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4 Abstract 

ABSTRACT

Henna Karra

Securin, Cdc20 and Cdc27 in predicting the outcome of human breast cancer

Department of Pathology and Forensic Medicine, University of Turku, Turku, Finland 
(2015)

Deregulated proliferation has been recognized among the most important factors 
promoting breast cancer development and progression. The aim of the project is to 
gain understanding of the role of specific cell cycle regulators of metaphase-anaphase 
transition and evaluate their potential in breast cancer prognostication and treatment 
decisions. Metaphase-anaphase transition is triggered by activation of anaphase 
promoting complex (APC) which is activated by a cascade of regulatory proteins, among 
them securin, Cdc20 and Cdc27. These proteins promote the metaphase–anaphase 
transition and participate in the timely separation of the chromatids. 

This study is based on a patient material of approximately 600 breast cancer patients 
and up to 22 years of follow-up. As the main observation, based on DNA cytometric 
and immunohistochemical methods, securin, Cdc20 and Cdc27 protein expressions were 
associated with abnormal DNA content and outcome of breast cancer. In the studied 
patient material, high securin expression alone and in combination with Cdc20 and 
Cdc27 predicted up to 9.8-fold odds for aneuploid DNA content in human breast cancer. 
In Kaplan–Meier analyses, high expression of securin systematically indicated decrease 
in breast cancer survival as compared to low expression cases. The adverse effect of 
high securin expression was further strengthened by combining it with Cdc20 or Cdc27 
expressions, resulting in up to 6.8-fold risk of breast cancer death. High securin and 
Cdc20 expression was also associated with triple-negative breast cancer type with high 
statistical significance.

Securin, Cdc20 or Cdc27 have not previously been investigated in a clinically relevant 
large breast cancer patient material or in association with DNA ploidy. The present findings 
suggest that the studied proteins may serve as potential biomarkers for identification of 
aggressive course of disease and unfavourable outcome of human breast cancer, and 
that they may provide a future research aim for understanding abnormal proliferation in 
malignant disease. 
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TIIVISTELMÄ

Henna Karra

Securin, Cdc20 ja Cdc27 rintasyövän ennusteen arvioinnissa

Patologian ja oikeuslääketieteen oppiaine, Biolääketieteen laitos, Turun yliopisto, 
Turku (2015)

Hallitsematonta solunjakautumista pidetään yhtenä tärkeimpänä rintasyövän syntyä ja 
etenemistä edistävänä tekijänä. Tässä tutkimuksessa pyrittiin keräämään lisätietoa so-
lusyklin metafaasi-anafaasi-siirtymän säätelijöiden osuudesta ja merkityksestä rintasyö-
vän ennusteen arvioinnissa potilaiden hoitopäätösten tueksi. Metafaasi-anafaasi-siirty-
mä käynnistyy solunjakautumisessa anaphase promoting complex (APC) –proteiinin 
aktivoituessa laajan säätelyverkoston toiminnan seurauksena. Tähän säätelyverkostoon 
kuuluvat myös tutkimuksen kohteena olleet proteiinit, securin, Cdc20 ja Cdc27, joiden 
toiminta osaltaan edistää kromatiinimateriaalin täsmällistä ja oikea-aikaista jakautumis-
ta tytärsoluihin. 

Tämä tutkimus perustuu noin 600 rintasyöpäpotilaan aineistoon, joista oli käytettä-
vissä seurantatietoa pisimmillään 22 vuoden ajalta. Tutkimuksen keskeisimpänä ha-
vaintona todettiin DNA-sytometriaan ja immunohistokemiallisiin menetelmiin perus-
tuen securin-, Cdc20- ja Cdc27-proteiinien ilmentymän ennustavan korkeimmillaan 
9,8-kertaista poikkeavan DNA-määrän todennäköisyyttä potilaan rintasyöpäsolukossa. 
Kaplan-Meier-eloonjäämistarkasteluissa securinin korkea ilmentyminen rintasyöpäso-
lukossa liittyi systemaattisesti lyhyempään elinaikaan kuin alhainen ilmentyminen. Yh-
dessä Cdc20- ja Cdc27-proteiinien kanssa securin ennusti korkeimmillaan 6,8-kertaista 
kuolleisuutta koko potilasaineistossa. Cdc20- ja securin- proteiinien korkean ekspres-
sion perusteella voitiin myös löytää kolmoisnegatiivisia rintasyöpätapauksia, jotka tällä 
hetkellä muodostavat rintasyövän hoidollisen haasteen. 

Securin-, Cdc20- tai Cdc27-proteiinien kliinistä merkitystä ei ole aiemmin tutkittu laa-
jassa merkittävässä rintasyöpäpotilasaineistossa tai yhteydessä DNA-ploiditeettiin. Tä-
män tutkimuksen havainnot antavat viitteitä tutkittujen proteiinien käyttömahdollisuuk-
sista rintasyövän aggressiivisen taudinkulun ja epäedullisen ennusteen tunnistamisessa 
ja voivat avata lisätutkimuskohteen syöpäsolukon epänormaalin solunjakautumisen me-
kanismien ymmärtämiseen. 

Avainsanat: securin, Pttg1, Cdc20, Cdc27, rintasyöpä, ploiditeetti, ennuste
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ABBREVIATIONS

AJCC American Joint Committee of Cancer
APC anaphase promotic complex
bFGF basic fibroblast growth factor
BRCA breast cancer gene
Cdc20 cell division cycle protein 20 
Cdc27 cell division cycle protein 27
CDK cyclin dependent kinase
5cER 5c exceeding rate
16cER 16c exceeding rate
CHD1 CDC20 homologue 1
CI confidence interval
CIN chromosomal instability
CV coefficient of variation
EBCTCG Early Breast Cancer Trialists’ Collaborative Group
EGFR epidermal growth factor receptor
HE haematoxylin and eosin 
HER2 human epidermal growth factor receptor 2
HR hazard ratio
ICM image cytometry
IHC immunohistochemistry
IOD integrated optical density
ISH in situ hybridization
MYC V-Myc Avian Myelocytomatosis Viral Oncogene Homolog
NF1 neurofibromatosis type 1
NGS next generation sequencing
NIH National Institutes of Health
OR odds ratio
PBP pttg1 binding protein
PCNA proliferating cell nuclear antigen 
PTEN phosphatase and tensin homolog
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PTTG1  pituitary tumor-transforming gene 1
RT room temperature
SAC spindle assembly checkpoint
SD standard deviation
SLNB  sentinel lymph node biopsy
SNP single nucleotide polymorphisms (SNPs)
SPF S-phase fraction
STK11 serine/threonine kinase 11
TMA tissue microarray
TP53 tumor protein p53
TRBC triple-negative breast carcinoma
UICC Union for International Cancer Control 
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1. INTRODUCTION

Deregulated proliferation has been recognized as one of the most important factors 
promoting breast cancer development and progression (Hanahan and Weinberg 2011, 
Desmedt and Sotiriou 2006). Metaphase-anaphase transition during chromosome 
segregation, in turn, is one of the tightly controlled essential events in cell division 
(Nasmyth 2002). In proliferating cell, chromatin material is monitored through positive 
and negative feed-back mechanisms at numerous checkpoints which secure genetic 
stability in cell division (Molinari et al. 2000). One crucial step in this process is timing 
and control of sister chromatid separation at the spindle assembly checkpoint (SAC) with 
the aim to detain anaphase initiation until all sister chromatids are correctly attached to 
the mitotic spindle by their kinetochores (Kops et al. 2005). The key element of SAC 
is inhibition of anaphase promoting complex (APC), an ubiquitin ligase that targets 
several regulatory proteins, eg. securin and cyclin B1, for degradation when activated by 
cell division protein Cdc20 (cell-division cycle protein 20) (Peters 2006). With several 
other proteins, like Cdc27 (cell-division cycle protein 27), Mad2, separase and cohesins, 
they form a complex signalling network aiming to maintain chromosomal cohesion by 
blocking mitosis and holding up the mitotic spindle until sister chromatid segregation is 
complete (Musacchio and Salmon 2007). Disruption of this intrigue interaction can result 
in incorrect DNA content and structure and consequently influence the development, 
progression and behaviour of cancer.

The study concentrates on a cascade of regulatory proteins involving securin, cdc20 
and cdc27, which have been identified with roles in metaphase-anaphase transition of 
cell division (Vlotides et al. 2007, Zhang et al. 2013b, Izawa and Pines 2011). The 
study addresses the associations of the studied proteins with abnormal DNA content and 
prognosis of the patient material suggesting that securin alone and enforced by cdc20 
and cdc27 has potential to identify specific aggressive patient subgroups and predicts 
survival of breast cancer patients.
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2. REVIEW OF THE LITERATURE

2.1 Review of breast cancer

Invasive breast cancer is the most common malignancy among Western women with 
annual incidence rising constantly since the 1950’s. In high incidence areas, such as 
Finland, every 8th woman develops invasive breast cancer during her lifetime (www.
cancer.fi). At the same time, development of clinical diagnostic and treatment options 
has resulted in steadily improving breast cancer survival rates. Still, breast cancer 
continues to be the leading cause of cancer death among women in Finland. (Table I) 
(www.cancerregistry.fi, Finnish Cancer Registry 2014, Pukkala et al. 2011). 

Table I Summary of statistics on incidence, mortality, prevalence and survival of new breast 
cancer cases among Finnish women. The table presents most recent data on cases of invasive 
breast cancer and all female cancer cases (in brackets).

Incidence 
2014

Mortality 
2014

Time after 
diagnosis

Prevalence  
2014 Survival

New cases 4694 (14965) 882 (5629) 1 year 4555 (12261) 1-year 97% (80%)
5 year 20934 (49869) 5-year 89% (66%)

Per 100 000# 91,4 (258,9) 14,0 (74,8) 10 year 35937 (82700)
Any 61947 (145316)

* Data from: www.cancerregistry.fi and from Finnish Cancer Registry – Institute for Statistical and 
Epidemiological Cancer Research Cancer in Finland 2008 and 2009. Cancer Statistics of the National 
Institute for Health and Welfare (THL) Cancer Society of Finland. Publication No. 84, Helsinki 2011.
# Age-specific age-adjusted

2.1.1 Etiology of breast cancer

According to present understanding, breast cancer is a multifactorial disease inflicted by a 
complex network of environmental factors and genetic predisposition (Lang et al. 2015). 
The known environmental factors affecting the risk of breast cancer development include 
reproductive lifestyle, bodyweight, dietary factors, physical activity, and exogenous and 
endogenous sex hormones. The majority of the predisposing factors can be defined by 
the cumulative life-long exposure to estrogens (Lakhani et al. 2012, Shah et al. 2014). 
Increased risk of breast cancer is also associated with age, personal history of breast cancer, 
radiation, proliferative breast disease and family history (Shah et al. 2014).

Breast cancer development has been described as a consequence of accumulating sequential 
genetic alterations, including activation (e.g. amplification) of oncogenes, such as HER2 
and EGFR (Lakhani et al. 2012, Epstein et al. 2010), or inactivation of tumor suppressor 
genes, such as TP53, CHD1, STK11, PTEN or NF1 (McCubrey et al. 2014, Shah et al. 
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2014, Steelman et al. 2008, van der Groep et al. 2011, Sharif et al. 2007). A considerable 
part (20-25%) of breast carcinomas show familiar distribution (Colditz et al. 2012) but 
only 5-10% of the cases can be demonstrated with an autosomal dominant inheritance 
(van der Groep et al. 2011, Margolin et al. 2006).  Defects in two high-penetrance genes, 
BRCA1 and 2, have established their clinical value in assessing increased risk of breast 
cancer (Honrado et al. 2005, Honrado et al. 2006). This far, a large number of low-risk 
mutations have been identified with the help of genome-wide association studies (Lalloo 
and Evans 2012) and the multi-genetic nature of the disease is under intense investigation 
through several high-throughput technologies, especially next generation sequencing 
(NGS) methods, aiming at personalized diagnosis and treatment in breast cancer (Pu et al. 
2014). However, the clinical value of these mutations remains to be determined.

2.1.2 Classification of breast cancer

Traditionally, breast carcinomas have been classified into histological types according 
to their morphological characteristics. The ductal and lobular types are the two most 
common histological types comprising 40-75% and 5-15% of all invasive breast cancer 
cases, respectively. The most recent breast cancer classification by WHO recognizes 18 
different morphological types of invasive breast carcinoma, the majority of which are 
very rare (Lakhani et al. 2012).

More recently, gene expression profiling has provided a molecular basis for breast cancer 
classification (Perou et al. 2000). Hierarchical cluster analyses of genes have revealed 
new molecular categories of breast cancer, the most established being luminal A (high 
estrogen [ER] and progesterone receptor [PR] expression, sensitivity to antiestrogens, 
favourable prognosis), luminal B (low ER expression, negative PR, less responsive 
to antiestrogens, high proliferative rate in Ki-67, less favourable prognosis), HER2-
(human epidermal growth factor receptor 2, ERBB2) enriched (ER and PR negative, 
HER2 oncogene-amplification, responsive to trastuzumab), and basal-like (ER and PR 
negative, no HER2 oncogene-amplification, partly responsive to chemotherapy, high 
relapse rate and unfavourable prognosis) (Sorlie et al. 2001, Sorlie et al. 2003, Sotiriou 
et al. 2009). Basal-like carcinoma has an approximately 80% overlap between triple 
negative breast carcinomas but also other molecular subtypes display triple negative 
phenotype (e.g. claudin-low and molecular apocrine cancers) (Sorlie et al. 2001, Sorlie 
et al. 2003). Recently, the molecular triple-negative category has been divided into six 
further subtypes (basal-like 1 and 2, immunomodulatory, mesenchymal, mesenchymal 
stem-like and luminal androgen receptor subtype) (Lehmann et al. 2011). Also, apocrine 
(Farmer et al. 2005), claudin-low (Prat et al. 2010) and interferon-rich (Hu et al. 2006) 
molecular subtypes have been identified. The lack of standardization and reproducibility 
of the different intrinsic subtypes has been addressed by the development of PAM50, 
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a 50-gene set which allocates cases of invasive carcinoma into luminal A, luminal B, 
HER2-enriched and basal-like subgroups (Parker et al. 2009). 

The use of the molecular subclassification is grounded by the observed significant survival 
difference between the intrinsic subtypes (Sorlie et al. 2001, Sorlie et al. 2003) but limited 
by relatively high costs and availability of the necessary methodology. Therefore, the 12th 
St Gallen International Breast Cancer Conference (2011) Expert Panel adopted for practical 
purposes surrogate intrinsic subtypes which may be approximated based on the expression 
of ER and PR, and HER2-amplification. However, the St Gallen Expert Panel did not 
support incorporation of tests for cytokeratin 5/6 or epidermal growth factor receptor for the 
determination of ‘basal-like’ tumors. Although classification based on molecular signatures 
has somewhat improved risk prediction of breast carcinomas, the genomic alterations and 
therapeutic implications of these subtypes have yet not been fully established.

2.1.3 Treatment of breast cancer

Commonly adopted treatment decisions of breast cancer are based on a consensus between 
experts of breast surgery, oncoplastic surgery, oncology, radiology and histopathology 
in a clinical meeting. The standard treatments for breast cancer include surgery, anti-
hormonal therapy, anti-HER2 therapy, radiation therapy and cytotoxic chemotherapy. 
Treatment for each individual patient is based on the established predictive and prognostic 
parameters of breast cancer, as presented later. 

Breast conserving surgery is the preferred surgical treatment and mastectomy indicated 
only in case of multicentric tumour, inflammatory breast cancer or reasons related to 
inability to receive radiation therapy (Early Breast Cancer Trialists’ Collaborative Group 
2005, Kaufmann et al. 2010). Negative surgical margins are a hallmark for successful 
local control of breast cancer. However, the definition of a negative margin is under 
considerable debate (Houssami et al. 2010).

Assessment of the regional lymph node status is an essential part of breast cancer 
treatment. In the last decade, sentinel lymph node biopsy (SLNB) has for the most part 
replaced the conventional axillary lymph node evacuation. Presently, sentinel node 
biopsy is the standard of care for patients with clinically negative axilla. According to 
the 13th St Gallen (Switzerland) Conference on the Primary Therapy of Early Breast 
Cancer in 2011 (Goldhirsch et al. 2011) axillary dissection could safely be omitted in 
cases with one or two positive sentinel nodes following breast-conserving surgery when 
whole breast radiation therapy is planned.

The selection of patients for chemoendocrine therapy, for the major part, applies classification 
principles based on recent molecular pathological understanding of the disease (EBCTCG 



 Review of the Literature 15

2005, Reis-Filho and Pusztai 2011). The 13th St Gallen Conference summarized new 
treatment selection criteria for the chemoendocrine management of breast cancer (Goldhirsh 
et al. 2011). Despite increasing information on surrogate definitions of intrinsic subtypes 
defined by gene expression arrays and their respective systemic treatment modalities (Tables 
II and III) treatment decisions of systemic adjuvant therapy are still, for most part, based on 
biological prognostic factors, such as hormone receptor and HER2 status. 

Presently, the main clinical challenges in breast cancer treatment are, on one hand, the 
lack of individualized prognosticators for screen-detected early breast cancer patients 
and, on the other hand, targeted therapies for patients with the aggressive triple-
negative breast cancer, ER-, PR- and HER2-negative (O’Toole et al. 2013). Despite the 
heterogeneous nature of breast cancer at the molecular level, the repertoires of systemic 
therapies available for breast cancer patients are defined on the basis of hormone 
receptors and HER2 status. For patients with triple-negative disease, the only systemic 
therapy currently available is chemotherapy. In order to develop efficient and reliable 
personalized breast cancer prognostication, prediction and treatment methods extensive 
research involving evidence from transitional studies are conducted.

Table II Surrogate definitions of intrinsic subtypes of breast cancer.*

Subtype Clinicopathologic definition
Luminal A ER and PR +

HER2 –
Ki-67 low#

Multi-gene-expression indicates low risk of recurrence¤

Luminal B ER +
HER2 –
and at least one of:

Ki-67 high#

PR – or low
Multi-gene-expression indicates high risk of recurrence¤

or
ER +
HER2 amplified
Any Ki-67
Any PR

HER2-enriched HER2 amplified
ER and PR –

“Basal-like” ER and PR –
HER2 –

* Modified from Goldhirsch et al. 2013.
# The cut-point between high and low Ki-67 varies between laboratories. A level of <14% best 
correlates with the gene-expression based definition of Luminal A breast cancer.
¤ Although neither the 21-gene recurrence score nor the 70-gene signature was designed to define 
intrinsic subtypes, research has indicated over 90% and 80% concordance with the test, respectively.
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Table III Systemic treatment recommendations.*

Subtype Therapy
Luminal A-like Endocrine therapy

Cytotoxic therapy for selected patients
Luminal B-like – HER2 negative Endocrine therapy for all patients

Cytotoxic therapy for most patients
Luminal B-like – HER2 positive Cytotoxic + HER2 + endocrine therapies
HER2 positive Cytotoxic + endocrine therapies
Triple-negative Cytotoxic therapy
Special histological types

Endocrine responsive Endocrine therapy
Endocrine non-responsive Cytotoxic therapy

* Modified from Goldhirsch et al. 2013.

2.1.4 Prognostic factors in breast cancer

Despite the ongoing advances in identifying molecular markers and genetic alterations 
in breast cancer, in routine clinical work breast cancer treatment decisions are based 
on clinical information and on the established prognosticators of breast cancer. These 
include clinicopathological parameters, such as axillary lymph node status, tumor size, 
stage, histological grade and type. In addition, ER, PR and HER2 status, and proliferation 
activity expressed as Ki-67 index are routinely assessed for each individual tumor 
(Cuzick et al. 2011). 

2.1.4.1 Clinical prognostic factors

Axillary lymph node status remains to be the most important single prognostic factor for 
breast carcinoma, the disease-specific survival decreasing with the increasing number 
of positive nodes (Marty et al. 2008). Positive lymph nodes can be seen as a marker for 
distant dissemination out of reach for surgical treatment and, therefore, a major adverse 
prognostic feature (Giuliano et al. 2011). SLNB has established its value in reducing 
breast cancer morbidity and acts as the main criteria in treatment decisions for surgical 
and oncological therapies (Ashikaga et al. 2010). Although negative lymph node status 
is a sign of very favorable prognosis in breast cancer, 10-30% of patients still develop 
distant metastases. Particularly, basal-like carcinomas may show an aggressive course of 
disease without nodal involvement (Weichmann et al. 2009). Lymphovascular invasion 
is also an adverse prognostic feature and in combination of nodal metastasis predicts a 
worse outcome that either features alone (Lee et al. 2010).

Axillary lymph node status and tumor size (Angele et al. 2004) are among the most 
powerful established prognostic factors in breast cancer and part of the TNM staging 
system, the gold standard of breast cancer prognostication managed by the American 
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Joint Committee of Cancer (AJCC)/Union for International Cancer Control (UICC) 
(Edge and Byrd 2010). Especially, the combination of node-negativity and tumor 
diameter smaller than 1.0 cm indicated a 10-year disease-free survival rate of about 90% 
(Seidman et al. 1995, Fitzgibbons et al. 1999).

Young age appears to be an independent risk factor for breast cancer recurrence and 
death. Also, recent reports suggest that probabilities for distant disease spread are higher 
for women aged 25-39 (Johnsson et al. 2013). Partly, the more sinister course of disease 
among young breast cancer patients may be explained by delays in diagnosis, but recent 
research also suggests that young women are more likely to develop more aggressive 
subtypes of breast cancer with unique biologic features (Johnsson et al. 2013, Freedman 
and Partridge 2013). The influence of pregnancy and lactation on breast cancer prognosis 
appears to be controversial (Krishna and Lindsay 2013). There is increasing evidence that 
unfavorable prognosis may also be related to postmenopausal status, especially among 
women with overweight and excessive alcohol consumption (Rodenhiser et al. 2011). 
In summary, age and pregnancy may independently influence breast cancer outcomes, 
although the effects seem to vary within tumor subtypes (Arvold et al. 2011). 

2.1.4.2 Histopathological prognostic factors

Invasive breast carcinomas are routinely graded based on assessment of the extent of 
tubule formation and nuclear atypia, and mitotic count (Elston and Ellis 1991, Lakhani 
et al. 2012). Clear association of histological grade with breast cancer survival has been 
reported in many studies (Henson et al. 1991). Poorer survival related to high-grade 
cases has been verified independent of eg. lymph node status and tumor size (Lee et al. 
2010, Manie et al. 2009, Marty et al. 2008). Elston and Ellis (1991) have attempted to 
improve the objectivity and prognostic power of the histological grading by implicating 
semi-quantitative criteria for histological grade, tumor size and axillary lymph node 
status which are included in the classification Nottingham Prognostic Index (Blamey et 
al. 2007).

Hormone receptor expression plays a crucial role in the development and behavior 
of breast cancer and is part of the standard prognostication regime of invasive breast 
cancer (Hammond et al. 2010). Approximately 80% of breast carcinomas show ER 
expression and 60-70% PR expression, higher expression correlating with high cellular 
differentiation (Harvey et al. 1999, Anderson 2002). In estrogen-sensitive tissues, ER and 
PR expressions are interrelated in the way that estrogen treatment induces PR while PR, 
in turn, surrogates for functionally active ER. Estrogen is a nuclear transcription factor 
that through activation of the hormone receptor acts as a growth factor(s) mediating 
proliferation stimulus to the cell nucleus (Clarke 2003). ER is a strong predictor 
of response to adjuvant hormone therapies (Sullivan et al. 2005) and independent 
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predictors of favorable outcome of the disease (Bundred 2001, Elston and Ellis 1991). 
Gene expression profiling studies have demonstrated that ER-positive and ER-negative 
breast cancers are fundamentally different diseases, with distinct risk factors, clinical 
presentation, natural history and response to therapy (Reis-Filho et al. 2011, Gruvberger 
et al. 2001, Weigelt et al. 2010). 

The prognostic value of HER2 overexpression was first reported in 1987 and has been, 
thereafter, extensively investigated (Epstein et al. 2010). The HER2 gene is located on 
chromosome 17 and encodes a growth factor receptor on the surface of breast epithelial 
cells. HER2 gene is amplified in approximately 15% of breast carcinomas and results in 
increased protein expression. (Epstein et al. 2010). HER2 overexpression seems to be a 
weak to moderate independent predictor of breast cancer survival, but the importance of 
HER2 status lies in response of HER2 overexpressing invasive breast cancer to targeted 
treatment, such as the HER2-directed therapy (Bedard et al. 2009).

2.1.4.3 Proliferation as a prognostic factor

Proliferative activity is one of the most fundamental biological processes and has been 
recognized among the most important factors influencing breast cancer development 
and prognosis. Markers for proliferation have been extensively investigated in breast 
cancer and increased proliferation has been strongly associated with unfavorable 
outcome of disease, as evaluated by any detection method (Stuart-Harris et al. 2008, 
Baak et al. 2009, Desmedt and Sotiriou 2006, van Diest et al. 2004). Also, several 
other routine clinical prognostic factors for breast cancer are directly or indirectly 
related to proliferation. In addition, several multi-gene assays have provided prognostic 
information on proliferation-related genes (Wirapati et al. 2008). The role of individual 
genes participating in cell proliferation is under extensive investigations but, still, 
proliferation itself has remained clinically more important prognostic factor in invasive 
breast cancer (van Diest et al. 2004).

Mitotic count and immunohistochemical proliferation marker Ki-67/MIB-1 are in routine 
clinical use for breast cancer prognostication (Goldhirsch et al. 2011). Mitotic index is 
an accurate means of estimating tumor cell proliferation and included in the histologic 
grading system (Clayton 1991). Ki-67/MIB-1 is a non-histone nuclear protein expressed 
in all phases of the cell cycle except for the resting cells in G0 (Gerdes et al. 1984, Brown 
and Gatter 2002). Based on this expression profile, Ki-67 is used in histopathological 
diagnostic and prognostic evaluations to identify the fraction of dividing cells. Ki-67 is a 
predictor for high tumor grade and unfavorable outcome in malignant diseases, including 
breast cancer (Colozza et al. 2005, Stuart-Harris et al. 2008, Yerushalmi et al. 2010). 
Moreover, recent literature suggests that immunohistochemical analysis of ER, PR, HER2 
and Ki-67 expression may provide equally reliable prognostic information as the multi-
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gene signatures based on expression of proliferation-related genes (Cuzick et al. 2011). 
Several studies have also provided evidence that the combined immunohistochemical 
expression of ER and Ki-67 predicts response to neoadjuvant chemotherapy and strongly 
correlates with the outcome of breast cancer patients treated with conventional multi-
drug chemotherapy regimens (Dowsett et al. 2011). At the same time, there have been 
concerns about the lacking standardization among laboratories and the varying intra- and 
inter-observer reproducibilities in assessing Ki-67 immunohistochemistry (Dowsett et 
al. 2011, Polley et al. 2013, Varga et al. 2012). Despite the prognostic utility, routine use 
of Ki-67 is not recommended e.g. by consensus guideline panel of American Society 
of Clinical Oncology, mainly because of concerns on analytic validity (Harris et al. 
2006). An international working group has been assembled to agree the development 
and validation of Ki-67 as a prognostic and predictive marker for breast cancer patients 
(Dowsett et al. 2011).

2.1.4.4 Chromosomal instability and aneuploidy as prognostic factors

Correctly replicating and dividing the genetic material during cell proliferation is 
a tightly guarded fundamental cellular process, often distracted in malignancy. High 
rate of genetic alterations (genomic instability) is a common feature in malignant cells 
and can be present at a DNA sequence level, e.g. in microsatellite instability, or at the 
whole karyotype level leading to abnormal DNA content and aneuploidy. (Abbas et al. 
2013, Draviam et al. 2004) The term CIN (chromosomal instability) is used to describe 
a phenotype in which cell division leads to abnormally high rate of chromosome loses or 
gains causing karyotypic heterogeneity between tumor cells (Geigl et al. 2008). Abnormal 
chromosome content (aneuploidy), often as a consequence of CIN (Thompson and 
Compton 2008), is a consistent character of human solid tumors and has been suggested 
to have properties to both promote and suppress tumor formation. The mechanisms of 
aneuploidy contributing to tumor progression, however, seem to be complex and not 
completely understood. (Kops et al. 2005, Duesberg et al. 2006, Weaver and Cleveland 
2009, Silk et al. 2013, Holland and Cleveland 2009, Siegel and Amon 2012) The cause of 
CIN is postulated to be defects in the mechanisms that control chromosome segregation 
during mitosis (Kops et al. 2005, Holland and Cleveland. 2009, Draviam et al. 2004) and 
many chromosome segregation genes have shown mutated in human cancer (Draviam et 
al. 2004). It has been postulated that aneuploidy could be a consequence of CIN-promoting 
mutations and that dysregulation of the mitotic machinery could result in aneuploidy and 
cancer formation (Nowak et al. 2002, Duesberg et al. 2006). CIN is associated with 
poor prognosis in solid tumors (Carter et al. 2006), possibly reflecting increased genetic 
diversity and more efficient cell evolution leading to e.g. drug-resistance and adaptation 
to environmental stress than possible for the chromosomally stable cells (Duesberg et al. 
2000, McClelland et al. 2009, Bakhoum and Compton 2012). 
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Aneuploidy is also a common feature in breast carcinoma but according to literature the 
results on association with behavior and outcome of invasive breast cancer have been 
contradictory (Ross et al. 2003). There is, however, clear indications on the prognostic 
significance of DNA ploidy in breast cancer (Li et al. 2008, Yanagawa et al. 2012, 
Yildrim-Assaf et al. 2007, Moureau-Zabotto et al. 2005). Also CIN status of breast 
carcinoma has been shown to be a determinant of breast cancer prognosis and capable 
to stratify patients in different risk groups (Szasz et al. 2013, Habermann et al. 2009). 
Measurements of DNA ploidy, however, are rarely used in clinical practice owing to the 
technical difficulties and lack of clear therapeutic implications.

2.1.4.5 Expression profiling as a prognostic factor in breast cancer

Extensive research efforts are directed towards detecting specific gene alterations or 
changes in the expression of genes or proteins in the tumor cells in order to achieve 
personalized prognostication and treatment options for breast cancer patients. As a 
common feature, many of the newly detected associations lack clinical significance, or 
those with significant prognostic value function through already known biomarkers, such 
as proliferation markers. Therefore, few analyses have been able to provide information 
beyond that already in clinical use in treatment of breast cancer.

Some approaches of high-throughput technologies are, however, promising for 
prognostic purposes. Genome-wide analyses may detect new, previously unknown 
prognostic and predictive factors of the disease (The Cancer Genome Atlas Network 
2012, Stevens et al. 2011, Ellis et al. 2012). Micro-array analyses, in turn, have proven 
applicable for forecasting the outcome and to some extent treatment response of known 
gene expression changes. Expression signatures or “multigene predictors” are already 
in use to classify breast cancer on basis of information on expression levels achieved 
from multiple genes simultaneously (Reis-Filho and Pusztai 2011, Sotiriou and Pusztai 
2009, Kim and Paik 2010, Sorlie et al. 2003, van’t Veer et al. 2002, Paik et al. 2006, 
Wang et al. 2005, Filipits et al. 2011, van de Vijver et al. 2002). The so-called first 
generation signatures are capable of providing significant prognostic information, but 
their prognostic and predictive implications largely stem from the expression levels 
of proliferation-related genes. Also, the levels of expression of proliferation-related 
genes are only prognostic in ER-positive breast cancers, hence, their usefulness in 
ER-negative disease is minimal (Reis-Filho and Pusztai 2011, Wirapati et al. 2008). A 
single prognostic signature for all breast cancers is unlikely to be clinically useful and 
the second line of prognostic signatures for subgroups of breast cancer is emerging 
(Reis-Filho and Pusztai 2011). Several commercial multi-gene molecular assays 
deriving prognostic information also from proliferation-related genes, such as PAM50 
(Parker et al. 2009), 70-gene signature (Drukker et al. 2013) and 21-gene recurrence 
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score (Paik et al. 2006), have gained a role in breast cancer classification in some 
institutes. 

2.2 Review of the cell cycle and cell cycle control

Proliferation is a fundamental cellular phenomenon governed by a tightly regulated 
complex mechanism called the cell cycle. Cell cycle is an ordered series of events where 
cyclic production and degradation of regulatory proteins drives cell through multiple 
steps leading to replication of genome and, eventually, to production of two genetically 
identical daughter cells.  Breaking free from the cell cycle control and exhibiting 
independent cell proliferation without regulation from internal or external stimulus is 
one of the hallmarks of cancer and prerequisites for cancer development (Hanahan and 
Weinberg 2011).

2.2.1 Cell cycle

Cell cycle is composed of two molecular processes, parental chromosome duplication 
to form two identical sister chromatids (synthesis, S phase) and distribution of the sister 
chromatids into each daughter cell (mitosis, M phase). These phases are interrupted with 
intervals (resting, G1 and G2 phases) and end in the quiescent (G0) stage. When cells in 
G1 phase have passed the specific initiation point they are committed to division without 
possibility to exit the cycle. Unless chromosome replication and segregation in daughter 
cells occurs according to the exact proper order and timing, the cell division will result 
in lost or incorrect genetic information or cell death (Nurse 2002, Murray 2004, Sanchez 
and Dynlacht 2005). 

Mitosis is divided in multiple stages. First, during prophase, microtubules form the 
mitotic spindle, and chromatin condenses into chromosomes, each having two sister 
chromatids. In prometaphase, the nuclear envelope breaks down and chromosomes 
attach to their kinetochores through the microtubule framework of the mitotic spindle. 
At metaphase, the chromosomes align on an imaginary plane at the equator between the 
spindle poles and the kinetochore microtubules attach sister chromatids to opposite poles 
of the spindle. At the beginning of the anaphase, the cohesion between sister chromatids 
is released and they are synchronously separated from each other and rapidly travel to 
the opposite poles of the mitotic spindle. The kinetochore microtubules shorten and the 
spindle poles move apart as part of chromosome separation. During telophase, the last 
stage of mitosis, the actions of prophase and prometaphase are reversed, and finally after 
mitosis, cytokinesis follows (Musacchio and Salmon 2007, Nasmyth 2002, Peters 2006) 
(Fig 1).
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Figure 1. The cell cycle and phases of mitosis.

2.2.2 Cell cycle control

In normal dividing cells, high fidelity of DNA replication is achieved by a network of 
control mechanisms which ensure that the previous phase of cell cycle is fully completed 
before the next phase can proceed or, when necessary, can arrest the cell cycle at any 
specific cell-cycle checkpoint. Particularly, the DNA damage checkpoints control that the 
whole genome has been correctly replicated before entry into the M-phase (Harrison and 
Haber 2006), and the spindle assembly checkpoint (SAC) controls anaphase promoting 
complex (APC), the release of sister chromatids during metaphase and the exit from 
the mitosis (Musacchio and Salmon 2007, Murray 2011). Mutations that transform or 
inactivate the normal function of these pathways result in chromosomal rearrangements, 
abnormal chromosome content and gene expression changes contributing to malignant 
transformation (Kastan and Bartek 2004). For example, BRCA1 and 2, among their 
many roles in malignant transformation, have been suggested to participate in several 
cell-cycle checkpoints where their influence as tumor suppressors could be explained by 
their role in controlling chromosome duplication and segregation across the cell cycle 
(Venkitaraman 2014).

The path through the cell cycle is controlled by heterodimeric protein kinases comprising 
of catalytic and a regulatory subunits. The catalytic subunits, cyclin-dependent kinases 
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(CDKs), are a family of small (30-40kD) serine/threonine kinases, which are not active 
in the monomeric form. Bound to their activating regulatory cyclin subunit the CDKs, 
however, drive the whole process of cell division and act in each of the important transition 
points of cell cycle. Each CDK can function with a set of different cyclins that determine 
the proteins phosphorylated. The cyclins, on the other hand, are phase-specific, i.e. they 
can only present and function during specific phages of the cell cycle. Once activated, the 
mitotic CDKs, for example, drive the cell into mitosis by phosphorylating and activating 
hundreds of proteins to promote chromosome segregation and other events in mitosis 
(Nurse 2002, Murray 2004, Sanchez and Dynlacht 2005). Equally, cell-cycle control is 
dependent on the timely proteolysis of cyclins by an ubiquitin-dependent mechanism. 
In M phase, APC is responsible for the ubiquinylation and proteolysis of M-cyclins 
and other regulators of M-phase (Peters 2006). In all, a complex network of regulatory 
proteins function as the cell-cycle control system involving both the specific checkpoint 
pathways and an additional layer of regulation through proteins responding to various 
signals from both inside and outside the cell, ultimately, eliminating the unwanted cells 
by apoptosis.

2.2.2.1 Spindle assembly checkpoint

Cells usual spend about half of M phase in metaphase waiting for the signal to release sister 
chromatid separation and initiation of anaphase. During this period, the attachment of the 
chromosomes to the mitotic spindle is maintained by regulation of SAC (Musacchio and 
Salmon 2007, Kim and Yu 2011, Murray 2011). SAC functions by monitoring the state of 
the spindle so that any kinetochore that is not properly attached sends out a negative signal 
delaying entry to anaphase. The mechanisms of the signal generated by an unattached 
kinetochore are not clear although several proteins, like Mad2, have been suggested to 
participate in this regulation (Moyle et al. 2014). In mammalian cells, inactivation of SAC 
has shown to cause premature anaphase and result in genetic defects (Kops et al. 2005, 
Weaver and Cleveland 2006). Anti-mitotic cancer drugs, such as colchicine or cinblastine, 
that destabilize microtubules, trigger SAC leading to mitotic arrest in checkpoint-deficient 
cancer (Gascoigne and Taylor 2009, Weaver and Cleveland 2006). 

2.2.2.2 Anaphase promoting complex

After SAC activation, anaphase begins abruptly by release of the cohesion linkage that 
holds the sister chromatids together at the metaphase plate. This metaphase-anaphase 
transition is triggered by activation of APC, also called the cyclosome or APC/C. 
Human APC is a highly regulated complex composed of 14 distinct proteins composing 
a complex of at least 19 subunits with a total molecular mass of ∼1.2MD (Zhang et al. 
2013b). Functionally, APC is an ubiquitin ligase that promotes destruction of several 
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mitotic regulatory proteins. The activated APC, first, cleaves and inactivates the M-phase 
cyclin and, next, cleaves the inhibitory protein, securin. Activation of securin and 
inactivation of M-phase cyclin results in a sequence of events where a protease called 
separase cleaves a subunit of cohesion complex to release the sister chromatids which, in 
an instant, separate and move to opposite poles. (Harper et al. 2002, Peters 2006).

The activation of APC requires a catalytic protein, which also directs the substrate 
specifity of APC complex. Cell division cycle 20 protein (Cdc20) catalyzes the metaphase-
anaphase transition, and after anaphase APC swiftly switches to catalytic subunit Cdh1, 
leadin to mitotic exit. (Peters 2006). According to present knowledge, as the first phase 
of the APC activation, the synthesis of Cdc20 increases due to increased transcription of 
the gene. Next, phosphorylation of APC helps Cdc20 to bind and create an APC-Cdc20 
complex.  Activation of the APC–Cdc20 complex and degradation of securin and cyclin 
B1 then mark anaphase onset in normally regulated cell division (Schwab et al. 1997, 
Visintin et al. 1997, Irniger 2002). Cell division cycle 27 protein (cdc27) as a member 
of the APC-complex and numerous checkpoint proteins, such as Mad1, Mad2, BubR1, 
Bub1, Bub3, Mps1 and AuroraB form a complex signaling network that is suggested to 
regulate APC-Cdc20 although exact interactions and functions of the proteins are not 
completely resolved (Musacchio and Salmon 2007, Kim and Yu 2011). As literature has 
pointed out, there is a significant delay between M-Cdk activation and activation of the 
APC-Cdc20 complex, and that this is the phase where SAC takes it´s actions. The as yet 
unrevealed regulatory mechanisms taking part in suspending anaphase during this delay 
may eventually explain how anaphase is exactly regulated (Fig. 2).

2.3 Review of securin, Cdc20 and Cdc27

2.3.1 Securin

Human securin, a protein encoded by pituitary tumor transforming gene (Pttg1), 
is a multifunctional protein originally identified from rat pituitary cell lines (Pei and 
Melmed 1997). The human homolog was identified at the same time by different groups 
(Dominiguez et al. 1998, Kakar and Jennes 1999). In adult human tissue, abundant 
Pttg1 mRNA expression has been seen in testis and thymus. Weaker expression has been 
observed in colon, small intestine, placenta, spleen, brain, pancreas, breast and lung, 
while in tissues like heart, liver, skeletal muscle, kidney or ovary, no expression has been 
reported (Zhang et al. 1999, Vlotides et al. 2007). Pttg1 mRNA expression as well as 
protein expression levels are cell cycle dependent, peaking at the S-G2 transition (Zou et 
al. 1999, Vlotides et al. 2007, Yu et al. 2000a). Although transcription factors like Sp1 
and nuclear factor Y regulate the transcriptional activity of the Pttg1 promoter (Clem et 
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al. 2003, Zhou et al. 2003) and DNA damage induces p53-mediated inhibition of Pttg1 
transcription (Zhou et al. 2003), the mechanisms controlling the normal variation of 
securin transcription in proliferating cells and the pattern of dysregulation in transformed 
cells remain still largely unclear (Zhou et al. 2005, Hlubek et al.  2006).

Human securin localizes both in the cell cytoplasm and nucleus, although the ratio and 
distribution of the localization during the cell cycle are not settled (Zhang et al. 1999, 
Dominiguez et al. 1998, Saez et al. 1999, Yu et al. 2000b, Chien and Pei 2000, Stratford 
et al. 2005, Mu et al. 2003). Partly, the reported differences may be explained to different 
cellular systems or techniques used in the studies. Securin interacts with proteins 
including PTTG1 binding factor (PBF) that facilitates nuclear localization and plays an 
important role in the transcriptional activity of securin (Chien and Pei 2000). Thus, the 
localization of securin might also reflect the amount and activity of PBF (Chien and Pei 
2000, Stratford et al. 2005). 

2.3.1.1 Securin in cell division

During most of the cell cycle securin binds separase preventing its proteolytic activity 
and thus inhibiting anaphase (Waizenegger et al. 2002). In this purpose, securin 
participates in preventing cell cycle progression in metaphase-anaphase transition 
(Fig. 2). Inhibition or overexpression of securin blocks sister chromatid separation 
and results in cell cycle dysregulation (Peters 2002).  Thus, securin is one of the 
important regulators to ensure that chromosome segregation is complete before sister 
chromatid separation. When APC catalyzed by Cdc20, targets degradation of securin, 
separase is liberated to mediate degradation of the cohesin complex, and to release 
the chromatids in the beginning of anaphase (Zou et al. 1999, Zur and Brandeis 2002, 
Nasmyth 2002). During metaphase, replicated sister chromatids are held together by 
the cohesin complex, a multisubunit complex including proteins Smc1, Smc3, Scc1 
and Scc3 (Tanaka et al. 2000). In mammalian cells, the separation of chromosomes 
during mitosis is a two-step process where Scc3 subunits are first phosphorylated by 
Polo-like kinase PLK1 at prophase (Sumara et al. 2000, Hauf et al. 2005) and later, 
at the onset of anaphase, Scc1 is cleaved by separase (Uhlmann et al. 1999). Securin 
is, thus, degraded at the end of metaphase to allow properly timed sister chromatid 
separation (Zou et al. 1999). In addition, an anaphase-promoting role for securin has 
been described based on observations that securin is necessary for proper localization 
of separase during mitosis. Furthermore, separase activation is dependent on its prior 
interaction with securin (Zur and Brandeis 2002, Kumada et al. 1998, Jallepalli et al. 
2001, Jensen et al. 2001).

Also a securin independent mechanism to control sister chromatid separation has been 
suggested. This theory has been based on the observation that cultured human cells 
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and mice survive without securin (Mei et al. 2001, Wang et al. 2001). One explaining 
mechanism elaborates the phosphorylation of separase and the subsequent association 
with CDK1-cyclin B1, which appears to be sufficient for separase inhibition in X laevis 
egg extracts (Stemmann et al. 2001, Gorr et al. 2005). Thus, APC/C-cdc20 might 
contribute to separase activation also by ubiquitylating cyclin B1 and not only by 
targeting securin for degradation. Additional evidence has been provided by embryonic 
fibroblasts from Pttg1-null mice, which show shortened G, prolonged G2-M phases, and 
abnormal nuclear and chromosome morphology although the mice are viable and fertile 
with tissue-specific defects (Wang et al. 2001). An in vitro study on human colorectal 
cancer HCT116 cells showed that knockout of hPttg1, initially, resulted in a persisting 
reduction of separase and inefficient cleavage of the cohesin subunit Scc1. After a few 
passages, however, hPttg1 knockout cells became chromosomally stable and executed 
normal mitoses (Pfleghaar et al. 2005). Based on these findings, it appears that properly 
functioning securin is not mandatory for cell division although it may be critical for the 
integrity of the genome.

2.3.1.2 Other known functions of securin

Several possible functions for securin both in normal and diseased cells have been 
described in the literature. In addition to its function as separase inhibitor, securin has 
been suggested with a role in regulating the G1/S transition by acting together with Sp1 
as a transcription factor to localize the cyclin D3 promoter and driving cells towards 
S-phase (Tong et al. 2008). Furthermore, securin has been suggested to function in 
regulation of DNA damage checkpoint by blocking cell cycle progression while DNA 
damage repair takes place and, consequently, participating in maintaining chromosomal 
integrity (Romero et al. 2001). 

In vitro experiments in cell cultures have suggested that securin may also regulate 
apoptosis. The findings are, however, controversial. Securin-overexpression has been 
shown to promote apoptosis both in p53 dependent and independent manner in vitro 
(Yu et al. 2000a, b and Hamid et al. 2005). On the other hand, both in vitro and in vivo 
experiments have suggested that securin may interact with p53 in preventing its pro-
apoptotic function, thus proposing a tumorigenic role for securin (Bernal et al. 2002, 
Cho-Rok et al. 2006).

There are implications on securin having a role in the gene transcription regulation 
(Vlotides et al.  2007). The findings implicate for securin both a direct transcriptional 
activity and a role in inducing the expression of genes such as mitogenic and angiogenic 
fibroblast growth factor FGF-2 and c-myc oncoprotein (Tong et al. 2011, Boelaert et al. 
2004, Pei et al. 2001).
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Transfection experiments have also shed conflicting light on the role of securin in 
the cell proliferation since there are, on one hand, studies demonstrating that securin 
overexpression promotes proliferation (Pei 2001, Hamid et al. 2005, Heaney et al. 2002) 
and, on the other hand, that securin inhibits proliferation and accumulates cells in the 
G2/M phase (Mu et al. 2003, Yu et al. 2000a, b, Bernal et al. 2002). The results on the 
inhibitory functions of securin might well reflect the physiological role of securin as an 
anaphase inhibitor. Any definitive conclusions from the results are, however, hampered 
by the experiments applying several different cell lines and inconsistent study settings 
with varying securin expressions achieved in transfection. Also, the phosphorylation 
status of securin influences the cell proliferation, which may have caused the bias in the 
interpretation of the results, as one transfection study showed phosphorylated form to 
decrease and non-phosphorylated form to increase proliferation compared to wild-type 
securin expression (Boelaert et al. 2004).

2.3.1.3 Securin in cancer

While the complete role of securin in diseased cells is still not settled, multifactorial effects 
on proliferation, aneuploidy, apoptosis, tumour cell transformation, microenvironment 
regulation and DNA repair have been suggested (Tfelt-Hansen et al. 2006, Vlotides et al. 
2007, Salehi et al. 2008). The ability of securin to transform cells has been shown both 
in in vitro and in vivo experiments. There are implications that an important mechanism 
for securin overexpression to mediate the transforming effect is through induction of 
chromosomal instability and aneuploidy (Yu et al. 2000a, b, Jallepalli et al. 2001). In 
previous literature, securin has been detected in human malignancies originating from the 
hematopoietic system (Dominguez et al. 1998), lung (Zhang et al. 1999), kidney (Ai et al. 
2004), pancreas (Zhang et al. 2008), ovary (Panguluri et al. 2008, El-Naggar et al. 2007, 
Chen et al. 2004), esophagus (Zhang et al. 2013a, Yan et al. 2009, Zhou et al. 2005, Shibata 
et al. 2002), colorectum (Zhou et al. 2014) and prostate (Huang et al. 2012, Huang et al. 
2014). Securin overexpression has been reported to promote genetic instability in human 
cell lines (Yu et al. 2000b, Christopoulou et al. 2003, Yu et al. 2003) as well as in thyroid 
(Kim et al. 2005) and colorectal (Kim et al. 2007b) carcinomas. Both overexpression and 
the lack of securin have been suggested to compromise chromosomal stability (Jallepalli 
et al. 2001, Bernal et al. 2002, Yu et al. 2003, Kim et al. 2005, 2007a). Recently, a single 
mutation in securin gene was shown to induce chromosomal instability (CIN) (Mora-
Santos et al. 2013). Furthermore, there are studies suggesting that securin regulates the 
tumor microenviroment by induction of angiogenesis (Vlotides et al. 2007).

Based on its observed functions as, first, a regulator of cell division and initiation of genetic 
instability and, secondly, as a transactivator of growth factors, securin appears a potential 
initiator and promoter of tumorigenesis. Securin overexpression has been associated 
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with invasion, spread and metastasis of cancer cells, and the course of disease in several 
malignancies. Previously, the prognostic value of securin has reported for oesophageal 
(Shibata et al. 2002, Ito et al. 2008), thyroid (Saez et al. 2006), hepatocellular (Fujii et 
al. 2006), lung (Rehfeld et al. 2006) and colorectal (Talvinen et al. 2006) carcinomas, 
malignant melanoma (Winnepenninckx et al. 2006) and glioma (Genkai et al. 2006). 
There are, however, indications that, e.g. in squamous cell carcinoma, securin expression 
has no prognostic value or may even be a marker for favorable outcome (Ishitsuka et al. 
2013, Rehfeld et al. 2006, Mu et al. 2003). More recently, evidence has accumulated that 
abnormally expressed securin may also affect response to chemotherapeutic treatments 
for example in prostate cancer (Castilla et al. 2014).

2.3.1.4 Securin in breast cancer

According to literature, Pttg1 has been suggested with oncogenic properties (Ramaswamy 
et al. 2003, Hunter et al. 2002, Abbud et al. 2005, Chesnokova et al. 2005). Recently, it 
has also been suggested that Pttg1 is required for morphogenesis of the mammary gland 
in mice and that in the absence of Pttg1, the mammary gland epithelial cells displayed 
an altered gene expression profile which lead to increased proliferation in mammary 
epithelial cells (Hatcher et al. 2014). Consistent with the observed developmental 
defects, Pttg1-null female mice developed spontaneous mammary gland tumors. The 
authors also found a significant correlation between the PTTG1 levels and the degree of 
malignancy in human breast tumors, indicating that PTTG1 might be a tumor suppressor 
in the mammary gland (Hatcher et al. 2014).

Earlier, overexpression of securin has been reported in human malignant mammary tumour 
cell lines and tissues (Kakar and Jennes 1999, Thompson and Kakar 2005, Solbach et al. 
2004, Ogbagabriel et al. 2005). A number of studies have also demonstrated a correlation 
between securin expression and metastatic spread as well as disease recurrence in breast 
cancer (Solbach et al. 2004, Ogbagabriel et al. 2005). Furthermore, high mitotic index 
and pleomorphic phenotype has been associated to securin overexpression in breast 
cancer tissue (Solbach et al. 2004, Ogbagabriel et al. 2005). In a report on circulating 
tumor cells, securin mRNA was detected from blood of breast cancer patients (Chen et al. 
2006). Hormone stimulus has been observed to increase the expression level of MAD2 and 
securin in association with aneuploidy in p53 null mammary cells (Pati et al. 2004). Recent 
evidence has also suggested that radiation therapy might induce senescence in human breast 
cancer cells with low securin expression (Tong et al. 2011, Liao et al. 2014). Moreover, 
Pttg1 expression has been associated with aggressivity, lymph node infiltration, and distant 
metastases in breast cancer suggesting that immunohistochemical securin expression might 
be a powerful biomarker of predicting breast cancer outcome and a potential target for 
therapeutic strategy for primary and metastatic breast cancer (Grizzi et al. 2013).
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2.3.2 Cdc20

Human cell-division cycle protein 20 (Cdc20), a homolog of Saccharomyces cerevisiae 
cell division cycle 20 protein, is an essential regulator of cell division activating the APC 
(Weinstein et al. 1994, Weinstein 1997). Up to date, no thorough reports on the expression 
pattern of Cdc20 in normal human tissues are to be found in scientific literature. It has, 
however, been shown expressed in neonatal and embryonic human and rat tissues and 
placenta. Expression was also seen in proliferating adult tissues like hematopoietic tissue, 
but not in terminatelly differentiated cells like peripheral blood leucocytes. (Weinstein et 
al. 1994) Both nuclear and cytoplasmic physiological Cdc20 expression has been seen, 
and either low or negative expression has been reported in normal tissues, for example 
in the gastrointestinal (Kim et al. 2005, Wu et al. 2013), pancreatic (Chang et al. 2012) 
and squamous (Thirthagiri et al. 2007) epithelium. According to internet database most 
normal tissues are reported negative (www.proteinatlas.org).

2.3.2.1 Cdc20 in cell division

Cdc20, as an integral part of SAC, monitors the integrity of the genome ensuring that 
anaphase proceeds only when the centromeres of all sister chromatids are lined up in 
the metaphase plate and properly attached to microtubules (Fang et al. 1998) (Fig. 2). 
In this, Cdc20 functions in collaboration with APC. Dysregulation of APC by abnormal 
expression or dysfunction of Cdc20 may, therefore, induce premature anaphase resulting in 
aneuploidy (Rajagopalan and Lengauer 2004). Cdc20 is synthesized already during S- and 
G2- phases, but Cdc20 activation of APC occurs only in mitosis through phosphorylation 
of specific APC subunits by M-Cdk/Cdk1-cyclinB1 (Kraft et al. 2005). Also evidence 
from HeLa cells shows that Cdc20 protein level and APC-Cdc20 binding peaks in mitosis 
and decreases rapidly in early G1 phase (Weinstein et al. 1994, Chang et al. 2012). 

Cdc20 is regulated by two spindle checkpoint proteins, Mad2 and BubR1, which inhibit 
its activity until all kinetochores achieve a bipolar attachment (Bardin and Amon 2001). 
In mitosis, active Cdc20 together with Cdh1 (Cdc20 homologue 1) sequentially binds to 
APC (Kramer et al. 2000, Kraft et al. 2005, Yang et al. 2014), which leads to securin and 
cyclin B1 degradation (Zur and Brandeis 2002). Cdc20 is active from metaphase through 
anaphase to promote separation of sister chromatids, while Cdh1 is active from the end 
of mitosis until the G1-to-S transition to prevent premature entry into S phase. However, 
the exact mechanisms explaining their functions are not settled, but it is believed that 
they enable the APC to bind to its specific substrates (Izawa and Pines 2011, Peters 
2006, Kraft et al. 2005). At metaphase/anaphase transition through securin degradation, 
APC-Cdc20 complex activates separase which initiates break down of the cohesion 
between sister chromatids (Nasmyth 2002). Cdc20 is also needed for the exit from 
mitosis (Schwab et al. 1997, Visintin et al. 1997, Lim et al. 1998). Active APC-Cdc20 
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leads to cyclin B1 degradation, Cdk1 inactivation and activating subunit switch from 
Cdc20 to Cdh1 which, in turn, leads to Cdc20 degradation and, ultimately, to mitotic exit 
(Yang et al. 2014). Experimentally, the role of Cdc20 in sister chromatid separation has 
been demonstrated in Cdc20-depleted mice whose embryos were arrested in metaphase 
at the two-cell stage with high levels of cyclin B1 and securin (Li et al. 2007b). In an 
experiment involving Cdc20 and securin double mutant embryo, metaphase was not 
arrested but the loss of securin could not rescue the embryos from Cdc20 deficiency-
induced lethality (Li and Yang 2007a).

2.3.2.2 Cdc20 in cancer

High cdc20 expression has been reported in several human cancer cell lines and tissues, 
where a number of studies have linked Cdc20 dysfunction to checkpoint defects, 
chromosomal instability and aneuploidy (Kim et al. 2005, Iacomino et al. 2006, Thirthagiri 
et al. 2007, Yuan et al. 2006, Jiang et al. 2011, Chang et al. 2012, Ouellet et al. 2006, 
Kidokoro et al. 2008, Jiang et al. 2011). In malignant disease, high Cdc20 expression has 
been linked to poor prognosis in cervical squamous cell carcinomas (Kim et al. 2014), 
hepatocellular carcinoma (Li et al. 2014), gastric carcinoma (Ding et al. 2014), lung (Kato 
et al. 2012), oral squamous cell (Moura et al. 2013), bladder (Choi et al. 2013), colon 
(Wu et al. 2013) and pancreatic (Chang et al. 2012) carcinomas. Recently, it has also 
been suggested that depleting endogenous Cdc20 suppresses tumorigenesis by triggering 
mitotic arrest and subsequent apoptosis (Wan et al. 2014). Cdc20 overexpression has 
also been associated with inappropriately functioning SAC and aneuploidization in oral 
cancer (Mondal et al. 2007). The function of Cdc20 in tumorigenesis and progression of 
malignant disease has been elaborated in in vitro experiments with mice carrying a mutated 
Cdc20 incabable in interaction with Mad2. The results suggest that mutant, SAC inhibition 
resistant, Cdc20 promotes tumor progression, providing direct evidence for the role of 
cdc20 in tumourigenesis (Li et al. 2009). Vice versa, knockdown of Cdc20 expression 
has resulted in growth suppression of tumour cells (Kidokoro et al. 2008, Taniguchi et 
al. 2008). Studies with siRNA have provided further evidence for the role of Cdc20 in 
tumor progression, while treatment with siRNA against Cdc20 has been shown to induce 
G2/M arrest and to suppress cell growth (Kidokoro et al. 2008, Taniguchi et al.  2008). 
Consequently, controlling Cdc20 has also been suggested a potential therapeutic strategy 
for cancer (Kim et al. 2014, Wang et al. 2013).

2.3.2.3 Cdc20 in breast cancer

While increased levels of Cdc20 have been observed in several human malignancies, 
little information is available on Cdc20 in breast cancer. In breast cancer cells down 
regulation of Cdc20 expression has been associated with inhibition of cell proliferation 
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in vitro (Jiang et al. 2011, 2012). Cdc20 was found overexpressed in cDNA microarray 
analyses based on a large set of human malignancies, including breast cancer (Kidokoro 
et al. 2008). In this study, Cdc20 expression was reported increased more than three-
fold in 44% of all examined cancer tissues and in 60% of the breast cancer tissues, 
providing evidence that Cdc20 overexpression may have a role in the tumorigenesis of 
breast cancer (Kidokoro et al. 2008). 

2.3.3 Cdc27

Cell division cycle protein 27, Cdc27, is one of the core components of APC responsible 
for destroying proteins involved in mitosis (Izawa and Pines 2011). According to 
internet databases, Cdc27 is expressed comprehensively in normal tissues, expression 
being particularly strong in the gastrointestinal tract, pancreas and gall bladder, uterine 
cervix, skin, lymph nodes, endocrine glands and bronchus (www.proteinatlas.org). In 
mammalian cells, Cdc27 has been reported to be expressed in the nucleus, where it 
predominantly localizes at centrosomes of interphase cells, spindle poles, spindle 
microtubules, kinetochores and along chromosome arms in mitotic cells (Tugendreich et 
al. 1995, Topper et al. 2002).

2.3.3.1 Cdc27 in cell division

Cdc27 has shown to contribute to the interactions between the mitotic checkpoint 
proteins, especially the substrates and co-activators of APC, thus, with a role in the 
timing of mitosis (Peters 2006, Izawa and Pines 2011) (Fig. 2). Phosphorylation of 
Cdc27 has been suggested one of the mechanisms by which the spindle checkpoint 
may regulate APC activity at mitosis (Topper et al. 2002). According to King and 
co-workers (1995), phosphorylation of Cdc27 serves as an important mechanism for 
activation of APC determining the affinity between APC and its substrate specificity 
activators, Cdc20 or Cdh1 and, thus, ensuring the activation of APC to destroy anaphase 
inhibitors and permitting chromatid separation (King et al. 1995). According to Kraft 
and coworkers (2005), under CDK-mediated phosphorylation, Cdh1 dissociates from 
Cdc27 which results in the inactivation of APC/C ubiquitin ligase. Particularly, TGF-
β-induced phosphorylation of Cdc27 might be a mechanism that enhances APC to 
communicate with its activator Cdh1 (Zhang et al. 2011). Cdc27 is also suggested to 
catalyze the formation of cyclin B-ubiquitin conjugate, responsible for the ubiquitin-
mediated proteolysis of B-type cyclins. According to Topper and coworkers (2002), 
microinjection of anti-Cdc27 antibody into cells resulted in arrest at metaphase. Co-
injection of anti-Cdc27 antibody with anti-Mad2 antibody was also shown to result in 
metaphase arrest, without premature anaphase onset normally induced by anti-Mad2 
antibody.
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Figure 2. Metaphase-anaphase regulation with securin, Cdc20 and Cdc27.

2.3.3.2 Cdc27 in cancer

Published research on Cdc27 in cancer is very sparse and mostly composed of reports 
on the structural studies in relation to APC functions. On genetic level, though, Cdc27 
has been reported with significant mutations in prostatic adenocarcinoma (Lindberg et 
al. 2013) and non-small cell lung carcinoma (Zhang et al. 2014). However, in literature 
there are no previous reports on protein expression patterns or prognostic associations 
of Cdc27 in human breast or other types of cancer. Cdc27 has been shown to be down-
regulated in several breast carcinoma cell lines, suggesting that Cdc27 might have tumor 
suppressor qualities (Pawar et al. 2010). In addition, cdc27 has been shown one of the 
genes showing germline polymorphism associated with high grade breast cancer risk 
(Stevens et al. 2011). 

Cdc27 has been proposed with a role in radiation therapy response, as down-regulation 
of Cdc27 was one of the gene expression changes predicting poor treatment response in 
cervix carcinomas (Rajkumar et al. 2005). 
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3. AIMS OF THE STUDY

The focus of this thesis is in the role of securin, Cdc20 and Cdc27, a cascade of 
metaphase-anaphase regulators, in human breast cancer. The protein expression of 
the regulators is detected with the help of immunohistochemistry and associations are 
identified in relation to DNA content and disease survival in a set of a maximum of 772 
patients with up to 22 years of follow-up. In previous literature, the prognostic value of 
the studied proteins is largely unrevealed, with contradictory observations concerning 
the cellular and subcellular expression, and association to ploidy and outcome in human 
malignancies, including breast cancer. 

The specific aims of this thesis are:

1. To characterize the protein expression of securin, Cdc20 and Cdc27 in human 
breast cancer. (I-IV)

2. To evaluate the associations of securin, Cdc20 and Cdc27 to DNA content in 
human breast cancer. (I-IV)

3. To evaluate the prognostic impact of securin, Cdc20 and Cdc27 in breast cancer 
patients. (I-IV).
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4. MATERIALS AND METHODS

4.1 Patients and tissue material

4.1.1 Patients 

Studies I – IV are based on a material comprising a total of 772 unselected patients 
diagnosed with invasive breast cancer between 1987-1998 in Jyväskylä Central Hospital, 
Jyväskylä, Finland. However, in the beginning of the project (Study I) only part of the 
material (n = 310) was collected and available. Also in Studies II – IV the number of 
patients varied considerably due to material lost during tissue processing, as explained 
later. The patients involved in each of the studies are summarized in Table IV.

The treatment of all patients was performed according to the international guidelines 
for breast cancer management at the time of diagnosis (Goldhirsch et al. 2009). The 
treatment included surgical resection or mastectomy with axillary evacuation, radiation 
and/or adjuvant treatment with anti-estrogenic or cytostatic drugs depending on patient’s 
age, hormone receptor and lymph node status. No preoperative adjuvant treatment was 
administered. Clinical and follow-up data were available from patient files. Causes 
of death were collected from autopsy reports, death sertificates and from the Finnish 
Cancer Registry. Mean follow-up time in the whole patient material was 10.2 years (SD 
5.8; maximum 22.4 years). Summary of survival information is presented in Table IV. 

The clinico-pathological data of the material was collected according to the criteria 
presented by WHO (Lakhani and International Agency for Research on Cancer, World 
Health Organization, 2012). In addition, intrinsic breast cancer classification for the 
genetically identified breast cancer subtypes (Perou et al. 2000, Sorlie et al. 2001, 
Sotiriou et al. 2009) was performed as approximations recommended by the 12th St 
Gallen International Breast Cancer Conference Expert Panel (Hammond et al. 2010, 
Goldhirsch et al. 2011).

The presented studies have the approval of the Ethical Committee of Turku University 
Hospital, or Jyväskylä Central Hospital, and the National Authority for Medicolegal 
Affairs. The research was carried out in accordance with the Helsinki Declaration.

4.1.2 Tissue materials

Two types of tissue materials were applied in the studies. All studies (I – IV) involved 
archieval material of breast cancer blocks. In addition, studies II, III and IV included 
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fresh breast cancer material prepared as cell imprints. Both types of tissue materials were 
obtained from the Department of Pathology, Jyväskylä Central Hospital, Jyväskylä, 
Finland.

Archieval material processing was performed according to standard histopathology 
practice, i.e. fixation in buffered formalin (pH 7.0) and embedding in paraffin. TMA’s 
were prepared from the paraffin block of each patient’s breast cancer tissue and arranged 
into sets of 128 – 312 cores on each histological slide as presented by Kononen et al. 
(1998). In preparing the TMAs, special attention was placed on verification of the primary 
diagnosis and histological classification of the carcinomas. After identifying in HE 
stained slides the most representative tumor areas in the histological section, two tissue 
punches (diameter 0.6 mm; minimum height 5 mm) from each tumor were taken: the first 
core from the central tumor area, and the second core from the peripheral, theoretically 
most proliferative front of the tumor. From the total of 1544 cores representing 772 
breast cancers, 119-293 cases were excluded because of inadequate tissue material in 
studies I - IV.

Cell imprints were prepared for image cytometry from fresh tissue material from a total 
of 331 breast cancer cases. The imprints were prepared by applying a freshly cut surface 
of the tumor on a glass slide, as described by Rosai et al. (2007). Simultaneously, a 
consecutive section of the tumor was taken and prepared for histological confirmation 
on H&E staining. 

4.2 Methods

4.2.1 Immunohistochemistry

4.2.1.1 Immunohistochemical procedure

For immunohistochemistry of the TMAs, 3 µm-thick sections were cut from the blocks 
and treated according to standard immunohistochemistry procedure at the time of the 
study in the Department of Pathology, Turku University Hospital, Turku, Finland. 
Summary of antibodies and the applied immunohistochemical staining methods 
for securin, Cdc20 and Cdc27 are presented in Table IV. In short, after manually 
performed deparafinization, antigen retrieval was performed for securin and Cdc27 
with citrate buffer pH 6 for 10-14 min in a microwave oven. After that the automated 
staining technology of LabVision Autostainer 480 (Thermo Fisher Scientific, Fremont, 
CA, USA) was used for antigen detection. Optimally diluted monoclonal antibodies 
(Abcam, Cambridge, UK) were incubated for 1h at RT with Power Vision detection 
kit (HRP conjugated polymeric secondary antibody and DAB chromogen). For Cdc20 
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antibody (Nordic BioSite AB, Täby, Sweden), fully automated staining technology of 
BenchMark XT (Roche Diagnostics/Ventana Medical Systems, Tucson, AZ, USA) was 
used. Deparafinization, antigen retrieval (heated in CC1-buffer for 60 min), incubation 
with optimally diluted primary antibody (32 min at 37 C) and detection with UltraVIew 
Universal DAB Detection Kit (HRP conjugate multimeric secondary antibody and DAB 
chromogen) were all performed on the platform.

Table IV Summary of patients and staining methods in Studies I-IV.

Studies
I II III IV

Patients
Total 310 603 429 445
IHC 310 603 429 445
ICM 0 331 229 229

IHC stainings
Antibody Securin Securin Cdc27 Cdc20
Type Monoclonal Monoclonal Monoclonal Polyclonal
Clone DCS-280 DCS-280 AF3.1 Q105
Source Abcam Abcam Abcam Abcam
Dilution 1:50 1:50 1:12000 1:100
Antigen retrieval MW* pH 6 MW* pH 6 MW* pH 6 sCC1**
Incubation 1h RT*** 1h RT*** 1h RT*** 32min 37C

Detection Automated# Automated# Automated# Automated##

* Micro-wave, citrate-buffer
** Standard CC1 pretreatment buffer (performed on platform)
*** Room temperature
# Labvision Autostainer, Thermo Fisher Scientific, Fremont CA USA. PowerVision + Poly. HRP 
IHC kit, Immunovision Technologies, Vision BioSystems, Norwell MA USA
## BenchMark XT, Roche Diagnostics/Ventana Medical Systems, Tucson AZ USA. UltraView 
Universal DAB Detection Kit, Roche Diagnostics/Ventana Medical Systems, Tucson AZ USA

Immunohistochemical stainings for the established prognosticators of breast cancer 
were performed as part of the clinical immunohistochemical routine of the Departments 
of Pathology, Turku University Hospital, Turku, Finland. Summary of antibodies and 
the applied immunohistochemical staining methods is presented in Table V. In short, 
ER, PR, HER2 and Ki-67 immunostainings were performed using the fully automated 
immunostaining machine BenchMark XT (Roche Diagnostics/Ventana Medical Systems, 
Tucson, AZ, USA). Antigen retrieval and incubation times with ready-to-use antibodies 
were optimized for UltraView Universal DAB Detection Kit. 
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Table V Details for the used immunohistochemical methods for ER, PR, HER2 and Ki-67 
stainings.

Antibody Clone Source Dilution
Antigen 
retrieval Incubation Detection

ER SP1 Roche RTU* sCC1# 24 min 37C automated¤

PR 1E2 Roche RTU sCC1 32 min 37C automated¤

HER2 4B5 Roche RTU sCC1 24 min 37C automated¤

Ki-67 30-9 Roche RTU sCC1 12 min 37C automated¤

* Ready-to-use
# Standard CC1 pretreatment buffer
¤ BenchMark XT, Roche Diagnostics/Ventana Medical Systems, Tucson, AZ, USA

Each experiment included negative controls where the primary antibody was omitted 
or substituted with an appropriate preimmune serum. With LabVision Autostainer 480 
it was also possible to include negative controls where the secondary antibody was 
omitted. In case of ER, PR, Ki-67 and HER2 immunostainings positive controls were 
adopted from immunohistochemical routine procedure at the department.

4.2.1.2 Interpretation of immunohistochemistry

Securin, Cdc27 and Cdc20 immunopositivities were registered as positively stained cancer 
cell nuclei and/or cytoplasm. For each antibody, immunohistochemical expressions were 
evaluated in each tissue core as a fraction (%) of positively stained cancer cells. This 
fraction was calculated as an average of sets of 100 cancer cells (minimum of 100 cells, 
maximum of three sets of 100 cells). Tissue cores presenting fewer than 100 invasive 
cancer cells were excluded from the study. 

The interpretation of securin immunostaining was preceded by a training session 
between at least two independent observers in order to achieve optimal standardization 
for the evaluation. During the training session, cases with over 5% difference between 
the two observers’ registered immunopositivities were considered contradictory. These 
cases were revisited and settled as a consensus between the observers. After the training 
session, one observer performed the final evaluation of all cases. Interpretation of Cdc20 
and Cdc27 immunostainings were also performed after training sessions between two 
observers.

Interpretations of ER, PR, HER2 and Ki-67 immunostainings were performed according 
to generally accepted international guidelines at the time of the study (Wolff et al. 2007, 
Wolff et al. 2013, Hammond et al. 2010).
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4.2.2 Image cytometry analysis

4.2.2.1 Image cytometry procedure

For image cytometric analysis, the cell imprints were stained according to Feulgen (CAS 
DNA Staining Kit, Becton Dickinson Cellular Imaging Systems, Elmhurst, IL, USA) and 
analysed by determining the DNA content of each tumour quantitatively as the intensity 
of nuclear staining in light microscopy. Intensity of the nuclear staining is considered 
quantitatively proportional to the DNA content. The measurement of nuclear DNA content 
of the cancer cells was performed with the CAS 200 Image Analysis System (Cell Analysis 
Systems, Elmhurst, IL, USA), which automatically selects the cells enabling their visual 
control. Calibration and biological reference of the image analysis system was based 
on internal control of diploid cells and external control of rat tetraploid hepatocytes. An 
average of 184 (SD 58, range 35–350) non-overlapping and well-preserved cancer cells 
were analyzed in each specimen with quantitative DNA analysis software. 

4.2.2.2 Interpretation of image cytometry

To begin the analysis, the integrated optical density (IOD) of the calibration cells was 
measured. Thereafter, the software calibrated the system by using the modal peak value of 
the IOD of the control cells. Often the analyzed tumor sample also contained benign diploid 
cells, which served as internal controls. Calibration was performed at the beginning of 
every measurement. Separate peaks were visually identified from the DNA histograms. For 
each imprint, mean, SD and coefficient of variation (CV) values of the visually identified 
peaks and calibration CV were determined to control the quality of the measurements. 

Figure 3 summarizes examples of different types of histograms. Peaks with a DNA index 
between 1.6c and 2.4c were considered to represent diploid cell populations, whereas 
peaks between 3.6c and 4.4c were classified as tetraploid cell populations. Peaks outside 
these ranges were considered to represent aneuploid cell populations. In the first phase, 
the histograms were divided into diploid, tetraploid and aneuploid. Diploid cases showed 
only a G 0 / G 1 (2c) peak, and the number of cells in the G 2 (4c) peak did not exceed 
10%. If the number of cells in the tetraploid or near-tetraploid (4c) peak exceeded 10% 
of the cells, the case was considered to be tetraploid. Cases with peaks outside these 
ranges were classified as aneuploid (>10% of the total amount of cells). Particularly 
aneuploid cases were further described by identifying cases harboring >5% of cancer 
cells with DNA content exceeding 5c [5c exceeding rate (5cER)]) and cases that showed 
cells with over 16c DNA content [16c exceeding rate (16cER)], considered to represent 
aneuploidy and high aneuploidy, respectively. Finally, the fraction of cells in S-phase 
(S-phase fraction, SPF) was evaluated separately for proliferating diploid and non-
diploid cell populations.
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Figure 3. Examples of different types of 
histograms from DNA cytometry. Peaks 
with a DNA index between 1.6c and 2.4c 
were considered to represent diploid cell 
populations (A), whereas peaks between 
3.6c and 4.4c were classified as tetraploid 
populations (B). Peaks outside these ranges 
were considered to represent aneuploid cell 
popuilations (C).

4.2.3 In situ hybridization

Interpretation of both HER2 immunohistochemistry and in situ hybridisation was 
performed according to generally accepted international guidelines (Wolff et al. 2007). 
Cases showing immunohistochemical HER2-positivity (2+ and 3+) were allocated into 
confirmation of amplification with the help of HER2/Chr17 double in situ hybridisation 
(BenchMark XT, Roche/Ventana, AZ, USA) using Ventana HER2 DNA probe and 
Inform Chromosome 17 probe (Roche/Ventana, AZ, USA) and detecting with ultraView 
SISH and Alkaline Prosphatase Red ISH detection kits (Roche/Ventana, Tucson, AZ, 
USA). Briefly, ISH Protease 3 (Roche/Ventana, Tucson, AZ, USA) for 8 min was used 
as a pretreatment step, and HER2 hybridisation was performed at 52˚C for 6 h and Chr17 
hybridisation at 44˚C for 2 h.

4.2.4 Statistical analysis

4.2.4.1 Consistency of immunohistochemistry

Immunohistochemical interpretations showed two variation sources: variation between 
the two tissue cores on the TMAs representing different areas of the tumours (I) and 
variation between the different independent observers of immunohistochemistry (II). 
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Study I addresses the variation between evaluations of securin immunostaining in the 
TMAs comparing results from the two punched cores, the central core and the peripheral 
core from each tumour. Using intraclass correlation coefficient (ICC), McNemar’s test 
for marginal homogeneity and kappa test a moderate consistency could be statistically 
shown between the results from the two tissue cores (ICC 0.737, P = 0.63 and ĸ = 0.59, 
respectively). On this basis, the consistency between the pair of tissue cores from each 
tumour were considered acceptable which allowed applying for final prognostic purposes 
either the mean of the results of two cores (65% of cases) or a single observation, in case 
of only one core representative of cancer cells. In Studies II, III and IV the highest score 
from the tissue cores of each tumor was chosen for statistical analysis.

The issue of intra- and interobserver reproducibility was examined in Study II with 
the help of a training session where two independent observers evaluated securin 
immunopositivity in the TMAs. In this paper, ICCs were calculated between 27 randomly 
chosen tissue cores as repeated observations of one observer, and as independent 
observations made by two observers. The resulting high reproducibilities (intraobserver 
0.95 and interobserver 0.87) allowed applying, in the final analyses, one single evaluation 
from each patient’s tumour.

4.2.4.2 Determination of cut-off values for prognostic evaluations

Cut-off values for prognostic analyses were determined on the basis of previous 
literature (Talvinen et al. 2008) and three statistical approaches involving receiver 
operating characteristics analysis (I), descriptive statistical characteristics of the material 
(II) and observed prognostic associations (II, III, IV). The cut-off points for securin 
were set at 1.5% (I) and 10% (I – IV) of positive cancer cells and for Cdc27 at 10% 
of cancer cells. Cdc20 (IV) was allocated into four expression groups on basis of the 
immunohistochemical staining properties. Based on the observed prognostic associations 
division in two groups was used in final analyses.  

4.2.4.3 Prognostic associations 

Survival analysis was performed to investigate the prognostic value of securin, 
Cdc27 and Cdc20 in relation to the features of DNA content (ploidy, 5cER, 16cER, 
and SFP) and the established prognosticators of breast cancer. For survival analyses 
patients were allocated into low-level and high-level expression groups according to the 
observed securin, Cdc27 and Cdc20 expression. In univariate analyses, the cumulative 
percentages of breast cancer-specific mortality were estimated using the Kaplan-Meier 
technique and the differences between categorized values were tested using the log-
rank test. Differences between categories were quantified by calculating hazard ratios 
(HRs) with 95% confidence intervals (95% CIs) using Cox’s proportional hazards 
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models. Associations between securin, Cdc27 and Cdc20 immunopositivity, features 
of DNA content and the established prognosticators of breast cancer were analysed by 
Fisher’s exact and Wilcoxon rank sum tests, and the results were quantified as odds 
ratios with 95% CIs. Cox’s regression analysis was applied to involve in the analyses the 
established prognosticators of breast cancer. Patients with missing data were forced to 
exclude from the analyses. The validity of proportional hazards assumption was assessed 
both visually and numerically, and no marked deviation for assumptions were observed. 
P-values less than 0.05 were considered statistically significant. Kaplan-Meier survival 
plots were generated using R 2.15.0. The statistical computations were performed using 
SAS Systems for Windows, Version 9.1.3, 9.2. or 9.3. and SAS Enterprise Guide 4.1. 
(SAS Institute Inc., Cary, NC).



42 Results 

5. RESULTS

5.1 Immunohistochemical expression patterns of securin, Cdc20 and 
Cdc27 in human breast cancer (I-IV)

Photomicrographs in Figure 4 present representative examples of the extent and 
localization of the studied immunohistochemical expressions for breast carcinomas with 
varying histological differentiation. 

Figure 4. Immunohistochemical staining patterns of securin, Cdc20 and Cdc27 in well and poorly 
differentiated breast carcinoma (A, C, E x200, B, D, F x400)
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Securin expression was absent or scarce in benign breast epithelium evaluated in 
normal reference specimen from surgical breast reductions. In malignant cells, 
securin expression was evaluated in TMAs comprising a total of 603 breast cancer 
cases. In malignant tissue, securin positivity was heterogeneous both between and 
within different cases. In summary, securin positivity was observed in the nucleus 
and cytoplasm. Some cases also showed concentration of perinuclear staining 
and in a small fraction of cases granular cytoplasmic staining was present. The 
different staining patterns were often present in different areas of the same sample. 
In interpreting the stainings, the different staining patterns were not separated but a 
total percentage of positively staining cells was registered. The extent and intensity of 
securin immunohistochemical expression appeared to strenghten along with increasing 
nuclear atypia and aggressive morphology of the malignant tumour. Also mitotic figures 
showed heterogenous immunohistochemical staining pattern. Cell divisions appeared 
to be predominantly securin-positive in early mitosis, i.e. prophase to metaphase, but 
mostly negative towards the conclusion of mitosis, in anaphase to telophase. In the 
patient material, the average fraction securin positive cells was 9.7% (median 7.5%, 
range 0 – 84.5%). In Study II, different cut-off points for securin immunohistochemical 
expression were tested and on basis of statistical analyses, the final threshold at 10% 
immunohistochemical positivity was set for dividing the material in low and high 
expression groups (low 62.9% and high 37.1% of cases).

Faint Cdc20 immunohistochemical expression was observed in normal breast epithelial 
cells. Cdc20 immunohistochemical positivity (Study IV, n=445) was observed in the 
cytoplasm of cancer cells. Cdc20 immunohistochemical positivity was allocated into 
four expression groups: negative in more than 95% of cancer cells (score 0), positive 
in more than 5% of single cancer cells (score 1+), weak diffuse staining (score 2+) and 
strong diffuse staining in more than 95% of cancer cells (score 3+). The majority of 
cases (61%) were classified negative while 12% and 23% of the cases scored 1+ and 2+, 
respectively. The cases with strong diffuse staining (3+) were clearly identifiable among 
all tissue cores. The high expression group comprised a small (n=19, 4.3% of the whole 
material) but distinct patient group clearly distinguished on basis of, first, pronounced 
Cdc20 expression and, secondly, the observed extremely poor prognosis as compared 
to the rest of the patients (p<0.001). Therefore, in further analyses, the 3+ cases were 
designated as the high expression group and evaluated separately from the rest of the 
cases (low expression group, scores 0 – 2+).

Cdc27 was evaluated in a total of 429 cases (Study III). Substantial Cdc27 expression 
(Study III) was present in the nucleus of benign breast epithelial cells and well 
differentiated carcinomas with mild nuclear atypia. Instead, moderate or faint Cdc27 
immunohistochemical expression was observed in breast carcinoma cells with less 
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significant differentiation while clearly atypical cancer cells were totally negative. 
Mitotic figures seamed to be Cdc27 negative. In the patient material, Cdc27 expression 
was classified into 8 categories based on the extent of immunohistochemical 
positivity in malignant epithelial cells. For statistical analyses, the threshold at 10% 
immunohistochemical positivity was used for dividing the material in low and high 
expression groups (low 56.7% and high 43.3% of cases).

Correlations of the registered immunohistochemical expressions showed statistically 
significant - but inverse in case of Cdc27 - associations (p=0.01 for association between 
securin and Cdc27, p<0.0001 for association between securin and Cdc20). 

5.2 Associations between securin, Cdc20 and Cdc27, and DNA content 
(II-III)

Table VI summarizes the associations of securin and Cdc20, and Cdc27, and DNA 
cytometry analyses from cell imprints of fresh breast carcinoma tissue. 

Table VI Summary of associations between securin alone and in combination with Cdc27, Cdc20 
and DNA content among breast cancer cases (n=229-331)*.

Securin (n=331) (II)
DNA parameters OR p 95% CI
Aneuploid 3,8 0,0002 1,9-7,5
5cER 3,5 <0,0001 2,1-5,9
16cER 3,6 0,0002 1,8-7,0

Securin and Cdc27 (n=229) (III)
Aneuploid 6,0 0,0006 2,2-16,7
5cER 5,3 <0,0001 2,3-11,9
16cER ns

Securin and Cdc20 (n=229) (IV)
Aneuploid 19,0 0,005 1,1-344,8
5cER 17,0 <0,001 2,1-135,1
16cER ns

* Cut-off points for low and high expression at 10% immunohistochemical positivity for securin 
and Cdc27.

Securin immunohistochemical expression (Study II) was significantly associated 
with the different parameters of DNA content in the tissue material of 291 breast 
cancer patients. Specifically, statistically significant association could be observed 
with securin expression and aneuploidy, tetraploidy, 5cER, 16cER and SPF of the 
aneuploidy cell population. In particular, high-level securin expression was associated 
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with 9.8-fold odds for aneuploid DNA content in the patient material (p=0.0007), 
when comparing cases showing over 15% of immunohistochemically positive cancer 
cells to those  with under 10% of positive cancer cells. In the same analysis, tetraploid 
DNA content predicted high securin expression with up to 5.1-fold odds (p=0.004). 
Based on analyses involving 5cER and 16cER, high securin immunohistochemical 
expression systematically predicted the presence of a very aneuploid cell population 
among the studied cases.

Concerning Cdc20 (Study IV, n=229), Cdc20 sparsely failed to show statistical significant 
association with ploidy (p=0.059). Instead, high expression of both securin and Cdc20 
predicted 19-fold odds (p=0.004, CI 1.1-344.8) for aneuploid DNA content. High Cdc20 
expression in combination with high securin expression predicted the occurrence of 
5cER cells (OR 17.0, CI 2.1-135.1). 

Based on analysis of Cdc27 in a set of 229 breast cancer cases (Study III), the combined 
impact of securin and Cdc27 was a particularly strong predictor of the DNA content in 
analysis comparing cases with low Cdc27 and high securin to cases with high Cdc27 
and low securin immunohistochemical expression (p = 0.0006 for aneuploidy, p = 0.009 
for tetraploidy and p < 0.0001 for 5cER) (Table VII). In particular, the combination of 
low Cdc27 and high securin expression predicted 6.0-fold odds ratio (CI 2.1–16.7) for 
aneuploid DNA content and 5.3-fold odds ratio (CI 2.3– 11.9) for 5cER as compared with 
high Cdc27 and low securin expression. Cdc27 alone predicted inversely the occurrence 
of 5cER cells (p=0.03) and aneuploidy DNA content although the latter association was 
not statistically significant. 

5.3 Associations between securin, Cdc20 and Cdc27, and the established 
prognostic factors of breast cancer (I-IV)

Statistically significant associations between the studied proteins and the established 
prognosticators of breast cancer are presented in Table VII. Particularly, all studied 
proteins showed a clear association with the proliferative activity of the breast cancer 
tissue as determined with Ki-67 expression (p<0.001, n=310) (Studies I-IV). In 
addition, tumor grade was associated with immunohistochemical expression of all 
three proteins. Securin showed significant association with all features except with 
HER2-amplification and nodal status. Cdc20 was also associated with ER and PR 
immunohistochemical positivity, and intrinsic classification reflecting the genetically 
identified breast cancer subtypes. Ploidy was statistically associated with all studied 
features.
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Table VII Presentation of statistically significant associations between securin, Cdc20, Cdc27 
and ploidy, and the established prognostic factors of invasive breast cancer.

Prognostic factor Securin Cdc20 Cdc27 Ploidy
Nodal status ns ns ns 0,017 (IV)
Tumor size <0.001 (I, IV) ns <0.001 (III) 0,008 (IV)
Grade <0.001 (IV) 0,004 (IV) <0.001 (III) <0,001 (IV)
Histological type <0.001 (I, IV) ns ns 0,001 (IV)
Ki-67 <0.001 (I, IV) <0.001 (IV) <0.001 (III) <0,001 (IV)
ER <0.001 (IV) <0.001 (IV) ns <0,001 (IV)
PR <0.001 (IV) <0.005 (IV) ns <0,001 (IV)
HER2-amplification ns ns ns 0,010 (IV)
Intrinsic classification <0.001 (IV) <0.001 (IV) ns <0,001 (IV)

5.4 Prognostic associations of securin, Cdc20 and Cdc27 (I-IV)

High securin expression was in the present patient material consistently associated with 
disease outcome (Table VIII). In the different publications (II-IV), all univariate Cox’s 
survival analyses of securin expression systematically showed statistically significant 
correlations with breast cancer survival (HRs varying between 2.0 and 3.1, p<0,0001). 
The prognostic significance of securin could also be demonstrated in subgroup of invasive 
ductal subgroup (p=0.010), and in subgroups of small and large tumor size (p=0.034 and 
p=0.033, respectively) (I). High Cdc20 expression alone predicted 2-fold risk of breast 
cancer death (p=0.047, CI 1.0-3.9). Instead, univariate analyses involving Cdc27 alone 
showed no statistically significant prognostic associations in the present patient material. 
Still, combining Cdc20 and Cdc27 expressions with securin expression showed slightly 
intensified prognostic associations as compared to analyses involving securin alone. 
The combination of high Cdc20 and high securin expressions indicated 4.3-fold risk 
of breast cancer death (p<0.001, CI 2.0–8.9) as related to low Cdc20 and low securin 
expression. Combination of low Cdc27 and high securin, in turn, was associated with 
2.9-fold risk of breast cancer death as compared to cases showing high Cdc27 and low 
securin expression (CI 1.7–5.0, p<0.0001). In addition, combining securin and Ki-67 
predicted 5.8-fold risk of breast cancer death (p=0.004, CI 1.8–18.9) comparing patients 
with high securin and high Ki-67 to cases showing low securin and Ki-67 expression 
(I). High Ki-67 alone indicated a 2.4-fold risk of breast cancer death in our material 
(p=0.004, CI 1.3–4.5).
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Table VIII Univariate prognostic analyses involving securin, Cdc27 and Cdc20 expressions in 
the whole-follow-up period.

Whole follow-up period
HR p 95% CI

Single proteins
high securin (II) 2,05 <0,001 1,6-2,7
Cdc27 (III) ns
high Cdc20 (IV) 2,0 0,047 1,0-3,9

Combinations of proteins
high securin and low Cdc27 (III) 2,9 <0,001 1,7-5,0
high securin and high Cdc20 (IV) 4,3 <0,001 2,0-8,9

Survival analyses (Fig. 5) demonstrated the consistent and independent prognostic value 
of the studied proteins among the breast cancer patients (I-IV). Kaplan-Meier curves for 
securin expression alone exhibited the previous conclusions on the prognostic value of 
disease-specific breast cancer survival (p<0.001) (Fig 5a). Also Cdc20 expression could 
be used to allocate the patients into two distinct prognostic categories with a statistically 
significant survival difference (p=0.047) (Fig 5c). Especially the combination of Cdc20 
and securin expression was efficient in prognostic evaluations, and in detecting a 
subgroup of patients (high Cdc20 and high securin) with a particularly sinister outcome 
of disease (p<0.0001) (IV). The survival differences detected with the help of the studied 
proteins could also be demonstrated in detailed Kaplan-Meier analysis of individual 
patients. This type of analysis revealed that the majority (75%) of patients with the most 
favorable combination of Cdc20 and securin (low expression for both) were alive at 13.3 
years of survival. Instead, the majority (75%) of patients with the most unfavourable 
combination of Cdc20 and securin (high expression for both) could expect only 1.3-year 
breast cancer survival. In the same vein, 75% of the patients with the most favourable 
combination of securin and Cdc27 were alive after 18.3 years whereas 75% with the 
most unfavourable combination lived only for 3.2 years after primary diagnosis (Cdc27 
> 10% and securin <10% of cancer cells vs. Cdc27 <10% and securin >10% of cancer 
cells, respectively).
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Figure 5. Summary of univariate Kaplan-Meier estimates to show disease-specific survival of 
patients divided into groups according to securin, Cdc27 and Cdc20 immunopositivity, and their 
combinations. The curves are based on the whole follow-up.

The survival differences demonstrated by the Kaplan-Meier curves of all studied proteins 
and their combinations were most significant in the beginning of the follow-up period. 
Towards the end of the follow-up, however, the gap between the survival curves of the 
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different patient groups gradually diminished. To illustrate this observation, the risk of 
breast cancer death was determined separately during the first 5 years after diagnosis 
and treatment. In these analyses comparing the cases with the most unfavourable protein 
expression (high securin in combination with high Cdc20 or low Cdc27) to cases with 
the most favourable expression (low securin in combination with low Cdc20 or high 
Cdc27) resulted in up to a 6.8-fold risk of breast cancer death (p<0.001, CI 3.2–14.9) 
(III, IV).

Finally, multivariate analyses were performed involving the studied proteins and the 
established prognosticators of breast cancer, i.e. axillary lymph node status, tumor size, 
histological grade and type, ER and PR status, HER2-amplification status and intrinsic 
classification. When the data of breast cancer cases were adjusted for different known 
prognosticators of breast cancer securin immunohistochemical positivity still appeared 
as a statistically significant predictor for breast cancer outcome with risk of breast cancer 
death ranging between 1.7- 2.3 –fold in different studies (p<0.05) (I-IV). In multivariate 
analyses, Cdc20 or Cdc27 expressions alone failed to show statistical significance 
among the studied prognosticators. However, in combination with securin both Cdc20 
and Cdc27 increased the risk ratios associated with securin alone. In all studies, axillary 
lymph node status was the most significant prognosticator, with HRs of breast cancer 
death for node-positive patients ranging from 2.9 to 3.8, compared to node negative 
patients. Along with securin, axillary lymph node status and tumor size and in some 
analyses also histological grade were shown statistically significant prognosticators of 
breast cancer death in our material.
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6. DISCUSSION 

This summary is based on four original studies, in which the expression of securin 
oncoprotein and related proteins in cell cycle regulation, Cdc20 and Cdc27, were 
examined in a clinical material containing a maximum of 603 primary breast cancer 
patients with up to 22 years of follow-up. Immunohistochemical expression levels of the 
proteins were compared with breast cancer survival, ploidity, proliferation and clinico-
pathological parameters of the patient material, in order to analyze their role in breast 
cancer progression and prognosis.

6.1 Securin, Cdc20 and Cdc27 in breast cancer prognosis

6.1.1 Securin

The oncoprotein securin has been suggested with multiple functions in tumorigenesis and 
progression of malignant diseases (Kim et al. 2007a, b, Hamid et al. 2005). Securin has 
been associated with various functions in cell metabolism, signal transduction and control 
of the cell cycle, especially in the regulation of chromosomal integrity in cell proliferation 
(Vlotides et al. 2007, Jallepalli et al. 2001). In mitosis, securin has been characterized 
as an anaphase-inhibitor, in which role it inhibits the catalytic activity of separase until 
the onset of anaphase (Waizenegger et al. 2002). The exact sequence of activation and 
degradation of regulatory proteins during the cell cycle are not sufficiently known at 
the moment. Still, the common understanding is that regulatory processes involving 
securin are critical for the timely separation of the chromatids and even distribution of 
chromosomes in the two daughter cells. According to present knowledge, particularly 
APC-Cdc20 catalyzed ubiquitylation and related Cdc27-dependent regulation of securin 
participates in initiation of sister chromosome segregation to promote the metaphase–
anaphase transition (Peters 2006, Hagting et al. 2002). This mitotic check-point has 
been suggested as one of the main events to prevent premature cell division resulting 
in abnormal DNA content and aneuploidy, which are known as main characteristics in 
tumorigenesis, and feature of poor outcome in several malignancies (Bannon and McGee 
2009, Weaver and Cleveland 2009, Draviam et al. 2004, Kops et al. 2005, Bharadwaj 
and Yu 2004, Hagting et al. 2002). In recent years, research on securin in normal and 
malignant cells and tissues, including breast cancer, has steadily started to accumulate. 
Still, the exact functional defects of securin in cancer cells are largely unknown. Also, 
the prognostic associations are not previously reported in relevant clinical materials of 
human breast cancer.
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The present investigation suggests that immunohistochemical expression for securin is 
an independent prognosticator of invasive breast cancer and can be used to identify 
both favourable (I) and unfavourable (II-IV) outcome of disease, depending on the 
chosen viewpoint. In our analyses, high securin immunohistochemical expression 
was associated with disease-specific survival and unfavourable outcome in the whole 
material of invasive breast carcinoma cases, and in patient subgroups divided according 
to standard clinical prognosticators, axillary lymph node status, tumor size and 
histological type. Also in terms of patient survival time, the prognosis of patients with 
high securin immunohistochemical expression was considerably less favourable than 
of patients with low securin expression (mean survival time after diagnosis 15.8 years 
and 9.4 years, respectively, p<0.0001, n=603) (II). Previously, securin expression has 
been documented in invasive (Saez et al. 1999, Solbach et al. 2004, Ogbagabriel et al. 
2005) and in situ carcinomas of the breast (Puri et al. 2001). In a material of 90 breast 
tumors including human tissues and cell cultures, Ogbagabriel and coworkers (2005) 
have reported a strong securin immunohistochemical expression in breast cancer cells 
as compared to normal breast epithelium. In this report, the most prominent securin 
positivity was observed in the most aggressive, mitotically active and morphologically 
pleomorphic invasive ductal carcinomas, in metastatic disease, and in breast carcinoma 
cell cultures (Ogbagabriel et al. 2005).  Solbach and collaborators (2004) analyzed Pttg1 
mRNA expression in 72 breast carcinomas and benign breast tissue specimen and found 
a correlation between Pttg1 mRNA overexpression and lymph node involvement, and 
tumour recurrence during a 5-year follow-up period. Despite the accumulating evidence 
on the role of securin in breast cancer progression and metastasis, also controversial 
results have been published suggesting that securin might, instead, be a tumour 
suppressor (Hatcher et al. 2014). This interpretation was based on observations from in 
vitro experiments where mutant mice lacking Pttg1 developed spontaneous mammary 
tumors, and from 239 human breast tumors, where securin levels were down-regulated in 
the studied patient material (Hatcher et al. 2014). The bulk of information, still, supports 
the tumor-promoting role of securin in breast cancer (Salehi et al. 2008). Securin has 
also been associated with lymph node infiltration and distant metastasis (Grizzi et al. 
2013). The role of securin in metastatic behavior has been explained by its involvement 
in activating known target genes involved in the metastatic process (Liao et al. 2012). 
Pttg1 has also been associated with specific marker genes detected in circulating tumor 
cells in the blood of women with breast cancer, presenting a potential method for early 
detection of breast cancer and tool for monitoring breast cancer progression (Chen et al. 
2006).

In literature, data on the interactions of securin in breast cancer tumorigenesis and 
progression is accumulating, especially concerning the association of securin with 
TP53, one of the main breast cancer susceptibility genes. Pttg1 has been associated with 
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modulation of TP53-mediated transcriptional activity and apoptosis, suggesting that 
Pttg1 might have a role among the mitotic checkpoint genes (Bernal et al. 2002, Lo et al. 
2007). Results from MCF7 breast cancer cells have indicated that Pttg-1 overexpression 
may participate in both p53-dependent and p53-independent apoptosis, whereas, in the 
absence of p53, Pttg1 inhibits apoptosis leading to aneuploidy (Yu et al. 2000b). These 
rapports appear to support the interpretation that Pttg1 is among the regulatory pathways 
through which aneuploidy and malignant transformation are mediated.  There have 
also been attempts to explain invasive and metastatic growth in breast cancer with the 
involvement of securin in the epithelial-mesenchymal transition and the role of cancer 
stem cells (Yoon et al. 2012). Importantly, BRCA1 and 2 have been suggested with 
a role in regulation of several mitotic spindle checkpoint proteins, including securin. 
This conclusion is suggested by study of Bae and coworkers (2005) who showed in 
microarray analysis downregulation of Pttg1 following BRCA siRNA knockout in MCF-
7 breast carcinoma cell lines. This finding seems to support the conclusion that BRCA 
positively regulates Pttg1 levels, but the exact mechanisms of interaction between BRCA 
and Pttg1 are still unknown. According to some reports, the function of securin may also 
be mediated by estrogen levels and, consequently, overexpression of securin has been 
related to endocrine therapy resistance in breast cancer (Heaney et al. 1999, Ghayad et 
al. 2009). 

In the present investigations, securin immunohistochemical expression was detected 
as both nuclear and cytoplasmic staining (I-IV). Similar expression pattern has been 
reported by others in breast carcinoma (Ogbagabriel et al. 2005) and other malignancies 
(Ishitsuka et al. 2013, Salehi et al. 2013, Talvinen et al. 2006, Zhu et al. 2006). 
Corresponding nuclear and cytoplasmic expression patterns apply also for Cdc20 and 
Cdc27 immunostainings in the present investigations (III, IV) and in literature (Choi 
et al. 2013, Moura et al. 2013). In our studies, the majority of securin, Cdc20 and 
Cdc27 immunopositivities were seen in non-mitotic cancer cells, and mitotic cells 
were variably positive. Immunohistochemical expression of the studied proteins was 
not either systematically present or absent in the morphologically identified separate 
phases of cell division. Based on the known roles of securin, Cdc20 and Cdc27, one 
would expect that the function and prognostic role of the proteins would be dependent 
on expression in the early phases of the cell division and on the fraction of nuclear 
expression in the malignant cells. However, the separate prognostic value of nuclear 
and cytoplasmic securin expression is not sufficiently evaluated in literature. Up to 
date only one paper reporting on endometrial carcinoma suggests that nuclear, and 
not cytoplasmic, securin expression is associated with prognostic value (Kim et al. 
2008). It appears probable that the subcellular localization of securin is relevant to its 
mechanisms in cell proliferation and cancer but further investigations are needed to 
verify this. Also the role of pituitary tumor transforming gene binding protein (PBP) 
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needs to be evaluated before the role of nuclear and cytoplasmic securin expression 
in breast cancer progression and prognosis is settled (Watkins et al. 2010, Smith et al. 
2010). 

6.1.2 Securin and Cdc20

As an activating subunit of APC, Cdc20 is known to drive mitosis from metaphase to 
anaphase, where the APC-Cdc20-mediated degradation of securin is one of the critical 
steps of cell division (Peters 2006). Increase in Cdc20 expression has been reported in 
many human cancers, often with associated less favorable prognosis (Chang et al. 2012, 
Choi et al. 2013, Kato et al. 2012, Moura et al. 2013, Wu et al. 2013). In the present 
prognostic analyses, substantially increased risk of breast cancer death was observed 
for patients with high Cdc20 immunohistochemical expression (HR 2.0, p=0.047). The 
prognostic associations were, however, still emphasized in combination with high securin 
immunohistochemical expression (HR 4.3, p<0.001). Previous literature available on 
Cdc20 expression and particularly on its role in progression or prognosis in breast cancer 
is very sparse. Kidokoro and coworkers (2008) detected Cdc20 overexpression in a large 
set of human malignancies, including breast cancer based on cDNA microarray analyses. 
In this study, Cdc20 expression was increased more than threefold in the majority (60%) 
of the breast cancer cases examined. Down-regulation of Cdc20 in breast cancer cells 
has been associated with inhibition of cell proliferation in vitro (Jiang et al, 2011, Jiang 
et al, 2012). Yuan and coworkers (2006) have detected Cdc20 among the checkpoint 
proteins overexpressed in breast cancer cells with chromosomal instability compared 
to chromosomally stable cancer cell lines and normal breast tissue. Based on their 
observations, in breast cancer, defective mitotic checkpoint seems not to be caused by 
mutations in checkpoint genes, but increased expression of checkpoint genes might be 
a marker for chromosomally instable breast cancer. Also, treatment with siRNA against 
Cdc20 has been shown to induce G2/M arrest and suppress cell growth (Kidokoro et 
al. 2008, Taniguchi et al. 2008). Cdc20 has, moreover, emerged in studies attempting 
to identify gene expression effects resulting from a nutritional intervention (Shike et al. 
2014). 

The present results emphasize the value of the combination of securin and Cdc20 
expression in identification of triple-negative breast carcinoma (TNBC). TNBCs 
were strongly over-presented among the patients with high securin and Cdc20 
expression (HR 68.0, p<0.001) but the patient subgroup (n=14) is obviously too 
small for any conclusions. Also, expression of basal cytokeratins was observed in 
all but one of the cases with high securin and Cdc20 expression. Currently, the main 
clinical problem is the lack of targeted therapies for TNBC patients (O’Toole et 
al. 2013). According to different sources, TNBCs account for approximately 12-
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17% of all breast cancers and constitute a heterogeneous subgroup of breast cancer 
with specific molecular signatures and therapeutic challenges (Chiorean et al. 2013, 
Stagg and Allard 2013, Foulkes et al. 2010, Carey et al. 2010, Metzger-Filho et al. 
2012). TNBCs are concentrated among younger women and show more aggressive 
course of disease than ER-positive/HER2 negative cancers, tendency towards 
hematogenous spread, and higher risk of recurrence and death than breast carcinoma 
cases in average (Blows et al. 2010, Tischkowitz et al. 2007, Fulford et al. 2007). 
These tumors are enriched in the intrinsic breast cancer group of basal-like cancers, 
which are most commonly diagnosed in association with BRCA1 mutation (Dent et 
al. 2007, Anders and Carey 2008, Billar et al. 2010, Foulkes et al. 2010). Both basal 
like breast cancers and cancers arising in BRCA1 mutation carriers show a specific 
pattern of cell cycle protein expression (Schneider et al. 2008, Wolff et al. 2007, 
Hammond et al. 2010, Lehmann et al. 2011). According to the present observations, 
combined high Cdc20 and securin expression might be useful in identifying patients 
with a particularly aggressive triple-negative breast cancer but more investigations 
in a larger patient material are needed for definitive conclusions. In the present 
patient material, though, TNBCs showing high Cdc20 and securin expression were 
associated with 3.2-fold risk of breast cancer death as compared to the rest of the 
triple-negative cases, although the association in the small patient subgroup sparsely 
failed to show statistical significance (p=0.0683).

6.1.3 Securin and Cdc27

Cdc27 as part of regulation of APC is critical for controlling the timing of mitosis, 
particularly, the onset of anaphase and arrest of the cell cycle in case of unattached 
kinetochore or disruption of the mitotic spindle (Peters 2006, Topper et al. 2002). 
The APC is responsible for the degradation of anaphase inhibitors, such as securin, 
and may also have a role in the control of spindle checkpoint signaling (Topper et 
al. 2002). In the present analyses, high Cdc27 was inversely associated with breast 
cancer outcome. This finding is in line with previous in vitro experiments where 
Cdc27 was found downregulated in most breast cancer cell lines, but detectable in 
human untransformed breast epithelial cells (Pawar et al. 2010). However, Cdc27 
alone did not show independent prognostic value in the studied breast cancer 
material. Instead, the combination of securin and Cdc27 predicted 2.9-fold risk of 
breast cancer death (95% CI 1.7–5.0, p<0.0001) in univariate and Kaplan–Meier 
analyses. In multivariate analysis involving also the traditional prognosticators of 
breast cancer, the combination of securin and Cdc27 immunohistochemistry was the 
strongest predictor of breast cancer death (HR 2.7, 95% CI 1.4–5.0, p=0.0018) after 
axillary lymph node status. 
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6.2 Securin and proliferation in breast cancer

As the main functions of securin involve participation in regulation of the cell cycle and 
balance between cell proliferation and apoptosis, it is not surprising that a correlation 
between securin and proliferation marker Ki-67 expression was found in our analyses 
(I). Previous literature is, however, controversial concerning the relation between securin 
and proliferation, as securin has been associated with both pro-proliferative (Kakar and 
Jennes 1999, Hamid et al. 2005, Pei 2001) and inhibitory effects in cell division (Yu et 
al. 2000a, Yu et al. 2000b, Cho-Rok et al. 2006, Mu et al. 2003). Some investigations 
suggest that securin overexpression could reduce cell proliferation by arresting mitosis 
(Yu et al. 2000a,b) while others have speculated that securin could function in cell 
proliferation through the induction of apoptosis and delay of mitosis (Akino et al. 2005). 
Available clinical studies, however, suggest a correlation between securin expression 
and cell proliferation in different malignancies (Heaney et al. 2002, Tsai et al. 2005, 
Filippella et al. 2006, Genkai et al. 2006, Zhu et al. 2006). The present and previous 
analyses suggest for securin prognostic value beyond the routine proliferation marker 
(I) (Talvinen et al. 2008) since high securin expression identified a subgroup of patients 
with high risk of breast cancer death (HR 13.1, p=0.02, 95% CI 1.4 – 121.3, n=310) 
among tumors with low proliferative activity (Ki-67 less than 10%). In our material, 
the combination of high immunohistochemical positivity for both securin and Ki-67 
indicated a 4.3-fold risk of breast cancer death as compared with the prognostic value 
of low securin and Ki-67 (p<0.05, 95% CI 1.3 – 14.2), which is higher than the risk 
associated with either separately. To conclude, our results suggest that the application 
of securin alone or in combination with the traditional proliferation markers could 
contribute to the prognostication of invasive breast cancer. 

Also based on literature, securin clearly differs from the established markers of cell 
proliferation used in routine clinical pathology. Ki-67 and proliferating cell nuclear 
antigen (PCNA) are known to be expressed in all phases of the cell cycle (Takasaki et 
al. 1981, Guillaud et al. 1989, van Oijen et al. 1998). In contrast, securin concentrates 
on a specific phase of the cell cycle, the expression gradually increasing during the S 
phase with a peak at G2/M (Yu et al. 2000a, Chen et al. 2005). Based on this transient 
expression in dividing cells, one would expect securin protein expression in prophase 
cells, expression or absence of expression in metaphase cells, and absence in anaphase/ 
telophase cells. To our knowledge, there is no previous literature available which would 
systematically report on securin expression in benign or malignant mitotic cells. Results 
from cell cultures suggest that conclusions on securin expression in mitosis may not be 
straightforward since securin expression in dividing malignant cells might only last for 
some hours (Yu et al. 2000b). Our observations from securin immunohistochemistry 
on TMAs were also equivocal since mitotic figures in different stages of cell division 
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did not stain systematically for securin. These findings emphasize the need for more 
thorough biological understanding of the function and subcellular localization of securin 
during a cell cycle in normal and malignant proliferating cells. 

6.3 Securin and aneuploidy in breast cancer

As securin overexpression disrupts normal sister chromatid separation, dysfunctional 
securin may be one explanation for abnormal DNA content in breast carcinoma. 
Experiments in several human cell lines have shown that securin may have a role in cell 
transformation, chromosomal instability, and aneuploidy (Yu et al. 2000b, Kim et al. 
2005, Jallepalli et al. 2001, Wang and Melmed 2000).  Lo and coworkers (2007) studied 
single nucleotide polymorphisms (SNPs) in breast cancer and suggested that Pttg1 SNPs 
were associated with increased risk of breast cancer development in women, indicating 
that the loss of chromosomal integrity may underlie breast tumorigenesis. Inhibition of 
sister chromatid separation also suggests that securin could partly explain for uneven 
chromatid separation and induction of aneuploidy in tumor progression (Tfelt-Hansen 
et al. 2006, Vlotides et al. 2007, Salehi et al. 2008). Also in the present study detected 
with static cytometry in cell imprints of fresh breast cancer tissue material, a strong 
correlation was observed between abnormal DNA content and high securin and Cdc20 
and low Cdc27 expressions in single analyses and in analyses combining the studied 
proteins. For example, high securin expression (>10% of breast cancer cells) was related 
to 9.8-fold odds for aneuploid DNA content as compared with low securin expression 
(p=0.0007). The present analyses also seem to indicate that the prognostic value of securin 
is independent rather than mediated through ploidy (IV). In literature, it has been further 
suggested that high-level securin expression in breast cancer cells could restrict tumor 
growth by favoring extinction of the most pleomorphic cancer cells, possibly through 
apoptosis (Thompson and Compton 2008). In the present study, this observation may be 
supported from the unexpectedly favorable outcome of patients showing a significant 
fraction of cells exceeding 16x DNA content, although this correlation sparsely failed 
to show statistical significance in the small patient subgroup. In summary, aneuploidy 
and consequent abnormal gene expression are both common features of breast cancer, 
and decisive for the course of the malignant disease. According to present knowledge, 
aneuploidy promotes malignant tumors, presumably as a consequence of unstable 
genome, which may cause gain of oncogenes and / or loss of tumor suppressor genes 
(Weaver and Cleveland 2009).



 Conclusions 57

7. CONCLUSIONS

To date, breast cancer treatment decisions are based on prognostic clinico-pathological 
parameters, ie. tumor size, presence of lymph node metastases and histological grade, 
and on three predictive markers of response to therapy, namely presence of estrogen and 
progesterone receptors and HER2 amplification. Despite the ongoing developments in 
diagnostics and treatment, breast cancer continues to be the major cause of morbidity and 
mortality among western women. The knowledge of breast cancer as a heterogeneous 
group of disease is constantly increasing, calling for cancer-specific individually 
designed therapies. Especially the treatment of triple-negative carcinoma still is a 
challenge and relies on non-specific therapeutic agents with heavy side effects. Thus, 
despite advances in diagnostics, treatment and the overall prognosis of breast cancer, 
the outcome of individual breast cancer patients may still be unpredictable and relapses 
may occur over a decade after the primary treatment (Thompson and Compton 2008). 
Clinico-pathological observations, molecular analyses and transcriptomic profiles are 
needed to establish new treatments and evaluate response to therapy (Reis-Filho and 
Pusztai 2011, Weigelt and Reis-Filho 2009, Weigelt et al. 2010).

This investigation is based on a patient material of approximately 600 breast cancer 
patients and up to 22 years of follow-up. The study reports on associations of specific 
metaphase-anaphase regulators, securin, Cdc20, and Cdc27 with DNA content and 
outcome of disease. To our knowledge, this is, to date, the only prognostic investigation 
of the studied proteins in a clinically relevant patient material. The study emphasizes the 
value of securin immunohistochemistry in detecting abnormal DNA content and different 
prognostic subgroups of patients with invasive breast cancer. Also, immunohistochemical 
expression of Cdc20 and Cdc27 show prognostic value in the patient material but their 
role is emphasized in combination with securin where they enforce the prognostic 
correlations of securin alone. As the main results, high securin expression alone and 
in combination with Cdc20 and Cdc27 predict up to 9.8-fold odds for aneuploid DNA 
content in human breast cancer (p=0.0007). In prognostic studies, securin is a strong 
and independent prognosticator for disease-specific survival in human breast cancer and 
associated in specific subgroups with 13-fold risk of breast cancer death (p=0.024). In 
Kaplan–Meier analyses, the combination of the studied cell cycle regulators indicated 
a 9-year decrease in breast cancer survival. Of special interest is the observation that 
the challenging subgroup of triple-negative and basal-type breast cancers is strongly 
overrepresented among cases with high securin and high Cdc20 (>90% of patients). 

In recent years, data on the regulators of the metaphase-anaphase transition, securin, 
Cdc20 and Cdc27, has accumulated and been associated with breast cancer progression 
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and stage of disease. Also, the therapeutic potential of the proteins has been addressed, 
and e.g. securin has been associated with resistance to gefitinib (tyrosine kinase inhibitor 
of the epidermal growth factor receptor, EGFR) induced apoptosis and anticancer 
treatment (Yu et al. 2013). The present study introduces the prognostic value of securin, 
possibly enforced by Cdc20 and Cdc27, as potential clinical markers for advanced 
disease and unfavourable prognosis in breast cancer. The findings suggest that securin, 
Cdc20 and Cdc27 are justified among the myriad of biomarkers to be further investigated 
for potential applications in prognostication and development of immunotherapeutic 
strategies for primary and metastatic breast cancer. 
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