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Cancer-associated fibroblasts (CAFs) are highly abundant stromal components in the tumour microenvironment.
These cells contribute to tumorigenesis and indeed, they have been proposed as a target for anti-cancer therapies.
Similarly, targeting the Rho-GTPase RAC1 has also been suggested as a potential therapeutic target in cancer.
Here, we show that targeting RAC1 activity, either pharmacologically or by genetic silencing, increases the pro-
tumorigenic activity of CAFs by upregulating IL-1p secretion. Moreover, inhibiting RAC1 activity shifts the CAF

subtype to a more aggressive phenotype. Thus, as RAC1 suppresses the secretion of IL-1p by CAFs, reducing RAC1
activity in combination with the depletion of this cytokine should be considered as an interesting therapeutic
option for breast cancer in which tumour cells retain intact IL-1f signalling.

1. Introduction

Breast cancer (BC) is the most frequent cancer in women and it re-
mains a major cause of cancer-associated death worldwide [1]. BC is a
complex and heterogeneous disease with quite varied morphological
manifestations, molecular features, behaviours and responses to therapy
[2]. Cancer metastasis and resistance to treatment are two major causes
of the poor survival of BC patients. Thus, understanding the molecular
mechanisms that underlie metastasis will improve treatment regimens
and ultimately, prognostic outcomes.

The GTPase RAC1 (Ras-Related C3 Botulinum Toxin Substrate 1) is a
molecule that has been implicated in cancer progression and the poor
prognosis of various tumour types [3,4]. RAC1 is a member of the Rho
family of small GTPases that binds to either GTP or GDP, the exchange of
which controls its activation. RAC1 is inactive in the GDP-bound state
and it is activated upon exchange of its GDP for GTP, enabling down-
stream signalling to proceed [5]. The tumour microenvironment (TME)
also influences cancer progression and it is defined by multiple cell
types, such as fibroblasts, leukocytes, adipocytes, myoepithelial and
endothelial cells. Moreover, the TME also contains soluble factors and

extracellular matrix components (ECM) that shape the physical and
chemical properties of tissues [6-8]. Fibroblasts are the most abundant
cell type in the tumour-associated stroma, also known as
cancer-associated fibroblasts (CAFs). CAFs can contribute to the malig-
nant phenotype of tumour cells through a variety of mechanisms,
including growth factor secretion, angiogenesis induction or ECM
remodelling [9-12].

The expression of several markers can be used to differentiate CAFs
from normal fibroblasts (NFs), such as alpha smooth muscle actin
(aSMA), fibroblast activating protein (FAP), integrin 1/CD29, fibro-
blast specific protein (FSP1/5100-A4), platelet derived growth factor
receptor § (PDGFRp) and Caveolin-1 (CAV1). However, not all of these
markers are expressed simultaneously by CAFs, contributing to the
heterogeneity of CAFs in BC [13-15]. Using six CAF markers, four
different CAF subpopulations were recently identified in breast and
ovarian cancer, referred to as CAF-S1 to CAF-S4 [14,17]. The CAF-S1
and CAF-S4 subsets are detected at high levels in aggressive BC sub-
types, such as HER2 (28.2% S1 and 61.8% S4) and Triple negative breast
cancer (TNBC: 38% S1 and 42% S4), with the CAF-S1 subtype associated
with distant relapse [16]. Alternatively, the CAF-S2 subset is enriched in
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luminal BC (14.4% S1, 42% S2 and 29.8% S4) and CAF-S3 fibroblasts
accumulate in healthy tissues [16,17].

RAC1 has been shown to control the shape, and the mechanical and
adhesive properties of fibroblasts, as well as their capacity to organize
the ECM and myofibroblast formation [18-20]. Because RACI is
involved in malignant transformation, influencing tumorigenesis,
angiogenesis, invasion and metastasis [21], we wondered if RAC1 ac-
tivity could participate in CAF signalling to promote tumour develop-
ment. In the present study, and contrary to our expectations, we found
that RAC1 activity in CAFs is relevant to prevent the malignant pheno-
type of BC cells. Thus, the inhibition of RAC1 alters the CAF secretome,
inducing IL-1p secretion that in turn enhances the aggressiveness of BC
cells. Indeed, RAC1 inhibition in CAFs promotes a change in their
phenotype, making them more aggressive. These results identify a novel
role for RAC1 in the BC microenvironment that may be crucial for dis-
ease management.

2. Materials and methods
2.1. Reagents

EHop-016 (#SML0526-5 MG), Crystal Violet (#C3886) and recom-
binant SDF-1 (#SRP3276) were purchased from Sigma-Aldrich (St
Louis, MO). The fibroblasts cell lines were transfected with siRNAs using
DharmaFECT 2001 (Dharmacon, Lafayette, CO; #T2001), and the RAC1
siRNA (#sc-36351) and IL-1p siRNA (#sc-39616) were obtained from
Santa Cruz Biotechnology (Heidelberg, Germany). The IL-1f neutral-
izing antibody was purchased from InvivoGen (#mabg-hillb-3).

2.2. Human CAF isolation

To establish the non-tumour associated NF cell line, we obtained
fresh healthy mammary tissue from a woman undergoing reduction
mammoplasty [22]. CAFs from the Luminal-HER2" and TNBC cell lines
were established from tumour tissue excised from breast cancer patients:
a Luminal B-HER2™" patient and TNBC patients [23]. These fibroblasts
(NFs and CAFs) were immortalized by infection with the pMIG
(MSCV-IRES-GFP) retroviral vector, expressing both hTERT and GFP,
and with a pBabe-puro vector encoding a puromycin resistance gene,
before they were co-implanted with breast carcinoma cells into nude
mice to generate Lum-CAFs [22].

2.3. Cell culture

NFs and CAFs [22,23] were grown in complete DMEM containing
4.5 g/1 glucose and 1-glutamine (Sigma Aldrich) in the presence of calf
serum (10%). MDA-MB-231 and MCF-7 cells (ATCC) were grown in
complete DMEM containing 4.5 g/1 glucose and 1-glutamine (Sigma
Aldrich). BT-474 and T-47D cancer cells were grown in RPMI medium.
In all cases, the medium was supplemented with 56 IU/ml penicillin, 56
mg/] streptomycin (Invitrogen, Carlsbad, CA) and 10% foetal bovine
serum (FBS: LINUS #16sV30180.03), and the cells were maintained at
37 °C in a humid atmosphere containing 5% CO,. All cells were
routinely tested for mycoplasma contamination. The cell lines were
analysed for authentication at the Genomics Core Facility at the Instituto
de Investigaciones Biomédicas “Alberto Sols” (CSIC-UAM, Madrid,
Spain) using STR PROFILE DATA, the STR amplification kit (GenePrintR
10 System, Promega), STR profile analysis software GeneMapper® v3.7
(Life Technologies) and a Genomic Analyzer System ABI 3130 XL
(Applied Biosystems).

2.4. Transfection experiments
For siRNA transfection experiments, a pool of constructs was used

that specifically targeting RAC1 (Santa Cruz Biotechnology, sc-36351)
or IL-1f (sc-39616) and a control siRNA (sc-37007). In general, 1 x
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10 cells were transfected using the DharmaFECT 1 Transfection Re-
agent (Dharmacon catalogue number T-2001) and incubated for up to
72 h before starting the experiment. For plasmid transfection experi-
ments, 5 pg of plasmids pEGFP-RAC wild type (WT), pEGFP-RAC
constitutively active (V12) or pEGFP-C3 (empty vector) was used
[24]. Cells were transfected using Lipofectamine 2000 (Invitrogen,
#11668-027) and incubated for 24 h before starting the experiments.

2.5. Conditioned media

The CAFs and NFs were grown for three days in the absence of serum,
and the culture supernatants were collected and used as conditioned
medium (CM) in proliferation, migration, invasion and RAC1 activity
experiments. For RAC1 inhibition, CAFs were treated with EHop-016 (5
uM) for 24 h, a concentration at which RAC1 is selectively inhibited
[25]. The medium was then removed and the cells were grown for two
days in the absence of serum. For inhibition of IL-1p with the neutral-
izing antibody, the IL-1p antibody (40 ng/mL) or an isotype control were
incubated with the CAFs for 24 h in the previously collected CM. The
supernatant recovered was filtered to remove unattached cells and cell
debris.

2.6. Protein analysis

Proteins were analysed in western blots as described previously [26].
In brief, proteins were extracted from the tumours in FISH buffer
[Glycerol 100X, 1 M Tris pH 7.4, 5 M NaCl, 1% (v/v) NP40 and 1 M
MgCl,], while the proteins from the cell lines were extracted in TNES
buffer [100 mM NaCl, 1% (v/v) NP40, 50 mM Tris-HCI pH 7.6, 20 mM
EDTA], both containing protease and phosphatase inhibitor cocktails
(Sigma-Aldrich; #P8340). The proteins recovered were quantified using
a Bradford Protein Assay (Bio-Rad #5000006), resolved by SDS-PAGE
on 10-12% gradient gels (purchased from Bio-Rad, Berkeley, CA;
#456-8085) and transferred to polyvinylidene difluoride membranes
(Immobilon-P, Millipore, Burlington, MA). The membranes were then
probed with the following primary antibodies: anti-RAC (1:1000, clone
102: BD Biosciences, Franklin Lakes, NJ), anti-Cyclin D1 (1:1000,
#sc8396: Santa Cruz Biotechnology), anti-Tubulin (1:1000, DM1A:
Sigma-Aldrich; #T6199), anti-GAPDH (1:1000, #G8795:
Sigma-Aldrich), anti-GFP (1:1000 SAB4301795, Sigma-Aldrich), anti--
Laminin (1:1000, #7292: Santa Cruz Biotechnology), anti-HSP90
(1:1000, #515081: Santa Cruz Biotechnology), anti-pERK 1/2
(1:1000, #9101: Cell signalling), anti-ERK total (1:1000, #4696: Cell
signalling), anti-pAKT S473 (1:1000, #32581: Elabscience), anti-AKT
total (1:1000, #30471: Elabscience), anti-p65 (1:1000, #372: Santa
Cruz Biotechnology). Antibody binding was detected with horseradish
peroxidase (HRP)-conjugated anti-mouse, anti-rabbit or anti-sheep sec-
ondary antibodies (1:10,000 dilution: Bio-Rad), and visualized by
enhanced chemiluminescence (ECL, # 170-5061: Bio-Rad). The images
were obtained with the ImageQuant LAS 500 chemiluminescence CCD
camera (GE Healthcare Life Sciences, Chicago, Illinois, USA).

2.7. Cell viability

MDA-MB-231 cells were plated for 24, 48 and 72 h, at which point
they were fixed for 10 min in PBS with 4% paraformaldehyde at room
temperature and stored in PBS with 0.05% azide at 4 °C prior to staining
with crystal violet for 30 min at room temperature. The plates were
washes with tap water and the crystal violet was removed from the cells
with 1% Triton X-100 in PBS, measuring their OD at 570 nm.

2.8. RAC1 GTPase assay
The endogenous active GTP-bound RAC1 was measured using a GST-

PAK1 binding domain (PBD) pull-down assay. Cells were lysed in FISH
buffer [Glycerol 100X, 1 M Tris pH 7.4, 5 M NacCl, 1% (v/v) NP40 and 1
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M MgCl,] and equal volumes were incubated with GST-PBD beads (20
pg) for 15 min at 4 °C. The complexes precipitated were washed three
times with excess lysis buffer and after the final wash, the supernatant
was discarded and the beads were suspended in 10 pl of 5X Laemmli
sample buffer. GTP-bound RAC1 was detected in western blots and the
amount of GTP-bound RAC1 was normalized to the total amount of this
GTPase in cell lysates for each sample.

2.9. Boyden chamber cell migration/invasion assay

Cell migration was assayed in Boyden chambers (8.0 pm pore-size
polyethylene terephthalate membrane with a cell-culture insert: VWR,
Radnor, PA; #VWRI734-2744). The cells were trypsinised and counted,
and cell suspensions containing 5 x 10*-1 x10° cells in 200 pl of serum-
free medium were added to the upper chamber, with 500 pl of the
appropriate medium added to the lower chamber. The transwell inserts
were incubated at 37 °C for 24 h with MDA-MB-231 cells or 48 h with
BT-474 cells, after which the cells on the inside of the transwell inserts
were removed with a cotton swab while those on the underside of the
insert were fixed and stained. Photographs were taken of five random
fields per insert and the cells were counted to calculate the proportion of
transmigrated cells. Boyden chambers with 0.7 mg/ml of matrigel (Cell
Biolabs, San Diego, CA; #CBA-110) and 1.5 x 10° cells were used to
assay cell invasion.

2.10. Wound assays

MCF-7 and T-47D cells were grown to confluence and overnight with
0% FBS. The cell monolayer was scraped in a straight line with a pipette
tip in order to create a linear wound. Debris were removed by washing
the cells with PBS and then replaced with CM. Photographs of the
wounds (at least 3 fields per condition) were taken with a NIKON TMS
microscope with a 10X objective. For each image cells migrated into the
original wound were measured. The migration area was determined by
measuring the total area of the wound using the ImageJ software.

2.11. Gelatin zymograms

To assess the activity of the metalloproteases MMP-2 and MMP-9, the
CM from CAFs was collected. The protein concentration was determined
by the Bradford method and CM for each condition containing 40 pg of
protein was assayed for proteolytic activity on gelatin-substrate gels.
Briefly, samples were mixed with non-reducing buffer containing 2.5%
SDS and separated in 8% acrylamide gels co-polymerized with gelatin
(1 mg/mL), as described previously [29]. After electrophoresis at 72 V
for 2.5 h, the gels were rinsed twice in 2.5% Triton X-100, and then
incubated at 37 °C for 24 h in 50 mM Tris-HCl (pH 7.4 to MMP-2 or pH
8.3 to MMP-9) and 5 mM CaCl; assay buffer. The gels were fixed and
stained with 0.25% Coomassie Brilliant Blue G-250 in 10% acetic acid
and 30% methanol. Proteolytic activity was detected as clear bands
against the background stain of undigested substrate in the gel and it
was quantified using ImageJ software (NIH, Bethesda, MD, USA).

2.12. Immunofluorescence microscopy

Cells were plated and grown on glass coverslips for 48 h, fixed for 10
min with 4% paraformaldehyde (PFA) at room temperature and the
coverslips were then stored in PBS with 0.05% sodium azide at 4 °C until
the cells were immunostained. Briefly, the cells were permeabilised by
incubating for 3 min at 4 °C in PBS containing 0.5% Triton X-100 and
then, the coverslips were incubated overnight at 4 °C with a 1:200
dilution of the primary antibody against Ki67 (Thermo Fisher Scientific,
#PA1-21520). After rinsing thoroughly, the coverslips were incubated
with Alexa Fluor 488 or 594 goat anti-mouse-IgG or anti-rabbit-IgG
secondary antibodies (Invitrogen), counterstained with DAPI for 30 s,
and then mounted on glass slides with DAPI using the Gold antifade
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reagent (Invitrogen; #P36935). Immunofluorescence was analysed
under a Zeiss microscope (Zeiss Axioplan 2).

To calculate the proliferation ratio using the Ki67 marker, we
counted the total number of positively stained tumour cells in each
image/field and the total number of tumour cells in each image. The
percentage of Ki67 positive cells was calculated as: No. of positive
tumour cells/total No. of tumour cells x 100.

2.13. Quantitative real time PCR (qPCR)

Total RNA was isolated from cells with the RNAeasy Mini kit (QIA-
GEN) according to the manufacturer’s instructions and quantified using
a NanoDrop® Spectrophotometer. RNA (3 pg) was reverse transcribed in
a final volume of 20 pL using a NZY First-Strand cDNA Synthesis Kit
(NZYTech) following the manufacturer’s instructions. To determine the
RACI1, SMA, FAP, SDF-1, IL-1p, IL-8, CD29, CAV1, PDGFRf1, FSP1, IL1R,
IL1RA and GAPDH gene expression, the SYBR Green reagent was used in
the PCR reaction mixture (10 pL final volume). The primers used were:
RAC1 F-CTGATGCAGGCCATCAAGT, R-CAGGAAATGCATTGGTTGTG;
SMA F-GTGTGTGACAATGGCTCTGG, R-TGGTGATGATGCCATGTTCT;
FAP F-TGTGCATTGTCTTACGCCCT, R-CCGATCAGGTGATAAGCCGT;
SDF-1 F-TGAGAGCTCGCTTTGAGTGA, R-CACCAGGACCTTCTGTGGAT;
IL-1 F-CCACCTCCAGGGACAGGATA, R-AACACGCAGGACAGGTACAG:
IL-8 F-ACTGAGAGTGATTGAGAGTGGAC, R- AACCCTCTGCACC-
CAGTTTTG; CD29 F-TTTGTTTAATGTCTGGTGCTTTCTG R-
CCCCAAAATTGCAAACAAATACA; PDGFRp F-ACACGGGAGAA-
TACTTTTGC, R-GTTCCTCGGCATCATTAGGG; CAV1 F-GAGCTGAGC-
GAGAAGCAAGT, R-CAAATGCCGTCAAAACTGTG; FSP1 F-
GATGAGCAACTTGGACAGCAA, R-CTGGGCTGCTTATCTGGGAAG;
IL1IR F-AGAGGAAAACAAACCCACAAGG, R-CTGGCCGGTGACATTACA-
GAT; ILIRA F-AACAGAAAGCAGGACAAGCG, R-CCTTCGTCAGGCA-
TATTGGT and GAPDH  F-CTGCACCACCAACTGCTTAG, R-
GTCTTCTGGGTGGCAGTGAT. PCR was performed on Fast Real-Time
PCR System (Applied Biosystems) and the transcript levels were
normalized to those of GAPDH, which was used as an endogenous
control. Gene expression was analysed in triplicate and were quantified
using the 22Ct method.

2.14. Secretome analysis

The levels of 36 human cytokines in the supernatant were measured
using the Proteome Profiler Human Cytokine Array (R&D Systems), a
membrane-based immunoarray, according to the manufacturer’s in-
structions. Immediately after addition of the chemiluminescence sub-
strate, the immunoblots were captured with the ImageQuant LAS 500
chemiluminescence CCD camera (GE Healthcare Life Sciences, Chicago,
Illinois, USA). The cytokine expression in each sample was determined
by spot densitometry using the ImageJ software (NIH, USA), correcting
for background by subtracting the mean optical density of negative
control spots on each immunoblot.

2.15. Engyme-linked immunosorbent assay (ELISA)

To detect secreted IL-1f and IL-8 in the CM of cultured CAFs, the
medium was concentrated using Amicon Ultra-15 Centrifugal Filter
Units with an Ultracel-10 membrane (Merck Millipore, UFC901024),
and ELISA was carried out using Human IL-1$/IL-1F2 DuoSet ELISA
(DY201) and Human IL-8/CXCL8 DuoSet ELISA (DY208) according to
the manufacturer’s instructions (R&D Systems).

2.16. Chicken embryo experiments

Invivo experiments using chicken embryos do not require any special
permits as long as the embryos are sacrificed before hatching, as
occurred in this study. For the CAM xenografts we used premium spe-
cific pathogen-free (SPF), fertile, day 11 fertilised chicken eggs. We co-
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inoculated 1 x 10° MDA-MB-231 cells expressing the green fluorescent
protein (GFP) or T-47D cells, alone or together with CAFs previously
treated with the RAC1 inhibitor, EHop-016 (ratio 1:1, diluted in PBS and
matrigel), allowing the tumours to grow for seven days. The tumour cells
were injected into the chicken embryo, placing them in the middle of a
small sterile plastic ring that prevents the diffusion of any treatments
administrated to the areas surrounding the tumour. The tumours were
treated with an IL-1f neutralizing antibody (100 ng/mL) or a Rac in-
hibitor (0.5 pM, EHop-016) 4 and 6 days after inoculation, as necessary.
After seven days the tumours and lungs were excised, weighed and
measured, and immediately fixed overnight in 4% PFA at room tem-
perature and washed in 70% EtOH before their inclusion in paraffin.
Sections (3 pm) were deparaffinised and processed for immunofluores-
cence staining.

2.17. Quantitative detection of human tumour cell metastasis

Human tumour cells were detected in chicken lungs based on the
quantitative detection of human Alu sequences in chicken lung DNA
extracts, a modification of the method developed by Kim et al. [27].
Briefly, the lungs were snap frozen in liquid nitrogen and the genomic
DNA was extracted using proteinase K, analysing the genomic DNA (30
ng) in PCR reactions. To detect human cells in the chick tissues, primers
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specific for the human Alu sequences (F-ACGCCTGTAATCCCAGCACTT;
and R-TCGCCCAGG CTGGAGTGCA) were used to amplify the human
Alu repeats present in the genomic DNA extracted from the chicken
tissues. Amplification of chicken Gapdh (chGapdh: F- GAG-
GAAAGGTCGCCTGGTGGATCG and R- GGTGAGGA-
CAAGCAGTGAGGAACG) was used as an internal control for the total
amount of tissue.

2.18. Statistical analyses

Unless otherwise indicated, the data are expressed as the mean +
standard error of the mean (s.e.m.) and evaluated with a Mann-Whitney
U test (non-parametric) or t-test (parametric) for two groups, or with the
Kruskal-Wallis test (followed by Dunn’s multiple comparison post-test)
or by ANOVA (followed by Turkey’s multiple comparisons test) when
more than two groups were compared. The percentage of positive cells
was evaluated using the 2 test and the tumour volumes in the mice were
compared using a multiple t-test. For all the analyses, P-values <0.05
were considered statistically significant.

Fig. 1. RAC1 activity in the stroma
compartment influences breast cancer evo-
lution. (A) Analysis of RAC1 mRNA expres-
sion in the Oncomine database. RAC1
expression in normal breast stromal tissue,
and that derived from ductal and invasive
carcinoma relative to control samples (p =
2.53 E—4). (B) Expression of CAF markers in
CAFs of different molecular BC subtypes
(ANOVA test; Tukey’s post-hoc test). (C)
RAC1 mRNA levels determined by RT-qPCR.
RQ, relative quantification normalized to
NFs (ANOVA test; Tukey’s post-hoc test). (D)
Representative Western blot of RAC1 protein
from different CAF subtypes. Lum (Luminal),
HER2+ (Luminal-HER2+) and TNBC (Triple
negative breast cancer). (E) Representative
Western blot of active RAC1 in different CAF
subtypes. (F) Densitometry of active RAC1
from D, quantifying the data from at least
three independent experiments with ImageJ
software (ANOVA test; Tukey’s post-hoc
test). (G, H) Transwell migration assays,
shown as the number of migrating BC cells
relative to conditioned medium (CM) from
NFs. Representative images of MDA-MB-231
migrated cells stained with DAPI (G) and
(H) quantification of the number of
migrating cells relative to the controls
(ANOVA test; Tukey’s post-hoc test). (I, J)
Matrigel invasion assay, shown as the num-
ber of invading BC cells relative to that
induced by the CM from NFs. (I) Represen-
tative images of MDA-MB-231 invasive cells
stained with DAPI. (J) Quantification of the
number of invading cells relative to the
control (ANOVA test; Tukey’s post-hoc test).
Scale bar: 200 pm. The data are the mean +
SEM (n > 3) and the statistical differences
between the groups indicated are denoted as
*P < 0.05; **P < 0.01.

PDGFRB  FSP-1 CAV1
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3. Results

3.1. RACI activity in the stroma compartment influences breast cancer

progression

Overexpression of RAC1, together with deregulation of RAC1 regu-
lators, has been considered the main perturbation to RAC1 signalling in
cancer [28]. There is considerable evidence that enhanced Rho protein
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expression, including that of RAC1, is associated with tumour formation,
growth and progression, an indication of the positive contribution of

increased Rho GTPase activity to tumorigenesis [21]. However, the in-

fluence of RAC1 activity on CAF signalling to promote tumour devel-
opment has not yet explored. To assess the prognostic influence of RAC1
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in the stroma of BC, a bioinformatics analysis was performed on a public
human stromal BC dataset (GSE14548) [29], revealing that RACI
expression in the stroma of ductal carcinomas was significantly stronger

Fig. 2. The inhibition of RAC1 activity in
luminal CAFs disturbs the oncogenic activity
of breast cancer cells. (A) RAC1 activity in
luminal CAFs exposed to the Rac-inhibitor
EHop-016 (5 pM). (B) Quantification of the
relative normalized amounts of RAC-GTP in
A, as determined by scanning densitometry
(t-test). (C) Representative Western blot of
RAC1 activity in the CAFs indicated. (D)
Quantification of the relative normalized
amounts of RAC-GTP in C, as determined by
scanning densitometry (ANOVA test; Tukey’s
post-hoc test) (E) Schematic representation
of the experimental design to collect condi-
tioned medium (CM) from CAFs. (F) The
MDA-MB-231 BC cell line was treated with
CM from the indicated fibroblasts and cell
viability was assessed with crystal violet
staining (2way ANOVA test; Sidak’s post-hoc
test). (G) Representative image of immuno-
fluorescent evaluation of Ki-67 expression in
MDA-MB-231 BC cells and (H) the percent-
age of Ki-67-positive cells (x2 test). (I) Cyclin
D1 expression in MDA-MB-231 cells treated
with CM from the indicated fibroblasts. (J)
Representative zymogram gels correspond-
ing to the degradation bands of MMP-9 and
MMP-2. (K) Band quantification from gelatin
zymography in H as determined by scanning
densitometry (ANOVA test; Tukey’s post-hoc
test). (L) Representative images of MDA-MB-
231 cell migration determined in Boyden
chambers. (M) Migrating cells were deter-
mined as the number of migrating cells
relative to the CM from NFs (ANOVA test;
Tukey’s post-hoc test). (N) Representative
images of cell invasion assessed in a Matrigel
invasion assay. (O) Invading cells were
determined as the number of invading cells
relative to the CM from NFs (ANOVA test;
Tukey’s post-hoc test). (P) Representative
Immunoblotting of RAC1 activity in the
MDA-MB-231 BC cell line stimulated with
the indicated CM. (Q) Quantification of the
relative normalized amounts of RAC-GTP in
P as determined by scanning densitometry
(ANOVA test; Tukey’s post-hoc test). (R)
Representative Western blot of RAC1 activity
in TNBC CAFs treated with Rac inhibitor (10
uM). (S) Representative images of MDA-MB-
231 cell migration determined in Boyden
chambers. (T) Migrating cells were deter-
mined as the number of migrating cells
relative to those seen with NF CM (ANOVA
test; Tukey’s post-hoc test). Scale bar: 200
pm. The data are the mean + SEM (n > 3)
and the statistical differences between the
groups indicated are denoted as: *P < 0.05;
**P < 0.01. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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than in the normal stroma. Indeed, these differences were more signif-
icant when compared with the stroma of invasive ductal carcinoma
(Fig. 1A) and importantly, similar results were obtained when the
epithelial compartment was analysed (Fig. STA).

To rule out the influence of RAC1 activity in CAFs to support the
growth and progression of carcinoma cells, we examined CAFs of
different molecular subtypes obtained from BC patients (see Materials &
Methods for details) [22,23]. First, we confirmed that the expression of
different markers was up-regulated in the CAFs selected, such as a-SMA,
FSP1, PDGFRp, CAV1, CDC29 and FAP that are all involved in the ma-
lignancy of different tumours (Fig. 1B) [13]. Accordingly, RAC1 was
more strongly expressed in the CAFs from each of the molecular BC
subtypes studied than in NF, yet no differences were observed between
each CAF subtype (Fig. 1C and D).

RAC1 is inactive in its GDP-bound state and it is activated by
exchanging GDP for GTP, triggering downstream signalling. When the
activity of RAC1 (RAC1-GTP) was analysed in the different CAFs it was
seen to diminish as tumours became more aggressive (Fig. 1E and F).
Moreover, to confirm that RAC1 activity could affect tumour behaviour,
the migratory capacity of the MDA-MB-231 human BC cell line stimu-
lated with CM obtained from the different CAFs was analysed. Inter-
estingly, lower RAC1 activity in CAFs was related to a higher migratory
(Fig. 1G, H) and invasive (Fig. 11, J) capacity of MDA-MB-231 BC cells.
Moreover, the CM from CAFs appeared to induce the migration of
Luminal MCF7 BC cells or Luminal-HER2" BT-474 cells (Figs. S1B and
C). These results suggest that the different levels of RAC1 activity in
CAFs and not the total RAC1 could influence BC cell malignancy.

3.2. Inhibiting the RAC1 activity in luminal CAFs disturbs the oncogenic
activity of breast cancer cells

As indicated, RAC1 activity in CAFs may inhibit the migratory and
invasive capacity of BC cells. Thus, to evaluate the consequences of
inhibiting RACI activity in CAFs, supporting the growth and progression
of carcinoma cells, luminal CAFs that have high levels of active RAC1
(RAC1-GTP) (Fig. 1 and Fig. S2A-D) were exposed to a specific Rac in-
hibitor, EHop-016 (5 pM) [25]. Luminal CAFs exposed to the Rac in-
hibitor for 24 h reduced RAC1 activity by 80% (Fig. 2A, B), generating
luminal fibroblasts with RAC1 activity similar to TNBC cells (Fig. 2C, D).

RAC1 inhibited cells were incubated in serum-free medium for 48 h
to generate CM, which was used to treat MDA-MB-231 cells and to
evaluate the implications of reducing RAC1 activity to similar levels as
that in TNBC cells in terms of proliferation and migration/invasion
(Fig. 2E). CM from CAFs (CAF-CM) promoted MDA-MB-231 prolifera-
tion relative to NF CM (NF-CM) and CM from CAFs treated with the Rac
inhibitor strongly enhanced BC proliferation compared to CAF-CM
(Fig. 2F). These results were corroborated by staining with the Ki-67
proliferative marker (Fig. 2G, H). Since Cyclin D1 is essential for BC
cell proliferation [30], we evaluated its expression following exposure to
the CM and in accordance with the previous results, the CM obtained
from CAFs exposed to the Rac inhibitor strongly increased Cyclin D1
expression (Fig. 2I).

Mounting evidence suggests that extracellular proteinases like the
matrix metalloproteinases (MMPs) may mediate many of the changes in
the TME during tumour progression. Significantly, CAFs have been
implicated in MMPs production [31] and this phenomenon could pro-
mote a pro-tumorigenic phenotype [32]. The MMP-2 and MMP-9
(gelatinase) activity in the supernatant from NFs, CAFs and
Rac-inhibited CAFs was assessed, and only MMP-2 activity differed in
the supernatant of CAFs exposed to the Rac inhibitor relative to the
control CAF-CM, indicating that inhibiting RAC1 in CAFs upregulates
MMP-2 but not MMP-9 secretion (Fig. 2J, K).

Finally, we assessed the effect of CM from NFs, CAFs and Rac-
inhibited CAFs on tumour cell migration and invasion. As expected,
CAF-CM enhanced tumour cell migration significantly more than NF-
CM. However, the inhibition of RAC1 activity in CAFs produced a CM
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that more strongly stimulated MDA-MB-231 tumour cell migration than
CAF-CM (Fig. 2L, M). Similar results were obtained for invasion (Fig. 2N,
0) and indeed, the enhanced migration and invasion observed in MDA-
MB-231 cells exposed to CM from Rac-inhibited CAFs correlated with
the activation of the GTPase RAC1 in this BC cell line (Fig. 2P, Q). By
contrast, inhibiting RAC1 activity in the TNBC CAFs, which have weak
RAC1 activity, did not affect the migratory capacity of the MDA-MB-231
cells (Fig. 2R-T and Fig. S2E).

Together, these results suggest that inhibiting RAC1 activity in
luminal CAF cells that have strong RAC1 activity drives the pro-
tumorigenic effects of these CAFs on TNBC cells, which could in
part explain how RAC1 activity in the stromal compartment influences
BC evolution.

3.3. Inactivation of RAC1-GTP cause molecular changes in the CAF
subtypes

The inhibition of RAC1 activity in luminal CAFs induces changes
compatible with TNBC CAFs. Four CAF subsets have recently been
characterized in BC (CAF-S1 to CAF-S4), each with different character-
istics in terms of aggression and levels of activation [13,17]. Thus, we
assessed if the inhibition of RACI activity affected the expression of the
different CAF markers. CAF heterogeneity in human BC has been defined
according to the expression of six fibroblast markers, including FAP,
CD29, aSMA, FSP1, PDGFRf and CAV1 [13]. We found changes in the
expression of four of these markers upon RAC1 inhibition in luminal
CAFs, and while FAP and PDGFRf expression was upregulated, CD29
expression was downregulated (Fig. 3A).

We hypothesized that RAC1 inactivation in luminal CAFs that
expressed markers compatible with the S4-like subtype drives changes
in this subset of markers, inducing a S1-like subtype more characteristic
of TNBC CAF (Fig. 3B). To confirm that RAC1 activity was required to
maintain the less aggressive CAF phenotype (S4-like), we compared the
functional characteristics of CAF S4-like (luminal CAFs) and RAC-
inhibited CAFs with the TNBC CAFs (S1-like) that are more migratory
and display enhanced cytokine signalling [13].

The inhibition of RAC1 activity promoted a more migratory (Fig. 3C,
D) and invasive (Fig. 3E, F) phenotype in MDA-MB-231 cells, similar to
that obtained with TNBC CAFs. Furthermore, to assess if RAC1 activity
was required to prevent the pro-tumorigenic activity of CAFs, we
transfected TNBC CAFs that have weak RAC1 activity with plasmids
expressing GFP, GFP-tagged wild-type RAC1 (GFP-RAC1) or a consti-
tutively active RAC1 mutant (GFP-RAC1V12) (Fig. 3G). The expression
of GFP-RAC1V12 but not that of GFP-RACI reduced the migratory ca-
pacity of these BC cells upon exposure to CM (Fig. 3H-I).

Together, these results suggest that the inhibition of RAC1 activity in
luminal CAFs induced pro-tumorigenic changes in a shift towards TNBC
subtype of CAFs. By contrast, overexpression of the active form of RAC1
reduced the pro-tumorigenic activity of TNBC CAFs. Thus, RAC1 activity
could be considered an inhibitor of the oncogenic characteristics of
CAFs.

3.4. Genetic RAC1 depletion is sufficient to induce the pro-tumorigenic
activity of CAFs

To confirm the effects of the Rac inhibitor on CAFs, and that the
effects of the CM derived from these cells were RAC1 specific and not an
off-target effect, CAF cells were treated with a specific pool of siRNAs to
deplete RAC1 over 96 h, assessing the CM obtained in functional assays
on MDA-MB-231 cells (Fig. 4A-C). As occurred with CM from Racl-
inhibited CAFs (Fig. 2), the CM from RACI-depleted CAFs increased
the proliferation of the MDA-MB-231 cells, measured with the Ki67
marker (Fig. 4D, E), as well as their migratory and invasive capacity
(Fig. 4F-1), and their MMPs secretion (Fig. 4J and K). Moreover, RAC1
silencing reduced the overall RAC1 activity in CAFs (Fig. 4L, M) and
therefore, the resulting CM increased the RAC1 activity in the stimulated
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MDA-MB-231 BC cell line (Fig. 4N, O). Furthermore, like the pharma-
cological inhibition of RAC1 activity (Fig. 3), we found changes in the
expression of four fibroblast markers upon RAC1 depletion, and while
FAP and PDGFRp expression was upregulated, SDF-1 and CD29
expression was downregulated (Fig. 4P).

Collectively, these results suggest that inhibiting RAC1 in luminal
CAFs through genetic or pharmacological approaches increases the pro-
tumorigenic activity of CAFs.

20

WT V12

3.5. Inhibition of RAC1 activity alters cytokine production by CAFs

Since CAFs stimulate tumour cell migration through the secretion of
different cytokines into the TME, and the dissemination of TNBC cells is
altered by exposing them to CM from Rac-inhibited luminal CAFs, we
wondered if RAC1 might suppress the production of cytokines by CAFs.
Differences in the production of some cytokines were evident in anti-
body arrays of the CAFs treated with the Rac inhibitor (Fig. 5A and
Fig. S3A). Accordingly, there was less SDF-1 (CXC12) and ICAM-1 in the
supernatant of these CAFs, and minor changes in IFN-y. However, we
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Fig. 4. The genetic depletion of RAC1 is
enough to induce the pro-tumorigenic activ-
ity of CAFs. (A) Schematic representation of
the experimental design where CAFs are
treated with a pool of siRNA specific to RAC1
for 96 h. (B) RAC1 protein in control and
RAC1-depleted CAFs analysed in immuno-
blots probed for RAC1. (C) Densitometry of
RAC1 from B from at least three different
experiments and determined by scanning
densitometry (Mann-Whitney test) (D)
Representative image of immunofluorescent
evaluation of Ki-67 expression in MDA-MB-
231 tumour cells and (E) the percentage of
Ki-67-positive cells (x2 test) (F) Representa-
tive images of MDA-MB-231 migrating cells
stained with DAPI. (G) Migrating cells were
determined in Boyden chambers as the
number of MDA-MB-231 cells treated with
CM from CAF-depleted cells that had
migrated relative to the CM from control
cells (t-test) (H) Representative images of cell
invasion stained with DAPI. (I) MDA-MB-231
invasion was determined in a matrigel
invading assay as the number of invading
cells when treated with CM from RACI-
depleted CAFs relative to the CM from con-
trol cells (t-test). (J) Representative zymo-
gram gels corresponding to the degradation
bands of MMP-9 and MMP-2. (K) Band
quantification from gelatin zymography in J
as determined by scanning densitometry
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detected an increase in IL-1p production and a more discrete increase in
IL-8 in CAFs treated with the Rac inhibitor (Fig. 5B), cytokines that
support the growth and progression of carcinomas [6,33-36]. Similar
results were obtained when SDF-1, IL-1f and IL-8 mRNA expression was
analysed in CAFs by qPCR (Fig. 5C-E). Furthermore, the increase in the
expression of the mRNAs encoding these cytokines correlated with that
of the IL-1p secreted by CAFs into the CM (Fig. 5F). However, no dif-
ferences in IL-8 were observed between the CM from CAFs and that from
Racl-inhibited CAFs when analysed by ELISA (Fig. 5G), suggesting that
the effects observed were mainly due to IL-1p and not to IL-8. Moreover,
genetic depletion of RAC1 with siRNAs induced IL-1f but not IL-8
secretion by CAFs (Fig. S3B, C). Overall, inhibiting RAC1 activity in
CAFs upregulates IL-1p secretion.

To study whether this increase in IL-1f secretion may drive the pro-
tumorigenic activity observed after RAC1 inhibition, CAFs were treated
with a specific pool of siRNAs to deplete IL-13 (Fig. 5H). Genetic
depletion of IL-1f reduced the secretion of this cytokine into the CM
(Fig. 5I) and counteracted the increase in RAC1 activity of MDA-MB-
231 cells upon exposure to CM from RAC1-inhibited CAFs (Fig. 5J, K).

P Bl SiRNA control
[ siRNARACT

21

control RACT (2way ANOVA test; Sidak’s post-hoc test).

(L) RACI depletion in CAFs reduces the

overall RAC1 activity. (M) Quantification of

the relative normalized amounts of

RAC-GTP in L determined by scanning

densitometry (t-test). (N) MDA-MB-231 cells

treated with CM from L for 24 h and RAC1
* activation was assessed in immunoblots. (O)
Quantification of the relative normalized
amounts of RAC-GTP in N determined by
scanning densitometry (t-test). (P) Expres-
sion of CAF markers in CAFs and CAFs
treated with the siRNA RACI1 (t-test). Scale
bar: 200 pm. The data are the mean + SEM
(n > 3) and the statistical differences be-
tween the groups indicated are denoted as:
*P < 0.05; **P < 0.01, ***P < 0.001.

Similarly, depletion of IL-1$ in CAFs rescued their influence on the
migration and invasion of MDA-MB-231 cells after the inhibition of
RAC1 activity (Fig. 5L-0), also by reducing IL-1p secretion (Fig. 5P). As
an alternative approach, we targeted IL-1p in the CM using a neutral-
izing antibody, confirming by ELISA that the antibody neutralized the
IL-1p secreted into the medium without affecting the RAC1 activity in
CAFs (Fig. 5Q). Thus, we treated CAFs with anti-IL-1f prior to treat
cultured BC cells with CM from these CAFs and assess migration. When
IL-1p was inhibited in the CM from RAC-inhibited CAFs, MDA-MB-231
migration was no longer observed (Fig. 5R, S), presumably due to the
failure to stimulate RAC1 activation in this BC cell line (Fig. 5T, U).

In addition to the activity of RAC1 in the cytosol and at the plasma
membrane, RAC1 also appears to translocate to the nucleus to control
cell cycle progression and the transcription of some genes [37-39].
Given the increased expression of IL-1p upon RAC1 inactivation, we
wondered whether activated RAC1 was being translocated to the nu-
cleus to repress somehow IL-1f transcription in CAFs. Fractionation
assays showed that inhibiting RAC1 activity reduced the nuclear trans-
location of RAC1, supporting this hypothesis (Fig. S3D).
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Fig. 5. Inhibition of RAC1 activity alters
cytokine production by luminal CAFs. (A)
The CM from CAFs and RAC1-inhibited CAFs
was analysed using a human cytokine array.
(B) ImageJ software was used to quantify the
cytokine array shown in A, expressing the
fold-change relative to the control CAFs.
(C-E) Relative cytokine mRNA expression
identified in A and as determined by RT-
qPCR from at least 3 independent experi-
ments of the cytokines SDF-1 (C), IL-15 (D)
and IL-8 (E). RQ, relative quantification
normalized to the control (t-test). (F) The
levels of IL-1p and (G) IL-8 in the CM
collected from the fibroblasts indicated were
measured using a Human Quantikine ELISA
kit (ANOVA test; Tukey’s post-hoc test). (H)
Expression of IL-1p in depleted CAFs was
determined by qPCR and (I) IL-1p secretion
by ELISA 72 h siRNA post-transfection (t-
test). RQ, relative quantification normalized
to the control. (J) Representative Western
blot of RAC1 activity in the MDA-MB-231 BC
cell line stimulated with CM from control or
IL-1p-depleted CAFs in the presence or
absence of the Rac-inhibitor. (K) Quantifica-
tion of the normalized relative amounts of
RAC-GTP in J determined by scanning
densitometry (2way ANOVA test; Tukey’s
post-hoc test). (L) Representative images of
MDA-MB-231 migrating cells stained with
DAPI. (M) MDA-MB-231 migration was
determined in Boyden chambers, with the
migrating cells determined as the number of
MDA-MB-231 cells treated with CM from IL-
1p-depleted CAFs that had migrated relative
to those exposed to CM from control-treated
cells (ANOVA test; Tukey’s post-hoc test).
(N) Representative images of cell invasion
stained with DAPI. (O) MDA-MB-231
invading cells were determined as the num-
ber of MDA-MB-231 cells treated with CM
from IL-1p-depleted CAFs relative to those
exposed to CM from control cells (ANOVA
test; Tukey’s post-hoc test). (P) Levels of IL-
1p secreted to the CM by siRNA IL-1§
depleted CAFs analysed by ELISA (ANOVA
test; Tukey’s post-hoc test). (Q) IL-1p in CM
measured by ELISA after inhibition with IL-
1p neutralizing antibody. CAFs treated with
Rac-inhibitor have reduced RAC activity
(lower panel) and treatment with the
neutralizing antibody against IL-18 (40 ng/
mL) for 24 h reduced the levels of IL-1p
(2way ANOVA test; Sidak’s post-hoc test).
(R) The CM from Q was used to analyse
MDA-MB-231 migration. Representative im-
ages of MDA-MB-231 migrating cells stained
with DAPIL (S) Number of migrating cells
relative to the IgG control in the absence of
the Rac-inhibitor (ANOVA test; Tukey’s post-

hoc test). (T) The CM from Q was used to stimulate MDA-MB-231 cells and RAC1 activity was measured. (U) Quantification of the normalized relative amounts of
RAC-GTP in T determined by scanning densitometry (2way ANOVA test; Tukey’s post-hoc test). Scale bar: 100-200 pm. The data are the mean + SEM (n > 3) and the
statistical differences between the groups indicated are denoted as: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

These results suggest that inhibiting RAC1 activity in CAFs promotes
the pro-tumorigenic activity of BC cells by enhancing IL-1p secretion.

in breast cancer cells

3.6. The pro-tumorigenic activity of CAFs requires intact IL-1 signalling

We found that IL-1p was responsible for the pro-tumorigenic activity
of CAFs and thus, we analysed the expression and secretion of IL-1f in
the CAFs obtained from different molecular BC subtypes. CAFs
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expressed and secreted higher levels of this cytokine (Fig. 6A and B and
Fig. S3E), and inhibiting RAC1 activity in luminal CAFs produced similar
levels of IL-1p as the TNBC CAFs (Fig. 6C, D). Moreover, the expression
of GFP-RAC1V12 in TNBC CAFs reduced the secretion of IL-1B
(Fig. S3F).

This data was consistent with the previous results showing that the
inhibition of RAC1 activity in luminal CAFs induced a shift towards
TNBC-like CAFs (Fig. 3).

We wondered if the CM from RAC1-inhibited CAFs promoted similar
effects on migration to those observed in MDA-MB-231 cells by ana-
lysing the migration of BC cells of different molecular subtypes, such as
Luminal (MCF-7) and Luminal-HER2+ (BT-474) cells. As expected, the
CM from CAFs induced the migration of both cell lines but unexpectedly,
the CM of RAC1-inhibited CAFs reduced the migratory capacity of these
BC cell lines (Fig. 6E-F for MCF-7 and G for BT-474). This reduction was
due to a defect in RAC1 activation in both MCF-7 (Fig. 6H, I) and BT-474
cells (Fig. 6J and K).

We wondered why the increase in IL-1p observed after RAC1 inhi-
bition in CAFs did not affect the tumorigenic capacity of MCF-7 and BT-
474 cells. Thus, we assayed IL-1p signalling by evaluating the expression
of the IL-1p receptor (IL-1R) and IL-1 receptor antagonist (IL-IRA) by
qPCR in the three BC cell lines. As seen previously, IL-1R expression was
detected in the BT-474 but not the MCF-7 cells (Fig. 6L and reference
[401). However, we detected stronger IL-1RA expression in the BT-474
cells than in the other two cell lines (Fig. 6M and reference [40]).
Moreover, we analysed the activation of the IL-1p effector NF-kB (p65)
in response to inhibition of RAC1 in Western blots and we found that it
was activated in MDA-MB-231 cells, yet not in MCF-7 or BT-474 cells
(Fig. S4A). Thus, the increase in IL-1f secretion in response to RAC1
inhibition cannot activate IL-1p signalling in the luminal and lumi-
nal-HER2+ BC cell lines. However, these results do not explain why the
inhibition of RAC1 activity in CAFs impaired migration and the activa-
tion of RAC1 in luminal and HER2+ BC cell lines. As mentioned above,
RAC1 inhibition in CAFs reduced the secretion of SDF-1 (Fig. 5B, C and
Fig. 6N), an important cytokine implicated in breast tumour migration
[11,33]. The addition of recombinant SDF-1 to the CM from
RAC-inhibited CAFs was sufficient to rescue tumour cell migration in
MCF-7 and BT-474 cells (Fig. 60, P). However, the enhanced migration
of these cells when exposed to SDF-1 was not correlated with activation
of the RAC1 GTPase (Figs. S4B-E).

Together, these results suggest that the enhanced pro-tumorigenic
activity of CAFs with inhibited RAC1 activity toward BC cells is
dependent on IL-1p signalling. To confirm these results, we studied
another luminal BC cell line with intact IL-1p signalling, T-47D cells
[44]. First, we confirmed that T-47D cells expressed IL-1R by qPCR and
that they did not express IL-1RA (Fig. 6Q), such that they can activate
the IL-1f effector NFKB (p65) (Fig. S4A). These cells were then treated
with CM from luminal CAFs exposed to the Rac inhibitor, which
enhanced the migratory capacity of T-47D cells, similar to that obtained
with TNBC CAFs (Fig. 6R, S). However, although the CM from CAFs
induces RAC1 activity in T-47D cells, the enhanced migration of these
cells when exposed to CM from Rac-inhibited Luminal CAFs was not
correlated with activation of the RAC1 GTPase in this BC cell line
(Fig. 6T, U).

Therefore, the use of RAC1 as a therapeutic target should be
considered for breast tumours that cannot transduce IL-1§ signals to
achieve a full anti-cancer response.

3.7. Inhibiting RAC1 activity in CAFs promotes tumour proliferation and
metastasis in vivo through IL-14

To investigate the relevance of our findings in vivo, we inoculated the
chorioallantoic membrane (CAM) of day 11 chicken embryos with MDA-
MB-231 cells expressing GFP in the presence of CAFs or CAFs pre-treated
with the Rac inhibitor for 24 h, which were simultaneously treated with
either an anti-IL-1f (100 ng/mL) or control isotypic antibody (Fig. 7A).
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The CAM model system has certain advantages over mice models and for
instance, we were able to check that RAC1 inhibition was stable for at
least 3 days (Fig. S5A). Thus, we could perform in vivo studies with
reduced RAC1 activity during the process of tumour initiation and
dissemination. In line with the in vitro observations, the tumours derived
from the co-inoculation of RAC1-inhibited CAFs and MDA-MB-231 cells
were larger and heavier than those developed in the other conditions
(Fig. 7B, C). Furthermore, using a neutralizing antibody against IL-1f to
block the signalling mediated by this interleukin dramatically reduced
the rate of tumour growth, while the control antibody had no such effect
(Fig. 7B, C).

Recently, PCR-mediated amplification of human specific-Alu se-
quences has been used for the semi-quantitative detection of dissemi-
nated tumour cells in different organs of the chicken embryo [41,42].
Thus, we measure the presence of human Alu sequences in chicken lung
tissue to detect metastasis. An increase in relative metastasis was
detected when BC cells were co-cultured with CAFs treated with the Rac
inhibitor, interestingly, treating these cells with the neutralizing anti-
body against IL-1p reversed this metastatic phenotype (Fig. 7D, E).

To corroborate the implication of the RAC1 GTPase in tumour
development, we investigated whether blocking IL-1f signalling
affected the activation of RAC1 GTPase in MDA-MB-231 cell-derived
tumours and tumour cell dissemination. The increase in RAC1 activation
observed in response to RACl-inhibited CAFs was abolished in the
presence of the neutralizing IL-1p antibody (Fig. 7F, G). Furthermore,
the aberrant RAC1 tumour activation affected the activation of the
downstream AKT and ERK signalling pathways (Fig. 7H-J), both of them
activated in an anomalous manner in cancer [43]. As observed in vitro
(Fig. 2I), Cyclin D1 expression was enhanced in tumours when RAC1
was inactivated in CAFs (Fig. 7H and K). Furthermore, the
co-inoculation of RAC1-inhibited Luminal CAFs and the luminal T-47D
BC cell line generated larger and heavier tumours than those that
developed in the presence of CAFs (Fig. 7L and Figs. S5B and C).

We have shown that inhibiting RAC1 activity in luminal CAFs pro-
motes the pro-tumourigenic activity of CAFs. Thus, we treated both
stromal and tumour cells in this way to assess the therapeutic possibil-
ities of RAC1 inhibition. MDA-MB-231 BC cells were co-cultured in the
presence or absence of CAFs and treated with the Racl inhibitor at a
concentration that reduced RAC1 activity in MDA-MB-231 BC cells
(Fig. S5D). The treatment of MDA-MB-231 cells with the Rac inhibitor
reduced the growth of tumours generated only with MDA-MB-231 cells,
whereas pretreatment of CAFs with the Rac inhibitor led to the gener-
ation of larger tumours when these cells were inoculated together with
MDA-MB-231 cells (Fig. 7M and Fig. S5E, F). Interestingly, when tu-
mours generated with co-cultured MDA-MB-321 and CAFs were treated
with the Rac inhibitor they grew significantly more than the untreated
tumours. Importantly, blockade of IL-1p signalling abrogated the effect
of RAC1 inhibition in the above models (Fig. 7M, N), provoking less
proliferative and less metastatic tumours, as observed in vitro (Fig. S5G-
D.

All these results support the idea that inhibiting RAC1 activity in
CAFs promotes tumour proliferation and metastasis in vivo through IL-
1, making RAC1-GTP inhibition a potential therapeutic strategy for
breast tumours with defects in IL-1p signalling. Moreover, combining
the use of a Rac inhibitor with IL-1p inactivation could be the best
therapeutic option in breast cancer (Fig. 70).

4. Discussion

Breast cancer represents the leading cause of neoplastic disease in
women, with an annual incidence of more than two million new cases
[1]. The diagnosis and treatment of BC is defined by molecular and
histological parameters, yet there is evidence that a complex TME has
the potential to influence its evolution and therapeutic responses [9,23,
44]. Fibroblasts represent a major component of the TME and there is a
large amount of data demonstrating their capacity to promote cancer
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Fig. 6. The pro-tumorigenic activity of CAFs
requires intact IL-1p signalling in breast
cancer cells. (A) Expression of IL-1f in the
CAFs indicated, assessed by RT-gPCR in at
least 3 different experiments (ANOVA test;
Tukey’s post-hoc test). RQ, relative quanti-
fication normalized to the control (B) The IL-
1p in the CM collected from the fibroblasts
indicated was measured using a Human
Quantikine ELISA kit (ANOVA test; Tukey’s
post-hoc test). (C) Expression of IL-14 in NFs,
luminal, Luminal Racl-inhibited and TNBC
CAFs assessed by RT-qPCR in at least 3
different experiments (ANOVA test; Tukey’s
post-hoc test). RQ, relative quantification
normalized to the control (D) IL-1p in the CM
collected from the fibroblasts indicated were
measured using a Human Quantikine ELISA
kit (ANOVA test; Tukey’s post-hoc test). (E)
Representative images of MCF-7 migrating
cells. (F) Migrating cells were determined in
wound assay as the gap closure of MCF-7
cells treated with the indicated CM (2way
ANOVA Sidak’s multiple comparisons test).
(G) Representative images of BT-474
migrating cells stained with DAPI and cell
migration was assayed in Boyden chambers
as the number of BT-474 cells treated with
CM from RACl-inhibited CAFs that had
migrated relative to those exposed to CM
from control cells (ANOVA test; Tukey’s
post-hoc test). (H) Representative Western
blot of RAC1 activity in the MCF-7 BC cell
line stimulated with CM from control or
RAC1 inhibited CAFs. (I) Quantification of
the relative normalized amounts of
RAC-GTP in G determined by scanning
densitometry (ANOVA test; Tukey’s post-hoc
test). (J) Representative Western blot of
RAC1 activity in the BT-474 BC cell line
stimulated with CM from control or RAC1
inhibited CAFs. (K) Quantification of the
relative normalized amounts of RAC-GTP in
J determined by scanning densitometry
(ANOVA test; Tukey’s post-hoc test). (L, M)
Analysis of IL-IR (L) and IL-1RA (M)
expression by RT-qPCR from at least 3
different experiments (ANOVA test; Tukey’s
post-hoc test). (N) Relative SDF-1 mRNA
expression determined by RT-gPCR from at
least 3 independent experiments (t-test). (O)
Representative images of MCF-7 migrating
cells in the presence of SDF-1 (50 ng/ml).
Migrating cells were determined in wound
assay as the gap closure of MCF-7 cells
treated with CM from RAC1-inhibited CAFs
in the presence of SDF-1 (Sidak’s multiple
comparisons test). The graph combines the
controls from F plus the SDF-1 condition. (P)
Representative images of BT-474 migrating
cells stained with DAPI in the presence of

SDF-1 (50 ng/ml). Cell migration was assayed in Boyden chambers as the number of BT-474 cells, treated with CM from RAC1-inhibited CAFs in the presence of
recombinant SDF-1, that had migrated relative to those exposed to CM from control cells (ANOVA test; Tukey’s post-hoc test). (Q) Analysis of the IL-1R and IL-1RA
expression in T-47D cells by RT-qPCR from at least 3 different experiments (t-test). RQ, relative quantification normalized to the control (R) Representative images of
T-47D migrating cells. (S) Migrating cells were assessed in wound assay as the gap closure of T-47D cells treated with the CM indicated (Sidak’s multiple comparisons
test). (T) Representative Western blot of RAC1 activity in the T-47D BC cell line stimulated with CM from control or RAC1-inhibited CAFs. (U) Quantification of the
relative normalized amounts of RAC-GTP in T determined by scanning densitometry (ANOVA test; Tukey’s post-hoc test). RQ, relative quantification. Scale bar: 100
pm. The data are the mean + SEM (n > 3) and the statistical differences between the groups indicated are denoted as: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P

< 0.0001.
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Fig. 7. Inhibition of RAC1 activity in CAFs
promotes tumour proliferation and metas-
tasis in vivo through IL-1B. (A) Schematic
representation of the experimental design.
One day before the in vivo experiment, CAFs
were treated with the Rac-inhibitor for 24 h
and the GFP positive MDA-MB-231 cells
were then used to generate tumours in
chicken embryos over 7 days. Two treat-
ments with the neutralizing IL-18 antibody
(100 ng/mL) or isotopic control were deliv-
ered. (B) Representative images of tumours
obtained from xenografts co-inoculated with
fibroblasts. (C) Tumour weight 7 days after
co-inoculation of the chorioallantoic mem-
brane (CAM) (ANOVA test; Tukey’s post-hoc
test). (D) GFP detection in tumours treated
with the RAC-inhibitor and neutralizing IL-
1p or control antibodies by immunofluores-
cence. (E) Quantitative detection of MDA-
MB-231 cells in the embryonic lungs assays
using the Alu sequences (ANOVA test;
Tukey’s post-hoc test). (F) Representative
Immunoblot of RAC1 activity in tumours
from the xenograft. T1 and T2 are tumours
derived from the same condition. (G) The
RAC1-GTP bands were quantified and the
normalized intensities were calculated rela-
tive to the controls (n 8 tumours per
group) (ANOVA test; Tukey’s post-hoc test).
(H) Representative Immunoblot of AKT, ERK
activity and Cyclin D1 expression in tumours
from the xenograft. (I-K) Proteins of pERK/
ERK (I), pAKT/AKT (J), Cyclin D1 (K) from H
were quantified and the normalized in-
tensities were calculated relative to the con-
trols (n 8 tumours per group) (ANOVA
test; Tukey’s post-hoc test). (L) Tumour
weight 7 days after co-inoculation of the
chorioallantoic membrane (CAM) with T-
47D cells and luminal CAFs treated with the
Rac inhibitor (ANOVA test; Tukey’s post-hoc
test). (M) Tumour weight 7 days after co-
inoculation with the treated cells of the
CAM indicated. The cells were treated with
the Rac inhibitor or the IL-1f neutralizing
antibody 4 and 6 days after the inoculation
(ANOVA test; Tukey’s post-hoc test) (N)
Quantitative detection of MDA-MB-231 cells
in the embryonic lung assays using the Alu
sequences (ANOVA test; Tukey’s post-hoc
test). (O) Working model of the mecha-

through paracrine effects, escorting tumour cells through all the steps of
carcinogenesis [33,45,46]. Here we illustrate some of the complex in-
teractions in the tumour-host microenvironment.

RAC1 is a molecular switch that fluctuates between the inactive GDP-
bound (RAC1-GDP) and the active GTP-bound form (RAC1-GTP), and it
is involved in a wide range of functions, mainly in the control of cyto-
skeletal reorganization associated with cell motility in normal and ma-
lignant cells like breast carcinoma cells [47]. In a cancer context, the
enhanced activation of this protein has been implicated in metastasis
and invasiveness, and it is considered a poor-prognostic factor associ-
ated with therapeutic resistance [48,49]. Different studies support the
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nisms by which RAC1 can regulate the BC
microenvironment. Scale bar: 200 pm. The
data are the mean + SEM (n > 3) and the
statistical differences between the groups
indicated are denoted as: as *P < 0.05, **P
< 0.01, ***P < 0.001 and ****P < 0.0001.

role of RAC1 activation in promoting the migration and invasion of
epithelial tumour cells. Thus, inactivation of RAC1 in the epithelial
compartment is considered a good strategy to inhibit tumour dissemi-
nation. However, the implication of RACI in the TME has yet to be fully
analysed.

Using a pharmacological inhibitor of RAC1 activity (EHop-016) we
found that the inactivation of RAC1 in CAFs stimulates tumour cell
migration and invasion by BC cells in which IL-1f signalling remains
intact, such as the TNBC MDA-MB-231 and luminal T-47D cell lines.
Among the cytokines identified, IL-1p is the only cytokine that displays
enhanced transcription and secretion into the medium. There is
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considerable evidence that IL-1p is secreted by CAFs [34,36,50] and it
has long been proposed as an important cytokine for metastasis, both in
breast and other cancers [35,51,52] in which RAC1 may be activated
[53,54]. Nonetheless, the direct regulation of IL-1$ by RAC1 has not yet
be demonstrated. There are reports suggesting that IL-1p secretion is
mediated by active RAC1 (RAC1-GTP bound) [55,56]. However, here
we report that CAFs with the inactive form of RAC1 (RAC1-GDP bound)
are responsible for the upregulation of this cytokine and the fraction-
ation experiments carried out suggest that RAC1 may repress IL-1f
expression. Moreover, constitutive activation of RAC1 in TNBC CAF cells
reduces IL-1p secretion, further supporting this idea.

The cytokine IL-1p can upregulate a variety of processes that
contribute to angiogenesis, or tumour growth and BC progression, and it
is considered a strong and causative pro-malignancy factor whose
expression is associated with an advanced disease [35,57,58]. We found
that the pro-tumorigenic effect of CAFs was enhanced by RAC1 inacti-
vation and that this depended on IL-1, both in vivo and in vitro. Indeed,
targeting IL-1p has been considered a strategy to block breast tumour
development and that of other types of cancer [51,59,60]. Surprisingly,
the pro-tumorigenic effect of RAC1-inhibited CAFs was not observed in
luminal and HER2+ BC molecular subtypes where IL-1f signalling
pathway was not functional, either because they do not express the re-
ceptor for IL-1p or because they express high levels of the IL-1p antag-
onist. Under these circumstances, the inhibition of RAC1 activity in
CAFs did reduce the migratory capacity of these BC cell lines due to a
reduction in SDF-1.

These results highlight the relevance of the fine regulation and bal-
ance of all tumour effectors in both the epithelial and stromal com-
partments, where RAC1 seems to fulfil a crucial role. As a result,
inhibiting RAC1 activity in CAFs alters their secretory phenotype, which
may produce either pro-tumorigenic or tumour-suppressor effects
depending on the molecular context. On the one hand, RAC1 inhibition
in CAFs not only promotes the expression of IL-1p but also its secretion,
which induces RAC1 activation and is accompanied by the proliferation,
migration and invasion of TNBC and luminal T-47D cells. However, it
should not be ignored that RAC1-inhibited CAFs produce less SDF-1,
INF-y and ICAM-1, all of which are important in the tumorigenic pro-
cess [61]. Indeed, BC associated CAFs secrete SDF-1 that stimulates
tumour growth and invasion of breast carcinoma [11,33].

In a cellular context where IL-1f is not impeded (IL-1R is available
and IL-1AR is absent), this cytokine counteracts the lack of pro-
tumourigenic signals like SDF-1, and it drives a proliferative and inva-
sive response in cancer cells, as observed in TNBC MDA-MB-231 cells.
Indeed, there is evidence that HER2-negative BC has an IL-1f tran-
scriptional signature and that the levels of IL-1p are correlated with poor
survival [61]. By contrast, when IL-1p signalling is impaired, the lack of
tumoural factors takes the lead and carcinoma cells adopt a less
migratory phenotype, with less RAC1 activation. This is the case of the
luminal MCF-7 and HER2+ BT-474 cells studied here, suggesting that
RAC1 inhibition might be a good strategy to block metastasis in this type
of breast carcinoma, with a defect in IL-1f signalling.

Our study not only adds further weight to the secretory changes as a
consequence of RAC1 inactivation in CAFs but also, for the first time we
demonstrated that the activity of a small GTPase drives changes in CAF
expression profiles. CAFs are known to be heterogeneous in breast tu-
mours but the nature of this heterogeneity and its link with CAF activ-
ities is still far from clear [13,17]. We hypothesized that RAC1
inactivation drives changes in the CAFs promoting functions similar to
CAF-S1-like, such as a pro-inflammatory phenotype and IL-1p secretion
[13]. Indeed, a recent report showed that IL-1 signalling may shape CAF
heterogeneity in Pancreatic Ductal Adenocarcinoma (PDA), promoting
differentiation at pro-inflammatory CAF subset [62]. Moreover, we
demonstrate that inhibiting RAC1 activity and inactivating IL-1f is the
best therapeutic option in BC due to dual role of RAC1 in tumour
development. On the one hand, RAC1 promotes tumorigenic properties
in the epithelial compartment but on the other hand, RAC1 activity
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inhibits the pro-tumorigenic activity of the stromal compartment. Thus,
inactivation of RAC1 and IL-1p may a good strategy to limit BC
malignancy.

Overall, the data presented here enhance our understanding of the
mechanisms by which RAC1 can regulate the BC microenvironment.
Specifically, we found that inhibiting RAC1 in CAFs increases aggres-
siveness by upregulating IL-1p. These findings shed light on the
complexity of the interplay in the tumour cell-microenvironment and
they should be taken into consideration in the study of therapeutic
strategies aimed at targeting RAC1, especially in the case of breast tu-
mours with intact IL-1f signalling.
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