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Abstract. Chemoresistance to platinum-based chemotherapy
for ovarian cancer in the advanced stage remains a formidable
concern clinically. Increasing evidence has revealed that
apoptosis represents the terminal events of the anti-tumor
mechanisms of a number of chemical drugs and has a close
association with chemoresistance in ovarian cancer. The B-cell
lymphoma-2 (Bcl-2) family plays a crucial role in apoptosis
and has a close association with chemoresistance in ovarian
cancer. Some drugs that target Bcl-2 family members have
shown efficacy in overcoming the chemoresistance of ovarian
cancer. A BH3 profiling assay was found to be able to predict
how primed a cell is when treated with antitumor drugs. The
present review summarizes the role of the Bcl-2 family in
mediating cell death in response to antitumor drugs and novel
drugs that target Bcl-2 family members. The application of the
new functional assay, BH3 profiling, is also discussed herein.
Furthermore, the present review presents the hypothesis that
targeting Bcl-2 family members may prove to be helpful for the
individualized therapy of ovarian cancer in clinical practice
and in laboratory research.
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1. Introduction

Ovarian cancer ranks as the third leading type of cancer among
all the gynecological cancers, with a very high mortality rate
according to the latest report by the International Agency for
Research on Cancer (IARC) (1,2). The majority of patients
are diagnosed at an advanced stage and there is no cura-
tive therapy (3). The most common therapy for advanced
stage disease includes maximal cytoreductive surgery and
platinum/taxane-based chemotherapy, which always attains an
initial response (4,5). Over the past 20 years, this combina-
tion has become the standard of care for patients with ovarian
cancer (6). Although 70% of ovarian cancer patients exhibit an
effective response to the first application of platinum chemo-
therapy (7), the majority (80%) will relapse within 6 months,
and this has been classified as “platinum resistance’ (8,9), and
is one of the major reasons for the high clinical mortality rate
of patients with ovarian cancer (10). Therefore, chemoresis-
tance has become an urgent issue that needs to be resolved in
clinical practice, encouraging the identification of more effec-
tive drugs. Poly ADP ribose polymer (PARP) inhibitors play
an antitumor role by inhibiting DNA repair and promoting
tumor cell apoptosis (11). At present, some clinical trials have
found that PARP combined with other anticancer agents, such
as carboplatin and paclitaxel, can improve the prognosis of
patients with recurrent drug-resistant ovarian cancer (12).
Apoptosis is critical for regulating cellular homeostasis.
The dysfunction of apoptosis is one of the characteristics
of cancer and other diseases (13). Therefore, most conven-
tional chemotherapeutic agents, such as cisplatin, confer
an antitumor effects by mainly relying on the activation
of the apoptosis of cancer cells (14). As significant regula-
tors of apoptosis, the B-cell lymphoma-2 (Bcl-2) family is
closely related to the chemoresistance of ovarian cancer.
Additionally, cancer cells can evade apoptosis in multiple
pathways to achieve immortalization and the evasion of
apoptosis is a significant mechanism of the chemoresistance
of cancer cells (15,16). BH3 profiling is a functional assay
that can measure how primed a cell is to execute apoptosis
by detecting the release of pro-apoptotic factors. This
assay was proposed to solve the clinical issue of neoplastic
hematological disorders due to the high heterogeneity and
chemoresistance rate of the cells (17) and may be of assis-
tance in overcoming chemoresistance in ovarian cancer.
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In the following chapters, the central role of Bcl-2 family
members in the apoptotic pathway and the mechanisms through
which they regulate apoptosis in ovarian cancer in response
to antitumor agents, such as platinum, will be discussed. The
present review also discusses the clinical function of a novel
assay, BH3 profiling.

2. Central role of the Bcl-2 family in the apoptotic pathway

Apoptosis, also known as programmed cell death, is a
programmed biological activity with distinct genetic and
epigenetic pathways that involves a form or cellular suicide
without triggering inflammatory responses, which is the main
characteristic differentiating the process from necrosis (18,19).
From a molecular mechanistic aspect, apoptosis can be
activated by 3 main signaling pathways: The extrinsic
pathway, intrinsic apoptosis and endoplasmic reticulum
(ER) stress-induced apoptosis (20). Additionally, some other
apoptotic pathways have been found, such as the granzyme
B pathway (21). It seems that these pathways are irrelevant;
however, they can actually be linked through Bcl-2 family
proteins. Research on the mechanisms of apoptosis in cells
has shed light on the fact that the Bcl-2 family plays a central
role in the apoptotic pathway (22) (Fig. 1). The threshold of
cell fate is mediated by the balance between pro-survival and
pro-apoptotic Bcl-2 family members (23). This basic interac-
tion is conserved from sponges to humans (24,25). The specific
regulatory mechanisms of these apoptotic signaling pathways
differ from body to body. However, all of these mechanisms
eventually return to the loss of pro-survival activity and the
gain of pro-apoptotic activity, which is why the interactions of
this family are explored and their regulatory function network
is clarified (26).

To date, at least 16 members of this family that contain
Bcl-2 homology (BH) domains have been identified; these
proteins can be further sorted into 3 major groups (Table I).
The first group is the proteins that contain only one BH
domain, termed BH3-only proteins, such as BID and BIM,
which function as apoptotic promoters. BH3-only proteins
are activated earlier than any of other proteins involved
in this pathway; thus, they act as molecular sentinels. The
existence of the BH3 motif is a key feature of pro-apoptotic
proteins, and it is necessary for pro-apoptotic activity (27,28).
The second group is composed of the pro-apoptotic proteins
that contain 3 BH domains (BH1, BH2 and BH3), such as
BAX and BAK. The third group includes anti-apoptotic
proteins, such as Bcl-2, Bel-xL and Mcl-1, which contains 4
BH domains (BH1, BH2, BH3 and BH4). They can protect
cells from apoptosis by sequestering their pro-apoptotic
counterparts (19,29-32).

After a variety of stimuli reach cells to induce apoptosis,
the Bcl-2 family is eventually activated as multiple proteins
and pathways converge upon the Bcl-2 family (29). It has been
widely postulated that the majority of Bcl-2 family proteins
are located in the nuclear envelope, the ER and the outer
mitochondrial membrane (OMM). These characteristic loca-
tions are consistent with the function of Bcl-2 family proteins.
However, the role of the Bcl-2 family in OMM is the core
mechanism of intrinsic apoptosis (26). Exactly as is described,
mutant Bcl-2 family proteins that are disabled to anchor the
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membrane have been found to be less effective at preventing
apoptosis in some systems (31).

As molecular sentinels, BH3-only proteins, such as BID and
BIM are the first members to be activated. There is evidence
to suggest that BH3-only proteins can directly interact with
and activate BAX/BAK (33,34). There is an activation priority
existing between these proteins: BID first activates BAK,
while BIM first activates BAX (35). Activated pro-apoptotic
proteins translocate to the mitochondrion and disrupt the
integrity of the OMM in a process termed mitochondrial outer
membrane permeabilization (MOMP). The exact mechanism
of this process remains unclear (36). Certain studies have
suggested an interesting hypothesis in which activated BAX
undergoes oligomerization at the mitochondrial membrane,
forming rings, lines and incomplete rings or arc structures
of different shapes and sizes, resulting in the mitochondrial
inner membrane remodeling to facilitate the release of cyto-
chrome ¢ (37,38), and subsequently activating the caspase
cascade (26). Another possible mechanism is that Bcl-2 family
pro-apoptotic proteins can break the stable state of the Ca*
level within the ER and then increase the Ca** transfer to the
mitochondrion, which leads to mitochondrial swelling and
then to the perturbation or rupture of the OMM, resulting in
mitochondrial dysfunction and the release of pro-apoptotic
molecules into the cytosol (39).

A crucial component that cannot be ignored is the mito-
chondrion intermembrane space (IMS), where the majority
of pro-apoptotic factors are located (32). Once the OMM is
disrupted, pro-apoptotic proteins release from the IMS into
the cytoplasm in response to apoptotic signals, such as DNA
damage, oxidative stress, ER stress and other events (31).
As soon as these pro-apoptotic factors are released into the
cytosol, they can initiate different cascades, leading to apop-
tosis and eventually causing cell death. All of the functional
factors, such as cytochrome c, apoptosis protease activating
factor 1 (Apaf-1), dATP and procaspase-9, assemble together
and interact with each other, forming the apoptosome.
This structure favors procaspase-9 rapidly converting into
caspase-9, thereby eventually killing the cell (31).

3. Concise mechanisms of platinum-based chemotherapy

Platinum has been an indispensable antitumor agent for almost
40 years, since it was first approved in the USA by the Food
and Drug Administration (FDA) in 1978 for the treatment of
testicular, bladder and ovarian cancers (40). As platinum plays
an increasing role in the treatment of cancers, such as ovarian
cancer, the elucidation of the mechanisms through which
platinum and its analogues function in normal and cancer
cells has become imperative. However, the exact functional
mechanisms of chemotherapeutic drugs have not been fully
elucidated.

Briefly, there are 4 steps that platinum undergoes to
function as an antitumor agent. First, drugs need to enter
to cells through passive diffusion or active transport. In
this step, some transporters involved in the cellular uptake
of platinum and its derivatives have been identified, such
as copper transporter 1, which is considered as the major
influx transporter for platinum drugs (41). Pan et al found
that theaflavin-3,3'-digallate (TF3), a black tea polyphenol,
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Figure 1. Overview of the signaling pathway of apoptosis. The diagram illustrates the main proteins and 4 signaling pathways mediating cell apoptosis.
These are: i) The intrinsic pathway; ii) the granzyme B pathways; iii) the extrinsic pathway; and iv) the endoplasmic reticulum (ER) stress-induced apoptotic
pathway. The 4 pathways converge on the mitochondrion, and Bcl-2 family members play a central in regulating apoptosis among all the four pathways. ER,
endoplasmic reticulum; FADD, fas-associating protein with a novel death domain; PERK, protein kinase R-like ER kinase; XBP-1, X-box binding protein 1;
AIF, apoptosis-inducing factor; Smac/DIABLO, Second mitochondrial activator of caspases/direct IAP-binding protein with low PI; Cyto ¢, cytochrome c;
BID, BH3-interacting domain; BIM, Bcl-2-interacting protein; BAK, Bcl-2 antagonist killer 1; BAX, Bcl-2 associated X Protein; Bcl-2, B cell lymphoma
protein 2; Bcl-xL, Bcl-2-related protein long form of Bel-x; Mcl-1, myeloid cell leukaemia-1.

upregulated the expression of copper transporter 1 to enhance
the cytotoxicity of platinum in ovarian cancer (42). Once
entering the cell, platinum will undergo a substitution reaction
in which a water molecule replaces the chloride as a ligand,
which is conducive to platinum binding to DNA and causing
DNA damage by forming stable Pt-DNA crosslinks, which
will destabilize the structure and function of the DNA. Due
to the DNA repair system, however, cells can survive from
agent attack. Alternatively, cells that cannot repair the DNA
lesion will activate several signaling pathways, including the
p53-mediated signaling pathway (43,44), the Myc gene-medi-
ated signaling pathway (45,46) and the PI3K/Akt/mTOR
signaling pathway (47,48). The activation of these signaling
pathways will affect the levels of Bcl-2 family proteins and
ultimately lead to apoptosis, which functions as the terminal
event in chemotherapy (Fig. 2). Chemoresistance serves as a
crucial reason for a poor prognosis and a high mortality of
ovarian cancer. However, these factors mentioned above do
not completely describe the full biological repertoire of the
resistance mechanism to platinum in ovarian cancer.

4. Bcl-2 family members in ovarian cancer

As the induction of cell apoptosis is the terminal event in
platinum-based chemotherapy, resistance to apoptosis is one

of the crucial labels of resistance to chemotherapy (49). There
are a number of cancer cells that evade apoptosis. Preventing
cancer cells from evading apoptosis is a promising strategy
with which to reverse resistance to chemotherapy. The Bcl-2
family, as a central part of the apoptotic signaling network,
plays a vital role in the resistance of ovarian cancer to chemo-
therapy. The Bcl-2 family members were initially discovered to
be hallmarks of follicular lymphomas (50). There is a sophisti-
cated interaction network between Bcl-2 family members that
has yet to be completely known (51). However, in cancer cells,
the interaction among Bcl-2 family members may not be the
same as in normal cells and there is ample evidence to indicate
that a number of cancer cell lines present a disrupted Bcl-2
protein expression that is associated with cancer survival and
chemoresistance.

Bcl-2 pro-survival proteins. Ovarian cancer, similar to other
tumors, has been shown to overexpress Bcl-2 and its family
members (52-55). Of note, although Bcl-2 pro-survival
proteins can prolong the survival period of tumor cells in
hematological tumors, playing an important role in tumori-
genesis (54), the truth seems to be opposite in ovarian cancer
cell lines. Although the expression of Bcl-2 family proteins
in ovarian cancer cells and tissues has not yet been fully
elucidated, studies have confirmed that Bcl-2 family proteins
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Table I. Bcl-2 family members.
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Name BH domain Members Function
BH3-only proteins BH3 BID, BIM, NOXA, Initiators of apoptosis: Proteins that is first
PUMA, BIK, BAD, BF, HRK activated during the initiation of apoptosis.
Pro-apoptotic proteins BHI1,BH2,BH3 BAX,BAK,BOK Executors of apoptosis: Proteins that can
change the permeability of mitochondrial
membrane by aggregating into the outer
membrane of mitochondria to form oligomers.
Anti-apoptotic proteins BHI1,BH2, BH3, Bcl-2, Bcl-xL, Mcl-1, Bcl-w, Antagonists of apoptosis: Proteins that
BH4 A1/BFL-1 inhibit the aggregation of proapoptotic
proteins to prevent the initiation of apoptosis.
BH, Bcl-2 homology.
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Figure 2. The main pathway of platinum functioning as an antitumor agent. Apoptosis is a terminal event in chemotherapy in ovarian cancer. Platinum enters
cancer cells by passive diffusion or transport proteins and then undergoes reactions to form structures that facilitate its binding to DNA, forming DNA adducts,
which activate several pathways and eventually induce mitochondrion-mediated apoptosis.

play a key role in ovarian cancer chemotherapy (56,57). Bcl-2
pro-survival proteins are listed below:

i) Bcl-2 protein. Bcl-2 was the first discovered member of
the Bcl-2 family (30). The expression of Bcl-2 is intricate in
ovarian cancer cells and tissues. In a previous study, by detecting
Bcl-2 in a panel of 12 parent human ovarian carcinoma cell
lines, the expression level of Bcl-2 was found to be negatively
associated with cisplatin sensitivity. Bcl-2 protein expression
was relatively low in ovarian cancer resistant cell lines (such as
SKOV-3, 59M, OVCAR-3), but high in sensitive cell lines (such
as 41M and CH1). In addition, the expression pattern of Bcl-2
also differed in various cell lines. For example, in parent cells
and the cisplatin-resistant cell line, A2780, Bcl-2 was almost
undetectable (52). However, another study investigating the
expression of Bcl-2 protein in ovarian cancer tissues revealed
a different pattern in which Bcl-2 protein expression was
evidently increased in lymphatic metastasis and post-operative
recurrence tissue, and was associated with tumor stage (58).

Bcl-2 knockdown by siRNA in chemoresistant multicellular
spheroids of ovarian cancer has also revealed enhanced
apoptosis (59). For this abnormal expression phenomenon, it
is considered that apoptosis occurs due to the protein-protein
interaction between pro-apoptotic factors and pro-survival
factors. BAX, as a pro-apoptotic factor, can form heterodimers
with pro-survival factors, such as Bcl-2 or homodimers with
itself. The trend of apoptosis depends on the ratio of the two
dimers (53). Therefore, the occurrence of apoptosis is not a
single effect produced by one certain molecule, but a result of
the participation of all molecules.

ii) Mcl-1. Mcl-1 is, a pro-survival protein in the Bcl-2
family. It has long been found that its upregulated expression
is associated with a poor prognosis in ovarian cancer. Due to
its short half-life of ~30 min and an unstable nature, it can
respond to stress conditions of cells (60). The ubiquitination of
Mcl-1 is an important strategy with which to inactivate Mcl-1;
thus, several ubiquitinases have been found to play a role in
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the stability of Mcl-1. In ovarian cancer cells, ubiquitinating
enzymes (DUBs) can protect Mcl-1 from ubiquitination to
maintain the stability of Mcl-1, At the cell and tissue level of
ovarian cancer, the expression levels of Mcl-1 and DUBs have
been shown to be positively associated with chemoresistance,
indicating that this signal axis is attributed to chemoresis-
tance in ovarian cancer (61). Additionally, Uspl3, another
ubiquitination enzyme, can also be used to stabilize Mcl-1
through ubiquitination (62). Moreover, the use of the Mcl-1
antagonist, MIMI, can effectively increase the sensitivity of
ovarian cancer cells to paclitaxel (63). The increased stability
of Mcl-1 seems to be the main mechanism of chemoresistance
in ovarian cancer. Additionally, Mcl-1 has been found to be the
direct target of some novel drugs. For example, as calcium is
a universal second messenger and a significant component in
ER-induced apoptosis, when inhibiting the calcium signal in
ovarian cancer cells, it was found that the Mcl-1 was down-
regulated by calcium signal through a calmodulin-mediated
pathway (64). Moreover, the overexpression of Mcl-1 was
shown to reverse the apoptosis induced by ABT737, indicating
a crucial hurdle of Mcl-1 in chemosensitivity (64).

iii) Bcl-xL. Soon after the Bcl-2 gene was cloned, Bel-xL,
with a very similar structure to Bcl-2 was identified (30). In
early previous studies, Bcl-xL was found to mediate cisplatin
resistance in ovarian cancer cells (65). Later studies indicated
that Bcl-xL contributes to the chemotherapeutic resistance of
ovarian cancer stem cells to a greater extent than Bcl-2, as in
chemotherapy-resistant ovarian cancer cells that preferentially
express Bcl-xL, the 40% knockdown of Bcl-xL expression is
sufficient to fully activate caspases (49), indicating that the
acquired chemoresistance of ovarian cancer is related to the
abnormal increase of Bcl-xL expression.

Pro-apoptotic proteins. Pro-apoptotic proteins can be divided
into 2 subgroups: The executors of apoptosis and the initiators
of apoptosis, which are mainly responsible for activating the
executors. The coordinated expression of both endows ovarian
cancer cells with chemosensitivity. The pro-apoptotic proteins
are listed below:

i) BH3-only proteins. BH3-only proteins have been assumed
to be initiators of apoptosis; thus, they have to be sensitive to
diverse types of cell insults. The loss of BIK deceases the anti-
tumor effect of cisplatin by blocking the process of apoptosis
in ovarian cancer (66). PUMA, another BH3-only protein, is
considered to be a transcription target of p53 and an effective
apoptosis-inducing factor of a number of tumor cells in recent
years. It has been found that the high expression of PUMA
can effectively induce the apoptosis of ovarian cancer cells by
reducing the threshold set by pro-survival Bcl-xL and Mcl-1, and
then increase the chemosensitivity of resistant A2780 and SKOV3
cells to cisplatin, suggesting that PUMA is an important target
which may be used to overcome the chemoresistance of ovarian
cancer (67). BID is considered to be the most effective initiator
among BH3-only proteins. When constructed into tumor-specific
oncolytic adenoviruses, the overexpression of BID exhibited
great antitumor activation and enhanced the chemosensitivity to
cisplatin in 9 ovarian cancer cell lines, consistent with the effect
in a subcutaneous tumor xenograft model (68).

ii) BAX, BAK and BOK. BAX, as the main effector of
apoptosis, is also an important mediator of cell apoptosis.
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BAK exerts similar effects on the induction of apoptosis as
BAX, and BOK has been possibly less extensively studied
in ovarian cancer. BAX, BAK and BOK directly integrate
into the OMM using their insertion domains, affecting
membrane permeability, eventually causing the downstream
events of apoptosis (69). It has been demonstrated that
the phosphorylation of BAX will alter its pro-apoptosis
activity into pro-survival, leading to the drug resistance of
ovarian cancer cells, suggesting that the change in apoptotic
molecule activity is an important reason for the drug resis-
tance of tumor cells (70). Another study found that BAX
conducts the Hsp70-mediated apoptosis in ovarian cancer.
Hsp70 protein can protect cells from apoptosis and decrease
the activation of BAX, which can significantly attenuate the
apoptosis induced by cisplatin in both resistant and sensi-
tive cell lines. Using immunoprecipitation, it was found that
Hsp70 co-immunoprecipitated with BAX in the resistant
cell lines C13 and A2780cp, but not in sensitive cells (71).
According to a study on ovarian cancer cells, no significant
increase in the drug sensitivity of tumor cells was observed
in BAX-overexpressing cells (52). However, the upregulation
of BAX by BAX-expressing vectors in the ovarian cancer
cell lines, SKOV3ip and DOV13, induced significant cell
death (72). At the tissue level, upon analyzing the expres-
sion of BAX in 45 patients with epithelial ovarian cancer,
patients with high levels of BAX in tumor tissues achieved
complete sensitivity to chemotherapy, while patients with
low levels of BAX did not (73). Recently, strong evidence
has suggested that mitochondrial porin voltage-dependent
anion channel 2 (VDAC?2) is essential for BAX translocating
to mitochondria-specific membranes (74,75). BAK, another
pro-apoptotic factor, also revealed a significant interaction
with VDAC2. VDAC2 maintained BAK in an inactive
conformation by interacting with its hydrophobic tail, while
the absence of VDAC?2 did not result in BAK activation
though the threshold of apoptosis decreased (76). Some
studies have demonstrated that VDAC2 plays a complex
role in regulating the interaction of BAX and BAK with
the mitochondria, suggesting that VDAC2 may be a prom-
ising target for regulating the activation of pro-apoptotic
proteins (77,78).

5. Bcl-protein inhibitors and ovarian cancer

The exact mechanisms of platinum therapeutic resistance
remain unclear and the development of novel platinum
analogues is tedious; these pose two significant issues in the
clinical treatment of ovarian cancer. Platinum drugs acti-
vate a series of signaling pathways, such as p53, inducing
DNA damage (79). An important target of p53 is BH3-only
proteins, including Puma and Noxa (80). However, tumor
cells neutralize the pro-apoptotic effects of these drugs with
their high expression of Bcl-2 pro-survival proteins (81),
which functions as an inhibitor of pro-apoptotic proteins.
Edlich et al found that the pro-survival proteins, Bcl-xL,
Bcl-2 and Mcl-1, interacted with BAX to promote BAX
retrotranslocation from the mitochondria into the cyto-
plasm and then prevent apoptosis (82). Therefore, it is of
great clinical significance to study the drugs that directly
target Bcl-2 pro-survival protein. Over the past decades, the
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Table II. Promising drugs that have an impact on improving chemoresistance in ovarian cancers.

Whether tested Combination
Drugs Targeting molecules in ovarian cancer therapy Side-effects (Refs.)
ABT737  Bcl-2,Bcl-xL, Bcl-w  Yes (in vitro and ex vivo) ~ Carboplatin, Cisplatin, Failing to be orally  (89,91,92)
available
ABT263 Bcl-2, Bel-xL, Bel-w Yes (in vitro and in vivo) Carboplatin, paclitaxel, = Thrombocytopenia (94-96)
PARP inhibitor

AT101 Pan-proteins of Yes (in vitro) Cisplatin (100,101)

anti-apoptotic Bcl-2

family members
ABT199  Bcl-2 Yes (in vitro) Carboplatin (103,104)
S63845 Mcl-1 No (105,106)
TW-37 Pan-proteins of Yes (in vitro) Cisplatin (107)

anti-apoptotic Bcl-2
family members

identification of a variety of small molecular inhibitors of
Bcl-2 pro-survival proteins has promoted their development
and application in clinical practice (81). They have similar
structural and functional characteristics to BH3 only
proteins, thus, they are also termed ‘BH3 mimetics’ (83,84)
(Table IT).

ABT-737. ABT-737 was developed through nuclear magnetic
resonance (NMR)-based fragment screening and is the first clas-
sical BH3-mimetic that can target the 3 pro-survival proteins,
Bcl-xL, Bcl-2 and Bcel-w (85). In ovarian cancer, ABT-737
induces apoptosis more potently in cisplatin-resistant ovarian
cancer cells than in cisplatin-sensitive ovarian cancer cells and
exerts a synergistic effect on ovarian cancer cells, indicating
that ABT-737 may represent a promising therapeutic strategy
in treating patients with cisplatin-resistant ovarian cancer (86).
ABT-737 binds to Bcl-2 protein, resulting in the release of
BAX/BAK, which can promote tumor cell apoptosis (87).
The mechanisms through which ABT-737 induces apoptosis
have been further studied (88). ABT-737 increases the level of
DRP-1 in the mitochondria of ovarian cancer cells (88), and
subsequently induces mitochondrial fission, resulting in cyto-
chrome c release, while another mechanism is that it reverses
cisplatin resistance by inducing Ca?* transfer from the ER to
the mitochondrion and cytosol, resulting in the enhancement of
ER- and mitochondrion-induced apoptosis (89). Furthermore,
the combination therapy of cisplatin and ABT-737, can signifi-
cantly increase cell death in chemo-resistant ovarian cancer
cell lines (87). Most notably, previously, fresh specimens from
25 patients with advanced serous ovarian cancer (HGSOC)
were exposed to ABT-737 with or without carboplatin in vitro.
An antitumor effect of ABT-737 was observed, although it was
not enhanced by carboplatin, indicating that the mechanism
through which ABT-737 induces apoptosis in ovarian cancers
in vivo is not the same as that in vitro (90) and further investi-
gations are required.

ABT-263. Although ABT-737 exerts a significant promoting
effect on cisplatin-induced apoptosis, it is difficult to implement

inclinical applications as it is not orally available. Lately, a closely
related drug, ABT-263 (Navitoclax), was identified that has been
shown to enhance chemosensitivity in clinical testing (85,91,92)
and to reduce chemoresistance in ovarian cancer (93). In 3
HGSOC cell lines, OVCAR3, OVCARS8 and OV90, the effects
of ABT-263 combined with PARP inhibitors were evaluated by
detecting DNA damage accumulation, cell cycle progression,
apoptosis induction and Bcl-2 family protein expression levels
of tumor cells. ABT-263 alone can increase the expression of
BIM, and its combination with PARP inhibitors can induce the
apoptosis of tumor cells to a greater extent (94). Of note, when
combined with carboplatin and paclitaxel, ABT-263 exhibited
additive activity in inducing apoptosis in vitro, which provided a
rationale for the treatment of ovarian cancer with ABT-263 (91).
Recently, a study found that the combination of MEK inhibitor
and ABT-263 significantly inhibited tumor growth in vivo and
in vitro in ovarian cancer (95).

ATI01. As the toxicity of Navitoclax was observed with
the occurrence of dose-limiting thrombocytopenia (96) in
clinical trials, there are other BH3-only mimetics, such as
AT101, which is a natural product from cottonseed with a
BH3-mimetic structure (97). AT101 is clinically safe and has
entered phase II clinical trials. A previous study demonstrated
that although AT101 can activate BAX in the induction
of apoptosis, the knockdown of BAX did not completely
inhibit the activation of caspase-3, while the downregulation
of Smac greatly impacted the apoptosis induced by AT101,
indicating that Smac release is a determinant of events in
AT101-induced apoptosis, but not dependent on BAX activa-
tion (98) in ovarian cancer. In addition, in a study combining
AT101 with cisplatin in the treatment of ovarian cancer cells,
combination treatment evidently decreased the expression of
some pro-survival proteins, such as Bcl-2, and increased the
expression of pro-apoptotic proteins, indicating great potential
for overcoming chemoresistance (99).

ABT-199. The highly selective Bcl-2 inhibitor, ABT-199, which
was approved by the FDA for chronic lymphocytic leukemia
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(CLL) with 17p deletion, has been shown to inhibit the cancer
cell growth in several of cancer types (100), including ovarian
cancer cells (101). Although thrombocytopenia can be avoided
with the use of ABT-199, in a study characterizing the ability
of ABT199, ABT-737 and other roles in ovarian cancer,
ABT-737 successfully augmented carboplatin-induced tumor
cell apoptosis, while ABT-199 failed to do so (102). This
may be due to the phosphorylation of Bcl-2 protein induced
by chemotherapeutic drugs, which prevents the targeting of
phosphorylated Bcl-2 by ABT199 and the induction of the
apoptosis of the tumor cells (101). These findings remind us
that efforts to explore the functional mechanisms of drugs are
equally important as their discovery.

In addition, Mcl-1, functions not only as a pro-survival
protein, but also as the cause of embryonic lethality in Mcl-1
knockout mice. S63845 is a specific molecular inhibitor of
Mcl-1 and only affect the pro-survival function of Mcl-1 by
binding to the BH3 domain (103). It has been reported that
S63845 has a high safety dose for the treatment of cancers in
mice, and is more effective in killing multiple myeloma cell
lines than ABT-263 and ABT-199, while sparing the normal
tissues at efficacious doses (104). TW-37 is a small-molecule
inhibitor of Bcl-2 family proteins. Treatment of ovarian cancer
cells with TW-37 alone or combined with cisplatin has been
shown to result in the inhibition of growth and the induc-
tion ofapoptosis by downregulating the expression of Bcl-2,
suggesting that TW-37 may be an efficient agent for treating
ovarian cancer (105).

At present, molecular-targeted drugs that selectively target
Bcl-2 family proteins have been examined in clinical trials. As
early as April 2016, the selective Bcl-2 inhibitor, venetoclax
(AbbVie), was approved by the FDA to be used to treat CLL due
to its positive clinical results. In terms of the importance of the
Bcl-2 family in chemotherapy, targeted Bcl-2 family proteins
also provide hope for the treatment of ovarian cancer (106).

6. BH3 profiling and ovarian cancer

Recognizing how Bcl-2 family proteins function in the
apoptosis of cancer cells induced by chemotherapeutic drugs,
Letai's research team (please see below) investigated an
analytical technique based on Bcl-2 family proteins. Cancer
cells have different expression codes among Bcl-2 family
proteins. BH3-only proteins decide whether cancer cells are
primed for death. In other words, BH3-only proteins can be
effective predictive biomarkers, which is the rationale for BH3
profiling and dynamic BH3 profiling (DBP) (107,108).

BH3 profiling and Bcl-2 family members. Bcl-2 family proteins
are crucial regulators of apoptosis. Thus, a delicate balance
between members of the Bcl-2 family determines whether
the cancer cell will live or die under stress conditions (30).
Pro-apoptotic proteins bind with anti-apoptotic proteins to
form complexes and inhibit apoptosis. BH3-only protein is first
activated as a ‘guard’. Activated BH3-only protein can release
pro-apoptotic proteins by binding with anti-apoptotic proteins,
or directly activate (109), such as BAX and BAK, which aggre-
gate together and then induce apoptosis (51). The interaction
of Bcl-2 family proteins determines whether cells have the
potential to go through apoptosis, indicating that the apoptotic
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state of cancer cells depends on not just one molecule, but the
comprehensive effect of the interaction of many components.
Thus, BH3 profiling technology has become an important and
innovative method. Upon extracting mitochondria from cancer
cells of interest and then exposing them to a BH3 peptide that
promotes apoptosis, cytochrome c release can be measured
to determine MOMP. If the permeability of mitochondrial
membrane in vitro increases significantly, the mitochondria
are considered to be prone to apoptosis (33,107,110). The term
‘priming’ refers to the critical condition for mitochondria to
reach the apoptotic threshold. The BH3 profiling technique
can be used to detect the threshold for apoptosis in specific
cells (19). The level of the threshold determines how difficult it
would be for the cells to go through apoptosis.

Performing a BH3 profiling assay requires the extraction
of mitochondria from cells and purifying enough mitochon-
dria requires a relatively large number of cells as experimental
materials (107-10° cells), which, to a certain extent, decreases
the clinical operability and application. Therefore, Ryan and
Letai further improved the experimental technology, based
on the rationale of the BH3 profiling assay and proposed the
dynamic BH3 profiling assay (111). The main improvement is
that this method omits the procedure of extracting mitochon-
dria, replaced by treatment with a low concentration of digoxin
to not only improve the permeability of cytomembranes, but
also to maintain their integrity. BH3 mimetic peptide synthe-
sized in vitro can enter into cells and successfully interact with
mitochondria. JC-1, an ideal fluorescent probe, is widely used
to detect mitochondrial membrane potential (112). The degree
of mitochondrial apoptosis can be evaluated by detecting
the color changing of the fluorescent probe. The dynamic
BH3 profiling assay had the same effect compared to BH3
profiling through comparative analysis (113). For example,
Montero et al discovered that DBP successfully predicts
sensitivity to chemotherapy in non-small cell lung cancer and
breast cancer cell lines, and helps to select the optimal treat-
ment strategy for patients (108).

BH3 profiling for ovarian cancer therapy. BH3 profiling and
DBP assay provide novel insight into the individualized therapy
for ovarian cancer. Both functional assays can be used to detect
drug toxicity, predict the clinical response of ovarian cancer
patients to a certain treatment, and find the best combination
between drugs (108). If the response of patients to drugs can
be predicted and the most optimized treatment strategy can be
selected, this would greatly reduce treatment-related pain and
the economic burden to patients. Fortunately, the emergence
of the BH3 profiling assay may break this deadlock. It can be
used to detect the mitochondrion priming towards antitumor
drugs and predict the clinical responses to certain agents, only
requiring 4 h from the blood draw to the profiling results (114).

It has been suggested that a number of agents may have
some ability to reverse chemoresistance or induce apoptosis in
ovarian cancer; however, it becomes more challenging to iden-
tify the right agents for the right patient (115). BH3 profiling
and DBP assay provide practicable methods to measure how
primed a cell is when treated with an antitumor agent. BH3
profiling was proposed to detect the proper drugs for treating
patients with tumors, while DBP extends the clinical utiliza-
tion of the BH3 profiling (115). Patients with ovarian cancer
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exhibit different responses to different drugs. DBP can also
predict the chemosensitivity of ovarian cancer. For example,
when using DBP to detect the priming of single-cell suspen-
sions of samples from 16 primary ovarian adenocarcinomas
and the results are consistent with the carboplatin response
in ovarian cancer (116), indicating that DBP can be used in
predicting the susceptibility of ovarian cancer to antitumor
agents and select the most effective drugs.

Some researchers have found that the apoptotic priming of
cancer cells is positively associated with the clinical response
of patients to chemotherapeutic drugs. The stronger the
priming, the better the prognosis. Ni et al followed 14 patients
with ovarian cancer and tested their carbohydrate antigen 125
(CA125) levels to determine their response to chemotherapy
and found that individuals with high apoptotic priming of
mitochondria measured prior to chemotherapy had a better
final response to chemotherapy (116).

BH3 profiling can have great application prospects for
searching for novel biomarkers in future experimental research
on ovarian cancer. For example, by detecting the apoptotic
priming in cancer cells, the researchers found an association
between the level of the OMM scaffold protein Sab in cells
and the chemosensitivity of ovarian cancer cells, suggesting
that Sab may be a biomarker for predicting the prognosis of
ovarian cancer after chemotherapy (117). Thus, DBP or BH3
profiling can predict the chemosensitivity of patients with
ovarian cancer and have great potential in medical research
and individualized treatments.

7. Conclusion

In conclusion, the high rate of chemoresistance of ovarian
cancer renders this type of cancer the most lethal among the
cancers affecting women, and the dysregulation of apoptosis
is one of the important mechanisms. Bcl-2 family members
have a complicated interaction network and play a central role
in regulating apoptosis. Recent findings revealed novel inter-
action relationships among Bcl-2 family members. Further
research of the intricate molecular events regulating cell
apoptosis would be extremely beneficial for cancer therapy,
providing promising targets for overcoming the chemoresis-
tance. Although a number of targeted drugs have entered the
clinical trial stage, there are some prospective drugs that are
still at the cell level, and few animal models have been estab-
lished. BH3 profiling or DBP can test the the chemosensitivity
of cancer cells. In the future, the combination of BH3 profiling
or DBP and drugs targeting Bcl-2 family proteins may help to
promote individualized treatments for patients with ovarian
cancer.
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