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Kidney Transcriptome Sequencing
Improves Molecular Diagnosis and Reveals
Splicing Complexity Across the Alport
Spectrum
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Introduction: Hereditary glomerular basement membrane (GBM) disorders caused by pathogenic vari-
ants in COL4A3/A4/A5 are increasingly recognized as Alport spectrum. Disease severity varies widely and
is influenced by variant type, allelic dosage, sex, and genetic modifiers. DNA-based testing incompletely
captures this heterogeneity, particularly splice-altering and regulatory variants, limiting precise molec-
ular diagnosis and prognostic stratification.

Methods: We performed whole-transcriptome sequencing on 93 kidney biopsies from 93 patients (90
families) with ultrastructural GBM abnormalities. RNA-derived variant detection, splicing analysis, and
gene expression profiling were integrated with histopathology, electron microscopy, and clinical data.
Aberrant splicing events were quantified, and differential gene expression and microRNA (miRNA) motif
enrichment analyses assessed molecular changes associated with kidney function decline.

Results: Transcriptome sequencing identified 64 pathogenic or likely pathogenic variants, including 14
splice-altering variants (22%), often involving noncanonical events, whose functional consequences are
not readily resolved by routine DNA sequencing alone. Pathogenic or likely pathogenic variants were
detected in 52 of 93 patients (56%), including novel missense and splice-altering variants in COL4A3,
COL4A4, COL4A5, and CLCN5. Quantitative splicing revealed heterogeneous exon 27 skipping in
COL4A4, indicating regulated exon usage. Gene expression profiling showed progressive estimated
glomerular filtration rate (eGFR)-associated remodeling with activation of inflammatory and profibrotic
pathways and suppression of renal transporter genes. miRNA enrichment implicated miR-335-5p,
miR-325-3p, and miR-874-3p as potential regulators.

Conclusion: Kidney transcriptome sequencing improves molecular diagnosis across the Alport spectrum,
enables interpretation of splice-altering variants, and captures signatures linked to progression. Inte-
grating RNA-based analysis may refine classification, enhance prognostic assessment, and support
precision medicine in hereditary nephropathies.
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lport syndrome (AS) is a hereditary kidney dis-
ease caused by pathogenic variants in the
COL4A3-5 genes, which encode the a3, 04, and a5
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chains of type IV collagen. These proteins are essential
components of the GBM and their disruption results in
progressive renal pathology often accompanied by
hearing loss and ocular abnormalities.' Historically,
the diagnosis and classification of AS have been
dichotomous, distinguishing “classic” AS from isolated
benign hematuria or “thin basement membrane ne-
phropathy (TBMN)”, based on clinical severity.”
However, this binary classification fails to reflect the
full phenotypic and genotypic heterogeneity associ-
ated with COL4A3-5 variants. In response to this


http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
Delta:1_given-name
Delta:1_surname
https://doi.org/10.1016/j.ekir.2026.106710
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:andrej.zupan@mf.uni-lj.si
mailto:nika.kojc@mf.uni-lj.si
mailto:nika.kojc@mf.uni-lj.si
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2026.106710&domain=pdf

CLINICAL RESEARCH

limitation, a 2025 consensus led by Savige et al. pro-
posed the term “Alport spectrum” to encompass the
continuum of clinical presentations associated with
these variants, from isolated microscopic hematuria to
progressive kidney failure with extrarenal manifesta-
tions.” In line with the updated nomenclature, the
autosomal dominant form is now recognized as the
most prevalent type of AS, affecting at least 1 in 100
individuals. This is followed by the X-linked form,
with an estimated prevalence of 1 in 2000, whereas
digenic and autosomal recessive forms remain rarer. AS
can be occasionally misdiagnosed as other conditions
with overlapping clinical features, particularly those
associated with variants in genes such as COL4Al,
LMXI1B, MYH9, or CLCN5.>"

Advances in genomic technologies have highlighted
the importance of transcript-level resolution for un-
derstanding the functional consequences of genetic
variants in COL4A3-5 genes. In particular, aberrant
splicing events, ranging from exon skipping and
cryptic splice site usage to intron retention and cryptic
exons are increasingly implicated in the pathogenesis
of Alport spectrum.”® Conventional DNA-based di-
agnostics can detect many coding and near-splicing
variants, but often do not fully resolve the functional
consequences of splice-altering variants, particularly
those in noncanonical splice regions, deep intronic
sequences, or regulatory elements.” Transcriptome
sequencing (RNA-seq) is a powerful approach for
detecting aberrant splicing and quantifying differen-
tial transcript usage in a tissue-specific manner.”
Although RNA analysis from cells of urinary sediment
and blood has provided some insights, kidney-specific
expression patterns remain inadequately captured
because of the limited accessibility of renal tissue.
Recent studies employing transcriptomic profiling of
kidney biopsies or single-nucleus RNA-seq from
archived samples have demonstrated the feasibility
and diagnostic value of transcript-level analysis in
nephrogenetic disorders, including AS.’ Importantly,
aberrant splicing events may serve as biomarkers for
therapeutic  targets.  Antisense oligonucleotide-
mediated splice correction, for example, holds prom-
ise in preclinical models of genetic kidney disease.'’
Integrating transcriptome sequencing into clinical
pipelines for individuals with suspected Alport spec-
trum disorders may therefore improve diagnostic yield
and reveal novel disease mechanisms.

However, transcriptome sequencing has not yet
been broadly applied to large cohorts of patients with
Alport spectrum to connect genetic variants with their
transcript-level consequences and markers of disease
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progression, a gap that limits precise molecular diag-
nosis and therapeutic discovery. To address this, we
used whole transcriptome sequencing of kidney bi-
opsies to characterize the splicing landscape of Alport-
associated genes, identify pathogenic variants directly
from RNA, examine gene expression changes linked to
eGFR decline and explore post-transcriptional regula-
tory networks through miRNA motif enrichment. The
aims of this study were as follows: to (i) improve mo-
lecular diagnosis by detecting splice defects and
pathogenic variants from RNA-seq; (ii) elucidate
transcript-level disease mechanisms; (iii) characterize
gene expression signatures associated with kidney
function decline; and (iv) identify regulatory miRNA
networks involved in disease progression.

Using whole transcriptome sequencing data from 93
kidney biopsies, we provide an integrated transcrip-
tional and variant analysis that enhances diagnostic
yield and reveals molecular signatures relevant to
disease  progression and potential therapeutic
targeting.

METHODS

Study Design and Participants

This retrospective study included 93 archived fresh-
frozen kidney biopsy samples obtained between 2012
and 2023 from adult and pediatric patients evaluated at
tertiary referral centers. Patients diagnosed with AS
based on genetic testing alone (genetic-first diagnosis)
and patients (with advanced renal failure) who would
not undergo biopsy were not included in this study.
The primary inclusion criterion was the presence of
ultrastructural GBM abnormalities identified by elec-
tron microscopy, consistent with disorders across the
Alport spectrum. TBMN was defined by diffuse GBM
thinning according to standardized thickness criteria,
whereas AS was diagnosed in cases showing charac-
teristic GBM thickening and multilamellation (“basket-
weave” appearance) in conjunction with clinical
findings. Patients presented with isolated GBM abnor-
malities or in combination with other renal pathologies.
Exclusion criteria comprised transplant kidney bi-
opsies, zero-hour biopsies, diabetic nephropathy, and
IgA nephropathy. Clinical data, including age, sex,
family history, hematuria, proteinuria, serum creati-
nine, and eGFR, were retrospectively retrieved from
medical records (Supplementary Table S1). The study
was conducted in accordance with the Declaration of
Helsinki and approved by the Republic of Slovenia
National Medical Ethics Committee (approval number
0120-466,/2020/10). Informed consent for genetic anal-
ysis was obtained from all participants.
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Clinical Outcome Analyses

Kidney survival was estimated using the Kaplan-Meier
method, with end-stage kidney disease (ESKD) defined
as the event. Patients who had not reached ESKD at the
time of last follow-up were censored at their age at last
clinical visit. Longitudinal kidney function trajectories
were constructed using serial measurements of eGFR
and serum creatinine obtained during routine follow-
up. For each patient, values were aligned by age at
measurement, and analyses were restricted to in-
dividuals with at least 2 available measurements per
parameter.

Renal Histopathology

Kidney biopsies were evaluated using light micro-
scopy, immunofluorescence, and electron microscopy
as part of routine renal pathology diagnostics. The
extent of global and segmental glomerulosclerosis and
the degree of interstitial fibrosis and tubular atrophy
(IFTA) were assessed semiquantitatively. Electron mi-
croscopy focused on evaluation of GBM ultrastructure,
including thickness and multilamellation. GBM thick-
ness was assessed according to established methodol-
ogy, with the mean GBM thickness per glomerulus
determined from measurements of randomly selected
capillary loops.

RNA Sequencing and Variant Detection

Total RNA was extracted from frozen kidney tissue
obtained by needle biopsy and assessed for integrity
before library preparation. Strand-specific whole-
transcriptome libraries were prepared and sequenced
using Illumina (Illumina, San Diego, CA) platforms.
RNA sequencing data were processed using standard-
ized bioinformatic pipelines for quality control,
alignment, variant calling, splicing analysis, and gene
expression profiling.

Variants were detected directly from RNA
sequencing data and annotated using curated kidney
disease gene panels. Variant interpretation followed
the American College of Medical Genetics and Geno-
mics and Association for Molecular Pathology guide-
lines. In silico prediction tools were used to support
assessment of missense and splice-altering variants.

Splicing, Gene Expression, and miRNA
Analyses

Alternative splicing events were identified and quan-
tified using junction-based methods, enabling calcu-
lation of percent spliced-in (¥) values on a per-sample
basis. Aberrant splicing events were prioritized based
on consistency across samples and predicted functional
impact, and selected events were validated by reverse
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transcription polymerase chain reaction followed by
Sanger sequencing.

Differential gene expression analysis was performed
by stratifying patients according to eGFR (= 60 vs. <
60 ml/min per 1.73 m?). Genes associated with renal
injury, fibrosis, inflammation, and tubular transport
were examined, and expression patterns were visual-
ized using hierarchical clustering and heatmap anal-
ysis. miRNA target enrichment analysis was conducted
using differentially expressed genes to identify
candidate regulatory miRNAs.

Orthogonal DNA Validation

RNA-derived variants were validated using targeted
DNA sequencing from peripheral blood, with addi-
tional Sanger sequencing performed where required.
Copy number variation analysis was conducted using
targeted sequencing data. Continuous variables are
reported as medians with ranges. Statistical analyses
were performed using standard survival and longitu-
dinal approaches, with a 2-sided P-value < 0.05
considered statistically significant.

This study was reported in accordance with the
Minimum Information about a High-Throughput
Sequencing Experiment guidelines. A completed
Minimum Information about a High-Throughput
Sequencing Experiment guidelines checklist is pro-
vided as Supplementary Material.

Detailed experimental protocols and bioinformatics
workflows are provided in the Supplemental Methods.

Assessment of Aberrant Splicing Events in
Normal Kidney Samples

To assess whether selected splicing events are spe-
cific to disease, targeted analyses were performed in
the control group consisted of 30 preimplantation
(zero-time) kidney biopsy samples from kidney do-
nors (9 females and 21 males) with a mean age of 48
years, characterized by minimal histopathological
changes, an ultrastructurally normal GBM, and a
favorable 1-year clinical course after transplantation.
For these samples, all detected exon skipping events
were evaluated and semiquantified using reverse
transcription polymerase chain reaction, agarose
electrophoresis, and Sanger sequencing.

RESULTS

Clinical Features and Histopathologic Findings
The study cohort comprised 93 individuals (38 males
and 55 females) from 90 unrelated families. Based on
ultrastructural and clinical criteria, 20 patients were
diagnosed with AS and 73 with TBMN. In 67 patients,
GBM abnormalities represented the primary ultra-
structural finding, whereas in 26 patients GBM
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changes were observed as secondary findings in bi-
opsies performed for other renal indications.

Renal biopsy was performed most frequently for
chronic nephritic syndrome (44%), followed by hema-
turia with proteinuria (27%), nephrotic syndrome (9%),
isolated proteinuria (9%), isolated hematuria (7%),
suspected vasculitis (3%), and acute kidney injury (1%)
(Figure 1; Supplementary Table S1). The median age at
biopsy was 47 years (range: 9-79). Hematuria and pro-
teinuria were present in 91.4% and 92.9% of patients,
respectively, with proteinuria ranging from mild to
nephrotic (median: 1.22 g/24 h). Median eGFR at biopsy
was 81 ml/min per 1.73 m® (range: 17-162), and serum
creatinine 85 [imol/l (range: 33—-780).

During follow-up, 10 patients (10.8%) progressed to
ESKD, requiring dialysis or kidney transplantation.
Bilateral sensorineural hearing loss was documented in
26.3% of patients, and 47.3% reported a positive
family history of renal disease. Kaplan—Meier analysis
demonstrated a gradual, age-dependent decline in
kidney survival, with approximately 70% of patients
remaining free from ESKD at 30 years, 40% at 50 years,
and fewer than 10% beyond 70 years of age
(Supplementary Figure S1).

4

Histopathologic findings spanned a broad spectrum
(Figure 1; Supplementary Table S1). Global glomer-
ulosclerosis ranged from 0% to 90%, segmental glo-
merulosclerosis from 0% to 31%, and IFTA was mild
in most cases but moderate to severe in patients with
reduced eGFR. Electron microscopy revealed variable
GBM thickening and irregularity, with thickness
measurements ranging from 140 to 755 nm (median:
200 nm). GBM multilamellation was absent or mild in
most biopsies but moderate or severe in approximately
13% of cases, predominantly among patients with
advanced renal disease. Greater degrees of glomerulo-
sclerosis, IFTA, and GBM multilamellation were
observed in patients with X-linked hemizygous or
autosomal biallelic variants, whereas milder changes
predominated in individuals with heterozygous or
hypomorphic variants.

Overview of Identified Variants

Whole transcriptome sequencing identified at least 1
variant in 52 of 93 patients (56.0%), yielding a total of
64 variants classified as pathogenic (n = 28), likely
pathogenic (n = 19), or variants of uncertain signifi-
cance (n = 17) (Supplementary Table S2). Most variants
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Table 1. Summary of variant types identified by whole transcriptome sequencing across collagen-related and glomerulopathy-associated

genes
Variant type COL4A3 COL4A4 COL4A5 COL4A1 FNT MYH9 NPHS2 CLCN5
Delefion (6.3%) 4 0 0 0 0 0 0 0
Duplication (1.6%) 1 0 0 0 0 0 0 0
Missense (73.4%) 14 12 16 1 2 1 1 0
Nonsense (1.6%) 0 1 0 0 0 0 0 0
Splice (17.2%) 4 8 3 0 0 0 0 1
N= 64 23 16 19 1 2 1 1 1

The table shows the number of deletion, duplication, missense, nonsense, and splice site variants detected in each gene. COL4A3, COL4A4 and COL4A5 harbored the majority of the

variants. The total number of variants (N = 64) is indicated.

occurred in COL4A3 (n = 23), COL4A5 (n = 19), and
COL4A4 (n = 15), with additional variants identified in
COL4Al, CLCN5, FN1, MYH9, and NPHS2 (Figure 1;
Table 1). Previous DNA-based genetic testing was per-
formed using the same approach as described for the
orthogonal DNA validation. Previous genetic testing re-
sults were available for 57 of 64 identified variants
(89%). Among these, 48 variants (84%) had been pre-
viously detected at the DNA level, whereas 9 variants
(16%) were either not detected or not reported
(Supplementary Table S2).

Several variants were detected in multiple in-
dividuals, most notably COL4A5 r.1871g>a
(c.1871G>A, p.Gly624Asp), identified in 9 patients.
Multiple previously unreported variants were identi-
fied, including missense, in-frame deletion, nonsense,
and RNA-confirmed splice-altering variants absent
from population databases and classified as pathogenic
or likely pathogenic (Table 2).

Missense variants represented the most frequent
variant type overall (73.4%), followed by splice-site
variants (17.2%; Figure 2). However, among patho-
genic and likely pathogenic variants, splice-altering
variants accounted for a higher proportion (23.4%),
highlighting their increased clinical relevance. Of the
11 splice-site variants, 5 affected canonical splice
donor or acceptor sites, whereas 6 involved nonca-
nonical or deep intronic regions or lacked a clearly

identifiable genomic origin. Most missense variants
involved glycine substitutions within the collagenous
domain, consistent with established pathogenic
mechanisms in collagen IV-related disorders. Of 47
missense variants, 34 (72.3%) had Rare Exome Variant
Ensemble Learner scores > 0.7, supporting deleterious
impact, and most variants were absent or extremely
rare in population databases (Supplementary Table S2).

All splice-altering variants were classified as path-
ogenic under American College of Medical Genetics
guidelines, fulfilling the Pathogenic Very Strong
1(RNA) criterion because of RNA-confirmed aberrant
splicing. Aberrant splicing events were detected in
COL4A3, COL4A4, COL4A5, and CLCN5 (Figure 3;
Table 3). Canonical splice-site variants were associated
with high SpliceAI (Illumina, San Diego, CA) scores,
whereas noncanonical variants
exhibited moderate or low SpliceAI scores but never-
theless resulted in clear exon skipping at the RNA
level. Notably, exon 44 skipping in COL4A4 was
detected without an identifiable DNA variant, sug-
gesting a cryptic or deep intronic regulatory
mechanism.

several intronic

Phenotype-Genotype Correlations

Male patients with COL4A5 variants, particularly
those involving canonical glycine substitutions or
exon-skipping events, exhibited the most severe

Table 2. Previously unreported pathogenic and likely pathogenic variants identified in COL4A3, COL4A4, COL4A5, and CLCN5

DNA variant
€.2524G>C

Gene (RefSeq)
COL4A3 (NM_000091.5)

RNA variant

1.2624g>c
1.2937_2945del

COL4A4 (NM_000092.5) r.4091_4216del (exon 44 not defected
skipping)
COL4A5 (NM_033380.3) r.359g>c €.3596>C
1.466_b46del (exon 9 skipping)  ¢.466-17T>G
1.4824_4983del c.4804-16C>A
(exon 52 skipping)
CLCN5 r.416_603del (exon 7 skipping) €.6036>A

(NM_001127898.4)

Predicted protein variant gnomAD REVEL

p.(Gly842Arg) 0.0 0.924  Likely Pathogenic (PM1_Strong, PM2_Supp, PP3)
€.2937_2945del  p.(Lys984_Leu986del) 0.0 n/a
p.(Glu1365_Gly1406del) n/a n/a

p.(Glu157_Gly183del) 0.0 n/a
p.(Glu1608Aspfs*6) 0.0 n/a

p.(Ala142Cysfs*38) 0.0 n/a

Classification (ACMG)

Likely Pathogenic (PM2_Supp, PM4, PM1_Strong)
Pathogenic (PVS1(RNA), PM2_Supp, PM1_Strong)

p.(Gly120Ala) 0.0 0.94  Likely Pathogenic (PP3, PM2_Supp, PM1_Strong,

PMb5)
Pathogenic (PVS1(RNA), PM2_Supp, PM1_Strong)
Pathogenic (PVS1(RNA), PM2_Supp, PM1_Strong)

Likely Pathogenic (PVS1(RNA), PM2_Supp,)

ACMG, American College of Medical Genetics and Genomics; gnomAD, genome aggregation database; PVS1, pathogenic very strong 1; REVEL, rare exome variant ensemble learner.
All variants were classified based on ACMG criteria, supported by in silico predictions (REVEL) and absence or rarity in the gnomAD population database.
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phenotypes, characterized by early-onset hematuria
and proteinuria, rapid decline in renal function, and
frequent progression to ESKD during the second to
fourth decades of life (Supplementary Table S1). Lon-
gitudinal serum creatinine trajectories stratified by
gene and inheritance pattern demonstrated substantial
interindividual variability (Figure 4; Supplementary
Figures S2-S3). Patients with COL4A5 variants
showed the steepest increases in creatinine, often
beginning in adolescence or early adulthood.

Individuals with COL4A3 or COL4A4 variants
generally exhibited slower progression, although bial-
lelic variants were associated with markedly acceler-
ated renal decline. Patients whose creatinine exceeded
500 pmol/l were predominantly within the X-linked
group, with the exception of 1 patient carrying a
COL4A3 exon 34 skipping variant accompanied by an
additional COL4A3 variants of uncertain significance.
Longitudinal eGFR trajectories paralleled creatinine-
based findings, with X-linked and autosomal recessive
cases showing steeper declines and earlier progression
to ESKD (Supplemental Figures S4-S6).

In contrast, carriers of the hypomorphic COL4A5
p-(Gly624Asp) variant demonstrated a milder disease
course, with preserved renal function into mid-
adulthood, slower eGFR decline, and fewer extrarenal
manifestations, underscoring the influence of variant-
specific effects on clinical outcome.

The patient carrying the CLCN5 exon 7 skipping
variant presented with persistent microscopic hema-
turia and mixed subnephrotic proteinuria (~2 g/d),
with both glomerular and tubular components.
Hypercalciuria was not detected, although renal ul-
trasound revealed microlithiasis. Kidney function was

B VUS +LP+P
P+ P

% of variants

Missense Splice Deletion
Variant Type

Duplication Nonsense

Figure 2. Frequency of detected variant types. Barplot showing the
relative percentage of each variant type among all detected vari-
ants classified as either a variant of unknown significance (VUS) +
Likely Pathogenic (LP) + Pathogenic (P) (blue) or Likely
Pathogenic + Pathogenic (LP + P) (green). Missense variants
represent the majority in both groups but the relative proportion of
splice site variants increases when focusing solely on pathogenic
or likely pathogenic variants.
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moderately impaired, with a serum creatinine of
approximately 120 [imol/l and an eGFR of 63 ml/min
per 1.73 m’. Kidney biopsy performed in 2017
demonstrated TBMN with 50% global glomerulo-
sclerosis and 20% IFTA, whereas an earlier biopsy
from 1999 had already shown TBMN.

Variable Splicing of COL4A4 Exon 27
Quantitative splicing analysis revealed heterogeneous
exon 27 skipping in COL4A4 across most samples
(Figure 5). The mean exon inclusion level was 0.869
(median: 0.879; range: 0.659-0.992), with partial exon
exclusion observed in a large subset of samples. These
findings indicate that exon 27 is predominantly
retained but subject to variable, context-dependent
alternative splicing, even in the absence of patho-
genic variants.

Validation and Segregation Analyses
All RNA-derived variants were successfully validated
at the genomic DNA level using targeted sequencing,
with the exception of CLCN5, which was confirmed by
Sanger sequencing. No copy number variations were
detected. Segregation analysis of the CLCN5 exon 7
skipping event (Figure 6) confirmed its presence in an
affected sibling, supporting familial segregation of the
splicing defect. All aberrant splicing events identified
by RNA sequencing were validated by Sanger
sequencing, except for COL4A4 exon 20 skipping,
which was attributable to a known genomic deletion.
All  candidate splicing defects were semi-
quantitatively assessed in a cohort of 30 preimplanta-
tion kidney biopsy samples from kidney donors.
Targeted evaluation demonstrated that 2 exon-
skipping events are also present in nondiseased tis-
sue. In particular, COL4A4 exon 27 skipping was
consistently observed across samples, with variable
exon inclusion levels (approximately 20-80%), indi-
cating heterogeneous alternative splicing. In contrast,
COL4A5 exon 52 skipping was absent or detected in
normal kidney samples only at lower levels, with 2
exceptions (Supplementary Table S3).

Differential Gene Expression and miRNA
Enrichment Analyses

Differential gene expression analysis comparing pa-
tients with preserved (eGFR = 60 ml/min per 1.73 m?)
and reduced kidney function revealed distinct tran-
scriptional signatures associated with disease progres-
sion (Figure 7). Samples were clustered according to
eGFR strata, demonstrating progressive upregulation
of genes related to renal injury, fibrosis, and inflam-
mation with declining kidney function. Injury markers
such as HAVCRI, LCN2, and SPAG5 were markedly

Kidney International Reports (2026) 11, 106710
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Figure 3. Molecular and histopathological findings in selected cases demonstrating exon skipping and structural alterations in glomerular
basement membrane disease. (a, b) Exon-skipping events detected in kidney biopsies. The left panels depict alternative splicing events with
different exon inclusion levels (red as retaining and blue as a skipping event). The right panels show violin plots representing splicing event
distribution (red as retaining and blue as a skipping event). (c) Electron microscopy (EM) reveals irregular thickening and multilamellation of the
glomerular basement membrane (GBM) indicative of Alport spectrum (original magnification, 2500X). (d) Segmental and global glomerulo-
sclerosis, along with interstitial fibrosis and tubular atrophy, represent common chronic histopathological changes observed during the
progression of Alport spectrum disorders.

Kidney International Reports (2026) 11, 106710 7




CLINICAL RESEARCH

J Plesko et al.: Kidney Transcriptome in Alport Spectrum

Table 3. Aberrant splicing events detected by whole transcriptome sequencing and their corresponding variants identified by targeted DNA

sequencing

Gene (RefSeq) Aberrant splicing event

CLCN5 (NM_001127898.4)
COL4A3 (NM_000091.5)

Exon 7 skipping
Exon 34 skipping
Exon 46 skipping
Exon 9 skipping
Exon 44 skipping
Exon 20 skipping
Exon 40 skipping
Exon 52 skipping
Exon 9 skipping

COL4A4 (NM_000092.5)

COL4A5 (NM_033380.3)

DNA variant (HGVS) Aggregate SpliceAl gnomAD

€.6036>A 0.77 0.0
€.2881+1G>A 0.72 0.0

c.4028-15T>C 0.24 0.00000137

€.559-2A>T 0.99 0.00000137
Not detected n/a n/a

¢.1321_1369+3del 1.00 0.00000205
¢.3588A>G 0.05 0.0
¢.4804-15C>A 0.09 0.0
¢.466-17T>6 0.50 0.0

gnomAD, genome aggregation database; HGVS, Human Genome Variation Society.

Listed are the affected genes, transcript IDs, types of splicing abnormalities, associated DNA variants, SpliceAl aggregate scores and allele frequencies from the gnomAD database.
SpliceAl scores = 0.5 suggest a strong prediction (high precision) of splicing impact. “Not detected” indicates no matching DNA variant was found for the observed transcript event.

upregulated in severe disease. Fibrosis-associated
genes, including COL1AI, COL3AlI, and FNI,
showed increased expression, consistent with extra-
cellular matrix remodeling. Inflammatory mediators
and TNF receptor family members were also upregu-
lated in moderate to severe disease stages.

Conversely, genes involved in tubular transport and
epithelial function (SLC22A6, AQPI, UMOD) were pro-
gressively downregulated with declining eGFR, reflect-
ing loss of tubular integrity. miRNA enrichment analysis
identified several miRNAs predicted to regulate differ-
entially expressed genes, including hsa-miR-335-5p,
hsa-miR-325-3p, and hsa-miR-874-3p, whereas
enrichment among downregulated gene sets did not
reach statistical significance (Table 4).

DISCUSSION

In this cohort of 93 kidney biopsies with ultrastruc-
tural GBM abnormalities, kidney tissue whole tran-
scriptome sequencing improved molecular diagnosis
and enhanced insight into the Alport spectrum. By
integrating RNA-based variant detection, splicing
analysis, and expression profiling, we identified pre-
viously unreported pathogenic splice and missense
variants and revealed gene expression changes asso-
ciated with declining kidney function. These data
illustrate that RNA sequencing of disease-relevant
tissue is a powerful complement to DNA-based di-
agnostics, revealing splicing defects and regulatory
events that underlie phenotypic diversity in collagen

Creatinine trajectories by AS type and gender
2500 - AS type (color) & Gender (line style)
COL4A3: exon 34 skipping o AD
COL4A3: p.(Leu1474Pro)*
—e— AR
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COL4AS: exon 52 skipping
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Figure 4. Longitudinal creatinine trajectories in Alport spectrum by mode of inheritance type and gender. Serum creatinine values from all
clinical visits were plotted for each patient and colored by mode of inheritance (AD, AR, X-linked, digenic or unknown). Solid and dashed lines
represent male and female patients, respectively. Peak trajectories are annotated with the corresponding variants. An asterisk (*) indicates
variants classified as VUS.
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Figure 5. Variable levels of exon 27 skipping in COL4A4 transcript (NM_000092.5) across kidney samples. Violin plots depicting differential
inclusion of exon 27 in COL4A4 transcripts across the analyzed kidney samples. The upper panel (red) represents exon inclusion levels (mean:
0.869), whereas the lower panel (blue) illustrates exon skipping events (mean: 0.131), quantified using RNA-seq derived percent spliced-in (W)
values. Each violin corresponds to a single sample, with distribution width reflecting variability in exon usage. The observed variation in exon
27 skipping indicates heterogeneous alternative splicing of COL4A4, potentially affecting a4(IV) collagen chain production and the structural

integrity of the glomerular basement membrane.

IV-related nephropathies, however broader splicing
variability must be interpreted with caution.

Variant Spectrum and Genotype-Phenotype
Correlations

Overall, we identified 64 variants with pathogenic,
likely pathogenic or variants of uncertain significance
classification involving COL4A3 — COL4A5 and addi-
tional genes associated with GBM nephropathy. Seven
pathogenic and/or likely pathogenic variants appear to
be novel, since they had not been reported in the
literature or public genetic databases. Most of these
variants were associated with renal function deterio-
ration, including progression to ESKD. Histopatholog-
ically, the majority of cases showed a relatively high
proportion of global glomerulosclerosis, accompanied
by segmental glomerulosclerosis and a substantial de-
gree of IFTA. Ultrastructural examination most
frequently demonstrated GBM thinning, with absent
or mild multilamellation; severe multilamellation was
observed in only 2 cases. The most frequent variant
identified in our cohort was COL4A5 p.(Gly624Asp),
detected in 9 individuals (9.7%). This recurrent
variant represents a founder genetic variant in Central
and Eastern Europe, including the Balkan region.'' It
substitutes a conserved glycine within the collagen IV

Gene name: CLCN5; chrX:+:49687225-49863892;
Gene ID: ENSG00000171365.11;

o5 triple-helix domain but behaves as a hypomorphic

allele, leading to a milder clinical phenotype.'' "’
However, in our cohort, affected individuals
exhibited relatively advanced histopathological
changes, including global  glomerulosclerosis,

segmental glomerulosclerosis, and moderate to severe
IFTA, accompanied by pronounced ultrastructural
GBM abnormalities. Additionally, deterioration of
renal function was observed in 2 of 9 patients.
Despite extensive sequencing, therefore, establishing
robust genotype—phenotype correlations within the
Alport spectrum remains challenging. The complexity
arises from heterogeneous genetic backgrounds, the
presence of hypomorphic alleles and the likely
contribution of additional genetic modifiers influ-
encing disease severity. Analysis of longitudinal
creatinine and eGFR trajectories corroborates previous
observations of pronounced interindividual vari-
ability, with some patients maintaining isolated he-
maturia throughout life, whereas others progress to
ESKD in early adulthood. Overall, our results indicate
that X-linked inheritance in males is associated with
more severe disease, whereas autosomal dominant
forms are generally milder, consistent with previous
studies.” in certain autosomal dominant
cases, the presence of an additional wvariant of

However,

Figure 6. Exon 7 skipping in the CLCN5 transcript (NM_001127898.4). Schematic representation of alternative splicing in the CLCN5 transcript
located on chromosome X. Exon 7 skipping is indicated by an absent junction between exons 6 and 7, with a direct splicing event connecting
exon 6 to exon 8 (green arc). The arc diagram below the exon map displays the splicing junctions detected from RNA-seq reads (green arcs)
and database plus RNA-seq annotations (purple arcs). The observed skipping event results in the exclusion of exon 7 from the mature
transcript.
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Figure 7. Selected gene expression heatmap of kidney tissue samples stratified by eGFR status. Differential gene expression analysis was

performed between two groups defined by eGFR status: normal renal fu

nction and reduced renal function. For visualization purposes only,

samples within the reduced renal function group were further annotated as moderate or severe impairment based on eGFR values (top

annotation bar). Genes are categorized by biological function: renal injury

(blue), fibrosis (brown), inflammation (green), and renal transporters

(grey). Red indicates upregulation and blue indicates downregulation (Z-score scaled). A progressive increase in injury, fibrosis, and in-
flammatory markers, along with reduced transporter expression, is observed with worsening renal function.

uncertain significance may modify the phenotype,
resulting in an autosomal recessive-like clinical pre-
sentation. An illustrative example from our cohort is
COL4A3 p.(Leul474Pro), which, when present along-
side a COL4A3 exon-skipping variant, was associated
with a severe AS phenotype, including moderate GBM
ultrastructural abnormalities and progression to ESKD.
The p.(Leul474Pro) substitution occurs in the NCI
domain of collagen IV and has been described as a
putative hypomorphic allele rather than a fully pene-
trant pathogenic variant.'* Given its incomplete
penetrance and relatively high allele frequency in the
general population, accurate risk stratification for
carriers should incorporate clinical findings, such as
proteinuria and GBM ultrastructural features, rather
than relying on the genetic variant alone.

Splicing Heterogeneity and Functional
Interpretation

Splice-altering variants accounted for over one-fifth of
pathogenic  findings,  highlighting  the  major

10

contribution of aberrant splicing to disease pathogen-
esis. Importantly, many canonical splice-site and near-
splice variants can be detected by routine diagnostic
approaches, such as targeted gene panels or exome
sequencing. However, noncanonical splice-region,
deep-intronic, or regulatory variants are more diffi-
cult to interpret, and their pathogenicity often cannot
be established confidently without transcript-level
evidence."”” In our cohort, RNA sequencing of
kidney tissue enabled direct confirmation of aberrant
exon usage and helped resolve the functional
significance of splice defects that might otherwise
remain classified as variants of uncertain significance
or even likely benign variants. For 1 exon skipping
event (COL4A4 exon 44 skipping), we did not detect
the causative variant, implying deep intronic or
regulatory variants outside capture boundaries, or
structural and/or allelic mechanisms not captured by
standard panels. These findings emphasize that the
major strength of our study lies in the transcriptome-
first analysis of disease-relevant tissue.

Kidney International Reports (2026) 11, 106710
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Table 4. miRNAs enriched for targets among differentially
expressed genes in kidney tissue, identified using enrichMiR

Log, Binding site
Regulation miRNA  (enrichment) FDR DEG groups collection
Downregulated  hsa-miR- 2.33 0.255 Normal egfr ~ miRTarBase
5691 vs. low egfr
hsa-miR- 2.33 0.255 Normal egfr ~ miRTarBase
6805-3p vs. low egfr
hsa-miR- 2.66 0.698 Normal egfr ~ miRTarBase
5004-3p vs. low egfr
Upregulated hsa-miR- 0.52 0.000513 normal eGFR  miRTarBase
335-bp vs. low eGFR
hsa-miR- 0.76 0.000083 Normal eGFR  Target scan
325-3p vs. low eGFR  conserved
hsa-miR- 1.13 0.0472 Normal eGFR  Target scan
874-3p vs. low eGFR  conserved

DEG, differentially expressed genes; FDR, false discovery rates.

The table lists predicted up- and down-regulated miRNAs with target enrichment based
on the miRTarBase or TargetScan (conserved) binding site collections. Shown are log,
(enrichment) values, FDR, and corresponding DEG group comparisons.

The tissue-based approach is particularly important
in hereditary nephropathies. Although RNA from pe-
ripheral blood, urinary sediment, or skin fibroblasts
may sometimes be informative, expression of kidney
disease genes and splice isoforms may be low or not
fully representative in this surrogate tissues. In addi-
tion, formalin-fixed paraffin-embedded kidney bi-
opsies are generally not suitable for comprehensive
RNA studies of this type. By analyzing the fresh-
frozen tissue of interest directly, we were able to
assess the transcriptomic consequences of suspected
disease-causing variants in the tissue of interest itself.

An interesting finding of our study was variable
COL4A4 exon 27 skipping across the majority of kid-
ney samples. Quantitative differences in exon inclu-
sion (mean 87%) and exclusion (mean 13%) indicate
that this event might represent a regulated alternative
splicing process rather than a pathogenic defect, which
is further supported by the fact that this event was
observed broadly also in normal kidney tissue. How-
ever, no alternative transcript with skipped exon 27 is
reported in Genotype-Tissue Expression database.
Increasing evidence indicates that not all exon-
skipping events are inherently pathogenic and that
their clinical relevance depends on both the quantita-
tive ratio between normal and aberrant transcripts and
the functional context of the affected gene.'”?'*’
Although exon 27 skipping appears to be benign
computationally,” our recent study demonstrated that
a high level of aberrant transcript in combination
with a second skipping event can lead to severe
autosomal recessive AS.”’ In many cases, variants
located outside canonical splice sites result in
“leaky” splicing defects, whereby a fraction of
transcripts are correctly spliced whereas others
exhibit partial exon skipping, intron retention, or
activation of cryptic splice sites.”” Such events can

Kidney International Reports (2026) 11, 106710
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yield a mixture of normal and abnormal transcripts
and the proportion of correctly spliced transcripts
can determine whether sufficient protein function is
retained to prevent a phenotype.”**’
Although exon 27 skipping in COL4A4 was in vitro
validated as being disruptive for a heterotrimeric
assembly of collagen IV chains,”® its pathogenicity
interpretation should be case-dependent, considering
the quantitative nature of this skipping event.

The low-level detection of COL4A5 exon 52 skip-
ping in normal kidney biopsy samples may reflect the
presence of a minor alternative transcript
(ENST00000644079.1), which comprises only 3 exons
and has been reported in public transcriptomic data-
sets (Genotype-Tissue Expression). However, in our
patient, exon 52 skipping was dominant (90%),
strongly supporting a pathogenic splicing defect rather
than physiological alternative splicing. However, since
higher proportion of exon 52 skipping was also
observed in 2 normal controls, further functional val-
idations are required in order to assess the full nature
of this transcriptomic event.

clinical

Novel Splice Disruption in CLCN5 and
Phenotypic Convergence

We identified a novel exon 7 skipping event in CLCN5
associated with GBM thinning and hematuria in the
absence of classical Dent disease features. Segregation
analysis confirmed the presence of the same splicing
defect in an affected sibling, supporting its pathogenic
relevance. Although this finding supports pathoge-
nicity at the molecular level, its relationship to the
observed renal phenotype requires careful interpreta-
tion. CLCN5 variants are associated with Dent disease,
a disorder of proximal tubular function characterized
by low-molecular-weight proteinuria, hypercalciuria,
and nephrolithiasis. In this context, it remains unclear
how CLCN5 dysfunction would directly result in
basement membrane thinning. However increasing
evidence indicates phenotypic overlap between
tubular and glomerular disorders, including Alport-
like presentations.”””' Variants identified in genes
beyond the classical COL4A3-COL4A5 spectrum,
further emphasize the growing recognition of
phenocopies in hereditary nephropathies. Increasing
evidence demonstrates that Alport-like clinical and
histopathological features may arise from genetically
distinct disorders, complicating diagnostic classifica-
tion and highlighting the limitations of phenotype-
based approaches alone. Recent studies have shown
that a substantial proportion of patients with sus-
pected AS harbor pathogenic variants in alternative
genes, underscoring the importance of broad genetic
testing strategies and careful molecular

1
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interpretation.}z’33 In parallel, the traditional view of
AS as a primarily glomerular disease is being refined.
Emerging data suggest that the tubular compartment
plays a more significant role in disease pathogenesis
and progression than previously appreciated. Recent
work by Loderbauer et al.”* provides initial evidence
supporting a role for tubular involvement in AS,
indicating that tubular dysfunction may contribute to
disease progression alongside GBM defect. This
concept is consistent with our findings of progressive
downregulation of tubular transporters and activation
of injury and inflammatory pathways with declining
kidney function.

Transcriptomic Remodeling Across Kidney
Function Decline

Expression profiles of kidney tissue reflect the clinical
severity of renal dysfunction and chronic injury
burden. As eGFR declined, we observed a progressive
upregulation of genes associated with renal inflamma-
tory and profibrotic pathways, alongside a coordinated
downregulation of genes encoding renal transporters.
These changes are broadly consistent with tran-
scriptomic patterns reported across many forms of
chronic kidney disease and should not be interpreted
as specific molecular mechanisms of the Alport spec-
trum alone. Rather, they likely represent shared
downstream response to progressive kidney injury.
The pattern we identified is consistent with trajectory
analyses in large kidney transcriptomic datasets, in
which worsening kidney function is accompanied by
increasing activation of proinflammatory cytokine
signaling (e.g., IL6, TNF, and NF-KB pathways),
extracellular matrix remodeling and TGF-B driven
fibrotic gene programs, coupled with suppression of
proximal tubular transporters (e.g., SLC34Al,
SLC5A2, and ATPases) and mitochondrial oxidative
phosphorylation genes.”” "’ Single-nucleus and single-
cell RNA-seq studies of human kidney disease further
corroborate these findings, showing that even within
the same nephron segment, subsets of tubular cells
follow distinct transcriptional trajectories, from an
intact, transport-competent state toward inflammatory
and fibrotic fates. The relative abundance of these
maladaptive cell states correlates strongly with histo-
logic injury and eGFR decline.””””*""** Such single-cell
analyses have revealed that chronic injury induces a
loss of epithelial identity and a gain in proin-
flammatory and profibrotic signaling, thereby ampli-
fying interstitial fibrosis and tubular atrophy.
Together, these data support a model in which tubular
dedifferentiation and inflammatory activation are
central features of progressive kidney injury, inde-
pendent of the primary etiology. The concordance of
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our data with previous bulk and single-nucleus tran-
scriptomic studies suggests that eGFR-linked gene
expression changes can serve as robust molecular
readouts of kidney health and injury burden.

miRNA Regulatory Networks and Molecular
Adaptation

The miRNA motif enrichment analysis in our study
implicated miR-335-5p, miR-325-3p, and miR-874-3p
among upregulated miRNAs, when comparing low
versus normal eGFR patients groups. Although motif
enrichment does not establish causality, previous
functional work supports an anti-inflammatory and/or
antifibrotic role for miR-325-3p in diabetic nephropa-
thy via chemokine C-C motif ligand 19 targetin‘,c:{,44
warranting targeted validation in renal cell models.
miR-335-5p has been implicated in the regulation of
fibrotic and inflammatory signaling across multiple
tissues, including the kidney. In tubular epithelial
cells, it attenuates TGF-Pl induced epithelial-
mesenchymal transition and collagen synthesis by
suppressing downstream effectors, such as ADAMI9
and ROCKI, thereby preserving epithelial integrity
and limiting fibrosis."”“* Its upregulation in patients
with reduced eGFR may thus reflect a compensatory
antifibrotic response to chronic renal injury. miR-874-
3p has been implicated in renal oxidative stress and
apoptotic injury, in which its overexpression amplifies
mitochondrial dysfunction and cell death pathways. In
nephrotoxicity, = miR-874-3p
directly targets MsrB3, a mitochondrial antioxidant
enzyme, thereby enhancing reactive oxygen species
accumulation and podocyte apoptosis.”’ Its upregula-
tion in our low-eGFR group may thus represent a
maladaptive component of tubular injury, contrib-
uting to oxidative stress—driven loss of cellular integ-
rity. Together, these miRNAs delineate a complex
regulatory landscape, where both adaptive and mal-
adaptive responses coexist within the failing kidney.

doxorubicin-induced

Clinical Implications, Limitations, and
Conclusions
RNA-based confirmation of splicing defects enabled
reclassification of multiple variants and improved
diagnostic interpretation, with direct clinical implica-
tions. Moreover, precise delineation of aberrant exon
usage nominates potential targets for emerging splice-
modifying therapies.” This study demonstrates the
feasibility of integrating histopathology, ultrastruc-
ture, and transcriptomics from archived kidney tissue,
enabling molecular diagnosis when DNA-based testing
is inconclusive.

Limitations include the retrospective design,
incomplete clinical data, and the use of bulk tissue
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transcriptomics, which may obscure cell-specific ef-
fects. In addition, histopathologic injury markers such
as IFTA and glomerulosclerosis represent important
potential confounders of the observed expression pat-
terns. As these lesions closely reflect renal functional
decline in our cohort, they likely contribute substan-
tially to the transcriptomic differences observed be-
tween eGFR-defined groups. Future studies integrating
long-read sequencing and single-cell approaches will
be essential to resolve unresolved cases and refine
molecular interpretation. A further limitation of RNA-
based splicing analysis is the potential impact of
nonsense-mediated mRNA decay, which selectively
degrades transcripts containing premature termination
codons. This process may reduce the abundance of
aberrantly spliced transcripts and lead to underesti-
mation of splice defects in RNA-seq data. A practical
limitation of our study is the requirement for relatively
high-quality RNA derived from fresh-frozen tissue.
In routine clinical practice, formalin-fixed paraffin-
embedded kidney biopsies are more commonly
available; however, RNA degradation and chemical
modification in formalin-fixed paraffin-embedded
samples often limit their suitability for comprehensive
transcriptome analysis. Another limitation of this study
is the absence of comprehensive genome-wide DNA
analysis. Although targeted DNA sequencing was
performed to validate RNA-derived variants and assess
known disease-associated genes, this approach does not
exclude the presence of additional pathogenic variants
in other genes or noncoding regions. In particular,
digenic inheritance or multilocus contributions may be
present in some patients and could influence disease
severity and phenotypic variability.

In conclusion, kidney transcriptome
sequencing enhances diagnostic yield and biological
understanding across the Alport spectrum by
revealing splice defects, quantitative exon usage vari-
ability, and molecular signatures of renal decline.
These findings support integration of RNA sequencing
into diagnostic workflows for hereditary nephropa-
thies and provide a framework for functional variant
interpretation and therapeutic development.
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