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Abstract

Background: Focal and segmental glomerulosclerosis (FSGS) is a histologic pattern of injury that characterizes a
wide spectrum of diseases. Many genetic causes have been identified in FSGS but even in families with comprehen-
sive testing, a significant proportion remain unexplained.

Methods: In a family with adult-onset autosomal dominant FSGS, linkage analysis was performed in 11 family mem-
bers followed by whole exome sequencing (WES) in 3 affected relatives to identify candidate genes.

Results: Pathogenic variants in known nephropathy genes were excluded. Subsequently, linkage analysis was per-
formed and narrowed the disease gene(s) to within 3% of the genome. WES identified 5 heterozygous rare variants,
which were sequenced in 11 relatives where DNA was available. Two of these variants, in LAMA2 and LOXL4, remained
as candidates after segregation analysis and encode extracellular matrix proteins of the glomerulus. Renal biopsies
showed classic segmental sclerosis/hyalinosis lesion on a background of mild mesangial hypercellularity. Examination
of basement membranes with electron microscopy showed regions of dense mesangial matrix in one individual and

wider glomerular basement membrane (GBM) thickness in two individuals compared to historic control averages.

Conclusions: Based on our findings, we postulate that the additive effect of digenic inheritance of heterozygous
variants in LAMAZ2 and LOXL4 leads to adult-onset FSGS. Limitations to our study includes the absence of functional
characterization to support pathogenicity. Alternatively, identification of additional FSGS cases with suspected delete-
rious variants in LAMA2 and LOXL4 will provide more evidence for disease causality. Thus, our report will be of benefit
to the renal community as sequencing in renal disease becomes more widespread.
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Background

Focal and segmental glomerulosclerosis (FSGS) is a his-
tologic lesion with varied causes which include putative
circulating factor(s), monogenic etiologies and hyperfil-
tering conditions [1, 2]. Monogenic FSGS has extensive
genetic heterogeneity with 59 implicated genes and the
list continues to expand, facilitated by the adoption of
next-generation sequencing technologies [3].
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Defects in basement membrane proteins of the kid-
ney such as those encoded by type IV collagen and
LAMP2 are amongst the monogenic causes of FSGS [1,
2]. Through broader sequencing efforts, reports over the
past several years have identified an under-recognition
of pathogenic variants in type IV collagen, causative for
Alport syndrome, in patients presenting with a range of
phenotypes spanning from non-progressive haematuria/
albuminuria, adult-onset FSGS and classic (severe) dis-
ease [4-7]. The most abundant protein in the glomerular
based membrane (GBM) is heterotrimeric type IV col-
lagen (a3a4a5) but there exists numerous other proteins
that contribute to GBM architecture and turnover. Our
own local experience has highlighted a preponderance
of undiagnosed Alport syndrome but here we describe
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an unexplained family with FSGS, where our detailed
genetic analysis identified an association with segregat-
ing heterozygous variants in LAMA2 and LOXL4, whose
encoded proteins serve roles in basement membrane
assembly and function.

Methods

Patient ascertainment

Patients were recruited at University Health Network,
Toronto, ON, Canada after receiving informed consent
in accordance with the hospital Research Ethics Board.
We obtained longitudinal clinical data and eventually
blood, saliva, or isolated DNA. Clinical information was
obtained from telephone interviews, questionnaires and
physician reports. Genomic DNA was extracted from
blood or saliva samples using standard procedures.

Linkage analysis

Three affected individuals were genotyped with
HumanOmni2-5Exome-8-v1-1-A (2,583,651 markers)
while 8 samples were genotyped with InfiniumOmni2-
5Exome-8v1-3_Al (2,612,357 markers). Parametric
multipoint linkage analysis was performed using Merlin
under a fully penetrant dominant model, with a disease
allele frequency of 0.0001 [8]. Starting with an original set
of 2,482,589 autosomal markers, several marker filtering
steps were performed including minor allele frequency
(MAF) and linkage disequilibrium (LD) based marker fil-
tering, markers with MAF>0.4 and those with pairwise
r?<0.1 on each chromosome were kept. This ultimately
resulted in a set of 11,335 markers across 22 autosomes
which were included in the linkage analyses. Since the
affection status of 3 out the 11 samples (7014, 7015 and
7824) was undetermined, linkage analysis was performed
on the pedigree 3 times taking into account each of the
three possible scenarios — (1) all 3 samples are affected,
(2) all are unaffected, and (3) all unknown. Results are
shown for scenario 3.

Exome capture and next-generation sequencing

Whole exome sequencing (WES) was performed by The
Centre for Applied Genomics, The Hospital for Sick
Children, Toronto, Canada. A shotgun library was made
from each sample and captured using the Agilent Sure-
Select Human All Exon V5 (Santa Clara, CA) according
to protocol. The manufacturer’s specifications state that
the capture regions total approximately ~180,000 exons
from ~18,700 genes or 54 Mb. Enriched libraries were
then sequenced by 150 bp, paired-end read sequencing
on Illumina HiSeq 2500 (Illumina Inc, San Diego, CA).
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In silico data processing

Reads were mapped to the hgl9 reference sequence
using the BWA-backtrack algorithm from BWA v0.5.9
[9]. Duplicate reads were removed using MarkDupli-
cates from Picard v1.79. Local read realignment around
insertions and deletions (indels), base quality score
recalibration, and variant calling with UnifiedGeno-
typer, were accomplished using GATK v1.1-28 [10,
11]. SNP calls were subjected to variant quality score
recalibration. Indels were discarded if they overlapped
repeat masked regions, and hard-filtered by variant
call annotations QualByDepth (QD <10.0), ReadPos-
RankSumTest (ReadPosRankSum <-20.0), and Strand
Bias (SB>-0.01). Base calling was performed using
CASAVA v1.8.2. Copy number variants (CNVs) were
identified using XHMM after filtering out regions with
extreme GC-content and repeat-masked regions [12,
13].

Basement membrane measurements

Distances were measured in Fiji/Image] using a grid
method to obtain a minimum of 100 measurement per
individual normalised to the length of the GBM [14].
The total number of measurements for each individual
were: 6237: n=177; 6238: n=160; 6463: n=210; 7825:
n=359. The mean+SEM was calculated and a one-
way ANOVA with Tukey’s multiple comparisons test
was performed using GraphPad Prism version 8.4.3 for
Windows, GraphPad Software, San Diego, California
USA, www.graphpad.com.

Results

The proband, 6238, presented with proteinuria in
his early 20s, with protein excretion rising to up to
8 g/day, and a kidney biopsy at age 41 demonstrated
FSGS (Figs. 1 and 2). Additionally, focally duplicated
and irregular thickening of the GBM along with focal
effacement of podocyte foot processes was observed.
His brothers (7825, 6237) were shown to have FSGS
in the 4™ and 5™ decades of life. The proband and his
elder brother, 7825, developed end-stage kidney dis-
ease (ESKD) in the 5% decade of life while the young-
est brother, 6237, has stage 3b A3 CKD at age 59. One
sister, 6464, developed proteinuria and impaired kidney
function at the time of last follow-up at age 54. Her
daughter, 6463, who was found to have FSGS at age
23, had ~ 3.3 g/d of proteinuria and an eGFR of 48 mL/
min/1.73m? at age 30. Two of the proband’s sisters,
7014 and 7015, were reported to have proteinuria and
no renal biopsies by the 5% decade of life. The proband’s
mother was reported to have FSGS, developing ESKD
at age 68. The proband’s son, 7824, was described to
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A) ’—JZ[ B) Gene Chr | Protein change gnomAD allele
frequency in Europeans
*| AMA2 6 NP_000417.2:p.Thr127Ala 0.0000176
*+ *+ s+ |+ | %+ " SMARCA2 | 9 | NP_001276325.1:p.Pro365Ser Absent
|:| SYK 9 | NP_001128524.1:p.Lys247Glu Absent
7014 7825 7828|6238 6237 6464 7015 +lox4 | 10 | NP_115587.6:p.Glus62del 0.00003871
PANX1 11 NP_056183.2:p.Lys18Glu Absent
*+ * *+
7827 7824 7826 6463
Q)
LAMA2 p.T127A LOXL4 p.E562del
H.sapiens. VTITLDLQ H. sapiens. CAHEENCL
P.troglodytes VTITLDLQ P. troglodytes CAHEENCL
M. mulatta VTITLDLQ M. mulatta CAHEENCL
M. musculus VTITLDLQ D. melanogaster CAHEE ECL
G. gallus VTITLDLQ X. tropicalis CAHEE NCL
C. elegans VNITIDLR M. musculus CAHEE NCL
Fig. 1 Digenic Inheritance of Rare Variants in LAMA2 and LOXL4 in a Family with Autosomal Dominant FSGS. Individuals with dot indicates
microalbuminuria and unclear affectation status. A Exome Sequencing was performed in 3 affected members (6238, 6237, 6463) of family FSGS 15.
B Five heterozygous rare variants were identified and sequenced in each relative, with LAMA2 (*) and LOXL4 (+) segregating in affected individuals.
CThese variants affect highly conserved residues across species and are predicted to be deleterious by prediction programs. gnomAD v.2.1.1
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Fig. 2 Kidney biopsies from proband, 6238, and sibling 6237. A 6238: The first biopsy showed classic segmental sclerosis/hyalinosis lesion on a
background of mild mesangial hypercellularity (PAS, 20x). B 6238: Ultrastructural examination showed mild podocyte foot process effacement
and normal glomerular basement membranes (GBM)(2500x). C and D 6237: no significant GBM alterations (red arrows) are seen but there are
regions of dense extracellular matrix (*), postulated to be mesangial, which appear to enclose cells to the point where only the nucleus is visible
(yellow arrows). (E) Comparison of nested averages (mean = SEM) for each individual: 6237(M): 574.3 nm £ 11.8; 6238(M): 345.7 nm £ 8.1; 6463(F):
3756 nm=+8.5; 7825(M): 495.9 nm £ 7.2; all individuals, except 6238(M) & 6463(F), are significantly different from each other (p <0.0001). Dotted
lines are the average GBM thickness for males (red; 373 42 nm) and females (blue; 326 +45 nm) according to Steffes et al. Lab Invest. 1983
Jul;49(1):82-6

have proteinuria. 7827 has not had recent screening in Six hundred and twenty-five genes associated with
his 30s. There was no reported history of hematuria in  nephropathy, including 59 FSGS, were examined in the
any of the family members. family with no segregating rare variants identified [6].
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Of note, pathogenic variants causing medullary cystic
kidney disease type 1 may lie in a variable-number tan-
dem repeat (VNTR) sequence in MUC! and is missed by
massively parallel sequencing [15]. However, in this fam-
ily, the index of suspicion is low for MUCI-associated
disease given the clinical characteristics consistent with
a primary glomerular disorder as evidence by >3 g/day of
protein excretion and supported by pathologic findings
rather than a primary tubulointerstitial process [16].

Genotype data from 11 individuals of this European
descent pedigree was analyzed for multipoint linkage
analysis, which included a set of 11,335 SNPs across auto-
somes. The segregation of the disease in the pedigree was
not compatible with X-linked disease and therefore only
autosomal linkage analysis was performed under a fully
penetrant dominant model, with the affection status of
5 individuals as affected (6237, 6238, 6463, 6464, 7825),
3 individuals as unaffected (7826, 7827, 7828) and 3 as
unknown (7014, 7015, 7824). The maximum LOD score
was 0.9028, and it was observed at 388 markers across 11
different chromosomes (chromosome 1, 2, 3, 4, 6, 7, 8, 10,
12, 13 and 18), narrowing the candidate gene(s) to only
3% (388 SNPs/11,335 SNPs) of the genome (Supplemen-
tary Fig. 1). Copy number variants (CNV) were also ana-
lyzed but there was no co-segregation of any particular
CNV in all affected individuals of the family.

Whole exome sequencing was performed in 6237,
6238 and 6463, identifying 5 heterozygous rare vari-
ants (minor allele frequency or MAF<0.01) in the
linked regions (Fig. 1). Sanger sequencing of the 5
variants in 11 individuals where DNA was available
identified 2 of these to be segregating in all affected indi-
viduals, while the other 3 did not (Fig. 1). This included
the variants in LAMA2 (chr6, NM_000426.3:c.380A > G
(p.Thr127Ala); MAF 1.76 x 10°) and LOXL4 (chrl0,
NM_0002211:c.1684_1686del  (p.Glu562del);  MAF
3.871x107°), which affected amino acid residues
that were found to be highly conserved across species
(Fig. 1). MAFs were determined by gnomAD v.2.1.1,
which contains 125,748 exome sequences and 15,708
whole-genome sequences. Both variants were predicted
to be deleterious by in silico programs (Supplementary
Tables 1 and 2).

LAMA?2 contributes to laminin networks and local-
izes to the mesangium while LOXL4 catalyzes cross
linking of collagens and is expressed in glomeruli and
tubules. Detailed examination of electron microscopy
of basement membranes was undertaken in 4 individu-
als: 6237, 6238, 6463 and 7825. In 6237, regions of dense
mesangial matrix were observed (Fig. 2) but this was not
observed in other biopsies of the same individual or the
3 other individuals. The glomerular basement membrane
(GBM) thickness was also compared. The average GBM
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widths (+=SEM) were: 574.3 nm=+11.8 (6237; male),
345.7 nm £ 8.1 (6238; male), 375.6 nm =+ 8.5 (7825; male),
495.947.2 (all individuals) (Fig. 2). Two of these patients,
6237 and 7825, had wider GBMs than historic control
averages (male 373 +£42 nm, n=59 male kidney donors;
and 326 £45 nm, n=59 female kidney donors) [17].

Discussion and conclusions

Our comprehensive genetic analysis in this FSGS family
consisting of linkage analysis narrowed candidates to 3%
(388 SNPs/11,335 SNPs) of the genome. Whole exome
sequencing subsequently identified segregating rare vari-
ants in LAMAZ2 and LOXL4 as candidate disease genes.

Laminins are found in an intricate lattice of proteins
that compose extracellular matrices of organs. LAMA2
encodes the laminin alpha-2 subunit. In the glomerulus,
it heterotrimerizes with laminin beta-1 or 2 (LAMpI,
LAMJ32) and laminin gamma-1 (LAMCI), called laminin
211 or 221, to form the mesangial extracellular matrix
[18, 19]. The variant LAMA2 T127A exists in the laminin
N-terminal (LN) domain, which is responsible for trimer-
trimer interaction of laminin polymer formation involved
in the initiation of basement membrane assembly [20].
Certain variants in LAMA2 have reported to cause
LAMA2-muscular dystrophy, an autosomal recessive
disorder caused by loss of laminin-211 in skeletal muscle
[21]. None of the affected family members had evidence
of LAMA2-muscular dystrophy. Lama2 protein is also
expressed in most tubular segments with the exception of
proximal tubules (https://esbl.nhlbi.nih.gov/KTEA/)(22).

LOXL4 encodes an amine oxidase enzyme that is cop-
per dependent and hypothesized to catalyze the cross
linking of collagens and elastins [23]. It is expressed in
both glomeruli and tubules (https://www.proteinatlas.
org/ENSG00000138131-LOXL4/tissue/kidney;  https://
gtexportal.org/home/gene/LOXL4; https://esbl.nhlbi.nih.
gov/KTEA/)(22). The single amino acid deletion occurs at
the C-terminus of the protein, which is highly conserved.

Segregation analysis was performed and deemed not
to segregate if not found in an affected individual. How-
ever, an unaffected or unknown status individual could
have the variant and still satisfy segregation analysis due
to reasons of incomplete penetrance or later onset of
disease. In this family, ESKD occurs in the 5% to 6" dec-
ade of life and some of the female relatives have milder
disease.

We designate LAMA2 and LOXL4 as candidate FSGS
genes due to several study limitations. These include the
absence of rigorous functional characterization to sup-
port pathogenicity, which is challenging for matrix pro-
teins. Instead we provide renal pathology correlations,
demonstrating GBM and mesangial matrix thickening
in 3 affected relatives. Alternatively, identification of
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additional FSGS cases with suspected deleterious vari-
ants in LAMA2 and LOXL4 will provide more evidence
for disease causality. Thus, our report will be of interest
to clinicians and genetic groups as sequencing in renal
disease becomes more widespread. Though the LAMA2
and LOXL4 variants are rare, they are not absent in gno-
mAD v.2.1.1 but phenotypic data is not available for cor-
relation. However, it is unlikely that these 2 rare variants
exist in the same individuals but this is impossible to
ascertain based on the summary data that is available in
gnomAD. Another limitation is our use of whole exome
sequencing, which may not adequately capture some
regions and only evaluates coding but not intronic or
intergenic sequence.

Based on our findings, we narrow candidates to 3%
of the genome and identify coding sequence variants in
LAMA?2 and LOXL4, which have biologic plausibility, as
candidates for disease causation in a family with FSGS.
We postulate that the additive effect of digenic inherit-
ance of heterozygous variants in LAMA2 and LOXL4
leads to late adult-onset disease in the affected relatives.
We further postulate that the absence of clinically signifi-
cant extra-kidney features including muscular dystrophy
is as a result of the impact of the variant (heterozygous
missense for LAMA2, heterozygous single base pair dele-
tion in LOXL4), which should lead to translated protein
rather than complete deficiency that can be seen in auto-
somal recessive disorders like LAMA2-muscular dys-
trophy. Our report will thus be of benefit to the renal
community as sequencing in disease becomes more
widely applied should more candidate variants in these
genes be discovered.

Abbreviations

CNV: Copy number variant; ESKD: End-stage kidney disease; FSGS: Focal and
segmental glomerulosclerosis; GBM: Glomerular basement membrane; MAF:
Minor allele frequency; PAS: Periodic Acid-Schiff; SEM: Standard error of the
mean; SNP: Single nucleotide polymorphism; VNTR: Variable-number tandem
repeat; WES: Whole exome sequencing.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512882-021-02524-6.

Additional file 1. In silico predictions for LAMA2 (Table 1) and LOXL4
(Table 2).

Additional file 2. Linkage analysis results including chromosome 6
(LAMA2) and 10 (LOXL4).

Acknowledgements

We thank study participants. We thank Dr. Catherine Clace at McMaster Uni-
versity, Hamilton, Canada for assistance in acquiring clinical data and pathol-
ogy specimens and The Centre for Applied Genomics at the Hospital for Sick
Children including Liz Li for assistance in genotyping, sequencing and analysis
(http://tcag.ca/acknowledgments/policy.html).

Page 5 of 6

Authors’ contributions

All authors have read and approved the manuscript. PV analyzed linkage

and whole exome data, contributed to Fig. 1 and generated Supplementary
Tables 1 and 2. SH investigated candidate genes, reviewed literature and also
contributed to Fig. 1. TY assisted in the analysis of whole exome sequencing.
MAQ reviewed and summarized clinical reports for letter. RJ reviewed kidney
biopsies and contributed to Fig. 2. ADP provided guidance in genetic analysis
and made editing contributions to letter. BD and RL performed detailed
analysis on measurements of extracellular matrix on EM images and gener-
ated Fig. 2. YP recruited proband, retrieved pathology and collected/stored all
DNA samples while also making editing contributions to letter. MB recruited
family members, collected samples, funded, supervised all aspects of the work
and wrote letter.

Funding

M.B. received the following funding which was used for this work: NephCure
Kidney International-Neptune Ancillary Studies Grant in 2016, Health Research
Grant (14-04) from Physician’s Services Incorporated in 2015, McLaughlin
Accelerator Award in 2019, support from the Can-SOLVE CKD Network
(https://www.cansolveckd.ca/) and support from Toronto General Hospital
Foundation. Funders did not participate in study design, data collection, analy-
sis, data interpretation or writing of the manuscript.

Availability of data and materials

The datasets generated and/or analyzed during the current study are not pub-
licly available but are available from the corresponding author on reasonable
request but with restrictions to protect identity of patients.

Declarations

Ethics approval and consent to participate

Study participants have given their written informed consent and the study
protocol was approved by the Toronto General Hospital's committee on
human research (98-UO13).

Consent for publication
Not applicable.

Competing interests
None.

Author details

'Department of Molecular Genetics, University of Toronto, Toronto, Canada.
“Division of Nephrology, University Health Network, Toronto, Canada. *Toronto
General Hospital Research Institute, Toronto General Hospital, Toronto, Canada.
“Division of Epidemiology and Biostatistics, Dalla Lana School of Public Health,
Toronto, Canada. °Institute of Medical Sciences, University of Toronto, Toronto,
Canada. ®Program in Genetics and Genomic Biology, The Hospital for Sick Chil-
dren, Toronto, Canada. ’Department of Laboratory Medicine and Pathology,
Toronto General Hospital, Toronto, Canada. #Wellcome Centre for Cell-Matrix
Research, Division of Cell-Matrix Biology and Regenerative Medicine, School
of Biological Sciences, Faculty of Biology Medicine and Health, The University
of Manchester, Manchester Academic Health Science Centre, Manchester, UK.

Received: 12 February 2021 Accepted: 10 September 2021
Published online: 26 September 2021

References

1. YaoT,Udwan K, John R, Rana A, Haghighi A, Xu L, et al. Integration of
Genetic Testing and Pathology for the Diagnosis of Adults with FSGS. Clin
J Am Soc Nephrol. 2019;14(2):213-23.

2. FunkSD, Bayer RH, Malone AF, McKee KK, Yurchenco PD, Miner JH.
Pathogenicity of a human Laminin beta2 mutation revealed in models of
Alport syndrome. J Am Soc Nephrol. 2018;29(3):949-60.

3. Connaughton DM, Hildebrandt F. Personalized medicine in chronic
kidney disease by detection of monogenic mutations. Nephrol Dial
Transplant. 2020;35(3):390-7.


https://doi.org/10.1186/s12882-021-02524-6
https://doi.org/10.1186/s12882-021-02524-6
http://tcag.ca/acknowledgments/policy.html
https://www.cansolveckd.ca/

Vijayan et al. BMC Nephrol ~ (2021) 22:320

Barua M, Paterson AD. Population-based studies reveal an additive role of
type IV collagen variants in hematuria and albuminuria. Pediatr Nephrol.
2021. https://doi.org/10.1007/500467-021-04934-y. Online ahead of print.
Yao T, Udwan K, John R, Rana A, Haghighi A, Xu L, et al. Integration of
genetic testing and pathology for the diagnosis of adults with FSGS. Clin
J Am Soc Nephrol. 2019;14(2):213-23.

Groopman E, Goldstein D, Gharavi A. Diagnostic utility of exome
sequencing for kidney disease. Reply N Engl J Med. 2019;380(21):2080-1.
Malone AF, Phelan PJ, Hall G, Cetincelik U, Homstad A, Alonso AS, et al.
Rare hereditary COL4A3/COL4A4 variants may be mistaken for familial
focal segmental glomerulosclerosis. Kidney Int. 2014;86(6):1253-9.
Abecasis GR, Cherny SS, Cookson WO, Cardon LR. Merlin-rapid analysis
of dense genetic maps using sparse gene flow trees. Nat Genet.
2002;30(1):97-101.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754-60.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernyt-

sky A, et al. The genome analysis toolkit: a MapReduce framework

for analyzing next-generation DNA sequencing data. Genome Res.
2010;20(9):1297-303.

. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A

framework for variation discovery and genotyping using next-generation
DNA sequencing data. Nat Genet. 2011;43(5):491-8.

Fromer M, Moran JL, Chambert K, Banks E, Bergen SE, Ruderfer RE, et al.
Discovery and statistical genotyping of copy-number variation from
whole-exome sequencing depth. Am J Hum Genet. 2012;91(4):597-607.
Fromer M, Purcell SM. Using XHMM software to detect copy number
variation in whole-exome sequencing data. Curr Prot Human Genet.
2014,81:7.23.1.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch

T, et al. Fiji: an open-source platform for biological-image analysis. Nat
Methods. 2012,9(7):676-82.

Page 6 of 6

15. Kirby A, Gnirke A, Jaffe DB, Baresova V, Pochet N, Blumenstiel B, et al.
Mutations causing medullary cystic kidney disease type 1 lie in a large
VNTR in MUCT missed by massively parallel sequencing. Nat Genet.
2013;45(3):299-303.

16. Olinger E, Hofmann P, Kidd K, Dufour |, Belge H, Schaeffer C, et al.
Clinical and genetic spectra of autosomal dominant tubulointerstitial
kidney disease due to mutations in UMOD and MUCT. Kidney Int.
2020;98(3):717-31.

17. Steffes MW, Barbosa J, Basgen JM, Sutherland DE, Najarian JS, Mauer SM.
Quantitative glomerular morphology of the normal human kidney. Lab
Invest. 1983,49(1):82-6.

18. Delimont D, Dufek BM, Meehan DT, Zallocchi M, Gratton MA, Phillips G,
et al. Laminin alpha2-mediated focal adhesion kinase activation triggers
Alport glomerular pathogenesis. PloS one. 2014;9(6):¢99083.

19. Zallocchi M, Johnson BM, Meehan DT, Delimont D, Cosgrove D. alpha-
Tbetal integrin/Rac1-dependent mesangial invasion of glomerular
capillaries in Alport syndrome. Am J Pathol. 2013;183(4):1269-80.

20. Domogatskaya A, Rodin S, Tryggvason K. Functional diversity of laminins.
Annu Rev Cell Dev Biol. 2012,28:523-53.

21. Nguyen Q, Lim KRQ, Yokota T. Current understanding and treatment of
cardiac and skeletal muscle pathology in laminin-alpha2 chain-deficient
congenital muscular dystrophy. Appl Clin Genet. 2019;12:113-30.

22. Limbutara K, Chou CL, Knepper MA. Quantitative proteomics of all 14
renal tubule segments in rat. J Am Soc Nephrol. 2020;31(6):1255-66.

23. Anazco C, Lopez-Jimenez AJ, Rafi M, Vega-Montoto L, Zhang MZ, Hudson
BG, et al. Lysyl Oxidase-like-2 cross-links collagen IV of glomerular base-
ment membrane. J Biol Chem. 2016;291(50):25999-6012.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1007/s00467-021-04934-y

	LAMA2 and LOXL4 are candidate FSGS genes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patient ascertainment
	Linkage analysis
	Exome capture and next-generation sequencing
	In silico data processing
	Basement membrane measurements

	Results
	Discussion and conclusions
	Acknowledgements
	References


