulosclerosis, with IgA deposition (2+) along the tethered membrane, along with segmental thinning of the basement membrane. The diagnosis rendered
is IgA nephropathy, classified according to Lee’s grading as grade Ill. (D-F) Correspond to electron microscopic PASM staining, immunofluorescence, and electron
microscopy images of family member II:5, respectively. While light microscopy findings were nonspecific, fluorescence revealed the presence of IgA, IgG, IgM, C3, with
negative staining for Clq. Electron microscopy unveiled diffuse thinning of the basement membrane, measuring approximately 140 to 200 nm in thickness, with an intact
dense layer devoid of tearing or layering changes. Notably, segmental fusion of the pedicle was observed. (G-I) Depict light microscopic PASM staining, immunofluorescence,
and electron microscopy images of family member Il1:6 respectively. Notably, these images showcase focal proliferative IgA nephropathy characterized by diffuse, globular IgA
deposition (++) along the tethered zone. Notably, no discernible thickening or thinning of the glomerular basement membrane is observed. The diagnosis provided is IgA
nephropathy, with Lee’s grading indicating grade lIl.

with polymorphic erythrocytes, were observed in outpatient and inpatient urinalysis results. The 24-hour urinary protein
was measured at 3961 mg/24 hours, urine volume at 23.38 dL, and creatinine levels were normal. Furthermore, he tested
negative for anti-neutrophil cytoplasmic antibody (ANCA), anti-glomerular basement membrane IgM antibody, immune
set, viral hepatitis-related antibody, infectious pathogenetic antibody, tumor index, immunofixation electrophoresis,
complement C3, C4, IgA, IgM, IgG, etc. A renal puncture biopsy was performed, revealing IgAN (Figure 3).
Following treatment with an angiotensin-converting enzyme inhibitor (ACEI) or angiotensin II receptor antagonist
(ARB), the 24-hour urine protein was reduced to 770 mg/24h in May 2023, with the 24-hour urine volume measuring
27.5 dL.

Five additional cases of renal disease were identified within the family, each with distinct medical histories:

The mother (I:1) underwent a renal biopsy at the age of 40, revealing pathology indicative of nephritis (pathology
report was lost). At the age of 59, she developed chronic kidney disease stage 5 and commenced regular hemodialysis at
age 60.

The brother (II:1) was diagnosed with proteinuria at age 29, with a history of long-term hypertension. His 24-hour
urine protein measured 3.088 g, and creatinine level was 78 pumol/L. Renal puncture biopsy pathology indicated IgAN.
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Treatment included 60 mg of prednisone, gradually tapered, along with ACEI/ARB therapy. Subsequent reviews of 24-
hour urine protein indicated levels below 0.5 g, with normal creatinine levels.

The maternal aunt (I:4), aged 67, was hospitalized due to abdominal pain and nausea. With a history of hypertension
for over 7 years, tests revealed creatinine levels of 414 umol/L and urea nitrogen levels of 19.5 pmol/L. A CT scan
indicated bilateral renal atrophy, indicating stage 5 chronic kidney disease. She was admitted for hemodialysis 2 years
later; however, a renal biopsy was not performed.

A distant cousin (II:5), aged 49, underwent routine urine tests revealing proteinuria and hematuria across multiple
medical facilities. The cousin was admitted to Longyan First Affiliated Hospital of Fujian Medical University in
March 2024 due to persistent urinalysis abnormalities and a history of abdominal pain and nausea. 24-hour urine protein
measured 2655.35 mg/24 h and creatinine 50 pmol/L. Renal puncture biopsy revealed IgA, IgG, IgM, C3, Clq (-) under
fluorescence, along with diffuse thinning of the basement membrane observed under an electron microscope. Diagnosis:
thin basement membrane nephropathy. Treatment included ARB therapy and renal preservation.

Another distant cousin (II1:6), aged 18, presented with “foamy urine, occasionally with hematuria for six months”. On
admission to the hospital, urinary protein measured 2+, occult blood 2+, erythrocyte count 288.40/ul, 24-hour urinary
protein 756.6 mg, and urinary output 6.5 dL. Renal biopsy puncture indicated IgAN.

Routine blood tests, biochemistry analysis, urinalysis with sediment analysis, urinary CT scans, and ultrasound
examinations of the urinary system were conducted for all family members. Abnormalities in urinalysis were identified
in 4 members (II:1/I[:2/I1:5/111:6), and 2 cases (I:1/1:4) progressed to ESRD with renal atrophy, totaling 6 family
members with renal disorders. This observation aligned with the family history concerning the diagnosis and manage-
ment of renal conditions. Additionally, 3 other cases (I:3/III:1/II1:5/111:4) exhibited abnormal urinalysis results.
Recommendations were made to conduct multiple reviews of urinalysis and urine sediment. However, three members

declined, hindering the clarification of the clinical phenotype. Specific results are detailed in Table 1.

Table | Clinical Information of Family Members

Patients | Sex | Age(a/b) | Hgb | u-RBC | u-Pro | Scr | 24h-UTP | Renal CT
Il F 64/40 94 18.4 1+ 625 Non *)
I:4 F 71167 104 15.2 2+ 703 Non *)
1:2 M 34/33 143 303.9 2+ 76 3.088 -)
I:1 M 41129 123 135.8 I+ 79 3.916 -)
I1:5 F 49 137 256 2+ 46 2.655 (-)
I:3 M 62 162 O] 1+ 76 Non -)
I1:4 F 51 145 O] ) 58 Non (-)
12 M 70 122 ) ) 57 Non (-)
I1:3 M 37 171 O] ) 65 Non -)
I1:6 M 48 158 O] ) 75 Non (-)
1:7 F 45 136 ) ) 58 Non -)
i1 F 12 122 15.7 ) 47 Non (-)
l:2 F 8 137 () ) 35 Non -)
13 M 9 151 O] ) 43 Non -)
11:4 F 9 134 206.4 ) 35 Non -)
l:5 M 12 153 () ) 51 Non -)
I:6 M 8/24 158 (-) ) 71 0.756 (-)
11:8 M 42 166 O] ) 68 Non -)

Notes: Sex: F: female, M: male. Age (a/b): a: present age, b: age of onset; Hgb: Hemoglobin, unit: g/L, normal
value: 130-175g/L for male, 113-151g/L for female; u-RBC: Urinary red blood cell count, unit/ul, (-) indicates
normal value, male 0-9.9/ul, female 0—14.8/ul; u-Pro: Urinary protein. Scr: Serum Creatinine, unit: umol/L,
normal value: 57-97 umol/L for male, 40—120 umol/L for female; 24h-UTP: 24-hour urinary protein quantity.
Renal CT: (*) represents renal atrophy, (-) represents no renal atrophy.
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Furthermore, skin type IV collagen biopsies were performed on three members (II:1, I1I:2, and 11:3), revealing the
following: absence of anti-a5(IV) monoclonal antibody, anterior cone lens, peripapillary macular dots, speckled retinas,
and other eye lesions. Pure tone audiometry results were within normal limits, as depicted in Figure 4.

Results of Whole Exome Sequencing and Bioinformatics Analysis

Raw Data Quality Assessment and Comparison Analysis

Peripheral blood samples were collected from 10 core and control members (I:1/1:2/1:3/1:4/11:2/11: 1/11:4/11:5/11: 7/111:3).
Initial confirmation of kinship relationships was conducted, as depicted in Figure 5. The markers demonstrated accuracy
and consistency within the specimens and among the members. Whole exome sequencing was executed to analyze and
extract raw data. FastQC software was used to assess the raw data quality. The proportion of sequencing base quality
above Q30 exceeded 95%, indicating adherence to quality standards. During comparison analysis, approximately 99% of
filtered reads were identified in relation to the total number of genomes read. Furthermore, the exon region coverage by
comparison sequences at 20X exceeded 96%, affirming data reliability. Additional details are provided in Table 2.

Results of Bioinformatics Analysis

SNP/InDel mutations totaled 212,187. Figure 6 reveals the distribution of these mutations across all regional loci.
Following bioinformatics analysis and screening, as described in Figure 1 in the Materials and Methods section, 5
mutation genes were identified: ZNF107 (p.C707R), ZIC5 (p.R76C), WDR76 (p.S614G), COL4A3 (p.G1167R), and
KYAT3 (p.R44Q). Table 3 contains data on specific mutations. These genes, located in exons, have non-synonymous
mutations with a frequency of less than 1% in common population databases, indicating that they are uncommon
variants. The results of various computer prediction software tools, including SIFT, Polyphen2 HDIV, MutationTaster,

and Cadd, indicate that these mutations are harmful.
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Figure 4 Eye examination and pure tone audiometry for lI:1, 11:2 and 1I:3.
Notes: (A—-C) Represent the results of eye examination and pure tone audiometry conducted on family member II:2. (D—F) Depict the findings of eye examination and pure
tone audiometry for family member II:3. Finally, (G-I) Correspond to the outcomes of eye examination and pure tone audiometry of family member II:1.

9276 e Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Lin et al

Sample Relationship (Based On King software)

06 1.0 14 02 06 10 02 06 10 02 06 1000 04 08 00 04 08 00 04 08 00 04 08 00 04 08 00 04 08 00 04 08
:r_lllllllll!llll 11 1 1 1111 1111 11111 11111 ) T ') 11111 Illll_
21| 1 1||0.1359 || 0.2495 | | 0.2402 0.0293 | | -0.0134 -0.0046 | | 0.268 L

| 4 02391 || 0.1345 | | -0.0092 | | 0.0312 | | -0.00s9 | [ 0.1381 | | 02471

Il 11102512 |00388||00153 || 02424 | | 0.0216 | | -00017| | 0.1302 | | 0.0356 |

Il 2100313 ||7e-04]|| 02463 | | 0.0263 | | -0.0083 | | 0.1221 | | 0.0253 |

Il 5 -0.0114 | | 0.0108 | | -0.0013 0.223F
Ill_6||-o0o1ss||7e-04||02385||0.0326 | |0.114 E

I 2 -0.0127 -0.0091 -0.014 -0.0054 E

|||_3 -0.0101 O 1 0.0219 E

Il 7 11-0.0011 ~0.0021 [

>0.354 = duplicate/MZ twin :
[0.177,0.354] = 1st-degree | 3 ;
[0.0884, 0.177] = 2nd-degree 4
l_4t

0?0 I 0'4 I 0'8 "

Figure 5 Genetic Diagram.

Note: The larger the value, the closer the genetic relationship.

Results of Sanger Validation Analysis
In this study, 5 mutated genes were screened for family lineage validation, and Sanger sequencing was conducted on 17
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family members. Results revealed that carriers of the KYAT3 (p.R44Q) mutation genes within the family lineage

Table 2 Data Quality Control and Comparative Analysis Table

Sample | Total Reads | Q30(RIl) | Q30(R2) | Reads ratio | Target(20X) | Coverage
H 56,206,524 98.37% 97.91% 99.71% 0.97792 174X
I:4 60,162,598 98.26% 98.21% 99.74% 0.97977 186X
I:1 45,400,628 98.30% 98.09% 99.69% 0.96224 137X
11:2 45,687,779 98.26% 98.05% 99.66% 0.96323 142X
1I:5 50,957,759 98.40% 98.26% 99.74% 0.96954 158X
12 55,780,922 98.25% 97.95% 99.68% 0.9754 172X
1:3 5,024,937 98.36% 98.05% 99.72% 0.97349 153X
11:7 51,330,015 98.22% 97.76% 99.59% 0.97287 154X
1:3 50,573,461 98.18% 97.99% 99.55% 0.96936 155X
11:4 54,020,759 98.23% 97.96% 99.64% 0.97738 165X

Notes: Total Reads: The total count of original sequences obtained. Q30: The percentage of sequences with a sequencing
quality value of Q30 or higher in the original dataset. R| and R2: Represent the paired-end sequencing results. Reads Ratio:
The ratio of filtered reads to the total number of reads in the genome. Target (20X): The proportion of the exon region
covered by reads with at least 20X coverage. Coverage: The average depth of coverage across the targeted regions.
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nonsynonymous SNV (48.15%)
synonymous SNV (47.17%)
unknown(1.11%)
nonframeshift deletion(1.09%)
nonframeshift insertion(0.8%)
frameshift deletion(0.68%)
stopgain(0.55%)

frameshift insertion(0.39%)
stoploss(0.06%)
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Figure 6 Proportional distribution of SNV/InDel loci on different regions.
encompassed 1:1/1:4/11: 1/11:2/11:6/111: 1 /I11:5/111:6, which were prevalent among control members and thus excluded. Four

IgAN-associated mutated genes were identified, with details of family validation presented in Figure. Among these, the
COL4A3 (p.G1167R) pathogenic mutation had been previously reported in the literature and is classified as a pathogenic

Table 3 Results of Susceptibility Gene Screening

Gene ZNF107 ZIC5 COL4A3 KYAT3 WDR76
Items
Chromosome position 7ql1.2 13g32.2 2q36.3 1p22.2 15q15.3
Transcript NM_001282359 | NM_033132 | NM_000091 | NM_001349448 | NM_024908
Exon Exon4 exonl exon40 Exon4 exonl3
DNA c2119T>C c226C>T c.3499G>A cI131G>A c.|840A>G
Protein p.C707R p-R76C p-Gl167R p-R44Q p.S614G
Function Nonsym. Nonsym. Nonsym. Nonsym. Nonsym.
GQ | | | | H
SnpCall H H H H |
Alt(1000g) 0.00039936 0.0001 0.0001 0.004393 0.0037939
Exac 0.00005004 0.0001 0.0001 0.0022 0.0016
gnomAD 0.00007206 0.0000207 | 0.000008017 0.0022 0.0016
SIFT_score D D D D D
Polyphen2_HDIV D D D D D
MutationTaster D D D D D
Cadd 23.1 25.4 32 29.6 26.4
Intervar VUs VUs P VUs VUs

Notes: SnpCall: We used the GATK method for SNP calling. Loci called by this method were labeled as “H”. However, if the
locus was identified as a short tandem repeat (STR), or if there was an STR within a 50bp vicinity, or if there was an indel within
3bp nearby, it was downgraded by one level to “M”. GQ (Genotyping Quality) denotes the overall typing quality of the mutant
locus, indicating the proportion of samples with typing quality greater than 20 for the locus within the project. Nonsym. refers to
missense mutation or non-synonymous mutation. Intervar provides information on the clinical interpretation of the mutation
based on the ACMG scoring rules. The classifications include: P: pathogenic LP: suspected to be pathogenic; VUS: of undeter-
mined significance. Details regarding Alt(1000g), EXAC, gnomAD, MutationTaster, PolyPhen-2 hDIV, SIFT, and CADD information
can be found in the Screening Process section of the Materials and Methods.
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variant based on the ACMG criteria. This mutation was carried by 7 family members, specifically I:1, I:3, I:4, II:1, 11:2,
II:4, and II:5. It was present in all 7 members who were normal carriers of IgAN, ESRD, and thin basement membrane
nephropathy (TBMN). The remaining 10 members exhibited normal COL4A3, among which III:6 (IgAN) did not carry
the COL4A3 (p.G1167R) disease-causing mutation. The status of the remaining 4 members has not been reported and is
classified as of undetermined significance based on the ACMG criteria.

Discussion

In this study, a Chinese familial lineage predisposed to IgAN, encompassing 16 immediate family members was
analyzed. Among them, 6 family members exhibited renal disease, with 2 already progressing to ESRD, while the
remaining 3 manifested abnormalities evident in a single urinalysis. The recurrent incidence of renal failure within this
familial cluster, indicative of familial aggregation, is significant. Consequently, comprehensive whole exome sequencing
coupled with bioinformatics screening was conducted on 10 members of this family lineage. The analysis revealed 4
mutated genes, comprising 1 pathogenic mutation and 3 mutations of indeterminate significance. The significant mutation
sites of the 3 genes of indeterminate significance (ZNF107, ZIC5, and WDR76) have not previously been reported. These
genes typically regulate transcription and maintain genome integrity.”> >* Despite these discoveries, our family validation
results did not reveal a distinct phenotype attributable to individual genes nor a discernible gene co-segregation
phenomenon. Therefore, subsequent analyses of the immune network are warranted. Further validation through basic
experiments and ancillary tests will be pivotal in delineating their pathogenicity.

Notably, Cox et al*’ documented the presence of 1-5 mutated genes in each of 8 IgAN families in their assessment of
multiple rare genetic variants and co-segregation in IgAN. The singular gene within the familial lineages did not conform
to the co-segregation pattern but demonstrated co-segregation when considered in conjunction with other genes. This
observation resonates with our findings and previous literature reports. It underscores the notion that this complex and
prevalent disease may not be ascribable to a solitary gene or variant; rather, the cumulative impact of rare variants
necessitates consideration.

In this study, we identified the COL4A3 (p.G1167R) pathogenic mutation, characterized by a glycine missense
mutation within COL4A3. This mutation has a key role in the formation of the triple helix structure of type IV collagen
(a304a5). Notably, the (a3a4a5) heterotrimeric type IV collagen constitutes a significant component in the assembly of
basement membranes across various tissues such as the glomerular basement membranes, eyes and ears. Upon mutation
of the (a3a4a5) subtype of type IV collagen, the normal structural integrity of the glomerular basement membrane
collagen network is compromised, resulting in glomerular filtration dysfunction and precipitating AS. The familial
lineage under scrutiny harbors a pathogenic mutation in type IV collagen and exhibits a history of renal failure. Through
analysis of the family tree, coupled with skin biopsy for type IV collagen, ocular examinations, and pure tone audiometry,
a definitive diagnosis of autosomal dominant Alport syndrome (ADAS) was established.’®”' The glycine missense
pathogenic mutation occurring at the 40th coding region of the COL4A3 gene has been documented in four papers.>* >
It has been associated with AS, focal segmental glomerular sclerosis (FSGS), and thin basement membrane nephropathy
(TBMN). Notably, our study marks the first instance where this mutation has been linked to IgAN.

Within the family lineage, 3 family members (IL:1/11:2/111:6) were diagnosed with IgA nephropathy (IgAN). Among
them, II:1 and II:2 were carrying the COL4A3 (p.G1167R) mutation, while III:6 did not possess this pathogenic
mutation. Notably, II:1 and II:2 were siblings, whose mother was diagnosed with ESRD and harbored the pathogenic
mutation of this gene, consistent with autosomal dominant inheritance. Conversely, the parents of IIIl:6—who was
diagnosed with IgAN, served as normal controls.

Initial analysis of inheritance patterns suggested an autosomal recessive model; however, upon comprehensive
assessment of the family tree, an autosomal dominant pattern of inheritance emerged as more plausible, although the
possibility of sporadic [gAN could not be entirely dismissed. Renal pathology assessments revealed distinct findings: 11:2
exhibited IgA immunofluorescence deposition at 2+ intensity, along with segmental thinning of a portion of the basement
membrane observed under electron microscopy. Conversely, II1:6 displayed IgA immunofluorescence deposition at 3+
intensity, without any discernible thickening or thinning of the basement membrane. Yuan et al*® reported that 31% of
patients diagnosed with IgAN with thin basement membrane lesions exhibited mutations in the type IV collagen gene and
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displayed fewer typical IgAN characteristics, such as diminished IgA deposition, compared to those lacking thin
basement membrane lesions, which corroborates our findings. Consequently, III:6 was classified as having sporadic
IgAN, in contrast to II:1 and II:2, indicating a potential divergence in the pathogenesis of [gAN within the same family
lineage. This observation underscores the complex nature of IgAN as a polygenic disorder, influenced by both environ-
mental and genetic factors.

Within the family lineage, I1:5 was identified as carrying a pathogenic mutation in the COL4A3 gene. Renal pathology
studies revealed diffuse thinning of the basement membrane, measuring approximately 140 to 200 nm in thickness under
electron microscopy, with no tearing or delamination changes. The diagnostic conclusion drawn was TBMN. Zhan et al**
conducted a study involving 22 children with AS, wherein they also identified a carrier of the p.G1167R mutation. Renal
biopsy findings in this case revealed mild glomerular abnormalities under light microscopy, while electron microscopy
demonstrated extensively thinned basement membranes without any IgA immunodeposition. TBMN, a benign familial
hematuria condition attributed to mutations in the collagen type IV gene, typically presents with isolated hematuria. Some
cases may feature mild proteinuria, with an overall favorable prognosis.®” However, in the case of II:5, clinically evident
proteinuria was observed in this study, with a 24-hour urinary protein level measuring 2.655 g.

Given the family history of renal failure and the histopathological findings indicative of early-stage AS, vigilant
screening for type IV collagen gene mutations is recommended in individuals diagnosed with TBMN, with emphasis
placed on close follow-up to preempt the potential progression to AS. Furthermore, two other carriers of the causative
mutation within the family lineage, 11:4/1:3, currently do not exhibit overt signs of renal disease.

Furlano et al,*® in a group study examining ADAS, noted a broad spectrum of clinical manifestations among patients,
ranging from asymptomatic presentation to renal failure. Significantly, they observed no discernible correlation between
this clinical variability and the specific causative mutation or variant type, a finding that resonates with the results of our
study. However, the diverse clinical presentations associated with ADAS pose diagnostic challenges in clinical practice.

In this study, we observed that heterozygous pathogenic mutations in COL4A3, known to precipitate AS, manifest
significant individual variability even within the same family lineage. Notably, carriers of the pathogenic mutation within
the family lineage encompassed patients exhibiting normal phenotypes, IgAN, and TBMN. Liu et al,** in their study on
AS, identified a patient harboring the COL4A3 (p.G1167R) mutation.

Renal biopsy findings in this case revealed FSGS changes along with thinning of the glomerular basement membrane.
This observation underscores the notable divergence in clinical presentations and renal pathology associated with
mutations in type IV collagen genes. However, it is essential to recognize the inherent changes in pathogenesis,
therapeutic approaches, and prognostic outcomes between AS and other renal diseases.*®>"*

In summary, our findings underscore the broad spectrum of phenotypic manifestations inherent to AS, each endowed
with distinctive characteristics. Therefore, it is proposed that all conditions linked to mutations in type IV collagen genes
be categorized under AS, thereby facilitating standardized diagnosis and treatment. This recommendation resonates with
the propositions outlined in the International Society of Nephrology meeting report.>® Also, in line with the AS
guidelines, broadening the spectrum of phenotypes under consideration for type IV collagen gene testing and advocating
for screening in cases of persistent proteinuria, steroid-resistant nephrotic syndrome, FSGS, familial IgAN, and
unexplained end-stage renal failure is deemed pivotal for enhancing disease diagnosis and management, genetic
counseling, and informed decisions regarding renal transplantation.*’

The present study demonstrates notable strengths along with certain limitations. Firstly, the inclusion of a large family
lineage spanning three generations, encompassing both close and distant blood relations, highlights distinctive features of
familial aggregation. Within this heterozygous pathogenic genetic family lineage linked to COL4A3, nearly all con-
ceivable phenotypic presentations were observed, rendering the study highly representative. Secondly, four family
members underwent renal puncture pathological biopsy, with some participants undergoing ophthalmologic examinations
and pure tone audiometry, thereby enhancing the comprehensiveness of clinical data.

However, despite these strengths, the study also bears certain limitations. While whole exome sequencing technology
enjoys widespread application across diverse medical domains, providing economic and efficient advantages, it harbors
inherent limitations. Notably, it may overlook variants within the non-coding regions, potentially impacting the
comprehensive understanding of genetic contributions in IgAN research.
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Conclusion

This study identified four mutated genes that may be involved in the onset and progression of IgAN, further revealing the
complex multigenic inheritance characteristics of IgAN. The underlying mechanisms of the disease require further
investigation. Additionally, we discovered potential mutations associated with known genetic kidney diseases, such as
COL4A3 mutations. Therefore, we recommend comprehensive genetic screening in familial cases of I[gAN to improve
disease diagnosis and facilitate genetic counseling.
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