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LKBI1 is a tumor suppressor that may also be fundamental to cell metabolism, since LKB1 phosphorylates
and activates the energy sensing enzyme AMPK. We generated muscle-specific LKB1 knockout (MLKB1KO)
mice, and surprisingly, found that a lack of LKB1 in skeletal muscle enhanced insulin sensitivity, as evidenced
by decreased fasting glucose and insulin concentrations, improved glucose tolerance, increased muscle glucose
uptake in vivo, and increased glucose utilization during a hyperinsulinemic-euglycemic clamp. MLKB1KO
mice had increased insulin-stimulated Akt phosphorylation and a >80% decrease in muscle expression of
TRB3, a recently identified Akt inhibitor. Akt/TRB3 binding was present in skeletal muscle, and overexpression
of TRB3 in C2C12 myoblasts significantly reduced Akt phosphorylation. These results demonstrate that
skeletal muscle LKB1 is a negative regulator of insulin sensitivity and glucose homeostasis. LKB1-mediated
TRB3 expression provides a novel link between LKB1 and Akt, critical kinases involved in both tumor genesis

and cell metabolism.

LKBI is a serine/threonine kinase that links a diverse array
of cellular processes, including cancer, cellular polarity, and
metabolism. Originally identified as the tumor suppressor pro-
tein mutated in Peutz-Jeghers syndrome (17, 21), LKB1 has
since been shown to regulate polarity in a number of systems,
including Caenorhabditis elegans (48), Drosophila melanogaster
(28), Xenopus (33), and mammalian cells (3). Biochemically,
LBK1 can phosphorylate and activate at least 13 members of
the AMP-activated protein kinase (AMPK) subfamily of pro-
tein kinases (20, 27) when associated with two regulatory pro-
teins essential for catalytic activity, STE20-related adapter pro-
tein and mouse protein 25 (MO25) (15). AMPK, the most
studied of LKB1’s downstream substrates, is a conserved
serine/threonine kinase that functions in the regulation of en-
ergy metabolism (16, 18, 29). Studies with cell culture (15, 40,
51) or conditional knockouts of LKB1 in skeletal muscle (38),
cardiac muscle (39), or liver (41) have found that LKB1 reg-
ulates AMPK activity both in vitro and in vivo. Other than
AMPK and the microtubule affinity-regulating kinase
(MARK) proteins, which have been implicated in the control
of cellular polarity (9), relatively little is known about the
function of the AMPK-related kinases. The well-established
role of AMPK in metabolism, however, directly implicates
LKBI1 in the maintenance of energy balance.

The protein kinase Akt functions both in the control of cell
proliferation and as a critical node in insulin signaling, appear-
ing to mediate most of the metabolic effects of insulin (44). Akt
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is activated by phosphorylation of Thr™"® within the T loop of
the catalytic domain and Ser*’?, located in a C-terminal, non-
catalytic region of the enzyme (1). A mammalian homolog of
D. melanogaster tribbles, TRB3, was recently identified as a
negative regulator of Akt activity in human embryonic kidney
293 (HEK293) cells and mouse liver (10). In HEK293 cells and
liver, TRB3 binds Akt and inhibits insulin-stimulated Akt
phosphorylation on Thr*® and Ser*’®. However, the function
of TRB3 on Akt activity in skeletal muscle has not been stud-
ied. While the regulation of TRB3 is not fully understood, a
recent study found that PGCla induces the expression of
TRB3 in a PPARa-dependent manner in the liver (25).

In this study, we have examined the role of LKB1 in skeletal
muscle by creating skeletal muscle-specific LKB1 knockout
mice. Mice lacking LKBI in skeletal muscle (MLKB1KO)
showed lower fasting blood glucose and serum insulin levels,
improved glucose tolerance, and enhanced insulin-stimulated
glucose uptake and insulin signaling. In exploring the mecha-
nisms underlying the observed enhancement of insulin signal-
ing, we found that PGCla, PPARa, and TRB3 were signifi-
cantly decreased in muscle from MLKB1KO mice. Furthermore,
overexpression of TRB3 in C2C12 myoblasts resulted in blunted
insulin-stimulated Akt phosphorylation, establishing that TRB3
inhibits insulin-stimulated Akt phosphorylation in skeletal muscle
cells. This unexpected role for skeletal muscle LKB1 in the neg-
ative regulation of glucose homeostasis contrasts with the positive
function of LKBL1 in the regulation of glucose homeostasis in the
liver (41) and points to tissue-specific roles for LKBI.

MATERIALS AND METHODS

Animals. Mice carrying a floxed LKB1 gene on the FVB background (4) were
crossed with MCK-Cre transgenic mice on the FVB background (6). The floxed
LKB1 and MCK-Cre genotypes were determined by PCR analysis of genomic
DNA extracted from the tail (4, 6). Ten- to twelve-week-old mice were used for
all experiments. Males were used for glucose uptake and transport studies,
whereas males and females were used for all other experiments with no differ-
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FIG. 1. High-efficiency ablation of the LKB1 protein selectively in skeletal muscle. (A) LKB1 expression was not significantly altered for
wild-type (WT) mice compared to that for mice harboring one (lox/+) or two (lox/lox) alleles in gastrocnemius muscle lysates. Heterozygotes
(+/—) showed approximately 50% of control LKB1 expression, while MLKB1KO (—/—) mice showed nearly complete loss of LKB1 expression.
(B) LKBI activity was assessed in an in vitro kinase activity assay using LKB1tide as the substrate. Consistent with protein data, +/— and —/—
animals showed reduced LKB1 activity compared to controls. (C and D) Muscles from MLKB1KO animals (—/—) show nearly complete depletion
of the LKB1 protein (C), while expression is not affected in nonmuscle tissue (D). Gastroc, gastrocnemius; TA, tibialis anterior; Sol, soleus. Data
are means = SEM; n = 3 to 6/group. *, P < 0.05; *%*, P < (0.001 versus control results (+/+).

ences between sexes. Experiments were in accordance with NIH guidelines and
approved by the Joslin Institutional Animal Care and Use Committee.

Analytical procedures. Mice were killed via decapitation and exsanguinated.
Serum free fatty acid, insulin, and adiponectin were measured with a NEFA-C
kit (Wako), radioimmunoassay (Linco), and enzyme-linked immunosorbent as-
say (Linco), respectively. Triglycerides, total cholesterol, and glycogen were
determined using kit assays (Sigma).

Western blot analysis and in vitro kinase assays. Following sacrifice, tissues
were rapidly dissected, frozen in liquid nitrogen, and homogenized as previously
described (12). Antibody for TRB3 was raised against the human TRB3 anti-
genic region 27-40: TERPVQKRARSGPQ. Antibodies purchased from com-
mercial sources included those for LKB1 and PPAR« (Santa Cruz); GLUT1 and
GLUT4 (Chemicon); AMPKal, AMPKB2, acetyl-coenzyme A carboxylase
(ACC), MARK?2/3, Akt, and P-ACC-Ser”® (Upstate); insulin receptor § subunit,
MARKY, P-Akt-Thr%, P-Akt-Ser*’, and P-AMPK-Thr!”? (Cell Signaling); and
PGCla (Calbiochem); horseradish peroxidase (HRP)-conjugated antirabbit
(Amersham); HRP-conjugated antimouse (Upstate); and HRP-conjugated an-
tigoat (Promega). Antibodies to AMPKa2, y3, and pan-o were generated in our
laboratory (31, 53). Isoform-specific AMPK (31), MARK2/3, MARK4 (36), and
Akt (37) activities were determined as described previously. We were unable to
measure QIK and QSK activities due to an inability to obtain suitable antibodies.

In vitro muscle incubations. Mice were sacrificed, and soleus and exterior
digitorum longus (EDL) muscles were dissected, mounted, and incubated in
Krebs-Ringer bicarbonate buffer (KRB), pH 7.4, containing 2 mM pyruvate for
20 min. Following preincubation, muscles were incubated in KRB buffer in the
presence or absence of 2 mM 5-aminoimidazole-4-carboxamide-1-B-p-ribofux-
onoside (AICAR) for 20 min or contracted for 10 min, and glucose transport
activity was measured (16).

Recombinant adenoviruses and infection in C2C12 cells. Adenoviral vectors
containing green fluorescent protein (GFP) or human TRB3 were cloned into
the pCMV6-XL5 vector. An adenovirus expressing GFP was used to monitor
viral infection efficiency and was used as a control. After 2 days of differentiation,
C2C12 cells were infected by adenoviruses with 1.25 X 107 PFU/9.7 cm? well.

Metabolic parameters. Fasted (14 h) or fed mice were subjected to a glucose
tolerance test (GTT) and AICAR tolerance test, respectively. Mice received
glucose (2 g/kg of body weight) or AICAR (0.5 g/kg) by intraperitoneal injection.
Blood was collected from the tail, and the glucose concentration was determined
with a One Touch II glucose monitor (Lifescan). Muscle glucose uptake in vivo
was determined as described previously (47). Blood samples (25 pl) for the
measurement of glucose and specific activities were obtained from the tail vein
at 0, 20, 40, 60, 90, and 120 min. Accumulation of 3H—2—de0xyg1ucose—6-P
in muscle was measured to determine glucose uptake (11). To determine D-
[**C(U)]glucose incorporation into glycogen, an aliquot of the muscle digestate
was processed as described previously (8). To determine basal and insulin-
stimulated rates of glucose disposal, 5-mU/kg/min hyperinsulinemic-euglycemic
clamps were performed as described previously (32).

Statistical analysis. Data are means *+ standard errors of the means (SEM)
All data were compared using Student’s ¢ test or one-way ANOVA. The differ-
ences between groups were considered significant when P < 0.05.

RESULTS

Generation of MLKB1KO mice. Muscle-specific inactivation
of LKB1 was achieved by breeding mice carrying an LKBI1
allele in which exons 2 to 6 were flanked by loxP sequences (4)
with MCK-Cre transgenic mice (6). While whole-body LKB1
knockout mice are embryonic lethal (52), MLKB1KO mice
were fertile and were born in the expected Mendelian ratio.
Throughout our characterization, we did not observe any sig-
nificant phenotypic or metabolic differences between wild-type
mice and mice harboring the MCK-Cre transgene or mice
homo- or heterozygous for the LKBI-lox allele, including
LKBI protein levels and kinase activity (Fig. 1A and B).
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To validate muscle-specific knockout of LKB1, we immuno-
blotted lysates of multiple tissues from 10-week-old control
mice, heterozygotes, and MLKB1KO mice. Compared with
controls, LKB1 expression was reduced by 50% and 95% in
multiple skeletal muscles from heterozygotes and MLKB1KO
mice, respectively (Fig. 1C). LKB1 expression was also reduced
by ~70% in heart but unaltered in nonmuscle tissues (Fig.
1D), indicating that muscle-specific knockout of LKB1 was
both successful and specific to muscle. Protein levels of MO25,
an LKBI1 regulatory protein, were not different among the
genotypes (not shown).

Effects of LKB1 disruption on AMPK and MARK activities.
In skeletal muscle, both the al and a2 catalytic isoforms of
AMPK are expressed, with a2 expression and activity consid-
ered predominant (42). For MLKB1KO mice, basal AMPKa2
but not al activity was reduced to extremely low levels in
multiple skeletal muscle tissues (see Fig. SIA and B in the
supplemental material). AICAR- and contraction-stimulated
AMPKa2, but not al, activity was fully blunted for the
MLKBI1KO mice and was not significantly decreased for the
heterozygotes (see Fig. SIC to F in the supplemental material).
AICAR and contraction increased AMPKal activity in all
groups, but the increase in AMPKal activity in response to
contraction was significantly lower for MLKB1KO mice (see
Fig. SIF in the supplemental material). Alterations of AMPKal
activity with contraction in soleus were similar to results in EDL
muscle (not shown). Furthermore, for MLKB1KO mice, AMPK
Thr'”? phosphorylation was abolished in the basal state and with
AICAR or contraction stimulation, with no significant change in
heterozygotes (see Fig. S2A and C in the supplemental material).
For MLKB1KO mice, AICAR and contraction increased Ser’®
phosphorylation of the AMPK substrate ACC, but this level of
phosphorylation was reduced by greater than 85% and 75%,
respectively, compared to results with controls (see Fig. S2B and
D in the supplemental material). These data indicate that LKB1
is the major upstream kinase for the AMPKa?2 catalytic subunit
under both basal and stimulated conditions and that disruption of
LKBI dramatically suppresses ACC phosphorylation.

We next immunoprecipitated AMPKal and measured
Thr'”? phosphorylation from contraction- and AICAR-stim-
ulated muscle lysates. We detected Thr'”? phosphorylation
in the AMPKal immunoprecipitates, but levels in the
MLKBI1KO muscles were lower than those for controls in the
basal, AICAR, and contraction-stimulated states (see Fig. S2E
and F in the supplemental material), suggesting that AMPKa1
activity is maintained despite reductions in Thr'”? phosphory-
lation.

Previous reports have shown that changes in AMPK activity
can influence the relative expression of AMPK subunits (23).
In gastrocnemius muscle from MLKB1KO mice, AMPKal
expression was not significantly altered (see Fig. S3 in the
supplemental material), consistent with unaltered basal AMPK
al activity (see Fig. S1B in the supplemental material). How-
ever, the AMPKa2, -2, and -y3 proteins were significantly
increased for MLKB1KO mice (see Fig. S3 in the supplemen-
tal material).

MARK proteins have been identified as members of the
AMPK-related family of kinases and are substrates for LKB1
in cultured cell systems. MARK2/3 activity was not reduced for
heterozygote or MLKB1KO mice (see Fig. S4A in the supple-
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mental material). In contrast, MARK4 activity was significantly
reduced by 50% for the MLKB1KO mice (see Fig. S4B in the
supplemental material).

Physiological effects of muscle-specific LKB1 disruption.
Body weights for male MLKB1KO and heterozygote mice
were not significantly different except at week 9, where weights
of MLKB1KO and heterozygotes were lower than those of
controls (Fig. 2A). Body weights of female mice were unal-
tered between MLKBIKO mice and heterozygotes (not
shown). Weights of multiple nonskeletal muscle tissues were
not different, and dual-energy X-ray absorbometry scans re-
vealed no difference in body fat percentages and body lengths
(not shown).

AICAR increases glucose transport in skeletal muscle, an
effect that is mediated by the a2 AMPK catalytic isoform (23,
46). Since MLKB1KO mice have ablated AICAR-stimulated
AMPKa?2 activity (see Fig. S1C in the supplemental material),
we determined if LKBI1 is necessary for AICAR-stimulated
whole-body glucose disposal in vivo. While AICAR signifi-
cantly reduced blood glucose concentrations for controls and
heterozygotes, the hypoglycemic effects of AICAR were
blunted for MLKB1KO mice (Fig. 2B), demonstrating whole-
body AICAR resistance.

Since LKB1 and AMPK have been implicated in the regu-
lation of glycogen metabolism (2, 49), we next assessed glyco-
gen concentrations in multiple skeletal muscles. Under fed
conditions, glycogen concentrations in the gastrocnemius and
tibialis anterior muscles were lower for MLKB1KO mice than
for controls (Fig. 2C), and these effects were more pronounced
with fasting (Fig. 2D). There was no difference in the liver
glycogen concentration among the genotypes (not shown).
Given the critical role that ACC plays in fatty acid oxidation
and our findings of significantly decreased ACC phosphoryla-
tion in MLKB1KO muscle, we also assessed tissue triglyceride
content. Intramuscular triglyceride content for MLKB1KO
mice was higher than that for controls (13.8 * 3.6 versus 6.1 *
1.3 pg/mg tissue; n = 5; P < 0.05), while triglycerides in liver
and adipose tissue were not altered (not shown). Expression of
GLUT1 and GLUT4, the major glucose transporter isoforms
expressed in skeletal muscle, was not altered (not shown).

In the fed or fasted state, serum concentrations of leptin,
free fatty acids, adiponectin, triglycerides, and cholesterol were
not significantly different among the genotypes (see Table S1
in the supplemental material). Fed-state serum glucose and
insulin concentrations were also not altered for MLKB1KO
mice or heterozygotes (not shown). However, under fasting
conditions, both glucose and insulin concentrations were signifi-
cantly decreased for MLKB1KO animals but not for heterozy-
gotes (Fig. 2E). A standard GTT in the fasted state showed an
accelerated glucose disposal for MLKB1KO mice, with no
effect in heterozygotes (Fig. 2F). Thus, LKB1 depletion in
skeletal muscle results in increased insulin sensitivity and im-
proved control of glucose homeostasis.

Insulin-stimulated glucose uptake is enhanced in MLKB1KO
mice. To determine if the improved glucose tolerance is due to
increased glucose disposal in skeletal muscle, we measured
skeletal muscle glucose uptake and glycogen incorporation in
vivo 2 h following an intraperitoneal (i.p.) injection of radio-
labeled glucose at the same dose administered during the GTT.
Thirty minutes after glucose administration, MLKBIKO mice



8220 KOH ET AL.
A
40 +
35 +
GRS
E
? 25 +
3
3
3 20 T
[i7]
15 +
10 t t t t t t 1
5 7 9 1 13 15 17 19
Age (weeks)
Cc
p=0.07
E
£v
§o
SE
>0
©E r
s £
Q
w L
1 ]
O+ 4  we w
Gastroc TA
E
120 k% * 0.8
i 100 ** 0.7
£ 063
o 80 <
e 0.5 5
g 60 043
2 @
o —
- 40 0.3 ?L
S 2 02C
o 0.1
0 0
++ - - +H+ H- -
Fasting Blood Fasting Serum

Glucose Insulin

MoL. CELL. BIOL.

W
B

o

,

- -
(= N
o o
»

(=2} [=]
o o
; s
y t

Relative blood glucose (%)
-y
=)

N
o
;

y

o

0 10 20 30 40 50 60
Time after injection (min)

Fasted glycogen content
(nmol/mg tissue)

e H- - e - o

Gastroc TA

- 5

8 —0— +-
o 100 4 o=

ek

0 30 60 90 120
Time after injection
(min)

FIG. 2. MLKB1KO mice are AICAR intolerant and have lower skeletal muscle glycogen content and improved whole-body glucose homeosta-
sis. (A) Body weights of male mice (n = 5 to 10/group) were tracked for 12 weeks, beginning at 6 weeks of age. (B) Mice were injected i.p. with
AICAR (0.5 g/kg), and blood from the tail vein was used to measure glucose. (C and D) Gastrocnemius (gastroc) and tibialis anterior (TA) muscles
were dissected from fed (C) and 14-h-fasted (D) mice and assayed for glycogen. (E) Fasting blood glucose and serum insulin concentrations were
lower in MLKB1KO. (F) Mice were injected i.p. with glucose (2 g/kg), and blood from the tail vein used to measure glucose. For panels B to F,
data are means = SEM; n = 5 to 12/group. , P < 0.05; **, P < 0.01; #*%, P < 0.001 versus results with corresponding +/+ mice.

showed significantly lower serum insulin levels than control
mice (1.31 = 0.07 versus 1.59 = 0.15 ng/ml; n = 6; P < 0.05).
Consistent with the improved glucose tolerance, muscle glu-
cose uptake was 2.7-fold higher for MLKB1KO mice (Fig.
3A), and incorporation of p-[**C(U)]glucose into glycogen was
4.6-fold higher for MLKB1KO mice (Fig. 3B). We also as-
sessed whole-body glucose homeostasis by hyperinsulinemic-
euglycemic clamp. Basal rates of glucose utilization for
MLKB1KO mice were not significantly different from those
for controls (25.7 = 1.6 versus 22.6 * 1.6 mg/kg/min for
MKLBI1KO and controls, respectively; n = 5 to 7). The rate of
glucose utilization during physiological hyperinsulinemia was

43% higher for MLKB1KO mice than for controls (Fig. 3C).
At this insulin infusion rate, hepatic glucose production was
completely suppressed (not shown). Taken together, these
data suggest that MLKB1KO mice have increased insulin sen-
sitivity and improved glucose homeostasis, presumably by in-
creased glucose uptake into muscle.

We next isolated EDL and soleus muscles and measured
glucose transport in vitro. Basal rates of glucose transport for
MLKB1KO mice were decreased by 45% in EDL muscles (Fig.
3D). Low basal rates of glucose transport may result from
impaired hypoxia-stimulated glucose transport in the absence
of AMPKoa2 activity (30), since muscle incubation can cause a
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FIG. 3. MLKBI1KO mice have improved skeletal muscle glucose uptake in vivo and in vitro. (A and B) Mice were injected i.p. with glucose (2 g/kg)
containing *H-2-deoxyglucose and D-['*C(U)]glucose as radioactive tracers and followed for 2 h. Tibialis anterior muscles were processed and assayed
for glucose uptake (A) and glycogen incorporation (B). (C) Glucose disposal rate before and during the hyperinsulinemic-euglycemic clamp (5
mU/kg/min). EDL (D and E) or soleus (F and G) muscles were dissected and incubated in the absence of insulin or with submaximal (450 wU/ml)
(Submax) or maximal (50 mU/ml) (Max) insulin. (D) Basal glucose transport was decreased and insulin-stimulated glucose transport was normal in the
EDL. (E) Expressed as an increase above the basal, level, submaximal insulin-stimulated transport was significantly greater in EDL muscle from
MLKBI1KO mice. (F and G) There were no differences between the genotypes in glucose transport in soleus. Data are means = SEM; n = 6 to 12/group.
*, P < 0.05 versus basal level of same genotype. ¥, P < 0.05; 77, P < 0.001 versus results with corresponding +/+ mice.
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FIG. 4. Submaximal insulin stimulation of Akt Thr**® phosphorylation. EDL and soleus muscles were dissected and incubated with submaximal
insulin (450 wU/ml). (A and B) Insulin-stimulated Akt Thr*®® phosphorylation in EDL and soleus muscle was greater in MLKB1KO mice than
in controls. Data are means + SEM; n = 5 to 6/group. *, P < 0.05; #%, P < 0.01; #**, P < 0.001 versus basal level of same genotype. ¥, P < 0.05

versus results with corresponding +/+ mice.

slight hypoxic stress. Insulin-stimulated glucose transport, in
response to both submaximal and maximal insulin concentra-
tions, was not significantly altered for MLKB1KO mice. Ex-
pressed as an increase above the basal level, increases in glu-
cose transport for MLKB1KO mice were significantly greater
with submaximal insulin (Fig. 3E). Glucose transport in iso-
lated soleus muscles was not significantly decreased in the
basal state, with normal increases in submaximal and maxi-
mally insulin-stimulated glucose transport (Fig. 3F and G).

Insulin-stimulated signaling in MLKB1KO mice. There is
considerable evidence that Akt is necessary for insulin-stimu-
lated glucose uptake (7, 14, 34). Therefore, we incubated mus-
cles in the absence or presence of submaximal insulin to de-
termine the effects of LKB1 knockout on phosphorylation of
the regulatory Thr*%® site of Akt. A submaximal dose was used
to mimic the physiological changes in insulin that occur with
glucose tolerance tests and measurement of glucose uptake
and disposal in vivo. In EDL muscle, basal levels of Akt Thr*®
phosphorylation were not significantly different. Insulin in-
creased Akt Thr’®® phosphorylation for both control and
MLKB1KO mice, but the increase was significantly greater for
the MLKB1KO mice (Fig. 4A). Similar results were observed
in soleus muscle, with significantly greater increases in insulin-
stimulated Akt Thr**® phosphorylation in MLKB1KO mice
(Fig. 4B). These changes occurred in the absence of significant
increases in the Akt protein. Akt phosphorylation was not
altered in liver from MLKB1KO mice (not shown).

LKBI1 regulates PGCla, PPAR«e, and TRB3 expression. We
next tested the hypothesis that loss of LKB1 in skeletal muscle
would result in decreases in PGCla and PPAR« expression,
which in turn could potentially mediate decreases in TRB3
expression. The PGCla protein in tibialis anterior muscle from
MLKB1KO mice was decreased by 53% compared to levels for
controls (Fig. 5A), and PPARa was decreased by 39% (Fig.
5B). We next assessed the protein content of TRB3 for
MLKBI1KO mice and found that TRB3 expression was re-

duced by 83% compared to that for controls (Fig. 5C). Similar
results were found in gastrocnemius muscle (not shown).
TRB3 expression was not altered for heterozygotes compared
to that for controls (not shown).

To determine if TRB3 acts as a negative regulator of Akt
signaling in skeletal muscle, we first determined if TRB3 as-
sociates with Akt in skeletal muscle. Immunoprecipitation of
lysates from gastrocnemius and tibialis anterior muscles from
control mice with Akt antibody revealed a band of the appro-
priate molecular weight that was recognized by TRB3 immu-
noblotting (Fig. 6A). No TRB3 band was detected in immu-
noprecipitates prepared in the absence of muscle lysates or Akt
antibody. To determine whether TRB3 modulates Akt activity
in skeletal muscle, we measured Akt phosphorylation in re-
sponse to insulin activation. Mouse myoblast C2C12 cells were
infected with adenoviruses containing GFP or TRB3 and stim-
ulated with insulin for 10 min. Treatment of C2C12 cells with
insulin induced significantly less Akt phosphorylation at Thr?®
in response to both submaximal and maximal insulin and at
Ser*” in response to submaximal insulin in TRB3-infected
cells compared to results with control cells infected with GFP
(Fig. 6B to D). The effect of TRB3 on insulin-stimulated Akt
signaling was dose dependent (see Fig. S5 in the supplemental
material), and the effects of TRB3 on insulin-stimulated Akt
phosphorylation were comparable with Akt activity (Fig. 6E).
These data suggest that TRB3 directly associates with Akt and
inhibits Akt phosphorylation in response to insulin in skeletal
muscle and that reduced muscle TRB3 expression in
MLKB1KO mice may underlie the observed enhancements in
insulin sensitivity and increases in insulin-stimulated Akt phos-
phorylation.

DISCUSSION

LKBI1 has been implicated in a diverse array of roles, many
of which impact on human health and disease. In addition to
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functioning as a tumor suppressor and the causative agent of
Peutz-Jeghers syndrome (21), for example, LKB1 has been
shown to control glucose homeostasis in the liver (41). Since
cancer and diabetes constitute the second and sixth leading
causes of death among Americans (Health, United States,
2005; http://www.cdc.gov/nchs/hus.htm), continuing studies of
the function of LKBI1 are likely to provide novel insights into
diseases that affect the health of many worldwide. In this study,
we show that LKB1 plays a prominent role in the negative
regulation of glucose homeostasis in skeletal muscle. Specifi-
cally, MLKB1KO mice displayed improved whole-body glu-
cose homeostasis, enhanced insulin sensitivity in skeletal mus-
cle, and increased insulin-stimulated Akt signaling in skeletal
muscle. Interestingly, our preliminary studies show that the
improved glucose tolerance is maintained in MLKB1KO mice
following 5 weeks on a high-fat diet (N. Fujii, H. J. Koh, and
L. J. Goodyear, unpublished observations).

Given the putative links between AMPK activation and im-
provements in insulin sensitivity (5, 19, 29), as well as the role
of LKB1 as a positive regulator of glucose homeostasis in the
liver (41), our finding of improved insulin sensitivity and glu-
cose homeostasis in MLKB1KO mice is surprising. The im-
proved whole-body glucose homeostasis is associated with in-
creased skeletal muscle insulin-stimulated glucose uptake in
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FIG. 5. Protein expression of PGCla, PPAR«, and TRB3 is de-
creased in MLKB1KO mice. PGCla (A), PPARa (B), or TRB3
(C) protein was assessed by immunoblotting with muscle lysates ob-
tained from tibialis anterior muscle. There were significant decreases
in PGCla, PPARa, and TRB3 protein in muscles from MLKB1KO
mice. Data are means = SEM, and the blots shown are representative
of six mice per group. *, P < 0.05; **, P < 0.001 versus results with
control (+/+) mice; A.U., arbitary units.

vivo, and enhanced Akt phosphorylation could be an important
mechanism for this effect (7, 14, 34). Given the role of Akt in
cell proliferation and tumor genesis, increased signaling
through Akt in the absence of LKBI is consistent with the
well-established role of LKB1 as a tumor suppressor.

We believe that the enhancements in Akt signaling and ulti-
mately in whole-body glucose homeostasis in the MLBK1KO
mice are due, at least in part, to downregulation of TRB3
expression in skeletal muscle. Consistent with this hypothesis is
our finding that heterozygous mice, which do not have en-
hanced glucose tolerance or decreases in fasting blood glucose
or insulin concentrations, also do not have decreases in muscle
TRB3 expression. In recent studies, TRB3 has been found to
inhibit Akt activation in liver by physically binding to Akt and
masking the Thr3®® activation site (10, 25). In this study, we
show that TRB3 binds Akt in skeletal muscle and that in-
creases in TRB3 expression in C2C12 cells result in decreased
insulin-stimulated Akt phosphorylation. TRB3 thus appears to
downregulate Akt signaling in skeletal muscle, as it does in
liver. Since reduced TRB3 protein levels in both liver (10, 25)
and skeletal muscle (current study) are associated with en-
hanced glucose tolerance in vivo, the development of TRB3
inhibitors could be extremely valuable in the treatment of type
2 diabetes.
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An important implication of the current study is that LKB1
regulates TRB3 expression, providing a novel link between this
tumor suppressor protein and a key signaling molecule medi-
ating cell metabolism. In the liver, PGCla and PPAR« have
been shown to regulate TRB3 expression (25). Here, our data
suggest that LKB1 regulation of TRB3 expression occurs
through the PGCla/PPAR« pathway in skeletal muscle. Pre-
vious reports on skeletal muscle have shown that increases in
LKBI1 protein with chronic exercise training (45) and activa-
tion of AMPK via AICAR (24, 26, 43) correlate with increases
in PGCla expression in skeletal muscle. Given that AMPKa2
is required for the AICAR effect in skeletal muscle (24), it
seems plausible that the reductions in AMPKa?2 activity in
MLKBIKO muscle may partially mediate the decreases in
PGCla and PPARa expression. However, compared to
MLKB1KO mice, transgenic mice expressing dominant-nega-
tive AMPKa2 (13) do not have decreases in PGCla or PPAR«
and have only slight decreases in TRB3 (N. Fujii, H. J. Koh,
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FIG. 6. TRB3 binds Akt and inhibits Akt phosphorylation in re-
sponse to insulin. (A) Western blot analysis of TRB3 in immunopre-
cipitates prepared from gastrocnemius and tibialis anterior muscles in
the absence or presence of Akt antibody. A band of the appropriate
molecular weight for TRB3 was recovered from muscle lysates, but no
band was detected in immunoprecipitates prepared in the absence of
muscle lysates or Akt antibody. (B to D) Overexpression of TRB3
blunted insulin-stimulated Akt Thr**® (C) or Ser*’* (D) phosphoryla-
tion without altering the Akt protein level in C2C12 cells. (E) Akt
activity was assayed by in vitro immune complex assay as described in
Materials and Methods. Data are means = SEM, and the blots shown
are representative of three per group. *, P < 0.05; #**, P < 0.01; %%,
P < 0.001 versus control results. Submax, submaximal insulin; Max,
maximal insulin; A.U., arbitrary units.

and L. J. Goodyear, unpublished observations), suggesting that
other LKB1-regulated kinases play a role in the regulation of
these proteins in muscle.

While we believe that increased Akt signaling mediated by
downregulation of TRB3 is likely the primary cause of the
enhanced glucose tolerance and insulin signaling in the
MLKBI1KO mice, we cannot entirely rule out other possibili-
ties that may contribute to the phenotype of these mice. One
alternative potential mechanism is that the lack of AMPKa?2
activity and marked decrease in ACC phosphorylation result in
a severe reduction in muscle fatty acid oxidation. This hypoth-
esis is supported by the increased intramuscular triglycerides
that we observed in the MLKB1KO mice. In response to a
reduction in fatty acid oxidation, MLKB1KO mice may pref-
erentially utilize glucose over fatty acids for ATP generation,
leading to the reductions in muscle glycogen content that we
observed. Lower muscle glycogen content and increased gly-
cogen synthase activity are a combination that is well known to
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increase insulin-stimulated glucose uptake in skeletal muscle
(22). However, this hypothesis is not fully supported by previ-
ous data for whole-body AMPK knockout mice. Similarly to
MLKB1KO mice, AMPKa2 knockout mice have decreased
ACC phosphorylation and lower muscle glycogen content, yet
the AMPKa2 knockout mice have impaired glucose tolerance,
which could be due to nonmuscle effects (23). In addition,
there is no significant phenotype in the AMPKal knockout
mice (46). Thus, the available data suggest that the enhanced
glucose homeostasis in the MLKB1KO mice is due to upregu-
lation of Akt signaling, stemming from decreased TRB3 ex-
pression caused by the loss of LKB1 activity.

LKBI1 has been termed a “master kinase” that can increase
not only AMPK activity but also the activities of at least 13
AMPK-related kinases (20, 27). Of these additional 13 kinases,
only MARK?2/3, MARK4, QSK, and QIK/SIK2 are detectable
in skeletal muscle, and none are regulated by AICAR, con-
traction, or phenformin (36). In the current investigation we
found that MARK4 but not MARK?2/3 activities were reduced
for MLKB1KO mice. Whether downregulation of skeletal
muscle MARK4 is a mechanism for improved glucose ho-
meostasis and alterations in TRB3 expression will be an im-
portant area of future investigation, and those studies are on-
going in our laboratory.

Recently, Sakamoto et al. reported generation of LKBI
knockout mice that have an approximately 90% reduction in
LKBI in all tissues and ablation of LKB1 activity in skeletal
muscle (38). While our model and theirs show similar effects in
regard to AMPKa?2 activity, there appear to be very significant
differences in the metabolic phenotypes. While we show a
pronounced improvement in glucose homeostasis and insulin
sensitivity for MLKB1KO mice, Sakamoto et al. reported nor-
mal blood glucose concentrations up to 10 weeks of age and
reported little additional physiological data. The major differ-
ences between the studies may be due to the 90% hypomorphic
phenotype of their LKB1%°¥1°% mice; our double-floxed mice
did not have significant decreases in LKB1 protein or enzyme
activity (Fig. 1A and B). The significance of this difference is
highlighted by a recent report that hepatic LKBI is essential
for the regulation of gluconeogenesis and normal glucose tol-
erance (41). Given that loss of hepatic LKB1 leads to glucose
intolerance and fasting hyperglycemia and our data showing
that loss of skeletal muscle LKB1 leads to improvements in
glucose tolerance, it seems plausible that for the hypomorphic
animals described by Sakamoto, the beneficial effects of a
reduction in skeletal muscle LKB1 expression on glucose ho-
meostasis are masked by the detrimental effects of a reduction
in hepatic LKB1 expression. Interestingly, loss of LKB1 in liver
leads to increases in PGCla (41), whereas we clearly show
decreases in PGCla in skeletal muscle (Fig. S5A), which likely
explains the opposite effects of liver and muscle LKB1 defi-
ciency on glucose homeostasis. Recently, a decrease in TORC2
phosphorylation has been proposed to be a mechanism by
which LKB1 regulates PGCla in liver. However, we found that
TORC?2 was barely detectable in mouse skeletal muscles com-
pared to levels in liver, and we found no evidence for alter-
ations in TORC2 phosphorylation in MLKB1KO mice (H. J.
Koh and L. J. Goodyear, unpublished observation), implying
that LKB1 regulates PGCla and TRB3 through a distinct
mechanism in skeletal muscle.
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While LKB1 has been reported to regulate both AMPKal
and o2 activities in vitro and in cell culture systems (15, 51),
our results suggest that LKBI1 is necessary for the activation of
AMPKa2 but not AMPKal. This finding is consistent with
recent studies performed with cardiac muscle, in which LKB1
was found to be necessary for hypoxia-induced activation of
AMPKa2 but not al (39). We are unable to determine
whether this is due to isoform-specific AMPKa2 activation by
LKBI or to the presence of an alternative AMPKal kinase.
Another possible explanation for the divergence between
AMPKal and AMPKa2 activities in the MLKB1KO mice is
that the majority of AMPKal activity present in muscle tissue
is not of skeletal muscle origin. AMPKal is highly expressed in
vascular endothelial and smooth muscle cells, which are em-
bedded in skeletal muscle tissue (35, 50). Therefore, it is pos-
sible that AMPKal is regulated by LKB1 but is expressed only
at low levels in skeletal muscle and that most of the AMPKal
activity detected may be from nonmuscle cells which would
have normal LKB1 expression in MLKB1KO animals.

In summary, in addition to serving as the major upstream
kinase for the regulation of AMPKa?2 activity in skeletal mus-
cle, skeletal muscle LKBI1 is a negative regulator of glucose
homeostasis and insulin sensitivity. Disruption of LKBI1 in
skeletal muscle results in enhanced glucose tolerance and up-
regulation of insulin sensitivity for glucose uptake and signal-
ing in skeletal muscle; this affect appears to be mediated, at
least in part, through PGCla- and PPAR«a-mediated down-
regulation of TRB3 expression, resulting in enhanced insulin-
stimulated Akt signaling. Given that whole-body AMPKa?2
knockout mice have impaired glucose homeostasis (46), it is
possible that LKBI1 itself or non-AMPK substrates, such as the
MARK proteins, are responsible for the beneficial adaptations
to muscle insulin sensitivity in MLKB1KO mice. The concept
of enhanced insulin or growth factor signaling in the absence of
LKBI, including upregulation of Akt, is consistent with the
well-established role of LKB1 as a tumor suppressor and pro-
vides additional evidence for the dual function of LKB1 in both
cell metabolism and cancer biology.
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