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ABSTRACT

We report diagnosis of Neuronal Ceroid Lipofuscinosis Type 2 (CLNZ2), a rare, hereditary
neurodegenerative disease of childhood, in a four and a half year old girl, the first child of non-
consanguineous parents with no family history. Despite extensive efforts by the parents, her clinical
condition remained undiagnosed and without management, until recently. Our published “Bottom-up
Approach”, based on comprehensive and multidisciplinary clinical, pathological, radiographical and
genetic evaluations, played key role in diagnosis of the disease. Detailed analyses involving Next
Generation  Sequencing confirmed a missense variation NC_00011.10:9.6616374C>T
(NP_000382.3:p.Arg339GIn; rs765380155) in exon 8 of TPP1 gene. In silico analyses predicted it to
be highly pathogenic. Further family screening (including her both unaffected parents and
asymptomatic, one year old younger sister) of the identified variation through Sanger Sequencing,
revealed a perfect autosomal recessive segregation in the family. This study is the first case report on
classic CLN2 from Jammu and Kashmir-India. This study is also indicating the effectiveness of our
“Bottom-up Approach” in understanding rare disorders in low resource regions and the importance of
timely diagnosis. Like in the proband, had diagnosis been established a bit early, the family might

have benefitted at least with reference to their second child through counselling programmes.
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INTRODUCTION

Neuronal ceroid lipofuscinoses (NCLs), also referred to Batten Disease, are a diverse group of
hereditary, progressive neurodegenerative diseases which predominantly affect the children [1,2]. The
NCLs share marked clinical abnormalities that are associated with neurodegeneration and its
consequences including a combination of progressive visual impairment (leading to blindness),
cerebellar ataxia, telencephalic manifestations including epileptic seizures and progressive dementia
resulting in motor and mental deterioration, and poor prognosis with severe cases leading to
premature death of the patients [2,3]. Morphological hallmarks of NCLs include selective neuronal
degeneration primarily in the cerebral and cerebellar cortices and retina, which is associated with
progressive cerebellar and cortical degeneration and secondary fiber tract atrophy [2,3]. Other
pathognomonic feature of NCLs includes the abnormal intra-lysosomal accumulation of NCL-specific
lipopigment residual bodies of heterogeneous origin in neurons and extra-neuronal tissues [1]. That is
why, these group of neurodegenerative disease are categorized as “Lysosomal Storage Diseases
(LSDs) [2]. The characteristic heterogeneous lysosomal storage materials include auto-fluorescent
ceroid-lipopigments and lipofuscin, “subunit ¢ of mitochondrial ATP synthase (SCMAS)”, or
“sphingolipid activator proteins (SAPs)” namely saponins A and D [2,4].

NCLs usually have an onset in childhood, occasionally as early as first few months of life, or
adulthood. Based on the age-of-onset of clinical symptoms, NCLs have been broadly categorised into
congenital, infantile, late-infantile, juvenile, adult and late-adult forms [2]. About thirteen NCL-
associated proteins are known so far, each differing in their biological functions and intracellular
localization which happens predominantly in the lysosomes (CLN1, CLN2, CLN3, CLN5, CLN?7,
CLN10, CLN11, CLN12 and CLN13), endoplasmic reticulum (CLN6 and CLN8) and cytosol (CLN4
and CLN14) [2]. Except CLN9, the genetic basis of rest of the NCL types is delineated [5].
Furthermore, NCLs can be subdivided according to a number of disease categories as mentioned in
Table 1. NCLs are genetically heterogeneous with most of the clinical types following an autosomal
recessive mode of inheritance, except one adult form [1,5]. NCL-associated variations are listed online
in the NCL Mutation database (http://www.ucl.ac.uk/ncl/).

Table 1: A list of different categorization of NCLs [2,74].

S. No. Category Details Types of NCL
Subunit C of mitochondrial ATP synthase | CLN2, CLN3, CLNS5,
1 Storage material in | (SCMAS) CLN6, CLN8
lysosomes Sphingolipid activator proteins (saposins A CLN1
and D)
2 Vacuolations observed in lymphocytes of the patients CLN3
Palmitoyl protein thioesterase-1 (PPT1) CLN1
Lysosomal enzyme ihanti :
3 dgficiencies y Tripeptidyl peptidase 1 (TPP1) CLN2
Cathepsin D (CTSD) CLN10
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Cathepsin F (CTSF) CLN13
lysosomal proteins CLN1, CLN2, CLNS,
CLN10, CLN13
. | b . CLN3, CLN®6, CLN?7,
4 Non-enzyme integral transmembrane proteins CLN1?
deficiencies proteins localized to endoplasmic reticulum | CLN6, CLN8
proteins localized to compartments in the CLN11
secretory pathways
CLN1, CLN4, CLNS5,
Granular osmophilic deposits (GROD) CLNS8, CLN9, CLN10,
CLN12, CLN14
- . CLN2, CLN5, CLNS®,
5 | Histopathology | CUrviinear profile (CLP) CLN7, CLNS8, CLN9
CLN3, CLN5, CLNS®,
Finger print profiles (FPP) CLN7, CLN8, CLN11,
CLN13, CLN14
Rectilinear complex (RLC) CLN®6, CLN7,
CLN1, CLN2, CLN3,
CLN5, CLN6, CLN?7,
. Autosomal recessive CLNS8, CLN9, CLN10,
6 Inheritance CLNll, CLN12,
CLN13, CLN14
Autosomal dominant CLN4

Diagnosis of NCLs in children can rather be challenging during routine clinical set up, mainly due to
their heterogeneous clinical presentations and underpinning genetic heterogeneity. Previously,
preliminary diagnosis of NCLs used to rely on the results of electron microscopic studies of biopsied
tissues (muscle, nerve, skin, conjunctiva) derived from the patients, enzyme activity assays,
neuroimaging and electrophysiological investigations, the characteristic findings of which hold an
evidence to the corresponding NCL. The ultra-structural microscopic evidence of NCLs include
abnormal cytosomal morphologies, each specific for different forms of NCLs, observed in the
cytoplasm in peripheral blood Iymphocytes or skin biopsy of the patients [6,7].
Electroencephalography (EEG) findings seen among the NCL patients include variable slowing of the
background activity, paroxysmal bursts of polyphasic epileptiform discharges, and an excessive
photic response [8]. Other features observed in the NCL patients include abnormal electroretinography
and visual evoked potential (VEP) responses and a giant somatosensory-evoked potential (SSEP) [8].
NCL-associated neuroradiological abnormalities include varying degrees of diffuse cortical atrophy
(cerebral as well as cerebellar) and periventricular/capsular signal intensity alterations on T2-weighted
images [9,10]. An actual confirmation of NCL is now established after genetic screening of the
patient. Additionally, lack of facilities for NCL enzyme analysis and genetic tests in poor resource
regions can cause either a delay or misdiagnosis in NCL patients, further depriving them of the
available therapeutic interventions as well as genetic counselling and prenatal diagnosis in the

suspected couples.

Epidemiological studies on the NCLs have reported on their worldwide distribution. Being the most

common neurological storage disease in children, the overall prevalence of NCLs is around 2-4 in
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100,000 individuals with an estimated rate of incidence of 1 in 100,000 births [6]. However, there is a
geographical variation in the prevalence of NCLs. In the US, NCL prevalence is estimated to be 1 in
12,500 births or 300 to 350 new cases per year [11]. In some regions including Finland,
Newfoundland and others, certain forms of NCL are relatively frequent [3,12,13]. However, there have
been no epidemiological data on NCLs from India. Only a few NCL case reports from India have
been published [8,14-18]. These studies were mainly based on enzymatic and clinicopathological
studies and have indicated CLN2, also known as Late Infantile Neuronal Ceroid Lipofuscinosis
(LINCL), as the most common NCL-type.

In this study, we report diagnosis of autosomal recessive, classic CLN2 (OMIM# 204500) in a four
and a half year old girl from Jammu and Kashmir (J&K) — India, ascertained by employing our
previously published “Bottom-up Approach” [19]. Using a targeted Next-generation Sequencing
(NGS) approach, the proband was found to harbour a pathogenic homozygous missense variation
NM_000391.4:c.1016G>A (rs765380155) in exon 8 of CLN2-associated TPP1 gene, causing a
surface amino acid substitution of Arginine at 339 position to  Glutamine
(NP_000382.3:p.Arg339GIn). Upon validation of the NGS results through PCR-based Sanger
Sequencing, the same variation was confirmed in the proband and both of her parents were found to
be carriers. It is pertinent to mention that this is the first NCL case report from J&K region — India.
Despite the onset of early symptoms in the proband almost 2-3 years back between the age of 2.5-3
and its progression into a severe disease, the case had remained undiagnosed owing to limited
resources until recently when investigated comprehensively using our multi-disciplinary Bottom-up
Approach [19]. Due to lack of diagnosis and appropriate counselling programmes in the region,
unfortunately, the family did not undergo genetic counselling earlier. It was disheartening to find out
upon genetic screening of the family that the younger, year old asymptomatic kid is also harbouring
the same variation in a homozygous manner. With new developments in place for the
pharmacological treatment of symptoms presented in CLN2 paediatric cases as well as enzyme
replacement therapy (ERT) and gene therapy [20-23], it is anticipated if interventions are provided at
this juncture too, may help the family extensively and the affected kids (in particular) in leading a
better life.

CLINICAL INVESTIGATIONS

A four and a half year old girl (1I-1; Figure 1(a)), presented with status epilepticus including
generalized myoclonic seizures, unsteady gait, loss of ambulation, clumsy hand movements and poor
cognitive functions. She was delivered healthy at full-term to non-consanguineous parents belonging
to same caste group, but with no family history of a similar disorder. As informed by her parents
during clinical consultation, she was overall healthy during her early development till 3 years of age,
after which her health declined progressively and later witnessed a global developmental delay. At the
age of around two and a half, she developed signs of neuroregression which further progressed into
cognitive and motor impairment (probably due to seizures), deterioration of speech and behavioural

issues. At the time of clinical investigation, other features such as hydrocephalus, presence of pin-
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head sized hyperpigmented macules over her face, dystonic limbs, hypertonia, and hyper-reflexia
were observed. No signs of vision loss were observed on optic evaluation with a torch light; both eyes
were symmetric, pupils of her both eyes were normal in size and displayed normal pupillary response
towards torch-light (pupil constriction towards bright light stimuli). She was responsive to sounds,
indicating an intact hearing ability. There was no history of birth complications (such as birth
asphyxia, preterm delivery) or peri-natal complications. She has a younger, a year old sibling who is

clinically fit so far.

LR
@ O

(O Targeted NGS

Theid
P P g G P G a1l qE;s q;;s q;;-! q;;!
40 bp
6.616,360 bp 6,616,370 bp 6.616,.380 bp
1 1 I 1 1

1734 vel
364480

présscssnes i O

(®)

1734 bam

o EEEEEEEE L EEEEEEEEEEEE BT

Sequence — G A G C TG AN S T G T T G A C C

Gene

O14773| TPP1_HUMAN
Q5RFL1|TPPI1_SUMATRAN_ORANGUTAN 2
G3QDRE|TPP1_GORILLA

F7BXH4| TPP1_RHESUS_MACAQUE
Q5IST4|TFP1_CHIMFANZEE
QE0HH1|TFP1_CRAB_EATING_MACAQUE
089023| Top1_MOUSE

QSEQVE|Tpp1_RAT
G1SRE7|TPP1_RABBIT
HOVLMS|TPFR1_GUINEA_PIG
ADA384DQZ5| TPP1_FOLAR_BEAR
QOVEBE|TPP1_BOVINE

(c) FE6TIXS|TPP1_HORSE
13LB12|TPPI_PIG

Q9XSB8|TFP1_DOG

M3WMI2| TPFP1_CAT
AODA1DSPIE1|TFPI_CHICK 2
ACAZYSEHQ1|TPFP1_SPERM_WHALE
F8Wz2Ms|top1_DANRE
QENTQ6|tpp1_XENOPUS

19

[l
=

1

2521

< <

iz
<4
< <

fEifearatat
T

2

o
24

:

‘
)
'

il

55

= =

I~

Conservation

Figure 1: (a) Family pedigree representing clinical status of the proband (11-1) and her family during
clinical presentation. Male is represented in square and females in circle (affected with solid
representations). The proband (I1-1) has been marked with a black arrow. The red circle indicates that
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I1-1 has undergone screening through targeted NGS. (b) An IGV snapshot of the 1I-1°s NGS data
indicating homozygous NC_00011.10:¢9.6616374C>T variant in exon 8 of TPP1 gene. (c) A Jalview
image showing a highly conserved TPP1 amino acid residue p.R339 aligned across selected
vertebrates using ClustalO MSA.

All the clinical observations were highly suggestive of a neurodegenerative disease, most likely any of
the inborn errors of metabolism, leukodystrophies, mitochondrial disorders or NCL. Further clinico-
pathological investigations of the proband were conducted accordingly. The investigation of
proband’s blood histo-biochemical parameters was inconclusive, since no significant pathologies were
detected. Her serum ceruloplasmin (39.20 mg/dL), ferritin (99.60 ng/mL), TSH (3.91 ulU/mL) and
Vitamin D (25-OH) (51.8 ng/mL) levels were within biological reference range. Plasma Lactate levels
(19.60 mg/dL) were normal. Creatinine (CPK) levels were normal (99.4 U/L). Her slit-lamp
investigation and retinal-examination were also inconclusive; no optical pathologies were detected.
Proband’s MRI investigation conducted on Siemens 1.5T MR Scanner Magnetom Essenza indicated
signs of generalized, mild cerebral and cerebellar atrophy,and prominent ventricular system and extra-
axial cerebrospinal fluid (CSF) spaces (Supplementary Figure 1), which are non-age specific in her
case. No intensity issues or blooming effect were observed in the cranial MRI. Electrophysiological
studies conducted through EEG indicated the signs of asymmetric generalised epileptiform discharges
or spikes during induced sleep (Supplementary Figure 2). Photic stimulation (PS) was not conducted
during the current EEG investigation. However, as per the clinical history provided by the proband’s
parents, a prior MRI (on a 3T-imager) as well as EEG investigation were conducted on the onset of
symptoms when she was around 3 years old. That MRI investigation remained unremarkable as there
were no clinically significant findings of intracranial and cervico-dorsal spine abnormality, whereas
the EEG investigation indicated abnormal sleep patterns with signs of asymmetric generalised
epileptiform spikes. Discharges of similar frequency were also observed on PS during the previous
EEG. However, hyperventilation was not carried out during any EEG investigation of the proband.
The results of these clinical investigations clearly indicated a history of progressive neurodegenerative
disorder of early childhood.
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Figure 2: Autosomal recessive inheritance of NC_00011.10:9.6616374C>T TPP1 variation; (a) The

pedigree indicating autosomal recessive inheritance of the variation, and (b) Screenshots of the Sanger

Sequencing electrophoregrams (forward strand) indicating the genotypes of the recruited participants

for the variation.

GENETIC EVALUATION
Recruitment of Participants and Collection of Samples

Multiple rounds of clinical evaluation suggested preliminary clinical diagnosis of classic NCL2,
which further indicated a need of thorough genetic evaluation including the evaluation of segregation
of the disease in the family. The study has been approved under Genetics of rare diseases research
work by the Institutional Ethical Review Board (IERB), SMVDU, J&K-India (SMVVDU/IERB/18/67).
For participation in the study and collection of the blood samples, signed informed consents were
obtained from the proband’s parents. About 1-2 mL of whole peripheral blood samples were drawn
and collected in ethylenediaminetetraacetic acid (EDTA) vacutainers from the proband (l1-1), her

father (I-1), mother (1-2) and her sister (11-2) for the molecular investigations.
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Extraction of DNA

DNA was extracted from peripheral blood lymphocytes of the collected blood samples using Xpress
DNA Blood Mini Kit (Cat. No.: MG17BI-S50/250; MagGenome Technologies, India) by following
the manufacturer’s protocol. QC-analysis of the extracted DNA samples was carried out through gel
electrophoresis and spectrophotometric methods.

Next Generation Sequencing and Raw Data Generation

A targeted gene sequencing approach for screening of I1-1 had been carried out using the massive
parallel sequencing (MPS) technology by Gene Lab, Surat — India, on an independent
recommendation (list of targeted genes available in the Supplementary File). DNA libraries were
constructed using Ion AmpliSeq™ Library Kit, lon Xpress™ Barcode Adapters and Ion Library
Equalizer™ Kit (ThermoFisher Scientific Inc., US). The templates were prepared for sequencing
reactions using Ion OneTouch™ 2 System and lon PI™ HiQ™ OT2200 Kit (ThermoFisher Scientific
Inc., US). The sequencing was performed using an Ion Proton™ Sequencer, lon PI™ Hi-Q™
Sequencing200 Kit and Ion PI™ Chip Kit (ThermoFisher Scientific Inc., US), and the calls were
made using the Torrent Suite™ Software and lon Reporter™ Software (ThermoFisher Scientific Inc.,
us).

NGS Data Analysis

The raw data was requested and retrieved from the company through the family and after obtaining
informed consent of the parents, detailed data re-analysis was performed. For the alignment of
sequencing reads generated from the proband’s genomic sample, the human reference genome hg38
was used. About 27,426,174 reads were mapped to the reference genome. Variants were filtered for
their stringencies including evolutionary conservation, minor allele frequencies and pathogenicity
predictions based on the public genomic databases such as the GERP++, gnomAD, 1000 Genomes
Browser, and others. Filters were applied to the NGS data for the identification of variants with a
minor allele frequency of <5%, variants classified as disease-causing in public databases, and variants
with a minor allele frequency of <1% predicted to be loss-of-function variants. Genotype-phenotype
correlations were then evaluated for each variant resulting from the filtering strategies. Only the
variants with 30X or more coverage were considered for the clinical correlation. Non-synonymous
and splice site variants found in the genes and relevant to the clinical symptoms were used for clinical
interpretation. Silent variations that do not result in any change in amino acid in the coding region
were not reported. Reanalyses of the NGS data for quality assurance was carried out by the pipeline

developed by Key2Genes®, India and as previously described [24].
Validation of NGS findings using targeted PCR-based Sanger Sequencing

In order to validate the NGS findings and evaluate the inheritance pattern of identified variant in the
recruited family, a targeted bi-directional PCR-based Sanger Sequencing (targeting the exonic region

in which the variation was identified as well as its flanking exon-intron junctions) was performed
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twice for each participant (sequence of forward and reverse primers, and details of PCR reaction and
amplicon purification are available upon request). Sanger sequencing of the amplicons were
facilitated by Biodroid® Innovations, India. Sequence electrophoregrams were visualized with

Sequence Scanner Software 2 (Applied Biosystems, US).
COMPUTATIONAL ANALYSES

Multiple Sequence Alignment (MSA) analysis was performed through ClustalOmega
(https://www.ebi.ac.uk/Tools/msa/clustalo/), the results of which were further viewed based on
default ClustalX colour scheme using Jalview tool [25,26]. Pathogenicity prediction of the identified
variations were performed using some computational in silico tools based on algorithms developed to
predict the effect of variations on protein structure and function. This included individual analyses
using MutationAssessor (http://mutationassessor.org/r3/), Mutation Taster
(http://www.mutationtaster.org/), Sorting Intolerant From Tolerant (SIFT; https://sift.bii.a-
star.edu.sg/), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), and POPMuSiC2.1 and SNPMuSIiC
tools of the dezyme web-suite (http://www.dezyme.com/), and the prediction results were further
validated using Ensembl Variant Effect Predictor (VEP) tools [27-31].

Besides, 100 ns time-lag computational in silico molecular dynamics simulations (MDS) were
performed for the wild-type as well as the variant protein models of the protein encoded by the
indentified disease-associated gene. A complete protocol for the MDS has been provided in the
Supplementary file. Using MDS data for the trajectories of wild-type and variant protein models, the
Root Mean Square Deviation (RMSD), protein Radius of Gyration (Rg), Root Mean Square
Fluctuation (RMSF) of alpha-carbon atoms (C,’s), Solvent Accessible Solvent Area (SASA) and
hydrogen bond contacts were calculated. PyMol was used for in silico structural visualization of the

protein models.

RESULTS

Detailed analyses of NGS data revealed that I1-1 was harbouring a homozygous missense variation
NC_00011.10:9.6616374C>T (NM_000391.4:¢c.1016G>A; rs765380155) in exon 8 of TPP1 gene. An
IGV screenshot for the same has been provided in Figure 1(b). It is a rare variation that has records in
ClinVar (Accession Id: VCV000198725.2) and genomAD databases, but not in the 1000 Genomes
database. The NM_000391.4:¢.1016G>A variation has caused a surface amino acid substitution from
Arginine (R) to Glutamine (Q) at 339 position (NP_000382.3:p.Arg339GIn (p.R339Q)) in TPP1
protein. MSA of human TPP1 (hTPP1; Uniprot ID: O14773) protein sequence against TPP1 sequence
of other species using Clustal Omega online program and UCSC Genome Browser indicated that
hTPP1 p.R339Q variation has occurred at a highly evolutionarily conserved residue position (R339)
across vertebrates (Figure 1(c); Supplementary Figure 3)). Since, both R- and Q-residues have
different physico-chemical properties, R339 residue being a surface amino acid and is evolutionary
conserved in nature, there is a high likelihood that this amino acid substitution might have a plausible

functional relevance in disease pathogenesis. Pathogenicity prediction performed using some in silico
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tools confirmed the deleterious nature of hTPP1 p.R339Q variation and predicted it to be disease-
causing. The individual predictions were — MutationAssessor (FI score = 2.925, functional impact =
medium) (http://mutationassessor.org/r3/), Mutation Taster (p-score = 0.999997; prediction = disease
causing), SIFT (score = 0; prediction = damaging), and PolyPhen2 (score = 1.000; prediction =
probably damaging). These pathogenicity predictions were further validated using Ensembl VEP tools
as likely pathogenic or pathogenic. Thermodynamic stability predictions conducted through
PoPMuSiC2.1 and SNPMuSIC tools of the dezyme web-suite predicted hTPP1 p.R339Q variation to

be deleterious and probably resulting in thermodynamic destabilization of the variant protein.

Since, loss-of-function TPP1 gene variations result in a deficient lysosomal enzyme Tripeptidyl
peptidase 1, associated with a rare, fatal, autosomal recessive neuronal disorder named CLN2, NGS
findings and genotype-phenotype correlation confirmed the diagnosis of classic CLN2 in 1I-1, also
indicated by a pathologically low enzymatic activity of TPP1 in the proband’s blood sample (<0.49
umol/L/h; pathological reference = <0.5 umol/L/h). Additional analyses of Sanger sequencing data
confirmed the presence of homozygous variation NM_000391.4:¢.1016C>T in IlI-1 and its perfect
autosomal recessive segregation in the family (Figure 2(a) and (b)). Both of her parents (I-1 and 1-2)
were found to be heterozygous carriers of the variation. This variation is already reported in limited
CLN2 patients [32-34]. As the family had not known CLN2 as a genetic disease and did not undergo
any genetic counselling programme, we proposed the parents for molecular screening of the variation
in 11-2. Unfortunately 11-2, otherwise asymptomatic, was also found to be harbouring the same

variation in a homozygous manner.

For understanding the biochemical features of p.R339Q hTPP1 variant protein and its plausible
functional role in disease pathogenesis, comparative MDS of 100 ns duration were performed for
wild-type R339 and variant Q339 hTPP1 protein models. Within 10 ns of the MDS, both R339 and
Q339 protein models were found to be stable. After completion of MDS, the RMSD, Rg, RMSF,
SASA and hydrogen bond contact were calculated. The RMSD values of the wild-type R339 (lowest:
0.000501 nm to highest: 0.200251 nm) protein model differed from that of the variant Q339 model
(lowest: 0.000506 nm to highest: 0.195172 nm). The Rg for R339 and Q339 hTPP1 models were
analyzed from a 100 ns simulation. The average values of Rg in R339 and Q339 were 2.32 nm and
2.33 nm, respectively. During MDS, it was observed that the molecular structure of variant Q339
became relatively less compact after 60 ns, whereas wild R339 depicted its characteristic structural
compactness. The RMSF differences indicated that the dynamics of the R339 and Q339 hTPP1
models had four loop regions that displayed larger flexibility. The Q339 showed high fluctuation at
position 192 with overall average flexibility of value 0.08 nm, whereas for R339 it was 0.07 nm.
Amino acid position 369 of R339 model was found to be highly flexible in comparison to that of
Q339 (which showed better flexibility at amino acid positions 93 and 192). The SASA calculations
indicated the solvent accessible hydrophobic and hydrophilic surface contacts of both R339 and Q339
models. The average values of SASA showed that Q339 (215.96 nm?) protein is slightly buried in
comparison to Q339 (216.48 nm?). The graphical plots for the Root Mean Square Deviation (RMSD),
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protein Radius of Gyration (Rg), Root Mean Square Fluctuation (RMSF) and solvent accessible
solvent area (SASA) analyses generated for hTPP1 R339 and Q339 models using MDS data have
been represented in Supplementary Figures 5 (a), (b), (c),and (d), respectively. We also analyzed the
inter- as well as intra-molecular hydrogen bond contacts of R339 and Q339 trajectories; the plots for
the same have been provided in Supplementary Figures 6(a) and (b). R339 showed high number of
intra-molecular hydrogen bond contacts (No.’s = 391) as compared to Q339 (No.’s = 381). Further,
the residues involved in the catalytic activity of the hTPP1 protein, including E?"2, D?’¢, D37, D% and
S47% were subjected to intermolecular interaction analysis. It was observed that the variant Q339
hTPP1 model has slightly higher interactions within the catalytic residues. The total hydrogen bonds
formed in all the conformation of the catalytic residues in the wild-type R339 and the variant Q339
hTPP1 models were 9953 and 10942, respectively (Supplementary Figure 6(b)). In some protein
conformations, it was observed that three hydrogen bonds were established between the catalytic
residues in Q339 model, whereas a maximum of two hydrogen bonds in R339 model. A hydrogen
bond between E?? and D' residues with 2.5A was observed in R339 model, whereas an additional
hydrogen bond was observed between D?7® and S*”° residues with 2.0A in Q339 (Supplementary
Figure 7). In summary, overall analyses of MDS trajectories of both R339 and Q339 hTPP1 models
revealed that the variant Q339 model relatively shows more dynamic flexibility and more hydrogen
bond contacts than wild-type R339. All this could potentially result in the functional disruption of
hTPP1 variant Q339.

DISCUSSION

Pathogenic changes in TPP1 gene (also referred as CLN2; OMIM# 607998), mapped to cytogenetic
location — 11p15.4, cause an autosomal recessive, lysosomal storage disorder named CLN2, also
referred to as “LINCL”, “late infantile Batten disease”, or “Jansky-Bielschowsky disease” [35-38].
CLN2 is a rare progressive, fatal paediatric neurodegenerative disorder with typical onset of CNS and
retinal manifestations between 2-4 years of age, progressing with worsening of clinical severity and
leading to death by 6-15 years of life or later [37]. Clinical manifestation of CLN2 is usually heralded
by partial, generalized tonic-clonic or secondarily generalized seizures, followed by ataxia, dementia,
epilepsy, myoclonus, loss of vision (due to macular and retinal degeneration and optic atrophy) and
speech, cerebellar, pyramidal and extra-pyramidal signs, and developmental regression, leading to
death in the second decade of life [1,37,39]. The patients suffer loss of ambulation due to motor
regression accompanied with progressive deterioration of speech and vision, resulting in inability to
walk or sit unsupported and speak and blindness. The CLN2-associated neurohistopathological
features include brain atrophy, neuronal loss and lysosomal accumulation of curvilinear bodies and
auto-fluorescent storage material rich in SCMAS in neurons and other cell types in the CNS and
peripheral tissues [40,41]. The accumulation of SCMAS in late-infantile and juvenile NCL has been
described as an epiphenomenon and is not considered as disease-specific [42]. However, the
underpinning biological mechanism for CLN2-associated neuronal and retinal degeneration has not

yet determined. Despite CLNZ2-associated clinical heterogeneity/penetrance issues have not been
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reported in the literature, yet a few number of atypical CLN2 cases with late age-of-onset and
prolonged disease course are reported worldwide [43,44]. Although CLN2 is an ultra-rare disease with
an estimated worldwide incidence of 1:100,000 live births, it is the most common form of NCL

among paediatric cases [3,45].

A precise diagnosis of CLN2 is quite challenging during early stages of its precipitation and is often
delayed until its significant progression in severity, leading to complex diagnostic odyssey
characterized by several misdiagnoses in a clinical set up [23]. Delayed diagnosis or misdiagnosis of a
disease usually results in disjointed care and treatment delay for the patients. Although brain imaging
provides relatively non-specific findings, marked neuroradiological signs of cerebellar atrophy are
observed at early disease stage in CLN2 patients [9]. However, the characteristic
neuroelectrophysiological findings in EEG include a triad consisting of early presentation of a typical
photo-paraoxysmal response (PPR) known as “paraoxysmal spike-wave response” against low
frequency intermittent occipital photic stimulation (using flash rates at 1 to 2 Hz), grossly enhanced
SSEPs and a late presentation of grossly enhanced cortical VEPs and diminished EEG [39,46,47]. For
the confirmation of a CLN2 case suspected through differential diagnosis, the demonstration of
decreased TPP1 enzyme activity (in leukocytes, fibroblasts or dried blood spots) through enzyme
activity assays and molecular detection of TPP1 (or CLN2) biallelic pathogenic variations have been
regarded as the gold-standard diagnostic approaches [48].

The clinical management of CLN2 is complex, which primarily encompasses supportive and
palliative care, pharmacological treatment of symptoms presented in CLN2 paediatric cases, enzyme
replacement therapy (ERT) and gene therapy [20-23]. Antiepileptic drugs, including benzodiazepines
(clobazam/clonazepam, lamotrigine, levetiracetum and valproate, are the common first-line
therapeutics used for the management of epileptic as well as non-epileptic seizures and myoclonus
[22]. A set of tailored inter-disciplinary therapies including physical, occupational, speech/orofacial
myofunctional, nutritional, ophthalmologic, behavioural and complementary therapies are also
sometimes sought for the management of CLN2-associated gait issues, pain, motor disturbances,
retinal degeneration, sleep disorders, speech problems and behavioural issues in affected children as
described in the literature [22]. For the treatment of symptoms in the proband, anti-epileptics including
briviact (50 mg/day), rivotril (0.5 mg/day) and valparin oral solution (4 mL twice a day), and
supplements including memocart oral solution (3 mL twice a day) and omilcal suspension (10mL/day)
were clinically recommended. For the management of movement disorder, physiotherapy was
recommended. Administration of a recently FDA- and EMA approved enzyme replacement therapy
for CLNZ2, based on a recombinant proenzyme form of human TPP1 “cerliponase alfa”, [20] was also
recommended, an early adoption of which could essentially aid in the long-term management of the
disease as well as prevention of further disease progression in I1-1 and prevention of precipitation of

CLN2-associated clinical manifestations in her younger asymptomatic sibling (11-2).

More than 150 distinct CLN2-associated TPP1 gene variations have been reported so far, information

on which is available in the NCL Disease database (https://www.ucl.ac.uk/ncl-disease/mutation-and-
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patient-database/mutation-and-patient-datasheets-human-ncl-genes/cIn2-tppl). There is a marked

allelic heterogeneity associated with CLN2. Different types of associated TPP1 genetic changes
include several missense, non-sense and splice-junction variations, and frame-shift changes including
single-nucleotide insertions and small deletions [49]. Many of these changes have been reported to
cause either reduced activity or inactivation of hTPP1 due to its disrupted folding, intracellular
processing, and trafficking [4,50,51]. It has been estimated that nearly half of the reported CLN2
patients harbour homozygous changes in TPP1 gene, while the remaining patients are compound

heterozygous for different variations [34].

The most common CLN2-associated TPP1 variations include a splice site variation ¢.509-1G>C and a
nonsense variation ¢.622C>T (p.R208*), found in about 60% of the global CLN2 cases [49,52,53].
These variations are particularly common in CLN2 patients of North American and European descent
[53]. The second most common TPP1 variation in North America is ¢.851G>T (p.G284V) [53,54].
Besides, several CLN2-associated TPP1 founder variations have also been reported from South
American, European, middle-eastern, and South Asian countries [3,13,33,53]. Information on the TPP1
variations previously reported in CLN2 patients of Indian origin have been provided in the Table 2
and are illustrated in the Supplementary Figure 4. These include p.Argl152Ser, p.Ser153Profs*19 and
p.Tyrl57* in exon 5, p.Arg206Cys and p.Arg208* in exon 6, p.Arg339Trp, p.Arg339Gin,
p.Met345Leu in exon 8, p.Tyr459Ser in exon 11, and p.Phe516* in exon 12 [32,53]. Some patients
have been found to harbour TPP1 compound heterozygous variations including p.Asn286Ser and
p.Ser62Argfs*19 in exon 7 and exon 3, respectively, while some harbouring p.F230Sfs*28 and
p.lle484Aspfs*7 in exon 7 and exon 12, respectively [32]. Few atypical CLN2 cases from India have
been associated with some TPP1 intronic variations, includingc.89+1G>A in intron 2 and
0.2023_2024insT in intron 4 [32,55].

Table 2: A list of TPP1 variations identified in the Indian CLN2 patients and previously reported in
the literature.

Location L . .
Zygosity Variation in TPP1 Variation | - Amino acid dbS.NP Reference
Gene Type change Accession ID
€.89+1G>A Intron 2 | Splice site NA rs1855631590 [55]
9.2023_2024insT Intron 4 | Insertion NA NA [32]
€.456G>C Exon 5 Missense p.Arg152Ser rs869025274 [32]
Missense,
c.455 488del Exon 5 Frameshift | p.Ser153Profs NA [32]
deletion
*
Homozygous C.471C>A Exon 5 N(_msense p.Tyrl57 rs553522118 [32]
€.616C>T Exon 6 Missense p.Arg206Cys rs28940573 [32,53]
€.622C>T Exon 6 Nonsense p.Arg208* rs119455955 [32]
c.1015C>T Exon 8 Missense p.Arg339Trp rs750428882 [32]
[32];
c.1016G>A Exon 8 | Missense p.Arg339GIn | rs765380155 current study
(parents are
carriers)
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€.1376A>C Exon 11 | Missense p.Tyr459Ser rs864309505 [32]
Nonsense,
€.1547 _1548delTT | Exon 12 | Frameshift | p.Phe516*fs rs763961289 [32]
deletion
Heterozygous | ¢.1033A>C Exon 8 Missense p-Met345Leu | rs141482368 [32]
Missense,
.184delT; Exon 3 Frameshift | p.Ser62Argfs | rs1554902217 [32]
deletion
c.857A>G Exon7 | Missense p.Asn286Ser | rs119455958 [32]
Compound Missense,
Heterozygous | ¢ 6godelT; Exon7 | Frameshift | p.Phe230Serfs | rs1554901898 [32]
deletion
Missense,
€.1449 1450insG Exon 12 | Frameshift | p.lle484Aspfs | rs1057516264 [32]
insertion
Abbreviations and Symbols: del = deletion; fs = frameshift; ins = insertion; NA = Not available; * = Termination
The above variations refer to TPP1 reference sequence numbers NM_000391.3, NG_008653.1 and NP_000382.3

The NC_00011.10:9.6616374C>T identified in the current study is a rare variant and has already been
reported among limited CLN2 cases in India and some other countries [32-34]. However, another
TPP1 variant NM_000391.4: ¢.1015C>T (rs750428882) resulting in substitution of R-amino acid
with Tryptophan (W) at the same amino acid position (p.R339W) is also known in limited CLN2
patients across the globe [32,56]. It has also been implicated in a study that pathogenic changes in
TPP1 gene results in Spinocerebellar Ataxia 7 (SCAR7; OMIM# 609270), also known as atypical
CLN2, which is characterized by residual TPP1 enzyme activity and neurological manifestations
including ataxia and cerebellar atrophy but without seizures and retinal degeneration [27]. However in

the present study, SCAR7 was ruled out in 11-1 based on her overall classic clinical presentation.

In order to deduce the functional nature of NC_00011.10:9.6616374C>T (p.R339Q) variation, MDS
for wild-type R339 and variant Q339 hTPP1 protein models were performed. On subjecting the MDS
trajectories of these models to RMSD, Rg, RMSF and SASA analyses, the overall results indicated
slight conformational changes in Q339 model rendering it relatively less compact in structure and
more flexible in comparison to the wild-type R339. It is to be noted that conformational changes
induced in a protein molecule by an amino acid change can usually impact its overall molecular
dynamicity, function, its folding into a functional secondary structure, and functional interaction
between its amino acid compositions and the surrounding environmental factors or molecules. All
these can be simulated in silico through MDS indicating the RMSD, RMSF, Rg and SASA profiles of
a protein model. SASA analysis of a protein molecule can be highly essential for the functional
annotation of a disease-associated variant, in the sense that pathogenicity is highly associated with the
buried property of a protein molecule and should always be considered while performing MDS for a
potentially pathogenic protein variant [57]. Since in our case study, SASA analysis revealed hTPP1
Q339 variant to be slightly buried than R339, the variation can be considered as potentially
pathogenic in nature. Intermolecular hydrogen bond analysis depicted more hydrogen bonds in the

catalytic site of Q339 variant in comparison to the wild-type R339 hTPP1 protein model. Studies have
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shown that Ser*”® amino acid residue is the active site nucleophile, which along with Asp3® and
Asp®l’ residues are essential for the catalytic activity of TPP1 enzyme [58]. Besides, Glu?'2, Asp?’®
and Ser*® residues in human TPP1 are also crucial to its catalytic activity [4]. The additional
hydrogen bond formation in the catalytic site between D?"® (Asp?’®) and S*° (Ser*®) residues of the
variant Q339 can be considered as contributory to its compromised biological function. Furthermore,
the findings of our studies suggest that the Arg3® residue is also crucial for the enzymatic activity as

well as overall molecular dynamics of the hTPP1 protein.

Studies have shown that newly synthesized misfolded proteins including lysosomal hydrolases or
variants resulting in protein-misfolding undergo oligomerization in endoplasmic reticulum (ER) and
are later sorted for ER-associated degradation (ERAD) which includes retro-translocation from ER to
the cytoplasm for their ubiquitin/proteasomal degradation, resulting in their reduced half-life
[51,59,60]. Overall MDS analyses of hTPP1 R339 and Q339 protein models in our study have revealed
slight conformational discrepancies in Q339 which can likely cause a slight misfolding of the hTPP1
variant Q339, rendering it to be either functionally compromised or resulting in a faulty cellular
processing and, subsequently, contributing pathogenically towards the disease manifestation in this
case. However, further in vivo studies are required to prove the potential functional aspects (protein
misfolding, low half-life, residual or no activity, excessive secretion to the extra-cellular space) of
hTPP1 Q339 variant, which is beyond the current context of this study.

In general, CLN2 gene encodes tripeptidyl-peptidase 1 (TPP1, EC 3.4.14.9), a biologically crucial and
ubiquitously expressed lysosomal endopeptidase that belongs to a family of S53-type of serine-
carboxyl proteinases ubiquitously expressed in mammalian tissues (including of human, rat and
mouse) [41,61-63]. It has been demonstrated that the expression of TPP1 in human cerebral cortex
usually increases with development and reaches the optimal levels after the age of 2 [64]. However,
studies have demonstrated that fibroblast of CLN2 patients harbouring pathogenic TPP1 variations
have less than 5% of TPP1 activity [65]. Similar findings were also observed through fluorimetric
assay for TPP1 enzymatic activity in the proband. Some TPP1 variations that result in atypical disease
form probably do not completely abolish the function of the encoded TPP1 protein.

TPPL1 is synthesized as a 563 amino acid containing inactive proenzyme or precursor known as “pro-
TPP1” that when exposed to in vivo low pH conditions in the lysosome, gets auto-proteolytically
processed into an active 368 C-terminal amino acids containing TPP1 [65-68]. During this maturation
process, the initial signal sequence (19-amino acids) and further propeptide (176 amino acids) are
removed from the pro-TPP1. Studies have shown that the autocatalytic processing of pro-TPP1 into
active TPP1 is a Ca%"-dependent process [61]. The pro-TPP1 has an apparent Mr of 67 kDa, whereas
that of the mature TPP1 is 46 kDa [67]. The amino-terminus of mature TPP1 begins at residue L196
[67]. The mature TPP1 contains a catalytic domain and five N-glycosylation sites [69]. The function of
the active TPP1 protease is to sequentially cleave off tripeptides from the free unsubstituted amino-
termini of oligopeptides during lysosomal protein catabolism [35,61,65]. Several in vitro studies have

demonstrated that TPP1 degrades certain hormones and neurotransmitters such as Angiotension Il and
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111, B-amyloid, a Bcl2-interacting protein named Bid, cholecystokinin, glucagons, Neuromedin B, and
Substance P, as well as SCMAS (that gets accumulated in most forms of NCL) [41,70-72]. However,
all the in vivo substrates of active TPP1 are still unknown. Experimental studies have demonstrated

that 3,4-dichloroisocoumarin and diisopropyl fluorophosphate inhibit the activity of TPP1 [67].
CONCLUSIONS

A four and a half year old girl presenting signs of neuroregression and an epileptiform disorder was
diagnosed with CLN2 using a combinatorial approach named “Bottom-up Approach” [19]. Through a
genotype-phenotype correlation based approach followed by sequencing data analyses and in silico
predictions, the proband was diagnosed with CLN2 associated with a potential loss-of-function
variation NC_00011.10:9.6616374C>T (rs765380155) in exon 8 of TPP1 gene. The relevance of this
study in the current context is that it would add information to the clinical literature and mutational
landscape of CLN2-associated TPP1 gene, particularly that of the population of J&K — India.

The authors highly recommend a comprehensive evaluation of paediatric cases suspected with CLN2
presenting with global development delay, seizures, loss of ambulation, ataxia and neuronal
manifestations like brain atrophy and inclusion of CLNZ2-associated clinical guidelines to clinical
specialists in their routine practice [73]. A combined clinical, pathological and molecular approach
like “Bottom-up Approach” [19] for the precise delineation of rare diseases such as clinically
suspected, paediatric NCL cases is highly recommended. Altogether this would ensure an early
precise diagnosis of the disease (as depicted through this case report), thereby, facilitating an earlier
clinical management or treatment to the symptomatic as well as even pre-symptomatic individuals
using available interventional approaches. An early diagnosis would allow timely genetic counselling
to be offered to the families of the patients, thereby, enabling genetic screening of the suspected
families and their close-relatives as well as pre-implantation genetic diagnosis of the suspected
couples or prenatal diagnosis through enzyme assay, identification of typical NCL inclusions through
microscopy and genetic screening. In the current study, an immediate genetic counselling of the
proband’s family had prompted genetic screening of her parents and younger sibling which has lead to
the detection of familial segregation of the identified variation. It is to be mentioned that genetic
screening has also lead to the delineation of CLN2 in proband’s younger sister, even before the
manifestation of the disease. A timely detection have invoked consideration of the potential
therapeutic measures so that future progression and precipitation of disease manifestations in the
proband and her sister, respectively, could be prevented. A rigorous genetic counselling would also
help in increasing the awareness about CLN2 and in providing information on disease prognosis to
suspected CLN2 families. The knowledge obtained would also help in knowing the exact
epidemiology of NCL particularly in J&K, to facilitate the framing of provisions for a better
allocation of health (diagnostic and therapeutic) and financial resources for the care of patients and
their families, as well as promoting research and development for understanding the underpinning

molecular etiology of NCL and designing of personalized therapeutics.
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LIST OF ABBREVIATIONS

Arginine (R)

Cerebrospinal fluid (CSF)
Electroencephalography (EEG)
Endoplasmic reticulum (ER)
ER-associated degradation (ERAD)
Ethylenediaminetetraacetic acid (EDTA)
Glutamine (Q)

Human Tripeptidyl peptidase 1 protein (hnTPP1)
Institutional Ethical Review Board (IERB)
Jammu & Kashmir (J&K)

Late Infantile Neuronal Ceroid Lipofuscinosis (LINCL)
Lysosomal storage diseases (LSDs)
Massive parallel sequencing (MPS)
Molecular dynamics simulation (MDS)
Multiple Sequence Alignment (MSA)
Neuronal ceroid lipofuscinoses (NCLS)
Next-generation Sequencing (NGS)
Palmitoyl-protein thioesterase 1 (PPT1)
Photoparaoxysmal response (PPR)

Photic stimulation (PS)

Radius of gyration (Rg)

Root mean square fluctuation (RMSF)
Root mean square deviation (RMSD)
Solvent accessible solvent area (SASA)

Somatosensory-evoked potential (SSEP)
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Subunit ¢ of mitochondrial ATP synthase (SCMAS)
Sphingolipid activator proteins (SAPS)

Tripeptidyl peptidase 1 (TPP1)

Visual evoked potential (VEP)
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