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Abstract
Background  Sos1 and Sos2 are guanine-nucleotide exchange factors for Ras and Rac small GTPases, which are 
involved in a wide range of cellular responses including proliferation and migration. We have previously shown that 
Sos1 and Sos2 have different effects on cell migration, but the underlying mechanisms are not clear.

Methods  Using a 4-hydroxytamoxifen-inducible conditional Sos1KO mutation, here we evaluated the functional 
specificity or redundancy of Sos1 and Sos2 regarding the control of cell migration and dynamics of focal adhesions 
(FAs) in primary mouse embryonic fibroblasts (MEFs).

Results  Functional analysis of the transcriptome of primary Sos1/2WT, Sos1KO, Sos2KO and Sos1/2DKO-MEFs revealed 
a specific, dominant role of Sos1 over Sos2 in transcriptional regulation. Sos1KO MEFs had an increased number and 
stability of focal adhesions (FAs) and curbed protrusion and spreading. Conversely, Sos2KO MEFs displayed unstable 
FAs with increased protrusion. Interestingly, Sos1, but not Sos2, ablation reduced the levels of GTP-bound Rac at the 
leading edge. In 3D, however, only Sos1/2KO MEFs showed increased invasion and matrix degradative capacity, which 
correlated with increased expression of the Mmp2 and Mmp9 gelatinases. Moreover, increased matrix degradation in 
Sos1/2KO MEFs was abrogated by treatment with Mmp2/9 inhibitors.

Conclusions  Our data demonstrate that Sos1 and Sos2 have different functions in FAs distribution and dynamics in 
2D whereas in 3D they act together to regulate invasion and unveil a previously undescribed mechanistic connection 
between Sos1/2 and the regulation of Mmp2/9 expression in primary MEFs.
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Introduction
Ras and Rac proteins are small GTPases that control a 
wide variety of cellular processes, including cellular pro-
liferation, differentiation, migration and survival. These 
proteins switch between inactive (GDP-bound) and 
active (GTP-bound) conformations. GTP binding and 
its hydrolysis are modulated by negative and positive 
regulators. GAPs (GTPase-activating proteins) trigger 
GTP hydrolysis by Ras/Rac, thus inactivating them. Con-
versely, GEFs (Guanine nucleotide exchange factors) cat-
alyze GTP binding, activating them. Sos (Son of sevenless) 
proteins, Sos1 and Sos2, are the most widely expressed 
and functionally relevant Ras GEFs [1–5]. In addition to 
Ras, Sos1/2 activate other related GTPases, including Rac 
[4–8].

Despite their structural homology, the functional prop-
erties of Sos1 and Sos2 are markedly different. Prior anal-
yses of constitutive knockout (KO) strains demonstrated 
that Sos1−/− mice die during mid-embryonic gestation 
[6]. Generation of floxed Sos1/2 mice [9, 10] allowed 
evaluation of the roles of Sos1/2 in different cell lines, 
tissues and organs under physiological and pathologi-
cal conditions [8, 11–22]. Most of the studies have been 
focused on identifying the essential role of Sos proteins, 
and in particular Sos1, in cellular proliferation [4]. Pri-
mary mouse embryonic fibroblasts (MEFs) from Sos1KO, 
Sos2KO and Sos1/2DKO revealed the prevalent role of Sos1 
over Sos2 in oxidative, stress-dependent regulation of cell 
proliferation [12, 18]. These studies laid the foundation 
for the identification of Sos1 as a potential therapeutic 
target to treat cancer [4, 11, 14–16, 22–25].

Independent of their role in cell proliferation, Sos1/2 
depletion in MEFs impairs cell migration in 2D wound 
healing assays [18, 26]. Similar observations were made 
in other lineages such as lymphocytes, macrophages or 
muscle cells [27–29]. However, more detailed studies are 
needed to precisely define the specific functional contri-
butions of Sos1/2 proteins in the regulation of cell migra-
tion or adhesion.

Here, we use Sos1KO, Sos2KO and Sos1/2DKO primary 
MEFs to demonstrate that Sos1 is a critical mediator of 
the distribution and dynamics of focal adhesions (FAs) 
as well as the recruitment of GTP-loaded, activated Rac 
to the protruding edge of migrating cells. Unexpectedly, 
Sos1/2 ablation in primary MEFs increased their abil-
ity to invade in 3D and degrade gelatin, which is depen-
dent on the increased expression of Mmp2 and 9. Sos1/2 
depletion in primary MEFs increased both Mmp2/9 gene 
and protein expression as well as the Mmp2/9-dependent 
capacity to degrade gelatin.

Together, these data indicate that Sos1, and Sos2 to a 
lesser extent, control FA distribution and dynamics and 
reveal their crucial role in 3D migration through control-
ling the expression of matrix metalloproteinases.

Materials and methods
Animal models
A mouse strain harboring a floxed version of Sos1 gene 
with exon 10 flanked by LoxP sites (Sos1fl/fl) [9] was 
crossed with mice expressing a TAM-inducible Cre 
recombinase downstream of the RERT (Jackson Labo-
ratories; stock number 017585, expressing an inducible 
Cre-ERT2, Cre recombinase fused to a triple mutant 
form of the human estrogen receptor, from the endog-
enous Polr2a locus) promoter to generate homozygous.

Sos1fl. − Cre/Sos1fl. − Cre mice, which were then mated with 
constitutive Sos2KO mice [30]. Resulting heterozygous 
mice were subsequently interbred to generate four dis-
tinct genotypes used in this report: control (Sos1/2WT), 
Sos1 single-KO (Sos1KO), Sos2 single-KO (Sos2KO), and 
Sos1/2DKO [10]. Animals were maintained and eutha-
nized in the NUCLEUS animal facility of the University 
of Salamanca according to European (2007/526/CE) 
and Spanish (RD 1201/2005 and Law 32/2007) laws. All 
experiments were approved by the Bioethics Committee 
of the Cancer Research Center (#417).

Primary MEF isolation and culture
Sos1WT, Sos1KO, Sos2KO and Sos1/2DKO primary MEFs 
were isolated from E13.5 embryos of the correspond-
ing genotypes and used as primary (low passage) cul-
tured cells as previously described [12]. All experimental 
groups were treated with 4OHT at the indicated time 
points at each case (H6278, 0.3 µM, Merck Sigma-
Aldrich, USA) in DMEM with 10% FBS, glutamine and 
antibiotics, under identical conditions to induce Sos1 
ablation in Sos1KO and Sos1/2DKO experimental groups 
and to exclude any possible off-target effects in Sos1/2WT 
and Sos2KO experimental groups. Cells were routinely 
tested for Mycoplasma (#rep-pt1, PlasmoTest Myco-
plasma Detection Kit; InvivoGen).

Incucyte
A total of 1,500 cells per well of DMSO or BI-
3406-treated (1 µM) for 24 h were seeded in 96-well cul-
ture plates and allowed to grow overnight. Cell growth 
and morphology were monitored by using the Incucyte® 
SX5 Live-Cell Analysis System and analyzed with the AI 
Cell Health Analysis Software Module, which enabled 
cell identification and area measurement. Readings were 
taken every 6 h at 20× magnification.
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Microarray analysis and RT-qPCR assay
MEFs were treated with 4OHT for 12 days then RNA was 
isolated from subconfluent MEFs with Nyzol and QIA-
GEN RNeasy Mini kit (74104, QIAGEN) following the 
manufacturer’s indications. Purified RNA was hybrid-
ized to Affymetrix “Clariom S” mouse arrays following 
the manufacturer’s protocol. All data have been uploaded 
and are accessible at the NCBI Gene Expression Omni-
bus (GEO) database (GSE277505). R version 3.6.3 was 
used for statistical analyses along with Python version 
3.9 for text file processing. Values of signal intensity were 
obtained from expression microarray CEL files after 
robust multichip average (RMA). Differentially expressed 
genes were identified using linear models for microarray 
data (Limma). Adjusted P-values for multiple compari-
sons were calculated applying the Benjamini-Hochberg 
correction (FDR). Gene Ontology pathway enrichment 
analyses were performed using DAVID. Expression heat-
maps were created using the heatmap3 R package.

mRNA expression levels were determined by quan-
titative RT-PCR analysis of RNA samples extracted 
from MEFs. 1  µg of RNA was reverse-transcribed to 
cDNA (High Capacity cDNA Reverse Transcription 
Kit; #4368814, Life Technologies). Final concentra-
tions of cDNA were measured (Nanodrop Technologies 
ND-1000) and adjusted to 0.5 µg/µl. For qRT-PCR analy-
ses, the following gene-specific SYBRGreen-based prim-
ers were used: Mmp2 Fw 5′-caaggatggactcctggcacat-3′ 
and Mmp2 Rv 5′-tactcgccatcagcgttcccat-3′, Mmp9 Fw 
5′-gctgactacgataaggacggca-3′ and Mmp9 Rv 5′-tagtggtg-
caggcagagtagga-3′, β-actin Fw 5′-cagccttccttcttgggtatg-3´ 
and Rv 5′-cagccttccttcttgggtatg-3´.

The expression levels of β-actin were used as an inter-
nal control for normalization. The data were graphically 
displayed using GraphPad Prism 8. Statistical significance 
was established at p < 0.05.

Immunofluorescence
MEFs were treated for 12 days with 4OHT then fixed 
with paraformaldehyde (4%) for 10  min and incubated 
with mouse anti-Paxillin antibody (1:1000, 05-417, clone 
5H11; Merck Millipore, Billerica, USA) overnight at 4ºC.
Cells were then incubated with Texas Red-conjugated 
anti-mouse antibody (1:500, Jackson Immuno-Research, 
West Grove, PA, USA) for 45  min and counterstained 
with 4,6-diamidino-2-phenylindole (1:1000; DAPI) and 
Alexa Fluor 488-conjugated phalloidin (1:1000, A12379, 
Thermo Fisher Scientific (Invitrogen), UK) at room tem-
perature. Images were acquired with a confocal laser-
scanning microscope (Leica SP5, Wetzlar, Germany).

To specifically detect Rac activity by immunofluores-
cence, 4OHT-treated (12d) MEFs were grown on 22 mm 
type I collagen-coated coverslips (354089 BD Biosci-
ences) to 100% confluency. After 24  h, in vitro scratch 

assays were performed as described previously [18] with 
a p10 pipette tip. Cells were fixed 30 min after the scratch 
in 4% PFA for 15  min at 37ºC. Fixed cells were washed 
twice with PBS, permeabilized with 0.1% Triton X-100 
(Merck Sigma-Aldrich) in PBS for 10  min and incu-
bated with blocking solution containing 5% BSA, 2% goat 
serum, 0.1% Triton X-100 (in PBS) for 1  h at RT. Cov-
erslips were incubated with 0.3  mg/ml GST-CRIB puri-
fied protein (Addgene, Cat#12217) for 1 h at RT, washed 
three times with PBS and incubated with mouse anti-
GST antibody (1:100, sc-138, Santa Cruz Biotechnology) 
overnight at 4ºC in antibody solution (2% BSA, 2% goat 
serum and 0.1% Triton in PBS). Coverslips were then 
washed three times with PBS and incubated with Cy3 
anti-mouse antibody (1:500, Jackson ImmunoResearch) 
and counterstained with DAPI (1:1000) for 1 h at RT in 
antibody solution. After staining, coverslips were washed 
three times in PBS and mounted with anti-fading reagent 
(P36970, Life Technologies). Images were acquired using 
a Leica DM6000B microscope.

Interference reflection microscopy
Interference reflection microscopy (IRM) uses polarized 
light to form an image of cells on a glass surface and the 
intensity of the signal provides a measurement of events 
happening at the interface of the cell membrane with the 
substratum, including focal adhesions, which appear as 
dark patches due to close apposition to the substratum, 
and other sites of focal contacts including in lamellipo-
dia [31, 32]. MEFs were treated with 4OHT for 9 days 
and then 1.5 × 105 cells per genotype were seeded on 
fibronectin-coated (10 µg/ml) 2-cm diameter coverslips. 
24 h after plating the cells, using a Zeiss LSM510 confo-
cal microscope, time-lapse sequences of images (every 
20 s for 1 h) were taken to generate adhesion maps. The 
images were processed so that pixels representing FAs 
stability were colored, red, green or blue correspond-
ing to focal adhesions present early during imaging (red) 
through to focal adhesions present late during imaging 
(blue), as previously described [31]. Where contacts were 
stable, the overlapping frames resulted in a preponder-
ance of white or light grey as a result of merging of the 
base color. Using ZEN software (Zeiss) the number of 
lamellipodia and FAs, the area of extension and the sta-
bility of FAs were measured and quantified using ImageJ 
software (NIH v2.0.0).

Using this very same methodology, we were also able to 
evaluate cell spreading of individual MEFs from the four 
different genotypes. To do that, we overlapped all images 
taken for each individual cells (one image every 20 s for 
1  h), then generating an image that allowed to examine 
and measure the spreading of the cell through the time.
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Gelatin degradation assay
Gelatin degradation assays were performed as previously 
described [33]. Briefly, MEFs were treated with 4OHT for 
12 days or with the Sos1 inhibitor BI-3406 for 24 h (1µM, 
HY-125817, MedChemExpress), then 3 × 105 cells per 
genotype were seeded on coverslips coated with FITC-
conjugated gelatin (1  mg/ml; M1303, Biovision, CA, 
USA) as previously described [33]. After 8  h, cells were 
fixed in 4% PFA for 15  min and subsequently washed 
with PBS and incubated in BSA solution (3% in PBS con-
taining 0.1% Triton X-100) for 30 min in the dark at room 
temperature (RT). The BSA solution was then removed, 
and samples were stained with Alexa Fluor 568 phalloi-
din (1:500 in PBS containing 0.3% BSA and 0.1% Triton 
X-100) for 1  h at RT, protected from light. After wash-
ing with PBS, coverslips were mounted with antifading 
solution medium containing DAPI (1:1000). Images were 
taken with a laser-scanning confocal microscope (Leica 
SP5, Wetzlar, Germany). To quantify gelatin degrada-
tion, the area fraction (% area that corresponds to deg-
radation) was measured in black and white images using 
ImageJ (NIH v 2.0.0). Values were normalized to the 
number of DAPI-stained nuclei.

The effect of the gelatinase inhibitors Ilomastat 
(S715702, Selleckchem) and ARP-100 (704888-90-4, 
Santa Cruz Biotechnology, USA) on gelatin degradation 
was evaluated by plating MEFs on FITC-conjugated gel-
atin-coated dishes as above. Three hours after plating (to 
allow the attachment of the cells), Ilomastat (0.5 nM) or 
ARP-100 (7.5 µM) were added to the medium in serum-
free DMEM. After 8 h, MEFs were fixed in 4% PFA and 
analysed for gelatin degradation as described above.

Wound healing assay
In vitro scratch wound assay was performed as previ-
ously described [18] using FIJI software (NIH v2.0.0) to 
trace movement of individual cells. Briefly, WT primary 
MEFs were treated with vehicle (DMSO), BI-3406 (1µM), 
or the Rac inhibitor 1  A-116 (10µM; HY-104064, Med-
ChemExpress) for 24  h, and then the confluent cells of 
both conditions were scratched with a micropipette tip 
and closure of the wounded area was recorded for 24 h by 
using inverted phase-contrast photomicroscopy (Nikon 
Eclipse Ti-E).

Inverted invasion assay
Inverted invasion assays were performed as previously 
described [34, 35]. Briefly, 4–5 mg/ml Matrigel (BD Bio-
sciences, #354234) was diluted 1:1 in cold PBS. Then, 
100 µl of diluted Matrigel was allowed to polymerize in 
8-µm pore transwell inserts (Corning, #353097) for 1  h 
at 37ºC. Inserts were then inverted, and a total of 6 × 104 

primary MEFs (pre-treated with 4OHT for 9 days) of 
each genotype were seeded onto the outer filter surface 
and allowed to adhere for 4 h. To remove unattached cells 
and FBS-containing medium, inserts were washed by 
dipping in serum-free DMEM and then placed in 500 µl 
serum-free DMEM containing 0.3 µM of 4OHT as pre-
viously described [12]. 100 µl of 10% FBS-supplemented 
medium were added on top of the solidified Matrigel/PBS 
mixture to create the chemotactic gradient. Addition-
ally, another set of cells were treated with Ilomastat (0.5 
nM) or ARP-100 (7.5 µM). After 72 h, cells were stained 
with 4 µM Calcein-AM viability marker (C3100MP, Invi-
trogen) for 1 h at 37ºC. Cells that did not cross the filter 
were removed with a cotton swabs.

Invading cells were imaged in a Leica SP5 confocal 
microscope using a 20× objective. Serial optical sections 
were captured at 2.5u m intervals. The area covered by 
cells was measured in each section using the Fiji plugin 
“AreaCalculator” in 8-bit images (threshold 20/255). Rel-
ative invasion was calculated as the area covered by cells 
at each depth of the Z-stack. Two independent experi-
ments in duplicate were performed for each sample.

Western blotting
Subconfluent MEFs that had been treated with 4OHT 
for 12 days or with BI-3406 (1 µM) for 24 h, were lysed 
with RIPA buffer. In all cases, 30  µg of total protein 
were loaded in electrophoresis gels, and immunoblot-
ting was performed as previously described [21]. Pri-
mary antibodies used were: rabbit anti-Mmp2 (#4060, 
1:1000, Cell Signaling), mouse anti-Sos1 (610096, 1:500, 
BD, USA), rabbit anti-Sos2 (sc-15358, 1:500, Santa Cruz 
Biotechnology) mouse anti-phospho-Myosin light chain 
2 (#3675, 1:1000, Cell Signaling), rabbit anti-Myosin 
(#8505, 1:2000, Cell Signaling), rabbit anti-phospho Fak 
(#sc11765-R, 1:100, Santa Cruz Biotechnology), mouse 
anti-Fak (#62220, 1:1000, Cell Signaling) and mouse anti-
Tubulin (T5293, 1:10000, Sigma). Secondary anti-mouse 
or anti-rabbit antibodies include goat anti-mouse sec-
ondary antibodies (Invitrogen, Cat#A21057; #35521) and 
goat anti-rabbit secondary antibodies (GE Healthcare, 
Cat#A21076; #35571).

Statistical analysis
GraphPad Prism (v8.0.1, GraphPad Inc, USA) software 
was used. One-way ANOVA and Bonferroni’s tests were 
applied for parametrical data, and Kruskal–Wallis and 
Mann-Whitney U-test for non-parametrical data. For 
comparisons between vehicle and BI-3406-treated cells, 
Student’s t test was used. Significant differences were 
considered at p value < 0.05.
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Results
Significant transcriptional impact of the ablation of Sos1, 
but not Sos2, on the transcriptional signature of primary 
mouse embryo fibroblasts
Our previous studies showed that, in primary MEFs, 
Sos1/2 are critical mediators of cell proliferation and 
migration [12, 18]. To investigate how Sos1 and Sos2 
might contribute to migration, we initially examined the 
effect of Sos1 and Sos2 genetic ablation (individually or 
combined) on the transcriptional signature of primary 
MEFs using microarray hybridization assays (Fig.  1). 
Multiclass comparisons among the lists of differentially 
expressed genes obtained under standard cutoff values 
(FDR = 0.05) revealed dramatic differences in the tran-
scriptomic profile of control Sos1/2WT MEFs from Sos-
depleted (Sos1KO, Sos2KO and Sos1/2DKO) MEFs (Fig. 1A). 
Ablation of Sos2 alone had the least significant effect on 
the transcriptional signature of primary MEFs, with only 

59 differentially expressed genes relative to their control 
Sos1/2WT counterparts (Fig.  1A). In contrast, genomic 
disruption of Sos1, alone or in combination with Sos2, 
markedly altered the transcriptional profile of primary 
MEFs (Fig. 1A), with 2305 differentially expressed genes 
when Sos1 was individually ablated and a total of 2506 
genes were differentially expressed when both Sos iso-
forms were deleted (Fig.  1A). Analysis with Venn dia-
grams revealed that the profile of differentially expressed 
genes in Sos1/2DKO MEFS involved more significant over-
lapping with that of Sos1KO than with Sos2KO primary 
MEFs (Fig. 1B). These results are consistent with a more 
important role for Sos1 over Sos2 in altering transcription 
in primary MEFs. However, the additive effect observed 
in Sos1/2DKO cells compared to Sos1KO cells suggested 
the possibility of a potential, partial functional redun-
dancy of Sos2 that only becomes detectable when Sos1 
is absent.

Fig. 1  Sos1, but not Sos2, depletion significantly affects the transcriptional signature of primary MEFs. (A) Pairwise comparisons of differential gene ex-
pression among different Sos1/2 genotypes. A set of 12 independent chip microarray hybridizations (n = 3 independent sample per genotype) were per-
formed using RNA extracted from actively growing primary MEFs belonging to the indicated genotypes. The heatmaps show the results of hierarchical 
clustering and multiclass comparisons identifying the upregulated (red) and downregulated (blue) probesets that showed significant differential expres-
sion at stringent conditions (FDR = 0.05) when comparing Sos1/2WT primary MEFs with the rest of experimental groups. Total number of repressed (blue) 
and upregulated (red) differentially expressed probesets detected in these comparisons is indicated on top of each heatmap. Values in each horizontal 
chart indicate -Log P. (B) Venn diagrams display the relations between the lists of differentially expressed genes (DEGs) in the three sets of comparisons. 
(C) Functional annotation of DEGs. Text on the left side of the graphs identify functional categories that are enriched at elevated statistical significance 
within the lists of DEGs (red: overexpressed; blue: repressed) included in the clusters identified in Sos1/2WT-Sos1KO and Sos1/2WT-Sos1/2DKO pairwise 
comparisons. The bars represent the percentage of the total number of differentially expressed repressed (blue) or overexpressed (red) gene probe sets 
ascribed to specific groups of genes of each of the above dendrograms that were identified as significantly enriched (hypergeometric p-values in italics)

 



Page 6 of 18Liceras-Boillos et al. Cell Communication and Signaling          (2025) 23:116 

Functional annotation analysis of the differentially 
expressed genes in the dendrograms showed that the 
subset of repressed genes in Sos1KO primary MEFs, 
which include both Sos1KO and Sos1/2DKO cells, is sig-
nificantly enriched in functional GO categories gener-
ally linked with cell cycle and cell division together with 
microtubule cytoskeleton organization (Fig.  1C). On 
the other hand, clusters containing upregulated genes 
in Sos1KO MEFs included genes linked to extracellular 
matrix organization and regulation of cell adhesion, as 
well as negative regulation of cell migration (Fig. 1C). In 
contrast, differentially expressed genes in Sos2KO MEFs 
did not display functional clustering.

Overall, our data reveal that Sos1 ablation induces 
much more significant alterations of the MEF transcrip-
tional profile than Sos2, and that a major subset of genes 
altered by the absence of Sos1 include regulators of the 
cellular cytoskeleton and cell migration.

Sos1/2 depletion affects cellular morphology and focal 
adhesion distribution and dynamics
We have reported previously that Sos1 lack of expres-
sion, individually or combined with Sos2, altered the 
actin cytoskeleton and impaired MEF proliferation [12, 
18]. Consistently, transcriptomics analysis of Sos1KO 
MEFs revealed an upregulation of genes involved in the 
repression of cell migration, correlating with a significant 
reduction of the ability of these cells to migrate in in vitro 
and in vivo wound-healing assays [18, 19].

Cell migration is coordinated by dynamic changes 
to the actin cytoskeleton and integrin-mediated FAs 
[36, 37]. To understand how Sos1/Sos2 protein deple-
tion reduces cell migration, we analyzed the effects of 
Sos1 and Sos2 ablation on the distribution and dynam-
ics of FAs and the actin cytoskeleton (Fig.  2). Sos1KO 
and Sos1/2DKO MEFs displayed an aberrant distribu-
tion of actin cables, which were shorter and more radial, 
with frequent retraction edges that resulted in appar-
ently smaller, isometric, and flattened cells. These actin 
fibers were capped by short FAs throughout the periph-
ery of the cell as well as more central positions, revealed 
by staining with an anti-paxillin antibody. By contrast, 
Sos1/2WT and Sos2KO MEFs displayed a regular elon-
gated fibroblastic morphology including an abundance of 
shape-defining stress fibers ending in long FAs (Fig. 2). In 
these cells, FAs were mainly restricted to the two main 
poles of the cells (Fig. 2, white arrows).

We used interference reflection microscopy (IRM) to 
analyse dynamic changes in sites of closest contact with 
the substratum, which represent FAs as well as smaller 
adhesive sites in lamellipodia [31]. FAs in both WT and 
Sos2KO MEFs were mainly restricted to the poles of elon-
gated cells, showing less strong signal in comparison 
with Sos1-devoid MEFs and displaying morphologies 

mainly parallel to the longitudinal axis (Fig.  3A, B). In 
contrast, FAs in Sos1KO MEFs (Sos1KO and Sos1/2DKO) 
were observed around the whole circular cell perimeter 
and with a random organization (Fig.  3A, B). Quantita-
tive measurements revealed that the number of FAs 
per cell was significantly higher in Sos1KO MEFs than 
in Sos1/2WT and Sos2KO MEFs (Fig.  3F). Interestingly, 
Sos2KO MEFs displayed a modest reduction in the num-
ber of FAs compared to control MEFs (Fig.  3F). These 
data suggested that Sos1 deletion impaired adhesion 
maturation. To address this, we generated pseudo-col-
ored IRM images representing the position of the cell 
contacts at the beginning of the analysis (in red), at half 
time (in green) and at the end (in blue) of the recording. 
White color indicates a superposition of red/green/blue 
colors and represents a static FA (Fig. 3E). We observed 
that both Sos1/2WT and Sos2KO MEFs displayed more 
dynamic cell contacts consistent with a polarized migra-
tory behavior, whereas Sos1KO MEFs exhibited a more 
static condition, with non-polarized motility of the cell 
membrane (Fig.  3E). Moreover, Sos1/2DKO MEFs barely 
modified their contact positions (Fig. 3E, note the mostly 
white display), indicating that concomitant Sos1/2 deple-
tion severely affected the dynamics of FAs and the migra-
tory ability in MEFs. We next hypothesized that impaired 
adhesion maturation would impair cell spreading. Cell 
area analysis revealed that Sos1KO cells were slightly 
smaller than control and Sos2KO cells (Fig. 3H), indicat-
ing a deficient ability to spread. Consistently, dynamic 
analysis of the number of extended lamellipodia, indica-
tive of protrusive migration, per cell revealed that Sos1KO 
cells displayed a significantly lower number of protru-
sions than control or Sos2KO cells, which in turn had a 
slightly higher number of protrusions than control cells 
(Fig. 3I).

Taken together, our observations indicate that Sos1 
depletion in MEFs, alone or in combination with Sos2 
deletion, results in an increase in the number of FAs 
and fewer lamellipodia per cell that correlate with a 
high proportion of stable FAs and a reduction in the cell 
spread area, impairing cell spreading and hence the abil-
ity of the cell to migrate. Our data also indicate a specific 
role for Sos2 in membrane protrusion and cell adhe-
sion that is superseded when both isoforms are deleted 
simultaneously.

Sos1 ablation specifically alters the localization of 
activated Rac in F-actin rich domains and decreases 
cellular contractility
In addition to Ras, Sos1 activates Rac [7, 8, 38]. While 
the exact mechanism of Rac activation by Sos1 is still 
poorly understood, some data point to the crucial role 
of Sos1 in the control of lamellipodial protrusion, cell 
migration and invasion [4, 7]. Using SosKO MEFs we 
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Fig. 2  Sos1 depletion alters focal adhesion and F-actin distribution in primary MEFs. Representative confocal microscopy images of individual primary 
MEFs from the four genotypes (Sos1/2WT, Sos1KO, Sos2KO and Sos1/2DKO) stained with for actin filaments with phalloidin (green), focal adhesions (FA) with 
anti-Paxillin antibody (red) and for nuclei with DAPI (blue). Arrows show predominant areas of FA localization in Sos1/2WT and Sos2KO MEFs. Scale bar: 
25 μm

 

have previously shown that the global levels of cellular 
GTP-bound Rac (in pull-down assays) remained unal-
tered upon individual or combined Sos1/2 depletion 
when compared with WT control cells [18]. However, 
Sos1 could control the spatial dynamics of Rac acti-
vation while having no effect on the global levels of 
activated Rac. To address this possibility, we localized 
active Rac-GTP by immunofluorescence in Sos1/2KO 
MEFs upon wound healing (Fig.  4). These experi-
ments revealed that Rac-GTP clusters at the free edges 
of Sos1/2WT and Sos2KO MEFs (Fig.  4). Conversely, 
Sos1KO and Sos1/2DKO MEFs did not display Rac-GTP 
clustering at free edges, being only detectable in the 
cytoplasm of cells (Fig. 4).

Since protrusion and retraction are tightly coordinated 
to mediate cell migration [37], we also examined the con-
tractile status of the cell using phosphorylation of the 

regulatory light chain of myosin II as a fiduciary marker 
of contraction [39]. We observed a marked reduction 
in the levels of phospho-myosin light chain 2 (Ser19) 
in Sos1KO MEFs (Sos1KO and Sos1/2DKO) compared to 
Sos1/2WT and Sos2KO MEFs (Fig. 5). These data correlate 
well with the observed morphological effects of Sos1KO 
MEFs (Figs. 1 and 2) and with the reported effect of the 
reduction of the levels of RLC or its activation in mesen-
chymal cells [40]. Overall, these results suggest that Sos1 
is required for the local activation of Rac at prospective 
protruding edges of migrating cells. Given that, this effect 
is likely confined to migrating cells, which comprise 
a small percentage of the total cells in a wound healing 
assay, these results are compatible with the lack of effect 
of Sos1 depletion in the global levels of Rac activation, as 
reported previously [10].
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Fig. 3 (See legend on next page.)
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Sos1/2 depletion facilitates invasive migration of MEFs in 
3D culture
In 2D, Sos1 is crucial for cell migration in a Rac-depen-
dent manner [18]. In this regard, our results demon-
strated that Rac inhibition resulted in similar impairment 
in wound closure as detected with the Sos1 inhibitor, 
BI-3406 (Supplementary Fig. 1). However, multiple stud-
ies have highlighted the large differences in signaling, 
adhesion, traction and matrix reorganization in cells 
migrating in 3D (reviewed in [41]). To study the behavior 
of SosKO MEFs in 3D migration, we performed inverted 
Matrigel invasion assays [35]. Surprisingly, both Sos1 
or Sos2 ablation, individually or combined, significantly 
increased the invasion of a 3D Matrigel matrix when 
compared to their Sos1/2WT counterparts (Fig.  6). In 
addition, Sos2KO cells tended to invade less than Sos1 
lacking MEFs (Fig. 6).

While 2D migration depends almost exclusively on 
cycles of membrane protrusion and cell body retraction 
[42], 3D migration of mesenchymal cells also requires 
matrix reorganization and degradation [43]. The oppo-
site effect of Sos1 depletion in 3D migration compared 
to its effect in 2D suggested that its role in protrusion/
retraction could be superseded by another type of defect. 
To address this, we measured the levels of Mmp2/9 
(Mmp2 and Mmp9 genes), which are canonical matrix 
metalloproteases involved in the degradation of colla-
gens and some other matrix proteins during 3D migra-
tion, including collagen IV, which is present in Matrigel 
[44–46]. These experiments revealed that Mmp2 mRNA 
was significantly overexpressed in Sos1/2DKO cells when 
compared to the rest of experimental groups (Fig.  6A). 
Conversely, individual Sos1 or Sos2 depletion had a 
much lower, but still significant, effect on Mmp2 expres-
sion (Fig.  6A). Western blot experiments also revealed 
increased expression of Mmp2 protein (Fig.  6B). On 
the other hand, individual ablation of Sos1 and Sos2 
increased expression of Mmp9, but the simultaneous 
depletion of Sos1 and Sos2 had almost no effect com-
pared to WT MEFs (Fig.  6A). These data suggest that 
Sos1 and Sos2 normally suppress Mmp2 and Mmp9 
transcription, and thus depletion of either Sos1 or Sos2 
increases Mmp2 and Mmp9 levels.

Sos1/2 ablation increases gelatin degradation activity in 
MEFs
To test whether Sos1/2 depletion increased the ability 
of MEFs to degrade extracellular matrix in a Mmp2/9-
dependent manner, we studied the effect of Sos1/2 deple-
tion in a 2D gelatin degradation assay (Fig. 7). We found 
that single or combined Sos1/2 depletion significantly 
increased the ability of MEFs to degrade gelatin as com-
pared to WT MEFs (Fig. 7A). Interestingly, Sos1KO MEFs 
exhibited a slightly higher ability to degrade gelatin than 
their Sos2KO counterparts (Fig. 7A).

We tested whether gelatin degradation was depen-
dent on Mmp2/9 by treating the cells with selective 
inhibitors for these Mmps (ARP-100 and Ilomastat, 
Fig.  7B and C, respectively). We found that these Mmp 
inhibitors blocked Sos1/2-dependent gelatin degrada-
tion almost completely, independent of their genotype 
(Fig. 7B, C). These experiments support a model in which 
the enhanced gelatin degradation observed in Sos1/2-
depleted cells depends on their increased expression of 
Mmp2/9.

Pharmacologic Sos1 inhibition does not recapitulate in 
vitro genetically-mediated Sos1 ablation in primary MEFs
During recent years, pharmacological inhibitors with 
demonstrated ability to directly block Sos1::RAS inter-
actions have been developed [4]. In this regard, BI-3406 
has been proven as a potent, selective and orally avail-
able, Sos1 inhibitor [24]. We then aimed at evaluating the 
effect of BI-3406 administration in WT primary MEFs.

We first examined whether pharmacologic inhibition 
of Sos1 caused morphological alterations in the cell cyto-
architecture of primary MEFs. Our results showed that 
BI-3406 administration in, WT MEFs, barely modified 
cell morphology, only exhibiting a slight increase in cell 
area, without a loss of the polarity, or did not affect to the 
protein expression levels of phospho-Myosin in compari-
son with the vehicle-treated counterparts (Fig. 8A, D, E). 
Cell count measurement in cultures of BI-3406-treated 
primary MEFs of the WT genotype revealed that, phar-
macologically-mediated Sos1 inhibition did not impact 
the cell growth of primary MEFs (Fig.  8B). We next 
examined the effect of BI-3406 in the regulation of cell 

(See figure on previous page.)
Fig. 3  Sos1 depletion alters focal adhesion dynamics. (A) Representative IRM images of individual primary MEFs from the four indicated genotypes, taken 
from timelapse microscopy movies. Boxes indicate regions shown in enlarged images in (B). Scale bar in B: 10 μm. (C) Individual MEFs in A are represented 
with a color code (red, green and blue) representing the stability of FA throughout the duration of the timelapse experiments (60 min) scaling from low 
(blue), medium (green) and high (red) stability, respectively. (D) Cell spread area of MEFs from the four genotypes was evaluated by IRM. Images were gen-
erated by serially overlapping all movie images (1 image every 20 s during 60 min). (E) Images illustrate the cell perimeter of individual MEFs at different 
time points using a color code that represents the relative cell position at the beginning of the experiment (time 0, red) at 30 min (green) and at 60 min 
(blue), respectively. In addition, white color represents convergence zones and illustrates highly stable FA. Scale bar: 25 μm. (F-I) Bar charts represent the 
number of FA per cell (F) the relative percentage of intensity of FA (G), cell spread area (H) and the number of lamellipodia per cell in MEFs of the four 
genotypes. n = 12 cells per genotype (from three experimental replicates) (F and I), n = 9 per genotype (from three experimental replicates) (G) and n = 10 
per genotype (from three experimental replicates) (H). Data are expressed as mean ± SEM. Statistical differences were considered at: */# p < 0.05, **/## 
p < 0.01 and ***/### p < 0.001 vs. Sos1/2WT and Sos2KO, respectively
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Fig. 4 (See legend on next page.)
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migration. Our data, differing from the data obtained in 
the genetic model of Sos1 ablation [18], demonstrated 
that BI-3406 administration did not impair the capabil-
ity of primary MEFs to migrate (Fig.  8C). The potential 
effect of BI-3406 increasing the ability of primary MEFs 
to degrade gelatin was also assessed. Interestingly, phar-
macologic-mediated Sos1 inhibition did not alter Mmp2 
protein expression and although increased the capabil-
ity of primary MEFs to degrade gelatin (Fig.  8D, E) it 
occurred in much less extension than that observed upon 
genetically-mediated Sos1 ablation.

Discussion
We have previously reported that Sos1 is required for 
cell migration in MEFs [18]. Accordingly, our results 
here presented further demonstrate that pharmacolog-
ically-mediated Sos1 inhibition impairs the capability 
of primary MEFs to migrate in an in vitro 2D model of 
wound healing. However, the mechanistic basis of Sos1 
regulating this cellular process was unclear. Here, we 
report that Sos1 controls FA turnover and the protru-
sion/retraction cycle that enables cell migration as well as 
the ability of cells to degrade and reorganize the matrix 
in three-dimensional microenvironments. Sos1 deple-
tion reduces the ability of the cell to undergo contraction, 
which results in deficient phosphorylation and activation 
of non-muscle myosin II (NMII), impaired FA matura-
tion and loss of front-rear polarity (recently reviewed in 
[47, 48]).

Consistently, MEFs generated from constitutive Sos1KO 
mice [6] display similar defects to the inducible Cre 
model used here [26]. Moreover, other non-fibroblastic 
cell lines also display migratory defects upon reduction 
of Sos1 expression [27–29, 49, 50]. Interestingly, Sos1 
depletion impairs the localization of active Rac to the 
leading edge, which reinforces the notion that Sos1 con-
tributions to cell polarization Sos1 is also involved in the 
chemotactic response of endothelial cells to Tie-1 in a 
Rac-dependent manner [51].

Sos1 is a dual GEF for Ras and Rac [4, 52]. The in vivo 
Rac-GEF activity of Sos1 appears to be mostly mediated 
by its specific interaction with the E3B1 adaptor protein 
[7, 38]. Sos1-dependent activation of Rac requires that 
Sos1-E3B1 complexes are recruited to membrane ruffles 
to promote Rac GDP/GTP exchange locally [7, 27]. How-
ever, the mechanisms regulating Rac activation by Sos1 
are still poorly understood, although they appear to be 

essential for the control of lamellipodial protrusion and 
cell migration or invasion. For example, Sos1 silencing 
disrupted Rac-dependent podosome assembly, subse-
quently impairing cell migration as observed in other cell 
lines such as macrophages or COS cells [27, 53]. The local 
nature of the regulation of Rac activation downstream of 
Sos1 seems local, since the levels of GTP-bound Rac were 
unaffected by depletion of either, or both, Sos isoforms, 
in response to EGF stimulation [18]. During wound heal-
ing, we postulate that Sos1 enables the activation of Rac 
at the leading edge while promoting cellular contraction 
of the cell body, enabling the haptotactic global migratory 
cellular response that mediates wound closure. Please 
note, nevertheless, that CRIB domain may interacts not 
only with Rac but also with other effectors such as Cdc42, 
RhoU or RhoV [54, 55] and then the signal detected may 
not fully represent, activated Rac distribution.

Traction is essential for 3D as well as 2D migration 
[56], hence we hypothesized that, due to their decreased 
contractile ability, Sos1-depleted cells would also migrate 
poorly in 3D. Surprisingly, Sos1-depleted cells invaded 
gelatin gels more easily than non-depleted cells, lead-
ing us to wonder about the mechanism that mediated 
such effect, which superseded the decreased contraction 
observed in the Sos1KO MEFs. One possibility was that, 
despite their decreased contractility, Sos1-depleted cells 
could reorganize the matrix more efficiently. Consistent 
with this, our data have revealed a previously unknown 
repressor activity of Sos1 on expression of Mmp2 and 
Mmp9 matrix metalloproteases. Both Mmps were differ-
entially affected by depletion of Sos1, Sos2, or both Sos1 
and Sos2. While simultaneous depletion of Sos1 and Sos2 
increased Mmp2 gene expression, it had no effect on 
Mmp9. Conversely, individual depletion of Sos1 and Sos2 
had a modest effect on Mmp2 expression but increased 
Mmp9 levels significantly. Together with our invasion 
data, we postulate that Sos1KO cells display increased 
invasion due to the elevated levels of Mmp2 and Mmp9 
despite displaying a low contractile activity; Sos1/2DKO 
cells compensate the lack of Mmp9 induction by increas-
ing the levels of Mmp2, which is the most specific Mmp 
for collagen of the two [57]. In addition, Sos2KO cells 
display increased invasion ability due to a combination 
of normal contractility combined with increased levels 
of both Mmp2 and Mmp9. It is important to highlight 
that the mechanism through which Sos1/2 control the 

(See figure on previous page.)
Fig. 4  Sos1 depletion alters cellular Rac-GTP localization. Representative confocal microscopy images of primary MEFs of the four defined experimental 
groups stained with for actin filaments with phalloidin (green), with GST-PBD followed by anti-GST antibodies to detect GTP-loaded Rac (red) and with 
DAPI to stain nuclei. Dotted lines indicate the site of the scratch. Arrows indicate accumulation of Rac-GTP near to the scratched sites at 30 min after the 
scratch. Scale bar: 10 μm. The plot shows the mean intensity of Rac-GTP immunoflorescent signal in MEFs of the four defined groups, through the cyto-
plasm and the free edges, of all experimental groups. The intensity was quantified by measuring the signal intensity using five 10 μm-long straight lines 
per cells perpendicularly to the wound). n = 3 independent experiments per experimental group (15 cells per condition)
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Fig. 5  Sos1/2 depletion enhances cell invasion. (A) Transmigration of MEFs of the indicated genotype into Matrigel plugs in an inverted invasion assay. 
After staining with Calcein-AM (green) living cells were visualized by confocal microscopy. Serial optical sections were acquired at 2.5 μm intervals and 
5 μm intervals are shown alongside one another, with increasing depth from left to right as indicated. Scale bar: 100 μm. (B) Quantification of invasion is 
expressed as percentage of the field covered with cells at the indicated depths. Data shown are means ± SD of two independent experiments. One-way 
ANOVA and Tukey’s multiple comparison test was applied. **p < 0.01 vs. the rest of experimental groups; ## p < 0.01 vs. Sos1KO and Sos1/2DKO
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)
Fig. 6  Sos1/2- depletion increased Mmp2/9 expression. (A). Quantification of mRNA expression levels of Mmp2 and Mmp9 in primary MEFs of the in-
dicated Sos genotypes by RT-qPCR. β-actin was used as internal control for normalization. n = 3 independent samples per genotype. Data expressed as 
mean ± SD. *p < 0.05 and **p < 0.01 vs. Sos1/2DKO; #p < 0.05 vs. Sos1/2WT. (B) Representative western blots of Sos1, Sos2, phospho-Myosin, phospho-Fak, 
total Myosin, total Fak, and Mmp2 protein expression, using Tubulin as a control for normalization. Bar charts illustrate the quantitation of the ratio of 
phospho-myosin levels relative to total myosin and the ratio of Mmp2 protein expression relative to Tubulin expression in MEFs of all Sos1/2 genotypes. 
n = 3 per genotype. Data shown as mean ± SD. *p < 0.05 and **p < 0.01 vs. Sos1/2DKO. && p < 0.01 vs. Sos1KO and Sos1/2DKO

Fig. 7  Mmp2/9 inhibitors block Sos1/2-dependent gelatin degradation. (A) 12 days 4OHT-treated MEFs of the four defined genotypes were seeded on 
gelatin-FITC-coated coverslips for 8 h and then fixed. The graph illustrates the mean area of gelatin degradation (black areas). Data shown as mean ± SD. 
n = 3 independent experiments per genotype (a total of 50 cells were quantitated per experiment). ****p < 0.0001 vs. Sos1/2WT, #p < 0.05 vs. Sos1KO. (B-C) 
Primary MEFs treated as in A were plated on gelatin-FITC-coated coverslips and pre-treated with ARP100 (B) or Ilomastat (C) as indicated in the Material 
and Methods section, 3 h after seeding. The cells were then fixed after 16 h. The graph illustrates the mean area of gelatin degradation (black areas). Data 
shown as mean ± SD. n.s: not significant. n = 5 independent experiments per genotype (a total of 50 cells were quantitated per experiment)
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Fig. 8 (See legend on next page.)
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expression of Mmp2/9 is currently unknown and will 
require further analysis.

Finally, given the importance of the recently reported 
Sos1 inhibitors as potential therapeutic tools in certain 
RAS-driven malignancies [4, 25], we further evaluated 
the effect of the Sos1 inhibitor BI-3406 in different cel-
lular processes in primary MEFs. Our results demon-
strated that, in contrast to the results obtained following 
genetically-mediated Sos1 ablation [18], BI-3406 barely 
altered the cell architecture of primary MEFs and did not 
impair cell proliferation or cell migration in this cell type. 
BI-3406 administration increased the capacity of primary 
MEFs to degrade gelatin, but much less in comparison 
with the genetic model of Sos1 removal. Overall, these 
observations suggest that BI-3406 does not recapitulate 
the effects observed when Sos1 is genetically ablated. In 
this regard, prior studies revealed that BI-3406 prefer-
ably blocks interaction of Sos1 with oncogenic Ras alleles 
(mainly KRas), whereas it shows no antiproliferative 
properties in Ras WT tumor cells [24], suggesting that 
this compound preferably acts over oncogenic, KRas-
dependent, tumor cells. In addition, whereas BI-3406 
has been proven to bind to the catalytic domain of SOS1, 
thereby preventing the interaction with KRas, it has not 
been evaluated whether it may interfere Sos1-mediated 
Rac activation. Our wound-healing assays suggest the 
BI-3406 probably does not disrupt Sos1-Rac interaction. 
Nevertheless, further experiments are needed, particu-
larly in Kras-mutant cells, in order to evaluate whether 
these small molecules could impact the capability of 
tumor cells to migrate.

Conclusions
Our present results add new, detailed information regard-
ing the functional contribution of Sos1/2, and especially 
of Sos1, to the regulation of cell migration, which seem 
to differ if analyzed under 2D or 3D conditions. In this 
regard, our data also unveiled a possible involvement of 
Sos1/2 in the regulation of Mmp2/9 in primary MEFs.
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Fig. 8  The Sos1 inhibitor BI-3406 does not mimic the effects of genetically-mediated Sos1 depletion. (A) Representative images of DMSO or BI-3406-treat-
ed WT primary MEFs for 24 h taken from Incucyte. The graphs show the mean cell area as well as the circularity of MEFs in both experimental groups. 
Circularity ranges from 0 to 1, being 1 a perfect circumference. Data shown as mean ± SD. n = 3 independent experiments per condition (50 cells/group). 
* p < 0.05 vs. vehicle-treated group. Scale Bar: 100 μm. (B) Growth curve of vehicle- or BI-3406-treated (24 h) primary MEFs in culture measured with Incu-
cyte. Data shown as mean ± SD. n = 3 independent experiments per condition. (C) Vehicle- (DMSO) or BI-3406-treated (1µM) confluent WT primary MEFs 
were scratched with a micropipette tip and closure of the wounded area was recorded for 24 h by phase-contrast photomicroscopy (×10 magnification). 
Areas where cellular growth is not yet recovered after the wound are marked by surrounding yellow lines. Data shown as mean ± SD. n = 3 independent 
experiments per condition. * p < 0.05 vs. vehicle-treated group. (D) Vehicle- (DMSO) or BI-3406-treated (1µM) MEFs of the WT genotype were seeded on 
gelatin-FITC-coated coverslips for 8 h, fixed and then counterstained with phalloidin and DAPI. The bar chart illustrates the mean area of gelatin degrada-
tion (black areas). Data shown as mean ± SD. n = 3 independent experiments per condition (a total of 30 cells were quantitated per experiment). * p < 0.05 
vs. vehicle-treated counterpart. (E) Western blots from protein extracts of Vehicle- or BI-3406-administered (24 h) MEFs, of Mmp2 and phospho-Myosin 
protein expression, using Tubulin as a control for normalization,. Bar charts illustrate the quantitation of the ratio of Mmp2 and phospho-Myosin levels 
relative to Tubulin. Data shown as mean ± SD. n = 3 independent experiments per condition
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