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Abstract

DNA microarrays have the potential to classify tumors according to their transcriptome. Tissue 

microarrays (TMAs) facilitate the validation of biomarkers by offering a high-throughput 

approach to sample analysis. We reanalyzed a high profile breast cancer DNA microarray dataset 

containing 96 tumor samples using a powerful statistical approach, between group analyses. 

Among the genes we identified was centromere protein-F (CENP-F), a gene associated with poor 

prognosis. In a published follow-up breast cancer DNA microarray study, comprising 295 tumour 

samples, we found that CENP-F upregulation was significantly associated with worse overall 

survival (p < 0.001) and reduced metastasis-free survival (p < 0.001). To validate and expand upon 

these findings, we used 2 independent breast cancer patient cohorts represented on TMAs. CENP-

F protein expression was evaluated by immunohistochemistry in 91 primary breast cancer samples 

from cohort I and 289 samples from cohort II. CENP-F correlated with markers of aggressive 

tumor behavior including ER negativity and high tumor grade. In cohort I, CENP-F was 

significantly associated with markers of CIN including cyclin E, increased telomerase activity, c-

Myc amplification and aneuploidy. In cohort II, CENP-F correlated with VEGFR2, 

phosphorylated Ets-2 and Ki67, and in multivariate analysis, was an independent predictor of 

worse breast cancer-specific survival (p = 0.036) and overall survival (p = 0.040). In conclusion, 

we identified CENP-F as a biomarker associated with poor outcome in breast cancer and showed 

several novel associations of biological significance.

*Correspondence to: UCD School of Biomolecular and Biomedical Science, Conway Institute, University College Dublin, Belfield, 
Dublin 4, Ireland, Fax: +353-1-2837211. william.gallagher@ucd.ie. 

This article contains supplementary material available via the Internet at http://www.interscience.wiley.com/jpages/0020-7136/
suppmat.

HHS Public Access
Author manuscript
Int J Cancer. Author manuscript; available in PMC 2016 August 03.

Published in final edited form as:
Int J Cancer. 2007 April 1; 120(7): 1434–1443. doi:10.1002/ijc.22413.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository

https://core.ac.uk/display/345210229?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.interscience.wiley.com/jpages/0020-7136/suppmat
http://www.interscience.wiley.com/jpages/0020-7136/suppmat


Keywords

breast cancer; DNA microarrays; tissue microarrays; prognosis; CENP-F; chromosomal instability

In a study by van’t Veer et al. published in 2002, a 70-gene prognosis classifier was 

identified via DNA microarray analysis of primary breast cancer that could be used to 

predict metastatic potential.1 This work received considerable attention worldwide, and 

formed the basis for a clinical trial assessing the utility of DNA microarray technology in 

guiding treatment decisions for breast cancer patients.2 However, some concerns have been 

raised about the data analysis methods and sample distributions utilized for this study.3-5 To 

address such concerns, we reanalyzed this key DNA microarray dataset, validated our 

findings in 2 independent patient cohorts, and used tissue microarray (TMA) technology to 

explore biomarker associations with other known tumor variables. For re-analysis, we used 

the supervised method of BGA, which is based on carrying out an ordination (e.g. principal 

component analysis) of groups of samples rather than of individual samples. We previously 

demonstrated the successful application of BGA to DNA microarray data, and identified 

clinically important genes that were missed in previous analyses.6 In the present study, we 

trained and cross-validated a gene classifier which maximally discriminated between 

patients with a good or poor prognosis. CENP-F was among the genes highly expressed in 

breast tumors of patients with poor prognosis, a finding that we validated in a related DNA 

microarray dataset.5 Since little is known about the function of CENP-F in cancer, we 

examined its association with other known tumor parameters. Finally, we used 

immunohistochemistry on TMAs from 2 independent primary breast cancer cohorts to 

validate CENP-F protein expression as a prognostic marker, and identified coexpressed 

proteins that indicate a possible functional role of CENP-F in breast cancer.

Material and methods

Public DNA microarray datasets

Tumor samples and patient characteristics were described previously.1,5 The van de Vijver 

dataset,5 contained 61 patients with lymph node-negative disease from the original van’t 

Veer study.1

DNA microarray data analysis

For the van’t Veer dataset,1 the expression data arising from analysis of ~25,000 human 

genes in 78 samples was filtered according to the original criteria.1 In brief, genes were 

excluded if they did not display at least a 2-fold difference in expression and a p value of 

less than 0.01 in more than 3 samples. BGA, using Correspondence Analysis to ordinate the 

good and poor prognosis groups,6 was applied to the resulting dataset of ~5,000 genes and 

used to classify the remaining 19 test samples. The 96 pooled training and test samples were 

randomly recategorized into 77 training and 19 test samples. Sample 54 was removed from 

the analysis as it contained >20% missing values. The 96 samples were re-split 100 times 

and BGA performed at each iteration. The top 100 genes associated with good prognosis and 

the top 100 genes associated with poor prognosis were then selected. BGA was performed 

using the ADE4 module from Bioconductor (http://www.bioconductor.org). Analysis was 
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performed using the statistical package R (http://www.r-project.org); the relevant R scripts 

are available on request. Data was downloaded from http://microarray-pubs.stanford.edu/

wound_NKI/explore.html. For the van de Vijver dataset,5 CENP-F mRNA expression was 

categorized as negative/low, unchanged, or high expression relative to pooled cRNA from 

each patient sample, acting as reference cRNA. Tumor samples were classified according to 

CENP-F mRNA expression based on absolute expression analysis P values (alpha level of 

0.05), following the method of Moody et al.7

Patients and tumour samples for TMA analysis

Patients from the 2 independent primary breast cancer cohorts used in this study have been 

described previously.8 In brief, cohort I consisted of 114 patients diagnosed with primary 

invasive breast cancer in Northern Sweden during 1988–1991. Samples were available from 

91 patients for analysis of CENP-F expression.

Cohort II consisted of 512 consecutive breast cancer patients diagnosed at the Department of 

Pathology, Malmö University Hospital, Sweden during 1988–1992. Samples were available 

from 289 patients for analysis of CENP-F expression. The 289 tumor samples had a higher 

proportion of larger (p < 0.001), ER-negative (p < 0.001), high grade tumours (p < 0.001) 

and node-positive patients (p = 0.019), when compared with the 223 missing samples. There 

was no significant difference in patient age (p = 0.367), histological type (p = 0.494) or PR 

status (p = 0.204) between available and unavailable samples. Ethical approval was obtained 

for the use of human tissue samples for research from the Review Boards at Umeå and Lund 

universities, respectively.

Construction of TMAs and immunohistochemistry

TMAs were prepared separately for each cohort as previously described.9 The tissue was 

deparaffinised, rehydrated and microwave-treated for 10 min in citrate buffer (pH 6.0). For 

detection of CENP-F, we used a rabbit polyclonal antibody (Abcam, Cambridge, UK; ab5) 

at a dilution of 1:100. Antibody specificity was confirmed by comparing the 

immunohistochemical staining of cell lines with corresponding Western blot reactivity. 

Nuclear staining immunoreactivity was determined by estimating the percentage of 

distinctly positive tumor cell nuclei. Based on previous studies of CENP-F,10 we used a 10% 

cut-off point to categorise CENP-F expression, where 0–9% = “<10%”; and 10–100% = 

“≥10%”. The results were separately scored by 2 observers and results compared. Any 

discrepancies in scoring were rescored by both observers together and a consensus reached. 

Evaluation of Ki67, VEGF-A, VEGFR1, VEGFR2, p53, phospho-ERK 1/2 and phospho-

Ets-2 has been described elsewhere.8,11-13

Cell culture

The breast cancer cell lines T47D, BT474 and MDA-MB-231 and SK-BR3 were obtained 

from the European Collection of Cell Cultures, Wiltshire, UK. T47D, BT474 and MDA-

MB-231 cell lines were grown in DMEM (Sigma, MO) supplemented with 10% FCS 

(Invitrogen, CA), L-glutamine (2 μM), penicillin (50 IU/ml) and streptomycin sulphate (50 

μg/ml). SK-BR3 cells were grown in McCoy’s 5a Medium (Sigma, MO) supplemented with 
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10% FCS. Cells were maintained in humidified air with 5% CO2. Metaphase-arrested cells 

were obtained by incubating cells in the presence of nocodazole (1 μM) for 16 h.

Cell line array

The breast cancer cell lines T47D, SK-BR3, BT474 and MDA-MB-231 were used to 

optimize the anti-CENP-F antibody for immunohistochemical analysis. Cell lines were fixed 

in PFA for 30 min and resuspended in 70% ethanol overnight before being embedded in 

paraffin and arrayed.

Western blotting

Cultured cells were washed in 10 ml PBS, harvested and lysed in RIPA buffer containing 20 

mM Tris pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM 

EDTA, 0.1% SDS and protease inhibitor cocktail (Sigma, MO). Protein levels were 

determined using the bicinchoninic acid (BCA) method (Pierce, IL). Samples containing 30 

μg of protein were separated on a 3–8% Tris-acetate gel (Invitrogen, CA) by SDS-PAGE 

under reducing conditions. After electrophoresis, proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane, Immobilin P (Millipore, MA). Membranes were 

blocked in 5% non-fat milk for 1 h. CENP-F expression was detected using a rabbit 

polyclonal anti-human CENP-F antibody (1:1500, clone ab5 from Abcam). Membranes 

were washed and incubated for 1 h with horseradish peroxidase-conjugated anti-rabbit 

antibody (1:10,000; Promega, UK). Antigen-antibody complexes were detected using ECL 

Plus reagent (Amersham Biosciences, Buckinghamshire, UK). Expression of cyclin E was 

measured by Western blotting and densitometry and was described previously.11,14

TMA statistical analysis

The χ2 test for trend, Fisher’s exact and Mann–Whitney tests were used for comparison of 

CENP-F expression with all other known parameters. Kaplan–Meier plots were used for 

survival analysis and the curves compared using the log-rank test.15 Cox proportional 

hazards regression was used to estimate proportional hazard ratios and conduct multivariate 

analyses. All calculations were performed with SPSS v11.0 (SPSS, IL).

Results

Identification of alternative candidate biomarkers for primary breast cancer following 
reanalysis of DNA microarray data

When implementing BGA, we used an identical filter criterion set by van’t Veer et al. in 

their original analysis,1 which reduced the number of genes from 25,000 to just over 5,000. 

The original 78 training breast tumor samples were initially used to identify discriminating 

genes, and the 19 test samples used for validation of the identified genes. The classification 

accuracy we achieved was comparable to the original analysis,1 with 84% of the test set 

being ascribed to the correct prognosis group (data not shown).

To remove a possible training and test sample selection bias, we randomly recategorized 

patient breast tumor samples into training and test samples. By applying BGA iteratively, the 

classification accuracy ranged from 36 to 84% with a median classification accuracy of 68% 
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(Fig. 1). A discrimination score was calculated for each gene by averaging the contribution 

(or weight) of a gene in each BGA over 100 iterations. Thus, this approach should produce a 

more robust gene ranking, as genes with more discrimination power should re-occur more 

frequently at higher rankings. Each of the 5,000 genes was ranked according to its average 

BGA co-ordinate. Supplementary Tables SIa and SIb detail the top 100 genes associated 

with good prognosis and the top 100 genes associated with poor prognosis, respectively, 

identified using BGA. Genes were then categorised into gene ontology (GO) categories 

(Table SII and Figs. S1 and S2). Genes involved in the cell cycle (p ≤ 0.001) and movement/

motor activity (p ≤ 0.001) were significantly over-represented while genes involved in 

development (p ≤ 0.001), signal transduction (p≤ 0.001) and cell communication (p≤ 0.034) 

were significantly under-represented, in the poor prognosis group. Tables SIIIa and SIIIb 

detail the functional categories associated with each of the top 100 genes associated with 

good prognosis and the top 100 genes associated with poor prognosis.

Among the genes we identified as highly associated with poor prognosis was CENP-F, 

which encodes for a kinetochore-associated protein implicated in the regulation of cell 

division,16,17 S100A9, previously associated with inflammation and more recently with 

tumor development and metastasis,18-20 survivin, an inhibitor of apoptosis and mitotic 

regulator,21 cathepsin L2, a cysteine protease,22 BUB1, a checkpoint kinase regulating the 

anaphase promoting complex or cyclosome,23 carbonic anhydrase IX, a hypoxia-regulated 

enzyme involved in tumor cell survival,24 a neuropeptide, CART25 and adrenomedullin, an 

angiogenic peptide.26 Genes we identified as being highly associated with good prognosis 

included ER, PR, keratin 18, and serpinA3, a protease inhibitor,27 as well as lipophilin B and 

mammaglobin A, which form a heterodimeric complex and are overexpressed in breast 

cancer, but whose function remains unknown.28,29 A heatmap was generated that depicts the 

association of the prognostic genes we identified, with their respective class (Fig. 2). Her2 

expression was not a predictor of outcome in our re-analysis and ranked half way through 

the 5,000 significant genes in the dataset analysed (data not shown).

CENP-F is associated with poor prognosis in a related primary breast cancer DNA 
microarray dataset

CENP-F ranked 66 out of 100 genes associated with poor prognosis, with only small 

differences in correlation with survival between genes. We analyzed the expression of 

CENP-F in a related primary breast cancer DNA microarray dataset derived from 295 breast 

tumors.5 Tumor samples were classified according to CENP-F mRNA expression based on 

absolute expression analysis P values (alpha level of 0.05), following the method used by 

Moody et al.7 We found that CENP-F mRNA was overexpressed in 63 (21%) of the 295 

tumors, with 108 tumors showing decreased expression and 124 tumors had no change in 

expression, relative to reference RNA. High CENP-F expression was associated with 

increased tumor size (p = 0.028), high tumor grade (p < 0.001) and ER-negative tumors (p < 

0.001) (Table I). In addition, CENP-F mRNA expression was related significantly to reduced 

overall survival (p < 0.001) and reduced metastasis-free survival (p < 0.001) (Fig. 3).
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Expression of CENP-F in primary breast cancer

Our next aim was to validate our findings using CENP-F expression at the protein level. The 

specificity of the anti-CENP-F antibody was first established using Western blotting, in 

parallel with immunohistochemical analysis of formalin-fixed, paraffin-embedded cell lines 

mimicking the handling of the primary tumors. CENP-F is maximally expressed in the 

G2/M phase of the cell cycle.16,17 Each of the 4 breast cancer cell lines used in the study 

were treated with the anti-mitotic agent, nocodazole, which arrests cells at the G2/M phase 

of the cell cycle. As shown in Figure 4a, the anti-CENP-F antibody detected a protein of 

~350 kDa by Western blotting, with M-phase arrested, nocodazole-treated cells showing 

increased CENP-F expression when compared with untreated cells, as expected. Nuclear 

expression of CENP-F was detected by immunohistochemistry in a proportion of cells in 

each of the cell lines examined, in the absence of nocodazole (Fig. 4b).

CENP-F expression was then assessed in 2 different breast cancer cohorts (I and II) arranged 

in TMAs. For breast cancer cohort I, 90 (99%) out of 91 tumors available for analysis, 

expressed nuclear CENP-F in various amounts (Fig. 5). In cohort II, 289 samples were 

available for analysis and nuclear staining was seen in 206 (71%) out of 289 specimens. 

Patients from cohort I were significantly younger (p = 0.007) and tumor size was 

significantly larger (p = 0.006) than samples available for analysis from cohort II, which 

could contribute to the differences in the proportion of CENP-F-positive tumors between the 

cohorts. In addition, cohort I included, more ER negative breast carcinomas compared to 

cohort II, 29% versus 20%, but this difference was not statistically significant. There was no 

significant difference in grade, nodal status or PR status between the samples analyzed in 

cohorts I and II.

CENP-F protein expression correlates with clinico-pathological parameters in primary 
breast cancer

In patient cohorts I and II, we analyzed potential associations between CENP-F expression 

and known clinico-pathological parameters such as tumor size, tumor type, grade, hormone 

receptor status, patient age and the presence of lymph node metastases. We used a 10% cut-

off point for CENP-F expression to categorize samples into groups, in accordance with 

previous studies.10 CENP-F expression was associated with ER-negative tumors (p = 0.028) 

in cohort II, and with high grade tumors in both cohort I (p = 0.002) and cohort II (p < 

0.001) (Table II). CENP-F expression was not associated with tumor size, patient age, lymph 

node status, histological type or PR status in either cohort.

CENP-F protein expression correlates with tumour biological parameters in primary breast 
cancer

CENP-F expression was associated with the proliferation marker Ki67 in cohort II (Table 

III; p < 0.001) but not in cohort I (Table III; p = 0.198). In addition, CENP-F expression was 

associated with markers of chromosomal instability (CIN) including cyclin E overexpression 

(p = 0.021), survivin nuclear expression (unpublished data; p = 0.001), c-Myc amplification 

(p = 0.003), increased telomerase activity (p = 0.002) and aneuploidy (p = 0.025) in cohort I, 

indicating a link between CENP-F and CIN in these tumors (Table III). VEGF-A was not 

associated with CENP-F expression in either cohort I (p = 0.070) or cohort II (p = 0.959). 
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However, in cohort II, significant associations were observed between CENP-F expression 

and tumor-specific VEGFR2 expression (p = 0.001) and phosphorylated Ets-2 (p = 0.001) 

but not with phosphorylated Erk1/2 (p = 0.190) (Table III). Finally, we found no association 

between CENP-F expression and tumor specific VEGFR1, p53 or Her2 overexpression 

(Tables II and III).

CENP-F protein expression correlates with clinical outcome in primary breast cancer

Clinical follow-up data were available for all patients in cohorts I and II.8 Patient cohorts 

were analyzed separately. In agreement with previous findings,10 we found that using a cut-

off of 10% CENP-F expression best separated patients on the basis of survival. In cohort I, 

CENP-F expression showed a significant association with overall survival (p = 0.05; Fig. 

6a). In cohort II, expression of CENP-F correlated significantly with both breast cancer 

specific survival (p = 0.009) and overall survival (p = 0.04) (Fig. 6b and 6c).

Patients from cohort I had overall survival information only, and patient numbers were too 

low to carry out multivariate Cox regression analysis. In a univariate analysis of cohort I, 

CENP-F expression was associated with worse overall survival, with this association 

approaching significance (HR, 2.03; 95% CI, 0.97–4.24; p = 0.059). Univariate and 

multivariate Cox regression analyses were conducted on cohort II (Table IV). CENP-F 

expression, ER and tumor size were all significantly associated with breast cancer-specific 

survival (p = 0.011; 0.006; 0.001, respectively) but patient age, VEGFR2 and phospho-Ets-2 

were not (p = 0.088; 0.408 and 0.544, respectively). In a multivariate analysis including ER 

and tumor size, CENP-F expression was an independent predictor of breast cancer-specific 

survival (p = 0.036) (Table IV). Tumor grade was not included in the multivariate model as 

our data suggests that CENP-F is involved in CIN; thus, tumor grade may be on a causal 

pathway between CENP-F and survival and should, therefore, not be included in 

multivariate models with CENP-F.30,31 Using a similar approach, we carried out univariate 

analysis for overall survival on CENP-F expression, ER, VEGFR2, phospho-Ets-2, tumor 

size and patient age (Table V). CENP-F expression, tumor size and patient age were 

significantly associated with overall survival in a univariate analysis (p = 0.047; <0.001; 

<0.001, respectively), and in a multivariate analysis CENP-F retained its prognostic 

significance (p = 0.040) together with patient age (p < 0.001) (Table V). Ki67 showed only 

borderline significant association with overall survival in cohort II (p = 0.05) and was not 

significant when added to multivariate models for breast cancer specific or overall survival 

(data not shown).

Discussion

DNA microarrays offer new possibilities for the elucidation of individual genes and groups 

of genes that are preferentially expressed in tumor subgroups. The 70-gene prognosis 

classifier identified by van’t Veer et al.1 contained a large number of unknown or unexpected 

genes and none of the well-known prognostic markers in breast cancer such as ER, Her-2, 

uPA or PAI-1.32 This dataset forms the basis of a clinical trial, which aims to validate the 

efficacy of using the identified classifier for tailoring of treatment options. However, the 

methodology used to obtain this gene signature has been criticized.3,4
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Given the complexity of selecting a relatively small number of informative genes from the 

many thousands of genes represented on a DNA microarray, reanalysis of such data using 

alternative approaches to identify discriminating genes is warranted. Here, we used the 

statistical method of BGA, a powerful method for the analysis of cancer microarray data,6 to 

reanalyze this breast cancer dataset from van’t Veer et al.1 Our reanalysis approach revealed 

genes involved in key processes such as checkpoint control, apoptosis and angiogenesis, 

most of which were previously unidentified in the original analysis.

The classification accuracy we achieved using the same training and test samples as van’t 

Veer et al.1 was comparable to published results, i.e. 84%. However, when training and test 

samples were selected randomly, the classification accuracy varied widely from a maximum 

accuracy of 84% to as low as 36%, with a median classification accuracy of 68%. Similar 

findings have been published by others,3,4 suggesting a bias in the selection of the original 

training and test samples.

In our reanalysis of the van’t Veer dataset,1 CENP-F was among the genes that were highly 

associated with poor prognosis that could be studied at the protein level using TMAs. 

CENP-F is a cell cycle-regulated protein associated with kinetochores, the site at which 

chromosome-microtubule interactions are monitored and the source of checkpoint signals.33 

CENP-F is maximally expressed at the G2/M phase of the cell cycle16,17 and has been 

implicated in kinetochore assembly and/or the spindle checkpoint.34,35 More recently, 

CENP-F has been shown to play a central role in the recruitment of the checkpoint proteins, 

BubR1 and Mad1, resulting in a sustained checkpoint response.36

In a related DNA microarray dataset that we reanalyzed containing 295 breast tumor 

samples,5 over-expression of CENP-F mRNA was associated with larger tumor size, as well 

as ER-negative, high grade tumors. CENP-F mRNA expression correlated significantly with 

worse overall survival and a decreased probability of remaining metastasis-free.

Two different primary breast cancer cohorts were used to further investigate the role of 

CENP-F. Two cohorts were analyzed, as each cohort has unique data available. CENP-F 

protein expression correlated with reduced breast cancer-specific survival and overall 

survival in both univariate and multivariate analyses. The strong correlation between CENP-

F expression and breast cancer-specific survival highlights the usefulness of CENP-F as a 

breast cancer-specific marker of poor outcome. Our findings are in agreement with a 

previous report analyzing CENP-F expression and disease-free survival in node-negative 

breast cancer patients.10

In cohort I, parameters relating to cell cycle deregulation and CIN had previously been 

analyzed.14,37 CENP-F expression was associated with cyclin E over-expression, survivin 

nuclear expression and c-Myc amplification. Cyclin E is involved in centro-some duplication 

leading to CIN,38-40 while constitutive expression of cyclin E has been shown to result in 

CIN41,42 and is associated with poor prognosis in breast cancer.14 Survivin has been 

reported to activate the cyclin E/Cdk2 complex resulting in an accelerated S phase shift.43 

CENP-F expression was also associated with c-Myc amplification which has been shown to 

activate cyclin E/Cdk2, leading to cell cycle progression and proliferation.44 In addition, 
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CENP-F expression correlated significantly with high telomerase activity. Telomerase 

activation is associated with telomere dysfunction, a major mechanism underlying CIN of 

human cancer.45,46 Furthermore, a significant proportion of tumors over-expressing CENP-F 

were aneuploid, strengthening the relation between CENP-F expression and markers of CIN. 

Additional studies, including FISH analysis, will determine if these associations have 

functional significance. FISH analysis could not be performed in this study because of 

insufficient sample availability

While tumor VEGF-A expression did not correlate with CENP-F expression in either patient 

cohort I or II, we found a significant correlation between tumor cell VEGFR2 expression 

and CENP-F in cohort II. CENP-F is a phosphoprotein but it is not known which kinases 

target CENP-F for phosphorylation or the role of phosphorylation in CENP-F regulation. It 

is tempting to speculate that CENP-F may be a target for phosphorylation through cyclin E 

or VEGFR2, as CENP-F is significantly associated with expression of both of these proteins. 

However, further studies will need to be carried out to establish a functional link.

In line with other publications, CENP-F was associated with proliferation47-49 and ER 

negativity5,10 in cohort II. Furthermore, CENP-F expression was associated with the 

transcription factor phospho-Ets-2. Ets-2 expression in breast cancer may be linked to 

proliferation,8 however, the downstream target genes are unknown. CENP-F regulates gene 

transcription and proliferation through association with the transcription factor ATF4.50 Our 

results suggest that CENP-F may be a potential candidate for Ets-2 co-transcriptional 

regulation.

CENP-F is a farnesylated protein and is targeted by farnesyl transferase inhibitors 

(FTIs)51,52 resulting in CENP-F inactivation. Originally generated to inhibit oncogenic RAS, 

FTIs are effective anti-neoplastic agents. It is now becoming apparent that RAS is not the 

only target of FTIs; however, the role of other molecular targets and their mechanism of 

action remains elusive.53 FTIs have been shown to be effective in clinical trials of patients 

with metastatic breast carcinoma, especially in Her2 positive patients54,55 and CENP-F-

positive breast cancer has a pathologic response to preoperative chemotherapy.56 FTI-

sensitive cells pause at the G2/M phase of the cell cycle51,57 and have misaligned 

chromosomes,58 similar to cells depleted of CENP-F by RNAi.59,60 The anti-neoplastic 

activity, involving inhibition of proliferation and, apoptosis may be partly due to CENP-F 

inhibition. Thus CENP-F may be an important, clinically significant target in breast cancer 

and CENP-F farnesylation a useful biomarker of tumor response.

Acknowledgments

We are grateful for excellent technical assistance from Ms. Elise Nilsson. We thank Prof. Leslie Daly and Prof. Paul 
McKeigue for statistical advice. The cross-national component of this work was facilitated by the Marie Curie 
Transfer of Knowledge Industry–Academia Partnership research programme, TargetBreast (www.targetbreast.com). 
The UCD Conway Institute is funded by the Programme for Third Level Institutions (PRTLI), as administered by 
the Higher Education Authority (HEA) of Ireland. Prof. Robert Millikan was supported, in part, by a Fulbright 
Scholarship Award during the execution of this work.

Grant sponsors: Cancer Research Ireland; British Association for Cancer Research; Enterprise Ireland; Health 
Research Board of Ireland.

O’Brien et al. Page 9

Int J Cancer. Author manuscript; available in PMC 2016 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. van ’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, Mao M, Peterse HL, van der Kooy K, 
Marton MJ, Witteveen AT, Schreiber GJ, Kerkhoven RM, et al. Gene expression profiling predicts 
clinical outcome of breast cancer. Nature. 2002; 415:30–6.

2. Brennan DJ, O’Brien SL, Fagan A, Culhane AC, Higgins DG, Duffy MJ, Gallagher WM. 
Application of DNA microarray technology in determining breast cancer prognosis and therapeutic 
response. Expert Opin Biol Ther. 2005; 5:1069–83. [PubMed: 16050784] 

3. Simon R, Radmacher MD, Dobbin K. Design of studies using DNA microarrays. Genet Epidemiol. 
2002; 23:1–36. [PubMed: 12112244] 

4. Ein-Dor L, Kela I, Getz G, Givol D, Domany E. Outcome signature genes in breast cancer: is there a 
unique set? Bioinformatics. 2005; 21:71–8. [PubMed: 15308537] 

5. van de Vijver MJ, He YD, van’t Veer LJ, Dai H, Hart AA, Voskuil DW, Schreiber GJ, Peterse JL, 
Roberts C, Marton MJ, Parrish M, Atsma D, et al. A gene-expression signature as a predictor of 
survival in breast cancer. N Engl J Med. 2002; 347:999–2009.

6. Culhane AC, Perriere G, Considine EC, Cotter TG, Higgins DG. Between-group analysis of 
microarray data. Bioinformatics. 2002; 18:1600–8. [PubMed: 12490444] 

7. Moody SE, Perez D, Pan TC, Sarkisian CJ, Portocarrero CP, Sterner CJ, Notorfrancesco KL, Cardiff 
RD, Chodosh LA. The transcriptional repressor Snail promotes mammary tumor recurrence. Cancer 
Cell. 2005; 8:97–209.

8. Svensson S, Jirstrom K, Ryden L, Roos G, Emdin S, Ostrowski MC, Landberg G. ERK 
phosphorylation is linked to VEGFR2 expression and Ets-2 phosphorylation in breast cancer and is 
associated with tamoxifen treatment resistance and small tumours with good prognosis. Oncogene. 
2005; 24:370–9.

9. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, Schraml P, Leighton S, Torhorst J, Mihatsch 
MJ, Sauter G, Kallioniemi OP. Tissue microarrays for high-throughput molecular profiling of tumor 
specimens. Nat Med. 1998; 4:44–7.

10. Clark GM, Allred DC, Hilsenbeck SG, Chamness GC, Osborne CK, Jones D, Lee WH. Mitosin (a 
new proliferation marker) correlates with clinical outcome in node-negative breast cancer. Cancer 
Res. 1997; 57:5505–8. [PubMed: 9407959] 

11. Nielsen NH, Emdin SO, Cajander J, Landberg G. Deregulation of cyclin E and D1 in breast cancer 
is associated with inactivation of the retinoblastoma protein. Oncogene. 1997; 14:95–304. 
[PubMed: 9010236] 

12. Roos G, Nilsson P, Cajander S, Nielsen NH, Arnerlov C, Landberg G. Telomerase activity in 
relation to p53 status and clinico-pathological parameters in breast cancer. Int J Cancer. 1998; 
79:43–8.

13. Ryden L, Linderholm B, Nielsen NH, Emdin S, Jonsson PE, Landberg G. Tumor specific VEGF-A 
and VEGFR2/KDR protein are co-expressed in breast cancer. Breast Cancer Res Treat. 2003; 
82:47–54. [PubMed: 14672403] 

14. Nielsen NH, Arnerlov C, Emdin SO, Landberg G. Cyclin E overexpression, a negative prognostic 
factor in breast cancer with strong correlation to oestrogen receptor status. Br J Cancer. 1996; 
74:74–80.

15. Bland JM, Altman DG. The logrank test. Br Med J. 2004; 328:073.

16. Liao H, Winkfein RJ, Mack G, Rattner JB, Yen TJ. CENP-F is a protein of the nuclear matrix that 
assembles onto kinetochores at late G2 and is rapidly degraded after mitosis. J Cell Biol. 1995; 
130:507–18. [PubMed: 7542657] 

17. Zhu X, Mancini MA, Chang KH, Liu CY, Chen CF, Shan B, Jones D, Yang-Feng TL, Lee WH. 
Characterization of a novel 350-kilodalton nuclear phosphoprotein that is specifically involved in 
mitotic-phase progression. Mol Cell Biol. 1995; 15:017–29.

18. Kerkhoff C, Klempt M, Sorg C. Novel insights into structure and function of MRP8 (S100A8) and 
MRP14 (S100A9). Biochim Biophys Acta. 1998; 1448:00–11.

19. Schafer BW, Heizmann CW. The S100 family of EF-hand calcium-binding proteins: functions and 
pathology. Trends Biochem Sci. 1996; 21:34–40.

O’Brien et al. Page 10

Int J Cancer. Author manuscript; available in PMC 2016 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Melle C, Ernst G, Schimmel B, Bleul A, Koscielny S, Wiesner A, Bogumil R, Moller U, Osterloh 
D, Halbhuber KJ, von Eggeling F. A technical triade for proteomic identification and 
characterization of cancer biomarkers. Cancer Res. 2004; 64:099–104.

21. Altieri DC. Survivin, versatile modulation of cell division and apoptosis in cancer. Oncogene. 
2003; 22:581–9.

22. Santamaria I, Velasco G, Cazorla M, Fueyo A, Campo E, Lopez-Otin C. Cathepsin L2, a novel 
human cysteine proteinase produced by breast and colorectal carcinomas. Cancer Res. 1998; 
58:624–30.

23. Tang Z, Shu H, Oncel D, Chen S, Yu H. Phosphorylation of Cdc20 by Bub1 provides a catalytic 
mechanism for APC/C inhibition by the spindle checkpoint. Mol Cell. 2004; 16:87–97.

24. Wykoff CC, Beasley N, Watson PH, Campo L, Chia SK, English R, Pastorek J, Sly WS, Ratcliffe 
P, Harris AL. Expression of the hypoxia-inducible and tumor-associated carbonic anhydrases in 
ductal carcinoma in situ of the breast. Am J Pathol. 2001; 158:1011–19. [PubMed: 11238049] 

25. Douglass J, Daoud S. Characterization of the human cDNA and genomic DNA encoding CART: a 
cocaine- and amphetamine-regulated transcript. Gene. 1996; 169:41–5.

26. Oehler MK, Fischer DC, Orlowska-Volk M, Herrle F, Kieback DG, Rees MC, Bicknell R. Tissue 
and plasma expression of the angiogenic peptide adrenomedullin in breast cancer. Br J Cancer. 
2003; 89:927–33.

27. Hook VY, Hwang SR. Novel secretory vesicle serpins, endopin 1 and endopin 2: endogenous 
protease inhibitors with distinct target protease specificities. Biol Chem. 2002; 383:067–74.

28. Carter D, Douglass JF, Cornellison CD, Retter MW, Johnson JC, Bennington AA, Fleming TP, 
Reed SG, Houghton RL, Diamond DL, Vedvick TS. Purification and characterization of the 
mammaglobin/ lipophilin B complex, a promising diagnostic marker for breast cancer. 
Biochemistry. 2002; 41:714–22.

29. Culleton J, O’Brien N, Ryan B, Hill ADK, McDermott E, O’Higgins N, Duffy MJ. Lipophilin B: a 
gene preferentially expressed in breast tissue and up-regulated in breast cancer. Int J Cancer. in 
press. 

30. Weinberg CR. Toward a clearer definition of confounding. Am J Epidemiol. 1993; 137:1–8. 
[PubMed: 8434568] 

31. Kaufman JS, Maclehose RF, Kaufman S. A further critique of the analytic strategy of adjusting for 
covariates to identify biologic mediation. Epidemiol Perspect Innov. 2004; 1:4. [PubMed: 
15507130] 

32. Duffy MJ, Kelly ZD, Culhane AC, O’Brien S, Gallagher WM. DNA microarray-based gene 
expression profiling in cancer: aiding cancer diagnosis, assessing prognosis and predicting 
response to therapy. Curr Pharmacogenomics. 2005; 3:89–304.

33. Skibbens RV, Hieter P. Kinetochores and the checkpoint mechanism that monitors for defects in the 
chromosome segregation machinery. Annu Rev Genet. 1998; 32:07–37.

34. Chan GK, Schaar BT, Yen TJ. Characterization of the kinetochore binding domain of CENP-E 
reveals interactions with the kinetochore proteins CENP-F and hBUBR1. J Cell Biol. 1998; 143:9–
63.

35. Jablonski SA, Chan GK, Cooke CA, Earnshaw WC, Yen TJ. The hBUB1 and hBUBR1 kinases 
sequentially assemble onto kinetochores during prophase with hBUBR1 concentrating at the 
kinetochore plates in mitosis. Chromosoma. 1998; 107:86–96.

36. Laoukili J, Kooistra MR, Bras A, Kauw J, Kerkhoven RM, Morrison A, Clevers H, Medema RH. 
FoxM1 is required for execution of the mitotic programme and chromosome stability. Nat Cell 
Biol. 2005; 7:126–36. [PubMed: 15654331] 

37. Landberg G, Nielsen NH, Nilsson P, Emdin SO, Cajander J, Roos G. Telomerase activity is 
associated with cell cycle deregulation in human breast cancer. Cancer Res. 1997; 57:49–54.

38. Hinchcliffe EH, Li C, Thompson EA, Maller JL, Sluder G. Requirement of Cdk2-cyclin E activity 
for repeated centrosome reproduction in Xenopus egg extracts. Science. 1999; 283:51–4.

39. Ekholm-Reed S, Mendez J, Tedesco D, Zetterberg A, Stillman B, Reed SI. Deregulation of cyclin 
E in human cells interferes with pre-replication complex assembly. J Cell Biol. 2004; 165:89–800.

40. Kawamura K, Izumi H, Ma Z, Ikeda R, Moriyama M, Tanaka T, Nojima T, Levin LS, Fujikawa-
Yamamoto K, Suzuki K, Fukasawa K. Induction of centrosome amplification and chromosome 

O’Brien et al. Page 11

Int J Cancer. Author manuscript; available in PMC 2016 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



instability in human bladder cancer cells by p53 mutation and cyclin E overexpression. Cancer 
Res. 2004; 64:800–9.

41. Spruck CH, Won KA, Reed SI. Deregulated cyclin E induces chromosome instability. Nature. 
1999; 401:97–300.

42. Hubalek MM, Widschwendter A, Erdel M, Gschwendtner A, Fiegl HM, Muller HM, Goebel G, 
Mueller-Holzner E, Marth C, Spruck CH, Reed SI, Widschwendter M. Cyclin E dysregulation and 
chromosomal instability in endometrial cancer. Oncogene. 2004; 23:187–92.

43. Suzuki A, Hayashida M, Ito T, Kawano H, Nakano T, Miura M, Akahane K, Shiraki K. Survivin 
initiates cell cycle entry by the competitive interaction with Cdk4/p16(INK4a) and Cdk2/cyclin E 
complex activation. Oncogene. 2000; 19:225–34.

44. Prall OW, Rogan EM, Musgrove EA, Watts CK, Sutherland RL. c-Myc or cyclin D1 mimics 
estrogen effects on cyclin E-Cdk2 activation and cell cycle reentry. Mol Cell Biol. 1998; 18:499–
508. [PubMed: 9418897] 

45. Rudolph KL, Millard M, Bosenberg MW, DePinho RA. Telomere dysfunction and evolution of 
intestinal carcinoma in mice and humans. Nat Genet. 2001; 28:55–9.

46. Ju Z, Rudolph KL. Telomeres and telomerase in cancer stem cells. Eur J Cancer. 2006; 42:197–
203.

47. Landberg G, Erlanson M, Roos G, Tan EM, Casiano CA. Nuclear autoantigen p330d/CENP-F: a 
marker for cell proliferation in human malignancies. Cytometry. 1996; 25:90–8. [PubMed: 
8875058] 

48. Liu SC, Sauter ER, Clapper ML, Feldman RS, Levin L, Chen SY, Yen TJ, Ross E, Engstrom PF, 
Klein-Szanto AJ. Markers of cell proliferation in normal epithelia and dysplastic leukoplakias of 
the oral cavity. Cancer Epidemiol Biomarkers Prev. 1998; 7:597–603. [PubMed: 9681528] 

49. Erlanson M, Casiano CA, Tan EM, Lindh J, Roos G, Landberg G. Immunohistochemical analysis 
of the proliferation associated nuclear antigen CENP-F in non-Hodgkin’s lymphoma. Mod Pathol. 
1999; 12:69–74. [PubMed: 9950165] 

50. Zhou X, Wang R, Fan L, Li Y, Ma L, Yang Z, Yu W, Jing N, Zhu X. Mitosin/CENP-F as a negative 
regulator of activating transcription factor-4. J Biol Chem. 2005; 280:3973–7.

51. Ashar HR, James L, Gray K, Carr D, Black S, Armstrong L, Bishop WR, Kirschmeier P. Farnesyl 
transferase inhibitors block the farnesylation of CENP-E and CENP-F and alter the association of 
CENP-E with the microtubules. J Biol Chem. 2000; 275:30451–7. [PubMed: 10852915] 

52. Hussein D, Taylor SS. Farnesylation of Cenp-F is required for G2/M progression and degradation 
after mitosis. J Cell Sci. 2002; 115(Part 17):403–14.

53. Sebti SM, Adjei AA. Farnesyl transferase inhibitors. Semin Oncol. 2004; 31(1, Suppl 1):8–39.

54. de Bono JS, Tolcher AW, Rowinsky EK. Farnesyltransferase inhibitors and their potential in the 
treatment of breast carcinoma. Semin Oncol. 2005; 30(5, Suppl 16):9–92.

55. Johnston SR, Hickish T, Ellis P, Houston S, Kelland L, Dowsett M, Salter J, Michiels B, Perez-
Ruixo JJ, Palmer P, Howes A. Phase II study of the efficacy and tolerability of two dosing 
regimens of the farnesyl transferase inhibitor, R115777, in advanced breast cancer. J Clin Oncol. 
2003; 21:492–9.

56. Wang J, Buchholz TA, Middleton LP, Allred DC, Tucker SL, Kuerer HM, Esteva FJ, Hortobagyi 
GN, Sahin AA. Assessment of histologic features and expression of biomarkers in predicting 
pathologic response to anthracycline-based neoadjuvant chemotherapy in patients with breast 
carcinoma. Cancer. 2002; 94:107–14.

57. Nagasu T, Yoshimatsu K, Rowell C, Lewis MD, Garcia AM. Inhibition of human tumor xenograft 
growth by treatment with the farnesyl transferase inhibitor B956. Cancer Res. 1995; 55:310–4.

58. Crespo NC, Ohkanda J, Yen TJ, Hamilton AD, Sebti SM. The farnesyl transferase inhibitor, 
FTI-2153, blocks bipolar spindle formation and chromosome alignment and causes prometaphase 
accumulation during mitosis of human lung cancer cells. J Biol Chem. 2001; 276:16161–7. 
[PubMed: 11154688] 

59. Yang Z, Guo J, Chen Q, Ding C, Du J, Zhu X. Silencing mitosin induces misaligned chromosomes, 
premature chromosome decondensation before anaphase onset, and mitotic cell death. Mol Cell 
Biol. 2005; 25:4062–74. [PubMed: 15870278] 

O’Brien et al. Page 12

Int J Cancer. Author manuscript; available in PMC 2016 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



60. Holt SV, Vergnolle MA, Hussein D, Wozniak MJ, Allan VJ, Taylor SS. Silencing Cenp-F weakens 
centromeric cohesion, prevents chromosome alignment and activates the spindle checkpoint. J Cell 
Sci. 2005; 118(Part 20):889–900. [PubMed: 15713750] 

Abbreviations

BGA between group analysis

CENP-F centromere protein F

CIN chromosomal instability

ER oestrogen receptor

ERK 1/2 extracellular signal-regulated kinase 1/2

FCS foetal calf serum

FISH fluorescence in situ hybridization

GO gene ontology

Her2 human epidermal growth factor receptor 2

MMP-9 matrix metalloproteinase-9

PAI-1 plasminogen activator inhibitor 1

TMA tissue microarray

uPA urokinase plasminogen activator

VEGF-A vascular endothelial growth factor-A

VEGFR1 vascular endothelial growth factor receptor 1

VEGFR2 vascular endothelial growth factor receptor 2
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Figure 1. 
Histogram of percent classification accuracy using randomly selected training and test 

samples. BGA was applied iteratively on 96 samples that were randomly split 100 times into 

77 training and 19 test samples. The accuracy of the classification of the test samples was 

recorded at each iteration and plotted on a graph. The training and test data contained 5,000 

genes in each case.
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Figure 2. 
Heatmap of top 100 genes associated with good prognosis and the top 100 genes associated 

with poor prognosis. Each row represents a tumor and each column a gene transcript. PGR = 

the HUGO gene symbol for the progesterone receptor, ESR1 = the HUGO gene symbol for 

the oestrogen receptor. The colour bar is in a log10 scale. Tumours and genes are clustered 

according to expression levels. Hierarchical clustering analysis was performed using average 

linkage and the Euclidean distance metric.
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Figure 3. 
Kaplan-Meier analysis of (a) overall survival and (b) metastasis-free survival of 295 patients 

from the van de Vijver study. Patients are stratified on the basis of low or high CENP-F 

expression, as previously measured by DNA microarray analysis.
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Figure 4. 
Validation of the anti-CENP-F antibody using Western blotting and immunohistochemistry. 

(a) Protein extracts from T47D, SK-BR3, BT474, and MDA-MB-231 cells gave a single 

distinct band of approximately 350 kDa via Western blot analysis. (b) CENP-F was 

expressed in a proportion of cells in each of the cell lines examined by 

immunohistochemistry, in the absence of nocodazole. Syn = cells synchronised at mitosis 

using the mitotic inhibitor, nocodazole.
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Figure 5. 
A breast cancer TMA stained immunohistochemically with the anti-CENP-F antibody. 

CENP-F expression is indicated by brown staining. Nuclear staining of different intensities 

and fractions were observed only in tumor cells.
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Figure 6. 
Kaplan-Meier analysis of patients with invasive breast cancer stratified by CENP-F 

expression. (a) Overall survival of 91 patients from cohort I, (b) overall survival of 261 

patients from cohort II and (c) breast cancer-specific survival in 261 patients from cohort II. 

A cut-off point of 10% positive nuclei was used. The P values were calculated using the log-

rank test.
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TABLE I

ASSOCIATION BETWEEN CENP-F EXPRESSION IN THE VAN DE VIJVER DNA MICROARRAY 

DATASET, AND CLINICOPATHOLOGICAL PARAMETERS

Variable CENP-F (negative/low) (n = 108) CENP-F (high) (n = 63) P value (χ2 test)

Age

 Median (range) 43 (32–52) 45 (26–52)

 <Median (26–44) 49 (45) 33 (52) 0.376

 >Median (44–53) 59 (55) 30 (48)

Tumor size (mm)

 Median (range) 20 (2–0) 23 (10–2)

 T1 (1–20) 65 (60) 27 (43) 0.028

 T2 (>20) 43 (40) 36 (57)

NHG1

 1 45 (42) 6 (10) <0.001

 2 38 (35) 18 (29)

 3 25 (23) 29 (61)

Lymph-node status

 Negative 65 (60) 35 (56) 0.553

 Positive 43 (40) 28 (44)

ER status

 ER− 13 (12) 25 (40) <0.001

 ER+ 95 (88) 38 (60)

CENP-F expression levels were unchanged in 124 tumors.

1
NHG = Nottingham histological grade.
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TABLE III

ASSOCIATION BETWEEN TUMOUR BIOLOGICAL PARAMETERS AND CENP-F EXPRESSION IN 

COHORTS I AND II

Variable (n) CENP-F <10% CENP-F ≥10% p value

Cohort I

VEGF-A1 (89) 0.0702

 Low 5 (14) 3 (5.6)

 Intermediate 23 (66) 29 (53.7)

 High 7 (20) 22 (40.7)

Cyclin E3 (91) 0.0212

 Low 29 (83) 33 (59)

 High 6 (17) 23 (41)

Telomerase activity4 (86) 0.0025

 Median 0.81 3

 Range 0–54.7 0–153

Myc amplification6 (71) 0.0037

 Low 27 (96) 29 (67)

 Intermediate/High 1 (4) 14 (33)

Ploidy (85) 0.0257

 Diploid 19 (61) 19 (35)

 Aneuploid 12 (39) 35 (65)

Survivin-nuclear1 (91) 0.0017

 Negative 7 (20) 5 (9)

 <50% 22 (63) 21 (37.5)

 >50% 6 (17) 30 (53.5)

Her26 (88) 0.4232

 Grade 0–2 29 (85) 42 (78)

 Grade 3 5 (15) 12 (22)

 p53 status1 (89) 0.0952

 p53 − 27 (82) 36 (64)

 p53 + 6 (18) 20 (36)

Ki671 (89) 0.1982

 ≤10% 11 (32) 10 (18)

 >10% 23 (68) 45 (82)

Cohort II

VEGFR21 (238) 0.0017

 Neg/ Low 76 (50) 23 (26)

 Intermediate 55 (37) 44 (51)

 High 20 (13) 20 (23)

VEGF-A1 (235) 0.9597
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Variable (n) CENP-F <10% CENP-F ≥10% p value

 Neg/Low 54 (37) 35 (39)

 Intermediate 65 (44.5) 35 (39)

 High 27 (18.5) 19 (22)

VEGFR11 (275) 0.3387

 Neg/Low 28 (16) 15 (15)

 Intermediate 75 (42) 34 (35)

 High 74 (42) 49 (50)

Phospho-Ets-21 (240) 0.0017

 Negative 59 (37) 18 (18)

 Low 43 (27) 34 (35)

 Intermediate 41 (26) 24 (25)

 High 15 (10) 22 (22)

Phospho-Erk 1/21 (231) 0.1907

 Negative 66 (43) 32 (35.5)

 Low 43 (28) 17(30)

 Intermediate 29 (19) 13 (19)

 High 16 (10) 14 (15.5)

Ki671 (260) <0.0017

 ≤10% 76 (42) 15 (15)

 >10% 106 (58) 83 (85)

Values inside parentheses indicate percentages.

1
Measured by immunohistochemistry.

2
Fisher’s exact test.

3
Measured by Western blotting and densitometry.

4
Measured by the telomeric repeat amplification protocol.

5
Mann-Whitney test.

6
Measured by fluorescence in situ hybridisation.

7
Chi-square test for trend.
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