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Leukemia is a type of cancer characterized by the accumulation of leukemic cells in the
patient’s peripheral blood. Traditional therapies often fail to completely eliminate these
cancer cells, especially in refractory leukemia. One major reason for this failure is apoptosis
dysfunction, with anti-apoptotic proteins playing crucial roles in cancer cell survival. Among
these proteins, the inhibitor of apoptosis proteins (IAPs), particularly survivin, are highly
overexpressed in most cancers, including leukemia, and contribute to chemotherapy
resistance. Survivin, an inhibitor of apoptosis, is typically expressed during embryonic
development and in tumor cells but not in normal adult tissues. It suppresses apoptosis,
thereby promoting disease progression and resistance to chemotherapy. In leukemia, survivin
expression is associated with poor prognostic outcomes in both acute myeloid leukemia (AML)
and chronic lymphocytic leukemia (CLL). The dysregulation of apoptosis in leukemic cells is
often linked to increased survivin expression, making it a promising therapeutic target. This
review explores the diverse roles of survivin in mediating apoptosis, cell division, and
chemoresistance in leukemia. It also discusses several survivin-targeting strategies, including
ribozymes, immunotherapy, and gene therapy. Preclinical and clinical studies involving
survivin inhibitors are currently underway and show promise in increasing the sensitivity of
leukemic cells to standard chemotherapy treatments. These therapies, by disrupting survivin’s
protective mechanisms, may lead to better treatment outcomes for leukemia patients.
Understanding the complex relationship between survivin and apoptotic pathways will provide
valuable insights for developing innovative therapeutic strategies against these challenging
hematologic malignancies.

Introduction

Leukemia is a type of cancer that affects white blood cells, accounting for about 8% of cancers
across various age groups worldwide [1]. It is characterized by an accumulation of leukemic cells in
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the peripheral blood due to disturbances in cell proliferation and differentiation [2]. While
conventional therapies effectively reduce the high proliferative population of tumor cells, refractory
leukemia remains a significant therapeutic challenge. Multiple factors contribute to the
ineffectiveness of many treatments including genetic abnormalities [3], drug resistance [4], age and
sex [5]. Leukemias may present at all ages, from the newborn to the very old, with different forms
[6]. According to evidence, the prevalence of ALL is most common in early childhood, whereas AML
is increasingly common in older adults. Eighty percent of hematological malignancies in children
are ALL, while the others (15%-20%) include AML and hematology-related diseases. Additionally,
the response rate to treatment is significantly higher in the younger age group than in older
patients [7].

Comprehensive studies on the incidence of AML and ALL in children and older patients show that
the incidence of AML is 1.5 per 100,000 individuals per year in children aged 1-9, while its
prevalence in people over 65 years old is 6.5 per 100,000 per year [8].

Germ-line mutations in several genes such as TP53, RUNX1, and GATA2, as well as some genetic
aberrations, have different prognostic impacts on adult and pediatric patients with AML [9].

Patients older than 56 years have an increased incidence of unfavorable cytogenetics, which is
associated with a poor prognosis [10, 11]. Comprehensive studies on the incidence of AML and ALL
in children and older patients show that the incidence of AML is 1.5 per 100,000 individuals per
year in children aged 1-9, while its prevalence in people over 65 years old is 6.5 per 100,000 per
year [8].

Germ-line mutations in several genes such as TP53, RUNX1, and GATA2, as well as some genetic
aberrations, have different prognostic impacts on adult and pediatric patients with AML [9].

Patients older than 56 years have an increased incidence of unfavorable cytogenetics, which is
associated with a poor prognosis [10, 11]. ALL, defined by an excess of lymphoblasts of either the B
or T lineage, is more prevalent in males than in females and varies in incidence among ethnic
groups, with Hispanics having the greatest prevalence [20, 21]. Several genetic variables, including
mutations linked to Down’s syndrome, PAX5, and ETVG6, as well as polymorphism variations in
particular genes such as ARID5B, CEBPE, GATAS3, and IKZF1, are associated with an elevated risk
of ALL [12].

Studies indicate that CLL is the most common adult leukemia in the Western world, accounting for
25% of adult leukemias and non-Hodgkin’s lymphoma (NHL). The median age of diagnosis for
chronic lymphocytic leukemia (CLL) in the United States is 71 years, with an adjusted incidence
rate of 4.5 cases per 100,000 individuals [21].

Huang et al. predicted that the prevalence of CML in the United States will rise from around
70,000 in 2010 to a near plateau of 35 times the yearly incidence by 2050 [13]. This abnormal
kinase signaling activates downstream targets, causing the reprogramming of cells and resulting in
uncontrolled proliferation, myeloid hyperplasia, and the development of ‘indolent’ symptoms in the
chronic phase (CP) of CML [14].

Given the widespread occurrence of leukemia across all age groups, ranging from newborns to
elderly individuals, it is imperative to acquire knowledge about genetic and molecular components
in order to discover novel treatments for all leukemia patients [3].

One of the key factors is the disruption of the apoptotic process [15]. The development of different
hematological malignancies, such as leukemia, depends on an imbalance between cell proliferation
and death [16]. Various anomalies in apoptosis regulation systems result in resistance to caspase-
dependent cell death, often associated with increased expression of proteins that inhibit apoptosis
[17]. Among the anti-apoptotic proteins, inhibitor of apoptosis proteins (IAPs) play a crucial role.
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They specifically block the activity of caspase 3 and 7 thereby preventing apoptosis.

A stude by Olga Grzybowska-Izydorczyk revealed that higher expression of IAPs including cIAP1
and cIAP2 is related to lower survival rates or poor responses to chemotherapy in chronic
lymphocytic leukemia (CLL) and non-Hodgkin’s lymphoma [18, 19].

Survivin is a unique member of the IAP family that is selectively overexpressed in almost all human
cancer cells, especially in leukemia [20]. Previous studies also indicate that survivin has low
expression in most normal adult tissues [21]. Therefore, apoptosis inhibition might be a common
feature of neoplasia, contributing to disease progression and resistance to therapy [22-24]. This
review focuses on significant findings regarding survivin expression in various malignancies,
including leukemia, and the potential therapeutic applications of survivin inhibition and its clinical
implications.

3- Inhibitor of apoptosis proteins (IAP) in leukemia

The fundamental occurrence in apoptosis is the activation of caspases through both the death
receptor (external) and mitochondrial (intrinsic) pathways. This triggers DNA fragmentation, the
cleavage of many essential proteins, and ultimately the disintegration of the cell [25]. Apoptosis,
the process of programmed cell death, is controlled by many regulatory systems operating at
different levels. Regarding to leumeia, IAPs refer to inhibitor of apoptosis proteins specially
caspases, they play a fundamental role in preventing apoptosis and contribute to the cell survival
[26, 27]. Thay have at least one copy of Baculovirus IAP Repeat (BIR) domain in their N-terminal
portion. The IAPs family containes 8 members including NAIP, cIAP1, cIAP2, XIAP, Survivin,
Bruce/Apollon, ML-IAP/Livin and ILP-2. In the first IAPs were discovered in viruses and owing to
their function in the viruses, received the name of IAPs [28]. Survivin as a most important member
of IAPs has a critical role in the repression of apotosis. The importance of survivin among the IAPs
is related to high expression in various cancers and interaction with fundamental apoptosis related
proteins and consequently the preogression of cancer [29]. Research has proven that targeting
survivin may increase the effectiveness of anticancer agents. Thus, survivin has become an
important focus for developing novel treatments aimed at improving patient outcomes in cancer
[29].The overexpression of IAPs has been observed in various cancer cell lines and primary tumor
biopsy samples, including leukemic cell lines or blasts isolated from patients with acute leukemia.
The potential role of these proteins is currently being evaluated for their involvement in defective
apoptotic regulatory mechanisms, leukemic clone progression, and the development of
chemoresistance [30-32]. The most potent and well-known members of this family in humans are
XIAP, c-IAP1, c-IAP2, and survivin [28].

Most IAP operations rely on BIR domains. The BIR2 domain of IAPs has the ability to attach to and
inhibit caspases-3 and -7, whereas BIR3 acts as an inhibitory segment for caspase-9. BIR1 does not
possess the capacity to prevent caspase activation [28]. Both cIAP1 and cIAP2 have the ability to
hinder the enzymatic function of caspase-3, -7, and -9; however, they are not as powerful as XIAP
[28]. BIR domains are involved in the contact between cIAP1 and cIAP2 with TNF receptor-related
factors (TRAF1 and TRAF2), as well as the interaction between XIAP and TAB1 protein. This
interaction leads to the activation of the nuclear factor kB (NF-kB) pathway [33]. Many studies have
demonstrated that reducing the activity of IAP can potentially overcome the resistance of leukemic
cells to chemotherapy. In the case of HL-60 cells, when treated with XIAP antisense oligonucleotide
along with different concentrations of cytosine arabinoside (Ara-C), the down-regulation of XIAP led
to the activation of caspases and increased the susceptibility of leukemic cells to Ara-C-induced cell
death [34]. Hundsdoerfer et al. have discovered that children with acute lymphoblastic leukemia
(ALL) cells have a high expression of XIAP protein compared to bone marrow mononuclear cells.
This high expression of XIAP is associated with a poor response to prednisone treatment in children
with T-cell ALL. These findings suggest that XIAP might be an important target for therapy in
pediatric ALL [35].
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This proves that IAP inhibitors synergize with numerous cytotoxic medications routinely used in the
treatment of pediatric ALL to induce apoptosis and prevent long-term clonogenic survival [35].
Research by Loder .S suggests that using IAP inhibitors in chemotherapy regimens might minimize
the dosage of cytotoxic medicines needed for antileukemic action, potentially reducing the risk of
chemotherapy-related harmful side effects [36]. Beyond pediatric ALL, the proposed molecular
mechanism of synergy has larger implications for other malignancies and offers new avenues for
the use of inhibitors in chemotherapy-based combinations.

IAP inhibitors have just reached phase 1 clinical trials, and combinations with standard
chemotherapeutic drugs may quickly be put into clinical practice [37-40] . Thus, IAP inhibitors,
either alone or in combination with chemotherapy, represent a potential new method for apoptosis-
targeted therapeutics for not just pediatric ALL, but all leukemias.

4- Survivin

Survivin is the smallest member of the IAP (Inhibitor of Apoptosis Protein) family and is involved in
controlling the cell cycle and preventing apoptosis. Its expression patterns vary; it is predominantly
expressed during the embryonic phase and found in differentiated tissues and cancer cells but not
in normal adult cells. In cancer tumors, survivin expression inhibits apoptosis, reduces cell death,
resists chemotherapy, and promotes tumor invasion [41]. Survivin has a single baculovirus IAP
repeat (BIR) domain and lacks a carboxyl-terminal RING finger. It is highly expressed in all
common human malignancies, including lung, colon, and pancreatic cancers, and in high-grade non-
Hodgkin lymphomas, but not in lower- grade lymphomas [42]. Survivin also plays a role in
angiogenesis, which can contribute to the inhibition of apoptosis [43].

4-1. The apoptotic pathway of survivin

Survivin can activate cell death in several ways. External pathways involve ligand binding (e.qg.,
FasL, TNF) to cell surface receptors, while internal pathways include direct mitochondrial
signaling. The activation of the mitochondrial pathway occurs through the action of Bax/Bcl-2,
resulting in the release of apoptotic components like cytochrome c into the cytoplasm [39].

This triggers the formation of a complex known as the cytochrome c/Apaf-1/caspase-9 apoptosome,
which activates caspase-3, leading to the breakdown of skeletal proteins and DNA. Inhibitors of
apoptosis, such as survivin, prevent apoptosis through both caspase- dependent and non-caspase-
dependent pathways [44].

4-2, Survivin in Acute Myeloid Leukemia (AML)

AML is a heterogeneous and malignant disease characterized by a significant increase in the
growth of immature leukocytes. Survivin, an anti-apoptotic protein, is detectable in leukemia [45].

The level of survivin in CD34+38— AML stem cells is higher than in larger blasts and in all CD34+
AML cells. Survivin expression correlates with several proteins involved in cell proliferation and
survival, making it a predictive biomarker and a key target for cancer treatment in AML [41].
Targeting survivin with antisense oligonucleotides induces cellular proliferation and subsequent
cell death in AML cells [46].

4-3. Survivin in B-Cell Precursors and ALL

Survivin is highly expressed in two-thirds of B-cell precursors, unlike normal blood cells. Deleting
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survivin via short-hairpin RNA or antisense oligonucleotides promotes death in leukemia cells [47].
Survivin-Ex3/WT expression levels are used to classify children with B-cell ALL into high-risk and
low-risk groups [48]. In chronic lymphocytic leukemia (CLL), insufficient apoptosis results in the
accumulation of CD5+ B cells in lymphatic organs, bone marrow, and peripheral circulation.

The expression and regulation of the apoptotic inhibitory protein family are critical in the treatment
of leukemia. B cells in the microenvironment can use physiological inputs like the CD4 ligand to
regulate the production of apoptotic inhibitors.

In vitro findings from peripheral blood and bone marrow mononuclear cells from various patients
show that B cells stimulate CD4, and survivin is the only apoptosis-inducing protein produced by
CD4. In vivo, survivin expression was assessed using immunohistochemistry in cervical reactive
lymph nodes located in the proliferative germinal core. Patients with B-cell survival had only
pseudofollicles found in their lymph nodes. Pseudofollicles containing survivin+ cells were active in
cell proliferation. Unlike the survivin+ B cells detected in the germinal core, they were BCL2+.
CD5+ survivin cells are found in clusters densely packed with T cells in B cells from bone marrow
biopsy samples. These findings demonstrate that survivin governs B cell proliferation and that its
expression can be modulated by environmental cues [49].

4-4. Survivin in T-Cell Leukemia and Other Leukemias

Survivin is consistently expressed in all ATL (Adult T-cell Leukemia) patients, making survivin
mRNA measurement suitable for real-time PCR. Survivin levels serve as a biomarker for clinical
stages or minimal residual disease (MRD) [50]. Survivin may be detected in all myeloid leukemia
cell lines using Western blot analysis, but not in normal CD34+ cells and peripheral blood
mononuclear cells. Cytokine stimulation increases survivin expression in leukemia cell lines and
primary AML samples. In contrast, all-trans retinoic acid significantly lowers survivin protein levels,
leading to myelomonocytic differentiation [46].

4-5. Regulation and Therapeutic Potential

The MEK (mitogen-activated protein kinase) and PI3K (phosphatidylinositol-3-kinase) pathways

play distinct roles in regulating survivin expression. These findings indicate that survivin is cytokine-
regulated in myeloid leukemia and is substantially expressed in various leukemias, suggesting that
hematopoietic cytokines partially mediate their antitumor and mitogenic actions. Targeting

survivin, either alone or in combination with chemotherapy, represents a promising approach for
treating leukemia by promoting apoptosis and reducing chemoresistance [51].

Binding of surviving/VEGF in angiogenesis

Survivin-expressing tumor cells promote the synthesis and secretion of VEGF via the B-catenin
signal. Along with the VEGF secreted by endothelial cells, the released VEGF may operate on
endothelial cells to promote angiogenesis. On the other hand, in tumors with low survivin cells, it
stimulates VEGF synthesis and secretion, which may enhance vasoconstriction [52].

Survivin and VEGF protein expression were analyzed using reverse transcription (RT)-PCR and
western blotting, respectively. In addition, survivin and VEG concentrations were measured using
an enzyme-linked immunosorbent test (ELISA). Survivin and VEGF were overexpressed in ALL
patients before treatment, whereas survivin levels were dramatically reduced after treatment. In
addition, there was a positive association between survivin and VEGF levels in plasma [53] (Figure
1).
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Figure 1. The Interaction between Surviving Protein and VEGF Factor in Cancer Cell Metastasis.

4-1. Molecular Organization and Structure of Survivin

Survivin is a key member of the IAP family. Unlike other IAPs, it features only one N-terminal BIR
domain, a lengthy C-terminal alpha-helix coiled region, and a dimeric structure. The BIR domain is
assumed to be crucial for antiapoptotic action, whereas the coilcoiled domain most likely interacts
with tubulin structures [54, 55]. Survivin has three chemically different surfaces: acidic and basic
areas, on the BIR domain and a hydrophobic helical surface on alpha 6 [55]. This organization
corresponds to functionally significant protein-protein interaction surfaces. Survivin is encoded by
the BIRC5 gene on chromosome 1725 and produces transcripts with a variety of functional
domains. The BIRC5 gene produces wild-type Survivin WT and five splice variants: Ex3, 2B
Survivin, 3B, 2, and 3 [56, 57]. Survivin and its splice variants are also localized differently within
cells. Survivin and survivin-2B are cytoplasmic proteins, while survivin-AEx-3 is mostly nuclear.
Survivin isoforms and their various sites in the cell may suggest a regulatory balance between
apoptosis and suppression of apoptosis [58, 59].

4-2. Survivin performance in cell division

Survivin is mostly increased during the G2/M phase of the cell cycle in a manner that depends on
the cell cycle homology area within the promoter. This suggests that survivin may assist cancer
cells in bypassing the G2/M checkpoint, hence promoting unlimited cell proliferation [60, 61]. The
localization of survivin during mitosis is in accordance with the presence of chromosomal
passenger proteins (CPP) such as Aurora B, Borealin, and inner centromere protein (INCENP) [62].
Survivin accumulates at centrosomes during early mitosis, specifically at mitotic histone marks.
This accumulation is facilitated by the phosphorylation of Thr3 on histone 3 (H3) by Haspin-
mediated process [57].

Survivin binds to phosphorylated H3 and then guides its CPP partners to inner centromeres,
resulting in the formation of a chromosomal passenger complex (CPC). Aurora B kinase, the CPC’s
enzymatic subunit, corrects syntelic and merotelic defects in kinetochore microtubule attachment,
ensuring equitable sister chromatid distribution [59-61]. Survivin and its CPP partners disassociate
from kinetochores during anaphase, but in telophase, they re-aggregate at the polar end of
microtubules [63-65]. At this site, the CPC enzyme phosphorylates proteins that control the
contractile actin-myosin ring, including MgcRacGAP and SHC SH2-domain binding protein 1
(SHCBP1) [65].

Furthermore in this process survivin interacts with tubulin, that localizes to microtubule organizing
centers (MTOC) during mitosis. The localization of survivin to the spindle apparatus is functionally
associated with its capacity to inhibit the apoptotic signal controlled by the TNF receptor family
member, Fas, and the death cascade triggered by the release of cytochrome c from mitochondria
produced by Bax [65]. Depletion of survivin causes defective cell division that involves activation of
spindle checkpoints mediated by tumor suppressor protein p53 due to an arrest of DNA synthesis.
Survivin deficient cells frequently fail to complete both chromosome segregation and cytokinesis
during mitosis. In the absence of survivin, sister chromatids begin to separate normally during
anaphase but frequently fail to follow the main mass of segregating chromosomes, resulting in
aberrant chromatid separation [66, 67]. Without survivin, cytokinesis fails in late stages due to
aberrant spindle midzone and midbody microtubule production. A faulty CPC has been shown to
cause problems in chromosomal segregation and cytokinesis. These studies show that Survivin
plays an important role in mitosis and cell division [65-67] (Table 1).

Involved molecules Role of molecules References

Chromosomal passenger proteins (CPP) |localization of survivin during mitosis 57
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has direct relation with surviving
capacity in the inhibition of apoptosis.

Inner centromere protein (INCENP) localization of survivin during mitosis 57
histone 3 (H3) Accumulation of surviving in 59-61
centrosomes during early mitosis
Aurora B kinase It is CPC's enzymatic subunit, ensuers [59-61
equitable sister chromatid distribution
Chromosomal passenger complex (CPC) |phosphorylates proteins that control the (60
enzyme contractile actin-myosin ring, including
MgcRacGAP and SHC SH2-domain
binding protein 1 (SHCBP1).
Tubulin The interaction of surviving with tubulin (60

Table 1. Role of Involved Molecules in Role Playing of Surviving in the Cell Division.

4-3. Survivin performance in apoptosis

Survivin prevents apoptosis through two distinct pathways: caspase-dependent (external) and
mitochondrial (interior). Studies have revealed suppression of these caspases via direct physical
interaction between survivin and caspases 3 and 9, if direct binding of survivin is suspected, or
indirect inhibition via hepatitis B-interacting protein (HBXIP) for caspase 9 [68, 69].

In Following the activation of initiator caspase-8, death receptors (CD-95/Fas and TNF receptors)
are activated via external signals, hence initiating the extrinsic apoptotic cascade. On the other
hand. Intracellular signals acting through mitochondria trigger the intrinsic apoptosis process. In
response to signals, mitochondria release cytochrome-c (cyt-c) and Smac/DIABLO, forming
apoptosomes that activate the initiator caspase-9 [69, 70]. Survivin has been demonstrated to be
abundant in the inter-mitochondrial membrane space. The mechanism underlying survivin
localization in mitochondria is yet unknown. However, the molecular chaperone heat shock protein
90 (Hsp90) is thought to help import several client proteins to mitochondria and has been linked to
survivin. [71] . Smac/DIABLO operates as a pro-apoptotic protein because it participates in the
development of an apoptosome and activates caspase-9. Smac/DIABLO has been reported to
antagonize XIAP functioning [72]. Thus, the presence of survivin may indirectly allow XIAP to
function, ultimately inhibiting apoptosis (Figure 2).

Figure 2. The Role of Surviving Protein in the Regulation of Apoptosis.

4-4 Survivin performance in cancer drug resistance

Chemotherapy is crucial in the treatment of cancer patients. However, therapeutic resistance is
one factor that lowers therapy response. Drug resistance follows the typical method of drug export
from cells, which involves the overexpression of P-glycoprotein (P-gp) and ABC transporters [73].
Survivin is implicated in the resistance to chemotherapy [74, 75]. Survivin expression has been
revealed to be very high after treatment with chemotherapy drugs in cancer cells [76, 77]. Survivin
transcription has been also reported to be associated with the P-gp / MDR1 overexpression [78].
However, in the HL60 cell line, the P-gp does not appear to play a significant role as a specific
inhibitor of apoptosis proteins (IAPs). The expression of p53 or BcL-2 has been found to be similar
in HL60 and HLG60R cells. However, in HL60R cells, mRNA levels of IAPs such as survivin, c-IAP2,
and NAIP have been shown to increase. In addition, doxorubicin therapy has been shown to
drastically reduce X-linked IAP and survivin mRNA levels in HL60 cells. Cisplatin has also been
shown to have lower impact on survivin and NAIP mRNA levels in the same cells. However, in
HLG6OR cells, it has been shown that these mRNA levels are less influenced by the therapies. As a
result, these data show that IAPs may be involved in tumor resistance to chemotherapeutic drugs
[79]. Moreover, survivin mRNA expression in human leukemia K-562/ADR cell line with acquired
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resistance to adriamycin has been illustrated to be 1.7 times higher than in K-562 cells [80]. These
studies suggest that survivin can be a potential target in the treatment of hematopoietic cancers
(HCs) [20]. Patients with undetectable survivin levels demonstrated full remissions, whereas
patients resistant to imatinib presented greater survivin levels [81]. Furthermore, survivin levels
were shown to be considerably lower in imatinib-sensitive CML cells. Imatinib inhibits the tyrosine
kinase activity of the oncogene BCR-ABL in CML cells, lowering the production of cellular proteins
and tumor antigens such as Bcl-2, Bcl-xL, and surviving [81-84]. Another study examined the
association between idarubicin and survivin expression in K562 cells of CML. The results showed
that low-dose Idarubicin produced G2/MM arrest in CML cells, which was significantly related with
increased survivin expression levels [70]. Furthermore, drug- resistant CML cell lines have been
shown to respond to tuberostemonine by inhibiting survivin. The combination of tuberostemonine
and doxorubicin has been shown to suppress cell proliferation and death in CML cells via
downregulating survivin [85] (Table 2).

NAIP mRNA levels.

Related cell lines Correlation with surviving expression References

P-gp in HL-60 cells Does not appear to play a significant 73-74
role as a IAP

Survivin in HL60R cells Increased expression in HL-60R cells 73-74

NAIP in HL60R cells Direct correlation with surviving 73-74
expression

c-IAP2 in HL-60R cells Direct correlation with surviving 73-74
expression

Treatmentof HL60 cells with Reduces X- IAP and survivin mRNA 74

doxorubicin levels.

Treatmentof HL60 cells with cisplatin Non-significant effect on survivin and 74

Treatmentof HLE60R cells with cisplatin

Survivin and NAIP are less influenced by
the cisplatin therapy.

74

K562/ADR resistant cell line This cell line has higher expression of 75
surviving compared to K562 cells
imatinib-sensitive CML cells This cell line has lower expression of 77-80
survivin
Idarubicin relation with surviving Survivin may promote apoptosis- 20
expression in k562 cells resistant phenotype by inhibiting ida-
induced apop-tosis.
Tuberostemonine in k562 cells Inhibits surviving expression 81

Table 2. The Relation between Surviving and IAPs in Different Cell Lines.

4-5 Survivin expression in leukemia

All of the individuals with adult T-cell leukemia (ATL) had high levels of survivin. However, the
amounts of survivin mRNA in leukemic cells changed significantly between ATL subtypes, with low
levels seen in chronic ATL cells and extremely high levels in acute ATL cells [86, 87]. Recently,
Nakagawa et al. compared the expression of survivin in bone marrow cells from patients with acute
lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia (CLL). Among 13 patients with
ALL more than half the cases demonstrated positive expression of survivin while the majority of
CLL cells exhibited intense expression of surviving [88]. ALL cells exhibited both nuclear and
cytoplasmic survivin localization, whereas CLL cells mostly expressed survivin in the cytoplasm.
Furthermore, there were no significant variations between survivin expression and the patient’s
age, gender, or leukemic cell phenotype (B- or T-cell lineage) [88]. Some ALL samples showed high
expression of other IAP family members such as XIAP, NAIP, and cIAP1. However, there was no
significant difference in mean expression values across ALL patients and control groups. These
findings may suggest that the high proliferative activity of ALL cells and the low proliferative state
of CLL cells are connected with differing survivin localization patterns, and that survivin’s ability to
prevent apoptosis is influenced by its placement inside the cell [88]. also The expression of cIAP2,
XIAP and survivin was elevated together with caspase-3 and -7 inhibition after B1 integrin
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stimulation in pre-B ALL cells and integrin stimulation rescued pre-B cells from apoptosis [88].
XIAP was discovered to be expressed at varying levels in the majority of AML patients. The
expression of cIAP1 and cIAP2 in AML has not been extensively explored.

In human, both cIAP1 and cIAP2 genes are localized on chromosome 11q22-q23, close to MLL
gene, which is rearranged in acute leukemias with 11g23 aberration. Thus, their potential function
as oncogenes in this subset of leukemias is to be elucidated [89]. The observations published so far
may indicate a differential regulatory mechanism for the expression of IAP family proteins in
different subtypes of leukemias.

4-6 Interaction between survivin protein and p53 tumor suppressor:

P53 (gene locus 17p13) is a nuclear phosphoprotein. It is a 20 kb tumor suppressor gene with 11
exons and ten introns. p53, a tumor suppressor gene, is located on human chromosome 1723 and
interferes with cell cycle regulation, DNA damage repair, and apoptosis. The p53 protein is a key
regulator of the cell cycle. When p53 is activated, genes involved in cell cycle regulation at the G1
and G2 checkpoints, as well as apoptosis regulation, are induced or prevented from being
expressed [85-92]. The p53 protein is activated in response to many cellular signals, including
oncogene activation, which is implicated in cellular stress responses and causes cell cycle arrest,
aging, or cell apoptosis. p53 stays at modest levels. When DNA was damaged, p53 became
overexpressed [85-92]. Overexpression of p53 causes increased Bax expression and decreased Bcl2
expression, which is followed by caspase-9 activation and the intrinsic apoptosis pathway. p53
promotes p21-dependent cell cycle arrest or elevates pro-apoptotic Bcl-2 family proteins (BBax and
Puma/ BBC3), resulting in apoptosis. p53 has been shown to reduce survival protein production
through transcriptional regulation. An imbalance between pro-apoptotic proteins like p53 and anti-
apoptotic proteins like Survivin causes tumor cells to become resistant to apoptosis [90-97]. p53
negatively regulates the expression of Survivin gene and they are regulators of cell and tissue
homeostasis because of impress in the apoptotic pathways [90]. Survivin, also known as BIRC5
(gene locus: 17g25), is the smallest member of the inhibitor of apoptosis protein (IAP) gene family.
It is one of the most frequently overexpressed genes in all forms of cancer and plays an important
role in reducing apoptotic factors by limiting caspase activation. Caspase 3 and Caspase 7, for
example, directly govern cell division in the G2 phase, as does Survivin. Survivin expression
reduces cell death caused by multiple apoptotic events and regulates chromosome-microtubule
adhesion. has proven that the increase in caspase-9 and expansion of the apoptotic signal leads to
reduce the mRNA and protein expression of Survivin. [90-93, 95, 97-102]. Survivin has a high
expression in the G2/M phase and rapidly drops in the G1 phase of the cell cycle, regulates
cytokinesis progression, and participates in a range of pathways such as the p53 [63, 90]. Survivin
expression, an unsatisfactory prognostic sign, correlates with decreased overall survival in different
carcinomas [98].

Survivin gene expression is inhibited by p53; a balance between p53 and Survivin is required for
cell viability [91, 94]. Survivin can also influence p53 expression, which regulates the
p53-dependent apoptosis pathway [63]. P53 directly or indirectly binds to Survivin and inhibits it
[103].

P53 uses a variety of variables to govern survival, including HDAC, p21, cdc25, HIF, DNMT1, E2F,
and KLF5 (97). Survivin transcription is inhibited by p53 binding to the p53 binding site (p53BS) in
the p53-Spl pathway, p53/EE2F pathway, and p53-dependent CDC25 regulation via CDE and CHR.
CDE/CCHR regulates P21, PLK1, and cdc25; the p53-p21-RB/EE2F pathway regulates Survivin and
cdc25; and the p53-p21-DREAM pathway regulates Survivin. DREAM includes DP, RB- like protein,
E2F4, and MUVB [97]. Some research imply that p53 does not directly inhibit survivin. Survivin, on
the other hand, is affected and suppressed by p53 via P21 and DREAM; DREAM binding sites such
as CDE and CHR are employed to inhibit genes; Survivin is regulated by the p53-p21-DREAM-
CDE/CCHR pathway; and Myc activates Survivin. The p53-p21-DREAM-CDE/CCHR pathway
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inhibits survivin, while MYC suppresses the p21 promoter and regulates the p53 transcriptional
repression mechanism [102].

Another mediator is the transcription factor SP1, which remains in the Survivin promoter and
works to attract more P53 to the Survivin promoter. P53, on the other hand, prevents HIF (hypoxia-
inducing factor) from binding to the Birc5 promoter and thereby inhibiting survivin expression
[104, 105].

p53 can also influence survival by activating DNMT1 (DNA methyltransferase 1). P53 recruits
DNMT1 to enhance promoter hypermethylation, which is critical in epigenetic survival suppression
[104-106].

P53 interacts with another factor known as histone lysine methyltransferase G9a. G9a catalyzes the
H3K9 methylation process, resulting in dimethylated H3K9, which is an appropriate substrate for
protein or HP1. The coordination of epigenetic regulators resulted in the creation of a chromatin-
suppressor complex in the proximal area of the Survivin promoter, which eventually suppressed the
Survivin gene [104].

A KLF5 transcription factor is involved in angiogenesis and cell proliferation. The interaction of
KLF5 with the P53 tumor suppressor protein regulates apoptotic inhibitor proteins such as survivin.
There are many GTboxes in the survivin promoter; KLF5 binds to the survivin promoter’s GT box
sections, stimulating its activity; p53 can bind to KLF5, blocking KLF5 binding to the survivin
promoter and reducing survivin expression. P53 leukemia patients are inactive, therefore KLF5
activates the survival promoter more strongly [107]

E2F is a factor that attaches to the survival promoter; P53 binds to E2F, forming the P53-E2F
complex that inhibits survival gene expression [105] E2F is a factor that attaches to the survival
promoter; P53 binds to E2F, forming the P53-E2F complex that inhibits survival gene expression
[103].

P53 also binds to Sin3 and HDAC, leading to the formation of the P53-Sin3-HDAC complex and
inhibiting Survivin [103], On the other side, p53 causes p21 expression, raises p21, decreases cdc?2
expression, and subsequently leads to hypophosphorylation of pRB and its accumulation, which,
coupled with E2F, suppresses Survivin expression. [103, 106]. However, some research imply that
p53’s influence on Survivin is independent of p21 [106].

Therefore, p53 can influence Survivin expression by regulating various factors such as KLF5, E2f,
SP1, Sin3, HDAC, DNMT1, p21 and CDC25 [101].

5- Survivin inhibition in cancers, especially leukemia

In recent years, many studies have focused on the use of survivin as a valuable therapeutic target
in cancer treatment. Studies have shown that targeting survivors in human cancer enhances
apoptosis and makes tumor cells more sensitive to chemotherapeutic treatments.

There are several strategies for targeting survivin, including the Ribozyme technique,
immunotherapy, Dominant-negative mutant, and siRNAs [108].

5-1.Ribozyme trchnique

Ribozymes are small RNA molecules that are able to cleave the target RNA via endonucleolytic
activity [109, 110]. Transfecting some ribozymes, such as RZ1 and RZ7, in human melanoma cell
lines has been shown to lower survivin levels and increase caspase-9-dependent cell death. [110],
indicating their anticancer function. However, none of these ribozymes have entered clinical trials
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[63]. In addition, two other ribozymes (RZ-1 and RZ-2) were demonstrated to be able to cleave at
b279 and p289 nucleotides in human survivin mRNA [111], When cloned into an adenoviral vector,
it boosted the etopside-induced apoptotic response in MCF-7 breast cancer cells [75]. Moreover,
ribozymes bound to the 929 bacteriophage’s pRNA have been demonstrated in recent years as a
potential remedy for ribozymes’ limited therapeutic potential [112].

5-2.Immunotherapy

The basis of cancer immunotherapy is the identification of specific tumor antigens. According to
reports, CD8 + T cytotoxic cells exhibit high cytolytic activity against survivin epitopes. This
research in animal models of pancreatic cancer and lymphoma that were responsive to survivin
epitopes resulted in the development of survivin-based anticancer vaccines.

The vaccines were capable to induce tumor suppression in various cancers, including the pancreas
[113], lung [114], neuroblastoma, and lymphoma [115]. Furthermore, the most significant
advantage of these vaccinations is that no toxicity has been recorded thus far. The positive
outcomes of these vaccine experiments have prompted researchers to focus on epitopes that
potentially elicit the highest T-cell response against survivin. Some of these medications are now
undergoing phase I and II clinical studies [109].

5-3.Dominant negative mutant

Gene therapy was one of the first strategies used to inhibit survivin activity. Initially, transfecting
melanoma cells with survivin dominant-negative expression constructs was discovered to induce
apoptosis [116]. Other investigations have shown that transfection with dominant-negative survivin
mutants causes enhanced apoptosis in gastric cancer [117] and to repression of tumor growth in
thymic lymphoma [118] and breast cancer [119] Animal models. Furthermore, survivin dominant-
negative treatment has been demonstrated to improve tumor cells’ susceptibility to 5-fluorouracil
and cisplatin [117]. Studies on mice expressing dominant-negative survivin revealed a reduction in
tumor development and angiogenesis [117]. In addition, studies have represented that treating
melanoma [120] and breast cancer [119, 121] xenografts with dominant-negative mutants of
survivin repressed angiogenesis and increased apoptotic responses [119]. However, in vitro
experiments revealed that these mutations had no influence on the proliferation of fibroblasts or
normal endothelium cells [121].

5-3.other inhibitors

Small interfering RNAs (siRNAs) are double-stranded RNAs with 20-25 base pairs length that are
able to inhibit gene expression. siRNAs are more successful and better therapeutic choices than
other antisense techniques because they may be used at lower quantities, resulting in less side
effects. The first siRNA against survivin was utilized in Hela cells, resulting in a delay in mitosis
and prometaphase accumulation [122, 123]. Furthermore, in subsequent preclinical experiments,
the use of siRNAs against survivin caused growth inhibition, increased apoptosis, and decreased
survivin expression [123-126]. Furthermore, siRNA-mediated survivin repression boosted tumor cell
susceptibility to a variety of therapies, including doxorubicin [127, 128], paclitaxel [129],

vincristine [130], TNF-alpha [127], and 17-allylamino- 17-demethoxygeldanamycin [131]. A
research of mutant BRCA1 and knockdown BRCA1 cells found that raising survivin expression
increased resistance to paclitaxel, whereas reducing survivin expression with siRNA restored
cancer cell sensitivity to paclitaxel [132].

In conclusion, Survivin, a key anti-apoptotic protein, plays a critical role in leukemia by inhibiting
programmed cell death and contributing to drug resistance. Its expression levels and localization
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vary across different leukemia subtypes, with notable differences observed between acute and
chronic forms of the disease. Survivin’s interaction with tumor suppressor p53 further complicates
its regulation, highlighting its importance in balancing cell survival and apoptosis.

Emerging therapeutic strategies targeting survivin— including ribozymes, immunotherapy,
dominant-negative mutants, and small interfering RNAs—demonstrate potential for enhancing
cancer treatment efficacy. By disrupting survivin’s function, these approaches aim to overcome
resistance and improve patient outcomes, making survivin a promising target for future leukemia
therapies.
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