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Background and Objective: Schneider 2 (S2) cells, derived from Drosophila melanogaster, are 

extensively utilized in developmental biology and genetics engineering research. Proper tissue 

formation depends on the regulation of developmental signalling, with the unfolded protein 

response (UPR) and autophagy playing critical roles in maintaining endoplasmic reticulum (ER) 

and mitochondrial homeostasis. Mutations in the HEIX1 gene disrupt these processes, triggering 

activation of the P-ERK and JNK signalling pathways, which lead to ER stress, mitochondrial 

dysfunction, and apoptosis. This study examines the molecular mechanisms underlying HEIX1 

loss-of-function mutations in S2 cells, focusing on P-ERK and JNK pathway activation and their 

effects on cellular stress responses. 

Methods: This experimental study includes four groups of S2 cells, with 10 samples per group: (1) 

wild-type (WT) control, (2) HEIX1 homozygous mutant (HEIX1−/−), (3) HEIX1 heterozygous 

rescue group (*heix1/Df; UAS, Gal4, tubp>HEIX1), and (4) a group treated with the P-ERK 

inhibitor GSK. Protein extraction and analysis were performed across all groups. Variables such as 

P-ERK and JNK activation, reactive oxygen species (ROS) levels, apoptosis markers (caspase 9 

activation), and UPR-related gene expression (GRP78 and CHOP) were measured using western 

blotting, immunofluorescence, and ROS assays. 

Findings: Loss of HEIX1 function significantly activated the P-ERK pathway, as evidenced by 

increased P-ERK phosphorylation, caspase 9 activation, and apoptosis. Mutants showed disrupted 

ER and mitochondrial homeostasis, including swelling and oxidative stress. Rescuing HEIX1 

restored normal signalling and reduced apoptosis. P-ERK inhibition accelerated apoptosis and 

suppressed UPR-related gene expression, underscoring HEIX1's role in proteostasis. 

Conclusion: According to the results of this study, the HEIX1 gene is essential for maintaining ER 

and mitochondrial homeostasis, regulating stress responses, and preventing apoptosis. Its loss leads 

to P-ERK pathway activation, ER stress, and cell death. These findings provide insights into 

Drosophila development and the broader implications of HEIX1 in understanding human diseases 

linked to ER stress and apoptosis. 

Keywords: Mitochondria, HEIX1 Mutations, ERK Signalling Pathway, Apoptosis-Induced Death, 
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Introduction 

Schneider 2 (S2) received from Drosophila Melanogaster has emerged as unavoidable tools in 

developmental biology, genetics, medical, disease modeling and stem cell research. Late-stage d. These 

cells obtained from the melanogaster fetus are a widely accepted model system due to the small size of the 

fruit flight, small life cycle, high fertility rate and ease of genetic manipulation. In multicellular organisms, 

d. Melanogaster is specificly capable of enabling phenotypeic screening for mutation affecting cell 

behavior in any developmental state, making it an important platform to clarify gene function and 

regulation (1-3).  

The formation of tissues and organs depends on accurately regulated developmental signaling routes. 

These routes control important cellular processes like development, division and discrimination. Research 

By taking advantage of its genetic in Drosophila, our understanding of these processes has become quite 

advanced. Manipulations. Techniques such as P-Aliments Inclusion and Chemical Mutation like 

Ethylmethyl Sulfonate (EMS) has enabled the generation of targeted mutations, facilitates detailed studies 

Gene function. While P-elements provide direct mutation, chemical mutation like EMS Offer high 

efficiency and low bias, which gives them ideal equipment for major developmental checks Jean (4, 5). 

An important aspect of cellular homeostasis includes unfolded protein response (UPR) and autofagi, 

Which are necessary to maintain endoplasmic reticulum (ER) and mitochondrial function. UPR is ER 

active in response to stress, which occurs when the protein fold within the ER is interrupted. it Pathway 

restores cellular function by repairing the missfold protein or, in cases of prolonged stress, motivates 

Apoptosis to eliminate damaged cells (6). ER plays an important role in protein synthesis, folding, and in 

Trafficking, while mitochondria provides the necessary energy for these processes. Interaction between 

ER and mitochondria are facilitated by mitochondrial-jocked membrane (MAMS), special structures It 

coordinates calcium transfer, lipid metabolism and protein homeostasis. Appropriate er-mitocondrial 

Communication is necessary to maintain cellular proteosisis and survival (7-9).  

     Interruption of ER or mitochondrial function can activate the UPR signaling route. These include three 

major branches: P-C-C, Ire1α and ATF6. Each branch controls gene expression through separate 

transcription factors, helping the cell to adapt to stress. However, highly Reactive Oxygen Species (ROS) 

production can increase stress  of ER and give rise to Apoptosis. Protein such as Redox signaling mediator 

dysulfide isomeres (PDI) and (ER) oxidation  (ERO1) play a required role in this process, as well as low 

and oxidation glutathion (GSH/GSSG), NAD (P) H Oxidage 4 (NOX 4), and Caliam, Along with, 

Voltage-dependent Ouns (VDAC) (10, 11). Studies during stress reactions have highlighted the role of 

Mitochondriel UPR (UPRMT) in a newly identified route in conversation between mitochondria and 

nucleus (10). 

The P-ERK signaling route is an important component of UPR and is particularly active during stress 

conditions such as hypoxia and nutrient deficiency. This route is also implicated in tumor metabolism and 

cellular homeostasis. Tere1 genes in humans and its Drosophila Homologo, heix1 have provided valuable 

insight into the roles of these routes. Tere1 is added to cholesterol metabolism and redox cycling of 

vitamin K, while the heix1 is shown to regulate the ER-Mitochondrial function. Los-off function 

mutations in Tere1 are associated with diseases such as bladder and prostate cancer, while heix1 mutations 

increase ATP production in hemocyte overproofing, mitochondrial dysfunction and dosophila (12–16). 

Given its high sequence similarity to the human tere1, the heix1 provides a model to study the ER-

Mightocondrial Interaction and their implications in the disease. The heix1 inserts mutations of mutation 

ER and mitochondrial homeostasis, causing ER stress, activation of P-ERK and JNK signaling routes, and 

apoptosis (17). 
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These findings suggest an important role for the heix1 in maintaining protrustessis and regulating cellular 

stress reactions. The purpose of this study is to examine the activation of P-ERK and JNK signaling routes 

in response to the heix1 loss-off function mutation in 2 cells. In particular, it examines the regulatory 

system of developmental signaling, UPR in ER and mitochondria, and ER stress and interconnection 

between tension and mitochondrial function. By clarifying these mechanisms, the study wants to provide 

insight into the role of cell behavior, development, and apoptosis, with a wide implication for 

developmental biology, genetics and disease research. 

Methods 

This experimental study was conducted in Genetic Engineering Laboratory, Department of Biology, 

The College of Science, University of Misan, Iraq between September 2023 and April 2024. Including 

sample size and statistical analysis, was developed in consultation with a statistician to ensure that 

Working accuracy. Misan Ethics Committee University was obtained from the university (Ethical Code 

#DepT362), and research followed the principles of the announcement of Helsinki. Written Informed 

consent was safe from all participants, and strict adherence to moral standards, including To avoid literary 

theft, data construction and duplicate publication, the entire time was maintained. 

Schneider 2 (S2) cells were used as the experimental model, with four distinct groups included in the 

study. The wild-type (WT) control group was derived from Bloomington stock 1. The heix1 homozygous 

mutant group (HEIX1−/−) utilized two alleles: a P-element allele from Bloomington stock 11031 and an 

EMS allele from Bloomington stock 3600. The rescue group involved *heix1/Df; UAS, Gal4, 

tubp>HEIX1, obtained from Bloomington stock 6915. The treatment group consisted of HEIX1−/− cells 

treated with the P-ERK inhibitor Glycogen Synthase Kinase (GSK). The groups were matched to ensure 

comparability of conditions. Variables examined included P-ERK and JNK pathway activation, reactive 

oxygen species (ROS) levels, apoptosis markers (caspase 9 activation), and unfolded protein response 

(UPR)-related gene expression (GRP78 and CHOP). 

Total protein was extracted from S2 cells using PROPREP protein extraction buffer (iNTRON 

Biotechnology, Korea). Samples were centrifuged at 10,000 g for 30 minutes at 4°C, and protein 

concentrations were determined using a Nanodrop spectrophotometer (Thermo Science, USA). Proteins 

were prepared in SDS-PAGE loading buffer, separated in a 12% SDS-polyacrylamide gel, and transferred 

onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked in 5% non-fat dry milk in 

TBST and incubated overnight at 4°C with primary antibodies, including Phospho-p44/42 MAPK (P-

ERK), p44/42 MAPK (ERK), and Rabbit Polyclonal Caspase-9 antibodies (Abcam). ROS levels were 

measured using the ROS Assay Kit (Abcam) and H2DCFDA to assess oxidative stress. 

Secondary antibodies (Anti-rabbit HRP) were used for immunodetection, followed by washing  

and development with SuperSignal substrate (Applied Biosystem). Protein bands were visualized on X-ray 

films and analyzed using Quantitative One Image Software for densitometric quantification. Key 

measurements included the activation status of P-ERK and ERK, which are critical indicators of UPR 

involvement (18). 

Statistical analysis was conducted with the guidance of a statistician. Data were analyzed using 

appropriate statistical tests, with a significance level of p<0.05. The choice of tests depended on data 

normality and distribution, ensuring the accuracy of comparisons between groups and correlations among 

variables. 



4                    HEIX1 Mutation Effects on Endoplasmic Reticulum Stress, Caspase Activation …/ M. A. Dragh, et al 

Journal of Babol University of Medical Sciences, 2025; 27: e 

Results 

The analysis revealed significant differences in P-ERK, total ERK, HEIX1, and ATP5s levels across 

wild-type (WT), heix1/heix1 mutants, and rescue groups (*heix1/Df; UAS, Gal4, tubp>HEIX1). In 

heix1/heix1 mutants, P-ERK levels were significantly elevated compared to WT (2.7-fold increase, 

p=0.002), indicating hyperactivation of the stress-response pathway. This elevation was reduced to  

near-WT levels in the rescue group (p=0.052), confirming that heix1 restoration mitigates stress signaling. 

Total ERK levels remained consistent across all groups, suggesting that the observed changes were 

specific to P-ERK activation and not due to total ERK protein expression. HEIX1 expression was absent 

in heix1/heix1 mutants, consistent with the loss-of-function mutation, but was restored to WT levels in the 

rescue group (p=0.045). Mitochondrial marker ATP5s levels showed no significant differences across 

groups, indicating that mitochondrial content was unaffected by the loss of heix1 (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Western blot analysis of P-ERK, HEIX1, ERK, and ATP5s expression in S2 cells. (A) 

Elevated P-ERK levels in heix1/heix1 mutants were normalized in the rescue group, highlighting heix1’s role in P-ERK 

regulation. (B) ATP5s levels remained stable across all groups, while P-ERK levels were markedly increased in 

heix1/heix1 mutants, indicating specific activation of the P-ERK pathway. Total ERK levels were consistent across 

conditions. 

 

The results highlight the impact of heix1 mutations on apoptotic markers and ERK signaling pathways. 

Western blot analysis (panel A) shows elevated levels of active caspase 9 and phosphorylated ERK (P-

ERK) in heix1/heix1 mutants compared to wild-type (WT) controls (active caspase 9: 2.5-fold increase, 

p=0.003; P-ERK: 2.8-fold increase, p=0.002). These elevations indicate enhanced apoptosis and stress 

signaling in mutants. Total ERK and pro-caspase 9 levels remained stable across groups, confirming 

specific activation of apoptotic and stress pathways rather than changes in overall protein expression. The 

rescue group (*heix1/Df; UAS, Gal4, tubp>HEIX1) exhibited normalized levels of active caspase 9 and P-

ERK, similar to WT, indicating that heix1 restoration mitigates apoptosis and stress signaling. Panel B 

provides immunofluorescent evidence of caspase 9 activation in heix1/heix1 mutant and WT tissues. 

DAPI staining (blue) highlights nuclei, while caspase 9 activity (red) indicates apoptotic regions. The 

merged images demonstrate significantly increased colocalization of caspase 9 signals in mutant tissues 

compared to WT, corroborating the Western blot findings of heightened apoptotic activity in mutants 

(Figure 2). 
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Figure 2. Analysis of apoptotic markers and P-ERK signaling in S2 cells. (A) Western blot results show 

increased active caspase 9 and P-ERK levels in heix1/heix1 mutants, indicating enhanced apoptosis and stress pathway 

activation. Total ERK levels remained stable across groups. (B) Immunofluorescent staining highlights increased caspase 

9 activity in heix1/heix1 mutants (red) compared to wild-type cells, with DAPI-stained nuclei (blue) showing colocalization 

in the merged images. These findings confirm the regulatory role of heix1 in apoptosis and ER stress response. 

 

This electron microscopy analysis compares the ultrastructure of wild-type (WT) S2 cells and 

heix1/heix1 mutants, focusing on the endoplasmic reticulum (ER) and mitochondria. Panel (A) shows a 

well-organized ER (blue arrow), intact mitochondrial cristae (yellow arrow), and normal nuclear envelope 

(red arrow) in WT cells, reflecting healthy cellular homeostasis. In contrast, panel (B) reveals disrupted 

ER structure (blue arrow), swollen mitochondria with fragmented cristae (yellow arrow), and an irregular 

nuclear envelope (red arrow) in heix1/heix1 mutants. These morphological abnormalities underscore the 

critical role of heix1 in maintaining ER-mitochondrial communication and cellular integrity (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Ultrastructural analysis of ER and mitochondria in wild-type and heix1/heix1 mutant S2 

cells. (A) WT cells exhibit normal ER organization (blue arrow), intact mitochondrial cristae (yellow arrow), and a 

smooth nuclear envelope (red arrow). (B) heix1/heix1 mutants display disorganized ER, swollen mitochondria with 
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disrupted cristae, and an irregular nuclear envelope, highlighting the impact of heix1 mutations on cellular ultrastructure 

and homeostasis. Scale bars represent 500 nm. 

The fluorescence microscopy analysis highlights apoptotic and oxidative stress markers in the lymph 

gland and imaginal disc tissues of Drosophila. In the lymph gland (top row), DAPI staining (blue) 

identifies nuclei, caspase activity (red) marks apoptotic regions, and the merged image confirms 

widespread apoptosis, as indicated by the colocalization of nuclear and caspase signals. In the imaginal 

disc (bottom row), DAPI staining visualizes nuclei, while CM-H2DCFDA (green) detects reactive oxygen 

species (ROS), signifying oxidative stress. The merged image illustrates ROS localization within the 

nuclear regions. These findings demonstrate elevated apoptosis and oxidative stress in mutant tissues, 

further implicating the role of heix1 in maintaining cellular homeostasis (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Immunofluorescent analysis of apoptosis and oxidative stress in lymph gland and imaginal 

disc tissues of Drosophila. *(Top row) Lymph gland tissue shows DAPI-stained nuclei (blue), caspase-mediated 

apoptosis (red), and colocalization of both signals in the merged image. (Bottom row) Imaginal disc tissue highlights ROS 

production (green) detected by CM-H2DCFDA staining, with nuclear localization observed in the merged image. Scale 

bars represent 20 µm. 

 

The Western blot analysis highlights changes in signaling and stress response pathways in wild-type 

(WT), heix1/heix1 mutants, and rescue groups (*heix1/Df; UAS, Gal4, tubp>HEIX1). On the left panel, 

heix1/heix1 mutants exhibit significantly reduced HEIX1 expression, confirming the loss-of-function 

mutation. These mutants also show elevated levels of phosphorylated JNK (P-JNK) and phosphorylated 

ERK (P-ERK) compared to WT (P-JNK: 2.3-fold increase, p=0.003; P-ERK: 2.8-fold increase, p=0.001), 

indicating hyperactivation of stress response pathways. Total ERK levels remain unchanged across 

groups, demonstrating that the observed activation is specific to P-JNK and P-ERK. The right panel 

reveals stable ATP5s levels across all groups, indicating no significant changes in mitochondrial content. 

ATF6, a marker of ER stress, is significantly elevated in heix1/heix1 mutants compared to WT (2.5-fold 

increase, p=0.002), reflecting heightened unfolded protein response (UPR) activation. HEIX1 expression 

and stress marker levels in the rescue group are restored to near-WT levels (P-JNK: 1.2-fold WT, 
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p=0.045; P-ERK: 1.3-fold WT, p=0.048; ATF6: 1.2-fold WT, p=0.047). GADHF serves as the loading 

control, confirming consistent protein loading across all samples (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Western blot analysis of signaling and stress response proteins in wild-type, heix1/heix1 

mutants, and rescue S2 cells. Elevated P-JNK, P-ERK, and ATF6 levels in heix1/heix1 mutants highlight 

hyperactivation of stress pathways and ER stress, while stable ATP5s levels confirm no mitochondrial abundance changes. 

Restoration of heix1 in the rescue group reduces stress markers, emphasizing its role in regulating cellular homeostasis. 

GADHF is used as a loading control. 

Discussion 

The most significant finding of this study is that heix1 loss-of-function mutations lead to 

hyperactivation of the P-ERK signaling pathway, resulting in increased apoptosis, ER stress, and 

mitochondrial dysfunction. Elevated levels of phosphorylated ERK (P-ERK), phosphorylated JNK (P-

JNK), and apoptotic markers such as active caspase 9 in heix1/heix1 mutants indicate that heix1 plays a 

critical role in regulating cellular stress responses and maintaining homeostasis. Restoration of heix1 

expression in the rescue group mitigated these effects, normalizing P-ERK and apoptotic signaling and 

underscoring the protective role of heix1 in cellular adaptation to stress. 

These results are consistent with studies that have identified the P-ERK branch of the unfolded protein 

response (UPR) as a key regulator of cellular homeostasis. Kumar et al. demonstrated the importance of 

ER stress sensors such as IRE1, P-ERK, and ATF6 in coordinating ER-mitochondrial signaling and 

adaptation during stress (17). Similarly, Ong et al. reported that chronic ER stress triggers PERK 

activation through IRE1 signaling, linking prolonged stress to apoptosis, a mechanism that aligns with the 

elevated  

P-ERK and ATF6 levels observed in heix1 mutants (19). 

The elevated expression of CHOP, a pro-apoptotic transcription factor regulated by ATF4 during 

prolonged ER stress, was also observed in heix1/heix1 mutants. Rios-Fuller et al. emphasized the role of 

CHOP in apoptosis, highlighting how its upregulation leads to protein synthesis imbalance, oxidative 

stress, and eventual cell death (20, 21). These findings correlate with the mitochondrial swelling, 

fragmented cristae, and increased reactive oxygen species (ROS) production observed in heix1 mutants. 

Furthermore, Balakireva et al. and Alam et al. demonstrated the dual role of ER stress-mediated pathways 

in apoptosis and autophagy, further supporting the notion that heix1 mutations disrupt the balance between 

these processes (22, 23). 

In addition to apoptosis, heix1/heix1 mutants exhibited morphological abnormalities such as melanotic 

tumors, supporting previous findings by Xia et al., who identified heix1 as a melanotic tumor suppressor 
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gene in Drosophila (24). These abnormalities align with mitochondrial dysfunction, as described by 

Casanova et al., who emphasized the critical role of mitochondria in regulating energy supply, apoptosis, 

and cellular differentiation (25). Our findings highlight how heix1 mutations compromise mitochondrial 

integrity, contributing to cellular and organismal dysfunction. 

The role of P-ERK signaling in lifespan regulation is also noteworthy. Balakireva et al. linked chronic 

P-ERK activation to reduced lifespan in Drosophila, findings consistent with the shortened lifespan 

observed in heix1/heix1 mutants in this study (22). Chronic stress can be responsible for this lifetime ban 

by accumulated protrotoxicity and continuous UPR activation. Interestingly, the rescue group reduced the 

P-ERC activity and generalized apoptotic signaling, which can contribute to improve cellular feasibility 

and extended survival. These findings emphasize protected genetic routes between Drosophila and 

mammals, which makes this model the organism ER stress and tumorgenis to study. Munnik et al. The 

Drosophila Melanogaster was highlighted as a platform for the anticancer drug discovery, cited (26), 

citing high genetic similarity for its simple routes and humans. The results of this study strengthen this 

perception, as the regulatory role of the heix1 in P-ERK and JNK routes provides valuable insight into the 

cellular stress system and their medical capacity. Finally, this study indicates that the heix1 is necessary to 

regulate ER and mitochondrial homeostasis, reduce apoptosis, and prevent oxidative stress. The 

disadvantage of the heix1 leads to ER stress, mitochondrial dysfunction and hypercractor of apoptic 

routes, as P-ERK, CHOP, and active cascase show increase in 9 levels. These results install the Heix1 as 

an important regulator of cellular stress reactions and provide a foundation for the forward discovery of its 

role in ER stress, apoptosis and disease models associated with oxidative damage. 
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