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Background: The diversity of cell-cell interactions in different regions of a tumor reflects the functional heterogeneity of cancer,
which poses challenges in early diagnosis, selection of treatment strategies, and prognosis of breast cancer. Cancer cells interact
with each other to form different morphological structures in the tumor and stromal host cells via integrins. The objective of
this study was to characterize the morphological and spatial heterogeneity of primary breast tumors in the context of expression
profiles of integrins and their ligands.

Methods: We studied spatial transcriptomics using the 10X Visium approach and the Niche Interactions and Communication
Heterogeneity in Extracellular Signaling (NICHES) algorithm to map ligand-receptor signaling pathways and visualize the het-
erogeneity of signaling archetypes in tumor clusters.

Results: Cluster analysis of the expression profiles of tumor spots from the samples indicated pronounced inter-tumoral het-
erogeneity. Integrin-ligand functional clusters were associated with intratumoral heterogeneity, which was manifested by the
presence of several morphological loci as observed in histological tumor samples. Inter-tumoral heterogeneity was manifested
by a different number of functional clusters, ranging from 2 to 9 for each tumor sample. The main characteristic of these clus-
ters was the significant predominance of non-complementary integrin subunits. Of the 42 functional integrin-ligand pairs in 21
clusters of five samples, 41 pairs occurred only once. The exception was the laminin subunit alpha-5 (LAMA5)-integrin beta 4
(ITGB4) pair, which was detected in two clusters of different samples.

Conclusions: The spatial heterogeneity of integrin-ligand expression clusters in breast cancer contributes significantly to the
functional heterogeneity of the tumor, which sets the stage for many scenarios of parenchymatous-stromal relationships, some
of which may be effective in the emergence of metastasizing tumor seed cells. The intra- and inter-tumoral spatio-functional
heterogeneity of the tumor tissue that we discovered may largely explain why it is difficult to achieve success in most patients
with breast cancer using any therapeutic strategy targeting one molecule of the vast array, regardless of the importance of its
pathogenetic significance.
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Introduction involved in almost all stages of tumor development [2]. Re-
markably, not all tumor cells can invade and disseminate
from the primary tumor to distant organs. Critical attributes
that influence the metastatic potential of tumor cells in-
clude stem-like features and epithelial-mesenchymal tran-
sition (EMT) characteristics. The aforementioned proper-
ties and other relevant factors that influence tumor cell ag-
gressiveness do not manifest equally in different cells of
the primary tumor. This phenomenon illustrates intratu-
moral heterogeneity in breast cancer. Considerable tumor

Integrins, a ubiquitous family of «f heterodimeric
receptors, engage in extensive interactions with various
ligands in both physiological and pathological contexts.
These receptors regulate crucial cellular processes, includ-
ing growth, proliferation, migration, signaling, cytokine
production and activation, apoptosis, and tissue repair,
which are crucial for inflammation and angiogenesis [1].
Accumulating evidence strongly suggests that integrins are
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heterogeneity poses challenges for early diagnosis, selec-
tion of treatment strategies, and prognosis of breast can-
cer. For instance, recurrence and distant metastases, as well
as the ineffectiveness of breast cancer treatment, arise be-
cause of tumor heterogeneity [3,4]. Spatial heterogeneity
describes the distribution and interactions of different cell
populations in tumor structures [3]. Morphological hetero-
geneity in breast cancer describes the presence of five main
types of invasive components in the tumor: tubular, alveo-
lar, solid, and trabecular structures, and discrete groups of
tumor cells, and is known to be associated with both dis-
ease prognosis and response to chemotherapy [5]. To date,
there have been no investigations of the spatial heterogene-
ity of integrin ligand-receptor interactions in primary breast
cancer.

Therefore, in the present study, we focused on char-
acterizing the heterogeneity of luminal breast cancer asso-
ciated with expression profiles of integrin and ligand, with
respect to the morphological and spatial heterogeneity of
the tumor.

Materials and Methods

Patient Samples and Ethics

The study included samples from five breast cancer
patients (invasive carcinoma of nonspecific type, luminal
A and B, stage [-1IA, grade 2-3). The ages of the pa-
tients ranged from 22 to 68 years. Formalin-fixed paraffin-
embedded (FFPE) samples were used for spatial transcrip-
tomic analysis. All patients underwent sectoral resection
and intraoperative radiation therapy. Sentinel lymph node
biopsies were performed during surgical treatment for all
patients. After surgery, the patients received chemotherapy
according to the National Comprehensive Cancer Network
(NCCN) recommendations. During the three-year follow-
up period, no progression of the disease was observed.

Assessment of RNA Quality, Sample Preparation,
and Library Construction

To assess the quality of FFPE tissue blocks, RNA was
extracted from 10 um-thick sections using a PureLink FFPE
RNA TIsolation Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s recommenda-
tion. RNA quality was assessed based on the mean RNA
fragment size and percentage of total RNA fragments >200
nucleotides using a High-Sensitivity RNA ScreenTape on a
4150 TapeStation (Agilent, Santa Clara, CA, USA). Five-
micrometer sections of FFPE tissue blocks prepared using
five breast tumor samples were mounted on visible spatial
slides. The samples were deparaffinized, hematoxylin and
eosin (H&E)-stained, visualized, and de-crosslinked ac-
cording to a previously described protocol (CG000409|Rev
B, 10x Genomics). Libraries were prepared using the Vi-
sium Spatial Gene Expression Reagent Kit (10X Genomics,
Pleasanton, CA, USA) for FFPE (CG000407|Rev C). The
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concentrations of the cDNA libraries were measured us-
ing a dsDNA High-Sensitivity Kit (Q33230, Invitrogen™,
Thermo Fisher Scientific, Waltham, MA, USA) and a Qubit
4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). cDNA concentrations varied from 2.7 to 5.5 ng/uL.
The quality of the cDNA libraries was assessed using a
High-Sensitivity D1000 ScreenTape on a 4150 TapeStation.
The peak size varied from 251 to 261 bp (Agilent, Santa
Clara, CA, USA).

Sequencing

1.8 pM samples of libraries were loaded and se-
quenced using the NextSeq 500 System (Illumina, San
Diego, CA, USA) as paired-end 150 bp reads according
to the following read protocol: read 1, 28 cycles; i7 index
read, 10 cycles; i5 index read, 10 cycles; and read 2, 50 cy-
cles. The median sequencing depth was 28,153 read pairs
per spot.

Data Processing

Raw sequencing reads were initially processed into
barcode feature matrices using Space Ranger v.1.3 (10X
Genomics, Pleasanton, CA, USA) with default parameters.
The resulting barcode feature matrices were uploaded to
the R environment using the Seurat [6] R package (https:
//'www.R-project.org/). Samples were filtered based on
genes with nonzero expression in fewer than 10 tissue spots
and tissue spots with fewer than 200 filtered genes. Raw
counts were normalized using the SCTransform [7] func-
tion with default parameters. Uniform manifold approxi-
mation and projection (UMAP) was applied to the SCTrans-
form normalized counts using the first 30 principal compo-
nents following principal component analysis (PCA). Clus-
tering of tissue spots was performed using shared nearest
neighbor (SNN) clustering using the first 30 principal com-
ponents. Preprocessing was performed using the Seurat
tool. The Niche Interactions and Communication Hetero-
geneity in Extracellular Signaling (NICHES) [8] R pack-
age was used to assess ligand-receptor interactions between
neighboring tissue spots. To mitigate the dropout effect,
an adaptively thresholded low-rank approximation (ALRA)
[9] imputation on log-normalized counts was used. ALRA-
imputed gene expression was used in Niche Interactions
and Communication Heterogeneity in Extracellular Signal-
ing NICHES analysis. The resulting matrices of ligand-
receptor interactions were used to perform UMAP and SNN
clustering to cluster tissue spots with similar signaling mi-
croenvironments. The FindAllMarkers function in Seurat
was used to reveal the most significant ligand-receptor in-
teractions in the individual ligand-receptor interaction clus-
ters. The results were visualized using the Seurat package.
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Fig. 1. The uniform manifold approximation and projection (UMAP) projection of the studied dataset colored according to tumor

samples. The plot depicts spots of each sample belonging to different clusters. Numbers 1-5 correspond to patients’ codes.

Results

Initial Data Characterization

To examine the spatial gene expression data, we first
applied conventional normalization methods to visualize
the data in two-dimensional space using UMAP (Fig. 1).

Cluster analysis of gene expression profiles in tumor
spots from samples of different patients demonstrated sep-
aration into isolated clusters, with a high degree of diver-
gence between patients. This clustering pattern indicated
pronounced inter-tumor heterogeneity. In each spot (~0—
20 cells/spots), multiple and diverse cell types were found
to contribute to the transcriptional profile, resulting in vari-
ations in clustering across patients [10]. Thus, it was rea-
sonable to analyze each sample separately.

Expression-Based Clustering of Individual Samples

Using the NICHES algorithm, a tool used to elucidate
extracellular signaling at the single-cell level, we clustered
each sample (Fig. 2). Next, we morphologically annotated
each cluster and highlighted only the clusters in which tu-
mor cells were represented. The spots in these clusters may
include non-cancerous host stromal cells. All samples had
more than one cluster labeled as tumors (Supplementary
Fig. 1).

Cluster Annotation

NICHES cluster analysis showed pronounced intratu-
moral and inter-tumoral heterogeneity in the features stud-

ied. Table 1 summarizes all ligand-receptor pairs with in-
tegrins as receptors found via cluster analysis. For better
comprehension of data, we combined the morphological
characterization of the cluster with the characterization of
the integrin profile of ligand-receptor interactions (Table 1,
Ref. [11-33]).

Trabecular structures were predominant in spots cor-
responding to cluster 0 in sample 1. The tumor-stroma ratio
was evaluated according to the recommendations of the In-
ternational Immuno-Oncology Biomarker Working Group
on Breast Cancer (2018) and was 1:1 [34]. Infiltration of
the stroma by mononuclear cells within the cluster was ap-
proximately 5-10%. Cluster 0 was characterized by in-
tegrin alpha 6 (ITGA6) expression, which was associated
with three ligands: thrombospondin 1 (THBS!), midkine
(MDK), and laminin subunit gamma-1 (LAMCI). THBSI
encodes thrombospondin 1, which mediates intercellular in-
teractions; binds to fibrinogen, fibronectin, laminin, and
collagen types V and VII; and plays a role in angiogen-
esis. In the spots corresponding to cluster 3, small solid
structures were observed, and the tumor-stroma ratio was
5:1. Infiltration of the stroma by mononuclear cells within
the cluster was approximately 5%. Genes of the Milk fat
globule-EGF factor 8 (MFGES)-integrin beta 3 (ITGB3)
ligand-receptor pair were detected in cluster 3. MFGES
protein (lactadherin) is known to bind integrins av33 and
av35 on phagocytic cells for opsonization of apoptotic cells
and uptake of dead cells [14]. Trabecular and torpedo-like
structures prevailed in the spots corresponding to cluster
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Fig. 2. Niche Interactions and Communication Heterogeneity in Extracellular Signaling (NICHES) analysis of primary breast

tumors. (A) UMAP projection of clusters of each sample demonstrates high diversity. (B) Heat map projection of Top-1 overexpressed

ligand-receptor pairs in different clusters obtained from different tissue slides. Visualization allows the correlation of expression charac-

teristics of spots with the morphology of histological tissue slices. (C) List of overexpressed ligand-receptor pairings from corresponding

clusters. Notably, not every cluster contains integrin-ligand pairings.

7; the tumor-to-stroma ratio was 1:1. The infiltration of
the stroma by mononuclear cells within the cluster was ap-
proximately 20%. Cluster 7 was characterized by the RNA
expression of three integrin subunits and their correspond-
ing ligands: collagen alpha-3(IV) chain (COL4A43)-ITGAV,
COL4A3-ITGA2, and TGFB2-ITGBS. The protein products
of ITGAV and ITGA2 could potentially bind to the product
of COL4A3 in this cluster, a constituent of type IV colla-
gen and a major structural component of basal membranes.
The spots of cluster 8 were found in two regions: the first
was smaller, with a predominance of small solid structures
with a tumor-stroma ratio of 1:1 and tumor-infiltrating lym-
phocytes (TILs) infiltration of approximately 5%. The sec-
ond was represented by solid structures with a tumor-stroma
ratio of 10:1. Cluster 8 was characterized by calreticulin
(CALR)-ITGAV pairing. In the tumor locus corresponding
to cluster 9, the spots were located predominantly within
small solid structures. The tumor-to-stroma ratio within
the cluster was 5:1, and TIL infiltration was approximately
20%. Cluster 9 showed the expression of only one /7TGBI
subunit and a potential disintegrin and metalloproteinase

domain 17 (ADAM17) ligand, which encodes a metallo-
protease enzyme whose primary role is to cleave the mem-
brane fragment of tumor necrosis factor and convert this
cytokine into a soluble state. Bax ef al. [18] suggested
that the interaction of ADAM17 with integrin o551 may
target or modulate its proteolytic activity. In the spots cor-
responding to clusters 10 and 11, small solid structures were
predominant, with a tumor-to-stroma ratio of 1:1. Infiltra-
tion of the stroma by mononuclear cells within these clus-
ters was approximately 10%. In cluster 10, the expression
of two pairs, ADAM9-ITGBS and secreted phosphoprotein
1 (SPPI1)-ITGAY, and in cluster 11, that of only one pair,
laminin subunit beta-3 (LAMB3)-ITGB3, was observed. In
the tumor loci corresponding to clusters 13 and 14, the spots
were located in two morphologically distinct regions. Ap-
proximately 25% of the spots were located in the projection
of a large solid structure, and the rest in the projection of
small solid, trabecular, and torpedo-like structures, with a
tumor-to-stroma ratio of 1:1. TIL infiltration was 5-20%.
Spots in cluster 13 showed expression of the /7GA2 subunit,
for which four ligands are indicated, three of which,
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Table 1. Representation of receptor-ligand pairs in breast cancer samples.

Sample Cluster Integrin receptor Ligand References Tumor-stroma ratio  Predominant types of morphological structures
THBS1 Thrombospondin 1 [11]
0 ITGA6 MDK Midkine [12] 1:1 trabecular
LAMC!  Laminin subunit gamma-1 [13]
3 ITGB3 MFGES Milk fat globule-EGF factor 8 protein [14] 5:1 small solid
ITGAV .
COL4A43 Collagen alpha-3(IV) chain [15,16] .
7 ITGA2 1:1 trabecular and torpedo-like
ITGBS TGFB2  Transforming growth factor-beta 2 [17]
o 1:1 small solid
8 ITGAV CALR Calreticulin No data .
q 10:1 solid
9 ITGBI ADAM17 Disintegrin and metalloproteinase domain 17 [18] 5:1 small solid
ITGBS ADAMY9  Disintegrin and metalloproteinase domain-containing protein 9 No data .
10 . 1:1 small solid
ITGAY SPP1 Secreted phosphoprotein 1 No data
11 ITGB3 LAMB3  Laminin subunit beta-3 No data 1:1 small solid
COL4A41 Collagen alpha-1(IV) chain No data
LAMC!  Laminin subunit gamma-1 No data . . .
13 ITGA2 . 1:1 large solid, small solid, trabecular, and torpedo-like
COL7A41 Collagen alpha-1(VII) chain No data
HSPG2  Heparan sulfate proteoglycan 2 [19]
14 ITGAM ICAM1  Intercellular adhesion molecule 1 [20] 1:1 small solid, trabecular, and torpedo-like
2 ITGB1 COL4A44 Collagen alpha-1(IV) chain No data 50:1 solid
ITGB4 LAMAI  Laminin subunit alpha-1 [21]
ITGB4 No data
2 ITGA2 o . No data .
6 LAMB3  Laminin subunit beta-3 10:1 solid
ITGA6 [22]
ITGA3 No data

ITGAV FGG Fibrinogen gamma chain No data
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Table 1. Continued.

Sample Cluster Integrin receptor Ligand

References Tumor-stroma ratio

Predominant types of morphological structures

0 ITGA3 PLAU Plasminogen activator, urokinase [23] 1:5 trabecular
ITGBS LTBPI Latent-transforming growth factor beta-binding protein 1 No data
SERPINE!] Plasminogen activator inhibitor 1| RNA-binding protein No data
3 2 ITGBI THBS1 Thrombospondin 1 [24] 1:5 trabecular
COL445  Collagen alpha-5(IV) chain No data
ITGAV SERPINE! Plasminogen activator inhibitor 1 RNA-binding protein [25]
7 ITGB4 LAMAS Laminin subunit alpha-5 [26] 1:2 trabecular
TNC Tenascin C [27]
2 ITGA2 COL642  Collagen alpha-2(VI) chain [28] 1:5 trabecular, groups of cells
MMPI Matrix metalloproteinase-1 [29,30]
4 ADAM?2 Disintegrin and metalloproteinase domain-containing protein 2 No data
MDK Midkine is a heparin-binding growth factor [31] .
5 ITGB1 . 1:5 trabecular-like, groups of cells
THBS?2 Thrombospondin-2 [32]
COL6A4A2  Collagen alpha-2(VI) chain No data
7 ITGB1 LAMC3 Laminin subunit gamma-3 No data 1:5 trabecular-like, groups of cells
2 ITGB4 LAMAS Laminin subunit alpha-5 [26] 3:1 solid
ITGA2B COL241  Collagen alpha-1(II) chain No data 3:1 solid
ITGB4 . ) .
5 LAMC3 Laminin subunit gamma-3 No data 1:2 solid
5 ITGA2
COL6AI Collagen alpha-1(VI) chain No data
7 ITGA2 COL341  Collagen alpha-1(III) chain No data 2:1 solid
COLIAI Collagen alpha-1(I) chain [33]

ITGAG, integrin alpha 6; ITGB3, integrin beta 3.

Sl6
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namely, COL4A1, LAMCI and heparan sulfate proteogly-
can 2 (HSPG2) encode basal membrane proteins. However,
the functional relationship between the proteins encoded by
ITGA?2 and these ligands is poorly understood. However,
based on the general patterns of interaction of integrins with
the basal membrane, which provides anchorage-dependent
cell survival, external stimulus transduction that activates
signaling pathways and corresponding functional changes
in cells, similar effects can be expected from integrin a2,
which binds the aforementioned proteins of the basal mem-
brane. Cluster 14 was characterized by the expression of the
intercellular adhesion molecule 1 ({CAM1)-ITGAM ligand-
receptor pair.

In the second sample, the spots in cluster 2 were lo-
cated in the projection of solid structures. The tumor-to-
stroma ratio was 50:1. The presence of stroma in regions
of the tumor was represented by coarse fibrous connective
tissue. In the tumor sample from the second patient, cluster
2 was identified based on the COL4A44-ITGBI functional
relationship. Integrin 51 subunit as part of 151, o251,
«al081, and a1181 heterodimers is known to bind colla-
gens. COL4A44 encodes one of the six subunits of type
IV collagen, a major structural component of basal mem-
branes. Cluster 6 spots were located in the projections of the
solid tumoral structures. The tumor-stroma ratio was 10:1,
and TIL infiltration was approximately 10%. The stromal
component was represented by coarse fibrous connective
tissue. Cluster 6 was characterized by the associative ex-
pression of four genes namely, « - ITGA2, ITGA3, ITGA6
and ITGAV and one Bsubunit, ITGB4. The ligands for the
products of all subunit genes except /TGAV are basal mem-
brane laminin proteins, which are encoded by laminin sub-
unit alpha-1 (LAMAI) and LAMBS3.

In cluster 0 of the third sample, the stroma was pre-
dominant, represented by coarse fibrous connective tissue,
and the tumor-to-stroma ratio was 1:5. Trabecular struc-
tures were predominant in the tumor and the projection of
spots belonging to cluster 0. TIL infiltration was approxi-
mately 5%. Cluster 0 was represented by only one ligand-
receptor pair, plasminogen activator, urokinase (PLAU)-
ITGA3. Cluster 2 was mainly represented by coarse fibrous
connective tissue with a tumor-stroma ratio of 1:5. Tra-
becular structures predominated in the tumor and the pro-
jection of spots belonging to cluster 2, whereas TIL infil-
tration was approximately 5%. Cluster 2 was character-
ized by the widest range of interactions: latent-transforming
growth factor beta-binding protein (LTBP1)-ITGBS, plas-
minogen activator inhibitor 1 RNA-binding protein (SER-
PINEI)-ITGBS5, THBSI-ITGB1, COL4A5-ITGBI, SER-
PINE1-ITGAV; cluster 7 revealed only one ligand-receptor
pair, LAMAS5-ITGB4, which is associated with resistance to
apoptosis and anchor-independent survival [35].

Clusters 2 and 5 in the fourth sample were represented
by small trabecular-like structures and groups of cells. The
tumor-to-stroma ratio was 1:5, and TIL infiltration was 5-

10%. Cluster 7 was dominated by small trabecular-like
structures and groups of cells. The stroma was partially rep-
resented by bundles of smooth muscle fibers. The tumor-
stroma ratio was 1:5, and the TIL infiltration was —5-10%.
The peculiarity of the fourth sample was that only one
integrin subunit was detected in each of the three clus-
ters with the simultaneous expression of multiple ligands.
ITGA?2 expression was detected in cluster 2, whereas that
of ITGBI was detected in clusters 5 and 7. Three ligands
of ITGA2 were detected in cluster 2—tenascin C (7NC),
COL6A2, and matrix metalloproteinase-1 (MMPI). Lig-
ands of ITGBI—ADAM?2, MDK, THBS2, COL6A2—were
detected in cluster 5, and in cluster 7, expression of LAMC3
was detected.

All tumor clusters in the fifth sample were represented
by carcinoma cells with significant predominance of solid
structures. However, the tumor-stroma ratio varied signif-
icantly: in clusters 2 and 4 it was 3:1, in cluster 5 it was
1:2, and in cluster 7 it was 2:1. The stromal TIL infiltration
was approximately 5%. The LAMAS-ITGB4 pair was de-
tected in cluster 2. Cluster 4 was characterized by COL2A41-
ITGA2B expression. In cluster 5, two integrin pairs with
the same ligand, LAMC3-ITGB4 and LAMC3-ITGA2, were
found, whereas in cluster 7 showed, three pairs involving
the same integrin but different ligands, COL6A41-ITGA2,
COL3AI-ITGA2, COLIAI-ITGA?2.

Thus, intratumoral heterogeneity manifested by the
presence of several morphological loci was associated with
the integrin-ligand functional clusters in each histological
tumor sample. Inter-tumoral heterogeneity was manifested
by a different number of functional clusters, ranging from
2 to 9 in each tumor sample.

An unexpected result obtained was the rarity of the
presence of complementary o and 3 subunits in the same
cluster capable of forming heterodimeric integrins. Only
five potential heterodimeric integrins were identified in
these four tumor samples. The expression of subunits capa-
ble of forming these five heterodimeric integrins in a single
cell is highly probable. Indeed, the data presented in Ta-
ble 2 indicate the expression of the integrin subunits found
in a single spot.

The main characteristic of these clusters was the sig-
nificantly predominant expression of non-complementary
integrin subunits. Of the 42 functional integrin-ligand pairs
in 21 clusters of five samples, 41 pairs occurred only once.
The exception was the LAMAS5-ITGB4 pair, which was de-
tected in two clusters of different samples.

Discussion

Diverse manifestations of heterogeneity in breast can-
cer have been studied, which complicate early diagnosis,
selection of treatment strategies, and prediction of progno-
sis [3,36]. We evaluated functional ligand-receptor inter-
actions in tumor cells, with respect to the heterogeneity of
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Table 2. Presence of complementary subunits of integrins in breast cancer samples.

Samples ~ Number of a-subunits (B-subunits Complementary subunits of Number of cluster
clusters with integrins in the cluster (potential spots with
tumor cells heterodimers) co-expression
1 9 ITGAG6, ITGAV, ITGA2,  ITGBI, ITGB3, ITGBS, Cluster7 1821206
ITGA9, ITGAM ITGBS8 ITGAV-ITGBS
ITGAV, ITGA?2, Cluster 6
2 2 ITGB1, ITGB4 64/174
ITGA3,ITGA6 ITGAG6-ITGB4
Cluster 2 335/379
3 3 ITGA3, ITGAV ITGBI, ITGB4, ITGB5 ITGAV-ITGBI 323/379
ITGAV-ITGBS
4 3 ITGA2 ITGB1 -
Cluster 5
5 4 ITGA2, ITGA2B ITGB4 16/340
ITGA2-ITGB4

breast cancer. Only spots containing tumor cells were in-
cluded in the NICHES analysis. Tumor cells and stroma
were present in different proportions in each spot, with
different numbers of mononuclear leukocytes constituting
the tumor microenvironment. This would be expected if
leukocyte integrins accounted for a significant proportion
of functional integrin-ligand pairs in the clusters. Integrins
expressed predominantly by leukocytes are considered to
consist of the $2 subunit, which can form heterodimers
aLp2, aMB2, aX32, and aDg 2 or the a4 subunit forming
heterodimeric integrins a481 and «437 [37]. However, it
turned out that neither the 52 nor o4 subunit was present
among the integrins of the clusters obtained. This result
is remarkable and suggests that the functionally relevant
integrin-ligand pairs detected in each cluster preferentially
reflect the functional potency of the tumor cells. The tu-
mor tissue samples studied were represented by different
multicellular structures: tubular, trabecular, torpedo-like,
solid, and groups of cells. The data we previously obtained
indicate the prognostic value of some of these markers in
patients with breast cancer [5]. It appears that the clusters
identified based on ligand-receptor cell-cell interactions did
not vary depending on the morphology of tumors. In this
context, the heterogeneity observed in integrin-ligand pairs,
as revealed from our study, appears to be spatial rather
than linked to morphological structures. Moreover, com-
pelling evidence has emerged that highlights the divergent
nature of morphological and spatial heterogeneity. Conse-
quently, the functional status of a particular tumor site re-
flects a combination of morphological and spatial hetero-
geneity. Spatial heterogeneity is characterized by differ-
ences between tumor regions at the phenotypic, transcrip-
tomic, epigenetic, and genomic levels [38]. It is necessary
to compare the nature of spatial heterogeneity of tumors
with the functional mosaicism of parenchymatous organs
such as healthy liver tissue [39]. The functional activity of
tumors varies regionally from high to low over time, and
vice versa.

Inter-tumoral morphological heterogeneity was also
highly pronounced, as exhibited by the predominance of
varying structures formed by tumor cells. Spatial inter-
tumoral heterogeneity was characterized by a unique set of
clusters ranging in number from two to nine, with each clus-
ter encompassing different integrin-ligand cell-cell interac-
tions. Concurrently, nearly all integrin-ligand pairs exhib-
ited minimal recurrence, except for /[TGB4-LAMAS. The
uniqueness of these pairs was owing to the difference in
ligands for the same integrin; the most frequently found in-
tegrins were /TGBI and ITGA2. High ITGBI expression is
associated with poor overall survival (OS) in breast can-
cer [40]. Furthermore, in the mouse model, integrin 51
has been shown to play a key role in bone colonization
in breast cancer [41], while in vitro experiments describe
mechanisms of chemoresistance, inhibition of cell growth
and promotion of cell survival in circulation [42,43].

Clinical data on the association of integrin o2 with
breast cancer prognosis are inadequate; however, experi-
mental evidence suggests its significant contribution to cell
adhesion, cell motility, angiogenesis, and stemness prop-
erties [44]. High expression of integrins 51 and a2 is
associated with EMT [45]. Interestingly, these subunits
can form an integrin o251 dimer, which is being consid-
ered as a target for breast cancer therapy, particularly with
Aspartic Acid-Glycine-Glutamic Acid-Alanine (DGEA)-
modified liposomal doxorubicin [46]. Half of the inter-
actions observed in the study were predicted theoretically,
and there are no experimental data confirming these inter-
actions. The role of the axis of integrin $4 with various
laminins as ligands in tumor progression and metastasis has
been studied most [47,48]. The integrin signaling pathway
activated by laminins regulates various forms of cell death,
including anoikis, autophagy, entosis, and cell cycle arrest,
thereby ensuring anchorage-independent cell survival [49].
Moreover, tumor cells can adapt to the loss of adhesion
to the basal membrane and avoid anoikis through «:634-
mediated adhesion to autocrine-produced laminin. Conse-
quently, these tumor cells acquire the ability to grow inde-
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pendent of their attachment to the basal membrane. No-
tably, the interaction of /TGB4 with various laminins was
the most frequent in the studied clusters.

Notably, most of the tumor loci studied were charac-
terized by the expression of integrin subunit genes, which
are not capable of forming heterodimers. There are no ex-
perimental data on expression of isolated integrin subunits
on the cell surface. There is a study showing that each sub-
unit of the M2 heterodimer has different properties and
that the function of the «M 32 heterodimer is a composite of
the functions of its individual subunits [50]. Examination
of the functional implications of the isolated subunits in car-
cinoma progression requires dedicated and specialized in-
vestigations.

In our study, only five pairs of complementary inte-
grin subunits with the potential to form heteromeric inte-
grins were identified in the same cluster spot. The comple-
mentary subunits, /ITGAV and ITGBS, were detected in the
first patient sample, in one of the nine clusters in 182/206
spots, and therefore, we were able to predict the possible
formation of a heterodimer of integrin o'V 38, the receptor
for fibronectin. The functional significance of this inter-
action may be similar to that of av33 integrin, increased
expression of which contributes to the effects of transform-
ing growth factor beta (TGF-£) mediated induction of EMT
[51]. ITGA6-ITGB4 pairing was detected in cluster 6 of the
second sample. The presence of two complementary sub-
units of ITGA6 and ITGB4 in 64/174 spots suggests the pos-
sibility of formation of a heterodimeric integrin a:634.

The spatial heterogeneity of integrin-ligand expres-
sion clusters in breast cancer contributes significantly to the
integral functional heterogeneity of the tumor, which sets
the stage for many scenarios of parenchymatous-stromal re-
lationships, some of which may be effective in the emer-
gence of metastasizing tumor seed cells.

Our discovery of intra- and inter-tumoral spatial func-
tional heterogeneity of the tumor tissue may largely explain
why it is difficult to achieve success in most patients using
any therapeutic strategy targeting any particular molecule,
irrespective of the importance of its pathogenetic signifi-
cance.

Conclusions

Luminal breast cancer is characterized by marked
inter- and intra-tumoral heterogeneity in the expression pro-
files of integrins and their ligands. This heterogeneity was
not related to morphological heterogeneity and reflected
the spatial heterogeneity of the tumor. In the future, func-
tional interpretation of such variants of parenchymatous-
stromal relationships characterized by specific integrin-
receptor pairs will provide flexibility in the search for ther-
apeutic targets.
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