Journal of

%

Clinical Medicine

Article

Identification of a TPP1 Q278X Mutation in an Iranian Patient
with Neuronal Ceroid Lipofuscinosis 2: Literature Review and
Mutations Update

Tayebeh Baranzehi !, Dor Mohammad Kordi-Tamandani ¥, Maryam Najafi 23, Ali Khajeh *

and Miriam Schmidts 235*

Citation: Baranzehi, T.; Kordi-
Tamandani, D.M.; Najafi, M.;
Khajeh, A.; Schmidts, M.
Identification of a TPP1 Q278X
Mutation in an Iranian Patient with
Neuronal Ceroid Lipofuscinosis 2:
Literature Review and Mutations
Update. . Clin. Med. 2022, 11, 6415.
https://doi.org/10.3390/jcm11216415

Academic Editors: Fabiola De

Marchi and Giacomo Tondo

Received: 26 September 2022
Accepted: 24 October 2022
Published: 29 October 2022

Publisher’s Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0)).

1 Departement of Biology, University of Sistan and Baluchestan, Zahedan 9816745845, Iran

2 Pediatric Genetics Division, Center for Pediatrics and Adolescent Medicine, University Hospital Freiburg,
Freiburg University Faculty of Medicine, 79106 Freiburg, Germany

3 Genome Research Division, Human Genetics Department, Radboud University Medical Center, 6525 GA
Nijmegen, The Netherlands

4 Department of Pediatric, Children and Adolescent Health Research Center, Zahedan University of Medical
Sciences, Zahedan 9816745845, Iran

5 CIBSS—Center for Integrative Biological Signaling Studies, University of Freiburg,

79104 Freiburg, Germany

Correspondence: dor_kordi@science.usb.ac.ir (D.M.K.-T.); miriam.schmidts@uniklinik-freiburg.de (M.S.)

Abstract: Neuronal ceroid lipofuscinoses type 2 (CLN2), the most common form of Batten disease,
is caused by TPP1 loss of function, resulting in tripeptidyl peptidase-1 enzyme deficiency and
cerebral accumulation of lipopigments. Clinical hallmarks include epileptic seizures, vision loss,
progressive movement disorder, ataxia, and eventually death. Diagnosis is often delayed due to the
rarity of the conditions. Results: Here, we report a case presenting with clinical features of CLN2,
carrying a homozygous novel nonsense variant in TPPI (NM_000391:c.C832T, (p.Q278%),
rs1352347549). Moreover, we performed a comprehensive literature review regarding previously
identified disease-causing TPP1 mutations and genotype-phenotype correlations. Conclusion:
Depending on the type of mutation, different phenotypes are observed in patients with CLN2,
suggesting that the severity of phenotypes is related to the genotype of the patients.

Keywords: CLN2; TPP1 gene; c.C832T; R278*

1. Introduction

Neuronal ceroid lipofuscinoses (NCLs) represent a group of rare clinically and
genetically heterogeneous progressive neurodegenerative lysosomal storage disorders
(LSD), mainly affecting children aged 26 years, caused by loss-of-function mutations in
CLN-genes. With the exception of CLN4 which is autosomal-dominantly inherited, all
other forms follow an autosomal-recessive mode of inheritance [1-3]. Children mostly
show normal psychomotoric development until progressive development of seizures,
vision loss, intellectual and motor decline, cognitive impairment, and eventually
premature death. Despite the rarity of this disease, 300-350 cases of NCLs are reported
annually in the US, and its global incidence is one per 100,000 live births (orphaned;
ORPHA 79264). The highest incidence rates have been reported in some Nordic countries
(one per 14,000 in Iceland) [1,4,5], while incidence is unknown for many other countries,
including Iran.

The classification of NCLs is based on the defective gene or protein as well as the age
of onset of clinical symptoms. To date, more than 537 disease-causing mutations have
been published in 13 different genes [6], https://www.ucl.ac.uk/ncl-disease/accessed on
20 June 2022). Defective genes encode for lysosomal proteins with enzyme function

J. Clin. Med. 2022, 11, 6415. https://doi.org/10.3390/jcm11216415

www.mdpi.com/journal/jem



J. Clin. Med. 2022, 11, 6415

2 of 14

(Palmitoyl-protein thioesterase 1, (CLN1); Tripeptidyl-peptidase 1 (CLN2), Cathepsin D
(CLN10), and Cathepsin F (CLN13)); transmembrane lysosomal proteins (Battenin
(CLN3) and ATP13A2 (CLN12); soluble lysosomal proteins (CLN5 and CLN11 (Granulin
precursor, GRN)); a transmembrane endosomal protein of the major facilitator
superfamily domain-containing protein-8 (CLN7); endoplasmic reticulum (ER)
transmembrane proteins (CLN6 and CLN8); as well as soluble cytosolic proteins (CLN4
(DNAJC5) and CLN14 (KCTD?)), Figure 1.
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Figure 1. Simplified graphical summary of subcellular CLN protein localizations and functions.

According to the age of onset, CLNs are classified into six subtypes, including a
congenital form (CLN10, MIM610127), an infantile form (CLN1, Santavuori-Haltia
disease; MIM256730), a late infantile form (CLN2, Jansky Bielschowsky disease;
MIM204500), variable late infantile forms (CLN5, MIM256731; CLN6, MIM601780; CLN?7,
MIM610951 and CLNS8, MIM600143), a juvenile form (CLN3; Spiel-Meyer-Vogt-Sjogren
disease; MIM304200), and an adult form (CLN4; Kufs disease; MIM204300) [7-12].
Accumulation of mitochondrial ATP synthase subunit C or Saposin A and D
(autofluorescent lipopigments) in the lysosomal storage bodies of different cell types,
specifically neurons, are the main neuropathological features in NCLs [13,14].

CLN2 (OMIM#607998) is located on the short arm of chromosome 11 (11p15),
consisting of 13 exons and 12 introns [5,15-18]. CLN2 encodes for Tripeptidyl Peptidase 1
(TPP1), a lysosomal aminopeptidase cleaving N-terminal tripeptides from small
polypeptides. In humans, this gene encodes a 61-kDa inactive precursor (proenzyme)
containing 563 amino acids (aa), including a 368-aa catalytic domain, a 19-aa leader
sequence (signal peptide), and a 176-aa prodomain. A signal peptide enables ER-specific
localization for cotranslational cleavage in the ER lumen. This is followed by N-
glycosylation at the Golgi, enabling proper folding, enhancing protein stability, activity,
and intracellular enzyme targeting. Transport to the lysosome is enabled by mannose-6-
phosphate receptor binding. At the lysosome, CLN2 is first further processed into a 50
kDa polypeptide followed by cleavage into the mature 368 amino acid (48 kDa) enzyme
by lysosomal exoglycosidases such as neuraminidases [19-21]. Lysosomal degradation
pathways involving TPP1 are summarized in Figure 2.
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Figure 2. Graphical summary of CLN2/TPP1 localization and function within the cell. TPP1
represents a peptidase contributing to N-terminal protein degradation. Upon fusion of
autophagosomes and late endosomal vesicles with lysosomal vesicles, lysosomal enzymes
including TPP1 enable digestion of macromolecules.

Overlapping clinical features and extensive genetic heterogeneity renders next-
generation sequencing (NGS) the most efficient and precise genetic diagnostic method if
NCL is suspected. In the present study, we describe the identification of a novel
homozygous TPP1 variant in an Iranian patient with CLN2 and present an overview of
previously published CLN2 disease alleles as well as genotype-phenotype correlations.

2. Materials and Methods

The research ethics committee ethically approved this study of the Mashhad
University of medical sciences committee, and all study participants signed the written
informed consent (IRMUMS.REC.1395.534). Genetic diagnostics was performed under
the Radboudumc Innovative Genetics Diagnostics program.

2.1. DNA Extraction

Genomic DNA was extracted from the peripheral blood of the proband and his
family members using the established salting-out method, and the integrity of the
extracted DNA was assessed by gel electrophoresis (1% agarose).

2.2. Whole Exome Sequencing

Two microgrammes of DNA of the proband was subjected to exome capture using
Agilent SureSelect Human All Exon V6 Kit (Agilent, Sata Clara, CA, USA) and sequencing
performed on an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA)sequencer for an
average 50x sequencing depth, resulting in sequences of greater than 100 bases from each
end of the fragments (Novogene, Cambridge, UK). GATK-based pipeline [22] was used
for variant calling using Burrows—Wheeler alignment [23] to perform sequence alignment
to the GRCh37/UCSC hg19 reference genome. SNV were detected using VarScan version
2.2.5, MuTec, Iranome, gnomAD, and Greater Middle East (GME) Variome Project
databases were used for population-frequency specific variant filtering.

2.3. Polymerase Chain Reaction (PCR) and Sanger sequencing

We used 1 puL of genomic DNA for PCR reactions. Furthermore, 50 pmol of each
forward (5'-GGGATCACTGTGGAGTCAAAG-3") and reverse (5'-
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AGACCTGGCTCAGTTCATGC-3') primers, 10 uL of 2x PCR Master Mix (Sina Clon Cat.
No.: MM2062), and 12 uL of distilled water were used in a final volume of 25 pL. PCR
reactions were carried out using an initial incubation step at 95 °C for 5 min followed by
35 cycles at 94 °C for 40s, annealing at 60 °C for 40s, and extension at 72 °C for 40 s. A
final extension step at 72 °C for 10 min was used. We analyzed 5 uL of PCR products using
a 2% agarose gel for electrophoresis. Subsequently, the PCR products were purified and
sequenced using Sanger sequencing.

2.4. Literature Search

Search terms “TPP1” or “CLN2” were used in PubMed to retrieve relevant human
mutation reports and ClinVar and ACMG databases were searched for reported TPP1 al-
leles.

3. Results
3.1. Clinical Assessment

A 5-year-old patient diagnosed with epilepsy and ataxia was referred to our clinic
after a generalized tonic-clonic seizure. The boy was born to a consanguineous Iranian
family (parents were first cousins) with an unremarkable family history for neurological
disorders; however, the mother experienced two miscarriages due to unknown reasons at
12 and 14 weeks of gestation (Figure 3A).
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Figure 3. Family pedigree and segregation pattern. (A) Pedigree of the family; +/-: heterozygous,
—/=:homozygous. (B-E) Sanger sequencing chromatograms of the proband, his parents and healthy
sister showing the TPP1 c. C832T variant indicated by an arrow.

The patient was born naturally at term with a birth weight of 3.2 kg. Perinatal course
and development were normal. Motor and developmental milestones were reached at
normal age, for example, free walking at 12 months and talking in sentences at 24 months.
At four years of age, a generalized tonic-clonic seizure occurred followed by rapid cogni-
tive and motoric regression, including losing the ability to walk, loss of speech, progres-
sive ataxia, spasticity, and difficulties swallowing. In the last examination, the patient was
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found to be legally blind. Hematology tests revealed mild anemia (erythroctyes 4.48/ pL,
hematocrit 32.6%, and hemoglobin 10.6 g/dL). Serum glutamic-oxaloacetic transaminase
and alkaline phosphatase were increased (46 mg/dL and 430 U/L, respectively). Magnetic
resonance imaging (MRI) findings revealed only mild supratentorial dilation of the ven-
tricular system. There was cerebellar vermian and significant cerebellar hemispheres hy-
poplasia with prominent 4th ventricle and cistern magna, thinning of superior cerebellar
peduncles and cystic lesion of cerebrospinal fluid (CSF) intensity communication with 4th
ventricle, and delayed myelinisation of the periventricular white matter and centrum
semiovale (Figure 4). The patient underwent chest physiotherapy and received Le-
vetiracetam, Sodium valproate, Nitrazepam, Tetracosactide, Vitamin B6, and Biotin. At
the age of 4 years and 8 months, the patient was admitted to the ICU with a GCS of 4.5
and died after 2 months.

Figure 4. MRI findings in the index case: Hypoplasia of the cerebellar vermis and cerebellar hemi-
spheres.

3.2. Genetic Analysis

Whole-exome sequencing and analysis revealed a novel homozygous loss of function
(LOF) variant in exon 7 of TPP1 (c.C832T: p.GIn278Ter, rs135234754). The allelic frequency
of this variant in the gnomAD database is 0.000003977 while no frequency has been re-
ported in ExAC or the 1000 genomes databases. The homozygous variant co-segregated
with the disease in family, with both parents and a healthy sibling found to be heterozy-
gous carriers (Figure 3B-E).
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4. Discussion

CLN2 is a specific subtype of NCLs caused by TPP1 loss of function, resulting in
seizures, vision loss, dementia, cerebellar ataxia, sleep disorders, progressive psychomo-
tor decline, and death in the first decade of life [24]. Early symptoms of CLN2 include
seizures and photosensitivity [25]; however, seizures can rarely be absent [3,26]. In line
with these findings, our case initially presented with a generalized tonic-clonic seizure.
Microcephaly, absent in our case, has additionally been reported in a few cases, including
a 9-year-old Australian boy [27] and an 8-year-old boy from Turkey [7], both of whom
had non-consanguineous parents. Further common findings include cerebellar atrophy,
resulting in ataxia and/or tremor including in our case [7,13,28-31] (Table 1). Further, vi-
sion loss and/or optic atrophy was observed in most patients. Further frequent manifes-
tations include spasticity as well as swallowing and sleeping problems.
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Table 1. Pathogenic TPP1 variants and associated clinical details (literature review).

Age/ First Symp- Additional Consan- HGVS  Exon/ ACMG ACMG . ..
HGVS ¢cDNA V4 Eth Ref
Sex toms/Age at Onset Symptoms Guineous GVS DN Protein Intron Scoring Prediction ygosity  Ethnicity eterence

Cerebellar atrophy, ataxia, epilepsy,

vision loss, spasticity, tremor, motor

5y/M Seizures/4y i;i:;;uiltilses; ;::?Eg;ﬁ;ig?:jﬁg:' yes c.C832T p-Q278X 7 1;)\1]\/8[;' LP Hom Iran This study
language
regression
Dysarthria, cardiac Severe cerebellar 38T >C pLI3P 2 PM2 VUS
36y/M arthythmia/dy atroph}.l, d}.fsarthrla, ataxia, dysto- No C1523A > G p.T508C 1 PMD VUS Comp het  Poland [32]
nia, right-hand tremor
Cognitive decline, motor deteriora-
Ay/F Seizure/4 tion, epilepsy, language regression, No c89+1G>A Splice ef- ) PVS1, LP Hom India [29]
y y generalized hypotonia, cerebral and fect PM2, PP5
cerebellar atrophy
Anxiety, hypervig- Language regression, motor
9y/M ilance, sleep disor- difficulties, microcephaly, spastic- No c225A>G p-Q75Q 3 PM2, PP5 LP Comp het Australia 27]
der/5y ity, mild cortical and cerebellar at- c.1012C>G p-Q338E 8 PM1, PP2 Vvus
rophy
R ———— ©29G>T  pCTIX; pvsi
6y/F Seizures/3.5y loss léetinitis pigmentosa; myo- NA 1VS4-17~- Splice ef- 3 PM2, LP Comp het  China [30]
’ 2 ’ 4delTGTTCTCTGACCTC  fect
clonic epilepsy
4.6y/M iiﬁca}ll iiarﬁ;fféf mii)zru;effi}:l(t)fels rllolfl;zl;zl ?)t;t)iaat NA c183_184 delCT — pS61fsX25 3 PVSLFM2 LP Comhet  China [33]
- ! ’ c417G> A p-G473R 11 PM2, PP2 LP
autistic features/2y rophy
Movement disor- -
8y/M der, neuroregres- Cerebellar atrophy, microcephaly No c.341C>T p-Al114V 4 PMé \4SE Hom Turkey [7]
sion/2y
Mental and motor deterioration, .
6y/M Seizure/3y vision loss, ataxia, .cerek?ellar atro- NA CcéizﬁéiszTCECGA }})’ES?SI 152 1; l\ﬁi ng Comp het  China [30]
phy, myoclonic epilepsy
. . Splice ef- PVSl1,
50M/F  Seizures/45M Tremor, ataxia, cerebellar atrophy No ¢c.509-1G>C 6 P Hom Italy [34]

fect PM2
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Ventricle and axial Scottish
JF Seizures/35y uidspaces, ataxia, dysarthria, de- o cT523-1G> A Splice ef-  NA PVS1, PS4 Hom Irish [35]
mentia, language regression, vision fect NA .
English
loss, tremor
.. . . Splice ef-
20y/F  Vision failure/7y Seizures No c.T523-1G>C fect NA PVS1, PS4 Hom Lebanese [35]
Speech delay, PVS1
NA/F Seizures/44M regression, ataxia, NA c.533del p-P178Q 6 PMD P,PS Hom NA [36]
myoclonus §
Dementia, mental deterioration, PVSli,
15y/M Mot(;l;) :?;;un& speech difficult:iecsi; }l])lindness, spas- NA CC1642£’>29§1">>TG }P;léi(;%é 162 PM2 Comp het C;Giillilze- [37]
Focal abnormality, hypsarrhythmia,
. tremor, generalized ataxia, motor
5y/F Seizures/ ° and No c622C>T pR208X 6 PVS1, Hom Swiss [16]
4y . PM2
mental regression, cerebellar atro-
phy, optic nerves bilateral atrophy
PVS1
Mental and motor deterioration, !
5y/F Seizures/2y ataxia, cereb('ellar 'atrophy, myo- NA CC6624%(C:>>TF 21(32201841((' Z 11:3/;21;, Comp het  China [30]
clonic epilepsy PM2, PP5
Cerebellar atrophy, ataxia, cognitive PVS1
12y/F Seizures/2y deterioration, myoclonic No c.622C>T p-R208X 6 PM2, Hom Taiwan [28]
epilepsy, blindness, language delay
Delayed speech
development, PVSI
NA/F  Seizures/43M behavioral and sleep NA c.622C>T p-R208X 6 PM2, Hom NA [36]
abnormalities,
cerebellar atrophy
Cerebellar and cerebral
Atrophy, language PVSI
NA/M  Seizures/36M delay, motor difficulty, NA c.622C>T p-R208X 6 PM2, Hom NA [36]
behavioral
abnormalities
NA Seizures/35M Motor and language NA c.622C>T pR208X 6 PVS1, Hom NA [36]
/F regression, ataxia, choreoathetosis, PM2
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NA/F

NA/F

4y/M

9y/M

8y/F

40y

10y/F

45/F

Seizures/36M

Seizures/38M

Seizures/2y

Seizures/3y

Seizures/3.5y

Seizures/3y

-/10y

Seizures,
vomiting/3y

Seizures/3y

Seizures/2.5y

enlargement of
subarachnoidspace,
cerebral and cerebellar atrophy

Language delay, motor disturbance,

cerebellar atrophy

Hypotonia of right

upperlimb, delayed

speech

Cognitive and motor deterioration,
speech delay, tonic-clonic seizures,
muscular hypotonia, cerebral atro-
phy, cerebellum hypoplasia, optic
nerves damage, hand tremor, ataxia

Mental and motor deterioration,
ataxia, cerebellar atrophy, myo-
clonic epilepsy

Mild cerebellar atrophy

Visual abnormalities, cognitive re-
gression, mild atrophy of the cere-
bellum
Cognitive and motor dysfunction,
epilepsy, seizure.

Ataxia, language regression, hyper-
reflexia, cerebral
and cerebellar atrophy

Stopped walking and talking

Cognitive and motor impairment,
loss of ambulation, developmental
delay, speech deterioration, hyper-
tonia, hypereflexia
Severe cerebellar

11M/M Hypotonic/26day and cerebral atrophy and no new-

born reflexes

NA

NA

NA

NA

No

c.622C>T

c.622C>T

c.622C>T

c.640C>T;

c.650G>T

c.646G> A

c.646G> A

IVS7-10A> G

c.775delC

c.775delC

c.1016G > A

c.1145G > A

p.R208X

p.R208X

p.R208X

p.Q214X;

p.G217D

p.V216M

p.V216M

NA

p-Arg259fs

p.Arg259fs

p.R339Q

p.5382N

PVS1,
PM2

PVS1,
PM2

PVS1,
PM2

PVS1,
PM2, PP5;

PM2, PM5, PM1,

PP2, PP5
PVS1,
PM2

PVS1,
PM2
NA
PVS1,
PM2

PVS1,
PM2

PM2, PM5, PM1, PP2

PM2,PM5,PP3,PP2

LP

LP

LP

LP

LP

VUS

Hom

Hom

Hom

Comp het

Hom

Hom

Hom

Hom

Hom

Hom

Hom

NA

NA

Russian

China

China

China

Portugal

Arab

Arab

India

Turkey

[36]

[36]

[14]

[30]

(2]

[31]

[38]

[38]

(1]

(3]
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5y/F Myoclonus, nys- Cerebral atrophy, 'movement disor- Yes 1204G > T p.E402X 10 PVS1, LP Hom Turkey 7]
tagmus/6M der, epilepsy PM2
. Drop attacks, low vision, speech . Splice ef- PVS1, .
7 2. 1551 + 1insTGAT 12 P H h 1
yM  Seizures/2.5y and cognitive degeneration No ¢1551 + 1insTG fect PM2, PP5 om China [13]
Ataxia, vision loss, cerebellar atro-
. phy, brain stem atrophy, general . Splice ef- PVS1, .
7y/EF Seizures/3y epileptic No ¢.1551 + 1insTGAT fect 12 PM2, PP5 P Hom China [13]
discharges, drop attacks
37M  Seizures/gM | reduentspikeand wave, unsteady 1551 + 1insTGAT ~ “Phceet- ) PVSL, P Hom China [13]
gait, myoclonic jerks, fect PM2, PP5
- Seizures/ Atax11a,nri1111dikz>ra:n atrop}ilt};, myo- A 1551 +1G>T; Spilccft .ef- 12 PVS1, PP5, PM2 P Comp het Chin 26]
y 3.2y clonic selzties, cognitve 1613C> A e 13 PM2, PP3, PP2 VUS omphe 2
decline, motor dysfunction. p.S538Y

y: year, M: month, Hom: homozygote, Comp het: compound heterozygote, P: pathogenic, LP: likely pathogenic, NA: not ascertained, M: male, F:female.
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Based on PubMed publications and submissions in ClinVar, more than 155 poten-
tially disease-associated TPP1 variants have been reported in total (supplementary Table
51 and Figure 5). TPP1 is required in lysosomes for protein degradation and loss of TPP1
activity results in the accumulation of auto fluorescent lysosomal storage material in var-
ious cell types, including neurons [39]. Overall, missense variants are most frequently
identified (63, 48%), followed by frameshift (21, 16%), and stop-gain (17, 13%) variants
[6,17]. In addition to CLN2, TPP1 dysfunction can also result in autosomal-recessive
Spinocerebellar Ataxia 7 (MIM609270) [2,32]. This phenotype is characterized by cerebel-
lar ataxia, tremor, dysarthria, and nystagmus with an age of onset during the first or sec-
ond life decade. Likely, alleles causing spinocerebellar ataxia result on proteins with some
residual function, hence the hypomorphic phenotype in comparison to CLN2 disease al-
leles with later age of onset and an overall less severe clinical picture [40]. In line with this,
missense alleles can be frequently identified in Spinocerebellar Ataxia 7, while approxi-
mately 60% of patients with CLN2 carry two common LOF mutations: the splice acceptor
site mutation (c.509-1G > C) and the stop-gain mutation in exon 6 (c.622C > T, p.R208X),
which may occur homozygously or heterozygously in trans (compound-heterozygously)
with other disease alleles [1,8,41]. In the present study, we report a novel homozygous
pathogenic stop-gain variant (p.Arg278*) in an Iranian family. This allele results in a trun-
cation within the peptidase S_53 domain. Up to now, 73 TPP1 null variants have been
reported in the ClinVar, six of which are found in exon 7.

Phe481Cys
Val480Gly
Gly482Arg Val480Met
Cys365Tyr Ser475Trpfs*13
= g Met2811le Ser475Leu
R GIn278Pro Thr3532 Glnd22His
Phe243Leu: GIn278Ter Thr353Pro Tyr421Asn
Gly77Ter ; Ser238Ter : Val277Met! Gly351Val Ser413 Asn414insR TrSARAmE
Gly77Arg i Phe230f: Asp276Val Arg350Trp Gly409fs Pro-?-;-is-\;r A
Tyr76Ter . Hisle6fs* Gly217Asp Leu275Pro : | Arg350Gin Ul_\'—lt)t)\?al GlvS35Are
Gln66Ter GinlﬁlTeré Val216Met; Leu275Ter Glu343Asp Glnd02Ter A\L:*l'l:li;‘;' -
Ser62Thr {Tyr157Ter: GIn214Tey: § Arg268Glyfs*8 . | Glu343Leu Gly389Gl s 2
e + i = ’ i o i e PEST3 Gln509Ter
GlIn55Ter Ser153Pro I}‘l‘i()‘)H]QE i Arg266Gin : Arg339Gin Val385Asp: § ! GlySOlAlafs"‘IS
Leu47Val Argl52Ser Pro202Thr g p-Gln264Ter AT Ser382Arg CIvS01CYs
Leul‘SPrgn GlulSQply - Pro202Leu A:gZ:SBVaLfs*l?; S_fribl.—\sn Hisdo 1 Thefs*28

v cyrvvy Y vy
SP Pro peptidase S_53
AT TR aan
1519 {ii i

RAAABRAAAAALAL LSS

34-173

Phes{6Ter ! |

i P e . pEF3l6fs* |
Leul3fs i iLeulO4TFer | i Prol78QGInfs i Gly284Val i Val320Gly i i i i
AR i I 3 gy i i g4 Asp517Hisfs*1
GIn27E i Serll13Phefs : Arg206Cys | | Acn286Ser wrp !
i amear. i1 AsnB6Ser Ala448Val Val518fs
E59Dfs*20 | Leul20Serfs*18 Arg206His| g s %
“f i enatt 1 Ileu287Asn s Ala4484sp | Glu532Argfs*76
Ser62Glyfs*25 Argl27Ter Arg206Pro | G = 1 I 30de } «
Thr79Ter Argl27Gln Arg208Ter Gly296Asp | Leu355Serfs*7 bl AR IRa o
i s His298Leufs* LL:;,"“P‘O { Aspd51Tyr Gly535Arg :
kgt Sy : 53As Ly R
Gly370Trpfs*33 Alad! } P CysS;’ﬁiT:pfsﬁT i
Gly370Lysfs*32 Ala453Val Trp542Ter :
% - Ala454Glu: ; Trp548Ter :
Tyrd459Ser: | Ala555Leufs*3
Trp460Ter
Val466Gly
Gly473Arg

Figure 5. Overview of CLN2-causing TPP1 variants at protein levels. Missense mutations are
marked in green while red and black indicate nonsense and frameshift mutations, respectively, and
blue indicates insertions and deletions. SP: Signal peptide, Ca BS: Ca?* Binding site.
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The role of genetic diagnostics in CLN, especially CLN2, has become more important
than ever. In pediatric cases of CLN2, replacement of the dysfunctional TPP1 enzyme with
a functional recombinant enzyme (Cerliponase alpha) by intraventricular injection has
been reported to effectively delay disease progression and to stabilize the loss of motor
and language function [24,41,42]. To achieve the best possible outcomes, an early genetic
diagnosis will be essential. For our case, diagnosis came too late for possible interventions.

Further, genetic testing enables prenatal and pre-implantation diagnostics as well as
carrier identification, offering novel family planning options.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcm11216415/s1, Table S1: TPP1 variants identified in CLN2
patients.

Author Contributions: Conceptualization, M.S., D.M.K.-T. and M.N.; Data curation, T.B. and M.N.;
Resources and Investigation, D.M.K.-T. and A K.; Writing, T.B. and M.S.; Supervision, M.S., D.M.K.-
T. and M.N.; Funding acquisition, M.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was funded by the European Research Council (ERC) (ERC starting grant No.
716344 to MS), the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)-Pro-
ject-ID 431984000-SFB 1453 to MS) and under Germany’s Excellence Strategy (CIBSS—EXC-2189 —
project ID 390939984 to MS).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki DNA samples processed under the Radboudumc Innovative Diagnostics Pro-
gramme.

Informed Consent Statement: Informed consent was obtained from all subjects or their legal guard-
ians involved in the study

Data Availability Statement: Sequencing data is available on personal request for reasonable pur-
poses.

Acknowledgments: We are especially grateful to all the participants who took part in this study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CLN2 Neuronal Ceroid Lipofuscinoses 2

NMD Nonsense-Mediated Decay

ExAC Exome Aggregation Consortium

ACMG American College of Medical Genetics and Genomics
GCS Glasgow Coma Scale

LOF Loss of Function

PTC Premature Stop Codon

1.  Angural, A.; Ponnusamy, K.; Langeh, D.; Kumari, M.; Spolia, A.; Rai, E.; Sharma, S. Missense Variation in TPP1 Gene causes
Neuronal Ceroid Lipofuscinosis Type 2 in a Family from Jammu and Kashmir-India. Preprints 2021, 2021070661.
https://doi.org/10.20944/preprints202107.0661.v1.

2. Chen, Z-R; Liu, D.-T.; Meng, H,; Liu, L.; Bian, W.-].; Liu, X.-R.; Zhu, W.-W.; He, Y.; Wang, J.; Tang, B.; et al. Homozygous
missense TPP1 mutation associated with mild late infantile neuronal ceroid lipofuscinosis and the genotype-phenotype corre-
lation. Seizure 2018, 69, 180-185. https://doi.org/10.1016/j.seizure.2018.08.027.

3. Uygur, O.; Oncel, M.Y.; Gencpinar, P.; Guvenc, M.S.; Dundar, N.O. A Case with Neonatal-onset Type 2 Neuronal Ceroid
Lipofuscinosis: A Novel Mutation. J. Coll. Physicians Surg. Pak. 2020, 30, 543-544. https://doi.org/10.29271/jcpsp.2020.05.543.

4. Haltia, M.; Goebel, H.H. The neuronal ceroid-lipofuscinoses: A historical introduction. Biochim. Et Biophys. Acta (BBA)-Mol. Basis

Dis. 2013, 1832, 1795-1800.

5. Gardner, E.; Mole, S.E. The Genetic Basis of Phenotypic Heterogeneity in the Neuronal Ceroid Lipofuscinoses. Front. Neurol.
2021, 12, 754045. https://doi.org/10.3389/fneur.2021.754045.



. Clin. Med. , 11, o
J. Clin. Med. 2022, 11, 6415 18 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gardner, E.; Bailey, M.; Schulz, A.; Aristorena, M.; Miller, N.; Mole, S.E. Mutation update: Review of TPP1 gene variants asso-
ciated with neuronal ceroid lipofuscinosis CLN2 disease. Hum. Mutat. 2019, 40, 1924-1938. https://doi.org/10.1002/humu.23860.
Kose, M.; Kose, E.; Unalp, A.; Yilmaz, U.; Edizer, S.; Tekin, H.G.; Karaoglu, P.; Ozdemir, T.R; Er, E.; Onay, H.; et al. Neuronal
ceroid lipofuscinosis: Genetic and phenotypic spectrum of 14 patients from Turkey. Neurol. Sci. 2021, 42, 1103-1111.
https://doi.org/10.1007/s10072-021-05067-8.

Segura, O.E.; Herndndez, Z.; Mancilla, N.; Naranjo, R.; Tavera, L. Real world effectiveness of cerliponase alfa in classical and
atypical patients. A case series. Mol. Genet. Metab. Rep. 2021, 27, 100718. https://doi.org/10.1016/j.ymgmr.2021.100718.

Kurachi, Y.; Oka, A.; Itoh, M.; Mizuguchi, M.; Hayashi, M.; Takashima, S. Distribution and development of CLN2 protein, the
late-infantile  neuronal  ceroid  lipofuscinosis  gene  product.  Acta  Neuropathol. =~ 2001, 102,  20-26.
https://doi.org/10.1007/s004010000321.

Radwan, A.; Fateen, E.; Gouda, A.; Zaki, M.; Ali, O. Enzyme based diagnosis of type 1 and 2 neuronal ceroid lipofuscinoses.
Azhar Int. . Pharm. Med. Sci. 2021, 1, 40-48. https://doi.org/10.21608/aijpms.2021.60825.1044.

Santorelli, F.M.; Garavaglia, B.; Cardona, F.; Nardocci, N.; Bernardina, B.D.; Sartori, S.; Suppiej, A.; Bertini, E.; Claps, D.; Battini,
R.; et al. Molecular epidemiology of childhood neuronal ceroid-lipofuscinosis in Italy. Orphanet ]. Rare Dis. 2013, 8, 19.
https://doi.org/10.1186/1750-1172-8-19.

Kohan, R.; Carabelos, M.N.; Xin, W.; Sims, K.; Guelbert, N.; Cismondji, I.A.; Pons, P.; Alonso, G.I.; Troncoso, M.; Witting, S.; et
al. Neuronal ceroid lipofuscinosis type CLN2: A new rationale for the construction of phenotypic subgroups based on a survey
of 25 cases in South America. Gene 2013, 516, 114-121. https://doi.org/10.1016/j.gene.2012.12.058.

Ren, X.-T.; Wang, X.-H.; Ding, C.-H.; Shen, X.; Zhang, H.; Zhang, W.-H,; Li, ].-W_; Ren, C.-H.; Fang, F. Next-Generation Sequenc-
ing Analysis Reveals Novel Pathogenic Variants in Four Chinese Siblings with Late-Infantile Neuronal Ceroid Lipofuscinosis.
Front. Genet. 2019, 10, 370. https://doi.org/10.3389/fgene.2019.00370.

Kozina, A.A.; Okuneva, E.G.; Baryshnikova, N.V.; Kondakova, O.B.; Nikolaeva, E.A.; Fedoniuk, 1.D.; Mikhailova, S.V,;
Krasnenko, A.Y.; Stetsenko, LF.; Plotnikov, N.A.; et al. Neuronal ceroid lipofuscinosis in the Russian population: Two novel
mutations and the prevalence of heterozygous carriers. Mol. Genet. Genom. Med. 2020, 8, el1228.
https://doi.org/10.1002/mgg3.1228.

Ju, W.; Zhong, R.; Moore, S.; Moroziewicz, D.; Currie, ].R.; Parfrey, P.; Brown, W.T.; Zhong, N. Identification of novel CLN2
mutations shows Canadian specific NCL2 alleles. ]. Med. Genet. 2002, 39, 822-825. https://doi.org/10.1136/jmg.39.11.822.
Barisi¢, N.; Logan, P.; Pikija, S.; Skarpa, D.; Blau, N. R208X mutation in CLN2 gene associated with reduced cerebrospinal fluid
pterins in a girl with classic late infantile neuronal ceroid lipofuscinosis.. Croat. Med. ]. 2003, 44, 489-493.

Goetz, M; Istrail, S. Alternative Splicing Analysis of Tripeptidyl Peptidase 1 Mutations in CLN2 Batten Disease Models. Pre-
sented at the Data Science Initiative, Brown University, Providence, RI, USA, 14 April 2021.

Ma, L.; Prada, A.; Schmidt, M.; Morrow, E.M. Generation of Pathogenic TPP1 Mutations in Human Stem Cells as a Model for
CLN2 Disease. Stem Cell Res. 2021, 53, 102323. https://doi.org/10.1016/j.scr.2021.102323.

Wujek, P.; Kida, E.; Walus, M.; Wisniewski, K.E.; Golabek, A.A. N-Glycosylation Is Crucial for Folding, Trafficking, and Stability
of Human Tripeptidyl-peptidase 1. J. Biol. Chem. 2004, 279, 12827-12839. https://doi.org/10.1074/jbc.m313173200.

Golabek, A.A.; Kida, E. Tripeptidyl-peptidase I in health and disease. Biol. Chem. 2006, 387, 1091-1099.
https://doi.org/10.1515/bc.2006.135.

Chakrabarti, S.; Chandra, S.; Roy, A.; Dasarathi, S.; Kundu, M.; Pahan, K. Upregulation of tripeptidyl-peptidase 1 by 3-hydroxy-
(2, 2)-dimethyl butyrate, a brain endogenous ligand of PPARa: Implications for late-infantile Batten disease therapy. Neurobiol.
Dis. 2019, 127, 362-373.

McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly,
M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome
Res. 2010, 20, 1297-1303. https://doi.org/10.1101/gr.107524.110.

Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows—-Wheeler transform. Bioinformatics 2010, 26, 589-595.
https://doi.org/10.1093/bioinformatics/btp698.

Lourengo, C.M.; Pessoa, A.; Mendes, C.C.; Rivera-Nieto, C.; Vergara, D.; Troncoso, M.; Mole, S.E. Revealing the clinical pheno-
type of atypical neuronal ceroid lipofuscinosis type 2 disease: Insights from the largest cohort in the world. ]. Paediatr. Child
Health 2021, 57, 519-525.

Specchio, N.; Bellusci, M.; Pietrafusa, N.; Trivisano, M.; De Palma, L.; Vigevano, F. Photosensitivity is an early marker of neu-
ronal ceroid lipofuscinosis type 2 disease. Epilepsia 2017, 58, 1380-1388. https://doi.org/10.1111/epi.13820.

Yu, F,; Liu, X.-M.; Chen, Y.-H.; Zhang, S.-Q.; Wang, K. A novel CLN2/TPP1 mutation in a patient with late infantile neuronal
ceroid lipofuscinosis. Neurol. Sci. 2015, 36, 1917-1919.

Helman, G.; Taylor, L.E.; Walkiewicz, M.; Le Moing, M.; Eggers, S.; Yaplito-Lee, J.; Fuller, M.; Dabscheck, G.; Rodriguez-Casero,
V.; White, S.M.; et al. Aberrant splicing and transcriptional activity of TPP1 result in CLN2-like disorder. Eur. ]. Med. Genet.
2021, 64, 104259. https://doi.org/10.1016/j.ejmg.2021.104259.

Wong, L.C,; Hsu, C.-].; Lee, W.-T. Perampanel attenuates myoclonus in a patient with neuronal ceroid lipofuscinoses type 2
disease. Brain Dev. 2019, 41, 817-819. https://doi.org/10.1016/j.braindev.2019.05.001.



. Clin. Med. , 11, o
J. Clin. Med. 2022, 11, 6415 19 of 14

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Saini, A.G.; Sankhyan, N.; Singhi, P. Chorea in Late-Infantile Neuronal Ceroid Lipofuscinosis: An Atypical Presentation. Pediatr.
Neurol. 2016, 60, 75-78. https://doi.org/10.1016/j.pediatrneurol.2016.02.015.

Chang, X.; Huang, Y.; Meng, H.; Jiang, Y.; Wu, Y.; Xiong, H.; Wang, S.; Qin, J. Clinical study in Chinese patients with late-
infantile form neuronal ceroid lipofuscinoses. Brain Dev. 2012, 34, 739-745. https://doi.org/10.1016/j.braindev.2011.12.005.
Bessa, C.; Teixeira, C.A.; Dias, A.; Alves, M.; Rocha, S.; Lacerda, L.; Ribeiro, M.G. CLN2/TPP1 deficiency: The novel mutation
IVS7-10A> G causes intron retention and is associated with a mild disease phenotype. Mol. Genet. Metab. 2008, 93, 66-73.
Lugowska, A.; Purzycka-Olewiecka, ].K.; Ploski, R.; Truszkowska, G.; Pronicki, M.; Felczak, P.; Bednarska-Makaruk, M. Tripep-
tidyl Peptidase 1 (TPP1) Deficiency in a 36-Year-Old Patient with Cerebellar-Extrapyramidal Syndrome and Dilated Cardiomy-
opathy. Life 2021, 12, 3.

Lam, C.W.; Miu-Kuen Poon, P.; Tong, S.F.; Ko, C.H. Two novel CLN2 gene mutations in a Chinese patient with classical late-
infantile neuronal ceroid lipofuscinosis. Am. |. Med. Genet. 2001, 99, 161-163.

Amadori, E.; Scala, M.; Cereda, G.S.; Vari, M.S.; Marchese, F.; Di Pisa, V.; Mancardi, M.M.; Giacomini, T.; Siri, L.; Vercellino, F.;
et al. Targeted re-sequencing for early diagnosis of genetic causes of childhood epilepsy: The Italian experience from the “be-
yond epilepsy’ project. Ital. |. Pediatr. 2020, 46, 1-9. https://doi.org/10.1186/s13052-020-00860-1.

Hartikainen, J.; Ju, W.; Wisniewski, K.E.; Moroziewicz, D.N.; Kaczmarski, A.L.; McLendon, L.; Zhong, D.; Suarez, C.T.; Brown,
W.; Zhong, N. Late Infantile Neuronal Ceroid Lipofuscinosis Is Due to Splicing Mutations in the CLN2 Gene. Mol. Genet. Metab.
1999, 67, 162-168. https://doi.org/10.1006/mgme.1999.2853.

Gall, K;; Izzo, E.; Seppéla; E.H.; Alakurtti, K.; Koskinen, L.; Saarinen, I.; Alastalo, T.P.Next-generation sequencing in childhood-
onset epilepsies: Diagnostic yield and impact on neuronal ceroid lipofuscinosis type 2 (CLN2) disease diagnosis. PLoS ONE
2021, 16, e0255933.

Elleder, M.; Dvotakova, L.; Stolnaja, L.; Vlaskova, H.; Halkova, H.; Druga, R.; Mikulastik, J. Atypical CLN2 with later onset and
prolonged course: A neuropathologic study showing different sensitivity of neuronal subpopulations to TPP1 deficiency. Acta
Neuropathol. 2008, 116, 119-124.

Goldberg-Stern, H.; Halevi, A.; Marom, D.; Straussberg, R.; Bloch, A.M. Late Infantile Neuronal Ceroid Lipofuscinosis: A New
Mutation in Arabs. Pediatr. Neurol. 2009, 41, 297-300. https://doi.org/10.1016/j.pediatrneurol.2009.04.022.

Johnson, A.M.; Mandelstam, S.; Andrews, I.; Boysen, K.; Yaplito-Lee, J.; Fietz, M.; Ellaway, C. Neuronal ceroid lipofuscinosis
type 2: An Australian case series. J. Paediatr. Child Health 2020, 56, 1210-128.

Sun, Y.; Almomani, R.; Breedveld, G.J.; Santen, G.W.; Aten, E.; Lefeber, D.]J.; Maat-Kievit, A.]. Autosomal recessive spinocerebel-
lar ataxia 7 (SCAR 7) is caused by variants in TPP1, the gene involved in classic late-infantile neuronal ceroid lipofuscinosis 2
disease (CLN 2 disease). Hum. Mutat. 2013, 34, 706-713.

Sheth, J.; Mistri, M.; Bhavsar, R.; Pancholi, D.; Kamate, M.; Gupta, N.; Kabra, M.; Mehta, S.; Nampoothiri, S.; Thakker, A ; et al.
Batten disease: Biochemical and molecular characterization revealing novel PPT1 and TPP1 gene mutations in Indian patients.
BMC Neurol. 2018, 18, 1. https://doi.org/10.1186/s12883-018-1206-1.

Karimi, S.; Rezaei-moghadam, M.; Mosavi, S.A. Juvenile Neuronal Ceroid Lipofuscinosis in a Patient of Iranian Origin. Razavi
Int. J. Med. 2018, 6, 42-45.



