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A B S T R A C T

Breast cancer is the most commonly diagnosed malignancy worldwide, with molecular subtypes following 
distinct clinical trajectories. While Luminal A breast cancers are typically indolent, a subset enriched in α-smooth 
muscle actin (α-SMA)-positive cancer-associated fibroblasts (CAFs) exhibits aggressive behavior, facilitating 
tumor invasion. However, the biophysical mechanisms by which CAFs drive invasion and extracellular matrix 
(ECM) remodeling remain unclear. In addition, the temporal and spatial dynamics of CAF interactions with the 
collagen matrix and cancer cell spheroids remain unknown, raising the question of whether these processes 
follow a deterministic sequence or occur stochastically. To address this, we conducted histological analysis of 
Luminal A tumors, which revealed variation in CAF, cancer cell, and ECM organization at tumor boundaries. To 
assess the impact of CAF on cancer cell invasion, we use a 3D in-vitro model co-embedding 19TT breast CAF and 
MCF7 luminal breast cancer spheroids within a three-dimensional (3D) collagen-I hydrogel and performed time- 
lapse imaging. We demonstrate that inter-spheroid distance critically determines 19TT CAF-induced MCF7 
spheroid behavior. Moreover, we showed that CAF-mediated collagen matrix remodeling and degradation pre
cede the observed MCF7 spheroid disruption and are critical in promoting cancer cell spheroid expansion and cell 
dissemination. While broad-spectrum matrix metalloproteinase inhibition suppressed CAF-driven collagen 
degradation and MCF7 spheroid expansion, it did not prevent ECM remodeling, CAF migration, or single-cell 
dissemination of cancer cell spheroids. Furthermore, a complementary heterospheroid model revealed similar 
ECM remodeling and invasion dynamics despite the altered cellular arrangement of cancer cells and CAFs. Our 
findings enhance our understanding of the relationship between CAF activity and collagen matrix remodeling 
processes that promote cancer cell invasion, providing insights into the potential therapeutic benefits of targeting 
CAFs in breast cancer treatment.
Statement of Significance: This research provides key insights into breast cancer-associated fibroblasts (CAFs) 
mediated remodeling of the extracellular matrix (ECM) and subsequent breast cancer cell dissemination and 
invasion. Herein, we demonstrated that CAFs remodel collagen fibres before migration and matrix metal
loproteinase (MMP)-mediated degradation. Using a 3D in-vitro model, we showed that distinct mechanisms 
govern cancer cell spheroid expansion and single-cell dissemination: while expansion depends on collagen matrix 
integrity, dissemination relies on CAF-driven collagen remodeling. These findings advance our understanding of 
the relationship between CAF activity and collagen matrix remodeling processes that promote cancer cell in
vasion, providing insights into the potential therapeutic benefits of targeting CAFs in breast cancer treatment.
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1. Introduction

Breast cancer is one of the most commonly diagnosed cancers 
worldwide and comprises distinct molecular subtypes characterized by 
specific biomarkers and clinical features [1]. These subtypes arise from 
complex intra- and intercellular interactions driven by genetic muta
tions, epigenetic modifications, and dynamic crosstalk between cancer 
cells and their heterogeneous tumor microenvironment (TME) [2]. It has 
been established that Luminal A breast cancer - the most prevalent 
subtype - generally follows a more indolent course and has a favorable 
prognosis. However, a subset of Luminal A tumors associated with 
α-smooth muscle actin (α-SMA)-positive cancer-associated fibroblasts 
(CAFs) in the TME exhibit significantly aggressive behavior, leading to 
distant metastasis and relapse [3].

Within the TME, CAFs, along with other cellular components such as 
endothelial cells, immune cells, and the extracellular matrix (ECM), 
collectively constitute the tumor stroma. It has been shown that the 
stromal-to-tumor ratio serves as an independent prognostic indicator, 
with a higher stromal fraction correlating with increased tumor 
aggressiveness and poorer patient outcomes [4–6]. However, substantial 
variability across studies highlights the complexity of stromal contri
butions to tumor progression [4–9]. These discrepancies likely stem 
from the dynamic and reciprocal interactions between cancer cells and 
their stromal counterparts, leading to extensive reorganization of 
cellular composition and ECM architecture during tumorigenesis [10,
11]. Consequently, these processes create a heterogeneous TME char
acterized by spatially distinct features, underscoring the need for a more 
refined analytical framework to accurately assess stromal contributions 
to disease progression. The inherent heterogeneity of the TME results in 
significant phenotypic diversity among cancer cells and CAFs, leading to 
unique functional signatures and cellular characteristics that vary across 
different regions of the TME [12].

In Luminal breast cancers, CAFs actively promote tumor progression 
by reprogramming cancer cells, thereby enhancing therapeutic resis
tance, disrupting cancer cell metabolism, and increasing cancer cell 
motility [13]. Direct physical interactions between CAFs and cancer 
cells further sustain these changes [13,14]. CAFs also exert considerable 
regulatory effects on the collagen ECM through mechanisms that 
modulate collagen cross-linking, deposition, and degradation [15]. 
Through secretion of matrix metalloproteinases (MMPs) and 
contractility-driven fiber realignment, CAFs both degrade and remodel 
the collagen ECM [16–20]. This biomechanical remodeling leads to the 
aggregation of thin collagen fibrils into thicker, aligned bundles - often 
termed “collagen highways” - which serve to facilitate and guide cancer 
cell migration and invasion [21].

As the TME undergoes temporal evolution, its ECM is gradually 
remodeled into a tumor-facilitating matrix due to the biophysical and 
biological activities of CAFs and cancer cells. These cells can modulate 
the biophysical and biochemical properties of the collagen ECM, leading 
to increased matrix stiffness, which is a notable characteristic of breast 
malignancy [22,23]. In-vitro models support these findings, showing 
that aligned collagen fibers increase matrix stiffness and enhance tumor 
cell migration efficiency by promoting directional persistence [24]. 
Together, these structural and mechanical changes promote tumor 
progression and therapeutic resistance [25]. Yet, the role of CAFs in 
indolent breast cancers, characterized by non-migratory cancer cells, 
and the mechanisms that may precipitate invasion and eventual 
metastasis in these settings remain unresolved. Specifically, the effects 
of CAF-induced matrix remodeling, along with its reciprocal influence 
on CAF-cancer cell interactions in indolent breast cancer, are not well 
defined. Recent advances in breast cancer research have emphasized 
that local ECM architecture at the TME boundary, along with the spatial 
organization of cancer cells and CAFs, significantly affects patient out
comes [26–30]. To address this, we studied the behavior of luminal 
breast cancer spheroids in a collagen matrix and ECM remodeling in the 
presence of breast cancer CAF spheroids. To mimic the heterogeneous 

architecture of breast tumors, we employed both dual-spheroid and 
heterospheroid assays. The dual-spheroid system captured the spatial 
compartmentalization often observed in breast cancers, in which 
CAF-rich stromal regions are partially or fully separated from epithelial 
tumor clusters [31,32]. By varying inter-spheroid distance, this system 
allows us to probe how stromal-epithelial proximity regulates invasion 
dynamics. Complementarily, we also considered a 
heterospheroid-model emulating intermixed epithelial-stromal regions, 
common in CAF-rich tumors. Our experimental findings enhance the 
understanding of the relationship between CAF activity and collagen 
matrix remodeling processes that promote cancer cell invasion, 
providing insights into the potential therapeutic benefits of targeting 
CAFs in breast cancer treatment.

2. Materials & methods

2.1. Cell culture and reagents

The human Luminal A epithelial breast cancer cell line MCF7 was 
purchased from American Type Culture Collection (ATCC). The human 
telomerase reverse transcriptase (hTERT)-immortalized breast 19TT 
CAFs have been previously described [33]. These cells were originally 
derived from invasive ductal carcinoma tissue and have been reported to 
constitutively express α-SMA in culture, representing a stable and 
pre-activated CAF population [33,34]. All cells were cultured in Dul
becco’s Modified Eagle Medium (DMEM), High Glucose (Sigma) con
taining 4.5 g/L glucose, l-glutamine, but without sodium pyruvate and 
supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% 
antibiotic-antimycotic solution (Gibco). Cells were frequently tested for 
the absence of mycoplasma and checked for authenticity by short tan
dem repeat (STR) profiling.

2.2. Conditioned medium experiments

To generate conditioned medium (CM), 2 × 105 19TT-CAF cells were 
seeded per well in a 12-well plate and cultured in 1.5 mL of complete 
DMEM (composition as described in Section 2.1). After 48 hours, the 
supernatant was carefully collected and filtered through a 0.22 µm 
MillexTM PVDF syringe filter (Sigma-Aldrich) and stored at 4◦C until 
further use. For stimulation experiments, MCF7 spheroids were 
embedded in 3 mg/mL collagen gels and treated with 200 µL of 19TT 
CAF CM. Control spheroids were cultured in standard medium as 
described above (Section 2.1).

2.3. Pharmacological inhibition

Spheroids were treated with Batimastat (BB94, 30 µM; Selleckchem), 
E64 (10 µM; Tocris 5208), Blebbistatin (Bleb, 10 µM; Abcam ab120425), 
or Y-27632 (Y27, 10 µM; Tocris 1254). Batimastat powder was dissolved 
to 30 mM stock solution. E64 and Y-27 powders were dissolved to 1 mM 
stock solutions, and Blebbistatin to a 5 mM stock solution, all stored at 
-20◦C until use. Working concentrations were prepared fresh by diluting 
stock solutions into culture medium according to the manufacturer’s 
instructions. Vehicle controls were included.

2.4. Lentiviral transduction

Constitutive expression of fluorescent markers was accomplished via 
lentiviral transduction. MCF7 cells were labeled with plv-mCherry, and 
19TT CAFs were labeled with pLenti CMV H2B green fluorescent protein 
(GFP) Hygro (656-4). pLenti CMV GFP Hygro (656-4) was a gift from 
Eric Campeau & Paul Kaufman (Addgene plasmid #17446; http://n2t. 
net/addgene:17446; RRID:Addgene_17446). Lentiviruses were pro
duced by co-transfecting cDNA expression plasmids with helper plas
mids pCMV-VSVG, pMDLg-RRE (gag/pol), and pRSV-REV into 
HEK293T cells using polyethyleneimine (PEI). Cell supernatants were 
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harvested 48 hours after transfection and stored at -80◦C. Cells were 
labeled by infecting for 24 hours with respective lentiviral supernatants 
diluted 1:1 with cell culture medium and 5 ng/ml of polybrene (Sigma- 
Aldrich). 48 hours after infection, 19TT CAFs were placed under 
Hygromycin-B (Thermo Fisher Scientific) selection, and MCF7 cells were 
placed under Neomycin (A1720, Sigma-Aldrich) selection. The fluo
rescently labeled cells were cultured with 100 µg/ml of the respective 
antibiotics to obtain stable fluorescent cell lines and maintain selection 
pressure.

2.5. Spheroid seeding and characterization

MCF7 and 19TT CAF spheroids were seeded in Corning Elplasia 96- 
well Round Bottom Ultra-Low Attachment (ULA) Microcavity Micro
plates (Corning, 4442). Briefly, cells were trypsinized (Trypsin-EDTA, 
GibcoTM, 25200056) and resuspended to a concentration of 1 × 106 

cells/ml. 40 × 103 (500 cells per microwell, 79 microwells) cells were 
seeded to produce 79 spheroids. Spheroids were ready after 48 hours of 
culture. MCF7 spheroids (200 ± 25µm diameter) and 19TT CAF spher
oids (125 ± 25µm diameter) were used for invasion studies. MCF7 
spheroids were cultured in DMEM, High Glucose (Sigma) containing 4.5 
g/L glucose and l-glutamine but without sodium pyruvate and supple
mented with 10% FBS (Sigma) and 1% antibiotic-antimycotic solution 
(Gibco). For 19TT CAF spheroids, a high-viscosity culture medium was 
made using methylcellulose as described previously [35]. Briefly, a 20% 
methylcellulose solution was prepared by sterilizing 6 g of methylcel
lulose in an autoclave. This was subsequently mixed with 250 ml of 
DMEM High Glucose. Once methylcellulose was dissolved, an additional 
250 ml of DMEM High Glucose and 55ml FBS was added, and the so
lution was mixed overnight at 4◦C. The following morning, the solution 
was centrifuged at 5000g for 2 hours at 4◦C, and the supernatant was 
stored at 4◦C until use.

19TT CAF - MCF7 heterogeneous spheroids (heterospheroids) were 
generated using the hanging drop method. Briefly, cells were trypsinized 
(Trypsin-EDTA, GibcoTM, 25200056) and resuspended to a concentra
tion of 1 × 103 cells/ml. Cell lines were mixed and diluted to a final 
concentration of 1000 cells / 30 µL, with 500 cells of each cell line. As 
described above, a high-viscosity culture medium containing 20% 
methylcellulose (M0512, Sigma), was used to culture cells. 30 µL 
droplets containing 1000 cells were cultured for 48 hours before the 
fully formed spheroids were harvested for experiments.

2.6. Preparation of collagen hydrogels

Collagen type-1 hydrogels were prepared on ice to prevent poly
merization. Briefly, collagen (Corning™, 354249) was mixed with 10x 
Reconstitution Buffer (200 mM HEPES + 262 mM sodium bicarbonate) 
and 10x DMEM (Gibco™, 12100061) in an 8:1:1 ratio, adjusted to pH 
7.4 using 0.5M NaOH, and diluted with sterile Milli-Q water to the 
required concentration (3 mg/ml) [36]. The hydrogel was incubated at 
4◦C for 20 minutes, followed by 37◦C for 40 minutes.

2.7. Spheroid invasion experiments

A thin 100 µL collagen bed (3 mg/ml) was created and allowed to gel 
for the invasion experiment (as mentioned in section 2.4). This was 
followed by harvesting 19TT CAFs and MCF7 spheroids, mixing them 
with freshly prepared collagen, embedding them on top of the collagen 
bed, and incubating them as stated above. The culture medium was 
added after incubation, and the device was set up for time-lapse imag
ing. Initial imaging was performed ~1 hour after embedding (or 
immediately post-collagen gelation). This time point was designated as 
T0 for all subsequent analyses in this study. The culture medium was 
refreshed every 48 hours for experiments running for up to 96 hours. 
Analysis was limited to spheroids (heterogeneous or dual-spheroid sys
tems) that were at least 400 µm away from other spheroids. This ensured 

that no additional interactions would occur within the region of interest 
(ROI) for the experiment duration.

2.8. Time-lapse confocal and reflection imaging

Confocal fluorescence and reflection microscopy were performed 
using the Zeiss LSM-980 integrated with a live cell incubator. Temper
ature was maintained at 37◦C and CO2 at 5% during microscopy mea
surements. Images were collected at 2-hour intervals and analyzed using 
ImageJ2 (v2.14, National Institute of Health, USA) and custom Matrix 
Laboratory (MATLAB) scripts. For image acquisition, an EC Plan- 
Neofluar 10x/0.3NA M27 (Zeiss) air objective was combined with 
13mW 488 nm and 543 nm lasers for fluorescence imaging. During 
acquisition, the digital gain was set to 1, the digital offset 0, laser power 
to 0.2%, and the master gain at 650V. Appropriate band-pass filters were 
used to prevent spectral overlap between GFP and mCherry channels. A 
488 nm laser with a detection range of 476 nm to 502 nm was used for 
reflection microscopy. The master gain was set to 600 V, and 0.2% laser 
power was used during reflection imaging. The reflection images in the 
figures were collected with equivalent gain settings and presented with 
equivalent digital contrast, brightness, and levels. All images were ac
quired at an optical zoom of 1.0, with a field of view of 848.53 μm x 
848.53 μm with 2048 × 2048 pixels. Z-stacks were acquired at a 20 μm 
step size for a total range of 400 μm.

2.9. Image processing

Carl Zeiss Image (CZI) files were extracted and saved as ‘.tiff’ files 
after image acquisition using custom ImageJ scripts. Before analysis, 
these files were processed, during which the mean noise was subtracted 
from the images, and fluorescent channels (GFP and mCherry) were 
checked for spectral overlap.

2.9.1. Circularity and change in area of MCF7 spheroids
MCF7 spheroid images were extracted and saved as image sequences 

using custom ImageJ scripts. Maximum Z-projections were created to 
find the maximum diameter of the MCF7 spheroids. These maximum 
projections were then utilized with custom MATLAB scripts to binarize 
and threshold images to identify MCF7 spheroid edges. The in-built 
regionprops function was subsequently used to measure the change in 
area and circularity of spheroids. To calculate the shortest distance be
tween MCF7 and 19TT CAF spheroids, image sequences in the Z-plane at 
T0 were saved for each spheroid. Weighted centroids in three- 
dimensional (3D) space were computed based on the maximum 
spheroid area at each Z-plane. The 3D centroid-to-centroid distance was 
then determined. Using a nearest-neighbor algorithm, the coordinates of 
the intersection between the centroid-connecting line and the spheroid 
boundary were identified. These boundary coordinates for both spher
oids were then used to calculate the shortest inter-spheroid distance.

2.9.2. Migration analysis
CAF spheroid migration was calculated by measuring the maximum 

cross-sectional spheroid area at T0 (A0) and during its culture within the 
collagen matrix (At). The invasive index was then defined as 
δA = (At /A0) � 1 to quantify the level of invasion for different spher
oids.

2.9.3. Collagen fiber orientation, void fraction and brightness 
characterization

Collagen fiber images obtained via reflection imaging were analyzed 
using ImageJ and customized MATLAB scripts. Collagen planes corre
sponding to the central spheroid plane were selected in ImageJ for 
further analysis. Spheroid area and position are segmented from the 
image using Gaussian filtering (σ = 2 pixels), morphological operations 
and Otsu’s thresholding [37]. OrientationJ’s vector field analysis is used 
to determine collagen fibers’ local orientation and isotropy relative to 
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the absolute x-axis [38]. The size of the Gaussian kernel was set to 10 µm 
[38,39]. As shown in Fig. S1, the resulting orientation mask was 
analyzed in conjunction with intensity thresholded collagen masks using 
custom MATLAB scripts to identify, transform, and subsequently esti
mate the collagen fiber alignment relative to the centroids of the cor
responding spheroids, providing a detailed spatial understanding of 
collagen architecture relative to spheroid positioning. To quantify 
collagen degradation, we extended our MATLAB script and used the 
intensity thresholded collagen masks to identify void spaces between 
collagen fibers based on relative pixel intensity values and calculate the 
void fraction (Vf ) of the collagen plane. These Vf values were then 
normalized to the Vf value at T0. To quantify the change in collagen fiber 
brightness (pixel intensity values), we summed up all pixel values of the 
collagen fibers at each time point (IP) and normalized them by T0.

2.10. Tissue sectioning, imaging and analysis

2.10.1. Tissue processing, histochemical staining, and digitization of human 
breast cancer

Formalin-fixed, paraffin-embedded tumor tissues were sectioned 
into four µm slides and processed sequentially, including deparaffini
zation with xylene, rehydration through an ethanol gradient, histolog
ical staining, air drying at room temperature, and mounting with a 
xylene-based medium (Permount; Thermo Fisher Scientific Inc., Wal
tham, Massachusetts, USA). For this study, a tissue block containing the 
most invasive tumor region, used for Tumor (T)-status assessment, was 
selected for preparation of serial sections. These sections were stained 
with hematoxylin and eosin (H&E) and Picrosirius red (PSR). PSR 
staining involved treatment with 0.1% Direct Red 80 dye in saturated 
picric acid (Sigma-Aldrich, Merck, Darmstadt, Germany) for 60 minutes, 
followed by rinsing in two changes of 0.5% glacial acetic acid (Avantor, 
Inc., Radnor Township, Pennsylvania, USA). Stained slides were digi
tized in brightfield mode using a Pannoramic 250 slide scanner 
(3DHISTECH, Budapest, Hungary) at 200 × magnification (0.39 µm/ 
pixel) and saved as proprietary .mrxs files.

2.10.2. Fluorescent whole-slide imaging of picrosirius red-stained tissue 
sections

Picrosirius red-stained tissue sections were digitized in fluorescent 
mode using a Pannoramic 250 slide scanner (3DHISTECH, Budapest, 
Hungary) at 200 × magnification (0.39 µm/pixel) and saved as pro
prietary MIRAX (.mrxs) files. Tissue autofluorescence was captured 
using a Fluorescein isothiocyanate (FITC) filter cube (excitation: 460- 
488 nm, emission: 502-547 nm) with an exposure time of 800 ms. The 
fluorescence emission of the fibrous ECM stained by Sirius red was 
recorded using a Tetramethylrhodamine isothiocyanate (TRITC) filter 
cube (excitation: 532-554 nm, emission: 573-613 nm) with an exposure 
time of 44 ms.

2.10.3. Immunohistochemistry
For multiplex immunofluorescence, tissue sections were deparaffi

nized, rehydrated, and subjected to heat-induced epitope retrieval using 
citrate buffer (pH 6.0). To minimize non-specific binding, sections were 
incubated with 5% goat serum for 10 minutes at room temperature. 
Primary antibodies were applied overnight, including anti-αSMA (clone 
1A4, DAKO, M0851, 1:300 dilution) and pan-cytokeratin (AE1/AE3, 
DAKO, M3515, 1:300 dilution). The next day, sections were incubated 
with Alexa Fluor-conjugated secondary antibodies: 647 goat anti-mouse 
IgG2a (Life Technologies, A21241, 1:200 dilution) and 546 goat anti- 
mouse IgG1 (Invitrogen, A21123, 1:200 dilution). All antibody in
cubations were performed for 30 minutes at room temperature in the 
dark. Finally, nuclei were counterstained with Hoechst 34580 (Sigma- 
Aldrich, 63493, 1:2000 dilution) for 5 minutes.

2.11. Statistical analysis

All graphs shown in this work were produced using GraphPad Prism. 
Statistical analyses were run within the software, and significance be
tween groups was assessed using unpaired t-tests or ANOVA based on 
experiment variable dependencies. Statistical significance among more 
than two groups was assessed using ANOVA tests. Probability values less 
than 0.05 were deemed significant (p < 0.05 *, p < 0.01 **, p < 0.001 
***).

3. Results

3.1. Cancer cell and CAF distribution, and collagen morphology observed 
in luminal breast tumor sections

To explore the heterogeneity of the TME and the organization of the 
ECM in relatively indolent breast cancers, we analyzed tissue sections 
from Luminal A breast cancer samples. Our focus was on the collagen 
architecture and cellular organization at distinct tumor boundaries 
(Fig. 1 A-C). Analysis of multiple tumor boundaries across four samples 
revealed significant variability in the collagen fiber organization in the 
TME ECM. Some tumor boundaries displayed a thick collagen layer 
separating the TME from adjacent healthy tissues, while others were 
characterized by infiltrative collagen fiber projections extending into 
the surrounding tissue. Based on these structural differences, we clas
sified tumor boundaries as either non-infiltrative or infiltrative tumor 
boundaries (Fig. 1B-C). Among the four tumor samples, CAF01 and 
CAF02 showed both infiltrative and non-infiltrative boundaries, CAF03 
displayed only non-infiltrative margins, and CAF06 exhibited only 
infiltrative margins. The tumor shown in Fig. 1 (Tumor ID: CAF01) 
featured both infiltrative and non-infiltrative fronts, while the remain
ing sections are presented in Fig. S2. Infiltrative tumor fronts were 
marked by highly organized collagen fibers running perpendicularly to 
the tumor boundary and forming tracks or protrusions that extended 
into adjacent mammary fat tissue (Fig. 1A, blue arrows). In contrast, 
non-infiltrative fronts showed collagen fibers predominantly aligned 
parallel to the tumor border, delineating a continuous interface between 
tumor and surrounding tissue (Fig. 1A, red arrows).

Immunofluorescent staining for pan-cytokeratin (pCK), an epithelial 
marker identifying tumor cells, and α-SMA, a marker of activated fi
broblasts (CAFs), revealed marked differences in stromal composition 
and organization between infiltrative and non-infiltrative tumor 
boundaries. In infiltrative regions (Fig. 1C, bottom panels), tumor cells 
appeared as dispersed clusters intermingled with α-SMA-positive fibro
blasts, which were prominently localized at the tumor-stroma interface. 
Notably, both CAFs and collagen fibers (Fig. 1C, top panels) displayed an 
aligned orientation along the apparent invasion paths of the tumor cells. 
In contrast, non-infiltrative boundaries (Fig. 1B) displayed cohesive 
tumor fronts where both collagen fibers and α-SMA-positive fibroblasts 
were predominantly aligned perpendicular to the tumor boundary. 
Rather than promoting invasion, this perpendicular alignment appeared 
to reinforce a well-demarcated and continuous interface between the 
tumor and the surrounding stroma.

Despite these qualitative insights, several fundamental questions 
remain. A key challenge is understanding how spatio-temporal modifi
cations of the collagen ECM induced by CAFs affect the structural 
integrity and dissemination of cancer cells. This evaluation is complex 
and cannot be directly assessed from tissue samples alone. These ob
servations highlight the need for dynamic in vitro assays capable of 
separating contractile remodeling from enzymatic degradation and 
resolving how CAF spatial distribution influences ECM remodeling and 
cancer cell dissemination over time.
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3.2. 19TT CAFs mediate ECM remodeling and the subsequent MCF7 
spheroid expansion and dissemination

To investigate the impact of distinct cellular organization at infil
trative and non-infiltrative tumor fronts on intercellular interactions and 
ECM remodeling, we co-embedded 19TT CAF and MCF7 cancer cell 
spheroids within a 3D collagen matrix (3 mg/ml). This assay configu
ration enabled us to analyze key features observed in tissue sections, 
such as the interspersed cellular architecture, orientation of collagen 
fibers, and loose tumor clusters that could interact with 19TT CAF cells, 
while allowing for kinetic visualization of ECM remodeling (See Fig. 2A, 
B, D). In this co-culture system, 19TT CAF spheroids maintained direct 
access to the collagen matrix and engaged with MCF7 tumor spheroids 
via short-distance migration. Fig. 2(B) and movies 1, 2 and 3 illustrate 
the spatial organization between 19TT CAF and MCF7 spheroids 
compared to a single MCF7 spheroid embedded in the collagen matrix. 
Single MCF7 spheroids displayed gradual, nearly uniform expansion 
over the entire 48-hour period. However, when 19TT CAF spheroids 
were seeded less than 200 µm apart from MCF7 spheroids, we observed 
non-uniform expansion and eventual collapse of MCF7 spheroids. In 
several samples, we also observed single-cell dissemination from MCF7 
spheroids (Fig. 2D, MCF7, 48 hours d < Dc). Conversely, when the inter- 
spheroid distances (d) were greater than 200 µm, MCF7 spheroids 
exhibited significantly less, yet non-uniform expansion after 48 hours. 
Based on the distribution of dA (change in MCF7 spheroid area) with 
respect to distance from 19TT CAF spheroids, we observed a distinct 
separation between conditions d < Dc and d ≥ Dc where Dc (200 µm) 
was the average MCF7 spheroid diameter (Fig. S3A). In addition, we 
stimulated MCF7 spheroids with CAF-conditioned medium, and we did 
not observe any significant spheroid expansion compared with the 
unstimulated (control condition) MCF7 spheroids (Fig. S4).

To estimate the overall expansion of MCF7 spheroids relative to their 

initial area was calculated as dA = (A48 � A0)/A0. As shown in Fig. 2 
(C), for MCF7 spheroids embedded alone in the collagen matrix, we 
observed a change in the spheroid area of 1.1 after 48 hours. For 19TT 
CAF spheroids seeded at a distance d < Dc, the mean change in MCF7 
spheroid area was 4.1 compared to 1.6 when 19TT CAF spheroids were 
separated by distances d > Dc (Fig. S3B).

Based on the dynamics captured in Fig. 2B (movies 1, 2 and 3), we 
identified three key time-dependent interaction patterns (stages) 
involving 19TT CAFs with both the ECM and MCF7 spheroids. During 
the first stage (between 4 and 10 hours), 19TT CAF spheroids mechan
ically engaged with the collagen ECM, remodeling thin fibers into 
thicker, radially aligned bundles. Image analysis across multiple Z- 
planes revealed that 19TT CAFs drew collagen fibers from various focal 
planes, bundling them into radially aligned fibers within the central 
plane of the spheroids (Fig. S5). This matrix remodeling process likely 
contributed to increased collagen fiber pixel intensities and deformation 
of adjacent MCF7 spheroids (Fig. 2B, d < Dc) [39,40]. The transition 
from stage one to stage two was marked by the onset of single-cell 
dissemination from 19TT CAF spheroids into the surrounding collagen 
matrix, beginning between 10 and 12 hours and overlapping slightly 
with the remodeling stage. Disseminating CAFs migrated preferentially 
into regions that had already undergone mechanical remodeling, where 
fibers were radially aligned and thickened relative to the unperturbed 
matrix (Fig. S6). This invasion (t > 10 hours) was accompanied by 
progressive matrix degradation leading to the formation of central voids 
and increasing the void fraction of the collagen matrix. The third stage, 
beginning around 24 hours, was characterized by direct interactions 
between migrating 19TT CAFs and MCF7 spheroids. The timing of this 
stage varied with inter-spheroid distances: closer pairs engaged earlier, 
while those further apart engaged later. Functionally, this phase was 
marked by non-uniform expansion of MCF7 spheroids, collapse into 
CAF-generated voids, and frequent single-cell dissemination (Fig. 2D). 

Fig. 1. Infiltrative and Non-Infiltrative TME boundaries can be identified based on cellular organization and collagen architecture. 
(A). H&E Stained tissued section of Luminal A tumor. Holes visible at the center of the tumor (black box) are biopsy sections. ROIs boxed in red and blue indicate non- 
infiltrative and infiltrative tumor boundaries, respectively. Red arrows indicate a non-infiltrative tumor boundary creating a distinct boundary between the tumor 
core and breast tissue. Blue arrows indicate an infiltrative tumor boundary with collagen fingers protruding into the breast tissue. 
(B). Fluorescent scans of non-infiltrative tumor boundaries. On top (red) is the collagen organization at the tumor boundary (yellow dotted line), and below are the 
scanned sequential tissue slides indicating ⍺-SMA (CAF, white) and pCK (tumor cells, red) organization at the tumor boundary. Scale Bar = 100 µm. 
(C). Fluorescent scans of Invasive tumor boundaries. On top (red) is the collagen organization at the tumor boundary, and below are the scanned sequential tissue 
slides indicating ⍺-SMA (CAF, white) and pCK (tumor cells, red) organization at the tumor boundary.

P. Mehta et al.                                                                                                                                                                                                                                   Acta Biomaterialia 209 (2026) 350–361 

354 



We further examined MCF7 expansion during the three stages of 19TT 
CAF and ECM interactions by computing the time-wise evolution dA =

At/A0. We found that although the MCF7 spheroid expansion is initiated 
during the mechanical remodeling stage (4 - 10 hours), it is significantly 
enhanced during the subsequent ECM degradation (t > 10 hours) 
(Fig. S3B).

To quantify matrix degradation, we calculated the void fraction �
Vf
�

of the collagen matrix through image analysis and normalized to 
the initial time point. Single MCF7 spheroids showed no detectable 
degradation, whereas co-cultures with 19TT CAFs displayed a steady 
increase beginning after ~10 hours, doubling by 48 hours (Fig. 2E). 

Variability in degradation rates was greater at d < Dc than at d > Dc, 
likely reflecting earlier 19TT CAF-MCF7 interactions at shorter dis
tances, which could attenuate 19TT CAF-mediated collagen remodeling. 
In contrast, when seeded at greater distances, 19TT CAF spheroids 
would have been able to remodel the collagen matrix without such 
interference prior to engaging with MCF7 spheroids. These results 
confirm that inter-spheroid distance is a critical factor influencing MCF7 
spheroid expansion, single-cell dissemination, and the rate of collagen 
matrix degradation. In the following sections, we will focus our analyses 
on the 19TT CAF and MCF7 spheroid system where d < Dc.

Fig. 2. 19TT CAF - mediated disruption of MCF7 spheroids is dependent on inter-spheroid distance 
(A). Ibidi 8-well glass-bottom slide with a 3D collagen matrix containing multicellular tumor spheroids. A zoomed-in schematic represents multicellular luminal 
MCF7 breast cancer and CAF spheroids embedded in a 3D collagen matrix, separated by a distance "d." 
(B). Representative fluorescence images of MCF7 mCherry-labeled cancer cell spheroids (red) and 19TT H2B GFP-labeled CAF spheroids (white) taken at 0-, 24-, and 
48-hours post-embedding in a 3 mg/ml rat-tail collagen matrix (green). Spheroids were separated by distances of (ii) 450 µm and (iii) 150 µm. 
(C). Quantification of the MCF7 spheroid area was performed under three conditions: when embedded alone (n = 19, N = 3), with 19TT CAF spheroids within 200 
µm (n = 13, N = 3), and with 19TT CAF spheroids at distances greater than 200 µm (n = 16, N = 3) after 48 hours (*p < 0.05, ****p < 0.0001). 
(D). Overview of (1) single-cell dissemination (yellow circles) observed from MCF7 spheroids and (2) collagen matrix integrity (degraded collagen area in yellow 
circles) under three conditions: (i) MCF7 alone, (ii) M7 + CAF, d ≥ DC, and (iii) M7 + CAF, d < DC, after 48 hours. 
(E). Void Fraction (Vf(t)/ Vf(0)) Quantification of the collagen hydrogel measured from 0 to 48 hours and normalized to its initial value (Vf(0)) for MCF7 (red), MCF7 +
CAF, d ≥ DC, (light blue) and (iii) MCF7 + CAF, d < DC (dark blue).
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3.3. 19TT CAF spheroid dissemination mediates collagen matrix 
remodeling and degradation

During 19TT CAF-mediated collagen remodeling, collagen fibers 
reoriented locally to align radially toward the center of the 19TT CAF 
spheroid (Fig. 3A, movie 4). To quantify this alignment, we identified 
and measured the angles of thick collagen fibers relative to the spheroid 
center (Fig. S1); values approaching 0◦ indicated stronger alignment. 
Over the first 10 hours (stage 1), collagen fiber alignment progressively 
intensified (Fig. 3A-B), with a pronounced peak at 0◦ by the end of the 
10th hour. Concurrently, collagen brightness increased under identical 
imaging conditions. Pixel intensity analysis confirmed a steady rise 
during stage 1, consistent with fiber bundling (Fig. 3C). After ~12 hours 

variability in collagen pixel intensities increased. Dissemination of 19TT 
CAF single cells (stage 2) began between 8 and 12 hours, suggesting that 
the remodeled collagen matrix facilitated CAF migration and invasion. 
Minimal matrix degradation was detected during early matrix remod
eling, as reflected by stable values of Vf during the initial 12 hours. At 
later times, the rate of collagen degradation increased, as evidenced by a 
steeper slope in the degradation curve (Fig. 3D). By contrast, MCF7-only 
spheroids showed no significant changes in void fraction or collagen 
alignment over time, consistent with a lack of intrinsic matrix remod
eling capacity in luminal breast cancer cells (Movie 5, Fig. 3A-D) [41].

To test whether collagen matrix remodeling was driven by contrac
tility, we perturbed actomyosin pathways using a direct Myosin II 
blocker (Bleb) and Rho-associated kinase (ROCK) inhibitor [42,43]. 

Fig. 3. 19TT CAF spheroid-mediated matrix degradation is preceded by matrix remodeling and fiber reorientation. 
(A). Representative time-lapse images of 19TT CAF (white) and MCF7 tumor spheroid (red) in a collagen matrix (green). 
(B). Relative collagen fiber orientation concerning the CAF spheroid center in blue (n=11, N = 3) and MCF7 spheroid center in red (n=10, N = 3). Distribution of 
orientations from -90◦ to +90◦ is plotted on the x-axis and the probability density function (PDF) of orientations on the y-axis. Scale bar = 100 µm. 
(C). Quantification of collagen Vf during the first 24 hours of the experiment. MCF7 Vf in red and CAF Vf in blue. 
(D). Quantification of collagen fiber fluorescence intensities during the first 24 h. Mean pixel intensities of collagen fibers surrounding 19TT CAF and MCF7 spheroids 
are compared.
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Inhibition of Myosin II (Bleb, 10µM) and ROCK (Y27, 10µM) (Fig. S7) 
confirmed the role of cellular contractility in these early stages. Myosin 
II inhibition markedly delayed bundling and suppressed early void for
mation, whereas ROCK inhibition produced thinner but aligned fibers 
(Fig. S7B). Importantly, in both conditions, CAFs continued to dissem
inate, and matrix degradation was observed at later times. These results 
indicate that contractile forces drive early matrix remodeling, while 
proteolysis sustains later degradation even when contractility is 
suppressed.

3.4. MMP Inhibition inhibits CAF-mediated matrix degradation but not 
CAF migration

Next, we investigated the influence of collagen matrix degradation 
on 19TT CAF invasion and MCF7 spheroid expansion. To inhibit MMP- 
mediated matrix degradation, we used the broad-spectrum MMP in
hibitor Batimastat (BB94) [44]. In comparison to the controls, 
BB94-treated 19TT CAF spheroids did not degrade the collagen matrix, 
resulting in no significant change in the void within the matrix over 24 
hours (Fig. 4A, BB94 - movie 6, Veh Control - movie 7). Further quan
tification confirmed this observation: while Vf increased in control 
conditions, it remained nearly unchanged for CAF spheroids treated 
with BB94. Despite blocking matrix degradation, BB94 did not prevent 
collagen remodeling, as we observed thick collagen fibers at 10 hours in 
both conditions. Orientation analysis likewise showed no major differ
ences between BB94 and controls (Fig. 4B). Collagen pixel intensities 
also continued to rise under BB94, indicating preserved remodeling 
activity (Fig. 4C). To assess CAF motility, we calculated the invasive 

index (IV = At /A0 � 1), defined as the increase in spheroid 
cross-sectional area (At), to quantify migration dynamics. No significant 
difference was found between treated and control spheroids (Fig. 4D), 
showing that MMP inhibition had little effect on CAF invasion or 
single-cell dissemination. Consistent with expectations, MCF7 spheroids 
alone showed no remodeling under either condition (Fig. S8). Together, 
these findings confirm that MMP activity drives CAF-mediated degra
dation but is not required for CAF-driven remodeling or invasion.

We also tested Cathepsin inhibition using a cysteine protease in
hibitor (E64, 10 µM) [45]. This treatment marginally reduced collagen 
degradation compared to control (Fig. S9). The effect was modest 
compared to the near-complete suppression observed with MMP inhi
bition, suggesting that cathepsins may contribute to matrix clearance 
but are not the dominant drivers in this system.

3.5. MMP inhibition reduces MCF7 spheroid expansion but cannot 
prevent MCF7 cell dissemination

After evaluating MMP inhibition in 19TT CAF spheroids, we 
expanded our analysis to the MCF7-19TT CAF system. Time-lapse im
aging showed that MMP inhibition significantly reduced the expansion 
of MCF7 spheroids and prevented their disruption at the 48-hour mark 
compared to the vehicle controls (Fig. 5A-B, and see movies 8, 9). 
Despite this, MMP inhibition led to an observable increase in single-cell 
dissemination from MCF7 spheroids within the same timeframe 
(Fig. 5C). 19TT CAFs maintained their ability to remodel the collagen 
matrix under BB94 treatment, but MCF7 spheroids no longer displayed 
the deformations observed in the vehicle controls. In controls, CAF- 

Fig. 4. Broad-spectrum MMP inhibition with Batimastat (BB94, 30µM) attenuates collagen matrix degradation but fails to suppress 19TT CAF invasion or ECM 
remodeling. 
(A). Representative images of 19TT CAF spheroids (white), surrounding collagen matrix (green), and composite overlays under vehicle control and broad-spectrum 
MMP inhibition (BB94, 30 µM) conditions at 0 and 10 hours. A 24 hour overview highlights migrating CAF cells. Yellow arrows indicate reoriented collagen fibers in 
vehicle control and MMP inhibition conditions. 
(B). Probability density function (PDF) of relative collagen fiber orientation concerning the CAF spheroid center for BB94 treated (pink, n = 8, N = 3) and vehicle 
control spheroids (blue, n = 8, N = 3) after 10 hours. 
(C). Collagen fiber pixel intensities over 24 hours for control (blue) and BB94-treated spheroids (pink). 
(D). The invasive index of CAF spheroids was observed 24 hours post-embedding in the collagen matrix under vehicle control and MMP inhibition conditions. 
(E). Normalized collagen Vf comparing vehicle control and MMP inhibition conditions over 24 hours.
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mediated remodeling and subsequent degradation deformed the 
spheroid bulk before triggering expansion and dissemination. By 
contrast, under MMP inhibition, MCF7 spheroids released single cells 
isotropically - without prior bulk disruption - during the 48-hour win
dow (Fig. 5C).

3.6. 19TT CAF-MCF7 Heterogeneous spheroids display similar outcomes 
as dual-spheroid systems

Heterospheroids were designed to model intermixed epithelial- 
stromal architectures observed in CAF-rich tumor regions, in contrast 
to the spatially separated dual-spheroid configuration [31,32]. Each 
heterospheroid contained ~500 MCF7 and 19TT CAFs each, with 19TT 
CAFs forming a central core surrounded by MCF7 cells (Fig. 6A). After 
embedding in collagen matrices, time-lapse imaging revealed that 19TT 
CAF cells remodeled the collagen matrix while largely remaining within 
the core of the heterospheroid in both control and BB94-treated condi
tions (Fig. 6A, movies 10, 11). Reoriented collagen bundles were 
observed around the heterospheroid as early as 12 - 24 hours and 
remained visible at 30 hours, coinciding with uniform spheroid expan
sion. Quantifying the relative orientation of collagen fibers in relation to 
the spheroid center (Fig. 6C) revealed comparable trends between the 
control and BB94 conditions, yet the degree of reorientation of the 
collagen fibers after 10 hours was markedly lower compared to the 
dual-spheroid system (Fig. S10). The expansion of the heterospheroid 
over the first 48 hours (Fig. 6D) mirrored the behavior observed in the 
dual-spheroid system, although we noted a greater number of single 
disseminating cells. Importantly, broad-spectrum MMP inhibition pro
duced results consistent with those observed in the dual-spheroid 

system, significantly restricting spheroid expansion without affecting 
collagen fiber reorientation or the dissemination of MCF7 single cells.

4. Discussion

The TME is a dynamic and heterogeneous environment in which 
CAFs play pivotal roles in promoting invasion through ECM remodeling 
and degradation. Previous work has largely correlated CAF activity and 
MMP expression with invasive behavior in patient samples or 2D assays 
[20,46], but has not resolved how these processes unfold over time in 3D 
or how they differentially influence cancer cell outcomes. To establish 
patient relevance, we first analyzed infiltrative and non-infiltrative 
tumor fronts in luminal breast cancer tissues. Infiltrative regions 
showed pronounced collagen alignment, elevated α-SMA, and inter
mixed CAF - cancer cell clusters, whereas non-infiltrative regions dis
played weaker collagen alignment, reduced α-SMA, and more 
segregated tumor-stromal compartments. These observations informed 
the design of our in vitro models, which can systematically dissect the 
spatiotemporal principles underlying CAF cancer ECM interactions.

Using a multi-spheroid 3D model coupled with time-lapse imaging, 
we demonstrate that CAF-mediated remodeling and degradation are 
temporally and mechanistically separable. During the first stage of 
matrix remodeling (4-10 hours), CAF spheroids bundled and reoriented 
fibrillar collagen into thick aligned fibers, thereby preparing the matrix 
for subsequent invasion and degradation. This early, contractility-driven 
remodeling facilitated deformation of adjacent MCF7 spheroids and, in 
many cases, early single-cell dissemination. Contractile forces exerted 
by 19TT CAFs also likely contributed to the increased pixel intensity of 
collagen fibers [39,40]. Following matrix reorganization, 19TT CAF 
migration commenced and was accompanied by progressive matrix 
degradation, as indicated by increasing void formation over the subse
quent 24 hours. The protease-dependent matrix degradation was only 
detectable after ~10-12 hours, coinciding with increased void fraction 
and supporting bulk MCF7 spheroid expansion. However, the matrix 
degradation rate plateaued between 24 and 36 hours, likely coinciding 
with 19TT CAF-MCF7 interactions. After 36 hours, the degradation 
reaccelerated as 19TT CAFs migrated deeper into the matrix, having 
already disrupted the MCF7 spheroids. These observations highlight the 
spatiotemporal adaptability of 19TT CAFs in ECM remodeling to facili
tate tumor invasion. Proximity of 19TT CAFs to MCF7 spheroids was a 
critical determinant of tumor expansion and dissemination, with 
spheroids located within one DC of a 19TT CAF spheroid experiencing 
significantly increased expansion and single-cell dissemination 
compared to those positioned further away. Taken together, these data 
explicitly delineate the temporal and functional contributions of 
CAF-mediated ECM remodeling and degradation. Remodeling, defined 
as contractility-driven collagen bundling, occurred within the first 4-10 
hours and facilitated MCF7 spheroid deformation and early single-cell 
dissemination. By contrast, degradation, detectable only after ~10-12 
hours, was protease-dependent and primarily supported bulk spheroid 
expansion.

Spatial organization further modulated these temporal dynamics. In 
dual-spheroid systems, remodeling and degradation occurred sequen
tially, whereas in heterospheroids, with intermixed CAFs and cancer 
cells - reflecting the intermixed epithelial-stromal architecture observed 
in CAF-rich tumor regions [31,32] - both processes occurred concur
rently. These findings parallel research observations that 
epithelial-stromal proximity accelerates invasion [7,47], while also 
providing mechanistic insight into how architectural context shapes 
invasion modes.

To inhibit matrix degradation, we employed a broad-spectrum MMP 
inhibitor. MMP inhibition effectively prevented collagen degradation 
without impairing 19TT CAF motility or ECM remodeling. Under these 
conditions, MCF7 spheroid expansion was markedly reduced, whereas 
single-cell dissemination persisted or was even enhanced. This re
inforces that bulk expansion depends on matrix degradation, whereas 

Fig. 5. Broad-spectrum MMP Inhibition with Batimastat (BB-94, 30µM) of the 
CAF-MCF7 spheroid system reduces MCF7 spheroid expansion but does not 
prevent single-cell dissemination. 
(A). Representative time-lapse images of 19TT CAF spheroids (white) and MCF7 
tumor spheroids (red) embedded in a collagen matrix (green) in vehicle control 
and MMP inhibition conditions. 
(B). Quantification of MCF7 spheroid area changes when seeded alone (n = 9, N 
= 3), vehicle control (n = 9, N = 3) and MMP inhibition conditions after 48 
hours (n = 7, N = 3). 
(C). Representative images of MCF7 spheroids in vehicle control and broad- 
spectrum MMP inhibition conditions 48 hours post-embedding in a collagen 
matrix. Yellow circles highlight single cells disseminating from the spheroids.
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dissemination can proceed independently of it. Since MMP inhibition 
did not hinder CAF-driven remodeling, contractile forces likely create 
interstitial spaces that support dissemination. Further analysis 
confirmed the absence of matrix degradation in MMP-inhibited samples 
(Fig. 4E). Consistent with prior work, ECM architecture dictates 
migration mode: dense matrices promote single-cell dissemination, 
while looser matrices favor collective invasion [39,48–53]. Our results 
thus show that CAF-driven invasion operates through two separable 
mechanisms: contractility-dependent collagen remodeling and 
protease-mediated degradation. Collagen matrix remodeling supports 
single cell dissemination, while matrix degradation supports bulk 
expansion and disruption of the cancer cell spheroid. This mechanistic 
dissection helps explain why MMP inhibitors have shown limited clin
ical efficacy and highlights the need to target both proteolytic and me
chanical CAF activities. The differential effects of contractility and 
protease inhibition on collagen organization, void formation, and CAF 
behavior are summarized in Table S1, providing a concise overview of 
how each pathway contributes to distinct stages of matrix remodeling 

and invasion dynamics.
While our study emphasizes on ECM remodeling and degradation, 

CAFs also play broader roles in vivo, including ECM production, im
mune modulation, and metabolic support [12]. The 19TT CAF line used 
here represents a contractile, desmoplastic subtype particularly relevant 
to invasive tumor fronts. Future studies incorporating additional CAF 
subtypes and tumor contexts will be important for validating and 
expanding these insights. Together these results also suggest that the cell 
dissemination observed under control conditions is a combination of 
both proteolytic and non-proteolytic migration modes. Additional future 
dissection of these routes is warranted to assess adhesion dependence, 
confinement sensitivity, and morphology-based kinematics (sphericity, 
cell speed, etc.). Beyond mechanistic insight, our findings also point to 
therapeutic strategies that disrupt CAF-mediated remodeling, such as 
combining inhibitors of actomyosin contractility with agents targeting 
collagen crosslinking enzymes, such as lysyl oxidase (LOX), which re
duces matrix stiffening and tumor progression in preclinical models 
[54]. Such approaches could complement conventional MMP inhibition 

Fig. 6. Heterospheroids (19TT CAF – MCF7) show similar expansion rates and single cell dissemination as MCF7 spheroids when seeded close to CAF spheroids. 
(A). Representative time-lapse images of heterospheroids composed of MCF7 tumor cells (red) and 19TT CAFs (white) embedded in a 3D collagen matrix (green). 
Shown are vehicle control and BB94 (30 µM) treated spheroids. The inset highlights a heterospheroid, with 19TT CAF cells located centrally (yellow circle). Scale bar 
= 100 µm. 
(B). Representative images of MCF7 cells in vehicle control and BB94-treated conditions 48 hours post-embedding in the collagen matrix. Yellow circles highlight 
single cells disseminating from the spheroids. 
(C). Collagen fiber orientation with respect to heterogenous spheroid center at 0 and 24 hours, respectively. Control in green (n = 9, N = 3) and MMP inhibition in 
pink (n = 6, N = 3) 
(D). Quantifying heterogeneous spheroid area changes under vehicle control and MMP inhibition conditions after 48 hours.
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and provide a more comprehensive framework to mitigate CAF-driven 
invasion and resistance.

5. Conclusion

This study elucidates the spatiotemporal dynamics of CAF-driven 
ECM remodeling and its dual role in tumor invasion (focused on the 
indolent breast cancer type), revealing valuable mechanistic insights 
into the interplay between stromal activity and tumor progression. Our 
findings demonstrate that CAFs orchestrate a sequential cascade of ECM 
reorganization, migration, and degradation, which collectively enable 
tumor spheroid disruption and dissemination. The initial phase of 
collagen fiber alignment and bundling by CAFs creates a permissive 
microenvironment for subsequent invasion, while MMP-mediated 
degradation facilitates bulk tumor expansion. Notably, MMP inhibi
tion experiments revealed that ECM remodeling alone - via CAF 
contractility - is sufficient to generate interstitial spaces for single-cell 
dissemination, decoupling this process from matrix degradation. These 
results may also shed some light on the limited success MMP inhibitors 
have had in clinical settings as cancer therapeutics. Additionally, 
translating these insights into strategies to inhibit CAF-mediated matrix 
remodeling and subsequent CAF migration could offer novel avenues for 
metastasis prevention.
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[42] M. Kovács, J. Tóth, C. Hetényi, A. Málnási-Csizmadia, J.R. Sellers, Mechanism of 
blebbistatin inhibition of Myosin II, J. Biol. Chem. 279 (2004) 35557–35563, 
https://doi.org/10.1074/jbc.M405319200.

[43] K. Kuwahara, Y. Saito, O. Nakagawa, I. Kishimoto, M. Harada, E. Ogawa, 
Y. Miyamoto, I. Hamanaka, N. Kajiyama, N. Takahashi, T. Izumi, R. Kawakami, 
N. Tamura, Y. Ogawa, K. Nakao, The effects of the selective ROCK inhibitor, 
Y27632, on ET-1-induced hypertrophic response in neonatal rat cardiac myocytes – 
possible involvement of Rho/ROCK pathway in cardiac muscle cell hypertrophy, 
FEBS Lett. 452 (1999) 314–318, https://doi.org/10.1016/S0014-5793(99)00680- 
8.

[44] B. Davies, P.D. Brown, N. East, M.J. Crimmin, F.R. Balkwill, A synthetic matrix 
metalloproteinase inhibitor decreases tumor burden and prolongs survival of mice 
bearing human ovarian carcinoma xenografts, Cancer Res. 53 (1993) 2087–2091.

[45] K. Matsumoto, K. Mizoue, K. Kitamura, W.-C. Tse, C.P. Huber, T. Ishida, Structural 
basis of inhibition of cysteine proteases by E-64 and its derivatives, Biopolymers 51 
(1999) 99–107.

[46] H. Huang, Matrix metalloproteinase-9 (MMP-9) as a cancer biomarker and MMP-9 
biosensors: recent advances, Sens. (Switzerland) 18 (2018) 5–7, https://doi.org/ 
10.3390/s18103249.

[47] K. Lisek, I. Theurillat, T.M. Pentimalli, S. Beier, D. León-Periñán, A. Antonatou, S. 
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