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a number of cellular functions to support their development, survival, and resistance to
treatment. Overexpressing proteins that inhibit apoptosis, including the Bcl-2 family
protein Mcl-1, is one tactic. A number of human malignancies exhibit overexpression
of the Mcl-1 protein, which is essential for preventing cell death. Using genetic and
pharmacological methods to target Mcl-1 for extinction in these tumors offers a
potentially effective way to create novel, effective cancer treatments. Here, we go over
the various approaches that have been used to target this essential protein and the
substantial potential that these targeting medicines offer in terms of both inhibiting the

growth of cancer and reversing resistance to traditional cancer treatments.

INTRODUCTION

Cellular homeostasis depends on the process of
programd cell death, or apoptosis,
dysregulation has been linked to chemoresistance

whose

and carcinogenesis. Apoptosis is traditionally
induced either extrinsically by the death ligand-
receptor route or internally by the mitochondrial
system. The BCL-2 family of proteins, which
includes  proapoptotic  and  antiapoptotic
molecules, regulates the former. [1,2] An anti-
apoptotic protein called myeloid cell leukemia-1
MCL-1  heterodimerizes with  proapoptotic
components to stop apoptotic cell death. MCL-1
mediates resistance to apoptosis induced by

chemotherapy and targeted therapy and is
overexpressed in a number of malignancies [3, 4].
MCL-1i inhibitor development (MCL-11). Under
both normal and pathological circumstances, cells
use the orderly and sensitive management of
apoptosis as an independent clearance mechanism
to preserve their own homeostasis. In order to
preserve cellular homeostasis and regular
physiological function, cell growth, proliferation,
and death normally maintain a dynamic balance.
Cell proliferation may surpass apoptosis when an
organism is exposed to specific stressors that upset
this equilibrium, maybe even resulting in cancer.
[5] Myeloid leukemia 1 (MCL-1) is an
antiapoptotic BCL-2 family protein that binds to
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pro-apoptotic BCL-2 proteins to stop apoptosis.
MCL-1 overexpression is commonly seen in a
variety of tumor types and is strongly linked to
treatment resistance, poor and
tumorigenesis [6].

MCL-1 is a desirable target for cancer treatment
due to its crucial function in controlling the
mitochondrial  apoptotic  pathway. MCL-1
inhibitors have advanced significantly, and some
of them are now undergoing clinical trials. Here,
we examine the development of MCL-1 small
molecule inhibitors and their use in cancer
treatment, as well as the mechanism by which
MCL-1 controls cancer cell death [6,7].
Sale colleagues' study
complimentary methods to reach comparable
findings. They found that the MCL-1:BCL-XL
ratio is significantly greater in melanoma cell lines
and tumors than in colorectal, lung, and pancreatic
cancers. Therefore, compared to inhibitors of BCL-
2/BCL-XL and ERK pathway-driven colorectal
cancer cell lines, MCL-1 inhibitors significantly
sensitized BRAF and NRAS-driven melanoma
cell lines to inhibition of the RAF-MEKERK
pathway [8,9].

prognosis,

and related used

1.1  BCL-2
apoptosis

family proteins regulate

Apoptosis is a genetically programmed cell death
that is important for development,
homeostasis, and immunity. Its dysregulation has
been linked to various ailments in which
uncontrolled  apoptosis can contribute to
neurodegenerative  diseases, and decreased
apoptosis can promote cancer and autoimmune
diseases. Apoptosis can be triggered by 2 distinct
routes: the mitochondrial and death receptor
pathways. Both pathways eventually activate the
effector caspases (caspases 3, 7, and 6) to initiate
apoptosis [10].

tissue

1.2 MCL-1 protein: structure; regulation;
and function

1.3 The MCL-1 protein is a distinct protein
belonging to the BCL-2 family. Compared to its
other prosurvival cousins, it has 350 amino acid
residues, whereas BCL-2 and BCL-xL have 239
and 233  residues, respectively.  The
transmembrane region of the MCL-1 protein's C-
terminus (170-350 aa) is crucial for the protein's
mitochondrial localization.

Tumor cells
evade apoptosis

by Mcl-1 inhibition

Fig 1 : Small molecule Mcl-1 inhibitor

2. Biological Roles of MCL-1 in Cancer

i. The Canonical Anti-Apoptotic Function

\"’u INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

By attaching to the BH3 domains of pro-apoptotic
proteins and preventing cytochrome c release and
mitochondrial membrane permeabilization, MCL-
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1 inhibits apoptosis [11,12,13]. The sequestering
of pro-apoptotic partners maintains mitochondrial
integrity by directly binding pro-apoptotic Bcl-2
family members in combination with cell survival
factors. This prevents caspase action and triggers
apoptotic cell death. Additionally, MCL-1 has
been demonstrated to have distinct interactions
due to its binding affinities and kinetics with pro-
apoptotic family members, which might lead to
selective reliance on MCL-1 in certain cancer
lines, even tho it shares some important
characteristics with other anti-apoptotic paralogs

ii. Regulation and Post-Translational

Modifications

il. The accumulation of MCL-1 is regulated
by its phosphorylation, ubiquitination, and
degradation by the proteasome[14,15,16].
Reversible  post-translational ~ modifications,
specifically phosphorylation by kinases such as
ERK and GSK- 38 at specific amino acid residues,
modulate MCL-1 interaction with E3 ligases, such
as MULE and B-TRCP, reducing its half-
life[18,22]. For example, it has been shown that
phosphorylation of MCL-1 at Thr163 by ERK
promotes stabilization of the protein in response to
growth factor signaling, while phosphorylation by
GSK-3f at the same location targets MCL-1 for
turnover by ubiquitin- mediated proteolysis[17].
Kinase dysregulation and hyper stabilization of
MCL-1 in cancer cells can enhance its anti-
apoptotic function.

iii. Non-Apoptotic Cellular Programs for
Tumor Growth

1v. MCL-1 is involved in non-apoptotic
cellular processes that promote tumor growth,
according to recent research. MCL-1 interacts with
voltage-dependent anion channels (VDAC) in the
mitochondrial matrix to improve oxidative
phosphorylation and regulate calcium homeostasis
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[18, 19]. When there is a lack of nutrients, MCL-1
encourages energy reprogramming for growth.
Cell survival and metastatic potential can be
significantly impacted by MCL-1's regulation of
mitochondrial ~ processes, such as cristae
construction, metabolism, and ROS signaling
[20,21].

V. Beyond the mitochondria, MCL-1 can
context-dependently regulate DNA damage
responses, autophagy initiation, and hypoxia stress
adaptability, expanding its carcinogenic role
beyond apoptosis regulation [22,23,24].

vi. Immune Modulation

CL-1 has been linked in recent research to the
preservation of immune cell survival and function
characteristics [29, 30]. Despite promoting
lymphocyte survival, overexpression of MCL-1 in
tumor-infiltrating might
paradoxically Immunosuppressive
microenvironments in malignancies.M Tumor-
associated macrophages (TAMs) can be
reprogrammed by selectively targeting MCL-1 to
serve as a dual treatment strategy to eradicate
tumor cells and boost antitumor immunity by

Immune cells

increase

increasing effector T-cell persistence and inducing
tumor cell death [25, 26]. An immunosuppressive
tumor microenvironment is promoted by MCL-1
overexpression in TAMs and myeloid-derived
suppressor cells (MDSCs), despite the fact that
MCL-1 enhances lymphocyte persistence and
immune cell survival [27, 28 In this sense,
preventingIn addition to causing tumor cells to
undergo apoptosis, MCL-1 has the ability to
reprogram populations of suppressive immune
cells to enhance T-cell-mediated anti-tumor
immunity activity.Role of Mcl-1 in Cancer

Numerous human cancer cell lines, including
those from the breast, CNS, colon, lung, ovarian,
prostate, renal, and melanoma, have high
expression of Mcl-1. Mcl-1 protein is expressed by
human melanoma cell lines, but not at a higher
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level than in normal melanocyte controls.
However, research on paraffin sections of original
melanoma, metastatic melanoma, and benign nevi
revealed an increase in Mcl-1 expression that was
associated with the advancement of melanoma.
[29, 30]

Cancer cells use Mcl-1 overexpression as a
strategy to  build
chemotherapeutic drugs and to avoid cell death,
i.e., to live. Although they won't be included in this
study, the other antiapoptotic members of the Bcl-
2 protein family are also commonly overexpressed

in malignancies. Mcl-1's capacity to inhibit

resistance to  various

apoptosis plays a significant role in the altered
state even though overexpression of the protein
does not lead to increased cell proliferation. As
previously mentioned, the equilibrium between
pro- and anti-apoptotic proteins within cells is the
basis for the regulation of apoptosis. A cancer cell
has a significant edge in defending itself against
harmful substances because of its capacity to tip
the scales in favor of survival. Chemoresistance
may be a clinical manifestation of this condition.
For instance, several chemotherapeutic drugs are
thot to act by initiating apoptosis in a cell, tho they
do so thru a number of methods. Therefore,
protection  from  apoptosis thru = Mcl-1
overexpression could be a major obstacle to
chemotherapeutic drugs' efficacy. [31]
Techniques used to target Mcl-1

Many strategies have been developed to target
Mcl-1. While most of these tactics target several
anti-apoptotic proteins in the Bcl-2 family, some
of them concentrate mainly on Mcl-1. The most
important inhibitors created to date are reviewed
here: downregulation Many medications exhibit a
mechanism of action that involves downregulating
Mcl-1, even tho they are not made to explicitly
target Mcl-1. Research using these
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Drugs continue to show how crucial this protein is
to the upkeep and spread of cancer.

3. Cyclin-dependent kinase inhibitors

4.1.1 Flavopiridol

By vying for the kinase active site, the
semisynthetic flavonoid flavopiridol inhibits
cyclin-dependent kinases. It causes G1/S and G2/S
cell cycle arrest and can decrease the activity of
certain CDKs [32]. Additionally, flavopiridol can
bind double-stranded DNA and substantially
reduce transcription levels in the cell by inhibiting
P-TEFb [38]. Flavopiridol's capacity to reduce
Mcl-1 protein levels in B-cell chronic lymphocytic
leukemia cells, however, was one of the more
intriguing findings [33]. Notably, patients with
high-risk CLL on a hybrid infusional flavopiridol
schedule showed notable activity. A 30-minute
loading dosage was administered every week for
four to six weeks before a four-hour infusion. Of
the 42 patients with refractory CLL in the study,
45% had a partial response. [34]

SNS-032

SNS-032, another cyclin-dependent kinase
inhibitor, was first found in a screen designed to
find particular Cdk2 inhibitors. Since then, it has
been demonstrated that this substance also inhibits
Cdk7 and Cdk9. Similar to flavopiridol, SNS-032
exhibits potent cytotoxic effects in vitro and
reduces anti-apoptotic proteins like Mcl-1.
Unfortunately, when this chemical was tested in
clinical studies, the findings were unsatisfactory.
[35]

Originally created as a B-Raf inhibitor, sorafenib
is a multi-kinase inhibitor that has been proven to
inhibit several other kinases, including PDGFR,
FLT, Kit, and VEGFR. Sorafenib at
pharmacologically  attainable  concentrations
caused apoptosis in human leukemia cells via
downregulating Mcl-1. It has been discovered that
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sorafenib-induced ER stress is the cause of this
translation inhibition. [36]WP1130

Deubiquitinate Inhibitors

Mcl-1 is quickly broken down in the cell by a
proteasome-dependent process, as was previously
covered in this article. Mcl-1 protein levels may
rise when the proteasome is blocked.
Deubiquitinases (DUBs), which can extract
ubiquitin from ubiquitinated Mcl-1, can also save
Mcl-1 from destruction. Schwickart et al
discovered that the DUB USP9X is one of the
proteins that co-immunoprecipitates with Mcl-1 in
a study examining interactions between Mcl-1 and
other proteins in the cell. This team postulated that
this Mcl-1 may become more stable as a result of
contact, and it may be crucial for malignancies that
overexpress Mcl-1. In fact, they demonstrated that
samples of ductal adenocarcinoma,
adenocarcinoma, and small cell lung cancer had
overexpressed USP9X in addition to Mcl-1.
Furthermore, a poor prognosis for multiple
myeloma was observed to be correlated with
USP9X overexpression. The idea that USP9X
knockdown leads to enhanced Mcl-1 degradation
is supported by the fact that siRNA knockdown of
USP9X reduced Mcl-1 protein levels but not RNA
levels. Additionally, this knockdown made
leukemia and colon cancer cell lines—which are
often resistant to the drug—more sensitive to
ABT-737, a substance covered later in this study.
[37]

A tiny chemical with several anti-cancer properties
is WP1130. It has been demonstrated to cause Ber-
Abl to be removed from the cytoplasm and placed
in aggresomes, where it cannot support oncogenic
signaling. It also directly inhibits USP9X, which is
the most intriguing aspect of this review. WP1130
induces apoptosis, compartmentalizes Bcr-Abl,
and lowers Mcl-1 levels when administered as a
therapy for CML. [38]

colon
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4.2 Antisense oligonucleotide (ASO)

treatment

There have been numerous research examining the
effects of Mcl-1 ASO treatment on cancer in vitro
and in vivo in animal models, but no successful
translation of a Mcl-1 ASO treatment into the
clinic has been reported. This is perhaps because
people may experience problems when using ASO
therapy. Because ASO has a very short half-life in
the human body, it is challenging to achieve
adequate blood concentrations. They can also be
broken down by DNases, which exacerbates
stability issues. Another problem with ASO
delivery is that it is challenging to guide ASO to
its precise cellular target.. [39]

4.3 BH3 Mimetics

One of the most promising translational
approaches has been the idea of BH3 mimetics. As
previously mentioned, physical interactions
between the anti-apoptotic Bcl-2 protein and the
BH3 proteins ultimately result in pro-apoptotic or
anti-apoptotic effects. The BH1, BH2, and BH3
domains of the antiapoptotic proteins fold to form
a hydrophobic binding pocket. This The BH3
domain of BH3-only proteins occupies and binds
the hydrophobic pocket. [40]. Small compounds
that resemble the BH3 domain have been created
based on this These
molecules can fit into the hydrophobic pocket of
anti-apoptotic proteins and prevent them from

modeling assumption.

binding pro-apoptotic proteins, so impairing their
function. Screening experiments have produced
some of these mimetics, while structural studies
have produced others. Regardless of how these
medications were found, they offer a fresh and
intriguing approach to the development of cancer
treatments. [41].
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4.3.1 ABT-737

ABT-737, one of the most effective and well
researched BH3 mimetics, was found thru NMR-
based screening and showed a high binding
affinity to the anti-apoptotic proteins Bcl-2, Bcel-
XL, and Bcl-w. Mcl-1 and Bfl-1 are not bound by
ABT-737. As was previously mentioned in this
review, this variation in affinity is caused by
variations in the architectures of these proteins.
According to preliminary research, ABT-737
proved successful in causing cytotoxicity in small
cell lung cancer (SCLC) and follicular lymphoma
when used alone.

lines of cells. Furthermore, it was discovered to
increase paclitaxel's lethality in non-small cell
lung cancer (NSCLC).)[42ABT-737 has since
been extensively researched in a range of
malignancies. It has been demonstrated to cause
cytotoxicity in glioblastoma, multiple myeloma,
leukemia and lymphoma, and SCLC both in vitro
and in vivo [43, 44]. There are still many tumors
that are resistant to ABT-737, despite numerous
encouraging trials in these cancer types. It has
been demonstrated that the overexpression of Mcl-
1, an anti-apoptotic protein that ABT-737 does not
bind to, is the cause of this resistance. Certain cell
lines that express larger amounts of Mcl-1 show
enhanced resistance to ABT-737, even among
malignancies that are sensitive to the drug. [45].
The literature has repeatedly demonstrated Mcl-1-
dependent ABT-737 resistance, and numerous
studies reveal that downregulating Mcl-1 via a
range of pathways can result in sensitivity to ABT-
737 [46,47]. Notably, thru a mechanism involving
Mcl-1 down-regulation, the CDK inhibitor
roscovitine  significantly boosted ABT-737
lethality in human leukemia cells.. [48]

4.3.2. Obatoclax (GX15)

Another BH3 mimic is obatoclax. Unlike ABT-
737, this mimetic binds to and inhibits Mcl-1 and
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Bfl-1 in addition to targeting Bcl-2, Bcel-XL, and
Bel-w. Research has demonstrated that this
substance causes cytotoxicity in several cancer
forms, such as NSCLC and several leukemias.
Furthermore, it has demonstrated synergy with a
variety of traditional chemotherapeutic drugs
[49,50,51]. The significance of Mcl-1 in cancer is
further demonstrated by obatoclax. Research has
demonstrated that this compound's cytotoxic
effects are partially mediated by particular effects
on Mcl-1. The constitutive Bak-Mcl-1 interaction
on the outer mitochondrial membrane can be
interfered with by obatoclax. [52]

compound has advanced to clinical trials and
Phase I studies in a variety of cancer types have
shown it to be fairly well tolerated, with
neurologic toxicities being the most common
adverse event seen. Some evidence of efficacy was
seen in these studies, though ongoing Phase II
trials will ultimately determine the effectiveness of
this agent . [53,54]

4.3.3 Gossypol

Gossypol is a polyphenolic aldehyde derived from
cottonseed. Original studies with this extract
focused on its ability to function as a male
contraceptive[55]. However, it has also been
shown to have potent anti-cancer
activity[56,57,58]. Gossypol functions as a typical
BH3 mimetic and binds to and inhibits the Bcl-2
anti-apoptotic proteins Bcl-2, BelXL, and Mcl-
1[59]. Many groups have shown Gossypol to
exhibit anti-carcinogenic effects toward a wide
variety of cancer types both in vitro and in vivo,
including, but not limited to, breast, prostate,
glioma, and colon cancer . LeBlanc et al. also
demonstrated Gossypol’s ability to inhibit growth
of adrenal gland carcinoma cells, medullary
thyroid carcinoma cells, ovarian carcinoma cells,
and endometrial carcinoma cells. Compared to
ABT-737, Gossypol displays toxicity against a
much wider array of, possibly due to its ability to
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target Mcl-1. This compound is currently in Phase
IT clinical trials as a single-agent in patients with
advanced malignancies. Clinical trials are also
ongoing in evaluating Gossypol in combination
therapy with conventional chemotherapeutics.
[60] The presence of two reactive aldehyde groups
on Gossypol, combined with initial clinical trial
results that showed difficulty in achieving
Gossypol  blood concentrations,
prompted groups to create Gossypol derivatives.
Apogossypol was the first derivative designed and
showed better efficacy and less toxicity than its
parent compound[61]. To date, there have been

sufficient

many such derivatives created with varying
binding affinities to the Bcl-2 anti-apoptotic
proteins.

4.3.4 Sabutoclax (BI-97C1)

Sabutoclax (BI-97C1) is one of the newest
Apogossypol derivatives developed by Wei et al.
[62]. This novel compound binds to the Bcl-2
antiapoptotic proteins Bcl-2, Mcl-1, Bcl-XL, and
Bfl-1. It was originally identified for its ability to
bind Bcl-XL with low to sub micromolar binding
affinity. Competitive fluorescence polarization
assays showed that BI-97C1 inhibited Bcl-XL
with an IC50 value of .31 uM. Further assays
showed that this compound also had displacement
activity against Bcl-2 (IC50 = 0.32 uM), Mcl-1
(IC50 = 0.20 pM), and Bfl-1 (IC50 = 0.62
uM)[79]. BI-97C1 (Sabutoclax) induced apoptosis
in the large B-cell lymphoma cell line, BP3, which
expresses high levels of Mcl-1 and Bfl-1 and is
resistant to ABT-737. Furthermore, while toxic to
wild type mouse embryonic fibroblasts, this
compound showed only slight toxicity against
BAX/BAK double knockout MEF cells. This
provided evidence that BI-97C1 (Sabutoclax) only
has minimal off-target effects. Additionally, as BI-
97C1 (Sabutoclax) showed efficacy against a cell
line that overexpressed Mcl-1, some earlier

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

compounds like ABT-737 did not, it was evaluated
in the context of a prostate cancer xenograft
involving M2182 cells, which rely on Mcl-1 for
survival. A dose of 3 mg/kg induced nearly 60%
tumor inhibition, while a dose of 5 mg/kg nearly
eliminated the tumors. [63]

4. Mechanisms of MCL-1 protein stability
induced by MCL-1 antagonists in B-cell
malignancies.

The diversity of BH3 proteins can be broadly
characterized as pro-survival Pro-survival proteins
function by sequestering the pro-apoptotic
proteins, thus preventing the initiation of an
apoptotic cascade. However, overexpression of
pro-survival proteins can help in tumorigenesis
and drug resistance, making them an attractive
target for inducing apoptosis in cancer cells[64].
The successful development of BCL-2 inhibitor
(venetoclax), currently approved for chronic
lymphocytic leukemia (CLL) and acute myeloid
leukemia (AML), encouraged the development of
inhibitors that target other antiapoptotic proteins,
particularly Myeloid Leukemia 1 (MCL-1). [65]
One of the most highly amplified genes in a
number of tumors, MCL-1 is linked to poor
prognosis, medication resistance, and cancer
progression. It lessens the sensitivity of cancer
cells to chemotherapeutics or targeted treatments
and shields them from apoptosis. MCL-1 inhibits
cytochrome C release and apoptotic cascade
initiation by selectively binding to Bak and Noxa.
In addition, MCL-1 is involved in metabolism,
cellular senescence, mitophagy, autophagy, DNA
repair, and cell cycle regulation. MCL-1 is
essential for the development of the embryo and
linked to the survival of numerous cells, such as
cardiomyocytes, T/B and the
nervous system. [66].

The expression of the short-lived protein MCL-1
is controlled at the transcriptional, post-

lymphocytes,
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transcriptional, translational, post-translational,
and proteasomal degradation stages. Serine
(Ser)/threonine (Thr) phosphorylation at particular
sites regulates the stability and degradation of
MCL-1.

While GSK3p-mediated Ser phosphorylation
MCL-1 degradation, ERK-mediated
phosphorylation at the Thr residue increases MCL-

causes

1 stability. MCL-1's destiny is also determined by
its interactions with other proapoptotic proteins
like Bim and Noxa; it has been demonstrated that
Bim stabilizes MCL-1 protein while Noxa
degrades it. MCL-1 is ubiquitinated and degraded
by several E3 ligases (Mule, B-TRCP), a process
that deubiquitinates can reverse. [67].

A Increased MCL-1""%3 phosphorylation

%‘ ‘ MEK/ERK , ﬁ p_Thr163
Conformational change I M}:]ﬁ-'l i
of MCL-1 protein

Fwd

- i ‘Ji
:v’ ;\ff — a Y
o ps° ok”

Y 4 Apoptosis

Wy —

B Deubiquitination of MCL-1 protein

Dissociation

a
Degradation

Decrease in Mule and Noxa expression

Fig 2:- Mechanisms of MCL-1 inhibitor-induced MCL-1 protein upregulation, stability, and induction of
apoptosis

The increase of MCL-1 protein following
treatment with MCL-1 inhibitors has been shown
to occur via three main routes (A—C). (A) After
interacting with MCL-1 inhibitors, the protein
undergoes a conformational shift that increases
MCL-1Thr163 phosphorylation by the upstream
MEK/ERK signaling pathway, which helps to
stabilize the MCL-1 protein. (B) Treatment with
MCL-1 inhibitors increased DUB activity and
caused Noxa to separate from MCL-1. [68]

followed by quick Noxa degradation, which
strengthens the USP9x:MCL-1 association and
results in MCL-1 stability. Furthermore, MCL-1
inhibitors cause improper ubiquitination of MCL-
1 by lowering the amounts of the E3 ligase Mule.
Increased stability of the MCL-1 protein is the
overall result. (C) MCL-1 separation from the
BAX/BAK pro-apoptotic protein complex is
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caused by MCL-1 inhibitor binding to MCL-1
protein, which facilitates their oligomerization and
promotes apoptosis. Red arrows
inhibitory impact, whereas black arrows show a
potentiating effect. The typical course is disrupted,
as indicated by X markings.Gene amplification

show an

and transcriptional activation of MCL1

Gene amplification of BCLX and MCL1 was
found in a significant percentage of human
malignancies, particularly lung and breast tumors,
according to high resolution analyzes of somatic
alterations [83]. Furthermore,
employing RNA interference to limit MCLI1
expression has an impact on the proliferation of
lung cancer cell lines with amplified MCL1 genes.

copy number

[69] indicating that MCL1 plays a critical function
in lung cancer. Results demonstrating that copy
number variation of MCLI1 predicts overall
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survival of patients with non-small cell lung
cancer (NSCLC) also support this idea [70]. The
MCLI1 gene's transcription is increased by
cytokines such as interleukin (IL)-3, IL-6, and
others.growth factors such vascular endothelial
growth factor and epidermal growth factor, as well
as granulocyte-macrophage colony-stimulating
factor10,11.  Additionally, it has been
demonstrated that the transcription factors activate
the MCL-1 promoter.

STATS3 and NF-k B activation are commonly seen
in lung cancer, and their functions have been
examined experimentallyl2—16. Furthermore,
EGFR (epidermal growth factor receptor)
activates STAT3 and ELK-113,14. Furthermore, a
recent study revealed that lung cancer decreases
the expression of a microRNA that directly
inhibits MCL1 mRNA17, indicating that
transcriptional and post-transcriptional regulation
in lung cancer activates MCL1 mRNA expression.
[71]

4.1 The MCL1 protein stabilization by
inhibition of ubiquitin ligases

Cytotoxic stimuli

.

The ubiquitin proteasome system strongly
regulates MCL1 protein production, according to
mounting evidencel0,18. Several ubiquitin ligases
were discovered throughout these investigations.
The BH3 domain of MULE (Mcl-1 ubiquitin
ligase E3), a HECT domain ubiquitin ligase,
enables MULE to preferentially bind with
MCLI119. It has been demonstrated that
hepatocarcinogenesis is induced by suppression of
MULE expression thru stabilization of MCL120;
however, its role in the development of lung
cancer has not been documented [72].
Furthermore, B-TrCP  (B-transducin repeat-
containing protein) phosphorylates MCL1 at
serine 155, serine 159, and threonine 163 by GSK-
3B (glycogen synthase kinase-3$)21B-TrCP is an
F-box protein that belongs to the SCF (SKP1-
cullin 1-F-box protein) family of ubiquitin
ligases22 and serves as a substrate recognition
component. Lung cancer patients' survival is
adversely correlated with both EGFR expression
and inactive phosphorylation of GSK-3f at serine
923. However, research is currently being done on
the connection between GSK.[73]

BiM, BID, NOXA, PUMA etc.

” 3

MCL1, BCL-X, . BCL-2, otc

Cytoch rome <

Inactive form . \

Inactive form

= (((0))) S

—— Activation of Caspases

|

Apoptosis

AN

Figure 3: Mitochondrial apoptotic pathway

4.2 MCL1  protein stabilization by
overexpression of deubiquitinase
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After binding to MCL1, the deubiquitinate USP9X
eliminates polyubiquitin chains that designate
MCLI for  proteasomal degradation33.
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Furthermore, reduction of USP9X increases
MCLI turnover and elevated USP9X expression is
correlated with increased MCL1 protein in human
malignancies, indicating that USP9X stabilizes
MCL1 and facilitates cancer cell survival. USP9X
expression in NSCLC tissue has been found to be
considerably greater in lung cancer.

compared to normal lung tissue, and that a worse
prognosis is linked to an increased expression
level of USP9X [74].

USP9X may be a p53 target gene, according to a
worldwide map of p53 transcription factor-binding
sites35. Radiation-induced USP9X makes cancer
cells more resistant to treatment because elevated
MCLI protein levels inhibit apoptosis36. These
results imply that USP9X stabilizes MCLI1 in
order to carry out its carcinogenic activity [75].
MCLI1's function in lung cancer and its targeted

treatment Cell cycle checkpoint activation, DNA
replication stress, and/or numerous other stressors
cause cells to express more pro-apoptotic proteins
during the neoplastic transformation process.
Nevertheless, cancer cells adapt to the effects of
rising MCLI1 and other anti-apoptotic BCL-2
family protein levels in order to survive. Despite
the fact that some lung cancer cells do not

rely on MCLI1 for survival38; most lung cancer
cells have increased MCL1 expression through a
variety of methods. Numerous studies have
demonstrated that MCL1 inhibition makes lung
cancer cells more susceptible to anticancer
medications. Given these findings, BH3 mimetics
that selectively inhibit MCL1 and other anti-
apoptotic BCL-2 proteins could be useful lung
cancer treatments. [76-77]

TABLE 1: MCL-1 inhibitors in clinical trials: Comparative features.

Compound | Selectivity | Administration | Response | Treatment | Reported clinical Development
and potency route rates duration safety signals status
S64315 High Intravenous BOR Median Troponin I |Phase 1 trial
selectivity (treatment | treatment | elevation; febrile | (acute myeloid
for MCL-1; failure): duration: |neutropenia; alanine leukemia,
1Cs0:1.81 81.1%; 2 aminotransferase | myelodysplastic
nM Progressive cycle elevation syndrome)
disease: s
52.5% (42 days)
AZD5991 | Potent and Intravenous Objective 3—4 week | Troponin elevation [Phase 1 trial
selective response: cycles (relapsed
MCL-1 3.8% or
inhibitor; refractory
1Cs0:0.7 hematologic
nM malignancies)
AMG 176 | Selective Intravenous | No objective | Median Neutropenia; Phase 1 trial
MCL-1 responses; treatment anemia; (myelodysplastic
inhibitor; transient blast| duration: hypertension; syndromes)
ICso:16 reduction and 3 arrhythmias
nM decreased cyclel (self-resolved)
RBC s
transfusion (84 days
burden

S. Working of Mcl-1 inhibitors MCL-1 inhibitors are a major development in the
field of targeted treatments for cancer. The protein

known as myeloid cell leukemia 1 (Mcl-1) is a
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member of the B-cell lymphoma 2 (Bcl-2) family,
which is mainly responsible for controlling
apoptosis, the process of programd cell death.
Mcl-1 is frequently overexpressed in a variety of
malignancies, which helps cancer cells survive and
proliferate. In order to take advantage of this
vulnerability, researchers have shown a great deal
of interest in the creation of Mcl-1 inhibitors.
Mcl-1 inhibitors function by focusing on the
function of the Mcl-1 protein in the control of
apoptosis. A crucial biological mechanism called
apoptosis makes sure that damaged or undesirable
cells are methodically broken down and
eliminated. These medicinal substances upset the
equilibrium of pro- and anti-apoptotic signals in
the cell by blocking Mcl-1. In order to stop pro-
apoptotic proteins like Bim, Bak, and Bax from
causing cell death, Mcl-1 typically attaches to
them. These pro-apoptotic proteins are released to
start apoptosis when Mcl-1 inhibitors bind to the
same locations in a competitive manner. When
Mcl-1 is suppressed, cancer cells that are highly
dependent on Mcl-1 for survival are particularly
vulnerable to programd cell death [78].Safety and
Toxicity of MCL-1 Inhibitors

i. Cardiotoxicity

While the clinical conundrum of increased
cardiomyocyte-specific troponin with AZD5991
indicates subclinical myocardial injury, MCL-1
maintains cardiomyocyte and
hematopoietic stress levels, and its loss in the
mouse heart results in decreased heart function
independent of apoptosis. Consequently, methods

survival

to increase the danger of MCL-1 antagonists in the
heart can guaranty suitable dosing techniques, like
using cardiac biomarker management and
intermittent dosing. In the phase 1 trial, 10.3% of
patients receiving AZD5991 had asymptomatic
increase of troponin [ or T. [79].
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II. Hematopoietic Toxicity

Hematopoietic stem cells, granulocyte-monocyte
progenitor cells, and common myeloid progenitor
cells are lost when MCL-1 is deleted, which causes
hematopoietic failure [80]. Adult mice that had
one MCL-1 allele removed had less hematopoietic
stem and progenitor cells (HSPCs), which caused
them to die in two to three weeks. MCL-1 is
necessary for neutrophil survival, mutant mice
show 80%—-90% decreases in quantities of mature
neutrophils in the peritoneal exudates, spleen, and
blood. Neutropenia and anemia were the most
common grade > 3 adverse events experienced by
62% of quantities of mature neutrophils in the
peritoneal  exudates, spleen, and blood.
Neutropenia and anemia were the most common
grade > 3 adverse events experienced by 62% of
subjects in the AMG 176 study.. [81,82]

II1. Immune Effects

The diversity of lymphocyte populations may be
reduced by long-term systemic suppression of
MCL-1, which could hinder host immunity [83]. It
is appropriate to use preclinical
immunophenotyping and include solid tumors in
clinical trials when the effects of MCL-One
deletion manifest.

vii.  Off-Target Manifestations

Similar to cardiotoxicity, prior studies have shown
that MCL-1 is an important anti-apoptotic agent
for the liver, supporting hepatic homeostasis [84].
Toxicity in preclinical models must also be further
assessed for level clarity. Drug transport and off-
target mitochondrial disruptions are additional
issues to take into account. Current MCL-1
inhibitors' high hydrophobicity may restrict tissue
access, and systemic administration may cause
undesired mitochondrial stress in areas that are not
cancerous. To provide tailored delivery and reduce
systemic toxicity, conjugates made especially for
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tumor targeting and nanoparticle-based delivery
methods are being investigated. [85]

V. Therapeutic Potential and Toxicity Profile

The safety and effectiveness of MCL-1 inhibitors
in  hematologic malignancies have been
investigated in clinical trials, which have shed
light on both their therapeutic potential and
adverse effects. In a phase 1 study (n = 61) of
patients with relapsed/refractory hematologic
malignancies, the human MCL-1 inhibitor
AZD5991 had poor clinical effect and was linked
to a significant incidence of troponin increase [86].
Four patients died as a result of adverse events,
which included nausea, vomiting, and diarrhea
[87]. Three individuals showed an objective
response, and five patients had dose-limiting
toxicities. [88].

The safety and tolerability of the MCL-1 inhibitor
tapotoclax (AMG 176) in patients with
myelodysplastic syndromes (MDS) following
hypomethylating agent (HMA) failure were
evaluated in a phase I trial. According to the results
of this investigation, the study population
consisted of adult MDS patients who either
showed no improvement after taking HMAs for at
least four cycles or showed signs of progression or
relapse at any time while using HMAs. The most
frequent side effects of the treatment were
palpitations, nausea, exhaustion, and diarrhea. In a
high-risk group of patients with MDS following
HMA failure, this trial found that tapotoclax was
both safe and well tolerated; incidences of cardiac
adverse events resolved on their own without the
need to lower the dosage; and No patients had
elevated troponin levels that were clinically
significant. [89]

Strong, selective small-molecule inhibitors of the
anti-apoptotic protein MCL-1 are S63845 and its
clinical derivative S64315. It has been
demonstrated that MCL-1 is overexpressed in
many cancers, which enables cancer cells to
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survive and be effectively inhibited by these drugs,
causing programd cell death (apoptosis) in tumors
exposed to these drugs. [90]

The ability of these medications to cause on-target
damage, such as hematopoietic suppression, in
addition to their anticancer activity influences the
choice to stick with intermittent dosage [91].
Overall, these findings that MCL-1
inhibitors have therapeutic potential for a variety
of hematologic malignancies and that the best
dosage techniques are necessary to strike a balance
between safety and efficacy.[92]

show

6. Apoptosis and the Bcl-2 family of
proteins

An organism's ability to maintain homeostasis and
carry out regular physiological processes depends
on the biological process of apoptosis. A wide
range of intricate biological processes involving
several proteins result in the cell's capacity to
undergo apoptosis. The extrinsic pathway of
apoptosis and the intrinsic/mitochondrial pathway
of apoptosis are two different but connected
processes that can cause apoptosis. In the extrinsic
pathway, extracellular ligands like TNF or FasL
activate cell surface death receptors (Fass, TNFR).
When any of the death receptors are activated,
caspase-8 is cleaved and activated, starting a
signaling cascade that ends with the cell's demise.
Numerous stress cues might trigger the intrinsic
route, which includes. [93]The intricate
connections of the Bcl-2 family of proteins are the
main regulators of this mitochondrial pathway.
The first protein in this family, Bcl-2, was
identified during research on B-cell lymphoma.
Bcl-2 homology (BH) domains allow the proteins
in this family to have some sequence similarity.
Each member of this family possesses at least one
of the four BH domains. [94] One group of the
family exhibits pro-apoptotic actions, while the
other group exhibits anti-apoptotic effects. Two

subgroups of the pro-apoptotic group are
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identified: one group comprises proteins like Bax
and Bak, while the other group contains proteins
such as Bim, Bid, PUMA, and Noxa. Because the
members of this subgroup only share sequence
similarity with the remainder of the family through
their BH3 domain, the latter group is frequently
referred to as the BH3 only proteins. The proteins
Bcel-2, Mcl-1, Bel-XL, Bfl-1/A1, and Bcl-w are
members of the anti-apoptotic group. An "indirect
activation model" is the initial plan. The anti-
apoptotic proteins in this scenario attach to
Bax/Bak and prevent dimerization. By attaching to
the anti-apoptotic proteins and displacing Bax and
Bak, the BH3-only proteins carry out their pro-
apoptotic functions. Now that Bax and Bak are
free to form dimers, MOMP is produced. The
second theory is a little more intricate "direct
activation model." [95]

The BH3-only proteins in this model are separated
into activator and sensitizer proteins. According to
this concept, Bax/Bak oligomerization happens
when BH3-only proteins attach to and activate
Bax/Bak. The activator proteins must be bound by
the anti-apoptotic proteins in order for them to
bind and activate Bax/Bak. Consequently, the anti-
apoptotic proteins are bound by the sensitizer BH3
only proteins, which stops them from engaging
with the activator BH3 only proteins. [96]

Since apoptosis regulation is all about balance, it
is likely that both of these models will occur. The
ratio of pro-apoptotic to anti-apoptotic proteins
determines whether a cell will survive or undergo
apoptosis at a particular stage of its existence.97]

CONCLUSION

Many substances have been created, synthesized,
or extracted from natural sources and tested as
Mcl-1 ligands. It is difficult to find ligands that are
particularly selective against Mcll since it shares
structural characteristics with other members of
the Bcl-2 family in its active site. The specific
targeting of Mcl-1 was demonstrated by numerous
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reported inhibitors in this review. To do this, it
appears that they must bind to the same area as the
apoptotic proteins' BH3 helix. Although some are
efficient inhibitors, it is true that some inhibitors
raise Mcl-1 levels while others lower them,
leading to distinct cell outcomes that cannot be
anticipated by binding affinity measurement
alone.. [98]

MCL-1 is an obvious target for cancer since it is
essential to the normal variation of apoptosis and
the cellular physiology of mitochondria. The
viability of blocking MCL-1 to cause tumor cell
death has been demonstrated by the creation of
specific inhibitors, PROTACs, and reversible
chemotypes.  Despite about the
effectiveness of such therapies in critical tissues,
the combination of targeted, cytotoxic, and
immune-mediated therapies offers the potential to
improve patient-centric targeting therapies and
increase persistence. This approach is currently
receiving strong consideration. The ultimate goal

worries

is to reduce cancer fatalities by optimizing patient
selection with MCL-1 affinities and the
development of novel biomarkers. Selective MCL-
1 inhibitors have been shown in preclinical and
early clinical studies to boost apoptotic
opportunity, improve chemosensitivity, and work
in concert with BCL-2 inhibitors and other
standard-of-care treatments—mechanisms that
could all improve OS. [99]
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