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Background: MARK4 is a member of the AMPK-related kinase family whose biological function remains elusive.
Results: Using mice with targeted deletion of mark4, we identified a key role of the kinase in regulating glucose and energy

homeostasis.

Conclusion: MARK4 is required for energy homeostasis by regulating satiety and the metabolic rate in rodents.
Significance: These data provide a key insight for targeting MARK4 for the treatment of obesity.

MARK4, also known as Par-1d/MarkL1, is a member of the
AMP-activated protein kinase (AMPK)-related family of
kinases, which are implicated in the regulation of dynamic bio-
logical functions, including glucose and energy homeostasis.
However, the physiological function of MARK4 in mammals
remains elusive. Here, we investigated a role for MARK4 in reg-
ulating energy homeostasis by generating mice with targeted
inactivation of the mark4 gene. We show that MARK4 defi-
ciency in mice caused hyperphagia, hyperactivity, and hyperme-
tabolism, leading to protection from diet-induced obesity and
its related metabolic complications through up-regulation of
brown fat activity. Consequently, MARK4 deficiency mitigated
insulin resistance associated with diet-induced obesity by dra-
matically enhancing insulin-stimulated AKT phosphorylation
in major metabolic tissues. Ablation of MARK4 also signifi-
cantlyimproved glucose homeostasis by up-regulating the activ-
ity and expression of AMPK kinase in key metabolic tissues.
Taken together, these data identify a key role of MARK4 in
energy metabolism, implicating the kinase as a novel drug target
for the treatment of obesity and type 2 diabetes.

Microtubule affinity regulatory kinases (MARKs),”> which
represent the mammalian homologs of nematode par-1, were
originally identified by their ability to phosphorylate microtu-
bule-associated proteins, thus regulating microtubule stability
in cultured cells (1). Par-1 is an evolutionarily conserved pro-
tein kinase required for polarity in worms, flies, frogs, and
mammals (2—4). The mammalian Par-1 family consists of four
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members (Par-1c/Markl, Par-1b/Mark2/Emk, Par-1a/Mark3/
C-TAK]1, and Par-1d/Mark4/KarkL1), each encoded by a dis-
tinct gene that is selectively expressed in multiple tissues (5).
The physiological functions of the MARK2 and MARK3
kinases have recently been studied using targeted gene knock-
out approaches in mice (5, 6). Two independently derived
mouse lines null for MARK2 have implicated this protein
kinase in diverse physiological processes, including fertility (7),
immune system homeostasis (8), learning and memory (9), and
glucose homeostasis and energy metabolism (6). In addition to
MARK?2, most information regarding the cell biological func-
tions of the Par-1 kinase comes from studies of MARK3. Spe-
cifically, MARKS3 has been implicated in pancreatic tumors (10)
and hepatocarcinogenesis (11), as well as in colorectal tumors
(12). Loss of MARK3 also leads to reduced adiposity, resistance
to hepatic steatosis, and defective gluconeogenesis. However,
the functional roles of MARK1 and MARK4 remain elusive.
MARK kinases are members of the AMP-activated protein
kinase (AMPK)-related family of kinases. AMPK is a key regu-
lator of energy homeostasis and is activated in response to an
increase in the AMP/ATP ratio under low-nutrient conditions
(13-15). Other members of the AMPK family are implicated in
regulating energy homeostasis, which is underscored by the
phenotype of mice with targeted disruption of LKB1, a master
upstream kinase of MARK4 and 11 other members of the
AMPK-related kinase family (16 -24). Targeted disruption of
LKBI in adult pancreatic 3-cells significantly increases 3-cell
mass and insulin secretion in LKB1-null mice, whereas selective
LKBI ablation in skeletal muscle improves insulin sensitivity
and glucose utilization (16, 17, 21). The phenotype of LKB1
knock-out mice is certainly compromised by diverse biological
roles of the AMPK-related family of kinases. For example,
AMPK has been shown to improve insulin sensitivity and gly-
cemic control, and AMPK activators have been developed to
reverse the metabolic abnormalities associated with type 2 dia-
betes mellitus (13, 15). In contrast, targeted disruption of either
MARK2 or MARKS3, two AMPK-related kinases, leads to hypo-
insulinemia and resistance to diet-induced obesity and its
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related insulin resistance (6, 25). Finally, in contrast to the well
characterized roles of AMPK in metabolism (15), little is known
about the regulatory function of other members of the AMPK
kinase family, including MARK4, in glucose and energy
homeostasis.

The MARK kinase family has been shown to phosphorylate
tau, a microtubule-associated protein found in a hyperphos-
phorylated state in neurons of patients with Alzheimer disease,
thus implying a potential role of MARK4 in Alzheimer disease
(26, 27). This hypothesis is supported by genetic linkage analy-
sis, which links polymorphism of the MARK4 locus with the
onset of Alzheimer disease (28). In this study, to determine the
essential biological functions of MARK4, we generated mice
with a disrupted mark4 gene. We demonstrate that MARK4-
null mice displayed a number of striking changes in metabolic
parameters, including reduced adiposity, insulin hypersensitiv-
ity, and resistance to high-fat diet-induced weight gain. These
findings elucidate a role for MARK4 in the regulation of both
glucose homeostasis and energy balance, implicating MARK4
as a novel drug target for metabolic diseases.

EXPERIMENTAL PROCEDURES

Reagents—The antibodies used in this study included poly-
clonal antibodies to MARK4, AKT, phospho-AKT (Ser-473),
AMPKe, phospho-AMPKa (Thr-172), and phospho-stress-ac-
tivated protein kinase/JNK (Thr-183/Tyr-185), all of which
were purchased from Cell Signaling Technology (Danvers,
MA). Polyclonal antibodies to JNK1 were from Santa Cruz Bio-
technology (Santa Cruz, CA). Horseradish peroxidase-conju-
gated donkey anti-rabbit IgG antibodies were purchased from
GE Healthcare.

Animal Care—All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Pennsyl-
vania State University College of Medicine in compliance with
approved institutional animal care and use protocols according
to National Institutes of Health guidelines (publication 86-23,
1985). Animals were maintained in an environmentally con-
trolled facility with a diurnal light cycle and free access to water
and either standard rodent chow (2018 Teklad global 18% pro-
tein rodent diet, Harlan Laboratories, Inc., Madison, WI) or a
high-fat diet (catalog no. D12492, Research Diets, Inc., New
Brunswick, NJ).

Oral Glucose and Insulin Tolerance Tests—These tests were
performed in overnight food-deprived mice (# = 10). Glucose
was delivered by oral gavage at 2.5 g/kg of body weight after
initial measurement of fasting blood glucose. Insulin was deliv-
ered by intraperitoneal injection (0.75 units/kg of body weight;
Novolin, Novo Nordisk). Blood glucose was determined 0, 30,
60, 90, and 120 min after the glucose or insulin load using a One
Touch Ultra 2 glucometer (LifeScan, Inc., Milpitas, CA). All
studies were carried out in MARK4 /™ mice after two genera-
tions of backcrossing with an C57BL/6 inbred strain.

Generation of MARK4 Knock-out Mice—A mouse embryonic
stem cell clone carrying a retroviral disruption of exon 8 of the
mark4 gene was generated by the International Gene Trap
Consortium. The use of the Engrailed-2 splicing acceptor site in
the retroviral vector generated a fusion message between exon
8 of the mark4 gene and 3-galactosidase-neomycin resistance
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gene fusion (3-geo) cDNA, truncating mark4 after the first 198
amino acid residues, right in the middle of the kinase domain.
The embryonic stem cells were microinjected by the University
of California, Davis, mouse service. Heterozygous MARK4
knock-out founder mice were identified by genomic PCR using
primer pairs for the B-geo cassette and primer pairs for the
disrupted exon (see Fig. 14) and confirmed by Southern blot
analysis using a DNA probe isolated from the genomic intron
sequence 5’ to exon 8 of the mouse mark4 locus. Homozygous
MARK4 knock-out mice were generated from an intercross of
heterozygous MARK4 knock-out mice. Southern blot analysis
was carried out using genomic DNA predigested with Sacl
enzyme.

Body Composition, Energy Expenditure, Activity, and Food
Intake—Body fat and lean body mass were measured using an
LF90 TD-NMR analyzer (Bruker Optics). Measurements of
food/water intake, energy expenditure, respiratory exchange
ratio (RER), and physical activity were performed using meta-
bolic cages equipped with a comprehensive laboratory animal
monitoring system (CLAMS; TSE Systems, Bad Homburg, Ger-
many). Constant airflow (0.4 liters/min) was drawn through the
chamber and monitored by a mass-sensitive flow meter. The
concentrations of oxygen and carbon dioxide were monitored
at the inlet and outlet of the sealed chambers to calculate oxy-
gen consumption and respiratory quotient. Each chamber was
measured for 1 min at 15-min intervals. Physical activity was
measured using infrared technology (OPT-M3, Columbus
Instruments) as the count of three-dimensional beam breaking
(X total, X ambulatory, and Z).

Serum Factor Quantification—Serum levels of insulin, trig-
lycerides, and cholesterol were determined by Ani Lytics Inc.
(Gaithersburg, MD; n = 8 —10 animals per genotype and sex).

Western Blot Analysis—For analysis of insulin signaling from
tissue samples, MARK4 '~ mice and controls were fasted over-
night, followed by intraperitoneal injection of insulin (1 unit/kg
of body weight) or PBS, and then killed 10 min after the injec-
tion. Tissues were rapidly dissected and frozen in liquid nitro-
gen. The tissue samples were then pulverized in liquid nitrogen
and homogenized in radioimmune precipitation assay buffer
(20 mm Hepes, 2 mm EGTA, 50 mm NaF, 100 mm KCI, 0.2 mm
EDTA, 50 mm B-glycerophosphate, 1.5 mm Na;VO,, 10 mm
Na,VO.,, 1 mm benzamidine, 100 ul of phosphatase inhibitor
mixture, 1% Triton X-100, and 1.0 mm PMSF) with a Polytron
homogenizer. After a 30-min incubation on ice, the samples
were centrifuged at 10,000 X g for 10 min at 4 °C. The protein
concentration was determined by Pierce BCA protein assay
(Thermo Scientific). Equal amounts of protein (30 ug) were
subjected to SDS-PAGE, transferred to PVDF membrane (Bio-
Rad), blocked in Tris-buffered saline with 5% milk, immuno-
blotted with primary antibodies (1:1000) overnight at 4 °C fol-
lowed by secondary antibodies (1:2500) for 1 h at room
temperature, and developed using the ECL Plus system (GE
Healthcare).

Statistical Analysis—Statistical comparisons were done
using the two-tailed unpaired ¢ test to determine differences
between MARK4 '~ and WT mice. Analysis of covariance was
also used to assess differences between MARK4 '~ and WT
mice in metabolic parameters relative to total body weight and
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FIGURE 1. Generation of mice with targeted disruption of the mark4 gene. A, gene trap insertion at the mark4 locus. Retrovirus-mediated insertion of the
B-geo gene caused premature termination of the mark4 gene after the first 198 amino acids, right in the middle of the kinase domain. An, polyadenylation
signal. B, PCR analysis of genotypes, resulting in a 651-bp product for the mark4 allele and a 234-bp product for the 3-geo insertion. M, molecular mass markers.
C, Southern blot analysis of the mark4 locus using genomic DNA predigested with the Sacl restriction enzyme, which resulted in detection of a 3.7-kb DNA band
for the WT allele and a 4.5-kb DNA band for the null allele. D, Western blot analysis of MARK4 protein expression in isolated fat and skeletal muscle tissues of
homozygous MARK4 knock-out (—/—), heterozygous MARK4 knock-out mice (+/—), and WT control mice (+/+) using anti-MARK4 antibodies and B-actin as
an internal control for protein loading (n = three mice per genotype per tissue).

lean body mass. Values are presented as means * S.E.; p < 0.05
was considered significantly different.

RESULTS

Generation of Mice with Targeted Disruption of the mark4
Gene—To investigate a role for MARK4 in glucose and energy
homeostasis, we generated mice with targeted disruption of the
mark4 gene by retrovirus-mediated insertion of the B-geo cas-
sette in exon 8, leading to premature termination of the coding
region of the mark4 gene (Fig. 1A4). Genotypes of homozygous
(MARK4 /") and heterozygous (MARK4"/~) MARK4 mice
and the WT controls (MARK4 /") were analyzed by PCR anal-
ysis (Fig. 1B). Southern blot analysis demonstrated the pre-
dicted sizes of the mutant and WT mark4 alleles (Fig. 1C). Dele-
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tion of mark4 resulted in a total absence of MARK4 protein, as
confirmed by Western blot analysis using anti-MARK4 anti-
bodies and tissue lysate from the fat and skeletal muscle of
MARK4 '~ mice (Fig. 1D).

MARK4 ~/~ Mice Are Protected from Diet-induced Obesity
and Insulin Resistance—The MARK4 '~ mice were born at the
predicted Mendelian ratios without any obvious phenotypic
abnormality when fed standard mouse chow for 8 weeks. The
MARK4 ™'~ mice were backcrossed with a C57BL/6 inbred
strain for two generations, followed by metabolic studies. Key
metabolic studies were also repeated in mice with a pure
C57BL/6 genetic background, which was achieved by seven
consecutive generations of backcrossing with the C57BL/6
strain. Female MARK4 '~ mice with a mixed genetic back-
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FIGURE 2. MARK4 '~ mice are protected from the onset of diet-induced obesity and its related insulin resistance. Male MARK4 /™ mice (—/—) and WT
control mice (+/+), 8 weeks old, were fed diet with 60% fat for 12 consecutive weeks, followed by analysis for weight gain (A); body composition by magnetic
resonance imaging (B); blood glucose levels during a oral glucose tolerance test (C); serum insulin levels at 0, 30, and 60 min during a glucose tolerance test (D);
blood glucose levels during a insulin tolerance test (E); and cholesterol and triglyceride blood levels (F) (n = 8-10). *, p < 0.05; **, p < 0.01 compared with WT

controls.

ground or a pure C57BL/6 background were indistinguishable
from WT controls with regard to body weight when fed regular
chow at 8 weeks of age. After being fed a high-fat diet contain-
ing 60% calories from animal fat for 12 consecutive weeks, the
weight gain in MARK4 '~ mice was significantly lower in male
mice (Fig. 2A), but not in female mice, compared with the WT
control mice. The difference was due entirely to decreased fat
mass in MARK4 ™/~ mice as measured by 'H magnetic reso-
nance imaging (Fig. 2B). The total body fat content was 15%
higher in WT mice than in MARK4 /™ mice, suggesting a role
for MARK4 in diet-induced obesity. The results were further
confirmed using MARK4 /™ mice with a pure C57BL/6 back-
ground (data not shown).

We next analyzed changes in glucose homeostasis and insu-
lin sensitivity in the MARK4 ™/~ mice relative to the WT sibling
controls. After an overnight fast, blood glucose levels were
indistinguishable between the MARK4 /™ mice and the WT
controls. However, blood glucose levels in the MARK4 '~ mice
were significantly lower than those in the WT control mice as
determined by a oral glucose tolerance test (Fig. 2C). Despite an
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improvement in glucose excursion, the serum insulin levels in
the MARK4 /™ mice were significantly lower those in the W'T
control mice after overnight fasting and at 60 min after glucose
challenge (Fig. 2D), suggesting an enhancement of insulin sen-
sitivity. Indeed, in comparison with WT control mice, the
MARK4 '~ mice were more sensitive to hypoglycemia induced
by insulin injection as determined by an insulin tolerance test
(Fig. 2E). Consistent with reduced adiposity and improved glu-
cose tolerance, MARK4-null mice also exhibited significantly
lower levels of blood triglycerides and cholesterol compared
with WT control littermates (Fig. 2F). Because both genders of
the heterozygous MARK4 knock-out mice and the female
MARK4 /" mice were not significantly different from the WT
controls with regard to weight gain and insulin/glucose toler-
ance, subsequent studies were carried out only in male
MARK4 '~ mice and control mice.

Hyperphagia, Hyperactivity, and Increased Energy Expendi-
ture in MARK4~"~ Mice—To determine the mechanisms by
which MARK4 regulates the onset of diet-induced obesity and
insulin sensitivity, we next analyzed changes in food and water
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FIGURE 3. Hyperphagia, hyperactivity, and hypermetabolism in MARK4~'~ mice. Male MARK4 '~ mice (—/—) and WT control mice (+/+), 8 weeks old,
were fed a diet with 60% fat for 12 consecutive weeks, followed by analysis for diurnal food intake (A), water intake (B), physical activity (C), and energy
expenditure (EE) normalized to lean body mass (D) over 24 h in a metabolic cage equipped with CLAMS. E, H&E staining of brown adipose tissue. F, analysis of
MRNA expression of UCPT and PGC-1« in brown adipose tissue (n = 8-10). *, p < 0.05; **, p < 0.01 compared with WT controls.

intake, physical activity, and energy expenditure in the male
MARK4 '~ mice relative to the WT control mice over 72 h by
housing the mice in metabolic cages equipped with CLAMS. As
shown in Fig. 3 (A and B), the lean phenotype of the MARK4 '~
mice was not caused by reduced food intake because they con-
sumed twice as much food and water during the night com-
pared with the WT control mice. In contrast, the food and
water intake was not different between the MARK4 /~ and
WT control mice during the day. The MARK4 '~ mice were
also hyperactive, as evidenced by enhanced physical activity
relative to the WT control mice (Fig. 3C). Consequently, the
energy expenditure rate was significantly higher in MARK4 '~
mice (Fig. 3D) when normalized to lean body mass. Consistent
with the increased energy expenditure in MARK4 ™/~ mice, the
brown adipose tissue from MARK4 '~ mice exhibited signifi-
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cantly smaller lipid droplets (Fig. 3E). Furthermore, the mRNA
expression of both UCP1 and PGC-1a was significantly up-reg-
ulated in brown adipose tissue (Fig. 3F), suggesting increased
brown adipose activity in the MARK4 '~ mice.

MARKH4 Deficiency Increases Oxygen Consumption, CO, Pro-
duction, and RER in MARK4~"~ Mice—Hyperphagia but with
reduced adiposity in MARK4 '~ mice prompted us to investi-
gate a role for MARK4 in regulating the metabolic rate by
CLAMS. We measured oxygen consumption (VO,), CO, pro-
duction, and RER over 24 h in the metabolic cage. Consistent
with the increased energy expenditure, MARK4 ™/~ mice con-
sumed significantly higher levels of oxygen (Fig. 44; quantified
in Fig. 4B) and thus produced more CO, than the control mice
(Fig. 4C; quantified in Fig. 4D) during a 24-h period. RER mea-
sures the VCO,/VO, ratio, which reflects the ratio of carbohy-
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drate and fat metabolism. A lower RER is an indication of
greater fat metabolism, whereas a higher RER is an indication of
greater carbohydrate metabolism. As a compensatory response
to reduced adiposity, the RER was significantly higher in
MARK4 '~ mice relative to the WT control mice (Fig. 4F;
quantified in Fig. 4F), suggesting that MARK4 /™ mice con-
sumed more carbohydrate as an energy source. The results
were further confirmed in male MARK4 '~ mice with a pure
C57BL/6 background (data not shown).

Ablation of MARK4 Exacerbates Hyperphagia and Hyperme-
tabolism after Starvation—Fasting RER and resting metabolic
rate are good predictors of weight gain in humans (29). The
hypermetabolism in MARK4 "/~ mice prompted us to investi-
gate a role for MARK4 in regulating physical activity, oxygen
consumption, RER, and energy expenditure during fasting and
refeeding. As shown in Fig. 54 (quantified in Fig. 5B), the
MARK4 ™'~ mice consumed far more food during the refeeding
period after 24 h of fasting. Although fasting reduced physical
activity in both the MARK4 '~ and control mice (Fig. 5C;
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quantified in Fig. 5D), the MARK4 /"~ mice remained more
physically active during the fasting period. As a result, the
MARK4 ™'~ mice consumed significantly more oxygen (Fig. 5E;
quantified in Fig. 5F) and released more CO, when normalized
to lean body mass (Fig. 6A4; quantified in Fig. 6B). Additionally,
fasting significantly decreased the RER in both MARK4 ™'~ and
WT control mice, suggesting a switch to lipid oxidation as an
energy source, yet the RER remained higher in MARK4 '~
mice during fasting (Fig. 6C; quantified in Fig. 6D). In support of
arole for MARK4 in regulating the basal metabolic rate, energy
expenditure was significantly higher in MARK4 '~ mice dur-
ing the fasting period (Fig. 6E; quantified in Fig. 6F), which is
consistent with exacerbated hyperphagia during the refeeding
period (Fig. 5A4).

MARKH4 Deficiency Improves Insulin Signaling and Up-regu-
lates AMPK Expression in MARK4~ "~ Mice—To gain further
insight into the molecular mechanisms by which MARK4 reg-
ulates glucose homeostasis, we next analyzed the effect of
MARK4 deficiency on insulin-stimulated AKT and AMPK sig-

VOLUME 287 +NUMBER 45-NOVEMBER 2, 2012



A gsoq e s

- Fast
;- - -/- _— _
T 1201
>
==
> 90
[
=
S 60
£
3 304
o
(18
c I T ] T T T
0 3 6 0 3 6
Feed Refed

C 1009 o 44

=]
o
1

-2
o
1

Activity (counts/min)
8

n
o
1

Night
Fast

Day o 3 6

Time (hr)0 3 6
Feed

5
-
<
E
c
©
Q
=
N
o
>
0 3 Night Day ¢ 3 &
Tiiwis:{hir) Feed Fast Refed

Regulation of Adiposity by MARK4 Kinase

1001 | v+

_— *E*
s a - Fast *kk
- 804
k)
=3
D 601
o
?‘E 40- *% 1
=
: ]H ]
]
w
0- T T T T
Time (hr) 3 6 3 6
Feed Refed
801 mm +/+ *%
£ 0 ] *
E *%
£ 60
£
3
o
3’ *%* *
o
£ 404
2
s
(%)
<
20- -
6

Time (hr) 3 6 Night Day 3
Feed Fast Refed

6000 HI +/+
0 -- A

5000- x x

4000

3000- L L
6

Time (hr) 3 6 Night Day 3
Feed Fast

VO,/Lean (ml/h/kg)

Refed

FIGURE 5. MARK4 deficiency exacerbates hyperphagia after 24 h of fasting. Male MARK4 '~ mice (—/—) and WT control mice (+/+) from Fig. 3 were fasted
for 24 h, followed by refeeding. MARK4-null mice exhibited remarkable hyperphagia during refeeding (A and B), hyperactivity (Cand D), and increased oxygen
consumption (E and F) during the fasting and refeeding period (n = 8-10 animals per genotype). ¥, p < 0.05; **, p < 0.01 compared with WT controls.

naling in major metabolic tissues, including white adipose tis-
sue, skeletal muscle, liver, and heart. We focused on insulin-
stimulated AKT-2 phosphorylation, which is impaired by
insulin resistance associated with type 2 diabetes and obesity
(30,31). Consistent with insulin hypersensitivity in MARK4 ™/~
mice, insulin-stimulated AKT phosphorylation was signifi-
cantly enhanced in white adipose tissue, skeletal muscle, and
liver (Fig. 7) relative to that in the WT controls. Impaired insu-
lin-stimulated AKT phosphorylation in the heart is associated
with cardiac dysfunction in type 2 diabetes (32). In further sup-
port of a role for MARK4 in regulating insulin signaling,
MARK4 deficiency also significantly increased AKT phosphor-
ylation in the hearts of MARK4 /™ mice (Fig. 7D). Our data are
supported by previous report that AKT expression and phos-
phorylation are significantly decreased in the aorta by the onset
of type 2 diabetes (33). In contrast, there was no significant
difference in JNK expression or phosphorylation between
MARK4 "/~ and WT mice in these metabolic tissues (data not
shown).

AMPK is an energy sensor that is activated in response to
glucose deprivation, leading to catabolism to restore energy

pCEEY S
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balance. AMPK in muscle is activated in response to exercise
and treatment with metformin, an anti-diabetes drug, suggest-
ing a key role for AMPK in the pathophysiology of type 2 dia-
betes (34). We next analyzed the consequence of MARK4 defi-
ciency on AMPK activation and expression in the key metabolic
tissues. Consistent with increased energy expenditure and
reduced adiposity, MARK4 deficiency significantly stimulated
phosphorylation of AMPK at Ser-172, a key activation site that
is phosphorylated by LKB1 (35, 36), in skeletal muscle from the
MARK4 '~ mice (Fig. 7B). In further support of a role for
MARK4 in AMPK regulation, ablation of MARK4 also signifi-
cantly increased expression of the AMPK a-subunit in white
adipose tissue (Fig. 74).

DISCUSSION

The LKB1 kinase family, consisting of 12 members, is impli-
cated in glucose and energy metabolism, as evidenced by the
phenotype of mice with targeted disruption of LKB1 in various
tissues (16—24). However, the phenotypes of LKB1-deficient
mice are likely compromised by different biological functions
among members of the AMPK-related kinase family. In con-
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FIGURE 6. Ablation of MARK4 increases basal energy expenditure. Male MARK4 '~ mice (—/—) and WT control mice (+/-+) from Fig. 3 were fasted for 24 h,
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to increased basal energy metabolism (n = 8-10 animals per genotype). ¥, p < 0.05; **, p < 0.01 compared with WT controls.

trast to AMPK, little is known about the biological functions of
other members in this family, including MARK4. In this study,
we investigated a role for MARK4 in energy homeostasis in
mice with targeted disruption of the mark4 gene. We have
shown that MARK4 deficiency in mice causes hyperphagia.
Despite hyperphagia, the MARK4 knock-out mice were com-
pletely protected from diet-induced obesity due to increased
physical activity and a higher basal metabolic rate. Consistent
with the hypermetabolism, MARK4 deficiency significantly
stimulated brown adipose activity, as evidenced by up-regu-
lated mRNA expression of UCP1 and PGC-1a, key regulators of
brown adipose activity. The reduced weight gain was caused
entirely by decreased fat mass, resulting in a high content of
lean whole body mass in MARK4 ™/~ mice. Strikingly, MARK4
deficiency also dramatically improved insulin sensitivity, as evi-
denced by lower fasting serum insulin levels, improved insulin
tolerance, and elevated insulin-stimulated AKT phosphoryla-
tion in all of the major metabolic tissues examined, including
white adipose tissue, liver, skeletal muscle, and heart. The
increased energy expenditure was independent of lean body
mass and feeding, as the knock-out mice consumed more
energy during 24 h of fasting and refeeding after normalization
to lean body mass. Consequently, the MARK4 knock-out mice
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exhibited a significant improvement in glucose excursion and
thus were protected from insulin resistance related to the onset
of obesity. Together, these findings identify, for the first time, a
key role for MARK4 in energy metabolism and insulin
sensitivity.

In mammals, there are four isoforms of MARK kinases,
MARK1-4, each encoded by a different gene with a distinct
tissue distribution pattern. However, how these isoforms differ
in their biological functions remains elusive. Recently, the
physiological functions of the MARK2 and MARK3 kinases
have been decoded in mice by using mice with targeted deletion
of each gene (5, 6). Although both MARK2 and MARK3 knock-
out mice share similar phenotypes with MARK4 knock-out
mice, such as reduced adiposity, hypoinsulinemia, and hyper-
metabolism, there are fundamental phenotypic differences
between MARK4-deficient mice and MARK2 and MARK3
knock-out mice in a number of notable features. First, MARK4
knock-out mice are fertile and are born with the predicted
Mendelian ratio. The MARK4-null mice survive to adulthood
and exhibit a normal growth rate when fed regular chow. In
contrast, mice deficient in MARK2 or MARK3 exhibit hypofer-
tility, lower birth weight, and growth retardation, suggesting an
essential role for both MARK2 and MARK3 in development
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and growth. Additionally, MARK3 deficiency also causes other
pathological side effects, including hepatic glycogen depletion,
increased hepatocellular autophagy, and hypoketotic hypogly-
cemia. Consequently, mice that are deficient in both MARK2
and MARK3 are lethal. Furthermore, although MARK3-defi-
cient mice are resistant to diet-induced obesity, MARK3 defi-
ciency does not affect insulin sensitivity despite reduced adi-
posity. In contrast, MARK4 knock-out mice exhibit insulin
hypersensitivity, as evidenced by hypoinsulinemia after over-
night fasting and during a glucose tolerance test, severe hypo-
glycemia during a insulin tolerance test, and significantly
enhanced insulin-stimulated AKT phosphorylation in major
metabolic tissues.

In further support of a major role for MARK4 in energy
metabolism, the study has identified MARK4 as a key regulator
of AMPK expression and activity in multiple metabolic tissues.
AMPK is the most intensively studied kinase among the 12
members of the LKB1 family of kinases due to its key role in
regulating energy homeostasis and metabolic diseases (13, 15,
37). AMPK is expressed in key metabolically relevant organs,
where it functions as a major cellular energy sensor. AMPK is
activated in response to elevated intracellular levels of AMP
associated with nutritional deficit to maintain energy homeo-
stasis. In the liver, AMPK phosphorylates and inhibits sterol
regulatory element-binding protein (SREBP) activity to attenu-
ate hepatic steatosis and atherosclerosis in diet-induced insu-
lin-resistant mice (38). Hepatic AMPK is also activated in
response to treatment with metformin, a popular anti-diabetes
drug, by suppressing the expression and activity of SREBP1, a
key transcriptional activator required for lipid synthesis (36). In
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support of a role for MARK4 in AMPK expression, MARK4
deficiency significantly up-regulates AMPK expression in white
adipose tissue. MARK4 /™ mice also exhibit significantly lower
levels of blood triglycerides and cholesterol, key indicators of
obesity and its related metabolic complications. Furthermore,
MARK4 deficiency also significantly stimulates AMPK phos-
phorylation in skeletal muscle. Our results are corroborated by
previous reports that AMPK in skeletal muscle is activated in
response to exercise, which improves insulin sensitivity (34),
and that AMPK phosphorylation is significantly reduced in
skeletal muscle in patients with type 2 diabetes and in a rodent
model of obesity (39, 40). Taken together, our findings suggest
that development of MARK4 inhibitors may provide a novel
treatment for obesity and its related metabolic complications,
including type 2 diabetes.
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