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B-cell lymphoma 2 (BCL-2) family proteins primarily work as a programmed cell death
regulator, whereby multiple interactions between them determine cell survival. This
explains the two major classes of BCL-2 proteins which are anti-apoptotic and pro-
apoptotic proteins. The anti-apoptotic proteins are attractive targets for BCL-2 family
inhibitors, which result in the augmentation of the intrinsic apoptotic pathway. BCL-2 family
inhibitors have been studied extensively for novel targeted therapies in various cancer
types, fibrotic diseases, aging-related as well as autoimmune diseases. Navitoclax is one of
them and it has been discovered to have a high affinity toward BCL-2 anti-apoptotic
proteins, including BCL-2, BCL-W and B-cell ymphoma-extra-large. Navitoclax has been
demonstrated as a single agent or in combination with other drugs to successfully
ameliorate tumor progression and fibrosis development. To date, navitoclax has
entered phase | and phase Il clinical studies. Navitoclax alone potently treats small cell
lung cancer and acute lymphocytic leukemia, whilst in combination therapy for solid
tumors, it enhances the therapeutic effect of other chemotherapeutic agents. A low platelet
count has always associated with single navitoclax treatments, though this effect is
tolerable. Moreover, the efficacy of navitoclax is determined by the expression of
several BCL-2 family members. Here, we elucidate the complex mechanisms
of navitoclax as a pro-apoptotic agent, and review the early and current clinical studies
of navitoclax alone as well as with other drugs. Additionally, some suggestions on the
development of navitoclax clinical studies are presented in the future prospects section.

Keywords: anti-cancer agent, apoptosis, cancer, fibrosis, navitoclax (ABT-263), B-cell lymphoma

INTRODUCTION

Navitoclax is one of the B-cell lymphoma 2 (BCL-2) family protein inhibitors which has been
generated during the clinical development of ABT-737 (Tse et al., 2008). This orally bioavailable
drug, which was formerly known as ABT-263, has a similar structure to its predecessor, ABT-737.
Three main sites of ABT-737 have been identified to cause its large molecule (molecular weight >
800 g/mol) and contribute to its poor profile in terms of charge balance, affinity as well as metabolism
(Park et al., 2006; Tse et al., 2008). The results from ABT-737 preclinical studies have proven its poor
bioavailability and physicochemical properties which then caused the clinical studies to be impeded
(Tseetal., 2008). Modification of ABT-737 structure to ABT-263 aims to maximize the drug potency,
pharmacokinetics and pharmacodynamics (Bruncko et al., 2007), hence increasing its potential as an
anti-cancer drug. Additionally, early studies on navitoclax have shown promising results to suppress
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FIGURE 1 | BCL-2 family protein members. The BCL-2 family members are comprised of anti-apoptotic and pro-apoptotic proteins. Pro-apoptotic proteins are
further categorized into three groups according to their functions: (A) Pro-apoptotic effectors = executioner proteins (B) Proapoptotic activators = BH3-only activators
(C) Proapoptotic sensitizers = BH3-only sensitizers. BCL-2, B-cell lymphoma 2; BCL-X, B-cell lymphoma-extra-large; MCL-1, Myeloid cell leukemia; A1, BCL-2 related

protein A1. Adapted from Shamas-Din et al. (2013).
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FIGURE 2 | Summary of B-cell lymphoma 2 (BCL-2) family proteins mechanism of actions. Initiation of death signal is through the binding of BH3-only proapoptotic
proteins either into the hydrophobic groove of antiapoptotic BCL-2 family or executioner proteins, leading to executioner proteins activation and oligomerization. This
results in mitochondrial outer membrane permeabilization, cytochrome ¢ release and activation of caspase activity. Eventually, cell death is observed. However, cell
apoptosis is inhibited by anti-apoptotic proteins through the suppression of executioner proteins activities and blocking cytochrome ¢ released.

tumors in small cell lung cancers (SCLC) and acute lymphocytic
leukemia (ALL) (Tse et al., 2008). One study has demonstrated a
high affinity profile of navitoclax toward BCL-2 family proteins
(Chen et al., 2011). Navitoclax is a known BH3 mimetic drug and
potently binds to the BH3 domain of BCL-2 anti-apoptotic
members. Upon administration, navitoclax binds to the BH3
binding groove of BCL-2 proteins which are located in the

cytoplasm, causing the displacement of pro-apoptotic BH3-
only protein, BIM, from BCL-2 (Mérino et al.,, 2012). BIM is
then set free to trigger the release of small heme proteins, the
cytochrome ¢, from mitochondria causing cell apoptosis (Mérino
et al., 2012).

The BCL-2 family members are categorized into three groups
which represent their respective structure and function
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(Figure 1): i) Executioner proteins: stimulate apoptotic events
directly or indirectly through BH3 proteins signaling that are able
to detect cellular stress; ii) BH3-only proapoptotic proteins:
regulate apoptosis by recruiting the executioner proteins, BAX
or BAK, to oligomerize and trigger mitochondrial outer
membrane permeabilization (MOMP); iii) Anti-apoptotic
proteins: inhibit apoptosis by hindering BH3 and executioners
proteins activities (Visvader et al., 2009; Shamas-Din et al.,, 2013).
The activity of BCL-2 family members is a central regulator for
cell survival or cell death. A brief description of their mechanism
in modulating the intrinsic apoptotic pathway is illustrated in
Figure 2.

Generally, the BCL-2 family protein structure consists of
several BCL-2 homology (BH) domains which play a crucial
role in activating cell apoptosis (Ibrahim et al., 2016; Tan et al,,
2016). In fact, previous studies have shown that apoptotic event
rates, as well as their interactions with other proteins signaling
were affected by these domains alteration or deletion (Reed et al.,
1996; Kawatani and Imoto, 2003; Monaco et al., 2013). Besides,
the roles and interactions of BCL-2 family members to modulate
programmed cell death are diverse and complex (Petros et al.,
2004; Chen et al., 2005; Willis et al., 2005; Moldoveanu et al.,
2014). An early study has discovered that some BH3-only
proteins (i.e., BIM and PUMA) displayed random binding to
all the anti-apoptotic proteins with comparable potency whilst
others (e.g, BAD and NOXA) were observed to be selective
(Chen et al,, 2005). For example, BAD displayed high potency
toward BCL-2, B-cell lymphoma-extra-large (BCL-X) and BCL-
W but low potency to Al and no association with myeloid cell
leukemia (MCL-1). In contrast, NOXA only showed interaction
with MCL-1 and A1l (Chen et al., 2005). Concurrent selective
binding of Bad and NOXA to their respective antiapoptotic BCL-
2 proteins exhibited a potent stimulation of cell death (Chen et al.,
2005). This selectivity is influenced by the differences in the pro-
apoptotic activity of BH3-only members and certain selective
interaction combinations that lead to complementary apoptotic
function (Chen et al., 2005). Another study has reported that
different anti-apoptotic proteins regulate the activity of
executioner proteins in causing cell death. The study
demonstrated that BAK activation was negatively regulated by
the binding of MCL-1 and BCL-X only, whilst BAX activity was
influenced by most of the anti-apoptotic members (Willis et al.,
2005). Nevertheless, BAK inactivation could be reversed by the
concurrent interaction of BH3-only proteins with MCL-1 and
BCL-Xj, thus restoring BAK-mediated apoptosis activity (Willis
et al, 2005). This evidence has clearly illustrated the
multicomplex molecular interaction of BCL-2 family members
in modulating programmed cell death. In spite of that, the
determination of several BCL-2 family proteins’ selectivity and
specificity interactions could potentially contribute to the
development of BCL-2 inhibitors.

Over the decade, further investigations and clinical studies
involving navitoclax in cancer treatment have been carried out to
evaluate its efficacy and toxicology. In addition, many existing
investigations attempt to explore the apoptotic effect of
navitoclax on other diseases such as chronic lymphocytic
leukemia, epithelial cancer, breast cancer and fibrosis.

Navitoclax and Cancer

Nevertheless, a comprehensive review of navitoclax
pharmacological properties has yet to be presented. This
review aims to clearly elucidate and compile the potential
therapeutic use of navitoclax on various cancer types, tumor
progression, and fibrosis. The discussion will center on the
mechanisms and available clinical reports of navitoclax in
treating those diseases in order to evaluate its pharmacological
profile as well as tolerability in patients. Furthermore, the
combination therapy of navitoclax with other drugs will also
be reviewed. Lastly, suggestions on how to improve navitoclax
clinical studies and other potential targets for navitoclax
treatment will be included in the future prospects section.

ROLE OF NAVITOCLAX ON CANCER AND
TUMOR PROGRESSION

Uncontrolled cell growth and its spreading are the prime factors
of cancer pathophysiology. Modulation of the intrinsic apoptotic
pathway by BCL-2 family proteins highly influences the survival
of cancer cells. Previous studies have demonstrated an abundant
expression of anti-apoptotic proteins, commonly BCL-2, BCL-X,
and BCL-W in multiple myeloma cell lines (Gazitt et al., 1998)
and non-SCLC tissues (Liu et al., 2017) which are associated with
tumor advancement, sustenance (Liu et al, 2017) and
chemoresistance (Gazitt et al., 1998; Shangary et al, 2004;
Paulus et al, 2014). Avoidance of apoptosis through the
promotion of pro-survival BCL-2 family proteins is effective to
support the pathogenesis of cancer. Meanwhile, a stimulation of
intrinsic apoptosis after DNA damage would enhance the
potency of chemotherapeutic agents (Gandhi et al., 2011). One
of the strategies for cancer treatment development is via
promoting the intrinsic programmed cell death. Blocking the
interaction of anti-apoptotic proteins with executioner proteins
on mitochondrial membranes has been the basis for that
approach. Therefore, the pro-survival proteins of BCL-2
families are the potential targets for this therapeutic
intervention. Several BCL-2 family inhibitors have been
explored as anti-cancer drugs and one of them is navitoclax. A
study has reported the mechanism of navitoclax to induce cancer
cell apoptosis by disrupting the interaction of anti-apoptotic
proteins with BH3 domain binding proteins as shown in
Figure 3. As a consequence, the free BH3-only activators
initiate BAX translocation resulting in mitochondrial MOMP
(Han et al.,, 2019). MOMP leads to the cytochrome c secretion
from the mitochondrial intermembrane space into the cytoplasm
(Bender and Martinou, 2013) and further stimulate downstream
signaling of intrinsic apoptosis through caspase proteins’
interaction. Ergo, cancer cells further proliferation are
abolished, and in some cases, this may promote the
chemotherapeutic regimens. Nevertheless, the mechanism of
navitoclax in mediating anti-tumor activity of various cancer
types by recruiting BCL-2 family proteins is complex and yet to be
well elucidated. The following are the studies of navitoclax
therapy on various cancer types, mostly aimed to explore its
mechanism, efficacy, side effects, pharmacodynamics as well as
pharmacokinetic profiles.
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FIGURE 3 | Apoptotic mechanism of navitoclax on tumor cells. Left: Classical apoptotic pathway of B-cell lymphoma 2 (BCL-2) family proteins. Right: Potentiation
of apoptotic activity in the presence of navitoclax. Navitoclax affinity on antiapoptotic BCL-2 proteins are varied. MOMP, mitochondrial outer membrane permeabilization.
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Navitoclax Clinical Studies on Various

Cancer Types

Preclinical Studies
In vitro and in vivo studies conducted by Tse et al. (2008) were the

first to show the inhibitory effect of navitoclax on anti-apoptotic
proteins of the BCL-2 family for various tumor therapies
including SCLC. Navitoclax was found to have a high affinity
toward BCL-2 and BCL-XL proteins, but not to MCL-1 protein
(Tse et al,, 2008). The in vitro study has further confirmed the
navitoclax interaction with BCL-2 protein, as this drug weakly
induced apoptosis of BCL-2-deficient cells (Tse et al., 2008).
Furthermore, their study demonstrated the downstream
signaling of navitoclax through BAX activation and the release
of cytochrome c (Tse et al, 2008). In vivo study on SCLC
xenograft models found that daily oral dosing of navitoclax
effectively attenuates tumor progression (Tse et al, 2008).
Dosages of 25-50 mg/kg have induced tumor suppression in
almost half of the models studied and even with a low dosage,
a moderate tumor inhibition was observed. Their steady-state
pharmacokinetics study demonstrated that approximately
5.4-7.7 ymol/L of navitoclax peak plasma concentrations are
of high potency (Tse et al., 2008). Other than that, a further
study conducted by Shoemaker et al. (2008) aimed to elucidate
the efficacy of navitoclax in several SCLC cell lines (in vitro) and
xenograft models (in vivo). Navitoclax efficacy on different
SCLC xenograft models was varied, yet the treatment showed
the induction of BAX translocation, cytochrome c release and

caspase-3 stimulation were dose-dependent through the cellular
level. Nonetheless, the results displayed a good correlation
between in vitro cellular potency and in vivo tumor efficacy
where the cell lines with the higher potency (EC50 <
200 nmol/L) exhibited 100% objective response rate [ORR:
the proportion of patients with tumor size reduction of a
predefined amount and for a minimum time period (Kogan
and Haren, 2008)] in vivo (Shoemaker et al., 2008). Dose
regimen tests have demonstrated the high efficacy of
navitoclax through continuous dosing (whether once or twice
daily) compared to intermittent dosing (every 3 or 7 days).
These findings indicate that acute administration of
navitoclax is sufficient to significantly kill cancer cells.
However, chronic treatment contributes to a stronger effect
on tumor regression as well as delaying tumor growth
(Shoemaker et al., 2008)

Navitoclax treatment also has been investigated for several
lymphoid malignancies such as ALL, B-cell lymphoma and
multiple myeloma. Even though these cancer types are quite
similar in some ways as they are originated in the bone marrow,
navitoclax exhibits different efficacy toward them. An in vivo
study on an ALL xenograft model had demonstrated a potent
anti-cancer effect of navitoclax (Tse et al., 2008). This result was
supported by a pediatric preclinical testing program study, where
a total of 23 panels of cell lines were treated with navitoclax at
concentrations ranging from 1.0 nM to 10.0 uM, and the
outcomes showed the greatest treatment sensitivity toward
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ALL cell lines (Lock et al., 2008). Similarly, in vivo results against
ALL xenograft models also have displayed a significant
therapeutic effect, but it was less sensitive against pediatric
solid tumors despite the dosing and administration timing
were according to the SCLC research procedure (Lock et al,
2008). Moreover, it is fascinating to observe that navitoclax has
significantly potentiated the efficacy of some chemotherapeutic
regimens (i.e, rituximab, doxorubicin, cyclophosphamide,
vincristine, bortezomib and prednisone) in the xenograft
models of other lymphoid malignancies including B-cell
lymphoma and multiple myeloma (Tse et al, 2008).
Nonetheless, single navitoclax treatments fairly inhibit the
growth of these tumor types (Tse et al., 2008). Following this
finding, Ackler et al. (2010) have conducted an investigation to
assess  potential augmentation of several common
chemotherapeutic agents in blood cancer models by
navitoclax. Both of these in vitro and in vivo studies
demonstrated the ability of navitoclax to enhance other
chemotherapeutic agents’ effects, significantly improve the
ORR, massively attenuate tumor development and effectively
delay the tumor growth (Tse et al., 2008; Ackler et al.,, 2010).
Ackder et al. (2010) proposed that the upregulation of BCL-2 and
BCL-XL in targeted tumor lines has developed resistance toward
the common cytotoxicity agents in which the sensitivity could be
restored in the presence of navitoclax.

A preclinical study by Shi et al. (2011) on a panel of epithelial
cancer lines also demonstrated that MCL-1 and BCL-XL play a
crucial role as apoptotic mediators during a prolonged mitotic
arrest. BCL-2 family members’ expressions are varied throughout
the mitosis cycle. During interphase, the MCL-1 level is elevated,
hence explaining the low responsiveness of epithelial cancer lines
toward navitoclax treatment (Shi et al., 2011). While during
mitotic arrest (developed by antimitotic drug), MCL-1
expression is low due to an imbalance between synthesis and
proteolysis, thus allowing navitoclax to effectively accelerate
apoptotic activity through inhibition of the BCL-XL signaling
pathway (Shi et al., 2011). They also found that BIM upregulation
is unnecessary to promote apoptosis during mitotic arrest, though
other pro-apoptotic proteins expression should be determined in
the future (Shi et al., 2011). Therefore, Shi et al. (2011) results
have shed new light on epithelial cell-variation, whereby in cells
with low BCL-XL levels (i.e., HeLa), downregulation of MCL-1
alone was sufficient to trigger BAX/BAK translocation and cause
cell apoptosis. Whereas, in cells with substantial levels of BCL-XL
(ie., U20S, OVCAR-5, A549), loss of MCL-1 alone was
insufficient, but a combination with BCL-XL inhibitors such as
navitoclax would cause BAX/BAK translocation that led to cell
apoptosis (Shi et al., 2011). These data are the first to illustrate the
point at which cell death is potentiated by navitoclax in the cell
cycle phase and is governed by BCL-2 family members’
expressions.

Recent studies have reported the potency of navitoclax on
breast cancer cells. However, the clinical trials were limited due to
the occurrence of resistance toward monotherapy in breast cancer
cells. Additionally, monotherapy with BCL-2 family did not
induce tumor death in some breast cancer cell lines (Chen
et al., 2011; Oakes et al., 2012; Vaillant et al., 2013). Jha et al.

Navitoclax and Cancer

(2012) have reported that survivin is overexpressed in the
majority of breast cancer cases, and its expression is associated
with chemotherapeutic resistance. Thus, survivin-targeted
therapy may be a good treatment approach for breast cancer
patients (Lee et al., 2018). Primary functions of survivin include
inhibiting cell apoptosis and regulating mitosis which is
associated with the initiation of cancer formation (Lv et al,
2010). Lee et al. (2018) have conducted a study on two
different types of breast cancer cell lines which are MDA-MB-
231 and MCEF-7. They reported different potencies of single
navitoclax treatments on these cells. Navitoclax treatment
alone had downregulated survivin expression and induced cell
death in MDA-MB-231 cells, in contrast to MCF-7 cells that did
not exhibit survivin reduction and causing cell resistance toward
navitoclax (Lee et al., 2018). However, a combination therapy of
navitoclax with a survivin inhibitor which is everolimus, was
effective in stimulating an intrinsic apoptotic pathway in MCF-7
cells (Lee et al., 2018). Further in vivo studies of this novel
polytherapy should be carried out in order to pursue clinical
trials. Other than that, further preclinical studies using navitoclax
with survivin inhibitors against various breast cancer cell lines
could broaden the clinical data of navitoclax on breast
malignancies (Lee et al., 2018).

Apart from that, Yang et al. (2019) have revealed the apoptotic
activity of navitoclax as well as potential new molecular targets in
human oral cancer-derived cell lines and mouse xenograft
models. Their in vitro study has shown that navitoclax
reduced the viability and stimulated cell death of HSC-3 and
HSC-4 oral cancer cell lines (Yang et al, 2019). C/EBP
homologous protein (CHOP) expressions were discovered to
elevate in response to navitoclax treatment in a concentration-
and time-dependent manner, thus indicating CHOP association
with apoptotic activity of navitoclax in human oral cancer cells
(Yang et al., 2019). CHOP is known as a critical element of the
endoplasmic reticulum (ER) stress response and its expression is
considered as an ER stress marker protein (Yang et al., 2017; Yang
et al,, 2019). Earlier studies demonstrated that several BCL-2
inhibitors may stimulate ER stress conditions, including
accumulation and aggregation of unfolded and misfolded
proteins to manifest their anti-tumor activities (Soderquist R.
et al., 2014; Soderquist R. S. et al., 2014). Therefore, these studies
support the findings of Yang et al. (2019) in suggesting that
navitoclax works as an ER stress activator in mediating the
apoptotic mechanism of oral cancer cells. In addition, an in
vivo study using 100 mg/kg/day navitoclax treatment against oral
cancer xenograft mice for 21 days found it exhibited a significant
anti-tumor effect without apparent hepatic and renal toxicities
(Yang et al, 2019). From these data, they postulated that
navitoclax may be an attractive therapeutic drug candidate for
human oral cancer therapy with CHOP as its alternative target in
regulating the apoptotic activity and the side effects are also
minimal. Hence, this study provides new insight into the
navitoclax mechanism in regulating cell apoptosis through
other families of apoptotic protein not only through BCL-2
family members. The findings from previous preclinical
studies involving navitoclax in various cancer models are
summarized in Table 1.
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TABLE 1 | Summary of navitoclax preclinical studies on various cancer types.

disease

Small cell lung cancer
Lymphoid malignancies

Hematologic tumors

Small cell lung cancer

Solid tumors and
hematologic malignancies

Epithelial cancer

Breast cancer

Oral cancer

Model

In vitro: Human tumor cell lines

In vivo: C.B. -17 scid-bg and C.B.-

17 scid mice
Beagle dogs

B-cell ymphoma and multiple

myeloma cell lines and mice models

In vitro: SCLC cell lines

In vivo: SCLC mice models
In vitro: Solid tumors and

hematologic tumors cell lines
In vivo: Mice models

Epithelial cancer cell lines

MDA-MB-231 and MCF-7
breast cancer cell lines

In vitro: Human oral cancer-derived
cell lines; HSC-3, HSC-4, Ca9.22,

HN22, MC-8, YD-15.

In vivo: Four-week-old female nude

mice tumor xenograft models

Dosage

In vitro: 0 — 1,000 nmol/L  In vitro: SCLC cell lines —
n=22
Lymphoid malignancies cell
lines - n =23

In vivo: Mice — 100 mg/kg  In vivo: Mice — n = 8-10

Dogs — 2 mg/kg/d (day 1 Dogs — n =3

— day 6), then increased to

6 mg/kg/d (day 7 —day 12)

In vitro: 0.1-100 nM ND
In vivo: 100 mg/kg/day

In vitro: Various ECso
values of navitoclax have
been determined for each
SCLC cell lines tested,
i.e., 110 nmol/L and

22 ymol/L against the
most and the least
sensitive cell lines
respectively

In vivo: 100 mg/kg/day In vivo: 11 mice models

and 50 mg/kg/day

In vitro: 0.001-10.0 uM In vitro: 23 cell lines

In — vivo: 100 mg/kg/day  In vivo: 44 xenograft mice
models

1M ND

1 uM, 2 uM, 5 M ND

In vitro: O uM, 2 uM,
4 uM, 6 upM

In vivo: 100 mg/kg/day

ND: not determined; BCL-X,, B-cell lymphoma-extra-large; SCLC, Small cell lung cancer.

Sample number

In vitro: 30 cell lines

Side effect

Rapid but reversible
thrombocytopenia

Drug resistance

Transient thrombocytopenia
and lymphopenia

Thrombocytopenia

None

None

None

Mechanism of References

action

Navitoclax functionally inhibits BCL-X,  Tse et al. (2008)
activity which then triggers BAX

translocation and release of

cytochrome, eventually causing cell

apoptosis

Navitoclax neutralizes BCL-2 activity, ~ Ackler et al. (2010)
causing an increase of BAX

oligomerization and subsequently

enhances cell killing

Navitoclax inhibits BIM and Shoemaker et al.
antiapoptotic proteins interactions, (2008)

which then stimulates the intrinsic

apoptotic pathway. Moreover,

navitoclax triggers cell apoptosis in

cytokine-deprived cells through BCL-

X_- and BCL-2-dependent signaling.

Navitoclax is positively correlated with  Lock et al. (2008)
BCL-2, BCL-W, BCL-X__and with BH3-

only proteins; BIM, whilst exhibiting

negative correlation with MCL-1

expression

Navitoclax promotes cell kiling during  Shi et al. (2011)
mitotic arrest is BCL-X -dependent

and is contributed by low MCL-1

expression. Plus, BH3-only proteins’

actions for cell apoptosis during mitotic

arrest are dispensable

The single navitoclax treatment has Lee et al. (2018)
induced apoptosis of MDA-MB-231
cell line, but not MCF-7 cell line.
Stimulation of the apoptotic signaling
are through survivin inhibition and
caspase-activation-dependent
Navitoclax acts as an endoplasmic
reticulum stress inducer by
upregulating C/EBP homologous
protein (CHOP) expression to mediate
apoptosis in human oral cancer cells

Yang et al. (2019)
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Phase | Clinical Trials
A phase I clinical study has been carried out for a year on forty-
seven patients with SCLC or pulmonary carcinoids by Gandhi
etal. (2011). Intermittent and continuous navitoclax treatments
were applied in this study to examine the safety doses and
pharmacokinetics of this drug in humans. Several biomarkers
have been identified such as pro-gastrin releasing peptide (pro-
GRP) and an antibody marker for the cleaved product of
caspase-mediated apoptosis (i.e., M30) to reflect the effect of
navitoclax on BCL-2 protein expression and cell apoptosis
respectively (Gandhi et al., 2011). The pro-GRP was known
as a surrogate marker of BCL-2 amplification and its changes
correlated with changes in tumor volume (Tahir et al., 2010;
Gandhi et al,, 2011). The study found that the severity of the
major adverse events, including diarrhea, vomiting, fatigue and
nausea were in grade 1 and 2, which were tolerable (Gandhi
et al,, 2011). Conversely, the blood platelet count was affected
through different dosing regimens, whereby it lessened as the
BCL-X; mechanism was inhibited in response to elevation of the
navitoclax concentration (Gandhi et al., 2011). Meanwhile, the
best anti-tumor activity was observed in patients that were
treated with the highest navitoclax dose (ie., 130 mg).
Furthermore, there was a correlation between pro-GRP levels
with the best percentage tumor change and M30 levels also
displayed a direct correlation with navitoclax doses. Hence, this
study has established pro-GRP as a relevant biomarker to
determine the BCL-2 level in response to its potential inhibitors.
Wilson et al. (2010) have conducted a phase 1 dose-escalation
investigation on adult patients with various relapsed or refractory
lymphoid tumors which were chronic lymphoid leukemia (CLL),
diffuse large B-cell lymphoma (DLBCL), mantle-cell lymphoma
(MCL), follicular lymphoma (FL), small lymphocytic lymphoma
(SLL), classic Hodgkin’s lymphoma, NK/T-cell lymphoma and
marginal-zone lymphoma. Intermittent and continuous dose-
escalation regimens for 21 days had been carried out in this study
and the patients were enrolled in different regimen groups
through a modified Fibonacci 3 + 3 design (Wilson et al,
2010). Common toxic effects were observed throughout the
treatment including gastrointestinal disorders, infection,
fatigue thrombocytopenia, lymphocytopenia, and an increase
in aminotransferases. The incidence of thrombocytopenia in
patients receiving the intermittent dosing schedule was more
severe than in the continuous regimens, whereby platelet counts
dropped drastically with the first dose of each cycle, then followed
by a slight rebound (Wilson et al, 2010). Nevertheless, the
severity of thrombocytopenia was ameliorated by applying a
continuous dosing schedule at day-8 of the treatment. They
reported a novel pharmacodynamic effect of navitoclax on
peripheral thrombocytopenia and T-cell lymphopenia in
treating lymphoid tumors owing to high affinity inhibitions of
BCL-2 and BCL-X| proteins (Wilson et al., 2010). These results
were in accordance with previous preclinical studies of navitoclax
on SCLC and ALL xenograft models (Tse et al, 2008).
Furthermore, they discovered that the hematological toxic
effects were critical in patients with a limited bone marrow
reserve (Wilson et al., 2010). Hence, Wilson et al. (2010)
suggested starting the treatment with 150 mg of navitoclax for
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day 1-7, followed by a 325 mg dose administered on a continuous
21/21 dosing schedule for phase II studies (Wilson et al., 2010).

Roberts et al. (2012) have also carried out phase 1 clinical study
of navitoclax, this time on 29 patients with relapsed or refractory
CLL. A dose escalation regimen of navitoclax was implemented,
where 15 patients received navitoclax for 14 days (10, 110, 200,
250 mg/d), whilst another 14 patients received navitoclax for
21 days (125, 200, 250, 200 mg/d) of each 21-days cycle (Roberts
et al, 2012). However, the dose escalation was decided by
continual reassessment methodology, in which this method
can effectively estimate the maximum-tolerated dose (Roberts
et al, 2012). Their study demonstrated that Navitoclax has
significant single-agent activity against circulating, nodal, and
splenic disease in patients with CLL. The anti-leukemic activity
was seen within days, particularly in circulating lymphocyte
counts, with maximum clinical responses typically observed
within the first 4 months (Roberts et al, 2012).
Thrombocytopenia due to BCL-X; inhibition was observed in
accordance with the results from preclinical studies of navitoclax
with lymphocytic tumors. Hence, Roberts et al. (2012) suggested
250 mg/day of navitoclax in a continuous dosing regimen is
effective for phase II studies.

Phase Il Clinical Trials

A phase Ila clinical study of navitoclax has been conducted by
Rudin et al. (2012) in patients with recurrent and progressive
SCLC as the therapeutic choices for this occurrence is limited.
They carried out a phase I study prior to the phase Ila to
determine the optimum and safer navitoclax dose on patients
with various solid tumors so that the risk of severe
thrombocytopenia can be evaded. As a result, 325 mg daily
dose was accepted to be used in phase II and it showed that
the severity of thrombocytopenia can be managed (Rudin et al.,
2012). Other than that, the effectiveness of cytotoxic drugs to kill
the cancer cells in SCLC and other solid tumors could also be
promoted in the presence of navitoclax (Rudin et al, 2012).
Development of major adverse events in the Rudin et al. (2012)
study corresponded to the Gandhi et al. (2011) report, which has
been mentioned earlier. However, Rudin et al. (2012) observed
around 40% occurrence of low blood platelet count in grade III-
IV as the effect of navitoclax. Both studies suggested that
combination therapy of navitoclax should be carried out to
alleviate the adverse effects.

Navitoclax Toxicity
Potential side effects have been discovered from the earlier study

by Tse et al. (2008), where they reported a reversible
thrombocytopenia with daily and escalation dose regimens on
an animal model (i.e., dog). Even escalation dose regimen caused
about 50% platelet drops initially, but a similar steady-state effect
is induced through a continuous dosing at a constant high dosage
(Tse et al, 2008). Similarly, transient thrombocytopenia and
lymphopenia were observed as well by Shoemaker et al. (2008)
and Lock et al. (2008) through their in vivo studies on SCLC and
ALL xenograft models respectively. They have characterized this
incident by rapid clearance of circulating platelets that are
undergoing apoptosis in response to navitoclax treatment
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(Lock et al., 2008; Shoemaker et al., 2008; Tse et al., 2008).
However, it is vital to note that the thrombocytopenia
occurrence is reversible, well-tolerated and is mechanism-
based. This outcome was supported by the evidence from its
predecessor (i.e., ABT-737) data that showed an inactive ABT-
737 enantiomer did not reduce the circulating platelet counts
(Zhang et al.,, 2007). Fortunately, the absence of bone marrow
toxicity was perceived in both ABT-737 and ABT-263 studies
(Zhang et al., 2007; Tse et al., 2008). These results may lead to a
potential clinical study of ABT-263 as a single agent or in a
combination regime for SCLC and hematological malignancies
treatment with tolerable side effects that could justify the
existence of a therapeutic window with navitoclax treatment.

A very recent preclinical study has reported the establishment
of navitoclax into a prodrug, namely a galacto-conjugation of
navitoclax (Nav-Gal), which aims to minimize the platelet
toxicity effect and increase the selectivity toward tumors-
accumulating senescent cells (Gonzalez-Gualda et al., 2020).
The modification of navitoclax with acetylated galactose
exhibited selective apoptotic activity on senescent cells due to
the elevation of lysosomal and galactosidase activity, which causes
an active navitoclax to be released at the action site (Gonzalez-
Gualda et al,, 2020). However, this prodrug remained inactive in
non-senescent cells, thus hindering the apoptotic mechanism of
navitoclax. In vitro and in vivo studies of Nav-Gal on non-SCLC
(NSCLC) cell lines and xenograft models have revealed a high
potency of this prodrug to mitigate tumor progression (Gonzélez-
Gualda et al., 2020). Besides, this novel prodrug did not trigger
platelet apoptosis in mouse and human blood ex vivo (Gonzélez-
Gualda et al., 2020). This reflects the capability of Nav-Gal to have
an effective anti-tumor effect with the absence of
thrombocytopenia which has been the highlight of their study.
Further clinical studies of Nav-Gal on other cell lines and
different xenograft models should be carried out to validate
more the potential of this prodrug as an anti-cancer agent.
Furthermore, it is worthwhile to conduct a clinical trial of
Nav-Gal on NSCLC patients. This novel prodrug has given a
promising outcome for navitoclax to exhibit its pro-apoptotic role
with a high therapeutic index.

The Association of B-Cell Lymphoma 2
Family Protein Expressions With Navitoclax
Sensitivity

Most of the early studies on lung and lymphoid cancers that
reported the effectiveness of navitoclax against BCL-2 family
protein to induce cell death in SCLC and ALL xenograft models
were associated with BCL-2 anti-apoptotic proteins’ expressions,
including BCL-2, BCL-XL, BCL-W and MCL-1 (Lock et al., 2008;
Shoemaker et al., 2008; Tse et al., 2008). Tumor cells with a high
expression of MCL-1 create resistance toward navitoclax
treatment. The low binding affinity of navitoclax toward
MCL-1 (Tse et al, 2008) may contribute to this resistance as
navitoclax would fail to block the interaction of MCL-1 with the
executioner proteins, thus hindering cell death. Tse et al. (2008)
have demonstrated that navitoclax potency was restored when
MCL-1 expressions in several resistant cells were suppressed.

Navitoclax and Cancer

They reported the sensitivity of SCLC and ALL xenograft models
toward navitoclax treatment was positively correlated with BCL-
2, BCL-XL, BCL-W and pro-apoptotic protein (i.e, BIM)
expressions, while exhibiting a negative correlation with MCL-
1 expression (Lock et al., 2008; Tse et al., 2008). In addition, Lock
et al. (2008) have reported that the limited navitoclax activity on
pediatric solid tumors was associated with a high level of MCL-1
expressions and one of the ALL xenograft models was not
responsive to navitoclax due to lower expression of pro-
apoptotic activators. These findings indicate a complex
modulation of navitoclax efficacy by BCL-2 family protein
expressions.

Various cancer types may exhibit different expression levels of
this protein family which contribute to the varying potency of
navitoclax. Many studies have demonstrated that the expression
of BCL-2 family proteins is correlated with the navitoclax
sensitivity at the cellular level for SCLC and ALL particularly.
It is interesting to study the effect of a single navitoclax treatment
on different cancer types with high BCL-2, BCL-XL or BCL-W
expressions, and to include navitoclax in a combination
treatment with other chemotherapeutic agents that have
moderate anti-tumor action as well as tumor regression.
Moreover, future studies can be done to determine whether
the other types of lung cancers, lymphoid malignancies or
other cancer types that are recently discovered to benefit from
navitoclax treatment will display a similar or a new biomarker for
navitoclax sensitivity. The results may allow us to evaluate the
novel potential biomarkers for navitoclax.

ROLE OF NAVITOCLAX IN FIBROSIS/
FIBROTIC DISEASES

In wound healing condition, failure of myofibroblast to undergo
apoptosis or convert back to the inactivated form of fibroblast
would lead to excessive production of extracellular matrix (Latif
et al,, 2019), which contribute to the progression of fibrotic
diseases (Ho et al., 2014). Uncontrolled activation of stiffness-
induced myofibroblast results in pathological fibrosis (Kuehl and
Lagares, 2018). Navitoclax has the ability to cause apoptosis of
myofibroblast via a mitochondrial apoptosis mechanism. The
apoptosis of myofibroblast may prevent and reverse the
progression of fibrotic diseases such as in scleroderma, which
is also known as systemic sclerosis (Wan Ali et al., 2015). Daily
intake of navitoclax was shown to reverse dermal fibrosis via
apoptosis of myofibroblast (Lagares et al, 2017). A
summarization of navitoclax preclinical studies on different
fibrotic diseases is displayed in Table 2.

When a fibroblast is differentiated into a myofibroblast, the
mitochondria are targeted by pro-apoptotic protein with the BH3
domain such as BIM (Lagares et al., 2017). In order to counteract
the pro-apoptotic protein and to prevent the occurrence of
apoptosis, the myofibroblasts express anti-apoptotic proteins
such as BCL-X;. Navitoclax is a very potent BH3 mimetic
drug that could inhibit BCL-X; in myofibroblasts and
eventually lead to the apoptosis of myofibroblasts (Lagares
et al,, 2017). Navitoclax acts on BCL-X;, sequestering BCL-X,
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fibroblasts treated with 1 uM navitoclax

for 24 h
Mouse model with either 13 weeks of age 50 mg/kg per day for 2 cycles (7 days per 4 — 15 per

Induce apoptosis in aging cardiac cells and Walaszczyk et al.
inhibits the expression of pro-fibrotic TGFB2  (2019)

protein

None

Cardiac fibrosis

cycle), with 1 week gap between cycles group

or 100 weeks of age

BCL-X,, B-cell lymphoma-extra-large.

Navitoclax and Cancer

from binding with BIM. This enables BIM to continue
functioning and causes apoptosis in rigid myofibroblasts. The
inhibition of BCL-X; by navitoclax has been shown to treat
fibrosis in a mouse model of scleroderma dermal fibrosis via
myofibroblast apoptosis. The main target of navitoclax in
fibrosis-related-diseases is the antiapoptotic proteins of
myofibroblast (Lagares et al., 2017). It has become clear that
differentiated myofibroblast expresses an anti-apoptotic protein
that inhibits the mechanism. By forcing these myofibroblasts to
undergo apoptosis, the progression of fibrosis could be reversed
(Kuehl and Lagares, 2018). Normally, fibroblasts would not be
targeted by navitoclax as they are resistant to the action of
navitoclax. However, stiffness-activated myofibroblast expresses
anti-apoptotic proteins that sequester the function of BIM
(Lagares et al., 2017). With the addition of navitoclax in vivo,
anti-apoptotic BCL-X will be occupied by navitoclax and pro-
apoptotic BIM will be set free to cause apoptosis. BIM will then
bind to the BAX/BAK activator, resulting in mitochondria
membrane permeabilization and apoptosis of myofibroblast.
Therefore, navitoclax induces apoptosis of myofibroblast in
vivo and treats dermal fibrosis by releasing pro-apoptotic BIM
from BCL-X, (Lagares et al., 2017).

In the case of persistent pulmonary fibrosis, navitoclax is
potent in reversing the condition by killing senescent type II
pneumocytes. A study conducted by Pan et al. (2017) where
pulmonary fibrosis in mouse was induced through laser
irradiation had found that the number of senescent cells
increased significantly in pulmonary fibrosis. However,
navitoclax as a senolytic drug killed the senescent cells and
resolved pulmonary fibrosis (Pan et al, 2017). Likewise,
navitoclax also exhibited an apoptotic effect on senescent lung
myofibroblasts, which are the main effector cells in idiopathic
pulmonary fibrosis (IPF) (Schafer et al., 2017). Continuous
fibrosis in IPF is associated with the build-up of senescent
type II alveolar epithelial cells and myofibroblasts that are
resistant toward apoptosis. Navitoclax has been proven to treat
permanent pulmonary fibrosis in mice through induction of
apoptosis in senescent type II alveolar epithelial cells (Pan
et al, 2017). Interestingly, navitoclax is shown to have both
fibrinolytic and senolytic actions, which have a potential in
reversing age-related fibrotic diseases. This drug acts as a
selective, secure, and useful anti-fibrotic agent to reverse organ
fibrosis (Kuehl and Lagares, 2018).

In the context of liver cirrhosis due to fibrosis, navitoclax
specifically targets and binds to the inhibitory site of anti-
apoptotic BCL-X; protein. This will then stop the anti-
apoptotic effect of BCL-Xy, resulting in apoptosis of senescent
cells (Zhu et al., 2016). The senolytic in vivo mechanism aids in
diminishing liver fibrosis via the apoptosis of senescent liver cells
(Moncsek et al., 2018). Primary sclerosing cholangitis (PSC) is
usually associated with senescence of cholangiocyte (Moncsek
et al, 2018). As shown in Figure 4, PSC continuous injury to
cholangiocytes causes a pro-inflammatory response, which
induces chronic inflammation, cholestasis and fibrosis. The
majority of the cholangiocytes turn into senescent cells and
express BCL-X; to prevent death. Senescent cholangiocytes
secrete growth factors such as platelet-derived growth factor
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FIGURE 4 | Mechanism of B-cell lymphoma-extra-large (BCL-X, ) inhibitor in diminishing liver fibrosis. PSC, Primary sclerosing cholangitis; PDGF, Platelet-derived

stromal fibroblasts

ECM remodeling

(PDGF) that activate stromal fibroblasts. Continual activation of
fibroblast is the key factor of liver fibrosis. Activated stromal
fibroblasts express a lower level of BCL-2, causing them to
become BCL-X;-dependent. Since BCL-X; is the key to
survival of senescent cholangiocytes and activated stromal
fibroblasts, treatment with navitoclax, which is a BCL-X;
inhibitor is potent in reducing biliary liver fibrosis (Moncsek
et al.,, 2018).

Senescent cholangiocytes consistently secrete growth factors
that stimulate stromal fibroblasts, which contribute to the
progression of fibrosis (Karin et al, 2016). The activated
stromal fibroblasts show increased responsiveness toward
apoptotic signals (Mertens et al., 2013). Moncsek et al. (2018)
operated a coculture system and identified that senescent
cholangiocytes activate mesenchymal cells in the presence of
PDGF into stromal fibroblast. The key to the survival of
PDGF-induced human and mouse fibroblasts is BCL-X;.
Moreover, BCL-X; is also expressed in senescent
cholangiocytes. Thus, the blockage of BCL-X; by navitoclax
promotes apoptosis in PDGF-activated fibroblasts and
senescent cholangiocytes in vitro. Moncsek et al. (2018)
examined navitoclax efficacy on both activated stromal
fibroblasts and senescent cholangiocytes in the multidrug
resistance 2 gene knockout (Mdr2™'") mouse model of biliary
liver fibrosis. The reduction of senescent cholangiocytes and
activated stromal fibroblasts due to apoptosis reversed
established biliary liver fibrosis in Mdr2~~ mice.

According to Walaszczyk et al. (2019), aging cardiomyocytes
contribute the most to defective cardiac function as they are
abundant in cardiac tissues, which subsequently lead to cardiac
fibrosis. This can lead to a higher chance of mortality in the
occurrence of myocardial infarction (MI). Cardiac fibrosis due to

aging cells results in reduced survival of the elderly with MI. The
treatment of aged mice with navitoclax successfully induces
apoptosis in aging cardiac cells and inhibits the expression of
pro-fibrotic transforming growth factor beta-2 (TGFp2) protein
by aged mice, thereby decreasing cardiac fibrosis. Particularly, the
removal of aging cardiac cells ameliorated myocardial remodeling
and diastolic activity along with a higher rate of survival in the
event of ML

Since both senescent cells and activated myofibroblasts express
BCL-X proteins, navitoclax can induce apoptosis not only in
myofibroblasts, but also in senescent cells. The specificity of
navitoclax enables the eradication of both myofibroblasts and
related senescent cells, hence resolving fibrosis in the affected
organs. This widens the potential of navitoclax in treating a
variety of fibrotic diseases.

NAVITOCLAX IN COMBINATION THERAPY

To date, most studies on navitoclax with the presence of other
drugs have been conducted against various solid tumors and
lymphoid malignancies. Researches intend to amplify the anti-
tumor activity of chemotherapeutic drugs with navitoclax
through multiple simultaneous protein interactions. This could
be achieved as the chemotherapeutic agents commonly display
distinct target proteins from navitoclax. The preclinical and
clinical studies on navitoclax in combination treatment are
summarized in Table 3.

BRAFY®F mutation in papillary thyroid cancer (PTC) highly
corresponds to aggressive tumor features, including metastasis,
cancer relapse, and failure of radioiodine treatment (Zhu et al,
2019). Vemurafenib, a potent BRAF inhibitor that exhibited
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Induce cell death by inhibiting BCL-2A1, proteins Ick and fgr  Kivioja et al. (2019)
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Enhance cancer cells apoptosis by upregulating NOXA
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Roberts et al. (2015)

Overcome the resistance problem against a range of

chemotherapeutic drug

Navitoclax + rituximab

Human model — 29 patients

B-cell lymphoid cancer

Ackler et al. (2012)

Inhibition of tumor growth

Navitoclax + bendamustine +

Mouse xenograft model of NHL
rituximalb

NHL

Tolcher et al. (2015)

Navitoclax + erlotinib No efficacy observed with the presence of side effects

Human model — 11 patients

Advanced solid tumors
Ovarian cancer

Retards cancer cell proliferation by upregulating caspase3/7 Stamelos et al. (2013)

Navitoclax + carboplatin + paclitaxel

Ovcar-3, Ovcar-4, Ovcar-5, Ovcar-8, Igrov-1, Skov-3 cell

lines

BCL-XL, B-cell ymphoma-extra-large; PTD, Papillary thyroid cancer; NSCLC, Non-small cell lung cancer; SCLC, Small cell lung cancer; AML, Acute myeloid leukemia; NHL, Non-Hdgkin’s lymphoma.
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strong efficiency in metastatic malignant melanoma possessing
BRAFVE mutation (Mcarthur et al., 2014), also showed a
convincing therapeutic effect against BRAFV600E-positive
PTC (Kim et al., 2013; Brose et al., 2016). Nevertheless, the
development of resistance toward vemurafenib slowly limited its
efficacy in BRAFV600E-positive PTC (Dadu et al,, 2015). In a
study carried out by Jeong et al. (2019), vemurafenib alone
demonstrated anti-proliferative activity against
K1 BRAFV600E-positive PTC cells by suppressing almost half
of K1 cells growth at 10 uM. After the treatment of vemurafenib
for 24 h, the protein expression of p-Erk1/2 was reduced, while
the protein expression of BCL-X; and BCL-2 was increased. This
proved that vemurafenib upregulates the expression of anti-
apoptotic BCL-2 and BCL-Xy in K1 cells. On the other hand,
treatment of navitoclax alone at 4uM for 24h showed
insignificant outcomes on the survival of K1 cells. Therefore, a
combination of navitoclax and vemurafenib was given against
K1 BRAFV600E-positive PTC cells. This combination strongly
inhibited cell development and induced a higher rate of apoptosis
with a lower concentration of navitoclax and vemurafenib, in
which 0.5 and 1 uM were required respectively to yield synergistic
activity (Jeong et al., 2019).

A study conducted by Lam et al. (2015) proved that a
combination of benzimidazoles, an anti-helminthic agent with
navitoclax enhanced the apoptosis effect in NSCLC cell lines via a
mechanism mediated by NOXA, a pro-apoptotic protein with
BH3 domain. The addition of benzimidazoles upregulates both
mRNA and protein expression of pro-apoptotic NOXA, which
then binds and opposes the effect of anti-apoptotic protein MCL-
1. This combination is beneficial as navitoclax alone is unable to
target and bind on MCL-1 due to its low affinity to MCL-1
(Leverson et al., 2015). Combination therapy of navitoclax with
other agents that target MCL-1 could restore the apoptosis
process in cancers with high expression of BCL-X; and MCL-
1 (Lam et al., 2015).

The anti-apoptotic BCL-X; and MCL-1 are highly expressed
in SCLC, as SCLC relies on both BCL-X; and MCL-1 for survival
(Nakajima et al., 2016). Nakajima et al. (2016) reported that a
combination of navitoclax and vorinostat, which is known as a
histone deacetylase (HDAC) inhibitor, effectively triggered
apoptosis in various SCLC cell lines, including navitoclax-
resistant H82 and H526 cells. This is based on the mechanism
that NOXA and BIM can be transcriptionally induced by HDAC
inhibitors (Nakajima et al., 2016) as histone modification plays a
significant role in SCLC (Peifer et al., 2012). Therefore, vorinostat
as a HDAC inhibitor is capable of mutating histone modification,
which then augments SCLC cell death by navitoclax due to the
expression of NOXA and BIM. SCLC has increased
responsiveness toward navitoclax with the increased expression
of NOXA and BIM, where pro-apoptotic NOXA binds to anti-
apoptotic MCL-1 with a high affinity that leads to degeneration of
MCL-1 (Nakajima et al., 2016). NOXA was constantly activated
by the combination of vorinostat and navitoclax in all tested cell
lines excluding H209 cells, which do not have known levels of
NOXA and BIM. However, H209 cells were effectively killed
when vorinostat and navitoclax co-treatment was given. This was
achieved via the decreased protein expression of BCL-X; induced
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only by the combination of vorinostat and navitoclax, causing the
discharge of BAK from BCL-X; into an active form. Hence,
Nakajima et al. (2016) proved that the combination treatment
significantly activated apoptosis in certain cell lines by
upregulating NOXA or BIM while inhibiting BCL-X, alone in
other cell lines.

Acute myeloid leukemia (AML) with co-existing NUP98-
NSD1 and FLT3-ITD mutation is accompanied by poor
prognosis and a low chance of survival (Akiki et al, 2010;
Hollink et al., 2011; Ostronoff et al., 2014; Thanasopoulou
et al, 2014). Kivioja et al. (2019) discovered that a
combination of Src/Abl-inhibitor dasatinib and BCL-2 blocker
navitoclax works synergistically against NUP98-NSD1*/FLT3-
ITD" AML cells. Patient cells with NUP98-NSD1"/FLT3-ITD"
were very responsive toward navitoclax and showed the most
sensitivity toward dasatinib. There was an increased expression of
BCL-2A1, proteins Lck and Fgr in NUP98-NSD1*/FLT3-1TD"
AML cells. On the other hand, the expression of BCL-2Al,
proteins Lck and Fgr were much lower in healthy CD34 *
cells, as proven by gene expression profiling. Therefore, a
combined treatment of navitoclax and dasatinib produces
synergistic outcomes against AML cells co-expressing NUP98-
NSD1+ and FLT3-ITD+ in which navitoclax inhibits BCL-2A1
while dasatinib inhibits proteins Lck and Fgr (Kivioja et al., 2019).

Navitoclax alone adequately exhibits therapeutic response
against CLL and lymphoma as described above. Kipps et al.
(2015) carried out a study using a combination of navitoclax
and rituximab for CLL patients. The combination regimen was
given to a group of random patients once a week, for 8 weeks.
Rituximab alone was given to another group of CLL patients once
a week for the same duration. The combination of navitoclax plus
rituximab was shown to give a better therapeutic effect compared
to rituximab alone. CLL cells express a high level of anti-apoptotic
protein BCL-2 (Fegan and Pepper, 2013), which can be easily
targeted and inhibited by navitoclax. At the same time, CLL cells
also express a high level of pro-apoptotic protein BIM, causing
the CLL cells to be more susceptible to apoptosis with navitoclax
treatment. The pro-apoptotic protein BIM will be displaced and
set free by navitoclax to carry out the apoptotic program of CLL
cells (Kipps et al., 2015). Therefore, navitoclax potentiates the
anti-leukemic effect of rituximab. CLL patients treated with a
combination of navitoclax and rituximab showed a higher overall
response rate compared to those treated with rituximab alone
(Kipps et al., 2015).

Navitoclax and rituximab produce a synergistic effect in pre-
clinical models of B-cell lymphoid cancers (Roberts et al., 2015).
In vitro, lymphoma clones with resistance to rituximab show
elevated expression of anti-apoptotic BCL-2 family proteins and
increased level of resistance to a range of chemotherapeutic
drugs. These findings suggest that by reducing the apoptotic
threshold, navitoclax as a BCL-2 inhibitor may produce a
synergistic effect with rituximab against B-cell malignancies
(Roberts et al., 2015). In the experiment designed by Roberts
et al. (2015), 29 patients were administered a 200-325 mg daily
dose of navitoclax and four weekly doses of rituximab. The
outcome of the combination was well-tolerated, with a few side
effects including mild diarrhea, nausea and thrombocytopenia.
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The total CD19" was significantly decreased, while CD2" cells
and serum IgM were also decreased in the first year. The
ultimate acceptable dose for navitoclax in combination with
rituximab was 250 mg/dose (Roberts et al., 2015), with no
interaction between the drugs. This combination exhibited
greater efficacy for low-grade lymphoid cancers than either
navitoclax or rituximab alone (Roberts et al., 2015).

An in vivo research done by Ackler et al. (2012) showed that
the therapeutic combinations of navitoclax with either
bendamustine alone or bendamustine with rituximab (BR)
were effective in mouse xenograft models of non-Hodgkin’s
lymphoma (NHL). These combinations were applied in a few
models of NHL, including the DoHH-2 DLBCL model, Granta
519 MCL model and RAMOS BL model. Navitoclax enhanced the
effect of bendamustine in every cell line experimented.
Bendamustine stimulated p53 in Granta 519 tumors and
activated caspase 3 at the same time. Navitoclax also enhanced
the reaction of a subset of tumors to bendamustine-rituximab
(BR). The addition of navitoclax essentially boosted the durability
and extent of tumor response to bendamustine and BR, resulting
in inhibition of tumor growth (Ackler et al., 2012).

Pre-clinically, navitoclax has been shown to yield an in vitro
synergistic outcome with erlotinib, an epidermal growth factor
receptor inhibitor. Erlotinib inhibits the anti-apoptotic MCL-1
protein and activates the pro-apoptotic BIM protein (Chen et al.,
2011). Tolcher et al. (2015) tested a combination of navitoclax
and erlotinib in an in vivo phase I study. Eleven patients with
known cancers undergoing erlotinib treatment were given
150 mg erlotinib in addition to 150 mg navitoclax orally once
per day. The pharmacokinetic evaluation presented no possible
interactions between co-administered navitoclax and erlotinib.
Although the maximum tolerated dose of navitoclax was given at
150 mg/d, the experiment did not achieve the desired outcome
with 0% response rate for the navitoclax and erlotinib
combination. Moreover, a few side effects can be observed,
such as diarrhea, nausea and vomiting.

Carboplatin and paclitaxel are the most prevalent
chemotherapeutic drugs used in ovarian cancer therapy.
However, the evolution of drug resistance mechanism allows
long term survival of cancer cells. This required the use of
navitoclax to overcome the resistance of ovarian cancer cells
toward carboplatin and paclitaxel (Wong et al, 2012). In the
in vitro treatment of ovarian cancer done by Stamelos et al.
(2013), the combination of navitoclax with either carboplatin or
paclitaxel retarded cancer cell proliferation significantly as
compared to the combination of carboplatin and paclitaxel,
which acted antagonistically to one another in Ovcar-4, Ovcar-8
and Skov-3 cells. When navitoclax was combined with carboplatin
and paclitaxel, the antagonism between carboplatin and paclitaxel
was diminished. The synergistic effect was produced from the
combination therapy in comparison to either carboplatin or
paclitaxel monotherapy. Furthermore, navitoclax strengthened
the effect of carboplatin and paclitaxel by upregulating
caspase3/7 in Igrov-1 spheroids, thus suppressing the
proliferation of Igrov-1. The triplet combination of navitoclax,
carboplatin and paclitaxel presented beyond additive effect toward
Igrov-1 spheroids (Stamelos et al., 2013).
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The role of navitoclax can be major or auxiliary, depending on
the underlying cause of the disease. This is because different
diseases have different mutations, which can be inhibited by
certain chemotherapeutic drugs. In most diseases, navitoclax
functions as an auxiliary drug. The auxiliary effect of navitoclax
can be seen when certain diseases have developed resistance against
the specific chemotherapeutic drugs, or the treatment of specific
chemotherapeutic drugs upregulates the expression of BCL-XL
proteins. On the contrary, there are certain cases where navitoclax
acts as a major drug in treating diseases that are caused by the
overexpression of anti-apoptotic BCL2, or BCL-X; proteins.
However, in diseases such as SCLC and AML, navitoclax plays
neither the auxiliary nor major role, but instead acts as a co-
inhibitor with other drugs to inhibit targeted proteins respectively,
thus resulting in synergistic therapeutic outcomes.

CONCLUSION AND FUTURE PROSPECTS

The BCL-2 family of proteins is largely identified in normal cells and
plays a crucial role in cell death and survival. Its anti-apoptotic role
and overexpression in cancer cells and fibroblasts have been widely
studied and identified as a valid and potential target for anti-cancer
and anti-fibrotic therapies. Navitoclax has now been in clinical
studies for SCLC treatment, though, the data of navitoclax on
various solid tumor types are still limited. More studies should
be done to explore and target the molecular mechanism that
associates with navitoclax’s effect in solid tumors and
hematologic tumors (except for ALL). Elucidation of this
interaction would assist in determining the potential of
navitoclax as a single agent or can be used in combinational
regimens for these cancers’ treatment. Other than that, following
Lee et al. (2018) study, a further in vivo study of navitoclax against
several breast cancer xenograft models should be done to determine
its efficacy and to find out any complications. Animal models such
as dogs or pigs could be used in the in vivo study before pursuing
human clinical trials in order to get a more accurate and valid
preclinical data. Moreover, it is worth pursuing the development of
navitoclax as an anti-oral-cancer drug as Yang et al. (2019) have
obtained a promising result with a novel molecular target. Advanced
mechanism-based research on navitoclax and with other therapeutic
agents should be pursued to achieve greater success at the pre-
clinical stage, then translated into potential clinical therapies.
Most of the previous, as well as ongoing clinical studies on
navitoclax are focusing more on its therapeutic effect as a pro-
apoptotic agent on cancer and tumor therapies. However, cell
apoptotic activity mediated by navitoclax may also provide a
therapeutic outcome on cardiovascular diseases. Some of the
cardiovascular diseases such as atherosclerosis, myocardial
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