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Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron disease (MND) that shares a common clinical, gen
etic and pathologic spectrum with frontotemporal dementia (FTD). It is highly heterogeneous in its presentation and 
features. Up to 50% of patients with MND develop cognitive-behavioural symptoms during the course of the disease, 
meeting criteria for FTD in 10%–15% of cases. In the absence of a precise biomarker, neuropathology is still a valuable 
tool to understand disease nosology, reach a definite diagnostic confirmation and help define specific subgroups of 
patients with common phenotypic, genetic and biomarker profiles. However, few neuropathological series have 
been published, and the frequency of frontotemporal lobar degeneration (FTLD) in MND is difficult to estimate.
In this work we describe a large clinicopathological series of MND patients, analysing the frequency of concurrent FTLD 
changes and trying to define specific subgroups of patients based on their clinical, genetic and pathological characteristics.
We performed an observational, retrospective, multicentre case study. We included all cases meeting neuropathological 
criteria for MND from the Neurological Tissue Bank of the FRCB-IDIBAPS-Hospital Clínic Barcelona Biobank between 1994 
and 2022, regardless of their last clinical diagnosis. While brain donation is encouraged in all patients, it is performed in 
very few, and representativeness of the cohort might not be precise for all patients with MND. We retrospectively reviewed 
clinical and neuropathological data and describe the main clinical, genetic and pathogenic features, comparing neuro
pathologic groups between MND with and without FTLD changes and aiming to define specific subgroups.
We included brain samples from 124 patients, 44 of whom (35.5%) had FTLD neuropathologic features (i.e. FTLD-MND). 
Pathologic TDP-43 aggregates were present in 93.6% of the cohort and were more extensive (higher Brettschneider stage) 
in those with concurrent FTLD (P < 0.001). Motor symptom onset was more frequent in the bulbar region in FTLD-MND 
cases than in those with isolated MND (P = 0.023), with no differences in survival. We observed a better clinicopathological 
correlation in the MND group than in the FTLD-MND group (93.8% versus 61.4%; P < 0.001). Pathogenic genetic variants 
were more common in the FTLD-MND group, especially C9orf72.
We describe a frequency of FTLD of 35.5% in our series of neuropathologically confirmed cases of MND. The FTLD-MND 
spectrum is highly heterogeneous in all aspects, especially in patients with FTLD, in whom it is particularly difficult to de
fine specific subgroups. In the absence of definite biomarkers, neuropathology remains a valuable tool for a definite diag
nosis, increasing our knowledge in disease nosology.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegen
erative disorder characterized by progressive muscle weakness 
and atrophy due to progressive degeneration of motor neurons 
in the brain and spinal cord, leading to respiratory insufficiency 
and death within a mean of 3 to 5 years.1 Cognitive and behaviour
al impairment is recognized as part of the disease and present in 
approximately 50% of patients, while 10%–20% fulfil clinical diag
nostic criteria for any of the clinical variants of frontotemporal 
dementia (FTD), especially the behavioural variant (bvFTD).2,3

Furthermore, around 12% of patients with FTD develop clinical mo
tor neuron impairment, and up to 40% show minor clinical or 
neurophysiological motor signs.4 Hence, motor neuron disease 
(MND) and FTD are now considered to be part of the same disease 
spectrum. At neuropathological examination, most ALS patients 
and up to half of FTD patients present pathological cytoplasmic 
neuronal aggregates of TAR DNA-binding protein 43 (TDP-43) in 
several brain and spinal cord regions.5 The two diseases also share 
a common genetic background, with mutations in genes such as 
hexanucleotide expansion in chromosome 9 open reading frame 
72 (C9orf72), tank-binding kinase 1 (TBK1) and TAR DNA-binding 
protein (TARDBP) as some of the most commonly seen mutations 
as causative for the disease.

The clinical presentation of ALS is highly heterogeneous consid
ering the variability in phenotype and disease course, and it be

comes even more so with the addition of cognitive-behavioural 

symptoms, especially with the added possibility of an underlying 

causative genetic mutation and the nature of protein aggregates. 

A definite biomarker for the diagnosis of ALS is lacking, and diagno

sis currently relies on sets of consensus criteria based on clinical 

features, updated over time to increase sensitivity.6,7 It is, there

fore, necessary to define and characterize specific subgroups of pa

tients with common and relatively homogeneous phenotypic and 

genetic characteristics that correlate with a biomarker profile and 

neuropathological features. Our still very limited knowledge of 

the pathophysiology of the disease hinders the design of future no

vel molecular targeted treatments. In this context, neuropathology 

remains the current reference for a definite diagnosis of the fronto

temporal lobar degeneration (FTLD)-MND spectrum and is invalu

able to understanding the molecular basis of the disease and its 

pathophysiology. Nevertheless, few clinicopathological series 

have been published so far,8-11 making it difficult to estimate the 

frequency of FTLD in MND.
In this work, we describe a clinico-neuropathological series of 

124 patients with MND with or without concurrent FTLD. We de

scribe their main clinical, pathological and genetic features, 
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compare the two groups (MND versus MND-FTLD) and discuss the 
clinicopathological correlation.

Materials and methods
Case selection

We performed an observational, retrospective, multicentre, retro
spective cohort study. We selected all cases meeting neuropatho
logical criteria for MND from the Neurological Tissue Bank of the 
FRCB-IDIBAPS-Hospital Clínic Barcelona Biobank register be
tween January 1994 and November 2022, irrespective of their 
last clinical diagnosis. These cases included brain donations 
from 13 hospitals and tertiary care centres in the province of 
Barcelona, Spain.

The Neurological Tissue Bank is a brain tissue repository for all 
neurodegenerative diseases and receives altruistic donations from 
patients with a wide range of neurodegenerative conditions. While 
brain donation is encouraged in all patients, especially in tertiary 
care hospitals, this takes place in very few cases. Considering a 
stable incidence of MND among several populations (2–3 cases/ 
100 000 population/year),12 between 1994 and 2022 we estimated 
an expected number of 3080 ALS cases in the province of 
Barcelona (population of 5.5 million). The patients included in our 
series (n = 124) therefore represent approximately 4% of the total 
ALS cases. Cases with motor neuron loss in the context of advanced 
stages of other neurodegenerative disorders were excluded. Other 
exclusion criteria were lack of adequate clinical information and in
complete or equivocal clinical data. Patients were divided into two 
groups depending on whether or not they had concurrent FTLD 
pathology changes.

Neuropathological work-up

Cases were systematically studied as part of the routine neuro
pathological diagnostic practice. Post-mortem neuropathological 
studies were performed at the Neurological Tissue Bank of the 
Biobanc-Hospital Clínic-IDIBAPS, as previously reported accord
ing to standardized protocols and following BrainNet Europe II 
recommendations (www.brainnet-europe.org).13 A minimum 
of 25 representative brain areas were embedded in paraffin, 
cut at 5 µm and stained with haematoxylin and eosin and 
Luxol Fast Blue in selected brain areas. Immunohistochemistry 
was performed using antibodies anti-βA4, anti-pTau, anti-RD3 
and anti-RD4 Tau, anti-α-synuclein, anti α-internexin, anti-FUS and 
anti-TDP-43, pTDP-43, anti-ubiquitin, anti-p62, anti-transportin 
and anti-TAF15. Immunoreaction was visualized using the 
EnVision+ system peroxidase procedure (DAKO). Antibodies used 
for immunohistochemistry and their pretreatments are listed in 
Supplementary Table 1.

MND was defined as a loss of motor neurons and gliosis in pri
mary motor cortex and/or signs of corticospinal tract degeneration 
at the level of the spinal cord (upper motor neuron, UMN), in the nu
clei of the hypoglossus nerve in the medulla oblongata and/or in the 
anterior horn of the spinal cord at any level (lower motor neuron, 
LMN), or both. All cases were staged following the criteria proposed 
by Brettschneider14 for ALS, according to which, presence of TDP-43 
aggregates was categorized following a semiquantitative rating 
scale (0, not detectable or ≤2 aggregates per region; +, mild; ++, 
moderate; +++, severe/numerous). Presence of any pathologic 
TDP-43 aggregates in the region of the highest-ranked stage de
fined the final neuropathologic Brettschneider stage. The presence 

of glial/oligodendroglial TDP-43 aggregates was recorded but 
was not graded separately. FTLD was defined as a macro- or 
microscopic frontotemporal lobar degeneration pattern with 
neuronal loss, gliosis and/or a superficial laminar sclerosis in 
the frontal and/or temporal lobes.15 FTLD TDP subtype classifica
tion was performed based on TDP-43 or pTDP-43 immunohisto
chemistry following current recommendations.16 Pathological 
subtypes of FTLD-FUS were classified according to current 
recommendations.17

Specific immunostains were performed retroactively and re
viewed thoroughly for cases studied prior to the description of 
TDP-435 and FUS18 protein aggregates or the specific pathology as
sociated with C9orf72 expansion.19

Concurrent pathologies were categorized and staged according 
to respective current criteria: neurofibrillary pathology was staged 
according to Braak criteria,20 amyloid-β phases were evaluated ac
cording to Thal criteria21 and the neuritic plaque score was as
sessed according to the Consortium to Establish a Registry for 
Alzheimer Disease criteria.22 Argyrophilic grain disease (AGD) was 
staged according to Saito criteria.23

Clinical classification

Medical records were retrospectively reviewed by the neurolo
gists responsible for the care of patients during life, and a form 
with the requested clinical information was filled in. The demo
graphic variables and clinical features recorded were sex, age at 
onset of each individual motor and cognitive symptom, and age 
at death.

Clinical diagnosis of MND was made according to the revised 
diagnostic criteria of El Escorial, meeting criteria for definite, prob
able, and probable laboratory-supported ALS.6,7 Patients clinically 
diagnosed with FTD or other cognitive predominant neurodegen
erative diseases were not systematically screened for MND. 
Neurophysiological studies and specific evaluation by MND specia
lists were only performed when considered necessary by the treat
ing neurologist.

Patients’ motor phenotypes were categorized as progressive 
muscular atrophy (PMA) when only LMN signs were present, 
primary lateral sclerosis (PLS) when only UMN signs were 
present and ALS when both signs were evident. Clinical and 
semiological variables included were the region of motor symp
toms onset (spinal/bulbar), site of onset (bulbar/upper or lower 
limbs/proximal or distal), clinical diagnosis at death or last 
visit and presence of bulbar symptoms such as dysarthria and 
dysphagia.

We recorded cognitive and behavioural symptoms and FTD 
diagnosis according to the expert opinion of the treating neurolo
gist. Neuropsychological testing has been performed systematical
ly in all cases since 2015 but was previously assessed only when 
patients or relatives reported cognitive or behavioural symptoms 
or when these were suspected by the neurologist. Clinical diagno
sis of FTD was made according to current criteria for FTD and 
its variants [bvFTD, semantic variant (sv-PPA) or non-fluent var
iants (nfv-PPA) of primary progressive aphasia (PPA)].24-26

Patients with cognitive or behavioural impairment who did not 
fulfil the criteria for FTD were classified as ALS-ci/bi.24 Clinical 
diagnosis of progressive supranuclear palsy (PSP),27 corticobasal 
degeneration (CBD),28 Alzheimer’s disease (AD)29 and Lewy body 
dementia (LBD)30 was made following current criteria. Family his
tory of ALS, FTD and other neurodegenerative diseases was also 
recorded.
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Genetic analysis

DNA was extracted from fresh-frozen cerebellum using the QIAamp 
DNA Mini kit for DNA purification from tissues (Qiagen Co.) follow
ing the manufacturer’s instructions. In post-mortem tissue, we per
formed systematic screening for potential C9orf72 expansion 
mutation carriers searching for ubiquitin/p62-positive inclusions 
in the cerebellum and hippocampus as surrogate and as previously 
reported.19 The C9orf72 repeat was confirmed in suspected cases by 
repeat-primed PCR and fragment-length analysis. Other mutations 
were not identified by systematic screening of all patients but 
were identified in the framework of previous studies or by specific 
protocols in highly specialized units. In mutation carriers, informa
tion concerning other affected family members was not available.

Statistical analysis

Statistical analysis was done using the Statistical Package for Social 
Sciences (version 27.0, SPSSInc). Comparisons between neuropatholo
gic groups (MND versus FTLD-MND) and clinical, demographic, and 

genetic data were performed by chi-square or Fisher tests for categor
ical data and Student’s t-test or Kruskal–Wallis test for ordinal and con
tinuous data. Survival analysis was performed using the Kaplan–Meier 
method. Statistical significance was set at P < 0.05 for all analyses.

Ethics

This study was conducted with the approval of the Ethics 
Committee of the Hospital de la Santa Creu i Sant Pau, Barcelona, 
Spain. All individuals were brain donors and they or their relatives 
provided informed consent for the use of brain tissue for diagnostic 
and research purposes at the Neurological Tissue Bank of the 
Biobanc-Hospital Clínic-FRCB-IDIBAPS.

Results
Study cohort description and patient selection

One-hundred and twenty-four patients fulfilled the inclusion cri
teria, 55.65% of whom were males (n = 69). Mean age at death and 

Table 1 Clinical, neuropathological and genetic features of the neuropathologically confirmed MND series

Total FTLD-MND MND P-value
n = 124 n = 44 (35.5%) n = 80 (64.4%)

Demographic features
Male (%)/female 69 (55.6)/55 28 (63.6)/16 41 (51.2)/39 ns (0.18)
Patients from third level hospital (%) 102 (82.3) 28 (63.6) 74 (92.5) <0.001

Motor symptoms (%) 114 (91.9) 34 (77.3) 80 (100) <0.001
Motor onset age, years (SD) 62.58 (13.2) 64.55 (12.2) 61.72 (13.6) ns (0.32)
Mean MND duration, months (SD) 37.15 (28.8) 34.84 (32.9) 38.20 (27.3) ns (0.59)
Bulbar onset (%) 31 (27.7) 14 (42.4) 17 (21.5) 0.023
Age at death, years (SD) 66.35 (12.6) 68.64 (10.4) 65.09 (13.5) ns (0.11)

Cognitive symptoms (%) 48 (38.7) 39 (88.6) 9 (11.3) <0.001
Clinical FTD diagnosis (%) 35 (28.2) 30 (68.2) 5 (6.3) <0.001

Clinical diagnosis
Last diagnosis before death <0.001
FTD (%) 5 (4.0) 5a (11.4) 0 –
FTD-MND (%) 32 (25.8) 27b (61.4) 5 (6.3) –
MND (%) 82 (66.1) 7 (15.9) 75 (93.8) –
Other non-motor neurodegenerative (%) 5 (4.0) 5 (11.4) 0 –

Diagnostic accuracy (matching clinic-pathological diagnosis), (%) 102/124 (82.3) 27/44 (61.4) 75/80 (93.8) <0.001
Neuropathology
Brain weight (g), mean (SD) 1239.67 (147.6) 1194.5 (138.2) 1264.2 (147.6) 0.012
Protein deposit in motor neurons 0.007
TDP43 (%) 104 (83.9) 31 (70.5) 73 (91.3) –
TDP43—C9 pathology (%) 12 (9.7) 10 (22.7) 2 (2.5) <0.001
FUS-FET (%) 5 (4.0) 2 (4.5) 3 (3.8) –
PrPsc (VPSPr) (%) 2 (1.6) 1 (2.3) 1 (1.3) –
No inclusions (%) 1 (0.8) 0 1 (1.3) –

Brettschneider stage 1/2/3/4 (median) 13/27/21/43 (3) 2/2/3/27 (4) 11/25/18/16 (2) <0.001
No UMN loss (%) 6 (4.8) 3 (7) 3 (3.8) ns (0.34)

Genetic mutations, n (%) 18 (14.5%) 14 (31.8) 4 (5.0) <0.001
C9orf72 (%) 12 (9.7%) 10 (22.7) 2 (2.5) <0.001
TARDBP (%) 1 (0.8%) 0 1 –
VCP (%) 1 (0.8%) 0 1 –
TBK1 (%) 1 (0.8%) 1 0 –
SQSTM1 (%) 2 (1.6%) 2 0 –
Taf15 (%) 1 (0.8%) 1 0 –

A definite diagnosis was made according to neuropathologic characteristics and the comparison between neuropathologic groups. bvFTD = behavioural variant-frontotemporal 

dementia; CJD = Creutzfeldt-Jakob disease; FTD = frontotemporal dementia; FTLD = frontotemporal lobar degeneration; MND = motor neuron disease; nfv-PPA = non-fluent 

variant-primary progressive aphasia; ns = not significant; PrPsc = prion protein abnormal isoform; SD = standard deviation; sv-PPA = semantic variant-primary progressive 

aphasia; UMN = upper motor neuron. 
aCases of FTD included two with sv-PPA and three with bvFTD. 
bCases of FTD in this group included two with nfv-PPA and 24 with bvFTD.
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brain donation was 66.35 years [standard deviation (SD) 12.55]. 
Primary neuropathological diagnosis was isolated MND in 64.4% 
(n = 80) and FTLD-MND in the remaining 35.5% of individuals 
(n = 44). Of the 124 patients, 102 (82.26%) were referred by neurolo
gists from third-level healthcare centres, and the others were re
ferred from lower complexity facilities. Patients with MND were 
more frequently referred from third-level hospitals than patients 
with FTLD-MND (P < 0.001). Characteristics of the study cohort are 
reported in Table 1. No differences were found between neuropatho
logical groups regarding the main demographic characteristics.

Neuropathology

Mean brain weight was significantly lower in patients with 
FTLD-MND neuropathology (1194.5 g in FTLD-MND versus 1264.2 g 
in MND; P = 0.012).

In terms of protein deposition, we found TDP-43 protein aggre
gates in 93.55% of patients (n = 116), 12 of whom (9.68% of the total) 
had concurrent specific C9orf72 mutation pathology with ubiquitin- 
and p62-positive, TDP-43-negative neuronal cytoplasmic and intra
nuclear inclusions containing dipeptide-repeat proteins, most 
abundant in the cerebellum, hippocampus and neocortex, as previ
ously described.19,31,32 Five patients (4.03%) showed FET (FUS) pro
tein aggregates. Two of these five patients had concurrent FTLD 
pathology. In two other patients (2%), MND was related to prion 
pathology (variably protease sensitive prionopathy, VPSPr), one 
with the typical FTLD pattern.33 Finally, one patient had extensive 
motor neuron loss but no identifiable protein inclusions. No differ
ences were found between MND or FTLD-MND in terms of type of 
protein deposition other than those related to C9orf72 pathology.

We stratified the distribution of TDP-43 pathology according to 
the Brettschneider score for ALS (Fig. 1 and Table 1). The score 
was not strictly applicable in 12 individuals because despite the 
presence of TDP43 aggregates in the anterior temporal lobe and/or 

hippocampus (i.e. stage 4), they lacked protein deposits in other 
brain regions required for stages 2 or 3. These patients were no dif
ferent from the others regarding the frequency of cognitive symp
toms (P = 0.124), age at onset (P = 0.778) or death (P = 0.378). Only 
two patients exceeded 80 years of age at the time of death.

Regarding protein deposit within FTLD pathology (n = 44), 40 cases 
had TDP-43 aggregates and four did not. In the former group, distribu
tion of TDP-43 within frontal cortical layers followed a type A FTLD pat
tern in 4 cases, a type B pattern in 21 cases and type C in 2 cases. In the 
remaining 13 cases, the pattern was unclassifiable or showed a mix
ture of types A/B. In the group with FTLD pathology but no TDP-43 ag
gregates, we found two FTLD cases associated with FUS-pathology 
[one in the form of basophilic inclusion body disease (BIBD) and the 
other with features of atypical FTLD-U (aFTLD-U)], one case associated 
with prion disease (VPSPr) and one FTLD-MND case with Tau 
inclusions.

Most patients showed involvement in both UMN and LMN. 
However, we found a variable degree—and even absence—of neuron
al degeneration in either the UMN or LMN. Six patients had isolated 
LMN disease (LMNd) (4.8%). Three of the six also showed a typical 
FTLD pattern and one had isolated UMN disease (0.8%). Figure 2 illus
trates the main neuropathologic features of the MND-FTLD spectrum.

Clinical characteristics according to the neuropathologic 
groups: MND versus FTLD-MND

Motor symptoms

In the FTLD-MND neuropathologic group, 10 subjects (9.06%) 
never reported motor neuron symptoms during life despite neuro
pathological motor neuron loss and corticospinal tract degener
ation. They received a late clinical diagnosis of FTD (three bvFTD, 
two PPA) and other neurodegenerative diseases (two CBD, one 
PSP, one AD and one LBD). In contrast, all patients in the ‘isolated 

Figure 1 Motor neuron disease (MND) and frontotemporal lobar degeneration (FTLD)-MND distribution of the cohort’s main clinical, neuropathologic 
and genetic features. The bar plot visually represents the distribution of the cohort’s main features. The columns represent the absolute count (n) of 
patients in both neuropathological groups for every feature: MND on the left (n = 80) and FTLD on the right (n = 44). Note the global heterogeneity among 
both groups in every characteristic analysed, especially in the FTLD-MND group.
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Figure 2 Representation of the neuropathological overlap between motor neuron disease (MND) and frontotemporal lobar degeneration (FTLD). Gross 
examination (A and B), histological overview (C and D) (Klüver-Barrera/Luxol Fast Blue) and immunohistochemistry. Macroscopic thinning of anterior 
roots of the spinal cord in amyotrophic lateral sclerosis (ALS) (A) may be associated with a narrowing of gyri in fronto-temporal regions and ventricular 
enlargement (B). The major neuropathological features of ALS are a secondary degeneration of the corticospinal tracts due to the loss of upper motor 
neurons and extensive loss of lower motor neurons in the brainstem and/or anterior horn cells. (C) Cross-section through the thoracic spinal cord 
shows prominent degeneration of the lateral and anterior corticospinal tract and atrophy of the anterior horns (Klüver-Barrera; blue colour highlights                                                                                                                                                                                                                                                  

(continued) 
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MND’ group presented motor neuron symptoms, these being more 
frequent than in the FTLD-MND group (P < 0.001).

Among the whole group, when motor neuron symptoms were 
present (n = 114), onset was in the bulbar region in 31 (27.7%) 
patients. This was more frequently observed in the FTLD-MND 
group (42.4%, n = 14) than in the group with MND only (21.5%, 
n = 17), (P = 0.023). The rest of the cohort (72.3%, n = 83) had spinal 
onset, in which distal upper limb impairment was significantly 
more frequent in the FTLD-MND group than in the MND-only group 
(57.9% versus 21%, respectively) (P = 0.003). Of the remaining three 
patients, one presented with respiratory onset; however, this infor
mation was not available for the other two patients. Patients with a 
bulbar onset were older than those with spinal onset at the time of 
disease debut (68.37 versus 61.09 years, P = 0.011) and at death 
(69.97 versus 64.62 years, P = 0.024), but no differences were found 
in terms of disease duration or survival (30.26 months for bulbar 
onset versus 37.71 months for spinal onset, P = 0.21).

The initial motor phenotype was ALS in 86 patients (69.35%), 
LMNd in 14 (11.29%), PLS in four (3.23%) and progressive bulbar 
palsy in six (4.84%). This information was not available for four pa
tients (3.23%). No differences were found between MND or 
FTLD-MND patients regarding motor phenotype distribution.

Cognitive and behavioural symptoms

Cognitive or behavioural impairment during clinical follow-up was 
observed in 38.71% of patients (n = 48). We found that 39 of the 124 
cases (31.45% of the overall cohort) met the clinical criteria for FTD 
(35 bvFTD, 4 PPA). The proportion of patients with cognitive or be
havioural symptoms was higher in the FTLD-MND neuropatho
logical group (88.6%, n = 39) than in the MND group (13.3%, n = 9) 
(P < 0.001). Furthermore, in the FTLD-MND group, 67.4% of patients 
received a clinical diagnosis of FTD (n = 29), significantly more than 
those in the MND group (6.3%, n = 5) (P < 0.001).

In the group of patients with isolated MND but no FTLD path
ology, five patients who had received a clinical diagnosis of 
FTD-MND (bvFTD) showed no matching FTLD features in neuro
pathology. However, they displayed other neuropathologic 
changes that could explain the cognitive-behavioural impair
ments: (i) one had prion disease with a spinal onset FTD-MND 
phenotype and a disease duration of 6 years; (ii) one patient had 
prominent cognitive and behavioural symptoms with extensive 
AD pathology (stage VI of Braak); and (iii) three patients had an 
FTD-MND related genetic variant (C9orf72, VCP and TARDBP). 
The patient with a C9orf72 mutation presented extensive extramo
tor TDP-43 pathology (Brettschneider stage 4) and showed asso
ciated neurofibrillary pathology (Braak III) with amyloid-β 
deposits (Thal stage III). The patient with a TARDBP mutation13 pre
sented mild cognitive impairment but prominent behavioural 
symptoms meeting the criteria for bvFTD. This patient’s neuro
pathological examination showed extramotor TDP-43 pathology 
(Brettschneider stage 4) with abundant TDP-43 inclusions and glio
sis in the amygdala and, to a lesser extent, in the thalamus and 

hippocampal dentate gyrus. Lastly, the VCP mutation carrier 
(Individual 13), who died at the age of 82, presented with cognitive 
and behavioural impairment that met bvFTD criteria, while neuro
pathology revealed restricted MND (Brettschneider stage I) but add
itional AGD (Saito I) and neurofibrillar pathology (Braak stage II).

Four patients, all from the FTLD-MND pathology group, pre
sented language impairment as a main clinical feature (i.e. PPA). 
Two of the four never presented motor symptoms and their final 
clinical diagnosis was sv-PPA; the other two had a nfv-PPA com
bined with MND.

Clinicopathological diagnostic correlation

Table 1 and Fig. 1 show the distribution of the final clinical diagno
sis or last diagnosis before death.

When comparing the correspondence between clinical and 
neuropathological diagnoses, we found that patients with MND 
pathology were more accurately diagnosed (93.8%, n = 75) than pa
tients with FTLD-MND (61.4%, n = 27) (P < 0.001).

In the FTLD-MND neuropathological group, we found 17 pa
tients with non-concordant diagnoses. They included five patients 
with FTD, five patients with other neurodegenerative diseases, with 
no evident motor neuron impairment during life, observed only at 
neuropathologic examination, and seven patients with MND, in 
whom cognitive/behavioural symptoms were never referred or de
tected during the course of the disease.

Among patients with isolated MND pathology, we recorded five 
individuals with non-correspondent clinico-pathological diagno
ses, as they met the clinical criteria for bvFTD but had no matching 
FTLD pathology (see ‘Neuropathology’ section).

In two patients, a prion disease pathology was diagnosed only 
after neuropathologic examination. Both these patients presented 
clinical features of MND with progressive asymmetric limb weak
ness and atrophy, with additional UMN signs on physical examin
ation, hence meeting the diagnostic criteria for definite ALS. Both 
had concurrent prominent cognitive-behavioural symptoms and 
were ultimately diagnosed with FTD-MND. Disease duration was 
4 and 6 years, respectively, and both patients died of aspiration 
pneumonia. Neuropathological features in both cases were a 
spongiform encephalopathy with pathological prion protein depos
its consistent with the rare subtype ‘variable protease sensitive 
prionopathy’, involving cortical and subcortical areas and particu
larly the upper and lower motor systems.33

Survival analysis

For survival analysis due to MND, we excluded those patients who 
had no motor symptoms during life. When evaluating survival sep
arately for the neuropathological (i.e. FTLD-MND versus MND) or 
clinical diagnoses (i.e. FTD-MND versus clinical MND), we found 
no statistically significant differences in the survival rate (P = 0.64 
and P = 0.45, respectively), with both groups showing a similar dis
ease duration (Fig. 3). There was no difference in survival when 

Figure 2 (Continued)  
myelin sheaths). (D) Representation of normal hippocampus with preserved neuronal densities in all sectors. (E) Accumulation of pTDP43 protein in 
motor neurons in fine-granular cytoplasmic or mesh-like threads in MND (i and ii), or as small compact cytoplasmic inclusion in the granular neurons 
of the dentate gyrus (iii). (F) The intronic expansion in C9orf72 may manifest as MND-FTLD continuum and shares neuropathological features consist
ent of small ubiquitin and p62positive star-like inclusions (representing dipeptide repeats, DPR) in cortical neurons (i) or granular cytoplasmic inclu
sions in granule cells of the cerebellar cortex (ii), independently of TPD43 pathology and clinicopathological phenotype, which is determined by TDP but 
not by DPR. (G) FUS pathology may also be observed in ALS as fibrillar inclusions (i) or more compact (ii) and basophilic on haemotoxylin and eosin 
stained sections (not shown), as well as in FTLD, either in the neuronal intermediate filament inclusion disease (NIFID) phenotype (iii) or atypical 
FTLD (aFTLD). [G(iv)] Vermiform nuclear inclusion in a granule cell of the dentate gyrus of the hippocampus.
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patients were stratified by region of onset, presence of bulbar symp
toms or detection of a pathogenic mutation.

Genetics

Regarding genetics, a genetic variant related to ALS or FTD was 
found in 14.5% (n = 18) patients, 14 from the FTLD-MND neuro
pathological group and four from the MND group. These variants 
included 12 C9orf72 expansions, two sequestosome-1 (SQSTM1), 
one TATA-box binding protein associated factor 15 (TAF15), one 
TARDBP, one TBK1 and one valosin containing protein (VCP), as de
scribed in previous work.34 The distribution of mutations in the two 
groups is shown in Table 1 and Fig. 1.

Detection of a pathogenic genetic variant was more frequently as
sociated with FTLD-MND pathology (31.8% of the FTLD-MND group 
versus 5% in MND pathology, P < 0.001), and C9orf72 repeat expansion 
mutation was independently associated with FTLD-MND pathology 
(P < 0.001).

Clinically, among the patients with FTLD-MND pathology and a 
mutation (n = 14), nine presented as FTD-MND and one as MND with 
no cognitive symptoms (C9orf72). These patients never presented mo
tor neuron symptoms (two patients with a C9orf72 repeat expansion 
mutations and the two SQSTM1 mutation carriers) but were diagnosed 
with FTD (n = 2), AD (n = 1) or CBD (n = 1). Among the patients with 
isolated MND pathology and a mutation (n = 4), one presented as 
ALS and three presented as cognitive/behavioural symptoms that 
met clinical FTD criteria. Despite the lack of classical FTLD patho
logical features, these patients had other pathological findings 
that could justify their symptoms (see ‘Neuropathology’ section).

Family history

Eleven (8.87%) patients presented a positive family history of ALS 
(n = 5), FTD (n = 5) or both (n = 1). Five of the 11 had an identified 
ALS-related mutation (four C9orf72 and one VCP), and 25 additional 
patients (20.16%) reported a positive family history of other neuro
degenerative diseases, including AD, Parkinson’s disease, LBD and 
other unspecified cognitive impairments.

Discussion
We describe an extensive series of clinically well-documented pa
tients who had neuropathologically confirmed MND, with or with
out associated FTLD, and discuss clinicopathological correlations 
and discrepancies. We recorded a surprisingly high frequency of 
concomitant FTLD and identified various neuropathological sub
groups. Our findings indicate there are several molecular pathology 
patterns with specifically altered pathological mechanisms that 
cannot be identified or predicted in clinical practice.

In our cohort, about one-third (35.5%) of patients with MND had 
concurrent neuropathological features of FTLD (i.e. FTLD-MND path
ology), exceeding previous pathological8,9,11 and clinical reports.35-37

Large population-based series performing systematic cognitive test
ing have shown that up to 50% of patients with ALS develop cogni
tive and behavioural impairment,2,3,38 meeting clinical criteria for 
FTD in 10%–15%,35,36 with a significant impact on clinical manage
ment.39,40 Such findings indicate that the previous concept that 
ALS is a pure motor disease is definitely changing and expanding 
to a motor-behavioural-cognitive disease continuum.

On one hand, the higher frequency of FTLD in MND found in our 
study may partially be explained by the absence of reported motor 
symptoms in 10 of 124 patients (8%). These patients had a late clin
ical diagnosis of FTD-‘only’ or other neurodegenerative diseases 
but showed motor neuron involvement in neuropathology, leading 
to a final diagnosis of FTLD-MND. Some of these patients might 
have developed minimal motor signs that passed unnoticed, as 
there is neuropathologic9,41 and electrophysiologic evidence of mo
tor system dysfunction in patients with FTD but no evident muscu
lar atrophy or weakness.4

On the other hand, seven patients received a clinical diagnosis 
of MND but cognitive or behavioural symptoms were not recorded, 
even though FTLD pathology was found at post-mortem. This may 
have been due to a lack of a systematic cognitive evaluation at early 
disease stages and difficulty in their recognition when physical and 
articulatory impairments are extensive,39,40 suggesting the fre
quency of FTD in MND is underdiagnosed.

Figure 3 Survival analysis. Comparison of survival analysis between neuropathological groups [i.e. frontotemporal lobar degeneration (FTLD)-motor 
neuron disease (MND) versus MND]. There was no difference between groups (P = 0.64). M = months.
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Even though clinicopathological concordance was higher in the 
MND pathology group, it was not perfect, as five patients showed 
prominent cognitive-behavioural symptoms that met bvFTD criteria 
(and were thus clinically diagnosed with FTD-ALS), despite not hav
ing corresponding FTLD neuropathology; alternative pathologies, 
however, might explain the symptoms. Both co-pathologies13,42

and predominant amygdalar impairment43,44 in ALS may induce 
cognitive-behavioural impairment and mimic an FTD phenotype. 
In three of these patients in our study, pathogenic genetic variants 
may also have contributed to frontotemporal dysfunction beyond 
the microscopic level.

Neuropathology is currently one of the most reliable diagnostic 
methods for both disease phenotypes, and our results may provide 
a more precise estimate of the real frequency of FTLD in MND and 
highlight these underrecognized features at both motor and 
cognitive-behavioural ends of the spectrum. This broader pheno
typic horizon of the disease should not only prompt the search 
for new reliable diagnostic tools and biomarkers for early diagnosis 
and better characterization of the disease continuum and its nos
ology but also encourage closer collaboration between motor neu
ron and cognitive or memory units.

Another objective of our study was to identify possible subgroups 
of patients based on neuropathological, clinical and/or genetic fea
tures. ALS is clinically characterized by the concomitant presence 
of UMN and LMN signs that progress over time. However, diagnosis 
and classification can be challenging due to the highly variable pres
entation regarding the degree of involvement of UMN and/or LMN, 
the region of onset and the possible convergence of cognitive 
symptoms.45,46

In most patients in our series, as expected, we found neuro
pathological evidence of neuronal loss of both the UMN and LMN 
systems. However, we found six patients with neuronal loss and 
TDP-43 inclusions restricted to the hypoglossal nucleus and/or an
terior horns of the medulla. They showed no neuropathological 
signs of UMN loss or corticospinal tract degeneration, and three 
of them had concurrent FTLD pathology. Also, clinically, they pre
sented phenotypically as LMNd (i.e. PMA), with associated FTD in 
those with the corresponding pathology. Moreover, one of these pa
tients had a genetic pathogenic variant in a gene linked to ALS 
(TBK1).

Patients with no UMN signs in physical examination would not 
meet ‘El Escorial ALS diagnostic criteria’.6 The recently published 
‘Gold Coast Criteria for ALS’7 allow the categorization of similar pa
tients, who have no evident UMN signs during life. However, des
pite their higher sensitivity, these criteria have lower specificity, 
and patients with no UMN signs are particularly more liable to mis
diagnosis.39 Considering cognitive impairment and FTD diagnosis 
as an additional supportive criterion might be of help in confirming 
a definite ALS or FTD-MND diagnosis.47

The appearance of cognitive symptoms adds to the clinical het
erogeneity and makes it difficult to establish distinctive clinical cat
egories. Beyond the more frequent bulbar onset and distal upper 
limb weakness and atrophy in patients with clinical and neuro
pathological FTLD,36 we found little difference with patients in 
our series who had no cognitive impairment in terms of their motor 
neuron phenotype or even survival. The irruption of motor symp
toms seems to be the main conditioning factor in prognosis9 but 
documenting cognitive and behavioural impairment can be essen
tial due to the distinct implications in clinical management.35,48

Concerning the neuropathological features, the most widely re
presented pathology is TDP-43, presenting in the form of cytoplas
mic neuronal and glial aggregates in both MND and FTLD-MND.42

Its extension, however, can vary along the continuum of the 
FTD-ALS spectrum, both in density and in anatomical and cytologic
al location. Brettschneider et al.14 proposed a staging classification 
system based on sequential dissemination of TDP-43 in ALS and 
FTLD, where higher stages mostly correlate with more cognitive 
impairment according to our experience.13 Nevertheless, we found 
that 12 patients had a similar cognitive behavioural impairment pro
file, showing different distribution patterns. In these cases, the 
Brettschneider staging system was not strictly applicable, and thus 
they remained unclassifiable. Recent works using a disease progres
sion model and data analysis suggest a model of distribution and dis
semination patterns of TDP-43 in the FTLD-MND spectrum and also 
in limbic age-related TDP-43 encephalopathy49 that may differ from 
the proposed patterns. Other distributions, such as predominantly 
pallido-nigro-luysian involvement, have also been described.50

Although TDP-43 is the most predominant component of neur
onal cytoplasmic inclusions, proteins other than TDP-43, such as 
FUS, may underly both FTLD and MND. While these aggregates 
are often related to mutations of the FUS gene in ALS patients, these 
are not usually apparent in FTLD. The simultaneous expression of 
other FET family protein inclusions (TAF15 and Trn1) may help to 
differentiate mutation carriers.51,52 However, some ALS-FUS cases 
also lack mutations and co-expression of TAF15 and Trn1 in the 
neuronal inclusions that behave neuropathologically similarly to 
sporadic FTLD-FUS/FET cases.53 Here we present two additional 
cases with FTLD-MND-FUS with similar neuropathological features 
but no FUS mutations, suggesting a shared pathophysiological 
mechanism for FTLD-MND and MND related to FUS/FET pathology.

The heterogeneity we observed within the FTLD-MND spectrum 
was also reflected in the genetics, especially when FTLD was pre
sent, with several mutations underlying the same spectrum of dis
ease. The main mutation we identified was C9orf72 expansion 
(Table 1), which had a high degree of correspondence with specific 
neuropathological alterations.19,31,32 However, detection of a genet
ic variant is not predictive of any distinctive clinical features, and 
even in cases with a previous family history of the disease, we are 
sometimes unable to find an underlying causative mutation. This 
might change in the foreseeable future, as genetic and molecular 
diagnoses are on the rise, paving the way for novel molecular- 
targeted treatments.

Our study has some limitations. First, as a brain bank series, al
though brain donation is encouraged for all patients, only a small 
percentage accept. Therefore, the series might not be fully repre
sentative of the whole population and may be subject to a selection 
bias. As this work does not intend to be an epidemiological study, 
the results should be interpreted with caution. Second, due to its 
retrospective nature, we included patients who were evaluated be
fore the acceptance of formal FTD-ALS clinical criteria, and cogni
tive and behavioural impairment was assessed according to the 
opinion of the treating neurologist. However, we did not find any 
difference when we analysed patient subgroups before and after 
the publication of the criteria. While the lack of formal and system
atic neuropsychological testing might underestimate subtle cogni
tive alterations, there was a good clinicopathological correlation in 
our series, and the retrospective application of these criteria has 
been proven to be fairly sensitive and specific.54 Further prospect
ive studies with a thorough registry of motor, cognitive-behavioural 
and ancillary testing should be conducted, as they are likely to de
tect subtle or masked cognitive/behavioural alterations. Finally, 
despite the presence of specific neuropathological changes that 
are highly specific to C9orf72 mutations, genetic screening was 
not systematically performed for other mutations and was only 
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performed under clinical criteria. Therefore, additional genetic 
cases might have been missed.

Our study reflects the heterogeneity of the MND-FTLD disease 
spectrum and the difficulties in defining distinct subgroups based 
on clinical presentation and phenotype, neuropathology and gen
etics, especially in those patients with mixed FTLD-MND features. 
In particular, some patients may have underlying proteinopathies 
other than TDP-43, others can present cognitive impairment with 
a neuropathological substrate other than classical FTLD or may 
have ‘asymptomatic’ MND. With the advent of protein-targeted 
therapies in neurodegeneration, it is of utmost importance to de
velop early disease-specific biomarkers related to altered patho
physiological mechanisms. In the meantime, neuropathology 
remains a valuable tool for defining the nosology and molecular 
pathology of the MND-FTLD disease spectrum.
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ABSTRACT
Background and objective  Between 5% and 10% 
of amyotrophic lateral sclerosis (ALS) cases have a 
family history of the disease, 30% of which do not 
have an identifiable underlying genetic cause after a 
comprehensive study of the known ALS-related genes. 
Based on a significantly increased incidence of ALS in 
a small geographical region from Spain, the aim of this 
work was to identify novel ALS-related genes in ALS 
cases with negative genetic testing.
Methods  We detected an increased incidence of both 
sporadic and, especially, familial ALS cases in a small 
region from Spain compared with available demographic 
and epidemiological data. We performed whole genome 
sequencing in a group of 12 patients with ALS (5 of them 
familial) from this unique area. We expanded the study 
to include affected family members and additional cases 
from a wider surrounding region.
Results  We identified a shared missense mutation 
(c.1586C>T; p.Pro529Leu) in the cyclic AMP regulated 
phosphoprotein 21 (ARPP21) gene that encodes an 
RNA-binding protein, in a total of 10 patients with ALS 
from 7 unrelated families. No mutations were found in 
other ALS-causing genes.
Conclusions  While previous studies have dismissed a 
causal role of ARPP21 in ALS, our results strongly support 
ARPP21 as a novel ALS-causing gene.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a devastating 
motor neuron disease, characterised by muscle 
weakness and atrophy secondary to upper and 
lower motor neuron degeneration, leading to respi-
ratory insufficiency and death within a mean of 3–5 
years.1 Over the last decades, an evident overlap of 
clinical, genetic and neuropathological features has 
been established between ALS and frontotemporal 
dementia (FTD).2–5

Although most cases are considered sporadic 
(sALS), approximately 5–10% of ALS cases have a 
previous family history of ALS and are classified as 
familial ALS (fALS).6 To date, over 40 genes have 
been related to ALS, most showing a Mendelian 
autosomal dominant inheritance pattern. Several 

ALS-causing mutations have an impact on genes 
encoding RNA-binding proteins, such as transactive 
response DNA-binding protein 43 (TDP-43), fused 
in sarcoma (FUS) and T cell-restricted intracellular 
antigen-1 (TIA1), among others, highlighting the 
central role of RNA metabolism in the disease.7 
However, despite the rapidly growing number 
of ALS-related genes, genetic diagnosis remains 
elusive in approximately 30% of patients with 
fALS.8 9 The disease has a complex genetic archi-
tecture, and oligogenic and polygenic models of 
inheritance have gained relevance.10 In this era of 
protein-targeted therapies and genetically oriented 
treatments, discovery and detection of new genetic 
variants and implicated genes is paramount.10

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Between 5% and 10% of amyotrophic lateral 
sclerosis (ALS) cases have a family history of 
the disease. 30% of familial ALS cases do not 
have an identifiable underlying genetic cause 
after a comprehensive study of the known ALS-
related genes. Incidence rates of ALS are fairly 
homogeneous across European and American 
populations.

WHAT THIS STUDY ADDS
	⇒ This work supports the causative role of 
cyclic AMP regulated phosphoprotein 21 
(ARPP21) in ALS and adds to the extensive 
list of RNA-binding proteins involved in ALS 
pathophysiology. Further studies are required 
to elucidate the contribution and frequency of 
this variant in ARPP21 to the genetic basis of 
the disease. Peaks of incidence of the disease in 
small geographical areas may help identify the 
underlying genetic causes of ALS.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ ARPP21 should be reclassified as an ALS-
causing gene, and included in genetic 
screenings along with other known genes.
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Prospective, population-based studies show that incidence 
rates of ALS are relatively uniform across European and Amer-
ican populations, ranging between two and three cases per year 
per 100 000 inhabitants.11 12 Peaks of incidence in small regions, 

especially when several cases aggregate in a family, might suggest 
the disorder has an underlying genetic substrate.13

Here we report the identification of a mutation in the cyclic 
AMP-regulated phosphoprotein 21 (ARPP21) gene, supporting 
its role as a novel ALS-causing gene and expanding the reper-
toire of RNA-binding proteins associated with ALS. We describe 
the clinical phenotype of 10 patients from 7 unrelated families 
carrying the same mutation in ARPP21.

MATERIALS AND METHODS
Case selection and study design
Since 1998 our register has prospectively included cases of ALS 
seen at the Motor Neuron Clinic at the Neuromuscular Diseases 
Unit of Hospital Sant Pau (Barcelona), a national referral 
centre for neuromuscular diseases. Between 2009 and 2022 we 
observed an unusual number of cases of ALS (especially familial 
cases) at our outpatient clinic, from a small region in the prov-
ince of La Rioja in Spain. Figure 1 illustrates the study design.

For epidemiological justification (figure 1 – box 1) we reviewed 
our database and contacted neurology departments from local 
centres in the region. Eligible population: We selected new cases 
with diagnosis of ALS from the region, visited between January 
2009 and December 2022.

Study population: For genetic analysis (figure 1 – box 2) we 
selected cases from the study area (see figure 2) with available 
DNA samples, performing whole genome sequencing (WGS). 
Patients fulfilled ALS-El Escorial revised criteria for probable, 
probable laboratory-supported, or definite ALS.14 Both sporadic 
and fALS cases were included. fALS was defined as having 
a family member with a diagnosis of ALS in first or second-
degree relatives, or having a first-degree family member with 
a confirmed FTD in the formal neuropsychological examina-
tion, according to current proposed criteria.6 All patients went 
through a targeted ALS-gene panel prior to WGS (online supple-
mental table 1 in supplementary materials). Patients with a 
previously identified ALS-causing mutation in this custom panel 
were excluded from this part of the study (WGS analysis), as 
they already had a known underlying genetic substrate for the 
disease.

After identifying the candidate variant, we expanded the anal-
ysis with the aim of increasing the series of mutation carriers. 
We performed Sanger sequencing in other cases of sALS and 
fALS from the surrounding geographical areas and also in their 
affected family members (figure  1 – box 3). In cases carrying 

Figure 1  Flowchart indicating the steps followed in the study and the 
number of patients at each phase. ALS, amyotrophic lateral sclerosis; 
ARPP21, cyclic AMP regulated phosphoprotein 21; fALS, familial ALS; MND, 
motor neuron disease; WGS, whole genome sequencing.

Figure 2  (A) Map of Spain and its regions. (B) Map of La Rioja province and its regions. Regions belonging to the south-eastern area of La Rioja, where 
an increased frequency of amyotrophic lateral sclerosis cases was detected, are shaded in green. White dots mark the location on the map of the six towns 
of origin of the seven families.
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the candidate variant, mutations in other known ALS-FTD genes 
were ruled out through exome sequencing (see online supple-
mental table 1 in supplementary materials).

Demography and epidemiology
The expected number of cases in the area during the study period 
was calculated using incidence rates from previous studies and 
demographic data of those in the catchment area over 18 years.

Demographic information on the geographical region was 
obtained from the official demographic records between 2009 
and 2022 in the Spanish National Institute of Statistics (INE—
Instituto Nacional de Estadística).15 16

The minimum incidence was calculated using the numbers of 
new cases identified from the area and the population at risk 
in the study period. We compared the observed cases with the 
expected number of cases in the area, to obtain a ratio.

Clinical features
We recorded demographic and clinical variables. Demographic 
data included sex, date and place of birth and place of origin 
of the family. Clinical variables included age at disease onset, 
disease duration, region of onset of motor symptoms (spinal or 
bulbar). The clinical phenotype was categorised depending on 
the presence of upper (primary lateral sclerosis), lower motor 
neuron signs (progressive muscular atrophy) or both (ALS). 
The presence of cognitive and/or behavioural impairment and 
whether or not they met clinical criteria for FTD and its variants, 
were also noted.17–19

Family history
We recorded previous cases of ALS in the family as part of the 
routine clinical evaluation. As possible indicators of an under-
lying FTD we also recorded previous history of FTD, early-onset 
cognitive impairment (defined as younger than 65 years of age at 
symptom onset), cognitive impairment with marked behavioural 
impairment but no definite diagnosis, and diagnosis of other 
neurodegenerative diseases.

Genetic analyses
Library preparation and sequencing
WGS was performed at the National Centre for Genomic Anal-
ysis (Centro Nacional de Análisis Genómico—CNAG-CRG, 
Barcelona, Spain). Paired-end multiplex libraries were prepared 
following the manufacturer’s instructions. Libraries were loaded 
to Illumina flow cells for cluster generation prior to producing 
150 base read pairs on a NovaSeq 6000 instrument following 
the Illumina protocol. Image analysis, base calling and quality 
scoring of the run were processed using the manufacturer’s soft-
ware Real Time Analysis and followed by generation of FASTQ 
sequence files.

Bioinformatic and genetic analyses
Reads were mapped to human build GRCh38 with BWA-MEM 
V.0.7.17.20 Alignment files containing only properly paired, 
unique mapping reads without duplicates were processed using 
Picard V.2.20 (http://broadinstitute.github.io/picard/) to add 
read groups and to remove duplicates. The Genome Analysis 
Tool Kit (GATK V.4.1.9.0)21 was used for local realignment 
and base quality score recalibration. Joint variant calling was 
done using HaplotypeCaller, CombineGVCFs and Geno-
typeGVCFs from GATK following the GATK best practices 
pipeline. Variants were hard filtered using GATK Variant-
Filtration (BaseQRankSum>4.0 || BaseQRankSum<−4.0, 

FS>60,000, FS>200,000, ReadPosRankSum<−8.0, ReadPos-
RankSum>20.0, MQRankSum<−12.5, QD<2.0, MQ<40.0). 
We also retained variants where at least one sample contained 
the variant with a Depth ≥10.

Functional annotations were added using SnpEff V.5.0 with 
the hg38.22 Variants were annotated with SnpSift V.5.023 using 
population frequencies, conservation scores and deleteriousness 
predictions from dbNSFP V.4.1a.24 We also used other sources of 
annotations, such as gnomAD (V.3.1.2), CADD (V.1.6), InterVar 
and Clinvar (V.20200602).25–27 In order to check the frequency 
of the ARPP21 variant in the Spanish population, we used the 
Collaborative Spanish Variant Server which comprises exomes 
and genomes from 2105 unrelated Spanish individuals.28

Somalier software29 was used with WGS and whole exome 
sequencing (WES) data to assess relatedness among all probands 
included in the study (coefficient of relationship as a measure of 
the degree of consanguinity). Briefly, the software considers for 
each comparison: (1) the number of sites where one sample is 
hom-ref and another is hom-alt; (2) the number of sites where 
the samples have the same genotype; (3) the number of sites 
where both samples are heterozygotes; and (4) the number of 
sites where both samples are homozygous alternate.

WGS data was used to identify shared genotypes that might 
suggest a common haplotype in the four mutation carriers with 
available WGS data. A merged VCF file of ARPP21 gene ±1 
megabase combining variants from the four patients was obtained 
to explore shared blocks of genotypes. LDhap web-based tool 
(https://ldlink.nih.gov/?tab=ldhap) was used to obtain specific 
population haplotype frequencies of all haplotypes observed for 
a list of 30 query genetic variants (the maximum accepted as 
input) flanking the shared ARPP21 candidate variant and part 
of the shared haplotype (23 of them were available in LDhap). 
We selected the Iberian population in Spain (IBS) population to 
obtain allelic frequencies, in addition to the other populations in 
Europe and all other super populations available (African (AFR), 
American (AMR), East Asian (EAS) and South Asian (SAS)).

The presence of the disease-causing mutation in ARPP21 was 
validated using Sanger sequencing in all mutation carriers using 
the following forward (5’ ​GACA​GTGG​TGTG​CATC​TTGTG 3’) 
and reverse (3’ ​GAGACATTCGCACATACCCC 5’) primers.

Once the ARPP21 variant was confirmed, other ALS and FTD 
causing genes were screened using WES and mutations in 58 
ALS-FTD-related genes were ruled out (see online supplemental 
table 1 in supplementary materials for the complete list of 
genes). WES was used to study gene coding exons and flanking 
regions (±50 base pairs). Briefly, DNA libraries were prepared 
using kapa reagents (Roche) and sequenced in NextSeq 500 
or NextSeq 1000 instruments (Illumina) to obtain 2×150 base 
pair reads. Fastq files were mapped to the human genome using 
BWA,30 variants were called through GATK variant calling,21 
and annotated using ANNOVAR.31 The C9orf72 hexanucleotide 
repeat expansion was discarded by means of rpPCR (repeat-
primed Polymerase Chain Reaction), as previously described.32

Ethics
The study was conducted in accordance with the Declaration of 
Helsinki. All participants gave their written informed consent to 
participate in the study.

RESULTS
Epidemiology
The south-eastern region of the province of La Rioja is a 
1219.42 km2 area in north-eastern Spain (figure  2). Between 
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2009 and 2022, it had a mean population of 43 433, of whom 
31 324 were over 18 years of age. The population density was 
35.62 persons/km2. Figure  1 illustrates the study design and 
flowchart of patients studied in each phase.

Considering a mean ALS incidence of 1.4–2.47 cases/100 000 
person/year,11 12 we calculated an expected number of cases of 
0.44–0.77 cases per year in this area, equivalent to 5–10 patients 
during the study period (2009–2022). In reference to fALS, 
assuming a frequency of 5–10% of fALS, the expected number 
of cases in the area would be 0.02–0.08 cases/year or one new 
case every 12.5–50 years.

Between 2009 and 2022, we visited 15 patients from the 
study area who met the diagnostic criteria for ALS. 7 of the 15 
(46.6%) had a family history of ALS and were considered as 
fALS. In fALS cases, known ALS-causative mutations were ruled 
out through exome sequencing analysis or a custom gene panel.

The comparison between the observed frequency and the 
expected frequency resulted in an increased frequency of ALS 
cases in the area, with a ratio of 1.5–2.6 for total ALS cases and 
7–24.5 for fALS cases.

12 of the 15 patients were eligible for further genomic analysis. 
One patient was excluded from this part of the study because an 
alternative genetic cause was found (non-sense pathogenic muta-
tion in NEK1—c.3107C>G; p.Ser1036X—NM_001199397.3). 
No DNA was available for analysis in the remaining two patients.

Genetics
Detection of the ARPP21 mutation
WGS was performed in 12 unrelated patients (5 fALS and 7 
sALS). We found a shared heterozygous missense mutation in 
ARPP21 (c.1586C>T; p.Pro529Leu (NM_001385486.1 or 
ENST00000417925.5)) in four unrelated patients with ALS 
(three fALS) from four different families (figure  3—Families 
1–4) (table 1). The high frequency of this almost unique variant, 
together with its predicted deleteriousness (CADD_phred=26.7; 
Polyphen HDIV and HVAR=Deleterious and Mutation Tast-
er=Deleterious) and high GERP (Genomic Evolutionary Rate 
Profiling) score (6.07), which predicted a huge evolutionary 
constraint, led us to prioritise this variant in ARPP21 as a 

Figure 3  Family trees of the seven families in which the p.Pro529Leu mutation in ARPP21 was detected. Patients with ALS are shaded in black. Cases 
presenting an early onset dementia or dementia with prominent behavioural features are marked with a red square at the top right corner. The proband 
in each family is marked with an arrow and a ‘P’. Cases that harbour the p.Pro529Leu mutation in ARPP21 are outlined in red and marked with an 
asterisk. The healthy individual (Family 4— II.3) with negative genetic testing is framed in a green box. No DNA was available from the other patients 
with ALS or patients with early-onset cognitive-behavioural impairment in the pedigrees. ALS, amyotrophic lateral sclerosis; ARPP21, cyclic AMP regulated 
phosphoprotein 21; FTD, frontotemporal dementia.

Table 1  Clinical features of patients with ALS carrying the ARPP21 mutation

Family Patient Region of onset Motor phenotype Cognitive symptoms Disease duration Study

1 Fam 1 II.1* Spinal ALS No 13 WGS

2 Fam 2 III.3 Spinal ALS No – WES

3 Fam 2 III.1* Spinal ALS No 16 WGS

4 Fam 3 II.2* Spinal ALS No – WGS

5 Fam 4 II.1* Bulbar ALS-FTD bvFTD 31 WGS

6 Fam 5 III.11* Bulbar ALS No 16 WES

7 Fam 5 IV.1 Spinal ALS No 15 WES

8 Fam 6 III.3* Spinal ALS No – WES

9 Fam 7 III.2 Spinal ALS No 17 WES

10 Fam 7 III.3* Spinal ALS No 4 WES

Probands of each family are marked with an asterisk (*). ‘Disease duration’ is expressed in months (M).
ALS, amyotrophic lateral sclerosis; ARPP21, cyclic AMP regulated phosphoprotein 21; bvFTD, behavioural variant of FTD; FTD, frontotemporal dementia; MND, motor neuron 
disease; WES, whole exome sequencing; WGS, whole genome sequencing.
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potential causative mutation. The coefficients of the relationship 
obtained using Somalier suggest that the probands with available 
WGS and WES data are unrelated (data not shown). This variant 
is absent in the population database gnomAD (V.3.1.2) and 
carried by 4 out of 1 384 130 chromosomes in the latest updated 
version of gnomAD (V.4.0.0), where the mutation is annotated 
as p.Pro563Leu (NM_001385562.1 or ENST00000684406.1). 
We did not find any mutation carrier among the 2105 unre-
lated Spanish individuals included in the Collaborative Spanish 
Variant Server.28

Our analysis disclosed a common haplotype shared by the four 
mutation carriers with available WGS data, which included 442 
SNPs (Single Nucleotide Polymorphisms), encompassing 256 Kb 
(chr3:35605944–35862077). This haplotype was also found in 
WGS data from two of the eight non-mutation carriers included 
in this study. We further assessed its frequency in the general 
population using LDhap. The frequency of the haplotype in the 
IBS was 7.48%, the same as in the Toscani in Italy. Interestingly, 
this haplotype was observed at a higher frequency in the British 
in England and Scotland (GBR) population (11.5%) or at a lower 
frequency in the Finnish in Finland population (5.6%). The 
haplotype was almost absent in AFR or EAS populations (<1%), 
and at low frequencies in the ad mixed AMR population (2.7%). 
Notably, 9% of the SAS population carried this haplotype.

Expanded study in the region
We subsequently broadened the analysis to affected family 
members of mutation carriers (hence new fALS cases) and other 
new patients with sALS and fALS from a wider surrounding 
geographical area.

Using Sanger sequencing we analysed 22 new patients with 
ALS, 8 of whom were fALS. We found the candidate variant in 
6 novel individuals: 1 affected relative in Family 2, and 5 more 
cases from 4 unrelated families, resulting in a final count of 10 
ARPP21 mutation carriers from 7 unrelated families (see pedi-
grees in figure 3). We were able to study only one unaffected 
family member (Family 4—II.3), who did not harbour the candi-
date variant. We did not find any patient with ALS among the 
families who did not carry the candidate variant in ARPP21.

Other ALS-FTD-related mutations were ruled out through 
WES, including the p.Arg92Cys variant in GLT8D1 (see online 
supplemental table 1). No other rare variants were found in the 
GLT8D1 gene in ARPP21 mutation carriers. In the proband of 
Family 5 (III.11), we detected a heterozygous variant in SQSTM1 
(c.1175C>T; p.Pro392Leu), for which there is no consensus 
regarding its pathogenicity for ALS-FTD. The rare variant in 
SQSTM1 was not carried by his affected family member (Family 
5—IV.1) who also carried the mutation in ARPP21 described in 
this study, thus demonstrating that did not segregate with disease 
and making any potential association with ALS unlikely.

Clinical features and family history
Table 1 shows the main clinical features of the series. Five patients 
were men (50%). The mean age at onset was 59.5 years (SD 
11.37) and the mean disease duration was 16 months (SD 7.96). 
At the date of publication, three patients (30%) were alive. The 
region of onset was bulbar in two patients (20%) and spinal in 
the others (n=8; 80%). The clinical phenotype was classic ALS 
(ie, presence of upper and lower motor neuron signs) in all 10 
patients (100%), with no cases of progressive muscular atrophy 
or primary lateral sclerosis in the series. Cognitive-behavioural 
impairment was present in one patient (10%).

Regarding family history, only one patient did not have a 
family history of ALS, but had a younger sibling with an early 
onset dementia (Family 4 in figure 3). Moreover, two other fami-
lies (Families 5 and 7 in figure 3) had a family history of early-
onset dementia.

Pedigrees and case descriptions
Table  1 summarises the main clinical features of the series. 
Figure 3 shows the family trees.

Family 1
Proband (II.1) presented with progressive paraparesis in their 
late 40s, with diffuse upper motor neuron signs. Family history 
was notable for a younger sibling (II.4) who had died from ALS 
in their 30s, and was hence diagnosed with fALS, with initial 
negative genetic testing, dying of respiratory insufficiency within 
13 months from symptom onset. No clinical information was 
available concerning the proband’s parents.

Family 2
Proband (III.1) was a patient in their late 30s with a family 
history of ALS in the grandfather on the father’s side (I.1) and 
in three of his aunts (II.2; II.6; II.8). The patient presented with 
spinal onset ALS and died within 16 months from symptom 
onset. Conventional genetic testing was negative but the hetero-
zygous variant in ARPP21 was identified. A cousin (III.3) was 
diagnosed with ALS and carries the ARPP21 variant.

Family 3
Proband (II.2) is an adult patient with no relevant medical history, 
but a family history of a brother (II.4) who died of spinal onset 
ALS. There were no medical records available for their parents. 
The patient was diagnosed with ALS in their late 60s following 
progressive distal upper and later lower limb weakness. Despite 
the slow progression of the disease, neurophysiological testing 
confirmed a motor neuron disease. At the time of publication of 
the present work, the patient was alive.

Family 4
Proband (II.1) was a patient in their 60s who presented with a 
sporadic, bulbar onset ALS, with a disease duration of 3 years. 
The patient showed profuse behavioural and cognitive impair-
ment, suggestive of an ALS-FTD, but no formal neuropsycholog-
ical testing was available.

A younger brother (II.2) had been diagnosed with an early-
onset dementia before 65 years of age, but no formal cognitive-
behavioural evaluation was performed. Both their parents had 
died from unknown causes before 60 years of age. No further 
detailed information was available on their family. The patient’s 
younger sibling (II.3), older than 70 years of age, who showed 
no signs or symptoms suggestive of motor neuron disease, was 
genetically tested and did not harbour the ARPP21 mutation.

Family 5
Proband (III.11) was an elderly patient with an unremarkable 
personal medical history. This patient presented with a bulbar 
onset motor neuron disease with progressive limb weakness and 
respiratory failure, leading to death within 16 months.

There was a profuse history of ALS in the family (see family 
tree: II.3, II.8, III.4, III.7, III.10, IV.1, IV.6). Furthermore, an 
uncle of the proband (II.6), whose son and granddaughter died 
of ALS and was hence an obligate carrier, was diagnosed with 
unspecified dementia and died before 50 years of age. After the 
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ARPP21 mutation was detected in the proband, the only affected 
family member (IV.1) with available DNA was retrospectively 
confirmed to harbour the same mutation.

Family 6
Proband (III.3) was a patient in their late 60s, with a family 
history of two cases of ALS (III.2, II.2). The proband developed 
progressive paraparesis evolving to upper limb weakness and 
dysphagia, and neurophysiological examinations compatible 
with ALS. At the time of submission of this work, the patient 
was alive.

Family 7
Proband (III.3) was an adult in their 60s who presented with a 
rapidly progressive tetraparesis, followed by respiratory insuf-
ficiency and death within the first 4 months of disease onset. 
The patient’s brother (III.2) died of ALS 10 years prior to the 
proband’s diagnosis, and was retrospectively confirmed to carry 
the ARPP21 mutation. A cousin (III.5) was also diagnosed with 
early-onset dementia before 60 years of age. Their father died of 
pancreatic cancer in his early 70s.

DISCUSSION
Following an increased frequency of cases in the small region 
of the south-eastern La Rioja province in Spain, we identified 
the p.Pro529Leu mutation in ARPP21 in 10 patients from 7 
unrelated families, showing a presumably autosomal dominant 
pattern. Familial cases (ie, fALS) accounted for almost 50% of 
the total cases from the area, none of whom harboured any other 
known ALS-causing mutations.

From a clinical point of view, patients carrying the p.Pro529Leu 
variant presented a shorter survival (mean 16 months) than 
that described in the literature for ALS,12 with no differential 
clinical features. Although no systematic cognitive assessment 
was performed, one patient showed prominent cognitive and 
behavioural impairment. Furthermore, three relatives (one of 
them an obligate carrier— Family 5 II.6) from different fami-
lies had been diagnosed with early-onset dementia with marked 
behavioural symptoms, but no apparent motor neuron disease. 
It cannot be ruled out that the ARPP21 mutation could also be 
related to FTD, and clinical presentation at any point might fall 
within the ALS-FTD spectrum (ie, ALS, FTD or ALS-FTD), as 
has been observed in other ALS-FTD-related genes.33 Unfor-
tunately, no formal cognitive testing, neuroimaging or DNA 
samples were available from these patients. Further studies will 
be required to confirm this hypothesis.

In 2019, Cooper-Knock et al34 described the segregation of 
a mutation (p.Arg92Cys) in the glycosyltransferase 8 domain-
containing protein 1 (GLT8D1) gene and the mutation described 
in the present study (p.Pro529Leu mutation in ARPP21) in an 
autosomal dominant ALS pedigree from the UK. Additional 
screening of both genes in 103 ALS cases disclosed 4 new 
GLT8D1 mutation carriers, 3 of which also harboured the 
p.Pro529Leu mutation in ARPP21. However, after a rare variant 
burden analysis in the Project MinE data set, the authors priori-
tised mutations in the glycosyltransferase domain of GLT8D1 as 
causative, suggesting only a secondary and putative synergistic 
effect for the mutation in ARPP21 in double-mutation carriers. 
This conclusion was based on an observed shorter disease dura-
tion in patients carrying both mutations (<16 months),34 similar 
to that of patients in our series who carry the p.Pro529Leu 
variant in isolation. Therefore, we show that the mutation 
described in our study is sufficient to cause ALS, and suggest that 

the shorter disease duration might be independently attributed 
to the p.Pro529Leu mutation in ARPP21.

Interestingly, the four mutation carriers identified through our 
WGS approach shared a common haplotype. This haplotype was 
present in two of the eight non-mutation carriers in our study 
with available WGS data, and it is also found in other worldwide 
populations. In this context, beyond the Spanish population, its 
high frequency in the GBR and SAS populations, together with 
the fact that this haplotype is found at very low frequencies in 
AMR, AFR or EAS populations, suggests that people carrying 
this mutation might be restricted to specific ancestries. In this 
sense, the ARPP21 mutation, although not definitely linked 
to ALS, has previously been detected in patients of European 
ancestry, primarily from UK,34 which is part of the GBR popula-
tion. Indeed, the haplotype is almost null in the EAS population, 
which might explain why this mutation has not been found in 
large cohort studies from China35 and Australia34 36 that have 
previously described other rare variants in ARPP21 or GLT8D1, 
but were unable to confirm their pathogenic role. Large ALS 
cohorts have been previously used to identify novel disease-
causing variants, such as those included in project MiNE which 
comprises samples from diverse countries across the world (from 
Spain, but also Brazil, the USA, Australia and Russia, among 
others). As demonstrated by the differences in the presence of 
the ARPP21 risk haplotype around the world, using such diverse 
populations may have precluded the identification of extremely 
rare disease-causing variants using rare genetic burden associ-
ation analyses. It is important to note that our approach was 
based on the identification of a higher than expected burden of 
ALS cases in a remote region. For this reason, we implemented 
a unique strategy that diverged from previously used methods.

To date, the most recent reviews on the genetics of ALS do 
not consider ARPP21 to be an ALS-causing gene,8 nor was it 
included in a recent study comprising a set of 90 ALS-associated 
genes selected from multiple databases.37 In addition, an OMIM 
number has not yet been assigned to the ARPP21 gene, and in the 
ALS Online Database (ALSoD; https://alsod.ac.uk)38 the gene is 
still categorised as ‘tenuous evidence’, meaning that it has been 
associated with ALS in small studies that have not stood up to 
replication. Our study demonstrates that ARPP21, or at least the 
p.Pro529Leu mutation in this gene, is consistently associated 
with ALS and should be considered in future genetic studies.

The ARPP21 protein is an RNA-binding protein widely 
expressed in the human brain39 and based on the results of our 
study, adds to the long list of RNA-binding proteins implicated in 
ALS, such as TDP-43, TIA1 or FUS. It is involved in RNA metab-
olism, an event known to be deregulated and central to ALS 
pathophysiology.40 Importantly, a common set of ARPP21 target 
RNAs with related functions have been identified through iCLIP. 
These RNAs have a prominent role in messenger RNA splicing 
and processing as previously demonstrated by gene ontology 
enrichment analyses.39 In addition, in cells expressing ARPP21 
treated with stress inductors (arsenite, clotrimazole or heat 
shock), the recruitment of ARPP21 to stress granules is induced. 
Importantly, the C-terminal sequence of the protein (where the 
p.Pro529Leu mutation is located) is necessary and sufficient to 
induce its recruitment to these membraneless dynamic struc-
tures. Although its domains have not been fully characterised, 
the mutation described in our study (p.Pro529Leu) is located in 
the C-terminal sequence and in close proximity to an intrinsi-
cally disordered region with compositional bias to Proline resi-
dues (low-complexity regions) of ARPP21. We speculate that 
this mutation might result in an increased propensity of ARPP21 
to interact with and localise to stress granules, a mechanism 
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previously described in ALS-related mutations in other RNA-
binding proteins such as FUS,41 TIA142 or TDP-43, and directly 
related to the pathophysiology of ALS43 and other neurodegen-
erative diseases.44 Thus, beyond the implication of ARPP21 in 
RNA metabolism and processing, we suggest that this mutation 
could alter the dynamics of stress granules by increasing their 
aberrant formation and thus impacting on ALS pathogenesis.

Our study has some limitations. First, although our results 
suggest the causal role of the mutation described herein, DNA 
was available and genetic testing was consented to only in a few 
family members, thus precluding a complete segregation study. 
Given the variability in the age of onset of the disease, segrega-
tion analysis, especially involving some of the younger asymp-
tomatic relatives, should be interpreted cautiously. Nevertheless, 
we strongly believe that the presence of the same variant in 10 
patients with ALS (9 fALS) from 7 unrelated families in a small 
geographical area with a high incidence of ALS is a strong argu-
ment in favour of its pathogenicity. Further studies are required 
both in our country and worldwide to elucidate the contribu-
tion and frequency of this and other variants in ARPP21 to the 
genetic basis of the disease, as well as functional validation of the 
mutation pathogenicity. Second, clinical information on patients’ 
families was collected retrospectively and was often incomplete, 
especially regarding cognitive and behavioural symptoms, for 
which specific standardised cognitive-behavioural tests could 
have provided a wider phenotypical spectrum of the variant.

In conclusion, our results support the causative role of a 
mutation (p.Pro529Leu) in ARPP21 in ALS. This work provides 
robust epidemiological and genetic arguments in favour of muta-
tion pathogenicity. We also discuss disease-causing mechanisms 
associated with the mutation, supporting the role of ARPP21 as 
an independent, novel ALS-causing gene, adding to the complex 
genetic architecture of the disease and expanding the landscape 
of RNA-binding proteins altered in ALS.
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