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ABSTRACT

A conserved, intact and tightly regulated apoptotic pathway is
necessary for embryonic organogenesis, maintenance of tissue
homeostasis and tumour suppression in healthy organisms. This
pathway is also activated in response to hypoxia, oncogenic
overexpression or DNA damage and serves to eliminate cells that
have experienced lethal doses of genotoxic stress. Several studies
suggest that resistance to apoptosis, also known as programmed
cell death, results in the survival of mutant cells which can induce
tumourigenesis. Therefore, inhibition of apoptosis is considered
a requirement for tumourigenesis and thus an acquired resistance
to apoptosis has become a “hallmark™ for cancer. The intrinsic, or
mitochondrial, pathway of apoptosis is mainly controlled by the
interactions between mitochondrial and cytosolic pro- and anti-
apoptotic proteins of the Bcl-2 family. Thus, resistance to apoptosis
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can be acquired by mutations in pro- or anti-apoptotic genes of Bcl-
2 family members or in the tumour suppressor gene pS3 which is the
DNA damage sensor in the intrinsic apoptotic signalling circuitry.
Moreover, multiple epigenetic studies have illustrated the role DNA
methylation plays in the aberrant apoptosis in many human cancers,
and thus in the survival of tumours. Novel therapeutics that target
the intrinsic pathway of apoptosis have also been the subject of
considerable investigation.
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INTRODUCTION

Apoptosis or programmed cell death is a crucial biological
mechanism in most of biological systems for maintenance of tissue
homeostasis and various cellular components. Failed or excessive
apoptosis has been found to be involved in many human ailments
particularly in autoimmune disorders and cancer. Apoptotic cell
death pathways can be triggered at different entry sites including
the mitochondria (intrinsic pathway) and the plasma membrane
via death receptors (death receptor-initiated or extrinsic pathway).
Although these two pathways can interconnect, they mainly differ
in their induction conditions and regulation and thus play discrete
roles in health and disease. Following various stress stimuli, the
intrinsic pathway of apoptosis is mediated by intracellular signals
that are transduced on the mitochondrial membrane leading to the
activation of several proteins of Bcl-2 family including BAD, NOXA
and PUMA which block anti-apoptotic Bcl-2 family members such
as Bcl-x, and Bcl-2. This allows the release of “activator” proteins
such as BID and BIM that activate the pro-apoptotic proteins BAK
and BAX that in turn dimerise and translocate to the mitochondrial
outer membrane leading to the permeabilisation of the mitochondrial
outer membrane (MOMP). This enables several apoptogenic factors
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such as the mitochondrial-AIF (apoptosis inducing factor), SMAC/
DIABLO (second mitochondria-derived activator of caspases) and
cytochrome ¢ to be released concurrently to the cytosol. While
AIF causes DNA condensation, SMAC/DIABLO can suppress the
inhibitors of apoptosis proteins (IAPs) leading to the activation of
several protease enzymes called “caspases”.
the caspases activator cytochrome c is also released from the inter-
membrane space of the mitochondria into the cytosol, it binds to
apoptotic protease activating factor-1 (Apaf-1) to then transform pro-
caspase-9 into its active form of caspase-9. Caspase-9, an “initiator”

Furthermore, since

caspase, in turn activates several “executioner” caspases, including
caspase-3, caspase-6 and caspase-7 that mediate the cleavage of a
specific set of substrates such as DNase inhibitors, leading eventually
to DNA fragmentation and the disassembly and destruction of cellular
proteins!'? (Figure 1). Data from several studies have indicated that
the release of cytochrome ¢ and caspase activation are sufficient
for apoptotic cell death but not essential, indicating the presence of
alternative caspase-independent apoptotic mechanisms such as AIF-
mediated apoptosis and endonuclease-GP#,

THE BCL-2 FAMILY

More than 16 members of the Bcl-2 protein family have been
characterised and recognised as the key regulators of the
mitochondrial apoptotic circuitry. The Bel-2 protein family is a
large family that comprises proteins that either inhibit or promote
apoptotic cell death. The permeabilisation of the mitochondrial outer
membrane (MOMP) and therefore caspase-mediated proteolytic
cascade are regulated by the great degree of functional overlap and
interactions between various pro-apoptotic (such as BAX and BAK),
anti-apoptotic (such as Bcel-x;, Bcl-2 and Mcl-1) and the BH3-only
members of the Bel-2 family?*5¢,

In non-stressed cells, various survival signals (e.g., growth factor)
stimulate the production of anti-apoptotic Bcl-2 proteins including
Bcl-2, Bel-x;. and Mcl-1 tend to bind and sequester “activator” BH3-
only proteins such as BID and BIM that would otherwise interact
with pro-apoptotic proteins such as BAX or BAK to form complexes
that act as protein pores for apoptotic proteins and cytochrome ¢ to

be released and cause MOMP!!', In response to stress, “sensitiser”
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Figure 1 Schematic illustration of the molecular mechanisms of the intrinsic pathway of apoptosis.
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BH3-only proteins such as BAD, NOXA and PUMA bind anti-
apoptotic proteins to displace and release “activator” BH3-only
proteins”'!. The “activator” BH3-only proteins then transiently
activate BAK and BAX which undergo stepwise conformational
changes and oligomerise to eventually trigger the release of
cytochrome ¢ and various apoptotic proteins!>>'?/, In this context, it
is important to note that although it is evident that BAK activation
is sufficient to induce MOMP!"* and lack of BAX expression may
elicit tumourigenesis in particular tissues!', BAK-deficient animal
models do not necessarily manifest tumours!'”. It also remains to
be established whether BAX and BAK are being constitutively
activated by different mechanisms!'®. Moreover, whether alternatives
to “activator” BH3-only proteins that can directly activate BAK
and BAX exist remains questionable®™. Another unresolved issue is
whether “sensitiser” BH3-only proteins can directly activate BAX
and BAK>!7). Other findings have also prompted inquiries into
whether the “activator” BH3-only proteins are necessary to induce
apoptosis!'®. These observations reveal the intricate yet delicate
balance among these proteins which constitutes the cellular rheostat
for controlling the mitochondrial pathway of programmed cell death.

MCL-1

While Mcl-1 inhibits apoptosis by selectively sequestering BIM to
prevent it from activating BAK or BAX in normal cells, apoptosis
occurs when NOXA binds Mcl-1 to release “activator” BH3-only
proteins. When NOXA binds Mcl-1, it also releases BAK since
there is increasing evidence that Mcl-1 also binds directly to BAK to
form stable complexes!'*'”). However, since BAK and BAX can be
inhibited by different types of anti-apoptotic proteins, all pertinent
proteins must be blocked for cell death to occur®. More importantly,
unlike binding of Bcl-x; by “sensitiser” BH3-only proteins which
does not induce Bel-x; degradation, NOXA binds Mcl-1 not only
to unleash BAK, but also to trigger E3-ligase-mediated degradation
of Mcl-1 via the ubiquitin-dependent proteasomal system (UPS).
This degradation appears to be necessary for downstream events,
most importantly for translocation of BAX, cytochrome ¢ release
and caspase activation(®?”), However, it must be borne in mind
that a minor fraction of Mcl-1 can be eliminated independently of
ubiquitination®',

Since anti-apoptotic Bcl-2 family proteins are over-expressed
in most cancers, inhibition of anti-apoptotic proteins using “BH3
mimetics” such as ABT-737 has been effectively applied in
cancer treatment. Nevertheless, as different cancer types tend to
overexpress tumour-type dependent anti-apoptotic proteins, a
comprehensive understanding of the selectivity of binding of various
BH3-only proteins is crucial when designing highly selective
anti-neoplastic agents able to target that tumour-specific anti-
apoptotic proteins!!7>!1%1622 Further insight into protein regulation
via the ubiquitin—proteasome system (UPS) suggests important
implications for the development of proteasome inhibitors that lead
to the accumulation of pro-apoptotic BH3-only proteins such as
the proteasome inhibitors bortezomib (Velcade®) and MG-132 in
myelomal”#*%]. Bortezomib’s ability to accumulate BIM, which is
necessary for susceptibility of cancer to PTX (Taxol®), has supported
the use of combination of PTX with bortezomib in melanomal”.

Even though the short half-life of Mcl-1 has been attributed to its
unique (proline, glutamic acid, serine, threonine) PEST motifs?*,
deletions in the PEST-rich N-terminal region do not increase Mcl-
1 half-life, suggesting that other regions may play a role in its
stability!®!. Interestingly, mRNA of Mcl-1 is alternatively spliced
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producing short pro-apoptotic and long anti-apoptotic isoforms.
While the product of the full-length Mcl-1 gene induces anti-
apoptotic activities, the naturally occurring spliced shorter isoform
MCL-1S was found to trigger apoptosis in particular tissues>*2¢27),
This pro-apoptotic spliced Mcl-1 variant seems to lack C-terminal
trans-membrane domains that are responsible for localisation of Mcl-
1 to mitochondria®'. These findings suggest that apoptosis could
be regulated by the expression of altered Mcl-1 transcripts and that
Mcl-1 may represent an evolutionary intermediate form between
the anti- and pro-apoptotic Bcl-2 family members?*?7., As the
alternative splicing of Mcl-1 seems to be controlled by G2/M and/or
mitotic spindle checkpoints, therapeutic approaches based on small
interfering RNA (siRNA) that can target the splicing machinery or
induce mitotic arrest are amenable to experimental pharmacological
approaches. Remarkably, this disruption of cell cycle seems to alter
the splicing of caspase-9 transcripts and trigger an extra pro-apoptotic
activity®l,

P53

Once DNA damage occurs, it is sensed by ATM/ATR/DNA-PK
kinases that activate CHEK2 which in turn phosphorylates p53 and
subsequently blocks p53-MDM2 interaction, leading to inhibition
of degradation of p53 and eventually release of p53. The p53 in turn
either elicits transient or permanent cell cycle arrest or alternatively
promotes irreversible p53-mediated apoptosis if the damage is
excessive or beyond repair. If chronic genotoxic stresses or epigenetic
silencing of genes responsible for cell cycle progression persist, p53
acts as a DNA-binding transcription factor and trans-activates a wide
array of pro-apoptotic genes (such as BAX, BID, PUMA, NOXA)
and the p53-induced protein with a death domain (PIDD) responsible
for activation of caspase-2. Caspase-2 was found to be required
for the release of cytochrome ¢ and apoptotic cell death!>****l. For
apoptosis to occur, p53 affinity for the promoters in the pro-apoptotic
genes should be higher than its affinity for binding sites in the DNA
repair genes. To date, there is no solid evidence that a group of genes
that are transcriptionally-regulated by p53 is essential to induce
apoptotic cell death®!, Tt has become evident that p53 translocates
to the mitochondria and binds directly via its DNA-binding domain
with Bcl-x; and Bcl-2 to form complexes which would ultimately
lead to the release of cytochrome ¢,

Recessive loss-of-function mutations in the sequence specific
DNA-binding domain of p53 prevent the p53 protein from binding
to several proteins such as Bcl-x; and Bcl-2 and destroy its
transcriptional function and therefore prevent it from binding to its
target genes. Similarly, p53 molecules with mutations in the homo-
oligomerisation domain have been shown to oligomerise with wild-
type p53 molecules and block their transcription function and thus
exert a dominant negative effect over the wild-type p53 functions.
Functional inactivation of p53 can disrupt the non-transcriptional
mitochondrial or transcriptional cellular apoptotic functions and
also impair the ability to repair non-lethal DNA damage in other
genes during normal cell division and cell cycle arrest or apoptosis
following DNA damage. This eventually leads to an accumulation of
additional mutations and an increase the susceptibility to accumulate
driver mutations in oncogenes, a state known as “mutator phenotype”,
supporting the notion that certain mutations in p53 not only lose
their tumour suppressor activity but gain oncogenic functions?>2%,
The p53 has been reported to be hypermethylated in many cancers
and a resistance to various anti-neoplastic agents has been attributed
to it. This has important implications for the development of novel
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types of anti-tumour therapeutics such as DNA methyltransferase
inhibitors which are attractive agents in the reversal of treatment
resistance in such resistant cancers. Although initial findings are
promising, further research is justified since histone deacetylation
and chromatin remodelling are also key factors in the gene silencing
process. Unlike tumours with wild type p53 alleles, that are relatively
sensitive to chemo- and radiation-based therapies, tumours with bi-
allelic mutated p53 alleles were found to be resistant to conventional
treatment since underlying mechanisms of action for radiotherapy
and chemotherapy entail killing cancerous cells mainly by creating
DNA damage and thus inducing apoptotic cell death!?*!,

Interestingly, certain gain-of-function mutations in p53 have been
found to be associated with enhancement of tumorigenicity and
resistance to various chemotherapeutic agents. The oncogenic effects
of gain-of-function mutation in p53 are mediated by stimulating
growth factors and/or growth factor receptors and transcriptional
activity of topoisomerase 1. These tissue-specific mutations can also
contribute to tumourigenesis by both indirect and direct up-regulating
various genes including the epidermal growth factor receptor
(EGFR), proliferating cell nuclear antigen (PCNA), basic fibroblast
growth factor (bFGF) and vascular endothelial growth factor (VEGF)
B, Moreover, some gain-of-function p53 mutants compromise the
efficacy of cancer chemotherapy and may lead to chemotherapy
resistance via increasing the transcription of the multidrug resistance
1 (MDR-1) gene that codes for P-glycoproteins, which are membrane
proteins of a superfamily of transporters capable of extruding
chemotherapeutic agents under an ATP-dependent mechanism®*!.
A number of studies have shown that p53 protein expression as a
biomarker is an independent and robust prognostic tool for disease-
free survival in certain subsets of cancers. Moreover, by adding Bcl-
2 protein expression, immunohistochemical co-staining for Bcl-2 and
p53 seems to have increased the accuracy of prediction and improved
its clinical utility’®”. However, issues such as genetic heterogeneity of
cancers might limit the use of these biomarkers in clinical practice.

On the other hand, and to avoid unwarranted or excessive
apoptosis, pS3 is negatively regulated by the proto-oncogene MDM2.
The MDM?2 protein transports p53 to the cytosol and reversibly
ubiquitinates it leading to proteasome-mediated degradation. Efforts
have been made to develop antisense oligonucleotides and small-
molecules that inhibit MDM2 (e.g. Nutlins) or block the MDM2—
p53 interaction. These drugs represent a promising avenue of novel
anti-cancer therpeutics!?*33, Intriguingly, anti-MDM2 antisense
siRNAs have shown notable anti-tumour activity irrespective of p53
status, implying that MDM2 has p53-independent activity and might
function as a ubiquitin ligase for other tumour suppressor proteins
probably owing to alternative splicing that leads to distinctive MDM2
isoforms with potentially different functions?’\. Therefore, efficient
cancer treatment might entail blocking the MDM2-p53 complex as
well as inhibiting MDM2 expression to stop all the oncogenic effects
of MDM2[2333],

PUMA

PUMA, which is a target of p53 transcriptional activity and a critical
mediator of p53-induced cell death, may bind to all anti-apoptotic
Bcl-2 family proteins and therefore release p53 and “activator” BH3-
only proteins which eventually lead to apoptotic cell death™%!23¢],
However, PUMA has not been proven capable of eliciting apoptosis
in p53- or Bel-x -deficient cells”. There is increasing evidence that
the cytoplasmic p53 is sequestered by Bcl-x; which subsequently
blocks its transcription-dependent and -independent functions. This
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can be reversed solely by PUMA which can bind Bel-x; and release
p53122. Although it has been suggested that PUMA is required for
p53-mediated apoptosis?**”), loss of PUMA does not inherently
elicit tumourigenesis. Instead, it delays it or even inhibits it in certain
settings®!. These observations are in contrast with loss of NOXA
which accelerates tumour formation. A likely explanation for these
findings is that PUMA-induced apoptosis can promote carcinogenesis
by inducing apoptosis in hematopoietic progenitor/stem cells
(HSCs), which are essential to prevent tumourigenesis. Studies have
also highlighted that apoptosis in HSCs increases proliferation of
neighbouring cells with mutations that may then acquire secondary

38391 These observations

mutations resulting in tumourigenesis!
suggest that chronic administration of drugs that mimic BH3-only
proteins such as PUMA that are able to target most of anti-apoptotic
Bcl-2 family members can promote secondary tumours™l. However,

further studies are necessary for more definitive evidence.

CONCLUSION

Since expansion of clonogenic cells in cancer demands that
apoptosis remains low, dysregulation of certain apoptotic signalling
pathways is characteristic for tumourigenesis. What remains highly
controversial is that observations are not entirely consistent with the
above-outlined patterns, suggesting the presence of a finely-tuned
balance of combinatorial interactions that is as yet poorly defined.
The multiplicity and complexity of the partially overlapping yet
distinct roles of the various Bcl-2 network proteins in the apoptotic
mitochondrial pathway represents a formidable challenge whose
intricacies have as yet remained elusive. A deeper knowledge of
the molecular mechanisms involved in the aberrant expression and
regulation of apoptotic genes including p53 may prove fundamental
in increasing our understanding. It is also essential to interrogate
and accurately define the functions of pro- and anti-apoptotic genes
in physiological and pathological contexts to achieve a quantitative
rather than a phenomenological description of the cell death process
and galvanise the development of novel anti-cancer therapeutics.

REFERENCES

1. Llambi F, Green DR. Apoptosis and oncogenesis: give and
take in the BCL-2 family. Current opinion in genetics &
development. 2011 Feb 28; 21(1): 12-20. [PMID: 21236661];
[PMCID: PMC3040981]; [DOI: 10.1016/j.gde.2010.12.001]
Wang X. The expanding role of mitochondria in apoptosis.
Genes & development. 2001 Nov 15; 15(22): 2922-33.[PMID:
11711427]

3. Danial NN, Korsmeyer SJ. Cell death: critical control points.
Cell. 2004 Jan 23; 116(2): 205-19. [PMID: 14744432]
Yoshida H, Kong YY, Yoshida R, Elia AJ, Hakem A,
Hakem R, Penninger JM, Mak TW. Apafl is required for
mitochondrial pathways of apoptosis and brain development.
Cell. 1998 Sep 18; 94(6): 739-50. [PMID: 9753321]

5. Chipuk JE, Green DR. How do BCL-2 proteins induce
mitochondrial outer membrane permeabilization? Trends in
cell biology. 2008 Apr 30; 18(4): 157-64. [PMID: 18314333];
[PMCID: PM(C3242477]; [DOI: 10.1016/j.tcb.2008.01.007]
Leber B, Lin J, Andrews DW. Embedded together: the life and
death consequences of interaction of the Bcl-2 family with
membranes. Apoptosis. 2007 May 1; 12(5): 897-911. [PMID:
17453159]; [PMCID: PMC2868339]; [DOI: 10.1007/s10495-
007-0746-4]



Mokbel K et a/. The intrinsic apoptosis pathway plays a critical role in cancer development and progression

10.

I1.

13.

15.

16.

17.

18.

19.

Willis SN, Adams JM. Life in the balance: how BH3-only
proteins induce apoptosis. Current opinion in cell biology.
2005 Dec 31; 17(6): 617-25. [PMID: 16243507]; [PMCID:
PM(C2930980]; [DOI: 10.1016/j.ceb.2005.10.001]

Moore MJ, Wang Q, Kennedy CJ, Silver PA. An alternative
splicing network links cell-cycle control to apoptosis. Cell.
2010 Aug 20; 142(4): 625-36. [PMID: 20705336]; [PMCID:
PM(C2924962]; [DOI: 10.1016/j.cell.2010.07.019]

Certo M, Moore VD, Nishino M, Wei G, Korsmeyer S,
Armstrong SA, Letai A. Mitochondria primed by death signals
determine cellular addiction to antiapoptotic BCL-2 family
members. Cancer cell. 2006 May 31; 9(5): 351-65. [PMID:
16697956]; [DOLI: 10.1016/j.ccr.2006.03.027]

Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG,
Colman PM, Day CL, Adams JM, Huang DC. Differential
targeting of prosurvival Bcl-2 proteins by their BH3-only
ligands allows complementary apoptotic function. Molecular
cell. 2005 Feb 4; 17(3): 393-403. [PMID: 15694340]; [DOI:
10.1016/j.molcel.2004.12.030]

Huang DC, Strasser A. BH3-only proteins-essential initiators
of apoptotic cell death. Cell. 2000 Dec 8; 103(6): 839-42.
[PMID: 11136969]

Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler
S, Korsmeyer SJ. Distinct BH3 domains either sensitize or
activate mitochondrial apoptosis, serving as prototype cancer
therapeutics. Cancer cell. 2002 Sep 30; 2(3): 183-92. [PMID:
12242151]

Lindsten T, Ross AJ, King A, Zong WX, Rathmell JC, Shiels
HA, Ulrich E, Waymire KG, Mahar P, Frauwirth K, Chen
Y. The combined functions of proapoptotic Bcl-2 family
members bak and bax are essential for normal development of
multiple tissues. Molecular cell. 2000 Dec 1; 6(6): 1389-99.
[PMID: 11163212]; [PMCID: PMC3057227]

Eischen CM, Roussel MF, Korsmeyer SJ, Cleveland JL.
Bax loss impairs Myc-induced apoptosis and circumvents
the selection of p53 mutations during Myc-mediated
lymphomagenesis. Molecular and cellular biology. 2001
Nov 15; 21(22): 7653-62. [PMID: 11604501]; [PMCID:
PMC99936]; [DOI: 10.1128/MCB.21.22.7653-7662.2001]
Dansen TB, Whitfield J, Rostker F, Brown-Swigart L,
Evan GI. Specific requirement for Bax, not Bak, in Myc-
induced apoptosis and tumor suppression in vivo. Journal of
Biological Chemistry. 2006 Apr 21; 281(16): 10890-5. [PMID:
16464852]; [DOI: 10.1074/jbc.M513655200]

Fanidi A, Harrington EA, Evan GI. Cooperative interaction
between c-myc and bcl-2 proto-oncogenes. Nature. 1992
Oct 8; 359(6395): 554-556. [PMID: 1406976]; [DOI:
10.1038/359554a0]

Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti
GP, Hsieh JJ, Cheng EH. Hierarchical regulation of
mitochondrion-dependent apoptosis by BCL-2 subfamilies.
Nature cell biology. 2006 Dec 1; 8(12): 1348-58. [PMID:
17115033]; [DOI: 10.1038/ncb1499]

Fletcher JI, Meusburger S, Hawkins CJ, Riglar DT, Lee EF,
Fairlie WD, Huang DC, Adams JM. Apoptosis is triggered
when prosurvival Bel-2 proteins cannot restrain Bax.
Proceedings of the National Academy of Sciences. 2008
Nov 25; 105(47): 18081-7. [PMID: 18981409]; [PMCID:
PMC2577705]; [DOI: 10.1073/pnas.0808691105]

Cuconati A, Mukherjee C, Perez D, White E. DNA damage
response and MCL-1 destruction initiate apoptosis in

524

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

adenovirus-infected cells. Genes & development. 2003 Dec 1;
17(23): 2922-32. [PMID: 14633975]; [PMCID: PMC289151];
[DOI: 10.1101/gad.1156903]

Nijhawan D, Fang M, Traer E, Zhong Q, Gao W, Du F,
Wang X. Elimination of Mcl-1 is required for the initiation
of apoptosis following ultraviolet irradiation. Genes &
development. 2003 Jun 15; 17(12): 1475-86. [PMID:
12783855]; [PMCID: PMC196078]; [DOI: 10.1101/
2ad.1093903]

Stewart DP, Koss B, Bathina M, Perciavalle RM, Bisanz
K, Opferman JT. Ubiquitin-independent degradation of
antiapoptotic MCL-1. Molecular and cellular biology. 2010
Jun 15; 30(12): 3099-110. [PMID: 20385764]; [PMCID:
PMC2876674]; [DOL: 10.1128/MCB.01266-09]

Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane
permeabilization in cell death. Physiological reviews. 2007
Jan 1; 87(1): 99-163. [PMID: 17237344]; [DOI: 10.1152/
physrev.00013.2006]

Nalepa G, Rolfe M, Harper JW. Drug discovery in the
ubiquitin—proteasome system. Nature reviews Drug discovery.
2006 Jul 1; 5(7): 596-613. [PMID: 16816840]; [DOI: 10.1038/
nrd2056]

Bae J, Leo CP, Hsu SY, Hsueh AJ. MCL-18, a splicing variant
of the antiapoptotic BCL-2 family member MCL-1, encodes a
proapoptotic protein possessing only the BH3 domain. Journal
of Biological Chemistry. 2000 Aug 18; 275(33): 25255-61.
[PMID: 10837489]; [DOI: 10.1074/jbc.M909826199]

Akgul C, Moulding DA, White MR, Edwards SW. In vivo
localisation and stability of human Mcl-1 using green
fluorescent protein (GFP) fusion proteins. FEBS letters. 2000
Jul 28; 478(1): 72-6. [PMID: 10922472]

Bingle CD, Craig RW, Swales BM, Singleton V, Zhou
P, Whyte MK. Exon skipping in Mcl-1 results in a bcl-
2 homology domain 3 only gene product that promotes
cell death. Journal of Biological Chemistry. 2000 Jul 21;
275(29): 22136-46. [PMID: 10766760]; [DOI: 10.1074/jbc.
M909572199]

Kim JH, Sim SH, Ha HJ, Ko JJ, Lee K, Bae J. MCL-1ES,
a novel variant of MCL-1, associates with MCL-1L and
induces mitochondrial cell death. FEBS letters. 2009 Sep
3; 583(17): 2758-64. [PMID: 19683529]; [DOI: 10.1016/
j-febslet.2009.08.006]

Kumar V, Abbas AK, Fausto N, Aster JC. Robbins and Cotran
pathologic basis of disease. Elsevier Health Sciences; 2014
Aug 27. P 293-294, 1148, 115.

Jeffers JR, Parganas E, Lee Y, Yang C, Wang J, Brennan
J, MacLean KH, Han J, Chittenden T, Thle JN, McKinnon
PJ. Puma is an essential mediator of p53-dependent and-
independent apoptotic pathways. Cancer cell. 2003 Oct 31;
4(4): 321-8. [PMID: 14585359]

Mihara M, Erster S, Zaika A, Petrenko O, Chittenden T,
Pancoska P, Moll UM. p53 has a direct apoptogenic role at the
mitochondria. Molecular cell. 2003 Mar 31; 11(3): 577-90.
[PMID: 12667443]

van Oijen MG, Slootweg PJ. Gain-of-function mutations in
the tumor suppressor gene p53. Clinical Cancer Research.
2000 Jun 1; 6(6): 2138-45. [PMID: 10873062]

Moul JW, Bettencourt MC, Sesterhenn IA, Mostofi FK,
McLeod DG, Srivastava S, Bauer JJ. Protein expression of
p53, bel-2, and KI-67 (MIB-1) as prognostic biomarkers in
patients with surgically treated, clinically localized prostate



33.

34.

35.

Mokbel K et a/. The intrinsic apoptosis pathway plays a critical role in cancer development and progression

cancer. Surgery. 1996 Aug 31; 120(2): 159-67. [PMID:
8751578]

Wang H, Nan L, Yu D, Lindsey JR, Agrawal S, Zhang R.
Anti-tumor efficacy of a novel antisense anti-MDM2 mixed-
backbone oligonucleotide in human colon cancer models:
p53-dependent and p53-independent mechanisms. Molecular
Medicine. 2002 Apr; 8(4): 185. [PMID: 12149568]; [PMCID:
PM(C2039984]

Koblish HK, Zhao S, Franks CF, Donatelli RR, Tominovich
RM, LaFrance LV, Leonard KA, Gushue JM, Parks DJ, Calvo
RR, Milkiewicz KL. Benzodiazepinedione inhibitors of the
Hdm?2: p53 complex suppress human tumor cell proliferation
in vitro and sensitize tumors to doxorubicin in vivo. Molecular
cancer therapeutics. 2006 Jan 1; 5(1): 160-9. [PMID:
16432175]; [DOL: 10.1158/1535-7163.MCT-05-0199]

Bartel F, Harris LC, Wiirl P, Taubert H. MDM2 and Its
Splice Variant Messenger RNAs: Expression in Tumors and
Down-Regulation Using Antisense Oligonucleotides1INIH
grants CA92401 and CA21765, American Lebanese Syrian
Associated Charities (LCH), Deutsche Krebshilfe eV grant
2130-Ta2, Land Sachsen-Anhalt grant 3347A/0021B, and
GSGT eV (FB and HT). Molecular cancer research. 2004 Jan
1; 2(1): 29-35.

525

36.

37.

38.

39.

Chipuk JE, Fisher JC, Dillon CP, Kriwacki RW, Kuwana T,
Green DR. Mechanism of apoptosis induction by inhibition
of the anti-apoptotic BCL-2 proteins. Proceedings of the
National Academy of Sciences. 2008 Dec 23; 105(51): 20327-
32. [PMID: 19074266]; [PMCID: PMC2629294]; [DOI:
10.1073/pnas.0808036105]

Michalak EM, Villunger A, Adams JM, Strasser A. In several
cell types tumour suppressor p53 induces apoptosis largely via
Puma but Noxa can contribute. Cell Death & Differentiation.
2008 Jun 1; 15(6): 1019-29. [PMID: 18259198]; [PMCID:
PMC2974267]; [DOL: 10.1038/cdd.2008.16]

Michalak EM, Vandenberg CJ, Delbridge AR, Wu L,
Scott CL, Adams JM, Strasser A. Apoptosis-promoted
tumorigenesis: y-irradiation-induced thymic lymphomagenesis
requires Puma-driven leukocyte death. Genes & Development.
2010 Aug 1; 24(15): 1608-13. [PMID: 20679396]; [PMCID:
PMC2912558]; [DOI: 10.1101/gad.1940110]

Labi V, Erlacher M, Krumschnabel G, Manzl C, Tzankov
A, Pinon J, Egle A, Villunger A. Apoptosis of leukocytes
triggered by acute DNA damage promotes lymphoma
formation. Genes & development. 2010 Aug 1; 24(15): 1602-
7. [PMID: 20679395]; [PMCID: PMC2912557]; [DOI:
10.1101/gad.1940210]



