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Abstract  

ANXA11 mutations have previously been discovered in Amyotrophic Lateral Sclerosis (ALS) motor neuron 

disease. To confirm the contribution of ANXA11 mutations to ALS, a large exome dataset obtained from 

330 French patients, including 150 familial ALS (FALS) index cases and 180 sporadic (SALS) cases, was 

analyzed, leading to the identification of 3 rare ANXA11 variants in 5 patients. The novel p.L254V variant 

was associated to early onset SALS. The novel p.D40Y mutation and the p.G38R variant concerned 

patients with predominant pyramidal tract involvement and cognitive decline. Neuropathological findings 

in a p.G38R carrier associated the presence of ALS typical inclusions within the spinal cord, massive 

degeneration of the lateral tracts and type A Frontotemporal Lobar degeneration (FTLD). This mutant 

form of Annexin A11 accumulated in various brain regions and in spinal cord motor neurons, although its 

stability was decreased in patients’ lymphoblasts. Since most ANXA11 inclusions were not colocalized 

with TDP-43 or p62 deposits, ANXA11 aggregation does not seem mandatory to trigger 

neurodegeneration with additional participants/partner proteins that could intervene.  

 

Key words: ALS, Motor neuron disease, frontotemporal dementia, FTD, Annexin A11, ANXA11, 

neuropathology 

 

Abbreviations: ALS: Amyotrophic Lateral Sclerosis, FALS: familial ALS; SALS: sporadic ALS, FTD: 

Frontotemporal Dementia.  
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Introduction 

High throughput sequencing applied to whole-genome or whole-exome (WGS/WES) analyses recently 

contributed to the discovery of novel genetic causes (including VCP, PFN1, MATR3, CHCHD10, CCNF 

TUBA4A, TBK1, NEK1, C21orf2, KIF5A, GLT8D1 and DNAJC7) responsible for Amyotrophic Lateral 

Sclerosis (ALS) motor neuron disease. These novel genes have been identified using segregation studies 

in large ALS families or were found with excess of variants in ALS patients compared to controls using 

rare variant burden analysis (Johnson et al., 2010; Wu et al., 2012; Bannwarth et al., 2014; Johnson et 

al., 2014; Smith et al., 2014; Cirulli et al., 2015; Freischmidt et al., 2015; Brenner et al., 2016; Kenna et 

al., 2016; van Rheenen et al., 2016; Williams et al., 2016; Nicolas et al., 2018; Cooper-Knock et al., 2019; 

Farhan et al., 2019). An alternative recent exome analysis performed in 50 “multiplex” families (with DNA 

available for at least two members) from European origin, aimed to select genes with recurrent variants 

shared in several families but absent from control databases and selected ANXA11 as the most promising 

novel ALS candidate gene (Smith et al., 2017). Further ANXA11 analysis performed in 751 European 

familial (FALS) and 180 sporadic (SALS) cases identified a total of 6 different ANXA11 mutations (p.G38R, 

p.D40G, p.G175R, p.G189E, p.R235Q, p.R346C) in 12 patients (including 9 from 6 families and 3 SALS 

cases), all with no Frontotemporal Dementia (FTD), accounting for 0.8% of FALS and 2% of SALS (Smith 

et al., 2017). In this study, the D40G mutation segregated in 2 distant relatives of 2 families and was also 

identified in another FALS index case and in 1 SALS patient (Smith et al., 2017). 

Other ANXA11 possible pathogenic mutations were identified in 3 independent Asian ALS cohorts 

compiling a total of 110 FALS, 1031 SALS and 12 ALS-FTD. These studies identified a recurrent P36R 

mutation in 4 patients (1 FALS and 3 SALS), the D40G mutation, already identified in Caucasian patients, 

in one SALS, 5 other missense mutations (p.V128M, p.S229R, p.A293V, p.I307M, p.Q362L) and one 

deletion (p.A58_Q187del) leading to the lack of the entire coding part of exon 6. Overall these mutations 

account for less than 1% of FALS and 0.1% of SALS in Asian populations (Tsai et al., 2018; Zhang et al., 

2018; Liu et al., 2019). Two other missense variants p.R302C and p.G491R were also identified in these 



 4 

studies. Although both of these variants were rare in ExAC browser (below the frequency of 0.005%), 

they were more frequently observed in gnomAD browser (frequency of 0.04% and 0.02%, respectively) 

suggesting a lower pathogenicity. 

Patients with mutations in ANXA11 presented a rather late onset of the disease (average 67 years, range 

50-83 years), occurring at bulbar site for 5 out of 6 patients carrying the p.D40G mutation (Smith et al., 

2017) and in patients with the p.P36R mutation (Zhang et al., 2018). One of these p.P36R patients also 

presented behavioral Frontotemporal Dementia (FTD) (Zhang et al., 2018).  

ANXA11 gene encodes Annexin A11, a calcium-dependent phospholipid-binding protein with four 

conserved annexin domains in C terminus, able to bind to calcium ions, acidic phospholipids and 

phosphatidylethanolamine cell membrane components. Its long N terminus, rich in proline, glycine and 

tyrosine residues has the ability to bind to several partners including calcyclin (encoded by S100A6) and 

programmed cell death protein 6 (encoded by PDCD6). Through these interactions, Annexin A11 plays a 

role in cell division, Ca2+ signaling, vesicle trafficking and apoptosis (Wang et al., 2014). The dysregulation 

of Annexin A11 biological functions as well as the presence of the R230C variant in ANXA11 (rs1049550) 

were incriminated in systemic autoimmune disease and sarcoidosis occurrence, and are associated with 

development, chemoresistance and recurrence of ovarian, breast, and colorectal cancers (Wang et al., 

2014). ALS-linked ANXA11 mutations were shown to modify interaction between Annexin A11 and 

calcyclin. This interaction was specifically inhibited by the p.D40G and p.G189E mutations and rather 

increased by the p.G38R mutation (Smith et al., 2017). Those modified binding properties were suggested 

to result in an accumulation of cytoplasmic Annexin A11 facilitating its aggregation (Smith et al., 2017). 

Annexin A11 was also recently found to mediate the docking of membraneless RNA granules on 

lysosomes for long distance trafficking and delivery of mRNA to distal locations within neurons, through 

its interaction with RNA on its N-terminal low-complexity region and with motile lysosomes on its C-

terminus. ALS mutations (p.R235Q and p.R346C) were shown to impair this ability of Annexin A11 to 

associate with lysosomes (Liao et al., 2019).  
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Typical neuropathological features of ALS were observed in a p.D40G ANXA11 mutation carrier including 

motor neuronal inclusions immunopositive for Transactive response DNA-binding 43 (TDP-43) and p62. 

Accumulations of Annexin A11 in skein-like, tubular-shaped and round inclusions were evidenced in the 

spinal cord, the motor cortex, the temporal cortex and occipital lobe of this patient. Some of these 

inclusions were ubiquitinated but did not colocalize with TDP-43. In contrast, no Annexin A11 

accumulation was observed in healthy controls, ALS patients devoid of mutation in ANXA11, or patients 

with Alzheimer’s or Parkinson’s disease (Smith et al., 2017). Moreover calcyclin was overexpressed in 

astrocytes of the corticospinal tract in post-mortem tissues of ALS patients carrying or not a mutation in 

ANXA11 (Smith et al., 2017). 

To firmly link ANXA11 mutations to ALS disease, we performed a genetic analysis of ANXA11 in a large 

exome dataset obtained from French ALS patients including 200 FALS (150 index cases) and 180 SALS 

(100 SALS with early onset of the disease and 80 SALS patients with available post-mortem tissue) and 

studied ANXA11 levels in patient lymphoblasts and post-mortem tissue. 

Methods 

Patient cohort 

All patients signed a consent form for the genetic research. Protocols were approved by the Medical 

Research Ethics Committee of “Assistance Publique Hôpitaux de Paris” (#A75). The diagnosis of ALS 

and FTD was based on published criteria as previously described (Teyssou et al., 2017). Autopsied 

patients were enrolled in the NeuroCEB brain donation program declared to the Ministry of Research and 

Universities, as requested by French Authorities (# AC-2013-1887). An explicit consent was signed by 

the patient himself, or by the next of kin, in the name of the patient, in accordance with the French 

Bioethical Laws. This document includes consent for genetic analyses.  

Genetic analyses 

This patient cohort (including 200 familial with 150 index cases and 180 sporadic cases with 100 patients 

with ALS onset before 35 years and 80 autopsied cases) was first screened for C9orf72 and ATXN2 
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repeat expansions (Teyssou et al., 2017). Then Whole Exome Sequencing was performed using classical 

procedures. For FALS, exons were captured on the genomic DNA using the SureSelect Clinical Research 

Exome 50Mb kit (Agilent) followed by massive parallel sequencing on a Hiseq 2000 sequencer (Illumina) 

at Integragen (Evry, France). The Burrows-Wheeler algorithm was used to align the 100 bp length paired-

end reads to the hg38 version of the human genome (Ensembl); variants were called using the Genome 

Analysis Toolkit (GATK) software. Data were imported into the SIRIUS (https://sirius.integragen.com) 

database for further analysis. For SALS, exons were captured from fragmented genomic DNA samples 

using the Nimblegen MedExome Enrichment kit (Roche) and paired-end 150-base massively parallel 

sequencing were carried out on an Illumina NextSeq 500 sequencer according to the manufacturer's 

protocols. Follow-up custom capture sequencing were performed with the KAPA hyperCap (Roche) to an 

average coverage of 100X within the captured regions with an average of 99% bases covered at least 

5X. Bioinformatics analyses were carried out using the in-house pipeline. First a quality control of fastq 

files were done with FastQC. Low quality reads were trimmed or removed with trimmomatic. Reads were 

aligned to the Human Reference Genome (hg19) using the Burrows-Wheeler Alignment Tool (BWA). 

Picard software (http://picard.sourceforge.net/) was then used to remove duplicate reads. 

GenomeAnalysisTK-3.1-1 (GATK) was used to recalibrate base quality scores, realign around indels, call 

variants and recalibrate variant's score. Variants were annotated with ANNOVAR software (Wang et al., 

2010). The depth of coverage was studied with GATK. Variants were visualized using graphical interfaces 

provided by the Bioinformaticians. 

These exome databases were interrogated for 31 ALS related genes (including ALS2, ANG, ANXA11, 

CCNF, CHCHD10, DAO, DCTN1, DNAJC7, FIG4, FUS, GLE1, GLT8D1, HNRNPA1, HNRNPA2B1, 

KIF5A, MATR3, NEK1, OPTN, PFN1, SETX, SIGMAR1, SOD1, SQSTM1, SS18L1, TARDBP, TBK1, 

TIA1, TUBA4A, UBQLN2, VAPB and VCP) to select variants with a minor allele frequency (MAF) <0.005% 

in dbSNP, Hapmap, 1000genome, Exome Variant Server and gnomAD databases. ANXA11 variants were 

validated using Sanger analysis with BigDye chemistry as recommended by the supplier (Applied 
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Biosystems). Segregation of the identified variant with the disease was checked for all family members 

with available DNA. 

Lymphoblast cultures. 

Lymphoblastoid cell lines from the ALS patients carrying the p.G38R, p.D40Y (2 patients) and p.L254V 

mutation were established by Epstein Barr virus transformation of peripheral blood mononuclear cells. 

Lymphoblasts from age-matched spouse/husbands were used as controls. Lymphoblasts were grown in 

RPMI 1640 supplemented with 10% fetal bovine serum, 50 U/ml penicillin and 50 mg/ml streptomycin 

(Life Technologies) renewed twice a week. Lymphoblasts (5.106 cells) were treated with 200 µg/ml 

cycloheximide (Sigma-Aldrich) or equivalent volume of dimethylsulfoxide (DMSO) in untreated group 

during 2, 4, 6 or 8 hours at 37°C for protein degradation assay and incubated at 42°C during 2 hours for 

heat-shock induction. For pellets, they were centrifuged 5 min at 3,000 rpm, rinsed in phosphate buffered 

saline (PBS) solution and frozen at -80°C. 

Antibodies. 

All primary antibodies were commercially available and included rabbit anti-Annexin A11 (10479-2-AP 

Proteintech), anti-S100A6 (Calcyclin, 10245-1-AP, Proteintech), anti-PDCD6 (12303-1-AP, Proteintech), 

anti-GAPDH (D16H11, Cell Signaling Technology), anti-TDP-43 (10782-2-AP, Proteintech), anti-

Phosphorylated TDP-43 pS409/410-2 (TIP-PTD-P02, Cosmo Bio Co, LTD), anti-Cystatin C (HPA013143, 

Sigma Aldrich) and mouse anti-p62 (610833, BD Transduction Laboratories). Myelin Basic Protein/ 

Neurofilaments (MBP/NF) double labelling used anti-NF (2F11, Agilent) and anti-MBP (EP207, Bio Sb). 

Western Blot analysis. 

For immunoblots, cell pellets were homogenized in 50 mM Tris-HCl pH8, 150 mM NaCl, 1 mM MgCl2, 

cOmplete™ Mini EDTA-free protease inhibitor cocktail and PhosStop phosphatase inhibitors and 

incubated at 37°C for 30 min with 0.5 U/µl BenzonaseTM (all from Sigma-Aldrich). Sodium Dodecyl Sulfate 

(SDS) was added at a final concentration of 2% and cells were homogenized again. Protein extracts were 

centrifuged at 13,000 rpm for 10 min. Protein concentration of supernatants was estimated by the 
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bicinchoninic acid assay (Sigma-Aldrich). Proteins (15 µg) were separated on NuPAGETM 4-12% Bis-Tris 

Gel (Life Technologies) and electrophoretically transferred to nitrocellulose membranes (PROTANTM, 

Whatman Gmbh). Membranes were incubated 3 hours with primary antibodies in PBS, 5% milk, 0.1% 

Tween 20, followed by one hour of incubation with peroxidase-conjugated goat anti-rabbit with minimal 

cross-reaction to human serum proteins (Jackson Immunoresearch Laboratories). Signals were detected 

using ECLTM Prime Western Blotting Detection Reagent (GE Healthcare Sa). Signal intensity was 

analyzed with MultiGauge 3.0 software.  

Neuropathological examination 

Three levels of spinal cord (cervical, thoracic, lumbar) were taken. Slides were stained with hematoxylin–

eosin and Luxol fast blue. Immunostainings were performed after deparaffinization of 2 μm thick sections 

by an automatic slide stainer (Benchmark XT Ventana staining system). Slides were pre-treated at 95°C 

in CC1 (pH 8) proprietary retrieval buffer (Ventana Medical Systems). Antibodies were targeted with a 

biotin-free detection system (Ventana Medical Systems ultraView universal DAB Detection Kit coupled 

with the ultraView universal Alkaline Phosphatase Red Detection Kit for double staining). 

Results 

We identified 3 rare (with gnomAD minor allele frequency, MAF, below 0.005%) variants in ANXA11 in 5 

ALS patients including 3 familial (from 2 different families, Fig.S1) and 2 sporadic cases. Two of these 

variants: c.112G>A, p.Gly38Arg (p.G38R) and c.118G>T, p.Asp40Tyr (p.D40Y) were in the N-terminal 

low-complexity region (LCR) of Annexin A11 (Fig.1A-B) that is predicted to be a prion-like domain 

determined by the Prion Like Amino Acid Composition PLAAC software http://plaac.wi.mit.edu/ (King et 

al., 2012) and corresponding to the RNA binding domain of the protein (Liao et al., 2019). The c.760C>G, 

p.Leu254Val (p.L254V) is located in the C terminal Annexin region (Fig.1A-B) able to bind to lysosomes 

(Liao et al., 2019).  

The p.D40Y and p.L254V ANXA11 mutations are 2 novel variants absent from control and ALS patients 

databases (Table 1). The p.G38R variant was reported with a MAF of 0.0077 % in controls (non Finnish 

http://plaac.wi.mit.edu/
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European population of gnomAD) and of 0.06-0.09% in ALS patient databases (in ALSdb and project 

MinE data browser, respectively).  

Additionally a c.629G>A, p. Arg210Gln (p.R210Q) variant was identified in 2 other unrelated FALS (Fig.1, 

Table 1, Fig.S1). The reported MAF for this ANXA11 variant was 0.1% in non Finnish European population 

in gnomAD browser and was similar in ALS patients and controls in Project MinE data browser (Table 1). 

Moreover both patients with this p.R210Q ANXA11 variant also carried a variant in another ALS-related 

gene including TBK1, c.427C>T, p.Arg143Cys, p.R143C (FALS3II1) or GLE1, c.1858A>G, p.Thr620Ala, 

p.T620A (FALS4II1, Table 2). The TBK1 p.R143C variant was already identified in the project MinE data 

browser and concerned 0.012% of ALS cases but no controls. The GLE1 p.T620A is a novel variant 

absent from public databases. From these genetic results we concluded that the ANXA11 R210Q variant 

was less pathogenic than the 3 other ANXA11 variants we identified and is a variant of unknown 

significance. 

All these ANXA11 variants were predicted to be deleterious using 5 in silico software packages (Table 1) 

and affect a residue that is conserved through mammals (Fig.1C). 

Each of the p.G38R, p.D40Y and p.R210Q variants were identified in 2 different patients (who were 

siblings for the p.D40Y mutation) and all had disease onset after the age of 56 (Table 2). The p.L254V 

variant was associated to early onset ALS phenotype, which occurred at 33 years of age in an apparently 

sporadic case (with 8 siblings and whose father accidently died at the age of 40). Disease evolution ranged 

between 9 and 67 months for ANXA11 patients. Patients with p.G38R mutation presented ALS with 

predominant pyramidal tract involvement of all limbs (important spasticity for 2 of them) as well as frontal 

cognitive dysfunction meeting the criteria of FTD for 2 of them (Table 2). A similar phenotype was 

observed for both patients with the p.D40Y mutation who both presented behavioral dementia (Table 2). 

To study the functional impact of the ANXA11 mutations we identified, lymphoblastoid cell lines were 

established from lymphocytes for the ALS patients carrying the p.D40Y and the p.L254V mutations and 
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were compared to lymphoblastoid cell lines carrying the known p.G38R mutation or to healthy controls. 

Western blot analyses showed that the p.G38R mutation impacted the Annexin A11 protein expression 

levels, which were decreased, compared to controls (Fig.2A-B). To determine whether the loss of p.G38R 

mutant form of Annexin A11 could result from protein instability, we treated patient lymphoblasts with 

cycloheximide and measured the time course of Annexin A11 levels 2 to 8 hours after starting this 

treatment. This protein degradation assay showed an accelerated degradation kinetic in lymphoblasts 

carrying the p.G38R mutant form compared to others. No such loss of stability of Annexin A11 was 

measured for the p.D40Y and the p.L254V mutation in patient lymphoblasts. To determine whether levels 

of Annexin A11 were modified after cellular stress, we exposed patient lymphoblasts to heat shock and 

measured levels of Annexin A11. These protein levels did not change after heat shock for controls or 

patients carrying ANXA11 mutations (Fig.S2). In addition, we measured protein levels of Annexin A11 

partners in control and patient lymphoblasts. Equal levels of PDCD6 were detected in mutant and control 

lymphoblasts (Fig.S3). In contrast, S100A6 levels were increased in p.G38R and p.L254V compared to 

controls and p.D40Y lymphoblasts (Fig.2C). 

Post-mortem tissues were available for one p.G38R ANXA11 variant carrier. This case was characterized 

by severe damage of the lateral tracts (Fig.3S-T) and of the primary motor cortex with loss of Betz cells. In 

the frontal, temporal and parietal isocortices, as well as in the superficial motor cortex, neuronal loss was 

moderate. The intraneuronal and glial p62 and TDP-43 positive inclusions were 

numerous, intracytoplasmic, either rounded and paranuclear, or surrounding the nucleus like a ring 

(Fig.3A-B, 3F-G). They were distributed in layer 2 of the cortex and were associated with positive short 

neuritis, evoking Mackenzie type A distribution (Mackenzie et al., 2011). TDP-43 and p62 inclusions were 

also observed in the dentate gyrus of the hippocampus (Fig.3C, 3H) and the head of caudate nucleus 

(Fig.3D, 3I). In the dentate nucleus of the cerebellum, some TDP-43 cytoplasmic inclusions were 

observed (Fig.3E). No p62 accumulation was noted in this region, except rare glial dot-like staining (Fig.3J 

arrowheads). No TDP-43 or p62 staining was evidenced in the granular or Purkinje cells of the cerebellum. 
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Annexin A11 positive inclusions were found in all brain areas examined including the superficial motor 

cortex, midfrontal and superior temporal isocortices, hippocampus, caudate nucleus, mesencephalon and 

dentate nucleus of the cerebellum (Fig.3K-O). The distribution of ANXA11-positive deposits followed that 

of TDP-43 and p62 in all brain areas examined, except for the cerebellum where the lesions were only 

stained by TDP-43 and/or ANXA11.  

In the spinal cord, anti-Cystatin C immunohistochemistry showed typical Bunina bodies in motor neurons 

(Fig.4A-B). Skein-like inclusions, immunopositive for p62 and TDP-43, were observed (Fig.4E-H). 

Deposits of p62 and TDP-43 were also visible in some glial cells. Some ANXA11 tubular-shaped deposits 

mimicked those skein-like inclusions (Fig.4C-D). Double staining for ANXA11/TDP-43 or ANXA11/p62 

showed intermingled positivity for ANXA11 with either TDP-43 or p62 with no clear superposition (Fig.3P-

R, 3U-W arrows and arrow heads, 4O-P). Accumulations of ANXA11 were observed in neurons having 

retained their nuclear TDP-43 immunoreactivity (Fig.4I) or on the contrary having lost it (Fig.3P). However, 

a superposition of ANXA11 and TDP-43 (Fig.4M-N), or ANXA11 and p62 (Fig.3W star), could be observed 

in intracytoplasmic conglomerates. An increased staining for S100A6 was previously reported in a D40G 

ANXA11 mutation carrier and was also observed in ALS patients with no mutation in ANXA11 (Smith et 

al., 2017). Such an increased S100A6 staining was also observed for the p.G38R ANXA11 carrier in the 

lateral tracts corresponding to an astroglial cytoplasmic positivity (Fig.3X-Y arrows), as well as in the other 

ALS patients we analyzed (including 2 sporadic cases and 2 patients carrying the C9orf72 repeat 

expansion). 

No abnormal periodic acid schiff (PAS) positive material, that would have suggested a significant 

lysosomal dysfunction (Steven U Walkley, 2008), was detected in any cerebral region of the p.G38R 

patient tissue.  

Discussion  

We analyzed ANXA11 gene mutation in a large population of ALS patients. The p.L254V and p.D40Y 

mutations were probably pathogenic as they were absent from control databases. Moreover the p.D40Y 
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mutation segregated in the concerned family in 2 siblings and affects the same amino acid residue than 

the D40G mutation already described. We also identified the p.G38R ANXA11 mutation in two ALS 

patients (1 FALS and 1 SALS). Although this variant had been detected in 8 out of 51,915 NFE individuals 

in gnomAD database, it had already been described in two unrelated FALS patients (Smith et al., 2017) 

and was present in 4 out of 3317 ALS patients from the ALSdb sequencing data.  

ALS phenotype of these ANXA11 patients differed slightly from the one described for the D40G ANXA11 

variant (Smith et al., 2017), both in the mode of onset and in the predominance of clinical deficits. The 

disease occurred early for the p.L254V mutation and, for the p.G38R and p.D40Y, it was associated with 

FTD and major pyramidal impairment (leading to severe spasticity in 3 cases). Cognitive impairment was 

previously reported for one Asian patient having the P36R ANXA11 mutation (Zhang et al., 2018), a 

variant located close to the p.G38R mutation carried by our patient. 

The neuropathological analysis we performed for the p.G38R case correlated with the clinical presentation 

and ascertained (i) the presence of ALS typical inclusions within the spinal cord, usually observed for 

example in sporadic ALS cases or in ALS cases carrying the C9orf72 repeat expansion (Saberi et al., 

2015), (ii) massive degeneration of the lateral tracts and (iii) accumulation of numerous TDP-43 lesions 

in the cortex evoking a Frontotemporal Lobar Degeneration (FTLD)-TDP type A distribution (Mackenzie 

et al., 2011). Such TDP-43 lesion distribution is unusual in ALS patients as it is rather associated with 

pure FTD phenotype, either behavioral, related to non-fluent aphasia or linked to GRN or C9orf72 

mutation (Mackenzie et al., 2014). 

Our neuropathological analysis also showed that mutant Annexin A11 protein accumulated within different 

neuronal types. Topography of the lesions followed those of TDP-43 and p62 and are quite similar to that 

described in a patient with the p.D40G ANXA11 mutation (Smith et al., 2017). Compiled with this previous 

study, our results suggest typical neuropathological features shared by ANXA11 mutations.  

In addition, we observed some ANXA11 inclusions in the dentate nucleus of the cerebellum which 

paralleled TDP-43 deposits. Double staining of Annexin A11 with TDP-43 or p62 showed various stages 
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of protein aggregation in neurons. TDP-43 and p62 accumulation occurred even in the absence of any 

Annexin A11 deposit. This suggested that Annexin A11 aggregation is not mandatory to trigger the 

neurodegenerative process and that other participants/partner proteins should intervene. 

The protein accumulations we observed in p.G38R patient tissue were not correlated to the protein levels 

measured in patient lymphoblasts. Indeed, in these cells the level of Annexin A11 was lower with the 

p.G38R mutation. This was due, at least in part, to the instability of this mutant protein in this cell type, as 

shown by the protein degradation assay we performed. Such reduced protein stability was previously 

reported for the p.G38R and p.D40G ANXA11 mutations after surexpression of these mutant forms in 

HEK293 cells (Liao et al., 2018).  

As no blood and/or cerebrospinal fluid (CSF) were taken from patients carrying ANXA11 variants we 

described in the present study, we could not measure Annexin A11 levels in these fluids. Whether these 

levels are modified in ANXA11 patients remained to be determined. 

Decreased stability of a mutant protein associated with paradoxal protein accumulations in patient tissue 

is a well-documented outcome for mutations in SOD1, the first discovered genetic causes of ALS. Indeed 

analysis of protein stability of 22 different SOD1 mutations evidenced increased protein instability for most 

(but not all) of them using patient erythrocytes (Sato et al., 2005). Nevertheless some of these unstable 

mutated forms of SOD1 can accumulate in neurons of transgenic mice (Bruijn et al., 1997; Joyce et al., 

2015) and in motor neurons of ALS patients (Shibata et al., 1996). It has been proposed that the formation 

of SOD1 aggregates could result from post-translational modifications of the SOD1 dimers or their 

dissociation into monomers. Indeed the most unstable form of the mutant SOD1 relative to the wild-type 

(WT) SOD1 protein is the disulfide-reduced immature form, which is also the most prone to oligomerization 

through disulfide cross-linking process upon mild oxidative stress (Furukawa and O'Halloran, 2005). This 

disulfide cross-linking process for SOD1 is tissue specific as it occurs in spinal cord of mouse models but 

was not observed in unaffected tissue (Furukawa et al., 2006). Disulfide mutant cross-linked SOD1 

species were shown to have the ability to incorporate WT SOD1 protein (Furukawa et al., 2006). This 
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heterodimer formation protects mutant SOD1 from degradation (Weichert et al., 2014) and promotes the 

formation of SOD1 inclusions (Brasil et al., 2019). Interestingly, the p.R235Q ANXA11 mutation, that is 

prone to aggregate, was shown to be able to sequester WT Annexin A11 through a dominant-negative 

toxic effect (Smith et al., 2017). Whether any post-translational modification could influence mutant 

ANXA11 folding and aggregation remains to be investigated.  

Overall, our study confirmed the contribution of ANXA11 mutations to ALS and ALS-FTD and proved the 

pathogenicity of the ANXA11 p.G38R mutation, despite its frequency reported in control populations, 

based on neuropathological observations. 
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Tables 

 

Mutations SIFT 
Polyphen2 

(score) 

CADD 

Phred 

score 

Mutation 

Taster 
Panther 

rs number 

in dbSNP  

MAF in 

gnomAD 

(%) 

MAF 

in 

ALSdb 

(%) 

MAF in     

Project MinE 

(%) 

c.112G>A, 

p.Gly38Arg  
Deleterious  

Probably 

damaging 

(1.000) 

23.6 
Disease 

causing  

Probably 

damaging  
rs142083484  

All: 0.0042    

NFE: 0.0077 
0.06 

Cases : 0.09 

Controls : 0 

c.118G>T, 

p.Asp40Tyr  
Deleterious  

Probably 

damaging 

(0.997) 

24.4 
Disease 

causing  
Possibly 

damaging  
No  No No  No  

c.629G>A, 

p.Arg210Gln  
Deleterious  

Probably 

damaging 

(0.996) 

31 
Disease 

causing  

Probably 

damaging  
rs147610631  

All: 0.11        

Latino: 0.29  

NFE: 0.10 

0.06 
Cases: 0.034  

Controls: 0.027 

c.760C>G, 

p.Leu254Val  
Deleterious  

Probably 

damaging 

(0.991) 

25.8 
Disease 

causing  

Probably 

damaging  
No  No No  No  

 
Table 1. Pathogenicity prediction tests for ANXA11 variants.  
Five software packages investigating in silico pathogenicity have been used to classify variants from benign (tolerated) to 
disease causing (deleterious, probably damaging). A variant with a CADD score >20 indicates that it is among the 1% most 
deleterious variants in the genome and >30 among the 0.1% (Rentzsch et al., 2019). Minor Allele Frequency (MAF) in gnomAD 
control populations and dbSNP identification number are indicated. MAF for ALS patients in ALSdb and Project MinE are 
specified. CADD, Combined Annotation-Dependent Depletion; dbSNP, Single Nucleotide Polymorphism Database; MAF, 
Minor Allele Frequency; NFE, Non-Finnish European; ALSdb, ALS Data Browser. 
 
 

Variant  Pedigree  Patients  

Age 

at 

onset 

(y) 

Site of 

onset 

ALS 

duration 

(mo) 

pyramidal 

signs 

cognitive 

signs 

Rare 

variants in 

other rare 

ALS genes  

p.G38R  FALS1  II1  68 UL  20 ++ FTD No  

  FALS1 III1 60 UL+LL 10 +++ 

Cognitive 

impairments NA 

  SALS1    61 UL  46 +++ FTD  No  

p.D40Y  FALS2  II1  56 LL  67 +++ FTD No  

  FALS2  II2  69 Bulbar  49 ++ FTD No  

p.R210Q  FALS3  II1  70 Bulbar  9      

TBK1, 

c.427C>T, 

p.Arg143Cys  

  FALS4  II1  69 Bulbar  34      

GLE1, 

c.1858A>G, 

p.Thr620Ala  

p.L254V  SALS2    33 UL  34   No  

 
 
Table 2. Clinical features of patients harboring ANXA11 mutations.  
ALS, amyotrophic lateral sclerosis; FTD, Frontotemporal Dementia; UL, upper limb; LL, lower limb; NA, not applicable (DNA 
was not available). 
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Figures 

 

Fig. 1. Identification of ANXA11 mutations in patients with ALS.  
Representation of the 14 exons of ANXA11 and of Annexin A11 protein domains with the position of mutations previously 
reported in ALS patients in black (A). Data are compiled from Smith et al., 2017; Tsai et al., 2018 ; Zhang et al., 2018 ; Liu et 
al., 2019. The 3 pathogenic mutations identified by exome analysis in our study are in red and the R210Q variant of unknown 
significance is in orange. The p.G38R mutation was already described. A Prion-like domain (gray) was determined by the 
software PLAAC (Prion Like Amino Acid Composition). RNA (gray) and lysosome (blue) binding domains are represented. The 
binding site with calcyclin/S100A6 (CACY) is located at N terminal. The four highly conserved annexin domains are represented 
by blue square. Part of chromatograms showing the p.G38R (exon 5) and p.D40Y (exon 5), the p.R210Q (exon 7) and the 
p.L254V (exon 9) variants pointed by an arrow (in patients) and the corresponding normal sequences (in control) (B). Sequence 
alignment of part of the Annexin A11 amino acids from diverse species. The positions of Gly38, Asp40, Arg210 and Leu254 
(pointed by an arrow) are in red. Sequences used include Homo sapiens (NP_001265338.1), Pan troglodytes (XP_507872.4), 
Rattus norvegius (NP_001011918.1), Mus musculus (NP_038497.2), Canis familiaris (XP_536312,2), Gallus gallus 
(NP_001012921.2), Xenopus tropicalis (NP_001006124.1) (C).  
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Fig. 2. p.G38R mutation impairs Annexin A11 stability and protein levels.  
Immunoblots analyses of lymphoblasts extracts from control and ALS patients carrying the p.G38R, p.D40Y or p.L254V 
ANXA11 mutations using anti-Annexin A11, anti-PDCD6, anti-S100A6 and anti-GAPDH antibodies (A). Densitometry analyses 
of Annexin A11 (B) and S100A6 (C) for control (hatched) and patients with p.D40Y (dark grey), p.L254V (light grey) or p.G38R 
(black) mutation. Data (represented as percentage of the control) are means ± standard errors of the mean (SEM) of 6 to 24 
values from 6 to 12 independent experiments. Kinetic curves showing the rate of degradation of Annexin A11 in lymphoblasts 
of healthy controls (hatched), p.D40Y patients (dark grey), p.L254V patient (light grey) and p.G38R patient (black) in the 
presence of cycloheximide. Results are means +/- SEM of 11 experiments and are presented as percentage of initial protein 
(D). *p < 0.05, **p <0.01, ***p <0.005.  
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Fig. 3. Neuropathological analysis of ALS patient tissue with the p.G38R ANXA11 mutation.  
Post-mortem tissue sections (midfrontal cortex, motor cortex, dentate gyrus of the hippocampus, head of the caudate nucleus 
and dentate nucleus of the cerebellum) were stained with anti-phosphorylated TDP-43 (A-C), anti-TDP-43 (D-E), anti-p62 (F-
J) and anti-Annexin A11 (K-O). Numerous deposits of phosphorylated TDP-43 were detected in neurons and glial cells of the 
frontal (A) and the motor (B) cortex and were less numerous in the dentate gyrus of the hippocampus (C). Cytoplasmic TDP-
43 was observed in some neurons of the caudate nucleus (D, arrowhead). Some p62 positivities were also detected in the 
same regions (F-I). Annexin A11 accumulations were detected in all these brain regions (K-N). In the dentate nucleus of the 
cerebellum, neuronal cytoplasmic inclusions of TDP-43 (E) and Annexin A11 (O) and glial dot-like p62 positivities (J) were also 
detected. Macroscopic analysis showed severe lateral tractus degeneration using MBP-NF staining (arrows in S, T) associated 
with S100A6 diffuse staining (arrows in X, Y). Double staining for Annexin A11 (brown, arrows) and TDP-43 (red, arrowheads) 
in the frontal cortex showed separate localization of both markers in the same cells with no superposition (P, U). Note the 
neuritic accumulation of Annexin A11 in U. Double staining for Annexin A11 (red, arrows) and p62 (brown, arrowheads) in the 
motor cortex (Q, V) and the dentate gyrus of the hippocampus (R, W) also showed separate localizations. Rare inclusions 
presented superposition (star in W). Scale bars: 10 µm (A-O, P-R, U-W) and 1 mm (S, X).  
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Fig. 4. Protein inclusions detected in ALS spinal cord with the p.G38R ANXA11 mutation.  
Post-mortem spinal cord sections were stained with anti-Cystatin C (A, B), anti-Annexin A11 (C, D), anti-phosphorylated TDP-
43 (E, F) and anti-p62 (G, H). Classical ALS hallmarks (arrowheads) were observed in the spinal motor neurons including 
Bunina bodies (A, B) and large skein-like aggregates, positive for phosphorylated TDP-43 (E, F) and p62 (G, H). ANXA11 
inclusions (arrows) were detected in motor neurons (C, D). Double staining for Annexin A11 (brown, arrows) and TDP-43 (red) 
showed the presence of Annexin A11 deposits in motor neurons having retained their nuclear TDP-43 (I), large conglomerates 
of TDP-43 (J, arrowhead) and large conglomerates of Annexin A11 with superposition (M, N). Double staining for Annexin A11 
(red, arrows) and p62 (brown, arrowheads) showed p62 inclusions in absence of Annexin A11 deposits (K), coexistence of 
thin Annexin A11 deposits and p62 in the same motor neuron without evidence of superposition (L) or large round inclusions 
of Annexin A11 (O, P). Scale bars: 10 µm.  
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Supplemental Files 

 

Fig. S1. Pedigrees of the families with ANXA11 mutations.  
Arrows indicate index patients. When available, the age at death (in brackets) is indicated under the symbol representing the 
patients. Black fill: Amyotrophic Lateral Sclerosis (ALS) case.  
 
 
 
 

 
 
Fig. S2. Annexin A11 levels are not modified after heat shock stress.  
Densitometry analyses of Annexin A11 levels after heat shock for controls (hatched) and ALS patients carrying the p.D40Y 
(dark gray), p.L254V (light gray) or G38R (black) ANXA11 mutations. Data are means ± SEM of 2-4 values from 2 independent 
experiments. Annexin A11 levels were standardized to GAPDH levels. NT: no treatment; HS: heat shock.  
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Fig. S3. PDCD6 levels are not modified in lymphoblasts with ANXA11 mutations compared to controls.  
Densitometry analyses of PDCD6 for controls (hatched) and ALS patients carrying the p.D40Y (dark gray), p.L254V (light 
gray) or G38R (black) ANXA11 mutations. Data are means ± SEM of 4-8 values from 4 independent experiments. PDCD6 
levels were standardized to GAPDH levels. 

 


