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Abstract

Selectively inducing cancer cells to death is the goal of cancer
therapy. The discovery of B-cell lymphoma 2 (Bcl-2) family
members regulating apoptotic cell death of cancer cells revealed
new targets for cancer therapy. Bcl-2 family members can be
classified into pro-apoptotic members and anti-apoptotic members
among which myeloid cell leukemia 1 (Mcl-1) plays unique roles
in regulating cell death and survival in cancer cells. Mcl-1 has a
short half-life due to its degradation by multiple E3 ubiquitin-ligases.
Under hypoxic conditions, Mcl-1 is up-regulated by activation of
growth factor receptor, EGFR promoting cell survival whereas,
prolonged/severe hypoxia leads to deactivation of EGFR and Mcl-1
degradation by E3 ubiquitin -ligase FBW?7 contributing to cell death.
Furthermore, cancer cells upregulated Mcl-1 contributing resistance
to chemotherapeutic treatment such as by inhibitors of other anti-
apoptotic Bcl-2 members Bcl-2, Bel-xL and Bcl-w. Therefore, Mcl-
1 might be the key player in pro-survival Bcl-2 family members in
regulating cancer cell death. This encourages the on-going active
development of Mcl-1 specific inhibitors for cancer treatment.
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Introduction

Cancer is a devastating deadly disease causing millions of death
worldwide. Chemo- and radio- therapies have been used to kill cancer
cells. Unfortunately, cancer cells frequently develop resistance to
these treatments. Many pro-cell survival proteins have been shown
to contribute to rapid proliferation and treatment resistance of
cancer cells, among which the myeloid cell leukemia 1 (Mcl-1) has
received intensive attention in recent years. Mcl-1 is an important
anti-apoptotic protein belonging to the B-cell lymphoma 2 (Bcl-2)
family that includes anti-apoptotic members such as Bcl-2, Bcl-xL,
Bcl-w and Mcl-1, and pro-apoptotic members such as Bax, Bak, Bim,
Bid and BNIP3 [1]. The expression of Mcl-1 can be transcriptionally
regulated by many signal transduction pathways such as MEK/ERK,
p38 MAPK, PI3K/AKT, JAK/STAT, and MAPK/EIk-1 [2,3]. Mcl-1
can also be modified post-transcriptionally by alternative splicing and
phosphorylation. The alternative splicing of Mcl-I gene generates three
splice variants including the full length Mcl-1, Mcl-1 short (Mcl-1S)
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which only has a BH3 domain, and Mcl-1extra short (Mcl-1ES) which
results from the first exon splicing and losses the PEST motif [3-8]
(Figure 1). Different from the full length anti-apoptotic Mcl-1, Mcl-1S
and Mcl-1ES play a pro-apoptotic role [4,5,7,9]. The phosphorylation
of Mcl-1 might have different outcomes. Mcl-1 phosphorylation by
TPK-induced ERK activation was observed in viable cells whereas the
taxol- or okadaic acid -induced Mcl-1 phosphorylation was found
in dying cells [3]. Mcl-1 plays an important role in various types of
cancer. It protects cancer cells from death although its overexpression
does not increase cell proliferation [10]. In this review, we discuss the
recent progress made in studying the mechanistic role of MCL-1 in
cancer cell death.

Types of cell death

The aim of cancer therapy is to selectively kill cancer cells making
it essential to know how cancer cells die. There are three main types
of cell death; apoptosis, necrosis and autophagic cell death. Apoptosis
is a type of programmed cell death (Type I programmed cell death)
characterized by cell shrinkage, plasma membrane blebbing, chromatin
condensation, DNA fragmentation, formation of apoptotic bodies
and caspase activation. Necrosis is an unregulated cell death caused
by an accidental damage to cells by extracellular insults. Autophagic
cell death is induced by prolonged or high level of autophagy in cells
leading to irreversible digestion of cellular structures leading to death.
Here, autophagy refers to macroautophagy which has being studied
most extensively and is characterized by the formation of a double-
membraned structure autophagosome. Autophagosome fuses lysosome
into autolysosome where intracellular materials are degraded.

In recent years, studies of cancers and other diseases has revealed
other cell death pathways which include necroptosis, pyroptosis,
entosis, mitotic catastrophe and ferroptosis. Necroptosis is a
programmed form of necrosis which activation involves the kinase
activity of RIP1 [11]. Pyroptosis is a type of caspase 1-dependent
programmed cell death that is activated by inflammatory stimuli and
featured by rapid rupture of plasma membrane [12]. Entosis refers to
the death of one cell engulfed by another cell [13]. Mitotic catastrophe
is a type of cell death induced by abnormal entry of cells into mitosis
[14]. Ferroptosis is a type of cell death induced by the activity of
oxidized form of iron (ferric iron) and subsequent generation of
reactive oxygen species [15].

Mcl-1 is unique among Bcl-2 family protein members

Bcl-2 family protein members include anti-apoptotic members
such as Bcl-2, Bcl-xL Bcl-w and Mcl-1, and pro-apoptotic members
such as Bax, Bak, and BH3-only members such as Bim, Bid and
BNIP3 [1] (Figure 1). Similar to Bcl-2, Bcl-xL and Bcl-w, Mcl-1 has
three Bcl-2 homology (BH) domains (BH1-BH3) and the carboxy-
terminal hydrophobic transmembrane (TM) domain (Figure 1).
These anti-apoptotic members perform their pro-survival role
through protein-protein interactions with pro-apoptotic members
by inserting the BH3 helix of a pro-apoptotic protein into the groove
formed by the BHI1, BH2 and BH3 helices of an anti-apoptotic
protein [16]. Compared to other Bcl-2 family members, Mcl-1 has a
distinctive large N-terminus containing PEST sequences which is not
required for BH3 binding but plays a role in Mcl-1 regulation and
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Figure 1: Bcl-2 members and Isoforms of Mcl-1 protein. BH: Bcl-2 homology domain; PEST: proline, glutamic acid, serine and threonine residues; TM:

transmembrane domain. Mcl-1S, Mcl-1 short; Mcl-1ES, Mcl-1 extra short.

degradation [1,16-19]. It might be possible that this region is involved
in an undiscovered function of Mcl-1. The pro-apoptotic members
Bax and Bak oligomerize to induce mitochondrial outer membrane
permeabilization (MOMP) leading to release of apoptotic factors such
as cytochrome c to induce cell death [20]. The BH3-only members
induce cell death either by activating Bax and Bak or by inhibiting
anti-apoptotic members [17,20].

Mcl-1 has a high affinity of BH3 peptide-binding specificity
for Bax, Bak, Bim, Bid, Puma and Noxa compared to other Bcl-
2 pro-survival family members indicating that cancer cells might
use Mcl-1 as the most efficient guardian against stresses such as
chemotherapeutic drugs [17]. This is supported by the finding that
cancer cells over-express Mcl-1 to resist the treatment by ABT-737, a
small molecule inhibitor antagonizing the three pro-survival proteins
Bcl-2, Bcl-xL and Bcl-w [17,21,22].

Mcl-1 has a short half-life of less than 4 h [16]. Our recent studies
demonstrated that when U87 cells were treated under hypoxia for a
72-h time course, Mcl-1 protein level increased up to 2 fold at 4 h,
when cells did not die, and then dramatically decreased to about 10%
at 72 h, when 40% of cells died [23]; in contrast, the levels of Bcl-xL
[23] and Bcl-2 [24] did not change significantly over the 72-h time
course. It is possible that other pro-survival Bcl-2 members such as
Bcl-2, Bcl-xL and Bcl-w protect cells from death when Mcl-1 protein
level dropped.

Pro-cell survival mechanisms of Mcl-1

Mcl-1 is known to play a pro-cell survival role. It has been
shown to inhibit apoptosis and autophagic cell death (Figure 2).
Mcl-1 inhibits apoptosis by binding to the apoptosis effectors tBid,
Bim, Puma, and Bak [18,25] and by inhibiting Bax function at
mitochondria independent of the interaction between Mcl-1 and Bax
[26]. Disruption of the interaction between Mcl-1 and these apoptosis
effectors led to apoptosis. For example, the BH3 mimetic pan Bcl-2

small molecule inhibitor Obatoclax inhibits the interaction between
Mcl-1 and Bak to induce apoptotic cell death [27].

Although autophagy plays a pro-cell survival role in most
stress conditions such as starvation, its over-activation can lead to
cell death which is called autophagic cell death [28]. The pro-cell
survival function of autophagy can be shifted to a pro-cell death role
through the inhibition of an autophagy suppressor [24,29]. Mcl-1 was
demonstrated to inhibit autophagy (macroautophagy) by interacting
with the autophagy protein Beclin 1 preventing the formation of
autophagosome [30-32]. Autophagic cell death is expected to be
induced by the loss of Mcl-1/Beclin 1 interaction. This is supported by
the report that sorafenib and SC-59 induced autophagic cell death by
destroying the interaction between Mcl-1 and Beclin 1 [32].

Necrosis occurs independent of Mcl-1. Interestingly, Bax and
Bak mediated necroptosis led to reduction of Mcl-1 protein [33]. The
role of Mcl-1 in other emerging types of cell death is unknown. Based
upon its role in apoptosis and autophagy, it is reasonable to suggest
the Mcl-1 will have similar pro-survival functions against these types
of cell death. This is currently under active investigation.

Pro-cell death mechanisms of Mcl-1S and Mcl-1ES

The full length Mcl-1 protein has a role in anti-apoptosis and anti-
autophagic cell death. However, the Mcl-1 splice variants Mcl-1S and
Mcl-1ES are pro-apoptotic (Figure 2). Mcl-1S plays its pro-apoptotic
role by forming dimerization with and antagonizing Mcl-1 to effect
downstream caspase [4]. Mcl-1ES induced mitochondrial apoptosis
that is Mcl-1 dependent but independent of Bax and Bak [9]. This
provides a counter balance to Mcl-1 expression in cells regulating cell
death. The roles of Mcl-1S and Mcl-1ES in other types of cell death
are still unknown.

Mcl-1 up-regulation in cancer cells

Analysis of published datasets indicates that the mRNA level of
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Mcl-1 is upregulated in human glioblastoma tissues [23] compared
to that in normal human brain tissues. This is consistent with the fact
that Mcl-1 protein is over expressed in various types of cancers [10].
The reasons for this up regulation is multifaceted but generally are
believed to be due to increased transcription through growth factor
receptors. We and others have demonstrated that over-expression of
epidermal growth factor receptor (EGFR) family members increased
both mRNA and protein levels of Mcl-1. This upregulation is sufficient
to protect cells from both death receptor and DNA damage induced
apoptosis. Furthermore, the mRNA levels of Mcl-1 in various types
of human tumor tissues are significantly higher than that of Bcl-2,
Bcl-xL or Bcl-w when normalized to corresponding normal tissues
(Table 1).

Most in vitro studies in the literature have been performed in
atmospheric condition of greater than 20% oxygen. In contrast, the
in vivo condition in different tissues of the human body is a hypoxic
environment with various oxygen concentration ranging from 1.1% in
the superficial region of skin to 9.5% in the kidney [34]. Furthermore,
the oxygen concentration in solid tumors is much lower than that
in the corresponding normal tissue [35]. Therefore, it is a vital
topic to investigate the biology of cancer cells under hypoxia. It is
well known that hypoxia can promote tumorigenesis. The hypoxia-
inducible factors (HIFs) can stimulate both cell survival and cell death
pathways depending upon the context [36]. The mRNA and protein
levels of Mcl-1 were reported to increase by hypoxia treatment in
the human hepatoma cell line HepG2 [37]. Our recent study showed
that the protein level of Mcl-1 was increased when glioma (U87) cells
were treated under hypoxia (less than 1% of oxygen) for short time
(4 h) [23]. Knockdown of Mcl-1 promoted cell death supporting that
the upregulated Mcl-1 plays a pro-cell survival role. The upstream
mechanism of Mcl-1 elevation in hypoxia can be attributed by the
lipid raft protein caveolin-1 (CAV1) and epidermal growth factor
receptor (EGFR) (Figure 3). Hypoxia induces the expression of
hypoxia-inducible factor 2 alpha (HIF2a) leading to the upregulation
of CAV1 and EGER proteins [38,39]. CAV1 activates EGFR tyrosine
kinase in a ligand-independent manner [39]. Then EGFR activation
stimulates Mcl-1 expression possibly via the MAPK-Elk-1 signaling
[2], protecting cells from hypoxia-induced cell death.

Mcl-1 degradation

Regulation of Mcl-1 expression goes beyond mRNA and protein
levels. Mcl-1 protein is rapidly degraded. Indeed, cell death is elevated
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by the degradation of Mcl-1 when its transcription level of Mcl-1
remains unchanged. Mcl-1 degradation is induced by the ubiquitin-
proteasome dependent-and independent- pathways [18,40]. This
degradation is regulated by multiple E3 ubiquitin-ligases including
Noxa, MULE (Mcl-1 Ubiquitin Ligase E3), B-TrCP (beta transducin-
containing protein), FBW7, Trim17 and CDC20 [40]. Interestingly,
a deubiquitinase in the USP family, USP9X (ubiquitin specific
peptidase 9 X-linked), can antagonize the ubitiquin degradation of
Mcl-1 [40,41]. The protein level of Mcl-1 decreases with prolonged
treatment of cells under hypoxia [23,42,43] (Figure 3). When cancer
cells underwent prolonged hypoxia treatment, EGFR de-activation
led to less Mcl-1 protein expression [23]. Furthermore, increased
expression of FBW?7 led to more Mcl-1 protein to be degraded [23].
These dual effects caused rapid loss of Mcl-1 protein during prolonged
hypoxia, promoting cell death. The roles of other E3 ubiquitin ligases,
deubiquitinase, and ubiquitin-independent degradation pathways in
Mcl-1 degradation in hypoxia and other stress conditions need to be
further investigated.

Therapeutic targeting Mcl-1 for cancer treatment

Since a pro-survival Bcl-2 family protein counteracts apoptosis
by binding to the BH3 region of a pro-apoptotic protein such as
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Figure 2: Roles of different isoforms of Mcl-1 in different types of cell
death. A broken line with question mark indicates unproven signaling.
Mcl-1S, Mcl-1 short; Mcl-1ES, Mcl-1 extra short.

Table 1: The mRNA levels of Mcl-1, Bcl-2, Bel-xL and Bcl-w in some types of human tumor tissues compared to that in corresponding normal tissues. Data were

extracted from Oncomine database.

Type of tumor A B
Dataset TCGA Brain TCGA Ovarian
Number of cancer patients 542 586
. Brain Ovary
Normal tissue (total number;
¢ ) (10) ®)
Mcl-1 5.085 2.734
Bcl-2 -1.037 1.058
Fold (mMRNA)
Bcl-xL -1.013 1.325
Bcl-w -5.513 -1.329
Mcl-1 7.23E-08 0.002
Bcl-2 0.802 0.095
P value
Bcl-xL 0.565 3.34E-05
Bcl-w 1 0.996

c D E F

TCGA Breast Taylor Prostate 3 Peng Head-Neck Biewenga Cervix
76 131 57 40

(Eg%aSt Prostate Gland (29) Oral Cavity (22) Cervix uteri (5)
1.355 1.296 1.228 1.656

2.017 -1.375 -1.038 1.138

1.49 1.023 1.18 1.079

1.058 -1.095 1121 1.064
2.00E-04 6.39E-05 7.00E-03 2.00E-03

1 1 0.735 0.026
1.59E-09 2.73E-01 8.42E-04 2.67E-01
0.162 0.998 0.977 0.142

‘Note: A, Brain glioblastoma; B, Ovarian serous cystadenocarcinoma; C, Invasive breast carcinoma; D, Prostate carcinoma; E, Oral cavity squamous cell carcinoma;
F, Cervical squamous cell carcinoma. Fold (mMRNA), positive value, increase; negative value, decrease. P value, P<0.05 is considered to be statistically significant.
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Figure 3: The upstream signaling pathways of Mcl-1 expression and
degradation under hypoxia.

‘Note: When cells were treated under hypoxia for short time (e.g. 4
h), HIF2a expression up-regulates EGFR and CAV1. Then CAV1
activates EGFR (tyrosine phosphorylation of EGFR) which stimulates
Mcl-1 expression. However, when cells were treated under hypoxia for
prolonged period of time (e.g. 72 h); the E3 ubiquitin ligase FBW7 is up-
regulated by an unknown mechanism. This leads to the degradation of
Mcl-1. HIF2a, hypoxia Inducible Factor 2 Alpha; EGFR, epidermal growth
factor receptor; CAV1, Caveolin 1; FBW7, F-box and WD repeat domain-
containing 7; p-EGFR, phospho-EGFR.

Bax and Bak [16], BH3 mimetic anti-cancer drugs have being
actively developed. For example, ABT-737 and its derivative ABT-
263 (Navitoclax) bind to Bcl-2, Bcl-xL and Bcl-w [16]. ABT-199
(Venetoclax), an engineered version of ABT-263, was more recently
developed to selectively bind Bcl-2 [44].

Mcl-1 has been shown to contribute to tumorigenesis, metastasis,
and resistance to traditional and targeted therapies [45-47]. Some
effective drugs induce cell death in cancer cells by degrading Mcl-
1 [48-52]. Chemotherapeutic drugs are more effective in killing
Mcl-1-dependent leukemia cells than in killing Bcl-2-dependent
counterparts [48]. However, upregulation of Mcl-1 has been used by
cancer cells to resist treatments such as by BCL-2/BCL-xL inhibitors
[45]. In contrast, Mcl-1 splicing variants Mcl-1S and Mcl-1ES
antagonize Mcl-1 to play a pro-apoptotic role in cancer cells. This
provides rationale to develop drugs that inhibit Mcl-1 interactions
allowing cancer cells dependent on Mcl-1 expression to die.

The development of selective Mcl-1 inhibitors targeting protein-
protein interactions between Mcl-1 and apoptosis effectors such as
BIM and BAK are under active development [16,45]. It is worthy to
mention that the small-molecule Mcl-1 inhibitor, AMG 176, has been
the first of its kind to be put into clinical development (Phase I clinical
trial) whereas many other potential small-molecule Mcl-1 inhibitors
are still in preclinical development stage [45]. Due to the ability of
Mcl-1 to alter its expression through alteration in transcription,
alternative splicing and degradation, the development of Mcl-1
inhibitors could be used in combination with inhibition of other Bcl-
2 family members to prevent drug resistance in cancer.

The current drug development of Mcl-1 small-molecule inhibitors
are mainly focusing on targeting apoptotic cell death. Future drug
development should also target the roles of Mcl-1 in other cell death
pathways such as the interaction between Mcl-1 and Beclin 1 in an
autophagic cell death, especially when cancer cells become resistant
to apoptosis. In addition, effective drugs that target the degradation

doi: 10.4172/2324-9110.1000197

of Mcl-1, would also be effective at killing cancer cells [48-52]. E3
ubiquitin-ligases Noxa, MULE, p-TrCP, FBW7, Trim17 and CDC20
are involved in Mcl-1 degradation [23,40]. By understanding the
relative roles of these enzymes in Mcl-1 degradation, novel drug
targets could be developed. Indeed, development of drugs targeting
the deubiquitinase of Mcl-1 such as USP9X show signs of being a
promising strategy [10].

Conclusion

Mcl-1 plays a vital role in promoting cell survival and inhibiting
chemotherapeutic drugs-induced cell death in cancer cells. Compared
to other anti-apoptotic Bcl-2 family members such as Bcl-2, Bcl-xL
and Bcl-w, Mcl-1 is more robustly up-regulated in various cancer
tissues in related to corresponding normal tissues. Furthermore, Mcl-
1 is upregulated by hypoxic environment and in drug resistant cancer
cells. On the other hand, some effective chemotherapeutic drugs or
targeted therapies against Bcl-2 family members led to degradation
of Mcl-1 or disruption of the interaction between Mcl-1 and an
apoptotic effector. This suggests that Mcl-1 is a gate-keeper regulating
cell death and survival through its expression level and interactions.
Developing specific Mcl-1 inhibitors that disrupt Mcl-1 interactions,
or induce its degradation, could be effective alone or in combination
with chemotherapy or pro-survival Bcl-2 family member inhibitors
in overcoming drug resistance in cancer.
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