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Increased Laforin and Laforin Binding to Glycogen Underlie
Lafora Body Formation in Malin-deficient Lafora Disease™
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to prevent fatal polyglucosan disease.
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(Background: Laforin deficiency causes glycogen hyperphosphorylation, which converts glycogen to aggregate-prone
poorly branched polyglucosans. Malin deficiency also causes polyglucosans.
Results: Malin deficiency increases total and glycogen-associated laforin, which renders glycogen aggregate-prone and poorly

Conclusion: Malin deficiency causes polyglucosans through increased laforin.
Significance: Phosphate and laforin (and perhaps other proteins) must be cleared to enable normal glycogen construction and

J

The solubility of glycogen, essential to its metabolism, is a
property of its shape, a sphere generated through extensive
branching during synthesis. Lafora disease (LD) is a severe teen-
age-onset neurodegenerative epilepsy and results from multior-
gan accumulations, termed Lafora bodies (LB), of abnormally
structured aggregation-prone and digestion-resistant glycogen.
LD is caused by loss-of-function mutations in the EPM2A or
EPM2B gene, encoding the interacting laforin phosphatase and
malin E3 ubiquitin ligase enzymes, respectively. The substrate
and function of malin are unknown; an early counterintuitive
observation in cell culture experiments that it targets laforin to
proteasomal degradation was not pursued until now. The sub-
strate and function of laforin have recently been elucidated.
Laforin dephosphorylates glycogen during synthesis, without
which phosphate ions interfere with and distort glycogen con-
struction, leading to LB. We hypothesized that laforin in excess
or not removed following its action on glycogen also interferes
with glycogen formation. We show in malin-deficient mice that
the absence of malin results in massively increased laforin pre-
ceding the appearance of LB and that laforin gradually accumu-
lates in glycogen, which corresponds to progressive LB genera-
tion. We show that increasing the amounts of laforin in cell
culture causes LB formation and that this occurs only with gly-
cogen binding-competent laforin. In summary, malin deficiency
causes increased laforin, increased laforin binding to glycogen,
and LB formation. Furthermore, increased levels of laforin,
when it can bind glycogen, causes LB. We conclude that malin
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functions to regulate laforin and that malin deficiency at least in
part causes LB and LD through increased laforin binding to
glycogen.

Glycogen is the largest macromolecule in mammalian cyto-
sol. It is constructed by two enzymes, glycogen synthase (GS)*
and glycogen branching enzyme (BE). GS catalyzes the follow-
ing reaction: glycogen + UDP-Glc — glycogen (n + 1) + UDP,
which attaches successive glucose units, through al-4 link-
ages, to a pre-existing glucose oligosaccharide bound to the
glycogenin protein. When six glucose units are added, BE
detaches them en bloc as a hexamer and reattaches the hex-
amer, through an a1-6 linkage, to one of the glucose units of
the original oligosaccharide upstream of its terminus. This gen-
erates a fork with two prongs, each of which GS now extends,
and BE branches, as described above. Repetitions of these con-
certed GS and BE actions lead to growth of the molecule radially
into an extremely dense sphere composed of up to 55,000 glu-
cose units (40 nm in diameter). This organization buries the
glycogen strands, which are hydrophobic, within the sphere
and exposes at the surface only the ends of chains, which are
hydrophilic, thus allowing solubility (1).

Every 1/10,000 times an error occurs in the GS reaction.
Instead of glucose, the enzyme transfers phosphoglucose from
UDP-GIc to glycogen. The GS error reaction is as follows: gly-
cogen + UDP-Glc — glycogen-phosphoglucose + UMP. The
phosphate incorporated into glycogen with this reaction is del-
eterious, as described below, and is removed by the glycogen-
binding phosphatase named laforin (2-5).

“The abbreviations used are: GS, glycogen synthase; BE, branching enzyme;
LD, Lafora disease; LB, Lafora bodies/body; PAS, periodic acid-Schiff; PASD,
PAS staining following diastase (amylase) treatment; LSP, low speed pellet;
LSS, low speed supernatant.
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Glycogen synthesis is regulated through regulation of GS. GS
activity is increased through dephosphorylation by the pleio-
tropic phosphatase PP1, which is targeted to glycogen and GS
by one of several homologous proteins, including PTG (protein
targeting to glycogen) (6). GS is down-regulated through phos-
phorylation by one or more of at least five pleiotropic kinases,
including GSK3 (1).

BE deficiency results in GS outpacing the ability of BE to
branch and in the generation of malformed glycogen molecules,
called polyglucosans, with abnormally long strands. Polygluco-
sans are poorly soluble and precipitate, aggregate, resist diges-
tion, and accumulate in many tissues (e.g liver, muscle, heart,
and brain); replace cell cytoplasm; and lead to type IV glycog-
enosis (Andersen disease) characterized by death in infancy
from hepatic failure (7-10).

Laforin deficiency (due to mutations in the EPM2A gene)
also leads to polyglucosan formation and Lafora disease (LD)
(10-13). Pathologically, LD exhibits cellular inclusions called
Lafora bodies (LB), which consist of aggregated masses of poly-
glucosans, more normal-looking spherical glycogen, and a very
small amount of protein. Histochemically, LB are characterized
by their large size (up to 20 um; for reference, an average gly-
cogen particle is 20 nm); strong staining with the carbohydrate-
specific periodic acid-Schiff (PAS) stain; and, unlike normal
soluble glycogen, resistance to digestion by amylase (11,
14-16). Large as they are, sizes attained by LB appear to be too
small to cause symptoms in liver, muscle, and heart cells, but
not in the narrow confines of neuronal dendrites in the brain.
By the teenage years, replacement of the cytoplasm of numer-
ous dendrites by LB results in onset and then inexorable wors-
ening of epilepsy and neurodegeneration, leading to death by
early adulthood (11, 14, 15, 17). Studies in mice show that gly-
cogen from laforin-deficient tissues is hyperphosphorylated
(~1/375 glucoses phosphorylated versus 1/1500 in the wild
type), poorly branched, and less soluble and tends to precipitate
and aggregate, all of which are reversed by dephosphorylation
with laforin (2, 3). These results led to the hypothesis that the
primary mechanism of polyglucosan formation in laforin defi-
ciency is phosphate accumulation in glycogen. In this hypoth-
esis, the aggregated precipitated glycogen subsequently con-
verts to polyglucosan through mechanisms to be identified (2,
3).

EPM2A mutations account for 50% of LD patients. The other
50% have mutations in a second gene, EPM2B, encoding an E3
ubiquitin ligase named malin (18), which interacts with laforin
(19-22). Malin expressed in cell culture with laforin leads to
proteasome-dependent decreases in PTG and GS proteins and
GS activity, but not in two control proteins (22—25). This sug-
gests that malin down-regulates PTG and GS and that malin
deficiency up-regulates GS activity, which, by outpacing BE,
would cause polyglucosans in the same way that occurs in BE
deficiency. The requirement of laforin coexpression for these
results suggests that laforin acts through malin and that laforin
deficiency causes polyglucosans through loss of the degradative
down-regulation of PTG and GS by malin (22-25), a very dif-
ferent theory than the increased glycogen phosphate hypothe-
sis. Finally, malin and laforin coexpression also leads to
decreased laforin, again in a proteasome-dependent manner
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(19, 20, 22) (this experiment went beyond those with PTG and
GS to demonstrate actual polyubiquitination of laforin by malin
(20)), suggesting a third hypothesis: that malin acts through
laforin removal, and malin deficiency causes polyglucosans and
LB through increased laforin, which is paradoxical for obvious
reasons.

The two hypotheses of LD generation (increased GS activity
and increased glycogen phosphate) have been tested in tissues
from laforin-deficient (Epm2a ’~) and malin-deficient
(Epm2b~'") LD mouse models and led to crucial insights (2,
26 -29). To avoid repetition, we review these under “Results” as
lead-ins to our own experiments. Together with the prior
advances, our results suggest a unifying hypothesis of laforin-
malin function: laforin clears phosphates, and malin clears lafo-
rin and possibly other glycogen-acting proteins from glycogen
particles under construction to allow unimpeded progression
of the intricate geometric synthesis required to generate the
massively dense yet soluble spheres of glycogen.

EXPERIMENTAL PROCEDURES

Histology—Animal experiments were approved by the
Toronto Centre for Phenogenomics. Epm2a '~ and
Epm2b~'~ mice were described previously (17, 28, 30). Mice
were killed by cervical dislocation, and tissues were quickly dis-
sected and either frozen immediately in liquid nitrogen or fixed
in 10% formalin. PAS staining following diastase (amylase)
treatment (PASD) was as described previously (17, 28).

Immunogold labeling was performed on material from tissue
fixed in 4% paraformaldehyde with 0.1% glutaraldehyde in 0.1 m
phosphate buffer (pH 7.4). Samples were washed with phos-
phate buffer, stored in PBS containing 20 mm azide at 4 °C,
infused with 2.3 M sucrose overnight, mounted on aluminum
microtomy pins, and frozen in liquid N,,. Ultrathin cryosections
were prepared at —120 °C using a diamond knife and a cryo-
ultramicrotome, transferred in a loop of molten sucrose to
Formvar-coated grids, washed with PBS containing 0.15% gly-
cine and 0.5% BSA followed by washes with PBS/BSA, incu-
bated with anti-laforin monoclonal antibody (Abnova) for 1 h,
rinsed with PBS/BSA, incubated with 8-nm gold-conjugated
goat anti-mouse IgG for 1 h, rinsed with PBS followed by rins-
ing with distilled water, stabilized in a thin film of methylcellu-
lose containing 0.2% uranyl acetate, dried, and examined in a
JEOL JEM-1200EXII transmission electron microscope modi-
fied with a phase plate to enhance detail. Gold particle determi-
nations were calculated on a minimum of 50 images per group
from pictures taken at a nominal magnification of X50,000.
Particle density was calculated using the NIH Image] image
analysis program.

Glycogen and Phosphate Measurements—Glycogen and gly-
cogen phosphate quantification was performed as described
previously (17, 28). Briefly, tissue was ground in liquid nitrogen
using a mortar and pestle before boiling in 30% KOH and filter-
ing to remove fat. Glycogen was then precipitated with ethanol
and dissolved in H,O followed by additional purifications using
methanol/chloroform and TCA/ethanol. After dialysis, glyco-
gen was again precipitated with ethanol and pelleted. Glycogen
was quantified after digestion with amyloglucosidase (Sigma)
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using a glucose assay kit (Sigma). Glycogen phosphate content
was measured after hydrolysis using Malachite green.

Western Blotting—Lysates for all experiments were prepared
from tissue ground in liquid nitrogen using homogenization
buffer (31) and protease/phosphatase inhibitors (Roche
Applied Science). For total protein levels, lysates were loaded
directly onto SDS-polyacrylamide gels without centrifugation.
For low speed fractionations, lysates were centrifuged at
10,000 X g to separate insoluble and soluble fractions and then
loaded onto SDS-polyacrylamide gels. For high speed fraction-
ations, lysates were ultracentrifuged at 200,000 X g for 45 min.
Membranes were probed using anti-laforin (Abnova), anti-
GAPDH (Santa Cruz Biotechnology), anti-3-actin (Abcam), or
anti-GS (Cell Signaling) antibody. Secondary antibodies were
from Santa Cruz Biotechnology.

Quantitative RT-PCR—RNA was extracted from brain using
an RNeasy kit (Qiagen). RNA was treated with DNase I and
converted to cDNA using random hexamer primers and a
SuperScript first-strand synthesis kit (Invitrogen). For quanti-
tative PCR (Stratagene Mx3005P), each 25-ul reaction con-
tained 1 pl of cDNA, 40 ng each of forward and reverse primer,
and 10 ul of SYBR Green (Bio-Rad). Laforin levels were normal-
ized to levels of a control gene, hydroxymethylbilane synthase.
All samples were run in triplicate.

GS Activity—GS activity assays were performed as described
previously (28). Activity was measured in the presence (8 mm)
and absence of the GS allosteric activator Glc-6-P, which fully
activates the enzyme. The activity ratio, calculated as the activ-
ity without Glc-6-P divided by that with Glc-6-P, reflects the
actually active fraction of total possible GS activity (1).

Laforin and Laforin Mutant Transfection Experiments—
HEK293 cells (Invitrogen) were cultured overnight on cover-
slips in DMEM supplemented with 10% fetal bovine serum, 2
mM glutamine, and 2% ampicillin and transfected using Lipo-
fectamine 2000 (Invitrogen) in Opti-MEM 1 (Invitrogen) for
24 h before fixation. Cells were fixed in cold methanol, permea-
bilized using 0.3% Triton X-100, incubated with primary anti-
body (rabbit anti-Myc (C3956, Sigma) and mouse anti-glycogen
(kind gift from Dr. Otto Baba) (32)) and 2% BSA overnight at
4°C, washed, and then incubated with secondary antibody
(Invitrogen) and 2% BSA for 2—4 h at room temperature.
Images were acquired using a Leica DM5000B microscope with
Image-Pro MDAG6.0 software and merged using Adobe Photo-
shop CS3. For PAS staining, permeabilized cells were oxidized
with 0.5% PAS for 30 min at 37 °C followed by the Schiff reac-
tion at room temperature for 10 min. For PASD staining, per-
meabilized cells were first treated with 0.2 units/ml amylase
(diastase) for 15 min before PAS staining.

LB Isolation from Transfected Cell Lines—Cells transfected
as described above were trypsinized; put on ice for 15 min in
HEPES butffer containing 10 mm HEPES (pH 7.9), 10 mm KCl,
0.1 mm EDTA, and 0.1 mm EGTA; and then lysed with 0.55%
Nonidet P-40 for 1 min on ice. The lysate was centrifuged at
1000 X g for 5 min to separate cytosolic and nuclear fractions.
The latter was resuspended in HEPES and recentrifuged at
1000 X g. Its supernatant was combined with the cytosolic frac-
tion followed by centrifugation at 8000 X g for 10 min to
remove debris. The resultant supernatant was centrifuged
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again at 18,000 X g for 45 min at 4 °C, and pellets were sus-
pended in H,O by heating at 85 °C for 10 min. This isolation
enriched for poorly soluble forms of glycogen from LB-forming
cells while still allowing adequate amounts of normal glycogen
to be collected from non-LB-forming cells for determination of
iodine spectra.

Determination of lodine Spectra—The degree of polysaccha-
ride branching in the above suspensions (or of glycogen puri-
fied from skeletal muscle) was analyzed according as described
by Krisman (33). Briefly, 50 wl of an iodine/iodide solution con-
taining 1.5 M KI and 100 mm I, was added to 13 ml of saturated
solution of CaCl, and mixed. 100 ul of the suspension as pre-
pared in the previous paragraph was added to 600 ul of the
CaCl,/iodine/iodide solution and incubated at room tempera-
ture. After 7 min of incubation, the spectra of visible light
absorbed at wavelengths from 400 to 700 nm were obtained and
plotted, and the wavelengths at which maximal absorbance
occurred were determined. The amylopectin control was from
Sigma.

Statistical Analysis—All data are shown as means = S.E. Sig-
nificance was evaluated using Student’s unpaired ¢ test, and
results were considered significant at p < 0.05 unless stated
otherwise.

RESULTS

LB Generation in LD Is Not Due to Increased GS or GS
Activity—As mentioned above, laforin and malin expressed
together in cell culture selectively and drastically reduce PTG
and GS protein quantities and GS activity in a proteasome-de-
pendent manner, suggesting that polyglucosans in LD form as a
result of increased GS protein and activity (22). When GS activ-
ity was measured in tissues of 9—12-month-old Epm2a™'~ and
Epm2b_/ ~ animals, no increase was found. However, GS pro-
tein was vastly increased, and this increase segregated with a
low speed (10,000 X g centrifugation) pellet (LSP), which con-
tained the LB (2, 29). Similar measurements taken at 3 months,
when LB were less than at 9 —12 months, also showed increased
GS in the LSP (26). These results were interpreted in two oppo-
site ways. One was that increased GS activity does not underlie
polyglucosan generation and that the increased GS protein in
the LSP is GS trapped with precipitated glycogen and polyglu-
cosans (2). The alternative view was that the cell culture results
combined with the great increase in polyglucosan-associated
GS in mouse tissues confirm the role of increased GS in poly-
glucosan formation (29). To resolve this controversy, we mea-
sured GS protein and activity in young 1 month-old Epm2b~'~
mice, which do not have detectable LB (in these young mice,
glycogen quantity and branching are also still normal) (Fig. 1).
We found no increase in total or LSP GS and no increased GS
activity (Fig. 2), supporting the view that increased GS and GS
activity are not at the origin of LB generation in LD.

Glycogen Hyperphosphorylation Contributes to LB Forma-
tion in Malin Deficiency—In Epm2a~'" mice, glycogen phos-
phate increases in time-dependent fashion. In muscle, for
example, it increased by ~4-fold compared with controls at 3
months and by 6-fold at 9-12 months (2). When glycogen
phosphate was measured in Epm2b ™'~ mice, it was found to be
elevated, but very modestly (1.3-fold). This measurement was
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FIGURE 1. Brain LB and glycogen quantity and quality in young and old malin-deficient (Epm2b~/~) mice. A-C, representative brain sections (hippocam-
pal region) from Epm2b~’~ mice stained with PASD. LB, examples of which are shown by arrows, were absent at 1 month (1M; A), present by 3 months (3M; B),
and profuse by 12 months (12M; C) of age. D, equivalent section from an Epm2a '~ mouse at 12 months. Scale bars = 50 um. E, total brain glycogen (including
normal and abnormal (polyglucosan) glycogen) at 1 and 12 months in Epm2b~/~ and Epm2a—’~ mice (n = five to six animals per genotype). Data are reported
in micromoles of glucose from glycogen/g of tissue. WT, wild-type; KO, knock-out. F, branching degree of glycogen from skeletal muscle in 1-month-old
Epm2b~'~ mice is the same as in wild-type mice (n = three animals per genotype). lodine intercalates polysaccharide helical chains to generate characteristic
spectra of visible light absorption, and the degree of branching is inversely proportional to the wavelength at which maximal amount of light is absorbed (33).

performed in 6-month-old animals without simultaneous
measurement in Epm2a”'~ mice, leaving it uncertain whether
the difference from the results reported in Epm2a~'~ mice was
methodological and whether the increase in Epm2b~'~ mice
was meaningful. In this study, we measured muscle glycogen

A EVEN
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phosphate in 12-month-old Epm2b~'~ and Epm2a '~ mice

simultaneously and found increases of 2.8-fold in the former
and 4.2-fold in the latter (Fig. 3). These results confirm that
glycogen is hyperphosphorylated in malin deficiency but, at the
same time, that the increase is to a lesser degree than in laforin
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deficiency, suggesting that glycogen hyperphosphorylation
contributes to LB generation in malin deficiency but is likely
not its sole determinant.

Laforin Is Increased in Malin Deficiency and Is Progressively
Confined to Glycogen—Laforin binds glycogen through a well
characterized CBM20 type of carbohydrate-binding module (4,
34, 35). Laforin has been quantified in malin-deficient mice at 3
and 6 months and shown to be increased at both ages (26, 28). In
both cases, the increase was in the LSP, raising the same ques-
tion as with GS, namely whether the increase is primary or
merely due to binding to and accumulation with the polygluco-
san masses. We performed Western blotting on brain extracts
at 1, 3, and 12 months of age. Total laforin in the Epm2b~'~
mice was increased at 3 and 12 months (Fig. 44). All of the
increase was in the LSP (10,000 X g) containing the LB, and the
amount of laforin in the low speed supernatant (LSS) was nor-
mal (Fig. 4B). Total laforin in Epm2b~'~ mice was also
increased at 1 month (Fig. 44), when there were no LB and
when glycogen was still normal in both quantity and quality
(degree of branching) (Fig. 1). In this case, all of the increase was
in the LSS, with no increase in the LSP (Fig. 4B), indicating that
malin deficiency causes increased laforin quantity and that this

25654 JOURNAL OF BIOLOGICAL CHEMISTRY

= five mice per genotype). WT, wild-type; KO, knock-out.

increase occurs early and is not due to any accumulation in LB.
Quantitative immunogold electron microscopy confirmed this
result, showing a >2-fold increase in situ (Fig. 4C). We also
measured the quantity of brain Epm2a mRNA and found it to
be normal (Fig. 4D), indicating that the increased laforin is not
transcriptional. Collectively, these results, with the prior cell
culture experiments (20), indicate that malin regulates the
quantity of laforin through proteasomal degradation.

Phosphates enter glycogen as errors during glycogen synthe-
sis and are thought to interfere by their high charges with the
proper packing of glycogen branches around them and thus
expose these strands” hydrophobic surfaces, leading glycogen to
precipitate (2, 3). We reasoned that if phosphate ions entering
during synthesis can destabilize glycogen packing, so should
proteins, if they do not detach or are not removed. Because the
action of malin on laforin is to reduce laforin, and the action of
laforin on glycogen is to enter glycogen during synthesis, we
hypothesized that the function of malin might be to control the
amount of laforin entering glycogen or the removal of laforin
that has entered and acted on glycogen.

Soluble glycogen fractionates for the most part with the LSS
(10,000 X g) (2), as does the increased laforin in young
1-month-old Epm2b~'~ mice (Fig. 4B). The great majority of
soluble glycogen precipitates at 200,000 X g (high speed pellet)
(31). Applying this force to the 1-month-old mice, we found
that the excess laforin in Epm2b '~ mice distributed between
the high speed supernatant, i.e. unbound to glycogen, and the
high speed pellet, i.e. with glycogen (Fig. 4E). The quantity of
glycogen in these mice was no different from that in controls
(Fig. 1E). These results indicate that the amount of free laforin is
increased in early malin deficiency, as is the amount of laforin
precipitating with glycogen. When the 200,000 X g fraction-
ation was performed at later ages, laforin in Epm2b~'~ mice
(but not in controls) increasingly and then nearly totally precip-
itated with glycogen (Fig. 4E). Taken together, the 10,000 X g
and 200,000 X g fractionation results indicate that malin defi-
ciency leads to increased laforin (Fig. 48, 1 MONTH), which
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FIGURE 4. Laforin in brain tissue of malin-deficient (Epm2b~/") mice. A, total laforin levels. B, laforin levels in the LSS (10,000 X g) and LSP. C, left and
middle panels, laforin immunogold electron microscopy. Note the increase in laforin levels (gold particles (black dots)) in knock-out (KO) mice. The
asterisks indicate post-synaptic density. Right panel, gold particle density quantification. D, Epm2a quantitative RT-PCR in Epm2b~/~ brain. Quantity is
relative to levels of the control gene hydroxymethylbilane synthase. E, laforin levels in high speed (200,000 X g) supernatants (HSS) and high speed

glycogen-containing pellets (HSP).

increasingly associates with glycogen (Fig. 4E, I, 3, and 12
MONTHS), which progressively converts to insoluble forms
that pellet at 10,000 X g (Fig. 4B, 3 and 12 MONTHS).

Increased Laforin in Cell Culture Results in LB-like Structures—
To test the hypothesis that excess laforin drives LB formation,
we overexpressed laforin or three well characterized laforin
mutants in HEK293 cells. The mutants were C265S (murine
sequence), a phosphatase domain mutation that eliminates the
catalytic cysteine and phosphatase activity but does not affect
the binding of the protein to glycogen, and W32G and F83L,
carbohydrate-binding domain mutations that prevent laforin
binding to glycogen (4, 27, 36 —38). Cells transfected with wild-
type or C265S mutant laforin developed large 0.2—2-um aggre-
gates, which stained intensely with a glycogen-specific antibody
and with PAS and which resisted digestion with amylase. These
aggregates did not occur with overexpression of the laforin
mutants that could not bind glycogen (Figs. 5 and 6 and supple-
mental Fig. 1).

ACEEVEN
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Digestion-resistant Aggregating Glycogen Resulting from
Increased Laforin Is Structurally Abnormal—How glycogen
hyperphosphorylation in laforin deficiency contributes to poor
solubility and aggregation is unknown but, as mentioned, is
hypothesized to induce a disturbance of the proper packing of
the glycogen helical chains, exposing them and rendering the
whole molecule insoluble (2). Likewise, how laforin accumu-
lation in glycogen in malin deficiency results in glycogen
insolubility and aggregation is unknown but may involve a
similar mechanism. In laforin deficiency, the hyperphos-
phorylated aggregate-prone glycogen becomes increasingly
less branched over time. By 9-12 months in mice, it has a
branching degree close to that of the plant polysaccharide
amylopectin, as determined by absorption spectra of visible
light in the presence of iodine (2). Low branching is consid-
ered the principal reason for insolubility in amylopectin,
again due to exposure of long stretches of helical chains to
aqueous cytosol (39).

JOURNAL OF BIOLOGICAL CHEMISTRY 25655


http://www.jbc.org/cgi/content/full/M111.331611/DC1
http://www.jbc.org/cgi/content/full/M111.331611/DC1

Increased Laforin in Malin-deficient Lafora Disease

Glycogen DAPI Merge

Myc-W32G-laforin

Myc-F83L-laforin

FIGURE 5. Glycogen binding-competent laforin overexpression results in
formation of LB-like structures. First row, empty Myc vector; second and
third rows, glycogen binding-competent Myc-tagged wild-type and C265S
mutant laforin; fourth and fifth rows, Myc-tagged W32G and F83L mutant
laforin, which did not bind glycogen. Green, Myc immunostaining; red, glyco-
gen; blue, DAPI. Scale bars = 10 wm. See also supplemental Fig. 1 for a lower
magnification showing a wider field of cells.

To determine whether the abnormal digestion-resistant
aggregating glycogen masses generated by overexpression of
glycogen-binding laforin (wild-type and C265S mutant) are
structurally abnormal, we isolated them and determined their
spectra of visible light absorption in the presence of iodine. The
wavelengths at which they absorbed maximal light were high,
close to that of amylopectin, indicating abnormal branching,
whereas the wavelength maxima for glycogen from cells trans-
fected with non-glycogen-binding laforin (W32G and F83L)
were low, similar to that of glycogen from cells transfected with
empty vector (Fig. 7, A and B). In these short-term experiments,
the total quantities of glycogen were not increased to a signifi-
cant degree in the cells with the qualitatively abnormal glyco-
gen, although there was a trend toward an increase in glycogen
in the aggregate-containing cells (Fig. 7C). Although the lack of
significance of the increase in glycogen content as measured
biochemically might contrast with the accumulations of glyco-
gen as detected by immunofluorescence in the cells with the
abnormal glycogen, this could be due to several reasons. It is
possible that the aggregates of abnormal glycogen co-aggregate
substantial amounts of the cell’s normal glycogen. In addition, it
must be recalled that only a fraction of the cells are actually
transfected in these experiments, the other cells having normal
amounts of glycogen. Finally, it is possible that the anti-glyco-

25656 JOURNAL OF BIOLOGICAL CHEMISTRY

- Amylase + Amylase

“Myc vector, . /)

_Myc-laforin

. '
.

_Myc-C265S-laforin

_Myc-W32G-laforin

_Myc-F83L-laforin

FIGURE 6. LB-like aggregates resulting from laforin overexpression resist
amylase digestion. See the legend to Fig. 5 for description of rows. Left
panels, staining with PAS; right panels, staining with PASD. Scale bars = 10 um.

gen antibody has stronger immunocytochemical affinity
toward abnormal versus normal glycogen.

DISCUSSION

Described 101 years ago (15), LD is the most common teen-
age-onset progressive myoclonus epilepsy and is fatal (11) and
is caused in large part by widespread progressive accumulation
of polyglucosan masses (11, 17). A major breakthrough in
understanding the function of laforin came with the demon-
stration that it is a glycogen phosphatase (5, 27), to date unique
in the animal kingdom, and that its deficiency leads to polyglu-
cosan formation via glycogen hyperphosphorylation (2). We
have now shown that glycogen is hyperphosphorylated also in
Epm2b~'~ mice and that malin deficiency therefore also leads
to polyglucosan generation via glycogen hyperphosphoryla-
tion. However, equally importantly, phosphorylation is sub-
stantially lower in malin than in laforin deficiency, and there-
fore, polyglucosan formation in the former likely includes
additional mechanisms.
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FIGURE 7. Glycogen is poorly branched in LB-like aggregates. A, iodine spectra of glycogen preparations enriched for the insoluble glycogen aggregates
from cells transfected as described for Figs. 5 and 6. Note that the wavelengths of maximal visible light absorption by glycogen in cells overexpressing
glycogen-binding laforin (red curves) are shifted close to that of amylopectin (AP; green curve), whereas those of non-glycogen-binding laforin (black curves) are
close to that of glycogen from cells transfected with empty vector (blue curve). B, same experiment as in A repeated three times (three separate transfections
per clone). The average wavelength at maximal absorption is shown for each clone. C, glycogen quantities in the cells from B.

The polyubiquitination and degradation of laforin by malin
in cell culture experiments were observed soon after its discov-
ery (20), at a time when glycogen phosphate was considered
inconsequential, glycogen (and starch) phosphatases were
unknown, and the laforin substrate was thought to be an
unknown protein. That the function of malin would be laforin
removal was inconsistent with laforin deficiency being causa-
tive of LD. Nonetheless, the authors who performed the malin
cell culture experiment predicted that “laforin’s CBD [carbohy-
drate-binding domain] would function to localize laforin [on
glycogen] and allow laforin to dephosphorylate substrate X;
after dephosphorylation, the next event... would not occur
until laforin is polyubiquitinated and degraded” (20). In light of
the subsequent uncovering that substrate X is glycogen itself (5,
27), we reasoned here that the function of malin would be to
remove laforin after it docked glycogen to remove phosphate
and before glycogen construction proceeded to entrap it. In this
work, we found that laforin is increased in the earliest phases of
malin deficiency both in the free state and in the glycogen pellet.
As time passes, laforin is increasingly and then almost exclu-
sively associated with glycogen, which correlates with the con-
version of glycogen pools into abnormal digestion-resistant
aggregates (LB). While this paper was in review, Criado et al.
(40) also reported increased laforin in young Epm2b~'"~ mice
(16 days old) and subsequent confinement to the insoluble pel-
let in 3-month-old mice exhibiting abundant LB.

To directly test the role of increased laforin in LB formation,
we raised the amount of laforin in cell culture, which led to
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formation of abnormally aggregated digestion-resistant glyco-
gen masses. This occurred only if laforin could bind glycogen,
underscoring the role of excessive laforin binding to glycogen in
LB generation.

In addition to being hyperphosphorylated, poorly soluble,
aggregate-prone, and digestion-resistant glycogen in LD is also
poorly structured, namely inadequately branched, which is a
main contributor to its insolubility and aggregation. Here, we
have shown that increased laforin provokes also this change in
glycogen and thus that the abnormal glycogen aggregates gen-
erated by increased laforin are bona fide LB.

The model (Fig. 8) that emerges from our and previous
results is as follows. The function of laforin is to intervene when
phosphate is incorporated during glycogen synthesis and to
remove the phosphate. The function of malin is 1) to prevent
indiscriminate binding of laforin to glycogen by controlling its
cytosolic amounts and 2) to remove laforin from glycogen as
soon as laforin has removed its target phosphate. In the absence
of malin, excessive amounts of laforin bind glycogen and, like
excess phosphate, render glycogen precipitation- and aggrega-
tion-prone, digestion-resistant, and poorly branched, leading
to LB formation. Additionally, accumulation of laforin in gly-
cogen and then in LB depletes the cytosol of free laforin, leading
to a secondary laforin deficiency (Fig. 4C) that exacerbates the
malin deficiency. This last concept was suggested previously
(26) and has now been confirmed.

Exactly how the structure of glycogen is altered toward less-
ened branching (polyglucosan formation) remains unknown.
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FIGURE 8. Model of LB pathogenesis. In normal glycogen metabolism, a
recurring GS enzymatic error incorporates phosphate into glycogen. Laforin
(laf) removes this phosphate and then is itself removed by malin (mal)-medi-
ated degradation. In laforin deficiency, phosphate cannot be removed and
accumulates. In malin deficiency, laforin binds glycogen to remove the phos-
phate but then cannot be removed, itself accumulating in glycogen. In laforin
or malin deficiency, non-removal of phosphate or laforin disrupts the intricate
spherical structure of glycogen, leading it to precipitate and accumulate in LB.
Ub, ubiquitin.

One explanation could come from the observation that GS is
present on precipitating glycogen in LD mice (Refs. 2, 27, and
29 and this study), whereas BE is not (at least as tested in laforin-
deficient LD mice) (2, 27). Possibly, GS remains active to a cer-
tain degree on precipitating glycogen, leading to chain exten-
sions without branching. Whatever the mechanism of the lost
normal branching, in the present situation, i.e. in tissue culture
under laforin excess, it was a rapid (within 24 h) and early event
in LB formation.

As mentioned above, laforin and malin coexpression in cell
culture leads to proteasome-dependent reduction of PTG and
GS, but not hexokinase or GSK3 (22). PTG and GS both bind
glycogen directly, whereas hexokinase and GSK3 do not. It is
tempting to consider the possibility that the role of the laforin-
malin complex extends beyond phosphate and laforin elimina-
tion from glycogen. The complex might function to remove any
proteins, including PTG and GS, that might be entrapped by
glycogen during synthesis and that would disturb the intricate
geometric construction required to generate soluble spheres of
glycogen.
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