THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 51, pp. 35839-35849, December 18, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Cardiac-specific Deletion of LKB1 Leads to Hypertrophy

and Dysfunction®

Received for publication, September 1, 2009, and in revised form, October 7, 2009 Published, JBC Papers in Press, October 14, 2009, DOI 10.1074/jbc.M109.057273

Yasumasa lkeda’', Kaori Sato®, David R. Pimentel®, Flora Sam", Reuben J. Shaw!, Jason R. B. Dyck**>,

and Kenneth Walsh*™*

From the *Molecular Cardiology/Whitaker Cardiovascular Institute, Boston University School of Medicine, the SCardiovascular
Medicine Section, Department of Medicine, Boston University Medical Center and Myocardial Biology Unit, Boston University
School of Medicine, and the "Cardiac Remodeling Laboratory/Whitaker Cardiovascular Institute, Boston University School of
Medicine, Boston, Massachusetts 02118, the 'Molecular and Cell Biology Laboratory, Salk Institute for Biological Studies,

San Diego, California 92186, and the **Cardiovascular Research Centre, University of Alberta, Edmonton, Alberta T6G 252, Canada

LKB1 encodes a serine/threonine kinase, which functions
upstream of the AMP-activated protein kinase (AMPK) superfam-
ily. To clarify the role of LKB1 in heart, we generated and charac-
terized cardiac myocyte-specific LKB1 knock-out (KO) mice using
a-myosin heavy chain-Cre deletor strain. LKB1-KO mice dis-
played biatrial enlargement with atrial fibrillation and cardiac dys-
function at 4 weeks of age. Left ventricular hypertrophy was
observed in LKB1-KO mice at 12 weeks but not 4 weeks of age.
Collagen I and III mRNA expression was elevated in atria at 4
weeks, and atrial fibrosis was seen at 12 weeks. LKB1-KO mice
displayed cardiac dysfunction and atrial fibrillation and died
within 6 months of age. Indicative of a prohypertrophic environ-
ment, the phosphorylation of AMPK and eEF2 was reduced,
whereas mammalian target of rapamycin (mTOR) phosphoryla-
tion and p70S6 kinase phosphorylation were increased in both the
atria and ventricles of LKB1-deficient mice. Consistent with vascu-
lar endothelial growth factor mRNA and protein levels being sig-
nificantly reduced in LKB1-KO mice, these mice also exhibited a
reduction in capillary density of both atria and ventricles. In cul-
tured cardiac myocytes, LKB1 silencing induced hypertrophy,
which was ameliorated by the expression of a constitutively active
form AMPK or by treatment with the inhibitor of mTOR, rapamy-
cin. These findings indicate that LKB1 signaling in cardiac myo-
cytes is essential for normal development of the atria and ven-
tricles. Cardiac hypertrophy and dysfunction in LKB1-deficient
hearts are associated with alterations in AMPK and mTOR/
p70S6 kinase/eEF2 signaling and with a reduction in vascular
endothelial growth factor expression and vessel rarefaction.

LKB1 is a ubiquitously expressed serine/threonine kinase
that functions upstream of the 13 members of the AMP-acti-

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1 and Table 1.

' Supported by the Japan Health Sciences Foundation.

2 Supported by National Institutes of Health Grant HL079099.

3 Alberta Heritage Foundation for Medical Research Senior Scholar and a
Canada Research Chair in Molecular Biology of Heart Disease and
Metabolism and supported by Canadian Institutes of Health Research
Grant MOP53088.

4Supported by National Institutes of Health Grants HL68758, HL77774,
HL86785, and AG15052. To whom correspondence should be addressed:
Molecular Cardiology/Whitaker Cardiovascular Institute, Boston University
Medical Campus, 715 Albany St., Rm. W611, Boston, MA 02118. Tel.: 617-
414-2390; Fax: 617-414-2391; E-mail: kxwalsh@bu.edu.

DECEMBER 18, 2009 +VOLUME 284+NUMBER 51

vated protein kinase (AMPK)® superfamily (1). Analyses of
LKB1-knock-out (KO) mouse models reveal that this kinase
controls the physiological functions of many tissues. For in-
stance, whole body LKB1-KO mice display embryonic lethality
due to defects in the development of the neural tube, mesen-
chymal cell death, and abnormal vascular development (2). In
addition, tissue-specific ablation of LKB1 has revealed that
LKBI also plays a major role in the regulation of cellular metab-
olism, likely via its role as an upstream AMPK-kinase (3-5).
Although the role of LKB1 in the regulation of metabolic pro-
cesses is under intense investigation, LKB1 also functions as a
tumor suppressor, and its loss leads to the development of
Peutz-Jeghers syndrome (6, 7). Importantly, at a cellular level
LKBI1 controls proliferation and cell polarity (8), which contrib-
utes to the tumor-inhibitory actions of LKB1.

Consistent with the role of LKB1 in cell growth control, our
recent work has shown that increased cardiac myocyte LKB1
activity contributes to the inhibition of protein synthesis
involved in cardiac hypertrophy (9). Conversely, reduced LKB1
expression and/or activity has been shown in the hypertrophied
hearts of various transgenic mouse models (9, 10), suggesting
that pathological inhibition of LKB1 activity may be an impor-
tant contributor to the hypertrophic process. In agreement
with this, oxidative stress-mediated inhibition of LKB1 in
hypertensive rats also appears to promote prohypertrophic sig-
naling (11). However, despite the potential importance of LKB1
activity in terms of regulating cardiac hypertrophy, very few
studies have specifically investigated LKB1 signaling in the
heart and its role in atrial and ventricular development and
remodeling.

Previously, Sakamoto et al. (12) characterized the cardiac
phenotype of mice using a MCK-Cre deletor strain that is
expressed primarily in skeletal muscle and secondarily in car-
diac muscle. They reported that these mice develop biatrial
enlargement and reduced ventricular size while maintaining

®The abbreviations used are: AMPK, AMP-activated protein kinase; ACC,
phosphoacetyl-CoA carboxylase 1; Ad, adenovirus; Afib, atrial fibrillation;
caAMPK, constitutively active AMPK; CREB, cAMP-responsive-binding pro-
tein; DCREB, constitutively active CREB; dP/dt, first derivative of left ven-
tricular pressure; KO, knock-out; SERCA, sarcoendoplasmic reticulum
Ca”"-ATPase; MHC, myosin heavy chain; mTOR, mammalian target of rapa-
mycin; siRNA, small interfering RNA; VEGF, vascular endothelial growth
factor; MCK, muscle creatine kinase.
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normal cardiac systolic function. However, the MCK-Cre strain
used by Sakamoto et al. (12) does not efficiently delete genes in
heart (13, 14). Furthermore, the systemic consequences of
LKB1 ablation in skeletal muscle of this strain could conceiv-
ably confound the cardiac phenotype especially given the fact
that muscle fuel metabolism is altered in these mice (4).
Because the role of LKB1 in the cardiac myocyte has been
shown to involve the regulation of signaling molecules involved
in protein synthesis and cell growth (9) as well as oxidative
stress-induced hypertrophy (15), we explored the importance
of LKB1 in controlling these prohypertrophic pathways by gen-
erating cardiac-specific LKB1 knock-out mice by crossing
LKB /"% mice with the a-myosin heavy chain (a-MHC)-Cre
deletor strain. We also performed a series of LKB1 knockdown
studies in cultured cardiac myocytes to understand better the
functional consequences of LKB1 deficiency and the regulatory
links with downstream signaling steps.

EXPERIMENTAL PROCEDURES

Animal Preparation and Tissue Harvest—Cardiac myocyte-
specific LKB1-deficient mice were generated by crossing
LKBV™/°* mice (16) with transgenic mice expressing Cre-
recombinase from the a-MHC promoter. At the indicated time
points, mice were anesthetized, and excised hearts were sepa-
rated into atria and ventricle. The weights of atria and ventricles
were recorded, and tissues were frozen in liquid nitrogen for
subsequent molecular analysis, respectively. The Institutional
Animal Care and Use Committee at Boston University ap-
proved all animal studies.

Echocardiography—Transthoracic echocardiography was per-
formed using a Vevo770 High Resolution Imaging System with
30-MHz RMV-707B scanning head (VisualSonics, Inc., Toronto,
Ontario, Canada). Mice were anesthetized with ~2% isoflurane
inhalation, and the heart rates were kept at 450 -500 beats/min.
The left atrium was detected in the parasternal long axis view at the
aortic root and measured in the systole phase at its maximal
dimension during M-mode images. The methods of measure-
ments in left ventricular dimension and left ventricular fractional
shortening (%FS) calculation were described previously (17).

Invasive Cardiac Hemodynamic Analysis—Hemodynamic anal-
ysis was performed with a 1.4F catheter tip micromanometer
(ARIA; Millar Instruments, Houston, TX) to determine maximum
systolic pressure, left ventricular end-diastolic pressure, and the
first derivative of left ventricular pressure (dP/dt) by Power Lab SP
Software (Ad Instruments) as described previously (18). Heart rate
was maintained at 450 —500 beats/min during the procedure.

¢DNA Synthesis and Quantitative Real Time PCR—Atria and
ventricular tissue were homogenized in TRIzol reagent, and
RNA was extracted as described previously (17). A QuantiTect
Reverse Transcription kit (Qiagen, Valencia, CA) was used to
synthesize cDNA, and PCR was performed using the iCycler iQ
Real Time PCR Detection Systems (Bio-Rad) with SYBR Green
dye (19). Transcript levels were adjusted relative to the expres-
sion of 36B4 (20). The sequences of PCR primer are noted in
supplemental Table 1.

Western Blot Analysis—Atrial and ventricular tissue were
homogenized in T-PER reagent (Pierce) with a protease inhib-
itor mixture (Roche Applied Science) as described previously
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(17). Immunoreactive bands were visualized using ECL or ECL-
PLUS chemiluminescence reagent (Amersham Biosciences)
treatment and exposure to Hyperfilm-ECL. Image] 1.31 soft-
ware was used for the quantification of the band density.
Antibodies against phospho-Akt (Ser*”?), total Akt, phos-
pho-AMPKa (Thr'”?), total AMPKe, phosphoeukaryotic
translation elongation factor 2 (eEF2) (Thr®), total eEF2, phos-
pho-CREB (Ser'*®) total CREB, phospho-mTOR (Ser***%),
phospho-mTOR (Ser**®!, total-mTOR, phospho-p70S6 kinase
(Thr®®?), and total p70S6 kinase were from Cell Signaling Tech-
nology (Beverly, MA). Antibodies against Connexin 40 and 43,
sarcoendoplasmic reticulum Ca®>*-ATPase (SERCA) 2A and
VEGF were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Other antibodies used were phospholamban (Thermo
Fisher Scientific), Connexin 45 (Zymed Laboratories Inc.
(Invitrogen), phosphoacetyl-CoA carboxylase 1 (ACC) (Ser”®),
and total ACC (both from Millipore (Upstate), Billerica, MA).
The antibody against a-tubulin (Calbiochem) was used as a
loading control. Each lane was loaded for equal protein. The
relative change in protein phosphorylation was calculated from
the ratio of phosphorylation to total protein.

Histological Analysis—Whole hearts were excised and placed
overnight in 10% neutral buffered formalin. After fixation, sam-
ples were embedded in paraffin, cut into 6-um sections, and
then stained with Masson’s trichrome (Sigma-Aldrich). The
diameters of left atrial and left ventricular myocytes were mea-
sured. The diameter was measured at the longitudinal line of the
myocyte nucleus. Approximately 100 cells were measured in
each section using Image] 1.31 software. To determine capillary
density, atria and ventricles were embedded in OCT compound
(Sakura Finetech USA, Inc., Torrance, CA) and snap frozen in
liquid nitrogen. Cryosections (5 um) were fixed with 4%
paraformaldehyde and stained with anti-CD31 (BD Pharmin-
gen), and hematoxylin was used for counterstaining. Capillary
density was assessed in 10 randomly selected power fields.

Cultured Neonatal Rat Cardiac Myocytes—Primary neonatal
rat cardiac myocytes were isolated and cultured as described pre-
viously (21). Cells were incubated with serum-free medium for
24 h prior to each experiment. The siRNA for LKB1 and nontar-
geting control were purchased from Dharmacon (siGENOME
SMART Pool and ON-TARGET plus siCONTROL NonTargeting
siRNA Pool) and used as reported previously (19). Cells were
infected with adenovirus constructs encoding constitutive active
form AMPKal(Ad-caAMPK) (22) or B-galactosidase at a multi-
plicity of infection of 50 for 24 h. RNA and protein extractions
from cardiac myocytes were described previously (19). The adeno-
viral vector expressing a constitutively active form of CREB (Ad-
DCREB) was a gift from Dr. Reusch (University of Colorado
Health Sciences Center). For the assessment of hypertrophy, car-
diac myocytes were plated on chamber slide (LAB-TEK II Cham-
ber slide, Thermo Fisher Scientific). Cells were fixed with 4%
paraformaldehyde for 10 min and stained with anti-a-actinin
(Sigma-Aldrich) overnight at4 °C to visualize sarcomere structure.
Cell surface area was measured from at least 100 cardiac myocytes/
well in four independent experiments using Image] software. For
analysis of protein synthesis, cardiac myocytes were plated in
24-well plates, and [*H]leucine incorporation was measured (23).
After each treatment, [°H]leucine (1 wCi/ml) was added, and cells
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were incubated for an additional 4 h. Cells were washed three
times with 1 X PBS and incubated with 10% trichloroacetic acid for
30 min at 4 °C to prepare precipitated proteins. The precipitated
material was washed three times with 1X PBS and then neutral-
ized with 0.5 N NaOH for 30 min at room temperature. Radioac-
tivity in this fraction was measured by liquid scintillation.

Statistical Analysis—Data were expressed as a mean = S.E.
An unpaired two-tailed Student’s ¢ test was used for evaluation
between the two groups. For comparisons among more groups,
statistical significance was assessed using one-way analysis of
variance, and the significance of each difference was deter-
mined by post hoc testing using the Tukey-Kramer method.
Statistical significance was considered at p < 0.05.

RESULTS
LKB1-KO Mice Exhibit Atrial and Ventricular Hypertrophy—

For this study, we analyzed male LKB1-KO mice and male lit-
termate floxed homozygous mice as control. LKB1 mRNA and
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FIGURE 1. Analysis of the cardiac phenotype in control and LKB1-KO mice at 4 and 12 weeks of age. A, gross
appearance of the isolated hearts (top) and long axis section of four-chamber view with Masson's trichrome staining
(middle). The mean atrial and ventricular weight to body weight ratios are also shown (bottom). B, histological
sections of Masson'’s trichrome-stained left atrial and left ventricular tissue (upper). The mean atrial and ventricular
myofibrillar transverse diameter in control (open bars) and LKB1-KO (filled bars) mice (lower) are shown. Values are
expressed as mean = S.E. **, p < 0.01; each group n = 5-7.C, mRNA level of collagen | and Il expression in atria and
ventricles of control and LKB1-KO mice. The real time PCR analyses were performed in control (open bars) and
LKB1-KO (filled bars) at 4 and 12 weeks of age, respectively. Values are change relative to each control band (4-week-
old control atria) and are expressed as mean =+ S.E. **, p < 0.01; n = 6 in each group.
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protein expression were signifi-
cantly suppressed by >70% in both
the atria and the ventricles of
LKB1-KO mice compared with con-
trol mice (supplemental Fig. 1).
Because the myocyte-specific expres-
sion of the a-MHC-Cre strain is well
characterized (24), the lack of com-
plete LKB1 ablation may be due to
the contribution of LKB1 expressed
in non-myocytes (fibroblasts, endo-
thelial cells, and smooth muscle
cells) in these hearts. The appear-
ance of excised hearts from 4- and
12-week-old mice is shown in the
top panel of Fig. 1A. By gross inspec-
tion, biatrial enlargement was visi-
ble at 4 weeks in the LKB1-KO mice
compared with control mice. Simi-
larly, by 12 weeks of age, both left
and right atria and ventricles were
visibly larger in LKB1-KO mice, and
there was evidence of thrombus for-
mation in the atria (data not shown).
The atria to body weight ratio of
LKB1-KO mice was significantly
larger compared with control mice
at both 4 and 12 weeks (Fig. 1A).
Although there was no difference
of the ventricular weight to body
weight ratio at 4 weeks, by 12 weeks
the ventricles of the LKB1-KO mice
displayed an increase in mass. Simi-
larly, the lung weight to body weight
ratio was significantly greater in
LKB1-KO mice than in control mice
at 12 weeks, but not 4 weeks (data
not shown).

Histomorphometric analyses re-
vealed that the diameter of myo-
cytes in the left atria was significantly larger in LKB1-KO mice
than in control mice at both 4 weeks and 12 weeks (Fig. 1B).
Consistent with the chamber weights, there was no difference
in left ventricular myocyte diameter at 4 weeks, but this param-
eter was greater in LKB1-KO mice at 12 weeks of age. Atrial
fibrosis was apparent in the atria of LKB1-KO mice at 12 weeks
of age (Fig. 1B). In addition, collagen type I and III transcripts
were elevated in atria of LKB1-KO mice at both 4 and 12 weeks
of age compared with controls (Fig. 1C). Little or no fibrosis or
collagen expression was detected in the ventricles of LKB1-KO
mice at 4 or 12 weeks of age.

LKBI1 Deficiency Impairs Cardiac Function—Echocardio-
graphic analyses were performed to evaluate cardiac structure
and function. As shown in Fig. 2, A and B, left atrial dimension
was increased with age in weeks and was markedly enlarged at
12 weeks in LKB1-KO mice compared with control mice.
Although there were no differences in left ventricular structure
between control mice and LKB1-KO mice at 4 weeks, fractional
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shortening, a marker of cardiac systolic function, was signifi- left ventricular diastolic dilatation, and there was evidence of
cantly reduced in LKB1-KO mice compared with control mice left ventricular hypertrophy in addition to cardiac systolic dys-
at this time point. By 8 weeks of age, LKB1-KO mice displayed function (Fig. 2B).
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FIGURE 3. Electrocardiographic assessment and survival of control and LKB1-KO mice. A, representative
electrocardiogram showing control mice and LKB1-KO mice at 2, 3, and 4 weeks of age. Control mice presented
normal sinus rhythm, whereas LKB1-KO mice presented Afib. Afib occurred in 80% LKB1-KO mice by 4 weeks of
age. B, mortality rate of control mice and LKB1-KO mice. Mortality curves were created by the Kaplan-Meier
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method and compared by the log-lank test. n = 20 in each group.

Cardiac function was further analyzed by invasive cardiac

catheter measurements. Left ventricular end-diastolic pressure
was elevated in LKB1-KO mice at 4 weeks of age, left ventricular

100ms

P<0.01

LKB1 Function in Heart

dP/dt maximum was reduced, and
left ventricular dP/dt minimum was
increased in LKB1-KO mice (Fig.
2B). Systolic blood pressure was
significantly decreased in LKBI-
KO mice compared with control
mice at 12 weeks but not 4 weeks
of age. Protein and mRNA expres-
sion of SERCA2 and phospholam-
ban were also significantly reduced
in both atria and ventricles of
LKB1-KO mice compared with con-
trol mice (Fig. 2C). Together, these
findings demonstrate atrial dilata-
tion and left ventricular hypertro-
phy with cardiac dysfunction in
LKB1-KO mice at 4 and 12 weeks of
age, respectively.

Atrial Fibrillation in LKBI-KO
Mice—Because LKB1-KO mice ex-
hibited arrhythmias during echo-
cardiographic and Millar catheter
analyses, we assessed whether atrial
fibrillation (Afib) occurred in LKB1-
KO mice. Electrocardiographic anal-
ysis revealed that heart rates in
LKB1-KO mice were comparable
with that of control mice, and there
was no detectable Afib in LKB1-KO
mice at 2 or 3 weeks of age. How-
ever, ~80% of LKB1-KO mice de-
veloped Afib at 4 weeks of age, and
all of LKB1-KO mice had Afib at 5
weeks of age or later (Fig. 34). The
development of Afib in LKB1-KO
mice correlated with the appear-
ance of pronounced atrial hypertro-
phy. Based upon the gradual onset
of the pathologies as well as echo-
cardiographic and histological anal-
ysis, Afib in LKB1-KO mice did not
appear to result from congenital
cardiac abnormalities such as atrial
or ventricular septal defects.

Mortality of LKBI-KO Mice—
Consistent with poor cardiac per-
formance in LKB1-KO mice, the
mortality of male LKB1-KO mice
was notable after 12 weeks of age.

All LKB1-KO mice had died by 5 months of age, and the mean
survival period was 110 days (Fig. 3B). Although female

FIGURE 2. Direct and indirect measures of cardiac dysfunction in LKB1-KO mice at 4 and 12 weeks of age. A, representative echocardiogram. Serial changes of
B-mode of parasternal long axis view and M-mode of left ventricular short axis view in control and LKB1-KO mice are shown. B, echocardiographic measurements of
left atrial dimension (LA), left ventricular diastolic dimension (LVDd), and fractional shortening (FS) between 4- and 12-week-old control and LKB1-KO mice. *, p < 0.05;
** p < 0.01 versus age-matched control; n = 8in each sample. NS, not significant. G, invasive analysis of cardiac function with Miller catheter in both 4-and 12-week-old
control and LKB1-KO mice. Values are expressed as mean = S.E.*, p < 0.05; **, p < 0.01. Each group n = 8. BP, blood pressure. D, mRNA and protein expression of
phospholamban and SERCA2. The real time PCR or Western blot analyses were performed in control (open bars) and LKB1-KO (filled bars) at 4 and 12 weeks of age,
respectively. Values are change relative to each control band (4-week-old control atria) and are expressed as mean = S.E.*, p < 0.05;**,p < 0.01;n = 6-8ineach group.
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FIGURE 4. mRNA and protein expression of connexin 40, 43, and 45. A, results of real time PCR analysis of
connexin 40,43, and 45. Values are change relative to each control (using atria at 4 weeks of age as control) and
expressed as mean = S.E. *, p < 0.05; **,p < 0.01,n = 6 in each group. B, upper, representative immunoblots of
connexin 40, 43,and 45 in atria and ventricles of control mice and LKB1-KO mice. Lower, densitometric analysis
of connexin 40, 43, and 45. The expression levels were quantified and are expressed as change relative to
4-week-old control atria. Values are change relative to each control (using atria at 4 weeks of age as control) and

are expressed as mean = S.E. ¥, p < 0.05; **, p < 0.01,n = 6 in each group.

LKB1-KO lived longer than male LKB1-KO mice, all died by 1
year of age (data not shown).

Reduced Expression of Gap Junction Proteins in Atria and
Ventricle of LKBI1-KO Mice—Because gap junction proteins have
been reported to participate in the occurrence of Afib (25), we
examined the expression of connexin 40, 43, and 45 in atria and
ventricles in control and LKB1-KO mice. The expression of con-
nexin 40, 43, and 45 mRNA and protein was significantly
decreased in atria of LKB1-KO at both 4 and 12 weeks compared
with that of control mice (Fig. 4). Connexin 43 was also signif-
icantly reduced in the ventricles of LKB1-KO mice (Fig. 4).

Capillary Density Is Reduced in Atria and Ventricle of
LKB1-KO Mice—Cardiac microvasculature mediated by the
VEGF pathway plays an important role in the maintenance of
cardiac function (26) or the transition from compensatory
hypertrophy to heart failure (27, 28). Therefore, we evaluated
capillary density in heart by performing immunohistochemis-
try for CD31 in cardiac tissue sections. Capillary density was
significantly decreased in both atria and ventricles of LKB1-KO
mice compared with control mice (Fig. 5A4). This reduction in
capillary density was more pronounced at 12 weeks than at 4
weeks of age. As shown in Fig. 5B, mRNA and protein levels of
VEGF expression were also reduced in both atria and ventricles
of LKB1-KO mice.

Reduced AMPK and eEF2 Phosphorylation and Increased
mTOR/p70S6 Kinase Signaling in LKB1-KO Mouse Heart—To
determine the effects of LKB1 ablation on AMPK signaling, the
phosphorylation of AMPK and ACC, a downstream target of
AMPK, was examined by Western immunoblot analysis in
hearts from LKB1-KO and control mice (Fig. 6A4). Phosphory-
lation of AMPK at Thr'”* and ACC at Ser”® was significantly
suppressed in both atria and ventricles of LKB1-KO mice at
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ATRIA VENT.

ATRIA VENT. phorylation in LKB1-KO mice com-

pared with control mice (Fig. 6B).
The phosphorylation of eEF2 at
Thr>® was decreased in LKB1-KO
mice. Because reduced phosphoryla-
tion at this residue allows eEF2 to cat-
alyze the translocation step involved
in protein synthesis (31), this finding is indicative of increased pro-
tein synthesis necessary for cardiac hypertrophy (32).

LKBI Regulation of Myocyte Hypertrophy in Vitro—To con-
firm that loss of LKB1 activity was responsible for the develop-
ment of cardiac hypertrophy, we utilized an siRNA ablation
procedure in cultured neonatal rat cardiac myocytes. Transfec-
tion of siRNA targeting LKB1 led to an 80% reduction in LKB1
expression (data not shown), which correlated with cardiac
myocyte hypertrophy assessed by cell surface area and [*H]-
leucine incorporation (Fig. 7, A—C). Consistent with the devel-
opment of cardiac hypertrophy induced by decreased LKB1,
LKB1 ablation by siRNA also led to elevations of A-type natri-
uretic peptide, B-type natriuretic peptide, and a-smooth mus-
cle actin mRNA expression (Fig. 7D). Importantly, transduc-
tion with Ad-caAMPK or treatment with the mTOR inhibitor
rapamycin reversed the hypertrophic effects of siRNA targeting
LKBI1 (Fig. 7, E-G). In contrast, transduction with Ad-DCREB
had no effect on hypertrophy induced by siRNA targeting LKB1
(Fig. 7, H-)]). Although CREB is reported to be a downstream
target of AMPK (33), we found that transduction with
Ad-caAMPK did not influence CREB phosphorylation, and
transduction with Ad-DCREB did not influence AMPK phos-
phorylation (data not shown).

DISCUSSION

Although LKB1 was originally identified as a tumor suppres-
sor (6) and has been associated with proteins that are involved
in controlling cellular proliferation (34—37), LKB1 has also
been shown to phosphorylate and activate AMPK (38), a nega-
tive regulator of cardiac growth. As a result, many of the cellular
effects attributed to AMPK may be indirectly mediated by
LKBI. Because AMPK plays a role in the regulation of cardiac
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accordance with a more severe and
progressive pathological cardiac
phenotype observed in the cardiac
myocyte-specific LKB1-KO mice,
there was significant reduction in
cardiac systolic function in the
LKB1-KO mice compared with con-
trols, a finding that was absent in the
MCK-Cre strain (12). The cardiac
myocyte-specific LKB1-KO also
displayed Afib, a phenotype that
was not reported in the muscle
LKB1-KO (12). There are a number
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FIGURE 5. Capillary density in both atria and ventricles from control and LKB1-KO mice at 4 and 12 weeks
of age. A, top and middle panels, representative histological sections of CD31 immunohistochemistry staining
in atriaand ventricles. Bottom panel, mean capillary density in control (open bars) and LKB1-KO (filled bars) mice.
Values are expressed as mean = S.E. *, p < 0.05; **, p < 0.01; n = 4-6 in each group. B, mRNA (left) levels and
protein levels with the representative blots (right) of VEGF expression in atria and ventricles. Values are

expressed as mean = S.E. *, p < 0.05; **, p < 0.01,n = 6-8 in each group.

function and metabolism as well as cardiac myocyte cell growth
(39, 40), the importance of LKB1/AMPK signaling in cardiac
physiology and pathophysiology is receiving increasing atten-
tion. Here, we present an in-depth investigation of the role of
LKB1 signaling in the mouse heart using cardiac myocyte-spe-
cific LKB1-KO mice.

Using a newly created mouse strain that lacks LKB1 expres-
sion in cardiac myocytes, we performed gross morphometric
and histological analysis of the myocardium at 4 and 12 weeks
of age. Consistent with a previous report using the conditional
KO for muscle LKB1 (12), we observed biatrial enlargement in
our LKB1-KO. However, in contrast to that previous report
(12), cardiac myocyte-specific LKB1-KO mice displayed an
increase in both atrial and ventricular myocyte diameter. In
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ventricular hypertrophy, and in-
creased fibrosis and collagen con-
tent as well as cardiac dysfunction.
Together, these findings suggest
that LKB1 plays a more important
role in maintaining cardiac struc-
ture and function than was previously appreciated.

Based on the severe adverse cardiac phenotype observed in
LKB1-KO mice by morphometric and histological analysis,
we further characterized the cellular components that may
be involved in the progressive atrial dilatation. Consistent
with atrial dysfunction and the potential for altered calcium
handling, SERCA2 and phospholamban protein levels were
significantly reduced in atria of LKB1-KO mice. Because
abnormal calcium handling influences atrial contractility
and can promote arrhythmogenesis (41), we also performed
electrocardiographic analysis of hearts from LKB1-KO mice.
In agreement with atrial enlargement preceding cardiac
arrhythmia (30, 42—-45), LKB1-KO mice developed Afib at 4
weeks of age when atrial hypertrophy was already evident. In

JOURNAL OF BIOLOGICAL CHEMISTRY 35845



LKB1 Function in Heart
AMPK phosphorylation ACC phosphorylation
( A) ERC I N Ao B A
1.5 3
[0} (0]
[72] [72]
(] ©
) o
[} [}
P-AMPK [ = -— em | £'0 22
ke) ©
T-AMPK -————--ﬂ K] o
P-ACC [ i % s @B B » | 205 21
N - © ©
T-ACC § §
E— —— — L m— — w—— -
P-AKT 0 S KCKCKCK 0 EKCKCKCK
T-AKT _—== == AW 12W AW 12W AW 12W 4W 12W
— — . —
P-CREB — — ATRIA VENT. ATRIA VENT.
T-CREB [ S5 @ S e o o = | Akt ohosohora CREB ohosohonai
LKB1 - o = phosphorylation E p 2sp 3rya*|?n
. — — — "~
Tubulin — A —— WD man e e ®1.5 ®3
C KO C KO C KO C_KO & 2
4W 12W_ 4w 12W 5 s
210 82
ATRIA VENTRICLE 2 L)
205 2 1
3 k]
& &
0 0
(B) CKCKCKCK CKCKCKCK
AW 12W AW 12W AW 12W AW 12W
ATRIA  VENT. ATRIA  VENT.
P-mTOR(Ser2448)[~ == = == = «n = == |
P-mTOR(Ser2481)[= == = == R
T-mTOR |-_“----__—--~ T-eEF2|I—-——_————I|
pszosek 1 = == " S e St
T Ee—em——— e
C_KO C_KO C_KO C_KO
W oW AW oW ATRIA VENTRICLE
ATRIA VENTRICLE
Phospho-mTOR(Ser2448) Phospho-mTOR(Ser2481) Phospho-p70S6K Phospho-eEF2
PR ey PR . R A S i =
4 2.0 — 5 1.5 iy
[0} [0 Q
1] » 17}
g @® 4 ]
S 3 815 o
g g 3 S 10
3 2 310 ) 3
2, 205 2 05
«© © 1 ©
[5} © Q
[v'4 0 ['4 0 0 o
CKCKCKCK CKCKCKCK CKCKCKC O cKCcKCKC
AW 12W 4W 12W AW 12W 4W 12W AW 12W AW 12W AW 12W 4W 12W
ATRIA  VENT. ATRIA  VENT. ATRIA  VENT. ATRIA  VENT.

FIGURE 6. Phosphorylation level of AMPK, ACC, CREB, and Akt in both atria and ventricles from control
and LKB1-KO mice. A, left, representative blot of phosphorylated and total AMPK (pAMPK and tAMPK, respec-
tively), phosphorylated and total ACC (pACC and tACC, respectively), phosphorylated and total Akt (pAKT and
tAKT, respectively), and phosphorylated and total CREB (pCREB and tCREB, respectively). Right, results of den-
sitometric analysis of ACC, AMPK, Akt, and CREB phosphorylation. B, phosphorylation level of mTOR, p70S6
kinase, and eEF2 in atria and ventricles from control and LKB1-KO mice. Upper, representative blot of phospho-
and total mTOR, p70S6 kinase and eEF2. Lower, densitometric analysis of mTOR, p70S6 kinase, and eEF2
phosphorylation. The phosphorylation levels were quantified and are expressed as change relative to each
control band (atria from control mice at 4 weeks of age). Values shown are mean = S.E. *, p < 0.05; **, p < 0.01;
n = 8in each group.

addition, we found that gap junction proteins such as Cx40,
Cx43, and Cx45 were significantly decreased in both atria
and ventricles of LKB1-KO mice, and these decreases may
also predispose the heart to abnormal conduction and
arrhythmia (46). Based on these findings, we propose that
fatal arrhythmias may contribute to the high mortality rate
of the LKB1-KO mice. Taken together, atrial enlargement,
altered expression of calcium handling proteins, and the
degradation of connexin expression likely contribute to the
occurrence of Afib in LKB1-KO mice. However, whether or
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not these are the only contributors
to Afib in the LKB1-KO mice has
yet to be established.

AMPK is a negative regulator of
protein synthesis in cardiac myo-
cytes (32). Consistent with this
notion, the enlarged LKBI-defi-
cient hearts displayed reductions in
AMPK signaling. However, in addi-
tion to AMPK, LKB1 also targets
members of an AMPK-related su-
perfamily including BRSK1, BRSK2,
NUAK1, NUAK?2, QIK, QSK, SIK,
MARK1, MARK2, MARK3, MARK4,
and SNRK (1). Furthermore, AMPK
is regulated by multiple upstream
protein kinases, including Ca**/
calmodulin-dependent protein ki-
nase kinase- (CaMKK}) and trans-
forming growth factor-B-activated
kinase 1 (TAK1) in addition to LKB1
(47). Because both LKB1 and AMPK
participate in complex regulatory
networks, one cannot assume
a priori that the hypertrophy
observed in the cardiac-specific
LIKB1-KO mice is due to a reduction
in AMPK activity. Therefore, we
investigated whether LKB1 ablation
resulted in impaired AMPK acti-
vation and a subsequent activation
of prohypertrophic signaling path-
ways in cultured myocytes. Loss of
LKB1 resulted in reduced AMPK
activity and a corresponding acti-
vation of signaling pathways that
are major regulators of protein
synthesis, namely mTOR, p70S6
kinase, and eEF2 (48). Inhibition of
LKB1/AMPK signaling and a subse-
quent activation of the mTOR/
p70S6 kinase signaling axis have
been proposed to create a permis-
sive environment that promotes
hypertrophic growth (15). Consist-
ent with this notion, the mTOR/
P70S6 kinase/eEF2 signaling cas-
cade is activated in hearts from

LKB1-KO mice, which may contribute to atrial and ventricular
hypertrophy in these mice. We also showed that cardiac hyper-
trophy induced by siRNA ablation of LKB1 in cultured cardiac
myocytes was prevented by genetic activation of AMPK as well
as pharmacological inhibition of the mTOR pathway. Collec-
tively, these data suggest that the cardiac hypertrophy induced
by the loss of LKB1 activity is in part mediated by a downstream
hierarchical kinase cascade involving AMPK and mTOR.

In contrast to LKB1-deficient mice, no baseline cardiac
hypertrophy has been reported for mice that are deficient for
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FIGURE 7. Assessment of LKB1 siRNA-induced cardiac myocyte hypertrophy. LKB1 siRNA-induced cardiac myo-
cyte hypertrophy was inhibited by caAMPK, not DCREB, in vitro. A, representative cell size of cardiac myocytes
transfected with unrelated siRNA (control) or LKB1 siRNA for 48 h. After 24 h of siRNA transfection, cardiac myocytes
were transfected with 3-galactosidase (3-gal) or caAMPK adenovirus. Cardiac myocytes were stained with a-actinin
for quantification of cell surface area. B, quantitative analysis of cell surface area after siRNA transfection with or
without caAMPK adenovirus infection. *, p < 0.05; **, p < 0.01; n = 4 in each group. C, [*H]leucine incorporation for
assessment of protein synthesis in cardiac myocytes. The measurement of radioactivity in cardiac myocytes after
siRNA transfection with or without caAMPK adenovirus infection is shown. *, p < 0.05; **, p < 0.01;n = 8-12ineach
group. D, results of real time PCR analysis of A-type natriuretic peptide (ANP), B-type natriuretic peptide (BNP), and
a-smooth muscle actin (a-SMA), expression with control or siRNA in the presence of B-galactosidase or caAAMPK
adenovirus.*, p < 0.05; **, p < 0.01; n = 6 in each group. E, representative cell size of cardiac myocytes transfected
with unrelated siRNA (control) or LKB1 siRNA for 48 h. After 24 h of siRNA transfection, cardiac myocytes were treated
with vehicle (DMSO) or rapamycin. Cardiac myocytes were stained with a-actinin for quantification of cell surface
area. n = 4 in each group. f, quantitative analysis of cell surface area after siRNA transfection with or without
rapamycin treatment. *, p < 0.05; **, p < 0.01; n = 4 in each group. G, [PH]leucine incorporation for assessment of
protein synthesis in cardiac myocytes. The measurement of radioactivity in cardiac myocytes after siRNA transfec-
tion with or without rapamycin treatment is shown. *, p < 0.05; **, p < 0.01; n = 6-8in each group. H, representative
cell size of cardiac myocytes transfected with unrelated siRNA (control) or LKB1 siRNA for 48 h. Cardiac myocytes
were stained with a-actinin for quantification of cell surface area. n = 4 in each group. /, quantitative analysis of cell
surface area after siRNA transfection with or without DCREB adenovirus infection. **, p < 0.01; n = 4 in each group.
J, PHlleucine incorporation for assessment of protein synthesis in cardiac myocytes. The measurement of radioac-
tivity in cardiac myocytes after siRNA transfection with or without DCREB adenovirus infection is shown. *, p < 0.05;
** p <0.01;n = 8-12in each group. In all panels, values are expressed as mean = S.E.
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AMPKal (49) or AMPKa2 (50) or
that express a dominant negative
form of AMPKa2 expressed from
MCK or a-MHC promoters (51, 52).
However, AMPKa2-KO mice are
reported to exhibita modestincrease
in left ventricular hypertrophy
compared with wild-type in
response to pressure overload
(53). At least two explanations can
account for the discrepancy
between the subtle phenotype seen
with the AMPK stains and the pro-
nounced cardiac phenotype in the
LKB1-KO mouse line that is
reported here. First, it is possible
that functional compensation be-
tween the AMPKal and a2 sub-
units minimizes the cardiac pheno-
type, whereas a lack of LKB1 leads to
the simultaneous dysregulation of
both isoforms. However, it is equally
plausible that other, as yet unidenti-
fied, downstream targets of LKB1
participate in the cardiac remodel-
ing process in an AMPK-indepen-
dent manner. Thus, additional
studies will be required to address
the relative contributions of
AMPKal/a2 versus other AMPK
family kinases that function down-
stream of LKBI in heart.

The phenotype of atrial dilatation
and a conduction system abnormality
in the cardiac myocyte-specific LKB1-
KO mouse model was similar to that
of mice expressing cardiac-speci-
fic dominant negative CREB (29,
30). Thus, we investigated whether
CREB phosphorylation was inhib-
ited in hearts of LKB1-KO mice.
CREB phosphorylation was dimin-
ished in both atria and ventricles of
LKB1-KO mice as well as in cul-
tured cardiac myocytes treated with
siRNA directed to LKB1. Although
these data suggest that reduced
CREB activity is involved in the
atrial phenotype of the LKB1-KO
mice, expression of constitutively
active CREB failed to attenuate
LKBI1 siRNA-induced cardiac myo-
cytes hypertrophy in our cell culture
system. Although these data sug-
gest that the cardiac phenotype
observed in our model is indepen-
dent from an LKBl-mediated
effect on CREB, further studies on

JOURNAL OF BIOLOGICAL CHEMISTRY 35847



LKB1 Function in Heart

a possible connection between LKB1 and CREB in cardiac
myocytes is warranted.

In contrast to muscle LKB1-KO mice, cardiac myocyte-spe-
cific LKB1-KO mice exhibited cardiac dysfunction. In the heart,
VEGF-mediated microvasculature is required to maintain car-
diac function (26), and the reduction in capillary density medi-
ated by a disruption in VEGF signaling contributes to the tran-
sition from compensatory hypertrophy to heart failure (27, 28).
Because VEGF signaling plays a crucial role in regulating car-
diac function during growth, we examined VEGF expression
and capillary density in cardiac-specific LKB1-KO mice. We
demonstrated that VEGF protein and mRNA expression were
reduced in both atria and ventricles of LKB1-KO mice. Consis-
tent with these observations, capillary densities were markedly
reduced in both atria and ventricles of LKB1-KO mice, and
these effects were observed as early as 4 weeks of age. Previ-
ously, we have shown that AMPK activation promotes VEGF
expression and angiogenesis in skeletal muscle (54). Taken
together, these data suggest that LKB1 promotes angiogen-
esis and maintains function in the developing heart through
activation of the AMPK/VEGF signaling axis within cardiac
myocytes.

In summary, we show that the loss of LKB1 in cardiac myo-
cytes induces aberrant remodeling of both the atria and ventri-
cles with cardiac dysfunction at base line. The cardiac remod-
eling observed in the LKB1-deficient hearts was also associated
with a reduction in capillary density and VEGF expression in
the atria and ventricles. Moreover, LKB1 ablation promoted the
development of Afib and reductions in gap junction protein
expression. We also show that the hypertrophy of the atria and
ventricles was associated with diminished AMPK activation
and the dysregulation of the mTOR/p70S6 kinase/eEF2 signal-
ing axis. In cultured myocytes, the loss of LKB1 could be res-
cued by either restoration of AMPK activity or inhibition of
mTOR/p70S6 kinase signaling. Together, these findings high-
light the importance of LKB1 signaling in the heart and provide
further evidence supporting the notion that the loss of LKBI1 is
prohypertrophic and may be involved in the development of
pathological cardiac hypertrophy.
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