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Abstract

Purpose of Review To present recent findings on the links between the C90rf72 expansion and psychiatric impairment.

Recent Findings Repeat hexanucleotide expansions in the C90rf72 gene are a cause of familial frontotemporal dementia (FTD),
amyotrophic lateral sclerosis (ALS), and the mixed phenotype, FTD-ALS. Symptomatic expansion carriers display higher rates
of psychotic and other psychiatric symptoms than non-carriers. Neuroanatomical associations of these symptoms have been
found in cortical and subcortical areas. Family members of symptomatic carriers have higher rates of primary neuropsychiatric
disorders than control populations, and the C9orf72 expansion may contribute to this association. However, the expansion does

not appear to directly cause primary psychiatric disorders.

Summary While there is strong evidence associating the C9orf72 expansion with psychotic symptoms in carriers and psychiatric
disorders in their kindreds, the link between these two phenomena, if any, remains unclear.

Keywords C9orf72 - Psychiatric - Frontotemporal dementia - Amyotrophic lateral sclerosis

Introduction

In 2011, a hexanucleotide repeat expansion in the C9orf72
gene was identified as a pathogenic cause of amyotrophic
lateral sclerosis (ALS), frontotemporal dementia (FTD), and
the mixed phenotype, FTD-ALS [1, 2]. The expansion is the
most common cause of genetic ALS and FTD, responsible for
23-38% of familial ALS, 20-25% of familial FTD, and up to
50% of familial FTD-ALS cases [3°, 4, 5]. In addition, the
expansion accounts for approximately 3—6% of sporadic
ALS and 2-6% of sporadic FTD [3e, 4, 6]. These numbers
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vary between ethnic groups, with higher rates among
Caucasians and lower rates in Asian populations [3°, 6].

The CYorf72 mutation is autosomal dominant, and carriers
within genetic families may display ALS, FTD, FTD-ALS, or
other less common disorders [3¢]. Multiple phenotypes are typ-
ically present within single mutation-carrying families [3¢]. The
mutation shows age-dependent, high penetrance with a median
age of onset in the sixth decade. Cumulative penetrance ranges
from 90.9 to 95.5% by age 83 [7]. However, there are reported
cases of mutation carriers remaining asymptomatic into their
ninth decade, indicating that penetrance may be incomplete [7].
Average incidence of the repeat expansion across healthy adult
populations is estimated at 0.06% [7], and is as high as 0.15%
in one British population study [8].

The typical number of expansion repeats in the C9orf72
gene in healthy adults ranges from around 1 to 20, although
higher numbers have been reported [8, 9]. Patients with the
pathogenic mutation will often have repeat numbers in the
hundreds or thousands [9, 10]. The implications of an interme-
diate number of repeats (generally considered 20-30) are un-
determined [11]. There is dispute over the specific number of
repeats that constitutes pathogenicity; however, estimates range
between 30 and 60 [9, 10]. Part of the uncertainty stems from
the possibility of somatic expansion, i.e. that repeat lengths in
DNA collected from brain tissue can vary from repeat lengths
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in DNA collected from blood and other organs—and that this
variation can occur even in DNA collected from tissue in dif-
ferent brain regions [12]. These differences in repeat length
have been shown both across groups and within individuals
from whom multiple samples were collected [12]. Repeat num-
ber in a patient population has not been shown to associate with
age of onset, disease duration, or clinical phenotype (ALS or
FTD) [9, 11], perhaps because of this variation in repeat num-
ber within an individual [12]. Additionally, there is debate
about whether or not anticipation, defined as earlier age at onset
in progeny, occurs through generations [10, 13].

Mechanisms of toxicity of the C9orf72 expansion are not
established, but both loss of function and gain of function
mechanisms have been proposed [14¢e, 15]. The pathology
due to C9orf72 expansions is characterized by TAR DNA-
binding protein 43 (TDP-43) inclusions (typically type B) in
regions equivalent to those found in sporadic FTLD-TDP and
ALS [1, 10]. In addition, inclusions containing dipeptide repeat
(DPR) proteins resulting from the translation of the expanded
gene have been found in both cortical and subcortical regions,
as well as in the cerebellum [16, 17]. While TDP-43 pathology
is not specific to the C9orf72 mutation, the DPR protein pa-
thology does appear to be a specific feature and may confer
unique mechanisms of toxicity [14ee, 18]. Atrophy in patients
with ALS and FTD due to C90rf72 tends to be symmetrical and
to include more parietal, subcortical (e.g., thalamus), and cere-
bellar regions than are seen in non-carriers with these diseases
[10, 19, 20].

Psychotic Symptoms in C90rf72 Expansion
Carriers

Clinical characterizations of C9orf72 mutation carriers with
FTD and FTD-ALS have shown that carriers have higher rates
of psychotic symptoms (delusions and hallucinations) than
non-carriers [14+]. The most common clinical phenotype of
FTD due to the C90rf72 mutation is behavioral variant FTD
(bvFTD) [10]. Reports of psychotic symptoms across FTD
groups vary, but they are present in approximately 3.5% of
all cases of bvFTD, and in up to 10% of all FTLD cases,
including FTD-ALS [21, 22]. However, the presence of such
symptoms in C9orf72 expansion carriers with FTD (including
bvFTD and FTD-ALS) ranges from 21 to 56% [14¢]. The
CYorf72-related psychotic symptoms are often somatic in na-
ture, such as one patient’s complaint of plastic emanating from
his head [23-25]. It has been hypothesized that the prepon-
derance of somatic delusions may be due to an altered body
schema (e.g., impaired tactile encoding, proprioception, and
representation of body parts), associated with the posterior,
subcortical, and cerebellar atrophy seen in C9orf72 carriers
[26]. Case reports demonstrate that psychotic symptoms
may occur prodromally years prior to formal diagnosis of
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FTD, which can lead to misdiagnosis of a psychiatric disorder
such as schizophrenia [27-30]. Interestingly, other genetic
variants of FTD may have their own unique psychiatric symp-
toms, including visual hallucinations in patients with muta-
tions in the GRN gene [21], or depressive symptoms prior to
an FTD diagnosis in some carriers of MAPT mutations [31].

A few studies have investigated possible genetic modifiers
of'the psychotic phenotype in C9orf72-linked FTD. One study
identified a 10 base pair deletion adjacent to the C9orf72 ex-
pansion; carriers without this deletion were significantly more
likely to have psychotic symptoms [32]. Another study found
that an intermediate number of repeats (20—30) was associated
with psychotic symptoms in FTD and other dementias [11].
However, these hypotheses are based on small samples and
necessitate more thorough exploration.

Psychiatric symptoms often precede motor symptoms in pa-
tients with ALS [33]. Patients hospitalized for schizophrenia,
bipolar disorder, depression, or anxiety are significantly more
likely to develop ALS within the following year than patients
hospitalized for other reasons [34¢], and rates of depression, neu-
rotic disorders, and drug abuse/dependence are higher in patients
with ALS, both before and after diagnoses than in healthy con-
trols [35¢]. Unlike with FTD, there is no established association
between these psychiatric symptoms and the C90rf72 expansion
in ALS (the referenced studies did not have access to genetic data
on the participants), and the possibility of a unique psychiatric
profile in carriers with ALS has not been explored.

Neuroanatomical Associations
with Psychiatric Symptoms in C9orf72 Carriers
with FTD/FTD-ALS

Recent studies have investigated the neuroanatomical associa-
tions of psychiatric symptoms in C90rf72 carriers with bvFTD
and FTD-ALS [36¢e, 37¢°]. In a sample of mutation carriers,
psychotic symptoms (delusions and hallucinations) were asso-
ciated with a pattern of cortical and subcortical gray matter
volume loss in regions within the medial-frontal, temporal,
and occipital cortices, anterior cingulate cortex, insula, basil
ganglia, thalamic nuclei, and right cerebellum [36¢¢]. These
associations were more widespread when compared to the
combined group of mutation and non-mutation patients, for
whom psychotic symptoms correlated with reduced volume
in the medial prefrontal cortex, occipital cortices, right thala-
mus, and left cerebellum. Note that in this study, analyses were
not run for the non-carriers alone.

Another study used voxel-based morphometry (VBM) to
find neuroanatomical associations of individual psychiatric
symptoms in C9orf72 carriers [37+¢]. Visual hallucinations
were associated with posterior atrophy, including the left pari-
etal lobe and occipital pole, whereas delusions and tactile and
auditory hallucinations were associated with frontal atrophy.
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Depression and anxiety were associated with frontal, parietal,
and cerebellar atrophy. Unique associations between psychiat-
ric symptoms and volume loss in differing regions were also
found in carriers of mutations is two other FTD-related genes,
MAPTand GRN. These include associations between psychotic
symptoms and atrophy in the left thalamus, left middle frontal
gyrus, and cerebellum in GRN mutation carriers, with atrophy
of the temporal lobe and angular gyri in MAPT mutation car-
riers, and with atrophy of the anterior insula in both groups.
However, the generalizability of these findings is limited by the
small sample size for each symptom.

A clinicopathological study of FTD patients with C9orf72
mutations identified greater volume loss in the left parietal
precuneus in four patients with delusions than in 13 patients
who did not have delusions [30]. In combination with the find-
ings above, this indicates that delusions may be associated with
both frontal and posterior atrophy. More generally, psychotic
symptoms in C9orf72 carriers seem to be associated with wide-
spread atrophy in frontal and posterior regions, as well as in
subcortical regions (e.g., the thalamus) and even the cerebel-
lum. However, given the small sample sizes of the studies and
the large range of areas identified, it is difficult to interpret the
neuroanatomical underpinnings of these symptoms more defin-
itively, and larger groups will be needed for a thorough
characterization.

Several of the regions identified in the above analyses, in-
cluding the thalamus and cerebellum, show reduced gray mat-
ter volume in C9orf72 carriers with bvFTD compared to other
mutation carriers and sporadic non-carriers of comparable age,
gender, phenotype, and disease duration [10, 19, 20]. In addi-
tion, gray matter volume differences between clinically normal
C90rf72 expansion carriers from FTD families and familial
normal controls have been identified in carriers as far as 25
years from their expected age of onset [38]. Specifically, car-
riers had reduced volume in the thalamus, insula, and posterior
cortical areas 25 years prior to expected age of onset, reduced
volume in frontal and temporal lobes 20 years prior to expected
onset, and reduced cerebellar volume 10 years prior to expected
onset. Note, however, that the sample in this study only includ-
ed five asymptomatic individuals more than 25 years from their
expected age of onset, so it remains to be established if the
findings are generalizable. It is not known whether the struc-
tural changes in C9orf72 mutation carriers who have not yet
progressed to bvFTD or FTD-ALS may relate to the psychotic
symptoms that can present early in (or prior to) the manifesta-
tion of their disease.

C90rf72 Expansion in Primary Psychiatric
Disorders

Considering the high prevalence of psychotic symptoms in
symptomatic C9orf72 carriers, a few studies have explored

whether the repeat expansion is present in populations with
psychotic and other primary psychiatric disorders. Across sev-
eral studies including cohorts from the USA, Ireland, Finland,
and Japan, a total of 2687 patients with schizophrenia,
schizoaffective disorder, or other psychosis have been
screened for the mutation [39, 42, 43¢, 44¢]. Of these, five
individuals with schizophrenia or schizoaffective disorder
(0.19% of the total patients) have been identified with a path-
ogenic number of repeats (> 30) [40, 44¢]. Four cohorts of
patients with bipolar disorder in the US and Europe,
encompassing 862 patients, have also been screened for the
mutation [41, 45, 46, 47]. Of these, two have been identified
as having a pathogenic number of repeats (0.23% of the pa-
tients). More recently, samples of 573 patients with obsessive-
compulsive disorder and 109 individuals who died by suicide
have been screened for the expansion, with no members of
either group carrying the pathogenic mutation [48e, 49¢].

While it is possible that the C9orf72 expansion is a rare
cause of schizophrenia, schizoaffective disorder, and bipolar
disorder, it does not appear to be a significant cause of these,
nor of other psychiatric diseases. The prevalence of the repeat
expansion in these psychiatric cohorts was only slightly great-
er than the prevalence found in healthy controls (up to 0.15%)
[8]. Therefore, it is not clear that the expansions detected in the
above cohorts were causative of the patients’ psychiatric
impairment.

Psychiatric Disease in ALS and FTD Kindreds

Recent population studies of first- and second-degree relatives
(“kindreds”) of patients with both sporadic and familial ALS
show elevated rates of primary psychiatric disorders.
Specifically, these kindreds have significantly higher risks of
psychotic disorder and death by suicide [50], as well as of
schizophrenia, autism spectrum disorder (ASD), and alcohol-
ism [S51ee], compared to kindreds of healthy controls, see
Table 1. When kindreds of C90rf72 expansion carriers were
directly compared with kindreds of patients with sporadic
ALS, they showed significantly higher risks of a psychotic
disorder and death by suicide. Risks of the other diagnoses
were not compared. In a small FTD cohort, C90rf72 carriers
were more likely to have a family history of psychiatric dis-
orders (schizophrenia, depression, and suicide) than non-
carriers [52].

A more recent study looking at kindreds of patients with
both ALS and FTD showed that risk of psychiatric illnesses
(schizophrenia, late-onset psychosis unrelated to schizophre-
nia, suicide, and ASD) was significantly greater in kindreds of
C90rf72 expansion carriers than in kindreds of non-carriers,
with no group difference in risk of mood disorders [53e¢].
Rates of disorders in kindreds did not differ based on the
diagnosis (FTD or ALS) of the proband, with the exception
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of autism spectrum disorder, which was more common in
kindreds of C9orf72 carriers with FTD. Within the C9orf72
carrier cohort, probands with early psychotic symptoms were
more likely to have kindreds with psychiatric diagnoses than
those without psychotic symptoms (“early” is not defined in
the paper). Interestingly, several expansion carriers with no
family history of neurodegenerative disease did have family
histories of psychiatric disease.

Taken together, these findings indicate a possible connec-
tion between the C9orf72 repeat expansion and familial psy-
chiatric disorders. Yet the nature of this association is unclear.
First, the expansion appears to account for some but not all of
the association between ALS and familial psychiatric disor-
ders [50, 51e]. This agrees with a recent finding that ALS and
schizophrenia share 14% of their polygenic risk, an overlap
only partly explained by a locus corresponding to the C9orf72
gene [54¢]. Second, for the above studies, family history was
determined by report, and no genetic information was obtain-
ed on kindreds. For this reason, it is unclear what proportion of
the kindreds were themselves carriers of the C90rf72 expan-
sion or at risk of developing a neurodegenerative disease.
Given the evidence of psychiatric prodromes in both FTD
and ALS, as well as the neuroanatomical changes that occur
decades prior to diagnosis in C9orf72 carriers, some of the
reported psychiatric diseases may in fact have reflected early
symptoms of a neurodegenerative process. This is especially
worth considering, as familial psychiatric illness was highest
for probands who themselves experienced early psychotic
symptoms. Furthermore, there is a preponderance of evidence
for the early misdiagnosis of FTD as psychiatric disease [55].

Importantly, psychiatric disorders are common in the gen-
eral population, with 46% of Americans meeting criteria for a
psychiatric disorder in their lifetimes [56]. They are also high-
ly heritable, with estimates of the variance explained by ge-
netic factors ranging from 23 to 76% for schizophrenia, 25 to
58% for bipolar disorder, 49 to 56% for ASD, and 21 to 32%
for major depression [57, 58]. Furthermore, several of these
disorders—including many referenced in the kindred studies
above—share genetic risk (e.g., bipolar disorder with schizo-
phrenia, both bipolar disorder and schizophrenia with major
depression, and ASD with schizophrenia), indicating the pres-
ence of common variants [57, 58]. Therefore, the possibility
of coincident psychiatric illnesses running in the C9orf72 ex-
pansion families cannot be ruled out. Moderate proband sam-
ple sizes in the studies above make such a coincidence more
likely.

Furthermore, C90rf72 probands are more likely to have
other family members with neurodegenerative disease than
non-carriers [53¢¢], meaning kindreds of these probands may
be exposed to more social and environmental stressors than
kindreds of probands with sporadic disease. This could in turn
lead to complex developments in the lifetime psychiatric
symptoms of those kindreds. For example, being the caregiver

to someone with dementia is associated with increased stress
and depression [59, 60], and young children of patients may
have complex psychological effects from witnessing their par-
ents’ decline [61, 62]. Kindreds of genetic probands may also
be at risk of carrying the mutation themselves, the knowledge
of which could contribute to anxiety and emotional distress, as
has been described in Huntington’s disease [63].

Clinical Implications

The findings described above have important implications for
clinicians treating patients with FTD and ALS. Late-life psy-
chosis should be investigated as a possible prodrome of a
neurodegenerative illness. Genetic testing can be offered to
rule in or out C9orf72, particularly in patients with a family
history of a dementia, ALS, or late-onset psychiatric disease.
Because of the possibility of mutations in such genes as GRN,
genetic testing should include both testing for the CY9orf72
expansion and a next-generation sequencing panel of other
FTD genes. These tests can be run either concurrently or se-
quentially if the C9orf72 test is negative. Genetic counseling
should be performed prior to testing, in order to explain im-
plications for the patient and for other family members. In
particular, families should be informed about the inter- and
intra-familial phenotypic variability associated with these
genes, so that it is not possible to predict age of onset, types
of symptoms, or disease course.

There are no established recommendations for medical
management of psychotic symptoms in patients with
C9orf72 mutations. Case reports have generally failed to show
positive effects of antipsychotic medication in carries with
FTD, and have shown a high incidence of adverse effects of
the medication [25, 64, 65]. There are few studies on the
efficacy of antipsychotic medication in sporadic FTD, and in
most of those studies, the antipsychotic medication was
targeted toward agitation rather than psychosis specifically
[66].

Conclusions

Since the discovery of the C9orf72 expansion and its causa-
tive role in ALS and FTD, an association with psychotic
symptoms in expansion carriers has been shown within the
FTD population. Novel research has further characterized
the nature of this association, with preliminary investigations
highlighting the possibility of genetic modifiers of psychotic
symptoms, and imaging analyses showing associations be-
tween psychiatric symptoms and regional atrophy. Future re-
search will need to investigate these effects among larger pa-
tient samples. Similarly, it remains to be investigated if
CYorf72 mutation carriers with ALS also present with higher
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rates of psychotic symptoms or with a psychiatric prodrome,
as is seen in FTD and FTD-ALS.

Research has failed to identify the C90rf72 expansion as a
significant cause of primary psychiatric illness. Despite this,
novel, population-based studies show that C9orf72 mutation
carriers with ALS and FTD have a higher prevalence of fa-
milial psychiatric disease than phenotypically-matched non-
carriers. Future investigations of genetic modifiers of this as-
sociation in family members and of potential shared genetic
variance between ALS, FTD, and psychiatric disorders in
C9orf72 mutation carriers would help to clarify any C9orf72
mediated cause of psychiatric symptoms.

The precise mechanisms underlying psychiatric symptoms
in C9orf72 mutation carriers, as well as psychiatric disease in
their relatives, remain unclear, as does the potential relation-
ship between these phenomena. Refinement of our under-
standing of the relationship between the C90rf72 repeat ex-
pansion and psychiatric impairment will have practical impli-
cations for clinicians and researchers alike.

Compliance with Ethical Standards

Conflict of Interest Hannah E. Silverman, Jill S. Goldman, and Edward
D. Huey each declare no potential conflicts of interest.

Human and Animal Rights and Informed Consent  All reported studies/
experiments with human or animal subjects performed by the authors
have been previously published and complied with all applicable ethical
standards (including the Helsinki declaration and its amendments,
institutional/national research committee standards, and international/na-
tional/institutional guidelines).

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

¢ Of major importance

1. Delesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker
M, Rutherford NJ, et al. Expanded GGGGCC hexanucleotide re-
peat in noncoding region of C9ORF72 causes chromosome 9p-
linked FTD and ALS. Neuron. 2011;72(2):245-56.

2. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S,
Gibbs JR, et al. A hexanucleotide repeat expansion in COORF72 is
the cause of chromosome 9p21-linked ALS-FTD. Neuron.
2011;72(2):257-68.

3.» Marogianni C, Rikos D, Provatas A, Dadouli K, Ntellas P, Tsitsi P
et al. The role of C90rt72 in neurodegenerative disorders: a system-
atic review, an updated meta-analysis, and the creation of an online
database. Neurobiology of Aging. 2019. This meta-analysis re-
views the rates of different phenotypes due to C90rf72 repeat
expansions across multiple populations.

4. Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rollinson
S, et al. Frequency of the C9orf72 hexanucleotide repeat expansion
in patients with amyotrophic lateral sclerosis and frontotemporal

@ Springer

10.

11.

13.

14,0

15.

17.

18.

19.

20.

21.

22.

dementia: a cross-sectional study. Lancet Neurol. 2012;11(4):323—
30.

Fong JC, Karydas AM, Goldman JS. Genetic counseling for FTD/
ALS caused by the C9ORF72 hexanucleotide expansion.
Alzheimers Res Ther. 2012;4(4):27.

Zhou Q, Qu Q. C9ORF72 and frontotemporal dementia: a system-
atic review and meta-analysis. Parkinsonism Relat Dis. 2018;46:
e51.

Murphy NA, Arthur KC, Tienari PJ, Houlden H, Chio A, Traynor
BJ. Age-related penetrance of the C9orf72 repeat expansion. Sci
Rep. 2017;7(1):2116.

Beck J, Poulter M, Hensman D, Rohrer JD, Mahoney CJ, Adamson
G, et al. Large C9orf72 hexanucleotide repeat expansions are seen
in multiple neurodegenerative syndromes and are more frequent
than expected in the UK population. Am J Human Genetics.
2013;92(3):345-53.

Van Mossevelde S, van der Zee J, Cruts M, Van Broeckhoven C.
Relationship between C9orf72 repeat size and clinical phenotype.
Curr Opin Genet Dev. 2017;44:117-24.

Rohrer JD, Isaacs AM, Mizielinska S, Mead S, Lashley T, Wray S,
et al. C9orf72 expansions in frontotemporal dementia and amyotro-
phic lateral sclerosis. Lancet Neurol. 2015;14(3):291-301.

Ng AS, Tan E-K. Intermediate C9orf72 alleles in neurological dis-
orders: does size really matter? J Med Genetics. 2017;54(9):591-7.
Van Blitterswijk M, DeJesus-Hernandez M, Niemantsverdriet E,
Murray ME, Heckman MG, Diehl NN, et al. Association between
repeat sizes and clinical and pathological characteristics in carriers
of COORF72 repeat expansions (Xpansize-72): a cross-sectional
cohort study. Lancet Neurol. 2013;12(10):978-88.

Van Mossevelde S, van der Zee J, Gijselinck I, Sleegers K, De
Bleecker J, Sieben A, et al. Clinical evidence of disease anticipation
in families segregating a C9orf72 repeat expansion. JAMA Neurol.
2017;74(4):445-52.

Ducharme S, Bajestan S, Dickerson BC, Voon V. Psychiatric pre-
sentations of C9orf72 mutation: what are the diagnostic implica-
tions for clinicians? J Neuropsychiatry Clin Neurosci. 2017;29(3):
195-205 This review summarizes the literature on psychotic
symptoms in C90rf72 expansion carriers as well as the studies
screening psychiatric patients for the expansion, with a partic-
ular focus on the implications of findings for clinicians.

Moens TG, Partridge L, Isaacs AM. Genetic models of C9orf72:
what is toxic? Curr Opin Genet Dev. 2017;44:92—-101.

Mori K, Weng S-M, Arzberger T, May S, Rentzsch K, Kremmer E,
et al. The C9orf72 GGGGCC repeat is translated into aggregating
dipeptide-repeat proteins in FTLD/ALS. Science. 2013;339(6125):
1335-8.

Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin W-L, DelJesus-
Hernandez M, et al. Unconventional translation of C9ORF72
GGGGCC expansion generates insoluble polypeptides specific to
c9FTD/ALS. Neuron. 2013;77(4):639-46.

Hodges J. Hodges’ frontotemporal dementia. Second Edition ed.
Cambridge: Cambridge University Press; 2016.

Whitwell JL, Weigand SD, Boeve BF, Senjem ML, Gunter JL,
Delesus-Hernandez M, et al. Neuroimaging signatures of
frontotemporal dementia genetics: CO9ORF72, tau, progranulin
and sporadics. Brain. 2012;135(3):794-806.

Mahoney CJ, Beck J, Rohrer JD, Lashley T, Mok K, Shakespeare T,
et al. Frontotemporal dementia with the C9ORF72 hexanucleotide
repeat expansion: clinical, neuroanatomical and neuropathological
features. Brain. 2012;135(3):736-50.

Shinagawa S, Nakajima S, Plitman E, Graff-Guerrero A, Mimura
M, Nakayama K, et al. Psychosis in frontotemporal dementia. J
Alzheimers Dis. 2014;42(2):485-99.

Mendez MF, Shapira JS, Woods RJ, Licht EA, Saul RE. Psychotic
symptoms in frontotemporal dementia: prevalence and review.
Dement Geriatr Cogn Disord. 2008;25(3):206—11.



Curr Neurol Neurosci Rep

(2019) 19:93

Page7of 8 93

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34..

35.

36.0

37 .00

Snowden JS, Rollinson S, Thompson JC, Harris JM, Stopford CL,
Richardson AM, et al. Distinct clinical and pathological character-
istics of frontotemporal dementia associated with C 9ORF72 muta-
tions. Brain. 2012;135(3):693-708.

Snowden JS, Adams J, Harris J, Thompson JC, Rollinson S,
Richardson A, et al. Distinct clinical and pathological phenotypes
in frontotemporal dementia associated with MAPT, PGRN and
C9o0rf72 mutations. Amyotroph Lateral Scler Frontotemporal
Degener. 2015;16(7-8):497-505.

Waldo ML, Gustafson L, Nilsson K, Traynor BJ, Renton AE,
Englund E, et al. Frontotemporal dementia with a COORF72 ex-
pansion in a Swedish family: clinical and neuropathological char-
acteristics. Am J Neurodegener Dis. 2013;2(4):276.

Downey LE, Fletcher PD, Golden HL, Mahoney CJ, Agustus JL,
Schott JM, et al. Altered body schema processing in frontotemporal
dementia with C9ORF72 mutations. J Neurol Neurosurg
Psychiatry. 2014;85(9):1016-23.

Block NR, Sharon JS, Karydas AM, Fong JC, Mary G, Miller BL,
et al. Frontotemporal dementia and psychiatric illness: emerging
clinical and biological links in gene carriers. Am J Geriatr
Psychiatry. 2016;24(2):107-16.

Kaivorinne A-L, Bode MK, Paavola L, Tuominen H, Kallio M,
Renton AE, et al. Clinical characteristics of C9ORF72-linked
frontotemporal lobar degeneration. Dement Geriatr Cogn Dis
Extra. 2013;3(1):251-62.

Goldman JS, Huey ED, Thorne DZ. The confluence of psychiatric
symptoms and neurodegenerative disease: impact on genetic
counseling. J Genet Couns. 2017;26(3):435-41.

Shinagawa S, Naasan G, Karydas AM, Coppola G, Pribadi M,
Seeley WW, et al. Clinicopathological study of patients with
C90RF72-associated frontotemporal dementia presenting with de-
lusions. J Geriatr Psychiatr Neurol. 2015;28(2):99-107.

Cheran G, Silverman H, Manoochehri M, Goldman J, Lee S, Wu L,
et al. Psychiatric symptoms in preclinical behavioural-variant
frontotemporal dementia in MAPT mutation carriers. J Neurol
Neurosurg Psychiatry. 2018;89(5):449-55.

Snowden JS, Harris J, Adams J, Thompson JC, Richardson AM,
Jones MS, et al. Psychosis associated with expansions in the
C90rf72 gene: the influence of a 10 base pair gene deletion. J
Neurol Neurosurg Psychiatry. 2016;87(5):562-3.

Zucchi E, Ticozzi N, Mandrioli J. Psychiatric symptoms in amyo-
trophic lateral sclerosis: beyond a motor neuron disorder. Front
Neurosci. 2019;13.

Turner MR, Goldacre R, Talbot K, Goldacre MJ. Psychiatric disor-
ders prior to amyotrophic lateral sclerosis. Ann Neurol. 2016;80(6):
935-8 This study shows that patients with ALS have increased
rates of hospitalization for psychiatric disease in the 5 years
preceding their diagnoses.

Longinetti E, Mariosa D, Larsson H, Ye W, Ingre C, Almqvist C,
et al. Neurodegenerative and psychiatric diseases among families
with amyotrophic lateral sclerosis. Neurology. 2017;89(6):578-85
This large, population-based study investigates, among other
things, rates of psychiatric illness in ALS patients and their
family members in the years before and after patients received
their diagnoses.

Devenney EM, Landin-Romero R, Irish M, Horberger M, Mioshi
E, Halliday GM, et al. The neural correlates and clinical character-
istics of psychosis in the frontotemporal dementia continuum and
the C9orf72 expansion. Neuroimage Clin. 2017;13:439-45 This
study examines neuroanatomical associations of psychotic
symptoms (delusions and hallucinations) in C90rf72 expansion
carriers with FTD and FTD-ALS.

Sellami L, Bocchetta M, Masellis M, Cash DM, Dick KM, Van
Swieten J, et al. Distinct neuroanatomical correlates of neuropsy-
chiatric symptoms in the three main forms of genetic
frontotemporal dementia in the GENFI cohort. J Alzheimers Dis.

38.

39.

40.

41.

42.

43..

44,

45.

46.

47.

48.¢

49..

50.

2018(Preprint):1-16 This paper examines neuroanatomical as-
sociations of individual psychiatric symptoms in C9%rf72 ex-
pansion carriers with FTD.

Rohrer JD, Nicholas JM, Cash DM, van Swieten J, Dopper E,
Jiskoot L, et al. Presymptomatic cognitive and neuroanatomical
changes in genetic frontotemporal dementia in the Genetic
Frontotemporal dementia Initiative (GENFI) study: a cross-
sectional analysis. Lancet Neurol. 2015;14(3):253-62.

Huey ED, Nagy PL, Rodriguez-Murillo L, Manoochehri M,
Goldman J, Lieberman J, et al. COORF72 repeat expansions not
detected in a group of patients with schizophrenia. Neurobiol
Aging. 2013;34(4):1309. e9—¢10.

Galimberti D, Reif A, Dell’Osso B, Kittel-Schneider S, Leonhard
C, Herr A, et al. The COORF72 hexanucleotide repeat expansion is
a rare cause of schizophrenia. Neurobiol Aging. 2014;35(5):1214.
e7—l0.

Fahey C, Byrne S, McLaughlin R, Kenna K, Shatunov A, Donohoe
G, et al. Analysis of the hexanucleotide repeat expansion and foun-
der haplotype at COORF72 in an Irish psychosis case-control sam-
ple. Neurobiol Aging. 2014;35(6):1510. e1-5.

Yoshino Y, Mori Y, Ochi S, Numata S, Ishimaru T, Yamazaki K,
et al. No abnormal hexanucleotide repeat expansion of COORF72 in
Japanese schizophrenia patients. J Neural Transm. 2015;122(5):
731-2.

Solje E, Miettunen J, Marttila R, Helisalmi S, Laitinen M,
Koivumaa-Honkanen H, et al. The C9ORF72 expansion sizes in
patients with psychosis: a population-based study on the Northern
Finland Birth Cohort 1966. Psychiatric Genet. 2016;26(2):92—4 In
this study, a large cohort of patients with psychosis in Finland
was screened for the C9orf72 mutation. No mutation carriers
were identified in the sample.

Watson A, Pribadi M, Chowdari K, Clifton S, Wood J, Miller BL,
et al. C9orf72 repeat expansions that cause frontotemporal demen-
tia are detectable among patients with psychosis. Psychiatry Res.
2016;235:200-2 In this study, a large cohort of patients with
psychosis in the USA was screened for the C9orf72 mutation.
Four mutation carriers were identified in the sample.

Meisler MH, Grant AE, Jones JM, Lenk GM, He F, Todd PK, et al.
C9 ORF 72 expansion in a family with bipolar disorder. Bipolar
Disord. 2013;15(3):326-32.

Floris G, Di Stefano F, Pisanu C, Chillotti C, Murru MR, Congiu D,
et al. COORF72 repeat expansion and bipolar disorder-is there a
link? No mutation detected in a Sardinian cohort of patients with
bipolar disorder. Bipolar Dis. 2014;16(6):667.

Galimberti D, Reif A, Dell’Osso B, Palazzo C, Villa C, Fenoglio C,
et al. C9ORF72 hexanucleotide repeat expansion as a rare cause of
bipolar disorder. Bipolar disorders. 2014;16(4):448-9.

Arthur KC, Rivera AM, Samuels J, Wang Y, Grados M, Goes FS,
et al. C9orf72 hexanucleotide repeat expansions are not a common
cause of obsessive-compulsive disorder. J Neurol Sci. 2017;375:
71-2 In this study, a large cohort of patients with obsessive-
compulsive disorder was screened for the C9orf72 mutation.
No mutation carriers were identified in the sample.

Solje E, Riipinen P, Helisalmi S, Sérkioja T, Laitinen M, Hiltunen
M, etal. The role of the FTD-ALS associated C9orf72 expansion in
suicide victims. Amyotroph Lateral Scler Frontotemporal Degener.
2016;17(7-8):589-92 In this study, autopsy screenings for the
CY90rf72 mutation were performed on a large cohort of individ-
uals who died by suicide. No mutation carriers were identified
in the sample.

Byme S, Heverin M, Elamin M, Bede P, Lynch C, Kenna K, et al.
Aggregation of neurologic and neuropsychiatric disease in amyo-
trophic lateral sclerosis kindreds: a population-based case—control
cohort study of familial and sporadic amyotrophic lateral sclerosis.
Ann Neurol. 2013;74(5):699-708.

@ Springer



93

Page 8 of 8

Curr Neurol Neurosci Rep (2019) 19:93

5].ee

52.

53,0

54..

55.

56.

57.

O’Brien M, Burke T, Heverin M, Vajda A, McLaughlin R, Gibbons
J, et al. Clustering of neuropsychiatric disease in first-degree and
second-degree relatives of patients with amyotrophic lateral sclero-
sis. JAMA Neurol. 2017;74(12):1425-30 This study examines
incidence of psychiatric illness in family members of patients
with ALS (with and without C90rf72 expansions), as compared
with the families of healthy controls.

Devenney E, Hornberger M, Irish M, Mioshi E, Burrell J, Tan R,
et al. Frontotemporal dementia associated with the COORF72 mu-
tation: a unique clinical profile. JAMA Neurol. 2014;71(3):331-9.
Devenney EM, Ahmed RM, Halliday G, Piguet O, Kiernan MC,
Hodges JR. Psychiatric disorders in C9orf72 kindreds: study of 1,
414 family members. Neurology. 2018;91(16):¢1498—e507 This
study examines incidence of psychiatric illness in family mem-
bers of patients with ALS, FTD, and FTD-ALS, comparing
kindreds of patients with and without the C9rf72 mutation.
McLaughlin RL, Schijven D, Van Rheenen W, Van Eijk KR,
O’Brien M, Kahn RS, et al. Genetic correlation between amyotro-
phic lateral sclerosis and schizophrenia. Nat Commun. 2017;8:
14774 This study reports the shared genetic risk between
schizophrenia and ALS, which is partly accounted for by a loci
near the C9orf72 gene.

Woolley JD, Khan BK, Murthy NK, Miller BL, Rankin KP. The
diagnostic challenge of psychiatric symptoms in neurodegenerative
disease; rates of and risk factors for prior psychiatric diagnosis in
patients with early neurodegenerative disease. J Clin Psychiatry.
2011;72(2):126-33.

Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters
EE. Lifetime prevalence and age-of-onset distributions of DSM-IV
disorders in the National Comorbidity Survey Replication. Arch
Gen Psychiatry. 2005;62(6):593-602.

Geschwind DH, Flint J. Genetics and genomics of psychiatric dis-
ease. Science. 2015;349(6255):1489-94.

@ Springer

58.

59.

60.

61.

62.

63.

64.

65.

66.

Anttila V, Bulik-Sullivan B, Finucane HK, Walters RK, Bras J,
Duncan L, et al. Analysis of shared heritability in common disor-
ders of the brain. Science. 2018;360(6395):eaap8757.

Schulz R, Sherwood PR. Physical and mental health effects of
family caregiving. J Soc Work Educ. 2008;44(sup3):105-13.

Van Vliet D, de Vugt ME, Bakker C, Koopmans RT, Verhey FR.
Impact of early onset dementia on caregivers: a review. Int J Geriatr
Psychiatry. 2010;25(11):1091-100.

Nichols KR, Fam D, Cook C, Pearce M, Elliot G, Baago S, et al.
When dementia is in the house: needs assessment survey for young
caregivers. Can J Neurol Sci. 2013;40(1):21-8.

van der Meer L, van Duijn E, Wolterbeek R, Tibben A. Offspring of
a parent with genetic disease: childhood experiences and adult psy-
chological characteristics. Health Psychol. 2014;33(12):1445.
Forrest Keenan K, Miedzybrodzka Z, Van Teijlingen E, McKee L,
Simpson SA. Young people’s experiences of growing up in a family
affected by Huntington’s disease. Clin Genet. 2007;71(2):120-9.
Proudfoot M, Gutowski NJ, Edbauer D, Hilton DA, Stephens M,
Rankin J, et al. Early dipeptide repeat pathology in a frontotemporal
dementia kindred with COORF72 mutation and intellectual disabil-
ity. Acta Neuropathol. 2014;127(3):451-8.

Kertesz A, Ang LC, Jesso S, MacKinley J, Baker M, Brown P, et al.
Psychosis and hallucinations in FTD with CO9ORF72 mutation: a
detailed clinical cohort. Cogn Behav Neurol. 2013;26(3):146-54.
Huey ED, Putnam KT, Grafman J. A systematic review of neuro-
transmitter deficits and treatments in frontotemporal dementia.
Neurology. 2006;66(1):17-22.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Links Between the C9orf72 Repeat Expansion and Psychiatric Symptoms
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Psychotic Symptoms in C9orf72 Expansion Carriers
	Neuroanatomical Associations with Psychiatric Symptoms in C9orf72 Carriers with FTD/FTD-ALS
	C9orf72 Expansion in Primary Psychiatric Disorders
	Psychiatric Disease in ALS and FTD Kindreds
	Clinical Implications
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



