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Abstract

Cardiomyocyte apoptosis is a major process in pathogenesis of a number of heart diseases, 

including ischemic heart diseases and cardiac failure. Ensuring survival of cardiac cells by 

blocking apoptotic events is an important strategy to improve cardiac function. Although the role 

of ER disruption in inducing apoptosis has been demonstrated, we do not yet fully understand how 

it influences the mitochondrial apoptotic machinery in cardiac cell models. Recent investigations 

have provided evidences that the prosurvival protein HCLS1-associated protein X-1 (Hax1) 

protein is intimately associated with the pathogenesis of heart disease, mitochondrial biology, and 

protection from apoptotic cell death. To study the role of Hax1 upon ER stress induction, Hax1 

was overexpressed in cardiac cells subjected to ER stress, and cell death parameters as well as 

mitochondrial alterations were examined. Our results demonstrated that the Hax1 is significantly 

downregulated in cardiac cells upon ER stress induction. Moreover, overexpression of Hax1 

protected from apoptotic events triggered by Tunicamycin-induced ER stress. Upon treatment with 

Tunicamycin, Hax1 protected from mitochondrial fission, downregulation of mitofusins 1 and 2 

(MFN1 and MFN2), loss of mitochondrial membrane potential (ΔΨm), production of reactive 

oxygen species (ROS) and apoptotic cell death. Taken together, our results suggest that Hax1 

inhibits ER stress-induced apoptosis at both the pre- and post-mitochondrial levels. These findings 

may offer an opportunity to develop new agents that inhibit cell death in the diseased heart.
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INTRODUCTION

Pathogenesis of cardiac diseases involves a critical stress condition that can lead to a high 

number of apoptotic cardiomyocytes [1–5]. Mitochondria play an essential role in mediating 

programmed cell death and their alterations result in rapid and extensive cell loss [1, 6–10]. 

The endoplasmic reticulum (ER) is an essential organelle that regulates the quality control of 

secretory, transmembrane, and ER-resident proteins which mediate proper protein folding 

and protein transport [11, 12]. ER stress contributes to the pathogenesis of a number 

cardiovascular disorders and can lead to increased disease progression [13]. ER protein 

folding can be disturbed by diverse arrays of biological conditions such as nutrient 

deprivation, ROS, calcium ion disequilibrium, and improper posttranslational modifications. 

These conditions may lead to presence of numerous unfolded or misfolded proteins in the 

ER, leading to ER stress [14]. This stress on the ER elicits special signaling pathways, 

known as ER stress responses [11, 15, 16]. The latter events allow the cells to inhibit the 

unfolded or misfolded protein in the ER, and thus ensure cell survival. However, 

exaggerated ER stress can cause apoptosis via mitochondria-dependent or – independent 

pathway [17, 18], a process that has not been fully characterized in cardiac cells. The cross-

talk between the ER and mitochondria is an important cellular phenomenon that is 

accompanied by dynamic interorganellar structural and functional events leading to cell 

death [19–21]. A number of signaling molecules were suggested to mediate ER stress–

induced apoptosis, including the mitochondrial permeability regulators Bcl-2 family 

proteins, kinases, proteases, and transcription factors [22].

Hax1 was originally identified as a protein that forms a complex with HS-1 (hematopoietic 

lineage cell-specific protein-1) in lymphocytes [23]. Recently, it has been shown that Hax1 

protects from cardiac ischemic injury via enhancing cell survival against ischemia/

reperfusion [24]. Interestingly, Hax1 has been shown to inhibit cardiomyocyte cell death 

induced by hydrogen peroxide [25]. Moreover, global deletion of Hax1 leads to a short 

lifespan due to progressive death of neuronal cells [26]. Furthermore, Hax1 gene mutations 

in humans lead to severe neutropenia and symptoms of immunodeficiency, neurological 

disease and neurodevelopment abnormalities [27–29]. In addition, Hax1 has multifunctional 

roles in other key cellular processes like calcium homeostasis and cell migration [27, 30]. 

Despite the reported prosurvival role of Hax1 various models [27], its function in cardiac 

cell apoptosis needs further elucidation. Moreover, Hax1 was reported to be localized to 

cardiac mitochondria and sarcoplasmic reticulum [31]. Unlike mouse Hax1, the human and 

rat genes have been shown to be heavily spliced, giving rise to variants that display 

differences in the NH2 terminus [32]. Interestingly, Koontz and Kontrogianni-

Konstantopoulos have reported that Hax1 is a family of anti- and proapoptotic proteins that 

may regulate cell fate via homo- or heterodimerization [30].

In this study, the role of Hax1 in regulating ER stress-induced mitochondrial alteration and 

apoptosis was examined using the stable cell model H9C2. These cells have several features 

of cardiac muscle cells with the advantage of being immortalized. Hax1 overexpression 

protected cardiac cells from apoptosis induced by ER stress (Tunicamycin) and further that 

Hax1 preserved mitochondrial morphology, restored the mRNA expression of the 

mitochondrial fusion regulators MFN1 and MFN2, blocked mitochondrial membrane 
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depolarization, and reduced ROS level following Tunicamycin-induced ER stress. 

Collectively, these data demonstrate that Hax1 protects from mitochondrial alterations 

during ER stress-induced apoptosis.

MATERIALS AND METHODS

Cell culture, overexpression construct and QRT PCR

H9C2 rat cardiomyoblasts (ATCC) were grown in high glucose DMEM containing 10% 

FBS in 5% CO2, 95% air at 37°C. The cells were washed with PBS and kept in serum free 

DMEM medium before use. ER stress was induced by Tunicamycin (Sigma) 3 µM or with 

DMSO (vehicle control) and incubated for 24 and 48 hours. pcDNA3 vector was used to 

express the mouse Hax1 protein in H9C2 cells. Cells were transfected with empty vector or 

a constructs expressing Hax1-HA-CT (kind gift from Dr. Luca Pellegrini, Faculty of 

Medicine, Université Laval, Quebec, QC, Canada) as described earlier [33], and analyzed 

after 24 and 48 hours. The broad caspase inhibitor Z-VAD-FMK (Calbiochem) was used at 

the final concentration of 20 µM. To analyze gene expression, total RNA isolation was 

performed by using with TRIzol (Invitrogen). Total RNA purification, reverse transcription 

into cDNA (with random hexamer primers), and Real-time PCR analysis were performed as 

previously described [34]. Data were normalized to the endogenous reference 18S 

expression and reported as fold change relative to control. Quantitative RT-PCR was 

performed by using specific primers against the following target genes Chop (forward: 5’-

GAAAGCAGAAACCGGTCCAAT-3’, reverse: 5’- GGATGAGATATAGGTGCCCCC-3’), 

Grp78 (forward: 5’- CACGTCCAACCCGGAGAA-3’, reverse: 5’- 

ATTCCAAGTGCGTCCGATG-3’), MFN1 (forward: 5’- 

CCATCACTGCGATCTTCGGCCA-3’, reverse: 5’- 

CAGCGAGCTTGTTTCTGTAGCCCT-3’), MFN2 (forward: 5’-AGCGTCC 

TCTCCCTCTGACA-3’, reverse: 5’-TTCCACACCACTCC TCCGAC-3’), Hax1 exogenous 

(forward: 5’-CTCTCAGAGATCTTCAGCTTTGG-3’, reverse: 5’-

TGGGACGTCGTATGGGTATAG-3’), Hax1 endogenous (forward: 5’-

TAAACTGGTGGTCTCGTGTTG-3’, reverse: 5’- AGATCAAAGACGCTCATTCCC-3’),

18S (forward: 5’-AGTCCCTGCCCTTTGTACACA-3’, reverse: 5’-

CGATCCGAGGGCCTCACTA-3’).

Analysis of cell viability, apoptosis and caspase activity

Apoptosis was detected by TUNEL assay, using the In Situ Cell Death Detection Kit, 

Fluorescein (Roche) according to manufacturer’s instructions. Cell viability was assessed by 

the MTS/PMS assay (Promega) as described before [35]. DEVDase assay was performed to 

detect caspase activity, as described by the manufacturer (Calbiochem). Immunostaining of 

active caspase-3 cells was made by fixing the cells in 4% paraformaldehyde for 10 min at 

room temperature, washing them three times in PBS, blocking with 1% normal goat serum 

in PBS for 1 h at room temperature, and labeling with anti-cleaved caspase-3 primary 

antibody (Cell Signaling) (1:100 in blocking buffer) overnight at 4°C. Cells were incubated 

with anti-mouse secondary antibody Alexa Fluor 568 (Molecular Probes) for 1 h at room 

temperature and counterstained using DAPI. Cell apoptosis was also assessed by Annexin V-
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FITC/PI staining. The cells were stained with Annexin V-FITC/PI, in the dark for 30 min at 

room temperature, and analyzed by flow cytometry (FACSCalibur; BD Biosciences).

Western blot analysis

Total cells were extracted using NP-40 lysis buffer (KeyGEN). Proteins were resolved on 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membranes (Immobilon; Millipore). Membranes were probed with 

anti-Hax1 (BD Biosciences), anti-cleaved caspase-3 (Cell Signaling Technology), anti-

GAPDH (Santa Cruz). Protein bands were incubated with HRP-conjugated antibodies and 

visualized using electrochemiluminescence by a chemiluminescence instrument.

Assessment of mitochondrial alterations and ROS production

Mitochondria were observed after incubating the cells with 100 nM of MitoTracker Green 

FM (Invitrogen) for 30 min and then washing 3 times with media. Cells which exhibited 

mitochondrial fission were readily identified as fragmented small punctate mitochondria as 

described earlier [36–39]. These cells were quantified in each experimental group by using 

fluorescence microscopy. Loss of ΔΨm was assessed using tetramethylrhodamine ethyl ester 

(TMRE, Molecular Probes) (20 nM) for 30 min in DMEM medium. At the end of the 

incubation, cells were washed in DMEM medium containing TMRE (20 nM) and allowed to 

equilibrate. The mitochondrial membrane depolarization was recognized by the decline of 

mitochondria-localized intensity of fluorescence. Mitochondrial membrane potential was 

also measured using the fluorescent probe JC-1. At low membrane potential, JC-1 is a green-

fluorescent monomer, whereas at higher potential, JC-1 emits red fluorescence. The ratio of 

JC-1 green to red fluorescence reflects the ratio of apoptosis. Cells were incubated with JC-1 

dye diluted in culture medium at 37°C for 30 min. Cells were then immediately analyzed by 

flow cytometry (FACSCalibur; BD Biosciences, USA). To assess ROS generation, 2 µm of 

dihydroethidium (DHE) (Invitrogen) was used. The cells were incubated for 15 min as 

described [40]. The quantification of fluorescence intensity was performed with ImageJ 

software (NIH).

Statistical analysis

Statistical significance was determined by Student’s t-test. The number of samples varied 

from 3 to 6 independent experiments. Data are presented as mean ± standard deviation (SD) 

or standard error of the mean (SEM). P-value below 0.05 was considered statistically 

significant.

RESULTS

Tunicamycin downregulates Hax1 expression and induces efficient ER stress

To investigate the potential role Hax1 in ER stress-induced apoptotic cell death, we first 

analyzed if ER stress modulates Hax1 level. We treated H9C2 cells with the potent ER stress 

activator Tunicamycin, an inhibitor of N-linked glycosylation, and checked the mRNA and 

protein levels of Hax1 at 24 and 48 hours after treatment. Tunicamycin was chosen because 

it has been used efficiently to induce ER stress in various cellular and animal models 

including cardiac tissues [41–43]. Moreover, Tunicamycin treatment allows careful 

Abdelwahid et al. Page 4

Apoptosis. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assessment of ER-mitochondrial crosstalk during the apoptotic process [44]. Interestingly, 

Tunicamycin treatment induced significant decrease in the expression level of endogenous 

Hax1 mRNA at both 24 and 48 hours after treatment (Figure 1A). Moreover, induction of 

ER stress by Tunicamycin for 24 and 48 hours resulted in remarkable reduction of Hax1 

protein compared to the control (Figure 1B). To verify efficient ER stress induction by 

Tunicamycin, we analyzed the expression of the ER stress markers GRP78 and Chop. Our 

results revealed significant induction of the mRNA level of both GRP78 and Chop at 24 and 

48 hours after treatment (Figures 1C, 1D).

Effect of Hax1 overexpression on Tunicamycin-induced upregulation of ER stress markers

Then we extended our studies to address the question if Hax1 overexpression affects the 

expression of ER stress markers induced by Tunicamycin. To verify significant 

overexpression of Hax1 in H9C2 cells, we assessed its mRNA and protein levels. Increased 

exogenous Hax1 mRNA and protein expression levels were significantly seen at both 24 and 

48 hours after Hax1 plasmid transfection (Figure 2A, 2B). To investigate if overexpressed 

Hax1 could affect Tunicamycin-induced ER stress, we checked mRNA level of the ER stress 

markers GRP78 and Chop in cells treated with Tunicamycin and/or overexpressing Hax1 at 

24 and 48 hours after transfection. Hax1 overexpression did not change Tunicamycin-

induced elevation of Chop or GRP78 mRNA expression (Figures 2C, 2D).

Tunicamycin-induced apoptosis is inhibited by Hax1 overexpression

In the present model, we examined the role of Hax1 in the downstream apoptotic events 

triggered by the potent ER stress inducer Tunicamycin in H9C2 cells. We first tested the 

ability of Hax1 overexpression to improve cell viability and to inhibit cell apoptosis when 

ER stress is induced. We performed time course experiments and examined apoptosis 

parameters in H9C2 cells using various experimental procedures including TUNEL labeling 

of apoptotic DNA fragmentation, cell viability assay, caspase activation assay, active 

caspase-3 staining, western blot detection of cleaved caspase-3 and simultaneous flow 

cytometric quantification of both viable and apoptotic cells with an Annexin V-FITC/PI 

staining. Tunicamycin treatment caused significant decrease in cell viability, increase in 

apoptotic DNA fragmentation, elevated general caspase activation, increased caspase-3 

positive cells and increased protein level of cleaved caspase-3 (Figures 3A–G). 

Overexpression of Hax1 blocked Tunicamycin-induced apoptotic events and increased cell 

viability (Figures 3A–G). All these findings clearly demonstrate that Tunicamycin induces 

apoptotic cell death in a Hax1-dependent manner.

Hax1 inhibits Tunicamycin-induced mitochondrial fission and mitochondrial depolarization

Changes in mitochondrial dynamics are tightly associated with the ER-mitochondria 

crosstalk and are involved in a number of molecular pathways crucial for cell survival [45–

48]. We hypothesized that Hax1 would protect from ER stress-induced apoptosis upstream 

of the apoptotic mitochondrial fission. To investigate if Hax1 inhibits ER stress-induced 

mitochondrial fission in H9C2 cells, we treated the cells with Tunicamycin and assessed 

mitochondrial morphology, using MitoTracker Green. Under these conditions, the cells 

displayed extensive Tunicamycin-induced mitochondrial fission which was remarkably 

prevented by Hax1 overexpression (Figures 4A–4D). We then wanted to assess changes in 
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ΔΨm in cells treated with Tunicamycin or/and subjected to Hax1 overexpression. We used 

TMRE dye which labels active mitochondria (Figures 4E) and the fluorescent dye JC-1 

which indicates changes in the electrochemical membrane potential of the mitochondria 

(Figures 4F–4I). Tunicamycin treatment caused significant loss of ΔΨm in H9C2 cells. 

Upon Hax1 overexpression, Tunicamycin-induced mitochondrial loss of ΔΨm was 

significantly inhibited. Taken together, these results demonstrate that Hax1 is required for 

protecting mitochondrial morphology and integrity during ER stress-induced apoptosis.

Hax1 restores MFN1 and MFN2 levels upon ER stress induction

MFN1 and MFN2 are known to protect from cardiomyocyte apoptosis via preventing 

mitochondrial fission [49]. The increased mitochondrial fission detected in H9C2 cells 

subjected to ER stress prompted us to analyze the effect of ER stress on mRNA expression 

of the key mitochondrial morphology regulators MFN1 and MFN2, as well as to examine 

the role of Hax1 overexpression in modulating these factors. While Tunicamycin-induced 

ER stress caused late reduction in MFN1 mRNA (at 48 hours after Tunicamycin treatment), 

it led to both early and late downregulation of MFN2 mRNA i.e. at 24 and 48 hours after 

treatment (Figures 5A, 5B). Interestingly, overexpression of Hax1 prevented reduction of 

MFN1 and MFN2 mRNA in Tunicamycin-treated cells (Figures 5A, 5B). The same 

treatment conditions used for MFN1 and MFN2 mRNA experiments were applied for cells 

analyzed microscopically and revealed significant block of ER stress-induced mitochondrial 

fission in cells overexpressing Hax1 (Figures 4A–4D).

Tunicamycin-induced mitochondrial alteration is partially caspase dependent

Hax1 has been previously reported to inhibit apoptosis by physically interacting with 

caspase-9 and blocking its processing and activation [25]; however, it is not yet clear if 

caspase inhibition by Hax1 contributes to mitochondrial protection during apoptosis. 

Caspases were previously suggested to precede the occurrence of mitochondrial initiation of 

apoptosis but this role remained controversial [50, 51]. In this study, we have shown that 

Hax1 overexpression suppresses caspase activity in Tunicamycin-treated H9C2 cells. In 

order to determine if the effect of ER stress on mitochondrial events is caspase-dependent, 

we co-treated the cells with Tunicamycin and the broad caspase inhibitor Z-VAD-FMK. 

Tunicamycin treatment induced significant mitochondrial fission which was partially 

reversed by caspase inhibition (Figure 6A). Consistently, Tunicamycin caused mitochondrial 

depolarization and this was decreased, in part, by caspase inhibition (Figure 6B). Thus, both 

ER stress-induced mitochondrial fission and loss of Δψm were partially caspase-dependent 

events. These findings are supported by previous findings that revealed a partial contribution 

of caspases to mitochondrial alterations upon apoptosis induced by different factors [7]. 

Determination of the role of Hax1 in the caspase-dependent mitochondrial alterations of 

cardiomyocytes subjected to ER stress requires further studies.

Hax1 blocks Tunicamycin-induced ROS

To investigate if Hax1 protects from ER stress-induced ROS, we assessed ROS production in 

H9C2 overexpressing Hax1 and/or treated with the ER-stressor Tunicamycin. Tunicamycin 

resulted in increased accumulation of ROS detected by DHE dye labeling (Figure 7). 

Overexpression of Hax1 protected from accumulation of intracellular ROS induced by 
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Tunicamycin (Figures 7). These data demonstrated that Tunicamycin-induced ROS 

production is Hax1-dependent.

DISCUSSION

In the present study, we have demonstrated a significant role for Hax1 in protecting against 

apoptotic events caused by Tunicamycin-induced ER stress in H9C2 cardiac cells. These 

apoptotic features include mitochondrial fission, downregulation of MFN1 and MFN2 

mRNA, mitochondrial depolarization, and ROS production. Cardiomyocyte apoptosis is 

tightly linked with the pathology of heart diseases such as hypertrophy, hypoxia, ischemia/

reperfusion injury, developmental abnormalities and heart failure [24, 52–54]. Previous 

studies have demonstrated that ER stress plays an essential role in cardiomyocyte apoptosis 

triggered by Ischemia/Reperfusion [24]. In addition, extensive ER stress induced by 

ischemia or hypoxia/reoxygenation usually leads to the upregulation of specific ER stress 

response markers [24, 55, 56]. The effect of Hax1 on apoptosis continues to emerge. Hax1 

has been recently shown to suppress apoptosis in various models including cardiac cells, 

both in vitro and in vivo [24, 25, 27, 31, 57, 58]. Moreover, Hax1 may regulate many 

unrelated molecules, indicating its contribution to diverse signaling mechanisms within the 

cell [23, 57–60]. Given the crucial pro-death role of ER stress in the diseased heart, it is 

essential to dissect different preferential apoptotic pathways triggered by this mechanism in 

different cardiac cell models. Identification of factors that modulate Hax1 expression level 

and its downstream targets may lead to new therapeutic interventions.

Recently, in a different experimental model than the one presented here, Hax1 has been 

shown to confer protective effects in primary cardiac cells via by inhibiting IRE-1 signaling 

[24]. Our results are in agreement with the anti-apoptotic role of Hax1 demonstrated in the 

latter study; however we detected no effect of Hax1 on the expression of cardiac ER stress 

markers GRP78 and Chop. These differences might be due to variations in Hax1 subcellular 

localization, expression levels or the differentiation stage in different cardiac cell types. On 

the other hand, cell death inducers could also have different effects on pathways leading to 

apoptosis. Thus, it is possible that Hax1 exerts the cardioprotective effects through diverse 

mechanisms in different cardiac cell models.

Alterations in mitochondrial morphology were demonstrated to contribute to different 

aspects of cardiac biology, including heart development, cardiac cell response to ischemia/

reperfusion injury, diabetic cardiomyopathy, heart failure, and programmed cell death [61, 

62]. Mitochondrial fission is known to be a major mechanism that mediates post-

mitochondrial events of apoptosis [5, 7, 63, 64]. Understanding how the mitochondrial 

dynamic machinery influences cell injury may offer new therapeutic targets for treating heart 

disease. Although Hax1 was demonstrated to have mitochondrial protective effects, its role 

in mitochondrial fission of cardiac cells has not been clarified. In this study, we showed that 

Tunicamycin significantly promoted ER stress-induced mitochondrial fission in H9c2 

cardiac cells in a Hax1-dependent manner.

The two mitofusins, MFN1 and MFN2 are known to localize to the outer mitochondrial 

membrane to ensure adequate cell viability [65]. MFN1 and MFN2 are known to protect 
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from cardiomyocyte apoptosis, at least via preventing mitochondrial fission [49]. 

Importantly, defects in mitochondrial fusion by combined ablation of MFN1 and MFN2 

have been shown to result in lethal heart failure [66, 67]. Furthermore, properly fused 

mitochondria have been proposed to facilitate the subcellular delivery of energy and to 

maintain mitochondrial membrane potential [68]. Mitochondrial membrane depolarization is 

considered to be a prerequisite for the release of cytochrome c from the intermembrane 

space mitochondria into the cytoplasm [69]. We have shown here an evidence that Hax1 

inhibits ER stress-induced downregulation of MFN1 and MFN2 mRNA. Moreover, this 

study is in agreement with previous findings which demonstrated that Hax1 protects from 

mitochondrial membrane depolarization [57]. This is important because loss of MFN1 or 

MFN2 could render the mitochondria more susceptible to lose their membrane potential 

[65]. Depletion of MFN2 alone from cardiac cells has been shown to decrease the resistance 

to mitochondrial membrane depolarization downstream of H2O2, and correlated with high 

levels of apoptosis markers [70]. While the detailed mechanism by which Hax1 affects 

MFN1 and MFN2 mRNA remains unclear, our data offer a possible explanation for why 

mitochondrial fission and mitochondrial membrane depolarization are prevented in cells 

protected from damaging effects of ER stress.

In the present study, we found that both ER stress-induced mitochondrial fission and loss of 

mitochondrial membrane potential were partially caspase dependent events. Therefore, 

although caspase activity appears as a later event in cardiomyocyte apoptosis [71, 72], it also 

contributes to mitochondrial alterations caused by ER stress. It is possible that caspases act 

upstream of the mitochondria to sensitize cells to ER stress-induced apoptosis. This concept 

is supported by analyses performed on isolated mitochondria and revealed that caspase-2 

acts as an upstream mediator of the mitochondrial events upon apoptosis induction [73, 74]. 

Earlier in vitro experiments showed that Hax1 inhibits cardiomyocyte apoptosis, by blocking 

caspase-9 activation [25]. Determination of the role of Hax1 in caspase–mediated 

mitochondrial alterations caused by ER stress requires further investigations.

In summary, the present study has uncovered roles for Hax1 in protection from ER stress-

induced apoptosis. Our findings are consistent with Hax1 acting as mitochondrial damage 

antagonist in cardiac cells; when Hax1 is downregulated, cells exhibit enhanced 

mitochondrial apoptotic alterations and decreased survival in response to ER stress (Figure 

8). Further research may characterize other signaling components by which Hax1 exerts its 

cardioprotective effects in cardiac stress conditions.
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Fig. 1. Tunicamycin downregulates Hax1 expression and induces efficient ER stress
A: Tunicamycin induced significant reduction of the endogenous Hax1 mRNA level at 24 

and 48 hours after treatment. (T) indicates Tunicamycin treatment. B: Representative 

Western blot showing decreased Hax1 protein level in lysates from cells treated with 

Tunicamycin for 24 and 48 hours. GAPDH is shown as a loading control. C and D: 

Tunicamycin induced remarkable ER stress indicated by the increased mRNA level of the 

ER stress markers GRP78 and Chop at 24 and 48 hours after treatment. (UT) in A, C, D and 

(−) in B are untreated control cells. (+) in B indicates Tunicamycin treatment. mRNA data 

are shown as mean ±SEM, normalized to controls. The asterisk indicates a significant 

difference (P<0.05).
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Fig. 2. Hax1 overexpression and its effect on ER stress markers
A: Exogenous Hax1 mRNA level in cells overexpressing Hax1 and transfected with empty 

vector (EV) or untreated at 24 and 48 h after transfection. Increased exogenous Hax1 mRNA 

expression is significantly seen at both 24 and 48 h after transfection. B: Hax1 protein level 

in cells overexpressing Hax1 for 24 and 48 h. GAPDH is shown as a loading control. C, D 

mRNA analysis of the ER stress markers GRP78 and chop in cells treated with Tunicamycin 

and/or overexpressing Hax1 at 24 and 48 h after transfection. Hax1 overexpression did not 

change Tunicamycin-induced elevation of chop or GRP78 mRNA expression. Data are 

shown as mean ± SEM, normalized to controls. The asterisk indicates a significant 

difference (P < 0.05). NS indicates that there is no significant change. UT cells and EV 

transfected cells were used as controls.
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Fig. 3. Hax1 inhibits ER stress-induced cell death and caspase activation
A: Tunicamycin induced significant apoptotic cell death detected by TUNEL. The percent of 

Tunicamycin-induced apoptosis was significantly decreased upon Hax1 overexpression. B: 

Tunicamycin reduced cell viability analyzed by MTS assay. The number of viable cells in 

the Tunicamycin treated group was significantly decreased upon Hax1 overexpression. C: 

Tunicamycin induced significant apoptotic cell death detected by active caspase-3 positivity. 

The number of Tunicamycin-induced increase in caspase-3 positive cells was significantly 

decreased upon Hax1 overexpression. D: Tunicamycin induced caspase activation detected 

by DEVDase assay. The high caspase activity induced by Tunicamycin was significantly 

decreased upon Hax1 overexpression. E: Western blot analysis showing Tunicamycin-

induced apoptotic cell death detected by cleaved caspase-3. The increased caspase-3 

cleavage induced by Tunicamycin was partly reversed by Hax1 overexpression. GAPDH is 

shown as a loading control. F and G: Increased apoptosis rate in the Tunicamycin treated 

group, detected by Annexin V-FITC/PI staining, while the trend was partly reversed by Hax1 

overexpression. EV transfected cells were used as controls in all experiments of this figure. 

The effect of Hax1 overexpression on Tunicamycin-induced apoptosis was analyzed at 24 

and 48 hours after transfection. Data are shown as the mean ± standard deviation (SD), 

normalized to controls. The asterisk indicates a significant difference (P<0.05).
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Fig. 4. Hax1 inhibits Tunicamycin-induced mitochondrial fission and mitochondrial 
depolarization
A-C: Mitochondrial morphology of single H9C2 cells, assessed by Mitotracker green, 

showing normal mitochondrial morphology in a control cell transfected with EV, remarkable 

mitochondrial fission in a cell treated with Tunicamycin and transfected with EV, and a cell 

exhibiting inhibition of Tunicamycin-induced mitochondrial fission by Hax1 overexpression, 

respectively. Scale bar: 20 µm. D: There was increased percent of cells displaying 

mitochondrial fission in the Tunicamycin treated group. The number of cells with 

mitochondrial fission in the Tunicamycin treated group was significantly decreased upon 
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Hax1 overexpression. E: Tunicamycin induced significant depolarization of the 

mitochondria detected by reduction in the intensity of TMRE dye. Hax1 blocked 

mitochondrial depolarization induced by Tunicamycin. F-H: Cells were stained with the 

ΔΨm-sensitive dye JC-1 and Hoechst 33342 (fluorescence DNA dye). JC-1 analysis 

confirmed increased collapse of mitochondrial membrane potential in the Tunicamycin 

treated group, while the trend was partly reversed by Hax1 overexpression. Scale bar:200 

µm. I: quantitative analysis of JC-1 staining experiments. Data are shown as the mean ± SD, 

normalized to controls. The asterisks indicate the significant differences (P<0.05).
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Fig. 5. Hax1 inhibits downregulation of MFN1 and MFN2 mRNA caused by Tunicamycin 
treatment
A: Tunicamycin treatment did not affect MFN1 mRNA in cells transfected with EV for 24 

hours. Hax1 overexpression increased MFN1 mRNA expression in cells treated with 

Tunicamycin at 48 hours after transfection. B: Tunicamycin treatment inhibited MFN2 

mRNA expression level in cells transfected with EV for 24 and 48 hours. EV transfected 

cells were used as controls in all experiments of this figure. Data are shown as the mean ± 

SEM, normalized to controls. The asterisk indicates a significant difference (P<0.05). NS 

indicates that there is no significant change.
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Fig. 6. Tunicamycin-induced mitochondrial alteration is partially caspase dependent
A: Tunicamycin induced significant mitochondrial fission which was partially inhibited by 

the caspase inhibitor Z-VAD-FMK. B: Mitochondrial depolarization induced by 

Tunicamycin was also partially inhibited by the caspase blocker Z-VAD-FMK. Treatment 

with Z-VAD-FMK without Tunicamycin addition did not affect mitochondrial polarization 

in EV transfected control cells. EV transfected cells were used as controls in all experiments 

of this figure. Data are shown as the mean ± SD, normalized to controls. The asterisk 

indicates a significant difference (P<0.05).
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Fig. 7. Hax1 blocks Tunicamycin-induced ROS
A: Tunicamycin induced significant ROS production in cells transfected with EV (detected 

by DHE). Hax1 overexpression inhibited Tunicamycin-induced ROS production. EV 

transfected cells were used as controls. Data are shown as the mean ± SD, normalized to 

controls. The asterisk indicates a significant difference (P<0.05).
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Fig. 8. Proposed model: ER stress triggers apoptosis through mitochondrial events in a Hax1-
dependent manner
Schematic representation illustrating the role of Hax1 in protecting from mitochondrial 

alterations and apoptosis induced by ER stress in H9C2 cardiac cell line. Induction of ER 

stress triggers damaging events including improper mitochondrial fission and fragmentation, 

mitochondrial depolarization, ROS production, caspase activation, and apoptotic cell killing. 

The mitochondrial alterations induced by ER stress are caspase dependent. Hax1 appears to 

block ER stress-induced mitochondrial alterations and apoptosis downstream of the ER, 

possibly by upregulating MFN1 and MFN2 mRNA. A comprehensive analysis on these 

events may shed new lights in the ER stress/mitochondrial pathways, assist in a better 

clarification of anti-apoptotic roles of Hax1 and, in the long run, could allow developing 

novel cardioprotection strategies.
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