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A B S T R A C T   

Neurodegenerative disorders like frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are 
pathologically characterized by toxic protein deposition in the cytoplasm or nucleus of affected neurons and glial 
cells. Many of these aggregated proteins belong to the class of RNA binding proteins (RBP), and, when mutated, 
account for a significant subset of familial ALS and FTD cases. Here, we present first genetic evidence for the RBP 
gene RBM45 in the FTD-ALS spectrum. RBM45 shows many parallels with other FTD-ALS associated genes and 
proteins. Multiple lines of evidence have demonstrated that RBM45 is an RBP that, upon mutation, redistributes 
to the cytoplasm where it co-aggregates with other RBPs into cytoplasmic stress granules (SG), evolving to 
persistent toxic TDP-43 immunoreactive inclusions. Exome sequencing in two affected first cousins of a heavily 
affected early-onset dementia family listed a number of candidate genes. The gene with the highest pathogenicity 
score was the RBP gene RBM45. In the family, the RBM45 Arg183* nonsense mutation co-segregated in both 
affected cousins. Validation in an unrelated patient (n = 548) / control (n = 734) cohort identified an additional 
RBM45 Arg183* carrier with bvFTD on a shared 4 Mb haplotype. Transcript and protein expression analysis 
demonstrated loss of nuclear RBM45, suggestive of a loss-of-function disease mechanism. Further, two more 
ultra-rare VUS, one in the nuclear localization signal (NLS, p.Lys456Arg) in an ALS patient and one in the 
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intrinsically disordered homo-oligomer assembly (HOA) domain (p.Arg314Gln) in a patient with nfvPPA were 
detected. 

Our findings suggest that the pathomechanisms linking RBM45 with FTD and ALS may be related to its loss of 
nuclear function as a mediator of mRNA splicing, cytoplasmic retention or its inability to form homo-oligomers, 
leading to aggregate formation with trapping of other RBPs including TDP-43, which may accumulate into 
persisted TDP-43 inclusions.   

1. Introduction 

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis 
(ALS) are two related fatal neurodegenerative diseases. Whereas FTD is 
a dementia subtype clinically characterized by progressive changes in 
behavior, personality, and/or language, ALS is a fatal motor neuron 
disease in which the loss of motor neurons leads to progressive weakness 
of voluntary muscles. Approximately 50% of FTD patients develop signs 
of motor neuron disease or ALS at some stage, and equally up to 50% of 
ALS patients display some cognitive or behavioural impairment resem-
bling FTD, referred to as FTD-ALS or ALS-FTD (Phukan et al., 2007; 
Burrell et al., 2011). Both diseases are characterized by a high degree of 
genetic heterogeneity, with a significant number of overlapping genes, 
the major ones being the chromosome 9 open reading frame 72 
(C9orf72), valosin containing protein (VCP), TAR DNA-binding protein 
gene (TARDBP), fused in Sarcoma RNA binding protein (FUS), and 
TANK-binding kinase 1 (TBK1) (Ferrari et al., 2019). In addition to this 
clinical and genetic overlap, ALS and FTD patients share major patho-
logical hallmarks, including the aggregation of several RNA-binding 
proteins (RBPs), such as TAR DNA-binding protein 43 (TDP-43) in 
near all ALS (97%) and 50% of FTD, and fused in sarcoma protein (FUS) 
in a small subset of ALS and FTD patients (Mackenzie and Neumann, 
2016). RBPs are typically multifunctional and act in both the nucleus 
and cytoplasm. When bound to RNA they form heterogeneous nuclear 
ribonucleoprotein (hnRNP) complexes influencing transcription, RNA 
splicing, RNA export, translation, and transport of mRNAs. Mis-
localization and cytoplasmatic aggregation of RBPs, eventually resulting 
in loss of normal RBP function and aggregation-induced toxic gain of 
function, appear to be central in the pathomechanisms of neuro-
degeneration leading to ALS and FTD (Bampton et al., 2020; Baradaran- 
Heravi et al., 2020). Mounting evidence indicates that perturbed stress 
granule dynamics mediates this toxic inclusion formation of RBPs 
(Baradaran-Heravi et al., 2020). Stress granules (SG) are generated upon 
cellular stress resulting in dynamic membraneless compartments of 
protein-RNA complexes. They allow the cell to cope with stress by 
preventing mRNA translation and moving the synthesis towards cyto-
protective proteins. SGs are intrinsically dynamic and dissolve again as 
the stress passes. Under pathological conditions, as triggered by mutated 
RBPs or increased cytoplasmic RBP concentration, SG become less sol-
uble, accumulate more RBPs, culminating in the formation of persistent 
cytoplasmic pathological protein inclusions of TDP-43, FUS and even 
tau (Li et al., 2015; Purice and Taylor, 2018; Baradaran-Heravi et al., 
2020). 

The RNA binding motif protein 45 (RBM45) is a nuclear-cytoplasmic 
shuttling RBP that interacts with both TDP-43 and FUS. Although the 
biological functions of RBM45 are still poorly understood, several 
studies are suggestive for a dominant role for RBM45 in ALS and FTLD- 
TDP pathogenesis. RBM45 levels are elevated in the cerebrospinal fluid 
(CSF) of ALS patients (Collins et al., 2012) and RBM45 was shown to 
form nuclear and cytoplasmic inclusions in the neurons and glia of ALS, 
FTLD-TDP and even Alzheimer’s disease (AD) patients. In the cytoplasm, 
RBM45 co-localizes with TDP-43 in cytoplasmic inclusions of these pa-
tients (Collins et al., 2020; Collins et al., 2012). More recently, also the 
accumulation of RBM45 into nuclear inclusions was described (Collins 
et al., 2020). Under normal conditions, RBM45 predominantly localizes 
to the nucleus via a nuclear localization sequence (NLS), where it 
physically associates with a.o. TDP-43 and FUS (Li et al., 2015). In 

contrast, NLS mutant RBM45 translocates to the cytoplasm where it 
induces TDP-43 positive SG formation nucleating TDP-43 cytoplasmic 
aggregation (Li et al., 2015; Mashiko et al., 2016). Furthermore, 
immunoprecipitation and mass spectrometry revealed 132 proteins that 
can specifically interact with RBM45. In addition to TDP-43 and FUS, 
which were previously reported to interact with RBM45, several other 
ALS- and FTD-associated proteins like Matrin-3, hnRNPA1 and 
hnRNPA2B1 were among those RBM45 interacting RBPs (Li et al., 
2016). 

Here we present a family-based exome sequencing study that 
revealed a nonsense mutation in the RBM45 gene as the most promising 
underlying gene defect for the early-onset dementia phenotype in the 
family. We further found suggestive evidence for the genetic impact of 
RBM45 in a Belgian cohort of unrelated FTD-ALS spectrum patients by 
identifying additional patient-specific loss of function (LOF) and 
missense variants affecting key functional domains of the RBM45 
protein. 

2. Material and methods 

2.1. Family ADH 

Whole-exome sequencing (WES) was performed in two affected first 
cousins of a multigenerational dementia family of Belgian origin (family 
ADH). In the family at least 10 patients in three subsequent generations 
are reported and the segregation pattern was consistent with autosomal 
dominant inheritance (Fig. 1A). DNA was available from two affected 
first cousins (ADH IV-2 and the proband ADH IV-6). Patients ADH IV-2 
and ADH IV-6 were tested and found negative for mutations in the major 
genes associated with AD (APP, PSEN1, PSEN2, APOE, TREM2, SORL1, 
ABCA7), FTD and ALS (C9orf72, GRN, MAPT, VCP, TARDBP, FUS, SOD1, 
TBK1, CHCHD10, TUBA4A, NEK1, and TIA1), prion disease (PRNP), and 
Parkinson’s disease (PD: LRRK2, PARK2, and SNCA). Genetic profiling 
was performed by amplicon-based target enrichment and next- 
generation sequencing (NGS) of the exons and exon-intron boundaries 
on an Illumina MiSeq platform or by Sanger sequencing. The C9orf72 
repeat was typed by repeat-primed polymerase chain reaction (PCR) and 
fragment length analysis, as described (Gijselinck et al., 2012). 

2.2. Study cohorts 

We performed full exonic resequencing of RBM45 in a Belgian pa-
tient cohort recruited in the framework of the Belgian Neurology 
(BELNEU) Consortium, a multicenter collaboration of dementia exper-
tise centers in Belgium (Van Mossevelde et al., 2017). The patient cohort 
consisted out of index patients with clinical diagnosis of FTD(-ALS) 
(total n = 548, mean onset age: 66 ± 10 years), including FTD (n =
509, mean onset age: 67 ± 10 years), FTD-ALS (n = 39, mean onset age: 
64 ± 10 years) and ALS (n = 221, mean onset age: 62 ± 12 years). 
Clinical diagnoses of FTD and ALS were based on established interna-
tional diagnostic criteria (Agosta et al., 2015; Brooks et al., 2000; Gorno- 
Tempini et al., 2011; Rascovsky et al., 2011). Positive family history was 
defined by at least one first- or second-degree relative with motor 
neuron disease or dementia and was present in 27.7% (213/769) of 
patients, including 33.4% (170/509) of FTD patients, 28.2% (11/39) of 
FTD-ALS and 14.5% (32/221) of ALS patients. For 3.6% (28/769) of 
patients, post-mortem TDP-43 positive pathology was confirmed 
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including 3.54% (18/509) of the FTD group, 10.26% (4/39) of the FTD- 
ALS group and 2.71% (6/221) of the ALS group. Genetic profiling of all 
patients for the most common genes associated with the FTD-ALS 
spectrum, AD, prion disease and Parkinson’s disease was performed 
similarly as described for the ADH family. 

We also included 734 unrelated geographically matched control in-
dividuals older than 65 years (mean age at inclusion: 75 ± 6 years) who 
were negative for a personal or family history of neurodegenerative 
disease and had a Mini-Mental State Examination or Montreal Cognitive 
Assessment score > 25 (Folstein et al., 1975; Nasreddine et al., 2005). 

Genomic DNA (gDNA) samples from all participants were extracted 
from lymphocytes using standard laboratory procedures. 

2.3. Exome sequencing, alignment, variant calling, annotation and 
variant selection 

WES was performed on gDNA of two affected first cousins (ADH IV-2 
and ADH IV-6) of family ADH. DNA samples were enriched for 75 Mb of 
the genome using SureSelect Human All Exon V5 + UTR capture (Agi-
lent) and sequenced on a HiSeq 2000 platform (Illumina®, San Diego, 
CA, USA), generating 100 bp paired-end reads. Reads were aligned to 
the human reference genome hg19 (hg19, UCSC Genome Browser) using 
the Burrows-Wheeler Aligner (BWA) tool. Variant calling and annota-
tion were performed with the Genome Analysis Toolkit (GATK) and 
Genome Comb package, respectively (McKenna et al., 2010; Reumers 
et al., 2011). Following the dominant inheritance model, further variant 
filtering was done to select for high-quality (coverage ≥15×), coding 
and splicing variants shared by the two patients in a heterozygous state, 
with minor allele frequency (MAF) ≤ 0.01% (ultra-rare variants) ac-
cording to the 1000 genome project (http://phase3browser.1000gen 
omes.org/index.html), European-American exome variant server (EA- 
EVS; http://evs.gs.washington.edu/EVS/) and Non-Finnish-European 
Genome Aggregation Database (MAF gnomAD NFE) (http://gnomAD. 
broadinstitute.org/). Combined Annotation Dependent Depletion 
(CADD) scores were generated for functional annotation (http://cadd. 
gs.washington.edu/score) (Kircher et al., 2014). Selected variants 

were validated by Sanger sequencing. 

2.4. Exonic resequencing of RBM45 in a FTD-ALS patient-control cohort 

The entire coding region of RBM45 (NM_152945) was analyzed by 
amplicon-based target enrichment (Agilent Technologies Niel (Multi-
plicom) Belgium) and next-generation sequencing (NGS) of the exons 
and exon-intron boundaries on an Illumina MiSeq® sequencer (Illu-
mina®, San Diego, CA, USA). Read alignment, variant calling and 
filtering as described above. Selected variants, with MAF ≤ 0.01% 
(ultra-rare) and ≤ 1% (rare) respectively, were validated by Sanger 
sequencing. 

2.5. RBM45 transcript analysis in lymphoblasts of RBM45 p.Arg183* 
mutation carriers 

Lymphoblast cells of patient ADH IV-2 and DR904.1, both with the p. 
Arg183* LOF mutation, were incubated with 150 μg/ml cycloheximide 
(Sigma St Louis, MO, USA) at 37 ◦C for 4 h to inhibit nonsense-mediated 
mRNA decay (NMD). As a negative control, cells were treated with equal 
volumes of DMSO. Total RNA was extracted from cells using the Ribo-
Pure™kit (Ambion, Life Technologies, Carlsbad, California) followed by 
a DNase treatment (TURBODNase Kit, Ambion, Life Technologies, 
Carlsbad, California). First-strand cDNA was synthesized using the Su-
perScript® III First-Strand Synthesis System (Life Technologies, Carls-
bad, California) using both oligo(dT) and random hexamer primers. The 
cDNA was used as template for PCR amplification using primers located 
in exon 3 and 4 flanking the position of the p.Arg183* mutation. PCR 
products were purified with ExoSAP-IT (Affymetrix) and sequenced in 
both directions using the BigDye Terminator Cycle Sequencing kit v31 
(Applied Biosystems) on an AB3730 DNA Analyzer (Life Technologies, 
Foster City, CA, USA). Sequences were analyzed and visually inspected 
by NovoSNP (Weckx et al., 2005) (Fig. 3A). For quantification, semi-
quantitative real-time PCR (qPCR) was performed using SYBR Green 
assays on the QuantStudio™ 6 Real-Time PCR System (Applied Bio-
systems). The generated qPCR amplicons (primers 5′- 

Fig. 1. RBM45 p.Arg183* nonsense mutation segregating in 
Family ADH and an unrelated FTD patient. (A) Anonymized 
pedigree of family ADH. Affected individuals from the family 
are indicated in black. The index patient ADH IV-6 is denoted 
by an arrow. Numbers below the symbols indicate onset ages 
(bottom) and age at last examination or age at death (top). 
WES, indicates subjects submitted to whole-exome sequencing. 
(B) Haplotype segregation and allele sharing analysis in family 
ADH and unrelated FTD patient. RBM45 p.Arg183* carrier 
status and phased haplotypes using RBM45 flanking short 
tandem repeat (STR) markers are shown. Shared alleles are 
indicated in orange.   
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GGAGAAAGTAAAGGTTTGGGCTA-3′ and 5′- CCAAAGCTTCTTGCCT-
CATA-3′) were quantified against two housekeeping genes, HPRT and 
YWAZ. Relative expression levels were calculated by comparing 
normalized quantities between patient and control samples. 

2.6. RBM45 protein expression in lymphoblasts of RBM45 p.Arg183* 
mutation carriers 

Lymphoblast protein lysates of patients ADH IV-2 and DR904.1 
together with four unaffected non-carriers were prepared. Lymphoblasts 
were washed twice with ice-cold PBS and homogenized in radioimmune 
precipitation buffer (RIPA) containing 1% sodium dodecyl sulfate (SDS), 
150 mM sodium chloride (NaCl), 0.5% Na-doc, 1% NP-40, 50 mM Tris- 
Hcl, pH 8 supplemented with protease and phosphatase inhibitor (2×
complete cocktail from Roche). The supernatants were concentrated 
10× using Microcon YM-10 Centrifugal Filter Unit with a cut-off of 10 
kDa (Millipore). Cell lysates were sonicated on ice and centrifuged 
(13,000 rpm/min for 15 min at 4 ◦C). Nuclear and cytoplasmic protein 
fractions were prepared by subcellular fractionation, as described (Li 
et al., 2015). For Western blot, protein lysates were separated on a 
4–12% NuPAGE® Bis-Tris gel (ThermoFisher Scientific, MA, USA) and 
transferred onto a polyvinylidene difluoride membrane (PVDF, Hybond 
P; Amersham Biosciences, GE Healthcare Life Sciences, Buck-
inghamshire, UK). Endogenous RBM45 was detected by probing mem-
branes with monoclonal antibody against the RBM45 N-terminal (1:200, 
Santa Cruz, sc-515,495), and quantified against GAPDH (specific for the 
cytoplasmic fraction) and Lamin A/C (specific for the nuclear fraction), 
and specific secondary antibodies (1:10000) for immunodetection. The 
ImageQuant™ LAS4000 digital imaging system and ImageQuant™ TL 
software (GE Healthcare Life Sciences, Buckinghamshire, UK) were used 
for Western blot visualization and quantification. Preparation of whole 
protein lysates and subcellular fractionation followed by Western blot 
was performed independently in triplicate. 

2.7. Ethical assurances 

All research participants or their legal representatives signed 
informed consent for participation in clinical and genetic research. The 
local medical ethics committees approved the clinical study protocols 

and informed consent forms at the collaborating sampling sites. The 
genetic study protocols and informed consent forms were approved by 
the ethics committee of the Antwerp University Hospital and the Uni-
versity of Antwerp, Belgium. 

3. Results 

3.1. Exome sequencing identifies RBM45 as a possible candidate gene for 
FTD 

Exome sequencing in two affected first cousins of a Belgian early- 
onset dementia family detected 77.641 heterozygous variants shared 
by the two patients. Variant filtering prioritized 22 ultra-rare (MAF <
0.01%), predicted protein-modifying (i.e. missense, nonsense, exonic 
indels, splice site, start codon) variants in 21 candidate genes (Table 1). 
Of these 21 candidate genes, 12 had medium to high expression in brain, 
14 genes carried a co-segregating variant with CADD score > 20, and 
eight genes fulfilled both criteria (Table 1). Interestingly, the variant 
with the highest CADD score of 39 was a nonsense variant, p.Arg183* in 
the RBM45 gene encoding RBM45, a strong functional candidate gene 
for FTD and ALS. 

3.2. Mutation screen of RBM45 in an extended cohort of FTD and ALS 
patients 

To further evaluate the genetic variability of RBM45 in disease, we 
performed full exonic resequencing of RBM45 in a Belgian cohort of FTD 
(-ALS) patients (N = 548), ALS patients (N = 221) and control in-
dividuals (N = 734). We identified a total of five ultra-rare coding var-
iants with an MAF ≤ 0.01% (Table 2). The nonsense variant p.Arg183* 
(MAF gnomAD NFE = 0.0027%) was detected in an additional FTD 
patient (age at inclusion 61 years). Allele sharing analysis using flanking 
STR markers was suggestive for a shared haplotype of about 4 Mb 
encompassing RBM45 (Fig. 1B). We additionally detected two ultra-rare 
variants in patients and absent from controls, p.Arg314Gln (MAF gno-
mAD NFE = 0.0027%) in one nfvPPA patient (age at onset 71 years, age 
at death 76 years) and p.Lys456Arg (absent from gnomAD) in one ALS 
patient (age at onset 68 years, age at death 71 years). One more variant, 
p.Arg75His (MAF gnomAD NFE = 0.0009%), was present in one bvFTD 

Table 1 
Filtered ultra-rare variants from WES data analysis in family ADH.  

Chr. Genomic position Gene Predicted protein Brain expression dbSNP147 CADD score gnomAD NFE MAF (%) 

2 178,982,905 RBM45 p.Arg183* High rs749455196 39 0.0027 (3/113000) 
8 69,009,321 PREX2 p.Asp813Val Low rs1049193896 31 0.0018 (2/113188) 
3 178,942,502 PIK3CA p.Arg770Gln High rs749840319 28.8 0.0035 (4/112858) 
4 185,039,018 ENPP6 p.Glu190Gly Medium rs754469609 28.7 0.0029 (1/113724) 
3 179,076,765 MFN1 p.Gly129Val / p.Asn506lys Medium – 28.1 / 16.51 – 
2 222,428,463 EPHA4 p.Gly271Arg High rs981128868 25.4 0 (0/113662) 
16 2,011,798 NDUFB10 p.Tyr137Cys High rs765718162 23.9 0.0013 (1/77330) 
15 86,838,538 AGBL1 p.Arg758Gln NA rs756959933 23.6 0.0039 (5/128068) 
6 109,322,574 SESN1 p.Glu155Gln NA rs768245807 23.4 0.0035 (4/113618) 
1 230,925,921 CAPN9 p.Ala485Val Low rs551933511 23.3 0 (0/113466) 
17 73,929,088 FBF1 p.Lys52Argfs*40 NA – 23 – 
7 99,516,968 TRIM4 p.Phe19Leu Medium – 22.9 – 
1 19,524,518 UBR4 p.Ser225Leu Medium – 22.4 – 
2 239,237,862 TRAF3IP1 p.Asp266Thrfs*16 Low – 21.8 – 
9 100,777,705 ANP32B p.Asp251Glu High rs112073824 13.51 0 (0/12364) 
11 102,937,234 DCUN1D5 p.Ile135Thr High rs759170449 13.68 0.0009 (1/113402) 
20 43,355,897 WISP2 p.Pro152Leu Low rs780355679 12.76 0.0062 (8/128400) 
19 501,714 MADCAM1 p.Pro238Gln Medium rs78071082 7.13 0.0031 (3/98324) 
9 138,395,894 MRPS2 p.Ala269Val Low – 4.892 – 
7 98,786,097 KPNA7 p.Ile242M NA – 0.006 – 
3 172,351,488 NCEH1 p.Gln367Arg High rs1222436856 0.001 0.0062 (7/113728) 

Heterozygous predicted protein-modifying variants with minor allele frequency (MAF) ≤ 0.01% in the Non Finnish-European Genome Aggregation Database are listed. 
CADD, Combined Annotation Dependent Depletion (http://cadd.gs.washington.edu) (Kircher et al., 2014); Chr. Chromosome; Brain expression according to the 
Human Protein Atlas (https://www.proteinatlas.org); dbSNP147, the Single Nucleotide Polymorphism Database version 147; gnomAD NFE, Genome Aggregation 
Database Non_Finnish European (http://gnomAD.broadinstitute.org/); MAF, minor allele frequency (%); NA, not available. 
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patient (age at inclusion 59 years) and one control individual (age at 
inclusion 71 years). Finally, we observed one more control-only 
missense variant, p.Arg113Gln (MAF gnomAD NFE = 0.0078%) (age 
at inclusion 70 years). Clinical characteristics of identified carriers are 
listed in Table 3. 

We also report three rare variants with MAFs ranging from 0.01% - 
1% (Table 2). The p.Gly5Asp (MAF gnomAD NFE = 0.012%) found in 
one FTD patient (age at inclusion 57 years), p.Phe140Cys (MAF gnomAD 
NFE = 0.049%) in one ALS patients (age at inclusion 70 years) and one 
control individual (age at inclusion 67 years), and p.Arg113Gln (MAF 
gnomAD NFE = 0.0078%) found in one control individual (age at in-
clusion 71 years). 

3.3. The RBM45 protein and identified ultra-rare variants 

The RBM45 gene maps to the cytogenic location 2q31.2 and contains 
10 exons that can generate 3 alternatively spliced isoforms. The human 
RBM45 protein (UniProt ID: Q8IUH3) is ubiquitously expressed, 
including across all brain regions. RBM45 consists of 476 amino acid 
residues and possesses three RNA recognition motifs (RRMs, residues 

26–106, 121–195, and 392–464) (Fig. 2). RBM45 predominantly local-
izes to the nucleus via an NLS at the C-terminus (residues 454–472, with 
two clusters of basic amino acids). Within the linker region between 
RRM2 and RRM3 lies a homo-oligomer assembly (HOA) domain (res-
idue 258–318), an intrinsically disordered region needed for homo- 
oligomerization of RBM45 and interaction with other RBPs. The re-
gion ranging from amino acid residue 301 to 400 contains a predicted 
nuclear export signal (NES) in which a double leucine (Leu329, Leu330) 
is crucial for NES activity (Mashiko et al., 2016). 

The nonsense mutation p.Arg183* resulting in a premature termi-
nation codon was predicted to lead to mRNA degradation by nonsense- 
mediated decay (NMD) resulting in loss of function. Transcript analysis 
in ADH IV-2 showed a near 50% loss in RBM45 transcript, in line with 
NMD. In the unrelated FTD patients DR904.1, however, the mutant 
transcript was hardly reduced. At the gDNA level the g.178982905C > T 
(p.Arg183*) is located close to exon–intron boundary, just four nucle-
otides from the end of exon 3. Therefore, NMD is likely to be imperfect as 
the premature termination codon may be obscured by the exon junction 
complex and as such escape NMD. In that case, a truncated RBM45 
protein is predicted to be formed, lacking the N-terminal NLS signal. In 

Table 2 
Rare coding variants identified in the RBM45 gene.  

Exon Genomic 
position 

cDNA Predicted 
protein 

Functional 
domain 

CADD 
score 

dbSNP147 gnomAD NFE MAF 
(%) (allele count) 

FTD(-ALS) 
(N = 548) 

ALS (N 
= 221) 

Controls (N 
= 734) 

Ultra-rare coding variants with MAF ≤ 0.01% 
Patient-only variants          
Exon 

3 
g.178982905C 
> T 

c.547C >
T 

p.Arg183*  39 rs749455196 0.0027 (3/113000) 1* 0 0 

Exon 
6 

g.178988336G 
> A 

c.941G >
A 

p.Arg314Gln HOA 26.2 rs199655725 0.0027 (3/112132) 1 0 0 

Exon 
9 

g.178990845A 
> G 

c.1367A 
> G 

p.Lys456Arg NLS, RRM3 29.8 no no 0 1 0 

Variants present in both patients and controls        
Exon 

1 
g.178977497G 
> A 

c.224G >
A 

p.Arg75His RRM1 31 rs1435064796 0.0009 (1/113474) 1 0 1 

Controls-only variants          
Exon 

2 
g.178981026G 
> A 

c.338G >
A 

p.Arg113Gln none 26.6 rs776849417 0.0078 (10/ 
128596) 

0 0 1  

Rare coding variants with MAF 0.01% - 1% 
Patient-only variants          
Exon 

1 
g.178977287G 
> A 

c.14G > A p.Gly5Asp none 20.6 rs371141654 0.012 (13/127714) 1 0 0 

Variants present in both patients and controls        
Exon 

2 
g.178981107 T 
> G 

c.419 T >
G 

p.Phe140Cys RRM2 28.8 rs145599521 0.049 (62/126370) 0 1 1 

gDNA numbering according to the human reference sequence (Genome Reference Consortium Human Build 37/human genome 19, GRCh37/hg19); cDNA numbering 
according to the cDNA reference sequence NM_152945; protein numbering relative to the RBM45 isoform NP_694,453. 

* , same mutation as identified in the WES family ADH; ALS, amyotrophic lateral sclerosis; CADD, Combined Annotation Dependent Depletion (http://cadd.gs.washi 
ngton.edu) (Kircher et al., 2014); dbSNP147, the Single Nucleotide Polymorphism Database version 147; gnomAD NFE, Genome Aggregation Database Non_Finnish 
European (http://gnomAD.broadinstitute.org/); FTD, frontotemporal dementia; MAF, minor allele frequency (%); NLS, nuclear localization sequence; HOA, homo- 
oligomer assembly, RRM1, RNA recognition motif 1; RRM2, RNA recognition motif 2; RRM3, RNA recognition motif 3. 

Table 3 
Clinical characteristics of carriers of an ultra-rare RBM45 variant.  

Identifier Clinical diagnosis RBM45 mutation Gender Family history Age (y) Age at death (y) Other disease-relevant variants 

Patients 
DR1430.1 bvFTD p.Arg75His Male Sporadic AAI: 59 N.A. no 
ADH IV-2 Dementia p.Arg183* Male Familial AAO: 60 N.A. no 
ADH-IV-6 Dementia p.Arg183* Female Familial AAO: 76 N.A. no 
DR904.1 bvFTD p.Arg183* Male Familial AAI: 61 Alive at 70 TREM2 p.Arg47His 
DR405.1 nfvPPA p.Arg314Gln Male Unknown AAO: 69 76 no 
DR537.1 ALS p.Lys456Arg Male Unknown AAO: 68 71 no  

Control individuals 
C0314.1 Unaffected p.Arg75His Male NA AAI: 71  no 
C01848 Unaffected p.Arg113Gln Female NA AAI: 70  no 

Amino acid positions are relative to NP_ 694,453. AAO, age at onset; AAI, age at inclusion; ALS, amyotrophic lateral sclerosis; FTD, frontotemporal dementia; bvFTD, 
behavioral variant FTD; nfvPPA, nonfluent variant primary progressive aphasia; TREM2, Triggering Receptor Expressed on Myeloid cells 2; N.A., information not 
available. 

J. van der Zee et al.                                                                                                                                                                                                                            

http://cadd.gs.washington.edu
http://cadd.gs.washington.edu
http://gnomAD.broadinstitute.org/


Neurobiology of Disease 156 (2021) 105421

6

both scenarios, RBM45 protein from the mutant transcript would fail to 
reach the nucleus, supporting the loss of function hypothesis. This is in 
line with the Western blot analysis where we detected an >50% 
reduction of normal sized protein (54 kDa) and no truncated protein 
(with predicted size of 28 kDa) in the nuclear fraction (Fig. 3C and D). In 
patients, we identified three more missense variants affecting conserved 
protein domains. The p.Arg314Gln (CADD 26.2) substitutes a highly 
conserved residue in the HOA domain that promotes self-association of 
RBM45 (Li et al., 2015). The p.Lys456Arg (CADD 29.8) substitution 
maps to a highly conserved basic residue of the NLS as well as RRM3. 
The p.Arg75His missense variant, also detected in a control individual, 
locates to RRM1. The control-only missense variant p.Arg113Gln also 
affects a highly conserved Arginine residue but falls between the RRM1 
and RRM2 functional domains. 

3.4. Clinical presentation of RBM45 ultra-rare variant carriers 

In family ADH, average disease onset was 63.7 years, ranging from 
55 to 76 years. Over the four unrelated RBM45 mutation carriers (index 
patient ADH IV-6 and three additional patient-only mutation carriers), 
disease onset was on average 68.5 (61–76) years (Table 3). Most patients 
presented with a dementia-only phenotype of bvFTD, nfvPPA or ‘de-
mentia, unspecified’. One patient (DR537.1, p.Lys456Arg) was diag-
nosed with ALS without reported cognitive deficits. The p.Arg183* 
carriers had a documented positive family history. For the HOA p. 
Arg314Gln and the NLS p.Lys456Arg mutation carriers, family history of 
the disease was unknown. 

3.4.1. DR904.1, RBM45 p.Arg183* 
At the age of 61 years, the patient presented with behavioral 

changes, like disinhibition, socially inappropriate behavior, compulsive 

behavior and perseverations. He had a history of (ongoing) alcohol and 
sedative drug abuse, as well as bipolar disorder, complicating differen-
tial diagnosis. There was a positive family history, with his mother 
suffering from dementia (unspecified) with AAO 76 and AAD 86 years. 

A brain MRI scan at the age of 58 (done during the work-up for an 
epileptic seizure) already showed major global cortical and subcortical 
atrophy, as well as localized loss of tissue and gliosis in the right tem-
poral lobe and multiple cerebrovascular lesions. A follow-up brain MRI 
scan at age 61 showed a predominantly frontotemporal pattern of at-
rophy. A brain perfusion SPECT scan, also at the age of 61, showed 
modest relative hypoperfusion in the inferior frontal gyri and the infe-
rior part of the left postcentral gyrus. However, a later brain SPECT scan, 
performed 10 years after the first, showed a more pronounced pattern of 
relative frontal and temporal hypoperfusion. 

Cerebrospinal fluid (CSF) analysis at age 61 showed normal values 
for T-tau (130 pg/ml, normal value <296.50 pg/ml) and P-tau (19 pg/ 
ml, normal value <56.50 pg/ml), but with decreased values of Aβ1-42 
(622 pg/ml, normal value >638.50 pg/ml). However, a new CSF 
biomarker analysis 8 years after the initial presentation showed a 
pathological biomarker profile with increased T-tau (1277 pg/ml, 
normal value <501 pg/ml), and P-tau (97.5 pg/ml, normal value <57 
pg/ml) levels whereas results of Aβ1-42 (2134 pg/ml, normal value 
>775 pg/ml), and the Aβ1-42 /Aβ1-40 ratio (0.187, normal value 
>0.106) were normal. 

As the disease progressed, additional symptoms arose, including 
symptoms related to an amnestic syndrome, bradyphrenia, aggressive-
ness and deficits in executive tasks, praxis and attention. There was a 
growing need for professional caregiver support as the deficits increas-
ingly impaired the patient’s independence, self-care and other activities 
of daily living. The patient maintained complete anosognosia for the 
substantial cognitive deficits. He also developed some extrapyramidal 

Fig. 2. Schematic representation of the RBM45 protein structure with identified ultra-rare variants (MAF gnomAD NFE ≤ 0.01%) in the Belgian FTD, FTD-ALS, ALS, 
and control cohort. (A) Patient-only variants are indicated red, variants in patients and controls or controls only are in black. NES, nuclear export signal in which a 
double leucine (Leu329,Leu330) is crucial for NES activity (Mashiko et al., 2016); NLS, nuclear localization sequence; HOA, homo-oligomer assembly; RRM1, RNA 
recognition motif 1; RRM2, RNA recognition motif 2; RRM3, RNA recognition motif 3. (B) Sequence alignment of identified RBM45 mutations showing evolutionary 
conservation across species. 
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signs, possibly partly iatrogenic due to chronic intake of antipsychotic 
drugs. Slowly progressive gait difficulties emerged as well, as did uri-
nary incontinence. A new brain MRI scan, 8 years after the initial 
consultation, was suggestive for normal pressure hydrocephalus (NPH) 
that had not been visible during the initial work-up. A ventriculoper-
itoneal shunt was placed after an evacuating lumbar puncture had a 
positive effect on the gait difficulties. Though no clear improvement on 
cognition was measured, the therapy had a positive effect on the patients 
gait and general mobility. 

In addition to the reported RBM45 p.Arg183* variant, this patient 
carried a previously identified TREM2 p.Arg47His variant, an AD- 
related risk variant (Guerreiro et al., 2013; Jonsson et al., 2013). 
TREM2, encoding the triggering receptor expressed on myeloid cells 2 
gene, and in particular the p.Arg47His variant, has also been investi-
gated in FTD and ALS cohorts, but associations in these related neuro-
degenerative phenotypes were inconclusive (Lill et al., 2015). 

3.4.2. DR405.1, RBM45 p.Arg314Gln 
At the age of 69, this patient with a long and ongoing history of 

alcohol abuse developed subtle tachylalia and anomia. Subsequently, he 
progressively developed dysarthria and memory problems, as well as 
gait instability, apathy, bradyphrenia and depression. 

An initial brain CT scan showed multiple ischemic lesions bilaterally 
in the basal ganglia and white matter. A more thorough diagnostic work- 
up took place at age 73. A brain MRI scan showed multiple old ischemic 
lesions, as well as generalized atrophy, most pronounced in the temporal 
lobes. A perfusion SPECT scan of the brain showed subtle hypoperfusion 
in the right frontal lobe and right thalamus. 

At age 73, he was admitted to the hospital with an ischemic stroke, 
presenting with worsened dysarthria and sialorrhea. Brain MRI showed 
two ischemic lesions in the left basal ganglia. 

After this event, the motor aphasia progressively worsened, as did 
the memory problems and gait instability. The patient also developed 
behavioral changes, with physical aggression, as well as truncal chor-
eatic dyskinesia. Genetic analysis ruled out Huntington’s disease. CSF 
biomarkers were normal, with T-tau 261 pg/ml (normal value <296.50 
pg/ml), P-tau 46 pg/ml (normal value <56.50 pg/ml) and Aβ1-421,227 
pg/ml (normal value >638.50 pg/ml). This analysis was repeated one 
year later, however, upon which slight elevations in both tau biomarkers 
were noted (T-tau 299 pg/ml, P-tau 67 pg/ml and Aβ1-42,963 pg/ml. 

It was concluded that the patient potentially suffered from nfvPPA, 
with concomitant vascular cognitive impairment. He died at the age of 
76. Information on the patient’s family history of dementia was not 
reported. 

3.4.3. DR537.1, RBM45 p.Lys456Arg 
The patient developed progressive proximal weakness in the left 

upper limb at the age of 68. Symptoms spread to the right upper limb 
within a few months. The patient then also developed upper motor 
neuron (UMN) symptoms with hyperreflexia. 

Electromyography showed spontaneous electric activity at rest in 
several muscle groups. Brain MRI showed some aspecific white matter 
lesions but was otherwise normal. Cerebrospinal fluid analysis was 
normal. The diagnosis of ALS was made. 

The clinical picture further developed with progressive weakness of 
the limb, axial and respiratory muscles. The patient died of acute 

Fig. 3. Transcript and protein expression analysis of RBM45 p.Arg183* LOF carriers. (A) cDNA sequencing of RBM45 in lymphoblast from ADH IV-2 and DR904.1 
before and after treatment with cycloheximide (CHX). (B) Transcript analysis on lymphoblasts from RBM45 p.Arg183* carriers and four control individuals. Relative 
expression with (CHX+ in red) or without (CHX- in blue) cycloheximide treatment for patients ADH IV-2 and DR904.1 compared to controls measured by quan-
titative real-time PCR (qRT-PCR). (C) Western blot on cytoplasmic and nuclear fraction of lymphoblasts from RBM45 p.Arg183* carriers and four control individuals. 
Membranes were probed with a monoclonal antibody against the RBM45 N-terminal (54 kDa, Santa Cruz sc-515,495), GAPDH (37 kDa, cytoplasmic marker) and 
Lamin A/C (70 kDa, nuclear marker). (D) Quantification of relative RBM45 protein levels in the nuclear fraction and normalized to Lamin A/C. Three independent 
experiments were performed. Error bars show standard deviation. 
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respiratory insufficiency at the age of 71. There had not been any 
symptoms of cognitive decline. Family history of dementia or MND was 
not reported. 

4. Discussion 

Here we present a family-based exome sequencing study that 
revealed a nonsense mutation in the RBM45 gene as the most promising 
underlying gene defect for the early-onset dementia phenotype in the 
family. We further found supportive evidence for the genetic impact of 
RBM45 in a Belgian cohort of unrelated FTD-ALS spectrum patients by 
identifying additional patient-specific loss of function (LOF) and 
missense ultra-rare variants affecting key functional domains of the 
RBM45 protein. 

The family presented with at least 10 patients over 3 generations 
with ‘hearsay’ diagnosis of AD or dementia unspecified. Based on 
available information, the average disease onset was about 63 years. 
Unfortunately, the family’s demographic and clinical information dates 
back from the early 90s and no more updated info on disease status from 
the tested patients or relatives could be obtained. Also no additional 
DNA samples, other than those of the two affected cousins included in 
our biobank in 1993 and 2002, could be obtained for further co- 
segregation testing. 

Despite this unfortunate paucity of genetic confirmation in the dis-
covery pedigree, the RBM45 mutation immediately presented as a very 
strong candidate for several reasons. RBM45 shows many parallels with 
other FTD-ALS associated genes and proteins, including TDP-43 and 
FUS, but also hnRNPA1, hnRNPA2B1 and TIA1. Multiple lines of evi-
dence, both in vitro and in patient-derived biomaterials (CSF, brain, 
spinal cord) have demonstrated that RBM45 is an RBP that is implicated 
in cytoplasmic and nuclear aggregate pathology in ALS and FTLD-TDP 
(Collins et al., 2020; Collins et al., 2012; Li et al., 2016; Li et al., 
2015). Upon mutation, RBM45 redistributes to the cytoplasm where it 
co-aggregates with these other RBPs into cytoplasmic SGs evolving to 
persistent, toxic TDP-43 immunoreactive inclusions (Baradaran-Heravi 
et al., 2020; Collins et al., 2012; Li et al., 2016; Li et al., 2015; Mashiko 
et al., 2016). Similar to TDP-43, FUS and hnRNPA1, RBM45 also pos-
sesses RNA-recognition motifs (RRMs 1–3), an NLS and predicted NES. 
In contrast to other inclusion forming RBPs, however, RBM45 does not 
possess a typical glycine-rich low-complexity domain (LCD) but instead 
has an intrinsically disordered region termed the homo-oligomer as-
sembly (HOA) domain that mediates self-association and interaction of 
RBM45 with other RBPs (Li et al., 2016; Li et al., 2015; Collins et al., 
2020). 

Screening of RBM45 in unrelated Belgian patients and controls 
provided supportive genetic evidence. We identified four ultra-rare 
RBM45 variants of uncertain significance (VUS) in patients, including 
the same p.Arg183* mutation in an unrelated patient diagnosed with 
bvFTD and AAI of 61 years. The other VUS of interest were two ultra- 
rare missense variants identified in patients-only and mapping to 
essential conserved residues in demonstrated functional domains, i.e. 
the p.Arg314Gln in the HOA domain and the p.Lys456Arg in the NLS 
domain. We demonstrated that the co-segregating RBM45 p.Arg183* 
nonsense mutation leads to loss of nuclear protein, possibly through 
NMD of the premature termination codon carrying transcript, or the 
formation of a truncated protein lacking the N-terminal NLS signal, or a 
combination of both. In both scenarios, RBM45 protein from the mutant 
transcript fails to reach the nucleus, supporting a loss of function hy-
pothesis. The strong reduction (75–80%) of wild-type protein in the 
nuclear fraction could even point to a dominant-negative effect, where 
accumulation of mutated truncated protein in the cytoplasm traps also 
wild-type RBM45, however this was not investigated further and re-
mains speculative. We speculate that also the NLS variant, p.Lys456Arg, 
could lead to loss of its nuclear function by preventing proper nuclear 
import of the RBM45 protein. Within the NLS (residues 454–472), the 
basic residues 454R, 456 K and 464R were shown to be particularly 

crucial for the nuclear import, as mutants at these positions showed a 
strong reduction in nuclear localization compared to wild type (Li et al., 
2015). Although in our patient, the basic Lys residue at codon 456 is 
substituted by another basic Arg residue, multiple variant effect pre-
dictions evaluate this conservative substitution as deleterious (SIFT) and 
probably damaging (PolyPhen), resulting in a CADD score of 29.8. 
Modelling of the p.Lys456Arg NLS mutant in HeLa cells showed an 
increased number of cells with cytoplasmic staining for RBM45 
compared to wild type. However, this nucleo-cytoplasmic shift was not 
statistically significant and requires further investigation (data not 
shown). The p.Arg314Gln variant maps to the HOA domain and 
particularly to one of the two motifs (258–279 and 286–318) demon-
strated to be crucial for self-association and oligomerization (Li et al., 
2015). Therefore, the HOA variant could influence and perturb homo- 
oligomerization of the protein, and by this, interaction with its bind-
ing partners, including association with TDP-43 into stress granules. 

Taken together, the pathological mechanisms linking RBM45 with 
FTD and ALS may be related to its loss of nuclear function, sequestration 
into aggregates or its inability to form homo-oligomers, all of which are 
likely to affect its proposed role in mRNA splicing and spliceosome 
function (Collins et al., 2020). Up to now, the chromosomal location of 
the RBM45 gene, 2q31.2, has not been linked to ALS or FTD and, so far, 
no mutations associated with disease were reported. In addition to the 
mounting functional evidence, here, we present first genetic observa-
tions suggestive of a role for RBM45 in the FTD-ALS disease spectrum. 
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