Disruption of PPT1 or PPT2 causes neuronal ceroid
lipofuscinosis in knockout mice
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PPT1 and PPT2 encode two lysosomal thioesterases that catalyze
the hydrolysis of long chain fatty acyl CoAs. In addition to this
function, PPT1 (palmitoyl-protein thioesterase 1) hydrolyzes fatty
acids from modified cysteine residues in proteins that are under-
going degradation in the lysosome. PPT1 deficiency in humans
causes a neurodegenerative disorder, infantile neuronal ceroid
lipofuscinosis (also known as infantile Batten disease). In the
current work, we engineered disruptions in the PPT1 and PPT2
genes to create “knockout” mice that were deficient in either
enzyme. Both lines of mice were viable and fertile. However, both
lines developed spasticity (a “clasping” phenotype) at a median
age of 21 wk and 29 wk, respectively. Motor abnormalities pro-
gressed in the PPT1 knockout mice, leading to death by 10 mo of
age. In contrast, the majority of PPT2 mice were alive at 12 mo.
Myoclonic jerking and seizures were prominent in the PPT1 mice.
Autofluorescent storage material was striking throughout the
brains of both strains of mice. Neuronal loss and apoptosis were
particularly prominent in PPT1-deficient brains. These studies pro-
vide a mouse model for infantile neuronal ceroid lipofuscinosis and
further suggest that PPT2 serves a role in the brain that is not
carried out by PPT1.

he neuronal ceroid lipofuscinoses (NCLs) are a distinct class

of lysosomal storage disorders with a worldwide prevalence
of 1:12,500 (1). The pathological hallmark of the NCLs is the
accumulation of autofluorescent storage material in the brain
and other tissues, associated with progressive psychomotor
retardation, visual failure, and seizures. Up to eight forms of
NCL are now recognized (designated NCL-1 through NCL-8)
and are caused by autosomal recessive mutations in genes
designated CLN1 through CLNS, respectively (2). Five of these
genes have been cloned, a sixth chromosomal locus has been well
characterized (CLNG6), and two others (CLN4 and CLN7) have
clinical or other distinctive features suggesting that they repre-
sent distinct genes as well.

The most severe form of NCL, infantile NCL (NCL-1) is
caused by deficiency in a lysosomal thioesterase (palmitoyl-
protein thioesterase 1, or PPT1) whose function is to remove
long-chain fatty acids from modified cysteine residues in proteins
(3). This function is suggested by its enzymatic activity and the
observation that fatty acid esters of cysteine accumulate in cells
derived from patients with the disorder (4). A second enzyme,
PPT?2, shares an 18% amino acid homology with PPT1 (5). Like
PPT1, PPT2 hydrolyzes long-chain fatty acyl CoAs, but it does
not hydrolyze the fatty acyl-cysteine thioesters that accumulate
in PPT1-deficient cells (5).

In the current study, we have created mouse mutants with
disrupted PPTI and PPT2 genes. We find that disruption of
either gene causes neuronal ceroid lipofuscinosis in mice.

Materials and Methods

Generation of PPT1 and PPT2 Knockout Mice. The PPTI-targeting
vector (Fig. 14) was based on the plasmid pNotI-Pme-Srf (6),
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which contains a pPolll-neobPA cassette and two copies of the
herpes simplex virus thymidine-kinase (7K) gene (7). Along arm
(consisting of a 9-kb fragment spanning exon 4 through a portion
of exon 9 of the PPT1 gene) was amplified by using isogenic
129S6/SvEvTac murine genomic DNA and the following primer
pairs: 5'-ATAAGAATGCGGCCGCAGAGAGTTCTCA-
CATCTGCGACTTCATCAGGAA-3' and 5-ATAAGAAT-
GCGGCCGCCAATCCACTAGCTTTCCTGCTTTGTC-
CATTTTCTTTAG-3'. Sequences for the primer pairs were
derived from GenBank (accession nos. AF071025 and
AF087568). An in-frame termination codon was placed at the 3’
end of the long arm, and the fragment was cloned into the NotI
site of the vector. A 1-kb short arm consisting of exon 9
sequences was amplified with primers 5'-CCGCTCGAGTGC-
TATCACCATATGGTGTT-3" and 5'-CCGCTCGAGGGT-
GAATTCTGTGGTGCTAA-3" and was subcloned into the
Xhol site of the vector. The construct was linearized with Prmel
before electroporation. The PPT2 targeting vector (Fig. 24)
consisted of the following: two copies of the herpes simplex virus
thymidine-kinase (7K) gene on a Xhol/Pmel fragment derived
from pNotl-Pme-Srf (6); a short arm consisting of a 1.0-kb
BamHI/Xbal fragment corresponding to sequences from exon 1
to a part of exon 3 of mouse PPT2, amplified by PCR by using
the following primer pairs: 5'-CATCCGGCTAAATG-
GATCGCTCTG-3' and 5'-TCACACCACAGTCCCGGTGT-
GTGT-3’ on isogenic 129S6/SvEvTac genomic DNA; a 1.8-kb
BamHI1/Xbal fragment containing an in-frame termination
codon and the neomycin resistance cassette derived from plas-
mid pFloxAEcoRI (8); and a long arm consisting of a 9-kb
fragment with sequences from intron 4 to a part of exon 9,
amplified by PCR by using primers 5'-GTCTGAGCTTGAC-
CCTTATCTAAGGCCTACTTT-3" and 5'-GAATCTCGAA-
GATACACCTTCGAGGTGGGCCGA-3'. Primer sequences
were derived from GenBank mouse genomic sequences
(AF030001). The final targeting construct was propagated in the
vector pGEM-11Zf(+) (Promega) and linearized with Sfil.
Linearized vectors were introduced into murine SM-1 embryonic
stem cells derived from the 129S6/SvEvTac strain by electro-
poration, and subsequent cloning of homologous recombinant
colonies was carried out as described (9). Targeting efficiencies
were 2.2% and 0.4% for PPTI and PPT2 vectors, respectively.
Two positive clones derived from each targeting construct were
expanded and injected into C57BL/6J blastocysts. High-
percentage male chimeras from two independent embryonic
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Fig. 1. Targeted disruption of the PPT1 gene. (A) The structure of the
endogenous mouse PPT1 gene, the targeting construct, and the disrupted
allele. The position of a 600-bp probe used for Southern blotting is shown. (B)
Southern blot analysis of BamHI-digested genomic DNA. A 6.7-kb fragment is
detected in wild-type animals and a 4.4-kb fragment is detected in PPT1
knockout mice. (C) An RNA blot of total kidney RNA (20 ng) of wild-type and
PPT1 (—/-) littermates hybridized with a 300-bp mouse PPT1 coding region
probe. (D) Immunoblotting of brain extract by using an anti-rat PPT1 Ab. An
~37-kDa doublet (arrows) corresponding to glycosylated PPT1 is absent from
PPT1 (—/—) mice. Bands appearing in both wild-type and knockout were
deemed nonspecific because they were also visualized by using preimmune
serum (data not shown). (E) PPT1 activity in wild-type and PPTT (—/-) brain
extracts.

stem cell clones for each knockout were crossed with female
C57BL/6J mice to generate two lines of animals carrying the
disrupted PPTI or PPT2 allele (a total of four lines). No
phenotypic differences were observed between mice derived
from each of the two independent embryonic stem cell lines for
each knockout. Phenotypic characterization was carried out in
the mixed C57BL/6J X 129S6/SvEvTac animals.

RNA and Enzyme Assays. RNA blotting was performed as de-
scribed (10). Immunoblotting was performed by using rabbit
anti-rat PPT1 (11) or an anti-mouse PPT2 peptide Ab corre-
sponding to amino acid residues Cys-249-Thr-268 raised in
chickens (10). Immunoreactive bands were detected by en-
hanced chemiluminescence (ECL, Amersham Pharmacia).
PPT1 enzymatic activity was detected by using 4-methylumbel-
liferyl-6-thiopalmitoyl-B-D-glucoside as the substrate (12). As-
says were performed on brain homogenates after preincubation
with 4 mM PMSF for 20 min at 37°C to reduce background
thioesterase activity.
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Fig. 2. Targeted disruption of the PPT2 gene. (A) The structure of the
endogenous mouse PPT2 gene, the targeting construct, and the disrupted
allele. The position of a 507-bp probe that was used for Southern blotting is
shown. (B) Southern blot analysis of Xbal-digested genomic DNA. An 11.1-kb
band is detected in wild-type and a 4.7-kb fragment is detected in PPT2
knockout mice. (C) RNA blotting of total brain and kidney RNA (20 ng)
hybridized with a 300-bp mouse PPT2 coding region probe. (D) PPT2 immu-
noblotting of kidney extracts from wild-type and PPT2 knockout mice. A
35-kDa band, corresponding to deglycosylated PPT2, is absent from the PPT2
knockout mice. Bands appearing in both wild-type and knockout were
deemed nonspecific because they were also visualized by using preimmune
serum (data not shown).

Behavioral Studies. A tail suspension test was performed by
grasping the tail and holding the mouse ~1 foot from a solid
surface for 30 sec (13). The test was considered positive if all four
limbs came to the midline and remained in place for several
seconds. Frequency of myoclonic jerks was observed by placing
mice individually in a clean cage in a quiet room for a 5-min
period. Testing was done during the daylight cycle by a blinded
observer. No phenotypic abnormalities were seen in heterozy-
gous mice. Controls in behavioral studies included both wild-
type and heterozygous littermates.

Histological Studies. Radioisotopic RNA in situ hybridizations
were performed as described (14). RNA probes were made from
templates derived by reverse transcription-PCR from mouse
brain cDNA and corresponded to nucleotides 541-840 (Gen-
Bank accession no. AF070025) and 418-710 (GenBank acces-
sion no. NM_019441) of the mouse PPT1 (15) and PPT2 cDNAs,
respectively. Autoradiographic exposure was for 28 days. Serial
sections of brain were deparaffinized and stained with routine
hematoxylin and eosin for pathological evaluation, left un-
stained, and coverslipped with Vectashield (Vector Labs, Bur-
lingame, CA) for evaluation of autofluorescent pigment (exci-
tation, 470 = 20 nm, emission, 525 = 25 nm), or subjected to
terminal deoxynucleotidyltransferase-mediated dUTP end la-
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beling by using a commercial reagent kit (Apoptosis Detection
System, Fluorescein, Promega catalog no. G3250). Fixation,
permeabilization, and staining runs were carried out in exact
parallel to ensure comparative significance between groups (16).
Electron microscopy was performed as described (17).

Results

Gene Disruptions. Fig. 1 illustrates the PPTI gene targeting
strategy and resulting PPT1 deficiency in knockout mice. A
portion of exon 9 was replaced by a neomycin resistance cassette
containing an in-frame stop codon, resulting in premature
termination of the PPT1 polypeptide at amino acid Val-281,
which is upstream of an essential catalytic amino acid (His-289)
(Fig. 1A4). Southern blotting of genomic tail DNA (Fig. 1B)
revealed the expected BamHI fragments of 6.7 kb (wild-type)
and 4.4 kb (knockout). RNA blotting of brain tissue (Fig. 1C)
and other tissues (not shown) revealed normal amounts of a
truncated PPT1 mRNA. However, a complete absence of the
characteristic PPT1 doublet at 37 kDa on immunoblots (Fig.
1D), coupled with background levels of PPT1 enzymatic activity
(Fig. 1E), confirmed the successful disruption of PPT1 in these
animals.

PPT2 was disrupted by using a similar strategy (Fig. 24), with
the exception that the neomycin resistance gene was flanked by
loxP sites and inserted into exon 3 of PPT2 (the loxP sites were
not used in the current study). Homozygotes carrying the
targeted allele showed the expected 4.7-kb Xbal fragment on
Southern blotting of genomic DNA (Fig. 2B) and an absence of
PPT2-specific message by RNA blotting of brain and kidney
(Fig. 2C). The absence of PPT2 protein was confirmed by
immunoblotting of PNGaseF-treated kidney extracts from wild-
type and knockout mice (Fig. 2D).

Phenotypes. Both PPT1- and PPT2-deficient mice were healthy
at birth. Beginning as early as 50 days of age, PPT1-deficient
mice showed a strongly abnormal clasping behavior in the tail
suspension test (Fig. 34). This neurological abnormality devel-
oped in 50% of mice by 5 mo and 100% of the animals by 8 mo
of age. Interestingly, only 50% of PPT2-deficient mice showed
clasping behavior by 8 mo.

In addition to the clasping abnormality, PPT1-deficient mice
at 4-5 mo began to show a lack of grooming, followed by a
progressive gait abnormality including lowering of the pelvis,
splayed hind limbs, hunched posture, and a side-to-side wobbling
gait, which eventually progressed to hind-limb paralysis. Aggres-
sive behavior, manifested by frequent bite wounds and conse-
quent dermatitis, was a problem in the colony. Older animals
were killed as they became visibly ill. Mortality reached 50%
among the PPT1 mice by 7 mo and few mice survived past 10 mo
(Fig. 3B). At 10 mo, PPT2 mice showed no gross motor
abnormalities aside from spasticity. Mortality was slightly in-
creased (80% survival at 10 mo).

Frequent myoclonic jerks and seizures were observed in the
PPT1-deficient mice beginning at ~3-4 mo of age. The myo-
clonic jerks were brief, upper body contractions (resembling a
violent sneeze) that usually interrupted the forward progression
of the animal. Fig. 3C shows the number of myoclonic jerks
observed in a 5-min period of observation for 12 homozygotes
and 12 controls at 6 mo of age. Ten of 12 PPT1-deficient mice
had an average of seven jerks per 5 min (range 5 to 15), whereas
such jerks were very infrequently scored in control animals by a
blinded observer. In addition, lightning-like hind limb seizures
that propelled the mice several feet into the air were also seen
(“popcorn” seizures). Generalized tonic-clonic convulsions were
occasionally observed during routine handling, lasted 1-3 min,
and resolved spontaneously without noticeable sequelae.

The assessment of visual changes in the mice was inconclusive.
PPT1-deficient mice routinely failed a “visual cliff” test at 7 mo
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Fig. 3. Neurological abnormalities and decreased survival in PPT1 and PPT2

knockout mice. (A) Kaplan-Meier analysis of clasping abnormality in control,
PPT1-deficient, and PPT2-deficient mice (n = 58, 70, and 96, respectively). The
curves are significantly different from each other at a level of P < 0.0001
(two-tailed Mantel-Haenszel log rank test). (B) Kaplan-Meier survival curve of
control, PPT1-deficient, and PPT2-deficient mice (n = 72, 129, and 160, respec-
tively). Survival curves were statistically different from each other (P < 0.01).
(C) Myoclonus in PPT1 knockout mice. Twelve PPTT (—/—) and 12 wild-type
mice at 6 mo of age were observed individually for a 5-min period and the
number of myoclonic jerks was recorded. a, A spontaneous generalized
tonic-clonic seizure lasting 1 min occurred in one control mouse during the
5-min observation period.

of age; however, it was unclear whether this abnormality was
caused by decreased vision or concurrent sensory, motor, and/or
cognitive abnormalities. Electroretinograms were markedly di-
minished, but conclusions were compromised by the poor vision
and electroretinography of the wild-type background strain
(C57BL/6J). Definitive studies await the availability of PPT]
and PPT2 knockouts on an appropriate high-vision background
strain (such as 129SvEv).

Histological Studies. In normal mice, PPTI! and PPT2 showed
distinctive expression patterns in the brain (Fig. 4), as assessed
by RNA in situ hybridization. PPT1 expression was dramatic in
the Purkinje cells of the cerebellum, in the thalamus and
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Fig.4. PPT1andPPT2RNA insitu hybridization of sagittal sections of mouse
brain. A strong PPT1 signal is seen in the Purkinje neurons of cerebellum (A)
in the pontine and medullar nuclei of the hindbrain (B) and in the thalamus,
hippocampus, and dentate gyrus of the forebrain (C). PPT2 expression was
prominent in the granular layer of the cerebellum (D) and showed moderate
expression in the pons (E), hippocampus, and dentate gyrus (F). (Bar, 1 mm.)

hippocampus, as well as in the pons and various nuclei of the
medulla (Fig. 4 A-C). In contrast, PPT2 expression (Fig. 4 D-F)
was more diffuse throughout the brain and its expression level
lower as compared to PPTI, a finding that is supported by
previous work (18). PPT2 expression in the Purkinje cells was
similar to that in the granular layer, with the result that the
dramatic Purkinje cell definition seen for PPT1 was lost. Diffuse
PPT2 staining was seen throughout the medulla and pons, with
scattered localized areas of signal in various nuclei of the
hindbrain.

On gross pathological examination, the brains of PPTI-
deficient mice were smaller and more yellow as compared to
normal mice (data not shown). The calvaria were thickened and
noticeably more difficult to open in older diseased animals. As
compared to normal controls, markedly increased autofluores-
cence was noted at 4 wk of age (the earliest time examined) and

-

PPT1 (-/-) |

PPT2 (-/-)

Fig. 5.

Frontal Crtex Hippocampus

florid autofluorescence was observed throughout the brains of
5-mo-old mice (Fig. 5 Top). Autofluorescent deposits, consisting
of granular spheroid structures resembling tiny golden droplets,
occupied peripheral sites around the nucleus. The smaller
granules coalesced to form larger aggregates in older neurons,
filling much of the cytoplasm. Storage material was detected in
glial cells as well. At 5 mo, widespread storage was found
throughout the cerebral cortex, Purkinje and granular layers of
the cerebellum, hippocampus, thalamus and hypothalamus, den-
tate nucleus, pons, and some regions of the medulla (Fig. 5 Top).
Note that in the cerebellum, the Purkinje cells are clearly
outlined in a pattern similar to that of the PPT1 mRNA
expression. Moderate amounts of autofluorescent storage ma-
terial were seen throughout the brains of 10-mo-old PPT2-
deficient mice, especially in the deeper nuclei of the cerebral
cortex, hippocampus, and pons, but at 10 mo (the latest time
examined) the overall intensity was less than that seen in
5-mo-old PPT1-deficient mice (Fig. 5 Middle). The highest
accumulation of autofluorescent storage material in the PPT2-
deficient brain occurred in the pontine region, which was also an
area with a high level of PPT2 mRNA expression. The Purkinje
layer of the cerebellum showed scant autofluorescence in PPT2-
deficient mice as compared to PPT1 knockout mice, which is
consistent with the modest PPT2 expression in the Purkinje layer
as compared to other areas of the brain. Thus, the pattern of
abnormal autofluorescent storage material in PPT1- and PPT2-
deficient brain roughly paralleled the expression pattern of the
two enzymes in the normal mice seen in Fig. 4.

In infantile NCL, the autofluorescent storage material has a
characteristic ultrastructure when examined by electron micros-
copy, termed granular osmiophilic deposits (GROD). In the
PPT1-deficient mice, neuronal GROD were readily identified
(Fig. 6) and were indistinguishable from human GROD seen in
infantile neuronal ceroid lipofuscinosis (17). In contrast, ultra-
structural examination of the oldest available PPT2-deficient
mice (10 mo) was inconclusive.

Pathological changes in the brains of PPT1-deficient mice

Pons Cerebellum

Autofluorescent storage material in PPT1 and PPT2 knockout brain. (Top) brain regions as indicated from a 6-mo-old PPT7 knockout mouse. (Middle)

Corresponding regions from a 10-mo-old PPT2 knockout mouse. (Bottom) Ten-mo-old wild-type mouse. (Bar, 100 um.)
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Fig. 6. Ultrastructure of granular osmiophilic deposits in brain of PPT1
knockout mice by electron microscopy. (A and B) Purkinje neuron. (C and D)
Cortical neuron. (Bar, 100 nm.)

were obvious (Fig. 7). For example, the hippocampus was
thinned and many neurons showed ballooning degeneration
(Fig. 74, large arrows) and apoptotic nuclear fragments (small
arrows). Similar changes were seen in the cerebral cortex (not
shown). A comparison of the Purkinje layer in PPT-deficient and
wild-type mice (Fig. 7, compare B and D) show loss of continuity,

Hippocampus Cerebellum

PPT1 ()

Wild-type

Fig. 7. Neuronal loss in PPT1 knockout mouse brains. Hematoxylin- and
eosin-stained sagittal brain sections from a 6-mo-old PPT1 knockout and
age-matched wild-type mouse. (A) PPT1—/— hippocampus showing balloon-
ing degeneration and loss of neurons. Large arrows denote ballooning of
neurons; small arrows show neuronal apoptotic bodies. (B) PPT1—/— Purkinje
neurons in the cerebellum show neuronal loss, resulting in a discontinuous
Purkinje layer. (C) Wild-type hippocampal region. (D) Wild-type Purkinje
neurons of the cerebellum. (Bar, 40 um.)
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Fig. 8. Apoptotic neurons in the Purkinje layer of the cerebellum. Photomi-
crographs of representative sections from a 6-mo-old PPT1 knockout and
wild-type mouse. (A) Terminal deoxynucleotidyltransferase-mediated dUTP
end labeling (fluorescein, in green) performed on Purkinje neurons from a
6-mo-old PPT1 knockout (B) Propidium iodide nuclear staining of same region.
(C) Overlapped images show apoptotic neurons in yellow. (D-F) Correspond-
ing regions in a wild-type brain stained similarly. (Bar, 40 um.)

with obvious Purkinje cell dropout and gliosis. Many of the
remaining neurons in the affected Purkinje layer showed nuclear
labeling by using a terminal deoxynucleotidyltransferase-
mediated UTP end labeling assay (Fig. 8), indicating apoptosis
as the mechanism of cell death in this neuronal population.
Gross pathological and histological examination of PPT2-
deficient mice at 10 mo of age showed no obvious abnormalities
with the exception of autofluorescent storage material. Periph-
eral tissues of the PPTI and PPT2 knockout mice were histo-
logically normal, except for focal collections of “foamy” histio-
cytes in the spleens of some of the PPT1-deficient mice. The
storage material was autofluorescent, suggesting that it is asso-
ciated with the genotype and is not an incidental finding.

Discussion

In the current study, we have shown that deficiency in either of
the two lysosomal thioesterases causes a neuronal ceroid lipo-
fuscinosis in mice. The phenotypic similarities are somewhat
surprising given that the two genes are only 18% identical and
have different substrate specificities.

The PPT1-deficient mouse is a robust model for infantile NCL
as 100% of the mice are grossly abnormal neurologically by 8 mo
of age. Together with the current study, genetic mouse models
(two engineered and two naturally occurring) now exist for four
of the eight forms of human NCL (19-23). Of these, the current
model is among the most severe, with an onset clearly earlier
than the CLN3 knockout (19, 20), the nclf mouse [which likely
represents a mouse model for NCL-6 (23)], and the mnd mouse
[which represents NCL-8, or EPMR (progressive epilepsy with
mental retardation) or “Northern” epilepsy] (22). The only
possible exception is the mnd mouse on the AKR background,
which has an onset by 4.5-5 mo and death by 7 mo (24).

Notably, myoclonic seizures were a prominent feature in the
PPT1-deficient mouse. Approximately 30 mouse genes are as-
sociated with different forms of epilepsy (25). Myoclonic sei-
zures are also an important feature of the cystatin B-deficient
mouse (26), which is a model for EPM1, or progressive myoclonic
epilepsy (Unverricht-Lundborg type) (27). The human disorder
EPM1 shares many of the phenotypic features of the NCLs, and
in fact, the NCLs were often classified within the progressive
myoclonic epilepsies before the lysosomal nature of NCLs was
appreciated. The phenotypic similarities between cystatin B and
PPT-deficient mice (and the corresponding human disorders)
are sufficiently striking to suggest that a common pathway may
be involved. Cystatin B is a cytosolic protein that potently
inhibits cathepsins, several of which are lysosomal (28, 29). One
postulated function of cystatin B is to inhibit “escaped” lysoso-
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mal proteases before they can activate caspases or cause other
cell damage (27). It is interesting to note that many of the
substances that accumulate in lysosomal storage disorders may
have membrane-disruptive, detergent-like properties (the fatty
acid thioesters that accumulate in infantile NCL are an excellent
example). A parsimonious explanation for the neurodegenera-
tion associated with certain lysosomal storage disorders may be
that they allow access of lysosomal proteases to the cytosolic
compartment, where the proteases overwhelm the inhibitory
machinery of the cytosol. The current study provides tools with
which this hypothesis could be addressed.

Of the 50 known lysosomal enzymes, corresponding human
disorders exist for ~40 of them (30). Therefore, it would not be
surprising if PPT2 deficiency produces a disorder in humans, as
it does in mice. How might PPT2 deficiency be recognized in
humans? The current study suggests that PPT2 deficiency would
resemble a milder form of NCL. Recently, two sisters with mild
PPT1 deficiency were described; these patients suffered from
depression and other psychiatric symptoms for a decade (begin-
ning in their thirties), before developing dementia and motor
difficulties (31). In these cases, electron microscopy (character-
istic “GROD” pathology) led to the diagnosis of PPT1 defi-
ciency. Unfortunately, PPT2-deficient mice at 10 mo of age show
no characteristic inclusions in their brains, even though the
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