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Abstract

Breast cancer cells recruit surrounding stromal cells, such as cancer-associated fibroblasts (CAFs), 

to remodel their extracellular matrix (ECM) and promote invasive tumor growth. Two major ECM 

components, fibronectin (Fn) and collagen I (Col I), are known to interact with each other to 

regulate cellular behavior. In this study, we seek to understand how Fn and Col I interplay and 

promote a dysregulated signaling pathway to facilitate tumor progression. Specifically, we 

investigated the evolution of tumor-conditioned stromal ECM composition, structure, and 

relaxation. Furthermore, we assessed how evolving Fn-Col I interactions gradually affected pro-

angiogenic signaling. Our data first indicate that CAFs initially assembled a strained, viscous, and 

unfolded Fn matrix. This early altered Fn matrix was later remodeled into a thick Col I-rich matrix 

that was characteristic of a dense tumor mass. Next, our results suggest that this ECM remodeling 

was primarily mediated by matrix metalloproteinases (MMPs). This MMP activity caused 

profound structural and mechanical changes in the developing ECM, which then modified vascular 

endothelial growth factor (VEGF) secretion by CAFs and matrix sequestration. Collectively, these 

findings enhance our understanding of the mechanisms by which Fn and Col I synergistically 

interplay in promoting a sustained altered signaling cascade to remodel the breast tumor stroma 

for invasive breast tumor growth.
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1. Introduction

Particular focus has been placed on studying the altered extracellular matrix (ECM) during 

tumorigenesis, as it provides biochemical and biomechanical cues that alter cellular 

functions [1,2]. Fibronectin (Fn), a major ECM glycoprotein, regulates cell signaling and 

behavior in both physiological and pathological conditions. Fn is a mechanotransducer 

protein: cell-induced conformational changes affect cell adhesion and growth factor binding 

[3]. Cancer cells, unable to assemble their own Fn matrix, signal surrounding cells in the 

stroma such as cancer-associated fibroblasts (CAFs) to up-regulate Fn [4]. These tumor-

secreted factors mediate the early stromal assembly of a thick, dense, and stretched Fn 

matrix comprising highly unfolded molecules [5]. This altered Fn matrix not only exhibits 

increased stiffness and viscosity, but also mediates enhanced pro-angiogenic signaling [6]. 

Collagen I (Col I) is another prominent ECM protein with multiple contributions to 

tumorigenesis [7,8]. Col I deposition is primarily dependent on previously assembled Fn 

matrices [9–12]. Therefore, assessing how Fn-Col I interactions are altered during 

tumorigenesis is critical to our understanding of tumor stroma modifications that mediate 

invasive tumor growth.

In this study, we seek to elucidate the dynamics of tumor conditioned (TC)-ECM assembly. 

Specifically, we (i) assessed composition, topology, conformation, and relaxation of the 

composite TC-ECM (Fn and Col I) over time, (ii) evaluated how matrix metalloproteinase 

(MMPs) activity contributed to altered TC-ECM evolution, and (iii) determined subsequent 

changes in pro-angiogenic activity by quantifying both secreted and matrix-bound vascular 

endothelial growth factor (VEGF) in TC-ECM conditions.

2. Results and Discussion

2.1. Topological and conformational evolution of the tumor-conditioned (TC) matrix

ECM assembled by control (c−) and TC-pre-adipocytes, a model of cancer-associated 

fibroblasts in the peritumoral region, were cultured over a period of 9 days to evaluate the 

deposition and remodeling of both Fn and Col I. Previous studies have shown that these cells 

initially deposit a TC-Fn matrix that exhibits altered structural [5] and mechanical properties 

[5,6]. We sought to understand how the altered materials properties of the TC-Fn matrix 

propagate over time: more specifically, how these early structural changes to Fn, affect 

downstream Col I deposition and contribute to stromal changes during tumorigenesis.

Immunofluorescence of c- and TC-ECM portrayed an initial (Day 1) ECM composed 

primarily of Fn (Figure 1a; Day 1 & SI Figure 1). Early TC-Fn fibers were thinner than c-Fn 

fibers (Figure 1b; Fn Day 1: 0.84 μm vs. 0.87 μm; p < 0.05), which is likely due to higher 

strain (higher linearity) of TC-Fn fibers (Figure 1c; Fn Day 1: 0.91 vs. 0.88). These TC-Fn 

fibers also comprised more unfolded Fn molecules, as indicated by the lower FRET intensity 
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ratios (FRET IR) (Figure 1d,e; FRET maps: low FRET IR color-coded blue and high FRET 

IR color-coded red; FRET Day 1: 2.303 vs. 2.566; p < 0.0001). The initial structural 

changes to the TC-Fn matrix likely modified cell-Fn and Fn-Col interactions by exposing/

disrupting cryptic binding sites on Fn [13–15]. Furthermore, subtle increases in fiber 

diameters and unfolding of Fn molecules within fibers, suggest that ligand density on TC-Fn 

fibers may have increased either via fiber surface area or fiber volume [14]. However, as the 

resolution of our confocal microscopy experiments is around 200 nm, thinner fibers–which 

could be as thin as 12 nm [16] – may have been missed, and may have led us to overestimate 

fiber diameter.

An established Fn matrix is generally required for the assembly of other ECM proteins such 

as fibrillins [17] and collagens [9]. However, one study reports collagen deposition in the 

absence of Fn through transforming growth factor-β1 (TGF-β1) compensation [18], which 

may explain the presence of sparse and linearized TC-Col I fibers found at Day 1 (Figure 1a; 

Col I Day 1: 0.79 μm vs. 0.79 μm; Figure 1c; Col I Day 1: 0.89 vs. 0.85). TGF-β1 was 

previously shown to be a major component of the TC media used to pre-condition the pre-

adipocytes in our study [5]. Additionally, Fn and procollagen have been found to co-localize 

within similar cellular compartments of fibroblasts during secretion [19], which may also 

contribute to the occasional co-assembly of Fn and Col I in early c-ECMs (Figure 1a; Day 1, 

white arrowheads).

By Day 5, numerous thin TC-Fn fibers overlapped with thick bundles of TC-Col I fibers 

(Figure 1a white regions of fibers indicate co-localization of Fn and Col I). However, in c-

ECM, only fragmented/digested Fn and thin Col I fibers were present. By Day 9, more 

differences arose between c- and TC-ECM (Figure 1a; Day 9). The TC-Fn matrix was 

replaced by a rich Col I network exhibiting thick TC-Col I fibers (Figure 1b; Col I Day 9: 

0.9 μm vs. 0.76 μm; p < 0.0001). The remaining TC-Fn fibers were consistently thicker 

(Figure 1b; Fn Day 9: 0.75 μm vs. 0.66 μm) and more unfolded than their control 

counterparts (Figure 1d,e; FRET Day 9: 2.552 vs. 2.975; p < 0.0001). Overall, higher FRET 

IR was measured in both c- and TC-Fn fibers at later times, when Col I was predominant in 

the ECM (Figure 1e; Day 9 vs. Day 1). This effect can be attributed to the concomitant 

binding of Col I to FnI6FnII1–2FnI7 and FnI8–9 (gelatin binding domain of Fn), which 

maintains Fn in a more relaxed/compact conformation by stabilizing the kink between FnI7 

and FnI8 [12,20].

Interestingly, the initially higher linearity of both TC-Fn and TC-Col I fibers decreased at 

Day 5 (Figure 1c; Fn Day 5: 0.87 vs. 0.89; Col I Day 5: 0.82 vs. 0.85; p < 0.05) before 

converging towards values similar to that of control fibers at Day 9 (Figure 1c; Fn Day 9: 

0.88 vs. 0.88; Col I Day 9: 0.88 vs. 0.88). This convergence to steady-state (ideal) linearity 

values suggests that individual fiber strain (and associated long-range force transmission 

between cells) [21,22] may be crucial in the developing ECM, but irrelevant in the mature 

ECM present in bulk tissues once Fn-Col I synergy is well established.

Also, previous single Col I fiber mechanical characterization reports a tensile elastic 

modulus of 123 MPa [23], which is far higher than the ~3.5 MPa value measured on Fn 

fibers when stretched up to 700% [24]. Therefore, the role of thick and stiff Col I fibers in 
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mature ECMs is likely to bear most of the microenvironmental tension. Thus enabling 

initially strained Fn fibers to relax, and consequently decrease the amount of unfolded 

modules present in individual fibers. TC-Fn’s more relaxed conformations within the mature 

ECM would then lead to enhanced Col I deposition [12] and cellular migration [25] to 

promote a dysregulated feedback loop for tumor progression.

Previous studies have shown that Col I requires the initial assembly of a Fn matrix template 

for subsequent fibrillogenesis [9,10]. Collectively, our data suggest that the altered 

morphology and conformation of early deposited TC-Fn fibers lead to the assembly of an 

altered Col I matrix in the tumor stroma. Later, these mature dysregulated Col I fibers are 

only able to partially stabilize Fn against unfolding (as indicated by the persistent lower 

FRET IR in TC-Fn fibers at Day 9). Consequently, once altered Col I is assembled into 

mature ECM, its bulk tissue topology may be the driving force of altered tumor stroma 

mechanotransduction.

2.2. Mechanical relaxation of TC-Fn fibers

In the viscoelastic and composite ECM, individual Fn fibers are themselves highly 

viscoelastic [24,26,27] and heterogeneous elements that consist of several coexisting 

molecular conformations (ranging from compact/relaxed to extended/unfolded) [28,29]. 

During ECM evolution, Fn fibers are assembled, stretched and/or cleaved. Fn fibers undergo 

multiple cycles of dynamical strain and relaxation, as cells reorganize and remodel the entire 

fibrillar network (SI movies). In agreement with previous studies of Fn fiber reorganization 

[30], we observed that globular Fn patches were either translocated to pursue Fn fiber 

extension or digested after fiber breakage. We first assessed Fn fiber kinetics by tracking 

individual fibers and by measuring the decay of their length after breakage over time to 

obtain mean retraction velocities. All c- and TC-Fn fiber retraction velocities (μm/min) 

decreased significantly over time (Figure 2a: TC-Fn: Day 1 = 0.33 μm/min; p < 0.05. Day 5 

= 0.21 μm/min; p < 0.0001. Day 8 = 0.22 μm/min; p < 0.001; c-Fn: Day 5 = 0.2 μm/min; p < 

0.0001. Day 8 = 0.21 μm/min; p < 0.0001) compared to the c-Fn fiber retraction velocity at 

Day 1 (0.57 μm/min). To determine single Fn fiber relaxation more accurately, we next fitted 

our fiber data to single exponential decays and extracted individual relaxation times (SI 

Figure 2). Interestingly, our analysis revealed overall longer relaxation times, τ (min), for 

TC-Fn fibers than for c-Fn fibers (Figure 2b: TC-Fn: Day 1 = 21.8 min. Day 5 = 38.9 min. 

Day 8 = 45.4 min; c-Fn: Day 1 = 11.5 min; Day 5 = 14.3 min; Day 8 = 26.8 min). 

Additionally, as the ECM evolved from a sparse Fn matrix to a denser composite Fn-Col I 

network, longer relaxation times were measured for all Fn fibers.

Although we previously reported 2 different relaxation regimes (fast and slow) and longer 

relaxation times for TC-Fn at the matrix level [6], here we provide the first evidence, to our 

knowledge, of longer relaxations for TC-Fn at the fiber level. These new data suggest that 

the longer relaxation times observed at the matrix level in TC conditions [6] are mainly due 

to viscoelasticity. Solvent redistribution through the matrix pores, or poroelasticity, would 

lead to relaxation times on the order of a few seconds [31]. But conformational/structural 

changes in the Fn network, or viscoelasticity, would lead to relaxation times on the order of 

minutes. Additionally, our present results indicate that viscous changes are taking place not 
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only between but also within individual fibers comprising the TC matrix. This enhanced 

viscoelasticity of TC-Fn fibers may be attributed to a more rapid assembly/reorganization of 

these fibers into a deoxycholate-insoluble form [32], leading to inherent changes in the 

overlap and cross-linked arrangement of Fn molecules within fibers [33]. The misfolding 

would in turn affect Fn molecules’ pathway to re-assemble into their native globular state 

[34], and the overall time Fn fibers take to unfold/refold properly [23]. Additionally, the 

thicker TC-Fn fibers may entrap more interstitial fluid within their core, which may slow 

down their individual dynamics [35,36]. Variability in fiber relaxation times may be due to 

mixed populations of Fn fibers analyzed (fibers located at both the leading edge and the rear 

edge of cells were monitored [37]) and/or to heterogeneous local tension in the network 

[38]. Finally, the presence of a concomitant Col I network [7,39] in the mature TC-ECM 

may induce additional noncovalent hindrance of Fn fiber kinetics over time [40]. Though 

Col I fibers were not noticeable in the SI movies, as only Fn was immunofluorescent, Col I 

fibers were present (Figure 1a and SI Figure 1). Whether it is co-localized or not, the dense 

network of thicker and stiffer Col I fibers, with its own viscoelastic properties [23], likely 

interferes with individual Fn fiber relaxation (friction, entanglement) [41].

Collectively, our results indicate that, besides being thicker and more unfolded, individual 

TC-Fn fibers are also more viscous than their control counterparts. Moreover, the longer 

relaxation times measured in TC samples increase as the ECM is developing. The enhanced 

viscosity in the ECM likely contributes to sustaining tumorigenesis by ensuring: (i) altered 

interplay with Col I and (ii) altered mechanosignaling to surrounding cells, over longer 

times.

2.3. Matrix metalloproteinase (MMP) contributions to altered TC matrix remodeling

Then, we sought to elucidate the evolution of the altered TC ECM. One mechanism that may 

play a role in physically remodeling the TC ECM is MMP activity. MMPs not only 

proteolytically digest ECM proteins [42,43], but also for example, render ECM proteins into 

bioactive fragments that could aid in proliferation [44]. Furthermore, MMPs may also have 

non-proteolytic functions in modulating a multitude of cellular behaviors such as migration 

[45]. As a means of assessing MMP contributions during TC-ECM remodeling in a holistic 

manner, a broad spectrum MMP inhibitor, Batimastat, was utilized in parallel experiments. 

Immunofluorescence of MMP inhibited (MI/) TC-ECM displayed a radically different 

distribution of Fn and Col I over time (Figure 3a) compared with that of TC-ECM in Figure 

1a. MI/TC-ECM revealed a prevailing dense Fn network consisting of thick and aligned 

fibers (Figure 3b; Fn Day 1: 0.92 μm; p < 0.01 (c-Fn); p < 0.0001 (TC-Fn), Day 5: 0.88 μm; 

p < 0.0001 (c-Fn & TC-Fn), Day 9: 0.8 μm; p < 0.0001 (c-Fn); p < 0.01 (TC-Fn)). These 

data suggest that, when unable to degrade/remodel the previous ECM network, TC-cells 

utilize the previously assembled Fn as an underlying framework to pursue Fn deposition.

Although MI/TC-Fn fibers were under low/normal strain at Day 1 and 9, they were 

significantly more strained than TC-Fn fibers at Day 5 (Figure 3c; Fn Day 1: Day 1: 0.89, 

Day 5: 0.92; p < 0.05, Day 9: 0.87). MI/TC-Fn fibers were likely under different mechanical 

strains, as very few Col I fibers were present in the ECM to stabilize them against unfolding 

by cell traction forces. Indeed, the MI/TC-Col I fibers deposited were sparse and very thin 
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(Figure 3b; Col I Day 1: 0.78 μm, Day 5: 0.67 μm; p < 0.0001 (c-Fn & TC-Fn), Day 9: 0.84 

μm; p < 0.0001 (c-Fn); p < 0.001 (TC-Fn)). MMP activity is likely critical for tumor stroma 

remodeling, in particular for TC-cells to proteolytically degrade and remodel TC-Fn, in 

order to expose Col I binding sites for downstream TC-Col I deposition. Specifically, MT-

MMP1 (MMP 14), a major MMP inactivated by Batimastat, is essential for Fn cleavage [46] 

and endocytosis [47]. MT-MMP1 is also implicated in collagen turnover during normal 

tissue homeostasis [48]. The few MI/TC-Col I fibers present were nearly as strained (linear) 

as c-Col I fibers (Figure 3c; Col I Day 1: 0.83, Day 5: 0.86, Day 9: 0.89). Similarly to c- and 

TC- fibers, the linearity of all MI/ fibers converged at Day 9, which suggests an optimal 

individual fiber strain in the mature ECM, even when inhibited MMP activity restrains ECM 

remodeling.

Together, our inhibition studies reveal the crucial role of MMP activity during tumor 

progression in remodeling stromal Fn to enable subsequent Col I fibrillogenesis. The 

presence of a predominantly highly strained Fn matrix also confirms that mechanoregulation 

of Fn-Col I interaction (via exposure of Fn-binding sites for Col I) is possibly responsible 

for Col I fibrillogenesis. It is unlikely that TGF-β1 plays a major role in Col I fibrillogenesis 

when Fn is present, as MMP- inhibited samples were all preconditioned and supplemented 

with TC medium containing TGF-β1 and very little Col I was assembled. However, other 

mechanisms of ECM remodeling, such as lysyl oxidase (LOX) or fibroblast activation 

protein (FAP) [7,49,50], which were beyond the scope of this study, may contribute to the 

impeded, but continued TC-ECM remodeling.

2.4. Proangiogenic secretion and growth factor sequestration during matrix evolution

MMP activity is complex. Not only does MMP activity induce physical remodeling of ECM 

fibers, but MMP activity has also been implicated in growth factor bioavailability and 

activation of vascular endothelial growth factor (VEGF) [51,52]. Thus, to understand the 

effect of ECM altered properties on growth factor secretion and matrix sequestration for 

tumor growth, both VEGF secretion by CAFs and VEGF immobilization to Fn fibers were 

quantified during TC-ECM remodeling. Altered fiber thickness, strain, and conformation of 

the TC-ECM may all alter cell binding and immobilization/bioavailability of VEGF. Cell 

population assessed by DNA quantification revealed no significant differences between c- 

and TC-cells (Figure 4a; DNA Day 1: 1.27 vs. 1; Day 5: 3.97 vs. 3.26; Day 9: 4.34 vs. 4.43). 

However, less DNA was measured in MMP inhibited samples (Figure 4a; DNA Day 1: 1.08, 

Day 5: 1.61; p < 0.0001 (TC-ECM & MI/TC-ECM), Day 9: 1.84 vs. 4.34; p < 0.001 (TC-

ECM & MI/TC-ECM)). This decrease in cell population is likely due to alterations of Fn as 

it plays a major role in cell proliferation [53]. Interestingly, TC-VEGF secretion was overall 

lower than c-VEGF. And TC-VEGF secretion decreased significantly at later time points 

when TC-Fn fibers were evolving towards less strained and molecularly relaxed fibers due to 

the presence of Col I (Figure 4b; VEGF Day 1: 1.11 vs. 1, Day 5: 0.57 vs. 1.13, Day 9: 0.70 

vs. 2.10; p < 0.05 (TC-ECM & c-ECM)).

In addition to numerous binding sites for cells and other ECM components, Fn possesses 

binding sequences for various growth factors, among which is the Hep2 domain for VEGF 

located on FnIII12–14 [54]. To test whether VEGF preferentially immobilizes to TC-Fn, a 
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ratiometric analysis of immunofluorescently-labeled VEGF165, normalized by 633-labeled 

Fn, was performed over time. Our ratiometric analysis revealed that, although less VEGF 

was immobilized on stretched and unfolded TC-Fn fibers than on c-Fn fibers at Day 1 and 

Day 5, the overall VEGF sequestered into TC-ECM increased significantly over time 

(Figure 4c; Bound-VEGF Day 1: Day 1: 0.88 vs. 1; p < 0.001, Day 5: 1.20 vs. 1.42; p < 

0.05, Day 9: 1.66 vs. 1.16; p < 0.01 (TC-ECM & c-ECM)). These results suggest that the 

global decrease of VEGF secretion measured over time in TC conditions may be due to 

increased immobilization of VEGF to the TC-ECM while it gradually evolved towards a 

more relaxed collagen rich matrix [55–57].

Additionally, as MMP activity was inactivated, MI/TC-VEGF secretion drastically increased 

at Day 5 before decreasing back to nearly initial levels at Day 9 (Figure 4b; VEGF Day 1: 

0.66; p < 0.01 (c- & TC-ECM), Day 5: 1.97; p < 0.05 (c-ECM); p < 0.0001 (TC-ECM), Day 

9: 0.78; p < 0.05 (c-ECM)). However, MI/TC-bound VEGF levels remained low at Day 5 

before increasing noticeably at Day 9 (Figure 4c; Bound VEGF Day 1: 0.82; p < 0.001 (c-

ECM), Day 5: 0.74; p < 0.001 (c-ECM); p <0.001 (TC-ECM), Day 9: 1.02; p < 0.01 (TC-

ECM)). These data suggest that, in presence of a matrix comprising exclusively stretched/

unfolded Fn at Day 5, the ratio between secreted and matrix-bound VEGF is very high. This 

difference is likely due to: (i) a switch from α5β1 to αvβ3 integrins operated by CAFs to 

engage the surrounding highly strained ECM, which has been previously linked with 

enhanced VEGF secretion [6,58,59], and (ii) a strain-induced disruption of the Hep2 binding 

domain on Fn preventing direct VEGF binding [60]. Instead, when MI/TC-Fn fibers become 

less linear at Day 9, and more relaxed (Figure 2c), the ratio between secreted and matrix-

bound VEGF decreases. Cells likely switch back to α5β1 integrins to simultaneously engage 

the synergy site and the RGD loop located on the undisrupted FnIII9–10 sequence, while 

VEGF can bind properly to the rescued (relaxed) Hep2 domain.

Note that, together with Fn conformation, both the global amount of Fn fibers and the fibers 

diameter could also directly affect the amount of sequestered (and secreted/soluble) VEGF. 

For example, at Day 9, although they exhibit similar linearity, TC-Fn fibers are thicker than 

c-Fn fibers. TC-Fn fibers thus expose more binding sites per unit volume, which could 

explain the higher levels of immobilized VEGF (and lower levels of soluble VEGF) 

measured in TC conditions with respect to control.

To gain insights into the mechanisms that direct the assembly of complex stromal ECM 

architectures and their potential role in tumor invasion, we probed the interplay between Fn 

and Col I fibers as they were assembled and remodeled by CAFs, in presence of breast 

tumor secreted factors. Our study indicates that CAFs initially assembled a viscous and 

stretched/unfolded Fn matrix, later remodeled into a dense predominantly Col I matrix. This 

MMP-mediated remodeling caused profound structural and mechanical changes in the 

developing stromal ECM. The altered ECM then modified pro-angiogenic signaling by 

altering both CAFs’ secretion and ECM sequestration of VEGF over time. Collectively, our 

findings enhance our understanding of how Fn and Col I synergistically interplay in 

promoting either: (i) normal tissue formation (essential for tissue engineering and 

regenerative medicine), or (ii) a sustained altered signaling cascade to remodel the breast 

tumor stroma and facilitate downstream breast tumor invasion. The cell-mediated 
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mechanoregulation of structural ECM component interactions among each other and their 

associated matrix architectures (in both physiological and pathological environments), 

provides another example of how forces can impact the mechanobiology of ECM and 

thereby cell and tissue fate.

3. Experimental Procedures

3.1. Cell culture

3T3-L1 pre-adipocytes and MDA-MB-231 breast cancer cells (ATCC, VA) were cultured in 

Minimum Essential Medium (α-MEM) with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (PS). Tumor soluble factors (TSF) were obtained from MDA-

MB-231 cells cultured in α-MEM (1% FBS & 1% PS) for 24 hrs. 3T3-L1s were 

preconditioned with either control (c−) or normalized TSF (TC−) in α-MEM (1% FBS & 

1% PS) for 3 days, before seeding 5 × 103 cells/0.8 cm2 for immunostaining and 

conformational studies, or 25 × 103 cells/3.8 cm2 for pro-angiogenic studies onto Fn-coated 

(30 μg/mL) Lab-Tek™ chambered coverglass (Thermo Scientific, MA) or 12-well plates 

(Corning, MA), respectively. Preconditioned cells were maintained in conditioning medium 

until 24 hrs before a timepoint (Day 1, 5, 9), and then switched to α-MEM (1% FBS & 1% 

PS) with Fn (50 μg/mL with 10% labeled Fn for conformational, fiber kinetics, or VEGF 

immobilization experiments). After 24 hrs, samples were fixed for FRET or immunostained 

imaging. For matrix metalloproteinase inhibition experiments, additional samples were 

supplemented with 20 μM Batimastat every other day (Millipore, MA).

3.2. Immunofluorescence

Nonspecific binding was blocked with PBS/1% SuperBlock (Thermo Scientific, MA) for 1 

hr at room temperature before immunostaining for Fn (1:400 anti-mouse antibody) (Sigma-

Aldrich, MO), Col I (1:100 anti-rabbit antibody) (EMD Millipore, MA), or VEGF165 (1:100 

anti-mouse antibody) (EMD Millipore, MA) overnight at 4°C. After washing with PBS (2x), 

samples were incubated with Alexa Fluor 647 goat anti-mouse (1:100) or Alexa Fluor 488 

goat anti-mouse (1:100), Alexa Fluor 488 goat anti-rabbit (1:100), Alexa Fluor 568 

Phalloidin (1:250), and DAPI (1:5000) in PBS at room temperature for 1 hr. Afterwards, 

samples were washed (2x) and kept in PBS at 4°C until imaged with a Zeiss 710 confocal 

microscope (Zeiss, Munich, Germany). All Alexa Fluor reagents were bought from Life 

Technologies (Grand Island, NY).

3.3. Labeled fibronectin

To FRET-label, Fn was semi-randomly labeled with Alexa Fluor 546 maleimide and Alexa 

Fluor 488 succinimidyl ester, as previously described [6]. To single-label, Fn was randomly 

labeled with Alexa Fluor 633 succinimidyl ester [27].

3.4. FRET-Fn imaging

Assembled FRET-Fn were imaged with a Zeiss 710 confocal. 16-bit Z-stack images spaced 

2 μm apart, were obtained with the C-apochromat water-immersion 40×/1.2 objective, a 

pinhole of 2 AU, a 488 nm laser set at 10% power, and a pixel dwell time of 6.3 μs. FRET-

Fn fluorescence was collected to quantify FRET ratios (defined as intensity ratios of 
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acceptor and donor fluorophores = IA/ID) for Fn conformation. Representative z-stack 

images were stacked in ImageJ (NIH).

3.5. Quantification of VEGF immobilization to Fn matrix

Ratiometric images of VEGF on Fn fibers were also obtained on the confocal, but with z-

stack images spaced 1 μm apart. Immunofluorescently-labeled 488-VEGF165 was excited 

with a 488 nm laser set at 10% power, and 633-Fn was excited with a 633 nm laser set at 

20% power. Ratios of 488-VEGF165/633-Fn were used to quantify VEGF165 immobilization 

onto Fn fibers.

3.6. Time-lapse spinning disk confocal imaging

488-labeled Fn were provided to cultures 24 hrs before Day 1, 5, 8 time points. At each time 

point, samples were placed in a confined chamber within an Inverted Andor/Olympus IX-83 

spinning disk confocal microscope (Olympus Corporation, Tokyo, Japan) and time-lapse z-

stack images were taken every 10 min at 4 separate locations per sample for up to 16 hrs 

past the aforementioned timepoints. Each field of view has an area of 212 μm × 212 μm. 

Individual fibers were followed over time and changes in length were measured in ImageJ 

(NIH). Changes in fiber length were fitted to a single exponential decay model: 

; where Δδ(t) is the fiber length decay and τ the characteristic time decay.

3.7. Proangiogenic secretion

Media at each time point were collected and centrifuged at 13500 rpm for 15 min at 4°C to 

collect supernatants free of cell-debris. VEGF secretion was normalized to DNA extracted 

from the same time point samples in Caron’s buffer. Data were represented as ratios to the 

average 1d control samples of each experiment.

3.8. Statistical analysis

Data were statistically analyzed in GraphPad Prism (GraphPad Software, Inc., CA) with 

student’s t-tests or ANOVAs with Tukey’s post-hoc tests and statistical significance was 

determined at p < 0.05. Mean ± SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Breast cancer cells recruit stromal cells to alter ECM remodeling

• Tumor-associated fibronectin matrix is remodeled into a thick Col I-rich 

matrix

• Tumor-associated MMP activity leads to structural and mechanical ECM 

alterations

• Tumor-mediated alterations of the ECM dysregulate its proangiogenic activity

• Fibronectin and collagen I cooperate to promote breast tumorigenesis
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Figure 1. Structural and conformational alterations in the developing tumor-associated (TC) Fn-
Col I matrix
a) Immunofluorescence depicting the evolution of control (c)- and tumor-associated (TC)- 

ECMs over 9 days: fibronectin (green) and collagen I (magenta). Overlay of ECM with F-

actin and DAPI is shown in SI Fig 1. While Fn is present at all times, fibrillar Col I is only 

fully assembled at later time points.

b) TC- fibers (both Fn and Col I) become gradually thicker than their control (c-) 

counterparts. Fn Day 1: 0.84 ± 0.01 μm, n = 723 vs. 0.87 ± 0.01 μm, n = 640; p < 0.05. Col 
I Day 1: 0.79 ± 0.03 μm, n = 66 vs. 0.79 ± 0.04 μm, n = 54. Fn Day 5: 0.73 ± 0.01 μm, n = 

1862 vs. 0.73 ± 0.01 μm, n = 1226. Col I Day 5: 0.94 ± 0.01 μm, n = 432 vs. 0.84 ± 0.02 

μm, n = 338; p < 0.0001. Fn Day 9: 0.75 ± 0.01 μm, n = 1337 vs. 0.66 ± 0.01 μm, n = 1012. 

Col I Day 9: 0.9 ± 0.01 μm, n = 1297 vs. 0.76 ± 0.01 μm, n = 647; p < 0.0001. Mean ± 

SEM.

c) Although TC- fibers (both Fn and Col I) are initially more strained (higher linearity) than 

c- fibers, all data converge towards a similar steady-state strain value in the mature ECM. Fn 
Day 1: 0.91 ± 0.01, n = 90 vs. 0.88 ± 0.02, n = 49. Col I Day 1: 0.89 ± 0.03, n = 34 vs. 0.85 

± 0.02, n = 31. Fn Day 5: 0.87 ± 0.01, n = 130 vs. 0.89 ± 0.01, n = 79; Col I Day 5: 0.82 

± 0.01, n = 169 vs. 0.85 ± 0.01, n = 200; p < 0.05. Fn Day 9: 0.88 ± 0.01, n = 92 vs. 0.88 

± 0.02, n = 38; Col I Day 9: 0.88 ± 0.01, n = 205 vs. 0.88 ± 0.01, n = 220. Mean ± SEM.

d) FRET maps show lower FRET, i.e., more unfolded Fn, in TC-ECM (bluish fibers) than in 

c-ECM (yellow/red fibers). Scale bar: 50 μm.
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e) Mean FRET ratios (IA/ID) highlight the significant conformational differences between 

TC-Fn and c-Fn and their evolution over time. FRET Day 1: 2.303 ± 0.011, n = 47 vs. 2.566 

± 0.013, n = 54; p < 0.0001. FRET maps also display a global shift towards higher FRET 

from Day 1 to Day 9, indicating Fn fiber relaxation in presence of Col I. FRET Day 9: 

2.552 ± 0.013, n = 60 vs. 2.975 ± 0.012, n = 76; p < 0.0001. Mean ± SEM.
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Figure 2. Viscoelastic alterations in individual TC-Fn fibers (See SI movies)
a) During remodeling, mean retraction velocities of Fn fibers decrease over time and tend to 

be smaller in TC- than in c- samples. TC-Fn: Day 1 = 0.33 ± 0.05 μm/min, n = 26; p < 0.05. 

Day 5 = 0.21 ± 0.02 μm/min, n = 22; p < 0.0001. Day 8 = 0.22 ± 0.03, n = 13; p < 0.001; c-

Fn: Day 1 = 0.57 ± 0.1 μm/min, n = 30. Day 5 = 0.2 ± 0.03 μm/min, n = 24; p < 0.0001. Day 

8 = 0.21 ± 0.02 μm/min, n = 21; p < 0.0001. Mean ± SEM.

b) Determined from fitting fiber length decay to a single exponential model, relaxation 

times, τ (min), increase over time and are significantly longer in TC- fibers than in c- fibers, 

highlighting overall slower responses of TC- Fn fibers. TC-Fn: Day 1 = 21.8 ± 4.9 min, n = 

11. Day 5 = 38.9 ± 11.7 min, n = 10. Day 8 = 45.4 ± 16.8 min, n = 5; p < 0.05. c-Fn: Day 1 

= 11.5 ± 3.4 min, n = 11; Day 5 = 14.3 ± 4.6 min, n = 7; p < 0.01. Day 8 = 26.8 ± 4.7 min, n 

= 12; ; p < 0.05. Mean ± SEM.
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Figure 3. Role of matrix metalloproteinases (MMP) in alterations of TC-matrix remodeling
a) Immunofluorescence of MMP inhibited (MI/) TC-ECMs reveals a predominantly Fn 

matrix and very few Col I fibers. Scale bar: 50 μm.

b) MI/TC-Fn fibers are thicker than c- and TC-Fn fibers, while the sparse MI/TC-Col I 

fibers are much thinner than TC-Col fibers. Fn Day 1: 0.92 ± 0.01 μm, n = 732; p < 0.01 (c-

Fn); p < 0.0001 (TC-Fn), Day 5: 0.88 ± 0.01 μm, n = 811; p < 0.0001 (c-Fn & TC-Fn), Day 

9: 0.8 ± 0.01 μm, n = 1078; p < 0.0001 (c-Fn); p < 0.01 (TC-Fn)). Col I Day 1: 0.78 ± 0.05 

μm, n = 33, Day 5: 0.67 ± 0.01 μm, n = 232; p < 0.0001 (c-Fn & TC-Fn), Day 9: 0.84 ± 0.01 

μm, n = 383; p < 0.0001 (c-Fn); p < 0.001 (TC-Fn). Mean ± SEM.

c) MI/TC-Fn linearity indicates a significant maximum in Fn strain at Day 5. MI/TC-Col I 

linearity gradually increases with time. Linearity of MI/ fibers (for both Fn and Col I) 

converges towards the same steady-state strain value similar to that of c- and TC- mature 

fibers at Day 9. Fn Day 1: Day 1: 0.89 ± 0.01, n = 94, Day 5: 0.92 ± 0.02, n = 55; p < 0.05, 

Day 9: 0.87 ± 0.01, n = 76. ; Col I Day 1: 0.83 ± 0.03, n = 14, Day 5: 0.86 ± 0.01, n = 90, 

Day 9: 0.89 ± 0.01, n = 130. Mean ± SEM.
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Figure 4. Fluctuations of pro-angiogenic activity during TC-matrix remodeling
a) TC-DNA is similar to c-DNA. Day 1: 1.27 ± 0.24, n = 6 vs. 1 ± 0.024, n = 6; Day 5: 3.97 

± 0.23, n = 6 vs. 3.26 ± 0.14, n = 6; Day 9: 4.34 ± 0.295, n = 6 vs. 4.43 ± 0.21, n= 5. MI/TC-

DNA is significantly lower than TC-DNA at later time points, indicating that fewer cells 

attach to MMP-inhibited Fn-rich matrices. MI/TC-DNA Day 1: 1.08 ± 0.21, n = 6, MI/TC-

DNA Day 5: 1.61 ± 0.34, n = 6; p < 0.0001 (TC-ECM & MI/TC-ECM), MI/TC-DNA Day 

9: 1.84 ± 0.29, n = 6 vs. 4.34 ± 0.295, n = 6; p < 0.001 (TC-ECM & MI/TC-ECM). Mean ± 

SEM.

b) Over time, TC-VEGF secretion (normalized to DNA, then to 1d control) decreases, while 

MI/TC-VEGF secretion reaches a maximum at Day 5, when CAFs interact with a highly 

stretched/unfolded Fn-rich matrix. Day 1: 1.11 ± 0.11, n = 6 vs. 1 ± 0.03, n = 6, Day 5: 0.57 

± 0.06, n = 6 vs. 1.13 ± 0.28, n = 6, Day 9: 0.70 ± 0.18, n = 6 vs. 2.10 ± 0.56, n = 5; p < 0.05 

(TC-ECM & c-ECM)). MI/TC-ECM Day 1: 0.66 ± 0.073, n = 6; p < 0.01 (c- & TC-ECM), 

MI/TC-ECM Day 5: 1.97 ± 0.15, n = 6; p < 0.05 (c-ECM); p < 0.0001 (TC-ECM), MI/TC-

ECM Day 9: 0.78 ± 0.14, n = 6; p < 0.05 (c-ECM). Mean ± SEM.

c) Analysis of VEGF165 immobilization (normalized to Fn, with respect to 1d control) 

reveals that, although less VEGF binds to stretched/unfolded TC-Fn fibers (Day 1 and Day 

5), TC-VEGF sequestration increases over time, which could partly explain the simultaneous 

decrease of soluble VEGF levels detected in TC samples (panel b). Day 1: 0.88 ± 0.02, n=7 

vs. 1 ± 0.02, n = 7; p < 0.001, Day 5: 1.20 ± 0.08, n = 5 vs. 1.42 ± 0.02, n = 5; p < 0.05, Day 

9: 1.66 ± 0.13, n = 6 vs. 1.16 ± 0.08, n = 6; p < 0.01 (TC-ECM & c-ECM)). MI/TC-ECM 

Day 1: 0.82 ± 0.03, n = 7; p < 0.001 (c-ECM), MI/TC-ECM Day 5: 0.74 ± 0.01, n = 6; p < 

0.001 (c-ECM); p <0.001 (TC-ECM), MI/TC-ECM Day 9: 1.02 ± 0.06, n = 6; p < 0.01 (TC-

ECM). Mean ± SEM.
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