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Clear Evidence of LAMA5 Gene Biallelic Truncating
Variants Causing Infantile Nephrotic Syndrome
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Key Points

e [AMAS5 gene biallelic variants have been identified in only seven patients so far, and no functional analysis had
been conducted for all but one.

e We report three patients with LAMAS5 biallelic truncating variants manifesting infantile nephrotic syndrome and
in vitro heterotrimer assays.

e We report one patient with SRNS with biallelic LAMAS5 missense variants.

Abstract

Background Pathogenic variants in single genes encoding podocyte-associated proteins have been implicated in
about 30% of steroid-resistant nephrotic syndrome (SRNS) patients in children. However, LAMAS gene biallelic
variants have been identified in only seven patients so far, and most are missense variants of unknown
significance. Furthermore, no functional analysis had been conducted for all but one of these variants. Here, we
report three patients with LAMAS gene biallelic truncating variants manifesting infantile nephrotic syndrome,
and one patient with SRNS with biallelic LAMA5 missense variants.

Methods We conducted comprehensive gene screening of Japanese patients with severe proteinuria. With the
use of targeted next-generation sequencing, 62 podocyte-related genes were screened in 407 unrelated patients
with proteinuria. For the newly discovered LAMAS variants, we conducted in vitro heterotrimer formation
assays.

Results Biallelic truncating variants in the LAMAS gene (NM_005560) were detected in three patients from two
families. All patients presented with proteinuria within 6 months of age. Patients 1 and 2 were siblings
possessing a nonsense variant (c.9232C>T, p.[Arg3078*]) and a splice site variant (c.1282 + 1G>A) that led to
exon 9 skipping and a frameshift. Patient 3 had a remarkable irregular contour of the glomerular basement
membrane. She was subsequently found to have a nonsense variant (c.8185C>T, p.[Arg2720*]) and the same
splice site variant in patients 1 and 2. By in vitro heterotrimer formation assays, both truncating variants
produced smaller laminin a5 proteins that nevertheless formed trimers with laminin 81 and <1 chains. Patient 4
showed SRNS at the age of 8 years, and carried compound heterozygous missense variants (c.1493C>T,
p-[Ala498Val] and ¢.8399G>A, p.[Arg2800His]).

Conclusions Our patients showed clear evidence of biallelic LAMA5 truncating variants causing infantile
nephrotic syndrome. We also discerned the clinical and pathologic characteristics observed in LAMAb5-related
nephropathy. LAMAS variant screening should be performed in patients with congenital /infantile nephrotic
syndrome.
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Introduction

Nephrotic syndrome is characterized by heavy proteinuria,
hypoalbuminemia, edema, and hyperlipidemia. Most chil-
dren with nephrotic syndrome have steroid-sensitive
nephrotic syndrome. However, 10%-20% of patients with
nephrotic syndrome have steroid-resistant nephrotic syn-
drome (SRNS) and are at risk to progress to end stage kid-
ney disease (ESKD) (1).

FSGS is the most frequently observed pathologic finding
in SRNS and often develops into ESKD in children. Heredi-
tary FSGS is a genetically heterogeneous condition that is
associated with >60 podocyte-related genes. Identifying
genetic bases for SRNS/FSGS in patients could allow dis-
continuation of immunosuppressive therapy and provide
further information about prognosis.

Whole-exome sequencing has revealed new genes associ-
ated with SRNS, thus expanding the genetic heterogeneity
of the disease. Chatterjee et al. reported a patient with bial-
lelic LAMAS missense variants associated with FSGS for
the first time (2). However, those are variants of unknown
significance, and there are no reports of any in vitro func-
tional or in vivo pathologic analyses. Likewise, Braun et al.
identified homozygous variants of unknown significance in
LAMAS in five pediatric patients with nephrotic syndrome
from three families using whole-exome sequencing (3).
They also have not reported further in vitro functional or
in vivo pathologic analyses. Therefore, the role of LAMAS5
pathogenic variants in causing SRNS/FSGS is still unclear.
The LAMAS variant p.(Arg286Leu) is clearly pathogenic,
and causes complex syndromic developmental defects
along with FSGS and ESKD (4).

The glomerular basement membrane (GBM) is an impor-
tant component of the kidney’s glomerular filtration bar-
rier. The GBM contains members of the four major classes
of basement membrane proteins: type IV collagen, laminin,
heparan sulfate proteoglycan, and nidogen (5). The GBM's
major laminin isoform is laminin-521 (LM-521), a cross-
shaped heterotrimeric glycoprotein composed of the lami-
nin a5, B2, and vyl chains (6). The LAMAS5 gene encodes
laminin a5, which is a widely expressed chain (7) found in
many embryonic and adult basement membranes (8).

We have characterized in detail three infantile patients
with nephrotic syndrome and biallelic LAMAS truncating
variants and one patient with SRNS and a LAMA5 mis-
sense variant. These patients provided clear evidence for
the first time that biallelic truncating variants in LAMAS5
can cause early-onset nephrotic syndrome.

Materials and Methods
Study Participants

After receiving informed consent, we obtained clinical data
and blood samples from individuals with severe proteinuria
in Japan. Study approval was obtained from the Institu-
tional Review Board of Kobe University Graduate School of
Medicine (approval number 301). Patients were enrolled
between January 2016 and January 2021. We performed tar-
geted next-generation sequencing (NGS) in 407 families.

Genetic Analysis
Genomic DNA was extracted from peripheral blood
using the Quick Gene Mini 80 system (Wako Pure
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Chemical Industries, Ltd., Tokyo, Japan) and used for tar-
geted sequencing and Sanger sequencing. Targeted
sequencing using NGS was conducted for genes responsi-
ble for inherited kidney disease (listed in Supplemental
Table 1). The sample library for NGS analysis was prepared
using SureSelect XT2 custom capture library 0.5-2.9 Mb
(Agilent Technologies, Santa Clara, CA, USA), in accor-
dance with the manufacturer’s workflow. Briefly, 150 ng of
genomic DNA was used for a restricted reaction and
hybridized using SureSelect XT Low Input reagents. All
indexed DNA samples were amplified by PCR and
sequenced using the Miseq platform (Illumina, San Diego,
CA, USA). The results were analyzed using SureCall 3.0
(Agilent Technologies).

Transcript Analysis

Total RNA was isolated from urine-derived cells using
an RNeasy Mini Kit (QIAGEN Hilden, Germany). Urine-
derived cells were cultured in accordance with a previously
reported protocol (9). Total RNA was reverse-transcribed
into cDNA using Ecodry Premix (Double Primed) (Takara
Bio Inc., Kusatsu, Japan), and PCR was performed. The pri-
mers used are shown in Supplemental Table 2.

Immunofluorescence Analysis of Laminin a5

Double immunostaining for laminin o5 and laminin 2
or type IV collagen o5 chain was performed using frozen
kidney tissues. Each sample was fixed with acetone for 10
minutes, followed by heat-induced epitope retrieval. After
blocking with 10% goat serum (Vector Laboratories, Burlin-
game, CA, USA), samples were incubated with primary
mAbs against the laminin a5 chain (AMADb91124) (Atlas
Antibodies AB, Stockholm, Sweden), laminin 82 chain (sc-
20777, H-300) (Santa Cruz Biotechnology, Dallas, CA,
USA), or type IV collagen a5 chain (H53) (Shigei Medical
Research Institute, Okayama, Japan) overnight. Bound
mAbs were detected using specific secondary antibodies,
Alexa Fluor 546 goat anti-rabbit IgG and Alexa Fluor 488
goat anti-rat IgG, for 90 minutes. Finally, samples were
incubated with DAPI for 5 minutes to stain nuclei.

Construction of Expression Vectors

Expression vectors for human laminin o5 (LMab5-
pcDNA3.1), B1 (LMB1-pCEP4), and FLAG-tagged v1
(LMy1FLAG-pcDNA3.1) were prepared as described previ-
ously (10-12). An expression vector for a human laminin
a5 chain mutant with mouse Ig k-chain (Ig-«) leader
sequence and 10XHis-tag was prepared as follows. A
cDNA encoding the Ig-k leader sequence and 10XHis-tag
sequence (LMabHis-pcDNA3.1) was prepared by extension
PCR using LMab-pcDNA3.1 as a template. The primers
used are shown in Supplemental Table 3.

The resultant cDNA fragment was inserted into the
HindIll and Sacll sites of LMa5-pcDNA3.1 using GeneArt
Seamless Cloning and Assembly Kit (Thermo Fisher Scien-
tific). Expression vectors for two human LAMAS truncation
mutants, Arg2720* and Arg3078%, were prepared by exten-
sion PCR using a LMa5SHis-pcDNA3.1 as a template. Resul-
tant cDNA fragments were inserted into the BbrCI and Ascl
sites of LMa5His-pcDNA3.1 using GeneArt Seamless Clon-
ing and Assembly Kit. The DNA sequence of the resulting
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vectors was confirmed using an ABI PRISM 3130 Genetic
Analyzer.

In Vitro Secretion of Wild-Type LM511 and Its
Chain-Termination Mutants

Wild-type LM511 and its mutants were transiently
expressed in the FreeStyle 293 Expression System (Thermo
Fisher Scientific), according to the manufacturer's instruc-
tions. Briefly, 293-F cells were simultaneously transfected
with expression vectors for laminin «5His, 81, and y1FLAG
and grown for 3 days. To inhibit the proteolytic cleavage
between laminin globular (LG) domain 3 and 4, 200 pug/ml
heparin was added to the culture medium at 4 hours after
transfection. At 72-75 hours after transfection, the cells
were collected and washed with D-PBS without divalent
cations. Cell pellets were lysed with lysis buffer (50 mM
HEPES-NaOH [pH 7.4], 150 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid, 0.1% [w/v] sodium dodecyl sulfate,
1% [w/v] sodium deoxycholate, 1% [v/v] Triton X-100, and
protease inhibitor cocktail, [FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan]). The conditioned media and
cell lysates were clarified by centrifugation and analyzed
by SDS-PAGE under reducing conditions, followed by
immunoblotting with mAbs against horseradish peroxi-
dase (HRP)—conjugated PentaHis (for laminin a5 chain,
QIAGEN). Bound antibodies were visualized using ECL
Western Blotting Detection Reagents (Cytiva). Band densi-
ties were quantified using Image] packaged in Fiji (13).

To confirm the heterotrimerization of LMab5 chain-
termination mutants in LM511, the conditioned media
were incubated with anti-human laminin a5 mAb 5D6 (14)
and Protein G Sepharose 4 Fast Flow (Cytiva, Tokyo,
Japan) or anti-FLAG M2 agarose (Sigma) overnight at 4°C.
After centrifugation, resultant immunoprecipitates were
separated by SDS-PAGE under reducing conditions, fol-
lowed by immunoblotting with mAbs HRP-conjugated
PentaHis (for laminin «5), DG10 (for laminin B1), C125W,
and anti-FLAG mAb M2 (for laminin y1). After reaction
with HRP-conjugated donkey anti-mouse IgG pAb (Jack-
son ImmunoResearch, PA, USA), the antigen-antibody
complexes were visualized using ECL Western Blotting
Detection Reagents (Cytiva).

Results
Patients

A total of 407 unrelated patients (216 males and 191
females) were included for genetic analysis by targeted seq-
uencing using NGS. LAMA5 (NM_005560.4) gene variants
were detected in four patients in three families. The genetic
and concise clinical information for patients 1 and 2 was
already published in our previous report (15), but no pre-
cise clinical and pathologic findings were described. Table 1
summarizes the characteristics of our four patients and the
seven patients from previous reports with LAMAS variants.

Patient 1 was a 13-year-old boy. At 3 months of age, his
edema was detected by chance when he had a fever. Labo-
ratory findings were as follows: serum total protein 3.9
g/dl; serum albumin 1.8 g/dl; serum creatinine, 0.55 mg/dl;
and cholesterol 940 mg/dl. Urinalysis showed heavy pro-
teinuria. He was diagnosed with nephrotic syndrome.

Because his renal function was gradually deteriorating, peri-
toneal dialysis was started at the age of 1 year. We con-
ducted genetic testing using targeted sequencing of the
genes known to be responsible for inherited kidney disease
and detected compound heterozygous variants in LAMAS.
The variants include a heterozygous G to A substitution at
base position 1282+1 in intron 9 (IVS9+1G>A) and a het-
erozygous C to T substitution at base position 9232 in exon
68, which replaces the amino acid arginine with a stop
codon at codon 3078 (p.Arg3078*) (Figure 1, A and B).
IVS9+1G>A led to the entire exon 9 (91 bp) being skipped
at the transcript level (Figure 1C), meaning this is also a
truncating variant. The patient’s parents each carried a dif-
ferent variant in heterozygous form.

The patient’'s mother was phenotypically healthy and
did not have proteinuria. The patient’s father had hypo-
plastic kidney, but he did not have proteinuria and did not
reach ESKD.

Patient 2 was a 5-year-old girl. She is patient 1’s younger
sister. At 4 months of age, edema and hypoalbuminemia
were detected. Urinalysis showed heavy proteinuria, and
she was diagnosed with nephrotic syndrome. She did not
have any extrarenal abnormalities. Peritoneal dialysis was
started at the age of 3.5 months. She carried the same var-
iants as patient 1.

Patient 3 was a 6-year-old girl in whom hypoalbumine-
mia was detected by chance when she had been infected
with the virus at 6 months of age. She had congenital cata-
ract and hypoplastic kidney. There was no family history
of kidney diseases. She was diagnosed with infantile
nephrotic syndrome and started steroid therapy. However,
she did not respond to immunosuppressive therapy. At 11
months of age, she underwent a renal biopsy. Pathologi-
cally, light microscopy demonstrated diffuse mesangial
sclerosis, and electron microscopy demonstrated thinning
and irregular structure of the GBM (Figure 1D). She
reached ESKD at 3 years and 3 months of age. We con-
ducted targeted sequencing analysis using NGS and found
compound heterozygous variants in LAMAS. The variants
include a heterozygous G to A substitution at base position
1282+1 in intron 9 (the same as patients 1 and 2), and a het-
erozygous C to T substitution at base position 8158 in exon
60, which replaces the amino acid arginine with a stop
codon at codon 2720 (p.Arg2720%) (Figure 1, E and F). We
conducted immunostaining analysis of laminin &5. In the
control, laminin o5 showed the characteristic linear GBM
pattern; however, patient 3 showed weakly positive stain-
ing for laminin &5, although laminin B2 and collagen o5
(IV) showed normal patterns (Figure 2, A and B). This sug-
gests that mutant laminin o5 could form laminin-521 heter-
otrimers, although levels in the GBM appear reduced.

Patient 4 was a 9-year-old girl. At 8 years old, she was
referred to the hospital because of proteinuria, which had
been identified in a school-based urine screening program.
Urinalysis showed heavy proteinuria. She did not have any
extrarenal abnormalities. She was diagnosed with nephrotic
syndrome and started steroid therapy. She underwent a
renal biopsy because of SRNS. Pathologically, light micros-
copy demonstrated FSGS cellular variant, and electron
microscopy demonstrated thinning and irregular structure
of the GBM (Figure 3A). We conducted targeted sequencing
analysis using NGS. She had compound heterozygous



Table 1. Characteristics of 11 patients

Age of Age at Age at Biopsy Ethnic
1D Follow-up, yr Sex Onset ESKD Findings Origin Diagnosis Gene Variants dbSNP ACMG

Patient 1 Neph236 13 M 3 mo 1yr ND Japanese CNS c1282+1G>A rs1168208691 Pathogenic
€.9232C>T, 1rs369268267
p-(Arg3078*)
Patient 2 Neph236 sister 5 F 4 mo 3.5yr ND Japanese INF c.1282+1G>A Pathogenic
€.9232C>T,
p-(Arg3078*)
Patient 3 Neph341 6 F 6 mo 3.3 yr DMS Japanese INF c.1282+1G>A Pathogenic
c.8158C>T,
p-(Arg2720%)
Patient 4 Neph428 9 F 8 yr ND FSGS Japanese SRNS c.1493C>T, 15139957521 Likely
p-(Ala498Val) rs142801594 pathogenic
c.8399G>A,
p-(Arg2800His)
2) 07-0430-00016 38 F 27 yr ND FSGS Black Proteinuria Ser1469Ala Vvus
Val2440Ile
(3) A4389-21 M 3yr No ND Turkey SSNS €.2239C>T, 1rs370940497 vus
p-(Arg747Trp)
€.2239C>T,
p-(Arg747Trp)
(3) A4389-22 M 22 mo No ND Turkey SSNS €.2239C>T, 15370940497 vus
p-(Arg747Trp)
€.2239C>T,
p-(Arg747Trp)
(3) B150-21 M 4yr No FSGS Egypt SRNS ¢.3002A>G, vus
p-(Glu1001Gly)
¢.3002A>G,
p-(Glu1001Gly)
(3) B150-22 F 15 yr 6 yr FSGS Egypt SRNS ¢.3002A>G, vus
p-(Glu1001Gly)
c.3002A>G,
p-(Glul001Gly)
(3) B1284-21 M 4yr No ND Arabic SSNS/SDNS c.8842G>A, 1rs529211517 vus
p-(Gly2948Ser)
c.8842G>A,
p-(Gly2948Ser)
4) M 2yr 2 yr FSGS Italian SRNS c.857G>T, Pathogenic
p-(Arg286Leu)
c.857G>T,
p-(Arg286Leu)

120T “19quiddd(Q ‘8261-8961 T 09EAINAIN

‘e 19 wnSiue] ‘sJueLIBA 3UID SYAVT

M, male; F, female; dbSNP, the Single Nucleotide Polymorphism Database; ACMG, the American College of Medical Genetics and Genomics; ND, no data; INF, infantile nephrotic
syndrome; DMS, diffuse mesangial sclerosis; SSNS, steroid-sensitive nephrotic syndrome; SDNS, steroid-dependent nephrotic syndrome; VUS, variants of unknown significance.
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Figure 1. | Genetic and pathologic analyses of patients 1, 2, and 3 reveal variants in LAMA5 and glomerular basement membrane
(GBM) defects in patient 3. (A), (B) LAMAS5 gene sequencing analysis of patients 1 and 2 and their parents. A splice site variant
(c.1282+1G>A) and a nonsense variant (c.9232C>T) were detected in patients 1 and 2 (the sister). The nonsense variant is linked to a
nearby variant (c.9235C>T). Each parent carried a different one of these variants in heterozygous form. Red arrows indicate the heterozy-
gous variants in the chromatograms. (C) RT-PCR analysis of LAMAS5 RNA from patient 2’s urinary cells using primers in exons flanking the
€.1282+1G>A variant reveals a full length and a shorter amplicon. Sanger sequencing (Supplemental Figure 1) indicates the shorter prod-
uct lacks exon 9, indicating exon skipping resulting in a frameshift. (D) Electron microscopic analysis of patient 3's kidney biopsy reveals
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Figure 2. | Inmunofluorescence analysis reveals reduced levels of
laminin o5 in the GBM of patient 3. (A) Immunostaining for lami-
nin &5 and laminin B2 in control and patient 3 shows the charac-
teristic linear GBM patterns in the control, but patient 3 showed a
very weak linear pattern for laminin «5. (B) Immunostaining for
laminin a5 and collagen IV o5 in control and patient 3 shows the
characteristic linear GBM patterns in the control, but patient 3
showed a very weak linear pattern for laminin a5.

missense variants in LAMAS. The variants include a hetero-
zygous C to T substitution at base position 1493 in exon 12,
which replaces the amino acid alanine with valine at codon
498 (p.Ala498Val) and a heterozygous G to A substitution
at base position 8399 in exon 62, which replaces the amino
acid arginine with histidine at codon 2800 (p.Arg2800H:is)
(Figure 3, B and C). We conducted immunostaining analy-
sis of laminin «5. In the control, laminin a5 shows a
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characteristic linear GBM pattern; patient 4 showed the
same degree of expression of laminin o5 as control (Figure
3, D and E). The patient’s parents each carried a different
variant in heterozygous form. They were phenotypically
healthy and did not have proteinuria.

In Vitro Analysis

To investigate the potential pathogenicity of the two non-
sense variants, LMa5-Arg2720* and -Arg3078* (Figure 4A),
we assayed their synthesis and secretion in the context of
the LM-511 trimer. We expressed either wild-type or
mutant tagged human LMa5 along with tagged LMB1 and
v1 to produce either wild-type or mutant LM-511 trimers
by cotransfecting 293-F cells with three expression vectors:
LMa5His-pcDNA3.1, LMpB1-pCEP4, and LMylFLAG-
pcDNA3.1. Conditioned media were separated by SDS-
PAGE, followed by immunoblotting using the mAb against
the 5XHis tag at the amino-terminus of LMa5. This analysis
showed that both truncating mutants, LMa5-Arg2720* and
-Arg3078*, exhibited a decreased trimer secretion level by
about 40% and 30%, respectively, compared with wild-type
(Figure 4, B and C). Consistent with these results, the signal
intensities in cell lysates were increased by 4-5 fold for the
mutants compared with wild-type (Figure 4, B and C).

To further explore whether secreted LMa5-Arg2720* and
-Arg3078* mutants can trimerize with laminin p1 and vy1,
we performed immunoprecipitation using mAbs against
the human laminin &5 chain (5D6) and the FLAG tag at the
amino-terminus of the laminin y1 chain. Immunoblotting
analyses showed that laminin 81 and yl were detected in
mAb 5D6 immunoprecipitates (Figure 4D, left panel).
When the yl chain was immunoprecipitated with anti-
FLAG mADb, laminin &5 and 1 chains were detected in the
precipitates (Figure 4D, right panel). These results indicate
that both a5-Arg2720* and -Arg3078* mutants are able to
assemble with laminin 81 and vyl to yield a trimer, but
compared with wild-type, secretion efficiencies of the
mutant LM-511s were decreased by an unidentified intra-
cellular quality control mechanism. This is in good agree-
ment with our in vivo findings that the level of laminin a5
was decreased in glomeruli of patient 3.

Discussion

This paper presents three infantile patients with
nephrotic syndrome with LAMAS5 gene biallelic truncating
variants and one patient with SRNS with LAMAS biallelic
missense variants. For our patients, we performed in vitro
heterotrimer formation assays and demonstrated defects in
the function of truncating variants. This is the first report to
show clear evidence that LAMAS5 pathogenic variants can
lead to nephrotic syndrome in the absence of major devel-
opmental anomalies. Our patients suggest the need for
awareness of LAMADS gene screening in patients with early-
onset proteinuria.

Figure 1. | Continued. irregular appearance of the GBM (arrowheads) and podocyte foot process effacement. (E), (F) Genetic analysis of
patient 3 and her mother. The same splice site variant found in patients 1 and 2 (c.1282+1G>A) and a novel nonsense variant
(c.8185C>T) were detected in patient 3. The mother carried the nonsense variant.
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Figure 3. | Genetic and pathologic analyses of patient 4 and her parents reveals LAMA5 missense variants and a GBM defect. (A) Elec-
tron microscopy shows an irregular appearance of the GBM. (B), (C) Genetic analysis of LAMAS5 reveals compound heterozygous missense
variants ¢.1493C>T (p.Ala498Val) and ¢.8399G>A (p.Arg2800His). Each parent carried a different one of these variants in heterozygous
form. Red arrows indicate the heterozygous variants in the chromatograms. (D) Immunofluorescence analysis reveals normal levels of lam-
inin o5 in the GBM of patient 4. Immunostaining for laminin a5 and laminin B2 in control and patient 4 shows the characteristic strong,
linear GBM patterns. (E) Immunostaining for laminin &5 and collagen IV &5 in control and patient 4 shows the characteristic strong, linear

GBM patterns.

Three of our patients (patients 1, 2, and 3) possess bial-
lelic truncating variants. One was a nonsense variant, and
the other was a consensus donor splice-site variant that led
to skipping of exon 9 (91 bp) and a frameshift. Therefore,
both should be considered disease-causing pathogenic var-
iants. Although one of our patients (patient 4) had only

missense variants, pathologically and clinically these var-
iants should also be considered disease causing. Until now,
several pathogenic and likely pathogenic variants, includ-
ing splice sites and frameshifts, have been reported in Clin-
var database. Limited to variants for which phenotypic
information was available, only seven patients who are
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Figure 4. | Secretion efficiencies of wild-type LM-511 and its laminin a5 chain-termination mutants. (A) Domain structure of the laminin
a5 chain. The sites of truncation in patients 1 and 2 (R3078) and in patient 3 (R2720) are positioned in laminin globular (LG) domain 2
and in the carboxyl-terminal region of the laminin coiled-coil (LCC) domain, respectively. (B) The amount of wild-type and mutant
LM-511 expressed in and secreted from cells. Equal amounts of conditioned media and cell lysates were applied to SDS-PAGE under
reducing conditions. Laminin o5 chains are detected with HRP-conjugated anti-5XHis tag mAb (upper panel). Proteins blotted on
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proteinuric with biallelic LAMAS variants were reported,
and all of them were missense variants. The first patient
was an adult female with proteinuria beginning at age 27,
as reported by Chatterjee et al. (2). Recently, using whole-
exome sequencing, homozygous missense variants in
LAMAS were identified in five pediatric patients with
nephrotic syndrome in three families (3). All five patients
had nephrotic syndrome with onset before 4 years of age.
One of them did not respond to immunosuppressive treat-
ment and reached ESKD at age 6, but in contrast, other
patients responded to immunosuppressive treatment. This
indicates significant phenotypic heterogeneity in this dis-
ease, which resembles somewhat the situation for LAMB2
gene variants (16).

Our three patients with truncations (patients 1, 2, and 3)
showed more severe phenotypes than the patients with
missense variants, but not lethality. Lama5 null mice die at
late fetal stages with multiple development defects (17),
and variant of Lamab specifically in podocytes causes
nephrotic syndrome (8). One reported homozygous variant
in human LAMAS5 (Arg286Leu) that impairs laminin poly-
mer formation causes a complex syndromic disorder in
addition to FSGS and ESKD (4), and the overall features
(including syndactyly) are consistent with the phenotypes
of the Lama5 null mouse. That patients 1, 2, and 3 with bial-
lelic truncating variants survived the fetal period and mani-
fested either no or mild extrarenal symptoms suggests the
presence of truncated LMab proteins maintains significant
LM-521 functions. Our in vitro biochemical analysis using
recombinant truncated proteins explained this phenotype.

Laminins are a group of cross-shaped heterotrimeric pro-
teins, each consisting of «, B, and <y subunits joined
together through a coiled coil domain (16). Three mutants
we characterized were able to form trimers because the
coiled-coil domain was preserved in each truncating vari-
ant. On the basis of the results of our in vitro trimer forma-
tion assay, mutant LM-521 trimers should form, although
the laminin a5 proteins would be truncated due to the non-
sense variants. Although secretion of the mutant trimers
into patient 3's GBM was observed, the level was low. This
weak accumulation of incomplete laminin o5 likely saved
the lives of our patients.

Renal pathologic findings showed irregular architecture
of the GBM with similarity to Alport or Pierson syndrome
in patients 3 and 4. These were the novel findings of
LAMADbS-related nephrosis. Variant of the mouse Lamab
gene results in varying degrees of proteinuria and rates of
progression to nephrotic syndrome (8). The GBM of
proteinuric mice appeared thickened, with a moth-eaten
appearance (8). These mouse pathologic findings were in
concordance with our patients. We also performed immu-
nofluorescence analysis that showed weak deposition of
laminin a5, but it was not negative in patient 3. This result
was somewhat surprising to us, because we did not expect

biallelic truncating variants to produce laminin a5 able to
form laminin-521 trimers. However, our in vitro trimer for-
mation assay clearly proved that the two truncated laminin
ab variants can trimerize. Patient 4 showed a laminin o5
expression level similar to the control. This result is in con-
cordance with the clinical course of preserved renal func-
tion in patient 4. In limitation, we did not quantify the
fluorescent intensity.

The age of onset in patients 1-3 was under 1 year. In con-
genital and infantile nephrotic syndrome patients, monoge-
netic disease is typically suspected. In the PodoNet study,
genetic disease was identified in 24% of patients with
SRNS; the most commonly mutated genes were NPHS2,
WT1, and NPHS1 (18). In Japan, genetic components were
identified in 30% of patients who were proteinuric; the
most commonly mutated genes were WT1, NPHS1, and
INF2. However, comprehensive genetic testing was per-
formed before the publication of a report of pathogenic
homozygous LAMAS5 variants in pediatric nephrotic syn-
drome in 2019 (3). Among the patients diagnosed with
congenital nephrotic syndrome or infantile nephrotic syn-
drome for which the causative gene has not been identified,
LAMADS biallelic truncated variants, such as in three of our
four patients, may be the hidden cause. It is therefore nec-
essary to consider LAMASD as one of the causative genes of
congenital /infantile nephrotic syndrome.

We have reported three patients with infantile nephrotic
syndrome with LAMAS5 biallelic truncating variants and
one patient with SRNS with LAMAS5 missense variants.
Our patients showed clear evidence that LAMAS biallelic
variants can cause SRNS. We think it is likely that patients
with nephrotic syndrome with these types of LAMAS5 var-
iants are so rare because only specific types of LAMAS var-
iants are compatible with life.
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