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Juvenile Batten disease (JNCL) is an autosomal recessive disease that results from mutations in the CLN3
gene. The wild-type CLN3 gene coding sequence has 15 exons, and the translated protein consists of 438
amino acids. The most commonly observed mutation is a 1.02 kb deletion in the genomic DNA. This deletion
results in a truncated protein due to the loss of amino acids 154–438, and the introduction of 28 novel amino
acids at the c-terminus. We demonstrate that, compared to normal controls, CLN3-deficient immortalization
of lymphoblasts homozygous for this deletion grow at a slower rate, and show increased sensitivity to
etoposide-induced apoptosis, supporting the notion that CLN3 may negatively regulate apoptosis. Using
immortalized JNCL lymphoblast cell lines as a model system, we assess the effects of specific CLN3
mutations on cell growth rates and protection from etoposide-induced apoptosis. Protection from etoposide-
induced apoptosis occurs and the cell growth rate is restored following transfection of JNCL lymphoblasts
with mutant CLN3 cDNA that includes exons 11 or 13. We show that deletion of the glycosylation sites
71NQSH74 and 310NTSL313, and also mutations within the highly conserved amino acid stretches
184WSSGTGGAGLLG195, 291VYFAE295 and 330VFASRSSL337, result in slowed growth and susceptibility
to apoptosis.

INTRODUCTION

Batten disease is a collective term for a group of diseases
known as the neuronal ceroid lipofuscinoses (NCLs). Batten
disease is one of the most common neurodegenerative
disorders of childhood, with an incidence of 1 in 100 000 in
the general population (1). JNCL, or the juvenile-onset form
of NCL (OMIM 204200), is caused by mutations within the
CLN3 gene, and is an autosomal recessive disease (2). The
age of onset is usually 4–10 years, with the first manifesta-
tions being rapid loss of vision due to retinitis pigmentosa.
Clinical hallmarks are seizures, psychomotor and cognitive
decline, blindness, and death, commonly in the mid-20s to
late 20s (2,3).

The pathology of JNCL is remarkable for massive neuronal
death, photoreceptor loss and the accumulation of lipopigments
in lysosomes (4,5). Autofluorescent bodies and fingerprint
profiles within cells are widespread in JNCL brain tissue,
especially within the surviving pyramidal neurons of the
hippocampal sectors CA2–CA4 (5,6). These bodies consist
mainly of subunit c or 9 of mitochondrial ATP synthase (5–8).

Other NCL genes include CLN1, CLN2, CLN5, CLN6 and
CLN8. CLN1 and CLN2 code for palmitoyl-protein thioesterase
1 (PPT1) and for the lysosomal protease tripeptidyl peptidase 1

(TPP1), respectively (9,10). CLN3 (11), CLN5 (12), CLN6
(13) and CLN8 (14) most likely are transmembrane proteins.
The hydropathy profile for CLN3 suggests that it has 5–11
transmembrane domains (11). There is some controversy
concerning the location of the CLN3 protein. Different studies
have localized the CLN3 protein to the cell membrane (15), the
lysosomal membrane in non-neural tissues (16,17), the
mitochondria in retinal cells (18) and the Golgi apparatus
(19). CLN3 has been shown to be abundantly expressed in
primary rat neurons, rat neuronal tissue and synaptosomes,
with exclusion, however, from both lysosomes and synaptic
vesicles (20,21). The different conclusions reached in these
studies suggest that the true location or locations of CLN3p
may be species and/or tissue specific.

We have previously claimed that CLN3 may have anti-
apoptotic properties (22,23). This claim has been supported by
findings based on electron microscopy and TUNEL assay in
CLN3-deficient human brain (24). Increased apoptosis in
CLN3-deficient or JNCL patient leukocytes has been docu-
mented by others (25). Previous studies have demonstrated that
overexpression of CLN3 enhances growth of NT2 cells, and
protects from apoptosis induced by chemotherapeutic drugs
and serum starvation (22). CLN3 is developmentally regulated
(26). It is also upregulated in a number of human and mouse
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cancer cell lines and solid human colon cancer. Blocking of
CLN3 expression in human cancer cells has led to inhibition
of cancer cell growth and to increased apoptosis (27). Blocking
of CLN3 expression in human differentiated, postmitotic hNT
neurons results in spontaneous and unprovoked apoptosis (23).
Yeast knockout models have suggested that CLN3 is involved
in pH regulation (28,29). There is evidence to suggest that the
onset of apoptosis is characterized by an initial alkalinization of
the mitochondrial matrix, followed by cytosolic acidification
and cell death (30).

The CLN3 gene is highly conserved across species.
Homologs for CLN3 in the dog, mouse, Caenorhabiditis
elegans and yeast bear 78%, 75%, 37% and 34% identity to the
human CLN3 gene, respectively (22). This underscores the
biological importance of CLN3. CLN3 is a novel protein with
stretches of conserved amino acids along its length, including
residues 184WSSGTGGAGLLG195, 291VYFAE295 and
330VFASRSSL337. We hypothesized that the apoptosis-
modulating activity of CLN3 could be defined by stretches of
amino acids within these conserved regions.

There are 31 mutations known to cause JNCL (31–33).
Eighty five per cent of the cases are due to a 1.02 kb deletion in
the genomic DNA (2), while the other 15% result from point or
frameshift mutations. Lymphoblasts derived from patients
homozygous for this deletion grow more slowly than normal
controls, and show increased sensitivity to etoposide-induced
apoptosis. We address the following questions: (1) Do specific
mutations create a cell phenotype similar to that observed in
JNCL cell lines derived from patients homozygous for the
1.02 kb deletion? (2) Do these mutations reside within highly
conserved regions of CLN3? (3) Does the elimination of
potentially important biological sites within the CLN3 protein
affect cell growth rates and apoptosis? (4) Does altering the
charge and/or hydrophobicity of specific amino acids within
CLN3 affect growth and apoptosis of cells? We present data
that support the notion that CLN3 may regulate apoptosis, and
that many but not all of the elements responsible for this
regulation reside at the c-terminus of the CLN3 protein.

RESULTS

Slowed growth rate of JNCL patient lymphoblasts

Our results indicate that untransfected CLN3-deficient cells
derived from patients homozygous for the common deletion
show reduced growth rates when compared to normal
untransfected lymphoblasts, and the P-value is <0.05
(Fig. 1A). We also show that untransfected immortalized
JNCL lymphoblast cell lines derived from four different
patients harboring the 1.02 kb deletion show similar growth
rates (P> 0.05). The introduction of CLN3 by transfection into
these JNCL patient lymphoblasts reverses this growth rate
defect when compared to transfection with an empty vector
control (Fig. 1B) (P< 0.05). Notably, JNCL patient cells show
an increased rate of cell death compared to normal lympho-
blasts, with a P value of <0.05 (Fig. 1C). A reversal in the rate
of death is accomplished following transfection with a CLN3-
bearing plasmid (P> 0.05). Maximum CLN3 expression is

observed between time points 0 and 48 h, after which it
declines.

The CLN3 protein does not affect DNA synthesis

Rates of thymidine incorporation into DNA by JNCL
lymphoblasts were compared following transfection with an
empty vector control or a CLN3 cDNA construct. Rates for
JNCL lymphoblasts transfected with either an empty vector
control or wild-type CLN3 cDNA are shown in Figure 1D. The
rates of thymidine incorporation show no significant differ-
ences, and the P-value is >0.5. We also compared the rate of
thymidine incorporation for deletion constructs containing
CLN3 exons 1–4, 1–7, 1–8, 1–9, 1–10, 1–11, 1–12, 1–13, 1–14
and 1–15. The effect of the CLN3 deletion construct harboring
exons 1–4 of the CLN3 cDNA on thymidine incorporation is
shown in Figure 1D. There are no significant differences in the
rates of thymidine incorporation among any of the generated
deletion constructs, and the P-value for all points was >0.5.
This suggests that the effect of CLN3 on the cell growth rate is
not due to differences in the rate of DNA synthesis, but due to
increased cell death in patient cell lines (Fig. 1C).

Increased etoposide-induced apoptosis in JNCL patient
lymphoblasts

Immortalized JNCL lymphoblasts homozygous for the com-
mon deletion were transfected with either an empty vector
control or the full CLN3 cDNA, treated with etoposide and then
analyzed using the TUNEL assay. JNCL lymphoblasts
transfected with the full CLN3 cDNA (Fig. 2C and D) show
more protection from etoposide-induced apoptosis than is
observed in JNCL lymphoblasts transfected with an empty
vector (Fig. 2A and B), with a P-value of <0.05. Our results
confirm that deletion of CLN3 results in increased cell death.
Results were corroborated using the JC-1 mitochondrial
membrane potential assay (Table 1). The degree of protection
is determined by the percentage of live cells after treatment
with etoposide divided by the percentage of live cells before
treatment with etoposide. Compared to JNCL cells transfected
with the empty vector control, JNCL patient lymphoblasts
transfected with the full CLN3 cDNA show significant
protection from etoposide-induced apoptosis (48� 0.8%,
P> 0.5 versus 96� 2.8%, P< 0.005) (Table 1, Fig. 2). This
supports the results of previous studies (20–22).

Effect of exons 11 and 13 of CLN3 on cell growth rates
and apoptosis

Our next aim was to determine the regions of the CLN3 gene
that may impact on cell growth rates. We used deletion
constructs generated from the conserved 30 end (34), and
established growth curves following transfection of the CLN3-
deficient cells with each construct. The constructs containing
exons 1–13 restore cell growth potential to normal levels as
opposed to transfection with the empty vector, and the P value
is <0.05 (Fig. 3). The effect of transfection of the construct
containing exons 1–11 into JNCL patient cells is a significantly
enhanced growth rate, as opposed to the effect of the empty
vector, and the P-value is <0.05. Inclusion of exon 11 results in
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a rate of cell growth that is somewhat slower than that observed
for JNCL patient cells transfected with the full CLN3 cDNA,
and the P-value is <0.05. Both TUNEL and JC-1 analyses
demonstrate that the presence of exons 11 and 13 provides
transfected JNCL lymphoblasts with protection from etopo-
side-induced apoptosis, and the degrees of protection observed
were 87% and 96%, respectively (raw data not shown; Table 1).
CLN3 constructs lacking exons 11 and 13 fail to confer
significant protective properties to JNCL patient lymphoblasts
after transfection (Table 1).

Amino acid residues important for the impact of CLN3
on apoptosis

We have shown that inclusion of exons 11 and 13 is necessary
for the normalizing effect of the CLN3 gene on cell growth
rates and apoptosis. Three naturally occurring mutations within

exon 11 and 13 are of interest: E295K (exon 11), V330C and
R334D (both in exon 13) (31,32).

We introduced changes that could either alter charge and/or
hydrophobicity at these specific amino acid sites or keep these
parameters similar. The data (Fig. 4A) illustrate that transfec-
tion with CLN3 cDNA harboring mutations at R334 that result
in a change of charge from basic to acidic (R334D, R334H,
R334C) did not correct growth rate defects and had similar
effects to transfection with the empty vector control (P< 0.05).
However, transfection with the mutant CLN3 cDNA construct
resulting in R334K (changing basic to basic) did restore the
cellular growth rate to within normal levels (P< 0.05).
Transfection with any type of CLN3 cDNA harboring
mutations affecting residues E295 (E295K or E295D) and
V330 (V330C or V330L) maintained the slowed JNCL cell
growth rate phenotype (Fig. 4B). TUNEL (Fig. 5) and JC-1
(data not shown) staining demonstrate that transfection of

Figure 1. (A) Growth curves of untransfected CLN3-deficient and normal lymphoblast cell lines. Immortalized JNCL cells derived from patients homozygous for
the 1.02 kb deletion grow at a diminished rate compared to normal wild-type (WT) lymphoblasts (P< 0.05). Untransfected cell lines from different patients (JNCL
1, JNCL 2, JNCL 3, JNCL 4) that are homozygous for the 1.02 kb deletion grow at similar rates (P> 0.05). (B) Growth curves comparing immortalized JNCL cell
lines transfected with CLN3 cDNA and an empty vector control. Reintroduction of full-length CLN3 cDNA (CLN3�/CLN3þ) into JNCL patient cell lines, as
opposed to the reintroduction of the empty vector (CLN3�/CLN3�), restores the growth potential to normal levels. Levels decline 40 h post-transfection due to
declining protein levels. (C) Death curve for CLN3-deficient (JNCL) lymphoblasts. Immortalized JNCL patient cells show a higher death rate than observed in
normal lymphoblasts (P< 0.05). The reintroduction of full-length CLN3 cDNA (CLN3�/CLN3þ) into immortalized JNCL patient cells, as opposed to the
reintroduction of the empty vector, lowers the rate of cell death (P< 0.05). (D) Thymidine incorporation by immortalized, transfected JNCL cell lines. Deletion
of CLN3 exons 1–4 or 1–13 does not affect the rate of thymidine incorporation. CLN3-deficient lymphoblasts incorporate thymidine at a rate similar to normal
lymphoblasts (P< 0.05). Deletion constructs containing exons 1–7,1–8, 1–9, 1–10, 1–11, 1–13 and 1–14 of the CLN3 cDNA also gave similar results (data not
shown).
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immortalized JNCL lymphoblasts with mutant CLN3 cDNA
harboring the mutations R334D, E295K and V330C did not
reverse sensitivity to etoposide-induced apoptosis. The percen-
tage protection from etoposide-induced apoptosis observed in
cells after transfection with these constructs was similar to that
of JNCL cells transfected with the empty vector (Table 1). The
mutations E295K, E295D, V330C, V330L, R334D, R334H
and R334C were not quantitatively distinguishable from each
other (P> 0.05).

In 85% of JNCL patients, the block of conserved amino acids
184WSSGTGGAGLLG195 is lost due to the 1.02 kb deletion
in genomic DNA. This deletion results in a truncated protein
with loss of more than 200 amino acids from the c-terminus
(2). A growth phenotype consistent with the one observed in
JNCL patient cells is observed following transfection with
mutant CLN3 cDNA that corresponds to this deletion, and the
P-value is >0.05 (Fig. 4C). The residues V330 and R334 form
part of a highly conserved stretch of amino acids,
330VFASRSSL337. Mutations affecting this region maintain
the deficient cell growth rate phenotype (Fig. 4A and B).

The motif 291VYFAE295 is highly conserved among CLN3
orthologs, and is homologous to amino acid sequences within
the S5 domain of Kþ channels (35), and the amyloid-b precursor

Figure 2. TUNEL staining of immortalized JNCL patient lymphoblasts. (A, B) JNCL cells transfected with an empty vector. (C, D) JNCL lymphoblasts trans-
fected with the full CLN3 cDNA. (A, C) JNCL cells before treatment with etoposide. (B, D) JNCL cells after treatment with etoposide. The CLN3 protein provides
protection from etoposide-induced apoptotic death (P< 0.05). 400� magnification, scale bar¼ 50mm.

Table 1. Protection from apoptosis of JNCL patient lymphoblasts after trans-
fection with CLN3 deletion/mutant constructsa

Transfection (a) % live cells;
no etoposide

(b) % live cells;
with etoposide

% protection
(b/a)

Empty vector
control

30.4 14.7 48� 0.8

CLN3þ 80 77 96� 2.8
Exons 1–13 80 76.6 96� 1.4
Exons 1–12 63.3 55 87� 2.8
Exons 1–11 62.5 54 86� 0.7
Exons 1–4 51 29 57� 2.8
E295K 73 24 33� 1.4
V330C 50 32 64� 2.8
R334D 61 27 44� 1.4

aTransfected cells treated with etoposide were assayed using JC-1 staining.
Cells transfected with constructs containing exon 13 show more protection
from etoposide-induced apoptosis than cells transfected with the empty vector
(P< 0.005). Transfection of cells with constructs containing exon 11 gives
more protection from etoposide-induced apoptosis than control transfections
(P< 0.005), but less protection than cells transfected with constructs containing
exon 13 (P< 0.05). Constructs missing exons 11 and 13 do not provide patient
cells with significant protection from etoposide-induced apoptosis when
compared to control transfections (P> 0.05). These constructs maintained the
increased sensitivity to apoptosis of JNCL cells (E295K, V330C, R334D).
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peptide 19VFFAE22 (36,37) (http://www.ncbi.nlm.nih.gov).
We show that constructs resulting in deletion of residues
291VYFAE295 maintain the phenotype of diminished growth,
similar to the one seen in JNCL patient lymphoblasts, and the
P-value is >0.5. The mutation resulting in Y292W, located
within this stretch of residues, also maintains a reduced growth
rate phenotype (P> 0.05). However, the CLN3 mutation
resulting in Y292F, F being the corresponding residue in
normal amyloid-b precursor protein, restores the rate of cell
growth to normal, and the P-value is >0.05 (Fig. 4D).

Impact of glycosylation residues 71–74 and 310–313 on
cell growth rates

There are four potential glycosylation sites and 12 potential
phosphorylation sites within CLN3 (2). It is suggested that the
CLN3 protein undergoes post-translational modification by
phoshorylation (38,39) and glycosylation (17). CLN3 also
harbors potential mitochondrial targeting signal (11) and
farnesylation sites (38).

Mutant CLN3 clones affecting each of these sites were
individually transfected into JNCL patient lymphoblasts, and
growth curves were established for each by the trypan blue dye
exclusion assay. Deletion of each of the phoshorylation sites
produces a growth curve similar to that established for JNCL
patient lymphoblasts transfected with the full-length CLN3
cDNA (P> 0.05, data not shown). Deletion of the mitochon-
drial targeting signal or the farnesylation site did not affect cell
growth rate (Fig. 4C; P> 0.05). Independent deletion of each
of the glycosylation sites corresponding to residues 49NSFY52

and 85NSSS88 did not affect the growth rate (P> 0.05, data
not shown). Deletion of the DNA sequences corresponding to
the glycosylation sites defined by amino acid residues
71NQSH74 results in a similar growth rate pattern to the one
observed in JNCL patient lymphoblasts transfected with the
empty vector control, and the P-value is >0.05 (Fig. 6A).
Deletion of the DNA sequences corresponding to glycosylation
sites defined by amino acid residues 310NTSL313 results in a
decrease in the growth potential when compared to JNCL
patient cells transfected with the full CLN3 cDNA. This
decrease was less marked than that observed for the deletion of
residues 71NQSH74, and the P-value is <0.05.

A hydropathy profile created at www.expasy.ch/tools/
TMHMM indicates that the CLN3 protein could harbor 5–11
possible transmembrane domains with a putative pore at amino
acid residues 299–343 (Fig. 6B). According to this profile, the
glycosylation site defined by residues 71NQSH74 is located
within the first putative external loop, and the glycosylation site
defined by residues 310NTSL313 is within the putative pore of
CLN3. Residues V330 and R334 also reside within this pore.
The conserved stretch 291VYFAE295 is located in transmem-
brane domain 7, which lines the putative pore (Fig. 6B).

Levels of CLN3p expression are unaffected following
mutation of the CLN3 cDNA

Mutagenesis of cDNA can lead to unstable and easily disrupted
nascent protein and erroneous results. Here we show that this is
not the case. Western blot analysis (Fig. 7) illustrates that
CLN3p is expressed in higher quantities in JNCL lymphoblasts

Figure 3. Live cell counts following transfection with CLN3 deletion constructs (exons 1–11, 1–12, 1–13, 1–14 and 1–15). Cell numbers are significantly lower in
JNCL cells transfected with the empty vector control compared to JNCL cells transfected with the full-length CLN3 cDNA (P< 0.05). The presence of exon 11
and 13 restores growth potential when compared to the empty vector control (P< 0.05). The order of the transfected cell lines analyzed for each time point is
indicated by the same sequence shown in the key on the right.
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transfected with either wild-type or mutated CLN3 cDNA than
in JNCL lymphoblasts transfected with the empty vector
control. We also show that CLN3p is expressed at similar levels
in JNCL lymphoblasts transfected with either wild-type CLN3
cDNA or mutated CLN3 cDNA. The results also confirm the
transient effect of CLN3p 50 h post-transfection. We show by
growth curve analysis and western blot that the CLN3 protein
levels start to decline 48–50 h following transfection with
CLN3 cDNA.

DISCUSSION

Immortalized CLN3-deficient lymphoblasts derived from
patients homozygous for the common 1.02 kb deletion were
used as the assay model system for testing the effect of various
CLN3 cDNA constructs on cell numbers and apoptosis, for the
following reasons. Patient leukocytes show inclusions, similar
to affected neurons in the brain. Lymphoblasts, as well as
neurons, are susceptible to apoptosis. CLN3-overexpressing

Figure 4. Live cell counts of JNCL lymphoblasts following transfection with CLN3 mutagenized clones. All cell numbers were established by trypan blue dye
exclusion assay. (A) Transfection with the R334D, R334C and R334H (not shown) mutant constructs produces effects that are similar to those in the JNCL patient
cells transfected with the empty vector, and these were statistically significant (P> 0.05). Transfection of JNCL cells with the mutant CLN3 construct R334K
restores the cell numbers to normal levels. Twenty-four hours following transfection, expression of the CLN3 protein becomes noticeable. There is a decrease
in the cell numbers observed between JNCL patient cells transfected with the full CLN3 cDNA and the mutants R334H, R334D and R334C (P< 0.05). (B) Muta-
tions E295K and E295D produce similar defects in the growth rate. Mutations at V330 also create a similar phenotype to mutations at E295 and to JNCL patient
cell lines transfected with the empty vector control. Mutations at E295 and V330 produce effects similar to each other, and to the empty vector control (P> 0.05).
The growth rates after transfection with CLN3 constructs with these mutations are significantly lower than the rate of cell growth for JNCL patient cells transfected
with the full CLN3 cDNA (P< 0.05). All mutations result in discernible growth defects. Statistically significant differences are observed between JNCL patient
lymphoblasts transfected with the full CLN3 cDNA and JNCL patient lymphoblasts transfected with CLN3 cDNA harboring the E295, V330 and R334 CLN3
mutations (P< 0.05). (C) Deletion of the conserved region 184WSSGTGGAGLLG195 creates a growth phenotype similar to that of JNCL patient cells
(P> 0.05). Deletion of the farnesylation site does not affect the growth rate. (D) Deletion of the highly conserved region 291VYFAE295 creates a similar growth
phenotype to JNCL patient cells (P> 0.05). The mutation Y292W results in a similar growth phenotype to that observed when there is a deletion of 291VYFAE295
(P> 0.05). The mutation Y292F does not alter the growth rate significantly when compared to transfection with the full CLN3 cDNA (P> 0.05), but this rate is
statistically different from the growth rate of cells transfected with the empty vector (P< 0.01). The order of the transfected cell lines analyzed for each time point is
indicated by the same sequence shown in the key on the right.
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lymphoblasts show enhanced rates of growth, similar to CLN3-
overexpressing neuron precursors. Lymphoblasts are easy to
grow and maintain. Last, but not least, lymphoblasts derived
from patients are abundantly accessible, unlike naturally
deficient human neurons.

Immortalized CLN3-deficient lymphoblasts have provided
a simple, reproducible and reliable model system for
assessing the differential effect of a number of mutant
CLN3 constructs on cell growth rates and apoptosis. Growth
curve analyses and JC-1 and TUNEL assays of JNCL patient
lymphoblasts transfected with different CLN3 constructs
provided confirmation for the expected phenotypes of
diminished growth and sensitivity to apoptotis (22,23,27).
Expression of the CLN3 protein, confirmed by western
blot, was shown to be similar for all CLN3 cDNA constructs
used and greater than expression with the empty vector
control.

Previous studies have implicated CLN3 in cell growth and
regulation pathways (28). Our results demonstrate that JNCL
patient lymphoblasts have a slowed growth rate when compared
to normal lymphoblasts. Transient transfection of intact CLN3
cDNA into immortalized JNCL patient cells, with ensuing

production of CLN3 protein, completely reverses the growth
defect. Western blot analysis shows that the mutated CLN3
protein’s expression is not affected. The growth pattern is
maintained while expression of the transfectant cDNA is
present, but reverts back to deficient growth as expression of
the CLN3p declines, as demonstrated by western blot. JNCL
patient cells have a higher apoptotic rate than do normal cells.
Again, introduction of the wild-type CLN3 cDNA blocks
apoptosis in JNCL patient cells.

The rates of thymidine incorporation into both wild-type and
JNCL patient lymphoblast DNA are similar. However, growth
analyses show that the respective cellular growth rates are
statistically different. Results suggest that the CLN3 protein
does not affect the rate at which the cell synthesizes DNA. The
more likely scenario is that absence or mutation of the nascent
CLN3 protein impacts on cell death pathways.

Previous studies have placed CLN3 upstream of ceramide in
the mitochondria-dependent apoptotic cascade (22). Etoposide
or VP-16 is a chemotherapeutic agent that inhibits topoisome-
rase II and induces mitochondria-dependent apoptosis (40–42).
We demonstrate that JNCL patient cells show more protection
from etoposide-induced apoptosis when transfected with full-

Figure 4 continued.
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length CLN3 cDNA, as opposed to transfection with an empty
vector control (96% versus 48%). This was determined by JC-1
and TUNEL assays. Expression of CLN3 protein, therefore,
protects lymphoblasts from etoposide-induced apoptosis.

It is known that CLN3 has sequence-specific signals that can
target the protein to individual organelles: a farnesylation site at
residues 435CQLS438 (43) which anchors proteins to
membranes, a mitochondrial targeting signal at residue 11
with its cleavage site at residue 19 (11), and a di-leucine
lysosomal targeting motif at 424LL425 (17). The CLN3
protein is homologous across species for various motifs of
potential biological relevance. These are the N-myristoylation
site 2GGCAGS7, N-glycosylation sites 49NFSY52,
71NQSH74, 85NSSS88 and 310NTSL313, and the isopreny-
lation site 435CQLS438 (34). This indicates that CLN3 may
be post-translationally modified in either the endoplasmic
recticulum or the Golgi apparatus (17,19). Phosphorylation
plays an important role in the targeting of proteins to
membranes and can influence interactions with other proteins.
Although there is evidence to suggest that CLN3 is
phosphorylated (38), the independent deletion of each of the

phosphorylation sites does not affect cell growth rates in our
assay system. Deletion of the sequences corresponding to the
CaaX box within the CLN3 cDNA at residues 435–438 and the
potential mitochondrial targeting signal did not have an effect
on cell growth rates either. These results suggest but do not
prove that CLN3 may be neither phosphorylated nor
farnesylated, and nor is it targeted to the mitochondria. An
alternative and more likely scenario is that post-translational
modifications at the CaaX box and the phosphorylation sites
do not determine the impact of the CLN3 protein on cell
growth rates.

A CLN3 cDNA deletion strategy was designed to find which
regions of the CLN3 protein contribute to the maintenance of
cell growth rates and prevention of apoptosis in lymphoblasts.
Sequences within exons 11 and 13 correspond to amino acid
residues that are necessary for the CLN3 protein to negatively
regulate apoptosis, and positively impact on cell growth rates.
JNCL patient cells transfected with CLN3 deletion constructs
missing exons 11 and 13 showed a growth potential similar to
the one observed in JNCL patient or CLN3-deficient cells
transfected with the empty vector. JC-1 analyses demonstrated

Figure 5. TUNEL staining of immortalized JNCL lymphoblasts transfected with CLN3 mutant constructs. (A, B) JNCL cells transfected with CLN3 mutant
E295K. (C, D) JNCL lymphoblasts transfected with CLN3 mutant R334D. (A, C) JNCL cells before treatment with etoposide. (B, D) JNCL cells after treatment
with etoposide. Live cells appear red, and cells undergoing apoptosis are green. These results are representative of mutations occurring at E295, V330 and R334.
TUNEL staining shows that mutations at these sites result in increased apoptosis when compared to transfection with the wild-type CLN3 cDNA (P< 0.05). JC-1
results corroborate these data (data not shown). Magnification 400�, scale bar¼ 50mm. CLN3 provides protection from etoposide-induced apoptotic death.
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that deletion of these regions had a corresponding effect on
apoptosis.

CLN3 is a highly hydrophobic membrane-bound protein
(11). The modeling algorithm used shows that CLN3 could
harbor up to 11 transmembrane segments and a pore region.
The generated hydropathy profile suggests that exon 11 forms
part of putative transmembrane domain 7, and exon 13 forms
part of the putative pore region. There are three residues within
these exons that are highly conserved; they are E295 in exon
11, and V330 and R334 in exon 13.

Residue E295 is part of a highly conserved stretch of amino
acids (VYFAE) found in CLN3 orthologs, Kþ channels
(VYFAE) (35) and the amyloid-b precursor peptide (VFFAE)
(36,37). The specific mutation E22K in the amyloid-b precursor
protein has been shown to cause apoptosis in at least 30% of
Alzheimer’s patients (37). A similar mutation, E295K, is
observed in JNCL patients (44). Decreased cell numbers and
increased sensitivity to etoposide-induced apoptosis results

when the DNA sequence for this five amino acid stretch is
deleted or when E295 is mutated to K295.

The mutation of tyrosine to phenylalanine at residue 292
(Y292F) does not have a significant effect on growth, but the
change to tryptophan (Y292W) creates a growth phenotype
similar to the one observed in JNCL patient cells.
Phenylalanine (F) and tryptophan (W) are highly hydrophobic
aromatic residues, in contrast to tyrosine (Y), which contains a
hydroxyl group. Tryptophan is larger than phenylalanine. Both
charge and size of the residue at position 292 in CLN3 could
modulate the effect of the CLN3 protein on apoptosis and cell
growth rates.

The naturally occurring mutations R334D, R334C and
R334H (31) result in alteration of the charge of the amino
acid from basic to acidic and produce a JNCL phenotype. The
mutation R334K creates a similar charge, and therefore does
not cause any significant growth defect. This suggests that the
basic charge at R334 is of significance and needs to be

Figure 6. (A) Growth rates of JNCL lymphoblasts following transfection with CLN3 glycosylation mutant constructs. Deletion of the glycosylation sites at residues
71NQSH74 or 310NTSL313 maintains the observed growth defects following transfection of JNCL patient lymphoblasts, similar to the growth defect observed
following transfection with the empty vector (P> 0.05). There is a marked decrease in the growth rate observed 25 h post-transfection. Mutations at sites 49–52
and 85–88 do not cause any growth defects when compared to normal CLN3 controls (P> 0.5, data not shown). The order of the transfected cell lines analyzed for
each time point is indicated by the same sequence shown in the key on the right. (B) Hydropathy profile for CLN3 protein. The profile was generated at the website
www.expasy.ch/tools/TMHMM and shows that CLN3 could have up to 11 transmembrane segments and a possible pore at residues 299–343. The glycosylation
sites at residues 71NQSH74 and 310NTSL313 are indicated by stars and reside within the first external loop (L1), which is located between residues 61 and 98,
and the putative pore region (P), which is between residues 299 and 343, respectively. Residues V330 and R334 are located within the putative pore (filled rec-
tangles). The motif 291VYFAE295 is located within transmembrane segment 7 (filled triangle). Note: E295K, V330C and R334D are naturally occurring
mutations.
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maintained for normal CLN3 impact on growth and apoptosis.
The mutation at residue V330 has two major effects: it creates a
growth phenotype similar to that observed for JNCL patient
lymphoblasts, and also increases the sensitivity of cells to
etoposide-induced apoptosis. Residues E295 and V330 are
vital for preserving the effect of CLN3 on cell growth rates and
apoptosis, but it is the charge and/or hydrophobicity at residue
R334 that maintains these effects.

All these residues fall within the conserved amino acid
stretches 291VYFAE295 and 330VFASRSSL337, suggesting
these are two motifs within CLN3 are vital for safeguarding its
normal modulation of cell growth rate and apoptosis.

CLN3 may be glycosylated, as two of the potential
glycosylation sites at residues 71–74 and 310–313 are
necessary for preservation of CLN3 impact on cell growth
rates and apoptosis. According to the hydropathy profile, the
glycosylation site at amino acid residues 71–74 resides within
the putative first external loop (residues 61–98), and the
glycosylation site at amino acid residues 310–313 is within the
putative pore region (residues 299–343). These sites are in

locations that could be important for protein interactions. These
could involve proteins deficient in other Batten variants,
proteins that could interact with them, or proteins important
for preserving CLN3 impact on cell growth rates. The effect of
deleting residues 71–74 on the cell growth rate is worse than
that of deleting residues 310–313. A possible explanation for
this is that residues 71–74 are located within the first external
loop of the CLN3 protein, a position that may be essential for
targeting protein–protein and/or protein–lipid interactions.
According to the presumed hydropathy profile presented in
Figure 6B, residues 310–313 are internal. Glycosylation at
these residues may be of no consequence; however, the location
of these residues in the transmembrane segment bordering the
putative pore may be important.

CONCLUSIONS

Additional data that substantiate the claim that the CLN3
protein impacts on apoptosis have been presented. The motif

Figure 6 continued.
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291VYFAE295 appears to contribute to the preservation of this
regulation and the positive modulating effect that CLN3 has on
cell growth rates. Residues E295 and V330 also seem
necessary for a CLN3 impact on cell growth rates and
apoptosis. At site 334, it could be the charge of the residue
that modulates this function. The potential glycosylation sites
at residues 71–74 and 310–313 also appear to be important
for the impact of CLN3 protein on cell growth rates.
This indirectly supports previous claims that the CLN3 protein
may be glycosylated.

According to the hydropathy profile, the glycosylation site
71NQSH74 resides within external loop 1, and the motif
291VYFAE295 and the potential glycosylation site
310NTSL313 line part of a putative pore region within
transmembrane domain 7. Residues V330 and R334 are
within the putative pore region. Will CLN3 turn out to be an
ion pump, ion channel or transporter? Uncovering these
amino acid motifs and knowledge of their contribution to the
effects of the CLN3 protein on cell growth rates and
apoptosis has narrowed specific molecular regions within this
protein. These will facilitate the search for molecular partners
of CLN3.

MATERIALS AND METHODS

Tissue culture

Lymphoblasts were grown in 24-well plates at 1–5� 104 cells/
ml per well at 37�C and in 5% CO2 in RPMI 1640 media
(Sigma, St Louis, MO, USA)/10% fetal bovine serum/1%

antibiotic–antimycotic/1� gentamicin. Immortalized lympho-
blast cell lines, originally obtained from both JNCL patients
and normal donors, were used for all experiments. These cell
lines were established according to previously described
methods (45). All JNCL patient lymphoblasts utilized are
homozygous for the 1.02 kb deletion in the genomic DNA.

Trypan blue dye exclusion

Cells were harvested from 24-well plates by centrifugation at
1200 r.p.m. for 5 min and the supernatant was removed. Each
pellet was resuspended in 1 : 1 mixture of 2% trypan blue dye
(Gibco, Rockville, MD, USA) and 1� phosphate-buffered
saline (PBS). Cells were loaded onto the hemocytometer and
counted. Viable cells are white, and dead cells are blue. Live
cell counts at each time point were performed in triplicate. The
mean and standard deviation were calculated for each
time point. Live cell counts were plotted for growth curves as
live cell count� 104/ml against time. Live cell counts at each
time point were then compared to those of transfection controls
containing the full CLN3 cDNA or an empty vector using
Student’s t-test to assess statistical significance.

Transfection of immortalized JNCL lymphoblasts

Cells, 8� 105, were plated in 24-well plates and incubated for
4–16 h at 37�C and in 5% CO2 with CLN3–pGEM DNA–
liposome complexes. The protocols according to those outlined
for the Qiagen (Valencia, CA, USA) Effectine Transfection kit
and the Lipofectamine 2000 (Invitrogen-Life Technologies,
Carlsbad, CA, USA) were followed. The cells were then

Figure 7. Western blot showing CLN3 protein expression following transfection with different CLN3 constructs. CLN3 expression is indicated by the arrow
(48 kDa). Lane 1 shows protein expression for JNCL lymphoblasts transfected with an empty vector control. Lane 2 is protein expression for JNCL lymphoblasts
transfected with CLN3 cDNA. Lane 3 is protein expression for wild-type lymphoblasts transfected with CLN3 cDNA. Lanes 4–6 show protein expression for JNCL
lymphoblasts transfected with the CLN3 mutant constructs V330C, R334D and E295K respectively. Lane 7 is protein expression for wild-type lymphoblasts trans-
fected with CLN3 cDNA 50 h post-transfection. Lanes 8 and 9 show protein expression for immortalized wild-type lymphoblasts transfected with CLN3 cDNA
glycosylation site deletions at residues 71–74 and 310–313, respectively. Lanes 10 and 11 show protein expression for wild-type lymphoblasts transfected with
CLN3 cDNA deletion constructs containing exons 1–9 and 1–13, respectively. Lane 12 shows protein expression for immortalized wild-type lymphoblasts trans-
fected with CLN3 cDNA deletion of residues 291–295. To confirm equal protein loading, the nitrocellulose membrane was stained with Ponceau S stain (Sigma)
and is shown below each lane.
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washed and plated for analysis. The transfection efficiency was
determined using the Clontech (Palo Alto, CA, USA)
Luminescent b-galactosidase Detection Kit II. Transfected
samples were compared to positive and negative controls. Light
emission was then recorded by exposure to X-ray film or the
Xenogen plate luminometer system. Transfection efficiencies
in the range 90–95% were obtained (P< 0.05).

Cell proliferation/DNA synthesis assayed by thymidine
incorporation

Cells, 5� 104, were plated as described previously and
incubated with 0.2 ml of 0.1 mCi/ml stock 3H for 2 h at 37�C
and in 5% CO2. The cells were then washed twice with ice-cold
PBS (Gibco-Invitrogen) and precipitated with 0.5% trichlor-
oacetic acid on ice for 30 min. The cells were harvested and
resuspended in 0.2 ml of 0.25% NaOH. The counts per minute
(c.p.m.) were then measured using the Pharmacia scintillation
counter (Pharmacia Corp. Peapack, NJ, USA). Cell counts/min
at different time points were carried out in triplicate and the
standard deviation was calculated. Statistical analysis was
carried out using the Student’s t-test.

Treatment with etoposide

Immortalized JNCL patient cells were transfected individually
with the pGEM/CLN3 construct or with an empty vector
control. The cells were then harvested and incubated with 1 mg/
ml of etoposide (VP-16, Sigma) at 37�C and in 5% CO2 for
18 h to induce apoptosis. The degree of protection from
etoposide-induced apoptosis afforded by each construct was
determined using the JC-1 assay. Comparisons were then made
with transfected cells not treated with etoposide.

JC-1 analysis of mitochondrial membrane potential

JC-1 stain (5,50-60-tetrachloro-1,1,3,3-tetraethylbenzimidazo-
lylcarbocyanine iodide; Molecular probes, Eugene, OR,
USA) was used to assess the decrease in Cm following
treatment with etoposide. JC-1 is a cationic dye that forms
J-aggregates with the cytochrome c–APAF-1 complex. Cells
undergoing apoptosis are visualized when a shift in the
emission spectrum from green (525 nm) to red (590 nm)
occurs. This shift signals the onset of apoptosis.
Immortalized lymphoblasts were grown in T-25 flasks at
5� 105 in 5 ml of media and treated with etoposide as
described above. The cells were then harvested, washed with
1� PBS and incubated with 1 mg/ml of JC-1 stain for 15 min at
37�C and in 5% CO2. The cells were again washed in PBS and
then mounted on a slide with 1 : 1 PBS/glycerol mix. The cells
in two different fields of vision were counted (60–200 cells/
field) and the average numbers obtained. The degree of
protection from etoposide-induced apoptosis was determined
by dividing the percentage of live cells observed following
treatment with etoposide by the percentage of live cells
observed when not treated with etoposide. The statistical
significance of the difference in the numbers of apoptotic
cells (cells containing J aggregates appear yellow–red)
between repeat experiments was determined by the two-tailed
Student t-test.

TUNEL assay (terminal deoxynucleotide end labeling)

Sterile slides were treated overnight with poly(D) lysine
(Sigma) and bordered off with a Super ht Pap pen (Research
Products International Corp., Baltimore, MD, USA). Cells were
plated and transfected as described previously. Cells, 1� 104,
were placed onto the marked region of the treated slides and
allowed to adhere. The TUNEL assay allows fragmented DNA,
as is observed in apoptosis, to be end-labeled by a terminal
transferase enzyme with digoxigenein. The APOALERT
(Clontech) kit protocol was used. The cells were then viewed
at 400� magnification with a LEICA fluorescent microscope.
The cells in two different fields of vision were counted (60–200
cells/field) and the average numbers obtained. The degree of
protection from etoposide-induced apoptosis was determined
by the percentage of live cells treated with etoposide divided by
the percentage of live cells not treated with etoposide. The
statistical significance of the difference in the numbers of
apoptotic cells between repeats was determined by the two-
tailed Student t-test.

Deletion construct generation

The CLN3 cDNA was cloned into the pGEM (þ)7f(�) plasmid
(Promega, Madison, WI, USA). CLN3/pGEM (þ)7f(�), 10 mg,
was double digested with 10–20 U each of the restriction
enzymes SacI (ExoIII susceptible) and BamHI (ExoIII resistant)
(New England Biolabs, Beverly, MA, USA) overnight at 37�C.
The appropriate bands were then cut out of a 1% agarose gel.
The linearized plasmid was then digested with ExoIII nuclease
according to the Promega Erase-a-Base Kit protocol. A
constant temperature of 25�C was maintained to enable
accurate digestion by the exonuclease (90 base/min). The
desired fragments were then individually ligated and cloned
into supercompetent bacterial cells (Stratagene, La Jolla, CA,
USA). Each clone was then sequenced by automated sequen-
cing to verify that the required exons are present. These were
plated for cell transfections and growth curve analysis.

Western blot

Western blot analysis was performed as previously described
(22). Cells were transfected with different CLN3 cDNA
constructs (described above) and harvested in lysis buffer as
previously described (27). Cells were harvested at maximum
CLN3p expression, 48 h post-transfection.

Site-directed mutagenesis

The Stratagene Quikchange Site-Directed Mutagenesis kit
protocol was used to introduce the desired mutations in the
CLN3 cDNA. The PCR cycles used were as per the protocol:
12 cycles for point mutations; 16 cycles for single amino
acid changes; and 18 cycles for multiple amino acid
deletion/insertion. JNCL mutations include: V330C, V330L,
R334D, R334K, R334C, R334H, E295K, E295D, DV291–
E295, Y292F, Y292W and D184WSSGTGGAGLLG195.
Phosphorylation mutations include deletions of the DNA
sequences for amino acid residues 7, 12, 14, 19, 64, 73, 86,
125, 232, 270, 336 and 400. Glycosylation mutations include
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deletion of residues 49–52, 71–74, 85–88 and 310–313. The
mitochondrial targeting signal mutation involved the deletion
of residue 11. The isoprenylation site mutation involved the
deletion of residues 435–438. Primers were made to incorpo-
rate these changes, with the mutations residing in the middle of
normal CLN3 flanking sequence. All primers are 24–30
nucleotides in length.
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