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Abstract

Background—Laminins are heterotrimeric complexes, consisting of α, β and γ subunits that 

form a major component of basement membranes and extracellular matrix. Laminin complexes 

have different, but often overlapping, distributions and functions.

Methods—Under our clinical protocol, NCT00068224, we have performed extensive clinical and 

neuropsychiatric phenotyping, neuroimaging and molecular analysis in patients with laminin α1 

(LAMA1)-associated lamininopathy. We investigated the consequence of mutations in LAMA1 
using patient-derived fibroblasts and neuronal cells derived from neuronal stem cells.

Results—In this paper we describe individuals with biallelic mutations in LAMA1, all of whom 

had the cerebellar dysplasia, myopia and retinal dystrophy, in addition to obsessive compulsive 

traits, tics and anxiety. Patient-derived fibroblasts have impaired adhesion, reduced migration, 

abnormal morphology and increased apoptosis due to impaired activation of Cdc42, a member 

of the Rho family of GTPases that is involved in cytoskeletal dynamics. LAMA1 knockdown in 

human neuronal cells also showed abnormal morphology and filopodia formation, supporting the 

importance of LAMA1 in neuronal migration, and marking these cells potentially useful tools for 

disease modelling and therapeutic target discovery.

Conclusion—This paper broadens the phenotypes associated with LAMA1 mutations. We 

demonstrate that LAMA1 deficiency can lead to alteration in cytoskeletal dynamics, which may 

invariably lead to alteration in dendrite growth and axonal formation. Estimation of disease 

prevalence based on population studies in LAMA1 reveals a prevalence of 1–20 in 1 000 000.

Trial registration number:  NCT00068224
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INTRODUCTION

Laminins are heterotrimeric glycoproteins that function within basement membranes and 

the extracellular matrix to connect cells and maintain the integrity of tissues.1 Twelve 

human genes are known to encode laminin subunits, nine of which are associated 

with human disorders2–9 (see online supplementary table S1). Each of the 16 known 

human laminin complexes (further referred to as laminins) combines one of each of 

the α5, β4, and γ3 chain laminin subunits (encoded by 12 different genes) to form 

a cruciform structure. Laminins are named according to their chain composition; for 

example, laminin-111 is composed of α1, β1 and γ1 chains.10 Laminins perform unique 

physiological functions within basement membranes11112through their ability to bind to 

other laminins or extracellular matrix molecules to form extracellular scaffolding and/or 

through binding to anchor and organise cells within tissues.

It is not surprising that laminin disorders (lamini-nopathies) are highly variable in 

their clinical presentations, which include epidermolysis bullosa (MIM 600805, MIM 

150310, MIM 150292), nephrotic syndrome (MIM 614199), muscular dystrophy with eye 

abnormalities (MIM 61643), lissencephaly and other cerebral anomalies (MIM 614115) and 

cardiomyopathy (MIM 600133) (see online supplementary table S1).

Poretti–Boltshauser syndrome (MIM 615960) is a newly described disorder characterised 

by congenital cerebellar dysplasia, cerebellar vermis hypoplasia and cerebellar cysts 

in patients with myopia with or without retinal dystrophy.13 Recently, mutations in 

Laminin α1 (LAMA1) (MIM 150320), which encodes LAMA1, were associated with 

the same congenital cerebellar dysplastic syndrome.14 How LAMA1 deficiency leads to 

this phenotype, however, has not been clarified. In mice, Lama1 subunit is essential 

for proliferation and migration of granule cell precursors in the cerebellum; it is also 

implicated in the development of the retina, regulation of mesangial cells and matrix and 

modulation of kidney function.1516 Here we describe three subjects from two families 

in whom whole exome sequencing identified biallelic null mutations in LAMA1 that 

segregated with an expanded phenotype of neuropsychiatric symptoms composed of simple 

and complex tics, obsessive compulsive traits and anxiety, in addition to the characteristics 

described in Poretti–Boltshauser syndrome.1314 We found that LAMA1-deficient patient 

fibroblasts exhibited impaired activation of the Cdc42 GTPAse that led to abnormal 

filopodia formation, impaired adhesion and reduced migration. We documented that 

similar abnormalities were also seen in LAMA1-deficient human neuronal cells. The 

neuropsychiatric phenotype in our patients encompasses features common to other more 

common neurological and psychiatric disorders. Our findings underscore the importance 

of LAMA1 in brain development and the potential role of laminins in the genesis of 

neuropsychiatric symptoms such as those observed in Tourette’s syndrome.

MATERIAL AND METHODS

Subjects

Subjects were evaluated at the NIH Clinical Center under NIH protocol ‘Clinical 

and Molecular Investigations into Ciliopathies’ (http://www.clinicaltrials.gov, trial 
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NCT00068224) approved by the National Human Genome Research Institute (NHGRI) 

Institutional Review Board. Subjects and/or their parents gave written, informed consent.

Imaging

All subjects underwent axial, coronal and sagittal T1-weighted or T2-weighted brain 

MRI studies at their local hospitals as part of their routine diagnostic evaluation. All 

available brain MRI data were retrospectively evaluated for infratentorial and supratentorial 

abnormalities, as previously reported.13 Cerebellar dysplasia was defined as an abnormal 

cerebellar foliation, fissuration and white matter arborisation. Standard and high-resolution 

ultrasonographic (HR-USG) studies were performed using 4 and 7 Mhz transducers (AVI 

Sequoia).

Video ocular motor and neurocognitive evaluations

For video ocular motor assessment, eye tracking was recorded at 100 frames per second 

via Neuro Kinetics binocular infrared digital video goggles (I-Portal-VOG V.2.4.002). 

Visual stimuli were presented using a calibrated Neuro Kinetics VNG system (VEST 

V.7.0). Ocular motor assessment included gaze testing, random saccadic tracking and 

smooth pursuit testing in both the vertical and horizontal directions, as well as optokinetic 

testing at 20°, 40° and 60°/s. Neurophysiological evaluations administered by a certified 

PhD clinical neuropsychologist included Wechsler Adult Intelligence Scale-IV (WAIS

IV); Neuropsychological Assessment Battery: Language Module and Peabody Picture 

Vocabulary Test-4. Language assessment included auditory comprehension, confrontation 

naming and oral production as well as word generation and receptive vocabulary.

Sequencing and variant analysis

For exome sequencing, we used the HiSeq2000 (Illumina)17 that employed 101 bp paired

end read sequencing. Image analysis and base-calling were performed using Illumina 

Genome Analyzer Pipeline software (V.1.13.48.0) with default parameters. Reads were 

aligned to a human reference sequence (University of California Santa Cruz [UCSC] 

assembly hg19, NCBI build 37) using a package called Efficient Large-scale Alignment 

of Nucleotide Databases (Illumina). Genotypes were called at all positions where there 

were high-quality sequence bases using a Bayesian algorithm called the Most Probable 

Genotype18 and variants were filtered using the graphical software tool VarSifter (V.1.5).19 

The database dbSNP (see URLs) covers the 1.22% of the human genome corresponding to 

the Consensus Conserved Domain Sequences and more than 1000 non-coding RNAs.20

For dideoxy sequencing, primers were designed to cover all coding exons and flanking 

intronic regions of LAMA1 (primer sequences available on request). Direct sequencing of 

the PCR amplification products was carried out using BigDye 3.1 Terminator chemistry 

(Applied Biosystems) and separated on an ABI 3130xl genetic analyzer (Applied 

Biosystems). Data were evaluated using Sequencher (V.5.0) software (Gene Codes Corp.).

Fibroblast culture

Fibroblasts were cultured from forearm skin biopsies and grown in high-glucose (4.5 g/L) 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 15% fetal bovine serum 
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(FBS), 2 mM L-glutamine, non-essential amino acid solution and penicillin-streptomycin. 

For control, normal adult human dermal fibroblasts (ATCC PCS-201–012) were used.

Expression studies

Total RNA was isolated from fibroblasts with TRIZOL reagent (Invitrogen) and from whole 

blood using PAXgene Blood RNA Kit (Qiagen). RNA was treated with a DNase kit (DNA

free), according to the manufacturer’s protocol (Applied Biosystems). RNA concentration 

and purity were assessed on a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific). First strand cDNA was synthesised using a high-capacity RNA-to-cDNA kit 

(Applied Biosystems). Human multiple tissue cDNA panels (human Multiple Tissue Panels 

of cDNA I and II and Human Fetal MT Panel) were purchased from Clontech. Quantitative 

real-time PCR (qPCR) was performed using a Bio-Rad iQ SYBR Green Supermix and 

qPCR machine with standard qPCR parameters to analyse the expression of LAMA1, 

LAMB1, LAMB2 and LAMC1 compared with the control gene ACTB (primer sequences 

available on request). For analysis of tissue-specific expression, LAMA1 (Hs01074511_m1), 

Assays-On-Demand primer-probe assays (Applied Biosystems) and a control assay for 

POL2RA (Hs00172187_m1) were used. PCR amplifications were performed on 100 ng of 

cDNA using TaqMan Gene Expression Master Mix reagent (Applied Biosystems) and were 

carried out on an ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems). 

Results were analysed with the comparative CT method as described.2122

Immunoblotting

Fibroblasts were grown for 48 h at 1×106 cells per flask in DMEM+10% FBS. Cell lysates, 

prepared using radioimmuno-precipitation assay buffer (50 mM Tris, pH 7; 150 mM NaCl; 

0.1% SDS; 0.5% sodium deoxycholate; 1% Triton x-100; 1 mM EDTA), supplemented 

with protease inhibitors (complete, Mini, EDTA-free, Roche), were normalised by the 

bicinchoninic acid protein assay (Biorad) and subjected to immunoblotting. Samples were 

electrophoresed on a 3%–8% Tris-Acetate gel and blotted onto a 0.2 μm nitrocellulose 

membrane (Invitrogen). Membranes were blocked with phosphate buffered saline (PBS)

+0.1% Tween 20 (PBS-T), supplemented with 5% non-fat milk, washed and incubated with 

primary rabbit anti-human LAMA1 antibodies (H-300, Santa Cruz Biotechnology), mouse 

anti-Vinculin Antibody, clone V284 (EMD Millipore), followed by appropriate IRDye 

680RD or IRDye 800CW-conjugated secondary antibodies (Li-Cor Biosciences). LAMA1 

antibody specificity was verified by doing peptide completion blocking with Laminin-111 

(Sigma-Aldrich). In addition, the same findings were seen using LAMA1 antibody from 

Sigma-Aldrich. Antibodies were diluted in PBS-T, supplemented with 5% non-fat milk.

For all the immunoblots, proteins were detected using the Li-Cor Imaging System (Li

Cor Biosciences). The molecular weight ladder used was the Precision Plus Protein 

Kaleidoscope Standards (Bio-Rad) or the HiMark Pre-stained Protein Standard (Life 

Technologies)

Immunofluorescence microscopy

Cells were grown in 4-well chamber slides for 48 h and fixed using 4% paraformaldehyde, 

permeabilised using 0.1% Triton-X-100, and blocked with donkey serum (1 × PBS) 

Vilboux et al. Page 5

J Med Genet. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 0.5% Tween. Phalloidin conjugates were purchased from Invitrogen. After washing, 

samples were mounted in Vectashield containing 4′,6-diamidino-2-phenylindole (DAPI) 

(Vector Laboratories). Cells were imaged with a Zeiss 510 META confocal laser-scanning 

microscope. Optical sections were collected from the xy plane and merged into maximum 

projection images.

Cell adhesion and migration assays

Cell adhesion was measured as described23 with slight modifications. Culture plates were 

coated with bovine serum albumin (BSA) (1 mg/mL), laminin 111 (Sigma-Aldrich, 10 

μg/mL) and collagen I (Millipore, 10 μg/mL), according to the manufacturer’s instruction. 

About 0.5×106 fibroblasts (subject and control) were seeded per well using serum-free 

media (OptiPRO, Invitrogen), and allowed to attach for 90 min at 37°C with 5% CO2. 

Non-adherent cells were washed off with PBS and the plate was frozen for 30 min. After 

thawing, cells were lysed with CyQuant dye (Invitrogen) diluted in PBS for 10 min; the 

fluorescence was read at 520 nm (excitation 480 nm, emission 520 nm). All experiments 

were performed in triplicate; three independent assays were performed.

For migration assays, fibroblasts were grown to 80% confluence in non-coated chamber 

slides. At confluence, the medium was changed to serum-free, and a 0.9 mm scratch was 

made in the confluent layer of cells. Cells were labelled with Calcein AM (Invitrogen), and 

the migration of the cells into the wound area was imaged at 12, 24, 36, 48 and 60 h using 

a fluorescent microscope. All experiments were performed in triplicate; six independent 

assays were performed.

Scanning electron microscopy

Fibroblasts grown on glass coverslips were fixed in 2.5% glutaraldehyde in 0.1 M 

Cacodylate buffer pH 7.4, post fixed with 1% OsO4 for 1 h and serially dehydrated in 

ethanol. The samples were critical point-dried (Samdri-795) and placed on carbon adhesive 

tape coated with 10 nm gold in an EMS 575× sputter coater (Electron Microscopy Sciences). 

The images were obtained in a Hitachi S3400-N1 SEM (Hitachi High Technologies).

GTPase activation assay

Patient and control fibroblasts were grown to 70% confluency before harvesting. The 

GTPase activation assay was performed according to the manufacturer’s instructions (Rhoa/

Rac1/Cdc42 activation assay; G-LISA: Cytoskeleton, Denver, Colorado, USA). The plates 

were read immediately by measuring absorbance at 490 nm on a SpectraMax M2 (Molecular 

Devices) microplate spectrophotometer. Experiments were performed in five replicates; 

three independent assays were performed.

Production of lentiviral vectors and transduction of cells

cDNA encoding the full-length human LAMA1 (NM_005559.3) was obtained by RT-PCR

mediated cloning using total RNA from testes. LAMA1 was cloned into pENTR11 vector by 

Seamless cloning, and later subcloned into pLenti6.3/V5-DEST (Invitrogen) using Gateway 

recombination (Invitrogen). Production of lentiviral constructs was performed by transient 

co-transfection of 293FT cells (ViraPower Lentiviral Expression Systems, Invitrogen), 
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producing pLenti-LAMA1 and pLenti-empty for control, and concentrated using Lenti-X 

Concentrator (Clontech) following manufacturer’s protocol to generate high titre virus. 

Fibroblasts cells (Control, Patients 2 and 3) were transduced with viral preparations 

(1×108/mL, at an multiplicity of infection or MOI of 10) diluted in fresh culture media 

supplemented with Polybrene (Sigma, with a final concentration of 8 μg/mL) twice over 

the duration of 12 h. About 48 h after transduction, generation of cells stably expressing 

pLenti-LAMA1 or pLenti-empty was initiated by changing the culture media with selection 

antibiotic (Blasticidin, Invitrogen). After serial dilution and clone selection for stable cell 

line generation, cells were used for adhesion, migration and apoptosis assays.

Neural stem cell culture

Human neural stem cells (H9-derived, Invitrogen) were dissociated with TrypLE and 

plated as a homogenous single-cell suspension seeded onto 12-well plates and chamber 

slides coated with fibronectin. All cell culture media components were purchased from 

Invitrogen. Cells were cultured in complete medium (KnockOut D-MEM/F-12 with 

StemPro Neural Supplement, bFGF, EGF, and GlutaMAX-I) until they reached 80% 

confluence. Differentiation into neurons was initiated by replacing the medium with 

differentiation medium (Neurobasal medium with B-27 Serum-Free Supplement and 

GlutaMAX-I). On day 7, siRNA duplexes to LAMA1 gene (SMARTpool, E-012118–

00-0050, Dharmacon GE) and non-targeting control (D-001910–02-50) were delivered to 

cells following the manufacturer’s protocol, and allowed to incubate for 96 h. Knockdown 

efficiency was assayed using qPCR to measure LAMA1 expression. Rescue experiments 

with pLenti-LAMA1 were performed using Lenti-X Accelerator (Clontech). Cells were 

fixed 4 days after knockdown and processed for either immunofluorescence or scanning 

electron microscopy.

Apoptosis assay

Apoptosis was evaluated using Annexin V staining (Sigma-Aldrich). Quantification of 

apoptosis was performed by using Apo-ONE Homogeneous Caspase-3/7 Assay purchased 

from Promega Corporation and performed according to the manufacturer’s instructions. 

About 24 h after plating, Control and Patient 2 cells were treated with or without 1 nM 

Staurosporine for 12 and 48 h followed by the addition of caspase-3/7 reagent. Results were 

read at 485 nm/527 nm fluorescence. Experiments were performed in three replicates; three 

independent assays were performed.

Statistical analysis

Datasets were analysed using non-parametric test (Mann–Whitney), and p values <0.05 were 

considered significant. Data are presented as mean±SD.

RESULTS

LAMA1-deficient subjects have myopia, cerebellar cysts and behavioural abnormalities

Under our NIH protocol, NCT00068224, we evaluated three individuals in two families 

presenting with similar cerebellar and ocular involvement. Patients 1 and 2 were siblings 

born at term via vaginal delivery without perinatal complications. Their birthweights, 
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lengths and head sizes were normal. Parents were concerned about patient 1’s abnormal 

eye movements in the first week of life. Ophthalmology evaluation at 3 weeks revealed 

nystagmus and low vision. An electroretinography (ERG) at 3 months suggested retinal 

dystrophy and glasses were prescribed for high myopia at 12 months. The boy walked at 27 

months and spoke four to five single words at age 2. Patient 2, the older sister of patient 

1, had strabismus and nystagmus at 2 months of age. Poor vision with high myopia was 

diagnosed within the first year. She did not have ptosis or ocular motor apraxia. She walked 

at 26 months and had a wide-based stance, but speech and language development were on 

time. She was never able to ride a bicycle, but performed well in school, graduating from 

college. At the time of his evaluation at the NIH Clinical Center at the age of 21 years, 

patient 1 (figure 1A) had severe degenerative myopia (~−20D right eye or OD, ~−30D 

left eye or OS), chorioretinal atrophy (figure 1D, E), nystagmus and anxiety disorder with 

obsessive-compulsive features and compulsive motor stereotypy (see online supplementary 

video 1). Pubertal development was normal. Brain MRI showed hypoplasia of the cerebellar 

vermis with multiple cortical and subcortical cysts (figure 1H–J). Despite having mild motor 

and speech delays, he graduated from high school. Patient 2 (figure 1B), who was 27 years 

old, also had severe myopia (~−19D both eyes or OU), chorioretinal atrophy (figure 1F), 

simple facial motor tics, hypoplasia and dysplasia of the cerebellar vermis and cortical and 

subcortical cysts (figure 1K–M). The patients had no gross cognitive impairment (table 1). 

Patients 1 and 2 were previously reported as UW160–3 and UW160–4.14

Patient 3 (figure 1C), an 8.5-year-old female born to non-consanguineous parents 

Caucasian and Native American descent, had mild myopia associated with peripheral lattice 

degeneration of retina (figure 1G). She also had a severely dysplastic cerebellar vermis and 

multiple small cysts in the cerebellar hemispheres (figure 1N–P). She had delayed motor 

development and ocular motor apraxia (table 1). Significant anxiety, complex tics (see online 

supplementary video 1) and obsessive-compulsive behaviours began in early childhood. 

Other clinical features are summarised in table 1.

Patients harbour biallelic LAMA1 variants

Exome sequencing was performed on patients 1 and 2 and their mother. Variants were 

filtered using the databases of dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), ClinSeq24 and 

the NIH Undiagnosed Diseases Program.25–27 Only 129 coding sequence variants were 

found to segregate under a dominant model and two variants under compound heterozygote 

recessive model; none were homozygous. As the disorder was suspected to be recessive, 

we focused on the compound heterozygous variants. Both variants were found in LAMA1 
(NM_005559.3).

Patients 1 and 2 each had two LAMA1 variants affecting canonical splice sites 

(NM_005559.3:c.768+1G>A and c.8557–1G>C), inherited from their mother, and a single 

base deletion in exon 47 (NM_005559.3:c.6701delC; p. Pro2234Leufs*9), presumably 

inherited from their unavailable father, since it was absent from the mother’s DNA (figure 

2A). For patient 3, Sanger sequencing of the LAMA1 gene identified a nonsense mutation 

in exon 15 (NM_005559.3:c.2160T>A; p.Cys720*) inherited from her mother and a 7 

bp deletion in exon 42 (NM_005559.3:c.5985_5991del; p.Ile1996Glufs*7), presumably 
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inherited from her unavailable father (figure 2A). Based on allele frequencies of potential 

null alleles from public databases, we estimate the prevalence of this disease to be about 

1–20 in 1 000 000.

mRNA and protein expression are decreased in LAMA1-deficient patients

The LAMA1 gene (Gene ID: 284217) spans ~176 kb, and is divided into 63 exons. Its 

mRNA is 9657 bp and encodes a 3075 amino acid protein, laminin α1, which is selectively 

expressed in tissues (see online supplementary figure S1A). LAMA1 mRNA transcript was 

absent from cultured fibroblasts of patients 2 and 3 (figure 2B), presumably due to nonsense

mediated decay. Indeed, no LAMA1 protein was produced, as confirmed by immunoblotting 

(figure 2C). In family 1, we could not confirm which splice variant is disease-causing, as no 

mRNA is produced from the maternal allele; we hypothesise that the c.768+1G>A variant, 

which occurs earlier in the gene than the c.8557–1G>C variant is more likely deleterious.

As the identified mutations lead to null alleles and no expression of LAMA1 protein (figure 

2B), we tested the expression of the laminin subunits that can assemble together with the 

α1 chain (LAMB1, encoding laminin β1, MIM 150240; LAMB2, encoding laminin β2, 

MIM 150325 and LAMC1, encoding laminin γ1, MIM 150290). We noticed a significant 

decrease of the mRNA expression of these three subunits in both patient 2 and patient 3 

fibroblasts (see online supplementary figure S1B).

Impaired adhesion and migration of LAMA1-deficient cells

Since LAMA1 is a component of the basement membrane, we evaluated the functional 

consequences of absent LAMA1 by measuring the adhesion response of trypsinised 

fibroblasts to different ECM components (collagen-1, laminin-111) (figure 3A). LAMA1

deficient cells showed significantly decreased adhesion to non-coated and coated wells 

when compared with control fibroblasts (figure 3A). To determine the role of LAMA1 in 

fibroblasts motility, we used an in vitro monolayer scratch assay. Patient’s LAMA1-deficient 

fibroblasts demonstrated less migration into the cell-denuded gap than did control fibroblasts 

(figure 3B). To visualise the effect of LAMA1 deficiency on cell migration, we analysed 

cell membrane projections (lamellipodia and filopodia) using immunohistochemistry (figure 

4A) and scanning electron microscopy (figure 4B). Control fibroblasts on uncoated wells 

appear flat and stretched, with normal looking slender lamellipodia and scattered filopodia. 

In contrast, LAMA1-deficient cells from patient 2 appear less stretched out, with short and 

stubby lamellipodia, and increased microvillus projection on the cell surface (figure 4A). 

When grown on laminin-111-coated coverslips, control cell membrane projections increased 

in number and length, reflecting enhanced migration in cells, in addition to increased 

number of focal adhesion points that appear as small aggregates in the termini of stress 

fibres. When grown on laminin-111-coated coverslips, patient 2 cell processes increased 

in number and length with broader lamellipodia, but less visible focal adhesion points, 

indicating partial rescue in cell architecture (figure 4B).

Laminin-111 induces neurite outgrowth in mesenchymal stem cells28 and in primary central 

and peripheral nervous system neurons.2930 This process requires the activation of the 

GTPase Cdc42.31 We tested the activation of different GTPases using G-Lisa (figure 
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4C); Cdc42 was significantly decreased in patients’ fibroblasts compared with control, 

whereas other GTPases (RhoA and Rac1) were normal. These results confirm the finding of 

decreased filopodia observed by scanning electron microscopy, since binding of Cdc42 to 

GTP is implicated in filopodia formation.32

To determine whether LAMA1-associated abnormalities in filopodia formation are also 

observed in neuronal cells, we knocked down LAMA1 using siRNA in neuronal cells 

differentiated from neural stem cells. Knockdown efficiency was evaluated using 0.1, 0.2 

and 0.6 μM, and we used 0.6 μM for the rest of the study since it gave the most robust 

knockdown (~80%, see online supplementary figure S2). When non-targeting siRNA was 

used, neuronal processes appear long and branched, and filopodia structures extend from 

these processes. In contrast, LAMA1 knockdown resulted in reduced branching of processes 

(figure 5A) and disappearance of filopodia (figure 5B,C), supporting the importance 

of LAMA1 in neuronal cell filopodia formation and cell migration. Neuronal cells co

transduced with pLenti-LAMA1 showed preservation of most filopodia as compared with 

those transduced with pLenti-empty, indicating that the phenotype of impaired filopodia is 

specific to LAMA1 deficiency.

LAMA1 deficiency increases susceptibility to apoptosis

Since the conditional LAMA1 knockout mouse model shows increased apoptosis,33 we 

measured apoptosis in LAMA1-deficient patients’ fibroblasts by Annexin V expression and 

caspase 3/7 activity assays. At baseline, a significantly greater number of LAMA1-deficient 

cells underwent apoptosis compared with control cells, demonstrated by increased Annexin 

V expression (data not shown). After treatment with staurosporine, a known apoptosis 

inducer,34 LAMA1-deficient cells show markedly increased susceptibility to cell death, 

demonstrated by significantly increased caspase 3/7 activity (figure 5D). Whether apoptosis 

causes the specific developmental abnormalities of LAMA1-deficient patients remains to be 

determined.

Wild-type LAMA1 rescues LAMA1-deficient cellular phenotypes

To demonstrate that the above-described cellular phenotypes in fibroblasts are due to 

LAMA1 deficiency, we introduced full length, wild-type LAMA1 in patients’ fibroblasts by 

lentiviral transduction. Stable overexpression of pLenti-LAMA1 in patients’ fibroblasts led 

to an increase in the amount of LAMA1 protein by immunoblot (see online supplementary 

figure S3A; image of full blots are shown in see online supplementary figure S4), 

compared with absent LAMA1 protein in patients’ cells without rescue (figure 2C). Patients’ 

fibroblasts stably expressing LAMA1 showed improvement in cell adhesion (see online 

supplementary figure S3B), increased migration (see online supplementary figure S3C) and 

reduced apoptosis (see online supplementary figure S3D) compared with patient fibroblasts 

cells stably expressing pLenti-empty lentiviral vector. In addition, patient cells transduced 

with pLenti-LAMA1 exhibited an increase in GTP-bound Cdc42 (see online supplementary 

figure S3E), indicating that LAMA1 is important in filopodia formation and, consequently, 

cell adhesion and migration.
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DISCUSSION

In this paper, we have shown that LAMA1 deficiency leads to altered cell adhesion and 

migration. Using immunohistochemistry and ultrastructural studies, we demonstrated that 

these LAMA1-deficient cells lack filopodia, cytoplasmic projections that are important for 

the formation of focal adhesions. The role of Rho GTPase family members, including RhoA, 

Rac1 and Cdc42, in cytoskeletal dynamics has been well described in fibroblast studies. 

Activation of RhoA, Rac1 and Cdc42 was shown to lead to actin cytoskeletal reorganisation 

into distinct structures, including stress fibres and focal adhesions, lamellipodia, and 

filopodia. These cellular structures affect cell–cell and cell–extracellular matrix adhesion, 

cell motility and neuronal development. Using fibroblasts derived from patients with 

LAMA1, pull-down assays revealed that there is an impaired activation of Cdc42, which 

may well explain the lack of filopodia in LAMA1-deficient fibroblasts. Susceptibility of 

LAMA1-deficient cells to apoptosis is reminiscent of what was seen in the conditional 

knockout mouse model, and may be related to loss of protection to anoikis that is provided 

by laminins.

Several findings in our patients are recapitulated in LAMA1-deficient animal models. A 

conditional LAMA1 knockout mouse (LAMA1CKO)1516 escaped embryonic lethality, but 

displayed decreased proliferation and migration of granule cell precursors, marked reduction 

in numbers of dendritic projections in Purkinje cells and disorganisation of Bergmann glial 

fibres and end-feet. In LAMA1CKO spheres were markedly hypoplastic and almost complete 

loss of folia in the anterior part of the cerebellum.15 This is very similar to the cerebellar 

dysplasia that we observed in all three of our patients.

In mice, laminins are present in many different compartments of the retina, including 

Bruch’s membrane, the interphotoreceptor matrix, the external limiting membrane, the 

outer plexiform layer, inner plexiform layer and inner limiting membrane.35 Mice with 

constitutional ablation of LAMA1 were blind due to a defective inner limiting membrane 

and abnormal differentiation of the Müller glial cells that support the organisation of 

the retina, and also due to altered ganglion cell layer, a major neuronal population of 

the retina.36 Similarly, the zebrafish bashful (baltp82) mutant, with LAMA1 null alleles, 

displayed abnormal retinal ganglion cell layer and altered optic nerve.37 In humans, severe 

myopia has been associated with the genomic region MYP2 (myopia 2), in which LAMA1 
resides. In fact, rs2089760 polymorphism, located in the promoter region of LAMA1, was 

found to be significantly enriched in individuals with high myopia.38 In another study,39 

SNPs located in LAMA1 were associated with severe myopia. The importance of LAMA1 

in the formation of the lens is also corroborated by the loss of the lens in the zebrafish 

LAMA1 mutant.4041

Our patients manifested tics, obsessive compulsive features and anxiety. Of note, the 

conditional LAMA1 knockout mice also display behavioural abnormalities. Interestingly, 

Online Mendelian Inheritance in Man summarises 19 genes, not including LAMA1 that are 

associated to tics and anxiety (see online supplementary table S2). Patients with Tourette’s 

syndrome, a developmental neuropsychiatric disorder characterised by chronic vocal and 

motor tics are shown to have reduced volumes of the cerebellar hemispheres on MRI.42 

Vilboux et al. Page 11

J Med Genet. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tourette’s syndrome displays familial aggregation and its concordance rates for MZ twins 

reach 77% compared with 23% for dizygotic twins, suggesting genetic contribution to 

its aetiology.43 Loss-of-function mutations in SLITRK1 are thought to be associated with 

Tourette’s syndrome.44 It is interesting that similar to LAMA1, the protein encoded by 

SLITRK1 promotes dendritic growth. Whether tics, obsessive compulsive traits and anxiety 

are a primary part of the LAMA1 deficiency phenotype will likely be determined after 

description of other patients with LAMA1 mutations and targeted testing for LAMA1 
mutations in this specific patient cohort. Based on population studies (1000 Genomes, 

Exome Aggregation Consortium, and NHLBI Exome Sequencing Project; see URLs) and 

the frequencies of potential null variants (stop gain, frame shift or splice variants) in 

LAMA1 (see online supplementary table S3), the prevalence of the disease would be about 

1–20/1 000 000, indicating that there are undiagnosed patients who may harbour LAMA1 
mutations, and these patients might belong to cohort of patients presenting with overlap of 

obsessive compulsive traits, tics and anxiety, myopia, retinal degeneration and cerebellar 

abnormalities. It would be interesting to look for LAMA1 mutations in these cohorts of 

patients.

The cerebellar dysplasia combined with cortical and subcortical cysts, present in our 

patients, represent uncommon neuroimaging findings. The cerebellar cysts are considered 

rather specific for α-dystroglycanopathies and have been reported mostly in patients with 

mutations in FKRP (MIM 606596), POMT2 (MIM 607439), POMGnT1 (MIM 606822) 

and LARGE (MIM 608840). In our patients, however, the glycosylation of α-dystroglycan, 

at least in fibroblasts, appears intact (data not shown). Further studies of the relationship 

between α-dystroglycan and laminin may uncover the reasons for the similar neuroimaging 

findings in these patients and in our patients with LAMA1 deficiency.

In summary, we describe detailed clinical and molecular functional studies of a 

lamininopathy associated with LAMA1 mutations. The study of LAMA1-deficient 

fibroblasts and the use of neuronal stem cell model allowed us to establish the initial steps in 

understanding what happens with LAMA1 deficiency in the cellular level. Future work such 

as generation of induced pluripotent stem cells that can be differentiated to several cell types 

will allow further understanding of the role of LAMA1 in cell signalling and migration, and 

ultimately, its specific role in human disease.
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Figure 1. 
Clinical and neuroimaging features of patients with LAMA1 mutations. (A) Clinical features 

of patients showing distinct ophthalmologic characteristics. Patients 1 (A), 2 (B) and 3 

(C) had unremarkable facial features. Note residual strabismus of patient 1 after corrective 

surgery. (D) Composite colour fundus photography of patient 1’s right eye demonstrating 

a dysplastic optic nerve with nasalised retinal vasculature (arrow) and diffuse chorioretinal 

atrophy involving the macula and midperiphery. (E) Composite fundus autofluorescence of 

the same eye, showing a ‘cobblestone’ pattern (arrow) indicating chorioretinal atrophy. (F) 
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Composite colour fundus photograph of patient 2, the older sister of patient 1, showing 

moderate chorioretinal atrophy (arrow). (G) Colour fundus photo of patient 3 showing 

normal-appearing posterior pole and peripheral lattice degeneration (arrow), despite only 

mild myopia. (H–S) Brain MRI demonstrates cerebellar dysplasia associated with cysts. 

Brain MRI findings of patient 1 (H–J), patient 2 (K–M), patient 3 (N–P) and a healthy 

control (Q–S) are shown. (H) Patient 1 at 7 months of age has multiple cortical/subcortical 

cysts in the cerebellar vermis (arrow), dysplastic cerebellar vermis and enlarged fourth 

ventricle (arrowhead) with an abnormal rectangle-like shape (midsagittal-T1). The midbrain 

is mildly elongated, and the pons is mildly reduced in size. (I) Subcortical cysts (arrows) and 

dysplasia are also seen in the cerebellar hemispheres (axial-T1). (J) At 10 years 7 months, 

dysplasia in cerebellar vermis and hemispheres with multiple cortical and subcortical cysts 

(arrow) remain visible. (K) Patient 2 has hypoplasia and dysplasia of the cerebellar vermis 

with cortical and subcortical cysts, enlarged fourth ventricle (asterisk), elongated midbrain 

and pons appearing small (midsagittal-T1). (L) Cerebellar hemispheres are dysplastic and 

with multiple cortical and subcortical cysts in patient 2 (axial-T2). (M) Cortical and 

subcortical cysts within the left cerebellar hemisphere of patient 2 (parasagittal-T1) are 

shown. Images (K–M) were taken at age 6 years and 10 months. (N) Patient 3 has a normal 

sized but severely dysplastic vermis (white dot) with lack of separation of the vermian 

lobules (midsagittal-T1). Axial (O) and coronal (P) T2-weighted images of patient 3 show 

a markedly dysplastic appearance of the cerebellar hemispheres and the vermis with a 

diffusely abnormal configuration of the cerebellar folia and sulci (black arrows). Multiple 

small cysts are noted in the cerebellar hemispheres bilaterally (white arrows). Images (N–P) 

were taken at 4 years 3 months. (Q) A healthy 12-year-old control with normal anatomy of 

the posterior fossa structures (midsagittal-T1) and a normal triangle-shaped fourth ventricle 

is shown. Normal morphology of the cerebellum with an ‘onion-like’ foliation/fissuration 

pattern and white matter arborisation in the cerebellar hemispheres seen in axial (R) and 

coronal (S) T2 weighted images.

Vilboux et al. Page 18

J Med Genet. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
LAMA1 null mutations in patients with lamininopathy. (A) Pedigrees of the two families 

including chromatograms of their identified LAMA1 variants. (B) Quantitative real-time 

PCR results for LAMA1 mRNA expression in fibroblast from patient 2 and patient 3 

compared with control using five different probes spanning LAMA1 cDNA. Values are 

percentage expression of LAMA1 in patient cells compared with control cells, normalised 

to ACTB (error bars represent S.D., n=4 from three independent experiments; **p<0.01, 

Mann–Whitney test); under the histogram, localisation of the different probes on LAMA1 
transcript (NM_005559.3) is shown. (c) Immunoblot of fibroblast lysates of patient 2, 
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patient 3 and control, showing absence of LAMA1 in the patients. Loading was controlled 

by vinculin (VCL).
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Figure 3. 
LAMA1-deficient cells exhibit impaired adhesion and migration. (A) Equal numbers of 

control and patient 2 fibroblasts were plated on wells coated with either bovine serum 

albumin (BSA), collagen-I (Col-I) or Laminin-111 and allowed to attach. OD values 

represent amounts of DNA in cells that remain attached to the wells after 90 min of 

incubation. Bar graph gives mean and SD of five replicates from three independent 

experiments; *p<0.05; **p<0.01 (Mann–Whitney test). (B) Equal numbers of control and 

patient 2 fibroblasts were seeded on culture wells and allowed to form a monolayer 

and grow to confluence, after which a 0.9 mm scratch was made. ‘Wound’ closure was 

monitored by imaging cells stained with Calcein AM after 12, 24, 36, 48 and 60 h. 

Percentage closure and migration rates were calculated from six experiments. Scale bar 

represents 100 μm. Bar graph gives mean and SD of three replicates from three independent 

experiments; *p<0.05; **p<0.01 (Mann–Whitney test).
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Figure 4. 
LAMA1 deficiency disrupts cell architecture for focal adhesion in fibroblasts. Equal 

numbers of cells from control and patient 2 fibroblasts were plated on non-coated 

or laminin-111-coated coverslips. Laminin-111 is a heterotrimer complex composed of 

LAMA1, LAMB1 and LAMC1. (A) Cells were imaged after staining with phalloidin (red) 

that labels actin filaments, and DAPI (blue) that labels the nuclei. On uncoated coverslips, 

the control cells show intact, highly organised cytoskeletal organisation, and numerous 

filopodia. In cells of patient 2 and patient 3, there is less complexity in cytoskeletal network, 
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and filopodia structures are remarkably reduced or absent, indicating the importance of 

LAMA1 in the focal adhesion complex. On laminin-111-coated coverslips, control cells 

appear to spread more than on non-coated coverslips, while the filopodia length is increased. 

Cells of patient 2 and patient 3 show increased number of filopodia on laminin-coated 

coverslips. Scale bar represents 20 μm. (B) On scanning electron microscopy, control cells 

on uncoated slides appear thoroughly spread and flat with well-formed filopodia structures 

at the edges, as expected in normal control fibroblasts.45 Patient 2 and patient 3 cells 

on uncoated slides generally appear ‘lifted’, creating a three-dimensional appearance. The 

number of filopodia in patient 2 cells are markedly lower as compared with control cells; 

this number normalised to almost similar to control cells when patient 2 and patient 3 

cells were grown on laminin-coated slides. In addition, microvilli protrusions, which are 

presumably unattached filopodia or lamellipodia, are seen on the surface of the cells. Scale 

bars in (B) represent 50 μm in B1–2 and B4–5, 10 μm in B3, B6, B7 and B9 and 25 μm in 

B8. (C) GTPase activation assay of Cdc42, Rac1 and RhoA was performed in control and 

patient 2 fibroblasts. Results show a significant decrease of the activated form (GTP-bound) 

of Cdc42 in patient 2 and patient 3 fibroblasts compared with control; no difference was 

observed for Rac1 and RhoA (error bars represent SD, n=6; *p<0.05, Mann–Whitney test).
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Figure 5. 
Effects of LAMA1 knockdown in neuronal cells (A–C); LAMA1 knockdown in neuronal 

cells reduced the number of filopodia. Non-targeting (control) siRNA and siRNA to LAMA1 
(LAMA1-siRNA) were introduced to neuronal cells differentiated from Neural Stem Cells 

(NSC). Immunohistochemistry with phalloidin (A) showed that LAMA1-siRNA reduced the 

number of neurites and branching, in addition to reduction of filopodia (red, phalloidin; 

blue, DAPI stain for nucleus). Scanning electron microscopy (SEM) (B,C) confirmed that 

the number of filopodia is reduced when LAMA1 is knocked down (LAMA1-siRNA) as 

compared with control. Filopodia were partially recovered when wild-type hLAMA1 was 

reintroduced to cells (LAMA1-siRNA+Rescue). Magnified images of (B) are shown in 

(C). Scale bars represent 100 μm in (A), 10 μm in (B) and 2 μm in (C). (D) LAMA1 

deficiency increases susceptibility to apoptosis. To quantify apoptosis, caspase-3/7 activity 

was measured at 12 and 30 h after plating control (white bars), patient 2 (light grey bars) and 

patient 3 cells, with or without the addition of the known apoptosis inducer staurosporine. 
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Results show an increased susceptibility of patient’s cells to apoptosis. Bars represent SD for 

three replicates of three experiments; *p<0.05; **p<0.01 (Mann–Whitney test).
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