Apoptosis Mechanisms: Role of Anti-Apoptotic Proteins, Cancer Hallmarks and Tumor Microenvironment in Cancer Cell Survival

Abstract
Apoptosis, or programmed cell death, is the result of signaling pathways being activated when cells experience irreversible alterations due to internal or external stress. To stop cancer from developing, this procedure is crucial for getting rid of potentially dangerous cells that have accumulated genetic damage. Nevertheless, a lot of cancer cells create defenses against death, which aids in the growth of tumors and treatment resistance. Certain intracellular proteins play a key role in blocking apoptosis by interfering with specific stages of the cell death process. Among these, members of the Bcl-2 family such as Bcl-2 and Bcl-xL help maintain the integrity of cellular membranes, including those of the plasma membrane, endoplasmic reticulum, and mitochondria. Additionally, Bcl-2 is believed to exhibit inherent antioxidant properties. The transition from normal cells to malignant tumors involves the acquisition of distinct functional traits, often referred to as the hallmarks of cancer. The tumor microenvironment (TME) plays a critical role in this transformation, facilitating tumor growth by providing essential nutrients and interacting dynamically with cancer cells. This paper focuses on the role of Inhibitor of Apoptosis Proteins (IAPs) and anti-apoptotic proteins like Bcl-2, both of which contribute to cancer progression by preventing cell death. Their ability to enhance cell survival promotes tumor growth and resistance to treatment. Additionally, the review underscores the TME's significance, including the microbiome's influence in modulating apoptosis and shaping tumor behavior. Targeting elements of the TME could improve therapeutic strategies and enhance treatment efficacy.
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1. Introduction to Apoptosis and Cancer Overview
Various signaling pathways that eventually result in cell death, are triggered when living cells encounter irreversible changes in their internal or external surroundings. This process is known as regulated cell death (RCD) or programmed cell death and is driven by interconnected complex molecular mechanisms (Peng et al., 2022). These mechanisms are tightly regulated for cellular development, maintenance, and elimination of unwanted cells. Maintaining a balance between cell proliferation and cell death is crucial to control cell numbers (Mustafa et al., 2024). Cell death can be classified based on observable morphological changes into Apoptosis and Necrosis. Morphologically, apoptosis is distinct from necrosis and both processes are independent of each other; it is characterized by cell and nucleus shrinkage and fragmentation, all occurring without the rupture of the cellular membrane (D’Arcy, 2019). While necrosis is characterized by cell swelling, membrane rupture, and cytoplasmic content leaking out. This characteristic of apoptosis helps to prevent inflammation in surrounding tissues (Costigan et al., 2023). These processes, apoptosis and necrosis, are independent of one another, the type and intensity of stimuli determine whether a cell will undergo apoptosis or necrosis. Stimuli such as hypoxia, radiation, heat, and low to controlled doses of cytotoxic chemicals can induce apoptosis (Kashyap et al., 2021). In contrast, high or intense doses of these stimuli lead to the activation of necrosis. Apoptosis is crucial for preventing cancer by removing damaged or potentially harmful cells (Jan & Chaudhry, 2019). However, many cancer cells develop mechanisms to evade apoptosis, allowing them to survive and proliferate despite genetic damage or stress from treatment. Apoptosis is a key biological process that contributes to maintaining cellular homeostasis and eliminating unwanted cells (Akhtar & Bokhari, 2025).
Various research has shown that alterations in apoptotic pathways are common in the development of cancer. These alterations can result in resistance to various treatment strategies that aim to induce apoptosis in cancer cells (Vesela et al., 2022). Understanding these pathways is essential for developing effective therapies, currently, numerous strategies have been created to target apoptosis in cancer cells, including the use of small-molecule compounds that either promote apoptosis or restore the often-disrupted apoptotic pathways in cancer (Carneiro & El-Deiry, 2020).
2. Molecular Mechanisms of Apoptosis in Cancer Cells
Programmed cell death, also known as apoptosis, is a tightly regulated process essential for maintaining cellular homeostasis and eliminating harmful or unwanted cells (Qian et al., 2024). Two main pathways that regulate apoptosis are the intrinsic pathway (IP) and the extrinsic pathway (EP) (Saleem, 2021). Signs generated within stressed cells, activate the intrinsic pathway and depend on the mitochondria’s intermembrane space to release proteins such as cytochrome c. The extrinsic pathway is triggered when a ligand binds to cell surface receptors, leading to the formation of a death-inducing signaling complex (DISC) (Newton et al., 2024). Both pathways IP and EP converge at the activation of caspase-3 and caspase-7 (Mosadegh et al., 2025a). Dysregulation of these apoptotic pathways is frequently observed in cancer, which allows cancerous cells to evade cell death and promotes uncontrolled growth. Understanding the molecular mechanisms underlying apoptosis is crucial for developing tailored treatment approaches (Jan & Chaudhry, 2019).
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Figure 1. Representation of molecular mechanism of intrinsic and extrinsic pathways of programmed cell death. Both these pathways depend on specific signals to initiate a cascade of molecular events, thereby activating initiator caspases, which ultimately leads to the activation of executioner caspase-3 and, representation of IAPs and BCL-2 protein to inhibit apoptotic pathways. 
2.1 Intrinsic Apoptosis
The intrinsic apoptosis pathway, also known as the mitochondrial pathway, is a crucial mechanism of regulated cell death (Moyer et al., 2025). It plays an essential role in maintaining cellular homeostasis and is triggered by various internal signals, including UV radiation, depletion of survival factors, viral factors, DNA-damaging agents, and the activation of specific oncogenic factors. Stress signals, such as DNA damage caused by radiation, activate the tumor suppressor protein p53 (He et al., 2024). The pro- and anti-apoptotic members of the BCL-2 protein family regulate this pathway. Anti-apoptotic proteins are inhibited by pro-apoptotic proteins, which are divided into activators and sensitizers (Czabotar & Garcia-Saez, 2023). Cellular stress (DNA damage, UV radiation, oxidative stress, and oncogenic factors) activates pro-apoptotic proteins, such as BAX and BAK, which alter conformation and translocate to the outer mitochondrial membrane (Shamas-Din et al., 2013). 
Pro-apoptotic proteins at OMM are oligomerized and form pores in the OMM. This process results in mitochondrial outer membrane permeabilization (MOMP), which is widely regarded as the "point of no return" in cellular death. BAX and BAK generate pores in the OMM, releasing cytochrome C and other apoptogenic substances (Peng et al., 2022). Once released into the cytosol, cytochrome C interacts with Apaf-1 (apoptotic protease-activating factor-1) in the presence of ATP. This binding causes Apaf-1 to oligomerize and form a wheel-like structure known as the apoptosome (Annibaldi & Walczak, 2020). The apoptosome then recruits and activates procaspase-9, which subsequently activates executioner caspases, such as caspase-3 and caspase-7 (Shakeri et al., 2017). As seen in Figure 1, these executioner caspases cause the morphological and biochemical signs of apoptosis, including DNA fragmentation, membrane blebbing, cell shrinkage, and the formation of apoptotic bodies, by breaking a variety of cellular substrates (Sun, 2024). 
2.2 Extrinsic apoptosis
The extrinsic apoptosis pathway (EP), also known as the death receptor pathway, is a type of programmed cell death triggered by external cues (Lossi, 2022). In contrast to the IP, which is triggered by internal cellular stress, the EP is activated when specific death ligands attach to their associated death receptors on the cell surface. These ligands include tumor necrosis factor (TNF), TNF-related apoptosis-inducing ligand (TRAIL), and FAS ligand (APO1). Upon ligand binding, the death receptors trimerize and aggregate within the cell membrane, which is a critical step for recruiting downstream signaling molecules (He et al., 2024). The intracellular death domain of the death receptor recruits adaptor proteins, such as the Fas-associated death domain (FADD). This adaptor protein, in turn, recruits procaspase-8. The assembly of the receptor, adaptor protein, and procaspases form a multi-protein complex known as a death-inducing signaling complex (DISC) (Annibaldi & Walczak, 2020). This complex serves as a platform for activating caspases, particularly caspase-8 and caspase-10, which are essential proteolytic enzymes in the cell death machinery. The activation of these caspases triggers a cascade that ultimately activates executioner caspases like caspase-3 (CASP3) and caspase-7 (CASP7) (Carneiro & El-Deiry, 2020). As shown in Figure 1, these executioner caspases are essential for both intrinsic and extrinsic pathways that ultimately result in cell death (Asadi et al., 2022). 
3. Dysregulation of Apoptotic Pathways in Cancer Progression
3.1 Role of Inhibitor of Apoptosis Proteins
Inhibitors of Apoptosis Proteins (IAPs) play an important role in cancer progression because they influence cancer cell survival and proliferation. These proteins largely prevent apoptosis, allowing cancer cells to avoid death (Goldar et al., 2015). This evasion leads to increased cell survival and tumor growth. The ability to escape apoptosis is a hallmark of cancer. Overexpression of IAPs has been seen in numerous types of malignancies, including both haematological and solid tumors (Wong-Rolle et al., 2021). IAPs' primary role is to prevent apoptosis by inhibiting the activation of caspases, the enzymes that cause apoptosis. For example, one of the most well-studied IAPs is XIAP (X-linked inhibitor of apoptosis protein), which inhibits both initiator and executioner caspases. In cancer cells, the overexpression of XIAP and other IAPs, such as cIAP1 and cIAP2, allows these cells to escape apoptosis (Hughes et al., 2023). Furthermore, IAPs modulate critical signaling pathways that contribute to cancer progression, including the NF-kB pathway, which is essential for cell survival and proliferation. By influencing these pathways, IAPs not only promote the survival of cancer cells but also contribute to the inflammatory environment that supports tumor growth (Kocab & Duckett, 2016). Additionally, IAPs interact with various molecules in the tumor microenvironment, such as tumor necrosis factor-α (TNF-α), creating a complex interplay that further enhances cancer cell survival. This interaction can initiate a positive feedback loop that supports both inflammation and tumor progression. The resistance to chemotherapy often seen in cancers with high IAP expression underscores their role in cancer advancement, as these proteins can render traditional therapies ineffective (Sahoo et al., 2023). Consequently, targeting IAPs has emerged as a promising therapeutic strategy. Approaches such as Smac mimetics are being developed to inhibit their function and re-sensitize cancer cells to apoptosis (Boice & Bouchier-Hayes, 2020). Overall, the multifaceted roles of IAPs in promoting cell survival, modulating signalling pathways, and contributing to treatment resistance highlight their critical involvement in cancer progression and their potential as therapeutic targets (Rathore et al., 2017). 
3.2 Role of BCL-2 in Cancer Progression
BCL-2 plays a crucial role in cancer progression by regulating apoptosis, a vital process that maintains cellular balance. In normal cells, apoptosis is required to eliminate damaged or undesired cells (Ashkenazi et al., 2017). However, cancer cells frequently exploit the anti-apoptotic features of BCL-2 to avoid cell death, allowing them to persist and grow uncontrollably. The dysregulation of apoptosis pathways, particularly through the overexpression of BCL-2, contributes to the resistance of cancer cells against standard therapies like chemotherapy, which rely on inducing apoptosis to kill malignant cells (Kaloni et al., 2023). This avoidance of apoptosis not only promotes tumor growth but also contributes to the formation of residual tumors and recurrent metastatic illness, complicating treatment outcomes. 
Moreover, BCL-2 interacts with various growth factors and signaling pathways, which enhances tumor progression. The dysregulation of these pathways often leads to compensatory survival mechanisms, such as autophagy, which further supports cancer cell survival (Elnaggar et al., 2021). The balance between pro-apoptotic and anti-apoptotic signals is crucial; when BCL-2 is overexpressed, it shifts this balance toward survival, allowing cancer cells to thrive even in challenging conditions. Targeting BCL-2 and its family members has emerged as a viable technique in cancer therapy, to restore the apoptotic process and improve therapeutic success (Zheng et al., 2020). Overall, the role of BCL-2 (Figure 1) in cancer progression underscores the importance of regulating apoptosis for maintaining cellular integrity and emphasizes the potential for therapeutic interventions that effectively target this pathway (Blum et al., 2023).
4. Role of Apoptosis in Tumor Microenvironment Dynamics
The tumor microenvironment (TME) plays an important role in cancer growth and progression, as well as apoptosis (Wang et al., 2018). It consists of various cellular and non-cellular elements that dynamically interact with tumor cells to affect their behavior and results. Stromal cells (CAFs), immunological cells, endothelial cells, and the extracellular matrix (ECM) are all part of the TME. Together, these factors form a favorable environment for tumor growth and spread (36). One of the key functions of the TME is to provide biochemical and physical signals that regulate tumor initiation and progression. These signals can promote cancer cell proliferation, survival, and invasion, contributing to the hallmarks of cancer. For example, tumor-associated stromal cells secrete various growth factors, cytokines, and chemokines that not only enhance cancer cell survival but also facilitate angiogenesis and inflammation, further promoting tumor growth (Tufail, 2023). The presence of low oxygen levels and an acidic pH within the TME creates local stress, which can activate stromal cells and facilitate the infiltration of immune cells. The interaction between immune cells and the TME can either repress or accelerate tumor growth, depending on the specific setting and the types of immune cells involved (de Visser & Joyce, 2023). Additionally, the local and distant microbiome (collection of trillions of microorganisms, living in and on the living body) plays an important role in modulating the TME (Wong-Rolle et al., 2021). Research has identified the human microbiome as a crucial area of interest in the pathophysiology of several human diseases, including cancer development, progression, and disease prognosis (Tang et al., 2021). 
Research suggests that the microbiota may be involved in about 20% of cancer cases. The progress of cancer and the efficacy of treatment are impacted by the significant differences in microbiome makeup between normal and malignant tissues (Doocey et al., 2022). For example, some bacterial species have been linked to better outcomes from immunotherapy and chemotherapy, highlighting the possibility of using the microbiome as a therapeutic target. Understanding the various interactions inside the TME is important for creating successful cancer medicines (Deepak et al., 2020). Targeting specific components of the TME, such as stromal cells or the extracellular matrix (ECM), has shown promise in clinical trials, suggesting that a more comprehensive approach to cancer treatment could enhance patient outcomes. Overall, the TME is not only a passive environment for tumor growth; it actively modifies the behavior of cancer cells and determines their responses to treatment, making it an important field of research in oncology (Jarosz-Biej et al., 2019).
5. Hallmark of cancer in tumor microenvironment
Cancer cells possess essential characteristics that enable them to spread and multiply, known as the hallmarks of cancer. These hallmarks include sustaining proliferative signals, avoiding growth suppressors, resisting cell death, allowing replicative immortality, initiating angiogenesis, and triggering invasion and metastasis (Hanahan, 2022). The tumor microenvironment (TME) plays a crucial role in supporting these hallmarks. For example, stromal cells within the TME can enhance cancer cell proliferation by providing mitogenic signals, thereby sustaining proliferative signaling (Park et al., 2020). Additionally, TME components can help cancer cells resist cell death by secreting survival factors, complicating treatment efforts. The TME also contributes to replicative immortality by influencing telomerase activity, which is essential for cancer cells to avoid senescence (Pavlova et al., 2022). Moreover, the TME can modulate tumor growth by affecting cell cycle checkpoints and promoting inflammation, both of which are vital for cancer progression (El-Tanani et al., 2024). The dynamic interactions between cancer cells and TME components are considered a hallmark of cancer, as they facilitate tumor initiation, progression, and metastasis, Figure 2 depicts various cancer-related hallmarks in the tumor microenvironment and their component (Baghban et al., 2020). Understanding these interactions is critical for creating tailored medicines that successfully fight cancer and improve patient outcomes. By focusing on the molecular features of TME components and their influence on cancer hallmarks, researchers aim to identify new therapeutic strategies to overcome treatment resistance and enhance the efficacy of existing therapies (Pavlova et al., 2022).
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Figure 2. Different types of hallmarks of cancer in the tumour microenvironment are shown. (a) Tumour promoting inflammation, (b) Evasion of immune destruction, (c) Replicative immortality, (d) Angiogenesis, (e) Invasion and Metastasis, (f) Resistance to cell death, (g) Evasion of growth suppressors, (h) Sustained proliferative signalling.
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Apoptosis is essential for eliminating unwanted cells, and additionally, which could potentially become cancerous due to genetic damage, or the stress caused by treatments. It plays a crucial role in preventing the progression of cancer. However, many cancer cells have developed apoptosis evasion methods, allowing them to survive and multiply in the face of therapeutic therapies. This evasion is a significant factor contributing to cancer progression and resistance to treatment. IAPs play a particularly important role in this process, as they prevent apoptosis, leading to increased cell survival and tumor growth. Targeting IAPs has emerged as a possible therapeutic method to overcome treatment resistance. Targeting IAPs has emerged as a potential therapeutic approach for overcoming treatment resistance. Future research should aim to overcome apoptosis resistance by targeting critical regulators such as Bcl-2 family proteins and IAPs. Moreover, developing therapies that specifically target apoptotic pathways within the TME is crucial for improving cancer treatment outcomes.
Future Directions in Apoptosis Research
The apoptotic pathways and the tumor microenvironment are critical areas of research in cancer biology (Mosadegh et al., 2025b). One intriguing path for the future is the development of treatments that selectively target apoptotic pathways within the tumor microenvironment. Conventional cancer therapies, such as radiation and chemotherapy, aim to cause cancer cells to undergo apoptosis; however, resistance to treatment is a major issue (Liu et al., 2024). Future research should focus on overcoming this resistance by targeting key regulators of apoptosis, including BCL-2 family proteins, inhibitors of Apoptosis Proteins (IAPs), and caspases (Carneiro & El-Deiry, 2020). Currently, small molecule inhibitors like BH3 mimetics and Smac mimetics are being explored in clinical trials (Townsend et al., 2021).
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