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Abstract
Aim It has been reported that Osteoprotegerin (OPG) induces cardiomyocyte hypertrophy, but the
mechanism remains unclear. This study was to investigate the role of Focal Adhesion Kinase (FAK)
pathway in the OPG induced hypertrophy in cultured cardiomyocytes.

Methods The H9C2 line of rat cardiomyocytes were treated with OPG at different concentrations and the
cellular hypertrophy was evaluated. Meanwhile, the activity of FAK and other the phosphorylation kinases
were detected. Autophagy �ux assay was performed in absence and presence OPG. The interaction
between proteins was analyses using Co-Immunoprecipitation assay.

Results We found that OPG induced cardiomyocyte hypertrophic response, accompanied by dramatic
increases a series of in�ammatory factors and cytokines, as well as collagen synthesis. Also OPG inhibits
autophagy and induces FAK phosphorylation. FAK silencing using si-RNA abrogates the effect of OPG on
autophagy and cellular hypertrophy. Furthermore, Co-Immunoprecipitation assay reveals that OPG
inhibits autophagy through enhancing the binding of FAK and Beclin1 Tyr 233.

Conclusion The FAK/Beclin1 signal pathway is essential for the OPG induced autophagy inhibition and
hypertrophic response in cultured H9C2 cells.  

Background
As a major complication of hypertension, left ventricular hypertrophy (LVH) is characterized by increased
volume and myo�brillar protein content of cardiomyocytes [9, 17]. LVH leads to thickness of ventricle wall
and is regarded as an independent risk factor for cardiovascular morbidity and mortality. To date, the
mechanism for LVH has not been well understood.

Osteoprotegerin (OPG) is a member of the tumor necrosis factor receptor superfamily of cytokines and a
soluble receptor for the receptor activator for nuclear factor-κB ligand (RANKL) [2, 3]. It has been shown
that OPG stimulates cardiomyocyte hypertrophy, indicated by increased cell surface size, protein
synthesis per cell, and a series of hypertrophy-related markers [18]. Consistent with this in vitro study, a
clinical study showed that OPG in the coronary circulation is associated with concentric LVH [8]. However,
the mechanism under which OPG regulates cardiomyocyte hypertrophy warrants further study.

It is well established that the adhesion and accumulation of extracellular matrix (ECM) is necessary for
LVH development [17]. The accumulation of ECM is mediated mainly by integrin / Focal adhesion kinase
(FAK), which serve as mechanotransducers during normal heart development and in response to
physiological and pathophysiological signals such as high blood pressure [20]. As a primary integrin
effector, FAK is rapidly activated by mechanical stimuli in cultured neonatal rat ventricular myocytes and
in overloaded myocardium of adult animals [15]. In endothelial cells, OPG activates FAK /steroid receptor
coactivator (Src) / extracellular signal–regulated kinases (ERKs) signaling and FAK phosphorylation is
associated with the morphological changes[12]. A recent study further con�rmed that FAK activation



Page 3/16

suppresses autophagy and initiates hypertrophic growth in cultured cardiomyocytes [5]. Based on these
�ndings, we hypothesize that FAK mediated the OPG induced cellular hypertrophic process. In recent
years, cardiomyocyte autophagy has been considered to play a role in controlling the hypertrophic
response, but the conclusions are controversial. We thus invested the putative role of autophagy in OPG
induced cellular hypertrophy in cultured cardiomyocyte.

Methods And Materials
Cell culture

Rat cardiomyocyte H9C2 cells were maintained in DMEM containing 10% heat-inactivated foetal bovine
serum (Life Technologies, Carlsbad, CA, USA) in an incubator in an atmosphere of 5% CO2, 95% air at
37°C. After achieving 70–80 % con�uence, cells were treated with recombinant human OPG (R&D
Systems ,Mineapolis, MN, USA) at indicated concentrations (see in the results session)

Morphologic assays in Cardiomyocytes

Cells were grown on the Nunc™ Lab-Tek™ II Chamber Slide™ System (ThermoFisher scienti�c, USA) to
examine changes in cell morphology after OPG treatment. Brie�y, cells were gently washed with
Phosphate Buffered Saline (PBS) and �xed in 4%paraformaldehyde, followed by a staining with
�uorescein isothiocyanate-conjugated Phalloidin (Sigma-Aldrich, St. Louis, MO, USA) for 30 min . Cellular
hypertrophy was evaluated by measuring cardiomyocytes surfaces using a digital image analysis system
(Leica QwinV3, Leica Microsystems Ltd, Cambridge, UK). Five random �elds (with approximately 10–15
cells per �eld) from every sample were averaged and expressed as um2 /cell. All experiments were
repeated 3 times.

Measurement of Protein Synthesis in Cardiomyocytes

The H9C2 cells were gently washed with Phosphate Buffered Saline  and trypsinized (0.25% trypsin,
Thermo Fisher Scienti�c, USA ) and counted using a cell counting chamber (Beckman Coulter, Fullerton,
CA) and then lysed. The cell lysates were prepared to determine protein content by Bradford protein
assay. Then the protein synthesis of cells was determined by dividing the total amount of protein by the
number of cells, namely, protein per cell.

Western blot assay

Cultured cells were seeded (1 × 105 cell/ml, 10 ml) in cell culture dishes. Concentrations of protein in
whole cell extracts were determined using the BCA protein assay kit. FAK, Akt,ERK, PI3K, MAPK and their
phosphorylated antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Binding of
secondary antibodies was detected using anti-rabbit or anti-mouse IgG-HRP (1:2,000, sc-2005, Santa Cruz
Biotechnology). Image acquisition was performed on an enhanced chemiluminescence detection system
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(Tanon, Shanghai, China). ImageJ software was used to quantify the density of the speci�c protein
bands.

Mutant plasmid and siRNA transfection

Beclin1 mutant (Tyr-233 to Phe-233)was generated using QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies,USA).  The plasmid was transfected into cells using lipofectamine 3000 (Thermo
Fisher Scienceti�c) and cells were selected for 72 h using DMEM supplemented with 2 μg/ml puromycin.
The si-RNA sequence against target genes (FAK,ERK,PI3K,MAPK,BECLIN1) and non-targeted (NT) siRNA
oligonucleotides were purchased from Dharmacon Research Inc (Ottawa, ON, Canada). H9C2 cells were
seeded in six-well plates and allowed to adhere for 24 h. Cells (50% con�uent) were transfected with a
mixture containing Lipofectamine 2000 (Life Technology), OPTIMEM (Life Technology) and siRNA. The
siRNA/Lipofectamine complex was then added to the medium. The �nal concentration of siRNA was
10 mM. Cells were incubated for 4–6 h at 37°C and fresh medium was then added.

Autophagy detection

Autophagy �ux was analyzed by western blot analysis cells with antibodies against Light chain 3B (LC3B,
1:1,000) and p62 (1:1,000) antibodies were purchased from Novus Biologicals (Centennial, USA). Details
see “Western blot assay”.

In addition, the autophagic puncta accumulation in the cytoplasm was detected using  the Autophagy
Detection kit in accordance with the manufacturer’s instructions (Abcam, USA).  Brie�y, cells were
maintained in serum-free Earle's Balanced Salt Solution for 2 hour to induce autophagy. Then cells were
�xed using 4% paraformaldehyde �xative. The autophagy status was evaluated Brie�y, cells were grown
to 70% con�uence and were stained with Autophagy Detection Reagent and Hoechst 33342 nuclear dye
solution at 37 °C for 30 min in the dark before being imaged with a Nikon TE2000 Microscope (Nikon,
Tokyo, Japan). Slides were sealed with coverslip using mounting medium and then analyzed by confocal
microscopy. Confocal images were collected on Nikon A1 microscope using a 60x oil immersion objective
lens and NIS Elements software.The total numbers of puncta in the cytoplasm were quanti�ed using
Image J and normalized by cell number in each �eld. A total of 5 �elds were measured for each cell group
and assays were repeated 3 times.

Intracellular Reactive oxygen species (ROS) determination

To detect intracellular ROS, cells (5 × 104 cells/ml, 100 μl/well) were seeded in a 96-well black plate. After
treatment, cells were incubated with 10 μM DCFH-DA probe at 37°C for 20 min. Then cells were washed
twice with PBS. The �uorescence was read with a �uorescence microplate reader at excitation/emission
of 535/610 nm. 

Co-Immunoprecipitations analyses
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For co-immunoprecipitation assays, cells were lysed by sonication. A total of 100 ug Protein G SureBeads
Magnetic Beads suspensions (BIO-RAD, Hercules, California) were incubated while rolling with 5 ug
mouse monoclonal anti-Beclin1 and rabbit monoclonal anti-FAK antibody (AbCam, USA) for 2 hours at
room temperature. The beads were precipitated on a magnetic rack and washed three times with PBST
solution (PBS + 0.1% Tween 20). The lysates then were added into the magnetic beads for 1 h rolling
incubation at room temperature. The beads were precipitated again and washed three times with PBST
solution. The immunoprecipitates were separated from the beads by using Glycine elution buffer (20 mM,
PH 2.0), followed by 10% SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene di�uoride nylon membranes. The immunoprecipitates were probed with anti-mouse and
anti-rabbit IgG, respectively (Santa Cruz, CA, USA). Protein bands were detected using an enhanced
chemiluminescence detection kit (Pierce, Rockford, IL, USA).

Statistical Analysis
An analysis of variance (ANOVA) was used on all variables to determine whether signi�cant differences
existed between groups. When a signi�cant F-ratio was obtained, a Tukey HSD post hoc test was used to
identify statistically signi�cant differences (p<0.05) among the means. Statistical analyses were
performed using JMP software (SAS Institute Inc., Cary, NC), and all values are expressed as means ± SE.

 

 

Results
OPG induced cellular hypertrophy

In consistence with previous studies, we found that OPG treatment at an increasing concentration
stimulates cells to a hypertrophic phenotype, indicated by increased cellular surface and protein content
per cell in a dose dependent manner. The pro-hypertrophic effect started at the concentration of
25 ng/mL and reaches maximum effect at 250 ng/mL for both cellular surface and protein content per
cell (Fig. 1A and 1B).We then used 100 mg/mL OPG to treat cells at different time points. We found that
OPG also includes hypertrophic response in a time-dependent manner, starting from 12 hours and
reached maximum effect at 48 h thereafter and remains stable until 72 hours. In the following studies, we
used 100 ng/mL for 24 hours as a treatment condition (Fig. 1C and 1D).

OPG inhibited autophagy

To investigate the effect of OPG on autophagy, we �rst checked the autophagic puncta accumulations in
cells after OPG treatment. As shown in Fig. 2A, OPG treatment signi�cantly attenuated the accumulation
of autophagic puncta in H9C2 cells in comparison to control cells without OPG treatment, suggesting
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OPG may exert a inhibitory effect on autophagy. To con�rm this hypothesis, we next used the western
blot analysis to determine changes in LC3-II and p62 in cultured H9C2 cells. LC3-II expression is a marker
for complete autophagosomes, while p62 is a ubiquitin-binding protein involved in lysosome- or
proteasome-dependent protein degradation. Treatment with OPG resulted in a considerable reduction in
LC3-II, but increased p62 levels (Fig. 2B), suggesting OPG inhibits early stage of autophagosome
formation. To con�rm this �nding, we used Ba�omycin A1 (Baf A1, 10 nM for 6 hours ), a lysosome
inhibitor, to conduct an autophagy �ux assay. As shown in Fig. 2B, compared to cells treated with Baf A1
alone, BafA1 and OPG co-treatment did not increase the LC3-II expression and nor did it alter p62 levels,
implying that OPG did not block the late stage LC3-II degradation, but hinders the early stage
autophagosome formation. Taken together, the above data provide clear evidence to support the notion
that OPG inhibits autophagy in cultured H9C2 cells.

OPG induced hypertrophy is autophagy dependent

Increasing evidence has revealed an important pathogenic role of altered autophagy in cardiac
hypertrophy[14, 16] and recent reports have overwhelmingly supported that autophagy insu�ciency
contributes to maladaptive cardiac remodeling and hypertrophy[21].

In order to clarify the role of autophagy in OPG-induced hypertrophy, we used 3-MA, an autophagy
inhibitor and Rapamycin, an autophagy inducer, to see their effect on OPG induced hypertrophy.
Interestingly, we found that Rapamycin attenuated the OPG-induced hypertrophy while 3-MA further
enhanced this response, con�rming that autophagy mediates OPG induced hypertrophy in H9C2 cells.

OPG inhibited autophagy is not through ROS

We found that OPG increased the ROS level in cultured cells, indicated by DHE staining. ROS can inhibit
autophagy by downregulating ULK1 mediated p53 pathway in selenite-treated NB4 cells[7]. Many
chemical compound modulate autophagy through ROS pathway [4, 10, 13, 24]. Thus, we test if ROS 
scavenger N-acetylcysteine has any role in OPG inhibited autophagy. We did not see the co-treatment with
N-acetylcysteine justly slightly affects the autophagy status in cells treated with OPG, suggesting that
OPG inhibited autophagy is not through ROS pathway (Data no shown).

OPG inhibited autophagy via FAK phosphorylation

Previous studies revealed that OPG activates the integrin/FAK signaling, resulting in the activation of Akt.
Inhibition of both FAK and Akt signaling signi�cantly inhibited OPG-mediated attenuation of TRAIL-
induced apoptosis[12]. OPG also stimulated ERK1/2 and p38 MAPK signaling pathways in different cell
types[1, 6, 11, 23]. In cultured H9C2 cells, we found that treatment with OPG induced a robust increase in
phosphorylation of FAK at Tyr-397 and Tyr-925, together with the increased PI3K, Akt, ERK and p38MAPK
(Fig. 4A).

Subsequently, we silenced these above-mentioned proteins using si-RNA technique (Fig. 4B), to check
their role in OPG induced autophagy. Of note, we found that siRNA-mediated knockdown of FAK fully
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abrogated the OPG-induced changes in p62 levels and LC3 modi�cation as well as the puncta numbers in
the cytoplasm (Fig. 4C and 4D). On the other hand, the knockdown of PI3K, Akt, ERK and MAPK did not, or
slightly, if any, affect the effect of OPG on autophagy status and cell hypertrophy markers (data not
shown).

OPG boosted FAK and Beclin1 interaction and prompts Beclin1 phosphorylate at 233

Beclin1 is a Core Protein regulating autophagy. It has been demonstrated that phosphorylation of Beclin1
at Tyr233 limit its binding with the complex I and complex II, a necessary step for autophagy activation
[5]. As shown in Fig. 5A, OPG treatment led to phosphorylation of Beclin1-Tyr-233 in cells (Fig. 5A,left). A
recent study has identi�ed the FAK binds Beclin1 and induces phosphorylation at Beclin-Tyr-233 site, we
thus checked if FAK mediated OPG-induced phosphorylation of Beclin1-Tyr-233. As expected, with FAK
silencing, OPG per se failed to phosphorylate Beclin1-Tyr-233 (Fig. 5A, right). Silencing Akt, activation of
p38 mitogen-activated protein kinase (MAPK) and Phosphoinositide 3-kinases (PI3Ks) did changed the
OPG induced phosphorylation of Beclin1-Tyr-233 and subsequent autophagy inhibition (data not shown).
Next, we used Beclin1 mutant (Tyr-233 to Phe-233) to test the signi�cance of Beclin1-Tyr-233 in OPG
induced cellular hypertrophy. Compared to wild type controls, we observed that mutation of Tyr-233 to
Phe-233 completely abolished OPG induced cellular hypertrophy, suggesting phosphorylation of Beclin1-
Tyr-233 is critical for OPG/FAK pathway in inducing hypertrophic response (Fig. 5B). To check if OPG
affects the binding between FAK and Beclin1, we conducted the CO-IP assay. As shown in Fig. 5C, OPG
enhanced the binding between FAK and Beclin1(Fig. 5C).

Discussion
Our previous study reported that OPG treatment stimulates cardiomyocyte hypertrophy but the
mechanism remains large unknown. In this study, we found that FAK mediated OPG induced
cardiomyocyte hypertrophy via suppression of Beclin1 dependent autophagy. To the best of our
knowledge, this is the �rst study reveal the signi�cance of FAK and autophagy pathway in OPG induced
cardiomyocyte hypertrophy.

OPG has been reported to attenuate TRAIL-induced apoptosis in a variety of cancer cells, including
ovarian cancer cells. OPG-mediated protection against TRAIL has been attributed to its decoy receptor
function. However, a recent study reveals that OPG can attenuate TRAIL-induced apoptosis in a TRAIL
binding-independent manner, but through the activation of integrin/FAK/Akt signaling in OC cells. In
pulmonary arterial hypertension animal model, OPG facilitates PAH pathogenesis by regulating
pulmonary arterial smooth muscle cell proliferation, through Integrin αvβ3/FAK/AKT Signaling. OPG
induces cytoskeletal reorganization and activates FAK, Src, and ERK signaling in endothelial cells.
Consistent with this �nding, we observed that OPG induced FAK phosphorylation. Importantly, silencing
FAK abolished the OPG induced autophagy suppression and hypertrophy response, suggesting FAK is the
main mediator of OPG in this process.
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So far, how OPG affects autophagy in cardiomyocyte remains unclear. Previous studies revealed that
OPG inhibits osteoclast differentiation and bone resorption by enhancing autophagy via
AMPK/mTOR/p70S6K signaling pathway in vitro[19]. Also, OPG inhibits osteoclast bone resorption by
inducing autophagy via the AKT/mTOR/ULK1 signaling pathway. Contrary to these studies, we found
that OPG actually exerts an inhibitory effect on autophagy in H9C2 cells. We postulate there may exist a
cell type speci�c effect of OPG. Increasing evidence has revealed an important pathogenic role of
autophagy in cardiac hypertrophy and heart failure. Although an early study suggested that cardiac
autophagy is increased and that this increase is maladaptive to the heart subject to pressure overload,
more recent reports have overwhelmingly supported that autophagy insu�ciency contributes to cardiac
remodeling and heart failure. Modulation autophagy has emerged as a new approach for the prevention
and treatment of cardiac hypertrophy. For example, Oridonin protects against cardiac hypertrophy by
promoting p21-related autophagy[22]. Hexarelin protects cardiac H9C2 cells from angiotensin II-induced 
hypertrophy via the regulation of autophagy. Resveratrol prevents chronic intermittent hypoxia-induced
cardiac hypertrophy by targeting the PI3K/AKT/mTOR pathway. In our study, we found that inhibition of
autophagy by 3-MA dramatically further enhanced the OPG induced hypertrophic markers while
Rapamycin rescued these changes, suggesting the importance of autophagy in OPG induced
hypertrophic characteristics in H9C2 cells.

In order to further elucidate the molecular mechanism OPG regulates autophagy and hypertrophy, we
studied the interaction between FAK and Beclin1, a major autophagy regulator which plays a critical role
in both autophagosome formation and autophagosome-lysosome fusion, and recent studies reveal that
Beclin1 serves as a nexus for autophagy regulation in response to various signaling pathways. ET C. has
identi�ed Tyr-233 (a site highly conserved from lower vertebrates to mammals; Table 1) as the only FAK
phosphorylation site on Belcin1. Indeed, in this study, we observed that FAK mediated the OPG induced
Belcin1-Tyr-233 phosphorylation. It has been reported that phosphorylation of Beclin1 at Tyr-233 can
restrain its binding ability to complex I (Atg14L/Vps15/Vps34) as well as complex II
(UVRAG/Vps15/Vps34), which are essential steps for autophagosome formation and autophagosome-
lysosomal fusion, respectively [5]. So it is plausible to reason that OPG activates FAK, which in turn
phosphorylates Belcin1-Tyr-233, causing inability to form complex I and II, thus hinders autophagy
activation.

Conclusions
In summary, we discovered the mechanism under which OPG induces hypertrophic response in cultured
H9C2 cells. Autophagy suppression via FAK/Beclin1 pathway may serve as target for the future
therapeutic approaches against cardiac hypertrophy.
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Figure 2

OPG stimulates hypertrophy in cultured H9C2 cells in a dose and time dependent manner. A, Typical
images for cell hypertrophy with OPG treatment at different concentrations. Cells were stained with
�uorescein isothiocyanate-conjugated Phalloidin for 30 min.. *, p < 0.05; **, p < 0.01. NS, not signi�cant.
Data are mean ± S.E. of three independent experiments. All data were analyzed using two-tailed
Student's t tests. B. The quanti�cation of cellular size in cells subject to OPG treatment with indicated
concentrations. C. The quanti�cation of protein content per cell in cells subject to OPG treatment with
indicated concentrations. D. The quanti�cation of cellular size in cells subject to OPG treatment
(100ng/mL) with indicated time points. E.The quanti�cation of protein content per cell in cells subject to
OPG treatment (100ng/mL) with indicated time points. *, p < 0.05; #, p < 0.01. Data are mean ± S.E. of
three independent experiments.
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Figure 4

OPG inhibits autophagy in cultured H9C2 cells.   A, Typical images for autophagic puncta accumulations
(green �orescence signals) in cells after OPG treatment. Cell nucleus were stained with DAPI (scale bar,
10uM). B. The autophagy �ux assay with application of lysosome inhibitor Ba�omycin A1 (Baf A1) .

Figure 6

OPG inhibited autophagy contributes to hypertrophic responses in cultured H9C2 cells.   The
quanti�cation of cell size in cells subject to OPG; OPG+3-MA, an autophagy inducer; OPG+Rapa, an
autophagy inhibitor. The quanti�cation of protein content per cell in cells subject to OPG; OPG+3-MA, an
autophagy inducer;OPG+Rapa, an autophagy inhibitor. *, p < 0.05; vs CNTL, #, p < 0.05 vs OPG. Data are
mean ± S.E. of three independent experiments.
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Figure 8

OPG inhibited autophagy via FAK A. OPG induces phosphorylation of FAK,Akt,ERK,PI3K and MAPK. Cell
lysates were subject to Western blot assay with proper phosphorylated and total antibodies. B. Silencing
FAK using si-RNA technology. NT, non target RNA sequence. C. Autophagic puncta in cells using confocal
image technique. Scale bar =20um. D. Autophagy �ux assay using western blot assay. C and D showed
that OPG alone induced p62 accumulation and LC3-II reduction were abrogated in cells with si-FAK
transfection.
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Figure 10

OPG boosts the FAK and Beclin1 interaction and prompts Beclin1 phosphorylate at 233. OPG treatment
led to phosphorylation of Beclin1-Tyr-233, while FAK silencing abrogates this effect. mutation of Beclin1
Tyr-233 to Phe-233 completely abolished OPG induced cellular hypertrophy, indicated by cellular surface
and protein content per cell. Co-Immunoprecipitation assay show that OPG enhances the FAK and Beclin1
mutual binding.


