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Abstract
The purpose of this study was the overview of current knowledge regarding the use of survivin and its isoforms in prognosis and treatment of breast cancer. An advanced search of Medline was performed using the following search strategy: “(survivin isoforms) OR (survivin transcript variants) AND (breast cancer) AND (neoplasm OR tumor OR cancer OR carcinoma)”. Relevant studies were retrieved and processed thoroughly in order to analyze the related data. Besides wild-type survivin full-length transcript, another six splice variants have been identified. Overexpression of survivin and its isoforms leads to shorter overall and disease-free survival; the transcript variants are correlated with apoptosis and could assist prognosis prediction. It has been proved through numerous studies that inhibiting survivin isoforms might become a promising target of drug therapy of carcinomas. Use of small molecule YM155 could offer new therapy for triple negative breast cancer patients, while, chemotherapy with 5-fluorouracil + epirubicin + cyclophosphamide and Tax-Epi could be guided by survivin splice variants measurements. Survivin transcript variants could become prognostic biomarkers and could provide information about clinical management of patients suffering from breast cancer. 
© 2014 Baishideng Publishing Group Inc. All rights reserved.
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INTRODUCTION

Globally, breast cancer is the most common type of non-skin human malignancy and the second cause of cancer-related deaths amongst women in the Western developed World. Breast cancer is responsible for 22.9% of all new cancer cases among women worldwide and 13.7% of cancer deaths[1]. There are numerous factors associated with the occurrence of breast cancer, such as: genetic susceptibility arising from mutations in high/moderate penetrance genes (such as BRCA1/2, PALB2, CHEK2, BRIP1, RAD50, NSB1 etc.)[2-3], hormone-associated reproductive factors such as increased menstrual cycles arising from either earlier age at menarche or later age at menopause or decreased parity, older age at first birth and use of hormone therapy; consumption of alcohol and type of diet; obesity; exposure to radiation; atypical hyperplasia of the mammary gland[4]. 

Inhibition of apoptosis causes tumorigenesis through cell survival resulting in accumulation of genetic mutations that lead normal tissues to transformation. Apoptosis is a tightly controlled procedure of cellular death, which is crucial for tissue homeostasis. Proteins of the bcl-2 family and the inhibitors of apoptosis (IAP) family belong to key regulators of apoptosis[5].

The main characteristics of the IAP family are the baculovirus IAP repeat (BIR) domains and the blocking of apoptosis by inhibiting directly caspases and procaspases. Till today eight proteins of IAP family were identified, survivin corresponds to the baculoviral IAP repeat-containing 5 domain (BIRC5). Among them, survivin and XIAP have attracted the research interest as therapeutic targets for various malignancies[6].
Survivin is the smallest member of IAP family and is a multifunctional protein, which participates in the control of apoptosis, angiogenesis and proliferation (Figure 1). Additionally, since survivin is a member of the family of the chromosomal passenger complex (CPC) proteins,  it interacts with Borealin, the Aurora B kinase and the inner centromere protein (INCENP)  in order to carry out substantial roles in cell division[7]. Recently, a critical role for survivin in the control of autophagy was also reported[8]. Survivin, normally expressed during embryonic and fetal development, is downregulated in adult tissues and overexpressed in a variety of human cancers[9-12]. Inhibition of apoptosis by survivin is a predictor of poor prognosis and shorter survival in patients suffering from various carcinomas[13].
In this review, we analysed the literature data regarding the correlation of survivin isoforms with clinicopathological characteristics of breast cancer and their prognostic significance in order to explore the inclusion of survivin isoforms -besides wild-type survivin- as prognostic biomarkers in emerging multiparameter technologies examining tissue RNA expression (analogous to Oncotype, Mammaprint, PAM50[14,15] or their clinical use in target-oriented therapies. 

SURVIVIN TRANSCRIPT VARIANTS AND FUNCTIONS 

The survivin gene is located on chromosome 17q25 and up to seven alternatively spliced surviving transcripts have been detected so far[7]. Alternative splicing of precursor messenger RNA (mRNA) is a process by which the exons are connected, so they could generate different mRNAs and proteins. Alternative splicing is a significant procedure which maintains the diversity of the genome. Over 95% of the human genes produce different splice variants which in many occasions present opposite tasks[16]. Recently there has been evidence that differences in the splicing process can provoke myeloid cancer[17], while comprehending this process is important in designing new therapies for cancer. One more research uncovered the fact that a common regulatory network is responsible for the simultaneous expression of a number of functionally associated splice isoforms[18], which supports the idea that we should consider better as therapeutic targets the whole group of different transcript variants or their common regulatory network, rather than targeting on a single gene product[19].

Except for wild type survivin full-length transcript, six other aberrant splice variants have been identified (Figure 2): (1) survivin-ΔΕx3 that is created from the removal of exon 3 and also contains part of the 3’ untranslated region; (2) survivin-2b that arises from the inclusion of part of intron 2 termed in this variant as “exon 2b”; (3) survivin-3b that originates from the inclusion of part of intron 3 termed in this variant as “exon 3b”; (4) survivin-2a stems from the insertions of exon 1 and 2 at the 5’ end of intron 2, 197nt of intron 2 are added, of which 195nt are noncoding[20]; (5) the recently described survivin-2b + 32 which combines intronic sequence 2b and an insertion of 32 additional nucleotides from intron 2 and therefore includes “exon 2b + 32”[5] and finally the latest addition is (6) survivin-image (SI), which consists from a part of the survivin gene (345 bp), a part of the image gene (155 bp) of eye cancer and another insertion of 7 bp. SI alternatively spliced isoform could be involved in other functional pathways related to tumorigenesis[21].
The survivin variants present differential intracellular localization that possibly regulates their antiapoptotic potential. Co-expression experiments have showed that wild-type survivin can heterodimerize with its splice variants. Heterodimer formation can lead to specific subcellular localization patterns, implying that high expression in tumor cells can lead to formation of functionally distinct survivin complexes. Co-expression of wild-type survivin with survivin-ΔEx3 results in the recruitment of these complexes to the mitochondria, where they inhibit mitochondrial dependent apoptosis[22]. The intracellular localization of survivin isoforms according to one study, depends on a Crm1‑dependent nuclear export signal (NES) present in survivin, survivin‑2b and survivin‑3b, but absent in survivin‑ΔEx3 and survivin‑2a. These survivin isoforms enter the nucleus by passive diffusion since they lack an active nuclear import signal. The NES acting in consortium with an appropriate CPC formation are responsible for the cytoprotective activities of some of the survivin isoforms, as well as for their correct localization and function during cell division. Among all isoforms, only survivin‑3b is cytoprotective and interacts efficiently with CPC proteins[7].
The functions of the variants are not fully understood. Survivin-ΔEx3 has been described as an anti-apoptotic protein. Survivin-2b probably has pro-apoptotic action since it possesses a truncated BIR domain and still it dimerizes readily with wild type survivin causing the reduction of the anti-apoptotic effects of wild type survivin. Survivin-3b contains a complete BIR domain and therefore has a potential anti-apoptotic activity. Survivin-2a does not have the domain involved in inhibition of apoptosis and seems to have opposed activity to wild-type survivin. 

Survivin‑ΔEx3, is probably associated with cell immortality, or else remains inactive or assists angiogenesis. In the same way, survivin‑2a and survivin‑2b are cytoprotective, proapoptotic or sometimes they seem to be inoperative by conflicting manuscripts. Current research suggested that cancer development and survival of people suffering from tumors could be associated with the differential expression of survivin transcript variants. An explanation of this hypothesis could be that survivin variants display a trans‑dominant negative (TD) phenotype enacted by the creation of silent heterodimers with survivin-wild type or by the titration of CPC proteins and/or Crm1. In conclusion, survivin‑3b fulfils the molecular requirements, i.e., interaction with Crm1 together with the capability to cooperate with all CPC components, demanded to perform “wt survivin‑like” biological func​tions[7].

It should be certainly noted that is difficult to unify all data concerning survivin variants, since results are controversial, but the accumulated information could be important for designing future strategies of therapy by using specific survivin transcripts as targets.

PROGNOSTIC VALUE OF SURVIVIN TRANSCRIPT VARIANTS IN BREAST CANCER

It is possible that survivin may be of great value in the prognosis of breast cancer patients. In this part of the review, we compiled the experimental data of four studies, examining the expression of survivin transcript variants accordingly to clinicopathological characteristics of patients with breast cancer and their survival (Table 1). 

In the study of Végran et al[22], survivin-3b variant expression provided the major findings in patient samples, presenting with inverse correlations with ten pro-apoptotic genes and five anti-apoptotic genes. These results may suggest a feedback loop at the gene levels with survivin-3b and could be a way that cancer cells use in order to counteract survivin-3b overexpression. The data are in agreement with the putative anti-apoptotic role of survivin-3b suggested initially by its amino acid sequence. The results also confirm previous observations concerning the higher expression of the antiapoptotic survivin-ΔEx3 and survivin-3b in p53-mutated breast tumors. However, some studies found out that survivin-ΔEx3 expression increases with histological grade and is more expressed in ER-negative tumors. Survivin-2b isoform is overexpressed in high-grade ER-negative and node-invasive tumors. This result is not in accordance with its putative proapoptotic role but it indicates that survivin-2b could be a marker of aggressiveness. Survivin-2a -probably due to its potential pro-apoptotic role- is more present in low-grade and non-invasive tumors. Végran et al[22] results revealed that survivin, survivin-ΔEx3, and survivin-2b have no prognostic role in breast carcinoma. A pro-apoptotic role for survivin-2a has been ascribed; however, in this study it was found to be associated with the worst prognosis of breast cancer patients.
Span et al[23] 2006 discovered that survivin-wild type, survivin-2a, and survivin-3b were associated in patient samples with poor relapse free survival. Survivin, survivin-ΔEx3 and survivin-2a variants were associated with younger age, advanced histological grade and steroid hormone-receptor-negative tumors, all factors that indicate poor prognosis for a breast cancer patient. Tumors from patients with many involved lymph nodes had lower amounts of the proapoptotic survivin-2b variant in the primary tumor than those with a limited number of involved lymph nodes. This negative correlation with lymph node status could suggest a role for survivin-2b in counteracting the antiapoptotic and/or cell cycle stimulating role of wild-type survivin. The data in this study confirm that some of the splice variants interact with each other and modify the prognosis of the patients. Specifically, high expression of the survivin-2a and survivin-3b, in addition to survivin indicate a poorer prognosis and the prognostic value of survivin is strongest in the presence of higher concentrations of these variants[23].
In the report of Ryan et al[10], both wild-type survivin and survivin-ΔEx3 mRNA correlated moderately with apoptosis in patient samples. Levels of the survivin-2b and survivin-ΔEx3 but not wild-type survivin were significantly higher in positive lymph nodes compared to the primary tumor. A weak but significant inverse relation was found between survivin-ΔEx3 and both tumor size and number of positive lymph nodes. This form of survivin was also detected more frequently in the ductal histological type compared to the lobular one. Previously, they have reported that caspase 3 levels were also significantly higher in ductal than lobular breast cancers. These findings suggest that the regulation of apoptosis is different in these two histological types[10].
In a previous study of ours (Pavlidou et al[4]) we have reported that survivin-2b, survivin-ΔEx3 and the ratio of survivin-2b/wild-type survivin showed in vivo a positive correlation with the grade of the tumor in breast cancer samples (P < 0.05). The two isoforms presented an increased expression in advanced histopathologic grade, a finding that was expected for survivin-ΔEx3 but not for survivin-2b due to its pro-apoptotic activity. The fact that the two isoforms are elevated in high grade tumors makes them possible markers of tumor aggressiveness. Perhaps, these two isoforms have important but opposite roles in cancer development. The ratio of survivin-2b/wild-type survivin is increased in the early stages Ⅰ and Ⅱ, a result which may be due to different and antagonistic functions of the two proteins. Also it was found a significant association between the ratio of survivin-2b/wild-type survivin and estrogen receptors, which further reinforces the fact that this particular variation of survivin mRNA could predict survival of breast cancer patients.

Nectins are cell adhesion molecules involved in epithelial cell physiology. Nectin-4 is a new tumor-associated antigen and a reliable biomarker for breast carcinoma. The in vivo association of survivin and Nectin-4 with unfavourable prognostic indicators, and with one another, suggests that these proteins may also interact in breast carcinoma in order to exert their adverse effect. In conclusion, the combined survivin and Nectin-4 expression demonstrates a strong independent association with poor prognosis[24].
GENOMIC EXPRESSION ASSAYS AND SURVIVIN 
The search for novel prognostic and predictive biomarkers could deter cancer patients from unnecessary, inadequate and toxic therapy. This effort has culminated in the availability of few -but useful-commercial standardized assays for breast cancer patients. Besides the routine immunohistochemical measurements of hormone receptors and the HER2 oncogene protein product, only one other effort looked at the protein level: the Mammostrat test (by Clarient Diagnostic Services, GE Healthcare) that assesses 5 molecules: SLC7A5, HTF9C, P53, NDRG1, and CEACAM5 by IHC[25]. It is not known whether the addition of survivin would strengthen the value of this approach (monoclonal antibodies to survivin now exist). 

The majority of the other available assays have looked at the RNA level either with microarray expression arrays or with real-time PCR (RT-PCR) assays. The technology of microarray gene expression emerged as the best method to categorize patients based on their molecular signature and distinguish those who could use other therapy strategies. Nevertheless it is not yet inducted into the clinical practice due to some restrictions[6,26]. An FDA approved kit, Mammaprint (by Agendia Inc.) assessing the mRNA expression of 70 genes from frozen breast cancer tissues is being extensively used in order to stratify patients into two distinct groups: low risk or high risk of distant recurrence (with no intermediate results). The tumor cell percentage and an RNA integrity score are also provided. Survivin (BIRC5) was included in the genes tested in the original validation study; however it was not selected for the final 70-gene panel[27,28]. 

Other commercial kits employ RT-PCR assays for selected genes from RNA extracted from formalin-fixed paraffin-embedded tissues: (1) an 8-gene panel from Aviara (now Biotheranostics Inc) combining the Breast Cancer Index HOXB13:IL17BR ratio with the Molecular Grade Index consisting of the average expression of five cell cycle-associated genes (BUB1B, CENPA, NEK2, RACGAP1 and RRM2)[29]; (2) the PAM 50 assay (by ARUP Laboratories) that includes wild-type survivin among the 50 selected genes[30]; and (3) the FDA-approved Oncotype DX Breast Cancer Assay (by Genomic Health). Oncotype DX testing may aid a patient by preventing redudant chemotherapy and its connected toxicity, while reduction of chemotherapy also leads to economical changes in health systems[31,32]. 
It provides breast cancer patients with a Recurrence Score (RS) (a number between 0 and 100) that corresponds to a specific likelihood of breast cancer recurrence within 10 years of the initial diagnosis. This score is based on the relative expression of 16 different cancer genes measured in triplicate) normalized relative to a set of 5 reference genes within a range 0-15. A one unit increase reflects the doubling of expression. The Recurrence Score arises from the following equation[31]:

RS = + 0.47 × HER2 Group Score - 0.34 × ER Group Score + 1.04 × Proliferation Group Score + 0.10 × Invasion Group Score + 0.05 × CD68-0.08 × GSTM1 - 0.07 × BAG1 
As seen in Table 2, survivin is one of the cancer genes belonging to the proliferation group and it corresponds to the highest positive factor in the RS equation (1.04). A low risk of recurrence is defined of less than 18, an intermediate risk as less than 31 and a high risk as 31 and higher. 

In Stemmer’s et al[32] 2013 article, Oncotype DX testing seems to have significant impact on minimising chemotherapy in node positive/estrogen positive (N1+/ER+) patients with breast tumor. It has been proven that Recurrence Score is correlated with tumor grade; higher Recurrence Score results are associated with higher histologic grade. Only patients belonging to the high Recurrence Score group were prescribed for chemotherapy. The differences in the proportions of patients treated with chemotherapy between the low, intermediate, and high Recurrence Score groups were statistically significant[32]. The clinical application of Oncotype DX testing was correlated with a decrease in chemotherapy and change of treatment recommendations[32]. 
In another recent study, Solin et al[33] 2013 used the so-called 12-gene Oncotype DX DCIS Score, which quantifies local recurrence risk and provides risk information independent of traditional clinical and pathologic characteristics. The treatment of ductal carcinoma in situ (DCIS; intraductal carcinoma) of the breast is variable, with concerns about both overtreatment and undertreatment. Among those 12 genes is survivin, in the group of cancer proliferation-related genes as shown in Table 2. The DCIS Score for proliferation group, where survivin belongs, arises from the following equation:

DCIS Score = + 0.31 × Proliferation Group Score - 0.08 × PR - 0.09 × GSTM1. 

The DCIS Score predicts the risks of invasive local recurrence and provides information that complements traditional clinicopathologic prognostic factors for women with DCIS. The differences in the risks of developing local recurrence and invasive local recurrence between patients with a lower DCIS Score and a higher DCIS Score were statistically significant and clinically meaningful[33].
In the future, it would be very intriguing to explore the inclusion of the other survivin isoforms as prognostic biomarkers in such emerging multiparameter technologies examining tissue expression (analogous to Oncotype, Mammaprint, PAM50 etc.[14-15] since it has been proved that they possess potential importance in apoptosis and proliferation of breast cancer cells, especially when compared to wild-type full-length survivin.

APPROACHES FOR TARGETING SURVIVIN ISOFORMS 

A lot of studies were designed in order to find out pathways and compounds, which can interact with survivin and its isoforms, since they seem to provide promising therapeutic targets in cancer. Initially these efforts had as an obstacle the structural properties of survivin, which assigned the molecule of survivin under the label ‘‘non-druggable’’. Despite the difficulties, numerous ways concerning survivin inhibition have been utilized and depend mostly on indirect mechanisms, e.g., by interference with the expression of the survivin gene, its mRNA processing, the intracellular localization and the binding partners, or by affecting stability of survivin protein or by provoking survivin-specific immune responses[34]. Research is continuing in order to deploy drugs which cooperate with survivin and restrain its operation[34,35].

TARGETING SURVIVIN mRNA 

Numerous proteins and protein complexes were recognized and are necessary for the growth and survival of cancer cells. RNA interference experiments-for example- can reduce the production of these proteins and confirm the fact that they are crucial for tumor cells in order to survive[34,36]. 
RNA-based therapeutics comprise small interfering RNA (siRNA), antisense oligonucleotides, and microRNAs (miRNAs)[19].

Chemically-modified antisense oligonucleotides consist approximately of 20 nucleotides and their annealing to mRNA permits its cleavage by ribonuclease H. A variety of alterations in their chemical structure was achieved, like using a phosphorothioate linkage instead of natural phosphates as a backbone of nucleotides and 2′-O-methyl residues. 2′-O-methoxyethyl residues or locked nucleic acids[19,37] were also developed in order to improve pharmacological quality and structural stability. However, the chemistry-dependent toxicities due to their structures are a significant problem expected to be solved[19].

siRNA is another structure of a double-stranded RNA which is composed by 21-22 nucleotides. The antisense strand of the siRNA after interacting with multiprotein RNA-induced silencing complex, anneals to the complementary mRNA and an endonuclease cleaves the annealed mRNA[19]. There is data showing that survivin is a transcriptional target of HA-CD44 signalling, therefore the specific inhibition of CD44 expression by siRNA, resulted in a specific decrease in survivin expression. This correlated with a significant loss of breast cancer cell invasiveness. Simultaneous increased expression of both CD44 and survivin was detected in late-stage metastatic breast cancer cells, expression that was absent in normal breast tissue samples[38].


Recently, a group of small non-coding RNAs, known as microRNAs, attracted cancer researchers[39,40]. MiRNAs are small, non-coding RNAs of 19-25 nucleotides in length that are endogenously expressed in mammalian cells. miRNAs regulate gene expression post-transcriptionally, by pairing with complementary nucleotide sequences in the 3’-UTRs of specific target mRNAs. miRNAs act either as oncogenes or as tumor suppressors. More than 50% of miRNA genes are located in cancer-associated regions of the genome. Deletion or epigenetic silencing of a miRNA that e.g., normally suppresses one or more oncogenes could cause tumorigenesis, progression and invasion, as it was showed for miR-200, miR-122 and miR-203. Survivin was recognized as direct target of miR-203 in TNBC cells. Furthermore, the fact that overexpression of miR-203 can repress proliferation and migration of TNBC cells and is escorted by a reduction in BIRC5 expression, proves that miR-203 acts as a tumor suppressor in TNBC[41].
SECONDARY ALTERATIONS OF SURVIVIN CONTROLLING ITS SUBCELLULAR LOCALIZATION AND FUNCTION 

The multiple operations of survivin in individual subcellular compartments are probably fulfilled through the domain structure of the molecule and finely regulated by secondary alterations. The modifying enzymes could also become probable targets in order to investigate how the interference with survivin functions and its specific subcellular localization may be utilized in cancer therapy[34,42]. 
INTERFERENCE WITH SURVIVIN FOLDING, STABILITY, AND INTERACTION PARTNERS

Heat shock proteins (HSPs) are molecular chaperones participating in the folding and stable protein conformation. One of their tasks is to block the creation of protein complexes and usually they are over-expressed in cancer cells. Survivin is a HSP90 client protein and the association among these proteins was used to generate preventive compounds. The formation of survivin-HSP90 complex is inhibited when shepherdin is bound to HSP90. Thus, incubation of glioblastoma cells with shepherdin triggered the irreversible destruction of mitochondria and HSP90 client proteins in the cytosol and finally tumor cell death. Targeting the action of HSP90 in different subcellular compartments might contribute a lot in cancer therapy, particularly when affecting its interaction with survivin[34]. 
The transcription factor GATA 1 that was found to upregulate survivin expression in breast carcinoma could be a novel target of therapy. A research group revealed that the extraction of the grape seed regulates the function of a transcription factor, which is associated with the core promoter of survivin and can finally reduce its activity[43].
IMMUNE RESPONSE AGAINST SURVIVIN

Isolating antibodies specific for survivin peptides seems significant, as the structure and sequence of the epitope binding groove of the antibody could be examined and possibly additional epitopes are discovered. Also this study could define with accuracy the peptide portion of the survivin protein that is bound most efficiently and most commonly by humoral antibodies generated against survivin[19]. This will lead to more specific survivin vaccines that would elicit better immune response, generate immune memory and offer protection from tumor progression[44]. The development of antibodies is still costing a large amount of money and there are several considerations for their use[19,45]. 
Comprehending the molecular principles of cancer and the function of immune defense mechanisms guided to development of novel therapeutic strategies. The most significant immune cells against the development of the tumor are the differentiated cytolytic CD8+ lymphocytes (CTLs)[34]. Survivin is a tumor-associated antigen so it could be a potential target for immunotherapy[34]. During the search for immunogenic tumor antigens, spontaneous CTL responses against survivin were identified[45]. Survivin is an attractive target for vaccination since immune escape by down regulation or loss of expression of this protein would impair sustained tumor growth. The therapeutic effectiveness is improved by the availability of multiple survivin epitopes presented by different HLA restriction elements[45,46]. Survivin-derived epitopes have been exploited in vaccination so that CD4+ responses were initiated in prostate cancer and melanoma patients. Tumor response and patient survival were correlated with the activities of survivin specific T cells[34].
RADIOTHERAPY AND SURVIVIN

Radiotherapy enhances apoptosis and destroys cells once and for all. Survivin mRNA expression was inversely correlated with the sensitivity to ionizing radiation[43,47,48]. Additionally, survivin could be a radio resistance factor since its production was increased by sublethal doses of radiation[49]. Transfer of tumor-specific adenovirus-mediated PUMA gene using the survivin promoter enhances the radiosensitivity of breast cancer cells in vitro and in vivo[43]. Also, signal transducer and activator of transcription 3 (Stat 3) could be used as target therapy in sensitization by radiation for patients with breast carcinomas, because these two molecules influence survivin. Radiotherapeutic sensitization approach has not been widely used in all clinical trials, despite the fact that survivin inhibitors might be a new group of antagonists, which might enhance the effects of radiotherapy when survivin is over-expressed[43,50].
CHEMOTHERAPY AND SURVIVIN

In preclinical and clinical models, a variety of experiments were performed in order to block IAPs and therefore to lead breast malignant cells to apoptosis and to decreased size even in chemoresistant tumors, reinforcing their possible future utilization as cancer therapy targets[6].

Overexpression of survivin has been shown to restrain apoptosis and to develop multi-drug resistance (MDR)[51]. MDR in cancer therapy is represented by resistance to a large variety of structurally unrelated cytotoxic compounds, resulting to insufficient death of tumor cells and chemotherapeutic failure in patients with solid tumors. Both breast cancer resistance protein (BCRP, ABCG2) and apoptosis-related molecules are associated with the evolution of MDR in tumor cells[51].

It has been shown that survivin expression is significantly higher in cell lines after treatment with anticancer drugs. High levels of HER2 or survivin are related to chemo/endocrine therapy resistance and are predicting poor clinical outcome for breast carcinomas. Moreover, it was shown that low survivin expression levels increased the sensitivity of breast cancer cells to etoposide and 5FU[43]. Prodigiosin (a bacterial metabolite), which downregulates survivin transcriptionally, could be used in the treatment of paclitaxel-resistant breast tumors[43].
It seems that p53 possesses an important role in the survivin-regulated BCRP expression: through downregulation of p53 expression, survivin reduces the inhibitory action of p53 on NF-B (p50) and then increases the expression of BCRP. In the majority of carcinomas, overexpression of survivin and loss of wild-type p53 expression/function take place simultaneously, hence BCRP overexpression and MDR to multiple compounds such as mitoxantrone, anthracyclines, methotrexate, topoisomerase I inhibitors, gefitinib, doxorubicin (dox), and 5-fluorouracil. Consequently, suppression of survivin expression can be a novel strategy to overpower BCRP-mediated MDR in tumors[51].
1,25(OH)2D3 (active vitamin D3) regulates genes involved in calcium homeostasis and bone formation through its interaction with the vitamin D receptor (VDR). Vitamin D3 inhibits survivin and TP73 isoforms in colon and breast carcinomas. In vitro and in vivo approaches speculate that the downregulation of TP73 isoforms by 1,25(OH)2D3 could be survivin-dependent[52].
Research is still in progress in order to design new agents aiming survivin either at the genomic level or at the protein level. A prominent member of these agents is YM155 (sepantronium bromide), a tiny molecule which inhibits survivin and decreases production of survivin by binding to the C-terminal region of interleukin enhancer-binding factor 3[19]. LY2181308 is a second-generation antisense oligonucleotide with a phosphorothioate backbone and other structural alterations targeting the translation initiation site of survivin isoforms. YM155 and LY2181308 can inhibit expression of all survivin isoforms. Recently, it was found that amiloride can regulate the mechanism of different survivin splicing[19].

It has been shown that survivin can block apoptosis when agents such as tamoxifen, paclitaxel and trastuzuma are used. It was also shown that a reduction of apoptosis caused by tamoxifen occurs after increasing the expression of survivin. Recent research in mammary tumors proved that survivin acts downstream the human epidermal growth factor receptor-2 (Her2) and (Her3)/PI3K/Akt pathway, so it seems to be essential in moderating plaxitaxel impedance when Her2 is over-expressed[6]. An additional study showed that cells overexpressing survivin showed no decreased viability when treated with trastuzumab, providing evidence that survivin can overcome transtuzumab-induced cell growth inhibition[6]. 

Despite the fact that doxorubicin, an anthracyclic agent of chemotherapy, is extensively used in the treatment of breast cancer, the research community has little information on the role of survivin in resistance to doxorubicin[6]. Survivin-induced overexpression does not block dox-mediated lethal effects in invasive and non-invasive breast tumor cells. In the same way, silencing survivin by siRNA, with or without blocking XIAP too, cannot provoke cytotoxic stimuli and sensitize cells. In conclusion, these data imply that survivin and XIAP expression do not affect dox resistance in breast carcinomas[6].

It has been well documented that the downregulation of survivin by chemotherapeutic agents sensitizes cancer cells to TRAIL-induced apoptosis. Consistently, it was also found that nemadipine-A potentiates TRAIL-induced apoptosis by reducing survivin expression in lung cancer cells. Although, the precise mechanisms are not clear, it was recently reported that survivin expression could be up-regulated by cellular calcium level[53].
Moreover, derivatives of the natural alkaloid camptothecin have the ability to provoke proteasomal degradation of survivin in cells with defective p53 function and elevated XAFI (another tumor suppressor) expression[54]. 
Also, it was reported that overexpression of survivin-3b in breast tumor cell lines strongly inhibits 5-fluorouracil + epirubicin + cyclophosphamide (FEC) toxicity, a combination used widely in breast carcinoma treatment. Recently, the cytoprotective effect of survivin-3b after cisplatin treatment was reported. These results also showed for the first time the cytoprotective effect of survivin-3b after FEC treatment in less and in more aggressive cell lines by a p53-independent manner. In addition, increased expression of survivin-3b after one course of docetaxel/epirubicin treatment was associated with reduced disease free survival (DFS) of breast cancer patients. Indeed, high survivin-3b expression tumors had a shorter overall and DFS[23]. All these findings suggest that the role of survivin is probably therapy specific in resistance. Recently, the complete pathologic response to GAT therapy (dox on first day, paclitaxel and gemcitabine on second day, every 14 d for 6 cycles) underlined its relation with tumor markers and unveiled a reduction in survivin expression in tumors after treatment[6]. These results suggested that the decrease of survivin expression could be associated with the response to GAT[6].
TRIPLE NEGATIVE BREAST CANCER AND CHEMOTHERAPY ENHANCED BY SURVIVIN ISOFORMS INHIBITION

Patients with local breast cancer could be cured by surgical resection combined with adjuvant therapy, including radiation, anti-estrogen therapy and Her2-targeting agents. Unfortunately, the management of metastatic breast cancer is far less successful than treatment of local disease. Metastatic cancer -despite the progress in molecular-targeted therapies- is the first cause of breast cancer death and presents a true challenge for selecting optimal treatment. Triple negative breast cancer (TNBC) is a high-risk category with negative expression of both estrogen and progesterone hormone receptors and no Her2 protein overexpression (or c-erbb2 gene amplification) that has limited therapeutic options[2]. TNBC patients represent approximately 15% of total breast cancers. Τhis cancer type may be very aggressive, with rapid tumor growth, a high incidence of metastasis, an increased possibility of distant recurrence and a higher mortality rate than other breast cancers. The need to develop novel therapeutic options that are suitable for this subgroup of patients is obvious[55].
Microtubule-targeting agents, like taxanes and vinca alkaloids are one of the most common classes of chemotherapeutic drugs for the treatment of TNBC. Survivin siRNA and a dominant-negative mutant of survivin enhanced the antitumor activity of taxanes in several types of cancer. Survivin suppression by YM155 increases susceptibility to apoptosis and enhances the disruption of mitosis, resulting in an enhanced response to microtubule-targeting agents. In previous studies, it was demonstrated that tumor regression induced by YM155 in combination with docetaxel was accompanied by a decrease in intratumoral survivin and an increase in apoptosis rate. These results support the conclusion that survivin inhibition might be an effective way to enhance the efficacies of microtubule-targeting agents against TNBC[56].

EXPERIMENTAL DATA AND TREATMENT OF BREAST CANCER

In this section of the review, we present the experimental data of three studies correlating survivin isoforms with breast cancer treatment. The group of studies examined includes the articles of Yamanaka et al[55], Boidot et al[57] and Zheng et al[58] (Table 3).
Yamanaka et al[55], by using cell lines and mouse models, underscored the need for extensive investigation of the role of YM155 in breast cancer treatment and to develop this compound as a novel therapeutic option for metastatic breast cancer patients. YM155 downregulated both levels of survivin mRNA and protein. RT-PCR revealed that YM155 suppressed the expression of survivin-2b, survivin-ΔEx3, and survivin-3b isoforms in human TNBC cells. The decrease of survivin, which was induced by YM155, was accompanied by spontaneous apoptosis. YM155 caused tumor regression with negligible systemic toxicity as evidenced by an absence of body weight loss. Furthermore, in this study there is the first evidence that YM155 may have therapeutic value in reducing the spontaneous metastasis of human TNBC cells in vivo. Considering the fact that survivin is overexpressed in high grade invasive and metastatic human tumors, it is suggested that dysregulation of survivin expression may confer an ability to evade immune responses and physical barriers to invasion of normal tissues. On the contrary, breast cancer cells may remain sensitive to apoptosis induction when survivin is downregulated by YM155, even after distant metastasis has been established. Taken together, therapeutic targeting of the survivin pathway may be beneficial for the treatment of TNBC patients[55]. 

In their study, Boidot et al[57] examined with a real-time quantitative PCR technique, five survivin isoforms in breast cancer patients that were using as treatment either the combination of docetaxel + epirubicin (Tax-Epi) or the combination of FEC. Before therapy, survivin-2a was considerably higher in resistant than in sensitive tumors in the FEC treatment arm, suggesting for the first time that survivin-2a may be involved in resistance to FEC treatment. This result may be consistent with the finding that survivin can heterodimerize with its splice variants causing specific subcellular localisation patterns leading to formation of the functionally distinct survivin complexes. The ratio of survivin-ΔEx3 to wild type was also higher in sensitive than in resistant tumors in the Tax-Epi treatment arm. Increased measurements of survivin-3b after only one course of chemotherapy were significantly correlated with resistance in the FEC regimen cluster, and the ratios of survivin-ΔEx3 and survivin-2b to wild type were significantly higher in sensitive than in resistant tumors in the Tax-Epi treatment arm. Especially, elevated expression and ratio of survivin-3b, after one course of Tax-Epi, showed correlation with decreased DFS and with reduced overall survival of the patients. These results indicate that an imbalance in the alternative transcript ratios may render the cells resistant or sensitive to apoptosis. They also show for the first time that measurements of alternative survivin transcript levels may become useful predictive biomarkers in FEC and Tax-Epi treatment in breast carcinomas[57].

During their research Zheng et al[58] 2011 created four vectors by merging (1) the antisense gene of survivin; (2) the survivin gene (T34A); (3) the antisense gene of survivin-ΔEx3; and (4) the survivin-2b gene with enhanced green fluorescent protein gene (eGFP) in cell lines. Their data suggested that using survivin as a target had great effects on blocking cell development and promoting apoptosis. Utilizing survivin-ΔΕx3 as a target resulted in reducing the anti-tumor action. This study uncovered the fact that the use of survivin as a target, by antisense RNA or survivin gene (T34A), was almost in the same manner efficient in prohibiting cell development and urging cell apoptosis in breast cancer cells (B-Cap-37). The advantage of survivin (T34A) could be that the dominant negative mutant competed with survivin, thus leading to phosphorylation-defective survivin. Antisense survivin-ΔEx3 notably prohibited the proliferation and promoted the apoptosis of breast cancer cells in vitro. These data suggest that restraining or preventing survivin may be a major step in designing drugs for breast cancer therapy and survivin-ΔΕx3 may as well become a useful target for drugs against breast carcinomas[59]. 
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Figure 1  Survivin functions that contribute to tumor development and metastasis; chromosomal passenger complex, inner centromere protein, hepatitis B X-linked interacting protein and X-linked inhibitor of apoptosis protein, angiopoietin-1, vascular endothelial growth factor receptor, receptor tyrosine kinase 2 (modified from ref.[59]). CPC: Chromosomal passenger complex; INCEP: Inner centromere protein; HBXIP: Hepatitis B X-linked interacting protein; XIAP: X-linked inhibitor of apoptosis protein; Ang1: Angiopoietin-1; VEGFR: Vascular endothelial growth factor receptor; Tie2: Tyrosine kinase 2.
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Figure 2  Illustrative diagram of survivin isoforms exon structure. b: Sequence originated from intron; 3’UTR: Untranslated region, the red lines represent the baculovirus inhibitors of apoptosis repeat domain (modified from ref. [4] and [20]).
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Table 1  Summarized data from research articles that examined the expression of survivin transcript variants (used method is provided) accordingly to clinicopathological characteristics of patients and their survival


Ref.


�
Examined variants


�
Methods


�
Association with patient characteristics


�
Conclusion


�
�
Végran et al[22]


�
wt, sur2b, surΔΕx3, sur3b, sur2a


�
Real time qPCR


�
Tumor grade, estrogen receptors, lymph nodes


�
High expression sur3b tumors had shorter OS and DFS 


�
�
Span et al[23]


�
wt, sur2b, surΔΕx3, sur3b, sur2a


�
Reverse transcription qPCR


�
Age, tumor grade, lymph nodes, steroid hormone receptors


�
High expression of sur2a, sur3b and wt indicate poorer prognosis


�
�
Ryan et al[10]


�
wt, sur2b, surΔΕx3


�
Reverse transcription qPCR,


Western blotting�
Tumor size, nodal metastases, breast cancer type


�
Wt and surΔΕx3 were correlated posively with apoptosis


�
�
Pavlidou et al[4]


�
wt, sur2b, surΔΕx3


�
Real time qPCR


�
Tumor grade, estrogen receptors


�
Sur2b/wt had significant association with estrogen receptors


�
�
Athanassiadou et al[24]


�
wt


�
Immunocytochemistry, immunohistochemistry


�
Grade, lymph nodes, tumor size 


�
increased wt may indicate a worse prognosis


�
�
wt: Wild-type surviving; sur2b: Survivin-2b; surΔΕx3: Survivin-ΔΕx3; sur3b: Survivin-3b; sur2a: Survivin-2a; qPCR: Quantitative polymerase chain reaction; OS: Overall survival; DFS: Disease free survival.








Table 2  Panel of 21 genes used in oncotype DX breast cancer assay


Proliferation group


�
Invasion group


�
Estrogen group


�
HER2 group


�
�
Reference genes


�
�
Ki-671


�
ST3 


�
ER


�
GRB7 (growth factor receptor-bound protein 7) 


�
GSTM11


�
ACTB1


�
�
STK151 


�
CTSL2 


�
PR1


�
HER2 [human EGF (epidermal growth factor) receptor 2]


�
CD68 


�
GAPDH1


�
�
BIRC5 (Survivin)1


�
�
Bcl2 


�
�
�
RPLPO1


�
�
CCNB11


�
�
SCUBE2 [Signal peptide CUB (complement proteins C1r/C1s, Uegf,


and Bmp 1)-EGF domain-containing protein 2]�
�
BAG1 


�
GUS1


�
�
MYBL21


�
�
�
�
�
TFRC1


�
�
1Genes used in 12-gene oncotype DX for ductal carcinoma in situ. ER: Estrogen receptor; PR: Progesterone receptor; Bcl2: B-cell CLL/lymphoma 2; ST3: Stromelysin 3; CTSL2: Cathepsin L2; Ki-67: Kinase inhibitor; STK15: Serine/threonine kinase 15; CCNB1: Cyclin B1; MYBL2: Myeloblastosis family transcription factor-like 2; ACTB: Beta-actin; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; RPLPO: Ribosomal phosphoprotein; GUS: β-glucuronidase; TFRC: Transferrin receptor; GSTM1: Glutathione S-transferase M1 gene; CD68: CD68 molecule; BAG1: Bcl2–associated athanogene 1.








Table 3  Summarized data for research articles, which correlated survivin isoforms with breast cancer treatment


Ref.


�
Examined variants


�
Methods


�
Approaches for inhibition of survivin variants 


�
Conclusion


�
�
Yamanaka et al[55]


�
wt, sur2b, surΔΕx3, sur3b


�
Real time qPCR


�
YM155 


�
Survivin suppressing activity of YM155 may offer novel therapeutic option in TNBC 


�
�
Boidot et al[57]


�
wt, sur2b, surΔΕx3, sur3b, sur2a


�
Real time qPCR


�
FEC/Tax-Epi


�
Alternative survivin transcript expression levels may be predictive markers in FEC and Tax-Epi treatment


�
�
Zheng et al[58]


�
wt, sur2b, surΔΕx3


�
MMT, flow cytmetry


�
Recombinant plasmids pGEM-T 


�
Feasibility of targeting wt and surΔΕx3 in treating breast cancer


�
�
wt: Wild-type surviving; sur2b: Survivin-2b; surΔΕx3: Survivin-ΔΕx3; sur3b: Survivin-3b; sur2a: Survivin-2a; MMT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; YM155: Sepantronium bromide; FEC: 5-fluorouracil + epirubicin + cyclophosphamide; Tax-Epi: Docetaxel + epirubicin; TNBC: Triple negative breast cancer. 











