Review of Phenotypic Heterogeneity of Neuronal

Intranuclear Inclusion Disease and NOTCH2NLC-
Related GGC Repeat Expansion Disorders

Tao Zhang, MD, Lei Bao, PhD, and Hao Chen, MD Correspondence
Dr. Bao

Neurol Genet 2024;10:€200132. doi:10.1212/NXG.0000000000200132 baolei56@gmail.com

Abstract

Neuronal intranuclear inclusion disease (NIID) is an underdiagnosed neurodegenerative dis-
order caused by pathogenic GGC expansions in NOTCH2NLC. However, an increasing
number of reports of NOTCH2NLC GGC expansions in patients with Alzheimer disease,
essential tremor, Parkinson disease, amyotrophic lateral sclerosis, and oculopharyngodistal
myopathy have led to the proposal of a new concept known as NOTCH2NLC-related GGC
repeat expansion disorders (NREDs). The majority of studies have mainly focused on
screening for NOTCH2NLC GGC repeat variation in populations previously diagnosed with
the associated disease, subsequently presenting it as a novel causative gene for the condition.
These studies appear to be clinically relevant but do have their limitations because they may
incorrectly regard the lack of MRI abnormalities as an exclusion criterion for NIID or overlook
concomitant clinical presentations not typically observed in the associated diseases. Besides, in
many instances within these reports, patients lack pathologic evidence or undergo long-term
follow-up to conclusively rule out NIID. In this review, we will systematically review the
research on NOTCH2NLC 5’ untranslated region GGC repeat expansions and their associa-
tion with related neurologic disorders, explaining the limitations of the relevant reports. Fur-
thermore, we will integrate subsequent studies to further demonstrate that these patients
actually experienced distinct clinical phenotypes of NIID.

Introduction

Neuronal intranuclear inclusion disease (NIID) is indeed an uncommon hereditary neuro-
degenerative condition. It arises because of GGC repeat expansions in the 5’ untranslated
region (UTR) of NOTCH2NLC." While this article provides a concise overview of NIID,
encompassing its clinical manifestations, age at onset, disease progression, diagnostic criteria,
causative gene, and prognosis, our present study delves into a contentious issue: do the
expanded GGC repeats within NOTCH2NLC directly cause a range of neurodegenerative
diseases, including NIID? or do these conditions portray unique variations within the broader
spectrum of NIID-related neurologic disorders?

Clinical Manifestations of Neuronal Intranuclear
Inclusion Disease

In contrast to most neurodegenerative diseases that exhibit distinct and specific clinical man-
ifestations, NIID displays remarkable symptom heterogeneity. Cognitive dysfunction is typi-
cally the primary and initial clinical manifestation in patients with NIID, which can encompass
symptoms such as memory loss, personality changes, and abnormal mental behavior. Move-
ment disorders can be the sole symptoms for the first decade, including parkinsonism, isolated
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Glossary

AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; CMT = Charcot-Marie-Tooth; cSVD = cerebral small vessel
disease; DWI = diffusion-weighted imaging; ET = essential tremor; FXTAS = fragile X-associated tremor/ataxia syndrome;
NIID = neuronal intranuclear inclusion disease; NRED = N-terminal domain repeat expansion disorder; OPDM =
oculopharyngodistal myopathy; PD = Parkinson disease; UTR = untranslated region.

tremors, ataxia, and others; however, chorea has never been
observed in NIID. Muscle weakness is also quite common, but
the degree and pattern of muscle weakness can vary consid-
erably from person to person. The majority of patients display
characteristics of peripheral neuropathy, typically presenting
with distal limb weakness and potential sensory impairments.
Nevertheless, a small subset of patients primarily suffer
proximal muscle weakness along with symptoms, such as
ptosis, bulbar paralysis, and elevated muscle enzyme levels,
indicating muscle involvement. Autonomic dysfunction is
highly prominent in patients with NIID, although it is typi-
cally not recognized as the initial symptom, including ortho-
static hypotension, urinary incontinence, and miosis.
Moreover, paroxysmal symptoms are the most frequent and
unique clinical manifestations of NIID, including alterations
in consciousness, stroke-like attacks, encephalopathic epi-
sodes, and generalized convulsions.””® Furthermore, we have
previously documented that patients with NIID frequently
present with various extraneurologic symptoms, including
visual impairment, hearing loss, irritating dry cough, and
persistent nausea.* Common neurologic and nonneurologic
symptoms associated with NIID are elaborated in Figure 1.

Onset, Course, and Prognosis of
Neuronal Intranuclear
Inclusion Disease

The age at onset for this disease displays significant variation,
spanning from infancy to later adulthood.>” In Asia, the
majority of NIID cases are observed in adults®’; however, in
the White population, it seems to be more common in infants
112 Individuals with NTID onset character-
ized by predominant dementia symptoms often experience a
later manifestation, typically occurring within the age range of
43-55 years. Conversely, instances where muscle weakness is
the prominent feature tend to show an earlier onset, usually
falling between the ages of 16 and 39 years.”

and adolescents.

In most cases, initial symptoms tend to progress slowly, and
new symptoms may gradually appear over time, resulting in a
combination of clinical manifestations. The accumulation of
symptoms often results in an increased disability burden for
pa.tients.9 However, in some cases, NIID may progress in
paroxysms with acute or subacute attacks of encephalopathy.
Episodic encephalopathy has been reported often in con-
junction with stressful events, such as surgery, trauma, and
infection.'*'*
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Currently, NIID lacks a specific targeted treatment, and there
is a paucity of interventions to decelerate disease progression.
However, most patients respond well to symptomatic treat-
ment, at least during the initial phases of the condition. For
instance, individuals with NIID-related parkinsonism phe-
notype often find relief through deep brain stimulation sur-
gery or levodopa treatment, while those with NIID-related
seizures can be effectively managed with carbamazepine.'®
Unfortunately, as the disease progresses, most patients will
ultimately succumb to pneumonia.'>*%"”

Causative Gene of Neuronal
Intranuclear Inclusion Disease

In 2019, researchers in Japan and China identified the
repetitive  GGC expansion within the 5’ UTR of
NOTCH2NLC as the genetic anomaly associated with
NIID.>” Nonetheless, a thorough examination of patients
with NIID of European descent unveiled a rarity of re-
petitive GGC expansions in NOTCH2NLC, hinting that
this particular expansion might not be the exclusive factor
contributing to the onset of NIID or the development of
neuronal intranuclear inclusions."”

NOTCH2NLC, along with NOTCH2NLA and NOTCH2NLB,
constitutes 3 human-specific genes derived from NOTCH2, all
situated on chromosome 1q21.1. These genes have been found
to have high expression levels in the human brain and have
been implicated in the evolution of the human brain.'® Pre-
viously published data indicate that the lengths of GGC repeats
within NOTCH2NLC in healthy controls range from 4 to 43
worldwide, with a narrower range of 4-41 in China.>"*°
Pathogenic GGC expansions are characterized by repeat sizes
ranging from 60 to 517, and different sizes may lead to dif-
ferent clinical phenotypes. Individuals exhibiting the muscle
weakness phenotype typically display larger GGC expan-
sions, often exceeding 200 in size, with the largest expansion
observed reaching 517. These patients also exhibit a higher
frequency of GGA trinucleotide interruptions and fewer
AGC trinucleotide interruptions. The parkinsonism pheno-
type features smaller repeat sizes, typically below 100, along
with fewer GGA trinucleotide interruptions and an increased
prevalence of AGC trinucleotide interruptions in these pa-
tients. Individuals with the dementia-dominant phenotype
often display GGC repeat sizes and GGA trinucleotide in-
terruption frequencies within a range typically spanning from
100 to 200 1repeats.3’21 Intermediate repeats, ranging from 42
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Figure 1 Neurologic and Extraneurologic Clinical Symptoms in Patients With NIID
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The clinical presentations of NIID vary significantly. Individuals affected by NIID may exhibit symptoms or signs that involve nearly all bodily systems, including
the nervous system, respiratory system, circulation system, urinary system, and digestive system. NIID = neuronal intranuclear inclusion disease.

to 58, have been reported in patients with neurodegenerative
dementias and leukoencephalopathy.”>** Specific details and
frequencies of these intermediate repeats are currently un-
available, making it challenging to ascertain whether these
patients should also receive a diagnosis of NIID, but one
thing for certain is that intermediate repeats were not ob-
served in healthy controls.>”*°

Pathologic Mechanism of Neuronal
Intranuclear Inclusion Disease

Two studies delved into the role of repeat expansions of GGC
within the S'UTR (5’ untranslated region) of NOTCH2NLC
mRNA. These expansions can result in the translation of a
polyglycine protein termed uN2CpolyG, which has been
linked to neurotoxic effects observed in both in vivo and in
vitro experiments.** In addition, uN2CpolyG toxicity was
associated with retinal degeneration and impaired locomo-
tion in transgenic Drosophila models expressing 100 GGC
repeats.25 Moreover, the elongated GGC repeat RNA can
also undergo translation into 2 distinct repeat proteins:
polyalanine (polyA) and polyarginine (polyR), alongside
polyglycine. This translation process happens through a
noncanonical mechanism referred to as repeat-associated
non-ATG (RAN) translation.?®

Neurology.org/NG

Diagnosis of Neuronal Intranuclear
Inclusion Disease

In the initial case reports, the diagnosis of NIID largely relied
on autopsy, rectal biopsy, and nerve biopsy methods.>”*®
However, Sone discovered that skin biopsies could provide a
reliable pathologic diagnosis for NIID by identifying ubiquitin
or p62-positive intranuclear inclusions, which resembled
those in size, shape, and component from the brain
(Figure 2).** Concurrently, Sone also reported high signal
within both hemispheric cerebral white matter on T2 and
fluid-attenuated inversion recovery sequences, as well as a
distinctive high signal at the boundary between the cortex and
medulla on diffusion-weighted imaging (DWI), as illustrated
in Figure 3.>° The specific change in the DWT of brain MRI
has been consistently validated in numerous patients with
NIID, making it a strong diagnostic indicator.

As research in the field of NIID continues to progress, there
have been increasing concerns about the specificity and sen-
sitivity of both imaging and pathologic diagnostic methods.
Skin biopsy-detected pathologic inclusions can be seen in
other GGC repeat expansion disorders, such as fragile
X-associated tremor/ataxia syndrome (FXTAS) and oculo-
pharyngodistal myopathy (OPDM).*"** Furthermore, the
sensitivity of neuroimaging diagnosis varies with clinical
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Figure 2 Characteristic MRI Findings in a Patient With NIID
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The brain MRI of a NIID patient with
progressive cognitive decline exhibi-
ted distinct abnormalities: T1WI
revealed hypointensity in the white
matter of the left temporoparietal
lobe. T2WI displayed hyperintensity in
the white matter of both frontal lobes
and the left parietal lobes. DWI
showed bilateral frontal and left tem-
poroparietal corticomedullary junc-
tion hyperintensity. NIID = neuronal
intranuclear inclusion disease.

symptoms. Patients with dementia have a high DWI abnor-
mality detection rate, up to 93.4%. However, those with
parkinsonism or muscle weakness symptoms may not display
typical imaging findings, with rates of 86.4% and 50%, re-
spectively.” In addition, similar DWI abnormalities can also be
observed in FXTAS.>® Hence, neither pathologic nor imaging
diagnosis can serve as a reliable basis for confirming the di-
agnosis of NIID, and for a certain duration, alongside histo-
pathologic and imaging assessments, diagnosing NIID also
necessitates the genetic exclusion of other trinucleotide repeat
disorders. Until 2019, the primary diagnostic method for
NIID in Asian populations shifted to genetic testing for the
expansion of GGC repeats within NOTCH2NLC.>”

A Controversial Issue Between
Neuronal Intranuclear Inclusion
Disease and Notch2 N-Terminal
Domain Repeat Expansion Disorder

Recently, multiple studies have documented the existence of
GGC repeat expansions in the 5" UTR of NOTCH2NLC
among patients diagnosed with Alzheimer disease (AD),*
Parkinson disease (PD),**** essential tremor (ET),* amyo-
trophic lateral sclerosis (ALS) ,*¢ and OPDM.*” Some of these
authors have been quite assertive in suggesting the expansions
of GGC repeats in NOTCH2NLC as a novel pathogenic gene

Figure 3 Detection of Eosinophilic Intranuclear Inclusions in Various Organs

(A) Brain tissue from a patient with NIID experiencing an encephalopathic episode displaying eosinophilic inclusions within microglia, visualized via hema-
toxylin and eosin (HE) staining. (B) Skin biopsy from a NIID patient with cognitive dysfunction revealing eosinophilic inclusions within squamous epithelial cell
nuclei. (C) Tissue specimens from a previous colon surgery of a patient with NIID presenting with tremor, depicting eosinophilic inclusions within colonic
mucosal epithelial cell nuclei. (D) Surgical biopsy of pulmonary nodules from a NIID patient with irritating cough, demonstrating eosinophilic inclusions within

alveolar epithelial cells. NIID = neuronal intranuclear inclusion disease.

Neurology: Genetics | Volume 10, Number 2 | April 2024

Neurology.org/NG


http://neurology.org/ng

responsible for these diseases, proposing the concept of
Notch2 N-terminal domain repeat expansion disorder
(NRED).*® Given the complex and varied clinical presenta-
tions of NIID, the emergence of the concept of NRED has
brought forth a contentious question: do the expanded GGC
repeats within NOTCH2NLC directly cause a range of neu-
rodegenerative diseases, including NIID? or do these condi-
tions portray unique variations within the broader spectrum
of NIID-related neurologic disorders?

Distinguishing between NIID and NRED is of utmost im-
portance, as an accurate diagnosis plays a critical role in
shaping treatment strategies and predicting the disease’s
prognosis. Given the high likelihood of multiple neurologic
dysfunctions advancing in most patients with NIID, the se-
verity of their condition can be more pronounced, resulting
in heightened suffering and greater challenges compared
with individuals with other neurologic disorders. We will
systematically review the research on NOTCH2NLC 5’
UTR GGC repeat expansions and their association with
related neurologic diseases, explaining the limitations of the
relevant reports. Furthermore, we will integrate subsequent
studies to further demonstrate that these individuals actually
experienced distinct clinical phenotypes associated with
NIID.

NIID-Related Dementia Phenotype or
Alzheimer Disease/Frontotemporal
Dementia Caused by GGC Repeat
Expansions in NOTCH2NLC

In a research analysis involving 1,004 patients diagnosed with
neurodegenerative dementias, 4 individuals initially di-
agnosed with either AD or FTD were found to carry patho-
genic GGC expansions within NOTCH2NLC. However,
characteristic DWI anomalies associated with NIID were not
observed in these patients. Instead, significant leukoence-
phalopathy was detected in 3 of them using T2 MRI The
challenge lies in determining the appropriate diagnosis for
these cases, especially because dementia is a prominent
symptom in NIID and often the primary reason for seeking
medical evaluation. Nevertheless, 2 patients died before fur-
ther evaluation, and the 2 others refrained from further as-
sessments, making it insufficient to diagnose them with AD or
FTD without pathologic evidence to exclude NIID.*

In another study, researchers reported GGC expansions
within NOTCH2NLC in 2 of 140 families affected by AD.”
When re-evaluating 11 individuals displaying symptoms
from these two-family lineages, researchers observed not
only prominent dementia symptoms but also other atypical
features not frequently observed in AD, such as tremor,
parkinsonism, autonomic dysfunction, altered conscious-
ness, and encephalitic episodes. In addition, 2 members from
these families displayed severe leukoencephalopathy with
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DWI hyperintensity. Skin biopsies taken from symptomatic
family members showcased the existence of eosinophilic
inclusions positive for p62 and ubiquitin. Based on these
findings, the patients from these families were ultimately
diagnosed with the NIID-related dementia phenotype rather
than the initial diagnosis of Alzheimer disease.” Hence, when
presented with a patient with dementia harboring GGC re-
peat expansion in NOTCH2NLC, diagnosing the NIID-
related dementia phenotype might be more fitting than AD.
A subsequent skin biopsy can provide additional confirma-
tion for the diagnosis.

NIID-Related Tremor Phenotype or
Essential Tremor Caused by GGC
Repeat Expansions in NOTCH2NLC

In a retrospective study,”® it was found that GGC repeat
expansions within NOTCH2NLC were present in 5.6%
(11/197 pedigrees) of familial cases of ET. The expanded
GGC repeat sizes varied from 60 to 250 repeats. During a
10-year follow-up, these patients did not exhibit typical
clinical symptoms or positive imaging findings of NIID.
Consequently, the researcher suggested that these patients
ought to receive a clinical diagnosis of ET, despite the
presence of ubiquitin-positive and p62-positive intra-
nuclear inclusions found in skin tissues of 3 genetically
positive probands in the study.*

However, according to 2 more recent studies, 2 “ET” pa-
tients with elongated GGC repeats in NOTCH2NLC
exhibited continuous cognitive decline over a 4- and 10-year
follow-up period. In addition, they displayed characteristic
histopathologic and radiologic traits associated with
NIID.>*** These compelling findings have led us to lean
toward diagnosing these patients with NIID. More com-
pelling evidence was provided by another study that “ET” is
an independent clinical manifestation of NIID.* Among
602 individuals initially diagnosed with ET, 10 patients
harboring NOTCH2NLC-GGC repeat expansions were
identified. Systematic re-evaluation of seven of these patients
revealed cognitive decline, systemic absence of reflexes, and
decreased nerve conduction, which are not typically seen in
patients with ET. Furthermore, among them, 3 demon-
strated hyperintense in the corticomedullary junction on
DWI, while intranuclear inclusions were detected in all 4
probands who underwent skin biopsies. As a result, after re-
evaluation, the clinical diagnosis of all these probands was
altered from ET to NIID.*!

Considering these findings, a thorough systematic re-
evaluation and extended follow-up for individuals diagnosed
with “ET” but presenting GGC repeat expansions in
NOTCH2NLC are strongly recommended. In such cases,
considering the tremor phenotype associated with NIID might
be more appropriate for diagnosis.
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NIID-Related Parkinsonism
Phenotype or Parkinson Disease

Caused by GGC Repeat Expansions
in NOTCH2NLC

Two separate research studies investigated 1,000 and 1,011
patients with PD, respectively, and found that 13 and 11 of
them carried expansions of GGC repeats in NOTCH2NLC.
However, none of these individuals displayed additional
clinical symptoms or characteristic radiologic features of NIID
even after several years of follow-up. As a result, they con-
cluded that it would be more appropriate to diagnose all these
patients with PD attributed to GGC repeat expansions in
NOTCH2NLC instead of the parkinsonism phenotype re-
lated to NIID.>** However, these studies have certain
limitations. First, they did not consider that patients with
NIID-related parkinsonism might not show typical cortico-
medullary high signal on DWI, as previously reported in case
studies and series.””*>* Thus, the lack of typical MRI features
should not be considered grounds for excluding the possibility
of NIID. Second, only a small subset of patients from both
studies underwent either skin or postmortem brain biopsies.
Therefore, based on the evidence provided in these studies, it is
inadequate to definitively assert that NOTCH2NLC GGC re-
peat expansions are exclusively linked to PD.

A recent study examined 941 clinically established patients with
PD and found 3 of them carrying the pathogenic GGC ex-
pansion. These patients did not exhibit additional symptoms
or display typical imaging characteristics associated with NIID.
However, intriguingly, skin biopsies from all 3 patients showed
intranuclear inclusions; however, pathologic hallmarks of PD
(p-a-nucleotide depositions) in dermal nerve fibers were ab-
sent. This indicates that patients with PD initially diagnosed
with NOTCH2NLC GGC expansions display the parkinsonism
phenotype associated with NIID.** Therefore, the distinct
histopathologic features between NIID and PD serve as pivotal
factors in distinguishing between these conditions.

NIID-Related Amyotrophic Lateral
Sclerosis-Like Phenotype or
Amyotrophic Lateral Sclerosis Caused

by GGC Repeat Expansions
in NOTCH2NLC

In a recent retrospective study assessing the involvement of
GGC repeats in NOTCH2NLC in ALS, researchers found that
4 of 545 patients with ALS carried pathogenic GGC repeat
expansions in NOTCH2NLC, with the size of these repeats
varying between 44 and 143 in affected individuals. Among
these patients, 2 died, precluding further evaluation. However,
the remaining 2 patients underwent systematic re-evaluation,
which revealed some atypical features not commonly seen in
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ALS. These 2 patients exhibited symptoms, such as tremor,
numbness, and autonomic dysfunction, which are rarely un-
commonly in conventional ALS cases. As the disease advanced,
they displayed decreased sensory and motor nerve conduction
velocities, indicating concomitant peripheral nerve damage. In
addition, one of the patients presented cognitive dysfunction,
along with diffuse leukoencephalopathy and bilateral DWI high
signal in the corticomedullary junction. Skin biopsies from both
patients exhibited eosinophilic inclusions positive for p62 and
ubiquitin. Based on these findings, they did not arbitrarily treat
NOTCH2NLC mutation as a novel ALS-causative gene; in-
stead, the study’s findings imply that NOTCH2NLC GGC
repeat expansions might contribute to a particular ALS phe-
notype, demonstrating similarities with NIID characteristics.*®
This underscores the importance of considering NIID-related
features when assessing ALS patients with pathogenic
NOTCH2NLC GGC repeat expansions.

The possibility of coexisting NIID with ALS requires further
discussion. In a reported case, a patient previously diagnosed
with ALS exhibited intranuclear inclusions with p62 positivity
in skin biopsy samples from adipocytes and sweat gland cell.*
In the absence of genetic results, the presence of these in-
clusions in the skin tissues led researchers to erroneously
assume that the patient could be diagnosed with NIID.
Postmortem autopsy unveiled both p62-positive nuclear in-
clusions and pTDP-43-positive cytoplasmic inclusions, rec-
ognized as pathologic ALS hallmarks. However, the absence
of a distinctive concentration of p62-positive nuclear inclu-
sions in regions densely populated with large motor neurons,
coupled with the lack of coexistence of nuclear and cyto-
plasmic inclusions within these neurons, prompted re-
searchers to contemplate the co-occurrence of both NIID and
ALS in this patient.*’

While the autopsy findings in this patient were comprehen-
sively described, it is essential to note that intranuclear in-
clusions showing p62 positivity should not be considered a
specific pathologic hallmark exclusive to NIID. It is essential
to note that intranuclear inclusions exhibiting p62 positivity
should not be solely indicative or unique to NIID as a specific
diagnostic feature. They can also be present in various nu-
cleotide repeat expansion disorders, including patients with
C9orf72-mediated ALS.***® The autopsy findings from 14
individuals with C9orf72-mediated ALS revealed the presence
of p62-positive nuclear inclusions and pTDP-43-positive cy-
toplasmic inclusions in motor neurons. These inclusions did
not colocalize, aligning with the observations outlined in the
study.* Therefore, the absence of identification of GGC re-
peat expansion of NOTCH2NLC in Sugiyama’s case raises
questions about the reliability of diagnosing NIID, necessi-
tating an assessment of GGGGCC repeat expansions in
C9orf72 in this patient.

The GGC repeat expansion within NOTCH2NLC is notably
associated with neurologic manifestations resembling ALS
symptoms observed in NIID, rather than being primarily
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attributed as a direct cause of ALS. Careful consideration is
needed when diagnosing a concurrent case of NIID and ALS,
and the exclusion of expansion of GGGGCC repeats in the
C9o0rf72 is necessary.

NIID-Related Oculopharyngodistal
Myopathy Phenotype or
Oculopharyngodistal Myopathy
Caused by GGC Repeat Expansions
in NOTCH2NLC

Recently, 2 studies have reported an association between
GGC repeat expansion in NOTCH2NLC and OPDM. In 1
study, it was identified that among a cohort of 24 patients
with OPDM, GGC repeat expansions in NOTCH2NLC
were present in S cases. One patient exhibited diffuse
leukoencephalopathy, along with corticomedullary high
signal on DWI. Among the 4 patients who underwent
nerve conduction examinations, all individuals exhibited
diminished motor nerve conduction velocities and re-
duced compound muscle action potential amplitudes.
p62-positive intranuclear inclusions were detected in 1
patient through skin biopsy. In this study, NOTCH2NLC
was suggested as a causative factor in OPDM, with these
patients classified as OPDM type 3, disregarding the
presence of radiologic abnormalities and subclinical pe-
ripheral neuropathy unrelated to myopathy in these
individuals.*’

In another separate investigation, it was identified that 7
individuals initially diagnosed with OPDM harbored GGC
repeat expansions in NOTCH2NLC, all of whom had p62-
positive intranuclear inclusions within myocytes. Among
them, 3 patients presented with ataxia, and 1 showed tremor,
in addition, to the characteristic clinical manifestations of
OPDM. Among these cases, 3 individuals exhibited ataxia,
while 1 displayed rest tremors, alongside the typical clinical
features associated with OPDM. Two of S patients exhibited
leukoencephalopathy with DWI abnormalities. The neuro-
logic symptoms, both peripheral and central, along with
imaging irregularities observed in these patients, bear a re-
semblance to those typically observed in NIID cases.*>
Therefore, it is more probable that these patients exhibit a
phenotype resembling OPDM associated with NIID rather
than being categorized specifically as NOTCH2NLC-asso-
ciated OPDM.

The above findings highlight the importance of considering
the possible overlap between NIID and OPDM when evalu-
ating patients with GGC repeat expansions in NOTCH2NLC.
The clinical and radiologic features may be indicative of a
broader spectrum of neurodegenerative disorders, and a
comprehensive assessment is necessary to accurately diagnose
and manage these patients.
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NIID-Related Charcot-Marie-Tooth-
Like Phenotype or Charcot-Marie-
Tooth Caused by GGC Repeat
Expansions in NOTCH2NLC

In a study encompassing 127 patients with hereditary neu-
ropathy of unknown genetic origin, researchers identified
GGC repeat expansions in NOTCH2NLC among 7 patients
initially diagnosed with Charcot-Marie-Tooth (CMT). All 7
individuals showed axonal neuropathy with predominantly
sensory impairment. MRI of the brain was conducted on 5§
patients, yet no distinctive NIID-related findings were ob-
served. However, 2 biopsy specimens taken from the skin
revealed the existence of eosinophilic intranuclear inclusions
positive for p62 and ubiquitin. In addition, 2 of 7 patients had
a familial background related to NIID.*® Considering these
results, diagnosing these patients with a CMT-like phenotype
associated with NIID appears appropriate.

Furthermore, previous reports have suggested that peripheral
neuropathy related to NIID frequently manifests as a de-
myelinating neuropathy primarily affecting motor function.
Therefore, the phenotypic spectrum of NIID-related peripheral
neuropathy may encompass both predominant demyelinating
motor neuropathy and predominant axonal sensory neuropa-
thy, necessitating further studies for confirmation.”’ These
findings highlight the significance of considering NIID-related
features when evaluating patients with unclear genetic causes of
inherited neuropathies. The clinical presentation of NIID-
related peripheral neuropathy may vary, and it is crucial to
recognize its diverse phenotypes to ensure accurate diagnosis
and appropriate management for affected individuals.

NIID-Related Vascular
Leukoencephalopathy Phenotype or
Vascular Leukoencephalopathy

Caused by GGC Repeat Expansions
in NOTCH2NLC

A study investigated the potential link between NOTCH2NLC
GGC repeat expansions and cerebral small vessel disease
(cSVD) in genetically unresolved vascular leukoencephalop-
athy cases. Genetic data from 814 patients with cSVD were
analyzed, revealing pathogenic GGC repeat expansions in
NOTCH2NLC in 9 patients (1.11% of cases), ranging from 41
to 98 repeats.”> Among these 9 patients, 6 primarily sought
medical attention for nonspecific symptoms such as headaches
and dizziness, which may not necessarily be related to stroke.
Conversely, 3 of them exhibited stroke-related symptoms such
as slurred speech, hemiparesis, and hemiparesthesia. Un-
fortunately, all these patients had risk factors for cerebrovas-
cular diseases, such as diabetes and hypertension, making it
challenging to definitively attribute their cerebrovascular
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disease to GGC repeat expansions or other high-risk factors.
Furthermore, apart from the extensive leukoencephalopathy,
these 9 patients did not display the typical radiologic charac-
teristics seen in other cerebral small vessel diseases, such as
multiple lacunar infarctions, cerebral microbleeds, and en-
largement of perivascular spaces.52 Hence, based on this study,
it is challenging to establish a causal relationship between the
expansion of GGC repeats in NOTCH2NLC and the de-
velopment of cSVD.

Almost at the same time, another study screened 197 patients
with unexplained c¢SVD and identified 6 patients carrying
the NOTCH2NLC GGC repeat expansion. These patients
displayed gait issues, cognitive decline, and distinct cSVD
traits. Notably, 4 individuals displayed typical NIID-related
hyperintensity in the corticomedullary junction, while 1 in-
dividual’s biopsy revealed eosinophilic inclusions positive for
ubiquitin and p62 within the cells of the capillary and sweat
gland, suggesting a role of NOTCH2NLC GGC repeat ex-
pansions in causing cerebral small vessel disease. Finally, they
concluded that patients exhibiting cSVD should be consid-
ered for the possibility of NIID, particularly those demon-
strating characteristic neuroimaging features associated with
NIID.>

In clinical practice, patients with NIID can indeed exhibit
stroke-like episodes, and newly occurring subcortical infarc-
tions can be detected on MRL>*** In addition, typical cerebral
small vessel disease imaging features such as extensive white
matter disease, brain atrophy, and subcortical infarctions are
also commonly observed in individuals with NIID.>® Further-
more, it has been documented that the majority of individuals
affected by NIID exhibit localized reductions in cerebral blood
perfusion as observed through single-photon emission CT
imaging.” A more compelling validation of the potential role of
GGC repeat expansions within NOTCH2NLC in contributing
to a phenotype of cSVD is provided by an autopsy study of a
NIID patient with a stroke-like episode. This study unveiled
pathologic observations that could indicate compromised in-
tegrity of the blood-brain barrier and disturbances in the reg-
ulation of cerebral blood flow.> Thus, patients with NIID are
very likely to present with clinical phenotypes of cerebral small

vessel disease.

Conclusions

As previously discussed in the literature, the attribution of
GGC repeat expansions in NOTCH2NLC as the primary
factor behind various neurodegenerative diseases appears to
have harbored some inaccuracies. First, certain earlier studies
erroneously relied on the absence of MRI abnormalities as an
absolute criterion for excluding the possibility of NIID, which
led to potential misclassifications. Second, these studies might
have inadvertently overlooked additional clinical manifesta-
tions that are not typically associated with other related
neurodegenerative conditions. In stark contrast, a multitude
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of subsequent investigations have amassed compelling path-
ologic evidence affirming that these individuals indeed pre-
sent distinct clinical phenotypes linked to NIID.

Although screening GGC expansions of NOTCH2NLC in
preexisting DNA sample repositories has the potential to
advance our knowledge of the disease’s prevalence and
breadth and to uncover undiagnosed cases, it is important to
note that we should not automatically assume it to be a
causative gene for related diseases, which may lead to pro-
found alterations in disease incidence, mutation frequency,
and clinical presentations. We also recommend that patients
with neurodegenerative conditions exhibiting hallmark fea-
tures of NIID, such as paroxysmal symptoms and indications
of multisystem involvement, should undergo genetic testing
for GGC repeats in NOTCH2NLC, regardless of whether
they show DWI high-signal abnormalities in the cortico-
medullary junction or intranuclear inclusions in their biopsy
specimens.
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