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Abstract

The purpose of the study was to generalize information regarding the molecular and biological mechanisms
involved in the resistance to endocrine therapy with aromatase inhibitors in patients with luminal breast cancer.
Material and Methods. The literature search was conducted using Medline, Cochrane Library, Elibrary and
PubMed databases. Results. The review highlights the results of international studies on molecular and
biological characteristics of breast tumors and their relationship with the effectiveness of hormone therapy.
Particular attention was paid to the description of modern studies on ROR1 and BMI-1 proteins and their
contribution to the development of tumor resistance to treatment. Conclusion. The analysis of the world
literature confirms the relevance of studying the molecular and genetic characteristics of tumor tissue in
patients with luminal breast cancer. The data obtained were compared to the clinical course and response to
hormone therapy in order to standardize them for implementation in everyday practice as the “gold standard
of diagnosis”.
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AHHOTauuA

Llenb uccnepoBaHus — 00006LLEHNE NMEIOLLNXCA CBEAEHMI O BO3MOXHbBIX MOMEKYNsipHO-OMOnornyeckmx
MexaHu3Max pas3BuTUs HeamEKTUBHOCTM SHAOKPUHOTEPANUN MHIMOUTOPaMM apomarasbl y NauMeHToB,
BOMbHbIX MFOMUHANBHLIM PaKoOM MOIOYHOW xenesbl. MaTepuan n meTtoAbl. [ovck nMTepaTypbl NPON3BOAMIICS
B cuctemax Medline, Cochrane Library, Elibrary n PubMed, Bkntovanuce nybnukauum, xapaktepusytoLine
COBPEMEHHbIN B3N Ha Nnpobrnemy yCTOMYMBOCTY OMyXOrer MONIOYHOW Xenesbl K npoBoaMmon Tepanuu. Pe-
3ynbTaTthbl. B 0630pe ocBeLleHbl pesynsraTel MeXayHapoaHbIX UCCefoBaHUiA MONEKyNsSpHO-OMonornyecknx
XapaKkTepUCTKK OMyXoren MOSIOYHOMN enesbl U UX CBSA3b C 3pEKTUBHOCTHIO MPOBOAMMOW FOPMOHOTEPANMN.
Oco60oe BHMMaHWE yaeneHo onucaHnio COBPEMEHHbIX ccnenoBaHui no nsyyexuto 6enkos ROR1 1 BMI-1
W UX BKNaZa B pa3BUTMe YCTOMYMBOCTM ONYyXOnM K NieveHuto. NpoBeaeH aHanna MMpoBON nuTeparypbl, Noa-
TBEPXKOALWMIA aKTyanbHOCTb UCCNefoBaHMs MOMEKYNSPHBIX Y FTEHETUHECKNX XapaKTEPUCTUK OMyXOoreBoWn
TKaHW y NaumMeHToB C nomuHansHeiM PMXK, conoctaBneHus nony4eHHbIX aHHbIX C KITMHUYECKUM TEYEHNEM
1 OTBETOM Ha rOPMOHOTEPANUIO C LIENbIO X CTaHAapTM3aLUmMmn Anst BHEAPEHWS B MOBCEOHEBHYIO NPaKTUKY B

Ka4YyeCTBe «30/10TOro ctaHgapTa ANarHOCTUKNY .

KnioyeBble croBa: pak MOIOYHOW Xerne3bl, TIloMUHanbHbie noaTunbl, ROR1, BMI-1, agbloBaHTHas

ropMoHoTepanus.

Breast cancer (BC) is the most commonly
diagnosed cancer in women worldwide. According
to the National Center for Health Statistics (NCHS),
about 279,000 new cases of breast cancer were
diagnosed in the United States in 2020, and about
42,000 women died from the disease [1]. About 70 %
of all breast tumors are of the luminal Her2-negative
type and characterized by the presence of estrogen/
progesterone receptor expression and the absence of
Her2Neu protein expression [2]. Adjuvant endocrine
therapy is one of the main therapeutic approaches
for these types of tumors, as it reduces the risk of
progression and recurrence by an average of 40 % [3].
The use of aromatase inhibitors in postmenopausal
patients can achieve a favorable clinical outcome.
However, most hormone-sensitive tumors develop
resistance to therapy [4].

The role of various molecular genetic markers

in the mechanisms involved in drug resistance

in luminal breast cancer

Over the past years, various molecular biological
characteristics of breast tumors have been described
to understand the mechanisms of the development
of resistance to therapy, including hormone therapy.
Much attention is paid to the study of aromatase,
which is responsible for the conversion of androgens
into estrogens. Normally, the level of aromatase in
the breast adipose tissue is low. The distal promoter
1.4 is used in the synthesis of aromatase, and the
proximally located promoters 1.3 and Il are practically
not involved in the process. Malignant epithelial cells
of breast tissue are able to secrete prostaglandin E2
(PGE 2), which shifts the promoter from 1.4 to 1.3/11,
thereby initiating a sharp jump in aromatase synthesis
[5], therefore, it is promising to study and create
selective inhibitors of aromatase promoters.

Research is underway to find molecular
characteristics of a tumor that can be used as targets
to overcome emerging drug resistance. It is known that
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the TP53 gene mutation, the wild type of which is an
anti-oncogene, is associated with the luminal B subtype
of breast cancer and a higher Ki67 level, which, in turn,
determines the low efftiency of hormone therapy
and a less favorable prognosis of the disease. Also of
interest is the contribution to the development of drug
resistance of the protein kinase MAP3K 1, which is a
component of several signaling pathways that regulate
inflammation and immune responses. The MAP3K1
gene mutation is associated with the luminal A subtype,
low Ki67 values, and a more favorable tumor response
to hormone therapy. A number of authors confirm the
prospects for further study of the GATA3 transcription
factor and its influence on the prognosis of breast
cancer. It has been shown experimentally in vitro that
GATA3 may be one of the key factors in the process of
differentiation of tumor cells in luminal type of breast
cancer. GATA3 is a regulator of a certain set of genes
that directly affect the process of differentiation and
proliferation of breast cancer cells [6, 7]. The mutation
of the transcription factor GATA3 correlated with
a greater suppression of Ki67 levels after treatment
with aromatase inhibitors, but not with the initial
Ki67 level, which can also be considered a predictor
of a more favorable course of the disease [8]. Also, a
number of authors note that high expression of GATA3
is most often associated with ER-positive tumors of
low malignancy and a more favorable prognosis of
the disease [9] The DNA-binding protein FOXA1 is
of interest to many researchers. In breast cancer, the
levels of the FOXA1 marker significantly correlate
with the positive expression of ERa, GATA3, PR,
which indicates its participation in the implementation
of estrogen-mediated signaling pathways in tumor
cells [10].

In the literature, there are also studies on the role of
the estrogen receptor gene ESR1 in the development
of resistance to hormone therapy with tamoxifen and
aromatase inhibitors. It was noted that in the presence
of the ESR1 mutation in tumor cells, hyperactivation
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of the UPR (Unfolded protein response) signaling
pathway was observed, which contributed to the
development of an endocrine-resistant phenotype
in the tumor. Thus, UPR hyperactivation can be
considered one of the predictors of resistance to
hormone therapy. It was also shown that in the
presence of the ESR1 mutation, patients responded to
therapy with fulvestrant or targeted therapy with CDK
4/6. But to overcome endocrine-resistant forms, it is
necessary to develop more selective estrogen receptor
destructors and/or new targets [11].

In recent years, it has been promising to study the
influence of immune responses on the development of
malignant neoplasms. Chronic inflammation is often
present in the tissues of breast tumors. In experimental
models of breast cancer, it has been revealed that CD4
T-lymphocytes producing IL-4 regulate the activity of
the so-called tumor-associated macrophages (TAMs)
and promote the invasion of tumor cells into the
surrounding healthy tissues, as well as the process of
metastasis. TAMs, in turn, activate the EGFR signaling
pathway, which is associated with a less favorable
prognosis of the course of the disease and resistance
to treatment, hormone therapy in particular [11].

It has been shown that chronic inflammation causes
an increase in the level of prostaglandin E2 (PGE2),
which can induce the expression of the FOXP3 protein
in regulatory T cells (Treg), changing their phenotype
and thereby reducing the effectiveness of the immune
response in the tumor tissue, worsening the prognosis.
Studies have shown that high infiltration of Treg
cells in breast tumor tissue is associated with a more
aggressive course of the disease and ineffectiveness
of hormone therapy. It is interesting to note that with
neoadjuvant hormone therapy, the levels of FOXP3
protein and Treg cells in the tumor decreased [12].

Currently, special attention is paid to the study of
signaling pathways of tumor cells, including the WNT-

intracellular cascade. The Wnt signaling pathway plays
an important role in the processes of embryogenesis,
cell differentiation, and the development of malignant
tumors. The canonical Wnt/B-catenin signaling
pathway and non-canonical signaling pathways such
as Wnt/Ca2+ and Wnt/PCP (planar cell polarity) are
distinguished. When Wnt proteins bind to ROR1/2
receptors, receptors of the Frizzled (FZD) family, and
RYK (receptor like tyrosine kinase), the Wnt/Ca2+
signaling pathway is activated, which leads to the
recruitment of G-proteins. G-proteins, in turn, activate
phospholipase C (PLC), which catalyzes the hydrolysis
of phosphatidylinositol 4,5-bisphosphate (PIP2) to
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG). DAG remains in the cell membrane,
promoting the activation of protein kinase C (PKC).
IP3, by diffusion, enters the cytosol of the cell, where
it binds to Ca2+ channels and triggers the process of
Ca2+ ions entering the cytoplasm [13]. An increase in
the concentration of Ca2+ inside the cell can stimulate
the activation of calcineurin (Ca2+-dependent serine/
threonine phosphatase). This process leads to the
accumulation of the nuclear factor associated with
T-cells (NFAT), which enhances cell motility and
promotes the initiation of the epithelial-mesenchymal
transition [14]. I. Pacheco and R.J. Macleod showed
that extracellular Ca2+ led to the activation of calcium-
sensitive receptors (CaSR), which was the reason for
an increase in the production of Wnt5a protein.

Wnt5a protein binds to the transmembrane receptor
protein kinase ROR1, causing the latter to dimerize,
which leads to the activation of the PI3K/AKT sig-
naling pathway. The active PI3K pathway causes
phosphorylation of the BMI-1 protein, which leads to
chromatin remodeling (fig. 1).

A number of authors associate this process with the
development of subsequent genetic instability of the
tumor cell and the possibility of the development of
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drug resistance [15, 16]. The described mechanism is
being actively studied in malignant neoplasms of vari-
ous localization (lungs, prostate gland, colon), but its
role in the development of the ineffectiveness of the
drug treatment of breast cancer (hormone therapy in
particular) has not been sufftiently studied.

Characteristics and role of the RORI protein

in the development of malignant neoplasms

RORI1 (Receptor Tyrosine Kinase Like Orphan
Receptor 1) is a protein of the receptor tyrosine kinase
family that is encoded in humans by the ROR1 gene.
High expression of this protein is typical for most
body tissues during embryogenesis, but practically
does not occur in healthy tissues of an adult [17, 18].
However, under physiological conditions, the protein
can be expressed in the parathyroid glands, islets of
the pancreas, in the esophagus, stomach and duode-
num [19]. Increased expression of ROR1 in tissues
is associated with the development of malignant
neoplasms of various localizations. High levels of
expression of the marker are especially characteristic
in chronic lymphocytic leukemia and some types of
solid tumors, including cancer of the lungs, ovaries,
and breast [20, 21]. It has been shown that high rates
of ROR1 expression in patients with chronic lympho-
cytic leukemia are associated with a decrease in overall
survival [22]. When studying the role of this protein
in ovarian cancer, it was found that tumor cells with a
high level of ROR1 expression had a more pronounced
genetic similarity with tumor stem cells, which was
manifested in high values of CD133, CD44 expression
on the cell surface, as well as in high levels of ALDH1.
Also, ovarian tumors with high ROR1 expression were
prone to more rapid onset of distant metastases, which
gives grounds to associate high levels of this protein
with a decrease in life expectancy and an unfavorable
prognosis of the disease [20].

Studies have found that high levels of ROR1 ex-
pression in breast cancer are associated with a later
stage of the disease, an aggressive course of the tumor
process, more frequent relapses after treatment, and
a generally poor prognosis [16]. It was also noted
that high levels of expression of this protein in breast
neoplasms can promote the growth and proliferation
of tumor cells, avoidance of apoptosis, and epithelial-
mesenchymal transition [23].

One of the key components associated with the
epithelial-mesenchymal transition is the Twist group of
transcription factors. Twist]l and Twist2 are key regu-
lators of embryonic development and organogenesis.
Twistl is involved in angiogenesis, dissemination and
chemoresistance, and also promotes the acquisition of
stem properties by tumor cells in carcinomas, sarcomas
of various localizations and hematological malignant
neoplasms. At the same time, the biological functions
of Twist2 in tumors are still very controversial and
poorly understood. According to a study by J. Cao et
al. [24] the transcription factor Twist directly activates
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RORI1 transcription and triggers a chain of events that
can lead to epithelial-mesenchymal transition, inva-
sion, and metastasis.

The researchers found that the mechanism of tumor
migration and metastasis occurred due to the phos-
phorylation of the cortactin protein by ROR1 kinase.
Cortactin (also known as EMS1 or CTTN) is expressed
by neoplastic cells of various cancers and appears to
be involved in the migration of tumor cells during
metastasis. Upon external stimulation, cortactin un-
dergoes phosphorylation by tyrosine, which leads to an
ordered rearrangement and polymerization of the actin
cytoskeleton. This process is also required to start the
processes of cell migration [25]. It is interesting to note
that a relationship between ROR1 activation and FGFR
activation has been shown in models of basal cell BC,
which is associated with a poorer prognosis [26].

Several studies reported a high level of ROR1
expression in the surviving tumor cells using models
of breast cancer xenografts in mice after a course of
chemotherapy with paclitaxel. As a second line of
therapy, in such cases, therapy was prescribed with the
targeted anti-ROR1 drug cirmtuzumab, which slowed
down the processes of metastasis. It was noted that in
the group that was initially treated with the combina-
tion of paclitaxel+cirmtuzumab, the effectiveness of
therapy was higher than in the group where the treat-
ment was started with paclitaxel monotherapy [16].
This study also revealed a relationship between high
expression of ROR1 with the activation of the Hippo
signaling pathway (namely, the YAP/TAZ gene, which
carries the role of an oncogene and promotes the
transformation of tumor cells into tumor stem cells)
and BMI-1. Targeted blocking of the ROR1 receptor
with cirmtuzumab blocked Wnt5a ligand-mediated
activation of the Hippo-YAP/TAZ signaling pathway
and BMI-1, and was therefore associated with a better
prognosis.

One of the mechanisms leading to an increase in the
effectiveness of chemotherapy in ROR1 knockdown
is associated with the involvement of glycoproteins
in the process. ROR1 indirectly through MAPK/ERK
increases the expression of the so-called «drug pump»
ABCBI, which is a P-glycoprotein, which, in turn, re-
moves chemotherapy drugs outside the cell. Functional
ABC transporters are large integral membrane proteins
containing two transmembrane domains (TMD) and
two nucleotide binding domains (NBD). The molecu-
lar mechanism of transport occurs due to the hydrolysis
of adenosine triphosphate (ATP), which leads to a se-
ries of conformational changes covering the molecule
from cytoplasmic ATP-binding units to TMD helices,
which form a transmembrane pore through which a
particular substance is excreted [27].

ABC transporters are not limited to removing only
chemotherapy drugs, but also utilize a whole range
of different groups of drugs from the cell, including
NSAIDs, antibiotics, and others. ABCB1 predomi-
nantly removes hydrophobic compounds. The associa-
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tion was reliably identified between ROR1 inhibition
and increased DNA damage by anthracyclines and
platinum-based drugs [27].

Dimerization of the ROR1 receptor by the Wnt5a
ligand of the Wnt signaling pathway leads to the
recruitment of various adapter proteins that trigger
unwanted activation of the PI3K/AKT pathway [28,
29]. PI3K/AKT pathway is an intracellular signaling
pathway, the central components of which are the
enzymes phosphoinositide 3-kinase (PI3K), AKT
and mTOR kinases. This pathway is one of the
universal signaling pathways characteristic of most
cells of the human body. Its activation is responsible
for cell escape from apoptosis, promotes cell growth
and proliferation. A number of clinical studies have
confirmed that mutations in the alpha catalytic subunit
p110aPI3K (PI3KCA) are present in 40 % of cases
of luminal Her2Neu-negative breast cancer. It was
determined that these genetic disorders lead to PI3K/
AKT hyperactivation, which, in turn, leads to uncon-
trolled cell proliferation and is associated with a more
unfavorable prognosis of the course of luminal breast
cancer [30, 31]. One of the mechanisms of action of the
active PI3K/AKT pathway is through phosphorylation
of the BMI-1 protein.

Characteristics and role of BMI-1 protein

in the development of malignant neoplasms

BMI-1 is a polycomb family protein that is an
epigenetic suppressor through heterodimerization by
Ring1B/Rnf2. Ring1 B/Rnf2 stimulates the activity of
BMI-1 ubiquitin ligase against lysine 119 of histone 2A
(H2A-K119) [32]. The latter determines the expression
pattern of genes involved in various cellular processes
such as proliferation, growth, DNA repair, apoptosis,
and aging. It is known that BMI-1 plays an important
role in modulating the potential of hematopoietic and
neuronal stem cells for self-renewal and differentia-
tion. However, this protein also promotes self-renewal
and differentiation of tumor stem cells.

High levels of BMI-1 expression are found in
malignant neoplasms of various localizations: cancer
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