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The neuronal ceroid lipofuscinoses (NCLs) are a group of inherited neurodegenerative disorders that affect chil-
dren and adults and are grouped together by similar clinical features and the accumulation of autofluorescent
storage material. More than a dozen genes containing over 430 mutations underlying human NCLs have been
identified. These genes encode lysosomal enzymes (CLN1, CLN2, CLN10, CLN13), a soluble lysosomal protein
(CLN5), a protein in the secretory pathway (CLN11), two cytoplasmic proteins that also peripherally associate
with membranes (CLN4, CLN14), and many transmembrane proteins with different subcellular locations
(CLN3, CLN6, CLN7, CLN8, CLN12). For most NCLs, the function of the causative gene has not been fully defined.
Most of themutations in these genes are associatedwith a typical disease phenotype, but some result in variable
disease onset, severity, and progression, including distinct clinical phenotypes. There remain disease subgroups
with unknownmolecular genetic backgrounds. This article is part of a Special Issue entitled: “Current Research on
the Neuronal Ceroid Lipofuscinoses (Batten Disease).”

© 2015 Elsevier B.V. All rights reserved.

The neuronal ceroid lipofuscinoses share common clinical features
that include epileptic seizures, progressive psychomotor decline, visual
failure, and premature death. NCL disease usually begins in childhood,
andmost types are inherited in an autosomal recessivemanner. Howev-
er, there are several types with onset in early to late adulthood, includ-
ing one type with autosomal dominant inheritance. Mutations in more
than a dozen genes have been described in families diagnosed with
NCL disease (Table 1). Those genes that cause the most prevalent and
typical NCL disease with onset in childhood have been identified.
There remain families diagnosed with NCL of all ages of onset in
which the underlying genetic cause has not been described. Thus far,
these cases do not appear to be caused by mutations in other genes
that cause NCL-like disease in animals.

The aim of this review is to briefly summarize the genetic basis of
NCL and any correlations with disease phenotype. Details on mutations
can be found in the NCL mutation database (http://www.ucl.ac.uk/ncl).

NCL diseasewas first divided into four broad ages of onset in the late
1960s: infantile, late infantile, juvenile, and adult, due to initial simple
supposition that there are four genes responsible for NCL disease:
CLN1, CLN2, CLN3, and CLN4, respectively. The first genes to be identified

were in the most common subtypes (CLN1, CLN2, CLN3). However, it
was many years, with several further genes identified in less common
forms of NCL, before a gene encoding the rare dominant adult type
was found (CLN4). A variety of experimental approaches, largely reflec-
tive of the available technology at the time of identification, were used
to identify genes causing NCL (Table 1). The first genes were discovered
in 1995 following classic and time-consuming genetic linkage ap-
proaches using large numbers of similarly affected families followed
by positional cloning of the genes (CLN1/PPT1 and CLN3). In contrast, a
biochemical approach that detected a missing mannose-6-phosphate
tagged lysosomal enzyme in a patient allowed the identification of
CLN2/TPP1. The nextwave of gene identification required fewer families
to provide sufficient power for genetic linkage analysis, due to the com-
pletion of the sequence of the human genome that providedmore infor-
mative sequence variants (CLN5, CLN6, CLN7/MFSD8, CLN8). Several of
these genes were identified by narrowing the candidate gene region
by recognition of the stretches of homozygosity in consanguineous fam-
ilies. Recent improvements in sequencing technology that permit mas-
sively parallel sequencing of thewhole exome in a relatively short space
of time have allowed identification of the disease gene even in single
families (CLN4/DNAJC5, CLN11/GRN, CLN12/ATP13A2, CLN13/CTSF,
CLN14/KCTD7).

All NCL genes lie on autosomes, and in most cases, disease is
inherited in a recessive manner, where deleterious mutations are pres-
ent in both disease gene alleles. There are two notable exceptions:
(1) adult onset NCL caused bymutations in CLN4/DNAJC5 is dominantly
inherited in all families described [1]; (2) there is one published report
of uniparental disomy in the NCLs in which a patient with complete
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isodisomy of chromosome 8, leading to homozygosity of a maternally
inherited deletion in CLN8, is described [2].

The majority of NCL genes encode proteins that reside in the
secretory and/or endo/lysosomal pathways. In most cases, these are
lysosomal proteins, which include enzymes and a soluble protein
(encoded by CLN1/PPT1, CLN2/TPP1, CLN5, CLN10/CTSD, CLN13/CTSF)
and transmembrane proteins (encoded by CLN3, CLN6, CLN7/MFSD8,
CLN12/ATP13A2). However, the transmembrane proteins CLN6 and
CLN8 both localize to the endoplasmic reticulum (ER), and progranulin,
encoded by CLN11/GRN, is demonstrated to reside in compartments in
the secretory pathway [3]. Two other NCL proteins, encoded by CLN4/
DNAJC5 andCLN14/KCTD7, are both cytoplasmic and peripherally associ-
ated with cellular membranes. The in vivo substrates for the soluble ly-
sosomal enzymes are incompletely defined, and knowledge regarding
the primary functions of themembrane proteins in these compartments
largely remains unresolved.

For the enzymatic deficiencies, enzyme replacement and gene ther-
apy are promising approaches that are actively undergoing clinical
development [4]. However, the unresolved functions for the other NCL
proteins, which are less compatible with gene/protein replacement ap-
proaches, remain problematic for targeted therapy development. It is
unclear which cellular defects due to their loss of function are primary
versus secondary, and which of these defects play a central role in the
cellular dysfunction and death that ensues. Despite these gaps in under-
standing of NCL protein function, there is wide evidence to indicate that
cellular processes involving lipid and protein trafficking in the endocytic
pathway and the regulation of endosomal and lysosomal transport are
points of convergence for a number of the NCL protein deficiencies. A
detailed overview of the current understanding of function for each of
the NCL-encoded proteins can be found in this special issue [5].

For most NCL genes, there is a typical disease phenotype associated
with complete loss of function. However, for many, there are also phe-
notypes recognized as NCL that are more protracted or have a later
age of onset (Table 2). These arise frommutations that have ‘milder’ ef-
fects on gene function, and these phenotypes can vary quite consider-
ably. For example, classic CLN6 disease begins in early childhood, but
disease onset can be delayed until adulthood, with no associated visual
failure [6]. There is also clinically similar NCL disease arising frommuta-
tions inmore than onegene (e.g. late infantile variant NCL can be caused
bymutations in CLN5, CLN6, CLN7, or CLN8). This led to the development
of a new classification system that is gene based and takes into account
these marked phenotypic consequences [7].

There are an increasing number of examples of different mutations
in a single gene giving rise to quite different diseases (Table 2): (1) A
recessive missense mutation in CLN8 [8] causes progressive epilepsy
with mental retardation (EPMR). This disease is an intellectual
developmental disorder that presents with seizures in the juvenile age
range that cease at adulthood and was the first genetic disease to be
recognized for CLN8. Mutations that cause a more typical NCL were

described later. (2) A particular missense mutation in CLN2/TPP1 is as-
sociated with spinocerebellar ataxia SCAR7, a slowly progressing but
not life-limiting disease with no ophthalmologic abnormalities or epi-
lepsy, and absence of typical storage [9]; A homozygous recessivemuta-
tion in GRN that is associated with rectilinear profiles, as found in
progranulin-deficient mice [10], leads to CLN11 disease, whereas het-
erozygous mutations are a major cause of frontotemporal lobar degen-
eration with TDP-43 inclusions (FTLD-TDP), the second most common
type of early-onset dementia. In this NCL family, it seems that carriers
of this mutation are at risk of developing dementia with increasing
age, which had beenmasked by the early death of many oldermembers
on both sides of the family. The age-at-onset and neuropathology of
FTLD-TDP and NCL are markedly different and exemplify genetic links
that have been emerging between rare diseases and common neurolog-
ical disorders, such as Niemann–Pick C disease with Alzheimer's disease
[11] and type 1 Gaucher disease with Parkinson's disease [12]. (3) Evi-
dence suggests that the most common and very widespread mutation
in CLN3, a 1-kb deletion, does not completely abolish CLN3 function,
suggesting that disease caused by complete loss of function has not
yet been recognized or may be lethal [13]; other recently described dis-
tinct phenotypes associated with CLN3 mutations include retinitis
pigmentosa without other clinical symptoms, even in mid-late adult-
hood [14] and a distinct disease described as autophagic myopathy as-
sociated with heart failure [15], considerably extending the phenotype
of CLN3-associated disease. (4) There are also reports of other families
with mutations in NCL genes that have predominantly visual prob-
lems [16]. (5) The only autosomal dominant type of NCL is CLN4 disease.
Disease caused by complete loss of CLN4 function is not known,
although animal models would predict very severe and early-onset
disease. (6) Mutations in CLN14/KCTD7 have now been reported to
cause three different diseases, including NCL-like CLN14 disease
[17–20]. (7) One family has been diagnosed with CLN12 disease, an
atypical NCL [21], whereas all other mutations in ATP13A2 cause
Kufor–Rakeb syndrome. (8) One mutation in SGSH was described in a
case diagnosedwith adult onset NCL.Mutations in this gene usually un-
derlie late infantile onset disease mucopolysaccharidosis type IIIA
(MPSIIIA) [22].

Mutations in NCL genes range from those that are described in one
or only a few families, to those that are more common in certain popu-
lations due to local founder effects. Several NCL genes have widespread
distribution across several continents due to ancient founder effects
(Table 2). The common mutation causing juvenile CLN3 disease is the
best example of this, though it is unclear whether this global spreading
provided a genetic advantage in the past. Diagnostic testing can be ap-
propriately targeted to these common mutations.

There are reports of patients carrying changes in more than one NCL
gene. One that was later found to be compound heterozygous for muta-
tions in CLN5 also carries a single mutation in the CLCN6 gene. Another
family has been described in which a single mutation in CLCN6 is the

Table 1
Summary of the identification of genes that cause NCL.

Gene Year of identification Main approaches used for locus identification Other approaches used Reference

CLN1/PPT1 1995 Linkage Linkage disequilibrium [31]
CLN2/TPP1 1997 Biochemical Linkage [32]
CLN3 1995 Linkage Linkage disequilibrium [33]
CLN4/DNAJC5 2011 Linkage, exome sequencing Gene expression [1]
CLN5 1998 Linkage Linkage disequilibrium [34]
CLN6 2002 Linkage Homozygosity mapping [35]
CLN7/MFSD8 2007 Linkage Homozygosity mapping [36]
CLN8 1999 Linkage, animal model Homozygosity mapping [8]
CLN9 Not known
CLN10/CTSD 2006 Animal model [37,38]
CLN11/GRN 2012 Linkage, exome sequencing [10]
CLN12/ATP13A2 2012 Exome sequencing [21]
CLN13/CTSF 2012 Linkage, exome sequencing [39]
CLN14/KCTD7 2012 Exome sequencing [17]
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