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Lafora progressive myoclonus epilepsy, caused by defective laforin or malin, insidiously present in normal
teenagers with cognitive decline, followed by rapidly intractable epilepsy, dementia and death. Pathology
reveals neurodegeneration with neurofibrillary tangle formation and Lafora bodies (LBs). LBs are deposits
of starch-like polyglucosans, insufficiently branched and hence insoluble glycogen molecules resulting
from glycogen synthase (GS) overactivity relative to glycogen branching enzyme activity. We previously
made the unexpected observation that laforin, in the absence of which polyglucosans accumulate, specifically binds polyglucosans. This suggested that laforin’s role is to detect polyglucosan appearances
during glycogen synthesis and to initiate mechanisms to downregulate GS. Glycogen synthase kinase 3
(GSK3) is the principal inhibitor of GS. Dephosphorylation of GSK3 at Ser 9 activates GSK3 to inhibit GS
through phosphorylation at multiple sites. Glucose-6-phosphate is a potent allosteric activator of GS.
Glucose-6-phosphate levels are high when the amount of glucose increases and its activation of GS overrides any phospho-inhibition. Here, we show that laforin is a GSK3 Ser 9 phosphatase, and therefore capable
of inactivating GS through GSK3. We also show that laforin interacts with malin and that malin is an E3 ubiquitin ligase that binds GS. We propose that laforin, in response to appearance of polyglucosans, directs two
negative feedback pathways: polyglucosan – laforin – GSK3 – GS to inhibit GS activity and polyglucosan –
laforin – malin – GS to remove GS through proteasomal degradation.

INTRODUCTION
Lafora disease (LD) is an autosomal recessive epilepsy that
attacks mainly normal teenagers with progressively worsening
seizures and dementia, culminating in continuous seizures, a
protracted vegetative state, and death within 10 years (1,2).
In retrospect, most families report an insidious cognitive
decline over some months prior to epilepsy onset. At
autopsy, neuronal degeneration is seen (3 – 5), and in addition,
neurons, myocytes and hepatocytes are found occupied by
conspicuous polyglucosan masses known as Lafora bodies
(LBs). Polyglucosans are malformed glycogen molecules
lacking the symmetric branching that allows correctly constructed glycogen to suspend in the cytoplasm. They are
thus akin to starch, and like starch, they precipitate in the

cell (1,2). LD is caused by mutations in the EPM2A
gene encoding laforin, a protein comprised a carbohydratebinding domain (CBD) and a dual-specificity phosphatase
(DSP) domain (6 – 10), or in the EPM2B gene encoding
malin, a putative E3 ubiquitin ligase (11). Also there is at
least one additional gene yet to be identified (12). Here, we
explore the roles of laforin and malin in LB formation.
In LD, LBs occur in brain in four conditions, with differences in the locations of the LB. In LD, LBs are exclusively
found in neuronal perikarya and dendrites (2). In glycogen
branching enzyme deficiency disease (GBED), they are
found in axons (GBED patients have dementia but not epilepsy) (13,14). During normal aging, numerous LBs called
corpora amylacea are found in astrocytes 15), with greater
numbers in patients with Alzheimer’s disease (16). Finally,
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florid astrocytic corpora amylacea are also present in
occasional temporal lobes resected at epilepsy surgery (17,18).
Normal glycogen is fashioned through coordinated action of
glycogen synthase (GS) and glycogen branching enzyme (BE).
The process initiates with GS adding glucose units to a
glycogenin-bound oligosaccharide. As GS elongates the saccharide, BE removes every six- to seven-residue oligomer
formed and re-attaches it inside the chain, creating a new
end for GS to extend. The process resumes and continues at
each end, expanding the molecule in a globular fashion (19).
In GBED, LBs form because the GS/BE balance is disturbed
in favor of GS (14). This mechanism also explains the LB
formation in skeletal muscle in muscle phosphofructokinase
deficiency, where glucose-6-phosphate (G6P), the allosteric
activator of GS (19,20), accumulates and overdrives GS, and
in the transgenic mice, it overexpresses GS in muscle (21).
It is also the leading theory for the generation of LB in LD,
as discussed subsequently.
Laforin preferentially binds starch over glycogen (10),
suggesting that its function begins after the appearance of
excessively long, improperly branched strands. It likely
serves a quality control role detecting such strands and counteracting their further formation. GS is activated by dephosphorylation by protein phosphatase 1, which is brought into
contact with it by the R5 protein. Laforin binds the same
region of R5 as GS and can therefore displace GS from R5
and prevent its activation (22). Could laforin also induce GS
inhibition? The main GS inhibitor is glycogen synthase
kinase 3 (GSK3) (19). This is a component of a wide
variety of cellular pathways including insulin signaling and
is dysregulated in several neurodegenerative diseases
(23 – 26). In insulin signaling, Akt kinase inactivates GSK3
by phosphorylation at Ser 9 (numbering according to b
isoform) (19,27). In this study, we show that laforin is a
GSK3 Ser 9 phosphatase, and thus it is able to activate
GSK3 to inhibit GS. We also show that laforin interacts
with malin and that malin is an E3 ubiquitin ligase that
binds GS. We propose a double-pronged negative feedback
pathway whereby laforin, following detection of polyglucosans, inhibits GS through GSK and also removes GS
through malin-mediated proteasomal degradation.

RESULTS
Laforin and malin interaction
We first overexpressed full-length laforin and malin in yeast
under selective growth media and noted that they interact
(Fig. 1A). To further verify the specificity of the interaction
under conditions that allow for post-translational changes to
the hybrid proteins, we used a mammalian two-hybrid
system, in which the interaction is detected by the secretion
of alkaline phosphate into the media. Co-expression of malin
and laforin recombinants in Chinese hamster ovary (CHO)
cells activated the co-transfected secreted alkaline phosphatase (SEAP) reporter gene, demonstrating binding of the two
proteins (Fig. 1B). Finally, we performed in vivo co-immunoprecipitation binding assays. We expressed hemagglutinin A
(HA)-tagged malin and myc-tagged laforin in HEK293 cells.
Immunoprecipitation with anti-myc antibody co-precipitated

malin and with anti-HA antibody co-precipitated laforin
(Fig. 1C) confirming the interaction.
To further map the critical regions involved in the interaction, we constructed several plasmids with different laforin
and malin domains (Fig. 1D) and expressed them in yeast.
Expression of truncated laforin comprised of exons 1 and 2
or exons 2, 3 and 4 with full-length malin maintained the interaction, but expression of laforin exon 1 or exons 3 and 4 did
not. These results indicate that the region encoded by exon 2,
between the laforin CBD and the phosphatase domain, is important for the interaction. We also tested a laforin mutant where
the catalytic Cys residue in the phosphatase domain is inactivated to Ser (10) and an alternative nuclear isoform of laforin
(28), both of which interacted with malin (data not shown).
We then analyzed the binding properties of individual malin
domains (Fig. 1D). Malin is comprised a RING finger and an
NHL domain including six NHL repeats (11). Expression of
the RING finger or the NHL domain alone with full-length
laforin disrupted interaction, suggesting that full-length
malin is required for proper binding. Finally, we tested and
found no interaction between the malin and the laforin interacting protein EPM2AIP1 (29) (data not shown).
Laforin is a GSK3 phosphatase and GSK3 associates
with LB
To test whether laforin interacts with GSK3, we used the
mammalian two-hybrid system. Co-expression of GSK3 and
laforin recombinants in CHO cells led to the activation of
the SEAP reporter gene, demonstrating binding of the two proteins (Fig. 2A). Interaction was further confirmed by expressing the proteins in COS7 cells. Immunoprecipitation with
anti-GSK3 antibodies co-precipitated laforin (Fig. 2B). To
determine whether laforin dephosphorylates GSK3 Ser 9, we
transfected GSK3 into NIH3T3 cells and induced Ser 9 phosphorylation by platelet-derived growth factor (PDGF). Phosphorylated GSK3 was then immunoprecipitated, incubated
with purified glutathione S-transferase (GST)-laforin and
tested for phosphorylation at Ser 9 using a Ser 9 specific
anti-phospho-GSK3 antibody. As shown in Figure 2C,
laforin greatly reduces GSK3b Ser 9 phosphorylation.
Similar results were obtained, in vivo, by co-expressing
GSK3 with laforin in COS7 cells (Fig. 2D).
We previously showed that LBs of malin-deficient LD
patients stain strongly positive for laforin (10). If GSK3 is
involved in mediating laforin’s function, then it might also
be present on these LBs. Using immunohistochemistry, we
show that the GSK3 antibody intensely stains LB in a
malin-deficient patient (Fig. 3A). If this GSK3 presence on
LB depends on laforin, then GSK3 should be absent from
LB of laforin-deficient LD patients, which we show to be
the case (Fig. 3B). We then asked whether GSK3’s presence
on LB requires laforin molecules with functional phosphatase
domains. We addressed this question in our Epm2acys – ser
transgenic mice. These mice overexpress Cys–Ser phosphataseinactive laforin 100-fold, which competes with wild-type
laforin and results in LB, densely populated by the mutant
laforin (10). Figure 4 and Table 1 show that GSK3 is
greatly depleted from these LBs, indicating that GSK3’s LB
localization requires phosphatase-active laforin.
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Figure 1. Laforin and malin interact. (A) Yeast two-hybrid interaction experiment between full-length laforin and malin (and malin deletion constructs): 1, positive control; 2, negative control; 3, pGBKT7-laforin and PACT2-malin; 4, pGBKT7-laforin and PACT2-malin RING domain; 5, pGBKT7-laforin and PACT2malin NHL domain; 6, pGBKT7-laforin and PACT2 vector and 7, pGBKT7 vector and PACT2-malin. (B) Mammalian two-hybrid experiment with full-length
laforin and malin: 1, positive control (pM3-VP16 combined plasmid contains both binding and activator domains); 2, negative control (pM53 and pVP16-CP);
3, pM-laforin and pVP16; 4, pVP16-malin and pM3; 5, untransfected cells; 6, basal control (pM and pVP16) and 7, pM-laforin and pVP16-malin.
(C) Co-immunoprecipitation of laforin and malin: IP, immunoprecipitation using indicated anti-tag (HA or myc) antibody; L, laforin; M, malin; left, immunoblot
stained with myc antibody; right, with HA; vec, vector with indicated tag but no insert. (D) Depiction of constructs used in mapping interaction regions in yeast
two-hybrid experiments.

Malin is an E3 ubiquitin ligase and binds GS
NHL domains are regions at which protein –protein interaction
occurs, but do not shed further light on function. However,
presence of the RING finger in malin suggests that it might
be an E3 ubiquitin ligase (11). To test this, we expressed
full-length malin in COS7 cells, which resulted in a thick
diffuse band on western blot, typical of a polyubiquitinated
protein, with lower edge at 50 kDa, the size of malin.
Expression of a malin protein containing a mutation in the
RING domain, Cys26Ser, known to cause LD (11) produced

a single discrete 50 kDa band (Fig. 5A). These results
suggested that malin self-ubiquitinates. To further confirm
this result, we transfected a truncation construct consisting
of malin’s RING domain alone. Western analysis revealed a
distinctive ladder of fragments separated by 8 kDa, the
size of ubiquitin. Introduction of a disease causing mutation,
Phe33Ser (11), abolished the ladder producing a single
15 kDa band, the size of the RING (Fig. 5B). Finally, coexpression of malin with ubiquitin reproduced the thick
diffuse band on immunoblots, which was again absent in the
presence of the RING mutant (Fig. 5C and D). Collectively,
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Figure 3. GSK3 localizes on malin-deficient LB and ubiquitin is present on
laforin-deficient LB. (A) Anti-GSK3 stained section from brain of a malindeficient LD patient (homozygous EPM2B F33S[11]); note intense labeling
of LB (arrows). (B) Same stain in a laforin-deficient LD patient (homozygous
EPM2A 800insA[7]); note absence of LB staining. (C) Anti-ubiquitin stained
section from patient in (A); her LBs are not ubiquitinated. (D) Anti-ubiquitin
from patient in (B); her LBs are strongly ubiquitinated.

Figure 2. Laforin is a GSK3 phosphatase. (A) Mammalian two-hybrid experiment with full-length laforin and GSK3b: 1, positive control (pM3-VP16
combined plasmid contains both binding and activator domains); 2, negative
control (pM53 and pVP16-CP); 3, pM-laforin and pVP16; 4, pVP16-GSK3b
and pM3; 5, untransfected cells; 6, basal control (pM and pVP16) and 7,
pM-laforin and pVP16-GSK3b. (B) Co-immunoprecipitation of laforin and
GSK3b: IP, immunoprecipitation using indicated anti-tag (HA or FLAG) antibody; immunoblots then stained with FLAG antibody. Laforin dephosphorylates GSK3b Ser 9 in vitro (C) and in vivo (D): in the presence of laforin
(right column), the Ser 9 phosphorylated GSK3b portion (top row) of total
GSK3b (bottom row) is reduced.

these results demonstrate that malin’s RING domain is an E3
ubiquitin ligase. They also show that at least two disease
mutations inactivate malin’s ubiquitination function.
Most E3 ubiquitin ligases self-ubiquitinate under experimental conditions, as described earlier (30 – 32). Physiologically, however, their role commonly is to ubiquitinate
specific interacting partners. Ubiquitination serves one of the
two functions, direction of the ubiquitinated protein to the
proteasome for degradation (31) or activity regulation of the
targeted protein (32). Malin’s function, as an LD gene
product, is to prevent polyglucosan formation. If it is to
accomplish this through removal or regulation of a specific
protein, a candidate target would be GS, the polyglucosansynthesizing enzyme.

To determine whether malin binds GS, we incubated lysates
of HA-malin-expressing cells with purified GS and separately
immunoprecipitated each protein. Immunoprecipitation of
HA-malin co-precipitated GS and of GS co-precipitated
malin, demonstrating that the two proteins interact (Fig. 5E).
Whether malin ubiquitinates GS and whether the outcome of
this ubiquitination is destruction or regulation of GS are
currently under investigation.
Malin is required for ubiquitin positivity of LB
Corpora amylacea strongly react to ubiquitin antibodies (15).
LBs in the laforin-deficient mouse are likewise ubiquitin positive (5). It is thought that ubiquitin positivity of CA and LB is
due to non-specific ubiquitinated but undegraded proteins
trapped within them (5,15). We tested an alternative hypothesis, namely, LB ubiquitin positivity is specific and dependent
on the presence of malin. We show that LBs in human patients
and animal models with LD because of malin deficiency are
devoid of ubiquitin, whereas LBs in human patients and
animals models with LD because of laforin deficiency are
ubiquitinated (Figs 3C, D and 6; Table 2). Which protein(s)
is ubiquitinated on LB in the presence of malin is unknown,
but may be GS.

DISCUSSION
We present experimental evidence demonstrating that the two
known LD-associated proteins, laforin and malin, interact and
function in the same biological pathway. The subneuronal
localization of malin is yet to be determined, but laforin localizes in neuronal perikarya and dendrites (10). In the absence
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Table 1. GSK3 numbers (gold attached to secondary antibody) per LB surface
area
Genotype

Particles/mm2

Functional laforin-deficient Epm2acys – ser mouse (10)
Laforin-deficient human (EPM2A 800insA[7])
Malin-deficient dog (48)

2.6 + 1.2
1.2 + 0.9
36 + 6.8

Tissue is skeletal muscle; counts are expressed as a mean in 50 LBs +
standard error; P . 0.001.

Figure 4. GSK3 localization on LB requires presence of phosphatase-active
laforin (immunogold electron microscopy on skeletal muscle sections;
primary antibody is anti-GSK3; asterisks indicate LB; all bars equal
0.5 mm). (A) Epm2acys – ser transgenic mouse model of LD (10); note
absence of labeling. (B) Laforin-deficient LD patient (homozygous EPM2A
800insA[7]); note absence of labeling. (C) Malin-deficient canine model of
LD (48); note intense labeling.

of either laforin or malin, large spherical LBs form in neuronal
perikarya, as shown in Figure 4, but smaller LBs form in
countless dendrites, including at synapses where they often
completely occupy the post-synaptic space (2,10,15). Their
sheer numbers and extent of synaptic invasion alone suggest
that LBs almost certainly contribute to neurologic symptoms
in LD. The fact that the full N-terminal third of laforin is a
polysaccharide-binding domain (7,10,33 –36) was an important
first step in understanding the genesis of LB. This domain
belongs to the CBM20 family of evolutionarily conserved
starch-binding proteins (http://afmb.cnrs-mrs.fr/cazy/) (7,34),
and its binding preference has been confirmed to be for starch
(polyglucosan) rather than for glycogen (10,36). This suggests
that polyglucosans do form normally in cells. Their accumulation being clearly harmful, laforin’s role likely involves
their detection and initiation of measures to counter their
further formation. The only known process by which polysaccharides of any kind are made in mammalian cells is glycogen
synthesis, and polyglucosans most likely are byproducts of glycogen synthesis. Therefore, to understand the role of laforin in
regulating polyglucosan formation, we sought links between
the laforin and the glycogen synthesis machinery.
We show that laforin is a GSK3 phosphatase. GSK3 is an
intermediary of the insulin pathway (19,23). In the absence
of insulin, it is active, directly inhibiting GS, but also
driving, through second messengers, transcriptional upregulation of glucose-6-phosphatase (G6Pase) (37,38), the enzyme
that converts G6P to glucose for secretion [neurons do
possess G6Pase, compartmentalized, like laforin and LB, in
the soma and dendrites (39,40)]. With insulin, GSK3 is inhibited, activating GS and decreasing G6Pase, the latter leading
to increased intracellular G6P and strong further allosteric
activation of GS (19,20). Laforin’s phosphatase action on
GSK3 Ser 9 would activate GSK3 to inhibit GS and to
increase G6Pase and decrease G6P and its allosteric effect
on GS. BE would not be affected, as it is not subjected to
GSK3 phosphoregulation or G6P activation (19). The laforin
effect would, therefore, move the GS/BE balance away
from polyglucosan synthesis.
In the absence of laforin, polyglucosans form and precipitate into LB. Both laforin and GSK3 are absent from these
LBs. However, when LBs form because of malin deficiency,
laforin densely populates them (10), and so does GSK3.
These observations confirm the involvement of GSK3 in LB
biology and the dependence of this involvement on the
presence of laforin.
GSK3 is employed in a variety of cellular functions unrelated to glycogen metabolism (23), and therefore, laforin’s
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Figure 5. Malin is an E3 ubiquitin ligase and interacts with GS. (A) Expression of HA-tagged malin results in a smear of sizes, typical of self-polyubiquitinating
proteins, which are eliminated by the C26S LD causing mutation. (B) Expression of HA-tagged malin RING domain (amino acids 1–91) produces bands separated by 8 kDa, the size of ubiquitin, which are eliminated by the F33S LD mutation. (C) Co-expression of myc-tagged malin with HA-tagged ubiquitin again
results in a smear of sizes eliminated by the C26S mutant; IP, immunoprecipitation; WB, western blot. (D) Same membrane stained with anti-myc shows the
presence of the malin band (lane 1), confirming that the absence of ubiquitination with the C26S mutant is not due to the lack of protein expression; the malin
band is not seen in lane 2, because all of malin is ubiquitinated (note strong smear). (E) Co-immunoprecipitation of HA-malin and GS; IP, immunoprecipitation
using indicated antibody; left, immunoblot stained with GS antibody; right, immunoblot with HA antibody; note: anti-HA detects additional higher molecular
weight bands, likely representing ubiquitinated malin.

utilization and regulation of GSK3 are likely normally
restricted to sites of glycogen metabolism so as not to affect
other GSK3 activities. However, spillover effects of laforin
deficiency on GSK3 activities in other systems cannot be
ruled out. This possibility is important in the light of observations in the Epm2a (laforin gene) knockout mouse. This
animal allowed pre-symptomatic pathological analyses and
revealed neurodegenerative changes (5), including neurofibrillary tangle-like formations (41), prior to the appearance of LB.
This suggested that LD, in addition to being a glycogen metabolic disorder, is also a primary neurodegenerative disease.
GSK3 is tau kinase, the principal phosphoregulator of

microtubular tau (42) and kinesin light chains (KLCs) (43).
GSK3 dysregulation would disturb tau and KLC phosphorylation and disrupt microtubular stability and cellular
transport, both early deficits in Alzheimer’s disease (AD)
(44) and precursors of neurofibrillary tangle formation in
AD, tauopathies and other neurodegenerative diseases (45).
Allosteric activation of GS by G6P is extremely potent and
overrides any phospho-inactivation of GS, including GSK3
(19). When the amount of glucose increases, laforin-mediated
GS downregulation may therefore require greater inhibition
than that provided by phosphorylation or may necessitate
removal of GS. We show in this article that laforin interacts
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Table 2. Ubiquitin numbers (gold attached to secondary antibody) per LB surface area
Genotype

Particles/mm2

Malin-deficient dog (48)
Non-malin nor laforin-deficient dog (unpublished data)
Laforin-deficient human (EPM2A 800insA7)
Functional laforin-deficient Epm2acys – ser mouse (10)

1.7 + 0.6
44 + 9.4
37 + 9.3
46 + 5.3

Tissue is skeletal muscle; counts are expressed as a mean in 50 LBs +
standard error; P . 0.001.

Figure 6. Malin is required for LB ubiquitination (immunogold electron
microscopy on skeletal muscle sections; primary antibody is anti-ubiquitin;
asterisks indicate LB; bars equal 0.5 mm). (A) Malin-deficient dog (48);
note absence of labeling. (B) Unpublished canine model of LD with genetic
linkage to neither Epm2a nor Epm2b; likely represents canine equivalent of
LD with mutations in the third yet unidentified gene (12); note intense labeling. (C) Laforin-deficient LD patient (homozygous EPM2A 800insA7). (D)
Epm2acys – ser transgenic mouse (7).

with malin and that malin is an E3 ubiquitin ligase that binds GS.
We theorize that malin strongly inhibits GS or directs GS to proteasomal degradation. This hypothesis remains to be tested. In
the absence of laforin, malin still appears to be active, as evidenced by the LB in laforin-deficient patients being ubiquitinated. However, without laforin, malin’s action would no
longer be coordinated with polyglucosan appearance and its
function in regulating GS may be futile once polyglucosans
have already formed and precipitated into LB.
Our results reveal the following molecular connections:
polyglucosan – laforin – GSK3 – GS
and
polyglucosan –
laforin –malin –GS. They suggest a double-pronged negative
feedback pathway, connecting polyglucosans to polyglucosan
downregulation. Disruption of the arm including malin
appears to be of greater clinical consequence (malin mutations
are sufficient to cause LD). This evokes a potential therapeutic
possibility. If this arm of the feedback pathway is indeed
needed only when the amount of glucose increases, then it
might be obviated with glucose deficiency, as can be
induced with the ketogenic diet (46).
While our article was in review, Gentry et al. (47) showed,
using very similar yeast two-hybrid experiments, that laforin
and malin interact. Interestingly, they concluded that malin’s
NHL domain is sufficient for the interaction. Their malin
NHL construct starts at Cys-78, whereas our construct starts
at His-118, which suggests that the intervening 40 amino
acids are important for the interaction. In contrast, they also
concluded that full-length laforin is required for the two proteins to interact (47). However, their laforin deletion constructs do not include the 40 amino acids between Gly-120
and Leu-161, 38 of which are encoded by exon 2, which we

mentioned earlier to be important in the interaction
(Fig. 1D). In conclusion, laforin and malin appear to interact
through their middle portions. In malin, this is the region
between the RING finger and the NHL domains, and in
laforin, the stretch between the CBD and the DSP domain.
Gentry et al. (47) also showed that malin polyubiquitinates
and degrades laforin. Noting the apparent conflict of this result
with the genetics of LD, they discussed two interesting theoretical scenarios that might resolve the conflict, both involving
existence of an unknown protein ‘X’ onto which malin ubiquitination and/or laforin phosphorylation need to act. If GS is
the protein ‘X’ onto which malin and laforin act (the latter
indirectly through GSK3), then it would appear to make
sense that having destroyed GS, malin would also destroy
laforin (and perhaps GSK3; interestingly, in this respect,
LBs in malin-deficient LD are highly positive in both laforin
and GSK3). Otherwise, GSK3 would remain activated with
possible negative consequences on the multiple cellular pathways it subserves. In any case, this all remains theoretical,
until malin’s effect on GS is experimentally verified.

MATERIALS AND METHODS
Yeast two-hybrid analysis
The GAL4-based system was used according to manufacturer’s instructions (Clontech). Full-length laforin (and de
letion or mutation construct) and malin (and deletion construct) cDNAs were cloned into pGBKT7 and pACT2 plasmids, respectively, co-transfected into yeast strain YH109
and grown under selection in media lacking leucine, trypthophan, adenine and histidine amino acids. Plates were incubated at 308C for 5– 7 days before colony counting. Possible
interaction of malin with EPM2AIP1 (NM_014805) was
studied in the same way. Protein expressions were verified
in yeast lysates by western blotting to avoid misinterpretations
due to possible protein instabilities especially with truncated
constructs.
Mammalian two-hybrid analysis
The BD Matchmaker Mammalian Assay Kit 2 was used
according to manufacturer’s instructions (BD Biosciences).
Full-length laforin was cloned into the pM vector as a
fusion with the GAL4 DNA-binding protein, and full-length
malin or GSK3b was inserted into the pVP16 plasmid as a
fusion with the VP16 activation domain. The SEAP reporter
gene was in pG5SEAP. All three were co-transfected into
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CHO cells. After 48 h, interaction was assayed by measuring
SEAP expression using the Great EscAPe SEAP Chemiluminescence Detection Kit (BD Biosciences). The specificity of
the system was verified using several positive, negative and
control plasmids included in the kit. Fusion protein
expressions were verified using western blots of transfected
cell lysates.
Immunoprecipitation assays
HA-tagged malin inserted into the pHM6 plasmid and myctagged laforin in pcDNA3.1 were co-expressed in HEK293
cells for 48 h. Cells were then treated with 1 mM sodium vanadate before lysing in lysis buffer (20 mM Tris pH 8.0, 200 mM
NaCl, 1 mM EDTA, 0.5% NP-40, 1% TritonX-100). Overnight
immunoprecipitations at 48C were performed using mouse
monoclonal anti-HA or anti-myc antibodies (Santa Cruz). Coprecipitated malin or laforin was then detected by immunoblotting using corresponding tag antibodies. Interaction between
laforin and GSK3b was studied by co-transfecting human HAtagged GSK3b (pcDNA3.1HA-GSK3B) and FLAG-tagged
laforin (pcDNA3.1FLAG-laforin) into COS7 cells. After 48 h,
cells were lysed and HA antibody was used to pull-down the
GSK3b–laforin complex. Co-precipitated laforin was detected
by immunoblotting using anti-FLAG antibody (Sigma). Interaction between malin and GS was studied by expressing HAtagged malin (pHM6HA-malin) in COS7 cells and incubating
the cell lysate with purified GS from rabbit skeletal muscle
(Sigma) for 1 h at room temperature. The lysate was then subjected to immunoprecipitation using mouse monoclonal antiGS antibody (MAB3106, Santa Cruz) and anti-HA antibodies
as described earlier. Co-precipitated GS and malin were then
detected using corresponding antibodies.
Dephosphorylation assay
In vitro: NIH3T3 cells were transiently transfected with mouse
GSK3b cloned into the pcDNA3.1 plasmid. Two days after
transfection, cells were treated with 50 ng/ml of PDGF
(Sigma) for 30 min to enhance phosphorylation of the Ser 9 of
GSK3b. Cells were then lysed in lysis buffer [150 mM NaCl,
50 mM Tris (pH 8.0), 1% NP-40, 5 mM EDTA, 10 mM NaF,
1 mM Na3VO4, 10 mM b-glycerophosphate], and GSK3b was
immunoprecipitated using rabbit anti-GSK3 antibody [Santa
Cruz, GSK3b(H-76): sc-9166]. GSK3b was then bound to
protein G beads and washed. Dephosphorylation was performed
by adding 500 ng of purified recombinant GST–laforin in dephosphorylation buffer (50 mM imidazole, 0.1% b-mercaptoethanol)
to the beads and incubating at 308C for 15 min. GST–laforin
fusion protein was produced previously (10). Dephosphorylation
activity of laforin was analyzed by immunoblotting and using
mouse monoclonal anti-phospho-GSK3b antibody against Ser
9 (cell signaling). Dephosphorylation results were normalized
against total GSK3b protein using the rabbit anti-GSK3 antibody
in the same membranes. In vivo dephosphorylation of GSK3b
Ser 9 was studied by expressing pVP16-GSK3b alone or with
pM-laforin in COS7 cells and inducing phosphorylation with
PDGF. Phosphorylation status was analyzed from immunoblots
as described earlier.

Immunohistochemistry and immunogold electron
microscopy
Immunohistochemistry was performed on microwave
antigen-retrieved paraffin sections, which were incubated
with the aforementioned GSK3 antibody or an anti-ubiquitin
antibody [Santa Cruz, Ub(P4D1): sc-8017] for 1 h and
immunostained using an ABC staining kit (Dako) and
counterstained with hemotoxylin prior to light microscopic
examination.
For immunogold electron microscopy, tissues were fixed in
4% paraformaldehyde containing 0.1% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4, or 2.5% glutaraldehyde in phosphate
buffer and minced into millimeter cube pieces for .4 h.
Tissues fixed in glutaraldehyde were rinsed in buffer, postfixed in 2% aqueous OsO4, dehydrated in an ascending
series of ethanols and infiltrated, embedded and polymerized
in epon araldite. Thick sections were cut and stained with
toluidine blue to identify LB containing blocks. Ultrathin sections were then cut, mounted on grids and stained with ethanolic uranyl acetate and lead citrate prior to examination in the
transmission electron microscope (TEM). Tissues fixed in
paraformaldehyde were infused with 2.3 M sucrose overnight,
frozen in liquid nitrogen, substituted at 2858C for 48 h in
absolute methanol containing 2% uranyl acetate, rinsed in
cooled methanol, infiltrated in lowicryl HM20 resin overnight
at 2208C, embedded and cold polymerized using ultraviolet
light. Ultrathin sections of LB containing blocks were cut
and mounted on formvar-coated nickel grids, which were
immunogold labeled with either the GSK3 or ubiquitin antibodies (Santa Cruz). Briefly, sections were blocked with
phosphate-buffered saline containing 0.5% bovine serum
albumin prior to incubation with antibody for 1 h. Following
a thorough rinse, sections were incubated in 10 nm gold complexes attached to either goat anti-rabbit IgG or goat antimouse IgG. Grids were thoroughly washed prior to staining
in uranyl acetate and lead citrate, examined in the TEM and
images are captured using a CCD digital camera. Labeling
density was determined using an image analysis program
(SCION Image analysis) to determine the projected areas of
each LB. Gold particles within the LB were manually
counted and particle density for each LB was determined. A
minimum of 50 LBs were analyzed from each group. Data
were expressed as mean + standard error, and a Student’s
t-test was carried out to determine the significance.

Ubiquitination assays
Constructs described in Figure 5 were cloned into the pHM6
plasmid and expressed in COS7 cells for 2 days. Cells were
then lysed and pellet fractions were analyzed by western
blot using anti-HA antibody. In vivo self-ubiquitination of
malin was studied by co-expressing myc-tagged wild-type or
mutant (Phe33Ser) malin with HA-tagged ubiquitin in COS7
cells for 48 h. Cells were lysed and malin was immunoprecipitated using anti-myc antibodies. Ubiquitination of malin
was detected by staining the immunoblots with anti-HA.
Myc-vector (pcDNA3)-transfected cells were used as a
control. Protein expression was verified by staining the same
immunoblot with anti-myc.

Human Molecular Genetics, 2005, Vol. 14, No. 18

ACKNOWLEDGEMENTS
We would like to thank Drs Satish Patel and James Woodgett
for their advice and GSK3 constructs and to acknowledge the
skilled assistance of Mr Michael Ho and Ms Aina Tilups in the
immunohistochemistry and immunogold electron microscopy
experiments, respectively. This study is funded by the
Canadian Institutes of Health Research (CIHR). H.L. is supported by the Sigrid Juselius and Emil Aaltonen Foundations,
Finland.
Conflict of Interest statement. The authors declare that they
have no conflicts of interests.

REFERENCES
1. Lafora, G.R. and Gluck, B. (1911) Beitrag zur histopathologie der
myoklonischen epilepsie. Z. Ges. Neurol. Psychiatry, 6, 1–14.
2. Chan, E.M., Andrade, D.M., Franceschetti, S. and Minassian, B. (2005)
Progressive myoclonus epilepsies: EPM1, EPM2A, EPM2B. Adv. Neurol.,
95, 47 –57.
3. Collins, G.H., Cowden, R.R. and Nevis, A.H. (1968) Myoclonus epilepsy
with Lafora bodies. An ultrastructural and cytochemical study. Arch.
Pathol., 86, 239–254.
4. Toga, M., Dubois, D. and Hassoun, J. (1968) Ultrastructure of Lafora
bodies. Acta Neuropathol. (Berl.), 10, 132 –142.
5. Ganesh, S., Delgado-Escueta, A.V., Sakamoto, T., Avila, M.R.,
Machado-Salas, J., Hoshii, Y., Akagi, T., Gomi, H., Suzuki, T.,
Amano, K., Agarwala, K.L., Hasegawa, Y., Bai, D.S., Ishihara, T.,
Hashikawa, T., Itohara, S., Cornford, E.M., Niki, H. and Yamakawa, K.
(2002) Targeted disruption of the Epm2a gene causes formation of Lafora
inclusion bodies, neurodegeneration, ataxia, myoclonus epilepsy and
impaired behavioral response in mice. Hum. Mol. Genet., 11, 1251–1262.
6. Minassian, B.A., Lee, J.R., Herbrick, J.A., Huizenga, J., Soder, S.,
Mungall, A.J., Dunham, I., Gardner, R., Fong, C.Y., Carpenter, S.,
Jardim, L., Satishchandra, P., Andermann, E., Snead, O.C., 3rd,
Lopes-Cendes, I., Tsui, L.C., Delgado-Escueta, A.V., Rouleau, G.A. and
Scherer, S.W. (1998) Mutations in a gene encoding a novel protein
tyrosine phosphatase cause progressive myoclonus epilepsy. Nat. Genet.,
20, 171 –174.
7. Minassian, B.A., Ianzano, L., Meloche, M., Andermann, E.,
Rouleau, G.A., Delgado-Escueta, A.V. and Scherer, S.W. (2000)
Mutation spectrum and predicted function of laforin in Lafora’s
progressive myoclonus epilepsy. Neurology, 55, 341–346.
8. Ganesh, S., Agarwala, K.L., Ueda, K., Akagi, T., Shoda, K., Usui, T.,
Hashikawa, T., Osada, H., Delgado-Escueta, A.V. and Yamakawa, K.
(2000) Laforin, defective in the progressive myoclonus epilepsy of Lafora
type, is a dual-specificity phosphatase associated with polyribosomes.
Hum. Mol. Genet., 9, 2251–2261.
9. Minassian, B.A., Andrade, D.M., Ianzano, L., Young, E.J., Chan, E.,
Ackerley, C.A. and Scherer, S.W. (2001) Laforin is a cell membrane and
endoplasmic reticulum-associated protein tyrosine phosphatase. Ann.
Neurol., 49, 271– 275.
10. Chan, E.M., Ackerley, C.A., Lohi, H, Ianzano, L., Cortez, M.A.,
Shannon, P., Scherer, S.W. and Minassian, B.A. (2004) Laforin
preferentially binds the neurotoxic starch-like polyglucosans, which
form in its absence in progressive myoclonus epilepsy. Hum. Mol.
Genet., 13, 1117–1129.
11. Chan, E.M., Young, E.J., Ianzano, L., Munteanu, I., Zhao, X.,
Christopoulos, C.C., Avanzini, G., Elia, M., Ackerley, C.A., Jovic, N.J.,
Bohlega, S., Andermann, E., Rouleau, G.A., Delgado-Escueta, A.V.,
Minassian, B.A. and Scherer, S.W. (2003) Mutations in NHLRC1 cause
progressive myoclonus epilepsy. Nat. Genet., 35, 125 –127.
12. Chan, E.M., Omer, S., Ahmed, M., Bridges, L.R., Bennett, C.,
Scherer, S.W. and Minassian, B.A. (2004) Progressive myoclonus
epilepsy with polyglucosans (Lafora disease): evidence for a third locus.
Neurology, 63, 565– 567.

2735

13. Robitaille, Y., Carpenter, S., Karpati, G. and DiMauro, S.D. (1980)
A distinct form of adult polyglucosan body disease with massive
involvement of central and peripheral neuronal processes and astrocytes: a
report of four cases and a review of the occurrence of polyglucosan bodies
in other conditions such as Lafora’s disease and normal ageing. Brain,
103, 315–336.
14. Lossos, A., Meiner, Z., Barash, V, Soffer, D., Schlesinger, I.,
Abramsky, O., Argov, Z., Shpitzen, S. and Meiner, V. (1998) Adult
polyglucosan body disease in Ashkenazi Jewish patients carrying the
Tyr329Ser mutation in the glycogen-branching enzyme gene. Ann.
Neurol., 44, 867 –872.
15. Cavanagh, J.B. (1999) Corpora-amylacea and the family of polyglucosan
diseases. Brain Res. Rev., 29, 265–295.
16. Singhrao, S.K., Neal, J.W. and Newman, G.R. (1993) Corpora amylacea
could be an indicator of neurodegeneration. Neuropathol. Appl.
Neurobiol., 19, 269– 276.
17. Chung, M.H. and Horoupian, D.S. (1996) Corpora amylacea: a marker
for mesial temporal sclerosis. J. Neuropathol. Exp. Neurol., 55, 403–408.
18. Nishio, S., Morioka, T., Kawamura, T., Fukui, K., Nonaka, H. and
Matsushima, M. (2001) Corpora amylacea replace the hippocampal
pyramidal cell layer in a patient with temporal lobe epilepsy. Epilepsia,
42, 960–962.
19. Roach, P.J. (2002) Glycogen and its metabolism. Curr. Mol. Med., 2,
101–120.
20. Hays, A.P., Hallett, M., Delfs, J., Morris, J., Sotrel, A., Shevchuk, M.M.
and DiMauro, S. (1981) Muscle phosphofructokinase deficiency:
abnormal polysaccharide in a case of late-onset myopathy. Neurology, 31,
1077–1086.
21. Raben, N., Danon, M., Lu, N., Lee, E., Shliselfeld, L., Skurat, A.V.,
Roach, P.J., Lawrence, J.C., Jr., Musumeci, O., Shanske, S., DiMauro, S.
and Plotz, P. (2001) Surprises of genetic engineering: a possible model of
polyglucosan body disease. Neurology, 56, 1739–1745.
22. Fernandez-Sanchez, M.E., Criado-Garcia, O., Heath, K.E.,
Garcia-Fojeda, B., Medrano-Fernandez, I., Gomez-Garre, P., Sanz, P.,
Serratosa, J.M. and Rodriguez De Cordoba, S. (2003) Laforin, the
dual-phosphatase responsible for Lafora disease, interacts with R5 (PTG),
a regulatory subunit of protein phosphatase-1 that enhances glycogen
accumulation. Hum. Mol. Genet., 12, 3161–3171.
23. Jope, R.S. and Johnson, G.V. (2004) The glamour and gloom of glycogen
synthase kinase-3. Trends Biochem. Sci., 29, 95– 102.
24. Harwood, A.J. (2001) Regulation of GSK-3: a cellular multiprocessor.
Cell, 105, 821–824.
25. Dajani, R., Fraser, E., Roe, S.M., Young, N., Good, V., Dale, T.C. and
Pearl, L.H. (2001) Crystal structure of glycogen synthase kinase 3 beta:
structural basis for phosphate-primed substrate specificity and
autoinhibition. Cell, 105, 721–732.
26. Eldar-Finkelman, H. (2002) Glycogen synthase kinase 3: an emerging
therapeutic target. Trends Mol. Med., 8, 126– 132.
27. Cross, D.A., Alessi, D.R., Cohen, P., Andjelkovich, M. and Hemmings,
B.A. (1995) Inhibition of glycogen synthase kinase-3 by insulin mediated
by protein kinase B. Nature, 378, 785 –789.
28. Ianzano, L., Young, E.J., Zhao, X.C., Chan, E.M., Rodriguez, M.T.,
Torrado, M.V., Scherer, S.W. and Minassian, B.A. (2004) Loss of
function of the cytoplasmic isoform of the protein laforin (EPM2A)
causes Lafora progressive myoclonus epilepsy. Hum. Mutat., 23,
170–176.
29. Ianzano, L., Zhao, X.C., Minassian, B.A. and Scherer, S.W. (2003)
Identification of a novel protein interacting with laforin, the EPM2A
progressive myoclonus epilepsy gene product. Genomics, 81, 579 –587.
30. Joazeiro, C.A. and Weissman, A.M. (2002) RING finger proteins:
mediators of ubiquitin ligase activity. Cell, 102, 549–552.
31. Jackson, P.K., Eldridge, A.G., Freed, E., Furstenthal, L., Hsu, J.Y.,
Kaiser, B.K. and Reimann, J.D. (2000) The lore of the RINGs: substrate
recognition and catalysis by ubiquitin ligases. Trends Cell Biol., 10,
429–439.
32. Sun, L. and Chen, Z.J. (2004) The novel functions of ubiquitination in
signaling. Curr. Opin. Cell Biol., 16, 119–126.
33. Wang, J., Stuckey, J.A., Wishart, M.J. and Dixon, J.E. (2002) A unique
carbohydrate binding domain targets the lafora disease phosphatase to
glycogen. J. Biol. Chem., 277, 2377–2380.
34. Coutinho, P.M., Deleury, E., Davies, G.J. and Henrissat, B. (2003) An
evolving hierarchical family classification for glycosyltransferases.
J. Mol. Biol., 328, 307–317.

2736

Human Molecular Genetics, 2005, Vol. 14, No. 18

35. Ganesh, S., Tsurutani, N., Suzuki, T., Hoshii, Y., Ishihara, T.,
Delgado-Escueta, A.V. and Yamakawa, K. (2004) The carbohydratebinding domain of Lafora disease protein targets Lafora polyglucosan
bodies. Biochem. Biophys. Res. Commun., 313, 1101–1109.
36. Wang, W. and Roach, P.J. (2004) Glycogen and related polysaccharides
inhibit the laforin dual-specificity protein phosphatase. Biochem. Biophys.
Res. Commun., 325, 726–730.
37. Lochhead, P.A., Coghlan, M., Rice, S.Q. and Sutherland, C. (2001)
Inhibition of GSK-3 selectively reduces glucose-6-phosphatase and
phosphatase and phosphoenolypyruvate carboxykinase gene expression.
Diabetes, 50, 937–946.
38. Finlay, D., Patel, S., Dickson, L.M., Shpiro, N., Marquez, R., Rhodes, C.J.
and Sutherland, C. (2004) Glycogen synthase kinase-3 regulates IGFBP-1
gene transcription through the thymine-rich insulin response element.
BMC Mol. Biol., 5, 15.
39. Broadwell, R.D. and Cataldo, A.M. (1984) The neuronal endoplasmic
reticulum: its cytochemistry and contribution to the endomembrane
system. II. Axons and terminals. J. Comp. Neurol., 230, 231 –248.
40. Broman, K.W., Murray, J.C., Sheffield, V.C., White, R.L. and Weber, J.L.
(1998) Comprehensive human genetic maps: individual and sex-specific
variation in recombination. Am. J. Hum. Genet., 63, 861–869.
41. Machado-Salas, J., Bai, D., Rosa-Avila, M., Ganesh, S., Yamakawa, K.,
Suzuki, T., Amano, K., Cornford, E.M. and Delgado-Escueta, A.V. (2004)
Is Lafora disease a disorder of protein degradation and clearance?
Neurology, 62, A253–A254.

42. Avila, J., Lucas, J.J., Perez, M. and Hernandez, F. (2004) Role of tau
protein in both physiological and pathological conditions. Physiol. Rev.,
84, 361–384.
43. Morfini, G., Szebenyi, G., Brown, H., Pant, H.C., Pigino, G., DeBoer, S.,
Beffert, U. and Brady, S.T. (2004) A novel CDK5-dependent pathway for
regulating GSK3 activity and kinesin-driven motility in neurons. EMBO
J., 23, 2235–2245.
44. Stokin, G.B., Lillo, C., Falzone, T.L., Brusch, R.G., Rockenstein, E.,
Mount, S.L., Raman, R., Davies, P., Masliah, E., Williams, D.S. and
Goldstein, L.S. (2005) Axonopathy and transport deficits early in the
pathogenesis of Alzheimer’s disease. Science, 307, 1282–1288.
45. Sergeant, N., Delacourte, A. and Buee, L. (2005) Tau protein as a differential
biomarker of tauopathies. Biochim. Biophys. Acta, 1739, 179 –197.
46. Nordli, D. (2002) The ketogenic diet: uses and abuses. Neurology, 58,
S21–S24.
47. Gentry, M.S., Worby, C.A. and Dixon, J.E. (2005) Insights into
Lafora disease: malin is an E3 ubiquitin ligase that ubiquitinates and
promotes the degradation of laforin. Proc. Natl Acad. Sci. USA, 102,
8501–8506.
48. Lohi, H., Young, E.J., Fitzmaurice, S.N., Rusbridge, C., Chan, E.M.,
Vervoort, M., Turnbull, J., Zhao, X.C., Ianzano, L., Paterson, A.D.,
Sutter, N.B., Ostrander, E.A., Andre, C., Shelton, G.D., Ackerley, C.A.,
Scherer, S.W. and Minassian, B.A. (2005) Expanded repeat in canine
epilepsy. Science, 307, 81.

