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The regulatory-targeting subunit (RGL, also called GM) of the muscle-specific glycogen-associated protein
phosphatase PP1G targets the enzyme to glycogen where it modulates the activity of glycogen-metabolizing
enzymes. PP1G/RGL has been postulated to play a central role in epinephrine and insulin control of glycogen
metabolism via phosphorylation of RGL. To investigate the function of the phosphatase, RGL knockout mice
were generated. Animals lacking RGL show no obvious defects. The RGL protein is absent from the skeletal and
cardiac muscle of null mutants and present at ;50% of the wild-type level in heterozygotes. Both the level and
activity of C1 protein are also decreased by ;50% in the RGL-deficient mice. In skeletal muscle, the glycogen
synthase (GS) activity ratio in the absence and presence of glucose-6-phosphate is reduced from 0.3 in the wild
type to 0.1 in the null mutant RGL mice, whereas the phosphorylase activity ratio in the absence and presence
of AMP is increased from 0.4 to 0.7. Glycogen accumulation is decreased by ;90%. Despite impaired glycogen
accumulation in muscle, the animals remain normoglycemic. Glucose tolerance and insulin responsiveness are
identical in wild-type and knockout mice, as are basal and insulin-stimulated glucose uptakes in skeletal
muscle. Most importantly, insulin activated GS in both wild-type and RGL null mutant mice and stimulated a
GS-specific protein phosphatase in both groups. These results demonstrate that RGL is genetically linked to
glycogen metabolism, since its loss decreases PP1 and basal GS activities and glycogen accumulation. However,
PP1G/RGL is not required for insulin activation of GS in skeletal muscle, and rather another GS-specific
phosphatase appears to be involved.

In recent years, the generality that the activity of the type 1
serine/threonine protein phosphatases (PP1) is dictated by the
associated noncatalytic subunits has emerged. These ancillary
proteins are thought to target the catalytic component (C1) to
distinct subcellular locales in proximity to substrates, to confer
specificity, and to regulate activity (10, 21, 33, 41). To date,
more than 30 C1-binding polypeptides have been identified
that direct the enzyme to a variety of subcellular structures,
including glycogen (6, 24, 25, 49, 59, 60), myosin (2), ribosomes
(31), nuclei (4, 13), and neuronal structures (5). A subset of
C1-binding proteins includes inhibitory proteins such as inhib-
itors 1 and 2 (48, 67) and DARPP-32 (46).

Four C1-glycogen-targeting subunits are presently known.
RGL, also called GM, was the first glycogen-binding subunit of
PP1 identified (59), and the corresponding holoenzyme, PP1G/
RGL, consists of the 124-kDa RGL protein (60) in association
with C1. RGL is exclusively expressed in skeletal and cardiac
muscle (37, 60). The NH2-terminal 240 amino acids contain
binding sites for glycogen and C1 (64), whereas a hydrophobic
region between residues 1063 and 1097 in the COOH terminus
anchors the protein to membrane (45, 60). Of the other three

glycogen-targeting subunits, GL, a 33-kDa polypeptide, is spe-
cifically expressed in liver (24), whereas PTG/R5 and R6 are
ubiquitously distributed (6, 25, 49). All three share homology
with the NH2-terminal region of RGL. The activity of liver
PP1G/GL is controlled allosterically by glycogen phosphorylase
(Ph) and by glucose-6-phosphate (G-6P) (1, 58), and expres-
sion of the GL subunit is downregulated in diabetic rats (23).
Protein targeting to glycogen (PTG) interacts with glycogen-
metabolizing enzymes (26) and has been implicated in insulin
control of glycogen synthase (GS) (49). Overexpression of
PTG in Chinese hamster ovary cells expressing the human
insulin receptor increased basal and insulin-stimulated GS ac-
tivity (49). Neither insulin nor forskolin induced detectable
PTG phosphorylation, arguing against such a mechanism for
PTG regulation. Adenovirus-mediated overexpression of GL,
PTG, or RGL in primary rat hepatocytes results in basal acti-
vation of GS (12), but only in cells overexpressing GL or PTG
was GS activated by insulin (27). Other studies have postulated
a mechanism whereby PTG would affect PP1 activity by reliev-
ing inhibition by DARPP-32 (16). However, it has been shown
that neither I-1 nor DARPP-32 is required for insulin activa-
tion of GS (53). Thus, the mechanisms for control of PTG- and
R6-containing phosphatases are largely unknown.

In mammals, the major stores of glycogen are in skeletal
muscle and liver. Although glycogen in these two tissues per-
forms different functions, both pools contribute to glucose
homeostasis. Approximately 80% of postprandial, insulin-stim-
ulated glucose uptake is stored as glycogen in skeletal muscle
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(56). This insulin-stimulated glycogen synthesis involves acti-
vation of both glucose transport and GS (39). Glycogen me-
tabolism is controlled in large part by the coordinated regula-
tion of the two enzymes responsible for its synthesis and
breakdown, GS and Ph. GS is inactivated by a complex, mul-
tisite phosphorylation mechanism involving several protein ki-
nases, including GS kinase 3 (GSK-3) (38, 52). The allosteric
activator G-6P can restore full activity, so that the GS activity
ratio in the absence and presence of G-6P (2/1 G-6P activity
ratio) is used as a kinetic index of phosphorylation state. Ph is
activated by phosphorylation of a single site by phosphorylase
kinase (PhK). Insulin promotes dephosphorylation and activa-
tion of GS, with no significant effect on Ph. Despite extensive
investigation over the last four decades, the exact molecular
mechanism(s) by which insulin activates GS in skeletal muscle
is not fully understood. Epinephrine causes phosphorylation of
both GS and Ph, leading to their respective inactivation and
activation so that glycogen is degraded. Dephosphorylation of
the key regulatory enzymes, GS, Ph, and PhK, is believed to be
catalyzed primarily by glycogen-associated phosphatases (59).
Also, association of RGL with C1 has been shown to enhance
activity towards these three glycogen-metabolizing enzymes
(33).

PP1G/RGL has been postulated to play a central role in both
insulin and epinephrine control of glycogen metabolism in
skeletal muscle, via phosphorylation of the RGL-targeting sub-
unit (20, 47). Insulin control of PP1G/RGL would be mediated
by the insulin-stimulated protein kinase ISPK or p90rsk which is
itself regulated via the mitogen-activated protein kinase path-
way (20). ISPK phosphorylates RGL at site 1 in vitro, enhanc-
ing the rate of dephosphorylation of GS and PhK, with no
effect on the activity towards Ph. Treatment of rabbits with
insulin was reported to increase the phosphorylation of site 1
(20). The hypothesis for control of PP1G/RGL by insulin was
attractive, since this enzyme dephoshorylates GS at both the
COOH- and NH2-terminal sites that are responsive in vivo to
the hormone (38). However, several reports have shown that
the mitogen-activated protein kinase pathway is not involved in
insulin activation of GS (9, 40). Nevertheless, the results of
these studies do not preclude the possibility that PP1G/RGL

mediates insulin regulation of glycogen metabolism by other
mechanisms.

Newer models for the control of GS activity by insulin have
centered on a role for the PI-3K pathway (17, 54) and control
of GSK-3, an important GS kinase whose activity is known
to be inhibited by insulin. Stimulation of PI-3K by insulin
would activate Akt/PKB which phosphorylates and inactivates
GSK-3. Another pathway activated by insulin involves mTOR,
the mammalian target for the immunosuppressant drug rapa-
mycin (9); rapamycin has been shown to oppose insulin-medi-
ated activation of GS in muscle and 3T3-L1 adipocytes (9, 54).
Since rapamycin does not block insulin-induced inactivation of
GSK-3 (18), it is possible that mTOR could control GS phos-
phorylation via a phosphatase.

To address the role of PP1G/RGL in the hormonal control of
glycogen metabolism in a more definitive manner, we have
generated RGL knockout mice. Analysis of this animal model
clearly demonstrates that RGL has an important role in glyco-
gen synthesis but is not essential for insulin activation of GS.

MATERIALS AND METHODS

Materials. pBluescript II KS(1), pCR II, and pET15b were from Stratagene
(La Jolla, Calif.), Invitrogen (Carlsbad, Calif.), and Novagen (Madison, Wis.)
respectively. Aspergillus niger amyloglucosidase, yeast hexokinase, and yeast G-6P
dehydrogenase were purchased from Sigma (St. Louis, Mo.). Restriction en-
zymes were from New England Biolabs (Beverly, Mass.). Porcine insulin was a
gift from Eli Lilly Co. (Indianapolis, Ind.). The Puregene DNA isolation kit was
from Gentra Systems (Minneapolis, Minn.). Taq polymerase was purchased from
Promega. Radioactively labeled nucleotides, a-D-[U-14C]glucose-1-phosphate
and UDP[U-14C]glucose were purchased from NEN Life Science Products (Bos-
ton, Mass.). Okadaic acid was from Roche Molecular Biochemicals (Indianap-
olis, Ind.). Oligonucleotides were synthesized by Life Technologies (Bethesda,
Md.). Monoclonal anti-C1 antibodies that recognize all isoforms were generously
provided by Jackie Vandenheede (University of Leuven, Leuven, Belgium), and
anti-GS antibodies were generously provided by John C. Lawrence, Jr. (Univer-
sity of Virginia, Charlottesville). Antibodies to PTG and R6 were kindly provided
by Alan Saltiel (Pfizer Global Research and Development, Ann Arbor, Mich.)
and Patricia Cohen (University of Dundee, Dundee, United Kingdom), respec-
tively. Anti-phosphorylated site 1 and site 2 RGL antibodies were a generous gift
from Philip Cohen (University of Dundee). DNA sequencing was done at the
Indiana University Biochemistry and Biotechnology Facility (Indianapolis) on an
ABI PE-ABI 377XL laser sequencer using fluorescent dideoxy terminators.
Antisera against mouse RGL was produced by immunizing rabbits with recom-
binant His-RGL(1–262) protein. Other chemicals were purchased from Sigma
and Bio-Rad (Hercules, Calif.).

Construction of RGL gene-disrupting targeting vector. A 129Sv mouse
genomic DNA library made in Lambda DASH II was provided by Bi Feng
(Lunenfeld Research Institute, Toronto, Ontario, Canada). Screening of 8.3 3
105 plaques using rabbit RGL cDNA (3.8 kb) (60) as a probe resulted in isolation
of seven positive clones, four of which contained overlapping sequences (37).
Restriction mapping and sequence analysis revealed that one of the clones
contained 785 nucleotides that code for exon 1, flanked by ;5 kb upstream and
11 kb downstream. To generate the targeting vector, an 0.8-kb HindIII-EcoRV
fragment, which is upstream of exon 1, was inserted into the SalI site of pBlue-
script II/NeoTK vector (Fig. 1) (7) which contains the phosphoglycerokinase
(PGK) promoter driving the neo gene (PGK-neo) and the herpes simplex virus
thymidine kinase gene (HSV-tk). A 7.0-kb BsmI-BsmI fragment downstream of
exon 1 was inserted at the XhoI site of the vector. By this strategy, 785 bp coding
for 262 amino acids in exon 1, 50 bp upstream of the start ATG codon, and 16
bp of intron 1 were replaced by the neomycin resistance gene. The targeting
vector was linearized at the NotI site and used for electroporation into embryonic
stem (ES) cells.

Generation of RGL knockout mice. Culture of ES cells and isolation of ho-
mologous recombinants were performed according to standard protocols (32).
Briefly, 107 CCE, E14, or R1 ES cells were transfected with 25 to 50 mg of the
linearized vector. The cells were cultured under selection in G418 and ganciclo-
vir. Resistant colonies were expanded in 98-well plates. Screening for homolo-
gous recombinants was performed by PCR methods as described previously (32).
Oligonucleotides 59-TTCTATCGCCTTCTTGACGAGTTC-39 (ADPR266; in
the neo gene) and 59-TCCATGATGAGTACTACATCCACT-39 (ADPR267; in
the RGL gene) were used as primers (Fig. 1). Seven positive clones were iden-
tified and subjected to Southern blot analysis to confirm the structure of the
targeted region. ES cell genomic DNA was digested with PstI. The 59 external
probe and the internal probe shown in Fig. 1 and the neo gene were used as
probes. All seven ES cell clones were confirmed to contain the targeted disrup-
tion and used to generate RGL knockout mice, by standard procedures (32),
utilizing C57BL/6J blastocysts and pseudopregnant females as foster mothers.
Chimeric mice were screened by PCR and by Southern blotting for the presence
of the disrupted RGL allele and mated with C57BL/6J mice to produce F1

heterozygous mice. Heterozygotes for the disrupted gene were identified by PCR
using digit samples. Confirmed heterozygous F1 mice were backcrossed with
C57BL/6J mice or mated with siblings to generate null mutant mice. Some of the
chimeric mice were also crossed with wild-type 129SvJ, and the resulting F1

heterozygotes were backcrossed with 129SvJ to generate genetically defined
mice. All mice were maintained in temperature and humidity-controlled condi-
tions with a 12-h light–12-h dark cycle and were allowed food and water ad
libitum. The RGL chimeric mice were generated by David A. Williams at Indiana
School of Medicine, Indianapolis, and by Cheryl Bock at Duke Comprehensive
Cancer Center, Transgenic Facility, Durham, N.C.

Southern blot analysis. Genomic DNA from ES cells was prepared with the
Puregene DNA isolation kit. Genomic DNA was isolated from mouse tail by the
proteinase K digestion method. Mouse tail pieces (1 to 2 cm) were clipped and
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digested in a solution containing 100 mM NaCl, 10 mM Tris-HCl (pH 7.8), 1%
sodium dodecyl sulfate, 200 mg of proteinase K per ml at 57°C overnight. After
two chloroform-isoamyl alcohol (24:1) extractions, the DNA was precipitated
with ethanol. Genomic DNA (10 to 20 mg) digested with PstI (;5 U/mg or more)
was resolved by electrophoresis in 0.5% agarose gels and transferred to nitro-
cellulose membranes (BA-85; Shleicher & Schuell). DNA fragment probes were
radiolabeled with 32P using the Megaprime DNA labeling system (Amersham).

Western blot analysis. For the various biochemical determinations, unless
otherwise indicated, normally fed animals were sacrificed in the early afternoon.
Mice were anesthetized by intraperitoneal injection of sodium pentobarbital (0.1
mg/g of body weight). Skeletal muscle of hind legs and heart were excised
quickly, freeze-clamped in liquid nitrogen, and stored at 280°C till use. For
Western blot analyses, frozen tissue samples were homogenized in 10 volumes
(wt/vol) of a solution containing 50 mM Tris-HCl (pH 7.5) (25°C), 0.5 mM
EDTA, 2 mM EGTA, 1% Triton X-100, 0.1 mM Na-p-tosyl-L-lysine chlorometh-
yl ketone, 2 mM benzamidine, 0.5 mM phenylmethylsulfonyl fluoride, and 10 mg
of leupeptin per ml with a Tissue Tearer model 285–370 (Biospec Products Inc.)
at maximal setting for 20 s. The homogenates were centrifuged at 600 3 g for 5
min. The resultant supernatants were subjected to sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis. The proteins on the gels were transferred to
nitrocellulose membranes which were then incubated with the appropriate an-
tibodies. Binding of the antibody was detected either by 125I-labeled protein A or
by horseradish peroxidase-conjugated secondary antibody and enhanced chemi-
luminescence. Levels of protein expression were quantitated by densitometric
scanning of the films.

Enzyme activity assays. Ph phosphatase activity was assayed essentially as
described previously (67) except that the total volume of the reaction mixture
was reduced to 40 ml. The same supernatant samples used for the Western blot
analysis were diluted 100-fold with a solution containing 50 mM Tris-HCl (pH
7.2), 0.2% b-mercaptoethanol, 0.1 mM EDTA, and 1 mg of bovine serum
albumin per ml. Ten-microliter portions of the diluted samples were used for
determination of phosphatase activity, utilizing 1 mg of [32P]Ph a per ml as a
substrate in the presence or absence of 4 nM okadaic acid. One unit is defined
as the amount of enzyme that releases 1 nmol of phosphate per min. For GS and
Ph assays, tissue samples were homogenized in 20 volumes of buffer (50 mM
Tris-HCl [pH 7.8], 10 mM EDTA, 2 mM EGTA, 100 mM NaF, 2 mM benza-
midine, 0.1 mM Na-p-tosyl-L-lysine chloromethyl ketone, 50 mM b-mercapto-
ethanol, 0.5 mM phenylmethylsulfonyl fluoride, and 10 mg of leupeptin per ml)

FIG. 1. Targeted disruption of the RGL gene. (A) Maps of the mouse RGL gene locus, the targeting vector, and the disrupted RGL gene locus.
Restriction sites BsmI (Bs), EcoRV (E), HindIII (H), and PstI (P) are shown. Arrowheads indicate the positions of the PCR primers (ADPR266
and ADPR267). Thick bars below the map of the disrupted locus represent the positions of the probes used for Southern blot analysis. PGK,
phosphoglycerokinase gene promoter; HSV-tk, herpes simplex virus thymidine kinase gene. (B) Genotyping of wild-type, heterozygous, and
homozygous RGL mutant mice. Primers from the RGL and neo genes generated 1.2 and 0.9-kb fragments for the wild type (WT) and the RGL
knockout (KO) gene.
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using a Polytron homogenizer (Kinematica) for 20 s. After centrifugation at
3,600 3 g for 5 min, 30 ml of the supernatant was used for GS and Ph assays. GS
activity was determined by measuring incorporation of [14C]glucose from UDP-
[14C]glucose into glycogen as described by Thomas et al. (61) in the absence or
presence of 7.2 mM G-6P. Ph activity was assayed by measuring incorporation of
[14C]glucose from [14C]glucose-1-phosphate (28) into glycogen in the absence or
presence of 2 mM AMP. One unit of GS is the amount of enzyme that incor-
porates 1 mmol of [14C]glucose from UDP-[U-14C]glucose into glycogen per min,
and 1 U of Ph is the amount of enzyme that incorporates 1 mmol of [14C]glucose
from [U-14C]glucose-1-phosphate per min. Activity ratios represent the activity
measured in the absence of the allosteric effector (G-6P for GS or AMP for Ph)
divided by that in the presence of the allosteric effector.

For determination of the effects of insulin on GS, Ph, and phosphatase activ-
ities and glycogen content, anesthetized 17 to 20-week-old RGL null mutant mice
and wild-type littermates fasted for 6 h (8:00 a.m. till 2:00 p.m.) were injected in
the tail vein with 2 U of insulin/kg of body weight. After 5 min, animals were
sacrificed, and skeletal muscle was rapidly removed and frozen in liquid nitrogen.
GS phosphatase activity was measured by utilizing partially purified phosphory-
lated GS and by monitoring the change in the GS 2/1 G-6P activity ratio
between zero time and after 15 min of incubation with muscle extract, following
the procedure described by Villar-Palasi (62). Responsiveness of the animals to
insulin was confirmed by determination of blood glucose levels before and after
insulin administration. Under the conditions used, the blood glucose decreased
by ;40% in both groups. Protein concentration was determined by the Bradford
method (14) using bovine serum albumin as standard.

Determination of glycogen content. Samples of frozen tissues (30 to 90 mg)
were hydrolyzed in 0.3 ml of 30% (wt/vol) KOH solution in a boiling water bath
for 30 min. At 10 and 20 min of the incubation, tubes were shaken by hand to
facilitate the digestion. After cooling to room temperature, 0.1 ml of 1 M Na2SO4

and 0.8 ml of ethanol were added, the samples were boiled again for 5 min to
facilitate precipitation of glycogen and then centrifuged at 10,000 3 g for 5 min.
The glycogen pellet was dissolved in 0.2 ml of water, and two additional ethanol
precipitations were performed. The final pellet was dried and dissolved in 0.2 ml
of 0.3-mg/ml amyloglucosidase in 0.2 M sodium acetate buffer (pH 4.8) and
incubated for 3 h at 40°C. The reaction mixture was then diluted two- to fivefold
with water. To determine the glucose concentration, 5 ml of the diluted sample
was added to 0.2 ml of the glucose assay solution which contains 0.3 M trieth-
anolamine–KOH (pH 7.5), 1 mM ATP, 0.9 mM b-NADP, and 5 mg of G-6P
dehydrogenase per ml. The absorbance at 340 nm was determined before and
after addition of 1 mg of hexokinase (11). Glycogen content was expressed as
micromoles of glucosyl units per gram (wet weight).

Glucose and insulin tolerance tests. Glucose and insulin tolerance tests were
performed on homozygous null mutant mice and wild-type littermates at differ-
ent ages, 6 to 8, 14 to 18, and 40 to 48 weeks. For glucose tolerance tests, animals
were fasted for 16 h. Glucose (2 mg/g of body weight) was administered intra-
peritoneally. Blood samples were collected from the tail at various times, and
blood glucose was measured using a Glucometer Elite (Ames). For insulin
tolerance tests, 6-h-fasted animals were injected intraperitoneally with 1 mU of
porcine insulin per g. Blood glucose levels were monitored as described above for
the glucose tolerance test.

Other procedures. 2-Deoxyglucose uptake in mouse diaphragm muscle was
measured as previously described (57). Whole-body glucose disposal studies in
euglyemic hyperinsulinemic mice were performed by Alain Baron at Indiana
University, as previously described (30). Serum lactate and triglyceride levels
were measured in the Immunology Core Facility of the Diabetes Research and
Training Center at Indiana University.

Statistical analyses. Statistical analyses were performed using the StatView
program. Significance was assessed using the unpaired Student’s t test. Results
are expressed as the mean 6 standard error (SE) of the number of animals
indicated in the figure legends.

RESULTS

Generation of RGL knockout mice. The strategy to generate
RGL knockout mice was to disrupt the gene by replacing exon
1 which codes for the first 261 residues (785 bp) with the
neomycin resistance gene (Fig. 1A). By this approach, the
translational initiation codon, the C1 and glycogen-binding
domains, and phosphorylation sites Ser48 and Ser67 would be
removed. Even if exon 1 were skipped, the resulting mRNA
starting at exon 2 would be out of frame. Furthermore, since

intron 1 is far removed from the promoter (more than 27 kb),
it is unlikely that a transcript could be expressed. A screen of
195 resistant cell clones gave 7 PCR positives, all of which were
confirmed by Southern blotting. All seven lines were used to
generate knockout mice. Twenty-four chimeras were obtained,
12 of which had high percentage of agouti coat color (75 to
100%) and were positive for the disruption by PCR analysis.
Nine were males, and mating with C57BL/6 mice revealed that
seven were fertile, six of which transmitted the targeted allele
to their offspring. Genotyping by PCR shows a 900-bp ampli-
fied DNA fragment for the disrupted allele and a 1,235-bp
fragment for the wild type (Fig. 1B). Southern blots of PstI
digests indicated an 18-kb fragment for the disrupted allele and
a 26-kb fragment for the wild type (data not shown). Mating of
animals heterozygous for the disrupted RGL allele has gener-
ated homozygous null mutant mice.

Analysis of 167 F2 mice showed that the percentages of
wild-type (1/1), heterozygous (1/2), and homozygous null
(2/2) RGL mice were 32, 45, and 23%, respectively. No sig-
nificant difference in this ratio was observed between males
and females, indicating that the RGL gene is located on an
autosome and that the knockout is not lethal in utero. All
animals, heterozygotes as well as homozygotes, macroscopi-
cally appeared normal with no obvious developmental or mor-
phological defects and grew at a rate indistinguishable from
that of wild-type littermates (Fig. 2D). The heart to body
weight ratios are also within the normal range.

Analysis of PP1G/RGL expression in knockout mice and
wild-type littermates. Western immunoblotting analysis of
skeletal (Fig. 2A and B) and cardiac (not shown) muscle ex-
tracts using mouse RGL antibodies indicated that the protein
was absent from the homozygous animals and present at
;50% of the wild-type level in heterozygotes. RGL-deficient
mice had a 60% reduction in the level of C1 in skeletal muscle
(Fig. 2A and B), and a significant 25% reduction was also
observed in the heterozygous animals. These results indicate
that the functional gene is disrupted, that PP1G/RGL accounts
for a large proportion of PP1 in striated muscles, and that the
presence of the regulatory RGL is linked to the expression level
of C1. Consistent with reduced C1 protein, the type 1 phos-
phatase activity was also decreased, with activity towards Ph a
reduced by ;60% in the RGL null mice and by 30% in het-
erozygotes (Fig. 2C). The activity towards GS phosphorylated
in the site 3 region was decreased by 40% in the homozygotes.
Although not as pronounced, reductions in RGL, C1, and phos-
phatase activity were also observed in heart (data not shown),
consistent with the ;10-fold-lower level of expression of RGL

in this tissue (37, 60).
Effect of ablation of PP1G/RGL on glycogen metabolism. To

determine the effect of PP1G/RGL deficiency on the glycogen-
metabolizing enzymes, GS and Ph activities were measured in
skeletal muscle extracts. The GS 2/1 G-6P activity ratio was
reduced from 0.3 in the wild-type littermates to 0.1 in the RGL

null mutants and to 0.17 in the heterozygotes (Fig. 3A). Con-
versely, the activity state of Ph, measured as the activity ratio in
the absence and presence of AMP, increased from 0.37 in the
wild type to 0.7 in the homozygous mutant mice and to 0.54 in
the heterozygotes (Fig. 3C). The total GS activity, as deter-
mined by activity measured in the presence of G-6P, was also
reduced by ;30% (Fig. 3B), as was the protein level monitored
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by Western immunoblotting. The total Ph activity, measured in
the presence of AMP, was unaffected in both heterozygous and
homozygous mutants (Fig. 3D). Similar effects were observed
in five independent knockout lines of mixed BL57 and 129Sv
background and in both male and female animals, indicating
that there are no gender differences. Consistent with the al-
tered GS and Ph activities, the glycogen content was dramat-
ically decreased in the null mutant mice of both genetic back-
grounds to ;10% of the wild-type level and to ;40% in the
heterozygous littermates (Fig. 4A). Similar changes in GS and
Ph activities and glycogen levels were observed in null mice
generated from F3 heterozygotes obtained after backcrossing
the chimeras and subsequent generations with 129Sv mice,
suggesting that the effects of the RGL ablation are independent
of the genetic background. PP1/RGL is therefore a significant
GS and Ph phosphatase, determining the phosphorylation
state and activity of the glycogen-metabolizing enzymes. The
extremely low glycogen level in the RGL null mutant may
indirectly be responsible for the reduced amount of GS pro-
tein. All the GS in skeletal muscle is bound to glycogen whose
low content in the knockout mice may limit GS association,
leading to lower stability and enhanced degradation. It is in-
teresting though, that even in the RGL null mutants, all of the
GS present was bound to glycogen. In contrast to GS, only 50%

of the Ph in the muscle is bound to glycogen, so that its stability
may be less dependent on association with the polysaccharide.

Since glycogen accumulation was impaired in skeletal mus-
cle, its level in the liver was measured to determine whether
this organ might have been compensating. As shown in Fig. 4B,
the glycogen levels in the livers of the null mutants were not
significantly different from those of the wild-type mice.

Glucose and insulin responsiveness in RGL knockout mice.
Since ablation of RGL impairs glycogen accumulation in skel-
etal muscle, reportedly a major organ for glucose disposal, a
critical question was whether the RGL null mutant animals
were hyperglycemic and/or insulin resistant. Three approaches
were taken to address this issue. First, blood glucose levels
were measured in both fasted and fed male and female mice of
different ages. As shown in Fig. 5 and Table 1, the basal blood
glucose levels for 14- to 18-week-old mice were, as expected,
lower after overnight fasting, but no significant differences
were detected between wild-type and knockout mice, in either
males or females. Similar results were obtained with animals 6
to 8 or 40 to 48 weeks old (not shown). Second, we evaluated
the glucose and insulin tolerance after challenging with a bolus
of either glucose (2 mg/g) or insulin (1 U/kg). The time course
of blood glucose clearance after glucose administration was
indistinguishable between the wild-type and knockout mice

FIG. 2. Analysis of expression of RGL and C1 in wild-type and knockout mice. (A) Skeletal muscle extracts were subjected to immunoblotting
with anti-RGL (top) or anti-C1 (bottom) antibodies. (B) Quantitation by densitometric scanning of the autoradiogram shown in panel A, expressed
as a percentage of the mean of the wild type 6 SE (n 5 6 to 8 per group). (C) Ph phosphatase activity was measured in the presence of 4 nM
okadaic acid (OA) in skeletal muscle extracts as described in Materials and Methods. The number of animals in each group is indicated in each
bar. Statistical significance was assessed by Student’s t test (pp, P , 0.01). (D) Growth curves of wild-type (open circles) and RGL null mutant
(closed circles) mice with 3 to 19 animals per point. The means 6 SE are shown. 1/1, wild type; 1/2, heterozygotes, 2/2, homozygote null
mutants.
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(Fig. 5). Similarly, the blood glucose response to insulin treat-
ment was the same in wild-type littermates and knockout an-
imals. Again these results were the same for males and females
and for animals of different ages and with a 129Sv background
(not shown). Third, the basal and insulin-stimulated whole-
body glucose disposal in euglycemic hyperinsulinemic clamped
conscious mice (30) was very similar in knockout and wild-type
animals. In addition, no significant differences were observed
in serum insulin, lactate, and triglyceride levels (Table 1).

Although the older mice had not demonstrated any obvious
metabolic defects when fed a normal diet, we investigated the
possibility that a high-fat diet could provoke abnormalities in
glucose disposal. Both male and female, wild-type and knock-
out mice were subjected for a period of 20 weeks to a high-fat
diet (Biosev) in which 57% of the caloric intake is derived from
fat. Body weight, blood glucose levels, and food consumption
were monitored weekly. Weight gain (;50%), increases in
blood glucose levels (;30%), and food intake (no significant

FIG. 3. GS and Ph activity in skeletal muscle of wild-type and RGL knockout mice (A) GS activity was assayed in the absence (2) and presence
(1) of G-6P in supernatant (after centrifugation at 3,600 3 g for 5 min) of skeletal muscle from wild-type (1/1), RGL heterozygous (1/2), and
homozygous (2/2) mice. (B) Total GS activity measured in the presence of 7.2 mM G-6P, expressed as nanomoles per minute per milligram of
protein. (C) Ph activity was assayed in the absence (2) and presence (1) of 2 mM AMP. (D) Total Ph activity measured in the presence of AMP,
expressed as micromoles per minute per milligram of protein. The means 6 SE are shown. Statistical significance was assessed by Student’s t test
(pp, P , 0.01). The number of animals analyzed is shown inside the bars.

FIG. 4. Glycogen content in skeletal muscle and liver. Glycogen content in skeletal muscle (A) and liver (B) of wild-type (1/1), RGL
heterozygous (1/2), and homozygous (2/2) mice was determined by an alkaline lysis method as described in Materials and Methods. Glycogen
concentration is expressed as micromoles of glycosyl units per gram (wet weight). The means 6 SE are shown. Statistical significance was assessed
by Student’s t test (pp, P , 0.01). The number of animals analyzed is shown inside the bars.
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increase) were not different between the knockout and wild-
type littermate animals. Glucose and insulin tolerance curves
at the end of the feeding period were similar in both groups,
although the response was blunted compared to that before
the high-fat diet, indicating that all animals had become some-
what insulin resistant.

Insulin control of glycogen metabolism in RGL knockout
mice and wild-type littermates. Muscle PP1G has been postu-
lated to play a key role in the insulin-induced activation of
glycogen synthase. In order to address this crucial issue, wild-
type and RGL knockout mice were injected intravenously with
2 U of insulin/kg for 5 min. Insulin treatment resulted in a
twofold activation of skeletal muscle GS in both control and
RGL-deficient mice (Fig. 6A), with no changes in glycogen Ph
(Fig. 6B). Glycogen content was also increased more than
twofold in the knockout mice (Fig. 7A). In absolute amount,
the increases in glycogen in wild-type and mutant mice were

very similar. In the wild-type animals, the final level (including
the relatively small increment) was not statistically significantly
different from the high initial level. It should be noted that
such a short time of insulin stimulation would not cause large
changes in glycogen accumulation. Western immunoblotting
also showed that insulin treatment increased the electro-
phoretic mobility of GS in muscle extracts from wild-type and
RGL-deficient mice, consistent with dephosphorylation of the
protein (Fig. 6C). This finding confirms that the increase in GS
activity was not due to carryover of allosteric effector G-6P
from the extract into the assay (which involves more than
100-fold dilution). From these results, it is clear that both GS
and glycogen syntheses are still stimulated by insulin in the
absence of RGL. Even though RGL was not required for insulin
activation of GS, we investigated whether it was phosphory-
lated in response to the hormone. Western immunoblotting
with phospho-specific antibodies against phosphorylated site 1

FIG. 5. Glucose and insulin tolerance tests. Glucose tolerance tests (GTT) were performed on 14- to 18-week-old 16-h-fasted, male and female
wild-type (open circles) and RGL null mutant (open squares) mice. Insulin tolerance tests (ITT) were performed a week later on the same mice
except that they were fasted only for 6 h from 8:00 a.m. till 2:00 p.m. Six wild-type and eight null mutant males and four wild-type and 4 null mutant
females were used.

TABLE 1. Comparison of blood component levels in wild-type and RGL knockout micea

Blood component level
Wild-type littermates RGL null mutants

Male Females Male Female

Blood glucose, fasted (mg/dl) 74.8 6 7.3 70.0 6 9.7 88.9 6 9.4 60.5 6 4.7
Blood glucose, fed (mg/dl) 131.3 6 9.4 135.8 6 7.0 142.8 6 9.0 140.0 6 4.9
Serum insulin (mg/ml) 0.72 6 0.14 0.46 6 0.07 0.62 6 0.11 0.46 6 0.10
Serum lactate (mM) 5.93 6 0.86 4.77 6 0.63 5.90 6 1.49 5.16 6 0.45
Serum triglycerides (mg/dl) 94.4 6 5.3 76.5 6 12.6 98.5 6 15.4 88.0 6 9.3

a Mice were 12 to 24 weeks old. The number of animals per group was 4 to 8. No significant differences were observed between the values for comparable groups
of wild-type and knockout animals using Student’s t test.
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or site 2 (63) revealed that the phosphorylation of neither was
altered by insulin treatment, at times when GS was activated
(Fig. 6D). Quantitation of blots from five animals in each
group gave values of 89.7 6 9.2 (site 1) or 88.1 6 9.5 (site 2),
expressed as a percentage of the non-insulin-treated samples
normalized for total RGL present.

Since the RGL knockout mice responded normally to insulin
stimulation, one possibility is altered expression of some of the
other components of the insulin signaling pathway, such as
GSK-3, or the other two known glycogen-associated PP1-bind-
ing proteins, PTG and R6. As shown in Fig. 7B, Western blot
analyses indicated that the levels of PTG, R6, and GSK-3b
were unchanged in the knockout animals. It has also been
reported that overexpression of RGL in L6 cultured cells re-
sulted in a twofold increase in insulin-stimulated glucose trans-
port (50). We therefore investigated whether the RGL defi-
ciency affected glucose uptake by in vitro analysis of isolated
hemidiaphragm muscles. The results revealed no differences in
basal and insulin-stimulated 2-deoxyglucose uptake between
wild-type and knockout mice (Fig. 8).

Insulin-stimulated GS phosphatase activity in wild-type and
RGL knockout mice. If RGL is not required for insulin activa-
tion of GS, some other mechanism must be operating. Activa-
tion of GS could result from inhibition of protein kinase ac-
tivity or activation of a GS phosphatase distinct from PP1G/
RGL. Decreased GSK-3 activity, by itself, cannot account for
activation of GS (39), so we determined whether an insulin-
stimulated phosphatase was present in RGL knockout mice.
With Ph as a substrate, no increase in activity was detected in
either mutant mice or wild-type littermates (Fig. 9A). How-
ever, utilizing partially purified GS in an assay that couples
dephosphorylation with changes in the activity ratio (62), we
detected a phosphatase activity that was stimulated ~2-fold by
insulin in both wild-type and RGL knockout mice (Fig. 9B).
Not only is PP1G/RGL dispensable for insulin activation of GS,
but a distinct insulin-activated phosphatase is present in mouse
skeletal muscle. This enzyme is not PP2A, since it was detect-
able in the presence of 4 nM okadaic acid, conditions that
completely inhibit 2A activity. The phosphatase is unlikely to
be a divalent cation-requiring enzyme such as PP2C or PP2B,
because the extracts and the assays contained 2 mM EGTA.
Thus, we believe that it is a type 1 form. It is also unlikely to be
the PTG-associated phosphatase, since this enzyme acts on Ph

FIG. 6. GS and Ph activity in insulin-treated mice. (A and B) GS
and Ph activity ratios were measured in skeletal muscle extracts as
described in the legend to Fig. 3. The mice were treated with insulin
(hatched bars) or not treated with insulin (open bars). Statistical sig-
nificance was assessed by Student’s t test (pp, P , 0.01). The number
of animals analyzed is shown inside the bars. (C) Muscle extracts from
control and insulin-treated mice were immunoblotted with anti-GS
antibodies. (D) Muscle extracts from wild-type mice, control and in-
sulin treated, were immunoblotted with antibodies that specifically
recognize RGL phosphorylated at Ser48 (P-Ser48), RGL phosphory-
lated at Ser67 (P-Ser67), or nondiscriminating antibodies (RGL). Three
representative independent samples per treatment are shown. 1/1,
wild type; 2/2, RGL null mutant mice.

FIG. 7. Insulin-stimulated glycogen accumulation and GSK-3,
PTG, and R6 levels in wild-type and RGL knockout mice. (A) Glycogen
content was measured as described in the legend to Fig. 4 in wild-type
(1/1) and RGL homozygous knockout (2/2) mice with (hatched bars)
and without (open bars) insulin treatment. The number of experiments
is indicated inside the bars. Statistical significance was assessed by
Student’s t test (p, P , 0.05). (B) Three representative samples from
wild-type and RGL knockout mice were analyzed by immunoblotting
with antibodies against GSK-3b, PTG, and R6. The numbers to the left
show molecular size markers (in kilodattons).
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as substrate (15), whereas the insulin-stimulated form appears
to be specific for GS.

DISCUSSION

The most important outcome of this study is to demonstrate
that RGL is genetically linked to striated muscle glycogen ac-
cumulation but is not essential for insulin control of glycogen
metabolism. Analyses of the knockout mice demonstrate that
RGL directs phosphatase activity towards glycogen-metaboliz-
ing enzymes since GS activity is reduced and Ph activity is
enhanced in the null mutant mice. Correspondingly, muscle
glycogen stores are significantly reduced to only 10% of those
in wild-type animals. However, despite the impaired glycogen

accumulation, the animals remain normoglycemic and are in-
sulin responsive.

Animals homozygous for disruption of the RGL gene have a
substantial (60%) decrease in overall muscle C1 protein and
PP1 activity, indicating that a phosphatase containing RGL

represents a significant proportion of the enzyme in skeletal
muscle. Conversely, targeted overexpression of RGL in the
skeletal muscle of mice resulted in an increase in the levels of
C1 protein (22; Y. Suzuki and A. A. DePaoli-Roach, unpub-
lished results). These observations argue that the basal level of
C1 protein depends on its association with regulatory subunits.
Although the level of the protein can be controlled at different
stages, we favor a mechanism involving stabilization of the
protein. This hypothesis is supported by the observation that
overexpression of C1 in COS1 cells produces mostly insoluble
protein associated with lysosomal structures, whereas coex-
pression with either RGL or inhibitor 2 (data not shown) gen-
erates higher levels of soluble and active enzyme. In fact, the
proposed chaperone function of the phosphatase inhibitor 2
(3) most likely reflects a similar phenomenon whereby forma-
tion of a cytosolic form of PP1, the ATP-Mg-dependent phos-
phatase, also stabilizes C1.

Our results raise some critical questions about the role of
muscle glycogen in blood glucose homeostasis (19, 56). Glyco-
gen deposition in muscle is widely perceived to be the primary
fate of ingested glucose. With this premise, one might have
predicted that animals impaired in their ability to accumulate
glycogen in muscle would become hyperglycemic. This is not
the case, suggesting that other mechanisms for glucose ho-
meostasis must be operating. One important consideration,
however, is the degree to which studies of mice are an accurate
reflection of human metabolism and physiology, and we cannot
exclude the possibility that skeletal muscle glycogen accumu-
lation in humans has a different impact on blood glucose levels
than in rodents. This caveat, of course, is valid for all of the
numerous genetically altered mouse models that have recently
been constructed to probe insulin action and whole-body glu-
cose metabolism (for recent reviews see references 35 and 36).
Shulman and colleagues (56) in fact have concluded that mus-

FIG. 8. Insulin stimulation of 2-deoxy[2-3H]glucose (2DG) uptake
in hemidiaphragms from control and RGL knockout mice. Hemidia-
phragms were incubated at 37°C for 15 min with or without 250 mU of
insulin per ml. The hemidiaphragms were then incubated with insulin
(hatched bars) or without insulin (open bars) in medium containing 5
mM 2DG for 10 min. The results presented are the mean values 6 SE
of eight experiments. Statistical significance was assessed by Student’s
t test (p, P , 0.02).

FIG. 9. Insulin-stimulated GS phosphatase. (A) Ph phosphatase in skeletal muscle extracts of non-insulin-treated (open bars) and insulin-
treated (hatched bars) mice was measured as described in the legend to Fig. 4. (B) GS phosphatase was measured by the dephosphorylation-
activation coupled assay as described in Materials and Methods. The results are expressed as the difference (D) between the GS 2/1 G-6P activity
ratios measured after 15 min of incubation of GS with tissue extract and that at zero time, normalized by protein concentration. Statistical
significance was assessed by Student’s t test (p, P , 0.05; pp, P , 0.01). The number of animals analyzed is indicated inside the bars.
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cle glycogen is the predominant fate of ingested glucose in
humans, at least under the conditions of hyperglycemic hyper-
insulinemic clamps, and that impaired glycogen synthesis cor-
relates with type 2 diabetes. They are also of the opinion that
glucose transport is the rate-limiting step for glycogen accu-
mulation, which is defective in the diabetic condition. The RGL

knockout mice, however, have normal basal and insulin-stim-
ulated glucose transport but reduced glycogen content sup-
porting the view that the glycogen-metabolizing enzymes play
critical roles in glycogen accumulation (8, 39). It will be inter-
esting to examine mouse models in which muscle glycogen
accumulation is completely defective or in which insuling sig-
naling to GS is specifically ablated. For example, genetic elim-
ination of the novel insulin-stimulated GS phosphatase de-
scribed in this work might achieve the latter goal.

Glucose is not being accumulated as excess fat, since lean
and fat masses as determined by dexascan are similar in wild-
type and RGL knockout mice, as is the respiratory quotient
(VCO2/VO2) over a 24-h period (data not shown). Liver gly-
cogen is not elevated, so the liver is not compensating. Since
food consumption is no different between wild-type and RGL

null animals, a simplistic question relates to the fate of the
ingested calories. However, the apparent paradox is minimized
if one considers that the caloric equivalent of the muscle gly-
cogen in the mouse is less than 2% of a daily ;15-kcal intake,
based on a glycogen content of 2.5 mg/g for a 25-g mouse.
Therefore, muscle glycogen in mice does not actually represent
a significant caloric reserve compared to food consumption.
Glycogen is continuously used for local contractile activity and
is replaced by incoming glucose, directly after meals, or indi-
rectly from the liver via glycogenolysis or gluconeogenesis dur-
ing fasting. The RGL null mutant mice appear to have a lower
glycogen set point, consistent with GS being inactivated and Ph
activated. As demonstrated by the normal basal and insulin-
stimulated 2-deoxyglucose uptake, glucose enters the cells nor-
mally and presumably is stored as glycogen. However, hyper-
active Ph may cause rapid degradation, resulting in a lower
steady-state glycogen concentration. Thus, insulin stimulation
promotes glucose uptake normally in the RGL knockout mice,
and the overall lower glycogen content is most likely due to the
altered activities of GS and/or Ph.

The studies with the RGL-deficient mice clearly show that
the muscle-specific PP1G, although important for basal glyco-
gen accumulation, is dispensable for insulin-induced activation
of GS. Together with our finding of an insulin-stimulated phos-
phatase both in the knockout and wild-type animals, there is
compelling evidence that an enzyme distinct from PP1G/RGL

is responsible for activation of GS. Thus, the mechanism of an
insulin-induced phosphorylation of RGL and activation of the
associated phosphatase can be discounted, consistent with a
recent report (63) that in rat skeletal muscle phosphorylation
of Ser48 is not increased in response to insulin. Furthermore,
since our initial communication (22) that GS was activated by
insulin in RGL-deficient mice, other reports argue against a
role for RGL in insulin control of glycogen metabolism (43, 66).
Our studies are not in agreement with the report that overex-
pression or depletion of RGL in L6 cells affected activation of
GS and glucose uptake by insulin (50). The observation that
neither insulin activation of GS nor basal or insulin-stimulated
glucose uptake is altered in the RGL null mice indicates that

PP1G is not involved in regulation of glucose transport. Ras-
mussen et al. (51) were also unable to reproduce the effect of
overexpressed RGL protein on glucose transport.

Recently it has been proposed that RGL acts as a scaffold
that binds both GS and C1 and that this association is required
for GS activation and for b-adrenergic control of GS (42). Our
animal studies show that activation of GS can occur in the
absence of RGL, indicating that association with RGL is not
essential for control of GS activity in vivo. Furthermore, even
in the RGL null mutant muscle, all the GS is still bound to
glycogen implying that RGL is not needed for this association.

The work presented suggests that a phosphatase distinct
from PP1G/RGL mediates insulin activation of GS. Although
the identity of this insulin-stimulated phosphatase is not
known, it is likely to be a novel enzyme. We can exclude the
possibility that it is a type 2A, 2B, or 2C enzyme, since it was
detected in the presence of 4 nM okadaic acid and 2 mM
EGTA, conditions that would inhibit the activity of those
forms. Preliminary data indicate that the phosphatase activity
was not detectable in the presence of 200 nM okadaic acid,
suggesting that it is a type 1 enzyme. Obvious candidates would
be enzymes containing the other two glycogen-binding sub-
units, PTG and R6. No regulatory mechanisms for these pro-
teins have been identified so far. Overexpression of PTG in-
creased both basal and insulin-stimulated GS activity (49).
However, we consider it unlikely that the insulin-stimulated
phosphatase activity we detected is associated with PTG or R6,
because their expression is not restricted to insulin-responsive
tissues. In addition and most importantly, insulin was shown to
stimulate the PTG phosphatase activity towards Ph (15),
whereas the insulin-stimulated phosphatase we identified ap-
pears to be specific for GS. Insulin does not affect phosphor-
ylase activity, consistent with the inability to detect stimulation
of phosphatase activity towards Ph (Fig. 9). Neither PTG nor
R6 functionally compensates for the loss of RGL, since loss of
RGL results in low basal muscle glycogen storage and PTG and
R6 protein levels are not upregulated in the knockout mice.
The implication is that the various glycogen-associated phos-
phatases are not redundant, even though PTG and R6 are
present in skeletal muscle at ;10% of the level of RGL (37,
60). Therefore, the insulin-stimulated protein phosphatase
may be a form of PP1, involving association of C1 with some
other regulatory subunit, either novel or already known in
some other context.

Several studies over the last few years have attempted to link
mutations in the human RGL (PPP1R3) gene with type 2 dia-
betes. However, the frequency of the initially reported poly-
morphism at codon 905 (29) was shown to be identical in
normal and diabetic populations. More recently, adenovirus-
mediated expression of Asp905 and Tyr905 human RGL in L6
cells indicated no differences in glycogen synthesis (51). An-
other substitution at codon 883 and a variant in an ATTTA
motif in the 39 untranslated region of the human RGL gene
have also been found (66). Polymorphisms in the ATTTA
element appear to correlate with lower expression of the pro-
tein, insulin resistance, and type 2 diabetes (65). At least on the
basis of our studies showing that mice lacking RGL are neither
diabetic nor insulin resistant, one might question whether sub-
tle modifications of the human protein would cause an aber-
rant phenotype. Most notably, the small reduction in the level
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of RGL observed in subjects carrying the ATTTA spacing poly-
morphism is unlikely to be responsible for the defective insulin
responses associated with diabetes. Similarly, it is not likely
that putative alterations of RGL function in the other coding
variants are critically involved in the etiology of type 2 diabetes.

If RGL is not required for insulin activation of GS or glucose
transport, a key question is whether it is involved in other
regulatory processes. Is it necessary or involved in the b-ad-
renergic control of glycogen metabolism? A main function of
glycogen in skeletal muscle is to provide fuel for contraction.
Since the glycogen content is extremely low in the RGL knock-
out mice, one can ask whether these animals will be able to
sustain exercise and whether RGL is involved in the neuronal
activation of GS, such as occurs during contraction and exer-
cise. RGL has also been proposed to control b-adrenergic-
induced phosphorylation of phospholamban in heart (45, 63).
Since this phosphorylation reduces the inhibitory effect of
phospholamban on the sarcoplasmic reticulum-associated
Ca21-ATPase (34), it may be that the RGL knockout mice have
an increased cardiac performance, a phenotype observed in the
phospholamban null mice (44). Work is in progress to address
these important and interesting questions.
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