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Mystery of the brain metastatic disease in breast cancer patients:
improved patient stratification, disease prediction and targeted
prevention on the horizon?
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Abstract The breast cancer (BC) diagnosis currently experi-
ences the epidemic evolution with more than half of million
deaths each year. Despite screening programmes applied and
treatments available, breast cancer patients frequently develop
distant metastases. The brain is one of the predominant sites of
the metastatic spread recorded for more than 20% of BC pa-
tients, in contrast to the general population, where brain tu-
mours are rarely diagnosed. Although highly clinically rele-
vant, the brain tumour mystery in the cohort of breast cancer
patients has not been yet adequately explained. This review
summarises currently available information on the risk factors
predicting brain metastases in BC patients to motivate the
relevant scientific areas to explore the data/facts available
and elucidate disease-specific mechanisms that are of a great
clinical utility.
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Introduction

The breast cancer (BC) diagnosis currently experiences the
epidemic evolution with more than half of million deaths each
year [1]. This major public problem affects several million of
patients and their families worldwide, healthcare systems and
the society at large. Despite screening programmes applied
and treatments available, BC patients frequently develop dis-
tant metastases during the course of their disease—some of
them are particularly aggressive characterised by the rapid
appearance and progression of the metastatic disease, poor
prognosis and fatal outcomes in a very short period of time
after the clinical onset of the original tumour in breast.
Although predominant sites of the secondary tumours are gen-
erally known for BC patients, any valid patient stratification is
still underdeveloped enabling to predict individual predispo-
sition to the metastatic spread into targeted distant organs as
well particularly aggressive character of the metastatic dis-
ease. Due to several good reasons introduced and discussed
in detail below, specifically brain metastatic disease should
receive a particular attention in BC patient cohorts.

On one side, primary brain tumour is a rare disorder re-
sponsible for high mortality and morbidity: relatively low
prevalence in general population is ranging between 12.0
and 15.5 per 100,000 person-year for different countries and
regions worldwide [2–5]. On the other side, the brain is one of
the predominant sites of the metastatic spread recorded for
more than 20% of breast cancer patients in several individual
subgroups [6, 7]. Although highly clinically relevant, this
mystery has not been yet adequately explained. Which
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specifics of BC do predispose the affected individuals to brain
tumours which are rather unusual in the general population?
Which patient cohorts and BC subtypes are particularly
predisposed to brain metastases? Are there any reliable tools
on the horizon which would enable healthcare providers to
predict and effectively prevent brain metastases in stratified
BC patients? Certainly, muchmore research efforts are needed
to adequately address these questions. On a good way to that,
in this article, we summarise currently available information
to motivate the relevant scientific areas to explore the data/
facts available and elucidate disease-specific mechanisms that
are of great clinical utility.

Brain metastasis risk factors associated
with the patient

Age

The more aggressive disease phenotype is often accompanied
withanearlyprogressionintothebrainparenchymaandisclearly
associated with the younger age of patients diagnosed with pri-
mary BC. Recent study revealed the development of brain me-
tastases (BM) in 164 (7.3%) out of 2248 patients with BCover a
median follow-up of 54.2 months [8]. The patients’ age at the
timeofdiagnosiswas acknowledgedas the significant risk factor
for adevelopmentofmetastases in thebrain.ThecumulativeBM
5-year-incidence for the patients aged 35 years or younger was
20.5 versus 7.8% for patients aged between 36 and 59 years, and
7.5%for patients older than60years. In consensus, themultivar-
iate analysis demonstrated the ageofBCpatients by35years and
youngerasanindependentpredictor for theBMrisk(HR = 2.09,
95% CI 1.15–3.81, P = 0.016). Likewise, the age younger than
35 years was proposed as the predictive factor for BM risks in
another study that investigated 9524 breast cancer patients
(P < 0.01) [9]. The explorative analysis that used the database
containing information on 10,782 BC patients has identified a
clear association of younger age of BC patients with a signifi-
cantly higher prevalence of BM development (P < 0.001) [10].
Recorded cumulative incidence of BMwas significantly higher
for BC patients younger than 50 years (20.8%) compared to the
older ones (9.7%) by observing follow-up during 5 years [11].A
series of independent studies which differed from each other by
experimental design and patient subgroups involved, have, nev-
ertheless, confirmed these main findings [12, 13], namely:

1. Younger BC patients, in general, are at significantly
higher risk of the BM development.

2. BC patients younger than 35 years are at the extraordinarily
high risk of the metastatic disease developed in the brain.

On a positive note, several studies demonstrated that
amongst those BC patients who developed BM, the younger

age was associated with better prognosis and overall survival
compared to the older patients with the same diagnosis [8, 14].
Within the context of the below listed facts, this particular
finding strongly substantiates the meaning of new screening
programmes and timely treatments to be created specifically
for the young subpopulations, in order to effectively optimise
healthcare in the area of breast cancer.

Menopausal status

Menopausal status is the other factor which may be predict-
able for the increased risk of BM in patients with early detect-
ed BC. Hence, premenopausal women sustainably demon-
strate higher cumulative risks for BM development during
the 5 years (3.8 vs. 2.8%), 10 years (6.2 vs. 4.2%), and
15 years (7.1 vs. 4.6%) of the follow-up observations per-
formed after the initial BC has been diagnosed (P < 0.01)
[9]. Indeed, more recent study performed with 2136metastatic
breast cancer patients has confirmed that in contrast to pre-
menopausal women, the postmenopausal ones are at lower
risk of BM development (HR = 0.68, 95% CI 0.54–0.86,
P = 0.001) [12]. The significance of this risk impacted by the
menopausal status (P = 0.008) has been further confirmed by
an independent study [10]. Thus, the premenopausal status at
the time of BC diagnosis is considered as an additional risk
factor for the brain metastatic lesions.

Brain metastasis risk factors associated with specific
characteristics of primary breast tumours

Histopathologically identifiable risk factors

Several specific histopathological characteristics of primary
breast tumours have been characterised as associated with an
increased risk of BM development. The nodal status, tumour
grade and the tumour size are strongly predictive for the BM
occurrence in patients with primary BC [9]. The cumulative
incidence of BM has been demonstrated to be higher for the
patients having more than four positive lymph nodes (8.5% at
10 years follow-up, P < 0.01), tumour grade 3 (7.8% at
10 years follow-up, P < 0.01) and the tumour size more than
2 cm (6.8% at 10 years follow-up, P < 0.01). The higher BC
tumour grade was identified as strongly associated with BM
risk (P = 0.002) in an independent study [13]. Significantly
more BC patients with BM than without BM had tumour of
higher histological grade (grade 3, 78.9 vs. 30.2%; P = 0.001)
as confirmed by the recently performed issue-dedicated study
[15]. The increased incidence of BM correlates well with
greater likelihood of axillary lymph node metastases from
the primary tumour (P < 0.001). Another study showed the
nodal positivity (HR = 2.4, 95% CI 1.1–5.1, P = 0.028) and
larger primary tumours (HR = 1.9, 95% CI 1.2–3.6, P = 0.02)
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to be two independent predictors of more frequent BM devel-
opment in BC patients [16].

Further, the infiltrating ductal carcinoma (IDC) classified
by WHO as no special type (NST) carcinoma increases BM
risk compared to lower BM predisposition of the patients af-
fected by the lobular carcinoma (ILC) as it has been demon-
strated utilising the issue-dedicated multivariate analysis
(HR = 2.5, 95%CI 1.1–5.5, P = 0.02) [10] that correlates well
with the results demonstrated by an independent study (HR =
3.20, 95% CI 1.00–10.31) [11]. Thereby, the primary breast
tumours bigger than 2 cm were associated with significantly
higher BM risks in contrast to the tumours equal or smaller
than 2 cm in their size (HR = 1.5, 95% CI 1.1–2, P = 0.01).
Noteworthy, itself, the metastatic disease in BC recorded ei-
ther by local or distant metastatic spread significantly in-
creases the risk for the development of metastases in the brain:
enhanced BM risks calculated for the lymph node metastases
are HR = 2.55, 95% CI 1.20–5.42 and for the lung HR = 1.99,
95% CI 1.04–3.81.

Specific breast cancer subtypes significantly predisposing
patients to the brain metastases

Extremely high heterogeneity amongst breast tumours is well
recognised by the field-dedicated experts. Hence, Jaak
Janssens proposes the following: Should we speak about
breast Bcancers^ instead of Bcancer^? [17]. Proposed molec-
ular biological tumour characterisation allows for an assign-
ment of BC patients into well-distinguishable subgroups [18].
Actually accepted classification of BC based on the subtype-
specific molecular profiles generally distinguishes between
luminal A, luminal B, HER2-enriched and basal-like BC
[19]. The luminal A and B subtypes abundantly express
oestrogen (ER) and/or progesterone (PR) receptors. The
HER2-enriched subtype overexpresses specifically the human
epidermal growth factor-2 (HER2). Tumours characterised by
low expression of the above listed biomarkers are called
Btriple negative^ (TN) generally overlapping with the basal-
like BC subgroup [19, 20].

The distinct BC subtypes do perform the metastatic spread
into preferentially targeted organs. Whereas luminal subtype
experiences specifically skeletal and lung metastases [21, 22],
the HER2-enriched as well as TN (basal-like) subtypes that
frequently spread the metastases into the brain. To this end,
the frequency ofBMamongstmetastatic BCpatients is record-
ed to be as high as 10–20% inHER2-enriched BC tumours but
20–30% in TN tumours [21–23]. The study based on the data
collected from altogether 3726 patients diagnosed with early
stages of BC revealed significantly increased prevalence of
BM in patients characterised by HER2-positive but ER/PR-
negative status (HR = 5.3, 95% CI 3.0–9.2) as well as by
basal-like tumours (HR = 3.6, 95% CI 2.1–6.4) versus luminal
A subtype [21]. The 15-year cumulative incidences of BM in

HER2-positive but ER/PR-negative and basal-like subtypes of
BC were 14.3 and 10.9%, respectively, compared to 2.2% of
BMinluminalAsubgroup(P < 0.001).Hormonereceptorsand
HER2expressionstatusservedas thepredictivebiomarkerpan-
el for BM in a number of other independent studies. Hence,
oestrogen receptor negativity and HER2 overexpression both
correlated significantly (P < 0.01) with BM appearance as the
first metastatic site in 9524 young women affected by BC.
Moreover, the cumulative incidence of secondary tumours in
the central nervous system at any time of diagnosis was signif-
icantly higher in patients with HER2-positive than HER2-
negative disease (6.8 vs. 3.5% at 10 years; P < 0.01) and
amongst patients with ER-negative compared to ER-positive
primary tumours (7.8 vs. 4.0% at 10 years; P < 0.01) [9].
Another study with 2685 metastatic BC patients and multivar-
iate analysis performed revealed the ER negativity as an inde-
pendent predictor of the increased BM risk compared to ER-
positive tumours (HR = 2.8, 95% CI 2.1–3.7, P < 0.001) [10];
thereby, theBMrecurrenceweremorecommoninpatientswith
HER2-positive tumours (P = 0.04). BC patients that suffered
from BM were more likely to have ER-negative (P < 0.001)
and HER2 overexpressing (P = 0.001) tumours as demonstrat-
ed by another independent study [13].

However, the highest risk of BM occurrence (HR = 4.2,
95% CI 2.3–7.6, P < 0.0001) specifically in the patients with
invasive triple-negative breast tumours has been demonstrated
amongst 2441 investigated ones [16]. Furthermore, patients
with TN tumours show the shortest median interval between
primary diagnosis and BM development (22 months) as com-
pared with HER-positive (30 months) and ER-positive/
HER2-negative tumours (63.5 months). In another study
based on the patient data collected from metastatic BC, the
HER2 positivity was associated with an increased risk of BM
compared to HER2 negativity in tumour tissue (HR = 2.58,
95% CI 1.52–4.39, P < 0.001) [11]. The cumulative incidence
of BM at 5-year follow-up was 26.1% for patients with HER2-
positive compared to 9.5% with HER2-negative tumours.
Patients with TN breast tumours demonstrated the substantial-
ly increased risk of BM compared to hormone receptor-posi-
tive/HER2-negative tumours in another study as well (HR =
5.5, 95% CI 1.4–21.2, P = 0.013) [24]. Median duration re-
corded from the time point of the BC operation till BM occur-
rence was the shortest for TN patients (11.3 months) followed
by HER2-positive ones (20.3 months) and others
(24.1 months). Patients with TN (HR = 4.42, 95% CI 2.86–
6.85, P < 0.001) as well as HER2-enriched tumours (HR =
2.53, 95% CI 1.57–4.07, P < 0.001) were at increased risk
for BM occurrence compared to the luminal A tumours as
demonstrated by more recent study [8]. Interestingly, amongst
patients aged 35 or younger, the risk of BM development was
independent from subtypes of the primary breast tumours
(P = 0.507). Finally, the hormone receptor status is an impor-
tant risk factor for BM development specifically in patients
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with HER2-positive ER and PR-negative BC treated with
anti-HER2 monoclonal antibodies: these patients demonstrate
highly increased incidence of BM after the treatment, e.g. with
trastuzumab (HR = 3.41, 95% CI 1.33–8.71, P = 0.01) [25].

Molecular and genetic biomarkers other than hormone
and HER2 receptors as the risk factor for the brain
metastases

There is a huge number of molecular and genetics biomarkers
other than ER, PR and HER2 receptors that were extensively
studied in association with BM development in patients with
early diagnosed as well as metastatic BC [26–29]. The sub-
stantial progress in cancer multi-omics disciplines (such as
genomics, proteomics and transcriptomics) in recent years
allowed the examination of distinct molecular patterns of BC
tumours predicting the higher probability of development of
BM after the disease recurrence.

Recently performed retrospective multivariate analysis
based on the data collected from 591 BC patients demonstrat-
ed the association of the overexpressed cellular proliferation
biomarker Ki67 with the risk of BM development (HR = 3.9,
95%CI 1.2–12.9, P = 0.026) [24]. Contextually, the study that
analysed 198 metastatic BCs has demonstrated a significantly
increased risk of BM occurrence in patients with the tumour
Ki67 overexpression (HR = 2.76, 95%CI 1.70–4.48,
P < 0.001) as well as cytoplasmic expression of Rad51 (HR
1.87, 95%CI 1.14–3.08, P = 0.014) [30]. To this end, however,
it should be mentioned that the predictive power of Ki67 is not
strong enough, if used as an individual biomarker; in contrast,
a multilevel biomarker panel might be of more clinical utility.

Further, expression levels of the panel of 17 well-justified
proteins and their potential associations with the first metasta-
tic site were investigated in the study utilising the data of 2032
BC patients in Finland [31]. Corresponding results revealed
the breast tumours that linked to BM do frequently express
cytokeratin-5 (P < 0.05), prominin-1 (P < 0.05), nestin
(P < 0.1), smooth muscle actin (P < 0.1) being more often
ER and PR negative (P < 0.05). The heat shock protein αB-
crystallin (CRYAB) is frequently expressed in TN subtype of
breast tumours being associated with early occurrence of BM
and poor prognosis for the affected patients [32]. In an inde-
pendent study utilising the data of 855 BC patients, the
CRYAB expression detected in the tumour tissue was pro-
posed to be an independent predictor for BM as the first dis-
tant metastatic site (HR = 1.2, 95% CI 1.0–1.4, P = 0.021)
[33]. In a multivariable analysis including only patients with
metastatic BC, αB-crystallin was the strongest independent
predictor of BM development (HR = 2.99, 95% CI 1.83–
4.89, P < 0.0001).

Molecular biomarker panels involved in key steps of met-
astatic cascade are currently under extensive investigation:
they regulate cancer cell motility, dissemination into the

circulation, blood-brain barrier (BBB) disruption and brain
seeding. An activation of potentially relevant signalling path-
ways, namely the phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein kinase (MAPK/ERK) ones, has
been examined in BM cancer cells [34, 35]. Further, the over-
expression of HER3 receptor and subsequent activation of
MAPK signalling pathway were found to be preferentially
activated in the brain metastases of BC patients [36, 37].
Preclinical studies demonstrated the stem cell-specific signal-
ling by the Wnt and Notch pathways to be associated with the
development of BM [38, 39]. Angiogenic factors—the vascu-
lar endothelial growth factor (VEGF), angiopoietin-2 and che-
mokine receptor type 4 (CXCR-4)—have been identified as
the specific drivers of BM developmental process [40–45].
Dysregulation of these factors helps cancer cells to disrupt
the blood-brain barrier followed by their extravasation and
migration into the brain parenchyma.

A specific cellular and molecular repertoire within the or-
gan characteristic local microenvironment predisposes the af-
fected individuals to the appearance of the so-called pre-met-
astatic niches that might be the crucial step in the overall BM
development [46]. This Bfertile^ microenvironment actively
supporting the cancer advancement is strongly promoted by
systemic hypoxic effects frequently appearing in individuals
with cardiovascular disease and related syndromes being a
powerful stratification factor for the predisposed individuals
as recently reviewed by O. Golubnitschaja et al. [1].

Further, a series of studies demonstrated that BC cells that
invaded and seeded into the brain tissue are capable to
Bmimic^ the phenotype of the neuronal cells by acquiring
the ability to utilise the specific neurotransmitter which is
the γ-aminobutyric acid (GABA) [47, 48]. Consequently,
the invading breast cancer cells exhibit specific neural charac-
teristics which enable them to penetrate into the brain tissue;
thereby, highly activated GABA expression increases their
proliferative capacity, particularly within the pre-metastatic
niches as the preferable microenvironment. In this context,
an active communication between invading cancer cells, as-
trocytes and microglia in the Bhosting^ brain parenchyma has
been identified representing an essential part of the successful
cancer cell nesting and metastatic process [49–52].

Gene expression and subsequent functional analyses of BC
cells preferentially infiltrating the brain of the patients with
advanced disease led to the identification of the
cyclooxygenase-2 (COX2), the epidermal growth factor re-
ceptor (EGFR) ligand HBEGF and the α2,6-sialyltransferase
(ST6GALNAC5) to be the specific genetic drivers of BM
development [53]. The expression of these genes was function-
ally associatedwith the BC cell extravasation through the blood-
brain barrier breakdown. Although HBEGF and COX2 expres-
sion have been earlier identified as being linked to BC lung
metastases, ST6GALNAC5 is proposed to play the role of the
brain-specific mediator enabling the invasion of the cancer cells
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into this organ [53, 54]. Another study revealed organ-specific
molecular signatures of BC cells which might be predictive for
invading the brain, lung and liver [55]. At the cellular level, a
development of the brain and lung metastases was associated
with less differentiated but more stem cell-like characteristics of
BC cells.

Recentlyperformedwholeexomesequencingof86matched
BM, primaryBC tumours and normal tissue samples [56] dem-
onstrated the branched evolution of tumour genetic alterations,
since themetastasessharedacommonancestorbeing,however,
subsequently evolved compared to the original profiles of the
primary BC tumours. To this end, the genetic alterations addi-
tionally developed in metastatic cells against the primary BC
tumourcellswerefound inasmanyas53%ofcases investigated
in the study. Moreover, the genetic profiles of extracranial and
lymph nodemetastaseswere highly divergent from those iden-
tified in BM. An independent study analysing genomic profil-
ing, gene expression and DNA methylation of BM revealed
highly specific BM molecular profiles in BC patients [57].
Therefore, individualised molecular biological profiling of
BM is clinically relevant for targeted therapy approaches and
treatment algorithms tailored to the person.

The targeted therapy for HER2-positive breast cancer
in view of the brain metastasis risk

Paradoxically, the targeted anti-HER2 therapy applied to the
HER2-positive BC patients may be associated with an in-
creased risk of BM development: four studies dedicated to the
meta-analysesof largeadjuvant trastuzumab trials found1.3- to
1.8-fold increasedriskofBMasthe firstmetastaticsite [58–61].
On the other side, the retrospective analysis showed no signif-
icant difference in BM development as the first site of recur-
rence amongst HER2-positive BC patients receiving 1-year-
long adjuvant trastuzumab against placebo (2 vs. 2%, respec-
tively, P = 0.55) [62]. Moreover, adjuvant trastuzumab signifi-
cantly reduces the non-brain recurrences (P < 0.0001). Further,
the CLEOPATRA study explored the efficacy of the dual anti-
HER2 inhibition combining trastuzumab and pertuzumab ap-
plicationcompared to treatment by trastuzumabalone—both in
combination with the docetaxel applied to the first-line meta-
static HER2-positive BC patients [63]. Although the results
demonstrated the similar incidence of BM (12.6 placebo arm
vs. 13.7% pertuzumab arm), the time to the BM development
was prolonged in the pertuzumab arm from 11.9 to 15 months
(HR = 0.58, 95% CI 0.39–0.85, P = 0.0049) [64]. The
CEREBEL clinical trial compared an efficacy of the HER2
tyrosine kinase inhibitor lapatinib application against
trastuzumab one, both in combination with capecitabine, in
metastatic BC patients initially without detectable BM [65].
The study was designed investigating the short-term effects.
The subsequent results havedemonstratednosignificant differ-
ence between two arms regarding the BM development (3%

lapatinib arm vs. 5% trastuzumab arm, P = 0.36). Although
the question is not definitively answered, it has been concluded
thatanincreased incidenceofBMinBCpatients thatunderwent
the targeted anti-HER2 therapeutics seems to result from the
prolonged survival of the treated patients rather than being a
negative side effect of the drugs applied.

Conclusions, outlook and expert recommendations

It becomes increasingly apparent that the progression of ini-
tially localised BC into the central nervous system is a very
complex process. The whole metastatic cascade involves pri-
mary cancer cell dissemination into the circulation, attachment
to brain capillaries, the blood-brain barrier disruption, extrav-
asation and, finally, brain seeding and proliferation into the
new metastatic lesions [28, 66]. During this process, cancer
cells undergo a number of modifications at both genetic and
epigenetic levels.

Further, the local microenvironment of the brain parenchy-
ma plays a central role in the development of BM. In partic-
ular, systemic hypoxia strongly contributes to the Bfertile
microenvironment^ creating pre-metastatic niches in distant
organs [46, 67]. Therefore, it has been highly recommended
to select and stratify potentially predisposed individuals who
may suffer from the systemic hypoxic effects such as CVD
patients and BFlammer syndrome^ individuals, in order to
predict and prevent particularly aggressive cancer types and
fatal metastatic disease [68]. To this end, it is notable that the
highest frequency of BM amongst metastatic BC patients is
recorded to be by 20–30% in the triple-negative breast cancer
patients [21–23], who are currently under extensive investiga-
tion regarding their strong phenotype-dependent predisposi-
tion to the system hypoxic effects and, therefore, to the mo-
lecular mechanisms Bfertilising^ the local microenvironment
for a particularly aggressive cancer advancement [68].

Future developments in the area certainly will be based on
the following:

– The multi-professional collaboration
– Application of individualised patient profiles
– Improved patient stratification
– Predictive approaches
– Targeted prevention at the level of initial tumours in

breast as well as timely measures tailored to the person,
in order to protect the predisposed breast cancer patients
against the attack by the circulating tumour cell spread
and formation of the fertile pre-metastatic niches in dis-
tant organs such as the brain.

In this context, innovative multilevel diagnostic ap-
proaches are needed to predict BC patients at high risk for
potential BM development. To this end, summarised
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information is presented in Table 1. Multi-parametric models
assessing BM risks are currently under consideration [12].
Further, the multi-parametric prognostic tools for the
optimised BM treatment algorithms, disease and therapy mon-
itoring are under development [69–71]. The above proposed
measures may substantially increase the quality of life of the
predisposed individuals and affected patients by increasing
the efficacy and reducing the overall costs of the healthcare
in the area.
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