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Abstract

Juvenile Neuronal Ceroid Lipofuscinosis (JNCL) results from a deficiency of CLN3, a protein recently identified within detergent-
resistant membranes (DRMs). To study the function of CLN3 within these domains we isolated DRMs from control and JNCL-brain
and noted that JNCL-derived DRMs are less buoyant than control. Analysis of DRM phospholipids derived from JNCL-brain revealed
a reduction of bis(monoacylglycerol)phosphate. Metabolic labeling of JNCL-fibroblasts demonstrated a reduction in the synthesis of
bis(monoacylglycerol)phosphate which was restored following complementation with wild-type-CLN3, substantiating our initial obser-
vation in brain. Metabolic labeling of cell lines overexpressing wild-type-CLN3 resulted in increased bis(monoacylglycerol)phosphate
synthesis, while overexpression of mutant CLN3-L170P decreased bis(monoacylglycerol)phosphate synthesis. These data illustrate a
new finding, a strong correlation between CLN3 protein expression and synthesis of bis(monoacylglycerol)phosphate.
� 2007 Elsevier Inc. All rights reserved.
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Deficiency of CLN3 protein is the underlying cause of
Juvenile Neuronal Ceroid Lipofuscinosis (JNCL). This
lysosomal storage disease typically manifests between the
ages of 4 and 10 and is characterized by progressive vision
loss, seizures and dementia. JNCL belongs to a group of
disorders known as the Neuronal Ceroid Lipofuscinoses
(NCLs) that share a common pathology of lysosomal accu-
mulation of autofluorescent lipopigment and collectively
are one of the most common causes of inherited childhood
neurodegeneration. The genes associated with NCL encode
a diverse group of both soluble and membrane bound pro-
teins that reside in multiple cellular compartments. Single
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deficiencies in any of four soluble proteins, palmitoyl-pro-
tein thioesterase-1 [1], tripeptidyl peptidase-1 [2], cathepsin
D [3] or cathepsin F [4], or of six membrane bound pro-
teins, CLN3 [5], CLN5 [6], CLN6 [7], CLN8 [8], CLC-3
[9,10] or CLC-7 [11], have been associated with the devel-
opment of NCL in either human or animal models.

CLN3 protein is highly hydrophobic and its expression
has been detected in multiple human tissues including
brain, pancreatic islets, peripheral nerve, spleen, and testis
[12]. Topology prediction studies suggest that the CLN3
protein contains 5–6 transmembrane spanning domains
[13], and detergent partitioning experiments revealed that
it spontaneously integrates with cellular membranes [14].
Western blot analysis of lipid rafts, or detergent-resistant
microdomains (DRMs), isolated from bovine brain dem-
onstrated that CLN3 protein exists within these hydropho-
bic domains [15]. To further examine the role of CLN3
protein within DRMs we isolated DRMs from normal
and JNCL-brain and noted that DRMs derived from
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JNCL-brain were less buoyant than control. As the buoy-
ancy of DRMs is directly related to their lipid composition,
we analyzed the phospholipid composition of DRMs and
total lipids isolated from CLN3-deficient human brain. In
addition, we studied the ability of CLN3-deficient fibro-
blasts and LA-N-5 cell lines overexpressing wild-type or
mutant CLN3-L170P protein to synthesize phospholipids.
Our data demonstrate that expression of CLN3 protein is
directly correlated with the synthesis of the phospholipid
bis(monoacylglycerol)phosphate.
Materials and methods

Chemicals and reagents. [3H]Palmitic acid (43 Ci/mmol) was purchased
from New England Nuclear (Boston, MA). The protein assay kit was from
Bio-Rad (Hercules, CA). Human autopsy brains HSB 635 (control, 15-
year-old male, frontal cortex) and HSB 3187 (CLN3-deficient, 16-year-old
male, frontal cortex) were obtained from Human Brain and Spinal Fluid
Resource Center, Los Angeles California. CLN3-deficient fibroblasts were
a kind gift of Dr. K.E. Wisniewski, Staten Island, New York. The neuron-
like LA-N-5 cell line was obtained from Dr. J. Kanfer, University of
Manitoba, Canada [16].

CLN3 expression plasmid construction and generation of stable cell lines.
The complete wild-type-CLN3 cDNA was amplified by PCR using oligo-
nucleotide primers 5 0-ATGGGAGGCTGTGCA-3 0 and 5 0-TCAGGAGA
GCTGGCAGAGGAA-3 0 designed to allow for directional cloning into the
p3XFLAG-CMV-14 vector multiple cloning site (Sigma) to produce a
C-terminal FLAG CLN3. Likewise, complete WT CLN3 cDNA was
amplified by PCR using oligonucleotide primers 5 0-TTGAATTCGGCCA
CCATGGGAGGCTGTGCA-3 0 and 5 0-TAAGGATCCTCAGGAGAG
CTGGCAGAGG AA-3 0 designed to allow for directional cloning into the
p3XFLAG-CMV-9 vector multiple cloning site (Sigma) to produce a N-
terminal FLAG CLN3. LA-N-5 cells were electroporated with 5 lg of either
p3XFLAG-CMV-14-CLN3 or p3XFLAG-CMV-9-CLN3 expression vec-
tors. Stable clones were selected in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with neomycin (500 lg/mL), and individual clones
isolated by limiting dilution. Clones were screened for CLN3 protein
expression by western blot analysis using anti-FLAG antibody (Sigma)
according to manufacturer’s specifications.

The CLN3-L170P point mutant was generated using the megaprimer
method [17]. Briefly, WT CLN3 cDNA was amplified by PCR using oli-
gonucleotide primers 5 0-ATGGGAGGCTGTGCA-3 0 and 5 0-AGGCAGT
GAGGGAGGGGAAGG-3 0 to generate a megaprimer containing the
point mutation. This megaprimer was then gel purified and utilized in a
subsequent PCR reaction with 5 0-TCAGGAGAGCTGGCAGAGGAA-3 0

to amplify the entire CLN3-L170P cDNA. The PCR product was cloned
into pGEM-T (Invitrogen) and subsequently cloned into the p3XFLAG-
CMV-14 expression vector. Stable cell lines were generated as described
above.

All plasmid constructs were assessed for correct orientation by
restriction digestion analysis, and all PCR-amplified DNA sequences were
verified by DNA sequencing.

Cell culture and transient transfection. Fibroblasts and LA-N-5 cells
were grown in monolayers on 100 mm tissue culture dishes in DMEM
supplemented with 10% fetal bovine serum and 1% gentamicin. LA-N-5
cells were originally derived from a human adrenal gland tumor and
resemble neurons [16]. The LA-N-5 cell lines expressing FLAG-tagged
CLN3 and CLN3-L170P were grown in DMEM supplemented with 10%
fetal bovine serum, 1% gentamicin and 500 lg/mL neomycin. All cells
were maintained in a humidified incubator at 37 �C and 10% CO2.

CLN3-deficient patient derived fibroblasts were transiently transfected
with p3XFLAG-CMV-14 vector or the p3XFLAG-CMV-14 vector con-
taining wild-type (WT) CLN3 cDNA. Surviving cells were allowed to
adhere for 6 h at 37 �C, at which time media was removed, cells were
gently washed with PBS, and used in experiments.
Sucrose gradient fractionation. Detergent-resistant microdomains, were
isolated by their insolubility in Triton X-100 at 4 �C as previously
described [18,19]. Briefly, cells and brain tissue were lysed in 1.5 mL of
25 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.5, 150 mM
NaCl, 1% Triton X-100, supplemented with protease inhibitor cocktail
(leupeptin, phenylmethylsulfonyl fluoride, and aprotinin) (Pierce) and
incubated on ice for 1 h. The lysates were homogenized by 10–20 strokes
in a loose-fit Dounce homogenizer. Homogenates were mixed with 1.5 mL
of 80% sucrose in MBS (25 mM MES, pH 6.5, 150 mM NaCl) and
overlaid with 3 mL of 30% sucrose in MBS followed by 3 mL of 5%
sucrose in MBS. Homogenates were centrifuged for 18 h at 31,000 rpm in
an SW41 swinging-bucket rotor and 1 mL fractions were collected from
the top down for Western blot analysis. The DRM fraction was typically
found in fractions 3 and 4.

Western blot analysis. Sucrose gradient fractions were separated on
12% SDS–PAGE gels, transferred to Immobilon-P membranes (Milli-Q)
and blocked as directed by the antibody manufacturer. The Flotillin-2/
ESA monoclonal antibody (BD Biosciences) was detected with horse-
radish peroxidase coupled anti-mouse secondary antibody and protein
bands were detected by chemiluminescence.

To determine the relative expression of CLN3-FLAG protein in LA-
N-5 cell lines whole cell lysates containing 20 lg of total protein were
separated on 12% SDS–PAGE gels. Following electrophoresis, proteins
were transferred to Immobilon-P membranes (Milli-Q) and blocked as
directed by the antibody manufacturer. M2-antibody (Sigma) was detec-
ted using horseradish peroxidase-coupled anti-mouse secondary antibody
protein bands were detected by chemiluminescence.

Lipid synthesis, extraction, and HPTLC. Cells were cultured for 18 h in
media containing 1 mCi/mL [3H]palmitate. Under these conditions,
sphingolipids are labeled and palmitate is converted into acetate and
recycled such that de novo-synthesized cholesterol is also labeled. Lipids
were extracted as previously described [20]. Briefly, for total lipid analysis,
cells were washed three times with phosphate buffered saline, pH 7.4 and
collected, centrifuged, and the cell pellet resuspended in Milli-Q water.
Following sonication, lipids were extracted according to Folch [20]. For
analysis of DRM lipids, sucrose fraction four was dialyzed overnight
against 5 L water at 4 �C to remove sucrose. A Folch extraction was then
performed using the total volume after dialysis.

Lipids were analyzed by 2D-high performance thin layer chromatog-
raphy (HPTLC) using 10 · 10 cm LHP-K TLC plates (Whatman, Inc.).
Lipids from cell extracts were separated in the first dimension using
chloroform:methanol:acetic acid:water (75:25:8.8:4.5 v/v) and second
dimension using chloroform:methanol:ammonium hydroxide:water
(92:36:2.8:3.1 v/v). TLC plates were sprayed with EN3HANCE (Perkin-
Elmer) to facilitate autoradiography and bands were excised for
radioactivity determination by liquid scintillation counting.

Lipids from brain extracts were separated two times in the first dimen-
sion using chloroform:methanol:ammonium hydroxide (65:20:4 v/v) and
second dimension using chloroform:acetone:methanol:acetic acid:water
(50:20:10:10:5 v/v). Brain lipids were visualized by charring; HPTLC plates
were sprayed with a solution of 10% CuSO4, 8% H3PO4 and heated to
180 �C.

Individual lipids were unequivocally identified by the migration of
authentic lipid standards in two independent solvent systems.

Lipid phosphorus assay. Lipid phosphorus assay was done as previ-
ously described [21].
Results

CLN3-deficient DRMs are less buoyant than control

Following centrifugation of sucrose gradients during the
isolation of DRMs we visually observed that DRMs
derived from JNCL-brain appeared to be more diffuse than
control. To verify this observation, we assessed the locali-
zation of Flotillin-2 ESA, a known DRM protein marker.
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Fig. 1. DRMs isolated from CLN3-deficient brain are less buoyant than
control. Equivalent weights of control and CLN3-deficient human
autopsy brains were homogenized, protein standardized, and fractionated
on a sucrose gradient. A portion of each sucrose gradient fraction was
probed for Flotillin-2 by Western blot. Results are representative of at
least three independent experiments.
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Western blot analysis of brain sucrose gradient fractions
revealed that, unlike control, CLN3-deficient brain exhib-
ited a downward shift of Flotillin-2 localization within
the sucrose gradient, indicating that CLN3-deficient brain
(HSB 3187) DRMs are less buoyant than those derived
from control brain (HSB 635) (Fig. 1).
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BMP content of CLN3-deficient human brain is reduced

To investigate whether an alteration in relative lipid
composition might explain the observed decrease in the
buoyancy of CLN3-deficient brain DRMs, we isolated
DRMs and total lipids from normal and CLN3-deficient
brain. Equivalent amounts of lipids, as determined by lipid
phosphorus assay, were separated by 2D-HPTLC. Com-
parison of phospholipids extracted from DRMs or total
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Fig. 2. BMP is reduced in detergent resistant microdomains and total
lipids isolated from JNCL-brain. (A) Lipid standards. (B) DRM lipids
(left) and total lipids (right) were isolated from control and CLN3-
deficient brain. Equivalent amount of brain lipids were separated by 2D-
HPTLC and visualized by charring. BMP is indicated by the arrow.
Results are representative of at least three independent experiments.
brain revealed a substantial reduction in the total amount
of BMP exists in JNCL-brain (Fig. 2A and B).

BMP synthesis is reduced in CLN3-deficient patient derived

fibroblasts

Since autopsy-derived patient brain tissue is no longer
metabolically active we could only examine the steady-state
levels of lipids. To assess the relative ability of normal and
CLN3-deficient fibroblasts to synthesize BMP, equal num-
bers of cells were metabolically labeled with [3H]palmitate,
which is incorporated into newly synthesized lipids. After
harvesting, DRMs were isolated and phospholipids were
extracted and analyzed by 2D-HPTLC followed by autora-
diography. Comparison of normal and CLN3-deficient
fibroblasts revealed that de novo synthesis of [3H]-labeled
BMP was decreased in CLN3-deficient cell lines (Fig. 3A
and B), corroborating our steady state measurement in
brain.

BMP synthesis in DRMs and total lipid extract is directly

correlated with CLN3 protein expression

To further evaluate the role of CLN3 protein expression
in the synthesis of BMP, we generated LA-N-5 neuroblas-
toma cell lines that overexpressed either wild-type-CLN3
or its non-functional mutant CLN3-L170P [22]. Western
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Fig. 3. BMP synthesis is reduced in detergent resistant microdomains
isolated from JNCL patient derived fibroblasts. (A) Lipid standards. (B)
Control and CLN3-deficient human fibroblast cell lines were incubated
with [3H]palmitate for 18 h. Equivalent number of cells were harvested
and DRMs were isolated. DRM lipids were extracted, separated by 2D-
HPTLC, and visualized by autoradiography. BMP is indicated by the
arrow. Bands were excised from the TLC plates and [3H]palmitate
incorporation was measured for each of the lipid species. Results are
representative of at least three independent experiments in three indepen-
dent patient cell lines.
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Fig. 4. Overexpression of CLN3 increases BMP content of DRMs and total lipids and restores BMP synthesis in patient derived cell lines. (A) Total cell
extracts from LA-N-5 cell lines were probed by Western blot using an anti-FLAG antibody lane 1: LA-N-5 WT; lane 2: vector only; lane 3: C-terminal
FLAG CLN3; lane 4: C-terminal FLAG L170P CLN3; lane 5: N-terminal FLAG CLN3. Results are representative of at least three independent
experiments. (B) LA-N-5 cell lines: parental cell line (WT), vector transfected (Vector), transfected with C-terminal FLAG CLN3 cDNA containing
missense mutation L170P (C-CLN3 L170P), N-terminal FLAG-CLN3 tranfected (N-CLN3), or C-terminal FLAG-CLN3 transfected (C-CLN3) were
incubated with [3H]palmitate for 18 h. Cells were harvested, protein standardized, fractionated on a sucrose gradient, lipids were extracted from the DRM
fraction, and separated by 2D-HPTLC. Bands were excised from TLC plates and [3H]palmitate incorporation was measured for each lipid. Results are
representative of at least three independent experiments. (C) LA-N-5 cell lines: parental cell line (WT), vector transfected (Vector), transfected with C-
terminal FLAG CLN3 cDNA containing missense mutation L170P (C-CLN3 L170P), N-terminal FLAG-CLN3 tranfected (N-CLN3), or C-terminal
FLAG-CLN3 transfected (C-CLN3) were incubated with [3H]palmitate for 18 h. Cells were harvested, protein standardized, and total lipids were
extracted and separated by 2D-HPTLC. Bands were excised from TLC plates and [3H]palmitate incorporation was measured for each lipid. Results are
representative of at least three independent experiments. (D) Patient derived CLN3-deficient fibroblasts were transfected with either an empty C-terminal
FLAG vector or the same vector containing WT CLN3 cDNA. Cells were labeled for 24 h with [3H]palmitate and harvested 30 h post-transfection. Total
lipids were isolated, separated by 2D-HPTLC, visualized by autoradiography, and quantitated by scintillation counting. Data shown are displayed as
percentages of vector transfected. Results are from a single experiment that are representative at least three independent experiments.
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blot analysis of LA-N-5 whole cell lysates demonstrated
expression of wild-type-CLN3-FLAG or mutant CLN3-
L170P FLAG protein only in extracts derived from trans-
fected cell lines (Fig. 4A). To ascertain the relative abilities
of these cell lines to synthesize phospholipids we measured
the incorporation of [3H]palmitate into lipids isolated from
DRMs and total lipid extract. Analysis of [3H]palmitate
incorporation into newly synthesized lipids within both
DRMs (Fig. 4B) and total lipid extracts (Fig. 4C) revealed
a pronounced increase in BMP synthesis in cell lines over-
expressing either N or C terminal FLAG CLN3. Con-
versely, overexpression of the non-functional mutant
CLN3-L170P resulted in a reduction in BMP derived from
both DRMs (Fig. 4B) and total lipid extracts (Fig. 4C).
CLN3-deficient patient fibroblasts are rescued by

transcomplementation with wild-type-CLN3

In order to determine if the defective BMP synthesis
observed in CLN3-deficient fibroblasts was a direct result
of CLN3 deficiency, we asked whether BMP synthesis
could be restored by transient expression of wild-type-
CLN3. Western blot analysis of transiently transfected
patient derived cell lines revealed that CLN3-FLAG pro-
tein expression peaked at 24 h after transfection (data not
shown). Transfected patient fibroblasts were then assayed
for their ability to synthesize BMP by labeling cells with
[3H]palmitate for 24 h beginning at 6 h post transfection.
Total lipids were separated by 2D-HPTLC and individual
lipids identified and quantified. BMP synthesis was
restored to 260% of control cells, while synthesis of other
lipids remained the same (Fig. 4D).
Discussion

DRM preparations selectively enrich for cholesterol-rich
membranes comprised of plasma membrane DRMs and
late endosomal DRMs [23]. In this study we show that defi-
ciency of CLN3 protein results in less buoyant DRMs
(Fig. 1) and that the change in buoyancy corresponds to
altered lipid composition (Fig. 2B). Analysis of total lipids
revealed that total BMP level is reduced in JNCL-brain
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(Fig. 2B). To determine if this observation was a result of
CLN3 deficiency we incubated both patient-derived fibro-
blasts and overexpressing neuroblastoma cell lines with
3[H]palmitic acid to label newly synthesized phospholipids.
Metabolic labeling studies demonstrated that overexpres-
sion of wild-type-CLN3 protein resulted in increased syn-
thesis of BMP (Fig. 4A–C), whereas CLN3-deficient
patient fibroblasts (Fig. 3B) or overexpression of the mis-
sence mutant CLN3-L170P (Fig. 4A–C), reduced synthesis
of BMP, corroborating our steady-state measurements in
brain. Further, complementation of JNCL-fibroblasts with
C-terminal FLAG CLN3 was sufficient to restore their
ability to synthesize BMP (Fig. 4D).

Numerous functions for CLN3 protein have been pro-
posed, including roles in vesicle acidification [24,25], amino
acid transport [26,27], and more recently, palmitoyl-protein
delta-9 desaturase activity [28]. Our work shows, for the
first time, a new function of the CLN3 protein: a role in
BMP biosynthesis. As is the case for most of the previously
proposed roles for CLN3 protein, our data do not establish
whether the role of CLN3 protein in BMP synthesis is a
primary function or a secondarily mediated effect and fur-
ther study is needed to address this issue. Nevertheless, in
view of the described roles of BMP in cellular function it
is readily apparent that significant reductions of BMP
within detergent-resistant microdomains could alter the
biophysical properties of those membranes and impact
membrane dynamics and flow, as well as the function of
enzymes that require BMP for optimal functioning [29–
35]. Reduced BMP, therefore, could result in lysosomal
pathology.
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