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Abstract

Triple negative breast cancers (TNBC) are characterized by a poor prognosis and a

lack of targeted treatments. Their progression depends on tumor cell intrinsic factors,

the tumor microenvironment and host characteristics. Although adipocytes, the pri-

mary stromal cells of the breast, have been determined to be plastic in physiology

and cancer, the tumor-derived molecular mediators of tumor-adipocyte crosstalk

have not been identified yet. In this study, we report that the crosstalk between

TNBC cells and adipocytes in vitro beyond adipocyte dedifferentiation, induces a

unique transcriptional profile that is characterized by inflammation and pathways that

are related to interaction with the tumor microenvironment. Accordingly, increased

cancer stem-like features and recruitment of pro-tumorigenic immune cells are

induced by this crosstalk through CXCL5 and IL-8 production. We identified

serum amyloid A1 (SAA1) as a regulator of the adipocyte reprogramming through

CD36 and P2XR7 signaling. In human TNBC, SAA1 expression was associated with

cancer-associated adipocyte infiltration, inflammation, stimulated lipolysis, stem-like

properties, and a distinct tumor immune microenvironment. Our findings constitute
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evidence that the interaction between tumor cells and adipocytes through the release

of SAA1 is relevant to the aggressiveness of TNBC.

K E YWORD S

cancer-associated adipocytes, gene expression profile, inflammation, SAA1, triple negative
breast cancer

What's new?

Adipocytes are suspected of playing a role in breast cancer progression, with increasing evi-

dence that adipocytes interact with tumor cells. Potential mechanisms underlying such interac-

tions, however, remain unknown. Here, mechanisms of crosstalk involving adipocytes and

triple negative breast cancer (TNBC) cells were investigated in vitro. Experiments identified

serum amyloid A1 (SAA1) as a regulator of TNBC cell-induced adipocyte modification. SAA1

expression in human TNBCs was associated with the expression of a cancer-associated adipo-

cyte signature and with aggressive tumor features found to be regulated by adipocytes in cel-

lular models. The findings cast new light on relationships between adipocytes and TNBC

progression.

1 | INTRODUCTION

Breast cancer (BC) is the most frequent cancer among women and a

leading cause of cancer-related mortality worldwide.1 Triple-negative

breast cancer (TNBC) is a particularly aggressive molecular BC sub-

type that is characterized by absence of estrogen and progesterone

receptors and the HER2 oncoprotein, lacking targeted therapies.

Moreover, like BC in general, considerable biological heterogeneity

within TNBC exists2,3 translating into differences in patient outcomes

and potential responses to therapies.3,4

Cancer development and progression depend on tumor cell-

intrinsic factors, the tumor microenvironment, and host characteris-

tics. Adipocytes, the primary stromal cells in the breast, have been

implicated in the progression of BC by epidemiological studies that

have reported associations between obesity, an increased risk of can-

cer, and a poor prognosis,5 and breast tumors often metastasize to

adipose-rich niches, such as the brain and bone marrow.6 Additionally,

during mammary gland development, breast adipocytes become sus-

ceptible to physiological signals, leading to their cyclical dedifferentia-

tion into preadipocyte-like precursors and redifferentiation into

adipocytes.7

Interactions between BC cells and adipocytes have been

described in vitro, resulting in alteration to both cell types.8,9 Adipo-

cytes modify their phenotype by decreasing the expression of differ-

entiation markers and lipid content, and like cancer-associated

fibroblasts, they have been called cancer-associated adipocytes

(CAAs).10 CAAs, similarly to adipocytes in obesity, influence tumor cell

metabolism and aggressiveness by increasing proinflammatory mole-

cule secretion, inducing extracellular matrix (ECM) remodeling, and

changing their metabolism.5 Recently, the contribution of tumor-

induced adipocyte reprogramming to cancer progression was also

demonstrated in vivo.11 However, the key drivers of this process have

not been identified.11,12

Serum amyloid A1 (SAA1), a well-known acute phase protein that

is produced in the liver, is expressed in the epithelial components and

stromal cells of many normal extrahepatic tissues, including the

breast,13 and in several tumor cell types and components of the tumor

microenvironment.14 Its serum and tissue levels are significantly

higher in several malignancies, including BC,15 and correlate with a

poor prognosis.14 In addition, various studies have shown that SAA1

contributes to cancer progression by promoting proliferation, metas-

tasis, inflammation, and angiogenesis.16–21 In the current study, we

examined the molecular mechanisms of the interaction between

TNBC cells and adipocytes, identifying a new function of tumor-

derived SAA1.

2 | METHODS

2.1 | Patients

Adipose tissues (ATs) were collected for gene expression profiling at

Fondazione IRCCS Istituto Nazionale dei Tumori (INT) of Milan, from

patients who were undergoing mastectomy. Tumor-adjacent AT was

taken within 2 cm of the tumor and tumor-distant AT was sampled

peripherally, at the opposite site, from more than 10 cm away from

the tumor. Samples were collected during standard surgical and medi-

cal procedures at INT and donated by patients to the Institutional Bio-

Bank, for research purposes.

2.2 | Cell culture

Human BC cell lines, ASC52telo human adipose-derived mesenchymal

stem cells (MSCs, RRID:CVCL-U602), 3T3-L1 murine preadipocytes

(RRID:CVCL-0123), and 4T1 murine mammary carcinoma cells (RRID:
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CVCL-0125) were obtained from ATCC. All cell lines were grown in a

humidified chamber (95% air, 5% CO2) at 37�C. The human cell lines

have been authenticated by STR profiling within the last 3 years. All

experiments were performed with mycoplasma-free cells, as evalu-

ated by the MycoAlert™ PLUS Mycoplasma detection kit (Lonza).

MCF7 (RRID:CVCL-0031), T47-D (RRID:CVCL-0553), SK-BR-3 (RRID:

CVCL-0033), HCC1954 (RRID:CVCL-1259), MDA-MB-231 (RRID:

CVCL-0062), BT-549 (RRID:CVCL-1092), HCC1937 (RRID:CVCL-

0290) and 4T1 cells were cultured in Roswell Park Memorial Institute

(RPMI) 1640 Medium (Gibco, 16000-044); BT-474 (RRID:CVCL-0179),

MDA-MB-361 (RRID:CVCL-0620) and MDA-MB-468 cells (RRID:

CVCL-0419) were cultured in Dulbecco's Modified Eagle Medium

(DMEM, Gibco, 41964–039); ZR-75-30 (RRID:CVCL-1661), SUM149PT

(RRID:CVCL-3422) and SUM159PT cells (RRID:CVCL-5423) were

cultured in DMEM-F12 (Gibco, 31331–028) that was supplemented

with 5 μg/mL insulin (Sigma-Aldrich, I0516). Each media was supple-

mented with 10% fetal bovine serum (FBS, Gibco, 16000). ASC52 cells

were cultured in MesenPRO RS™ (GIBCO, 12746012) supplemented

with 2 mM glutamine (Lonza, BE17 605E), and 3T3-L1 cells were cul-

tured in DMEM supplemented with sodium pyruvate to a final concen-

tration of 1 mM (NaPyr, Lonza™ BioWhittaker™, BE13-115E).

The differentiation of mature adipocytes (MAs) was performed by

seeding ASC52 cells in a 24-well plate (30,000 cells/well). After 72 h, the

cells were treated with StemPRO® Adipogenesis Differentiation Medium

(GIBCO, A1007001), which was changed twice per week until Day 14.

Adipocyte modification was evaluated after culturing previously differen-

tiated MAs in tumor cell-conditioned media (CM) or in co-culture with

MDA-MB-231 cells in a Boyden chamber with a 0.4-μm filter (Corning,

3470) for 7 days by Oil Red O staining and qRT-PCR.

To produce BC cell CM, cells were seeded (2.6 � 106 cells per

T25 flask) in their respective culture media. On the following day, the

cells were rinsed and the medium was replaced with 10% FBS-

containing RPMI and conditioned for 72 h. For the mass spectrometry

analysis RPMI without FBS was used to obtained BC cell CM. The CM

was centrifuged and frozen immediately at �80�C. To evaluate the

effect of SAA1 on adipocytes, MAs were cultured in MDA-MB-231

CM or control media (RPMI with 10% FBS) in the presence of

inhibitors (10 μM KN62 [Merck Life Science, I2142], 10 μM hexa-

relin [CliniSciences, OPPA01052], 50–200 μM Sulfosuccinimidyl

Oleate [sodium salt] [SSO, Cayman chemical, 11211], 1 mg/mL anti-

TLR2 [eBioscience, 16-9922-82], 1 mg/mL anti-TLR4 [eBioscience,

16-9917-82], 20 μM ST616792 [MedChemExpress, 56921], 100 μM

PDTC [Merck Life Science, P8765], 1 μM BAY11-7082 [Santa

Cruz Biotechnology, sc-202490]; 10 μM UO126 [Merck Life Sci-

ence, 19147], 10 μM SP600125 [Merck Life Science, S5567]) or dilu-

ents for 48 h and then in RPMI with 10% FBS for an additional

5 days. The same treatments were applied to ASC52 MAs that were

cultured in RPMI with or without 20 ng/mL hSAA1 (LSBio, LS-G318),

as described.22 RNA was obtained from cells at Day 7, whereas pro-

tein extraction for western blot was performed 48 h after treatment.

Detailed protocols for the Oil Red O staining, cell proliferation,

CM characterization, and mass spectrometry analysis are provided in

Supplementary Methods.

2.3 | SAA1 silencing

Gene-specific small interfering RNAs (siRNAs; SAA1-1: 5-AGGGTACAC

AATGGGTATCTA-3, SAA1-2: 5-TTACATCGGCTCAGACAAATA-3,

Qiagen, SI04201526 and SI04151287, respectively) and negative control

siRNA duplexes that targeted a non-coding sequence (scramble, siRNA)

(5-AATTCTCCGAACGTGTCACGT-3, Qiagen, 1027310) were used. Tran-

sient transfection of siRNAs (50 nM) was performed using Lipofectamine

RNAiMax (Invitrogen, 13778150), per the manufacturer's protocol, in

Opti-MEMmedium (Gibco, 11058021).

2.4 | RNA extraction and qRT-PCR

Total RNA was extracted from cell lines using Direct-zol™ RNA Micro-

Prep/MiniPrep isolation kits (Zymo Research, R2051/R2061). qRT-

PCR was performed using Applied Biosystems™ Fast SYBR™ Green

Master Mix 2X (Thermo Fisher Scientific, 4385612) or Applied Biosys-

tems™ TaqMan Universal Master Mix 2X (Thermo Fisher Scientific,

4352042), on the StepOne Plus™ Real-time PCR instrument (Thermo

Fisher Scientific), as described.23 Beta-actin (ACTB) and beta-2 micro-

globulin (B2M) were used as endogenous controls for BCs and adipo-

cytes, respectively. Relative mRNA concentrations were calculated by

ddCt method. Details on the primers that were used are listed in Sup-

plementary Table S1.

2.5 | Western blot analysis

Cell lysates were prepared in ice-cold TNTG buffer, as described.24 Pro-

tein concentrations were measured with Coomassie Plus™ Protein

Assay Reagent (Thermo Scientific, 1856210). A total of 25 μg and

20 μg protein from CM and cell lysates, respectively, were subjected to

SDS-PAGE (NuPAGE 4–12% Bis-Tris gel, Invitrogen, NP0335BOX). Cell

protein fractions were transferred to polyvinylidene difluoride (PVDF)

membranes (Immobilon Membrane, IPVH00010), which were then

blocked with 5% milk (GeneSpin, STS-M500) in Tri-buffered saline

(TBS) that contained 0.1% Triton X-100 (TBST) (EMD Millipore Corpo-

ration, 9036-19-5), and incubated with primary antibodies diluted in

3% milk in TBST overnight at 4�C. See Supplementary Methods for the

antibodies that were used. Proteins were detected by enhanced chemi-

luminescence (Pierce® ECL Western Blotting Substrate, Thermo Scien-

tific, 32209). Vinculin was used as loading control. Band intensities

were quantified in Quantity One® 1D (Bio-Rad).

2.6 | Migration assay and FACS

Human peripheral blood mononuclear cells, pooled with granulocytes

from healthy donors, that were purified by density-gradient separa-

tion using Ficoll-Paque Premium (GE Healthcare, 17-5442-03), were

subjected to 6 h migration assay using a Boyden chamber with a

3-μm filter (Corning, 3415). CM, derived from MAs or CAAs, was used

RYBINSKA ET AL. 3
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as the chemoattractant. Cells that migrated into the lower chamber

were counted on a BD Accuri Flow Cytometer (BD Biosciences) and

stained by direct immunofluorescence. Migration assay was also per-

formed in the presence of a combination of neutralizing antibodies

against IL-8 (0.08 μg/mL, R&D Systems, MAB208) and CXCL5

(0.3 μg/mL, R&D Systems, MAB254) or isotype control antibodies

(0.4 μg/mL, R&D Systems, MAB002). The following antibodies were

used to stain migrated human leukocytes: CD3VioGreen (Miltenyi Bio-

tec, REA6/3), CD8VioBlue (Miltenyi Biotec, REA734), CD4FITC (Miltenyi

Biotec, REA623), CD19FITC (BD Biosciences, HIB19), CD56APC

(Miltenyi Biotec, REA196), CD14VioBlue (Miltenyi Biotec, REA599),

CD15PE (Miltenyi Biotec, VIMC6), and CD16PerCP-Vio700 (Miltenyi

Biotec, REA423). Samples were analyzed by gating live cells, labeled

using the LIVE/DEAD fixable Near-IF stain kit (Invitrogen, L10119), after

doublet exclusion (the gating strategy is shown in Supplementary

Figure S3), on a FACSCelesta (BD Bioscience) and FlowJo (Tree Star Inc.).

2.7 | Gene expression profiling and analysis

Fifty-six AT samples (matched tumor-adjacent and tumor-distant sam-

ples from 28 normal-weight BC patients) and 15 ASC52 samples were

analyzed. The data were deposited into the Gene Expression Omnibus

repository (accession numbers GSE153316 and GSE153317,

respectively).

RNA was obtained from ASC52 cells, using the miRNeasy Mini

Kit (Qiagen, 217004) and from frozen adipose tissue (AT) using the

RNeasy Lipid Tissue Mini Kit (Qiagen, 74804), according to the manu-

facturer's instructions. RNA concentrations were determined on a

Qubit fluorometer (Thermo Fisher Scientific), and RNA quality was

verified using TapeStation 4200 (Agilent). Gene expression profiles

were generated by Affymetrix Clariom S Pico assay (Thermo Fisher

Scientific), following the manufacturers protocol. Single-stranded

cDNA samples for hybridization were generated from 100 ng of total

RNA. The resulting cDNA was enzymatically fragmented and biotiny-

lated, using the GeneChip™ WT Terminal Labeling kit (Thermo Fisher

Scientific), mixed with hybridization buffer, and subjected to the

Human Clariom S array, targeting >20,000 well-annotated genes.

Arrays were stained on an Affymetrix GeneChip® Fluidics Station

450 and scanned on a 7G Affymetrix GeneChip® Scanner 3000. Raw

data were processed using the Transcriptome Analysis Console (TAC;

Thermo Fisher Scientific). CEL files, containing feature intensity

values, were converted into summarized expression values, by Robust

Multi-array Average (RMA)—which consists of background adjust-

ment, quantile normalization, and summarization—across all chips. All

samples passed quality control thresholds for hybridization, labeling,

and the expression of housekeeping gene controls.

Bioinformatic data analyses were performed using TAC v4.2.0.

Differentially expressed genes (DEGs) were identified using the limma

package. Functional annotations of DEGs (false discovery rate

[FDR] <0.1) was performed by enrichment analysis, based on a prede-

fined biological process gene set from Gene Ontology (GO) annotation

(http://bioinf.wehi.edu.au/software/MSigDB/index.html), using DAVID

Bioinformatics Resources v6.8 and GSEA v4.0.3. CAA-specific genes

were represented by the common DEGs between CAAs vs. MAs and

CAAs vs. MSCs (FC >1.5, FDR <0.1, n = 543). CAAs features that were

shared with MSCs were identified by analyzing the shared DEGs

between MSCs vs. MAs and MAs vs. CAAs with opposite expression

patterns (i.e., upregulated in the former and downregulated in the latter

comparison) (FC >1.5, FDR <0.1, n = 584).

Enrichment maps of enriched gene sets (FDR <0.1) were obtained

in Cytoscape v3.8.0 and cluster annotated with Auto Annotate app

v1.3.2. We also assessed the association of ad hoc gene sets (i.e., the

ASC52 CAA gene set, consisting of genes that were significantly upre-

gulated in CAAs vs. MAs [FC >2, FDR < .1, Supplementary Table S2]

by GSEA run in pre-rank mode, according to significance and fold-

change by paired differential expression analysis of tumor-adjacent

vs. tumor-distant AT samples). Enrichment was considered to be

significant at p < .05.

2.8 | Mining TNBC gene expression profiles and
data processing

We downloaded and evaluated publicly available data from 10 tumor

data sets, profiled on Affymetrix platforms and deposited in the Gene

Expression Omnibus database (GEO: GSE76250, GSE102484,

GSE76275, GSE25066, GSE19615, GSE2603, GSE21653, GSE86945,

GSE86946); RNA sequencing data available through The Cancer

Genome Atlas (GDC TCGA Breast Cancer RNA counts) from the Xena

browser; and normalized data from the METABRIC study,25 recovered

through cBiportal, for a total of 1311 TNBCs. Reported ER, PR, and

HER2 immunohistochemical status was used to define the triple neg-

ative phenotype. Tumor purity was inferred according to the ESTI-

MATE algorithm.26 Lehmann TNBC subtypes2 were inferred via the

web-based tool “TNBC type.” A differentiation predictor27 was

applied based on available R commands. The CEMiTool28 package

was used. Immune infiltration landscape was defined using the

CIBERSORTx web tool (https://cibersortx.stanford.edu/), the xCell

tool (http://xcell.ucsf.edu/), and single-sample GSEA (ssGSEA) with

published immune signatures.29

SAA1 classes, based on SAA1 mRNA expression, were defined as

follows: SAA1-low, SAA1 <1st quantile; SAA1-medium, >1st quantile

and <3rd quantile; and SAA1-high, >3rd quantile. Details are provided

in Supplementary Methods.

2.9 | Generation and application of a CAA
signature

To robustly identified genes that subtype CAA content, we first deter-

mined useful genes using two approaches. First, we excluded genes

that were significantly enriched in tumor samples by downloading

data from the TCGA BC cohort and computing the relative expression

of each gene in tumor samples by z-score. Higher positive z-scores

were discarded. Second, we filtered genes that were differentially

4 RYBINSKA ET AL.
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expressed (lgFC >0.3, p <.05) between tumor-adjacent AT and tumor-

distant AT. Feature selection was performed using the following com-

putational platforms: Boruta (random forest with conditional inference

trees), dtangle, Elastic net, sigFeature, and SVM-RFE, based on the

most variable genes among the evaluated samples, as computed by

MAD (n = 2500). The core of the classification module was imple-

mented in the R environment.

To ensure the robustness of our results, the optimal number of

features was determined by cross-algorithm calling; thus, only genes

that were identified by at least 4 of the implemented tools were

selected for incorporation into our classification model, defined as the

minimum number of transcripts that classified samples as being

enriched in tumor-adjacent AT tissue with the smallest error (CAA sig-

nature: PROX1, MMRN1, FHL2, RGS16, THBS3, WEE1, PKHD1L1,

NT5E, ASPN, C4A, C4B, CTGF, RUNX1, CCL21, SLC43A3, SERPINE1,

KLF6, CRIP1, ITGB8, PIK3C2G, TPBG, OR52I2). Next, TNBC expression

profiles from the mining cohorts were adjusted by tumor purity using

a linear regression model in the limma package. Adjusted gene expres-

sion was computed by ssGSEA method by GSVA in the R environment

to score feature-selected genes that had been identified for CAA.

CAA classes were defined as follows: CAA-low, CAA <1st quantile;

CAA-medium, >1st quantile and <3rd quantile; and CAA-high, >3rd

quantile.

2.10 | Statistics

Differences between groups were analyzed by two-tailed Student's

t-test. Associations between categorical variables were analyzed by

Fisher's exact test, and correlations between continuous variables

were examined by Pearson correlation. Two-sided p < .05 was consid-

ered significant. Statistical analyses were performed using the Graph-

Pad Prism 5.01 package (GraphPad).

3 | RESULTS

3.1 | Tumor-modified adipocytes are characterized
by pro-tumoral features

To determine the molecular mechanisms of the interaction between

tumor cells and adipocytes, we induced human ASC52 cells adipose-

derived mesenchymal stem cells (MSCs) to become mature adipocytes

(MAs) and treated them with or without conditioned media (CM) from

human TNBC MDA-MB-231 cells. On incubation with tumor CM,

ASC52 adipocytes decreased their lipid content and acquired and

elongated fibroblast-like morphology (Figure 1A,B). Similar reduction

in adipocyte lipid content was observed treating adipocytes with

tumor 72 h CM, following the resuspension of the retained fraction

from a 3 kDa centrifugal filter in fresh medium, tumor 24 h CM and

72 h CM diluted 1:2 with fresh medium (Supplementary Figure S1A).

CAAs were characterized by the significant downregulation of adipo-

cyte markers, including the peroxisome proliferator-activated receptor

gamma (PPARG), adiponectin (ADIPOQ), and fatty acid-binding pro-

tein 4 (FABP4) at the mRNA (Figure 1C and Supplementary

Figure S1B) and protein levels (Figure 1D) and by increased expres-

sion of the fibroblast markers alpha smooth muscle actin A (α-SMA)

and platelet growth factor receptor beta (PDGFRβ, Figure 1D). The

upregulation of α-SMA and PDGFRβ in CAAs compared to MAs and

MSCs was confirmed by flow cytometry, as for PDGFRα (Figure 1E

and Supplementary Figure S1C). Fibroblast Activation Protein (FAP)

expression was high in ASC52 cells regardless of their differentiation

stage (Supplementary Figure S1C). Similar changes were inducible in

adipocytes by direct co-culture with MDA-MB-231 cells (Figure 1F)

and by treatment with the CM of other TNBC cells (SUM149PT,

MBA-MB-468, BT-549, HCC1937, Figure 1G), indicating that TNBC

cells communicate with adipocytes in vitro.

To identify unique potential protumoral features of tumor-

modified adipocytes, the transcriptomic profiles of ASC52 cells, which

engender adipocytes, MAs and adipocytes that were modified by

MDA-MB-231 CM (CAAs) were compared. By principal component

analysis we noted a clear distinction in transcriptional profiles

between MSCs, MAs, and CAAs (Figure 2A). Comparison of CAAs and

MAs profiles yielded 1480 significant differentially expressed genes

(DEGs) (Figure 2B) that were enriched in several biological processes,

including cell cycle, metabolic process, ion transport, cytokine path-

way, leukocyte migration, and cell adhesion (Figure 2C).

Specifically, ion transport, inflammation, and leukocyte migration

were significantly enriched in CAA-specific genes (see Section 2.7,

n = 543, Figure 2D). As expected, metabolic pathways that were

related primarily to lipid metabolism, low response to insulin, high glu-

tamine release, and amino acid metabolism, and pathways related to

enhanced cell growth and ECM organization characterized CAA genes

that were shared with MSCs (Figure 2E). Notably, by GSEA, CAA-

specific genes (the ASC52 CAA gene set, Supplementary Table S2)

were significantly positively enriched in tumor-adjacent adipose tissue

(AT) compared with BC-distant AT from 28 patients (Figure 2F and

Supplementary Table S2). These data indicate that tumor crosstalk

with adipocytes did not only merely induce a return in the adipocyte

differentiation process but also imparts distinct and novel characteris-

tics onto adipocytes, making CAAs unique. Notably, these unique fea-

tures of CAAs were validated in tumor-adjacent AT in patients.

3.2 | Cancer-associated adipocytes increase tumor
cell stemness

To determine whether the unique properties of CAAs impact tumor

aggressiveness, we treated MDA-MB-231 cells with CM that was

derived from ASC52 MSCs, MAs, and CAAs. The CM from all ASC52

cells significantly favored BC cell proliferation, compared with cells

that were maintained in control medium (Supplementary Figure S2A).

However, cell proliferation was similar between CM, indicating that

CAAs do not have specific effects on cancer cell proliferation.

Because inflammation and dysregulated lipid metabolism can

induce epithelial-to-mesenchymal transition (EMT) in tumors and

RYBINSKA ET AL. 5
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cancer stem cell (CSC) enrichment,30,31 which are associated with

tumor aggressiveness and metastasis,32 we measured the expression

of select genes that are related to lipid metabolism, EMT, and CSC

phenotype. Fatty acid synthase (FASN), the sole mammalian enzyme

that catalyzes de novo fatty acid synthesis, was significantly reduced

in MDA-MB-231 cells that were exposed to CAA CM (Supplementary

Figure S2B); although fatty acid transporter protein 2 (FATP2,

SLC27A2) was not modulated by CM, the intracellular lipid chaperone

fatty acid-binding protein 4 (FABP4), was significantly upregulated

only in BC cells that were exposed to CAA CM (Supplementary

Figure S2B).

MAs and CAAs had similar effects on inducing the EMT pheno-

type in MDA-MB-231 cells, compared with ASC52 MSCs. In MDA-

MB-231 cells that were treated with MA and CAA CM, E-cadherin

(CDH1) expression fell significantly, and SNAIL2 (SNAI2), fibronectin

(FN1), and TGFβ receptor (TGFBR2) were upregulated, compared with

controls (Supplementary Figure S2C). Conversely, only CAAs had a

prominent impact on the CSC-like phenotype in MDA-MB-231 cells,

as evidenced by significantly higher levels of NANOG and OCT4

transcripts versus the other conditions (control, MSC, and MA; Sup-

plementary Figure S2D).

3.3 | Cancer-associated adipocytes influence the
tumor immune microenvironment, inducing neutrophil
recruitment

Because our GEP results showed that tumor-induced changes to

adipocytes were associated primarily with inflammation and immune

cell chemotaxis, we evaluated leukocyte recruitment due to MA and

CAA CM by chemotaxis assay. MA and CAA CM recruited more

leukocytes in general—specifically, granulocytes—than control media

(Supplementary Figure S3A), more so with CAA CM than MA CM

(p = .0395, p = .0379, respectively; Figure 3A,B). Accordingly, in an

analysis of migrating cells by multiparametric flow cytometry

(Figure 3C–G), there was no significant difference in T cells,

B cells, monocytes, or natural killer cells (Figure 3D–G), whereas

neutrophils were more strongly attracted by CAA CM than

F IGURE 1 TNBC cells induce human ASC52 adipocyte dedifferentiation. (A) Representative Oil Red O-stained lipid droplets in human ASC52
adipocytes cultured for 7 days with conditioned media (CM) from MDA-MB-231 cells or RPMI (Control). Scale bar: 50 μm. (B) Adipocyte
triglyceride (TG) content, as measured by Oil Red O staining in adipocytes, treated as described in A. The scatter plot shows the results of
independent experiments. ***p < .001, by paired Student's t-test. (C) Expression levels of common adipocyte genes (PPARG, ADIPOQ, and FABP4)

in adipocytes, treated as described in A, as evaluated by qRT-PCR. B2M was used as a housekeeping gene. Data (mean ± SEM of 4 independent
experiments) are reported as fold-change relative to the expression level in control cells (dotted line). *p < .05, **p < .01 by paired Student's t-test.
(D) Western blot analysis of adipocyte markers (PPARG and adiponectin, ADIPOQ) and fibroblast markers (PDGFRβ and α-SMA) in cells treated
as described in A. Independent experiments for each condition are shown. Vinculin was used as a loading control. (E) α-SMA positive cells in
mature adipocytes (MAs) and MDA-MB-231 modified adipocytes (CAAs), as evaluated by flow cytometry. Data are reported relative to positive
cells in ASC52 mesenchymal cells (MSCs) and presented as the mean ± SEM of 4 independent experiments. *p < .05 by paired Student's t-test
(F) Adipocyte TG content (left axis, first bar), as measured by Oil Red O staining, and expression level of adipocyte genes (right axis, gray gene
symbol) in adipocytes on co-culture with MDA-MB-231 cells. *p < .05, **p < .01 by unpaired Student's t-test (G), Adipocyte TG contents (left axis,
black symbols), as measured by Oil Red O staining, and expression levels of adipocyte genes (right axis, gray symbols) in adipocytes, treated as
described in A with CM from various TNBC cell lines. Each symbol represents a cell line (MDA-MB-231, SUM149PT, MDA-MB-468, BT549,
HCC1937) and is presented as the mean of at least 3 independent experiments. Data are reported relative to control (dotted line, adipocytes
treated with RPMI). *p < .05, **p < .01, ***p < .001 by paired Student's t-test.
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MA CM (p = .0200, Figure 3C and Supplementary Figure S3B,C). CAA

CM contained significantly higher levels of well-known neutrophil che-

motactic factors, such as CXCL5 and IL-8 (CXCL8) than CM from MA

(CXCL5, p = .0579; IL-8, p = .0166) and MSC (CXCL5, p = .0028; IL-8,

p = .0390) (Figure 3H,I). Moreover, the combination of neutralizing

antibodies against IL-8 and CXCL5 significantly impeded the CAA CM-

induced recruitment of leukocytes and granulocytes (p = .0100,

p = .0372, respectively; Figure 3J).

Similar results were obtained in murine 3T3-L1 CAAs that were

induced by murine 4T1 TNBC cells, (Supplementary Figure S4).

CAA CM effected greater splenocyte recruitment than MA CM

(p = .0032, Supplementary Figure S5A), although the greater

recruitment of the myeloid component by CAAs in this model,

especially granulocytes, was accompanied by increased attraction

of T lymphocytes, NKs, and monocytes, compared with MAs

(Supplementary Figure S5B,C). By Bioplex analysis of 3T3-L1 CM,

CAAs released significantly more IL-6, CCL2, CXCL5, and chemo-

kines (CXCL1, CXCL10, CXCL12, and CCL7) versus MAs

(Supplementary Figure S5D), supporting the increased immune cell

recruitment by CAAs.

F IGURE 2 Molecules released by MDA-MB-231 cells induce a specific gene expression profile in ASC52 adipocytes. (A) Principal component
analysis (PCA) score plot, based on the gene expression profile of ASC52 mesenchymal cells (MSC), mature adipocytes cultured in RPMI (MA), or
adipocytes modified by the conditioned medium from MDA-MB-231 cells (CAA). Each dot represents an independent biological replicate.
(B) Volcano plot of log2 fold-change (FC) versus –log10 false discovery rate (FDR), showing transcriptional differences between ASC52 CAA and
MA cells. Vertical blue lines represent the cutoff of a change of 1.5, and the horizontal blue line denotes the 0.1-FDR cut-off. Upregulated and

downregulated genes are highlighted in red and green, respectively. (C) Enrichment map showing significantly enriched GO terms (Gene Ontology
Biological Processes, FDR < .1) related to differences in the transcriptomes of ASC52 CAA and MA cells. Hypergeometric tests of GO terms were
performed using GSEA. The color of the node shows positive (red) and negative (blue) enrichment of GO terms in CAA cells. Circles show
summarized GO term clusters, based on Auto Annotate. Enrichment maps were created using the Cytoscape Enrichment Map plugin. (D and E)
GO terms (Gene Ontology Biological Processes) significantly (FDR < .1) overrepresented in upregulated (red) and downregulated (green) (FDR < .1)
genes that were shared between the comparisons CAA versus MA and CAA versus MSC (typical CAA genes, n = 543) (D) and those shared
between the comparisons MSC versus MA and MA versus CAA, with the opposite expression (E). (F) GSEA enrichment plots of the ASC52 CAA
gene set, consisting of genes typical of CAA (FC >2, FDR <0.1, n = 95) in tumor-adjacent AT compared with matched tumor-distant AT, from
patients with BC. NES, normalized enrichment score.
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3.4 | SAA1 is the tumor-derived molecule that
regulates adipocyte reprogramming in TNBC cells

To identify the molecules that mediate tumor-driven adipocyte repro-

gramming, we first examined the biochemistry and secretory mecha-

nisms of BC-derived molecules that induce adipocyte dedifferentiation.

By performing vesicle depletion (Supplementary Figure S6A,D), protein

denaturation, lipid depletion (Supplementary Figure S6B,E), and size

fractionation (Supplementary Figure S6C) in CM, we found that the rel-

evant molecules were free proteins and or lipids with a molecular

weight between 10 and 50 kDa.

By liquid chromatography (LC)-tandem mass spectrometry

(MS/MS) of a 10–20-kDa band that differentiated the proteinograms

of MDA-MB-231 and MDA-MB-361 cells (Supplementary Figure S6F),

the latter of which were unable to induce adipocyte dedifferentiation

(Supplementary Figure S6G), we identified SAA1 (22% sequence cover-

age, 1 peptide), cystatin S (75.18% sequence coverage, 4 peptides),

cystatin C (57.53% sequence coverage, 10 peptides), cystatin SN

(65.96% sequence coverage, 7 peptides), and S100A6 (28.07%

sequence coverage, 3 unique peptides). By western blot of these mole-

cules, SAA1 was the only molecule that exclusive to MDA-MB-231 CM

(Supplementary Figure S6H), and its release from MDA-MB-231 cells

was confirmed by ELISA analysis (Figure 4A). Among the CM of several

BC, SAA1 was present only in CM from TNBC cell lines (MDA-MB-

231, SUM159PT, SUM149PT, MDA-MB-468, BT-549) versus other

BC cells (T47D, MCF7, MDA-MB-361, BT-474, ZR-75-30, HCC1954,

SK-BR-3, Figure 4A), implicating SAA1 as a leading causative factor in

TNBC cell-adipocyte crosstalk.

Notably, indirect co-culture of MDA-MB-231 cells with adipocytes

or MA and CAA CM significantly increased tumoral SAA1 expression

(Supplementary Figure S7A,B). This upregulation was independent of

SAA1 basal expression in tumor cells, because treatment of SUM149PT

cells with MA and CAA CM induced a 3-fold increase in SAA1 expres-

sion, as in MDA-MB-231 cells (Supplementary Figure S7C).

To determine the direct involvement of TNBC-released SAA1 dur-

ing adipocyte reprogramming, siRNA-mediated knockdown of SAA1

was performed in MDA-MB-231 and SUM149PT TNBC cells using

2 independent siRNAs. Adipocytes that were treated with CM from

SAA1-1 knockdown cells, which released significantly less SAA1 than

control cells (Figure 4B,C) had significantly a higher triglyceride content

(Figure 4E,F) and did not undergo the morphological transition to

fibroblast-like spindle cells, as observed in adipocytes that were treated

with control CM (derived from cells that had been transfected with

scramble siRNA, Figure 4D). Accordingly, compared with the control,

cells that were grown with CM from SAA1-silenced tumor cells upregu-

lated the differentiation markers PPARG, ADIPOQ, FABP4 and CD36

(Figure 4G,H). In addition, the expression of inflammatory genes

decreased significantly, such as IL6 and P2X7R, (Figure 4G,H), which

were among the most significantly upmodulated genes in CAAs versus

MAs (FDR <0.0001). The 2 SAA1-specific siRNAs significantly reduced

SAA1 levels in MDA-MB-468 cells, which released significantly lower

basal levels of SAA1 than other 2 TNBC cell lines that we analyzed

F IGURE 3 ASC52 cancer-associated adipocytes recruit neutrophils. (A-B) Percentage of leukocytes (A) and granulocytes (B) that migrated
toward CM derived from ASC52 mesenchymal cells (MSC), mature adipocytes (MA), and tumor-modified adipocytes (CAA), during a 6 h migration
assay. Results are reported as the percentage of total leukocytes seeded in the Boyden chamber. Each dot represents the mean of 2 technical
replicates of independent experiments. (C-G) Number of migrated neutrophils (CD3�CD15+CD14�CD16+, C), T cells (CD3+, D), B cells
(CD3�CD19+, E), monocytes (CD3�CD14+, F) and NK cells (CD3�CD16+CD56+, G), as evaluated by flow cytometry. Data are presented as the
mean ± SEM of 3 independent experiments. (H–I) ELISA-based quantification of CXCL5 (H) and IL-8 (I) in ASC52 MSC, MA, and CAA CM. #p < .1,
*p < .05, **p < .01 by paired Student's t-test. (J) Leukocytes and granulocytes that migrated toward CAA CM in the presence or absence of
antibodies against IL-8 and CXCL5, in a 6 h migration assay. Data are reported relative to cells that migrated toward MA CM (dotted line) and are
presented as the mean ± SD of 3 independent experiments. *p < .05, **p < .01 by unpaired Student's t-test.

8 RYBINSKA ET AL.

 10970215, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34859 by C

ochraneItalia, W
iley O

nline L
ibrary on [30/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Figure 4A), but no consistent effect in inhibiting CM-induced adipocyte

modifications was observed (data not shown), supporting a dose-

dependent effect on SAA1-mediated induction of CAAs.

3.5 | The CD36 and P2X7R receptors, NF-κβ, and
JNK are involved in SAA1-mediated adipocyte
reprogramming

To determine the pathways that are modulated during SAA1-

dependent induction of adipocyte reprogramming, we administered

inhibitors of SAA1 receptors (P2X7R, CD36, TLRs).33–35 PPARG

reduction in adipocytes that was induced by MDA-MB-231 CM or

human recombinant SAA1 was reverted by a P2X7R inhibitor and by

hexarelin (Figure 5A,B), which binds to CD36 in the SAA1-binding site

(Asn132-Met169) and inhibits CD36-dependent SAA1 activity in

HEK293 cells and macrophages.35 On the contrary, the CD36 inhibi-

tor SSO and TLR2- and TLR4-blocking antibodies did not impact the

reduction in PPARG in CAAs (Supplementary Figure S8A and

Figure 5A,B, respectively). To examine downstream events, we ana-

lyzed the phosphorylation of signal transducers of the P2X7R and

CD36 receptors in MAs and in adipocytes on treatment with CM that

was derived from SAA1-silenced and control MDA-MB-231 cells by

western blot (Figure 5C and Supplementary Figure S8B). Although we

F IGURE 4 SAA1 is causally involved in adipocyte reprogramming in TNBC cells. (A) SAA1 contents in CM derived from TNBC and other BC
cell lines (T47D, MCF7, MDA-MB-361, BT-474, ZR-75-30, HCC1954, SK-BR-3). SAA1 was detectable only in TNBC. (B and C) SAA1 content in
CM of MDA-MB-231 (B) and SUM149PT (C) cells treated with 2 SAA1 siRNAs (siSAA1-1, siSAA1-2) compared with those treated with scramble
siRNA (scr). (D) Representative image of ASC52 adipocytes treated with CM from siSAA1-1-treated or scramble siRNA (scr)-treated MDA-MB-
231 cells. Scale bars: 50 μm. (E–H) Adipocyte triglyceride (TG) content, as measured by Oil Red O staining, and relative expression of adipocyte

and inflammatory genes, as analyzed by qRT-PCR (G and H) in ASC52 adipocytes treated for 7 days with CM from siSAA1-1-treated or scramble
siRNA (scr)-treated MDA-MB-231 (E and G) and SUM149PT (F and H) cells. B2M was used as a housekeeping gene. All data are presented as the
mean ± SD and are representative of 3 independent experiments. #p < .1, *p < .05, **p < .01, by unpaired Student's t-test.
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F IGURE 5 CD36 and P2XR7 receptors are involved in SAA1-mediated adipocyte reprogramming. (A and B) Relative PPARG expression levels
in ASC52 adipocytes cultured with MDA-MB-231 CM (A) or recombinant human SAA1 (B) and treated or not with inhibitors of SAA1 receptors
compared with control (adipocytes cultured with RPMI, dotted line). B2M was used as a housekeeping gene. Data are presented as the mean
± SD and are representative of 3 independent experiments. **p < .01, ***p < .001, by unpaired Student's t-test. (C) Western blot analysis of
ASC52 adipocytes cultured for 48 h with control medium (RPMI, MA) or CM from MDA-MB-231 cells upon transfection with SAA1 siRNA
(siSAA1) or scramble siRNA (scr). Vinculin was used as a loading control. Data are representative of 4 independent experiments. Densitometric
quantification of the phospho-proteins versus vinculin is shown on the right. Data are presented as the mean ± SEM of 4 independent
experiments. #p < .1, *p < .05, **p < .01, by paired Student's t-test. (D and E) Relative PPARG expression levels in ASC52 adipocytes cultured with
MDA-MB-231 CM (D) or recombinant human SAA1 (E) and treated or not with inhibitors of SAA1 receptor downstream signals compared with
controls (adipocytes cultured with control RPMI, dotted line). B2M was used as a housekeeping gene. Data are presented as the mean ± SD and
are representative of 3 independent experiments. #p < .1, *p < .05, **p < .01 ***p < .001, by unpaired Student's t-test. (F) Western blot analysis of
ASC52 adipocytes cultured for 48 h with control medium (RPMI, MA) or MDA-MB-231 CM in the presence or absence (NT) of hexarelin (Hexa)
or KN62. Vinculin was used as a loading control. Data are representative of 4 independent experiments. Densitometric quantification of the
phospho-proteins versus vinculin is shown on the right. Data are presented as the mean ± SEM of 4 independent experiments. #p < .1, *p < .05,
by paired Student's t-test.
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observed a significant increase in the total amount of phospho-NF-κβ,

-JNK and -AKT in adipocytes during reprogramming versus MAs, only

NF-κβ and JNK phosphorylation were significantly lower in adipocytes

that had been cultured with CM from SAA1-silenced tumor cells com-

pared with control (Figure 5C). Of note, a SAA1-dependent increase

in the phosphorylated protein levels, compared to the total protein

amount, was observed in the NF-κβ pathway (trend p-value), along

with a noticeable trend in the JNK pathway (Supplementary

Figure S8B). Accordingly, the NF-κβ inhibitors PDTC and

BAY11-7082 and the JNK inhibitor SP600125 significantly blocked

the reduction in PPARG expression that was induced by MDA-MB-

231 CM or recombinant SAA1 (Figure 5D,E). Similar results were

obtained with the MyD88 inhibitor T616792, which acts as a P2X7R

adaptor protein in NF-κβ activation,36 whereas the ERK1/2 inhibitor

UO126 did not affect PPARG expression in adipocytes.

NF-κβ and JNK phosphorylation were inhibited in adipocytes on

culture with MDA-MB-231 CM in the presence of hexarelin or the

P2X7R inhibitor KN62 (Figure 5F and Supplementary Figure S8C),

F IGURE 6 SAA1 expression is associated with aggressive features in human TNBCs. (A) Gene Set Enrichment Analysis of significantly
enriched co-expression modules among tumors with high and low SAA1 mRNA expression. NES, normalized enrichment score. The size and color
of the circle represent the normalized enrichment score (NES). (B) Over-representation analysis of significant modules using gene sets from the
Cancer hallmarks and Gene Ontology terms from the Msigdb database. Bar graph shows the log 10-adjusted p-value of the enrichment between

genes in modules and gene sets from the Reactome Pathway database. The pathways were ordered by significance as indicated on the x-axis.
(C) Frequency of CAA class (high, medium, low), as evaluated by ssGSEA in each SAA1 tumor group (high, medium, low). Negative ssGSEA values
were considered as not-being enriched. p-value by chi-square test. (D) ssGSEA CAA score in TNBCs according to SAA1 expression (high, medium,
low). ***p < .001 by t-test. (E) Bubble plot shows the comparison of significant differentially enriched (adjusted BH p-value <.1) infiltrating
immune cells in each SAA1 tumor group (high, medium, and low), computed by CIBERSORTx, Xcell or ssGSEA of public signatures. Bubble size
represents tumor purity-adjusted immune scores, whereas color denotes the probability value. Outer circle indicates whether the immune term is
downmodulated (gold) or upregulated (blue) against SAA1-high tumors.
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confirming the relevance of these signals in SAA1-mediated adipocyte

reprogramming. These pharmacological and genetic studies support

the involvement of P2XR7, CD36, JNK, and NF-κβ in the

SAA1-mediated adipocyte reprogramming.

3.6 | SAA1 is associated with aggressiveness
in TNBC

To examine the clinical impact of SAA1-dependent tumor-adipocyte

interaction, a cohort of 1311 TNBCs was analyzed by SAA1 expression.

Co-Expression Molecules identification Tool (CEMiTool) identified

6 coexpression modules (Supplementary Table S3), of which modules

M1, M2, M3, and M6 were significantly and differentially enriched in

tumors that overexpressed SAA1 (SAA1-high) versus SAA1-low tumors

(Figure 6A and Supplementary Table S3). Modules M2 and M3 were

positively enriched, whereas M1 and M6 were negatively enriched in

SAA1-high tumors. Similar to our in vitro results, module M2 contained

genes that were related to inflammation, chemotaxis, lipid efflux, and

lipolysis, and M3 harbored genes that are involved in EMT and inflam-

mation (Figure 6B and Supplementary Table S3). SAA1-high tumors

also downmodulated differentiation pathways of stem and mesenchy-

mal cells, which were enriched in M1 (Figure 6B and Supplementary

Table S3). Notably, SAA1 was identified as a relevant hub of module

M2 with genes that are linked to inflammation, angiogenesis, cell cycle

progression, and lipid metabolism (Supplementary Figure S9).

Consistent with our in vitro data on the relevance of SAA1 to adi-

pocyte reprogramming, CAA scores, which are based on the expres-

sion of 22 genes that were upmodulated in tumor-adjacent versus

tumor-distant AT (see Section 2.9), were higher in SAA1-high than

SAA1-low tumors (Figure 6C,D). Further, in support of the CAA induc-

tion of tumor stem-like properties and immune cell chemotaxis, SAA1

mRNA expression was significantly upregulated in TNBCs that have

been categorized as mesenchymal stem-like (MSL) per the Lehmann

classification2 compared with other subtypes (Supplementary

Figure S10A). In addition, SAA1-high tumors had lower differentiation

scores,27 which closely resembles the differentiation dynamics of

mammary epithelial stem cells, than SAA1-low tumors (Supplementary

Figure S10B). SAA1-high tumors experienced significantly greater

infiltration by neutrophils, monocytes, and dendritic cells and less infil-

tration by CD4 and gamma delta T-cells than SAA1-medium and

SAA1-low tumors (Figure 6E and Supplementary Table S4).

Overall, these data demonstrated that high SAA1 mRNA expres-

sion in human TNBCs correlates with the presence of CAAs and

aggressive features that we have shown to be regulated by CAAs in

TNBC cells in vitro, supporting the importance of tumor-released

SAA1 in mediating tumor-adipocyte crosstalk.

4 | DISCUSSION

When human BC cells break through the basal membrane, they

remain in close contact with adipocytes. Thus, the intimate crosstalk

between these 2 cell types, which has been described in vitro and in

vivo,8,11 is likely to be relevant to cancer progression. In the current

study, we identified a tumor-derived molecule, SAA1, as the molecular

crux of the crosstalk between TNBCs and human adipocytes.

ASC52 adipocytes had a unique gene expression profile that was

driven by cancer cells and detectable in patient-derived tumor-

adjacent AT compared with tumor-distant AT, indicating that the

in vitro cellular model that we used resembles human adipose tissue.

The CAA-unique features were related primarily to inflammation, as

several CAA-specific genes belong to the inflammatory response pro-

cess and several DEGs in the comparison between CAAs and MAs are

target genes of proinflammatory molecules (TNF, ATF4, IL6, IFNG,

IL1B and NF-κβ; Supplementary Table S5).

CAA-related inflammation is likely to be amplified by neutrophils,

which are highly recruited by CAAs through the production of CXCL5

and IL-8, as we demonstrated in vitro. Neutrophil recruitment appears

to be the primary event in the initiation of the inflammatory cascade

in adipose tissue during metabolic disorders37 and mediates the devel-

opment of AT inflammation.38 In addition, neutrophils have potential

relevance to tumor progression, because emerging evidence suggests

that neutrophils are active factors in cancer progression39 and in the

suppression of the antitumor immune response.40 Thus, it is conceiv-

able that tumor-adipocyte crosstalk modifies the inflammatory status

of the tumor microenvironment, inducing tumor progression. In sup-

port of this model, SAA1-overexpressing TNBCs experienced greater

infiltration by neutrophils and other pro-tumor immune cells than

SAA1-low tumors.

In conjunction with the unique inflammatory state of CAAs, we

speculate that the metabolic phenotype of CAAs that was predicted

by our gene expression analysis (i.e., increased glutamine release and

amino acid biosynthesis and release) is relevant in the malicious cross-

talk with tumor cells. Glutamine provides a survival advantage to

TNBC cells that are dependent on extracellular glutamine41 and amino

acids potentiate cancer cell invasiveness and stemness.42 Moreover,

lipids that are released by adipocytes during dedifferentiation can be

scavenged by cancer cells, as demonstrated in breast, prostate and

ovarian cancer,43–45 sustaining cancer progression.46,47 This metabolic

crosstalk between BC cells and adipocytes is supported by the upmo-

dulation of the lipid chaperone FABP4 and the downregulation of

fatty acid synthase we observed in MDA-MB-231 cells on culture

with CAA CM. Notably, chaperone expression was recently demon-

strated to be critical for TNBC and ovarian cancer metastasis.48–50

Our findings provide evidence for the existence of heterogeneity in

the crosstalk between BC cells and adipocytes. This conclusion is

drawn from the described increase in molecules associated with lipid

internalization in TNBC cells (e.g., MDA-MB-468), when subjected to

indirect co-culture with mature adipocytes through the use of CM,45

with this induction being unique to CAAs in our study in the case of

MDA-MB-231 cells.

We identified SAA1, a small apolipoprotein, as an important mole-

cule that is released by TNBC cells, to reprogram adipocytes. SAA1

has various functions, and was recently proposed as a cancer bio-

marker, based on its high expression in the blood of cancer patients

12 RYBINSKA ET AL.
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and its expression in cancer tissues.21 However, its direct involvement

in cancer biology is just emerging,16–18,20,51 and our data contribute

to our knowledge of its function in cancer progression, primarily as

modulator of the tumor microenvironment. The high heterogeneity of

SAA1 expression we observed in human TNBCs and its positive asso-

ciation with CAA score other than the features that are regulated by

CAAs in vitro (i.e., CSC properties, FA uptake, inflammation and

immune cell recruitment) suggests that the heterogeneity of TNBC

disease2,3 also applies to adipocyte reprogramming. Thus, tumor cells

that express high levels of SAA1 are more likely to interact with and

subvert cells in the tumor microenvironment to progress.

SAA1 was released exclusively by TNBC cells, as observed in

patients,18 indicating that the mechanisms of CAA induction differ

between BC subtypes. Several molecules might be necessary to

trigger this process, and each BC subtype might express a specific

molecule that converges on the same signaling pathway toward adi-

pocyte reprogramming. The identification of candidate tumor-derived

molecules, such as TNFα, Wnt3a, and Wnt5a in regulating adipocyte

dedifferentiation,12 supports this model. Even among TNBC cells, the

SAA1-mediated changes to adipocytes are relevant only in highly

expressing cells. Interestingly, SAA1 expression in tumor cells was

boosted both by CAAs, as described in pancreatic tumors,52 but also

by MA CM, speculating that host adipocytes may start their crosstalk

with tumor cells.

In addition, because we found that SAA1 silencing in tumor cells

modulates adipocyte dedifferentiation, delipidation and inflamma-

tion, it is likely that these characteristics are interconnected in the

process of adipocyte reprogramming and are not independent prop-

erties that are influenced by different molecules. The activity of

P2X7R and CD36 receptors in modulating the inflammatory

response and the lipid metabolism in various cell lines and in adipo-

cytes from patients with metabolic disorders35,53,54 supports this

hypothesis.

The activity of tumor-derived SAA1 engages the P2X7R and

CD36 receptors on adipocytes and the downstream molecules

NF-κβ and JNK. Indeed, within TNBC CM, the presence of SAA1 sig-

nificantly increased the phosphorylation levels of these molecules,

triggering an amplification of these pathways, possibly driven by an

increase in both transcription/translation and phosphorylation

processes. Interestingly, SSO, a compound commonly used to inhibit

CD36-dependent FA uptake by binding to the CD36 lysine

164 residue,55 unlike hexarelin, did not block adipocyte reprogram-

ming induced by TNBC cells. These results suggest that SSO may

not inhibit the binding of SAA1 to CD36, warranting further investi-

gation to elucidate the precise mechanisms at play in this context. In

addition, our data exclude the involvement of TLR receptors because

the TLR-related effects that are induced by recombinant SAA1 likely

depend on bacterial contaminants.56

Our study has limitations. First, our data are based on results

that were obtained with ASC52 cells, which serve as a model of

human adipocytes, but might not fully mimic the heterogeneity

and phenotype of primary adipocytes. Thus, the relevance of SAA1

and its effects on adipocytes warrant validation in other models.

Furthermore, the use of tumor medium conditioned for 72 h, which

may be devoid of essential growth factors, in the majority of our

experiments, although it does not preclude us from assessing the rele-

vance of SAA1 in the interaction between TNBC cells and adipocytes,

might have influenced our results. Moreover, further research is

required to confirm the molecular mechanisms involved in adipocyte

reprogramming and the direct roles of CD36 and P2X7R receptors

and downstream signals in the communication between tumor cells

and adipocytes.

In conclusion, adipocyte reprogramming is controlled by SAA1 in

TNBC cells. Although the direct regulation of protumoral features by

SAA1 in tumor cells cannot be excluded,18,20 our data strongly sup-

port that they are governed by SAA1-mediated crosstalk between

tumor cells and adipocytes.
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