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Psychiatric-onset neuronal intranuclear inclusion disease in a
psychiatry-based dementia-enriched cohort in Japan

Tesshin Miyamoto, MD ©," Kohji Mori, MD, PhD

Shiho Gotoh, PhD ©," Ryota Uozumi, MMSc
Satoshi Nojima, MD, PhD ©,® Daiki Taomoto, MD, PhD
Hideki Kanemoto, MD, PhD
Manabu Ikeda, MD, PhD'

Aim: A GGC repeat expansion in the 5" untranslated region of
NOTCH2NLC is a genetic cause of Neuronal Intranuclear Inclu-
sion Disease (NIID) that exhibits cognitive, motor, and auto-
nomic dysfunction. Our objective is to determine whether there
are undiagnosed NIID cases in a psychiatry-based dementia-
enriched cohort and to identify their clinical characteristics.

Methods: A retrospective clinical cohort study was con-
ducted in an inpatient and outpatient psychiatric clinic in a
University Hospital in Osaka, Japan. Genomic DNA and clin-
ical information were collected with written informed con-
sent. Nine hundred fifty-eight cases were clinically classified
according to the International Classification of Diseases
(ICD)-10 system. Genetic analysis with Repeat-Primed PCR
and Amplicon-Length PCRs were performed.

Results: Of the 958 cases, three were confirmed to have an
aberrant GGC repeat expansion in NOTCH2NLC. Cases
1 and 2 had preceding anxiety and depressive episodes, and
one of these cases also had a mild cognitive impairment.

The significance of psychiatric symptoms occurring in the prodromal
or early stages of neurodegenerative diseases is increasingly recog-
nized, as seen in the recently proposed research criteria for dementia
with Lewy bodies.! There is a group of neurodegenerative diseases
caused by aberrant expansion of repetitive sequences in a genetic
region, such as Huntington’s disease, myotonic dystrophy type 1, and
C9orf72-frontotemporal dementia (FTD)/amyotrophic lateral sclerosis
(ALS). Psychiatric symptoms often precede motor and behavioral
symptoms, at least in a subset of patients with these repeat expansion
disorders.” ® Neuronal intranuclear inclusion disease (NIID) is also a
progressive neurodegenerative disease characterized by intranuclear
inclusions found in various types of cells throughout the body, includ-
ing neurons.” An aberrant GGC repeat expansion in the 5
untranslated region (UTR) of the NOTCH2NLC gene was identified
as a genetic cause of NIID.*® The NOTCH2NLC gene, located on
chromosome 1g21.1, is one of the paralogous NOTCH2NL-like genes
that emerged due to partial duplication of the NOTCH2 gene.
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T and

Case 3 met the diagnostic criteria for progressive supra-
nuclear palsy. All three cases lacked hyperintensity at the cor-
ticomedullary border on diffusion-weighted MRI, which is
known as a characteristic for NIID. Interestingly, one case
exhibited the corticomedullary hyperintensity later in the dis-
ease course with apparent neurocognitive decline. All three
cases exhibited a mix of slow waves in electroencephalogram
and elevated total protein level in cerebrospinal fluid.

Conclusions: NIID is a rare cause of cognitive dysfunction
in a psychiatry-based dementia-enriched cohort in Japan.
Our data implicates psychiatric symptoms can be prodromal
or early manifestation of a subset of NIID cases, thereby
extending its phenotypic spectrum.

Keywords: neurodegenerative disease, Neuronal Intranuclear Inclu-
sion Disease, NOTCH2NLG, repeat disease, repeat primed PCR.

http://onlinelibrary.wiley.com/doi/10.1111/pcn. 13854/full

NOTCH2NLC is stably expressed in radial glia throughout cortical
development, and NOTCH2NL proteins are postulated to enhance
Notch signaling by interacting with Notch receptors, thereby promot-
ing cortical neurogenesis.'®'" The common manifestations of NIID
are encephalitis-like paroxysmal symptoms, autonomic dysfunction,
coordination disorders, cognitive impairment, and muscle weak-
ness.”!'? Pathogenic alleles in NOTCH2NLC are relatively common in
East Asians'® and most NIID cases are reported from East Asia,'*
although rare cases have also been reported from Western countries. '
Hyperintensity at the corticomedullary border on brain MRI has been
recognized as a characteristic feature indicative of NIID.'? However,
it should be noted that these imaging findings have only been
observed in a proportion of cases of NIID.'®!” Apart from neuroim-
aging findings, intranuclear inclusion bodies can also be found on the
skin cells, including sweat gland duct cells, fibroblasts, and fat cells
in patients with NIID; therefore, a skin biopsy is useful for the clini-
cal diagnosis of NIID.'®'® However, further differential diagnosis
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with the other repeat expansion disorders that present intranuclear
inclusion pathology in skin tissue, including fragile X-associated
tremor/ataxia syndrome (FXTAS), may be required.”® When classify-
ing NOTCH2NLC GGC repeat length, it is common to define 61 or
more repeats as a pathological expansion, 41-60 as intermediate
expansion, and 40 or fewer as non-expansion.”’* While expanded
GGC repeat causes NIID, a small number of cases with intermediate
GGC repeat expansion have been found in patients with Parkinson’s
disease,”! Alzheimer’s disease (AD),>> ALS,** and essential
tremor (ET).?

The pathophysiology of how the GGC repeat expansion in the
NOTCH2NLC gene causes neurodegeneration is still largely
unexplored. In 2021, it was shown that the pathological GGC repeat
expansion is translated into poly-glycine protein, and the poly-glycine
protein constitutes the intranuclear inclusions.?® Since then, potential
disease mechanisms, including inhibition of nucleocytoglasmic
transport,”” RNA toxicity,>®* altered DNA methylation,*’>? mito-
chondrial dysfunction,® translational dysfunction,* and inhibition of
ribosome biogenesis®® have been proposed using multiple disease
models expressing the GGC repeats.

Because NIID is not yet widely recognized and its clinical phe-
notype is diverse, patients may be misdiagnosed with other neurode-
generative diseases®>>>*® or even psychiatric disorders.

Our department (Department of Psychiatry, Graduate School of
Medicine, The University of Osaka) has established a mixed cohort
of 958 cases of neurodegenerative diseases and psychiatric disorders
consisting of Japanese patients. Here, we investigated whether cases
of NIID are present in our cohort and, if so, what their clinical
characteristics are.

Methods

Patient consent and participants

The protocol for the research project has been approved by suitably
constituted Ethics Committees of Osaka University (453-3) and
Osaka University Hospital (18470), and conform to the provisions of
the Declaration of Helsinki. Participants were recruited from the inpa-
tient ward and outpatient clinic of the Department of Psychiatry,
Osaka University Hospital, between April 2015 and January 2025,
based on written informed consent. Genomic DNA from peripheral
blood leukocytes was obtained from the cases. Demographic informa-
tion was collected from electronic medical records. All cases were
classified in FO (F00-F09: organic, including symptomatic, mental
disorders), F1 (F10-F19: psychoactive substance use), F2 (F20-F29:
schizophrenia and the related disorders), F3 (F30-39: depression and
bipolar disorder), F4 (F40-F49: anxiety and related disorder), F5
(F50-F59: behavioral syndromes associated with physical factors), F6
(F60-F69: personality disorders), F7 (F70-F79: intellectual disabil-
ities), F8 (F80-F89: disorders of psychological development), F9
(F90-F98: behavioral and emotional disorders in childhood and ado-
lescence), and G40 category (epilepsy) according to the International
Classification of Diseases (ICD-10),*° Cases classified as ‘organic,
including symptomatic, mental disorders’ (FO group) were further
subclassified by clinical diagnosis based on the established diagnostic
criteria.**™*

Polymerase chain reaction assays for determination the
NOTCH2NLC 5 UTR GGC repeat size

Repeat-primed polymerase chain reaction (RP-PCR) was con-
ducted to detect the length of GGC repeat expansions in the
NOTCH2NLC gene. A fluorescein (FAM)-labeled NOTCH2NLC-
RP-F primer (5-GGCATTTGCGCCTGTGCTTCGGACCGT-3'),
M13-(GGC)4(GGA),-R primer (5'-CAGGAAACAGCTATGACCT
CCTCCGCCGCCGCCGCC-3), and MI13-linker-R primer (5'-
CAGGAAACAGCTATGACC-3) were utilized for RP-PCR.° In
cases with 61 or more NOTCH2NLC GGC repeats, the repeat lengths
were further validated by fluorescence amplicon length polymerase
chain reaction (AL-PCR). A FAM-labeled NOTCH2NLC-AL-F primer
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(5'-CATTTGCGCCTGTGCTTCGGAC-3') and NOTCH2NLC-AL-R
primer (5'-AGAGCGGCGCAGGGCGGGCATCTT-3") were used for
AL-PCR.° The PCR mix contained 0.25 U PrimeSTAR GXL DNA
Polymerase, 1x PrimeSTAR GXL Buffer, 0.2mM each of dATP,
dTTP, dCTP (Takara Bio), and 7-Deaza-2’'-deoxy-guanosine-5'-
triphosphate (Roche), 5% dimethyl sulfoxide (Nacalai Tesque), 1 M
betaine (Fyjifilm-Wako), 0.3 pM each primer mix and 100 ng genomic
DNA in both RP-PCR and AL-PCR. Both PCRs were performed
using a SimpliAmp™ Thermal Cycler (Applied Biosystems). After
incubation at 98 °C for 10 min (min), the cycling conditions were as
follows: 16 cycles of 98 °C for 30 s, 66 °C for 1 min with a reduction
of 0.5 °C per cycle, and 68 °C for 8 min, and 29 cycles of 98 °C for
30 s (sec), 58 °C for 1 min and 68 °C for 8 min, followed by a final
elongation step of 68 °C for 10 min. The ramp rate of all cycling steps
was adjusted to 0.6 °C per sec.” Electrophoresis was performed on a
3730x1 DNA Analyzer (Thermo Fisher Scientific), and the data were
analyzed using Peak Scanner software (Thermo Fisher Scientific). As
size standards, GS600LIZ was used for RP-PCR, and 1200LIZ was
used for AL-PCR. The repeat length was estimated by counting the
peak number of the 3 base pairs saw-tooth tail pattern with RP-PCR.
In cases with pathological expansions, the amplicon length of the
highest signal peak of the expanded allele was used to estimate the
length of the repeat expansion with AL-PCR.’

Skin biopsy

Skin biopsies were performed with the patient’s consent for the diag-
nosis of NIID. Skin tissue samples, taken from 10 cm above the lat-
eral malleolus,** were fixed in a 10% formalin solution.

Immunohistochemistry staining

For immunohistochemistry, skin tissues were deparaffinized for
20 min in xylene and dehydrated as follows: ethanol 100% (10 min),
ethanol 90%, ethanol 70%, and rinsed in water. Antigen retrieval was
performed in a pressure cooker with 10 mM Tris pH 9.0, 1 mM
EDTA for 20 min at 120°C. Endogenous peroxidase activity was
blocked, and blocking 20 min with 2.5% horse serum and immuno-
staining was performed overnight at 4°C using anti-p62 antibody
(Abcam ab56416, 1/1000) or anti-phosphorylated a-Synuclein anti-
body, pSyn#64 (Fujifilm Wako 015-25191, 1/2000). Antigen—
antibody complexes were visualized by incubation with DAB sub-
strate (MP-7800, Vector Laboratories), and the slides were counter-
stained with hematoxylin to visualize the nuclei. Images were
acquired using a BXS51 polarized light microscope (Olympus) and
processed with DP-BSW Viewer software (Olympus).

Immunofluorescence staining

Immunofluorescence staining was performed as described previ-
ously® with minor modifications. Skin tissues were deparaffinized for
20 min in xylene and dehydrated as follows: ethanol 100% (10 min),
ethanol 90%, ethanol 70%, and rinsed in water. Antigen retrieval was
performed in a pressure cooker with 10 mM Tris pH 9.0, 1 mM
EDTA for 20 min at 120°C. Blocking was performed with 2% fetal
calf serum and immunostaining was performed overnight at 4°C
using p62 antibody (MBL PMO045, 1/1000). Antigen—antibody com-
plexes were visualized by anti-rabbit antibody (Invitrogen A21429,
1/500). After incubation for 20 min with 1.5 pg/mL 4’,6-diamidino-
2-phenyindole di-lactate (DAPI) to visualize the nuclei, the tissues
were incubated with Sudan black solution (0.2% Sudan black B in
70% ethanol/PBS) for 1 min. Images were acquired using a
FLUOVIEW FV3000 confocal microscope (Olympus) and processed
using FV31S-SW Viewer software (Olympus).

Case selection for subgroup analysis in non-expanded
repeat cases

Cases with relatively long repeats (21-40) and corresponding short
repeats (<9) were selected from the non-expanded cases (<40
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repeats). Cases with pathological repeat expansion or missing MRI
data were excluded from both groups.

Semi-quantification of white matter hyperintensities in

brain MRI

The Fazekas (Fz) scoring system*® was used to semi-quantitatively
evaluate white matter hyperintensities. The Fz score of each case was
evaluated in two regions: periventricular (PV) and deep white matter
(DWM) on a scale from 0 to 3, respectively. Moreover, the sum of
these scores was calculated as the combined Fz score.

Statistical analysis

Statistical analyses were performed using JMP 17.1.0 (SAS Institute).
Comparisons of NOTCH2NLC GGC repeat length between ICD-10
classifications or clinical diagnoses were performed using the
Kruskal-Wallis test. Comparisons of the age at brain MRI between
the two groups with different NOTCH2NLC GGC repeat lengths were
performed using Welch’s #-test, and comparisons of Fz scores
were performed using Pearson’s chi-square test. All quantification
data were presented as mean (standard deviation [SD]). A P-value of
<0.05 was considered statistically significant.

Results

Identification of three cases with pathological

NOTCH2NLC GGC repeat expansions in a psychiatry-
based dementia-enriched cohort

A total of 958 serial cases (535 female and 423 male) were recruited.
RP-PCR screening of all cases identified three cases with pathogenic
GGC repeat expansions (>60) in the NOTCH2NLC 5" UTR. Subse-
quent AL-PCR analysis confirmed that the estimated number of repeats
in the expanded alleles were 186, 118 and 112, respectively. At the ini-
tial diagnosis, one case was diagnosed with an anxiety disorder
(F4) and another with depression. The latter was subsequently diag-
nosed with dementia with Lewy bodies (DLB) (F0). The remaining
case was diagnosed with progressive supranuclear palsy (PSP) based
on MDS clinical diagnostic criteria for PSP.** Their detailed clinical
courses are described in the following section. No cases were classified
as belonging to the intermediate group (41 to 60 GGC repeats), and the
remaining 955 cases (Table 1, Fig. la) were classified as the non-
expanded group (40 or less GGC repeats). Of the 955 cases, 820 cases
(85.9%) were classified in FO category (Table 2, Fig. 1b). A bimodal

distribution with peaks at nine repeats and 14 repeats was observed in
all cases (Fig. 1¢) as well as cases in the FO category alone (Fig. 1d).

Clinical features of patients harboring GGC repeat
expansions in NOTCH2NLC 5 UTR

Here we provide a detailed clinical description of the three cases of
pathological GGC repeat expansion.

Case 1

Case 1 was a right-handed male patient. His parents divorced when he
was 5 years old, and he was subsequently raised by his father and grand-
father. He found it difficult to keep up with his learning since he was in
elementary school. His father had become unable to eat and exhibited
cognitive impairment but was not clinically investigated in detail. His
father eventually died at age 57 when the patient was 16 years old.
Although he got a job after graduating from high school, his food intake
decreased around the same time and he developed an unbalanced diet.
He changed job every few years, and by age 27 he lost his job and he
began receiving welfare benefits. He led an isolated and sedentary life.
At age 30, he became malnourished, with difficulty eating for unknown
reasons. He was referred to a psychiatric facility and diagnosed with gen-
eralized anxiety disorder. Afterward, his activity level temporarily
improved and his motivation to go out increased, and he started going to
an employment support facility. At age 34, he developed neurogenic
bladder. The following year, he developed cholecystitis and liver dysfunc-
tion. In that same year, his grandfather died at age of 92 from symptoms
similar to those of his father’s. This triggered phobic anxiety disorders,
resulting in depressive symptoms accompanied by insomnia and loss of
appetite. Although his insomnia improved with lemborexant, he contin-
ued to suffer from loss of appetite, and his weight decreased from 80 to
60 kg. At age 36, a brain MRI revealed mild generalized atrophy. His
Mini-Mental State Examination (MMSE) score was 26, implicating the
presence of mild cognitive impairment, and he was referred to our
department for further investigation. When he was admitted to
our hospital, tremors localized to his upper extremities, impairment of
postural reflexes and short-stepped gait were observed. There was no
miosis, rigidity, muscle weakness, or increased or decreased tendon
reflexes. Blood tests showed elevated liver enzymes (aspartate amino-
transferase [AST] 89 U/L, alanine aminotransferase [ALT] 210 U/L, and
gamma-glutamyl transpeptidase [y-GTP] 272 U/L) hyperbilirubinemia
(direct-bilirubin [D-Bil] 2.0 mg/dL, indirect-Bil [I-Bil] 1.1 mg/dL) and

Table 1. Number of cases, age of onset and GGC repeat length per ICD-10 classification in non-expanded cases
N2C 5’ UTR GGC repeat length

ICD-10

code Disease category Case Onset age Average Maximum  Minimum

FO Organic, including symptomatic mental disorder 820 70.8 (£ 9.37) 15.4 (+ 4.63) 35 3

F1 Mental and behavioral disorders due to psychoactive 15 68.7 (£ 9.18) 15.1 (£ 3.36) 20 9
substance use

F2 Schizophrenia, late onset schizophrenia-like psychosis 43 68.3 (£ 15.0) 15.1 (£ 4.98) 32 7

F3 Mood disorders 24 57.1 (£ 17.1) 15.7 (£ 6.48) 32 5

F4 Neurotic disorders 18 58.6 (+ 15.5) 15.3 (= 4.79) 28 9

F5 Behavioral disorders associated with psychological 5 71.4 (£ 4.59) 16.6 (+ 2.94) 20 13
disturbances and physical factors

F6 Adult personality and behavioral disorders 4 64.3 (£ 9.91) 14.3 (= 1.79) 16 12

F7 Mental retardation 1 57.0 (£ 0.00) 14.0 (% 0.00) 14 14

F8 Disorders of psychological development 5 422 (£ 14.9) 12.6 (+ 2.15) 15 10

F9 Behavioral and emotional disorders with onset usually 5 58.6 (£ 10.2) 17.8 (£ 3.71) 24 14
occurring in childhood and adolescence

G40 epilepsy 15 60.3 (£ 14.1) 16.2 (£ 3.76) 23 9

total 955 69.7 (£ 10.8) 15.4 (£ 4.66) 35 3
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Fig. 1 Distribution of NOTCH2NLC GGC repeat lengths in non-expanded cases. (a) The frequency of ICD-10 classification. (b) The frequency of clinical diagnosis in FO
group. (c) A histogram showing repeat length distribution of ICD-10 classification. (d) A histogram showing repeat length distribution of cases classified in FO group.

pancreatic amylase (P-Amy 139 U/L). These data suggested the presence
of biliary system dysfunction even though he seldom drank alcohol. No
organic lesion was found in the biliary system on radiological imaging,
and these data were gradually improved with an increase in food intake.
Blood tests also showed no evidence of diabetes, and no autoantibodies
were detected. His cerebrospinal fluid (CSF) examination showed ele-
vated total protein (58 mg/dL) and glucose (82 mg/dL). Tau protein
(171 pg/mL) and phosphorylated threonine 181 tau (p-tau) protein
(21 pg/mL) in CSF were within the normal range. IgG index was within
the normal range. Electroencephalography (EEG) showed a mix of 67
Hz slow waves. Brain MRI showed no specific findings other than mild
atrophy of the parietal and temporal lobes. Periventricular hyperintensity
was observed bilaterally (Fig. 2a for fluid-attenuated inversion recovery
(FLAIR) image and 2B for diffusion-weighted image; DWI at age 37).
IMP-SPECT revealed decreased perfusion in the parietal lobe, temporal
lobe, occipital lobe, precuneus, and cingulate gyrus. Motor nerve conduc-
tion velocity (MNCV) in the median nerve was decreased on the left
(44.9 m/s) compared to the right (60.5 m/s). MNCV in the ulnar nerve
was decreased bilaterally: 46.7 m/s on the right and 47.5 m/s on the left.
Sensory nerve conduction velocity (SNCV) revealed no specific findings.

He scored 16 out of 18 on the Frontal Assessment Battery
(FAB). Results of the Wechsler Adult Intelligence Scale (WAIS)-IV
test showed a full-scale intelligence quotient (FIQ) of 70, indicating

4

mild intellectual disability. His symptoms did not meet the diagnostic
criteria for any type of dementia. Tentative psychiatric diagnosis at
his discharge was phobic anxiety disorders, acute stress response due
to his grandfather’s death, autonomic dysfunction, mild cognitive
impairment possibly due to malnutrition, and/or mild intellectual dis-
ability. The diagnosis of NIID was made retrospectively by the identi-
fication of a NOTCH2NLC GGC repeat expansion (>60) in RP-PCR
(Fig. 2c). AL-PCR confirmed the expansion of 186 GGC repeats
(Fig. 2d). CGG repeat expansion in FMRI 5 UTR, CAG repeat
expansion in ataxin-1, ataxin-2, MJD1, CACNAIA, TBP and atro-
phin-1, CTG repeat expansion in KLHI and TGGAA repeat expan-
sion in BEAN/TKI were ruled out. Skin biopsy confirmed the
presence of ubiquitin- and/or p62-positive inclusion bodies in
the nuclei of sweat gland duct cells (Fig. 2e,g) and arrector pili mus-
cle cells (Fig. 2f). At age 37, his nutritional status deteriorated again
due to loss of appetite, and total parenteral nutrition was temporarily
introduced. He developed cholecystitis and underwent a cholecystec-
tomy, after which his appetite improved. At age 38, loss of appetite
and constipation recurred. Both of which improved with the adminis-
tration of sodium picosulfate 7.5 mg/day. The MMSE score at that
time was 21, indicating progressive cognitive impairment. Despite the
decline in MMSE scores, brain MRI findings were unchanged, with
no diffuse hyperintensity area or corticomedullary hyperintensities

Psychiatry and Clinical Neurosciences
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Table 2. Number of cases, age of onset and GGC repeat length per clinical diagnostic classification in non-expanded cases of the FO group
N2C 5" UTR GGC repeat length
Initial diagnosis of FO group cases Case Onset age Average Maximum Minimum
AD 178 68.7 (£ 10.3) 16.0 (£ 4.98) 30 4
MCI-AD 110 71.6 (£ 8.50) 14.7 (£ 4.55) 27 3
CAA 7 73.7 (£ 3.99) 18.0 (£ 3.82) 24 13
DLB 82 75.0 (£ 7.86) 16.1 (£ 5.20) 35 7
MCI-LB 75 72.5 (£ 6.97) 16.0 (£ 4.62) 27 5
PD 7 57.6 (£ 9.88) 15.1 (£ 2.90) 19 10
SD 27 65.6 (£ 6.98) 14.7 (£ 4.02) 26 9
PNFA 7 65.3 (£ 8.84) 14.1 (£ 3.27) 19 10
bvFTD 36 64.4 (£ 9.09) 15.6 (£ 4.40) 30 9
FTD/ALS 1 53.0 (£ 0.00) 14.0 (+ 0.00) 14 14
FTLD, other 3 72.0 (£ 3.56) 13.3 (£ 2.49) 16 10
PSP 10 68.3 (£ 11.8) 15.5 (£ 2.58) 19 10
CBD 15 64.3 (£ 6.63) 15.7 (£ 3.82) 23 9
iNPH 102 74.7 (£ 5.58) 14.1 (£ 4.23) 26 3
sNPH 10 66.1 (£ 12.0) 13.9 (£ 4.23) 20 9
VCI 15 71.1 (£ 7.94) 17.0 (+ 5.42) 29 9
MCI-VCI 3 79.0 (£ 4.55) 13.7 (£ 0.47) 14 13
organic, other 47 68.3 (£ 11.5) 16.5 (+ 4.53) 30 9
symptomatic, other 22 69.9 (£ 9.20) 16.2 (+ 3.61) 24 9
MCI, other 44 74.9 (£ 7.60) 14.7 (£ 4.35) 25 5
delirium 5 78.0 (£ 4.77) 15.2 (£ 1.60) 17 13
SCI 14 68.5 (£ 10.8) 15.1 (£ 4.37) 23 5
total 820 70.8 (£ 9.37) 15.4 (+ 4.63) 35 3
AD, Alzheimer’s disease; bvFTD, behavioral variant frontotemporal dementia; CAA, cerebral amyloid angiopathy; CBD, corticobasal degeneration;
DLB, dementia with Lewy bodies; iNPH, idiopathic normal pressure hydrocephalus; MCI, mild cognitive impairment; PD, Parkinson’s disease;
PNFA, progressive nonfluent aphasia; PSP, progressive supranuclear palsy; SCI, subjective cognitive impairment; SD, semantic dementia; SNPH,
secondary NPH; VCI, vascular cognitive impairment.

characteristic of NIID cases (Fig. 2h for FLAIR image and 2I for
DWI at age 39).

Case 2

Case 2 was a right-handed female patient. Until age 61, she had no
history of consultation with a psychiatric or neurological clinic. There
was no family history of dementia. At age 62, she developed depres-
sive symptoms and began visiting a psychiatric facility. Although she
was diagnosed with depression and received SSRIs, her symptoms
did not improve, and she continued receiving treatment at various
hospitals. At age 66, she developed an action tremor that was pre-
dominantly affecting her right upper limb, and by age 68, tremor in
her left upper limb also became noticeable. Around the same time,
she developed a masked face, muscle rigidity in her right lower limb,
as well as forgetfulness. Brain MRI revealed global mild brain atro-
phy with hyperintensity area with no diffuse hyperintensity or cor-
ticomedullary hyperintensities characteristic of NIID cases (Fig. 2j for
FLAIR image and 2K for DWI). Dopamine transporter SPECT ('*’I-
ioflupane) were performed at age 68 and 70, respectively, but showed
no decrease in dopamine transporter uptake in the bilateral striatum.
Her Parkinsonian symptoms gradually worsened.

At age 73, she exhibited disorientation to place, and visual hallu-
cinations of a child. She was diagnosed with probable DLB based on
progressive cognitive impairment, Parkinsonian symptoms, and recur-
rent visual hallucinations. By this time, brain MRI revealed atrophy
of the frontal and parietal lobes, thinning of the corpus callosum, and
hyperintensity area at periventricular region and at deep white matter
(Fig. 21). A linear area of hyperintensity along the corticomedullary
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border on diffusion-weighted images emerged (Fig. 2m). She was
referred to our hospital for further evaluation. Tremor and mild grasp
reflex were observed on the right side. Deep tendon reflexes in lower
limbs were decreased bilaterally. There was no miosis, rigidity, mus-
cle weakness, impairment of postural reflexes and gait disturbance. At
the time of her admission, her MMSE and FAB scores were 22 and
9, respectively, suggesting cognitive impairment. Her blood tests
showed no specific findings. Total protein (87 mg/dL) was elevated in
her CSF. Tau protein (450 pg/mL) was within the normal limits, and
p-tau protein (66 pg/mL) was slightly elevated. IgG index was within
the normal range. EEG revealed no epileptic discharge, but a mixed
6—7 Hz generalized slow waves. MNCV showed no specific findings
in the right median nerve (46.8 m/s). and in the right ulnar nerve
(56.2 m/s). SNCV revealed no specific findings. IMP-SPECT rev-
ealed decreased perfusion in the left parietal lobe, left temporal lobe,
bilateral frontal lobes, and anterior cingulate gyrus. The diagnosis of
NIID was confirmed because NOTCH2NLC GGC repeat expansion
(> 60) was identified in RP-PCR. This case was confirmed to have
118 repeats by AL-PCR. CGG repeat expansion in FMRI 5" UTR
was ruled out. Skin biopsy revealed ubiquitin- and/or p62-positive
inclusion bodies in the nuclei of sweat gland duct cells (Fig. 2n,p)
and fat cells (Fig. 20). However, no phosphorylated alpha-
synuclein-positive structures were observed (data not shown).

Case 3

Case 3 was a right-handed male patient. After graduating university,
he started managing a factory in his 20s and continued thereafter. At
the age of 63, he developed memory impairment, struggled with work
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and driving, became restless, laughed inappropriately, showed less
interest, and spoke less. After his younger brother’s dementia diagno-
sis, who died suddenly while taking a bath a few years later, he vis-
ited a local hospital where a CT scan showed global brain atrophy. He
was diagnosed with Alzheimer’s disease and began treatment with
donepezil. At the age of 65, he showed short-stepped gait. He stopped
donepezil, but his short-stepped gait persisted. At the age of 66, he
was referred to our hospital. He showed frontal lobe dysfunction,
including disinhibited and impulsive behavior, susceptibility to influ-
ence, and stereotypic behavior. His MMSE and FAB scores were
18 and 6, respectively. Neurological examination revealed impaired
vertical eye movement, short-stepped and freezing of gait,
impaired swallowing reflex, action tremor, urinary and fecal inconti-
nence. Despite prominent postural instability, no muscle weakness, no
rigidity, and no impairment of postural reflex was observed. No medi-
cal record regarding miosis or tendon reflexes were found retrospec-
tively. His blood tests showed no specific findings. In CSF both total
protein (64 mg/dL) and total tau (898 pg/mL) were elevated.
AP1-42/1-40 ratio was 0.095 (threshold 0.0705), ruling out amyloid
pathology.*” EEG showed background activity at 7-8 Hz, with inter-
mittent 2-4 Hz generalized slow waves, but no epileptic discharge.
Brain MRI showed moderate global brain atrophy including midbrain
tegmentum and bilateral periventricular hyperintensity (Fig. 2g-s).
Two years later, brain MRI confirmed further progression of atrophy
in the midbrain tegmentum. The lateral ventricles and third ventricle
were enlarged. The Evans Index was 0.37. iNPH was considered as a
differential diagnosis, but we did not adopt the diagnosis since there
were no tightened sulci in the high convexity or dilatation of the
Sylvian fissure. The presence of enlargement of the third ventricle in
PSP cases is considered useful in differentiating it from PD.*® The
ratio derived by dividing the width of the third ventricle (12.19 mm)
by the largest internal skull diameter (151.61 mm) was 0.08, which
exceeded the cutoff values*® consistent with the imaging characteris-
tics of PSP. As for the midbrain atrophy, the anteroposterior diameter
of the midbrain was 9.21 mm. The areas of the midbrain and pons in
the midsagittal section were 94.60 mm? and 315.74 mm?, respec-
tively, yielding a midbrain-to-pons ratio*® of 0.30. Both results indi-
cate the presence of midbrain atrophy in this case and were consistent
with the diagnosis of PSP. In contrast, hyperintensity at the cor-
ticomedullary border, which is indicative of NIID, was absent. IMP-
SPECT revealed decreased blood flow in the frontal lobe, cingulate
cortex, putamen, parietal lobe, and right medial temporal lobe. Dopa-
mine Transporter SPECT (123I-ioflupane) and MIBG myocardial
scintigraphy were normal. The patient was diagnosed with probable
PSP. NOTCH2NLC GGC repeat expansion (> 60) was retrospectively
identified in RP-PCR. This case was confirmed to have 112 repeats
by AL-PCR. Skin biopsy and nerve conduction studies were not per-
formed in this case.

No correlation between the non-expanded NOTCH2NLC
GGC repeat length and diagnostic classification of

mental disorders

To examine the potential contribution of the non-expanded repeats
to mental disorders in our cohort, we determined how the 955

non-expanded repeat carriers were distributed in terms of ICD-10
classification (Table 1, Fig. 1a). There were no significant differences
in NOTCH2NLC GGC repeat length among ICD-10 classification
groups (FO-F9, G40) (x2(10) = 6.05, P =0.811, Fig. 3a). Then we
focused on organic mental disorders. Eight hundred and twenty non-
expanded repeat carriers, classified into FO group, were subclassified
by the specific clinical diagnosis and plotted for each repeat length
(Table 2, Fig. 1b). No significant associations between NOTCH2NLC
GGC repeat length and each initial clinical diagnosis in the FO group
(*(21) = 26.96, P =0.172, Fig. 3b). Together, the non-expanded
repeat was not apparently associated with any diagnosis of neurode-
generative diseases or any other psychiatric disorder in our cohort.

Correlation analysis between white matter

hyperintensity and non-expanded NOTCH2NLC GGC

repeat length

Diffuse white matter lesions detected by T2-weighted or FLAIR of
brain MRI is a characteristic feature of NIID cases,'®°°>* and patho-
logical expansion of GGC repeats in the NOTCH2NLC 5’ UTR is one
of the causes of adult leukoencephalopathies.>* We hypothesized that
even cases with non-expanded repeat length (40 or less), those with
relatively long repeat lengths might show signs of leu-
koencephalopathy. To assess the hypothesis, groups with relatively
long repeats (21-35, n =117, mean [SD] repeat length = 24.1
[2.98], mean [SD] age of onset = 70.3 [11.0], mean [SD] age at
MRI = 74.3 [10.3]) and corresponding short repeats (<9, n = 121,
mean [SD] repeat length =8.40 [1.37], mean [SD] age of
onset = 69.8 [11.1], mean [SD] age at MRI = 74.7 [9.4]) were
selected from the non-expanded cases (see method, Fig. 4a). There
was no significant difference in age of onset (t(236) = 0.316,
P = 0.753) or age at brain MRI ((232) = 0.280, P = 0.779) between
the two groups. The Fazekas (Fz) scoring system is a semi-
quantitative grading score that assesses the severity of periventricular
hyperintensity (PVH) and deep white matter hyperintensity (DWMH)
and is widely used. Tai et al. reported that the Fz score of white mat-
ter lesions correlated with MMSE and MoCA scores for cognitive
function.’> To determine whether there was a correlation between the
repeat length and white matter hyperintensity, we assessed the Fz
scores for the two groups. Results indicate no significant differences
in Fz scores were observed between the two groups for PVH (X2(3)
= 1.78, P = 0.619, Fig. 4b), for DWMH (x*(3) = 0.738, P = 0.864,
Fig. 4c) or for the combined total score (x*(6) = 3.71, P =0.717,
Fig. 4d). While pathological NOTCH2NLC GGC repeat expansion
has been linked to white matter hyperintensity and leu-
koencephalopathy, our results suggest that the difference of repeat
length within non-pathological range (< 40 repeats) is not associated
with abnormal white matter signals on MR

Discussion

In the current study, we identified three cases of pathological GGC
repeat expansion in NOTCH2NLC out of 958 cases of psychiatry-
based dementia-enriched clinical cohort. In terms of frequency, we
found pathologically expanded NOTCH2NLC repeat in 0.31% (3 of
958 cases) in our cohort, which is comparable to previous studies

Fig. 2 Clinical and pathological details of three cases of NIID. (a, b) Brain MR image of case 1 at age 37. (a) T2-weighted fluid-attenuated inversion recovery (T2-FLAIR)
image, (b) diffusion weighted image (DWI). Hyperintensity area was observed in periventricular (PV) region and was rated as Fazekas (Fz) score = 1. No findings characteris-
tic of NIID can be identified. (c) Electropherogram of the repeat-primed polymerase chain reaction (RP-PCR) of NIID case 1. (d) Electropherogram of the fluorescence
amplicon length polymerase chain reaction (AL-PCR) confirmed 186 GGC repeats in the NOTCH2NLC 5 UTR in case 1. (e, f) Immunohistochemical staining of skin tissue
in case 1. (e) Ubiquitin-positive inclusion bodies (arrowheads) in the nuclei of sweat gland duct cells. 1000x. Scale bar = 10 um. (f) p62-positive inclusion bodies (arrow-
heads) in the nuclei of arrector pili muscle cells. 1000x. Scale bar = 10 pm. (g) Immunofluorescence staining of skin tissue in case 1. A p62-positive inclusion body in the
nucleus of sweat gland duct cell. From left to right: DAPI, p62, and merged images. 2000x. Scale bar = 5 pm. (h, i) MR images of case 1 at age 39. (h) T2-FLAIR, (i) DWI.
Hyperintensity area was rated as Fz score = 1 at PV region. No findings characteristic of NIID can be identified. (, k) MRI of case 2. () T2-FLAIR at age 66, (k) DWI at age
68. Hyperintensity areas were rated as Fz score = 2 at PV region and 1 at deep white matter (DWM) region. (I, m) MRI of case 2 at age 73. (|) T2-FLAIR, (m) DWI. White mat-
ter lesions in T2-FLAIR and hyperintensity at the corticomedullary border in DWI were observed. Hyperintensity areas were rated as Fz score = 3 at both PV and DWM
regions. (n, o) Immunohistochemical examination of skin tissue in case 2. (n) p62-positive intranuclear inclusions (arrowheads) in sweat gland duct cells. 1000x. Scale
bar =10 um. (0) Ubiquitin-positive intranuclear inclusion (arrowhead) in fat cells. 1000x. Scale bar = 10 pm. (p) Immunofluorescence staining of the skin in case 2. A
p62-positive inclusion body in the nucleus of sweat gland duct cell. From left to right: DAPI, p62, and merged images. 2000x. Scale bar = 5 pm. (g-s) MRI of case 3 at age
66. (q) T2-FLAIR, () DWI, (s) T1 sagittal images. Hyperintensity area was observed rated as Fz score = 3 at PV region.
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Clinical diagnosis of the FO group

Fig. 3 Distribution of NOTCH2NLC GGC repeat lengths for non-expanded cases on ICD-10 classification. (a) Boxplot of NOTCH2NLC GGC repeat lengths on each
ICD-10 classification. The boxes show the first quartile (1Q), the median, and the third quartile (3Q). The median of each classification is expressed as a notch. The
whiskers show the maximum value at the top and the minimum value at the bottom. Values outside the range of 1Q or 3Q + 1.5 x IQR were defined as outliers.
(b) Boxplot of NOTCH2NLC GGC repeat lengths on each clinical diagnosis of the FO group. Alzheimer Disease (AD), mild cognitive impairment (MCI) due to AD, cere-
bral amyloid angiopathy (CAA), Dementia with Lewy bodies (DLB), MCI due to DLB, Parkinson’s disease (PD), semantic dementia (SD), progressive nonfluent aphasia
(PNFA), behavioral variant frontotemporal dementia (bvFTD), FTD/ALS, other FTLD, progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), idiopathic
normal pressure hydrocephalus (iNPH), secondary NPH (sNPH), vascular cognitive impairment (VCI), MCI due to VCI, other organic disorders, other symptomatic disor-

ders, other MCI, delirium, and subjective cognitive impairment (SCI).

from China identifying expanded NOTCH2NLC repeat in 0.35% (3 of
861 cases) in Alzheimer’s disease®® and in 0.40% (4 of 1004 cases) in
neurodegenerative dementia.’® As in the three cases presented, the
frequency was low, and no specific symptoms were identified. There-
fore, it has been difficult to diagnose NIID without genetic testing or
skin biopsy. Our study is novel in that it examines the NOTCH2NLC
GGC repeat lengths of various psychiatric disorders included in a
psychiatry-based dementia-enriched cohort in Japan. In this study, the
repeat length in non-expanded cases was not associated with any

8

specific ICD-10 classification of psychiatric disorders. This result
reinforces the evidence that having no more than 40 GGC repeats in
NOTCH2NLC 5" UTR is not associated with any specific disease con-
dition, even in the context of a psychiatry-based cohort. Moreover,
when compared to short repeat length (<9), relatively longer (but still
non-expanded) repeat length (21 <, <40) is not associated with
abnormal white matter signals on MRI. This result supports the idea
that <40 NOTCH2NLC 5" UTR GGC repeat length is not linked to
white matter damage.

Psychiatry and Clinical Neurosciences
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It is noteworthy that two out of three NIID cases in our cohort
had prior psychiatric diagnoses; case 1 was initially diagnosed with
an anxiety disorder, and case 2 was initially diagnosed with depres-
sion, followed by a diagnosis of dementia with Lewy bodies. A con-
siderable proportion of patients with NIID may experience significant
mood and personality changes, which are often underrecognized.’” A
report from the Chinese NIID registry’ noted that behavioral and
psychiatric symptoms were observed in 31.4% of cases (70 out of
223); however, detailed characterization of these symptoms remains
limited. Kawarabayashi et al. described a NIID case in which a
patient was hospitalized in a psychiatric facility due to delusions and
auditory hallucinations that emerged during the disease course.>
These cases illustrate that a range of psychiatric and behavioral symp-
toms can manifest during the course of NIID. Although an incidental
co-occurrence cannot be ruled out, the present findings suggest that
psychiatric symptoms can be prodromal or early manifestation pre-
ceding the emergence of characteristic neurological or radiological
findings in a subset of NIID cases. To investigate whether these psy-
chiatric symptoms are prodromal manifestations of NIID, a prospec-
tive study involving participants with confirmed N2C GGC repeat
pathological expansion and familial non-carriers may be useful.

Our initial diagnosis of the third NIID patient was PSP. There is
only one case report describing PSP-like presentation of NIID.>’
Brain MRI findings of the reported case and our third NIID case
(probable PSP) were consistent: periventricular white matter
hyperintensity, mild ventricular distortion, and midbrain atrophy. They
also lacked high intensity signals on diffusion-weighted images.

Elevated liver deviation enzymes such as AST, ALT, and y-GTP
in NIID case 1 could be attributed to biliary dyskinesia that may have
been caused by autonomic dysfunction. Indeed, he later developed
necrotizing cholecystitis and underwent a cholecystectomy at age 38.
The common laboratory findings in our three NIID cases included a
mix of slow waves on EEG and elevated total protein in CSF.
Increased total protein concentrations in the CSF has been reported in
NIID cases presenting with memory 1m airment,”® %" as well as auto-
immune encephalitis-like symptoms®' and episodic headaches.®
Based on our NIID cases and these reports, elevated total protein

Psychiatry and Clinical Neurosciences

levels in CSF may be a common finding in NIID.®* To date, there
have been no previous reports on EEG findings in NIID. Further case
accumulation is needed to determine the extent to which elevated total
protein and mixing of slow waves on EEG are common in NIID.

These three cases differed in the presence or absence of charac-
teristic brain MRI findings of NIID, but none of the cases exhibited
these findings when psychiatric or neurocognitive symptoms first
appeared. This finding may suggest that psychiatric symptoms pre-
cede the appearance of brain MRI abnormalities in the disease pro-
gression of NIID. Considering that the characteristic brain MRI
findings of NIID appear later than the onset of clinical symptoms,
diagnosing NIID that begins with psychiatric symptoms might be
more difficult, especially in the early stage. Based on these findings,
it may be necessary to consider including NIID in the differential
diagnosis of progressive cognitive impairment preceded by psychiatric
symptoms. In Cases 2 and 3, FAB scores were markedly impaired
compared to MMSE scores. Our results are consistent with previous
studies that reported the decline in FAB scores was more prominent
than that of MMSE scores,”>” implicating early impairment of frontal
lobe function in NIID. NIID has been reported to present with a vari-
ety of clinical symptoms, including encephalitis-like paroxysmal
symptoms, autonomic dysfunction, coordination disorders, cognitive
impairment, and muscle weakness. However, no widely accepted
diagnostic criteria for clinical diagnosis of NIID have yet been
established. Although case selection for advanced testing requires
careful consideration, analysis of NOTCH2NLC 5" UTR GGC repeat
length and confirmation of intranuclear inclusions by skin biopsy, are
conclusive. In suspected NIID cases, the coexistence of autonomic
and motor dysfunction, in addition to cognitive dysfunction, as well
as the results of EEG and CSF examination, may be helpful in
approaching the diagnosis. However, if NIID-specific findings on
brain MRI were included as prerequisite in the diagnostic criteria, the
diagnosis of NIID may be delayed.

Although this study showed that NIID cases may develop psy-
chiatric symptoms early on, one limitation is that it is a single facility
cohort-based study. It is desirable to conduct research that spans mul-
tiple facilities or is conducted on an even larger scale to elucidate the
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development of psychiatric symptoms in NIID cases. Future case
studies are also needed to characterize psychiatric symptoms in NIID.
Collectively, our study demonstrated that NIID is a rare cause of cog-
nitive dysfunction but does exist in a certain percentage in a Japanese
psychiatry-based dementia-enriched cohort. Our data suggest that
psychiatric symptoms can be prodromal or early manifestation of
NIID, thus expanding the diverse phenotypic spectrum of the disease.
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