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Background: Impaired activation of glycogen synthesis is a major component of insulin resistance.
Results:We identified a protein, Epm2aip1, that associates with glycogen synthase (GS) and whose absence impairs allosteric
activation of GS and causes hepatic insulin resistance.
Conclusion: Epm2aip1 is a modulator of GS activity under insulin control.
Significance: This study uncovers a novel component of glycogen regulation and hepatic insulin resistance.

Glycogen synthesis is a major component of the insulin
response, and defective glycogen synthesis is a major portion
of insulin resistance. Insulin regulates glycogen synthase
(GS) through incompletely defined pathways that activate the
enzyme through dephosphorylation and, more potently, allos-
teric activation. We identify Epm2aip1 as a GS-associated pro-
tein. We show that the absence of Epm2aip1 in mice impairs
allosteric activation of GS by glucose 6-phosphate, decreases
hepatic glycogen synthesis, increases liver fat, causes hepatic
insulin resistance, and protects against age-related obesity. Our
work identifies a novel GS-associated GS activity-modulating
component of insulin resistance.

Under physiological conditions, the entirety of carbohydrate
from a meal is rapidly absorbed and, except for what is directly
consumed, is immediately packaged into glycogen (1). Glyco-
gen synthase (GS)3, encoded by the GYS2 gene in liver and the
GYS1 gene in muscle and other tissues, is the rate-limiting
enzyme of glycogen synthesis. GS is activated allosterically by
glucose 6-phosphate (G6P), the main intracellular form of glu-
cose, and much less potently by dephosphorylation (2). Activa-
tion of GS is a principal function of insulin, and in insulin-
resistant states, amajor portion of the resistance stems from the
impaired ability of insulin to activateGS (3–5). Insulin activates

GS through both the allosteric and dephosphorylation routes,
the former through raising the levels of G6P. In skeletal muscle,
insulin raises intracellular G6Pmainly by translocating GLUT4
to the sarcolemma to increase glucose import and conversion
to G6P. In liver, glucose transport is not regulated by insulin
and is unrestricted, equivalent to free diffusion (6, 7). In that
organ, insulin raises intracellular G6P transcriptionally, includ-
ing by increasing expression of glucokinase and decreasing
expression of glucose 6-phosphatase (6). Insulin activation of
GS via dephosphorylation proceeds through inhibition of gly-
cogen synthase kinase 3 (GSK3) (insulin receptor3 Irs1/23
PI3K3 Akt � GSK3) and other GS kinases (8, 9), and promo-
tion of GS dephosphorylation by targeting protein phosphatase
1 (PP1) toGS (10) through adaptor proteins (PTG,GL,GM, RGL,
or R6) that bind GS and PP1 (11).
Although GS determines the amount of glycogen, glycogen

branching enzyme confers glycogen its unique spherical struc-
ture. Every six glucose units added by GS to a glycogen strand
are detached by the branching enzyme as a hexamer and reat-
tached upstream to the side of the strand through an �1–6
linkage. Repetitions of GS and branching enzyme actions
expand the molecule radially into a dense soluble sphere con-
taining up to 55,000 glucosyl residues. Branching enzyme defi-
ciency (type IV glycogenosis) results in malformed glycogen
molecules (polyglucosans) that resemble plant starch, with long
strands and poor branching, and that, like starch, are insoluble,
and precipitate and aggregate into large cytoplasmic masses
that lead to hepatic cirrhosis and/or cardiac, skeletal muscle,
and neurological disease (2, 12). Polyglucosans also form in a
second disease, Lafora disease, in which the liver, muscle, heart,
and brain exhibit increased amounts of glycogen along with the
polyglucosan masses (13, 14). In the brain, polyglucosans over-
take neuronal dendritic cytoplasms and provoke intractable
neurodegeneration, epilepsy, and death because of massive
convulsions (13). Lafora disease is caused by mutations in the
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EPM2A gene, encoding a glycogen binding phosphatase (lafo-
rin), or the EPM2B gene that encodes an E3 ubiquitin ligase
(malin) that interacts with laforin (13, 15). The pathogenesis of
Lafora disease remains unsettled. The results to date support
two main hypotheses. 1) The laforin-malin complex regulates
PTG and GS, and the absence of laforin or malin leads to
increased GS activity, excessive elongation of glycogen strands,
and conversion of GS to polyglucosan (16, 17). 2) The laforin-
malin complex regulates glycogen phosphorylation, its defi-
ciencies resulting in glycogen hyperphosphorylation and con-
sequent precipitation and gradual conversion to polyglucosan
(14, 18).
Here,wecharacterizeEpm2a-interactingprotein1 (Epm2aip1),

a laforin-interacting protein (19) of unknown function. We find
that Epm2aip1 associates with GS and that its absence results in
reduced allosteric activation of GS by G6P and in hepatic insulin
resistance.

EXPERIMENTAL PROCEDURES

Generation of Epm2aip1�/� Mice—The Epm2aip1 gene-
trapped embryonic stem cell line (BA0314) was obtained from
the Sanger Institute Gene Trap Resource (SIGTR) (Fig. 1A). ES
cells were injected into C57/BL6 blastocysts. Chimeras were
bred to C57/BL6 mice and screened for positive transmission.
Heterozygous mice were interbred to produce Epm2aip1�/�

progeny (KO mice). Except where indicated, mice were 4–6
months old in all experiments. All glycogen metabolic studies
were performed at 6 h refeeding following a 24-hour fast, except
where noted. Animal procedures were approved by TheHospi-
tal for SickChildren andTheTorontoCentre for Phenogenom-
ics Animal Care Committees.
Microscopy, Western Blotting, and Immunoprecipitation—

Standard electron and light microscopic methods were used as
described previously (20). For immunofluorescence, 3T3-L1
cells were grown on glass coverslips to confluence and fixed
briefly in phosphate-buffered 4% paraformaldehyde followed
by permeabilization with 0.1% Triton X-100. Cells were then
washed thoroughly in PBS and blocked in 0.5% BSA prior to
incubation with the Epm2aip1 antibody for 1 h. Cells were then
incubated with goat anti-mouse IgG antibody conjugated to
Cy3 (Jackson ImmunoResearch Laboratories). Nuclei were
stained with DAPI (Sigma), coverslips were mounted on glass
slides in n-propyl gallate (Sigma). Images were acquired on a
Quorum spinning diskmicroscope (Zeiss Axiovert 200) using a
63� water objective (Zeiss) with a numerical aperture of 1.2
equipped with a Hamamatsu C9100-13 electron multiplying
charge-coupled device camera. Images were collected and pro-
cessed with Volocity 4.4.1. (Improvision Ltd.)
Monoclonal Epm2aip1 antibody was from Abnova, and GS

and p641GS antibodies were from Cell Signaling Technology.
Lysates for Western blot analyses were prepared from tissues
using homogenization buffer and protease/phosphatase inhib-
itors (Roche). To assess the amount of glycogen-bound GS,
lysates were centrifuged at 200,000 � g to obtain the glycogen
pellet after an initial 1,500� g centrifugation to remove cellular
debris. Protein ratios in each fraction were calculated by nor-
malizing to GAPDH levels using TotalLab Quant.

Immunoprecipitation was performed as described previ-
ously (20) using an HA-tagged Epm2aip1 construct (19) and a
Myc-tagged GS construct containing the full-length coding
sequence of Gys1 in pcDNA3.1 (Invitrogen).
Biochemical Assays—Glycogen levels were measured as

described previously (18). Glycogen synthase activity was
measured in the presence of varying concentrations of its allos-
teric activator, G6P, as listed for each experiment. Protein sam-
ples were added to a reaction mixture containing 50 mM Tris-
HCl (pH 8.0), 20 mM EDTA, 25 mM potassium fluoride, 10
mg/ml glycogen, 7.2 mM UDP-glucose, 0.5 �Ci/ml UDP-
[14C]glucose, and the stated concentration of G6P. Reactions
were incubated at 37°C for 10–30 min and purified on G50
columns (21). The amount of radiolabeled glucose incorpora-
tion into glycogen was calculated using a scintillation counter.
Fractional activity was calculated as the ratio between low G6P
and highG6P. ForGS assays using skeletalmuscle after exhaus-
tive exercise, mice were trained for 4 days (3 min/day) on a
treadmill. On the first training day, the treadmill incline was set
to 5°, and the speed was set at 8 m/min. Speed was increased by
1 m/min during the training session to 10 m/min. For each
following training day, the incline was increased by 5°, and the
initial speed was increased by 1 m/min. Following training,
mice were fasted for 16 h and then placed on the treadmill to
run at 12m/min at an incline of 20° for 2.5 h or until exhaustion,
as judged by refusal to remain on the treadmill. Amild electrical
stimulus (16–28 V) was applied to mice that stepped off the
treadmill belt occasionally, or a plastic straw was used to brush
the mice.
Insulin and Glucose Tolerance Tests—For insulin tolerance

tests, mice were fasted for 4 h before receiving intraperitoneal
injection of insulin at time 0. Male mice were given 0.75 milli-
unit/g bodyweight insulin and femalemice 0.5milliunit/g body
weight insulin (Humulin, Eli Lilly). Blood glucose levels were
measured at 0, 15, 30, 60, and 120 min (Abbott). For glucose
tolerance tests, mice were fasted overnight (14–16 h). Glucose
was injected intraperitoneally at 2 mg/g body weight (18, 22),
and blood glucose levels weremeasured at 0, 15, 30, 60, and 120
min. Areas under or above the curve were calculated as
described previously (23).
Hyperinsulinemic-Euglycemic Clamps—Hyperinsulinemic-

euglycemic clamps were performed as described previously
described (24).Mice fasted for 3 h were given a primed infusion
of [3-3H] glucose at �120 min, and basal glucose production
was measured from �30 to 0 min. At time 0, a continuous
infusion of insulin (3 milliunits/kg/min) was started, and
plasma glucose was maintained constant via a variable glucose
infusion adjusted according to plasma glucose levels obtained
every 10 min. The glucose infusion was radiolabeled to mini-
mize changes in plasma glucose-specific activity. Endogenous
glucose production and utilization were determined in the last
30 min of the 120-min clamp.
Statistical Analysis—Data are shown as mean � S.E. Signifi-

cance was evaluated using an unpaired Student’s t test, and
values were considered significant at p � 0.05 unless stated
otherwise stated.
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RESULTS

Epm2aip1�/� Mice Exhibit Hepatic Glycogen Deficiency—
To probe for Epm2aip1 functions, we generated mice lacking
Epm2aip1 using a gene-trapped embryonic stem cell line. The
trap (�geo vector) had inserted into the extreme 5� end of the
single exon of Epm2aip1, disrupting the gene (Fig. 1A).
Epm2aip1�/� pups are born at expected Mendelian frequen-
cies and are fertile. DNAanalysis by PCR confirms the insertion
and the absence of aWT Epm2aip1 sequence (Fig. 1B). Immu-
nohistochemistry and Western blotting show a complete lack
of the protein (Fig. 1C), indicating a null allele.
Epm2a�/� and Epm2b�/� mice replicate human Lafora

disease, exhibiting increased glycogen, profuse polyglucosan
accumulations in the brain and other tissues, epilepsy, ataxia,
motor deficits, and anxiety (18, 25, 26). We tested whether
Epm2aip1�/� mice also have symptoms of Lafora disease. The
mice did exhibit heightened anxiety on the basis of responses in
the open field and startle tests but none of the cardinal symp-
toms of the disease (epilepsy, motor deficits, or ataxia). They, in
fact, outperformed WT animals on the rotarod (supplemental
Figs. S1–S3). Pathologically, periodic acid-Schiff staining, the
standard histochemical stain for glycogen and polyglucosan
bodies, showed no increase in glycogen and no polyglucosan
bodies in any tissues, even at 12 months of age (supplemental
Fig. S4). Collectively, these results indicated that Epm2aip1�/�

mice do not have Lafora disease. Rather than increased, liver
glycogen content was actually decreased (Figs. 2, A and B). Fat
content was also abnormal in Epm2aip1�/� livers, in this case
increased (Figs. 2, C–F). Skeletal muscle, the other major gly-

cogen storing organ, had normal glycogen content and no lipid
accumulation.
Epm2aip1�/� Mice Have Reduced Glycogen Synthesis in

Liver—To investigate the reduced liver glycogen, we asked
whether it was due, at least in part, to reduced glycogen synthe-
sis. We fasted Epm2aip1�/� and WT mice for 24 h, which
depletes liver glycogen, and then refed them for 6 h, which
normally fully replenishes the glycogen (27). In WTmice, liver
glycogen fully replenished,whereas inEpm2aip1�/�mice it did
not. Epm2aip1�/� livers resynthesized less than half the quan-
tity of glycogen generated byWT animals (Fig. 3A), confirming
the presence of reduced glycogen synthesis in Epm2aip1�/�

livers.

FIGURE 1. Generation and characterization of the Epm2aip1�/� null
mouse line. A, schematic of the Epm2aip1 gene trap allele. The En2-SA-
�geo-pA trap (En2, 1.5 kb of the En2 gene; SA, splice acceptor site; pA, poly(A)
tail; �geo, �-galactosidase-neomycin resistance fusion) inserts near the start
of the single Epm2aip1 exon. Ab, epitope region of the Epm2aip1 antibody
used throughout this study; IP1-F, IP1-R, and �geo-R, locations of PCR primers
used in experiment in B. B, confirmation of Epm2aip1 gene disruption. C,
immunohistochemical (brain, hippocampal region) and Western blot confir-
mation of Epm2aip1 absence. Three different mice per genotype are shown
in the Western blots. Scale bars � 500 �m.

FIGURE 2. Decreased glycogen and increased lipid in livers of
Epm2aip1�/� mice. A, periodic acid-Schiff staining of wild-type liver. Note
the relatively homogenous staining of the acid mucosubstances (glycogen)
in the majority of the liver parenchymal cells. B, periodic acid-Schiff staining of
Epm2aip1�/� mouse liver. Large areas of the liver parenchyma have little or
no staining (asterisks). These areas are predominantly in zone 1 (periportal) of
the liver lobule (note the portal triad in the center of the main glycogen-poor
region), which is the zone that is repleted last and depleted first during nor-
mal cycles of liver glycogen formation-consumption (29). C, hematoxylin and
eosin staining of WT liver at 2 months of age. D, a similar area in Epm2aip1�/�

mouse liver at the same age as above. Note the focal patches of steatosis (lipid
accumulation) (asterisks). E, electron micrograph of WT liver. F, a similar area
from an Epm2aip1�/� mouse liver. Note the numerous lipid droplets (aster-
isks) throughout the cell.
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Base-line blood glucose, cholesterol, triglycerides, and insu-
lin were normal in Epm2aip1�/�mice. Blood glucose following
a 16-hour fast was reduced significantly (Fig. 3B), consistent
with the low liver glycogen stores, themain stores consumed to
maintain blood glucose during overnight fasts inmice (22). The
insulin tolerance test (the degree of drop in blood glucose fol-
lowing insulin injection)was normal (Fig. 3C). The rate of clear-

ance of injected glucose in the glucose tolerance test was
increased (Fig. 3D).
Epm2aip1�/� Mice Have Hepatic Insulin Resistance—Re-

duced glycogen synthesis is a major component of insulin
resistance (3–5). To determine whether Epm2aip1�/� mice
are insulin-resistant, we performed a euglycemic-hyperinsu-
linemic clamp experiment. In this experiment, euglycemia

FIGURE 3. Reduced hepatic glycogen synthesis, increased blood glucose clearance, hepatic insulin resistance, and other metabolic results. A, liver
glycogen levels at base line, 24 h fasted, and after 6 h of refeeding (�mol glucose/g tissue). n � 3–5 mice/genotype. B, blood glucose levels after a 16-hour fast
(mmol/liter). n � 15–17 mice/genotype. C, insulin tolerance test. n � 8 –11 mice/genotype. Inset, area above the curve (AUC). D, glucose tolerance test. Glucose
was injected immediately after time 0. Note the much lower blood glucose in Epm2aip1�/� mice 15 min following injection. n � 15–17 mice/genotype. ***, p �
0.001; *, p � 0.05. Body weights were not significantly different between genotypes. Inset, area under the curve (AUC). p � 1 � 10�4. E, endogenous (hepatic)
glucose production (EGP) during the hyperinsulinemic-euglycemic clamp. Note lack of reduction in EGP in Epm2aip1�/� mice following insulin infusion (after
time 0 min). Left inset, insulin values at the end of the clamp (120 min). Right inset, percent suppression of EGP (percentage drop in EGP during the clamp
(average of the last three time points) from basal EGP levels (average of the first three time points). Lack of suppression was significant at p � 0.007. n � 5– 6
mice/genotype. F, whole-body glucose disposal during the hyperinsulinemic-euglycemic clamp. Basal glucose disposal and disposal during insulin infusion
are shown. n � 5– 6 mice/genotype. Avg, average.
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(achieved by infusing varying amounts of glucose) and a con-
stant amount of insulin (3 milliunits/kg/min) are main-
tained, and whole-body glucose utilization and endogenous
glucose production are measured (28). Insulin resistance
comprises impaired whole-body glucose disposal (mainly a
muscle and liver function) and impaired endogenous glucose
production (mainly a liver function). Of note, endogenous

glucose production is highly dependent on GS activity. The
liver constantly breaks down glycogen (glycogenolysis) and
constructs glucose (gluconeogenesis) to supply blood glu-
cose while, at the same time, removing excess glucose into
glycogen (29, 30). The amount of glucose supplied to the
blood by the liver is regulated through the rate of glycogen
synthesis. How much glucose reaches the blood (endoge-

FIGURE 4. The absence of Epm2aip1 impairs hepatic GS activation by G6P. A, example Western blot analysis of hepatic GS. Note higher-phosphorylation
(top) and lower-phosphorylation (bottom) bands. B, densitometric quantification of total hepatic GS (sums of higher-phosphorylation and lower-phosphory-
lation bands). Protein levels were normalized by dividing with GAPDH. n � 5–7 mice/genotype. C, hepatic GS activity at low and high G6P. n � 8 mice/
genotype. n.s., not significant. D, the activity ratio (GS activity at low G6P divided by GS activity at high G6P), a standard measure for reporting the active GS
fraction of total possible GS activity in a sample, on the basis of the usually invariant full activation of GS by high G6P. In this situation, the latter fails, and the
activity ratio is inapplicable. The ratio is high, not because GS activity at low G6P (numerator) is high but because GS activity at high G6P (denominator) is
impaired. E, densitometric quantification of the higher-phosphorylation GS band. n � 5–7 mice/genotype. F, Western blot analysis of hepatic GS using a
specific antibody against GS phosphorylated at serine 641. This antibody also is known to detect two bands, likely GS proteins with different degrees of
phosphorylation outside of serine 641. Equal amounts of protein were run on two separate gels for phospho-GS (p641GS) and GS. G, Western blot analysis of
hepatic GS, using the antibody against total GS, run long in a low percentage (10%) polyacrylamide gel. Note that the upper band migrates faster in
Epm2aip1�/� mice.
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nous glucose production) depends, in a major part, on GS
activity, regulated by insulin (30).
Whole-body glucose utilization of Epm2aip1�/� mice in the

clamp experiment was normal (Fig. 3F). Therefore, despite the
rapid rate in clearing excess blood glucose in the glucose toler-
ance test, the overall quantity of blood glucose they are able to
remove in response to insulin is unchanged.
Normally, endogenous glucose production drops precipi-

tously during the clamp experiment (i.e. glucose production by
the liver is suppressed) because the external glucose and insulin
infusions drive hepatic GS maximally. Hepatic insulin resist-
ance is diagnosed when this response does not occur (7, 28, 30).
Our WT controls exhibited the expected normal response,
whereas the Epm2aip1�/� mice had complete failure of endog-
enous glucose production suppression (Fig. 3E) and, therefore,
have hepatic insulin resistance.
Hepatic GS Activation by G6P Is Greatly Reduced in

Epm2aip1�/� Mice—Blocked hepatic glycogen synthesis at a
time when it should normally be highly activated, i.e. during
feeding after fasting or during the hyperinsulinemia of the
clamp, could be explained by a deficiency in the quantity of GS
or a defect in its activity or activation. GSWestern blot analyses
detect a double band composed of higher-phosphorylation (less
active) upper and lower-phosphorylation (more active) lower
bands (Fig. 4A) (31). We quantified total hepatic GS by quanti-
fying the two bands together densitometrically and found no
difference between Epm2aip1�/� and WT mice (Fig. 4B). We
also quantified glycogen-bound GS following ultracentrifuga-
tion of the glycogen pellet and, again, found no differences
between genotypes. GS amounts in Epm2aip1�/� livers are,
therefore, not reduced.
We next examined whether there is a defect in GS activity or

activation. We measured GS activity from liver extracts in the
presence of low (0.3mM) and high (6.7mM)G6P. Activity at low
G6P reflects GS activity as set by the degree of GS phosphory-
lation. Activity at high G6P, which overrides any inhibition
through phosphorylation, indicates maximal GS activity in a
particular sample (2). At lowG6P, therewas no difference inGS
activity between Epm2aip1�/� andWTmice, but at high G6P,
Epm2aip1�/� mice exhibited amajor deficit in GS activity (Fig.
4,C–D), indicating thatEpm2aip1�/�mice have amajor defect
in allosteric activation of GS by G6P.
We next queried whether the second arm of GS regulation,

phosphorylation, is affected. The quantity of the higher-phos-
phorylation GS band was not increased in the Epm2aip1�/�

mice (Fig. 4E). GS phosphorylated at serine 641, themainGSK3
phosphorylation site of GS, which reflects overall phosphory-
lation of the enzyme (32), was normal (Fig. 4F). Differences in
levels of phosphorylation can be distinguished by running pro-
tein samples for longer periods of time in low-concentration
gels, with more highly phosphorylated proteins migrating
slower (8, 33). When we ran our Western blot analyses in this
fashion we observed that the higher-phosphorylation GS
band of Epm2aip1�/� mice runs faster, not slower, than its
WT counterpart (Fig. 4G), indicating that it has reduced, not
increased, phosphorylation.
The results in this section support a role for a defect in GS

allosteric activation in the deficient glycogen synthesis in

Epm2aip1�/� livers. Phosphorylation does not appear to be
involved. If anything, the enzyme is hypophosphorylated, pos-
sibly a compensatory response in the face of the impaired allos-
terism, allowing achievement of WT GS activity levels at low
G6P, but not at high G6P (Fig. 4C).
Epm2aip1 Associates with GS—Having shown that Epm2aip1

affects GS activity, we investigated whether it does so through
association with the enzyme. Toward this end, we first deter-
mined the subcellular location of Epm2aip1. The protein local-
izes mainly in the cytoplasm (Figs. 5 and 6, C–F) but also in the
nucleus (Fig. 5, A and B). In the cytoplasm, it is not present
inside any organelle. Instead, it is distributed in glycogen-rich
regions (Figs. 5D (from liver) and 6, C–F (from skeletal mus-
cle)), and it is present at the endoplasmic reticulum (Fig. 5C)
and at the nuclear membrane (Fig. 5, A and B), including in
clusters at the nuclear membrane pores (Fig. 5B). Both the gly-
cogen-rich cytoplasm and the nucleus are cell compartments in
which GS is also located (2, 16).
To determine whether Epm2aip1 associates with GS, we

coexpressed the two proteins in COS7 cells. Immunoprecipita-

FIGURE 5. Epm2aip1 subcellular locations. A, confocal image of an immu-
nofluorescent Epm2aip1-stained 3T3-L1 cell. Note the widespread punctate
staining throughout the cytoplasm as well as in a reticular and perinuclear
fashion (arrows). Note also the presence of the protein within the nucleus
(arrowheads). B, electron micrograph of an immunogold-labeled ultrathin
liver cryosection using the Epm2aip1 antibody. Note the clusters of gold par-
ticles (8 nm) in close proximity to nuclear pores (arrows). A cluster is also seen
within the nucleus (arrowhead). C, immunogold labeling in the cytoplasm of a
hepatocyte at the endoplasmic reticulum (asterisk). D, immunogold labeling
in a glycogen-rich region of liver (arrows).
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tion using antibodies against one coprecipitated the other (Fig.
6A). Likewise, without overexpression, immunoprecipitating
endogenous GS from mouse tissues coprecipitated Epm2aip1
and vice versa (Fig. 6B), indicating that the twoproteins interact
or closely associate in a complex and that, therefore, the resis-
tance of GS to G6P activation in Epm2aip1�/� mice is likely
due to loss of a direct or near-direct effect of Epm2aip1 on GS.
Electron microscopy following immunogold labeling of endog-
enous Epm2aip1 and GS confirmed the close physical associa-
tion of the two proteins (Figs. 6, C–F).
Impaired Activation of GS by G6P Is Also Present in Skeletal

Muscle—Analyzing Epm2aip1�/� skeletal muscle revealed no
diminution in glycogen at the base line or upon refeeding after

fasting, the latter not unexpected because fasting alone does not
significantly reduce muscle glycogen (34) and did not do so in
these animals. The total quantity of GS and the fraction of GS
associated with glycogen were also normal.
GS activation by G6P was not impaired, although there

appeared to be a possible trend (Figs. 7, A and B). Noting the
latter, we took an additional step and asked whether G6P activa-
tion of GS might be significantly abnormal under conditions
where GS is maximally active. We fasted the mice for 16 h, ran
them on a treadmill until exhaustion, which greatly reduces mus-
cle glycogen (34), and then refed them for 1 h before sacrifice, i.e.
the mice were sacrificed in the midst of maximal glycogen resyn-
thesis. Under these conditions, we observed a robustly significant

FIGURE 6. Epm2aip1 and GS associate. A, immunoprecipitation (IP) of Epm2aip1 by GS, and vice versa, from transfected cells. B, immunoprecipitation of
endogenous Epm2aip1 by GS, and vice versa, from mouse brain and liver. WB, Western blot. C, ultrathin cryosection of skeletal muscle from WT muscle
double-labeled with the Epm2aip1 (15-nm particles) and GS (8-nm particles) antibodies. Note the intense colocalization in particle clusters in the perinuclear
cytoplasm and in the spaces between the sarcomeres. D, subsarcolemmal colocalization of Epm2aip1 and GS. E, colocalization of Epm2aip1 and GS in the
sarcoplasm. F, ultrathin cryosection of skeletal muscle from an Epm2aip1�/� mouse. No Epm2aip1 signal was detected. GS was found in similar clusters to those
seen in the WT mouse muscle.
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reduction in the ability of G6P to activate GS in Epm2aip1�/�

mice (Fig. 7C), confirming that the effect of Epm2aip1 absence on
GS activation in liver is also present in skeletal muscle.
Epm2aip1�/� Mice Are Resistant to Age-dependent Obesity—

As mentioned, GS has two isoforms, one specific to liver
(GYS2), the other to skeletal muscle and other tissues (GYS1)
(2). As discussed below, many features of the Epm2aip1�/�

mice are shared between mice lacking Gys2 (LGSKO) (22) and
mice lacking Gys1 (MGSKO) (35). Normally, adult labora-
tory mice fed standard chow gain weight and become obese
with age, which is true of LGSKOmice (22) but not of MGSKO
mice. The latter did not gain weight in adult life, despite
consuming normal amounts of food (35). To determine
whether adult Epm2aip1�/� mice gain weight with age in
adulthood, we weighed a group of mice every 2 months over
1 year. Between 2 and 12 months, WT animals gained an
average of 22.44 � 3.60 g, whereas Epm2aip1�/� mice
gained only 9.85 � 1.24 g (Fig. 8). The amount of food con-
sumed by the two genotypes was the same (Epm2aip1�/�,
0.21 � 0.03; WT, 0.23 � 0.07 g/day/g body weight).
Epm2aip1�/� mice are therefore, like MGSKO mice, resis-
tant to age-related weight gain in adulthood.

DISCUSSION

Insulinmoves glucose entering the circulation into appropri-
ate storage and processing. At the same time, and equally

importantly, it suppresses endogenous glucose production and
secretion into the bloodstream, primarily by increasing hepatic
glycogen synthesis. Insulin resistance comprises impaired glu-
cose disposal and impaired suppression of glucose secretion.
Identifying the proteins involved in these processes is, there-
fore, critical to understanding insulin resistance. The two prin-
cipal glucose disposal tissues are skeletal muscle and liver.
Knockout of the insulin receptor, or of GS, frommouse skeletal
muscle alone has little or no impact on whole-body glucose
disposal even while affecting muscle glucose disposal (35–38).

FIGURE 7. GS activation by G6P is also impaired in skeletal muscle. A, skeletal muscle GS activity with low and high G6P. n � 6 mice/genotype. n.s., not
significant. B, GS activity ratio of the results in A: GS activity at low G6P divided by that at high G6P. Note that the activity ratio is high, not because the activity
at low G6P is high but because the activity at high G6P, i.e. the ability of G6P to activate GS, is low. n � 6 mice/genotype. C, skeletal muscle GS activity at 1-h
refeeding following glycogen depletion by fasting and exhaustive exercise. n � 6 mice/genotype.

FIGURE 8. Epm2aip1�/� mice exhibit an absence of weight gain with age
in adulthood. n � 5– 6 mice/genotype. *, p � 0. 05; **, p � 0.01.
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Removal of the insulin receptor, or GS, from the liver alone
impairs the suppression of endogenous glucose provision to the
blood and causes hepatic insulin resistance (22, 39). We identi-
fied a ubiquitously expressed protein, Epm2aip1, that associ-
ates with GS and whose absence impairs GS activation and
causes hepatic insulin resistance.
Epm2aip1�/� mice share features of LGSKO mice (22),

including reduced hepatic glycogen synthesis, hepatic insulin
resistance, fasting hypoglycemia, and hepatic fat accumulation,
the latter occurring earlier in Epm2aip1�/� (at 2 months) than
in LGSKO (at 7 months). Reduced hepatic glycogen synthesis,
hepatic insulin resistance, and hepatic fat accumulation also
occur with disturbances of hepatic insulin signaling. When the
insulin receptor, or its downstream signaling substrates Irs1
and Irs2, were completely removed frommouse liver, glycogen
synthesis was greatly reduced, with no associated lipid accumu-
lation (39, 40), but when Irs1 and Irs2 were down-regulated but
not eliminated, glycogen synthesis was partially reduced, and
hepatic lipid accumulation occurred at 2 months of age (41).
Thus, the effect of absent Epm2aip1 on hepatic glycogenesis
and lipogenesis is most similar to that of partial impairment of
hepatic insulin signaling.
Epm2aip1�/� mice also share features ofMGSKOmice (35),

namely resistance against age-dependent obesity and a rapid
rate of clearance of exogenous glucose. The mechanisms
underlying the former remain unknown. Results in MGSKO
mice preliminarily suggest heightened oxidative capacity (35).
Uncovering these mechanisms in MGSKO and Epm2aip1�/�

mice is of obvious importance. The rapid rate of glucose clear-
ance in response to a rise in glucose is also unexplained butmay
reflect an increased ability to dispose of glucose via insulin-
independent mechanisms, i.e. increased glucose effectiveness
(42). Neither MGSKO (35) nor Epm2aip1�/� or LGSKO mice
(22) have reduced whole-body glucose utilization in response
to insulin, indicating that partial loss of glycogen synthesis
through complete loss in only muscle (MGSKO) or in only
liver (LGSKO) or through partial loss across both organs
(Epm2aip1�/�) does not, alone, suffice to affect the overall
ability of insulin to clear glucose from the blood.
Although it has long been known that allosteric activation of

GS is far more potent than dephosphorylation in vitro, it was
not confirmed in vivo until recently. Mutating a key amino acid
in the GS allosteric site led to 80% loss of insulin-mediated
glycogen synthesis without alteration of the phosphorylation of
the enzyme (36). In this work, we identify a protein, Epm2aip1,
that modulates the allosteric response of GS to G6P, possibly
through direct action given its association with GS. Its action
appears to not involve phosphoregulation because the inhibited
enzyme in its absence is hypophosphorylated. Finally, in the
absence of Epm2aip1, the sensitivity of the liver to insulin, in
which GS is a principal actor, is impaired. Until now, the only
known way by which insulin regulates the allosteric action of
GS by G6P is through increasing the amount of G6P. In liver,
although glucokinase and glucose 6-phosphatase are subject to
non-transcriptional regulation during refeeding (43–45), the
only known mechanism whereby insulin itself affects these
enzymes and increases G6P are transcriptional, e.g. increasing
glucokinase expression (6, 46). The immediacy of insulin action

on glycogen synthesis likely requires non-transcriptional
mechanisms. GS in tissues of patients with type 2 diabetes has
reduced activity and is hyperphosphorylated (2, 8–10, 47). The
latter observation focused searches for pathomechanisms of
type 2 diabetes on disturbances affecting the phosphorylation
of the enzyme. Although part of the answer to insulin resistance
must involve GS phosphorylation, the literature is equally
replete with evidence that, in type 2 diabetics, allosteric activa-
tion of GS by G6P is also impaired to a major degree (48–52).
Uncovering the molecular components underlying this failure
is important in understanding insulin resistance. The mice
studied here, lacking the Epm2aip1 protein, have failed GS
allosteric activation and hepatic insulin resistance. Epm2aip1,
which associates with GS, may, therefore, be amodulator of GS
allosterismunder insulin control. Its precisemode of action and
regulation awaits further study.

Acknowledgments—We thank Drs. J. Rommens and S. Meyn for
review of our manuscript.

REFERENCES
1. Acheson, K. J., Schutz, Y., Bessard, T., Anantharaman, K., Flatt, J. P., and

Jéquier, E. (1988) Glycogen storage capacity and de novo lipogenesis dur-
ing massive carbohydrate overfeeding in man. Am. J. Clin. Nutr. 48,
240–247

2. Roach, P. J. (2002) Glycogen and its metabolism. Curr. Mol. Med. 2,
101–120

3. Damsbo, P., Vaag, A., Hother-Nielsen, O., and Beck-Nielsen, H. (1991)
Reduced glycogen synthase activity in skeletal muscle from obese patients
with and without type 2 (non-insulin-dependent) diabetes mellitus. Dia-
betologia 34, 239–245

4. Shulman, G. I., Rothman, D. L., Jue, T., Stein, P., DeFronzo, R. A., and
Shulman, R. G. (1990) Quantitation of muscle glycogen synthesis in nor-
mal subjects and subjects with non-insulin-dependent diabetes by 13C
nuclear magnetic resonance spectroscopy. N. Engl. J. Med. 322, 223–228

5. Thorburn, A. W., Gumbiner, B., Bulacan, F., Wallace, P., and Henry, R. R.
(1990) Intracellular glucose oxidation and glycogen synthase activity are
reduced in non-insulin-dependent (type II) diabetes independent of im-
paired glucose uptake. J. Clin. Invest. 85, 522–529

6. Iynedjian, P. B. (2009) Molecular physiology of mammalian glucokinase.
Cell. Mol. Life Sci. 66, 27–42

7. Taylor, R., and Shulman, G. I. (2011) Handbook of Physiology, the Endo-
crine System, the Endocrine Pancreas and Regulation of Metabolism, pp.
787–802, Wiley, New York

8. Højlund, K., Birk, J. B., Klein, D. K., Levin, K., Rose, A. J., Hansen, B. F.,
Nielsen, J. N., Beck-Nielsen, H., andWojtaszewski, J. F. (2009) Dysregula-
tion of glycogen synthase COOH- and NH2-terminal phosphorylation by
insulin in obesity and type 2 diabetes mellitus. J. Clin. Endocrinol. Metab.
94, 4547–4556

9. Cohen, P. (1999) The Croonian Lecture 1998. Identification of a protein
kinase cascade of major importance in insulin signal transduction. Philos.
Trans. R Soc. Lond. B Biol. Sci. 354, 485–495

10. Jensen, J., and Lai, Y. C. (2009) Regulation of muscle glycogen synthase
phosphorylation and kinetic properties by insulin, exercise, adrenaline
and role in insulin resistance. Arch. Physiol. Biochem. 115, 13–21

11. Fong, N. M., Jensen, T. C., Shah, A. S., Parekh, N. N., Saltiel, A. R., and
Brady, M. J. (2000) Identification of binding sites on protein targeting
to glycogen for enzymes of glycogen metabolism. J. Biol. Chem. 275,
35034–35039

12. Bruno, C., van Diggelen, O. P., Cassandrini, D., Gimpelev, M., Giuffrè, B.,
Donati, M. A., Introvini, P., Alegria, A., Assereto, S., Morandi, L., Mora,
M., Tonoli, E., Mascelli, S., Traverso,M., Pasquini, E., Bado,M., Vilarinho,
L., van Noort, G., Mosca, F., DiMauro, S., Zara, F., and Minetti, C. (2004)

Epm2aip1 Regulates Glycogen Synthesis

NOVEMBER 29, 2013 • VOLUME 288 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 34635



Clinical and genetic heterogeneity of branching enzyme deficiency (gly-
cogenosis type IV). Neurology 63, 1053–1058

13. Minassian, B. A., Lee, J. R., Herbrick, J. A., Huizenga, J., Soder, S., Mungall,
A. J., Dunham, I., Gardner, R., Fong, C. Y., Carpenter, S., Jardim, L., Satish-
chandra, P., Andermann, E., Snead, O. C., 3rd, Lopes-Cendes, I., Tsui,
L. C., Delgado-Escueta, A. V., Rouleau, G. A., and Scherer, S. W. (1998)
Mutations in a gene encoding a novel protein tyrosine phosphatase cause
progressive myoclonus epilepsy. Nat. Genet. 20, 171–174

14. Tagliabracci, V. S., Girard, J. M., Segvich, D., Meyer, C., Turnbull, J., Zhao,
X., Minassian, B. A., Depaoli-Roach, A. A., and Roach, P. J. (2008) Abnor-
malmetabolismof glycogen phosphate as a cause for Lafora disease. J. Biol.
Chem. 283, 33816–33825

15. Chan, E. M., Young, E. J., Ianzano, L., Munteanu, I., Zhao, X., Christopou-
los, C. C., Avanzini, G., Elia, M., Ackerley, C. A., Jovic, N. J., Bohlega, S.,
Andermann, E., Rouleau, G. A., Delgado-Escueta, A. V., Minassian, B. A.,
and Scherer, S. W. (2003) Mutations in NHLRC1 cause progressive my-
oclonus epilepsy. Nat. Genet. 35, 125–127

16. Vilchez, D., Ros, S., Cifuentes, D., Pujadas, L., Vallès, J., García-Fojeda, B.,
Criado-García, O., Fernández-Sánchez, E., Medraño-Fernández, I.,
Domínguez, J., García-Rocha, M., Soriano, E., Rodríguez de Córdoba, S.,
and Guinovart, J. J. (2007) Mechanism suppressing glycogen synthesis in
neurons and its demise in progressive myoclonus epilepsy.Nat. Neurosci.
10, 1407–1413

17. Valles-Ortega, J., Duran, J., Garcia-Rocha, M., Bosch, C., Saez, I., Pujadas,
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