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A B S T R A C T

Purpose: TPP1 mutations have been identified in patients with variable phenotypes such as late infantile neu-
ronal ceroid lipofuscinosis (LINCL), juvenile neuronal ceroid lipofuscinosis (JNCL), and spinocerebellar ataxia 7.
However, the mechanism underlying phenotype variation is unknown. We screened TPP1 mutations in patients
with epilepsies and analyzed the genotype-phenotype correlation to explain the phenotypic variations.
Methods: We performed targeted next-generation sequencing in a cohort of 330 patients with epilepsies. All
previously reported TPP1 mutations were systematically retrieved from the PubMed and NCL Mutation
Database.
Results: The homozygous missense TPP1 mutation c.646 G > A/ p.Val216Met was identified in a family with
two affected siblings. The proband presented with seizures from three years of age, while no ataxia, cognitive
regression, or visual abnormalities were observed. Further analysis of all reported TPP1 mutations revealed that
the LINCL group had a significantly higher frequency of truncating and invariant splice-site mutations than the
JNCL group. In contrast, the JNCL group had a higher frequency of variant splice-site mutations than LINCL.
There was a significant correlation between phenotype severity and the frequency of destructive mutation.
Conclusion: This study suggested that the phenotype of mainly epilepsy can be included in the phenotypic
spectrum of TPP1 mutations, which are candidate targets for genetic screening in patients with epilepsy. With
the development of therapy techniques, early genetic diagnosis may enable the improvement of etiology-tar-
geted treatments. The relationship between phenotype severity and the genotype of TPP1 mutations may help
explain the phenotypic variations.

1. Introduction

TPP1 (OMIM*607,998) encodes lysosomal enzyme tripeptidyl pep-
tidase 1 (TPP1), a member of the serine-carboxyl proteinase family.
TPP1 is an aminopeptidase that releases of N-terminal tripeptides from
a polypeptide and is involved in the processing of neuron-specific
trophic factors [1,2]. This protein also shows minor endopeptidase
activity [3]. Deficient TPP1 activity in mutant mouse models resulted in
intralysosomal accumulation of autofluorescent storage materials,
neuronal loss, and widespread axonal degeneration [4]. In humans,
TPP1 mutations cause late infantile neuronal ceroid lipofuscinosis

(LINCL) [5,6]. The symptoms typically appear between 2 and 4 years of
age with seizure onset, followed by ataxia, progressive cognitive and
motor dysfunction, and visual impairment later in the disease course
[7,8].

TPP1 defects are associated with not only LINCL, which is the ty-
pical phenotype, but also juvenile neuronal ceroid lipofuscinosis
(JNCL), which generally has an onset age of 6–10 years with a pro-
tracted disease course [9,10]. Recently, TPP1 mutations were identified
in patients with ataxia [11–13], including spinocerebellar ataxia 7
(SCAR7) which has a later onset and more restricted phenotype without
epilepsy, cognitive regression, or ophthalmologic abnormalities. These
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phenotypes varied in severity, ranging from severe LINCL, delayed
onset, and protracted JNCL, to mild SCAR7. However, the mechanism
underlying phenotype variation is unknown. Previous studies showed
that the residual TPP1 enzyme activity level was associated with phe-
notypic severity [4,14]. It remains unclear whether phenotype variation
is correlated with the genotypes of TPP1 mutations.

In this study, we performed targeted next-generation sequencing in
a cohort of patients with epilepsies. A homozygous missense mutation
in TPP1 was identified in a family with two affected siblings. We further
systematically reviewed all TPP1 mutations and analyzed the correla-
tions between genotype and phenotype.

2. Methods

2.1. Patients

The case was from a cohort of 330 patients with epilepsies in the
Epilepsy Center of the Second Affiliated Hospital of Guangzhou Medical
University in China. Patients in this cohort were diagnosed with epi-
lepsies without acquired causes and were subjected to genetic testing to
determine the potential etiology of epilepsy. The collected clinical data
included onset age, initial symptom, main signs and symptoms, seizures
types and frequency, response to antiepileptic drugs, ophthalmologic
data, general and neurological examination results, and detailed family
history. Developmental states were evaluated, including fine and gross
motor, language, and adaptive personal/social skills. Brain magnetic
resonance imaging was performed to detect brain structure abnormal-
ities. Long-term (24 h) video-electroencephalography (EEG) monitoring
records were obtained. All EEGs were reviewed by two qualified elec-
troencephalographers.

The study was approved by the institutional review board and ethics
committee of the hospital. This study adhered to the guidelines of the
International Committee of Medical Journal Editors with regard to
patient consent for research or participation.

2.2. Targeted sequencing and analysis

From blood samples collected from patients and their parents,
genomic DNA was extracted from the peripheral blood using the Qiagen
Flexi Gene DNA Kit (Qiagen, Hilden, Germany). Genetic variants were
detected using a custom targeted next-generation sequencing gene
panel for epilepsy genes (Supplementary Table 1).

Stepwise filtering was applied to derive potential pathogenic var-
iants, including 1) variants with a minor allele frequency of< 0.005 in
the 1000 Genomes and Exome Aggregation Consortium or variants
reported in HGMD and/or OMIM databases; 2) annotation-based fil-
tration to remove variants in segmental duplication regions prone to
produce false-positive variant call due to mapping errors; and 3) var-
iants predicted to be deleterious in sequence conservation or damaging
to protein function by one or more in silico tools (SIFT, PolyPhen-2, and
Mutation Taster). Splice-site variants with altered splicing effects by the
Human Splicing Finder were included. Sanger sequencing was used to
validate all candidate pathogenic variants. The pathogenicity of the
variants was evaluated by the American College of Medical Genetics
and Genomics, for which population data, computational data, allelic
data, functional damaging, inheritance pattern, and information from
other databases were considered [15]. The clinical concordance of the
mutations was also assessed as we previously described [16].

2.3. Analysis of genotype-phenotype correlation

We retrieved all TPP1 mutations (NM_000391.3) from the PubMed
(http://www.ncbi.nlm.nih.gov/pubmed/) and NCL Mutation Database
(http://www.ucl.ac.uk/ncl/mutation.shtml) up to February 2018. All
selected CLN2 cases (288 families) were explicit in alleles. Cases with
ambiguous alleles (63 families) were not included. All TPP1 mutations

were validated by direct sequencing in the original reports. To avoid
duplicate recruitment, mutations were cross-referenced for their ge-
netic and clinical information.

To facilitate analysis of the correlation between genotype and
phenotype, gene mutations are classified into destructive mutations,
variant splice-site mutations, and missense mutations. Destructive
mutations cause gross protein malformations and lead to haploinsuffi-
ciency, including truncating mutations (nonsense and frameshifting)
and invariant splice-site mutations which are mutations within 2 base
pairs of the splice donor-sites or acceptor-sites [17]. Variant splice-site
mutations refer to those outside of 2 base pairs of the splice site and
deeper in intronic regions [17]. The phenotypes of TPP1 mutations
were classified as LINCL, JNCL, and SCAR7 according to data in the
NCL Mutation Database. Furthermore, we assessed all cases previously
diagnosed as LINCL and compared the onset age and evolution with the
general cases [18]. Cases with slow progression or relatively later onset
were considered as mild LINCL.

Statistical analyses were performed using SPSS version 21.0 (SPSS,
Inc., Chicago, IL, USA). Chi-square test or Fisher’s exact test was applied
to compare the frequencies of mutations between different phenotype
groups. The relationship between phenotype and the occurrence of
destructive mutation was analyzed by Spearman’s correlation test.
Values of p < 0.05 (two-sided) were considered significant.

3. Results

3.1. Identification of TPP1 mutation

A homozygous missense mutation in TPP1, c.646 G > A/
p.Val216Met, was identified in a family with two affected siblings. This
mutation was transmitted from asymptomatic parents who were het-
erozygous for the same genetic defect (Fig. 1A and B). This mutation
was not present in the general populations of either the 1000 Genomes
Project or Exome Aggregation Consortium. In cross-species comparison,
the amino acid sequence alignment of TPP1 showed that p.Val216Met is
highly conserved in various species. The pathogenicity of p.Val216Met
was estimated as deleterious by web-based prediction tools. A com-
pound heterozygosity (p.Val216Met and c.1551+1G > A) was iden-
tified in a patient with LINCL, which was confirmed pathologically in
our previous study [19]. According to American College of Medical
Genetics and Genomics standards and guidelines for the interpretation
of sequence variants, p.Val216Met was estimated as a likely pathogenic
variant (Fig. 1C) with clinical concordance.

3.2. Clinical features of patients with TPP1 mutation

The two patients were full-term born from healthy and non-con-
sanguineous parents. The proband (II-1) was an 8-year-old girl who had
her first seizure at 3 years of age. She presented seizures that started
with deviation of the eyes to left and then loss of consciousness, which
persisted for 20–30 s. The seizures recurred 4–8 times per week.
Secondary generalized tonic-clonic seizure developed at the age of 5
years, and the attacks occurred approximately several times per month.
Her parents complained that the patient had difficulty with running;
but no ataxia, cognitive regression, or visual abnormalities were ob-
served. The patient did not respond to valproate. Her video EEG re-
cordings showed multifocal spikes and slow waves (Fig. 2A). Brain
magnetic resonance imaging showed mild atrophy of the cerebellum
(Fig. 2B).

Her younger brother had similar seizures starting at the age of 3.5
years (II-2), but without other neurological or ophthalmologic ab-
normalities. EEGs showed generalized discharges (Fig. 2C) and neu-
roimaging showed mild cerebellar atrophy (Fig. 2D).
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3.3. Genotype-phenotype correlation

To determine the whole phenotypic spectrum and possible geno-
type-phenotype correlation, we systematically reviewed all TPP1 mu-
tations and their associated phenotypes. To date, 126 TPP1 homo-
zygous or compound heterozygous mutations have been identified in
288 unrelated cases (Supplementary Table 2). The mutation-associated
phenotypes included LINCL (n=175, 60.8%), JNCL (n= 15, 5.2%),
SCAR7 (n=3, 1.0%), and unclassified cases (n=95, 33.0%). In the
LINCL group, truncating mutations contributed to 37.4% (131/350) of
cases, followed by invariant splice-site mutations (111/350, 31.7%)
and missense mutations (95/350, 28.3%). Variant splice-site mutations
occurred in only 0.9% (3/350) of cases (Fig. 3A). In the JNCL group,
missense and variant splice-site mutations were frequent, detected in
43.3% (13/30) and 30% (9/30) of cases, respectively (Fig. 3B). The
LINCL group had a significantly higher frequency of truncating and
invariant splice-site mutations than the JNCL group (p= 0.023 and
p=0.004, respectively). In contrast, the JNCL group showed a sig-
nificantly higher frequency of variant splice-site mutations than the
LINCL group (p < 0.001). Three cases of SCAR7 have been reported,
all of which were compound heterozygotes, in which one allele was an
invariant splice-site mutation and the others were missense mutations.
The SCAR7 group was not included in statistical analysis because of the
limited number of cases.

In the present study, the two patients carried homozygous missense
mutations and presented a mild clinical phenotype with a relatively
protracted illness course. To explore the potential genetic basis of the
disease, we searched for publications of similar mild cases in the LINCL
group. Five cases with mild phenotypes were identified (Table 1) and
presented slow progression or relatively later onset [20–22]. We com-
pared the genotypes of the classic LINCL group with those of the mild
LINCL group. Mild LINCL cases showed a lower allele frequency of
destructive mutation than those with classic LINCL (60.0% vs 68.5%),
but no significant difference was detected between the two groups. In
contrast, Spearman’s correlation test revealed a significant correlation
between the frequency of destructive mutation and phenotype severity
(p < 0.001, Fig. 4), which included classic LINCL, mild LINCL, and
JNCL.

4. Discussion

In the present study, we identified a homozygous missense TPP1
mutation (c.646 G > A/ p.Val216Met) in a family with two affected
siblings with epilepsy. This case was from a cohort of 330 patients with
epilepsies, and patients with TPP1 mutations mainly presented epilepsy
with protracted evolution. This finding suggests that TPP1 is a candi-
date target for genetic screening in patients with epilepsy. Further
analysis revealed a potential correlation between phenotype and gen-
otype, providing insight into the mechanism of phenotypic variations of
TPP1 mutations.

Currently, TPP1 mutations have been reported to be associated with
LINCL (60.8%), JNCL (5.2%), and SCAR7 (1.0%). All patients with
TPP1 mutations were homozygous or compound heterozygous muta-
tions. In patients with LINCL, most mutations were destructive, in-
cluding truncating and invariant splice-site mutations that mainly lead
to complete TPP1 functional deficiency and haploinsufficiency. LINCL
is the most common phenotype associated with TPP1 mutations.
Seizures or ataxia typically occur in the early stage of disease, followed
by progressive loss of motor functions and cognitive decline. Visual
abnormality develops later in the disease course, and death typically
occurs in the second decade [23]. In contrast, in patients with JNCL,
missense and variant splice-site mutations were most common. JNCL
presents in children at 5–10 years of age with a progressive loss of vi-
sion, epilepsy, dementia, and motor disturbances followed by a pro-
tracted disease course and typically death in the middle of the third
decade of life [24]. Previous studies showed that the variable pheno-
types likely depend on the functional impact of TPP1 mutations, which
caused complete or partial TPP1 deficiencies [25–27] that were corre-
lated with neuronal loss in subpopulations of the brain [28]. It is gen-
erally considered that mutations abolishing TPP1 enzyme activity lead
to LINCL, whereas mutations partially affecting TPP1 enzyme activity
may lead to mild and protracted phenotypes. Missense mutations vary
in residual TPP1 activity and mutants with variant splice-site mutations
produce aberrant and normal transcripts [29], explaining the mild
phenotype of JNCL. The present study demonstrated a correlation be-
tween the genotype of TPP1 mutations and phenotype severity, in-
dicating the significance of genotype evaluation in the diagnosis and
outcome prediction in clinical practice and genetic counseling.

In the present study, a homozygous missense TPP1 mutation was
identified in two affected siblings. The patients showed seizure onset at

Fig. 1. Pedigree and mutation of the family
with TPP1 mutation. A The pedigree of the
family. The parents were asymptomatic.
Individuals carrying one mutation and one
normal allele are denoted by m/+, whereas
the one with two mutations by m/m. B
Sequencing chromatogram for c.646 G > A/
p.Val216Met. Arrow indicates the variant al-
lele. C In silico analysis and American College
of Medical Genetics and Genomics (ACMG)
scoring of mutations. ExAC: Exome
Aggregation Consortium; KG: 1000 Genomes
Project; MAF: Minor Allele Frequency; PP2:
PolyPhen-2; PM2: absent in population data-
bases; PM3: for recessive disorders, detected in
trans with a pathogenic variant; PP1: cose-
gregation with disease in multiple affected fa-
mily members; PP3: multiple lines of compu-
tational evidence support a deleterious effect
on the gene /gene product; PP4: patient’s
phenotype or family history highly specific for
gene; SIFT: Sorts Intolerant From Tolerant.
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the typical age in LINCL, but without apparent neurodevelopmental
regression as classical LINCL. In patients with classic LINCL, seizure
typically appears at the end of the third year of life, motor function
progress with a rapid decline at approximately the age of five years, and
the average onset age of visual symptoms is four years [18]. Currently,
59 TPP1 missense mutations have been identified and formed homo-
zygous or compound heterozygous mutations in patients with variable
severity (http://www.ucl.ac.uk/ncl/mutation.shtml). Previously, p.Ar-
g447His with variable mutations in compound heterozygosity have
been identified in cases with milder and protracted phenotypes
[20,21,30,31], suggesting milder functional impairment caused by this
missense mutation. In contrast, a recent study identified the homo-
zygous missense mutation p.Asp276Val, which disrupts enzyme activity
and causes a severe phenotype with early onset [9]. The proband in this
study carried the homozygous missense mutation p.Val216Met and
presented slowly progressive evolution without other obvious clinical
symptoms except for epilepsy. These findings suggest that missense
mutations are associated with phenotypes of variable severities, which
may be determined by the functional defect caused by the mutations.

Similarly, splice-site mutations at different depths in the intron were
associated with variable functional defects [17]. Further studies are
required to examine the functional deficiency of TPP1 missense and
splice-site mutations and their correlations with phenotype.

Notably, C.509-1G > C and p.Arg208* are hot spot mutations that
mostly cause classic CLN2. However, they also were associated with
mild phenotypes in rare cases. The mechanisms underlying such phe-
notypic variations are unknown. A recent study suggested that complex
networks of genetic interactions underlying traits and background
modifiers, among many other factors, explain the phenotype [32].

This study suggested that the phenotype of mainly epilepsy can be
included in the phenotypic spectrum of TPP1 mutations. Previously,
TPP1 mutations p.Gln278Arg and p.Gln422His were identified in a
cohort of 33 index patients with concise epilepsy phenotypes or with a
severe but unspecific seizure disorder by using a panel of 265 genes
[33]. This result suggested that TPP1 mutations are candidate targets
for genetic screening in patients with epilepsy. Recent studies revealed
that several approaches, such as gene therapy and enzyme replacement,
are promising therapeutic strategies for LINCL. With the development

Fig. 2. EEG and MRI changes in the patients with TPP1 mutation. A EEG of the proband (II-1) shows slow waves and multifocal discharges. B MRI of the proband (II-
1) shows mild atrophy of cerebellum (Sagittal T2-weight). C EEG of patient (II-2) shows generalized discharges. D MRI of patient (II-2) shows mild cerebellum
atrophy.
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of therapy techniques, early genetic diagnosis may improve patient
conditions with the etiology-targeted treatments.

In conclusion, we identified a novel homozygous missense TPP1
genotype in two siblings with mild and protracted LINCL. This finding
may extend the phenotypic spectrum of TPP1 mutations. Systematic
analysis of TPP1 mutations revealed correlations between genotype and
phenotype severity, which help explain the phenotypic variation.
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Fig. 3. Overview of genotype distribution of
TPP1 mutations. A Genotypes of TPP1 muta-
tion in late infantile neuronal ceroid lipo-
fuscinosis (LINCL) group. Allele frequencies of
TPP1 mutations in LINCL group demonstrate a
predominance of truncating mutations (37.4%)
and invariant splice-site mutations (31.7%). B
Genotypes of TPP1 mutation in juvenile neu-
ronal ceroid lipofuscinosis (JNCL) group. JNCL
group had a higher frequency of variant splice-
site mutation than LINCL (30% vs 0.9%,
p= 0.007).

Table 1
Variable phenotypes of TPP1 mutations.

Allele 1 Allele 2 Onset(y) Seizure Ocular pyramidal Cerebellar Behavior Cognitive Reference

Mild LINCL
c.509-1G > A c.509-1G > C 3.5 + + + + – + [22]
p.Arg208* p.Arg208* 3 + – – + – + [21]
p.Val216Met p.Val216Met 3-3.5 + – – + – – present
p.Arg447His p. c.509-1G > C 6-8 + + – + + + [21]
p.Arg447His p.Gln264* 6-9 – – + + – + [20]

JNCL
c.509-1G > A 5' rearrangement 7 – + – – + – [22]
c.887-10A > G c.887-10A > G 10 + – – – – + [10]
p.Gln66* c.887-10A > G 9 + + + + – + [9]
p.Arg208* c.887-10A > G 5-9 n. a. n. a. n. a. n. a. n. a. n. a. [30]
p.Asp276Val c.887-10A > G 10 n. a. n. a. n. a. n. a. n. a. n. a. [30]
p.Arg350Trp p.Gly535Arg 4-5 n. a. n. a. n. a. n. a. n. a. n. a. [30]
p.Arg447His p.Ser475Leu 5 n. a. n. a. n. a. n. a. n. a. n. a. [30]
p.Arg447His c.509-1G > C 7 + + – + + + [31]
p.Arg447His p.Arg208* 8 + + – + + + [21]
p.Ala453Val c.89+5G > C 2.5-3 n. a. n. a. n. a. n. a. n. a. n. a. [30]
p.Ser475Leu c.887-10A > G 3 n. a. n. a. n. a. n. a. n. a. n. a. [30]
p.Val480Gly p.Arg208* 6 – – + + + + [28]

SCAR7
c.509-1G > A p.Val466Gly 18y – – – + – – [12]
c.509-1G > C p.Glu343 Asp 4y – – – + – – [11]

LINCL: late infantile neuronal ceroid lipofuscinosis; JNCL: juvenile neuronal ceroid lipofuscinosis; SCAR7: spinocerebellar ataxia type 7; n. a: not available.

Fig. 4. The frequencies of destructive TPP1 mutation in classic LINCL group,
mild LINCL group, and JNCL group. The values are expressed as the percentage
of alleles as destructive mutations in each group. Spearman’s correlation test
was used for the correlation analysis and indicated a significant correlation
between the frequency of destructive mutation and the phenotype severity
(p < 0.001).
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.seizure.2018.08.027.
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