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Abstract

The extracellular matrix (ECM) is a guiding force that regulates various developmental stages of 

the breast. In addition to providing structural support for the cells, it mediates epithelial-stromal 

communication and provides cues for cell survival, proliferation, and differentiation. Perturbations 

in ECM architecture profoundly influence breast tumor progression and metastasis. Understanding 

how a dysregulated ECM can facilitate malignant transformation is crucial to designing treatments 

to effectively target the tumor microenvironment. Here, we address the contribution of ECM 

mechanics to breast cancer progression, metastasis, and treatment resistance and discuss potential 

therapeutic strategies targeting the ECM.
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1 Introduction

The breast tissue is unique in its ability to evolve structurally throughout embryonic 

development, puberty, and pregnancy [1, 2]. The extracellular matrix (ECM) of the breast is 

a guiding force that regulates the various stages of breast development and differentiation 

[3]. For example, collagens and glycosaminoglycans are important during mammary gland 

development [3, 4]. During branching morphogenesis, ECM composition is delicately 

balanced between deposition of ECM components and their concomitant degradation by 

matrix metalloproteinases (MMPs) [5]. The ECM during lactation is highly compliant, a 
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structural requirement for differentiation of mammary epithelial cells [6, 7]. Involution is 

characterized by enhanced deposition of collagen, together with proteolysis of laminin and 

fibronectin and expression of MMPs [8, 9]. Thus, the role of the extracellular matrix (ECM) 

goes significantly beyond providing architectural support to the cells.

The ECM regulates diverse cellular behavior such as proliferation, differentiation, and 

migration [10, 11], in addition to regulating the survival and differentiation of the 

neighboring endothelial cells [12–14], as well as immune responses within the tissue [15]. 

Moreover, the ECM mediates communication between the epithelial and stromal cells, and 

perturbations in this process can lead to breast cancer. In this review, we will discuss the 

influence of ECM mechanics on breast cancer progression, formation of the pre-metastatic 

niche and metastasis, and discuss its implications on mechano-signaling, immune 

infiltration, and the tumor vasculature. We will additionally address mechanisms by which 

ECM contributes to treatment resistance in breast cancer and potential therapeutic avenues 

that can circumvent ECM-regulated tumorigenesis and metastasis.

2 ECM architecture of the breast tissue

The basic mammary structure comprises of luminal epithelial cells around a central lumen, 

surrounded by a layer of contractile myoepithelial cells, encased within the basement 

membrane (BM), which separates the epithelium from the stroma (Fig. 1). The stromal 

compartment or the interstitial matrix surrounds the cells and the BM and contributes to the 

tensile strength of the tissue. The BM and the interstitial matrix together make up the ECM. 

The BM is produced jointly by the epithelial, endothelial, and stromal cells and is largely 

composed of type IV collagens, laminin, fibronectin, and linker proteins such as nidogen and 

entactin [16, 17]. The interstitial matrix is rich in fibrillar collagen, proteoglycans, 

glycoproteins (such as tenascin C), and fibronectin [16]. Majority of the stroma surrounding 

the normal mammary cells is composed of fibrillar collagen [18]. However, during 

pathogenesis, the composition of the ECM is significantly altered [19–21].

3 Altered ECM during breast cancer progression

The ECM of the normal mammary gland is compliant and becomes progressively stiffer and 

more collagen-rich during tumor progression in a process known as “desmoplasia” [22]. The 

aberrant ECM remodeling is carried out predominantly by cancer-associated fibroblasts 

(CAFs), with pro-tumor immune cells and epithelial cells contributing during later stages of 

tumor progression [23]. Imaging modalities like sonoelastography, MRI elastography, TDI 

analysis, and physical palpatation routinely use tissue stiffness as a measure of breast 

tumorigenesis [24]. While these techniques are limited by their resolution in deciphering the 

cellular from the acellular components within the tissue, they provide a conclusive link 

between rigidity and malignancy. Alterations in mechanics of the breast tumor tissue occur 

as a result of increased interstitial pressure within the tumor, compression stress as a result 

of enhanced tumor cell proliferation, ECM stiffening due to increased deposition and cross-

linking of ECM components, and increased cellular contractility [6]. While each of these 

factors contributes to altered tumor mechanics, we will focus on factors that affect ECM 

rigidity, thereby facilitating breast cancer progression. Breast tumors can be classified based 
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on morphological (tumor size, lymph node status, and metastases) as well as molecular 

phenotypes (based on presence of hormone receptors).

3.1 ECM dynamics in morphological breast tumor subtypes

In terms of morphological features, mammary tumor progression can be classified into two 

major stages (1) ductal in situ carcinoma (DCIS), which is characterized as the pre-

malignant stage and (2) invasive ductal carcinoma (IDC), characterized by an invasive 

phenotype, which includes breaching of the BM and migration of the tumor cells into 

neighboring tissues. The main criterion distinguishing IDC from DCIS is the loss of 

myoepithelial layer and BM [25, 26]. Each stage is accompanied by changes in the ECM, 

which facilitate infiltration and colonization of pro-tumorigenic cells, allowing for tumors to 

progress to malignancy (Fig. 1). DCIS originates in regions of the breast that are 

mammographically dense [27], and its progression involves incremental increases in 

collagen deposition, linearization, and thickening of the collagen fibers [28], all of which 

result in increased ECM stiffness. Various collagens including collagen I, II, III, V, and IX 

show increased deposition as breast cancer progresses [19–21].

Studies on MMTV-PyMT mice using AFM show that the elastic modulus (measure of tissue 

stiffness) of the mammary gland in normal, non-invasive breast tissue was approximately 

400 Pa. In contrast, it was 1200 Pa in pre-malignant tumors and 3000 Pa in malignant 

tumors [24], indicating a significant increase in tumor tissue stiffness at different stages of 

breast cancer. Studies done on human samples reveal that as breast tumors progress from 

DCIS to IDC, the ECM undergoes increased collagen fiber linearization and thickening due 

to deposition and cross-linking of the collagen [28]. Additionally, the orientation of the 

collagen fibers is profoundly altered [29]. In DCIS, the linearized and thickened collagen I 

fibers are oriented adjacent to the tumor boundary [18, 28, 30]. In IDC, additional thickening 

and linearization of the collagen fibers are observed [28]. Moreover, in IDC, the collagen 

fibers are aligned perpendicular to the tumor boundary, forming migration tracks for invasive 

tumor cells to exit the tumor tissue and enter the blood stream [18, 28].

In terms of mechanical heterogeneity within the tumor tissue, a fourfold increase in stiffness 

was observed, specifically at the invasive front of the IDC phenotype. While the elastic 

modulus in normal tissue was approximately 400 Pa, it increased by more than tenfold in the 

invasive regions to approximately 5000 Pa. Moreover, the tumor core was found to be less 

stiff compared to the invasive front [28], implying that invading cells need a stiffer platform 

compared to proliferating cells. Interestingly, the difference in the elastic moduli between 

normal and invasive breast cancer phenotypes decreased substantially (200 and 300 Pa, 

respectively), when cells were freshly isolated from mice, as compared to when the 

measurements were performed in situ [24]. Whether these isolated cells demonstrated 

differential tumorigenic potential in vitro still needs to be investigated. These data show that 

the ECM is important in providing the optimal niche for tumor cells to feel and respond to 

mechanical stresses, distinct from those within the normal breast tissue, in order to acquire 

oncogenic and malignant properties.
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3.2 ECM dynamics in molecular breast tumor subtypes

An additional classification of breast cancer subtypes is based on expression of hormone 

receptors, in addition to their histopathological features. These include the less aggressive 

luminal A and luminal B and the more aggressive HER2+ and basal (also referred to as 

triple-negative breast cancer (TNBC)). Previous studies on breast density and tumor 

subtypes have shown inconclusive and often confounding results. For example, in separate 

studies, estrogen receptor (ER) expression is found to be both enriched and lost in dense 

breast tissue [31–33]. Closer analysis of the stroma in breast cancer subtypes has revealed 

that HER2+ and TNBC have a significant enrichment for collagen deposition and matrix 

stiffness compared with the luminal subtypes [28], lending credence to the idea that 

increased tissue stiffness is associated with tumor aggression. Additionally, the tumor 

epithelium displayed increased integrin expression and mechanosignaling [28]. Given that 

these two subtypes represent the greatest threat to mortality among breast cancer patients as 

well as a significantly reduced time to relapse, the knowledge of the contribution of the 

stroma and tissue mechanics towards this phenotype is essential [34, 35].

While a stromally dense microenvironment can promote disease progression, different 

subtypes likely create these environments through different means. TNBCs show a 

significant influx of myeloid cells and an increase in the number of fibroblasts, which drive 

ECM remodeling by increasing matrix stiffness [28, 36, 37]. HER2+ breast tumors have a 

lower inflammatory response and higher number of fibroblasts suggesting a more direct 

fibroblast-tumor cell interaction driving stromal desmoplasia [28, 36]. This is supported by 

gene expression analysis of CAFs, showing that HER2+ CAFs are enriched for a gene 

expression signature closely related to the interaction and remodeling of the ECM, including 

integrin signaling and actin cytoskeleton regulation [38]. Thus, enhanced ECM stiffness 

appears to be a common denominator in aggressive breast cancers, stratified both 

morphologically and molecularly. The mechanisms by which a stiff ECM may contribute to 

tumor progression are multifold and often interrelated.

4 Effects of ECM rigidity on tumor progression

While it is being increasingly recognized that altered ECM stiffness contributes, in part, to 

tumor progression, we will now highlight some of the mechanisms underlying this process. 

Increased ECM rigidity results in altered mechanosignaling, a modified vascular landscape 

and pro-tumorigenic immune infiltration, all of which may facilitate transition to an invasive 

phenotype.

4.1 Altered mechanosignaling

Tumor-stroma communication entails tumor cells responding physically and biochemically 

to mechanical changes in the ECM in a process known as “mechanosignaling” [7]. Tumor 

cells sense the biophysical alterations in the ECM via mechanosensors such as the integrin 

family of receptors [39]. Integrins are heterodimeric transmembrane receptors, which serve 

as mediums for ECM-tumor cell dialogue. ECM stiffening leads to upregulation and 

clustering of integrins, such as β1 integrin, which, in turn, can initiate tumorigenesis as well 

as maintain proliferation of late-stage tumor cells [40]. The downstream effector of β1 
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integrin is the focal adhesion kinase (FAK), the activated form (pY397 FAK) of which is 

elevated in stiffer matrices [22, 41]. Increased levels of pY397 FAK lead to increased 

intracellular contractility via the Rho-ROCK pathway [42], allowing tumor cells to pull on 

the matrix during invasion. Additionally, elevated FAK activates the MAP kinase pathway, 

promoting tumor cell proliferation [42]. In high-grade DCIS, increased levels of β1 integrin 

and FAK are observed [28]. Expression of another mechanically activated kinase, p130Cas, 

is also increased in high-grade DCIS [28]; however, the functional implications of this are 

still not clearly understood. At the stiffest invasive tumor front, the mechanosensing proteins 

β1 integrin, vinculin, activated Akt, and FAK colocalize and the degree of expression and 

colocalization increases progressively from normal to DCIS to IDC phenotypes [43]. 

Increased breast tissue stiffness also upregulates oncogenic microRNAs that inhibit tumor-

suppressive pathways and promote invasion [44] and numerous other proliferative/invasive 

pathways implicated in breast carcinogenesis [7, 45, 46].

4.2 Altered immune landscape

ECM rigidity regulates the number and nature of immune infiltrates in the tumor tissue by 

facilitating increased adhesion and migration of immune cells. For example, stiff, linear 

collagen provides tracks for the immune cells to move into the tumor [16, 17], much like it 

facilitates the outward movement of tumor cells. Additionally, ECM components express β1 

integrins, non-integrin receptor DDR1, and leukocyte-associated LAIR-binding sites that 

anchor the immune cells, allowing their recruitment into the tumor microenvironment [47, 

48]. ECM rigidity regulates the activation, maturation, and differentiation of immune T cells 

[17] and ECM degradation generates fragments, such as elastin, that are chemo-attractive 

specifically to monocytes [49] and implicated in breast cancer progression [50]. Recently, it 

was shown that a collagen-dense breast tumor environment recruits tumor-associated 

neutrophils (TANs) due to altered cytokine signaling, and depletion of TANs reduces 

metastasis in a stiffness-dependent manner [51]. However, the mechanism by which 

neutrophils promote metastasis in a collagen-rich tumor environment is still unclear. 

Interestingly, in this study, none of the other immune cell populations such as T lymphocytes 

and myeloid cells were found to be different between collagen-dense and normal mammary 

tissue [51]. Macrophages are often recruited during the later stages of breast cancer [52]. 

Indeed, during late stages of breast tumor progression, increased stiffness, inflammation, and 

infiltration of CD45+ immune cells are observed [28]. CD163+ activated macrophages, a 

subset of CD45+ cells, are most abundant in the IDC phenotype and express TGF-β, which 

further induces migration and ECM deposition [28], likely as part of a tumor feedback 

circuit.

4.3 Altered vasculature

Tumor proliferation and invasion require formation of new blood vessels. Endothelial cells 

lining the blood vessels are highly mechanosensitive, suggesting an intimate connection 

between ECM rigidity and vascular remodeling [53]. Consistently, microvascular density is 

significantly higher in invasive DCIS as compared to low-grade DCIS [54]. In addition to 

vascular density, the tumor vasculature is stiffer than the normal vasculature [24]. Moreover, 

the blood vessels within the tumor core are stiffer and thinner as compared to those at the 

invasive front and stain negative for lectin, indicating no vascular function in the tumor core 
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[24]. Endothelial cells cultured on stiff collagen matrices show extensive branching 

compared to those on softer matrices [55]. Additionally, increasing stiffness leads to 

increased endothelial permeability and leukocyte transmigration [56], which potentially 

mediates tumor progression and invasion. The mechanisms by which the ECM regulates the 

vascular network in breast cancer are still poorly understood. Further studies are needed to 

establish the mechanistic underpinnings of breast tumor stiffness and angiogenesis/

vasculogenesis to predict patient response to anti-angiogenic treatments.

5 ECM and metastasis

5.1 ECM facilitates formation of the pre-metastatic niche

Thus far, we have addressed the role of the ECM in primary breast tumor progression. These 

primary tumors must now acquire additional properties to be able to metastasize to distant 

organs. The formation of the pre-metastatic niche is crucial to the process of metastasis. Pre-

metastatic niche formation involves the preparation of distant sites for oncogenic 

colonization, prior to the arrival of the disseminated tumor cells [57]. Most often, there is a 

pattern by which tumor cells from a given primary site metastasize to a secondary site. In 

breast cancer, upon breaching the BM, the tumor cells enter systemic circulation and 

colonize specifically in the lung, liver, brain, or bone [58, 59]. The pertinent question is what 

makes these secondary organs specifically habitable to the primary tumor cells? Emerging 

evidence implicates the ECM in creating tumor-hospitable pre-metastatic niches. For 

example, the collagen cross-linking protein LOX is crucial to invasion and its inhibition 

leads to decreased metastasis [60, 61]. Additionally, increased fibronectin expression 

observed at the secondary sites regulates the development of the pre-metastatic niche [62].

In breast cancer, the recruitment of myeloid-derived suppressor cells (MDSCs) to the pre-

metastatic site is necessary for the remodeling of the ECM to potentially render it “pro-

metastatic.” The MDSCs mobilized to the pre-metastatic niche serve to create an immune-

suppressive microenvironment in the lung, to facilitate proliferation of the arriving tumor 

cells [63]. In mice models of breast cancer, the CD11b+ Ly6Chigh MDSCs recruited to the 

pre-metastatic lung secrete the ECM proteoglycan versican, which facilitates mesenchymal-

to-epithelial transition of breast tumor cells, enhances their proliferation, and accelerates 

metastases [64]. Importantly, knockdown of versican significantly decreases the metastatic 

burden in the lung and versican is found to be upregulated more so in metastatic lungs of 

patients compared to healthy controls [64], implicating the importance of ECM in creating a 

tumor-hospitable niche.

LOX, a potent modulator of the ECM, cross-links collagen fibers and increases matrix 

stiffness [30, 65, 66]. Hypoxic breast cancer cells secrete LOX, which accumulates with 

fibronectin in the pre-metastatic niche and cross-links collagen IV in the lung BM [67]. The 

CD11b+ Gb1+ MDSCs recruited to the pre-metastatic sites [68] adhere to the remodeled 

ECM and secrete matrix metalloproteinases (MMPs), which degrade the matrix collagen 

releasing collagen IV peptides. These chemoattractive peptides create a positive loop, 

attracting more MDSCs to the pre-metastatic lung, thereby creating a pre-metastatic niche. 

Enzymatic inhibition of LOX decreases MDSC recruitment and metastasis [67, 69]. In 

orthotopic breast cancer models in mice, knockdown of LOX and LOXL4 led to decreased 
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collagen cross-linking and reduced recruitment of CD11b+ cells in the pre-metastatic lungs, 

ultimately inhibiting metastasis [70]. More recently, hypoxia-regulated LOX was seen to 

increase bone metastasis in ER-negative breast cancer patient samples [60]. Interestingly, 

fibronectin upregulates the enzymatic activity of LOX [71], potentially contributing to LOX-

induced ECM stiffening of the pre-metastatic niche.

Fibronectin is often upregulated in the pre-metastatic niche [62]. Fibroblasts secrete 

fibronectin in distant target organs, which binds to the integrin α4β1 (also known as VLA-4) 

expressed on the infiltrating VEGFR1+ bone marrow-derived hematopoietic progenitor cells 

(HPCs) [68]. The interaction between fibronectin and α4β1 is essential for formation of 

VEGFR1+ HPC clusters, and inhibition of these clusters prevents metastasis [68]. 

Additionally, fibronectin-integrin interaction in these pre-metastatic clusters leads to 

upregulation of MMPs, which further remodel the ECM, making it conducive to tumor cell 

infiltration [68]. ECM-integrin interactions facilitate the homing in of the tumor cells to the 

pre-metastatic niche [72]. As mentioned earlier, breast tumor cells specifically home into the 

lung, liver, bone, and brain. The sorting of the breast tumor cells into these different organs 

is still not well understood. Emergent knowledge attributes this to the presence of specific 

integrins on the exosomes that dictate the precise location of the pre-metastatic niche [73]. 

Exosomal integrins (ITGs) guide organ-specific metastasis by fusing with the target cells 

and initiating the pre-metastatic niche formation [73]. Exosomes directed to the lung express 

integrin alpha 6 (ITGα6), while those directed to the liver express ITGβ5. The lung-tropic 

ITGs fused with resident S100A4+ fibroblasts within the laminin-rich lung 

microenvironments. These exosomes serve to “educate” the lung by allowing ITGs to adhere 

to specific ECM environments, priming them for the incoming breast cancer cells [73].

5.2 Stromal remodeling is essential for metastasis

The pre-metastatic niche creates a tumor-hospitable environment at the secondary metastatic 

site prior to metastatic colonization. After their arrival at a second site of growth, tumor cells 

further remodel the environment around them to create favorable growth conditions. The 

contribution of the ECM to the formation of pre-metastatic and metastatic niches is depicted 

in Fig. 2. Experimental evidence suggests that tumor cell dissemination occurs early in 

tumorigenesis and a large proportion of patients present with metastatic disease at the time 

of diagnosis [74, 75]. Interestingly, remodeling of the lymph node ECM occurs in models of 

experimental metastasis without a primary tumor mass, suggesting that these systemic 

changes occur directly through the tumor cell secretome [76]. A number of ECM proteins 

are involved in the formation of a metastatic niche in breast cancer, including collagen, 

fibronection, tenascin C, versican, and periostin, among others [72]. The deposition of 

collagens has been noted in the secondary sites of organs common to breast cancer 

metastasis such as the lymph node and the bone [76, 77].

It has been proposed that the acquisition of stem-like characteristics is necessary for 

metastasis to the lung, a phenotype promoted via optimal stromal cues [78]. Tenascin C, via 

the notch and wnt pathways, regulates this stem-like phenotype, and its expression by 

metastatic tumor cells is important to successful colonization [79]. S100A4+ fibroblasts 

mediate stromal tenascin C deposition in the lung and metastatic outgrowth of breast cancer 
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cells [80]. Additionally, expression of periostin, via wnt signaling, is enhanced in the lungs 

following metastatic colonization and essential for the outgrowth of tumor cells [81]. The 

disruption of interactions between the tumor cell integrins and the newly created ECM of the 

secondary site prevents acquisition of stem-like phenotype and limits metastatic tumor 

growth [82, 83].

While the contribution of specific ECM components to the formation of the pre-metastatic 

and metastatic niches is better understood, much less is known about how tissue stiffness 

facilitates metastasis. For example, while it is known that LOX is crucial to the formation of 

the pre-metastatic niche [67] and that LOX leads to increased stiffness, the mechanical 

properties of the target site remain unclear. Does the pre-metastatic lung become stiffer with 

increased deposition of LOX, periostin, fibronectin, tenascin C, versican, and collagen? 

Does this stiffness further perpetrate, or even initiate, infiltration of both tumor cells as well 

as pro-metastatic immune and stromal cells? What is the individual or combined 

contribution of these components to the pre-metastatic and the metastatic ECM topology and 

architecture? What is the interplay between the matrix-building ECM constituents (such as 

LOX) and the matrix-degrading MMPs, and how are they spatially and temporally regulated 

to fine-tune the metastatic process? The knowledge of the biophysical nature of the ECM 

encompassing stiffness, porosity, linearization and cross-linking, in the pre-metastatic and 

metastatic niches, will allow detection of the degree of metastatic spread as well as shed 

light on the ECM-mediated therapeutic resistance.

6 ECM mediates treatment resistance

The biophysical characteristics of the ECM can affect the treatment outcome of patients with 

breast cancer. Using shear-wave elastography, it was found that patients with softer breast 

tumors were more responsive to treatment as compared to those with stiffer tumors [84]. 

Moreover, the ECM secreted protein acidic and rich in cysteine (SPARC) signature was 

associated with resistance to chemotherapy in Her2+ breast cancers [85]. Indeed, as 

described previously, a stiffer substrate can perpetuate cell proliferation, invasion, 

vasculogenesis, and pro-oncogenic immune infiltration. Thus, it is logical to infer that a stiff 

tumor microenvironment facilitates resistance to therapy, allowing the tumor niche to thrive 

despite exposure to cytotoxic insult. There are a number of ways in which the ECM can 

mediate treatment resistance (Fig. 3).

6.1 Limiting drug penetration

Collagen, glycosaminoglycans, and decorin are a few of the ECM components that create a 

protective scaffold around and throughout the tumor, limiting the diffusion of 

chemotherapeutic agents [86, 87]. This may be due, in part, to increased ECM stiffness as a 

result of increased deposition and cross-linking of components, such as collagen [87]. Drug 

penetrance was enhanced when collagen-rich tumors were treated with collagenase [87]. 

Interestingly, it was found that the amount of collagen, but not its orientation, was essential 

to impede drug penetration [88]. Additionally, the high interstitial pressure and compression 

forces within the tumor micro-environment [6] can contribute to increased ECM stiffness 

and ineffective drug delivery to the target site. A stromal gene expression signature 
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consisting of ECM proteins such as collagens, SPARC, periostin, thrombospondins, and 

decorin is associated with poor therapeutic outcome in breast cancer patients treated with 

anthracycline-based drugs [89]. ECM is also implicated in perpetrating resistance to other 

chemotherapeutic agents such as doxorubicin [90], tamoxifen [91], and antibody-based 

agents [92]. Thus, the ECM is likely to provide a protective encasement for the tumor 

against anti-cancer agents, thereby promoting carcinogenic progression.

6.2 Contact-mediated resistance

Integrin and non-integrin adhesions anchor the tumors cells to the ECM and provide 

proliferation, differentiation, and invasion signals. Additionally, they perpetuate 

chemoresistance in tumors [93]. In breast cancer, differential expression of certain integrins 

dictates the degree of tumor aggression [94]. For example, αVβ3 integrin mediates 

metastasis of breast cancer to bone [95]. Additionally, β3 integrins mediate resistance to 

EGFR inhibitors erlotinib and lapatinib, in addition to driving a stem-like phenotype [96], 

which further thwarts the cytotoxic effects of chemotherapeutic agents. β1 integrin is 

associated with dormant cells, which are particularly resistant to both chemotherapy and 

radiation [97]. Much less is known about the role of non-integrin discoidin receptors in 

mediating resistance to therapy in breast cancer. It is shown that the discoidin receptor, 

DDR1, facilitates chemoresistance via the NF-κβ pathway [98]. Given that discoidin 

receptors promote tumor progression independently, as well as through interactions with 

integrins, such as α2β1 integrin [99], it will be worthwhile to investigate their role, together 

with that of integrins, in promoting chemoresistance.

6.3 Increased hypoxia and stemness

As previously discussed, breast tumor cells secrete LOX, which stiffens the ECM and can 

promote the formation of a pre-metastatic niche in the lung [67]. Additionally, LOX is 

essential for driving hypoxia-induced metastasis as evidenced by using LOX inhibitors that 

inhibit metastasis even in the presence of hypoxia [69]. While the expression of LOX is 

regulated by hypoxia-inducible factor-1 (HIF-1) [69], the possibility of a feedback 

mechanism wherein hypoxia drives LOX expression and vice versa cannot be discounted. 

Tumor stiffness can lead to increased tumor cell proliferation and vascular remodeling, 

which could maintain, if not initiate, a hypoxic environment. Presence of hypoxia is 

correlated with poor prognosis and treatment resistance in breast cancer patients [100]. 

Recently, it was shown that hypoxic and stiff breast tumors promote proliferation of breast 

cancer stem-like cells [101], which, in turn, can mediate resistance to therapy [102].

6.4 Induction of dormancy

Tumor dormancy is a state in which primary or disseminated tumor cells exit the 

proliferative cell cycle phase and enter a quiescent, non-dividing phase. Dormant breast 

tumor cells are highly resistant to chemotherapy drugs, which essentially target actively 

proliferating cells, allowing these quiescent cells to persist and form micrometastases at a 

later time [103]. Fibronectin production, phosphorylated myosin light chain kinase 

(pMLCK), and β1 integrin mediate the switch from dormant to proliferative state [104]. The 

resultant proliferating cells display actin stress fibers making them highly contractile [104], 

possibly in response to a stiffening ECM due to fibronectin deposition and increased β1 
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integrin-mediated adhesion. Interestingly, in hepatocellular carcinoma, softer substrates are 

shown to induce cellular dormancy while stiffer substrates can facilitate proliferation and 

therapeutic resistance [105]. This was also shown in vitro in breast and lung cancer cell lines 

[106]. It is postulated that at the primary site, the tumor cells encounter a stiff matrix which 

facilitates invasion, whereas at the secondary site, the cells encounter a softer matrix which 

triggers their switch to dormancy [105]. These studies provide interesting perspectives on 

ECM heterogeneity. Additionally, they provide rationale for the premise that not all 

therapies targeting a stiff ECM will lead to effective treatment outcomes, as softer matrices 

may play complementary roles in treatment resistance. Thus, when developing therapeutic 

strategies, it is imperative to consider the heterogeneity of the oncogenic ECM rather than 

isolated characteristics such as increased stiffness.

6.5 Treatment-induced ECM remodeling

A number of anti-cancer agents can induce ECM remodeling, which serves as a 

compensatory mechanism to promote treatment resistance. In breast cancer models, 

doxorubicin increases the expression of the ECM protein fibulin, which, in turn, can 

promote resistance of breast cancer cells to doxorubicin [107]. Chemotherapeutic agents can 

also potentially modulate ECM remodeling via other indirect mechanisms such as by 

promoting the conversion of normal stromal fibroblasts to CAFs [108], which secrete 

fibronectin and collagen leading to extensive ECM remodeling [109]. In addition to 

chemotherapy, radiation therapy is also documented to induce stiffness of tumor tissue 

leading to treatment resistance [110]. Ionizing radiation leads to increased LOX secretion in 

a hypoxia-dependent manner [110], which may provide an explanation as to the increased 

frequency of tumor recurrence after radiation treatment. Thus, chemotherapeutic drugs 

themselves, along with radiation, can lead to ECM remodeling, which can further promote 

tumor progression, resistance to treatment, and possible recurrence of the disease.

7 Therapeutic targeting of tumor ECM

Given the profound effect that the ECM and matrix mechanics have on tumor progression, 

targeting the ECM may prove highly tractable. Such a goal can be achieved in two different 

ways: (1) by targeting the stroma and (2) by targeting the cellular responses to the stroma. 

Targeting the stroma involves reversing the tumor-induced changes to the ECM to subdue 

increased tissue mechanics and likely tumor progression. In pre-clinical models, normalizing 

the tumor stroma through the inhibition of TGF-β signaling decreases collagen deposition 

and increases vascular permeability, significantly slowing down tumor growth and 

enhancing therapeutic response [111]. However, while pre-clinical systems show beneficial 

outcomes, the pleiotropic nature of TGF-β signaling makes clinical trials far more 

complicated. The use of agents specifically targeting ECM components to reduce tissue 

rigidity has also been shown to be efficacious in slowing tumor progression [69, 112]. The 

use of hyaluronidase to degrade extracellular hyaluronic acid is effective in not only slowing 

tumor growth but also relieving solid stresses to enhance penetrance and response to 

chemotherapeutic treatment [113, 114]. Given the positive potential of the pre-clinical 

studies in breast and other cancer types, numerous clinical trials have been initiated using 

neoadjuvant hyaluronidase, including for metastatic breast cancer (NCT02753595). 
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Approaches targeting the maturation of collagen through the inhibition of cross-linking 

enzymes have also shown promise in pre-clinical models. The enzymatic LOX inhibitor 

Beta-aminoproprionitrile (BAPN) significantly reduces collagen deposition, tumor cell 

invasion, and metastasis in spontaneous and orthotopic models of breast cancer [69, 115]. 

The allosteric LOXL2 inhibitor diminishes desmoplastic response and prevents tumor cell 

metastasis in numerous cancer models [116]. Novel approaches of depleting copper with 

tetrathiomolybdate in phase I and phase II clinical trials decrease lung metastasis, LOX 

activity, and collagen cross-linking in high-risk breast cancer patients [117]. These 

approaches have yet to be investigated in clinical trials but offer novel approaches with 

significant potential for clinical application.

A second means by which to prevent the potential pro-tumorigenic effects of ECM 

deposition and tissue mechanics is to inhibit the cellular responses to these cues. The most 

prominent means of converting mechanical cues into biochemical responses is through 

integrin-mediated FAK phosphorylation. The inhibition of this phosphorylation event 

prevents the induction of downstream signaling events. Currently, FAK inhibitors have 

shown significant pre-clinical efficacy both through genetic and pharmacological 

manipulations [118–121]. The targeted attenuation of FAK activity through either direct 

kinase blocking or phosphorylation blocking has been tested and showed significant promise 

in phase I clinical trials (NCT00666926 and NCT00996671). In a neoadjuvant setting, loss 

of FAK activity in tumor cells holds significant promise, yet the systemic effects and 

compensatory mechanisms employed by the tumor have yet to be established.

8 Conclusion

The heterogeneity of breast cancer is largely due to the dynamic nature of its ECM. During 

normal mammary development, the ECM undergoes constant remodeling, albeit under 

tightly regulated conditions. Breast cancer results when there is an imbalance in this process 

and the ECM becomes dysregulated and disorganized. Fundamental differences exist in the 

ECM of the normal breast versus that of breast tumor, in terms of rigidity, composition, 

organization, and cross-linking. It is now being widely acknowledged that the ECM is not a 

passive bystander during cancer progression. Rather, it participates actively, both physically 

and biochemically, in the evolution from pre-malignant DCIS to malignant IDC. 

Additionally, it can provide the necessary ingredients for creation of a pre-metastatic niche 

in a distant organ such as the lung, brain, or bone, followed by metastatic colonization by the 

primary tumor cells.

Tumor growth and invasion can occur when there is a balance between ECM deposition and 

degradation. CAFs and epithelial cells contribute to deposition by secreting ECM 

components such as fibronectin and collagen. Interestingly, these cells also secrete ECM-

degrading enzymes such as MMPs and collagenases, when it is suitable for the tumor cells 

to breakdown the BM and begin the process of invasion. Thus, ECM homeostasis while 

dysregulated in cancer is still governed by feedback mechanisms that balance deposition and 

degradation. The contributions of ECM dynamics to breast cancer and metastasis are now 

beginning to be unraveled, and understanding the feedback circuits that control the ECM 
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architecture will facilitate optimal design of therapeutic interventions that can target these 

dynamics and potentially prevent breast tumors from advancing to malignancy.
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Key unanswered questions

1. Does the ECM contribute to cancer initiation and, if so, how early in 

the process of oncogenesis is the ECM involved? Can tumorigenesis be 

prevented by targeting early tumor-stroma interactions?

2. What is the interplay between ECM deposition and degradation? What 

are the mechanisms that control their spatial and temporal regulation 

during breast cancer?

3. While it is known that specific immune cells are recruited based on the 

ECM rigidity, how are these signals conveyed to the immune cells? 

Once recruited, how is their interaction with the matrix important in 

their regulation of tumorigenesis?

4. Given that the ECM is an important factor for tumor cell survival and 

migration, what happens to tumor cells in circulation while they are in 

transit between the primary and distant secondary sites?

5. What mechanisms control the long-range communication between the 

primary and the secondary sites, wherein cues procured from the 

primary breast tumor allow ECM remodeling in the lung? Additionally, 

what factors decide whether the distant site for breast cancer metastasis 

will be lung, bone, brain, or liver?

6. While stiff substrates can facilitate breast tumor proliferation, softer 

substrates can promote dormancy. How do we design optimal 

therapeutic strategies to combat both rigid and compliant matrices 

without affecting normal breast tissue?
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Fig. 1. 
ECM dynamics and breast cancer progression. The normal mammary gland is characterized 

by a well-defined layer of epithelial cells around a central lumen. It is surrounded by a layer 

of contractile myoepithelial cells, which, in turn, is encased by the basement membrane. The 

interstitial matrix or the stroma surrounds this structure and comprises of randomly 

organized fibrillar collagen. The stroma also hosts fibroblasts and immune cells that function 

in ECM maintenance, immune surveillance, and mammary homeostasis. During ductal 

carcinoma in situ (DCIS), the epithelial cells undergo unregulated proliferation and start 

infiltrating into the central lumen. The ECM fibrils (collagen) are cross-linked and organized 

in bundles parallel to the tumor boundary. Stromal composition is altered with the 

appearance of cancer-associated fibroblasts and immune cells. During invasive ductal 

carcinoma (IDC), the lumen is almost completely filled with epithelial cancer cells. The 

ECM fibrils undergo further cross-linking and organized themselves perpendicular to the 

tumor boundary to provide migration tracks for the tumor cells to invade into neighboring 

tissue and blood vessels. Overall, the progression from normal mammary tissue to IDC is 

accompanied by increasing ECM stiffness, altered ECM composition, and aberrant 

mechanosignaling
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Fig. 2. 
Stromal dynamics in the pre-metastatic and metastatic niches. Using the lung as an example, 

the normal lung contains mostly alveolar epithelium with high penetration of blood vessels 

and little stromal content. Systemic changes are elicited by the primary tumor prior to 

dissemination and formation of overt metastatic lesions including the influx of specific 

immune cells such as immature monocytes, activation of fibroblasts, and increased 

deposition of ECM components such as collagen and fibronectin. Such features are 

progressively exacerbated during the formation of tumors at the secondary site and essential 

to continued growth

Kaushik et al. Page 22

Cancer Metastasis Rev. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Mechanisms of treatment resistance. The breast cancer ECM mediates resistance to 

chemotherapy and radiation therapy in a number of ways. (i) Adhesion-mediated resistance 

entails aberrant mechanosignaling, upregulation of certain tumor-promoting integrins and 

non-integrins, and integrin clustering resulting in chemotherapeutic resistance. (ii) Hypoxia 

and stemness are known perpetrators of chemotherapeutic resistance. ECM is postulated to 

be involved in feedforward mechanisms wherein increased ECM stiffness increases hypoxia 

and stemness and subsequently resistance to anti-cancer agents. (iii) Impaired drug 

penetration occurs due to increasingly rigid ECM that physically inhibits cytotoxic 

molecules to reach the tumor cells. (iv) Dormant cells, induced by ECM mechanics, are 

inherently resistant to chemotherapeutic agents that target actively proliferating cells. Thus, 

dormancy within the tumor microenvironment ensures survival of these resistant tumor cells 

and their activation and proliferation at a suitable time. (v) Chemotherapeutic drugs mediate 

conversion of normal fibroblasts to cancer-associated fibroblasts (CAFs). These secrete 

fibronectin and collagen causing extensive ECM remodeling and facilitating chemotherapy-

induced alterations in the ECM and resistance to treatment
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