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Abstract

Background—The antiapoptotic protein survivin has been demonstrated to play an important 

role in colorectal carcinogenesis. However it is unclear whether the upregulation of survivin is 

maintained through progressive stages of disease, or if other apoptosis-related genes are 

coexpressed and/or repressed. We sought to evaluate survivin expression in colonic neoplasia and 

identify relationships with additional regulators of apoptosis.

Patients and Methods—Tissue samples from 168 patients with primary colorectal cancer were 

profiled using the GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA) 

and evaluated for survivin expression. Immunohistochemical staining for survivin and a panel of 

apoptosis-associated proteins were used in 86 patients with tissue microarray (TMA) blocks; 

scoring was by stain intensity and percentage of positive cells (range, 0–9).

Results—Survivin mRNA was upregulated (1.8-fold increase) in primary colon cancers— 

irrespective of American Joint Committee on Cancer (AJCC) stage— and metastases compared 

with normal colonic tissue (P < .0001). Survivin staining was positive in 93% of adenocarcinomas 

(median immunohistochemistry [IHC] score: 2 [range, 1–6]), 100% of adenomas (1 [range,1–2]), 

and 43% of normal colonic mucosa (1, [range 1–2]) (P = .006). Survivin expression increased with 

worsening tumor grade (P < .05). In colon cancers, survivin expression positively correlated with 

the coexpression of PUMA (P = .001), TACE (P = .003), and MCL1 (P = .01), and trended toward 

an inverse correlation with BAX (P = .058).

Conclusions—Survivin expression increases during the normal mucosa-adenoma-carcinoma 

sequence and is maintained throughout progression of disease, which strengthens its appeal as a 
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therapeutic target. Furthermore, we have demonstrated co-overexpression of several other 

apoptosis-related genes, which may in turn serve as additional and potentially synergistic 

therapeutic targets.
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Introduction

The ability to avoid apoptosis is one of the major oncogenic switches contributing to 

carcinogenesis.1 To date, 2 gene families of apoptosis regulators have been identified: the 

BCL2 family, which is composed of pro- and antiapoptotic members, and the inhibitor of 

apoptosis (IAP) proteins.2,3 Recently there has been increasing clinical interest in survivin, a 

member of the IAP protein family because it possesses inherent properties that make it an 

ideal tumor marker and potential therapeutic target.4–6

Survivin prevents apoptosis through the inhibition of caspase 3 and caspase 7 and also 

functions as a chromosome passenger protein, regulating the G2 and M phases of the cell 

cycle.7–10 Survivin is involved in spindle formation, cellular stress response, 

chemoresistance, and angiogenesis.11 Additionally, survivin appears to be globally 

deregulated in transformed cells but does not appear to be isolated to the proliferating 

fraction of cells within a given tumor.12 In comparison with corresponding normal tissues, 

survivin has been found to be 1 of the most highly differentially expressed genes in 

numerous human cancers including tumors of the lung, breast, stomach, esophagus, 

pancreas, liver, ovaries, and kidneys.13–20

In colorectal cancer, survivin overexpression has been demonstrated to occur in precursor 

lesions such as tubular adenomas, suggesting that survivin upregulation is an early event in 

tumorigenesis.21 However it remains unclear whether survivin upregulation is necessary or 

constitutive through progressive stages of disease, including distant metastases. Furthermore, 

although the biologic function of survivin is related to other apoptosis-associated genes, no 

consistent relationships with BCL2 or IAP family members have been demonstrated in 

colorectal cancers. We therefore sought to evaluate survivin expression in colonic neoplasia, 

from normal mucosa to invasive carcinoma, and furthermore to identify associations 

between the expression of survivin and other apoptosis-related genes.

Methods

This study was approved by the Institutional Review Board at the University of South 

Florida. Between 1990 and 2002, a pilot program of tumor gene expression profiling began 

at our institution and included colon cancer specimens resected from patients consenting to 

the institution’s tissue collection protocol. We retrospectively reviewed the gene expression 

profiles of patients with colonic adenocarcinoma for the expression of survivin. We 

subsequently constructed a tissue microarray (TMA) using all patients who underwent gene 

expression profiling and with available formalin-fixed paraffin-embedded (FFPE) tissues, 

which included adenomatous lesions that had not been specifically evaluated with 
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expression profiling. Clinical information was obtained from our prospectively maintained 

colorectal cancer database. Tumors were staged according to the AJCC criteria, 6th edition. 

All patients who received neoadjuvant chemotherapy and/or radiation were excluded.

Tissue Preparation and Sample Processing for Microarray Analysis

Viable tumor was isolated at the time of surgery by macrodissection, and the specimen was 

flash frozen within 15 minutes. Frozen-section analysis was used to confirm that at least 

80% of the tissue was composed of tumor. Total RNA from the excised tissue was isolated 

using TRIzol reagant (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. 

The aqueous phase containing the RNA separated from the TRIzol reagent was further 

purified using the RNeasy cleanup procedure (Qiagen Inc, Valencia, CA). The quality of 

total RNA was then assessed by agarose gel electrophoresis and A260/280 ratio or by 

analysis on the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc, Santa Clara, CA).

Five micrograms of total RNA from each sample were processed for microarray analysis. 

The poly(A) RNA was specifically converted to cDNA and then amplified and labeled with 

biotin, following the procedure initially described by Van Gelder et al.22 Hybridization with 

the biotin-labeled RNA, staining, and scanning of the chips (U133A 2.0 Plus) followed the 

prescribed procedure outlined in the Affymetrix technical manual and has been previously 

described.23 Scanned output files were visually inspected for hybridization artifacts and then 

analyzed using the robust multiarray analysis method developed by Irizarry et al.24

Tissue Microarray Analysis

Colon cancer TMAs were prepared and constructed using a subset of patients with adequate 

FFPE tissue remaining in the histology section of the Tissue Core Facility at the Moffitt 

Cancer Center. All specimens were preserved in 10% buffered formalin before embedding in 

paraffin. Four-micrometer sections were cut with a Leica microtome (Leica Microsystems 

Inc, Bannockburn, IL) and transferred to adhesive-coated slides. The tissue array slides (4 

slides, including 2 test duplicate slides and positive and negative controls) were stained for 

survivin, pAKT, BCl2, BAX, BCLXL, BAK, PUMA, XIAP, TACE, and MCL1. The slides 

were prepared using our standard protocol as previously published.25

The TMA stain results were examined by 2 pathologists (D.C. and A.H.). The positive 

reaction was scored into 4 grades according to the intensity of cytoplasmic staining: 0, 1+, 

2+ and 3+. The percentages of positive cells were also scored into 4 categories: 0 (0%), 

1+ (1–33), 2+ (36–66%), and 3+ (more than 66%). In cases with a discrepancy between 

duplicated cores, the higher score from the 2 tissue cores was taken as a final score. The 

product between intensity and percentage scores was used as a final TMA staining score. 

The final TMA staining score was defined as follows: 0, negative; 1–3 weak; 4–6 moderate; 

7–9, strong.

Statistical Analysis

A student t test was used to assess the difference in gene expression between normal mucosa 

and cancerous tissue. Mean values with standard errors were used to visualize different 

categories of tissue (eg, normal, stage I). Analysis of variance was used to test whether 
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categorical clinical parameters (eg, grade, gender, and histologic features) were associated 

with TMA scores. For clinical parameters with more than 2 groups (normal, adenoma, and 

carcinoma), the Tukey HSD (Honestly Significant Difference) test was used to adjust for a P 
value for pairwise comparison. Pearson correlation was used to measure linear relationship 

with TMA scores when appropriate. Survival curves were generated using the Kaplan-Meier 

method. The log-rank test was used to evaluate survival differences.

Results

Demographics

Survivin gene expression was evaluated in 254 samples from 168 patients (78 male/90 

female) of median age 63 years (range, 24–92 years). Samples evaluated included normal 

mucosa (10), stage I (32), stage II (66), stage III (65), and stage IV (42) primary tumors, and 

liver (18), lung (4), and lymph node (7) metastases.

The expression of apoptosis-associated proteins was evaluated by TMA in 86 colonic 

adenocarcinomas, 7 colonic adenomas, and 7 slides of normal colonic mucosa. Patients with 

colonic adenocarcinomas included 54 men and 32 women, median age 67 years (range, 24–

92). Samples evaluated included stage I (5), stage II (29), stage III (43), and stage IV (9) 

primary tumors of well (11), moderate (61), and poor (14) differentiation.

Survivin Gene Expression

At the mRNA level, survivin was upregulated (1.8-fold increase) in all stages of cancer, as 

well as in liver, lymph node, and lung metastases compared with normal colonic tissue (P ≤ .

0001) (Figure 1). The level of survivin expression was not different among various stages of 

cancer or among various sites of metastatic disease. No correlation between the degree of 

survivin expression and overall survival was identified.

Tissue Microarray

Survivin protein staining was positive in 80 of 86 (93%) adenocarcinoma tissue specimens, 7 

of 7 (100%) adenoma tissue specimens, and 3 of 7 (43%) normal mucosa tissues. 

Adenocarcinoma tissues were more likely to stain positive for survivin than were normal 

colonic mucosal tissues (P =.025). Median survivin TMA staining scores for 

adenocarcinoma, adenoma, and normal colonic mucosa were 2 (range, 1–6), 1 (range, 1–2), 

and 1 (range, 1–2), respectively (P =.006). Figure 2 shows histopathologic images 

demonstrating TMA specimens with varying degrees of survivin staining. Increasing 

survivin scores correlated with increasing degrees of tumor dedifferentiation such as poor or 

undifferentiated cancers (P =.04), although no correlation was found with T stage, lymph 

node involvement, or presence of metastatic disease. Although previously reported to be of 

unclear significance,26 we also analyzed nuclear survivin staining separately and in doing so, 

found no correlation with tumor stage, lymph node involvement, presence of metastatic 

disease, or overall survival (Figure 3). Survivin protein expression was found to be 

significantly and positively correlated with the expression of PUMA (P <.001), TACE (P =.

003), and MCL1 (P =.01), and demonstrated a trend toward an inverse correlation with the 

expression of BAX (P =.058) (Figure 4).
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Discussion

Survivin overexpression is an early event in the development of colonic adenocarcinoma and 

appears to increase during the normal mucosa-adenoma-carcinoma sequence and with the 

progressive loss of tumor differentiation. In an analysis of colonic adenocarcinomas, we 

identified a positive correlation between survivin overexpression and the concomitant 

upregulation of other antiapoptotic proteins (TACE and MCL1), as well as a trend toward an 

inverse correlation with the proapoptotic gene BAX. Our data support the notion that 

survivin-related antiapoptotic pathways are turned on early in tumorigenesis to promote 

proliferation and may therefore potentially be useful to stratify patients with precursor 

lesions such as adenomas. We have also demonstrated retained survivin upregulation across 

all stages of disease, including lymph node and distant metastases, suggesting targeting of 

survivin may be feasible in patients with advanced disease as well. Furthermore, we have 

identified additional potential therapeutic targets for inhibition that may act synergistically to 

increase the efficacy of survivin-directed therapy in colorectal cancer.

Current care guidelines from the American College of Gastroenterology (ACG), the 

American Society for Gastrointestinal Endoscopy (ASGE), and the American Cancer 

Society (ACS) do not take into account genetic alterations for sporadic adenomas in 

stratifying patients for surveillance or treatment. However, survivin may be a suitable 

candidate given the results of several recent studies. An analysis of 374 patients with 

sporadic colorectal adenomas found survivin expression to be an independent risk predictor 

for the development of metachronous colorectal cancer at locations distant from the 

originally identified adenoma.21 Survivin has been found to be significantly associated with 

the transition from low-grade dysplasia to high-grade dysplasia.27–30 These data support the 

suggestion that survivin overexpression is an early event in the pathogenesis of colo-rectal 

cancer and may therefore serve a prognostic role during the evaluation of colonic adenomas. 

However given that uniform over-expression of survivin with invasive cancer and the lack of 

correlation between stage and overall survival, survivin expression currently appears to have 

limited prognostic value in the evaluation of colonic adenocarcinomas.

Survivin is known to be highly expressed during fetal development but is nearly 

undetectable in normal adult tissues. An analysis of 3.5 million transcriptomes found 

survivin to be among the most highly upregulated proteins in cancer compared with normal 

tissue.31 Using TMA, a previous study of 230 patients found no survivin expression among 

normal samples.32 However, survivin is known to be expressed in a few normal adult tissue 

types, including basal colonic basal epithelial cells.11 We identified survivin expression in 

43% of histologically normal colonic mucosal samples, albeit at levels significantly reduced 

compared with those observed in cancer tissues.

Survivin may serve as an effective therapeutic target given the following: (1) disabling 

survivin is expected to compromise multiple signaling networks, (2) survivin may be a 

uniquely flexible target, suitable for multiple targeting strategies, and (3) targeting survivin 

pathways is unlikely to affect normal cells or tissues.11 Several phase I and II trials have 

been completed with promising results using antisense, small-molecule antagonists and 

immunotherapy against survivin pathways.33–38 Targeting survivin may also act to sensitize 
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cancer cells to subsequent therapies. For example, sequential treatment of prostate cancer 

cell lines with small interfering (si)RNA to survivin and 17-AAG (heat shock protein 

[HSP]90 inhibitor) demonstrated synergistic growth suppression with enhanced caspase 9-

dependant apoptosis.39 More recently, survivin repression has been demonstrated to 

effectively induce apoptosis in colon cancer cell lines using multiple agents, including 

histone deacetylase (HDAC) inhibitors.40–44

We identified 4 members of the BCL-2 family (PUMA, TACE, MCL1, and BAX) that 

correlated with survivin expression. PUMA (a p53 upregulated modulator of apoptosis) is a 

proapoptotic family member known to be induced by nonsteroidal anti-inflammatory drugs 

(NSAIDs).45,46 Upregulation of PUMA in association with survivin overexpression could 

potentially be a reflex compensatory mechanism in response to cellular apoptotic imbalance 

or, as recently suggested, could be secondary to NSAID use in the study population. 

Interestingly, a recent randomized prospective trial demonstrated a 45% reduction in the 

incidence of any adenoma and of high-risk colorectal adenomas by 66% with twice-daily 

celecoxib, a cyclooxygenase (COX)-2 inhibitor (NSAID) known to suppress the expression 

of antiapoptotic proteins, including survivin.47 Upregulation of PUMA has also been 

demonstrated using a panHER/vascular endothelial growth factor receptor (VEGFR) 

inhibitor (BMS-690514) in non–small-cell lung cancer cell lines with somatic epidermal 

growth factor receptor (EGFR) mutations.48 BMS-690514 treatment resulted in the 

downregulation of both MCL1 (an antiapoptotic protein) and HSP90 (the association of 

survivin with HSP90 is required for its stability and function49), which led to 

antiproliferative and proapoptotic effects.48 Additionally, PUMA has been shown to mediate 

the apoptotic effects of EGFR inhibitors in small-cell carcinoma of the head and neck.50

TACE (TNF-α converting enzyme) functions in the cleavage of several EGFR ligands in a 

Zn-dependent manner, releasing them from the cell surface to activate the receptor and its 

downstream pathways.51 Silencing expression of TACE in HeLa cells decreases 

proliferation, adhesion, and migration and induces apoptosis.52 Similar effects have been 

observed in colorectal cancer using EGFR monoclonal antibodies in conjunction with TACE 

inhibitors.52,53 MCL1, another antiapoptotic BCL2 family member, has been shown to be 

activated by RAS/RAF/ERK-mediated pathways, which are downstream of EGFR 

signaling.54 MCL1 provides rapid short-term protection of cell viability and can do so in 

response to various chemo-therapeutic agents.54 In HCT116, a colon cancer cell line, MCL1 

protects against cell death associated with BCL2/BCL-XL inhibition largely by antagonizing 

the effects of PUMA.55 Interestingly, the proapoptotic effects of PUMA are almost 

completely abolished in BAX null cells, suggesting PUMA function depends on its ability to 

activate BAX.55 We identified an inverse relationship between survivin and BAX expression. 

BAX, a proapoptotic member of the BCL2 family, is virtually required to initiate 

mitochondrial-dependant apoptosis (intrinsic pathway).56 Of note, survivin is able to block 

mitochondrial-induced, but not death receptor–induced apoptosis.12

Conclusion

Defects in apoptotic pathways augment cell survival and may facilitate cancer development 

by allowing time for the accrual of additional, potentially advantageous mutations. We have 
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shown that survivin plays an integral role in colorectal cancer cell survival, being nearly 

uniformly overexpressed in this malignancy. In addition, survivin is upregulated early in the 

oncogenic process, before the development of invasive cancer. We have also demonstrated a 

relationship between survivin overexpression and expression of several other apoptosis-

regulating proteins, including PUMA, TACE, MCL1 and BAX.

Targeted molecular therapy has been established for the treatment of colorectal cancer 

through several randomized prospective trials. Although agents such as those targeting 

VEGFR and EGFR have proved modestly efficacious, few colorectal cancers demonstrate 

dependence on a single pathway and/or receptor. Therefore simultaneous targeting of 

multiple genes in 1 or multiple pathways has been hypothesized as a means of increasing the 

efficacy of targeted therapy. Survivin-directed therapy in conjunction with simultaneous 

inhibition of other apoptosis-related regulatory proteins, deserves further investigation and 

may hold potential as a future therapeutic strategy.
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Figure 1. 
Microarray Gene Expression of Survivin in 254 Colorectal Samples. Mean Relative 

Expression Values for the Patient Cohort is Graphed with Standard Error Bars. The Number 

of Samples in Each Category is Provided. Survivin Expression is Significantly (P ≤ .0001) 

Upregulated in Cancer Vs. Normal Tissues
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Figure 2. 
Histopathologic Images of Survivin Staining. (A) Normal Colonic Mucosa Showing 

Undetectable Levels of Survivin Protein. (B) Tubulovillous Adenoma with Several Scattered 

Survivin-Positive Epithelial Cells. (C) A Well-Moderately Differentiated Adenocarcinoma 

Exhibiting Strong Survivin Protein Expression in Many of the Tumor Cells. (D) A Poorly 

Differentiated Adenocarcinoma shows Strong Survivin Staining in Most of the Tumor Cells
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Figure 3. 
Plot of Kaplan-Meier Overall Survival Curves for Patients with Tumors Demonstrating High 

and Low Survivin Expression
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Figure 4. 
Box Plots of Survivin Expression Vs. PUMA, TACE, MCL1, and BAX, with Spearman 

Correlation Estimate and P values
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