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Neuronal ceroid lipofuscinosis (NCL) comprises ∼13 genetically distinct lysosomal disorders primarily affect-
ing thecentralnervous system. Herewe reportsuccessful reprograming of patientfibroblasts into induced pluri-
potent stem cells (iPSCs) for the two most common NCL subtypes: classic late-infantile NCL, caused by
TPP1(CLN2) mutation, and juvenile NCL, caused by CLN3 mutation. CLN2/TPP1- and CLN3-iPSCs displayed
overlapping but distinct biochemical and morphological abnormalities within the endosomal– lysosomal
system. In neuronal derivatives, further abnormalities were observed in mitochondria, Golgi and endoplasmic
reticulum. While lysosomal storage was undetectable in iPSCs, progressive disease subtype-specific storage
material was evident upon neural differentiation and was rescued by reintroducing the non-mutated NCL pro-
teins. In proof-of-concept studies, we further documented differential effects of potential small molecule
TPP1 activity inducers. Fenofibrate and gemfibrozil, previously reported to induce TPP1 activity in control
cells, failed to increase TPP1 activity in patient iPSC-derived neural progenitor cells. Conversely, nonsense sup-
pression by PTC124 resulted in both an increase of TPP1 activity and attenuation of neuropathology in patient
iPSC-derived neural progenitor cells. This study therefore documents the high value of this powerful new set of
tools for improved drug screening and for investigating early mechanisms driving NCL pathogenesis.

INTRODUCTION

The neuronal ceroid lipofuscinosis (NCL) disorders (sometimes
referred to as Batten disease) are a group of at least 13 distinct

lysosomal diseases with overlapping clinical features including
progressive motor and cognitive decline, pigmentary retinal de-
generation and visual loss in most cases, seizures, movement dis-
order and eventual premature death (1). Collectively, the NCLs
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represent the major Mendelian cause of neurodegeneration
among children, affecting �1–4 in 100 000 live births in most
geographic regions (2). Of the distinct NCL subtypes, the most
common are classic late-infantile NCL (CLN2), caused by
loss-of-function mutations in TPP1, which encodes the soluble
lysosomal enzyme tripeptidyl peptidase-1 (TPP1), and juvenile
NCL (CLN3), caused by loss-of-function mutations in CLN3,
which encodes a transmembrane endosomal/lysosomal protein
(CLN3 or battenin) with orthologs from yeast to mammals
(2). The histopathologic features common to the NCLs include
lysosomal accumulation of autofluorescent, electron-dense
material composed of oxidized lipids and undigested proteins,
in particular, subunit c of the mitochondrial ATP synthase
complex (3). These findings suggest the differing genetic under-
pinnings of NCL subtypes converge on a final common pathway
that may involve incomplete clearance of mitochondria targeted
to lysosomes (4).

While TPP1 functions as a lysosomal enzyme, its in vivo
substrates are unknown, though subunit c is likely one of
them (4). How TPP1 deficiency ultimately results in neuronal
cell dysfunction is unknown. Similarly, though cloned more
than a decade ago, the primary CLN3 protein function
remains unresolved (for a recent review 5). An expanding
CLN3 protein interaction network (6–11) links the protein
to regulators of endocytic pathway trafficking and the cyto-
skeleton, consistent with research using lower mammalian
and other eukaryotic NCL models suggesting that defects in
endocytic trafficking, autophagy, lipid processing and cyto-
skeletal organization are major components of NCL pathogen-
esis, particularly for juvenile NCL (CLN3) (1,12–15). The
yeast ortholog of CLN3, Btn1p, has been shown to be import-
ant for vacuolar pH homeostasis and amino acid transport
(16–19), and to regulate transport of a subset of proteins
between the vacuole (the yeast equivalent of the lysosome)
and the trans-Golgi network (20, 21) and a similar role for
CLN5 in retrograde trafficking has been demonstrated in
HeLa cells (22).

While single-cell and other organism models offer use-
ful guiding principles, it remains unknown whether the observa-
tions made in them are valid in human neurons or recapitulate
critical aspects of the human disease. For this reason, the deriv-
ation of induced pluripotent stem cells (iPSCs) from patients and
subsequent differentiation to specific cell types of interest has
emerged as a powerful tool for human disease modeling and
therapeutic screening (23, 24). Although subject to the limita-
tions of any in vitro model system, iPSCs and their derivatives
from patients with Mendelian disorders provide the precise
genetic lesion and genetic background for testing mechanistic
hypotheses and potential therapies in a genotype-specific
manner.

Here we provide the first report of successful reprograming
of patient fibroblasts with mutations in CLN2/TPP1 and
CLN3. We have interrogated the earliest disease events in the
human iPSCs at the pluripotent stage and through neuronal
differentiation, and demonstrate distinct, but also overlapp-
ing, early-stage pathology in multiple subcellular compart-
ments. We also report on assays and proof-of-concept studies
that establish a new platform for improved genotype-directed
NCL therapy development and drug screening in patient
neurons.

RESULTS

Derivation and characterization of iPSCs from
late-infantile and juvenile NCL patient fibroblasts

Fibroblasts from two late-infantile NCL patients (CLN2; here-
after designated TPP1 lines), four juvenile NCL patients (homo-
zygous or compound heterozygous for CLN3 mutations;
hereafter designated CLN3 lines) and two unaffected individuals
(normal TPP1 and CLN3 alleles, or heterozygous for the
common CLN3 �1-kb deletion) were reprogramed using the
standard four-factor retroviral reprograming method (OCT4,
SOX2, MYC and KLF4) (25–27). One additional iPSC line pre-
viously established by the same method was also used as a
control in these studies (27). Multiple iPSC lines from each of
the patient fibroblast lines were isolated and expanded for
further characterization, as summarized in Supplementary Ma-
terial, Table S1.

The pluripotent state of iPSC clones was confirmed by posi-
tive staining for alkaline phosphatase and the pluripotency
markers SSEA4, OCT4 and TRA-1–60 (Supplementary Mater-
ial, Fig. S1A). Silencing of exogenous transgenes was verified by
qRT–PCR using freshly infected donor fibroblasts as a positive
control, and by the loss of GFP reporter signal from the MIG
retroviral vectors (see Materials and Methods). Viral transgenes
were efficiently silenced in all patient-derived iPSC clones (Sup-
plementary Material, Fig. S1B and data not shown). Further-
more, all iPSC clones could be induced to form embryoid
bodies which gave rise to cells from all three germ layers
in vitro: meso-, endo- and ectoderm (Supplementary Material,
Fig. S1C, left panel). PCR analysis of embryoid bodies con-
firmed expression of genes specific for differentiation (Supple-
mentary Material, Fig. S1C, right panel). Thus, iPSCs derived
from TPP1 and CLN3 patients, and unaffected individuals, are
pluripotent. The TPP1 and CLN3 mutation status of the iPSC
lines was also confirmed by PCR (Supplementary Material,
Fig. S2A and B). As observed in brain tissue and cerebellar
cells derived from the Cln3Dex7/8 knockin model, which bears
the common �1-kb CLN3 deletion mutation found in most ju-
venile NCL patients, and wild-type littermates (28), multiple
CLN3 transcripts in addition to the major �1.8-kb form were
present in control iPSCs and neural progenitor cells (NPCs).
Cells homozygous for the common CLN3 deletion, however,
showed multiple, distinct smaller transcripts, with a major
form at �1.4 kb (Supplementary Material, Fig. S2C). 5′-UTR
and 3′-UTR-anchored RT–PCR and cloning of CLN3 cDNA
from CLN3IVS13/E15 fibroblasts and iPSCs showed stable tran-
scripts bearing the point mutation on the c.1247 A.G allele,
as well as multiple aberrant splice products surrounding the
intron 13 (IVS13) mutation, confirming the pathogenicity of
the c.1056 + 3 A.C mutation (Supplementary Material,
Fig. S2C and Table S2).

The late endosomal–lysosomal compartment is disrupted
in CLN3 iPSCs

Prior evidence exists for abnormalities in the lysosomal, mito-
chondrial and Golgi compartments in models of NCL, particu-
larly juvenile NCL (for example 15, 21). However, it remains
controversial what of these defects is primary in the disease
pathogenesis, and the primary defects probably differ depending
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on the gene mutation. This motivated us to survey the membrane
organelles in our set of unaffected and affected NCL iPSCs.
While immunostaining for Golgi and mitochondrial marker pro-
teins (GM130 and GRP75, respectively) was unrevealing of
clear genotypic differences (data not shown), immunofluores-
cence for the lysosomal transmembrane protein LAMP1 high-
lighted frequent, unusually large ring-like structures in CLN3
patient iPSCs, which were not observed in control and TPP1
patient iPSCs (Fig. 1A). Similarly, we observed numerous ap-
parently empty vacuolar structures (up to 20 mm in diameter)
by transmission electron microscopy (TEM) (Fig. 1B), although
definitively determining whether these correspond to the
LAMP1-labeled ring-like structures at the immunofluorescence
level would require further studies. Notably, despite the
observed differences in LAMP1 immunofluorescence, total
LAMP1 levels, detected by immunoblotting of cell lysates,
were not significantly different as compared with unaffected
cell lines (Supplementary Material, Fig. S3A).

We also probed the NCL iPSCs for disease characteristic
storage material using an established subunit c antibody (29)
and by ultrastructural examination. Autofluorescence was not
detected above background levels present in unaffected iPSC
lines (data not shown). Similarly, no disease-related subunit c ac-
cumulation was detected in any of the patient iPSC lines (Supple-
mentary Material, Fig. S3B and data not shown). Moreover, we
did not observe abnormal storage material by TEM analysis of
the iPSC lines (Fig. 1). In all iPSC lines examined, autophagic
compartments were readily observed. The major autophagic
structures observed were interpreted as late/degradative autop-
hagic vacuoles and autolysosomes (‘AV’ in Fig. 1) containing
a single limiting membrane and cellular constituents at various
stages of degradation, based on established morphologic criteria
as outlined in Materials and Methods. Double-membrane-bound
initial autophagosomes containing morphologically intact orga-
nelles were not readily observed. Although the average number
of AV per cell, normalized to total cell area, did not differ

Figure 1. TPP1 and CLN3 patient iPSCs show distinct pathology in lysosomal and autophagic compartments. (A) iPSC cells derived from control (unaffected) and
patient (affected) fibroblasts were grown on Matrigel-coated cover slips and immunostained for lysosomal vesicles with LAMP1. Arrows and insets demonstrate
enlarged LAMP1-positive vacuoles in two different representative CLN3 iPSC lines. Scale bar: 10 mm. (B) Representative TEM images of control (unaffected)
and patient-derived (affected) iPSCs. N, nucleus; AV, degradative autophagic vacuoles; L, lipid droplets; asterisks, empty vacuoles. Scale bars: 10 nm (control
and CLN3Dex7/8/Dex7/8), 2 nm (CLN3IVS13/E15 and TPP1IVS5/E6). (C) Quantification of structures demonstrated in (B). No significant difference was observed in the
autophagic vacuole profile count per cell area (P . 0.05). Significantly more empty vacuoles were observed in CLN3Dex7/8/Dex7/8 cells (∗∗P , 0.01), and significantly
more cytoplasmic lipid droplets were observed in TPP1IVS5/E6 cells (∗∗P , 0.01). Data are shown as mean+SD. Similar qualitative patterns were observed in at least
two additional iPSC lines each from TPP1 and CLN3-affected patients. (D) AV area measured for at least 20 representative degradative autophagic vacuoles per cell
line, which were defined as described in Materials and Methods. ∗∗P , 0.01. (E) TPP1 enzyme activity in patient iPSC lines (affected), specifically TPP1 lines (Group 1)
and CLN3 lines (Group 2), compared with control (unaffected) lines (Group 3; note that CLN3-iPS 5A is from a phenotypically normal donor heterozygous for the
common CLN3Dex7/8 deletion). P , 0.01, Group 1 versus Groups 2 and 3. P , 0.05, Group 2 versus Group 3. Data are shown as mean+SD of three technical repli-
cates per line normalized to total protein.
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significantly between control, CLN3 and TPP1 lines, the average
area of the identified AV in CLN3 patient lines was significantly
larger than those observed in control or TPP1 lines (Fig. 1C and
D). Intriguingly, the TPP1 patient lines also showed abundant
cytoplasmic lipid droplets but few empty vacuoles, and AVs
were not enlarged (Fig. 1B–D). Finally, a fluorometric assay
for TPP1 enzyme activity in iPSCs demonstrated robust activity
in control cells and markedly reduced levels in the TPP1 patient
cells as expected. Interestingly, intermediate TPP1 levels were
found in all CLN3-affected patient iPSC lines examined
(�60% of control levels, Fig. 1E).

Generation of neural progenitor cells from control
and patient-specific iPSCs

To gain further insight into NCL pathophysiology in vulnerable
cell populations such as neurons, we generated and characterized
NPCs from iPSCs. NPCs expressing the expected neural pro-
genitor markers Nestin, SOX1, SOX2 and Musashi were gener-
ated by first differentiating the iPSCs to embryoid bodies,
followed by dissociation and isolation and expansion of neural
rosettes (see Materials and Methods and Supplementary Mater-
ial, Fig. S4A). To further confirm the neural nature of the gener-
ated NPCs and therefore the loss of pluripotency, we performed
qRT–PCR analysis comparing NPC marker gene expression

levels to those of iPSCs. As expected, pluripotency genes such
as NANOG and OCT4 were downregulated within the NPC
populations whereas genes characteristic for NPCs such as
PAX6, SOX1 and MUSASHI1 were upregulated compared with
iPSCs (Supplementary Material, Fig. S4B). We additionally
compared gene expression levels of NPC lines to those of embry-
oid bodies. Genes for meso- and endoderm (GATA4 and T,
respectively) as well as for epidermis (KRT18) and neural crest
(PAX3) were markedly downregulated in comparison to embry-
oid bodies; CDX2, which is prominently expressed in extra-
embryonic tissue, yielded no amplification (Supplementary
Material, Fig. S4C).

Neural precursor cells derived from CLN3 and TPP1
patient iPSCs display NCL-like characteristics

We next sought to further evaluate organellar pathology (mito-
chondria, Golgi, late endosomes/lysosomes) in the CLN3 and
TPP1 patient iPSC-derived NPC lines. Immunostaining for the
mitochondrial marker GRP75 showed a variable staining
pattern in the different NPC lines and therefore genotypic differ-
ences at the immunoflourescence level were not immediately
evident for this marker (Fig. 2). Immunostaining for the cis-
Golgi marker GM130, though also somewhat variable in the dif-
ferent NPC lines, consistently appeared more vesiculated and

Figure 2. TPP1 and CLN3 patient NPCs display abnormal Golgi and endosomal/lysosomal marker staining patterns. Control (unaffected) and patient (affected) NPCs
were fixed and stained for GRP75 (mitochondria), GM130 (cis-Golgi), or LAMP1 (late endosomes/lysosomes). Representative images are shown. White arrowheads
denote examples of CLN3 patient cells with a vesiculated GM130 staining pattern. Scale bars: 10 mm. PFA, paraformaldehyde.
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less organized in all CLN3 patient NPC lines compared with
control or TPP1 lines (Fig. 2). Image analysis of the GM130
immunostained structures revealed a larger proportion of
Golgi structures with a high circularity score in the CLN3
NPCs, compared with the proportion of structures with a high
circularity score in control NPCs, consistent with increased ves-
iculation. In control NPCs, 38+ 2% of GM130 structures ana-
lyzed had a circularity score between 0.9 and 1 using ImageJ.
The percentage of identified GM130 structures with a circularity
score between 0.9 and 1 in CLN3 NPCs was 46+ 1% for
CLN3Dex7/8/Dex7/8 NPCs (P , 0.01 versus controls) and 52+
2% for CLN3IVS13/E15 NPCs (P , 0.01 versus controls). The
GM130 staining pattern in TPP1 patient NPCs was not easily
distinguishable from control NPCs (TPP1IVS5/E6 ¼ 37+ 1%,
P . 0.5 versus controls).

LAMP1 immunostaining also revealed morphological altera-
tions in CLN3 and TPP1 patient NPCs, as compared with control
cells. Brightly stained puncta were observed mostly in the peri-
nuclear region in control cells fixed with paraformaldehyde
(PFA), while faintly labeled LAMP1 puncta were often

dispersed into the cell periphery in CLN3 and TPP1 patient
cells fixed with PFA (Fig. 2). LAMP1-positive structures were
more readily observed when the NPCs were fixed using metha-
nol/acetone (50%/50%), rather than PFA (Fig. 2). The improved
LAMP1 antibody staining revealed numerous ring-like struc-
tures that extended into the cell periphery in both CLN3 and
TPP1 patient NPCs (67+ 12% and 78+ 14% of the CLN3
and TPP1 NPC cells, respectively, displayed this pattern, com-
pared with 35+ 12% of control NPC cells displaying prominent
peripheral LAMP1-positive vesicles; P , 0.01).

Significantly, by TEM we also observed membrane-bound
structures partly filled with storage-like material in both CLN3
and TPP1 patient lines in �5% of cells (Fig. 3A). This storage-
like material resembled curvilinear bodies but was not identical
to the classic curvilinear storage material typically observed in
clinically progressed NCL patients at the time of diagnosis.
TEM of the TPP1 and CLN3 patient NPC lines also showed nu-
merous ‘empty’ vacuolar structures �200–800 nm in diameter,
similar to but smaller than those observed in CLN3 patient iPSCs
(Fig. 3A and B). Correlated with the presence of the mostly

Figure 3. NCL-like storage and organelle abnormalities are observed in ultrastructural studies of TPP1 and CLN3 patient NPCs. (A) Representative TEM images
showing control (unaffected) and patient (affected) NPCs (represented genotypes are indicated) grown under subconfluent conditions. Abbreviations: ER, endoplas-
mic reticulum; MVB, multivesicular body; st, storage material; m, mitochondria. Scale bars: 500 nm. (B) Manual counts of multivesicular bodies and empty vacuoles,
and ER lumen diameter measurements, from representative control versus TPP1 and CLN3-affected patient lines. Data are shown as mean+SEM of counts in at least
20 cells per line. ∗∗P , 0.01; ∗∗∗P , 0.001; nm, nanometers. (C) TPP1 enzyme activity in affected TPP1 lines (Group 1), affected CLN3 lines (Group 2) and unaffect-
ed control lines (Group 3). P , 0.001, Group 1 versus Groups 2 and 3. P , 0.05, Group 2 versus Group 3. Data are shown as mean+SD of three technical replicates
per line normalized to total protein.
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empty vacuoles was a marked depletion of multivesicular
bodies, a subset of secondary endosomes �100–600 nm in
diameter containing intraluminal vesicles of �25–50 nm
(Fig. 3B). This deficiency was especially pronounced in CLN3
patient NPCs. We also observed morphologic aberrations in
�15–25% of mitochondria sampled in CLN3 patient NPC
lines, including distended mitochondria, disruption of the mito-
chondrial internal architecture and loss of cristae. These mito-
chondrial abnormalities were not observed in control and
TPP1 patient NPC lines (Fig. 3A). TPP1 patient NPCs most
notably displayed pronounced dilation of the endoplasmic re-
ticulum (ER) and a marked deficiency of TPP1 enzyme activity
(Fig. 3B and C). Intriguingly, rather than the relative TPP1
enzyme deficiency observed at the iPSC stage, CLN3 patient
NPCs showed slight but statistically significant elevations of
TPP1 enzyme activity compared with control NPCs (Fig. 3C).

The observation of storage-like material by TEM prompted us
to further examine the NCL patient NPCs by subunit c immunos-
taining and autofluorescence analyses. Indeed, we observed
cytoplasmic, subunit c-positive accumulations in the main cell
body of all TPP1 and CLN3 patient NPC lines examined.
These accumulations of subunit c were localized to LAMP1-
positive compartments (Fig. 4A). Moreover, the subunit
c-positive accumulations co-localized with autofluorescent
deposits (Fig. 4B). Thus, the features of the storage material
observed in the NCL patient NPCs were highly consistent with
what has been described in other in vitro and in vivo NCL
model systems and in patient autopsy material (for example
2,15,28,29).

Mature TPP1 and CLN3 patient neurons show progressive
organellar pathology and characteristic NCL storage
material

Mature neurons derived from TPP1 and CLN3 patients are of
great interest because they represent the primary cell type that
undergoes progressive degeneration during the NCL disease
process. We therefore investigated the neuronal differentiation
potential of TPP1 and CLN3 patient NPCs using a standard
protocol involving withdrawal of mitogens and addition of
cyclic AMP to NPC cultures grown as monolayers for at least
2 weeks. While robust neuronal differentiation was achieved
using this method for control and TPP1 patient NPC cultures,
this approach resulted in a poor yield of immature and mature
neurons in CLN3 patient NPC cultures, which tended to detach
from the plates over the differentiation period and displayed
only stunted neuritic outgrowths in the remaining cells
(Fig. 5A). Extending differentiation to 3 or 4 weeks did not in-
crease the number of neurons derived from CLN3 patient
NPCs (data not shown). The failure of CLN3 patient NPC
lines to efficiently differentiate from monolayer cultures was in-
dependent of passage number and reproducible across cell lines
from multiple donor patients, and prompted us to also examine
growth. In BrdU incorporation assays, we consistently observed
a considerable deficiency in the CLN3 patient NPCs’ recovery
after plating in comparison to control and TPP1 patient NPCs,
though no significant differences in growth rate per se were
observed over the subsequent 24-h period (Supplementary Ma-
terial, Fig. S5A, B). TUNEL assay 24 h postreplating revealed
that there was no increase in apoptosis in still-attached TPP1

and CLN3 cells compared with control NPCs (Supplementary
Material, Fig. 5C).

An alternative neuronal differentiation approach that pro-
motes cell–cell contact in neuralized embryoid bodies was
therefore also tested (30). Using this approach, CLN3 patient
iPSCs successfully gave rise to TUJ1 (bIII tubulin)-positive im-
mature and MAP2ab-positive mature neurons (Fig. 5B), to an
extent comparable with that from control iPSCs (not shown),
as well as from control and TPP1-deficient NPC lines grown as
monolayer cultures and differentiated for 14 days (Fig. 5A).
Further, electrophysiological analysis showed the expression
of sodium channels and the capability of firing spontaneous
and depolarization-dependent action potentials, thus confirm-
ing the acquisition of properties of mature and functional
neurons from both differentiation methods (Fig. 5C–E, Supple-
mentary Material, Table S4). No significant differences were
observed in the electrophysiological properties of TPP1 or
CLN3 patient neurons, compared with the respective control
neurons, though sodium currents were significantly larger after
monolayer differentiation in general (Fig. 5E; Supplementary
Material, Table S4).

We next evaluated differentiated TPP1 and CLN3 neurons for
organellar pathology and the presence of storage material.
Similar to our observation in NPC cultures, GM130 staining in
the patient lines revealed dispersion of normally compact, juxta-
nuclear Golgi structures and a significantly increased percentage
of GM130 labeled structures with a high circularity score as
compared with control or TPP neurons (Fig. 6). A markedly ves-
icular Golgi network with disorganized cisternal stacking and
disrupted intercisternal bridging was also observed by TEM
(Fig. 7). In contrast to control neurons where LAMP1-positive
puncta were mostly localized to the perinuclear region,
LAMP1 staining was dispersed throughout much of the cell
bodies and often into primary and secondary neurites in CLN3
patient neurons (Fig. 6). Quantification revealed an �2-fold in-
crease of neurite-localized LAMP1 puncta in the CLN3 neurons
versus control neurons (Fig. 6). Clear alterations in LAMP1
immunostaining were not immediately evident in the TPP1
neurons, versus the control neurons (Fig. 6). GRP75 immunos-
taining to label the mitochondrial network was again variable,
as it was in the NPCs, and therefore did not highlight obvious
genotypic differences (Supplementary Material, Fig. S6).
However, the mitochondrial dysmorphology seen in CLN3
patient NPCs at the TEM level was even more pronounced in
mature neurons, with �50% of the mitochondria displaying
reduced cristae (Fig. 7). Though no major significant changes
in mitochondrial cristae density were observed in TPP1 patient
neurons, occasional mitochondria in these cells were noted to
display expansion of intermembrane spaces and vacuolation
(Fig. 7), similar to the pattern described in SOD1 mouse
models of amyotrophic lateral sclerosis (31). The ER in TPP1
patient neurons was globally dilated, and a subset of the ER in
CLN3 patient neurons was also significantly dilated (Fig. 7).
Neurons also showed numerous intracytoplasmic, membrane-
bound structures containing storage material of curvilinear
morphology in TPP1 patient neurons and mixed curvilinear
and fingerprint morphologies in CLN3 patient neurons
(Fig. 7). It is noteworthy that the curvilinear profile predominates
in TPP1 patient biopsy samples, while the fingerprint profile pre-
dominates in CLN3 patient biopsy samples (2), indicating that
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the iPSC model system recapitulates diagnostic features of NCL.
The empty vacuoles present in the cytoplasm at the NPC stage
were not as evident in mature neurons, while mature MVBs
remained reduced in the CLN3 patient neurons.

CLN3 and TPP1 protein overexpression rescues
neuropathological events in patient NPCs

To test the utility of these patient-specific neuronal cell culture
models as screening tools for agents that modulate NCL-related

phenotypes, we first sought to reintroduce the wild-type proteins.
Using an AAVrh.10 virus bearing wild-type human
CLN3 cDNA, which was recently tested in vivo and shown to
partially rescue neuropathological phenotypes in Cln3Dex7/8

mice (Sondhi, Scott, Chen, Hackett, Wong, Kubiak, Nelvagal,
Cotman, Cooper and Crystal, accepted manuscript, Hum Gene
Therapy), we infected both control and CLN3 patient NPCs,
and analyzed the extent of expression. In infected control NPC
cultures, using an established CLN3 antibody (batp1; (28)),
strong CLN3 staining was observed in �10–20% of cells (see

Figure 4. Characterization of NCL-like storage material in TPP1 and CLN3 patient NPCs. (A) Representative immunofluorescence images are shown of LAMP1 and
subunit c co-immunostained NCL patient NPCs. Scale bar: 10 mm. (B) Representative images of subunit c stainingand autofluorescence analysis of NCL patient NPCs
are shown (a representative CLN3IVS13/E15 line is shown,and results are typical of that observed in other patient lines). ‘Secondary only’ indicates results obtainedwhen
primary antibody was omitted. Scale bars: 20 mm.
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Materials and Methods for multiplicity of infection (MOI)
details), in a pattern that was observed to extensively but not
entirely overlap with the LAMP1 signal (Fig. 8A; Supplemen-
tary Material, Fig. S7). Infection of the CLN3 patient NPCs, fol-
lowed by anti-CLN3 immunostaining yielded similar results to
those in control NPCs (Fig. 8A; Supplementary Material,
Fig. S7). Notably, the CLN3 antibody also weakly labeled unin-
fected control NPCs displaying vesicular staining with partial
LAMP1 overlap, consistent with previous studies using this anti-
body (15, 28) (see arrows in Fig. 8A). As expected, the batp1

signal was weaker in the uninfected CLN3 patient versus
control NPCs. The incomplete overlap with LAMP1 in the
uninfected cells may reflect a difference in trafficking of the en-
dogenous versus overexpressed protein. Indeed, differential lo-
calization of CLN3 protein based on its expression level has
been previously reported (20).

Next we sought to determine whether introduction of full-
length, non-mutated CLN3 would improve the hallmark NCL
lysosomal storage pathology in CLN3 patient cell lines. This
was assessed by an established immunostaining assay against

Figure 5. Differentiation potential of TPP1 and CLN3 patient iPSCs and NPCs. (A) NPC monolayer cultures derived from control (unaffected), CLN3-affected patient
(CLN3Dex7/8/Dex7/8 and CLN3IVS13/E15) and TPP1-affected patient (TPP1IVS5/E6) iPSCs were differentiated for 14 days and stained for markers of immature neurons
(TUJ1, green) and mature neurons (MAP2ab, red). Representative images from one line per genotype are shown. Cell nuclei are counterstained with DAPI (blue).
Scale bars: 100 mm. (B) CLN3-affected patient neurons, differentiated via iPSC-derived neuralized embryoid bodies (EB), are shown. Cultures were differentiated
for 14 days and stained for markers of immature (TUJ1, green) as well as mature neurons (MAP2ab, red). Representative images from a CLN3 patient iPSC line are
shown. Cell nuclei are counterstained with DAPI (blue). Scale bars: 100 mm. (C–E) Electrophysiological properties of neurons from control or patient-derived iPSCs.
(C) Representative traces fromvoltage-clamprecordings are depicted foreach genotype.Two different control (unaffected) examplesare shown, representing neurons
derived using the monolayer differentiation method (left) and the neuralized EB differentiation method (right), to allow for the best comparisons to the TPP1 and
CLN3-affected patient neuron traces, respectively. Representative images from current-clamp recordings show the ability to fire action potentials in response to
depolarizing stimuli. (D) Spontaneous firing of action potentials seen in control (unaffected) and TPP1-affected patient-derived neurons. (E) Current–voltage rela-
tionships are shown.
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the major stored protein, subunit c of the mitochondrial ATP
synthase (29), followed by image analysis. While abnormal
subunit c storage deposits were readily detected in the uninfected
CLN3 patient NPCs (white arrows, Fig. 8B), consistent with
our previous observations shown in Figure 4, the subunit c

puncta in the AAVrh.10hCLN3-infected cultures were both
significantly smaller and less abundant (white arrowheads,
Fig. 8B), indicating that the introduced non-mutated protein
was able to partially correct the CLN3 deficiency in the patient
NPCs. We were unable to directly correlate CLN3 expression

Figure 6. Golgi and late endosome/lysosome markers analysis of TPP1 and CLN3 patient neurons. Monolayer differentiated TPP1-affected neurons or iPSC-derived
neuralized embryoid body differentiated CLN3-affected neurons were immunostained for the cis-Golgi marker GM130 and the lysosomal marker LAMP1.
Representative images of control (unaffected) neurons stained for GM130 and LAMP1 are also shown. MAP2ab was used to mark neurons and DAPI was
used to counterstain nuclei. Arrows show LAMP1-positive vesicles along neurites. Scale bar sizes are indicated. Bar graphs represent mean+SEM values for %
GM130 structures with a circularity score between 0.9 and 1, where 1 represents a perfect circle (left bar graph), and LAMP1 puncta per mm of neurite length.
∗∗∗P , 0.001.
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and subunit c storage by co-immunostaining since both the
CLN3 and subunit c antibodies were made in rabbit. Neverthe-
less, the partial correction of subunit c storage was overall con-
sistent with the infection rate of the AAVrh.10hCLN3 vector
in this system.

Infection of TPP1 patient NPCs with an AAVrh.10 virus con-
taining wild-type human TPP1 cDNA (32) likewise caused
marked elevations of TPP1 expression compared with that

observed in uninfected NPCs, as assessed by immunostaining
(Fig. 9A). Not surprisingly, given the potential for cross-
correction with the TPP1 secreted enzyme, nearly all of the
cells in the infected TPP1 patient NPC cultures showed elevated
TPP1 expression. Co-immunostaining for TPP1 expression and
subunit c storage, followed by image analysis, further demon-
strated a clear dramatic reduction in storage material by overex-
pression of TPP1 (Fig. 9A).

Figure 7. TPP1 and CLN3 patient neurons show disease subtype-specific storage material and progressed non-lysosomal pathology. Representative EM images are
shown for control (unaffected), TPP1 and CLN3 (affected) patient neurons, 14 days after NPC differentiation or iPSC-derived neuralized embryoid body differen-
tiation in the case of CLN3-affected patient neurons. ER, endoplasmic reticulum; MVB, multivesicular body; M, mitochondria; st, storage material. Scale bars:
500 nm. The single asterisk depicts an example of a mitochondrial vacuolation in a TPP1 patient neuron. Bar graphs represent mean+SEM values for ER lumen
diameter measurements (left bar graph) and the fraction of mitochondria with reduced cristae (right bar graph). ∗∗P , 0.01.
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Figure 8. Overexpression of non-mutated CLN3 rescues the accumulation of storage material in patient NPCs. (A) Representative control (unaffected) and affected
CLN3 patient NPC lines were grown as usual or infected with AAVrh.10hCLN3 for 72 h at an MOI of 3 × 105, then methanol:acetone fixed and co-stained for LAMP1
(green) and human CLN3 (batp1 antibody, red). Nuclei were counterstained with DAPI (blue). Representative images are shown, with the white arrows indicating
examples of the signal observed in uninfected control NPCs, and white asterisks (∗) indicating cells highly expressing CLN3 as detected with the batp1 antibody. The
CLN3 signal was partly but not completely overlapping with LAMP1 signal in these cells, as indicated by the orange-yellow color in the merged image. Separated
channels are provided in Supplementary Material, Figure S5. Scale bars: 50 mm. (B) Control and uninfected or infected CLN3IVS13/E15 NPCs were immunostained for
subunit c to assess the extent of lysosomal storage. Representative images are shown. Scale bars: 50 mm. Subunit c storage deposits, indicated by white arrows and
white arrowheads, were quantified as described in Materials and Methods. A significant reduction in subunit c puncta size and number was observed in the
AAVrh.10hCLN3-infected CLN3 patient NPCs, as compared with the uninfected CLN3 patient NPCs. A significant .2-fold reduction in subunit c puncta size
(P , 0.0001) and number of subunit c puncta per cell (P , 0.001) was observed by the treatment. However, consistent with the incomplete infection rate and expected
lack of CLN3 cross-correction, the rescue did not bring the subunit c storage down to normal levels seen in control NPCs. Error bars represent SEM.
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Figure 9. Rescue of TPP1 enzyme deficiency in patient NPCs by infection with AAVrh.10hTPP1 or by suppression of nonsense-mediated decay. (A) Representative
control and patient NPC lines were grown as usual or infected with AAVrh.10hTPP1 for 72 h at an MOI of 3.6 × 105, then methanol:acetone fixed and co-stained for
TPP1 (green) and subunit c (red). Nuclei were counterstained with DAPI (blue). Scale bars: 50 mm. Representative images are shown. AAVrh.10hTPP1-mediated
TPP1 expression was evident in nearly all of the cells by bright punctate staining that was dramatically lower in uninfected control NPCs and virtually absent in un-
infected patient NPCs. This result was consistent with a high infection rate and/or cross-correction by the secreted TPP1 enzyme. Subunit c storage was quantified as
described in Materials and Methods. A significant reduction in subunit c puncta size (P , 0.0001) and subunit c puncta per cell (P , 0.0001) was observed in the
AAVrh.10hTPP1-infected TPP1 patient NPCs, as compared with the uninfected TPP1 patient NPCs. Consistent with the expression analysis, we observed a
nearly complete rescue of subunit c storage by the treatment, as compared with the control NPCs. The subunit c puncta size was completely normalized, while the
number of puncta per cell was dramatically reduced. Error bars represent SEM. (B) Left panel: TPP1IVS5/E6 NPCs were treated with the indicated compounds
(0.5% DMSO, 18 mM PTC124, 10 mM fenofibrate, 25 mM gemfibrozil) for 72 h or infected at an MOI of 100 000 with the AAVrh.10hTPP1 virus. Cell lysates
were immunoblotted for TPP1 (Abcam 54685, 1:300) and GAPDH (Abcam 9485, 1:5000). Right panel: in parallel, lysates were assayed for TPP1 enzyme activity.
Data are shown as mean+SD of three technical replicates per line normalized to total protein. ∗P , 0.01; ∗∗P , 0.0001. The difference between vehicle- and
PTC124-treated cells was reproducible across three experimental iterations. (C) The effect of PTC124, compared with DMSO vehicle, was tested on the subunit c
storage in TPP1 patient NPCs. Representative micrograph images are shown of cells immunostained to detect subunit c storage, following 72 h of treatment with
0.5% DMSO or 18 mM PTC124. Quantification of the subunit c puncta per cell showed a small, statistically significant effect by PTC124 treatment (P ¼ 0.01),
but no significant effect (NS) was observed on the size of the subunit c puncta.
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Patient NPCs are useful screening tools for identifying
pharmacologic modulators of early-stage subcellular
phenotypes and TPP1 activity

To further demonstrate a proof-of-principle that the herein
developed TPP1 NPC lines and enzyme screening assay will
be useful for drug screening, we tested the effect of three com-
pounds expected or previously reported to enhance TPP1 expres-
sion and activity. The impact of the nonsense suppressor
PTC124 (33) was tested, rationalizing that enhanced expression
from the single nonsense allele in the compound heterozygous
TPP1 patient lines might be achieved. Two lipid-lowering
drugs were also tested, fenofibrate and gemfibrozil, given the
report that these compounds could increase Tpp1/TPP1 tran-
script and protein levels in wild-type mouse primary neurons
and in human cells (34). Treatment of TPP1 patient NPCs with
18 mM PTC124 caused a small but reproducibly significant
increase in TPP1 protein level and enzyme activity in NPCs
(Fig. 9B), consistent with recently reported results in TPP1
patient lymphoblasts (35). Fenofibrate and gemfibrozil,
however, at reported doses (10 and 25 mM doses, respectively)
(34), failed to increase protein levels or enzyme activity above
background in the TPP1 patient NPCs (Fig. 9B). Moreover, com-
mensurate with the increase in TPP1 activity achieved by
PTC124 treatment, we also observed a significant impact on
subunit c storage (Fig. 9C). The average number of subunit c
puncta per cell was reduced �2-fold compared with DMSO
control, although the average size of the subunit c puncta was
not significantly changed by PTC124, possibly due to the
limited degree of TPP1 upregulation in the patient NPCs. Never-
theless, together with our adeno-associated virus infection
studies, these results demonstrate the importance of this
new human neuronal model system for NCL drug testing and
discovery.

DISCUSSION

Herein, we have established the first human neuronal cell models
of late-infantile NCL (CLN2/TPP1) and juvenile NCL (CLN3)
using cellular reprograming. We have demonstrated progressive
organellar pathology, initially in the endocytic pathway with dis-
tinct genotype-specific features at the stem cell stage, and we
have shown that these presymptomatic models capture the
onset and progression of NCL-type storage material. Overex-
pression of non-mutated TPP1 or CLN3 protein rescued the
neuronal NCL pathology phenotypes, proving the specificity
of this iPSC model system and lending support for AAV-
mediated gene therapy, currently in clinical testing (www.
clinicaltrials.gov, NCT01161576). Finally, the value of these
cell lines was further demonstrated through proof-of-principle
drug treatment studies.

A number of eukaryotic models of NCL, such as deficiency
yeast, knockout and knockin mice, and naturally occurring
canine models, have significantly expanded our understanding
of NCL pathophysiology (36). Together with the expanding
genetic and clinical spectrum of NCL disorders, highlighted by
recently discovered genes such as GRN (CLN11) (37), CTSF
(CLN12) (38), and ATP13A2 (CLN13) (39), the model sys-
tems reported here also suggest cellular and molecular pathways
that underlie shared features of NCL subtypes. Commonalities

may further extend to other neurodegenerative diseases that
have shared pathogenetic features, including parkinsonism,
mitochondrial disorders, and frontotemporal dementia (40).
However, little is known about the events preceding end-stage
lysosomal storage in NCL patient neurons and whether they
might be exploited as subtype-specific biomarkers of disease
onset and progression.

To gain a better understanding of these presymptomatic
events, we interrogated the organelle systems in the newly gen-
erated set of iPSCs and derivative NPCs. Abnormal pathology,
reproducible across multiple clones from unrelated patients,
was present as early as the pluripotent state, in the absence of ap-
preciable lysosomal storage. Ultrastructural analysis of iPSCs
nevertheless pointed to other evidence of impaired autophagic
clearance, a process that has been demonstrated to be impacted
by CLN3 mutation in a knockin mouse model (14) and more re-
cently in CLN3 patient fibroblasts (41). In particular, CLN3
patient iPSCs showed marked aberrations of the endo/lysosomal
compartment evidenced by large LAMP1-positive ring-like
structures at the immunofluorescence level, cytoplasmic vacuo-
lations at the EM level, and by reduced TPP1 activity levels. To-
gether with an increase in the size of AVs, these observations
may reflect a defect in lysosomal maturation, pH maintenance
and/or in fusion of lysosomes with autophagosomes. Interesting-
ly, these morphological changes identified in the iPSC system
are reminiscent of the vacuolations seen in peripheral blood lym-
phocytes from CLN3 patients, a finding specific to this form of
NCL (42), and in the epididymal clear cells of male mice homo-
zygous for the common Cln3 deletion (43). By contrast, TPP1
patient iPSCs showed only the expected TPP1 enzyme defi-
ciency and a marked accumulation of intracellular lipid drop-
lets. In aggregate, these results suggest that TPP1 and CLN3
deficiency affect the endosomal/lysosomal system in differ-
ent ways and that these effects precede the appearance of lyso-
somal storage and obvious abnormalities in other subcellular
organelles.

We also demonstrated that disease status does not affect the
potential of these iPSC lines to differentiate into the three
major germ layers and into functional neurons, though we
observed that CLN3-patient-iPSC differentiation into neurons
was sensitive to the differentiation method. NPCs derived
from TPP1 and CLN3 iPSCs, which were neuronally committed
but not terminally differentiated, showed overlapping as well as
distinct pathology again in the endocytic pathway but also in
additional intracellular compartments. CLN3 NPCs showed a
particularly dramatic deficit of well-defined MVBs, a subset of
endosomes that fuse with autophagosomes to form amphisomes,
which play an important role in membrane protein degradation.
The formation of the 25–50-nm intraluminal vesicles (ILVs)
that characterize MVBs is coordinated by at least four distinct
complexes of the ESCRT (endosomal sorting complex required
for transport) machinery. Notably, downregulation of Hrs, a
component of the ESCRT-0 complex that sorts ubiquitinated
cargo into endosomes and nascent MVBs (44), impairs MVB
biogenesis and produces enlarged, ‘empty’ LAMP1-positive
vesicles (45), in much the same pattern observed in CLN3
patient iPSCs and NPCs. Neuron-specific knockout of Hrs in
mice causes accumulation of ubiquitinated proteins, including
p62, and progressive neurodegeneration, especially in the CA3
region of the hippocampus (46).
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Degradative processing by the ESCRT machinery is closely
coordinated with endosome-to-trans-Golgi cargo recycling by
the retromer complex, of interest in NCL biology given the re-
cently reported roles of CLN5 and the CLN3 yeast ortholog
btn1 in retrograde trafficking (20,22). Disrupting the latter
process by, for instance, overexpressing a phosphomimicking
form of the SNARE component Sed5, caused dispersion and ves-
iculation of the Golgi complex, in a pattern similar to that
observed in CLN3 patient NPCs and neurons and in an iPSC-
derived neuronal model of another lysosomal storage disease,
mucopolysaccharidosis type IIIB (47). It will therefore be of
interest to determine whether CLN3 has a sorting role at the
nexus of MVB biogenesis and retrograde trafficking.

Mitochondrial abnormalities have also previously been
observed in cerebellar cell lines from a knockin murine Cln3
model (15). The mitochondrial phenotypes noted in this and pre-
viously reported CLN3 model systems are similar to those that
have been observed in the setting of defective mitophagy, a
form of autophagy that specifically targets damaged mitochon-
dria for degradation and has been extensively studied in iPSC-
derived neurons from patients deficient in PARK2, the gene
most commonly mutated in juvenile-onset, autosomal recessive
forms of parkinsonism (48).

The phenotypes we have observed in NCL patient neurons, as
well as TPP1 enzyme activity measurements, will be powerful
screening tools for interventions that modify pathology in
human cells and in a neuron-specific manner. The observation
that TPP1 activity was decreased in CLN3 patient iPSCs to
�60% the normal level, but that conversely TPP1 activity was
increased in the differentiated CLN3 patient NPCs relative to
normal levels, may reflect a compensatory response early in
the disease state or a cell-type-specific response to the CLN3 de-
ficiency. Notably, increases in TPP1 activity have also been
reported in Cln3 mouse knockout brain tissue (49) and in
CLN3 patient brain (50,51). Thus, following abnormal TPP1
levels in CLN3-iPSCs and NPCs may serve as an important
screening tool to identify specific early-stage CLN3 disease
modifiers. Indeed, we have demonstrated the suitability of
the TPP1 enzyme assay for detecting treatment-induced
changes by showing that TPP1 activity could be increased by
both AAV-mediated TPP1 overexpression and by pharmaco-
logical treatment with the nonsense suppressor PTC124. The
latter was in accordance with the recent report by Miller and col-
leagues (35). In our study, we were also able to partially rescue
the lysosomal storage. Whether increasing PTC124 dosage or
using a longer chronic treatment time further increases TPP1 ac-
tivity levels enough to more significantly impact neuronal cell
pathology will require further testing. However, even small dif-
ferences in TPP1 endogenous function achieved through drug
treatment, like those documented here, may be beneficial, par-
ticularly in combination with other treatments such as gene
therapy.

In summary, our initial findings in the first iPSC-based NCL
models have validated observations in lower organism models
and we have extended the knowledge surrounding the develop-
ment of these phenotypes in presymptomatic stages. Our
studies also demonstrate the utility of a human-based disease
model for measuring both protein activity and the neuropatholo-
gic outcome of putative treatments. The opportunity to identify
modifiers of the earliest disease events offers the best chance

of developing treatments that will prevent the devastating symp-
toms of NCL. Importantly, we have also documented genotype–
phenotype cell biological and biochemical relationships that,
with expanded research and a broader genetic panel of patient-
derived iPSCs, will provide key new insights into the pathways
leading to highly similar end-stage pathologies involving lyso-
somal storage and neurodegeneration.

MATERIALS AND METHODS

Human fibroblast culture

For generating iPSC lines at the University of Dresden,
CLN3-FB3, CLN3-FB4 and CLN3-FB5, and FS fibroblast
lines were established from skin biopsies taken from CLN3
patients, an unaffected donor heterozygous for the CLN3
common deletion and an unaffected control, respectively.
CLN2/TPP1 fibroblasts (TPP1-FB2) were kindly provided by
Dr. Robert Steinfeld (52). All procedures were in accordance
with the Helsinki convention and approved by the Ethical Com-
mittee of the University of Dresden (EK45022009). For generat-
ing iPSC lines through the Harvard iPS Cell Core, TPP1-FB1 and
CLN3-FB2 lines were obtained from the NCL Biorepository at
Massachusetts General Hospital, and CLN3-FB1 was kindly
provided by Dr Nanbert Zhong (New York State Institute for
Basic Research in Developmental Disabilities). A complete
summary of the cell lines used in this study is also provided in
Supplementary Material, Table S1. The use of these cell lines
for this study was reviewed and approved by the Institutional
Review Board of the Massachusetts General Hospital.

Methods for establishing fibroblast lines are provided in Sup-
plemental Material.

Generation and expansion of iPSCs

The generation and characterization of control iPSC line
8330-iPS-8 was recently described (27). Fibroblast lines
CLN3-FB1, CLN3-FB2 and TPP1-FB1 were reprogramed as
previously described, using GFP as a marker of retroviral infec-
tion (27). Silencing of retroviral expression in iPSC clones
derived from these fibroblast lines was monitored by loss of
GFP expression.

Patient fibroblasts CLN3-FB3, CLN3-FB4, CLN3-FB5 and
TPP1-FB2 were reprogramed using pMX-based retroviral
vectors encoding the human cDNAs of OCT4, SOX2, KLF4
and cMYC (pMX vectors). Vectors were co-transfected with
packaging-defective helper plasmids into 293T cells using
Fugene 6 transfection reagent (Roche). Forty-eight hours later,
virus supernatants were collected as described previously (53)
and (54). Fibroblasts were plated at a density of 50 000 cells/
well on 0.1% gelatin-coated 6-well plates and infected three
times with a viral cocktail containing vectors expressing OCT4:-
SOX2:KLF4:cMYC in a 2:1:1:1 ratio in presence of 6 mg/ml pro-
tamine sulfate (Sigma-Aldrich) and 5 ng/ml FGF2 (Peprotech).
Infected fibroblasts were plated onto mitomycin C (MMC,
Tocris) inactivated CF-1 mouse embryonic fibroblasts (in-lab
preparation) at a density of 900 cells/cm2 in fibroblast media.
The next day media was exchanged to ES medium containing
78% knockout DMEM, 20% knockout serum replacement, 1%
non-essential amino acids, 1% penicillin/streptomycin/
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glutamine and 50 mM b-mercaptoethanol (all from Invitrogen)
supplemented with 5 ng/ml FGF2 and 1 mM valproic acid
(Sigma-Aldrich). Media was changed every day to the same con-
ditions. iPSC-like clusters started to appear at Day 7 postinfec-
tion, were manually picked 14 days postinfection and plated
onto CF-1 feeder cells in regular ES-media containing 5 ng/ml
FGF2. Stable clones were routinely passaged onto MMC-treated
CF-1 feeder cells (Globalstem) using 1 mg/ml collagenase type
IV (Invitrogen) and addition of 10 mM Y-27632 (Ascent Scientif-
ic) for the first 48 h after passaging. Media change with addition
of fresh FGF2 was performed every day. Stable clones were ana-
lyzed by qRT–PCR for silencing of viral transgenes prior to
further experimental procedures.

Methods used for pluripotency characterization and karyo-
typing are provided in Supplemental Material. Note that unless
indicated otherwise, all phenotyping experiments were carried
out on at least two-independent unaffected (control) iPSC lines
and at least two-independent-affected patient lines for each
genetic form of NCL. Data shown, unless indicated other-
wise, are representative for phenotype observations consis-
tent for all examined clones and for at least two-independent
experiments.

Derivation of NPCs and neurons from iPSC clones

iPSCs were grown under standard conditions until they became
confluent, at which point all cleaned colonies were detached with
collagenase type IV (2 mg/ml) and plated into a 6-cm petri dish
in ES media containing 5 mM Y-27632, 10 mM SB431542 and
1 mM dorsomorphin. The next day, embryoid bodies (EBs)
were collected in a 15-ml Falcon tube by gravity flow. Media
was aspirated and collected EBs were resuspended in fresh ES
media containing 10 mM SB431542 and 1 mM dorsomorphin.
Media was changed by this manner the next 2 days. On Day 4
of EB formation, collected EBs were resuspended in N2 media
containing DMEM/F12, 1% penicillin/streptomycin and 1:75
N2 supplement, and plated onto MatrigelTM-coated plates
Daily media change was performed the following 4 days. After
4 days neural rosettes were picked. Collected rosettes were
plated into a 6-cm petri dish in DMEM/F12 containing 1% N2
supplement, 1% penicillin/streptomycin/glutamine, 2 mg/ml
Heparin and 10 ng/ml FGF2. On Day 4, neurospheres were
collected and resuspended in 0.25% trypsin/EDTA to dissociate
neurospheres. Single cells were plated onto poly-L-ornithine/
laminin-coated plates in DMEM/F12 containing 2% B27 sup-
plement, 1% penicillin/streptomycin/glutamine and 20 ng/ml
of each EGF and FGF2. NPC media consisted of 97% DMEM/
F12, 2% B27 supplement and 1% penicillin/streptomycin.
Media containing fresh growth factors was replaced every 3rd
day and NPCs were routinely split when confluent at a 1:2
ratio using 0.05% trypsin/EDTA (Mediatech, Inc.) followed
by inhibition with equal amounts of trypsin inhibitor.

For final differentiation into mature neurons, control and
TPP1 patient NPCs were plated at a density of 40 000 cells/
cm2 onto poly-L-ornithine/laminin-coated plates in NPC media
with EGF and FGF2. The next day, media was changed to differ-
entiation media containing DMEM/F12:Neurobasal 1:1, 1%
B27 supplement without vitamin A (Invitrogen), 1% penicil-
lin/streptomycin/glutamine, 0.5% N2 supplement and 0.5 mM

cAMP (Sigma-Aldrich). Media change was performed twice a

week for at least 14 days. CLN3 patient neurons were obtained
by differentiation of freshly prepared neurospheres, generated
as described above.

Electrophysiology

Cells were investigated 3–5 weeks after differentiation using
standard whole-cell patch-clamp technique at room tempera-
ture. Recordings were made in the whole-cell voltage-clamp or
current-clamp mode and data were recorded using an Axopatch
200B amplifier and Iso2 data acquisition software (Axon Instru-
ments, Union City, CA, USA) essentially as described previous-
ly (55,56). Extracellular solution contained (in mmol l21): 142
NaCl, 8.1 KCl, 1 CaCl2, 6 MgCl2, 10 HEPES, 10 D-glucose
(pH 7.4). Pipette solution contained (in mmol l21): 153 KCl, 1
MgCl2, 5 EGTA, 10 HEPES. Using these solutions, borosilicate
pipettes had resistances of 4–8 MV. Seal resistances in the
whole-cell mode were between 0.1 and 1 GV. Data were ana-
lyzed using Iso2, Prism4 and Microsoft Excel 97. Resting mem-
brane potentials (RMP) were determined immediately after
gaining whole-cell access. Action potentials (APs) were eli-
cited by applying increasing depolarizing current pulses (5 pA
current steps). The afterhyperpolarization (AHP) amplitude
was measured from peak to beginning of plateau reached
during the current injection and AP duration was measured at
half amplitude.

Organelle markers immunostaining

Assessment of organelles in iPSCs, NPCs and neurons was per-
formed using mouse anti-GM130 (1:200, BD Transduction
Laboratories), mouse anti-GRP75 (1:200, Abcam) and mouse
anti-LAMP1 (1:100, Santa Cruz). Lysosomal storage was eval-
uated with rabbit anti-subunit c (1:200; (29)).

After incubation with primary antibodies, samples were
rinsed several times with PBS and incubated for 1 h at room tem-
perature with Alexa-Fluorw-conjugated secondary antibodies
(Invitrogen) diluted 1:500 in blocking solution. After several
rinses, coverslips were mounted with ProLongw Gold antifade
reagent with DAPI (Invitrogen). Nail polish-sealed coverslips
were imaged on a Leica SP5 AOBS scanning laser confocal
microscope (Leica Microsystems), or on a Zeiss epifluorescence
system equipped with digital image capture. ‘No antibody’ and
‘secondary-only’ controls were included in these experiments,
and imaging settings were optimized to ensure autofluorescence
and non-specific signal from secondary antibody did not contrib-
ute to the immunofluorescence images.

For quantifying Golgi vesiculation, captured images contain-
ing �40–70 cells per image were analyzed in ImageJ. Golgi
structures labeled by GM130 were segmented from thresholded
images and the degree of circularity was obtained. Structures
were binned into 10 groups by circularity score, and the percent-
age of structures in the top bin (0.9–1 circularity score, meaning
the most circular group) was determined from three technical
replicates. Statistical significance was determined by one-way
ANOVA and Bonferroni multiple comparisons post hoc ana-
lysis, using Graphpad Prism.

To further assess the extent of the altered LAMP1 staining
pattern in the patient NPCs, 100–150 cells per genotype were
scored as displaying LAMP1-positive structures that extended
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into the cell periphery or as displaying predominantly peri-
nuclear localized LAMP1-positive structures, a method that
has been previously described for measuring LAMP1 distribu-
tion (57). The relative percentages of the two LAMP1 staining
pattern categories within the field of image capture for each
genotype were averaged (3–5 fields averaged from two repre-
sentative experiments). One-way ANOVA and Bonferroni mul-
tiple comparisons post hoc analysis was performed to determine
statistical significance, using Graphpad Prism. For quantifying
LAMP1 vesicles in neurites in the PFA-fixed neurons immunos-
tained for LAMP1, neurites (MAP2ab-positive) were first
selected from thresholded images using ImageJ, and the
number of LAMP1 puncta were subsequently determined from
the selected neurite areas using Cell Profiler. In total, �400–
800 neurites were analyzed per genotype. The statistical signifi-
cance of genotypic differences in the mean number of LAMP1
puncta per mm of neurite length was determined using
one-way ANOVA and post hoc Bonferroni multiple compari-
sons tests.

Electron microscopy analysis

Tissue culture specimens in confluent 6-well or 10-cm plates
were fixed directly with gentle rocking for 15 min at room tem-
perature with a glutaraldehyde fixative (2.5% glutaraldehyde,
2% PFA, 0.025% calcium chloride, in a 0.1 M sodium cacodylate
buffer, pH 7.4), gently scraped and pelleted at 500g, and washed
twice with cacodylate buffer. To make a cell block, the cells were
centrifuged and resuspended in 608C warm agar (2%) in a warm
water bath to keep the agar fluid. The cells were then centrifuged
again and the agar was allowed to solidify in an ice water bath.
The tip of the centrifuge tube containing the tissue was cutoff
resulting in an agar block with the cells embedded within it
and routinely processed in a Leica Lynx automatic tissue proces-
sor. Briefly, the tissue was postfixed in osmium tetroxide, stained
en bloc with uranyl acetate, dehydrated in graded ethanol solu-
tions, infiltrated with propylene oxide/Epon mixtures, embed-
ded in pure Epon and polymerized over night at 608C.
One-micron sections were cut, stained with toluidine blue and
examined by light microscopy. Representative areas were
chosen for electron microscopic study and the Epon blocks
trimmed accordingly. Thin sections were cut with an LKB
8801 ultramicrotome and diamond knife, stained with lead
citrate and examined in an FEI Morgagni transmission electron
microscope. Images were captured with an AMT digital CCD
camera.

AVs, empty vacuoles, lipid droplets and multivesicular bodies
were scored in at least 20 cell profiles per cell line. AVs were
scored as described (58). In particular, late AVs and autolyso-
somes were collectively defined as containing one limiting
membrane and containing electron-dense cytoplasmic material
and/or organelles at various stages of degradation. AV area
was calculated in ImageJ by defining regions of interest. ER
lumen diameter was measured in at least 20-cell profiles per
cell line, using ImageJ. Fraction of mitochondria displaying
reduced cristae was determined using ImageJ. Mitochondria
were identified as having reduced cristae if the visible cristae
crossed ,75% of the length of the major axis. Statistical signifi-
cance was determined using a Student’s t-test.

TPP1 enzyme activity assay

Cells from one confluent well of a 6-well plate were washed with
PBS, scraped into acetate buffer supplemented with 10 mM of the
protease inhibitors pepstatin A and E64 (Sigma) and homoge-
nized with 10 passes through a 27-G syringe. TPP1 activity
was measured fluorometrically using the Ala-Ala-Phe-
7-amido-4-methylcoumarin substrate (AAF-MCA) as described
previously, with some modifications (59–61). Approximately
20 mg of total protein from the scraped cells was incubated in
150 ml acetate buffer (pH 4.0) containing a final concentration
of 62.5 mM AAF-MCA for 20 h at 378C. The reaction was
stopped by the addition of 100 ml 0.5 M EDTA (pH 12.0). Fluor-
escence was measured using a Molecular Devices SpectraMax
M2 spectrophotometer with an extinction wavelength of
355 nm and an emission wavelength of 460 nm.

Rescue experiments

AAVrh.10-CAG-hCLN2 (32) (AAVrh.10hTPP1 in this manu-
script) and AAVrh.10-CAG-hCLN3 (AAVrh.10hCLN3 in this
manuscript), consisting of a replication-defective AAV2
genome containing the respective human TPP1 and CLN3 trans-
genes driven by a CAG promoter, were packaged in a capsid of
rhesus macaque-derived serotype AAVrh.10. Virus produced in
293T cells was purified by iodixanol density gradients and QHP
affinity chromatography. The purified flow-through was spin-
concentrated, and viral titer was assessed by a TaqMan assay.
Patient TPP1 and CLN3 NPCs were transduced with the respect-
ive virus for 72 h at MOIs ranging from 105 to 5 × 105. Percent
expressing cells for the AAVrh.10hTPP1 vector reached 100%,
though whether this was due to viral infection or cross-correction
was not clear. Percent expressing cells for the AAVrh.10hCLN3
vector maximally reached �20%, as analyzed by batp1 immu-
nostaining to detect CLN3 expression. We are unaware
whether the rh.10 serotype adeno-associated virus has previous-
ly been tested in iPSCs or iPSC-derived neurons, but we note that
other serotypes of AAV have been reported to infect iPSCs at
similar rates to those observed in our iPSC-derived NPCs (e.g.
(62,63) and were consistent with in vitro infection rates for the
AAVrh.10hTPP1 and AAVrh.10hCLN3 vectors in other cell
systems (data not shown).

Gemfibrozil and fenofibrate were obtained from Sigma, and
PTC124 was obtained from Selleck Chemicals. Compounds
were solubilized in DMSO and used at the doses described in
the text.

Lysates from uninfected and infected cultures were solubi-
lized with 0.2% Triton X-100 and immunoblotted for TPP1
(Abcam 54685, 1:300) and GAPDH (Abcam 9485, 1:5000). Al-
ternatively, immunocytochemistry on methanol:acetone fixed
cells (ice cold 1:1 methanol:acetone for 10 min, followed by
air drying and rehydration with tris buffered saline, pH 7.4)
was performed to probe for TPP1 or CLN3 expression and sub-
cellular localization, using the TPP1 antibody (Abcam 54685,
1:200) or batp1 (40) (1:400), with co-staining using antibodies
against subunit c (29) (1:100) or LAMP1 (Santa Cruz, 1:200).
To quantify subunit c storage, images were collected from 10
fields of view using the 20× objective on a Zeiss epifluorescence
system equipped with digital image capture. Each image had
.40 cells counted (range: 41–215). Using CellProfiler (64),
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puncta were identified from the subunit c image and related to the
closest nucleus. Per field averages were calculated for the area of
each punctum (‘subunit c puncta size’ in Figs 8 and 9) and for the
number of puncta for each nucleus (‘subunit c puncta per cell’ in
Figs 8 and 9). These were subsequently averaged and plotted
using GraphPad Prism.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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