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Abstract: Background: The C9orf72 hexanucleotide expansion is one of the latest discovered repeat expansion
disorders related to neurodegeneration. Its association with the FTD/ALS spectrum disorders is well
established, and it is considered to be one of the leading related genes. It has also been reported as a possible
cause of several other phenotypes, including parkinsonism and other movement disorders. Its significance,
though outside the FTD/ALS spectrum, is not well defined.

Methods: A comprehensive search of the literature was performed. All relevant papers, including reviews and case
series/reports on movement disorder phenotypes reported with the C9orf72 repeat expansion, were reviewed.
Data on frequency, natural history, phenotype, genetics, and possible underlying mechanisms were assessed.
Results and Discussion: In @ number of studies, C9orf72 accounts for a small fraction of typical PD. Atypical
parkinsonian syndromes, including CBS, PSP, and MSA have also been reported. Features that increase the
probability of positive testing include early cognitive and/or behavioral symptoms, positive family history of ALS
or FTD, and the presence of UMN and LMN signs. Furthermore, several studies conclude that C9orf72 is the
most common cause of HD-phenocopies. Interestingly, many cases with the parkinsonian phenotype that bear
an intermediate range of repeats are also reported, questioning the direct causal role of C9orf72 and
suggesting the possibility of being a susceptibility factor, while the presence of the expansion in normal
controls questions its clinical significance. Finally, studies on pathology reveal a distinctive broad range of
C9orf72-related neurodegeneration that could explain the wide phenotypic variation.

neurodegenerative disorders, sharing several common clinico-
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pathological features, and are commonly termed as the FTD/A
LS (or FTLD/ALS) spectrum.”™ The significance of C90rf72
within the FTD/ALS spectrum has been well established.®” It is

Significance of C9orf72

The chromosome 9 open read frame 72 (C9orf72) hexanucleo-
tide repeat expansion was first discovered and reported simulta-

neously in 2011 by two separate groups'= after several families
with multiple-affected members with amyotrophic lateral sclero-
sis (ALS) and/or frontotemporal dementia (FTD) had been pre-
viously linked to chromosome 9p21. ALS and FTD, or the
related pathologically defined frontotemporal lobe degeneration

(FTLD), have been long considered part of the same spectrum of

the most common cause of familial ALS and FTD and one of
the major genetic causes of apparently sporadic cases. Reported
frequencies seem to be higher in populations of European origin.
A large Pan-European study on the association of C90rf72 to
FTD reported frequencies of 10% in all FTD cases, and 18.5%
and 6.2% in familial and sporadic patients, respectively.® A recent
meta-analysis on the genetic epidemiology of ALS estimated that
33.7% of familial cases and 5.1% of sporadic cases in European

populations are related to C9o0rf72. °
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There has been an increasing number of reports that the
C901f72 expansion could be responsible for a range of other phe-
notypes, including neuropsychiatric and dementia presentations,
movement disorders, and other complex neurodegenerative syn-

10,11
dromes.

The early observation that several C9o1f72-positive
patients with FTD/ALS present additional symptoms, more often
parkinsonism and psychotic features,'>"* led to the assumption
that C901f72 repeat expansion could be responsible for a wider
and more heterogeneous range of clinical syndromes. Therefore,
a number of studies have examined the possible association of
the expansion to different phenotypes.

Such phenotypes include psychiatric manifestations and
dementia syndromes other than FTD. An increased prevalence
of psychotic symptoms in FTD patients with C9orf72 expansion
has been reported. However, a recent comprehensive review
concluded that the prevalence of CO9orf in primary psychiatric
presentations is estimated to be around 0.1%'> and not larger
than its prevalence in healthy controls. A possible association
with Alzheimer’s disease (AD) has also been examined. The
results indicate a small prevalence of <1%, even in studies where
a positive association was detected in clinically diagnosed or
pathologically confirmed cases.'®® Additionally, studies on
pathology indicate the presence of TDP-43-related pathology in
these patients, raising the possibility of misdiagnosing cases of
amnesic FTD for AD.

For quite some time, the clinical relevance of C9orf in move-
ment disorders has been debated. Initial studies reported the
increased prevalence of parkinsonian symptoms in FTD/ALS

12,19,20 : s
An increased incidence

patients who carry the expansion.
of parkinsonism and Parkinson’s disease (PD) in relatives of
ALS/FTD patients who carry the CYorf72 expansion has also

12,20,21 .
d. However, the connection among the

been reporte
expansion and parkinsonism or other movement disorders, as
well as its clinical significance beyond the FTD/ALS spectrum,

have not been clarified in the literature to date.

Basic Genetics and Molecular
Mechanisms

The repeat expansion refers to a GGGGCC hexanucleotide in
the non-coding region of the first exon of C90rf72."* The nor-
mal repeat size seems to be variable, and 90% of the European
. o122
population has a small number of two to 10 repeat units.
Therefore, normal size of <20 to 23 repeats was originally
defined, while the pathogenic range was considered to be of >30

.o 1,2.23
repeat units.

The estimated expansion range in most con-
firmed cases is much larger and usually falls within the range of
700 to 4,400 repeat units.> ! Large expansions, defined as >30
to 32 repeats, have also been detected in the 0.15 to 0.6% of the
controls in some large case—control studies of ALS and
FTD,""?%%* but their clinical significance has been debated.
Recently, smaller expansions of 45 to 80 units have been con-
firmed as pathogenic in some cases of FTD/ALS.?

The expansion is associated, with a risk haplotype that has

increased frequency in some European populations, supporting
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the theory of a common founder effect.®**?® Finland has the
highest prevalence of C90rf72 in sporadic cases of ALS and FTD,
21.1% and 18.8%, respectively,' and is considered to be the ori-
gin of this risk haplotype. Smaller frequencies (4-8%) are
reported in populations of African and Hispanic origin,”*?” while
the C901f72 repeat expansion is considered quite rare in Asians.
Population studies in various Asian populations calculated an esti-
mated prevalence of CYorf72 in sporadic ALS at around
0 to 2%.%°

The size of expansion could be inversely correlated with the
age of disease onset, although earlier reports did not support such
a correlation.” A recent study concluded that patients who carry
smaller expansions (45 to 80 units) seem to have almost a
10-year-later age of onset.”> Incomplete penetrance and anticipa-
tion are also observed.”>° This disease anticipation results in ear-
lier age of onset, but not in more severe phenotypes.
Intergenerational variability of the length of the expansion could
be implicated, although exact effect and clinical significance have
not been completely clarified.'"?" Interestingly, anticipation and
intergenerational variability do not seem to apply for smaller
expansions.®*

The significant degree of clinical heterogeneity that can occur
even within the same family is commonly reported.®* This
observation doesn’t seem to be completely explained by the
genetic variability of the expansion. A combination of additional
genetic, epigenetic, and environmental factors is suggested to be
implicated, though not completely understood.”'** An interest-
ing modifier that seems to play an important role is the reported
hypermethylation of the promoter region and the expansion
itself.*>>* This seems to affect larger repeats of >90 units, while
smaller expansion is completely unmethylated, or much less
methylated.®> Somatic instability of the repeat expansion has also
been observed and could contribute to the phenotypic
variability.*>¢

The molecular basis of the C90rf72 neurodegeneration has not
been completely clarified, although a combination of gain- and
loss-of-function mechanisms is considered to cause disease.””
Studies of the related pathology have revealed a characteristic
pattern of cellular changes that seems to be defined by the pres-
ence of cytoplasmic ubiquitin/p62-positive, TDP-43-negative

38,39

inclusions that make CY9orf72-related neurodegeneration

quite distinctive, even within the FTD/ALS spectrum.

Methods

A comprehensive search of the literature was performed in
PubMed, up to the June 10, 2018. We used a combination of
key words such as “C90f72” and “parkinsonism”, “movement

disorders”, “Parkinson’s disease”, “progressive supranuclear
palsy”, “multiple system atrophy”, “corticobasal syndrome”,
“dementia with Lewy bodies”, “chorea”, “dystonia”, and

“ataxia” to identify possibly relevant papers. Additionally, we
performed a manual search through the citations of the identified




BOURINARIS AND HOULDEN

REVIEW

papers to detect further related studies. Only papers written in
English were considered.

Our target was to include all relevant identified papers,
encompassing reviews, case series, and case reports that refer to
parkinsonian and other movement disorder phenotypes in rela-
tion to the C901f72 expansion, either in the commonly accepted
pathogenic range of >30 repeats, or the intermediate range as
defined by the authors.

In the following paragraphs, we will try to summarize and
critically acclaim the reviewed papers. We focused on papers that
reported data on the frequency of C901f72 in typical and atypical
parkinsonism and other movement disorders, the natural history
of the disease, considerations on inheritance pattern, possible cor-
relations of the phenotypic variability to the size of expansion,
and finally, data on C90rf72-related pathology and the underly-
ing mechanisms in relation to the different phenotypes.

Results and Discussion

Prevalence of C90orf72 in
Parkinson’s Disease

We identified several papers that studied the prevalence of C9orf72
expansion in typical PD. We noticed that the studies used different
methods and a vardable threshold of copy repeat units to identify
normal and positive subjects. In most cases, positives are identified
by either determining a pathogenic threshold of >30 or > 60 copy
repeats, or by the classic sawtooth pattern that is observed in the
repeat-primed PCR assays, as reported in the original research

. 1224
studies.

It is worth mentioning that this method is not consid-
ered reliable to determine the size of larger expansion of >60
repeat units and require the concomitant use of complex Southern
blot techniques to determine the number of repeats. The character-
istics and the findings of the studies are summarized in Table 1.

A couple of studies that have been carried in mostly Caucasian
populations from Europe and North America reported small
frequencies of C90rf72 in PD cohorts, smaller than 1%.*%*! All
other studies in Caucasian populations, including European and
North American patients, did not report any positive C9orf72

22,42-47

expansion carriers. Finally, many studies that have been

carried out in populations of Asian origin were also negative for

48752 3 fact that is coherent

the presence of expansion carriers,
with the small frequency of the expansion in Asian populations.
A single worldwide study and meta-analysis of typical PD popu-
lations that included more than 7,000 patients from 12 different
counties in four continents was performed by the Genetic Epide-
miology of Parkinson’s disease (GEo-PD) consortium.> This study
reported a worldwide prevalence of 0.06% (n = 4/7,232) using a
cutoff of >60 repeat units to define positives. All positives were of
European origin; one from Germany and three from France. The
French cases have been previously reported elsewhere.*' They all
had a positive family history of ALS, dementia, or atypical parkin-
sonism. Interestingly, the same study reports one control of Asian
origin harboring a positive >60 repeats expansion, bringing the

relevant frequency of the expansion in the controls to 0.02%
(n = 1/5,478). A subsequent meta-analysis of the data failed to find
statistically significant differences in the attributable risk for disease
among the two groups of PD patients and controls, using a cutoff
of 217 repeat units (P = 0.03, with P < 0.002 being the limit for
statistical significance after Bonferroni correction for the number of
comparisons).

Some of the previous studies reported cases that harbor inter-
mediate repeat alleles, usually defined in the range of 20 to

24,40,44,46,47,52 . :
’ A case with 38 repeats and a posi-

30 repeat units.
tive family history of PD was also reported, although the expan-
sion did not segregate in the family and therefore was not
considered pathogenic.** One of the studies reported that 2% of
the studied PD cases were carrying intermediate expansions of
21 to >30 copy repeat units.** Subsequent statistical analysis sug-
gested that intermediate repeats could be a risk factor for PD
with an odds ratio of 9.6 (95% CI: 1.32, 421). The large reported
confidence intervals, due to the small number of cases, seem to
limit the clinical significance of this finding. A study of the
Swedish population, reported a frequency of intermediate alleles
with >20 repeat units, but no typical sawtooth pattern in 2.2%
of the PD patients and 2.9% of the healthy controls. The authors
did not investigate this finding further.?* Finally, a study of the
Chinese population reported an association of intermediate alleles
to the risk of PD, with an odds ratio of 1.37 (95% CI: 1.05,
1.79), but the authors used a much smaller cutoff of >7 repeats.”’

The global study by GEo-PD also investigated the possible
contribution of smaller expansions to disease susceptibility. They
reported a slight increment of the risk with increasing number of
repeats, but the calculated effect size did not reach the level of
statistical significance for expansions larger than nine to 10 repeat
units (P = 0.009, with P < 0.002 being the limit for statistical
significance after Bonferroni correction).

Notably, almost all previously mentioned studies included
patients who had been diagnosed as PD based solely on clinical
criteria. Only two papers that have studied the prevalence of
CY901f72 expansion in cohorts of pathologically confirmed PD
cases were identified.>*>® These studies report the findings of
377 and 488 respectively autopsied brains from sporadic PD
patients. Only the first study reported a prevalence of 0.2%
among all studied cases (n = 1/377), or 0.3% among the cases
that presented Lewy body pathology (n = 1/338).>" This single
positive case had a positive family history of ALS. Further details
of the pathological findings will be discussed later.

Prevalence of C9orf72 in

Atypical Parkinsonism

The data on the prevalence of C901f72 in atypical parkinsonian
syndromes are much sparser and presented mostly as case reports
and small case series. We identified a few cases reported either
separately or as part of larger cohorts. The phenotypes include
corticobasal syndrome (CBS),*'**® progressive supranuclear
palsy (PSP),*%%°¢! multiple system atrophy (MSA),>”** and

dementia with Lewy bodies (DLB)®® The characteristics and
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results of studies on smaller or larger cohorts of patients with
atypical parkinsonism are presented in Table 2.

When patients were diagnosed based solely on clinical criteria,
the results that were reported in these cohorts seem to vary sig-
nificantly. Some of the studies reported positive findings for the
presence of large expansions of C%if72 hexanucleotide. These
include a prevalence of 2% in a cohort of 102 DLB patients,*’
and some positive cases of CBS and PSP in small cohorts of

41,58-60

patients. The rest of the studies did not report the pres-

ence of large CY01f72 expansions in clinically diagnosed

47:49.30.64°66 Einally, a study that failed to identify large

patients.
expansions in a cohort of patients with atypical parkinsonism,
reported a significant frequency of intermediate sizes of 20 to
29 repeats (n = 4/92).*” Occasional cases of intermediate repeats
have been reported in other papers as well.*'>® All reported cases
that carried large or intermediate expansions were of European
origin. A study of the Chinese population that used a cutoff of
>7 repeat units to define intermediate expansions reported a fre-
quency of 42.6% in a cohort of MSA patients, but this was not
statistically significant compared to controls that were reported to
have a higher frequency of 50.5%.%> No further details for the
exact repeat counts were given.

An important observation was that all the reported cohorts,
which included pathologically confirmed patients, were uni-
formly negative for the detection of any C901f72 positive cases.
These studies include a cohort of MSA, CBD, and PSP patients
(n = 96, 18, and 177, respectively),58 a cohort of 100 MSA
patients,®” and two cohorts of 111 and 53 DLB patients, respec-

869 The last and most recent study, examined a large

tively.
international cohort of 1,398 neuropathologically confirmed
DLB cases and a smaller cohort of 126 clinically diagnosed
patients.”” Among the pathologically diagnosed patients, three
cases carried marginally expanded alleles of 32 to 33 repeat units
that were not considered pathogenic. The same study reported
two cases of expanded alleles in the clinically diagnosed patients
who had been previously reported.®®

Only one pathologically diagnosed case of atypical parkinson-
ism has been reported in the literature so far. This refers to a
CBD patient that was previously clinically diagnosed as FTD and
had a strong family history of Huntington’s disease (HD).”' In
the same study, a clinically diagnosed CBS patient was classified
as FTLD-tau CBD after studying the pathology. A recent study
that identified three clinically diagnosed DLB patients as C9orf72
carriers eventually reclassified the patients as FTLD based on

pathological criteria.”?

Prevalence of C9orf72 in Other
Movement Disorders

In a few studies, C901f72 was confirmed as an important genetic
cause of HD-phenocopies and reported as one of the leading
genetic causes of such cases in populations of European origin.
These studies were conducted on patients who presented with an
HD-like phenotype and tested negative for pathogenic expan-
sions in the huntingtin gene. Reported frequencies range from

1.75% to 5%, and all studies included populations of European
origin: British,'""”? Serbian,”* Greek,” and Portuguese.”® A study
of the French population did not identify any C90rf72 positives.””
The results are summarized in Table 3.

. 4351
In two studies™™

on the presence of C901f72 repeat expan-
sion in cohorts of patients with essential tremor (ET) and restless
legs syndrome (RLS), only one positive case was reported; a
61-year-old male who presented symptoms reminiscent of RLS,
but soon developed cognitive and behavioral symptoms and was
eventually diagnosed as FTD.** The clinical significance of these
studies is limited by the relatively small size of the cohorts.

The relation of C901f72 expansion to various cases of ataxia
has been investigated in a few studies. Three studies in cohorts of
patients with sporadic cerebellar ataxia who previously tested
negative for other possible genetic causes were reviewed. The
first reported one positive case among a cohort of 209 patients
(prevalence of 0.5%).”® The second reported no positives in a
cohort of 98 Chinese patients diagnosed as idiopathic spinocere-
bellar ataxia (SCA).®® The third did not identify any positives in
a cohort of 440 German patients.”’

A study on genetically confirmed SCA patients identified
seven cases with concomitant C9orf72 hexanucleotide expansions
within the pathogenic range, defined as >30 repeat units, in a
cohort of 277 patients diagnosed with pathogenic CAG expan-
sions in SCA1, SCA2, SCA3, and SCA6.%° All were reported to
have various degrees of motor neuron signs, but none had ALS.
The same study reported that 40% of the patients had intermedi-
ate expansions in C9orf72 and studied their phenotype. The
authors suggested that intermediate expansions might affect the
progression of non-motor symptoms, including depression, but
not the progression of ataxia in SCA patients.

An interesting association has also been reported in C9orf72-
positive patients who carried concomitant intermediate ATXN2
alleles in the range of 27 to 33 repeats. These patients were
reported to have an increased risk to present with an ALS phe-
notype, suggesting that ATXN2 could be a modifier of C90rf72
expansion carriers towards ALS. The frequency of patients who
carried larger than normal ATXN2 alleles was small, but statisti-
controls (1.5% vs. 0%,

P =0.029)5" A family with the simultaneous presence of patho-

cally significant compared to

genic expansions both in C90rf72 and ATXN2 was previously
reported to present with a complex phenotype that included
ataxia, dementia, and parkinsonism, but not ALS.%?

Additional ataxia case reports include a patient with pure cere-
bellar ataxia and a large C90rf72 expansion,® and a patient with
progressive cerebellar ataxia and psychiatric symptoms, who was

reported to carry an intermediate expansion of 21 repeat units.®*

Natural History and Symptoms

Patients with C90rf72 that manifest parkinsonian symptoms were
reported to have a typical presentation that is commonly asym-
metric onset akinetic-rigid syndrome with prominent bradykine-

sia and little or no tremor.'*!'***%! Pogitive family history was
commonly reported and included FTD/ALS, parkinsonism, and

other than FTD types of dementia.*'>>¢"!
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TABLE 3 Characteristics and results of reviewed cohorts that included patients diagnosed as Huntington’s disease phenocopies

Number of
Mean intermediate
AAO + SD Number of Family history expansion carriers
Subjects [rangel, positive of positive (repeat count);
Study Country/ethnicity (n=) in years cases Prevalence cases features and history
Beck et al., 2013 United Kingdom 421 n.m. 7 1.7% n.m. n.m.
Hensman Moss United Kingdom 514 48.8 +19.3 10 1.95% 7/10 positive n.m.
etal., 2014
Kostic et al., Serbia 39 47.6 £14.7 1 2.6% Mother with n.m.
2014 [24-73] dementia
Koutsis et al., Greece 40 48.5+17.1 2 5% 1/2 positive n.m.
2015 [8-83]
Martins et al., Portugal 20 n.m. 1 5% 1/1 positive for 1 (RC: 27), positive
2018 psychiatric family history
disorders for dementia
Mariani et al., France 23 n.m. ) 0% n.a. n.m.

2016

Abbreviations: AAO, age at onset; n.a. = not applicable; n.m., not mentioned; RC, repeat count; SD, standard deviation.

A systematic review of C901f72 positive patients with parkin-
sonism, including PD and atypical parkinsonism, reported an aver-
age age of onset of disease of 52 years and early onset of
parkinsonian signs within the first year of the disease in most
cases.’! In the same review, the most commonly reported accom-
panying symptoms included cognitive and behavioral dysfunction
(85% and 56%, respectively), followed by psychiatric symptoms
(31%), while upper motor neuron (UMN) and lower motor neu-
ron (LMN) signs were also not uncommon (60% and 36%,
respectively).®! In the global meta-analysis by GEoPD, most PD
patients who carried pathogenic expansions (n = 3/4) were
reported to show signs of cognitive decline within one to eight
years after disease onset.>® Another patient with no significant cog-
nitive deterioration even >10 years after disease onset and early
dopa-responsiveness was also reported, as described elsewhere.*!

Dopa-responsiveness was also reported in cases of PD that
were reported to carry intermediate expansions,**? but not in
most patients with larger expansions that presented parkinsonism
as part of more complex phenotypes that included symptoms
suggestive of FTD/ALS.'*%

In most instances, authors were very cautious to suggest genetic
testing for CYorf72, especially for typical PD cases. Overall, the
most commonly reported features that increased the possibility of
positive C9o1f72 testing in patients with typical or atypical parkin-
sonism included early cognitive and/or behavioral symptoms, posi-
tive family history of ALS or FTD or other neurodegenerative

syndromes, and the presence of UMN and LMN signs.*>>¢!

Imaging

A few reports presented radiographic features of patients with
parkinsonism that carry the C901f72 expansion. A systematic
review concluded that cerebral atrophy is the most commonly
reported imaging finding (90%), including frontotemporal atro-
phy in 53% of the cases, temporal atrophy (37%), parietal atrophy

(13%), and generalized cerebral atrophy (30%).°"

MOVEMENT DISORDERS CLINICAL PRACTICE 2018; 5(6): 575-585. doi: 10.1002/mdc3.12677

In some cases, brain MRI findings seemed to correlate with the
clinical phenotype. A PSP-like patient was reported to show signif-
icant midbrain atrophy and mild cerebellar atrophy.®' Another
patient, diagnosed as CBS, showed asymmetrical frontotemporal
atrophy.>® And finally, a patient with pure cerebellar ataxia pre-

sented significant cerebellar atrophy, affecting mostly the vermis.®?

Genetics

A quite interesting issue is the possible correlation between the
phenotypic variation to genetic factors, including the size of the
CY90rf72 hexanucleotide expansion. Most studies agreed on the
observation that there is no correlation between repeat length

. 42
and risk for PD or the age of onset,***>*

although a possible
association of the size of expansion to the age of onset has also
been suggested.”® There are indications that intermediate repeat
size >10 to 20 units may have a role in risk for PD, although the
reported effect size seems to be small or questionable.**>'?

Due to the small number of reported cases, there has not been
enough data to support age-related penetrance or disease antici-
pation, as suggested in similar studies with FTD/ALS patients.

The possibility that the C901f72 hexanucleotide expansion
could interact with other repeat expansion disorders, including
the CAG expansions disorders of several SCA genes and HD,
possibly altering the phenotypic expression of either condition,
has been suggested in some papers.”***#"-*¢ This finding could
mean that C9rf72 expansion, either in the pathogenic or in the
intermediate size of repeat units, could act as a genetic modifier

of other repeat expansion disorders and vice versa.

Pathology and Underlying
Mechanisms of Disease

Studies have been researching the underlying pathology and pos-
sible correlations to the phenotypic variations. Most studies of

pathologically confirmed cases were negative for the presence of
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C901f72 expansion in PD,*® MSA,**% and DLB cases.®® 7" A
single reported positive PD patient,”® apart from Lewy body
pathology, exhibited signs of FTLD and C9o1f72-related pathol-
ogy with p62 positive inclusions. Coexistence of Lewy body and
p62 pathology has been reported elsewhere, in cases initially
diagnosed as DLB, although it is unknown in what degree the
two pathologies contributed to the clinical phenotype.”?

Notably, it was reported that patients who carry the expansion
and show parkinsonian symptoms display more features of
CY01f72 pathology instead of typical Lewy body pathology.>**”
This finding could suggest a distinct mechanism of C9orf72-
related parkinsonism, where the C9orf72-related pathology could
affect the substantia nigra and cause parkinsonian symptoms. The
presence of a significant degree of pathology found in the stria-
tum and substantia nigra has been previously reported in
ALS/FTD patients.®®

Clinical Significance of C9orf72
in Parkinsonism and Movement
Disorders

Studies that have confirmed the presence of large expansions in
patients diagnosed as PD and atypical parkinsonism have mostly
used clinical criteria for diagnosing the patients. Reported fre-
quencies are very small for PD and variable for atypical parkin-
sonism, as discussed earlier. Studies that have used pathological
criteria to define the diagnosis have failed to reproduce findings
of studies based on clinical criteria and reclassified many
patients. 5458677172

The observation that some of the patients present early cogni-
tive symptoms raises the question that these patients may actually
belong to the FTD/ALS spectrum and have accompanying par-
kinsonian signs.”> A study identified a high prevalence of the
C901f72 expansion (> 20%) in a cohort of patients with parkin-
sonism defined as ALS-plus syndromes, when they also fulfilled
the clinical criteria for ALS.*> This spectrum includes ALS-PD,
ALS-CBS, ALS-PSP, and ALS-MSA patients.

The relatively common presence of parkinsonian symptoms in
FTD/ALS patients who carry the expansion is confirmed in several
studies. The prevalence is estimated to be as high as 35% within
the first two years after disease onset,'” and even higher in familial
cases.” It seems that in patients who present with the phenotype
of behavioral variant FTD (bvFTD), the prevalence of parkinso-
nian symptoms can be as high as 50 to 75% and significantly higher
compared to patients who present with ALS phenotype.'>™

The observation that there is an increased prevalence of par-
kinsonism in the families of C9orf72-positive patients has been
examined by some studies. A systematic review of patients with
typical and atypical parkinsonism that carry the expansion
revealed a high prevalence of parkinsonism (38%) in the family
history, including a significant prevalence of PD (13%).%" Positive
family history seems to include mostly complex phenotypes. In a
study that identified five patients carrying large expansions in a
cohort of sporadic and familial cases with parkinsonian
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phenotypes, none of the C9if72 positive patients had a family
history of typical PD.*!

Many studies report an intermediate range of repeats in
patients with different phenotypes that include: typical

PD, 042444652 4 rynical parkinsonism, including PSP, MSA, and

41,47,58 . 44
ET plus parkinsonism,™ or

PD complicated by psychosis,
even cerebellar ataxia.®* Previous studies have reported the pres-
ence of patients with an intermediate size of repeats in cases with
FTD/ALS phenotypes.”*"?%*! The exact definition of interme-
diate repeat expansion size is not firmly established though, and
its possible role in disease is still being questioned, but cannot be

completely disregarded with the current data.”?

Conclusions, Limitations, and
Suggestions for Further
Research

In general, there is a small amount of evidence to support the
direct causal relation of the C90rf72 expansion in PD, atypical
parkinsonism, and most other movement disorders. On the con-
trary, there is a satisfying amount of data that the expansion may
be one of the leading genetic causes of HD-phenocopies in
populations of European origin. By comparing the segregate data
on prevalence from the reviewed studies to the figures reported
in the latest published meta-analysis of ALS and FTD related to
C901f72,”> we noticed a big gap in the observed frequencies and
the number of cases, questioning the relevance of C901f72 to
parkinsonian disorders (Fig. 1).

Especially for typical PD, the reported frequencies of large
repeat expansions in many sizeable case—control studies are very
small and statistically insignificant, suggesting that C901f72 expan-
sion should not be considered as an important genetic cause for
PD. Data on atypical parkinsonism are more variable and mostly
based on small cohorts of clinically-only diagnosed patients. This
fact is further complicated by the difficulties often encountered
in the phenotypic classification of complex syndromes that pre-
sent parkinsonian symptoms. Pathological studies on such
patients often reconsider the initial clinical diagnosis. Therefore,
it is not surprising that all studies on C901f72 in pathologically
confirmed patients with atypical parkinsonism failed to reproduce
the findings of previously reported, clinically defined cohorts.
Further prospective studies with larger and better-defined
cohorts of patients with atypical parkinsonism are required to
address this issue.

Most reported cases in literature are of European origin, a fact
that is consistent with the theory of common founder effect.
Interestingly, the same populations have a slightly larger average
size of copy repeats and infrequent expanded alleles within nor-
mal controls when compared to other populations. Since the clin-
ical significance and the contribution of expansion size to disease
variability are still unknown, this finding needs to be clarified.

The observation that some patients carry a smaller, or interme-
diate size of repeat expansion suggest that C9orf72 could be a sus-
ceptibility factor for parkinsonism rather than a direct causing
gene, although there is not enough evidence to support that
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PD 14 6,885 5 0.07%
Ataxia (idiopathic) 3 747 1 0.13%
Atypical parkinsonism 12 1,527 10 0.65%
HD-phenocopies 5 1,057 21 1.99%
FTD 23 5,320 488 9.17%
ALS 32 12,784 1,244 9.73%

FIG. 1. Calculated frequencies of C9orf72 expansion carriers based on aggregate data of reviewed studies. Frequency and number of

cases for ALS and FTD as reported elsewhere (see text).

theory. The lack of consensus in determining the exact length of
repeat units that are considered pathogenic needs to be addressed.
The technical difficulties that limit the accuracy in determining
the exact size of the expansion, especially in larger expansion
sizes, stress the need to use precise Southern blotting techniques
that can allow more concrete conclusions of future research stud-
ies. The reported somatic instability of the expansion, with larger
expansions observed in the brain in comparison to the peripheral
blood, complicates, even more, the effort to establish firm
phenotype—genotype correlations. It seems that this observation
does not affect smaller expansions and needs to be studied further.

Furthermore, the variability of the expansion size does not seem
to correlate directly with the clinical heterogeneity. The possibility
that additional genetic, epigenetic, and environmental factors
could play a significant role in the expression of the expansion has
been suggested and could explain the significant degree of
observed phenotypical heterogeneity. The role of methylation has
already been studied and seems to correlate with the pathogenicity
of the expansion. The possible interaction with other repeat
expansions has also been suggested. Further research is required to
determine the exact role of genetic, epigenetic, and/or environ-
mental modification and its impact on clinical variability.

The relatively high prevalence of parkinsonian signs among
patients who present within the FTD/ALS spectrum raises the
possibility that parkinsonism is just one of the phenotypes that
overlap with the complex syndromes that can be caused by the
CYorf72-related neurodegeneration. Studies of pathology in such
patients seem to support that theory, revealing a mixed Lewy
body and p62 pathology. Further studies are required to define
the significance of such overlap and the contribution of the
CY01f72 expansion in the observed findings.
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