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Abstract
Background: Plekhm2 is a protein regulating endosomal trafficking and lysosomes distribution. We recently associated a recessive inherited mutation in PLEKHM2 with a familial form of dilated cardiomyopathy and left ventricular non-compaction. Accordingly, patients’ primary fibroblasts exhibited abnormal lysosomes distribution and autophagy impairment. We therefore hypothesized that loss of PLEKHM2 impairs cardiac function by autophagy derangement. 
Medthods and Results: We characterized the roles of Plekhm2 in the heart using Plekhm2 global knockout (PLK2-KO) mice and cardiac cells in culture. Compared to littermate controls (WT), young PLK2-KO mice had no difference in heart function and autophagy markers, but demonstrated higher basal AKT phosphorylation. Older PLK2-KO mice presented body and heart growth retardation and increased LC3II protein levels suggesting abnormal accumulation of autophagosomes. PLK2-KO mice were more vulnerable to fasting and interestingly, impaired autophagy was noted in Plekhm2 deficient cardiac-fibroblasts but not in the cardiomyocytes in vitro. It is also appears that PLK2-KO hearts were less sensitive to pathological hypertrophy induced by Angiotensin II compared to WT. 
Conclusion: Our findings suggest a role of Plekhm2 in murine cardiac autophagy. However, while PLK2-deficiency in cardiofibroblasts leds to impaired autophagy, the autophagy in cardiomyoctes is not criticaly dependent on Plekhm2. The absence of Plekhm2 in mice appears to promote compensatory mechanism/s enabling the heart to cope with Angiotensin II induced stress without detrimental consequences reminiscent to the dilated cardiomyopathy of patients with PLEKHM2 loss of function. 
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Background
[bookmark: _Hlk108961887][bookmark: _Hlk108962071][bookmark: _Hlk108962280]Macroautophagy (hereafter referred to as autophagy) is a highly regulated and conserved cellular process that involves lysosome-mediated degradation of unnecessary or damaged intracellular components (1, 2). Autophagy allows an orderly degradation and recycling of cellular components by promoting the isolation proteins, organelles, and part of the cytoplasm within transient double membrane, that expands and closes to become an autophagosome. The autophagosome fuses with the lysosome to form the autolysosome and promote cargo degradation (3). Therefore, autophagy allows cells to maintained homeostasis and survive against various stress conditions. 
Autophagy plays an important role in the heart. It preserves cardiac structure and function under normal conditions and is activated during stress, limiting damage to the cardiac cells (3). Moreover, autophagy is required for normal cardiac development (4). Autophagy level in the heart is altered in response to stress such as ischemia/reperfusion (5) and nutrients deprivation (4), but is also triggered by chronic conditions such as cardiac hypertrophy and heart failure (4, 5). Cardiac remodeling involves an increase in cardiomyocyte cell death by apoptosis, necrosis and autophagy (5).  Impaired autophagy contributes to the development of cardiac proteinopathy and doxorubicin induced cardiomyopathy and is involved in the development of diabetes and aging-induced cardiac abnormalities (6, 7). Massive activation of autophagy is also detrimental for the heart in certain stress conditions, such as reperfusion injury (3, 5).
Dilated cardiomyopathy (DCM) represents a cause for substantial morbidity and mortality. It is associated with dilation and impaired contraction of the left or both ventricles and is an important cause of heart failure worldwide (8). Familial DCM is usually transmitted with autosomal dominant inheritance, although recessive and X-linked inheritance patterns have been described as well (8-11). Alternations in myocardial autophagy have been observed in the context of DCM (5, 12, 13). However, it is unclear whether autophagy plays a cardioprotective role or is part of the tissue damage in this context.  
In a previous report (9), we described a recessively inherited form of DCM and Left-ventricular non-compaction (LVNC) presenting with severe cardiac dysfunction in young adulthood. The only putative causing mutation was found in the pleckstrin homology domain-containing, family M member 2 (PLEKHM2) gene, thus, we associated the mutation in PLEKHM2 gene with the disease. Plekhm2, also known as SifA and kinesin-interacting protein (Skip), interacts with Kinesin-1, affecting endosomal trafficking. In conjunction with the lysosomal GTPase Arl8 and BORC-complex, Plekhm2 is required for normal lysosomal distribution (14, 15). Accordingly, we showed that patient's primary fibroblasts exhibited abnormal subcellular distribution of endosomes and lysosomes and impairment in the autophagy process (9). Recently, Atkins et al. (16) reported a 21-year-old female with DCM and prominent LV apical trabeculations, associated with compound heterozygous loss of function variations in PLEKHM2 gene. They demonstrated absence of PLEKHM2 protein in the myocardial tissue supporting our identified association between PLEKHM2 dysfunction and DCM (9). 
In this study, we further investigated the role of Plekhm2 in autophagy and cardiac function in a murine model. Overall our findings demonstrate a rather complex involvement of Plekhm2 in cardiac biology. We show that young, three-month-old Plekhm2 knock-out (PLK2-KO) mice have normal heart function and balanced autophagy process, while one-year-old PLK2-KO mice showed body and heart growth retardation. Elevated levels of LC3II and P62 proteins observed in the PLK2-KO mice, suggest accumulation of autophagosomes. PLK2-KO mice were also more vulnerable to nutrient deprivation than littermate controls, but were less sensitive to pathological hypertrophy induced by Angiotensin-II (AngII). Our findings further indicate that basal AKT phosphorylation is higher in young PLK2-KO mice, possibly serving as a compensatory mechanism and that deletion of Plekhm2 in vitro, impaired autophagy mostly in cardiac-fibroblasts. 

Results 
To disclose the roles of Plekhm2 in the heart we examined the phenotype of adult mice that were homozygous to the Plekhm2tm1a cassete, which knocked out the Plekhm2 gene in a global manner (PLK2-KO). Plekhm2 protein was difficult to detect by Western blot analysis (WB) in the heart extracts. However, we could confirm marked reduction of Plekhm2 (plk2) mRNA by RT real-time quantitative PCR (qPCR) in the both, male and female PLK2-KO mice compared to their siblings homozygous for the normal allele (WT), presumably due to nonsense-mediated mRNA decay (Fig. 1A). In addition, the cardiac Plekhm2 mRNA level of WT mice was found to be higher than the levels of its homologs Plekhm1 (plk1) and Plekhm3 (plk3) that were recently reported to preserve cardiac function under stress conditions (17, 18). Neither of these two genes were increased in the PLK2-KO hearts (Fig. 1A), suggesting that they do not compensate for the absence of Plekhm2 in our model.

Plekhm2 KO mice demonstrate imbalanced autophagy with aging. 
Cardiac autophagy and autophagy flux were examined in the cardiac lysates of 3-months old female mice 3h after intraperitoneal (i.p) injection of Chloroquine (CQ, 80mg/kg), an autophagy inhibitor which acts mainly by impairing the autophagosome-lysosome fusion, thus leading to an accumulation of autophagosomes (19, 20) and affecting cardiac function (21). LC3I, LC3II and P62 protein levels and the LC3II/LC3I ratio were examined as indicators of the autophagy process, since increase in LC3II, LC3II/LC3I ratio, and p62 protein levels can represent the accumulation of autophagosomes probably because of defects in the degradation (3). Indeed, CQ increased the LC3II/LC3I ratio in both WT and PLK2-KO mice (p=0.02 and 0.03 respectively). However, we detected no difference between CQ-treated PLK2-KO mice to their control siblings (WT). In addition, no noticeable change in P62 protein level was detected in response to CQ (Fig. 1B, C).  Calculating the autophagy flux (the delta between CQ-treated and untreated results, inset) also indicated no difference in LC3II/LC3I ratio but demonstrated a slight, although significant (p=0.04), increase in P62 flux in the PLK2-KO mice. 
We next examined the autophagy markers in 12-month-old female mice. Compared to the 3-month-old mice, both aged PLK2-KO and WT mice demonstrated an increase in LC3II/LC3I ratio (p=0.01 and 0.008, respectively, Fig. 2A, B). Although LC3II/LC3I ratio was not significantly different between PLK2-KO and WT mice at 12-month-old, the LC3II/GAPDH level was higher in the PLK2-KO mice (p=0.026). P62 did not demonstrate a difference in the aged-PLK2-KO hearts compared to aged-WT. These results might suggest increased accumulation of autophagosomes in PLK2-KO mice with aging (see discussion). 

Plekhm2 KO mice demonstrate growth retardation and minor cardiac dysfunction with aging. 
The characterization of 3-month-old PLK2-KO mice using gravimetric and echocardiography measurements did not detect differences from the WT mice for both female (Table 1) and male (Table 1S) mice. Cardiac function examined for 6 and 12-month old female mice (Table1 and Table 2S) also indicated no apparent changes between WT and PLK2-KO mice (e.g. EF% WT 54.3±4.7 vs PLK2-KO 50.4±2.3 at 12-month-old, p=0.9). However, the aged PLK2-KO female mice demonstrated reduction in stroke volume and cardiac output (Fig. 1S). The increase of body weight and LV mass with age was moderate in PLK2-KO mice compared to their littermate controls (Fig. 1S). These results, which indicate global growth impairment were even more pronounced in the heart of the PLK2-KO mice as emphasized by the lower HW/TL ratio of these mice following aging (Table 1, p=0.009).
Akt is a serine/threonine kinase that is essential in regulating cellular functions, including protein synthesis, cell growth, apoptosis, and autophagy. Elevation of p-AKT activates mTORC1, which represses autophagy (22). Total AKT (t-AKT) was uniformly expressed in both WT and PLK2-KO mice. However, p-AKT473 level was higher in the 3-month old PLK2-KO mice compared to 3-month old WT (Fig. 2C p= 0.004). With aging, the activity of the AKT pathway markedly increased in the WT mice (p<0.001) and also tended to increase in the PLK2-KO mice, although this trend did not reach significance (Fig. 2C). Notably, the already elevated level of p-AKT in the PLK2-KO mice increased to a lesser extent relative to the WT, as emphasized by normalized valued of the aged-mice relative to the corresponding 3-month old mice (inset, WT 7.2±1.0 folds vs PLK2-KO 3.0±0.4 folds, p=0.009). Thus, it is possible that a baseline activation of AKT signaling in the young PLK2-KO mice is compensating for the abnormal accumulation of autophagosomes in order to maintain normal cardiac function. Based on these results, we suggest that the deletion of Plekhm2 promote unbalanced autophagy during aging with consequent retardation of cardiac growth.

[bookmark: _Hlk124162635]Table 1 Basic characterization of PLK2-KO female mice
	12-month old
	3-month old
	Echocardiogram 

	PLK2 KO (n=6)
	WT (n=6)
	PLK2 KO (n=6)
	 WT (n=6)
	

	[bookmark: _Hlk124161652]24.2 ± 1.74 *
	30.4 ± 1.88 #
	20.4 ± 0.34
	20.5 ± 1.06
	 Weight (gr)

	461.8 ± 28.3
	469.6 ± 28.1
	432.5 ± 12.4
	455.2 ± 29.7
	 HR

	3.66 ± 0.18
	4.05 ± 0.15
	3.74 ± 0.13
	3.97 ± 0.12
	 LVIDd

	2.65 ± 0.19
	2.91 ± 0.17
	2.66 ± 0.11
	2.98 ± 0.11
	 LVIDSs

	0.93 ± 0.12
	0.85 ± 0.04 #
	0.77 ± 0.05
	0.66 ± 0.04
	 LVPWd

	1.02 ± 0.10
	1.15 ± 0.04
	1.13 ± 0.08
	0.94 ± 0.10
	 LVPWs

	50.4 ± 2.31
	54.4 ± 4.7
	55.6 ± 2.81
	48.8 ± 2.6
	 EF %

	27.9 ± 3.0
	28.1 ± 3.4
	30.7 ± 2.6
	24.4 ± 1.6
	 FS  %

	63.2 ± 4.3 *
	86.88 ± 8.8
	73.9 ± 7.6
	75.5 ± 4.9
	 LVVd

	32.0 ± 4.6
	40.7 ± 6.9
	45.3 ± 11.7
	40.3 ± 3.1
	 LVVs

	30.7 ± 1.8 ** #
	44.2 ± 4.5
	39.04 ± 2.9
	35.2 ± 1.9
	 SV

	14.3 ± 1.3 *
	21.3 ± 2.8
	17.01 ± 1.02
	16.1 ± 1.37
	 CO

	0.87 ± 0.03
	0.88 ± 0.04
	0.77 ± 0.02
	0.76 ± 0.04
	 RWT

	101.4± 4.6 *
	120.81 ± 5.5 #
	96.9 ± 4.11
	99.7 ± 7.4
	 LV mass (mg)


	[bookmark: _Hlk124162672]12-month old
	3-month old
	Gravimetric

	PLK2-KO (n=8)
	WT (n=5)
	PLK2-KO (n=13)
	 WT (n=10)
	analysis

	24.2 ± 1.34
	29.9 ± 1.91 #
	20.08 ± 0.52
	20.82 ± 0.78
	BW (gr)

	99.2 ± 2.8 **
	114.1 ± 3.4 ##
	91.4 ± 3.0
	87.6 ± 3.6
	HW (mg)

	17.97 ± 0.10 **
	18.7± 0.13 ##
	17.7 ± 0.11
	17.5 ± 0.24
	TL (mm)

	5.52 ± 0.15 **
	6.10 ± 0.16 #
	5.37 ± 0.23
	5.29 ± 0.23
	HW/TL


[bookmark: _Hlk137631755][bookmark: _Hlk137632386][bookmark: OLE_LINK2]Basic physiology parameters and gravimetric measurements were examined in PLK2-KO and WT normal siblings' female mice at young age (3-month old) vs. aged mice (12-month old). HR; heart rate, LVIDd; Left ventricular internal diameter in diastole (mm), LVIDSs; Left ventricular internal diameter in systole (mm), LVPWd; Left ventricular posterior wall in diastole (mm), LVPWs; Left ventricular posterior wall in systole (mm), EF; Ejection fraction (%), FS; Fractional shortening (%), LVVd; Left ventricular volume in diastole (L), LVVs; Left ventricular volume in systole (L), SV; Stroke volume (L), CO: Cardiac qutput (L/min), RWT; Relatively wall thickness (mm). BW; Body weight, HW; Heart weight, TL; Tibia length. *, ** represent KO vs WT (same age p<0.05 and 0.01 respectively); #, ## represent WT 12-month vs WT 3-month (p<0.05 and 0.01 respectively).

Plekhm2 KO mice demonstrate excessive autophagy following starvation. 
Autophagy plays an essential role in starvation to maintain cellular homeostasis in the heart (3). Thus, we further investigated the effect of Plekhm2 deficiency on autophagy in female mice subjected to 24h of starvation. CQ was injected i.p 3 hours before extraction of the hearts. Starved PLK2-KO mice showed decreased heart/body weight (Fig. 3A, p=0.02), mainly because of a reduction in heart weight. Both, WT and PLK2-KO mice had an increase in LC3II/LC3I ratio following starvation (Fig. 3B, C, p=0.037 and p=0.004, respectively). This increase was higher in starved-PLK2-KO mice relative to the starved-WT mice (p=0.035). Following starvation the P62/GAPDH protein level did not alter in the PLK2-KO mice. However, when P62 level of the starved mice was normalized to fed state, PLK2-KO mice had a higher ratio compared to the WT (p=0.026, inset). An increase in autophagy markers represents stimulation of the autophagy process (3), thus, our results suggest that starved mice in both groups attempt to respond to starvation by increasing autophagy, but this adaptive response is dysregulated in the PLK2-KO mice. Indeed, calculation of the autophagy flux accentuates the additional accumulation of LC3II in PLK2-KO mice (Fig. 3D).
As already described above (Fig. 2C), there was a basal increase in p-AKT473 in PLK2-KO mice compared to WT (Fig 3E, p=0.008). Starvation did not affect p-AKT473 level in WT but markedly decreased its level in PLK2-KO mice (p=0.032), leading to p-AKT473 starvation levels similar to the WT.

Cardiac-fibroblasts are more vulnerable to Plekhm2 deficiency than cardiomyocytes. 
To further delineate the role of Plekhm2 in cardiac cells we examined the effect of Plekhm2 ablation in-vitro. Cardiac cells from neonates that were homozygous to the Plekhm2 floxed allele were transfected with adenoviruses expressing either CRE-recombinase (Ad-Cre) or GFP (Ad-GFP) for 5 days. The Plekhm2 mRNA (plk2) was markedly reduced to ~10% and ~20%, in neonatal mice cardiomyocytes (NMCMs) and neonatal mice cardiofibroblasts (NMCFs), respectively (Fig 4). In agreement with the result in the PLK2-KO mice, neither plk1 nor plk3 were overexpressed in the Plekhm2 deficient cells (Fig 4).
As expected, autophagy flux was markedly increased following CQ treatment in both NMCMs (Fig 5) and NMCFs (Fig. 6). However, while KO and control NMCMs demonstrate similar increase in LC3II/LC3I ratio and P62 protein levels following 4h and 24h of CQ treatment (Fig. 5) the KO-NMCFs demonstrated an additional increase in LC3II/LC3I ratio following 4h of CQ treatment compared to the control-treated cells (Fig. 6A 6B, p=0.0002). This finding was also emphasized in the autophagy flux calculation for LC3 proteins ratio (Fig. 6B inset, p=0.02). This increase could be attributed, at least partly, by the rise in the level of lc3B mRNA flux (Fig. 6C inset, p=0.02) and the higher expression of LC3II protein normalized to GAPDH (p<0.001, data not shown). At the basal level, we also detected an increase in P62 protein and mRNA levels (Fig. 6D, 6E) in KO-NMCFs compared to control, suggesting less degradation of autophagosomes and accumulation of autophagosomes in KO-NMCFs. However, no difference in autophagy flux was demonstrated for P62.
In the NMCFs, we further examined the mRNA levels of plk2 and plk1 and several additional genes related to autophagy. Both plk2 and plk1 increased in the control cells following 4h of CQ (p=0.0001 and p=0.013, respectively), suggesting compensatory role in maintain normal autophagy process. This response was totally blunted in the KO-NMCFs (Fig. 6F). Furthermore, at baseline, mRNA levels of atg5 and becn1, which participate in the initiation phase of the autophagosome (23), were lower in KO cells compared to control (Fig 6F), while following CQ their mRNA levels were decreased only in the control cells, with no change in the KO-NMCFs. Following CQ, ctsl, encoding Cathepsin L, a lysosomal protease involved in a protein turnover via activation of the autophagy–lysosomal pathway (24) displayed a minor decrease in control cells, whereas in the KO cells its level was increased (p=0.03). Calculating the delta expression before and after adding CQ demonstrated reduced values for atg5, becn1 and ctsl in the control but not in the KO cells (p=0.04, 0.002, 0.006 respectively, Fig. 2S). These findings showing abnormal autophagy flux in the NMCFs-KO cells indicate that Plekhm2 is indeed a vital component in their regulation of normal autophagy flux.
To further assess the involvement of Plekhm2 in the autophagy flux, we examined LC3-puncta accumulation by transfecting the NMCFs with an adenovirus carrying LC3-GFP (Fig. 6G). Quantitative analysis indicated that the number of puncta did not differ between KO cells and the controls, but the size of the puncta was larger in KO cells as indicated by perimeter and area measurements and the circularity of the puncta in KO cells was lower. 

Plekhm2 deficiency during starvation differentially affect cardiac fibroblasts vs. cardiomyocytes. 
To explore the effect of starvation we induced autophagy in NMCFs by amino-acid deprivation and exposed the cells to CQ for 4h to measure autophagy flux. Following amino-acid deprivation, there was a similar minor increase in LC3II/LC3I ratio in both KO and control cells (Fig. 7A). However, administration of CQ yielded a higher increase in LC3II/LC3I ratio in the KO cells compared to the controls (Fig 7A, inset p=0.033). Higher expression of P62 protein level was also noted in untreated KO cells, as also described earlier (Fig 6D) but with no alternations following exposure to amino acid deprivation and CQ. Interestingly, in NMCMs no difference was found between KO and control cells exposed to 4h of amino-acid deprivation (Fig. 7B) or 24h of glucose deprivation (Fig. 7C) with or without CQ.
Plekhm2 KO hearts are less susceptible to Angiotensin-II. 
AngII is a potent neuro-hormonal modulator involved in cardiac remodeling (25). Thus, to further assess the possible role of Plekhm2 in maintaining cardiac function, we evaluated the effect of long-term exposure to AngII on the PLK2-KO mice. We hypothesized that the cardiac phenotype of global PLK2-KO mice might be further impaired under chronic neurohormonal stress conditions. Following exposure to AngII for 2 weeks, gravimetric analysis demonstrates a decrease in body weight (BW) which was not significantly different between KO and WT mice (Table 2). In the WT mice, AngII-induced cardiac hypertrophy was characterized by increased heart weight (HW, p<0.001) and HW/BW ratio (p<0.001) (Table 2). Surprisingly, PLK2-KO mice were less sensitive to AngII, as indicated by the smaller HW (WT, 167.7±8.6 vs KO, 128.3±3.8 p<0.001) and reduced HW/BW ratio compared to treated-WT mice (Table 2 and Fig 8A). 
Reduced sensitivity of the PLK2-KO heart to AngII was also confirmed by echocardiography measurements (Table 2). In the WT mice an increase in LVPWd (p=0.027), RWT (p=0.049) and LV mass (p=0.038) were noted following exposure to AngII without a change in the ejection fraction (EF%, p=0.9). PLK2-KO mice, on the other hand, showed reduced hypertrophy following AngII, as indicated by the lower LVPWd (p=0.039) and LV mass (p=0.007) compared to AngII-treated WT mice (Table 2, Fig 8B). Cardiac function (i.e. FS, EF) of the PLK2-KO mice in response to AngII was unaltered compared to WT mice. However, stroke volume and cardiac output were smaller, again reflecting the smaller cardiac sized in the AngII-treated PLK2-KO vs. WT mice. AngII induced an increase in the cardiac stress-related genes; nppa, myh7, and acta1 in WT treated mice, but this maladaptive response was noted to a lower extent in the PLK2-KO mice (Fig 8C). 
[bookmark: OLE_LINK3]Finally, we characterized the role of Plekhm2 in the fibrotic response to AngII by ventricular Masson-trichrome staining. Consistent with the above findings indicating attenuated hypertrophic response of the PLK2-KO mice, we noted reduced fibrotic response in AngII-treated PLK2-KO relative to AngII-treated WT mice (Fig 8Da, p=0.0018). This attenuated fibrotic response of the PLK2-KO mice was further confirmed when the AngII results were normalized to the saline results (Fig 8Db, p=0.020). Moreover, while genes related to fibrosis including col1a1, col1a2, col3a1 and tgf were all induced by AngII in the WT mice, attenuated induction of col1a1 (p=0.05) and col1a2 (p=0.009) was noted in AngII-treated PLK2-KO mice (Fig 8E). 
Overall, the above results indicate that in contrast to our original assumption, ablation of Plekhm2 in the mouse results in reduced sensitivity to pathological hypertrophy induced by neurohormonal stress.

Table 2 Physiological and gravimetric analysis
	PLK2-KO AngII (n=8)
	PLK2-KO saline (n=7)
	WT AngII             (n=7)
	WT saline (n=7)
	Gravimetric
analysis


	22.7± 0.7 *
	25.8 ± 0.6
	24.8 ± 0.6 *
	28.0 ± 0.8
	BW (gr)

	128.3 ± 3.8 #
	118.7 ± 2.9
	167.7± 8.6 ***
	119.0 ± 5.6
	HW (mg)

	5.7 ± 0.2 ** #
	4.6 ± 0.1
	6.8 ± 0.3 ***
	4. 3 ± 0.2
	HW/BW

	PLK2-KO AngII (n=7)
	PLK2-KO saline (n=7)
	WT AngII       (n=7)
	WT saline (n=6)
	Echocardiography

	24.3 ± 0.90 *
	27.4 ± 0.57
	26.1 ± 0.56 **
	29.9 ± 0.85
	 Weight (gr)

	555.9 ± 11.6 *
	461.9 ± 25.1
	538.7 ± 12.4 *
	483.7 ± 20.7
	 HR

	3.93 ± 0.15
	3.82 ± 0.09
	3.89 ± 0.17
	4.23 ± 0.12
	 lLVIDd

	3.0 ± 0.24
	2.53 ± 0.17
	2.91 ± 0.24
	3.04 ± 0.21
	 LVIDSs

	0.86 ± 0.07 #
	0.87 ± 0.049
	1.1 ± 0.08 *
	0.66 ± 0.04
	 LVPWd

	1.14 ± 0.11
	1.25 ± 0.12
	1.39 ± 0.11
	1.09 ± 0.15
	 LVPWs

	47.2 ± 5.9
	62.9 ± 4.1
	50.5 ± 5.4
	54.7 ± 4.9
	 EF %

	23.9 ± 3.5
	34.1 ± 3.2
	25.9 ± 3.5
	28.6 ± 3.2
	 FS  %

	31.7± 2.0 ###
	39.4 ± 2.5
	52.8 ± 23.7
	49.1 ± 1.9
	 SV

	17.4 ± 1.09 ###
	20.4 ± 2.0
	28.4± 1.9
	23.8 ± 1.8
	 CO

	1.0 ± 0.05
	0.98 ± 0.05
	1.1 ± 0.04 *
	0.93 ± 0.03
	 RWT

	137.8± 8.6 #
	137.9 ± 9.1
	183.0 ± 13.5 *
	139.2 ± 6.1
	 LV mass


 Gravimetric analysis and echocardiography measurements following 2-weeks of angiotensin-II  infusion were examined in PLK2-KO and WT normal siblings mice. BW; Body weight, HW; Heart weight, TL; Tibia length. HR; Heart rate, LVIDd; Left ventricular internal diameter in diastole (mm), LVIDSs; Left ventricular internal diameter in systole (mm), LVPWd; Left ventricular posterior wall in diastole (mm), LVPWs; Left ventricular posterior wall in systole (mm), EF; Ejection fraction (%), FS; Fractional shortening (%), LVVd; Left ventricular volume in diastole (L), LVVs; Left ventricular volume in systole (L), SV; Stroke volume (L), CO: Cardiac output (L/min), RWT; Relatively wall thickness (mm). * represents WT vs WT-Ang or KO vs KO-AngII (p<0.05 and 0.01 respectively); #, ##, ### represent KO-AngII vs WT-AngII (p<0.05, 0.01 and 0.001 respectively).

Discussion
During the past decade, autophagy has emerged as a major regulator of cardiac homeostasis that functions under baseline conditions and is further activated during stress. (3, 26). In the heart, dysregulated autophagy is involved in cardiac injury and dysfunction and provokes cardiomyocyte death (6, 7). 
Based on previous reports (9, 16, 27), we sought to further examine the role of Plekhm2 in autophagy and cardiac function using Plekhm2 global knockout mice (PLK2-KO) and primary cardiac cells with reduced Plekhm2 expression in culture. Our findings indicate that Plekhm2 is essential for normal cardiac autophagy following nutrients deprivation and aging. However, it appears that ablation of Plekhm2 reduced mice sensitivity to pathological hypertrophy induced by neurohormonal stress. 
Plekhm2 was reported to be involved in the transport of lysosomes by coupling to the microtubule motor kinesin-1 via the small GTPase Arl8 and the BORC-complex, thus enabling the autophagosome-lysosome fusion (14, 15, 28) and lysosome trafficking (29). We hypothesized that Plekhm2 deficiency will impair autophagosome-lysosome fusion, thus accelerating the accumulation of autophagosomes in the heart leading to cardiac dysfunction. However, our results indicate that at a young age the absence of Plekhm2 does not affect cardiac function compared to the WT siblings (Table 1), and the autophagy process seems to remain balanced (Fig. 1), except for a slight increase in P62 flux. This minor increase may suggest a minor interruption in the process of autophagosome degradation in young-PLK2-KO mice. 
Plekhm1 and Plekhm3 were recently reported to participate in cardiac function under stress conditions in mice. Zhang et al (17) showed that CD38 regulates autophagic flux by regulating the core proteins Rab7 and Plekhm1. Loss of Rab7/Plekhm1 impaired the fusion of autophagosomes and lysosomes, resulting in the accumulation of autophagosomes in the myocardium and consequent cardiac dysfunction under hypoxia/ischemia (H/I) conditions. Plekhm3 was reported to be modulated by miR-320 during heart failure (HF) after TAC and following AngII (18). While Plekhm1 and Plekhm3 were found to be important in the heart, their mRNA levels are lower compared to Plekhm2 and these levels did not alter in PLK2-KO mice, indicating that they do not compensate for the absence of Plekhm2. Nevertheless, it is possible that in the murine heart, the function of Plekhm1 and/or Plekhm3 overlaps with that of Plekhm2 leading to the relatively mild phenotype that we observed as compared to the loss of function of this gene in the human heart. A phnotype that is already severe in young children and at early adulthood. Further studies will be needed in order to explore this possibility in details based on the current findings.     

Role of murine Plekhm2 In the context of Aging. 
Autophagy is a vital process in maintaining cardiovascular homeostasis during aging. Several studies suggest that reduced autophagy is implicated in the deterioration of cardiovascular function and increased susceptibility to cardiovascular disease upon aging (30). In our study, we demonstrate growth retardation and a lower heart-to-body weight or tibia length ratio in 12-month old PLK2-KO mice (Table 1). We also noted changes in some physiological parameters with aging mainly reflecting the smaller cardiac size (Table 1 and Table 2S). LC3II protein level was upregulated in aged-PLK2-KO mice in comparison to aged WT mice (Fig. 2), suggesting dysregulation of autophagy in the KO mice and a slight cardiac dysfunction with aging. Cardiac dysfunction was demonstrated in old-aged mice (at least 18-months old) by LV systolic dysfunction, reduction in EF%, hypertrophy and fibrosis as well as increase in LC3II and p-Akt protein levels (30, 31). We may speculate that the phenotype of the middle-aged (12-months old) PLK2-KO mice we describe here, might lead to more overt cardiac dysfunction over time. However, since we did not test older age mice this possibility remains unanswered at the present. 

Role of murine Plekhm2 In the context of Starvation. 
Starvation is a classical model to demonstrate the role of autophagy in the cellular homeostasis of the heart (3, 32). Both WT and PLK2-KO mice showed an increase in LC3II/LC3I ratio after 24h of starvation but with higher ratio for the PLK2-KO mice, which was accompanied by a significant reduction in heart weight (Fig. 3). The increased levels of the autophagy proteins LC3II and P62 in PLK2-KO hearts suggest an accumulation of autophagosomes, possibly due to impaired degradation of the autophagosome rather than increased its formation (5, 33). Excessive autophagy due to an imbalance between autophagosome formation and lysosomal degradation causes a massive accumulation of autophagosomes, which subsequently affects cellular function and contributes to cardiotoxicity through autophagic cell death (7, 34, 35).  Jia et al (15) showed that KO of BORC, which is a part of a multicomplex with Plekhm2-Arl8-kinesin1, influences lysosome positioning and increases the levels of the autophagy proteins LC3B-II and SQSTM1/P62. Therefore, BORC-KO impairs both the encounter and fusion of autophagosomes with lysosomes, suggesting that the LC3B-II accumulation is largely the result of reduced lysosomal degradation rather than enhanced autophagy initiation. Lysosome-associated membrane protein 2 (LAMP2)-deficient mice also show excessive accumulation of autophagic vacuoles and impaired autophagic degradation of long-lived proteins, resulting in cardiomyopathy (36, 37). Furthermore, Nah et al (35) showed that Rubicon, a negative regulator of autophagy, is upregulated during stress and blocks the autophagosome-lysosome fusion, thereby leading to the accumulation of autophagosomes and facilitating autophagy-dependent cell death. Impaired autophagy or massive activation are both detrimental to the heart and may cause cellular dysfunction and death (7). Taken together, we suggest that the smaller hearts and growth retardation observed in stressed-PLK2-KO mice may be partially explained by the excessive autophagosome accumulation leading to autophagic cell death. 
The balanced autophagy in young aged-PLK2-KO mice, but its dysregulation following stress raises the possibility of a compensatory mechanism that prevents the pathological consequences of Plekhm2 deficiency at the young age. Several molecular pathways that facilitate cardiovascular health are associated with autophagy function.The mTOR complex and its associated pathways play a key regulatory function in cardiovascular physiology and pathology (38, 39). It is activated by nutrients and growth factors and is inhibited during starvation, leading to autophagy activation and cell survival (3, 6, 40). The mTOR/AKT pathway is associated with cardiomyocyte protection during ischemic injury and preserved cardiac structure and function. It participates in compensatory growth in response to mechanical stress (3, 41), as well as protection during hypoxia-induced injury (42), and pressure overload-induced cardiac hypertrophy (43). In our study we show an increase in phosphorylated-AKT473 in young PLK2-KO mice (Fig. 2C and 3E). Since AKT is a negative regulator of autophagy, we speculated that activated-AKT473 inhibits excessive autophagy and maintain cardiac homeostasis in the young PLK2-KO mice. Interestingly, aged WT-mice show an increase in AKT activity, in line with previous reports in the literature (31). However, in the PLK2-KO mice less activation was observed with aging as well as following starvation.

Differential effects of Plekhm2 deficiency in  NMCFs vs. NMCMs  
We further characterized the role of Plekhm2 deficiency in murine cardiomyocytes (NMCMs) and cardiac-fibroblasts (NMCFs) in culture. Our results show no difference in the autophagy flux between KO and control NMCMs at basal (Fig. 5) and following amino-acid (Fig. 7B) or glucose (Fig. 7C) deprivation. In contrast, KO-NMCFs, demonstrate several changes in the autophagy process (Figs. 6 and 7A), indicating accumulation of autophagosomes and defect in the autophagy process. Cathepsin-L, an important member of the lysosomal-protease family, plays an important role in protecting against cardiac dysfunction following pressure overload via activation of the autophagy–lysosomal pathway (24).  An increase in mRNA level of Cathepsin-L (ctsl) in the CQ treated KO-NMCFs, suggest a compensatory effect of the lysosomes, triggered by the autophagy derangement. The lower mRNA level of atg5 and becn1 (Fig. 6F), participants in the initiation phase of autophagosome (23), in KO cells with no changes following CQ support the autophagy dysregulation in NMCFs. Finally, the increase in mRNA levels of plk2 and plk1 in response to CQ in control cells accentuates their possible involvement in normal NMCFs autophagy (Fig. 6F). Thus, based on our results it appears that Plekhm2 deficiency in the murine heart can affect autophagy, but not in the cardiomyocytes.

Difference between the murine and human phenotype of Plekhm2 loss of function 
Although the global PLK2-KO mice demonstrated growth retardation and smaller hearts, their physiological findings are not consistent with the severe dilated cardiomyopathy and non-compaction of human patients (9, 16). Moreover, magnetic resonance imaging followup of one of the family members, demonstrated rapid and massive loss of myocardial tissue over a relatively short period (27). Thus, it is possible that while Plekhm2 is vital in human cardiomyocytes, it is compensated by other genes/cellular components in the murine cardiomyocyte and therefore it's knockout presents less severely in our mouse model. The fact that induced pluripotent stem cells-derived cardiomyocytes from patients from our family of interest, present abnormal autophagy (27) may support this possibility. Such possibility may also explain the surprising absence of detrimental effect of AngII in the PLK2-KO mice. Several studies (e.g. (44)) dmonstrate a cooperation of the ubiquitin-proteasome system (UPS) and lysosomal-autophagy pathway. In this regard, our results may also raise the possibility that the UPS, rather than the autophagy-lysosome pathway, is responsible for maintaining cardiac function following AngII when the lysosomal-autophagy process is dysregulate. However, further studies are required in order to test these possibilities in details.  
In conclusion, Our findings are compatible with a role for Plekhm2 in cardiac autophagy. However, it appears that the autophagy and viability of murine cardiomyoctes are not criticaly dependent on the expression of Plekhm2, possibly because of the activation of the AKT-signaling and / or other compensatory pathways. This may explain the discrepancy between the malignant DCM phenotype of the human PLEKHM2 loss of function compared to that of our murine KO model.   

[bookmark: _Hlk124073892]Material and Methods 
Global Plekhm2 KO model
The study was carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All experiments were approved by the institutional ethics committee of Ben-Gurion University of the Negev, Israel (Protocols IL4108-2016 and IL5908-2020D). 
[bookmark: _Hlk124074101]Plekhm2tm1a/(EUCOMM)Wtsi mice with "knock-out first allele" (a kind gift from Dr. Meresse S (45)) contain a cassette between exons 7 and 8 of Plekhm2 with a splice acceptor site, Lacz and neo genes, and a polyA signal at the 3' of the cassette. The cassette is flanked by FRT sequences and a loxP site. Another loxP site is inserted between exons 8 and 9 (Figure 3S). During transcription, the cassette with the Lacz and neo genes will be spliced to exon 7 of Plekhm2, resulting in cessation of transcription because of the PolyA sequence. Therefore, Plekhm2 protein will not be expressed in these mice. Generating Plekhm2 floxed mice for Plekhm2 KO cell cultures described in detail in the supplementary Materials and Methods.  

Genotyping 
Polymerase chain reactions (PCR) were done with specific primers (designed by the Emma Consortium (forward Plekhm2_44411 TCCTCACTGGAAAGCAGCAC, reverse Plekhm2_44411 CAGGCAGGGTGAGTTTGATG and CAS_R1_Term TCGTGGTATCGTTATGCGCC) according to the scheme (Fig 3S) enabling the detection of each genetic manipulation. Figures 3S C and D provide examples of the genotyping results of the respective mice and cell cultures. The DNA is O' GeneRuller 1Kb plus DNA ladder (ThermoScientific).

In vivo models 
While the basic sections of the study were done in both males and females others were limited to one sex only. Thus in all of the results sections the sex of the mice in each experiment is explicitly mentioned.  
Starvation: 3-month-old female mice were subjected to starvation by food deprivation for 24h with free access to water. For analyses of autophagic flux in vivo, we applied chloroquine 80 mg/kg or vehicle (NaCl 0.9%) intraperitoneal (i.p) 3h before heart extraction. 
Angiotensin-II (AngII) osmotic mini-pumps: 3-month-old male mice were implanted with osmotic mini-pumps (ALZET pump Model 2004, CA, USA). The mini pumps constantly infused AngII (dissolved in saline) at a rate of 2 mg/kg/day or vehicle treatment (Saline) for 14 days. Under deep pentobarbital anesthesia mice ventricles were quickly extracted and immersed in cold PBS (Mg2+, Ca2+ free), weighted, divided into 3 sections, and frozen immediately in liquid nitrogen or were prepared for histological sectioning.

Echocardiography
We performed echocardiography measurements under light isoflurane anesthesia and strict temperature control using a Vevo 3100 ultrasound (FUJIFILM VisualSonics, Toronto, Canada) as we previously described (46, 47). All measurements were performed in a blinded manner by a skilled technician. HR; heart rate, LVIDd; Left Ventricular Internal Diameter in diastole (mm), LVIDSs; Left Ventricular Internal Diameter in systole (mm), LVPWd; Left Ventricular Posterior  Wall in diastole (mm), LVPWs; Left Ventricular Posterior  Wall in systole (mm), EF; Ejection Fraction (%), FS; Fractional Shortening (%), LVVd; Left Ventricular volume in diastole (L), LVVs; Left Ventricular volume in systole (L), SV; Stroke Volume (L), CO: Cardiac Output (L/min), RWT; Relatively Wall Thickness (mm). 

Histological analysis
Transverse sections from the mid-base of the hearts were fixed in 4% paraformaldehyde for 24 hours, embedded in paraffin and cut into 5µm thick slices. Masson trichrome staining was carried out according to the manufacturer’s instructions (Bio Optica, Milano, Italy). The stained sections were inspected with a panoramic scanner (panoramic MIDI II, 3DHISTH, Budapest, Hungary) and analyzed by ImageJ software using the color deconvolution-Masson trichrome plugin that specifically marked the blue (fibrotic) areas. Big vessels and false-positive staining were excluded. Fibrosis was calculated as the percentage of fibrotic area from the total area of the heart section (stained in red). All the histological analyses were done in a blinded manner. 

Plekhm2 ablation in primary cultures of neonatal mouse heart cells 
Primary cultures of neonatal mouse cardiomyocytes (NMCMs) and non-cardiomyocytes (mainly cardiac fibroblasts, NMCFs) were isolated by enzymatic dissociation of hearts from 0–3 days old neonate Plekhm2floxed/floxed mice. Hearts were collected into ice-cold M-199 media, gently washed, and cut into 1-2 mm3 in calcium and magnesium-free PBS (both from Biological Industries, Inc, Haifa, Israel). The cardiac tissue pieces were subjected to 5-7 cycles of enzymatic digestion using 0.12 mg/mL pancreatin (Sigma) and 45 units/mL of collagenase type 2 (Worthington, Lakewood, NJ) dissolved in ADS buffer (in mM: 116 NaCl, 1 NaH2PO4, 5.5 glucose, 5.39 KCl, 1 MgSO4 × 7H2O, 20 HEPES, pH=7.4). Fractions from all cycles were combined, centrifuged for 5 min at 4°C, 600g and resuspended in M-199 supplemented with 5% fetal bovine serum (FBS, Biological industries Inc, Haifa, Israel). The cell suspension was pre-plated for 75 min on an uncoated plate to separate the non-cardiomyocytes. After pre-plating the non-attached cells (mostly MNCMs) were collected and plated in 12 well gelatin-coated plates for 24h before replacing to new plating media. The Attached cells (mostly NMCFs) were maintained in DMEM/15% FBS for growing and passaging (1 passage only). The cells were scraped and plated on gelatin-free 6-well plates in DMEM 10% FBS medium for further growth and transduction (46, 48). 

Adenovirus transduction 
After 48h in culture isolated cells were transduced with 75 MOI (NMCMs) or 110 MOI (NMCFs) of purified (Vivapure, Gottingen, Germany) adenovirus expressing either GFP (Control) or Cre-recombinase (a kind gift form Prof. Kehat) for 2h in serum free medium to induce Plekhm2 KO. In the experiments in which adenovirus carrying GFP-LC3 gene was applied (see below), an adenovirus carrying -Galactosidase served as control. After 2h, medium supplemented with 5% FBS (for NMCMs) and 10% FBS (for NMCFs) was added for additional 24-48h. DNA samples for PCR were taken after 5 days to verify the deletion of Plekhm2 gene. Expression of fluorescent GFP also verify good transfection.

Autophagy induction in culture
Autophagy was stimulated by deprivation of glucose for 24h (RPMI 1640) or amino acids for 4h (EBSS, Earle's Balanced Salt Solution) in a serum-free medium. Control cells were incubated with serum-free medium for 24h (M-199 for NMCMs and DMEM for NMCFs). CQ (10M) was added to the medium 24h or 4h before the end of the experiment to test the autophagy flux (19, 20). Autophagy flux was also examined by transfecting the cells with adenovirus carrying GFP-LC3 gene (49) (a kind gift from Prof. Lorrie Kirshenbaum). NMCFs were infected with Ad-Cre (110MOI) or Ad- β-gal (120MOI) for 3 days followed by transfection with Ad-GFP-LC3 (75MOI) for another 48h. Four h before the end of the transfection, cells were incubated with a serum-free medium with or without CQ. 

Western blotting 
Cells or heart tissues were homogenized in RIPA buffer that contained protease and phosphatase inhibitors (ROCH®) and prepared for western blotting (WB) as previously described (46, 48). The samples (20g each) were separated in 12.5% polyacrylamide gel and transferred to a PVDF membrane (polyvinylidene difluoride, BioRad). Membranes were incubated overnight at 4°C with the primary antibodies; LC3B (#2775), p-Aktser473 (#4060), t-AKT (#9272) all from Cell Signaling Technology and P62 (abcam #ab56416). GAPDH (Millipore #MAB374) served as loading control. Membranes were washed three times for 5 minutes and incubated with tissue specific horseradish peroxidase-conjugated secondary antibodies: anti-mouse (#7076) and anti-rabbit (#7074), both from Cell Signaling Technology. The signal was detected by Chemiluminescence substrate (WESRAR ɳC XLS100, 0500 or WESTAR SUPERNOVA XLS3, 0100; Bio-lab) using FUSION SOLO X (Vilber Lourmat) apparatus and quantified with ImageJ software. Each heart sample was subjected to 2-4 different WB runs. The results were normalized to control and each sample's average was used for statistical analysis.

[bookmark: _Hlk124075277]Gene expression analysis by Real-time fluorescent quantitative PCR (qPCR)
Total RNA was extracted from cardiac cells or hearts and quantitative real-time PCR was performed as previously described (46). Relative gene expression was calculated by the efficiency 2-ΔΔCT method or as relative measurements (2-ΔCT) with the expression of the genes of interest (Table 3S) normalized to GAPDH housekeeping gene. Each sample was tested in triplicate.

Statistics 
Values are expressed as mean±SEM. Statistical analysis was performed using Prism 6.0 (GraphPad Software, San Diego, CA, USA). Comparisons between control and PLK2-KO groups were performed using unpaired Student's t-test. In cases in which n was lower than 6 or Shapiro-Willk normality test was <0.05, Mann–Whitney test was performed instead. Comparisons between treatments were performed by one-way ANOVA with multiple comparisons. In cases in which n was lower than 6 or Shapiro-Willk normality test was <0.05, Kruskal–Wallis with Dunn's multiple comparison post-test was performed instead. The specific tests that were used are mentioned in the legend of each figure. The criterion for significance was set at p<0.05. P-values are displayed graphically as follows: *p <0.05, **p<0.01, ***p<0.001

Supplementary Information
Additional Files. 
Additional file 1. Supplementary Material and Methods: Generating Plekhm2 floxed mice for Plekhm2 KO cell cultures; Echocardiography analysis; Gene expression analysis by Real-time fluorescent quantitative PCR (qPCR). Additional file 2. Supplementary Figures: Fig. 1S Deterioration in PLK2-KO mice physiological parameters with aging; Fig. 2S Decrease in the expression of autophagy related genes in WT but not in Plekhm2 KO mice; Fig. 3S Confirmation of Plekhm2 ablation in mice and primary murine cardiac cells. Additional file 3. Supplementary Tables: Table 1S Basic physiological parameters of 3-month old WT and PLK2-KO male mice; Table 2S Deterioration in physiological parameters with aging; Table 3S Primer sequences used in this study. 
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Fig. 1 Quantitation of Plekhm mRNA levels and basic autophagy in PLK2-KO mice. A. mRNA levels of plk2, plk1 and plk3 were examined by RT real-time quantitative PCR (qPCR) in hearts from 3-months-old female and male mice with Plekhm2 global knock-out (PLK2-KO, n=8) and normal siblings (WT, n=5-6). The results are presented as fold of plk2 expression in WT mice. GAPDH (gpdh) served as internal control. B. Example of WB assay for LC3I, LC3II, P62 and GAPDH protein levels in 3-month-old femeale mice subjected to 3h of 80mg/kg CQ. C. Quantitative analysis of LC3II/LC3I ratio and P62/GAPDH. Autophagy flux was calculated as the delta between CQ injected mice to untreated mice in each group (inset). *p<0.05, **p<0.01, ***p<0.001, Kruskal-Wallis with Dunn's multiple comparison post-test and Mann-Whitney nonparametric test.

Fig. 2 Impaired autophagy signaling in aged-PLK2-KO female mice and changes in phosphorylated AKT473. A. Example of WB assay for LC3I, LC3II, P62 and GAPDH  from heart lysates. B. Quantitation of proteins expression levels in aged mice (12-month-old) in comparison to 3-month-old mice: LC3II/LC3I ratio (left), normalized expression of LC3II (middle) and P62 (right) to GAPDH. The results are display as fold of WT 3-month-old mice. C. Example of WB assay for phosphorylated AKT473 (pAKT473), total AKT (tAKT) and GAPDH (left) and quantification of pAKT473/GAPDH (right). Normalized results of aged mice to related 3-month-old mice accentuate the lower activity of pAKT473 in PLK2-KO mice with aging (inset). The results are display as mean±SE (n=5-8 mice in each group). Statistics were calculated as described in methods *p<0.05, **p<0.01, ***p<0.001.

[bookmark: _Hlk123130962]Fig. 3 Excessive autophagy signaling following 24h of starvation in PLK2-KO female mice. A. Gravimetric analysis for Heart weight (HW), Body weight (BW) and the ratio HW/BW weight (n=6-12 mice in each group) in female mice subjected to 24h of starvation. B. Example of WB assay after 24h of starvation for LC3I, LC3II, P62 and GAPDH with quantification analysis (C). Autophagosome accumulation was calculated as fold of starvation to untreated (feed) mice in each group (inset). D. Mice were subjected to 24h of starvation followed by 3h of CQ (80mg/kg). Example of WB assay (left panel) with quantification analysis (right panel). Autophagy flux was calculated as the delta between starvation+CQ to CQ in each group (∆± starvation, inset). E. Example of WB assay for phosphorylated-AKT473 (pAKT), total AKT (tAKT) and GAPDH and quantification analysis of p-AKT473 relative to GAPDH (n=5-7 mice in each group) . Statistics was calculated with GraphPad Prism 6 as described in methods *p<0.05, **p<0.01.

Fig. 4 Plekhm1 and Plekhm3 do not compensate for the absence of Plekhm2 in cardiac cells. NMCMs (A) and NMCFs (B), originated from mice having floxed Plekhm2 allele, were infected with adenovirus expressing Cre-recombinase (Ad-Cre) or GFP as control (Ad-GFP) for 5 days. mRNA levels of plk2, plk1 and plk3 were examined using RT and qPCR with specific primers. Gpdh served as internal control. Data were normalized to control cells (Ad-GFP) and display as mean±SE (n=4-7 wells in each group from 2-3 different isolations). **p<0.01, ***p<0.001 Mann-Whitney nonparametric test.

Fig. 5 Accumulation of autophagosomes in neonatal cardiomyocytes following CQ treatment. Cardiomyocytes (NMCMs) were transfected with Ad-Cre or Ad-GFP as control for 5 days and incubated with CQ (10uM) 4h and 24h before harvested. Autophagy was evaluated by WB assay for LC3I, LC3II, P62 and GAPDH. Quantification analysis demonstrates LC3II/LC3I ratio and p62/GAPDH elevation following 4h and 24h of CQ treatment in KO and normal NMCMs (B). Statistics was calculated with GraphPad Prism 6 as described in methods *p<0.05, **p<0.01, ***p<0.001

Fig. 6 Accumulation of autophagosomes following CQ treatment in neonatal cardia fibroblasts and mRNA expression of Plekhm and autophagy related genes. Cardiac-fibroblasts (NMCFs) were transfected with Ad-Cre or Ad-GFP as control for 5 days and incubated with CQ (10uM) 4h before harvested. Autophagy was evaluated by WB assay for LC3I, LC3II, P62 and GAPDH. Quantification analysis demonstrates elevation  in LC3II/LC3I ratio and p62/GAPDH following 4h and  of CQ treatment in KO and normal NMCFs (B, D). Autophagy flux was calculated as the delta between CQ-treated to untreated cells in each group (insert); data were normalized to control cells (Ad-GFP) and display as mean±SE. (n=5-12 wells in each group from 3-4 different isolations).  Expression of various mRNA levels in KO and control NMCFs subjected to 4h of CQ treatmentwas examined with q-PCR. LC3II (C,lc3B), P62 (E, p62), and F. Plekhm2 (plk2), Plekhm1 (plk1) and the autophagy related genes; Beclin1 (becn1), Autophagy-related protein5 (atg5) and Cathepsin-L (ctsl). The mRNA expression levels were normalized to gdph and displayed as fold of control (Ad-GFP) mRNA levels (n=6-12 wells in each group, 3-4 different isolations). G. NMCFs were infected with Ad-Cre (KO cells) or Ad-Gal as control (to avoid green fluorescent of the GFP) for 5 days. Cells were transfected with Ad-LC3-GFP for 24h followed by incubated with CQ (10uM) for 4h before harvested. LC3-puncta fluorescence was examined with EVOS Floid® microscopy, accumulation and morphology parameters were quantified using ImageJ software in total of 23 (cont-Gal) and 26 (KO-Cre) cells (8 and 7 wells respectively from 2 different isolations). Statistics was calculated with GraphPad Prism 6 as described in methods *p<0.05, **p<0.01, ***p<0.001.

Fig. 7 Starvation differentially activates autophagy in cardiac cells. A. NMCFs (n=7-14 wells) were transfected with Ad-Cre or Ad-GFP for 5 days. Cells were incubated with serum free medium for over-night followed by 4h of incubation with EBSS (amino-acid free, AA-) medium with or without CQ (10uM, CQ+). WB assay was performed for LC3II, P62 and GAPDH (upper panel) with quantification analysis (lower panel). The increase in LC3II/LC3I flux was calculated as the delta after both treatments (AA- CQ+) to untreated cells (p=0.033). B-C. NMCMs (n=4-8 wells) were transfected with Ad-Cre or Ad-GFP for 5 days. Cells were incubated with serum free medium for over-night and subjected to EBSS (amino-acid free, AA-) medium (B) for 4h or RPMI (glucose free, Gluc-) medium (C) for 24h with or without CQ (10uM, CQ+) before harvested. All results were gathered from 2-5 different cell isolations and were normalized to control (Ad-GFP). The results are displayed as mean±SE,   * p<0.05, ** p<0.01 ***p<0.001 Kruskal-Wallis with Dunn's multiple comparison post-test or Mann-Whitney nonparametric test as described in material and methods.

Fig. 8 Deficiency of Plekhm2 attenuates AngII-induced cardiac hypertrophy in mice. Mice (males) were implanted with Alzet osmotic pumps, contain saline (n=6-7) or Angiotensin-II (AngII; 2mg/kg/day, n=7-8) for 2 weeks. A. Gravimetric analysis for heart/body weight (mg/gr) ratio and B. Echocardiography parameters, both were examined 2 weeks after implantation and demonstrate cardiac hypertrophy in WT mice in response to AngII. C. mRNA levels of genes related to cardiac stress; natriuretic peptides A (nppa), myosin heavy chain7 (myh7), actin, alpha skeletal muscle (acta1) and actin, aortic smooth muscle (acta2). D. Whole heart paraffin-embedded sections were stained with Masson's trichrome staining. Cardiomyocytes were stained in red and fibrotic area was stained in blue. Fibrosis was calculated as the percentage of fibrotic area from the total area of the heart section and the results were normalized to WT-saline (a). The difference between WT and PLK2-KO mice treated with AngII is emphasize when the results were normalized to saline treatment in each group (b). E. mRNA levels of genes that are related to fibrosis; Collagen alpha-1(I) chain (col1a1), Collagen alpha-2(I) chain (col1a2), Collagen alpha-1(XIII) chain (col3a1) and Transforming growth factor beta (tgf). The results for mRNA levels are display as fold of saline treated mice (∆CT) due to high variability in the baseline results. Statistics was calculated with GraphPad Prism 6 as described in methods *p<0.05, **p<0.01, ***p<0.001. 
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