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Abstract
This paper is a review of previous models of outer mitochondrial membrane
permeabilization by the multidomain proapoptotic proteins BAX and BAK in the hope this
information will lead to further drug developments targeting forms of cancer resistant to
treatment due to an insufficient amount of apoptosis. The models: included the hairpin model,
in-plane model, and clamp model. Through a systematic review, results point towards toroidal
pores of varying shapes and sizes formed from many different variations of BAX and BAK
oligomers. Studies point to the in-plane model being the most likely model of pore formation;
however, research is needed to prove the accuracy of this model. Additionally, further research is
needed to investigate how to apply this information in the formation of future cancer therapies.
Keywords: Outer Mitochondrial Membrane (OMM), apoptosis, multidomain proapoptotic BCL-2
proteins, toroidal pores
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Introduction
According to the American Cancer Society, an estimated 1,735,350 people will be
diagnosed with cancer in the United States in 2018, and 609,640 will die from the disease.
Cancer is one of the leading causes of death worldwide. Scientists have linked cancer to a
reduction in the rate of apoptosis, the process in which a cell undergoes a programmed death
(Wong, 2011). Apoptosis is initiated for a multitude of reasons including genetic damage and
hypoxia (the lack of an adequate supply of oxygen). It is regulated by many factors based on the
apoptotic pathway. There are three known pathways that initiate apoptosis: one extrinsic
(starting outside of the cell) and two intrinsic (starting inside the cell) pathways (Wong, 2011).
The BCL-2 family of proteins regulates the intrinsic mitochondrial pathway of apoptosis.
One subdivision of this family is the multidomain proapoptotic BCL-2 proteins, including BAX
and BAK. BAX and BAK are responsible for creating the pores in the outer mitochondrial
membrane, the point of no return in the mitochondrial pathway of apoptosis. Through these
pores, initiator proteins, such as cytochrome-c and Smac/DIABLO, are released into the cytosol
where they then activate the caspases. Many advances have been made since apoptosis was
discovered, but unanswered questions are how BAX and BAK form pores in the outer
mitochondrial membrane, and what is the structure of the pores.
The BCL-2 family of proteins is central to one of the intrinsic pathways: the intrinsic
mitochondrial pathway. This family of proteins is split into three subgroups, two of which
promote apoptosis (proapoptotic) and one that prevents it (prosurvival). It has been concluded
that the balance between the proapoptotic and prosurvival proteins determines whether the cell
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will commit to apoptosis (Wong, 2011). If the proapoptotic proteins are expressed, pores in the
outer mitochondrial membrane (OMM) are formed and intermembrane proteins are released. The
proteins released then move throughout the cell to activate the caspases, the effectors of
apoptosis.
There are seven caspases, or cysteine-dependent aspartate-directed proteases, involved in
apoptosis (Parsons & Green, 2009). Mutations in the BCL-2 proteins and the genes that code for
them have been linked to multiple types of cancers, including B-cell chronic lymphocytic
leukemia (Ghobrial, Witzig, & Adjei, 2005) and other leukemias and lymphomas (Schenk,
Strasser, Dewson, 2017). If the prosurvival proteins are over-expressed or the proapoptotic
proteins under-expressed, the cells become immortal. Immortality is a characteristic of cancer
cells. Current developments in the field of cell signaling and cell death have led to the creation of
multiple drugs like Venetoclax (AbbVie, Inc. and Genentech USA, Inc.) (Roberts, Davids, Pagel,
Kahl, Puvvada, Gerecitano, Kipps, et al., 2016). At the time of this writing, many of these drugs
are in clinical trials. There are many unanswered questions involving the BCL-2 family of
proteins and how these proteins regulate apoptosis. A primary unanswered question is how the
proapoptotic proteins create the pores in the OMM resulting in cell death. The purpose of this
research investigation is to create a theoretical model of how the BCL-2 proteins create the
pores.
This research investigation was an evaluation of the various theories and models of the
multidomain BCL-2 proapoptotic proteins’ creation of pores in the OMM. Further, the
evaluation included assessment to determine which model is most accurate. From the findings, a
theoretical model that may be tested in further research was created. This research investigation
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was a systematic review of published literature and an analysis of the work of many scientists.
The significance of this study is the continuation of cancer therapy developments that revolve
and focus around the BCL-2 family of proteins. Many researchers have predicted that the
answer to how the BCL-2 proteins create the pores will pave the way to new drug development
(Birkinshaw and Czabotar, 2017). Cancers associated to a BCL-2 protein family imbalance have
high resistance rates towards conventional therapies, emphasizing the importance that alternate
treatments are developed (van Delft, Wei, Mason, Vandenberg, Chen, Czabotar, et al., 2006).
Confirming a model for OMM permeabilization may be of significant interest in the
development of future cancer therapies.
Background
Apoptosis originates from the Greek word “ἀπόπτωσις” or “falling off” in English. This
type of cell death was first termed by the Australian pathologist John F. R. Kerr in the 1970’s
(Kerr, Wyllie and Currie, 1972). Apoptosis in multicellular organisms is important during
development (Bender and Martinou, 2013). Apoptosis and its mechanisms, as well as how it
relates to disease, are described in detail in the review by Rebecca Wong (2011) “Apoptosis in
Cancer: From Pathogenesis to Treatment.” There are many factors leading to apoptosis,
including signaling from an external death ligand binding to the cell, internal stressors as
irreparable DNA damage, or conditions of hypoxia. These factors are linked to a specific
apoptotic pathway. There are three primary apoptotic pathways that can occur in a cell to initiate
apoptosis: the extrinsic death receptor pathway, the intrinsic mitochondrial pathway, and the
intrinsic endoplasmic reticulum pathway (Fig 1a). Both the death receptor and the
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mitochondrial pathway cross-meet in a common pathway. The third pathway, the endoplasmic
reticulum pathway, is less common and less understood.
A

B

Figure 1a.This image shows the two of the three pathways that initiate apoptosis, the extrinsic
death signal receptor pathway and the intrinsic mitochondrial pathway. In particular, it shows
how BAX leaves the cytoplasm to bind to the OMM to release the proteins that activate the
caspases. Figure 1b. This is a close-up of the image on the area this study focused. Image source
Wijesinghe (2017).
The BCL-2 family of proteins is involved in the intrinsic mitochondrial pathway (see Fig
1b). In this pathway, cytochrome-c and Smac/DIABLO, as well as other intermembrane space
proteins, are released into the cytoplasm when the OMM increases in permeability. The
cytochrome-c forms a complex called the apoptosome (cytochrome-c, apaf-1 [apoptotic protease
activating factor 1] and procaspase 9) to activate caspase 9. Once caspase 9 activates caspase 3
and 7, the apoptotic pathway is now called the common pathway (Parsons & Green, 2009). The
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steps after this point are shared by the intrinsic and extrinsic pathways. Caspase 3 cleaves
proteins in the cell to initiate the morphological changes of apoptosis (Wong, 2011).
Smac/DIABLO (second mitochondrial activator of caspases/ direct IAP binding protein with low
pl) neutralizes inhibitor of apoptosis proteins (IAP’s) initiating apoptosis by preventing the
activation of executioner caspases (Parsons & Green, 2009). The BCL-2 family of proteins is
important because they increase or decrease the permeability of the OMM and regulate whether
cytochrome-c and Smac/DIABLO are able to be released (Wong, 2011).
The proteins are further divided into two proapoptotic BCL-2 protein groups (BH3-only
proapoptotic and multidomain proapoptotic) and one prosurvival BCL-2 protein group.
BH3-only proapoptotic proteins include BID, BIM, BAD, BIK, BMF, HRK, Noxa, and Puma.
Multidomain proapoptotic proteins include BAX, BAK and BOK, and prosurvival proteins
include BCL-2, BCL-xL, BCL-w, A1 and MCL-1 (Parsons & Green , 2009). The relationship
between the BCL-2 proteins and disease was outlined in a review by Ruth Kluck and Grant
Dewson (2010) in the article; “BCL-2 family regulated apoptosis in health and disease.” The
authors asserted the function of these proteins depends on the grooves and folds in its structure
(Kluck & Dewson, 2010). The intercellular ratio between the proapoptotic and antiapoptotic
controls the permeability of the membrane. Researchers have investigated how the three
subgroups of BCL-2 proteins interact to either initiate or block apoptosis (Czabotar, Lessene,
Strasser, & Adams, 2014). Other researchers have studied the relationship between the BH3-only
proapoptotic, multidomain proapoptotic, and prosurvival proteins (Birkinshaw & Czabotar,
2017). The relationship between the proteins is shown in Figure 2.
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Figure 2. This figure is the relationship between the three groups of BCL-2 proteins. The
BH3-only proteins are activated by a death signal. The BH3-only proteins either inactivate the
prosurvival proteins or activate the multidomain proapoptotic proteins. If the prosurvival proteins
are inactivated and the multidomain proteins are activated, OMM permeabilization can occur. If
the prosurvival proteins are not inactivated, they will bind to the multidomain proteins, therefore
inhibiting apoptosis (Dlugosz, Billen, Annis, Zhu, Zhang, Lin, et al., 2006).
BAX and BAK are considered the “effectors” of permeabilization, and studies have
shown permeabilization of the OMM cannot occur without them (Wei et al., 2001 as cited by
Bender & Martinou, 2013). The third multidomain proapoptotic protein, BOK, has an unknown
function, and is not believed to permeabilize the OMM (Parsons & Green, 2009). BAX and BAK
proteins are able to individually permeabilize the OMM. This was demonstrated in research done
on mice. Only mice without either of the proteins showed impaired apoptosis (Lindsten et al.,
2000 as cited by Dewson and Kluck, 2009). BAX , a multidomain proapoptotic BCL-2 protein,
floats around the cytoplasm until it receives the signal and translocates to the OMM to create the
pore in the membrane (Wei et al., 2001, as cited by Gavathiotis et al., 2010). An illustration of
BAX is shown in Figure 3.
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Figure 3. This image shows the structure of the BAX protein before it is activated, including the
different helices, such as helices 5 and 6 located near the hydrophobic core (Dewson & Kluck,
2009).

Westphal, Kluck, and Dewson (2013) provided an explanation of how BAX and BAK are
activated. The authors assert, in inactive BAX, the BH3 domain lies in the hydrophobic core, and
the transmembrane (TM) domain rests inside of it.. When the protein relocates to the OMM, the
TM domain (helix 9) is released from the BH3 domain and is inserted into the OMM (Westphal
et al., 2013). In another study by Dewson and Kluck (2009), the authors stated that the BAX and
BAK proteins once activated create homodimers. The authors further explained the “hit and run”
model of BAX activation, where specific BH3-only proapoptotic proteins (BID and BIM) bind to
the BH3 domain of the multidomain proapoptotic proteins (Parsons & Green, 2009), displacing
the TM domain. This displacement if “the hit.” Following “the hit”, the BH3 proteins are
displaced by eversion of the multidomain proteins. This displacement is “the run” (Dewson &
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Kluck, 2009). Gavathiotis, Reyna, Davis, Bird, and Walensky (2010), investigated the ligand
engagement and allosteric changes at the BAX BH3 domain. They asserted that during activation
the helices 1 and 2 loop changes from a closed to open configuration, and that inner hydrophobic
domains of the protein are moved to the outside of the protein. None of these investigations have
found a definite answer to how the multidomain proapoptotic proteins create the pores in the
OMM, although models are proposed. Some proposed models are the clamp model, hairpin
model, and in-plane model.
In some forms of cancers, the balance between the two types of proteins is not balanced;
thus the cell either has too much prosurvival proteins or too little proapoptotic proteins. Since
the cells no longer are able to undergo apoptosis due to the imbalance of proteins, the cells will
become immortal. As previously stated, immortality is a characteristic of cancer cells. The
relationship between cancer and BCL-2 proteins was proven by Vaux and colleagues, who found
the Bcl-2 gene caused pre-B cells and FDC-P1 cells to survive even without a factor IL-3, a
condition which cells normally cannot survive (1988). The researchers reported BCL-2 proteins
did not cause the cells to proliferate without a factor, but the cells survived in a G0 state. They
further asserted BCL-2 does not directly lead to tumorigenesis except for when combined with
other factors, but it did aid in the development (Vaux et al., 1988). Another study done by Zhang
and colleagues also found a connection between BCL-2 proteins and cancer.
In the Zhang, Li, Tao, Jiang, Ma, Ya, et al. (2011) study, the researchers compared the
frequency between a polymorphism of the BCL-2 gene and breast cancer cell lines compared to
healthy cell samples. The researchers genotyped the Bcl-2 gene in 114 breast cancer patients and
107 controls, and used western blot analysis to determine BCL-2 protein levels in breast cell

BCL-2 PROTEINS AND OUTER MITOCHONDRIAL MEMBRANE PERMEABILIZATION 10

cancer lines. The researchers found a correlation between a specific genotype of the Bcl-2 gene
and breast cancer susceptibility; however, the researchers concluded that further research is
needed to find the effect of the gene polymorphism of BCL-2 expression.
At the time of this writing, there are several studies investigating various treatments
options targeting these BCL-2 proteins. Many of these investigations are potential treatments
looking to inhibit the effects of the prosurvival proteins or the genes that code for them (Wong,
2011). One study done by Walensky and others found that the use of Stabilized alpha-helix of
BCL-2 domains achieved a reduction in the growth of human leukemia xenografts in vivo
(Walensky, Kung, Escher, Malia, Barbuto, Wright, et al., 2004). Another study by Owens and
others proved treatments targeting inhibitors of apoptotic proteins were effective; however, some
had side effects like bone mass loss and an increased amount of genetic mutations (Owens,
Gilmore, Streuli, and Foster, 2013). Most treatments are specific to one apoptotic pathway,
including the inhibitors of each pathway (Ghobrial et al., 2005). In the article by Kim, Kim,
Shin, Ha, Seo, Yang, et al. (2009), SiRNA-based targeting of antiapoptotic genes can reverse
chemoresistance in P-glycoprotein expressing chondrosarcoma cells, the researchers found
when they placed chondrosarcoma and normal chondrocyte cells in a siRNA treatment that had
doxorubicin added after two days, the prosurvival proteins and P-glycoprotein were resistant to
chemotherapy, and that targeting these can lead to increased apoptosis (Kim et al., 2009). One
promising treatment is Venetoclax. Venetoclax started as the drug ABT-737. Research using
ABT-737 on mouse embryo fibroblasts revealed effective against many BCL-2 prosurvival
proteins and increased the cells sensitivity to chemotherapy; however, it was not effective against
the prosurvival protein MCL-1 (van Delft et al., 2006). van Delft et al. (2006) reported MCL-1
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had to be neutralized for ABT-737 to be effective. Another potential drug, Navitoclax
(ABT-263) was developed from ABT-737. However its extreme effectiveness against the
prosurvival protein BCL-XL caused a rapid decline in platelet count, therefore limiting the
amount of drug that could be taken at one time (Souers, Leverson, Boghaert, Ackler, Catron,
Chen, et al., 2013). Researchers recreated Navitoclax to make Venetoclax (ABT-199).
Venetoclax was shown to have less effect on platelet count in experiments done by Souers et al.
(2013). Clinical studies were then done on Venetoclax to find safety and toxicity on relapsed
chronic lymphocytic leukemia patients (Roberts et al., 2016). In these trials, the researchers
divided the subjects into dose escalation cohorts. The cohorts were further divided into smaller
groups. Each group was given a larger dosage than the previous group after ensuring it was safe.
There was also an expansion cohort (patients were given increasing dosage each week). The
researchers found that dose escalation was most effective, and the most significant toxicity was
tumor lysis syndrome.
Despite this promising new treatment, scientists are still unsure about how the
proapoptotic multidomain BCL-2 -proteins, BAX and BAK, create the pores in the OMM
(Edlich, 2017). In the Schenk, Strasser, and Dewson (2017) investigation on current treatments
for cancer targeting BCL-2 proteins and the Edlich (2017) review on BCL-2 proteins and
apoptosis, the authors claim that the explanation of how pores are created can be used in future
research done on treatments targeting the BCL_2 family. The purpose of this research was to
determine the most likely model of how the proteins create the pores in the OMM so further
research can continue to be done in the field of treatments targeting the BCL-2 family.
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Purpose
Developments in knowledge on the topic of the BCL-2 protein and their relation to
cancer, as well as the novel developments in targeting the BCL-2 family to treat cancer, having
resulted in filling gaps in the knowledge. However, a major question still exists: How do the
multidomain proapoptotic proteins BAX and BAK form the pores in the OMM? A abundance of
literature includes predictions the answer to this question could pave the way towards future
treatment options to help treat cancer. The basis of these predictions is the cellular outcomes due
to an imbalance in the BCL-2 proteins. Various theories have been suggested, but no specific
model has been proven. This study provides a suggested method for testing this model.

Hypothesis
Research Question:
Which model of outer mitochondrial membrane permeabilization is most favorable?
Null Hypothesis:
None of the models for pore formation will prove most favorable.
Alternate Hypothesis:
One of the models for pore formation will prove to be more favorable, and will able to be tested.
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Methods
A systematic review of literature was conducted to answer the research question. While
conducting a search for literature, electronic databases, reference lists from articles in relevant
journals, and contact with a specialist in this field were used to obtain articles. Five articles were
found using BioMed Central, with the key words cancer, apoptosis, and BCL-2 proteins. Another
six articles were obtained from a professor who specializes in cell signaling and cell death at the
Walter and Eliza Hall Institute in Melbourne, Australia. Thirty-eight additional articles were
found through the references list from the first five articles, and were obtained through access
with the California State University Channel Islands (CSUCI) databases. More papers were
found later using the references of other papers and through continued contact with mentors. All
articles were in English but may have been translated from another language. These methods of
literature collection were continued for the duration of the research. The duration of this research
spanned from August 2017 to April 2018. This method of research has been done in many
previous research experiments. This is the most accurate method of data collection for this study.
Primary data collection using survey instruments was not an option. Primary data collection
would require interviews to address the specifics of pore formation. The financial burden of such
interviews could not be met. Secondary analysis was not an option. No published research study
or database was found to include any statistical analysis for pore formation. Therefore,
systematic review is the most accurate method of data collection for this study because through
published literature, the specifics of the various theories on pore formation in the OMM are best
understood.
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The information for the research question was collected by review and analysis of current
literature and research on the topic. As previously stated, systematic review is appropriate for
this study because the internal mechanisms of pore formation remain unknown. An application
of statistical analysis and literature could be used to identify the logical solution to pore
formation. The logical solution to pore formation may be proven through further
experimentation. The literature offers various theories on potential models for OMM
permeabilization, and through the methods sections of published papers, an experiment was
conceived and proposed to prove a model for OMM permeabilization.

Results
To better understand how the pores are formed, scientists have investigated BAX and
BAK activation and conformational changes. The following is a short summary of the process.
Prior to receiving a signal, BAX is a cytosolic protein, while BAK is anchored to the OMM. In
non-direct activation, BAX is activated when BH3-only proapoptotic proteins bind to the
prosurvival proteins. However, multiple studies have showed that direct activation of BAX and
BAK by BH3-only proteins is required (Westphal, Dewson, Menard, Frederick, Iyer, Bartolo, et
al., 2014). In direct activation, when the BH3-only proapoptotic proteins receive a signal of
cellular stress (Uren, Iyer, and Kluck, 2017), BAX relocates to the membrane. Additionally, the
BH3-only proapoptotic proteins bind with the multidomain proapoptotic proteins on a groove at
the BH3 domain, helices 2-5. In BAX, this releases helix 9, the transmembrane (TM) domain
which anchors into the OMM (Gavathiotis et al., 2010). Helices 1 is left exposed (Cosentino &
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García-Sáez, 2017). BAX and BAK would then form symmetric homodimers at the BH3
domain, releasing the BH3-only proapoptotic proteins and exposing the BH3 domain (Fig. 4).
The symmetric homodimers are formed between two BAX or BAK molecules at the exposed
BH3 domain. Another explanation for BAX activation is the BH3-only bind to the “rear pocket”
of the BAX molecule, therefore moving a loop positioned between helices 1 and 2, which allows
the TM domain to be released and anchored into the OMM (Bender & Martinou, 2013). From
this point, homodimers are formed in the same way as the other model. Bender and Martinou,
(2013) asserted higher order oligomers are formed after the symmetric homodimers, but the
structure of these oligomers has not been stated.

Figure 4. This illustration outlines the process through which BAX or BAK are activated and
form symmetric homodimers. (Dewson and Kluck, 2009).

Various models for how these dimers or oligomers form the pores have been suggested,
but none have been proven (see Fig. 5). The clamp model places helices 2-3 perpendicular to the
membrane. Helices 6-8 rest on opposite sides of the membrane, and the TM domain is

BCL-2 PROTEINS AND OUTER MITOCHONDRIAL MEMBRANE PERMEABILIZATION 16

perpendicular to the rest of the dimer (see right side of Fig. 6) (Birkinshaw & Czabotar, 2017).
Some promising features of this model is the length of the core (helices 2-5) is very close to the
width of the OMM (about 4 nm.), and this model would work with the idea of a toroidal pore
(Uren et al., 2017). However, in the hairpin model, helices 5 and 6 insert into the membrane,
like the domain of bacterial toxins, including Diphtheria toxin or colicin A (Westphal et al.,
2014).
However, researchers favor the theory that BAX and BAK must oligomerize to form
pores. This, along with studies that prove that helices 5 and 6 do not insert into the membrane,
make the hairpin model seem unlikely (Cosentino & García-Sáez, 2017). In the in-plane model,
helices 2-8 insert into the membrane shallowly (see left side of Fig. 6) (Westphal et al., 2014).
The pore, once formed, is lined by helix 6. In this model, helices 5 and 6 dissociate from each
other, which provide further evidence against the hairpin model (Westphal et al., 2014). Tests
done suggest that helix 5 is not embedded in the OMM, which differs from the clamp model
(Westphal et al., 2014). Researchers have suggested that the pore formed by the homodimers
would be a toroidal pore (Fig 7), and it would be backed by specific helices, which one being
dependent on the model (Cosentino & García-Sáez, 2017). A toroidal pore is a pore composed of
both proteins and lipids. Some researchers believe a toroidal pore is more likely than a
proteinaceous pore because a toroidal pore allows for the flexibility of pore shape and size was
found. A toroidal pore would be formed by the increased tension on the OMM from the
shallowly inserted helices 5 or 6 in the clamp and in-plane models (Uren et al., 2017). There is
the possibility that other OMM proteins work with BAX and BAK to form the pores or possibly
have regulatory function, however some research done with synthetic membranes show that only
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BAX or BAK in their activated forms are necessary to permeabilize these membranes (Dewson
and Kluck, 2009).

Figure 5. Different models of pore formation. (A) is the hairpin model, (B) is the in-plane
model, and (C) is the clamp model (Andrews, 2014).

Figure 6. The in-plane model (left) vs. the clamp model (right). (Uren et al., 2017).
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Figure 7. Diagram of a toroidal pore. The orange cylinders are the proteins, and the gray circles
are the lipids (Westphal et al., 2011).
Some researchers suggested the pores created by BAX and BAK would be diverse, since
the BAX oligomers studied were a wide variety of shapes and sizes (Cosentino & García-Sáez,
2017). In fact, some research has shown some of the pores are large enough to allow the inner
mitochondrial membrane (IMM) to pass through (McArthur, Whitehead, Heddleston, Li,
Padman, Oorschot, et al., 2018). This is shown in Figure 8, where the oligomers (the
yellow/white areas) change shape and size until the pore is formed. This mechanism may lead
research to new therapies to focus on the pores as a whole or specific types or sizes, and the
effectiveness of each strategy.

Figure 8. Shows process of OMM permeabilization using atomic force microscopy (AFM). The
brown/red is the OMM, the yellow/white is the BAX protein, and the black is the pore in the
membrane (Cosentino & García-Sáez, 2017).
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Discussion
The lack of sufficient apoptosis has been linked to multiple types of cancers, including
solid tumors and hematological (blood) cancers (Souers et al., 2013) as well as multiple types
leukemias and lymphomas (Schenk, Strasser, Dewson, 2017). According to the Leukemia and
Lymphoma Society, approximately 62,130 people are expected to be diagnosed with leukemia in
2017, and a predicted 80,500 people will be diagnosed with lymphomas in 2017. The problem is
BCL-2 proteins have been linked to drug resistance in these cancers, so therapies as
chemotherapy and radiation are less effective on some of these cancers (Souers et al., 2013).
People with these cancers have a higher chance for disease recurrence after treatment. However,
many new therapies are being developed based on the BCL-2 family of proteins, such as BH3
mimetics like Venetoclax (Roberts et al., 2016). These therapies have their limitations. In a
clinical trial done on Venetoclax, 99% of participants experienced adverse effects. Of these
participants, 45% experienced more serious adverse effects. Tumor lysis syndrome was the most
toxic adverse effect, caused by the potency of Venetoclax. Other adverse effects include
neutropenia, nausea, and diarrhea. Clinical trials are necessary to identify a maximum tolerated
dose. Further research on BH3 mimetics, along with other new strategies, may develop therapies
with less adverse effects.
Further research into the various types of pores present on the OMM may lead to new
treatments to target BAX/BAK to stimulate the formation of the pores in the OMM. Assuming
these treatments are approved for safety and effectiveness from clinical trials, the drugs can be
targeted to treat cancer by increasing sensitivity to traditional therapies offered, as well as
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possibly halting the growth of tumors and shrinking tumors already present. This approach is
commonly known as combination therapy.
The primary difference between the various models of OMM permeabilization is the
location of inner protein helices 5 and 6. In the clamp model, helix 5 and the core helices form
line the pore, while in the in-plane model, helix 6 lines the pore. Experiments done by Westphal
and collaborators (2014) suggested that helix 5 is not embedded into the OMM, which would
suggest that the in-plane model is more likely than the clamp model. In the future, research
investigations tagging the core helices of the BAX and BAK proteins may determine positioning
during OMM permeabilization. This knowledge could pave the way to more in depth
understanding of how BAX and BAK interact with the membrane and verify one of the models.
To verify the position of helices 5 and 6 in relation to the OMM, multiple methods can be
used. These methods include: atomic force microscopy (AFM), scanning electron microscopy
(SEM), or fluorescence in situ hybridization (FISH). AFM is used for measuring the force
between the probe and the sample, imaging, and manipulating samples. Current applications
include examining cell membranes. SEM creates an image of a surface using an electron beam.
FISH is used to identify specific chromosomes of DNA and some types of RNA. To investigate
helices 5 and 6 of BAX or BAK using these methods, the proteins will have to be tagged for
successful imaging. Tagging could be achieved with radioactive isotope tagging, heavy metals,
or with a fluorescent tag. More research is needed to determine which method for tagging and
imaging would be most effective, or used in combination, in locating the positions of helices 5
and 6 of BAX and BAK during pore formation.
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Conclusion and Further Work
In the studies, it is suggested OMM pore formation is caused by the BAX and BAK
homodimers resulting in increased tension and curvature in the membrane forming a toroidal
pore that is backed up by the helices of the homodimers. The most likely model of pore
formation is the in-plane model. The clamp and hairpin models are less likely. Additional
research is needed to prove the accuracy of this model. With the creation of new cancer
therapies, scientists and medical professionals will be one step closer to helping the thousands of
people who suffer from cancer everyday with less adverse side effects of treatment. Future
research, including tagging helices 5 and 6 during pore formation to verify their locations in
relation to each other and the OMM, is imperative to verify a model of OMM pore formation.
Additionally, further research is needed on how this information can be used in the development
of cancer therapies.
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