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ABSTRACT

Objective: To critically re-evaluate cases diagnosed as adult neuronal ceroid lipofuscinosis (ANCL)
in order to aid clinicopathologic diagnosis as a route to further gene discovery.

Methods: Through establishment of an international consortium we pooled 47 unsolved cases
regarded by referring centers as ANCL. Clinical and neuropathologic experts within the Consor-
tium established diagnostic criteria for ANCL based on the literature to assess each case. A panel
of 3 neuropathologists independently reviewed source pathologic data. Cases were given a final
clinicopathologic classification of definite ANCL, probable ANCL, possible ANCL, or not ANCL.

Results: Of the 47 cases, only 16 fulfilled the Consortium’s criteria of ANCL (5 definite, 2 prob-
able, 9 possible). Definitive alternate diagnoses were made in 10, including Huntington disease,
early-onset Alzheimer disease, Niemann-Pick disease, neuroserpinopathy, prion disease, and
neurodegeneration with brain iron accumulation. Six cases had features suggesting an alternate
diagnosis, but no specific condition was identified; in 15, the data were inadequate for classifi-
cation. Misinterpretation of normal lipofuscin as abnormal storage material was the commonest
cause of misdiagnosis.

Conclusions: Diagnosis of ANCL remains challenging; expert pathologic analysis and recent molec-
ular genetic advances revealed misdiagnoses in .1/3 of cases. We now have a refined group of
cases that will facilitate identification of new causative genes. Neurology® 2016;87:579–584

GLOSSARY
ANCL5 adult-onset neuronal ceroid lipofuscinosis; CGP5 custom gene panel;NCL5 neuronal ceroid lipofuscinosis;WES5
whole-exome sequencing.

Diagnosis of neurodegenerative diseases in younger adults is challenging due to the relative rarity
of the problem, the heterogeneous causes, and the frequent absence of noninvasive diagnostic
clues, raising the question of brain biopsy. The neuronal ceroid lipofuscinoses (NCLs) are
a group of storage diseases presenting from infancy to adulthood.1 The stored material is largely
made up of subunit c of mitochondrial adenosine triphosphate synthase or saposin proteins A
and D—that is, of proteins so hydrophobic that they require special mechanisms for their
breakdown and disposal.2

Adult-onset NCL (ANCL) is a particularly demanding diagnostic problem. Childhood NCLs
have well-characterized clinical patterns typically involving brain and eye, abundant storage in
readily accessible peripheral tissues such as skin, and largely solved molecular genetic causes.3–5

In contrast, ANCL can present in a variety of ways with progressive myoclonus epilepsy,
dementia, or motor disorders and shows limited storage in peripheral tissue. Stored material
is usually only found in a subset of neurons, with the accumulation of age-related lipofuscin
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often confused with pathologic storage.6–13

Furthermore, molecular genetic characteriza-
tion of ANCL is at an early stage. Hindered
by the small number of cases, and the clinical
and pathologic challenges, ANCL is poorly
understood.

Kufs disease is the best-known form of
ANCL; it differs from most childhood-onset
forms because there is no retinal involvement,
and the inheritance can be either recessive or
dominant. It is widely accepted that the uncom-
mon teenage-onset cases without retinal
involvement are grouped with adult-onset cases.
The clinical presentation is variable with 2
broad forms identified. Kufs type A presents
with progressive myoclonus epilepsy, whereas
Kufs type B presents with dementia and motor
signs.6,13 Recessive mutations in CLN614–16 and
dominant mutations in DNAJC517–19 can cause
Kufs type A; Kufs type B can be caused by
recessive mutations in CTSF.20,21 Rare cases of
ANCL with retinal involvement are described
due to mutations in PPT1 (CLN1),22,23

CLN5,24,25 and GRN.26 Finally, some patients

with CLN3 mutations present with neurologic
manifestations in adult life, on a background of
visual failure in childhood.27

Despite these important molecular discover-
ies, many reported cases that receive a diagnosis
of ANCL remain unsolved. As ANCL is rare,
we formed a consortium to combine putative
unsolved cases from centers around the world
and analyzed them as one large cohort. We
aimed to refine the clinical spectrum of late-
onset NCL by implementing an expert clinical
and pathologic review process, followed by con-
sensus diagnosis. Here we report our somewhat
surprising results, in particular, the frequent
misdiagnosis of a broad spectrum of neurologic
disorders as Kufs disease. Our eventual aim is to
discover the remaining molecular causes of
ANCL.

METHODS Participants. We established the ANCL Gene

Discovery Consortium encompassing researchers with clinical, neu-

ropathologic, and molecular genetic expertise in ANCL from the

United Kingdom, Europe, United States, Canada, and Australia.

Consortium members pooled 47 unrelated, unsolved cases

into a shared database. These cases had been referred to individual

Consortium researchers for molecular genetic studies over a 20-

year period because of diagnosis or putative diagnosis of ANCL.

Clinicopathologic support for an ANCL diagnosis varied consid-

erably in these cases that remained unsolved despite study by

a variety of molecular genetic and enzymatic assays over time.

For familial cases, only the proband was included. No attempt

was made to sequence all known NCL genes before entry into

the study.

Standard protocol approvals, registrations, and patient
consents. Local institutional review boards at each contributing

site approved this research. Participants or their guardians pro-

vided informed consent.

Diagnostic criteria. We developed initial diagnostic criteria

based on a combination of clinical and pathologic features. These

criteria were based on review of the literature and the clinical

experience of Consortium members.6–13

Clinical and pathologic review of cases. Strenuous attempts

were made to source detailed clinical data from treating clinicians.

We deliberately used broad clinical criteria (table 1) that allowed

for retinal involvement.

Neuropathologic diagnosis remains the gold standard for this

group of disorders. A panel of 3 expert neuropathologists (J.F.S.,

S.C., G.W.A.) developed criteria to classify the pathologic data as

definite, probable, or possible NCL (table 1). Images of the path-

ologic material, where available, were subsequently shared with

each of the 3 neuropathologists. They provided independent

opinions, which were then discussed, and a consensus on the

classification reached.

Overall classification of cases. Each case was given a final

classification of definite ANCL, probable ANCL, possible ANCL,

or not ANCL based on clinical and pathologic data. This occurred

via regular Consortium teleconferences where the clinical criteria

and pathologic classification were integrated to determine an overall

classification (table 2).

Table 1 Adult-onset neuronal ceroid lipofuscinosis: Clinical and pathologic
criteria

Clinical criteria (all 4 criteria required)

Age at onset between 12 and 60 years

Normal development and cognition prior to disease onset

Presence of at least 2 of the following:
Seizures or myoclonus
Progressive cognitive decline
Ataxia
Pyramidal or extrapyramidal motor signs

Documented deterioration over more than 2 years

Pathologic criteria

Definite pathologic features

Ultrastructural demonstration of one or more characteristic membrane-bound storage
morphologies (granular osmiophilic deposits [GRODs], fingerprint profiles, curvilinear profiles,
or rectilinear complexes) in more than one cell type, including but not limited to eccrine
secretory and duct cells, endothelial cells, smooth and skeletal muscle cells, or neurons or
their proximal axons. Fingerprint profiles in vascular smooth muscle and pericytes are
excluded, since it has been shown that they accumulate there nonspecifically with aging35

Probable pathologic features

Ultrastructural demonstration of one or more characteristic membrane-bound storage
morphologies (GRODs, fingerprint profiles, curvilinear profiles, or rectilinear complexes) in
a single cell type AND

Demonstration, in standard histologic preparations, of cytoplasmic inclusions with broad-
range autofluorescence or Luxol fast blue positivity in well-differentiated sections in one or
more of above cell types, to a degree significantly greater than expected for age, OR
Demonstration, by standard immunohistochemistry, of characteristic cytoplasmic storage
material, i.e., subunit c of mitochondrial adenosine triphosphate synthase, saposin protein
A, or saposin protein D

Possible pathologic features (in absence of ultrastructural data)

Demonstration, in standard histologic preparations, of cytoplasmic inclusions with broad-
range autofluorescence or Luxol fast blue positivity in well-differentiated sections in one or
more of the above cell types, to a degree significantly greater than expected for age
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Molecular genetic studies. Screening for known ANCL genes

(CLN6, CTSF, DNAJC5, GRN, and PPT1) was performed by

both Sanger sequencing and high-throughput sequencing

technologies in the majority of the 16 cases (detailed in table

e-1 on the Neurology® Web site at Neurology.org). Genomic

DNA was extracted from venous blood using standard

methods. Briefly, for Sanger sequencing, coding exons and

flanking intronic regions including splice sites of the 3 genes

were PCR amplified using primers designed for all isoforms with

reference human gene transcripts (NCBI Gene; http://www.ncbi.

nlm.nih.gov/; primers available on request). Amplification reactions

were cycled on a Veriti Thermal Cycler (Applied Biosystems,

Carlsbad, CA) and bidirectional sequencing was completed using

BigDye v3.1 Terminator Cycle Sequencing Kit (Applied

Biosystems). Sequencing products were resolved using a 3730xl

DNA Analyzer (Applied Biosystems). Sequence chromatograms

were compared to published cDNA sequence with nucleotide

changes detected using Codon Code Aligner (CodonCode

Corporation, Dedham, MA).

A custom gene panel (CGP), designed to target coding regions

(6.88 Mb) of 3,616 OMIM genes with known phenotypes includ-

ing ANCL, and whole-exome sequencing (WES) was also per-

formed for the majority (table e-1). DNA enrichment was

performed according to the manufacturer’s protocol using either

SeqCap EZ Choice Library (Roche Nimblegen, Madison, WI) for

the CGP or Nimblegen SeqCap V3 (Roche Nimblegen) for WES.

DNA sequencing was performed on the captured barcoded DNA

libraries using either SOLiD 4 System (Applied Biosystems) or

Table 2 Adult-onset neuronal ceroid lipofuscinosis (ANCL) classification criteria
incorporating both clinical and pathologic criteria (see table 1) for 47
putative cases

ANCL
classification Clinicopathologic criteria

No. of
cases

Definite ANCL All clinical criteria met plus definite pathology classification 5a

Probable ANCL Atypical clinical presentation (e.g., late onset) plus definite
pathology classification

All clinical criteria met plus probable pathology classification

2

Possible ANCL Atypical clinical presentation plus probable pathology
classification

All clinical criteria met plus possible pathology classification

9

Not ANCL Clinical, pathologic, or molecular data strongly suggesting an
alternate diagnosis

Review of images or source material suggests no evidence
of neuronal ceroid lipofuscinosis

Pathology images unavailable (i.e., report only)

31

aOne case had a compound heterozygous CLN6 mutation.

Table 3 Summary of 10 cases with an initial diagnosis of adult-onset neuronal ceroid lipofuscinosis (ANCL) in which an alternate diagnosis
was later confirmed

Case Clinical features Initial ANCL diagnosis Diagnostic reevaluation Final diagnosis

KC23 Onset mid-20s with motor and intellectual
deterioration (dementia); no seizures;
progressive ataxia but no distinct chorea;
autosomal dominant family history

Clinical history consistent with ANCL;
skin biopsy interpreted as showing
fingerprint profiles

Pathology review: normal lipofuscin;
clinical review suggested Huntington
disease; genetic diagnosis: HTT expansion

Huntington disease

KC33 Onset 28 years with cognitive decline;
seizure history unknown; deceased in 40s

Clinical history consistent with ANCL; brain
biopsy interpreted as showing
autofluorescent inclusions and GROD-
like material

Pathology review: Normal lipofuscin;
genetic diagnosis: NPC1 mutation

Niemann-Pick
syndrome

KC51 Onset 34 years; dementia with frontal
features, subtle facial dyskinesia,
parkinsonian and mild cerebellar features
including limb ataxia; no seizures;
autosomal recessive family history

Clinical history consistent with ANCL;
skin biopsy interpreted as showing
fingerprint profiles in sweat glands

Pathology review: normal lipofuscin;
genetic diagnosis: PLA2G6 p.G551S
mutation

Neurodegeneration
with brain iron
accumulation

KC35 Onset 20s with progressive cognitive
decline followed by tremor, myoclonus,
and ataxia

Clinical history consistent with ANCL; skin
biopsy interpreted as showing membrane-
bound inclusions with granular material

Pathology review: images of source
material not available; genetic diagnosis:
c19orf12 mutation

Neurodegeneration
with brain iron
accumulation

KC10 Onset age 29 with rapidly progressing
dementia, motor deterioration, and
myoclonus

Clinical history consistent with ANCL; rectal
biopsy identified electron-dense structure
interpreted as fingerprints and curvilinear
pattern consistent with NCL

Pathology review: images of source
material not available; brain biopsy
revealed malignant lymphocytes

Cerebral
Lymphoma

KC24 Onset 22 years; myoclonus and tonic-clonic
seizures; cognitive decline; personality
change; unsteady gait from early 20s
leading to wheelchair dependence;
deceased at 26 years

Clinical history consistent with ANCL;
postmortem brain biopsy interpreted as
consistent with ceroid lipofuscinosis

Pathology review: extensive lesion of the
thalamus consistent with “familial” fatal
insomnia; immunohistochemistry: PrPSc

positive; genetic diagnosis: PRNP
insertion c.154_177(6_13)

Prion disease

KC29 Onset at 13 years with myoclonus; tonic-
clonic seizures and absences at 15 years;
progressive ataxia; wheelchair-bound at
22 years; late ophthalmoplegia; mild
learning disability

Clinical history consistent with ANCL;
skin and muscle biopsy negative

Pathology review: images of source
material not available; genetic diagnosis:
hypothesis free whole exome sequencing
showed SACS p.P2798Q; p.T458I
mutation36

Autosomal
recessive spastic
ataxia of
Charlevoix-
Saguenay

KC8 Onset at 33 years with gait ataxia and
subsequent dementia, dystonia, and
psychiatric symptoms; no seizures;
autosomal dominant family history

Clinical history consistent with ANCL;
premortem biopsies not done

Autopsy revealed classical Alzheimer
disease; genetic diagnosis: PSEN1
p.S170F; CTSD p.A58V37

Early-onset familial
Alzheimer disease

KC21 Onset at 13 years with behavioral changes
(frontal dysfunction) and declining school
performance; myoclonus with occasional
tonic-clonic seizures and poor coordination

Clinical history consistent with ANCL;
no pathology (biopsy not done)

Genetic diagnosis: hypothesis free whole
exome sequencing showed SERPINI1
p.G392E mutation36

Neuroserpinopathy

KC7 Onset age 19 years; progressive disease
with myoclonus, epilepsy, and ataxia

Clinical history consistent with ANCL; skin,
muscle, and brain biopsy negative

Pathology review: images of source
material not available; genetic diagnosis:
MTND3 mutation

Leigh syndrome
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Illumina HiSeq 1500. Data analysis was performed as previously

described.28 The data were inspected for variations in known

ANCL genes and the search for novel genes is ongoing.

Molecular diagnosis of cases initially suspected of having

ANCL, where other disorders were later established, were per-

formed at a number of commercial and research laboratories using

standard techniques.

RESULTS Of the 47 Consortium cases, 16 cases ful-
filled the Consortium’s clinical and pathologic criteria
for definite, probable, or possible ANCL disease (table
2). Of the 16 cases, 8 (2 definite) presented with seizures
as a main feature, usually with a progressive myoclonus
epilepsy (Type A Kufs). The remaining 8 cases (3 def-
inite) presented with dementia and motor signs (Type B
Kufs). None of the ANCL cases had retinal involve-
ment. The mean age at onset was 35 years (median
35.5 years). There were 2 clusters; 6 had onset in the
second decade of life and 10 in the fourth decade or
later. Both Type A and Type B cases were represented in
the 2 age clusters. Two cases fell outside of our arbitrary
12- to 60-years range for disease onset (onset at 10 and
62 years); these cases were considered clinically atypical
and classified overall as possible ANCL (table 2).

A family history suggestive of dominant inheri-
tance was found in 4/16 ANCL cases; in 12, there
was no family history. DNAJC5 mutations were not
found in the 4 dominant cases or the 10 other cases
that had this gene sequenced. CLN6 and CTSF,
known causes of recessive ANCL, were sequenced
in 15 cases and 1 case had probable pathogenic com-
pound heterozygous CLN6 variants identified. This
patient was classified as definite ANCL with a Type A
presentation. This leaves a subset of 15 genetically
unsolved ANCL cases (4 definite).

Our criteria for ANCL were not met in 31/47
(66%) cases, including 2 cases previously published
in detail as having ANCL.29,30 In 10 of these 31 cases,
detailed review with further investigation established
definitive alternate diagnoses (table 3). The main rea-
son for misdiagnosis as ANCL was overinterpretation
of normal age-related lipopigment as pathologic stor-
age material (figure). Six cases had features suggesting
that ANCL was not the correct diagnosis. Two of these
had storage material without the characteristics of the
lipopigment seen in NCL, but a specific diagnosis
could not be made. Two had other neuropathologic
abnormalities, again without leading to a specific diag-
nosis. In 2 cases, biopsy material reported as suggestive
of NCL was considered nonspecific on review, and the
clinical features were atypical. In the remaining 15
cases, the clinical and pathologic data were inadequate
for classification.

DISCUSSION In this study of 47 cases considered to
have ANCL, we found that the diagnosis could be sup-
ported in only 16 cases; of these, 9 were considered pos-
sible cases. Moreover, ANCL was confidently excluded
in 16 cases, of which 10 had secure alternative diagno-
ses established. The classification criteria developed by
the Consortium were useful in formalizing the
approach to problematic cases and has highlighted
the challenges and subtleties in diagnosing ANCL.

The pathologic diagnosis is challenging and is
compounded by the relative rarity of these disorders
such that most neuropathologists have very limited
experience with the condition. In general, misdiagno-
sis occurred by overinterpretation of ultrastructural
findings in biopsy samples, with failure to distinguish

Figure Pathologic diagnosis and misdiagnosis of adult-onset neuronal ceroid lipofuscinosis (ANCL)

(A) Electron micrograph of KC33 shows one of many deposits of lipofuscin in a cortical neuron. These deposits were orig-
inally considered to represent granular osmiophilic deposits (GRODs), leading to a diagnosis of ANCL. Lipid vacuoles, as seen
here, are numerous in lipofuscin, but not in GRODs, and the granules in lipofuscin are coarser and less uniform (bar5 5 mm).
The patient had cognitive decline beginning at age 28 years; NPC1 mutation was later found (table 3). (B) This electron
micrograph of KC15 shows fingerprint profiles from an eccrine secretory cell. The basic paired parallel line pattern even at
this magnification tends to appear as a single wide slightly fuzzy line, but the spacing, the wheeling ranks, and the focal
crystalline pattern where the ranks intersect (at the left of the asterisk) are very characteristic (bar 5 1 mm). Disease onset
was at 18 years with stimulus-sensitive and action-induced myoclonus, dementia, and parkinsonism on the background of
normal development. This case met out criteria for classification as definite ANCL. The molecular basis remains unknown.
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normal lipofuscin that accumulates with age, from
abnormal lipopigment seen in NCL, which may be
very limited in ANCL.6–13 In children, this distinction
is easier, contrasting abundant storage in disease
with minimal normal age-related pigment. Rather than
relying on the amount of lipopigment, accurate diag-
nosis depends on analysis of the particular ultrastruc-
tural features.7,31 In all late-onset neuronal storage
diseases, only a subset of neurons may be involved.
This becomes important when it comes to electron
microscopy on a brain biopsy. If the blocks have not
been trimmed to include involved neurons, the study
may be limited to normal neurons that inevitably con-
tain lipofuscin, and confusion with ANCL may result.

Importantly, the removal of these cases from the
cohort helps simplify the apparent clinical and patho-
logic heterogeneity of ANCL. The clinical profile of
our ANCL cases fit broadly into the previously
described categories of presentation as progressive
myoclonus epilepsy (Type A) and dementia withmotor
disturbances (Type B)6; the single case that was solved
molecularly with a CLN6 mutation had a Type A pre-
sentation, as has been previously described.14

The degree of genetic heterogeneity of ANCL re-
mains unclear. It is already known that contrary to
the childhood forms, which are essentially all recessive
disorders, the adult forms can have either recessive or
dominant inheritance.6,32,33 While it is now possible
to survey the whole exome (or genome) for genetic
variation with high-throughput sequencing technology,
determining which of the many thousand variants iden-
tified are pathogenic remains challenging. However,
this is still a good option for treating clinicians and
may avoid the need for brain biopsy should a plausible
variant be found in one of the known ANCL genes or
in a gene known to cause an alternative late-onset neu-
rologic disease. The efficacy of genetic testing for diag-
nostic purposes will only improve as further ANCL
genes are discovered. At this point in time, pathologic
diagnosis remains the gold standard practice.

Future research into the underlying genetic etiol-
ogy of the unsolved ANCL will be supported by the
removal of misdiagnosed cases that would hinder
these important efforts. By pooling together unrelated
ANCL cases that putatively may share the same caus-
ative gene, the genomic search space can be consider-
ably narrowed. This ongoing work, resulting in
a deeper understanding of the molecular genetic basis,
will provide improved guidance for the accurate
and early diagnosis of ANCL. We anticipate that
the recently accepted nomenclature for the NCL34

will be expanded as new genes are identified.
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Abstract
Background
The progressive myoclonic epilepsies (PME) are a heterogeneous group of disorders in which
a specific diagnosis cannot be made in a subset of patients, despite exhaustive investigation.
C9orf72 repeat expansions are emerging as an important causal factor in several adult-onset
neurodegenerative disorders, in particular frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. An association with PME has not been reported previously.

Objective
To identify the causative mutation in a Belgian family where the proband had genetically
unexplained PME.

Results
We report a 33-year old woman who had epilepsy since the age of 15 and then developed
progressive cognitive deterioration and multifocal myoclonus at the age of 18. The family
history suggested autosomal dominant inheritance of psychiatric disorders, epilepsy, and de-
mentia. Thorough workup for PME including whole exome sequencing did not reveal an
underlying cause, but aC9orf72 repeat expansion was found in our patient and affected relatives.
Brain biopsy confirmed the presence of characteristic p62-positive neuronal cytoplasmic
inclusions.

Conclusion
C9orf72mutation analysis should be considered in patients with PME and psychiatric disorders
or dementia, even when the onset is in late childhood or adolescence.
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The progressive myoclonic epilepsies (PME) are a heteroge-
neous group of neurodegenerative diseases with variable age at
onset and cause, all resulting in a progressive syndrome of
myoclonic jerks and epileptic seizures, often accompanied by
dementia and ataxia.1 There are over 20 established genetic
causes of PMEwith themore common ones being Unverricht-
Lundborg and Lafora body disease due to mutations in CSTB
and EPM2A/EPM2B, respectively, the neuronal ceroid lip-
ofuscinoses (NCL), sialidoses due to neuraminidase de-
ficiency, and mitochondrial encephalopathy with ragged red
fibers. A recent large multicenter study could not identify an
underlying cause in 28% of patients with PME.2

C9orf72 hexanucleotide repeat expansions are the main
cause of genetic frontotemporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS). Average age at onset is
in the 6th decade, with a range between 27 and 83 years.3,4

Since their first description in 2011,5–7 the clinical pheno-
type associated with these mutations has expanded beyond
the FTD/ALS spectrum. Parkinsonism and psychiatric
features are well established now, and hyperkinetic or cer-
ebellar movement disorders have been described.8,9 Seiz-
ures are rarely described10,11 and PME has not been
reported.

We describe a patient with PME and a C9orf72 repeat ex-
pansion, with first symptoms appearing at the age of 15. Onset
in the pediatric years and the phenotype of PME broadens the
C9orf72-related phenotypic spectrum and could provide an
opportunity for patients with PME for whom no underlying
cause has been detected.

Case report
A 33-year-old woman was referred to the neurology de-
partment of a tertiary care hospital in Belgium because of
progressive cognitive decline and speech difficulties. She had
had epilepsy with generalized tonic-clonic seizures and
myoclonic jerks since the age of 15 but was seizure-free for
several years under treatment with valproic acid, levetir-
acetam, and clobazam. She was reportedly well before the age
of 15, with average school performance. She lived with her
partner and could perform all activities of daily life in-
dependently. Despite attempting higher education at the age
of 18, she did not succeed and was currently employed in
a sheltered workshop.

On clinical examination, the patient was alert and co-
operative, and was well-oriented in time and space. She had

a score of 24/30 on theMini-Mental State Examination, with
striking deficits in attention and upon executing more
complex commands. Vital signs were normal. Neurologic
examination of the cranial nerves was normal, as were fun-
duscopy, sensory examination, strength, and reflexes in all 4
limbs, with absence of clear pyramidal and frontal signs. Gait
was slightly broad-based. Small-amplitude myoclonic jerks
were noted in the arms, legs, and fingers, which interfered
with cerebellar testing, but there was no ataxia. She did
not have tremor; muscle tone was normal. Speech was slow,
with multifocal facial myoclonus both at rest and during
speaking, and she displayed signs of neurogenic stuttering.
Speech-induced dystonic facial contractions were in-
frequently seen.

Neuropsychological testing 3 months after initial evalua-
tion showed mostly deficits in attention and executive
functions and to a lesser extent in verbal memory (table
e-1, http://links.lww.com/WNL/A174). EEG repeatedly
showed a moderate increase in slow activity in the theta
and delta range, as well as occasional low-amplitude,
generalized spike-wave discharges with central maximum,
without clear photosensitivity (figure 1B).

The family history revealed several patients with adult-
onset psychiatric or neurodegenerative disorders (figure
1A); more details are provided in the supplementary
text (http://links.lww.com/WNL/A176). The mother of
the proband (II-2) had been hospitalized at age 47 be-
cause of anxiety and depression but subsequently de-
veloped epilepsy at age 48 and a progressive cognitive
decline compatible with FTD, which led to her death at
age 56. A maternal aunt (II-4) had depression and mem-
ory problems. Neuropsychological testing suggested
a possible FTD with onset in her mid-50s (data not
shown).

Adult-onset autosomal dominant PME was diagnosed and
further examinations were focused on elucidating the un-
derlying cause. Ophthalmologic examination was normal.
Routine blood analysis (table e-2, http://links.lww.com/
WNL/A174) did not reveal abnormalities, nor did testing of
CSF including dementia biomarkers (table e-3, http://links.
lww.com/WNL/A174). MRI of the brain revealed general-
ized cerebral and cerebellar atrophy, mostly in the bilateral
parietal lobes (figure 1C) with concordant relative hypo-
metabolism on FDG-PET imaging. Skin and muscle
biopsy were normal as were mitochondrial enzyme activi-
ties in muscle. Genetic testing for autosomal dominant spi-
nocerebellar ataxias (SCA1-2-3-6-7-17), dentatorubral-

Glossary
ALS = amyotrophic lateral sclerosis; ANCL = adult neuronal ceroid lipofuscinosis; EM = electron microscopy; FTD =
frontotemporal dementia; NCL = neuronal ceroid lipofuscinoses; PME = progressive myoclonic epilepsies; WES = whole
exome sequencing.
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pallidoluysian atrophy, Huntington disease, and familial
Alzheimer disease (PSEN1-2, APP) was normal. Microarray-
based comparative genomic hybridization did not reveal
pathologic copy number variations. Whole exome sequenc-
ing (WES) of the patient and her maternal aunt was per-
formed in the context of the ANCL Gene Discovery
Consortium.12 The WES dataset was filtered for variants in
PME causative genes, namely KCNC1, CERS1, PRICKLE1,
EPM2A, GOSR2, KCTD7, LMNB2, NHLRC1, PRDM8,
CSTB, SCARB2, and DNAJC5,13 having a minor allele fre-
quency <5% in the ExAC database. Using this approach, we
did not detect any candidate variants in the proband. Ad-
ditional searching for genetic alterations in a wider spectrum

of epilepsy genes14 did not reveal any potential candidate
mutations.

Electron microscopy (EM) examination of a brain biopsy
from the patient’s right parietal lobe at age 34 showed some
nonspecific increase in lipopigment (figure 2A), but no evi-
dence of Lafora bodies or material diagnostic for NCL. EM
analysis of the muscle biopsy of the maternal aunt (II-4) was
more ambiguous and suggested presence of pathologic stor-
age material in the form of lipopigment with occasional fin-
gerprints (figure 2, B and C), although insufficient to establish
a definite diagnosis of adult neuronal ceroid lipofuscinosis
(ANCL) or Kufs disease. Subsequent expert review of the

Figure 1 Pedigree, neurophysiology, and brain imaging of the proband

(A) Pedigree of the affected family.
Shaded symbols denote affected family
members; the proband is indicated
with an arrow. Confirmed heterozy-
gous C9orf72 repeat expansions are
shown as +/−; obligate carrier status is
indicated as (+/−). (B) Representative
EEG of the proband with a bilateral,
synchronous epileptiform spike-wave
discharge highlighted in gray. (C) Axial
fluid-attenuated inversion recovery
brain MRI of the proband demon-
strates bilateral parietal lobe atrophy.
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biopsy findings within the same Consortium excluded the
diagnosis of ANCL.

Next we tested for C9orf72 repeat expansion, which was positive
in both our patient and the affected aunt, as well as in 2 distant
family members (II-6 and II-8) (figure 1A). Short-repeat PCR3

excluded a repeat size of less than 80 bp in the proband and her
aunt. Further analysis of the brain biopsy with light microscopy
examination showed clear neuronal cytoplasmic inclusions that
stained positive for p62, but were negative for ubiquitin, TDP-43,
and its hyperphosphorylated form (figure 2, D and E). Auto-
fluorescence was slightly increased and ANCL-related staining
for SCMAS, CathD, and LAMP2 were negative (figure e-1,
http://links.lww.com/WNL/A175). Additional staining for
amyloid, tau, FUS, and α-synuclein did not reveal pathologic
changes (data not shown).

Discussion
We present a patient with PME and describe a remarkable
association between this clinical syndrome and C9orf72 repeat
expansions. This constitutes an important finding for patients
with PME of undetermined cause,2 in particular because this
type of intronic mutation cannot be identified throughWES, as

was the case in our patient. C9orf72 repeat expansions can be
found in about 0.159–0.2%15 of healthy individuals, but the
absence of known PME-related defects in the WES data, and
the segregation of the repeat expansion in the family, support
a direct pathogenic role for the C9orf72 repeat expansion in the
PME phenotype of our patient.

Because of the autosomal dominant inheritance of adult-onset
neuropsychiatric symptoms in family members, we focused
our initial workup on the possibility of ANCL or Kufs disease
causing PME in our patient. EM analysis of muscle tissue from
the patient’s maternal aunt also suggested an increase in
pathologic lipofuscin-type deposits, but a definite diagnosis of
ANCL could not be confirmed by the pathologists of the
ANCL Consortium.12 Mining publicly accessible databases
with available data on C9orf72 status9,16 did not reveal addi-
tional cases with symptoms suggestive of PME. Analysis of the
patients with ANCL with autosomal dominant PME but
without genetic diagnosis from the ANCL Consortium did
not reveal other C9orf72 repeat expansions (n = 5). Larger
cohorts of patients with PME have not been tested.

This report supports the novel and emerging concept of
disease anticipation in families segregating a C9orf72 repeat
expansion.17 Symptoms associated with C9orf72 repeat

Figure 2 Electron microscopy and immunohistochemistry

(A) Electronmicroscopy of the brain cortex of patient III-2 (proband) shows intraneuronal classical lipofuscin. (B, C) Electronmicroscopy of the skeletalmuscle
biopsy of patient II-4 demonstrates lipofuscin-like inclusions with fingerprints. (D.a, D.b) p62 staining in the brain cortex of patient III-2, with p62 positive
cytoplasmic inclusions of different shape in some neurons and occasionally in glial cells. (E) Phospho-TDP-43 negative staining in the brain cortex. Magni-
fications ×27,000 (A), ×67,500 (B), ×107,500 (C), ×4 (D.a, E), and ×20 (D.b).
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expansions typically manifest after the 4th decade,5 as illus-
trated by the proband’s mother (II-2, onset around 47 years)
and maternal aunt (II-4, onset around 55 years). Our patient
had her first epileptic seizure more than 30 years earlier at age
15 and quickly thereafter developed progressive cognitive
decline. Short-repeat PCR did not reveal the presence of short
expansions in the proband or maternal aunt, and it is not yet
possible to determine the exact length of longer repeat
expansions. Although many factors may contribute to the
clinical variation, one can speculate that meiotic repeat in-
stability in the mother has resulted in a further expansion of
the hexanucleotide repeat in the proband, resulting in the very
early onset and atypical PME presentation.

It is intriguing to note that for a number of mid- to late-life
inherited neurodegenerative diseases like Alzheimer disease,18

Huntington disease,19 neuroserpinopathy,20 and dentatorubral-
pallidoluysian atrophy,21 classically presenting as dementias, the
presentation can be of a PMEwhen familymembers have an early
onset. C9orf72 repeat expansion can now be added to this list.

Our description of PME due to C9orf72 repeat expansion
expands the phenotypic spectrum associated with this intriguing
noncoding hexanucleotide repeat expansion. Testing for this
mutation should be considered in the workup of patients with
PME, even when onset is in late childhood or adolescence.
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Abstract
Adult-onset neuronal ceroid lipofuscinoses (ANCL, Kufs disease) are rare hereditary neuropsychiatric disorders characterized
by intralysosomal accumulation of ceroid in tissues. The ceroid accumulation primarily affects the brain, leading to neuronal
loss and progressive neurodegeneration. Although several causative genes have been identified (DNAJC5, CLN6, CTSF, GRN,
CLN1, CLN5, ATP13A2), the genetic underpinnings of ANCL in some families remain unknown. Here we report one family
with autosomal dominant (AD) Kufs disease caused by a 30 bp in-frame duplication in DNAJC5, encoding the cysteine-string
protein alpha (CSPα). This variant leads to a duplication of the central core motif of the cysteine-string domain of CSPα and
affects palmitoylation-dependent CSPα sorting in cultured neuronal cells similarly to two previously described CSPα variants,
p.(Leu115Arg) and p.(Leu116del). Interestingly, the duplication was not detected initially by standard Sanger sequencing due
to a preferential PCR amplification of the shorter wild-type allele and allelic dropout of the mutated DNAJC5 allele. It was also
missed by subsequent whole-exome sequencing (WES). Its identification was facilitated by reanalysis of original WES data and
modification of the PCR and Sanger sequencing protocols. Independently occurring variants in the genomic sequence of
DNAJC5 encoding the cysteine-string domain of CSPα suggest that this region may be more prone to DNA replication errors
and that insertions or duplications within this domain should be considered in unsolved ANCL cases.

Introduction

Adult-onset neuronal ceroid lipofuscinoses (ANCL) con-
stitute a group of rare genetic diseases characterized clini-
cally by the progressive deterioration of mental and motor
functions and histopathologically by the intracellular and
ultrastructurally distinct accumulation of autofluorescent
lipopigment—ceroid—in the brain and other tissues. Age of
onset, spectrum of neurological phenotypes, and disease
progression can vary even within families. Clinical hetero-
geneity of ANCLs is in line with diverse inheritance pat-
terns, increasing number of identified causal genes (e.g.,
DNAJC5 [1], CLN6 [2], CTSF [3], GRN [4], CLN1 [5],
CLN5 [6], ATP13A2 [7]), and various types of causative
variants and their combinations (NCL Resource—A Gate-
way for Batten Disease: http://www.ucl.ac.uk/ncl/new
nomenclature.shtml).

Diagnosis of ANCLs is challenging from a clinical,
histopathologic, as well as diagnostic perspective. Even
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with recent technological advances [8, 9], the causative
genetic variants(s) in some ANCL families have not been
identified. In order to improve genetic diagnosis in these
families, we recently established The Adult NCL Gene
Discovery Consortium. Within the Consortium we reviewed
clinical and histopathological data and classified recruited
cases as definite, probable, or possible ANCL or not
meeting the diagnostic criteria for ANCL [10]. ANCL cases
were then subjected to candidate gene and whole-exome
sequencing (WES) [11, 12].

Here we report and characterize a new variant—a 30
base pair in-frame duplication in DNAJC5, that we have
identified in one of the investigated ANCL families. The
identification of this variant was particularly challenging. It
was initially missed by Sanger sequencing of DNAJC5 and
WES, to be identified later by reanalysis of original WES
data that were shared within the Consortium. Our work thus
also provides a cautionary tale about the challenges in
identification of even relatively short insertions and dupli-
cations by standard genetic methods.

Materials and methods

Subjects

The study protocol was approved by the local Institutional
Review Boards and signed informed consent was obtained
from all subjects.

The Canadian family was ascertained at the Montreal
Neurological Institute, McGill University, Canada based on
clinical observation of three affected individuals: a mother
and two sons. The mother was diagnosed with Kufs disease
at the age of 42 and died at the age of 56 (no clinical details
are available). The affected sons presented with seizures,
memory loss, and disability (wheelchair bound) at the age
of 31 and 34. No biopsy material for pathological evalua-
tion was available at the time of investigation to examine for
the presence of typical lipopigment in tissues of affected
individuals.

DNA sequencing and variant analysis

Genomic DNA of the two brothers was extracted from
whole blood samples by a standard protocol. Coding
regions of DNAJC5 (NG_029805.2) were amplified by PCR
from genomic DNA of the two brothers and sequenced by
direct Sanger sequencing using the version 3.1 Dye Ter-
minator cycle sequencing kit (ThermoFisher Scientific) with
electrophoresis on an ABI 3500XL Avant Genetic Analyzer
(ThermoFisher Scientific). Data were analyzed using
Sequencing Analysis software (ThermoFisher Scientific).

Exome sequencing

Exome sequencing was performed using genomic DNA
from the two affected brothers (Fig. 1). For DNA enrich-
ment, the Sure Select Human All Exon V4 capture kit
(Agilent Technologies, Santa Clara, CA) was used accord-
ing to the manufacturer’s protocol. DNA sequencing was
performed on the captured barcoded DNA library via an
Illumina HiSeq 2000 system as a pair end library with the
read length of 100 bp. The resulting FASTQ files were
aligned to the human reference genome (hg19) via BWA-
MEM [13]. After genome alignment, conversion of SAM
format to BAM and duplicate removal were performed
using Picard Tools (1.129). The Genome Analysis Toolkit,
GATK (3.2.2) [14–16] was used for local realignment
around indels, base recalibration, variant recalibration, and
variant calling (HaplotypeCaller). Variant annotation was
performed with SnpEff 3.6 [17] and GEMINI 0.18.2 [18].

In silico analysis of the cysteine-string domain

Hydrophobicity and palmitoylation potential of the wild-
type (wt) cysteine-string domain (CSD) and the CSD car-
rying the DNAJC5 variant were analyzed with a
Kyte–Doolittle algorithm and CSS-Palm 2.0, respectively,
as described previously [1].

CSPα-expression vectors

DNAJC5/CSPα cDNA was amplified by RT-PCR from the
affected individuals’ leukocytes with specific primers.
Resulting PCR products were first cloned into PCR2.1
TOPO TA-cloning vector (Invitrogen) and, after sequencing
verification, the cDNA region containing the 30 bp dupli-
cation was subcloned into a pEGFP-C1/DNAJC5 wt vector
using BstXI and BsmBI restriction sites. The pEGFP-
C1/DNAJC5_wt, pEGFP-C1/DNAJC5_Leu115Arg, and
pEGFP-C1/DNAJC5_Leu116del vectors were generated as
described previously [1].

Transient expression of EGFP–CSPα

cDNA constructs were transfected into CAD5 cells
derived from Cath. -a-differentiated (CAD) cells (pro-
vided by Sukhvir Mahal, The Scripps Research Institute,
Jupiter, FL, USA). Four to seven days before transfection,
1 × 104 cells/cm2 were seeded with Opti-MEM medium
(Opti-MEM; Invitrogen) containing 10% FBS (HyClone,
Logan, UT), 90 units penicillin, streptomycin/ml. Cells
were transfected by either 0.8 or 4 μg of plasmid con-
structs with Lipofectamine 2000 (Invitrogen) in serum and
antibiotics free Opti-MEM medium according to the
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manufacturer’s protocol. Transfection experiments were
performed in more than three replicates.

Immunofluorescence analysis

Cells were fixed 24 h after transfection with chilled
methanol for 10 min, washed, blocked with 5% bovine
serum albumin (BSA), and incubated for 1 h at 37 °C with
antiprotein disulfide isomerase mouse monoclonal IgG1
(Stressgen, San Diego, CA) for endoplasmic reticulum
(ER) localization, anti-GS28 mouse IgG1 (Stressgen, San
Diego, CA) for Golgi localization, and anti-GFP rabbit
polyclonal IgG (Abcam) for EGFP-CSPα detection. For
fluorescence detection, corresponding species-specific
secondary antibodies Alexa Fluor 488 and Alexa Fluor
555 (Molecular Probes, Invitrogen, Paisley, UK) were
used. Prepared slides were mounted in ProLong® Gold
Antifade with 4ʹ,6-diamidino-2-phenylindole staining
nuclei (Life Technologies, Forster City, USA) fluores-
cence mounting medium and analyzed by confocal
microscopy.

Image acquisition and analysis

Prepared slides were analyzed by confocal microscopy.
XYZ images were sampled according to Nyquist criterion
using a LeicaSP8X laser scanning confocal microscope, HC
PL APO objective (63×, N.A. 1.40), 405, 488, and 543 laser
lines. Images were restored using a classic maximum like-
lihood restoration algorithm in the Huygens Professional
Software (SVI, Hilversum, The Netherlands) [19]. The
colocalization maps employing single pixel overlap coeffi-
cient values ranging from 0 to 1 were created in the Huy-
gens Professional Software [20]. The resulting overlap
coefficient values are presented as the pseudo color denoted
in the corresponding lookup tables.

Immunoblot analysis

Transfected CAD5 cells were harvested in PBS, centrifuged
at 610 × g for 5 min, resuspended in 50 mM Tris pH 6.8,
50 mM DTT, 2% sodium dodecyl sulfate (SDS), and
Complete Protease Inhibitor Cocktail (Roche) or PBS with

Fig. 1 Sanger sequencing and reads alignment of the DNAJC5
bearing the 30 bp duplication. a Pedigree of the Canadian family
suggesting an autosomal dominant inheritance. b Chromatograms of
DNAJC5 genomic DNA sequences showing normal DNAJC5
sequence in the proband using original protocol (Proband_sample 1)
and heterozygous duplication in the same DNA sample upon modified
PCR protocol (Proband_sample 2). Lower panel shows chromatogram
from control DNA. c The 30 bp duplication in DNAJC5 in the

Integrative Genomics Viewer (IGV2.3) before (upper panel) and after
a visualization of soft-clipped bases (lower panel). d In silico analysis
of the cysteine-string domain showing that compared with the wild-
type sequence (blue line), the duplication (red line) alters palmitoy-
lation potential (left panel) and hydrophobicity profile (right panel),
critical parameters of post-translational modification, and intracellular
localization of CSPα.

Autosomal-dominant adult neuronal ceroid lipofuscinosis caused by duplication in DNAJC5 initially. . . 785

Příloha 1c



Triton X-100, 0.1 or 0.5% and Complete Protease Inhibitor
Cocktail (Roche), homogenized by sonication using the
Covaris S2 Ultrasonicator, followed by denaturation at
100 °C for 10 min. The protein content in the supernatant
was determined using an infrared spectrometer Direct
Detect infrared (Millipore) according to the manufacturer’s
protocol. Protein lysates equivalent to 15 or 20 μg of protein
were incubated with and without 6M hydroxylamine for
CSPα depalmitoylation for 24 h at room temperature and
reduced at 100 °C for 5 min in sample buffer with or
without 1% beta-mercaptoethanol (βME) before SDS-
PAGE electrophoresis. After protein transfer to the poly-
vinylidene fluoride membrane, membranes were blocked by
5% milk and 0.1% Tween 20 in PBS over night at 4 °C.
CSPα or CSPα-EGFP protein was visualized by incubation
with rabbit CSP antibody (Stressgen) at 1:5000 in 0.1%
BSA and 0.1% Tween 20 in PBS for 60 min or rabbit green
fluorescent protein (GFP) antibody (Abcam) at 1:3000 in
0.1% BSA and 0.1% Tween 20 in PBS for 60 min, followed
by incubation with goat antirabbit HRP (Pierce) at 1:10,000
in 0.1% Tween 20 in PBS for 60 min and detection by
Clarity Western ECL Substrate (Bio-Rad).

Results

Identification of 30 base pair duplication in DNAJC5
by a combination of exome sequencing and sanger
sequencing

To identify the genetic lesion in affected family members
we initially Sanger sequenced and excluded DNAJC5, the
prevalent gene for autosomal dominant ANCL (AD-ANCL)
(Fig. 1b). Next we sequenced all coding exons and 5ʹ and 3ʹ
untranslated regions of their corresponding mRNAs (UTRs)
(Sure Select Human All Exon V4 capture kit, Illumina
HiSeq 2000) in both affected brothers. Considering an
autosomal dominant model of inheritance, we searched for
variants that had standard read count threshold ≥10, were
present in the heterozygous state in both affected indivi-
duals and had a minor allele frequency <0.5% in The
Exome Aggregation Consortium database [21]. These
parameters did not yield any functionally relevant candidate
variant. Lowering the standard read count threshold to ≥5,
we found a 30 bp in-frame duplication in DNAJC5. This
variant was however not seen in the IGV tool, which allows
visualization of sequence alignments. Essential for the
variant detection was a visualization of so called soft-
clipped bases, which are reads not matching with the
reference sequence in their whole length. Using the visua-
lization of soft-clipped bases we revealed the 30 bp in-frame
duplication: chr20:g.62562252_62562281dup (hg19);
NM_025219.2:c.370_399dup (p.(Cys124_Cys133dup)), in

exon 4 of DNAJC5. (Fig. 1c). We modified our original
PCR protocol and confirmed the presence of the duplication
using standard Sanger sequencing (Fig. 1a, upper panels).
The variant was submitted to ClinVar database under the
accession code VCV000689476 and to the Mutation and
Patient Database for Human NCL genes [22].

In silico analysis of the novel CSPα c.370_399dup (p.
(Cys124_Cys133dup)) variant

The duplication encodes for a duplication of the central core
motif of the CSD of CSPα. NM_025219.2:c.370_399dup
(p.(Cys124_Cys133dup)). The CSD is implicated in pal-
mitoylation and membrane trafficking of CSPα. In silico
analysis suggested that the duplication increases hydro-
phobicity (Fig. 1d, right panel) of the CSD and that the
presence of the additional seven cysteine residues changes
the palmitoylation potential (Fig. 1d, left panel). Changes in
these parameters can make the protein carrying the p.
(Cys124_Cys133dup) variant prone to aggregation [23].

The functional effect of the GFP-tagged CSPα p.
(Cys124_Cys133dup) variant in neuronal CAD5 cell
model

To assess the effect of the identified duplication on
CSPα expression and intracellular localization we tran-
siently expressed N-terminal GFP tagged CSPα with the
identified duplication p.(Cys124_Cys133dup), wt CSPα
(GFP_CSPα_wt) and GFP_CSPα with previously identified
variants NM_025219.2:c.344T>G (p.(Leu115Arg)) and
NM_025219.2:c.343_345del (p.(Leu116del)), both variants
located in exon 4 of DNAJC5 (the exon numbering starts
with exon 1 to exon 5), shortly p.(Leu115Arg) and p.
(Leu116del), in CAD5 cells. Immunofluorescence analysis
and colocalization studies showed that the GFP_CSPα_wt
and the endogenous CSPα are localized dominantly along
the plasma membrane in finely granular cytoplasmic
structures. All three GFP_CSPα proteins with the variants p.
(Cys124_Cys133dup), p.(Leu115Arg), and p.(Leu116del)
had reduced expression on the plasma membrane. They are
present mostly in cytoplasm, either in a diffuse form or as a
coarsely granular inclusions that colocalize to a certain
extent with markers of ER and Golgi apparatus (Fig. 2,
Supplementary Fig. 1).

Immunoblot analysis of GFP-CSPα transiently
produced in CAD5 cells

To assess the effect of the identified duplication we per-
formed western blot analysis of transiently transfected
CAD5 cell lysates before and after chemical depalmitoyla-
tion performed under different denaturing conditions
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(Fig. 3). We found that the GFP_CSPα protein carrying the
Cys124_Cys133dup is present exclusively in non-
palmitoylated form, whereas GFP_CSPα_Leu115Arg and
GFP_CSPα_Leu116del proteins can present in both, the
nonpalmitoylated or palmitoylated CSPα with the former
more abundant. All three GFP_CSPα_Leu115Arg, GFP_
CSPα_Leu116del, and GFP_CSPα_Cys124_Cys133dup
proteins formed high molecular weight aggregates that were
resistant to SDS and reducing agents (DTT, βME). The
aggregates became soluble by these procedures only upon
initial chemical depalmitoylation by hydroxylamine
(Fig. 3).

Discussion

In this work we identified a 30 bp duplication in DNAJC5
encoding CSPα in one family ascertained by The Adult
NCL Gene Discovery Consortium. The variant leads to a
duplication of the central core motif of the CSD and affects
palmitoylation-dependent CSPα sorting in cultured neuro-
nal cells similar to two other previously described single
nucleotide CSPα variants p.Leu115Arg and p.Leu116del.
CSPα acts as a co-chaperone in the formation of presynaptic
SNARE complexes (soluble N-ethylmaleimide-sensitive

factor attachment protein receptors) [24]. The SNAREs
are essential for docking of synaptic vesicles, their fusion
and recycling. There is accumulating evidence that disrup-
tion of the SNARE machinery leads to neurodegeneration
[25].

This family remained genetically undefined for decades.
Initially, the variant could not be detected by standard
Sanger sequencing of DNAJC5 probably due to a pre-
ferential PCR amplification of the shorter wt allele and
allelic dropout of the mutated DNAJC5 allele. It was also
missed by a subsequent analysis of WES. Its identification
was facilitated by reanalysis of the original WES data
shared within the Consortium and modification of the PCR
and Sanger sequencing protocols.

Independently occurring variants in the genomic
sequence of DNAJC5 encoding the CSD of CSPα [1] sug-
gest that this region may be more prone to DNA replication
errors and that insertions or duplications within this domain
should be considered in not yet solved ANCL cases.

Our work demonstrates the limitations of Sanger
sequencing and WES in detection of even relatively small
insertions and duplications and shows that analysis of next
generation sequence data still requires an individualized
approach and unique interpretations of the data. Continued
reanalysis of the data with a team of experienced scientists

Fig. 2 Immunofluorescence analysis of transiently expressed GFP-
tagged CSPα wt and variant proteins in CAD5 cells. All three
variant proteins (a–c, m–o) are present in a finely or coarsely granular
structures. Co-staining with (e–g) protein disulfide isomerase (PDI), a
marker of endoplasmic reticulum (ER), and (q–s) Golgi SNAP
receptor complex member 1 (GS28) demonstrates abnormal presence

of mutated proteins in ER (i–k) and Golgi (u–w). Wild-type protein
(d, h, l, p, t, x) is present exclusively on plasma membrane. The degree
of colocalization of GFP_CSPα with selected markers is demonstrated
by the fluorescent signal overlap coefficient values ranging from 0
to 1. The resulting overlap coefficient values are presented as the
pseudo color whose scale is shown in corresponding lookup table.
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may identify previously missed variants. Approximately
75% of patients with neurodegeneration subjected to WES
remain without a genetic diagnosis [26]. It is unclear how
many similar variants will be identified by continued rea-
nalysis, as demonstrated in this paper.

Data availability

The authors state that anonymized data will be shared by
request from any qualified investigator.
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Abstract
Background: Spinal muscular atrophy (SMA) is an inherited neuromuscular disease 
affecting 1 in 8,000 newborns. The majority of patients carry bi-allelic variants in the 
survival of motor neuron 1 gene (SMN1). SMN1 is located in a duplicated region on chro-
mosome 5q13 that contains Alu elements and is predisposed to genomic rearrangements. 
Due to the genomic complexity of the SMN region and genetic heterogeneity, approxi-
mately 50% of SMA patients remain without genetic diagnosis that is a prerequisite for 
genetic treatments. In this work we describe the diagnostic odyssey of one SMA patient in 
whom routine diagnostics identified only a maternal heterozygous SMN1Δ(7–8) deletion.
Methods: We characterized SMN transcripts, assessed SMN protein content in 
peripheral blood mononuclear cells (PBMC), estimated SMN genes dosage, and 
mapped genomic rearrangement in the SMN region.
Results: We identified an Alu-mediated deletion encompassing exons 2a-5 of SMN1 
on the paternal allele and a complete deletion of SMN1 on the maternal allele as the 
cause of SMA in this patient.
Conclusion: Alu-mediated rearrangements in SMN1 can escape routine diagnostic 
testing. Parallel analysis of SMN gene dosage, SMN transcripts, and total SMN pro-
tein levels in PBMC can identify genomic rearrangements and should be considered 
in genetically undefined SMA cases.

K E Y W O R D S

Alu elements, SMN1, SMN2, spinal muscular atrophy
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1  |   INTRODUCTION

Spinal muscular atrophy (SMA) is an inherited neuromuscu-
lar disease characterized by progressive degeneration of alpha 
motor neurons in the spinal cord leading to muscle weakness 
and paralysis. SMA is the most prevalent monogenic cause 
of death in infancy (Glascock et al., 2018) with an incidence 
of ~1:8,000 in Caucasians and Asians and carrier frequency 
of ~1:50 (Verhaart et al., 2017). The severity of SMA can 
vary from early postnatal onset and muscular weakness with 
respiratory insufficiency to milder forms presenting during 
infancy or adolescence (Schorling et al., 2019). The majority 
of SMA patients carry bi-allelic variants in the survival of 
motor neuron 1 gene (SMN1, OMIM 600354) that localizes 
to a duplicated region on chromosome 5q13.

The survival of motor neuron 2 gene (SMN2, OMIM 
601627) is a homologue of SMN1. Genetic investigations 
have revealed zero to six copies of SMN2 that are located next 
to SMN1 on 5q13 (Crawford et al., 2012). SMN1 and SMN2 
(“SMN genes”) encode for the same SMN protein. However, 
expression of the SMN protein from SMN2 is substantially 
lower than from SMN1 due to a single nucleotide sequence 
difference at the sixth position of exon 7 in SMN2 (hg38, 
chr5:70076526, T). This sequence difference alters splicing 
and results in the predominant production of an SMN2 tran-
script that skips exon 7 (SMN2Δ7) and encodes for an unstable 
and less functional protein. SMN2 is therefore unable to fully 
compensate the deficit of SMN1. However, SMN expression 
from SMN2 may be increased in a gene dose-dependent man-
ner (Crawford et al., 2012). This SMN2 dose variance was 
suggested to have a compensatory effect on SMN expression 
and ameliorate the severity of SMA (Butchbach, 2016).

The SMN region on chromosome 5q13 is enriched for pri-
mate-specific nonautonomous retrotransposons belonging to 
a class of short interspersed elements (SINE)-repetitive DNA 
sequences called Alu elements. The Alu elements are about 
280 base pairs long and are formed by two diverged dimers 
(Deininger, 2011). They are divided into subfamilies based 
on single nucleotide differences. The main Alu subfamilies 
are AluJ, AluS, and AluY (Kim, Cho, Han, & Lee, 2016) with 
the AluY being the evolutionarily youngest and AluS the most 
numerous. The youngest Alu subfamilies AluS and AluY in-
crease the likelihood of genomic rearrangements that result 
in the formation of a new chimeric Alu-Alu element at the 
breakpoint junction.

Alu-mediated genomic rearrangements are a frequent 
cause of various human diseases (Song et al., 2018). 
Accordingly, 95% of genetically defined SMA patients have 
deletions of exons 7 and/or 8 of SMN1 (SMN1Δ7, SMN1Δ(7–
8)) that appear to be caused by Alu-mediated rearrangements 
(Ottesen, Seo, Singh, & Singh, 2017).

It is important to note that the term “deletion of SMN1 
exons 7 and/or 8” is commonly used to describe the results of 

routinely performed multiplex ligation-dependent probe ampli-
fication (MLPA) assays, which are the current gold standard of 
SMA diagnostics (Mercuri et al., 2018). Deletions of these two 
particular exons can be detected by the MLPA assay, which is 
designed to target exclusively exons 7 and 8 and distinguishes 
SMN1 and SMN2 based on single nucleotide sequence differ-
ences. In reality, these deletions can extend beyond exons 7 and 
8 and include the entire SMN1, then even extending further to 
include multigene deletions of the 5q13 region.

Other Alu-mediated genomic rearrangements in the SMN 
region identified in SMA patients lead to formation of SMN1-
SMN2 hybrid genes (van der Steege et al., 1996). Interestingly, 
Alu-mediated deletion of exons 4 to 6 with intact exons 7 and 
8 has thus far been reported in just a single case (Wirth et al., 
1999). Other SMN1 variants identified in SMA patients in-
clude small intragenic deletions and missense variants. A 
full list of these variants can be found in the Human Gene 
Mutation Database records (Stenson et al., 2014).

Recently, non-5q-SMN1 variants have been reported in 
SMA patients, including variants in VRK1 (Renbaum et al., 
2009), EXOSC3 (Wan et al., 2012), EXOSC8 (Boczonadi 
et al., 2014), and SLC25A46 (Wan et al., 2016). Variants in 
these genes have been reclassified as a distinct syndrome pon-
tocerebellar hypoplasia (OMIM 607596). Similarly, variants 
in AGTPBP1 (Karakaya et al., 2019; Shashi et al., 2018) have 
also been reported to cause childhood-onset neurodegenera-
tion with cerebellar atrophy (OMIM 618276), a different type 
of motor neuron disease.

Due to the complexity of the SMN 5q13 genomic region, ap-
proximately 50% of all SMA patients remain without a genetic 
diagnosis after routine genetic testing (Karakaya et al., 2018). 
The ability to identify the genetic cause of SMA is critically 
important for patients because only patients with bi-allelic 
SMN1 variants are eligible for genetic therapies (Michelson 
et al., 2018). These potential treatments include Zolgensma 
and the antisense oligonucleotide treatment Spinraza. The 
precise identification of the causal variants in SMA patients 
is also important for genetic counseling in affected families.

In this work we describe the diagnostic odyssey for one 
SMA patient and her parents from Slovakia in whom the rou-
tine MLPA assay and subsequent direct sequencing of SMN1 
coding regions identified only a heterozygous, maternally in-
herited deletion of exons 7 and 8 in SMN1.

2  |   MATERIALS AND METHODS

2.1  |  Ethical compliance

The study was approved by the appropriate institutional re-
view boards and the investigations were performed according 
to the Declaration of Helsinki principles. Parents provided 
informed consent.
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2.2  |  Clinical report

The patient was clinically diagnosed at the Children 
Teaching Hospital Košice, Slovakia. The infant was born 
by normal spontaneous delivery to a 31-year-old mother 
following a full-term pregnancy from the first gravidity and 
with no reported abortions; the postnatal adaptation of the 
infant was standard. The patient presented with global mus-
cle hypotonia and hyporeflexia suggestive of SMA at the 
age of 1 month and showed markedly decreased mobility 
at the age of 3 months. Global respiratory failure required 
tracheostomy and mechanical ventilation from the age of 
7  months. At the time of investigation, the patient was 
2 years and 8 months old and ventilator dependent. She suf-
fered from severe global weakness and hypotonia. Muscle 
atrophy predominantly affected the lower limbs. The pa-
tient could respond only with eye contact. There were no 
sensory deficits. Both parents were neurologically intact.

2.3  |  MLPA, panel sequencing, and 
cytogenetic analyses

Genomic DNA (gDNA) was isolated from peripheral 
venous blood in the patient and her parents using stand-
ard protocol. The patient’s karyotype was assessed by 
G-banding and comparative genomic hybridization 
(aCGH) was performed using Agilent SurePrint HD 4x44 
platform at the Medirex Group, Slovakia. Genes associated 
with a set of neuromuscular disorders were analyzed using 
a custom SeqCap EZ kit (Roche) and Illumina sequenc-
ing at CMBGT in Brno, Czech Republic. The TruSight 
One Sequencing Panel (Illumina) was used for analysis of 
more than 4,800 genes associated with human diseases at 
Medirex. The presence of the deletion of exons 7 and 8 in 
SMN genes was assessed using the MLPA assay; SALSA 
MLPA P060 SMA Carrier probemix (MRC-Holland) at 
Genexpress. The coding regions of SMN genes were ana-
lyzed using paired-end sequencing of PCR amplicons on 
Illumina MiSeq (Illumina) at Alpha Medical.

2.4  |  SMN1 and SMN2 mRNA/
cDNA analysis

Total RNA and cDNA were isolated and prepared from periph-
eral blood mononuclear cells (PBMC) using ProtoScript® II 
Reverse Transcriptase (NEB). Full-length SMN1 and SMN2 
cDNAs were PCR amplified using primers SMN575_F 
(Sun et al., 2005) and SMN_541C1120_R (Lefebvre et al., 
1995) (Table 1) amplifying together both SMN genes derived 
transcripts from the first coding exon to the last untrans-
lated exon 8 (NM_000344.3). PCR products were analyzed 

using the agarose gel electrophoresis, and Sanger sequenced 
using the version 3.1 Dye Terminator cycle sequencing kit 
(ThermoFisher Scientific) with electrophoresis on an ABI 
3500XL Avant Genetic Analyzer (ThermoFisher Scientific).

2.5  |  Western blot analysis of SMN protein

The quality and amount of the SMN protein were assessed 
in lysates of PBMC using Western blot analysis. PBMC 
were isolated using the Histopaque-1077 reagent (Sigma-
Aldrich). The cell pellet was resuspended in 50 mM Tris 
pH 6,8, 50  mM DTT, 2% SDS, and Complete Protease 
Inhibitor Cocktail (Roche), sonicated using the Covaris 
S2 Ultrasonicator (Covaris), and denaturated at 100°C 
for 10  min. The protein content in the supernatant was 
determined using an infrared spectrometer Direct Detect 
(Millipore) according to the manufacturer's protocol. 
Protein lysates equivalent to 22 μg of protein were reduced 
and denatured at 100°C for 10 min in a sample buffer with 
1% beta-mercaptoethanol before SDS-PAGE electropho-
resis. After protein transfer to the polyvinylidene fluoride 
(PVDF) membrane, the membrane was blocked by 5% 
skimmed milk and 0.1% Tween 20 in PBS for 1 hr at room 
temperature (RT). The SMN protein was visualized by in-
cubation with mouse monoclonal SMN antibody (610646, 
BD Transductions) at 1:5,000 in 5% BSA and 0.1% Tween 
20 in PBS over night at 4°C, followed by incubation with 
goat anti-mouse HRP (Pierce) at 1:10,000 in 0.1% Tween 
20 in PBS for 60  min, and detection was performed by 
Clarity Western ECL Substrate (Bio-Rad). The actin pro-
tein was visualized by incubation with rabbit Actin anti-
body (A2103; Sigma-Aldrich) at 1:1,000 in 0.1% BSA and 
0.1% Tween 20 in PBS for 1 hr at RT, followed by incuba-
tion with goat anti-rabbit HRP (Pierce) under conditions 
and using detection as described above. Relative quantifi-
cation of the SMN protein was performed using GeneTools 
software (4.03.03.0, Syngene). SMN protein levels were 
normalized to actin; the experiment was performed in three 
technical replicates. The statistical significance was deter-
mined using one-way ANOVA test.

2.6  |  Long-range PCR

Long-range PCR was performed using four primer pairs am-
plifying both SMN genes (NG_008691.1, NG_008728.1) in 
four overlapping PCR products (PCR1-PCR4, Table 1). The 
reactions were performed with TaKaRa LA PCR Kit Ver. 
2.1 according to the manufacturer`s protocol. PCR products 
were pair-end sequenced on Illumina HiSeq 2500 (Illumina). 
FASTQ files were aligned to the human reference genome 
hg19 using NovoAlign (V2.08.03) and all alignment locations 
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were reported. Picard Tools (1.129) were used to convert 
SAM to BAM, remove duplicates, and add read groups. 
Local realignment around indels, base recalibration, and gen-
otyping was performed with the Genome Analysis Toolkit, 
GATK (3.5) (McKenna et al., 2010). Variants were anno-
tated by SnpEff (4.3t) (Cingolani et al., 2012) and GEMINI 
(0.20.2-dev) (Paila, Chapman, Kirchner, & Quinlan, 2013).

2.7  |  Copy number analysis of SMN genes

The total number (sum) of SMN genes dosage was deter-
mined in the gDNA of the patient and her parents using the 
quantitative PCR (qPCR) analysis of four retrotransposon-
free SMN genomic regions: (a) in intron 1 (I1), (b) in the 
exon 3–intron 3 junction (E3I3), (c) in the intron 5–exon 
6 junction (I5E6), and (d) ~1  kb downstream from exon 
8 (+1  kb) (Table  1). The qPCR was performed using the 
LightCycler® 480 System (Roche Applied Science). All of 

the qPCR reactions were performed in triplicates in 10  μl 
reactions with the following final concentrations of the rea-
gents: 80 nM UPL probe, 300 nM primers, 1x Roche Probe 
Master Mix, and total 15 ng of genomic DNA per reaction. 
Sample quantitation cycle (cq) values were determined 
using the Second Derivative Maximum Method and normal-
ized using the RNAse P and albumin genes as a references. 
Relative quantification using the 2−ΔΔCT method (Livak 
& Schmittgen, 2001) was performed to determine the sum 
copy number. Unrelated healthy controls were used as con-
trol samples.

2.8  |  Mapping of SMN1 deletion breakpoint/
junction by Alu PCR

The Alu PCR was performed as described previously by 
Majer et al. (2020). Briefly, based on the SMN1 transcript 
analysis that identified deletion of exons 2a to exon 5 in 

T A B L E  1   Primers used for long-range PCR, qPCR, and SMN cDNAs amplification and Alu PCR

Primer ID Primer sequence (5′−3′) Primers application

SMN1_1U TTAAGGATCTGCCGCCTTCC Long-range PCR, 
PCR1 (SMN1)SMN_1L CCAAACCAGCCCACACATTG

SMN_2U CTACAGTAGCTGGGGACTGAGC Long-range PCR, 
PCR2SMN_2L CATATGGAGGAAACCGGCCTAA

SMN_3U CACCATGCCCGGCCTAAAT Long-range PCR, 
PCR3SMN_3L CAAGAGCACTGCATCTGGGT

SMN_4U AGCCAGGTCTAAAATTCAATGGC Long-range PCR, 
PCR4SMN_4L TGGGCCAAAGGGCAAAATAA

SMN575_F ATCCGCGGGTTTGCTATG cDNA SMN exons 1–8

SMN_541C1120_R CTACAACACCCTTCTCACAG

SMN_i1_105_F TCCCTATTAGCGCTCTCAGC qPCR SMN region; I3

SMN_i1_182_R CGGATCGACTTGATGCTGT

SMN_ei3_7_F ACAAAATGCTCAAGAGGTAAGGA qPCR SMN region; 
E3I3SMN_i3_96_R TCGGTGGATCAAACTGACAA

SMN_i5e6_2_F AAACAATATCTTTTTCTGTCTCCAGAT qPCR SMN region; 
I5E6SMN_e6_797_R GAAATTAACATACTTCCCAAAGCATC

SMN_28867_F TGTCCTTGTGGTTGTAAGGAATC qPCR SMN region; 
+1 kbSMN_28961_R CAGCAACTTTTGTCTGTCTTCTG

Alu_259_wt_R CCAGGCTGGAGTGCAGTGG Alu PCR

Alu_259_4A_R CCAGGCTGGAGTGCAATGG Alu PCR

Alu_259_3C_R CCAGGCTGGAGTGCAGCGG Alu PCR

Alu_259_1A_R CCAGGCTGGAGTGCAGCGA Alu PCR

SMN_i5_979_R AACGAGGACGAAAAGACAGC Alu PCR

SMN_i5_821_R ACAGCTCACATAGCATTTCG Alu PCR sequencing

SMN_i1_10748_F GGACTTGTCTCACTAATCCCTCAT Family screening for 
SMN(2a−5) transcriptSMN_i5e6_1R GGAGGTGGTGGGGGAATTATC
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SMN1 cDNA, we anticipated that the deletion breakpoints 
must be located in adjacent introns 1 and 5. We identified in 
these regions sequences of Alu retrotransposons (Figure S1) 
and designed (a) a set of universal reverse primers target-
ing the terminal parts of the Alus in intron 1 (Alu_259_
wt_R, Alu_259_4A_R, Alu_259_3C_R, Alu_259_1A_R) 
(Table 1, Figure S1), and (b) one SMN1-specific forward 
primer targeting from intron 5 toward intron 1 (SMN_
i5_979_R, Table 1). We performed four separate PCR re-
actions (Figure S2) with the intron 5 SMN1-specific primer 
and one of the four Alu universal primers. Resulting PCR 
products of the four reactions were column isolated and 
Sanger sequenced using a gene-specific primer located in 
intron 5 Alu preceding region (SMN_i5_821_R) (Table 1). 
The Sanger sequencing was performed as described above.

The deletion-spanning PCR method for testing of family 
members for the Δ2a-5 deletion was performed using prim-
ers annealing to the intron 1 (SMN_i1_10748_F) and exon 
6 of SMN1 (SMN_i5e6_1R, Table 1). Resulting PCR prod-
ucts were column isolated and Sanger sequenced as described 
above.

3  |   RESULTS

3.1  |  Routine genetic testing in the patient 
identified only heterozygous, maternally 
inherited deletion of exons 7 and 8 in SMN1

To establish the diagnosis, MLPA analysis was performed 
and revealed a deletion of SMN1 exons 7 and 8 and two cop-
ies of SMN2 exons 7 and 8. Heterozygous deletion of SMN1 
exons 7 and 8 was also found in the patient’s mother, who 
also carried only one copy of SMN2 exons 7 and 8. The fa-
ther carried two copies of exons 7 and 8 of both SMN genes 
(Table 2).

Subsequent targeted sequencing of the coding regions 
of SMN genes in the patient and parents did not reveal any 
further pathogenic variants that would explain the SMA 
phenotype. To search for other potential disease-causing 
variants, karyotype assessment and array-based compara-
tive genomic hybridization assay (aCGH) were performed 
but no gross chromosomal abnormalities were detected. 
The panel sequencing of genes associated with a set of 

neuromuscular disorders and the TruSight One Sequencing 
Panel did not reveal any definitive or likely pathogenic 
variants related to the phenotype. Due to inconclusive 
results of genetic testing, the patient was referred to the 
Research Unit for Rare Diseases of the First Faculty of 
Medicine, Charles University in Prague, and included in 
the “Undiagnosed Disease Program” that aims to identify 
genetic diagnosis in cases of rare genetic diseases with neg-
ative results of genetic and genomic analyses.

Before looking for other genetic causes, the primary 
focus was to further analyze the SMN genomic region in 
this patient whose clinical phenotype was highly sugges-
tive of SMA.

3.2  |  Direct sequencing of SMN cDNAs 
revealed an absence of a full-length SMN1 
transcript in the patient

To study the SMN1 transcript we performed reverse tran-
scription polymerase chain reaction (RT-PCR) and ampli-
fied the full-length SMN cDNAs from PBMC of the patient, 
both parents and controls. Using the agarose gel electropho-
resis, we observed in the patient and her father an abnormal 
PCR product of ~600 bp that was not present in mother and 
controls (Figure  1a). Subsequent Sanger sequencing of the 
gel isolated PCR products revealed the presence of the full-
length SMN1 and SMN2 cDNA in the mother, father, and 
control. In the patient, only the full-length SMN2 cDNA was 
present and the full-length SMN1 cDNA was lacking. The 
abnormal shorter cDNA of ~600 base pairs that was detected 
in the patient and father was, based on the presence of two 
SMN1-specific sequence variants in exons 7 and 8, identi-
fied as a SMN1 that was lacking exon 2a to exon 5 (Δ2a-5) 
(Figure 1a).

3.3  |  Western blot analysis confirmed 
decreased amount of SMN protein in PBMC

To analyze the effect of identified mRNA changes on the 
protein quality and abundance, we immunodetected and 
quantified SMN protein in PBMC lysates from the patient, 
her parents, and a control. In all samples we detected only 
one immune-reactive protein at ~40  kDa, correspond-
ing to the predicted molecular weight of full-length SMN 
(Figure  1b). The protein at the length of ~10  kDa corre-
sponding to a predicted molecular weight of the deleted 
SMN(Δ2a-5) was not detected probably due to its altered 
immunogenicity or reduced protein stability. Compared 
with controls, the amount of SMN normalized to actin was 
reduced to 10% in the patient, 27% in the mother, and 41% 
in the father (Figure 1c).

T A B L E  2   Results of routine MLPA analysis

 

SMN1 SMN2

Exon 7 Exon 8 Exon 7 Exon 8

Patient 1 1 2 2

Mother 1 1 1 1

Father 2 2 2 2
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F I G U R E  1   SMN1 transcript and SMN protein analysis. (a) Agarose gel electrophoresis profiles of RT-PCR products amplified from total 
RNA isolated from PMBC of the patient (P), her mother (M), father (F), and control (C) showing presence of the abnormal RT-PCR product of 
~600 base pairs in the patient and her father. Identities of individual RT-PCR products revealed by Sanger sequencing are shown on the right. 
(b) Western blot analysis of total PBMC homogenates. Detection with anti-SMN and anti-actin antibodies showed presence of immune-reactive 
proteins of molecular weights of ~40 and 50 kDa corresponding to predicted molecular weight of the SMN and actin, respectively. (c) The graph 
shows the relative amounts of SMN normalized to actin and decrease in SMN content in the patient (P), her mother (M), and father (F) compare 
with control (C). *p < .05
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F I G U R E  2   Identification of SMN1 variants. (a) qPCR analysis of four retrotransposon-free SMN genomic regions in the intron 1 (I1), in the 
exon 3–intron 3 junction (E3I3), in the intron 5–exon 6 junction (I5E6), and ~1 kb downstream from exon 8 (+1 kb). Compared with four copies 
of SMN genes that are present in controls, we found that the patient has three copies at the I1, I5E6, and +1 kb loci and two copies at the E3I3 
loci. The mother has three copies through the I1 to I5E6 loci and two copies at the +1 kb loci. The father has three copies only at the I5E6 loci. (b) 
Schematic representation of SMN1/2 exon (E)/intron (I) structure. Positions of sequence differences between SMN1 and SMN2 are represented 
by black vertical bars. The black triangles denote sequence-specific variants in exons 7, 8 targeted by MLPA probes in routine testing. Locations 
of Alus in the breakpoint candidate regions in the intron 1 and 5, including the causal AluSp in the intron 1 and AluSq in the intron 5 indicated by 
vertical text, and primers binding sites for Alu PCR indicated by black arrowheads are shown below the scheme of the SMN structure. Position of 
the PCR4 spanning exons 5–8 that showed absence of SMN1 sequence-specific variants indicating disruption of both SMN1 alleles in the patient 
is represented by yellow box. Range of the paternal deletion of exons 2a-5 is represented by red box. (c) DNA sequence trace of the Alu PCR, 
Alu_259_4A, showing a double sequence caused by presence of AluSq wt in intron 5 together with a sequence originating from the intron 1 AluSp. 
Red arrows indicate the addition of AluSp-specific sequence in an Alu PCR product. (d) PCR genotyping of the SMN1Δ(2a-5) variant showed 
presence of the deletion-spanning amplification product in the patient (P) and father (F), but not in mother (M) and control (C). (e) DNA sequence 
trace of the breakpoint junction-specific PCR and detail of the Δ2a-5 breakpoint junction show the new Alu-Alu chimeric element originating from 
the recombination between the AluSp in the intron 1 and AluSq in the intron 5. A breakpoint microhomology of the AluSp and AluSq is marked with 
a black box. (f) Schematic representation of SMN1 and SMN2 in the family members. Pink-marked boxes represent maternal alleles (M) and blue 
boxes paternal alleles (F). The red crosses denote identified deletions and the dashed vertical lines denote loci of the qPCR (I1, E3I3, I5E6, and 
+1 kb) and MLPA (exon 7-E7, exon 8-E8) probes used for deletion mapping. The black junctions on the box terminals indicate a cis configuration 
of SMN1 and SMN2 alleles. The model shows (a) a whole deletion of one SMN1 allele in the patient (P) inherited from her mother and detected 
by the combination of the qPCR and MLPA; (b) a deletion of the second SMN1 allele in the patient inherited from her father and detected by the 
E3I3 qPCR and transcript analysis (Figure 1a); and (c) deletion of one copy of one SMN2 allele in the mother detected by the MLPA and the + 1kb 
qPCR
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3.4  |  SMN1 and SMN2 gDNA copy number 
analyses suggested the presence of the 
intragenic SMN1 deletion in the patient and 
father and whole-gene SMN1 deletion in the 
patient and her mother

To assess SMN gene dosage, we performed qPCR analysis of 
four retrotransposon-free SMN genomic regions: (a) in intron 
1 (I1), (b) in the exon 3–intron 3 junction (E3I3), (c) in the in-
tron 5–exon 6 junction (I5E6), and (d) ~1 kb downstream from 
exon 8 (+1 kb). Compared with four copies of SMN genes that 
are normally present in each of four tested loci in controls, 
we found that the patient has three copies at the I1, I5E6, and 
+1 kb loci and two copies at the E3I3 loci. The mother has 
three copies through the I1 to I5E6 loci and two copies at the 
+1 kb loci. The father has three copies only at the I5E6 loci 
(Figure 2a). Together with the MLPA assay findings (Table 2), 
this analysis suggested that the patient had deletion of the whole 
SMN1 on the maternal allele (NC_000005.9:g.(?_70221078)_
(70249850_?)del), where the genomic coordinates denote the 
central position of the qPCR probes targeting the I1 and +1 kb 
genomic loci, and a deletion encompassing Δ2a-5 exons of 
SMN1 on the paternal allele.

3.5  |  Sequencing of long-range gDNA PCR 
products spanning SMN genomic sequence 
indicated bi-allelic deletion of the SMN1 
in the patient

To identify the variant causing the deletion of SMN1 exons 
2a-5 in the patient's and father's cDNA, we PCR amplified 
the genomic DNA and Illumina sequenced four overlapping 
long-range amplicons (PCR1–PCR4) spanning exons 1–8 of 
SMN1 and SMN2. Using specific single nucleotide sequence 
differences that distinguish the SMN genes, we found that in 
the patient amplicon PCR4, spanning intron 6, exon 7, intron 
7, and exon 8 (Figure  2b), had been amplified exclusively 
from SMN2. These findings indicated that SMN1 gene must 
be disrupted on both alleles in the patient.

3.6  |  SMN1 deletion breakpoint/
junction mapping revealed paternal Alu-
mediated deletion

To identify the exact nature of the variant on the paternal allele, 
we considered the Alu-mediated rearrangement of SMN1 as the 
most likely mechanism. Using computer analysis we identi-
fied in the candidate breakpoint region of intron 1 a set of 21 
Alus (Figure 2b); in the candidate region of intron 5 we identi-
fied only one AluSq (Figure 2b). We considered AluSq to be 
a candidate breakpoint start site and anticipated recombination 

between the AluSq and one of the Alus located in intron 1 result-
ing in the formation of a new chimeric Alu. With this assump-
tion we performed four PCR reactions using always one of the 
universal Alu primers and the SMN1 intron 5–specific primer 
flanking the AluSq. Sanger sequencing of obtained PCR prod-
ucts revealed that two of them contained both the wild-type (wt) 
AluSq sequence of intron 5 and the sequence originating from a 
new chimeric Alu resulting from the rearrangement with AluSp 
element originating from the intron 1 (Figure 2c; Figure S2).

Using this sequence we designed and performed a dele-
tion-spanning PCR allowing for genotyping of the Δ2a-5 de-
letion. The deletion-spanning PCR product was obtained from 
DNA of the patient and her father, but not from the mother 
and control (Figure 2d). Sanger sequencing of this PCR prod-
uct (Figure 2e) defined the new Alu-mediated SMN1 deletion 
ranging 8,978 base pairs as NC_000005.9:g.70232118-
70241095del; NM_000344.3:c.82-2548_723+515del.

3.7  |  Genetic analysis of the SMN region 
correlates with the variance in SMN expression 
in PBMC

In summary, the genetic analysis (Figure 2f) established that 
the patient is a compound heterozygote for the ~9 kbp dele-
tion in SMN1 that she inherited from her father and the dele-
tion of the entire SMN1 that she inherited from her mother. 
Maternal and paternal SMN2 alleles were intact. This geno-
type correlates with the very low (10% of controls) SMN con-
tent in PBMC that must be expressed exclusively from SMN2 
(Figure 2b,c). In addition to the deletion of the entire SMN1, 
the mother also has a deletion of the terminal part of SMN2. 
This correlates with reduced (27% of controls) SMN content 
in PBMC compared with the father (41% of controls), who 
has only the ~9 kbp deletion on one of the SMN1 alleles and 
both SMN2 alleles intact.

4  |   DISCUSSION

Spinal muscular atrophy is devastating inherited neuromuscu-
lar disease resulting from variants of SMN1 and deficiency of 
the survival motor neuron protein (SMN). Several clinical or 
experimental therapies for SMA augmenting levels of SMN 
are currently available or in development (Groen, Talbot, & 
Gillingwater, 2018). The treatment is provided only to indi-
viduals with an established genetic diagnosis. Despite great 
progress in genetic diagnostic methods, approximately half of 
the patients suspected to have SMA still remain without a ge-
netic diagnosis after routine genetic testing (Karakaya et al., 
2018). This unsatisfactory situation is due to the complexity 
of the SMN genomic region and lack of methods allowing 
routine identification of individual genomic rearrangements.
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In this work, we describe the diagnostic odyssey for one 
SMA patient in whom routine diagnostic procedures identified 
only a heterozygous, maternally inherited deletion of exons 7 
and 8 in SMN1. SMN is ubiquitously expressed and detectable 
in PBMC (Sumner et al., 2006). To identify the other SMN1 
variant in this case, we obtained PBMC from the patient and 
his parents. In this material we successively assessed SMN 
transcripts, SMN protein content, SMN genes dosage, and SMN 
genomic sequence. Using this approach we found in this case 
that SMA was caused by a novel Alu-mediated deletion encom-
passing exons 2a to exon 5 (Δ2a-5) of SMN1 on the paternal 
allele and by deletion of whole SMN1 on the maternal allele.

The (Δ2a-5) variant of SMN1 escaped detection by the 
routine MLPA assay that targets only exons 7 and 8. To the 
best of our knowledge, this is only the second reported Alu-
mediated deletion in SMN1 that does not encompass the 
exons 7 and 8 (Wirth et al., 1999).

Our work suggests that other Alu-mediated rearrange-
ments in the SMN region that escape detection with routine 
genetic testing may be more common and should be consid-
ered in SMA cases who remain without a genetic diagnosis 
after standard genetic testing.

We demonstrate that in these cases measurement of SMA 
protein in PBMC may successfully identify patients with 
SMA in whom a genetic diagnosis cannot be made. These 
individuals can then undergo further testing, including SMN 
gene dosage, full characterization of SMN transcripts, and 
precise characterization of the eventual genomic rearrange-
ments. All these parameters are critical for targeted geno-
typing and eventually for prenatal or preconception analysis 
in affected families and therapeutic eligibility for affected 
individuals. We are interested to study other similar cases 
and can provide the genetic testing and biochemical anal-
yses described here. Please contact ivana.jedlickova@lf1.
cuni.cz.
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Abstract
Neuronal intranuclear inclusion disease (NIID) is a progressive

neurodegenerative disorder categorized into 3 phenotypic variants:

infantile, juvenile, and adult. Four recent reports have linked NIID

to CGG expansions in the NOTCH2NLC gene in adult NIID (aNIID)

and several juvenile patients. Infantile NIID (iNIID) is an extremely

rare neuropediatric condition. We present a 7-year-old male patient

with severe progressive neurodegenerative disease that included cer-

ebellar symptoms with cerebellar atrophy on brain MRI, psychomo-

tor developmental regression, pseudobulbar syndrome, and

polyneuropathy. The diagnosis of iNIID was established through a

postmortem neuropathology work-up. We performed long-read se-

quencing of the critical NOTCH2NLC repeat motif and found no ex-

pansion in the patient. We also re-evaluated an antemortem skin

biopsy that was collected when the patient was 2 years and 8 months

old and did not identify the intranuclear inclusions. In our report, we

highlight that the 2 methods (skin biopsy and CGG expansion testing

in NOTCH2NLC) used to identify aNIID patients may provide nega-

tive results in iNIID patients.

Key Words: Cerebellum, Infantile neuronal intranuclear inclusion

disease, Neuropathology, NOTCH2NLC, Trinucleotide repeat

expansions.

INTRODUCTION
Neuronal intranuclear inclusion disease (NIID) is a pro-

gressive neurodegenerative disorder that is categorized into 3
variants (infantile, juvenile, and adult) based on the age of on-
set, duration, clinical neurological symptoms, and brain MRI
findings (1, 2). Intranuclear eosinophilic inclusions with typi-
cal immunohistochemical (IHC) and ultrastructural profiles
are the cellular characteristic of NIID. These inclusions are
found not only in neurons, but also in other cell types includ-
ing nonneuronal tissues. The number of adult NIID (aNIID)
patients has grown lately due to efficient antemortem diagnos-
tics based on skin biopsy assessment (1, 3).

Infantile NIID (iNIID) is an extremely rare neuropediat-
ric disease that has multiple clinical and (neuro)pathological
aspects consistently distinct from aNIID. Only 7 iNIID
patients have been reported to date (4–6). Six of these patients
presented with a very similar clinical phenotype characterized
by an abrupt mental and motor developmental regression be-
fore the age of 4 years and death ensued by 9 years of age, at
the latest. Though a complex disease, cerebellar symptoms
and hypotonia seem to prevail in iNIID (4–6). All reported
iNIID patients were diagnosed postmortem by identification
of neuronal intranuclear inclusions in the nervous system. Cer-
ebellar atrophy is an additional iNIID characteristic. Antemor-
tem skin biopsy findings were reported in just one iNIID
patient by Pilson et al (6). However, the biopsied tissue lacked
the intranuclear inclusions seen in the skin samples of adult
NIID patients. Based on these observations, the latter authors
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claimed that further studies are warranted to establish the sen-
sitivity of skin biopsy testing in NIID.

Four parallel studies ([7–10]; all published from June to
August 2019) in NIID families and sporadic NIID patients
have linked NIID to expansions of GGC (7, 9, 10) (or alterna-
tively CGG [8]) repeat in the NOTCH2NLC gene. Of particu-
lar importance, patient cohorts tested by these 4 research
groups (>130 patients were analyzed in total) were comprised
adult (and several juvenile) NIID patients. Ishiura et al noted
the possibility of genetic heterogeneity of NIID as their NIID
cohort included 2 patients who did not have CGG expansions
in NOTCH2NLC (8). None of the 4 reports (7–10), however,
presented molecular genetic analyses of samples from iNIID
patient(s).

We recently established the diagnosis of iNIID in a 7-
year-old boy (eighth documented patient overall) through
postmortem tissue analyses. In our report, we summarize the
neuropathology findings, confirm negative results of the ante-
mortem skin biopsy and demonstrate normal number of
NOTCH2NLC CGG repeats in the patient.

MATERIALS AND METHODS
The study was approved by the Ethics Committee of the

authors’ home institution. Informed consent for presentation
of the results was obtained from all participants.

Histopathology, Immunohistochemistry,
Electron Microscopy, and Image Acquisition

Formalin-fixed brain and spinal cord were sectioned
(Supplementary Data Table S1) and embedded into paraffin
(FFPE). Liver, spleen, lungs, heart, and kidneys were proc-
essed identically. All FFPE tissue blocks from the brain, spinal
cord, and visceral organs were cut into 2–5-mm-thick sections
and stained routinely by hematoxylin and eosin; unstained sec-
tions were mounted for autofluorescence assessment. Samples
from the frontal, parietal, and occipital subcortical white mat-
ter, and spinal cord were stained according to Kluver-Barrera
for myelin detection.

IHC staining was performed as reported previously (11).
Supplementary Data Table S2 provides a list of primary anti-
bodies that were used in a selected set of anatomical locations
(Supplementary Data Table S3). Anti-CD68 staining was per-
formed in all FFPE tissue blocks from the brain and spinal
cord. Cerebellar cortex, brainstem nuclei of the floor of the
fourth ventricle, and spinal anterior horns were processed for
electron microscopy (12).

Histology and IHC slides were analyzed and imaged us-
ing Nikon Eclipse E800 microscope (Nikon, Tokyo, Japan)
equipped with Olympus DP70 digital camera and DPControl-
ler software (Olympus, Tokyo, Japan). JEOL 1400þ transmis-
sion electron microscope (JEOL, Akishima, Tokyo, Japan)
with Olympus Veleta CCD camera and Radius software (both
Olympus) were used for ultrastructural analyses and imaging.

Long-Read Sequencing of the NOTCH2NLC-
Specific PCR Products Containing the CGG
Repeat

Genomic DNA from the patient’s and healthy control’s
peripheral venous blood was isolated using the Gentra Pure-
gene Blood Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. To avoid nonspecific amplification
of homologous genes (NOTCH2NLA, NOTCH2NLB, NOTCH
NLR, and NOTCH2) PCR primers (NOTCH2NLC_F—
50GATCGAGTTAAGGCTGCTGGA and NOTCH2NL
C_R—50CACCTTTCAAAGACGCGAGC) were designed to
specifically amplify the CGG repeat-containing region of the
NOTCH2NLC gene. LA Taq with GC buffer I (TaKaRa,
Kyoto, Japan) and a two-step PCR protocol were used: Initial
denaturation at 94�C for 5 minutes was followed by 24 cycles
of 94�C for 15 seconds and 64�C for 4 minutes, final elonga-
tion was at 72�C for 10 minutes. The products (�1200 bp
long) were purified using Agencourt AMPure XP magnetic
beads (Beckman Coulter, Brea, CA) according to the manu-
facturer’s protocol and sequenced on Pacific Biosciences Se-
quel system (PacBio, Menlo Park, CA).

To obtain highly accurate reads, Circular Consensus Se-
quence (CCS) analysis was performed using SMRT Link
(v6.0). The number of repeats was determined directly from
CCS reads. To confirm the results, CCS reads were aligned to
NOTCH2NLC reference sequence (GRCh38) using bwa mem
(version 0.7.17-r1188) and visualized in Integrative Genomics
Viewer (2.3) (13).

Genomic sequence of NOTCH2NLC and sequences of
the homologous genes NOTCH2NLA, NOTCH2NLB,
NOTCH2NLR, and NOTCH2 (GRCh38) were retrieved from
the sequence database provided by the National Center for
Biotechnology Information (NCBI) and their multiple se-
quence alignment was performed using Clustal Omega (1.2.4)
(14).

Analysis of CGG Repeats in the 50 Untranslated
Region of the FMR1 Gene

Part of the FMR1 50 region that contained the CGG
repeats expanded in Fragile X syndrome (FXS, MIM
#300624) was PCR amplified using a pair of specific primers
(FRAXA-R—50AGCCCCGCACTTCCACCACCAGCTCCT
CCA and FRAXA-F—50GCTCAGCTCCGTTTCGGTTTCA
CTTCCGGT).

RESULTS

Case Report
The male patient was the second child of nonconsangui-

neous Caucasian parents. His older sister is healthy. The fam-
ily has no history of hereditary genetic disease. The patient
was born at term, spontaneously, and adapted normally. The
patient’s verbal development was delayed at 2 years, as he
only used syllables at that age. Otherwise his psychosocial and
motor development was normal.

The patient developed an intention tremor, an unsteady
gait and a convergent strabismus at the age of 2 years and
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4 months. Magnetic resonance imaging (MRI) showed cere-
bellar atrophy (Fig. 1A). Cerebrospinal fluid analyses were
normal and did not suggest infectious or immune origin of the
patient’s clinical disease. Electromyography findings were
normal. Electroencephalography (EEG) showed slower basal
activity, however, no epileptic activity was identified.

Cerebellar ataxia rapidly worsened and at the age of
2 years and 8 months, the patient had a wide base gait and
needed support while walking. Truncal ataxia, dysmetria, and
dyssynergia appeared. Sleep EEG showed bilateral epilepti-
form discharges, however, symptomatic seizures were not ob-
served. Cerebellar atrophy progressed on MRI (Fig. 1B). The
patient was biochemically screened for metabolic diseases
without any positive results. Skin biopsy samples were col-
lected and evaluated by electron microscopy without any
abnormality.

The patient’s neurological functions deteriorated in the
following years. His end-stage disease was categorized as a se-
vere progressive neurodegenerative condition combining cere-
bellar, psychosocial and cognitive regression, pseudobulbar
syndrome, and diminished deep tendon reflexes and muscle
hypotonia in both upper and lower extremities due to mixed
axonal and demyelinating polyneuropathy. The patient died at
the age of 7 years due to chronic respiratory failure that was
terminally exacerbated by bronchopneumonia.

Brain and Spinal Cord Pathology
Gross Pathology

At autopsy, the patient’s brain weighed 1220 g (normal
weight at 7 years of age is 1260 g). It was symmetrical and glo-
bation and gyrification were normal. Cerebellar hemispheres
and cerebellar vermis were markedly atrophic. Cisterna magna
(cerebellomedullary cistern) was dilated. Spinal cord was
without any obvious abnormality. Atrophy of ventral or dorsal
roots was not evident.

Histology and Immunohistochemistry

Neuronal eosinophilic hyaline intranuclear inclusions
were the most prominent abnormality identified in all tissue
samples from the brain and spinal cord (Fig. 2). The majority
of nuclei contained a single inclusion. On occasion, nuclei
contained multiple or “snowman-like” inclusions. The inclu-
sions stained positive with anti-ubiquitin and anti-p62 antibod-
ies and were observed almost exclusively in neurons (Fig. 2).
Kluver-Barrera staining did not suggest prominent white mat-
ter myelin changes in any of the cerebral or spinal cord areas.

CD68-positive microglia/macrophages were numerous
and had an activated morphology in gray and white matter
areas of all sampled neuroanatomic locations (Fig. 3A–F).
CD68-positive clusters suggested extensive neuronophagy
and were widely distributed in the brain. Cortical layer V (of
nearly all cortical areas tested) and CA3 and CA4 parts of hip-
pocampus were particularly affected by neuronophagy
(Fig. 3B–D). Local axonophagy was observed in cerebral
white matter (Fig. 3E).

Histology sections from all parts of the spinal cord
showed dilated ventral median fissure. CD68-positive cellular
clusters were not frequent or prevalent in any part of the spinal
gray matter though CD68-positive cells were numerous in spi-
nal white matter tracts. Fasciculus gracilis was the area most
affected by axonophagy (Fig. 3F).

The cerebellar cortex was substantially thinned. Nu-
meric atrophy was found in molecular, Purkinje cells and
granular layers. Excessive astrocytosis was identified by anti-
GFAP IHC staining. Compared with the majority of cerebral
locations, the population of CD68-positive microglia/macro-
phages was relatively sparse and mostly limited to perivascu-
lar areas (Fig. 4A). Neuronophagic clusters were not found in
cerebellum as a likely reflection of the already burnt-out de-
generative pathology (Fig. 4B). Residual Purkinje cells were
with intranuclear inclusions (Fig. 4C). Cerebellar white matter
was also substantially reduced.

Electron Microscopy

The neuronal intranuclear inclusions appeared similar in
all anatomic regions analyzed. They had a fibrillary “criss-
crossed wool-like” appearance and lacked a limiting mem-
brane (Fig. 4D). Some inclusions had a denser core.

Skin Biopsy: Histopathology,
Immunohistochemistry, and Electron
Microscopy

Skin biopsy was collected from the patient at the age of
2 years and 8 months and no abnormality was identified by
histological and ultrastructural analyses. The sample was re-
evaluated after the diagnosis of iNIID was set by postmortem
neuropathology evaluation (7 years of age). Similar to the pre-
vious findings, no abnormalities were identified and intranu-
clear inclusions could not be detected by anti-p62 or anti-
ubiquitin IHC and electron microscopy.

FIGURE 1. Brain MRI. Brain MRIs show progressive cerebellar
atrophy (white arrows) in the patient at (A) 2 years and
4 months; (B) 2 years and 8 months.
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FIGURE 2. Neuronal intranuclear inclusions are detectable by the hematoxylin and eosin stain and anti-ubiquitin
immunohistochemistry. Upper row of images: eosinophilic hyaline intranuclear inclusions (black arrows) in various neuronal
populations. Inclusions stain (black arrows in the lower row of images) with anti-ubiquitin primary antibody. Scale bar ¼ 20 mm.

FIGURE 3. Microglia/macrophage abnormalities: anti-CD68 immunohistochemistry. (A–D) CD68þ neuronophagic clusters in a
broad array of gray matter locations. (E, F) CD68þ microglia/macrophages are numerous in cerebral and spinal white matter.
Axonophagy was detected particularly in the spinal cord. Scale bar ¼ 50 mm.
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Visceral Organs—Histopathology and
Immunohistochemistry

Intranuclear inclusions could not be reliably identified
by histological stains or IHC (anti-p62 and anti-ubiquitin) in
any of the visceral organs evaluated. Alveolar septa were con-
gested and acute suppurative bronchopneumonia (locally
forming microabscesses) was identified in both lungs. Kidneys
had a congested corticomedullary junction. Sporadic microab-
scesses were found in cortical tubules. Spleen and liver were
congested. Myocardium had no major abnormalities. Some
cardiomyocytes had enlarged nuclei suggesting very mild
hypertrophy.

NOTCH2NLC CGG Repeat Analyses
We performed long-read sequencing of the

NOTCH2NLC PCR amplicon that contained the critical repeat
motif (Fig. 5A) and found it in a heterozygous allelic setup:
AGG(CGG)9(AGG)2CGG/AGG(CGG)15(AGG)2CGG (Fig. 5B).
The number (9 and 15) of CGG repeats in the patient’s geno-
mic DNA corresponded to values identified in healthy individ-
uals as reported by others (7–10).

FMR1 CGG Repeats Analyses
Neuronal intranuclear inclusions were reported in

patients with fragile X-associated tremor/ataxia syndrome (15,

16). CGG triplets in the 50 untranslated region of the FMR1
gene were not expanded in the iNIID patient (Supplementary
Data Fig. S1).

DISCUSSION
In this report, we present a 7-year-old patient with a se-

vere progressive neurodegenerative disease that included cere-
bellar symptoms with cerebellar atrophy, psychomotor
developmental regression, pseudobulbar syndrome, and poly-
neuropathy. Postmortem tissue analyses identified iNIID in
the patient. Characteristic neuronal intranuclear inclusions
with the typical IHC profile were found in the patient’s ner-
vous system. Skin biopsy, which was collected and analyzed
antemortem at the age of 2 years and 8 months and was re-
evaluated after the patient’s death, did not show intranuclear
inclusions.

We commend the authors of the 4 aforementioned stud-
ies (7–10) for identifying the NOTCH2NLC CGG expansions
in their cohorts of adult (and juvenile) NIID patients. To the
best of our knowledge, the patient presented in this manuscript
is the first iNIID patient who was tested for the number of
NOTCH2NLC CGG repeats. In reference to findings by Ish-
iura et al in the adult patients, the absence of the NOTCH2NLC
CGG expansions in our patient provides additional evidence
suggesting genetic heterogeneity of NIID (8). The docu-
mented patient is also the second one who lacked skin biopsy

FIGURE 4. Cerebellar atrophy. (A) All 3 cerebellar cortical layers (molecular, Purkinje cells [PC], and granule cells) are reduced.
Cerebellar white matter is also atrophic. Population of CD68þ microglia/macrophages is sparse. GFAPþ astrogliosis is extensive.
(B) “Empty” PC basket highlighted by IHC staining with anti-neurofilament (NF) primary antibody. (C) Intranuclear inclusions in
residual PCs stain positive with anti-ubiquitin antibody (black arrows). (D) Intranuclear inclusions (shown in a single PC) have the
typical “criss-crossed” appearance by electron microscopy. To demonstrate the absence of the limiting membrane, the inclusion
highlighted by the white arrow and dotted square is shown at a higher magnification. Scale bars: A ¼ 200 mm, B, C ¼ 20 mm, D
¼ 2 mm.
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abnormalities seen in aNIID patients. Critical for antemortem
iNIID detection, our study implies that analyses of
NOTCH2NLC CGG repeats and/or skin biopsy testing may
not reliably confirm the disease in suspect patients.

It is important to understand the pathogenic basis of
iNIID to establish efficient diagnostic/counseling algorithms
and initiate targeted research or therapy development. Poised
to explore the potential genetic link(s) in iNIID, we performed
the whole genome sequencing of the patient’s genomic DNA.
Interpretation of these data (either within NOTCH2NLC gene
or in different genes) is, unfortunately, compromised by study-
ing a single patient. So far, we have not been able to pinpoint a
high priority candidate gene(s) for further evaluation. In an at-
tempt to remedy the sample size of 1 and thus increase the
chances of identifying the potential genetic cause(s), we
kindly invite medical and research professionals with access
to DNA samples from iNIID patients to mutually study this
devastating and currently untreatable neuropediatric disease.
We stand ready to collaboratively perform the genomic studies
in samples of additional iNIID patients and/or share the se-
quencing dataset from the presented patient upon request.
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Dear Editor,

Chen et al.1 have demonstrated lack of abnormal CGG

expansions in the NOTCH2NLC gene among European

juvenile and adult patients with neuronal intranuclear

inclusion disease (jNIID and aNIID). Genetic heterogene-

ity of NIID was suggested based on the discrepancy of

these results and earlier findings in East Asian patients.2-5

We recently studied6 NOTCH2NLC CGG repeats in an

infantile NIID (iNIID) patient independently of Chen

et al.1 This Caucasian European boy is the first, and thus

far only, iNIID patient who has been tested for this

molecular pathology. The number of repeats in this

patient corresponded to values found in healthy controls.

We believe that these data provide further evidence1,3 for

genetic heterogeneity of NIID. It is, however, important

to highlight that our results do not, at this point, allow

conclusions about genetic causes of NIID among Euro-

pean patients of all age groups or about genetic causes of

iNIID.

We recognize the diagnostic criteria for NIID-related

diseases that were suggested by Chen et al.1 However, it is

our impression that their algorithm/flowchart considers

juvenile and adult NIID patients but the distinctive char-

acteristics of iNIID have not been sufficiently reflected.

To help the diagnostic practice, we provide a summary of

clinical (Table 1) and (neuro)pathological (Table 2) find-

ings in iNIID patients.

iNIID is a rare and rapidly progressive neurodegenera-

tive pediatric disease.7,8 To the best of our knowledge,

there have been eight ethnically diverse iNIID patients

reported.6,8-14 All were diagnosed by post-mortem neu-

ropathology work-up. Seven patients developed the first

symptoms prior to or by 5 years of age and died before

reaching 10 years of age. Only one patient presented and

died older.9

The following developmental and clinical characteristics

are key phenotypic features of iNIID: (i) early development

is more-or-less normal, the onset of disease is abrupt and

the progression is rapid; (ii) initial symptoms almost

always involve unsteady gait and/or movement abnormali-

ties associated with cerebellar dysfunction, (iii) the termi-

nal neurological disease is associated with cerebellar

decline, progressive pseudobulbar or bulbar palsy, periph-

eral neuropathy, hypotonia, and severe psychosocial

regress, and (iv) respiratory infection or respiratory failure-

associated pathologies are the most common causes of

death. Major non-neurological abnormalities were reported

in only one iNIID patient, who suffered from dilated car-

diomyopathy and developed congestive heart failure.13

Neuroimaging frequently identifies early-onset cerebel-

lar atrophy in iNIID. Contrary to aNIID,15 there is no

information about CNS corticomedullary junction abnor-

malities and the diagnostic utility of diffusion-weighted

MRI in iNIID patients is unknown.

Intranuclear inclusions (IIs) were not found in ante-mor-

tem skin biopsies of three iNIID patients.6,9,10 Skin biopsy

of the fourth iNIID patient was reported as normal (pres-

ence or absence of IIs was not explicitly noted).11

Neuronal IIs are widespread in the central (and also

peripheral) nervous system in iNIID patients. IIs in

non-neuronal CNS cell types have been unambiguously

994 ª 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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reported in only one patient (less than 5% of astrocytes

contained IIs).8 The extent and distribution of CNS neu-

ronal loss may be variable, however, cerebellar (cortical)

atrophy is almost universally present in iNIID patients.

Mild myelin loss and/or pallor in different CNS regions

was noted only occasionally.

To summarize: iNIID is a severe early childhood-onset

neuropediatric disease. Some of the key clinical, neu-

roimaging and (neuro)pathology characteristics that allow

ante-mortem identification of jNIID and aNIID may not

be useful to diagnose iNIID patients. Understanding the

genetic background of iNIID is a critical component to

allow effective diagnostics, counselling and future therapy

development. With this information at hand, we are pre-

pared to collaboratively study our data with samples from

other children with iNIID or within cohorts of juvenile

and adult NIID individuals.
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