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Abstract 

Background  The intricate mechanisms that associate obesity with triple-negative breast cancer (TNBC) remain to be 
disclosed. Considering that obesity is linked with an increased bioavailability of the insulin-like growth factor 1 (IGF1), 
we evaluated whether IGF1 triggers aggressive features in TNBC cells and the molecular paths involved.

Methods  Gene expression and Chromatin Immunoprecipitation experiments, ELISA, immunoblotting, immunopre-
cipitation and immunofluorescence assays, combined with two-dimensional and three-dimensional in vitro model-
based studies, were used to investigate the molecular mechanisms through which IGF1 may promote proliferative 
and motile responses in TNBC cells and reprogram normal fibroblasts into cancer-associated fibroblasts (CAFs)-like 
cells. The translational relevance of the results obtained was supported by bioinformatics analyses leveraging data 
from extensive TNBC patient databases.

Results  We found that the cytokine interleukin-1β (IL-1β) mediates certain IGF1 actions within the tumor microenvi-
ronment, hence facilitating the TNBC landscape. Mechanistically, we assessed that the IGF1/IGF1 receptor (IGFIR) axis 
induces the collagen VI-dependent activation of discoidin domain receptor 1 (DDR1) and the subsequent increase 
of the G protein estrogen receptor (GPER), toward IL-1β regulation and secretion. Consequently, IL-1β promoted 
both the autocrine stimulation of TNBC cells and the differentiation of normal fibroblasts into cancer-associated fibro-
blasts (CAFs)-like cells, which in turn achieved a proliferative profile and enhanced the motility of TNBC cells.

Conclusions  IL-1β may be considered as a therapeutic target in more comprehensive approaches in obese TNBC 
patients exhibiting high IGF-1 bioavailability.

Keywords  Interleukin 1β (IL1β), Triple-negative breast cancer (TNBC), Cancer associated fibroblasts (CAFs), Insulin-like 
growth factor 1 (IGF1), Discoidin domain receptor 1 (DDR1), G protein estrogen receptor (GPER)

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Journal of 
Translational Medicine

†Domenica Scordamaglia and Marianna Talia Authors contributed equally to 
this work

*Correspondence:
Marcello Maggiolini
marcello.maggiolini@unical.it
Rosamaria Lappano
rosamaria.lappano@unical.it
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-06730-w&domain=pdf


Page 2 of 19Scordamaglia et al. Journal of Translational Medicine          (2025) 23:660 

Background
Obesity is well recognized as a significant risk factor 
for the progression of breast cancer (BC) [1, 2]. Indeed, 
diverse metabolic alterations that characterize obesity, 
like insulin resistance, chronic inflammation and meta-
bolic reprogramming, have been associated with BC 
worsening and spreading [3–7]. A relationship between 
obesity and aggressive BC subtypes, such as triple-nega-
tive breast cancer (TNBC), has also been reported, even 
though the underlying mechanisms remain to be fully 
understood [8]. Previous studies have suggested that high 
circulating levels of insulin-like growth factor 1 (IGF1) 
may play a role in the risk of BC development in obese 
women [9–13]. Increased levels of IGF1 and enhanced 
expression of the cognate receptor, namely IGF1R, are 
also correlated to poor BC outcomes in patients affected 
by TNBC [8, 14]. In this scenario, the activation of the 
IGF1/IGF1R signaling pathway is linked to multiple 
oncogenic events like proliferation, survival, migration, 
angiogenesis and epithelial to mesenchymal transition 
(EMT) in BC cells [15–20]. In addition, our previous 
studies have demonstrated that the IGF1/IGF1R axis 
engages a functional cooperation with both the collagen 
receptor, named discoidin domain receptor 1 (DDR1), 
and the alternate estrogen receptor, known as G Protein 
Estrogen Receptor (GPER), which are both known medi-
ators of tumor progression [21–26].

The contribution of a pro-inflammatory tumor micro-
environment (TME) in BC progression and therapy 
resistance has been largely acknowledged also in the 
context of obesity, insulin resistance and dysregulated 
insulin/IGF axis [27–30]. In particular, cancer-associ-
ated fibroblasts (CAFs) that are main players within the 
breast tumor stroma trigger multilayered communica-
tions with cancer cells through the secretion of a variety 
of molecules, including various cytokines [27, 31, 32]. In 
turn, the chemokine network influences many aspects of 
tumor progression like immune cell infiltration and can-
cer cell growth, survival, motility and angiogenesis [33].

Interleukin-1β (IL-1β) is an important pro-inflam-
matory cytokine involved in metastatic, angiogenic and 
immunosuppressive pathways leading to BC progression 
[34–36]. Noteworthy, IL-1β is frequently up-regulated in 
BC and correlates with pathologic features indicative of 
aggressive tumor behavior and poor prognosis [37, 38]. 
In this framework, our previous studies also demon-
strated that IL-1β cooperates with GPER signaling, lead-
ing to proliferative and invasive responses in both TNBC 
cells and CAFs [34].

Here, we provide novel insights into the mechanisms 
through which IGF1 may facilitate TNBC progres-
sion. Specifically, we show the molecular paths mediat-
ing IL-1β expression and action upon IGF1 stimulation, 

therefore highlighting this cytokine as a promising target 
for novel therapeutic options in obese TNBC patients 
characterized by elevated IGF1 bioavailability.

Methods
Reagents
IGF1 was purchased from Merck (Milan, Italy). The MEK 
inhibitor trametinib, the IGF1R inhibitor OSI-906 and 
the IL1R1 antagonist raleukin were obtained from Med-
ChemExpress (DBA, Milan, Italy). DDR1 tyrosine kinase 
inhibitor DDR1-IN-1 dihydrochloride was obtained by 
Tocris Bioscience (Bristol, UK). All compounds were 
dissolved in DMSO, except for IGF1 that was solubi-
lized in water. Recombinant human IL-1β was purchased 
from Thermo Fisher Scientific (Thermo Fisher Scientific, 
Monza, Italy) and solubilized in PBS with 1% BSA.

Cell cultures
MDA-MB-231 and MDA-MB-436 breast cancer cells 
were obtained from ATCC (Manassas, VA, USA), used 
less than 6  months after resuscitation, and routinely 
tested and authenticated according to the ATCC sug-
gestions. MDA-MB-231 and MDA-MB-436 cells were 
maintained in DMEM/F12 (Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12) with phenol red, sup-
plemented with 5% fetal bovine serum (FBS) and 1% pen-
icillin/streptomycin (Thermo Fisher Scientific, Monza, 
Italy). Human embryonic lung fibroblasts (WI-38) were 
provided by ATCC (Manassas, VA, USA) and cultured 
in EMEM medium (Manassas, VA, USA) containing 
10% FBS (Gibco, Carlsbad, CA, USA) and 1% penicillin–
streptomycin (Thermo Fisher Scientific, Monza, Italy). 
All cells were grown in a 37  °C incubator with 5% CO2 
and switched to medium without serum and phenol red 
or 5% charcoal-stripped FBS the day before treatments to 
be processed for experiments.

Bioinformatics analyses
Bioinformatics analyses were performed in R Studio (R 
version 4.4.1) using the publicly available dataset The 
Cancer Genome Atlas (TCGA) [39]. The clinical infor-
mation and gene expression data (RNA Seq V2 RSEM) of 
the Invasive Breast Cancer Cohort of the TCGA project 
were retrieved from UCSC Xena (https://​xenab​rowser.​
net/). Samples of the TCGA cohort (n. 1247) were filtered 
by the “sample type” in order to obtain exclusive informa-
tion on tumor tissues. Moreover, patients were filtered 
on the basis of the estrogen receptor (ER), progesterone 
receptor (PR) and human epidermal growth factor recep-
tor 2 (HER2) in order to distinguish non-TNBC from 
TNBC (n. 123). Gene expression and clinical information 
were also filtered for missing values. Pearson correlation 
coefficients (r-values) were calculated using the R cor.

https://xenabrowser.net/
https://xenabrowser.net/
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test function and setting the method as “Pearson”. Scatter 
plots were assessed with the R tidyverse package. The sta-
tistical analyses were performed by using the t-test.

Survival analyses
Survival analyses were performed using the TCGA gene 
expression data along with the disease-free interval (DFI) 
information. The survivALL package was employed in R 
Studio to examine Cox proportional hazards for all pos-
sible points of separation (low–high cut-points), select-
ing the cut-point with the lowest p-value [40]. Therefore, 
patients were divided according to high and low expres-
sion levels of specified genes. The Kaplan Meier survival 
curves were generated using the survival and the sur-
vminer packages in R Studio.

Gene expression studies
Total RNA was extracted, and cDNA was synthesized 
by reverse transcription, as previously described [41]. 
The expression of selected genes was quantified by real-
time PCR using the platform Quant Studio7 Flex Real-
Time PCR System (Thermo Fisher Scientific, Monza, 
Italy). Gene-specific primers were designed using Primer 
Express version 2.0 software (Applied Biosystems). 
Assays were performed in triplicate and the results were 
normalized for actin beta (ACTB) expression and then 
calculated as fold induction of RNA expression. Gene-
specific primers were designed using Primer Express 
version 2.0 software (Applied Biosystems) and are as fol-
lows: 5’-GCA​ACG​ACT​ACG​CCA​CCA​T-3’ (COL6A2 
forward) and 5’-CTT​CGT​GTT​TCA​TGA​CCT​TGATG-3’ 
(COL6A2 reverse); 5’-TAT​GTG​GCA​ATG​CGT​TCT​CTA​
TCC​A-3’ (E-CADHERIN forward) and 5’-TGG​AAT​CCA​
AGC​AGA​ATT​GC-3’ (E-CADHERIN reverse); 5’-AGA​
AGA​AAG​CAG​AAC​TGG​ATG-3’ (FAP forward) and 
5’-ACA​CAC​TTC​TTG​CTT​GGA​GGAT-3’ (FAP reverse); 
5’-TTA​AAG​CCC​GCC​TGA​CAG​A-3’ (IL-1β forward) 
and 5’-GCG​AAT​GAC​AGA​GGG​TTT​CTTAG-3’ (IL-
1β reverse); 5’-AAG​CCA​CCC​CAC​TTC​TCT​CTAA-3’ 
(ACTB forward) and 5’-CAC​CTC​CCC​TGT​GTG​GAC​
TT-3’ (ACTB reverse).

Plasmids and gene silencing experiments
Cells were transfected, as previously reported [42], using 
TurboFect™ Transfection Reagent (Thermo Fisher Sci-
entific, Monza, Italy) for 36  h before treatments with a 
control vector (shRNA, pLKO.1-puro non-target shRNA) 
or a shGPER (TRCN0000235159, target sequence: TCT​
CGT​GCC​TCT​ACA​CCA​TCT) purchased from Merck 
(Milan, Italy). The overexpression of a kinase-inactive 
variant of DDR1 (DDR1/K618A), which encodes for a 
mutant DDR1 that is not phosphorylated upon collagen 
stimulation, was performed by transiently transfecting 

the cells for 48 h with either an empty vector (pCMV6-
Entry vector) or the DDR1/K618A mutant cDNA using 
TurboFect™ Transfection Reagent (Thermo Fisher 
Scientific, Monza, Italy) according to the manufac-
turer’s instructions. The DDR1 mutant K618A in the 
pCMV6-Entry vector (OriGene, Rockville, MD, USA) 
was generated with the QuikChange II XL Site-Directed 
Mutagenesis Kit (Agilent Technologies), as previously 
described [43]. For the transfection of the plasmid DN/c-
fos (a kind gift from Dr. C. Vinson, NIH, Bethesda, MD, 
USA), which encodes for c-fos mutant that heterodimer-
izes with c-fos dimerization partners but does not allow 
DNA binding, cells were transfected using X-treme 
GENE 9 DNA Transfection Reagent (Roche Diagnos-
tics, Merck, Milan, Italy) for 24 h before treatments. For 
siRNA experiments, cells were transiently transfected 
using Lipofectamine RNAiMax (Thermo Fisher Sci-
entific, Monza, Italy) according to the manufacturer’s 
instructions. For silencing DDR1, either the select pre-
designed pool of four siRNA oligos for 10  nM DDR1 
(Human DDR1 siGENOME SMARTpool, M-003111–04) 
or a pool of four scramble siRNA oligos (Thermo Fisher 
Scientific Dharmacon. Waltham, MA, USA) were used.

Chromatin immunoprecipitation (ChIP) assay
Cells were grown in 10-cm dishes, exposed to treat-
ments, and then cross-linked with 1% formaldehyde 
and sonicated. Supernatants were immuno-cleared with 
salmon DNA/protein A/G agarose (Merck, Milan, Italy) 
and immunoprecipitated with anti-c-fos antibody (E-8) 
(Santa Cruz Biotechnology, DBA, Milan, Italy) or nonspe-
cific IgG. Pellets were washed, eluted with a buffer con-
sisting of 1%SDS and 0.1  mol/L NaHCO3, and digested 
with proteinase K. DNA was obtained by phenol/chloro-
form extractions and precipitated with ethanol. The yield 
of target region DNA in each sample after ChIP assay was 
analyzed by real-time PCR. The primers used to amplify 
the region containing an AP-1 site located in the IL-1β 
promoter sequence were: 5’-CCT​TCC​CTC​TCT​GCC​
TCC​C-3’ (forward) and 5’-AAC​CTT​TAG​GGT​GTC​AGC​
TG-3’ (reverse). Data were normalized to the input for 
the immunoprecipitation and the results were reported 
as fold changes respect to nonspecific IgG.

Western blot analysis
Cells were grown in 10-cm dishes, exposed to treat-
ments, and then lysed as previously described [44]. Equal 
amounts of whole-protein extract were resolved on a 
8 or 10% SDS–polyacrylamide gel and transferred to a 
nitrocellulose membrane (Merck, Milan, Italy), which 
were probed with primary antibodies against IL-1β (R&D 
Systems, Bio-Techne, Milan, Italy) COL6A2 (ab180855) 
and GPER (AB137479) (Abcam, DBA, Milan, Italy), 
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Phospho-Tyrosine (4G10) (96,215) and DDR1 (D1G6) 
(Cell Signaling Technology, Euroclone, Milan, Italy, phos-
phorylated ERK1/2 (E-4), ERK2 (C-14), c-fos (E-8) and 
β-actin (AC-15) (Santa Cruz Biotechnology, DBA, Milan, 
Italy). Proteins were detected by horseradish peroxidase-
linked secondary antibodies (Bio-Rad, Milan, Italy) and 
then revealed using the chemiluminescent substrate for 
western blotting Clarity Western ECL Substrate (Bio-
Rad, Milan, Italy). Western blot analysis was performed 
as described above.

Immunoprecipitation assay
After exposure to treatments, cells were washed and 
lysed using 500  μl RIPA buffer with protease inhibitors 
(1.7  mg/ml aprotinin, 1  mg/ml leupeptin, 200  mmol/l 
phenylmethylsulfonyl fluoride, 200  mmol/l sodium 
orthovanadate and 100  mmol/l sodium fluoride). Sam-
ples were then centrifuged at 13,000 rpm for 10 min and 
protein concentrations were determined using Coomas-
sie (Bradford) protein assay. Proteins (250 μg) were then 
incubated for 2 h with immunoprecipitation buffer with 
inhibitors, 2  μg of anti-DDR1 antibody (D1G6) (Cell 
Signaling Technology, Euroclone, Milan, Italy), and 20 μl 
of Protein A/G agarose immunoprecipitation reagent 
(Santa Cruz Biotechnology, DBA, Milan, Italy). Samples 
were then centrifuged at 13,000 rpm for 5 min at 4 °C to 
pellet beads. Pellets were washed four times with 500 μl 
of PBS and centrifuged at 13,000 rpm for 5 min at 4 °C. 
Supernatants were collected, resuspended in 20 μl RIPA 
buffer with protease inhibitors, 2X SDS sample buffer 
and heated to 95 °C for 5 min. Samples were then run on 
8% SDS-PAGE, transferred to nitrocellulose and probed 

with primary antibodies. Western blot analysis and ECL 
detection were performed as described above.

Immunofluorescence microscopy
WI-38 cells were grown on a coverslip, incubated in a 
medium containing 5% charcoal-stripped FBS and then 
cultured, in the presence or absence of 5  µg/ml IL1R1 
antagonist raleukin, for 72 h with conditioned media col-
lected from MDA-MB-231 cells previously treated with 
vehicle or 50 ng/ml IGF1. Alternatively, WI-38 cells were 
treated with vehicle or 10 ng/mL IL-1β for 72 h alone or 
in combination with 5 µg/ml IL1R1 antagonist raleukin, 
as indicated. Next, cells were fixed in 4% paraformal-
dehyde in PBS, permeabilized with 0.2% Triton X-100, 
washed 3 times with PBS and incubated at 4 °C overnight 
with the primary antibody (1:250) against fibroblast-
activated protein (FAP) (H-56; Santa Cruz Biotechnol-
ogy, DBA, Milan, Italy). After incubation, the slides were 
extensively washed with PBS, probed with Goat anti-
Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, 
Alexa Fluor™ 594 (1:300, Thermo Fisher Scientific, Milan, 
Italy) for 1  h at room temperature, washed three times 
with PBS and incubated for 3 min with 4′,6-diamidino-
2-phenylindole dihydrochloride (DAPI) (1:10,000; Merck, 
Milan, Italy). Then, the images were obtained using the 
Cytation 3 Cell Imaging Multimode reader (BioTek, 
AHSI, Milan Italy) and analyzed by the Gen5 software 
(BioTek, AHSI, Milan Italy).

Enzyme‑linked Immunosorbent assay (ELISA)
The concentrations of COL6A2 and IL-1β in super-
natants from IGF1-treated MDA-MB-231 and MDA-
MB-436 cells were measured using human COL6A2 

(See figure on next page.)
Fig. 1  IGF1 induces the COL6A2-dependent activation of DDR1 along with the up-regulation of IL1-β in TNBC cells. mRNA (A) and protein (B) 
levels of COL6A2 evaluated respectively by real-time PCR and immunoblotting in MDA-MB-231 cells exposed to vehicle ( −) or 50 ng/ml IGF1, 
as indicated. C COL6A2 levels evaluated by ELISA in the supernatants collected from MDA-MB-231 exposed to vehicle ( −) or 50 ng/ml IGF1. D 
Protein levels of COL6A2 in MDA-MB-231 cells exposed for 1 h to vehicle ( −) or 50 ng/ml IGF1 alone or in combination with 1 µM IGF1R inhibitor 
OSI-906. E Correlation analysis of IGF1 and COL6A2 in TNBC patients of the TCGA cohort. The Pearson correlation coefficient (r) and the relative 
p-value are shown in the panel. F Immunoprecipitation assays performed in MDA-MB-231 cells exposed to vehicle ( −) or 50 ng/ml IGF1 alone 
or in combination with 1 µM IGF1R inhibitor OSI-906. Cell lysates were immunoprecipitated with an anti-DDR1 antibody and DDR1 phosphorylation 
was assessed using a phosphotyrosine antibody (p-Tyr). In control samples, nonspecific IgG was used instead of the primary antibody. An equal 
amount of the total lysates (input) was blotted for DDR1 as loading control. G MDA-MB-231 cells were transiently transfected with a constitutive 
empty vector (EV) or the mutant K618A DDR1 (DDR1/K618A) expressing plasmid. After 48 h, cells were exposed to vehicle ( −) or 50 ng/ml IGF1 
for 1 h, lysed and subjected to immunoprecipitation and immunoblotting assays to detect DDR1 phosphorylation levels, as described above. 
H Correlation between the mRNA expression levels of COL6A2 and IL1-β in TNBC patients of the TCGA dataset, as ascertained by calculating 
the Pearson correlation coefficient (r). p-value is indicated in the panel. (I) Kaplan–Meier curve showing the correlation of high cumulative 
expression of COL6A2 and IL1-β with worse disease-free interval (DFI) in TNBC patients of TCGA. p-value is indicated in the panel. mRNA (J) 
and protein (K) levels of IL1-β evaluated respectively by real-time PCR and immunoblotting in MDA-MB-231 cells exposed to vehicle ( −) or 50 ng/ml 
IGF1, as indicated. L IL1-β levels evaluated by ELISA in the supernatants deriving from MDA-MB-231 cells exposed to vehicle ( −) or 50 ng/ml IGF1. In 
RNA experiments, values are normalized to the actin beta (ACTB) expression and presented as fold changes of mRNA expression upon treatments 
relative to the vehicle. Side panels show densitometric analysis of the blots normalized to the loading control. Results shown are representative 
of at least three independent experiments. (*) indicates p < 0.05
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Fig. 1  (See legend on previous page.)
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Fig. 2  The DDR1/ERK/GPER signaling is involved in the induction of IL1-β by IGF1 in TNBC cells. A Scatter plot depicting the correlation 
between COL6A2 and GPER gene expression in TNBC patients of the TCGA dataset, the Pearson correlation coefficient (r) and the relative 
p-value are indicated within the panel. B Immunoblot of IL1-β from GPER-silenced MDA-MB-231 cells exposed to vehicle ( −) or 50 ng/ml IGF1. 
C Efficacy of GPER silencing in MDA-MB-231 cells. Protein levels of GPER and IL1-β in MDA-MB-231 cells exposed for 4 h to vehicle or 50 ng/
ml IGF1 alone or in combination with 1 µM IGF1R inhibitor OSI-906 (D) or DDR1 inhibitor DDR1-IN-1 (E). F Immunoblots of GPER and IL1-β 
from DDR1-silenced MDA-MB-231 cells exposed to vehicle ( −) or 50 ng/ml IGF1. G Efficacy of DDR1 silencing in MDA-MB-231 cells. H Protein levels 
of IL1-β in MDA-MB-231 cells transiently transfected with a constitutive empty vector (EV) or the mutant K618A DDR1 (DDR1/K618A) expressing 
plasmid, and thereafter exposed to vehicle ( −) or 50 ng/ml IGF1 for 4 h. ERK1/2 phosphorylation in MDA-MB-231 cells treated for 1 h with vehicle 
( −) or 50 ng/ml IGF1 in the presence of 1 µM IGF1R inhibitor OSI-906 (I) or 1 µM DDR1 inhibitor DDR1-IN-1 (J) or in MDA-MB-231 cells transiently 
transfected with scramble siRNA or siRNA targeting DDR1 (K). L Efficacy of DDR1 silencing in MDA-MB-231 cells. M Immunoblots of GPER and IL1-β 
in MDA-MB-231 cells exposed for 4 h to vehicle or 50 ng/ml IGF1 in the presence or absence of 100 nM trametinib. Side panels show densitometric 
analyses of the blots normalized to β-actin or ERK2 that served as loading controls, as indicated. Values represent the mean ± SD of three 
independent experiments performed in triplicate. (*) indicates p < 0.05
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ELISA Kit (MyBioSource, SIAL, Rome, Italy) and human 
IL-1β ELISA Kit (Thermo Scientific, Monza, Italy), 
respectively, according to the manufacturer’s instruc-
tions. The plates were read at 450  nm on a Microplate 
Spectrophotometer Epoch™ (BioTek, AHSI, Milan Italy).

Conditioned medium
MDA-MB-231 cells were cultured in the regular growth 
medium, switched to medium without serum for 24  h 
and then treated with vehicle or 50 ng/ml IGF1 for 4 h. 
Thereafter, cells were washed and placed in fresh medium 
containing 5% charcoal-stripped FBS for additional 18 h. 
The supernatants were collected, centrifuged at 3500 rpm 
for 5 min to remove cell debris and used as conditioned 
medium in the appropriate experiments.

Proliferation assay
Cells (1 × 104) were seeded in 24-well plates in regular 
growth medium and once attached they were washed 
and incubated in a medium containing 2.5% charcoal-
stripped FBS and then exposed to treatments, as indi-
cated. Transfections were renewed every 2  days, when 
required, and treatments every day. The proliferation rate 
was calculated by counting the cells on day 5 using the 
Countess Automated Cell Counter, as recommended by 
the manufacturer’s protocol (Thermo Fisher Scientific, 
Milan, Italy).

Spheroid formation assay
Spheroids were generated by dispensing 100 μL of a sin-
gle-cell suspension (1 × 104 cells/well) into 96-well plates 
pre-coated with 2% agarose to prevent cell attachment 
and promote three-dimensional aggregation. Three days 
after seeding, 50% of the culture medium was replaced 
with fresh medium containing the appropriate treatment 
conditions. This partial medium change was repeated 
every 2  days. When required, transfections were also 
renewed every 2  days, following the same schedule 
as medium replenishment. On day 8, spheroids were 
imaged using the Cytation 3 Cell Imaging Multimode 
Reader (BioTek, AHSI, Milan, Italy). Spheroid area was 

quantified using Gen5 software (BioTek, AHSI, Milan, 
Italy), which enables automated image analysis.

Spheroid culture in rotating bioreactors
Bioreactor cultures were generated according to the 
manufacturer’s instructions. Briefly, 2  ml of 1% sodium 
alginate solution, in which 1 × 103/µl cells were sus-
pended, was inserted in the bioreactors (clinoReactors, 
CelVivo ApS, Odense, Denmark). 60 drops of sodium 
alginate beads encapsulating cells/reactor were dot-
ted into a crosslinking solution, which was previously 
added to the clinoReactors. After polymerization, the 
crosslinking solution was removed and spheroids were 
submerged in the appropriate medium. Bioreactors were 
subsequently placed into the ClinoStar system (CelVivo 
ApS) and spheroids were cultivated at 37 °C, 5% CO2 and 
95% air for 10 days with continuous rotation of the bio-
reactors. Spheroids were then collected and transferred 
into 24-well tissue culture plates, and imaged using the 
ImageFocus Plus V2 software of the inverted Oxion 
Inverso microscope (Euromex).

MTT assay for cell viability
The proliferation rate of MDA-MB-231 cells cultured 
within sodium alginate beads in the stirred bioreac-
tors was assessed by MTT assay (Merck, Milan, Italy), 
as described elsewhere [45]. Briefly, after 21  days, the 
cells were released from the beads by using a solution 
containing 200  mM sodium bicarbonate and 60  mM 
sodium citrate. Cells were collected by centrifugation at 
1000 rpm for 5 min, and 1 ml MTT solution (5 mg/10 mL 
of medium) was then added before incubating the cells at 
37 °C in a humidified atmosphere (95% air and 5% CO2) 
for 4 h. Afterward, the MTT solution was removed and 
replaced with 500 μL dimethyl sulfoxide (DMSO). Finally, 
the absorbance of the samples was measured at 570 nm 
using a Microplate Spectrophotometer Epoch™ (BioTek, 
AHSI, Milan Italy). The absorbance values were normal-
ized by the number of beads per sample.

(See figure on next page.)
Fig. 3  The IGF1R/DDR1/GPER/ERK-dependent increase of c-fos mediates the up-regulation of IL1-β in TNBC cells. Immunoblots of c-fos 
in MDA-MB-231 cells exposed for 4 h to vehicle (–) or 50 ng/ml IGF1 in the presence of 1 µM IGF1R inhibitor OSI-906 (A) or DDR1 inhibitor 
DDR1-IN-1 (B). c-Fos protein levels in DDR1 (C) and GPER-silenced (E) MDA-MB-231 cells. Efficacy of DDR1 (D) and GPER (F) silencing in MDA-MB-231 
cells. G Immunoblot of c-fos in MDA-MB-231 cells exposed for 4 h to vehicle or 50 ng/ml IGF1 in the presence or absence of 100 nM trametinib. 
H IL-1β protein levels in MDA-MB-231 cells transfected with a scramble or a dominant-negative c-fos construct (DN/c-fos) and thereafter exposed 
for 4 h to vehicle (–) or 50 ng/ml IGF1. Side panels show densitometric analyses of the blots normalized to β-actin that served as loading control. I 
Recruitment of c-fos to the AP-1 site located within the IL1-β promoter, as ascertained by ChIP assay in MDA-MB-231 cells exposed for 4 h to vehicle 
or 50 ng/ml IGF1. In control samples, nonspecific IgG were used instead of the primary antibody. The amplified sequences were evaluated 
by real-time PCR. Values represent the mean ± SD of three independent experiments performed in triplicate. (*) indicates p < 0.05
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Migration assay
Transwell 8  μm polycarbonate membranes (Costar, 
Merck, Milan, Italy) were used to evaluate cell migra-
tion. In 300  μl serum free medium, MDA-MB-231 cells 
(3 × 104) were seeded in the upper chamber and co-cul-
tured with WI38 cells previously exposed to treatments 
in the bottom chamber. 8  h after co-culturing, cells on 
the upper surface of the membrane were then removed 
by wiping with Q-tip, and migrated cells were fixed with 
100% methanol, stained with Giemsa (Merck, Milan, 
Italy), photographed using a digital camera and counted 
using the WCIF ImageJ software.

Matrigel drops evasion assay
The matrigel drop assay was performed as previously 
described [46]. Briefly, 5 × 104/drop of MDA-MB-231 
and MDA-MB-436 cells, previously transfected when 
needed, were suspended in 10  μl of Corning Matrigel 
Growth Factor Reduced (GFR) Basement Membrane 
Matrix (Merck, Milan, Italy). The cell/matrigel suspen-
sion was layered onto the surface of a 12-well plate to 
form a well-defined drop and placed at 37 °C to solidify. 
Medium containing 5% charcoal-stripped FBS and treat-
ments were placed over the drop. Cells were observed at 
specified time points and drops were photographed using 
the ImageFocus Plus V2 software of the inverted Oxion 
Inverso microscope (Euromex). The number of cells 
migrated out of the drop was measured.

Statistical analysis
Statistical analyses were performed using ANOVA fol-
lowed by Newman-Keuls’ test to determine differences 
in means. Scatter plots were drawn with the R tidyverse 
package.

Results
The IGF1/IGF1R axis triggers both the activation of DDR1 
induced by collagen VI and the up‑regulation of IL‑1β 
in TNBC cells
Previous studies suggested that IGF1 promotes collagen 
synthesis in diverse physio-pathological contexts [47, 48]. 
On these bases and considering that both IGF1 and col-
lagen play an important role in regulating BC growth and 
therapy resistance [15, 49–53], we aimed to investigate 
whether a pro-tumorigenic relationship between IGF1 
and collagen may occur in TNBC cells. In particular, we 
focused our attention on the potential of IGF1 to regulate 
collagen VI, which is a fat-related collagen type fueling 
BC progression [54–57]. First, we found that IGF1 rap-
idly increases the expression and secretion of the alpha-2 
subunit of collagen VI (COL6A2) in MDA-MB-231 
(Fig. 1A-C) and MDA-MB-436 (Additional file 1) TNBC 
cells. As expected, the IGF1R inhibitor OSI-906 pre-
vented the IGF1-induced protein increase of COL6A2 
in MDA-MB-231 cells (Fig. 1D). Nicely fitting with these 
results, a positive correlation between IGF1 and COL6A2 
gene expression levels was found in TNBC patients of the 
TCGA database (Fig. 1E). Considering that collagens are 
the only known ligands for the discoidin domain recep-
tor 1 (DDR1) and a functional crosstalk between IGF1R 
and DDR1 promotes BC progression [43, 58, 59], we next 
aimed at exploring whether the IGF1/IGF1R signaling 
could engage DDR1 activation via COL6A2 in TNBC 
cells. In accordance with our previous studies [43], IGF1 
demonstrated the ability to stimulate the phospho-
rylation of DDR1 in an IGF1R-dependent manner, as 
observed using OSI-906 (Fig. 1F). To determine whether 
the IGF1-induced DDR1 activation relies on COL6A2, 
we assessed that the DDR1 phosphorylation is no longer 
detectable in TNBC cells overexpressing a kinase-
inactive DDR1/K618A mutant (Fig.  1G), which fails to 
respond to collagen stimulation. Together, these results 

Fig. 4  The IL1-β/IL1R1 signaling is implicated in the IGF1-induced growth of TNBC cells. A Proliferation of MDA-MB-231 cells after 5 days treatment 
with vehicle or 50 ng/ml IGF1 alone or in combination with 1 µM IGF1R inhibitor OSI-906 or DDR1 inhibitor DDR1-IN-1, as indicated. (B) Growth 
assays in MDA-MB-231 cells transfected every 2 days with shRNA or shGPER, treated every day with vehicle or 50 ng/ml IGF1 and then counted 
after 5 days. C Proliferation of MDA-MB-231 cells after 5 days treatment with vehicle or 50 ng/ml IGF1 alone or in combination with 5 µg/
ml IL-1R1 antagonist raleukin. Values of vehicle-treated cells were set as 100% upon which cell viability was determined. D Representative 
pictures of spheroids (a single spheroid/well) from the MDA-MB-231 spheroid cultures grown on agar-coated plates and exposed for 8 days 
to vehicle or 50 ng/ml IGF1 alone or in combination with 1 µM IGF1R inhibitor OSI-906 or 1 µM DDR1 inhibitor DDR1-IN-1. (F) Representative 
pictures of spheroids (a single spheroid/well) from GPER-silenced MDA-MB-231 cells grown for 8 days on agar-coated plates. Spheroids were 
transfected every 2 days with shRNA or shGPER, treated every 2 days and then counted on day 6. Scale bar: 1000 μm. (H) Efficacy of GPER 
silencing in MDA-MB-231 cells. The bottom panel shows densitometric analyses of the blots normalized to β-actin that served as loading control. I 
Representative pictures of spheroids (a single spheroid/well) from the MDA-MB-231 spheroid cultures grown on agar-coated plates and exposed 
for 8 days to vehicle or 50 ng/ml IGF1 alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. E, G, J Quantification of spheroid growth. 
Values of vehicle-treated MDA-MB-231 cells were set as 100% upon which spheroid growth was determined. Values represent the mean ± SD 
of three independent experiments performed in triplicate. (*) indicates p < 0.05

(See figure on next page.)
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point to a collagen VI-dependent mechanism by which 
the IGF1/IGF1R axis activates DDR1 in TNBC cells.

Previous findings have revealed that collagen up-reg-
ulation in TNBC cells may enhance chemoresistance by 
stimulating cytokine-mediated transduction pathways 
[49]. This prompted us to investigate whether COL6A2 
can regulate the expression of a main mediator of inflam-
mation-driven breast carcinogenesis, like IL-1β [34, 60–
62]. In this regard, we assessed that a positive correlation 
between the levels of COL6A2 and IL-1β occurs in TNBC 
patients of the TCGA dataset (Fig. 1H). In order to evalu-
ate the clinical significance of these genes, we performed 
survival analyses. Notably, we found that a high cumula-
tive expression of COL6A2 and IL-1β is associated with 
poor outcomes in terms of disease-free interval (DFI) in 
TNBC patients (Fig. 1I). Accordingly, we ascertained that 
IGFI induces the mRNA and protein expression as well 
as the secretion of IL-1β in MDA-MB-231 (Fig. 1J-L) and 
MDA-MB-436 (Additional File 1) cells.

The IGF1/IGF1R axis stimulates IL‑1β expression 
through the DDR1/ERK/GPER signaling pathway in TNBC 
cells
Our previous data suggested the involvement of the 
membrane estrogen receptor named GPER in the reg-
ulation of IL-1β in BC cells as well as in the functional 
cooperation with both IGF1R and DDR1 toward colla-
gen increase [18, 21, 23, 34]. Reminiscing these data, we 
determined the role of GPER in the collagen VI-mediated 
activation of DDR1 as well as in the increase of IL-1β in 
TNBC cells upon IGF1 exposure. First, we discovered a 
positive correlation between COL6A2 and GPER expres-
sion levels occurring TNBC in patients (Fig.  2A). Then, 
we demonstrated that the up-regulation of IL-1β by IGF1 
is abolished by silencing GPER expression (Fig. 2B-C). In 
addition, we ascertained that the induction of both GPER 
and IL-1β by IGF1 is abrogated by OSI-906 (Fig. 2D) as 
well as using the DDR1 inhibitor named DDR1-IN-1 
(Fig.  2E) or knocking down DDR1 by using a specific 
siRNA (Fig.  2F-G). We also determined that IGF1 lacks 
the ability to induce IL-1β in cells expressing the DDR1/
K618A mutant (Fig.  2H), further suggesting that DDR1 
phosphorylation by collagen VI is required for the 

up-regulation of both GPER and IL-1β in TNBC cells 
upon activation of the IGF1/IGF1R signaling.

In order to provide novel insights on the transduction 
mechanisms regulating IL-1β expression by IGF1, we 
focused on the ERK1/2 cascade based on previous stud-
ies indicating that DDR1 activation by collagen triggers 
the ERK signaling pathway in cancer cells [63]. In this 
vein, we ascertained that the activation of ERK1/2 is 
prevented using OSI-906 (Fig.  2I) as well as inhibiting 
(Fig.  2J) or silencing DDR1 (Fig.  2K, L). Nicely fitting 
with these results, the MEK inhibitor trametinib pre-
vented the protein induction of both GPER and IL-1β 
observed upon IGF1 treatment (Fig.  2M). Next, we 
aimed to explore the role of the main molecular sen-
sor of GPER signaling, namely c-fos, in the up-regula-
tion of IL-1β prompted by IGF1. Of note, the increased 
c-fos levels upon IGF1 exposure were no longer present 
using OSI-906 (Fig.  3A) and DDR1-IN-1 (Fig.  3B) as 
well as silencing DDR1 (Fig.  3C, D) or GPER (Fig.  3E, 
F). In line with previous studies demonstrating that the 
ERK1/2 signaling pathway regulates the expression of 
c-fos [18, 64], which in turn has been implicated in the 
regulation of IL-1β [34], we established that trametinib 
prevents the protein increase of c‐fos triggered by IGF1 
(Fig.  3G). Accordingly, the plasmid encoding a domi-
nant negative c-fos (DN/c-fos) abrogated the up-regu-
lation of IL-1β observed upon IGF1 exposure (Fig. 3H), 
and ChIP assays revealed that IGF1 induces the binding 
of c-fos to an AP-1 site located within the IL-1β pro-
moter sequence (Fig.  3I). Collectively, these findings 
suggest that the IGF1/IGF1R system triggers the colla-
gen-mediated DDR1/ERK activation toward the induc-
tion of the GPER/c-fos/IL-1β transduction pathway in 
TNBC cells.

IL‑1β/IL1R1 transduction signaling contributes 
to the proliferation and motility of TNBC cells induced 
by IGF1 through the activation of the IGF1R/DDR1/GPER 
axis
On the basis of the above data, we sought to provide 
insights into the biological responses promoted by IGF1 
in TNBC cells through IL-1β. In both MDA-MB-231 

(See figure on next page.)
Fig. 5  IGF1 promotes the motile behavior of TNBC cells by engaging the IL1-β/IL1R1 axis. A Representative pictures from the matrigel drops 
evasion assays in MDA-MB-231 cells treated with vehicle or 50 ng/ml IGF1 alone or in combination with 1 µM IR inhibitor OSI-906 or DDR1 inhibitor 
DDR1-IN-1, as indicated. C Representative pictures from the matrigel drops evasion assays in GPER-silenced MDA-MB-231 cells treated vehicle 
or 50 ng/ml IGF1. E Efficacy of GPER silencing in MDA-MB-231 cells. Side panel shows densitometric analyses of the blots normalized to β-actin 
that served as loading control. F Representative pictures from the matrigel drops evasion assay in MDA-MB-231 cells treated with vehicle or 50 ng/
ml IGF1 alone or in combination with or 5 µg/ml IL-1R1 antagonist raleukin. B, D, G Percentage of cells around the drop upon 3 days treatment 
from three independent experiments performed in triplicate. Values of vehicle-treated MDA-MB-231 cells were set as 100% upon which evading 
cell percentage was determined. Dotted line indicates the matrigel drop border. Scale bar: 200 μm. (*) indicates p < 0.05
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Fig. 6  Schematic showing model whereby IGF1/IGF1R signaling induces collagen VI-dependent DDR1 activation, ERK-mediated GPER and c-fos 
increase toward the up-regulation of IL-1β. IL-1β/IL1R1 signaling, in turn, contributes to proliferative and motile characteristics in TNBC cells 
through an autocrine mechanism. Created in https://​BioRe​nder.​com

(See figure on next page.)
Fig. 7  IL-1β stimulates the reprogramming of normal fibroblasts into CAFs-like cells that in turn stimulate aggressive features in TNBC cells. A FAP 
expression evaluated by immunofluorescence assays in WI38 cells cultured for 72 h with conditioned medium (CM) collected from MDA-MB-231 
cells previously exposed for 4 h to vehicle or 50 ng/ml IGF1 alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. Nuclei were stained 
by DAPI. Scale bar: 100 μm. C Representative pictures of spheroids (a single spheroid/well) grown for 6 days on agar-coated plates from WI38 
cells cultured for 72 h with conditioned medium (CM) collected from MDA-MB-231 cells previously exposed for 4 h to vehicle or 50 ng/ml 
IGF1 alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. Scale bar: 1000 μm. E FAP expression evaluated by immunofluorescence 
assays in WI38 cells exposed to vehicle or IL-1β (10 ng/ml) alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. Nuclei were stained 
by DAPI. Scale bar: 100 μm. B, F Fluorescence intensities were quantified in 20 random fields for each condition and results are expressed as fold 
change of relative fluorescence units (RFU) over vehicle-treated cells (set as one-fold induction). G Representative pictures of spheroids (a single 
spheroid/well) grown for 6 days on agar-coated plates from WI38 cells exposed for 72 h to vehicle or IL-1β (10 ng/ml) alone or in combination 
with 5 µg/ml IL-1R1 antagonist raleukin. Scale bar: 1000 μm. D, H Quantification of spheroid growth. Values of vehicle-treated WI38 cells were set 
as 100% upon which spheroid growth was determined. I Transwell migration assays in MDA-MB-231 cells co-cultured for 8 h with WI38 cells (NFs) 
cultured for 72 h with conditioned medium (CM) collected from MDA-MB-231 cells, which were previously exposed for 4 h to vehicle or 50 ng/
ml IGF1 alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. K Representative pictures of sodium alginate beads encapsulating 
MDA-MB-231 cells cultured for 10 days in bioreactors in the presence of the conditioned medium (CM) of WI38 cells (NFs) treated for 72 h 
with the conditioned medium (CM) collected from MDA-MB-231 cells, which were previously exposed for 4 h to vehicle or 50 ng/ml IGF1, alone 
or in combination with 5 µg/ml IL-1R1 antagonist raleukin. M Transwell migration assay in MDA-MB-231 cells co-cultured for 8 h with WI38 cells 
(NFs) previously exposed for 72 h to vehicle ( −) or IL-1β (10 ng/ml) alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. J, N Cells 
were counted in at least 5 random fields in three independent experiments performed in triplicate. Scale bar: 100 μm. O Representative pictures 
of sodium alginate beads encapsulating MDA-MB-231 cells cultured for 10 days in bioreactors with the conditioned medium (CM) of WI38 cells 
(NFs) exposed for 72 h to vehicle ( −) or IL-1β (10 ng/ml) alone or in combination with 5 µg/ml IL-1R1 antagonist raleukin. (L, P) Cell viability 
of MDA-MB-231 in the sodium alginate beads. Scale bar: 1000 μm. Values of vehicle-treated MDA-MB-231 cells were set as 100% upon which cell 
viability was determined. Data shown are the mean ± SD of three independent experiments performed in triplicate. (*) indicates p < 0.05. Q Cartoon 
depicting the molecular events and the biological responses triggered by IL-1β within the TNBC microenvironment. Created with BioRender.com

https://BioRender.com
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and MDA-MB-436 cells, the inhibition of IGF1R or 
DDR1 (Fig.  4A,D, E; Additional file  2) as well as the 
depletion of GPER levels (Fig. 4B,F–H; Additional file 2) 
resulted in the reduction of IGF1-stimulated growth in 
two-dimensional (2D) and three-dimensional (3D) cul-
ture models. These effects were no longer evident also 
using the IL1R1 antagonist raleukin (Fig. 4C, I, J; Addi-
tional file  2), suggesting the involvement of IL-1β and 
the activation of its cognate receptor in the prolifera-
tive responses triggered by IGF1 in TNBC cells. Results 
similar to those described above were obtained in 3D 
matrigel drops evasion assays (Fig. 5; Additional file 3), 
indicating that IGF1R, DDR1, GPER and the IL-1β/
IL1R axis contribute to the enhanced motility of TNBC 
cells upon IGF1 exposure (Fig. 6).

IL‑1β induces the reprogramming of normal fibroblasts 
into CAFs‑like cells toward tumor‑supporting events 
in TNBC cells
Within the TME, CAFs constitute a population of het-
erogeneous cellular components that reflect, in terms of 
phenotypic features, the diverse cells they originate from 
[65]. In particular, normal fibroblasts can be recruited 
within the TME, activated and reprogrammed into CAFs 
in response to chemokines, cytokines, and growth factors 
released by cancer cells and stromal components [66]. In 
view of these observations and previous evidence indicat-
ing that CAFs exhibit an increased expression of certain 
markers, such as the fibroblast activation protein (FAP), 
and greater proliferation and migration properties than 
normal fibroblasts [67, 68], we hypothesized that the 
secretion of IL-1β induced by IGF may stimulate normal 
fibroblasts to acquire a CAFs-like phenotype. Hence, we 
maintained normal fibroblasts in medium from MDA-
MB-231 cells previously exposed to IGF1. After 72 h, the 
fibroblasts expressed higher protein levels of a distinc-
tive CAFs marker named FAP (Fig. 7A-B). In addition, a 
higher proliferative ability of normal fibroblasts exposed 
to culture media derived from IGF1-treated MDA-
MB-231 cells was observed (Fig.  7C-D). Of note, raleu-
kin lessened both the up-regulation of FAP (Fig.  7A-B) 
and the biological properties (Fig. 7C-D) acquired by the 
fibroblasts. Results similar to those described above were 
observed treating cells with the recombinant human 
IL-1β (Fig. 7E-H).

To examine the potential influence of IL-1β-activated 
fibroblasts on TNBC cells, we co-cultured MDA-MB-231 
cells with normal fibroblasts previously incubated with 
the CM deriving from IGF1-treated MDA-MB-231 
cells. Of note, the CM from CAFs-like cells promoted 
TNBC cell migration (Fig. 7I-J). Turning to a 3D bioreac-
tor platform in order to mimic the in vivo environment, 
we observed that the CM derived from CAFs-like cells 

stimulates proliferative effects in MDA-MB-231 cells 
encapsulated in sodium alginate beads (Fig. 7K, L). These 
data were further confirmed by directly exposing normal 
fibroblasts to IL-1β in the presence or absence of raleukin 
(Fig. 7M, P). Therefore, the acquisition of CAFs-like fea-
tures by normal fibroblasts triggers aggressive properties 
in TNBC cells in the context of a feed-forward stimula-
tion occurring between cancer cells and the surrounding 
stroma. Altogether, our findings suggest that the IL-1β 
production by TNBC cells exposed to IGF1 treatment 
may promote the acquisition of a CAFs-like phenotype 
by normal fibroblasts toward their tumor-supportive role 
within the TNBC microenvironment (Fig. 7Q).

Discussion
Tumor-promoting inflammation fosters multiple hall-
mark capabilities of cancer [69]. It can supply a variety of 
bioactive molecules that stimulate proliferative, survival, 
angiogenic, invasive and metastatic responses within the 
TME [70]. In this context, the low-grade inflammatory 
state associated with obesity has been strictly linked to 
the pathophysiology of diverse obesity-related diseases, 
including cancer [71–73]. Among other types of tumors, 
obesity has been correlated with a high prevalence of 
TNBC, serving also as a potential predictor of sensitivity 
to neoadjuvant chemotherapy in patients affected by this 
aggressive malignancy [74]. Multiple local and systemic 
events may contribute to the association of obesity with 
cancer, including elevated circulating insulin and glucose 
levels, IGF1 bioavailability, as well as adipose-derived 
cytokines, hormones and growth factors, referred to as 
adipokines [75]. Additionally, the adipose tissue of obese 
individuals is the main site of innate immune cells, which 
in turn generate pro-inflammatory molecules further 
promoting tumor aggressiveness [71, 74, 76]. In particu-
lar, IL-1β has emerged as a crucial modulator of tumor-
promoting inflammatory responses due to its ability to 
target diverse TME components toward the suppression 
of anti-tumor immunity events along with the promo-
tion of angiogenesis and invasive features [77, 78]. Of 
note, clinical studies have also demonstrated that high 
circulating levels of IL-1β are linked to worse outcomes 
in patients with diverse cancer types [79]. As it concerns 
BC, primary tumors characterized by an elevated IL-1β 
expression do exhibit a higher chance of developing met-
astatic disease [80].

On the basis of these findings and previous data indi-
cating that the IGF system is implicated in BC progres-
sion, particularly during obesity [11, 13, 52], we aimed to 
provide novel insights into the molecular regulation and 
biological function of IL-1β in TNBC cells upon IGF-1 
exposure. Remarkably, our findings demonstrate that the 
IGF1/IGF1R axis triggers the activation of DDR1 and 
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the subsequent up-regulation of GPER along with one of 
its main target genes namely c-fos, leading to increased 
expression and secretion of IL-1β in TNBC cells. In turn, 
the IL-1β/IL1R1 signaling promoted TNBC cell expan-
sion and invasion in an autocrine manner. These data 
are consistent with our previous studies showing that 
the alternate estrogen receptor GPER is involved in the 
activation of IL-1β/IL1R1 signaling and invasive fea-
tures triggered by a further hallmark of cancer, namely 
hypoxia, in both TNBC cells and CAFs [34]. Moreover, 
we have previously found that GPER contributes to the 
functional cooperation between IGF1R and DDR1 [17, 
18, 23, 34]. In particular, the IGF1/IGF1R transduc-
tion pathway has been engaged in the activation of both 
GPER and DDR1 toward the transcription of their target 
genes, which in turn stimulate a feedforward loop lead-
ing to the up-regulation of GPER, DDR1 and IGF-1R 
levels [23, 43]. The crosstalk among these factors is impli-
cated in the potentiation of mitogenic responses elicited 
by IGF1 in BC cells [23]. In the present study, we have 
provided novel findings demonstrating that the IGF1-
dependent release of a major extracellular matrix protein, 
named collagen VI, is involved in the up-regulation of 
IL-1β in TNBC cells. In line with previous data indicating 
that collagen VI increases in the stroma of obese TNBC 
patients and drives the invasion of TNBC cells [56], here 
we establish for the first time that the increase of collagen 
VI upon IGF1 exposure is required for the activation of 
DDR1 toward the IL-1β-mediated aggressive features of 
TNBC cells.

In addition, the present investigation highlighted the 
tumor-supporting molecular events engaged by IL-1β 
within the TME. Notably, we ascertained that this 
cytokine contributes to reprogramming normal fibro-
blasts into CAFs-like cells. In this regard, we assessed that 
the conditioned medium from IGF1-treated TNBC cells 
induces the expression of CAFs-related markers in nor-
mal fibroblasts that gain strengthened proliferative capa-
bilities. To date, one key challenge in depicting the role 
of the TME, with significant implications for the develop-
ment of novel therapeutic strategies, stands for the high 
heterogeneity of CAFs that is consequent to their various 
origins. Indeed, CAFs can derive from different cell types 
like stellate cells, smooth muscle cells, endothelial cells, 
adipocytes, mesenchymal stem cells, pericytes, epithelial 
cells as well as normal fibroblasts [65, 81]. In particular, 
it has been shown that breast cancer cells trigger multi-
ple paracrine signals that facilitate the transition of nor-
mal fibroblasts into CAFs to provide a supportive TME 
[82–84]. During the initial stages of the carcinogenesis 
process, the bidirectional crosstalk between epithelial 
cells and the surrounding stroma can activate resident 
fibroblasts, driving cancer development and progression 

[27, 85]. In this intricate interplay, CAFs may reshape 
the TME by secreting growth factors, pro-inflammatory 
molecules and other mediators, which in turn generate 
a permissive environment leading to cancer cell invasion 
and migration, angiogenesis, recruitment of inflamma-
tory cells, modulation of immune responses and remod-
eling of the extracellular matrix (ECM) [27, 86]. In line 
with these autocrine-paracrine loops occurring between 
cancer cells and CAFs, we revealed that the CAFs-like 
cells derived from the IL-1β/IL1R1 stimulation of normal 
fibroblasts contribute to the growth and migration capa-
bilities of TNBC cells.

Conclusions
Here, we have provided novel evidence showing that the 
IGF1R/DDR1/GPER axis orchestrates IL-1β induction 
and secretion in response to IGF1 exposure in TNBC 
cells. Furthermore, our study sheds light on the role of 
IL-1β signaling in promoting a proliferative and motile 
tumor niche that facilitates cancer progression. Collec-
tively, these findings suggest that IL-1β may represent a 
potential target in more comprehensive therapeutic strat-
egies in TNBC patients, particularly in obese subjects 
characterized by high IGF1 levels. Importantly, the IGF1/
IL-1β network may also serve as a diagnostic and prog-
nostic biomarker for identifying TNBC patients showing 
an aggressive phenotype. These observations underscore 
the importance of patient stratification for designing 
personalized therapeutic strategies targeting tumor-
stroma interactions and obesity-associated inflammatory 
responses within the TNBC microenvironment.
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