










expressed laforin were evaluated. Surprisingly, glucosamine treat-
ment led to a further reduction in the level of laforin (Fig. 4I and
J), although the cellular glycogen content was comparable to that
of glucose-fed cells (Fig. 2E). On the other hand, forskolin treat-
ment did not significantly alter the laforin level (Fig. 4I and J),
although the cellular glycogen content was significantly lower
than in glucose-fed cells (Fig. 2E). These results strongly suggest
that cellular glucose availability and not the glycogen content de-
termines laforin’s stability.

AMPK activity is required for degradation of laforin under
glucose deprivation. AMPK is an energy sensor kinase, since a
drop in the intracellular ATP level (for example, during glucose
deprivation) rapidly activates AMPK (22). Since the laforin-malin
interaction is dependent on AMPK (37, 42), we next tested
whether the glucose-dependent degradation of laforin by malin
could be mediated by AMPK. Glucose deprivation or glucosamine
treatment led to a significant increase in AMPK activity without a
change in its level (Fig. 5A). Glucosamine treatment is known to
enhance the AMPK activity by reducing the cellular ATP level (24,
29), and similar observations were made in the present study as
well (Fig. 2C), suggesting that the increased AMPK activity could
be one of the key regulators of laforin’s stability during glucose
deprivation as well as during glucosamine treatment. Indeed, we
found that coexpression of a dominant negative form of AMPK
(DN-AMPK) in glucose-free medium resulted in an increase in
the cellular level of laforin (Fig. 5B). We next checked whether
AMPK regulates the affinity between laforin and malin when cells
are deprived of glucose. For this, laforin was expressed with a
His-tagged, catalytically inactive malin mutant (C26S), and the

cells were either treated with an inhibitor for AMPK (compound
C; 12 h) or with the vehicle (dimethyl sulfoxide; 12 h), and the
His-tagged malin was pulled down using Ni-affinity resins. The
C26S mutant malin was used in the pulldown assay, because
the signal intensity of the pulled-down product would represent
the amount of protein available for the interaction and not the
amount that escaped malin-mediated degradation (13). The mu-
tant malin exhibited a robust interaction with laforin when the
cells were deprived of glucose, and this interaction was compro-
mised when the cells were treated with the AMPK inhibitor (Fig.
5C). However, AMPK blockade (treatment with compound C or
coexpression of AMPK-DN) did not prevent laforin’s nuclear
translocation when cells were deprived of glucose (Fig. 5A, D, and
E). Thus, AMPK appears to regulate the stability and not the sub-
cellular localization of laforin.

Since overexpression of AMPK-DN resulted in an increase in
the level of laforin in cells that were starved of glucose, we next
checked whether overexpression of AMPK or enhancement of its
activity in the presence of glucose would bring down the cellular
level of laforin. Intriguingly, activation of AMPK, either by its
overexpression or by treating the cells with metformin, a drug that
activates AMPK independently of cellular ATP/AMP levels (23),
resulted in a significant increase in the level of laforin in cells that
were grown in glucose-containing medium (Fig. 6A). This could
possibly mean that activation of AMPK is necessary but not suffi-
cient to degrade laforin and that AMPK might require other fac-
tors for its action on laforin. The energy-sensing property of
AMPK raises the possibility that the cellular ATP level could be a
cofactor that contributes to laforin’s stability, since the ATP level

FIG 4 Intracellular glucose availability regulates malin-dependent degradation of laforin. (A and B) Lysates of cells grown in the presence or absence of glucose
were immunoblotted with an antibody to detect endogenous laforin, tubulin or GRP75 (A) or transiently expressed laforin (B). (C) Endogenous laforin level in
liver tissue lysates (70 �g of protein/lane) from mice that were either fed ad libitum (F) or starved for 24 h (S). (D and E) Cellular levels of the overexpressed laforin
(D) or its endogenous form (E) in cells that were grown in the presence/absence of glucose and/or MG132, as indicated. (F and G) Cells coexpressing GFP-tagged
laforin with wild-type malin or its mutant C26S (F) or a knockdown construct for malin (G) were evaluated by immunoblotting. (H) Cells expressing the
indicated constructs in the presence or absence of glucose were processed for immunoblotting to establish the relative levels of GFP-tagged laforin. (I and J) Cells
were exposed to pharmacological agents as indicated, and the cell lysates were processed for immunoblotting to detect the level of transiently expressed
GFP-tagged laforin (I) or endogenous laforin (J).
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goes down when cells are deprived of glucose. To test this possi-
bility, cells that transiently expressed laforin were treated with
sodium azide (12 h), a compound that reduces the cellular ATP
content even in the presence of glucose (Fig. 2C), and the cellular
level of laforin was evaluated. Sodium azide treatment resulted in
a significant reduction in the cellular laforin level, even in the
presence of glucose (Fig. 6B). However, the same treatment did
not alter laforin’s subcellular localization (Fig. 2B), suggesting that
the cellular ATP level plays a critical role in determining laforin
stability in addition to regulating the activity of AMPK. We next
evaluated the subcellular distribution of laforin upon coexpres-
sion of AMPK or by treating the transfected cells with metformin
(24 h). Intriguingly, both conditions resulted in the recruitment of
laforin into perinuclear granule-like structures in transfected cells
(in �40% cells upon AMPK coexpression and in �72% cells
treated with metformin) that also stained positive for glycogen
(Fig. 6C and D). However, such a staining pattern was not ob-
served when cells were maintained in glucose-free medium (Fig.
6C, lower panel), suggesting that glucose deprivation may have
resulted in the utilization of the glycogen reserve, thereby abolish-
ing the granule-like staining pattern. Overexpression of AMPK is
known to localize this protein onto cytoplasmic glycogen granules
(35), suggesting that the activation of AMPK results in an increase
in intracellular glycogen content. Indeed, metformin-treated cells
grown in glucose-containing medium showed increased intracel-
lular glycogen content compared to untreated cells (Fig. 6E).
There was also a moderate yet significant reduction in protea-
somal activity upon metformin treatment (Fig. 6F, lower panel).
However, these perinuclear granules are unlikely to be “ag-
gresomes,” since coexpression of AMPK (DN or the wild-type)
did result in similar recruitment of laforin without compromising
proteasomal activity (Fig. 6F). Thus, sequestration of laforin to

glycogen particles upon AMPK activation in the presence of glu-
cose could be one of the reasons for its elevated levels in
metformin-treated cells. Nonetheless, the present results are com-
pelling enough to suggest that while the subcellular localization of
laforin is dependent on the cellular glycogen content, the stability
of laforin is dependent on the cellular ATP level and the AMPK
activity.

The laforin-malin complex regulates cellular glucose uptake
by modulating subcellular localization of glucose transporters.
Based on our observations that glycogen metabolites regulate the
stability and subcellular localization laforin and previous reports
on the role of the laforin-malin complex in glycogen metabolism,
we reasoned that the laforin-malin complex might regulate cellu-
lar glucose uptake, the first step of the glycogen metabolic path-
way. For testing this hypothesis, we used Neuro2a cells, as this cell
line is known to store much less glycogen (48), and therefore dif-
ferences in the glycogen level could be easily measured. The ex-
pression of laforin or malin was partially suppressed by the RNAi
approach, and cellular glucose uptake was measured using the
fluorescent D-glucose analogue 2-NBDG. Partial knockdown of
laforin or malin resulted in a significant increase in basal glucose
uptake compared to the control set (Fig. 7A). Similar observations
were made in COS-7 cells, although the difference was minimal
compared to that in Neuro2A cells (data not shown). To elucidate
the mechanism by which cells enhance glucose uptake upon the
loss of laforin or malin, we first evaluated the relative levels of
endogenous glucose transporters Glut1 and Glut3 in the mem-
brane fraction of COS-7 and Neuor2A cells. Glut3 is expressed
specifically in the neuronal cells, while Glut1 is expressed in most
tissues, although both transporters are involved in basal glucose
uptake (31). Loss of laforin or malin did not alter the cellular level
of either Glut 1 (COS-7 cells) or Glut3 (Neuro2A cells) (Fig. 7B).

FIG 5 AMPK activity is required for the degradation of laforin under glucose deprivation. (A) Bar diagram showing the fold difference in AMPK activity in cells
treated with the indicated compounds. The immunoblot (lower panel) shows AMPK levels in the cell lysates. (B) Cells expressing AMPK-DN and/or GFP-tagged
laforin were maintained in medium containing or deprived of glucose and processed for immunoblotting, as indicated. (C) Cells transfected with constructs that
code for GFP-tagged laforin and Myc/His-tagged mutant malin (C26S) were processed for a Ni affinity-based pulldown assay. The pulled-down (PD) and
whole-cell lysates (WCL) were immunoblotted with the indicated antibodies. (D) Bar diagram showing the effects of DN-AMPKon laforin nuclear localization
under glucose deprivation conditions. (E) Bar diagram showing the difference in AMPK activity (upper panel) or the frequency of cells with nuclear localization
of laforin (lower panel) when grown in the presence or absence of glucose or compound C, as indicated. ��, P � 0.005; �, P � 0.05.
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However, their loss resulted in a significant increase in the level of
Glut1 and Glut3 in the plasma membrane fraction (Fig. 7B). No
such difference, however, was noted for the transferrin receptor, a
protein that also localizes in the plasma membrane, suggesting
that the difference in the signal intensity observed for Glut1 and
Glut3 is specific to these proteins and not due to the difference in
the protein content of the membrane fraction per se. The enrich-
ment of plasma membrane proteins in the fractionated samples
was established by probing fractions with antibodies for the trans-
ferrin receptor or flotillin 2 (Fig. 7C). The Glut1 and Glut4 pro-
teins were found to be enriched in the plasma membrane fraction
of the soleus skeletal muscle tissue of laforin-deficient mice (Fig.
7D), suggesting that such targeting may not be restricted to cell
lines. Thus, laforin and malin appear to negatively regulate the
targeting of glucose transporters to the plasma membrane, and
defects in this process could result in increased glucose uptake in
the absence of laforin or malin.

Glucose transporters are normally localized in the vesicular
compartments of the cytoplasm and are targeted to the plasma
membrane, allowing glucose import upon appropriate signaling
(4, 28). Therefore, we wanted to test whether laforin/malin regu-
late the intracellular trafficking of glucose transporters. For this we
chose Neuro2A cells, wherein the overexpressed Glut3 (but not
the endogenous form) resides primarily at the plasma membrane
(40). When Glut3 was coexpressed with laforin or malin, a signif-
icant amount of overexpressed Glut3 was retained in the cytoplas-
mic compartment in around 70% of the cells (data not shown). To
further validate this observation, we fractioned the plasma mem-

branes and evaluated the Glut3 by immunoblotting. While the
level of Glut3 in the whole-cell lysate did not show any change,
there was a significant reduction in the level of Glut3 in the plasma
membrane fraction of cells that coexpressed the wild-type form of
laforin or malin compared to the sets that coexpressed the catalyt-
ically inactive mutant forms of laforin or malin (Fig. 7E and F).
Corroborating this observation, overexpression of wild-type lafo-
rin and malin, but not their mutants, significantly reduced the
cellular glucose uptake (Fig. 7G). Taken together, our results sug-
gest that laforin and malin are important for the cytoplasmic re-
tention of glucose transporters and that the functional loss of la-
forin or malin results in the targeting of glucose transporters to the
plasma membrane and excessive glucose uptake.

Laforin and malin regulate glycogen synthesis but not its
breakdown. Since loss of laforin or malin resulted in the excessive
uptake of glucose, we wanted to check whether loss of these pro-
teins and the plasma membrane localization of glucose trans-
porter would induce glycogen accumulation. For this, we selected
two distinct cell types: (i) Neuro2A, a cell line of neuronal origin
that stores a very small amount of glycogen, and (ii) COS-7, a
nonneuronal cell type that stores �100-fold-higher levels of gly-
cogen than Neuro2A cells (Fig. 8A). Transient knockdown of la-
forin or malin resulted in a significant increase in the intracellular
glycogen level in both Neuro2A and COS-7 cells (Fig. 8B). Cor-
roborating this observation, nearly 20% of the cells that were
transfected with the laforin or malin RNAi construct showed gly-
cogen granules when stained with an antibody against glycogen,
while the control set did not show any such staining (Fig. 8C). To

FIG 6 AMPK is necessary but not sufficient to degrade laforin. (A) Cells expressing laforin-GFP, wild-type AMPK (AMPK-WT), or AMPK-DN were treated the
indicated compounds and processed for immunoblotting. (B) Cells expressing GFP-tagged laforin were grown in media containing the indicated compounds
and processed for immunoblotting. The signal intensities (laforin/tubulin ratio) were measured and plotted as a bar diagram to reveal the fold difference. (C and
D) Representative images of the subcellular localization of laforin and wild-type AMPK when coexpressed in COS-7 cells grown in the presence/absence of
glucose (C) or the recruitment of overexpressed laforin to the glycogen particle when Neuro2A cells were grown in a medium containing glucose and metformin
(Glu�MF) (D). Bar, 10 �m (C and D). (E) Bar diagram showing intracellular glycogen content in COS-7 cells grown in the presence or absence of glucose and/or
metformin (MF). (F) Bar diagram (upper panel) showing nuclear localization of laforin in cells treated with metformin or when coexpressed with the wild-type
(WT) AMPK or its DN form. The lower panel shows proteasome activity in the lysates of cells under various conditions. Cells treated with MG132 and metformin
were transfected with an empty vector. � and ���, P � 0.05 and 0.0005, respectively.
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further establish that the enhanced glycogen content was indeed
due to increased glucose uptake, we treated cells with an inhibitor
of glucose uptake (cytochalasin B) and measured their glycogen
content. The cellular glycogen contents of cells lacking laforin or
malin did not differ significantly from cells that were transfected
with control vector (Fig. 8D), suggesting that loss of laforin or
malin promotes intracellular glycogen accumulation via increased
glucose uptake. We tested this possibility by overexpressing Glut3
in Neuro2A and COS-7 cells. Overexpressed Glut3 translocates to
the plasma membrane in Neuro2A cells but not in COS-7 cells
(data not shown). We therefore measured the glycogen contents
of Neuro2A and COS-7 cells overexpressing Glut3, glycogen syn-
thase, or GFP (the latter two being controls). Overexpression of

Glut3 resulted in a significant increase in the cellular glycogen
content, but only in Neuro2A cells (Fig. 8E). However, knock-
down of laforin or malin caused a modest but significant increase
in the glycogen content, even in COS-7 cells that overexpressed
Glut3 (Fig. 8F). Taken together, our results suggest that laforin
and malin are critical regulators of glucose transport, that they
regulate this process by modulating the subcellular localization of
glucose transporters, and that the targeting of glucose transporters
to the plasma membrane increases cellular glycogen content.

We next wanted to check whether laforin and malin are in-
volved in glycogen degradation, since inhibition of this process
could also result in an increased glycogen level within the cell. To
test this possibility, COS-7 cells were transiently transfected with a

FIG 7 The laforin-malin complex regulates glucose homeostasis. (A) Neuro2A cells were transfected with the indicated RNAi construct, and the difference in the
uptake of labeled glucose analogue 2-NBDG was measured and plotted. (B) COS-7 and Neuro2A cells were transiently transfected with the indicated RNAi
construct, and the level of endogenous glucose transporter Glut1 (COS-7) or Glut3 (Neuro2A) was evaluated in the whole-cell lysate (WCL) and in the plasma
membrane fraction (PMF). The levels of tubulin and transferrin receptor (TFR) served as loading controls. (C) Equal quantities (10 �g/lane) of protein samples
representing the WCL and PMF of Neuro2A cells shown in panel B were loaded in the same gel, resolved, and immunoblotted with antibodies for the indicated
membrane proteins to reveal the relative enrichment of membrane proteins in the PMF. (D) Immunoblot showing levels of Glut1 and Glut4 proteins in
whole-tissue lysate (WTL) and the PMF of soleus skeletal muscle tissue of laforin knockout mice (KO) and their wild-type littermates (WT). Tubulin and caveolin
served as loading controls for WTL and PMF, respectively. (E) Neuro2A cells were transfected with a combination of constructs that code for GFP-Glut3 or the
WT or the mutants of laforin or malin, and the relative levels of Glut3 in the WCL or in the PMF were evaluated by immunoblotting. (F) Signal intensities
(Glut3/transferrin receptor ratio) of the immunoblot for the PMF shown in panel E (lower panel) were measured and plotted to reveal the fold difference. (G)
Bar diagram showing glucose uptake in Neuro2A cells transiently expressing the wild-type or the mutant form of laforin or malin as indicated. Values were
normalized over protein content and are presented as the fold change compared to pcDNA-transfected cells. �, ��, and ���, P � 0.05, 0.005, and 0.0005,
respectively.
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knockdown construct for laforin or malin or with the control
vector, and the cells were exposed to glucose-free medium at 36 h
posttransfection to degrade the glycogen reserve for the next 12 h.
As shown in Fig. 8G, the cellular glycogen content was lower in
cells that expressed the knockdown construct than cells that ex-
pressed the control vector, suggesting that laforin and malin are
not critical for glycogen degradation. Thus, the increase in glyco-
gen level observed in the absence of laforin or malin could be due
to increased glycogen synthesis via excessive glucose uptake and
not due to a defect in the glycogen degradation process.

DISCUSSION

Laforin and malin are thought to function as nonredundant part-
ners in a functional complex (17), and several studies have shown
that this is indeed the case (14, 19, 39). Here we showed that
laforin and malin, through an unknown mechanism but as nonre-
dundant partners, sense the intracellular glycogen level and nega-
tively regulate the cellular uptake of glucose. Partial knockdown of
either one resulted in excessive intracellular glycogen accumula-
tion, primarily via enhanced cellular glucose import.

The glycogen-dependent nuclear translocation observed for
laforin is similar to the that shown for muscle glycogen synthase
(MGS) (8); both of them translocate to the nucleus when glycogen
stores are depleted within the cell. Our results also demonstrated
that carbohydrate-binding ability is required for laforin to remain
in cytoplasm, and therefore the absence or a very low level of
glycogen is unable to retain laforin within the cytoplasm and

therefore it translocates to the nucleus. While the significance of
the nuclear translocation of laforin is not obvious to us, it should
be noted here that the nuclear MGS is thought to be involved in
transcriptional regulation (8) and that laforin, along with malin, is
known to translocate to the nucleus upon thermal stress and to
regulate heat shock-induced transcription (39). Thus, laforin ap-
pears to have additional functions in the nucleus when cells are
under physiological stress, including the glucose deprivation con-
ditions tested in the present study.

Laforin is known to be degraded by malin via the ubiquitin-
proteasome pathway (20); however, the physiological significance
for this function is not well understood. We showed here that,
under physiological conditions, laforin’s stability was correlated
with the cellular glycogen content. Since loss of laforin results in
increased glucose uptake, it is reasonable to suggest that malin
promotes the degradation of laforin, probably via increases in the
cellular glucose level. This suggestion was supported by our ob-
servations that laforin displayed increased affinity toward malin
when cells were deprived of glucose, and there was a significant
decrease in the level of laforin when cells were starved of glucose,
which could be rescued when malin was partially knocked down
or when proteasomes were blocked. However, the laforin-malin
affinity and the malin-mediated degradation of laforin seem to be
regulated by at least by two factors: AMPK activity and cellular
ATP levels. AMPK is one of the critical enzymes involved in cel-
lular energy homeostasis and is known to be activated when cells
are deprived of energy source (22). Indeed, an earlier study (42)

FIG 8 Laforin and malin regulate glycogen synthesis but not its breakdown. (A) Bar diagram showing glycogen content in COS-7 and Neuro2A cells grown in
a medium with 25 mM glucose. (B) Bar diagram showing relative glycogen content in Neuro2A or COS-7 cells transiently transfected with the indicated RNAi
construct. The cellular glycogen level was estimated at 36 h posttransfection. (C) Neuro2A cells transfected with the indicated RNAi constructs were scored for
the presence of glycogen granules, as visualized with antiglycogen antibody, and plotted. (D) Bar diagram showing glycogen content of COS-7 cells transiently
transfected with the indicated RNAi construct and treated/not treated with cytochalasin B (CytoB). (E) Bar diagram showing the fold difference in the glycogen
content of COS-7 and Neuro2A cells transiently expressing GFP, glycogen synthase (GS), or Glut3, as indicated. (F) Bar diagram showing the fold change in the
glycogen content of COS-7 cells cotransfected with GFP, Glut3, and the RNAi construct. (G) COS-7 cells transiently transfected with the indicated RNAi
construct were transferred to glucose-free medium at 36 h posttransfection, and the cellular glycogen content was measured after 12 h of incubation and plotted
as the fold change. �, ��, and ���, P � 0.05, 0.005, and 0.0005, respectively.
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suggested that the laforin-malin interaction is mediated by
AMPK, although the functional significance of this role was not
explored. We showed here that active AMPK is required for malin
to promote the degradation of laforin when cells are deprived of
glucose. AMPK is less active when cells are not under metabolic
stress, and one of the triggers that activate AMPK is stimuli that
change the AMP:ATP ratio (22). Thus, there appears to be an
inverse correlation between AMPK activity and laforin level. In-
triguingly, active AMPK is unable to promote the degradation of
laforin when cellular ATP levels were high, suggesting that AMPK
is required but not sufficient for the degradation of laforin. These
data clearly indicate that the factor(s) that senses the cellular ATP
level could regulate the stability of laforin with the help of AMPK.
Similarly, that active AMPK (as during glucose deprivation) is
unable to prevent the nuclear translocation of laforin in cells that
are deprived of glycogen suggests the possible involvement of an
additional regulatory factor(s) that functions independently of
AMPK. Thus, ATP depletion is likely to activate AMPK as well as
an unknown factor(s), which together might promote the degra-
dation of laforin. The nuclear translocation or/and the degrada-
tion of laforin may help in the restoration of the energy level by
enhancing cellular glucose uptake within the cell. Taken together,
our data suggest that the laforin-malin complex is one of the crit-
ical players in cellular energy homeostasis.

Previous studies that investigated the possible role of laforin/
malin in glycogen metabolism focused on the enzymes involved in
glycogen synthesis or its degradation (11, 14, 42, 44–46). Studies
from laforin- or malin-deficient animals have demonstrated that
none of the critical enzymes show any difference in their level or
activity (11, 44). We reasoned that the laforin-malin complex
could indirectly regulate glucose homeostasis, and we demon-
strated here that loss of laforin and malin results in excessive glu-
cose uptake. While the manuscript was in preparation, Vernia et
al. (47) reported excessive glucose uptake in the tissues of laforin-
deficient mice, suggesting that loss of laforin (and possibly malin)
might have similar effects at both tissue and cellular levels. We
have shown here that loss of laforin or malin increases the abun-
dance of glucose transporters in the plasma membrane and hence
excessive glucose uptake. Similar observations were also made in
the muscle tissue of laforin-deficient mice. Intriguingly, laforin
and malin appear to regulate the translocation of the glucose
transporters Glut1, Glut3, and Glut4 to the plasma membrane,
although their cellular level remains unchanged. Glut1 and Glut3
represent the two major insulin-independent glucose transporters
found in nonneuronal and neuronal tissues, respectively, and
Glut4 is exclusively expressed in striated muscle (4). In this regard
it is interesting that the plasma insulin level did not change in
laforin-deficient mice (47), and we did not use insulin in our glu-
cose uptake assays. Therefore, the laforin-malin complex possibly
regulates glucose homeostasis via an insulin-independent glucose
uptake mechanism, a constitutive process that accounts for most
of the basal glucose uptake in tissues (4). Glucose transporters are
found both at cytoplasmic vesicles and at the plasma membrane
(4, 28). Under conditions of a glucose requirement, vesicles target
the glucose transporters to the plasma membrane via exocytosis,
and when the glucose demand is met, most of the transporters are
shunted back to the cytoplasmic vesicle via endocytosis (28). What
we have shown here is that coexpression of laforin or malin is able
to restrict Glut3 in the cytoplasmic vesicles. While our observa-
tions are strong enough to suggest that the laforin-malin complex

regulates the subcellular trafficking of glucose transporters, the
specific process by which laforin and malin are able to modulate
the vesicular trafficking was not addressed in the present study.
Clearly, further studies are required to elucidate this mechanism.

In summary, we have shown that the laforin-malin complex
regulates glucose uptake and not the degradative process of cellu-
lar glycogen. Thus, excessive substrate (cellular glucose level) ap-
pears to be the trigger for the abnormally high levels of glycogen
seen in LD. Thus, laforin/malin deficiency would result in an ab-
normal increase in cellular glycogen that is less branched and hy-
perphosphoryled, leading to the genesis of Lafora bodies. Our
study indicates that factors that regulate cellular glucose uptake
could be potential therapeutic targets for the treatment of LD.
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