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1  | INTRODUC TION

Heart failure is a leading cause of morbidity and mortality in modern 
society. According to the Atherosclerosis Risk in Communities Study 
of the US National Heart, Lung, and Blood Institute, the 30-day, 
1-year and 5-year case fatality rates after hospitalization for heart 
failure were 10.4%, 22% and 42.3%.1 Pathological cardiac hypertro-
phy is a key risk factor for heart failure.2 Multiple signalling pathways 

have been demonstrated to positively regulate protein synthesis and 
cardiac hypertrophy, including phosphoinositide 3-kinase (PI3K)/Akt 
signalling, mitogen-activated protein kinase signalling, Ca2+/calmod-
ulin-dependent kinase II signalling and calcineurin-nuclear factor of 
activated T cell signalling.3,4

Akt phosphorylates various intracellular substrates, thereby 
affecting metabolism, protein synthesis and cell survival/apopto-
sis. For example, Akt and subsequent phosphorylation of GSK3β 
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Abstract
Pathological cardiac hypertrophy represents a leading cause of morbidity and mor-
tality worldwide. Liver kinase B1 interacting protein 1 (LKB1IP) was identified as the 
binding protein of tumour suppressor LKB1. However, the role of LKB1IP in the de-
velopment of pathological cardiac hypertrophy has not been explored. The aim of this 
study was to investigate the function of LKB1IP in cardiac hypertrophy in response to 
hypertrophic stimuli. We investigated the cardiac level of LKB1IP in samples from pa-
tients with heart failure and mice with cardiac hypertrophy induced by isoproterenol 
(ISO) or transverse aortic constriction (TAC). LKB1IP knockout mice were generated 
and challenged with ISO injection or TAC surgery. Cardiac function, hypertrophy and 
fibrosis were then examined. LKB1IP expression was significantly up-regulated on 
hypertrophic stimuli in both human and mouse cardiac samples. LKB1IP knockout 
markedly protected mouse hearts against ISO- or TAC-induced cardiac hypertrophy 
and fibrosis. LKB1IP overexpression aggravated ISO-induced cardiomyocyte hyper-
trophy, and its inhibition attenuated hypertrophy in vitro. Mechanistically, LKB1IP 
activated Akt signalling by directly targeting PTEN and then inhibiting its phos-
phatase activity. In conclusion, LKB1IP may be a potential target for pathological 
cardiac hypertrophy.
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predominantly mediate cardiac hypertrophy.5 Therefore, Akt pro-
tein has a direct impact on the development of cardiac hypertro-
phy. Phosphatase and tensin homology deleted on chromosome 10 
(PTEN) is a tumour suppressor gene that dephosphorylates phos-
phatidylinositol (3,4,5)-trisphosphate (PIP3) and depresses the 
PI3K-Akt pathway.6 Loss of PTEN in the myocardium induces car-
diac hypertrophy, which suggests the important role of PTEN in the 
development of cardiac hypertrophy.7 However, much less is known 
about the upstream regulatory mechanism of PTEN expression and 
activity.

Liver kinase B1 (LKB1) interacting protein 1 (LKB1IP; also known 
as LIP1 or STK11IP) consists of 25 exons; it maps to human chro-
mosome 2q36 and encodes a leucine-rich repeat-containing protein 
of 121 kDa. LKB1IP appears to be a cytoplasmically located protein 
that may regulate LKB1 function by controlling its subcellular local-
ization.8 LKB1IP also binds to the common mediator Smad4 protein 
of the transforming growth factor β and bone morphogenetic pro-
tein pathways.9 However, the role of LKB1IP in vivo, especially in 
regulating cardiac hypertrophy, remains unknown.

In this study, we used LKB1IP-knockout mice and found that 
LKB1IP, by targeting PTEN, acts as a novel positive regulator of 
pathological cardiac hypertrophy induced by isoproterenol (ISO) or 
pressure overload. We identified a new role for LKB1IP in the devel-
opment of cardiac hypertrophy.

2  | MATERIAL S AND METHODS

2.1 | Animals

LKB1IP-knockout mice (LKB1IP-/-) in a C57BL/6J background 
were purchased from the Jackson Laboratory (Cat No. 028 999). 
DNA was isolated from mouse tails and underwent PCR analy-
sis with the primers 5’-CAGTGTGCTACAGCCAGAGAG-3’, 
5’-GAGCTGGGGAGGAGGTAGAC-3’ and 5’-AGGCCATCTCTCT
GTCCTCA-3’. Wild-type (WT) C57BL/6J mice were controls. All 
mice were housed under specific pathogen-free conditions on a 
12-h light/12-h dark cycle with food and water freely available. The 
animal experiment was approved by the Animal Care Committee 
of Shandong University and was performed in compliance with 
the Animal Management Rules of the Chinese Ministry of Health 
(Document No. 55, 2001). All procedures conformed to the guide-
lines from the NIH Guide for the Care and Use of Laboratory Animals.

2.2 | Human heart samples

Samples of failing hearts were from patients with end-stage heart 
failure undergoing cardiac transplantation. Control tissues were 
taken from healthy heart organ donors, when the organ was not 
eligible for transplantation. The use of hearts samples from patients 
was approved by the Medical Institutional Ethics Committee of Qilu 
Hospital, Shandong University, China. The participants gave written 

informed consent prior to the inclusion in the study. The investiga-
tion conformed to the principles outlined in the 1964 Declaration of 
Helsinki and its later amendments.

2.3 | Reagents

Isoproterenol (ISO), angiotensin II (AngII) and phenylephrine (PE) 
were from Sigma (St Louis, MO). The antibodies used were specific 
for LKB1IP (S7973-58W, US Biological), PTEN (9188, Cell Signaling 
Technology), total Akt (4685, Cell Signaling Technology), phospho-
Akt (Thr308) (13 038, Cell Signaling Technology), HA-tag (AHP1075, 
Bio-Rad), Flag (SAB4301135, Sigma-Aldrich), α-SMA(,ab14106, 
Abcam), FITC conjugated isolectin B4 (BSI-B4, L2895, Sigma-Aldrich) 
and GAPDH (2118, Cell Signaling Technology). Adenoviral con-
structs to overexpress Flag-tagged LKB1IP, HA-tagged PTEN and 
GFP control were from ViGene BioSciences (Jinan, China). Control 
small interfering RNA (SC-36869) and LKB1IP siRNA (SC-146738) 
were from Santa Cruz Biotechnology.

2.4 | Cell culture

Primary neonatal rat cardiomyocytes (NRCMs)NRCMs were pre-
pared from the hearts of 2- to 3-day-old SD rats according to the 
following protocol.10 Briefly, PBS containing 0.03% trypsin and 
0.04% collagenase type II was used to isolate cardiomyocytes, 
followed by fibroblast removal using a differential attachment 
technique. After removing fibroblasts, NRCMs were seeded at a 
density of 2 × 105 cells per well onto six-well culture plates coated 
with gelatin in plating medium consisting of DMEM/F12 medium 
supplemented with 20% foetal calf serum, BrdU (0.1 mmol/L, to 
inhibit the proliferation of fibroblasts) and penicillin/streptomy-
cin at 37°C in 5% CO2. Transient transfection of siRNA targeting 
LKB1IP (siLKB1IP) in cardiomyocytes involved using Lipofectamine 
RNAiMAX (Invitrogen) to knock down LKB1IP according to the 
manufacturer's protocol. LKB1IP siRNA is a pool of 3 different 
siRNA duplexes: sc-146738A, sc-146738B and 146738C. The se-
quences were sense: CAUCUCGAUGUGGCCUAUAtt and antisense: 
UAUAGGCCACAUCGAGAUGtt for sc-146738A; sense: CUAG
AGUCCGAGACUGAAAtt and antisense: UUUCAGUCUCGGACU
CUAGtt for sc-146738B; sense: GUGUCAUGGGUAGUAUGUAtt and 
antisense: UACAUACUACCCAUGACACtt for sc-146738C. LKB1IP 
adenoviruses were used to overexpress LKB1IP protein level.

2.5 | Establishment of cardiac hypertrophy

We used male mice 8 to 10 weeks old at 2 weeks after transverse 
aortic constriction (TAC) or sham surgery or those subcutane-
ously injected with β-adrenoceptor (β-AR) agonist ISO (10 mg/kg 
per day, 14 days) or saline for 14 days, as described previously.11 
Echocardiography and haemodynamic analyses were performed 
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before mice were killed; then, the hearts were harvested to analyse 
the hypertrophic response.

2.6 | Echocardiography

Echocardiography measurements were performed with a high-res-
olution microimaging system equipped with a 30-MHz transducer 
(Vevo2100; VisualSonics Inc) at the indicated times to evaluate the 
cardiac function of mice. Mice were anaesthetized with 1.5% to 
2% inhaled isoflurane inhalation, and heart rates were kept at 400-
430 beats/min. Then, cardiac echocardiography was recorded on a 
heating plate at 37°C. M-mode cardiac images of the left ventricle 
(LV) from the left parasternal long axis view at the papillary muscle 
level were used to assess the LV wall thickness and LV dimensions 
including interventricular septal thickness at end diastole (IVSd), 
interventricular septal thickness at end systole (IVSs), LV posterior 
wall thickness at end diastole (LVPWd), LV posterior wall thickness at 
end systole (LVPWs), end-diastolic dimensions of the LV (LVEDd) and 
end-systolic dimensions of the LV (LVEDs). Fractional shortening and 
LV transversal area in diastole and systole were calculated by using 
Vevo 770 V2.2.3.

2.7 | Histopathology

Heart tissues were arrested with a 10% potassium chloride solution 
at end diastole, then fixed in 4% paraformaldehyde and maintained 
at 4°C until use. The fixed tissues were dehydrated and processed 
for paraffin embedding, and 5-μm sections were stained with hae-
matoxylin and eosin (H&E) or tetramethyl rhodamine isothiocy-
anate-conjugated wheat germ agglutinin (WGA) (L4895, Sigma) 
and nuclei with 4',6-diamidino-2-phenylindole (DAPI) (Ab104139, 
Abcam) to measure myocyte cross-sectional areas. The degree of 
collagen deposition was detected by using a picrosirius red staining 
kit (ab150681, Abcam). The LV collagen volume was measured as 
the area of the picrosirius red positive-stained cardiac field and was 
expressed as a percentage of the total area. Immunohistochemical 
staining was performed with LKB1IP antibody (C157105, LS bio, 
1:200). Images were analysed by using Image-Pro Plus 6.0.

2.8 | Immunofluorescence

For immunocytochemical analysis, NRCMs were infected with ad-
enoviruses for 24 hr or siRNA for 48 hr and then stimulated with ISO 
for 24 hr Cells were fixed with 4% formaldehyde in phosphate-buff-
ered saline (PBS) for 15 min at room temperature, permeabilized with 
0.1% Triton X-100 in PBS for 10 min, incubated with FITC-labelled 
Phalloidin (40735ES75; Yeasen) and mounted with DAPI (Ab104139; 
Abcam). Images of the stained cells were acquired by fluorescence 
microscopy (BX41, Olympus, Japan) and confocal microscopy (ZEISS) 
and analysed by using Image-Pro Plus 6.0. We observed 30 cells in 

randomly selected fields for each group to quantitatively analyse cell 
sizes.

2.9 | Immunoprecipitation

Cells were lysed in an ice-cold immunoprecipitation buffer (NP-40 
lysis buffer) containing protease inhibitor cocktail tablets (539 131, 
Millipore) and centrifuged at 13,000 × g for 15 min. The obtained 
cell lysates were incubated with the indicated antibody on a rock-
ing platform at 4 ℃ overnight. On the second day, cell lysates were 
incubated with protein A/G-agarose beads (SC2003; Santa Cruz 
Biotechnology) for 2 hr at 4℃. The immune complex was collected 
after washing with cold immunoprecipitation buffer and subjected 
to immunoblotting with the indicated primary antibodies and cor-
responding secondary antibodies.

2.10 | Western blot analysis

Protein extracts were prepared by lysing tissues or cells in RIPA lysis 
buffer, fractionated by SDS-PAGE and then transferred onto PVDF 
membranes. After blocking in 5% skim milk, blots were probed with 
specific primary antibodies. The membranes were immunoblotted 
with a primary antibody at 4℃ overnight. After 3 cycles of cleaning 
with TBST, membranes were incubated with appropriate horserad-
ish peroxidase-conjugated secondary antibodies and observed by 
enhanced chemiluminescence (Pierce).

2.11 | Quantitative PCR (qPCR)

Total RNA was extracted from hearts or cells by using TRIzol 
reagent (Invitrogen, Carlsbad, CA). An amount of 1 μg RNA 
was reverse-transcribed into cDNA by using the PrimeScript 
RT Reagent Kit (Takara Biomedical Technology). PCR amplifi-
cation involved using the SYBR PCR mix (Takara Biomedical 
Technology Co.). The primers for quantitative PCR were for 
mouse-LKB1IP, 5’-TTAGACAGCTCCCTGCGTCT-3’ and 5’-TCA
GGAAGCCTTTGCAGTCC-3’; mouse-ANP, 5’-CTCCGATAGATCTG
CCCTCTTGAA-3’ and 5’-GGTACCGGAAGCTGTTGCAGCCTA-3’; 
mouse-BNP, 5’-GCTCTTGAAGGACCAAGGCCTCAC-3’ and 5’-GAT
CCGATCCGGTCTATCTTGTGC-3’; mouse-β-MHC, 5’-AACCTG
TCCAAGTTCCGCAAGGTG-3’ and 5’-GAGCTGGGTAGCACAAGA
GCTACT-3’, mouse-GAPDH, 5'-TTGTCAAGCTCATTTCCTGGTA
TG-3' and 5'-GCCATGTAGGCCATGAGGTC-3'; rat-LKB1IP, 5’-CTA
CGATGAGGTGTCTCGGC-3’ and 5’-AGAGCCTCCTGGGTTAC
TGT-3’; rat-ANP, 5’-CATGGGCTCCTTCTCCATCA-3’ and 5’-TGG
CCTGGGAGCCAAA-3’; rat-BNP, 5’-CGGGCTGAGGTTGTTT
TAGG-3’ and 5’-GCCGCAGGCAGAGTCAGA-3’; rat-β-MHC, 5’-TTG
GCACGGACTGCGTCATC-3’ and 5’-GAGCCTCCAGAGTTTGCT
GAAGGA-3’; rat-GAPDH, 5’-GACATGCCGCCTGGAGAAAC-3’ and 
5’-AGCCCAGGATGCCCTTTAGT-3’.
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2.12 | Statistical analysis

All data are expressed as mean ± SEM. Analyses involved use of SPSS 
v23 (SPSS Inc, Chicago, IL) and data passed normality and equal vari-
ance tests. PASS 11 (NCSS Inc) was used to calculate the sample size. 
Statistical comparisons between 2 groups involved Student's t test 
and otherwise one-way ANOVA and Bonferroni post-tests. All statis-
tical tests were two-tailed, and P < .05 was considered statistically 
significant.

3  | RESULTS

3.1 | LKB1IP expression is up-regulated in the 
hypertrophic heart and cells

To explore the role of LKB1IP in the development of cardiac 
hypertrophy and heart failure, we first investigated LKB1IP 
abundance in human and mouse hypertrophic heart disease. 
Immunohistochemistry revealed significantly greater expression of 
LKB1IP in the human failing heart than in normal controls (P < .05; 
Figure 1A). The baseline clinical characteristics of healthy donors and 
heart failure patients were shown in Supplementary Table 1. Mouse 
cardiac hypertrophy was induced by infusing the hypertrophic ago-
nist ISO or by TAC surgery. LKB1IP was up-regulated in immunohis-
tochemical-stained hypertrophic mouse heart sections as compared 
with corresponding controls (Figure 1B and 1E), and the protein and 
mRNA levels of LKB1IP were also significantly elevated (Figure 1C, 
1D, 1F and 1G). Similarly, LKB1IP protein and mRNA levels were in-
creased in hypertrophic cardiac cells, that is, NRCMs stimulated with 
ISO (Figure 1H and 1I). Furthermore, the expression of LKB1IP was 
up-regulated under pathological hypertrophic stimuli such as AngII 
or PE for 24 hr (Figure 1J). Collectively, these data demonstrate el-
evated LKB1IP expression under pathological cardiac hypertrophy.

3.2 | Establishment and analysis of LKB1IP 
knockout mice

To evaluate the hypertrophic effects of LKB1IP in vivo, we 
first used a mouse model with global knockout of LKB1IP 

(LKB1IP-/-). Four guide RNAs (GAAAGGCTAGGATTTTTGCT, 
GTGGAATATCTCAAGTACAG, CCTGCCTTCATCACTCCCTA and 
AAGGAACATTCAGGTTAGCG) were designed to delete 479 bp 
in exon 3 of LKB1IP gene, and Cas9 nuclease was introduced into 
C57BL/6NJ-derived fertilized eggs with well-recognized pronuclei 
followed by transfer to pseudopregnant females (Figure 2A). The 
absence of LKB1IP in the heart tissues was first confirmed by real-
time PCR (Figure 2B). LKB1IP expression in the main heart tissues 
was further detected by Western blot analysis, thus indicating ef-
fective LKB1IP deletion in LKB1IP-/- mice (Figure 2C). Wild-type 
(WT) and LKB1IP-/- mice did not differ in bodyweight (Figure 2D). 
The blood pressure of WT and LKB1IP-/- mice was measured. There 
were no significant differences between WT and LKB1IP-/- mice 
(Supplementary Figure 4). To clarify the effect of LKB1IP knock-
out on LKB1 and its downstream AMP-activated protein kinase 
(AMPK), we assessed protein levels by Western blot analysis, which 
showed no significant differences in LKB1, phosphorylated AMPKα 
(T172) and total AMPKα levels between WT and LKB1IP -/- mice 
(Figure 2E).

3.3 | LKB1IP deficiency alleviates ISO-induced 
hypertrophy in vivo

We injected the β-adrenoceptor (β-AR) agonist ISO (10 mg/kg per 
day, 14 days) in mice to establish the hypertrophy model. LKB1IP-/- 
mice did not show any apparent differences in heart morphology or 
function at baseline as compared with WT mice. On day 14, echo-
cardiography and haemodynamic analyses were performed for the 
final time before mice were killed. As expected, on day 14, WT mice 
showed a hypertrophic phenotype, as indicated by a significant in-
crease in echocardiography measurements including diastolic inter-
ventricular septal thickness (IVSd), systolic interventricular septal 
thickness (IVSs), diastolic left ventricular posterior wall (LVPWd) and 
systolic left ventricular posterior wall (LVPWs) (Figure 3A). The re-
sults showed no significant differences in ejection fraction (EF) and 
fraction shortening (FS) (Supplementary Table 2). Furthermore, ra-
tios of heart weight (HW) to bodyweight (HW/BW; Figure 3B) and 
HW to tibia length (HW/TL; Figure 3C) were significantly increased. 
However, ISO-induced cardiac hypertrophy was significantly attenu-
ated in LKB1IP-/- mice, as demonstrated by lower IVSd, IVSs, LVPWd 

F I G U R E  1   LKB1IP expression is up-regulated in hypertrophic hearts and cells. (A) Immunohistochemical staining of LKB1IP 
protein in heart tissue from normal human controls and heart failure patients (n = 5). *P < .05 vs normal control. Scale bar, 20 μm. (B) 
Immunohistochemical staining of LKB1IP protein in heart tissue from control and ISO-induced hypertrophic mice (n = 5). **P < .01vs saline. 
Scale bar, 20 μm. (C) Western blot analysis of LKB1IP protein expression in control and ISO-induced hypertrophic mouse hearts (n = 5). 
*P < .05 vs saline. (D) Quantitative PCR analysis of LKB1IP mRNA level from hearts of control and ISO-induced cardiac hypertrophic mice 
(n = 5). *P < .05 vs saline. (E) Immunohistochemical staining of LKB1IP protein in mouse heart samples at 2 weeks after transverse aortic 
constriction (TAC) or sham surgery (n = 5). **P < .001 vs sham. Scale bar, 20 μm. (F) Western blot analysis of LKB1IP protein expression in 
control or TAC-induced hypertrophic mouse hearts at 2 weeks (n = 4). **P < .01vs sham. (G) Quantitative PCR analysis of LKB1IP mRNA 
levels in hearts of sham and TAC-induced cardiac hypertrophic mice (n = 4). **P < .01 vs sham. (H) Western blot analysis of LKB1IP protein 
expression in NRCMs treated with 10 μmol/L ISO at the indicated times (n = 3). *P < .05, **P < .01 vs 0 hr (I) Quantitative PCR analysis of 
LKB1IP mRNA level in the NRCMs treated with 10 μmol/L ISO for 48 hr (n = 3). **P < .01vs saline. (J) Western blot analysis of LKB1IP protein 
expression in NRCMs treated with 10 μmol/L ISO, 100 nmol/L AngII or 100 μmol/L phenylephrine (PE) for 24 hr (n = 3). *P < .05 **P < .01 vs 
saline [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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and LVPWs and ratios of HW/BW and HW/TL in LKB1IP-/- than in 
WT mice (Figure 3A-3C). The myocardial tissue of WT mice subjected 
to ISO treatment showed a hypertrophic myocardial area upon H&E 

staining and elevated cardiomyocyte area upon wheat germ aggluti-
nin (WGA) staining, which were attenuated in ISO-treated LKB1IP-/- 
mice (Figure 3D).
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We next assessed ISO-induced cardiac fibrosis, a classical 
feature in the development of pathological cardiac hypertrophy. 
Paraffin-embedded slides were stained with picrosirius red to de-
termine the extent of fibrosis. Both interstitial and perivascular 
fibrosis were markedly increased in ISO-treated WT hearts but 
were greatly decreased in LKB1IP-/- hearts (Figure 3E and 3F). 
The expression of cardiac hypertrophy-related genes such as 
atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) 
and myosin heavy chain β (β-MHC) was significantly increased in 
ISO-treated WT mice (Figure 3G). ANP and β-MHC levels in ISO-
induced hypertrophic cardiac tissues were lower in LKB1IP-/- than 
WT mice (Figure 3G). However, BNP level did not significantly 
differ between WT and LKB1IP-/- mice treated with ISO. Both 
capillary and arteriolar density were increased in mice treated 
with ISO compared with saline. However, there were no signifi-
cantly differences between ISO-treated WT and LKB1IP-/- mice 
(Supplementary Figure 1A-1B). These loss-of-function data indi-
cate that LKB1IP deficiency alleviates the pathological cardiac 
remodelling induced by ISO.

3.4 | LKB1IP deficiency alleviates pressure 
overload–induced cardiac hypertrophy in mice

We further evaluated whether LKB1IP knockout could alleviate pres-
sure overload-induced cardiac hypertrophy in vivo. To this end, we 
applied TAC surgery to mice. At 2 weeks after TAC, WT mice showed 
cardiac hypertrophy, as demonstrated by increased left ventricular 
wall thickness and reduced HW/BW and HW/TL ratios (Figure 4A-
4C). Ejection fraction (EF) and fraction shortening (FS) were sig-
nificantly decreased in mice with TAC (Supplementary Table 3). On 
H&E and WGA staining, TAC surgery increased cardiomyocyte size 
and perivascular and interstitial fibrosis in WT mice (Figure 4D-4F). 
Remarkably, these hypertrophic features were alleviated in hearts 
of LKB1IP-/- mice that underwent TAC (Figure 4D-4F). Consistently, 
these hypertrophic pathological phenotypes were accompanied by 
up-regulated hypertrophic genes including ANP, BNP and β-MHC 
in WT mice with TAC, which was attenuated in LKB1IP-/- mice 
(Figure 4G). Besides, both capillary and arteriolar density were sig-
nificantly increased in TAC compared with sham groups. However, 

F I G U R E  2   Establishment and analysis of LKB1IP knockout mice model. (A) Schematic diagram of CRISPR/Cas9 to knock out LKB1IP. (B) 
Quantitative PCR analysis of LKB1IP mRNA level in the hearts of wild-type (WT) (n = 3) and LKB1IP-/- mice (n = 5). ****P < .0001 vs WT. (C) 
Western blot analysis of LKB1IP protein expression in tissues of WT and LKB1IP-/- mice. (D) Bodyweight of WT and LKB1IP-/- mice (n = 5). 
(E) Western blot analysis of LKB1, p-AMPKα T172 and AMPKα protein expression in hearts of WT and LKB1IP-/- mice(n = 3). ***P < .001 vs 
WT [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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there were no differences between WT and LKB1IP-/- mice under-
went TAC (Supplementary Figure1C-1D). Thus, LKB1IP knockout 
alleviated pressure overload-induced cardiac hypertrophy in mice.

3.5 | LKB1IP positively regulates ISO-induced 
cardiomyocyte hypertrophy in vitro

We investigated whether LKB1IP directly regulates cardiomyocyte 
hypertrophy induced by ISO in NRCMs. The immunofluorescence 
against cTnI to identify the primary neonatal rat cardiomyocytes was 

shown in Supplementary Figure 3. NRCMs were infected with adeno-
virus expressing FLAG-tagged LKB1IP for 48 hrs followed by immuno-
histochemistry against FLAG to detect the efficiency of transduction, 
which was about 70% (Supplementary Figure 2). As compared with 
PBS treatment, ISO treatment significantly increased the mean cross-
sectional area of NRCMs, which was further enhanced by adenoviral 
overexpression of LKB1IP (Figure 5A-5B). In addition, ISO-elevated 
ANP, BNP and β-MHC mRNA expression were greatly enhanced 
with LKB1IP overexpression (Figure 5C). Consistently, ISO-induced 
cardiomyocyte hypertrophy was reduced with LKB1IP siRNA knock-
down (Figure 5D-5E). Similarly, LKB1IP knockdown attenuated 

F I G U R E  3   LKB1IP deficiency alleviates ISO-induced cardiac hypertrophy. (A) Representative M-mode echocardiography of the left 
ventricle (top). Measurement of diastolic interventricular septal thickness (IVSd), systolic interventricular septal thickness (IVSs), diastolic 
left ventricular posterior wall (LVPWd) and systolic left ventricular posterior wall (LVPWs) in the indicated groups (n = 5). *P < .05, **P < .01 
***P < .001 vs WT Saline; #P < .05, ##P < .01 vs WT ISO. (B) Quantitative analysis of ratio of heart weight to bodyweight (HW/BW) in 
the indicated groups (n = 5). **P < .01 vs WT Saline; #P < .05 vs WT ISO. (C) Quantitative analysis of ratio of HW to tibial length (TL) in 
the indicated groups (n = 5). *P < .05, **P < .05 vs WT Saline; #P < .05 vs WT ISO. (D) Analysis of whole hearts (the first row; scale bar, 
1,000 μm) and heart sections stained with wheat germ agglutinin (WGA; the second row; scale bar, 50 μm) or picosirius red (PSR; the third 
and fourth rows; scale bars, 50 μm) from the indicated groups 7 days after saline or ISO treatment. (E) Quantitative analysis of the average 
cardiomyocyte cross-sectional area in the indicated groups, n > 100 cells per group. **P < .01, *** P < .001 vs WT Saline; ##P < .01vs WT ISO. 
(F) Quantitative analysis of left ventricle (LV) collagen volume in the indicated groups, n > 15 fields per group. **P < .01, *** P < .001 vs WT 
Saline; ###P < .001 vs WT ISO. (G) Quantitative PCR analysis of ANP, BNP and β-MHC mRNA levels in the indicated groups (n = 3). *P < .05, 
*** P < .001 vs WT Saline; #P < .05 vs WT ISO [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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ISO-elevated ANP, BNP and β-MHC mRNA levels (Figure 5F). These 
data further demonstrate that LKB1IP positively regulated cardio-
myocyte hypertrophy under hypertrophic stress.

3.6 | LKB1IP positively regulates Akt 
phosphorylation

To explore the molecular mechanism by which LKB1IP regulates 
cardiac hypertrophy, we detected hypertrophy-related signalling 
pathways. In the mouse models of cardiac hypertrophy, ISO or TAC 

significantly increased Akt phosphorylation at Thr 308 as compared 
with their controls in WT mice, which was attenuated in LKB1IP-/- 
mice (Figure 6A-6B). Consistently, ISO-induced Akt phosphorylation 
in NRCMs was enhanced with LKB1IP overexpression (Figure 6C) 
or suppressed with LKB1IP knockdown (Figure 6D). We performed 
Western blot using NRCMs and mouse cardiac tissue lysis to detect 
the three isoforms of Akt. All the Akt isoforms have the similar mo-
lecular weight and could not be distinguished by Western blot with 
Akt antibody (Supplementary Figure 6). Thus, Akt signalling may be 
positively related to LKB1IP expression and LKB1IP may regulate 
ISO-induced cardiac hypertrophy via the Akt signalling pathway.

F I G U R E  4   LKB1IP deficiency alleviates TAC-induced cardiac hypertrophy. (A) Representative M-mode echocardiography of the left 
ventricle (top). Measurement of diastolic interventricular septal thickness (IVSd), systolic interventricular septal thickness (IVSs), diastolic left 
ventricular posterior wall (LVPWd) and systolic left ventricular posterior wall (LVPWs) in the indicated groups (n = 5). **P < .01,***P < .001 vs 
WT Sham; #P < .05, ##P < .01 vs WT TAC. Quantitative analysis of (B) ratio of HW/BW in the indicated groups (n = 5) and (C) ratio of HW/
TL in the indicated groups (n = 5) **P < .01 vs WT Sham; #P < .05, ##P < .01 vs WT TAC. (D) Analysis of whole hearts (the first row; scale bar, 
1,000 μm) and heart sections stained with WGA (the second row; scale bar, 50 μm) or PSR (the third and fourth rows; scale bars, 50 μm) in 
the indicated groups at 14 days after sham or TAC surgery. (E) Quantitative analysis of the average cardiomyocyte cross-sectional area in 
the indicated groups, n > 100 cells per group. ***P < .001 vs WT Sham; ##P < .01 vs WT TAC. (F) Quantitative analysis of LV collagen volume 
in the indicated groups, n > 15 fields per group. **P < .01 vs WT Sham; ##P < .01 vs WT TAC. (G) Quantitative PCR analysis of ANP, BNP 
and β-MHC mRNA levels in the indicated groups (n = 3). *P < .05, **P < .01, ***P < .001 vs WT Sham; #P < .05, ##P < .01 vs WT TAC [Colour 
figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  5   LKB1IP positively 
regulates ISO-induced cardiomyocyte 
hypertrophy in vitro. (A) NRCMs were 
infected with adenovirus expressing 
LacZ or LKB1IP for 24 hr, then treated 
with saline or 10 μmol/L ISO for 24 hr, 
followed by α-actinin staining(down). 
Scale bar, 20 μm. Western blot analysis 
of LKB1IP from NRCMs infected with 
adenovirus expressing LacZ or LKB1IP 
(up). (B) Quantitative analysis of NRCM 
size in each group (n > 50 cells per group). 
**P < .01, ***P < .001 vs AdLacZ Saline; 
##P < .01 vs AdLacZ ISO. (C) Quantitative 
PCR analysis of ANP, BNP and β-MHC 
mRNA levels in NRCMs in each group 
(n = 3). *P < .05, **P < .01, ***P < .001 vs 
AdLacZ Saline; ##P < .01 vs AdLacZ ISO. 
(D) NRCMs were transfected with control 
or LKB1IP siRNA for 24 hr, then treated 
with ISO for 24 hr, followed by α-actinin 
staining(down). Scale bar, 20 μm. Western 
blot analysis of LKB1IP from NRCMs 
transfected with control or LKB1IP siRNA 
(up). (E) Quantitative analysis of NRCM 
size in each group (n > 50 cells per group). 
**P < .01 vs control siRNA Saline; #P < .05 
vs control siRNA ISO. (F) Quantitative PCR 
analysis of ANP, BNP and β-MHC mRNA 
levels in NRCMs in each group (n = 3). 
*P < .05, **P < .01, ***P < .01 vs control 
siRNA Saline; #P < .05, ##P < .01 vs control 
siRNA ISO [Colour figure can be viewed at 
wileyonlinelibrary.com]
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3.7 | LKB1IP promotes Akt phosphorylation via 
direct targeting PTEN

To investigate how LKB1IP regulates Akt phosphorylation, we de-
tected whether LKB1IP could interact with PTEN, the negative 
regulator of PI3K/Akt signalling. NRCMs were infected with ad-
enovirus expressing Flag-tagged LKB1IP and HA-tagged PTEN fol-
lowed by immunoprecipitation, which showed that LKB1IP could 
bind to PTEN (Figure 7A). To test whether LKB1IP directly interact 
with PTEN under stimulated condition, we performed coimmu-
noprecipitation assays in NRCMs. The interaction of LKB1IP and 
PTEN was increased after ISO treatment for 15 min (Figure 7B). 
Immunohistochemistry against PTEN and LKB1IP in the heart tis-
sues from mouse pathological hypertrophy were performed, 
which further validated their interaction (Supplementary Figure 7). 
Importantly, basal and ISO-induced phosphatase activity of PTEN 
was significantly reduced with LKB1IP overexpression (Figure 7C). 
However, LKB1IP overexpression did not affect PTEN protein level 
(Supplementary Figure 5). Thus, the phosphatase activity of PTEN 
but not protein level was regulated by LKB1IP. To further confirm 
that LKB1IP regulates Akt phosphorylation via PTEN, NRCMs were 
overexpressed with LKB1IP and/or PTEN followed by ISO treat-
ment. LKB1IP overexpression enhanced Akt phosphorylation, which 
was suppressed by PTEN overexpression (Figure 7D), which sug-
gests that LKB1IP promotes PTEN-mediated Akt phosphorylation. 

Taken together, these data demonstrate that LKB1IP may positively 
activate Akt signalling by directly targeting PTEN and subsequently 
inhibit its phosphatase activity (Figure 7E).

4  | DISCUSSION

In this study, LKB1IP expression was up-regulated under pathologi-
cal cardiac hypertrophy in humans and mice. LKB1IP-/- mice were 
less vulnerable to the pathological cardiac remodelling induced by 
ISO or TAC. In addition, overexpression of LKB1IP aggravated ISO-
induced cardiomyocyte hypertrophy, and knockdown of LKB1IP 
ameliorated ISO-induced hypertrophy. Mechanistically, LKB1IP pos-
itively activated Akt signalling by directly targeting PTEN and then 
inhibiting its phosphatase activity.

LKB1 is a tumour suppressor and a serine/threonine kinase that 
phosphorylates AMPK family members.12 Peutz-Jeghers syndrome 
is characterized by the accumulation of non-cancerous gastrointes-
tinal polyps and increased risk of cancer; LKB1 germline mutations 
occur in patients with this disease.13 In our previous study, we found 
that endothelial cell-specific LKB1 knockout led to hypertension and 
increased angiogenesis in mice.14,15 LKB1IP was first identified in 
2001 as an LKB1-interacting protein consisting of 25 exons, map-
ping to human chromosome 2q36 and encoding a protein of 121 
KDa.8 LKB1IP could interact with the transforming growth factor 

F I G U R E  6   LKB1IP positively regulates 
Akt phosphorylation. (A) Western blot 
analysis of phosphorylated Akt from 
hearts of ISO-infused WT and LKB1IP-/- 
mice (n = 4). *P < .05, **P < .01vs WT 
Saline; #P < .05 vs WT ISO. (B) Western 
blot analysis of phosphorylated Akt 
level in hearts of WT and LKB1IP-/- mice 
after TAC surgery (n = 4). **P < .01, 
***P < .001vs WT Sham; ####P < .0001 
vs WT TAC. (C) Western blot analysis 
of phosphorylated Akt level in NRCMs 
infected with AdGFP or AdLKB1IP 
followed by ISO treatment (n = 3). 
***P < .001 vs AdGFP Saline; ##P < .01 
vs AdGFP ISO. (D) Western blot analysis 
of phosphorylated Akt level in NRCMs 
transfected with control or LKB1IP 
siRNA followed by ISO treatment (n = 3). 
**P < .01, ****P < .0001 vs Control siRNA 
Saline; ##P < .01 vs Control siRNA ISO
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β (TGFβ)-regulated transcription factor SMAD4, forming a LKB1-
LKB1IP-SMAD4 ternary complex, which results in TGFβ signalling 
inhibition.9 However, much less is known about other functions of 
LKB1IP. In this study, we generated LKB1IP-knockout mice to ex-
plore its function. LKB1IP deletion did not affect the expression of 
LKB1 and AMPKα phosphorylation in the mouse heart, which sug-
gests that LKB1IP may play a role independent of LKB1 and AMPK. 
The highlight of the study is that LKB1IP was first identified as a 
new regulator of cardiac hypertrophy, which broadens the biological 
functions of LKB1IP.

PTEN is a phosphatase that can act on both polypeptide and 
phosphoinositide substrates, which are frequently disrupted in 
multiple sporadic tumours and targeted by germline mutations in 
patients with cancer predisposition syndromes.6 Specifically, loss 

of PTEN function would increase cellular levels of PIP3, thereby 
enhancing the activation of Akt.7 PTEN expression is regulated by 
many transcription factors such as the zinc-finger transcription 
factor sal-like protein 416 and the transacting EMT transcription 
factor SNAIL (also known as SNAI1)17 as well as microRNAs such 
as miR-19 in Cowden and leukaemia disease,18,19 the miR-17-92 
cluster in lymphoproliferative disease,20 miR-21 in multiple can-
cers and metabolic and inflammatory diseases.21,22 PTEN func-
tion can be modulated by its interacting proteins such as Na+/H+ 
exchanger regulatory factor (also known as SLC9A3R1),23 mem-
brane-associated guanylate kinase inverted 2,24 β-arrestins,25 
motor protein myosin V,26 PtdIns(3,4,5)P3-dependent RAC ex-
changer factor 2a,27 shank-interacting protein-like 1 (also known 
as SHARPIN)28 and α-mannosidase 2C1.29 During the development 

F I G U R E  7   LKB1IP promotes Akt 
phosphorylation by directly targeting 
PTEN. (A) NRCMs were infected with 
adenovirus expressing Flag-tagged 
LKB1IP and HA-tagged PTEN followed 
by immunoprecipitation with anti-HA 
antibody and Western blot analysis with 
anti-Flag antibody. (B) NRCMs were 
treated with ISO for 15 min followed by 
immunoprecipitation with PTEN antibody 
and Western blot analysis with LKB1IP 
antibody. (C) NRCMs were infected with 
adenovirus expressing GFP or LKB1IP 
for 24 hr, then treated with saline or 
10 μmol/L ISO for 15 min followed by 
PTEN phosphatase activity assay (n = 3). 
**P < .01, ****P < .0001 vs AdGFP Saline; 
####P < .0001 vs AdGFP ISO. (D) Western 
blot analysis of phosphorylated Akt level 
in NRCMs infected with adenovirus 
expressing GFP, LKB1IP or PTEN for 
24 hr and treated ISO (n = 3). *P < .05, 
**P < .01, ***P < .001 vs AdGFP Saline. 
(E) Diagram for the function of LKB1IP in 
the development of pathological cardiac 
hypertrophy [Colour figure can be viewed 
at wileyonlinelibrary.com]
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of cardiac hypertrophy, PTEN is modulated and plays a vital role. 
Suppression of PTEN by miR-301a could promote cardiomyocytes 
proliferation.30 Tripartite motif 10 (TRIM10) promoted ubiquiti-
nation of PTEN, consequently resulting in its proteasomal deg-
radation and activation of hypertrophic signalling.31 Besides, the 
70 kDa isoform of PTEN, PTEN-L, interaction with MFN1 on the 
mitochondria, could cause cardiomyocyte apoptosis during etha-
nol toxicity in the heart. Inhibition of PTEN activity prevented mi-
tochondrial PTEN-L-MFN1 interaction for organelle dysfunction, 
conferring resistance to alcohol-induced toxicity.32 In this study, 
we demonstrated that LKB1IP could bind with PTEN and inhibit its 
phosphatase activity. Thus, LKB1IP may function as a new inhibi-
tor of PTEN. This discovery uncovered a novel regulatory mecha-
nism of PTEN activity in cardiac hypertrophy.

Cardiomyocytes proliferate rapidly during embryogenesis but 
lose their proliferative capacity soon after birth.33,34 However, adult 
cardiomyocytes retain the ability to respond to a few common dis-
ease stimuli including myocardial infarction or ischaemia associated 
with coronary artery disease, chronic hypertension, valvular insuffi-
ciency and stenosis, myocarditis, congenital malformations, familial 
hypertrophic and dilated cardiomyopathies, and diabetic cardiomy-
opathy.35-37 Over time, individuals with cardiac hypertrophy, which 
contributes to cardiac remodelling including hypertrophic growth 
and interstitial expansion, are vulnerable to heart failure, arrhythmia 
or sudden death.34 Thus, the detailed mechanism in cardiac hyper-
trophy needs exploration.

The PI3K/Akt pathway is one of the most important regula-
tory signalling pathways in cardiac hypertrophy. Once phosphor-
ylated by PIP3, Akt is activated and phosphorylates downstream 
targets, which results in cardiac hypertrophy.5 In this study, 
LKB1IP expression was up-regulated under pathological cardiac 
hypertrophy in humans and mice. LKB1IP knockout alleviated 
ISO- or TAC-induced hypertrophy. Mechanistically, LKB1IP may 
positively activate Akt signalling by directly targeting PTEN. 
Thus, LKB1IP plays an important role in the development of 
pathological cardiac hypertrophy.

In summary, this study provides both in vivo and in vitro evidence 
that LKB1IP functions as a novel positive regulator of pathological 
cardiac hypertrophy. These findings improve our understanding of 
the mechanism of pathological cardiac hypertrophy and suggest that 
LKB1IP may be a therapeutic target for ameliorating pathological 
cardiac hypertrophy.
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