Archives of Pharmaceutical Sciences Ain Shams University 2019; Vol. 3(2):130-141 CrossMark

oreEnGSAccEss Medicinal Chemistry Review Article

Selective Small Molecule Myeloid Cell Leukemia-1 (MCL-1) Inhibitors: Novel Agents in
Cancer Therapy

Hoda S. Ibrahim’, Deena S. Lasheen, Rabah A. Taha, Dalal A. Abou El Ella
Pharmaceutical Chemistry Department, Faculty of Pharmacy, Ain Shams University, POX 11566, Cairo, Egypt

ABSTRACT

Apoptosis is a normal physiological process, which is very crucial to maintain tissue homeostasis.
Dysregulated apoptosis can lead to various diseases as cancer. Thus, the evasion of apoptosis stands out
as a key hallmark of cancer cells. BCI-2 family of proteins is the key modulator of the mitochondrial
apoptotic pathway. Therefore, the balance between the anti-apoptotic (BCL-2, BCL-XL, and MCL-1) and
pro-apoptotic (BAK, BAX, BAD, PUMA, and NOXA) members of this family will govern cell fate.
Overexpression of anti-apoptotic BCL-2 members including MCL-1 is implicated in the progression of
many human cancers as well as the emerging resistance to various anti-cancer agents including targeted
therapies. Indeed, inhibition of the anti-apoptotic BCL-2 members by small-molecule BH3 mimetics may
provide an excellent approach in cancer therapy. Unfortunately, it was reported that MCL-1
overexpression is linked to Venetoclax, first FDA approved BCL-2 selective inhibitor, resistance in
AML. Thus, inhibition of MCL-1 with a selective small-molecule inhibitor may provide an attractive
strategy in cancer targeted therapy. Recently, several small-molecule MCL-1 selective inhibitors have
been developed and few are being tested in clinical trials. Herein, we will discuss the recent advances in
the development of selective small-molecule MCL-1 inhibitors.
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1. INTRODUCTION types of cancer, including continuous
proliferation, evading growth suppressor signals,

induction of angiogenesis, resisting cell death,
avoiding immune destruction, tissue invasion and
metastasis [1-3]. One of the key hallmarks of the
cancerous cell is its ability to evade apoptosis and
to resist cell death. Therefore, targeting apoptotic
pathways became one of the most promising
strategies in cancer-targeted therapy.

Cancer is a fatal disease, which is
characterized by uncontrolled cell growth that
leads to the formation of tumors. Cancerous cells
can spread to other tissues and body organs via
metastasis. For the cancer cell to become
immortal and malignant, it must develop several
mechanisms to assure its survival. These
mechanisms are described and defined as the
hallmarks of cancer. These biological hallmarks Apoptosis is a normal physiological process
are factors that appear in almost all different of programmed cell death, which is very crucial
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to maintain homeostasis and normal development
[4]. It plays a critical role in both physiological
and pathological conditions, so it must be
precisely regulated. Defective apoptosis can lead
to various diseases as cancer, viral infections, and
autoimmune disorders, while excessive apoptosis
may lead to neurodegenerative disorders [5-7].
Many stress-inducing conditions can trigger
apoptosis  including DNA damage and
uncontrolled proliferation [8, 9]. Apoptosis is
highly controlled and regulated via two main
apoptotic pathways: the extrinsic (death receptor)
pathway and the intrinsic (mitochondrial or BCL-
2 regulated) pathway (Fig. 1) [10].

Both the extrinsic and intrinsic pathways lead
to the activation of a family of proteases called
caspases. They are cysteine, aspartate-specific
proteases that have a cysteine residue at their
active site and cleave the protein substrate at
aspartic acid residues, so the name caspases.
Normally, they are synthesized within the cell as
inactive procaspases, which are activated by other
caspases in a cascade manner. Once they are
activated, lead to the activation of other caspases
which in turn resulting in the destruction of
different cellular proteins thereby leading to
apoptosis [11-13].

By understanding the different factors
involved in the regulation of the apoptotic
pathways, many of these factors may be exploited
as prime targets for cancer therapy development.

BCL-2 family of proteins stands out as the key
regulator of the mitochondrial apoptotic pathway.
This family of proteins comprises three
subfamilies which are classified according to
their function and structure into pro-apoptotic
BH3 only, pro-apoptotic multi-domain and pro-
survival (anti-apoptotic) proteins. The pro-
apoptotic BH3-only proteins include BAD, BIM,
BID, BIK, NOXA and PUMA that contain only
the BH3 homology domain which is very crucial
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for the interactions of these proteins with other
members of the BCL-2 family. On the other
hand, the pro-apoptotic multi-domain proteins
(the effectors) have three BH domains (BH1-
BH3) which include BAK and BAX. The pro-
survival (anti-apoptotic) members include BCL-
2, BCL-XL, MCL-1, BCL-W and BFL-1/A-1
which have four BH domains (BH1-BH4) except
for MCL-1 which have only three BH domains
(BH1-BH3) [14-16].

Protein-protein interaction (PPI) between the
pro-apoptotic and pro-survival members of the
BCL-2 family plays a pivotal role in governing
the cell fate. This interaction is mediated via the
BH3 domain of the pro-apoptotic members and
the hydrophobic binding groove on the surface of
the anti-apoptotic proteins. Any aberrations in the
balance between the pro-apoptotic and anti-
apoptotic proteins may result in dysregulated
apoptosis. This imbalance mainly results from
overexpression of one or more pro-survival
proteins [17, 18].

One of the major approaches for anti-
apoptotic BCL-2 proteins inhibition is the
development of small molecule inhibitors (BH3
mimetics) which mimic the BH3-only pro-
apoptotic proteins and have the ability to bind to
the BH3 hydrophobic binding groove on the
surface of the anti-apoptotic proteins and thus
inhibit its action and activate apoptosis by the
release of BH3-only proteins (BAK, BAX) [20,
21].

Recently, a series of BH3 mimetics have been
reported, ABT-737 (1) and its orally available
analog  Navitoclax (ABT-263) (2) are
representing the first prime advance in small
molecule inhibitors targeting BCL-2 anti-
apoptotic proteins. They showed activity against
BCL-2, BCL-XL, and BCL-W but had no activity
against MCL-1 or BFL-1/A-1. Navitoclax (2) has
shown very promising results in clinical trials
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except for its dose-limiting side effect
thrombocytopenia due to co-inhibition of BCL-
XL [22]. More recently, Venetoclax (ABT-199)
(3) has been approved for the treatment of
chronic lymphocytic leukemia. Ventoclax is
considered as the first selective BCL-2 inhibitor
thus lacks Navitoclax’s effect,
thrombocytopenia [23] (Fig. 2).

side

Unfortunately, neither  Navitoclax  nor
Venetoclax can inhibit MCL-1 anti-apoptotic
protein and it was found that a high level of
MCL-1 is the main contributor to the Ventoclax
resistance in acute myeloid leukemia (AML)
[24].
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Fig. 1. Schematic diagram illustrating the two major apoptotic pathways [10]
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2. Targeting the anti-apoptotic protein MCL-1 in
cancer therapy

MCL-1 is a member of the anti-apoptotic BCL-2
family of proteins, which is normally expressed within
the tissues. It plays a pivotal role in maintaining
homeostasis [25, 26].

Several studies have shown that MCL-1 is
overexpressed in a vast number of human tumors,
including breast cancer, ovarian cancer, prostate
cancer, pancreatic cancer, and non- small cell lung
cancer [27-32].

Additionally, overexpression of MCL-1 has been
reported in some hematological cancer, including B-
lymphoma and myeloblastic leukemia [33-35]. This
high expression level contributes to the emerging
resistance of various chemotherapeutic agents
including cisplatin, erlotinib, taxol, and many other
anticancer agents [36, 37]. Accordingly, inhibition of
MCL-1 and downregulation of its expression may be
advantageous and may increase the sensitivity of
cancer cells to chemotherapeutics. Thus targeting
MCL-1 by small-molecule inhibitors, either as a single
agent or in combination may offer an effective
therapeutic strategy for the treatment of different
cancers. Recently, several small-molecule MCL-1
inhibitors have been developed; some have been
entered clinical trials. Herein, we focus on the most
potent selective small-molecule MCL-linhibitors.

3. Selective small molecule MCL-1 inhibitors

Recently, there is a great advance in the
development of small molecule MCL-1 inhibitors.
Several selective and highly potent inhibitors have
been reported including:

3.1. Marinopyrrol A (Maritoclax)

Marinopyrrol A (4) (Fig. 3) is a bi-pyrrole
derivative which is first isolated from the marine
Streptomyces sp. CNQ-418.
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Fig. 3. Marinopyrrol A (4)
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It was used for its powerful anti-microbial activity
against MRSA. Marinopyrrol A is the first discovered
selective MCL-1 inhibitor with 1Csy of 10.1 uM, its
inhibitory activity against MCL-1 was discovered
during the screening of small library [38-40]. It has the
efficacy to induce apoptosis in MCL-1-dependent
lymphoma and leukemia cell lines [41].

3.2. MIM1, A substituted pyrogallol derivative

MIM1 (5) (Fig. 4) was discovered through high
throughput  screening technique that wused a
fluorescently labeled MCL-1 stapled BCL-2 domain a-
helix. It exhibits a moderate activity against MCL-1
with an 1Csy of 4.8 uM and can induce Bax/Bak-
dependent apoptosis in leukemia cell lines [42].
Because of its moderate activity and selectivity, further
optimization is now in progress using structure-activity
relationship studies (SAR) [43].

HO OH
OH

Fig. 4. MIML1 (5), Pyrogallol derivative

3.3. 8-Hydroxyquinoline based inhibitors

A high throughput screening of a small molecule
library has been carried out by the Scripps Research
Institute in collaboration  with Eutropics
Pharmaceuticals Company for the discovery of novel
MCL-1 inhibitors. This screening resulted in the
discovery of a selective MCL-1 inhibitor (6) with an
ICsy value of 2.4 upM. Further structure-activity
relationship (SAR) studies were conducted, which
resulted in the discovery of hydroxyquinoline
derivative (7). These studies have shown that the
removal of the carboxylic acid group and the 4- chloro
group may improve the drug-like properties. It was
found that compound (7) binds more potently and
selectively to MCL-1 with an ICsy value of 0.31 uM
[44] (Fig. 5).
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Fig. 5. 8- Hydroxyquinoline MCL-1 inhibitors

3.4. Substituted 6,5- fused heterocycles-2-
carboxylic  acid-based inhibitors  (Merged
compounds)

An NMR-based screening of a large fragment
library has been carried out for novel potent MCL-1
inhibitors by Friberg and coworkers which is then
followed by NMR-guided molecular docking,
culminated in the discovery of two chemically distinct
groups of fragments, the first one contains 5, 6- fused
heterocyclic-2-carboxylic ~ acids, for  example,
compound (8) which inhibit MCL-1 with a Ki value of
131 uM, and the second group contains hydrophobic
aromatic compounds linked to a polar group, for
example, compound (9) which inhibit MCL-1 with a
Ki value of 60 pM. Based on these studies, one
fragment from each group was chemically linked, that

is lead to an impressive increase in the binding affinity
and potency as compared to each fragment. This
merging strategy is carried out by Fesik's group, thus
merging fragment (8) and (9) led to the discovery of
(10) with dramatically enhanced Ki value of 0.32 uM
against MCL-1 [45].

Further optimization and SAR studies rustled in the
identification of compound (11), in which the
benzothiophene ring is replaced by indole ring, with
more enhanced potency (Ki value of 55 nM) and
selectivity over other anti-apoptotic members.

Additionally, Fesik's group discovered a tricyclic
indole carboxylic acid fragment during their screening,
which was furtherly optimized to lead to the discovery
of compound (12) that inhibits MCL-1 with a Ki value
of 3 nM [46] (Fig. 6).
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Fig. 6. Merging fragments from two distinct classes produced a compound with significantly improved MCL-1 inhibitory activity

3.5. S1 and S1 derivatives based inhibitors

S1 compound (13) (Fig. 7) was discovered through
screening by Song and coworkers who found that S1
has the ability to inhibit BCL-2 and MCL-1 in a
nanomolar concentration (for BCL-2, K;= 58 nM and
MCL-1, Kg= 310 nM) and disrupting their interaction
with pro-apoptotic proteins (Bak and Bax) leading to
induction of apoptosis [47, 48].

Using scaffold hopping approaches, several
derivatives of S1 (13) have been discovered, which
possess more potent inhibitory activity against anti-
apoptotic proteins. For example, compound (14)
inhibits MCL-1, BCL-2, and BCL-XL with I1Cs, of 10
nM, 20 nM and 18 nM, respectively.
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More recently, Zhang and coworkers discovered
two novel MCL-1selective small-molecule
inhibitors based on SAR and screening studies
of several S1 derivatives. The first one is

compound (16), which binds MCL-1 with Kg
value of 160 nM and the second one is
compound (17), which inhibits MCL-1 with an
ICs, value of 54 nM [49, 50] ( Fig. 8).
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Fig. 8. Selective MCL-1 inhibitors based on S1 (13) compound

3.6. N-(4-hydroxy naphthalen-1-yl) aryl
sulfonamide based inhibitors

This class of MCL-1 inhibitors was developed by
Nikolovska-Coleska’s laboratory using fluorescence
polarization high throughput screening approaches.
UMI-59 (17) was the first hit identified in this class
with a Ki value of 1.55 uM against MCL-1 [51].
Further structure-based optimization of UMI-59 (17)
resulted in a more potent inhibitor (18) with improved
Ki value of 180 nM. Additionally, compound (18)

selectively inhibit cell growth and induce apoptosis in
MCL-1- dependent leukemia cell lines (HL-60 and
MV4-11).

Another inhibitor from this class is UMI-77 (19),
which was developed by structure-based modification
of UMI-59 (17). UMI-77 (17) binds to MCL-1 with Ki
value of 490 nM. Also inhibits cell growth and induces
apoptosis in a pancreatic cancer xenograft model
(BxPC-3) [52] (Fig. 9).
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More recently; another potent selective MCL-1
inhibitor (20) based on 1- hydroxy -2-
naphthoic acid scaffold has been reported with
a Ki value of 31 nM [53] (Fig. 10).
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Fig. 10. 1- Hydroxy -2- naphthoic acid-based MCL-1
inhibitor

3.7. 2-(Arylsulfonamido) Benzoate and Salicylate
based inhibitors

An NMR- based fragment-screening assay has been
utilized to screen a fragment library for the discovery
of new selective MCL-1 inhibitors. This assay resulted
in the identification of two groups of MCL-1 inhibitors
which considered as hits for further optimization, the
first one based on aryl sulfonamides and the second
one based on salicylates scaffold [54] (Fig. 11).
Structure-based optimization of the initially discovered
hits led to the identification of compound (21) which
inhibits MCL-1 with an ICs, value of 30 nM,
representing the most potent inhibitor in this class.
Another analog was compound (22), which has an 1Cs
value of 500 nM [54].Similarly, Structure-based
rational optimization along with molecular modeling
studies led to the identification of salicylate inhibitors
(23) and (24). Salicylates inhibitor (24) is considered
the most potent with 1Cs, values of 0.57 uM [54].
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Fig. 11. Aryl sulfonamides and salicylates based MCL-1 inhibitors

3.8. Indol-2- Carboxylic acid-based inhibitors

Recently, several indol-2- carboxylic acid-based
MCL-1 inhibitors were reported by AbbVie [55, 56].
This class of inhibitors sharing a structural similarity
with Fesik's inhibitors with additional chain linked to
the indole and benzene rings.

A-1210477 (25), (Fig. 12) is the most potent and
selective inhibitor identified in this class, it inhibits
MCL-1 with an ICs, value of 26.2 nM and exhibits a
higher binding affinity and selectivity over other anti-
apoptotic proteins. Several studies have demonstrated
that A-1210477 inhibits MCL-1 dependent cells and
triggers apoptosis in non- small- cell lung cancer cell
lines. Additionally, it has an excellent synergistic

effect when combined with Navitoclax (2) in different
cancer cell lines [55 - 57].

VU-661013 (26) is another indole based MCL-1
inhibitor, which was discovered by the use of
fragment-based approaches and structure optimization
of compounds in this series. It selectively inhibits
MCL-1 with a Ki value of 97 pM. In vitro studies have
shown that its ability to kill cells by induction of
apoptosis with an ICsy, value of 150 nM in a set of
AML cell lines. Moreover, in vivo studies revealed
that VU-661013 (26) has synergistic anti-tumor
activity in combination with Ventoclax (3) in several
mice xenograft models of AML [57-59].
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Table 1. Selective MCL-1 inhibitors in clinical trials [57]
MCL-1 inhibitor Phase Disease NCT number
MIK665/S64315 Phase | Lymphoma or Multiple myeloma NCT02992483
(28) Acute myeloid leukemia NCT02979366

Acute myeloid leukemia

AMG -176 (29) Phase | Multiple myeloma NCT02675452
AZD5991 (30) Phase | Hematological malignancies NCT03218683

3.9. Miscellaneous selective MCL-1 inhibitors

Recently, several potent and selective small-
molecule MCL-1 inhibitors have been reported, few
inhibitors have advanced into early-stage clinical trials
[57] (Table. 1) including:

3.9.1. S63845 (27)

It is a highly potent and selective MCL-1 inhibitor,
which was discovered by collaboration between
Servier and Vernalis. It exhibits a high-affinity binding
with a Ky value of .19 nM. It exhibits a potent anti-
tumor activity in different cancer cell lines as well as
in animal models [60, 61]. Its combination with
Ventoclax (3) has demonstrated an excellent anti-
tumor activity on a panel of patient-derived xenografts
models of MCL [62] (Fig. 13).

3.9.2. MIK665/S64315 (28)

Although It is an analog to S63845 (27), there is a
very little about S64315 (28) data has been revealed. It
has been launched into 2 clinical trials (phase 1), the
first one is to be used in a patient with acute myeloid
leukemia and the other one is to be used in patients
with lymphoma or multiple myeloma to evaluate its
tolerated dose and toxicity [61] (Fig. 13).

3.9.3. AMG176 (29)

It was discovered by Amgen following a screening of

a large library of compounds and structure-based lead
optimization. It is a selective MCL-1 inhibitor with a
Ki value of < 1 nM. Presently, it is evaluated in phase I
clinical trials in patients with myeloid leukemia [63]
(Fig. 13).

3.9.4. AZD5991 (30)

It is a potent and selective MCL-1 inhibitor with an
ICs, value of 10 nM, which is discovered by
AstraZeneca. Currently, it is evaluated in phase |
clinical trials in patients with hematological
malignancies [64, 65] (Fig. 13).

Conclusion

In summary, MCL-1 is a member of the anti-
apoptotic BCL-2 family of proteins; its overexpression
was implicated in various human tumors and
hematological cancers and the emerging resistance to
different anti-cancer agents, making it a very
promising target in cancer therapy development. In
recent years, a great effort was focused to develop
potent and selective small-molecule MCL-1 inhibitors
that culminated in the discovery of several selective
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inhibitors from different chemical classes with
promising preclinical activity. Currently, some of these
inhibitors are undergoing early-stage clinical trials that
may culminate in a novel approved selective MCL-1

inhibitor. Making, MCL-1 selective small molecule
inhibitors, valuable and promising agents in cancer
therapy.
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Fig. 13. Miscellaneous selective MCL-1 inhibitors

Declarations

Ethics approval and consent to participate
Not applicable

Consent to publish

Not applicable

Availability of data and materials

All data generated or analyzed during this study are
included in this published article in the main
manuscript.

Competing interests

The authors declare that no competing interests
exist.

Funding Statement
No funding source was received.
Authors’ contributions

The manuscript was drafted and written by Hoda S.
Ibrahim. Deena S. Lasheen, Rabah A. Taha and Dalal
A. Abou El Ella have provided comments and
contributed to revising the manuscript. All authors
have read and approved the final manuscript.

Acknowledgment

The authors would like to acknowledge all
colleagues in the Pharmaceutical ~Chemistry
Department, Ain Shams University for their support.

4. REFERENCES

1. Avendafio C, Menéndez JC. General Aspects of
Cancer Chemotherapy. In: Medicinal Chemistry of
Anticancer Drugs. 2nd Edition. Elsevier; 2015. p.
1-22.

2. Hanahan D, Weinberg R. Hallmarks of cancer: The
next generation. Cell. 2011; 144(5):646-74.

3. Juin P, Geneste O, Gautier F, Depil S, Campone M.
Decoding and unlocking the BCL-2 dependency of
cancer cells. Nat. Rev. Cancer.2013; 13(7):455-
465.

4. Liu G, Pei F, Yang F, Li L, Amin AD, Liu S,
Buchan JR, Cho WC. Role of Autophagy and
Apoptosis in Non-Small-Cell Lung Cancer. Int. J.
Mol Sci. 2017; 18(2), 367; 1-24.
https://doi.org/10.3390/ijms18020367

5. Mohamed Hassan, Hidemichi Watari, Ali
AbuAlmaaty, Yusuke Ohba, Noriaki Sakuragi,
“Apoptosis and Molecular Targeting Therapy in
Cancer,” BioMed Research International, 2014,
Atrticle ID 150845, P.1-23.
https://doi.org/10.1155/2014/150845

6. Wong RS. Apoptosis in cancer: from pathogenesis
to treatment. J Exp Clin Cancer Res. 2011; 30
(1):87; 1-14 doi: 10.1186/1756-9966-30-87



https://doi.org/10.3390/ijms18020367
https://doi.org/10.1155/2014/150845
https://dx.doi.org/10.1186%2F1756-9966-30-87

Selective Small MCL-1 Inhibitors: Novel Agents in Cancer Therapy

7. Khan KH, Blanco-Codesido M, Molife LR. Cancer
therapeutics: Targeting the apoptotic pathway. Crit
Rev  Oncol/Hematol. 2014; 90 (3):200-219.
https://doi.org/10.1016/j.critrevonc.2013.12.012

8. Lopez J, Tait SW. Mitochondrial apoptosis: Killing
cancer using the enemy within. Br. J. Cancer 2015;
112, 957-962.

9. Pfeffer CM, Singh ATK. Apoptosis: A Target for
Anticancer Therapy. Int. J. Mol. Sci. 2018; 19(2),
448; https://doi.org/10.3390/ijms19020448

10. Ashkenazi A. Targeting death and decoy receptors
of the tumor-necrosis factor superfamily. Nat Rev
Cancer 2002; 2:420-430. doi: 10.1038/nrc821.

11. Alberts B, Johnson A, Lewis J, Raff M, Roberts K,
Walter P. Molecular Biology of the Cell.4™ edition.
Programmed Cell Death (Apoptosis). New York:
Garland  Science; 2002. Awvailable from:
https://www.ncbi.nlm.nih.gov/books/NBK26873.

12. Prokhorova EA, Zamaraev AV, Kopeina
GS, Zhivotovsky B, Lavrik IN. Role of the nucleus
in apoptosis: signaling and execution. Cell.Mol.
Life Sci. 2015;72:4593-4612.
https://doi.org/10.1007/s00018-015-2031-y.

13. Kopeina G, Prokhorova E, Zhivotovsky B, Lavrik
I. Alterations in the nucleocytoplasmic transport in
apoptosis: caspases lead the way. Cell Prolif. 2018;
51(5): e12467. doi:10.1111/cpr.12467.Epub.

14. Chen H-C, Kanai M, Inoue-Yamauchi A, Huang
Y, Ren D, Kim H, et al. An interconnected
hierarchical model of cell death regulation by the
BCL-2 family. Nat Cell Biol. 2015; 17:1270-1281.

15. Haiming Dai, X. Wei Meng, Scott H. Kaufmann.
BCL2 Family, Mitochondrial Apoptosis, and
Beyond (Review). Cancer Transl. Med. 2016;
2(1):7-20.

16. Chan SL, Yu VC. Proteins of the BCI-2 family in
apoptosis signaling: from mechanistic insights to
therapeutic  opportunities.  Clin. &  Exper.
Pharmacology & physiology. 2004; 31(3):119-128.

17. Anita, Sharma HP, Jain P, Amit P. Apoptosis
(Programmed cell death) - A review. World J. of
Pharmaceutical Res. 2014; 3(4): 1854-1872.

18. Thomas P, Andrea L, Denis ER, Adam Z,
Evripidis G. Progress in targeting the BCL-2 family
of proteins. Current Opinion in Chemical Biology.
2017; 39:133-142.

19. Karnak D, Xu L. Chemosensitization of prostate
cancer by modulating Bcl-2 family proteins.
Current drug targets. 2010; 11(6): 699-1406.

20. Vogler M, Dinsdle D, Dyer MJS and Cohn GM.
Review: Bcl-2 inhibitors: small molecules with a
big impact on cancer therapy. Cell Death and Diff.
2009; (16):360-367.

139

21. Berg, T. Small-molecule inhibitors of protein-
protein interactions. Curr. Op. Drug
Disc.Dev.2008; (11): 666-674.

22. Tse C, Shoemaker AR, Adickes J, Anderson M,
Chen J, Jin Sha, et al. ABT-263: a potent and orally
bioavailable BCL-2 family inhibitor. Cancer Res.
2008; 68(9):3421-3428. Doi: 10.1158/0008-
5472.CAN-07-5836.

23. Cang S, Iragavarapu C, Savooji J, Song Y, Liu D. J
Hematol Oncol. 2015; 8:129.

24. Niu X, Zhao J, Ma J, Xie C, Edwards H, Wang G,
et al. Binding of released Bim to MCL-1 is a
mechanism of intrinsic resistance to ABT-199
which can be overcome by combination with
Daunorubicin or cytarabine in AML cells. Clin
Cancer Res. 2016; 22 (17): 4440-4451. Doi:
10.1158/1078-0432.CCR-15-3057.

25. Peperzak V, Vikstrom |, Walker J, Glaser SP,
LePage M, Coquery CM, et al. Mcl-1 is essential
for the survival of plasma cells. Nat Immunol.
2013; 14(3):290-297.

26. W.Xiang, CY.Yang, L.Bai. MCL-1 inhibition in
cancer treatment. OncoTargets and therapy. 2018;
11: 7301-7314. Doi: 10.214/00T.S146228.

27. Akgul C. Mcl-1 is a potential therapeutic target in
multiple types of cancer. Cell Mol Life Sci. 2009;
66(8):1326-1336.

28. Reiner T, de Las Pozas A, Parrondo R, Palenzuela
D, Cayuso W, Rai P, et al. Mcl-1 protects prostate
cancer cells from cell death mediated by
chemotherapy-induced DNA damage. Oncoscience.
2015; 2(8):703-715.

29. Zervantonakis IK, lavarone C, Chen HY, Selfors
LM, Palakurthi S, Liu JF, et al. Systems analysis of
apoptotic priming in ovarian cancer identifies
vulnerabilities and predictors of drug response. Nat
Commun. 2017; 8(1):365. doi: 10.1038/s41467-
017-00263-7.

30. Young Al, Law AM, Castillo L, Chong S, Cullen
HD, Koehler M, et al. MCL-1 inhibition provides a
new way to suppress breast cancer metastasis and
increase sensitivity to dasatinib. Breast Cancer Res.
2016; 18(1):125.

31. Campbell KJ, Dhayade S, Ferrari N, Sims AH,
Johnson E, Mason SM, et al. MCL-1 is a prognostic
indicator and drug target in breast cancer. Cell
Death Dis. 2018; 9(2):109.

32. LaBelle JL, Katz SG, Bird GH, Gavathiotis E,
Stewart ML, Lawrence C, et al. A stapled BIM
peptide overcomes apoptotic  resistance in
hematologic cancers. J Clin Invest. 2012;
122(6):2018-2031.

33. Michels J, O'Neill JW, Dallman CL, Mouzakiti A,
Habens F, Brimmell M, et al. Mcl-1 is required for
Akata6 B-lymphoma cell survival and is converted


https://www.ncbi.nlm.nih.gov/pubmed/?term=Khan%20KH%5BAuthor%5D&cauthor=true&cauthor_uid=24507955
https://www.ncbi.nlm.nih.gov/pubmed/?term=Blanco-Codesido%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24507955
https://www.ncbi.nlm.nih.gov/pubmed/?term=Molife%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=24507955
https://doi.org/10.1016/j.critrevonc.2013.12.012
https://doi.org/10.3390/ijms19020448
https://www.ncbi.nlm.nih.gov/books/NBK26873
https://www.ncbi.nlm.nih.gov/pubmed/?term=Prokhorova%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=26346492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zamaraev%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=26346492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kopeina%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=26346492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kopeina%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=26346492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhivotovsky%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26346492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lavrik%20IN%5BAuthor%5D&cauthor=true&cauthor_uid=26346492
https://doi.org/10.1007/s00018-015-2031-y

140

Ibrahim et al., Arch Pharm Sci ASU 3(2):130-141

to a cell death molecule by efficient caspase-
mediated cleavage. Oncogene  2004; 23,
4818-4827.

34. Dale A. Moulding, Richard V. Giles, David G.
Spiller, Michael R. H. White, David M. Tidd,
Steven W. Edwards. Apoptosis is rapidly triggered
by antisense depletion of MCL-1 in differentiating
U937 cells. Blood 2000, 96, 1756—1763.

35. Wenzel SS, Grau M, Mavis C, Hailfinger S, Wolf
A, Madle H, et al. MCL1 is deregulated in
subgroups of diffuse large B-cell lymphoma.
Leukemia. 2013; 27: 1381-1390.

36. Balko JM, Giltnane JM, Wang K, Schwarz LJ,
Young CD, Cook RS, et al. Molecular profiling of
the residual disease of triple-negative breast cancers
after  neoadjuvant  chemotherapy identifies
actionable therapeutic targets. Cancer Discov.
2014; 4(2):232-245.

37. Wertz IE, Kusam S, Lam C, Okamoto T, Sandoval
W, Anderson DJ, et al. Sensitivity to anti-tubulin
chemotherapeutics is regulated by MCL1 and
FBW?7. Nature. 2011; 471(7336):110-114.

38. Hughes CC, Prieto-Davo A, Jensen PR, Fenical W.
The  Marinopyrroles,  Antibiotics of an
Unprecedented Structure Class From a Marine
Streptomyces Sp. Org Lett. 2008, 21; 10 (4):629-
31. doi: 10.1021/01702952n.

39. Haste NM, Hughes CC, Tran DN, Fenical W,
Jensen PR, Nizet V, et al. Pharmacological
Properties of the Marine Natural Product
Marinopyrrole A against Methicillin-Resistant
Staphylococcus  aureus.  Antimicrob  Agents
Chemother. 2011; 55:3305-3312.

40. Doi K, Li R, Sung SS, Wu H, Liu Y, Manieri W, et
al. Discovery of marinopyrrole A (maritoclax) as a
selective Mcl-1 antagonist that overcomes ABT-
737 resistance by binding to and targeting Mcl-1
for proteasomal degradation. J Biol Chem. 2012;
287(13):10224-35. doi:10.1074/jbc.M111.334532.

41. Pandey MK, Gowda K, Doi K, Sharma AK, Wang
H-G, Amin S. Proteasomal Degradation of Mcl-1
by Maritoclax Induces Apoptosis and Enhances the
Efficacy of ABT-737 in Melanoma Cells. PL0S
ONE.
2013;(8)11:e78570.d0i:10.1371/journal.pone.00785
70.

42. Cohen NA, Stewart ML, Gavathiotis E, Tepper JL,
Bruekner SR, Koss B, et al. A competitive stapled
peptide screen identifies a selective small molecule
that overcomes MCL-1-dependent leukemia cell
survival. Chem Biol. 2012; 19 (9): 1175-1186. doi:
10.1016/j.chembiol.2012.07.018.

43. JL Yap, L Chen, ME Lanning, S Fletcher.
Expanding the Cancer Arsenal with Targeted
Therapies: Disarmament of the Anti-apoptotic Bcl-
2 Proteins by Small Molecules, J. Med.

Chem.2017; 60: 3821-838.
https://doi.org/10.1021/acs.jmedchem.5b01888.

44, Richard DJ, Lena R, Bannister T, Blake N,
Pierceall WE, Carlson NE, et al
Hydroxyquinoline-derived compounds and
analoguing of selective Mcl-1 inhibitors using a
functional biomarker. Bioorg Med Chem. 2013; 21
(21): 6642- 6649. doi: 10.1016/j.bmc.2013.08.017.

45. Friberg A, Vigil D, Zhao B, Daniels RN, Burke JP,
Garcia-Barrantes PM, et al. Discovery of potent
myeloid cell leukemia 1 (Mcl-1) inhibitors using
fragment-based methods and structure-based
design. J Med Chem. 2013; 56(1):15-30. doi:
10.1021/jm301448p.

46. Burke JP, Bian Z, Shaw S, Zhao B, Goodwin CM,
Belmar J, et al. Discovery of Tricyclic Indoles That
Potently Inhibit Mcl-1 Using Fragment-Based
Methods and Structure-Based Design. J. Med.
Chem. 2015; 58, 3794-3805. doi:
10.1021/jm501984f.

47. Zhang Z, Song T, Zhang T, GaoJ, Wu G, An L,
Du G. A Novel BH3 Mimetic S1 Potently Induces
Bax/Bak-Dependent Apoptosis by Targeting Both
Bcl-2 and Mcl-1. Int. J. Cancer, 2011; 128:
1724-1735. doi : 10.1002/ijc.25484.

48. Song T, Li X, Chang X, Liang X, Zhao Y, Wu GY,
et al. 3-Thiomorpholin-8-oxo-8H-acenaphtho [1,2-
b] pyrrole-9-carbonitrile (S1) derivatives as pan-
Bcl-2-inhibitors of Bcl-2, Bcl-xL and Mocl-1.
Bioorg Med Chem. 2013; 21:11-20.

49. Zhang Z, Song T, Li X, Wu Z, Feng Y, Xie F, et
al. Novel soluble myeloid cell leukemia sequence 1
(Mcl-1) inhibitor (E,E)-2-(benzylaminocarbonyl)-3-
styrylacrylonitrile (4g) developed using a fragment-
based approach. Eur J Med Chem. 2013; 59: 141-
149.

50. Zhang Z, Liu C, Li X, Song T, Wu Z, Liang X, et
al. Fragment-Based Design, Synthesis, and
Biological Evaluation of N-Substituted-5-(4-
Isopropylthiophenol)-2-Hydroxynicotinamide
Derivatives as Novel Mcl-1 Inhibitors. Eur. J. Med.
Chem.2013; 60: 410—420.

51. Abulwerdi F, Liao C, Mady AS, Gavin J, Shen C,
Cierpicki T, et al.  3-Substituted-N-(4-
Hydroxynaphthalen-1-YI)Arylsulfonamides as a
Novel Class of Selective Mcl-1 Inhibitors:
Structure-Based  Design,Synthesis, SAR, and
Biological Evaluation. J. Med. Chem. 2014; 57:
4111-4133. doi: 10.1021/jm500010b.

52. Abulwerdi F, Liao C, Liu M, Azmi AS,
Aboukameel A, Mady AS, et al. A Novel Small-
Molecule Inhibitor of Mcl-1 Blocks Pancreatic
Cancer Growth in Vitro and in Vivo. Mol.Cancer
Ther. 2014; 13:565-575. doi: 10.1158/1535-
7163.MCT-12-0767.



https://www.ncbi.nlm.nih.gov/pubmed/18205372
https://pubs.acs.org/doi/full/10.1021/acs.jmedchem.5b01888
https://pubs.acs.org/doi/full/10.1021/acs.jmedchem.5b01888
https://pubs.acs.org/doi/full/10.1021/acs.jmedchem.5b01888
https://doi.org/10.1021/acs.jmedchem.5b01888

Selective Small MCL-1 Inhibitors: Novel Agents in Cancer Therapy

53. Lanning ME, Yu W, Yap JL, Chauhan J, Chen L,
Whiting E, et al. Structure-Based Design of N-
Substituted 1-Hydroxy-4-Sulfamoyl-2-Naphthoates
as Selective Inhibitors of the Mcl-1 Oncoprotein.
Eur. J. Med. Chem. 2016; 113: 273-292. doi:
10.1016/j.ejmech.2016.02.006.

54. Petros AM, Swann SL, Song D, Swinger K, Park
C, Zhang H, et al. Fragment-based discovery of
potent inhibitors of the anti-apoptotic MCL-1
protein. Bioorg Med Chem Lett. 2014; 24: 1484-
1488. doi: 10.1016/j.bmcl.2014.02.010.

55. Bruncko M, Wang L, Sheppard GS, Phillips DC,
Tahir SK, Xue J, et al. Structure-Guided Design of
a Series of MCL-1 Inhibitors with High Affinity
and Selectivity. J. Med. Chem. 2015; 58:
2180-2194.

56. Leverson JD, Zhang H, Chen J, Tahir SK, Phillips
DC, Xue J, et al. Potent and Selective Small-
Molecule MCL-1 Inhibitors Demonstrate on-Target
Cancer Cell Killing Activity as Single Agents and
in Combination with ABT-263 (Navitoclax). Cell
Death Dis. 2015; 6: €1590. doi:
10.1038/cddis.2014.561.

57. Alexander W. Hird, Adriana E. Tron. Recent
advances in the development of Mcl-1 inhibitors for
cancer therapy. Pharmacology & Therapeutics.
2019; 198: 59-67.
https://doi.org/10.1016/j.pharmthera.2019.02.007.

58. Ramsey HE, Fischer MA, Lee T, Gorska AE,
Arrate MP, Fuller L, et al. A novel MCL-1 inhibitor
combined with Venetoclax rescues Venetoclax
resistant acute Myelogenous Leukemia. Cancer
Discovery. 2018; 8:1566-1581.

59. Lee T, Christov PP, Shaw S, Tarr JC, Zhao B,
Veerasamy N et al. Discovery of Potent Myeloid
Cell Leukemia-1 (Mcl-1) Inhibitors  That
Demonstrate in Vivo Activity in Mouse Xenograft
Models of Human Cancer. J. Med. Chem.2019; 62
(8): 3971-3988.
https://doi.org/10.1021/acs.jmedchem.8b01991.

60. Kotschy A, Szlavik Z, Murray J, Davidson J,
Maragno AL, Le Toumelin-Braizat G, et al. The
MCL1 inhibitor S63845 is tolerable and effective in
diverse cancer models. Nature 2016; 538
(7626):477-482.

61. Powell JA, Lewis AC, Pitson SM. The MCL-1
inhibitor S63845: an exciting new addition to the
armoury of anti-cancer agents. J. Xiangya. Med.
2017; 2(53):1-4.

62. Prukova D, Andera L, Nahacka Z, Karolova J,
Svaton M, Klanova M, et al. Cotargeting of BCL-2
with Venetoclax and MCL-1 with S63845 |Is
Synthetically Lethal In Vivo in Relapsed Mantle
Cell Lymphoma. Clin. Cancer. Res. 2019; 25(14):
4455-4465. doi: 10.1158/1078-0432.CCR-18-3275.

141

63. Caenepeel SR, Belmontes B, Sun J, Coxon A,
Moody G, Hughes PE. Abstract 2027: Preclinical
evaluation of AMG 176, a novel, potent and
selective Mcl-1 inhibitor with robust anti-tumor
activity in Mcl-1 dependent cancer models. Cancer
Research. 2017; 77(13):2027.

64. Hird AW, Secrist JP, Adam A, et al. Abstract
DDTO01-02: AZD5991: A potent and selective
macrocyclic inhibitor of Mcl-1 for treatment of
hematologic cancers. Cancer Research. 2017,
77(13):DDT01-02.

65. Adriana E. Tron, Matthew A. Belmonte, Alexander
W. Hird. Discovery of Mcl-1-specific inhibitor
AZD5991 and preclinical activity in multiple
myeloma and acute myeloid leukemia. Nature.
Communications.  2018; 9: 5341. doi:
https://doi.org/10.1038/s41467-018-07551-w.



https://doi.org/10.1016/j.pharmthera.2019.02.007
https://doi.org/10.1021/acs.jmedchem.8b01991
https://www.ncbi.nlm.nih.gov/pubmed/31004002
https://doi.org/10.1038/s41467-018-07551-w

142 Ibrahim et al., Arch Pharm Sci ASU 3(2):130-141



