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ABSTRACT

Breast cancer is the most common malignancy in womeWestern countries. It is a
heterogeneous disease with varying biological dtarstics and aggressiveness.
Although understanding of breast cancer carcinagjens increasing and classification
has improved, many aspects of tumorigenesis, mialeconechanisms, and prognostic
evaluation remain to be elucidated. Family hist@ryone of the strongest predisposing
factors for breast cancer. In most populationsktt@vn susceptibility genes explain only
around 25% of all familial breast cancers. At leagsirt of the unknown familial

aggregation may be caused by several low-penetrar@nts that occur commonly in the
general population. Cyclins are cell cycle-reguigtproteins that interact with cyclin-

dependent kinases. Cyclin expression oscillatesgluhe cell cycle and is under strict
control. In cancer cells, cyclin expression ofteacdmes deregulated, leading to

uncontrolled cell division and proliferation, onktlee hallmarks of cancer.

In this study, we aimed to investigate the rolecydlins in breast cancer predisposition,
pathogenesis, and tumor behavior. The suitabilitythe tissue microarray (TMA)
technique for cyclin assessment was studied in Bf#ast cancer cases. Cyclin A
immunohistochemistry was evaluated both on traditidarge sections and on TMA, and
the reproducibility of two readers’ results wasmaxaed. The concordances of the findings
from large sections and TMA and of the two readesults were good. Histopathological
correlations of cyclin A and correlations with pnogis were similar for both large
sections and TMA. These findings indicate that ThéAa reliable method for studying

cyclin expression in breast cancer.

The expression of critical cell cycle G1/S tramsitphase regulators cyclin D1 and E were
studied among 1348 invasive breast cancers on TRdAilial BRCA1/2-negative tumors
had significantly more often low cyclin E and higyclin D1 expression than BRCA1/2—
related or sporadic tumors. In a logistic regrassimodel, cyclin E and D1 expression,
estrogen receptor (ER) and human epidermal groadtof receptor 2 (HER2) status, and
early onset of disease were the factors most gleistinguishing BRCA1 patients from
other familial breast cancer patients. Unique cyéliand D1 expression patterns among

familial non-BRCA1/2 breast cancers as comparedh BRCA1/2—related or sporadic
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tumors may reflect different predisposition andhpgenesis in these groups and help to

differentiate mutation-positive from mutation-nagatfamilial cancers.

When assessing cyclin expression with regard tcadbreancer characteristics and
prognosis, high cyclin E expression was associa#ll an aggressive breast cancer
phenotype and was an independent marker of pocastasis-free survival. High cyclin
D1 was associated with high grade and high pralifen among ER-positive but with low
grade and low proliferation among ER-negative Wremmcers. Among ER-positive
cancers not treated with chemotherapy, high cyblinshowed a trend towards shorter
metastasis-free survival. These results suggegt dlitierent mechanisms may drive
proliferation in ER-negative and -positive breasin@ers and that cyclin D1 has a

particularly important role in tumorigenesis of hmmne receptor-positive breast cancer.

The association of a commonly occurring cyclin Ddng (CCND1) polymorphism,
A870G (Pro241Pro), with breast cancer risk alond amn combination with estrogen
metabolism enzyme catechol-o-methyltransferase (TOMgene polymorphism
Met108/158Val was examined among 1956 breast catasas and 1406 controls from
two populations from Finland and Ontario, Canada TCND1 high enzymatic activity
allele A was associated with increased breast caisle (OR 1.3 in Ontario and 1.4 in
Finland), and the interaction of the high-activatjeles of CCND1 and COMT conferred
an even higher risk (OR 2.2 and 1.7, respectivalffese results show that CCND1 and
COMT act synergistically to contribute to breasha@a progression and that individual
risk for breast cancer can be altered by the coetbéffect of polymorphisms with low-

penetrance alleles.

Cyclin B1 expression was studied among 1348 bremsters on TMA. High cyclin B1
expression was associated with aggressive breasercéatures, but had an independent
impact on survival. Besides tumor size and nodatust cyclin B1 was the only
independent predictor of poor metastasis-free garviamong chemotherapy-naive
patients. This is the largest study by far invesdtigg the prognostic role of cyclin B1 in
breast cancer, and the results suggest that cBdlimmunohistochemistry is a method
that could easily be adapted for routine use andnisndependent prognostic factor,

adding specificity to prognostic evaluation coneuwlctvith traditional markers.
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1 INTRODUCTION

Breast cancer is a heterogeneous disease with ngariiological characteristics,
aggressiveness, and prognosis. Breast cancer ageciesis is only partly understood, and
although subclassification has proceeded, manycespé tumorigenesis and molecular

mechanisms are still unclear.

Family history is one of the strongest predispogatgors for breast cancer. Known high-
and low-penetrance risk genes explain only 25%amhilial predisposition for breast

cancer. At least some of the excess familial risly e explained by commonly occurring
low-penetrance polymorphisms that either alonenteracting with other polymorphisms
or environmental factors modify the individual rigk breast cancer. Tumors of familial
breast cancer patients not attributable to mutation known high-penetrance genes
BRCAL or BRCA2 have not been extensively charanteribut they seem to be of lower
grade than BRCA1, BRCA2, or sporadic tumors andenaften estrogen receptor- (ER)
and progesterone receptor- (PR) negative and pSinmothan sporadic tumors. Learning
more about the characteristics of tumors in thiepa group can shed light on the
pathogenesis and genetic background of familialonsmrmot attributable to BRCAL or

BRCA2 mutations as well as to help to identify thénmm mutation-positive familial

breast cancers.

Due to earlier diagnosis and effective adjuvanattreent, breast cancer prognosis has
improved and more than 85% of breast cancer patemet alive five years after diagnosis.
A small number of breast cancers still have a pmagnosis and despite adjuvant
treatment metastasize and lead to death even \shaftér diagnosis. Breast cancer
prognosis is traditionally defined by tumor sizembr grade, and nodal status. Of
biological markers, hormone receptor and human eepidl growth factor receptor 2
(HER?2) status affect prognosis and responsiveresgdatment. A high proliferation rate
seems to be associated with poor prognosis, burtamsty remains about the optimal
methods and cut-offs for measuring proliferatiorithéugh adjuvant chemotherapy and
endocrine treatment are generally well toleratbéytcan cause acute side-effects and
harmful long-term effects, and thus, overtreatms&miuld be avoided. New prognostic

markers to improve prognostic assessment and atjtnemtment decisions are needed.
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Cyclins are proteins that regulate the cell cy@gclin expression oscillates during the
cell cycle and is under strict control. In canceyclin expression often becomes
deregulated. Cyclin overexpression can lead to minalbed cell division and proliferation

and be one of the crucial mechanisms in cancerla@vent and progression. Cyclin
expression can be detected by immunohistochentaialirsg and can provide information
on biological characteristics and prognosis of tilaor. This study focuses on bringing

new insights into the roles of cell cycle regulgtooteins cyclins in breast cancer.



2 REVIEW OF THE LITERATURE

2.1 General aspects of breast cancer

2.1.1 Epidemiology

Breast cancer is the most common malignancy in woaiandustrialized countries. An
estimated one million women worldwide are diagnosach year with breast cancer, and
it is the leading cause of cancer death. In Finlandre than 4000 new cases were
diagnosed in 2006 (www.cancerregistry.fi). Of almfale cancers, about one-third are
breast cancers. Breast cancer affects primarilgroldomen; only about 25% of breast
cancers are diagnosed in women under 50 yearseofBagnner & Hakulinen 2004). The
mean age at diagnosis is approximately 60 yearswinrisk factors for breast cancer
include family history, early menarche, nulliparity late age at first birth, no history or
short duration of breastfeeding, low number ofdtaih, late menopause, long-term use of
postmenopausal hormone replacement therapy, bemigiferative breast disease e.g.
atypical hyperplasia or sclerosing adenosis, caroa of the contralateral breast, obesity
when postmenopausal, low physical activity, expegarionizing radiation, smoking, and

alcohol abuse (reviewed in Oldenburg et al. 2007).

2.1.2 Carcinogenesis

Cancer is defined as abnormal and destructive grofvtells or tissue that is independent
of an external growth signal. Malignant cancer<elb not require growth signals, are
insensitive to negative growth inhibitory signadse capable of avoiding apoptosis, have
limitless proliferative capacity, possess angiogejeand are able to invade neighboring
tissues and develop metastases. Cancer develapsafrsingle cell, which after DNA
damage begins to proliferate in an uncontrolled meanDaughter cells acquire further
DNA damage and receive a growth advantage.

Cancer is a genetic disease of somatic cells tenatldps after a series of mutations in a
cell. DNA damage leading to carcinogenesis doesootr randomly in the genome, but

affects genes essential to the control of cell gnoand proliferation. These mutations are
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either gain-of-function mutations that activate egenes encoding proteins needed in cell
growth, such as transcription and growth factons,lass-of-function mutations that
inactivate tumor suppressor genes inhibiting cgtiles, proliferation-, and apoptosis-
associated events (Kinzler & Vogelstein 1997 & 1998&imor suppressor genes can be
described as gatekeepers, caretakers, or landscapatekeepers exert functions that
directly inhibit cell growth or promote death byomposis. Caretaker genes control the

genomic integrity, and landscapers regulate theleelmicroenvironment.

Breast carcinogenesis is a multi-step process iichwhormal breast epithelium evolves
via hyperplasia and carcinoma in situ into an inw@ascancer, which eventually can
disseminate via the lymphatic and vascular systenierm distant metastases (Beckmann
et al. 1997). Each of these steps is thought teetade with one or more mutations in
either oncogenes or tumor suppressor genes. ladipdsreast cancer, these mutations are
acquired and occur in somatic cells without an dydey germline mutation. Essential
early events in sporadic breast carcinogenesimatational activation of such oncogenes
as c-myc, cyclin D1 gene (CCND1), or HER2 (Naswletl997, Ormandy et al. 2003,
Owens et al. 2004). Overexpression of ER is aleguently observed in early breast
cancer (Yager et al. 2006). After first events, tin@or progression can proceed through
different pathways, and breast carcinogenesis neaglifberent in tumors with different

histopathological features (Birger et al. 1999 &@0

Oncogenes that commonly obtain somatic mutationdreast cancer include c-myc,
CCND1, p53, HER2, and PTEN. Recent advances ines@ijug and bioinformatics have
made it possible to analyze the somatic mutatidna cancer on a large scale. These
large-scale cancer genome studies have revealedhthamount of mutations in breast
cancer development may be higher than previouslyght (Sjoblom et al. 2006, Wood et
al. 2007). In a typical breast cancer, as manylam@tations can be present at the time of
clinical diagnosis, but less than 15 are usuallysaered essential for tumor initiation and
progression (Wood et al. 2007). Mutated genes éncdmcer genome include some very
often mutated genes, as well as a larger amounfrefjuently mutated genes. The breast
cancer genome seems to contain different mutatedsg#nan other cancers. Of the large
amount of mutated genes, many share functionsansttme pathways or their protein

products interact; thus, the number of interruppathways may be lower. Large-scale
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breast cancer genome analyses suggest new potentiaenes or tumor suppressor
genes, e.g. NkB pathway kinase IKBKE or chromodomain helicase DKiding
domain 5 (CHDS5), in addition to the traditionallpdwn breast cancer oncogenes (Wood
et al. 2007).

Estrogen has a crucial role in breast carcinogendscreased risk for breast cancer is
associated with an elevated blood level of endogemstrogen as well as with exposure
to exogenous estrogen and progestin through hormepiacement therapy (Oldenburg et

al. 2007). In experimental animals, estrogen treatnhas led to the development of

mammary tumors (Shull et al. 1997). Recent evidesuggests that estrogen may play a
role even in the development and progression of iiRrative breast cancer, and operate
by mechanisms other than by binding the ER (Gupt@.e2007). Estrogen seems to be
capable of contributing to all phases of the caxgenic pathway, although the exact

mechanisms are not fully understood. The toxic ataike estrogen metabolites are

hypothesized to cause direct DNA damage, and ERategtigenomic and non-genomic

signaling may induce cell proliferation and inhigoptosis (Yager et al. 2006).

In hereditary breast cancer, one tumor suppreseae dnias a germline pathological
mutation. Inactivation of the second allele, iniidd to the germline mutation present in
the first allele, is an early event in the pathvawards cancer. This “two-hit” model of

carcinogenesis has originally been suggested by&om (1971). Mutation of the second
allele may result from damage by endogenous togmeccur by chance during DNA

replication, leading to loss of function of the tmsuppressor. Loss of heterozygosity
(LOH) is a common way to lose the wild-type allefemutated tumor suppressor gene
can also cause cancer by mechanisms that do natedqgsing both alleles: by dominant-

negative effect, which means that the mutatedealliggturbs the function of the normal
allele (Brachman et al. 1996, Kwabi-Addo et al. BO0hevenix-Trench et al. 2002), or by
haploinsufficiency, i.e. the normal allele is ingtient for the proper function of the gene
(Fero et al. 1998, Fodde & Smits 2001).

Current understanding of differences in oncogerathways between hereditary and
sporadic breast cancers is far from complete, thuhé former tumorigenesis appears to

most often start from the inactivation of two adelof a tumor suppressor gene, while in



the latter the early event is more frequently geisaamplification of only one allele of an

oncogene (Kenemans et al. 2004).

2.1.3 Tumor features and histopathological classifi cation

Practically all breast cancers are adenocarcinaieased from glandular tissue (Berg &
Hutter 1995). The general architecture of the tudednes the histological type. The main
subtypes are ductal and lobular carcinomas. Ineasinctal carcinoma derives from
epithelial cells lining the ducts and is the mosimeon type, accounting for
approximately 70% of breast cancers. Invasive kbglrcinoma is the second most
common type (10-20%). Lobular carcinoma is formednf acinus cells located in
terminal ducts. Lobular carcinoma has a slightlstdseprognosis than ductal carcinoma
but the risk for contralateral breast cancer ishérgthan with other subtypes. Lobular
carcinoma metastasizes into serosal surfaces, rosmbal fluid, bone marrow, uterus,
and ovaries more often than the other subtypes.uNég carcinoma accounts for 1-7%
of all breast cancers and is characterized by siekts of large cells with prominent
nucleoli and frequent mitosis, and a noninfiltratipushing) margin. Medullary
carcinoma has a somewhat better prognosis thamlductobular carcinoma. Mucinous
and tubular carcinomas represent 1-2% of breastecareach. Mucinous carcinoma is a
slowly growing carcinoma occurring in older womemd tubular carcinoma is a well-
differentiated carcinoma with an excellent progeos$tapillary carcinoma accounts for

less than 1% of breast cancers.

Tumor histological grade defines the differentiatiof the tumor cells. Grading is
performed using the method by Bloom and Richardd®%7), modified by Elston and
Ellis (1991). The histological grade is based amehfeatures; tubule formation, nuclear
pleomorphism, and mitotic count, and divides bréastors into three categories. Grade |

tumors are well, grade Il tumors moderately, aratigrlll tumors poorly differentiated.

Breast cancer staging is performed by TNM classifon that describes the size and
extent of the tumor (T), involvement of local lymplodes (N), and distant metastases
(M). The TNM classification was accepted and isngeupdated by the International

Union Against Cancer (UICC) (http://www.uicc.org/).
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The routine pathological classification of a breashor also defines the lymphatic or
vascular channel invasion, infiltration into skioresence and amount of estrogen and
progesterone receptors, and expression of HERziproand presence of HER2 gene
amplification. The tumor is considered hormone péaepositive if 10% or more of the
cells are stained. Approximately 80% of breast easare ER-positive, and most of these
tumors are also PR-positive. The proportion of hmwenreceptor-positive cancers seems
to be rising. Hormone receptor-positive tumorssanesitive to endocrine treatment. HER2
gene amplification leading to immunohistochemicatrexpression is detected in around
15-20% of breast cancers (Slamon et al. 1989, Ra&dChamness 1995, Owens et al.
2004). Tumors with positive HER2 status relapse anoften and more rapidly than
HERZ2-negative tumors (Joensuu et al. 2003). Théferation rate of tumor cells and the

expression of the tumor suppressor protein p53esgon are also frequently determined.



Tablel TNM classification of breast cancer (modified frad€C 2002)

Primary tumor (T)

pTis carcinoma in situ

pT1 <2.0cm

T1lmic <0.1cm

Tla >0.1 cm but <0.5 cm

T1lb >0.5cm but<1.0 cm

Tlc >1.0 cm but 2.0 cm

pT2 >2.0 cm but 5.0 cm

pT3 >5.0 cm

pT4 direct extension to skin or chest wall

T4a extension to chest wall (not pectoralis muscle)
T4b edema or ulceration of the skin, satellite skin nodules
T4c both T4a and T4b

T4d inflammatory carcinoma

Regional lymph nodes (N)

pNO no regional lymph node metastasis

pN1 metastasis in movable ipsilateral axillary lymph node(s)

N1mi micrometastasis >0.2 mm but <2 mm

Nla metastasis in 1-3 axillary lymph nodes

N1b micrometastasis in internal mammary nodes detected by sentinel lymph node dissection

Nilc metastasis in 1-3 axillary lymph nodes and
micrometastasis in internal mammary nodes detected by sentinel lymph node dissection

pPN2

N2a metastases in 4-9 axillary lymph nodes

N2b metastasis in clinically apparent internal mammary lymph nodes in the absence of
axillary lymph node metastases

pPN3

N3a metastasis in 10 or more axillary lymph nodes or in infraclavicular lymph nodes

N3b metastasis in internal mammary lymph nodes and axillary lymph nodes, or in
3 or more axillary lymph nodes and micrometastasis in internal mammary lymph nodes
detected in sentinel lymph node dissection

N3c metastasis in ipsilateral supraclavicular lymph nodes

Distant metastases (M)
MO no distant metastasis
M1 distant metastasis

2.1.4 Molecular classification

Recently, complementary DNA (cDNA) microarray-bagghe expression profiling has
brought a new classification of invasive breastceasm (Perou et al. 2000, Sarlie et al.
2001 & 2003). Five distinct breast cancer subtypssociated with different clinical

outcomes can be identified. Luminal A and luminaubtype tumors are ER-positive and
share features with luminal epithelial cells thasea from the inner layer of duct lining.

Luminal A tumors have the highest expression ofdeRe, and luminal B tumors show
low to moderate expression of luminal specific gemecluding the ER cluster. The third
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subtype is ER-negative and overexpresses HERZ2iprathe fourth subtype resembles
normal breast cells and is characterized by higbression of basal epithelial and low
expression of luminal epithelial genes. The fiftibtype is basal-like, with ER-, PR-, and
HER2-negative tumors that express basal cytokerdtK) 5/6 and 17. These tumors
show characteristics of myoepithelial cells frone thuter (basal) layer of breast ducts.
Basal-like tumors have the highest proliferatioresaand a poor prognosis (Foulkes et al.
2004). Overall, little is known about the develommef aggressive basal-like tumors.
Whether ER is actually involved in the pathogenesihiese tumors is uncertain.

2.1.5 Prognostic aspects

Although breast cancer incidence has been on slee the mortality has not. Today, more
than 85% of breast cancer patients are alive fiveary after diagnosis
(www.cancerregistry.fi), and an estimated 75% wilivive. Risk for recurrence is highest
during the first five years after diagnosis, butdst cancer can metastasize even 15-20
years after diagnosis. The improved prognosis is8 thu earlier diagnosis and more
effective adjuvant treatment (Berry et al. 2009)e Tmost important prognostic factors in
breast cancer are nodal status, tumor size, arndldygal grade. These traditional
prognostic factors are used to identify breast eapatients at high risk for recurrence
who will potentially benefit from adjuvant chemothpy (Singletary et al. 2002). Young
age (<35 years) at diagnosis is an independentenafkpoor prognosis (Dubsky et al.
2002). Of biological markers, negative hormone péme status and HER2 gene
amplification predict poor outcome (Isaacs et &02, Joensuu et al. 2003, Harris et al.
2007). Lymphatic or vascular channel invasion aigth proliferation rate (Dettmar et al.
1997, Bryant et al. 1998, Jansen et al. 1998, €lales al. 1999) are also associated with
poor breast cancer survival. Although HER2 poditivdlone predicts poor outcome, the
so-called triple-negative (ER, PR, HER2) breasteamnseem to have a highly aggressive
clinical course with short recurrence-free periatsl poor overall survival (Dent et al.
2007). A large number of additional prognostic tumuarkers have been published, but
for many markers the prognostic value has not lskemwn in subsequent studies, and thus
the true prognostic value remains unclear, andetimearkers have not been adapted for

routine use. cDNA studies have identified poor pamiic gene expression profiles that



may allow more specific prognostic evaluation thanimmunohistochemical methods
(van’t Veer et al. 2002, van de Vijver et al. 2003jk et al. 2004). At the moment, how
much these methods supplement prognostic evaluatidrireatment decisions in clinical

use is uncertain.

Although breast cancer prognosis has improved amd bz considered good, a small
proportion of breast cancers behave aggressively despite adjuvant treatment

metastasize and lead to death shortly after diagn&:ding new prognostic markers

could help in identifying these tumors more acalyatand possibly uncover novel

strategies for developing future targeted therap\tese precise prognostic evaluation can
also help in making treatment decisions and avgidivertreatment, and decreasing the
exposure of patients who do not actually benebmfrtreatment to the side-effects of
adjuvant therapies.

Table2 Definition of risk for recurrence by tumor markefgilapted from the St. Gallen
consensus meeting recommendations (Goldhirsch 20ar).

Low-risk tumors

Node-negative and all of the following features:

pT <2cm, grade 1, absence of vascular invasion, ER- and/or PR-positive,
absence of HER2 overexpression or gene amplification, age <35 years

Intermediate-risk tumors

Node-negative and at least one of the following features:

pT >2cm, or grade 2-3, or presence of vascular invasion, or ER- or PR-
negative, or HER2 overexpression or gene amplification, or age <35 years
Node-positive (1-3 nodes involved) and:

ER- and/or PR-positive and absence of HER2 overexpression or gene
amplification

High-risk tumors

Node-positive (1-3 nodes involved) and

ER- or PR-negative, or HER2 overexpression or gene amplification
Node-positive (4 or more nodes involved)

2.1.6 Adjuvant treatment

Patients treated with local resection or those e undergone mastectomy and have a
high risk for recurrence (tumor size more than 5ammore than three regional lymph

nodes involved) are recommended to receive posatiperradiotherapy. Radiotherapy
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significantly diminishes the risk of local relapg€lark et al. 1996, Fisher et al. 2002,
EBCTCG 2005).

The majority of breast cancer patients nowadays age advised to have adjuvant
chemotherapy and/or endocrine treatment. Only pigtieonsidered to have a small risk
(<10%) of recurrence (Goldhirsch et al. 2007) da seem to benefit from adjuvant
treatment. Recurrence risk and the need for adjuv@atment are defined by the presence
of the adverse prognostic factors described albave these recommendations are updated
regularly. Adjuvant treatment significantly redudhbe risk of recurrence and improves the
survival of moderate- and high-risk breast cancdrepts, but also exposes patients to
harmful side-effects. A future challenge is todrithe treatment based on the biological

profile of the tumor to identify patients who wiptimally benefit from each regimen.

Table3 Adjuvant treatment for early invasive breast candéodified fromthe St. Gallen
consensus meeting recommendations (Goldhirsch 20ar).

Recurrence risk I-|-Iigh|y endocrine- Intompletely endocri ne- Endocrine-
responsive* esponsive** npn-responsive***
Small Endocrine treatment Endocrine treatment No treatment
Medium Endocrine treatment, Chemotherapy and Chemotherapy and
or chemotherapy and endocrine treatment trastuzumab if HER2-
endocrine treatment and trastuzumab if positive tumor
and trastuzumab if HER2-positive tumor
HER2-positive tumor
High Chemotherapy and Chemotherapy and Chemotherapy and
endocrine treatment endocrine treatment trastuzumab if HER2-
and trastuzumab if and trastuzumab if positive tumor
HER2-positive tumor HER2-positive tumor

* hormone receptor-positive breast cancer
** horderline hormone receptor positivity, or negative progesterone receptor
*** hormone receptor-negative breast cancer

Patients with hormone receptor-positive tumorsadfered endocrine therapy either alone
or in combination with chemotherapy (Goldhirsch att 2007). Endocrine treatment
consists of tamoxifen or aromatase inhibitors (apasele, letrozole, and exemestane),
alone or in combination. Tamoxifen treatment feefyears after diagnosis diminishes the
risk of recurrence by 50% and of breast canceteéldeath by 31% (EBCTCG 2005).
Treatment with aromatase inhibitors alone for frears, changing tamoxifen to aromatase
inhibitors after 2-3 years, or continuing endocrireatment with aromatase inhibitors for

2-5 years after five years of tamoxifen improvesichl outcome among high-risk
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postmenopausal patients (Goss et al. 2003 & 2008mbes et al. 2004, Howell et al.
2005, Coates et al. 2007, Kaufmann et al. 2007d=oet al. 2008).

Adjuvant polychemotherapy containing an anthracygchegimen improves the survival of
premenopausal high- or medium-risk patients by ~&bh of postmenopausal patients by
~26% (EBCTCG 2005). Adjuvant chemotherapy with teesafurther improves outcome
of the patients at the highest risk for recurrebgg is also more toxic. Taxane treatment
improves recurrence-free survival of lymph nodeHpes patients by 17% and overall
survival by 15% (De Laurentiis et al. 2008). At tm@ment, no predictive tumor features

for chemotherapy response are in standard use.

Patients who have breast cancer showing HER2 gapéf@ation benefit from adjuvant
treatment with HER2 protein targeting antibody twasmab in combination with
chemotherapy, and in the case of endocrine-respgwitigmor, with endocrine treatment
(Piccart-Gebhart et al. 2005, Romond et al. 200Bnsuu et al. 2006, Smith et al. 2007).

Trastuzumab seems to prevent half of recurrenctsest patients.

2.2 Familial background for breast cancer

Family history is considered one of the strongestligposing factors for breast cancer.
First-degree relatives of a breast cancer patiemt lan approximately twofold risk for
breast cancer compared with the general populaBenetic factors may play a role in up
to 30% of breast cancers, but known high-risk sptsadity genes explain only 20-30% of

hereditary and 5% of all breast cancer incidenceh{enstein et al. 2000).

2.2.1 Breast cancer risk in cancer predisposition s yndromes

Certain rare autosomal-dominant cancer predisposgyndromes cause elevated breast
cancer risk in addition to other cancer risks. @arwomen of p53 mutations in Li-
Fraumeni syndrome have a 28-56% risk for breasteraby the age of 45 years
(Chompret et al. 2000). Cowden syndrome is caugetuimor suppressor gene PTEN
mutations and confers a 20-50% lifetime risk foedst cancer (Eng 2003). Women with

Peutz-Jeughers syndrome (LKB1 mutations) have &% risk for breast cancer by the
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age of 70 years (Hearle et al. 2006). These rameetgredisposition syndromes explain

less than 1% of all familial breast cancers.

2.2.2 High-penetrance susceptibility genes BRCAL1 an d BRCA2

The most important predisposing high-penetranceegesre BRCA1l on 17921 and
BRCA2 on 13g12-13 (Miki et al. 1994, Wooster et #95). Numerous mutations have
been reported throughout the coding regions ofethagye genes. BRCA1 and BRCA2
function in DNA repair (Yoshida & Miki 2004, Zhar& Powell 2005) and act as classical
tumor suppressor genes. LOH is a common phenomen®RCA1/2-related tumors.
Women carrying germline BRCA1 or BRCA2 mutation @aa high lifetime risk for
breast (50-90% and 40-80%, respectively) and owac@ncers (20-50% and 10-20%,
respectively) (Antoniou et al. 2003). MutationsBRCA1 and BRCA2 explain ~20% of
familial breast cancers in Finland (Vehmanen et 1897, Vahteristo et al. 2001,
Hartikainen et al. 2007).

2.2.3 Low-penetrance susceptibility genes

Checkpoint kinase 2 (CHEK?2) is a signal transdticat plays a crucial role in response to
DNA damage. CHEK2 1100delC variant is the firstogrzed low- or moderate-
penetrance susceptibility variant in breast cancenferring an approximately twofold
increased risk (Meijers-Heijboer et al. 2002, Vakte et al. 2002). Other variants in
CHEK2 have also been suggested in breast canceisposition, and at least the 1157T
seems to be associated with increased breast casic€Cybulski et al. 2004, Kilpivaara
et al. 2004). The BRCA2-binding protein PALB2 gedras recently been identified as a
new susceptibility gene with a 2- to 4-fold heragjtrisk for breast cancer (Rahman et al.
2006, Erkko et al. 2007). BRIP1 (BACH1) is a BRCadsociated helicase that
participates in DNA double-strand break repair vBRCAL1. BRIP1 germline mutations
have also been shown to be associated with an xapmately twofold increased breast
cancer risk (Seal et al. 2006). These low- or ma@epenetrance breast cancer

susceptibility genes are estimated to account 6t of hereditary breast cancers.
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2.2.4 Familial breast cancer predisposition not exp lained by known

susceptibility genes

Even considering all known high- and low-penetrabosast cancer susceptibility genes,
the genetic background of ~70-75% of familial btezncers remains unknown. Studies
are underway to discover new breast cancer subdaptgenes. A polygenic model in
breast cancer susceptibility has also been sugbesie can explain some of the residual
familial breast cancer aggregation (Antoniou e@b2, Pharoah et al. 2002, Antoniou &
Easton 2006). Low-penetrance variants that occamneonly in the general population
may individually confer a moderate breast cancek, rbut have a multiplicative effect
when combined. These low-penetrance variants nsyiateract with environmental risk
factors such as estrogen exposure. The strongestnee for common breast cancer
susceptibility alleles by far comes from a largdadmration study and implies that the
D302H variant in the caspase 8 (CASP8) gene and 1@ variant in the transforming
growth factor beta 1 (TGFB1) gene are associatélal bveast cancer risk and may explain
0.3% and 0.2%, respectively, of the excess famitildast cancer risk in European
populations (Cox et al. 2007). Furthermore, a layggaome-wide association study has
recently found five novel independent loci withostg and consistent breast cancer
associations (Easton et al. 2007). Genes and varaausing this breast cancer risk are

subjects for further research.

2.2.4.1 COMT Met108/158Val polymorphism

Estrogen has a critical role in breast cancer dgweént. Estrogen stimulates transcription
of genes essential in cell proliferation througtraggen receptor and is suggested to cause
DNA damage via catechol estrogen metabolites (Zh€dhney 1998). A number of
polymorphisms have been depicted in enzymes indolire estrogen synthesis or
metabolism. Such variants include catechol-o-métysferase (COMT), cytochrome P-
450 (CYP) 17, 19, 1A1, and 1B1, and glutathioneafdgferase M1 (GSTM1) genes. No
significant association with breast cancer rislsutvsequent materials has been found for
any of these variants, but the combined effectonfies of the variants may confer breast

cancer risk or individual vulnerability to exogesoestrogen exposure (Yager et al. 2006).
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Catechol-o-methyltransferase (COMT) is a phasedmayme in estrogen metabolism that
catalyzes these toxic catechol estrogen metabalitesmethoxyestrogens (Zhu 2002).
Detoxification of catechol estrogens happens maimlyhe liver, but also in peripheral
tissues such as the breast. COMT is expressedain, diver, kidney, and peripheral
tissues including the epithelium of the ducti aolduli of normal breasts. In breast tumor
tissue, COMT expression is elevated compared witharmal breasts (Tenhunen et al.
1999). COMT activity varies among individuals (W&hiiboum & Dunnette 1981), and
COMT gene has a commonly occurring A to G singleleotide polymorphism (SNP)
(Met108/158Val) at position 1947 (rs 4680). Thidypworphism produces two different
alleles of COMT: Met and Val. The Val allele hasbesuggested to have a 3- to 4-fold
higher enzymatic activity than the Met allele (laoét al. 1995, Lachman et al. 1996).

2.2.4.2 COMT Met108/158Val polymorphism and breast cancer risk

The COMT Met108/158Val polymorphism has a role iamg neurological and
psychiatric diseases, and its association with fiskcancer has been studied widely.
Higher risk for breast cancer has been suggestedM&iVal and ValVal genotypes
(Lavigne et al. 1997, Ahsan et al. 2004, Sazcl.2G04, Gaudet et al. 2006), although all
studies have not confirmed the association (Milile al. 1998, Thompson et al. 1998,
Mitrunen et al. 2001, Wedren et al. 2003, Onay.2@06, Akisik et al. 2007).

2.2.4.3 CCND1 G870A polymorphism

Uncontrolled cell proliferation is one of the hadirks of cancer. The cell cycle is the
machinery that governs proliferation and growth agflls, thus, alteration in genes
regulating the cell cycle could predispose to carcCgclin D1 has a critical role in control

of cell cycle G1 to S phase transition. Cyclin Dddimg gene CCND1 has a commonly
occurring G to A polymorphism (G870A, Pro241Propasition 6962 (rs 603965) in exon
4. The frequency of the A allele in the Caucasiapypation is approximately 44% and of
the G allele 56%, but frequencies have varied fieidint populations (Sanyal et al. 2004).
This polymorphism produces two alternatively spliderms of a transcript with varying

stability and enzymatic activity. The protein proatiof the CCND1 A allele has higher
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enzymatic activity and is hypothesized to be maable than the product of the G allele
(Betticher et al. 1995).

2.2.4.4 CCND1 G870A polymorphism and cancer risk

The CCND1 G870A A allele has been reported to ls®@ated with increased risk for
several cancers, including colorectal, esophageatiac, bladder, head and neck, lung,
prostatic, and renal cell carcinomas as well akdeua (reviewed in Knudsen et al. 2006).
The results have not been entirely consistent ssooee studies have shown no risk and
increased risk for cancer has even been reportetthéoGG genotype. Thus, the effect of
this polymorphism may vary in distinct tumor typakhough differences in study designs
can also explain some of the discrepancies. Theebigisks have, however, been reported
in most studies for the AA genotype. The relatigi&s have typically been modest, which
can in part be expected for a common allele suchthas A allele in CCND1
polymorphism. The cancer risk with this low-penet@ variant could be modified by
polymorphisms in other genes or environmental faci@uch et al. 2005, Shu et al.
2005).

2.2.4.5 CCND1 G870A polymorphism in breast cancer

Four studies have evaluated the association of CCplilymorphism with breast cancer
risk (Grieu et al. 2003, Krippl et al. 2003, Forstial. 2004, Shu et al. 2005). None of
these showed a significantly increased breast catgle the patient samples in these
studies were, however, rather small (200-500 bresster cases). Nor has any association
between the CCND1 polymorphism and specific clipabologic features of breast

cancers been reported.

2.2.4.6 Interaction of CCND1 and COMT

CCND1 and COMT polymorphisms share functions in ¢iserogen pathway. Negative
feedback by the COMT high-activity allele resulishigher estrogen level, which may in
turn increase CCND1 expression. If the CCND1 higtivay allele was more stable, the

combination of high enzymatic alleles of CCND1 &@MT could be thought to lead to
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enhanced proliferation. A study investigating th&eractions of different SNPs in genes
involved in major cancer pathways suggested afgignt association with elevated breast
cancer risk for the CCND1 G870A and COMT Met108At&Bpolymorphism interaction
(Onay et al. 2006). Thus, the interaction of them®mon variants was suggested to play a

role in individual breast cancer risk.

2.2.5 Histopathological features of familial breast cancer

Breast cancers of BRCAL1 carriers differ from sparadnd familial non-BRCA1/2
cancers. BRCAl-associated cancers seem to belwriggade, more often ER-, PR-, and
HER2-negative, p53-positive, aneuploid, of medyll&istology, and diagnosed at a
younger age than sporadic cancers (Eisinger et1996, Breast Cancer Linkage
Consortium 1997, J6hansson et al. 1997, Armes. 98B, Noguchi et al. 1999, Lakhani
et al. 2002, Eerola et al. 2005). Bilateral cans@ommon in BRCAL carriers. Expression
of cell cycle regulator cyclin E has been highed ayclin D1 expression lower than
among sporadic cancers (Osin et al. 1998, Armak @099, Vaziri et al. 2001, Palacios et
al. 2005), and also higher expression of basalkeyaiins seems to characterize BRCA1
tumors as compared with sporadic ones (Lakhanl. 2085). cDNA expression studies
have shown that tumors of BRCAL carriers are mastlipasal cell epithelial phenotype
(Foulkes et al. 2003 & 2004, Sorlie et al. 2003).

BRCA2-associated breast cancers have shown a ppendietween the BRCAl-
associated and sporadic tumors (Noguchi et al. I9¥hani et al. 2002, van der Groep et
al. 2006). In some studies, BRCA2-associated turave not differed from sporadic or
familial non-BRCA1/2 tumors in terms of tumor gradstology, or ER, PR, HERZ2, and
p53 status (Noguchi et al. 1999, Lakhani et al.2@®rola et al. 2005). Higher amount of
ER positivity and higher grade among BRCA2 tumbaantamong unselected tumors has
been suggested (Bane et al. 2007, Brekelmans &0@l7). Bilateral cancer is more
common also among BRCAZ2 carriers than sporadicsbieancer patients. cDNA studies
have identified a distinct expression profile afso BRCA2 tumors (Hedenfalk et al.
2001). Cyclin E expression among BRCA2 tumors heenthigher than among sporadic
tumors but both higher and lower cyclin D1 expresshas been reported (Osin et al.

1998, Armes et al. 1999, Palacios et al. 2005,dearGroep et al. 2006, Bane et al. 2007).
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Breast cancers of familial non-BRCA1/2 patientsrastas well characterized as BRCA1-
or BRCA2-associated cancers. Three studies haestigated histopathological features
of these tumors. They seem to be of lower grade BRCAL1l, BRCA2, or sporadic
tumors (Lakhani et al. 2000, Eerola et al. 2006 #tne most common histological type is
invasive ductal carcinoma (Lakhani et al. 2000aPiak et al. 2003, Eerola et al. 2005).
Higher proportions of ER- and PR-negative and p&8§itve tumors have been described
among familial non-BRCA1/2 tumors than among spar&aimors (Palacios et al. 2003).
Based on the expression profiles of 60 differeniege a cDNA study divided the non-
BRCA1/2 tumors into two groups with varying aggreesess (Hedenfalk et al. 2003).

2.2.6 ldentification of high-risk families

The screening of BRCA1 and BRCA2 mutations is lalag and expensive. The selection
of patients to whom genetic testing is offered $thdae as accurate as possible. Finding
mutation-positive patients is essential since aftiee familial mutation has been
recognized, predictive genetic testing can be etfdo healthy family members at risk of
having inherited the mutation. Women carrying gemml BRCA mutation are
recommended to undergo regular surveillance, imaetuchonthly breast self-examination,
clinical breast examination every six months, aneabt imagining (mammography and
ultrasound, and breast MRI if possible) once a.y&gnecologic surveillance consists of
transvaginal ultrasound examination and serum CAtlifhor marker measurement every
6-12 months. Prophylactic operations (prophylactiastectomy and/or salpingo-
oophorectomy) can also be considered. Screenindnefnto detect cancers at an earlier
stage, and prophylactic operations have been showeduce breast and ovarian cancer
incidence (reviewed in Bermejo-Perez et al. 2007).

The probability of finding BRCA mutation is evaledtmainly based on family history. In
a Finnish breast cancer material consisting ofepétiwith three or more first- or second-
degree relatives with breast or ovarian cancerdyguceg the proband) or patients from
families with two affected cases, the age of thangest breast cancer patient and the
number of patients with ovarian cancer in the fgmitere the independent factors
predicting BRCA mutation positivity (Vahteristo at 2001). A logistic model based on
this data showed that 97% of mutation-positive fesmiobtained a probability above 10%
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for finding BRCA1 or BRCA2 mutation as comparedwit3% of all families. The mean
probability was 55% for mutation-positive and 11%r fmutation-negative families.
Several other models have been constructed to aealumutation probability.
Incorporating tumor pathology data into probabiltyodels may improve mutation
prediction models (Farshid et al. 2006, James. &04l6).

2.3 Cell cycle

The human cell cycle is a firmly controlled machinthat regulates cell entry into mitosis
and DNA replication, and thus, cell division. Celicle consists of different phases: G1
phase (preparation for DNA synthesis), S phase (D8yAthesis and replication), G2
phase (the second gap), and M phase (mitosis). qalegcence) is a biochemically
different resting phase, where cells are kept & dbsence of proliferation stimuli, but
from which cells upon growth factor stimulation cesenter into the active cell cycle
(Sherr 1996). As cells receive enough environmepaliferation stimuli, they move from
G1 to S phase. This G1/S transition is considaredersible (Sherr 1996). The G2 phase
is important for DNA replication and for the cortien of errors in replication.

Cyclin -dependent kinases (CDKSs) regulate the ©gtle and changes between different
phases. CDK levels remain relatively constant tghowt the cell cycle, but they are
activated and inactivated by periodic changes wel&of their binding proteins. Cyclins
are cell cycle regulator proteins that activatd cgtle progression by binding to CDKs.
Active cyclin-CDK complexes drive phosphorylatioascades throughout the cell cycle.
Cyclin D1-CDK4/6 and cyclin E-CDK2 complexes acegominantly on G1 phase, cyclin
A-CDK2 on S and G2 phases, and cyclin B1-CDK1 on gbase and mitosis. CDK
inhibitors (CKIs) consist of large amount of inlibg proteins, e.g. inhibitors of kinase 4
(INK4) group inhibitors CDKN2A (p16 and p14), CDKB2pl5), CDKN2C (p18), and
CDKN2D (p19), and the second group of CIP/KIP (oycependent kinase inhibitory
protein/kinase inhibitor protein) inhibitors CDKN1¢#21) and CDKN1B (p27) (Sherr &
Roberts 1999). INK4s bind to CDK4 and CDKG6 to praviheir association with cyclin
D1. CIP/KIP inhibitors do not affect cyclin bindingut form complexes with the G1/S

transition CDKs. CKIs allow the cell cycle to bentwlled at multiple levels.
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The most important target of cyclin-CDK phosphotigla is the retinoblastoma protein
(pRb) and other retinoblastoma family proteins sashpl07 and pl130. Active pRb
represses the transcription factors essential foiSGransition. Thus, pRb is a negative
cell growth regulator. Upon stimuli of proliferatidactors, pRb becomes inactivated and
transcription factors needed for G1/S transitione amactivated. The PpRb
hyperphosphorylation disrupts its association wWHRF, and activated E2F mediates
transcriptional activation required for G1 progiess Cyclin D1-CDK4/6 complex is
upregulated early after mitogenic stimuli and atiis the phosphorylation and inactivation
of pRb (Baldin et al. 1993). Cyclin E-CDK2 complé&ecomes activated later and is
necessary in pRb phosphorylation in late G1 phasedal as in events leading to DNA
synthesis (Sheaff et al. 1997, reviewed in Caldoal.e2006). Recent data suggests that
also the cell cycle reentry from GO to G1 phaseegulated by specific retinoblastoma
family proteins in association with specific E2Rrscription factors. Cyclin C/CDK3
complex controls the pRb suppression at this phaseseems to be critical in promoting
cell exit from the quiescent GO phase (Ren & Rell2004). The GO to G1 transition,
however, is incompletely understood. The factonstrmdling the activity and stability of
the cyclin C/CDK3 complex and the Rb-independentimeisms for cells to exit GO

remain to be elucidated.

During oncogenesis cell cycle control mechanisnt®ime deregulated and cell division is
uncontrolled (Sherr 1996). CDK deregulation is ¢cdeed one of the key events in tumor
cells gaining unstrained growth capacity. In breastcer cells, the cell cycle machinery
seems to be uncontrolled at multiple levels. Delgn of G2/M phase transition is
found, but the G1/S transition appears to be pdaily important in many cell cycle

events specific to breast cancer pathogenesis.
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Figurel The human cell cycle (adapted from Sherr 1996).

2.3.1 Cyclin A

Cyclin A level in cells rises in early S phase asmessential for DNA replication and is
also involved in G2/M transition (Zindy et al. 19%an & Bertino 1997). Cyclin A/ICDK2
complex regulates the pRb function in S and G2 gdhasd controls the initiation of DNA
replication and timing of mitosis. Cyclin A overaggsion is able to induce premature S
phase induction, and removing cyclin A can blook 8 phase progression (Girard et al.
1991). In the mid-M phase, cyclin A is degraded asdevel falls rapidly. Elevated cyclin
A expression has been observed in several maligggnincluding breast cancer
(Bukholm et al. 2001), and is associated with poamcer outcome at least in sarcomas
and head and neck cancers (Huuhtanen et al. 199%998b, Saarilahti et al. 2003).
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2.3.2 Cyclin A in breast cancer

Cyclin A overexpression is common in breast canekgh cyclin A is more frequent
among large, ER-negative, high-grade, cyclin E6/Kj HER2-, and p53-positive and
cyclin D1-negative tumors, as well as among tunafrgounger patients. High cyclin A
expression has been reported to be associated pmith prognosis in breast cancer
(Bukholm et al. 2001, Michalides et al. 2002, Milshet al. 2003, Poikonen et al. 2005),
although all studies have not confirmed this (Kiglet al. 2003, Rudolph et al. 2003).
One explanation for the discrepancy in results migh the varying methods used to
define cut-off values in different studies. Moreguhe study populations have differed.
No association between cyclin A and poor prognasaés seen in patient material
including only lymph node-negative patients, sugiggscyclin A may play a more
important role in aggressive breast cancer and statia disease. A study aimed at
determining the optimal cut-off value of cyclin A tdentify highly proliferating tumors
with poor prognosis suggested the optimal cut-@fiug to be around 8% (Ahlin et al.
2007). To assess optimal cut-off value, the mdtemiahis study was divided into two
parts at cut-offs that were defined by splitting thaterial into deciles, and by calculating
the relative risk (RR) for each of these cut-offte cut-off value of 8% corresponds to
the 7" decile. In this study, cyclin A was an independerdictor of poor metastasis-free
survival among patients not given adjuvant chenmaihng but among patients receiving
chemotherapy no significant association with pramavas found. Based on these results,
tumors with high cyclin A expression can be speedao be particularly sensitive to

chemotherapy.

2.3.3 Cyclin B1

Cyclin B1/CDK1 complex controls G2-M phase tramsitiand is needed for initiation of

mitosis (Pines & Hunter 1990). In cancer cells,licyB1 expression has been detected
also in G1 phase (Shen et al. 2004). This unsckddexpression may lead to substrate
phosphorylation regardless of the cell cycle phassysing uncontrolled cell cycle

progression, and be one of the mechanisms in cayeresis. The mechanism leading to
this unscheduled expression remains to be eluddétean be due to disturbances either
in synthesis or degradation of cyclin B1 proteif3protein has been shown to be able to
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regulate the G2-M transition by increasing and easing cyclin B1 level by binding to its
promoter site (Innocente et al. 1999). Disturbanngss3 control of cyclin B1 level may
thus be one of the mechanisms leading to cyclimBdrexpression, induced cell division,
and transformation to malignancy. High cyclin Bleession has been detected in several
malignancies (Murakami et al. 1999, Soria et aD®@Nozoe et al. 2002, Takeno et al.
2002, Yoshida et al. 2004, Ikueworo et al. 2006hals been associated with high tumor
grade and advanced stage of disease as well aspwathprognosis in several cancers,
including esophageal squamous cell (Murakami e1@$9, Nozoe et al. 2002, Takeno et
al. 2002), non-small cell lung (Soria et al. 200&shida et al. 2004), and renal cell

cancers (Ikueworo et al. 2006).

2.3.4 Cyclin B1 in breast cancer

Cyclin B1 expression level is often high in breeahcer and has been shown to rise from
benign and premalignant to advanced malignant blesisns (Kawamoto et al. 1997). In
breast cancer, the association of cyclin B1 witbgposis has thus far been evaluated in
four rather small populations. In a study with 7Bdast cancers, both nuclear and
cytoplasmic expressions were independent prediatbrpoor relapse-free and overall
survival (Winters et al. 2001). Cyclin B1 expressiwas not associated with tumor size,
nodal status, grade, ER positivity, or p53 immustdthemical expression. In a study
with 332 T1-2 N-negative breast cancers (Kuhlingle2003, Rudolph et al. 2003), high
cyclin B1 expression was associated with relapse-a&nd overall survival in univariate
analysis, but was not an independent prognostitorfac a multivariate analysis that
included Ki67 as a covariate (Kuhling et al. 2008hen 273 tumors treated with surgery
and postoperative radiation only were analyzedjrcygl was an independent predictor of
poor overall survival among premenopausal but mstrpenopausal patients (Rudolph et
al. 2003). Tumors with high cyclin B1 expressiorrevenore often of high grade, ER- and
PR-negative, and also had high Ki67, cyclin A, agdlin E expression. In a small study
with 56 invasive stage I-ll cancers, cyclin B1 wed associated with prognosis (Peters et
al. 2004). A recent study with 109 breast cancémyved an association between only

nuclear cyclin B1 expression and prognosis (Suetiki. 2007).
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2.3.5 Cyclin D1

Cyclin D1-CDK4/6 complex is a critical regulator @&1/S transition through pRDb
phosphorylation and titration of p21 and p27 levatsdescribed earlier (Sherr 1996). The
major function of cyclin D1 is to integrate stimdifom extracellular mitogenic factors,
such as tyrosine kinases and hormones, with celeqyrogression during the G1 phase
(Kato et al. 1993). After mitogenic activation, tgcD1/CDK4/6 complex begins pRb
phosphorylation, but also sequesters CDK inhibjtexrg. p27 and p21, thus relieving
cyclin E/CDK2 complex of its inhibitory control. Esgen directly targets cyclin D1, and
cyclin D1/CDK 4/6 complex level rises shortly afesstrogen stimulation (Doisneau-Sixou
et al. 2003). pRb is an important substrate ofinyBll/CDK4/6 complex; in cells lacking
pRb, cyclin D1 is not required for cell cycle pregsion. Cyclin D1 seems to have CDK-
independent functions, too, which contribute to @scogenic actions (Arnold &
Papanikolaou 2005). Cyclin D1 may activate estrageeptor without estrogen, and thus,
drive all the mitogenic effects of estrogen on btezlls (Neuman et al. 1997, Lamb et al.
2000).

2.3.6 Cyclin D1 in breast cancer

Cyclin D1 is overexpressed in about 50% of breasicers, partly due to CCND1 gene
amplification and partly due to translational osficanslational deregulation (Gillett et al.
1994). CCND1 gene amplification occurs in about2DS86 of breast cancers. Cyclin D1
overexpression has also been detected in duct&rpigsia and ductal carcinoma in situ
(DCIS), indicating that it may have a role in thekition of early breast cancer (Wang et
al. 1994). Breast cancers with high cyclin D1 espien are more frequently hormone
receptor-positive than -negative. The associatibreyelin D1 with tumor grade and

proliferation is not fully understood; associatidsetween high cyclin D1 levels and low-
grade tumor and low proliferation rate have begromed (van Dienst et al. 1997, Han et
al. 2003, Hwang et al. 2003, Jirstrom et al. 20@k)t not consistently in all studies

(Michalides et al. 1996, Umekita et al. 2002, Relko et al. 2006). The relationship

between cyclin D1 and HER2 overexpression also iesnanclear. One study on 113
primary breast cancers and breast cancer cell $nggested that proliferation is increased
in hormone receptor-positive tumors with high aydd1l (Loden et al. 2002). Cyclin D1
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does not seem to have an independent prognoséidirdireast cancer; there are several
studies that have been unable to show any asswtiatid a few have even shown an
association of high cyclin D1 with better progno@#ichalides et al. 1996, van Dienst et
al. 1997, Gillett et al. 1998, Umekita et al 20&®&is-Filho et al. 2006, Elsheikh et al.
2007). Instead of being a prognostic factor, cy@h has been suggested to mediate
tamoxifen resistance (Stendahl et al. 2004, Ahnsibal. 2005, Jirstrom et al. 2005).

2.3.7 Cyclin E

Cyclin E expression rises and cyclin E/CDK2 complecomes released from CDK
inhibitors p27, p21, and others at the G1/S tramsibs a result of activity of cyclin
D1/CDK4/6. Activated E2F can induce cyclin E as lvegld creates a positive feedback
loop that contributes to the irreversibility of tiBl/S transition. Cyclin E/CDK2 carries
on the inactivation of pRb later in G1 and enalfilether upregulation of genes needed for
DNA replication (Sherr 1996). Cyclin E also faaliés the first events of the S phase.
Cyclin E/CDK2 complex is capable of phosphorylatisgbstrates besides pRb that
mediate its proliferative actions, and cyclin E cancelerate entry into S phase
independently of pRb (Ohtsubo et al. 1995). Onéhese substrates is the p27 inhibitor,
and cyclin E facilitates its own activation by ppberylating p27. In normal cells, cyclin
E becomes quickly degraded by multiple mechanisang, during early G1 and G2/M
phases its level and activity are low.

Cyclin E overexpression can cause chromosomal hiisya potentially by disturbing
proper chromosome duplication and segregation (Epret al. 1999). Cyclin E
overexpression is common in cancer. Amplificatidnt® coding gene CCNE is unusual;
instead, posttranslational deregulation seems thdenechanism leading to high cyclin E
expression (Keyomarsi et al. 1995). Further spliaii the CCNE transcript as well as
posttranslational proteolytic cleavage of the aydi protein lead to the formation of low
molecular weight (LMW) isoforms of cyclin E founch itumor tissues (Porter &
Keyomarsi 2000, Porter et al. 2001).
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2.3.8 Cyclin E in breast cancer

Cyclin E expression has been shown to be often inidgiteast cancers with an aggressive
tumor phenotype. High cyclin E expression corralatéth hormone receptor negativity,
high tumor grade, and large tumor size (Nielseralet1996, Donnellan et al. 2001,
Keyomarsi et al. 2002, Han et al. 2003, Rudolphalet2003, Lindahl et al. 2004).
Furthermore, correlations between high cyclin E highh Ki67 count and younger age at
diagnosis have been reported (Kilhing et al. 20@3jahl et al. 2004, Berglund et al.
2008). One study found that high cyclin E was mooenmon among HER2-positive
tumors (Potemski et al. 2006). Medullary histoldws been described as more common
among tumors with high than low cyclin E expressisaggesting cyclin E’s ability to
modulate the infiltrative behavior of the tumor (Beind et al. 2005). Tumors with high
cyclin E have also been shown to have a specif mphtation spectrum, with mainly
insertions and deletions and undetectable p53 ssime (Lindahl et al. 2004). Most
studies evaluating the prognostic role of cyclinirEbreast cancer have revealed an
association with poor prognosis (Nielsen et al.6l%eyomarsi et al. 2002, Han et al.
2003, Kihling et al. 2003, Rudolph et al. 2003,dahl et al. 2004, Chappuis et al. 2005,
Spruck et al. 2006). In some of these studiespdapendent effect on poor prognosis in
multivariate analysis could not be found. Someistutiave suggested that the prognostic
effect can only be seen when the LMW forms of ey@liare measured. High cyclin E has
also been speculated to predict endocrine therajyré (Span et al. 2003, Akli et al.
2004, Desmedt et al. 2006). One study consistilg ohpatients treated with adjuvant
chemotherapy showed no adverse prognostic effertgiPet al. 2006). A meta-analysis
with 2534 patients, however, revealed that higHio\€ was associated with poor relapse-
free survival (RR 1.72, 95% CI 0.95-3.10) and wpthor overall or breast cancer-specific
survival (RR 2.86, 95% CI 1.85-4.41) also in mudtiate analysis (Wang & Shao 2006).
Thus, high cyclin E may be an independent predictgroor breast cancer survival.
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Figure2  Simplified model of cell cycle G1 to S transitiaddpted from Sherr & Roberts
1999).

2.3.9 Proliferation antigen Ki67

Ki67 is a nuclear protein that is absent in quiasalls, but universally expressed in
proliferating tissues (van Dierendonck et al. 198@rdes et al. 1991), and thus, can be
used as a marker of cell proliferation. Ki67 lewetells rises during G1 and S phases and
reaches its maximum during mitosis. Ki67 seemsaieela critical role in cell division, but
little is known about its exact function (Heidelneet al. 1996). While the prognostic role
of Ki67 in early breast cancer has been uncleareant meta-analysis suggests a
significant association with poor disease-free amdrall survival in univariate analysis
(de Azambuja et al. 2007). Because multivariatgpostic analyses were not conducted,
the independent prognostic value of Ki67 cannotiétermined. Furthermore, uncertainty
remains about the optimal cut-off values of Ki67rr{ificoechea et al. 2005). A study
investigating the optimal cut-off values of cyclnand Ki67 in prognostic evaluation
suggested the optimal cut-off value for identifytaignors with poor prognosis for Ki67 to
be around 15% (Ahlin et al. 2007).
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2.4 Tissue microarray (TMA) technique

In the tissue microarray (TMA) technique (Kononenh a. 1998), small cylinders
(diameter 0.6 um) from hundreds of separate tum@punched and brought into a single
recipient TMA block. Sections of these blocks daent be used in tumor marker analyses
on a DNA, RNA, and protein level. This techniquéoak simultaneous staining and
analysis of a large number of tumors, enablingd:af@rge-scale investigations of new
tumor markers. Since the TMA technique takes omglscylindrical specimens from the
donor blocks, these donor blocks remain virtualigamaged and can be used for several

studies.

As only a small punch (0.6 um) from each tumornsalgzed on TMA, a question has
arisen of the representativeness of this minusuéispunch and the possible effect of
tumor heterogeneity on results. Several studie® l&mwn that although an individual
result on TMA and on a corresponding large-secsbtbe may differ, the correlations
between histopathological features and prognostiglications are similar when large
tumor materials are investigated (Kononen et a@81Lamp et al. 2000, Gillett et al.
2000, Nocito et al. 2001, Torhorst et al. 2001)., PR, and HER2 expression has been
examined on breast cancer TMAs, and the results haen reliable (Kononen et al. 1998,
Camp et al. 2000, Gillett et al. 2000, Torhorstaét 2001). Expression of cell cycle
regulators cyclin D1 and E also show similar resaih TMA and on traditional large-
section slides (Richter et al. 2000, Han et al.0edberg et al. 2003, Jirstrom et al.
2003, Schraml et al. 2003, Stendahl et al. 2004hak, however, been unclear how
representative TMA is when studying markers wittieh@genic expression in different
parts of a tumor (Gillett et al. 2000).
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3 AIMS OF THE STUDY

This study aimed to bring new insights into theldgacal roles and clinical implications
of cell cycle regulator protein cyclins in breaahcer. Specific aims were to evaluate:

1. the reliability and reproducibility of cyclin Ammunohistochemical assessment on

TMA compared with traditional histological slides

2. cyclin D1, E, and Bl expression in familial lseaancer, focusing on differences in
expression between tumors of sporadic, familial-B®RCA1/2, BRCAl-, and BRCA2-

positive breast cancer patients

3. the role of cyclin D1 gene (CCND1) G870A polymloism in breast cancer
predisposition alone and in combination with estrogmetabolism enzyme COMT
Met108/158Val polymorphism

4. the associations of cyclin D1, E, and B1 expoessvith breast cancer phenotype,

focusing on cell cycle regulation and proliferatenmd with breast cancer prognosis
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4 PATIENTS AND METHODS

4.1 Patients

4.1.1 Breast cancer TMAs (I, Il, IV, V)

The breast cancer TMAs consist of 1348 invasivasireimors and constitute the material
in Studies IlI, IV, and V. Of these tumors 884 arenf unselected patients of the
Department of Oncology, Helsinki University Centkdspital, seen in 1997, 1998, and
2000 (79% of all consecutive, newly diagnosed lireascer cases during the collection
periods). The unselected series have been desdribdetail by Syrjakoski et al. (2000)
and Kilpivaara et al. (2005). Of the unselected dtsn439 are from sporadic and 445
from patients with one first-degree or two or méirst- or second-degree relatives with
breast or ovarian cancer. An additional 464 tunioyen familial breast cancer patients
were located by a systematic screening at the Dwepat of Oncology, Helsinki
University Central Hospital, or were ascertainedotigh genetic counseling at the
Department of Clinical Genetics (described by Eerilal. 2000). Of all familial patients’
tumors, 453 are from patients with a strong posifamily history (at least three first- or
second-degree relatives with breast or ovarianeramecluding the proband), 341 from
patients with two affected first-degree relativexluding the proband), 56 from BRCA1
mutation carriers, and 59 from BRCA2 mutation @ri The BRCA1 and BRCA2
mutation screening of familial tumors has been desd earlier in Vehmanen et al.
(1997) and Vahteristo et al. (2001).

In Study I, 200 tumors from the unselected ser@ected between 1997 and 1998 were
randomly selected and cyclin A expression of thasgors was examined both on TMAs

and on traditional large section histological sdide

4.1.2 Characterization of tumors (I, Il, IV, V)

All cancer diagnoses were confirmed through theniSim Cancer Registry. Noninvasive
cancers were excluded. Information on tumor higfpl@rade, size, nodal status, distant

metastases, and ER and PR status was obtainedo&ttrology reports. The tumors were
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considered positive for ER and PR if 10% or mordhaf cancer cells were stained. An
expert breast cancer pathologist re-reviewed alions for tumor histology and grade
(Eerola et al. 2005). Grading was performed acogrdio Scarff-Bloom-Richardson
(1957), modified by Elston and Ellis (1991). HER®tein expression on TMAs was
analyzed by immunohistochemical staining and genplification with chromogenic in
situ hybridization (CISH), and p53 protein expressiby immunohistochemical
expression. The methods for HER2 analysis have tesctribed in detail by Tanner et al.
(2000) and Lassus et al. (2004) and for p53 immistethemistry by Tommiska et al.
(2005).

4.1.3 Follow-up data (1V, V)

Information on adjuvant treatment and distant ntat&s during the follow-up was
collected from patient records. Information on tediie to breast cancer or another reason
came from the Finnish Cancer Registry. Survival eaalyzed as metastasis-free survival
(MES); the time from the date of primary surgerythie date of radiological confirmed
distant metastases, and as overall survival (O8)time from the date of primary surgery
to the date of death due to breast cancer. A tdt@d7 patients were accepted to survival
analysis in Studies IV and V, including the unstddcseries and the familial patients
ascertained within 6 months after diagnosis. Theiamefollow-up time of these patients
was 93 (2-516) months. The patients were treatedrding to standard guidelines at that
time regarding adjuvant chemotherapy, radiotheramg endocrine treatment. Of these
797 patients, 796 (99.9%) underwent surgery, 69Po8adjuvant radiotherapy, 323
(41%) adjuvant chemotherapy, and 359 (45%) adjuvandocrine treatment. Of the
patients who received adjuvant chemotherapy, 18B%{5were treated with CMF
(cyclophosphamide-methotrexate-5-fluorouracil), 102 (32%) with CEF
(cyclophosphamide-epirubicin-5-fluorouracil), and8 5(18%) with some other
chemotherapy regimen. Of all patients in the swavanalysis, 127 (16%) relapsed with
distant metastases during the follow-up time, 91%}) of whom then died from breast

cancer.
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4.1.4 Breast cancer patients in Study IlI

All Finnish breast cancer cases (n=728) were ireduth the unselected breast cancer
series collected between 1997-1998 and 2000. Qétbases, 73% (n=534) were sporadic,
with no family history of breast or ovarian cancamnd 27% (n=194) had at least one first-
degree relative with breast or ovarian cancer. dape range of these cases was 22-69

years, the average age being 53.2 £ 9.34 years.

The breast cancer cases from Ontario, Canada (8Fl12&re identified through the
Ontario Cancer Registry and recruited into the @mtRamilial Breast Cancer Registry
(OFBCR). They were diagnosed with pathologicallyhfooned breast cancer between
1996 and 1998. Of these cases, 73% represent wamgrcreased risk of genetically
related breast cancer (Ashkenazi Jewish backgrodradinosed before age 36 years,
previous ovarian or breast cancer diagnosis, onmare first- or two or more second-
degree relatives with breast or ovarian cancer, @nenore second- or third-degree
relatives with either breast cancer diagnosed befage 36 years, ovarian cancer
diagnosed before age 61 years, multiple breasteasb and ovarian primaries, or male
breast cancer, or three or more first-degree weatwith any combination of breast,
ovarian, colon, prostate, or pancreatic canceraoccsna, with at least one diagnosis
before age 51 years) and 35.6% had one or moredBggee relatives with breast or
ovarian cancers. The age range of these cases5a&® years, the average age being 48.8
+ 9.26 years.

4.1.5 Population controls (111)

The population controls in the Study IIl were cotid from Finland and Ontario, Canada.
The Finland population controls (n=687) comprisealthy females collected from the
same geographical region as the cases. The age odrige Finland controls was 21-65
years, the average age being 47.1 + 10.12 yeaesOnRitario population controls (n=719)
were recruited from the OFBCR by calling randomblested residential telephone
numbers from across the province of Ontario andevierquency-matched to all female
OFBCR cases by 5-year age group. The age randee dntario population controls was
23-69 years, the average age being 49.1 = 9.55.year
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4.2 Methods

4.2.1 TMA construction (I, Il, IV, V)

Paraffin blocks from the patients’ primary tumorsre collected. Hematoxylin and eosin
sections were reviewed, and the most representativer areas were selected. These
areas from each tumor were punched and placedoymeanet paraffin blocks to produce
TMAs consisting of four cores with diameter 0.6 |(two cores from BRCA-positive
tumors) for each tumor. Then 3- to 4-um-thick sewiwere cut from array blocks and

transferred to glass slides (Eerola et al. 2005).

4.2.2 Immunohistochemistry (1, Il, IV, V)

Deparaffinization of the TMA samples was performesing xylene. The slides were
rehydrated through graded alcohols to water. Cyalimmunostaining was performed
manually. Antigen retrieval was done using a pressooker for 5 min in 0.01 M citrate
buffer, pH6.0. Primary antibody (mouse monoclondhvocastra Laboratories) was
diluted 1:300 and incubated overnight. Staining wdse using the avidin biotin
peroxidase complex and amino-ethyl-carbazole (Ap&@cedures (Wood & Warnke
1981). Cyclin B1, D1, and E and Ki67 immunostaisivgere performed in an automated
immunostainer (Ventana Medical Systems Inc.) usangiaminobenzidine (DAB) kit
(Ventana). Antigen retrieval was done using anwiet. Cyclin E (BD Pharmingen) and
cyclin D1 (Novocastra) were diluted 1:20, and ayddil (Novocastra) 1:40. Ki67 (Mib-1,
Dako cytomation) was diluted 1:100.

The formalin-fixed paraffin-embedded tissue matdriam the blocks of the 200 tumors
in Study | was cut into 3- to 4-um-thick sectiomsl aleparaffinized. The immunostaining

for cyclin A was performed similarly to the immunaising of TMAs.

4.2.3 Evaluation of immunoreactivity scores (I, Il, IV, V)

Immunostainings on TMA slides were analyzed by edst one and sometimes two
investigators. All scoring was done under the suipem of an experienced breast cancer

pathologist. The cyclin A immunostaining of the 2@@nors in Study | was analyzed on
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both TMAs and traditional large-section histologisbdes by two investigators. For all
immunostainings, the number of positive breast eamells was counted in one high-
power field (40X objective) in each of the fourst® cores on TMA. Only unequivocal
nuclear staining was accepted as a positive reaftiocyclin A, cyclin D1, cyclin E, and
Ki67. For cyclin B1, both nuclear and cytoplasnmeactions were accepted as positive. A
minimum of 200 cells was counted in each tumorgegkdor cyclin B1 immunostaining,
where a minimum of 500 cells was counted. The tegas the proportion of all positive
cells of the total number of breast cancer cellsnted from the four biopsies. In Study |,
the maximal and the average values of the fourscarere used in analyses, and in the
large sections three randomly selected and one-spwif’ high-power field were

evaluated.

Most of the analyses were performed using cyclinl &67 results as continuous
variables, but to better demonstrate some of ttstop@athological associations and
prognostic effects, the results were dichotomizeth@an values. In Study [, cyclin A was
dichotomized at a cut-off value of 10% (Poikonemle2005), and in Study V, cyclin B1
was dichotomized at 5.6% (corresponding to thel&cile).

4.2.4 DNA extraction (lI)

A standard phenol-chloroform method was used toaekggenomic DNA from peripheral
blood leukocytes of the breast cancer patientscanttols.

4.2.5 Molecular genotyping (111)

The genotyping of the Finnish breast cancer andilatipn control DNA specimens for
COMT and CCND1 polymorphisms was done using Amydifl fluorescent genotyping
(K-Biosciences, Cambridge, UK) (Tommiska et al. 200The genotyping of the DNA
samples from the Canadian breast cancer caseatrdls was performed using TagMan
5’nuclease assay with the ABI PRISM 7900 HT Seqadbetection System (version 2.0)
(Onay et al. 2006). A randomly selected 10% portbthe total study population was re-

genotyped to evaluate the reliability of the result
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4.2.6 Statistical methods

Statistical software package SPSS version 13.Wiodows (SPSS, Chicago, IL, USA) or
SISA (http://home.clara.net/sisa/) was used foraakthlyses. Two-sided P-value of 0.05

was considered to indicate statistical significancdess otherwise stated.

The reproducibility of the two readers’ results a&hd results achieved by two methods
was evaluated with Kappa values. Correlations vassessed with either Mann-Whitney
U-test (dichotomized variables) or Spearman’s riwetation test (continuous variables).
Logistic regression analysis (stepwise backwardgsic regression, 99%) was used in
multivariate analysis of associations. Survival waaalyzed with Cox regression analysis
in univariate and multivariate models. Kaplan-Meservival curves were calculated. To
determine the optimal cut-off value for separatmintumors with good versus poor
prognosis, the material was divided into 10 decildse cut-off values corresponding to
each decile limit were used to split the materiabitwo parts. For each cut-off, the
relative risk (RR) for survival with 95% confidenodgerval (Cl) was calculated using the

Cox regression analysis.

The associations of SNPs with controls and cases measured by odds ratio (OR) and
its corresponding 95% CI. The Trend Analysis ProgréPEPI computer software
package, Sagebrush Press, Salt Lake City state) W@ applied to detect trends from
SNP interactions.

4.3 Ethics

All studies were carried out with the informed cemisof patients and were approved by
the Ethics committee of the Helsinki University @ah Hospital and the Ministry of

Social Affairs and Health in Finland.
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5 RESULTS

5.1 Cyclin A assessment on TMA (1)

Because cyclin A expression is heterogeneous thamigthe tumor, we evaluated the
reliability of cyclin A assessment on TMAs, whenglyosmall punches from each tumor
are analyzed. Both maximum and average cyclin AMtowere studied. Of 200 tumors
investigated, the results of 14 tumors (7%) werssing on TMA, due to either loss of all
punches during the staining or lack of tumor indh@yed samples. The result of only one
tumor was missing on large sections, due to unsséalestaining. The median cyclin A
count was 3.7% (range 0-34.4%) on TMA average gal6e8% (0-52.9%) on TMA
maximum values, 4.3% (0-32.1%) on large-sectiomagee values, and 9.0% (0-39.1%)

on large-section maximum values.

5.1.1 Agreement of two readers’ results

The two readers’ results were concordant in 178x§36%) on TMA average values, in
167 cases (92%) on TMA maximum values, in 174 cé®é%) on large-section average
values, and in 180 cases (90%) on large-sectionmua values. The mean difference
between the two readers’ scoring and 95% limitsagfeement were 0.1% (-4.8% —
+5.1%) for TMA average values, 0.4% (-8.0% — +8.866)TMA maximum values, 0.4%
(-4.4% — +5.1%) for large-section average values, B0% (-7.5% — +9.5%) for large-
section maximum values. The kappa values evalu#t@egeproducibility of two readers’
results were 0.87 for TMA average value, 0.83 fMATmaximum value, 0.71 for large-
section average value, and 0.80 for large-sectiarimum value. The mean number of
nuclei counted (the mean of two readers’ resultsy W61 in concordant tumors versus
420 in discrepant tumors (P=0.002) for array avenragues, 671 in concordant versus 410
in discrepant tumors (P<0.0005) for array maximwaiues, 767 in concordant versus 465
in discrepant tumors (P<0.0005) for large-sectivarage values, and 759 in concordant

versus 518 in discrepant tumors for large-sectiarimum values (P<0.0005).
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5.1.2 Agreement of cyclin A results on TMA and larg e sections

TMA and large-section cyclin A results were complausing the median values of the
two readers’ results. Of average values 171 (92%neveconcordant, and of maximum
values 152 (82%). The mean difference between A and large-section scoring and
95% limits of agreement were 0.4% (-6.9% — +7.66t)dverage values and 2.0% (-8.7%
— +12.6%) for maximum values. The kappa values Werb for average values and 0.62
for maximum values. The mean number of nuclei cedintas 683 in concordant tumors
and 308 in discrepant tumors for average value®.(®05). For maximum values, the
mean number of cells counted in concordant tumas &1 and in discrepant tumors 612
(P=0.33). The associations of cyclin A with othéstbpathological factors and survival
were similar in TMA average and maximum values a8 &s in large-section average and
maximum values. High cyclin A expression was asdgedi with ER negativity
(P<0.0005), PR negativity (P<0.0005), and high gréie#<0.0005). High cyclin A was
associated with poor MFS, but did not have a sicgmit effect on OS.

Table4 Cyclin A correlations with tumor characteristics.

Spearman's correlation P-value (Mann-
coefficient Whitney-U test)

Tumor grade
TMA average 0.529 <0.0005
TMA maximum 0.537 <0.0005
large-section average 0.555 <0.0005
large-section maximum 0.523 <0.0005
Nodal status
TMA average -0.078 0.38
TMA maximum -0.065 0.45
large-section average -0.046 0.58
large-section maximum -0.023 0.80
ER
TMA average -0.417 <0.0005
TMA maximum -0.414 <0.0005
large-section average -0.453 <0.0005
large-section maximum -0.459 <0.0005
PR
TMA average -0.427 <0.0005
TMA maximum -0.427 <0.0005
large-section average -0.453 <0.0005
large-section maximum -0.459 <0.0005

37



5.2 CCND1 G870A and COMT Met108/158Val polymorphism s (lll)

The series of 728 breast cancer cases from Firdaddl223 from Ontario, Canada, and
687 population controls from Finland and 719 fromt&®io were screened for CCND1
G870A and COMT Met108/158Val polymorphisms. Theqfrency of COMT high
enzymatic activity allele (Val) was 0.45 in Finnisind 0.47 in Canadian control
populations, and the frequency of CCND1 high enzierectivity allele (A) was 0.46 in
both control populations. No deviation from the #iakWeinberg equilibrium was
detected.

5.2.1 Association of COMT Met108/158Val polymorphis  m with breast cancer

risk

The heterozygous medium enzymatic activity COMT Wt genotype and the
homozygous high enzymatic activity COMT ValVal ggme were associated with
increased breast cancer risk in Canadian casesl(®R5% CIl 1.07-1.68 and OR 1.4,
95% CI 1.07-1.81, respectively). Among Finnish sas@owever, no significant
association or increased trend for breast cansdr with COMT MetVal or ValVal
genotypes (OR 1.0, 95% CI1 0.73-1.39) was found.

A meta-analysis of thirteen studies with genotyptadrom 6809 cases and 6190 controls
was carried out to assess the association of COMTLO8/158Val polymorphism with
breast cancer risk. Overall fixed-effects for pool@R were slightly increased, but not
significant for MetMet versus ValVal genotype (OR08, 95% CI 0.93-1.24, P=0.32).
The genotype distribution of the control populatian two studies deviated from the
Hardy-Weinberg equilibrium. The meta-analysis wegeated after removing these two
studies, after which a significant association viitbast cancer risk for MetMet vs. ValVal
genotype (OR 1.14, 95% CI 1.03-1.26, P=0.01) with heterogeneity (MetMet vs.
ValVal: P heterogeneity=0.58; 12=0%) was detected.
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5.2.2 Association of CCND1 G870A polymorphism with breast cancer risk

The high enzymatic activity CCND1 AA genotype wasaciated with increased breast
cancer risk in both Canadian (OR 1.3, 95% CI 1.@®1and Finnish samples (OR 1.4,
95% CI 1.01-1.84).

5.2.3 Characteristics of tumors from patients with CCND1 AA genotype

Characteristics of the tumors from 728 Finnish sasere studied. Tumors of patients
with AA, AG, or GG genotypes were very similar, atite AA genotype had no
significant association with tumor TNM status, gratdistology, hormone receptor status,
HER2, or p53 or Ki67 count. Nor did the CCND1 G87@anotype and cyclin D1

expression correlate.

5.2.4 Combined effect of CCND1 G870A and COMT Met108/158Val
polymorphisms

The association of the combined CCND1 and COMT tgres with breast cancer
predisposition was also evaluated. The low enzyrediivity genotype combination of
CCND1 and COMT (CCND1 GG/COMT MetMet) was taken asreference and
compared with the medium- (heterozygote combina)ioand high-activity (CCND1
AA/COMT MetVal and CCND1 AA/COMT Valval) combinatics. In the Canadian
series, the heterozygote and the high-activity ggrecombinations showed significant
associations with increased breast cancer risk {®8, 95% CI 1.18-2.33 for medium-
and OR 2.22, 95% CI 1.49-3.28 for high-activity dmnation). In the Finnish series, the
high-activity genotype combinations were also digantly associated with increased
breast cancer risk (OR 1.73, 95% CI 1.08-2.78). mleeium-activity combinations in the
Finnish sample showed a trend of increased breastec risk (OR 1.21, 95% CI 0.81-
1.83), but did not reach statistical significandéne COMT and CCND1 genotype
interactions were also investigated in subgrougme by age, familial status, and ER

status; the associations were, however, similéindse in the overall analysis.

The Canadian study was designed to reach 80% pavdetecting an OR of about 2.1 for
the interaction, assuming a recessive model for BCBNd a dominant model for COMT
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using a two-sided test. Although the Finnish stumfuded less cases and controls, it
achieved almost the same power, assuming the idineat the effect is known and a one-

sided test can be used; both assumptions araegdsiif a replication study.

5.3 Cyclin D1 and E expression (ll, 1V)

The TMAs with 1348 invasive breast cancers werensth with cyclin D1 and E

antibodies to investigate the associations of theseers with other tumor characteristics,
familial background, and prognosis. The cyclin [@%ult was obtained from 1187 tumors
(88.1%) and the cyclin E results from 1180 tum@8.§%). In the remaining cases, the
biopsy did not contain enough tumor cells to beleatad or the staining was

unsuccessful. The median cyclin D1 count was 9.@#tge 0-81%) and the median cyclin
E count 6.5% (range 0-68%). The tumors with expoesabove the mean expression of
all tumors (6.8% for cyclin E and 9.1% for cyclin) #were considered high-expression

tumors (positive) and those below the mean expradsiv-expression tumors (negative).

5.3.1 Cyclin D1 and E expression among tumors of BR ~ CA1 carriers

Of BRCAL tumors, 88% had high cyclin E expressiom @84% had low cyclin D1
expression. High cyclin E and low cyclin D1 counére significantly more common
among BRCALl than among familial non-BRCA1/2 (P<Q®)pP or sporadic tumors
(P<0.0005). Other factors differentiating BRCA1 tuns from familial non-BRCA1/2
tumors or sporadic tumors in univariate analysisewdgh tumor grade, younger age at
diagnosis, and higher frequency of ER-, PR-, antRBHeegative, p53- and Ki67-positive
tumors, and tumors with medullar histology. BRCAbrs also more frequently had
negative nodal status than sporadic tumors. A rariate model taking into account all
factors significant in univariate analysis was d¢oanged. The independent differentiating
factors between BRCAL and familial non-BRCA1/2 tusmwere high cyclin E and low
cyclin D1 expression, HER2 and ER negativity, andnger age at diagnosis. The factors
distinguishing BRCA1 from sporadic tumors in mudtiiate analysis were ER and HER?2
negativity and younger age at diagnosis. High ayéliand low cyclin D1 expression

were, however, not significant in multivariate grsas.
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Tableb

Logistic regression analysis (first and final step)BRCAl—associated breast cancer

features in comparison with familial non-BRCA1/&htrs and sporadic tumors.

A. familial non-BRCAL1/2 tumors B| sporadic tumors
Feature OR (95% CI) P-value Feature OR (95% CI) P-value
First step: First step:
HER2 neg 2.17 E+08* 0.997* HER2 neg 2.15 E+08* 0.997*
Cyclin E pos 5.36 (1.47-19.61) 0.01 Cyclin E pos 2.33(0.62-8.71) 0.21
Cyclin D1 neg 4.63 (1.35-15.85) 0.02 Cyclin D1 neg 2.83(0.78-10.31) 0.11
ER neg 3.14 (0.66-14.96) 0.15 ER neg 6.85 (1.19-39.26) 0.03
Age <50 years 3.28 (1.25-8.63) 0.02 Age <50 years 4.53 (1.64-12.47) 0.003
P53 pos 2.45 (0.82-7.34) 0.11 P53 pos 1.22 (0.43-3.50) 0.71
PR neg 1.71 (0.35-8.32) 0.51 PR neg 2.20 (0.45-10.70) 0.33
Grade 3 0.73 (0.21-2.57) 0.62 Grade 3 1.97 (0.52-7.54) 0.32
Nodal status neg 1.40 (0.54-3.62) 0.49
Final step after stepwise regression: Final step after stepwise regression:
HER2 2.19 E+08* 0.997* HER2 neg 2.55 E+08* 0.997*
Cyclin E pos 5.58 (1.69-13.67) 0.01 ER neg 15.33 (6.06-38.75) <0.0005
ER neg 3.81 (1.35-10.76) 0.01 Age <50 years 4.40 (1.76-11.00) 0.002
Cyclin D1 neg 4.36 (1.33-14.22) 0.02
Age <50 years 2.99 (1.17-7.65) 0.02

* All BRCA1 and BRCA2 tumors with HER2 result in this study were HER2 negative.

Prevalence of combined phenotypes defined by tdependent differentiating factors
(high cyclin E expression, low cyclin D1 expressigonunger age at diagnosis, ER, and
HER2 negativity) were further compared between trigoositive and familial
mutation-negative tumors to evaluate predictiveugabf these markers for BRCAl
mutation. Including both high cyclin E and low agpcD1 expression increased the OR of
BRCAL mutation to 27.82 and high cyclin E to 28.85,compared with an OR of 19.12
for traditional markers ER, HER2, and age at diaggalone.

Table6 Prevalence of combined immunotypes by ER, HERZatadjagnosis, and cyclin E
and D1 expression in BRCA1 and BRCA1 mutation-neg@RCA2 and non-
BRCAL1/2) familial tumors.
AGE AT FAMILIAL BRCA1
ER HER2 DIAGNOSIS CYCLIND1 CYCLINE BRCAL (%) NEG (%) OR (95% CI)
neg 22 (75.9%) 84 (23.7%) 10.10 (4.17-24.48)
neg neg 22 (75.9%) 68 (19.2%) 13.22 (5.42-32.21)
neg neg <50 years 19 (65.5%) 32 (9.0%) 19.12 (8.19-44.62)
neg neg <50 years neg 17 (58.6%) 23 (6.5%) 20.39 (8.70-47.76)
neg neg <50 years pos 18 (62.1%) 19 (5.4%) 28.85 (11.95-69.63)
neg neg <50 years neg pos 16 (55.2%) 15 (4.2%) 27.82 (11.35-68.15)

5.3.2 Cyclin D1 and E expression among tumors of BR ~ CAZ2 carriers

High cyclin E expression was seen in 58% and loglicyD1 in 69% of BRCA2 tumors.

High cyclin E was significantly more common amondr@A2 than familial non-
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BRCA1/2 (P=0.01) and low cyclin D1 significantly reocommon among BRCAZ2 than
familial non-BRCA1/2 (P=0.002) or sporadic (P=0.pOfumors. Other factors
differentiating BRCA2 tumors from familial non-BRAA and sporadic tumors in
univariate analysis were negative ER, PR, and HER®s and younger age at diagnosis.
BRCA2 tumors were also more frequently N-, M-, a@7-positive than familial non-
BRCA1/2 tumors and more often of lobular histologfyan sporadic tumors. In
multivariate analysis, the independent factorsedéhtiating BRCA2 tumors from familial
non-BRCA1/2 tumors were high cyclin E and low cygdD1 expression, HER2 negativity,
younger age at diagnosis, and negative nodal sttuw®mparison with sporadic tumors,
only younger age at diagnosis and negative PR aBBZHstatus were independent

differentiating factors.

Table7 Logistic regression analysis (first and final step)BRCA2—associated breast cancer
features in comparison with familial non-BRCA1/&htrs and sporadic tumors.

A. familial non-BRCA1/2 tumors B| sporadic tumors

Feature OR (95% CI) P-value Feature OR (95% CI) P-value
First step: First step:

Nodal status neg 0.39 (0.16-0.95) 0.04 ER neg 0.93 (0.28-3.13) 0.90
M neg 0.36 (0.05-2.36) 0.28 PR neg 2.09 (0.78-5.64) 0.15
PR neg 1.41 (0.54-3.69) 0.48 HER2 neg 2.29 E+10* 0.997*
HER2 neg 2.13 E+08* 0.998* Age <50 years 5.35(2.38-12.02) <0.0005
Age <50 years 3.83(1.48-9.91) 0.01 High cyclin E 1.12 (0.27-4.68) 0.88
High cyclin E 4.04 (1.49-10.93) 0.006 Low cyclin D1 1.34 (0.33-5.49) 0.69
Low cyclin D1 2.16 (0.83-5.61) 0.11

Final step after stepwise regression: Final step after stepwise regression:

HER2 neg 2.13 E+08* 0.998* HER2 neg 2.29 E+10* 0.997*
Age <50 years 3.75 (1.50-9.39) 0.01 PR neg 2.63 (1.23-5.63) 0.01
High cyclin E 3.69 (1.41-9.20) 0.007 Age <50 years 6.01 (2.72-13.29) <0.0005
Low cyclin D1 2.26 (0.93-5.54) 0.07

Nodal status neg 0.38 (0.16-0.89) 0.03

* All BRCA1 and BRCA2 tumors with HER2 result in this study were HER2 negative.

5.3.3 Cyclin D1 and E expression among tumors of fa  milial non-BRCA1/2
patients

Of familial non-BRCA1/2 tumors, 38% had high cycllh and 45% low cyclin D1
expression. As mentioned above, in univariate anglyhe frequency of tumors with high
cyclin E expression was significantly lower thancamg BRCAL, BRCA2, or sporadic
tumors (P<0.0005). The number of tumors with lowleyD1 was significantly less than

among BRCA1 or BRCA2 tumors, and somewhat but mptificantly less than among
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sporadic tumors (P=0.05). In univariate analysis, dther features differentiating familial
non-BRCA1/2 from sporadic tumors were negative Ki§7and M status. In multivariate
analysis, the only independent factors differemgatamilial non-BRCA1/2 tumors from
sporadic ones were low cyclin E expression and thegaodal status. Cyclin E and D1

expression among families with two affected casas similar to that among sporadic

Logistic regression analysis (first and final steyreast cancer features of familial

tumors.
Table 8

non-BRCAL/2 patients in comparison with breast eamof sporadic patients.
Feature OR (95% CI) P-value
First step:
Nodal status neg 1.38 (1.01-1.86) 0.04
M neg 1.42 (0.60-3.73) 0.42
High cyclin E 0.49 (0.32-0.73) 0.001
Low cyclin D1 0.78 (0.51-1.17) 0.22
Final step after stepwise regression:
High cyclin E 0.56 (0.42-0.75) <0.0005
Nodal status neg 1.40 (1.04-1.89) 0.03

Table9

BRCAL tumors
(n=53)

BRCA2 tumors
(n=58)

Cyclin E and D1 expression among different patgoups.

Familial non-BRCA1/2
tumors (n=456)

Sporadic tumors
(n=439)

Frequency of high cyclin E tumors (n, %)

OR, 95% ClI, P-value compared with
familial non BRCA1/2 tumors

OR, 95% ClI, P-value compared with
sporadic tumors

37 (88.1%)

11.87 (4.56-30.70)
<0.00005

6.23 (2.40-16.18)
<0.00005

26 (57.8%)

2.20 (1.17-4.11)
0.01

1.15 (0.62-2.15)
0.66

144 (38.4%)

0.52 (0.39-0.70)
<0.00005

215 (54.3%)

1.91 (1.43-2.54)
<0.00005

Frequency of low cyclin D1 tumors (n, %)

OR, 95% CI, P-value compared with
familial non BRCA1/2 tumors

OR, 95% ClI, P-value compared with
sporadic tumors

37 (84.1%)

6.39 (2.78-14.71)
<0.00005

5.53 (2.41-12.69)
<0.00005

33 (68.8%)

2.66 (1.40-5.07)
0.002

2.30 (1.21-4.37)
0.009

43

167 (45.3%)

0.86 (0.65-1.15)
0.31

197 (48.9%)

1.16 (0.87-1.54)
0.31
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Figure3  Percentage of tumors with high cyclin E, low cy@ih, and high cyclin E/low cyclin
D1 expression among familial non-BRCA1/2, BRCAX.BR and sporadic tumors.

5.3.4 Associations of cyclin D1 with other tumor ch aracteristics and survival

High cyclin D1 expression correlated with low tungpade (P=0.01), positive nodal status
(P=0.02), ER (P<0.0005) and PR (P<0.0005) posttiviand negative p53
immunohistochemistry (P<0.0005). Among ER-negativmors, high cyclin D1 was
associated with low grade (P=0.08) and low Ki67regpion (P=0.01), but among ER-
positive tumors, with high grade (P<0.0005), higi6 K(P<0.0005), and high cyclin A
(P<0.0005) expression. Of ER-positive grade 3 twmd@7% had high cyclin D1
expression, while only 21% of ER-negative graderBdrs showed high expression. The
correlations between cyclin D1 and grade as weKi&3 expression were similar among
HER2-positive and -negative cases irrespective Rf dfatus. When all tumors were
analyzed together, cyclin D1 and E as continuousbikes did not correlate (P=0.99), but
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among ER-positive cases they had a positive (P€8)08nd among ER-negative cases a
negative (P=0.004) correlation. The frequenciedwadtal and lobular histology were not

related to cyclin D1 expression, but medullar gy was more common among tumors
with low than high cyclin D1 (P=0.007). Cyclin DXkmgession was not associated with

survival among all patients, but showed a trendarolw poor MFS among ER-positive

patients not given adjuvant chemotherapy (chemafhenaive patients) (RR 1.74, 95%

C10.93-3.24, P=0.08).

5.3.5 Associations of cyclin E with other tumor cha racteristics and survival

High cyclin E expression correlated with high graf®<0.0005), large tumor size
(P=0.009), ER (P<0.0005) and PR (P<0.0005) negatiHER2 (P<0.0005) and p53
(P<0.0005) positivity, high Ki67 (P<0.0005) and Hnigyclin A (P<0.0005) expression,
and younger age at diagnosis (P<0.0005). All cyElicorrelations, except the correlation
with cyclin D1 expression, as indicated above, wamilar among ER-positive and -
negative tumors. Ductal and medullar histology wax@e common among tumors with
high than low cyclin E expression (P<0.0005 and .B8@8, respectively), but lobular
histology was seen more frequently in tumors watlv tyclin E (P<0.0005). High cyclin
E expression correlated with poor MFS in univarigi®R 1.77, 95% Cl| 1.21-2.61,
P=0.003) and multivariate (RR 1.76, 95% CI 1.1742B=0.006) analyses and with poor
OS in univariate analysis (RR 1.62, 95% CI 1.0522/P=0.03), but not in a multivariate
model including tumor size, nodal status, grade, BER, and HER2 status (RR 1.01, 95%
C10.91-2.34, P=0.41). Hormone receptor statusincitieerapy, or endocrine treatment did

not affect cyclin E associations with survival.
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Table10 Correlation of cyclin D1 with other tumor characistics.

A. Among all tumors

Variable Correlation coefficient 95% ClI P-value
T -0.120 -0.081 - 0.035 0.43*
N 0.070 0.013-0.127 0.02**
M 0.021 -0.037 - 0.079 0.49**
Grade*** -0.074 -0.131 - -0.017 0.01*
ER 0.373 0.323-0.422 <0.00005**
PR 0.297 0.243 - 0.350 <0.00005**
HER2 0.043 -0.015-0.101 0.15**
Ki67*** -0.039 -0.096 - 0.018 0.18*
Cyclin A*** 0.031 -0.027 - 0.089 0.30*
p53 -0.170 -0.226 - -0.113 <0.00005*
Age at onset 0.011 -0.046 - 0.068 0.69*
Cyclin E*** 0.000 -0.057 - 0.057 0.99*
B. Among ER-positive tumors

Variable Correlation coefficient 95% ClI P-value
T 0.040 -0.027 - 0.107 0.24*
N 0.062 -0.006 - 0.127 0.07**
M 0.036 -0.032-0.103 0.30**
Grade*** 0.151 0.085-0.216 <0.0005*
PR 0.068 0.001-0.134 0.05**
HER2 0.073 0.005 - 0.140 0.04**
Ki67*** 0.156 0.089 - 0.221 <0.0005*
Cyclin A*** 0.261 0.197-0.323 <0.0005*
p53 -0.027 -0.095 - 0.041 0.43*
Age at onset -0.042 -0.109 - 0.025 0.22*
Cyclin E*** 0.231 0.166 - -0.294 <0.0005*
C. Among ER-negative tumors

Variable Correlation coefficient 95% ClI P-value
T -0.02 -0.142 - 0.103 0.74*
N 0.107 -0.015-0.226 0.09**
M 0.026 -0.097 - 0.148 0.68**
Grade*** -0.109 -0.228 - 0.014 0.08*
PR 0.130 0.009 - 0.247 0.04**
HER2 0.192 0.067 - 0.311 0.003**
Ki67*** -0.155 -0.273 - -0.033 0.01*
Cyclin A*** -0.002 -0.125-0.121 0.97*
p53 -0.076 -0.198 - 0.048 0.23*
Age at onset 0.036 -0.086 - 0.157 0.56*
Cyclin E*** -0.178 -0.294 - -0.056 0.004*

* Spearman's Rho correlation test

** Mann-Whitney-U test

*** correlation is different among all tumors and among ER-positive
and -negative tumors analyzed separately




Table1l

Correlation of cyclin E with other tumor charactstics.
A. Among all tumors

Variable Correlation coefficient 95% ClI P-value
T 0.077 0.019-0.134 0.009*
N -0.004 -0.062 - 0.054 0.88**
M -0.011 -0.069 - 0.047 0.71**
Grade 0.391 0.341-0.439 <0.0005*
ER -0.348 -0.399 - -0.295 <0.0005**
PR -0.288 -0.341 - -0.233 <0.0005**
HER2 0.176 0.119-0.232 <0.0005**
Ki67 0.389 0.339-0.437 <0.0005*
Cyclin A 0.402 0.352 - 0.449 <0.0005*
p53 0.242 0.186 - 0.296 <0.0005*
Age at onset -0.146 -0.201 - -0.090 <0.0005*
Cyclin D1*** 0.000 -0.057 - 0.057 0.99*
B. Among ER-positive tumors

Variable Correlation coefficient 95% CI P-value
T 0.031 -0.037 - 0.098 0.37*

N 0.026 -0.042 - 0.094 0.45**
M -0.025 -0.093 - 0.044 0.48**
Grade 0.247 0.183 - 0.309 <0.0005*
PR -0.059 -0.126 - 0.008 0.09**
HER2 0.141 0.074 - 0.207 <0.0005**
Ki67 0.259 0.195-0.321 <0.0005*
Cyclin A 0.261 0.197 - 0.323 <0.0005*
p53 0.137 0.069 - 0.203 <0.0005*
Age at onset -0.114 -0.180 - -0.047 0.001*
Cyclin D1*** 0.231 0.166 - 0.294 <0.0005*
C. Among ER-negative tumors

Variable Correlation coefficient 95% CI P-value
T 0.053 -0.070-0.175 0.40*

N -0.055 -0.176 - 0.068 0.38**
M 0.003 -0.120-0.126 0.96**
Grade 0.372 0.261-0.473 <0.0005*
PR -0.191 -0.305 - -0.071 0.002**
HER2 0.082 -0.044 - 0.206 0.200**
Ki67 0.396 0.287 - 0.495 <0.0005*
Cyclin A 0.423 0.317 - 0.519 <0.0005*
p53 0.116 -0.007 - 0.236 0.06*
Age at onset -0.088 -0.207 - 0.034 0.156*
Cyclin D1*** -0.178 -0.294 - -0.056 0.004*

* Spearman's Rho correlation test

** Mann-Whitney-U test

*** correlation is different among all tumors and among ER-positive
and -negative tumors analyzed separately
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5.4 Cyclin B1 expression in breast cancer (V)

Cyclin B1 expression was studied in the 1348 invadireast cancers on TMAs. The
staining was successful for 1100 tumors (81.4%@ iedian cyclin B1 value was 5.0%
(range 0-72%).

5.4.1 Cyclin B1 and other tumor characteristics

High cyclin B1 expression was associated with langmor size (P<0.0005), positive

nodal status (P=0.008), high grade (P<0.0005), thegaER (P<0.0005) and PR

(P<0.0005) status, positive p53 (P<0.0005), Ki6&0(P005) and HER2 (P<0.0005)

status, high cyclin A (P<0.0005) and cyclin E (F3D5) expression, and young age at
disease onset (P<0.0005). Ductal and medullarlbggtavere significantly more common

among tumors with high than low cyclin B1 expressi®?<0.0005 and P=0.0008,

respectively), and lobular histology among tumoithwow cyclin B1 (P<0.0005).

Tumors with the highest cyclin B1 expression (ab&®&6) were more frequent among
BRCAL than sporadic (OR 2.8, 95% CI 1.4-5.6, P=B)@0 familial BRCA1/2 mutation-
negative (OR 4.8, 95% CI 2.3-9.9, P <0.0005) p#ie@yclin B1 expression among
BRCA2 tumors did not significantly differ from exgssion among sporadic (OR 1.26,
95% C1 0.55-2.87, P=0.58) or familial non-BRCALi@riors (OR 2.16, 95% CI 0.93-5.01,
P=0.07).

5.4.2 Cyclin B1 expression and survival

High cyclin B1 expression had a significant assimamwith poor MFS (OR 2.48, 95% CI
1.72-3.57, P<0.0005) and poor OS (OR 2.58, 95%.82-8.90, P<0.0005) in univariate
analysis. The associations with poor MFS and OSewéonger among chemotherapy-
naive patients (OR 3.51, 95% CI 2.05-6.01, P<0.0&0% OR 3.74, 95% CI 1.96-7.12,
P<0.0005, respectively). Among the subgroup ofepési that had received adjuvant
chemotherapy, the association with poor MFS waskereéOR 1.58, 95% CI 0.96-2.60,
P=0.07) and no significant association with OS ¥masd (OR 1.56, 95% CI 0.87-2.80,
P=0.13). For survival analyses, cyclin Bl was diohtized at the % decile
(corresponding to 5.6%) since our earlier study badgested that the optimal cut-off
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value for proliferation markers is around tH&decile. This corresponds to the proportion

of grade 3 tumors in our material.

A multivariate model including the TNM status, tumgrade, ER, PR, Ki67, p53, and
HER2 status was constructed to analyze the indegpénohpact of cyclin B1 expression
on prognosis. When all patients were analyzed,icy8l had a significant independent
association with poor MFS (OR 1.68, 95% CI 1.0242F=0.04) and a trend towards poor
OS (OR 1.83, 95% CI 0.99-3.40, P=0.05). Among chbeerapy-né/e patients, the
associations were stronger also in multivariatdyasa With tumor size and nodal status,
cyclin B1 was the only factor independently predigtpoor MFS (OR 2.31, 95% CI 1.17-
4.59, P=0.016) and OS (OR 1.79, 95% CI 1.28-4.£0,().

Survival analyses were also assessed separatelpgasubgroups divided by age at

diagnosis or ER status, but the results remaimadasi
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Figure4 Kaplan-Meier curves showing metastasis-free suhfmacyclin B1 dichotomized at
a cut-off of 5.6% among A) chemotherapy-naive pttiand B) patients receiving
adjuvant chemotherapy.
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Tablel2 Cyclin B1 expression (dichotomized at a cut-o8.6£6) and survival in
multivariable analysis (Cox regression analysis).

A. Overall survival

All patients (n=797) RR 95% CI P-value
Nodal status 4.17 2.33-7.49 <0.0005
PR 1.99 1.10-3.61 0.02
HER2 1.91 1.15-3.18 0.01
Tumor size 1.87 1.47-2.37 <0.0005
Grade 1.79 1.14-2.79 0.01
Cyclin B 1.83 0.99-3.40 0.05
P53 1.15 0.91-1.47 0.25
Ki67 1.08 0.62-1.25 0.28
ER 0.89 0.45-1.76 0.74
Chemotherapy-naive patients (n=473) RR 95% CI P-value
Nodal status 3.41 1.55-7.49 0.002
Tumor size 2.87 1.95-4.22 <0.0005
Cyclin B1 1.80 1.28-4.14 0.04
HER2 2.03 0.82-5.02 0.126
Ki67 1.79 0.82-3.79 0.20
PR 1.75 0.73-4.17 0.21
ER 1.70 0.52-5.55 0.38
Grade 1.43 0.78-2.63 0.25
P53 1.15 0.74-1.80 0.54

B. Metastasis-free survival

All patients (n=797) RR 95% ClI P-value
Nodal status 2.97 1.87-4.67 <0.0005
Cyclin B1 1.68 1.02-2.74 0.04
Tumor size 1.64 1.33-2.03 <0.0005
Grade 1.63 1.14-2.32 0.008
HER2 1.46 0.92-2.31 0.11
PR 1.39 0.84-2.31 0.20
Ki67 1.26 0.67-1.52 0.26
P53 1.14 0.92-1.41 0.23
ER 0.81 0.45-1.47 0.49
Chemotherapy-naive patients (n=473) RR 95% ClI P-value
Nodal status 2.76 1.48-5.13 0.001
Cyclin B1 231 1.17-4.59 0.02
Tumor size 1.91 1.35-2.72 <0.0005
Grade 1.44 0.90-2.32 0.13
Ki67 1.39 0.82-1.65 0.35
PR 1.27 0.60-2.67 0.53
ER 1.10 0.36-3.36 0.87
HER2 1.10 0.46-2.63 0.82
P53 1.06 0.72-1.55 0.79
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6 DISCUSSION

6.1 Cyclin A expression can be reliably assessed on TMA (1)

The TMA technique allows a large number of tumorbé¢ analyzed simultaneously, thus
enabling relatively rapid screening of multiple kens. Cyclin A shows varying
expression in different parts of the tumor. Wheris tstudy was started, no cyclin A
analyses on TMA had yet been published. Cyclin pregsion in Study | was investigated
on TMA and on traditional large sections of 200dstecancers. The agreement between
these two methods was good, as was the reproduicitiiithe results by two independent

readers.

The kappa values describing the agreement of tadems’ results were 0.87 for TMA
average, 0.83 for TMA maximum, 0.71 for large-smttaverage, and 0.80 for large-
section maximum values. Kappa values from 0.61.80 @re considered to reflect good
agreement and those from 0.81 to 1.00 very goodeagent (Altman 1991). Thus, the
reproducibility of cyclin A assessment for the tveaders in this study was good or even
very good in both large sections and TMAs. Discnedandings were associated with a
low number of counted nuclei, thus a large numberetls counted seemed to improve
reproducibility. The agreement between cyclin Aeassnent on TMAs and large slides
using the mean results of the two readers was fmobloth mean and maximum values.
For average values, the agreement was better vweemumber of cells counted increased.
The agreement was moderately weaker for maximum filvaaverage values. This can be
explained by the method used in counting cells;TMA one randomly selected high-
power field was counted on each punch, but on laegtions we searched one “hot-spot”
high-power field and selected the other three ramigoThe agreement between TMA and
large-section results for cyclin A in this studysavsimilar to that reported for cyclins E
and D1 in breast cancer (Han et al. 2003) and 1677 Knh bladder cancer (Nocito et al.
2001).

All histological and prognostic correlations wermigar on TMA and large sections. The
associations of high cyclin A with ER and PR negstias well as with high grade are in
line with earlier studies (Michalides et al. 200ichels et al. 2003). High cyclin A

expression was prognostic for distant metastasbkstimlarge sections and TMAs, but was
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not an independent prognostic factor for overatVisal. The results suggest that relative
risks for overall and metastasis-free survival banevaluated on TMA as reliably as on
large sections. In conclusion, Study | showed WA can reliably be used in cyclin A

immunohistochemical assessment of breast cancer.

6.2 Cyclin expression in familial breast cancer (Il , V)

6.2.1 Familial BRCA1/2-negative breast cancers show low cyclin E and high

D1 expression (I1)

In Study II, we investigated the tumor phenotypéaofilial non-BRCA1/2 breast cancers,
focusing on cyclin E and D1 expression, which amtng patient group had not been
investigated earlier. Moreover, we aimed to finadnéwm characteristics distinguishing

familial mutation-negative cancers from BRCA1/2 ifige and sporadic cancers.

Most of the BRCA1 tumors had high cyclin E (88%Ydow cyclin D1 (84%) expression.
This is in concordance with earlier immunohistocleainstudies (Osin et al. 1998, Armes
et al. 1999, Vaziri et al. 2001) and cDNA studibswing that high cyclin E expression
characterizes the basal-like breast cancer subtyipieh is the most frequent cancer type
in BRCA1 mutation carriers (Hedenfalk et al. 20@&hrlie et al. 2003, Foulkes et al.
2004). High cyclin E and low cyclin D1 expressiomre strong predictors of BRCAL
mutation also when comparing BRCAL1 tumors with fa@ahinon-BRCA1/2 cases in
multivariate analysis. Between BRCA1l and sporadiendrs, however, the only

independent differentiating factors were ER, HE&%] age at diagnosis.

Of BRCA2 tumors, 58% had high cyclin E and 69% loyelin D1 expression. High
cyclin E and low cyclin D1 expression were alsoependent predictors of a BRCA2
mutation in multivariate analysis when comparechvi@milial non-BRCA1/2 tumors, but
did not differentiate BRCA2 tumors from sporadieenOur data suggest cyclin E and D1
expression can be used as a novel marker for piregliboth BRCA1 and BRCA2
mutation among familial breast cancer cases. Tbisclasion has not been reported

earlier. Identifying novel biological charactertstithat predict BRCAL1 and/or BRCA2
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mutation among breast cancer families is of highiadl importance, as patients are

usually referred for genetic counseling and testiaged on a family history of cancer.

Another important new finding of Study Il was th&milial non-BRCA1/2 tumors
differed significantly from sporadic breast tumdmg having significantly lower cyclin E
expression. Higher cyclin D1 expression differaetiathese tumors from BRCA1- and
BRCAZ2-associated tumors. Cyclin E and D1 were ied€nt factors characterizing
familial non-BRCA1/2 tumors in multivariate analysis well. Similarities in cyclin E and
D1 expression that reflect crucial events in cgltle control and tumorigenesis among
BRCAL1 and BRCA2 tumors probably also reflect simiii@s in the functional roles of
these two tumor suppressor genes in DNA repamstidptional regulation in response to
DNA damage, and breast cancer predisposition (as&i Miki 2004). The significantly
different expression of cyclin E and D1 among fahihon-BRCA1/2 tumors compared
with both BRCA-associated and sporadic tumors nmajcate that at least part of this
group has unique biological characteristics aneérgetic background that distinguishes it
from both BRCA1 and BRCA2 tumors as well as fromrgplic tumors. Whatever genetic
change underlies these characteristics, it doesawh to involve the BRCA1 or BRCA2
pathways since results for cyclin E and D1 expogssn familial non-BRCA1/2 patients

are opposite to those in BRCA-mutation carriers.

6.2.2 BRCA1l-related tumors have high cyclin B1 expr  ession (V)

In Study V, we investigated cyclin B1 expression breast cancer. BRCA1 tumors
significantly more often had high cyclin B1 (abo¥6%) expression than sporadic or
familial non-BRCA1/2 tumors. To our knowledge, dgcBl expression among breast
cancers of BRCAL carriers has not been studiedeeabut this finding is in line with
other characteristics of BRCA1l-related cancers, l@gh proliferation and grade. Cyclin
B1 expression did not significantly differentiatencers of BRCA2 carriers from sporadic
or familial non-BRCA1/2 cancers, although high aycB1 seems somewhat more
common among BRCAZ2-related than familial non-BRCAd#ncers.
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6.3 CCND1 G870A and COMT Met108/158Val high enzymat ic

activity alleles increase breast cancer risk (lll)

In Study IlI, cyclin D1 and E expression was fouwdcharacterize breast cancers of
familial non-BRCA1/2 patients as compared with niotapositive and sporadic patients.
In Study Ill, we furthermore wanted to study thentibution of CCND1 gene
polymorphism G870A to breast cancer risk indepetigernd in interaction with COMT
gene Met108/158Val polymorphism. These polymorpBismere evaluated in two
independent populations from Ontario, Canada, anldrid. Both of these polymorphisms
occurred frequently in the population controls: fileguency of CCND1 AA genotype was
21.7% and 21.3%, and the frequency of COMT ValVah@ype 22.4% and 20.8%
among the Canadian and Finnish samples. Theseefmems are in line with earlier data

published on these polymorphisms.

The CCNDL1 high (AA) genotype had a significant @sstion with breast cancer risk in
both Canadian and Finnish samples. Three earlidiest with relatively small populations
(200-500 cases) had found no significant associgtBrieu et al. 2003, Krippl et al. 2003,
Forsti et al. 2004). Thus, our study was the fiossthow a significant independent impact
of the CCND1 polymorphism on breast cancer predision in two separate, relatively
large case control series. Shortly after our stadaiwanese study with 992 breast cancer
patients and 960 controls showed that AA and AGogges were significantly more
common among cases than controls, supporting titenfy that the CCND1 high (A)
allele contributes to breast cancer predisposifianet al. 2008). CCND1 polymorphism
has previously been shown to alter the enzymatiwigcof its protein product, and the
protein encoded by the CCND1 high (A) allele hasrbbypothesized to produce a more
stable protein than the low (G) allele. Cells witle more stable high enzymatic activity
allele may remain under proliferative influence den thus giving a rationale for this

variant in cancer predisposition.

The COMT high (ValVval) genotype had an independsggnificant association with breast
cancer risk in the Canadian but not in the Finrgghies. A meta-analysis carried out on
the reported case control studies in Caucasiansbregncer samples and noncancer
controls showed a significant association of th@MZT genotype with breast cancer risk
(Lavigne et al. 1997, Millikan et al. 1998, Thompset al. 1998, Mitrunen et al. 2001,
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Kocabas et al. 2002, Wedren et al. 2003, Ahsah 2084, Sazci et al. 2004, Gaudet et al.
2006, Onay et al. 2006, Akisik et al. 2007). Earlieerature has suggested the COMT
high enzymatic activity genotype to have a protectiole in the cell by accelerating the
conversion of catechol estrogens into their propethoxyestrogens. The enhanced
activity has been postulated to reduce the chahd@NA damage caused by reactive
oxygen species created by oxidation of estrogerreéent study, however, reported

noncompetitive negative feedback inhibition of CYRland CYP1B1l enzymes by

methoxyestrogens (Dawling et al. 2003). Accordingthis report, methoxyestrogens
generated by COMT inhibit oxidation of the parestregen by CYP1Al1 and CYP1BL1. In

addition, although one of the metabolites of COMaimely 2-methoxyestrogen, is found
to protect the tissues from cancer by inhibitingiagenesis (Zhu & Conney 1998), the
same product was also found to cause chromosonaé&send aneuploidy at increased
concentrations (Tsutsui et al. 2000), suggesting importance of balance of

concentrations of any metabolites or enzymes iretogen metabolism. Thus, this data

provides a rationale for the role of high COMT wsityi in breast cancer carcinogenesis.

The combined effect of CCND1 and COMT genotypesoreased breast cancer risk was
investigated, since these genes have complemefiactional roles in the estrogen
pathway. The results imply a genetic cross-talkvbenh the medium and high enzymatic
activity allele combinations of CCND1 and COMT inebhst cancer development. The
functions of both CCND1 and COMT in the estrogethpay can explain the biological
relevance of this combined effect. The reducedogstr metabolization by the negative
feedback of high COMT activity may result in incsed levels of estrogen, which in turn
may lead to enhanced expression of CCND1. Becdues€ CND1 high (A) variant also
encodes a more stable form of the protein, thes @alhtaining this combination may be
more susceptible to cell cycle progression andiferation. This suggestion warrants
further experimental validation. The findings ofrostudy imply that the individuals
inheriting the combinations of high activity COMTda CCND1 alleles have relatively
higher breast cancer risk probably due to simutiasly reduced estrogen metabolism and
increased cell proliferation. The results also shemwexample of the potential role of
combined effect of low penetrance variants on lireascer predisposition. Recently, a
similar model of several low penetrance variantsraasing individual risk has been

tendered for prostate cancer (Zheng et al. 2008).
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6.4 Cyclin expression and tumor characteristics (IV.-~ , V)

6.4.1 Cyclin E expression is elevated in aggressive breast cancer (1V)

In Studies Il and lll, the roles of cyclin D1 andriEfamilial breast cancer were evaluated.
In Study IV, we further investigated cyclin D1 akdexpression and their associations
with tumor phenotype and survival. Study IV showbat high cyclin E expression
correlates with an aggressive breast cancer pheeostrengthening the role of high
cyclin E in breast cancer with aggressive behawgh cyclin E expression correlated
with high grade, high Ki67 and cyclin A expressidiR and PR negativity, HER2
positivity, large tumor size, and younger age aedse onset and had a significant
association with a new entity, the so-called triggative (ER-, PR-, and HER2-negative)
breast cancer. In this study, high cyclin E wa® at®ore common among tumors with
negative p53 immunohistochemistry, confirming trealier finding of Lindahl et al.
(2004) that tumors with high cyclin E had p53 itieers or deletions, and undetectable
p53 expression. A potential explanation for thisyniee that chromosomal instability
caused by cyclin E leads to inactivation of tumop@essor p53. Medullary and ductal
histology more often showed high cyclin E expressidbhe association with medullar
histology has been described earlier, and this lbeague to cyclin E’s ability to modulate
the infiltrative behavior of the tumor (Berglundat 2005).

6.4.2 Cyclin D1 correlates with high proliferation in estrogen receptor -

positive breast cancer (1V)

The associations of cyclin D1 with histopathologieatures and with prognosis in breast
cancer are not fully understood. Especially theoeission with proliferation and the
mechanisms by which cyclin D1 drives cell cyclegression remain unknown. The most
important finding of Study IV was that among ERA4p@s tumors high cyclin D1
expression showed a strong significant correlatwth high tumor grade and high cyclin
A and E and Ki67 expression, but among ER-negdtiveors, it associated with low
grade and low Ki67 and cyclin E expression. Oudgtwas the largest by far to examine
these aspects and the first to show these diffesgpciations in a large breast cancer

material. In previous studies, cyclin D1 has bessoaiated with low tumor grade (van
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Dienst et al. 1997, Han et al. 2003, Hwang et @03 Jirstrom et al. 2005), although
some studies have not supported this (Michalidesd.e1996, Umekita et al. 2002, Reis-
Filho et al. 2006). High cyclin D1 expression hdsoabeen more common among
hormone receptor-positive tumors, and in line wits, high cyclin D1 in our study

showed a strong association with positive horm@oeptor status. The low expression of
cyclin D1 among medullary cancers indicates thaticyD1 does not have a significant

role among basal subtype or BRCAL cancers.

Experimental data have implied that in ER-posibveast cancer cells cyclin D1 is needed
to drive proliferation, while in ER-negative celigoliferation proceeds through other,
cyclin D1-independent mechanisms (Loden et al. 2008r results support this view; we
showed that proliferation in ER-positive tumorsm&diated by cyclin D1, but in ER-
negative tumors is driven by other, cyclin D1-indegent mechanisms. This finding is
further supported by cyclin D1 and proliferationriex cyclin A having a high correlation
in ER-positive but no correlation in ER-negativen@ars. It is also in accordance with an
earlier study suggesting that in the ER-negativaastr cancer cell cycle regulation does
not occur through cyclin D1 and ER (Neuman et &97), but proliferation may be
activated through deregulation downstream frompR& node overexpressing cyclin E.
In ER-positive breast cancer cells with a pathaally active cell cycle, the deregulated
pathway causing cell cycle activation can be hypsitted to be cyclin D1-pRB, and in
these cases cyclin E expression may be a physoalogionsequence of cell cycle
activation. The cyclin D1-pRB pathway warrants Iiert investigation to elucidate this
hypothesis. If confirmed, this pathway may evenvple a means for developing new
targeted biological therapies. Promising resultdi@F-7 breast cancer cells imply that
pharmacological shutting down of the cyclin D1/CD&@mplex inhibits cell proliferation
and could be a useful strategy for limiting tumowwgth (Grillo et al. 2006).

In conclusion, the results of Study IV suggest thatliferation is driven by different
mechanisms in hormone receptor-positive and -negjaitieast cancers, and that cyclin D1
has a particularly important role in the hormoneegor positive breast cancer. These
findings reveal new biological data on mechanisingroliferation and cell cycle control

as well as on pathogenesis of breast cancer, Vgithcdéinical implications.
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6.4.3 Cyclin B1 is associated with aggressive breas t cancer phenotype (V)

Cyclin B1 expression in breast cancer was invetgdyan Study V. The results of Study V
show that high cyclin B1 expression is common ambregpst cancers with aggressive
behavior. High cyclin B1 expression was associatid large tumor size, positive nodal
status, high grade, high Ki67, cyclin A, and cyckh expression, and ER and PR
negativity. Similar associations have been repartezhe previous population (Kihling et
al. 2003, Rudolph et al. 2003). One smaller study W3 tumors (Winters et al. 2001)
found no correlation between N, T, ER, and p53ustand cyclin B1 expression, but this
discrepancy may be explained by the small sample. diligh cyclin B1 expression
correlated significantly also with HER2 positivitgnd this, to our knowledge, has not
been reported earlier and is consistent with amesggze phenotype. Furthermore, in this
study, high cyclin B1 was associated with p53 pagyt which is biologically relevant
since p53 controls the cell cycle via cyclin Blndeente et al. 1999). The results of Study

IV show that multiple biological factors relatedan active cell cycle are intercorrelated.

6.5 Cyclin expression and breast cancer survival (I V, V)

6.5.1 Associations of cyclin E and D1 with survival (V)

High cyclin E was associated with poor overall swal in univariate but not in

multivariate analysis. However, cyclin E was foundbe an independent marker of poor
metastasis-free survival. Most previous studieshraported an association between high
cyclin E and poor outcome, but some studies haea lbmable to show an independent
effect on poor survival. Our study supports the @i high cyclin E in aggressive breast

cancer, but failed to confirm an independent praginaole.

Cyclin D1 expression did not correlate with surViira the whole patient material, but
among ER-positive chemotherapy-naive patients tegteatrend towards poor metastasis-
free survival. This is in line with earlier findiagsince most studies to date have shown
that cyclin D1 is not a prognostic factor in breaahcer. Instead, a role in tamoxifen
resistance has been suggested. Our material waslasigned to evaluate endocrine

therapy responsiveness, but a poorer prognosisnodrs with high cyclin D1 among ER-
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positive chemotherapy-naive patients supports tea ithat cyclin D1 may have an

oncogenic role particularly in hormone receptories breast cancer.

6.5.2 High cyclin B1 predicts poor breast cancer su  rvival (V)

Study V shows that high cyclin B1 expression idrarg) independent predictor of poor
overall and metastasis-free survival. The assatiatiith poor outcome was stronger
among chemotherapy-naive patients. In multivaratalysis, high cyclin B1 predicted
shorter overall survival, with RR 1.83 (P=0.05)dametastasis-free survival, with RR
1.68 (P=0.04), and apart from positive nodal statnd large tumor size was the only
independent prognostic factor. Among patients kécgiadjuvant chemotherapy, cyclin
B1 was not an independent predictor of poor sutviResults were similar when ER

positive/negative subgroups and patients of diffeage groups were analyzed separately.

In our material, high cyclin B1 count was a strangeognostic factor than proliferation
markers cyclin A and Ki67, or cyclin E (Table 1Burthermore, in multivariate analysis,
among chemotherapy-naive patients high cyclin Bdipted metastasis with a stronger
relative risk than tumor grade, PR, or HER2 stadnsl, poor survival with as strong a risk
as PR status and grade. The independent progwvadtie of cyclin B1 was as strong as or
even stronger than the risks with the commonly usebtbgical markers in breast cancer.
The independent relative risk for histological grddhs been reported to be approximately
1.70-3.20 (Simpson et al. 2000, Elston & Ellis 2002Ipi et al. 2004), for HER2 2.56
(Joensuu et al. 2003), and for tumor-related pigtiedfactors uPA and PAI-1 in a pooled
analysis of 18 patient populations 2.58-3.12 (La@bkal. 2002). Tumor triple negative
status has been associated with poor OS (RR 1d8)vah poor MFS (RR 1.5) (Dent et al.
2007). Gene expression profiles have been suggestedid specificity to prognostic
evaluation with traditional and immunohistochemioadrkers. In a validation study, the
most extensively investigated profile, the 70-gepegnosis signature, predicted
metastases with RR 2.13 (95% CI 1.19-3.82) andatiyriwith RR 2.63 (95% CI 1.45-
4.79) (Buyse et al. 2006). Thus, high cyclin B1 mipe a biological risk predictor as

strong as the 70-gene profile, while also beingeneasily adapted for routine use.
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Table 13

Relative risks for poor metastasis-free and ovegatiival among chemotherapy
naive-patients (cyclin B1, cyclin A, Ki67, cyclindad cyclin D1 dichotomized at the
7" percentile).

METASTASIS-FREE SURVIVAL OVERALL SURVIVAL

| RrR 95% ClI P-value | RR 95% ClI P-value
Cyclin B1 3.51 2.05-6.01 <0.0005 3.74 1.96-7.12 <0.0005
Cyclin A 2.26 1.17-4.86 0.004 2.47 1.17-5.54 0.005
Ki67 1.67 0.97-2.88 0.06 1.90 1.01-3.58 0.05
Cyclin E 1.61 0.94-2.78 0.08 1.43 0.75-2.71 0.27
Cyclin D1 1.55 0.89-2.69 0.13 0.77 0.41-1.45 0.42

Our study is the largest one to date showing aocestson between high cyclin B1 and

poor outcome in breast cancer. A previous smatlesyswith stage I-Il tumors revealed

no association (Peters et al. 2004), and one W tumors showed an association

between poor survival and only nuclear stainingz(f&u et al. 2007). A study with 73

tumors yielded a significant association (Winterale2001). In the hitherto largest study

with 332 tumors with a negative nodal status, cydil was associated with poor

prognosis, but not in a multivariate analysis idahg Ki67 (Kihling et al. 2003). When

273 tumors treated with surgery and postoperatidetion only were analyzed, cyclin B1

was associated with poor overall survival only nerpenopausal patients (Rudolph et al.

2003).
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Tablel4 Studies evaluating the association between cydiarl prognosis in breast cancer.

Study Patients Univariate analysis Multivariate analys is
Winters et al. 2001 n=73 nuclear cyclin B1, OS: nuclear cyclin B1, OS:
RR 1.22, P=0.05 P=0.02
nuclear cyclin B1, RFS: nuclear cyclin B1, RFS:
RR 1.23, P=0.02 P=0.005
cytoplasmic cyclin B1, OS: cytoplasmic cyclin B1, OS:
RR 1.36, P=0.02 P=0.005
cytoplasmic cyclin B1, RFS: cytoplasmic cyclin B1, RFS:
RR 1.57, P=0.001 P<0.001
Kuhling et al. 2003, n=332 0OS: P=0.022 NS
Rudolph et al. 2004 MFS: P=0.021
n=273 CT- and ET-naive patients: CT- and ET-naive patients:
NS NS

CT- and ET-naive
premenopausal patients:

CT- and ET-naive
premenopausal patients:

0S: P=0.04 OS: significant
MFS NS MFS NS

Peters et al. 2004 n=56 NS NS

Suzuki et al. 2007 n=109 nuclear cyclin B1: nuclear cyclin B1:

significant association
with both OS and MFS

significant association
with both OS and MFS

Aaltonen et al. 2008

n=797 all patients, OS:
RR 3.26, P<0.0005
all patients, MFS:
RR 2.44, P<0.0005
CT-naive patients, OS:
RR 4.07, P<0.0005
CT-naive patients, MFS:
RR 3.47, P<0.0005

all patients, OS:

RR 1.83, P=0.05

all patients, MFS:

RR 1.68, P=0.04
CT-naive patients, OS:
RR 1.80, P=0.04
CT-naive patients, MFS:
RR 2.31, P=0.02

Cut-off values around the 7th decile gave the beparation between slowly and rapidly
proliferating breast cancers in our previous st(élglin et al. 2007). This cut-off value
was effective for cyclin B1 as well. Cyclin B1 dmiomized at 5.6%, corresponding to the
7" decile, gave a RR of 2.58 (95% CI 1.82-3.90, PROS) for poor OS and a RR of 2.48
(95% CI 1.72-3.57, P<0.0005) for poor MFS. In owatemial, this cut-off value identifies

a similar proportion of patients for the high-rigioup and candidates for chemotherapy as

the proportion of grade 3 tumors.

Cyclin B1 expression may not be a pure proliferatioarker, but may also reflect other

biological properties of the tumor, e.g. genomistability. This is supported by the fact

that the median time to first event among pati@visntually developing metastases was
similar in patients with high and low cyclin B1 ergsion. High cyclin A and Ki67

expression, by contrast, was associated with geshiime to metastases.
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In conclusion, Study V shows that cyclin B1 is adapendent predictor of poor overall
and metastasis-free survival in breast canceterified, cyclin B1 immunohistochemistry
might provide a method that could easily be adafiiedoutine use as a prognostic marker
in breast cancer. Furthermore, the lower risk safr mortality or metastases among
patients receiving adjuvant chemotherapy imply thagh cyclin B1 may indicate

enhanced sensitivity to chemotherapy.

By investigating critical cell cycle regulator peat cyclins, we revealed new aspects of
breast cancer predisposition, pathogenesis, antcalicourse. Cyclins E and D1 were
shown to play a role in familial breast cancer.f@&ihg cyclin D1 expression suggests
different pathways to drive proliferation in estemgreceptor-positive and -negative breast
cancers. Cyclin expression seems to aid in prognestluation of breast cancer, and
based on our study cyclin B1 was the most spegifignostic marker.
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7/ CONCLUSIONS

I. Cyclin A expression can be reliably assessedTBA. The agreement of cyclin A
results on TMA and traditional large sections a#l a&the reproducibility of two readers’
results are good. TMA is a method that can easity reliably be adapted for routine use
in large-scale analyses to evaluate cyclin expsasand histopathological and prognostic

associations in breast cancer.

[I. Tumors of familial non-BRCA1/2 patients moreefuently have high cyclin D1 and
low cyclin E expression than tumors of sporadi@BRCAL- or BRCA2—positive patients.
The significantly different expression of cyclindad D1 among familial non-BRCA1/2
tumors may reflect that at least part of this grbap unique biological characteristics and
a genetic background that distinguishes it botmfBRCA1 and BRCA2 tumors and from
sporadic tumors. Cyclin E and D1 expression carctfon as a novel marker for
predicting BRCA1 and BRCA2 mutations among famibed¢ast cancer cases. Identifying
novel biological characteristics that distinguisR@A1 and/or BRCA2 mutation-positive
from mutation-negative breast cancer families isigh clinical importance since adding
tumor characteristics to models predicting the phility for BRCA mutation can help to

make these models more accurate.

lll. The CCND1 G870A polymorphism is associatedhwiitcreased breast cancer risk in
two independent populations from Finland and Oatatianada. The risk for breast cancer
is even greater in the combined genotype of higtymatic activity genotypes of CCND1
(AA) and estrogen metabolism enzyme COMT (ValVal)ggesting that these alleles act
in combination and contribute to breast cancer i@ggjon. The biological relevance of
this combined effect can be explained by their cammelationship with estrogen.

IV. Cyclin E is associated with the aggressive breeancer phenotype and is an
independent predictor of poor metastasis-free satviHigh cyclin D1 expression is
associated with high tumor grade and high Ki67Jioy&, and cyclin E expression in ER-
positive but with low tumor grade and low Ki67 eggsion in ER-negative breast cancer.
These results imply that cyclin D1 has a contraaérele, and proliferation is driven by
different mechanisms in ER-positive and -negativeabt cancers. The results also

emphasize the important role of cyclin D1 in turgenesis of ER-positive breast cancer.
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In ER-negative cancers, by contrast, cyclin D1 appéo have no role in regulation of
proliferation. These findings reveal new biologicdhta on the mechanisms of
proliferation and cell cycle control as well as thie pathogenesis of breast cancer, with
also clinical implications for prognostic evaluatiand possibly even for developing new

targeted therapies for breast cancer in the future.

V. High cyclin B1 expression correlates with higimior grade, large tumor size, positive
nodal status, estrogen and progesterone recepativiey, positive HER2 and p53 status,
high proliferation rate, high cyclin E expressiamd young age at diagnosis. This shows
that cyclin B1 overexpression is common among breascers with an aggressive
phenotype and that multiple biological factors tedto an active cell cycle are

intercorrelated.

VI. Cyclin B1 is an independent predictor of pomemall and metastasis-free survival in
breast cancer. Apart from tumor size and nodalistatyclin B1 was the only independent
marker of poor outcome among patients not giveowadtjt chemotherapy. In our material,
cyclin B1 was a more precise prognostic factor tpawliferation markers cyclin A or

Ki67 and predicted poor outcome better than tumadg or HER2 or PR status. The
relationship of cyclin B1 with breast cancer progisovarrants further investigation, and
if verified, this association suggests that cy@himmunohistochemistry is a method that
could easily be adapted for routine use, addingrinétion to prognostic evaluations
based on traditional prognostic markers. The lawsgdrratios for mortality among patients
receiving adjuvant chemotherapy suggest that hyghincB1 expression may also reveal

enhanced sensitivity to chemotherapy.
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