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Abstract

Objective—Mutations in profilin-1 (PFN1) have recently been identified in patients with
amyotrophic lateral sclerosis (ALS). Because of the considerable overlap between ALS and the
common subtype of frontotemporal dementia, which is characterized by transactive response
DNA-binding protein 43 pathology (FTLD-TDP), we tested cohorts of ALS and FTLD-TDP
patients for PFN1 mutations.

Methods—DNA was obtained from 342 ALS patients and 141 FTLD-TDP patients at our
outpatient clinic and brain bank for neurodegenerative diseases at the Mayo Clinic Florida,
Jacksonville, USA. We screened these patients for mutations in coding regions of PFN1 by Sanger
sequencing. Subsequently, we used TagMan genotyping assays to investigate the identified variant
in 1167 control subjects.

Results—One variant, p.E117G, was detected in 1 ALS patient, 1 FTLD-TDP patient, and 2
control subjects. The mutation frequency of patients versus control subjects was not significantly
different (p-value = 0.36). Moreover, PFN1 and TDP-43 staining of autopsy material did not differ
between patients with or without this variant.

Conclusion—The p.E117G variant appears to represent a benign polymorphism. PFN1
mutations, in general, are rare in ALS and FTLD-TDP patients.
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Introduction

Recently, exome sequencing revealed mutations in profilin-1 (PFNZ1) in patients with
amyotrophic lateral sclerosis (ALS) (1). ALS is the most common motor neuron disease, and
is caused by progressive loss of both upper- and lower motor neurons (2). In the last twenty
years, mutations in many genes have been reported in ALS patients, including mutations in
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superoxide dismutase-1 (SOD1), angiogenin (ANG), TAR DNA-binding protein (TARDBP),
fused in sarcoma / translated in liposarcoma (FUS), vesicle-associated membrane protein B
(VAPB), optineurin (OPTN), and valosin-containing protein (VCP) (3, 4).

Frontotemporal dementia (FTD) is the third most common cause of early-onset dementia,
and it results from degeneration of the frontal and temporal cortex (5-8). A pathological link
between ALS and FTD has been established in 2006, when transactive response DNA-
binding protein 43 (TDP-43) was identified as the ubiquitinated pathological protein in ALS
and in the majority of FTD patients, now referred to as frontotemporal lobar degeneration
with TDP-43 pathology (FTLD-TDP) (9, 10). In these FTLD-TDP patients, mutations in
VCP and progranulin (GRN) have already been described (11, 12).

The recent discovery of hexanucleotide repeat expansions in chromosome 9 open reading
frame 72 (COORF72) (13, 14), which are present in ~34% of patients with familial ALS and
also in ~26% of patients with familial FTD (15), provided further evidence for a shared
underlying pathogenesis. In this study, we assessed the frequency of PFN1 mutations in both
ALS patients (n = 342) and FTLD-TDP patients (n = 141).

Material and Methods

Study population

Our ALS study population consisted of 342 patients. Material was obtained through the
Mayo Clinic Florida (Clinic and Brain Bank). Patients were clinically diagnosed according
to the El Escorial criteria (16). Their diagnosis was pathologically confirmed in 52 patients
(15%) and 43 of those were known to have TDP-43 pathology (83%). TDP-43 subtypes
were determined for 30 patients, all of whom showed TDP-43 subtype 3 pathology (100%).
We included 166 females (49%) and 176 males (51%); 314 were Caucasian (91%), 22 were
African/American (6%), 3 were Hispanic (1%), 1 was Asian (<1%), 1 was Arabic (<1%),
and 1 was Native Hawaiian/Pacific Islander (<1%). Thirty-seven patients were known to
have a positive family history for motor neuron diseases (12%), of whom 12 had COORF72
repeat expansions (32%), and 3 had SOD1 mutations (8%). Our entire ALS cohort included
36 patients with known mutations (11%): 28 had C9ORF72 repeat expansions (8%), 4 had
SOD1 mutations (1%), 2 had FUS mutations (<1%), and 2 had TARDBP mutations (<1%).
We refer to Table 1 for more information regarding our patient characteristics.

In addition, we included 141 FTLD-TDP patients from the Mayo Clinic Jacksonville Brain
Bank (Table 2), primarily ascertained through The State of Florida Alzheimer’s Disease
Initiative funded by the Department of Elder Affairs, The Einstein Aging Study, The Udall
Center for Excellence in Parkinson’s Disease Research, CurePSP/The Society for
Progressive Supranuclear Palsy, the Mayo Alzheimer’s Disease Patient Registry (ADPR)
and the Florida Alzheimer’s Disease Research Center (ADRC). TDP-43 proteinopathy
subtypes were determined for 128 patients (91%): type 1 was observed in 77 patients (60%),
type 2 in 23 patients (18%), and type 3 in 28 patients (22%). Sixty-five were female (46%),
and 76 were male (54%). Among patients with known ethnicities, 139 were Caucasian
(99%), and 1 was Hispanic (<1%). Of the 141 FTLD-TDP patients in our cohort, 54 patients
had known mutations (38%): 28 had CO9ORF72 repeat expansions (20%), 24 had GRN
mutations (17%), 1 had a VCP mutation (<1%), and 1 had a leucine-rich repeat kinase 2
(LRRK?2) mutation (<1%). Thirty-four patients showed signs of motor neuron disease on
autopsy (24%).

The PFN1 p.E117G (c.350-351AA>GT) mutation identified in this study was tested in an
additional cohort of 1167 control subjects (Table 2). These subjects were Caucasian and
ascertained through the Mayo Clinic in Jacksonville, Florida, and Scottsdale, Arizona.
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analysis

Coding regions of PFNL1 were screened for mutations with M13-tailed primers (eTable 1).
For exon 2 and 3, amplicons were generated with a 60°C — 50°C touchdown PCR using
Apex Tag and Standard Buffer (Genesee Scientific, San Diego, California). For exon 1, the
temperature was raised to 67°C and reactions contained Q-solution (Qiagen, Hilden,
Germany). All PCR products were purified with the Agencourt AMPure system (Beckman
Coulter, Brea, California), and then sequenced in both directions using M13 sequencing
primers and BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster
City, California). After purification with Agencourt CleanSEQ (Beckman Coulter), products
were run on an ABI 3730xI Genetic Analyzer (Applied Biosystems). Sequence analysis was
performed using Sequencher 4.8 software (Gene Codes, Ann Arbor, Michigan). The impact
of mutations on the structure and function of PFN1 was predicted with PolyPhen-2
(PolyPhen-2 version 2.2.2; http://genetics.bwh.harvard.edu/pph2/), PMut (http://
mmb.pcb.ub.es/PMut/PMut.jsp), and SIFT (http://sift.jcvi.org/www/
SIFT_seq_submit2.html).

A custom TagMan SNP genotyping assay (Applied Biosystems) was designed to test the
p.E117G (c.350-351AA>GT) mutation, and data was analyzed on ABI Prism 7900
Detection System (Applied Biosystems) using SDS version 2.2.2 software (Applied
Biosystems). For statistical analysis, Chi-square tests were calculated (p-value < 0.05).

Immunohistochemistry

Results

Immunohistochemistry for PFN1 (1:750, rabbit polyclonal, Novus Biologicals, Littleton,
Colorado) and TDP-43 (1:2,500, rabbit polyclonal, Mayo Clinic, Jacksonville, Florida) (17)
was performed on sections from the spinal cord and temporal cortex. Five pm thick sections
were used, cut from formalin-fixed paraffin-embedded blocks, deparaffinized in xylene,
rehydrated with washes in a graded series of ethanol, and thoroughly washed in distilled
water. All stains were processed on DAKO Autostainer Plus (DAKO, Carpinteria,
California) with DAKO EnVision™ + System-horseradish peroxidase (diaminobenzidine).
Normal goat serum (1:20 in Tris-Buffered Saline and Tween 20 [TBST]; Sigma, St. Louis,
Missouri) was added to slides prior to the primary antibody to block nonspecific antibody
binding.

In our cohort of 342 ALS patients and 141 FTLD-TDP patients, we only detected the
previously reported consecutive base-pair change p.E117G (¢.350-351AA>GT). This variant
is located in a relatively well conserved region (Figure 1); although SIFT predicts p.E117G
to affect protein function, both PolyPhen-2 and PMut predict benign effects. We identified
p.E117G in one ALS patient and one FTLD-TDP patient (Table 3). The apparently sporadic
ALS patient was of Caucasian origin; she did not show any signs of FTD, and died at 81
years of age. The FTD patient was of Caucasian origin as well, and she developed the
behavioral variant of FTD at 69 years of age. She died without signs of motor neuron
disease at 75 years of age; no family members with FTD were reported. Material of both
these patients was obtained through the Mayo Clinic Brain Bank, and more detailed clinical
information was unavailable.

To further assess this variant we performed TagMan analysis for 1167 control subjects. In
this cohort, we detected the p.E117G variant in two control subjects (Table 3). In total, we
observed p.E117G in 2 out of 483 patients (0.4%) and in 2 out of 1167 control subjects
(0.2%), and this difference was not significant (p-value = 0.36 [for ALS cohort (0.3%)
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versus controls (0.2%): p-value = 0.66, and for FTLD-TDP cohort (0.7%) versus controls
(0.2%): p-value = 0.21]).

To determine whether PFN1 and TDP-43 staining varied between patients with and without
the p.E117G variant, we performed immunohistochemistry on brain tissue of the two
patients with this variant and two patients without this variant. Neurons did not contain
PFN1-positive inclusions in patients with the p.E117G variant or in patients with wild-type
PFN1, even though these patients did harbor TDP-43 positive neuronal inclusions (Figure
2).

Discussion

In this study, we screened 342 ALS patients and 141 FTLD-TDP patients for mutations in
PFNL1, and identified p.E117G in two patients (0.4%). The p.E117G variant, however, was
also present in 2 out of 1167 control subjects (0.2%), and consequently, there was no
significant difference in mutation frequency between patients and control subjects (p-value =
0.36). Although our study is the first to specifically include a large cohort of FTD patients
with a pathologically confirmed diagnosis of TDP-43 proteinopathy, the apparent lack of
pathogenic PFN1 mutations in familial and sporadic ALS and FTD patients is in agreement
with several recent reports (18-23).

Profilins were discovered in the seventies (24), and are one of the most important actin-
binding proteins (25-27). They are also engaged in transcriptional activity of RNA
polymerases, chromatin remodeling, and nuclear stability (28-30). Furthermore, interactions
with survival motor neuron (SMN), fragile X mental retardation protein (FMRP), VCP, and
huntingtin (htt) have been reported (31-39). It seems likely, therefore, that profilins are also
involved in various aspects of RNA processing pathways, which have already been
implicated in the pathogenesis of both ALS and FTD (40, 41).

Recently, exome sequencing identified PFN1 mutations (p.C71G and p.M114T) in two large
ALS families with dominant inheritance patterns (1). Sequence analysis of all available
family members, suggested a high degree of penetrance. Subsequent screening of 272
familial ALS cases revealed five other cases with PFN1 variants (2%). All PFN1 mutants
displayed an onset in the limbs, and among these mutants was one ALS patient with a
p.E117G variant who developed symptoms at 40 years of age. Screening of 816 sporadic
ALS cases identified two additional patients with this p.E117G variant who developed limb
onset ALS at 63 and 33 years of age, and thus, this variant was present in 3 out of 1090 ALS
patients (0.3%). One subject with a p.E117G variant was also found in a cohort of 1089
control subjects (0.1%), indicating that p.E117G may represent a less pathogenic mutation.
Western blot analysis of transfected N2A cells expressing this variant, which were subjected
to NP-40-soluble and insoluble fractionation, did indeed display a pattern similar to wild-
type PFN1 (1). Moreover, primary motor neurons (PMNSs) expressing this mutant did not
demonstrate aggregates, and immunoprecipitation and western blot analysis of cells
transfected with p.E117G did not show a reduction of bound actin relative to wild-type
PFNZ1, as opposed to other PFN1 mutants (1). It was also shown, however, that p.E117G
was able to form aggregates in N2A cells, and that exposure to proteasome inhibitor
MG132, both in N2A cells and in PMNSs, caused moderate aggregate levels and raised
insoluble protein levels, whereas wild-type PFN1 only displayed minimal aggregate- and
insoluble protein levels (1). To further investigate this p.E117G variant, we performed
immunohistochemistry on autopsy material of two patients with this variant and two patients
without it. We showed that PFN1 and TDP-43 staining did not differ between patients with
and without p.E117G.
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To date, six studies have also investigated the frequency of PFN1 mutations in ALS and/or
FTD patients (18-23). This resulted in the identification of one novel PFN1 mutation,
p.T109M (19), but no other PFN1 mutations were detected, apart from the p.E117G variant.
The p.E117G variant was present in two additional ALS patients and three additional FTD
patients (18, 19, 22), one of whom also carried a pathogenic frameshift mutation in GRN
(p-A303GfsX14) (22). When all PFNL1 studies are combined, the p.E117G variant has been
reported in 10 out of 4737 patients with ALS and/or FTD (0.2%, including 6 out of 3867
patients with a primary diagnosis of ALS [0.2%] and 4 out of 870 patients with a primary
diagnosis of FTD with or without ALS [0.5%]), and in 6 out of 4607 control subjects
(0.1%).

In conclusion, PFN1 mutations appear to be uncommon in ALS patients and FTLD-TDP
patients. We did detect one PFN1 variant, p.E117G, but there was no significant difference
in mutation frequency between our patients and control subjects. Furthermore, PFN1 and
TDP-43 staining of autopsy material demonstrated a comparable pattern in patients with and
without this variant. Although in silico prediction programs and previously reported
functional studies generated conflicting results, our present study suggests that p.E117G
represents a rare benign polymorphism.
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Figure 1. Conservation and chromatogram of p.E117G
Conservation of amino-acid residues across species was generated using Clustal Omega
online tool, http://www.ebi.ac.uk/Tools/msa/clustalo/.
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Figure 2. PFN1 expression in patientswith and without p.E117G variants

Spinal cord motor neurons of the two patients with p.E117G variants lack PFN1 inclusions
(A, E). Temporal cortex for these two patients does not demonstrate neuronal PFN1
inclusions either (C, G). Two patients without the p.E117G variant, one of whom was
diagnosed with ALS (1) and one with FTLD-TDP (K), who were photographed as controls
for this variant, display the same pattern as patients with p.E117G variants in the spinal cord
and temporal cortex, respectively. For the two patients with p.E117G variants, TDP-43
staining is shown both in the spinal cord (B, F) and temporal cortex (D, H): the ALS patient
demonstrates TDP-43 positive inclusions in the spinal cord (TDP-43 type 3, B), whereas the
FTLD-TDP patient shows TDP-43 positive inclusions in the temporal cortex (TDP-43 type
2, H). TDP-43 positive inclusions are also present in the spinal cord of the wild-type ALS
patient (TDP-43 type 3, J), and in the temporal cortex of the wild-type FTLD-TPD patient
(TDP-43 type 1, L). Magnification: 40x.
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