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Abstract

The review looked at the issues of tumor heterogeneity in breast cancer. Tumor heterogeneity is classified
according to the main feature demonstrating regional differences within a tumor (for example, heterogeneity
of clinical manifestations, histological heterogeneity, heterogeneity of protein expression, etc.) and by tumor
regions (differences between primary tumors and metastases, differences between cell clones within a single
tumor node, etc.). Temporal heterogeneity is also distinguished, which manifests itself in the clonal evolution of
tumor cells. The review covers the heterogeneity in the expression of four biomarkers from the “gold standard” for
immunohistochemical staining of breast cancer: estrogen receptors, progesterone receptors, Her2/neu and Ki67 in
primary tumor tissue and regional metastases. According to various studies, discordance in estrogen receptor status
of primary tumor cells and metastases was observed with a frequency of 4 to 62%, progesterone receptors — from
12 to 54%, Her2/neu — from 0 to 24%, Ki67 — from 4 to 39%. The results of studies of changes in the expression
levels of individual markers in breast cancer metastases, as well as the heterogeneity of surrogate subtypes of tumor
tissue in metastasis, are briefly described. Possible reasons for heterogeneity in the expression of key prognostic and
predictive markers by primary tumor and metastatic cells, such as artificial factors at the preanalytic and analytic
stages of the study, polyclonality of the primary tumor before metastasis, clonal evolution of tumor cells during
metastasis, selection of tumor clones under the therapy are highlighted.
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2. Heterogeneity of radiation imaging.

3. Macroscopic heterogeneity.

4. Microscopic (histological) heterogeneity.

5. Heterogeneity of protein expression.

6. Genetic heterogeneity.

In addition, tumor heterogeneity can be spatial

Introduction. Methodological advances in recent
years have significantly expanded our complex
understanding of the morphology, pathophysiolo-
gy, molecular biology, and genetics of breast can-
cer (BC). Tumor heterogeneity is presently one of
the most pressing problems [1-4]. Differences in

the morphological properties of tumor tissue as
well as the coexistence of areas with different his-
tological characteristics in the same patient are
known throughout the history of microscopic exa-
mination of tumor lesions of any localization and
have become established in the official classifica-
tions of diseases and the rules for the diagnosis
statement.

Advances in the study of molecular and genet-
ic characteristics of tumors and related aspects of
carcinogenesis have led to the formation of contem-
porary complex concepts of tumor heterogeneity
[5-7]. Accordingly, the following levels of tumor
heterogeneity have been identified.

1. Heterogeneity of clinical manifestations.

or temporal.

Temporal tumor heterogeneity reflects the clo-
nal evolution of cells during tumor development.

Spatial heterogeneity of the tumor is manifested
in the following differences.

1. Differences between tumor foci in multi-
centric/multifocal growth.

2. Differences between the primary tumor and
metastases.

3. Differences between the primary tumor and
recurrence.

4. Differences between clones of cells in the
same tumor.

5. Differences between individual cells within
the same tumor.
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Problems associated with tumor heterogeneity,
particularly in BC, are currently being actively in-
vestigated [8—10]. At the same time, genetic dif-
ferences in clones of tumor cells are studied both
within the primary tumor and between clones of
cells of primary and metastatic tumors, and diffe-
rences in the expression levels of protein biomar-
kers are compared, as a rule, between the tissues of
primary and metastatic tumors [11-14].

The gold standard of BC research includes im-
munohistochemical assessment of expression levels
of estrogen receptors (ER), progesterone receptors
(PR), Her2/neu oncoprotein, and the Ki67 proli-
feration marker in the primary tumor tissue to as-
sess prognosis and prescribe personalized therapy.
The importance of each of these markers in clinical
decision-making as well as their relationship with
the key mechanisms of carcinogenesis have given
rise to unremitting interest for over 20 years in the
disparity between the levels of expression of each
of them in the tissue of primary and metastatic tu-
mors [15-18].

Understanding the mechanisms of changes in
the expression levels of biomarkers included in
the “gold standard” of BC research in the case of
metastasis and the subsequent change in clinical
guidelines for the diagnostics of this pathology will
reduce the number of cases with an insufficient the-
rapeutic effect of the prescribed drug regimens [19].

Differences in the cells of regional metastases
and primary tumors in BC in terms of the expres-
sion level of clinically significant biomarkers have
remained a subject of study since the 1970s. Thus,
differences in ER concentrations in cells of primary
and metastatic tumor foci in BC were investigated
by Rosen et al. using biochemical methods. In this
study, the frequency of differences in the ER sta-
tuses of the primary tumor and metastases of any
localization was 38%, and the incidence of ER-po-
sitive metastatic tissue in the ER-negative tissue of
the primary tumor and ER-negative metastatic tis-
sue in the ER-positive tissue of the primary tumor
did not demonstrate significant differences [20].

Over the subsequent years, studies regarding
the correspondence of receptor status to sex steroid
hormones and the Her2/neu oncoprotein in the tis-
sue of primary and metastatic tumors in BC were
published regularly [21-23].

Heterogeneity of ER in a tumor with region-
al metastasis of BC. When studying the change in
ER status, most studies have shown the existence
of a certain proportion of BC cases where the ER
status of the metastatic tissue and the primary tu-
mor tissue do not coincide [24, 25].

A meta-analysis that combined the results of
33 studies (4200 cases) of differences between the
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ER statuses of primary and metastatic tumors, per-
formed by Aurilio et al. presented the combined
value of the proportion of cases with differences
in the ER statuses of the primary tumor and me-
tastases, equal to 0.2 [95% confidence interval (CI)
0.16—0.25], and the same indicator when only re-
gional metastases were included in the study was
0.16 (95% CI 0.11-0.22). At the same time, the pro-
portion of cases with ER-negative status of meta-
static tissue with ER-positive status of the primary
tumor tissue was 0.24 (95% CI 0.18—0.31), and the
proportion of cases with ER-positive status of me-
tastatic tissue and ER-negative status of the pri-
mary tumor was 0.14 (95% CI 0.09-0.20). The
significance of differences in the proportions ob-
tained was confirmed statistically [1].

When analyzing the available sources, the fre-
quency of cases with a change in the ER status in
BC metastasis ranged from 4% to 62% of all cases
with metastases [26—28]. No studies were revealed,
demonstrating the complete absence of changes in
the ER status in regional metastasis of BC.

Heterogeneity of PR in a tumor with regional
metastasis of BC. Studies focused on the change
in the status of PR in regional BC metastasis be-
gan to be performed later than studies of the incon-
sistency of ER status. The first publication found
on this subject was published in 1983 by Holdaway
and Bowditch, who revealed an incidence of dis-
crepancy between the PR statuses of primary and
metastatic tumors of 35%, with the incidence of
the cases of PR-negative metastases in PR-positive
tissue of the primary tumor over the incidence of
cases with a change in the opposite direction [29].

Similarly to the studies of ER, the concentration
of PR in tumor cells was assessed by biochemical
methods until the early 1990s, when immunohis-
tochemical examination of tumor tissue became
the generally accepted method of determining the
PR status of BC [30]. The proportion of discrep-
ancies in the PR status of the tissues of primary
and metastatic tumors in most studies exceeds the
same indicator for ER [31-33]. Thus, the above-
considered meta-analysis by Aurilio et al. based on
the material of 24 studies and including 2739 pa-
tients, presents the combined value of the propor-
tion of cases with differences in PR status between
the primary tumor and metastases, equal to 0.33
(95% CI 0.29-0.38). For regional metastases con-
sidered separately, this indicator was 0.26 (95% CI
0.21-0.32). The proportion of cases with PR-nega-
tive metastases and a PR-positive primary tumor
was 0.46 (95% CI 0.37-0.55) and was significantly
higher than the proportion of cases with PR-posi-
tive metastatic tissue and PR-negative primary tu-
mor tissue, which was 0.15 (95% CI 0.12-0.17) [1].
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The frequency of changes in the PR status during
metastasis, in accordance with the results of avai-
lable publications, ranged from 12% to 54% among
all cases of metastatic BC [30, 34]. The available
sources included no works in which authors did not
reveal changes in PR status in BC metastasis.

Heterogeneity of the Her2/neu oncoprotein
in a tumor with regional metastasis of BC. The
presence of changes in the Her2/neu status of BC
cells during metastasis remains a subject of discus-
sion among researchers. The study by Lacroix et al.
was the first work found comparing the expression
levels of Her2/neu in primary tumor cells and re-
gional metastases. In this work, the researchers
compared the expression levels of the Her2/neu on-
coprotein and the amplification of the Erbb2 gene
encoding it in the tissue of primary and metastatic
tumors and concluded that the parameters studied
are preserved during regional metastasis [35].

Later, works were published that both refu-
ted and confirmed the existence of changes in the
Her2/neu status of BC tumor tissue during metasta-
sis [36—43]. Among the studies reviewed, the high-
est frequency of changes in the Her2/neu status of
tumor tissue during metastasis was found by Re-
gitnig et al. and was 0.24 (95% CI 0.07-0.5) [44].
The proportion of changes in Her2/neu status in BC
metastasis was given in a meta-analysis by Auri-
lio et al. who combined the material of 2987 cases
from 31 studies, and the result amounted to 0.08
(95% CI1 0.06-0.10) [1].

In contrast to the determination of the ER and
PR statuses based on the results of immunohisto-
chemical examination of tumor tissue, in the study
of the discrepancies between the Her2/neu statuses
of the primary tumor and metastases, in some cases,
the in situ hybridization method was also used,
enabling assessment of the amplification of the
Erbb2 gene encoding the Her2/neu protein [45—47].

Heterogeneity of the Ki67 proliferation
marker in the tumor with regional metastasis of
BC. The publication of studies on the heterogene-
ity of expression of the proliferation marker Ki67
began later than similar studies on the heteroge-
neity of ER, PR, and Her2/neu expression, which
is associated with the later inclusion of the assess-
ment of proliferative status according to the level
of Ki67 expression in the gold standard of BC dia-
gnostics. The threshold value of the proportion of
Ki67-positive tumor cells that separates cases of
BC with high and low proliferation levels changed
over time. At present, the threshold recommended
for diagnostics is considered to be 20% of stained
tumor cells; however, the issue of introducing two
threshold values is discussed, providing for cases
with low (<10% of tumor cells stained), intermedi-

ate (10% to 30% of tumor cells stained), and high
(>30% of tumor cells stained) levels of proliferative
activity of BC [48, 49]. At the same time, a thre-
shold value of 20% of stained tumor cells remains
recommended for diagnostics.

The earliest study found on the change in the
proliferative status of a tumor during metastasis
was conducted in 2002 by Buxant et al. who regis-
tered a significant increase in the expression level
of Ki67 in metastatic tissue (29.8 = 12.2%) com-
pared with the primary tumor tissue (21.8 + 9.8%)
[50]. Later studies confirmed the existence of a cer-
tain group of cases where the Ki67 status of the
tumor tissue changes with a frequency of 4.4% to
38.8% [51, 52].

In the studies reviewed, no significant differen-
ces were revealed in the frequency of cases with
a high proliferative status of metastatic tissue
with a low proliferative status of the primary tu-
mor tissue and the frequency of cases with a re-
verse change in Ki67 status during metastasis.
At the same time, in several works studying the
changes in the Ki67 expression level in BC tissue
during metastasis, a significant increase in the pro-
liferative activity of the metastatic tissue was es-
tablished, compared with the primary tumor tissue
[31, 50, 53].

Various approaches to the study of immuno-
phenotypic heterogeneity of BC in regional
metastasis. The high predictive value of immuno-
histochemical examination of the expression level
of ER, PR, Her2/neu oncoprotein, and the prolife-
ration marker Ki67 in BC tissue is inextricably as-
sociated with the subsequent assessment of the
status of each of these markers. The subsequent
adoption of therapeutic decisions is based precise-
ly on information about the positive or negative sta-
tus of each of the cell receptors and the high or low
proliferative status of the tumor, determined by im-
munohistochemical staining of the tissue section
with antibodies to Ki67.

Due to the pronounced clinical orientation of
most of the published studies, the main interest for
their authors was the phenomenon of differences
in the status of biomarkers in the tissue of prima-
ry and metastatic tumors in BC, as well as the in-
fluence of changes in the receptor and proliferative
status during metastasis on the choice of a treat-
ment approach and prognostic indicators [54, 55].
Changes in the expression levels of ER, PR, Her2/
neu, and Ki67 during BC metastasis, demonstra-
ting the biological patterns of tumor progression,
are not widely covered in the available literature.

Falck et al. (2013) presented data on the absence
of significant differences in the expression levels of
ER and Ki67 and a decrease in the PR expression
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level when comparing these biomarkers in the tis-
sue of regional metastases and primary tumor in
BC [56]. At the same time, no works were revealed
containing a comprehensive methodically uniform
description and analysis of the relationships be-
tween changes in the expression levels of ER, PR,
Her2/neu, and Ki67 as well as the mechanisms of
carcinogenesis associated with these changes.

Immunohistochemical analysis of tumor tissue
in BC serves as a surrogate method for determi-
ning the molecular genetic subtype, since various
combinations of positive and negative statuses of
ER, PR, and Her2/neu and high and low Ki67 sta-
tus correspond significantly to the true molecular
genetic subtypes of BC, determined using multi-
gene signatures [48, 57].

The phenotypic heterogeneity of BC, manifested
in a change in the surrogate tumor subtype during
metastasis, has been described in several publica-
tions. The frequency of changes in the molecular
biological subtype reported in these studies ranged
from 11% to 32% among the investigated cases of
BC with regional metastases [58]. The statistical
significance of the differences (McNemar—Bowker
test of asymmetry) in the directions of changes in
the tumor subtype during regional metastasis was
revealed for the tissue of the primary tumor belong-
ing to the luminal A subtype of BC (prognostical-
ly the most favorable subtype). In the cases of this
subgroup, where changes in the subtype occurred,
the metastatic tissue showed signs of more aggres-
sive molecular subtypes. In the study of BC cases
with any molecular subtype of the primary tumor,
the direction of changes in the subtype during me-
tastasis was not statistically confirmed [56].

Causes and clinical significance of hetero-
geneity of primary and metastatic tumors in
BC. According to several researchers, tumor he-
terogeneity and differences in cell clones currently
represent the most probable explanations for the in-
sufficient efficacy of anticancer therapy in BC [59,
60]. However, this position cannot be considered
generally accepted, since many authors associate
the differences detected not with biological phe-
nomena but with technical errors or limitations of
the methods. The literature describes four groups
of possible causes of the discrepancy between the
receptor and proliferative status of metastatic tissue
and primary tumors in BC.

1. Errors or limitations of methods at the pre-
analytical and analytical stages of the analysis of
histological material. After collecting a BC tissue
sample during surgery or during trephine biopsy,
the results of subsequent immunohistochemical
studies may turn out to be false due to cold ische-
mia, insufficient or excessive fixation, the use of
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fixatives not recommended by the manufacturer of
immunohistochemical reagents, heat treatment to
accelerate fixation, or violation of the recommen-
ded volumes and timing of the fixative replacement.

Suboptimal performance of the staining proto-
col, the use of low-quality regents, and errors in
the technique setting can also lead to false results
of immunohistochemical studies of tumor tissue.
Thus, differences in the processing conditions of
the primary tumor material and regional metasta-
ses can result in differences being recorded in the
expression levels of the biomarkers studied.

At the analytical stage, insufficient standard-
ization of methods for assessing staining results or
non-compliance with recommendations for asses-
sing staining results may lead to a discrepancy be-
tween the results of immunohistochemical studies
of the tissue of primary and metastatic tumors [61].

2. Tumor polyclonality preceding metastasis.
In some cases, the level of expression of biomar-
kers, which is assessed by immunohistochemi-
cal examination of BC, differs between areas of
the primary tumor. In cases where the primary tu-
mor material is collected using a trephine biopsy,
its volume is limited and the cells coincident with
the immunophenotype with the cells of metastases
may not enter the section.

The metastasis of cells representing a clone with
different properties from those clones to which
most cells of the primary tumor belong and from
those that form its immunophenotype is also possi-
ble. In this case, as a result of the multiplication of
metastatic cells, the level of expression of biomar-
kers in its tissue will be different from that of the
primary tumor [39, 62].

3. Evolution of cells in the process of tumor de-
velopment. Changes in the genetic profile of BC
cells occur due to mutational and other changes
in the expression of individual genes. The change
in the immunophenotype in such cases is associa-
ted with the acquisition by the cell of the ability to
form metastases [39].

4. Clonal selection of tumor cells under pres-
sure of therapy. Hormone therapy, which acts on
tumor cells expressing receptors for sex steroid
hormones, suppresses the development of the cor-
responding clones and does not act on those tumor
clones in the development of which the signaling
pathways associated with ER and PR are not in-
volved. Tumor clones, which are not affected by
hormone therapy, gain an advantage in develop-
ment and ensure the emergence of metastases. Tar-
geted anti-Her2/neu therapy similarly suppresses
clones of Her2/neu-positive cells, giving an advan-
tage to clones with negative Her2/neu status of tu-
mor cells that are involved in metastasis [61].



Kazan Medical Journal 2021, vol. 102, no. 5

The discrepancy between the receptor and pro-
liferative statuses of the primary tumor and me-
tastases in BC, as shown in several studies, has
prognostic and predictive significance. Many stu-
dies have revealed worsening prognosis in cases
with a change in the status of ER, PR, or Her2/neu
in tumor cells during metastasis, regardless of the
direction of changes [63] or in the appearance of
ER-, PR-, or Her2/neu-negative metastases with
a positive primary tumor [52, 64]. In addition, the
available literature presents data on the absence of
influence of the discrepancy in the status of key
biomarkers between the tissues of primary and
metastatic tumors in BC on disease prognosis [65].

Conclusion. Insufficient volume and inconsis-
tency of data on the existence, causes, and bio-
logical mechanisms of changes in receptor and
proliferative status during cancer metastasis as well
as the lack of a unified standpoint among experts
on the clinical significance of this phenomenon
does not enable the inclusion of a mandatory com-
prehensive assessment of the levels of expression of
ER, PR, Her2/neu, and Ki67 in tissue metastases in
clinical guidelines [66—69]. Recently, however, the
inclusion of immunohistochemical examination of
the status of key biomarkers in metastatic BC tissue
in clinical guidelines as an additional study [70] or
a mandatory study of Her2/neu status alone has be-
gun [71]. In 2020, the question was raised about the
introduction of a comparative study of a primary
tumor and metastasis in the detection of metastatic
lymph nodes in the clinical guidelines of the Rus-
sian Society of Oncomammologists [72].

Thus, there is no consensus among researchers
about the mechanisms of tumor heterogeneity and
the patterns of changes in the expression levels of
the receptor apparatus of BC cells during metasta-
sis. Most studies do not question the phenomenon
of differences in the statuses and levels of expres-
sion of ER, PR, Her2/neu, and Ki67 in the tissue of
primary and metastatic tumors [73]. At the same
time, in some works, the preferential direction of
changes in the statuses and levels of expression
of various components of the receptor apparatus
of BC cells during regional metastasis was not re-
vealed, while the results of those works in which
authors described the patterns of such changes are
contradictory. The lack of a unified standpoint on
this issue indicates the need to continue research
on this subject.

Despite the extensive information about the in-
tracellular mechanisms associated with tumor me-
tastasis, the amount of factual material describing
the participation of various components of the re-
ceptor apparatus of cells in BC metastasis remains
extremely scanty.

When signaling pathways associated with ER,
PR, and Her2/neu are implemented in tumor cells,
the molecules are mutually influential. At the same
time, the patterns of their interaction in BC metas-
tasis remain uninvestigated.
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