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Approximately 90% of cases of Lafora disease, a fatal teen-
age-onset progressive myoclonus epilepsy, are caused by
mutations in either the EPM2A or the EPM2B genes that
encode, respectively, a glycogen phosphatase called laforin
and an E3 ubiquitin ligase called malin. Lafora disease is char-
acterized by the formation of Lafora bodies, insoluble deposits
containing poorly branched glycogen or polyglucosan, in many
tissues including skeletal muscle, liver, and brain. Disruption of
the Epm2b gene in mice resulted in viable animals that, by 3
months of age, accumulated Lafora bodies in the brain and to a
lesser extent in heart and skeletal muscle. Analysis of muscle
and brain of the Epm2b�/� mice byWestern blotting indicated
no effect on the levels of glycogen synthase, PTG (type 1 phos-
phatase-targeting subunit), or debranching enzyme, making it
unlikely that these proteins are targeted for destruction by
malin, as has been proposed. Total laforin proteinwas increased
in the brain of Epm2b�/� mice and,most notably, was redistrib-
uted from the soluble, low speed supernatant to the insoluble
low speed pellet, which now contained 90% of the total laforin.
This result correlated with elevated insolubility of glycogen and
glycogen synthase. Because up-regulation of laforin cannot
explain Lafora body formation, we conclude that malin func-
tions to maintain laforin associated with soluble glycogen and
that its absence causes sequestration of laforin to an insoluble
polysaccharide fraction where it is functionally inert.

Lafora disease (EPM2; OMIM254780) is an autosomal reces-
sive progressive myoclonus epilepsy with onset in adolescence
followed by gradual decline and death usually within 10 years
(1–4). A characteristic of Lafora disease is the accumulation of
Lafora bodies, insoluble periodic acid-Schiff-positive deposits
that contain polyglucosan, a poorly branched form of glycogen.
In the disease, Lafora bodies develop in many tissues, including
muscle, liver, and neurons, but it is generally believed that
Lafora body accumulation ultimately leads to neuronal cell
death and the neurological sequelae (4). Lafora disease would

then be a non-classical type of glycogenosis. Glycogen is a
branched storage polymer of glucose, present in many tissues
including muscle, liver, and brain. Glycogen synthesis is medi-
ated by the actions of glycogen synthase, which catalyzes the
elongation of the polyglucose chains, and branching enzyme,
which introduces the branch points (5, 6). Glycogen synthase is
negatively regulated by phosphorylation, which renders the
enzyme dependent on the allosteric activator glucose-6-phos-
phate (G6P)4 for activity (5). The�/�G6P activity ratio is thus
used as a kinetic index of the activation state of the enzyme (7).
Degradation of glycogen in the cytosol is mediated by glycogen
phosphorylase and the debranching enzyme (AGL).Onemech-
anism for the formation of polyglucosan is an imbalance be-
tween elongating and branching activities, as occurs in adult
polyglucosan disease, in which branching enzyme is mutated
(8), orTarui disease, inwhichmutation of phosphofructokinase
is thought to cause a buildup of glycolytic intermediates and
inappropriate activation of glycogen synthase by G6P (9).
Recently, there has been substantial progress in understand-

ing the genetics of Lafora disease. About 90% of Lafora cases
can now be attributed to loss of function mutations in two
genes, EPM2A (epilepsy progressive myoclonus type 2A) (10)
and EPM2B (epilepsy progressive myoclonus type 2B) (11).
EPM2A encodes laforin, a protein with a C-terminal dual spec-
ificity protein phosphatase domain and an N-terminal CBM20
carbohydrate-binding domain. EPM2B encodes malin, a pro-
tein composed of anN-terminal E3 ubiquitin ligase domain and
a C-terminal series of NHL repeats (11). Most recent Lafora
research has focused on understanding the functions of laforin
and malin and their relationship to the development of the
disease.
The search for protein substrates of laforin led to a proposal

that it dephosphorylated the inhibitory N-terminal phosphor-
ylation site of glycogen synthase kinase-3 (GSK-3) (12), a neg-
ative regulator of glycogen synthase (5). If EPM2A mutation
increased the phosphorylation and inactivation of GSK-3, the
end result would be activation of glycogen synthase and an
enzymic imbalance favoring polyglucosan formation.However,

* This work was supported, in whole or in part, by National Institutes of Health
Grants NS05645 and DK27221 (to P. J. R.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Experimental Procedures and references.

1 Co-first authors.
2 To whom correspondence may be addressed. Fax: 317-274-4686; E-mail:

adepaoli@iupui.edu.
3 To whom correspondence may be addressed. Fax: 317-274-4686; E-mail:

proach@iupui.edu.

4 The abbreviations used are: G6P, glucose-6-phosphate; GS, glycogen
synthase; Ph, glycogen phosphorylase; eIF2�, eukaryotic initiation fac-
tor �; AGL, amylo-1,6-glucosidase,4-�-glucanotransferase; PTG, protein
targeting to glycogen; RGL, striated muscle-specific protein phosphatase 1
glycogen-targeting subunit; GSK-3, glycogen synthase kinase-3; AMPK,
adenosine monophosphate-activated protein kinase; LSS, low speed
supernatant; LSP, low speed pellet; HSS, high speed supernatant; HSP, high
speed pellet; WT, wild type.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 33, pp. 25372–25381, August 13, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

25372 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 33 • AUGUST 13, 2010

http://www.jbc.org/cgi/content/full/M110.148668/DC1


several studies argue against GSK-3 being a laforin substrate
(13–16), perhaps most importantly the fact that its phos-
phorylation state is unchanged in two different genetic
mouse models of Lafora disease in which either the Epm2a
gene is disrupted (14) or a dominant-negative laforin is overex-
pressed (15). Measurements of glycogen synthase and branch-
ing enzyme activities in these mice also argued against the
“branching imbalance” hypothesis. Much stronger evidence
supports the proposal that laforin is actually a glycogen phos-
phatase, removing the small amount of covalent phosphate
known to be present in glycogen (14). Epm2a�/� mice have
elevated glycogen phosphate and develop abnormally struc-
tured glycogen, consistent with Lafora body formation (16).
Malin has been shown to exhibit ubiquitin ligase activity

in vitro and in cells (17). It has been suggested that malin
and laforin interact (17) and that a laforin-malin complex
is required for normal function (18, 19). In this way, laforin,
via its glycogen-binding module, could recruit malin to the
glycogen particle. Several proteins have been proposed to be
subject to malin-mediated ubiquitylation, which would then
lead to their degradation. These targets include glycogen syn-

thase(18),glycogendebranchingen-
zyme (20), the type 1 protein phos-
phatase glycogen-targeting subunit,
PTG (18, 19), and laforin (17). We
have shown that in Epm2a�/�mice,
there are no differences in the levels
of debranching enzyme or PTG,
arguing against the hypothesis that
an obligate malin-laforin complex
directs degradation of these pro-
teins (16). One group has also sug-
gested that laforin is phosphory-
lated by the AMP-activated protein
kinase (AMPK), thereby regulating
its interaction withmalin and hence
malin function (21). However, most
of these interesting conclusions
derive from studies of cultured cell
models and protein overexpression
systems.
We report here the generation of

Epm2b knock-out mice. From anal-
ysis of 3-month-old animals, we
show that the absence malin leads
to a redistribution of brain laforin
from the soluble, low speed super-
natant to the insoluble, low speed
pellet, where we propose that it is
functionally ineffective.

EXPERIMENTAL PROCEDURES

Chemicals andReagents—Amylo-
glucosidase (Aspergillus niger) was
fromFluka. Diastasewas fromFisher.
Antibody sources were as follows.
Anti-glycogen synthase, anti-glyco-
gen synthase PhosphoSite 3a, anti-

phospho-GSK-3, anti-phospho- and non-phospho-AMPK,
and anti-phospho-eIF2� were fromCell Signaling Technology;
anti-laforinwas fromAbnova; anti-GSK-3was from Invitrogen;
anti-glyceraldehyde-3-phosphate dehydrogenase antibody was
from Biodesign; and anti-AGL antibody was from Abgent.
Antibodies against RGL are as described previously (22). Anti-
PTG antibodies were a generous gift fromDr. Alan Saltiel (Uni-
versity of Michigan, Ann Arbor MI). Oligonucleotides were
from Invitrogen. Radioactively labeled substrate UDP-[U-
14C]glucose was from PerkinElmer Life Sciences, and [14C]glu-
cose-1-phosphate was fromMoravek Biochemicals, Inc. Other
chemicals and reagents were from Sigma, Bio-Rad, Invitrogen,
or New England Biolabs.
Generation of Epm2b Knock-out Mice—Epm2b disrupted ES

C57BL/6N (10571D-E2) cells were purchased from the Knock-
out Mouse Project Repository (KOMP), University of Califor-
nia, Davis, CA. The strategy for the disruption was to replace
the complete Epm2b coding region plus 391 nucleotides of
3�-untranslated region with a cassette containing the LacZ and
the neo genes. The LacZ gene was fused in-frame at the Epm2b
ATG (see Fig. 1A). After expansion and confirmation of target-

FIGURE 1. Targeted disruption of Epm2b. A, strategy for the disruption of the Epm2b gene. A diagram of
the Epm2b locus and targeted disruption of the coding region is shown. Arrowheads indicate the position of the
oligonucleotide primers used for PCR genotyping. UTR, untranslated region. B, 5�- and 3�-PCR genotyping. The
wild type and the disrupted alleles are indicated. C and E, malin and laforin transcript levels. Malin and laforin
mRNA levels were determined in skeletal muscle of 3-month-old mice as described under “Experimental
Procedures.” n � 4. *, p � 0.01 versus WT. ND indicates not detectable. D, �-galactosidase expression. Shown is
a representative Western blot of �-galactosidase expression in skeletal muscle and brain of WT, heterozygous,
and homozygous null Epm2b mice (n � 8).
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ing by PCR analyses (see Fig. 1B), the cells were injected into
C57Bl/6J blastocysts, and the injected blastocysts were im-
planted in the uterus of pseudo-pregnant C57Bl/6J females for
generation of chimeric mice. PCR genotyping of the chimeric
mice showed that one male was positive for the disruption and
wasmated with C57Bl/6J females to test for germline transmis-
sion. Heterozygous F1 mice were intercrossed to generate the
animals used in this study. Wild type (WT), heterozygous
(�/�) and homozygous null (�/�) mice were identified by
PCR genotyping using oligonucleotide primers that straddle
both the 5�-end and the 3�-end of the Epm2b disrupted
region (see Fig. 1B). Further confirmation of the disruption
was obtained by quantitative Real Time-PCR of Epm2bmRNA
(see Fig. 1C) and by analyzing expression of�-galactosidase (see
Fig. 1D).
The Epm2b mice were generated at the Indiana University

Transgenic and Knockout Core Facility. All mice were main-
tained in temperature- and humidity-controlled conditions
with a 12:12-h light-dark cycle, fed a standard chow (Harlan
Teklad global diet 2018SX), and allowed food and water ad
libitum. All studies utilized 3-month-old males, were con-
ducted in accordance with federal guidelines, and were ap-
proved by the Institutional Animal Use and Care Committee of
Indiana University.
RNA Isolation and Quantitative Real Time-PCR—RNA was

isolated from 50 mg of tissue with TRIzol reagent. Four �g of
RNA were subjected to reverse transcription using the Super-
Script III reverse transcriptase kit. Primers and probes for
mouse Epm2a and Epm2b were designed using the Universal
probe library tool from Roche Applied Science. Information on
the amplicons used is available on request. The real-time PCR
reactions were performed using the LightCycler 480 probes
master reagent (Roche Applied Science). The -fold change in
the targetmRNAcontents with respect to baseline and normal-
ized by the reference gene (18 S) was calculated as described
(23) using a relative standard curve.
Tissue Staining—Sections were prepared from 3-month-old

mouse tissues fixed in 10% formalin and embedded in paraffin.
Slices of 5 �m were deparaffinized, treated with 0.1% diastase
in 20 mM sodium acetate (pH 6.0) to degrade glycogen, or
treatedwith buffer, for 1 h at 40 °C. Sections were oxidizedwith
0.5% periodic acid for 5 min, stained with Schiff reagent for 15
min, and counterstained in hematoxylin and eosin for 15 min.
Tissue sectioning and staining was performed by the Histology
Core in the Department of Anatomy and Cell Biology, Indiana
University School of Medicine.
Exercise Protocol—Exercise to exhaustion was performed on

3-month-old male C57Bl/6J mice using a treadmill (Exer6M,
Columbus Instruments) following the procedure described
previously (24), with minor modifications. Immediately after
exhaustion, mice were sacrificed by cervical dislocation,
and tissues were immediately collected in liquid nitrogen and
stored at �80 °C until use.
Glycogen Synthase and Glycogen Phosphorylase Activity

Assays—Random fedmalemice 3months of agewere sacrificed
by cervical dislocation followed by decapitation. The heads
were immediately dropped in liquid nitrogen, and skeletalmus-
cle was dissected and immersed in liquid nitrogen. Samples

were stored at�80 °Cuntil use.Homogenateswere centrifuged
at 6,500� g for 10min, the supernatant (LSS)was removed, and
the low speed pellet (LSP)was resuspended in the initial volume
of buffer. Glycogen synthase (GS) and phosphorylase (Ph) ac-
tivities were determined in the LSS and LSP by measuring the
incorporation of [14C]glucose from UDP-[U-14C]glucose into
glycogen as described by Thomas et al. (25) in the absence or
presence of 7.2 mMG6P and bymeasuring the incorporation of
[14C]glucose from [14C]glucose-1-phosphate into glycogen in
the absence or presence of 2 mMAMP (26), respectively. Activ-
ity ratios represent the activitymeasured in the absence divided
by that in the presence of the allosteric effectors G6P for glyco-
gen synthase or AMP for phosphorylase and provide an index
of the activation state, and hence, phosphorylation of the
enzymes. Glycogen synthase activity is expressed as nmol/min/
mg, and phosphorylase activity is expressed as �mol/min/mg.
Protein contentwas determined by themethodof Bradford (27)

FIGURE 2. Lafora bodies in tissues of Epm2b�/� mice. Sections of brain,
heart, and skeletal muscle were stained with periodic acid-Schiff/diastase to
visualize �-amylase resistant polysaccharide, indicated by arrows. A, cerebel-
lum, Epm2b�/�; B, cerebellum, wild type; C, hippocampus, Epm2b�/�; D, hip-
pocampus, wild type; E, heart, Epm2b�/�; F, heart, wild type; G, soleus muscle,
Epm2b�/�; H, soleus muscle, wild type.
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using bovine serum albumin as a standard. More details are in
the supplemental material.
Glycogen Determination—Glycogen content in skeletal mus-

cle and brainwasmeasured as described previously by Suzuki et
al. (28). Briefly, samples of frozen tissues (30–50 mg) or LSS
and LSP were hydrolyzed in 30% (w/v) KOH in a boiling water
bath for 60 min. After repeated ethanol precipitations, the gly-
cogen was digested with amyloglucosidase, and glucose equiv-
alents were determined by the method of Bergmeyer (29). Gly-
cogen content is expressed as �mol of glucosyl units/g of wet
weight.
Western Blotting—Samples from the LSS and LSP described

above were used forWestern blot analyses. For skeletal muscle,
comparable amounts of LSS and LSP were loaded. The brain
homogenates of the samples used for Western blots of laforin
were prepared in the absence of added glycogen. Brain LSPs
were enriched with respect to the LSS because of the low pro-
tein concentration in the fraction. However, all quantitations
were normalized for comparable amounts of samples. More
details are in the supplemental material.
Statistical Analyses—The data are presented as the mean �

S.E. Statistical significance was evaluated by an unpaired Stu-
dent’s t test and was considered significant at p � 0.05.

RESULTS

Generation of Epm2b�/� Mice—ES cells, targeted for dele-
tion of the single exon of the Epm2b/NHLRC1 gene (Fig. 1A),

were obtained from KOMP and used to generate mice as
described under “Experimental Procedures.” Germline trans-
mission of the disrupted allele gave heterozygous Epm2b�/�

mice in a C57/Bl6 background. Progeny from crosses of het-
erozygous mice generated animals for characterization.
Homozygous mice were born at the expected frequency for
Mendelian inheritance. Because we have been unable to ob-
tain usable antibodies against mouse malin, we adopted several
independent approaches to assure deletion. Standard PCR
directed at both the 5�-end and the 3�-end of the insertion
clearly distinguished the wild type and mutant alleles (Fig. 1B).
Quantitative PCR was applied to determine message levels and
did not detect malin message in Epm2b�/� mice (Fig. 1C).
Finally, the gene disruption strategy places �-galactosidase
under the control of the malin promoter. Therefore, the pres-
ence of �-galactosidase marks the targeted deletion of Epm2b
in tissues that express malin. Samples from brain andmuscle of
Epm2b�/� and Epm2b�/� mice were positive for �-galactosid-
ase by Western blotting, whereas no signal was detected in the
wild type mice (Fig. 1D). From all of these criteria, we conclude
that the Epm2b�/� mice indeed carry a disruption in both alle-
les of the gene. We also used quantitative PCR to analyze the
laforin mRNA level and found no change in the Epm2b�/�

mice (Fig. 1E).
LaforaBodies in Epm2b�/�Mice—Acharacteristic feature of

Lafora disease is the presence of Lafora bodies in tissues. There-

FIGURE 3. Glycogen levels in skeletal muscle and brain of Epm2b�/� mice. A, total skeletal muscle glycogen levels, expressed as glucose (glc) equivalents
per g of tissue. *, p � 0.05 versus WT (n � 8). B, the percentage of skeletal muscle glycogen in the LSP (n � 4). C, skeletal muscle glycogen levels in the LSS (open
bars) and LSP (filled bars) (n � 4). D, total brain glycogen levels. *, p � 0.05 versus WT (n � 8). E, the percentage of brain glycogen in the LSP. **, p � 0.01 versus
WT and Epm2b�/� (n � 6). F, brain glycogen levels in the LSS (open bars) and LSP (filled bars). *, p � 0.05 versus WT LSP (n � 6).
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fore, we analyzed various tissues for their presence. Sections
from brain, skeletal muscle, heart, and liver of 3-month-old
wild type and knock-out mice were treated with diastase and
then stained with periodic acid-Schiff to visualize �-amylase
resistant polysaccharide. Periodic acid-Schiff/diastase-positive
structures, indicative of Lafora bodies, were visible in most
areas of the brain. They were most abundant in the cerebellum
(Fig. 2A) and were also plentiful in the hippocampus (Fig. 2C)
and cortex (not shown) of Epm2b�/� animals. Comparable

structures were absent in corresponding sections from wild
type littermates (Fig. 2, B and D). Although less abundant than
in brain, Lafora bodies were also readily detectable in heart
muscle from knock-out mice (Fig. 2E) but not wild type litter-
mates (Fig. 2F). We have yet to complete a systematic survey of
skeletal muscle, but it is apparent that Lafora bodies are much
more scarce in muscle than in brains or even hearts from
Epm2b�/� mice at this age. We found some Lafora bodies in
soleus muscle (Fig. 2G) but not in wild type controls (Fig. 2H).

FIGURE 4. Glycogen synthase activity in skeletal muscle and brain of Epm2b�/� mice. Skeletal muscle and brain from 3-month-old male WT, Epm2b�/�,
and Epm2b�/� mice were analyzed. A, skeletal muscle GS �/� G6P activity ratio in the LSS (n � 8). B, total skeletal muscle GS activity measured in the presence
of G6P in the LSS (n � 8). C, skeletal muscle GS �/� G6P activity ratio in the LSP (n � 8). D, total skeletal muscle GS activity in the LSP measured in the presence
of G6P (n � 8). E, brain GS �/� G6P activity ratio in the LSS (n � 8). F, total brain GS activity in the LSS measured in the presence of G6P (n � 8). G, brain GS activity
ratio in the LSP �/� G6P (n � 8). H, total brain GS activity in the LSP measured in the presence of G6P (n � 8).

FIGURE 5. Glycogen phosphorylase activity in skeletal muscle and brain of Epm2b�/� mice. Skeletal muscle and brain from 3-month-old male WT,
Epm2b�/�, and Epm2b�/� mice were analyzed. A, skeletal muscle Ph �/� AMP activity ratio in the LSS (n � 8). B, total skeletal muscle Ph activity in the LSS,
measured in the presence of AMP (n � 8). C, skeletal muscle Ph �/� AMP activity ratio in the LSP (n � 8). D, total skeletal muscle Ph activity in the LSP, measured
in the presence of AMP (n � 8). E, brain Ph �/� AMP activity ratio in the LSP (n � 8). F, total brain Ph activity in the LSS, measured in the presence of AMP (n �
8). G, brain Ph �/� AMP activity ratio in the LSP (n � 8). H, total brain Ph activity in the LSP, measured in the presence of AMP. *, p � 0.05 versus WT (n � 8).
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The lower incidence of Lafora bodies in skeletalmuscle as com-
paredwith brain is consistent with the lesser degree of glycogen
synthase and laforin redistribution to the insoluble LSP in these
tissues (see below). No Lafora bodies were detected in the livers
of Epm2b�/� mice (not shown).

Although Lafora bodies were present in the brains of 3-
month-old Epm2b�/� mice, we observed no obvious move-
ment disorder or spontaneous seizures. Photostimulation using
a strobe light source did not elicit any abnormal response.How-
ever, based on the studies ofEpm2a�/�mice (30), wemight not
expect to observe any neurological or behavioral abnormalities
in mice this young. Also, there is some evidence that Lafora
disease caused by malin mutation has a somewhat milder
course than that due to laforin mutation (31).
Glycogen, Glycogen-metabolizing Enzymes, and Related Pro-

teins in Epm2b�/� Mice—Because Lafora disease is associated
with abnormal glycogen metabolism, it was important to ana-
lyze glycogen and associated proteins in the Epm2b�/� mice,
also because several of these proteins have been proposed to be
targets of malin action, as described in the Introduction. A
small but significant increase in total glycogen was observed in
muscle and brain from Epm2b�/� mice (Fig. 3, A and D). Low
speed centrifugation of tissue extracts separates glycogen into
the soluble supernatant (LSS) and the insoluble pellet (LSP). In
muscle, the distribution of glycogen was unchanged, but in

brain, therewas a significant increase in the proportion of insol-
uble glycogen in tissue from Epm2b�/� mice (Fig. 3, compare B
and C and E and F). Glycogen synthase total activity and �/�
G6P activity ratios were unchanged in the knock-out animals
(Fig. 4, A–H), although in brain, there was a trend to increased
total activity in the LSP (Fig. 4H). These results were confirmed
by Western blotting with anti-glycogen synthase antibodies
(see Figs. 6A and 7A), and in the case of brain, the increased
proportion of glycogen synthase in the LSP was statistically sig-
nificant. Glycogen phosphorylase total activity, activation state
(�/�AMPactivity ratio), and distribution between soluble and
insoluble fractions in muscle and brain were unaffected by loss
of the Emp2b gene (Fig. 5, A–H). The knock-out animals did,
however, display a significant increase in total phosphorylase
activity in the LSP (Fig. 5H). The level of the other metabolic
enzyme analyzed, debranching enzyme, was also unaltered in
knock-out animals (Figs. 6A and 7A). In brain extracts, theAGL
signal by Western blotting was weak, and so the enzyme was
enriched by high speed centrifugation of the LSS to produce a
glycogen pellet. AGL levels in this pellet were the same in wild
type and knock-out mice (Fig. 7B). Therefore, the only poten-
tially significant changes associated with Epm2b disruption in
these analyses was a slight increase in total glycogen and an
enrichment of glycogen and glycogen synthase in the insoluble
fraction in brain.

FIGURE 6. Glycogen-metabolizing enzymes and related proteins in skeletal muscle of Epm2b�/� mice. Skeletal muscle from 3-month-old male WT,
Epm2b�/�, and Epm2b�/� mice was analyzed. A, distribution of AGL, GS, and laforin protein levels in skeletal muscle LSS and LSP. Representative Western blots
are shown from n � 8. Comparable amounts of samples of the LSS and LSP were loaded. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, GSK-3,
phospho-GSK-3 (P-GSK-3), eIF2�, phospho-eIF2� (P-eIF2�), and RGL protein levels in the LSS. Representative Western blots are shown from n � 4. Comparable
amounts of samples were loaded. Glyceraldehyde-3-phosphate dehydrogenase was used as loading control. C, PTG protein levels in the HSS and the HSP.
Samples in the HSP pellet were enriched five times with respect to the HSS to allow detection. KO, knock-out. D, quantitation of GS protein levels in the LSS,
expressed as the ratio of protein in the LSS to the total protein (LSS � LSP) (n � 8). E, quantitation of GS protein levels in the LSP, expressed as the ratio of protein
in the LSS to the total protein (LSS � LSP) (n � 8). F, quantitation of laforin protein levels in the LSS, expressed as the ratio of protein in the LSS to the total protein
(LSS � LSP) (n � 8). G, quantitation of laforin protein levels in the LSP, expressed as the ratio of protein in the LSS to the total protein (LSS � LSP) (n � 8).
H, quantitation of PTG protein levels in the HSP normalized to WT protein levels (n � 4).
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The type 1 protein phosphatase glycogen-binding subunit,
PTG, has beenproposed to be a target formalin-mediated ubiq-
uitylation and degradation (18, 19). To detect PTG, it was nec-
essary to prepare a high speed glycogen pellet. From analysis
of this fraction, there was no change in PTG level in the
Epm2b�/�mice (Fig. 6C).We also analyzed the level of another
glycogen-associated PP1-targeting subunit, RGL/GM (28), that
is found in striated muscle and observed no alteration in the
Epm2b�/� mice (Fig. 6B). As noted in the Introduction, GSK-3
was also considered a candidate to be a laforin substrate (12).
We therefore analyzed GSK-3 total protein and phosphoryla-
tion of the inhibitory N-terminal site. Neither parameter was
affected by loss of the Epm2b gene, in either muscle or brain
extracts (Figs. 6B and 7C). We also analyzed the phosphoryla-
tion state of the eukaryotic initiation factor � (eIF2�), a marker
for endoplasmic reticulum stress. No detectable changes were
observed in the Epm2b�/� animals (Fig. 6C).
Previous work has implicated laforin as a malin target (17)

and has also suggested thatmalin and laforin function as a com-
plex (32). Analysis of muscle extracts indicated a trend toward
an increased distribution of laforin to the insoluble LSP (Fig.
6A). However, from analysis of brain, there was a large increase
in total laforin protein and a major, statistically significant
redistribution of laforin to the LSP accompanied by clear deple-
tion of the soluble LSS fraction in the Epm2b�/�mice (Fig. 7A).

In wild type animals, more than 90% of the laforin was in the
soluble LSS fraction (Fig. 7F), but in the knock-out animals,
�90% of the laforin was present in the insoluble LSP fraction
(Fig. 7G). This result is themost striking biochemical difference
that we have observed so far from study of the Epm2b knock-
out mice.
Effect of AMPK Activation on Glycogen-metabolizing En-

zymes—Solaz-Fuster et al. (21) have proposed that AMPK
phosphorylates laforin, controls its association with malin, and
thereby regulates laforin and malin targets. AMPK was also
reported to phosphorylate the PTG protein phosphatase sub-
unit and target it for degradation by the malin-laforin complex
(33). Muscle AMPK was therefore activated in vivo by exercis-
ing wild type mice to exhaustion on a treadmill. Glycogen was
significantly depleted by this exercise regimen (Fig. 8C) with
concomitant activation of glycogen synthase, as judged by
the�/�G6P activity ratio (Fig. 8A) andWestern analysis of the
phosphorylation of site 3a (Fig. 8D). A 6-fold increase in the
activation state ofAMPKwas observed, as judged by the ratio of
phospho-AMPK to total AMPK (Fig. 8E). Under these condi-
tions, no changes were observed in the protein levels of glyco-
gen synthase, debranching enzyme, laforin, and RGL (Fig. 8, D
and E). Interestingly, PTG protein levels were increased in
response to exercise, opposite to what would be expected if
AMPK phosphorylation targeted it for degradation (Fig. 8F).

FIGURE 7. Glycogen-metabolizing enzymes and related proteins in brain of Epm2b�/� mice. Skeletal muscle from 3-month-old male WT, Epm2b�/�, and
Epm2b�/� mice was analyzed. A, distribution of AGL, GS, and laforin protein levels in brain LSS and LSP. Representative Western blots are shown from n � 5– 8).
LSP of AGL and GS are enriched �2.5-fold as compared with LSS because of the low protein concentration in the pellet fraction, whereas LSP of laforin are
enriched only by 50%. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, AGL protein levels in the HSP enriched 2.5-fold with respect to the LSS (n � 4).
C, GSK-3 and phospho-GSK-3 (P-GSK-3) protein levels in the LSS (n � 4). D, quantitation of GS protein levels in the LSS, expressed as the ratio of protein in the
LSS to the total protein (LSS � LSP). **, p � 0.0002 (n � 8), normalized for equal sample loading. E, quantitation of GS protein levels in the LSP, expressed as the
ratio of protein in the LSS to the total protein (LSS � LSP), normalized for equal sample loading. **, p � 0.0002 (n � 8). F, quantitation of laforin protein levels
in the LSS, expressed as the ratio of protein in the LSS to the total protein (LSS � LSP). **, p � 0.0001 (n � 5), normalized for equal sample loading. G, quantitation
of laforin protein levels in the LSP, expressed as the ratio of protein in the LSS to the total protein (LSS � LSP). **, p � 0.0001 (n � 5), normalized for equal sample
loading.

Malin (Epm2b/NHLRC1) Knock-out mice

25378 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 33 • AUGUST 13, 2010



This result is also consistent with activation of glycogen syn-
thase (Fig. 8A). We therefore find no evidence to support a role
for AMPK in degradation of these proteins via malin or any
other mechanism.

DISCUSSION

Given that the large majority of Lafora disease cases are
caused by mutations to the EPM2A and EPM2B genes, the
challenge for understanding the molecular mechanism un-
derlying the development of the disease is to comprehend
the functions of the respective gene products, laforin andmalin.
Our understanding of laforin function is more developed, and
the hypothesis that laforin serves to remove covalent phosphate

from glycogen (14) is supported by
the observation that glycogen iso-
lated from Epm2a knock-out ani-
mals has elevated covalent phos-
phate over wild type and has
abnormal physico-chemical proper-
ties, with reduced solubility in
water, as would be expected for the
formation of Lafora bodies (16).
Lafora bodies in patients have also
been reported to have elevated
phosphate content (34). Our cur-
rent model is that laforin acts in a
damage control mechanism to
maintain the level of glycogen phos-
phorylation within tolerated limits
to allow its normal cytosolic
metabolism and to prevent glyco-
gen from becoming insoluble and
metabolically inert (16). The argu-
ment that laforin dephosphorylates
glycogen is strengthened by the
functional analogy between
laforin and the plant Sex4 protein,
which has a well established role as
a starch phosphatase (35). None-
theless, it remains possible that
laforin might have additional
functions in addition to being a
glycogen phosphatase.
The function ofmalin is less clear,

and several different proposals have
been advanced to explain its mecha-
nism of action. Biochemically, malin
has been shown to act as an E3 ubiq-
uitin ligase (17), and studies with
cultured cells have implicated
multiple proteins as targets for
malin action, including glycogen
synthase, debranching enzyme,
PTG, and laforin (17–20). If malin
targets these proteins for degrada-
tion by ubiquitylation, as proposed,
one would expect their levels to be
elevated when malin activity is

defective, as in EPM2B patients or inmicewith the Epm2b gene
disrupted. From the results of the present study, we find no
evidence for changes in the levels of glycogen synthase,
debranching enzyme, or PTG in the Epm2b�/� mice. In the
case of glycogen synthase, there is no change in the glycogen
synthase activation state. It therefore seems quite unlikely that
malin regulates these proteins in vivo. Nonetheless, the
Epm2b�/� mice do accumulate Lafora bodies.

The results with laforin in the Epm2b�/� mice are more
complex and perhaps more informative. At only 3 months of
age, there is a trend to increased laforin in the insoluble LSP
fraction of tissue extracts from muscle of Epm2b�/� mice. In
brain, however, there is an almost complete redistribution of

FIGURE 8. Effect of AMPK activation on glycogen-metabolizing enzymes and related proteins in skeletal
muscle of exercised mice. Skeletal muscle of 3-month-old WT male mice exercised to exhaustion was ana-
lyzed. A, GS �/� G6P activity ratio in the LSS of basal and exercised mice. **, p � 0.01 (n � 3). B, total GS activity
in the LSS measured in the presence of G6P of basal and exercised mice (n � 3). C, skeletal muscle glycogen
levels in the LSS (open bars) and LSP (filled bars) of basal and exercised mice (n � 3). D, Western blots of
phosphorylated GS (site 3a) (GS-P-3a), total GS, and RGL in basal and exercised mice and quantitation of GS site
3a phosphorylation **, p � 0.01 (n � 3). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. E, Western blots
of phosphorylated AMPK (P-AMPK), total AMPK, AGL, and laforin and quantitation of AMPK phosphorylation in
basal and exercised mice **, p � 0.01 (n � 3). F, PTG protein levels in the HSS and HSP of basal and exercised
mice. HSP samples are enriched 4-fold with respect to the HSS. KO, knock-out.
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laforin from the soluble LSS fraction to the insoluble LSP frac-
tion, together with a clear increase in total laforin protein. This
is accompanied by statistically significant increases in the pro-
portion of glycogen and glycogen synthase present in the LSP.
The increase in laforin protein would be consistent with malin
causing degradation of laforin in wild type mice, as has been
proposed by Gentry et al. (17). An alternative mechanism,
which we favor, is that defects in malin promote the accumula-
tion of insoluble glycogen and the consequent sequestration of
laforin in a non-functional compartment where it is also pro-
tected from proteolytic degradation (Fig. 9).
Genetically, it has always been a problem reconciling the

model of malin-mediated laforin degradation with the fact that
mutation of either malin or laforin causes the same phenotype
in patients. If the primary function of malin were to down-
regulate laforin, why would elevated laforin cause the same
phenotype as impairment of laforin activity in patients? We
hypothesize that only the laforin in the LSS fraction can partic-
ipate in normal glycogenmetabolism and that in theEpm2b�/�

mice, the absence of malin results in depletion of the soluble
laforin pool by its sequestration with glycogen in the insoluble
LSP fraction. This model would explain how defective malin
could cause down-regulation of laforin even in the face of
increased total laforin protein in the Epm2b�/� brain. The
process would appear to have an earlier onset in brain than
heart and skeletal muscle, consistent with the fact that we have
observed relatively few Lafora bodies in skeletal muscle and
heart at this age. This tissue difference is interesting and may
represent fundamental tissue-specific differences in glycogen
metabolism, although what these may be is not obvious at this
time.
Potential explanations for how malin prevents laforin

sequestration in an insoluble fraction are more speculative at
this time. Simple binding of malin and laforin could be suffi-
cient to maintain laforin in the soluble compartment. Malin
could actively oppose the formation of abnormally structured
glycogen as a positive regulator of laforin activity (Fig. 9, path-
way a) or by an unknown laforin-independentmechanism (Fig.

9, pathway b). Alternatively, rather than affecting the formation
of abnormal glycogen, malin could prevent accumulation by
promoting its disposal to lysosomes (Fig. 9, pathway c). During
preparation of this study, Aguado et al. (36) reported that auto-
phagy was suppressed in Epm2a�/� mice, which could be con-
sistent with this last possibility. In any event, the accumulation
of structurally aberrant glycogen would disproportionately
bind laforin, which is known to interact preferentially with
poorly branched polysaccharides like amylopectin (37) and
polyglucosan (38).
In conclusion, knock-out of the Epm2b gene generates viable

mice with homozygotes produced at the expected Mendelian
frequency.However, themice developLafora bodies early in life
in brain, and to a lesser degree in skeletal muscle and heart, and
should provide a robustmodel of Lafora disease. It will be inter-
esting tomonitor the progression of Lafora body formation and
associated neurological function as the mice age. From our
results, malin does not directly regulate glycogen metabolism
by controlling the levels of glycogen synthase, the glycogen
debranching enzyme, or the phosphatase glycogen-targeting
subunit PTG. Lack of malin does affect laforin total protein
level and controls its distribution between soluble LSS and
insoluble LSP compartments. We propose that in Epm2b�/�

mice, laforin becomes sequestered with insoluble glycogen,
resulting in an effective loss of function of laforin.
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