
Franco‑Valls et al. Breast Cancer Research  (2023) 25:143 
https://doi.org/10.1186/s13058-023-01736-y

RESEARCH Open Access

© The Author(s) 2023, corrected publication 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver 
(http://​creat​iveco​mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a 
credit line to the data.

Breast Cancer Research

Formation of an invasion‑permissive matrix 
requires TGFβ/SNAIL1‑regulated alternative 
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Abstract 

Background  As in most solid cancers, the emergence of cells with oncogenic mutations in the mammary epithelium 
alters the tissue homeostasis. Some soluble factors, such as TGFβ, potently modify the behavior of healthy stromal 
cells. A subpopulation of cancer-associated fibroblasts expressing a TGFβ target, the SNAIL1 transcription factor, 
display myofibroblastic abilities that rearrange the stromal architecture. Breast tumors with the presence of SNAIL1 
in the stromal compartment, and with aligned extracellular fiber, are associated with poor survival prognoses.

Methods  We used deep RNA sequencing and biochemical techniques to study alternative splicing and human 
tumor databases to test for associations (correlation t-test) between SNAIL1 and fibronectin isoforms. Three-dimen‑
sional extracellular matrices generated from fibroblasts were used to study the mechanical properties and actions 
of the extracellular matrices on tumor cell and fibroblast behaviors. A metastatic mouse model of breast cancer 
was used to test the action of fibronectin isoforms on lung metastasis.

Results  In silico studies showed that SNAIL1 correlates with the expression of the extra domain A (EDA)-containing 
(EDA+) fibronectin in advanced human breast cancer and other types of epithelial cancers. In TGFβ-activated fibro‑
blasts, alternative splicing of fibronectin as well as of 500 other genes was modified by eliminating SNAIL1. Biochemi‑
cal analyses demonstrated that SNAIL1 favors the inclusion of the EDA exon by modulating the activity of the SRSF1 
splicing factor. Similar to Snai1 knockout fibroblasts, EDA- fibronectin fibroblasts produce an extracellular matrix  
that does not sustain TGFβ-induced fiber organization, rigidity, fibroblast activation, or tumor cell invasion. The pres‑
ence of EDA+ fibronectin changes the action of metalloproteinases on fibronectin fibers. Critically, in an mouse ortho‑
topic breast cancer model, the absence of the fibronectin EDA domain completely prevents lung metastasis.

Conclusions  Our results support the requirement of EDA+ fibronectin in the generation of a metastasis permissive 
stromal architecture in breast cancers and its molecular control by SNAIL1. From a pharmacological point of view, 
specifically blocking EDA+ fibronectin deposition could be included in studies to reduce the formation of a pro-meta‑
static environment.
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Background
Epithelial tumor formation and progression toward 
malignant stages are sustained by the acquisition of aber-
rant and extemporary cell behaviors. An initial exacer-
bated cell proliferation induced by oncogenic mutations 
is followed by reactivation of inappropriate cell plasticity 
programs, providing tumor cells with motility, invasive-
ness, regenerative potential, immune evasion and resist-
ance to anoikis and pharmacological insults [1, 2]. These 
programs are largely influenced by biochemical and bio-
physical signaling from the tumor-destabilized microen-
vironment; therefore, certain cancer stroma conditions 
can cause malignant events, such as tumor invasion, 
relapse and therapeutic resistance.

Of the tumor microenvironment cells, fibroblasts are 
primarily responsible for regulating the architectural 
features. While stroma structure generated by normal 
fibroblasts restricts cell movements and maintains epi-
thelial tissue homeostasis, structures generated by the 
excessive activity of cancer-associated fibroblasts (CAFs) 
on the extracellular architecture favor plasticity pro-
grams fueling tumor progression [3]. For instance, the 
presence of directionally aligned collagen around the 
tumor mass was found to be a signature for poor prog-
nostics in human breast carcinoma [4], and evidence of 
central fibrosis in triple-negative breast cancer corre-
lates with the highest propensity for developing distant 
metastases [5].

CAF are heterogenous, and while myofibroblastic CAF 
(myoCAF) strongly remodel the extracellular matrix 
(ECM), immunostimulatory CAFs (iCAFs) modulate 
the immune system. In triple-negative breast tumors, 
the presence of CAFs enriched for high expression of 
immune-related genes, but not for that of ECM-regulat-
ing genes, is associated with longer overall survival [6]. 
Therefore, characterizing the molecular mechanisms 
sustaining the pro-metastatic myoCAFs presents a major 
challenge to design effective antitumor strategies. Strat-
egies targeting no particular CAFs in pancreatic tumors 
do not have sufficient therapeutic efficacy or, in some 
contexts, even lead to shortened patient survival in clini-
cal trials [7].

The transforming growth factor beta (TGFβ) is a 
secreted cytokine that promotes a fibroblast-to-myofi-
broblast transition [8]. TGFβ-activated fibroblasts, 
including mouse embryonic fibroblasts (MEF), secrete 
a myofibroblast-specific ECM with anisotropic fib-
ers and elevated rigidity [9]. The TGFβ action on the 
ECM properties and the subsequent malignant effects 
on tumor cells (such as increased directional migration 
and invasiveness) are dependent on the transcription 
factor SNAIL1 [10]. SNAIL1 levels in CAF lines corre-
late with the extracellular anisotropy they produce, and 

SNAIL1 protein expression in colon and breast cancers 
is observed mostly in the stromal compartment associ-
ated with aligned fibronectin fibers and poor prognosis 
[9–12].

Cellular fibronectin is a glycoprotein assembled mainly 
by fibroblasts into extracellular fibers, where it acts as 
a template for the directional polymerization of other 
ECM fibers [13]. The extracellular fibronectin fibrillo-
genesis is a cell-mediated assembly process in which 
dimers of fibronectin secreted or recruited to the exter-
nal cell membrane receive tension from receptors cou-
pled to intracellular stress fibers [14]. Fibronectin is 
encoded by a single gene (FN1) that generates multiple 
isoforms by alternative splicing. Extra domain A isoforms 
(EDA+)  result from the inclusion of exon 33 [15]. Het-
erodimers can form from different fibronectin isoforms, 
and all isoforms can be incorporated into the ECM fibers 
[16]. Myofibroblasts in embryogenesis, wound healing 
and fibrosis [17–19], but not fibroblasts in adult tissues, 
express EDA+ fibronectin  variants [20]. Additionally, 
EDA+  fibronectin has also been detected in many can-
cers [21–27].

Most seminal studies on the role of EDA in activat-
ing epithelia [28–30], fibroblasts [31, 32] and inflamma-
tory cells [33], and well as on its interaction with other 
proteins [33], have used recombinant, non-polymerized 
full-length isoforms or fibronectin fragments. Thus, 
despite our knowledge about its cell signaling actions, 
we still lack a full understanding of the structural func-
tions of polymerized EDA+  fibronectin in the ECM. 
TGFβ promotes EDA inclusion in part through a mech-
anism that facilitates mobilization of the splicing factor 
SRSF1, which activates the splicing machinery [34, 35]. 
The direct involvement of SNAIL1 in alternative splicing 
regulation has not been described.

In this article, we unveil a TGFβ/SNAIL1-dependent 
molecular mechanism that controls EDA inclusion by 
SRSF1. We show a correlation between the expression 
of SNAIL1 and EDA+  fibronectin in advanced breast 
tumors. Further, we show that EDA+ fibronectin mim-
ics the action of SNAIL1 in fibroblasts by fine-tuning the 
architectural parameters of the ECM and influencing the 
tumor cell invasiveness. This contribution toward under-
standing the molecular mechanisms underlying myofi-
broblast activity is a step forward in the development of 
strategies aimed at blocking CAF subtypes with pro-met-
astatic activity.

Materials and methods
Reagents, cell lines and patient‑derived xenografts
Cells were grown in standard medium and conditions. 
MDA-MB-231, MCF7, HT-29 M6 and NIH3T3 cells 
were acquired from the repository stock at the Institut 
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Hospital del Mar d’Investigacions Mèdiques (IMIM). 
Control and Snai1 KO mouse embryonic fibroblasts 
(MEF), mesenchymal stem cells (MSC) [36] and con-
trol and Snai1 KO breast cancer-associated fibroblasts 
(CAF) [43] were previously established in our labora-
tory. MSC are isolated non-transformed fibroblasts that 
are recruited by tumors in vivo. The MEF lines express-
ing EDA- or EDA+ fibronectin or control unmodi-
fied MEF were prepared at the ICGEB (Trieste, Italy). 
BJ human fibroblasts were kindly gifted by Dr. Cris-
tina Peña (Hospital Universitario Puerta de Hierro). 
The EpRas tumor cell line was kindly provided by Dr. 
Antoni Celià lab (IMIM) and were originally generated 
by Dr. Robert Weinberg (Whitehead Institute for Bio-
medical Research). The AT-3 tumor cell line was kindly 
gifted by the Dr. José Yelamos Lab (IMIM). Patient-
derived xenografts (PDX) were provided by Dr. Joaquín 
Arribas (IMIM) and previously analyzed in our labora-
tory [37]. See Additional file 1 Materials and Methods 
for treatment reagents and transfected siRNAs.

Human tumor database information
Fibronectin RNA expression and splicing data were 
obtained from TSVdb [38], and the SNAIL1 protein lev-
els for the same cohort of patients, from cBioPortal. The 
characteristics of each patient were also downloaded 
from the cBioPortal database. Thus, all procedures per-
formed in studies involving human participants were in 
accordance with the ethical standards of the institutional 
and/or national research committee and with the 1964 
Helsinki Declaration and its later amendments or compa-
rable ethical standards.

For each cancer type studied (lung adenocarcinomas, 
skin melanomas, breast adenocarcinomas and kidney 
renal cell carcinomas), tumor data were analyzed in two 
groups: i) stages I and II, and ii) stages III and IV. The 
number of patients per group ranged from 69 to 590 
(Fig. 1). Each tumor was classified according to its relative 
SNAIL1 protein levels and the percentage of EDA inclu-
sion. Only full-length fibronectin isoforms, including or 
excluding exon 33, were considered. The cutoff value to 

Fig. 1  SNAIL1 expression controls fibronectin EDA inclusion. A Relative RNA amount of EDA+ fibronectin isoforms in control and Snai1 KO CAFs. 
RNA obtained from indicated CAFs was retrotranscribed and amplified by PCR using Fn1 (depicted on the left) or Snai1 primers. Resulting DNA 
was visualized by electrophoresis on a 2% agarose gel. A representative experiment from the three performed is shown. B Relative RNA amount 
of EDA+ fibronectin isoforms in control and Snai1 KO MEFs treated with TGFβ1. RNA from the indicated MEFs was untreated or treated for 24 h 
with 5 ng/mL of TGFβ1 and then analyzed as in A. C Expression of the EDA+ fibronectin protein in MEFs. Control and Snai1 KO MEFs were treated 
or not with 5 ng/mL of TGFβ1 for 24 h and lysed in SDS buffer. Levels of the indicated proteins were analyzed by Western blotting. D Expression 
of EDA+ fibronectin in BJ fibroblasts. Human BJ fibroblasts were transfected with siRNA anti-SNAIL1 or a control siRNA and then treated or not with 
TGFβ1 for 24 h. Cells were lysed in SDS buffer, and protein levels were analyzed by Western blotting. E Quantification of the EDA+ fibronectin ratio 
by RNA-seq. Deep sequencing of RNA from control or Snai1 KO MEFs treated with 5 ng/mL TGFβ1 for 3 h was performed. The percent spliced-in 
(PSI) for FN1-EDA in each condition was calculated from the number of inclusion and exclusion sequencing reads
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discriminate between low and high expression was set in 
relation with the average value for the EDA percentage in 
each cancer type, ranging between 68 and 96%; the value 
was set at 80% for kidney cancer, 85% for breast cancer, 
90% for lung cancer, and 99% for skin cancer. Normal tis-
sue data were analyzed with these values, and only 3–8% 
of specimens expressed high EDA (Fig. 1). Normal tissue 
data for skin cutaneous melanoma were not available. 
As SNAIL1 protein stability is tightly regulated post-
translationally [39], protein but not RNA levels were ana-
lyzed. A cutoff value of 1 was set by SNAIL1 expression 
data from Reverse-Phase Protein Array, normalized by 
z-score. For lung cancer, no normalized data were avail-
able, and the cutoff was set at 0.25 as the average value of 
the collection was –0.22. With these settings, advanced 
tumors (stages III and IV) concomitantly expressing 
high levels of SNAIL1 and fibronectin EDA represented 
11.1%, 2.9%, 2.7% and 2.1% of the lung, skin, breast and 
kidney cancers, respectively. For PDXs, the SNAIL1 and 
EDA+ fibronectin cutoff values corresponded to 80% of 
the band intensity obtained in a positive control sample 
from activated EDA+ MEFs. Seven of 29 PDXs (24%) 
expressed high levels of SNAIL1 and  EDA+ fibronec-
tin. For statistical analysis, percentages of elevated 
EDA inclusion in high versus low SNAIL1 tumors were 
compared.

RNA immunoprecipitation
Cells on cell culture dishes were grown to 80% conflu-
ence, washed with warm PBS, trypsinized and recov-
ered by centrifugation. Cells were then resuspended in 
300 µL lysis buffer (100 mM KCl, 5 mM MgCl2, 10 mM 
HEPES pH 7, 0.5% NP-40, 1 mM DTT, 1 × RNase inhibi-
tor, 1 × protease inhibitor) for each 15-cm-diameter plate, 
incubated 5 min on ice and snap-frozen in liquid nitro-
gen. Thawed samples were sonicated in a Bioruptor Pico 
Sonicator (Diagenode) for 15 cycles of 30  s ON/OFF at 
4 °C. Samples were centrifuged at 16,000 g for 10 min at 
4 °C, the supernatants were recovered and the protein 
content was quantified. In parallel, antibody-complexed 
beads were prepared. Per sample, 30 μL of Gammabind 
G Sepharose beads was washed in NET buffer (50  mM 
Tris pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM EDTA); 
samples were blocked with 20  μg tRNA, washed again 
and incubated for 2 h at 4  °C with rotation after adding 
the primary antibody or Irrelevant IgG. All centrifuga-
tion steps were done at 350 g and 4 °C. Protein samples 
were precleared with unblocked beads for 30 min at 4 °C 
with rotation and centrifuged for 2 min at 350 g, and the 
supernatant was recovered. A total of 6 mg of protein was 
mixed with the previously blocked and antibody-com-
plexed beads and incubated for 2 h at 4 °C with rotation. 
The mix was centrifuged, and beads were washed 4 times 

with NET buffer. Finally, beads were resuspended in 50 
µL NET buffer with 2 µL of blue glycogen and 150 µL 
TRIzol, and RNA extraction was carried out as described.

Measurement of the micromechanical properties 
by atomic force microscopy
Micromechanics of the matrices were measured using 
a custom-built atomic force microscope mounted on 
an inverted optical microscope (TE2000; Nikon, Tokyo, 
Japan). All experiments were performed in PBS buffer 
with a pH of 7.4 at 37 °C. Measurements were performed 
by using force–displacement curves on the surface of 
the sample with V-shaped silicon nitride microfabri-
cated cantilevers (0.012 N/m of nominal spring constant) 
ended with a 2.5 μm radius spherical glass bead (Novas-
can Technologies, Ames, IA, US). The vertical position 
of the cantilever was controlled with a piezoelectric 
actuator and measured with a strain gauge sensor (Physik 
Instrumente, Karlsruhe, Germany). A four-quadrant pho-
todiode (S4349, Hamamatsu, Japan) was used to measure 
the deflection of the cantilever. The elastic modulus was 
calculated from the force–displacement curves by fit-
ting them to the Hertz model for sphere-plane contact, 
as described in [40], and computed at an indentation of 
0.5  μm. Samples were probed in five randomly selected 
zones, with five different points probed in each zone 
(separated by at least 10 µm in the XY plane), for a total 
of twenty-five elastic modulus measurements in each 
sample.

Statistical analysis
All results shown are representative of at least three 
independent experiments. Data are represented as the 
mean ± SEM. When appropriate, statistical analyses 
were conducted using GraphPad Prism software (Graph-
Pad, La Jolla, CA, USA), and data were analyzed for sig-
nificance using unpaired t-tests and chi-squared tests. 
Values of p < 0.05 are marked with one asterisk and of 
p < 0.01 with two asterisks.

See Additional file 1 Materials and Methods for stand-
ard protocols and specific reagents for RNA extraction, 
reverse transcription and PCR, RNA-seq and alterna-
tive splicing analysis, Western blotting, immunofluo-
rescence analysis, immunohistochemistry, collagen 
imaging, immunoprecipitation assay, chromatin immu-
noprecipitation, fibroblast activity, deposition of three-
dimensional extracellular matrices, invasion assays and 
statistical analysis. Uncropped gel and blot images are 
provided with the Additional file 1.

All animal procedures were approved by the Animal 
Research Ethical Committee from the Parc de Recerca 
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Biomèdica de Barcelona (Barcelona, Spain) and by the 
Generalitat de Catalunya.

Results
Depletion of fibroblastic Snai1 decreases the EDA exon 
inclusion
Expression of both the transcription factor SNAIL1 and 
the fibronectin isoform including the EDA domain in 
myofibroblasts has been described [20, 39]. To determine 
whether SNAIL1 is involved in the controlling EDA exon 
inclusion, we first used RT-PCR to visualize the relative 
amount of skipping/inclusion isoforms in RNA from 
control or Snai1-deficient fibroblasts, including CAFs, 
MEFs and human BJ fibroblasts. Oligonucleotide primers 
annealing to the flanking EDA exons were used at not sat-
urating cycles. We observed a qualitative switch toward 
EDA-skipped RNA, confirmed by densitometric quantifi-
cation of the bands, in Snai1 KO relative to control CAFs 
(Fig.  1A). As described, we detected that the cytokine 
TGFβ promoted EDA+ fibronectin RNA expression and 
that the increase was SNAIL1 dependent (Fig. 1B; Addi-
tional file  1: Fig. S1). By analyzing EDA+ fibronectin 
expression at the protein level using a specific monoclo-
nal antibody, we found that it was only faintly detected 
in Snai1 KO fibroblasts as compared to control cells 
(Fig. 1C). In human BJ fibroblasts, depletion of SNAIL1 
using a specific siRNA downregulated EDA+ fibronectin 
levels in both untreated and TGFβ-treated cells (Fig. 1D) 
indicates that the Snai1-depletion effect was not limited 
to murine MEFs and CAFs or to the constitutive removal 
of the factor.

To elucidate whether SNAIL1 extensively controls 
alternative splicing, we evaluated splicing events by 
deep sequencing of mRNA from control and Snai1 
KO MEFs treated for 3  h with TGFβ. The SUPPA2 
and SANJUAN pipelines revealed 674 and 299 sig-
nificantly different splicing events, respectively, that 
affected more than 500 genes (Additional file  1: Fig. 
S2A, Tables S1 and S2). Among these, we found several 
genes involved in actin cytoskeleton regulation, such as 
Myl6, AnIn, Macf1, Tpm1, Tpm2, PP1R12A, FlnC and 

FlnB, as well as ECM genes, such as Col5α1 and FN1; 
we confirmed some of these genes by RT-PCR (Addi-
tional file  1: Fig. S2B). For fibronectin, the number of 
RNA-seq reads for the events including and exclud-
ing EDA allowed us to quantify the relative amount of 
EDA+ fibronectin in each sample, which was over 75% 
in control MEFs but was reduced by approximately half 
in Snai1 KO cells (Fig. 1E).

SNAIL1 protein levels correlate with EDA+ fibronectin RNA 
expression in advanced cancers
In primary breast tumors, the presence of myofibroblatic 
CAFs has been associated with tumor progression [5, 6, 
10, 41], and the expression of fibroblastic SNAIL1, with 
a poor prognosis [10]. Here, we analyzed whether the 
simultaneous expression of SNAIL1 and EDA+ fibronec-
tin correlates with advanced breast tumors. We col-
lected available SNAIL1 protein data (cBioportal; TCGA, 
Firehose Legacy) and calculated the percentage of 
EDA + fibronectin RNA (using the web tool TSVdb for 
the TCGA splicing variants) from 809 invasive breast 
carcinomas. We categorized tumors according to their 
stage (I-II or III-IV) and calculated the relative levels for 
each molecule using a cutoff value (Material and Meth-
ods). Overall, 55% of advanced tumors (stages III and IV) 
expressing high levels of SNAIL1 also expressed high lev-
els of EDA+ FN1. This percentage decreased to 33–37% 
in the remaining categories (Fig. 2A). In protein extracts 
from patient-derived xenografts (PDX) corresponding 
to HER2 + or triple-negative breast neoplasms, the per-
centage of tumors with high EDA+ fibronectin expres-
sion was increased in the PDXs expressing high levels of 
SNAIL1 (Fig. 2B). Remarkably, we found similar associa-
tions when we analyzed available data from other solid 
tumors in which the stromal component has been shown 
to be relevant for tumor progression, such as skin cuta-
neous melanoma [42], lung adenocarcinoma [43, 44] 
and kidney renal clear cell carcinoma [45] (Fig.  2B–D). 
Even though available data do not discriminate between 
tumor and stroma expression, our analysis shows that 

(See figure on next page.)
Fig. 2  Elevated percentages of EDA+ fibronectin correlate with high SNAIL1 levels in advanced human tumors. A Breast adenocarcinoma; C kidney 
renal clear cell carcinoma; D skin cutaneous melanoma; and E lung adenocarcinoma. The percentage of EDA+ fibronectin RNA and the SNAIL1 
protein level in each specimen were obtained from the TSVdb and cBioPortal databases, respectively. Tumors were classified according to the levels 
(low or high) of SNAIL1 and EDA+ fibronectin (see Materials and Methods), and the percentages of high or low EDA+ fibronectin tumors were 
plotted for each SNAIL1-expressing category. Tumors at the initial (I and II) or advanced (III and IV) stages were analyzed separately (see Materials 
and Methods). Numbers within the bars indicate the percentage of tumors with high levels of EDA+ fibronectin. When available, data for normal 
tissue (NT) are also shown. n, number of tumors per group. B Relative protein levels of EDA+ fibronectin and SNAIL1 in PDXs. EDA+ fibronectin 
and SNAIL1 levels in 29 PDX protein extracts from HER2+ or triple-negative breast neoplasms were densitometrically estimated from Western 
blots (see Materials and Methods). PDXs were classified according to their levels (low or high) of SNAIL1 and EDA+ fibronectin (see Materials 
and Methods) and analyzed as in A. n, number of PDXs
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Fig. 2  (See legend on previous page.)
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the expression of two myofibroblast-associated proteins 
mostly present in the stroma of colon and breast tumors 
was associated with advanced tumors.

SRSF1 binding to exon 33 RNA of fibronectin 
is SNAIL1‑dependent
To further analyze how SNAIL1 controls the EDA inclu-
sion, we focused on SRSF1, a splicing factor involved in 
controlling this event [34, 35]. Although SRSF1-mediated 
splicing can be regulated by factor availability [34], we 
did not detect decreased SRSF1 protein levels or changes 
in its subcellular localization in TGFβ-activated Snai1 
KO relative to control MEFs (Fig. 3A,B). In contrast, we 
observed that SRSF1 and SNAIL1 colocalized in nuclear 
granules (Fig. 3B) and co-immunoprecipitated (Fig. 3C), 
suggesting a more direct molecular connection.

As SRSF1 was described to bind EDA RNA [46], we 
tested whether SNAIL1 influences SRSF1 binding to 
exon 33 RNA using RNA immunoprecipitation (RIP) 
assays in Snai1 KO MEFs. SRSF1 or SNAIL1 was immu-
noprecipitated with specific antibodies, and the co-
precipitating RNA was analyzed. Fibronectin RNA did 
not significantly co-precipitate with anti-SNAIL1, even 
in MEFs overexpressing ectopic SNAIL1-HA treated 
with TGFβ (Fig. 3D). RIP using anti-SRSF1 in these cells 
confirmed that SRSF1 interacts with EDA RNA, as pre-
viously reported (Fig.  3E). Remarkably, the binding of 
SRSF1 to the EDA RNA region (but not to a control irrel-
evant region, HPRT) was undetected in Snai1 KO MEFs 
(Fig. 3E). This result indicates that SNAIL1 is required for 
the specific binding of SRSF1 to the exon 33 RNA.

Splicing factors of the SRSF family are involved 
in coupling RNA Pol II transcription to pre-mRNA 

splicing [47] and precipitate genomic DNA in the pres-
ence of crosslinking agents [48]. Therefore, we used 
ChIP to test whether SRSF1 interacts with the genomic 
DNA at exon 33. We detected that TGFβ promoted 
precipitation of this region, but not of the fibronec-
tin proximal promoter or exon 7 regions, with SRSF1 
(Fig.  3F), indicating that the splicing factor is likely 
involved in a co-transcriptional complex. As SNAIL1 
interacts with SRSF1, we tested whether SNAIL1 also 
interacts with the exon 33 genomic region. In contrast 
to the lack of its binding to RNA, we found that SNAIL1 
interacted with the exon 33 in a TGFβ-dependent man-
ner, as well as with the proximal FN1 promoter (as pre-
viously described; [49]) (Fig. 3G). Lack of binding to the 
fibronectin exon 7 region supported the specificity of 
these ChIP interactions.

Altogether, our data suggest that TGFβ induces local-
ization of SNAIL1 at the alternative splicing region, 
which is required for the formation of a co-transcrip-
tional complex that includes SRSF1 bound to the EDA 
RNA. In this case, we would expect that the DNA and 
RNA binding machineries (including SNAIL1 and 
SRSF1, respectively) connected by nascent RNA, would 
be separated by an RNase treatment. Indeed, co-immu-
noprecipitation of SNAIL1 and SRSF1 was disrupted 
when input lysates were treated with RNase (Fig. 3C).

As the reduction of the EDA-containing isoform in 
untreated Snai1 KO MEFs (Fig. 1A–C) could be inde-
pendent of SRSF1, we tested the levels of other splic-
ing factors involved in the regulation of EDA splicing, 
such as SFSR3, SRSF5 [20, 50] and QKI [51]. While the 
levels of the splicing silencer QKI increased in the KO 
MEFs (Additional file  1: Fig. S4A), no clear changes 

Fig. 3  SRSF1 interactions with the fibronectin EDA exon is regulated by SNAIL1. A SRSF1 protein amount in Snai1 KO MEFs. Control and Snai1 
KO MEFs were lysed in SDS buffer after the indicated times of TGFβ1 treatment (5 ng/mL), and protein levels were analyzed by Western blotting. 
B SNAIL1 and SRSF1 colocalize in the nucleus of MEFs. Control and Snai1 KO MEFs were grown on glass coverslips, treated with TGFβ1 for 24 h 
and fixed with 4% PFA. The cellular distributions of SNAIL1 and SRSF1 were analyzed by immunofluorescence with specific antibodies. Images were 
obtained by confocal microscopy. Phalloidin (pink) and DAPI (blue) staining corresponding to depicted cells are shown into a box. Merge images 
in control MEFs were produced with ImageJ, and colocalization is shown in yellow. C The SNAIL1 and SRSF1 interaction is RNA dependent. Extracts 
of MEFs treated with TGFβ1 for 3 h were obtained in RIPA buffer, and half of the sample was treated with 400 µg/mL RNase A. RT-qPCR for total 
fibronectin confirmed the complete elimination of RNA in the samples. Immunoprecipitation was performed using an antibody specific for SRSF1 
and agarose beads. Immunoprecipitated proteins were analyzed by Western blotting. D SNAIL1 does not bind to the fibronectin exon 33 RNA. RNA 
immunoprecipitation (RIP) was performed using an antibody specific for SNAIL1 or an unspecific IgG in samples of MEFs transfected to overexpress 
Snai1-HA (Additional file 1: Fig. S3) and treated with 5 ng/mL TGFβ1 for 3 h. RNA enrichment in the immunoprecipitates was analyzed by RT-qPCR 
using primers for exon 33. Bars show binding enrichment as compared to immunoprecipitation using IgG. E SRSF1 binds to the fibronectin exon 
33 RNA in a SNAIL1-dependent manner. RIP was performed using an antibody specific for SRSF1 in samples of MEFs transfected to overexpress 
Snai1-HA (Additional file 1: Fig. S3), or of MEFs KO for Snai1 treated with 5 ng/mL TGFβ1 for 3 h. RNA enrichment in the immunoprecipitates 
was analyzed by RT-qPCR using primers for exon 33 or HPRT (as a control). Bars show binding enrichment compared to immunoprecipitation using 
unspecific control IgG. At least three replicates were performed for each immunoprecipitation. F and G SRSF1 and SNAIL1 bind to the EDA coding 
region in a TGFβ-dependent manner. ChIP was performed with an antibody specific for SRSF1 (F) or SNAIL1 (G) in samples of MEFs transfected 
to overexpress SNAIL-HA that were treated or not with TGFβ1 for 3 h. Precipitated DNA was analyzed by qPCR using primers targeting Fn1 promoter 
(+ 116/ + 265), Fn1 exon 7 and Fn1 exon 33 (EDA). Bars show binding enrichment as compared to immunoprecipitation using unspecific IgG. At least 
three replicates were performed for each immunoprecipitation

(See figure on next page.)
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were observed for SRSF1 (Fig.  3A), SRSF3 or SRSF5 
(Additional file  1: Fig. S4B). In contrast, in epithe-
lial cells  that did not express endogenous SNAIL1 or 
EDA+ fibronectin, exogenous expression of SNAIL1-
HA promoted the increase in EDA+ fibronectin, as 
well as of SRSF5 and (to a lesser extent) SRSF3 (Addi-
tional file 1: Fig. S5A and B).

Fibronectin EDA sustains structural ECM properties 
regulated by SNAIL1
Our previous research has shown that the extracellular 
anisotropy generated by CAF lines correlates with their 
SNAIL1 levels and that TGFβ-treated fibroblasts produce 
anisotropic matrices in a SNAIL1-dependent manner 
[10]. Analogously, we found here that our CAF line but 
not the Snai1 KO one generates anisotropic three-dimen-
sional extracellular matrices (3D ECMs). In detail, IF 
analysis showed aligned fibronectin fibers that decrease 
in Snai1 KO ECMs (Fig. 4A) and angle measurement of 
DAPI-stained nuclei indicated that the high proportion 
of oriented nuclei were decreased by half (Fig. 4B).

Moreover, we observed a reduction of the presence of 
EDA+ linear fibronectin fibers in ECMs from KO CAFs 
(Fig. 4A). Therefore, we analyzed the contribution of the 
EDA+ fibronectin on the extracellular topology using 
TGFβ-activated MEFs derived from two genetically 
engineered mouse strains that exclusively expressed 
either EDA-including (EDA+) or -excluding (EDA–) 
fibronectin isoforms [19]. RNA analysis confirmed the 
expression of the corresponding isoforms in these cell 
lines (Fig.  4C). In control MEFs under standard cell 
culture conditions, the expression of EDA+ fibronectin 
was predominant (Figs.  1A,B,E and 4C). Proteins cor-
responding to EDA+ fibronectin were detected only in 

the control and EDA+ MEFs (Fig. 4D). 3D ECMs from 
these MEF lines were produced and analyzed by immu-
nofluorescence with an anti-fibronectin antibody rec-
ognizing both EDA+ and EDA– isoforms. The absence 
of EDA+ fibronectin in EDA– 3D ECMs was confirmed 
by immunofluorescence (Additional file  1: Fig. S6). In 
the absence of TGFβ, all lines produced randomly ori-
ented fibronectin fibers (Fig. 4E). Fiber orientation was 
estimated to be over 33% with the OrientationJ plugin 
(Fig. 4F), as reported for unaligned fibers deposited by 
control fibroblasts [9, 10]. In the presence of TGFβ, the 
increase of oriented fibronectin fibers was significantly 
lower in matrices produced by EDA– MEFs (Fig. 4E,F), 
indicating that the presence of the EDA within the 
matrix favors TGFβ-induced aligned polymerization 
of fibronectin fibers. High-resolution images obtained 
by STED (stimulated emission depletion) microscopy 
illustrated the differences in the fiber nets between the 
three matrices (Fig. 4E).

A higher fiber alignment in EDA+ relative to EDA– 
matrices (Fig.  4G), as well as a lower curvature and 
branch points (Fig.  4H), was confirmed with the 
TWOMBLI plugin for FIJI [52]. Additionally, differ-
ences between the control and EDA+ matrices affect-
ing alignment, curvature, branch points, lacunarity and 
endpoints were also detected (Fig.  4H). As extracellu-
lar fibronectin acts as a template to guide the polym-
erization of other extracellular fibers, we examined 
whether collagen deposition was dependent on the 
fibronectin isoforms. At a glance, the collagen pattern 
was clearly different in the EDA– matrices (Fig. 4I). As 
collagen organization and crosslinking determine the 
rigidity of the ECM, we used atomic force microscopy 
(AFM) to measure the micromechanical properties of 

(See figure on next page.)
Fig. 4  Fibronectin EDA determines topological and mechanical properties of myofibroblastic matrices. A CAF-derived 3D ECMs. Indicated 
CAFs were seeded on coverslips and allowed to produce ECM for 6 days. Cell cultures were then fixed and analyzed by immunofluorescence 
(IF) with an anti-fibronectin (red), anti-fibronectin EDA (green) and DAPI (white). B Quantification of the oriented CAF nuclei within 3D ECMs. 
Orientation angles of the DAPI-stained nuclei were calculated using the ImageJ analysis particles tool. Percentage of nuclei orientated 
toward the most frequent angle (up to 21° deviation) is shown. C Relative RNA amount of EDA+ fibronectin isoforms in genetically modified 
MEF lines. RNA from control, EDA– and EDA+ MEFs treated with 5 ng/mL of TGFβ1 for 3 h was retrotranscribed and amplified using primers 
flanking exon 33 of Fn1 (as described in Fig. 1) and visualized by DNA-electrophoresis. D Relative protein amount of EDA+ fibronectin isoforms 
in genetically modified MEF lines. Indicated MEFs treated as in C were lysed in SDS buffer, and the levels of the indicated proteins were analyzed 
by Western blot. E Fibronectin fibers in 3D ECMs. Indicated MEFs seeded on coverslips were allowed to produce extracellular matrix for 6 days 
in the presence or absence of 5 ng/mL TGFβ1. Cell cultures were then fixed and analyzed by IF with an anti-fibronectin (green) and DAPI. Confocal 
and STED microscopy were used to obtain images. F Quantification of fibronectin fiber alignment in 3D ECMs. The fiber angles were calculated 
using the ImageJ plugin OrientationJ. The percentage of fibers aligned toward the same direction (up to 21° deviation from the mode) is shown. G 
Quantification of fibronectin fiber alignment index through TWOMBLI. Fibronectin fiber images obtained as in E were analyzed using the ImageJ 
macro TWOMBLI. All obtained data are plotted, showing all individual measurements, mean and SEM. H Quantification of fibronectin fiber 
parameters through TWOMBLI. The indicated parameters were analyzed from images used in E. Arbitrary units provided by the plugin are expressed 
relative to wild-type MEFs. I Visualization of collagen deposition from in vivo–like extracellular matrices. 3D ECMs were produced as in C fixed 
with 4% PFA and stained with Masson’s trichrome. J, Quantification of the stiffness of in vivo–like extracellular matrices. 3D ECMs generated as in E 
were decellularized, and the elastic modulus was calculated from atomic force-curve measurements
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decellularized matrices generated by TGFβ-treated 
MEFs; this revealed a significantly lower elastic modu-
lus in matrices derived from EDA– fibroblasts (Fig. 4J). 
Therefore, we conclude that the presence of the EDA in 
fibronectin is necessary for activated fibroblasts to gen-
erate matrices with high alignment and rigidity.

Deposition of fibronectin fibers is sensitive to the action 
of metalloproteinases in the absence of EDA
The ECM in tumors is deposited in the presence of 
tumor cells, and matrix-remodeling enzymes, such as 
metalloproteinases, are activated by signaling resulting 
from the interactions between tumor cells and fibro-
blasts [53]. Thus, we evaluated the fibronectin fiber 
organization in co-cultures of tumor cells and fibroblasts 
expressing different fibronectin isoforms. In the pres-
ence of pre-seeded, Ras-transformed EpH4 breast cells 
(EpRas), MEFs deposited fibronectin fiber around tumor 
cell patches visualized as a net of fibers in a fibronectin 
staining (Fig.  5A). Lacunas between fibers measured 
by TWOMBLI were larger in co-cultures with MEFs 
expressing EDA–  fibronectin than with the other MEF 
lines (Fig.  5B). Similar differences were observed in co-
cultures with other tumor cells, such as MCF7 (breast) 
or HepG2 (liver) (Additional file  1: Fig. S7A and S7B). 
TWOMBLI analyses also detected differences in fiber 
branchpoints between co-cultures (Additional file 1: Fig. 
S7C and S7D). Notably, addition of the metalloproteinase 
inhibitor GM6001 reverted the lacunarity and branch-
points parameters in co-cultures with EDA– fibronectin 
(Fig. 5A,B, Additional file 1: Fig. S7C).

We also analyzed co-cultures of the colon cancer 
cells, HT-29 M6, which (unlike other co-cultures) grow 
in highly compacted colonies that are isolated from 
fibroblasts. In co-cultures with EDA+ MEFs, colo-
nies of tumor cells were mostly fully encircled by fibro-
blasts and their fibronectin fibers. In contrast, colonies 

in co-cultures with EDA–  MEFs were surrounded by 
unoccupied spaces (Fig. 5C), which were estimated with 
ImageJ to be eight times larger than in colonies from 
EDA+ MEFs co-cultures (Fig.  5D). EDA–  MEFs co-
cultures had broken fibronectin fibers that were clearly 
visualized in three-dimensional reconstructions gener-
ated from confocal images (Additional file  1: Fig. S7E), 
and the empty area was strongly reduced when the met-
alloproteinase inhibitor GM6001 was included (Fig. 5E). 
Altogether, these observations indicate that the activity 
of metalloproteinases affects fibronectin fiber organiza-
tion in an EDA-dependent manner. Correlating with the 
fact that Snai1 KO MEFs express lower proportions of 
EDA+ fibronectin isoforms (Fig. 1), these MEFs also left 
an empty space around M6 colonies that was rescued by 
the MMP inhibitor when co-cultured (Fig. 5F).

Fibronectin EDA facilitates tumor cell invasion
We next took advantage that our 3D ECM can be decel-
lularized to evaluate the activity of polymerized fibronec-
tin fibers with or without EDA on tumor cell migration 
and invasion. We used MDA-MB-231 breast tumor cells, 
which move individually in culture (Additional file 1: Fig. 
S8A); we found that a higher percentage of these cells 
achieved oriented displacements on matrices generated 
by TGFβ-treated EDA+ MEFs as compared to matrices 
generated by TGFβ-treated EDA– MEFs or non-treated 
MEFs lines (Fig.  6A). Oriented movements recapitulate 
the alignment index of the matrices (Fig.  4G). Remark-
ably, an equivalent trend was obtained in invasion 
experiments through matrices deposited by these two 
TGFβ-treated MEF lines (Fig.  6B). Intermediate levels 
of oriented movements and invading MDA cells were 
obtained in matrices generated by TGFβ-treated control 
MEFs (Fig. 6A,B). The EDA requirement was challenged 
with irigenin, a small molecule that selectively binds to 
and blocks the EDA-integrin interaction [54]. We found 

Fig. 5  Matrices deposited from both EDA– fibronectin and Snai1 KO MEFs are sensitive to metalloproteinases. A Fibronectin fiber organization 
in EpRas cells co-cultured with fibroblasts. EpRAs cells and the indicated MEFs were co-cultured on glass coverslips in the presence or absence 
of 25 µM GM6001 for 3 days. Co-cultures were analyzed by IF with anti-fibronectin (green) and DAPI (blue). Microscopy images are shown. B 
Fibronectin fiber lacunarity in EpRas co-cultured with fibroblasts is EDA and metalloproteinase dependent. Lacunary in fibronectin images 
obtained as in A was quantified using the TWOMBLI plugin of ImageJ software. The fold-increase with respect to values in untreated control 
MEF co-cultures is shown. C Fibronectin fiber organization in HT-29 M6 co-cultured with fibroblasts. Tumor cells and the indicated MEFs were 
co-cultured on glass coverslips for 6 days. Co-cultures were analyzed by IF with anti-fibronectin (green) and phalloidin (white). Microscopy images 
are shown. D HT-29 M6 colonies co-cultured with fibroblasts control the presence fibronectin around them in an EDA-dependent manner. For each 
HT 29 M6 colony, the perimeter and associated empty area (black surface) were quantified (ImageJ software) from images obtained as in A. The 
fold-increase of the “black area/perimeter” in each co-culture with respect to values in control MEF co-cultures is shown. E The metalloproteinase 
inhibitor GM6001 rescues the EDA-lacking fibronectin deposition around HT-29 M6 colonies. Cocultures of HT-29 M6 and indicated MEFs were 
carried out and imaged as in C in the presence or absence of the 25 μM GM6001. Black area measurements and plotting were carried out as in 
B. Fold increase with respect to values in untreated EDA– MEF co-cultures is shown. F The metalloproteinase inhibitor GM6001 rescues the lack 
of fibronectin accumulation around HT-29 M6 colonies co-cultured with Snai1 KO MEFs. Co-cultures with indicated cells were established, treated 
and analyzed as in C and D. The fold-increase with respect to values in untreated control MEF co-cultures is shown

(See figure on next page.)
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that matrices generated in the presence of irigenin had 
a low tumor cell invasion, similar to that generated by 
EDA– MEFs (Fig. 6C). Irigenin treatment interfered with 
the orientation of the fibronectin fibers and the lacu-
narity of TGFβ-treated EDA+ matrices, as well with the 
oriented displacement of MDA cells on these matrices 
(Additional file 1: Fig. S8B).

We also tested EpRas cells, which formed colonies 
that moved collectively on decellularized matrices 
(Additional file 1: Fig. S8C). Of note, colonies on TGFβ-
activated EDA+ matrices moved more compactly and 
coordinately than those on activated EDA–  matri-
ces (Additional files 2, 3, 4: S1, S2, and S3). Immuno-
fluorescence analysis also illustrated the difference in 

Fig. 6  Tumor cell invasion is favored by the presence of EDA+ fibronectin in the 3D ECM. A MDA-MB-231 cell oriented migration depends 
on the presence of EDA+ fibronectin in the 3D ECM. Cell-tracker labeled MDA-MB-231 tumor cells were seeded on top of decellularized 3D ECMs 
generated by the indicated MEFs in the absence or presence of 5 ng/ml TGFβ1. Cell migration was recorded overnight by taking IF images every 
15 min using life microscopy (Additional file 1: Fig. S8A). MDA cell movement was tracked using ImageJ software, and displacement features, 
such as the angle of each displacement, were measured. Oriented migration was plotted as the percentage of cell movements in the maximum 
orientation (up to 21˚ deviation from the mode). B MDA-MB-231 cell invasion is increased on 3D ECMs with EDA+ fibronectin. The indicated 
MEF lines were allowed to produce 3D ECMs in the presence of 5 ng/ml TGFβ1 on invasion-insert membranes. ECMs were decellularized, 
and MDA cells (in DMEM with 0.1% FBS) were seeded on top. DMEM with 10% FBS was added to the lower chamber as a chemoattractant. 
Cells were allowed to invade for 16 h and fixed with 4% PFA. Invading cells were stained with DAPI and quantified. C MDA-MB-231 cell invasion 
through EDA+ fibronectin matrices is interfered by irigenin treatment during matrix formation. MDA invasion through decellularized 3D ECMs 
produced by the indicated MEF lines activated with 5 ng/ml TGFβ1 and either treated or not with 50 μM irigenin, was quantified as in B. D EpRas 
invasion is increased on 3D ECMs containing EDA+ fibronectin. Invasion insert membranes were covered with indicated 3D ECMs as described in B 
and EpRas were induced to invade decellularized ECMs for 48 h and quantified as in B 
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compactness between EpRas colonies growing on each 
substrate (Additional file  1: Fig. S8D), and invasion 
assays showed that the coordinated collective move-
ment of EpRas colonies on aligned and rigid fibronectin 
EDA+ matrices was accompanied by a higher capacity 
to invade the matrix (Fig. 6D).

Matrix remodeling by TGFβ is required to stimulate 
fibroblast
Fibroblasts are activated by recombinant EDA frag-
ments [31]. Here, we tested whether EDA in extracel-
lular-deposited fibronectin fibers was also effective. 
Naïve fibroblasts were seeded on decellularized 3D 
ECMs, and the presence of cytosolic α-SMA stress fib-
ers (a marker of fibroblast activation) was analyzed 16 h 
later. For both mouse mesenchymal stem cells (MSC) 
and NIH3T3 fibroblasts, the percentage of cells with 
α-SMA–positive fibers was higher on matrices derived 
from EDA+ MEFs than EDA–  MEFs (Fig.  7A; Addi-
tional file 1: Fig. S9).

Matrices deposited by MEF EDA+ in either the pres-
ence or absence of TGFβ stimulated NIH3T3 (Fig. 7B); 
however, matrices deposited by control MEFs stimu-
lated fibroblasts only if generated in the presence 
of the TGFβ cytokine (Fig.  7B). Given the elevated 
EDA+  fibronectin ratio generated and deposited by 
control MEFs (Figs.  1 and 4), our result suggests a 
TGFβ-induced conformational change that exposes 
polymerized EDA to fibroblasts.

Fig. 7  Matrices with EDA+ fibronectin induce the assemblage of α-SMA fibers in naïve fibroblasts. A MSC or NIH3T3 fibroblasts are induced 
to assemble α-SMA fibers by EDA+ matrices. MSC or NIH3T3 were grown 24 h on decellularized 3D ECMs generated by EDA– or EDA+ MEFs 
before detecting α-SMA and nuclei by IF. Images obtained through fluorescence microscopy were used to quantify the percentage of cells 
presenting α-SMA positive stress fibers. B NIH3T3 fibroblasts are induced to assemble α-SMA fibers by control and EDA matrices. NIH3T3 fibroblasts 
were grown 24 h on decellularized 3D ECMs generated by the indicated MEFs in the presence or absence of 5 ng/mL TGFβ1. The percentage 
of fibroblasts presenting α-SMA positive stress fibers was quantified as in A. C Irigenin interferes with fibroblast activation by EDA+ matrices. 
NIH3T3 fibroblasts were grown for 24 h on decellularized 3D ECMs generated by the indicated MEFs in the presence or absence of 5 ng/mL TGFβ1, 
and the presence or absence of 50 μM irigenin. The percentage of fibroblasts presenting α-SMA positive stress fibers was quantified as in A 

Fig. 8  Fibroblasts lacking EDA fibronectin prevent metastasis 
formation. A AT3 coinjected with EDA+ MEFs generate bigger 
tumors than those with EDA– MEFs. Orthotopic tumors were 
generated in NOD-SCID gamma mice (Additional file 1: Fig. S10A). 
After resection, the three main dimensions of primary tumors were 
measured to calculate their volumes. The volume of each tumor 
relative to the average volume of EDA– MEF co-injected tumors 
is plotted. B Lung metastasis are absent in EDA– co-injected tumors. 
Lungs from injected mice in A were extracted 7 weeks after resection 
of primary tumors, fixed in 4% PFA and embedded in paraffin. 
H&E staining of lung slices to visualize metastasis are shown 
in the Additional file 1: Fig. S10B. The plot shows a quantification 
of the presence of metastatic foci obtained from lung H&E staining. 
Lungs with at least one metastasis are indicated as positive
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To validate that stimulation of naïve fibroblasts 
depends on EDA in our experimental approach, fibro-
blast stimulation was challenged with irigenin. Addi-
tion of this compound prevented the formation of 
α-SMA–positive fibers on matrices deposited by TGFβ-
treated EDA+ or control MEFs (Fig.  7C), further sup-
porting the idea of an EDA-dependent stimulatory 
action on fibroblasts.

The absence of fibroblastic EDA+ fibronectin expression 
in primary tumors prevents the formation of metastases
Our results indicated that the EDA+ fibronectin is a criti-
cal structural element for the assembly of an invasion-
permissive extracellular matrix. Therefore, we evaluated 
the action of EDA+ fibronectin in an orthotopic model 
of metastatic breast cancer. We injected AT3 tumor 
cells and EDA–  or EDA+ MEFs into the inguinal mam-
mary fat pads of NOD-SCID gamma mice. Tumors 
were monitored and resected simultaneously when they 
reached 0.2–0.4 cm of diameter. The volume of extracted 
tumors was accurately measured, and the tumors were 
then fixed for immunohistological analyses (Additional 
file  1: Fig. S10A). Tumors generated in the presence of 
EDA+ fibronectin–expressing MEFs were larger than 
those generated in the presence of EDA–  fibronectin–
expressing MEFs (Fig. 8A; Additional file 1: Fig. S10B).

After surgical resection of the primary tumors, mice 
were kept alive for 7 weeks to allow for the growth of lung 
metastasis. The lungs were then extracted, and hema-
toxylin and eosin staining was performed to study the 
presence of metastatic foci (Additional file 1: Fig. S10B). 
While over 60% of the animals injected with AT3 plus 
EDA+ MEFs developed metastatic foci, lungs of mice 
injected with AT3 plus EDA– MEFs were free of metasta-
sis (Fig. 8B), clearly demonstrating the critical role of the 
fibronectin EDA in tumor malignant progression.

Discussion
Expression of EDA+ fibronectin has been reported in 
advanced-stage tumors, including breast tumors; how-
ever, its direct role in determining stromal architecture 
and tumor progression remains partially unknown. For 
breast cancers, Femel and colleagues [55] were able to 
attenuate PYMT-induced breast cancer progression with 
a vaccination strategy against EDA+ fibronectin; how-
ever, the action of this treatment on the ECM architec-
ture was not analyzed. Our data from three-dimensional 
matrices generated by TGFβ-activated MEFs, which were 
shown to mimic metastasis permissive matrices gen-
erated by myoCAF lines, indicate that the presence of 
EDA+ fibronectin favors the creation of an extracellular 
topology analogous to the permissive one. In contrast, 
EDA– fibronectin favors a restrictive extracellular net.

According to our observation, drugs targeting myo-
CAFs should block the incorporation of EDA+ fibronec-
tin, but not of isoforms lacking EDA, into the matrix. 
Thus, considering that stabilized antisense oligonucleo-
tides are clinically effective for diseases caused by defined 
splicing defects [56], the design of oligonucleotides that 
block the EDA inclusion event is an attractive new anti-
tumor approach to address. However, information about 
which subtypes of breast tumors would be more sensi-
tive is still missing, and interfering with fibronectin EDA 
splicing should be achieved before a permissive ECM is 
generated in the tumor stroma. Therefore, this approach 
may be appropriate for reducing the formation of a pro-
metastatic environment in breast tumors expected to 
recur, for instance, in patients after either surgery or a 
first effective chemotherapeutic treatment, but that it 
may be inappropriate for treating patients with detected 
metastases. These observations are relevant as most clin-
ical trials are conducted with patients with metastasis 
who would not benefit from this treatment, and because 
other therapeutic attempts to block CAF activity do not 
assess whether the treatment alters the deposition of 
restrictive fibronectin isoforms.

As fibrosis processes and the acquisition of chemore-
sistance have also been related to myofibroblast activity 
and ECM properties [57–59], our contribution to the dif-
ferential activity of fibronectin isoforms and their regula-
tion by SNAIL1 may also be useful for fine-tuning their 
current treatments. In addition to the pharmacological 
point of view, our results show functional and mechanis-
tic aspects that should be taken into account.

In accordance with the capability of SNAIL1 to 
induce EDA inclusion, expression of the SNAIL1 and 
EDA+ fibronectin correlates in human advanced solid 
tumors. The available tumor data that we analyzed do not 
discriminate between an epithelial or mesenchymal ori-
gin of the molecules, but both molecules are reported to 
be expressed more frequently by fibroblasts than epithe-
lial cells. Snai1 KO and EDA– fibronectin MEFs behave 
similarly: They deposit matrices that do not sustain 
rigidity, fiber organization, metalloproteinase resistance, 
fibroblast activation or tumor cell invasion. Conse-
quently, neither fibroblast line promotes lung metastasis 
in mouse breast tumors (Fig. 8B) [60]. Although we can-
not completely rule out potential differences between the 
effects of the ECM produced by TGFβ-activated MEFs 
and myoCAFs, these data support that SNAIL1 is a com-
ponent of the TGFβ/EDA+ fibronectin signaling loop 
involved in the assemblage of a stromal architecture that 
is favorable to the formation of metastasis [61].

The volume of primary breast tumors obtained in the 
presence of fibroblasts expressing EDA+ fibronectin 
was larger than of those expressing EDA– fibronectin. 
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These data are in line with reports indicating that con-
ditioned media from the EDA+ MEFs as well as from 
recombinant EDA+ fibronectin activate cell growth 
[30, 62]. However, we were not able to reproduce this 
outcome in tumor cell lines grown on 3D ECM with 
fibronectin either EDA–  or EDA+ (data not shown). 
Hence, it is likely that the tumor size increase arises 
from soluble EDA+ fibronectin or other factors spe-
cifically secreted by EDA+ MEFs. Noteworthy, no vol-
ume differences were detected between PYMT-tumors 
generated in the presence of control or Snai1 KO 
fibroblasts, even though Snai1 KO fibroblasts block 
lung metastasis [60]. Given that we demonstrate that 
EDA+ fibronectin contributes to generating a stiff and 
fiber-aligned metastatic architecture that is TGFβ/
SNAIL1-dependent, EDA+ fibronectin likely sup-
ports metastasis independently of increased tumor cell 
growth.

TGFβ-activated matrices from control and 
EDA+ MEFs are equivalent in terms of rigidity, fiber 
orientation and capacity to sustain invasion of collec-
tively moving cells, indicating that EDA enrichment 
suffices to impose metastatic properties. However, 
while recombinant fibronectin fragments with EDA 
stimulate naïve fibroblasts [31], we found that matrices 
deposited by untreated control MEFs stimulate them as 
inefficiently as those deposited by EDA– MEFs. In con-
trast, we found that fibroblasts were efficiently stimu-
lated by matrices from TGFβ-treated control MEFs; 
taken together, these results suggest that fiber align-
ment is required for the activation of EDA-dependent 
positive feedback on fibroblasts when the EDA+ and 
EDA–  isoforms coexist, as is the case in the tumor 
stroma.

SR proteins, such as SRSF1, have been proposed to 
couple RNA Pol II transcription to pre-mRNA [47]. Our 
data linking SNAIL1 and SRSF1 fit with the existence of a 
TGFβ-induced co-transcriptional splicing complex with 
both proteins linked by nascent RNA. It is plausible that 
SNAIL1 is recruited to a canonical 5’-CAC​CTG​ binding 
site located just upstream of the enhancer splicing ele-
ment that contains a consensus sequence for SRSF1 [63]. 
The presence of SNAIL1 in the exon may determine the 
conformation adopted by the nascent RNA and allow 
access of SRSF1 to its RNA binding site. The assembly of 
the splicing complex may be favored by additional TGFβ- 
or TGFβ/SNAIL1-dependent events, such as methylation 
or phosphorylation of its components [9, 34] or increased 
fibronectin transcription [64].

In addition to SRSF1, we observed that KHSRP, a 
splicing factor with binding sites around the exon 33, 
co-precipitated with SNAIL1. Despite this interaction, 
EDA inclusion was unaltered by lowering the levels of 

this factor with siRNAs (data not shown), indicating that 
this factor not involved in EDA splicing. Gain- and loss-
of-function experiments in the absence of TGFβ suggest 
that SNAIL1 can modulate the alternative splicing of 
EDA by controlling the levels of other splicing factors, 
such as SRSF5 in MEFs and QKI in epithelial cells. How-
ever, EDA inclusion by SRSF1 is likely more relevant in 
myofibroblasts, given that the SNAIL1 levels are physi-
ologically modulated by signaling pathways like TGFβ.

Conclusions
Our results supports that EDA+ fibronectin isoforms 
favor the generation of an extracellular architecture 
similar to that generated by the myoCAF cell lines 
and that SNAIL1 controls the EDA inclusion into 
fibronectin. From a pharmacological point of view, 
specifically targeting EDA + fibronectin while leaving 
EDA– fibronectin isoforms alone could be a useful way 
to target the formation of a pro-metastatic environ-
ment in expected recurrent breast tumors, especially in 
tumors with limited alternative treatment, such as the 
triple-negative type.
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