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SUMMARY

Despite the development of clinical treatments, heart failure remains the leading
cause of mortality. We observed that p21-activated kinase 3 (PAK3) was
augmented in failing human and mouse hearts. Furthermore, mice with cardiac-
specific PAK3 overexpression exhibited exacerbated pathological remodeling
and deteriorated cardiac function. Myocardium with PAK3 overexpression dis-
played hypertrophic growth, excessive fibrosis, and aggravated apoptosis
following isoprenaline stimulation as early as two days. Mechanistically, using
cultured cardiomyocytes and human-relevant samples under distinct stimula-
tions, we, for the first time, demonstrated that PAK3 acts as a suppressor of auto-
phagy through hyper-activation of the mechanistic target of rapamycin complex
1 (mTORC1). Defective autophagy in the myocardium contributes to the progres-
sion of heart failure. More importantly, PAK3-provoked cardiac dysfunction was
mitigated by administering an autophagic inducer. Our study illustrates a unique
role of PAK3 in autophagy regulation and the therapeutic potential of targeting
this axis for heart failure.

INTRODUCTION

Heart failure remains the leading cause of mortality, despite robust successes in its treatment. Constant

cardiac hypertrophic growth contributes to the transition to heart failure. Unbalanced protein synthesis

and degradation lead to progressive hypertrophy of the myocardium1; however, the underlying molecular

basis and the relevant treatment feasibility to prevent heart failure are largely unknown. Therefore, further

identification of the mechanisms whereby protein homeostasis is regulated in cardiomyocytes under stress

is necessitated to exploit novel drug targets.

Autophagy is a dynamic intracellular process that mediates protein degradation, organelle turnover, and

cytoplasmic component recycling during nutrient starvation and pathological stress.2–4 It is acknowledged

that autophagy exhibits a dual role in the heart: adaptive autophagy is initiated in themyocardium to tackle

protein aggregates, energetic deprivation, oxidative stress, cell death, and mitochondrial dysfunction in

response to short-term pathological stress,5–9 whereas prolonged stimulation eventually induces maladap-

tive autophagic activity, resulting in the onset and development of heart failure.10–12 Therefore, the study of

cardiac autophagy sheds light on its implications and opportunities for treating heart failure.

The mechanistic target of rapamycin complex 1 (mTORC1) is a key regulator of autophagy in cardiomyo-

cytes.13,14 In the heart, mTORC1 is required for cell growth and is also known as a major regulator of auto-

phagy.15,16 Unc-51 like autophagy activating kinase 1 (ULK1), themammalian ortholog of autophagy-related

protein 1), is critical for autophagy initiation by recruiting autophagy-related proteins to the autophago-

some.17 The autophagosome formation process comprises nucleation, elongation, and completion steps

driven by complex and coordinated molecular signaling engulfing cargos for degradation.18 Following

fusion with the lysosome, the cargo is degraded by the autolysosome.18 mTORC1 directly inhibits autopha-

gosome formation, for instance, blocking autophagic initiationbyphosphorylatingULK1 at the Serine 757,19

and elongation and completion by influencing autophagy-related proteins as well.20 In addition, activated

mTORC1 hinders the fusion of the autophagosome with the lysosome, subsequently impairing the
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autophagic flux.20More importantly, interfering withmTOR activity appears beneficial, maintaining optimal

autophagy events and improving cardiac function under pathological stresses.21–27 As such, it is important

to decipher the molecular mechanisms governing mTOR regulation of the autophagic process in the heart

to divulge the potential targets for preventing heart failure.

P21-activated kinases (PAKs) are a family of non-receptor serine/threonine kinases, the downstream effec-

tors of the Rho family of GTPases. PAKs are involved in cell survival, proliferation, and cytoskeleton remod-

eling.28,29 The mammalian PAKs are classified into two groups based on their sequence, structural homol-

ogy, and activation regulation: group I (PAK1–3) and group II (PAK4–6).28,29 Our previous studies revealed

the cardioprotective functions of PAK1 and PAK2 in the myocardium. PAK1 protects the heart against pres-

sure overload-induced pathological hypertrophy by preventing nuclear factor of activated T-cells (NFAT)-

mediated pro-hypertrophic gene expression and reinforcing Fbxo32-mediated protein degradation.30–32

Moreover, we demonstrated that PAK2 in cardiomyocytes protects the hearts from pressure overload-

induced heart failure by enhancing adaptive endoplasmic reticulum stress response.33 PAK3 is the least

studied group I members. It shares 83% homology of structure with PAK1 and PAK2.34 Noticeably, its func-

tion in cardiomyocytes in response to pathological stress is unexplored.

This study shows that cardiac PAK3 was upregulated in failing human and mouse hearts. In addition, we

demonstrate that overexpressed cardiac PAK3 contributes to pathological remodeling and heart failure.

Mechanistically, upregulated PAK3 constrained cardiac autophagy likely through the activation of mTOR

in both in vivo and in vitro models under various pathological stresses. On the contrary, the knockdown

of PAK3 preserved autophagy, maintaining protein homeostasis and tackling the stress. PAK3 repression

of stress-induced autophagy was particularly confirmed in cultured human heart slices and human induced

pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) upon stimulation with isoprenaline (ISO) and

starvation. In addition, an autophagy inducer, MSL-7, preserved cardiac function in spite of PAK3 overex-

pression in the heart. In summary, we have unraveled the role of PAK3 in cardiac autophagy, suggesting it

contributes to the transition to heart failure because of pathological stresses. We have also provided proof-

of-concept evidence of the therapeutic potential of targeting cardiac autophagy.

RESULTS

PAK3 is upregulated in pathological stress-induced failing hearts

To investigate the physio-pathological role of PAK3 in the myocardium, first, we assessed its expression

in failing human hearts and detected a higher level of protein (Figure 1A). In addition, RNA-Seq on the

failing mouse hearts detected an increase of Pak3 in pathological stress-induced failing hearts (Fig-

ure 1B). Among �53,000 genes, 314 differentially expressed (DE) genes in the failing hearts with an ab-

solute value of a log2 fold change of more than two were selected. Pak3 was increased with a log2 fold

change of 2.2. The increased Pak3 indicates that it is likely involved in the pathogenesis of heart failure.

Furthermore, we found that PAK3 expression and its phosphorylation levels were increased in the failing

hearts from C57BL/6 mice (Figures 1C, 1D, S1A, and S1B), induced by pressure overload stimulation for

5 weeks or constant angiotensin infusion for 4 weeks, although its activation and expression were un-

changed under acute stimulation. However, PAK3 phosphorylation and expression remained unchanged

regardless of 1 week or 4 weeks of swimming exercise (Figures 1E and S1C), indicating that augmented

PAK3 is associated with pathological stresses. Finally, we also evaluated the involvement of PAK3 during

the progression of pathological stress-induced heart failure. PAK3 phosphorylation was greater and

maintained after 2 weeks of isoprenaline (ISO), and its expression was increased after 4 weeks

(Figures 1F and S1D). All the above data suggest that increased PAK3 is likely a maladaptive response

to pathological stresses.

Figure 1. PAK3 is increased in failing hearts

(A) Immunoblotting analyses of total and phosphorylated PAK3 in human failing hearts. N = 4.

(B) RNA-Seq heatmap showing differentially expressed (DE) genes in the failing hearts. The filtered reads weremapped to themouse reference sequence set

(mm10/Dec. 2011/GRCm38) from the UCSC browser. Gene expression profiling in normal hearts was normalized to light green, which is defined as

unchanged. Among�53,000 genes, 314 DE genes in the failing hearts with p < 0.05 and an absolute value of a log2 fold change of more than 2 were selected.

(C–F) PAK3 phosphorylation, expression, and BNP level in the failing hearts from C57BL/6 mice after long-term TAC stimulation (C), constant Angiotensin II

(AngII, 1 mg/kg/day) infusion (D), and ISO-induced (8 mg/kg/day) (F). Representative western blot and quantification for expression and phosphorylation of

PAK3, and BNP expression in the hearts from C57BL/6 mice after swimming exercise (E). N = 6–9.

Data presented as mean G SEM. p values vs. control determined by (A) two-tailed Student’s t test and by (C-F) One-way ANOVA with Dunnett’s post

hoc test.
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PAK3 induces pathological hypertrophy and heart failure

The upregulation of PAK3 in the failing heart prompted the consideration that PAK3 is possibly a causative

factor of cardiac dysfunction. Thus, to test for the plausible link between PAK3 upregulation and the pro-

gression of heart failure, we induced cardiomyocyte-specific PAK3 overexpression (Figure S2) by injection

of AAV9 delivery of troponin T (TnT) promoter-driven human Pak3 (AAV9-TnT-Pak3, 1x1011 viral particles) in

8-week-old male C57BL/6 mice. Following constant ISO stimulation (8 mg/kg/day) for 2 days and 2 weeks

(Figure 2A), cardiac function and morphologic assessments were performed. First, echocardiography

determined that AAV9-TnT-Pak3 injected mice had systolic cardiac dysfunction compared to control

mice (mice with AAV9-TnT-Gfp injection) subject to ISO treatment for 2 days, exemplified by a declining

fractional shortening (FS%) and distended left ventricular chamber (Figure 2B; Table S1). On this acute

pathological stress, PAK3 overexpression did not affect heart weight, lung weight, or hypertrophic growth

but increased fibrosis in the myocardium (Figures S3A–S3D).

Meanwhile, during long-term ISO stress (2 weeks), the mice with cardiac PAK3 overexpression displayed

reduced FS% and enlarged left ventricular systolic chamber size (Figure 2C). Diastolic and systolic posterior

wall thickness were thinner in the PAK3-overexpressed heart, indicating cardiac dilation and heart failure

(Figure 2C; Table S2). Concerning pathological hypertrophic remodeling, an enlarged cardiomyocyte

cross-sectional area and more interstitial fibrosis were detected in the PAK3-overexpressed myocardium

compared to the AAV9-TnT-Gfp group following ISO stress (Figures 2D and 2E). The transcripts of the hy-

pertrophic gene markers, brain natriuretic peptide (Nppb), and markers of fibrosis, collagen type 3 alpha 1

chain (Col3a1) and collagen type 1 alpha 2 chain (Col1a2), were also significantly upregulated after 2 weeks

ISO stress and PAK3 overexpression (Figure 2F). The above data imply that increased PAK3, at least in part,

contributes to pathological stress-induced hypertrophy remodeling and cardiac dysfunction, suggesting a

causal link between the upregulation of PAK3 and the onset or progression of heart failure.

PAK3 overexpression promotes cell death by hampering myocardial autophagy

We observed that protein aggregation was evident in PAK3-overexpressed myocardium following 2 weeks

ISO, indicated by Crystallin Alpha B (CryAB) staining (Figure 3A). Because CryAB binds misfolded proteins,

PAK3 is likely to regulate protein homeostasis. Autophagy is one of the mechanisms activated on patho-

logical stress to prevent aberrant protein aggregation. A delicate regulation of the autophagic process

is vital for preserving cardiac function.35 Therefore, we assessed critical autophagic markers to evaluate

whether cardiac PAK3 regulates autophagy in the myocardium. Cytosolic microtubule-associated protein

1A/1B-light chain 3 (LC3) is conjugated to phosphatidylethanolamine to form LC3II, which is incorporated

into the membrane of autophagosomes.36 After two days of ISO stress, an increase of LC3II/LC3I (LC3II/I

ratio is a marker of functional autophagy) was observed in control hearts, whereas LC3II/LC3I was not

heightened in PAK3-overexpressed myocardium (Figure 3B). Similarly, autophagy-related gene 5 (ATG5)

and ATG12 are markers for autophagosome elongation, which was also blunted by PAK3 overexpression

(Figure 3B). Moreover, phosphorylation of ULK1 at Serine 555 was reduced, although its total expression

was unaltered because of PAK3 overexpression, suggesting PAK3 is a negative regulator of autophagy

signaling pathways (Figure 3B). Finally, a corresponding accumulation of sequestosome-1 (SQSTM1,

also known as the ubiquitin-binding protein p62, a marker of autophagic degradation) on acute ISO stress

was observed in PAK3-overexpressed heart, indicating PAK3-blocked degradation phase of autophago-

somes (Figure 3B). This attenuation of autophagy was associated with exaggerated cardiomyocyte

apoptosis (Figure 3C).

The inhibitory effect of PAK3 on cardiac autophagy was sustained through long-term ISO stimulation. For

instance, a higher level of p62 and lower ATG5-12 were detected in PAK3-overexpressed myocardium

Figure 2. PAK3 overexpression induces pathological remodeling and cardiac dysfunction in response to isoprenaline (ISO) stress

(A) Experimental overview of ISO stimulation (8 mg/kg/day) on AAV9-Pak3 injected 8-week-old male C57BL/6 mice.

(B and C) (B) Fractional shortening (%) and end-systolic left ventricular internal diameter (sLVID) of mice subject to ISO for 2 days (C) Representative left

ventricular M-mode echocardiographic images, fractional shortening (%), end-diastolic left ventricular posterior wall thickness (dPW), and sLVID after 2-week

ISO stress. N = 6–9.

(D and E) H&E staining for cross-sectional area (D), and Masson’s Trichrome images for detecting fibrosis (E) in the heart 2 weeks post-ISO. Scale bar: 50 mm.

N = 6–8.

(F) Relative mRNA expression of Nppb, Col3a1, and Col1a2. N = 4–7.

Data presented as mean G SEM. p values vs. control were determined by (D, E) two-tailed Student’s t-test, and (B, C, F) multiple comparison p values were

calculated by two-way ANOVA with Tukey’s correction.
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(Figure 3D). This was accompanied by the induction of cell death in AAV9-TnT-Pak3 injectedmice followed by

2 weeks ISO stress, evident by 2 times higher the number of TUNEL-positive nuclei compared to the controls

(Figure 3E). Therefore, the data obtained frombothmodels reveal that PAK3 overexpression impairs adaptive

cardiac autophagy, aggravating pathological stress-induced cell death and progression to heart failure.

PAK3 suppresses cardiac autophagy under starvation

The most typical trigger of autophagy is nutrient withdrawal; therefore, we employed neonatal rat car-

diomyocytes (NRCMs) exposed to starvation as the in vitro model to confirm PAK3 regulation of auto-

phagy. Cardiomyocytes were infected with Ad-Pak3-T421E, an adenovirus expressing constitutively

active PAK337 as shown by its increased phosphorylation, or Ad-Pak3-T421A, overexpressing the kinase

dead PAK3 Figure S4). To assess whether PAK3 blocks starvation-induced autophagy, activated PAK3-

overexpressed NRCMs were starved in serum-free Earle’s Balanced salt solution for 4 h. In line with

the observations obtained from the in vivo model, starvation-induced autophagic activity was limited

by PAK3 hyper-activation, as monitored by lower endogenous LC3II/I, higher p62, combined with the

decreased expression of key autophagic markers, such as ULK1 and ATG5-12 (Figure 4A). In addition,

the autophagic flux was impaired by PAK3 overexpression, as indicated by a decreased ratio LC3II/I

and p62 during starvation when chloroquine is used to prevent the fusion of the autophagosome to

the lysosome (Figure 4B). A more evident result was observed with Bafilomycin A, a different lysosomal

inhibitor blocking the autophagic flux. A decreased accumulation of LC3II and p62 was detected in PAK3

overexpressed cells even without starvation (Figure S5).

More convincingly, the dynamic change of autophagic flux in H9C2 was examined with the mCherry-GFP-

LC3 reporter. Free autophagosomes are visualized by overlapped GFP and mCherry fluorescent signals,

whereas autolysosomes are detected by mCherry fluorescence only, because of the sensitivity of GFP to

acidic conditions. As anticipated, starvation inducedmore autophagosomes and autolysosomes; however,

PAK3 overexpression obstructed both (Figure 4C). Furthermore, the quantification of the autophagy flux

reporter by flow cytometry confirmed the impairment of the starvation response (Figure 4D). Finally, aggra-

vated cell death was observed in PAK3-overexpressed NRCMs (Figure 4E), with the increased level of

released lactate dehydrogenase (LDH), an indicator of cardiomyocyte damage (Figure 4F).

On the other hand, we assessed whether PAK3 loss can preserve autophagy induced by nutrient deficiency.

Autophagy declined in cardiomyocytes after prolonged starvation (Figure 4G); intriguingly, PAK3 knock-

down in NRCMs using its siRNA (Figure S6) preserved autophagic activity, determined by elevated LC3,

ATG5-12, and ULK1 phosphorylation at Serine 555 (Figure 4G). Also, mCherry-GFP-LC3-expressing

H9C2 maintained starvation-induced autophagosomes and autolysosomes upon PAK3 disruption (Fig-

ure S7). These data further support that PAK3 overexpression impedes the autophagic process, whereas

PAK3 disruption preserves autophagic activity in cardiomyocytes in response to pathological stress.

PAK3 positively regulates mTORC1

We next sought to uncover the underlying molecular mechanism through which PAK3 could regulate auto-

phagy. First, we performed unbiased pull-down and LC/MS on PAK3-overexpressed cells under either

basal conditions or starvation. Among the 287 detected proteins, 85 were found to be changed after star-

vation. The Reactome database and pathway analysis revealed that several pathways related to cell death

were upregulated (Figure S8A). More surprisingly, an mTORC1 regulation pathway was also increased

with starvation (Figure 5A), and among the PAK3 interactors, we found Folliculin, an mTORC1 promoter38

(Figure S8B). Of note, the association of activated PAK3 with Folliculin was confirmed by co-immunoprecip-

itation and western blot (Figure S9A). The data suggest that during stress conditions, there is increased

interaction and association between PAK3 and autophagy through mTORC1 regulation.

Figure 3. Cardiac PAK3 blocks autophagy and promotes cell death

(A) Immunohistochemical staining of CryAB showing protein aggregation in PAK3-overexpressed myocardium after 2 weeks ISO. Scale bar: 50 mm. N = 5.

(B and C) (B) Immunoblots and quantification of autophagic markers in themyocardium, and (C) TUNEL staining indicating apoptosis in cardiomyocytes from

mice after 2 days ISO. Scale bar: 50 mm. N = 6–9.

(D and E) (D) Immunoblots and quantification of autophagic markers in the myocardium, and (E) TUNEL staining of the heart subject to 2 weeks ISO stress.

Scale bar: 50 mm. N = 6–9.

Data presented as mean G SEM. p values vs. control were determined by (A, C, E) two-tailed Student’s t-test, and (B, D) multiple comparison p values were

calculated by two-way ANOVA with Tukey’s correction.
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Activation of mTORC1 is known as a major negative regulator of autophagy; therefore, we further exam-

ined whether PAK3 impairs autophagy through the modulation of mTOR activation or expression. We

found mTOR activity in the myocardium was remarkably enhanced in the mice with PAK3 overexpression

in the heart under either basal level or ISO stress for 2 days (Figure 5B) and 2 weeks (Figure 5C), which

was determined by phosphorylation of mTOR at Serine 2448, an indication of its activation. In addition,

phosphorylation of ULK1 at Serine 757 is performed by activated mTORC1, which was observed in the

PAK3-overexpressed myocardium after 2-week ISO (Figures 5B and 5C). AMP-activated protein kinase

(AMPK) is considered an endogenous inhibitor of mTORC1 and an autophagy activator through phosphor-

ylation of ULK1 at Serine 555. Notably, the activation of AMPK was diminished because of PAK3 overex-

pression (Figures 5B and 5C), further supporting the role of PAK3 in inhibiting autophagy in the heart.

In agreement with the observations in the myocardium, NRCMs with PAK3 overexpression displayed an in-

crease in mTOR phosphorylation but reduced AMPK activation (Figure 5D). On the contrary, PAK3 knock-

down maintained the deactivation of mTOR (Figure 5E). Therefore, to further evaluate whether PAK3

blockage of autophagy is mTORC1 dependent, NRCMs were pre-treated with the well-known mTORC1 in-

hibitor, rapamycin. Noticeably, the addition of rapamycin before starvation preserved LC3II/I ratio in PAK3-

overexpressed NRCMs (Figure 5F). Whereas, AICAR, an AMPK activator, failed to rescue PAK3-suppressed

autophagy under starvation (Figure 5G). Moreover, in response to ISO stimulation, phosphorylation of

mTOR was also augmented by activated PAK3, but not affected by the kinase-dead PAK3 (Figure S9B), indi-

cating PAK3 action on mTOR was kinase activity-dependent. The above data demonstrate that patholog-

ical stress-induced PAK3 restrains cardiac autophagy, likely through hyper-activation of mTORC1.

PAK3 overexpression constrains autophagy in human cardiac tissue and cells

We obtained human-relevant evidence of PAK3 negatively regulating autophagy in the heart under path-

ological stress from cultured human heart slices infected with Ad-Pak3-T421E (Figure S10), followed by ISO

stimulation for 1 h. Of interest, we found that PAK3 led to a higher level of mTOR phosphorylation at Serine

2448 in both control and starved conditions (Figure 6A). PAK3-overexpression lessened LC3II/I ratio and

ATG5-12, but augmented p62 accumulation, suggesting a blockage of the autophagic process (Figure 6A).

Furthermore, the cultured human heart slices with PAK3 overexpression were co-treated with ISO and chlo-

roquine to assess the role of PAK3 in autophagic flux. Chloroquine induced a clear increase in LC3II/I ratio,

with an analogous accumulation of p62 in the control group in the presence of ISO (Figure 6B); however,

PAK3 overexpression ablated such response, indicating PAK3 repression of autophagic flux (Figure 6B).

In addition, human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) (Figure S11) with

PAK3 overexpression failed to display the starvation-induced endogenous LC3 dot formation (Figure 6C).

Moreover, more apoptosis (Figure 6D) and protein aggregation (Figure 6E) were found in PAK3-overex-

pressed iPSC-CMs. These data support that PAK3 blunts stress-induced autophagy in human-relevant

models.

Pharmacological preservation of autophagy ameliorates PAK3-induced cardiac dysfunction

Finally, we gathered functional evidence on the feasibility of preserving cardiac autophagy and function

despite PAK3 upregulation under pathological stress. A recently identified autophagy enhancer, MSL-7,

activates autophagy by enhancing transcription factor EB (TFEB), a major regulator that promotes lyso-

somal biogenesis and the autophagic process.39,40 Prompted by our observations that cardiac PAK3 upre-

gulation is associated with the repression of autophagy and the resultant cardiac dysfunction, we used

MSL-7 to assess whether preserving cardiac autophagy has beneficial effects on cardiac hypertrophy

and heart failure in the face of pathological stress. First, we validated MSL-7’s role in cardiac autophagy

Figure 4. PAK3 suppresses the starvation-induced autophagic process

(A) Representative immunoblot images for autophagic markers in NRCMs exposed to 4hr-starvation.

(B) Autophagic flux was measured by immunoblots of p62 and LC3II/I in NRCMs in the presence of chloroquine (CLQ, 50mM) with 4hr-starvation. N = 6.

(C) Representative images of autophagosomes and autolysosomes in Ad-LacZ or Ad-Pak3 infected H9C2 cells expressed with mCherry-Gfp-LC3 in response

to 4hr-starvation. Scale bar: 20 mm.

(D) Quantification of autophagy flux in response to starvation determined by flow cytometry using the mCherry-Gfp-LC3 reporter. N = 6.

(E) TUNEL staining in control and PAK3-overexpressed NRCMs. Scale bar: 50 mm. N = 5–6.

(F) Level of lactate dehydrogenase (LDH) released from NRCMs upon starvation for 4 h. N = 4.

(G) Immunoblots and quantification of autophagic markers in PAK3-deficient NRCMs upon 36hr-starvation. N = 5–6.

Data presented as mean G SEM. (B, F, G) Multiple comparison p values were calculated by two-way ANOVA with Tukey’s or (D, E) Sidak’s post hoc test.
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activation. Although MSL-7 did not affect PAK3 and mTOR expression in cultured cardiomyocytes, its

higher doses increased ULK1 expression (Figure S12A). It should be mentioned that the in vitro screening

was not designed with equal serial dilutions but following the observations of previous studies.39,40 More

importantly, the preliminary functional evidence from cardiac-specific PAK3-overexpressed mice adminis-

tered two doses of intraperitoneal injection of MSL-7 showed its capacity to maintain cardiac function

under ISO stress (Figure S12B; Table S3).

In subsequent experiments, the mice with cardiac PAK3 overexpression were subjected to constant ISO

stimulation, accompanied by intraperitoneal injection of MSL-7 thrice weekly (Figure 7A). After 2 weeks,

compared to the untreated group, PAK3-overexpressed hearts receiving MSL-7 treatment displayed an

improved cardiac performance and reduced dilation, as indicated by rescued FS% and smaller ventricular

chamber (Figure 7B; Table S4). Assessment of the thickness of the posterior wall demonstrated a compen-

sated hypertrophic remodeling by MSL-7, albeit heart weight showing only a trend toward an increase in

comparison to the untreated group (Figure 7C; Table S4). At the cellular level, the cross-sectional area was

increased by MSL-7 treatment (Figure 7D); however, the treatment prevented interstitial fibrosis and car-

diomyocyte death, despite PAK3-overexpression (Figures 7E and 7F), suggesting that MSL-7 can prevent

pathological cardiac dilation and heart failure. Concomitantly, the impairment of autophagy in PAK3-over-

expressed myocardium was prevented by MSL-7 treatment after 2-week ISO stimulation, marked by higher

LC3II/I ratio, ATG5-12, and phosphorylation ULK1 (S555) with lower p62 aggregation under ISO stress,

likely because of enhanced TFEB-induced lysosomal and autophagic actions (Figure 7G), indicating that

MSL-7 is able to fulfill its protective action on cardiac function via proper autophagic response. These re-

sults provide insights into the importance and feasibility of maintaining adaptive autophagy in the heart to

prevent pathological stress-induced heart failure.

DISCUSSION

Multiple factors contribute to the onset and progression of cardiac dysfunction in response to pathological

stress. Autophagy in cardiomyocytes is a fine-tuned mechanism to govern protein and organelle turnover;

thus, its defects damage cellular homeostasis. Led by consistent observation of increased PAK3 in the

failing hearts, this study has also demonstrated: (1) overexpression of PAK3 in cardiomyocytes made the

heart more susceptible to cardiac remodeling and dysfunction on pathological stress; (2) PAK3 suppressed

adaptive autophagy likely through hyper-activation of mTORC1, consequently leading to more cell death;

(3) the treatment by an autophagic enhancer, MSL-7, prevented PAK3-triggered defective autophagy and

preserved cardiac function under isoprenaline stimulation. Our data provide new insights into the clinical

implications of treating heart failure by preserving the cardiac autophagic process.

PAK3 overexpression causes heart failure

Considering the biological roles of PAKs in various cell types, their abnormal activation is associated with

inflammation, neurological disorders, metabolic disorders, and infectious diseases. In group I PAKs, PAK1,

PAK2, and PAK3 play biological roles via similar mechanisms.41 Although PAK1 and PAK2 have been well

studied, studies on PAK3 are underway. For instance, PAK3 mutations are implicated in mental retardation

or intellectual disability.42,43 PAK3 is also required for actin organization and migration in fibroblasts,44

whereas it is responsible for glioblastoma migration and invasion.45

In the myocardium, contrary to the antihypertrophic roles of PAK1 and PAK2, an abstract reported that

PAK3 loss attenuates cardiac pathological hypertrophy.46 Upregulated PAK3 and its phosphorylation in

the failing heart made us speculate on the relevance between PAK3 and the development of heart failure.

Mice with cardiac PAK3 overexpression did not present any cardiac remodeling under unstressed condi-

tions, but they failed to develop compensated hypertrophy in response to pathological stress.

Figure 5. PAK3 positively regulates mTOR activity

(A) Reactome pathway analysis of potential PAK3 interactors under starvation stimulation. Flag-Pak3 complexes were immunoprecipitated with FLAG

antibody and identified by LC-MS/MS. A sample without overexpression was used as a negative control to eliminate proteins trapped by unspecific binding.

Pathways with both FDR and Adj. P-value lower than 0.05 were selected. The graph shows the fold change of key pathways changed upon stimulation.

(B and C) Immunoblots of mTOR, ULK1, and AMPK in the heart of mice 2-day (B) or 2 weeks post-ISO stress (C).

(D–G) Immunoblots on PAK3 overexpressed-NRCMs (D) or PAK3 knockdown (siRNA)-NRCMs (E). Representative images for p62 (SQSTM1) and LC3 in PAK3-

overexpressed (Ad-Pak3) NRCMs pre-treated with rapamycin (mTOR1 inhibitor, 5mM) (F) or AICAR (AMPK activator, 1mM) (G). N = 5–6.

Data presented as mean G SEM. p values vs. control were determined by (A) two-tailed Student’s t-test adjusted with False Discovery Rate, and (E) multiple

comparison p values were calculated by two-way ANOVA with Tukey’s correction.
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Consequently, the mice were vulnerable to heart failure in response to pathological stress, evidenced by

increased fibrosis, apparent apoptosis, and elevated Nppb, a biomarker of heart failure. Noticeably, the

PAK3-overexpressed heart manifested declined systolic function on acute ISO stimulation, indicating

that PAK3 overexpression makes the heart less resistant to stress. Thus, our study proposed that PAK3 con-

tributes to heart failure progression. More importantly, most PAKs have oncogenic impacts; therefore, pre-

venting heart failure by targeting PAK3 may avoid triggering cancer development. Discovery and further

investigation of PAK3-specific inhibitors as a possible treatment will be carried on in the subsequent

studies.

PAK3 represses adaptive cardiac autophagy

In the heart, proper and dynamic autophagic activity is essential for maintaining cardiomyocyte homeosta-

sis, whereas autophagy perturbation contributes to the progression of heart failure.5–7,10–12 Particularly,

excessive levels of autophagy promote cell death by activating apoptotic mechanisms; for instance,

ATG5-12 can trigger caspase activation.6,12 PAK3 overexpression led to blocked autophagy, as assessed

by autophagic markers in gain-of-function in vivo and in vitro models, such as LC3II/I ratio, ATG5-12,

and ULK1. A decrease in these indicators of autophagosome formation suggested that PAK3 blocks auto-

phagic initiation in the heart facing acute stress, while increased p62 in PAK3-overexpression on stress

implied that PAK3 impairs the autophagic process. In addition, autophagic flux was hindered by PAK3 over-

expression, indicated by a lower rate of LC3 and p62 accumulation under chloroquine incubation. Notably,

cultured human heart slices with PAK3 overexpression failed to display adaptive autophagic activity

induced by acute ISO. Akin to the observations on ISO stress, PAK3 overexpression blunted LC3 dots in

iPSC-CMs under starvation, associated with apparent protein aggregation and apoptosis. All data

suggested that PAK3 interferes with the autophagic process, and this role is conserved in mouse, rat,

and human models.

Strikingly, PAK3 overexpression did not affect autophagic events in basal conditions, and there were com-

parable levels of autophagosomes and autolysosomes in PAK3-knockdown NRCMs compared to wild-type

cells during long-term stress. These observations underlined that PAK3 upregulation is sufficient to repress

adaptive autophagy when facing pathological stress and that targeting PAK3 can maintain proper rather

than trigger excessive autophagy.

PAK3 promotes the activation of mTORC1

The mTORC1 complex is formed by three core components: mTOR, Raptor, and mLST8. Activated

mTORC1 restrains autophagy. For example, mTORC1 inhibits autophagosome initiation primed by

ULK1 and deters autophagosome maturation by downregulating TFEB-regulated genes.19,20 Unbiased

MS analyses disclosed a potential interaction between PAK3 and mTOR regulation. We found that PAK3

overexpression increased mTOR phosphorylation under both stressed and unstressed conditions, albeit

an unchanged expression of mTOR. Particularly, only activated PAK3 overexpression augmented phos-

phorylation of mTOR; whereas overexpression of kinase-dead PAK3 did not affect mTOR activity. In addi-

tion, activated PAK3 interacted with Folliculin, which can mediate mTOR phosphorylation.38 In addition,

PAK3 activity also increased Folliculin expression; however, the mechanisms will be investigated in depth

in the future. Rapamycin is a selective inhibitor of mTORC1; therefore, it is considered an autophagic

inducer by suppressingmTOR.47 Of interest, PAK3 overexpression failed to block rapamycin-induced auto-

phagy, indicating that the effect of PAK3 on autophagy is mTORC1-dependent, probably by mTORC1

downregulation of TFEB.19,20

An accelerated rate of global protein synthesis is a crucial feature of cardiomyocyte hypertrophy, associ-

ated with increased translational efficiency and translational capacity.1 In addition to repression

Figure 6. Human evidence for PAK3 inhibition of autophagy via mTOR activation

(A and B) (A) Immunoblots and quantification graphs of autophagic markers in cultured human heart slices overexpressing PAK3 under 1hr-ISO (10mM)

stimulation. (B) Autophagic flux was measured by immunoblots of LC3 and p62 (SQSTM1) in the presence of chloroquine treatment (50mM). N = 3.

(C–E) (C) Immunofluorescence for LC3 on PAK3 overexpressed human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) following 4-h

starvation. Scale bar: 50 mm. (D) TUNEL staining (scale bar: 50mm) for apoptosis detection and (E) protein aggregation (scale bar: 20mm) assessed by

Proteostat staining on iPSC-CMs.

Data presented as meanG SEM. p values vs. control were determined by (B) two-tailed unpaired Student’s t-test, and (A) multiple comparison p values were

calculated by two-way ANOVA with Tukey’s correction.
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of autophagy, mTOR is known to promote ribosomal biogenesis and protein translation through activation

of the substrates, ribosomal protein S6 protein kinase 1 (S6K1), and eukaryotic translation initiation factor

4E-binding protein 1 (4E-BP1).48 Activation of mTOR and S6K1 has been implicated in triggering cardiac

hypertrophy, whereas ablation of mTOR and 4E-BP1 impair hypertrophic response under pressure over-

load stress.26 In addition, rapamycin is able to revert the established cardiac hypertrophy.23 We demon-

strated that hearts with PAK3 overexpression displayed enlarged cardiomyocytes in long-term ISO stimu-

lation, despite unaltered cell growth under either un-stressed or acute stressed conditions. However, it is

unclear whether PAK3-induced cell growth is a consequence of mTOR-enhanced protein synthesis. The

current study did not investigate the mechanistic link between PAK3 regulation of autophagy and cardiac

pathological hypertrophy, which will be further explored.

Regulation of mTORC1 in the myocardium

Turnover of amino acids achieved by autophagy may be an essential source of energy for cardiomyocyte

survival during pathological stressed conditions. Cardiomyocytes are sensitive to nutrient deficiency, which

induces autophagy via the AMPK energy-sensing pathway. AMPK’s action on autophagy is, at least in part,

through phosphorylation of ULK1 at multiple sites, including Serine 555.19 However, mTORC1 phosphor-

ylation of Serine 757 in ULK1 disrupts its interaction with AMPK, blocking the autophagy-initiating com-

plex.19 We detected a decreased AMPK activation because of PAK3 overexpression under stressed condi-

tions, which could explain the decreased phosphorylation of ULK1 at Serine 555. However, the observation

that the AMPK activator, AICAR, could not induce autophagy in PAK3-overexpressed cells indicated that

negative regulation of PAK3 on autophagy is not directly through suppression of AMPK.

In addition, activated AMPK inhibits mTORC1 signaling by phosphorylation of Tuberous sclerosis complex

2 (TSC2), which blocks mTORC1 association with its activator Rheb-GTP.49 In the heart, loss of TSC2 down-

regulates autophagy and induces cardiac dysfunction,27,50 whereas increased TSC2 is sufficient to reduce

cardiac hypertrophic growth.24 On the other hand, mTORC1 can downregulate AMPK by phosphorylating

its Serine 367,51 which may explain the observations of PAK3 overexpression-repressed AMPK phosphor-

ylation. As such, future study is needed to decipher the mechanisms underlying PAK3 regulation of

mTORC1 and AMPK in the myocardium.

Limitations of treatment by modulating mTORC1 pathway

In pre-clinical studies, inhibition of mTORC1 by rapamycin successfully delays the onset of age-related dis-

eases, including cancer, neurodegenerative diseases, age-related diseases, and cardiovascular diseases.52,53

However, clinical usage of rapamycin and its analogs are associated with some side effects, limiting their po-

tential and safety for long-term use. The side effects include an increased risk of type 2 diabetes, thrombocy-

topenia, hyperlipidemia, immunosuppression, and nephrotoxicity.53 For instance, the FDA-approved rapa-

logs (sirolimus, everolimus, and temsirolimus) give rise to impaired insulin sensitivity and anomalous

immune cell profile in mice.54 More importantly, according to the action of mTORC1 on promoting protein

synthesis and inhibiting autophagy, mTORC1 is required for cardiac development and adaptive hypertrophic

response, whereas pharmacological blockade of mTORC1 activation confers cardioprotection.22 Our study

provides insights into a new regulator of mTORC1 and the possibility of targeting it in the future, perhaps

with reduced side effects than those observed by direct mTORC1 modulation.

Treatment potential of restoration of cardiac autophagy under stress

As aforementioned, despite the advances in clinical treatment approaches for heart failure, morbidity and

mortality remain high. Developing better and more targeted therapeutic strategies to prevent or treat heart

failure is urgently needed. MSL-7 is a small molecule recently identified to enhance autophagy.39,40 Although

Figure 7. An autophagy inducer prevents the detrimental effects of PAK3 overexpression in cardiac function

(A) Schematic figure of the experiment by constant ISO infusion accompanied by MSL-7 IP injection every three days for two weeks (50 mg/kg).

(B and C) (B) Fractional shortening (%), end-diastolic left ventricular internal diameter (dLVID), sLVID, (C) dPW and end-systolic left ventricular posterior wall

thickness (sPW) in PAK3-overexpressed hearts receiving MSL-7 treatment or vehicle following ISO stimulation. N = 3–8.

(D and E) H&E staining images of average cross-sectional area (D), and interstitial fibrosis detected byMasson’s Trichrome staining (E) in the heart. Scale bar:

50 mm. N = 5–8.

(F) Quantification of TUNEL-positive cells for detection of apoptosis. N = 6–8.

(G) Representative immunoblots of autophagic markers from the heart extracts.

Data presented as mean G SEM. p values vs. control were determined by (D, E, F) two-tailed unpaired Student’s t-test, and (B, C) multiple comparison

p values were calculated by two-way ANOVA with Tukey’s correction.
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MSL-7 does not inhibit mTORC1 activity, it induces calcineurin dephosphorylation of TFEB in HeLa cells and

b-cells.39,40 Subsequently, nuclear translocation of TFEB upregulates genes participating in lysosomal

biogenesis and autophagy.55 In vivo, MSL-7 administration boosted autophagy, improved glucose and lipid

metabolism, and attenuated inflammation in obese and diabetic mice.39 In addition, this autophagy enhancer

showed the therapeutic potential of improving glucose tolerance and b-cell function by promoting clearance

of islet amyloid accumulation.40 However, the effects of MSL-7 on cardiac function had never been assessed.

Following previous studies,39 we tested two working concentrations of MSL-7 onmice and selected the lower

dose, which showed similar functional effects to the higher one, for our experiments. We demonstrated that

MSL-7 administration mitigated PAK3 overexpression-induced cardiac dysfunction in mice under ISO stimu-

lation. Consistent with its molecular action reported previously, MSL-7 augmented autophagic markers asso-

ciated with higher TFEB in the myocardium, albeit PAK3 overexpression. These observations indicate that

MSL-7 cardiac protective function is through a mTORC1-independent pathway.

MSL-7 also activates calcineurin in HeLa cells.39 Calcineurin, as a Ca2+-dependent phosphatase, promotes

cardiac hypertrophy, at least partially, by activating NFAT transcriptional upregulation of hypertrophic

genes.16 MSL-7 treatment increased ventricular wall thickness and improved cardiac function, which is

considered compensated hypertrophy. Consistent with a more significant increment in cardiomyocyte

size in the MSL-7-treated group than the one observed within the PAK3 overexpression with ISO stress.

More importantly, MSL-7 reduced fibrosis and apoptosis. Therefore, it is a promising candidate to treat dis-

eases caused by defects in intracellular protein homeostasis. However, because excessive autophagy may

be harmful to cells, althoughMSL-7 treatment within 2 weeks displayed its beneficial effects on the heart, its

consequences over prolonged administration need to be carefully evaluated in the future.

Conclusion

Our study here presents, for the first time, in vivo evidence of PAK3 regulating autophagy in the myocar-

dium in response to pathological stress. It also identifies PAK3 as a new regulator of the mTORC1 pathway.

Furthermore, our findings offer a promising therapeutic approach for heart failure by maintaining appro-

priate cardiac autophagy. It is worth investigating whether PAK3 is a potential target for drug discovery

in treating heart diseases with fewer side effects.

Limitations of the study

The current study demonstrates that cardiac PAK3 was upregulated in response to pathological stresses,

contributing to cardiac dysfunction, at least partially, via inhibition of proper autophagic regulation in car-

diomyocytes. However, there was lack of observations of cardiac PAK3 expression in human tissue at the

different stages of disease. Although in vivo and in vitro models indicate that cardiomyocytes with PAK3

overexpression promoted cardiac death, more clinical evidence is needed to confirm the role of PAK3 on

cardiac dysfunction. Moreover, more research on the molecular mechanisms at work are required to fully

understand the role of PAK3. For instance, the pathway leading to PAK3 upregulation onpathological stress

was not investigated. In addition, PAK3 inhibition of autophagy was found to be through the modulation of

mTOR; however, this could be corroborated in both gain-of-function and loss-of-function mouse models

under various stress periods. Further investigations are required to determine the role of PAK3 in different

mTOR functions, such as protein synthesis. At the same time, even though our data show that AMPK phos-

phorylation was blunted by PAK3 overexpression, the association of PAK3 and AMPK was not studied in-

depth. Finally, MSL-7 injections on mice showed its beneficial effects on cardiac function by rescuing auto-

phagy, indicating it could be worthwhile investigating its efficiency on other disease and large animal

models with autophagic dysfunction to determine the feasibility of employing it to prevent heart failure.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Flag 1:1000 Sigma Cat# F1804; RRID:AB_262044

alphaB-Crystallin 1:100 Enzo Life Sciences Cat# ADI-SPA-223; RRID:AB_10615646

LC3 1:100 or 1:1000 Cell Signaling Cat# 4108; RRID:AB_2137703

PAK3 1:1000 Cell Signaling Cat# 2609; RRID:AB_2225298

pPAK3(S154) 1:1000 Antibodies.com Cat# A94421

BNP 1 :1000 Santa Cruz Biotechnology Cat# sc-271185; RRID:AB_10609757

Folliculin 1;1000 Novus Biologicals Cat# NBP1-44995SS; RRID:AB_10008585

GAPDH 1:2000 Cell Signaling Cat# 51332; RRID:AB_2799390

SQSTM1 1:1000 Cell Signaling Cat# 39749; RRID:AB_2799160

pULK1(S555) 1:500 Cell Signaling Cat# 5869; RRID:AB_10707365

pULK1(S757) 1:1000 Cell Signaling Cat# 6888; RRID:AB_10829226

ULK1 1:1000 Cell Signaling Cat# 8054; RRID:AB_11178668

BECN1 1:1000 Cell Signaling Cat# 3495; RRID:AB_1903911

ATG12 1:1000 Cell Signaling Cat# 4180; RRID:AB_1903898

Tubulin 1:1000 Sigma-Aldrich Cat# T6199; RRID:AB_477583

pMTOR(S2448) 1:1000 Cell Signaling Cat# 2971; RRID:AB_330970

MTOR 1:1000 Cell Signaling Cat# 2983; RRID:AB_2105622

pAMPK(T172) 1:1000 Cell Signaling Cat# 2535; RRID:AB_331250

AMPK 1:1000 Cell Signaling Cat# 2532; RRID:AB_330331

TEFB 1:500 Santa Cruz Biotechnology Cat# sc-166736; RRID:AB_2255943

V5 1:1000 Cell Signaling Cat# 13202; RRID:AB_2687461

Gb: 1:500 Santa Cruz Biotechnology Cat# sc-166123; RRID:AB_2109632

Troponin (T-C) 1:25 Santa Cruz Biotechnology Cat# sc-8121; RRID:AB_2287642

a-actinin 1:500 Sigma-Aldrich Cat# A7811; RRID:AB_476766

Anti-mouse AlexaFluor488 1:200 Jackson ImmunoResearch Cat# 715-586-151; RRID:AB_2340858

Anti-rabbit AlexaFluor594 1:200 Jackson ImmunoResearch Cat# 715-585-150; RRID:AB_2340854

Anti-rat AlexaFluor594 1:200 Jackson ImmunoResearch Cat# 712-585-153; RRID:AB_2340689

HRP-linked anti-mouse 1:2000 Cell Signaling Technology Cat# 7076, RRID:AB_330924

HRP-linked anti-rabbit 1:2000 Cell Signaling Technology Cat# 7074; RRID:AB_2099233

HRP-linked anti-rat 1:2000 Abcam Cat# ab102182; RRID:AB_10711694

Bacterial and virus strains

AAV9-cTnT-Flag-Pak3 Laboratory of Olliver Muller N/A

AAV9-cTnT-Gfp Laboratory of Olliver Muller N/A

Biological samples

Human myocardial protein extracts Asterand (US lab, Hertfordshire, UK) N/A

Human cultured heart tissue Laboratory of Tamer Mohamed (Ou et al.,

2019) and Novabiosis (USA transplantation

network)

N/A

Chemicals, peptides, and recombinant proteins

MSL-7 Axon MedChem 2932, CAS [2172949-70-9]

Isoprenaline Sigma Cat# I6504

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Isoflurane Isothesia, Henry Schein N/A

Bouin’s Solution Sigma-Aldrich Cat# HT10132

Harris’ Hematoxylin RA lamb Dry Chemical Stains Cat# LAMB/230

Red Solution Sigma-Aldrich Cat# HT151

Aniline Blue Sigma-Aldrich Cat# B8563

Eukitt Sigma-Aldrich Cat# 03989

Eosin Thermo Scientific Cat# 6766007

VectaShield Antifade Mounting medium with

DAPI

Vector laboratories Cat# H-1000

Dialysis tube Medicell pore size 24 Angstrom

ProLong Glass Thermo Fisher Scientific Cat# P36982

DMEM, high glucose Gibco Cat# 41965-039

Collagenase A Roche Cat# 10103586001

Pancreatin Sigma-Aldrich Cat# P3292

Lipofectamine LTX Invitrogen Cat# 15300-100

Lipofectamine 2000 Reagent Invitrogen Cat# 11668-019

Medium 199 Gibco Cat# 21151030

mTSER Plus Stem Cell Technologies Cat# 100-0276

Geltrex Life Technologies Cat# A1413302

CHIR99021 Millipore Cat# 361559

IWP2 Millipore Cat# 681671

RPMI1640 Life Technologies Cat# 72400021

B27 minus insulin Life Technologies Cat# A1895601

B27 supplement Life Technologies Cat# 17504044

EBSS Gibco Cat# 24010043

Bradford Assay BioRad Cat# 500-0006

Pierce Protein G Agarose beads Life Technology Cat# 20398

Protease & phosphatase inhibitor cocktail Merck Cat# PPC1010

Rapamycin Stratech Cat# S1039-SEL

AICAR Bio-techne Cat# 2840

Chloroquine Bio-techne Cat# 4109

Bafilomycin A Stratech Cat# A8627-APE

Critical commercial assays

QuikChange II kit Agilent Cat# 200523

Proteostat Aggresome Detection Kit Enzo Life Science Cat# ENZ-51035-K100

PicoProbe� LDH-Cytotoxicity Fluorometric

Assay Kit

BioVision Cat# K314-500

Lactate Dehydrogenase Activity Assay Kit Sigma Cat# MAK066

in situ Cell death detection kit Roche Cat# 11684795910

DNA-free Removal Kit Invitrogen Cat# AM1906

LunaScript RT-PCR New England Biolabs Cat# NEB3010

SYBR Select PCR master mix Applied Biosystems Cat# 4472908

ECL Prime Amersham Cat# RPN2232

ECL Select Amersham Cat# RPN2235

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

HEK293A Invitrogen Cat# R70507

H9C2 cells European Collection of Authenticated Cell

cultures

Cat# 88092904; RRID:CVCL_0286

Experimental models: Organisms/strains

Mouse: C57BL/6J Envigo, UK RRID:IMSR_JAX:000664/

Rat: Sprague-Dawley Rats Envigo,UK RRID:RGD_737903

Oligonucleotides

F Not1-Pak3 to 3xflag primer Sigma-Aldrich tcagtcgcggccgcgatgtctgacggtctggat

R BamH1-Pak3 stop to Flag primer Sigma-Aldrich tcagtcggatccttagcggctgctgttcttaat

F Age1-Kozac-Flag-Pak3 to pSSV9 primer Sigma-Aldrich tcagtcaccggtgccaccatggactacaaagaccatgac

R FseI-Pak3 stop to pSSV9 primer Sigma-Aldrich tcagtcggccggccttagcggctgctgttcttaat

F Kpn1-Pak3 to pEntr11 primer Sigma-Aldrich tcagtcggtaccatgtctgacggtctggat

R Not1-NOstop Pak3 to pENTR11 primer Sigma-Aldrich tcagtcgcggccgcacgcggctgctgttcttaat

Pak3 Threonine 421 to Glutamate primer Sigma-Aldrich gcaaagtaaacgaagcgagatggtgggaacccc

ggggttcccaccatctcgcttcgtttactttgc

Pak3 Threonine 421 to alanine primer Sigma-Aldrich gcaaagtaaacgaagcgcaatggtgggaacccc

ggggttcccaccattgcgcttcgtttactttgc

Scramble siRNA Sigma-Aldrich agguaguguaaucgccuug

Rat Pak3 siRNA Ambion Cat# s131407, Silencer Select Pre-Designed

Nppb qPCR primers Qiagen Cat# QT00107541 Quantitech primer assay

Col3a1 qPCR primers Qiagen Cat# QT02331301 Quantitech primer assay

Col1a2 qPCR primers Qiagen Cat# QT02325736 Quantitech primer assay

18S qPCR primer Qiagen Cat# QT02448075 Quantitech primer assay

Recombinant DNA

R777-E151 Hs.PAK3 Addgene RRID:Addgene_70435

pSSV9-TnT-Gfp Laboratory of Oliver Muller (Werfel et al., 2014) N/A

p3xFlag-CMV7.1 Sigma N/A

pEntr11 Invitrogen Cat# A10467

pAd/CMV/V5-DEST Invitrogen Cat# V493-20

ptfLC3 Addgene RRID:Addgene_21074

Software and algorithms

FlowJo FlowJo LLC https://www.flowjo.com/

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

ImageJ-Fiji National Institutes of Health, USA https://fiji.sc/

Mascot Matrix Science https://www.matrixscience.com/

search_form_select.html

Scaffold Proteome Software https://www.proteomesoftware.com

LabChart 7 ADInstruments https://www.adinstruments.com/support/

software/archive

Reactome Global Core Biodata/Elixir Infrastructure https://reactome.org
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Wei Liu (wei.liu@manchester.ac.uk).

Materials availability

Plasmids generated in this study are available upon request directed to the lead contact.

Data and code availability

d RNA-seq raw data have been deposited in Array Express and are publicly available as of the date of pub-

lication. Mass spectrometry data have been deposited to the ProteomeXchange Consortium and are

publicly available as of the date of publication. The accession numbers are listed in the key resources

table.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human heart protein extracts

Human myocardial protein extracts from both male and female heart failure patients suffering from post-

ischemic and dilated cardiomyopathy and normal subjects were purchased from Asterand (now part

of BioIVT, UK). Asterand obtained ethical approval and consent following the United Kingdom Human

Tissue Authority regulations.

Animal models

All animal studies followed the United Kingdom Animals (Scientific Procedures) Act 1986. They were

approved by the University of Manchester’s ethics committee and performed under the Home Office

license P3A97F3D1. Mice and rats were housed in a pathogen-free facility at the University of Manchester.

Ten-week-old male C57BL/6 mice and pregnant Sprague-Dawley rats were purchased from Envigo, UK.

Cardiac stress was induced by isoprenaline administration (8 mg/kg/day) (I5627, Sigma-Aldrich). For the

two-day study, the dose was divided into two daily injections. For the two-week study, a subcutaneous Al-

zet minipump (1002, Charles River) was implanted in the lower dorsal area for continuous delivery. Mice

were anesthetized by 2.5% isofluorane inhalation. Analgesia was provided by subcutaneous injection of

0.1 mg/kg buprenorphine and local administration of bupivacaine (4 mg/kg) to the incision site.

Cell lines

H9C2 cells were obtained from the European Collection of Authenticated Cell cultures (Sigma-Aldrich,

88092904), while the HEK293A cells were acquired from Invitrogen (Cat# R70507). Cells were kept at

37�C with 5% CO2 in DMEM medium (11966025, Gibco) with 10% fetal bovine serum (10500064, Gibco).

Neonatal rat ventricular myocytes isolation (NRVM)

NRVMs were isolated from 2-day-old male and female Sprague-Dawley rats. The hearts were cut into small

pieces and subjected to 8–10 sequential 6 min enzyme digestion in 7ml of ADS buffer (30U/100ml Collage-

nase A, 116 mM NaCl, 20mM HEPES, 1 mM NaH2PO4, 6 mM glucose, 5 mM KCl, 0.8 mM MgSO4, pH 7.4)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Alzet minipump Charles River Cat# 1002

Deposited data

RNA-seq This paper Array Express: E-MTAB-12979

Proteomic This paper ProteomeXchange – PRIDE: PXD041986
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supplemented by 25U/75ml Collagenase A (10103586001, Roche) and 100 mg/ml pancreatin (P3292,

Sigma-Aldrich). Cardiomyocytes were separated from non-myocytes by plating them on four Petri dishes

and incubating them for 1 hr at 37�C. Cardiomyocytes, cells not attached to the bottom, were collected and

seeded with plating media (67% DMEM, 17% medium199, 10% horse serum, 5% fetal bovine serum, 1%

penicillin-streptomycin, 1% fungizone, 1 mM bromodeoxyuridine) at the desired density. After 24hrs,

plating media were aspirated and replaced by maintenance media (80% DMEM, 20% M199, 10% fetal

bovine serum, 1% penicillin-streptomycin, 1% fungizone, and 1 mM bromodeoxyuridine).

Human induced pluripotent stem cells-derived cardiomyocytes (iPSC-CMs)

The iPSC cell line SEUR7 was established from human dermal fibroblasts using a CytoTune iPS Program-

ming kit (Life Technologies) by Wellcome Trust Sanger Institute and made available via Public Health En-

gland through European Collection of Cell Cultures (ECACC) under a material transfer agreement. The

cells were maintained in feeder-free culture conditions with mTSER Plus (100-0276, Stem Cell Technolo-

gies) on Geltrex-coated plates (A1413302, Life Technologies). Cardiomyocyte differentiation was achieved

with 4mMCHIR99021 (361559, Millipore) incubation for 48 hr and 5mM IWP2 (681671, Millipore) for a further

48 hours in RPMI1640 HEPES Glutamax medium (72400021, Life Technologies) with B27 minus insulin sup-

plement (A1895601, Life Technologies). Cardiomyocytes were enriched using a lactate selection medium

(RPMI 1640 minus glucose, 4mM lactate, B27 supplement) for six days. iPSC-CMs were cultured in

RPMI1640 HEPES Glutamax medium with B27 supplement (17504044, Life Technologies) for at least

21 days before treating. Autophagy was induced by 4-hour starvation with EBSS.

Human heart slice treatment

The Carolina Donor services provided a fresh human heart from a consented and deidentified donor. The

IRB committee approved the protocol at the University of Louisville as a non-human subject research. The

harvest and slicing of the heart have been described before,56 and the treated heart protein extracts were

a kind gift fromDr. TamerM.A. Mohamed (University of Louisville). The donor was aged 37 years old with no

CVD history. Briefly, the freshly sliced heart was maintained in the culture medium overnight, followed by

10 mM isoprenaline and 50 mM chloroquine for 1 hr. After collection, the protein was extracted with RIPA

buffer for immunoblotting.

METHOD DETAILS

AAV9 production

The human Pak3 cDNA sequence (70435, Addgene) was cloned into the pSSV9-TnT-Gfp plasmid, removing

theGfp coding sequence. First, NotI and BamHI restriction sites were added to the Pak3 sequence and the

PCR product was introduced to the p3xFlag plasmid (Sigma) to fuse the 3xFlag tag to the N-terminal of

Pak3. After that, AgeI-Kozac and FseI sequences were incorporated by PCR to Flag-Pak3 the product

was ligated to the digested pSSV9-TnT-Gfp plasmid. The primer sequences can be found in the key re-

sources table. Viral packaging was performed by Oliver Muller, and the detailed process has been

described before.57 Briefly, the gene of interest plasmid was co-transfected into low passage HEK293T

cells along with the adenoviral helper plasmid (pDGDVP) and the pAAV2-9 Rep-Cap plasmid (p5E18-

VD2/9). Recombinant AAV9 was purified by discontinuous iodixanol gradient ultracentrifugation and

titrated by qPCR. PAK3 overexpression was induced by tail vein injection of the viral vector AAV9-cTnT-

Flag-Pak3 (1x1011 viral particles), and AAV9-cTnT-Gfp was injected as vehicle control.

MSL-7 administration

The autophagy inducer MSL-7 (2932, CAS [2172949-70-9]) was purchased from Axon Medchem. To test its

working concentration, we referred to theprevious study,39 trying its effects onH9C2 cells by usinggradually

increased doses, such as 1, 10, 50, and 100mM. For the in vitro experiment in main figures, a stock of 10mM

was prepared in DMSO, and directly added the culture medium for a final concentration of 10 mM 4 hours

before collection. For in vivo administration, it was dissolved in DMSO to a concentration of 125 mg/ml.

We tested its effects on cardiac function using two doses, 50 mg/kg and 100 mg/kg, both of which worked

to improve cardiac performance in PAK3-overexpressed hearts. Thus, for the subsequent experiments, the

stock was diluted to 62.5 mg/ml with more DMSO on the injection day. Doses of 50 mg/kg were adminis-

tered via IP thrice a week for two weeks. Similar DMSO volumes were used as vehicle controls.
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Echocardiography

For cardiac function evaluation, mice were anesthetized with 1.5% isofluorane (Isothesia, Henry Schein),

and ultrasound imaging was performed with an Acuson Sequoia C256 system (Siemens). Ventricular dimen-

sions were measured from M-mode images, while IVRT and E/A were measured from pulse wave Doppler

images.

RNA-sequencing

Total RNA was extracted from whole hearts of C57BL/6 mice 12 weeks after TAC or Sham, with two individ-

uals per group. The quality and integrity of total RNA samples were checked using a 2100 Bioanalyzer (Agi-

lent Technologies). RNA-seq libraries were then generated using the TruSeq Stranded mRNA assay (Illu-

mina) according to the manufacturer’s instructions. Unmapped paired reads of 76 bp were interrogated

using a quality control pipeline comprising FastQC v0.11.3 and FastQ Screen v0.9.2. The reads were

trimmed to remove any adapter or poor-quality sequence using Trimmomatic v0.36.58 Furthermore, the

reads were truncated at a sliding four-bp window with a mean quality <Q20. Afterward, filtered reads

were mapped to the mouse reference sequence analysis set (mm10/Dec. 2011/GRCm38) from the UCSC

browser using STAR v2.5.3a.59 The genome index was created using the MouseGencode M16 gene anno-

tation. Correctly mapped reads were counted using htseq-count v0.6.1p1. Normalization and differential

expression analysis were performed using DESeq2v1.10.1 on Rv3.2.3 (http://www.R-project.org/).60 The

genes with significantly different expressions were determined by false discovery rate errors of less than

0.05 for the absolute value of a log2 fold change.

Mass spectrometry

Mass spectrometry was used to investigate PAK3 protein interactors by identifying proteins immunopre-

cipitated with PAK3. 3xFlag-PAK3 was overexpressed in HEK293 cells by plasmid transfection. After

72 hrs, cells were quickly fixed with 0.4% paraformaldehyde (PFA) prepared in PBS. The protein was ex-

tracted with RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM

EDTA, 1% NP-40, 25 mM glycerophosphate, protease & phosphatase inhibitor cocktail (PPC1010,

Merck)). PAK3 and its interactors were immunoprecipitated using an Anti-Flag antibody (F1804, Sigma)

crosslinked to Pierce Protein G Agarose (20398, Life Technologies) following the manufacturer’s instruc-

tions. Approximately 1 mg of input protein was used. Immune complexes were eluted using 2xLaemmli

sample buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 0.01% bromophenol blue, 10% b-mercaptoetha-

nol, pH6.8). Precipitated proteins were run for 5 min in SDS-PAGE, and the whole bands were excised.

After acetonitrile dehydration, the gel pieces were reduced and alkylated with 10 mM dithiothreitol and

55 mM iodoacetamide, respectively. In-gel digestion was performed overnight at 37�C with trypsin. The

resulting peptides were analyzed by LC-MS/MS using an UltiMate� 3000 Rapid Separation LC (RSLC,

Dionex Corporation, Sunnyvale, CA) coupled to an Orbitrap Elite (Thermo Fisher Scientific, Waltham,

MA) mass spectrometer. Peptide mixtures were separated using a gradient from 92% A (0.1% FA in wa-

ter) and 8% B (0.1% FA in acetonitrile) to 33% B in 44 min at 300 nL min-1, using a 75 mm 3 250 mm i.d.

1.7 mM BEH C18, analytical column (Waters). Peptides were selected for fragmentation automatically by

data dependant analysis. Protein identification was performed using the Mascot (Matrix Science) soft-

ware, searching against a human Swissprot proteome database. Data were validated using Scaffold (Pro-

teome Software, Portland, OR), and protein abundances were used for pathway analysis with the Reac-

tome database.61

Blood pressure

Blood pressure was measured on conscious mice by a non-invasive tail-cuff system (CODA, Kent Scientific

Corporation). Measurements were performed at the same time of day, and ten acclimation cycles were dis-

carded before starting to record. At least eight measurements were averaged per mouse. Systolic blood

pressure, diastolic blood pressure, tail blood volume, tail blood flow, and heart rate were recorded for

each mouse.

Histology

Immediately after dissection, the hearts were fixed in 4% PFA for 4 hr at 4�C. They were subsequently

washed with PBS for 30 mins and dehydrated in 50%, 70%, 90%, and 100% ethanol for 2 hr each. The hearts

were finally cleared in xylene overnight, followed by paraffin infiltration. Blocks were trimmed and

sectioned into 5 mm sections.
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Masson’s trichrome

Fibrotic tissue was differentiated by Masson’s Trichrome staining. Heart sections were dewaxed, rehy-

drated, and fixed for 2 hr in Bouin’s Solution (HT10132, Sigma), followed by nuclear staining with Harry’s

Hematoxylin (LAMB/230, RA Lamb Dry Chemical Stains) for five mins. Subsequently, Red Solution

(HT151, Sigma) and Aniline Blue (B8563, Sigma) incubations were performed to stain muscle and collagen

fibers, respectively. Finally, sections were dehydrated in ethanol and xylene baths and mounted with the

xylene-based medium, Eukitt (03989, Sigma). Brightfield images were captured with a D-Histech Pano-

ramic-250 microscope slidescanner, and the fibrotic area was measured using ImageJ.

Hematoxylin and eosin

Cardiomyocyte cross-sectional area was calculated from H and E-stained myocardial paraffin sections. Af-

ter dewaxing and rehydration, sections were incubated in Harry’s Haematoxylin (LAMB/230, RA Lamb Dry

Chemical Stains) for five mins, followed by differentiation with 1% HCl prepared in 70% (v/v) ethanol for 10

secs. Blueing was achieved by washing with warm running tap water, followed by Eosin (6766007, Thermo

Fisher Scientific) counterstain for 1 min. Samples were dehydrated and mounted with Eukitt. Brightfield im-

ages were captured with a D-Histech Panoramic-250 microscope slidescanner. Ten fields were acquired

per sample for quantification, and images were analyzed using ImageJ. Approximately 5,000 cardiomyo-

cytes were measured per heart.

TUNEL

Apoptosis was detected in heart sections by staining with DAPI and TUNEL (In Situ Cell Death Detection

Kit, Roche). TUNEL was performed following the manufacturer’s instructions and finally mounted with

DAPI-containing Vectashield (H-1200, Vector Laboratories). Fluorescent images were acquired with an

Axio Imager.M2 [Zeiss]upright microscope, and a Coolsnap EZ camera (Photometrics). Specific band

pass filter sets for DAPI and FITC were used. Ten fields were acquired per sample for quantification, and

images were analyzed using ImageJ. At least 2,000 nuclei were counted per heart.

Immunohistochemistry

Paraffin heart sections were dewaxed with xylene and rehydrated in decreasing ethanol concentrations for

5 min each. Slides were heated to 95�C in sodium citrate buffer (10 mM Sodium citrate, 0.05% Tween 20, pH

6.0) for 20 min. The sections were blocked with 10% normal goat serum in 0.1% Triton-X in PBS and then

incubated with anti-alphaB-Crystallin antibody (ADI-SPA-223, Enzo Life Sciences) diluted 1:100 and incu-

bated overnight at 4�C. The samples were washed with PBS, and a mixture of 0.3% H2O2 in PBS was

used to block endogenous peroxidase activity for 15 min. Next, slides were incubated with HRP-linked

goat anti-rabbit diluted 1:1,000 (7074, Cell Signaling) for 2 h at room temperature. After washing, the signal

was developed using diaminobenzidine (DAB) as peroxidase substrate, and nuclei were counterstained

Harris’ Hematoxylin for 7 min. Finally, the slides were dehydrated and mounted with Eukitt. Brightfield im-

ages were captured with a D-Histech Panoramic-250 microscope slidescanner, and the quantification was

performed with the IHC profiler plug-in for ImageJ. The reported positive cells include the low, medium,

and high positive cells.

Adenovirus production and cell transduction

The human Pak3 cDNA sequence was subcloned into the pEntr11 plasmid (A10467, Invitrogen). Site-

directed mutagenesis was used to mutate T421 to glutamate (E) or alanine (A) to obtain a constitutively

active or a dead kinase, respectively. The employed primers were 5’- gcaaagtaaacgaagcgagatggtgg-

gaacccc-3’ and 50-ggggttcccaccatctcgcttcgtttactttgc-3’ for the former, and 50-gcaaagtaaacgaagcg-
caatggtgggaacccc-3’ and 50-ggggttcccaccattgcgcttcgtttactttgc-30 for the latter. The QuikChange II kit

(200523, Agilent) was used for the procedure following the supplier’s recommended protocol. The

sequence was recombined to pAd/CMV/V5-DEST (V493-20, Invitrogen), fusing Pak3 to V5 tag, and the re-

sulting plasmid was introduced to HEK293A cells (R70507, Invitrogen) to produce the adenovirus vector.

After harvesting, the viral vector was purified by discontinuous cesium chloride gradient (1.33 g/ml and

1.45 g/ml) and dialysis (pore size 24 Angstrom,Medicell). For PAK3 overexpression in vitro, cells were trans-

duced using a multiplicity of infection (MOI) of 25 for 48 hr before further treatment.
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mCherry-Gfp-LC3 expressing H9C2 cell line

The dual reporter mCherry-Gfp-LC3 in the ptfLC3 plasmid was used to detect the fusion of autophago-

somes to lysosomes for degradation. H9C2 cells were authenticated by the ATCC and tested negative

for mycoplasma regularly. The ptfLC3 plasmid (21074, Addgene) was transfected with Lipofectamine

2000 Reagent (11668–019, Invitrogen). Cells were incubated for 48 hr at 37�C with 5% CO2 before starting

neomycin selection for one week. Cells were dissociated and seeded on a 96-well plate individually. Four

clones were selected under the microscope for fluorescent LC3 expression and evaluated for autophagy

response with starvation. Cells were continued to be cultured with neomycin to maintain the reporter

expression until the start of flow cytometry experiments. For microscopy visualization after treatment, cells

were fixed with 4% PFA for 10 min at room temperature and mounted with ProLong Glass (P36982,

Thermo Fisher Scientific). Fluorescent images were acquired with an Axio Imager M2 (Zeiss) upright mi-

croscope and a Coolsnap EZ camera (Photometrics). Specific band pass filter sets for FITC and Texas

Red were used.

siRNA transfection

Pak3 knockdown in vitro was achieved with Lipofectamine LTX & Plus Reagent (15338-100, Invitrogen)

transfection of Silencer Select Pre-Designed rat siPak3 siRNA (s131407, Ambion). The cells were incubated

with 100 nM of the siRNA complexes for 48 hr at 37�C with 5% CO2 before further treatment.

Flow cytometry

To quantify the effects of PAK3 overexpression on autophagic flux, the mCherry-Gfp-LC3 cells reporter

was measured by flow cytometry. After treatment, the cells were trypsinized by incubating with TrypLE

Express (12605036, Thermo Fisher Scientific) for 1–2 min at 37�C. Immediately cold DMEM (11966025,

Gibco) with 10% fetal bovine serum (10500064, Gibco) was added, and the cells were transferred to Ep-

pendorf tubes. After centrifuging for 5 min at 100xg, the medium was removed, and cells were resus-

pended with 500 ml of PBS. The samples were kept cold from harvesting until analysis and passed

through a 70 mm Flowmi strainer (BAH136800070, Bel-Art). They were run on a FACSymphony (BD Bio-

sciences) with BDFACS software. Data was collected from the 488 530/30 and 561 610/20 channels. The

data was analyzed using the FlowJo v10 software. Singles cells were gated from forward, and side scatter

dot blots. Afterward, fluorescent cells were gated using a non-transfected negative control and dynamic

cells by testing with the autophagy inducer rapamycin and the inhibitor chloroquine. The derived param-

eter mCherry-Gfp was calculated as the ratio of the red signal over the green signal. From this param-

eter, cells were divided into two populations, low and high autophagy cells, based on the initial testing

with the inducer and inhibitor. The percentage of high autophagy cells was used to compare the

samples.

Cells treatments

Different inducers and inhibitors were employed to evaluate the autophagy response in vitro. The mole-

cules were added to fresh DMEM medium (11966025, Gibco) with 10% fetal bovine serum (10500064,

Gibco) and incubated for 2 hr at 37�C with 5% CO2 before collection. The treatments included 5 mM rapa-

mycin (S1039-SEL, Stratech), 1 mM AICAR (2840, Bio-techne), 50 mMChloroquine (4109, Bio-techne), 50 nM

Bafilomycin A (A8627-APE, Stratech), and 10 mM isoprenaline (I5627, Sigma-Aldrich).

Immunofluorescent staining

LC3 detection and TUNEL with troponin staining were performed on iPSC-CMs. After EBSS starvation for 4

hours, they were fixed with 4% PFA for 15 min at room temperature, followed by permeabilization with 0.1%

Triton X + 0.1% sodium citrate for 8 min on ice. TUNEL was performed before immunodetection on corre-

sponding samples. Coverslips were then incubated for 1 hr in 10% normal donkey serum. Anti-LC3 (4108,

Cell Signaling) and anti-cTnT (8121, Santa Cruz Biotechnology) antibodies were diluted 1:100 and 1:25,

respectively, and applied to coverslips for incubation overnight at 4�C. The secondary donkey anti-rab-

bit-Alexa-594 antibody (715-585-150, Jackson ImmunoResearch) was used after washing with PBS. Finally,

the coverslips were incubated with DAPI-PBS solution for 5 min and washed again with PBS. Coverslips

were mounted with ProLong Glass (P36982, Thermo Fisher Scientific). Fluorescent images were acquired

with an Axio ImagerM2 (Zeiss) upright microscope and a Coolsnap EZ camera (Photometrics) with a specific

bandpass filter set for DAPI, FITC, and Texas Red.
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Protein aggregate detection

Protein aggregates in iPSC-CMs were detected with the Proteostat Aggresome Detection Kit (Enzo Life

Science, ENZ-51035-K100). Cells were fixed with 4% PFA for 15 min at room temperature and permeabi-

lized with 0.1% Triton X + 0.1% sodium citrate for 8 min on ice. The dual detection reagent was prepared

by diluting the Proteostat detection reagent and Hoechst 33342 nuclear stain 1:1,000 in the buffer pro-

vided. Cells were incubated with the detection reagent for 30 min at room temperature before washing

with PBS and mounting with ProLong Glass (P36982, Thermo Fisher Scientific). Fluorescent images were

acquired with an Axio Imager M2 (Zeiss) upright microscope and a Coolsnap EZ camera (Photometrics)

with a specific bandpass filter set for DAPI, FITC, and Texas Red.

LDH assay

LDH level in cell culture medium was measured using PicoProbe� LDH-Cytotoxicity Fluorometric Assay Kit

(K314-500, BioVision). LDH activity in serum was measured by colorimetric assay (MAK066, Sigma). Serum

was prepared by allowing blood to clot for 1 hr at room temperature and centrifuging for 15 mins at

6,000xg. The assays were performed following the manufacturer’s instructions.

Immunoblotting analysis

For Western Blots, total protein lysates from ventricular tissue or cells were prepared with Triton lysis buffer

(137 mmol/L NaCl, 20 mmol/L Tris, 0.1% w/v SDS, 2 mmol/L EDTA, 10% v/v glycerol, 1% Triton X-100,

25 mmol/L glycerophosphate, protease &phosphatase inhibitor cocktail (PPC1010, Merck), pH7.4). Lysates

were cleared by centrifuging, and protein concentration was quantified by Bradford assay (500-0006, Bio-

Rad). A total of 30 mg of protein was subjected to SDS-PAGE in polyacrylamide gels. Immunoblot analysis

was performed with the following primary antibodies: anti-PAK3 (2609, Cell Signaling),anti-pPAK3(S154)

(A94421, Antibodies.com), anti-BNP (sc-271185, SantaCruzBiotechnology), anti-GAPDH (51332, Cell Signaling),

anti-Gb (sc-166123, Santa Cruz Biotechnology), anti-SQSTM1 (39749, Cell Signaling), anti-pULK1(S555) (5869,

Cell Signaling), anti-pULK1(S757) (6888, Cell Signaling), anti-ULK1 (8054, Cell Signaling), anti-BECN1 (3495,

Cell Signaling), anti-ATG12 (4180, Cell Signaling), anti-LC3 (4108, Cell Signaling), anti-Tubulin (T6199, Sigma-

Aldrich), anti-pMTOR (2971, Cell Signaling), anti-MTOR (2983, Cell Signaling), anti-pAMPK(T172) (2535, Cell

Signaling), anti-AMPK (2532, Cell Signaling), anti-Folliculin (NBP1-44995SS,Novus Biologicals), anti-TEFB (sc-

166736, Santa Cruz Biotechnology), anti-Flag (F1804, Sigma-Aldrich), anti-V5 (13202, Cell Signaling). Secondary

anti-mouse (7076, Cell Signaling) and anti-rabbit (7074, Cell Signaling) HRP conjugateswere used alongwith the

Amersham ECL Prime and Select detection reagents (RPN2232 and RPN2235, Amersham) to detect the bands

of interest. Images were obtained with a ChemiDoc MP System (BioRad).

Co-immunoprecipitation

To assess PAK3 interaction of Folliculin, co-immunoprecipitation was performed on Ad-Pak3-CA infected H9C2

cells. 48 hrs post injection, cells were fixed with 0.4% PFA, and the protein was extracted using RIPA buffer.

Approximately 2 mg of input protein was used to pull out overexpressed PAK3 using Anti-V5 antibody or IgG

cross-linked toPierceProteinGAgarose. Immune complexeswereelutedwith2xLaemmli samplebuffer. Precip-

itated proteins were run in SDS-PAGE, and Immunoblot analysis was performed using anti-Folliculin antibody.

Quantitative real-time polymerase reaction (qPCR)

Total RNA from cells and ventricular tissue was obtained by Trizol extraction. Samples were treated with

DNAse (AM1906, Invitrogen) to eliminate genomic DNA contamination. RNAwas converted to cDNA using

LunaScript RT Super Mix Kit (NEB3010, New England Biolabs). Specific primers for quantitative real-time

polymerase reaction (qPCR) were purchased from Qiagen, and reactions were conducted using SYBR

Select PCR Master Mix (4472908, Applied Biosystems) following the manufacturer’s instructions. qPCR re-

actions were detected with the Step One Plus PCR System (Applied Biosystems), and the fold change was

calculated by the 2-DDCt method. The level of mRNA expression was normalized to 18S expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean G SEM and were analyzed using ordinary one-way or two-way ANOVA fol-

lowed by post hoc tests where appropriate. Comparisons between two groups were performed using Stu-

dent’s t-test. Statistical analysis was performed using the GraphPad Prism 9 software. P-values <0.05 was

considered statistically significant. The sample size (N) corresponds to biological replicates and is specified

for each experiment in the figure legend.
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