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TRANSCRIPTOMIC FEATURES OF FAP* CELLS ACROSS MOLECULAR SUBTYPES OF BREAST CANCER
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Understanding subtype-specific variability of functional programs in FAP* tumor-associated fibroblasts (TAFs) is fundamental for developing effective therapeutic
strategies targeting stromal components. The aim of this study was to identify subtype-specific signaling pathways, markers, and molecular features of FAP*
TAFs. Using spatial transcriptomic analysis, we demonstrated that FAP* TAFs in luminal breast cancer exhibit a phenotype characterized by extracellular matrix
organization (GO:0030198, FDR g-value = 0.0307) and expression of genes associated with metastasis (COLT0A1, MMP13, CXCL14, TSPANS). In contrast, FAP*
TAFs in triple-negative breast cancer display a pronounced immunomodulatory phenotype with overexpression of immunosuppressive genes (CD36, PLA2G2A,
CHI3L 1) and enrichment of immune response-related pathways (immune response (GO:0006955, FDR g-value = 7.85e-17), inflammatory response (GO:0006954,
FDR g-value = 2.79e-11), regulation of cytokine production (GO:0001817, FDR g-value = 3.39e-10)). We also identified subtype-specific gene signatures related
to radioresistance: luminal A and B subtypes showed activation of DNA repair pathways (IGF1R, ERBB3, CRIP1), while triple-negative tumors demonstrated
enrichment of epithelial-mesenchymal transition and stemness markers (ZEB2, NOTCH4, FOXMT1). These findings emphasize that FAP* fibroblasts are not a
homogeneous population but functionally specialize depending on tumor subtype — acting as stromal architects in luminal breast cancer and as regulators of
immune response in triple-negative breast cancer.
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OCOBEHHOCTU TPAHCKPUMTOMHOI O MPO®WJISA FAP+-KJIETOK B OMYXO1IX MOJIOYHOM
XKEJNE3bl PASJIN4YHbLIX MOJIEKYJIAPHO-BNOJIOTMYECKNX NOATUNOB

A. 1O. KanuHdyk, V1. A. MaukaH, M. M. LLItagensman, E. C. Mpuropeesa ™4, J1. A. Tawmpesa
ToMCKuI HauWoHabHbIV NCCNeaoBaTeNbCKUN MEAVLIMHCKIIA LEHTP Poccuiickon akagemunn Hayk, Tomck, Poccuns

[MoHUMaHne noaTUnN-cneunuyHon BapnabenbHOCT DYHKUMOHANbHBIX Nporpamm FAP* onyxonb-accoumnmpoBaHHbix hrnbpobnactoB (OAD) sensietcs
yHAaMeHTanbHbIM 415 Pas3paboTky aPMEKTUBHBIX TEPANeBTUHECKUX CTpaTerui, HaueneHHbIXx Ha CTpoMalbHble MuleHun. Llenbto paboTtbl 6bino
naeHTUUMpPoBaTh NOATUN-CREeUndUYHbIE CUrHANbHbIE MYTU, MapKepbl 1 MONekynapHble ocobeHHocTn FAP* OA®D. Viccnegosanu obpasLibl TKaHen,
noslyYeHHble OT 15 NauMeHTOK C PakoM MOSIoYHON xxenesbl (PMXK). C MoMOLLIbIO MPOCTPaHCTBEHHOIO TPaHCKPUNTOMHOIO aHannaa NPoAEMOHCTPUPOBaHO,
yto FAP* OA® npu noMmHansHoMm PMXK nposiBnatoT heHoTWN, XxapakTepuayowmnincs opraHmnaaumernt BHekneTo4Horo marpukea (GO:0030198, FDR
g-value = 0,0307) 1 aKcnpeccren reHoB, acCoLMMPOBaHHbIX ¢ MeTacTasnpoannem (COLT0AT, MMP13, CXCL14, TSPANS). B otnuune ot atoro, FAP* OAD
npv TPOMHOM HEraTMBHOM pake AEMOHCTPUPYIOT BblPaXKEHHbI MMMYHOMOLYNSTOPHBIA (DEHOTUM CO CBEPX3KCMNpeccuelt reHoB nMmMyHocynpeccumn (CD36,
PLA2G2A, CHIBL1) n oboralieHemM curHanbHbIX NMyTen MMMYHHOrO OTBeTa (MMMyHHbIN oTBeT (GO:0006955, FDR g-value = 7,85e-17), OTBET Ha BOCcnaneHne
(GO:0006954, FDR g-value = 2,79e-11), perynaumsa npogykummn umtokmHoB (GO:0001817, FDR g-value = 3,39e-10)). ViaeHTndmumpoBaHbl Takxe NoaTun-
cneundunyHble CUrHaTypbl reHOB PaavopesnCcTEHTHOCTU: NtoMUHanbHbIE A- 1 B-NoaTUNbI, NokasdaHa akTueaums nytel penapauum OHK (IGF1R, ERBB3, CRIP1), B
TO BPEMS KaK TPOVHbIE HEraTuBHbIE OMyXOn AEMOHCTPUPYIOT oboralleHne MapkepoB SnuTenManbHO-Me3eHXMManbHOro nepexoda 1 CTBoNoBoCcTv (ZEB2,
NOTCH4, FOXMT1). 9T gaHHble nog4epkmeatoT, 4To FAP*-hrnbpobnacTtel He SBNAOTCA OQHOPOAHOM Nonynaumen, a yHKLMOHANbHO CneumannavpyoTcs B
3aBVICMMOCTW OT MOATWMA OMyX0onu, BbICTyNast B Ka4eCTBE apXUTEKTOPOB CTPOMbI MPU JIOMUHANBHOM PaKe v PerynsiTopos MMMYHHOMO OTBETa MpW TPOWHOM
HeraTveHOM PMK.

KntoueBble cnoBa: pak MOSIOYHON XXenesbl, Oryxonesoe MUKPOOKPYXeHme, (hrbpobnacTsl, MPOCTPaHCTBEHHAS TPaHCKPUMTOMYIKA
®duHaHcupoBaHue: paboTa BbinosHeHa Npv Noaaepxke Poccuninckoro HayqHoro hoHaa (rpaHT Ne 25-65-00021).
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The heterogeneity of breast cancer (BC) is determined not
only by the diversity of tumor cells, but also by the complex
cellular composition of the tumor microenvironment [1]. One of
the key cell types in the tumor microenvironment are cancer-
associated fibroblasts (CAFs), which actively contribute to
oncogenesis through multiple mechanisms: extracellular matrix
remodeling [2], immunosuppression mediated via physical barrier
formation against immunocompetent cells [3], and secretion
of proinflammatory cytokines and growth factors that directly
promote tumor cell proliferation and angiogenesis [4, 5].

Among the various subpopulations of CAFs, fibroblasts
expressing fibroblast activation protein alpha (FAP) are of
particular interest due to their critical role in carcinogenesis.
In certain carcinomas, elevated FAP expression serves as a
universal marker of aggressive tumor stroma and is consistently
associated with poor clinical prognosis [6]. However, in breast
cancer its significance is controversial. As is well established, the
molecular subtype of breast cancer holds significant prognostic
value, due in part to the distinct tumor microenvironment
characteristics associated with each subtype. Studies utilizing
FAP inhibitor conjugated with Technetium-99m ([99mTc]Tc-
iFAP) single-photon emission computed tomography (SPECT)
have demonstrated that FAP expression significantly correlates
with specific molecular subtypes. For instance, Vallejo-Armenta
et al. reported a strong positive correlation between radiotracer
accumulation in the primary tumor and molecular subtypes.
Notably, the authors demonstrated that HERZ2-enriched
and luminal B HER2-positive subtypes exhibited the highest
radiotracer uptake ratios, suggesting a more pronounced FAP
expression within the stroma of these particularly aggressive
breast cancer phenotypes [7]. The association of FAP expression
with clinical parameters is further supported by the work of
Tchou et al., who confirmed its localization within the tumor
stroma and documented heterogeneity depending on various
tumor characteristics. However, in their study, differences in the
proportion of FAP-expressing cells across molecular subtypes
did not reach statistical significance [8]. Another study suggests
that certain subsets of CAFs enriched in FAP expression are
associated with a subtype of triple-negative breast cancer
[9]. Subsequent studies confirmed that fibroblasts in breast
cancer represent a heterogeneous population. Croizer H. et
al. demonstrated that the luminal A subtype is characterized
by numerous clusters containing CAFs that secrete cytokines,
including TGF, as well as CAFs associated with the extracellular
matrix. In contrast, the luminal B, HER2-enriched, and triple-
negative subtypes exhibited clusters enriched with CAFs linked
to wound healing processes [10]. The study by Kashyap et al.
showed that in luminal breast cancer, higher levels of FAP were
associated with distant recurrence [11]. Nevertheless, to date,
there are no direct data comparing the transcriptomic profiles
of FAP+ cells across breast cancer subtypes. At the same time,
a key question remains open regarding the extent to which the
transcriptomic landscape — and consequently, the functional
program — of FAP* cells varies among the main molecular
subtypes of breast cancer. Understanding these subtype-
specific differences is critically important for the development
of new therapeutic strategies.

Currently, therapy targeting FAP represents one of the
most promising directions in oncology. The high and specific
expression of FAP on stromal cells within tumors, combined
with its almost complete absence in healthy tissues, makes
this protein an ideal target for the development of highly
selective agents. Various therapeutic modalities targeting
FAP are actively being developed and are undergoing clinical
trials, including Chimeric Antigen Receptor T-cells (CAR-T
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cells), bispecific antibodies, antibody-drug conjugates (ADCs),
and radiopharmaceuticals delivering cytotoxic agents directly
to the tumor stroma [6]. The success of these innovative
approaches directly depends on a deep understanding of
the target biology. The heterogeneity of FAP* cells among
breast cancer subtypes may lead to variable drug efficacy,
highlighting the need for their stratification. In this study, we
conducted a comparative analysis of the transcriptomic profiles
of FAP* cells associated with luminal and triple-negative breast
cancer subtypes. Our goal was to identify subtype-specific
signaling pathways, markers, and molecular characteristics
of this cell population. The obtained data not only deepen
the understanding of stromal biology in breast cancer but
also have direct translational relevance, providing a rationale for
the development and optimization of subtype-specific targeted
therapies directed at FAP* cells.

METHODS
Patients

The study included samples from 15 female patients diagnosed
with luminal A/B (n = 7) and triple-negative (n = 8) breast cancer.
Inclusion criteria: morphologically confirmed luminal A/B
(n = 7) and triple negative (n = 8) breast cancer. The exclusion
criterion was HER2-positive subtypes. Spatial transcriptomic
analysis was performed on formalin-fixed, paraffin-embedded
(FFPE) tissue sections obtained during trypan-biopsy or
surgical intervention before treatment. Detailed descriptions
of histological sample preparation, library construction, and
sequencing using the 10X Visium platform can be found in the
original articles [12, 13]. The sequencing data of breast cancer
tissue sections used in this publication are available under GEO
series accession number GSE242311.

Bioinformatic Data Analysis

The initial processing of raw data in FASTQ format was
performed using Space Ranger v1.3 software (10x Genomics,
Pleasanton, CA, USA) with default parameters. Alignment
of FASTQ files was carried out against the human reference
genome (GRCh38). Aggregation of tissue sections for manual
annotation was conducted using the "spaceranger aggr"
function. Manual annotation of the sections was performed
using Loupe Browser v8.1.2 software (10x Genomics,
Pleasanton, CA, USA) and involved identification of spots with
FAP expression levels greater than 3, analyzed separately for
luminal and triple-negative patients (Fig. 1).

Each selected spot was evaluated by a pathologist to
confirm the presence of fibroblasts. Spots lacking fibroblasts
were manually excluded from the cluster. Differential gene
expression analysis between annotated clusters was conducted
using the built-in tools of Loupe Browser v8.1.2 (10x Genomics,
Pleasanton, CA, USA). Genes with |log fold change (LFC)|
> 0.58 and adjusted p-values (FDR) < 0.05 were considered
differentially expressed. To visualize the annotated cell clusters
in reduced-dimensional space, the t-SNE (t-Distributed
Stochastic Neighbor Embedding) method was applied using
Loupe Browser’s built-in tools. Functional pathway enrichment
analysis was performed using the STRING online resource [14],
based on the Gene Ontology database [15], employing lists of
differentially expressed genes ranked by expression level and
corrected p-values (FDR g-value) obtained from the differential
expression analysis. Biological processes with FDR g-value < 0.05
were considered significant. Further analysis was carried out
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Fig. 1. A. Clusters of FAP* cells in luminal (blue) and triple-negative (yellow) breast cancer patients obtained by combining data in Space Ranger v1.3 software.
B. Tissue section of a luminal breast tumor with identified FAP* spots. C. Tissue section of a triple-negative breast tumor with identified FAP* spots

in the R environment (https://www.R-project.org/) using the
Seurat package (v5.0.0) [16]. Each of the 15 samples was
converted into a Seurat object via the “Load10X_spatial”
command and subsequently merged into a single object
using the “merge” function. Preprocessing included filtering
spots with parameters “nCount_Spatial” > 500 and “nFeature_
Spatial” > 200. Manual annotation results exported from Loupe
Browser v8.1.2 as tables were incorporated into the metadata
section of each respective sample.

To generate averaged transcriptomic profiles from
the annotated FAP-positive spots for each sample, the
“AggregateExpression” function from the Seurat package
(v6.0.0) was used with parameters slot = "counts",
normalization.method = "LogNormalize", and scale.factor =
10,000. As a result, 15 transcriptomic profiles were obtained,
each representing the averaged expression levels across all
spots of the corresponding sample. These profiles were
normalized using a scaling factor of 10,000 and subjected
to logarithmic transformation. For visualization of fibroblast
and radioresistance gene signature expression in the studied
samples, heatmaps were created in the R environment
(https://www.R-project.org/) using the packages pheatmap
(v1.0.13) [17], RColorBrewer (v1.1-3) [18], and dplyr (vX.X.X)
[19]. The heatmap visualization included a step of Z-score
standardization of the target gene expression matrix by rows
(genes). Spatial transcriptomic analysis was conducted on
formalin-fixed, paraffin-embedded (FFPE) tissue sections
obtained during surgery.

RESULTS

Biological processes enriched in FAP* regions of luminal
and triple-negative breast cancer

To understand the differences in biological processes between
the two clusters of luminal and triple-negative tumors, we
performed pathway enrichment analysis to identify enriched
molecular processes in the transcriptomic data. The most
significant pathways were identified from Gene Ontology
datasets (Fig. 2).

The conducted study identified key biological processes
activated in FAP+ regions of patients with luminal and triple-
negative breast cancer. FAP* spots in luminal breast cancer
patients were characterized by activation of morphogenesis
(GO:0009887, FDR g-value = 0,00058), tissue development
(GO:0009888, FDR g-value = 0,0013), and extracellular matrix
organization processes (G0O:0030198, FDR g-value = 0,0307),
whereas in triple-negative breast cancer patients, immune

signaling pathways predominated, including immune response
(GO:0006955, FDR g-value = 7,85e"7), inflammatory response
(GO:0006954, FDR g-value = 2,79e"), cytokine production
regulation (GO:0001817, FDR g-value = 3,39e9), as well as
angiogenesis (GO:0001525, FDR g-value = 7,83e%).

Fibroblast- specific markers in FAP* tumor regions

Next, we selected fibroblast-specific, highly expressed, and
significantly enriched genes in the two groups of breast cancer
patients. These genes were annotated as functionally important
in cancer development (Fig. 3).

In luminal breast tumors, the list of DEGs included ASPN,
COL10A1, COL2A1, OMD, DCN, MMP13, SERPINA1/
SERPINA3, PLAT, LRRC15, CXCL14, and TSPANS, whereas in
triple-negative tumors, the genes comprised MMP7, COL4AT,
COL4A2, COL15A1, ENG, TGM2, SLC11A1, CHI3L1, PLA2G2A,
FDCSP, and CD36.

Gene signatures associated with resistance to radiotherapy

An important question regarding the characteristics of FAP*
cells is their radiosensitivity or resistance, as FAP represents a
promising target for radionuclide therapy. In this regard, we selected
among the overexpressed genes those that are pathogenetically
associated with radioresistance according to the literature data, in
two groups of breast cancer patients (Fig. 4).

In luminal breast cancer, the expression of genes IGF1R,
ERBB3, GREBT, XBP1, SERPINA1/SERPINA3, TIMP3, FASN,
IL6ST, BCAM, and CRIP1 was observed. Meanwhile, in triple-
negative tumors, the overexpressed genes included CD36,
CX3CL1, A2M, MYBL2, NOTCH4, ST00A8/S100A9, TGM2,
UBE2C, FOXM1, and ZEB2.

DISCUSSION

The conducted analysis revealed fundamental differences in the
biological functions of FAP* cells within the microenvironment
of luminal and triple-negative breast cancer subtypes. These
findings not only highlight the heterogeneity of the tumor stroma
but also hold significant implications for the development of
personalized therapeutic strategies, particularly for targeted
therapy utilizing FAP as a target.

A key finding of our study is the clear distinction in the role
of stromal FAP+ cells depending on the molecular subtype
of the tumor. In luminal breast cancer, FAP* cells exhibit
pronounced activity in morphogenesis, tissue development,
and extracellular matrix organization processes, with no
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Fig. 2. Significant signaling pathways activated in FAP* regions of luminal (A) and triple-negative (B) breast tumors

signs of inflammatory response. This is consistent with
the identified fibroblast marker genes, such as COL70AT,
COL2A1T, MMP13, CXCL14, and TSPANS. In particular, the
high expression of MMP13 in FAP* cells indicates active matrix
remodeling [20]. Among the identified genes, it is important
to highlight those associated with chemoresistance in breast
cancer. For instance, the expression of CXCL 74 is a distinctive
feature of fibroblasts that enhance metastasis and promote
chemoresistance [21] according to mechanistic studies, as is
TSPANS, which is expressed by myofibroblasts [22]. Such a
stromal niche likely provides structural support to the tumor,
promotes its progression and therapy resistance, creating a
dense desmoplastic microenvironment.

In triple-negative breast cancer, FAP* cells, on the
contrary, display a pronounced immunomodulatory and pro-
inflasnmatory phenotype. Enrichment of signaling pathways
related to immune response and cytokine regulation, as
well as the overexpression of genes CHI3L1, CD36, and
PLA2G2A, indicate active interaction with immune cells in the
microenvironment. It is known that CD36+ fibroblasts possess
a potent immunosuppressive effect [23] by suppressing
macrophage activity, whereas PLA2G2A" fibroblasts inhibit the
effects of CD8* cytotoxic lymphocytes [24]. It has been shown
that fibroblasts can secrete CHI3L1, leading to increased IL8
production and stimulation of angiogenesis [25]. All of this
may contribute to the formation of an immunosuppressive
microenvironment, tumor evasion from immune surveillance,
and the maintenance of chronic inflammation. Thus, the
obtained data indicate significant differences in the molecular
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signatures of tumor-associated fibroblasts of tumors of different
molecular biological subtypes.

Understanding the radiosensitivity of FAP* cells is critical
for the development of FAP-targeted radionuclide therapies.
Our data revealed potential bases for the operation of distinct
radioresistance mechanisms in the two subtypes. In the luminal
subtype, the identified genes indicate activation of survival and
repair pathways. IGF1R and ERBBS3 are well-known receptor
tyrosine kinases mediating radioresistance in malignancies
[26, 27]. It has been shown that the gene SERPINAT is
associated with radioresistance in lung cancer [28], whereas
inhibition of FASN improves radiotherapy outcomes in breast
cancer [29]. Another gene, CRIP1, can interact with BRCA2,
enhancing DNA repair during chemotherapy [30]. This suggests
that radioresistance in this subtype may be mediated through
enhanced DNA repair.

In triple-negative breast cancer, the radioresistance
gene signature is broader and is associated with epithelial-
mesenchymal transition (EMT) and stemness. ZEB2 and
NOTCH4 are key inducers of EMT, which is linked to therapy
resistance [31, 32, 33]. FOXM1 and UBE2C regulate the cell
cycle and mitosis, contributing to the rapid recovery of the
tumor cell population [34, 35]. Moreover, enhanced DNA
repair dependent on FoxO3a/FoxM1 may play a key role in the
survival of fibroblasts resistant to cell death following irradiation
[36]. TGM2 gene is also associated with radioresistance [37].
This suggests that in triple-negative breast cancer, resistance
may be associated with the presence of a population of stem-
like tumor cells exhibiting mesenchymal characteristics.
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Fig. 3. Fibroblast-specific genes in FAP+ regions of luminal and triple-negative breast tumors

Our study demonstrates that FAP* fibroblasts are not
a homogeneous population but functionally adapt to the
molecular subtype specificity. In luminal breast cancer, they
act as architects of the stroma, whereas in triple-negative
breast cancer, they function as immune regulators and
promoters of angiogenesis. The identification of distinct
gene sets associated with radioresistance suggests that
resistance cases may occur during FAP-targeted radionuclide
therapy, warranting the proactive development of strategies
to overcome it.

Radioresistance Signature

Luminal BC

CONCLUSIONS

The study enabled the identification of highly specific transcriptomic
profiles of FAP* stroma of luminal and triple-negative breast
tumors, clearly reflecting the biology of molecular subtypes of
breast cancer. The obtained data emphasize the necessity of
considering the tumor’s molecular subtype when developing
stroma-targeted therapies and open new avenues for creating
personalized combination treatments aimed at specific
resistance mechanisms within the tumor microenvironment.
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Fig. 4. Genes associated with radioresistance in FAP* regions of luminal and triple-negative breast tumors
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