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Abstract 

Background: Cancer‑associated fibroblasts (CAFs) have been shown to support 
tumor development in a variety of cancers. Different markers were applied to clas‑
sify CAFs in order to elucidate their impact on tumor progression. However, the 
exact mechanism by which CAFs enhance cancer development and metastasis is yet 
unknown.

Methods: Alpha‑smooth muscle actin (α‑SMA) was examined immunohistochemi‑
cally in intratumoral CAFs of nonmetastatic breast cancers and correlated with clinico‑
pathological data. Four CAF cell lines were isolated from patients with luminal breast 
cancer (lumBC) and classified according to the presence of α‑SMA protein. Conditioned 
medium (CM) from CAF cultures was used to assess the influence of CAFs on lumBC 
cell lines: MCF7 and T47D cells using Matrigel 3D culture assay. To identify potential fac‑
tors accounting for promotion of tumor growth by α‑SMAhigh CAFs, nCounter PanCan‑
cer Immune Profiling Panel (NanoString) was used.

Results: In luminal breast cancer, presence of intratumoral CAFs expressing high level 
of α‑SMA (13% of lumBC group) correlated with poor prognosis (p = 0.019). In in vitro 
conditions, conditioned medium obtained from primary cultures of α‑SMA‑positive 
CAFs isolated from luminal tumors was observed to enhance growth of lumBC cell 
line colonies in 3D Matrigel, in contrast to CM derived from α‑SMA‑negative CAFs. 
Multigene expression analysis indicated that osteopontin (OPN) was overexpressed in 
α‑SMA‑positive CAFs in both clinical samples and in vitro models. OPN expression was 
associated with higher percentage of Ki67‑positive cells in clinical material (p = 0.012), 
while OPN blocking in α‑SMA‑positive CAF‑derived CM attenuated growth of lumBC 
cell line colonies in 3D Matrigel.

Conclusions: Our findings demonstrate that α‑SMA‑positive CAFs might enhance 
tumor growth via secretion of OPN.

Keywords: Cancer‑associated fibroblast, Luminal breast cancer, Alpha‑smooth muscle 
actin, Osteopontin

Open Access

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate‑
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// 
creat iveco mmons. org/ licen ses/ by/4. 0/.

RESEARCH LETTER

Muchlińska et al. 
Cellular & Molecular Biology Letters           (2022) 27:45  
https://doi.org/10.1186/s11658‑022‑00351‑7

Cellular & Molecular
Biology Letters

*Correspondence:   
azaczek@gumed.edu.pl

1 Laboratory of Translational 
Oncology, Intercollegiate 
Faculty of Biotechnology, 
Medical University of Gdansk, 
80‑211 Gdansk, Poland
2 Department 
of Pathomorphology, 
Medical University of Gdansk, 
80‑214 Gdansk, Poland
3 Clinical Research Centre, 
Medical University of Bialystok, 
15‑276 Bialystok, Poland
4 Department of Surgical 
Oncology, Medical University 
of Gdansk, 80‑214 Gdansk, 
Poland
5 Biobanking and Biomolecular 
Resources Research 
Infrastructure Poland (BBMRI.PL), 
80‑211 Gdansk, Poland

http://orcid.org/0000-0003-1482-6068
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s11658-022-00351-7&domain=pdf


Page 2 of 14Muchlińska et al. Cellular & Molecular Biology Letters           (2022) 27:45 

Background
Breast cancer (BC) remains one of the leading causes of cancer-related mortality in 
women, despite advances in tumor prevention, early detection, and treatment [1, 2]. 
Tumor microenvironment (TME) plays an important role in cancer initiation and pro-
gression [3, 4]. Stroma is composed of vascular endothelial cells, pericytes, mesenchymal 
stem cells, fibroblasts, and various types of infiltrating immune cells that might interact 
with each other and tumor cells [4]. In most solid tumors, including breast cancer, can-
cer-associated fibroblasts (CAFs) are predominant cellular elements of the stroma. CAFs 
constitute a heterogeneous population. Multiple CAF subtypes with separate molecular 
profiles and different impact on tumor outgrowth have been identified in various types 
of cancer [5].

Differential expression of markers such as fibroblast activation protein (FAP), vimen-
tin (VIM), fibroblast-specific protein 1 (FSP1), alpha-smooth muscle actin (α-SMA), 
and platelet-derived growth factor receptor (PDGFR) is characteristic for CAFs [6–8]. 
Nevertheless, these markers are far from being comprehensive or exclusively expressed 
by these subtypes of cells. Therefore, spindle-shape cell morphology is still a commonly 
used way to identify CAFs within the tumor stroma [9]. CAFs were shown to promote 
cancer metastasis, as well as affect angiogenesis, immunosuppression, and drug resist-
ance via synthesis and remodeling of the extracellular matrix (ECM) and production of 
growth factors [9–11]. Thus, CAF-targeting treatment aimed at modifying their number, 
subtype, or features is a plausible strategy of improving patients’ outcome in the future 
[12, 13].

Several studies have shown the significance of α-SMA-positive CAFs in development 
and progression of different solid tumors. It was demonstrated that stromal expres-
sion of α-SMA correlate with a high number of lymph node metastases [14, 15] and 
worse clinical outcome in patients with breast cancer [16]. α-SMA-positive CAFs also 
enhanced angiogenesis and influenced tumor growth in vivo [17], and correlated with 
higher frequency of cancer stem cells [18]. Of note, depletion of α-SMA-positive CAFs 
in pancreatic cancer suppressed immune surveillance by increasing  CD4+  Foxp3+ regu-
latory T cells (Tregs) in pancreatic cancer [19].

Here, we aimed to better understand the role of α-SMA-positive CAFs in BC, with 
special interest in their impact on tumor growth and dissemination among molecular 
subtypes. We studied in detail CAF heterogeneity in luminal breast cancer (lumBC) at 
both the molecular and functional level. Using primary CAFs derived from tumor tissue 
of patients with lumBC, we demonstrated how heterogeneous expression of α-SMA in 
CAFs might determine tumor growth.

Methods
Patients

Primary tumors of 108 patients with breast cancer (inclusion criteria: nonlobular his-
tology, stage I–III) treated in the University Clinical Centre in Gdańsk, Poland (2011–
2013), were investigated and described previously [20]. The study was approved by 
the Ethical Committee of the Medical University of Gdansk (NKBBN 94/2017), and 
informed consent was collected from all participants.
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Immunohistochemistry

Preparation of tissue microarrays (TMA) containing primary breast cancer tissues 
and staining for ER, PgR, HER2, and Ki67 were performed as previously described 
[21]. α-SMA (mouse monoclonal antibody, clone 1A4, Dako Agilent, Santa Clara, CA, 
USA) and EpCAM (mouse monoclonal antibody, clone Ber-EP4, Dako Agilent) were 
stained and detected with EnVision FLEX Dako Autostainer (Dako Agilent). SNAIL 
and OPN staining were performed manually using SNAIL mouse monoclonal antibody 
(clone 2G11, Novus Biologicals, Centennial, CO, USA, dilution 1:100) and OPN rab-
bit polyclonal antibody (Abcam, Cambridge, UK, dilution 1:1600) for 60  min at room 
temperature.

For α-SMA, EpCAM, and SNAIL, staining intensity (0, negative; 1, weak; 2, inter-
mediate; 3, strong) and percentage (0–100%) of the stained stromal (α-SMA) or tumor 
cells (EpCAM, SNAIL) in the total number of stromal or tumor cells, respectively, were 
determined; index score was calculated as the percentage of positive cells multiplied by 
intensity, resulting in a score 0–300. For OPN, only the intensity (0, negative; 1, weak; 
2, intermediate; 3, strong) of staining in stroma cells was determined. The overall score 
corresponding to one patient was established. α-SMA high status was conferred to sam-
ples with index score higher than the upper quartile (Q3) of the whole group.

Clinical data analysis

Kaplan–Meier survival curves presenting overall survival (OS) in patients with low ver-
sus high α-SMA were compared using log-rank (Mantel–Cox) test. Hazard ratios (HR) 
with 95% confidence intervals (95% CI) were computed using Cox proportional hazards 
regression. The chi-squared test or Fisher’s exact test were used to examine the distri-
bution of α-SMA protein status among clinicopathological features (stage, grade, lymph 
node status). Differences in protein levels between groups were analyzed using Mann–
Whitney U test. p-Values ≤ 0.05 were considered statistically significant. All the analy-
ses were performed using IBM SPSS Statistics version 27 licensed for the University of 
Gdańsk.

Isolation of CAFs from breast cancer

CAFs were isolated from tumor samples of four patients with lumBC (CAF2, CAF3, 
and CAF4 were isolated from patients with luminal B breast cancer, whereas CAF1 
from luminal A) obtained from the Department of Surgical Oncology, Medical Uni-
versity of Gdansk (2017–2018) after patients’ written informed consent. Each sample 
(1–3 cm) was collected by an experienced surgeon in aseptic conditions and transferred 
into DMEM (HyClone, GE Healthcare, Chicago, IL, USA) supplemented with 10% fetal 
bovine serum (FBS) (HyClone, GE Healthcare) and antimycotic/antibiotic mix (Sigma 
Aldrich, Saint Louis, MO, USA). Tissue sections were stored in 2–8 °C and transferred 
to the Laboratory of Translational Oncology where further processing started no later 
than 4 h after resection. Tissue sections were washed with 1× PBS, minced, and digested 
enzymatically in 0.35 mg/ml collagenase (Sigma Aldrich) and 0.35 mg/ml hyaluronidase 
(Sigma Aldrich) solution in 1× PBS for 1 h with rotation at 37 °C and 5%  CO2. Disinte-
grated tissues were centrifuged at 400g for 5 min, and the pellet was transferred to a cell 
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culture dish. CAFs were separated using serial trypsinization method. After two to three 
passages, CAFs were controlled for spindle-shape morphology and presence of CAFs 
markers VIM and α-SMA, and absence of tumor marker E-cadherin (E-cad).

Cell culture

Primary CAFs were cultured in DMEM (HyClone, GE Healthcare) supplemented with 
10% FBS (HyClone, GE Healthcare) at 37  °C, 5%  CO2. MCF7 (HTB-22), T47D (CRL-
2865), and BJ (CRL-2522) cells were purchased from the American Tissue Culture Col-
lection (ATCC, Manassas, VA, USA). Cells were cultured in DMEM supplemented with 
10% FBS and were routinely tested for mycoplasma contamination. For all cell lines, the 
same batch of FBS was used. Conditioned medium (CM) was obtained from cultures 
of isolated CAFs and fibroblast cell line, BJ. When cells reached 80% confluency, the 
medium was changed, and conditioned medium was collected after 72 h.

CAF characterization

Immunofluorescence staining

Cells were seeded on sterilized cover glass and after 24 h were fixed and permeabilized 
using a methanol–acetone mix for 15 min. For blocking, 5% BSA in PBS was used. Pri-
mary antibodies were diluted in Antibody Diluent (Dako Agilent) and incubated with 
cells for 30  min. Anti-α-SMA (mouse monoclonal, clone 1A4, Dako Agilent, dilution 
1:1), anti-vimentin (rabbit polyclonal, Novus Biologicals, dilution 1:1000), and anti-E-
cadherin (mouse monoclonal, clone 36, BD, Franklin Lakes, NJ, USA, dilution 1:2000) 
antibody was used for CAF characterization. As secondary antibodies, anti-rabbit 
IgG DyLight 594 and anti-mouse IgG DyLight 488 were used (Thermo Fisher Scien-
tific, Waltham, MA, USA; dilution 1:2000). Imaging was performed using an Olympus 
IX83 fluorescent microscope and CellSens Imaging Software (Olympus Life Science, 
Waltham, MA, USA).

Western blot

Cell lysate was prepared using RIPA buffer (Sigma Aldrich), then protein concentration 
was measured with a BCA assay kit (Thermo Fisher Scientific). Proteins were separated 
using 12% polyacrylamide TGX gels (Bio-Rad, Hercules, CA, USA) and transferred onto 
the PVDF membrane by semi-dry transfer (Bio-Rad). Anti-α-SMA (mouse monoclonal, 
clone 1A4, Dako Agilent, dilution 1:1), anti-vimentin (rabbit polyclonal, Novus Biologi-
cals, dilution 1:2000), and anti-E-cadherin (mouse monoclonal, clone 36, BD, dilution 
1:500) antibodies were used for detection. Appropriate, secondary anti-rabbit and anti-
mouse HRP-conjugated antibodies were used (Sigma Aldrich, dilution 1:100,000).

ELISA

Osteopontin concentration (ng/ml) in CAFs and BJ-CM was evaluated using human 
osteopontin (OPN) Quantikine ELISA (R&D Systems, Minneapolis, MN, USA) accord-
ing to the manufacturer’s protocol. Each sample was assayed in triplicate. Concentration 
was quantified by measuring the absorption at 450 nm with a microplate reader (Syn-
ergy H1, BioTek, USA).
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3D culture in Matrigel

LumBC cell lines MCF7 and T47D were used to analyze influence of CAFs and 
BJ-CM on colony growth in 3D culture (Corning Matrigel). A total of 2 ×  103 tumor 
cells resuspended in DMEM were mixed with Matrigel 1:1 and placed into 12-well 
tissue culture plates. Three-dimensional cultures were then covered with CM from 
CAFs, BJ, and DMEM as a control, exchanged every third day. For experiments aim-
ing at OPN neutralization, OPN-neutralizing antibody (R&D Systems) diluted 3 μg/
ml was used. Tumor-cell colony growth was quantified by measuring the area of at 
least 40 colonies using Olympus IX83 microscope (10× magnification) and ImageJ 
software. Data were presented as mean relative to DMEM ± standard deviation (SD) 
from at least three independent experiments. Comparative data were analyzed with 
the unpaired Student’s t-test using the IBM SPSS statistics software. p-Values ≤ 0.05 
were considered statistically significant.

Multigene expression analysis

RNA extraction

RNA was isolated from CAFs using RNeasy Mini Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s protocol. RNA concentration and purity were deter-
mined using NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA). RNA extraction from lumBC samples (formalin-fixed paraffin embedded 
specimens) was performed as described [22].

nCounter gene expression assay

The CAFs and clinical samples-derived RNA samples were analyzed in separate 
batches. RNA extracted from CAFs (300  ng) was subjected to expression profiling 
with nCounter PanCancer Immune Profiling Panel (NanoString Technologies, Seat-
tle, WA, USA) according to the manufacturer’s procedures for hybridization, detec-
tion, and scanning. Analysis of RNA extracted from clinical samples was processed as 
described [22].

NanoString data processing

The CAFs and clinical samples RNA data were processed in separate batches. For 
each sample, background correction and normalization were performed using 
nSolver 4.0 software, as previously described [22]. Data were normalized according to 
the global mean of the counts of positive controls included in the assay and the most 
stably expressed housekeeping genes, 18 (SD range 2.9–66.9 counts) and 4 (SD range 
173.5–228.4 counts) in the CAFs and clinical samples datasets, respectively. Follow-
ing normalization, low-expression genes  (log2 mean count in all samples < 4 for CAFs 
dataset and < 6 for FFPE dataset) were excluded, leaving 320 and 584 transcripts in 
CAFs and FFPE dataset, respectively. Genes differentiating between α-SMAhigh and 
α-SMAlow samples were selected on the basis of  log2 fold change (log2FC) calculated 
for the median normalized counts of each probe in compared groups. Genes with 
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log2FC > 1 were considered upregulated; genes with log2FC < −1 were considered 
downregulated in the α-SMAhigh group.

Results
α‑SMA‑positive CAFs are associated with poor prognosis and more aggressive phenotype 

of tumor cells in patients with lumBC

α-SMA was evaluated immunohistochemically in fibroblast-like stromal cells of 108 
nonmetastatic primary breast tumors (Fig. 1A). Staining was informative for 106 tumors, 
all of which showed expression of α-SMA in CAFs; importantly, there were considerable 
differences in the percentage of positive cells (5–90% cells of fibroblast-like morphology) 
and staining intensity (moderate in 31.7%, high in 68.3% of samples; no weak staining 
was observed).

For further analysis, patients were divided into two groups, α-SMAlow (n = 93) and 
α-SMAhigh (n = 13), according to the upper quartile of the α-SMA staining index (equal 
240). The distribution of α-SMA status in CAFs (low versus high) was compared with 
clinicopathological data, including dissemination status, and molecular data. There was 
no correlation between α-SMA level and stage, grade, lymph node status, or circulating 
tumor cell (CTC) presence and phenotype (Additional file 1: Table S1) in the whole ana-
lyzed cohort.

Interestingly, only in the lumBC group, patients with α-SMAhigh CAFs had significantly 
poorer overall survival rate (p = 0.019, log-rank; Fig. 1B). However, no further correla-
tions with clinicopathological data or dissemination status were found in this subgroup 

Fig. 1 α‑SMA‑positive CAFs correlate with poor prognosis and more aggressive phenotype of tumor cells 
in lumBC. A Representative staining of α‑SMA in TME of breast cancer samples, magnification 20×. B Overall 
survival (OS) in patients with luminal BC according to α‑SMA protein level in CAFs. Hazard ratios (HR) with 
95% confidence intervals (95% CI) were computed using Cox proportional hazards regression. C EpCAM and 
SNAIL expression in patients with low versus high α‑SMA. Mann–Whitney U test was applied
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(Additional file  1: Table  S2). In terms of molecular markers evaluated immunohisto-
chemically, α-SMAhigh CAFs correlated positively with SNAIL (p = 0.034) and EpCAM 
(p = 0.016) protein levels (Fig. 1C), pointing to more aggressive phenotype, while no cor-
relation was observed for other previously characterized proteins, i.e., SLUG, CXCR4, 
and TWIST [21] (data not shown).

α‑SMA‑positive CAFs increase outgrowth of breast cancer cell lines

To confirm adverse effect of α-SMA CAFs on lumBC, CAFs (n = 4) were isolated from 
primary lumBC tissue specimens and tested on their impact on breast cancer cell lines 
in vitro. After three passages, isolated CAFs were analyzed for the presence of CAF- and 
tumor-related markers by immunofluorescent staining and western blot along with BJ 
normal fibroblasts and MCF7 cell line serving as controls. All obtained CAF cell lines 
stained positively for VIM and negatively for E-cad and presented spindle-shape mor-
phology typical for fibroblasts (Additional file 2: Fig. S1A, B). On the basis of the α-SMA 
immunofluorescence staining, CAF cell lines were classified as α-SMAhigh (CAF3 and 
CAF4), with the majority of α-SMA-positive cells (i.e., > 90%), or α-SMAlow (CAF1 and 
CAF2), with the majority of α-SMA-negative cells (i.e., > 80%) (Fig. 2A).

CM collected from the established CAFs was applied to lumBC cell lines MCF7 and 
T47D in 3D Matrigel assay. CM from α-SMAhigh CAFs significantly increased MCF7 
cells colonies growth in Matrigel (colony area fold change compared with control 

Fig. 2 Characterization of CAFs isolated from patients with BC. A Representative pictures of 
immunofluorescence staining for α‑SMA (red) in α‑SMAlow and α‑SMAhigh CAFs; DAPI (blue) was used for 
nuclei counterstaining. B Representative pictures of MCF7 cells growing in 3D‑Matrigel cultures, when 
treated with conditioned medium from α‑SMAlow or α‑SMAhigh CAFs, and BJ or DMEM as a control. C 
Quantification of colony area fold change. Colony area was determined with ImageJ software. The values 
presented are mean ± SD from three independent experiments (n = 2 technical replicates). Unpaired 
Student’s t‑test test was applied, ***p < 0.0001 calculated versus control (DMEM)
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equaled 2.16 for α-SMAlow CAFs versus 4.16 for α-SMAhigh CAFs, p = 0.0001) (Fig. 2B, 
C). Similar observations were obtained for another lumBC cell line, T47D (Additional 
file 3: Fig. S2).

As these results suggested that α-SMAhigh CAFs CM promote cancer cell proliferation, 
we analyzed phosphorylation of two nodal proteins governing pathways activating cell 
proliferation, AKT and ERK. However, no significant differences were observed in the 
expression and phosphorylation of those proteins when MCF7 cells were cultured in 2D 
and treated with CM from α-SMAhigh or α-SMAlow CAFs (data not shown).

Since in clinical material α-SMAhigh CAFs correlated with higher expression of SNAIL 
and EpCAM, we performed qPCR expression analysis of these genes in lumBC cell lines 
treated with CAFs CM. CM from α-SMAhigh CAFs did not induce expression of SNAIL 
and EpCAM in lumBC cells (data not shown).

Osteopontin is expressed and secreted by α‑SMAhigh CAFs

To identify the potential mechanism accounting for promotion of tumor growth by 
α-SMAhigh CAFs, multigene expression analysis of four isolated CAF cell lines (two 
α-SMAhigh versus two α-SMAlow) was performed using nCounter PanCancer Immune 
Profiling Panel (NanoString). Differential gene expression analysis identified 29 genes 
that were upregulated (logFC > 1, i.e., ITGB2, TNFSF4, CXCL6, VCAM1, and OPN) in 
α-SMAhigh compared with α-SMAlow isolated CAFs. They are, e.g., linked with positive 
regulation of NF-κB transcription factor activity, as revealed by Gene Ontology analysis. 
In turn, downregulation was noted for 25 genes (logFC < −1, i.e., NFATC2, MASP1, KIT, 
IL17RB, and CXCL14) involved in tumor-necrosis-factor-mediated signaling pathway 
(Fig. 3A, Additional file 4: Table S3).

Then we examined whether the same differences in genes expression were observed in 
clinical tissue samples from patients with α-SMAlow versus α-SMAhigh lumBC. To high-
light the most significant differences between those two groups, scores lower than the 
lower quartile (Q1) of index score were considered as α-SMAlow, whereas α-SMAhigh sta-
tus was claimed for tissues with scores above the upper quartile (Q3). Only one gene, 
OPN, was significantly upregulated (logFC > 1), and five genes, HLA-DPB1, MS4A1, IL6, 
CMA1, and REL, were downregulated (logFC < −1) in patients with α-SMAhigh (Fig. 3B, 
Additional file 4: Table S4). Here no interactions were revealed.

Interestingly, OPN was the only gene demonstrating upregulation both in α-SMAhigh 
CAFs isolated from lumBC and tumor samples of lumBC with α-SMAhigh CAFs. Conse-
quently, we assessed the secretion of OPN by CAFs in vitro. ELISA assay indeed revealed 
significantly higher level of OPN protein in the CM from α-SMAhigh compared with 
α-SMAlow isolated CAFs (FC 4; p < 0.001) (Fig. 3C).

In accordance with this observation, when analyzed immunohistochemically in the 
lumBC tissue material, OPN protein was present in CAF cytoplasm and their surround-
ing in 51% of samples, mostly scored as weak—1 (41.8%), moderate—2 (38.1%), and 
strong—3 (20.1%) staining (Fig. 3D). Strong OPN staining was observed in 20% (21/108) 
of α-SMAhigh samples when analyzed in individual tumor fragments. OPN expression 
was also noted in cancer cells, as cytoplasmic or nuclear staining (in 30% and 19% of 
lumBC samples, respectively). Although in amyotrophic lateral sclerosis OPN-positive 
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Fig. 3 α‑SMAhigh CAF‑secreted osteopontin increases tumor growth. A nCounter PanCancer Immune 
Profiling panel analysis of gene expression in patients with α‑SMAhigh versus α‑SMAlow CAFs (top up‑ and 
downregulated genes are presented) and B in α‑SMAhigh versus α‑SMAlow BC; genes with logFC > 1 were 
considered upregulated, and genes with logFC < −1 were considered downregulated. C OPN concentration 
in α‑SMAhigh versus α‑SMAlow CAFs measured in CAF medium by ELISA. Graph presents data from three 
independent experiments (n = 2 technical replicates), and error bars show standard deviation. Unpaired 
Student’s t‑test test was applied. D Representative staining for OPN in CAFs in TME of breast cancer samples, 
magnification 20×. E Representative pictures of MCF7 cells growing in 3D‑Matrigel cultures treated 
with conditioned medium from α‑SMAlow, α‑SMAhigh CAFs, BJ, and DMEM with or without addition of 
OPN‑neutralizing antibodies. F Quantification of colony area fold change. Colony area was determined with 
ImageJ software. The values presented are mean ± SD from three independent experiments (n = 2 technical 
replicates). Unpaired Student’s t‑test test was applied, ***p < 0.0001 calculated versus control (DMEM). G 
Ki67 percentage in patients with different OPN staining intensity—negative to moderate (neg‑to‑mod) and 
strong, evaluated immunohistochemically. Mann–Whitney U test was applied
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fibroblasts were reported to accumulate in perivascular spaces [23], such pattern was 
not observed in the analyzed breast tumors.

OPN secreted by α‑SMAhigh CAFs induces lumBC cell colony growth

To further assess the functional significance of CAFs-delivered OPN in lumBC, we 
performed 3D Matrigel assay. MCF7 and T47D cells were cultured in Matrigel and 
incubated with different CAF- or BJ-derived CM supplemented or not with OPN-
neutralizing antibodies. We observed that addition of OPN-neutralizing antibody 
decreased colony growth of MCF7 in Matrigel only in cells treated with CM derived 
from α-SMAhigh CAFs (colony area fold change compared with control 4.16 for CAFs 
CM without OPN-neutralizing antibodies versus 2.87 for CM CAFs with OPN-neutral-
izing antibodies, p < 0.001) (Fig. 3E, F). In case of CM from α-SMAlow CAFs and BJ cell 
line, the area of colonies remained unchanged (Fig. 3E, F). Similar results were obtained 
for another lumBC cell line, T47D (Additional file 3: Fig. S2). In accordance with this 
observation, OPN strong CAF-associated staining correlated positively with the higher 
number of Ki67-positive tumor cells assessed immunohistochemically in clinical sam-
ples (lumBC, p = 0.012, Fig. 3G).

Discussion
TME and its components such as CAFs play an important role in breast cancer pro-
gression [24]. In this study, CAFs were classified according to the presence of α-SMA 
protein, and their impact on lumBC was investigated in the context of this marker both 
in clinical samples and in vitro. We showed for the first time that α-SMAhigh CAFs might 
stimulate growth of lumBC cancer cells by secreting OPN.

We demonstrated heterogeneous expression of α-SMA in intratumoral CAFs in pri-
mary breast cancers. We found that high level of this marker in CAFs was associated 
with poor prognosis in patients with lumBC. Even though there are studies that link 
α-SMAhigh CAFs with worse clinical outcome in breast cancer [16, 25] or specifically in 
TNBC subtype [26], we report this correlation in lumBC for the first time.

α-SMAhigh CAFs could potentially influence patients’ outcome by induction or regu-
lation of more aggressive phenotype of cancer cells (characterized, e.g., by increased 
proliferation, stemness, or epithelial–mesenchymal transition, EMT). In line, CM from 
α-SMAhigh CAFs induced the outgrowth of lumBC cell lines in  vitro in 3D cultures. 
However, no induction of phosphorylation of AKT and ERK, proteins involved in cell 
proliferation, was observed in MCF7 cell line when α-SMAhigh CAFs CM was used. This 
could mean that another signaling pathway was involved or α-SMAhigh CAFs’ positive 
effect on cancer cell growth occurs only in 3D cultures that more accurately reflect the 
conditions of tumor growth in vivo. In our cohort of patients with lumBC, significantly 
higher level of epithelial cell adhesion molecule (EpCAM) and SNAIL were found in 
α-SMAhigh tumors. In breast cancer, EpCAM is associated with an unfavorable prog-
nosis in the luminal and basal-like molecular subtypes [27]. There are limited studies 
correlating CAFs with EpCAM, yet Eberlein et al. demonstrated that tumor cells (non-
small-cell lung cancer) with high expression of EpCAM activate CAF-like phenotype 
in normal fibroblasts through avb6/TGFβ signaling [28]. Thus, potential interaction 
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between EpCAM-positive breast cancer cells and α-SMAhigh CAFs should be investi-
gated in the future. In case of SNAIL, this transcriptional factor is essential for EMT 
and induces tumor cell invasion. It has been reported that SNAIL level is upregulated in 
tumor cells by CAFs in breast cancer [29]. Interestingly, EpCAM could also contribute to 
the TGF‐β1-induced EMT in lumBC cell line, MCF-7 [30]. Thus, in our study, elevated 
EpCAM and SNAIL in tumor cells of patients with α-SMAhigh CAFs may possibly induce 
EMT, resulting in increased motility of those cells and giving rationale for worse clini-
cal outcome of those patients. Nevertheless, we did not confirm induction of EMT by 
α-SMAhigh CAFs in vitro (data not shown). CM from α-SMAhigh CAFs did not induce 
expression of SNAIL and EpCAM in lumBC cells. Such results may be due to perform-
ing experiments in 2D culture or EMT induction by those CAFs not being dependent on 
secretome but rather dependent on direct contact of interacting cells.

To dissect putative factors accounting for α-SMAhigh CAF-mediated induction of 
lumBC cell outgrowth and worse prognosis, we analyzed their transcriptome both 
in clinical samples and in  vitro. Gene expression revealed that genes upregulated in 
α-SMAhigh CAFs (i.e., IL6, IL1B, ITGB2, ICAM1) were linked with positive regulation 
of NF-κB transcription factor activity, which was previously described by our team as 
EMT-promoting mechanism in breast cancers [22]. In turn, genes downregulated in 
α-SMAhigh isolated CAFs (e.g., CD40, TNFRSF14, TNFRSF1B, PSMB9) were impli-
cated in tumor-necrosis-factor-mediated signaling pathway. Interestingly, only OPN was 
upregulated both in α-SMAhigh CAFs isolated from lumBC and tumor tissue samples 
from lumBC with α-SMAhigh CAFs.

OPN is a secreted, integrin-binding phosphoprotein involved in carcinogenesis [31–
35]. Of note, most studies report on tumor-derived OPN, and little is known about OPN 
secreted by CAFs. OPN secreted by tumor cells induced expression of CAF-associated 
markers (α-SMA and VIM) in mesenchymal stromal cells through upregulation of TGF-
β1 [36]. It also plays a key role in reprogramming normal mammary fibroblasts to pro-
inflammatory, tumor-promoting CAFs [37]. In breast cancer, elevated expression of 
OPN was firstly identified in stroma from patients with poor outcome and in CAFs from 
MMTV-PyMT breast cancer mouse model [38, 39]. We observed positive OPN staining 
in cancer cell cytoplasm and nucleus, but mostly OPN was present in CAF cytoplasm 
and surroundings. Here we showed that α-SMAhigh CAF-derived OPN enhances tumor 
growth, and this process may be inhibited by OPN-neutralizing antibodies. In our clini-
cal samples, CAF-associated OPN (i.e., OPN found in cytoplasm and/or in surround-
ing of CAFs) correlated also with the higher percentage of Ki67-positive tumor cells, 
which would stay in accordance with lumBC cell outgrowth depending on α-SMAhigh 
CAFs-derived OPN-induced tumor outgrowth. One of the previously proposed mecha-
nisms of how stroma-derived OPN impacts cell proliferation and survival was involve-
ment of CD44 and activation of MAPK cascade [40]. Whether the regulation of OPN in 
α-SMAhigh CAFs is through one of the known pathways has yet to be determined.

Conclusions
We showed that α-SMAhigh CAFs correlate with worse prognosis in lumBC and might be 
associated with more aggressive phenotype of breast cancer cells (e.g., EMT-related phe-
notype and/or increased proliferation). OPN secretion might be one of the mechanisms 
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accounting for this phenomenon. However, the other mechanisms accounting for 
adverse impact of α-SMAhigh CAFs on lumBC merit further investigation.
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