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Abstract 
 
Anna Göthlin Eremo (2015): Biological profiles of endocrine breast cancer. 
Örebro Studies in Medicine 123 
 
The majority of breast cancer patients have a hormone responsive tumor 
and are candidates for endocrine treatment. Adjuvant tamoxifen signifi-
cantly lowers the risk of recurrence for most patients, however up to 
40% still experience a tumor relapse and the importance of finding addi-
tional predictive factors is substantial. The objective of present thesis was 
to study molecular aspects of tamoxifen resistance in endocrine breast 
cancer.  We evaluated the transcription factor Foxl2 which may activate 
the enzyme aromatase (CYP19A1) gene expression, followed by in-
creased intratumoral estrogen levels. We discovered Foxl2 and aroma-
tase co-expression in tumor tissue and patients with nuclear Foxl2 had a 
longer recurrence-free survival. Protein expression of the tumor suppres-
sor Wwox has previously been associated to endocrine breast cancer. 
The function of Wwox seem to be via protein-protein interactions, by 
keeping certain transcription factors from entering the nucleus. We 
found that patients with expression of Wwox had an improved recur-
rence-free survival compared to Wwox-negative, but only among those 
given adjuvant tamoxifen. Further, nuclear localization of the HER4 
intracellular domain (4ICD) is a co-activator of ERα, although Wwox 
interaction may cause cytoplasmic sequestration. We investigated co-
expression patterns of Wwox and 4ICD however found no correlations 
to patients’ survival. Finally, we conducted a microarray study of gene 
expressions in tumors from tamoxifen treated patients with or without a 
distant recurrence. We found genes (e.g. AGTR1, S100P and AREG) 
with possible associations to endocrine resistance, which could offer 
basis for further investigations. In a future perspective, increased 
knowledge of tamoxifen resistance may lead to improved personalized 
medicine and hence survival for patients with endocrine breast cancer.  
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Svensk sammanfattning 
 
Hormonreceptorpositiv bröstcancer är den vanligaste typen av bröstcancer 
hos kvinnor och behandlas adjuvant med endokrina läkemedel. Ett exem-
pel på denna typ av läkemedel är tamoxifen som ger en minskad recidiv-
risk genom bindning till östrogenreceptorn (ER), en molekylär interaktion 
som ändrar den tillväxtfrämjande effekten av östrogen. Dock förekommer 
resistens mot tamoxifen, vilket innebär att upp emot 40% av patienterna 
kan få ett recidiv trots behandling. Det har föreslagits flera orsaker till 
resistens, till exempel förändringar i ERs struktur, ökad aktivitet i andra 
tillväxtreglerande signalkedjor, ökad mängd transkriptionsfaktorer eller 
förändrad läkemedelsmetabolism, med det saknas fortfarande mycket 
kunskap. Det övergripande syftet med avhandlingen var att studera mole-
kylära aspekter av tamoxifenresistens vid endokrin bröstcancer.  

I det första arbetet (Paper I) undersöktes proteinuttrycket av forkhead 
box L2 (Foxl2) samt dess association till aromatas i brösttumörvävnad 
från tamoxifenbehandlade patienter. Foxl2 är en transkriptionsfaktor som 
kan aktivera uttrycket av enzymet aromatas (CYP19A1) vilket i sin tur 
kan resultera i ökade mängder av östrogen. Uttrycken av Foxl2 och aro-
matas var associerade, och patienter med nukleärt uttryck av Foxl2 hade 
längre återfallsfri överlevnad. Därmed visade resultaten att Foxl2 kan vara 
involverad vid endokrin bröstcancer.   

I det andra och tredje arbetet (Paper II och III) användes ett tumör-
material som härstammar från en randomiserad studie av patienter med 
eller utan tamoxifenbehandling. Patienterna inkluderades från 1976 fram 
till 1990 då nyttan av behandling var uppenbar och det ansågs etiskt oför-
svarbart att inte behandla samtliga ER-positiva patienter med tamoxifen. I 
delarbete två (Paper II) undersöktes proteinuttrycket av WW-domain con-
taining oxidoreductase (Wwox), en tumörsuppressor som genom interakt-
ion med andra protein inducerar apoptos. Förlust av Wwox har tidigare 
kopplats till tamoxifenresistens och våra resultat visade att patienter med 
Wwox-uttryck hade en signifikant längre återfallsfri överlevnad, men end-
ast bland dem som behandlats med tamoxifen. I delarbete tre (Paper III) 
studerades den intracellulära delen (4ICD) av human epidermal growth 
factor receptor 4 (HER4), som i tidigare studier har visat association till 
både tamoxifenresistens och till Wwox. Vid receptoraktivering av HER4 
frisätts 4ICD från cellmembranet vilken, beroende av interagerande pro-
tein som t ex Wwox, antingen kan inducera apoptos i cytoplasman eller 
agera co-faktor till ER i cellkärnan. Resultatet visade både cytoplasmatisk 
och nukleärt proteinuttryck av HER4/4ICD samt associationer till flera 



 

markörer för endokrin respons. Däremot fanns ingen signifikant skillnad i 
överlevnad mellan patienter med olika uttrycksmönster av HER4 eller 
samtidigt uttryck av Wwox. In vitro försök påvisade ett minskat HER4 
mRNA-uttryck i bröstcancerceller vid östrogenexponering, men ingen 
omfördelning av nuklära och cytoplasmatiska proteinfraktioner. Samman-
taget visar studien att tumöruttryck av HER4 förmodligen är av mindre 
betydelse vid tamoxifenbehandling.  

Syftet med det avslutande arbetet (Paper IV) var att genom microar-
rayanalys försöka finna skillnader i genuttryck mellan tamoxifenbehand-
lade patienter med och utan återfall (i form av fjärrmetastas). I tumörer 
från återfallspatienter fanns enskilda förändrade gener med association till 
metastasering (ex. OLFM4, PLA2G10, SPP1, MUC16, and MUC6), till 
endokrin resistens (ex. S100P, AREG and AGTR1) samt berikning av 
gener i signalvägar av betydelse för metastasering (ex TGF-signalering). 
Ingen av de enskilda generna ingår vid nuvarande prediktion av behand-
ling men vi avser att utvärdera dem vidare för bedömning av eventuell 
framtida klinisk relevans. En vidare kartläggning av hur tamoxifenre-
sistens uppkommer kan i framtiden leda till utveckling av nya skräddar-
sydda och mer direktriktade behandlingspreparat, vilket i sin tur kan öka 
överlevnaden hos patienter med denna cancerform.  
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Introduction 

A brief introduction to cancer 
All malignant cells have genetic abnormalities that cause aberrant cellular 
behaviour and transfer to the next generation of cells. Tissues with high 
frequency of self-renewal (i.e. number of cell divisions) are more prone to 
develop cancer [1, 2]. With more than 200 different diagnoses that can be 
classified as cancer, Hanahan & Weinberg announced hallmarks, or char-
acteristics, that summarize the principles for tumor transformation (Figure 
1) [3, 4]. These hallmarks include genome instability and mutation as well 
as tumor cells ability to replicate infinitely and maintain proliferative sig-
naling in absence of growth factors. Also, tumor cells are able to resist cell 
death, evade growth suppressors and avoid destruction by the immune 
system while at the same time benefit from inflammatory responses. One of 
the more recent hallmarks is deregulation of cellular energetics, as many 
tumors seem to produce energy through anaerobic glycolysis rather than 
aerobic oxidation of glucose, despite provision of oxygen by increased 
angiogenesis.  

 

Figure 1. The Hallmarks of Cancer provide an overview of acquired tumor charac-
teristics that are necessary for growth and progression of disease according to 
Hanahan & Weinberg (2011). (The figure is adapted with permission from Hana-
han D, Weinberg RA: Hallmarks of cancer: the next generation. Cell 2011, 
144(5):646-674 Copyright© Elsevier.)  
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The tumor microenvironment, or stroma, plays a significant role in for-
mation of most hallmarks [5]. The stroma contains both connective tissue 
and other cell types, mostly of mesenchymal origin, that would normally 
be present in a tissue. Importantly, stromal cells such as tumor associated 
macrophages (TAMs) and cancer-associated fibroblasts (CAFs) as well as 
normal epithelial cells in the immediate vicinity of the tumor contribute to 
tumor phenotype by expressing growth factors, angiogenic factors, matrix 
metalloproteinases (MMP’s) for tissue degradation and extracellular ma-
trix (ECM) components (e.g.collagens) for tissue remodelling [5].  

Breast cancer 
Breast cancer is a collective term comprising several different diagnoses 
with specific treatment strategies. Every tumor has its individual “finger-
print” of genetic alterations and gene expressions as well as influence of 
stromal cells and microenvironment. The majority of breast cancer is con-
sidered responsive to estrogens, and treated with adjuvant endocrine medi-
cines such as tamoxifen. Tumor heterogeneity poses a great clinical chal-
lenge as some patients suffer from tumor recurrences despite of adjuvant 
treatment. Surly are some patients also unnecessarily treated because they 
were never at risk of recurrence anyway. Finding additional predictive 
factors could lead to more precise personalized treatment, aiming at im-
proving patient’s survival as well as reducing over-treatment. The risk of 
recurrence is significantly lowered for most patients treated with tamoxi-
fen, however up to 40% still experience a tumor relapse. Occurrence of a 
secondary tumor may depend on drug resistance and therefore is the im-
portance of finding these predictive factors substantial [6, 7]. The objective 
of present thesis was to study molecular aspects of tamoxifen resistance in 
endocrine breast cancer. 

Incidence and prevalence of breast cancer 
In 2012 there was an estimated incidence of 1.7 million new cases of breast 
cancer (25% of all cancer in women) with more than 0.5 million deaths 
worldwide [8]. That makes breast cancer the most common type of female 
cancer. In Sweden (2012), there were 8 531 diagnosed malignant tumors 
from 7 560 patients, of which 41 were men [9]. The relative 10-year sur-
vival is 83.5% and 67.1% respectively but still did 1 450 women and 9 
men die from breast cancer [10, 11]. Mammographic screening was first 
recommended in Sweden by 1985 and since the 1990s, the yearly age 
standardized incidence increase has been approximately 1.4%[12]. The 
cumulative risk of developing breast cancer before 75 years is approxi-
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mately 10.1%, more than half of all Swedish patients are > 60 years of age 
and less than 5% are younger than 40 years [13].  

Histology and anatomy of the breast 
Almost 80% of all cancers are carcinomas and emerge from epithelial cells. 
In general, epithelia cover inner and outer surfaces of the body such as 
intestines, lungs, duct systems and skin as well as glandular structures in 
mammary tissue. The bulk part of a mature breast consists of milk produc-
ing exocrine glands embedded in connective tissue and fat. Most tumors in 
the breast are adenocarcinomas implicating that they originate from glan-
dular epithelia. Each breast contains 15-20 lobes having each 10-100 lob-
ules with acini of secretory epithelial cells. The acini converge into ducts, 
leading milk to the nipple. The major types of breast cancer are ductal 
(80%), arising in duct epithelial cells, and lobular (10%) arising in the milk 
producing lobular cells. [7, 13, 14]. 

Symptoms and diagnosis 
In general, breast tumors are either detected through the mammographic 
screening program (i.e. patients without clinical symptoms) or by manifest 
clinical symptoms causing the patient to seek health care. The most com-
mon clinical feature of a breast tumor is a palpable mass, or lump, while 
other signs can be nipple inversion, nipple discharge or skin retraction. 
Diagnosis is, in addition to clinical features and anamnesis, based on imag-
ing (mammography, ultrasound and magnetic resonance imaging) and 
histological sampling (core biopsy, fine-needle aspiration cytology). 
Thought, the final diagnosis is based on pathological examination of the 
surgically removed tumor tissue. Usually that includes the tumor tissue plus 
excision margins (breast-conserving surgery) or removal of the whole 
breast comprising the tumor (mastectomy). In addition, axillary lymph 
nodes or the sentinel nodes are removed. Sentinel nodes are the first lymph 
node(s) to which cancer cells are most likely to spread. The evaluation of 
tumor characteristics is performed in order to estimate the patient’s prog-
nosis (the prospect of recovery), and for prediction of response of adjuvant 
treatment [7, 13]. 

Staging, grading and expression of biomarkers 
Tumor size and lymph node status is of high importance for clinical predic-
tion of patient’s disease-free survival. The TNM system is used to catego-
rize five stages of breast cancer (0, I, II, III and IV) based on information 
about the primary tumor size (T), regional lymph nodes (N) and spread to 
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distant metastatic sites (M) [15]. The prognosis of breast cancer, as for 
most malignancies, is better when detected at an early stage. 

The tissue is examined microscopically in order to distinguish between 
invasive cancer or cancer in situ, tumor type (e.g. ductal or lobular) and 
histological features such as the tumor’s grade. According to Nottingham 
Histologic Score system, grading is performed based on the appearance of 
nuclei pleomorphism (variability of their size and shape), tubule/gland 
formation (i.e. differentiation) as well as the mitotic count [16]. Each of the 
three histological tumor characteristics is evaluated and scored 1-3. The 
scores are added to a final grade 1, 2 or 3 (1= total score 3-5, 2= total 
score 6 or 7, 3= total score 8 or 9) that is significantly associated with the 
survival of patients, and basis for decision on further adjuvant treatment 
[17]. Biomarkers are used for their prognostic value (i.e. prognostication of 
overall clinical outcome) as well as for their predictive value (i.e. prediction 
of therapy effectiveness). There are currently four biomarkers used in clini-
cal diagnosis of breast cancer; estrogen receptors (ER), progesterone recep-
tors (PgR), the human epidermal growth factor receptor 2 (HER2) and the 
proliferation marker Ki-67 [13]. Protein expressions of these biomarkers 
are assessed by immunohistochemistry (IHC). Overexpression of HER2 is 
almost always a result of gene amplification (ERBB2) and is confirmed 
with additional laboratory techniques (e.g. fluorescent in situ hybridiza-
tion; FISH). Tumor expression of ER and PgR expression may predict re-
sponse to endocrine therapy and HER2 expression may predict response to 
HER2 targeting drugs [18, 19].  

Gene expression profiling and intrinsic subtypes 
Breast cancer is heterogeneous disease regarding the great variation in pat-
terns of epigenetic modifications (e.g. methylations of CpG-islands in pro-
moter regions) and DNA aberrations (SNP´s, deletions, LOH etc.) between 
different tumors. Thus, the expression of mRNA and proteins will also 
vary. Genome-wide studies on gene expression have identified several dis-
tinct molecular signatures, or profiles, of breast cancer [20, 21]. Using 
unsupervised hierarchical cluster analysis of gene expression, the primary 
category subdivide ER-positive and ER-negative tumors (Figure 2). The 
gene expression in ER-positive tumors resemblance the pattern of gene 
expression in breast luminal cells (Luminal A, Luminal B). Instead, the ER-
negative tumors express genes that are characteristic for myoepithelial cell 
(HER2-like, basal-like/triple-negative). The 70-gene breast cancer recur-
rence assay (MammaPrint®) has been designed to predict risk of recurrence 
as well as likelihood of chemotherapy benefit in early stages of breast can-
cer [22, 23]. The 21-gene recurrence score (Oncotype DX®) is specifically 
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aiming at ER-positive, lymph node-negative and HER2-negative breast 
cancer, and include genes associated to hormonal response and tumor cell 
proliferation [24].  

Figure 2. The intrinsic subtypes of breast cancer correspond to clinical outcome. 
The Luminal A cancers compose approximately 40-45% and Luminal B comprise 
20-25% of all breast cancers. The triple-negative (or basal-like) cancers comprise 
10% and HER2-like 15% of all breast cancer [7, 25, 26].  

Generally, good prognostic factors are small tumors (< 20 mm), no spread 
metastases (N0 and M0), low histological grade, ER and PgR-positivity 
and HER2-negativity. The patients with such good prognosis have accord-
ingly a lower risk of recurrence, which further influences the choice of 
adjuvant treatment. The patients with lowest estimated risk of recurrence 
may not be in need of any type of adjuvant treatment [13].  

Etiology 
Most breast cancer seem to arise sporadically however some individuals 
are genetically predisposed with an estimated 10% of cases likely to have 
an inherited increased risk [13]. Cancer susceptibility genes, such as 
BRCA1, BRCA2, TP53, PTEN and ATM are accountable for approxi-
mately one third of familial breast cancers and mutations in BRCA1 and 
BRCA2 contribute to approximately 2% of all breast cancers. Female car-
riers of BRCA1 and BRCA2 gene mutations have a 65% and 45% risk of 
breast cancer respectively, by 70 years of age [27]. The greatest risk of 
sporadic breast cancer is aging and the majority of all patients are post-
menopausal upon diagnosis. Epidemiologic studies have shown that early 
menarche and late menopause are increasing the risk, while full term preg-
nancies and breast-feeding are risk-reducing factors. These events are 
linked to female hormones, as the overall life time exposure seems to be of 
importance. Postmenopausal women with high serum level of estradiol are 
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at higher risk than those with lower levels. Also, women taking hormone 
replacement therapy after menopause have an increased risk of developing 
breast cancer [28-30].  

The importance of estrogen  
Estrogens are steroid hormones that most importantly control growth and 
development of female reproductive, including mammary, tissues, and 
promote female secondary sex characteristics (e.g. deposition of fat to 
breasts, hips and thighs). They have a well-established role as growth fac-
tors in hormone-dependent breast cancer and the importance is reflected by 
their association to increased risk of breast cancer in both pre- and post-
menopausal women [29, 31]. Moreover, estrogens promote bone for-
mation and prevent osteoporosis by inhibiting osteoclast activity, they 
induce synthesis of coagulations factors and platelet adhesiveness (thus 
regulating blood clotting) and play a role in lipid metabolism. The plasma 
levels of estrogens are highest in females between menarche and meno-
pause, and the most biologically active estrogen is 17β-estradiol (E2) fol-
lowed by estrone (E1) and last estriol (E3)[32].  

Estrogen production 
In adult women, estrogens are primarily synthesized in the ovaries through 
series of enzymatic reactions (Figure 3) [32]. Precursor androgens (C19-
steroids), secreted by the adrenal glands and ovarian theca cells, are aroma-
tized by aromatase that conducts the final step of estrogen biosynthesis 
(C18-steroids) in ovarian granulosa cells [33, 34]. During and after meno-
pause, the ovaries cease their function and serum levels of estrogens de-
crease. The remaining estrogen production in postmenopausal women 
mainly occurs in peripheral adipose tissue (and to lesser extent in muscles, 
brain and skin) by conversion of circulating plasma androgens [35, 36]. 
The breast tissue involutes by age, and the amount of epithelia (and the 
size of lobules) decrease and is replaced with stroma and fat [37]. As the 
breasts of elderly women predominate of adipose tissue, they become a site 
for local production of estrogens that acts in a paracrine manner and may 
stimulate growth of breast cancer [33].  
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Figure 3. Androgens (androstenedione and testosterone) comprise 19 carbon atoms 
(C19) and are synthesized from cholesterol (C27), the common precursor of steroid 
hormones. Aromatase enzyme converts androgens to C18 female sex hormones 
estrone (E1) and 17b-estradiol (E2). The liver converts E1 and E2 into less potent 
E3, following excretion in bile and urine. (17β-HSD=17β-hydroxysteroid dehydro-
genases). The chemical structures are obtained and re-drawn from 
http://pubchem.ncbi.nlm.nih.gov. 

The levels of estrogen in a tumor is higher than in normal breast tissue as 
well as in circulating plasma [38]. The main mechanism for local estrogen 
production (E1 and E2) is increased activity of the aromatase enzyme, 
which consequently has brought therapeutic interest during the last decade. 
Aromatase belongs to the family of cytochrome P450 (CYP) enzymes and 
is coded from the CYP19A1 gene on chromosome 15q21, which includes 
at least eight promoters that control transcription (Figure 4). These pro-
moters are differently active in different tissues, which explains how aro-
matase protein expression can be regulated in a tissue-specific manner. In 
the normal breast, low levels of aromatase is expressed by tissue-specific 
promoter I.4 (PI.4), which holds binding sites for transcription factors such 
as activating protein-1 (AP-1) and Sp1 (Figure 6) [33, 34, 39].  
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Figure 4. Schematic figure of the CYP19A1 gene (15q21) with its promoters re-
gions (blue boxes) PI.4, PI.7, PI.3 and PII. From several known tissue specific 
promoters, the depicted are of extra interest as they have shown to up-regulate 
aromatase protein expression in breast cancer.  

In breast cancer, the promoter usage switches to PII, PI.3 and to endotheli-
al-associated PI.7 in addition to increased activity of the PI.4. The result is 
elevated protein expression of aromatase followed by increased intra-
tumoral estrogen levels. How this promoter switch functions and how 
aromatase transcription is controlled in breast cancer is not fully under-
stood, however some tumor-derived factors are known contributors. For 
instance, inflammation and increased prostaglandin E2 (PGE2)-levels are 
known events in tumor tissue, where PGE2 is a common regulator of PII, 
PI.3 and PI.7. Furthermore, carcinogenesis is often accompanied by in-
creased angiogenesis, and PII contain a HIF-1α responsive element [36, 40-
43]. Other important enzymes that regulate local estrogen levels are 17β- 
hydroxysteroid dehydrogenases 1 and 2 (17β-HSD1 and 17β-HSD2 respec-
tively). 17β-HSD1 catalyzes the reduction of E1 to more biologically potent 
E2 and 17β-HSD2 catalyzes the oxidation of E2 into less potent E1 [44]. 
The ratio of 17β-HSD1 and 17β-HSD2 could be important for control of 
net estrogen activity in breast cancer [45, 46]. 
 

The estrogen receptor (ER)  
The biological effects of estrogens are conducted through estrogen recep-
tors (ERs). The ERs belongs to the family of nuclear steroid hormone re-
ceptors and several subtypes have been described [47]. However, the first 
and most defined subtype is ERα, which is also clinically assessed in breast 
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cancer. The findings of an alterative receptor (ERβ) with resemblance to 
ERα was published in year 1996 [48]. Although coded from separate genes 
(chromosome 6q25 and 14q23 respectively) the two subtypes ERα (ESR1) 
and ERβ (ESR2) show high genetic and structural homology (Figure 5). 
Even if some tissues express both subtypes, the distribution of ERs is dis-
similar. ERα is dominantly expressed in breast, ovary (theca cells), bone, 
adipocytes and uterus while ERβ expression is mostly found in colon, ova-
ry (granulosa cells) and vascular endothelium [32, 49]. Also to be men-
tioned, a second class of estrogen receptors has been recognized: the mem-
brane-bound G protein-coupled estrogen receptor 1 (GPER), which is in-
volved in conducting estrogen response through extra-nuclear cell signal-
ing. The importance of GPER in endocrine breast cancer is however still 
discussed [50, 51].  

ER structure 
The ERs (ERα and ERβ) comprise of six functional protein domains where 
the structure of the DNA binding domain (DBD) show the highest similari-
ty (Figure 5). Thus are ERs expected to bind relatively identical DNA-
sequences. Other functional domains are less homologue, for instance the 
transactivation domains AF-1 and AF-2 that are responsible for transcrip-
tional regulation of target-gene expression [52, 53]. AF-1 appears to be 
more active in ERα than in ERβ however both recruit co-regulatory pro-
teins with influence on estrogen response element (ERE) activity [54].   

Figure 5: Homology between wild-type estrogen receptors α and β in regard of 
protein structure. The A/B region holds the NH2-terminal, comprising the transac-
tivation domain 1 (AF-1). The C region holds the DNA-binding domain (DBD) 
and the D region comprise the hinge domain.  The C-terminal E/F regions comprise 
both the ligand-binding domain (LBD) and the second transactivation domain (AF-
2). Also, it binds to co-regulatory proteins and conduct nuclear translocation and 
receptor dimerization. The light grey boxes hold the amino acid number for the 
primary protein structure. The figure is adapted from [47]. 
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Mechanisms of ER signaling 
The ERs (ERα and ERβ) function as transcription factors that regulate 
expression of genes with EREs in their promoter region (the classical, or 
genomic mechanism of ER action) [31, 55]. The event of ligand binding to 
the ligand-binding domain (LBD) of an ER cause ligand-specific conforma-
tional changes to the protein’s structure. The conformational change most-
ly affects the AF-2 domain and influences what co-regulatory protein may 
bind. Nuclear translocation and receptor dimerization (hetero- or ho-
modimerization) occur following ligand binding, and the ER-dimer binds 
to the EREs in DNA. Co-regulatory proteins with either activating or re-
pressing functions are recruited to form a multi-protein complex [47].  

The actions are not always genomic as ligand-bound ERs may locate to 
the cytoplasm or at the cellular membrane and give rise to non-genomic 
signaling. In this manner, ERs interacts with intracellular signaling proteins 
(Figure 6) resulting in phosphorylation and activation of target-gene tran-
scription factors. Besides, phosphorylation and ligand-independent activa-
tion of ER may occur through growth factor tyrosine kinase receptor fami-
ly (e.g. HER2) signaling. The biological response from ER-activation (acti-
vation or repression of gene expression) is therefore subject to what ER 
subtype is expressed, in what concentration and where it localizes, what 
ligand is binding and the availability of which specific co-regulatory pro-
teins [53-56]. 

Cellular responses of ER activation 
The biological role of ER activation depends on what target genes are be-
ing transcribed. In breast cancer cells, the most up-regulated genes seem to 
stimulate proliferation, cell cycle progress and suppress apoptosis. Exam-
ples of increased gene expressions are the G1/S-specific cyclin-D1 
(CCND1) cell cycle regulator that trigger S-phase transit [57-59], the tran-
scription factors c-myc proto-oncogene (MYC) and c-Fos, the anti-
apoptotic survivin (BIRC5) and VEGF (promoting angiogenesis) [57, 60]. 
The most down-regulated genes correspond to anti-proliferative proteins 
such as TGF-β-family growth inhibitory factors, transcriptional repressors 
Mad4 and JunB, and pro-apoptotic proteins such as caspase 9 [57]. Other 
genes that are induced by ERs are the PgR and the retinoic acid receptor α 
(RARα), the latter required for ERα-mediated proliferation [61, 62]. 
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Figure 6. Estrogen receptor (ER) ligands diffuse through lipid membranes to access 
the receptor appearing in the nucleus, the cytoplasm or in proximity to the cell 
membrane. The ER protein conformation is chaperoned by heat-shock proteins 
that detach upon ligand binding. (1) The genomic action of ER includes direct 
DNA binding to estrogen response elements (ERE) and recruitment of co-
regulatory proteins (Co-R) following activation or repression of target genes. (2) 
The non-genomic actions of ER involves interaction with cytoplasmic signaling 
proteins such as phosphatidylinositol 3-kinase (PI3K) or the proto-oncogene tyro-
sine-protein kinase Src (SRC) causing downstream phosphorylation (P) of tran-
scription factors (TF) that bind DNA. ER may also regulate gene expression 
through binding to DNA-bound TFs independent of EREs (e.g. AP-1 [63]) or to 
TFs bound to ERE half-sites (e.g. sp1 [64]). (3) In addition, activation of growth 
receptors (e.g. HER2) may transfer phosphorylation and ligand-independent activa-
tion of ER.  

Treatment to endocrine breast cancer 
Following surgery, post-operative adjuvant treatment is given to minimize 
the risk of local or distant tumor recurrence. The selection of adjuvant 
treatment is based on tumor characteristics (i.e. prognostic and predictive 
factors) with the option of local radiation therapy and/or systemic therapy 
with cytostatic drugs, endocrine treatment or targeted therapies. Breast 
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tumors are clinically tested for ERα (as well as PgR and HER2) expression 
and presence of ERα predicts a better prognosis (without intervening ther-
apy) [13, 65]. By IHC evaluation, approximately 65-75 % of tumors are 
ERα-positive, however the clinical definitions of ER-positivity diverge [66, 
67]. The main reason for assessing ERα is for its strong predictive signifi-
cance on response to endocrine treatment, where tumors with ≥1% of cells 
(nuclei) with positive stain have shown treatment benefit [68]. In Sweden, 
the National guidelines suggest using a threshold of ≥10% positively 
stained tumor cells [13]. Furthermore, endocrine therapy should always be 
offered to ERα-positive patients with the objective to reduce the risk of 
tumor recurrence by lowering hormone impact on tumor growth. This may 
be achieved by blocking the hormone receptor (e.g. by anti-estrogens) or 
minimizing hormone production (e.g. by aromatase inhibitors; AIs). Ex-
amples of compounds with anti-estrogenic effect are the selective ER 
down-regulator (SERD) fulvestrant and the selective estrogen receptor 
modulator (SERM) tamoxifen, however the focus of this thesis is the latter. 
The AIs are irreversible steroidal inhibitors (e.g. exemestane) or non-
steroidal inhibitors (e.g. anastrozole) preventing estrogen synthesis by 
blocking aromatase enzyme activity. They are superior to tamoxifen re-
garding patients recurrence-free survival however women with lower risk 
seem to benefit equally from both types of drugs. [69, 70]. Being very effec-
tive in reducing plasma levels of estrogen, AIs are consequently not rec-
ommended to pre-menopausal women, who are rather suggested treatment 
with adjuvant tamoxifen. Post-menopausal women are recommended two 
to three years of tamoxifen followed by two to three years of AIs (total of 
five years), and for low-risk patients, tamoxifen alone for five years. Post-
menopausal patients with higher risk of recurrence are offered five years of 
AIs or a prolonged five-year period of tamoxifen treatment, which has 
shown to increase survival in these patients [6, 67, 71, 72].  

Mechanisms of tamoxifen action 
Tamoxifen is the most widely used anti-estrogen drug for adjuvant treat-
ment of breast cancer, and on the World Health Organization’s list of es-
sential medicines [73]. Tamoxifen is a non-steroidal SERM that competes 
with estrogen for ER binding, and cause distinct conformational changes to 
ER structure other than for estrogen. The effects are antagonistic or ago-
nistic depending on contextual factors (recall that the response of ER acti-
vation is modulated by factors such as ligand structure and availability of 
co-regulatory proteins). Tamoxifen binds to the LBD of ER causing con-
formational alterations to the nearby AF-2 domain, which impacts the 
transcriptional activity and binding possibilities of co-regulators. There-
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fore, the tamoxifen-ER complex still binds to DNA but rather recruits co-
repressors to AF-2 with no following activation of EREs. Tamoxifen con-
ducts antagonistic effects (i.e. anti-estrogenic) in breast tissue, with conse-
quently inhibition of estrogen regulated gene expressions. Tamoxifen has 
been reported to induce cell cycle arrest in G0/G1 by decreased levels of 
cyclin D1 and c-myc as well as increased p53 (and p21). Pro-apoptotic and 
anti-angiogenic effects have also been described, by decreased Bcl-2 and 
VEGF respectively [74-80].  

Tamoxifen binding to ER is not likely to affect alterations of AF-1 do-
main activity [81]. Tissues that only require AF-1 (and not AF-2) activity 
for gene transcription show an agonistic effect similar to the properties of 
estrogen stimulation. Agonistic effects have been reported in bone and 
uterus, why tamoxifen has a favourable impact on bone density in post-
menopausal women. However, that also explains the 2.5-fold increased 
risk of endometrial cancer, which is one of the most severe side effects of 
tamoxifen treatment [47]. Other side effects of tamoxifen are connected to 
symptoms similar to those of estrogen withdrawal (e.g. hot flashes, vaginal 
discharge and fluid retention)[13, 82].  

Tamoxifen and recurrence-free survival in breast cancer patients 
A five (or ten) years period of daily tamoxifen (optimal 20-40 mg) is rec-
ommended as adjuvant treatment for women with an ER-positive tumor. 
Several studies have shown significant benefit of tamoxifen in regard of 
reduced risk of tumor recurrence, prolonged recurrence-free survival and 
reduced death rates [19, 67, 83-87]. The statistical numbers diverge be-
tween patient groups but for post-menopausal and ER-positive women 
randomized to adjuvant tamoxifen or no adjuvant endocrine treatment, 
breast cancer deaths were reduced by 31% (P < 0.001) and all recurrent 
events by 24% (P < 0.001) in tamoxifen treated women [86]. Further, The 
International Breast cancer Intervention Study I (IBIS-I) declared that ta-
moxifen can be used for prevention in women with an increased risk of 
breast cancer (estimated by family history or previous benign breast dis-
ease). Recent results from IBIS-I show that daily tamoxifen (20 mg) for five 
years reduced the risk of breast cancer for up to 20 years [88]. 
 

Endocrine resistance 
Only tumors with ER expression are expected to respond to endocrine 
treatment. The expression of PgR may also have some impact on endocrine 
response. PgR is expressed in 60-70% of ER-positive invasive breast can-
cers and is transcriptionally regulated by ER [65, 67]. Therefore PgR ex-
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pression indicates that the tumor is under hormonal influence and more 
likely to respond to endocrine treatment. Although currently used as a 
clinical biomarker, some studies have shown that PgR has lesser predictive 
value and its importance has therefore been debated [86].  

ERs and estrogen levels 
Despite presence of ER (and PgR) endocrine treatment may not be success-
ful and more than one third of patients relapse (local or distant recurrence) 
due to de novo or acquired drug resistance. Several mechanisms for tamox-
ifen resistance have been proposed however the complexity, heterogeneity 
and diversity of endocrine breast cancers make it difficult to fully elucidate. 
The chance of tamoxifen drug response is subject to presence of, and suc-
cessful interaction with ER. Thus, a tumor that grows in the absence of ER 
implies that endocrine treatment will not be efficient. In breast cancer, loss 
of ER is associated with gene promoter hypermethylation, increased ER 
degradation and altered expression of miRNAs that affect ER mRNA 
translation. ER gene mutations, resulting in a non-functional ER and de-
creased tamoxifen binding likewise provide a source of resistance. When 
addressing endocrine breast cancer and ER, it most often applies to ERα. 
Nevertheless, the biological response from ERα is different from ERβ since 
they for instance recruit different co-regulators and because of the less 
active ERβ AF-1 domain. The clinical importance of ERβ in patients is still 
under investigation, but evaluations of selective ERβ agonists seem to be a 
future direction for studies on endocrine resistance. Co-regulatory proteins 
may alter the transcriptional responses of ER activation and so influencing 
the biological effect. Consequently, changes in levels of such proteins may 
also affect the agonistic or antagonistic effect of tamoxifen [89-96]. 

As tamoxifen competes with estrogen for ER-binding, increased levels of 
estrogen can influence the result of treatment. Altered levels of 17β-
hydroxysteroid dehydrogenases (17β-HSD) and aromatase impact the 
amount of estrogen formation and can act locally in breast cancer tissue. 
The gene coding for 17β-HSD1 (HSD17B1) is located in close proximity to 
the ERBB2 gene on chromosome 17 and often show co-amplification in 
breast cancer [97]. HSD17B1 amplification, high 17β-HSD1 protein ex-
pression (converting E1 to more potent E2) and low expression of 17β-
HSD2 (converting E2 to less potent E1) has been correlated to decreased 
survival in breast cancer patients [45, 46]. Additionally, patients with ad-
juvant tamoxifen had a better clinical effect if their tumor expressed low 
17β-HSD1, possibly due to lesser E1 to E2 conversion [98].  
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Variations in tamoxifen pharmacokinetics 
Up to 25% of all drugs, including tamoxifen, are substrates for CYP2D6, 
in which genetic polymorphisms may cause plasma level variations of ac-
tive metabolite. Some specific polymorphisms (that would result in reduced 
or lost enzymatic activity) have been evaluated (e.g. CYP2D6*4 and *10) 
and associated to unfavourable outcome of tamoxifen treatment. However, 
the value of testing patients for genetic CYP2D6 phenotype seem to be 
restricted to ER-positive, postmenopausal women receiving 20 mg daily for 
five years [99].  

Influence of growth factor receptors and signaling molecules 
Receptor cross-talk and ligand-independent ER activation (non-genomic) 
could diminish the impact on anti-estrogens. A tumor often shows less 
response of endocrine treatment if concurrent over-expression of growth 
factor receptors such as EGFR, HER2 or insulin-like growth factor-1 (IGF-
1R) is present [100, 101]. Besides directly interacting with ER, activity in 
their downstream signaling pathways (PI3K/Akt, MAPK etc.) could influ-
ence ER-activity (e.g. by phosphorylation) and also lead to altered expres-
sion of molecules involved in cell cycle regulation and apoptosis (e.g. cyclin 
D1, c-myc and Bcl-2)[102]. Moreover, cyclin D1 gene amplification has 
been implicated in resistance by counteracting the inhibitory effect of ta-
moxifen on estrogen-responsive gene expression [103-105].  
 

Proteins and genes of interest in present thesis 

Forkhead Box L2 (Foxl2) 
The protein Forkhead Box L2 (Foxl2) belongs to the family of forkhead 
box transcription factors and is encoded by the one-exon FOXL2 gene on 
chromosome 3 [106]. The best characterized function of Fox2 concern 
ovarian development where it regulates aromatase gene expression. In ova-
ries of chicken, goats and in fish gonads, Foxl2 protein is co-expressed 
with aromatase and transcriptionally activates the gene via tissue specific 
promoter PII [107-110]. To recall, aromatase gene promoter PII is normal-
ly active in adult ovaries (granulosa cells) and in adipose tissue. In breast 
cancer, the promoter usage is thought to switch to PII (and PI.3) in addi-
tion to PI.4 [40, 111]. Therefore it is possible that Foxl2 expression in-
volves in local estrogen production by aromatase gene transcription in 
endocrine breast cancer. Prior knowledge of Foxl2 derives mostly from 
studies on the developmental disorder Blepharophimosis ptosis epicanthus 
inversus syndrome (BPES), causing eyelid abnormalities and certain facial 
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features. There are two clinical subtypes of BPES (I and II) caused by dif-
ferent types of mutations, destroying protein expression or function [112]. 
Type I is coupled to premature ovarian failure (defined as loss of ovarian 
function before the age of 40 years) and female infertility [113]. Conse-
quently, most studies describe Foxl2 transcriptional role in BPES and in the 
ovaries. Nevertheless, reduced levels in granulosa cell tumors lead to a 
suspicion of a tumor suppressor function and recently, Foxl2 was found to 
restrain proliferation and induce apoptosis in cervical cancer cells [114, 
115]. The function of Foxl2 in breast or in breast cancer is however not 
elucidated. 

WW-domain containing oxidoreductase (Wwox) 
Common fragile site are chromosomal regions present in almost all indi-
viduals and characterized by high contents of adenine (A) and thymine (T)-
dinucleotide rich sequence repeats [116]. Fragile sites are associated to 
DNA instability and chromosomal breakages that often occur in the AT-
repeats. The second most common fragile site in the human genome is 
located to the long arm of chromosome 16 (16q23) and called FRA16D 
[117]. Further, a region that spans FRA16D appears to be frequently delet-
ed in breast cancer [118]. The region harbours a gene called WW-domain 
containing oxidoreductase (WWOX) that includes two tryptophan (WW) 
residue domains and a short-chain dehydrogenase-reductase domain (SDR) 
[119]. WWOX inactivation due to loss of heterozygosity (LOH) and hy-
permethylation has also been reported in breast cancer [120-122]. General-
ly WW-domains bind to proline-rich motifs (PPXY) of other proteins 
through which the Wwox protein interacts with e.g. p73 (p53 homolog), 
transcription factor AP-2γ, the proto-oncogene c-Jun and the intracellular 
part of human epidermal growth factor receptor 4 (HER4) [123-129]. 
Wwox interactions often result in cytoplasmic sequestering of exampled 
proteins followed by impairment of their nuclear function. Several studies 
have associated Wwox to cellular mechanisms such as inducing apoptosis 
and suppressing growth and pronounced it a tumor suppressor [130-137]. 
Protein expression in healthy individuals is seen in epithelial cells of hor-
monally regulated tissues such as ovaries, testes, prostate and mammary 
glands [138]. Also in regard of the SDR domain, although unclear how, 
Wwox protein may have a potential role in steroidogenesis [139]. Low 
Wwox expression is associated to worse breast cancer prognosis and the 
expression level has shown to be significantly higher in ER-positive tumors 
than in ER-negative [140-142]. By studies in vitro, reduced WWOX result-
ed in decreased ER expression and lowered tamoxifen sensitivity [130]. In 
a small non-randomized study it was shown that lost or reduced Wwox 
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expression increased the probability of tamoxifen resistance more than 
fourfold [143]. 

Figure 7. HER dimerization and autophosphorylation cause recruitment of intracel-
lular signaling molecules for activation of e.g. Ras (green) and PI3K (purple). PI3K 
phosphorylates phosphatidylinositol-(4,5) diphosphate (PIP2) into phosphatidylino-
sitol-(3,4,5) triphosphate (PIP3) thus assisting Akt activation. An important nega-
tive regulator of Akt-signaling is phosphatase and tensin homolog (PTEN)(pink) 
that dephosphorylates PIP3 back to PIP2. Mitogenic signaling is also conferred 
through the Ras/mitogen activated protein kinase (MAPK) pathways [14]. In addi-
tion, the intracellular domain of HER4 (4ICD)(yellow) may be released into the 
cytoplasm [126]. The figure is re-drawn and modified from WikiPathways curated 
ErbB-signaling pathway (www.wikipathways.org).  

Human epidermal growth factor receptor 4 (ErbB4, HER4) 
The erb-b2 receptor tyrosine kinase 4 (ErbB4) belongs to the subfamily of 
human epidermal growth factor receptors (HER). The subfamily consti-
tutes four members that contribute to mitogenic cell signaling; 
ErbB1/EGFR/HER1, ErbB2/HER2, ErbB3/HER3 and ErbB4/HER4 (in this 
thesis the designated terms HER1-4 will be used). Ligand binding (e.g. 
EGF-like ligands and neuregulin) to the extracellular receptor domain of 
HER generally triggers the receptors to form homo- and heterodimeric 
units that activate further downstream signaling (Figure 7)[144, 145].  

To complicate the understanding of HER4 signaling, alternative gene 
splicing gives rise to at least four different isoforms with different biologi-
cal functions. These isoforms have either the juxtamembrane domain JM-a 
or JM-b connected to the cytoplasmic domains CYT-1 or CYT-2 [146, 
147]. Isoforms with the JM-a domain (JM-a/CYT-1 and JM-a/CYT-2) are 
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susceptible to proteolytic processing by enzyme tumor necrosis factor-
alpha converting enzyme (TACE)/ADAM17 [148]. Subsequent cleavage by 
γ-secretase releases an 80-kDa intracellular region (4ICD/s80) into the 
cytoplasm (Figure 8) [149].  

Figure 8: Alternative splicing of the HER4 gene (chromosome 2) (A) give rise to 
JM-a/CYT-1 and JM-a/CYT-2 (B) and JM-b/CYT-1 and JM-b/CYT-2 (C). Proteo-
lytic processing by TACE can only occur at the juxtamembran domain JM-a. Also, 
only CYT-1-domain has a binding site for PI3K, explaining the different signaling 
properties of the isotypes. TM=transmembrane domain, TK=tyrosin kinase domain.  

Protein expression of HER4 (disregard of isoform) has been associated 
with ER expression and favorable outcome of breast cancer [90, 143, 150, 
151]. Normal mammary epithelia and breast cancer mostly express the 
JM-a isoforms and the released 4ICD either remains in the cytoplasm or 
translocates to the nucleus, possibly dependent of interacting proteins (e.g. 
Wwox) [152-155]. In the cytoplasm, 4ICD has been associated to apopto-
sis, initiated by its proapoptotic BH3-only domain [156-158]. Nuclear 
4ICD is instead a co-activator to ERα stimulated gene expression  and may 
therefore promote proliferation of ER-positive cells [159]. It has been hy-
pothesized that tamoxifen disrupts the ERα/4ICD complex formation in 
tumor cells followed by mitochondrial accumulation of 4ICD and subse-
quent apoptosis [156]. Furthermore, 4ICD seem to conduct different cellu-
lar responses depending on CYT-1 or CYT-2, which could either promote 
or repress cell growth [152, 160, 161]. The reports of HER4 functions 
show inconsistency and the biological significance in breast cancer is not 
fully elucidated.  
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Aim of the thesis 
 
The general aim of this thesis was to investigate biological profiles of endo-
crine breast cancer that may be linked to distant recurrence or recurrence-
free survival in tamoxifen treated patients.  
 
The specific aims for each paper were;  
 

Paper I:  To explore protein expression of Foxl2 in association to re-
currence-free survival in breast cancer patients, to aroma-
tase expression and whether Foxl2 may transcriptionally ac-
tivate aromatase.  

 
Paper II:  To investigate the predictive and prognostic value of Wwox 

protein expression in breast cancer patients that were ran-
domally allocated to adjuvant tamoxifen treatment or to no 
tamoxifen treatment. 

 
Paper III: To study HER4 expression, localization and Wwox correla-

tion in breast cancer patients that were randomally allocat-
ed to adjuvant tamoxifen treatment or to no tamoxifen 
treatment. We also aimed at examining the effect of estro-
gen (E2) and tamoxifen (4-OHT) on HER4 expression lev-
els and cellular localization in vitro. 

 
Paper IV:  To search for genes and enriched pathways that may associ-

ate to relapse despite adjuvant treatment by analyzing gene 
expression in tumors from patients with or without a dis-
tant recurrence.  
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Materials 

Patients 

Paper I 
The 132 patients included in the first study were diagnosed with stage II or 
III breast cancer between 1985 and 1992 in South East Health Care Region 
of Sweden. The patients were once participants in a randomized trial of 
two versus five years of adjuvant tamoxifen performed by the Swedish 
Breast Cancer Cooperative Group [87]. All patients were post-menopausal 
and received post-operative adjuvant tamoxifen treatment (40 mg/day) for 
2 years (n=63) or 5 years (n=69). Until 1988, the routine laboratory proce-
dure for determining ER and PgR status was by isoelectric focusing and 
samples with concentrations ≥0.1 fmol/μg were classified as positive [162]. 
The quantitative method enzyme immunoassay (EIA), based on monoclo-
nal antibodies, replaced isoelectric focusing and sample concentrations 
≥0.3 fmol/μg classified as positive [163]. Among the patients’ tumors there 
were 77% ER positive, 60% PgR positive and 66% with a diameter >20 
mm. There were 70% lymph node positive patients. The mean follow-up 
time was 9.5 years (range, 0.08-16.9 years; median, 11 years) and 27 plus 
26 numbers of recurrences was recorded for the patients with 2 and 5 years 
tamoxifen, respectively.  

Paper II and III 
In 1976 a controlled trial of adjuvant tamoxifen in post-menopausal wom-
en was initiated by the Stockholm Breast Cancer Study Group [86]. The 
trial was open for patient entry until 1990 when the benefits of adjuvant 
tamoxifen were so obvious that it became unethical to leave a non-treated 
control group [83]. Therefore this material provides an exclusive oppor-
tunity to investigate the predictive values of proteins with proposed roles in 
endocrine resistance. The original study included 2 738 participants of 
which 1 780 post-menopausal women were considered to be at “low risk”. 
These patients had upon diagnosis a tumor ≤ 30 mm and no infiltrated 
lymph nodes (N0). They were either treated with radical mastectomy 
(n=1348) or with breast conserving surgery plus radiation therapy (total 50 
Gy over 5 weeks, n=432). Moreover, the patients were randomized to ta-
moxifen therapy (40 mg/day) for 2 years (n=886) or no adjuvant endocrine 
treatment (n=894). Patients without recurrence after 2 years were re-
randomized to additional 3 years of tamoxifen therapy, hence a total 
treatment period of 5 years, or no further endocrine treatment. Tamoxifen 
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treatment was initiated within 2-4 weeks after surgery thus administered 
concurrently with radiation therapy. The ER status was determined by 
isoelectric focusing with a cutoff level set to 0.05 fmol/μg DNA. The mean 
follow-up period for all 2 738 patients was 18 years ranging 11-25 years.  

Paper IV 
The patients in the last study were diagnosed with breast cancer at the 
department of Oncology, Örebro University Hospital, Sweden, between 
January 1, 2000 and December 31, 2010, and identified from the registry 
of Regional Cancer Centre (RCC) Uppsala Örebro. A database of the De-
partment of Laboratory Medicine at Örebro University Hospital was used 
to identify patients who had undergone primary surgery from which spare 
fresh frozen tumor tissue was stored. Information regarding the patients’ 
primary tumor characteristics, such as biological markers, histology, size 
and axillary lymph node status, as well as clinical data such as postopera-
tive treatments and time of local, regional or distant recurrence was re-
trieved from RCC. From records, patients who had an ER-positive tumor, 
were tamoxifen treated and had no metastasis at the time of diagnosis were 
identified and selected for the study (Figure 10). In all, 316 patients ful-
filled the criteria and 36 of these had a distant recurrence. Eight of these 
thirty-six patients were excluded due to short relapse time (<24 months) 
and one patient was excluded because the stored tumor tissue originated 
from a local breast cancer recurrence. The remaining patients with distant 
recurrence (n=27) were matched with controls from the remaining partici-
pants (n=280) without a distant recurrence. Prior to matching, each case 
was allocated a risk set number based on time to recurrence (months), 
menopausal status (pre –or postmenopausal), lymph node status (0 or ≥ 1 
infiltrated lymph nodes) and tumor size. Fewer patients had large tumors 
why all tumor sizes (mm) were ranked (smallest through largest) and as-
signed to group 1-5 based on the 20th-percentile distribution. Each group 
used for matching represented the tumor sizes 4-14 mm (1), 15-17 mm (2), 
18-22 mm (3), 23-30 mm (4) and ≥ 31 mm (5). The controls who remained 
recurrence-free during an equal or longer follow-up time and shared the 
same criteria were randomly allocated to each risk set number using Stra-
ta®-Statistics software. Every risk set contained one case and up to five 
matched controls (27 cases and 103 controls).  
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Figure 10. The flowchart describes how the selection of patients in Paper IV was 
conducted. 
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Cell lines 
The cells for the in vitro studies of present thesis were once removed from 
human breast cancers and were immortalized (i.e. continuously proliferat-
ing with infinite capacity). All cancer cell lines were purchased from Amer-
ican Type Culture Collection (ATCC) and were adherent mammary epithe-
lial cells with expression of ERα. There was no information on ER-β ex-
pression and the cells are considered HER2-negative.  

MCF-7 (Paper I, II and III) 
The MCF7 (ATCC® HTB-22™) cells are adherent mammary epithelial 
cells that derive from a breast adenocarcinoma (lung metastasis, pleural 
effusion) obtained from a 69-year old woman. The doubling time of a 
MCF7 cell is 29 hours (h) (ATCC).   

T-47D (Paper III) 
The T-47D (ATCC® HTB-133™) cells also express androgen receptors 
(AR) and PgR according to ATCC. The cell line derives from a ductal car-
cinoma (lung metastasis, pleural effusion) from a 54-year old female, and 
has a doubling time of 32 h (ATCC).   

ZR-75-1 (Paper III) 
The ZR-75-1 (ATCC® CRL-1500™) cells derive from a breast adenocar-
cinoma (metastasis in ascites) removed from a 63-year old woman 
(ATCC).  The doubling time of a ZR-75-1 cell is according to ATCC 80 h.  
 

Ethical considerations 
The World Medical Association developed the Declaration of Helsinki in 
order to summarize what ethical standards and principles would apply to 
clinical research involving human subjects. According to the guidelines, all 
research protocols that involve humans must be taken into consideration 
and approved by a research ethical committee. In present thesis, all pa-
tients’ identities were protected through coding and the studies were ap-
proved by regional ethics committees.  
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Methods 

Tissue preparation and isolation of nucleic acids and proteins 
After primary surgery, the tumor tissues aimed for microscopic examina-
tion were prepared by fixation in a 4% formaldehyde solution (equal to 
10% formalin). After fixation the tissues were dehydrated and embedded 
in blocks of paraffin (formalin-fixed, paraffin-embedded, FFPE) allowing 
long-term storage in room temperature (RT). In Paper IV, spare fresh tissue 
samples from the patients’ tumors were dissected by a pathologist, snap 
frozen and stored at -80°C. All papers in present thesis included FFPE ma-
terials to some extent, and for Paper IV fresh frozen tumor samples were 
re-collected from storage freezers and used for further analyses.  

Tissue Microarray 
Paper I, II and III include samples arranged on tissue microarray (TMA) 
for simultaneous analysis of many tumors. In brief, a pathologist chose 
representable areas of each FFPE specimen from where three cylindrical 
cores (Ø 0.8 mm) were punched. The cores were placed in a cassette, hold-
ing up to 264 pieces (3 cores à 81 tumors + control tissues from liver) and 
again embedded in paraffin. The TMA blocks were cut in 4 µm thick sec-
tions using a microtome and mounted onto microscope slides.  

Extraction of DNA, RNA and protein 
The RNeasy Plus Micro Kit (Qiagen, Solna, Sweden) was used in Paper III 
for isolation of total RNA from cultured cells. Briefly, the harvested cells 
were homogenized using a pipette and a denaturing lysis buffer (included 
in the kit). The cell lysates were passed through a filter spin column to 
eliminate genomic DNA, and spun through another column having a silica 
membrane that captures RNA. The RNA was finally eluted using RNase-
free water and samples were immediately kept on ice or further stored at    
-80°C. Homogenization of the tumor tissues in Paper IV was conducted 
using the TissueLyser II (Qiagen) for 2 x 2 min at 30 Hz followed by sim-
ultaneous isolation of DNA, RNA and protein using the Allprep 
DNA/RNA/Protein mini kit (Qiagen). The procedure is based on similar 
principles as for the RNeasy Plus Micro Kit, however the DNA captured 
on the first spin column membrane, as well as the proteins contained in the 
flow-through, was collected. All isolations of nuceic acids (and proteins) 
were performed according to Qiagen’s instructions.  

For Paper I and II, proteins were extracted from cultured cells and used 
with the aim at finding basal protein expressions and for testing antibody 
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specificity. The proteins were isolated from MCF7 cells by using a cell lysis 
radio-immunoprecipitation assay buffer (RIPA). In Paper III, cultured cells 
were lysed followed by protein extraction of separate nuclear and cyto-
plasmic fractions. The lysis occurred stepwise and the protein fractions 
were isolated by centrifugation, using NE-PER® Nuclear and Cytoplasmic 
Extraction Reagents (Thermo Scientific, Rockford, IL, USA). 

Assessment of quality and quantity of materials 
The fresh frozen tumor samples used in Paper IV were touch imprinted on 
microscope slides prior to extracting RNA, DNA and proteins, in order to 
quality control neoplastic cellularity. The microscopic slides with tumor 
imprints were fixed in 95 % ethanol (EtOH) for 30 min and H&E stained 
according to standard protocol. A pathologist evaluated the slides to con-
firm presence of tumor cells before further use of the samples. The concen-
trations of nucleic acids were measured using ultraviolet spectrophotome-
try. Nucleic acids have absorbance maxima at 260 nm where one absorb-
ance unit is equivalent to 40 μg/mL RNA and 50 μg/mL DNA. Thus are 
the concentration of RNA in a sample 40 x A260 and the concentrations of 
DNA 50 x A260 [164]. If RNA is meant to reflect the cellular gene expres-
sion at the time of extraction, the quality is of high importance. Proteins 
have the absorbance maxima at 280 nm and the ratio A260/280 may indicate 
presence of contaminants (e.g. proteins or reagents such as phenols deriv-
ing from the extraction procedure) to the nucleic acids. Some contaminants 
are absorbing at 230 nm and the A260/230 is also frequently calculated in 
order to determine RNA and DNA purity. For Paper III and IV, ratios and 
concentration of nucleic acids were assessed using NanoDrop Spectropho-
tometer (Thermo Scientific). Samples with ratios of A260/A280 between 1.8 
and 2.1 and A260/A230 >2.0 are generally considered good quality and were 
used for further analyses. Despite good A260/A280 and A260/A230 ratios, RNA 
quality may be inadequate due to degradation. For study IV this issue was 
addressed by controlling of RNA integrity number (RIN) values. Briefly, 
RIN values were assessed using the Agilent RNA 6000 Nano Kit for 2100 
Bioanalyzer Instrument (Agilent Technologies, Santa Clara, CA, USA). 
Based on miniature gel-electrophoresis on microfluidic chips, the RNA 
molecules are separated and detected by laser-induced fluorescence. The 
RIN is calculated by a software algoritm (1=poor quality, 10=high quality) 
and RIN >8 was considered acceptable quality for further use of the RNA 
samples. The concentrations of the Western blot protein samples were 
measured using a colorimetric DC Protein Assay Kit (Bio-Rad Laborato-
ries, Hercules, CA) according to the manufacturer’s protocol.  
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Immunological methods 

Immunohistochemistry (IHC) 
In the first three papers, IHC was used for visualization of specific pro-
teins, in order to estimate their localization and expression levels (in FFPE 
breast cancer tissue arranged on TMA). The tissue was first deparaffinized 
and rehydrated using xylene and series of ethanol in decreasing concentra-
tion followed by MilliQ water. The epitopes were recovered by heat-
induced antigen retrieval (heating or boiling in a buffer solution). The tis-
sues were incubated with primary antibody, followed by incubation with a 
secondary binding to the primary. The secondary antibody was conjugated 
to the molecule horseradish peroxidase (HRP) which allow visualization of 
the antibody-antigen complex by 3,3’diaminobenzidine (DAB). In presence 
of hydrogen peroxide, HRP oxidizes DAB into a brown pigment that pre-
cipitates and localizes at the site of the antigen [165]. The results from IHC 
analysis in Paper I, II and III were evaluated in a light microscope by two 
examiners that independently scored color intensity, localization and 
amount of tumor cells with staining.  

Western blot 
Western blot was used for detection of specific proteins in solute samples 
in Paper I, II and III. The proteins were first separated by size using sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). After 
separation, the proteins were transferred to a polyvinylidene fluoride 
(PVDF) membrane, which was incubated with primary antibodies. The 
antibody-antigen complex was detected by HRP conjugated secondary 
antibodies and visualized by enhanced chemiluminescence and a charge-
coupled devise (CCD) camera [164].  

Antibodies  
In Paper I, a polyclonal antibody raised in rabbit against mouse/hamster 
foxl2 (AH-diagnostics, Stockholm, Sweden) was used at 1:500 dilutions.  
The homology between mouse and human foxl2 protein is 92 % and the 
sequence used for raising the antibody differs from the corresponding hu-
man sequence by two amino acids. In Paper II, an affinity isolated rabbit 
polyclonal anti-Wwox antibody (#W2143, Sigma-Aldrich, St Louis, USA) 
was used at dilution of 1:300. In study III, an immunohistochemistry spe-
cific monoclonal rabbit anti-HER4 antibody (#4792, Cell Signaling Tech-
nology Inc, Beverly, MA, USA) was used at dilution of 1:350. Additionally, 
HRP-conjugated secondary anti-rabbit antibodies were used for detections 
and visualization of the antigen-antibody complexes.  
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Cell culture and drug exposure 

Basic conditions  
The cells used in present thesis were grown in 75 cm2 cell culture flasks 
placed in a humidified incubator holding a constant temperature of 37°C 
and 5% CO2. The cells were maintained in different cell media depending 
on their required growth conditions described by ATCC. All media were 
supplemented with fetal bovine serum (FBS) and insulin was added to the 
MCF7 and T-47D cells. All handling of the cells such as subculturing, cry-
opreservation and thawing were performed according to general concepts 
[166]. For Paper I and II, MCF7 cells were grown under basic conditions in 
order to attain cellular lysate for further applications. In addition, the 
MCF7 cell culture media was supplemented with penicillin-streptomycin to 
prevent bacterial contaminations. In Paper III, the MCF7, T-47D and ZR-
75-1 cells were cultured in basic culture conditions without any antibiotics.  

Cell experiments  
For cell experiments in Paper III, MCF7, T-47D and ZR-75-1 cells were 
first washed with phosphate buffered saline (PBS), harvested by trypsiniza-
tion (0.5% trypsin/EDTA), centrifuged (5 min at 300 x g) and re-
suspended in new media. The new medias were supplemented with char-
coal stripped FBS, in order to limit the influence of varying hormone con-
centrations in ordinary FBS. The cells were counted in a Bürker chamber 
and seeded at a density of 20 000 cells per cm2 in 6-well plates. The cells 
were allowed 24 h to attach before they were exposed to 100 nM 4-OHT, 
1 nM E2 or to a combination of 100 nM 4-OHT and 1 nM E2 for 72 h. 
Some cells were exposed to 0.1% ethanol and used for baseline control of 
results.  

Quantitative real-time PCR (qPCR) 
The polymerase chain reaction (PCR) based technique quantitative real-
time PCR (qPCR) was used in Paper III to measure changes in target gene 
expressions (HER4 and cyclin D1) in relation to reference genes with sta-
bile expression throughout the experiments (the house-keeping genes β-
actin and ABL1). First, RNA was reversed transcribed into cDNA using the 
High Capacity cDNA RT Kit (Life Technologies, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol. After cDNA synthesis, pre-
designed primers and probes (TaqMan® Gene Expression Assays, Life 
Technologies) for the target and reference genes were used in qPCR reac-
tions that were carried out at 50° C for 2 min, 95° C for 20 sec and 95° C 
for 1 sec and 60° C for 20 sec for 40 cycles using the C1000 Touch™ 
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Thermal Cycler (CFX96™ Real-Time System, Bio-Rad, Solna, Sweden). 
For each sample, the Ct-value of the target gene and Ct-values for at least 
two different house-keeping genes were assessed using pre-designed pri-
mers and probes (TaqMan® gene expression assays from Life Technologies) 
(Figure 11).  
 

Figure 11. Principle of the qPCR reaction using TaqMan® probes. A) The sequence 
specific probe (yellow) is conjugated to a reporter fluorescent dye (R) in the 5’-end 
and to a quencher molecule(Q) in the 3’-end. B) The 5’-exonuclease activity of 
DNA polymerase will lead to the separation of R from Q, followed by a fluores-
cent signal which is measured. The reaction is repeated up to 40 cycles, and the 
point where the fluorescence rise above a certain threshold is called the threshold 
cycle (Ct). A lower Ct-value is indicative of a higher amount of amplified DNA 
[167]. 

Microarray 
Microarray was used to investigate gene expressions in breast tumors in 
Paper IV. All microarrays and reagents were purchased from Agilent Tech-
nologies, Santa Clara, CA, USA, and all methods were performed accord-
ing to their concepts and instructions. The principle of Agilent’s microar-
rays constitutes synthesized nucleotide probes spotted onto a solid surface 
by an advanced inkjet printer. The Human Gene Expression SurePrint G3 
chips that were used in Paper IV each hold 8 arrays with 60 000 (60k) 
spotted probes. One 60k array covers the whole human transcriptome with 
probe sequences that are sourced from databases such as RefSeq, UniGene, 
Ensembl, and GenBank [168]. The microarray protocol in Paper IV fol-
lowed an intensity-based (one-color) approach (Figure 12). For each array, 
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100 ng of quality assessed total RNA was used to generate fluorescent 
complementary RNA (cRNA) labeled with cyanine dye (Cy3). Briefly, the 
poly(A)-tails of mRNAs were annealed to a T7 polymerase promoter and 
through oligo-dT promoter primers reversed transcribed into cDNA by 
reverse transcriptase. Subsequently, a RNA polymerase that recognizes the 
T7 promoter was used to synthesize cRNA from cDNA, while incorporat-
ing Cy3. The amplified and Cy3 labeled cRNA was hybridized to the mi-
croarrays at 65°C for 17 h.  

 

Figure 12. The protocol for microarray in Paper IV started with total RNA which 
was (A) reversed transcribed into cDNA, (B) transcribed into cRNA, amplified and 
labeled with Cy3, (C) purified and finally (D) hybridized to microarray chips.  

A laser-induced fluorescence scanner was used to read the microarrays and 
the raw microarray image files were processed by the Feature Extraction 
Software (Agilent). The software finds and places grids for spot recognition 
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so that each signal can be interpreted. After normalization of the raw fluo-
rescence intensity values, the value for each probe correlates to the amount 
of bound Cy3 labeled cRNA.  

In silico analysis 
Computer simulated biological experiments are often termed in silico anal-
yses. In Paper I, the computer programming language Perl was used to 
create a script for searching possible Foxl2 binding sites in CYP19A1 
(aromatase) gene promoters. The DNA binding motif (i.e. sequence pat-
tern) of Foxl2 was identified and characterized by others and provided 
basis in the search for consensus motifs in cis-regulatory elements of the 
I.3, II and I.7 promoters [169]. Besides the consensus sequences, a position 
weight matrix that describes the tolerance of transcription factors to bind-
ing sites may also represent a motif.  By two searching strategies was the 
promoter sequences scanned for hits of Foxl2 response elements; the first 
strategy involved a simple matching approach, where the matching score 
(Score C) is the number of mismatches to the motif when compared to a 
subsequence of the promoter. The second strategy was based on the posi-
tion weight matrix of the cis-elements. The matching score (Score N) was 
calculated using an independent scoring scheme developed by Zare-
Mirakabad et al. with the purpose of detecting specific motifs in DNA 
[170].  

Statistical data analysis 
Statistical analyses were performed using the software Statistical Package 
for Social Sciences (SPSS) versions 15.0-22.0 and the GraphPad Prism ver-
sion 6.0d. All microarray gene expressions were analyzed using GeneSpring 
GX version 13.0. All p-values <0.05 were considered significant with one 
exception in Paper IV, where the Gene Ontology analysis was conducted 
with significance set to p-values <0.1.  

Statistical relationships 
The Pearson´s Chi-square test was used in Paper I, II and III to examine the 
association of different levels of protein expression to tumor characteris-
tics. Statistical relationships were also described by odds ratios (OR) plus 
95% confidence intervals (CI). In Paper IV, the sample size was smaller 
and the Fisher’s exact test was used to analyze patient´s distribution of 
tumor characteristics.  
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Survival analyses 
The time for recurrence-free survival in Paper I was calculated as the time 
between primary surgery and local or distant recurrence of breast cancer. 
The time for recurrence-free survival in Paper II and III was calculated as 
the time between diagnosis and local recurrence of breast cancer, distant 
metastasis or death from breast cancer. The probability of cumulative re-
currence-free survival was estimated using the Kaplan-Meier method and 
survival curves were compared with the logrank test (Paper I, II and III).  
The Cox regression analysis was used for calculation of hazard ratios (HR) 
with 95% confidence interval (95% CI) and a multivariate Cox model was 
used in order to adjust for the tumor characteristics between the different 
protein expression profiles in Paper I, II and III. 

Methods for analyzing gene expression 
The fold change (FC) in target gene expressions from the qPCR analysis in 
Paper III was calculated using the 2-ΔΔCt method and the differences (ΔCt) 
were tested using one-way ANOVA with Holm-Sidak test for correction of 
multiple comparisons [171]. In study IV, gene expression data was pre-
filtered based on the absolute FC prior to statistical analysis in order to 
sort the entities of biological significance [172]. After filtering, a moderated 
t-test with multiple testing corrections by Storey with bootstrapping was 
used to retrieve differently expressed genes. Furthermore Gene Set Enrich-
ment Analysis was used to map differently expressed entities to Broad In-
stitutes Molecular Signatures Database (MSigDB) collection C6 (oncogenic 
signature) [173]. The differentially expressed entities were also analyzed 
through pathway analysis using curated WikiPathways [174] and through 
Gene Ontology (GO) term enrichment. Finally, Natural Language Pro-
cessing (NLP) Network Discovery was conducted to enlighten potential 
relationships between genes. This type of analysis is based on co-
occurrence in literature and graphically visualizes relations (relation score 
>9 and with expanded relation connectivity of 2 nodes).  
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Results and Discussions 

Foxl2 may transcriptionally regulate aromatase in breast cancer 
Foxl2 is a well-described transcription factor that regulates aromatase ex-
pression in several species, marks ovarian development in women and is 
known to cause premature ovarian failure in women by certain FOXL2 
mutations [112]. Expression of Foxl2 protein was successfully scored in 
126 breast tumors and found in the cytoplasm, nucleus or at both locations 
(Figure 13). 

Figure 13. Micrographs of breast cancer tissue with (A) cytoplasmic (B) nuclear or 
(C) without expression of Foxl2 (x40 magnification). 

The expression of aromatase has previously been described in present pa-
tient cohort, where it was shown that stromal aromatase correlated to 
improved recurrence-free survival [175]. The expression patterns of aroma-
tase and Foxl2 were combined to show that tumors with nuclear Foxl2 
were more likely to have concomitant aromatase expression in the stroma 
(OR 2.54, 95% CI 1.06-6.09, P=0.034) and/or in the cytoplasm of tumor 
cells (OR 3.03. 95% CI 1.31-7.02, P=0.008). These results are in line with 
the assumption that Foxl2 may positively regulate aromatase expression 
(CYP19A1).  

To explore whether Foxl2 may in theory regulate aromatase expression 
in breast cancer, we performed in silico analyses by searching for Foxl2 
binding sites in the human CYP19A1 gene promoters I.3, II and I.7. The 
result showed seven plausible Foxl2 binding sites in these promoters, from 
where five were located in promoter I.7. Moreover, three out of these five 
sites in promoter I.7 were perfect matches indicating that Foxl2 may in fact 
play a role in control of human aromatase expression in breast.  

After our study was published in 2010 the transcriptional targets of 
Foxl2 have been better characterized. For instance, Foxl2 repress the 
steroidogenic acute regulatory protein (StAR) gene (STARD1), which con-
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ducts the rate-limiting step in steroidogenesis by transporting cholesterol 
from the outer to the inner mitochondrial membrane [176]. Some authors 
claim that Foxl2 actually represses CYP19A1, which would contribute to 
decreased hormone synthesis in agreement to repressed STARD1 [177]. 
This study was conducted in mice, and not in accordance with studies on 
human granulosa cell lines, where Foxl2 still is found to activate CYP19A1 
[176]. Certain FOXL2 mutations may contribute to malignant transfor-
mation of ovarian granulosa cell tumors, where mutant Foxl2 for instance 
is thought to deregulate anti-proliferative genes mapped to the TGF-β 
pathway [176]. We hypothesized that Foxl2 could be involved in regula-
tion of aromatase expression, but we also wanted to determine if there was 
any influence of Foxl2 on patients’ survival. Being a transcription factor, 
we used data of nuclear Foxl2 and correlated expression to recurrence-free 
survival. The patients with a tumor expressing nuclear Foxl2 had a signifi-
cant improved prognosis compared to those without (P=0.04). There was 
also a dose-response survival pattern in ER-positive patients (P=0.003) 
(Figure 14). Besides, patients with concomitant Foxl2 and stromal aro-
matase expression had longer recurrence-free survival than those without.  

 

Figure 14. (A) Recurrence-free survival in ER-positive patients with nuclear 
FOXL2. The patients were treated with adjuvant tamoxifen for either two or five 
years. In the Foxl2-negative group, 19 (44%) patients received tamoxifen for two 
years and 24 (56%) patients received tamoxifen for five years. There corresponding 
numbers for the group with moderated Foxl2 was 13 (46%) and 15 (54%) respec-
tively. For those with strong Foxl2, 13 (52%) were treated for two years and 12 
(48%) were treated for five years. (B) Recurrence-free survival for patients with or 
without co-expression of nuclear Foxl2 (nFox) and stromal aromatase (sAro).  
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Regarding our results, the presence of Foxl2 may indicate that the tumor is 
hormone responsive and thus more likely to have a favorable prognosis 
when treated with tamoxifen. Further studies should be conducted in order 
to elucidate the biological mechanisms behind Foxl2 role in endocrine 
breast cancer. 

Wwox expression predicts patients’ outcome 
Reduced or lost expression of the tumor suppressor Wwox has previously 
been suggested to increase the probability of tamoxifen resistance [143]. 
Therefore we decided to further investigate the Wwox potential of predict-
ing tamoxifen response by using an exclusive cohort of patients once regis-
tered in a randomized tamoxifen trial. Wwox protein expression was suc-
cessfully scored in 686 breast tumors and was found in the cytoplasm 
and/or the nucleus of tumor epithelia (Figure 15). 

 

Figure 15. Micrographs of different Wwox immunohistochemical staining patterns. 
A) A moderate Wwox expression in nuclei surrounded by negative cytoplasms. B) 
Tumor cells absent of Wwox. C) Negative nuclei with a moderate cytoplasmic 
Wwox expression. D) Strong nuclear and cytoplasmic. (x10 magnification). 

Wwox appears mainly to be involved in protein-protein interactions in the 
cytoplasm, but there are indications of nuclear translocation by Tyr33-
phosphorylation or in response to E2 [133, 178, 179]. Nuclear Wwox 
associated positively to ER (P=0.0001) and PgR (P=0.045) while cytoplas-
mic Wwox associated to HER2 (P=0.001), yet none of the expression pat-
terns had any prognostic importance. Only the ER-positive patients were 
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selected for further analysis of tamoxifen benefit, where the tumor’s total 
Wwox expression, regardless of cellular localization, was taken into ac-
count. Tamoxifen treatment was more beneficial among the patients with a 
Wwox-positive tumor compared to Wwox-negative (Figure 16). 
 

Figure 16. Kaplan-Meier curves representing the cumulative recurrence-free survival 
in ER positive patients (ER+) with a Wwox positive (A) or Wwox negative (B) 
breast tumor. 

The significant difference in recurrence-free survival between Wwox-
positive and -negative cases was thus only found among tamoxifen treated 
patients, but not among those without adjuvant tamoxifen. A test of inter-
action using Cox’s regression demonstrated that the risk of recurrence 
decreased in tamoxifen treated patients if their tumor expressed Wwox 
moderately (HR 0.31, 95% CI 0.10-0.98) or strongly (HR=0.28, 95% CI 
0.08-0.97). It is unclear how Wwox contributes to tamoxifen response 
given that its normal functions are yet to be fully explored. According to 
one hypothesis, Wwox is keeping the 4ICD of HER4 in the cytoplasm, 
which could promote apoptosis by the pro apoptotic BH3-domain of 
4ICD. With lost or reduced Wwox expression, more 4ICD would be avail-
able in the nucleus promoting cell survival by acting as ER co-activator. 
Recent publications on Wwox have focused mostly on functional biology 
in primary tumor carcinogenesis, but the role in endocrine treatment re-
mains elusive.  
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HER4 is associated with prognostic markers 
The randomized cohort of 912 patients was also analyzed for HER4 ex-
pression (Paper III) and 727 cases were successfully scored. The antibody 
targeted the carboxy-terminal of HER4, holding the intracellular 4ICD 
part. The localization of IHC staining, likely corresponding to the localiza-
tion of 4ICD, was detected in the nucleus (HER4N n=28), the cytoplasm 
(HER4C n=388) or in both locations (HER4NC n=76) (Figure 17). Cases 
with lacking HER4 staining were considered HER4-negative (HER4- 
n=235).  

 

Figure 17. Micrographs of HER4 staining pattern in breast cancer A) A HER4-
positive breast cancer specimen incubated with anti-HER4 antibody concurrent 
with a peptide corresponding to the epitope to which the antibody was raised. B) 
The same breast cancer specimen was incubated with anti-HER4 antibody alone 
(x10 magnification). C) An island of tumor cells having membranous HER4 stain-
ing (x40 magnification). D) Micrograph of a tumor specimen considered HER4-
negative (HER4-) E) Nuclear and cytoplasmic HER4 (HER4NC). F) A tumor show-
ing exclusively cytoplasmic staining (HER4C) (x10 magnification).  

In general, expression of HER4 (irrespective of localization) is associated 
to ER-positivity and may predict endocrine responsiveness because of the 
ERα co-activating role of 4ICD [150, 151, 159, 180]. We found that tu-
mors with nuclear HER4 (HER4N and HER4NC) were almost three times 
more likely to be ER-positive than tumors without (HER4C and HER4-

)(OR=2.69, 95% CI=1.40-5.16, P=0.002). Tumors with only cytoplasmic 
HER4 (HER4C) associated with poor prognostic markers such as ER-
negativity (P<0.0005, OR=0.49, 95% CI=0.33-0.72) and PgR-negativity 
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(P<0.0005, OR=0.54, 95% CI=0.39-0.74) and were more often HER2-
positive compared to HER4N and HER4NC tumors (P=0.008, OR=2.09, 
95% CI=1.20-3.63).  

There have been some opposing results from previous studies of HER4. 
For example cytoplasmic 4ICD has been correlated to ER -and PgR-
positivity, which is contradictory to our findings [158]. A more recent 
study showed association between cytoplasmic 4ICD and HER2-positivity 
as well as PgR-negativity which is in accordance to our results [152]. The 
inconsistency between studies could be explained by the HER4 isoforms, 
which appear to have distinctive biological functions. The cleavable JM-a 
isoforms CYT-1 and CYT-2 differ by only 16 amino acids and have been 
described with opposing roles in breast cancer [161]. One of the first func-
tional studies claimed that CYT-1 inhibited epithelial growth and associat-
ed to increased E-cadherin expression. Moreover, CYT-2 induced epithelial 
hyperplasia and was associated to increased levels of cyclin D1 and c-myc. 
These results were obtained through in vivo studies of different stages of 
mammary development in mice and suggested that the functions of CYT-1 
and CYT-2 may differ in response to various stimuli, in various cell types 
and possibly also in various stages of differentiation. In the writing mo-
ment the two most recent studies report that HER4 mRNA expression in 
breast cancer comprise of both CYT-1 and CYT-2 variants, where CYT-1 
has oncogenic properties and CYT-2 was beneficial in terms of recurrence 
free survival [152, 160]. When investigating HER4 localization in breast 
cancer tissue, we did not use an isoform-specific anti-HER4 antibody. 
Though our study may be subject to unknown effects of CYT-1 or CYT-2 
distribution, it is unclear whether this information would provide any sup-
port given the conflicting reports regarding their functions. 

Nevertheless, to investigate the potential role in endocrine breast cancer, 
we continued to analyze the recurrence-free survival. The HER4 (or 4ICD) 
localization did not provide any prognostic information, as we could not 
find any statistical differences in recurrence-free survival in regard of 
HER4-, HER4N, HER4C or HER4NC expression (Figure 18). According to 
our aim, we investigated if HER4 expression or HER4 localization had any 
influence on outcome of adjuvant tamoxifen. Among tamoxifen treated, 
HER4 expression (positive or negative) had no prognostic significance 
(P=0.18). By stratifying cases on HER4 localization, only HER4- patients 
showed a significantly improved recurrence-free survival of tamoxifen 
compared to no adjuvant treatment. When HER4-positive cases (HER4N, 
HER4C and HER4NC) and HER4-negative (HER-) cases were compared, 
both groups showed statistical benefit from tamoxifen.  

 



52 I ANNA GÖTHLIN EREMO Biological profiles of endocrine breast cancer 
 

 
 

 

 

 

 

Figure 18. Survival curve obtained from Cox regression analysis of the time to 
recurrence differentiated by HER4 expression. Patients with a tumor showing 
exclusively nuclear HER4 (HER4N) have longer recurrence-free survival, however 
missing statistical significance.  

As tumor tissue is removed and examined prior to adjuvant treatment, it is 
unknown how 4ICD relocates in response to endocrine drugs. The in vitro 
experiments were performed in order to investigate whether 4ICD locates 
predominantly to the nucleus or the cytoplasm following exposure to E2 
and/or 4-OHT. Estrogen stimulation has previously been reported to tran-
scriptionally repress HER4 [181]. HER4 mRNA expression was in fact 
decreased in MCF7 and ZR-75-1 cells following E2 exposure (Figure 19). 
There were however no changes in the T-47D cells. Additionally, when 
analyzing contents in isolated cellular compartments, both HER4C and 
HER4N protein levels decreased after E2 exposure. We could however not 
detect any changes between the nuclear or cytoplasmic protein fractions 
either in response to 4-OHT nor to E2. Therefore, we were not able to 
determine if cellular translocation of 4ICD is a mechanism involved in 
response of tamoxifen.   
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Figure 19. Two out of three cell lines showed decreased mRNA-levels of HER4 
after E2-exposure. The endocrine responsiveness of the cells was controlled using 
cyclin D1, showing an mRNA increase by E2. As the cells were grown in hormone-
depleted medium, the growth-inhibiting effect from 4-OHT may be distort-
ed.*=p<0.05, **=p<0.01, ***=p<0.001  

HER4 and Wwox interaction  
Expression of Wwox was beneficial for tamoxifen treated patients, and we 
hypothesized that the effect was related to Wwox keeping 4ICD from its 
nuclear ER co-activating function. Thus, the explanatory theory for how 
4ICD localizes within the cell was by Wwox interaction. Different expres-
sion patterns of Wwox and HER4 were first investigated to reveal whether 
the proteins co-localized. In fact, most tumors having nuclear expression of 
HER4 (HER4N and HER4NC) were more likely to also express nuclear 
Wwox (OR=3.70, 95% CI=1.46-9.36, P=0.003) but not cytoplasmic 
Wwox (P=0.083) (Table I). Likewise, cytoplasmic HER4 (HER4C and 
HER4NC) was associated to cytoplasmic Wwox (OR=1.54, 95% CI=1.01-
2.33, P=0.042) but not to nuclear Wwox (P=0.95).  
 
 
 
 
  
 

 
 
 
 
 
 

Table I. The distribution of patients with tumors showing 
different expression patterns of Wwox and HER4.  

 
Number of patients (%) 

 
HER4- HER4N HER4C HER4NC 

Wwox- 20 (3.2) 0  35 (5.5) 2 (0.3) 

WwoxN 26 (4.1) 4 (0.6) 21 (3.3) 3 (0.5) 

WwoxC 20 (3.2) 0  30 (4.8) 3 (0.5) 

WwoxNC 143 (22.7) 18 (2.9) 253 (40.1) 53 (8.4) 
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Even if the proteins seem to be correlated, there was no statistical differ-
ence in recurrence-free survival in regard of co-localized Wwox and HER4 
(Figure 20). We further conducted survival analyses to discover if any of 
the expression patterns influenced the outcome of tamoxifen treatment, 
however no significant differences could be recognized. 

Figure 20. Survival curves obtained from Cox regression analysis of the time to 
recurrence differentiated by expression patterns of HER4 and Wwox. It appears as 
if Wwox-positive patients have improved prognosis regardless of HER4. 

Despite being co-localized, we were not able to conclude that Wwox influ-
ences outcome of tamoxifen by 4ICD interaction. Wwox seem to be the 
stronger predictor compared to HER4 but the mechanism behind this is 
unidentified. Most studies involving Wwox tumor suppressor functions 
focus on its interaction to a variety of transcription factors. One important 
consequence of tamoxifen binding ER is decreased transcription of cyclin 
D1, following G0/G1 cell cycle arrest. Recent data suggest that Wwox 
negatively regulates cyclin D1 in prostate cancer cells, which could provide 
an additive effect on tamoxifen treatment in breast cancer [182].   

Gene expression in metastazing tumors  
During the course of the thesis, we initiated a microarray study (Paper IV) 
to compare gene expression in metastazing versus non-metastazing tumors. 
We included patients who had an ER-positive breast tumor, were treated 
with adjuvant tamoxifen and had either a distant recurrence (i.e. cases) or 
remained recurrence-free (i.e. controls). We used a matching approach to 
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reduce the variations between patients’ characteristics within the cohort 
and found no statistical differences between cases and controls in terms of 
age, tumor size, lymph nodes, HER2-status, tumor grade (Elston) or other 
adjuvant treatments (aromatase inhibitors, trastuzumab, radiation or cyto-
static drugs.  

We retrieved 107 entities that were differently expressed between 
metastazing and non-metastazing tumors, of which 82 were up-regulated 
and 25 were down-regulated. Out of these 107 entities, 38 genes were 
found enrich in the GO categories extracellular space (n=20), extracellular 
region (n=33) and extracellular region part (n=28) (GO central domain; 
cellular component), calcium ion binding (n=11) (GO central domain; mo-
lecular function), biological adhesion (n=12) and cell adhesion (n=12) (GO 
central domain; biological process) (Figure 21). Most gene ontology terms 
were hence linked to extracellular mechanisms. These 38 genes were also 
enriched in pathways such as focal adhesion, extracellular matrix organiza-
tion, integrin signaling and TGF signaling pathway. 
 

Figure 21. The figure represents unsupervised hierarchical cluster analysis with heat 
map visualization of primary tumor gene expression in patients with and without a 
distant recurrence. The gene expressions are clustered on entities and conditions, 
with Euclidean similarities measures with Wards linkage rule. The colour red repre-
sents up-regulation, and blue represents down-regulation.  

Microarray studies are subject to the potential pitfall of selecting an inap-
propriate method for data analysis, which may heavily influence the result 
interpretation. If using a too soft correction method for multiple testing, 
high false discovery rates (false positives) are to be expected. A very strict 
correction may instead conceal true changes (false negatives) and moreo-
ver, high FC-cut-off values could underestimate small but important 
changes [183]. Pre-filtering entities before conducting statistical analyses 
can reduce the numbers of hypothesis tested thus restricting the loss of 
study power [172]. We retrieved differently expressed genes by using a 
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combination of at least 2.0 FC and q ≤ 0.05 (corrected p-value) to identify 
genes of biological significance. Literature mining revealed that some of the 
genes are potentially interesting for further investigation on tamoxifen 
resistance. For example, the angiotensin II receptor type 1 (AGTR1) gene 
was twice more expressed in metastazing tumors compared to non-
metastazing tumors. The AGTR1 is involved in the renin-angiotensin sys-
tem (RAS) and regulates cardiovascular homeostasis. Activation of AGTR1 
may result in increased proliferation, angiogenesis and inhibition of apop-
tosis through downstream signaling pathways, and the receptor is often 
found to be overexpressed in cancer [184]. Recently, expression of AGTR1 
has shown to be increased in MCF-7 cells with acquired tamoxifen re-
sistance, and the resistant cells regained drug sensitivity when co-exposed 
to the AGTR1-inhibitor losartan [185]. According to the authors, blocking 
ER by tamoxifen cause up-regulation of RAS-components (including 
AGTR1) and increased signaling through AGTR1 might lead to acquired 
tamoxifen resistance. To the best of our knowledge there are no clinical 
studies of AGTR1 function in endocrine breast cancer.  

Amphiregulin (AREG) is a ligand of epidermal growth factor receptor 
(EGFR)/HER1 and provides self-sufficient growth signaling and evasion of 
apoptosis in cancer, as well as increased angiogenesis, tissue invasion and 
motility through downstream signaling pathways (e.g. PI3K/Akt) [186]. 
The AREG gene was more expressed in metastazing tumors compared to 
non-metastazing tumors in the present study. AREG is an estrogen respon-
sive gene and important for development of mammary tissue during puber-
ty. Moreover, AREG has been correlated to breast tumor relapse and sug-
gested to induce endocrine resistance through estrogen-stimulated overex-
pression [187, 188]. Gene expression of S100 calcium binding protein P 
(S100P) was up-regulated in metastazing tumors. This gene has previously 
been implicated in malignant tumors (e.g. pancreatic, prostate and endo-
metrial cancer) and related to metastasizing phenotype. High S100P ex-
pression is associated to poor breast cancer survival and proved critical for 
conferring tamoxifen resistance and for migratory behaviour in MCF-7 
cells [189, 190].  

The tumor stroma contributes to a microenvironment that supports 
growth, proliferation, angiogenesis, invasion and not at least metastazing 
of tumor cells [5]. Before being able to migrate through the ECM and 
spread, tumor cells must first breach the basal membrane. Matrix metallo-
peptidases are usually expressed in breast cancer stroma and involved in 
tissue remodelling during metastazing [191]. We found that matrix metal-
lopeptidase 13 (MMP13; collagenase 3), as well as matrix metallopeptidase 
10 (MMP10; stromelysin 2) were up-regulated in metastazing tumors. We 
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analyzed the gene expression in tumors that comprised tumor cells includ-
ing the tumor cells microenvironment, as validated by a pathologist. Still, it 
is unknown to what extent each component contributes to the expression 
profile of each tumor. So, the entities that were retrieved from our analyses 
could reflect group-specific differences in cell-type composition of the tu-
mors. This information would be valuable in order to draw conclusions on 
true differences not attributed to the methodology.  

The aim of Paper IV was to find genes and pathways that associate to 
relapse despite adjuvant treatment. We found genes with importance in 
metastazing disease and enriched in pathways with cancer relevance. The 
gene expressions were linked to anti-apoptosis (OLFM4), motility and 
migration (OLFM4, S100P), invasion (MUC5B), proliferation (PLA2G10, 
AREG, MUC16, MUC5B, AGTR1), angiogenesis (SPP1), tissue remodel-
ling (MMP10, MMP13) and to endocrine resistance (S100P, AREG and 
AGTR1). Still, microarray data on its own will not provide enough 
strength for conclusions regarding single gene expressions, as increased 
mRNA expression not automatically reflects increased protein levels.  

By curiosity we investigated if high protein expression may be expected 
from high gene expression, and took advantage of clinical data from prior 
HER2-evaluation. Some patients were assessed for HER2 both by IHC 
(protein) and by fluorescence in situ hybridization (FISH; gene amplifica-
tion) as part of the clinical determination of HER2-status. In addition, 
HER2 protein expression was assessed in 33 patients by IHC and a 
pathologist score the results according to routines (only patients with IHC 
score 3+ were considered HER2-positive). The normalized raw intensity 
values for HER2, measured by microarray, were displayed with boxplots 
(Figure 22). Clinically HER2-positive patients showed higher mRNA ex-
pression (P=0.001, t-test with no assumption of equal variances), but if this 
is true for the other genes is left to be demonstrated. 
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Figure 22. Normalized intensity values attained from microarray analysis 
showing HER2 mRNA expression by boxplot and categorized by clinical 
HER2-negative and HER2-positive cases. The top normalized intensity 
value outlier (o) in HER2 negatives represent a patient with IHC score 2+. 
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Conclusions 
 

• Nuclear Foxl2 expression associates to aromatase expression and 
to longer recurrence-free survival in tamoxifen treated patients.  

 
• It is plausible that the Foxl2 protein is involved in transcriptional 

regulation of the aromatase gene (CYP19A1) in human breast can-
cer. Also, expression of Foxl2 may indicate that a tumor is hor-
monally responsive. 

 
• Patients with tumor expression of Wwox have longer recurrence-

free survival when treated with tamoxifen, compared to patients 
without Wwox expression. 

 
• Nuclear HER4 seem to be co-located with ER, however we did not 

find support for HER4 independently predicting response of ta-
moxifen treatment or significance in breast cancer survival. Estro-
gen exposure down-regulates HER4 mRNA in vitro however the 
cellular localization appeared unchanged. 

 
• Wwox and HER4 co-localize in breast cancer tissue, but have no 

effect on patients’ survival or outcome of tamoxifen treatment.  
 

• Using microarray, we detected genes that may be involved in tu-
mor recurrence despite adjuvant tamoxifen. Several genes were 
linked to the microenvironment and involved in cellular mecha-
nisms such as adhesion, invasion, angiogenesis and migration. Any 
differences must however be validated before any clinical applica-
tions can be evaluated. 
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Future perspective 
 
Tumor recurrence due to drug resistance is a major obstacle in oncology 
and important to address [192]. We have investigated the proteins Foxl2, 
Wwox and HER4 in tamoxifen treated breast cancer patients. We found 
that nuclear expression of Foxl2 was beneficial in terms of recurrence-free 
survival, but if these results differ in patients without adjuvant tamoxifen is 
still left to explore. The protein expressions of Wwox and HER4 were 
analyzed in an exclusive cohort of randomized patients, offering an oppor-
tunity to compare effects in patients with and without tamoxifen. Here, we 
found that patients with Wwox expression have improved recurrence-free 
survival, and the result was limited to tamoxifen treated patients. It was 
first hypothesized that Wwox conducts tamoxifen response via HER4 in-
teraction, though we found no support for this mechanism. According to a 
recent report, Wwox down-regulates cyclin D1 in prostate cancer cells but 
if this regulation also occurs in breast cancer cells is not yet described. 
Considering Wwox possible role in endocrine breast cancer, it would be 
interesting to find if the protective mechanism can be explained by de-
creased cyclin D1 levels, adding to the tamoxifen effect. 

 In Paper IV, exploration of whole-genome mRNA expressions in tu-
mors from patients with and without a distant recurrence has led to a list 
of some potentially interesting genes. However, clinical data of the patients 
has not been taken into account in the bioinformatics analyses at present. 
When the study design was undertaken, up to five controls were randomly 
matched to each case into a risk set. All patients in the same risk set share 
follow-up time, tumor size, lymph nodes and menopausal status. The dif-
ferences between the risk sets, tumor grade, HER2 status or other adjuvant 
treatments are contributors of risk and can be adjusted for. These coming 
analyses may narrow down the list to a smaller number of candidate genes, 
which will be selected and further evaluated. The changes in candidate 
gene expressions should be validated with other laboratory techniques and 
most importantly evaluated whether they result in altered protein levels 
and what cell types that contribute to their expression in tumor tissue. For 
the clinical applicability and predictive values, results need to be confirmed 
in new cohorts of ER-positive breast cancer patients. Furthermore, the 
current list holds some genes that could be involved in endocrine cancer 
(e.g. S100P, AREG and AGTR1) and may be subject to forthcoming func-
tional studies. Hopefully, the future of this research field holds new in-
sights in resistance mechanisms that could lead to additional treatment 
targets as well as predictive factors for existing treatments.  
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