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Abstract

Laforin, encoded by the EPM2A gene, by sequence is a member of the dual specificity protein
phosphatase family. Mutations in the EPM2A gene account for around half of the cases of Lafora
disease, an autosomal recessive neurodegenerative disorder, characterized by progressive myoclonus
epilepsy. The hallmark of the disease is the presence of Lafora bodies, which contain polyglucosan,
a poorly branched form of glycogen, in neurons, muscle and other tissues. Glycogen metabolizing
enzymes were analyzed in a transgenic mouse over-expressing a dominant negative form of laforin
that accumulates Lafora bodies in several tissues. Skeletal muscle glycogen was increased two-fold
as was the total glycogen synthase protein. However, the —/+ glucose-6-P activity of glycogen
synthase was decreased from 0.29 to 0.16. Branching enzyme activity was increased by 30%.
Glycogen phosphorylase activity was unchanged. In whole brain, no differences in glycogen synthase
or branching enzyme activities were found. Although there were significant differences in enzyme
activities in muscle, the results do not support the hypothesis that Lafora body formation is caused
by a major change in the balance between glycogen elongation and branching activities.

Lafora disease is an autosomal recessive, progressive myoclonus epilepsy (OMIM #254780),
with onset typically in teenagers followed by decline and death usually within ten years [1-
3]. The disease is characterized by the presence of Lafora bodies, periodic acid-Schiff positive
structures containing an abnormal form of glycogen, the branched polymer of glucose that
serves as a stored form of glucose in many tissues. Although Lafora body formation in neurons
is believed to account for the symptoms of the disease, the bodies are present in other tissues
including liver, muscle and skin [4-7].

Glycogen synthesis (Fig. 1) is mediated by glycogen synthase, which catalyzes formation of
the predominant a-1,4-glycosidic linkage of the polymer and branching enzyme, which
introduces the a-1,6-glycosidic branchpoints [8]. Degradation occurs in the cytosol through
the action of glycogen phosphorylase and the debranching enzyme or alternatively in the
lysosome via the activity of an a-glycosidase (acid maltase or GAA). In Lafora disease, a less
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branched form of glycogen, also called polyglucosan, accumulates and is associated with the
Lafora bodies.

Mutations in two genes, EPM2A and EPM2B, account for approximately 90% of Lafora cases
[1,3]. EPM2A, encodes a protein, laforin, that belongs to the dual specificity protein
phosphatase family [9]. Laforin also contains a functional polysaccharide binding domain
[10-12] that binds preferentially to polyglucosan over glycogen [13]. Some forty mutations
have been identified throughout all four exons of the EPM2A gene
(http://projects.tcag.ca/lafora/)[9,12,14-17]. Most mutations cause a loss of phosphatase
activity in recombinant laforin [11,18]. However, one disease mutation, W32G, in the
polysaccharide binding domain blocks glycogen binding [10,11,19] without completely
destroying phosphatase activity [10,19]. Therefore, binding to polysaccharide is required for
normal laforin function in vivo and one might speculate that laforin is somehow involved in
glycogen metabolism.

There are other possible links to glycogen metabolism. The EPM2B gene (also called
NHLRC1) encodes malin, a 395 residue protein that contains an NHy-terminal RING finger
domain[20] characteristic of E3 ubiquitin ligases [21]. Gentry et al. [22] reported that malin
interacts with laforin and catalyzes its polyubiquitination and in cultured cells leads to the
degradation of laforin. Loss of function mutations in EPM2B should thus stabilize laforin
making it hard to understand how recessive mutations in either EPM2A or EPM2B result in
the disease. Lohi et al. [23] found that malin interacts also with glycogen synthase and propose
that the laforin-malin-glycogen synthase complex is targeted for degradation. In the same
study, it was also reported that laforin could dephosphorylate the NH,-terminal inhibitory
phosphorylation site of the protein kinase GSK-3 which should result in glycogen synthase
inactivation. Another connection to glycogen came from the yeast two hybrid screen described
by Fernandez-Sanchez et al. [18] which identified the type 1 protein serine/threonine
phosphatase regulatory subunit, PTG. PTG, also called R5, binds glycogen and is implicated
in the control of glycogen metabolism [24]. PTG has been proposed to act as a scaffold, binding
also to glycogen synthase, phosphorylase and phosphorylase kinase [24]. Fernandez-Sanchez
et al. [18] found that a disease-associated mutation of laforin, G240S, has no effect on either
phosphatase activity or glycogen binding but impairs interaction with PTG.

Two mouse models of Lafora disease have been developed [13,25]. Disruption of the mouse
Epm2a gene resulted in viable homozygous null mice that accumulated structures similar to
Lafora bodies in neurons and other tissues [25]. Lafora bodies began to appear in the brain by
two months at which time neurons began to degenerate and die but not by typical apoptotic
mechanisms. Behavioral abnormalities were detected at 4 months and by 9 months the animals
had myoclonic seizures, ataxia and epileptiform electroencephelogram activity. The second
mouse model utilized transgenic over-expression of a dominant negative form of laforin
generated by mutating the catalytic Cys266 to Ser [13]. The mice developed Lafora bodies in
muscle, liver and neurons and, by immunogold electron microscopy, laforin was shown to be
in proximity of the polyglucosan deposits.

Despite these significant advances, the cause of Lafora disease and the reason for the
accumulation of Lafora bodies is not understood (Fig. 1). There are two prevailing hypotheses
in the field. One idea is that the defect in laforin blocks the breakdown or removal of excess
and/or aberrant glycogen molecules [11,13]. Some support for this hypothesis comes from the
preferential binding of laforin to poorly branched glycogen [11,13,19], so that laforin may act
in quality control of the synthetic process and initiate removal of defective molecules. The
second is that there may be faulty glycogen synthesis, leading to the abnormal polysaccharide
structure and reduced solubility. In this regard, it has been proposed that an imbalance between
branching enzyme and glycogen synthase activities may cause the abnormal branching of the
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polyglucosan. In support of this idea, the GSL30 transgenic mouse that over-expresses
constitutively active glycogen synthase in muscle hyper-accumulates glycogen that is less
branched [26] and contains structures that resemble Lafora bodies [27]. One fundamental
question yet to be answered is whether the activities of the glycogen metabolizing enzymes
are affected in tissues that form Lafora bodies. To address this critical question, we analyzed
several enzymes involved in glycogen metabolism in tissue from the transgenic mice over-
expressing dominant negative laforin [13]. Although there were some statistically significant
differences, there was no evidence for a gross imbalance between elongation and branching
activities in the transgenic mice.

Experimental procedures

Genetically modified mouse models

Mice over-expressing mutant laforin, described in the Introduction, had gene expression driven
by the p-actin promoter [13].

Generation of anti-laforin antibodies

Recombinant mouse laforin was produced in E. coli and purified as previously described
[19]. The anti-laforin antibody was raised in rabbits using recombinant laforin protein as
antigen by Cocalico Biologicals, Inc. The antibodies were affinity purified using recombinant
laforin coupled with Affigel-15 (Bio-Rad). After dialysis against 100 mM MOPS pH 7.5
overnight at 4°C, laforin (5 mg) was incubated with Affigel-15 overnight at 4°C. Then 0.1 M
ethanolamine-HCI pH 8 was added to block any unreacted sites. The resin was packed into a
column and washed with PBS (0.27 mM KCI, 0.15 mM KH,PQOg4, 14 mM NaCl and 0.81 mM
NayHPOy, pH 7.5), 100 mM MOPS pH 7.5 and 100 mM glycine HCI pH 2.4/150 mM NacCl.
Serum was passed through the column three times and the column was washed with PBS.
Affinity purified antibody was eluted with 100 mM glycine HCI pH 2.4, 150 mM NaCl and
immediately neutralized with Tris HCI pH 8.0. The antibody was dialyzed against PBS
overnight, glycerol was added to 25% (v/v) and the antibody was stored at —80°C.

Preparation of mouse tissues

Mouse tissues were harvested as rapidly as possible and frozen immediately in liquid nitrogen.
Tissues were later powdered by a tissue pulverizer and stored at —80°C. Samples of frozen
tissues were homogenized with a Tissue Tearer (Biospec Products Inc.) in 10 or 30 volumes
of a buffer containing 50 mM Tris-HCI pH 7.8, 2mM EGTA, 10 mM EDTA, 100 mM NaF,
0.5 mM PMSF, 2 mM benzamidine, 50 mM [-mercaptoethanol, 10 pg/ml leupeptin and 37
ng/ml TLCK. Total tissue homogenates were used for determination of enzyme activities.
Protein concentration was measured by the method of Bradford [28] using bovine serum
albumin as standard.

Western Blotting

Four volumes of SDS loading buffer was added to one volume of whole homogenate and boiled.
Loading buffer was 62.5 mM Tris-HCI, pH 6.8, 50% (v/v) glycerol, 2.5% (w/v) SDS, 5% (v/
v) B-mercaptoethanol, and 1.25% (w/v) bromophenol blue. Typically 30 pg protein was loaded
per lane and separated by SDS-PAGE with 10% acrylamide. The protein was transferred to
nitrocellulose and incubated with the indicated first antibody. Horseradish peroxidase-
conjugated secondary antibody (Sigma) and Enhanced Chemiluminescence (Amersham) were
used for detection. Autoradiograms were quantitated by densitometric scanning of films by
using Kodak 1D Image Analysis Software (Kodak).
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Enzyme activity assays

Glycogen synthase or phosphorylase activities were measured by monitoring the incorporation
of radioactivity from UDP-[U-14C]glucose by the method of Thomas [29] or [U-14C]
glucose-1-phosphate by the method of Gilboe [30], respectively, into glycogen as previously
described [31]. Activity ratio is defined as the enzymatic activity measured in the absence of
allosteric effector divided by that determined in the presence of 7.2 mM glucose-6-phosphate
for glycogen synthase or 3 mM AMP for phosphorylase, under standard conditions. The
activity ratio provides a kinetic index of the relative phosphorylation state of the enzymes. For
glycogen synthase, a low value is indicative of a highly phosphorylated enzyme. Branching
enzyme activity was determined as previously described [26].

Measurement of glycogen

Glycogen content in tissue was determined in samples of frozen tissue (~30 mg) by measuring
amyloglucosidase-released glucose from glycogen by the method of Bergmeyer [32] as
previously described by Suzuki et al. [33].

Other Materials and Methods

Antibodies against total mouse GSK-30/3 were from Biosource International. Anti-phospho-
GSK3o/pB (Ser21/Ser9) antibody and anti-phospho-GS (site 3a) antibodies were from Cell
Signaling Technology. Anti-phospho-GSK3a/p (Tyr 279/Tyr216) antibody (mouse) was from
Upstate Biotechnology. Results are presented as means + standard error of the mean. Unpaired
Student’s t-test was used to determine statistical significance using the Statview package
(Abacus Concept, Inc.). A value of p<0.05 was considered significant.

Results and discussion

To evaluate whether there were gross impairments of glycogen metabolism in a mouse model
of Lafora disease, we took advantage of the Cys266Ser laforin over-expressing mice [13].
These animals form Lafora bodies in both muscle and neurons. Using antibodies raised to
recombinant laforin, we could identify an immunoreactive species of Mr ~40,000 in muscle
extracts from wild-type mice (Fig. 2). We failed to detect laforin in brain and liver extracts,
presumably because the levels were too low. Using the same antibodies to analyze muscle from
the transgenic overexpressing mice, we estimated an approximately 150-fold over-expression
of the mutant laforin protein with little change in the endogenous, wild-type laforin (Fig. 2).
This result is in keeping with a more than 100-fold elevation in the Epm2a transcript level
[13]. The muscle of the transgenic animals contained approximately twice as much glycogen
as wild-type (Fig. 3), with a 30% increase in glycogen synthase protein based on Western
analysis (Fig. 3). Consistent with this result, the glycogen synthase activity measured in the
presence of glucose-6-P, which is an indicator of total synthase protein, was increased by ~50%.
The —/+glucose-6-P activity ratio, however, was paradoxically decreased in the glycogen
synthase from the transgenic muscle, suggestive of increased phosphorylation of the enzyme.
This was reflected in an increase in the phosphorylation of site 3a, one of the key
phosphorylation sites, as judged by a phospho-specific antibody (Fig. 3). If the signal from the
phospho-specific antibody was normalized by the intensity for total synthase, there was an
increase of 22% (p=0.014) in the tissue from the transgenic animals. Branching enzyme activity
was increased by 30% in the transgenic animals whereas glycogen phosphorylase, whether
measured in the presence or absence of AMP, was unchanged (Fig. 3). The muscle of the
transgenic mouse contains significant levels of the mutant laforin, which will be able to bind
glycogen, and has the potential to interfere with enzyme assays. We therefore performed
controls in which recombinant mouse C265S laforin was added back to muscle extracts from
wild type mice at a level, ~70 ug/ml, comparable to the laforin level in the transgenic animals.
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We observed no effect on glycogen synthase assays, with or without glucose-6-P, or on
branching enzyme assays (data not shown).

We additionally analyzed GSK-3 phosphorylation in muscle using phospho-specific antibodies
against the inactivating NH»-terminal phosphorylation site (Ser21 for GSK-3a and Ser9 for
GSK-3B) or the activating phosphorylation site in the T-loop (Tyr279 for GSK-3a and Tyr216
for GSK-3B). Ser phosphorylation was scarcely detected in GSK-3a and in GSK-3f was
unchanged in the transgenic over-expressors (Fig. 4). There was a 40% decrease in Tyr
phosphorylation of GSK-3a in the transgenic mice (Fig. 4). Tyr phosphorylation of GSK-3p,
though detectable, was too faint to quantitate. No major differences between genotype were
apparent (Fig. 4).

The elevated glycogen content in the transgenic mouse muscle is consistent with the increase
in glycogen synthase protein. The activation state of the glycogen synthase, however, was
reduced and one would have to infer that local metabolite conditions, including the glucose-6-
P concentration, were able to sustain increased glycogen synthesis [34]. The measurements of
bulk enzyme activity, though, do not give much mechanistic insight into the cause of Lafora
body formation. The increased glycogen synthase protein would be consistent with the proposal
that laforin participates in glycogen synthase degradation but not that it activates GSK-3 by
NH,-terminal dephosphorylation [23]. Branching enzyme activity is also increased in the
transgenic muscle so that the ratio of glycogen synthase to branching activities is little changed.
Therefore, we have no evidence that Lafora bodies in muscle in this mouse model are caused
by an imbalance in these activities.

Muscle glycogen metabolism is especially well-understood and, since the muscle of the
transgenic mice developed Lafora bodies, we reasoned that any gross perturbations in glycogen
metabolism caused by laforin downregulation should be evident in muscle. For this reason, we
first analyzed muscle. We also measured branching enzyme and glycogen synthase activities
in whole brain and found that there were no changes in the transgenic mice (Fig. 5). We did
not analyze brain glycogen because it is very difficult to preserve post-mortem without
specialized strategies, such as in situ microwaving [35]. The negative results with enzyme
activity measurements are difficult to interpret since most brain glycogen is present in the glial
cells and not the neurons [35]. Therefore, a substantial derangement of neuronal glycogen
metabolism could be easily masked by the contribution of the glia. Glycogen phosphorylase
is predominantly found in the glia with only occasional neurons displaying immunoreactivity
to phosphorylase antibodies [36]. In contrast, by immunocytochemistry, glycogen synthase
was found in both neurons and glial cells, and if anything, was more prominent in neurons
[37].

Conclusion

The first conclusion from the present study is that genetic manipulation of laforin function does
resultin altered glycogen metabolism in an organ, skeletal muscle, that produces Lafora bodies.
However, the mechanism remains unclear and the changes in glycogen and glycogen synthase
activity do not fit with GSK-3 dephosphorylation by laforin. Loss of laforin activity should
lead to decreased GSK-3 activity and increased glycogen synthase —/+ glucose-6-P activity
ratio. Also, no alterations in GSK-3 Ser phosphorylation were detected in the transgenic tissue.
The reason for these apparent discrepancies is not clear at this time. It has to be acknowledged
that Worby et al. [38] did not observe GSK-3 dephosphorylation by laforin.

Although some glycogen metabolizing enzymes were affected in the transgenic mice, our data
do not make a case for a radical perturbation of the balance between glycogen elongating and
branching, an observation that future models of Lafora body formation will need to take into
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count. Perhaps laforin function has more to do with monitoring glycogen branching and/or

managing its disposal. However, a very recent observation is that laforin can remove covalently
attached phosphate from amylopectin [38]. Glycogen has also long been known to contain
trace amounts of phosphate [39] although whether it serves a specific function is not really
known. Obviously, more work is needed to understand laforin function and its relation to Lafora
disease.
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Figure 1.

Glycogen metabolism. Normal glycogen metabolism is shown in the lower part of the figure,
with normal activities of glycogen synthase (GS) and branching enzyme (BE) leading to a
regularly branched polysaccharide. Its degradation is mediated in the cytosol by glycogen
phosphorylase (GP) and debranching enzyme (DBE) or in the lysosome by a-glucosidase
(GAA). In Lafora disease, poorly branched glycogen or polyglucosan is formed. Possible sites
of action of laforin and malin are indicated. One hypothesis is that they control the balance
between branching and elongating activities. A second idea is that laforin in some way monitors
the branching state of glycogen, enabling its effective removal, presumably via the lysosome.
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Figure 2.

Laforin expression in skeletal muscle of wild-type, transgenic mice overexpressing myc-
Cys266Ser laforin. Upper Panel: Wild type laforin runs as a species of ~40,000. The transgenic
Cys266Ser dominant negative laforin also has a myc tag leading to an apparent Mr of ~43,000.
Note that the loading for the wild-type extract was 30 pg of protein but 1 ug for the transgenic
animals, so that the endogenous laforin is not visible. Lower Panel: Equal loadings (30 ug
protein) of extracts of muscle from wild-type and transgenic mice.
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Figure 3.

Activities of glycogen metabolizing enzymes in skeletal muscle of transgenic mice
overexpressing myc-Cys266Ser laforin. “WT”, wild type. “TG”, myc-Cys266Ser laforin
transgenic. Measurements were as described under Experimental Procedures. The numbers
within the bars indicate the number of animals analyzed. *p<0.005 vs WT. #p<0.05 vs WT.
##p<0.0001 vs WT. A. Glycogen content measurement. B. Phosphorylase activity, measured
in the presence or absence of AMP. C. Phosphorylase —/+ AMP activity ratio. D. Branching
enzyme measurement. E. Glycogen synthase activity, measured in the presence or the absence
of glucose-6-phosphate (G6P). F. Glycogen synthase —/+glucose-6-phosphate activity. G.
Western blotting analysis to detect total glycogen synthase (upper panel) and glycogen synthase
phosphorylation at site 3a (lower panel). The loading was 30 ug protein to a 10% SDS-PAGE.
H. Quantitation of the data in Panel G.
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Figure 4.

WT TG WT TG
P-Ser (3f) P-Tyr (3a)

Analysis of glycogen synthase kinase-3o/p (GSK3a/p) in skeletal muscle of transgenic mice
overexpressing myc-Cys266Ser laforin. Loadings were 45 pg protein 10% SDS-PAGE gels.
Numbers within the bars indicate the number of mice analyzed. A. Total GSK3a/p protein
levels. B. Quantitation of the data shown in panel A. C. Ser21(GSK3a) and Ser9 (GSK3p)
phosphorylation as detected by phospho-specific antibodies (upper). Tyr279 (GSK3a) and Tyr
216 (GSK3p) phosphorylation as detected by phospho-specific antibodies (lower). D.
Quantitation of the data in panel C. *p<0.005 vs WT.
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Figure 5.

Glycogen synthase and branching enzyme activities in brain of transgenic mice overexpressing
myc-Cys266Ser laforin. The numbers within the bars indicate the number of animals analyzed.
“WT”, wild type. “TG”, transgenic mice overexpressing myc-Cys266Ser laforin. A. Branching
enzyme activity. B. Glycogen synthase activity in the presence and absence of glucose-6-P
(G6P). C. Glycogen synthase —/+ G6P activity ratio.
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