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Abstract

Carcinogenesis is a mechanistically complex and variable process with a plethora of underlying
genetic causes. Cancer development consists of a multitude of steps that occur progressively
starting with initial driver mutation(s), to tumorigenesis, and ultimately metastasis. During these
transitions, cancer cells accumulate a series of genetic alterations that confer upon the cells an
unwarranted survival and proliferative advantage. During the course of development, however,
cancer cells also encounter a physiologically ubiquitous cellular program that aims to eliminate
damaged or abnormal cells: Apoptosis. Thus, it is essential that cancer cells acquire instruments to
circumvent programmed cell death. Here we discuss emerging evidence indicating how cancer
cells adopt various strategies to override apoptosis including amplifying the anti-apoptotic
machinery, downregulating the pro-apoptotic program, or both.
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Regulation of apoptosis in normal and cancer cells

Apoptosis is a cellular suicide program that organisms have evolved to eliminate
unnecessary or unhealthy cells from the body in the course of development or following
cellular stress. It involves a series of cellular events that ultimately leads to activation of a
family of cysteine proteases called caspases. In response to various apoptotic stimuli,
“initiator” caspases (caspase-2, -8, -9, or -10) are activated. Initiator caspases, in turn, cleave
and activate the zymogenic forms of “executioner” caspases (e.g. caspase-3 or -7), resulting
in the proteolytic cleavage of specific cellular substrates and, consequently, cell death
(Figure 1). In this regard, the cleavage (activation) of executioner caspases is a hallmark of
apoptosis. There are two routes to apoptosis: extrinsic and intrinsic. In the extrinsic pathway,
initiator caspase-8 and -10 are activated through the formation of a death-inducing signal
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complex (DISC) in response to engagement of extracellular ligands (e.g. Fas or TNF [Tumor
necrosis factor]) by cell surface receptors (Figure 1). In the intrinsic pathway of apoptosis,
mitochondrial outer membrane permeabilization (MOMP) is involved; MOMP triggers the
release of a group of pro-apoptotic proteins, including cytochrome ¢ and second
mitochondria-derived activator of caspases (SMAC), from the mitochondrial intermembrane
space to the cytoplasm (Figure 1). In the cytoplasm, cytochrome c binds to the adaptor
protein APAF-1 (apoptotic protease activating factor 1) to form a caspase-9-activating
complex, called the apoptosome (Figure 1). SMAC augments cytochrome c-induced caspase
activation by binding and neutralizing XIAP (X-linked inhibitor of apoptosis protein), an
inhibitor of caspase-3, -7, and -9 (Figure 1).

The balance between pro- and anti-apoptotic BCL-2 family proteins is a fundamental
determinant for the initiation of MOMP. The BCL-2 family proteins are classified based on
the presence of shared blocks of sequence homology, termed BCL-2 homology (BH). The
pro-apoptotic BCL-2 family members, which promote MOMP, include BH3-only proteins
(e.g. BIM [Bcl2-interacting mediator of cell death], BID [BH3-interacting domain death
agonist], and BAD [Bcl2-associated agonist of cell death] that share only a single block,
BH3 domain, of BCL-2 homology) and multi-BH domain proteins (e.g. BAX [Bcl2-
associated protein X] and BAK [Bcl2 antagonist/killer], which share BH1-BH3 domains).
Following cytotoxic or genotoxic stress, BH3-only proteins are activated and promote
oligomerization of BAX (or BAK), resulting in MOMP, whereas pro-survival members (e.g.
BCL-2, BCL-XL [B-cell lymphoma extra large], and MCL-1 [Induced myeloid leukemia
cell differentiation protein], which contain all four BH domains) counteract this process by
sequestering pro-apoptotic family members (Figure 1). Importantly, the interactions between
pro- and anti-apoptotic BCL-2 family proteins are determined with specific binding
specificities [1, 2]; for instance, BIM interacts with all six anti-apoptotic BCL-2 family
proteins as well as BAX and BAK [3], whereas NOXA (Phorbol-12-myristate-13-acetate-
induced protein 1) only binds to MCL-1 and BFL-1/A1.

Unlike normal cells, cancer cells are under constant stress, such as oncogenic stress,
genomic instability, and cellular hypoxia. In response to such internal apoptotic stimuli, the
intrinsic pathway of apoptosis would normally be activated. Yet, cancer cells can often
avoid this cellular response by disabling the apoptotic pathways. Notably, mouse genetic
models have shown that genetic inactivation of a BH3-only protein or a caspase can not only
lead to resistance to certain pro-apoptotic stimuli but also accelerate tumor formation in
mice [4-6]. Moreover, forced expression of anti-apoptotic BCL-2 family proteins can
significantly augment tumor development induced by an oncogene, such as MYC, although
overexpression of an anti-apoptotic BCL-2 family protein alone may not result in similar
tumor formation as seen with an oncogene alone [7-10]. Thus, it is strongly suggested that
inhibition of apoptosis plays a critical role in cancer cell survival and tumor development.

Cancer cells can modulate apoptotic pathways transcriptionally, translationally, and post-
translationally. In some cases, cancer cells may escape apoptosis by increasing or decreasing
expression of anti- or pro-apoptotic genes, respectively. Alternatively, they may inhibit
apoptosis by stabilizing or de-stabilizing anti- or pro-apoptotic proteins, respectively.
Moreover, cancer cells may also prevent apoptosis by changing the functions of anti- or pro-
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apoptotic proteins through post-translational modifications, such as phosphorylation.
Importantly, these mechanisms are not mutually exclusive and cancer cells may employ one
or multiple mechanisms to evade apoptosis. In this review, we highlight the core anti-
apoptotic machinery that cancer cells may employ for survival, focusing our discussion on
the transcriptional, translational, and post-translational modifications to evade apoptosis
(note that recent studies suggest that cancer metabolism can modulate this machinery to
protect cells from apoptosis [7, 8]; however, this is outside the current scope of this
discussion).

Transcriptional/translational regulation

Genomic and epigenomic abnormalities are a characteristic of cancer cells. This includes
gene copy number amplification, gene deletion, gene silencing by DNA methylation, and
activation (or inactivation) of transcription factors, which impact expression of apoptotic
regulators [13]. In addition, microRNAs negatively control gene expression by targeting
3’UTR of mRNAs, although they could function as tumor suppressors or oncogenes,
depending on the target messengers [14]. Thus, transcriptional and translational alternations
can be a means for cancer cells to directly raise a threshold for apoptotic induction at gene
expression levels. In this section, we will discuss how cancer cells may increase or block
expression of anti- or pro-apoptotic gene products, respectively (see Table 1 for loss or
amplification of apoptotic genes identified in cancer tissues).

Inducing Anti-apoptotic Protein Expression

To overcome stress signals, cancer cells commonly overexpress anti-apoptotic proteins,
especially anti-apoptotic BCL-2 family proteins. Cancer cells prevent MOMP by
amplification of anti-apoptotic BCL-2 family proteins and inhibition of one or multiple anti-
apoptotic BCL-2 family proteins cause apoptosis in cancer cells, but not in healthy normal
cells — it is often said that cancer cells are primed to death or addicted to anti-apoptotic
BCL-2 family proteins. Overexpression of anti-apoptotic BCL-2 family proteins is often
associated with poor prognosis, recurrence, and resistance to cancer therapeutics [15-17].
The BCL-2 gene was originally found in B-cell follicular lymphoma where genetic
translocation resulted in constitutive expression of BCL-2 [18-20] (Table 1). Amplification
of the BCL-XL gene has been reported in various cancers, including lung and giant-cell
tumor of bone [21-23] (Table 1). Likewise, frequent amplification of the MCL-1 gene has
also been reported in breast and lung cancer samples [23,24] (Table 1).

In normal cells, MCL-1 transcription is induced upon cytokine and growth factor stimulation
[25, 26], while its synthesis is inhibited upon various cellular stresses, including DNA
damage [27-29]. In particular, it was shown that the transcription factor E2F1, known to
control proliferation and apoptosis, could repress MCL-1 gene expression by directly
binding to the MCL-1 promoter [30], resulting in increased apoptosis. Alternatively, the
transcription factors CREB (CAMP response element-binding protein) and STAT3 (signal
transducer and activator of transcription 3), known to activate genes responding to pro-
survival stimuli, can transactivate the MCL-1 gene [25,27]. Importantly, whereas these
signaling pathways operate to maintain cellular homeostasis in normal cells, they are often
deregulated in cancer cells. Especially, since the phosphatidylinositol 3-kinase (PI13K)/AKT
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pathway is frequently hyperactivated in cancer cells by mutations and other mechanisms, the
transcriptional regulation of this pathway (e.g., activation of CREB or STAT3) could
promote MCL-1 expression in certain cancer cells (Figure 2). In this regard, it was also
shown that MCL-1 mRNA translation could be facilitated by mTORC1 (mammalian target
of rapamycin complex 1), a downstream target of PI3BK/AKT signaling, in a mouse
lymphoma model (Figure 2) [31].

microRNASs also play a role in the regulation of anti-apoptotic proteins. miR-15 and miR-16
inhibit BCL-2 mRNA translation [32]. Likewise, miR-29b, miR-101, and miR-193a-3p
suppress MCL-1 mRNA translation, making cells susceptible to apoptosis [33-35] — note
that the role of miR-29b in cell death may be complex as it also targets several BH3-only
proteins, inhibiting apoptosis in neurons [36]. Expression of miR-15 and miR-16 is reduced
in chronic lymphocytic leukemia [32], whereas expression of miR-101 is diminished in
hepatocellular carcinoma [35] suggesting a possible mechanism to evade apoptosis by these
cancers. Last, two recent studies have shown that expression of miR-7 and miR-24, which
inhibit XIAP mRNA, is suppressed in various cancer cells including cervical cancer and lung
cancer cells, resulting in elevated XIAP protein levels and blocked caspase activation [37,
38]. It would be interesting to fully investigate whether expression of these microRNAs is
altered in various cancer tissues and whether their expression patterns are associated with
prognostic outcomes.

Suppressing Pro-apoptotic Protein Expression

In normal cells, genotoxic and cytotoxic stress can induce expression of pro-apoptotic genes,
particularly some of the BH3-only proteins that trigger apoptosis. In cancer cells, this
mechanism is often nullified by mutation and silencing of a key apoptotic gene(s).

In normal cells, p53 is among the most critical transcription factor that modulates the
expression of an array of genes known to trigger apoptosis following various cellular
stresses. Given the fact that TP53 encoding p53 is the most frequently mutated, or
inactivated, tumor suppressor gene in cancer (~50%) [39, 40], apoptotic pathways induced
by this gene, including BAX; PUMA (p53 upregulated modulator of apoptosis), NOXA,
APAF-1, may be widely affected in cancer cells [41-44] — note that frameshift mutations in
the BAX gene have also been reported in colon cancer [45] (Table 1). Interestingly, p53
could also activate BAX (and BAK) in a transcription-independent manner in response to
DNA damage and metabolic changes [46—48]. Thus, loss of p53 in cancer cells will elevate
a threshold for MOMP by limiting BAX expression and reducing a chance of BAX
oligomerization.

The transcription of the BH3-only protein BIM is induced upon growth factor withdrawal
and other apoptotic stimuli [5, 49]. Various transcription factors have been implicated in
BIM expression, including FOXOs [49-51], RUNX3 [52], AP-1 [53], and E2F1 [54].
Among the transcription factors, FOXOs are of particular interest since its activity can be
suppressed by two major pro-survival kinases, AKT [55] and ERK [56-59]. Thus, in cancer
cells with high levels of AKT or ERK, BIM expression is suppressed; conversely, agents
that directly or indirectly inhibit AKT or ERK could trigger expression of BIM (Figure 2).
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BIM plays an important role in cancer cells when apoptosis is induced by tyrosine kinase
inhibitors (TKIs) [5, 59]. Since AKT and ERK are key effectors downstream of oncogenic
kinases (e.g., EGFR [epidermal growth factor receptor], HER2 [Human epidermal growth
factor receptor 2], BCR-ABL), inhibition of the tyrosine kinase could result in suppression
of AKT and ERK activity, resulting in the expression of BIM (Figure 2). Notably, a recent
study showed that BIM RNA levels can predict clinical responsiveness to targeted cancer
therapy, such as EGFR, HER2, and PI3K inhibitors; higher BIM RNA levels detected prior
to the inhibitor treatments are associated with better clinical outcomes [59]. Additionally, a
BIM deletion polymorphism has been reported in certain human populations, and is
significantly associated with innate resistance to TKI therapies in chronic myeloid leukemia
and non-small cell lung cancer [60] (Table 1). Therefore, BIM induction is critical for the
efficacy of TKI therapies and BIM RNA levels may be used as a biomarker to predict cancer
patients’ prognoses and susceptibility to TKI therapies.

A large somatic copy number analysis identified another BH3-only family member PUMA
as one of the pro-apoptotic BCL-2 family genes that are most frequently deleted in cancer
(the study identified two genes and the other deleted gene was BOK) [23] (Table 1). PUMA
was originally discovered as a p53- and p73 target gene [42, 61]. However, FOXOs can also
transactivate PUMA, independently of p53, in response to growth factor withdrawal or TKI
treatments [5, 62] (Figure 2). In this regard, a recent study has shown that PUMA may be
implicated in apoptosis triggered by FOXOs following inhibition of the PI3BK-AKT
pathway, while BIM may be primarily under control of the ERK pathway in HER2-positive
breast cancer and EGFR mutant lung cancer (as described below, BIM is also regulated at
the protein levels by ERK); for full execution of apoptosis, inhibition of both pathways by
TKIs, i.e., expression of both PUMA and BIM, is required [5]. This finding sheds light on
an underappreciated role of PUMA in TKI-induced apoptosis. Since BIM is also known to
be regulated by FOXOs, how PUMA and BIM are independently regulated remains to be
fully elucidated (Figure 2).

In addition to the signaling pathways that impede activation of BAX and BAK, a defect in
the pathway following cytochrome c release could further provide cancer cells an additional
survival advantage, independent of BAX and BAK inhibition (Figure 1). Expression of
some caspase genes (caspases-2, 7, -8, and -9) is transcriptionally regulated in response to
E2F1 or p53 [63-65]; in cancer cell where these pathways are inactivated, expression of
these caspases could be compromised resulting in apoptotic protection. APAF-1 gene is
transactivated by p53 [43, 44] and E2F1 [44, 66] and its MRNA translation is initiated
through an internal ribosome entry site (IRES) [67]. Loss of APAF-1 expression has been
reported in melanoma [68—70], colorectal cancer [71, 72], gastric cancer [73] and bladder
cancer [74, 75], and its loss is often associated with poor clinical outcomes. Studies show
that loss of APAF-1 expression in cancer cells can be secondary to promoter methylation
[68, 72, 73, 75] and loss of heterogeneity at the APAF-1 locus [68-70, 73] (Table 1).

Collectively, it is evident that the transcriptional network is deregulated in cancer cells,
which significantly impacts the expression of apoptotic regulators and, consequently,
contributes to tumor development and resistance to therapeutic agents.
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Post-translational regulation

Various apoptotic regulators are modulated not only by transcriptional/translational
machinery but also by post-translational modifications, including ubiquitination and
phosphorylation. Protein ubiquitination is implicated in protein stability and is dynamically
regulated through the ubiquitin/proteasome pathway [76], whereas phosphorylation can
change protein functions [77, 78]. It should be noted, however, that phosphorylation can also
influence ubiquitination of the target protein by providing a docking site for an E3 ubiquitin
ligase (phospho-degron).

The ubiquitin/proteasome pathway involves a series of biochemical events, which are
mediated by E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3
ubiquitin ligases [79]. In normal cells, expression levels of an anti-apoptotic protein with a
short half-life (e.g., MCL-1) may readily decline by inhibition of transcription or translation
following an apoptotic stimulus. In contrast, an apoptotic signal may prevent constant
degradation of a pro-apoptotic protein (e.g., BIM), resulting in the accumulation of that
protein. Importantly, cancer cells may deregulate this process by enhancing the degradability
of specific pro-apoptotic proteins or by promoting the stability of anti-apoptotic proteins.
This may also be the case when cancer cells acquire resistance to a therapeutic agent. It was
recently shown that HER2-amplified breast cancer cells modulate stabilities of pro- and anti-
apoptotic proteins, both upstream and downstream of MOMP, when acquiring resistance to
the HER?2 inhibitor lapatinib; consequently, the resistant cancer cells exhibit strong
protection against cell death induced by HERZ inhibition [80].

Here we discuss how the stability of some apoptotic regulators (MCL-1, BIM, and BAX) is
controlled in normal cells and how this stability may be altered in cancer cells, contributing
to apoptotic protection. Then, we will highlight some examples where phosphorylation plays
a role to alter functions of apoptotic regulators.

Stabilizing MCL-1

Whereas BCL-2 and BCL-XL proteins are relatively stable, MCL-1 protein is characterized
by its rapid turnover [28, 81]. As described above, MCL-1 transcription is stimulated, at
least in part, by pro-survival factors, such as cytokines. Hence, once its transcription is
suppressed following apoptotic stimuli, MCL-1 protein levels quickly drop, potentially
facilitating MOMP. Importantly, emerging evidence strongly suggest that the rapid turnover
of MCL-1 protein may be abrogated in some cancer cells. Thus far, five E3 ligases have
been discovered to ubiquitinate MCL-1 for degradation, including the most recently
identified TRIM17 (tripartite motif containing17), which facilitates MCL-1 degradation
during neuronal apoptosis [82]. It should be noted, however, that MCL-1 protein could also
be degraded in a ubiquitination independent manner [83] although the precise mechanism
remains elusive.

Phosphorylation also plays a key role in the stability of MCL-1 protein. Phosphorylation of
MCL-1 at T163 followed by phosphorylation at S155/S159 targets the protein for
proteasomal degradation, which is mediated by the E3 ligase SCFP-TTCP (Skp, Cullin, F-box
containing complex with B-transducin repeat-containing protein) [81, 84]. The priming
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phosphorylation site T163 is a target of multiple kinases (Figure 3). An initial study
identified glycogen synthase kinase 3 (GSK3) as the major kinase that phosphorylates this
residue; however, a more recent study demonstrated that INK (c-Jun N terminal kinase)
primarily phosphorylates T163; in both cases, T163 phosphorylation will trigger subsequent
phosphorylation of S159 (and then S155) by GSK3 [81, 85]. Collectively, phosphorylation
at S155/S159/T163 serves as a degron sequence for SCFP-T'CP (Table 1 and Figure 3).

Paradoxically, it has also been reported that phosphorylation at T163 by ERK can lead to
marked MCL-1 stabilization [86, 87] (Table 1). How can we reconcile these conclusions? Is
the mechanism of MCL-1 degradation simply cell type specific? We speculate that it may be
phosphorylation of S159 that determines the fate of MCL-1 protein following T163
phosphorylation. It is known that GSK3 activity is negatively regulated by AKT, which is
commonly upregulated in cancer cells; therefore, in cancer cells with high AKT and ERK
activity, MCL-1 may be only phosphorylated at T163 but not at S155 and S159, which
promotes stabilization of MCL-1 (Figure 3). Supporting this, it is reported that the
abundance of MCL-1 protein is associated with low GSK3 activity in breast cancer tissues
[88]. In contrast, in normal cells, cellular stress signals, such as growth factor deprivation,
would lead to inactivation of AKT (and activation of INK), which elicits serial
phosphorylation events at S155/S159/T163; this would result in degradation of the MCL-1
protein (Figure 3). It should be noted, however, that there is at least one additional E3 ligase
SCFFBW7 that also regulates MCL-1 stability depending on the phosphorylation status of
T163 (see below). Thus, the regulation of MCL-1 protein stability mediated by this
phosphorylation motif is apparently complex and the mechanism remains to be fully
elucidated.

A failure in the cell cycle can trigger apoptosis in normal cells. Furthermore, prolonged
mitotic arrest can lead to the activation of the intrinsic apoptotic pathway. For this reason,
some of microtubule inhibitors that induce mitotic arrest by inhibiting mitotic spindle
assembly (e.g., paclitaxel) are clinically used to treat various cancers. However, the
emergence of cancer cells with intrinsic or acquired resistance to this type of
chemotherapeutic agents is an unresolved clinical problem. Three independent studies
described the mechanism of MCL-1 degradation during prolonged mitotic arrest, suggesting
a possible role for MCL-1 stabilization in the resistance to mitotic apoptosis. These studies
have shown that in addition to the mechanisms described above, two E3 ligases, APC/
CCDC20 (Anaphase-promoting complex/cyclosome with cell-division cycle protein 20) and
SCFFBW7 target MCL-1 for destruction during mitosis [89-91]. APC/CCPC20 ybiquitination
of MCL-1 is mediated by phosphorylation at T92 by CDK1 (cyclin-dependent kinase 1)/
CYCLIN B and the D-box motif during mitotic arrest [89]. Ubiquitination of MCL-1 by
SCFFBWT is mediated by two phospho-degrons on MCL-1 (S121/E125 and S159/T163), of
which S159/T163 appears to play a major role [90, 91]. Interestingly, JNK, p38, and CKII
(Casein kinase 1) phosphorylate both degrons during mitotic arrest [91] although GSK3
phosphorylation of MCL-1 at S159/T163 may be sufficient to target MCL-1 for SCFFBW?.
mediated degradation [90] (Table 1). Since, unlike CDK1/CYCLIN B, these kinases are not
directly controlled by the cell cycle, the mechanism of mitotic phosphorylation of MCL-1
remains undetermined. In addition, it is not known whether APC/CCPC20 and SCFFBW?
compete for the mitotic degradation of MCL-1 or work independently. From the clinical
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viewpoint, it is interesting to note that mutations or loss of FBW7 (a substrate-binding
component of the multi-subunit E3 complex SCFFBW) has been reported in various cancer
types [92-94]. Moreover, cancer cells with low FBW?7 levels have elevated MCL-1 protein
and exhibit intrinsic resistance to ABT-737, a small molecule inhibitor of BCL-2, BCL-XL,
and BCL-W [90] (BOX 1).

BOX 1
BH3 mimetics and cancer therapy

The binding between pro- and anti-apoptotic BCL-2 family proteins is mediated through
a hydrophobic groove on the anti-apoptotic proteins and a BH3 domain. Several small
molecule inhibitors, so-called BH3 mimetics (e.g., ABT-737, ATB-263, ATB-199), have
been engineered to specifically bind to the hydrophobic pocket, thereby antagonizing the
function of anti-apoptotic BCL-2 family proteins. The initial inhibitor of this class,
ABT-737, and its orally bioavailable analog ABT-263, both of which inhibit both BCL-2
and BCL-XL, were a pre-clinical success [188, 189]. Nonetheless, the clinical success
was hampered by thrombocytopenia caused by BCL-XL inhibition. To circumvent this
problem, a BCL-2 specific inhibitor ABT-199 was recently developed and is now being
tested in clinical trials [190]. Another challenge in BCL-2/BCL-XL inhibitors is that
cancer cells can acquire resistance to this class of inhibitors by overexpressing MCL-1
[191]. Recently, two groups independently identified MCL-1 inhibitors through genomic
or biochemical screenings: Golub and colleagues identified compounds that suppress
MCL-1 transcription [192], whereas Walensky and colleagues discovered a small
molecule, MIM1, which binds to the BH3-domain binding pocket of MCL-1 [193] —
these inhibitors may overcome resistance to BCL-2/BCL-XL inhibitors. Of note, the
short protein half-life of MCL-1 makes MCL-1-addicted cancer cells more susceptible to
chemotherapy than cancer cells depending on BCL-2 or BCL-XL for survival [8].
However, given the multiple mechanisms of MCL-1 stabilization in cancer cells (see
text), it is assumed that this approach may not work in all of MCL-1-addicted cancer
cells. For cancer cells with stabilized MCL-1, agents that directly inhibit MCL-1 protein
(e.g., MIM1) or promote MCL-1 protein degradation may be an option.

A HECT-domain containing E3 ligase, HUWE1 (MULE, Mcl-1 ubiquitin ligase E3), also
targets MCL-1 for proteasomal degradation through a pathway that does not require MCL-1
phosphorylation by GSK3; the binding between MCL-1 and HUWEL is mediated through
the BH3 domains on each protein [95]. Interestingly, it has been reported that ERK activity,
directly or indirectly, reduces the interaction between MCL-1 and HUWEZ1 although the
detailed molecular mechanism remains to be elucidated [96]. It would be interesting to test
whether the aforementioned T163 phosphorylation by ERK is implicated in the MCL-1-
HUWEL1 interaction.

Deubiquitinating enzymes (DUBS) are negative regulators of the ubiquitination-mediated
protein degradation as DUBs can stabilize their substrate proteins by removing polyubiquitin
chains. Ubiquitin specific peptidase 9 X-linked, USP9X, reverses ubiquitination of MCL-1
[97]. As opposed to SCFP-TTCP and SCFFBW? | the binding of USP9X to MCL-1 is negatively
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regulated by GSK3 phosphorylation of MCL-1 at S155/S159/T163, suggesting that USP9X
may directly counteract MCL-1 degradation controlled by SCFBP-T'CP and SCFFBW7 USP9X
and MCL-1 protein expression levels were positively correlated in several cancer types,
including follicular lymphomas [97]. Elevated USP9X transcription was also associated with
poor prognosis in multiple myelomas [97].

Destroying Pro-apoptotic Proteins

As cancer cells can attenuate MCL-1 degradation, they may also suppress accumulation of
pro-apoptotic proteins, such as BIM. As with MCL-1, BIM is also characterized by its short
protein half-life. BIM stability is regulated by ERK phosphorylation at S69; phosphorylation
of this site promotes BIM degradation through the ubiquitin-proteasome pathway [98, 99]. A
transgenic mouse study demonstrated that replacement of the ERK phosphorylation sites
with Ala prolongs BIM protein half-life and increases apoptotic cell death in response to
serum starvation [4]. SCFFT'CP ¢-CBL, and TRIM2 are the E3 ligases responsible for
ERK-dependent BIM degradation [100-102]. Notably, SCFP-TrCP-mediated BIM
ubiquitination requires phosphorylation of the degron sequence containing S93/S94/598 by
RSK (ribosomal S6 kinase), which is promoted by ERK phosphorylation at S69 [101]
(Table 1). Whether BIM ubiquitination by c-CBL and TRIM2 may also require RSK
phosphorylation remains elusive. Last, the ubiquitin E3 ligase complex ElonginB/C-Cullin2-
CIS is also implicated in BIM ubiquitination and degradation [103]. BIM ubiquitination
mediated by ElonginB/C-Cullin2-CIS is enhanced following paclitaxel treatment and a
defect in this ubiquitination pathway may confer resistance to this agent in cancer cells
[103].

BAX is a central component of apoptosis as its activation is directly linked to MOMP
(Figure 1). Thus, causing degradation of BAX protein may be a “last minute” safeguard for
cancer cells to prevent apoptosis. BAX protein mainly localizes in the cytoplasm. Upon
genotoxic or cytotoxic stress, BAX translocates to the mitochondria outer membrane, forms
oligomeric structures, and triggers MOMP [104]. A recent study has shown, however, that
the subcellular localization of BAX protein may be in a more dynamic equilibrium between
the cytoplasm and the mitochondrial outer membrane [105]. Although the detailed
mechanism of how the equilibrium may change following apoptotic stimuli remains elusive,
the BAX equilibrium hypothesis suggests there is a mechanism that prevents activation of
BAX on the mitochondrial outer membrane. Interestingly, it has been known that BCL-XL
can block the mitochondrial translocation of BAX, by re-directing BAX back to the
cytoplasm [106]. Moreover, BAX degradation takes place on mitochondrial outer membrane
following apoptotic stimuli [107, 108]. BAX is a protein with a short half-life [109, 110] and
the rapid degradation of BAX protein has been associated with poor clinical outcomes and
high tumor grades in chronic lymphocytic leukemia and prostate cancer [109]. The E3 ligase
IBRDC2 (IBR domain containing 2; also known as p53RFP or RNF144B) was recently
identified and shown to ubiquitinate BAX specifically on the mitochondrial outer membrane
[108]. Overexpression of IBRDC2, however, did not block apoptosis triggered by
actinomycin D or staurosporine treatment [108], suggesting that there may be additional
factors (e.g., co-factors or other ligases) involved in this process.
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Altering protein functions

In addition to modulating a docking site for an E3 ligase and subsequent ubiquitin-mediated
protein degradation, phosphorylation can also alter the function of apoptotic regulators. In
particular, phosphorylation by pro-survival kinases (e.g., AKT and ERK) often results in
suppression of the pro-apoptotic function of the target protein, whereas phosphorylation by
pro-apoptotic kinases (e.g., GSK3 and JNK) can lead to activation of pro-apoptotic proteins
or inhibition of anti-apoptotic proteins (see Table 1 for a comprehensive list of known
phosphorylation sites of apoptotic regulators). For instance, the pro-apoptotic activity of the
BH3-only protein BAD is inhibited by a number of pro-survival kinases, including PAK1
and AKT [111-113]. Likewise, ERK phosphorylation of BIM prevents the interaction
between BIM and BAX, thereby inhibiting apoptosis, whereas phosphorylation of BIM by
JNK or p38 MAP kinase promotes the pro-apoptotic activity of BIM by enhancing binding
to anti-apoptotic Bcl-2 family proteins [4,114-117]. As described above, ERK also
promotes suppression of BIM expression and degradation of BIM protein [4, 98, 99] (Figure
2), further highlighting a critical role for ERK in BIM inhibition.

Pro-survival kinases also negatively regulate apoptotic pathways downstream of
mitochondrial cytochrome c release (Figure 1). Activation of APAF-1 in response to
cytochrome c is inhibited via phosphorylation of APAF-1 by RSK [118], a kinase often
amplified in prostate cancer [119] (Table 1). Leukemic tyrosine kinases, such as BCR-ABL,
also inhibit APAF-1 oligomerization by modulating the phosphorylation status of the Apaf-1
inhibitor HSP90P [120]. In addition to APAF-1, caspases are direct targets of various
kinases; activation of caspases can be suppressed by direct phosphorylation (Table 1).
Furthermore, it is known that phosphorylation can protect some caspase substrates from
proteolytic cleavage [78]. For example, phosphorylation by CK1 or CK2 protects BID from
caspase-8, thereby blocking the activation of this BH3-only protein and subsequent
cytochrome c release from mitochondria [121] (Table 1).

In summary, post-translational modifications play a critical role in the regulation of
apoptosis by modulating protein stabilities and functions.

Concluding remarks

In order to survive and proliferate, cancer cells need to override a number of barriers that
otherwise would cause apoptosis. It is conceivable that cancer cells employ multiple
mechanisms, instead of a single pathway. Given the multiplicity of anti-apoptotic
mechanisms utilized by cancer cells, it is speculated that agents that can globally alter
cancer’s apoptotic resistance by targeting multiple pathways, may provide us with the most
valuable therapeutic benefits in the future of cancer treatment. To target cancer cells most
efficiently and selectively, we must further elucidate the mechanisms of how they evade the
apoptotic program (see Outstanding Questions box).
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Glossary Box

APAF-1
APCIC
BAD
BAK
BAX
B-TrCP
BCL-2
BCL-XL
BH3

BID (tBid)
BIM
CDC20
CDK1
CKII
CREB
DISC
EGFR
ERK
FBW7
GSK3
HER2
HUWE1
IBRDC2
INK-C
MAPK
MCL-1
MOMP
MULE
mTORC1
NF-kB
NOXA

Apoptotic protease activating factor 1
Anaphase-promoting complex/cyclosome
Bcl2-associated agonist of cell death

Bcl2 antagonist/killer

Bcl2-associated protein X

[-transducin repeat-containing protein

B-cell lymphoma 2

B-cell lymphoma extra large

Bcl-2 homology domain 3

(truncated) BH3-interacting domain death agonist
Bcl2-interacting mediator of cell death (Bcl2-like 11)
Cell-division cycle protein 20

Cyclin-dependent kinase 1

Casein kinase Il

cAMP response element-binding protein

Death inducing signaling complexes

Epidermal growth factor receptor

Extracellular signal-regulated kinases

F-box/WD repeat-containing protein 7

Glycogen synthase kinase 3

Human epidermal growth factor receptor 2

HECT, UBA and WWE domain-containing protein 1
IBR domain containing 2 (E3 ubiquitin-protein ligase RNF144B)
Jun N terminal kinase

Mitogen-activated protein kinases

Induced myeloid leukemia cell differentiation protein
Mitochondrial outer membrane permeabilization
Mcl-1 ubiquitin ligase E3

Mammalian target of rapamycin complex 1

Nuclear factor kappa-light-chain-enhancer of activated B cells

Phorbol-12-myristate-13-acetate-induced protein 1
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PI3K phosphatidylinositol 3-kinase

PIDD p53-induced death domain protein

PUMA p53 upregulated modulator of apoptosis

RAIDD RIP-associated protein with a death domain

RSK Ribosomal S6 kinase

SCF Skp, Cullin, F-box containing complex

SMAC Second mitochondria-derived activator of caspases

STAT3 Signal transducer and activator of transcription 3

TNF Tumor necrosis factor

TRIM Tripartite motif containing

XIAP X-linked inhibitor of apoptosis protein
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Outstanding Questions

Do cancer cells simply depend on the net abundance of pro-survival BCL-2
family proteins relative to the total BH3-only proteins? Alternatively, may the
regulation of a particular BCL-2 family member selectively play a role for
survival in certain cancer types? How do the functional redundancy and
specificity of pro-survival BCL-2 family impact cancer cell survival?

Cancer cells employ multiple mechanisms to silence the apoptotic machinery.
Letai and colleagues have developed a functional assay, called BH3 profiling, to
gauge the dependency of cancer cells on anti-apoptotic BCL-2 family proteins.
Although the BH3 profiling made a successful breakthrough [194], is there any
other way to predict which pathways are altered in particular cancer cells?

Abundance of MCL-1 is one of the mechanisms for the resistance to a BCL-2/
BCL-XL inhibitor in cancer (BOX 1). If a BCL-2/BCL-XL inhibitor is used
concomitantly with an MCL-1 inhibitor, can we cure all of cancer?
Alternatively, will cancer cells eventually acquire the resistance to the
combination of a BCL-2/BCL-XL inhibitor and an MCL-1 inhibitor? If so,
how?

Why is the pathway downstream of mitochondrial cytochrome c often inhibited
in cancer cells in addition to the inhibition of MOMP [195]?

The failure to activate caspases in response to an apoptotic stimulus can result in
caspase-independent cell death [196]. Does caspase-independent cell death play
arole in cancer cell survival?
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Figure 1. Apoptosis is triggered in response to internal or external stimuli
The intrinsic pathway to apoptosis is initiated by activation of BH3-only protein. Among the

BH3-only proteins, whose expression is often transcriptionally induced following an
apoptotic stimulus, BID is unique in that it is activated by caspase cleavage (by caspases-2
and -8/10); cleaved BID, termed tBID. BH3 proteins trigger the activation of multi-BH
domain proteins by direct binding or by inhibition of anti-apoptotic BCL-2 (B-cell
lymphoma 2) family proteins. Once activated, multi-BH domain proteins form oligomers
that induce MOMP. MOMP prompts pro-apoptotic proteins SMAC and cytochrome c to be
released to the cytoplasm, where cytochrome c induces the formation of the Apoptosome.
The initiator caspase-9 activated within the Apoptosome initiates the activation of
executioner caspase-3 and -7, resulting in apoptosis. Of note, caspase-2 is activated via
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formation of the PIDDosome, a complex which consists of the adaptor proteins PIDD (p53-
induced death domain protein) and RAIDD (RIP-associated protein with a death domain).
However, despite identification of this complex, the precise mechanism of caspase-2
activation remains elusive. In addition, only a few cellular substrates of caspase-2, including
BID, have been identified. Colored triangles denote that the indicated gene or gene product
may be transcriptionally (blue), translationally (red), and post-translationally (green) up- or
down-regulated in cancer cells (see text and Table 1).
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Figure 2. Oncogenic kinase signaling regulates MCL-1, BIM, and PUMA
Oncogenic kinases regulate BIM, PUMA, and MCL-1 by changing gene expression, protein

stability, and protein functions by activating two major pro-survival pathways: the AKT and
ERK (Extracellular signal-regulated kinases) pathways. Pro-survival and pro-apoptotic
pathways are denoted in blue and red, respectively.

Trends Cell Biol. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fernald and Kurokawa Page 25

A: Normal cells INK

= p38
® cKil
& P W@ GSK3
MCL-1 |

Low AKT l

MCL-1 l I

SCEB-TrCe
SCEFBW7
TRIM17

Degradation
B: Cancer cells
ERK
® €
$ <«
MCL-1 J l

High AKT l AKT —I GSK3

®
Yo
&P 9P o°

MCL-1 l

l

Stabilization

Figure 3. MCL-1 protein stability is controlled by multiple kinases
(A) MCL-1 can be phosphorylated at T163 by several kinases including GSK3. AKT

inhibits GSK3. Thus, in low levels of AKT, phosphorylation by GSK3 sequentially occurs at
S155/S159, targeting MCL-1 for degradation by E3 ligases, SCFP-TTCP, SCFFBW7 (-
box/WD repeat-containing protein 7), and TRIM17. (B) In cancer cells with high levels of
AKT and ERK, ERK is likely to be the main kinase that phosphorylates MCL-1.
Phosphorylation does not continue to S155/S159 and MCL-1 is stabilized.

Trends Cell Biol. Author manuscript; available in PMC 2014 December 01.



Page 26

Fernald and Kurokawa

[or1] abewep 8L19S ALY
WwNQ 03 asuodsai ui 3sa.se aseyd S T9J8S
. aig
[121] 8 asedsea Aq abenes|d sjusnald T9J8S mmw
85IUL
S|]89 J8dued Uoj0D d
51182 20LIED AIEISON] [6€T] Auanoe asedses jo uoissaiddng 4 (OM103ds UewnH) 96TIeS DIV
sisojdode paonpul -
-aBewep YNQ Bunowoid [8€T] uoireanae asedsea Bunowold eGTIAL 1gav-o
[2£T] AnAnoe asedsed Jo uoissaiddng [ A4PERS 20Md 6-asedsen
[oeT (0Tdd) MdvIA ged
yreap |199 onoyw Buissaiddng _16T] AnAnoe asedsed 40 uoissaiddng SCTIYL 2T VIMYAQ ‘THAD
S6T49S
[oeT] 108448 ON €8T49S d
6643S
[8zT] AnAnoe asedses o uoissaiddns GopIAL (TdHS) uAq
[6eT (TdHS) NAT
180UEd U0j0) ‘gzT] AulAnoe asedses Jo uoissaiddng (08eih1) 6eiAL MM_M_
g-asedse)
[9z21] AnAnoe asedsed jo uoissaiddng ¥9¢18S MdvIN 8gd
[geT]
GopIAL pue /6EIAL Jo uonejAioydsoydap (e62 JAL) OTEIAL anN
Joy paiinbal Butpuiq TdHS
6€249S
S||99 192U Jsealg [221] Auanoe asedses jo uoissaiddng €/TIUL DIvd ,-asedse)
0€les
[92T] Auanoe asedseo Jo uoissaiddng 0ST43S (Vzdd) MdvIA ged
¢-asedse)
[sz1] AnAnoe asedsed Jo Juswadoueyul @]\ QOMd
S|189 BWOID
S|]89 J8duBd U0j0D)
$)199 Ja0ue [eabeydosg [¥21] AnAnoe asedsed jo uoissaiddng /GTI9S 10
aoueIsIsal IV L Z-asedseD
pare|nbai Ajjealjoqeisin [ez1] AnAnoe asedsed jo uoissaiddng ¥9T48S (Tdd) 11MNeD
yreap 1199 ononw Buissaiddng [zz1] Auanoe asedses jo uoissaiddng 80€19S Td NITOAD/TMAD
#45U0108UUOD J8oueD uonejAioydsoyd 40 sswoainO SoNs (sesereydsoyd) seseuryy #co_amo_:_aE,Q 10 8s07]
siore|nbay onoidody pue Jaoue)d
T3alqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Trends Cell Biol. Author manuscript; available in PMC 2014 December 01.



Page 27

Fernald and Kurokawa

S|192 eLOUBBIN [t91] uoneAnoeu 11498 [AE!
4Ng
. [221<E|
[t91 ‘091] uoneAndY 188 SING
S|189 BIWSYN3|
11991 payejnBal Ajjeatjoqelain [6GT] uoneAneu| €T48S SMAao VXON
MASH
$1199 J30ued BunT [8ST ‘2GT 'SGT] UuoneAnORU| GGTI8S 193
WVHd
MASH
T-49I J0 |043U03 8y} Jspun . ‘ 1OMd
5119 160UED BUNT [95T 's5T "zTT] UoneAndeul 9ETI3S iy
™vd
MSH
el Tdvd
3u{01A9 JO |03U0d By Japun 1OMd ave
$]189 480UEd BUN-] [5ST-247T] uoneanoeu) ZIT4eS ¥Id
$1139 (LSNdIA) Jowny yreays HIvd
anJau [esayduiad jueubifeiy MV
™vd
s|189 492ued Bun
S1199 (LSNdIA) Jown) yreays [2t7] uonreanoeu TTTJeS ™vd
anJau [esayduiad jueubifen
BouEIsISal PANL [9T] uoneAndeu 9z13s I
el [sp1 [ez] reuay
. 0TI3S Pl ‘UBLIBAQ "BWO0ISEIGO|INP3IAl *OSN VINNd
auI{01A2 JO |0J1U02 BY) JBPUN 1] uonepesbap pue uoreunnbign Bun- ‘rejnjjaooredaH sealg <sso>
[¥] uoneAnoy (esnow) ZTTIYL MNC
[tot] 69485 18 8613S
uonejAioydsoyd Buimojjo4 uoiepeifbiap ¥649S MSY
pue uoieUINbIGN PatRIPaW- 4, 44OS €618S
[e¥T] uonepeiBap syusnsid 9818s VAd
51199 A._M__<\.Ab elwayna| - G
ansejqoydwA| anae |189- 1 - ZT] BwoydwA| |199- 1 snosueind
BIES) ﬁ._\_m,_ovm_Emv_:m._ \Wmﬂmﬁ@cﬂ_ﬂu@_v\_%%cmmow %_%_._m_\uwﬂwhma soios SING [09] Jooued mc:\m 189 |[eWS-Uou pue e N1g
pIoJ2AN 21U0IYD A4 UoNenelBan DUE Loneunnb My3 BIWSYN| PIOJPAW J1UOIYD <SSOT>
$1190 (D19SN) q uolyep PP euinbign
Jaoued Buny |199 [lews-uoN
P d
(217 'STT ‘pTT] uoneAnOY (asnow) GgI0S Adyn B
&l (asnow) pOT48S
aUIB{01A9 JO [013U0D 3y} JapUN [9TT] uoneAnaeu| G988 M3
GGIesS
#SUONBULOD J8dUBD uonejAioydsoyd 4o sawoaino SaHs (saseyeydsoyd) saseury #co_umuc__arc,q 10 $s07]

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Trends Cell Biol. Author manuscript; available in PMC 2014 December 01.



Page 28

Fernald and Kurokawa

130Ued mrmw_.___omwm/___vmem-:oz [16] uonepe.bap TCTI8S xacw‘Umma
180UED UBLIEAQ pue uomeuMNbIgN paeIPaW — ;\g440S SINE [ez]
Jeusy ‘81e1s01d ‘UBLIBAQ ‘BLOURIBIA|
[68] uonepe.ibap ‘Je|n||800JedaH ‘ewouldeIoUBPE 19N
puE uoIRUIINDIGN PaTRIPEW-(70q5D/DdY c6iuL 8 NITOAD/THAD [eabeydos3 ‘ewoaesodi|
palenualapipaq Jaoued 1sealg ‘vz
{10 BUWOUIRIEA0IBUEIOLD [181] . TMNC ¢z] 180ued BunT <uonedldwy>
aouE)sISal TIVHL Mvd 'YXON ‘W1g 0} Bulpuiq ssoueyu3 roies mwmw
[21] uonreanaeu) anN 9 NITOAD/IHAD
18 19S
[081'6.T] uonepeiBap sjuanald v YL (e-dMN) 2/THY3
99 JyL [ ! WA
0Z—8TJ BWOYAWA| ~
1818S TYNE Je|nalj|oJ |189-g <uoIyedl ¢108
[8.1] uonreAnoeul 0L18s ISy
694UL
el ‘ OMd
SUPIO1AD 10 |09 34 JSPUN [22T ‘9.7] uoneAnoy 0138 2Toa3
[si7T OANC [g2] uelrenQ 180ued
S|183 EWOUIdIED [E3INIBD ‘v 1] uoieAndRU| 1S8R (Z9) 81942 18D oS d 1seaig [z¢] suoq Jo Jowny |82-1uelbh g
T8 NITOAD/THAD [12] 180ues seaioued (D1OSN) Jeaues | 1X7198
1199 ewoydwiA [e2T]150u1e (29) 01940 119D 6vIoS e1d Buny 1130 [fewis-uoN <uonealiduiy>
§]|89 J83Ued U0J0D [z.1] voneAnoy LTTI8S (W2dd) paiynuapiun aseury|
$]199 J80URD U0J0D) (€ZNdLd) (SNdLd) Ave
S|189 BWO02Jesolql4 [T47] uonenoeu) 80TIAL (gNd1d) painuapiun aseurs|
spjtoue Bunnp painbay [027] voneAnoy an MdVIA 8ed
m_%o (010SN)
1aoued Bunj |18 |fews-uo
Lhog o HoN [691-29T] vowennoey| Y8119 (v2dd) 04
(07105) 480ueD Bun| 1199 [lPWS
MdvIN ged
$1189 eworedaH [997 ‘591] uoneAnoy MNC [S¥] 100U UOJOD <SS07T> Xve
L9TIyL XSO
[votl
TUld YIIM UORJBIBIUI BIA UOIBAIIORU| IR
[eoT]
81435 Je uone|Aioydsoydap pue Z9TIyL 09498 ¥Id
1e uoirejAioydsoyd Buimol|o4 uoneAndy
S|]89 J82uBd U0j0D)
/189 Jaoued Bun] [z91] uonrepesbap pue uoneuninbign YZTIUL T3 g
#SUONBULOD J8dUBD uonejAioydsoyd 4o sawoaino SaHs (saseyeydsoyd) saseury #co_umuc__arc,q 10 $s07]

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Trends Cell Biol. Author manuscript; available in PMC 2014 December 01.



Page 29

13nig
M

X ¥
'$91090S J3UI0 Ul PAAISSUOI Jou
X ¥
‘paiy1oads ssajun sais uewWNH
¥
SANSS1 J30UED 10 SBUI| [|99 130U Ul paisabbins 1o uma:mcoc_%&ﬁ

SANSSI} J30UBD U1 S|9A3] U18104d 10 "YNYW “Jaquinu Adod Je pawijuod

Trends Cell Biol. Author manuscript; available in PMC 2014 December 01.

Fernald and Kurokawa

#
S|199 19oued Uoj0D [281] uonrepesbap pue uoneunINbiIgnoINY \ISZES e [a8T]
™daL 18108y [#8T] sewouidsed snowenbs
loa1] [e81] B1wax N3] piojakw aInoy dviX
§|180 J8dURd UBLIBAQ uonepeiBap pue UoREUIINbIGN SIUBASId 18195 IV [8€] 180ued [eaINIBD <uoIRII|dWY >
[28T] ewWOIAD04 S\y/ewOISRIgO|INP
3IN/eWOISe|qO1|D <uoneII|dWY>
$1199 192U 81EISO0Id [8TT] uomiqiyu 89¢19S sy [52'v2] s90ued Jappelg ‘[g2] 1e0ued T-4VdVv
ouses) ‘[z2'12] 199ued [819310]00
‘[02—89] ewouejaN <SSO01>
m__momnwcoowmﬁmrw__.v_::m [28'98] uonepeibap sjusnald €9T18S [AA%SE!
el
3UIY01AD JO [013U0D Y} Japun
ewojaAw ajdnnAl
sewoydwid| 1189-g abue| asnyia 6 1
seuioyduwiAl Jeinoiod “T6 ‘06 ‘58-T8] BuIpuIg X6dSN SHAIYU 9SS MdvIN ged
(11v-L) eweeina) 40 PUE 45,4408 'L TINL A gsTes SN
ansejqoyduliA] amnoe 1j8o- 1 Lmas oL b GGTI9S
(519SN) parelpaw uolepefap pue uoneuninbign £MS9O
190U Bun) 1]90-|[eWS-UON
192UBD UBLIBAQ
S|199 J92UR) 1Sealg
#SUONBULOD J8dUBD uonejAioydsoyd 4o sawoaino SaHs (saseyeydsoyd) saseury #co_umuc__arc,q 10 $s07]

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript



