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The p90 ribosomal S6 kinase (RSK), a cytosolic substrate for the extracellular signal-regulated kinase
(ERK), is involved in transcriptional regulation, and one isoform (RSK2) has been implicated in the activation
of glycogen synthase by insulin. To determine RSK2 function in vivo, mice lacking a functional rsk2 gene were
generated and studied in response to insulin and exercise, two potent stimulators of the ERK cascade in
skeletal muscle. RSK2 knockout (KO) mice weigh 10% less and are 14% shorter than wild-type (WT) mice.
They also have impaired learning and coordination. Hindlimb skeletal muscles were obtained from mice 10, 15,
or 30 min after insulin injection or immediately after strenuous treadmill exercise for 60 min. While insulin
and exercise significantly increased ERK phosphorylation in skeletal muscle from both WT and KO mice, the
increases were twofold greater in the KO animals. This occurred despite 27% lower ERK2 protein expression
in skeletal muscle of KO mice. KO mice had 18% less muscle glycogen in the fasted basal state, and insulin
increased glycogen synthase activity more in KO than WT mice. The enhanced insulin-stimulated increases in
ERK and glycogen synthase activities in KO mice were not associated with higher insulin receptor or with IRS1
tyrosine phosphorylation or with IRS1 binding to phosphatidylinositol 3-kinase. However, insulin-stimulated
serine phosphorylation of Akt was significantly higher in the KO animals. c-fos mRNA was increased similarly
in muscle from WT and KO mice in response to insulin (2.5-fold) and exercise (15-fold). In conclusion, RSK2
likely plays a major role in feedback inhibition of the ERK pathway in skeletal muscle. Furthermore, RSK2 is
not required for activation of muscle glycogen synthase by insulin but may indirectly modulate muscle glycogen
synthase activity and/or glycogen content by other mechanisms, possibly through regulation of Akt. RSK2

knockout mice may be a good animal model for the study of Coffin-Lowry syndrome.

The p90 ribosomal S6 kinase (RSK, or p90RS¥) was origi-
nally isolated from Xenopus oocytes, where it was found to
phosphorylate the S6 ribosomal subunit in vitro (17). Three
mammalian homologs of RSK (RSK1-, -2, and -3), each en-
coded by different genes, have now been cloned (25). These
proteins differ from most other protein kinases in that they
contain two distinct kinase domains (17). Phosphorylation of
RSK substrates is mediated by the N-terminal kinase domain,
although the presence of the C-terminal domain is necessary
for full activity (6). The C-terminal region contains an autoin-
hibitory a-helix domain, which prevents autophosphorylation
of RSK2 in the basal state (28). RSKs are activated by the
extracellular signal-regulated kinases (ERK1 and -2) in vitro
and in vivo (39), via phosphorylation on Ser**® and Thr*”” (13,
31). The RSK proteins associate with ERK via a short con-
served sequence in the extreme C-terminal region of the RSK
protein (39), and association with ERK has been shown to be
essential for insulin-mediated stimulation of RSK2 in vivo (30).
After phosphorylation by ERK, the C-terminal kinase domain

* Corresponding author. Mailing address: Research Division, Joslin
Diabetes Center, One Joslin Place, Boston, MA 02215. Phone: (617)
732-2573. Fax: (617) 732-2650. E-mail: laurie.goodyear@joslin.harvard
.edu.

81

autophosphorylates additional sites in the RSK2 molecule, re-
sulting in full activation of the N-terminal kinase domain (13,
31). Although initially thought to be an S6 kinase, more recent
studies have shown that the S6 protein is a poor substrate for
RSK in vivo (11, 26). Upon activation, RSK2 translocates to
the nucleus, where it may phosphorylate various nuclear pro-
teins such as c-Fos, Elk-1, histones, and cAMP-responsive
binding-element protein (CREB) (7, 14, 29, 35, 37).

Despite extensive investigation during the last decade, the in
vivo functions of RSK remain largely unknown. In the early
1990s, isolated RSK2 from insulin-stimulated rabbit skeletal
muscle was found to phosphorylate the G subunit of protein
phosphatase 1 (PP1G) in vitro, resulting in increased phospha-
tase activity toward regulatory phosphorylation sites on glyco-
gen synthase that are dephosphorylated in response to insulin
(15). Based on this study, RSK2 was initially believed to me-
diate the activation of glycogen synthase by activating PP1G,
although more recent studies have demonstrated that RSK2 is
not involved in regulating glycogen synthase activity in vivo (10,
22). In skeletal muscle, a tissue that expresses high levels of
RSK2, insulin and exercise have been shown to be potent
regulators of RSK2 activity (20, 40). Since these stimuli are
also important activators of gene transcription (19, 24, 27),
RSK2 signaling emerges as a likely candidate for transmitting
cytosolic signals to the nucleus in skeletal muscle.
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FIG. 1. Gene-targeting strategy. (A) Construction of targeting vec-
tor comprised of a plasmid containing a disrupted fragment (neo in-
sertion) of the RSK2 gene. This vector also comprises the herpes
simplex virus thymidine kinase (HSV-TK) gene cassette. H, HindIII;
X, Xhol; S, Sphl; E, EcoRI; K, Kpnl. (B) Products of HindIII restric-
tion fragments used for identification WT and KO mice by Southern
blotting. The WT genotype gives a 5.7-kb fragment and the targeted
gene results in a 9.6-kb fragment. (C) Southern blot using HindIII-
digested genomic DNA from WT and KO mice (both male and fe-
male). (D) Schematic drawing of the disrupted RSK2 protein showing
the two kinase domains.

C RSK2 Protein
Structure

To study RSK2 function in vivo, we generated RSK2 knock-
out (KO) mice by targeted disruption of the rsk2 gene. We
found that KO mice are approximately 10 to 15% smaller than
wild-type (WT) littermates and have defects in cognition and
coordination. Insulin increased glycogen synthase activity in
the skeletal muscle, demonstrating that RSK2 is not necessary
for stimulating glycogen synthesis with insulin. Treatment with
either insulin or exercise resulted in an elevated and prolonged
activation of ERK1 and ERK2 phosphorylation in the muscle
of KO mice, suggesting that RSK2 plays an important func-
tional role in feedback inhibition of ERK signaling in vivo.

MATERIALS AND METHODS

Generation of RSK2 KO mice. A section of the rsk2 gene (cloned from a 129
mouse library) encoding 31 amino acids of the N-terminal kinase domain was
substituted with a PGK-neomycin resistance gene neo cassette, resulting in mul-
tiple in-frame stop codons in the rsk2 gene. A herpes simplex virus thymidine
kinase cassette and parent plasmid sequences were also included in the vector
(Fig. 1A). The vector was electroporated into embryonic stem (ES) cells derived
from 129 mice followed by selection with G418 and I-131-2'-deoxy-2'-fluoro-b-
p-arabinofuranosyl-5-iodouracil (FIAU). Positive clones were identified by
Southern blotting, wherein the WT genotype gives a 5.7-kb HindIII restriction
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fragment and the targeted gene results in a 9.6-kb fragment (Fig. 1B). ES cells
carrying the altered rsk2 gene were microinjected into recipient blastocysts (from
C57BL mice). Blastocysts were then implanted into pseudopregnant mice, and
chimeric offspring were produced. Mice with a high degree of chimerism (esti-
mated based on coat color; brown for ES cell derived and black for C57BL
recipient cell-derived mice) were backcrossed with C57BL mice for three to five
generations. The RSK2 gene in humans and mice is localized on the tip of the X
chromosome (5). Male mice therefore only have one copy, while females have
two copies. Mice with the KO allele were identified by Southern blot of
HindlIII-digested genomic DNA obtained from tail biopsy (Fig. 1C). The dis-
rupted rsk2 gene in KO mice results in truncation of the RSK2 protein in the
N-terminal kinase domain (Fig. 1D). All mice used in this study were male
offspring of a female mouse heterozygous for the KO allele and a WT male
mouse. The male progeny of this mating were 50% KO and 50% WT, since the
rsk2 gene is located on the X chromosome (observations made during this study).
KO mice were identified by PCR amplification of a 300-bp segment of neo
(present only in KO mice) from DNA obtained from a tail biopsy. The genotype
of mice was later confirmed by immunoblotting muscle lysates for RSK2 protein
expression (see below).

Coordination, learning, and cognitive function. Twenty-week-old mice were
subjected to a coordination test in which they balanced on a rotating stick
(1.5-cm diameter, 15 rotations per min) for three trials lasting 60 s each. Testing
was repeated on 5 consecutive days, and the percentage of mice in each group
that completed all three trials successfully was recorded. To assess learning and
cognition, 10-week-old mice were placed on one side of a water-filled chamber
(55 by 45 cm) with a clear plastic platform submerged 1.5 cm under water on the
opposite side. The inner walls of the chamber were marked to provide spatial
orientation, and the animals were timed in their ability to locate the submerged
platform on three separate occasions.

Insulin and exercise treatments. For insulin-stimulated effects on ERK sig-
naling, glycogen synthase activity, and c-fos gene transcription, 9- to 18-week-old
mice were injected intraperitoneally (i.p.) with porcine insulin (0.05 U/g of body
weight [BW]), and control mice were injected with a corresponding volume of
saline. Mice were killed by cervical dislocation 10 or 30 min after injection, and
gastrocnemius, soleus, and quadriceps muscles were dissected, pooled, and quick
frozen in liquid N,. The gastrocnemius, soleus, and quadriceps muscles from one
leg were used for immunoblotting, and the same muscles from the other leg were
used for isolation of RNA. For studies of glycogen synthase, mice were anesthe-
tized with an i.p. injection of pentobarbital (90 mg/kg of BW) followed by i.p.
injection of porcine insulin (0.1 U/g of BW) or a corresponding volume of saline.
Mice were killed by cervical dislocation 15 min after insulin injection, and
extensor digitorum longus (EDL) muscles from both legs were pooled and used
for glycogen and glycogen synthase measurements. For exercise treatment, 25-
week-old mice were run on a motorized rodent treadmill for 60 min at 0.9 miles/h
up an 8% grade, while untreated littermates served as controls. Hindlimb mus-
cles were rapidly dissected and frozen as described for the insulin treatment.

Immunoblotting. Muscle was Polytron homogenized as previously described
(3). The protein concentrations of the homogenates were measured by the
Bradford method (8). Muscle proteins (100 pg) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes. Nitrocellulose was blocked in Tris-buffered saline
with either 5% milk or 5% bovine serum albumin and immunoblotted using
antibodies against RSK1 (1 wg/ml), RSK2 (3 wg/ml), RSK3 (1 wg/ml), ERK
(1:2,500), dually phosphorylated ERK (1:2,000), or Akt-phospho-Ser*”* (1:1,000).
The blots were then incubated with a donkey anti-rabbit immunoglobulin G
(IgG) antibody conjugated to horseradish peroxidase for 1 h at room tempera-
ture followed by enhanced chemiluminescence.

Immunoprecipitation. Muscle lysates were generated as described above, and
1 mg of protein was incubated with 10 pl of insulin receptor or IRS1 antiserum
overnight at 4°C. Immune complexes were precipitated with protein A conju-
gated to agarose beads and washed twice in ice-cold wash buffer (50 mM HEPES,
100 mM NaF, 2 mM Na;VO,, 1% Triton X-100). IRS1 immunoprecipitates were
separated by SDS-PAGE; the portion of membranes containing proteins greater
than 111 kDa was immunoblotted using a phosphotyrosine antibody, while the
portion containing smaller proteins was immunoblotted for the p85 subunit of
phosphatidylinositol 3-kinase. The insulin receptor immunoprecipitates were
immunoblotted for phosphotyrosine. Phosphotyrosine blots were incubated with
a rabbit anti-mouse secondary antibody. Bound antibody was detected by incu-
bating blots with '**I-labeled protein A for 1 h at room temperature followed by
exposure on a PhosphorImager screen (Molecular Dynamics, Sunnyvale, Calif.).

Glycogen synthase activity and muscle glycogen content. EDL muscle was
Polytron homogenized in 19 volumes of ice-cold glycogen synthase buffer (50
mM Tris [pH 7.8], 100 mM NaF, 5 mM EDTA), and glycogen synthase activity
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FIG. 2. (A) RSK2 tissue distribution in WT mice. Tissue lysates
(100 pg of protein) were separated by SDS-PAGE and immunoblotted
for RSK2. (B to D) RSK2, RSK1, and RSK3 content in WT and KO
mice, respectively. Muscle lysates (100 pg of protein) were separated
by SDS-PAGE and immunoblotted with antibody specific for either
RSK1 (B), RSK2 (C), or RSK3 (D).

was measured as described previously (32). Glycogen synthase activity was ex-
pressed as percent I form (enzyme activity without glucose-6-phosphate per
activity in presence of 6.7 mM glucose-6-phosphate). To measure glycogen con-
centrations in the muscle, homogenates from the glycogen synthase assay were
incubated in the presence of 2 N HCl for 2 h to hydrolyze glycogen (23). Acid was
neutralized with NaOH, and glucose was measured using the hexokinase glucose
assay reagent. Glycogen content was expressed as millimolar glycosyl units per
kilogram (wet weight) of muscle.

Northern blotting. RNA was isolated from mouse hindlimb muscle using
TriReagent (Molecular Research Center) according to the manufacturer’s pro-
tocol. Ten micrograms of total RNA was separated by electrophoresis on 1%
agarose—6.6% formaldehyde gels and transferred to nylon membranes in 10X
SSC (1x SSCis 0.15 M sodium chloride and 0.015 M sodium citrate) via capillary
action. Equal loading of RNA was confirmed by ethidium bromide staining of
gels. RNA was UV cross-linked to the membrane and prehybridized with non-
specific DNA for 3 h at 42°C. The blots were hybridized with a 3?P-labeled 1.8-kb
EcoRI fragment of the rat c-jun cDNA or a c-fos cDNA probe overnight at 42°C.
DNA probes were labeled with [3?P]JdCTP using a Multiprime DNA labeling kit
(Amersham Life Science, Arlington Heights, Ill.). Blots were washed and ex-
posed on a PhosphorImager screen (Molecular Dynamics).

Materials. Antibodies to phosphotyrosine (pY99), RSK1, and RSK3 were
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). The antibody for
ERK1/2 was purchased from Promega (San Luis Obispo, Calif.). The phos-
phospecific ERK antibody was from Quality Control Biochemicals (Hopkinton,
Mass.). The Ser*’? phosphospecific Akt antibody was from New England Biolabs
(Beverly, Mass.), and the p85 antibody was from Upstate Biotechnology (Lake
Placid, N.Y.). Antibodies to the insulin receptor and IRS1 were generously
provided by C. Ronald Kahn and Morris White (Joslin Diabetes Center). The
RSK2 antibody was generated by injecting rabbits with a synthetic peptide cor-
responding to amino acid residues 602 to 615 of mouse RSK2 followed by affinity
purification of antiserum with the same peptide. Donkey anti-rabbit IgG-horse-
radish peroxidase secondary antibody, enhanced chemiluminescence reagents,
and Multiprime DNA labeling kit were purchased from Amersham. Rabbit
anti-mouse IgG and protein A-agarose beads were purchased from Pierce Chem-
ical Company (Rockford, IlL.). '*I-labeled protein A was from ICN Pharmaceu-
ticals (Costa Mesa, Calif.). DNA probes for c-jun and c-fos were provided by
Robert Smith (Joslin Diabetes Center). [a->?P]dCTP and ['*CJUDP glucose
were purchased from New England Nuclear (Boston, Mass.). The hexokinase
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glucose assay reagent and all other chemicals and reagents were from Sigma
Chemical Co. (St. Louis, Mo.).

RESULTS

The tissue distribution of the RSK2 protein has not been
previously reported; therefore, we first determined the abun-
dance of the protein in numerous mouse tissues. Figure 2A
shows that RSK2 is expressed in multiple tissues in normal
mice, with highest levels of expression in fat, skeletal muscle,
spleen, lung, and kidney. To study the function of RSK2 in
skeletal muscle in vivo, we generated mice with targeted dis-
ruption of the rsk2 gene as described in Materials and Meth-
ods. The absence of the RSK2 protein in KO mice was con-
firmed by RSK2 immunoblotting of muscle lysates (Fig. 2B).
Since there are at least two other RSK isoforms in mammalian
tissues, we investigated whether the expression of either of
these proteins was altered in muscle from KO animals. As
shown in Fig. 2C and D, the expression levels of both RSK1
(320 = 26 versus 302 = 13 arbitrary units, n = 5) and RSK3
(116 = 10 versus 132 = 13 arbitrary units, n = 12) were similar
in skeletal muscle from WT and KO mice, respectively, sug-
gesting that overexpression of these other RSK isoforms does
not compensate for the lack of RSK2 in this tissue. KO mice
are 10% smaller and 14% shorter than WT mice (Table 1).

Mutations in the rsk2 gene that disrupt RSK2 activity cause
Coffin-Lowry syndrome in humans (33), and this is associated
with a severe form of mental retardation (38). Therefore, we
assessed possible defects in motor coordination, learning, and
cognition in KO mice. Coordination of the mice was assessed
over 5 days by testing whether the mice could remain on a
rotating stick for three 60-s trials. WT mice consistently dem-
onstrated a greater rate of trial completion during the 5-day
testing protocol (Fig. 3A). This suggests that KO animals have
poor coordination compared to their WT littermates. Learning
and cognition were tested by measuring the time it took mice
to find a clear plastic platform submerged 1.5 cm under the
water surface in a water-filled chamber. KO mice required
about seven times as much time as their WT littermates to find
the platform, indicating that they have an impaired learning
ability (Fig. 3B).

Muscle glycogen concentrations, measured in the fasted
state, were significantly lower in the KO mice (Table 1). We
next investigated whether the lack of RSK2 affected the activity
of glycogen synthase in response to insulin. Glycogen synthase
activity was measured in muscle taken from mice 15 min after
insulin injection, which represents the time of maximal activa-
tion of the enzyme in mouse skeletal muscle. Insulin increased

TABLE 1. Characteristics of mice studied

Mean = SD
Basal Glycogen synthase activity
Group glycogen (% 1 form)
Wt (g) L(ccr:‘%;h content

(mg/kg of Basal 15-min insulin

muscle) treatment

WT 267+04 876*0.12 232+09 18405 243=1.0°
KO 239*04¢ 755%0.15 19.0*12* 175*+12 315 *2.6"

“ P < 0.05 versus WT.
? P < (.02 versus basal.
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FIG. 3. Coordination and cognitive functioning of WT and KO
mice. (A) Twenty-week-old WT (n = 22) and KO (n = 22) mice were
subjected to a coordination test as described in the text. (B) Ten-week-
old WT (n = 5) and KO (n = 5) mice were placed in a water-filled
chamber and timed in their ability locate a submerged platform on the
opposite side. Data are presented as mean * standard error swim
times from three separate experiments. *, P < 0.05 versus WT.

glycogen synthase activity more robustly in the KO mice than
in WT mice (Table 1). There was no difference in basal glyco-
gen synthase activity between groups, despite basal glycogen
levels being 18% lower in the KO mice. The greater insulin-
stimulated glycogen synthase activity was probably responsible
for increasing muscle glycogen content to similar levels in KO
and WT mice after 30 min of insulin treatment (data not
shown).

Akt has been suggested to play a role in the activation of
glycogen synthesis through its phosphorylation and inactiva-
tion of glycogen synthase kinase 3 (GSK3) (12, 34). Akt itself
is activated by phosphorylation on both Thr’*® and Ser*”? (1),
and we have confirmed that phosphorylation of Akt on Ser*”?
closely follows activation of its kinase activity in mouse skeletal
muscle (7* = 0.9; P < 0.0001). To test whether the increased
insulin-stimulated glycogen synthase activity in the KO mice
was associated with greater activation of Akt, we immunoblot-
ted muscle lysates from WT and KO animals with an antibody
specific for Akt Ser*’® phosphorylation. There was minimal
Akt Ser*”® phosphorylation in the basal state of both groups of
mice, while the phosphorylation was 28% greater in the KO
mice with 10 min of insulin treatment (Fig. 4).

We next assessed ERK activity by immunoblotting muscle
lysates with an antibody specific for the dually phosphorylated
forms of ERK1 and ERK2. Insulin caused a transient phos-
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phorylation of ERK in the WT mice, with peak phosphoryla-
tion occurring 10 min after insulin injection (Fig. 5SA to C).
Surprisingly, ERK phosphorylation was significantly greater in
the KO than in the WT mice in the basal and insulin-stimu-
lated states. Furthermore, insulin resulted in sustained phos-
phorylation of both ERK isoforms in the KO animals. The
greater ERK phosphorylation observed in the KO mice oc-
curred despite lower ERK2 protein expression in these animals
(0.69 = 0.06 versus 0.94 = 0.06; n = 8 per group; P < 0.01
versus WT), whereas ERKI1 levels were not different between
groups (Fig. 5D). These data suggest that RSK2 may be in-
volved in feedback inhibition of the ERK pathway in response
to insulin treatment.

We next explored whether the increased stimulation of gly-
cogen synthase, ERK, and Akt by insulin in KO mice was due
to increased signaling events proximal to the insulin receptor.
To test this hypothesis, we immunoprecipitated the insulin
receptor from muscle lysates and immunoblotted with a phos-
photyrosine antibody. We found 10-fold stimulation of insulin
receptor tyrosine phosphorylation in both WT and KO mice
and no differences in basal levels of insulin receptor phosphor-
ylation (data not shown). We also determined whether IRS1
signaling was altered in response to insulin in the KO animals.
Muscle lysates were immunoprecipitated with IRS1 antibod-
ies, and the immunocomplexes were immunoblotted using
antibodies against phosphotyrosine and the p85 subunit of
phosphatidylinositol 3-kinase (data not shown). In both animal
groups, insulin treatment resulted in similar increases in IRS1
tyrosine phosphorylation (5-fold above basal) and IRS1-p85
association (4.5-fold above basal) and no changes in basal
levels between KO and WT mice (data not shown). These data
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FIG. 4. Akt Ser*”® phosphorylation. Muscle lysates (100 g of pro-
tein) were separated by SDS-PAGE and immunoblotted using an
antibody specific for Akt only when it is phosphorylated on Ser*’?, and
bands were quantitated by densitometry. (A) Representative immuno-
blot of muscle lysates from KO (n = 4) and WT (n = 5) mice under
basal conditions (lane B) and 10 min after insulin injection (lane 10").
No phosphorylated Akt was detected in basal samples from either
group. (B) Quantitation of bands from mice following insulin treat-
ment. A 28% greater insulin-stimulated Akt phosphorylation was ob-
served in lysates from KO mice (¥, P < 0.02 versus WT). Unpaired ¢
tests were used for comparisons between groups.
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FIG. 5. Insulin-simulated ERK phosphorylation and ERK expres-
sion. Muscle lysates (100 g of protein) were separated by SDS-PAGE
and immunoblotted with an antibody specific for ERK1 and ERK2
phosphorylated on both tyrosine and threonine residues. (A) Repre-
sentative immunoblot of muscle lysates from basal (lane B) and insu-
lin-injected (10 and 30 min) KO and WT mice using phosphospecific
ERK antibody. (B) Quantitation of multiple ERK1 bands by densi-
tometry. (C) Quantitation of multiple ERK2 samples by densitometry.
n = 5to 16 per group. (D) Representative immunoblot demonstrating
ERK expression. Muscle lysates were immunoblotted using an anti-
body that recognizes ERK regardless of its phosphorylation state. *,
P < 0.001 versus basal; #, P < 0.05 versus WT. Unpaired ¢ tests were
used for comparisons between groups.

demonstrate that increased activation of these proximal steps
in insulin signaling are not responsible for the increased insu-
lin-stimulated ERK, Akt, and glycogen synthase activity in KO
mice.

Since RSK2 has been implicated in the regulation of imme-
diate-early genes, we tested insulin-stimulated induction of
c-fos mRNA expression in skeletal muscle from WT and KO
mice. RNA was isolated from muscle of WT and KO animals
30 min after injection of insulin or saline, and c-fos mRNA was
measured by Northern blot analysis. We found similar two- to
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threefold increases in c-fos mRNA in both WT and KO ani-
mals (data not shown). Thus, RSK2 is not necessary for insulin-
stimulated increases in c-fos mRNA concentrations in skeletal
muscle in vivo. RSK2 has also been implicated in growth fac-
tor-induced phosphorylation of CREB (37). We measured
CREB phosphorylation in muscle lysates using an antibody
specific for CREB Ser'** phosphorylation and found that
CREB phosphorylation was not regulated by insulin treatment
in either group at either the 10- or 30-min time point (data not
shown). Absolute CREB phosphorylation levels were not dif-
ferent between the two groups.

Exercise, another potent stimulator of ERK and RSK2 ac-
tivity (4, 20), also regulates glycogen metabolism and immedi-
ate-early gene transcription in skeletal muscle (36). To study
the effects of RSK2 ablation in exercising muscle, we had mice
complete 60 min of strenuous treadmill running exercise. Ex-
ercise caused a 27% decrease in glycogen levels in both WT
and KO mice (data not shown), suggesting similar workload
levels for the two groups of animals. Exercise increased ERK
phosphorylation in both WT and KO mice (Fig. 6); however, as
with insulin treatment, exercise-stimulated ERK phosphoryla-

A.
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ERK1 Phosphorylation
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FIG. 6. Exercise-stimulated ERK phosphorylation. Muscle lysates
(100 pg of protein) were immunoblotted using a phosphospecific an-
tibody specific for ERK1 and ERK2 phosphorylated on both tyrosine
and threonine residues. (A) Representative immunoblot of muscle
lysates. Lanes: B, basal; Ex, after exercise. (B and C) Quantitation of
multiple bands. n = 3 to 12 per group. *, P < 0.03 versus basal; #, P <
0.02 versus WT. Unpaired ¢ tests were used for comparisons between
groups.
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tion was markedly higher in the KO animals. To determine if
RSK2 is necessary for exercise-induced increases in c-fos and
c-jun gene transcription, we performed Northern blot analysis
of RNA isolated from exercised muscle. Exercise induced a
14-fold increase in c-fos mRNA and a 1.5-fold increase in c-jun
mRNA in both WT and KO mice. These data demonstrate that
RSK?2 is not necessary for exercise-induced increases in c-fos
and c-jun mRNA in vivo. CREB phosphorylation was not al-
tered by exercise in either group (data not shown).

DISCUSSION

A striking characteristic of the RSK2 KO mice is the higher
and more sustained phosphorylation of ERK1 and ERK2 in
response to both exercise and insulin. One hour of treadmill
running exercise induced a twofold higher ERK phosphoryla-
tion in the KO mice than in WT littermates. Insulin induced a
transient phosphorylation of these kinases, with a peak at 10
min in the WT mice, whereas the KO mice displayed a more
pronounced ERK phosphorylation at 10 min which did not
decrease by 30 min after insulin injection. In addition to sus-
tained activation, the KO animals also have higher specific
ERK phosphorylation both in the basal state and after insulin
treatment. This strongly suggests that RSK2 plays a role in
regulation of ERK signaling upstream of RSK2. We have not
yet determined the mechanism by which lack of RSK2 results
in increased ERK activation. One possibility is increased ex-
pression and/or activity of an ERK phosphatase, since the
ERK pathway itself can increase the expression of certain ERK
phosphatases (9). If ERK accomplishes this through activation
of RSK, the KO mice would be expected to have lower expres-
sion of these phosphatases and thus higher ERK phosphory-
lation. There is also evidence that RSK2 may normally play a
role in feedback inhibition of the ERK pathway at an upstream
step. For instance, RSK2 has been shown to phosphorylate the
guanine nucleotide exchange factor SOS in cells after growth
factor stimulation (16). This causes dissociation of SOS from
Grb2, leading to decreased activation of Ras and thus ERK
(16).

The KO mice had a greater increase in glycogen synthase
activity following insulin treatment compared to WT animals.
These results are consistent with in vivo studies of RSK2 and
glycogen metabolism where RSK2 activity was found to be
dissociated from glycogen synthase activity (10, 22). The en-
hanced insulin-stimulated Akt activity in the KO mice may be
responsible for the greater insulin-stimulated glycogen syn-
thase activity in these animals since Akt is known to deactivate
GSK3 (12), which would result in less phosphorylation of gly-
cogen synthase (34). RSK2 has recently been reported to bind
to PDKI1 (18), a kinase that is responsible for phosphorylating
and activating Akt (2). Since the KO mice have no RSK2 to
bind PDK1, more of this kinase might be available to activate
Akt. This mechanism could explain the modest but significant
elevation of Akt phosphorylation we observed after insulin
stimulation in the KO mice.

RSK2 has also been implicated in the regulation of imme-
diate early genes such as c-fos and phosphorylation of the
transcription factor CREB. Our data suggest that RSK2 is not
necessary for either of these processes in skeletal muscle in
vivo in response to insulin and exercise. However, our data
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cannot rule out a role for RSK2 in the induction of c-fos gene
transcription by other factors in muscle or other tissues. Since
ERK itself is known to translocate to the nucleus and activate
various immediate-early genes including c-fos, it is possible
that the hyperactivation of ERK in the KO mice may compen-
sate for lack of RSK2 in the muscle of these animals.

In humans, mutations in the 7sk2 gene that result in disrup-
tion of kinase activity have been shown to cause Coffin-Lowry
syndrome (33). This disorder is a severe form of mental retar-
dation that is usually accompanied by facial and digital dimor-
phisms, as well as progressive skeletal deformations (38). In
the present study we observed that KO mice have impaired
learning and cognitive functions as well as poor coordination
compared to WT littermates. Therefore, RSK2 seems to have
similar roles in mental functioning both in mice and humans.
However, these deficits were not severe enough to be observed
without specific testing. Aside from their smaller size, the phys-
ical appearance of the RSK2 KO mice is normal up to at least
36 weeks of age.

In conclusion, RSK2 is not required for insulin- and exer-
cise-stimulated c-fos and c-jun gene transcription or for in-
creasing glycogen synthesis with insulin in skeletal muscle in
vivo. Our findings strongly suggest that RSK2 plays an impor-
tant role in feedback inhibition of the ERK signaling cascade
in skeletal muscle. Lack of RSK2 in mice results in coordina-
tion, learning, and cognitive deficits. RSK2 null mice could
provide a valuable model for studying Coffin-Lowry syndrome
and will be an important tool for further studies of RSK2
function in vivo.
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