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Cori’s disease is a glycogen storage disorder characterized by a deficiency in the glycogen debranching enzyme,
amylo-1,6-glucosidase,4-�-glucanotransferase (AGL). Here, we demonstrate that the G1448R genetic variant of
AGL is unable to bind to glycogen and displays decreased stability that is rescued by proteasomal inhibition.
AGL G1448R is more highly ubiquitinated than its wild-type counterpart and forms aggresomes upon
proteasome impairment. Furthermore, the E3 ubiquitin ligase Malin interacts with and promotes the
ubiquitination of AGL. Malin is known to be mutated in Lafora disease, an autosomal recessive disorder
clinically characterized by the accumulation of polyglucosan bodies resembling poorly branched glycogen.
Transfection studies in HepG2 cells demonstrate that AGL is cytoplasmic whereas Malin is predominately
nuclear. However, after depletion of glycogen stores for 4 h, ∼90% of transfected cells exhibit partial nuclear
staining for AGL. Furthermore, stimulation of cells with agents that elevate cAMP increases Malin levels and
Malin/AGL complex formation. Refeeding mice for 2 h after an overnight fast causes a reduction in hepatic
AGL levels by 48%. Taken together, these results indicate that binding to glycogen crucially regulates the
stability of AGL and, further, that its ubiquitination may play an important role in the pathophysiology of
both Lafora and Cori’s disease.
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Lafora disease (OMIM 254780) is an autosomal recessive
form of epilepsy with onset in late childhood or adoles-
cence (Chan et al. 2005; Ganesh et al. 2006). Primary
symptoms include seizures, ataxia, myoclonus, and the
progressive development of severe dementia. Most in-
flicted individuals die by 25 years of age. Currently, there
is no known long-term treatment. Clinically, Lafora dis-
ease is characterized by the presence of inclusion bodies
(Lafora bodies) in most organs, including the brain, heart,
liver, muscle, and skin. These inclusions consist of high
levels of polyglucosans that resemble abnormally
branched glycogen (Yokoi et al. 1968), suggesting that in
Lafora disease, enzymes involved in glycogen metabo-
lism are dysregulated.

Positional cloning studies have characterized two ma-
jor loci implicated in Lafora disease, EPM2A (encoding
Laforin) (Minassian et al. 1998; Serratosa et al. 1999) and
EPM2B (encoding Malin) (Chan et al. 2003). Laforin is a

dual specificity phosphatase consisting of a C-terminal
catalytic domain and an N-terminal carbohydrate-bind-
ing domain (CBD) that localizes the protein to glycogen,
as well as polyglucosan bodies (Ganesh et al. 2000, 2004;
Wang et al. 2002; Chan et al. 2004). Laforin is conserved
in all vertebrates and a subclass of protists (Gentry et al.
2007). Mice deficient for Laforin or those that overex-
press the catalytically inactive form (C266S) progres-
sively develop Lafora bodies and the disease symptoms
with age (Ganesh et al. 2002a; Chan et al. 2004). Malin is
a RING finger-containing E3 ubiquitin ligase that inter-
acts with Laforin, promoting its ubiquitination and deg-
radation (Gentry et al. 2005; Lohi et al. 2005). However,
since loss-of-function mutations in either Laforin or Ma-
lin paradoxically cause Lafora disease, the significance of
this interaction remains uncertain.

The levels of Laforin protein in cells seem to correlate
with the amount of glycogen (Wang et al. 2007). How-
ever, how Laforin participates in glycogen metabolism
remains unclear. Laforin has been shown to bind PTG/
R5, a protein phosphatase 1 (PP1) glycogen targeting sub-
unit (Fernandez-Sanchez et al. 2003). PTG acts as a scaf-
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folding molecule that enhances the ability of PP1 to de-
phosphorylate and thus activate glycogen synthase
(Printen et al. 1997; Brady and Saltiel 2001). Laforin has
also been shown to dephosphorylate and activate the ki-
nase GSK3� (Lohi et al. 2005; Wang et al. 2006). One
direct target of GSK3� is glycogen synthase, and its phos-
phorylation by GSK3� leads to inactivation, implying
that Laforin could directly affect glycogen metabolism
through this pathway. However, recent evidence sug-
gests that alterations in the GSK3�/glycogen synthase
pathway are not primarily responsible for the formation
of Lafora bodies (Wang et al. 2007; Worby et al. 2006),
and precisely how Laforin affects glycogen metabolism
remains unknown.

The presence of polyglucosan bodies in Lafora disease
could also implicate a disruption in the controls that
regulate the glycogen branching/debranching system, a
process that is poorly understood (Roach 2002). Glyco-
gen branching is catalyzed by glucan (1,4-�-),branching
enzyme 1 (GBE1). The relative activities of glycogen syn-
thase:GBE1 are likely to play a role in the overall degree
of branching. In mice that overexpress glycogen syn-
thase, glycogen is less branched and polyglucosan bodies
develop (Raben et al. 2001; Pederson et al. 2003). Con-
versely, the absence of GBE1 activity observed in type IV
glycogen storage disease results in poorly branched gly-
cogen and polyglucosan bodies similar to those seen in
Lafora disease (Moses and Parvari 2002).

During glycogenolysis, the activity of glycogen phos-
phorylase is stalled when the enzyme encounters a
branch point in glycogen four glucose residues away. To
allow further glycogen degradation, the removal of this
branch must be carried out by the glycogen debranching
enzyme, amylo-1,6-glucosidase,4-�-glucanotransferase
(AGL) (Shen and Chen 2002). Cori’s disease (glycogen
storage disease type III; OMIM 232,400) is a human au-
tosomal recessive disorder resulting from a deficiency in
AGL activity. Most AGL mutations identified to date
lead to premature truncation and loss of activity. How-
ever, one missense variant, G1448R, is located within
the putative CBD (Okubo et al. 1999). How this muta-
tion affects AGL function remains unclear.

In this study, we show that the E3 ubiquitin ligase
Malin promotes the ubiquitination of AGL in a highly
regulated process. The G1448R mutant found in Cori’s
disease disrupts the CBD of AGL, causing it to undergo
proteasomal degradation. Glycogenolytic agents known
to activate cAMP signaling increase the levels of Malin
and the formation of Malin/AGL complexes. In over-
night fasted mice, refeeding causes a reduction in AGL
levels. These results suggest that the regulation of AGL
levels may play an important role in both Lafora and
Cori’s disease.

Results

Disrupting the CBD of AGL leads to increased
degradation

The glycogen debranching enzyme AGL is well con-
served from humans to Saccharomyces cerevisiae, with

38% identity (52% similarity) at the protein level (Shen
and Chen 2002). Mutations in AGL that lead to prema-
ture truncation and loss of activity occur in Cori’s dis-
ease, or glycogen storage disease type III. However, one
missense variant (G1448R) associated with the disease is
located within the putative CBD (Okubo et al. 1999). To
test the possibility that this mutant would affect the
ability of AGL to bind to glycogen, AGL mutants with a
truncation at the C terminus within the CBD domain
(AGL �CBD) or the G1448R mutation were generated
(Fig. 1A). We overexpressed these mutants as Flag-tagged
AGL proteins in COS cells, and subjected them to pull-
down assays using amylose resin to evaluate carbohy-
drate binding (Fig. 1B). Whereas wild-type AGL readily
bound to amylose, both the �CBD and G1448R mutants
did not. We further confirmed these results in whole
cells by performing high-speed ultracentrifugation to iso-
late glycogen-enriched fractions (Fig. 1C). Wild-type
AGL was found only in the glycogen-enriched (high-
speed pellet) fraction. In contrast, both mutants localized
predominantly to the cytosolic (high-speed supernatant)
portion. These results demonstrate that both AGL mu-
tants are deficient in binding carbohydrate.

During the course of our studies, we noticed that the
AGL �CBD and G1448R mutants were relatively un-
stable. Pulse chase analysis revealed that the wild-type
protein had a half-life of at least 9 h, whereas the mu-
tants that disrupt glycogen binding exhibited a signifi-
cantly shorter half-life of <3 h (Fig. 1D). Treatment of
cells with the proteasome inhibitor MG-132 had no ef-
fect on wild-type AGL levels, consistent with its ob-
served long half-life (Fig. 1E). In contrast, the levels of
AGL �CBD or G1448R were significantly increased
upon proteasomal inhibition.

To further confirm the involvement of the protea-
some, we assessed the levels of ubiquitination of the
AGL proteins. Flag-tagged wild-type and mutant AGL
proteins were expressed in COS cells, along with HA-
tagged ubiquitin. The cells were lysed in 1% SDS, boiled,
and diluted, and AGL proteins were immunoprecipitated
with anti-Flag antibodies. Immunoprecipitates were
then analyzed for covalently linked ubiquitin by immu-
noblot analysis with anti-HA antibodies. Both the �CBD
and G1448R AGL mutants exhibited increased ubiquiti-
nation (Fig. 1F). This was not due to the differential ex-
pression of HA-ubiquitin (HA-UB), as analysis of total
cell lysates (TCL) demonstrated similar ubiquitination
in all transfected lanes. Taken together, these results
suggest that the CBD of AGL is crucial to maintaining
its stability and protection from ubiquitin-mediated deg-
radation.

The AGL G1448R mutant forms aggresomes
upon proteasome impairment

The ubiquitination of mutant AGL proteins may facili-
tate their removal and prevent the accumulation of toxic
or aggregated products. In this regard, proteasomal inhi-
bition has been shown to lead to the formation of inclu-
sion bodies containing aggregates termed “aggresomes.”
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These structures form specifically at the centrosome in a
microtubule-dependent manner and consist of the aggre-
gated proteins as well as chaperones and components of
the proteasome (Kopito 2000). Aggresome formation
may be pathogenic in many neurodegenerative disorders,
such as Parkinson’s and Huntington’s disease, leading to
cellular degeneration or dysfunction.

We asked whether mutant forms of AGL would un-
dergo a similar process. COS cells were transfected with
Flag-tagged wild-type AGL, or the �CBD or G1448R mu-
tants, and confocal immunofluorescence microscopy
was performed in the presence or absence of MG-132. In
the absence of proteasomal inhibition, all the AGL pro-
teins exhibited a cytoplasmic staining pattern (Fig. 2A).
However, treatment with 10 µM MG-132 for 12 h dra-
matically induced perinuclear aggregate formation in
∼90% of the cells transfected with AGL mutant proteins.
In contrast, wild-type AGL was less efficient in produc-
ing these aggregates, in both size and number (<50% in
transfected cells).

We also found that the G1448R-containing aggregates
contained both ubiquitin and the molecular chaperone
HSP90 (Fig. 2B,C). Costaining with the centrosomal
marker �-tubulin demonstrates that the inclusion bodies
colocalize with the centrosome (Fig. 2D). Furthermore,
the aggregates seem to be “caged” by a microtubular net-
work, as revealed by immunostaining with �-tubulin
(Fig. 2E). Finally, the microtubule-disrupting drug noco-
dazole disrupted the formation of the inclusion bodies
(Fig. 2F). Similar results were obtained using the �CBD
mutant (data not shown). Taken together, these results
demonstrate that the AGL G1448R Cori’s disease mu-
tant forms aggresome-like bodies upon proteasome im-
pairment.

Subcellular localization of Malin, AGL, and Laforin
under glycogenolytic conditions

Recently it has been shown that upon proteasome im-
pairment, the E3 ubiquitin ligase Malin relocalizes

Figure 1. Disrupting the CBD of AGL leads to de-
creased protein stability. (A) Schematic of wild-type
and mutant AGL proteins. AGL possesses transfer-
ase, glucosidase, and CBDs. Truncations and a
G1448R mutant were made. (B) AGL mutants are
unable to bind amylose resin. The indicated con-
structs were transfected into COS cells, and lysates
were subjected to a pull-down assay using amylose
resin beads. (C) AGL mutants do not fractionate into
the glycogen-enriched fraction. Transfected COS
cells were subjected to differential centrifugation,
and the proportion of AGL proteins in each fraction
was determined by immunoblotting. (D) AGL car-
bohydrate-binding mutants exhibit decreased pro-
tein stability. Cells were transfected with Flag-
tagged wild-type, �CBD, or G1448R AGL. The next
day, cells were treated with cycloheximide and la-
beled with 35S methionine for 2 h. Cell lysates were
immunoprecipitated with anti-Flag beads and sub-
jected to SDS-PAGE. Gels were transferred to nitro-
cellulose membranes and processed for autoradiog-
raphy. (E) Proteasomal inhibition increases the lev-
els of mutant AGL proteins. Transfected cells were
treated with 100 µg/mL cycloheximide with or
without 10 µM MG-132 for 6 h. Cell lysates were
then analyzed by immunoblotting with the indi-
cated antibodies. (F) Mutant AGL proteins exhibit
increased ubiquitination. Cells were transfected as
in B, in addition with HA-UB. Cells were lysed in
denaturing immunoprecipitation buffer, and lysates
were immunoprecipitated with anti-Flag antibodies.
Immunoprecipitates were immunoblotted with the
indicated antibodies.
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within cells to aggresomes (Mittal et al. 2007). In COS
cells, Malin is found in both nuclear and endoplasmic
reticulum (ER) compartments (Chan et al. 2003). In our

hands, low-level overexpression of Malin in COS cells
results in nuclear localization, whereas at high levels,
Malin assumes a perinuclear ER-like staining (Fig. 3A).

Figure 2. The AGL (G1448R) mutant forms aggresomes. (A) Disrupting the CBD of AGL induces inclusion body formation upon
proteasomal impairment. Flag-tagged wild-type (WT), �CBD, or G1448R AGL proteins were immunostained with Flag antibodies
(green), and nuclei were visualized with propidium iodide (PI, red). Localization of AGL in COS cells growing in culture in the absence
(left panels) or presence (right panels) of proteasome inhibitor. Cells were transfected with AGL constructs for 12 h, and then 10 µM
MG-132 was included during the media change and cells were allowed to continue for an additional 12 h before immunofluorescence
analysis. (B–E) The AGL (G1448R)-containing inclusions possess aggresome-like properties. Flag-tagged AGL G1448R was transfected
in COS cells, and 12 h later, 10 µM MG-132 was included during the media change. Cells were allowed to grow for 12 more hours
before immunofluorescence analysis with the indicated antibodies. Costaining reveals that Flag-AGL G1448R inclusions (green)
colocalize with HA-tagged ubiquitin (red) (B), the molecular chaperone HSP90 (red) (C), and the centrosomal marker �-tubulin (red) (D).
(E) Costaining with �-tubulin (red) reveals the G1448R inclusion is “caged” by a microtubule network. (F) Disruption of the micro-
tubule network by 1 µM nocodazole for 2 h results in loss of G1448R inclusion formation.
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When overexpressed in HepG2 cells, myc-tagged Malin
was localized predominately in the nucleus, as indicated
by immunofluorescence staining (Fig. 3B). In contrast to
Malin, overexpressed HA-AGL exhibits cytoplasmic
staining (Fig. 3C). Surprisingly, we found that under gly-
cogenolytic conditions (glucose deprivation, Forskolin
[FSK]/3-isobutyl-1-methylxanthine [IBMX] treatment),
HA-AGL partially translocated to the nucleus (Fig. 3C).
Complete depletion of glycogen levels resulted in up to
90% of transfected cells displaying AGL staining in the
nucleus (Fig. 3D,E). Under these conditions, Malin-myc

staining was slightly diffuse and partly cytoplasmic, al-
though still predominately nuclear (data not shown).
This suggests that upon release from glycogen, AGL is
directed toward the nuclear compartment. In this regard,
treatment of cells with a glycogen phosphorylase inhibi-
tor prevented nuclear staining of AGL (Fig. 3F), concomi-
tant with the blockade of glycogenolysis (Fig. 3G).

Malin has been previously demonstrated to promote
the degradation of Laforin (Gentry et al. 2005; Lohi et al.
2005). We therefore asked whether glycogenolytic sig-
nals also trigger the nuclear localization of Laforin. Un-

Figure 3. Localization of AGL, Laforin,
and Malin under glycogenolytic condi-
tions. (A) Malin is a predominately nuclear
protein. COS cells were transfected with
Malin-myc for 12 h (low expression) or 24
h (high expression) and processed for im-
munofluorescence analysis. Cells were
stained with anti-myc antibodies (for Ma-
lin) and propidium iodide (PI). (B) Localiza-
tion of Malin-myc in HepG2 cells. (C)
AGL and Laforin exhibit partial nuclear
staining upon treatment with glycogeno-
lytic agents. HepG2 cells were transfected
with the indicated constructs, treated
with 50 µM FSK/500 µM IBMX in glucose-
free media or left in regular media for 2 h,
and then processed for immunofluores-
cence analysis. (D) Quantification of AGL
nuclear staining with different treatments.
Cells were scored as positive when nuclear
staining was at least as strong as cytoplas-
mic staining. Error bars represent SEM. (E)
Corresponding glycogen levels during the
treatments. Levels were normalized to un-
treated cells. Error bars represent SEM. (F)
Inhibition of glycogen phosphorylase pre-
vents nuclear staining of AGL. Cells ex-
pressing HA-AGL were preincubated with
or without 1 µM phosphorylase inhibitor
for 1 h, before treatment with the glyco-
genolytic agents. New inhibitor was added
when medium was changed. Cells were
scored as in D. (G) Corresponding glycogen
levels during the treatments. Levels were
normalized to untreated cells. Error bars,
SEM.
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der basal conditions, Laforin exhibited a cytoplasmic lo-
calization similar to AGL (Fig. 3C). Treatment with gly-
cogenolytic agents caused a significant nuclear
localization of Laforin. Similar results were also seen
with the C266S mutant of Laforin (data not shown). It is
interesting to note that a splice variant of Laforin has
been shown to localize in both the cytoplasm and
nucleus (Ganesh et al. 2002b). It is possible that differ-
ential localization allows Laforin to target different sub-
strates. Alternatively, nuclear localization of Laforin
may target it for Malin-mediated proteasomal degrada-
tion.

cAMP signaling increases levels of Malin
and Malin/AGL complexes

We next asked whether Malin and AGL could interact.
We expressed Flag-AGL together with the wild-type or a
catalytically inactive mutant (C26S) of Malin-myc (Gen-
try et al. 2005) in cells, and performed coimmunoprecipi-
tation experiments. Flag-AGL was found in immunopre-

cipitates of both wild type and C26S Malin-myc, but not
with control beads (Fig. 4A).

Interestingly, Flag-AGL interacted with the mutant
C26S Malin-myc better than with the wild-type protein,
suggesting that Malin may mediate the ubiquitination of
AGL and then release it. To address this question, we
expressed Flag-AGL, HA-UB, and Malin-myc wild-type
or its C26S mutant in 293T cells, and performed dena-
turing immunoprecipitations (Fig. 4B). Probing Flag im-
munoprecipitates with HA antibodies revealed that ex-
pression of wild-type Malin significantly increased AGL
ubiquitination, but was without effect using the C26S
mutant.

To determine whether carbohydrate binding influ-
enced this interaction, we examined the interaction be-
tween AGL and Malin under glycogenolytic conditions.
For these experiments, we used the C26S mutant of Ma-
lin, so that the overall levels of AGL would not be af-
fected. When cells were glucose-deprived and treated
with FSK, the association of Malin with AGL markedly
increased, as determined by coimmunoprecipitation (Fig.
4C). This was due to the unexpected increase in Malin

Figure 4. Agents that elevate cAMP increase Malin
levels and Malin/AGL complexes. (A) Malin interacts
with AGL. 293T cells were grown to 50%–75% conflu-
ence in 6-cm dishes prior to transfection with Fugene 6.
Flag-AGL was transfected with vector, wild type, or
C26S Malin-myc. Cell lysates were immunoprecipi-
tated with anti-myc antibodies and probed for the pres-
ence of Flag-AGL. (B) Overexpression of Malin pro-
motes AGL ubiquitination. Cells were transfected as in
A, in addition with HA-UB. Cells were lysed in dena-
turing buffer, and lysates were immunoprecipitated
with anti-Flag antibodies. Immunoprecipitates were
immunoblotted with the indicated antibodies. (C,D) In-
creased Malin/AGL coimmunoprecipitation during
treatment with FSK but not glucose deprivation alone.
Flag-AGL and C26S Malin-myc were cotransfected into
293T cells for 16 h, followed by treatment with the
indicated reagents. Lysates were subjected to immuno-
precipitations with anti-myc antibodies and analyzed
for the presence of Flag-AGL. (E) FSK, but not glucose
deprivation, causes an increase in Malin levels. Malin-
myc was transfected into 293T cells and treated with
the indicated reagents. Lysates were analyzed with the
indicated antibodies.
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levels under these conditions. Interestingly, the increase
in Malin/AGL complex formation was not observed
upon glucose deprivation alone (Fig. 4D), suggesting that
release from glycogen is insufficient for AGL and Malin
to interact. In addition to FSK, both 8-Bromo-cAMP as
well as IBMX, produced an increase in Malin levels (data
not shown). Furthermore, the presence of glucose had no
impact, suggesting that an elevation in cAMP levels is
sufficient for this effect (Fig. 4E).

Regulation of AGL levels during fasting/refeeding

Consistent with a role for Malin in promoting AGL ubiq-
uitination, we observed that coexpression of AGL with
wild type but not C26S Malin could cause a decrease in
AGL levels (data not shown). Since the Malin/AGL in-
teraction is affected by glycogenolytic agents, we sought
to determine whether AGL levels are regulated in vivo
during conditions such as fasting or refeeding. Fasting
mice overnight (24 h) produced no appreciable difference
in endogenous AGL levels (Fig. 5A). However, refeeding
mice for 2 h led to a 48 ± 9% decrease in AGL levels that
was restored upon continued refeeding (Fig. 5B,C). Gly-
cogen phosphorylase levels were also decreased over this
period, although glycogen synthase levels remained un-
altered. During these 2 h of refeeding, glycogen was re-
pleted beyond normal levels (Fig. 5D), probably as a re-
sult of overcompensation (Mamedova et al. 2003).

To further evaluate this phenomenon in primary he-
patocytes, starvation was mimicked by glucose depriva-
tion and treatment with 100 nM glucagon. After 1 h of
glucose deprivation, refeeding was then initiated by
changing the media to include glucose as well as 100 nM
insulin. Treatment of cells with glucose/insulin caused a
time-dependent decrease in AGL levels, as did prolonged
(7 h) starvation (Fig. 5E). One possible explanation for the
discrepancy between liver and primary hepatocytes
could be the nonphysiological concentrations of the hor-
mones used. Indeed, the decrease in AGL levels corre-
lated with a down-regulation in PKA signaling (phospho-
PKA blot), suggesting that the degradation of AGL re-
quires an additional signal related to the desensitization
of cAMP levels.

AGL colocalizes with polyglucosans

One major clinical feature of Lafora disease is the pres-
ence of polyglucosan inclusions termed “Lafora bodies”
(Chan et al. 2005; Ganesh et al. 2006). Overexpression of
glycogen synthase in mice leads to rapid polyglucosan
formation (Raben et al. 2001; Pederson et al. 2003). Like-
wise, expression of glycogen synthase in HepG2 cells
caused the appearance of polyglucosans that was sur-
rounded by glycogen synthase itself (Fig. 6A). Thus we
were interested to determine if AGL also localizes to
these structures.

When AGL was coexpressed with glycogen synthase,
the localization of AGL switched from a diffuse cytoplas-

mic pattern (Fig. 3C) to one concentrated with glycogen
synthase (Fig. 6B). The ability of AGL to localize to these
polyglucosans is likely through its CBD domain, as AGL
�CBD was unable to do so.

Discussion

The glycogen debranching enzyme, AGL, is involved in
the breakdown of glycogen by primarily removing

Figure 5. Regulation of AGL levels in liver and primary hepa-
tocytes during fasting–refeeding. (A) AGL levels in mouse liver
decrease during the refeeding after an overnight fast. Three-
month-old female C57Bl/6 mice were either allowed to eat
freely (Ad. lib.), fasted for 24 h, or refed for 2 h after fasting. Liver
lysates were obtained and processed for immunoblotting with
the indicated antibodies. Each lane represents one mouse. (B)
AGL levels during the time course of refeeding. Fasted mice
were allowed to be refed for the indicated times, and then liver
lysates were processed as above. (C) Quantification of AGL lev-
els. Three mice were analyzed in each case. Error bars represent
SEM. (D) Liver glycogen levels during fasting and refeeding. Gly-
cogen levels are expressed as micromolar glucose released from
amyloglucosidase digestion normalized to the weight of the
liver. Three mice were analyzed in each case. Error bars repre-
sent SEM. (E) AGL levels in primary mouse hepatocytes during
a starvation/refeeding cycle. Starvation was induced by glucose/
serum deprivation and addition of 100 nM glucagon for either 1
or 7 h. After starvation for 1 h, refeeding was initiated by re-
placing the media with regular growth medium supplemented
with 100 nM insulin. Lysates were then obtained and processed
for immunoblotting with the indicated antibodies.
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branch points that impede the action of glycogen phos-
phorylase. However, how AGL itself is regulated is
poorly understood. In this report, we identify ubiquiti-
nation as a novel means of regulating AGL levels, and
uncover some of the signals that regulate this process.

In humans, Cori’s disease is characterized by a defi-
ciency in the activity of AGL. However, most mutations
identified to date result in premature truncations, pro-
viding little by way of insight into its regulation. One
exception is the G1448R mutation (Okubo et al. 1999)
that is localized in the putative CBD. We demonstrate
here that this mutant cannot bind to amylose or effi-
ciently partition into a high-speed glycogen-enriched
fraction. Interestingly, the G1448R mutant is unsta-
ble due to enhanced ubiquitination that is rescued by
proteasomal inhibition. These results suggest that bind-
ing to glycogen may be involved in regulating AGL sta-
bility.

In addition to its reduced stability, we also observed
that AGL G1448R forms aggresomes upon proteasome
inhibition. Two proteins that are mutated in Lafora
disease, Laforin and Malin, can also relocalize to aggre-
somes (Mittal et al. 2007). Lafora disease is character-
ized by the presence of inclusion bodies resembling
poorly branched glycogen (Chan et al. 2005; Ganesh et al.
2006). We demonstrated that AGL and Malin directly
interact, and further that this interaction increased up-
on treatment with cAMP-elevating agents, due in part
to an increase in Malin levels. This suggests that a
PKA-dependent pathway is involved in regulating Malin
levels.

Because Malin is a ubiquitin ligase, these data suggest
that AGL levels might also be regulated by fluctuations

in glycogen stores. Indeed, fasted mice that were refed for
2 h exhibited a decrease in AGL levels in the liver. It is
interesting to note that the glycogen levels had been re-
stored by this time. We thus speculate that the suppres-
sion of AGL levels may be important in the repletion of
glycogen stores and/or its proper branching.

In primary hepatocytes either refeeding or prolonged
starvation caused a decrease in AGL levels. Thus release
from glycogen alone is not sufficient for AGL degrada-
tion, but may act in a permissive role. Such compart-
mentalization of ubiquitination in the nucleus followed
by cytoplasmic export for degradation has been shown
for other proteins (Groulx and Lee 2002).

Taken together, these data lead to a model for the regu-
lation of AGL by ubiquitination (Fig. 7). Glycogenolytic
signals trigger the release of AGL from glycogen, allow-
ing it to translocate to the nucleus. This permits AGL to
interact with Malin, which then promotes its ubiquiti-
nation. Signals that elevate cAMP levels may further en-
hance this process by increasing the levels of Malin. Sub-
sequent degradation of AGL probably involves an addi-
tional signal that might be related to the down-
regulation of cAMP/PKA signaling. Thus, individuals
with loss-of-function mutations in Malin could accumu-
late AGL inappropriately during instances of low glyco-
gen stores, and lead to a decrease in the overall level of
glycogen branching. Indeed, Lafora bodies have been
shown to possess fewer �-1,6-glycosidic branches (Yokoi
et al. 1968).

Lafora bodies are intracellular polyglucosan inclu-
sions. These structures are found in several other glyco-
gen-related disorders, such as Andersen disease (glycogen
storage disease type IV) and adult polyglucosan body dis-

Figure 6. AGL colocalizes with polyglucosans formed
by overexpression of glycogen synthase. (A) Expression
of myc-tagged glycogen synthase (myc-GS) causes the
formation of inclusions that stain positive for periodic
acid Schiff (PAS). HepG2 cells were transfected with
myc-GS for 16 h, fixed in formalin, and processed for
immunofluorescence microscopy using anti-myc anti-
bodies (green) or PAS stain. Black arrows point to posi-
tive PAS stain. (B) Expression of myc-GS causes wild
type but not the �CBD mutant of AGL to aggregate
around the PAS-stain-positive inclusions. HepG2 cells
were transfected for 16 h with myc-GS together with
either HA-tagged wild-type AGL (HA-AGL) or HA-AGL
�CBD. Cells were fixed in formalin and processed for
immunofluorescence microscopy using anti-HA (green)
and anti-myc (red) antibodies. White arrows indicate
colocalization of HA-AGL and myc-GS.
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ease (APGD) (Moses and Parvari 2002; Chan et al. 2005;
Ganesh et al. 2006). However, the symptoms and target
organs can differ substantially between each disease.
Whereas Lafora disease and APGD can present severe
neurological problems, Andersen disease typically af-
fects the heart and liver. The onset of disease is also
quite different. Individuals affected by Andersen disease
typically exhibit symptoms soon after birth. In contrast,
Lafora disease progresses after 10 years of age.

Recently, an interesting case of Lafora disease involv-
ing two siblings was reported (Gomez-Garre et al. 2007).
Although both individuals exhibited hepatic polygluco-
san bodies, only one of the siblings developed severe
liver cirrhosis and failure, suggesting the possible in-
volvement of modifier genes. Thus, although disruptions
of different genes can lead to polyglucosan formation,
the tissue expression pattern and function plays an im-
portant role in manifestation of the phenotype.

In mice, overexpression of glycogen synthase leads to
rapid polyglucosan formation and has been suggested as
a model of Lafora disease (Raben et al. 2001; Pederson et
al. 2003). In HepG2 cells, both AGL and glycogen syn-
thase accumulate around polyglucosans (Fig. 6). Whether
AGL assists glycogen synthase in this process is cur-
rently unknown. It is also possible that polyglucosans
contain glycogen-related proteins as a result of carbohy-
drate–protein aggregation. Perhaps one function of Malin
is to remove these proteins so that the cell can find a way
to dispose of the excess carbohydrate. Further studies
will be required to clarify these possibilities.

Materials and methods

Reagents

Anti-AGL antibodies were purchased from Abgent. Antibodies
against AKT and phospho-PKA substrate were obtained from

Cell Signaling Technology. Anti-glycogen synthase antibodies
were purchased from Chemicon and USBiological. Protein A/G
agarose and antibodies against Ubiquitin, PP1, HA, and myc
were from Santa Cruz Biotechnology. Antibodies against �-tu-
bulin, �-tubulin, Flag, and anti-Flag (M2) agarose beads were
from Sigma. Anti-phosphorylase antibodies were described pre-
viously (Crosson et al. 2003). The proteasomal inhibitor MG-
132 was purchased from EMD Biosciences. N-Ethylmaleimide
(NEM), FSK, and IBMX were obtained from Sigma. The glycogen
phosphorylase inhibitor (Klabunde et al. 2005) was purchased
from EMD Biosciences.

Plasmids

Constructs for HA-UB, Flag-Laforin, and myc-Malin were de-
scribed previously (Wang et al. 2002; Gentry et al. 2005). The
AGL cDNA was obtained by RT–PCR from mouse liver RNA. A
CBD mutant was generated by deletion of the last 116 amino
acids of AGL (where the glycogen-binding domain is located).
AGL and the �CBD and G1448R mutants were cloned into
various mammalian expression vectors by PCR. All constructs
were verified by sequencing.

Cell culture and transfection

HepG2 hepatoblastoma, 293T, and COS cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) con-
taining 10% fetal bovine serum (FBS; Invitrogen). COS and 293T
cells were transfected with Fugene 6 (Roche) according to the
manufacturer’s instructions. HepG2 cells were transfected with
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions

Preparation of cell lysates and immunoblotting

For isolation of glycogen-enriched fractions, cells were scraped
in 50 mM Tris (pH 7.5) and 150 mM NaCl supplemented with
Complete EDTA-free protease inhibitor. Cell extracts were fur-
ther sonicated (30% maximal setting, 10 pulses), and then de-
bris was pelleted at 3,000g for 10 min. The supernatant was then
successively pelleted at 14,000g for 10 min and then at 100,000g
for 1 h to obtain the cytosol (supernatant) and glycogen-enriched
fraction (pellet). The pellet was solubilized in lysis buffer (50
mM Tris at pH 7.5, 150 mM NaCl, 1% Triton X-100, Complete
EDTA-free protease inhibitor) by rotating end-over-end for 15
min. The lysates were then cleared one more time at 14,000g to
remove unwanted debris.

For isolation of TCL, cells were washed twice in ice-cold
phosphate-buffered saline (PBS) and then scraped in lysis buffer
(50 mM Tris at pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM
Na3VO4, 10 mM NaF, 5 mM NEM, 10 µM MG-132, Complete
EDTA-free protease inhibitor). The lysates were rocked end-
over-end for 15 min at 4°C and then clarified by centrifugation
at 14,000g for 10 min. For mouse liver, tissue fragments were
dounce-homogenized in the above lysis buffer and processed
similarly.

For denaturing immunoprecipitations, cells were lysed in de-
naturing buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1%
Triton, 1% SDS, 1 mM Na3VO4, 10 mM NaF, 5 mM NEM, 10
µM MG-132) and boiled for 10 min. Lysates were diluted 1:10
with the same buffer lacking SDS and incubated with the ap-
propriate antibody/Protein A/G agarose beads for 2 h rotating at
4°C. Immunoprecipitates were extensively washed in lysis
buffer (without SDS), and proteins were eluted at 95°C in SDS
loading buffer, separated by SDS PAGE, and transferred to ni-
trocellulose.

Figure 7. Regulation of AGL during glycogenolysis. AGL binds
to glycogen and is involved in the debranching process. Signals
that induce glycogenolysis trigger the release of AGL and allow
it to enter the nucleus. There, Malin promotes its ubiquitina-
tion. Signals that elevate cAMP levels may further enhance this
process by increasing the levels of Malin. Subsequent degrada-
tion of AGL probably involves an additional signal that might
be related to the down-regulation of cAMP/PKA signaling. In
Lafora disease, loss of Malin function could potentially lead to
increased AGL levels and/or activity. Conversely, in Cori’s dis-
ease, the G1448R mutant is unable to bind glycogen and under-
goes rapid proteasomal-mediated degradation.
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Confocal fluorescence microscopy

Immunofluorescence studies were performed as described pre-
viously (Zhang et al. 2006). Cells were grown on glass coverslips
in six-well or 12-well dishes. Following the fixation with 10%
formalin for 20 min, cells were permeabilized with 0.5% Triton
X-100 for 5 min and then blocked with 1% bovine serum albu-
min, 1% ovalbumin, and 2% goat serum for 1 h. For some ex-
periments, methanol fixation at −20°C for 10 min was per-
formed. Coverslips were incubated with primary and Alexa
Fluor secondary antibodies in blocking solution and mounted
on glass slides with Vectashield (Vector Laboratories). Cells
were imaged using confocal fluorescence microscope (Olympus
IX SLA). Images were then imported into Photoshop (Adobe
Systems, Inc.) for processing.

Glycogen determination

Determination of glycogen in liver was performed as described
previously (Suzuki et al. 2001). HepG2 cells were grown to near
confluence in six-well plates. Cells were washed twice in ice-
cold PBS and then snap-frozen in liquid nitrogen until further
use. Cells were scraped in 50 mM sodium acetate (pH 4.8), and
lysis was achieved by sonication. Lysates were cleared by cen-
trifugation at 6,000g for 10 min. An aliquot was saved for pro-
tein determination and immunoblot analysis. The assay was
initiated by addition of amyloglucosidase (Sigma) and incuba-
tion for 2 h at 37°C. The glucose released was then measured
using the Auto CII glucose kit.
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