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Alport syndrome (AS) is the second-most frequent monogenic kidney disease and 85% of cases are
caused by mutations in the genes of the a5 chains of collagen type IV (COL4A5). The early diagnosis
and treatment are essential for the prognosis of AS. The clinical phenotypes of AS are very variable,
which is challenging to diagnose. Genetic diagnosis is sensitive and accurate, which can recognize the
affected individuals with mild phenotype for early diagnosis and predict the age at renal failure for
early treatment. In addition, genetic testing will offer the available reproductive options, including
prenatal diagnosis and preimplantation genetic testing (PGT). In this study, three novel COL4A5
variants (c.1834G>T, c.865G>A and ¢.1032 + 5G >A) were found. These variants co-segregated with the
disease in multiple affected family members. In vitro splicing assay indicated that the c.1032+5G>A
variant resulted in aberrant splicing involving exon 18 skipping. The healthy babies without these novel
COL4A5 variants were born by PGT or prenatal diagnosis, respectively. Three novel variants in COL4A5
gene can provide insights into further genetic counseling or genotype—phenotype correlations.
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Alport syndrome (AS) is the second-most frequent monogenic kidney disease and its prevalence is about 1
per 50,000 individuals. It is caused by mutations in the genes of the a3, a4, and a5 chains of collagen type
IV (COL4A3,COL4A4, and COL4A5), with autosomal dominant, autosomal recessive or X-linked dominant
inheritance?. Pathogenic variants in the COL4A3-COL4A5 genes inhibits the formation of a3-a4-a5 chain,
causes functional disturbances in the glomerular basement membrane (GBM) and impairs glomerular filtration®.
As a result, blood cells and protein leak into urine. AS patients present hematuria, proteinuria and progressive
renal failure®. Some patients have sensorineural hearing loss and ocular abnormalities®.

The most common monogenic cause of AS is COL4A5 variants, accounting for nearly 85% of cases®. In
X-linked AS, males carrying hemizygous COL4A5 variants exhibit more severe phenotypes than heterozygous
females and end-stage renal disease occurs in 90% of males before the age of 4073. In addition, phenotypic
heterogeneity is found in females with the same COL4A5 variant and the genotype—phenotype correlation has
been reported in males with X-linked AS°. According to the Human Gene Mutation Database Gene Locus-
Specific Database (HGMD), a total of 1768 variants have been reported for the COL4A5 gene as of January 2,
2025. Based on mutation types, the lack of the collagen a3a4a5(IV) heterotrimers resulting from truncating
variants can lead to the most severe AS phenotypes with early onset renal failure before the age of 30, ocular
abnormalities and sensorineural hearing loss!®!!. In contrast, missense variants distorted triple helix formation
often gave rise to mild phenotypes associated with later onset renal failure!>'*. For the splicing variants,
truncation or non-truncation produced by aberrant mRNA splicing makes a huge difference in the severity of
COL4A5 disorder!®.

Research suggests that the early confirmation of diagnosis is critical for AS because early initiation of treatment
using angiotensin-converting enzyme inhibitors and angiotensin receptor blockers can delay the development of
kidney failure'®. However, females with pathogenic COL4A5 variants probably show no obvious symptoms and
are difficult to diagnose with AS by clinical manifestations!”. But their own and their male offspring show a risk
of kidney failure!®. Recently, as a genetic sequencing technology for genetic diagnosis, Whole Exome Sequencing
(WES) has been rapidly increasing in medical practice to diagnose AS'*?°. Genetic testing is more accurate for
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the diagnosis of AS, which can recognize the affected females with mild phenotype!®. Meanwhile, genetic testing
can predict the age at renal failure, which is critical for early treatment>®1°.

Here, taking advantage of WES, we successfully identified three novel COL4A5 variants (c.1834G>T,
¢.865G > A and ¢.1032+5G>A) in three probands who suffered from impaired kidney functions respectively.
Then, pedigree analysis confirmed that these variants were segregated with disease. For the ¢.1032+5G>A
variant, the minigene assay demonstrated that this variant caused aberrant splicing and alteration of gene
function. Following these, the pathogenicity of the three novel COL4A5 variants were determined. Furthermore,
the prenatal diagnosis or preimplantation genetic testing (PGT) was performed in pregnant women of the three
families.

Results

Clinical presentations and WES result

In this study, three families with symptoms similar to AS were recruited. All patients presented impaired kidney
functions and had family history, but the severity of diseases varied greatly.

In family 1, the proband (II-4), male, was accidentally found to have moderately elevated urine albumin to
creatinine ratio. His mother and two sisters exhibited minor phenotypes, while his father was normal. The sister
(II-2) married a man with normal phenotype and given birth to a proteinuria daughter. WES was conducted
on the proband and the hemizygous ¢.1834G>T variant in COL4A5 gene was detected, which can explain the
symptom of proteinuria.

In family 2, the proband (III-4) suffered from uremia, while urinary occult blood tests of his mother and
two sisters were positive. More severely, two uncles had died of the uremia and his cousin received a kidney
transplant due to end-stage kidney failure caused by uremia. His aunt and grandmother also had hematuria.
By focusing on the kidney diseases, WES found the proband carried the hemizygous c.865G > A variant in the
COL4A5 gene associated with kidney failure and glomerular lesions.

In family 3, the proband (III-4) was diagnosed as AS and the renal histopathological features were displayed
in Fig. 1. Light microscopy observed that the epithelial cells of renal tubule occurred granule denaturation,
which showed that the glomerular lesions were mild. Electron microscopy indicated the structural lesion of
the glomerular basement membrane. Co-segregation with the disease in multiple affected family members was
present. After analyzing WES data, a hemizygous ¢.1032+5G > A variant in intron 18 of the COL4A5 gene was
suggested as the potential pathogenic factor of the proband.

Fig. 1. Renal histopathological features of the proband in family 3. (A) Electron microscopic examination of
the glomerular basement membrane. (B) Hematoxylin-Eosin (HE), Periodic Acid-Schiff (PAS), Periodic Acid-
Silver-Methenamine (PASM) and Masson’s trichrome (Masson) staining under light microscopy.
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Pedigree analysis

To further determine the detected variants match the defined pattern in OMIM, sanger sequencing was
completed in available family individuals. In family 1, the investigation showed that the mother, two sisters and
niece carried the same variant (c.1834G > T) that was not observed in the father (Fig. 2A). In family 2, the sanger
sequencing results revealed the co-segregation of the variant (c.865G > A) at a heterozygous or hemizygous state
with the kidney failure phenotype (Fig. 2B). In family 3, the splicing variant (c.1032+5G>A) in the proband
inherited from her mother and was identified in the patients I-2, II-8, and II-12 (Fig. 2C). In addition, the variant
was absent in the enrolled asymptomatic family members (Fig. 2C).
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Fig. 2. The familial pedigree and genetic analysis in three families. Upper: Pedigrees of family 1 (A), family
2 (B) and family 3 (C) with the ¢.1834G>T, ¢.865G > A and ¢.1032+5G > A variants in COL4A5 gene,

respectively; Affected family members were marked black. The arrow points to the proband. Lower: Sanger
sequence chromatograms of the available family individuals. Red box highlighted the wild or mutant locus.
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Variant interpretation

These detected variants were not present in the population frequency databases, two of which were
missense mutations (c.1834G>T/p.Gly612Cys, ¢.865G>A/ p.Gly289Ser) and one was splice site mutation
(c.1032+5G>A). Three identified variants had never been reported before. Effect prediction of these COL4A5
variants using bioinformatics software showed that 612th and 289th amino acid sequences in different species
were highly conserved, which supported a deleterious effect (Fig. 3A, B). Moreover, splicing assessment
algorithms predicted that ¢.1032+5G>A variant will disrupt the donor site and affect splicing (Fig. 3C).
Following the ACMG guideline?!, ¢.1834G>T variant and c.865G> A variant would be classified as “likely
pathogenic” (PM2_supporting + PM5 + PP3 + PP1 + PP4, PM2_supporting + PM5+ PP3 + PP1 + PP4). However,
¢.1032+5G > A variant should be categorized as uncertain significance (PM2_supporting + PP3 + PP1 + PP4).

Splicing analysis

To determine the pathogenicity of the ¢.1032+5G > A variant, the utility of sequencing or minigene assays for
studying abnormal splicing in COL4A5 gene were essential. For inherited kidney diseases, it was difficult to
obtain samples with high transcript levels of target genes?2. In this study, minigene system of c.1032+5G> A
variant was successfully constructed for in vitro splicing assay (Fig. 4A). After transfecting the wild-type
minigene vector (wt) and the mutant minigene vector (mut) into 293T and Hela cells, the result of RT-PCR
showed that the spliced RNA from mut had a much shorter size (Fig. 4B). Sanger sequencing confirmed that
mut minigene expressed 42-bp deletion transcripts (Fig. 4C). Therefore, this c.1032 +5G > A variant can lead to
exon 18 skipping, which had a deleterious effect on gene function?. This variant was finally classified as “likely
pathogenic” (PM2_supporting + PS3 + PP1 + PP4).

PGT and prenatal diagnosis
Patients II-12 of family 3 expressed a desire to undergo PGT for excluding the c.1032 + 5G > A variant in fetuses.
After parental haplotype construction and in vitro fertilization, four embryos were available for biopsy on day
5. Taking advantage of the whole genome amplification and genetic testing in few trophectoderm cells, the NGS
sequencing results indicated that the embryo 2 and 3 had maternal chromosomes with the variant (Fig. 5A).
Meanwhile, the ¢.1032 +5G > A variant was not detected in embryo 1 and 4 (Fig. 5A). PGT-A observed mosaic
abnormalities of embryo 4 (46% of trisomic 9, 52% of trisomic 11 and 37% of trisomic 16) (Fig. 5C), whereas
it was absent in embryo 1(Fig. 5B). Finally, embryo 1 was transferred to patients II-12’ uterus. In addition,
the prenatal diagnosis confirmed the transferred embryo without the ¢.1032+5G > A variant in COL4A5 gene
(Fig. 5D).

Patients II-2 of family 1 and Patients III-4 of family 2 eagerly opted to prenatal diagnosis for unaffected
offsprings. At 18 weeks of pregnancy, amniocentesis was carried out to obtain fetal cells. The sanger sequencing
result of the fetal cells showed the ¢.1834G > T variant or ¢.865G > A in COL4A5 gene were not detected (Fig. 5F).
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Fig. 3. Effect prediction of these COL4A5 variants. (A, B) The conservation analysis of the two amino acid
sequences (p.G612 and p.G289) in different species by NCBI. (C) The splicing impact of the ¢.1032+5G > A
variant by varSEAK.
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Fig. 4. Minigene-assay transcript analysis. (A) Schematic representation of constructing pcMINI-COL4A5-
wt/mut recombinant vectors. (B) Electrophoresis of the RT-PCR products of the minigene transcripts in 293T
and Hela cells. The DNA marker (M) on the right can predict the pcMINI-COL4A5-wt (wt) and the pcMINI-
COL4A5-mut (mut) amplicon sizes. The wt exhibited a full-length band and mut had a much shorter size. (C)
Schematic diagram of the aberrant splicing and sanger sequencing results of the RT-PCR products.

The two couples were both willing to continue with the pregnancy and their babies were born at full terms and
healthy.

Discussion

The clinical phenotypes of AS are very variable and present non-specific pathologic changes in the early phase,
which is challenging to diagnose?’. In conventional pathological evaluation, light microscopy findings of AS
patients reveal nonspecific alterations in the epithelial cells of renal tubule such as granule denaturation?. Kidney
biopsy can indicate the structural lesion of the glomerular basement membrane through electron microscopy?®.
However, these histopathological changes can be observed in various kidney diseases?®. Therefore, X-linked AS
is commonly misdiagnosed as mesangial proliferative glomerulonephritis (MsPGN) and focal and segmental
glomerulosclerosis (FSGS) in clinic?!. Furthermore, typical X-linked AS can be distinguished by the absence
of immunostaining for a5 chains, but mild phenotype and digenic AS cannot be recognized because they both
show a normal collagen staining pattern®”-2%. Recently, genetic testing is the general trend of specific diagnostic
tests for AS'®2°. Numerous studies have found that genetic testing is sensitive and accurate!*?’. Based on the
genotype—phenotype correlation, genetic testing can predict age at renal failure and the occurrence of extrarenal
features!®. Combining WES with pedigree analysis in this study, we found three novel COL4A5 variants in the
affected individuals of three large families with suspected AS, respectively. Significantly, these variants will
enrich the COL4A5 mutation spectrum, and this study can prove that genetic testing could play a crucial role in
the clinical diagnosis, genetic counseling and prognosis of AS.

COL4A5 genes encodes collagen IV o chain which contains an short amino-terminal domain, an intermediate
collagenous sequence with Gly-X-Y repeats and 23 non-collagenous interruptions, and a NCI1 domain at the
carboxy-terminal end?®. In X-linked AS, about 89% of missense variants are Gly substitutions within the Gly-
X-Y repeat sequence. Glycine substitutions of the Gly-X-Y repeats are essential to triple helix formation and Gly
substitutions will distort and disrupt molecular superstructure during folding and molding®>*°. Many studies
considered these hemizygous Gly substitutions in exons 1-20 may lead to moderate phenotypes with early onset
renal failure at 30 years, whereas that in exons 21-47 caused the moderate-to-severe symptoms>'. In this study,
the identified missense variant (c.1834G > T/p.Gly612Cys, ¢.865G > A/p.Gly289Ser) both were Gly substitutions.
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Fig. 5. The results of PGT and prenatal diagnosis. (A) The PGT-M results of four embryos of the couple II-12
and II-13 of family 3. The haplotype of the male normal chromosome was marked yellow (F1). The haplotype
of the normal female chromosome was denoted in blue (M1). Grey indicated the maternal chromosome with
the variant (MO0). The tripping sites were shown with yellow background color. (B) PGT-A analysis of embryo
1. (C) PGT-A analysis of embryo 4. (D) The sanger sequencing result of the fetus undergoing PGT in family
3. (E) The prenatal diagnosis result of the fetus undergoing conceiving spontaneously in family 1. (F) The
prenatal diagnosis result of the fetus in family 2.
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The ¢.1834G >T/p.Gly612Cys variant in exon 25 resulted in proteinuria, while the c¢.865G>A/ p.Gly289Ser
variant in exon 15 worsened renal failure progression. Consistent with that reported in previous studies'>*!, the
two glycine-XY variants can explain the possible cause of AS and the ¢.865G > A variant was more serious than
the ¢.1834G > T variant. In addition, different substitutions of these residue of the COL4A5 gene (c.1834G > C/p.
Gly612Arg, c.1835G > A/p.Gly612Asp, c.866G > T/p.Gly289Val) have been reported before!”1-32,

Notably, another a novel intronic variant (c.1032 +5G > A) was discovered in a three-generation family. Li Y
et al. proposed that splicing variants may produce truncating or nontruncating transcripts, which can predict
the disease severity and kidney prognosis®*>. Meanwhile, Boisson et al. revealed that the proportion of aberrant
transcripts was significantly correlated with the age at kidney failure onset™. Here, the result of minigene
assays suggested that the ¢.1032+5G > A variant leading to the exon 18 skipping was a nontruncating splicing
abnormality (p.Gly331_Leu344del). Thus, the conventional pathological evaluation of the proband displayed
mild changes. We and other researchers demonstrated that recognizing splicing variants of COL4A5 gene and
confirming the consequence of aberrant splicing may contribute to increase the detection rate of the mild
X-linked AS¥34,

Studies demonstrated that the chronic kidney disease of pregnant women have adverse effect on
pregnancy outcomes and proteinuria should be monitored regularly and treated properly!”. According to the
recommendation of expert guidelines in patients with Alport syndrome, the sufficient genetic counselling should
be offered and the available reproductive options, containing prenatal diagnosis and PGT, should be encouraged
in female carriers®. Prenatal diagnosis is widely used in preventing birth defects by identifying the genotype
of infants undergoing conceiving spontaneously®>. As a selective abortion of fetuses with pathogenic genetic
variants, prenatal diagnosis is confronted with profound ethical questions about the value of life and the societal
implications*. Moreover, reproductive decision-making of AS is more complex due to the potential of mild
phenotype in the affected individuals'®. Alternatively, PGT occurs before conception and can transfer embryos
without the disease-causing mutation, which can avoid the difficult decision of whether to terminate or continue
the pregnancy. However, PGT has several ethical problems, such as maternal health concerns, embryo damage,
long period and high cost®”*%. Currently, more applications of PGT for AS patients have been reported!”*%%. In
consideration of the phenotypic severity of affected individuals, the likelihood of adverse pregnancy outcomes
and the economic costs, we advised that prenatal diagnosis was made for family 1, 2 and PGT suitable for family
3.

In conclusion, this study reported three novel variants in COL4A5 gene, which can explain the cause of
impaired kidney functions. These variants were confirmed in multiple affected family members and the splicing
abnormality of the intronic variant was verified. We assessed the pathogenicity and performed PGT or prenatal
diagnosis to exclude these variants in fetuses. This work will enrich the COL4A5 mutations database and provide
insights into further genetic counseling or genotype—phenotype correlations.

Methods

Subjects

Three married couples visited the Jiangxi Maternal and Child health Hospital for genetic counselling and
procreation guidance. The three families all have family members with hematuria and impaired kidney functions.
After fully clinical evaluation and pre-test counseling, WES of the proband were performed to determine the
underlying cause. Written informed consent was signed after careful perusal. The whole study was supervised
by the Clinical Research Ethics Committees of Jiangxi Maternal and Child health Hospital, Nanchang, China.

WES

Genomic DNA was extracted from peripheral blood samples of family members using MGIEasy Magnetic
Beads Genomic DNA Extraction Kit (940-000972-00, MGI). Exome library construction and exome capture
amplification were carried out, according to the protocol of MGIEasy Exome Universal Library Prep Set
V1.0 (1000009657, MGI). All exons and adjacent splicing sites were amplified and sequenced by the high-
throughput sequencing platforms (MGISEQ-2000, BGI) and auxiliary reagent. For better securing of high-
quality sequencing data, the sequencing adapters and low-quality sequences in the raw sequencing data were
trimmed. The quality control results showed that all samples had sufficient sequencing depth (>200X) and
sequencing coverage (>98%). BAW was used to make all reads align and map to human reference genome
(UCSC GRCh37/hgl9), remove duplications and base quality score recalibration. After GATK HaplotypeCaller
calling all single-nucleotide polymorphisms (SNPs) and indels (insertion or deletion), sunburst genetic analysis
and interpretation platform (https://genetics.bgidx.cn/) was applied to annotate variants.

Human sequence variants were named by standardized recommendations of the Human Genome Variation
Society (HGVS). Filtering out variants of population frequency high than 1%, variants of genes recorded in
OMIM database were analyzed. Some significative variants were screened by the variant phenotype correlations
and effect prediction. And considering the variant heredity pattern in pedigree, variants matching the defined
pattern in OMIM were selected. Variant pathogenicity was assessed by the ACMG/ACG criteria. The COL4A5
transcript of this study was NM_000495.

Genetic testing of family members

Impaired kidney functions were observed in many individuals in pedigree. Hence the genotypes of family
members were identified by amplifying and sequencing the surrounding area of causative variants. In this study,
three pairs of primers were designed and synthesized. The enzyme used in polymerase chain reaction (PCR)
was 2x Taq PCR Master MixII (KT211, TIANGEN). The PCR procedure had three main stages, which included
initial denaturing (95 °C for 5 min), 35 cycles of repeated amplification (95 °C for 30 s, 58 °C for 30 s and 72 °C
for 45 s) and the final extension (8 min at 72 °C). The amplification products were sent to a gene-sequencing
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Name Sequence (5’-3") Used for the experiment of
COL4A5-E25-F TCACACATACCATCTCATAATACCA

PCR for COL4A5 Exon 25
COL4A5-E25-R GGAAACACACCTCTCGGGAAA
COL4A5-E15-F AGCTAGCTCTAGTGCTTAGAATGA

PCR for COL4A5 Exon 15
COL4A5-E15-R CTCCAGTTTTGCAGGGGGAA
COL4A5-118-F ACACCATCACAGGTTAGGCTTAG

PCR for COL4A5 Intron 18
COL4A5-118-R GTAAGCAACACTTGCACCACC
142,028-F aaacaggcaatcctcaactt
142,276-F agccttgcaaatagecttct
145,479-R atcctgtctctattggatgg
145,807-R tgcctttccccaatctttct

pcMINI-COL4A5-Kpnl-F ggtaGGTACCtaggtccaagttctagcatg
pcMINI-COL4A5-XhoI-R tttcCTCGAGtggataatacgaattaagtt
PcMINI-N-COL4A5-KpnI-F | GCTTGGTACCATGGGTTTGCCTGGTGATCC

Minigene assay

COL4A5-mut-F CTCCTGGACTTgtaaAttttttttttttagt
COL4A5-mut-R actaaaaaaaaaaaaTttacAAGTCCAGGAG
pcMINI-N-COL4A5-XhoI-R | tttcCTCGAGtacatgcgttattaaaagtc
PcMINI-F CTAGAGAACCCACTGCTTAC
PcMINI-R GCCCTCTAGACctggtcattccggete
PcMINI-N-F CTAGAGAACCCACTGCTTAC
pcMINI-N-R GCCCTCTAGACctggtcattccggete

Table 1. Primers were used in the study.

company (Tsingke, Changsha). Snapgene were available for viewing and analyzing the Sanger sequencing
chromatograms in the returned results.

Minigene splicing assay

To construct minigenes for splicing assay, the fragments consisting of the wild-type or mutant sequences
of COL4A5 Intronl7 (837 bp)-Exonl18 (42 bp)- introns 18 (774 bp) were cloned into the pcMINI exon trap
vector (Bioeagle, China) by nested PCR and restriction enzyme digestion. After ligation and transformation,
individual colonies were picked up. The pcMINI-COL4A5-wt and pcMINI-COL4A5-mut were verified
correctly by sequencing. Then, constructed minigenes were transfected into two different cell lines (Hela cells
and 293T/17 cells), respectively. Forty-eight hours later, the total RNA was extract by using RNA extraction
kit (TTANGEN) under the instruction booklet of manufacturer. Hiscript IIQ RT supermix (vazyme, R223-01)
reversed transcribe RNA into cDNA. To characterize the impact of the ¢.1032 + 5G > A variant on RNA splicing,
the PCR amplification reaction was performed with primers specific to the 5’ and 3’ native exons of the pcMINI
vector. PCR product was purified by gel extraction kit (TTANGEN) to sequence. Sequences of all primers used
in this work were listed in Table 1.

Preimplantation genetic testing

After adequate genetic counseling and risk assessment, the family 3 required PGT-M to have a healthy child
not carrying the pathogenic variant of ¢.1032 +5G > A. To mitigate the risk of miscarriage or failed IVF cycles,
PGT-A screens for exclusion of numerical chromosomal abnormalities were recommended. More than 200 SNPs
that mapped within 2 Mb of each side of the target gene were selected. The linked SNPs identified in the affected
individuals (II-12) and his healthy families were used for haplotype construction. Inferring the haplotype of
each embryo to identify the carrier status of the disease allele was performed by Peking Jabrehoo Med Tech.,
Ltd. Briefly, the relevant SNPs were captured by multiplex PCR. The workflows started with sequence labeling of
different samples, followed by library preparation. Libraries were sequenced on the MiSeq Sequencing System
(Illumina) with an average depth of over 100X. The embryos without aneuploidy together and target gene
mutation were selected by a sequencing data analysis software developed by Peking Jabrehoo Med Tech., Ltd.
Besides, sanger sequencing and copy number variation sequencing confirmed the haplotypes result.

Prenatal diagnosis

In order to prevent and interfere the birth of infants with the similar symptom of probands, two couples both
desired prenatal diagnosis after genetic counseling was done and informed consent was signed. The pregnant
women undergone amniocentesis to obtain amniotic fluid samples in 18-20 weeks pregnancy. Half of amniotic
fluid samples were directly used for extracting fetal DNA, whereas the other half were cultured for amniotic fluid
cells. The DNA extraction from amniotic fluid cells was progressed 10 days after cultivation. The genotype of
infants was identified by Sanger sequencing.
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Data availability
The sequencing data in this study can be found in the figshare. (https://doi.org/10.6084/m9.figshare.28229435,
https://doi.org/10.6084/m9.figshare.28229504).
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