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Abstract

Therapeutic resistance remains a major barrier to durable clinical benefit despite
advances in breast cancer treatment. The biomechanical microenvironment
contributes to the development and maintenance of resistance across treatment
settings by influencing tissue transport, cellular adaptation, and antitumor immunity.

This review examines matrix stiffness, solid stress, interstitial fluid pressure, and fluid
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shear stress, highlighting their characteristics, distinctions, and interconnections. We
describe how these factors affect vascular perfusion, drug distribution, and immune
cell infiltration, and how they regulate damage responses, metabolic adaptation,
phenotypic plasticity, and immune states through signal transduction. Stiff and soft
matrices can support similar drug-resistant phenotypes through distinct mechanisms.
In turn, therapy-induced cellular and matrix remodeling can alter the biomechanical
microenvironment, creating dynamic feedback. This review proposes a framework
linking tissue biomechanics, cellular states, and treatment responses, and compares
shared resistance processes and treatment-specific mechanisms across different
treatment contexts. Building on this framework, we discuss diagnostic, assessment,
and therapeutic strategies based on tumor biomechanical characteristics. We aim to
provide an integrative perspective on therapeutic resistance in breast cancer and
highlight the translational potential of biomechanics for patient stratification and

combination therapy.

Keywords: Breast cancer; Therapeutic resistance; Biomechanics;

Mechanotransduction; Tumor microenvironment

1. Introduction

Breast cancer is one of the most common malignancies among women. Although
an integrated treatment system has been established, encompassing surgery,
radiotherapy, chemotherapy, endocrine therapy, antibody-drug conjugates (ADCs),
and immunotherapy, therapeutic resistance, recurrence, and metastasis remain major
causes of patient mortality. Data indicate that global deaths from breast cancer among
women reached approximately 764,000 in 2023 and are projected to increase to
approximately 1.37 million by 2050 [1]. Previous studies have elucidated the
mechanisms underlying acquired resistance in breast cancer from the perspectives of
genetic mutations, altered target expression, activation of bypass signaling, and
epigenetic remodeling [2-4]. Non-genetic adaptation also enables some cancer cells to

persist under treatment pressure, contributing to the maintenance of residual disease
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and subsequent recurrence [5, 6]. These insights raise a broader question: why do
therapies with different targets and mechanisms of action encounter some of the same
functional limitations? By influencing therapeutic access, tissue oxygenation, and
cellular adaptive states, the tumor microenvironment (TME) provides a starting point
for understanding resistance mechanisms across treatment settings.

Biomechanics is an important dimension linking the TME to treatment responses.
The breast comprises adipose, glandular, and fibrous connective tissues with distinct
mechanical properties [7]. Its architecture and matrix state change dynamically during
physiological processes, creating a mechanically adaptable environment [8, 9]. During
breast cancer development and progression, extracellular matrix (ECM) deposition,
crosslinking, and fiber alignment further alter local tissue architecture. These
alterations interact with changes in solid stress, interstitial fluid pressure, and fluid
shear stress, shaping distinct mechanical characteristics within and between lesions
[10, 11]. These changes can affect drug transport and distribution, as well as immune
cell trafficking and infiltration. Through cellular sensing and transduction of
mechanical stimuli, they can also regulate the behavior of tumor, stromal, and
immune cells, thereby contributing to the development and maintenance of
therapeutic resistance. Previous studies have established an important conceptual
foundation for these processes. The framework of the physical hallmarks of cancer
links tissue architecture and biomechanics to tumor progression and therapeutic
resistance [11]. Studies on remodeling the physical tumor microenvironment have
explained how solid and fluid mechanics limit therapeutic delivery and have proposed
vascular and ECM normalization as intervention strategies [12, 13]. More recently,
research on mechanically driven drug resistance has further clarified the links among
mechanotransduction, cellular adaptation, and the efficacy of anticancer therapies [14].
A recent review synthesized the mechanisms through which ECM stiffness
contributes to therapeutic resistance in cancer and discussed the potential of targeting
the ECM and its downstream signaling pathways [15]. Thus, the dual roles of
biomechanics in creating physical barriers and regulating signaling have become

fundamental to understanding its influence on treatment responses.
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The biomechanical microenvironment of breast cancer varies with molecular
subtype, disease stage, and spatial location. Higher matrix stiffness and greater
mechanical heterogeneity have been observed in the invasive regions of
HER2-positive breast cancer (HER2+ BC) and basal-like breast cancer than in
luminal breast cancer [16]. Moreover, the relationship between biomechanics and
therapeutic resistance cannot be reduced to a unidirectional effect of increasing
stiffness. In specific breast cancer models, a soft microenvironment can promote
tamoxifen resistance by enhancing autophagy and reducing estrogen receptor
expression [17]. Another study showed that low-compression conditions associated
with soft matrices can promote local immunosuppression through changes in tumor
cell states and paracrine regulation [18]. These findings suggest that different
mechanical conditions may confer similar survival advantages under specific
treatment pressures through distinct adaptive programs. Similar resistance outcomes
do not necessarily reflect the same signaling pathways or cellular states. Rather, they
depend on the interplay among the biomechanical microenvironment, cellular states,
and the mechanisms of therapeutic action.

Based on these insights, this review synthesizes evidence on functional
constraints on treatment efficacy, including restricted therapeutic exposure, damage
tolerance and evasion of cell death, metabolic adaptation, phenotypic plasticity, and
immune evasion, to propose an integrative biomechanical framework for therapeutic
resistance in breast cancer. This framework addresses three interrelated questions:
which functional constraints are affected by different biomechanical conditions; how
these constraints differ across breast cancer subtypes and treatment modalities; and
whether they change during therapy-induced cellular and stromal remodeling. We also
discuss how stiff and soft environments may support similar resistance outcomes
through distinct adaptive pathways. Compared with previous studies, this review
emphasizes shared resistance features and mechanistic differences across breast
cancer treatment settings, providing a basis for further mechanistic validation and the

exploration of therapeutic sensitization strategies.
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2. The Biomechanical Niche of Therapeutic Resistance in Breast Cancer

Compared with normal breast tissue, breast cancer tissue exhibits increased
matrix stiffness, excessive accumulation of solid stress, abnormal interstitial fluid
pressure (IFP), and fluid shear stress (FSS) induced by irregular blood flow and
interstitial fluid flow [11]. These biomechanical factors are interconnected through
ECM remodeling, vascular function, and interstitial transport, jointly influencing
therapeutic delivery and cellular responses (Table 2). Treatment can also alter stromal
cell states and tissue mechanical architecture and properties, leading to continuous
changes in the mechanical microenvironment during therapy. Thus, biomechanical
regulation of treatment responses depends on the dynamic interplay among the initial

mechanical state, tissue remodeling during treatment, and adaptive cellular behaviors.
2.1 Matrix Stiffness

Matrix stiffness reflects the resistance of the tumor ECM to deformation and is
typically characterized by parameters such as the elastic modulus. Its measured value
is influenced by factors including the measurement scale and material viscoelasticity.
Collagen (COL) deposition, crosslinking, and fiber organization are key determinants
of matrix stiffness in breast cancer [19]. Tumor cells and cancer-associated fibroblasts
(CAFs) continuously modify ECM structure and mechanical properties by regulating
collagen synthesis, lysyl oxidase (LOX)-mediated collagen crosslinking [20], and
matrix metalloproteinases (MMPs)-mediated matrix degradation [21]. The resulting
disruption of tensional homeostasis regulates tumor cell proliferation, migration,
invasion, and therapeutic resistance and is closely associated with breast cancer
metastasis and poor patient prognosis [14, 22]. Studies have shown that increased
collagen crosslinking promotes integrin clustering and focal adhesion formation and
enhances associated signaling activity. These findings provide a mechanistic basis for

the contribution of matrix remodeling to breast cancer progression [23].
2.2 Solid Stress

Solid stress is the force per unit area borne by solid components, including tumor

cells, stromal cells, and the ECM. It arises from tissue constraints on tumor growth,
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cellular contraction, and matrix remodeling [24]. Unlike stiffness, which describes the
response to deformation, solid stress reflects the actual mechanical load borne by
tissue. Compressive stress generally predominates within the tumor, whereas tensile
stress may occur at the periphery. The spatial distribution depends on tissue
architecture and boundary constraints [25]. Some stress can persist after tumor
excision and cause tissue deformation upon cutting or removal of constraints. Solid
stress can therefore be estimated by combining measurements of displacement
following stress release with mechanical models [24, 26].

Solid stress can alter perfusion and fluid drainage by compressing blood and
lymphatic vessels. It also directly affects the deformation of cells and their
surrounding matrix [27]. Under solid stress, collagen fibers are stretched and
reorganized. Once strain exceeds a certain threshold, the fibers transition from a
relaxed state to a highly stretched state, accompanied by a rapid increase in elastic
modulus, thereby increasing ECM stiffness and reinforcing the local contractility of
CAFs [28]. However, solid stress and matrix stiffness do not necessarily change in
parallel. In the MMTV-M3C breast cancer model, measures of solid stress increased
as tumors grew, whereas local matrix stiffness showed no significant change [26].
This finding indicates that matrix stiffness cannot serve as a direct surrogate for solid
stress. Their respective roles in therapeutic delivery and cellular adaptation therefore

require separate evaluation.
2.3 IFP

IFP refers to the local hydrostatic pressure of the interstitial fluid and is close to
atmospheric pressure in normal tissues [11]. In breast cancer tissue, increased vascular
permeability, elevated microvascular pressure, and impaired lymphatic drainage
contribute to increased IFP. ECM stiffening further restricts fluid distribution and
clearance, leading to interstitial fluid accumulation and hyaluronan (HA) swelling,
which markedly increase IFP. Solid stress can promote these processes by
compressing blood and lymphatic vessels. However, whether blood vessels become

compressed also depends on local loading, vessel wall properties, and the balance
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between intravascular and extravascular pressures [29].

The absolute level of IFP helps determine the pressure conditions for
transvascular fluid exchange, whereas its spatial gradient acts together with local
hydraulic permeability to influence interstitial fluid flow. In mouse models of breast
cancer, IFP remains high and relatively uniform in the tumor center but decreases
sharply at the periphery, creating a pronounced pressure gradient. High IFP reduces
local therapeutic exposure by decreasing the hydrostatic pressure difference that
favors transvascular transport. Interstitial fluid flow driven by the peripheral pressure
gradient can alter the spatial distribution of drugs, nutrients, and immune cells. It also
promotes the spread of tumor cells and growth factors into surrounding tissues,

facilitating angiogenesis, tumor invasion, and metastasis [30, 31].
2.4 FSS

FSS is the tangential force per unit area exerted by fluid flowing along cell or
matrix interfaces. Its magnitude depends on fluid viscosity, local velocity, and
interface geometry [32]. FSS can contribute to CAF activation, vascular endothelial
cell growth, and lymphangiogenesis [33]. It also promotes ECM degradation and
remodeling by regulating MMP expression and activity.

The effects of FSS on breast cancer cells depend on anatomical location and
disease stage. In primary tumors, vascular endothelial cells experience shear stress
generated by intraluminal blood flow, whereas tumor and stromal cells are primarily
exposed to local interstitial flow. Vascular compression, abnormal architecture, and
pressure gradients between regions create highly heterogeneous flow patterns,
resulting in substantial variation in FSS within primary tumors. In circulating tumor
cells (CTCs) that have lost matrix anchorage, blood flow-induced shear stress, cellular
deformation, and interactions with blood components jointly regulate cellular
behavior and phenotype. In vitro circulation models have shown that FSS at
physiological resting levels can enhance breast cancer cell invasiveness [34], whereas
high shear stress causes cell damage and death [35]. These effects depend on shear

magnitude, exposure duration, and cellular state. In metastatic microenvironments,
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FSS can also indirectly influence tumor cell behavior through host cells. In a bone
metastasis model, oscillatory FSS stimulated osteocytes and inhibited breast cancer
cell extravasation through local intercellular communication [36].

2.5 Coupling of Biomechanical Characteristics

Matrix stiffness, solid stress, IFP, and FSS form an interconnected regulatory
network through ECM architecture, vascular function, and interstitial transport (Fig.
1). ECM deposition, collagen crosslinking, and fiber alignment can increase matrix
stiffness. Meanwhile, tumor cells, stromal cells, and the ECM collectively contribute
to solid stress accumulation. Solid stress can promote matrix stiffening and further
compress blood and lymphatic vessels, restricting perfusion, impairing lymphatic
drainage, and causing interstitial fluid retention, thereby increasing IFP [24, 29].
Experiments using collagen networks have shown that compression-induced local
densification can reduce matrix hydraulic permeability, providing direct evidence for
the link between solid-phase deformation and fluid transport [28].

Biomechanical characteristics may become decoupled across disease stages and
tumor regions, so a single parameter cannot capture the overall microenvironment.
For example, during tumor growth, solid stress can continue to accumulate while
matrix stiffness remains relatively stable [26] and intratumoral IFP remains high [37].
Fiber alignment, cell adhesion patterns, pore geometry, and stress transmission
pathways can expose different cells within the same lesion to different mechanical
loads. The biomechanical microenvironment also exhibits dynamic plasticity. A
clinical study demonstrated that paclitaxel reduced tumor IFP and improved
oxygenation in patients with breast cancer [38]. In mouse models, however,
anthracycline or paclitaxel chemotherapy induced stromal COL IV deposition and
promoted triple-negative breast cancer (TNBC) cell migration through FAK/Src
signaling [39]. Given this complexity, the regulation of therapeutic resistance often
involves multiple parallel or sequential processes. Clarifying these mechanisms
requires combining selective perturbations with multiparametric measurements. This
approach can distinguish the contributions of inadequate therapeutic exposure and

increased intrinsic cellular tolerance to resistance, while tracking changes in the
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biomechanical microenvironment during treatment. Biomaterials with independently
tunable properties and microfluidic systems provide experimental platforms for
examining these relationships. For example, hydrogels with independently adjustable
stiffness, stress relaxation, and collagen density can help compare the independent
and interactive effects of different ECM properties [40]. Microfluidic platforms
operating under constant pressure gradients or constant flow rates have shown that
breast cancer cells can remodel the ECM in response to IFP, thereby regulating fluid
permeation through feedback [41]. Organoid or ex vivo tumor models can further
recapitulate tumor cellular composition and tissue architecture to assess whether these
mechanisms apply within tumor tissue. These approaches should also incorporate
treatment-response endpoints, such as survival after drug exposure, damage responses,
or regrowth after drug withdrawal, to determine the specific contribution of each
mechanical variable to therapeutic resistance.
3. Cellular Decoding of Biomechanical Signals

Matrix stiffness, solid stress, IFP, and FSS generate biomechanical signals by
altering forces at cell adhesion interfaces, membrane tension, and cellular deformation.
These signals then regulate adaptive behaviors in breast cancer cells through a
network encompassing sensing by membrane receptors, cytoplasmic signaling, and
nuclear transcriptional reprogramming (Fig. 2).
3.1 Membrane Mechanosensors

Breast cancer cells sense and transduce biomechanical signals through adhesion
complexes. Upon binding ECM ligands, integrins connect to the actin cytoskeleton
through talin and kindlin, enabling cells to sense matrix resistance as they actively
pull on it. Experiments have shown that mechanical stretching unfolds talin domains
and exposes vinculin-binding sites, providing a molecular basis for
mechanotransduction at adhesion sites [42]. In breast cancer models, increased
collagen crosslinking is accompanied by integrin clustering, focal adhesion formation,
and enhanced downstream signaling. These findings further support the role of
adhesion in linking changes in the biomechanical microenvironment to cellular

responses [23]. Cell-cell adhesion also contributes to mechanosensing. Within
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cadherin-associated ~ complexes, a-catenin  undergoes  tension-dependent
conformational changes and recruits vinculin, converting changes in the
biomechanical microenvironment into biochemical signals [43]. In addition, discoidin
domain receptors (DDRs) bind directly to collagen and cooperate with integrins to
regulate breast cancer cell responses to the matrix environment [44].

Mechanosensitive ion channels convert mechanical forces on the cell membrane
into ionic signals. In MCF-7 cells, Piezol contributes to mechanically activated
currents, providing direct evidence of its mechanosensing function [45]. Further
studies have shown that compression activates Rho/ROCK through Piezol-mediated
signaling and enhances intracellular contractility. Piezol silencing blocks this
signaling and inhibits compression-induced tumor progression [46]. In breast cancer
cells, Piezol is also associated with caveolar membrane regions. Caveolin-1
knockdown or disruption of caveolar integrity reduces Piezol expression and
compression-induced invasion [47]. In addition, Piezo2 loss markedly impairs traction
generation and migration through confined spaces in brain-metastatic breast cancer
cells by reducing RhoA activity and altering actin organization [48]. Transient
receptor potential (TRP) channels regulate Ca®* signaling and can amplify and sustain
downstream Piezo signaling [49]. Under the regulation of tension and matrix stiffness,
TRPV4 contributes to actin remodeling, cellular deformation, and transendothelial
migration in breast cancer cells. It can also influence mammary epithelial cell
differentiation and tissue architecture [50, 51]. G protein-coupled receptors can also
sense biomechanical signals. An RNA interference screen in MDA-MB-231 cells
identified a role for GPR68 in shear-induced intracellular Ca?* transients [52].
Pannexin-1 (PANX1) links cellular deformation to extracellular nucleotide signaling.
When CTCs become trapped in narrow microvessels, membrane stretch-associated
PANX1 activation promotes ATP release and supports cell survival through purinergic
signaling [53].
3.2 Cytoplasmic Signal Transduction

After biomechanical signals are sensed by membrane receptors, they are

amplified and integrated through cytoplasmic response cascades, thereby coordinately
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regulating downstream transcriptional outputs. In breast cancer cells, pathways
including integrin/FAK/Src/integrin-linked kinase (ILK), Rho-ROCK, Wnt/B-catenin,
and Hippo/YAP/TAZ are interconnected and convert mechanical stimuli into
intracellular signaling networks associated with therapeutic resistance.

Focal adhesion kinase (FAK) is a key integrator of adhesion signaling. Integrin
activation induces FAK autophosphorylation at tyrosine (Tyr) 397 and Src recruitment,
forming a FAK/Src complex that engages downstream signaling cascades [54].
Mechanical stretching can relieve FAK autoinhibition, indicating that FAK functions
in both mechanical responsiveness and signal amplification [55]. As an intracellular
integrin-associated protein, ILK contributes to the transmission of ECM adhesion
signals to the cytoskeleton and YAP [56]. Particularly in stifft ECM, ILK-mediated
YAP activation can enhance drug resistance in breast cancer cells [57].

Rho/ROCK pathway converts adhesion signals into cytoskeletal tension and
serves as an important signal amplifier. After upstream sensors such as integrins and
Piezo channels activate RhoA-ROCK1/2 signaling, actomyosin contractility is
enhanced and stress fiber formation is promoted [58]. This process not only regulates
cell morphology, migration, and invasion, but also provides the basis for YAP/TAZ
nuclear translocation. In breast cancer, this process promotes YAP/TAZ
dephosphorylation and nuclear translocation through ROCK-dependent actin tension,
driving the nuclear response to cytoplasmic signals [59] and accelerating therapeutic
resistance.

YAP/TAZ function as both signaling convergence nodes and nuclear
transcriptional coregulators, regulating gene expression through interactions with
transcription factors such as TEAD. In addition to the canonical Hippo/LATS cascade,
their responses are regulated by Rho activity and actomyosin tension [60]. Mechanical
stimuli can also directly drive YAP nuclear translocation by reducing the mechanical
restriction imposed by nuclear pores on molecular transport [61]. The functions of
YAP/TAZ differ across breast cancer subtypes. Their activation can promote acquired
trastuzumab resistance in HER2+ BC [62]. In ER-positive breast cancer (ER+ BC),

however, nuclear YAP may suppress ERa target gene transcription by competing with
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ERa for TEAD binding, thereby slowing tumor growth [63].

Other pathways, including PI3K/AKT and MAPK, integrate adhesion-related
inputs with growth factor signaling, allowing the same mechanical conditions to elicit
different responses in distinct cellular contexts [23, 64]. ULK1/2 phosphorylate the
focal adhesion protein paxillin (PXN), counteracting FAK/Src-associated regulation
and limiting focal adhesion assembly and breast cancer cell migration [65]. These
interconnected pathways form multiple signaling cascades that collectively sustain
breast cancer cell survival and proliferation, leading to therapeutic resistance.

3.3 Nuclear Signal Responses

After biomechanical signals are transduced through the cytoplasm, they are
transmitted to the nucleus along the cytoskeleton and through the linker of
nucleoskeleton and cytoskeleton (LINC) complex. Under the regulation of the nuclear
lamina protein lamin A/C, these signals alter nuclear morphology and nuclear stiffness,
thereby inducing chromatin remodeling and epigenetic modifications and ultimately
regulating cellular behavior and state.

The LINC complex transmits mechanical signals across the nuclear envelope to
the nuclear lamina and chromatin through SUN-KASH proteins [66]. In fibroblasts,
LINC-associated proteins and lamin A/C contribute to the rapid response of
perinuclear actin structures to fluid shear stress [67]. In breast cancer tissue, SUNI,
SUN2, and nesprin-2 are often downregulated together with lamin A/C, suggesting
remodeling of mechanical coupling between the nucleus and cytoplasm [68]. Matrix
elasticity can also regulate lamin A/C phosphorylation and turnover through myosin
activity, altering nuclear lamina properties and influencing cellular contractility
through feedback [69]. Clinical studies have also associated lamin A/C
downregulation or loss with high tumor grade, lymphovascular invasion, distant
metastasis, and poorer survival in breast cancer [70].

Chromatin remodeling and epigenetic modifications are key steps in converting
biomechanical signals into sustained transcriptional outputs. Matrix stiffening can
substantially increase the number of open chromatin sites in mammary epithelial cells,

reshape chromatin accessibility, and induce tumorigenic phenotypes [71]. In ER+ BC,
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mechanical stimuli can also alter responses to endocrine therapy through
H3K27me3-associated epigenetic regulation [72]. After the original mechanical
conditions change or are removed, the induced chromatin alterations, transcriptional
states, and cellular phenotypes may persist for a period, forming mechanical memory.
In breast cancer cells, stiff matrices can promote chromatin opening at specific target
gene loci through transcription factors such as RUNX2 and maintain this accessibility
for 2-5 days [73]. Following acute compression, elevated histone H3K9 acetylation in
breast cancer cells and ex vivo tissue can persist for at least 2 days. The associated
modifications and tumor-promoting effects remain detectable in transplanted tumor
tissue at week 4 [46].

Treatment itself can also reshape signaling response networks. In breast cancer
models subjected to prolonged drug exposure, TRPC5-associated Ca®* signaling is
enhanced and contributes to proangiogenic responses [74]. In addition, X-ray
irradiation can alter lamin A/C expression and YAP subcellular distribution in breast
cancer cells, with effects varying by cell type, dose, and observation time [75].
Together, membrane-proximal sensing, cytoplasmic signal integration, and nuclear
transcriptional regulation enable biomechanical signals to influence cellular behavior
and ultimately shape breast cancer cell resistance phenotypes across multiple
treatment modalities.

4. Biomechanics-Driven Core Mechanisms of Therapeutic Resistance

Although chemotherapy, radiotherapy, endocrine therapy, targeted therapy, ADCs,
and immunotherapy differ in their therapeutic targets and effector mechanisms, their
efficacy is influenced by similar factors, including local effective drug concentration,
accumulation of treatment-induced damage, cell death, metabolic stress, cellular
phenotype, and the intensity of antitumor immunity. Biomechanical signals, including
matrix stiffness, solid stress, IFP, and FSS, regulate these processes and thereby
establish shared mechanisms of resistance across therapeutic modalities.

4.1 Therapy Accessibility
Drug action requires vascular perfusion, transvascular transport, interstitial

transport, and cellular uptake. The biomechanical microenvironment can influence
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these processes by altering ECM architecture, vascular function, and cellular transport,
thereby changing drug distribution within tissues and effective intracellular exposure
(Fig. 3).

4.1.1 Physical Barriers

ECM composition and spatial architecture are major determinants of interstitial
drug transport. Collagen deposition, crosslinking, and matrix densification can
increase steric hindrance to molecular movement, limiting the distribution of
macromolecular drugs and immune cells within tissues [76]. Studies have shown that
IgG diffusivity is associated with collagen content and tissue stiffness, whereas
collagenase treatment can improve its diffusion [77].

The biomechanical microenvironment also limits drug supply by affecting
angiogenesis and effective perfusion. In animal models of breast cancer, reducing
collagen and hyaluronan accumulation and alleviating solid stress can relieve vascular
compression, improve perfusion and drug delivery, and enhance chemotherapy
efficacy [78]. In three-dimensional breast cancer cell models, compressive stress can
downregulate miR-9 through DNMT3A-dependent promoter methylation. This
relieves miR-9-mediated repression of LAMC2, ITGA6, and EIF4E, increasing
VEGFA expression [79]. Stiffness-induced MMP activation promotes angiogenesis,
vascular invasion, and branching while disrupting the vascular barrier, leading to
plasma and drug leakage [80]. CAFs support the formation of three-dimensional
vascular networks through Rho/ROCK activation, promoting angiogenesis and
exacerbating inadequate and uneven drug delivery [81]. High-affinity therapeutics,
such as monoclonal antibodies, preferentially bind to densely expressed target
antigens around blood vessels. This causes drugs to accumulate at the tumor periphery
and limits penetration into the tumor, a phenomenon known as the “binding-site
barrier” which is associated with ADC resistance in HER2+ BC [82]. Abnormal
angiogenesis substantially promotes this process.

IFP and its spatial gradients further influence transvascular transport and
interstitial flow. In normal tissues, the hydrostatic pressure gradient across the

vascular wall is a key driving force for convective drug transport. However, in the
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tumor core, IFP is often abnormally elevated and may even approximate
microvascular pressure, forcing the predominant mode of transvascular transport for
antibodies and macromolecular drugs to shift from efficient convection to less
efficient diffusion [83]. More importantly, heterogeneous IFP elevation creates a
pressure gradient from the tumor core toward the periphery [37]. This gradient drives
outward interstitial fluid flow that washes drugs into surrounding tissues, further

reducing local drug concentrations within the tumor [84].
4.1.2 Cell Membrane Transport

After drugs reach tumor tissue, their intracellular accumulation remains jointly
regulated by membrane properties, endocytosis, and efflux activity. Drug-resistant
breast cancer cells often exhibit tighter membrane lipid packing. This not only
restricts drug penetration but also impedes the transmembrane transport and
intracellular accumulation of anthracyclines, such as doxorubicin (DOX), through
hydrophobic interactions [85]. Although studies have linked ECM alterations in breast
cancer to AMPK-mediated metabolic adaptation [86, 87] and implicated these
alterations in ER+ BC drug resistance through membrane transport [88], the precise
regulatory relationships require further experimental evidence. Hypoxia resulting
from impaired perfusion may also affect drug internalization. In HER2+ breast cancer
cells, hypoxia induces the redistribution of phosphorylated caveolin-1 (Cav-1),
reducing trastuzumab uptake and T-DM1 cytotoxicity without corresponding changes
in HER2 expression or cellular sensitivity to DM1 [89].

The effects of the biomechanical microenvironment on intracellular drug
exposure also involve the ATP-binding cassette (ABC) transporter family. ABC
transporters reduce effective intracellular drug exposure through ATP-dependent drug
efflux. ABCBI1, ABCC1, and ABCG2 are key members involved in tumor multidrug
resistance [90], with effects that depend on the transported substrate and cellular
context [91]. In three-dimensional cultures, breast cancer cells under stiffer conditions
showed greater resistance to DOX, accompanied by increased ABCB1 mRNA

expression [92]. Another study using three-dimensional hydrogels with tunable
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stiffness found that ABCBI1 and YAPI expression varied with culture conditions,
supporting a link between biomechanical signals and efflux-associated phenotypes
[93]. Conditions mimicking primary tumor stiffness (approximately 38 kPa) induced
the strongest resistance phenotype in TNBC cells. This effect was mediated by the
integrin-ILK-cytoskeletal axis, which inhibited Merlin/MST/LATS signaling and
promoted YAP nuclear translocation and ABCBI1 transcription [57]. Functional
studies further showed that matrix stiffening enhances ABCCI1 activity through
cytoskeletal remodeling and changes in membrane tension, promoting vincristine
efflux. Notably, MRP1-mediated vincristine efflux in MCF-7 cells was more sensitive
to stiffness changes, indicating that the same mechanical input can elicit transport
responses of different magnitudes across cellular contexts [94]. In addition to matrix
stiffness, IFP can affect drug accumulation. In an in vitro microfluidic platform,
MCF-7 and MDA-MB-231 cells cultured at 30 mmHg exhibited ABCC1 upregulation,
reduced intracellular DOX concentrations, and increased drug resistance.
Corresponding changes were also observed in ex vivo experiments using
patient-derived CTCs [95].

Cell adhesion provides a more direct link between signal sensing and drug efflux.
Breast cancer cell adhesion to COL1 enhances ABCBI1-, ABCCIl-, and
ABCG2-associated efflux activity, accompanied by reduced intracellular
accumulation of DOX and mitoxantrone [96]. This adhesion signaling primarily
depends on the FAK/PI3K/AKT pathway in hormone receptor-positive breast cancer
(HR+ BC), whereas it markedly activates MAPK/ERK signaling in TNBC. 1
integrin knockdown shifts signaling from PI3K/AKT to MAPK/ERK in MCF-7 cells,
suggesting crosstalk and compensation between the two pathways. Both mechanisms,
however, lead to CREB phosphorylation [97], making CREB a potential target for
reversing drug efflux-associated therapeutic resistance.

4.2 Accumulation of Cellular Damage

Antitumor therapeutic effects depend on cellular damage and death; therefore,

tumor cell repair, buffering, and evasion of damage are important causes of

therapeutic resistance. Biomechanical factors can increase the resistance of breast
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cancer cells to multiple therapeutic stresses by regulating DNA damage, apoptosis,

and protective autophagy (Fig. 4).
4.2.1 DNA Damage

DNA double-strand breaks (DSBs) severely disrupt genomic integrity,
constituting a core mechanism by which radiotherapy and genotoxic drugs kill tumor
cells [98]. Matrix stiffness can influence DNA repair efficiency by regulating
ubiquitination at DNA damage sites. Under low-stiffness conditions, activation of the
RAP2-MAP4K4/6/7 kinase pathway induces ubiquitin phosphorylation at Thr66. This
inhibits RNF8-mediated ubiquitin chain formation and the recruitment of BRCA1 and
53BP1, reducing the efficiency of homologous recombination and non-homologous
end joining and impairing DNA repair. Conversely, a stiff ECM markedly enhances
DNA damage repair efficiency in breast cancer cells, further supporting a
biomechanics-dependent mechanism of resistance to genotoxic therapy [99].

Spatial confinement may affect nuclear energy supply through organelle
reorganization. In cell models, including MDA-MB-231 cells, acute confinement
induces actin-dependent reorganization of the endoplasmic reticulum and
mitochondria, bringing mitochondria closer to the nucleus and increasing nuclear ATP
levels. Disrupting mitochondrial ATP production or the associated cytoskeletal
structures attenuates this response and affects chromatin states, DNA damage
responses, and the recovery of proliferation [100]. Tissue analysis revealed more
nucleus-associated mitochondria at the invasive front of breast tumors than in the
main tumor mass, providing clinical tissue evidence consistent with this adaptive
mechanism. However, the corresponding ATP changes, enhanced repair, and

therapeutic resistance in breast cancer require further validation.
4.2.2 Autophagy and Apoptosis

The regulation of apoptosis and autophagy by matrix stiffness 1is
intensity-dependent. In MDA-MB-231 cells, a soft matrix of 10 kPa can promote Bax
translocation to mitochondria through the reactive oxygen species (ROS)/JNK

pathway, inducing cell apoptosis. It also promotes Bcl-2 dissociation from Beclin-1
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and the formation of the Beclin-1/Vps34/Atgl4 complex to initiate protective
autophagy, thereby partially counteracting apoptosis [101]. In a soft ECM mimicking
lung metastatic lesions, breast cancer cells exhibit increased autophagy, reduced ER a

expression, and acquired tamoxifen resistance. The same study found higher ILK
expression in cells cultured on stiff matrices. Ectopic ILK expression in cells cultured
on soft substrates reduced autophagosome abundance, suggesting that autophagic
adaptation in soft environments involves cell-matrix adhesion and ILK regulation [17].
As tumors progress and the ECM stiffens, the B1 integrin/JNK pathway is persistently
activated and engages in crosstalk with the ERK/p38 pathway, ultimately leading to
sorafenib resistance in RAF-mutant TNBC [102]. In HER2+ BC, increased substrate
stiffness attenuates the antiproliferative effects of lapatinib, whereas YAP/TAZ
knockdown eliminates this stiffness-dependent difference [103]. Stiff ECM can also
trigger the PI3K/AKT cascade through the integrin/FAK/Src pathway and activate
survival signaling in tumor cells; compressive stress selectively induces PI3K
overexpression, thereby playing an important role in biomechanics-dependent cell
survival [104].

ECM adhesion can directly regulate the execution of apoptosis. In breast cancer
models, binding of fibronectin (FN) to Bl-integrin activates the PI3K/AKT cascade,
suppresses mitochondrial cytochrome c release, and maintains Bcl-2 levels, thereby
reducing paclitaxel- and vincristine-induced apoptosis [105]. FN adhesion can also
upregulate survivin expression through the PI3K/AKT2 pathway, thereby diminishing
the cytotoxicity of docetaxel [106]. The cytoskeleton represents another key node in
the regulation of apoptosis. The actin-bundling protein fascin is influenced by ECM
stiffness, and its high expression is associated with shorter disease-free survival in
patients with breast cancer after chemotherapy [107]. Cell and xenograft models have
confirmed an antiapoptotic role for fascin, potentially involving FAK/PI3K/AKT
signaling [108].

FSS can elicit both adaptive protection and direct damage. For example, low FSS
can suppress apoptosis in MCF-7 cells, whereas high FSS promotes apoptosis,

inhibits migration, and induces Gl-phase cell-cycle arrest in tumor cells [109]. In a
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three-dimensional bioreactor mimicking flow conditions in the breast and pleural
effusions, exposure to shear stress at 5.4 dyn/cm?® for 72 h increased breast cancer
cell resistance to paclitaxel, accompanied by elevated PLAU expression and
urokinase activity [110]. Similarly, in a microfluidic platform mimicking in situ
conditions, FSS activated AKT/mTORCI1 signaling, suppressed hormone receptor
expression in HR+ BC cells, thereby reducing their sensitivity to endocrine therapy
[111]. By contrast, sustained exposure to shear stress at 60 dyn/cm? in an in vitro
circulation model caused necrosis followed by apoptosis and reduced the viability of
drug-resistant breast cancer cells [35]. In addition to the major mechanical factors
described above, cyclic mechanical stretching also upregulates Bcl-2 expression and
reduces the Bax/Bcl-2 ratio through multiple pathways, including PI3K, JAK, and
YAP signaling, helping breast cancer cells survive chemotherapeutic pressure such as
5-fluorouracil [112].
4.3 Metabolic Stress and Adaptation

Metabolic reprogramming enables breast cancer cells to maintain energy supply,
redox homeostasis, and biosynthesis under treatment pressure. The biomechanical
microenvironment contributes to these processes by altering mitochondrial dynamics,
nutrient utilization, and metabolic interactions between tumor and stromal cells (Fig.
4).
4.3.1 Redox Homeostasis

Oxidative stress responses and excessive accumulation of ROS are central
mechanisms by which chemotherapy and radiotherapy kill tumor cells, but ROS can
also act as signaling molecules that initiate adaptive protection. Drug-resistant cancer
cells typically exhibit higher basal ROS levels and stronger antioxidant capacity [113].
The effects of the biomechanical microenvironment on treatment responses therefore
depend on the relative changes in ROS production and clearance. In a simulated
circulatory environment, arterial FSS enhanced the cytotoxicity of ROS-dependent
drugs, including DOX and cisplatin, but had weaker sensitizing effects on paclitaxel
and etoposide. These findings suggest a mechanically dependent mechanism of

oxidative stress regulation [114].
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Soft ECM can enhance oxidative stress adaptation in breast cancer by regulating
mitochondria. Studies have shown that soft matrices promote perimitochondrial
F-actin assembly involving SpirelC and Arp2/3, enhancing mitochondrial fission
dependent on dynamin-related protein 1 (DRP1) and MIEF1/2. The subsequent
increase in mitochondrial ROS specifically activates NRF2-associated antioxidant
transcriptional programs, regulating cystine uptake and glutathione metabolism. This
enhances breast cancer cell resistance to oxidative stress and ROS-associated
chemotherapy-induced damage. In a mouse model of breast cancer lung metastasis,
targeting DRP1- or NRF2-associated processes restored cisplatin sensitivity and
limited the reactivation of dormant cells [115]. Ca?" transfer from the endoplasmic
reticulum to mitochondria is another important mechanism through which a soft ECM
regulates mitochondrial dynamics. Soft ECM enhances endoplasmic reticulum
calcium release and mitochondrial calcium uptake, promotes mitochondrial
recruitment of DRP1 and phosphorylation at Ser616, and thereby induces excessive
mitochondrial fission. Subsequently, cells initiate PINK1/Parkin-mediated mitophagy
as a stress response, clearing damaged mitochondria and enhancing cellular
antioxidant capacity. Inhibiting DRP1 activity increases tumor necrosis under soft
ECM conditions [116].

Stiff ECM may induce antioxidant protection through mitohormesis. In
mammary epithelial cell models, stiff ECM first activates the mechanosensitive ion
exchanger SLC9A1 through integrin-ROCK signaling, causing mitochondrial Ca**
overload and a transient increase in ROS levels. ROS then specifically activates heat
shock factor 1 (HSF1), thereby upregulating target genes such as the mitochondrial
protease YMEILI1. These changes adjust mitochondrial architecture and respiratory
function, promoting cellular tolerance to oxidative damage. Reduced matrix
crosslinking in mouse mammary tumors was accompanied by decreased HSF1
nuclear localization, suggesting the potential relevance of this mechanism in breast
cancer cells [117]. In addition to stiffness, ECM alignment can alter oxidative stress
responses. A study mimicking aligned matrix architecture found that migrating breast

cancer cell clusters activated AhR/CYP1 signaling through actin-mediated responses,
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reducing ROS accumulation following DOX treatment. This induced DOX resistance
in TNBC and HR+ BC and promoted tamoxifen resistance in HR+ BC [118].
4.3.2 Glucose Metabolism

Glucose metabolism is linked to redox homeostasis through energy production,
the supply of reducing equivalents, and the allocation of biosynthetic precursors [119].
Glycolysis generates ATP and NADH, whereas the conversion of pyruvate to lactate
regenerates NAD*. NADPH required for antioxidant defense is supplied by pathways
such as the pentose phosphate pathway. Changes in mitochondrial function can also
contribute to shifts in glucose metabolism. In TNBC cells, mitochondrial uncoupling
and increased ROS promote HIF-1 a -associated signaling and upregulate
glycolysis-related molecules, including GLUT1 and LDHA, suggesting a feedback
mechanism between mitochondrial stress and glycolysis [120]. Lactate has been
shown to enhance G6PD activity through GSTP1-associated regulation, promoting
NADPH production and ROS tolerance under glucose-limited conditions. These
findings support a link between glucose metabolism and antioxidant defense in breast
cancer [121].

ECM architecture and stiffness can influence glucose utilization and metabolic
states. Microscopic imaging has shown that, compared with breast cancer cells
surrounded by randomly oriented collagen fibers, those encircled by directionally
aligned fibers exhibit markedly enhanced glycolytic activity [122]. Matrix stiffening
can also enhance glycolysis and glutamine metabolism in breast cancer cells,
accompanied by changes in the expression of molecules such as LDHA [123]. Stiff
ECM activates the FAK/PI3K/AKT/mTOR signaling cascade by stabilizing
integrin-ECM adhesion, directly upregulating glycolysis-related molecules such as
GLUTI1, HK2, and PFKFB3, promoting glucose uptake and glycolytic flux.
Meanwhile, activated mTORC]1 enhances protein, lipid, and nucleotide synthesis and
induces HIF-1a expression, further consolidating the glycolytic phenotype [124]. In
addition, stiffness can increase basal AKT and ERK activity by regulating CXCR4
internalization  [125], and can  upregulate miR-18a  through  the

integrin/B-catenin/MYC axis while suppressing PTEN, thereby continuously
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amplifying PI3K/AKT signaling and driving glucose metabolic reprogramming [126].
In turn, glycolysis-associated ROS oxidatively inactivate PTEN, maintaining
PI3K/AKT activation and favoring therapeutic resistance [127].

FSS can also induce metabolic reprogramming by regulating mitochondrial
structure. Studies have shown that FSS exposure specifically downregulates the
c-subunit of mitochondrial FI1FO-ATP synthase, thereby reducing oxidative
phosphorylation (OXPHOS) efficiency, inducing changes in mitochondrial membrane
potential, and uncoupling oxygen consumption from ATP production. This process
simultaneously facilitates a shift in cellular metabolism toward glycolysis, which
enables rapid energy supply for tumors and accumulation of biosynthetic precursors.
Overall, this metabolic transition reduces the dependence of tumor cells on
mitochondrial function and enhances their resistance to oxidative stress-related
mitochondrial damage, thereby promoting tumor cell survival during circulatory
dissemination [128].

4.3.3 Biosynthetic Metabolism

Amino acid utilization and nucleotide synthesis link biomechanical signals to the
survival requirements of cells under treatment pressure. YAP/TAZ serve as key
transcriptional regulators in this connection. In HER2+ BC cell and mouse models,
EphA2 activates YAP/TAZ-associated transcription to increase the expression of the
glutamine transporter SLC1AS and glutaminase (GLS), promoting glutamine uptake
and metabolism [129]. Stiff ECM further upregulates the aspartate/glutamate
transporter SLC1A3 through YAP/TAZ, driving metabolic crosstalk between cancer
cells and CAFs. Specifically, CAF-derived aspartate provides precursors for
nucleotide synthesis in cancer cells, whereas glutamate secreted by cancer cells helps
CAFs maintain redox balance and enhance contractility, promoting ECM remodeling
and thereby supporting the formation of a therapeutic resistance niche [123].

In nucleotide synthesis, YAP/TAZ can upregulate key enzymes, including
ribonucleotide reductase subunit M2 (RRM2), expanding the deoxyribonucleotide
triphosphate (ANTP) precursor pool. This not only provides sufficient substrates for

DNA replication, accelerates tumor cell-cycle progression, and supports
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anchorage-independent growth, but also attenuates DNA chain termination and
replication stress induced by nucleoside analogs such as gemcitabine in tumor cells
[130]. Clinical data further associate high RRM?2 expression with resistance to
therapies such as tamoxifen and palbociclib in patients with breast cancer [131, 132].
4.4 Phenotypic Plasticity

Phenotypic plasticity has been identified as the ninth hallmark of cancer [133].
Under therapeutic pressure, dynamic transitions between epithelial-mesenchymal
transition (EMT) and cancer stem cell (CSC) phenotypes provide a celluar basis for
therapeutic resistance [134]. The biomechanical microenvironment contributes to the
formation of residual cell populations after treatment by regulating
epithelial-mesenchymal plasticity, stemness maintenance, and transitions into and out
of quiescence (Fig. 5).
4.4.1 Epithelial-Mesenchymal Plasticity

EMT refers to a reversible process in which cells lose polarity and adhesive
function and acquire a mesenchymal phenotype. It is regulated by transcription factors
such as ZEB1/2, Snaill/2, Slug, and Twist1/2 [135]. Breast cancer cells can transition
along the continuum encompassing epithelial, partial EMT, namely hybrid E/M, and
complete EMT phenotypes [136]. Hybrid E/M cells can exhibit enhanced self-renewal,
sphere-forming capacity, and phenotypic plasticity and are associated with poorer
survival in patients with breast cancer [137]. In mouse models of breast cancer, cells
that have undergone EMT can resist cyclophosphamide through reduced proliferation,
apoptosis tolerance, and altered expression of drug resistance-related genes. These
cells also contribute to recurrent lung metastases after treatment [138]. Further
lineage-tracing studies have shown that partial EMT cells contribute to lung
metastasis and chemotherapy resistance. Although full EMT cells form lung
metastases less frequently, they can become enriched in recurrent tumors after
chemotherapy [139]. Epithelial-mesenchymal state transitions are also associated with
tamoxifen resistance in ER+ BC [140].

Matrix stiffness can regulate transitions between epithelial and mesenchymal

states. STIFMap analysis of breast cancer tissue revealed spatial associations of
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higher matrix stiffness with biomechanical signaling activation and EMT-related
markers, providing clinical evidence linking tissue mechanical heterogeneity to
cellular phenotypes [141]. Mechanistically, stiff ECM can drive TWIST1 dissociation
from its cytoplasmic anchoring protein G3BP2 and subsequent nuclear translocation,
cooperating with TGF-B to induce EMT and invasion [142]. In MDA-MB-231 cells,
stifft ECM can also promote YAP nuclear translocation and downregulate E-cadherin,
inducing EMT and DOX resistance in a stiffness-dependent manner. However,
MCEF-7 cells did not exhibit stiffness-dependent drug resistance under the same
conditions, indicating that the relationship between stiffness and EMT-associated
phenotypes depends on cellular context [115]. Mammary epithelial cell models have
further confirmed that EMT-inducing effects of TGF-f} are regulated by the ECM. In
stift ECM, ILK-mediated strong cell-matrix adhesion and weak cell-cell adhesion
enable cells to respond to TGF- signaling and transition toward an EMT phenotype,
thereby acquiring therapeutic resistance; by contrast, soft ECM can redirect TGF-3
signaling toward apoptosis induction by strengthening cell-cell adhesion [143].

Fluid mechanical signals, including IFP and FSS, can also induce therapeutic
resistance by promoting EMT. Studies have shown that the combined effects of IFP
and FSS markedly reduce the sensitivity of breast cancer cells to DOX, accompanied
by increased expression of Snail, MMP14, and HER2 and downregulation of
cadherin-11, suggesting that fluid mechanics can shape the EMT phenotype [144].
During hematogenous metastasis, suspension conditions and FSS jointly promote
cytoplasmic retention of YAP in CTCs and downregulate miR-29b. This relieves
TGF-B inhibition and enhances associated EMT phenotypes [145].

In addition to stimuli derived from the TME, endogenous mechanical
abnormalities arising during tumor evolution can also induce EMT-associated
therapeutic resistance phenotypes. During progression from ductal carcinoma in situ
to invasive ductal carcinoma, a RAB5A-mediated solid-to-fluid tissue transition can
cause sustained nuclear deformation, reduced lamin B1 levels, DNA damage, and
nuclear envelope rupture. Cytosolic double-stranded DNA can activate cGAS-STING

signaling and induce a type I interferon (IFN-I) response [146]. In this breast cancer
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model, genomic DNA released after nuclear envelope rupture activated a
cGAS-STING-dependent transcriptional response, and this process is accompanied by
an increase in mesenchymal features and reduced sensitivity to docetaxel and
etoposide. Inhibition of cGAS or STING attenuates the expression of some
EMT-associated genes [147]. In summary, the key feature of biomechanics-induced
resistant phenotypes is not unidirectional promotion of EMT, but rather the
maintenance of intermediate cellular states, which not only promotes residual disease,
but can also drive metastasis and colonization through reverse
mesenchymal-epithelial transition [148].

4.4.2 BCSCs

Breast cancer stem cells (BCSCs) are an important cellular subpopulation that
drives post-treatment residual disease and recurrence, possessing self-renewal and
tumor-initiating capacities, and are typically characterized by CD44+/CD24—/low and
ALDHI1+ phenotypes [149]. BCSCs exhibit intrinsic resistance to therapeutic
modalities such as chemotherapy [150, 151] and can promote drug-resistant relapse
by regulating cell death and crosstalk with immune cells [3, 152]. Notably, BCSCs
can be dynamically induced by EMT [153, 154]and mechanical signals, thereby
leading to resistance to multiple therapeutic modalities.

Matrix stiffening helps sustain BCSC-associated transcriptional programs.
Clinical sample analyses have associated higher stiffness with BCSC enrichment,
poorer responses to neoadjuvant chemotherapy, and unfavorable prognosis. Cell and
animal experiments have shown that stiff matrices promote liquid-liquid phase
separation of TAZ and NANOG, forming nuclear condensates that activate SOX2 and
OCT4 transcription and enhance BCSC self-renewal and chemotherapy resistance.
Targeting TAZ or NANOG reduces stem-like cell populations and improves
chemotherapy sensitivity in vivo [155]. In drug-resistant breast cancer stem-like cell
models, YAP/TAZ silencing also reduces SOX2 expression, disrupts mitochondrial
homeostasis, and impairs sphere formation and survival [156]. Stemness maintenance
is jointly regulated by other microenvironmental factors, including matrix

composition. In ER+ BC models, high collagen density enriches an mTOR-dependent
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BCSC population [157]. ECM stiffening and hypoxia can also synergistically activate
integrin B1/ILK/PI3K/AKT signaling, enhancing stemness-associated gene expression
and functions [158]. Unlike matrix stiffness, solid stress generated by spatial
confinement can promote drug-resistant cell populations through local interface
effects. In an MCF-7 spheroid model mimicking the tumor-host interface, hydrogel
confinement promotes the emergence of CD44+/CD133+ cells at the spheroid
periphery and enhances their resistance to DOX and tamoxifen [159]. Conversely, soft
ECM promotes the maintenance of ALDHI+ BCSCs by inhibiting YAP nuclear
translocation, thereby reducing breast cancer cell sensitivity to DOX and cisplatin
[160].

Notably, stem-like cells can actively proliferate or enter a quiescent state while
retaining the potential for reactivation. Stemness and quiescence are therefore related
but distinct dimensions of cellular state. Specifically, low stiffness (approximately 45
Pa) supports breast cancer cell stemness and tumor-initiating capacity through $1/83
integrin-cytoskeleton-AIRE signaling. Higher stiffness (approximately 450 Pa), by
contrast, induces cell cycle arrest through the DDR2/STAT1/p27 pathway, driving
BCSCs into dormancy. These cells can resume proliferation after three-dimensional
confinement is removed [44]. Omics analyses further suggest that antiapoptotic and
membrane transport-related processes may contribute to drug resistance in the
quiescent state [88].

During metastatic dissemination through the circulation, FSS can also influence
stem-like states through mechanisms including intercellular communication. In
patient-derived breast cancer cell models, FSS induces ROS and nitric oxide (NO)
production in CTCs and suppresses ERK/GSK3p signaling. This drives EMT and
enriches ALDHI+CDI133+CXCR4+ BCSCs, ultimately enhancing metastatic
colonization [161]. FSS can also increase the release of miR-21-enriched extracellular
vesicles (EVs) from breast cancer cells. Exposure to these vesicles markedly
upregulates stemness-associated genes in MCF-7 cells and increases the proportion of
CD44+/CD24- BCSCs [162].

4.5 Immune Microenvironment
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An immunosuppressive microenvironment is a major barrier to antitumor
immunotherapy. Fibrotic ECM not only constitutes a physical barrier that restricts
immune cell infiltration, but also impairs the function of immune effector cells and
enriches immunosuppressive cells [163], thereby reducing the efficacy of
immunotherapy while affecting the establishment of antitumor immunity after
chemotherapy, radiotherapy, and targeted therapy (Fig. 6).

4.5.1 Immune Exclusion and Effector Cell Inactivation

ECM collagen content and fiber alignment can influence T cell distribution
within tumors. Computational models based on tumor-associated collagen
architecture suggest that fiber density and alignment can alter tumor cell-T cell
interactions and immune selection [164]. Analysis of TNBC tissue has directly linked
higher collagen density to reduced CD8+ T cell infiltration. Three-dimensional culture
experiments further showed that dense collagen suppresses T cell proliferation,
downregulates cytotoxicity-related genes, and impairs the ability of infiltrating T cells
to kill tumor cells [165]. The extracellular domain of DDR1 on mouse TNBC cells
can also bind collagen and promote fiber alignment, restricting T cell entry into tumor
nests. In corresponding human samples, DDR1 expression was inversely associated
with antitumor T cell abundance, providing clinical correlative support for this
mechanism [166]. Dense ECM can also induce a shift in T cell migration from
“mesenchymal-like” mode to “amoeboid-like” mode, diverting T cells away from
tumor cell clusters and thereby weakening immune cytotoxic efficacy [167].

Matrix stiffening can also impair immune effector cells through metabolic
competition. In a stiffened and fibrotic TME, tumor-associated macrophages (TAMs)
secrete and release TGF-B, activating collagen synthesis, while simultaneously
consuming large amounts of arginine and secreting ornithine, resulting in arginine
depletion and ornithine accumulation in the microenvironment. Persistent arginine
deficiency can impair ATP synthesis and effector molecule expression in CD8+ T
cells, whereas ornithine accumulation further inhibits arginine uptake. Together, these
processes disrupt T cell metabolic homeostasis and ultimately suppress CD8+ T cell

proliferation, activation, and tumor-killing capacity, thereby weakening the efficacy of
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immune checkpoint blockade (ICB) [168].

By regulating immune checkpoints and intercellular communication,
biomechanical signals further consolidate the immunosuppressive microenvironment.
In cocultures of TNBC cells and cytokine-induced killer (CIK) cells, FAK knockdown
or inhibition reduces tumor cell PD-L1 expression and enhances CIK-mediated killing
[169]. Another study found that highly expressed CTLA-4 on breast cancer cells binds
CD80 on antigen-presenting cells (APCs) and uses cellular traction forces to
internalize CDS80 through trans-endocytosis. This process deprives APCs of
costimulatory signaling and markedly suppresses T cell activation within the TME
[170].

4.5.2 Recruitment and regulation of immunosuppressive cells

The recruitment, polarization, and function of immunosuppressive cells,
including myeloid-derived suppressor cells (MDSCs), TAMs, and regulatory T cells
(Tregs), are also regulated by biomechanical signals. ECM stiffness is an important
factor influencing macrophage polarization [171]. Single-cell RNA sequencing has
shown that the proportion of protumorigenic M2 macrophages is markedly increased
in high-stiffness breast cancers. This may be related to the ability of stiff ECM to
activate FAK and upregulate colony-stimulating factor 1 (CSF-1) expression, thereby
recruiting macrophages and driving their M2 polarization [172]. Increased ECM
collagen density may also promote Treg infiltration in TNBC [173]. In clinical
samples and mouse models of high-grade breast cancer, tumors enriched in
ECM-related expression signatures are associated with immunosuppressive Tregs.
Mechanistic studies have shown that the matrix protein SPARC induces IL-23 release,
which downregulates surface PD-1 expression on Tregs and contributes to
immunosuppression [174].

Soft ECM and associated low compressive stress it generates can also induce the
expression of immunosuppressive factors such as TGF-B and interleukin-10 (IL-10)
by upregulating fibroblast growth factor 2 (FGF2) and prostaglandin E2, while
promoting M2 macrophage polarization and exhaustion of CD8+ effector memory T

cells. FGF2-enriched regions in primary tumor tissue likewise exhibit increased
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M2-like macrophages and reduced T and B cell infiltration [18]. In addition,
oscillatory stress can promote the release of PD-L1-enriched EVs from breast cancer
cells, enhancing the immunosuppressive functions of MDSCs and M2 macrophages
and reducing CD8+ T cell infiltration [175]. Studies have shown that activation of
YAP/TAZ in tumor cells can participate in the recruitment or differentiation of M2
macrophages, Tregs, and MDSCs, and suppress natural killer (NK) cell function,
thereby leading to immune evasion [176, 177]. YAP/TAZ may therefore serve as a
signaling hub linking biomechanics to regulation of the immune microenvironment.
4.6 Context-dependent effects of matrix stiffness

The relationship between matrix stiffness and therapeutic resistance is not simply
linear. Stiffer matrices can support tumor cell survival under treatment pressure by
enhancing biomechanical signaling, maintaining stem-like states, and altering immune
cell function. For example, matrix stiffening promotes TAZ- and NANOG-associated
transcription and enhances chemotherapy resistance in breast cancer models [155].
Soft matrices can reduce tamoxifen sensitivity by enhancing autophagy [17] or
support cisplatin resistance through mitochondrial fission and NRF2-associated
antioxidant adaptation [178]. However, these differences cannot be reduced to stiff
matrices promoting proliferation and soft matrices maintaining dormancy. In some
breast cancer models, higher stiffness instead induces reversible quiescence, whereas
softer environments support proliferative stem-like states. Stiffness effects also
depend on cellular context, the mechanism of therapeutic action, and intervention
duration. Different breast cancer cells can exhibit distinct drug responses under the
same matrix conditions. Moreover, the definitions of “soft” and “stiff” are relative
across studies. Differences in culture dimensionality, matrix composition, ligand
density, and spatial confinement limit direct comparisons, precluding a universally
applicable relationship between stiffness and drug resistance.

In summary, the biomechanical microenvironment contributes to therapeutic
resistance in breast cancer by influencing therapeutic delivery, damage responses,
metabolic adaptation, phenotypic plasticity, and immune function. Meanwhile,

therapeutic pressure can alter tissue biomechanical properties and local mechanical
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loads by regulating tumor cell behavior [39] and CAF function [179]. These changes
modulate signaling responses and interactions between residual tumor cells and
surrounding stromal cells, supporting the maintenance of tolerant states. Thus, the
biomechanical microenvironment both contributes to pretreatment differences in
sensitivity and forms part of post-treatment adaptation. The dominant mechanisms
underlying this feedback may vary across breast cancer subtypes, lesion sites, and
treatment stages, resulting in heterogeneous treatment responses.
5. Targeting Biomechanics: From Biomechanical Stratification to Combination
Sensitization Therapy

The biomechanical microenvironment represents a shared basis for therapeutic
resistance in breast cancer. Therefore, targeting biomechanics is not only an important
sensitization strategy, but should also be incorporated into patient stratification and
therapeutic regimen design.
5.1 Biomechanical Stratification Strategies

Imaging and tissue-based molecular assessments characterize the biomechanical
microenvironment of breast cancer at different levels. Imaging methods noninvasively
measure parameters such as stiffness and viscoelasticity and track their dynamic
changes during treatment, whereas tissue and molecular methods reflect ECM
architecture and mechanotransduction activity (Table 3). These measures can
complement conventional pathological classification and inform risk assessment and
treatment-response research.
5.1.1 Imaging-Based Assessment

Ultrasound elastography (UE) is an important method for biomechanical
assessment in breast cancer. Strain elastography (SE) evaluates tissue mechanical
properties based on deformation under compression, whereas shear wave elastography
(SWE) uses shear wave propagation characteristics [180]. In addition to helping
distinguish benign from malignant lesions [181], elastography parameters are
associated with prognostic factors such as tumor size and histological grade [182]. A
retrospective clinical study of neoadjuvant chemotherapy (NACT) found that the

tumor tissue strain ratio after two chemotherapy cycles and its change from baseline
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were associated with pathological complete response (pCR). Some pretreatment
elastography measures may also provide prognostic information on recurrence-free
survival [183].

Magnetic resonance elastography (MRE) analyzes mechanical wave propagation
through tissue to obtain parameters such as stiffness and phase angle, which reflects
viscoelastic properties [184]. A prospective clinical study showed that the ratio of the
phase angle after the first chemotherapy cycle to its pretreatment value was associated
with the final pathological response. The tumor stiffness ratio at the end of NACT was
also associated with pCR. Combining this measure with dynamic contrast-enhanced
MRI could improve the specificity of identifying patients with a complete response
[185]. These findings suggest that baseline biomechanical characteristics and their
changes during treatment can inform risk assessment and response monitoring,
supporting their potential for further clinical validation and application.

5.1.2 Tissue-Molecular Assessment

Tissue and molecular techniques more directly characterize the structural
features of breast cancer tissue. Second harmonic generation (SHG) imaging reveals
the distribution, alignment, and associated microstructural features of fibrillar
collagen and has prognostic value [186]. The forward-to-backward SHG scattering
ratio in pretreatment biopsy specimens has also been explored as a marker of NACT
response. At the tumor-stroma interface in HER2+ BC, this ratio was associated with
residual tumor burden, whereas no comparable association was observed in the main
tumor mass or in TNBC samples [187]. Thus, the performance of collagen structural
measures may depend on molecular subtype and sampling location. Polarized light
imaging, which infers tissue microarchitecture based on the propagation properties of
polarized light, facilitates the differentiation of breast cancer molecular subtypes
[188]and intraoperative margin assessment [189].

Gene expression analysis further links cellular states to clinical outcomes. The
mechanical conditioning score (MeCo) is derived from gene expression signatures
associated with mechanical conditions and reflects cellular transcriptional adaptation

to the matrix environment [73]. A phase II clinical trial found that higher MeCo scores
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were associated with a greater risk of recurrence. Exploratory analyses suggested that
the score might help identify patients who could benefit from antifibrotic therapy
[190]. Although current findings support the prognostic associations and predictive
potential of MeCo, its utility in treatment selection requires validation in independent
cohorts and prospective biomarker-stratified studies.
5.2 Biomechanics-Targeted Intervention Strategies

Based on the biomechanical features of the breast cancer microenvironment and
the mechanistic networks through which they regulate therapeutic resistance,
normalization of the biomechanical microenvironment, blockade of signal
transduction, optimization of drug delivery, and mechanics-related physical
interventions have emerged as important therapeutic strategies (Fig. 7).
5.2.1 Remodeling of Biomechanical Microenvironment

Remodeling the biomechanical microenvironment aims to reduce transport
barriers by modulating ECM deposition and crosslinking, stromal cell function, and
vascular status. Because microenvironments with different stiffness levels can support
therapeutic resistance, the goal should not be continuous matrix softening. Instead,
interventions should be tailored to vascular perfusion, drug distribution, and residual
cell states.

Inhibiting collagen crosslinking is an important strategy for targeting the ECM.
The LOX family contributes to matrix stiffening by catalyzing collagen and elastin
crosslinking [191]. The pan-LOX inhibitor B-aminopropionitrile (B-APN) can not
only prevent tissue fibrosis, reduce tumor incidence, and delay malignant progression
in MMTV-Neu mice [23], but also synergize with DOX in the 4T1 model to control
primary lesions [192]. However, long-term use of B-APN may cause adverse effects
such as aortic injury. By contrast, the next-generation LOX inhibitor PXS-5505 has a
favorable safety profile and has been shown to remodel collagen architecture and
suppress tumor progression in ER+ BC and TNBC models [193]. Other agents with
preclinical activity against breast cancer include the LOXL2-inhibitory antibody
AB0023 [194], the small-molecule LOX inhibitor CCT365623 [195], and the LOXL2
inhibitors PXS-S1A and PXS-S2A [196].



949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

Drug repurposing offers another antifibrotic strategy. The angiotensin receptor
blocker losartan suppresses profibrotic signaling and reduces collagen and HA
production. In breast cancer models, it alleviates solid stress and vascular
compression, improves perfusion, and enhances chemotherapy efficacy [78]. It also
reduces lung metastasis in mouse models of breast cancer [197]. Among antifibrotic
agents, tranilast remodels the fibrotic matrix by inhibiting TGF-B-associated signaling,
increases vascular perfusion [198], and improves the delivery and efficacy of
chemotherapeutic drugs and nanoformulations [199]. Pirfenidone modulates breast
cancer cell migration and EMT-associated phenotypes [200]. In HR+ BC models, it
also inhibits CCL2-associated Treg chemotaxis induced by combined palbociclib and
fulvestrant treatment, enhancing antitumor immunity [201]. Nintedanib has
progressed to clinical investigation. In patients with luminal breast cancer, nintedanib
combined with letrozole enhances antitumor activity, although prolonged use may
cause toxicity [202]. In HER2-negative breast cancer (HER2- BC), nintedanib
combined with paclitaxel reduced recurrence risk but did not significantly improve
median event-free survival [190].

Relieving solid stress and IFP is likewise an important component of reversing
therapeutic resistance. In breast cancer xenograft models, the Hedgehog pathway
inhibitor vismodegib reduces activated CAFs and matrix components, alleviating
solid and fluid pressures. This improves perfusion and enhances the efficacy of
albumin-bound paclitaxel and DOX [203]. Hyaluronidases such as PEGPH20 degrade
excessively accumulated HA, reduce IFP, and relieve transport barriers. These effects
increase NK cell infiltration and enhance the antitumor activity of trastuzumab [204],
while also facilitating nanomedicine delivery [205]. In addition, sunitinib-loaded lipid
nanoparticles (Sun@PL) enable low-dose, sustained release of sunitinib, promote
vascular normalization, and alleviate hypoxia, while synergizing with two-stage
radiotherapy. The first irradiation softens the ECM and reduces vascular compression,
amplifying the microenvironment-remodeling effects of Sun@PL; subsequent
irradiation during the window of improved oxygenation then markedly enhances

tumor radiosensitivity [206]. The selective MMP14 inhibitor DX-2400 also
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suppresses TGF- B signaling, improves perfusion, and enhances radiotherapy
efficacy in 4T1 model [207].

Multiple potential therapeutic targets remain within the breast cancer TME.
COL4A2 can promote the ordered alignment of collagen fibers and activate YAP
signaling; its knockdown not only softens and homogenizes the ECM and suppresses
metastasis [208], but is also associated with cell-cycle arrest [209], providing
mechanistic evidence for targeting matrix components. An antibody against GPR77
on CD10+GPR77+ CAFs has been shown to restore chemotherapy sensitivity in
patient-derived xenograft models, supporting the feasibility of targeting specific
stromal cell populations [210]. In addition, B-adrenergic receptors (B-ARs) [211] and
copper depletion [212] are also associated with therapeutic resistance in breast cancer
and warrant further investigation.

5.2.2 Modulating Signal Transduction

Modulation of signal transduction focuses on three levels: membrane
mechanosensing, cytoplasmic signal transmission, and nuclear transcriptional
regulation. It aims to weaken tumor cell adaptation to the biomechanical
microenvironment and enhance sensitivity to existing treatments.

Integrins are important therapeutic targets linking the ECM to intracellular
signaling. In tamoxifen-resistant breast cancer cells, the aryl hydrocarbon receptor
ligand aminoflavone inhibits a6 integrin/Src/AKT signaling and enhances the
response to tamoxifen [213]. The avpB6-blocking antibody 264RAD, combined with
trastuzumab, exhibits greater antitumor activity than either agent alone in HER2+ BC
models and also shows activity in trastuzumab-resistant models [214]. In addition,
avB3-CAR-T cells not only effectively kill primary and metastatic TNBC cells in
preclinical models, but also promote the establishment of post-treatment antitumor
immunity [215].

Mechanosensitive ion channels convert mechanical signals into biochemical
signals. Ca?" functions as a second messenger involved in resistance-related pathways
[216]. The Piezol inhibitor GsMTx4 can reduce the migratory capacity of MCF-7
cells under stiff ECM conditions, thereby controlling metastasis [45]. The TRPV4
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agonist GSK1016790A promotes vascular maturation and enhances cisplatin efficacy
in mouse models of lung cancer [217]. In breast cancer cells with high TRPV4
expression, GSK1016790A instead induces cell death by activating this channel [218].
The calcium channel blocker lacidipine can activate effector T cells and suppress Treg
function by regulating tryptophan metabolism, converting immunologically “cold”
tumors into “hot” tumors [219], thereby enhancing sensitivity to immunotherapy.

Among cytoplasmic signaling nodes, FAK has a relatively extensive preclinical
evidence base in breast cancer. PND-1186 selectively blocks phosphorylation of FAK
at Tyr397, induces tumor cell apoptosis [220], and suppresses spontaneous lung
metastasis in breast cancer models [221]. VS-4718 and VS-6063 preferentially target
BCSC subpopulations, reduce chemotherapy-induced BCSC enrichment, and delay
tumor regrowth after chemotherapy [222]. The ATP-competitive FAK inhibitor BI
853520 suppresses primary tumor growth in multiple mouse models of breast cancer
and affects different stages of the metastatic cascade [223]. It has also shown
preliminary evidence of safety and antitumor activity in a phase I trial in patients with
advanced solid tumors [224]. Src, a kinase that cooperates with FAK, also contributes
to therapeutic resistance in breast cancer. The representative Src/Abl inhibitor
dasatinib can block BCSC enrichment and enhance the sensitivity of drug-resistant
TNBC cells to paclitaxel [225]. Although its clinical activity as monotherapy is
limited [226], its combination with trastuzumab and paclitaxel has shown favorable
safety and an appreciable objective response rate in HER2+ BC [227], supporting its
feasibility as a combination strategy to enhance treatment sensitivity.

Downstream of FAK/Src, RhoA/ROCK couples focal adhesion signaling to the
actin cytoskeleton, thereby amplifying biomechanical signals. By disrupting stress
fibers, the ROCK inhibitors Y-27632 [228] and fasudil [229] can effectively suppress
breast cancer cell migration. RKI-1447 inhibits ROCK substrate phosphorylation and
exhibits activity against invasion and anchorage-independent growth in breast cancer
cell and mouse models [230]. These studies support the therapeutic tractability of
Rho/ROCK signaling, but its ability to enhance sensitivity to specific treatments

requires confirmation in direct combination studies.



1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

Targeting YAP/TAZ-TEAD-mediated transcription provides another approach to
limiting adaptive cellular behavior. In breast cancer models, verteporfin not only
induces apoptosis and autophagy in paclitaxel-resistant TNBC cells and suppresses
xenograft growth [231], but also reduces YAP-dependent glycolysis [232]and
enhances the cytotoxicity of antitumor agents [233]. More importantly, verteporfin
can selectively eliminate drug-resistant BCSCs by disrupting mitochondrial
homeostasis and inducing oxidative stress and apoptosis, thereby reversing
therapeutic resistance [156]. However, although verteporfin is FDA-approved for
ophthalmic indications [234], its dosing and safety in breast cancer treatment remain
unvalidated. VGLL4, an endogenous antagonist that binds TEAD, suppresses
YAP/TAZ-dependent breast cancer growth [235]. Its mimetic peptide, super-TDU, has
demonstrated antitumor potential in gastric cancer studies [236]. Studies of
cooperative transcriptional regulation by YAP/TAZ and BRD4 have further shown
that the BET inhibitors JQ1 and BAY-1238097 interfere with YAP/TAZ-mediated
recruitment and activation of BRD4 and RNA polymerase II. This selectively
suppresses YAP/TAZ-driven transcriptional output and effectively controls tumor
progression in breast cancer models [237].

Targeting other biochemical signaling pathways is also a promising research
direction. Combined JAK and SMO inhibition synergistically suppresses tumor
growth and metastasis in models of TNBC and trastuzumab-resistant breast cancer
[238]. However, despite evidence of target inhibition, the JAK inhibitor ruxolitinib
failed to demonstrate clear efficacy in a phase II trial in TNBC [239]. Another study
found that JAK inhibition may impair NK cell-mediated immune surveillance and
increase metastatic burden [240]. The IL-6 receptor antibody tocilizumab, combined
with cisplatin and docetaxel, has entered prospective phase I/l clinical investigation
in TNBC. Larger clinical trials are still needed to establish its ability to enhance
treatment sensitivity [241].

5.2.3 Optimizing Drug Delivery
Drug delivery optimization aims to improve delivery efficiency by modulating

drug circulation, distribution, and release. Compared with conventional free drugs,
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nanoparticles can improve drug stability and increase local tumor exposure [242],
thereby attenuating the impact of biomechanical barriers on therapeutic efficacy.

Co-delivery of matrix-modulating agents and cytotoxic drugs can coordinate the
alleviation of physical barriers with tumor cell killing. The pH-responsive
DOX@CREKA/tPA-HP nanoparticles integrate the fibrin-targeting peptide CREKA,
tissue plasminogen activator (tPA), and DOX. In the 4T1 mouse model, this system
can degrade fibrin, reduce ECM stiffness and solid stress, relieve vascular
compression, and ultimately increase intratumoral DOX accumulation. This strategy
has demonstrated safe and efficient antitumor activity in TNBC model [243]. Targeted
delivery can also reduce dose limitations imposed by systemic effects. TME-activated
angiotensin receptor blocker nanoconjugates (TMA-ARBs) use acid-sensitive
polymers for local drug delivery. In mouse models of breast cancer, they inhibit
CAF-associated collagen deposition, improve delivery, and activate immune cells
while avoiding systemic hypotension [244]. Cell membrane-fused liposomes,
PFD/TAFsomes and DOX/CCMsomes, deliver pirfenidone and DOX to CAFs and
tumor cells respectively. This coordinates antifibrotic and cytotoxic therapy and
enhances anti-PD-L1 efficacy in TNBC models [245]. Delivery systems can also
support interventions targeting biomechanical signaling. Niflumic acid prodrug-based
polymeric micelles can encapsulate dasatinib, increasing tumor accumulation and
enhancing tumor suppression [246].

Micellar encapsulation can enhance the effects of microenvironment-modulating
agents, thereby improving sensitivity to combination therapy. Tranilast-loaded
PEG-PBLG micelles (Tranilast/m) prolong drug circulation, increase tumor
accumulation and CAF uptake, and suppress TGF-B-associated signaling in the 4T1
mouse tumor model. In EQ771-bearing mice, daily intravenous administration of
Tranilast/m at 2 mg/kg more effectively reduces tumor stiffness and IFP and improves
vascular perfusion than daily oral administration of free tranilast at 200 mg/kg. Its
antitumor efficacy in combination with epirubicin micelles was demonstrated in both
models. With the addition of immune checkpoint blockade, E0771 rechallenge

experiments supported the development of tumor-specific immune memory [247].
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Another study encapsulated pirfenidone in micelles with pH-responsive release
properties (Pirfenidone/m). In 4T1 model, intravenous Pirfenidone/m at 5-10 mg/kg
reduced tumor stiffness and IFP and improved perfusion, at doses substantially lower
than the 500 mg/kg used for orally administered free pirfenidone. Further experiments
showed that Pirfenidone/m at 10 mg/kg combined with anti-PD-1 and anti-CTLA-4
antibodies increased T cell infiltration in 4T1 tumors, while E0771 rechallenge
experiments also provided evidence of tumor-specific immune memory [248].

Nano-platforms can also enhance therapeutic efficacy by interfering with the
signaling feedback loops between tumor cells and stromal cells. For example, the
self-assembling lysosome-targeted chimera (LYTAC) nano-platform NanoCLY
enhances the antitumor activity of paclitaxel in a TNBC model by degrading
extracellular connective tissue growth factor (CTGF), thereby inhibiting the activation
of inflammatory CAFs and disrupting CTGF-IL-6-mediated intercellular interactions
[249]. As an emerging delivery system, lemon-derived vesicles can improve DOX
tumor targeting and transcellular transport [250]. Local sustained-release platforms
can also coordinate the timing of matrix modulation and anticancer drug activity.
Through targeted delivery of losartan and oxaliplatin, LOS&FeOX@Gel reduces
ECM deposition in breast tumors after chemotherapy and enhances
chemotherapy-associated immune effects and subsequent immunotherapy efficacy
[251]. These systems expand design options for targeted delivery and local controlled
release. Integrating them with breast cancer biomechanical characteristics may enable
more precise drug delivery in the future.
5.2.4 Mechanics-Related Physical Interventions

Physical therapies based on biomechanical features can enhance the sensitivity of
breast cancer to radiotherapy, chemotherapy, targeted therapy, and immunotherapy by
remodeling the ECM and improving vascular perfusion and the immune
microenvironment.

Local hyperthermia combined with radiotherapy has a relatively substantial
clinical evidence base. In locally recurrent breast cancer, radiotherapy combined with

hyperthermia achieves a markedly higher complete response rate than radiotherapy
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alone and retains radiosensitizing effects during re-irradiation [252]. Mechanistically,
mild hyperthermia promotes BRCA2 degradation and inhibits homologous
recombination repair, providing a basis for radiosensitization [253]. Focused
ultrasound-microbubble radiosensitization further expands physical sensitization
strategies. Microbubble cavitation can perturb tumor microvessels and activate
endothelial cell apoptosis, thereby enhancing radiation-induced cytotoxicity. A phase I
clinical trial showed that MR-guided focused ultrasound-microbubble therapy
combined with radiotherapy has a favorable safety profile and showed preliminary
evidence of an acceptable safety profile and promising complete response and local
control rates [254]. For immunologically “cold” tumors such as TNBC, combining
ultrasound with nanomaterials can integrate local stimulation, matrix remodeling, and
immune activation into a single system. Under low-intensity focused ultrasound,
R-I-LA NPs trigger ROS and NO production, leading to the formation of reactive
nitrogen species (RNS). These effects degrade COLI, soften the matrix, improve
vascular function, and alleviate hypoxia. Ultimately, this enhances sonodynamic
therapeutic effects, induces immunogenic cell death and cytotoxic T cell infiltration,
suppressing TNBC proliferation and lung metastasis [255].

The application of biomechanical signals can also extend to ex vivo immune cell
manufacturing. Recent studies have shown that mechanical stimulation provided by
three-dimensional fibrin gels can induce YAP phosphorylation through the P2
integrin-14-3-3C axis, and relieve YAP-mediated suppression of the transcription
factor MafG. This decouples CAR-T cell proliferation from differentiation and
generates stem cell-like CAR-T cells with stronger infiltrative capacity and more
durable activity [256]. This strategy has demonstrated enhanced antitumor activity in
mouse models of breast cancer. Although still at the preclinical stage, it offers a
direction for applying biomechanical signals and may help overcome barriers to
immunotherapy in solid tumors.

Biomechanics provides a theoretical framework for patient assessment and
sensitization therapy in breast cancer. Mechanical assessment can help identify TME

features such as matrix stiffening, providing a basis for patient stratification and
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therapeutic response prediction. Remodeling the biomechanical microenvironment,
modulating signal transduction, optimizing drug delivery, and applying physical
therapies can improve therapeutic efficacy by relieving delivery barriers, attenuating
resistance-associated signaling, enabling responsive drug delivery, and activating
antitumor effects. Despite substantial preclinical evidence, several factors constrain
the clinical translation of strategies targeting the biomechanical microenvironment.
Many relevant pathways also support normal vascular and immune functions, so the
systemic effects of inhibitors may narrow the therapeutic window. For example, early
clinical investigation of the ROCK/AKT inhibitor AT13148 was limited by adverse
effects, including hypotension [257]. Biomechanical heterogeneity across breast
cancer subtypes and tumor regions further complicates treatment [16], while
compensatory signaling may weaken the effects of inhibiting a single node [258].
Simplified matrix models also cannot fully recapitulate the multicellular composition
and biomechanical coupling of tumor tissue. Moreover, treatment-induced cellular
and ECM remodeling can continuously alter the conditions under which interventions
act, limiting the applicability of preclinical findings [251]. Future studies should
therefore integrate mechanical assessment with drug distribution, cellular function,
and clinical endpoints. They should also avoid excessive matrix depletion and use
dynamic assessments to determine intervention intensity and the timing and
sequencing of combination treatments, helping translate mechanistic evidence into
clinical benefit.
6. Conclusion and Future Perspectives

Biomechanics contributes to the development and maintenance of therapeutic
resistance in breast cancer by linking tissue architecture, cellular states, and treatment
responses. This review synthesizes evidence on matrix stiffness, solid stress,
interstitial fluid pressure, and fluid shear stress to establish an integrative framework
for understanding shared resistance mechanisms across treatment modalities.
Biomechanical characteristics, including increased matrix stiffness, accumulated solid
stress, abnormal IFP, and altered FSS, are coupled. They can alter therapeutic

exposure by affecting tissue transport and drug distribution, while also regulating
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damage responses, metabolic adaptation, phenotypic plasticity, and immune states
through signal transduction. Notably, stiff and soft matrices can support similar
resistance phenotypes through distinct cellular adaptation processes across
experimental conditions and breast cancer subtypes. The effects of FSS likewise
depend on its magnitude and the stage of metastasis. Treatment itself can also induce
tumor cell and stromal remodeling, altering tissue mechanical properties and cellular
mechanical responses and further contributing to adaptive resistance. Thus, the effects
of the biomechanical microenvironment depend on breast cancer subtype, lesion site,
cellular state, and the mechanism of therapeutic action.

Although existing studies provide an important basis for understanding
therapeutic resistance in breast cancer, translation remains constrained by differences
in experimental models, measurement scales, and clinical validation. Existing studies
have largely focused on individual mechanical features or signaling pathways, and a
multiscale evaluation system integrating matrix stiffness, solid stress, IFP, and FSS
has not yet been established. Commonly used two- and three-dimensional culture
systems, microfluidic platforms, organoids, and animal tumors do not reproduce
equivalent mechanical conditions. Matrix composition, dimensionality, stiffness range,
spatial confinement, shear magnitude, and exposure duration can all influence cellular
responses, limiting comparisons across studies and the establishment of thresholds.
Manipulating stiffness may also alter collagen density, pore architecture, and
molecular transport, making it difficult to isolate the effects of individual
biomechanical factors. Subtype differences, spatial heterogeneity, and dynamic
remodeling during treatment further limit the generalizability of findings. More
importantly, most current evidence remains at the preclinical stage, and some
interventions have failed to demonstrate clinical benefit. Further clinical data are
therefore needed to validate the regulatory mechanisms of the biomechanical
microenvironment across lesion sites and disease stages and to carefully define the
contexts in which these interventions may be applicable.

Future research should focus on the effects of the biomechanical

microenvironment, its dynamic changes during treatment, and its value in clinical
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decision-making. Biomechanical biomarkers can be used for risk assessment and
prediction of therapeutic efficacy. Integrating direct measurements from elastography
and SHG imaging with tissue architecture, spatial omics, and cellular functional
analyses would support longitudinal assessment before and during treatment and at
the residual or recurrent disease stage. This approach could establish a dynamic
biomechanical atlas of breast cancer spanning molecular subtypes, disease stages, and
lesion sites, providing a basis for identifying intervention windows. Experimental
systems with independently tunable properties, together with organoids and ex vivo
tissue models, can help distinguish the independent and interactive effects of
biomechanical characteristics. They can also clarify crosstalk and compensatory
mechanisms within the native TME and improve comparability across studies.
Despite extensive research on targeted interventions, their efficacy and practical value
still require validation in controlled clinical studies. Clinical studies could incorporate
imaging assessments, collagen structural features, and signaling pathway activity into
eligibility criteria, stratification schemes, and outcome measures. Corresponding
primary interventions could then be evaluated in patients with different biomechanical
characteristics. Such stratified designs account for TME heterogeneity and dynamic
changes while providing evidence for context-dependent mechanisms of therapeutic
resistance.

Biomechanics offers an integrative perspective on shared resistance processes
across breast cancer treatment settings. It helps explain how tissue transport, cellular
adaptation, and immune evasion interact under treatment pressure and produce
distinct treatment responses across breast cancer subtypes, disease stages, and
anatomical sites. Defining the conditions, effects, and evidentiary limits of these
relationships can guide the development of testable combination strategies and

provide a basis for improving treatment responses.
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Death-Ligand 1; PI3K: Phosphoinositide 3-Kinase; Piezo: Piezo-type Mechanosensitive lon
Channel; PTEN: Phosphatase and Tensin Homolog; Rho: Ras Homologous GTPase; ROCK:
Rho-Associated Coiled-Coil-Containing Protein Kinase; ROS: Reactive Oxygen Species; Src:
proto-oncogene tyrosine-protein kinase Src ; STAT ~ : Signal Transducer and Activator of
Transcription; TACS-3: Tumor-Associated Collagen Signature-3; TAM: Tumor-Associated
Macrophage; TAZ: Transcriptional Coactivator with PDZ-Binding Motif; TEAD: Domain TEA
domain transcription factor; TGF-B: Transforming Growth Factor-Beta; TNBC: Triple-Negative
Breast Cancer; TRP: Transient Receptor Potential Channel, VEGF: Vascular Endothelial Growth

Factor; Wnt: Wingless/Int-1; YAP: Yes-associated protein; B-APN: Beta-Aminopropionitrile.
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1975 Fig. 1. Biomechanical features of the breast cancer microenvironment. Increased matrix stiffness is
1976  associated with collagen deposition and fiber crosslinking and is regulated by tumor cells and
1977  cancer-associated fibroblasts; solid stress arises from the accumulation of forces generated by cellular
1978 proliferation, matrix deposition, and compression of surrounding tissues by the tumor; abnormal
1979  interstitial fluid pressure is related to vascular leakage, vascular compression, and impaired lymphatic
1980  drainage; and heterogeneity in fluid shear stress originates from aberrant hemodynamics and vascular
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Fig. 2. Sensing and transduction of biomechanical signals. The principal mechanosensors on the
surface of breast cancer cells include adhesion proteins represented by integrins, calcium ion channels,
and G protein-coupled receptors. After these signals are transmitted into the cell, they activate
downstream cascades such as FAK/Src, Rho/ROCK, and Hippo/YAP/TAZ signaling. Among these
pathways, YAP/TAZ plays a central role in the biomechanical signal response cascade; upon nuclear
translocation, YAP/TAZ binds to TEAD family transcription factors and initiates relevant gene
transcriptional programs. Finally, the linker of nucleoskeleton and cytoskeleton complex can also

directly participate in chromatin remodeling and the maintenance of mechanical memory.
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Fig. 3. Biomechanical regulation of drug delivery. Dense matrix first forms a physical barrier and
compresses blood and lymphatic vessels, leading to increased intratumoral interstitial fluid pressure
and the formation of pressure gradients, thereby restricting drug transport. In addition, biomechanics
induces aberrant tumor angiogenesis, affecting drug infiltration and homogeneous distribution. The
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accelerating treatment failure and recurrence in breast cancer.
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Fig. 4. Biomechanical signals promote cellular damage repair and metabolic adaptation. At the levels
of DNA repair and cell death, biomechanical signals can support the recruitment of DNA repair
proteins by promoting perinuclear mitochondrial accumulation and increasing intranuclear ATP. They
also regulate protective autophagy through multiple pathways and counteract apoptosis. At the
metabolic level, biomechanical signals help maintain cellular redox homeostasis by regulating the
AhR/CYP1 pathway and mitochondria, and reprogram glycolysis through F1FO-ATP synthase and the
FAK/Src-PI3K/AKT-mTOR axis. In addition, YAP/TAZ participates in the regulation of nucleotide,

amino acid, and glutamine metabolism.
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Fig. 7. Therapeutic strategies targeting breast cancer biomechanics. Normalization of the
biomechanical microenvironment: inhibition of collagen crosslinking and fibrosis, reduction of solid
stress and elevated interstitial fluid pressure, and alleviation of vascular compression to improve drug
perfusion and penetration. Blockade of mechanotransduction: targeting key pathways such as
integrin/FAK/Src, RhoA/ROCK, and YAP/TAZ to suppress adaptive changes in tumor -cells.
Optimization of drug delivery systems: increasing delivery specificity through mechanically responsive
delivery systems to promote drug transport and homogeneous distribution. Mechanics-related physical
therapies: using hyperthermia or ultrasound therapy to regulate cellular activity and sensitize tumors to

conventional treatment.



Comparison of the present review with representative frameworks for biomechanical regulation of therapeutic resistance

Main focus

Key contribution

Novelty of the present review

Reference

2038  Table 1
2039
Previous conceptual
framework
Physical hallmarks of
cancer

Normalization of the
tumor mechanical

microenvironment

Mechanically driven
drug resistance in

cancer

ECM stiffness and
resistance-associated

mechanotransduction

Physical abnormalities in tumors,
including solid stress, interstitial
fluid pressure, material properties,

and tissue microarchitecture.

Interactions among tumor
mechanics, vascular function, tissue

transport, and therapeutic delivery.

Mechanical abnormalities,
mechanotransduction pathways, and
resistance-associated cellular

programs across cancer types.

Regulation of ECM stiffness,
mechanosensing, downstream
signaling, and therapeutic

resistance.

Links the origins and consequences of tumor
physical properties to progression and
resistance, complementing biological

hallmarks.

Explains how solid and fluid mechanics
affect cell behavior and treatment outcomes,

supporting vascular and ECM normalization.

Integrates mechanical effects on
proliferation, survival, apoptosis, and
phenotypic transitions, and discusses

microenvironment- or

mechanotransduction-targeted interventions.

Summarizes how stiff ECM restricts drug
delivery and activates resistance signaling,
and discusses ECM- and pathway-targeted

strategies.

Uses recurrent resistance functions to link
tumor physical properties with breast cancer

treatment responses.

Examines insufficient therapeutic exposure
alongside cellular adaptation, distinguishing
transport barriers from survival mechanisms

under treatment pressure.

Organizes breast cancer evidence around
shared resistance functions, distinguishing
similar outcomes from distinct mechanisms

and treatment contexts.

Integrates matrix stiffness, solid stress,
interstitial fluid pressure, and fluid shear
stress to explain similar resistance outcomes
arising through distinct adaptations under
different mechanical conditions.

[11]

[12, 13]

[14]

[15]

2040



2041 Table 2

2042

Characteristics and significance of the principal biomechanical forces in the breast cancer microenvironment

Biomechanical features

Representative value

Measurement subject
and context

Pathological

significance

Level of evidence

Aids differentiation

Reference

Matrix Stiffness

Solid Stress

Interstitial Fluid Pressure

Fluid shear stress

14-288 kPa

2-19 kPa

29 + 3 mmHg (mean
+ SEM)

Approximately 5.4
dyn/cm?

Human breast cancer
tissue; in vivo shear
wave elastography
Human breast cancer
tissue; estimation
using an ex vivo
model
Human breast cancer
tissue; intraoperative
pressure
measurement under
local anesthesia
Three-dimensional
breast cancer cell
culture; pulsatile
flow and finite

element calculations

Human correlative

between benign and
study

malignant lesions
Human correlative

study; animal
model study

Intratumoral residual
stress accumulation;

vascular compression

Human correlative

Vascular
compression study
) Controlled
Invasion and drug .
. perturbation
resistance .
experiment

[259]

[24]

[260]

[110]

2043



2044 Table 3

2045

Assessment of Biomechanical Features in Breast Cancer

Detection technique

Spatial scale and

invasiveness

Measured parameters and output

Standardization and reproducibility

Application scope

Level of evidence

Reference

Strain elastography
(SE)

Shear wave
elastography (SWE)

Magnetic resonance
elastography (MRE)

Breast tactile

imaging

Harmonic motion
imaging (HMI)

Lesion and
peritumoral tissue;

noninvasive in vivo

Lesion and
peritumoral tissue;

noninvasive in vivo

Lesion and
peritumoral tissue;

noninvasive in vivo

Local breast regions
and lesions;

noninvasive in vivo

Lesion and
peritumoral tissue;

noninvasive in vivo

Relative strain, strain ratio, and
elasticity score;
qualitative/semiquantitative

Shear wave velocity,
model-derived elastic modulus,
and corresponding ratios;
quantitative
Stiffness, phase angle, and their
ratios relative to baseline;

quantitative

Pressure distribution,
stiffness-related features, and

composite scores; quantitative

Oscillatory displacement
amplitude and displacement ratio,
reflecting relative mechanical

responses; quantitative

Operational recommendations
available; acquisition and
interpretation are
operator-dependent
Operational recommendations and
multicenter reproducibility
validation available; cross-device
consistency requires validation
Within-study reproducibility
validated; cross-platform
consistency requires validation
Device-specific scoring protocols
available; cross-device consistency
and reproducibility require

validation

Phantom-based parameter
optimization performed; clinical
reproducibility requires validation

Diagnosis; prognosis;
treatment-response

prediction and monitoring

Diagnosis;

treatment-response

prediction and monitoring

Treatment-response
prediction and monitoring

Diagnosis

Lesion characterization;
treatment-response
prediction and monitoring

Multicenter

clinical studies

Multicenter

clinical studies

Small prospective
studies

Single-center

clinical studies

Small feasibility

studies

[183]

[261]

[185]

[262]

[263]




Stereoscopic optical
palpation

Second harmonic
generation (SHG)

imaging

Polarized light

imaging

Mechanical
conditioning score
(MeCo)

Tissue surfaces and
surgical margins; ex
vivo assessment of

surgical specimens

Local tissue
microstructure; ex
vivo assessment of

sampled tissue

Tissue sections and

local microstructure;

ex vivo assessment of

sampled tissue

Tissue transcriptional

profiles; ex vivo

assessment of sampled

tissue

Surface contact stress distribution  Calibration protocols established;

under external compression; multicenter reproducibility requires

quantitative validation

Collagen alignment,
tumor-associated collagen
signature (TACS) features, and
forward-to-backward scattering
ratio (F/B);
qualitative/semiquantitative/quant

Research acquisition and analysis
protocols established;
cross-platform consistency requires

validation

itative

Mueller matrix elements and . .
] ] ] System calibration protocols
derived parameters, including ) .
established; multicenter
phase retardance and . ) o
o o consistency requires validation
depolarization; quantitative

) o Research computational workflow
Mechanical conditioning-related .
. established; cross-platform score
gene expression; molecular score . ) o
consistency requires validation

Diagnosis; margin

identification

Prognosis;
treatment-response

prediction

Diagnosis; adjunctive

subtyping

Prognosis; prediction of
therapeutic benefit and

assessment of drug effects

Clinical specimen

studies

Clinical specimen

studies

Clinical specimen

studies

Clinical specimen

studies

[264]

[186]

[188]

[73]
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