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ARTICLE
Extracellular matrix-derived mechanical force governs breast

cancer cell stemness and quiescence transition through
integrin-DDR signaling

Cong Li'?, Shi Qiu*>*°, Xiaohan Liu®, Fengzhu Guo
Lu Yang>™ and Binghe Xu'™

"2 Jingtong Zhai', Zhijun Li', Linghui Deng®, Liming Ge’, Haili Qian®%,

The extracellular matrix (ECM) serves as signals that regulate specific cell states in tumor tissues. Increasing evidence suggests that
extracellular biomechanical force signals are critical in tumor progression. In this study, we aimed to explore the influence of ECM-
derived biomechanical force on breast cancer cell status. Experiments were conducted using 3D collagen, fibrinogen, and Matrigel
matrices to investigate the role of mechanical force in tumor development. Integrin-cytoskeleton-AIRE and DDR-STAT signals were
examined using RNA sequencing and western blotting. Data from 1358 patients and 86 clinical specimens were used for ECM
signature-prognosis analysis. Our findings revealed that ECM-derived mechanical force regulated tumor stemness and cell
quiescence in breast cancer cells. A mechanical force of ~45 Pa derived from the extracellular substrate activated integrin 31/3
receptors, stimulating stem cell signaling pathways through the cytoskeleton/AIRE axis and promoting tumorigenic potential and
stem-like phenotypes. However, excessive mechanical force (450 Pa) could drive stem-like cancer cells into a quiescent state, with
the removal of mechanical forces leading to vigorous proliferation in quiescent cancer stem cells. Mechanical force facilitated cell
cycle arrest to induce quiescence, dependent on DDR2/STAT1/P27 signaling. Therefore, ECM-derived mechanical force governs
breast cancer cell status and proliferative characteristics through stiffness alterations. We further established an ECM signature
based on the fibrinogen/fibronectin/vitronectin/elastin axis, which efficiently predicts patient prognosis in breast cancer. Our
findings highlight the vital role of ECM-derived mechanical force in governing breast cancer cell stemness/quiescence transition

and suggest the novel use of ECM signature in predicting the clinical prognosis of breast cancer.
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INTRODUCTION

Extracellular matrix (ECM) is a non-cellular component of the
tumor microenvironment and is secreted by different types of
cells to provide biophysical and biochemical support.’ It is
composed of proteoglycans and glycoproteins that form complex
extracellular protein networks, which create supramolecular
aggregates such as fibrils and lamellar networks. During cancer
development, the ECM undergoes persistent remodeling char-
acterized by collagen degradation, deposition, and cross-linking.?
In addition to biochemical alterations, the biophysical parameters
of ECM also change dynamically, including topography, stiffness,
and molecular density. Previous studies have suggested that
dynamic ECM remodeling plays a crucial role in tumorigenesis and
tumor progression. The diverse composition of ECM components,
including fibrous proteins (collagen), glycoproteins (fibronectin
and fibrinogen), and proteoglycans, also participates in tumor
progression via multiple molecular mechanisms.*”® However, the
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specific role of the ECM in remodeling tumor behavior remains
controversial. For example, while collagen has been previously
considered a passive barrier for cancer cell growth, recent
researches suggest that alterations in collagen deposition can
either promote or inhibit tumor malignancy.””® Thus, further
investigation is necessary to elucidate the interactive functions
and synergistic effects of different ECM components.
Accumulating evidence suggests that a suitable ECM composi-
tion could facilitate the development of cancer stem cells (CSCs),
leading to tumor initiation and relapse.® ECM components such as
fibronectin and collagen, regulate CSCs self-maintenance, includ-
ing proliferation, quiescence, differentiation and apoptosis,
through intricate mechanisms. For example, in breast cancer,
collagen | and collagen VI could induce the expression of
CSCs markers, while collagen IV and vitronectin promote CSCs
differentiation, leading to a decreased CD44+ /CD24- CSCs
population.'® ECM compounds such as fibronectin and hyaluronic
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acid were also reported to promote the enrichment of CD44+
glioblastoma stem cells.""™® Increasing investigations provide
evidence that ECM composition dynamically regulates CSCs
development and dormancy, which determines drug resistance
and tumor relapse occurrence. For instance, collagen IV and VI
have been reported to contribute to the dormancy and
reactivation of hematopoietic stem cells.”®> However, the relation-
ship between ECM compounds and CSCs dormancy remains
unclear. Previous studies showed that dormant cells lose
fibronectin connection and integrin activation in head and neck
squamous cell cancer models,'* while recent studies indicated
that dormant cells can organize fibronectin to maintain quies-
cence status in breast cancer cells.”® Besides, compelling research
supports a direct role for collagen | in awakening dormant breast
cell line D2.0R,"® while another study suggested that a 3D collagen
| culture model could induce the dormancy of bladder cancer
cells."” These fundings suggest that ECM components may play
multiple roles in regulating CSCs maintenance and dormancy.
Recently, the importance of ECM stiffness as a crucial regulator of
CSCs functions and metabolic processes in multiple tumor types
has been increasingly recognized. This regulation is tissue-specific,
with the tissue origin of cancer cells determining the optimal
stiffness range for tumor growth. Moreover, increased matrix
stiffness and alignment have been identified as hallmarks in many
cancers, such as breast cancer, pancreatic and colorectal
cancers.'®'® Recent research indicates that fibrin stiffness can
induce the dormancy of tumor repopulation cells, suggesting the
role for mechanical force in regulating cancer cell stemness and
quiescence transition.”® However, the mechanisms underlying the
physical properties and mechanical force that regulate CSCs status
remain to be elucidated.

Understanding how ECM composition and mechanical proper-
ties regulate cancer cells function is a rapidly growing field. ECM
components are known to directly bind to cellular transmem-
brane receptors and transduce biochemical signaling to facilitate
the epithelial-mesenchymal transition and promote tumor
progression, such as the focal adhesion kinase/Src and protein
kinase A/Smad-1 pathways.”"** In addition, ECM fibers can
transmit biomechanical signals to affect cellular functions.?®
Membrane receptors and channels connect the ECM and
intracellular signal pathways. Receptors including integrins and
CD44 can sense ECM composition and mechanical forces.
Meanwhile, mechanical forces can activate cadherin receptors
and mechanical ion channels by stretching plasma membrane.
Significantly, integrins are activated under extracellular mechan-
ical forces, cytoplasmic focal adhesion proteins connect to
actomyosin (myosin Il and filamentous actin), leading to the
accumulation of cytoskeletal prestress.>* Cytoskeletal prestress
can then facilitate long-range cytoplasmic mechanical transduc-
tion, enabling direct chromatin stretching and rapid gene
expression.”* Despite the critical and dynamic role of biomecha-
nical force in determining tumor biological characteristics, the
underlying mechanisms how extracellular prestress modulates
cytoplasmic or nuclear proteins to influence tumor progression
remain poorly understood.

In the present study, we aimed to investigate the impact of
ECM-derived biomechanical force on breast cancer cell status and
explore the underlying molecular mechanisms. Our results
demonstrated that ECM-derived biomechanical force governs
breast cancer cells stemness and quiescence transition. We
elucidated the molecular mechanism of how biomechanical force
induces tumor progression, showing that it upregulates cancer
stemness through integrin-cytoskeletal prestress-AIRE signals,
while mediating the quiescence of stem like tumor cells through
DDR/STAT1/P27 signaling. Our findings highlight the role of
biomechanical signaling in ECM-induced tumor progression in
breast cancer, providing innovative perspectives in both biome-
chanics and oncology.
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RESULTS

ECM-induced biomechanical force promotes breast tumor
stemness

To clarify the role of the ECM or, more specifically, the role of the
ECM-induced biomechanical force, in driving stem-like pheno-
types within tumor cells, we first seeded breast cancer cells 4T1,
MCF-7 and MDA-MB-231 in different 3D gels (collagen, fibrinogen,
and Matrigel), as previously described. Subsequently, we deter-
mined the tumorigenic potential using in vitro colony formation
and in vivo subcutaneous neoplasia assays. The 4T1, MCF-7, and
MDA-MB-231 breast cancer cells exhibited a rounded morphology
(Fig. 1a) and enhanced tumorigenic potential (Fig. 1b, c) when
cultured in 3D collagen, fibrinogen, or Matrigel gel. Concordantly,
transcriptome analysis revealed that the tumor cells cultured in
the 3D system exhibited pronounced upregulation of stemness-
associated genes (Fig. 1d and Supplementary Fig. 1a) and breast
cancer stem cell markers (ALDH1%, Fig. 1e). However, soluble
collagen, fibrinogen, or Matrigel compounds (collagen, laminin,
and fibronectin, respectively) showed limited influence on
tumorigenic potential (Supplementary Fig. 1b, ¢) and stem cell
marker expression (Supplementary Fig. 1d, e) in MCF-7 cells. These
results suggest that ECM compounds may regulate breast tumor
stemness through ECM-induced biomechanical force signals
instead of chemical signals.

To better understand the role of ECM-induced biomechanical
force on tumor stemness, tumor cells were seeded in ECM gels
with multifold stiffness by adjusting the substrate concentration.
And the colony formation potential was subsequently assayed.
The biomechanical force induced by ECM was measured using
atomic force microscopy. Notably, MCF-7 or 4T1 cells cultured in
45-Pa gels displayed an enhanced potential in colony formation,
whereas excessive or exiguous biomechanical force weakened the
tumorigenic potential (Fig. 1f and Supplementary Fig. 1f).
Furthermore, excessive biomechanical force (>1000 Pa) increased
apoptosis and induced structural damage in tumor cells (Fig. 1g).
Collectively, these results suggest that ECM-induced biomechani-
cal force (30-450Pa) could mediate stem-like phenotypes and
promote tumorigenic potential in breast cancer cells.

ECM compounds bind to integrins to transduce biomechanical
force signals
ECM-induced biomechanical force is the major mediator of tumor
stemness; therefore, breast cancer cells seeded in different gels
under the same biomechanical force should exhibit similar
tumorigenic potential. However, as shown in Figs. 1f and S1f,
MCF-7 and 4T1 cells seeded in Matrigel (45Pa) exhibited
enhanced tumorigenic potential compared with cells seeded in
collagen (45 Pa) or fibrinogen (45 Pa) gel. As previously reported,
extracellular biomechanical force modified the conformation of
integrins in force signaling receptors and thus modulated integrin
activation, strengthening downstream stem signaling activation.?
Different integrin molecules bind to diverse components of the
ECM (such as integrin 31-collagen |, and integrin 33-fibronectin),
resulting in the upregulation of stem-associated genes in tumor
cells.?® Therefore, we speculate that compounds in the ECM bind
to different biomechanical force receptor-integrins and transduce
force signals via the integrin-cytoskeleton axis to regulate
downstream stem signaling pathways. We first observed cytoske-
letal deformation in MCF-7, 4T1, and MDA-MB-231 cells cultured in
the 3D gels (Fig. 2a). To confirm our hypothesis, the mRNA levels
of integrins (f1-8) were measured in flask- and 3D gel-cultured
MCF-7 cells. Collagen-cultured cells showed an increased integrin
1 expression; fibrinogen-cultured cells exhibited an increased
integrin B3 expression, and Matrigel (containing collagen and
fibronectin)-cultured cells demonstrated an increase in integrin 31
and 3 expression (Fig. 2b).

The elevated expression of integrins was examined at the
protein level in MCF-7, 4T1, and MDA-MB-231 cells (Fig. 2c).
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Fig. 1 The ECM-induced biomechanical force promoted breast tumor stemness. a Representative images and H&E staining images of MCF-7,
4T1 and MDA-MB-231 cells seeded in a flask system and different 3D gels (collagen, fibrinogen, and Matrigel) for 3 days. The scale bar was
50 pm. b, ¢ MCF-7, 4T1 and MDA-MB-231 cells were cultured in a flask system or 3D gels (collagen, fibrinogen, and Matrigel) for 3 days. In vitro
colony formation (b) and in vivo tumor formation assay (n = 10) (c) were performed. d Heatmap of stemness-associated genes (SOX2, c-Myc,
Nanog, POU5F1, Notch3, Notch4, Tert, CD133, Wnt2, YAP1, AKT1, and ALDHT) expression in MCF-7 cells cultured in flask and different 3D gels
(collagen, fibrinogen, and Matrigel) for 3 days, determined using qPCR. e MCF-7, 4T1 and MDA-MB-231 cells were cultured in a flask system or
3D gels (collagen, fibrinogen, and Matrigel) for 3 days. ALDH1™ cell subpopulations were determined by flow cytometry. f MCF-7 cells were
seeded in different 3D gels (collagen, fibrinogen, and Matrigel) with different stiffness (0, 30, 45, 90, and 450 Pa) for 3 days. Following this, the
in vitro colony formation assay was performed. Representative images of tumor cells during atomic force microscopy analysis are shown.
g Viability of MCF-7 cells seeded in a flask or 3D Matrigel (90, 450, and 1050 Pa). Representative image and H&E staining of MCF-7 cells seeded
in 3D Matrigel (1050 Pa, 3 days) are shown. The scale bar is 50 pm. Three independent experiments were performed. Data are represented as
mean * SEM. P < 0.05, statistical significance
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Fig.2 ECM compounds bind to integrins to transduce biomechanical force signals. a Immunostaining of F-actin in the MCF-7, 4T1 and MDA-
MB-231 cells cultured in a flask and 3D Matrigel for 3 days. The scale bar is 20 pm. b Heatmap of integrin 1 ~ 8 expression in MCF-7 cells
cultured in a flask and different 3D gels (collagen, fibrinogen, and Matrigel) for 3 days. ¢ Western blotting of integrin $1 and $3 in MCF-7, 4T1
and MDA-MB-231 cells cultured in a flask and different 3D gels (collagen, fibrinogen, and Matrigel) for 3 days. d, e in vitro colony formation (d)
and in vivo tumor formation (n=10) (e) assays for MCF-7/4T1/MDA-MB-231 cells seeded in different 3D gels (collagen, fibrinogen, and
Matrigel) and treated with PBS and integrin $1- and p3-neutralizing antibodies, respectively. f Heatmap of stemness-associated gene (SOX2,
¢-Myc, Nanog, POU5F1, Notch3, Notch4, Tert, CD133, Wnt2, YAP1, AKT1, and ALDH1) expression in MCF-7 cells (3D Matrigel culture) treated with
PBS and integrin p1- and p3-neutralizing antibodies. g ALDH1* cell subpopulations were determined in MCF-7 cells (3D Matrigel culture)
treated with PBS and integrin p1- and p3-neutralizing antibodies. Three independent experiments were performed. Data are represented as

mean = SEM. P < 0.05, statistical significance

In addition, a limited influence was observed in MCF-7 cells
cultured with soluble Matrigel (Supplementary Fig. 2a). Subse-
quently, the MCF-7, 4T1, and MDA-MB-231 cells were incubated
with integrin B1- or $3-neutralizing antibodies during 3D culture
for 3 days. Integrin $1- and B3-neutralizing antibodies suppressed
the tumorigenic potential induced by collagen and fibrinogen

SPRINGERNATURE

gels, respectively. The combination of integrin 1 and 3 antibodies
inhibited colony formation and tumorigenic potential in MCF-7,
4T1, MDA-MB-231 cells in the Matrigel culture system (Fig. 2d, e).
The influence of neutralizing antibodies on colony formation was
limited in flask-cultured tumor cells (Supplementary Fig. 2b).
Moreover, the blockade of integrin signaling suppressed the

Signal Transduction and Targeted Therapy (2023)8:247
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upregulation of stemness-associated genes and stem cell markers
in cells cultured with 3D Matrigel (Fig. 2f, g). These results suggest
that ECM compounds target specific integrins to mediate the
transduction of biomechanical force signals.

Subsequently, we explored the downstream molecules of
integrin signaling. We observed that mRNA levels of YAPT and
Notch3/4 were upregulated in 3D cultured tumor cells. Accord-
ingly, increased nucleolar YAP1 and Notch3/4 protein levels were
observed in the 3D cultured group (Supplementary Fig. 2c).
Additionally, the blockade of YAP1 and Notch signaling by YAP-
TEAD-IN-1 and Notch inhibitor 1 suppressed the colony formation
induced by 3D gels (Supplementary Fig. 2d), indicating that
integrins regulate breast cancer cell behaviors through YAP and
Notch signals. Collectively, these results suggest the role of
integrins in biomechanical force signal transduction, and the
deficiency of specific ECM compounds/integrins can lead to the
inefficiency of biomechanical force signals.

Integrin-cytoskeleton-AIRE signals are crucial for stem gene
upregulation

RNA sequence analysis of 4T1 cells cultured in a flask or Matrigel
was performed to investigate the mechanism underlying the
changes in stemness. Differentially expressed genes were analyzed,
and the top 15 upregulated genes are listed in Fig. 3a, b. Notably,
AIRE, an autoimmune regulator, was considerably upregulated in
cells cultured in 3D Matrigel. This protein is primarily active in the
thymus and plays a vital role in immune system functions.?’?®
However, the role of AIRE in tumor cells has rarely been reported.
Therefore, we further examined AIRE expression in MCF-7, 4T1, and
MDA-MB-231 cells and observed an increased AIRE protein level in
3D Matrigel-cultured cells. Furthermore, integrin B1- and B3-
neutralizing antibodies or 5a-Pregnane-3,20-dione (cytoskeleton
inhibitor, depolymerizing actin) suppressed AIRE upregulation in
Matrigel cultured cells (Fig. 3c). A limited influence was observed in
soluble Matrigel-treated MCF-7 cells (Supplementary Fig. 3a),
indicating that ECM-induced biomechanical force activated AIRE
signaling through the integrin/cytoskeleton axis. Enhanced expres-
sion of AIRE was observed in MCF-7 cells seeded in fibrinogen or
collagen gels (Fig. 3d).

Subsequently, we used siRNA to silence AIRE in cells cultured in
specific gels (Fig. 3e) and determined their tumorigenic potential
and stemness-associated gene expression. Concordantly, AIRE
silencing suppressed colony formation (Fig. 3f), tumorigenesis
(Fig. 39), and upregulation of stemness-associated genes and
breast cancer stem cell markers (Fig. 3h, i). We also overexpressed
AIRE in MCF-7 cells (Supplementary Fig. 3b). Enhanced colony
formation capability (Supplementary Fig. 3c) and upregulated
stemness-associated gene expression (Supplementary Fig. 3d)
were observed in AlIRE-overexpressed tumor cells. These results
suggest that ECM-induced biomechanical force upregulates
integrin-cytoskeleton-AIRE signaling to promote the stem-like
phenotype in breast cancer cells (Fig. 3j).

ECM-induced biomechanical force drives stem-like tumor cell
quiescence

As we observed that ECM-induced biomechanical force promoted
tumor stemness, we contemplated that 3D gels facilitated breast
cancer cell proliferation to promote tumor growth. However,
tumor cells seeded in 3D gels exhibited weakened cell prolifera-
tion compared to flask-cultured cells. Notably, cell amplification
increased remarkably in tumor cells isolated from 3D gels and
seeded in flasks (Fig. 4a). Similar results were observed for MCF-7
cells cultured in 3D collagen and fibrinogen gels (Fig. 4b). In
addition, cell cycle analysis showed that 3D gel-cultured 4T1,
MDA-MB-231, and MCF-7 cells showed G0/G1 arrest, displaying a
quiescence-like status. However, tumor cells isolated from 3D gels
and seeded in a flask for 24 h exhibited reduced GO/G1 arrest
compared with those isolated from flask culture or 3D Matrigel
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(Fig. 4c). These findings were consistent with the cell proliferative
characteristics shown in Fig. 4a. However, the cell cycle of MCF-7
cells treated with soluble Matrigel was unchanged in comparison
with the PBS group (Supplementary Fig. 4a).

Immunostaining results indicated that MCF-7 cells seeded in
Matrigel showed elevated expression of CoupTF1 (a cell quies-
cence marker). In contrast, gel-to-flask-cultured MCF-7 cells
showed enhanced Ki67 (a cell proliferation marker) (Fig. 4d).
Moreover, transcriptomic analysis on flask/3D Matrigel-cultured
4T1 cells suggested that the 3D Matrigel culture directly modulated
the cell cycle in breast cancer cells (Fig. 4e). These results indicate
that the ECM-induced biomechanical force drives tumor cells to a
dormancy-like status. The removal of ECM components drives
palinesthesia, resulting in vigorous proliferation.

We further validated the role of biomechanical force in
governing cell quiescence/palinesthesia in vivo, Matrigel-
encapsulating or flask-cultured 1x10° 4T1 or 5x10° MCF-7/
MDA-MB-231 cells were encapsulated in a 450-Pa 3D Matrigel (or
not) and subcutaneously implanted into mice. On days 3 and 5, the
mice were treated with PBS or dispase (for Matrigel degradation)
administered via subcutaneous injection. Notably, no tumor
formation was observed in mice injected with flask-cultured or
Matrigel-encapsulating cells. However, dispase treatment caused
macroscopic neoplasia in mice injected with gel-encapsulating
cells. Subcutaneous tissue staining indicated that mice injected
with Matrigel-encapsulating cells showed the formation of tiny
tumor nests (1-1000 cells), which showed limited growth from days
10-20. In contrast, no tumor nests were found in mice injected with
flask-cultured cells (Fig. 4f and Supplementary Fig. 4b). The results
suggest that the 450-Pa 3D Matrigel may mediate tumor cell
quiescence and stem-like phenotypes, and the degradation of ECM
components by dispase results in cell palinesthesia and tumor
formation, which aligns with our in vitro results.

The aberrant proliferative characteristics and reduced GO0/G1
arrest in gel-to-flask cultured cells lasted >72h (Fig. 4q).
Additionally, tumor cells seeded in gels with greater stiffness
exhibited enhanced GO/G1 arrest and suppressed proliferative
characteristics (Fig. 4h). These results indicate that excessive ECM-
induced biomechanical force may drive stem-like tumor cells to a
dormancy-like status and that the removal of the ECM may induce
cell palinesthesia and a vigorous proliferative status, thus
promoting tumor formation and growth.

Biomechanical force promotes tumor cell quiescence through
DDR2 signaling
We explored the mechanism underlying biomechanical force-
induced cell quiescence. Integrin receptors play a crucial
physiological role in cell adhesion and reportedly promote cancer
cell growth and migration; however, the blockade of integrin 31 or
33 signaling did not affect the cell cycle of Matrigel-cultured MCF-
7 cells (Fig. 5a), which indicates that ECM-induced biomechanical
force drives cell quiescence in an integrin-independent manner.
Compelling findings have suggested that tumor-derived type Il
collagen can affect the cell cycle and mediate tumor cell dormancy
through DDRs.?® Thus, we examined the protein expression of
discoidin domain receptor 1 (DDR1) and DDR2 in MCF-7, 4T1, and
MDA-MB-231 cells cultured in 3D gels. The DDR2 protein level
increased in cells cultured in Matrigel (Fig. 5b). To determine the
role of DDR2, MCF-7, 4T1, and MDA-MB-231 cells were treated with
DDR2-targeted siRNA (Fig. 5c). Intriguingly, reduced GO/G1 arrest
and enhanced proliferation were observed in DDR2-silenced cells
(Fig. 5d, e). However, the silencing of DDR2 did not affect the
tumorigenic potential (Fig. 5f) or integrin-AIRE axis expression of
the cells (Fig. 5g). These results indicate that ECM-induced
biomechanical force promotes quiescence through DDR2 signaling
and stem-like phenotype activation via integrin signaling.
Subsequently, we examined the expression of major cell cycle-
associated proteins, P21, P27, P57, and STAT1. We observed that
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Fig. 3

Integrin-cytoskeleton-AIRE signals are crucial for stemness gene upregulation. a Volcano plots showing the differentially expressed

genes in 4T1 cells cultured in a flask and 3D Matrigel for 3 days. b Heatmap of top 15 upregulated genes in 3D Matrigel-cultured 4T1 cells in
comparison with that of cells cultured in a flask. ¢ Western blotting for AIRE in MCF-7, 4T1 and MDA-MB-231 cells cultured in a flask or 3D
Matrigel (treated with PBS, integrin f1/3-neutralizing antibodies, or 5a-Pregnane-3,20-dione). d Western blotting for AIRE in MCF-7 cells
cultured in a flask or 3D collagen/fibrinogen gels for 3 days. e AIRE expression at the mRNA level in 3D Matrigel-cultured MCF-7/4T1/MDA-MB-
231 cells, treated with scramble or AIRE siRNA. f, g in vitro colony formation potential (f) and in vivo tumor formation (n = 10)(g) potential of
3D Matrigel-cultured MCF-7/4T1/MDA-MB-231 cells treated with scramble or AIRE siRNA. h Heatmap of stemness-associated gene (SOX2, c-
Myc, Nanog, POU5F1, Notch3, Notc4, Tert, CD133, Wnt2, YAPI, AKT1, and ALDH1) expression in 3D Matrigel cultured MCF-7 cells treated with
scramble or AIRE siRNA. i ALDH1" cell subpopulations were determined in MCF-7 cells (3D Matrigel culture) treated with scramble or AIRE
siRNA. j Schematic representation of the integrin-cytoskeleton-AIRE signals in breast cancer cells. Three independent experiments were
performed. Data are represented as mean + SEM. P < 0.05, statistical significance

P27 was upregulated in 3D Matrigel-cultured MCF-7 cells
(Supplementary Fig. 5a). The expression of phosphorylated
STAT1 and P27 was elevated in Matrigel-cultured MCF-7, 4T1,
and MDA-MB-231 cells, and the silencing of DDR2 suppressed
STAT1/P27 upregulation induced by 3D culture (Fig. 5h). The
expression of DDR2/STAT1/P27 was unaltered in MCF-7 cells
treated with soluble Matrigel (Supplementary Fig. 5b). To further
explore the role of DDR2 in vivo, we overexpressed DDR2 in MCF-
7 cells. Consistently, weakened proliferative characteristics,
enhanced cell cycle arrest, and activation of STAT1/P27 signal
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were found in DDR2 overexpressed MCF-7 cells in vitro
(Supplementary Fig. 5c-e) and in vivo (Supplementary Fig.
5f-h). Collectively, these results suggest that ECM-induced
biomechanical force promotes tumor cell quiescence through
DDR2/STAT1 signaling (Fig. 5i).

Novel ECM signature predicts clinical outcomes in patients with
breast cancer

Lastly, we investigated whether ECM composition could predict
clinical outcomes in patients with breast cancer. Tumor cells could
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Fig.4 ECM-induced biomechanical force drives stem cell-like tumor cell quiescence. a MCF-7/4T1 cells were seeded in a flask and 3D Matrigel,
following which the cells were harvested for the cell proliferation assay in a 96-well plate (flask and 3D-flask groups). Some of the 3D-cultured
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examined. h MCF-7 cells were seeded in 45-, 90-, and 450-Pa Matrigel for 3 days. Cell cycle and proliferation (in Matrigel) were examined. Three
independent experiments were performed. Data are represented as mean + SEM. P < 0.05, statistical significance

enter a dormant or quiescence-like state to escape apoptosis
induced by chemotherapy or radiotherapy.3®*' Stem-like tumor
cells serve as the critical driver during tumor recurrence and
metastasis.>? Thus, we speculated that ECM induces a quiescent
stem-like status in tumor cells and promotes their escape in
clinical interventions via biomechanical force signals, eventually
promoting tumor recurrence or distant metastasis after standard
treatment. The ECM-induced biomechanical force is determined
by the meshwork of fibers, including collagen, fibrinogen, elastin,
fibronectin, and vitronectin. A total of 1358 patients with breast
cancer were enrolled in our study. The expression data of ECM
fiber-encoding genes (e.g., COL1A1, COL1A2, FGA, FGB, FGG, ELN,
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FN1, and VTN) from 1358 patients with breast cancer were used for
Kaplan-Meier overall survival analysis. However, a single factor in
the ECM cohort failed to influence the overall survival of patients
with breast cancer (Fig. 6a).

Owing to the crosstalk between ECM compounds, we
speculated that the biomechanical force might be determined
by multitudinous ECM fibers and influenced by ECM composi-
tion, subsequently stimulating integrin and DDR signal activa-
tion in tumor cells. Thus, LASSO regression analysis was
performed using ECM-encoding gene expression data to
predict survival in the model (Fig. 6b). Finally, four genes were
selected to construct the ECM signature. The ECM score was
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Fig. 5 The biomechanical force promoted tumor cell quiescence through DDR2 signaling. a 3D Matrigel-cultured MCF-7 cells were treated
with PBS and integrin 1/3-neutralizing antibodies. Following this, the cell cycle was determined. b Western blotting for DDR1 and DDR2 in
MCF-7/4T1/MDA-MB-231 cells cultured in a flask or 3D Matrigel. ¢ DDR2 expression at the mRNA and protein level in 3D Matrigel-cultured
MCF-7/4T1/MDA-MB-231 cells treated with scramble or DDR2 siRNA. d Proliferation of 3D Matrigel-cultured MCF-7/4T1/MDA-MB-231 cells
treated with scramble or DDR2 siRNA (in 3D Matrigel). e Cell cycle of 3D Matrigel-cultured MCF-7/4T1/MDA-MB-231 cells treated with scramble
or DDR2 siRNA. f In vitro colony formation of MCF-7/4T1/MDA-MB-231 cells treated with scramble or DDR2 siRNA. g Western blotting of
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calculated using the following formula:

ECM score = 0.0852 x Exp(FN1) + 0.0449x Exp(VTN)
—0.0039x Exp(FGG) — 0.0252 x Exp(ELN).

Based on the ECM score, patients with breast cancer from the
TCGA cohort were divided into high-score and low-score groups.
The survival curve showed that patients with a low ECM score
exhibited better overall survival than those with a high ECM score
(Fig. 6¢). To validate the prognostic value of our ECM score, 86
patients with breast cancer were enrolled (Fig. 6d) and divided
into non-recurrent and recurrent groups according to the 8-year
follow-up visit (Fig. 6e). The expression of collagen |, fibrinogen,
elastin, fibronectin, and vitronectin in tumor tissues from patients
with the recurrent and non-recurrent disease was determined
using immunohistochemistry (Fig. 6f). The ECM score at the
protein expression level in this validation set is shown in Fig. 6g, h.
Consistent with this finding, patients with recurrent disease
exhibited a considerable increase in the ECM score compared to
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patients with the non-recurrent disease (Fig. 6g). Meanwhile,
patients in the high-score group showed a significantly poorer
progression-free survival (PFS) than patients in the low-score
group (Fig. 6h). Moreover, enhanced expression of stem-
associated molecules, including integrin 1/3, Notch3, YAP1, and
AIRE, was found in the recurrent and ECM-high groups compared
to non-recurrent and ECM-low groups, respectively. Additionally,
limited alterations of the cell quiescence-associated molecule
DDR2 were observed (Fig. 6i). Collectively, these results suggest
that ECM composition serves as a novel indicator to predict clinical
outcomes in patients with breast cancer.

DISCUSSION

The ECM serves as a niche for cancer stem cells (CSCs) or tumor-
initiating cells, which have the capability for self-renewal, tumor
initiation, and drug resistance.**** The ECM provides biophysical
and biochemical support to promote the proliferation, self-
renewal, and differentiation of CSCs. This study revealed that
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ECM-derived biomechanical force was transduced by cytoskeleton
prestress, which directly regulated cancer cell stemness and
quiescence. Specifically, ECM-induced stress upregulated cancer
stemness through integrin-cytoskeletal prestress and AIRE signals.
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In contrast, excessive stress promoted the transition to quiescent
status in stem cell-like tumor cells through DDR/STAT1/P27
signaling. To our knowledge, our results are the first to reveal
that ECM-induced mechano-transduction dynamically regulates
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cancer stemness and quiescence through dual signaling path-
ways. Our evidence highlights the crucial role of intracellular
mechanical transduction and chromatin stretching in regulating
cell function and fate.

Collagen | and laminin were previously reported to induce
epithelial-mesenchymal transition, a major cellular transformation
from a differentiated state to a stem cell-like state, by activating
focal adhesion kinase signaling.®*~>” Additionally, several ECM
components, such as collagen, laminin, and fibronectin, reportedly
preserve cancer cell stemness by activating transcriptional
programs that induce self-renewal. For example, the binding of
collagen to a2f1 integrin results in the activation of hedgehog
signaling and the nuclear translocation of Bmil, a stemness-
inducing transcription factor.® Laminin maintains breast cancer
stemness through the activation of a6B1 integrin in a TAZ-
dependent manner, leading to the upregulation of stemness
transcription factors, such as OCT4, SOX2, and NANOG.*® Notably,
the physical properties of ECM are crucial in regulating self-
renewal and differentiation of CSCs. ECM stiffness directly
promotes the “° differentiation of human mesenchymal and
neural stem cells into different cell lineages.*'** However,
controversial conclusions regarding matrix stiffness-mediated
stemness in several cancers have also been reported. A soft
external environment (3D fibrin gels) promotes stem gene
expression and self-renewal in melanoma.”® In contrast, increased
matrix stiffness increased CSC marker expression in breast cancer.
Moreover, the mechanotransduction from ECM stiffness to
intracellular prestresses and the underlying mechanism of ECM
stiffness-regulated cancer stemness remain poorly understood.

Integrin-mediated signaling plays a crucial role in regulating
cancer stemness and tumor development. Early studies have
demonstrated that integrin receptors activate protein kinase B, a
master regulator, via intracellular focal adhesion and integrin-
linked kinases. This activates NF-kB and upregulates the expres-
sion of stemness genes SOX2, NANOG, and KLF in breast cancer
and prostate cancer.** Similarly, integrin avp3 reportedly activates
Gli1 through a non-classic ERK1/2 pathway and the classic
Hedgehog pathway to maintain CSC phenotypes in gastric
cancer®* Consistent with prior reports, we demonstrated that
integrin 31 and B3 play key roles in collagen- and fibrinogen-
regulated cancer stemness, respectively. Notably, we also revealed
that integrin-cytoskeleton prestress directly activated AIRE, lead-
ing to the upregulation of multiple stem genes. We initially
indicated the correlation between the integrin-cytoskeleton and
AIRE signals and highlighted the role of AIRE in regulating breast
tumor stemness. Notably, AIRE plays a vital role in immune
tolerance and autoimmune diseases by regulating the expression
of tissue-specific antigens in thymic epithelial cells.*® Recent
studies also detected aberrant expression of AIRE in solid tumors,
especially in breast cancers, and showed a close association
between AIRE expression and breast cancer susceptibility and
prognosis.*’*® Nevertheless, the underlying molecular mechan-
isms have not been investigated. This study demonstrates for the
first time that AIRE plays a crucial role in ECM biomechanical force-
regulated cancer stemness and tumor formation. AIRE is an
essential DNA-binding protein with transcription-activating prop-
erties,*® and its mechanism of action of AIRE primarily relies on its
physical availability and chromatin accessibility.’® Our results
indicate that cytoskeleton prestress can physically activate AIRE
and upregulate the expression of multiple stemness genes,
especially Wnt2, YAP1, and Notch. However, the specific molecular
mechanism of AIRE-induced stemness gene expression warrants
further investigation. Evidence also indicates that AIRE interacts
with the coactivator CREB-binding protein that regulates tran-
scription factors, including NF-kB, STATs, and HIF-1a, which play
vital roles in cancer stemness.”' Therefore, our findings highlight
the crucial role of AIRE in cancer stemness and tumor formation,
and points to a novel direction for future research.
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The primary characteristic of CSCs is their ability to maintain a
dormant or quiescent state, which is defined as reversible cell
cycle arrest at the GO phase in response to microenvironmental
cues and therapeutic pressures. Generally, quiescence and
stemness coexist in CSCs and normal stem cells. In hematopoietic
stem cells, quiescence is crucial for facilitating long-term self-
renewal>® During tumor metastasis or relapse, disseminated
cancer cells remain dormant or quiescent in distant organs for a
long time and maintain their tumor initiation potential to form
new metastatic colonies.>®> However, the regulatory mechanisms
underlying the transition from and to quiescent and active states
in CSCs remain unclear. Our findings revealed that ECM-induced
biomechanical force mediated the quiescence and activation of
stem-like cells. Specifically, DDR2, a force signal receptor, was
found to regulate the cell cycle arrest of breast cancer cells
through the upregulation of STAT1/p27 signaling. This is
consistent with the findings from a previous study that a collagen
niche promoted cancer cell dormancy through the DDR/STAT axis
in hepatocellular carcinoma. It explains why cancer cell dissemina-
tion exhibits a specific organ preference or organotropism, which
is associated with different matrix stiffnesses in distinct organs.
Notably, we observed that different strengths of force signals
result in different outcomes for cell fate and function. Matrix stress
of 30-90 Pa was found to upregulate cancer stemness. In contrast,
excessive stress (>100 Pa) promoted the transition into quiescence
in stem-like cells, which explicated controversial findings regard-
ing the effect of matrix stiffness on tumor progression.

Our findings also suggest that ECM-induced biomechanical force
plays a crucial role in cancer stemness and cell quiescence/
palinesthesia. Cancer cells frequently enter a dormant or quiescent
state to escape clinical intervention and apoptosis. These dormant
cells can acquire stem-like phenotypes in the ECM microenviron-
ment, leading to tumor recurrence and metastasis.’* Hence, we
speculate that the ECM constitution, especially the fibrous
components, is associated with tumor recurrence and prognosis
in patients with breast cancer. In our study, we constructed and
validated an ECM signature consisting of the expression of
fibrinogen, elastin, fibronectin, and vitronectin to effectively
predict clinical outcomes in patients with breast cancer. Notably,
we demonstrated that a single component exhibited limited
clinical significance in predicting patient survival. This suggests
that the biomechanical force originating from the crosslinking of
multifarious ECM components controls tumor development. This
explains the conflicting results of the prognostic value of individual
ECM components in previous studies. For instance, YK et al. found
that fibronectin expression correlated with tumor aggressiveness
and a poor clinical outcome in invasive breast cancers>> In
contrast, Shinde et al. reported that autocrine fibronectin
expression inhibited breast cancer metastasis.’® Loa et al. demon-
strated the poor relationship between collagen expression and
overall survival in patients with breast cancer.”” A recent study also
showed that collagen fiber orientation disorder was significantly
associated with early-stage breast cancer prognosis=>® This
validates the critical role of structure-associated biomechanical
signals in tumor progression. Therefore, the ECM index developed
in this study provides an additional advantage in predicting patient
prognosis compared to using individual ECM components. We
combined multiple ECM compounds, leading to a scientifically
rigorous prediction method, and our findings were validated
through mRNA-seq and protein expression analysis in patients with
breast cancer. However, this study has some limitations. The
specific mechanical force from each component should be
thoroughly investigated, and the role of the ECM-induced
biomechanical force may vary in tumors from different tissues.
Despite these limitations, our findings provide novel and promising
insights into predicting clinical outcomes in breast cancer.

In conclusion, our findings demonstrate that ECM-derived
mechanical force governs breast cancer cell stemness and quiescence
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transition through independent integrin and DDR signaling. Addi-
tionally, our results suggest the presence of a novel ECM signature
that can effectively predict the clinical prognosis of breast cancer.

MATERIALS AND METHODS

Clinical specimens

Eighty-six human breast tumor tissues were obtained from the
Cancer Hospital, Chinese Academy of Medical Sciences, and
categorized into non-recurrent (non-R, n =61) and recurrent (Rec,
n=25) groups according to findings at the follow-up visit. All
patients agreed to participate in the study and provided written
informed consent. The experiments were performed in accor-
dance with the guidelines of the Declaration of Helsinki. Ethical
review was granted by the Ethics Committee of the Cancer
Hospital, Chinese Academy of Medical Sciences. The transcriptome
and survival information of 1358 patients with breast cancer was
retrieved from the TCGA database.

3D gel culture

MCF-7 and 4T1 cells were seeded in 3D Matrigel, collagen |, and
fibrinogen gels, as previously described.'””***° The substrate
concentration was adjusted to produce 3D culture gels with different
stiffnesses, as described previously.”*%*%' In our study, MCF-7
(5 x 10* cells/well) or 4T1 (1 x 10* cells/well) cells were seeded in a
24-well plate, with each well containing 1 mL of culture medium and
250 pL 3D gels. Cells were cultured in 3D gels for a maximum of
5 days. The 3D gels were degraded using dispase (Corning, USA) for
cell isolation. For the tumorigenic assay, tumor cells were seeded in
3D Matrigel, collagen |, and fibrinogen gels (45 Pa). For the cell cycle
assay, tumor cells were seeded in 3D Matrigel, collagen |, and
fibrinogen gels (450 Pa). The morphology of the flask/3D cultured
cells was analyzed using optical and atomic force microscopy
(BRUKER, USA). The correlation between the gel stiffness and
substance concentration is shown in the Supplementary information.

Animal experiments

Female BalB/C and NOD-SCID mice (6 weeks old) were purchased
from Vital River Laboratory Animal Technology Co. (China) and
raised in a specific pathogen-free facility. Animal experiments were
performed according to the guidelines of the Institute Ethics
Committee of Cancer Hospital, Chinese Academy of Medical
Sciences. To investigate the role of biomechanical force in governing
cell quiescence/palinesthesia in vivo, 1x10® 4T1 cells were
encapsulated in 450 Pa 3D Matrigel (or not) and subcutaneously
implanted in BalB/C mice (n =10 in each group). On days 3 and 5,
the mice were treated with PBS or dispase (for Matrigel degradation,
1uL of dispase in 50uL of PBS per mouse) via subcutaneous
injection. On days 10 and 20, the mice were sacrificed, and skin
samples from the site of tumor cell injection were collected for H&E
staining. To generate the mouse model with DDR2-overexpressed
MCF-7 cells, 1x10° vector and DDR2-overexpressed MCF-7 cells
were subcutaneously injected into NOD-SCID mice (n=6 in each
group). On day 15, tumor cells were isolated from tumor-bearing
mice for cell cycle analysis. The tumor volume was recorded daily.
Tumor volume was calculated using the following equation:

tumor volume = length x width x width? /2.

Statistical analysis

Data are presented as mean +standard deviation (SD) and
analyzed using GraphPad 5.0 (IBM, USA). The differences between
the two groups were compared using an independent sample t-
test. Comparisons among multiple groups were performed using
one-way analysis of variance (ANOVA) followed by Tukey's post-
hoc test. The Kaplan-Meier estimator was used to evaluate the
overall survival of the patients. Each experiment was performed
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with at least three independent rounds. Statistical significance was
set at p < 0.05.
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