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Early-onset Lafora body disease
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The most common progressive myoclonus epilepsies are the late infantile and late infantile-variant neuronal ceroid lipofusci-
noses (onset before the age of 6 years), Unverricht-Lundborg disease (onset after the age of 6 years) and Lafora disease. Lafora
disease is a distinct disorder with uniform course: onset in teenage years, followed by progressively worsening myoclonus,
seizures, visual hallucinations and cognitive decline, leading to a vegetative state in status myoclonicus and death within
10 years. Biopsy reveals Lafora bodies, which are pathognomonic and not seen with any other progressive myoclonus epilepsies.
Lafora bodies are aggregates of polyglucosans, poorly constructed glycogen molecules with inordinately long strands that render
them insoluble. Lafora disease is caused by mutations in the EPM2A or EPM2B genes, encoding the laforin phosphatase and the
malin ubiquitin ligase, respectively, two cytoplasmically active enzymes that regulate glycogen construction, ensuring symmetric
expansion into a spherical shape, essential to its solubility. In this work, we report a new progressive myoclonus epilepsy
associated with Lafora bodies, early-onset Lafora body disease, map its locus to chromosome 4q21.21, identify its gene and
mutation and characterize the relationship of its gene product with laforin and malin. Early-onset Lafora body disease presents
early, at 5 years, with dysarthria, myoclonus and ataxia. The combination of early-onset and early dysarthria strongly suggests
late infantile-variant neuronal ceroid lipofuscinosis, not Lafora disease. Pathology reveals no ceroid lipofuscinosis, but Lafora
bodies. The subsequent course is a typical progressive myoclonus epilepsy, though much more protracted than any infantile
neuronal ceroid lipofuscinosis, or Lafora disease, patients living into the fourth decade. The mutation, c¢.781T > C (Phe261Leu),
is in a gene of unknown function, PRDM8. We show that the PRDM8 protein interacts with laforin and malin and causes
translocation of the two proteins to the nucleus. We find that Phe261Leu-PRDM8 results in excessive sequestration of laforin
and malin in the nucleus and that it therefore likely represents a gain-of-function mutation that leads to an effective deficiency
of cytoplasmic laforin and malin. We have identified a new progressive myoclonus epilepsy with Lafora bodies, early-onset
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Lafora body disease, 101 years after Lafora disease was first described. The results to date suggest that PRDMS8, the early-onset
Lafora body disease protein, regulates the cytoplasmic quantities of the Lafora disease enzymes.
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Abbreviation: LOD = logarithm of odds

Introduction

Lafora disease is the principal form of adolescence-onset progres-
sive myoclonus epilepsy. Most patients are completely normal in
childhood, with the exception of early learning difficulties in some
(Ganesh et al., 2002a). Earliest symptoms are headaches, decline
in school performance, spontaneous and induced myoclonus, and
convulsive seizures, with EEG showing background slowing and
occipital-based irregular spike-wave discharges (Lafora and
Glueck, 1911; Minassian, 2001). Subsequent symptoms include
dysarthria and ataxia, both strongly accentuated by the myclonus,
and visual hallucinations, of both epileptic and psychotic origin
(Tinuper et al., 1983; Andrade et al., 2005). All these symptoms
worsen over time and within 5 years become intractable. The
myoclonus becomes extremely frequent and is associated with al-
teration of consciousness interfering with every thought, resulting
in frustration, itself worsening the myoclonus. The mental confu-
sion is exacerbated by a progressive disinhibited dementia.
Convulsive seizures need not be frequent but are never fully con-
trolled. Patients maintain awareness of self and family until very
late in the disease and then enter an extended period of vegeta-
tive state in status myoclonicus. Death occurs through convulsive
status epilepticus and aspiration pneumonia, usually by 10 years
from onset. Pathologically, Lafora disease is characterized by
increased glycogen content in tissues and presence of malformed
glycogen molecules called polyglucosans. The latter accumulate
over time into masses called Lafora bodies. Although present in
multiple tissues, including skeletal muscle, heart, liver, skin and
brain, Lafora bodies are not pathogenic outside the brain, at
least not prior to the patient succumbing to the neurological dis-
ease (Lafora and Glueck, 1911; Minassian, 2001; Tagliabracci
et al., 2007).

Glycogen synthesis begins with the protein glycogenin glycosy-
lating itself to generate a short glucosaccharide, which is then
extended by glycogen synthase until a 13-mer glycogenin-bound
glucose polymer is produced. Glycogen branching enzyme then
detaches the last six glucoses as a hexamer, which it reattaches
to the side of the remaining heptamer, thus converting the original
linear polymer to a fork with two ends. Glycogen synthase now
extends each end, and branching enzyme removes and branches
each new hexamer as above, the process continuing until the
tightly packed glycogen sphere, containing up to 55000 glucose
units, is formed. Spherical structure provides glycogen solubility,
preventing it from precipitating (Roach, 2002). Polyglucosans
have excessively long strands and inadequate branching, and
lack spherical form. They are more similar to plant starch than
to glycogen, and like starch they precipitate, aggregate and
accumulate. In the brain, for reasons unknown, this takes place

mainly in dendrites, initiating severe progressive myoclonus
epilepsy after a threshold accumulation is reached (Sakai
et al.,, 1970; Van Heycop Ten Ham, 1975; Cavanagh, 1999;
Minassian, 2001; Turnbull et al., 2011). One other neurological
disease, adult polyglucosan body disease, is also characterized by
polyglucosan formation (Robitaille et al., 1980). In adult
polyglucosan body disease, polyglucosans accumulate exclusively
in axons, again for reasons unclear, and the disease is an axono-
pathy with upper and lower motor neuron signs, sensory neur-
opathy and bladder control deficits; there is no epilepsy. Adult
polyglucosan body disease is caused by mutations in the branching
enzyme gene resulting in decreased branching enzyme activity
and leading to polyglucosan formation due to inability of branch-
ing enzyme to maintain pace with glycogen synthase (Lossos
et al., 1998).

Lafora disease is inherited in an autosomal recessive fashion.
The disease is caused by mutations in either the EPM2A gene
encoding the laforin phosphatase or the EPM2B gene encoding
the malin ubiquitin E3 ligase (Minassian et al., 1998; Chan et al.,
2003b). Functional studies to date have generated two hypotheses
of pathogenesis. Laforin and malin were shown to form a complex
that interacts with protein targeting to glycogen (PTG, now
known as PPP1R3C), a protein that targets the pleiotropic phos-
phatase protein phosphatase 1 (PP1) to dephosphorylate and
activate glycogen synthase (Fernandez-Sanchez et al., 2003,
Solaz-Fuster et al., 2008; Worby et al., 2008). In cell culture ex-
periments, the absence of laforin or malin is associated with
increased PTG, most likely through loss of malin-mediated ubiqui-
tination and degradation of glycogen synthase and PTG, and re-
sultant increased glycogen synthase activity (Vilchez et al., 2007).
In this hypothesis, increased glycogen synthase activity without
increased branching enzyme activity imbalances glycogen elong-
ation and branching, leading to formation of polyglucosans. The
second hypothesis stems from the observation that the glycogen
synthase reaction is subject to enzymatic error. Episodically, glyco-
gen synthase adds phosphoglucose to glycogen instead of glucose,
and laforin corrects this by removing the phosphates (Tagliabracci
et al., 2011). When laforin is absent, phosphates accumulate on
glycogen and through their high charge disturb glycogen's spher-
ical structure, rendering it insoluble and leading it to precipitate
(Tagliabracci et al., 2008). While the two hypotheses are dispar-
ate, they are not mutually exclusive and may be reconciled with
future work. Lafora bodies, in any case, have a major pathogenic
role in Lafora disease as evidenced by the demonstration that
preventing Lafora bodies formation, by reducing glycogen synthe-
sis in laforin-deficient mice, leads to disappearance of myoclonus
and neurodegeneration, curing these mice from Lafora disease
(Turnbull et al., 2011).
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In 2004, we reported preliminary description of a consanguin-
eous family with a progressive myoclonus epilepsy resembling
Lafora disease. The proband had Lafora bodies in skeletal muscle
but neither she nor her affected siblings had mutations in EPM2A
or EPM2B, and the disease did not segregate with EPM2A or
EPM2B markers (Chan et al., 2004b). In this work, we detail
the clinical and pathological features of this progressive myoclonus
epilepsy, identify the underlying disease gene (PRDMS8) and de-
scribe functional characteristics of the gene's protein product and
its interactions with and effects on laforin and malin.

Materials and methods

Histology and electron microscopy

This study was approved by the Research Ethics Board of the Hospital
for Sick Children, and informed consent was obtained from all subjects
or their guardians.

Tissues collected at biopsy were fixed in either 10% neutral buf-
fered formalin or minced into pieces ~1mm? in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.4. Formalin-fixed materials
were embedded in paraffin, sectioned and mounted on glass
slides. They were then stained with periodic acid-Schiff reagent fol-
lowing diastase treatment, coverslipped and examined under the
light microscope. Material collected in glutaraldehyde was rinsed
thoroughly in phosphate buffer, post-fixed in OsO, and dehydrated
and infiltrated in Embed 812. The tissues were then embedded and
polymerized at 60°C overnight in flat embedding moulds to insure
proper orientation. Areas of interest were then chosen using 0.5um
toluidine blue-stained sections. Ultrathin sections were then cut,
mounted on grids and stained with uranyl acetate and lead citrate
prior to examination in a transmission electron microscope (JEOL
1011).

Genome analysis, mutation screening
and expression study

Microsatellite linkage excluding the EPM2A and EPM2B loci and mu-
tation screening of both genes was previously described (Chan et al.,
2004b). For linkage analysis, autosomal recessive inheritance was spe-
cified, with a disease allele frequency of 0.001. Pairwise linkage and
simulated maximum logarithm of odds (MAX LOD) scores were cal-
culated using MLINK (Lathrop and Lalouel, 1984; Lathrop et al.,
1984). Parametric multipoint linkage analysis was performed using
GeneHunter (Kruglyak et al., 1996) with the MAX LOD score calcu-
lated using Allegro (Gudbjartsson et al., 2000). Both were performed
as previously described (Chan et al., 2003a). Primers for custom micro-
satellite markers were designed using the Primer3 software (Rozen and
Skaletsky, 2000) and flanking dinucleotide repeat sequences with a
>20 repeat length.

Single nucleotide polymorphisms were studied using the 10K
Affymetrix GeneChip® SNP array to check for smaller areas of interest
that may have been missed from the microsatellite screen. Analysis of
copy number variations was performed using the lllumina Human
660 W-Quad beadchip. Pairwise and multipoint parametric linkage
analysis was carried out using MERLIN (Abecasis et al., 2002).
Regions of interest were determined from MERLIN using a cut-off
LOD score of 0.25 and a P-value of <0.15. For each region of inter-
est, both microsatellite and single nucleotide polymorphism data were
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analysed. Haplotypes were constructed and checked for homozygosity
and/or shared alleles among the affected members of the family that
were not shared with the unaffected siblings.

Genes for mutation screening were prioritized based on function as
well as tissue expression. Primers for mutation screening were de-
signed using Primer3 software (Rozen and Skaletsky, 2000). PCR
was performed to amplify exons and separated on 1-1.5% agarose
gels. PCR products were either purified directly using microCLEAN
(Microzone) or gel-extracted and purified using QIAquick® gel extrac-
tion kit (QIAGEN). All were directly sequenced for mutations in exons
and splice junctions. At least 50 nucleotides on each side of an intron/
exon junction were analysed for each exon. Primer sequences are
available upon request. Controls were screened for the
Phe261Leu-PRDMS8 variant using a TagMan® single nucleotide poly-
morphism  genotyping assay for allelic discrimination (Applied
Biosystems).

For semi-quantitative reverse transcriptase-PCR, total RNA
(Clontech) from indicated tissues was transcribed to complementary
DNA using SuperScript@ II' (Invitrogen) and random hexamers for
amplification.

Histone methyltransferase assays

We performed enzymatic assays of PRDM8 in vitro and in vivo as
previously described (Eom et al., 2009) with minor modifications.
In vitro, we incubated wild-type or mutant PRDM8 (mammalian-
expressed and immunoprecipitated or bacterially expressed and
purified) at 30°C overnight in 35pl reactions including 5 x histone
methyltransferase assay buffer (50mM Tris, pH 8.5, 20mM KCl,
10mM MgCly, 10mM B-mercaptoethanol, 1.25M sucrose), 1 pg/pl
core histones (Roche) and 200 nCi of S-[methyl->H]-adenosyl-L-
methionine (GE Healthcare Sciences). SET7 histone methyltransferase
immunoprecipitated from transfected COS7 cells was used as positive
control. Reactions were analysed by autoradiography or scintillation
counting. For the latter, reactions were filtered on P81 filter papers
(Millipore Inc.) and retained radiolabelled histones washed three times
with cold 10% teichloroacetic acid and 70% ethanol for 5min at room
temperature and air-dried. S-Imethyl-3H]-adenosyl-L-methionine was
quantified by scintillation counting and values normalized to glutathi-
one S-transferase alone.

In the in vivo experiment, we transfected COS7 cells with wild-type
or mutant HA-tagged PRDMS8, following which we assessed the
amounts of endogenous dimethylated histone H3's using western blot-
ting with specific antibodies.

Immunoprecipitation,
immunofluorescence and western
blotting

COS7 cells and/or Hela cells were transfected using Lipofectamine
2000™ (Invitrogen) with 1 g total DNA for both immunoprecipitation
and immunofluorescence experiments and used 48 h after transfection.
For immunoprecipitation experiments, cells were lysed using RIPA
buffer (Sigma). Lysates were incubated with primary antibody over-
night at 4°C, then added to pre-washed protein G-Sepharose beads
(Sigma) and incubated for at least 2 h. Beads were washed a minimum
of three times with RIPA buffer before eluting by boiling in 10 x
loading dye.

For immunofluorescence experiments, cells were grown on glass
cover slips or chamber slides and fixed in 4% paraformaldehyde.
Fixed cells were permeabilized using 0.5% Triton" X-100 and
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washed. Cells were blocked in 5% bovine serum albumin/PBS. Primary
and secondary antibodies were diluted in 5% bovine serum albumin/
PBS. Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole;
Sigma), cells were mounted using N-propyl gallate and imaged using
a confocal microscope (Zeiss). Images were collected sequentially and
then merged. Nuclear co-localization foci sizes were calculated using
Volocity 6.0.1 software (PerkinElmer).

For western blotting, immunoprecipitates and/or lysates were
run on 12% SDS-PAGE gels before transfer and detection. Blots
were probed with antibodies specific for the tagged proteins fol-
lowed by incubation with either anti-mouse or anti-rabbit horserad-
ish  peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology).

Rabbit anti-FLAG, mouse anti-MYC, rabbit anti-haemagglutinin,
mouse anti-haemagglutinin, anti-glyceraldehyde 3-phosphate de-
hydrogenase, and all secondary horseradish peroxidase-conjugated
antibodies were from Santa Cruz. Mouse anti-FLAG and rabbit anti-
MYC antibodies were from Sigma. Anti-PRDM8 antibody was a kind
gift from Dr C. Jung. Anti-laforin antibody was from Abnova. Anti-H3
histone primary antibodies were from Active Motif. Anti-mouse and
anti-rabbit fluorescent secondary antibodies were from Jackson Labs.
Anti-glycogen synthase and phospho-glycogen synthase antibodies
were from Cell Signalling.

Results

The clinical syndrome

The family is of Pakistani origin living in England. Parents are
first-degree cousins. Three children are affected, and two, now
in their late twenties, are completely normal (Fig. 1A). Table 1
summarizes the clinical features.

The proband’s early development was unremarkable. She began
exhibiting school difficulties, dysarthria and myoclonus at age 5
and the next year had her first generalized convulsion. Over the
following years, she became increasingly ataxic, lost bladder con-
trol, became mute by age 12 and wheelchair-bound by age 14. At
present, she is 34-years-old, bedridden, has frequent myoclonus
and is unresponsive except for smiling when the family interacts
with her. On a combination of levetiracetam, valproic acid and
clonazepam, she has generalized seizures only several times a
year usually with infections or menses. Examination shows her
to be spastic-quadriparetic with bilaterally extensor plantar
responses.

The second patient has a milder presentation. He developed
dysarthria, myoclonus and gait ataxia since primary school, and
a generalized seizure at age 13. He reached secondary school but
failed his GCSE (General Certificate of Secondary Education).
Presently 30 years old, he is mobile, though severely ataxic and
frequently falling. He ventures outdoors and gets lost, and is para-
noid with frequent screaming outbursts. He remains continent. He
seizes with variable frequency on valproic acid. He married at age
18 (now divorced) and has a daughter. On examination, he is
markedly ataxic, spastic and hyperreflexic.

The third affected member, 29 years old, also attained second-
ary school, failed the GCSE, married and had two children. She
had been dysarthric since childhood but apparently was otherwise
healthy until age 21 when she developed progressive myoclonus
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and ataxia and worsening of her dysarthria. She started experien-
cing hallucinations and paranoia, lost sphincter control and inde-
pendent ambulation, became mute and at present commonly
spends the entire night screaming loudly. Like her affected sib-
lings, she exhibits spasticity, brisk reflexes, severe ataxia and has
myoclonus, which is not as frequent as in the other two. She has
not had generalized seizures to date.

Neuroimaging and EEG studies were available only from the
proband. CT scan at age 19 showed non-specific generalized at-
rophy. EEG at age 14 showed diffuse slowing with no epileptiform
discharges and at age 24 greater slowing with generalized inter-
ictal and myoclonus-associated spike-wave discharges.

Pathological findings

Skin biopsy in Lafora disease is commonly performed in the axilla
because skin Lafora bodies are present only in cell types related to
sweat glands, specifically duct cells of eccrine glands and myoe-
pithelial cells surrounding apocrine glands (Carpenter and Karpati,
1981; Busard et al., 1987; Andrade et al., 2003). Glycogen, in
normal or polyglucosan form, stains with periodic acid-Schiff.
Normal glycogen is readily digested by diastase (amylase),
whereas polyglucosans, because they are insoluble and concre-
tized, are not. Figure 2A shows diastase-resistant periodic
acid-Schiff-positive inclusions, Lafora bodies, in the myoepithelia
of apocrine glands from a patient with Lafora disease (EPM2B
mutation). Analysis of sections through the depth of the dermis
of axillary skin biopsies of the proband from the present family
showed no Lafora bodies (Fig. 2B). Similar extensive search for
skin Lafora bodies in her sister was likewise negative.

Skeletal muscle biopsy in both sisters showed numerous Lafora
bodies (Fig. 2C). In many cases, these were associated with vacu-
olar change of the myofibre cytoplasm in proximity to the Lafora
bodies, a feature not reported in Lafora disease. These vacuoles
were sometimes visible through the light microscope (Fig. 2D) but
were better appreciated under electron microscopy, which showed
them to consist of whorled membranes. The Lafora bodies them-
selves, under electron microscopy, were densely packed masses of
fibrils (Fig. 3A-C) indistinguishable from Lafora bodies in Lafora
disease (e.g. Fig. 3D from a case with Lafora disease and EPM2A
mutations). Finally, the Lafora bodies in the present cases differed
from those in Lafora disease in that they were never membrane-
bound, whereas in Lafora disease, skeletal muscle Lafora bodies
are frequently enclosed within a membrane (Carpenter et al.,
1974) as in the example in Fig. 3D.

The combination of progressive myoclonus epilepsy with Lafora
bodies has to date been pathognomonic of Lafora disease. The
present family has this combination, but both the progressive
myoclonus epilepsy and the Lafora bodies have clear differences
from Lafora disease. We propose calling this new disease
early-onset Lafora body disease.

Genetic mapping

Two separate genome-wide scans, one using microsatellites
and the other single nucleotide polymorphisms, identified
a 6.9Mb homozygous region of interest on chromosome
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A KO
Marker Mb
ELBD-1 74.5 1 4 [ gy 1 4 1 11 11 11
ELBD-2 74.8 2 1 o 1 11 1 2 2 2 2 1 2 2
ELBD-3 75.6 2 2 ol 1 2 1 2 2 2 2 2 2 2 2
D4s2990 77.1 1 3 1 2 iy 2 3 1 11 11 11
D4s2630 79.1 1 1 18 2 1§ 2 11 11 11 11
D4s2964 80.8 3 1 ol 2 BN 2 13 3 3 3 3 3 3
D4S3010 82.5 2 1 2 2 2 2 1 2 2 2 2 2 2 2
D4S1553 82.7 1 2 = B 181 2 2 12 1 2 12
D4S2932 83.5 1 2 all 1 i1 2 3 1 3 1 3 13
D4S1538 84.7 2 1 il 1 2 1 11 11 2 1 2 1
B
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Figure 1 Gene locus and mutation. (A) Pedigree and locus in chromosome 4q21.21; microsatellite haplotype shown; ELBD-1, 2, 3,
un-named microsatellites identified in-house; arrow indicates position of the PRDMS gene. (B) Non-synonymous single nucleotide
replacement is present in homozygous state in all three affected (proband's electropherogram shown, right panel) and in none of

the unaffected individuals (heterozygous change in the father shown, /eft panel). ELBD = early-onset Lafora body disease.

Table 1 Clinical features of the three affected patients

Patient Onset age Onset symptoms

Symptoms in late teenage years

Present state

(years)
1 5 Cognitive decline, Severely ataxic, wheelchair-dependent, Bedridden, unresponsive, frequent myoclonus, rare
myoclonus incontinent, myoclonus, seizures, mute  seizures, spastic-quadriparetic (age 34)
2 5 Dysarthria, myoclonus, Cognitive decline, ataxia, seizures, Severely ataxic, confused, paranoid, screaming out-
ataxia myoclonus bursts, myoclonus, spastic-hyperreflexic, rare seizures
(age 30)
3 5 Dysarthria Dysarthria Severely ataxic, confused, paranoid, incontinent,

screaming outbursts, myoclonus, spastic-hyperreflexic
(age 29)

4 (75.8-82.7 Mb) (Fig. 1A), encompassing 40 genes. In the micro-
satellite scan, maximum pairwise LOD score in this region was
1.96 (the simulated maximum LOD in this family was 1.45), and
multipoint linkage analysis in the region yielded a LOD score of
2.56. No other genomic region had a multipoint LOD score higher
than 1.1. In the single nucleotide polymorphism scan, maximum
LOD in the region was 0.93 (simulated maximum LOD = 0.94).
No other region had a LOD score >0.69. No previously undocu-
mented copy number variations were found in this region or in the
whole genome. We analysed for homozygosity in every genomic
region with LOD > 0.25 and found that none other than the

chromosome 4 region had homozygosity in affected and lack of
homozygosity in unaffected siblings. These results indicate that the
6.9 Mb chromosome 4 region is the early-onset Lafora body dis-
ease locus.

Exclusion of functional and positional
candidate genes

The 6.9 Mb chromosome 4 region contains 40 genes, two of
which, STBD7 and SCARB2, are strong functional candidates.
The function of STBD1 is not known, but it contains a particular
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Figure 2 Absence of Lafora bodies in skin and the presence in skeletal muscle. (A) Apocrine glands in skin from a patient with typical
Lafora disease; note numerous Lafora bodies (arrows) in the myoepithelia surrounding the glands. Scale bar = 50 um. (B) Comparable
apocrine glands from the proband of the present family, no Lafora bodies are seen. Scale bar = 50 um. (C) Skeletal muscle from the
proband; numerous Lafora bodies are present throughout the sarcoplasm of several muscle fibres (arrows). Scale bar = 100 um. (D)
Vacuolation in skeletal muscle from the proband. Arrow indicates a sarcoplasmic vacuole surrounded by Lafora bodies. All slides stained
with periodic acid-Schiff following diastase treatment. Scale bar = 100 pm.

type of carbohydrate binding domain, CBM20, found in laforin.
CBM20 is utilized by hundreds of plant and prokaryote starch
binding proteins but is extremely rare in mammalian proteomes,
having been found in only three proteins (Christiansen et al.,
2009). The second functional candidate gene, SCARB2, encodes
the membrane-integral protein that transports the glucocerebrosi-
dase enzyme to lysosomes (Reczek et al., 2007). Mutations of this
gene cause a progressive myoclonus epilepsy called action myo-
clonus—renal failure characterized by adult and rarely late-teenage
onset progressive tremor, myoclonus (severe), ataxia, dysarthria
and infrequent seizures. Most but not all patients have renal fail-
ure. All are reported normal in childhood. With the exception of
two with mild cognitive changes, the great majority have no cog-
nitive decline or psychosis. Pathology reveals membrane-bound

granules containing autofluorescent lipopigments and stacked
lamellae, and no polyglucosans or Lafora bodies (Badhwar et al.,
2004; Berkovic et al., 2008; Dibbens et al., 2009).

We sequenced all exons of STBD7 and SCARB2 and their flank-
ing intronic and 5’- and 3’-untranslated regions in our patients
and found no mutations. We next measured the amounts of
STBD1 and SCARB2 messenger RNA using quantitative reverse
transcriptase-PCR in fibroblasts and frozen muscle samples from
the patients and using western blots quantified STBD1 and
SCARB2 proteins in skeletal muscle and found no differences
from controls (data not shown). Absence of coding sequence mu-
tations and normal protein quantities in an affected tissue (muscle)
do not support a role for STBD7 or SCARB2 in early-onset Lafora
body disease.
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Figure 3 Electron microscopy of skeletal muscle Lafora bodies. (A) Transmission electron micrograph from the proband: asterisks indicate
Lafora bodies in perinuclear sarcoplasm. (B) Higher magnification of A: note filamentous nature of Lafora bodies and absence of any
surrounding membrane. (C) Vacuolation (arrows) in association with Lafora bodies in the proband. (D) Transmission electron microscope
image of skeletal muscle from a patient with Lafora disease; note membrane-bound Lafora bodies (arrows and asterisk). All scale

bars = 500 nm.

Of the 38 remaining genes in the region, we excluded 12
based on causative association with other completely distinct dis-
eases in humans or animal models or based on clear lack of
expression in brain and/or skeletal muscle. Finally, we sequenced
all exons and exon-flanking regions of the remaining 26 genes
(Supplementary Table 1). No frameshift, deletion, nonsense or
non-synonymous sequence change not present in the single nu-
cleotide polymorphism database (dbSNP) was present except in
one gene, PRDMS.

Sequence variant of a highly conserved
nucleotide in the PRDMS8 gene in
patients with early-onset Lafora body
disease

We identified a non-synonymous coding sequence change in the
PRDMS8 gene, ¢.781T>C (Phe261Leu), present in homozygous
state in the three affected patients and in neither unaffected sib-
ling. The parents were heterozygous for the change (Fig. 1B). The
sequence alteration is not present in dbSNP, nor did we find it in

100 CEPH controls. We proceeded to screen 500 ethnically and
geographically matched individuals (Pashtun from the Attock dis-
trict, Punjab, northwestern Pakistan). None had the variant in
either heterozygous or homozygous state.

PRDMS is expressed in brain, skeletal muscle and other tissues
(Fig. 4A). Evolutionarily, it is only found in vertebrates (like EPM2A
and EPM2B). Comparing the human PRDM8 primary structure to
all sequenced orthologues shows that the Phe261 amino acid is
part of a block of eight amino acids that is completely conserved
across vertebrates. The exact ¢.781T nucleotide is itself conserved
throughout vertebrate evolution (Fig. 4B).

PRDMS8 does not have
methyltransferase activity

Bioinformatic analysis could not assign a predicted function to the
conserved eight-amino acid block containing the sequence
change. The protein contains other conserved domains, five with
predicted functions: three zinc finger domains, commonly utilized
in protein—-DNA or protein—protein interaction (Brayer and Segal,
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Figure 4 PRDM8 expression, domain conservation and structure. (A) Semiquantitative reverse transcriptase-PCR using human tissue
complementary DNAs and primers amplifying across the first PRDM8 exon-exon boundary: the gene is expressed in brain and skeletal
muscle, among other human tissues; lanes between bands are reverse transcriptase-PCRs of preceding tissues with reverse transcriptase

omitted. (B) ClustalW alignments of PRDM8 protein and gene sequences from different vertebrate species show strict evolutionary

conservation of the substituted amino acid, the protein domain containing this amino acid and the mutated nucleotide. (C) Five conserved
domains with predicted functions are present in PRDMS, the PR domain, three zinc finger domains (C,H, and C,H,-like) and the nuclear

localization signal (NLS); blue highlight indicates position of the conserved domain containing the replaced amino acid.

2008), a nuclear localization signal and a PR domain (Fig. 4C). The
PR domain has 20-30% similarity to the SET histone methyltrans-
ferase domain. Although this similarity does not include a key
histidine required by SET for methyltransferase activity (Rea
et al., 2000; Davis et al., 2006), to date 3 of 17 PR containing
proteins have been shown to possess histone methyltransferase
activity (Kim et al., 2003; Hayashi et al., 2005; Eom et al.,
2009), including PRDM8, which was reported to increase levels
of histone H3 dimethylated at lysine 9 (diMe H3K9) (Eom et al.,
2009). To determine whether the Phe261Leu substitution affects
this activity, we first tested the methyltransferase activity reported
in wild-type PRDM8. We were unable to confirm this activity,
using the same methods as in the earlier report (Eom et al.,
2009). We find no methyltransferase activity of wild-type
PRDM8 on core histones generally (Fig. 5A and B), nor increased
dimethylation of lysines 4, 9, 27 or 36 of histone H3 specifically
(Fig. 5C). Expectedly, Phe261Leu-mutated PRDM8 also has no
histone methyltransferase activity (Fig. 5).

PRDMS relocates cytoplasmic laforin
and malin to distinct foci in the nucleus

To date, due to lack of suitable antibodies, the subcellular locations
of the EPM2A and EPM2B gene products (laforin and malin) have
been studied through epitope-tagging complementary DNAs of
each gene, transfection and overexpression in cells, and staining
with epitope-specific antibodies. Both proteins under these condi-
tions are predominantly cytoplasmic, with a minor portion of
laforin, and a somewhat larger portion of malin localizing in the
nucleus (Fig. 6A and E) (Chan et al., 2003b; Cheng et al., 2007,
Singh et al., 2008). The nuclear localization signal of PRDM8 pre-
dicts that PRDM8 is nuclear, and indeed epitope-tagged PRDM8
localized wholly in the nucleus (Fig. 6C). To assess whether the
small nuclear fractions of laforin and malin co-localize with
PRDM8, we expressed each with PRDM8. We observed that not
only did nuclear laforin co-localize with PRDMS, but that in the
presence of PRDM8 a large portion of cytoplasmic laforin relocated
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Figure 5 PRDMS8 histone methyltransferase assays. (A and B) Wild-type and mutant PRDM8 have no above-baseline methyltransferase
activities against mixed core histones. Haemagglutinin (HA)-tagged proteins were expressed in mammalian cells and activities detected
using autoradiography; glutathione S-transferase (GST)-tagged proteins were bacterially expressed/purified and activities measured by
scintillation counting, expressed as fold increase normalized to glutathione S-transferase alone. SET7 = positive control. Inset in (B) shows
western blot of purified PRDM8 proteins used in the assay. (C) Levels of endogenous histone H3 dimethylated at lysines 4, 9, 27 and 36
are not increased following transfection with wild-type (or mutant) haemagglutinin-tagged PRDM8 (each lane represents a separate
transfection); first two rows, levels of transfected proteins; ‘Total H3' row, levels of total histone H3; bottom row, GAPDH loading control;
pcDNA-His-G9a is a specific methyltransferase positive control for diMe H3K9.

to the nucleus. In the nucleus, PRDMS8, which when alone is dif-
fusely distributed (Fig. 6C), in the presence of laforin was no longer
so and instead localized intensely with laforin in distinctive punctate
foci (Fig. 6B). These foci are not associated with DNA
(Supplementary Video 1). The same results were obtained with
malin (Fig. 6E and F), and also when both laforin and malin
were expressed with PRDM8 (result not shown). The relocation
of laforin or malin from cytoplasm to the nucleus by PRDMS8
was not unspecific, as PRDM8 did not alter the location of two
other cytoplasmic proteins (glycogen synthase and PTG); it was not
cell-specific, as we observed it in two cell types used (COS7 and
Hela), and expression of a separate nuclear protein, NKX6.1, did
not cause any nuclear relocation of laforin and malin (not shown).

When laforin, malin and PRDM8 were expressed together,
immunoprecipitating one co-precipitated the other two (Fig. 7A),
indicating that the three proteins form a complex. The same results

were obtained with PRDM8 with laforin alone or PRDM8 with
malin alone (not shown). These, we note, though reproduced
many times, were more difficult to obtain than the triple expression
experiments, which readily replicate, suggesting greater stability of
the complexes when all three proteins are present together.
Although we still do not have antibodies that immunoprecipitate
endogenous laforin or malin from animal tissues, we were able to
obtain a polyclonal antibody that precipitates endogenous
PRDM8. We had previously generated a transgenic mouse line
that overexpresses a myc-tagged form of laforin (Chan et al.,
2004a). Immunoprecipitating PRDM8 from skeletal muscle and
brain from these mice co-precipitated myc-laforin (Fig. 7C).
Repeating the co-localization and co-immunoprecipitation ex-
periments with Phe261Leu-mutated PRDM8, we obtained the
same results as with the wild-type protein, i.e. Phe261Leu-
PRDM8 relocates laforin and malin to the nucleus in distinctive
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Figure 6 PRDM8 modifies the subcellular distributions of laforin (EPM2A) and malin (EPM2B). (A) Representative image of subcellular
distribution of overexpressed laforin; note predominant cytoplasmic expression in reticular pattern and minor nuclear presence. (B)
PRDM8 and laforin co-expression: green signal, laforin; red, PRDM8. (C) Nuclear distribution of overexpressed PRDMS8. (D) Mutant
Phe261Leu-PRDMS8 and laforin co-expression: green, laforin; red, PRDM8. (E) Representative image of subcellular distribution of over-
expressed malin: cytoplasmic expression in reticular pattern and diffuse nuclear expression. (F) PRDM8 and malin co-expression: green,
malin; red, PRDMS8. (G) Nuclear distribution of overexpressed Phe261Leu-PRDMS8. (H) Mutant Phe261Leu-PRDM8 and malin
co-expression: green, malin; red, PRDM8. (I) Percentage of transfected cells with nuclear sequestration foci of laforin and malin by
wild-type versus Phe261Leu-PRDM8. (J) Size of nuclear foci with laforin, malin and either wild-type PRDM8 or Phe261Leu-PRDM8. Size
is shown as means + SEM and significance calculated using an unpaired student's t-test (P < 2.54 x 10~9).
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Figure 7 Laforin and malin co-precipitate with both PRDM8 and mutant Phe261Leu-PRDMS8. (A and B) The three proteins co-expressed,
immunoprecipitating one co-precipitates the other two. MYC-EPM2A = myc-tagged laforin; FLAG-EPM2B = FLAG-tagged malin;
HA-PRDM8 = haemagglutinin-tagged PRDM8; HA-Phe261Leu-PRDM8 = haemagglutinin-tagged mutant Phe261Leu PRDMS;

IP = antibody used for imunoprecipitation; WB = antibody used for western blot; (+) indicates that the particular plasmid is transfected
and (=) that it is not. (C) PRDM8 immunoprecipitates myc-tagged laforin from skeletal muscle and brain of a transgenic mouse (tgepm2a)

overexpressing myc laforin; wt = wild-type mouse tissues.

large punctuate foci and co-immunoprecipitates with these two
proteins (Figs 6D, G and H and 7B). To determine whether
there is any difference in the nuclear sequestration of laforin and
malin by mutant PRDM8 versus wild-type, we first measured the
percentage of co-transfected cells exhibiting the intense nuclear
co-localization puncta and found no differences (Fig. 61). We next
measured sizes of the co-localization foci and found they
are highly significantly larger with mutant than with wild-type
(Fig. 6J), suggesting a greater nuclear relocation or confinement
of laforin and malin by mutant than by wild-type PRDM8.

Polyglucosan formation in early-onset
Lafora body disease appears not to be
associated with increased glycogen
synthase

As mentioned, the two leading hypotheses of polyglucosan for-
mation in Lafora disease, i.e. in the absence of cytoplasmic laforin
or malin, are as follows: (i) increased glycogen synthase activity
(due to increased glycogen synthase protein and decrease of its
phosphorylation); and (i) increased glycogen phosphorylation.
Testing hypothesis (i) is not possible in cell culture (glycogen
quantities are inadequate for phosphate content measurement)
and requires whole tissues. We tested hypothesis (i) by western

blotting for total glycogen synthase and glycogen synthase phos-
phorylated at Ser640 (which reflects the overall glycogen synthase
phosphorylation state; Skurat and Roach, 2004) in PRDM8- and
Phe261Leu-PRDM8-transfected cells. Total glycogen synthase was
not increased nor was phosphorylated glycogen synthase
decreased with mutant PRDMS8, indicating no effect of the muta-
tion on glycogen synthase activity (Fig. 8A). Performing these
western blots in a small amount of muscle biopsy tissue still avail-
able from one of the patients with early-onset Lafora body dis-
ease, we found that the quantity of phosphorylated glycogen
synthase was decreased. However, the total quantity of glycogen
synthase was also decreased, suggesting no likely net change in
total glycogen synthase activity (Fig. 8B). Combining the cell cul-
ture experiments with this single patient sample assay, our prelim-
inary exploration of the mechanisms of Lafora body formation in
early-onset Lafora body disease does not support hypothesis (i),
i.e. increased glycogen synthase activity, in the generation of poly-
glucosans in this disease.

Discussion

We have identified a new progressive myoclonus epilepsy, the
core features of which are childhood onset progressive dysarthria,

myoclonus, ataxia, cognitive decline, psychosis, dementia,
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Figure 8 Total and phosphorylated glycogen synthase levels with Phe261Leu-PRDM8 overexpression in early-onset Lafora body disease.
(A) Western blots of extracts of cell cultures overexpressing indicated (+) proteins. GS = glycogen synthase; pGS = phosphorylated
glycogen synthase; FLAG-Cys26Ser-EPM2B = a ubiquitin ligase-inactive malin mutant, used as a control; GAPDH = loading control; note
that neither glycogen synthase nor phosphorylated glycogen synthase are altered with Phe261Leu-PRDM8 compared with wild-type
PRDM8. (B) Western blots of extracts from skeletal muscle from a patient with early-onset Lafora body disease and a normal control with
antibodies against total (left) and phosphorylated (right) glycogen synthase.

spasticity and a protracted course so far into the fourth decade of
life. There is variability between patients. While all have early
speech difficulties, in one, the rest of the symptoms were delayed
until adulthood, after which they followed a course similar to her
siblings.

Early-onset Lafora body disease differs from the progressive
myoclonus epilepsies of Unverricht-Lundborg disease, Lafora dis-
ease and sialidosis. Its onset is earlier, one of its presenting symp-
toms, dysarthria, is not part of early phases of these diseases, and
its myoclonus is somewhat less severe. Its cognitive decline is
much more severe than in Unverricht-Lundborg disease and siali-
dosis, where cognitive loss is minimal (Lehesjoki and Koskiniemi,
1999; Canafoglia et al., 2011). Its psychosis differs from that of
Lafora disease, where patients have visual hallucinations (Andrade
et al., 2005) but do not exhibit outbursts of prolonged agitation
and screaming. It does not stabilize in adulthood, as occurs with
Unverricht-Lundborg disease, but does not progress quite as
rapidly as Lafora disease where most patients are deceased by
age 30.

Clinically, early-onset Lafora body disease would be closest to
certain cases of neuronal ceroid lipofuscinosis. CLN7 (now known
as PPT7; infantile ceroid lipofuscinosis), CLN2 (now known as
TPP1; late-infantile ceroid lipofuscinosis), and CLN5, 6, 7 (now
known as MFSD8) and 8 (late-infantile variant ceroid lipofuscino-
sis) all include cases where the progressive myoclonus epilepsy
presents later than late infancy, after age 5, with dysarthria,

myoclonus, ataxia and seizures (Bessa et al., 2006, 2008;
Cannelli et al., 2009; Kousi et al., 2009; Reinhardt et al., 2010;
Perez-Poyato et al., 2011). Early-onset Lafora body disease and
these cases diverge in the subsequent course of the progressive
myoclonus epilepsy, which is more protracted in early-onset Lafora
body disease than most, though not all, of these cases. They also
diverge in visual loss, which is mainstay in these neuronal ceroid
lipofuscinosis and not present in early-onset Lafora body disease.
Early-onset Lafora body disease differs from the remaining
known progressive myoclonus epilepsies. The progressive myoclo-
nus epilepsy due to SCARB2 mutations has adult onset and little
to no cognitive decline (Berkovic et al., 2008). The disease due to
PRICKLET mutation does start in childhood but has a particularly
prolonged period of ataxia preceding other progressive myoclonus
epilepsy symptoms and manifests little or no cognitive loss (Bassuk
et al., 2008). Finally, the progressive myoclonus epilepsy caused
by GOSR2 mutation also begins in early childhood but is distin-
guished by the presence of drop attacks, the absence of cognitive
problems till age 25 and scoliosis (Corbett et al., 2011).
Pathologically, early-onset Lafora body disease is now the only
known progressive myoclonus epilepsy, other than Lafora disease,
with Lafora bodies, at least in skeletal muscle. So far, we cannot
find Lafora bodies in skin. Whether there are Lafora bodies in
brain, and to what extent they contribute to the neurodegenera-
tion and clinical symptoms in this disease remain to be addressed
in future studies. In the clinic, patients with a disease resembling
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childhood-onset comparatively mild neuronal ceroid lipofuscinosis
without visual disturbance and without CLN mutations should be
tested for PRDM8 mutations or by muscle biopsy for Lafora
bodies. It is in these patients that we expect additional cases of
early-onset Lafora body disease will be found. PRDMS is not likely
a gene for typical Lafora disease. At present, in our collection of
> 120 patients with the classical Lafora disease phenotype, includ-
ing onset after age 10 and Lafora bodies in skin, every patient has
mutations in either EPM2A or EPM2B.

We identified the causative defect of early-onset Lafora body
disease in the PRDMS8 gene. We showed that the normal protein
product removes laforin and malin from the cytoplasm, their
normal locale of activity. We therefore hypothesize that the
PRDM8 missense mutation in the early-onset Lafora body disease
family is a gain-of-function alteration that over-sequesters laforin
and malin in the nucleus or prevents their timely or sufficient re-
lease to the cytoplasm for adequate activity. Consistent with this
hypothesis, we find that Phe261Leu-PRDM8 confines larger
amounts of laforin and malin nucleoplasmically than does the
wild-type protein. Precisely how this results in generation of poly-
glucosans in the cytoplasm remains unknown but does not appear
to involve glycogen synthase overactivity. The gain-of-function
hypothesis predicts that the absence of PRDM8 should not
result in Lafora bodies. While this article was in review, a prelim-
inary description of PRDM8-deficient mice was published, and no
Lafora bodies were mentioned (Ross et al., 2012). It must be
noted, however, that these mice were not studied after 2
months of age when Lafora bodies in Lafora disease mouse
models become evident (Ganesh et al., 2002a; Turnbull et al.,
2010), nor were their skeletal muscles analysed. The mice did
have neurological symptoms, including abnormal excessive
scratching behaviour of neurological origin and in some an abnor-
mal gait (Ross et al., 2012). Future experiments replacing
Phe261Leu-mutated PRDM8 in this strain of mice should serve
as a powerful animal model of early-onset Lafora body disease.

Is the nucleus only a sequestration and storage zone for laforin
and malin, or do these proteins have nuclear functions? Recent
work has shown that under heat shock laforin and malin translo-
cate to the nucleus and participate in the cytoprotective heat
shock response (Sengupta et al., 2011). It is possible that the
intricate transcriptional regulation of heat shock proteins, in
which laforin and malin appear to participate, involves PRDMS,
their new nuclear partner identified in the present study.

One hundred and one years ago, Lafora described the inclusions
(Lafora bodies) that distinguished the second and more severe
progressive myoclonus epilepsy, Lafora disease, from the first,
Unverricht-Lundborg disease, described by Unverricht 20 years
prior (Unverricht, 1891; Lafora and Glueck, 1911). We now de-
scribe a second progressive myoclonus epilepsy with Lafora bodies,
early-onset Lafora body disease, intermediate in severity between
Unverricht-Lundborg disease and Lafora disease. Recent studies
have shown that Lafora bodies are causative of Lafora disease.
Preventing their formation in Lafora disease mice completely pre-
vents the disease, including its neurodegeneration and progressive
myoclonus epilepsy (Turnbull et al., 2011). PRDM8 is now a third
starting point after laforin and malin towards uncovering the

J. Turnbull et al.

biochemical basis of Lafora bodies generation in severe and fatal
childhood-onset epilepsy with neurodegeneration.
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