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Abstract

Background Breast cancer is the most common cancer in women. Cancer cells can persist in a prolonged dormant
state for years without any clinical evidence of disease creating an urgent need to better understand the molecular
mechanisms leading to relapse. This study aimed to identify extracellular matrix (ECM) components associated with
hypoxia-induced breast cancer dormancy. The effects of selected ECM proteins on breast cancer cell proliferation
were analyzed, along with their correlation with established prognostic markers in human breast cancer tissue.

Materials and methods Screening of extracellular matrix proteins was performed in hypoxia-induced dormant
MCF-7 breast cancer cells. Proliferation of MCF-7 cells in vitro was subsequently determined in the presence of
recombinant ColVIl. Adipose tissue-derived mesenchymal stem cells (AdMSCs) subpopulation overexpressing ColVI|
were indirectly isolated by ColVIl receptor integrin-a6 specific antibodies. AAMSCs- MCF-7 3D spheroid cultures were
generated to model solid tumour conditions. In addition, the association between ColVIl and various prognostic
markers was evaluated in clinical samples of human breast cancer tissue.

Results Dormant MCF-7 cells showed an elevated expression of ColVIl while MCF-7 cells cultured on ColVIl exhibited
reduced proliferation in vitro. In AdMSCs-MCF-7 3D spheroids, a reduced proliferation of MCF-7 cells was observed

in Int-a6"/ ColVly,;, compared with Int-a6” ColVIl,.,, AdMSCs spheroids. In human tissue, high ColVIl expression
correlated to several positive prognostic markers. Staining for Cytokeratin-5 revealed that ColVIl,,.-expressing cells
were predominantly myoepithelial cells.

Conclusion ColVIlis associated with reduced proliferation of breast cancer cells in vitro. ColVIl is strongly expressed in
myoepithelial cells and in breast cancer tissue the high ColVIl expression correlates with several well-known positive
prognostic markers, highlighting its potential as a prognostic marker in breast cancer.
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Introduction

Breast cancer is the most common cancer worldwide
accounting for more than 2 million women diagnosed
with breast cancer in 2020 [1]. Breast cancer cells are
capable of surviving in a prolonged dormant, non-pro-
liferative state for years without any clinical evidence of
disease after definitive treatment of the primary tumour
[2]. Due to a decreased proliferation rate, quiescent- dor-
mant cancer cells are unresponsive to classical chemo-
therapy treatments directed against cells with a rapid cell
cycle [3]. In addition, dormant cancer cells can become
reactivated, disseminate, and emerge as a relapse [4]. A
large part of cancer-related deaths in women is caused
by such metastasized breast cancer [5]. Thus, there is an
urgent need to better understand the molecular mecha-
nisms leading to relapse after treatment.

The mammary gland is surrounded by a basement
membrane and a connective tissue stroma, composed of
extracellular matrix (ECM) and heterogenous cell popu-
lations and tissues including endothelial cells, immune
cells, fibroblasts and the abundant breast adipose tissue
with its associated mesenchymal stem/ progenitor cells
(AdMSCs) [6]. Due to the intimate localization of the
mammary glands and the breast adipose tissue, there
is a close crosstalk between breast cancer cells and the
AdMSCs [7]. Recent studies have shown that AAMSCs
exposed to breast cancer cells-conditioned media lose
multipotency and increase the expression of myofibro-
blast markers and various ECM factors [8, 9]. The ECM,
a structural meshwork of different components including
glycosaminoglycans, proteoglycans, laminins, collagens,
and remodeling enzymes, is increasingly recognized
as an important regulator in breast cancer. The ECM
shows numerous changes in composition and organiza-
tion in breast cancer development when compared with
the mammary gland under homeostasis [10]. Changes
in stiffness and composition in fibrillar collagens such as
type L, III, and V collagen and non-fibrillar like type IV
collagen (CollV) has been observed at different breast
cancer stages [10-12].

ColVI], a non-fibrillar member of the collagen family,
is very abundant in the skin where it is mainly produced
by keratinocytes and fibroblasts and is the major compo-
nent of anchoring fibrils in the basement membrane [13]
that anchors the epidermis to dermis. The role of Col-
VII has been extensively studied in recessive dystrophic
epidermolysis bullosa, where mutation in COL7A1, the
gene encoding ColVII, mediates extensive blistering of
the skin [14]. Recent studies have indicated a protective
role of ColVII in breast cancer [15], however the mecha-
nisms behind ColVII in cancer progression are poorly
understood.

The first aim of this study was to unveil ECM com-
ponents associated to hypoxia-induced breast cancer
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dormancy. The screen identified that ColVII expression
was markedly up-regulated so the following studies ana-
lyzed the role of ColVII in breast cancer cell’s prolifera-
tion and investigated the association between ColVII and
other known prognostic markers in human breast cancer
tissue.

Materials and methods

Cell cultures and treatments

Human adipose tissue samples were obtained from dis-
carded material after liposuction at Umea University
Hospital, Sweden (n=2 donors). Aspirated samples were
treated as previously described to yield stromal vascular
fraction cell pellets containing the AAMSCs [16]. Once
the cultures were established, donor lines were pooled.
Non-tumorigenic MCF-12 human epithelial breast cells
were purchased from ATCC (#CRL-3598, Merck Life Sci-
ences, Darmstadt, Germany). Human estrogen-positive
breast cancer MCF-7 (ATCC, #HTB-22, Merck Life Sci-
ences) cells expressing green fluorescent protein (GFP)
were kindly donated by Iwan Jones (Section of Molecular
Medicine, Umea University, Umeda, Sweden). The cultures
were expanded and subsequently maintained in vitro
using Dulbecco’s Modified Eagle’s Medium low glucose
(DMEM, ThermoFisher, Gibco®, Waltham, MA, USA,
#11,885,084) containing 10% (v/v) FBS (Sigma-Aldrich.
#F9665) and 1% (v/v) penicillin/streptomycin (Thermo-
Fisher. Gibco®, #15,140,122) and incubated at 37 °C with
5% CO, in T75 flasks. Cultures at 80-90% confluence
were washed with Dulbecco’s Phosphate Buffered Saline
(DPBS, (ThermoFisher, Gibco®, #14,190,144), detached
using TrypLE (ThermoFisher. Gibco® #12,563,029) and
cryopreserved in 90% (v/v) FBS (Sigma-Aldrich #F9665)
with 10% (v/v) dimethyl sulfoxide (Sigma-Aldrich, St.
Louis, MO, USA, #D2650) and stored in liquid nitrogen.
Cells were counted and seeded according to the experi-
mental setting or the supernatants collected and filtered
with 0.2 pm filter and used as conditioned media. To
induce dormancy, a previously described hypoxic dor-
mancy model using Cobalt chloride (CoCl,) (Merck Life
Sciences, Solna, Sweden) was followed [17]. Cell cultures
at 40-50% confluence were treated with 300 pM CoCl,
for 5 days. The dormant cells were then allowed either to
recover in normal growth media for 3 days, referred to as
restored normoxia, or treated with CoCl, for another 3
days, referred to as hypoxia. Culture plates were coated
with 2-20 ng/mL human recombinant ColVII (rhColVII;
Origene, Rockville, MD, USA, #TP318470) in 0.5% Gel-
atin (Merck. #G6650) diluted in DPBS for 2 h at 37 °C.
Later, the coating solutions were discarded, and the
MCE-7 cells seeded according to the proliferation assay.
MCE-7 invasiveness and AdMSCs recruitment were eval-
uated using a migration assay (see below). AAMSCs and
MCE-7 were exposed to MCF-7 conditioned media and
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2-20 ng/mL of rhColVII. MCE-7 cell growth medium
without exposure to the cells and rhColVII-free condi-
tions were used as respective controls.

Cell sorting

AdMSCs subpopulations with high and low ColVII
expression were magnetically sorted (MACS®) using
an APC conjugated antibody against the ColVII recep-
tor integrin-a6 [18] (Biolegend, San Diego, CA, USA,
#313,615) and anti-APC magnetic beads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany #130-090-855).

Proliferation and migration assays

MCE-7-GFP cells at a density of 5000 cells/cm? were
plated in 96-well plates coated with 0-20ng/mL rhCol-
VII in 150 pL of growth medium. Proliferation was indi-
rectly measured by the GFP signal at 488/510nm every
48 h until day 10 with a Synergy HT Microplate Reader
(BioTek, Winooski, VT, USA). To assess MCF-7 inva-
siveness and AdMSCs chemoattraction to the MCE-
7 'secretome, 30.000 cells were plated in the migration kit
trans-well (Cell Biolabs, San Diego, CA, USA, #CBA-106)
with 150 pL in serum free media. The trans-wells con-
taining the cells were inserted into the lower compart-
ment containing the different concentrations of soluble
rhColVII and MCF-7 conditioned media, respectively.
Cell migration through the insert to the lower compart-
ment was measured after 24 h according to the manufac-
turer’s protocol.

3D models and cryosections

To generate AAMSCs-MCE-7 3D spheroids, 200.000
Int-6a+and Int-6a- AAMSCs were transferred into a
round-bottom test tube (ThermoFisher, #10,314,791)
with 1mL growth medium and centrifuged at 400 g for
5 min. The resulting pellet was incubated at 37 °C, 5%
CO,, and humid conditions. After 48 h, the tubes con-
taining spherical pellets were supplemented with 25.000
MCE-7-GFP in 500 pL of growth medium. The following
day, the supernatants were discarded, and fresh growth
medium added to the spheroids until the GFP signal was
measured and the histological characterization was per-
formed at days 1 and 5. The GFP signal was measured
using an Olympus IX71 microscope (Olympus life sci-
ence). Spheroids were fixed with 4% (w/v) paraformalde-
hyde (PFA) (ThermoFisher, #11,586,711) for 2 h at 4 °C,
the PFA was removed, and the spheroids washed with
DPBS and treated with 30% sucrose overnight. The fol-
lowing day the spheroids were embedded into OCT and
frozen in isopentane cooled with liquid nitrogen (VWR,
#24872.298) and stored at -80 °C until sectioning (7-um
thick slices) was performed using a CryoStar™ NX50
Cryostat (ThermoFisher).
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Protein analysis

Western blot MCE-7 cells, MCF-12 cells and AdMSCs
were treated following the different experimental set-ups
and Western blotting performed using standard proto-
cols. The primary and secondary antibodies used are pre-
sented in Supplementary Table 1. Chemiluminescence
signal was detected in a LI-COR Odyssey® XF using Image
Studio Lite Ver. 5.2(LI-COR Biosciences, Lincoln, NE,
USA) and the bands quantified with image ] (Image] soft-
ware). Western blots against p-Actin were used as loading
control to normalize target protein quantifications.

Immunocytochemistry MCE-7 cells, MCF-12 cells, and
AdMSCs were plated in 8-well chamber slides (Sarstedt,
Niimbrecht, Germany, #94.6140.802) at a density of 2500
cells/cm? in triplicates and treated following the different
experimental set-ups. The cultures were fixed in 4% (w/v)
PFA and then stained with primary and secondary anti-
bodies shown in Supplementary Table 1. The slides were
viewed under an ECLIPSE 90i fluorescence microscope
(Nikon Europe BV, Amstelveen, The Netherlands) and
images captured with Nikon Elements Imaging software.
Cells positive for the expression of Ki67 and a-Smooth
Muscle Actin were counted manually. The signal for Col-
VII, GFP, and Nidogen-1 were measured in pixels per area
using a macro for Image ] program (developed and kindly
donated by Benedicte Chazaud, Institute NeuroMyoGeéne,
Lyon, France). Nuclei staining with 4',6-diamidino-2-phe-
nylindole (DAPI) was used to quantify the total number of
cells in each captured area and calculate the percentage of
positive cells, as well as for normalizing the signal values
obtained from the above-described macro.

Gene expression analysis

MCEF-7 cells and AAMSCs were seeded in 6-well plates
and treated with CoCl, according to the experimental
design. The supernatants were removed, and the cul-
tures washed twice with DPBS. Total RNA was isolated
using RNeasy mini kits according to the manufacturer’s
instructions and up to 500 ng of RNA were retro-tran-
scribed into cDNA with iScript cDNA synthesis kit (BIO-
RAD, Hercules, CA, USA, #1,708,891) following the
manufacturer’s protocol. The target genes were amplified
using specific primers with SsoFast™EvaGreen® supermix
(BIO-RAD #1,725,204) in a CFX96 Optical Cycler and
analysed using the CFX96 manager software (BIO-RAD).
Primers sequences are shown in Supplemental Table 1.
Gene expression values were calculated by utilizing the
AACT method (Livak & Schmittgen, 2001) and expressed
as the relative change to p-actin and RPL13a.

Histological analysis of human breast cancer tissue
Tumour tissue samples were collected from 15 female
breast cancer patients (7 with estrogen receptor (ER)
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Fig. 1 (See legend on next page.)

positive breast cancer and 8 with triple negative breast
cancer (TNBC)) undergoing surgery at Umea Uni-
versity Hospital between 2008 and 2009. The tissue
samples were fixed in formalin and embedded as par-
affin blocks. Routine staining with haematoxylin and
eosin (H&E) was performed using standard protocols.

MCF-7 MCF7-12

Standard clinicopathological variables including his-
tological grade I-III, hormonal receptor status, HER2
gene amplification, proliferation marker Ki67, and nodal
metastases were analysed by a specialized breast patholo-
gists at the Department of Pathology, Umea University
Hospital following validated local/national guidelines.
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Fig. 1 Non-tumourigenic MCF-12 cells express higher Collagen type VIl compared with tumourogenic MCF-7 breast cancer line. A. Gene expression
analysis of laminins; LAMAT, LAMA3, LAMAS, non-collagens; Fibronectin (FNT), Nidogen-1 (NID-1), Tenascin-C (TNC), collagens; COLTAT, COL3A1, COL4AT,
COL5A1,COL6AT, COL7AT and integrins (INTA6 and INTB4) in MCF-7 cells exposed to normoxia (N), hypoxia (H) or restored normoxia (rN). Data are expressed
as means of triplicates and represent fold change relative to N (100) with colour coding (White=100, Green > 100 and Red < 100). B. Left: Representative
western blot against Collagen type VII (ColVIl), Cyclin-D1 and 3-Actin in MCF-7 cells exposed to normoxia (N) and hypoxia (H). Right: Quantification of
Western blot bands (Densitometric units) showing relative expression of the target proteins to 3-Actin. Data are expressed as means +SEM of triplicates.
P-values represent the t-tests N vs. H. C. Left: Representative Ki67 (Red) staining of MCF-7 and MCF-12 cultures. Nuclei are stained with DAPI (blue). Scale
bar =50 um. Insets: Dotted areas” magnifications. Right: Quantification in percentage of Ki67 positive MCF-7 and MCF-12 per total cells/area after 5 days
of culture. Data are expressed as means+SEM of four experiments. P-values represent the t-tests MCF-7 vs. MCF-12.. D. Left: Representative Collagen
type VIl (Red) staining of MCF-7 and MCF-12 cultures. Nuclei are stained with DAPI (blue). Scale bar =50 um. Insets: Dotted areas” magnifications. Right:
Collagen-VII signal quantification (Pixels) in MCF-7 and MCF-12 cultures per area after 5 days of culture. Data are expressed as means + SEM of triplicates.
P-values represent the t-tests between MCF-7 vs. MCF-12. E. Above: Representative western blot against Collagen type VIl (ColVII), Cyclin-D1 and B-Actin
in MCF-7 and MCF-12 cells after 5 days of culture. Below: Quantification of Western blot bands (Densitometric units) showing relative expression of the

target proteins to 3-Actin. Data are expressed as means + SEM of triplicates. P-values represent t-tests MCF-7 vs. MCF-12

The immunohistochemical staining of the breast can-
cer tissue was performed with a Ventana Benchmark
automated immunostainer (Ventana Medical Systems,
Roche Tissue Diagnostics, Tucson, AZ, USA). Before
the protocol was started, the tissue was pre-treated with
EDTA. The primary antibody against ColVII (1:100 dilu-
tion; polyclonal rabbit, HPA042420 Sigma-Aldrich) was
incubated for 44 min at 36 °C followed by an anti-rabbit
HRP-conjugated secondary antibody. Thereafter, UV
diaminobenzidine tetrahydrochloride (DAB) H,O, and
UV Copper as chromogen was added and incubated for
8 and 4 min respectively in 36 °C. Finally, haematoxylin
IT was applied and incubated for 8 min to give contrast.
Skin tissue was used as a positive control and liver tis-
sue as a negative control (Supp. Figure 1). The slides were
scanned (P250; 3DHistech) into MRXS-files, which were
then analysed with the open source bioimaging program
Qu Path version 0.4.3 [19]. The image type was set as
Brightfield (H-DAB), and colour deconvolution was set
using stain vectors to maximize colour differentiation.
The settings were saved in a script and applied identically
on all samples. An antibody against the myoepithelial cell
marker cytokeratin 5 (CK5) was used to stain all samples
following validated protocols used in clinical practice at
the Department of Pathology, Umeé University Hospital.
The tumour areas were marked under the supervision of
a breast pathologist and a grid measuring 1000 1000 pm
was applied on the image and divided into subareas of
106 pum? for further quantification of the staining. A sub-
area was marked as ColVII positive if any ColVII stain-
ing was detected within that subarea. The quantification
of ColVII was performed by detecting or not detecting
staining in any of the subareas of 106 pm? (present stain-
ing/no present staining), and then dividing the number
of positive subareas with the previously marked total
tumour area, giving a gross percentage of the overall pos-
itive staining.

Statistical analysis
In the experimental part, data is expressed as
meanststandard error of the mean (SEM) of at least two

independent experiments. Statistical differences were
determined by paired t-tests when the mean of three
independent experiments were compared, and unpaired
t-tests when the gross values of the experiments (n=2-3)
were compared. Ordinary one-way ANOVA was used
when three or more groups were compared. Empirical
rule px1.5 o score analysis was used to discard outliers.
The calculations were performed using GraphPad Prism
8 software (GraphPad Software, San Diego, CA, USA).
For the human breast cancer specimens, the correlation
between breast cancer subtype and ColVII expression
in the tumour area was performed by Mann-Whitney U
test. Further, ColVII expression in the tumour area was
divided into two groups, one including negative Col-
VII expression in the tumour area (=0%) and the other
including positive ColVII expression in tumour area
(>0%), and these groups were correlated to different clin-
icopathological variables by crosstabulation and Fisher’s
exact test. The calculations were performed using SPSS
Statistic Software (SPSS, Chicago, IL, USA, Version
29.0.1.0 (171)).

Results

Hypoxia induced dormancy in MCF-7 cells

To mimic breast cancer cell dormancy, we have simulated
hypoxia-induced-dormancy [20] in our MCF-7-GFP
breast cancer line with CoCl,, a pharmaceutical hypoxia-
mimetic agent [17] (Supp. Figure 2A). The hypoxia-
induced dormant cells (H) showed lower proliferation
as measured by lower RNA content (Supp. Figure 2B),
decreased area occupied by GFP' cells (Supp. Fig-
ure 2C) and lower expression of the proliferation marker
Ki67 gene (Supp. Figure 2D) when compared with the
untreated cells (Normoxia (N)). The cyclin-dependent
kinase inhibitor p21, which promotes cell cycle arrest,
was increased in the hypoxia-induced dormant cells
along with the stem cell markers NANOG and OCT3/4
(Supp. Figure 2D). A hallmark of cellular dormancy is
the ability to re-awake upon removal of the environmen-
tal stressor that led them to enter dormancy, defined
as reversible dormancy [21]. Upon removal of the
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hypoxic stress, the aforementioned changes were revers-
ible, observed as a restored proliferative capacity and
decreased p21 gene expression in the restored normoxia
group (rN) (Supp. Figure 2B-D).

To investigate the microenvironment of dormant
MCE-7 cells, we screened for different ECM molecules
by qRT-PCR (Fig. 1A). Laminins, LAMAI and LAMAS3;
the glycoprotein Tenascin-C (TNC) and the inter-linker
LOX transcripts were elevated and the LAMAS expres-
sion downregulated in the hypoxic group compared with
the normoxic and restored normoxia groups. The col-
lagen expression for COL3A1, COL5A1 and COL6AI
were downregulated while COL4A1 and COL7A1 were
upregulated in the hypoxic group compared with the
normoxic and restored normoxia groups. The hypoxic
conditions induced the elevated expression of cell-ECM
integrin receptors INTa6 and INTf34. Among the ECM
components, ColVII showed a pronounced increase in
the hypoxic group at gene expression level, a finding that
was confirmed at protein level (Fig. 1B and Supp. Table
2). To evaluate a potential role for ColVII in tumourigen-
esis we compared the estrogen-positive breast cancer cell
line MCF-7 with the non-tumourigenic epithelial cell line
MCEF-12. First, we tested the proliferative activity by mea-
suring Ki67 expression in each cell line. As expected, the
MCF-7 cultures showed 30% more Ki67* cells than the
MCEF-12 cultures (Fig. 1C). Immunofluorescence staining
and western blotting showed that MCF-7 cultures had
lower expression of ColVII compared with MCF-12 line
(Fig. 1D-E). Furthermore Cyclin-D1 protein levels were
lower in the MCF-12 cultures compared with the MCF-7
cultures (Fig. 1E).

Increased collagen type VIl expression correlates with
lower MCF-7 proliferation rate

To evaluate the proliferative and invasion capabilities of
MCE-7 cells in a ColVII rich environment in vitro, the
cells were exposed to different concentration of human
recombinant ColVII (rhColVII) (Fig. 2A). The GFP sig-
nal increased significantly until day ten in all the groups.
However, MCF-7-GFP growing in plates coated with the
highest rhColVII concentration showed lower GFP fluo-
rescent signal (Fig. 2A), area occupied by GFP (Fig. 2B)
at day 10 and reduction in Ki67* cells after day 2 of cul-
ture (Fig. 2C). The lower proliferative capabilities of these
MCEF-7 cultures were consistent with elevated P21 gene
expression and COL17A1, a marker of low proliferative
potential in breast cancer cell lines [15] (data not shown).
There were no differences in MCE-7 invasiveness after
24 h exposure to different concentrations of rhColVII
(data not shown).
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Collagen type Vll is highly expressed by breast tissue
stroma/mesenchymal cells

Previous single cell transcriptome analyses have indi-
cated that ColVII mainly is expressed by mesenchymal
and fibroblasts-like cells rather than ductal epithelial cells
in the breast tissue [22]. In line with Karlsson et al., we
found that AAMSCs had a pronounced higher expres-
sion of ColVII at gene (data not shown) and protein levels
(Fig. 3A, B) compared to MCEF-7 cells. However, a marked
difference in ColVII signal intensity was observed in the
AdMSCs (Fig. 3A), suggesting different subpopulations
of ColVII-expressing cells. To better understand how the
hypoxic tumour microenvironment might affect mes-
enchymal stem cells, AAMSCs were treated with CoCl,
as previously described to analyse the gene response to
hypoxia. The stem cell marker NANOG and undifferen-
tiated stromal fibroblast marker PDFGRa were upregu-
lated while, differentiated fibroblasts markers such as
ACTA2 and CTGF were significantly reduced under
hypoxic conditions compared to the controls (Fig. 3C
and Supp. Table 3). The hypoxic environments elevated
ColVII expression at protein level (Fig. 3D, E) along with
a reduction of fibroblast markers such as a-SMA (Supp.
Figure 3A) or nidogen-1 (NID-1) (Supp. Figure 3B) [23].

Integrin-a6 correlates with high ColVIl expression

A subpopulation of AdMSCs expressing high lev-
els of ColVII were isolated immunomagnetically
using integrin-a6 specific antibodies (Fig. 4A). The
Integrin-a6* AdMSCs expressed higher ColVII (Int-a6™/
ColVIly;,) along with lower myofibroblast markers such
as NID-1 or a-SMA at gene (Fig. 4B) and protein level
(Fig. 4C-D) when compared with the integrin-a6~/Col-
VII,,,, AAMSC population. Int-a6"/ColVIly,, and int-
a6~ /ColVII; ,,, AAMSCs subpopulations were exposed to
conditioned medium from MCEF-7 cells and then com-
pared with control medium. Conditioned medium from
MCE-7 breast cancer cells induced higher cell migration
in both subpopulations. However, significantly less Int-
a6t/ Col VIl cells migrated when were compared with
the Int-a6™~ cells/Col VI, , (Supp. Figure 4).

Integrin-a6*/ColVIll,;;, AdMSCs reduce proliferation of
MCF-7 cells

Three-dimensional AdMSCs-MCF-7 spheroids were
generated to model solid tumour conditions (Fig. 5A).
Integrin-a6* AdMSC spheroids expressed two times
more ColVII in comparison with integrin-a6~ AdMSC
spheroids (Fig. 5B). Next MCF-7-GFP were added to the
AdMSCs spheroids. Compared to Int-a6~/Col-VII;,
AdMSC  spheroids, the Int-ot6+/C01VIIHig}1 showed
lower GFP signal 5 days after the inoculation of MCF-7
cells (Fig. 5C). Furthermore, MCF-7-GFP cells growing
around Int-o&6+/ColVIIHigl1 AdMSC spheroids showed
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between 0 vs. 20 ng/mL of rhColVII. C. Left: Representative immunocytochemical Ki67 (Red) staining of MCF-7 after 10 days of culture in the presence
of 0 and 20 ng/mL of rhColVIl. Nuclei are stained with DAPI (blue). Scale bar =50 pm. Right: Ki67 positive MCF-7 quantification per total number of cells
after 10 days of culture in presence of 0 and 20 ng/mL of rhColVIl. Data are expressed as means =+ SEM of triplicates. P-values were calculated by t-tests

between 0 vs. 20 ng/mL of rhColVII
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Collagen type VIl stained AAMSC. B. Above: Representative western blot against Collagen Type VII (ColVIl) and B-Actin in MCF-7 and AdMSCs cultured
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expressed as means+ SEM of four experiments. P-values represent the t-tests between MCF-7 and AdMSCs. C. Gene expression analysis of fibroblast
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Green> 100 and Red < 100). D. Above: Representative image of western blot against ColVIl, and B-Actin in AAMSCs exposed to normoxia (N) and Hypoxia
(H). Below: Quantification of Western blot bands (Densitometric units) showing relative expression of the target proteins to -Actin Data are expressed as
means+ SEM of triplicates. P-values represent the t-tests between N and Hand H and rN. E. Left: Representative ColVIl (Red) staining of AdMSCs exposed
to normoxia and hypoxia. Nuclei are stained with DAPI (blue). Scale bar =50 pm. Insets: Dotted areas” magnifications. Right: Expression of positive ColVII
signal quantification (Pixels) of AAMSCs exposed to normoxia (N) and hypoxia (H) per total cell area in the capture. Data are expressed as means + SEM of
triplicates. P-values represent the t-tests between N and H
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a-SMA signal quantification (Pixels) per area of Integrin-6a* (Int-a6") and Integrin-6a” (Inta-67). Data are expressed as means + SEM of triplicates. P-values

were calculated by t-tests between Int-a6*vs. Int-a6~

a reduction in Ki67 expression (GFP*Ki67" population)
compared with the Int-a67/ColVI]; ,, AAMSC spheroids
(Fig. 5D).

Expression of ColVIl in human breast cancer tissue

The expression of ColVII in the tumour area was anal-
ysed in samples from 15 patients and correlated to other
known prognostic biomarkers. There was a significantly

higher amount of ColVII expression in patients with
low expression of the proliferation marker Ki67, in com-
parison with patients with high Ki67 expression (6/6
patients vs. 3/9 patients; p=0,028). Similarly, higher Col-
VII expression was found in patients with nuclear grade
2 or less in comparison to patients with nuclear grade 3
(7/7 vs. 2/8; p=0.007) as well as ER-positive breast cancer
in comparison with TNBC (7/7 vs. 2/8) (Fig. 6A). There



Pérez-Diaz et al. Cancer Cell International (2024) 24:254 Page 10 of 14

A 5Days 2Days Day0 Day +1 Day+5

Colvll Kie7 —OB* Int-06
Spheroids ~ GFP GFP Int GG 08 0.08
Int—aﬁ*: : C) —_ '
®
AdMSC H—I o _ 006
Int-06" | l S 2 <>(
H - oumcec Soring MCFGFP — ggo4
Oring -
H  omcoc, inta6, (25000 cells) U %5 o
= s00mcoc, T 02
)

0 +
Int-a6" Int-a6”

C Int-a6*

0.03
0.00015
~—
= <
K g 0.00010
() o<’
w3
O c —
5000005
@/
0.00000 '%A % 2
w Int-a6” Int-a6™ Int-a8” Int-a6”
> - T -
4] Day 1 Day 2
[am)]

Int-aG*

Int-a6-

8 i3
o <06 90 oo 063
5 Tg ?: s 0} )
504 © .5’0 5 O];
) : )
@0 % 0 f ﬁ
0.0 n - 00 - -
Int-a6" Int-a6 Int-a6" Int-a6
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and Integrin-6a” (Inta-6") spheroids after 2-3 days of culture following sorting. Nuclei are stained with DAPI (blue). Scale bar =50 pm. Right: ColVII signal
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means + SEM of triplicates. P-values were calculated by t-tests between Int-a6*vs. Int-a6™. D. Above: Representative immunocytochemical staining of Ki67
(red) and GFP (green) in Int-a6+and Int-a6~ spheroids after 5 days of coculture with MCF-7-GFP. Scale bar =50 um. Below: GFP and Ki67 signal quantifica-
tion on day five. Data are expressed as means+SEM of three independent experiments with different number of spheroids combined, with each data
point representing one spheroid. Means have been grouped and p value has been calculated by t-test
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was however no significant difference of ColVII expres-
sion between the nodal positive vs. negative groups (4/8
vs. 5/7; p=0.608). Histologically, a strong ColVII staining
was found surrounding the mammary gland. Cytokera-
tin-5 staining indicated that the ColVII expressing cells
were myoepithelial cells. Such staining was detected in
the cancer area as well as in healthy surrounding stroma
(Fig. 6B).

Discussion

The present study described a potential role of ColVII in
breast cancer cell proliferation. Using an in vitro model
of hypoxia-induced dormancy, MCF-7 treated with
CoCl2 to mimic hypoxia showed a significant increase
in ColVII expression when compared with those main-
tained in normoxic conditions. Dormancy is a cell latent,
non-proliferative cellular state. The expression of ColVII
was associated with higher expression of the cycle arrest
marker P21 and other well-described ECM components
impairing breast cancer growth.

In line with our in vitro results, we demonstrated that
increased protein expression of ColVII in human breast
cancer tissue correlated with well-known positive prog-
nostic markers including low Ki67-expression, low
tumour grade, and hormonal receptor positivity. Fur-
thermore, we observed that the low proliferative breast
epithelial cell line MCF-12 expressed a higher amount of
ColVII along with lower Ki67 expression when compared
to the more proliferative MCF-7 breast cancer cell line.

ColVII is an anchoring protein, important for the
stability of the basement membrane through its non-
collagenous 1 (NC1) domain that can bind to basement
proteins with high affinity [24]. ColVII is a component
of the hemidesmosomes’ anchoring fibrils, key struc-
tures for cell-to-ECM stability through the integrin o634
heterodimer receptors through laminin 332 [25, 26]. An
altered distribution of integrin a6p4 heterodimers has
been observed in primary breast carcinomas compared
with benign breast lesions [27]. Along with an increased
gene expression of ColVII under mimicked hypoxia, an
increased expression of other basement membrane pro-
teins like laminins, integrin a6p4 and COL4A1 was also
observed in the AAMSC, suggesting a role of hypoxia in
the base membrane niche homeostasis. ColVII is more
expressed by stromal cells compared to ductal epithelial
cells in the breast [28]. In the same manner, our AAMSCs
presented higher expression of ColVII at gene and pro-
tein levels in comparison with MCE-7 cells. Interestingly,
a marked variation in ColVII signal intensity was shown
amongst the AdMSCs, suggesting different subpopula-
tions for the ColVII expressing cells. In consequence,
AdMSCs were sorted into high and low ColVII-express-
ing subpopulations, and were co-cultured with MCF-7
cancer cells in a 3D model of solid cancer to study their
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role in tumour growth. This resulted in a reduced prolif-
eration of MCEF-7 cells in the ColVII-enriched 3D model
of solid cancer, pinpointing a different role for the high
and low ColVII-expressing subpopulations of mesenchy-
mal stem cells on breast cancer growth.

The ColVII-expressing cells surrounding the ducts
in the tumour area appeared to be myoepithelial cells,
which was confirmed with CK5 staining. The myoepithe-
lial cells act as gatekeepers together with the basement
membrane, preventing cancer cells from invading the
surrounding stroma [29], maybe due to the role of Col-
VII hindering breast cancer proliferation as we observed
in MCE-7 cultures growing on recombinant ColVII in
vitro. Altered expression profiles and properties of myo-
epithelial cells have been implicated in progression to
invasive carcinoma [30]. Taken together the observed
correlation between ColVII and positive prognostic
markers in human tissue, with the reduced proliferation
of MCEF-7 cells reported in the ColVII rich environment,
we hypothesize that increased expression of ColVII by
the surrounding myoepithelial cells might contribute to
mammary gland duct basement membrane stability and
hence preventing breast cancer cells progression.

The role of ColVII in carcinogenesis has been exten-
sively studied in recessive dystrophic epidermolysis bul-
losa patients, as there is an increased risk of squamous
cell carcinoma (SCC) at an early age in patients with
ColVII deficiency [31]. Furthermore, siRNA targeting
ColVII mediates increased SCC migration and invasion
in vitro [32]. ColVII expression is both a positive and
negative prognostic marker in other cancer types [15,
33, 34]. The incidence of advanced stage cancer and lym-
phatic invasion was shown to be significantly higher in
the high ColVII expression group compared with the low
ColVII-expression group in esophageal squamous cell
carcinoma [34]. Furthermore, there is a significant asso-
ciation between ColVII immunohistochemistry score
and distant metastasis in gastric cancer [33]. Our results
are however consistent with a study performed by Hong
et al, demonstrating that downregulation of COL7A1
was associated with a decreased 5-years survival rate in
breast cancer [15].

In this present study we have assessed the role of
ColVII in the breast cancer line MCF-7. However, the
ColVIl, AAMSC were isolated indirectly using the
hemidesmosome receptor Integrin o6, which makes
it difficult to investigate the role of only ColVIIL. Future
studies targeting ColVII and investigating mechanisti-
cally the role of ColVII in different cell types and signal-
ing pathways must be conducted to better understand the
potential role of ColVII affecting proliferation of breast
cancer cells.

In conclusion, we hypothesize that ColVII is a positive
prognostic marker in breast cancer, being associated with
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reduced proliferation of the breast cancer cell line MCF-7
in vitro as well as with several positive prognostic mark-
ers in human breast cancer tissue.
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