DOI: 10.21294/1814-4861-2023-22-1-151-158
Y[IK: 618.19-006.6-033.2-037

[nsa untmpoBanus: [pueopbeesa E.C., MeaHrok E.3., HoliH3oHoe E.J1., YepdbiHuesa H.B. MporHo3npoBaHue nokanu-
3aLMK OTAANEHHbIX METACTa30B NpK pake MOJIOYHO kenesbl. Cubupckuin oHkonoryeckuin xypHan. 2023; 22(1): 151-158. - doi:
10.21294/1814-4861-2023-22-1-151-158

For citation: Grigoryeva E.S., Ivanyuk E.E., Choinzonov E.L., Cherdyntseva N.V. Predicting the site of distant metastases
in breast cancer. Siberian Journal of Oncology. 2023; 22(1): 151-158. — doi: 10.21294/1814-4861-2023-22-1-151-158

PREDICTING THE SITE OF DISTANT METASTASES
IN BREAST CANCER

E.S. Grigoryeva, E.E. lvanyuk, E.L. Choinzonov, N.V. Cherdyntseva

Cancer Research Institute, Tomsk National Research Medical Center,
Russian Academy of Sciences, Tomsk, Russia
5, Kooperativny St., 634009, Tomsk, Russia. E-mail: grigoryeva.es@gmail.com

Abstract

Background. Distant organ tumor dissemination is a major cause of breast cancer-related deaths. Breast
cancer can metastasize to several organs, and the most frequent metastatic sites include the bones, lungs
and liver. There is a question what factors can influence the direction of spread of tumor cells to a particular
organ. Material and Methods. We summarized the data available in the world literature on methods for
prediction of the localization of distant metastases in breast cancer patients. Results. We divided the factors
associated with the localization of distant metastases into two main groups: clinicopathological parameters of
breast cancer patients and molecular features of tumor microenvironment and tumor cells (primary tumor and
circulating tumor cells) or its derivates — exosomes. From our point of view, the most powerful clinicopathologi-
cal factor predicting the distant metastasis site is a molecular subtype of primary tumor. We can conclude that
luminal (HR+/HER2-) tumors are often characterized by single metastases and bones are the most common
metastatic site, while TNBC and HER2-enriched tumors often metastasize to multiple sites, most commonly
brain and liver. However, several authors did not reveal these associations in their studies. It likely indicates
the existence of other factors that significantly affect the organotropism of metastasis. Numerous studies
demonstrate the association of different molecules expressed on tumor cells with organotropic metastasis.
However, these data are very fragmentary and rather contradictory. Conclusion. The found associations are
common to all participants of metastatic cascade, but remains unclear which factors are essential and crucial
in determining the direction of metastasis.
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NMPOrHO3NPOBAHUE NNOKANMN3ALUNU OTOANEHHBbIX
METACTA30B MPU PAKE MOJIOYHOWN XEJNE3bl

E.C. l'puropbeBa, E.J. UBaHIoK, E.J1. YonH30HOB, H.B. YepabiHueBa

HayuHo-uccnegoBaTenbCKui MHCTUTYT OHKOMOrMn, TOMCKUI HaLMOHaNbHbIN
nccrnenoBaTenbCkUi MeguuUnHCKUIM LeHTp Poccuiickon akagemuuy Hayk, I. Tomck, Poccus
Poccus, 634009, r. Tomck, nep. KoonepatuHbi, 5. E-mail: grigoryeva.es@gmail.com.

AHHOTauus

BBeneHune. MetactasmpoBaHue onyxonv B oTAarneHHble opraHbl SBNSETCA OCHOBHOW MPUYNHON CMEPTU NpK
pake Mono4Hom xxenessbl. [penmyLecTBeHHasa nokanuaaumsi oTganeHHbIX MeTacTa3oB Npu pake MOMoYHOM
Xenesbl — KOCTU, NerkMe 1 nedveHb. Bo3HmkaeT Bonpoc, kakme hakTtopbl MOTyT BAUATL Ha HanpaBneHue
pacnpocTpaHeHns OMnyxorieBbIX KMeTOK B TOT Unu uHon opraH. Matepuan u metoabl. Mbl 0606Lmnu
uMeroLmecs B MMPOBOW nuTepaType AaHHble O MEeTOAax NMPOrHO3MpPOBaHUSA fokanu3aumm oTAaneHHbIX
MeTacTa3oB Yy 6OMbHbIX pakoM MOMOYHON xernesbl. PesynbTaTbl. PakTopbl, CBA3aHHbIE C flokanusaumen
OTAaneHHbIX MeTacTa3oB, Mbl pas3fgenunu Ha ABe OCHOBHbIE rPyMMbl: KITMHUKO-NATONOrmyeckue napameTpbl
©OnNbHBIX PaKOM MOFOYHOM >Xene3bl M MOMeKynsipHble 0COBEHHOCTY MUKPOOKPYXKEHUS OMYy X0 1 OMyXONeBbIX

#=7 lpuropbeBa EBreHusi CepreeBHa, grigoryeva.es@gmail.com
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KNeToK (MepPBUYHbIX ONMYyXOMNEBbIX Y LIUPKYNUPYOLLUX ONyXONeBbIX KNETOK) MK NX NPON3BOAHBLIX — 9K30COM.
MpencraBnseTcs, YTO MOMNEKYNAPHbIA NOATUN MEPBUYHOWN OMyXOmnu ABNseTcs Hanbonee nepcnekTMBHbIM
NpeaVKTOPOM, NpeackasbiBakLLMM MECTO OTAANEHHOIO MeTacTa3npoBaHus. JlloMmMHanbHble onyxonu (HR+/
HER2-) yalLie xapaKkTepu3yoTcs eQMHUYHBIMU MeTacTasamu, C NPEMMYLLIECTBEHHOW NoKanm3aumen B KOCTSX,
B TO BPeMSs Kak TpwxAbl HeraTuBHble n HER2-o60oralueHHble onyxonu yawe o6pasytoT MHOXECTBEHHbIE
MeTacTasbl, KOTOpbIE Yalle FTOKanu3yrTCs B TONOBHOM MO3re 1 neveHn. OgHako HEKOTOpble aBTOpbI He 06-
Hapy>X1BatoT B CBOMX MCCINEA0BaHUSIX TAKUX 3aKOHOMEPHOCTEN, YTO, BEPOATHO, CBUAETENBCTBYET O HANMYMN
Opyrx hakTopoB, CyLLIECTBEHHO BIUSAOLIMX HA OPraHOTPOMHOCTbL MeTacTasmpoBaHus. MHorouncneHHble
nccrnenoBaHns AEMOHCTPUPYIOT acCcoumaLmio pasnyMyHbIX MOMEKyI, SKCMPeccUupyeMbiX Ha OMyXOrneBbiX
KrneTkax, C OpraHoTPOMHbIM MeTacTa3npoBaHneMm. OgHako 3T AaHHble BeCcbMa parMeHTapHbl U MHOTAa
BeCbMa NpoTMBopeYBbl. 3akntoyeHue. Ob6HapyXeHHbIe accoumaLm OTHOCATCS KO BCEM yYaCTHUKaM MeTa-
CTaTM4eCKOoro Kackaga, HoO OCTaeTCH HEACHbBIM, Kakne akTopbl ABMAOTCSA CYLLECTBEHHBIMY 1 PeLUaLLMK

B onpeneneHnn HanpasrieHNna MeTacta3npoBaHuA.

KnioueBble cnoBa: pakK MOJIOYHOM Xene3bl, reMaToreHHoe MeTacTasupoBaHue, NnpeauKTopbl MPOrHo3a.

Introduction

Cancer mortality is mainly caused by a metastatic
relapse at distant sites. The time to development of
hematogenous metastases depends on cancer type and
could vary significantly. For instance, the metastatic
recurrence in lung cancer can occur within a few
weeks, while in colorectal cancer in a few years. The
insidiousness of breast cancer is that the window of
distant relapse in breast cancer can span from month to
decades after surgery [1, 2]. Even though risk of distant
metastasis in breast cancer patients is almost 10-20 %
[3, 4], adjuvant systemic therapy is administered to all
patients after surgery and radiation therapy to reduce
the risk of distant metastases. Thus, most patients do
not develop distant metastases and are likely to suf-
fer needlessly from the systemic toxic side effects of
chemotherapy.

For a long time, it was believed that the formation
of metastases is a stochastic process, and the direc-
tion of metastasis is determined by the anatomical
features of the blood and lymphatic outflow from the
primary tumor. Indeed, anatomical features can fully
explain, for example, the spread of tumor cells to
regional lymph nodes or occurence of hematogenous
metastases of intestinal cancer to the liver. However,
the occurrence of metastases in the bone marrow in
kidney cancer or in the lungs in breast cancer cannot
be explained solely by the peculiarities of blood flow.
The prediction of the localization of future metastasis
will allow clinicians to focus attention on a specific
organ for earlier detection of hematogenous metastasis.
Therefore, the ability to assess the risk of occurrence
and localization of future metastasis will provide a
personalized approach to therapy of cancer patients.

In this review, we aim to summary the data avail-
able in the world literature on methods for prediction
of'the localization of distant metastases in breast cancer
patients. We divided the factors associated with the lo-
calization of distant metastases into two main groups:
clinicopathological parameters of breast cancer pa-
tients and molecular features of tumor cells (or its
derivates — exosomes) and tumor microenvironment.
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Association of clinicopathological parameters

of breast cancer patients with sites of distant

metastasis

Numerous studies demonstrate strong association
of clinicopathological parameters with risk of occur-
rence and preferential localization of distant metas-
tases. The main factors associated with hematogenous
metastases are the molecular subtype, tumor size,
nodal status and patient’s age at diagnosis. It is note-
worthy that data obtained in different studies are rather
contradictory. The association of each of these factors
with the specific localization of distant metastases will
be discussed in detail below.

1.1 Molecular subtype of primary tumor

The molecular subtype of breast cancer largely
determines the predominant spread of the tumor to
the specific distant site. Some authors interpreted the
data obtained according to the 50-gene expression
classifier (PAMS50) which allows the identification
of luminal A, luminal B (HER2+/-), HER2-enriched,
basal-like (triple-negative) subtypes, while others used
classification based on three clinical subtypes: hor-
mone-receptor (HR)-positive (HR+; ER+, PR+/- and
HER2-), HER2-positive (HER2+) and triple-negative
(TN; ER-, PR- and HER2-). Thus, Xiao et al. (2018)
identified 295,213 patients with invasive breast cancer
from 2010 to 2014 using the Surveillance, Epidemiol-
ogy and End Results database. Multivariate analysis
showed that HR+/HER2+ subtype significantly cor-
related with increased bone metastasis risk compared
to HR+/HER2- subtype. Both HER2+ subtypes (HR+/
HER2+ and HR-/HER2+) were significantly associ-
ated with higher rates of liver, brain, and lung metas-
tases, and the risk of liver metastases was the highest.
The TNBC subtype had a higher rate of brain (OR,
1.95 [95 % CI, 1.61-2.35]), liver (OR, 1.35 [95 %
CI, 1.20-1.51]), and lung metastases (OR, 1.34 [95 %
CI, 1.21-1.47]), but a significantly lower rate of bone
metastases (OR, 0.64 [95 % CI, 0.59-0.69]) than HR+/
HER2 subtypes [5]. So, the authors established the as-
sociation of HR+/HER2+ subtype (which corresponds
to luminal B (HER2+)) with bone metastasis, while
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HER2+ subtype (which includes luminal B (HER2+)
as well as HER2-enriched subtype tended to exhibit
the highest incidence of liver metastases followed by
brain and lung metastases.

In the study of I.A. Molnar et al. (2017), luminal
A tumors also metastasized predominantly to bones
in contrast to HER2+ and TNBC, which more often
affected the brain. The second frequent metastatic
sites of HR+ tumors were the lung and liver, whereas
the brain was the most affected organ in HR- cases
[6]. Moreover, single metastases were observed in
59 % of patients with luminal A tumors, while 79 %
patients with HER2-enriched tumors had multiple
metastases. Furthermore, in 59 % of patients with
luminal A tumors, single metastases were observed,
while 79 % patients with HER2-enriched tumors have
multiple metastases.

In the study of S.U. Kunikullaya et al., in 143
patients with distant metastases, bone was the most
common metastatic site in luminal A/B(HER2-)
(53.3 %) and luminal B (HER2+) (57.1 %) tumors.
Brain and liver were the most frequent sites of metas-
tasis in HER2-enriched subtype (30.3 % and 45.5 %,
respectively), while the incidence of brain metastasis
was comparatively lower in luminal A/B subtype [7].

A. Soni et al. confirmed that luminal tumors were
significantly associated with bone metastases, less
frequently observed in lung, brain, and pleura, and less
likely to be associated with multiorgan relapse. The
HER2-enriched subtype demonstrated a significant
liver-homing characteristic. Interestingly, there are
probably some ethnic features of hematogenous me-
tastasis in breast cancer patients. According to authors’
observation, African Americans were significantly less
likely to have CNS-only metastasis [8].

The complexity of investigating the association
between the localization of metastases and the tumor
characteristics lies in the fact that patients are often
diagnosed with lesions in different organs simulta-
neously. In this regard, the study conducted by J.
Diessner et al. (2016) is of great interest. The retro-
spective multicenter study including 9,625 patients
with primary breast cancer demonstrated that breast
cancer subtypes have the strongest influence on the
development of bone-only metastases [9]. Authors
established that one third of luminal A or luminal B
patients had bone-only metastases, while in cases of
triple negative BC (TNBC) or HER2-overexpressing
tumors, only 10 % of patients demonstrated bone-only
metastasis (p<0.001).

Despite numerous studies confirming the associa-
tion of the molecular subtype with the risk and specific
localization of distant metastases, there are some ob-
servations, which revealed no association of molecular
subtype with distant metastasis. Thus, C. Boutros et
al. conducted the study including 2,059 patients and
developed a nomogram for prediction of distant me-
tastasis in newly diagnosed patients with breast cancer
[10]. The authors reported tumor size and nodal status
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as the only significant predictors of distant metastasis.
These results are consistent with findings obtained in
another study. B. Ali et al. showed that biologically
aggressive variants of breast cancer, such as grade Il1,
HER2-enriched and triple-negative tumors were not
predictive of breast cancer metastasis [11].

In general, we can conclude that luminal (HR+/
HER2-) tumors are characterized more often by iso-
lated metastases. In case of multiple metastasis, the
first site is more often localized in the bones. TNBC
and HER2-enriched tumors often form multiple
metastases and are more often localized in the brain
and liver. However, several authors have not found
this association in their studies. It likely indicates the
existence of other factors that significantly affect the
organotropism of metastasis.

1.2 Tumor stage and nodal status

Numerous studies point to the association of larger
tumor size and involvement of lymph nodes with a
high risk of distant metastases in breast cancer patients
[12—-14]. However, some studies do not confirm such
association. J. Diessner et al. (2016) showed that the
established breast cancer prognostic markers such as
the presence of lymph node metastases, large size of
primary tumor and loss of histopathological differentia-
tion (grade) have no influence on the development of
bone-only metastases [9]. Probably, tumor stage and
lymph node status are non-specific factors that reflect
tumor aggressiveness and are associated with the risk of
metastasis but can hardly provide information about the
association with the possible site of future metastasis.
We found only one study that revealed association of
T and N stage with metastasis to specific organ. Y. Yao
et al. (2019) examined 26,863 patients with primary
triple-negative breast cancer, and 1,330 (5.0 %) of them
presented with distant metastasis and declared that
higher clinical stage T and lymph node involvement
were independent risk factors for bone metastasis in
primary triple-negative breast cancer [15].

1.3 Patient’s age at diagnosis of breast cancer

There is a lot of evidence that age at diagnosis is as-
sociated with risk of hematogenous metastases. It was
found that women younger than 50 years at diagnosis
had the highest risk of distant metastasis [15—17]. It is
likely that patients of this age group had significantly
more aggressive disease than patients of other age
groups: more frequent HER2+ (25.7 vs 15.3 % in group
>60 years old) and triple negative subtypes (27.4 vs
14.6 % in group >60 years old) [18]. The study of A.
Purushotham et al. confirmed that patients above 40
years old at diagnosis had a significant decrease in the
risk of developing distant metastases [19].

According to J. Diessner at al., molecular subtypes
and age at primary diagnosis were the most important
parameters influencing the development of bone me-
tastases [9]. The greatest influence of age was shown
in the case of bone-only metastases between women
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younger than 65 years and women older than 65 years
(p<0.001). Only one of five women under the age
of 65 developed bone metastases, while every third
woman over 65 suffered from bone-only metastases.
These findings are consistent with those of a study of
Y. Yao et al., who revealed that age over 50 years was
an independent risk factor for distant metastasis of
primary TNBC [15].

Molecular markers of tumor cells predicting

the site of potential metastasis

The most inspiring results were demonstrated
in a study conducted by A. Hoshino et al. (2015)
[20]. The authors showed that metastasis could be
targeted by integrins — adhesion molecules expressed
on tumor-derived exosomes. During the experiment,
the authors obtained subpopulations of breast cancer
cell line preferentially metastasizing to the lung, liver
and brain. At the same time, tumor-derived exosomes
demonstrated the same tropism to the target organs as
each subpopulation of cancer cells. Moreover, “educa-
tion” of premetastatic niche by lung-tropic exosomes
redirected the spread of bone-tropic tumor cells to the
lung. Data obtained by A. Hoshino et al. indicate the
possibility of the existence of a mechanism for target-
ing metastases to the specific organ. Thus, search for
molecules associating with organ-specific metastasis
appears to be a promising area of research. Data on
the association of molecular markers of tumor cells,
tumor-derived exosomes, and circulating tumor cells
(CTCs) with the possible localization of distant me-
tastases are presented below.

2.1 Molecular markers of tumor cells

in primary site

H. Shito et al. analyzed 234 primary tumors of
metastatic breast cancer patients for 17 proteins us-
ing immunohistochemistry. It was found that primary
tumors that gave first rise to bone metastases expressed
frequently ER and SNAI1 and rarely COX2 and HER2.
Tumors with first metastases in the liver, vice versa
expressed rarely SNAIL. Tumors with lung metastases
expressed frequently the EGFR, cytokeratin-5 and
HER2, and infrequently PR. In the few samples with
early skin metastases authors detected E-cadherin ex-
pression rarely. Breast tumors with first metastases in
the brain expressed nestin, prominin-1 and cytokeratin
5 and infrequently ER and PR [21].

S. McFarlany et al. established that hyaluronan
receptor CD44 correlated with increased tumor spread
to the skeleton in patients with lymph-node positive
status or large tumors [https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC4484469/]. CD44 knock-down in-
creased survival and decreased overall tumor burden
in the bones in vivo [22].

A. Leontovitch et al. identified an association
between Notch3 expression and the development of
metastases in luminal and triple-negative breast cancer
(TNBC) models [23]. Knockout of Notch3 expression
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significantly reduced the self-renewal and invasive ca-
pacity of both breast cancer lines. Furthermore, forced
expression of the mitotic Aurora kinase A (AURKA),
which promotes breast cancer metastases, failed to
restore the invasive capacity of Notch3-null cells,
demonstrating that Notch3 expression is required for
an invasive phenotype. However, the authors failed to
identify relationship between the expression of mark-
ers and metastasis to certain organs.

M. Oshi et al established 4-genes score (DOK 4,
HCCS, PGF, and SHCBP1) with genes upregulated
in LM2-4 cell line, a metastatic variant of MDA-
MB-231. Authors found that the 4-gene scores were
significantly elevated in tumors that subsequently
developed metastasis to the brain or lung, but not to
bone alone [24].

2.2 Tumor-derived exosomes in predicting

distant metastatic sites

Tumor-derived exosomes (TDEs) are actively
produced and released by tumor cells, allowing them
to communicate with distantly located cells. TDEs
transfer wide spectrum of bioactive molecules from
host cells, namely, RNAs, DNAs, proteins, lipids and
metabolites. TDEs can recruit bone marrow-derived
cells (BMCs) to distant organs, form the premetastatic
niche, and provide metastatic tumor growth in the
secondary site. In addition, it turned out that TDEs
can bind various resident cells in the distant organs,
thereby directing metastasis to a specific site. This
phenomenon was most fully and comprehensively
described in the study conducted by A. Hoshino et
al. using animal models [20]. The exosome-derived
integrins a6p4 and a6p1 were associated with lung me-
tastasis in vivo, while integrin avB5 was responsible for
the occurrence of metastases in the liver. The authors
also demonstrated the role of exosomal integrin 3 in
brain metastasis. G.Y. Chen carried out a study on 75
lung cancer patients with brain metastasis and found
that after whole-brain radiotherapy patients who had
higher levels of circulating exosomal integrin f3 had
worse overall survival [25]. One can suppose that the
organotropism of integrin-mediated metastasis can be
the universal mechanism for different carcinomas. T.
Luo et al. in the study published as a preprint found
that integrin a6 and 4 were overexpressed in highly
tumorigenic and metastatic colorectal carcinoma
(CRC) cell lines HCT116 and SW620, as well as in
their exosomes compared to the low tumorigenic and
non-metastatic CRC cell lines [26]. The authors used
the same approach as A. Hoshino et al., with the only
difference that the CRC cell line was used instead of
breast cancer cell line. As a result, the exosomes de-
rived from highly metastatic counterpart SW620 could
significantly increase the lung metastasis of SW480
cells, validating a role of exosomal integrin 0.6 and 4
in the lung metastasis of CRC.

There are studies which revealed other exosomal
molecules that contributed to organ-specific metas-
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tasis. Liver is the most common metastatic sites for
gastrointestinal tumors. So, liver stromal cells act as
recipient for gastric cancer-derived exosomal EGFR
which leads to effective activation of hepatocyte
growth factor (HGF) by suppressing miR-26a/b ex-
pression [27]. After that upregulated paracrine HGF
binds the c-MET receptor on the migrated cancer cells,
facilitating the landing and proliferation of metastatic
cancer cells in liver.

B. Costa-Silva et al. have found that Kupfter cells
uptake pancreatic ductal adenocarcinoma-derived
exosomal macrophage migration inhibitory factor
(MIF) which supports PMN formation and promotes
liver metastasis [28]. J. Sun et al. demonstrated that
metalloproteinase 17 (ADAM17) transported via exo-
somes increased the ability of colorectal cancer cells
to metastasize to liver in vivo [29].

A study conducted by C. Zhang et al. demonstrated
that cancer-derived exosomal HSPC111 promoted
colorectal cancer liver metastasis by reprogramming
lipid metabolism in cancer-associated fibroblasts in
vivo [30]. In vivo experimental data was confirmed on
clinical samples. Colorectal cancer patients with liver
metastasis had higher level of HSPC111 in serum exo-
somes, primary tumors, and cancer-associated fibrob-
lasts (CAFs) in liver metastasis than those without.

2.3 CTCs molecular markers

predicting future metastatic site

Circulating tumor cells (CTCs) are essential and
informative objects for understanding the mechanisms
of carcinoma metastasis [31]. CTCs are cells that have
been able to detach from the primary tumor and enter
the bloodstream. Previously considered that CTCs are
stopped at branch points in vessels due to low shear
stress and size limitations, as the diameter of CTCs is
up to 20 um compared to ~3—7 um capillaries [32].
Indeed, such explanation is competent, for spread of
tumor cells to the liver in intestinal cancer. But how
one can explain the appearance of brain metastases,
suggesting the migration of tumor cells through the
blood-brain barrier? It is likely that spread of tumor
cells is not a stochastic but a directional process re-
quiring a molecular apparatus to target specific organs.
Thus, Q. Chen et al. (2011) report that vascular cell
adhesion molecule-1 (VCAM-1) expressed by dis-
seminating breast cancer cells binds to integrin a4
expressed by leukocytes, which promotes lung me-
tastasis in vivo. This binding activates Akt signaling
in lung-metastasizing cancer cells, thereby protecting
them from apoptosis [33].

P.M. McGowan et al. had shown the role of Notch1
signaling in formation of brain metastasis in vivo
[34]. Originally it was found that Notchl involved in
differentiation of astrocytes, but now more and more
evidence that dysregulated Notchl signaling has been
observed in many human cancers, including endometri-
al cancer (19), colon cancer (20), lung cancer (21) and
breast cancer [35, 36]. Notch1 knockdown reduced the
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expression of CD44"/CD24" phenotype by ~20 %. Au-
thors found that 231-BR tumor cells (brain metastatic
variant of MDA-MB-231 cells) with the CD44"/CD24"
stem phenotype form 2 times more macrometastases
compared to non-stem CD44°/CD24" cells in vivo.
Furthermore, inhibition of Notch1 signaling pathway
in two different ways, namely, administration of DAPT
(y-secretase inhibitor; MK-0752) and using of shRNA
resulted in inhibition of 74—79 % of brain metastasis.
Results of phase 4 clinical trial of MK-0752 combined
with either tamoxifen or letrozole to treat early-stage
breast cancer were published in 2019 [37].

L. Zhang et al (2013) confirmed the role of Notchl
expression in brain metastasis of breast cancer [38].
Group of authors identified in EpCam-negative CTCs
a potential signature of brain metastasis compris-
ing “brain metastasis selected markers (BMSMs)”
HER2+/EGFR+/HPSE+/Notch1+. Three CTC lines
(CTC-1, CTC-2, CTC-3) were established, and their
metastatic potential was evaluated in vivo. Although
all CTC lines (CTC-1, CTC-2, CTC-3) could form
lung metastasis, only CTC-1 promoted relevant brain
colonization. Furthermore, CTC-1 line was the most
invasive, with approximately 25 % more cells pen-
etrating the Matrigel barrier than the highly invasive
231-BR cells. The authors suggest that the reason for
this is the fact that the CTC-1 were obtained from a
TNBC patient. The authors also compared the expres-
sion of BMSMs in tumors induced by CTC in the
brain and found an increased expression of proteins
HER2, EGFR, HPSE and Notchl versus lung metas-
tasis which suggests the relevance of the BMSM CTC
signature to brain metastasis.

Other study carried out by R. Klotz et al. (2020)
also provide the experimental evidence of the promis-
ing role of CTCs as a prognostic factor for site-specific
metastasis [39]. The authors established four CTCs
lines derived from luminal-type breast cancer patient,
with differential metastatic tropism. The authors en-
riched subpopulation of tumor cells tropic to brain
by additional rounds of in vivo selection, resulted
in significant increase in brain metastatic activity
(50 % of mice in generation 3 compared to 5 % of
mice in parental CTC line). Copy-number variation
analysis revealed an amplification of chromosome 9q
(chr9q13-34) in brain-tropic subpopulation of tumor
cells. Among identified genes residing on chromosome
9q, for which the expression is altered in tumor cells
with a preferential tropism for the brain, SEMA4D
(gene encoding Semaphorin 4D) was associated with
a significant decrease of metastasis-free survival in
the brain, but not in lung and bones. Protein overex-
pression of Semaphorin 4D was observed in 7 out 12
samples obtained after surgical resection from breast
cancer patient with brain metastasis. An important
note is the fact that intracardiac inoculation of CTCs
in mice did not show an exact one-to-one match of
the patient’s metastases, which is probably due to
significant differences in microenvironment.
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M. Clements et al. (2020) postulated PREX1,
Rac-pathway activator, as key driver of spontaneous
dissemination of tumor cells from the primary site to
the bone marrow in vivo [40]. The authors established
novel model of spontaneous bone metastasis derived
from human ER+ MCF7 cells, which obtained in-
creased migratory, invasive, and adhesive behavior in
vitro compared to parental MCF7 cells. Using ShRNA
blocking PREX1 expression, the authors confirmed
that more aggressive phenotype was mediated by
PREXI1.

One can concludes that characterization of CTCs
is a rather difficult task due to their small number and
the absence of clear phenotypic characteristics. Often,
the investigation of metastasis mechanisms is carried
out using model systems, which hardly provide a
complete understanding of the molecular mechanisms
of the spread of carcinoma tumor cells at the level of
the whole organism.

Tumor microinvironment in predicting

organ-specific metastasis

The tumor microenvironment is a set of cellular
and molecular components in which primary tumor
originates, evolves, and intravasate into vessels. Cel-
lular components represented by stromal and immune
cells make a significant contribution at all stages of
metastasis. Initially, microenvironment and structure
of specific organ influence metastatic niche forma-
tion and further interactions between cancer cells and
local resident cells, regulating the survival of cancer
cells and formation of metastatic lesions [41]. For
example, A.M. Gil-Bernab¢ et al. demonstrated the
essential role of monocytes/macrophages in premeta-
static niche establishment in mice [42]. Tissue factors
(TF) expressed by tumor cells induced clot formation
which enhanced tumor cell survival after arrest in the
lung in vivo. It turned out that such phenomena were
realized by recruiting macrophages characterized by
CD11b, CD68, F4/80, and CX3CR1 expression. The
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