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Abstract
Breast cancer is the most common women’s malignancy worldwide, affecting approximately 5
000 new patients in Finland yearly. Breast cancer includes a range of biologically varying diseases
with different clinical characteristics and patient outcomes. Despite the overall excellent prognosis
due to effective screening and advancements in treatment modalities, a small subset of aggressive
cancers continues to challenge the current concepts of treatment, and metastatic breast cancer
remains incurable to date. The differences observed in breast cancer prognosis between the
intrinsic subtypes highlight the need for an increased understanding of their biological
heterogeneity. New prognostic markers to facilitate clinical decision-making for subgroups with
less favourable prognoses are required. In the era of personalized medicine and fast-developing
treatment options, newly uncovered molecular and cellular knowledge requires connection to realworld patients and cancers using a translational approach. The aim of this study was to evaluate
the use of the tight-junction proteins claudins, the androgen, mineralocorticoid and glucocorticoid
β receptors and type I collagen metabolism markers as new prognostic markers for different breast
cancer subtypes for early breast cancer. According to the results, it seems that high-level
cytoplasmic claudin 3 expression may be an independent predictor of poor survival in triplenegative breast cancer. Also, elevated preoperative serum levels of collagen I carboxyterminal
telopeptide are associated with better outcomes in early-stage luminal B-like (HER2-negative) and
triple-negative breast cancers. In addition, cytoplasmic mineralocorticoid receptor expression
predicts dismal local relapse-free survival in non-triple-negative breast cancer. This study also
assessed the use of patient reproductive history in the prognostic evaluation of different breast
cancer subtypes of early breast cancer. It was observed that high parity is associated with poor
outcomes in patients with luminal B-like (HER2-negative) early breast cancer. Finally, this study
presents real-world data on the early breast cancer survival rates for the five intrinsic subtypes in
patients treated in a Finnish university hospital. To conclude, the overall 10-year breast cancerspecific survival rate was 91.4%. However, the difference between the subtype with the best
(luminal A-like, 97.9%) and the worst (luminal B-like HER2-positive, 80.6%) 10-year outcome
was notable.

Keywords: breast cancer, breast cancer prognosis, breast cancer subtypes, claudins,
parity, prognostic markers, steroid hormone receptors, type I collagen
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Tiivistelmä
Rintasyöpä on naisten yleisin syöpätyyppi maailmanlaajuisesti, ja siihen sairastuu noin 5 000
uutta potilasta vuosittain Suomessa. Rintasyöpä sisältää biologisesti varioivia alaryhmiä, joilla
on erilaisia kliinisiä piirteitä sekä erilaiset hoitotulokset. Tehokkaan rintasyöpäseulonnan ja
kehittyneiden hoitomuotojen mahdollistamana rintasyövän kokonaisennuste on nykyisin erinomainen. Silti pieni osa aggressiivisia tauteja haastaa nykyiset hoitokäytännöt ja metastaattista
rintasyöpää pidetään nykykäsityksen mukaan parantumattomana sairautena. Havaitut erot ennusteessa eri rintasyövän alaryhmien välillä edellyttävät parempaa ymmärrystä rintasyövän eri alaryhmien biologisesta monimuotoisuudesta. Kliininen päätöksenteko tarvitsee tuekseen uusia
ennustetekijöitä erityisesti niissä rintasyövän alaryhmissä, joilla on todettu muita huonompia
ennusteita. Yksilöllisen lääketieteen ja nopeasti kehittyvien hoitomahdollisuuksien aikakaudella
uusi tieto rintasyövän taustalla vaikuttavista molekyyli- ja solutason mekanismeista tulisi yhdistää todellisen elämän potilaisiin ja heidän syöpiinsä hyödyntämällä translationaalista lähestymistä. Tutkimuksen tavoitteena oli arvioida tiivisliitosproteiini klaudiinien, androgeenireseptorin,
mineralokortikoidireseptorin, glukokortikoidireseptori β:n sekä tyypin I kollageenin metaboliassa syntyvien merkkiaineiden soveltuvuutta uusiksi ennusteellisiksi merkkiaineiksi varhaisen rintasyövän biologisissa alaryhmissä. Tulosten perusteella vaikuttaa siltä, että voimakkaasti solulimassa ilmenevä klaudiini 3 on yhteydessä huonompaan rintasyövän ennusteeseen kolmoisnegatiivisessa alaryhmässä. Lisäksi tyypin I kollageenin metaboliassa syntyvän merkkiaineen ICTP:n
kohonnut määrä ennen rintasyöpäleikkausta otetuista seeruminäytteistä mitattuna on yhteydessä
parempaan ennusteeseen varhaisen rintasyövän B-luminaalisessa (HER2-negatiivisessa) ja kolmoisnegatiivisessa alaryhmässä. Vahvasti solulimassa ilmenevä mineralokortikoidireseptori on
yhteydessä huonompaan ennusteeseen rintasyövän paikallisuusiutumien suhteen hormonireseptoripositiivisten, HER2-negatiivisten rintasyöpien alaryhmässä. Tutkimus arvioi myös potilaan
gynekologisen historian, erityisesti synnytysten lukumäärän, käytettävyyttä ennusteellisena tekijänä varhaisen rintasyövän eri alaryhmissä. Havaitsimme, että korkea synnytysten lukumäärä on
yhteydessä huonompaan rintasyövän ennusteeseen B-luminaalisen (HER2-negatiivisen) rintasyövän alaryhmässä. Lopuksi tutkimus esittelee varhaisen rintasyövän viiden eri biologisen alaryhmän pitkäaikaisennusteen perustuen todellisen elämän potilastietoihin niiden potilaiden osalta, jotka on hoidettu suomalaisessa yliopistosairaalassa. Tutkimuksessa todettiin, että rintasyöpäspesifinen 10-vuotisennuste oli 91,4 %. Silti ero parhaan (A-luminaalinen, 97,9 %) ja huonoimman (B-luminaalinen HER2-positiivinen, 80,6 %) pitkäaikaisennusteen ryhmissä oli merkittävä.

Asiasanat: ennustetekijät, klaudiinit, rintasyöpä, rintasyövän alaryhmät, rintasyövän
ennuste, steroidireseptorit, synnytysten lukumäärä, tyypin I kollageeni
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1

Introduction

Breast cancer (BC) is the most common malignancy among women worldwide.
Considered a highly heterogeneous cancer, BC includes a range of diseases with
varying biological profiles, clinical characteristics and patient outcomes. Despite
the overall good prognosis, especially in countries with effective screening
programmes and modern treatment modalities, a small subset of aggressive cancers
causes higher than expected mortality, which is worsened by lower availability of
early diagnosis and treatment. The aim in treating early breast cancer (EBC) is the
complete removal of the tumour and a curative outcome with the help of adjuvant
treatments. In Finland, more than 90% of BC patients are currently alive 5 years
after their primary diagnosis. However, to date, metastatic breast cancer (MBC)
remains incurable.
Despite early diagnosis and internationally excellent treatment outcomes, the
differences in BC prognosis between the intrinsic subtypes remain notable in
Finland. This highlights the need for an increased understanding of the biological
heterogeneity of different BC subtypes, as well as new prognostic markers, in
subgroups with less favourable prognoses. In this era of personalized medicine and
fast-developing treatment options, newly uncovered molecular and cellular
knowledge requires connection to real-world patients and cancers using a
translational approach.
The aim of this study was to evaluate the use of tight junction proteins called
claudins (CLDNs), steroid hormone receptors (androgen receptor [AR],
mineralocorticoid receptor [MR] and glucocorticoid receptor β [GRβ]) and type I
collagen metabolism markers as new prognostic markers for different BC subtypes
for EBC. In addition, the current study assessed the use of parameters related to
patient reproductive history in the prognostic evaluation of different BC subtypes
of EBC. Finally, this study presents real-world data on EBC survival rates for the
five intrinsic BC subtypes in patients treated in a Finnish university hospital.
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2

Review of the literature

2.1

Breast cancer

2.1.1 Epidemiology
Globally, BC is the most commonly diagnosed women’s malignancy, affecting
more than 2 million patients worldwide and accounting for more than 600 000
deaths each year (Bray et al., 2018). Five-year breast cancer-specific survival
(BCSS) varies greatly depending on geography, ranging from 53% to 90%
(Ginsburg et al., 2017; Siegel et al., 2020). More than 5 000 women are diagnosed
with BC in Finland each year, and over 90% of them are alive 5 years after BC
diagnosis. However, approximately 900 women die of BC yearly (Finnish Cancer
Registry, 2021).
In addition to being the most commonly diagnosed cancer in many countries,
BC is the leading cause of cancer-related deaths in more than 100 countries (Bray
et al., 2018). However, in recent years, BC mortality rates have decreased, mainly
in many developed countries, due to effective mammographic screening, which
enables diagnosis at an earlier stage, augmented by improved treatment options
(Bray et al., 2018; Cardoso et al., 2019). The highest incidence rates are reported
in North America, the European Union, Australia and New Zealand, whereas the
highest mortality rate has been estimated for Melanesia (Bray et al., 2018).
BC incidence continues to rise worldwide. This is mostly due to the global
trend of ageing, although generalized obesity and the positive trend of increased
mammographic screening resulting in a growing number of diagnoses may also
contribute. Altered reproduction-related behaviour, such as lower parity, shorter
overall breastfeeding duration and older age at first birth, as well as failure to
implement effective prevention strategies, could also play a role behind the
increased incidence (Ginsburg et al., 2017; Global Burden of Disease Cancer
Collaboration et al., 2018; Narod et al., 2015).

21

2.1.2 Pathophysiology
Anatomy and physiology of the breast
The breast is formed of mammary gland tissue comprising 15–20 lobules that are
distinguished from one another by stromal connective tissue. A schematic outline
of the anatomy of the breast is presented in Figure 1. The lobules are connected by
tree-like branching milk ducts joining together to form the nipple. In addition to
glandular and connective tissue, the breast is supported by adipose tissue, also
referred to as the fat pad. The mammary ductal epithelium lining the ductal tree is
comprised of two main cell lineages: the inner luminal population and the outer
basal population (Macias & Hinck, 2012).

Fig. 1. Schematic outline of the anatomy of the breast.

The breast undergoes three substantial steps of development: embryonic, pubertal
and reproductive. Hormonal regulation by oestrogen and progesterone (among
other anabolic hormones) is necessary during pubertal growth, pregnancy, lactation
and post-partum involution (Macias & Hinck, 2012). Oestrogen drives ductal
development during puberty and proliferation during pregnancy. Ductal branching
during puberty and pregnancy is mediated by both oestrogen and progesterone.
Progesterone signalling is active during the development of mammary lobule22

alveolar tissue. During pregnancy, progesterone promotes the establishment and
maintenance of the pregnancy (Graham & Clarke, 1997; Haslam & Woodward,
2003). Thus, progesterone receptor (PR) and progesterone are needed for mammary
gland development, pregnancy maintenance and, eventually, post-lactation
involution (Trabert et al., 2020).
The interplay between the mammary glandular tissue and the stroma is an
essential feature of the breast’s physiology and pathophysiology. Changes in the
composition of the extracellular matrix (ECM) influence the behaviour of the
epithelial cells by integrin-mediated signalling pathways (Haslam & Woodward,
2003). For example, among other ECM components, type I collagen is involved in
proliferation by the complex interactions of steroid hormones and growth factors
mediated by integrins (Woodward et al., 2000).
Role of oestrogen and progesterone in breast cancer pathophysiology
Most BCs are hormone-dependent malignancies. In the BC context, the two most
essential hormones are oestrogen and progesterone. They govern the development
and physiological processes of the normal mammary gland and mediate BC
tumorigenesis (Conzen, 2008; Lyons et al., 2011; Macias & Hinck, 2012). Cancer
develops through a multistep process of initiation, progression and invasion. In BC,
oestrogen is a key growth factor that functions as a tumour promoter, enhancing
proliferation (Cooper, 2000). Therefore, exposure to oestrogen increases the mitotic
activity of breast tissue, mitigating tumorigenic somatic events (Ferguson &
Anderson, 1981). Early menarche, late menopause, nulliparity and obesity increase
exposure to endogenous oestrogen and are known BC risk factors (see Section 2.1.5)
(Collaborative Group on Hormonal Factors in Breast Cancer, 2012; Suzuki et al.,
2009).
The effect of oestrogen is mediated by the oestrogen receptor (ER). ER has
DNA binding sites for the direct regulation of transcription and ligand binding sites
for oestrogen-mediated gene expression. In addition, ER associates with a
significant number of different co-factors and various DNA binding sites, and there
is notable crosstalk with other steroid hormones. These complex interactions are
affected during BC carcinogenesis. Despite extensive research, the roles of
oestrogen and ER in BC are still not comprehensively understood (Carroll, 2016).
Oestrogen is involved in proliferation during mammary gland development and
pregnancy. Thus, it is believed to stimulate the growth of BC cells by associating
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with DNA regulatory elements, enhancing the transcription of known oncogenes,
such as MYC and cyclin D (Nicolini et al., 2018).
The role of progesterone in BC is also not yet fully understood. In the BC
context, important crosstalk between ER and PR is thought to be relevant for BC
development (Truong & Lange, 2018). It has also been suggested that PR acts as a
binding partner and modifier of ER activity (Mohammed et al., 2015).
Stages of breast cancer development
The natural history of BC follows a progression from non-malignant precursory
lesions to carcinomas in situ, invasive (local) carcinomas and eventually to
metastatic disease. A schematic outline of the pathogenesis of ductal BC is
presented in Figure 2. This process can be characterized as an ongoing evolutionary
continuum instead of distinct stages. Mutation or mutations in key driver genes
predispose progenitor cells to subsequent accumulation of mutations, causing
growth and proliferation unlimited by normal cellular interactions. Carcinoma in
situ (CIS) comprises cancer cells and their microenvironment, but a distinct
boundary formed by the basement membrane separates this neoplastic lesion from
the surrounding tissue. Changes occurring in the stroma during carcinogenesis
enhance ‘reactiveness’, resulting in molecular crosstalk between cancer cells and
their environment. CIS becomes invasive when tumour cells invade the activated,
cancer-enhancing stroma due to the degradation of the basement membrane
(Cowell et al., 2013; Kalluri & Zeisberg, 2006).

Fig. 2. Schematic outline of breast cancer pathogenesis.
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2.1.3 Histopathology
The two main histopathologically observed patterns of breast malignancies are
invasive ductal and lobular carcinomas, both of which comprise precursory in situ
lesions. Approximately 75%–80% of invasive BCs are determined to be infiltrating
ductal carcinomas (IDCs). The second most common type (comprising 10%–15%
of cases) is invasive lobular carcinoma. Noninvasive in situ carcinomas are divided
into ductal (more than 80% of cases) and lobular (approximately 10% of cases)
(Watkins, 2019). Ductal and lobular carcinomas can be observed in all molecular
subtypes of BC (see Section 2.1.4). Notably, in the latest edition of the World
Health Organization (WHO) classification of breast tumours, invasive epithelial
BCs are classified into morphological subtypes, but the clear majority of cases are
considered invasive breast carcinomas of no special type (IBC-NSTs) (Rakha et al.,
2019). The term IDC is still acceptable for use, although the latest edition of the
WHO classification refers to IDCs as IBC-NST. Within this large and
heterogeneous group of invasive BCs, the histologically observed patterns cannot
be classified morphologically as specific histological types, unlike lobular, tubular
and mucinous carcinomas (Rakha et al., 2019).
All breast carcinomas arise from the epithelial cells of the terminal duct lobular
unit (Fentiman & D’Arrigo, 2004). Breaching the basement membrane, cancer cells
invade the underlying connective tissue and fat pad.
Invasive ductal carcinoma
With extremely varied tumour architecture and cellular pleomorphism, these
carcinomas usually present with positive E-cadherin expression, variable stromal
components and ductal carcinoma in situ (DCIS) components. Specific and rare
histopathological patterns, such as oncocytic, lipid-rich, glycogen-rich clear cell
and sebaceous carcinomas, in addition to carcinomas with features or patterns
resembling medullary, pleomorphic, choriocarcinomatous, melanocytic or
neuroendocrine differentiation, are currently considered special morphological
patterns of the IDC/IBC-NST histopathological spectrum (Rakha et al., 2019).
Ductal carcinoma in situ
DCIS refers to a noninvasive, noninfiltrating precursory lesion, characteristically
limited to a single duct system (with possible lobular involvement), which is
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surrounded by an intact basement membrane (Rakha et al., 2019). Albeit
heterogeneous in terms of histology and tumour biology, DCIS can be detected by
mammography and further subclassified according to morphology. Historically, the
architectural features of DCIS have been classified as solid, cribriform, papillary
and micropapillary types (Badve et al., 1998). Widespread mammography
screening protocols have increased the number of DCIS diagnoses (Kanbayashi &
Iwata, 2017). Since DCIS is not considered to be an invasive carcinoma, an
outstanding 10-year BCSS rate of 97%–98% is anticipated. Currently, it is not
possible to reliably identify DCIS that does not progress and become invasive
cancer; thus, a tumour identified as DCIS is always treated radically (Cardoso et
al., 2019; Kanbayashi & Iwata, 2017).
Invasive lobular carcinoma
Invasive lobular carcinomas (ILCs) are distinguished from IDCs by molecular,
pathological and clinical features. E-cadherin expression can be used to determine
ILCS, since they most commonly do not express E-cadherin (Canas-Marques &
Schnitt, 2016). ILCs often express ER and PR, are associated with an increased risk
of bilateral BC and are more commonly diagnosed among postmenopausal women
(Watkins, 2019). Characterized by an infiltrating and diffuse growth pattern, they
may be more difficult to detect by clinical examination or mammogram (Wasif et
al., 2010).
Lobular carcinoma in situ
Lobular carcinoma in situ (LCIS) has three recognized morphological presentations:
classic, pleomorphic and florid. LCIS is considered a risk factor and a non-obligate
precursor lesion of invasive carcinoma (Giuliano et al., 2017). LCIS occurs most
often in premenopausal women. With an estimated 15% risk of invasive BC in 15
years, LCIS does not require active treatment, according to the current European
Society for Medical Oncology (ESMO) clinical guidelines (Cardoso et al., 2019).
However, LCIS of a pleomorphic variant is considered to behave similarly to DCIS,
and the same treatment is recommended (Cardoso et al., 2019). In Finland, it is
recommended that LCIS discovered by a core needle biopsy is confirmed with a
larger surgical biopsy. If no invasive cancer is detected, annual follow-up with a
mammogram is sufficient for LCIS (other than the pleomorphic variant) (Meretoja
et al., 2018).
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Rarer types of breast malignancies
Rare histopathological types of breast carcinomas are tubular, papillary, cribriform
and mucinous tumours. These carcinomas are distinguishable by specific
histopathological characteristics. Generally, they are associated with a better
prognosis compared to IDCs (Li et al., 2005). Other rare types of breast carcinomas
include carcinomas with apocrine differentiation and metaplastic carcinomas
(Rakha et al., 2019). A group of BCs, previously characterized as medullary
carcinomas, is currently considered as IDC/IBC-NST with a medullary pattern
(Rakha et al., 2019). In addition, Paget’s disease is a breast malignancy affecting
the skin of the nipple and areola and characterized by intraepidermal cancer cells.
Clinically, it may resemble persistent, treatment-resistant eczema and is often
associated with invasive or in situ carcinoma (Watkins, 2019). Neuroendocrine BC
is a rare and aggressive type of BC that expresses neuroendocrine markers (Lakhani,
2012; Tan et al., 2020). Moreover, the breast may rarely be affected by other
malignancies, such as lymphoma, sarcoma or metastases from another site
(Lakhani, 2012).
2.1.4 Intrinsic subtypes
BC is a heterogeneous malignancy that has evoked several different and partly
overlapping characterizations of subgroups. Some of these definitions have been
refined in light of newer evidence, but varying definitions of the subtypes are still
widely used in the literature.
At the beginning of this millennium, 5 intrinsic subtypes were identified by
different cluster patterns observed in gene expression analysis before and after
chemotherapy (Perou et al., 2000; Sørlie et al., 2001). These 5 main molecular
subtypes were correlated with patient outcomes and later named luminal A, luminal
B, human epidermal growth factor receptor 2 (HER2)-enriched, basal-like and
normal-like. The nomenclature refers to the observed gene expression similar to
normal mammary luminal epithelial or basal (and/or myoepithelial) cells, reflecting
the suggested origin of different BC subtypes. The basal-like subtype is often
referred to as triple-negative breast cancer (TNBC). Most basal-like cancers have
been observed to be negative for ER, PR and HER2, and many TNBCs express
basal cell markers; the overlap has been considered to be up to 75%–80% (Anders
et al., 2016; Cancer Genome Atlas Network, 2012; Senkus et al., 2015).
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Ten years later, the Cancer Genome Atlas Network suggested the existence of
four main BC classes (luminal A, luminal B, basal-like and HER2 overexpression),
but also demonstrated a significant molecular heterogeneity within each subtype
(Cancer Genome Atlas Network, 2012). They articulated a still-relevant hypothesis,
which is that much of the clinically observed heterogeneity of BCs occurs within
and not across the subtypes.
A clinically relevant determinant for these molecular subtypes is the expression
or absence of expression of ER, PR, Ki67 and HER2. In current clinical practice,
BCs are divided into 5 intrinsic subtypes. Although the exact subtype can be
determined only by gene expression profiling, the 5 subtypes can be reliably
distinguished using immunohistochemical surrogates (Senkus et al., 2015). Based
on the expression profile of ER, PR, Ki67 and HER2, immunohistochemical
profiling is currently in clinical use and considered to be the standard for the
prognostic assessment of BC. Surrogate characterization of the BC intrinsic
subtypes following the ESMO clinical practice guidelines results in the following
5 subtypes: luminal A-like, luminal B-like (HER2-negative), luminal B-like,
(HER2-positive), HER2 overexpression and triple-negative, as presented in Table
1. The subtypes are heterogeneous in terms of tumour biology and have overlapping
gene expression signatures, which may result in further refined definitions in the
future (Fougner et al., 2020; Horr & Buechler, 2021). In addition to differing
prognoses (see Section 2.3.3), the subtypes have specific recommendations for
treatment according to their risk of recurrence and aggressiveness, thus establishing
their routine definition for clinical use (Cardoso et al., 2019).
Table 1. Breast cancer subtypes and immunohistochemical surrogate definitions
according to Senkus et al. (2015).
Intrinsic subtype

ER

PR

Ki67

Luminal A-like

+

+

low

-

Luminal B-like (HER2-negative)1

+

+/-

low/high

-

Luminal B-like (HER2-positive)

+

+/-

any

+

HER2 overexpression

-

-

any

+

TNBC

-

-

any

-

1

HER2

either low or negative PR or high Ki67. The cut-off value for Ki67 depends on local laboratory values,

but the most commonly used cut-offs are 14% and 20% (see Section 2.3.1).
ER = oestrogen receptor, PR = progesterone receptor, HER2 = human epidermal growth factor receptor
2, TNBC = triple-negative breast cancer.
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Luminal A
Luminal A is the most frequently diagnosed subtype (Deniz et al., 2019; Hennigs
et al., 2016; Ignatov et al., 2018; Karihtala et al., 2021). This subtype consists by
definition, of ER-dependent, slowly proliferating cancer with a superior outcome
compared to the other subtypes (see Section 2.3.3). However, despite excellent
prognoses at 5 and 10 years of follow-up, these cancers maintain a risk of
recurrence over 20 years after the primary diagnosis (Yu et al., 2019). Rare
histological subtypes with good prognoses, such as tubular, cribriform and
mucinous carcinomas, are classified as luminal A subtypes.
Luminal B
The luminal B subtype is distinguished from the luminal A subtype by differences
in gene expression profiles (Perou et al., 2000; Sørlie et al., 2001). These show
more TP53 mutations, often resulting in inactivated TP53 pathways compared to
the luminal A subtype (Cancer Genome Atlas Network, 2012). Although they are
ER-dependent, luminal B cancers have been suggested to also utilize alternative
pathways for growth (Creighton, 2012). In terms of clinical characteristics, they
show lower expression of hormone receptors, higher proliferation and less
differentiation than luminal A. Challenging to treat, they also exhibit worse
prognoses, poorer responses to endocrine therapy and chemoresistance (Ades et al.,
2014; Creighton, 2012; Paakkola et al., 2021). The luminal B subtype is further
divided into HER2-positive and HER2-negative subgroups, which are clinically
relevant due to anti-HER2 treatment and thus differences in prognosis and response
to treatment.
Human epidermal growth factor receptor 2
BCs that overexpress the HER2 gene but do not express ER or PR are considered
to belong to the HER2 overexpression subtype. Approximately 15%–20% of BCs
overexpress HER2, and of these, ER-positive BCs are classed as luminal B (HER2positive) subtypes (Waks & Winer, 2019). The epidermal growth factor 2 (ERBB2,
HER2 or HER2/neu) is a transmembrane receptor tyrosine kinase in the epidermal
growth factor receptor (EGFR) family (Slamon, 1987). HER2-positive BCs are
characterized by poor differentiation, increased proliferation rates and frequent
metastasis (Slamon et al., 1987). In the absence of anti-HER2 therapy combined
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with chemotherapy, the subtype is associated with poor prognosis (Ferretti et al.,
2007; Piccart-Gebhart et al., 2005). However, contemporary anti-HER2 therapy has
significantly decreased the risk of recurrence and mortality (Cameron et al., 2017;
Joensuu et al., 2006; Slamon et al., 2011).
Triple-negative breast cancer
The subtype characterized by significant molecular and biological heterogeneity is
triple-negative breast cancer (TNBC). TNBCs do not express ER, PR or HER2.
Approximately 15% of BCs are classified as TNBC (Lehmann et al., 2011, 2016).
With an estimated 75%–80% overlap with basal-like BC, this subgroup is
considered an aggressive group of diseases due to large tumours, a locoregional
burden of disease and poor prognosis (Foulkes et al., 2010; Metzger-Filho et al.,
2012; Prat & Perou, 2011). With fewer treatment targets due to the lack of ER, PR
and HER2 expression, TNBCs show a high frequency of the breast cancer
susceptibility gene 1 (BRCA1), p53 mutations and EGFR amplifications (Foulkes
et al., 2003; Lehmann & Pietenpol, 2015; Sørlie et al., 2003). Most TNBCs are
histologically ductal, but a minority represent other histological categories, such as
metaplastic and medullary carcinomas (Lehmann & Pietenpol, 2015).
Due to the heterogeneity of TNBC, many attempts to establish clinically
relevant subclasses have been made from different biological perspectives of the
subtype. Immunoactivity, AR expression, basal-like characteristics, mesenchymal
features and CLDN expression have been proposed to differentiate these subclasses
(Burstein et al., 2015; Lehmann et al., 2011, 2016; Prat & Perou, 2011; Sabatier et
al., 2014). TNBC and/or basal-like BCs have been shown to express epithelial-tomesenchymal transition (EMT) markers (Sarrió et al., 2008).
2.1.5 Risk factors
Some known BC risk factors are presented in Table 2. Most BC cases are estimated
to occur due to non-genetic factors, with no apparent family history or genetic
predisposition (Collaborative Group on Hormonal Factors in Breast Cancer, 2001;
Feng et al., 2018).
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Table 2. Factors increasing the risk of breast cancer.
Risk factor
BRCA1 mutation

Relative risk
14–331

Reference
Antoniou et al., 2003

BRCA2 mutation

9.9–191

Radiation therapy in youth

8.23

Ibrahim et al., 2012

Older age at first childbirth

3.7

Lee et al., 2003

Nulliparity

1.2–1.7

Colditz & Rosner, 2000

Daily alcohol consumption

1.15–1.50

Chen et al., 2011

Use of HRT > 5 years

1.35

CGHFBC, 1997

Use of hormonal contraceptives

1.09–1.382

CGHFBC, 2001

5kg/m2 increase in BMI3

1.12

Renehan et al., 2008

Early age at menarche

1.053

CGHFBC, 2012

Older age at menopause

1.0293

CGHFBC, 2012

1

Antoniou et al., 2003

risk is age-dependent. 2 risk depends on the duration of use. 3 risk increase per year. BRCA1 = breast

cancer susceptibility gene 1, BRCA2 = breast cancer susceptibility gene 2, HRT = hormone replacement
therapy, BMI = body mass index, CGHFBC = Collaborative Group on Hormonal Factors in Breast
Cancer.

Genetic and hereditary risk factors
Inherited mutations account for a minority of BCs. The most common inheritable
mutations are those occurring in the BC susceptibility genes 1 or 2 (BRCA1 and
BRCA2). On average, they carry a significant increase in lifelong BC risk
(Kuchenbaecker et al., 2017). BC diagnosed in a first-degree family member
increases a woman’s risk of BC: the more affected first-degree relatives, the bigger
the risk (Collaborative Group on Hormonal Factors in Breast Cancer, 2001).
Patient-specific risk factors
Some BC risk factors are inevitable. Female sex is the main known risk factor for
BC. Ageing increases the overall risk of malignancy, and BCs are most commonly
diagnosed in older women (Siegel et al., 2020). Obesity and overweight are
associated with an increased risk of BC. Postmenopausal women with a high body
mass index (BMI) have an increased risk of developing BC (Suzuki et al., 2009).
A 5 kg/m2 increase in BMI has been observed to be enough to be associated with
an increased risk of postmenopausal BC (Renehan et al., 2008). High-risk lesions
such as atypical ductal hyperplasia, atypical lobular hyperplasia, LCIS and DCIS
increase the risk of BC significantly (Hartmann et al., 2005; Morrow et al., 2015).
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Lifestyle
A healthy diet comprised of vegetables, fruits, grains and a reduced fat intake may
account for a long-term BC risk reduction during the years after menopause
(Chlebowski et al., 2020). Regular alcohol consumption has been associated with
an increased risk of BC compared to non-users (Chen et al., 2011). Regular physical
exercise has been observed to decrease the risk of developing BC (Neilson et al.,
2017; Pizot et al., 2016). Smoking modestly increases BC risk, but the risk increase
for individuals with a higher underlying risk may be notable (Jones et al., 2017).
Reproductive history-related risk factors
Early age at menarche and older age at menopause increase the risk of BC due to
endogenous hormone exposure (Collaborative Group on Hormonal Factors in
Breast Cancer, 2012). Women who experience menopause after the age of 55 years
have twice the estimated risk of developing BC compared to women who undergo
menopause before the age of 45 (McPherson et al., 2000). Parity, on the other hand,
has a complex, intertwined relationship with BC risk, which is significantly
affected by maternal age at the first full-term pregnancy and the time interval
between children’s births (Katuwal et al., 2019). Generally, older maternal age at
first birth is associated with an increased BC risk (Lee et al., 2003). However, it is
widely accepted that parity reduces the risk of BC, since nulliparous women have
been observed to have an increased BC risk (Colditz & Rosner, 2000). Also,
breastfeeding is protective in terms of BC risk: for every 12 months of
breastfeeding, an approximately 4% reduction in relative risk has been reported
(Collaborative Group on Hormonal Factors in Breast Cancer, 2002). Reproductionrelated risk factors seem to be associated differently with BC subtypes (Lambertini
et al., 2016; Lee et al., 2014).
2.2

Breast cancer diagnosis and treatment

2.2.1 Diagnosis and staging
The aim is to identify BC at an early stage with the help of clinical and radiological
examinations and screening. A suspected cancer should be and is verified, and the
biological BC type is further investigated with the help of pathological
examinations. For clinical decision-making, assessing the aggressiveness of the
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disease as well as the risk of recurrence requires staging. Thus, the processes of
detection, diagnosis and clinical assessment prior to treatment depend on a
multidisciplinary approach. The gold standard for BC diagnosis is based on three
different modalities: clinical examination, imaging and pathological analysis
(Cardoso et al., 2019; National Clinical Practise Guidelines, 2021).
Tumour, nodes and metastases classification and breast cancer staging
A clinical and pathological stage is assigned based on physical examination,
imaging and pathological assessment. The latter is assessed after surgical resection.
A specific applied staging system is constructed for patients treated with
neoadjuvant therapies. Staging helps clinical decision-making in terms of
determining a treatment plan and predicting each patient’s prognosis. The eighth
edition of the American Joint Committee on Cancer tumour, nodes and metastases
(TNM) staging system introduced biological factors into the traditional anatomical
staging (Giuliano et al., 2017). The stage may be now up- or downgraded according
to the expression of ER, PR and HER2, the histological grade and multigene
prognostic assays. The TNM assessment system of primary breast cancers is
presented in Table 3.
2.2.2 Treatment
The most common aim in treating EBC is complete surgical removal of the
tumour(s) and regional lymph nodes involved, followed by regional and systemic
therapies to prevent disease recurrence. Locoregional treatments include surgery
and radiotherapy. Systemic therapies for EBC include chemotherapy, endocrine
therapy for hormone receptor-positive disease and anti-HER2 therapy for HER2positive disease. These may be preoperative neoadjuvant therapies, postoperative
adjuvant therapies or a combination of both. The selection of treatment, aiming to
reduce recurrence, is based on the information about the subtype, stage and other
relevant predictive and prognostic markers (Burstein et al., 2019, 2021; Curigliano
et al., 2017).
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Table 3. Tumour, nodes and metastases (TNM) assessment system of primary breast
carcinomas according to the American Joint Committee on Cancer. Modified from
Giuliani et al. (2017).
TNM class

Definition and criteria

Primary tumour
TX

Primary tumour cannot be assessed

T0

No evidence of a primary tumour

Tis

Carcinoma in situ (ductal)

T1

Tumour ≤ 20 mm

T1mi

Tumour ≤ 1 mm

T1a

Tumour > 1 mm but ≤ 5 mm

T1b

Tumour > 5 mm but ≤ 10 mm

T1c

Tumour > 10 mm but ≤ 20 mm

T2

Tumour > 20 mm but ≤ 50 mm

T3

Tumour > 50 mm

T4

Tumour of any size with direct extension to the chest wall and/or to the skin

T4a

Extension to the chest wall; not including only pectoralis muscle

T4b

Ulceration and/or ipsilateral macroscopic satellite nodules and/or oedema

(ulceration or macroscopic nodules)
adherence/invasion
(including peau d’orange) of the skin that does not meet the criteria for
inflammatory carcinoma
T4c

Both T4a and T4b are present

T4d

Inflammatory carcinoma

Regional lymph nodes*
NX

Regional lymph nodes cannot be assessed (e.g. previously removed)

N0**

No regional lymph node metastases identified

N1

Micro metastases; or metastases in 1–3 axillary lymph nodes; and/or clinically
negative internal mammary lymph nodes with micro metastases or macro
metastases by sentinel lymph node biopsy

N1mi

Micro metastases (approximately 200 cells, larger than 0.2 mm, but none larger
than 2.0 mm)

N1a

Metastases in 1–3 axillary lymph nodes; at least one metastasis larger than
2.0 mm

N1b

Metastases in ipsilateral internal mammary sentinel lymph nodes

N1c

N1a and N1b combined

N2

Metastases in 4–9 axillary lymph nodes; positive ipsilateral internal mammary
lymph nodes by imaging in the absence of axillary lymph node metastases

N2a

Metastases in 4–9 axillary lymph nodes (at least one metastasis larger than
2.0 mm)

N2b

Metastases in clinically detected internal mammary lymph nodes with or without
microscopic confirmation; with pathologically negative axillary lymph nodes

34

TNM class
N3

Definition and criteria
Metastases in 10 or more axillary lymph nodes
or in infraclavicular lymph nodes
or positive ipsilateral internal mammary lymph nodes by imaging in the presence
of one or more positive level I and II axillary lymph nodes
or in more than 3 axillary lymph nodes and micro metastases or macro
metastases by sentinel lymph node biopsy in clinically negative ipsilateral
internal mammary lymph nodes
or in ipsilateral supraclavicular lymph nodes

N3a

Metastases in 10 or more axillary lymph nodes (at least one metastasis larger
than 2.0 mm) or metastases to the infraclavicular lymph nodes

N3b

pN1a or pN2a in the presence of positive internal mammary lymph nodes by
imaging or pN2a in the presence of pN1b

N3c

Metastases in ipsilateral supraclavicular lymph nodes

Distant metastases
M0

No clinical or radiographic evidence of distant metastases

M1

Distant detectable metastases determined by clinical and radiographic means
and/or histologically proven metastases > 0.2 mm

Additional markings
p
c (i+)

Pathologically confirmed
Deposits of molecularly or microscopically detected tumour cells in circulating
blood, bone marrow or other non-regional nodal tissue, e.g. cM0(i+) only isolated
tumour cells in regional lymph nodes

sn

Lymph node staging confirmed solely with sentinel lymph node biopsy

I, mol

Isolated tumour cells can be marked additionally as pN0(i+) or pN0(i-) when
morphologically confirmed or as pN0(mol-) or pN0(mol+) when confirmed by
molecular findings.

*

Assessed separately clinically (marked with c) and pathologically (marked
with p).

**

By radiographic or pathological assessment

Surgical treatment
Two of the most common types of BC surgical procedures are breast-conserving
surgery (BCS) and mastectomy. Surgery and surgical methods affect the survival
of BC patients as well as their quality of life (Lagendijk et al., 2018). Besides
contraindications for BCS, mastectomy should be preferred in cases at high risk of
local disease recurrence (Kaufmann et al., 2010).
Regional lymph node status is one the most accurate prognostic factors of longterm patient outcomes in primary BC (Arriagada et al., 2006). Thus, the stage of
the axilla should be carefully assessed using multiple methods. If no lymph nodes
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with confirmed metastases are detected in the diagnostic phase, a sentinel lymph
node biopsy during breast tumour surgery is necessary to determine the stage of the
axilla. Axillary lymph node dissection is required if axillary metastasis is confirmed
during surgery (NCPG, 2021).
Radiation therapy
Whole-breast radiation therapy is recommended after BCS for all patients with
invasive BC and DCIS. It reduces the long-term risk of both locoregional and
distant disease recurrence and mortality (Early Breast Cancer Trialists’
Collaborative Group, 2011). For patients undergoing mastectomy, radiation therapy
improves the long-term outcomes for cases with node-positive disease, large
tumours or where microscopic cancer is detected at the resection margins (McGale
et al., 2014).
Endocrine therapy
Hormone receptor-positive diseases are generally treated with endocrine therapy.
Tamoxifen is a selective ER modulator that competitively inhibits the binding of
oestrogen to ERs in BC cells, further inhibiting ER-mediated growth and
proliferation (Osborne, 1998). Aromatase inhibitors inhibit a step in oestrogen
synthesis and conversion from testosterone to oestrogen and have shown
superiority in comparison with tamoxifen in terms of lowering the risk of
recurrence (Early Breast Cancer Trialists’ Collaborative Group, 2015). Endocrine
therapy is selected depending on the patient’s menopausal status. Ovarian
suppression may be combined with endocrine therapy for premenopausal patients
(Cardoso et al., 2019).
Chemotherapy
Chemotherapy targets mitotic, rapidly proliferating cells, such as cancer cells, by
intervening in the normal cell cycle with various cytotoxic agents. Chemotherapy
is recommended for patients at high risk of recurrence. Sensitivity to chemotherapy
depends on the subtype: HER2-positive BC and TNBC are considered the most
sensitive subtypes and are expected to benefit. Chemotherapy is also recommended
for high-risk luminal-like HER2-negative BCs (Cardoso et al., 2019). ER-negative
BCs seem to benefit more from chemotherapy (Berry et al., 2006).
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Anti-HER2 therapy
Trastuzumab is a monoclonal antibody that targets cancer cells that overexpress
HER2. Adding anti-HER2 therapy to chemotherapy significantly decreases the
recurrence and mortality risk for patients with confirmed HER2 amplification
(Cameron et al., 2017; Joensuu et al., 2006; Slamon et al., 1987).
2.3

Breast cancer prognosis

Overall, EBC outcomes are good, but the 5 intrinsic molecular subtypes differ in
terms of prognosis (Prat et al., 2015; Prat & Perou, 2011; Senkus et al., 2015). BC
prognosis can be measured using different statistical tools. This study applied the
most currently used and referred to prognostic parameters: breast cancer-specific
survival (BCSS), overall survival (OS), disease-free survival (DFS), relapse-free
survival (RFS), which means local relapse-free survival, and distant disease-free
survival (DDFS) (see Section 4.5.1). In addition to DFS, local RFS and DDFS were
separately assessed. Since the treatment aim for a local relapse is curative, new
prognostic factors associated with these parameters may be considered clinically
relevant or at least interesting for further studies.
A prognostic factor can be defined as any patient or tumour characteristic that
can be used to estimate the chance of cancer recurrence and the patient outcome
prior to any treatment. A predictive factor is defined as any patient or tumour
characteristic that can be used to estimate the patient’s response to a specified
treatment. In BC diagnosis and treatment, some of the most established biomarkers
overlap and can be used to assess both prognosis and response to treatment (Clark,
2008). Determining the expression of oestrogen and progesterone receptors, as well
as HER2 overexpression, yields prognostic information to guide clinical decisionmaking and predicts response to therapy.
BC treatment relies strongly on the use of traditional evidence-based
prognostic factors. Adjuvant treatment selection requires prognostic information
for targeting treatments according to the risk of recurrence. The adverse effects of
cancer therapies could, at least to some extent, be avoided with less aggressive
treatments targeted at diseases with better prognoses. Also, the type of therapy
could be directed according to prognostic information: hormone-dependent BCs,
HER2 overexpressing BCs and triple-negative BCs require different clinical
approaches.
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2.3.1 Established prognostic factors in clinical use
Prognosis and the risk of recurrence are currently evaluated by the size of the
primary tumour, the number of lymph node metastases and the presence of distant
metastases at the time of diagnosis. These three factors are used to define the TNM
class and stage for each patient, as presented in Table 3 (Giuliano et al., 2017). In
addition, immunohistochemical staining is used to determine the expression levels
of ER and PR, the grade of differentiation, the rate of proliferation and
overexpression of the HER2 oncogene (Senkus et al., 2015).
Measuring tumour size (or volume) is necessary for the accurate assessment of
BC prognosis (Giuliano et al., 2017). The likelihood of developing metastases
increases independently with a larger tumour size (Carter et al., 1989). Tumour size
is also associated with BSCC and OS in addition to disease recurrence (Fung et al.,
2017). The presence and number of axillary node metastases are one of the first and
still the most essential independent prognostic factors (Carter et al., 1989; Fung et
al., 2017).
ER and PR expressions are reported as the percentage of stained nuclei; an
expression level of 1% is considered positive and further graded into three
categories: weak, intermediate and strong, all of which have prognostic relevance
(Hammond et al., 2010). ER expression is the oldest prognostic biomarker for BC;
it is also used to predict treatment response to endocrine therapy (Davies et al.,
2011; Nicolini et al., 2018). High ER expression has been associated with a better
prognosis and a lower absolute benefit of chemotherapy (Harris et al., 2016). PR
expression is assessed simultaneously with ER, providing independent prognostic
information; its high expression is associated with a favourable prognosis (Nicolini
et al., 2018).
HER2 overexpression is a strong independent prognostic factor that also
predicts the response to anti-HER2 treatment (Ferretti et al., 2007). The grade as a
histopathologically evaluated differentiation is assessed according to a three-step
scale that provides prognostic information: a well-differentiated tumour (grade I),
an intermediately differentiated tumour (grade II) or a poorly differentiated tumour
(grade III) (Elston & Ellis, 1991). The tumour proliferation rate is assessed by the
detected expression of Ki67, a nuclear antigen associated with the mitosis phase of
the cell cycle and reported as the percentage of the total number of tumour cells
with nuclear staining (Yerushalmi et al., 2010). It is a valuable tool in distinguishing
luminal A from luminal B BCs in the group of ER+/HER2– BCs, but it also
provides prognostic information, as its high expression is related to poorer
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prognosis (Penault-Llorca & Radosevic-Robin, 2017). The cut-off value for Ki67
has not been definitively identified, and the current ESMO clinical practice
guidelines advise its interpretation in relation to local laboratory values (Senkus et
al., 2015). A commonly used cut-off value is ≥ 14% (Petrelli et al., 2015).
Additional prognostic (and predictive) information may be gathered by using
validated gene expression profiles. For example, the Oncotype DX and
MammaPrint tests, among other validated gene expression profiles, can
complement pathology assessment and facilitate clinical treatment decisions
regarding chemotherapy for suitable patients (Cardoso et al., 2016; Sparano et al.,
2018).
2.3.2 Breast cancer intrinsic subtypes and survival
Despite the overall good BC outcomes observed globally, the 5 intrinsic subtypes
differ notably in terms of prognoses, as presented in Table 4. Ignatov et al. (2018)
investigated the long-term survival of patients with primary non-metastatic BCs
using modern definitions of the subtypes. They observed the best 10-year OS in the
luminal A-like subtype and the worst in the HER2-overexpressing subtype.
Similarly, a population-based study utilizing molecular subtype divisions reported
that the lowest 10-year all-cause mortality was associated with the luminal A-like
subtype, while the HER2-overexpressing subtype had the highest mortality
(Abubakar et al., 2018). In studies reporting results from a shorter follow-up time,
the luminal A-like subtype had the best 5-year outcomes (Deniz et al., 2019;
Hennigs et al., 2016). These studies are consistent with the worst 5-year survival in
TNBC, as reported by other studies (Fallahpour et al., 2017; Hwang et al., 2019).
Two retrospective population-based studies reported survival in a hormone
receptor-positive subgroup that combined the luminal A-like and luminal B-like
(HER2-negative) subtypes. This subgroup was observed to have the best survival
(Fallahpour et al., 2017; Hwang et al., 2019).
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Table 4. Breast cancer intrinsic subtypes and survival.
Subtype

5-year OS

5-year relative OS

(Hwang et al. 2019) (Hennigs et al. 2016)

5-year BCSS

10-year OS

(Deniz et al. 2019)

(Ignatov et al.2018)

Lum A

88.4%3

95.1%

96.5%

89.2%

Lum B (HER2-1)

88.4%3

88.7%

94.0%

79.0%

Lum B (HER2+2)

88.2%

92.5%

94.6%4

79.6%

HER2

83.9%

85.6%

94.6%4

74.4%

TNBC

76.5%

78.5%

87.6%

75.8%

Country

USA

Germany

Germany

Germany

1

negative; 2 positive; 3 all ER/PR-positive/HER2-negative patients were analysed as a single group; 4 all

HER2-positive patients were analysed as a single group. OS = overall survival, BCSS = breast cancerspecific survival, Lum = luminal, HER2 = human epidermal growth factor receptor 2, TNBC = triplenegative breast cancer.

2.3.3 New prognostic factors
BC is a heterogeneous malignancy, and the currently known subtypes may present
even greater, yet varying, grades of heterogeneity in many aspects of cancer biology.
The development of new targeted therapies depends on a greater molecular and
clinical understanding of the subtypes and their possible subclasses and, more
importantly, their role in patient outcomes. Thus, new, accurate, reliable and costefficient prognostic markers that are easily accessible and whose assessment is
reliably replicable are needed.
2.4

Epithelial-to-mesenchymal transition

Epithelial-to-mesenchymal transition (EMT) is defined as a cellular process in
which polarized tightly connected epithelial cells lose their epithelial
characteristics and cell-to-cell connections while acquiring mesenchymal features.
Cells undergoing EMT are able to detatch from the underlying basement membrane,
invade the mesenchyme and migrate. EMT is essential during embryonic
development, wound healing and tumorigenesis. In the context of cancer, EMT is
associated with invasiveness, initiation of metastasis and resistance to therapy in
cancer cells (Dongre & Weinberg, 2019; Nieto et al., 2016). EMT is considered a
continuum, a plastic and reversible process of different states within the EMT
spectrum (Pastushenko et al., 2018). The reverse of EMT, mesenchymal to
epithelial transition (MET), is, in turn, associated with re-acquisition of cellular
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polarization, junctional complexes that connect epithelial cells and the loss of
migratory features.
EMT is regulated by the Snail, Slug, Zeb family, Twist 1 and 2 transcription
factors (TFs) and microRNAs, together with epigenetic and post-translational
regulators (Dongre & Weinberg, 2019; Tam & Weinberg, 2013). TFs of the zinc
finger E-box binding protein (Zeb) family are important for EMT (Vandewalle et
al., 2005, 2009). Among these are Zeb1 and Smad interacting protein 1 (Sip1), also
known as Zeb2 (Grabitz & Duncan, 2012). EMT is characterized by the
downregulation of epithelial markers, including E-cadherin and tight junction (TJ)
proteins like CLDNs, and upregulation of proteins associated with the
mesenchymal state of cells, for example, vimentin, N-cadherin, matrix
metalloproteinase 1 (MMP1) and MMP2 (Dongre & Weinberg, 2019; Ikenouchi et
al., 2003; Jeong et al., 2012). Sip1 can contribute to EMT by inhibiting the
transcription of E-cadherin and inducing the expression of vimentin, N-cadherin,
MMP1 and MMP2 (Vandewalle et al., 2005, 2009). Vimentin is a cytoskeleton
protein involved in the migration of epithelial cells, and its expression is
upregulated during EMT (Battaglia et al., 2018; Usman et al., 2021; Vuoriluoto et
al., 2011). Activation of EMT also results in degradation of the underlying
basement membrane and remodelling of the ECM to which MMPs contribute
(Miyamori et al., 2001).
2.4.1 Claudins
CLDNs are essential TJ proteins expressed on the apical and basolateral cell
membranes of tissues covered by the epithelium or endothelium (Furuse et al., 1998;
Morita et al., 1999). To date, 27 different CLDNs have been identified (Kyuno et
al., 2021). CLDNs have abundant inter- and intracellular functions, including
maintaining epithelial barrier integrity, regulating paracellular permeability and
taking part in signal transduction (Colegio et al., 2002; Furuse et al., 2002; Matter
& Balda, 2003). Structurally, CLDNs are formed by four transmembrane domains,
two extracellular loops and two cytoplasmic tails containing sites for different
functions (Furuse et al., 1998; Morita et al., 1999). The carboxyterminal part of the
cytoplasmic tails has PDZ domains for attachment to the zonula occludens family
of cytoplasmic adapter proteins (ZO1–3), by which CLDNs are involved in
signalling pathways (Itoh et al., 1999). The dynamic apicolateral cell–cell
adhesions formed by CLDNs connect neighbouring cells, allowing the formation
of a protective epithelial sheet for maintaining tissue homeostasis. As an integral
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part of TJs, CLDNs are involved in cellular growth, proliferation, differentiation
and apoptosis (Li et al., 2019; Lu et al., 2015). CLDNs that are not assembled to
TJs associate with other proteins in the cytoplasm and the basement membrane,
engaging in cell–ECM interactions and signal transduction (Hagen, 2017; Ladwein
et al., 2005). The expression profile and regulation of CLDNs is complex, altering
between normal tissue, different CLDNs and their cellular localizations, and is
further complicated by pathogenesis.
2.4.2 Claudins in cancer
As a significant number of cancers originate from the epithelium, changes in the
expression and cellular distribution of CLDNs, among other TJ proteins, are often
observed in neoplasia. CLDN expression in cancer is regulated by multiple cellular
levels, including genetic and epigenetic alterations, TF and post-translational
modifications (Honda et al., 2007; Li, 2021). CLDNs are linked to numerous
intertwined intracellular pathways. Signalling cascades, activated by growth factors
and cytokines, such as Notch-signalling, Wnt/β-catenin, JAK/STAT-3, mitogenactivated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt,
involve CLDNs in both physiological and pathogenic processes (Ahmad et al.,
2017; Ding et al., 2016; Ma et al., 2017; Pope et al., 2014; Shimobaba et al., 2016).
CLDN expression patterns vary greatly across cancer types, reflecting findings that
CLDNs function context-dependently as either cancer-promoting or tumoursuppressing, depending on the tissue of origin, the cellular location and molecular
interactions (Kim et al., 2019; Lu et al., 2015; Soini, 2005).
Tumour cells derived from the epithelium lose functioning TJs, resulting in a
loss of cellular polarity and epithelial integrity (Lioni et al., 2007). Therefore,
CLDNs, among other TJ proteins, have often been observed to be downregulated
under tumorigenesis compared to normal tissue, suggesting that CLDN may have
tumour-suppressing functions (Kominsky et al., 2003). The role of CLDNs in
cancer is even more intricate. CLDN expression in human cancers is either
increased or decreased and varies depending on the type of CLDN, the location of
the cancer and the tissue of origin (Soini, 2005). Changes in CLDN expression are
related to EMT. In more detail, downregulated CDLN expression contributes to
tumour progression with impaired cell–cell and cell–ECM contact (Vilen et al.,
2012). However, increased CLDN expression is often observed in cancer and is
thought to be tumour-promoting by facilitating cell migration, invasion and
metastasis (Dhawan et al., 2005; Pope et al., 2014; Tabariès et al., 2011). Aberrant
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sub-cellular localization of CLDNs, also frequently observed across cancers, may
be another contributory factor to CLDNs’ roles in tumorigenesis (Boireau et al.,
2007; Lioni et al., 2007). The tumour-promoting roles of CLDNs are suggested to
be both direct and indirect. CLDNs are directly associated with epithelial cell
adhesion molecules and integrins participating in signal transduction (Ladwein et
al., 2005; Li et al., 2019). CLDNs promote metastasis by increasing the adhesion
of cancer cells to the ECM component via enhanced integrin expression (Tabariès
et al., 2011). Indirectly, CLDNs participate in ECM remodelling via MMPs
(Agarwal et al., 2005). MMPs cleave the ECM, releasing growth factors that
activate several signalling pathways, as mentioned above.
CLDNs’ suggested tumour-suppressing roles reflect their physiological
functions. CLDNs’ paracellular barrier functions are believed to prevent the passing
of microorganisms, toxins and growth factors, thus preventing inflammation and
neoplasia-promoting growth signals (Li et al., 2018; Soler et al., 1999; Tanaka et
al., 2015). In TJ complexes, CLDNs participate in binding known oncogenic drives
(YAP/TAZ, β-catenin, and PDK1), inhibiting them from further activating
oncogenic signalling pathways through scaffolding proteins ZO1-3 (Ahmad et al.,
2017; Shimobaba et al., 2016; Zhou et al., 2018). CLDNs located in the basolateral
membrane form complexes with integrins and attach epithelial cells to the basement
membrane, suppressing cell proliferation (Li et al., 2019; Lu et al., 2015).
Dysregulated expression of CLDN3, 4 and 7 is seen in various malignancies, as
presented in Table 5. The precise mechanisms underlying aberrant and varying
CLDN expressions observed in different cancers, as well as their roles in
tumorigenesis, are not yet comprehensively understood.
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Membranous
Membranous
Membranous





Squamous cell lung

Laryngeal squamous

Gastric

Membranous
Membranous
Membranous
NA






Ovarian

Pancreatic ductal adeno

Gastric

Gastric

1

Unknown
Membranous
Membranous
Membranous
Membranous







Colorectal

Oral squamous cell

Non-small cell lung

Gastric

Laryngeal squamous

Better outcome4

Better outcome4

Poorer outcome4

Better outcome4

Poorer outcome3

Poorer outcome4

Poorer outcome5

Better outcome4

Better outcome3

Poorer outcome4

Poorer outcome3

Better outcome4

Poorer outcome4

Poorer outcome3

Poorer outcome3

Prognostic value of detected expression

high expression, 2 low expression, 3 multivariate analysis, 4 univariate analysis, 5 meta-analysis. NA = not applicable.

Unknown



Oral squamous cell

CLDN 7

Membranous



Oesophageal

CLDN 4

Cytoplasmic

2

Cell compartment

1

Expression

Ovarian

CLDN 3

Carcinoma

Claudin

Table 5. Claudins 3, 4 and 7 as prognostic markers according to the reviewed literature.

Zhou et al., 2019

Yang et al., 2018

Yamamoto et al., 2010

Phattarataratip et al., 2016

Quan et al., 2020

Yoshizawa et al., 2012

Liu et al., 2015

Jung et al., 2011

Tsutsumi et al., 2012

Martín de la Fuente et al., 2018

Sung et al., 2011

Soini et al., 2006

Zhou et al., 2019

Che et al., 2015

Choi et al., 2007

Reference

Claudins in relation to epithelial-to-mesenchymal transition in cancer
An early stage of EMT is the dissolution of epithelial cell–cell contacts, such as
TJs, and the loss of cellular polarity by downregulation of E-cadherin expression
(Huang et al., 2012). While the expression of genes encoding TJ proteins (like
CLDNs) is repressed, mesenchymal gene expression is activated (Che et al., 2015).
As a result, the epithelial cytoskeleton reorganizes and cells acquire motility. Cells
undergoing EMT express MMPs required for ECM remodulation and degradation.
CLDN expression enhances the migration and invasion of cancer cells via the
expression and activation of MMPs (Agarwal et al., 2005). MMPs contribute to the
ECM remodelling required for EMT (Miyamori et al., 2001). CLDN expression is
regulated by the Slug and Snail TFs, which are important regulators of EMT
(Martínez-Estrada et al., 2006). Snail represses E-cadherin expression, while Slug
is involved in cell migration, tumour cell invasion and migration. CLDNs are
involved in various signalling cascades that are also essential in tumorigenesis.
CLND3 inhibits the activation of WNT-signalling cascades, and the loss of its
expression has been found to promote colon cancer (Ahmad et al., 2017). CLDN7
has been observed to induce MET, which has an opposite effect to EMT (Bhat et
al., 2015).
Claudins 3, 4 and 7 as biomarkers for cancer
CLDN expression has been associated with patient outcomes in several cancers, as
presented in Table 5. Taking into consideration the fact that CLDN expression has
specific features in different tissues and malignancies, certain CLDNs are
suggested to mark cancer prognosis with varying expression patterns. Notably,
contradictory results are derived both from within the same cancer type and in
different cancers for the same CLDNs. CDLN expressions and functions vary
greatly depending on the type of cancer and the progression of the disease.
2.4.3 Claudins 3, 4 and 7 in breast cancer
CLDNs 3, 4 and 7 are overexpressed in BC compared to normal tissue, along with
several other carcinomas (Hewitt et al., 2006; Yang et al., 2021). Their
overexpression has several implications, both on the cellular and the clinical level.
In vitro, CLDN4 has been shown to enhance angiogenesis, proliferation and
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migration (Ma et al., 2015), whereas inhibiting overexpression of CLDN3 has been
shown to decrease tumour cell migration of TNBC cells (Todd et al., 2015). In BC
tumours, CLDN4 overexpression appears to be more frequent in MBC compared
to primary tumours, while CLDN3 expression has been associated with the BC type
1 (BRCA1) mutation (Danzinger et al., 2018; Jiwa et al., 2014). CLDN7 expression
has been observed to be decreased both in IDC and MBC (Kominsky et al., 2003;
Sauer et al., 2005).
CLDN expression may, however, differ greatly within specific BC subtypes.
CLDN4 expression is downregulated in ductal BC, whereas it is overexpressed in
basal-like BC (Kulka et al., 2009; Lu et al., 2013; Tokés et al., 2005). On the other
hand, basal-like subtypes correlated positively with CLDN4 but negatively with
CLDN3 and 7 mRNA expression (Yang et al., 2021).
CLDN7 expression has been found to be increased in ER-positive luminal
tumours (Lu et al., 2013). An inverse relationship between CLDN4 and expression
of ER and/or PR has been described, indicating that a negative expression of
CLDN4 is strongly associated with the luminal A subtype (Logullo et al., 2018).
Positive CLDN4 expression has been detected in HER2-enriched BCs (Logullo et
al., 2018; Yang et al., 2021). High expression of CLDNs 1, 3, 4 and 7 has been seen
more frequently in TNBC than in other subtypes (Katayama et al., 2017). TNBC
has been found to have a negative correlation with the expression of CLDN3 and 7
(Yang et al., 2021). The claudin-low subtype (reviewed in detail in the next
subsection) has been related to some unfavourable clinical characteristics.
Compared to other subtypes, claudin-low BCs have been found to be more likely
to occur at a younger age, have a high grade and be larger in size (Dias et al., 2017).
Individual CLDN expression has been associated with numerous clinical
characteristics. Low expression of CLDN7 has been associated with a high grade
(Kominsky et al., 2003). Conversely, upregulated mRNA expression of CLDN3
and 4 has been correlated with a higher grade (Yang et al., 2021). Upregulation of
CLDN3 mRNA has been associated with older age, whereas upregulated mRNA
expression of CLDN3, 4 and 7 has been associated with positive lymph nodes
(Yang et al., 2021). In ER-positive patients, the mRNA expression of CLDN3 has
been found to be upregulated, whereas the expression of CLDN4 was
downregulated in patients positive for ER and/or PR (Yang et al., 2021). CLDN
expression in specific BC subtypes is associated with clinical characteristics. In
TNBC, high CLDN4 expression has been correlated with axillary lymph nodal
metastases, proliferation and grade (Katayama et al., 2017). High expression of
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CLDN7 has also been associated with a higher grade in TNBC (Constantinou et al.,
2018).
Claudin expression and breast cancer prognosis
Despite the CLDN overexpression frequently observed in BC, one of the most
important clinical implications of CLDN expression is its downregulation. CLDN
downregulation was identified as an important prognostic marker for BC, such that
a claudin-low BC subtype was defined 15 years ago (Herschkowitz et al., 2007).
The incidence of this subtype has been estimated to range between 7% and 14% of
all BCs (Dias et al., 2017; Sabatier et al., 2014). The claudin-low subtype is
traditionally characterized as a triple-negative or basal-like BC with low expression
of CLDN3, 4, 7 and E-cadherin, upregulated EMT-related gene-coding proteins
like vimentin and induced expression of immune system-related genes and stem
cell features (Dias et al., 2017; Prat et al., 2010). The claudin-low phenotype thus
shows low expression of cell-to-cell adhesions and appears to be less differentiated,
resulting in clinical features that are associated with malignancy and a relatively
poor prognosis (Dias et al., 2017; Sabatier et al., 2014). However, like other cancers,
CLDN expression observed in BC subtypes varies between high and low
expression, expression in different cell compartments and expression of different
subtypes with a complex relationship to patient outcomes. The reported CLDN3, 4,
7 and claudin-low expressions in relation to BC prognosis are reviewed in Table 6.
The claudin-low subtype can be reliably determined only by gene expression
profiling, although attempts to develop immunohistochemical surrogates with
varying definitions of the subtype have been made. Assessment of CLDN
immunostaining, different combinations of studied CLDNs and other claudin-lowrelated markers and varying or undefined CLDN expression in different cell
compartments have characterized previous studies (Choi et al., 2012; Dias et al.,
2017; Lu et al., 2013).
Refined definitions of the claudin-low breast cancer subtype
Claudin-low BCs were recently divided into three new subgroups according to their
cells of origin, which were studied by gene expression patterns and signalling
pathways (Pommier et al., 2020). One subgroup relates to normal human mammary
stem cells and is characterized by a high expression of Zeb1, a low frequency of
TP53 mutations and stemness. The other two are related to either luminal or basal47

like BCs, with gene expression patterns of mature luminal cells and features of
basal mammary epithelial cells, respectively. Interestingly, the luminal subtype of
claudin-low BCs was observed to share common genetic, epigenetic and
transcriptomic features with the luminal A intrinsic subtype. In all these subtypes,
the Ras/MAPK signalling pathway was activated, which was assessed to reflect the
process of claudin-low tumorigenesis in two steps: first, leading to mammary stem
cell-like (claudin-low) BCs and, eventually, leading to basal-like (claudin-low) and
luminal (claudin-low) BCs.
Recently, it has been suggested that the existence of an independent claudinlow subtype may be an oversimplification. Gene expression profiling detected that
within each intrinsic subtype there are BCs that express genes related to EMT, the
immune system and stemness together with low expression of CLDNs (Fougner et
al., 2020). This suggests that BCs should not be stratified as claudin-low subtypes
instead of their intrinsic subtype, but may express a claudin-low phenotype along
with their intrinsic subtype. Together with evidence of the newly discovered
claudin-low subtypes and their development during tumorigenesis, it appears that
claudin-low BCs may gradually emerge in the course of cancer progression,
reflecting a spectrum of claudin-low features (Fougner et al., 2020; Pommier et al.,
2020).
Claudin-low BCs have mostly been assessed as one subtype in relation to a
relatively poor prognosis (Dias et al., 2017; Prat et al., 2010; Sabatier et al., 2014).
Fougner et al. (2020) assessed the survival of patients with claudin-low BCs
stratified by intrinsic subtype and found no evidence that claudin-low status
predicts survival over the intrinsic subtype. Pommier et al. (2020) observed
variation in patient outcome when they assessed survival stratified into the three
newly discovered claudin-low subgroups. The basal-like-related subgroup of
claudin-low BCs was associated with poor overall and disease-free survival,
whereas the subgroup related to normal human mammary stem cells was associated
with a better prognosis, the latter being related to low proliferation and low
frequency of TP53 mutations (Pommier et al., 2020).
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IHC
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IHC
IHC
IHC

128

793
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IHC


Membranous

Lu et al., 2013

Katayama et al., 2017

Poorer prognosis (DFS)6

Dias et al., 2017

Poorer prognosis6

specific survival, RFS = relapse-free survival.

DFS = disease-free survival, TNBC = triple-negative breast cancer, OS = overall survival, NS = not specified, NA = not applicable, BCSS = breast cancer-

CLDN = claudin, IHC = immunohistochemistry, ER = oestrogen receptor, PR = progesterone receptor, HER2 = human epidermal growth factor receptor 2,

univariate analysis.
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IHC
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CLDN 3

N

Claudin

Table 6. Claudins 3, 4 and 7 as prognostic markers in breast cancer according to the reviewed literature.

2.5

Steroid receptors in breast cancer

Steroid receptors (SRs) are signal-dependent TFs that regulate various biological
processes. They belong to a large superfamily of nuclear receptors (McKenna et al.,
2009). SRs are associated with several hormone-dependent cancers, such as BC,
thus forming important drug targets (Conzen, 2008). In terms of transcription, a
hormonal stimulus activates the SRs to translocate to the nucleus. In the absence of
hormonal stimuli, SRs undertake their transcriptionally inactive form, residing in
the cytoplasm connected to a chaperone complex (Paakinaho & Palvimo, 2021).
The two most essential SRs in BC are oestrogen (ER) and progesterone
receptors (PR) (see Section 2.1.2). The AR, mineralocorticoid receptor (MR) and
glucocorticoid receptor (GR) belong to the same group of SRs (Conzen, 2008). AR
is the most studied SR in breast cancer, while a growing body of evidence
illuminating the role of GR is emerging. Far less is known about MR and GRβ, a
more rarely studied isoform of GR (Galigniana et al., 2004; Gerratana et al., 2018;
Vilasco et al., 2011). The relationship between SR expression and the activation of
EMT-regulating pathways seems to be significant in BC (Pan et al., 2011;
Voutsadakis, 2016).
2.5.1 Androgen receptor
AR mediates the biological effects of androgens. AR expression is reported in
70%–90% of all BCs, depending on the subtype. ER-positive BCs are more likely
to express AR in comparison to other types of BC (Yu et al., 2011). The highest ER
expression has been observed in luminal cancers, with the luminal A subtype
expressing AR more frequently than luminal B (Collins et al., 2011). Lower and
more varying expression has been reported in TNBC, although AR expression in
TNBC has turned out to be beneficial (Gerratana et al., 2018).
The luminal AR (LAR) molecular subtype of TNBC was characterized and
refined by Lehmann et al. in an attempt to dissect the heterogeneity of TNBC
(Lehmann et al., 2011, 2016). Despite the loss of expression of ER, ligand-activated,
hormonally regulated AR signalling pathways are various and active within the
LAR subtype (Burstein et al., 2015). This subtype, reflecting positive AR
expression, has been associated with favourable clinical characteristics in terms of
proliferation and stage (Asano et al., 2017; Gasparini et al., 2014; Maeda et al.,
2016; Wang et al., 2011). Perhaps due to the aforementioned points, lower
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responsiveness to chemotherapy in terms of a lower pathologic complete response
rate after neoadjuvant treatment has also been reported (Masuda et al., 2013)
Negative AR expression has been associated with a higher incidence of distant
metastases in TNBC (Sutton et al., 2012).
In ER-positive BCs, AR expression has been associated with several
favourable clinical characteristics, such as a lower grade, a lower proliferation rate,
smaller tumour size and older age at diagnosis. Better responsiveness to endocrine
treatments and chemotherapy has also been reported (Collins et al., 2011; Yu et al.,
2011).
At the cellular level, AR regulates BC cells by interacting with ER and HER2
signalling pathways (McNamara et al., 2014). AR has been demonstrated to have a
tumour suppressor role in ER-positive BC due to crosstalk between AR and ER
signalling (Hickey et al., 2021; Peters et al., 2009). AR has been associated with
some key proteins and signalling pathways in BC cell lines, such as FOXA1,
PI3K/AKT/MAPK-pathways, phosphatase and tensin homolog (PTEN), p53 and
cell cycle regulators, raising interest in more precisely targeted therapies (Gerratana
et al., 2018; McNamara et al., 2014). These observations help elucidate clinically
observed favourable characteristics and better prognoses. In the tumour
microenvironment (TME) context, AR has been shown in experimental models to
degrade the ECM by activating MMP expression (Christenson et al., 2017).
Previous studies have evaluated nuclear AR expression in relation to survival.
Cytoplasmic AR expression may be detectable due to AR from normal adjacent
tissues and sex hormone-binding globulin from intratumoural vessels. The AR
concentration in cytosol increases with age (Lea et al., 1989). A growing body of
evidence associates AR expression with better prognosis in ER-positive and triplenegative BCs, as presented in Table 7.
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Expression

Better BCSS3, OS2
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No prognostic value

Better DFS2

No prognostic value

Better DFS3, OS2

Better BCSS2

Better DFS2, OS3
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Better DFS3

Better DFS3, BCSS3

Better OS3

Better BCSS, DFS2

Better RFS2, OS2

Prognostic value of detected expression

2, NS = not specified, BCSS = breast cancer-specific survival, DFS = disease-free survival TNBC = triple-negative breast cancer.

IHC = immunohistochemistry, ER = oestrogen receptor, RFS = relapse-free survival , OS = overall survival, HER2 = human epidermal growth factor receptor

positive or high expression, 2 multivariate analysis, 3 univariate analysis.
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Thike et al., 2013
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Mrklić et al., 2013

N
157

Reference

Table 7. AR expression predicting breast cancer prognosis according to the reviewed literature.

2.5.2 Mineralocorticoid receptor
MR is part of the renin-angiotensin-aldosterone system, regulating the sodium and
potassium balance, water excretion and blood pressure. It is expressed in both
epithelial and nonepithelial tissues. MR binds mainly aldosterone but also other
mineralocorticoids or glucocorticoids, depending on the expression of 11βhydroxysteroid dehydrogenase 2 (Albiston et al., 1995; Krozowski et al., 1995).
MR expression is observed to vary dynamically between the nuclear and
cytoplasmic localization ligand-dependently (Galigniana et al., 2010; Nishi et al.,
2001). Both MR and GR bind the GR element for regulating gene expression, and
crosstalk between glucocorticoids, mineralocorticoids and PR has been suggested
to be important in breast pathology (Leo et al., 2004; Meinel et al., 2013). In BC
cells, it has been suggested that MR expression plays a role in focal adhesion and
ductal differentiation (Leo et al., 2004; Sasano et al. 1997).
MR is related to cancer progression and prognosis. Positive MR expression is
associated with prolonged OS in non-small cell lung cancer and colorectal cancer
pathogenesis, thus appearing to be protective (Jeong et al., 2010; Tiberio et al.,
2013). One mechanism could be the suppressive role of MR in tumour angiogenesis,
as demonstrated in colorectal cancer (Tiberio et al., 2013). MR expression has also
been associated with favourable outcomes and suppression of cell proliferation in
hepatocellular carcinoma via metabolic modulations (Nie et al., 2015). The role of
MR in cancer biology and pathogenesis is not yet comprehensively understood.
Activated MR has been reported to enhance inflammation, resulting in the
generation of reactive oxygen species by inducing NADPH oxidase (Kobayashi et
al., 2006). This could result in vascular remodelling, suggesting that MR activation
favours pathogenesis, possibly relating MR activation to oxidative stress in the
TME (Stas et al., 2007).
2.5.3 Glucocorticoid receptor
Glucocorticoids are involved in mammary gland development and changes related
to puberty and pregnancy (Wintermantel et al., 2005). Glucocorticoid synthesis is
enhanced by stress because glucocorticoids regulate important cellular functions,
such as growth and apoptosis (Vilasco et al., 2011). GRα and GRβ are the most
well-known of the five GR isoforms (Duma et al., 2006; Hollenberg et al., 1985).
The classical glucocorticoid-mediated effects, such as the control of stress-related
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homeostasis and the inflammatory response, are mainly due to the physiologically
predominant form, GRα (Chrousos, 1995; Kino & Chrousos, 2001). GRα is the
more studied isoform in relation to BC, although in many studies the specific
isoform in question is not explicit. The effect of glucocorticoids mediated by GR
in cancer biology involves various cellular mechanisms (McNamara et al., 2018;
Vilasco et al., 2011).
Nuclear GR expression has been observed to decrease during carcinogenesis
from normal breast tissue to invasive carcinoma. A shift of GR expression from the
nuclei to the cytoplasm in tumoural tissue compared with normal tissue has been
reported (Conde et al., 2008; Vilasco et al., 2011) Nuclear expression of GR has
been related to favourable clinical features, such as smaller tumour size and lower
grade (Abduljabbar et al., 2015). GR has been associated with anti-proliferative
and anti-apoptotic features in relation to p53 and NF-κB-signalling (Vilasco et al.,
2011). In addition, GR expression related to BC survival has been shown to depend
on ER expression. GR overexpression in BCs not expressing ER correlated with
poorer RFS, whereas GR overexpression in ER-positive BC patients was
significantly associated with better RFS, possibly reflecting crosstalk between ER
and GR (Pan et al., 2011).
Importantly, in BC, GR is widely expressed in several cell types, not only
cancer cells. This allows glucocorticoids to affect immune cells, fibroblasts and
adipocytes in the TME (Mcnamara et al., 2018). As adverse effects of adjuvant
therapies are often treated with glucocorticoids, clinical concerns have been raised
regarding observations of GR activation increasing tumour cell heterogeneity and
metastases (Obradović et al., 2019).
The role of GRβ in BC biology is emerging (Kino et al., 2009; Nwaneri et al.,
2016). In BC research, GRβ has attracted only minor interest, yet its expression
was reported in ER-positive MCF-7 cells over 10 years ago (Piotrowska &
Jagodzinski, 2009). Unlike GRα, GRβ does not bind glucocorticoids, and its
transcriptional activity compared to GRα is indirect and suppressive (Charmandari
et al., 2005). In human cells, GRβ is expressed ubiquitously in both the cytoplasm
and nuclei (de Castro et al., 1996; Oakley et al., 1996). Data derived from in vitro
studies of other cancers suggest that GRβ enhances migration in bladder cancer cell
lines and the proliferation of glioma and prostate cancer cells (Ligr et al., 2012;
McBeth et al., 2016; Wang et al., 2015).
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2.5.4 Crosstalk between steroid receptors in breast cancer
A growing body of research suggests important crosstalk between the steroid
receptors related to BC biology (Paakinaho & Palvimo, 2021). All five SRs (ER,
PR, AR, MR and GR) bind DNA as dimers, and their DNA response elements on
the promoters are similar; frequent cases of overlapping binding have been reported
(Voutsadakis, 2016). Significant interplay is observed between ER and PR, which
affects BC patient outcomes. Loss of PR expression in ER-positive BCs decreases
patient survival, whereas patients whose BCs express both ER and PR have been
shown to have increased survival (Blows et al., 2010). Cell culture studies have
observed that PR suppresses proliferation in oestrogen-positive breast BCs, thus
providing information about the underlying cellular mechanisms observed in
patient outcomes (Mohammed et al., 2015). Joint activation of ER and GR has been
associated with decreased BC cell growth (Paakinaho & Palvimo, 2021). It has also
been shown to promote gene expression associated with differentiation and to be
related to better prognosis (West et al., 2016). MR may have crosstalk with GR
during mammary gland development, whereas glucocorticoids and
mineralocorticoids may have crosstalk with PR, inhibiting proliferation and
inducing focal adhesions (Kingsley-Kallesen et al., 2002; Leo et al., 2004).
2.6

Tumour microenvironment

BC consists of heterogeneous populations of cancer cells but also multiple other
cell types, ECM proteins and soluble factors (e.g. hormones, cytokines and growth
factors). This biological entity is known as the tumour microenvironment (TME).
Non-malignant tumour host cells include fibroblasts, adipocytes, myoepithelial and
endothelial cells, as well as cells of innate and adaptive immunity. TME is essential
for BC initiation, progression and, eventually, metastatic spread. These events are
influenced by cancer cells’ interactions with their microenvironment. Importantly,
in the BC context, TME can affect therapeutic response and be involved in
chemoresistance (Terceiro et al., 2021).
2.6.1 Extracellular matrix in breast cancer
The ECM of the TME actively participates in cancer induction, progression and
metastasis. In a reciprocal manner, it regulates several features of tumour cell
behaviour, such as proliferation, apoptosis, migration and invasion (Liotta & Kohn,
55

2001). This interaction is mediated by cell-to-cell contact and autocrine or
paracrine factors, leading to the activation of tumour-promoting signalling
pathways (Terceiro et al., 2021). The ECM is considered to be a stabilizing collagen
network of proteins surrounding cells. In addition to collagen, the other main
components of ECM are glycoproteins (e.g. fibronectin) and proteoglycans (e.g.
chondroitin sulfate). Constant ongoing remodelling of the ECM makes it a dynamic,
responsive structure. ECM remodelling is mostly due to matrix remodelling
enzymes, of which the MMPs are central in cleaving and degrading collagen (Lu
et al., 2011).
Breast tissue undergoes profound physiological remodelling processes during
mammary gland involution, while significant ECM remodelling during
carcinogenesis leads to a dense and stiff stroma that is considered characteristic of
BC (Lu et al., 2011; Provenzano et al., 2008). This increased ECM density is mostly
due to an increase in type I collagen fibres, which promote tumour initiation and
local invasion (Provenzano et al., 2006, 2008). Alterations in the structural
organization of type I collagen, as well as the increase in collagen fibres, are
considered early events in the course of BC pathogenesis. Both are associated with
more aggressive tumour features, and collagen alignment has even been suggested
as a prognostic marker (Conklin et al., 2011; Natal et al., 2018; Provenzano et al.,
2008). BC molecular and histological subtypes exhibit distinct architectures in
terms of collagen crosslinking, organization and ECM stiffness (Maller et al., 2021;
Natal et al., 2018). Interestingly, at the level of the gene expression profile, it has
been demonstrated that gene expression of ECM components correlate only partly
with the division of BC intrinsic subtypes, thus identifying another ECM-related
level of heterogeneity within the known subtypes (Bergamaschi et al., 2008).
2.6.2 Type I collagen in the breast cancer extracellular matrix
As the most abundant protein of the ECM, type I collagen is essential for
maintaining tissue integrity, participating in cell adhesions and regulating
intracellular signalling via cell membrane receptors (Hynes, 2009; Myllyharju &
Kivirikko, 2004). Type I collagen plays a role in chemoresistance (Aoudjit & Vuori,
2001). In cell culture studies, type I collagen has been shown to downregulate cell
proliferation and induce apoptosis (Maquoi et al., 2012; Saby et al., 2016).
Fibroblasts are mainly responsible for the synthesis of type I collagen, among
other fibrillar components of the ECM. Their activation is due to complex
interactions between cells, mediated by different enzymes, growth factors and
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cytokines. Fibroblasts also produce proteases, such as MMPs, involved in ECM
degradation and remodelling. Invasive carcinoma is associated with an increased
number of fibroblasts and type I collagen, resulting in desmoplasia. Cancerassociated fibroblasts (CAFs) are considered a subpopulation of fibroblasts within
the tumour stroma and are identified by a modified phenotype and the expression
of specific molecular markers (Costa et al., 2018; Kalluri & Zeisberg, 2006).
Physiologically, fibroblasts are described as tumour suppressors, whereas CAFs
enhance cancer cell proliferation, invasion and ECM remodelling (Costa et al.,
2014). CAFs are further stratified into subsets with different effects for BC (Costa
et al., 2018).
The assembly of type I collagen occurs in the endoplasmic reticulum in a series
of post-translational modifications. Type I collagen is synthesized as procollagen
molecules, which have two propeptide ends at the N- and C-terminals of their
polypeptide chains. Collagens are formed by three polypeptide chains that twirl
into a triple-helix structure chaperoned by collagen prolyl 4-hydroxylase. In the
extracellular space, lysyl hydroxylase and lysyl oxidase cleave the N and C
propeptide domains from newly formed collagen molecules (Koivula et al., 2012;
Myllyharju & Kivirikko, 2004). These propeptides, the aminoterminal propeptide
of type I procollagen (PINP) and the crosslinked carboxyterminal telopeptide of
type 1 collagen (ICTP), are produced in equimolar amounts with the collagen
deposited in the tissue. Type I collagen degradation is mostly due to MMP-1 and
MMP-14 (Fields, 2013).
2.6.3 Type I collagen organization in the breast cancer extracellular
matrix
The organization and structure of type I collagen fibres in the ECM are essential in
different stages of BC. During BC progression, collagen fibres have been observed
to straighten and align at the tumour host frontier, possibly facilitating tumour cell
invasion into the stroma (Brabrand et al., 2015). Conklin et al. (2011) studied the
independent prognostic value of specific collagen fibre organization patterns at the
tumour host interface in BC. Bundles of straightened and aligned collagen fibres,
oriented perpendicularly to the tumour boundary, were associated with poor
prognosis. As cancer cells have been shown to transfer through the ECM along
radially aligned collagen fibres, the cellular and molecular components of the ECM
and its three-dimensional structure seem to be essential in defining cancer
behaviour and even patient outcomes. (Conklin et al., 2011; Provenzano et al.,
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2006). Different patterns of collagen fibre organization in the ECM have been
observed in different BC subtypes (Golaraei et al., 2016).
2.6.4 Aminoterminal propeptide of type I procollagen and
carboxyterminal telopeptide of type I collagen in breast cancer
prognosis
Serum markers of type 1 collagen metabolism have previously been studied to
estimate changes in the BC ECM and assess its relationship to prognosis (Imamura
et al., 2015; Jukkola et al., 1997; Keskikuru et al., 2002). Type I collagen synthesis
is reflected in the serum by the aminoterminal propeptide of type I procollagen
(PINP), whereas the crosslinked carboxyterminal telopeptide of type 1 collagen
(ICTP) reflects type I collagen degradation (Risteli & Risteli, 1993). PINP and
ICTP are common markers in the context of bone turnover and have been clinically
investigated in non-malignant diseases, such as osteoporosis, and malignant
conditions, such as metastatic breast cancer and prostate cancer (Brown et al., 2009;
Jukkola et al., 1997; Kylmälä et al., 1993; Szulc, 2012). BC patients have been
observed to have elevated serum concentrations of both PINP and ICTP (Imamura
et al., 2015; Jukkola et al., 1997; Keskikuru et al., 1999). Elevated preoperative
serum ICTP levels have been found to be associated with poor BC outcomes
(Imamura et al., 2015; Keskikuru et al., 2002). High preoperative ICTP serum
concentrations have also been connected to poor prognoses in epithelial ovarian
cancer and head and neck squamous cell carcinoma (Nurmenniemi et al., 2012;
Simojoki et al., 2003). Possibly reflecting the remodelling of the ECM during
cancer progression, ICTP concentrations have been shown to continuously rise
from stage I to stage IV disease (Nurmenniemi et al., 2012).
2.7

Parity and breast cancer

BC risks and prognoses have been associated with several gynaecological and
reproductive parameters (Ellingjord-Dale et al., 2017; Kroman et al., 1998).
Pregnancy seems to have a dual relation to BC risk: the risk is elevated during the
years after childbirth but subsequently reduces, resulting in prolonged protection
(Albrektsen et al., 2005; Lambe et al., 1994). The risk-increasing effect of parity is
related to premenopausal BC, and the risk seems to decrease in postmenopausal
BC (Nichols et al., 2019; Pathak et al., 1986). However, parity per se not only
affects BC risk but also the timing of pregnancies in relation to each other, and age
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at first full-term pregnancy plays a role (Albrektsen et al., 2005). The increased risk
has been suggested to relate to mammary gland involution, a process in which
hormonal stimuli lead to proinflammatory activation and alterations in the
microenvironment of the breast (Lyons et al., 2010, 2011). Parity seems to be
differentially associated with BC subtypes: parous women are more likely to have
TNBC than luminal A BC (Brouckaert et al., 2017). However, the relationship
between parity and BC prognosis is not comprehensively understood, and it may
differ significantly according to the molecular subtype (Millikan et al., 2008; Park
et al., 2019; Sun et al., 2016).
2.7.1 Pregnancy-related changes in breast tissue
During pregnancy, breast tissue undergoes major physiological changes, such as
augmented proliferation, decreased apoptosis, changes in gene expression and
remodelling of the ECM (Slepicka et al., 2019). The breasts return to their prepregnant state post-partum and/or post-lactation, a process known as mammary
gland involution. During involution, the mammary gland again undergoes a series
of cellular processes, such as apoptosis, loss of epithelial TJs, remodelling of the
ECM and immune cell infiltration (Slepicka et al., 2019). Carcinogenesis of the
breast may utilize mechanisms related to pregnancy and post-partum involution,
many of which are closely related to tumour-promoting changes in the
microenvironment (Lyons et al., 2010; Slepicka et al., 2019).
The post-pregnancy mammary microenvironment has been demonstrated to be
cancer-promoting due to abundant fibrillar collagen and high cyclooxygenase-2
(COX-2) expression (Lyons et al., 2011). Elevated COX-2 expression has been
associated with unfavourable clinical characteristics and poorer BC prognosis
(Denkert et al., 2003; Ristimäki et al., 2002). Preclinical studies have demonstrated
that COX-2 plays many roles in breast tumorigenesis. The motility and invasion of
BC cells are COX-2-dependent, and COX-2 expression is sufficient to induce
breast tumorigenesis (Larkins et al., 2006; Liu et al., 2001). Related to TME and
ECM remodelling, COX-2 enhances the expression of MMPs, thus promoting
invasion and migration via ECM remodelling (Larkins et al., 2006). COX-2
expression can be induced by type I collagen via integrin activation (Broom et al.,
2006). Type I collagen is essential for the BC TME (see Section 2.6.2) In relation
to parity, breast tissue at the post-partum stage is rich in collagen, which can be
converted into pro-tumorigenic component (Slocum et al., 2019). Alterations in the
ECM occur during post-partum involution by activated fibroblasts, collagen
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remodelling and deposition, all of which may promote tumorigenesis and
aggressive features in cancer cells related to pregnancy (Lyons et al., 2010, 2011).
2.7.2 Parity and breast cancer prognosis
Despite parity’s well-established role in BC risk, its effect on BC prognosis has not
been comprehensively studied. Studies in a prospective setting with real-world data
that use the modern definition of the 5 intrinsic BC subtypes are rare. Data derived
from registry-based studies indicate that the relationship between parity and BC
prognosis may depend significantly on the molecular subtype (Millikan et al., 2008;
Park et al., 2019; Sun et al., 2016). In particular, high parity has been associated
with adverse patient outcomes in luminal subtypes and in TNBC, notably, with
varying definitions of BC subtypes (Alsaker et al., 2013; Korzeniowski & Dyba,
1994; Lee et al., 2014; Park et al., 2019; Sun et al., 2016).
Many studies have found a clear association between post-partum breast cancer
and survival: the likelihood of developing distant metastases as well as DDFS are
significantly dismal compared to nulliparae matched for age and stage (Callihan et
al., 2013; Goddard et al., 2019). A meta-analysis that assessed the relationship
between patient outcome and BC diagnosed during pregnancy and/or the postpartum period found that pregnancy-associated breast cancer was related to poor
OS, DFS and cause-specific survival (Shao et al., 2020). In a patient population
characterized by almost 50% of the patients being under the age of 45 years, (i.e.,
young at BC onset), post-partum status seems a suitable prognostic factor, being
cost-free, available to all, clinically significant and, according to Goddard et al.
(2019), somewhat independent.
The relationship between the number of pregnancies and BC survival remains
less clear. A registry-based study observed that patients with 3 or more instances of
childbirth who were younger than 50 years showed a higher ratio of TNBC and
HER2 subtypes and a poorer prognosis in multivariate analysis (for TNBC) (Park
et al., 2019). Another study observed that 3 or more deliveries were associated with
worse BCSS in multivariate analysis in patients with luminal subtypes; luminal A
and luminal B BCs were combined as one group in the absence of data yielding the
proliferation marker Ki67 (Sun et al., 2016). With no subtype analysis available, 4
or more deliveries have been associated with poorer BC survival and death (Alsaker
et al., 2013; Barnett et al., 2008; Trivers et al., 2007). A Swedish prospective cohort
study reported no significant associations between the number of deliveries and BC
prognosis: all invasive BC patients were pooled into a group for analysis without
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stratification according to subtype (Rosenberg et al., 2004). Parity was associated
with better DFS when parous women (one or more deliveries) were compared with
nulliparous women (De Mulder et al., 2018). Although the modern definition of the
5 intrinsic BC subtypes was used, it seems that the relationship between parity and
the BC subtype was not investigated. Older studies without subtype information
observed an association between parity, defined as one or more deliveries, and
better patient outcomes (Kroman et al., 1998; Papatestas et al., 1980).
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3

Aims of the study

The aims of this study were to investigate the usefulness of new prognostic markers,
clinical features and prognoses of different BC subtypes in real-world data. In more
detail, the objectives were to study:
1.

2.
3.

4.
5.

The prognostic usefulness of CLDNs 3, 4 and 7 expression separately in
patients with TNBC and patients with hormone receptor-positive, HER2negative BC.
The prognostic usefulness of type I collagen metabolism markers PINP and
ICTP in different BC subtypes.
The prognostic usefulness of AR, MR and GRβ expression separately in
patients with TNBC and patients with hormone receptor-positive, HER2negative BC.
5- and 10-year BCSS in different BC subtypes in real-world data.
The usefulness of reproductive anamnesis, parity in particular, as a prognostic
factor for different BC subtypes.
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4

Materials and methods

4.1

Patients

The patients were diagnosed and treated at Oulu and Kuopio University Hospitals
between 2000 and 2013. The follow-up time was calculated for each patient from
the date of the primary tumour’s surgical removal to the last day the data were
updated or the time of death, whichever occurred first. The patient characteristics
are presented in Table 8.
The ESMO Early Breast Cancer Clinical Practice Guidelines were used to
classify the BCs into subtypes (Senkus et al., 2015). Stage and histopathology of
the tumours were evaluated at Oulu and Kuopio University Hospitals according to
the latest available TNM and WHO classifications (Azzopardi et al., 1981; Sobin
& Wittekind, 1997, 2002; Sobin et al., 2009; Tavassoli & Devilee, 2003). The
tumour characteristics are presented in Table 9.
4.1.1 Patients in Studies I and III
The cohort consisted of 197 (Study I) and 152 (Study III) female patients with nonmetastatic BC who were diagnosed and treated in Oulu and Kuopio University
Hospitals between 2000 and 2010 (see Table 8). In Study I, 79 patients (40.1%)
were from Kuopio, and 118 patients (59.9%) were from Oulu. In Study III, 73
patients (47.4%) were from Kuopio, and 79 patients (52.6%) were from Oulu. Most
of the study population comprised TNBC patients (60.4% in Study I and 63.2% in
Study III). The patients treated at Kuopio University Hospital were diagnosed
solely with TNBC. The purpose of combining patients from two hospitals was to
extend the small number of TNBC cases for possible further subgrouping according
to the research questions. The ER+/PR+/HER2- patients, used as the reference
group, as well as the patients with TNBC treated in Oulu University Hospital, were
randomly selected by diagnosis code according to the date of diagnosis, stage
(patients with distant metastases at the time of diagnosis were excluded) and
availability of tumour tissue from the archives of the Department of Pathology at
Oulu University Hospital. HER2-positive cases were excluded. The patient data
were retrospectively collected. Patient inclusion in the cohort was dependent on the
availability of tumour tissue for research purposes, demonstrated by the lower
number of patients in Study III compared to Study I. Both Studies I and III were
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follow-up studies using the same cohort studied by Karihtala et al. (2013). The
median follow-up time was 100.0 months.
4.1.2 Patients in Study II
The study population consisted of 662 BC patients treated at Oulu University
Hospital from 2003 to 2013 (Table 8). A total of 608 patients (97.9%) were
diagnosed with non-metastatic invasive BC, 9 patients (1.5%) had confirmed
metastases at the time of diagnosis, and 4 patients (0.6%) had an unclear metastatic
status at the time of diagnosis. 41 patients (6.2%) were diagnosed with carcinoma
in situ. The patient data were prospectively collected from the archives of Oulu
University Hospital. The median follow-up time was 72 months. Written consent
to participate in the study was obtained from all the volunteer patients.
4.1.3 Patients in Study IV
The patient cohort consisted of 594 prospectively collected patients diagnosed with
early invasive BC. The patients were diagnosed and treated at Oulu University
Hospital during the years 2003–2013 (Table 8). Patients with known previous BC
or distant metastases at the time of diagnosis were excluded from the cohort. The
ESMO Breast Cancer Clinical Practice Guidelines were used for classifying the
patients’ BCs into the 5 intrinsic immunohistochemical surrogate subtypes (Senkus
et al., 2015). Their proportions are presented in Table 8. The median follow-up time
was 102 months. Written consent to participate in the study was obtained from all
the volunteer patients.
4.2

Study material

Tumour tissue specimens (Studies I–IV)
The tissue material in the studies consisted of the paraffin-embedded, surgically
resected BC tumour tissue specimens of the female BC patients whose clinical data
were available. In Study I, TNBC BCs were classified as basal-like breast
carcinomas or non-basal-like breast carcinomas for the analysis. TNBC BCs that
expressed either EGFR and/or CK5/6 were classified as basal-like breast
carcinomas.
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6.2%

Study
III

36.8%

63.2%

100

2000–2010

152

AR, MR, GRβ

IV

1.4%

45.6%

32.3%

5.6%

4.5%

10.6%

102

2003–2013

594

Parity, 5- and 10-year BCSS8

MR = mineralocorticoid receptor, GR = glucocorticoid receptor , BCSS = breast cancer-specific survival.

collagen, HER2 = human epidermal growth factor receptor 2, HR = hormone receptor, DCIS = ductal carcinoma in situ, AR = androgen receptor,

TNBC = triple-negative breast cancer, PINP = aminoterminal propeptide of type I procollagen, ICTP = crosslinked carboxyterminal telopeptide of type 1

DCIS

0.3%

43.4%

Luminal A-like
59.6%

30.4%

Luminal B-like (HER2-negative)

HR-positive, HER2-negative

5.3%

Luminal B-like (HER2-positive)

10.3%

72

3.9%

60.4%

100

2003–2013

662

2000–2010

197

II
PINP and ICTP

I
Claudins 3, 4 and 7

HER2 overexpression

TNBC

Subtypes

Median follow-up time (months)

Years of diagnosis

N

Studied prognostic factors

Characteristic

Table 8. Patient cohort characteristics.

Table 9. Tumour characteristics.
Characteristic

Study
I

II

III

IV

197

662

152

594

T1

44.7%

64.3%

38.2%

38.2%

T2

49.2%

31.7%

55.3%

55.3%

T3

4.6%

3.1%

4.6%

4.6%

T4

1.5%

0.2%

2.0%

2.0%

N
T class (%)

Unknown

0.8%

N class (%)
N0

54.8%

61.7%

52.0%

62.0%

N1

33.5%

27.7%

34.9%

27.3%

N2

8.6%

7.4%

9.2%

8.4%

N3

3.0%

2.6%

3.9%

2.4%

100.0%

100.0%

Unknown

0.6%

M class (%)
M0

100.0%

97.9%

M1

1.5%

Unknown

0.6%

Histology (%)
Ductal

89.3%

69.3%

89.5%

76.8%

Lobular

2.0%

13.7%

1.3%

15.3%

Medullary

5.1%

0.8%

5.9%

Tubular

1.0%

1.5%

0.7%

2.5%

8.2%

Ductal carcinoma in situ
Other

6.2%

Unknown

2.6%

7.9%

15.5%

0.3%

ER status (%)
Negative (0%)

60.4%

15.0%

63.2%

Weak positive (1–9%)

0.0%

2.6%

3.3%

3.0%

Intermediate positive (10%–59%)

7.1%

4.2%

5.3%

4.4%

32.5%

76.8%

28.3%

76.6%

Strong positive (> 59%)
Unknown

1.5%

0.5%

PR status (%)
Negative (0%)

60.4%

24.2%

63.2%

0.0%

12.9%

7.2%

13.6%

Intermediate positive (10%–59%)

15.7%

10.6%

7.2%

10.9%

Strong positive (> 59%)

23.9%

49.4%

22.4%

50.2%

Weak positive (1–9%)

Unknown
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2.9%

24.6%

0.7%

Characteristic

Study
I

II

III

IV

HER2 status (%)
Positive
Negative

10.0%
100.0%

Unknown

89.4%

10.3%
100.0%

89.7%

0.6%

Ki67 status (%)
Negative (0%)

5.6%

6.8%

3.9%

6.9%

Weak positive (1–9%)

14.7%

44.4%

14.5%

45.1%

Intermediate positive (10%–59%)

18.8%

22.4%

17.1%

23.7%

Strong positive (> 59%)

32.5%

22.7%

30.9%

22.9%

Unknown

28.4%

3.7%

33.6%

1.4%

I

2.5%

16.6%

2.6%

17.3%

II

1.3%

48.0%

17.1%

49.3%

III

76.1%

28.2%

80.3%

29.0%

Grade (%)

Unknown

7.2%

4.4%

Serum samples (Study II)
The study material consisted of 662 serum samples of BC patients treated at Oulu
University Hospital from 2003 to 2013. The preoperative serum samples were
collected from all study participants on the day of their operation or the day before.
The postoperative serum samples were collected during follow-up visits to Oulu
University Hospital. The timeframe for postoperative samples ranged from 2 days
to 1 430 days after surgery. The median time between the pre- and postoperative
samples was 40.5 days. The samples were stored at –20 degrees Celsius until use.
4.3

Immunohistochemistry

Immunohistochemical staining was performed to study the expression levels and
cellular locations of CLDNs 3, 4 and 7, AR, MR and GRβ in the patient cohorts of
Studies I and III. Detailed information on the selected and performed IHC is
presented in Table 10.
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AR27
H10E4C9F
PA3-514

Polyclonal rabbit anti-GRβ (primary antibody)

Polyclonal rabbit anti-claudin 7

Monoclonal mouse anti-AR

ZMD.241

Monoclonal mouse anti-claudin 4

Monoclonal mouse anti-MR

Z23.JM
3E2C1

Polyclonal rabbit anti-claudin 3

Clone

1:1000

1:1000

1:50

1:50

1:50

1:50

Dilution

Invitrogen, Rockford IL, USA

Invitrogen, Rockford, IL, USA

Leica Biosystems Novocastra, Newcastle, UK

Zymed Laboratories Inc. San Francisco, CA, USA

Zymed Laboratories Inc. San Francisco, CA, USA

Zymed Laboratories Inc. San Francisco, CA, USA

Company

ABC-complex

K5007

K5007

K5007

K5007

K5007

method

Immunostaining

Denmark; ABC-complex = ABC-complex VECTASTAIN®, Vector Laboratories Inc., Burlingame, CA, USA

AR = androgen receptor; MR = mineralocorticoid receptor; GRβ = glucocorticoid receptor β; K5007 = K5007, EnVision detection system, Dako A/S, Glostrup,

III

I

Antibody

Study

Table 10. Immunohistochemical methods and used antibodies.

4.3.1 Oestrogen receptor, progesterone receptor, Ki67, human
epidermal growth factor receptor 2 and histopathological grade
(Studies I–IV)
All the above-mentioned expressions and immunohistochemical investigations
were performed in the pathology departments at Oulu and Kuopio University
Hospitals, following their routine protocols. The expression patterns of ER, PR and
Ki67 were evaluated using immunohistochemistry (IHC), as described in
Studies I–IV (Karihtala et al., 2003). HER2 expression was primarily detected with
IHC. Positive results were confirmed using chromogenic in situ hybridization.
HER2 positivity was considered in samples expressing 6 or more gene copies (Isola
et al., 2004). The ESMO Clinical Practice Guidelines were used to define the BC
subtypes (Senkus et al., 2015). The immunohistochemical staining procedures were
performed by experienced biomedical laboratory technologists. The ER, PR, Ki67
and HER2 expressions and histological grades were collected and recorded as part
of the clinical data, according to the postoperative pathoanatomical diagnosis. The
tumour samples expressing nuclear ER or PR in more than 9% of the invasive
tumour cells were considered to be steroid receptor-positive prior to 2010. The
clinical standard for defining ER and PR receptor status by IHC changed at the
pathology department at Oulu University Hospital around 2010. The tumour
samples obtained in 2010 and later that expressed nuclear ER or PR receptors in
more than 1% of invasive tumour cells were considered receptor-positive. Weak
positive expression for both ER and PR was considered 1%–9% expression,
intermediate 10%–59% and high over 59% expression of the malignant tumour
cells. Ki67 expression was defined as negative (expression in < 5% of the malignant
tumour cells), weak (expression 5%–14%), intermediate (15%–30%) and high
(expression > 30% of the malignant tumour cells). Histological grade was recorded
in three classes (I–III) according to the cellular differentiation, as evaluated by an
experienced pathologist.
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4.3.2 Claudins 3, 4 and 7 (Study I)
Staining procedure
CLDN primary antibodies were purchased from Zymed Laboratories Inc. (San
Francisco, CA, USA). The antibodies used were polyclonal rabbit anti-claudin 3
(clone Z23.JM), monoclonal mouse anti-claudin 4 (clone 3E2C1) and polyclonal
rabbit anti-claudin 7 (clone ZMD.241). The formalin-fixed paraffin-embedded
tissue sections of 5 μm were deparaffinized, rehydrated, heated in a microwave
oven in Tris-EDTA buffer for 10 min and incubated with the primary antibody for
60 min (dilution 1:50 for all anti-claudins). To detect the primary antibody,
EnVision-polymer kits (DAKO K5007, Dako Denmark) were used according to the
manufacturer’s instructions. Colour was developed using diaminobenzidine.
Counterstaining was done with hematoxylin, and the sections were mounted with
Pertex (Leica Microsystems, Germany). Experienced biomedical laboratory
technologists performed the staining for CLDNs 3, 4 and 7 at the Department of
Pathology, Kuopio University Hospital.
Immunohistochemical staining assessment
CLDN immunoreactivity was assessed separately for membranous and cytoplasmic
expression. Immunoreactivity was assessed and divided into five classes: 0%–5%,
5%–25%, 25%–50%, 50%–75% and > 75% positive. For CLDNs 3 and 4, < 50%
positivity was considered to be low for both membranous and cytoplasmic
expression. For CLDN7 (membranous and cytoplasmic), expression of < 5% was
considered low, since the detected CLDN7 expression was significantly weaker.
Cytokeratin 5/6, epidermal growth factor receptor and EMT markers were
studied with immunohistochemistry in the same material (Karihtala et al., 2011).
Triple-negative tumours expressing EGFR and/or cytokeratin 5/6 were classified
as basal-like breast cancers (Karihtala et al., 2003).
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4.3.3 Androgen receptor, mineralocorticoid receptor, glucocorticoid
receptor β (Study III)
Staining procedure
The paraffin-embedded tissue blocks were cut into sections of 3 μm, deparaffinized and rehydrated. For AR and MR, antigen retrieval was performed
using a Tris-EDTA buffer. The sections were heated in a microwave oven, first for
2 min (800 W) and then for 15 min (150 W). After cooling and rinsing, the
endogenous peroxidase was neutralized. The AR and MR slides were washed twice
for 5 min with PBS-TWEEN and incubated with the primary antibody for 30 min
at room temperature (dilutions 1:50 for AR, 1:1 000 for MR). Primary antibody
detection was performed using commercially available EnVision-polymer kits
(DAKO K5007, Dako Denmark) according to the manufacturer’s instructions. For
GRβ, after de-paraffinizing, a second blocking step was performed with BSA-PBS
solution for 30 min at room temperature. The slides were incubated with the
primary antibody (dilution 1:1 000) for 2 hours at room temperature and left
overnight at +4˚C. After being returned to room temperature, the sections were
incubated with a secondary antibody (Invitrogen biotinylated anti-rabbit IgG BA1000, Vector Laboratories Inc., Burlingame, CA, USA) for 30 min at room
temperature. The secondary antigen detection was completed using the ABCcomplex (VECTASTAIN® ABC kit, Elite PK 6100 standard, Vector Laboratories
Inc., Burlingame, CA, USA) with an incubation time of 30 min. For AR, MR and
GRβ, the colour was developed with diaminobenzidine and the counterstain with
hematoxylin. Finally, the sections were rinsed, dehydrated, cleared and mounted.
The immunohistochemical method and antigens used are presented in detail in
Study III and Table 10.
Assessment of immunohistochemical staining
Cytoplasmic and nuclear immunoreactivity was divided into four categories: 0
(negative), 1 (weakly positive), 2 (intermediately positive) and 3 (strongly positive).
The number of stained tumour cells was reported as a percentage (0%–100%). For
a linear comparison of the data, an H score, that is, a histological sum score, was
calculated for each sample by multiplying the intensity with the percentage (Specht
et al., 2015). All the samples received an H score between 0 and 300.
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4.4

Chemiluminescence and radioimmunoassay assays (Study II)

4.4.1 Aminoterminal propeptide of type I procollagen automated
assay
The IDS-iSYS Intact PINP assay Multi-Discipline Automated System analyzer
(IDS-iSYS Intact PINP, Immunodiagnostics Systems, Boldon, UK) was used to
assess PINP concentrations in the serum samples. This automated assay based on
chemiluminescence immunoassay technology is designed for the quantitative
detection of intact PINP in human serum, as previously described (Koivula et al.,
2010). Serum samples of 20 ml were used in each analysis, conducted according to
the manufacturer’s instructions. The PINP automated assays were performed at the
Department of Clinical Chemistry, Oulu University Hospital.
4.4.2 Carboxyterminal telopeptide of type I collagen
radioimmunoassay
Serum ICTP concentrations were measured using quantitative radioimmunoassays
(RIAs) with commercially available kits (UniQ ICTP RIA, Orion Diagnostica,
Espoo, Finland). The assays were performed according to the manufacturer’s
instructions. Duplicate serum samples of 100 ml were used, and the amount of
ICTP in each sample was assessed, as presented in Study II. This assay’s principles
have been described previously (Risteli et al., 1993). The ICTP RIAs were
performed at the Department of Clinical Chemistry, Oulu University Hospital.
4.5

Statistical analysis

The statistical analysis was performed using IBM SPSS statistics software, versions
23.0.0.0 and 25.0.0.0 for Mac (v. 23.0.0.0 in Studies I and II and v. 25.0.0.0 in
Study III and IV; IBM Corporation, Armonk, NY, USA). P-values of less than 0.05
were considered significant in all the statistical analyses.
4.5.1 Survival analysis
Survival was analysed using Kaplan–Meier curves and the log-rank test (Studies I–
IV). Disease-free survival (DFS), relapse-free survival (RFS), meaning local
relapse-free survival, distant disease-free survival (DDFS), breast cancer-specific
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survival (BCSS) and overall (OS) survival were calculated from the time of
diagnosis (defined as the date of the primary surgery) to disease recurrence at any
site (DFS) in the breast, scar or axilla (RFS) or at distant sites (DDFS) and to the
time of confirmed breast cancer-related death (BCSS) or time of death from any
cause (OS). P-values < 0.05 were considered significant.
4.5.2 Multivariate analysis
In all the studies, multivariate analyses were conducted as Cox multivariate
regression analyses using tumour size and nodal status as covariates. Traditional
prognostic factors were re-formatted as two-class variables for the analyses. The T
class was divided into T1 and T2–4, and the nodal status was categorized as either
negative or positive (N0 or N1–3) in all the studies. Ki67 expression was divided
into 0%–14% or > 14%, and the histopathological grade was divided into grade I–
II or grade III in the analyses (Studies I–IV). The effect of parity on survival was
assessed using 5 or more deliveries as the cut-off point (Study IV). In Study II,
median serum levels were used as cut-off values in the survival analysis. The
median concentration for preoperative PINP was 40.21 ng/ml, for preoperative
ICTP it was 4.471 μg/l and for postoperative ICTP it was 4.749 μg/l (Study II). In
Study III, the detected expressions of AR, MR and GRβ were re-formatted as twoclassed variables using the H score median as the cut-off point. For the AR and
GRβ expressions, the median could be defined as either positive or negative
expression, and for MR, an H score of 15 was the median. P-values < 0.05 were
considered significant in all the studies.
4.5.3 Other methods of statistical analysis (Studies I–IV)
Crosstabulation was used to compare the groups, and a two-sided Pearson’s Chisquare test or Fisher’s exact test were used as applicable to determine significance.
Continuous variables were assessed using the Mann–Whitney U test and
Spearman’s correlation coefficient or the Pearson correlation test. The Kruskal–
Wallis test was used to assess the significance of associations when applicable. Pvalues < 0.05 were considered significant in all the studies.

75

4.6

Ethics

The study was approved by the Local Ethics Committee of the Ostrobothnia
Hospital District (114/2011, amendment 23.2.2015) and the National Supervisory
Authority for Welfare and Health (D9580/05.01.00.06/2010). All the studies were
conducted in accordance with the principles of the Declaration of Helsinki and the
guidelines for good clinical practice (World Medical Association, 1964).
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5

Results

5.1

Claudins 3, 4 and 7 and breast cancer prognosis (Study I)

5.1.1 Expression patterns
CLDN3 was reliably assessable in 187 (94.9%) cases, CLDN4 in 191 (97.0%) cases
and CLDN7 in 185 (93.9%) cases (total of 197 cases). Examples of membranous
and cytoplasmic staining patterns are shown in Figure 3.
5.1.2 Association with clinicopathological characteristics and
traditional prognostic factors
Expressions of CLDNs 3, 4 and 7 were associated with several clinicopathological
characteristics, as well as with traditional prognostic factors. The statistically
significant results of these associations are presented in Table 11.
Table 11. Associations between claudins 3, 4 and 7 expression and clinicopathological
characteristics.
Claudin

P-value

Result
High cytoplasmic claudin 3
Overexpression in TNBC BCs

0.012

Overexpression in non-basal-like TNBCs

0.026

High membranous claudin 3
Associated with bone metastases as the first metastatic site

0.032

High cytoplasmic claudin 4
Associated with the non-basal-like phenotype of TNBCs

0.00090

High cytoplasmic claudin 7
Associated with smaller tumour size

0.0053

Associated with better differentiation

0.043

Associated with sites other than bone as the first metastatic site

0.016

Overexpression in TNBC BCs

0.0026

Overexpression in non-basal-like TNBCs

0.023

High membranous claudin 7
Inversely associated with proliferation rate

0.0042

Overexpression in TNBC BCs

0.00023

Low membranous expression of claudins 3, 4 and 7
Associated with node negativity

0.013
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Claudin

P-value

Result
Low cytoplasmic expression of claudins 3, 4 and 7
Associated with higher grade

0.013

Associated with larger primary tumour

0.0074

Associated with the non-TNBC phenotype

0.0033

Associated with the basal-like phenotype of TNBCs

0.0050

Data from Study I. (Reprinted under CC BY 4.0 license © 2018 Authors).
TNBC = triple-negative breast cancer, BC = breast cancer.

5.1.3 Association between claudins and epithelial-to-mesenchymal
transition-regulating transcription factors
Nuclear Zeb1 expression, cytoplasmic and nuclear Sip1 expression and nuclear
vimentin expression were associated with some of the studied CLDN expressions.
High Zeb1 and vimentin expressions in cancer cells were associated with low
membranous CLND7 expression (p = 0.010 and p = 0.042, respectively). High
cytoplasmic CLDN7 expression was associated with high cytoplasmic Sip1
expression (p = 0.0012). The direct association between high cytoplasmic CLDN3
and high nuclear Sip1 expression was extremely significant (p = 0.0000053). Lowlevel expressions of cytoplasmic CLDNs 3, 4 and 7 correlated with low levels of
cytoplasmic and nuclear Sip1 expression (p = 0.0029 for both).
5.1.4 Survival analysis
Univariate analysis
Survival was analysed with univariate analysis of the whole material. Cytoplasmic
CLDN3 was associated with poor DFS (p = 0.0009), DDFS (p = 0.0060), RFS
(p = 0.000011), BCSS (p = 0.0011) and OS (p = 0.018), as presented in Figures 4–
6. High cytoplasmic CLDN3 expression was associated with the TNBC subgroup.
Notably, only one patient in the non-TNBC group had strong CLDN3 expression;
thus, in the subgroup analysis, cytoplasmic CLDN3 expression was significantly
associated with survival only in the TNBC subgroup (DFS, p = 0.0012; DDFS,
p = 0.007; RFS, p = 0.000028; BCSS, p = 0.005; OS, p = 0.016).
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Fig. 3. Immunohistochemical expression of claudins 3 (a), 4 (b) and 7 (c) in breast cancer.
Asterisks

demonstrate

cytoplasmic

immunostaining

and

arrows

show

membranousimmunostaining. Previously published in Article I. (Reprinted under CC BY
4.0 license © 2018 Authors).
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Other predictors of poor RFS in the whole cohort were high cytoplasmic CLDN7
expression (p = 0.0024) and high-level expression of cytoplasmic CLDNs 3, 4 and
7 together (p = 0.0033) (presented in Figure 7), the latter being similar in the
TNBCs (p = 0.036) and non-TNBCs (p = 0.038).
Multivariate analysis
CLND expression levels were studied in multivariate analysis, taking into account
tumour size (T1 or T2–4) and nodal involvement (N0 or N1–3). Cytoplasmic
CLDN3 expression was associated with most survival parameters, as presented in
Table 12. The analyses were conducted in the whole cohort and separately in the
TNBC and non-TNBC patients. High cytoplasmic CLDN3 expression, high
cytoplasmic CLDN7 expression and high combined expression of cytoplasmic
CLDNs 3, 4 and 7 predicted poor RFS expression, remaining as significant
prognostic factors in the multivariate analysis.

Fig. 4. Kaplan–Meier curve of relapse-free survival in the whole cohort according to the
expression

of

cytoplasmic

claudin

3.

Crosses

indicate

censored

cases.

Previously published in Article I. (Reprinted under CC BY 4.0 license © 2018 Authors).
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Fig. 5. Kaplan–Meier curves of distant disease-free survival (A) and disease-free
survival (B) in the whole cohort according to the expression of cytoplasmic claudin 3.
Crosses indicate censored cases. Previously published in Article I. (Reprinted under
CC BY 4.0 license © 2018 Authors).
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Fig. 6. Kaplan–Meier curves of breast cancer-specific survival (A) and overall survival
(B) in the whole cohort according to the expression of cytoplasmic claudin 3.
Crosses indicate censored cases. Previously published in Article I. (Reprinted under
CC BY 4.0 license © 2018 Authors).
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Fig. 7. Kaplan–Meier curves of relapse-free survival in the whole cohort according to
the expression of cytoplasmic claudin 7 (A) and cytoplasmic claudins 3, 4 and 7
together (B). Crosses indicate censored cases. Previously published in Article I.
(Reprinted under CC BY 4.0 license © 2018 Authors).
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3.881
2.394

BCSS

OS

(1.100–5.211)

(1.621–9.292)

(1.785–21.272)

(1.547–8.636)

(1.739–8.729)

(95% CI)

p-value

p = 0.028

p = 0.0023

p = 0.004

p = 0.0031

p = 0.00095

Claudin 3 expression

2.118

3.596

0.714

4.245

2.721

RR

(1.245–3.602)

(1.668–7.755)

(0.240–2.124)

(2.057–8.760)

(1.482–4.996)

(95% CI)

T (T1 vs. T2–4)

Previously published in Article I. (Reprinted under CC BY 4.0 license © 2018 Authors).

3.655
6.162

RFS

3.897

DFS

DDFS

RR

factor

Survival

Study I.

p = 0.0056

p = 0.0011

p = 0.544

p = 0.000092

p = 0.0012

p-value

2.518

3.532

3.076

3.569

3.692

RR

(1.522–4.165)

(1.731–7.204)

(1.032–9.170)

(1.894–6.724)

(2.072–6.590)

(95% CI)

N (N0 vs. N1–3)

p = 0.00032

p = 0.00052

p = 0.044

p = 0.00083

p = 0.00001

p-value

relapse-free survival (RFS), breast cancer-specific survival (BCSS) and overall survival (OS) in the whole material. Modified from

cytoplasmic claudin 3 expression in multivariate analysis of disease-free survival (DFS), distant disease-free survival (DDFS),

Table 12. Risk ratios, 95% confidence intervals and corresponding P-values concerning tumour size (T), nodal status (N) and

In the whole cohort, the prognostic role of cytoplasmic CLDN3 (RR 6.162; 95%
CI 1.785–21.272; p = 0.004) exceeded that of tumour size (RR 0.714, 95% CI
0.240–2.124; p = 0.544) and nodal involvement (RR 3.076; 95% CI 1.032–9.170;
p = 0.044). In the TNBC subgroup, strong cytoplasmic CLDN3 expression
appeared to be an independent predictor of poor RFS (RR 5.202; 95% CI 1.210–
22.369; p = 0.027 vs T class RR 0.663; 95% CI 0.168–2.623; p = 0.558 and N class
RR 3.940; 95% CI 0.933–16.631; p = 0.062). Another predictor of poor RFS in the
whole cohort was high cytoplasmic CLDN7 expression (p = 0.0024), which
remained significant in the multivariate analysis (RR 6.328; 95% CI 1.401–28.593;
p = 0.016, vs T class RR 0.692; 95% CI 0.242–1.982; p = 0.493 and N class RR
2.981; 95% CI 1.106–8.749; p = 0.047). High-level expression of cytoplasmic
CLDNs 3, 4 and 7 together predicted poor RFS in the whole cohort (p = 0.0033).
This result was confirmed in the multivariate analysis (RR 6.070; 95% CI
1.347–27.363; p = 0.019 vs T class RR 0.677; 95% CI 0.237–1.934; p = 0.467 and
N class RR 3.167; 95% CI 1.079–9.290; p = 0.036). No other significant
associations between survival and CLDN expression were observed in the
multivariate analysis in the whole cohort or in the subgroup analyses.
5.2

Type I collagen metabolism markers (aminoterminal propeptide
of type I procollagen and carboxyterminal telopeptide of type I
collagen) in breast cancer prognosis (Study II)

The preoperative serum PINP concentrations were correlated with the pre- and
postoperative serum ICTP concentrations using Spearman’s correlation coefficient.
In addition, the preoperative ICTP concentrations were correlated with the
postoperative ICTP concentrations. Either marker (PINP and ICTP) was associated
with a specific breast cancer subtype. Correlations were carried out separately, both
in the population of 612 invasive cases with no primary metastases and in the
different BC subtypes.
5.2.1 Carboxyterminal telopeptide of type I collagen and tumour
invasiveness
The serum concentrations of pre- and postoperative ICTP increased linearly from
the cases of in situ carcinoma to those with primary metastases at the time of
diagnosis (presented in Table 13 and Figure 8). Notably, there was only one
postoperative sample in the stage IV group. When the PINP and ICTP serum levels
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were studied in association with traditional prognostic factors, tumour size, nodal
involvement and histopathological grade showed statistically significant
associations. Elevated postoperative ICTP concentrations were associated with an
increased tumour size (p = 0.025), nodal involvement (p = 0.01) and a higher grade
(p = 0.038). Elevated preoperative ICTP concentrations were associated with nodal
involvement (p = 0.036). A high preoperative ICTP concentration was associated
with invasive BC (p = 0.012) compared with in situ carcinoma, whereas higher
preoperative PINP concentrations were found in DCIS compared with invasive
carcinomas (p = 0.040).

Fig. 8. Correlations between tumour stage and (a) preoperative ICTP and (b)
postoperative ICTP concentrations. Lines represent 95% confidence intervals.
Previously published in Article II. (Reprinted under CC BY 4.0 license © 2019 Authors).
Table 13. Serum concentrations of both pre- and postoperative ICTP increased linearly
from cases of in situ carcinoma to those patients with metastases at the time of
diagnosis.
Stage

Preop. mean ICTP concentration

Postop. mean ICTP concentration

µg/l (range)

µg/l (range)

0 (in situ carcinomas)

3.43 (2.21–7.56)

4.19 (3.71–4.48)

I–II

3.81 (1.55–25.4)

5.23 (2.60–17.0)

III

4.15 (1.56–28.6)

IV

4.75 (2.23–12.9)

6.15 (3.20–14.7)
14.42 (14.42)

Data from Study II. (Published under CC BY 4.0 license © 2019 Authors).
Preop = preoperative, ICTP = carboxyterminal telopeptide of type I collagen, Postop. = postoperative.
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5.2.2 Survival analysis
The patients with distant metastases at the time of diagnosis were excluded from
the survival analysis. A high preoperative ICTP level was associated with better
BCSS in the luminal B-like (HER2-negative) subtype in the univariate analysis
(p = 0.017) (Figure 9). This result was confirmed in the multivariate analysis (RR
3.127; 95% CI 1.081–9.049; p = 0.035) when tumour size (RR 4.049; 95% CI
1.263–12.981; p = 0.019) and nodal status (RR 3.896; 95% CI 1.088–13.959;
p = 0.037) were included. A high preoperative ICTP level was also a significant
predictor of local RFS in the univariate (p = 0.0020) and multivariate analyses (RR
13.04; 95% CI 1.354–125.5; p = 0.026; T class RR 2.128; 95% CI 0.297–15.23;
p = 0.452; N class, RR 0.332; 95% CI 0.033–3.307; p = 0.347); however, only in
the TNBC subtype (Figure 10). Preoperative serum PINP concentrations were not
associated with the other studied survival parameters (BCSS, DFS or RFS).
5.3

Steroid receptor expression and breast cancer prognosis
(Study III)

5.3.1 Expression patterns
Study III included 152 patients with tumour tissue specimens. Of these 152, nuclear
AR expression was reliably assessable in 139 (91.4%) cases and cytoplasmic AR
expression in 135 (88.8%) cases. AR expression was mostly nuclear (97.8%); only
3 samples (2.2%) expressed positive cytoplasmic staining (Figure 11A). Nuclear
MR expression was reliably assessable in 123 (80.9%) cases and cytoplasmic MR
in 125 (82.2%) cases. Cytoplasmic MR expression was more frequently positive
than nuclear expression (Figure 11B). Cytoplasmic GRβ expression was reliably
assessable in 140 (92.1%) cases. There was no detectable nuclear GRβ staining in
any sample (Figure 11C).
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Fig. 9. Kaplan–Meier curves showing breast cancer-specific survival in (A) the whole
population and (B) separately in the patients with the luminal B-like (HER2-negative)
subtype. preop = preoperative, ICTP = carboxyterminal telopeptide of type I collagen.
Previously published in Article II. (Reprinted under CC BY 4.0 license © 2019 Authors).
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Fig. 10. Relapse-free survival in (A) the whole study cohort and (B) separately in triplenegative breast cancer cases.
preop = preoperative, ICTP = carboxyterminal telopeptide of type I collagen.
Previously published in Article II. (Reprinted under CC BY 4.0 license © 2019 Authors).

89

Correlations between androgen receptor, mineralocorticoid receptor and
glucocorticoid receptor β expression
Stronger nuclear AR expression correlated positively with stronger cytoplasmic
GRβ expression (p < 0.0050, correlation coefficient 0.33) when all patients were
considered. No significant associations were detected when the correlations
between Ar, MR and GRβ were assessed separately in the TNBC and non-TNBC
subgroups.
5.3.2 Association with clinicopathological parameters
In the whole cohort, nuclear AR and cytoplasmic GRβ expressions, assessed as
continuous variables according to the H score, were associated with the non-TNBC
subgroup (p < 0.0010 for both), while MR was inversely associated with the TNBC
subgroup (p < 0.0010). Nuclear AR expression, cytoplasmic GRβ expression and
cytoplasmic MR expression were associated with more favourable clinical
characteristics in the whole cohort, as presented in Table 14.
When the traditional prognostic factors were assessed separately in the TNBC
and non-TNBC subgroups, a similar association was observed with nuclear AR
expression and smaller tumour size in the non-TNBC group (p = 0.024). In the
TNBC group, nuclear AR expression was associated with better differentiation
(p = 0.0010), whereas cytoplasmic MR expression was associated with node
negativity (p = 0.015), better differentiation (p = 0.017) and lesser proliferation
(p = 0.033), as presented in Table 14.
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Fig. 11. Pattern of cytoplasmic and nuclear expression of androgen receptor. Positive
immunostaining is brown. (A) Strong (3+) nuclear and a weak (1+) to intermediate (2+)
cytoplasmic expression, with cytoplasmic mineralocorticoid receptor. (B) Intermediate
expression and cytoplasmic glucocorticoid receptor β (C). Cytoplasmic expression is
marked with an asterisk (*) and nuclear expression with an arrowhead (^).
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Table 14. The significant 2-sided p-values of associations between AR, MR and GRβ
expression and traditional prognostic factors. Modified from Study III.
Prognostic factor

Whole cohort

TNBC subgroup

Non-TNBC subgroup

T (T1 vs. T2–4)
AR nuclear

p = 0.029 1

p = 0.024 

N (N0 vs. N1–3)
MR nuclear

p = 0.018 
p = 0.015 

MR cytoplasmic
Grade (I–II vs. III)
AR nuclear

p = 0.001 

p = 0.001 
p = 0.017 

MR cytoplasmic
Ki67 (0–14% vs. > 14%)

p = 0.033 

MR cytoplasmic
GRβ cytoplasmic
1

p = 0.043 

inverse association.

Previously published in Article III. (Reprinted with permission from the International Institute of Anticancer
Research).

5.3.3 Association with epithelial-to-mesenchymal transition markers
Nuclear AR and cytoplasmic GRβ expression, assessed as continuous variables
according to the H score, were inversely associated with vimentin expression
(p < 0.0010), both in the whole cohort and in the TNBC subgroup. In the TNBC
subgroup, cytoplasmic MR expression was associated with decreased vimentin
expression (p = 0.038) and stronger Sip1 expression (p = 0.036). In the non-TNBC
subgroup, cytoplasmic GRβ expression was associated with negative expression of
vimentin (p = 0.0020).
5.3.4 Survival analysis
In the univariate analysis, no significant associations between the studied markers
and survival parameters were observed when assessing survival in the whole
population. When the TNBC and non-TNBC subgroups were assessed separately,
an over-median cytoplasmic MR expression was found to be associated with dismal
RFS (in the univariate analysis, p = 0.009) in the patients with a non-TNBC
subgroup (Figure 12). This was confirmed in the Cox regression analysis
(RR 13.923; 95% CI 1.071–181.045; p = 0.044), when tumour size (RR 1.664;
95% CI 0.125–22.213; p = 0.700) and nodal status (RR 4.834; 95% CI 0.196–
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119.113; p = 0.335) were included in the analysis. Conversely, an over-median
cytoplasmic MR expression was associated with better BCSS, DDFS and OS in the
univariate analysis (p = 0.018; p = 0.018 and p = 0.038, respectively) in the patients
with a TNBC phenotype, although this could not be confirmed in the multivariate
analysis (Figures 13 A-B, 14A). Nuclear AR expression was associated with dismal
RFS in the non-TNBC phenotype in the univariate analysis (p = 0.036) (Figure
14B). Neither result could be confirmed in the Cox regression analysis. GRβ
expression was not associated with prognosis in this study.

Fig. 12. Cytoplasmic MR expression predicts a dismal relapse-free survival in the nonTNBC subgroup. Previously published in Article III. (Reprinted with permission from the
International Institute of Anticancer Research).
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Fig. 13. Cytoplasmic MR expression predicts a better breast cancer-specific survival (A)
and overall survival (B) in the patients with TNBC tumour phenotype. Previously
published in Article III. (Reprinted with permission from the International Institute of
Anticancer Research).

94

Fig. 14. Cytoplasmic MR expression predicts distant disease-free survival (A) in the
patients with TNBC tumour phenotype. Nuclear AR expression was associated with a
dismal relapse-free survival in the non-TNBC subgroup (B). Previously published in
Article III. (Reprinted with permission from the International Institute of Anticancer
Research).
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5.4

5- and 10-year breast cancer-specific survival in different
breast cancer subtypes (Study IV)

5.4.1 Clinical characteristics of the cohort
In this prospective cohort of 594 patients, the median follow-up time was 102
months (range 2–186). During follow-up, local disease recurrence was observed in
34 patients (5.7%), and distant metastases were diagnosed in 60 patients (10.1%).
At the time of diagnosis, the metastatic site was most frequently ‘multiple sites’ (24
patients, 4.0%), while the single most frequent site of metastasis was the bones (17
patients, 2.9%).
Altogether, 347 (58.4%) of the patients received adjuvant chemotherapy, 514
(86.5%) received adjuvant radiation therapy, and 391 patients (65.8%) were
prescribed adjuvant endocrine therapy, as shown in Table 15. The frequency of
adjuvant chemotherapy was lowest in the patients with the luminal A-like subtype
(97 patients, 35.8%), rising to 130 (67.7%) in the luminal B-like (HER2-negative)
subtype. The frequency of receiving adjuvant chemotherapy was highest among the
patients diagnosed with the HER2 overexpression subtype (27 patients, 100%).
Also, the patients diagnosed with the luminal B-like (HER2-positive) subtype and
the triple-negative subtype received adjuvant chemotherapy frequently (30 patients,
90.9% and 57 patients, 90.5%, respectively).
The median age at BC onset was 58 years, and the subtype distribution varied
among the age groups. In the patients ≤ 40 years, the most frequent subtype was
TNBC, while in both the older age groups (41–74 and ≥ 75), the most frequent
subtype was the luminal A-like subtype, as presented in Table 16.
Table 15. Distribution of adjuvant chemotherapy, radiotherapy and endocrine therapy.
Therapy type

N (%)

Adjuvant chemotherapy
Anthracycline-based + taxane

129 (21.8%)

Anthracycline-based

130 (21.9%)

Other chemotherapy

25 (4.2%)

Trastuzumab + chemotherapy

61 (10.3%)

No adjuvant chemotherapy
Missing

247 (41.6%)
2 (0.3%)

Adjuvant radiation therapy
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Yes

514 (86.5%)

No

80 (13.5%)

Therapy type

N (%)

The first prescribed adjuvant endocrine therapy
Tamoxifen

164 (27.6%)

Aromatase inhibitor

222 (37.4%)

Tamoxifen + goserelin

2 (0.3%)

Other endocrine therapy

3 (0.5%)

No endocrine therapy
Missing

200 (33.7%)
3 (0.5%)

Previously published in Article IV. (Reprinted under CC BY 4.0 license © 2020 Authors).

Table 16. Subtype distribution for each age group.
Breast cancer subtypes according to age
28–40 years
Luminal A-like

N (%)
37 (6.2%)
9 (24.3%)

Luminal B-like (HER2-negative)

11 (29.7%)

Luminal B-like (HER2-positive)

1 (2.7%)

HER2-positive, non-luminal
Triple-negative
Unknown
41–74 years

3 (8.1%)
13 (35.1%)
0
511 (86.0%)

Luminal A-like

238 (46.6%)

Luminal B-like (HER2-negative)

168 (32.9%)

Luminal B-like (HER2-positive)

30 (5.9%)

HER2-positive, non-luminal

24 (4.7%)

Triple-negative

45 (8.8%)

Not fitting any subtype

1 (0.2%)

Unknown

5 (1.0%)

75–87 years

46 (7.7%)

Luminal A-like

24 (52.2%)

Luminal B-like (HER2-negative)

13 (28.3%)

Luminal B-like (HER2-positive)

2 (4.3%)

HER2-positive, non-luminal

0

Triple-negative

5 (10.9%)

Unknown
Whole cohort

2 (4.3%)
594 (100%)

Previously published in Article IV. (Reprinted under CC BY 4.0 license © 2020 Authors).
HER2 = human epidermal growth factor receptor 2.
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5.4.2 Survival analysis
Five- and ten-year BCSS were analysed in the whole patient material and in the
different subtypes separately. The estimated 5- and 10-year BCSS were 95.8% and
91.4%, respectively, in the whole cohort, as shown in Table 17. The longest
estimated 5- and 10-year BCSS were observed in the luminal A-like cancers (99.6%
and 97.9%, respectively), while the poorest 5-year BCSS was observed in the
TNBC subgroup (85.6%). The luminal B-like (HER2-positive) subgroup showed
the poorest 10-year BCSS in the analysis (80.6%). When BCSS was compared
between the subtypes, the luminal A-like subtype showed a more favourable
prognosis (p < 0.005 for all), as presented in Figure 15. We did not observe any
other statistically significant differences between the subgroups’ BCSS.

HER2 = human epidermal growth factor receptor 2, TNBC = triple-negative breast cancer, neg. =
negative, pos. = positive.

Fig. 15. Long-term breast cancer-specific survival according to intrinsic subtype
immunohistochemical surrogates. Previously published in Article IV. (Reprinted under
CC BY 4.0 license © 2020 Authors).
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Table 17. 5- and 10-year breast cancer-specific survival (BCSS).
Subtype

N (%)

Luminal A-like

10-year BCSS

99.6%

97.9%

27 (4.5%)

92.4%

88.6%

HER2 overexpression
Luminal B-like (HER2-negative)

5-year BCSS

271 (45.6%)
192 (32.3%)

95.7%

86.3%

TNBC

63 (10.6%)

85.6%

83.9%

Luminal B-like (HER2-positive)

33 (5.6%)

89.5%

80.6%

Unknown

8 (1.4%)

Whole cohort

594 (100%)

95.8%

91.4%

Previously published in Article IV. (Reprinted under CC BY 4.0 license © 2020 Authors).

5.5

Parity and breast cancer survival (Study IV)

5.5.1 Gynaecological characteristics
Age at menarche and menopause and the number of deliveries were recorded
according to patient interviews (anamnesis) at the time of the initial BC diagnosis.
The median ages at menarche and menopause were 13 and 58 years, respectively,
as presented in Table 18. Most patients (390, 65.7%) were postmenopausal at the
time of the initial BC diagnosis. A total of 156 (26.3%) patients were
premenopausal, and 10 (1.7%) patients were perimenopausal (Table 18).
The number of deliveries varied between 0 and 12 (median 2) (Table 18). A
total of 470 (79.1%) patients had at least 1 delivery, 68 (11.4%) patients were
nulliparous, and 41 patients had ≥ 5 deliveries. Of these 41 patients, 17 (41.5%)
were classed in the luminal A-like subgroup, 16 (39.0%) in the luminal B-like
(HER2-negative) subgroup, 2 (4.9%) in the luminal B-like (HER2-positive)
subgroup) and 5 (12.2%) in the TNBC subgroup. One patient’s tumour did not fit
into any subgroup.
Table 18. Gynaecological characteristics.
Character

N (%)

Age at breast cancer onset
28–40 years

37 (6.2%)

41–74 years

511 (86.0%)

75–87 years

46 (7.7%)

Median

58 years

Age at menarche
10–12 years

159 (26.8%)

99

Character
13–14 years
15–17 years

N (%)
205 (34.5%)
97 (16.3%)

Missing

133 (22.4%)

Median

13 years

Menopausal status
Premenopausal

156 (26.3%)

Perimenopausal

10 (1.7%)

Postmenopausal

390 (65.7%)

Missing

38 (6.4%)

Median age at menopause

48 years

Number of deliveries before breast cancer diagnosis
0

67 (11.3%)

1

77 (13.0%)

2

186 (31.3%)

3

118 (19.9%)

4

45 (7.6%)

≥5

41 (6.9%)

Missing

60 (10.1%)

Median number of deliveries

2

Previously published in Article IV. (Reprinted under CC BY 4.0 license © 2020 Authors).

5.5.2 Associations between deliveries and clinicopathological
characteristics
The number of deliveries was not associated with the traditional prognostic factors
(tumour size, histopathological grade, Ki67 expression, subtype and HER2, ER or
PR expression) or with bilateral or multifocal BC. Age at BC onset correlated with
the absolute number of deliveries (p = 0.000078; correlation coefficient 0.170).
High parity (≥ 5 deliveries) before an initial BC diagnosis was associated with the
presence of lymph node metastases in a whole-cohort analysis (p = 0.0020) but not
in any subgroup. A total of 9.91% of patients with 4 ≤ deliveries had a distant
recurrence during the follow-up period, compared to 24.4% in the group with ≥ 5
deliveries (p = 0.0090).
5.5.3 Number of deliveries and breast cancer prognosis
Having ≥ 5 deliveries in the reproductive anamnesis was associated with an
unfavourable BCSS (p = 0.0020 in univariate analyses) when all patients were
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included in the analysis, as shown in Figure 16A. We were unable to confirm this
result in the multivariate analyses. When the subtypes were assessed separately, we
detected that high parity correlated significantly with poor BCSS in the luminal Blike (HER2-negative) cancers (log-rank p = 0.00074) (Figure 16B), confirming this
result using a multivariate analysis (HR 2.63; 95% CI 1.04–6.62; p = 0.040),
including tumour size (T1 vs T2–4; HR 2.98; 95% CI 1.27–6.99; p = 0.012) and
nodal involvement (N0 vs N1–3; HR 5.21; 95% CI 1.70–16.0; p = 0.0039). No
correlation between high parity and BC outcomes was observed in any other
subgroup in this analysis.
We studied age at BC onset as a continuous variable along with parity in the
Cox regression model and observed that having ≥ 5 deliveries was still an
independent prognostic factor with an HR of 3.45 (95% CI 1.62–7.38; p = 0.001).
Notably, age was not significantly correlated with prognosis in this model, with an
HR of 0.98 (95% CI 0.96–1.01; p = 0.22). We did not observe any difference in
BCSS when comparing parous and nulliparous patients (p = 0.991).
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Fig. 16. High parity (≥ 5 deliveries) before breast cancer diagnosis predicted poor breast
cancer-specific survival in the overall cohort (A) and the luminal B-like (HER2-negative)
breast cancers (B). Previously published in Article IV. (Reprinted under CC BY 4.0
license © 2020 Authors).
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6

Discussion

BC screening strives for early detection, and the treatment of EBC is curative,
whereas follow-up focuses on the early detection of cancers that relapse locally or
metastasize despite adequate treatment and early diagnosis. New clinical tools to
distinguish aggressive disease prone to recurrence are needed. The treatment aim
for local relapse is curative; therefore, the prognostic factors associated with it have
clinical relevance, in addition to creating interest for further studies.
We studied the IHC expression of CLDN3, 4, 7, AR, MR and GRβ in BCs
stratified into biological subgroups and assessed their impact on patient outcomes.
Both Studies I and III are on a continuum with previous works, constructing a series
of studies about the molecular features and prognosis of TNBC and its subgroups
(Karihtala et al., 2013). The aim of these studies was to find new prognostic factors,
especially for the TNBC subtype, and clarify the molecular features of this subtype
by studying the expressions of CLDN3, 4, 7, AR, MR and GRβ.
Study II was a continued study of type I collagen serum biomarkers previously
associated with BC survival (Jukkola et al., 1997, 2001). In a prospective setting,
the original aim at the time of initial patient recruitment was to identify serum
biomarkers that could predict early disease recurrence. The research question for
Study II was narrowed down to whether PINP and ICTP as type I collagen
metabolism biomarkers could be associated with BC survival overall or with
different subtypes in a prospective setting.
Study IV was an independent study based on the prospective cohort used for
Study II, presenting real-world data on 5- and 10-year BCSS overall and separately
for different BC subtypes classified by the current ESMO EBC definition (Senkus
et al., 2015). In addition, the research interest in Study IV was to identify clinical
characteristics related to BC survival. Thus, we investigated the association
between various gynaecological characteristics, parity in particular, and BC
survival.
As far as we know, this study is the first to systematically assess the expressions
of CLDN3, 4 and 7 as prognostic markers separately in cytoplasm and on cell
membranes. To the best of our knowledge, GRβ expression has not been evaluated
in any cancer. The results of this study suggest that CLDN3, the steroid receptor
MR, the type I collagen degradation marker ICTP and parity could, to some extent,
add new prognostic information in addition to the traditional established prognostic
factors in specific BC subtypes. We observed that 10-year BCSS was, as expected,
very good but notably different between the intrinsic subtypes.
103

6.1

Patient material

According to the Finnish Cancer Registry, the number of reported new BC cases in
the Northern Ostrobothnia region during the years 2003–2013 was roughly
estimated at 250 per year (Finnish Cancer Registry, 2022). It should be recognized,
however, that this may not be the exact number of new diagnoses each year, since
the statistic is constructed according to the reported cases. However, this statistic
can be considered reliable, and it gives, at the very least, an approximate idea of all
new diagnoses. Compared to this number, roughly estimated, almost every fourth
BC patient in the Northern Ostrobothnia area during the years 2003–2013 was
included in the prospective cohort used for Studies II and IV. The distribution of
tumour sizes, nodal status, histological and molecular (intrinsic) subtypes, median
age of disease onset and disease recurrence rates are well in line with other recently
studied cohorts (Abubakar et al., 2018; Ignatov et al., 2018). Therefore, the patient
material in the prospective cohort can be considered reliable and a representative
sample of all BC patients diagnosed and treated at the same time and in the same
geographical area. In contrast, the retrospectively collected patient material in
Studies I and III has a quite different constitution. The patient material is a
previously collected cohort that was updated for Studies I and III. This cohort
combined TNBC patients from Oulu and Kuopio University Hospitals. The purpose
of combining patients from two hospitals was to extend the small number of TNBC
cases for possible further subgrouping according to the research questions (only
approximately 10% percent, numbering 68 and 63, of the TNBC patients were
observed in the prospective cohort of Studies II and IV, respectively). Study cohorts
I and III were enriched with TNBC patients to study this particular subtype in detail.
For comparison and as the reference group, the ER+/PR+/HER2- patients included
in the cohort were randomly selected by diagnosis code according to their date of
diagnosis, stage (patients with distant metastases at the time of diagnosis were
excluded) and availability of tumour tissue for research purposes from the archives
of the Department of Pathology at Oulu University Hospital. HER2-positive cases
were excluded. We included hormone receptor-positive reference patients in the
cohort to observe and study possible differences in the expression of the selected
markers and their association with survival. The proportions of TNBC/hormone
receptor-positive patients were 60.4%/39.6% and 63.2%/36.8% in Studies I and III,
respectively. The research interest included the associations of the studied markers
with the previously studied EMT markers in the same patient material. Thus, this
imbalance regarding the proportion of the subtypes in the cohorts of Studies I and
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III was unalterable. However, a larger number of TNBC cases was necessary for
addressing the research question. In addition, a notable characteristic of these
cohorts was the distribution of tumour size and nodal status (44.7% T1 in Study I
and 38.2% T1 in Study III; 45.1% and 48.0% node-positive patients in Studies I
and III, respectively), compared to 64.3% (T1) and 38.3% (positive nodal status)
in Study II and 64.7% (T1) and 38.1% (positive nodal status) in Study IV. These
differences were also reflected in the 2.5–3-fold number of distant disease
recurrences observed during a comparable follow-up time between Studies I and
III compared to Study IV (median follow-up time 100 and 102 months,
respectively). This may have created bias, but may also, at least to some extent,
reflect the fact that TNBC is considered an aggressive subtype, diagnosed more
often as locally advanced and associated more frequently with disease recurrence
(Foulkes et al., 2010; Metzger-Filho et al., 2012; Prat & Perou, 2011). Another
possible bias in the data related especially to small tumours should be noted. The
availability of tumour material for (recurrent) research use was more limited for
smaller tumours. This was also reflected in the smaller number of patients in Study
III compared to Study I. In conclusion, the patient material in Studies I and III
included a few notable features that possibly affected the results, which should be
recognized in the interpretation of the results. Nevertheless, the patient and tumour
data were reliably collected and presented, and the statistical analysis can be
considered appropriate. These studies (I and III) were more experimental in nature,
which is also reflected in the smaller number of patients and the distinguishing
characteristics of the patient material compared to Studies II and IV.
6.1.1 Age groups in Study IV
The definitions for ‘young’, ‘middle-aged’ and ‘old’ patients for Study IV were
decided according to what we considered clinically most relevant to investigate the
distribution of different subtypes in these age categories. We used three age classes:
< 41 years, 41–74 years and ≥ 75 years. This resulted in three unevenly sized
groups, which we found acceptable, since no statistical analysis was conducted for
these divisions, only a comparison of the number of different subtypes. However,
the sample sizes of young and old patients were quite similar and thus easier to
compare. The comparison between young and old patients was the most interesting,
since we correctly assumed that the most frequently diagnosed subtypes in these
age groups would be different (Table 16). Dividing patients, for example, according
to their menopausal status, would have resulted in lower accuracy due to a
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comparison between only two groups with less age difference, added to the fact
that the menopausal status of 38 patients (6.4%) was missing. However, age at
disease onset was available for all study participants. Since there are no established
age limits for young and old BC patients, various definitions have been used
previously. The most frequently used cut-off ages for young patients are 35 and 40
years, and for old patients, the age limit varies from 60 to 80 years (Brandt et al.,
2015; Fredholm et al., 2009; Jayasinghe et al., 2005; Partridge et al., 2016; Wang
et al., 2018). However, age is a continuous variable reflecting a continuous
biological phenomenon, so all attempts to create suitable classifications remain
artificial and up to the researcher’s interpretation.
6.2

New prognostic markers

6.2.1 Usefulness of claudins 3, 4 and 7 in breast cancer prognosis
(Study I)
CLDN expression in BC seems to be complex, observed as varying expression
patterns and patient outcomes. The absence of a standardized approach to
immunohistochemical studies of CLDNs has resulted in notable variations in the
data derived from study to study. Another important aspect of
immunohistochemical CLDN expression when evaluating prognosis is the cellular
localization of the detected CLDN expression. Current studies evaluating CLDN
expression using IHC often focus on the assessment of membranous CLDNs.
Interestingly, in the context of cancer, CLDNs have been observed to be localized
to other cellular compartments, such as the cytoplasm (Corsini et al., 2018). Our
aim was to evaluate whether separate IHC assessment of the expression levels and
cellular locations of CLDN3, 4 and 7 could be associated with patient outcomes in
BC. Our results suggest that IHC cytoplasmic expression of CLDN3 and 7, possibly
due to EMT, could be used as prognostic factors for the TNBC subtype. CLDNs
appear to be dynamic proteins that respond to various molecular stimuli through
remodelling (Yamazaki et al., 2011). The role of CLDNs expressed, perhaps
aberrantly, outside the TJs remains to be elucidated.
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Single expression of claudin 3, 4 or 7
High cytoplasmic CLDN3 indicated a poor prognosis in our material,
independently predicting local recurrence among the TNBC patients. Up to 33% of
the patients with strong cytoplasmic CLDN3 expression suffered a local recurrence
during follow-up, despite surgical and oncological treatment. This may reflect
patient selection, since the cohort was enriched with TNBCs but also consisted of
relatively large tumours and many patients with nodal involvement. However, our
results indicate that CLDN3 expression is associated with a dismal prognosis
(Figures 4–6). Notably, the number of patients assessed to have high cytoplasmic
CLDN3 expression was much lower compared to the group with low expression
(13 and 174, respectively), an issue that should be assessed in future studies, if
possible. Membranous CLDN3 expression did not show any prognostic
significance in our study, a noteworthy detail, since current studies have mostly
focused on the membranous expression of CLDN3. In a recent study, high CLDN3
mRNA expression correlated with poor RFS in all subtypes pooled together, as well
as in the luminal A subtype (Yang et al., 2021). In addition, high CLDN3 expression
was associated with poor OS, DDFS and post-progression survival in all patients
(Yang et al., 2021).
Membranous CLDN4 expression has been associated with poor prognosis in
BC, but no evidence of cytoplasmic expression and its relation to BC prognosis has,
to the best of our knowledge, been published. High membranous CLDN4
expression independently predicted worse BCSS and RFS when all subtypes were
included in the analysis in the study by Lanigan et al. (2009). Positive membranous
CLDN4 has been associated with better DFS in TNBC and shorter DFS in
ER+/PR+/HER- luminal BCs, whereas positive membranous CLDN3 expression
was observed to be associated with longer DFS in ER+/PR+/HER- luminal BCs
(Kolokytha et al., 2014). Logullo et al. (2018) did not establish any relationship to
survival with membranous CLDN4 and 7 expression in any of the intrinsic subtypes
in a series of 793 invasive BCs. Neither did Ma et al. (2014) in a series of 173
TNBC. High expression of membranous CLDN4 combined with E-cadherin has
been associated with worse RFS in ER+/PR+/HER- luminal BCs, whereas low
expression of the combination was associated with better RFS in TNBC (Szasz et
al., 2011). Recently, high mRNA expression of CLDN4 was associated with poor
OS when all patients were included in the analysis (Yang et al., 2021). In our study,
high-level cytoplasmic expression of CLDN4 was associated with dismal DDFS in
ER+/PR+/HER- patients, but no other associations with survival or
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clinicopathological parameters were observed. High cytoplasmic CLDN4
expression has been observed in TNBC BCs, and it was associated with
unfavourable clinical characteristics, such as large tumour size, high histologic
grade and nodal involvement, but no survival analysis was conducted (AbdElazeem & Abd-Elazeem, 2015).
High cytoplasmic expression of CLDN7 was significantly associated with
worse RFS in the multivariate analysis, in addition to being associated with clinical
characteristics related to poor prognosis: TNBC subtype, larger tumour size and
poorer differentiation. The number of patients with both high and low cytoplasmic
CLND7 expression was quite balanced (Figure 6A), although CLDN7
immunoreactivity was very low, and thus the cut-off for ‘high’ was 5%. Like our
observations of CLDN3, a correlation with survival was seen with cytoplasmic
CLDN7 expression, whereas membranous expression was not associated with
prognosis. Membranous CLDN7 expression has been associated with shorter DFS
(in TNBC) and RFS (not in any specific subtype) (Bernardi et al., 2012; Choi et al.,
2012). High mRNA expression of CLDN7 was associated with a poor prognosis
for DDFS (Yang et al., 2021). In basal-like BC, a high mRNA expression of
CLDN7 was found to be correlated with poor RFS, while in patients with luminal
B, a high expression of CLDN7 was associated with poor RFS and OS (Yang et al.,
2021).
Combined expression of claudins 3, 4 and 7
Interestingly, in our study, high cytoplasmic expressions of CLDN3, 4 and 7
together predicted poor RFS in the whole cohort, as well as in the TNBC and
ER+/PR+/HER2- subgroups. Expression of this ‘combined’ parameter was also
associated with an ER+/PR+/HER2- phenotype, larger primary tumours and poor
differentiation. The number of patients with high and low combined CLDN3, 4 and
7 expression was compatible (Figure 6B). Many other studies have reported that
claudin-low BCs identified by gene expression profiling have a relatively poor
outcome, somewhat intermediate between that observed within the luminal A- and
HER2-enriched subtypes (Hennessy et al., 2009; Prat et al., 2010).
Immunohistochemical studies have associated low expression of several CLDNs
with poor prognosis, but with varying definitions of the subtype (Katayama et al.,
2017; Lu et al., 2013). Dias et al. (2017) reported the lowest rate of local
recurrences in the subgroup of claudin-low BCs compared to any other molecular
subtype studied. No data on cytoplasmic CLDN expression in association with BC
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survival have been available. The heterogeneity observed within the claudin-low
subtype regarding clinical features, expression patterns and patient outcome has
spurred a range of refined studies on the subject. This diversity seen in cancers
might be due to a variety of cells-of-origin but also different tracts of cancer cell
evolution (Pommier et al., 2020). Notably, new studies elucidating CLDN
regulation and cellular functions, as well as alterations present under
carcinogenesis, are mostly cell culture and animal model studies. The applicability
of this type of information to human cancers and clinical real-world diagnostics
still needs translational research, whereas our results need validation in an
independent BC cohort. Immunohistochemical and gene panel approaches to
identifying an undisputable claudin-related BC subtype related to patient outcome
remain a future prospect.
6.2.2 Usefulness of androgen receptor, mineralocorticoid receptor
and glucocorticoid receptor β in breast cancer (Study III)
No significant associations between the studied SR and patient outcomes were
observed when survival was assessed in the whole population in the univariate
analysis. When the TNBC and ER+/PR+/HER2- patients were assessed separately,
MR and AR were associated with several survival parameters.
Androgen receptor
As expected, we observed almost solely nuclear (97.8%) AR expression; only 3
samples (2.2%) expressed positive cytoplasmic staining, which is in line with most
of the studies reviewed in Table 7. Søiland et al. (2008) measured cytoplasmic AR
expression, reporting an association between prolonged RFS and high AR levels.
However, to the best of our knowledge, no other evidence of cytoplasmic AR
expression exists. Nuclear AR expression was significantly associated with the
ER+/PR+/HER2- phenotype, an expected result since AR expression was strongly
correlated with the expression of ER in most of the studies presented in Table 7.
We observed no correlation between cytoplasmic AR expression and survival. In
line with the literature, AR was prominently overexpressed in the ER-positive BCs.
Nuclear AR expression was associated with dismal RFS in the ER+/PR+/HER2phenotype, but only in the univariate analysis. This contradicts previous studies
(Table 7). The discrepancy may be due to patient selection, the use of whole-tissue
samples versus tissue microarrays, differences in cut-off values and follow-up time,
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as well as variation in definition of the subtypes. Our patient sample was quite small:
49 patients with the ER+/PR+/HER2- phenotype and assessable nuclear AR
expression (28 patients with positive and 21 patients with negative nuclear AR
expression), with a low number of disease recurrences, most probably affecting the
results (Figure 7B).
AR expression has been related to many survival parameters, both in ERpositive BC and TNBC (reviewed in Table 7). We were unable to replicate many of
the previous results since the effect of AR on survival in previous studies was
heterogeneous, and the number of patients in our study was quite limited. Some
light on the relationship between AR and survival has been shed by a recent metaanalysis, including 27 studies and 4914 patients with TNBC (Xu et al., 2020). The
authors concluded that AR expression was not associated with prognosis in TNBC
when DFS, OS, DDFS and RFS were assessed. Interestingly, most studies referred
to in Table 7, as well as previous meta-analyses, have reported a significant
correlation with at least some of the survival parameters assessed (Qu et al., 2013;
Vera-Badillo et al., 2014; Wang et al., 2016). Notably, TNBC exhibits a high degree
of molecular heterogeneity as well as an overall low but varying extension of AR
expression (Lehmann et al., 2011, 2016; Wang et al., 2016). Thus, larger numbers
of patients in study cohorts could be needed to comprehensively determine the
prognostic role of AR in TNBC. A standardized definition for the threshold of AR
positivity would also help future investigations establish the role and variation of
AR expression in BC, leading the way for the use of AR as a predictive marker. In
regards to other subtypes, a distinct evaluation of the prognostic role of AR should
be performed in relation to known and established prognostic factors, namely
defining BC subtypes and assessing AR and survival in a structured way to prevent
inaccuracies from controllable confounding factors.
Regarding clinical characteristics, AR was associated with smaller tumour size
and lower tumour grade in our whole cohort. This is well in line with previous
studies (Gerratana et al., 2018; Kensler et al., 2019) When assessed separately, AR
expression was related to favourable characteristics (reviewed in Section 2.5.1). In
the ER+/PR+/HER2- subgroup, nuclear AR expression was significantly
associated with smaller tumour size, whereas in the TNBC subgroup, nuclear AR
expression was associated with better differentiation.
AR is currently under investigation as a predictive marker. Clinical trials
evaluating AR antagonists that are used to treat prostate cancer have shown clinical
benefit in advanced or metastatic breast cancers expressing AR but lacking ER/PR
expression (Gucalp et al., 2013; Traina et al., 2018). The challenge for the use of
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AR as a predictive marker is that the cut-off value of AR positivity is not yet well
defined. Identifying the patients expected to benefit the most from AR-targeted
therapies remains to be clarified.
Mineralocorticoid receptor
According to the literature, MR expression has not been related to BC patient
outcomes. Overall, the role of MR in cancers, especially BC, is still quite unclear.
We observed that overall, lower MR expression was significantly associated with
the TNBC phenotype compared to the ER+/PR+/HER2- cancers (Table 14).
However, our survival results suggest that over-median (H score > 15) cytoplasmic
MR expression is significantly associated with prolonged OS, BCSS and DDFS in
the TNBC subgroup, but only in the univariate analysis. Thus, the observed
association may be due to differences in tumour size and nodal status. The number
of TNBC patients with higher (over-median) cytoplasmic MR expression was 54
compared to 27 patients with lower cytoplasmic MR expression.
MR expression has been related to better outcomes and clinical characteristics
in other cancers (Jeong et al., 2010; Nie et al., 2015; Tiberio et al., 2013). In line
with our survival results and the aforementioned studies, stronger cytoplasmic MR
expression was associated with favourable clinical characteristics in the TNBC
subgroup, such as low grade, slow proliferation and negative nodal status.
We observed that higher (over-median, H score > 15) cytoplasmic MR
expression was significantly and independently associated with worse RFS in the
ER+/PR+/HER2– cancers when the established prognostic factors of tumour size
and nodal status were included in the analysis. There are no other published BC
studies to clarify, support or contradict the interaction between ER and MR in breast
carcinogenesis. This suggests that MR may be associated with local invasion in
ER+/PR+/HER2– cancers, although the number of patients and recurrences in this
analysis was low (Figure 12). A possible mechanism behind the observed result
could be steroid receptor crosstalk. ER, PR, AR, MR and GR bind DNA as dimers.
Their DNA response elements on the promoters are similar, and overlapping
binding has been reported (Voutsadakis, 2016). Other ideas for biological
explanations underlying the observed results could be related to known cancer
hallmarks. From cardiac studies, MR activation is known to enhance fibrosis and
collagen I deposition, which are also recognized as cancer hallmarks (Ibarrola et
al., 2020). Another possible mechanism underlying the observed poor local disease
control could be related to inflammation and vascular remodelling (Kobayashi et
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al., 2006; Stas et al., 2007). These explanations in relation to breast pathogenesis
are highly speculative and need further research to clarify both the prognostic role
of MR and the cellular mechanisms behind it.
Glucocorticoid receptor β
No associations between GRβ expression and patient outcomes were observed. As
far as we know, our study is the first report on GRβ protein expression evaluated in
any cancer, and thus no contradictory or confirmatory studies can be used in
comparison. An inverse correlation between GRβ and the EMT marker vimentin
was observed in the ER+/PR+/HER2– BCs, and, codirectionally with this, GRβ
expression was associated with lower proliferation in the whole cohort. GRβ has
been observed to enhance the proliferation of glioma and prostate cells (Ligr et al.,
2012; Wang et al., 2015), and GRβ expression was reported in ER-positive MCF-7
cells over 10 years ago (Piotrowska & Jagodzinski, 2009). However, in our study,
cytoplasmic GRβ was significantly associated with the ER+/PR+/HER- phenotype.
We observed no detectable nuclear GRβ staining, yet it is known that GRβ is
expressed in the cellular compartments of the cytoplasm and the nucleus (de Castro
et al., 1996; Oakley et al., 1996). No reports on a possible change in expression
pattern during and due to pathogenesis are available to relate to this finding. It needs
to be underlined that the role of GRβ in breast cancer is still very unclear due to a
lack of research interest.
6.2.3 Epithelial-to-mesenchymal transition in relation to claudins and
steroid receptors (Studies I and III)
The relationship between AR, MR, GRβ and EMT is not yet comprehensively
understood, although accumulating evidence exists for these steroid receptors
regulating EMT core TFs (Voutsadakis, 2016). To the best of our knowledge, no
previous data exist regarding the relationship between GRβ or MR and the EMT
markers of vimentin, Sip1 and Zeb1 in human BC. In Study III, some connections
between the studied markers (AR, MR and GRβ) and EMT-related factors were
observed. Downregulation of vimentin was seen in the patients with high AR
expression and the TNBC phenotype. Cytoplasmic GRβ expression was inversely
associated with vimentin expression in the whole cohort and with both the TNBC
and non-TNBC subgroups. We did not observe connections with MR expression or
any EMT marker expressions in the non-TNBC group. In the TNBC patients,
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higher MR expression was associated with decreased expression of vimentin and
increased expression of Sip1. Studies assessing the relationship between AR and
EMT have suggested that dihydrotestosterone (DHT), an AR ligand, downregulates
E-cadherin, enhancing EMT and tumour metastasis (Liu et al., 2008). DHT induces
EMT in BC cells in an AR-dependent manner (Feng et al., 2017). Some in vitro and
animal model data have suggested that aldosterone exposure enhances EMT via
MR-mediated, mitochondrial-originated, ROS-dependent ERK1/2 activation
(Zhang et al., 2007). Possible crosstalk between steroid receptors may also be one
mechanism underlying the observed connections between MR and EMT markers
(Voutsadakis, 2016).
Studies assessing the relationship between the individual expression of CLDN3,
4, 7 and the aforementioned EMT markers in BC are rare. Katayama et al. (2017)
observed an inverse correlation between CLDN4 and Zeb1 expression in TNBC,
but other data, to the best of our knowledge, do not exist. Downregulated CLDN3
expression has been associated with increased vimentin expression in squamous
cell lung cancers, and CLDN3 expression has been found to inhibit EMT (Che et
al., 2015, 2018). We observed a strong association between the cytoplasmic
expression of CLDN3 and nuclear Sip1 expression. Further research, including
studies on intracellular pathways, is required to establish the relationship and
regulation of CLDN3, 4, 7 and EMT markers.
6.2.4 Type I collagen metabolism reflecting breast cancer survival
(Study II)
To investigate the clinical use of serum PINP and ICTP levels as BC prognostic
markers, we analysed the pre- and postoperative serum levels of PINP and ICTP of
612 BC patients according to the molecular subtype. We observed that elevated
preoperative serum ICTP levels were independently associated with better BCSS
in luminal B-like (HER2-negative) EBC when the effects of tumour size and nodal
status were controlled for. In addition, we found that low preoperative serum ICTP
levels were associated with dismal local RFS in the TNBC subtype. The number of
patients in both groups (high/low preoperative ICTP) was similar (Figures 9 and
10).
The median serum level of preoperative ICTP in our study, 4.471 μg/l, is within
what are considered normal reference values for women over the age of 18 years
(2.1–5.6 μg/l). A total of 10.0% of the patients in Study II had ICTP serum levels
higher than 5.6 μg/l (unpublished data). BC patients have been reported to have
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elevated serum concentrations of ICTP (Imamura et al., 2015; Jukkola et al., 1997;
Keskikuru et al., 1999). Elevated ICTP serum levels have also been observed with
increased bone turnover (Koivula et al., 2012; Szulc, 2012; Wright et al., 2014).
In a study by Imamura et al. (2015), higher preoperative ICTP was associated
with poorer RFS in postmenopausal women; no data on the BC subtypes were
available. A total of 10.7% of patients in the study developed distant metastases
during 23.6 months of follow-up. Keskikuru et al. (2002) observed an association
between higher preoperative ICTP levels and worse DFS and OS. However, no
subtype data were available, and up to 35% of the patients in the study developed
recurrence during the 62-month follow-up period, which can be considered an
exceptionally large proportion. The AZURE trial data indicated that high
preoperative PINP and ICTP levels are associated with bone recurrence but not with
other endpoints, but no analysis of BC subtypes in relation to ICTP levels and
survival was conducted (Brown et al., 2018). In our study, we observed no
associations between PINP (pre- or postoperative) and survival. Similarly,
postoperative ICTP levels were not associated with patient outcomes. Notably, we
observed a significant association between elevated ICTP levels only in the subtype
analysis; no relation to survival was observed in the whole study population. We
also observed that pre- and postoperative ICTP concentrations were elevated along
the stages (Figure 8). This finding has been confirmed in other cancers
(Nurmenniemi et al., 2012).
Some features of the ECM could help explain the results. Differences in the
composition, organization and alterations of the ECM present during BC
tumorigenesis may differ between subtypes, which could be reflected in ICTP
serum levels (Golaraei et al., 2016). Despite the overall increase in collagen fibre
density, active ECM remodelling characterizing the more aggressive subtypes may
result in lower rates of aligned invasion-promoting organization of type I collagen,
thus suggesting that the ECM may in some cases function protectively, as reflected
in our results (Brabrand et al., 2015; Conklin et al., 2011; Provenzano et al., 2006).
In relation to ICTP and its clinical use as a bone turnover marker, one possible
confounding factor should be adduced. As a significant portion of BC patients are
postmenopausal women, and among this patient group, the prevalence of
osteopenia and osteoporosis has been estimated to be notable, it is possible that
some of the detected ICTP in serum samples could reflect type I collagen
degradation occurring during bone turnover (Koivula et al., 2012; Szulc, 2012;
Wright et al., 2014). In Study II, we did not include the data about the median age
of BC onset, menopause status and median age of menopause, but in Study IV this
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was recorded. As the cohorts almost completely overlap (in Study IV, 18 patients
in the Study II cohort were excluded), the data are reliable in estimating the results
of Study II. The median age of BC onset was 58 years, the proportion of
postmenopausal women was 65.7% (390 patients), and the median age of
menopause was 48 years. However, the effects of osteopenia and osteoporosis
cannot be determined in the interpretation of the results since this information was
not available.
As far as we know, this was the first prospective study to investigate the
prognostic role of the type I collagen metabolism markers PINP and ICTP of BC
patients stratified in BC subtypes using the current ESMO EBC definition (Senkus
et al., 2015). Our patient material was reliably collected, and concurrent treatment
recommendations were applied. The proportion of the subtypes, as well as the local
and distant recurrence rates, are well in line with contemporary treatment results
(Abubakar et al., 2018; Ignatov et al., 2018; Panet-Raymond et al., 2011). Our
patient material with a long follow-up period of 72 months can be considered
representative of BC patients, and discrepancies observed with previous studies
could possibly be due to patient selection.
6.2.5 Parity in relation to breast cancer outcome (Study IV)
We assessed the relationship between parity and BC survival in a prospective
setting, using the ESMO EBC guidelines to define the 5 intrinsic subtypes (Senkus
et al., 2015). High parity (defined as 5 or more deliveries) presented as an
independent prognostic factor in the luminal B-like (HER2-negative) subtype
cancers when the effects of tumour size and nodal status were controlled for. In
addition, high parity was associated with lymph node metastases in the whole
cohort but not with specific subtypes. A total of 24.4% of the 41 patients with 5 or
more deliveries were diagnosed with distant recurrence compared to 9.91% of the
patients with 4 or fewer deliveries. The difference was statistically significant and
seems also clinically meaningful. Only 16 patients (9.0%) in the luminal B-like
(HER2-negative) subgroup reported having had 5 or more deliveries before their
BC diagnosis, and the number of breast cancer-related deaths was small (Figure
16B). This should be taken into account when interpreting the results.
The cut-off for high parity (defined as 5 or more deliveries) in our patient
material was possible, due to overall notably higher regionally observed parity
compared to Finnish median values (Official Statistics of Finland, 2022). Although
the median number for childbirth in our material was 2, 34.4% of the patients in
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the cohort reported 3 or more deliveries, and 14.5% reported 4 or more deliveries
before their BC diagnosis. This could be considered important, since high parity in
the Northern Ostrobothnia geographical area may offer a unique possibility for
investigating how high parity is associated with BC survival. Out of the 41 patients
with 5 or more deliveries, 9 (22.0%) were premenopausal, 31 (75.6%) were
postmenopausal, and the menopausal status of 1 patient was unknown (unpublished
data).
Parity is known to increase the risk of BC in the years after pregnancy, followed
by a long-term protective effect (Albrektsen et al., 2005). The risk-increasing effect
of parity focuses on premenopausal BCs, extending up to more than 20 years after
childbirth (Nichols et al., 2019). The effect of parity on BC risk seems to decrease
for postmenopausal breast cancers compared to premenopausal breast cancers
diagnosed within a shorter time interval after pregnancy (Pathak et al., 1986).
Previous studies investigating the relationship between parity (defined as a
number of pregnancies) and BC prognoses have demonstrated varying results. Thus,
parity has been associated with both better and poorer patient outcomes (referred
to in Section 2.7.2). Discrepancies between studies may be due to variety in the
number of pregnancies considered as high parity, heterogenous patient material and
varying subtype definitions. In addition, the nature of retrospective registry-based
studies affecting this heterogeneity needs to be considered as a possible underlying
factor in these contradictions. To the best of our knowledge, parity has not been
assessed as an independent prognostic factor using contemporary definitions of the
intrinsic subtypes and real-world prospective patient data from a single institution.
Notably, high parity in the TNBC and HER2-positive subtypes, as well as the
luminal subtype (luminal A and luminal B subgroups combined), have been
associated with poorer BC prognosis in registry-based studies (Park et al., 2019;
Sun et al., 2016). In those studies, the cut-offs used in defining high parity were 3
and 4, respectively. We were unable to replicate this result regarding the TNBC and
HER2-positive subtypes, possibly due to differences in patient selection and sample
size. In our data, an optimal cut-off for defining high parity was found to be 5
deliveries. In regards to the results presented by Sun et al. (2016), we used a more
specific definition of the luminal subtypes, which could be considered relevant
since the luminal-A-like and the luminal B-like (HER2-negative) subtypes differ in
terms of aggressiveness and clinical outcome (Ades et al., 2014; Creighton, 2012;
Zhang et al., 2014). Luminal B-like BCs do not show an equivalent expression of
oestrogen-regulated genes, so it has been suggested that despite ER expression,
they may utilize alternative pathways for growth (Creighton, 2012).
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The post-partum microenvironment should be considered in interpreting the
results. During mammary gland involution, the physiologically collagen-rich ECM
may convert to be tumour-promoting and facilitate metastasis via collagen, COX2, M2 type of macrophages and activated wound healing pathways (Lyons et al.,
2010, 2011; Slocum et al., 2019). Also, the subtype-specific ECM changes may
play a role that affects the relationship between high parity and luminal B-like
(HER2-negative) BCs’ prognoses (Bergamaschi et al., 2008; Maller et al., 2021;
Natal et al., 2018).
Parity induces biological changes that extend to later diagnoses of BC and its
metastasis and, according to our results, particularly in oestrogen-dependent,
rapidly proliferating BCs (Goddard et al., 2019). ER expression may be central in
these parity-related changes in the breast, since the hormonal microenvironment
during pregnancy involves augmented proliferation and decreased apoptosis,
potentially stimulating growth via crosstalk between ER and IGF signalling
(Slepicka et al., 2019; Thorne & Lee, 2003). Thus, pregnancy may significantly
affect the tumour progression of ER-positive BCs (Rotunno et al., 2014). In BCs of
the luminal B-like (HER2-negative) subtype, known alternative pathways for
growth, such as the EGFR and PI3K/AKT/mammalian target of rapamycin
pathways, may underlie the observed association between poor prognoses and high
parity (Zhang et al., 2014).
As our results suggest that high parity is associated with worse BCSS,
especially in patients diagnosed with the luminal B-like (HER2-negative) subtype,
this information could be used to guide treatment and follow-up for these patients.
6.3

Survival of the five intrinsic subtypes of breast cancer
(Study IV)

Although BC survival and mortality have been thoroughly studied, prospective
studies reporting on long-term BCSS for each molecular subtype of BC using realworld data have been rare and, in Finland, even absent. We therefore aimed to
investigate subtype-specific, long-term outcomes in patients diagnosed with EBC.
The data were prospectively collected at a single institution, and the median followup time was 8.5 years. All the patients were treated according to concurrent
treatment recommendations at a Finnish university hospital. The
clinicopathological surrogates of the intrinsic BC subtypes were updated to match
the 2015 ESMO Early Breast Cancer Clinical Practice Guidelines (Senkus et al.,
2015).
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6.3.1 Survival
The estimated 5- and 10-year BCSS rates in the whole patient material were 95.8%
and 91.4%, respectively. Hennigs et al. (2016) reported 5-year relative OS in their
whole cohort to be 94.7%, supporting our results. The survival rates of the BC
patients in Study IV can be considered excellent (Table 4).
The longest 5- and 10-year BCSS were observed in the luminal A-like cancers
(99.6 and 97.9%, respectively). Only 2.1% of the luminal A-like BC patients died
due to BC during follow-up, which is consistent with the studies listed in Table 4.
The worst 5-year BCSS was observed in the TNBC subgroup (85.6%), and the
worst 10-year BCSS was seen in the luminal B-like (HER2-positive) subgroup
(80.6%). All the studies listed in Table 4 reported that the TNBC subtype had the
least favourable 5-year prognoses. This is consistent with our finding that the
TNBC subtypes had the worst 5-year prognosis. Interestingly, we found that the
luminal B-like (HER2-positive) subtype BCs had the worst 10-year BCSS at 80.6%,
while the TNBC subtype BCs had a 10-year BCSS of 83.9%. Ignatov et al. (2018)
reported 10-year OS to be under 80% for all subtypes except for the luminal A-like
subtype; however, TNBC had the worst survival rate in comparison to other studies.
When the subtypes’ BCSS was compared, the luminal A-like subtype had a
statistically significantly more favourable outcome than any other subgroup. Deniz
et al. (2019) observed the same, confirming the superior outcome of the luminal Alike subtype compared to other subtypes in terms of DFS, OS, DDFS and BCSS.
We did not observe any other statistically significant differences in BCSS between
the subgroups. Despite the excellent overall long-term outcomes, an absolute
difference of 17.3% was found between the 10-year BCSS of the subtype with the
best prognosis (luminal A-like) and the subtype with the worst prognosis (luminal
B-like HER2-positive).
Luminal A-like BCs are, by definition, slowly proliferating, hormonedependent diseases that have been related to very good patient outcomes.
Interestingly, ER-positive BCs (also slowly proliferating ones) may sometimes
metastasize over a long period of time, maintaining a significant recurrence rate up
to 20 years after diagnosis (Yu et al., 2019). In contrast, TNBCs tend to recur during
the first years after diagnosis (Ignatov et al., 2018; Lee et al., 2015; van Maaren et
al., 2019). This may be reflected in our finding of TNBC’s poorer BCSS observed
at 5 years compared to the other subtypes.
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6.4

Strengths and limitations of this study

The current thesis has some limitations. In all four studies, we were unable to
identify the exact biological subtypes of BC by genotyping, and we used
immunohistochemical surrogates of these subtypes. This may potentially lead to
some inaccuracies in the data, since IHC relies on a more subjective assessment
than gene expression profiling. However, standard IHC procedures used for routine
BC diagnostics have been reliably validated, and their use and reliability are well
established. Possible inaccuracies regarding the more experimental staining
procedures were compensated for with high pathological expertise and very good
inter-observer consensus, reducing this concern. However, using IHC as the only
method of evaluating less-established protein expression may limit the
interpretation of the results.
Another limitation of this study is the definition of positive ER expression. The
cut-off point for ER positivity changed in international guidelines from 10% to 1%
during the collection of the cohort and was gradually applied to clinical practice
(Hammond et al., 2010). This may have resulted in different definitions of
subgroups in some rare cases. Interestingly, accumulating evidence now suggests
that BCs expressing low ER positivity (1%–9%) behave similarly to ER-negative
BCs in regards to patient outcome and response to neoadjuvant chemotherapy
(Paakkola et al., 2021; Schrodi et al., 2021). These observations reduce the effect
of this limitation in relation to the results.
Regarding Study I, we defined claudin-low subtype when expression of
CLDN3 and 4 was recorded in less than 50% of malignant cells and in the case of
CLDN7 in less than 5% of cells. These cut-offs were roughly based on the observed
median levels of expression of individual CLDNs. With this criteria, a notable
proportion (19.5%) of cases met the criteria of membranous claudin-low BC. Since
both claudin-low BCs and TNBCs are considered to be much smaller subgroups in
unselected materials, we aimed to focus on CLDN expression, comparing it
between TNBCs and ER+/PR+/HER2- BCs. Therefore, TNBCs were
overrepresented in our material, and the proportion cannot be directly compared
with that in unselected materials.
The prognostic role of MR expression observed in Study III needs to be viewed
in relation to the relatively small number of cases in the non-TNBC group, although
the results were confirmed in the multivariate analysis when the effects of tumour
size and nodal status were controlled for.
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The limitations of Study IV, assessing the relationship between parity and BC
survival, relate to the data collected from recorded patient histories. We were unable
to gather information on some potentially confounding reproductive factors, such
as age at first childbirth, breastfeeding, time between last birth and BC onset, use
of oral contraceptives and hormone replacement therapy (Alsaker et al., 2013;
Anderson et al., 2014; De Mulder et al., 2018; Lambertini et al., 2016). The results
assessing parity and BCSS should be viewed in relation to the low number of
patients and especially the number of breast cancer-related deaths in the luminal Blike (HER2-negative) subgroup.
However, this study has some strengths. The use of a modern definition of BC
subtypes according to the ESMO Early Breast Cancer Clinical Practice Guidelines
is one. Survival assessed in terms of subtype-specific BCSS with a long median
follow-up time provides more detailed information on disease-specific outcomes.
The patients were treated according to concurrent treatment recommendations and
diagnostics at a university hospital. The patient data were reliably collected from
the patient records and stored with no apparent selection bias. The prospective
cohort is representative of BC patients and is well in line with other studies, which
reflects well on our findings.
6.5

Future perspectives

In the last few years, several new possibilities for improved and specified BC
diagnosis and treatment have emerged, and additional molecules are currently
being tested in clinical trials. With the help of applicable genetic information, new
personalized and accurate targeted therapies as well as escalation and de-escalation
of established therapies are contributing to the development of clinical care.
However, some clinical and scientific questions require continuous attention.
Precise diagnosis acknowledging intra- and intertumoural heterogeneity and
leading to effectively targeted therapies remains a challenge. Understanding the
tumour evolution of different types of BCs in relation to progression and recurrence
is essential. New prognostic and predictive tools facilitating clinical decisionmaking and refining patient selection for existing and emerging systemic
treatments remain the focus. Clarifying the concept of therapeutic resistance to
understand how to predict, prevent and overcome it is vital.
In regards to the current study, a few suggestions for future perspectives can be
made. Differing gene expression patterns of the ECM-related genes between the
subgroups in addition to the findings presented in this study are promising for future
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studies (Bergamaschi et al., 2008). A comprehensive study combining gene
expression profiling and IHC would be relevant to assess the ECM components as
well as their concordant organization in the ECM of real-world BC tumours of
different intrinsic subtypes. The results could clarify the observed prognostic
effects on elevated preoperative ICTP as well as the prognostic role of parity,
especially in the luminal B-like (HER2-negative) subtype, since parity-related
changes may well be related to the ECM of the TME. The results regarding parity
as a prognostic factor should be studied in a larger body of patient material and also
studied specifically according to the patient’s menopausal status at the time of
diagnosis.
An interesting aspect for future studies is AR expression as a predictive marker,
a subject that is increasingly being evaluated. Cytoplasmic MR expression may be
a new prognostic marker for EBC, but additional research, especially mechanistic
studies evaluating receptors, ligands and ligand-receptor interactions and repeated
IHC studies in larger cohorts, are needed to establish its role in BC biology. Also,
a study combining immunostaining of GR and GR to clarify the role of GR
expression in BC is required, since the biochemical pathways of GR are quite well
known.
Immunohistochemical assessment of CDLNs offers a potentially more
financially beneficial and convenient approach to distinguishing the claudin-low
subtype in BC compared with gene expression profiling. CLDNs’ specific
expression features vary between tissue, types of cancer and even the
carcinogenetic phase, attracting interest in developing targeted therapies in the era
of personalized medicine. The heterogeneity observed within the claudin-low
subtype regarding its clinical features and expression patterns and the patient
outcomes seen in cancers might be due to a variety of cells-of-origin but also
different tracts of cancer cell evolution. Overall, BC’s molecular heterogeneity
challenges further research: the more molecular subtypes are identified and
stratified, the more molecular changes are discovered, leaving new questions
unanswered. It appears that, in addition to BCs’ molecular and genetic features, the
heterogeneous and varying changes in their possible subtype-specific micro- and
macroenvironments also need to be considered in the attempt to develop future
approaches to BC therapies.
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Table 19. Brief summary of the results.
Question

Answer

Most interesting finding of the study?

Parity is associated with worse BCSS in a subtype-specific

Most distinct result?

Excellent 10-year overall BCSS, yet notable differences between

Most unexpected result?

High ICTP level is associated with better not poorer BCSS in two

manner.
the subtypes.
subtypes.
Unclarified issues for future studies?

Definition of the ‘claudin-low’ subgroup.
Possible role of MR in breast cancer.
Relationship of GR α and β in breast cancer.

How were the aims for the study met? This study suggests possible (new) prognostic factors for EBC,
although their usefulness needs to be validated in further studies.
BCSS = breast cancer-specific survival, ICTP = carboxyterminal telopeptide of type I collagen, MR =
mineralocorticoid receptor, GR = glucocorticoid receptor, EBC = early breast cancer.
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7

Summary and conclusions

This study was conducted to evaluate the usefulness of new prognostic factors for
EBC subtypes and to gather data on patient survival from our real-world material.
As methods, we used IHC, chemiluminescence- and radioimmunoassays, statistical
analysis and patient history. We examined the immunohistochemical expression of
CLDN3, 4, 7 and the steroid hormone receptors AR, MR and GR in relation to
patient outcomes and clinical characteristics of their diseases. We combined this
information with previously examined EMT-related markers from the same
material. In addition, we investigated serum levels of PINP and ICTP from pre- and
postoperative samples of BC patients and studied their relationship to survival and
clinical characteristics. We evaluated whether the number of pregnancies as part of
a patient’s reproductive history could be used as a prognostic factor for EBC
subtypes. Finally, we investigated and updated the clinical and survival data of the
five intrinsic BC subtypes.
To conclude, this study shows the following:
1.

2.

3.

4.

5.

CLDN expression, especially cytoplasmic CLDN3, seems to be a prognostic
factor in early TNBC and is possibly connected to EMT-regulating factors,
although further studies are needed to establish these findings.
A high serum level of the type I collagen degradation marker ICTP appears to
predict favourable prognosis in luminal B-like (HER2-negative) and triplenegative BC subtypes; however, studies clarifying the underlying mechanisms
are required.
The expression of MR may be a potential prognostic marker for early
ER+/PR+/HER2- BC, probably via mechanisms other than EMT. More
detailed and larger studies are required to establish the usefulness of MR in BC
development and prognosis.
High parity, defined as 5 or more deliveries, may predict poorer BCSS in early
luminal B-like (HER2-negative) BCs. Further studies are needed to establish
this finding and clarify the underlying biological mechanisms.
Overall, Finnish real-world EBC outcomes are excellent, with notable
variations between the subtypes, however.
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