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ABSTRACT

Tumor progression depends on the tumor-stroma interaction. In the breast, 
adipose tissue is the predominant stromal type. We have previously demonstrated 
that conditioned media (CMs) from explants of human adipose tissue of tumor breasts 
(hATT) increase proliferation and migration of breast cancer epithelial cells when 
compared to human adipose tissue from normal breasts (hATN). In this work, we aim 
to identify specific proteins and molecular/biological pathways associated with the 
secretion profile of hATT and hATN explants.

hATT-CMs and hATN-CMs were separated by SDS-PAGE and analyzed by means 
of two-dimensional nano-liquid chromatography-mass spectrometry. The data was 
analyzed using ProteoIQ and FunRich software. In addition, 42 cytokines from hATT-
CMs and hATN-CMs were assayed by a protein antibody assay. Compared to hATN-
CMs, hATT-CMs showed greater protein diversity. We found that hATT-CMs presented 
a greater amount of proteins related to complement system activity, metabolism and 
immune system, as well as proteins involved in a variety of biological processes such 
as signal transduction and cell communication. Specifically, apolipoprotein AI and AII, 
complement component 3, and vimentin and desmin were significantly increased in 
hATT-CMs versus hATN-CMs. Moreover, a multivariate discriminant analysis of the 
cytokines detected by the array showed that IL-6, MCP-2 and GRO cytokines were 
sufficient and necessary to differentiate hATT-CMs from hATN-CMs. This analysis also 
showed that the levels of these three cytokines, taken together, correlated with stage 
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and histological grade of the tumor in the hATT-CMs group, and with body mass index 
in the hATN-CMs group.

INTRODUCTION

An essential information exchange is established 
between epithelial tissue and fibroblastic/adipose 
stroma during normal morphogenesis and functionality 
of the breast, as well as in cancer development. 
A deep understanding of this epithelial-stromal 
interaction could help to unravel new pathways and 
processes involved in tumor progression. Tumor 
microenvironment is one of the emerging topics of 
interest among oncology researchers [1–5]. Interactions 
of tumor cells with fibroblasts, immune cells and 
endothelial cells have been subject of extensive studies 
in different types of cancer, including breast, prostate 
and melanoma [6–9]. However, adipocytes and adipose 
tissue have recently started to gain attention as a key 
component of the tumor stroma [10–13]. Adipose tissue 
is a bioactive endocrine organ that secretes soluble 
factors and contributes significantly to the composition 
of the extracellular matrix (ECM). Adipocytes can 
influence tumor progression through the secretion of 
lipids, adipokines, cytokines and hormone conversion 
mediated by aromatases [14–16]. We have recently 
shown that conditioned media (CMs) from explants 
of human adipose tissue from tumor breasts (hATT) 
increase the proliferation and migration of breast cancer 
epithelial cell lines, as opposed to CMs from explants 
of adipose tissue from normal breasts (hATN) [17]. 
We also demonstrated that adipocytes from the tumor 
microenvironment show a less differentiated state 
than adipocytes from a normal microenvironment. 
This would indicate a loss of normal functions of 
adipocytes (such as energy storage), and the acquisition 
of others that might favor tumor growth [18]. Some 
groups have studied the secretome from tumor breast 
adipose tissue and interstitial fluid from fresh adipose 
tissue from cancer patients [19, 20]. However, in both 
cases, the breast adipose tissue was only from a tumor 
microenvironment origin. The comparison if this 
secretome with one from breast adipose tissue of healthy 
women remains pending. In the present work, we aim to 
characterize proteins and molecular/biological processes 
and pathways associated with differences between CMs 
of human adipose tissue from normal (hATN) and tumor 
(hATT) breasts. We performed, to our knowledge, 
the first proteomic analysis which compares breast 
adipose tissue from healthy women with that of a tumor 
microenvironment from cancer patients.

The identification of factors that are differentially 
secreted by normal and tumor breast adipose tissue, and 
the study of their possible involvement in the regulation 
of tumor progression, might help develop new strategies 
to prevent/detect and/or treat breast cancer.

RESULTS

hATT-CMs have greater protein diversity than 
hATN-CMs

To begin with the identification and characterization 
of the different set of proteins present in the CMs, we 
separated the proteins of hATT-CMs and hATN-CMs in 
large polyacrylamide gels. In these gels, we observed that 
hATT-CMs present a greater number of bands compared 
to hATN-CMs (Figure 1A), indicating a greater protein 
diversity. Furthermore, aliquots from the same CMs 
were analyzed by means of two-dimensional nano-liquid 
chromatography-mass spectrometry (2D-nanoLC-MS/MS) 
with the aim of identifying specific proteins. The in silico 
analysis of the data was performed with ProteoIQ and 
FunRich software. Interestingly, the analysis confirmed 
that hATT-CMs present higher protein diversity than 
hATN-CMs and also revealed that only 22.7% of the 
proteins detected in hATT-CMs are common with hATN-
CMs (Figure 1B). In addition, the results showed that 
97.5% in hATT-CMs and 100% in hATN-CMs of the total 
proteins identified are normally found in plasma, which 
confirms that the CMs are mostly composed of secreted 
or extracellular factors (the full set of proteins detected 
are listed in Supplementary Table 1 for hATT-CMs and 
Supplementary Table 2 for hATN-CMs).

Biological processes and pathways associated 
with differences between hATT-CMs and hATN-
CMs

An overall analysis of the processes and pathways 
represented in the different CMs showed that proteins 
in both, hATN-CMs and hATT-CMs, were assigned 
to processes such as cell growth and/or maintenance, 
metabolism, cell communication, transport and signal 
transduction (data not show). Furthermore, a comparison 
between the processes represented in the hATT-CMs 
versus the hATN-CMs revealed that hATT-CMs 
expressed more proteins related to immune response, 
peptide and aldehyde metabolism and cell communication 
(Figure 2A). In addition, we found that hATT-CMs 
were enriched in proteins related to complement system 
activity, metabolism, membrane trafficking and epithelial-
to-mesenchymal transition, among others. On the other 
hand, hATT-CMs had lesser amount of proteins related to 
mesenchymal-to-epithelial transition and white adipocyte 
differentiation pathways (Figure 2B).

Furthermore, several different proteins were found 
overrepresented in hATT-CMs versus hATN-CMs. Among 
these, a set of apolipoproteins, which are proteins involved 
in lipid transport and metabolism, were overexpressed 
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in hATT-CMs compared to hATN-CMs (Figure 2C). 
Particularly, we found overexpressed apolipoprotein AI 
and AII (20-fold and 13.5-fold change) which are involved 
in lipid metabolic processes and apolipoprotein D (1.5-
fold change), marker for senescent cells. In addition, 
hATT-CMs were also enriched in complement component 
3 (C3) (20-fold change), involved in the activation of the 
complement system, and in vimentin and desmin (8.5-fold 
and 6.5 fold change), which are mesenchymal cell proteins 
related to an invasive breast cancer phenotype.

Therefore, we confirm that the adipose tissue 
surrounding the tumor would stimulate tumor progression 
by secreting pro-tumorigenic factors.

IL-6, GRO and MCP-2 are necessary and 
sufficient to differentiate hATT-CMs from 
hATN-CMs

To complete the proteomics analysis, we used an 
antibody array to test 6 hATT-CMs and 5 hATN-CMs 

against 42 specific cytokines. We found that IL-6, IL-
8, MCP-1 (CCL2), GRO (alpha, beta and/or gamma) 
and angiogenin presented the higher levels from the 42 
cytokines evaluated both in hATT-CMs and hATN-CMs 
(Figure 3A and Supplementary Figure 1). MCP-2 (CCL8), 
and RANTES (CCL5) were also found in at least one of the 
CMs. The univariate analysis for each of these cytokines 
showed that IL-6 tended to be increased in hATT-CMs 
versus hATN-CMs. Interestingly, the opposite was found 
with MCP-1 and MCP-2, which showed a tendency to be 
decreased in the hATT-CMs when compared to the hATN-
CMs (Figure 3B). We did not find a significant difference 
between these cytokines, however this could be due to the 
small number of samples tested and because of the number 
of variables that are being tested at the same time. Taken 
this into consideration, we next tested the relevance of these 
cytokines by evaluating if some of them could be sufficient 
to differentiate the group of hATT-CMs from hATN-CMs. 
For this, we performed a multivariate discriminant analysis 
starting with the 7 cytokines listed above. The multivariate 

Figure 1: Comparison of protein composition and diversity of hATT-CMs and hATN-CMs. (A) Proteins present in 100 μl 
of hATT-CM (n=7) and hATN-CMs (n=3) were separated in a SDS-polyacrylamide gel dyed with Coommassie Brilliant Blue. hATT-CMs: 
samples 2, 9, 8, 7, 5*, 11 and 10 (Sample 5* was excluded from further analysis because it belongs to a male breast cancer patient). hATN-
CMs: samples I, F and O. CTL: control-CM. MK: molecular weight markers. (B) Aliquots of 30 μg of the same CMs were analyzed by 
2D-nanoLC-MS/MS. Venn diagram showing unique and common proteins between hATN-CMs (n=3) and hATT-CMs (n=3).
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analysis showed that IL6, GRO (alpha, beta and/or gamma) 
and MCP-2 were necessary and sufficient to differentiate 
hATT-CMs from hATN-CMs (Figure 3C). Surprisingly, we 
found that the score assigned to each CM, which comprises 
the levels of these cytokines taken together, significantly 
correlated with tumor stage and histological grade (HG) of 
hATT-CMs (Table 1) and with body mass index (BMI) of 
hATN-CMs (Table 2) (p<0.05).

DISCUSSION

Epithelial-stromal interactions mediate the 
development and progression of breast cancer. Adipocytes 
are the predominant stromal cell type in breast tissue. We 
have recently demonstrated that breast adipose tissue from 
a tumor microenvironment, through the release of soluble 
factors, can influence the behavior of breast cancer cells 

Figure 2: Analysis of biological processes/pathways present in the secretome of hATN and hATT. Relative expression 
difference in specific proteins. In silico analysis of data from 2D-nano-LC-MS/MS of hATN-CMs (n=3) and hATT-CMs (n=3). (A) Column 
chart representing fold change in biological processes present in hATT-CMs relative to hATN-CMs. (B) Bar chart representing fold change 
in biological pathways present in hATT-CMs relative to hATN-CMs. (C) Proteins in hATT-CMs (n=3) and hATN-CMs (n=3) were identified 
by 2D-nano-LC-MS/MS and relative changes in the presence of the identified proteins were analyzed. Dot blot represents relative changes 
of each protein (Protein ID) in hATT-CMs compared to hATN-CMs. Key proteins are marked.
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Figure 3: IL-6, MCP-2 and GRO as key cytokines that differentiate the secretome of hATT from hATN. hATT-CMs 
(n=6) and hATN-CMs (n=5) were assessed against a 42 Cytokines Antibody Array. (A) Representative images of a membrane incubated 
with 1mL of hATN-CM or hATT-CM. Rectangles mark relevant cytokines. (B) Univariate analysis comparing the levels of IL-6, IL-8, 
MCP-1, MCP-2, GRO, angiogenin and RANTES from the array between hATN-CMs and hATT-CMs. Scatter plot shows mean ± SEM. 
a.u.: arbitrary units. Even though no significant difference was found, a tendency was seen in IL-6, MCP-1 and MCP-2. (C) A Multivariate 
Discriminant Analysis of the cytokines from (B)showed that IL-6, MCP-2 and GRO were sufficient and necessary to differentiate hATT-
CMs from hATN-CMs. Score: score assigned to each CM from the discriminant analysis. A more positive score represents higher levels of 
MCP-2 and GRO and lower levels of IL-6.

[17, 18]. The present work aims to further characterize this 
bidirectional communication by identifying and comparing 
the secretome of human adipose tissue explants from 
normal (hATN) and tumor (hATT) breasts. Therefore, we 
performed, to our knowledge, the first proteomic analysis 
comparing human adipose tissue from normal and tumor 
breasts.

Nowadays, large-scale proteomics techniques allow 
identifying and comparing the protein composition of 
extremely complex protein samples. Therefore, in order 
to analyze and compare secretion profiles from hATT and 
hATN, we performed a proteomics study of hATT-CMs 
and hATN-CMs. On the one hand, we found that almost 
all proteins detected in hATT-CMs and hATN-CMs are 
intrinsic to plasma/serum. Thus, these proteins can be 
normally found as extracellular components.

In addition, we found that hATT-CMs present 
an increased protein diversity compared to hATN-

CMs. This result was obtained by protein separation in 
polyacrylamide gels and 2D-nanoLC-MS/MS analysis 
(Figure 1A). Furthermore, hATN-CMs samples showed a 
very similar secretion profile between them, while hATT-
CMs samples showed higher diversity. This result agrees 
with what we found when employing the CMs in different 
functional assays, as shown in our previous work [18].

Furthermore, the comparison of the proteomic 
profiles between hATT-CMs and hATN-CMs showed that 
some biological processes and pathways are increased in 
hATT-CMs compared to hATN-CMs (such as immune 
response and several metabolic pathways, Figure 2A-
2B). C3 from the complement system was one of the 
proteins detected involved in the immune response 
[21], and its activation is associated with an increase in 
local inflammation. Several works have found a relation 
between local inflammation and the presence of a tumor 
[22, 23]. In fact, inflammation of tumor microenvironment 
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has been shown to induce a “reactive” tumor stroma, were 
events like proliferation, invasion and metastasis are 
stimulated [24].

We also found that hATT-CMs present increased 
levels of several proteins involved in lipid metabolism 
and transport such as apolipoproteins AI and AII (Figure 
2C). All apolipoproteins can transport lipids, including 
fatty acids (FAs) [25]. In fact, there is evidence that in this 
way adipocytes may release triglycerides and FAs, that are 
then taken as energy source by nearby tumor cells [26, 
27]. Furthermore, Wang et al., using an in vitro co-culture 
system, recently demonstrated that a metabolic symbiosis 
occurs between adipocytes and breast cancer tumor cells 
[12]. Our present results are therefore in accordance with 
previous works, suggesting that adipose tissue from tumor 
microenvironment could be “feeding” tumor cells through 
the release of lipids.

In addition, the comparative analysis of the data 
obtained from 2D-nanoLC-MS/MS showed increased 
levels of vimentin and desmin in hATT-CMs compared 
to hATN-CMs (Figure 2C). These two proteins are part 

of the intermediate filaments of the cytoskeleton and 
are also markers for mesenchymal cells [28]. Vimentin 
overexpression has been found in several cancer cells, 
including breast cancer, and this overexpression has 
been associated to an increase in cell invasion and 
tumor growth [29]. Although the role of vimentin as an 
extracellular component is not yet clear, it has been found 
to be a component of adipose tissue secretome in several 
works [20, 30]. Furthermore, some groups have found 
that vimentin can be secreted [31, 32]. On the other hand, 
desmin has been found to be present in human plasma 
[33], though no specific cell type has been reported to be 
responsible for its secretion. However, increased levels 
of desmin in tumor stroma have been related to advanced 
stages of colorectal cancer [34]. Nevertheless, there could 
be an alternative explanation for the presence of classic 
cytoskeleton proteins in the CMs. We hypothesize that 
hATT-CMs could have increased levels of exosomes, 
which are cell-derived extracellular vesicles that play an 
important role in cell-cell communication [35]. They can 
transfer genetic material, proteins and lipids from one cell 

Table 2: Correlation of hATN-CMs score with body mass index

hATN-CM Score BMI

“AE” 3.16 21.08

“AD” 2.8 22.31

“AG” 1.23 24.46

“AF” 0.63 25.39

“X” 0.43 29.3

Score in the canonical axis of each hATN-CM from the discriminant analysis (Figure 3C) correlated with body mass index 
(BMI). Nonparametric Spearman correlation test was performed between score and BMI. Correlation was significant 
(p<0.05). A more positive score represents a hATN sample more different from the hATT group. As the score approaches to 
0, the hATN-CM sample is more similar to the hATT-CMs group and, at the same time, the BMI of that women increase.

Table 1: Correlation of hATT-CMs score with tumor stage and histological grade

hATT-CM Score Stage HG

“25” -2.69 IIb HG3

“20” -1.47 IIa HG3

“22” -1.31 I HG2

“30” -1.17 I HG2

“19” -1.17 I HG2

“27” -0.44 I HG1

Score in the canonical axis of each hATT-CM from the discriminant analysis (Figure 3C) correlated with tumor stage and 
histological grade (HG). Nonparametric Spearman correlation test was performed between score and tumor stage and 
between score and HG. In both cases, correlation was significant (p<0.05). A more negative score represents a hATT sample 
more different from the hATN group. Thus, the sample with a score closer to 0 (“27”) is the most similar within the hATT-
CM to a hATN-CM and this goes in line with the lower tumor stage and HG of the tumor from that patient.
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to another [36]. In this regard, cytoskeleton proteins are 
often found in exosomes. Furthermore, in our proteomics 
analysis we found that hATT-CMs present a number of 
histones (Supplementary Table 1), which are usually found 
in an extracellular localization as components of exosomes 
[37, 38]. Though more evidence is necessary to validate 
this hypothesis, our results could be indicating that a 
specific type of communication occurs between adipose 
tissue from tumor microenvironment and tumor cells.

Therefore, the comparative analysis of the secretion 
profiles of hATT and hATN, by means of 2D-nanoLC-
MS/MS, indicated that the adipose tissue from tumor 
microenvironments presented a “reactive” state, and that 
this adipose tissue secretes increased levels of proteins 
involved in immunological, metabolic and angiogenic 
processes, resulting in the promotion of tumor progression.

To further extend the proteomics characterization 
of the CMs and to identify those proteins that are 
relevant as components of a tumor or normal breast 
microenvironment, we used an array against 42 human 
cytokines (Figure 3). On the one hand, the similarity 
between the expression profiles (IL6, IL8, MCP-1, GRO 
and angiogenin) of hATT-CMs and hATN-CMs denotes 
the likeness in the origin of the obtained adipose tissues. 
If the cell composition of hATT and hATN had been 
significantly different, we would have expected greater 
differences in the cytokine profiles obtained. When we 
compared differences in the levels of these cytokines, 
and others less expressed, we did not find a significant 
difference between the hATN-CMs and hATT-CMs. As 
stated before, the lack of significant difference could be 
due to the fact that too many variables (cytokines) are 
being tested at the same time, and/or because the number 
of samples of each group is too small. However, we did 
find a tendency in some cases. In particular, IL-6 seemed 
to be increased in hATT-CMs compared to hATN-CMs. 
Several works have described that stromal IL-6 secreted 
by adipose cells can increase cell migration, invasion 
and tumor growth [39, 40, 41]. Dirat et al. found that 
cancer-associated adipocytes (CAAs) secrete IL-6 in vitro 
and, using human tissue samples, they showed that this 
interleukin is increased in tumor stroma, specifically in 
CAAs [42].

Surprisingly, we found a decrease of MCP-1 and 
MCP-2 in hATT-CMs compared to hATN-CMs. These 
two cytokines are involved in macrophage recruitment, 
and have been previously found to be increased in breast 
tumors [43, 44]. Furthermore, it has been described 
that MCP-1 stromal levels correlate with the number of 
tumor-associated macrophages (TAMs), in a xenographic 
model of breast cancer [45]. Nevertheless, in the above 
mentioned work the cellular origin of MCP-1 was not 
clear, since the authors only distinguished tumor cells 
from stromal cells, and did not identify which stromal cell 

type was releasing MCP-1. Therefore, it is possible that 
our results indicate that adipose tissue is not involved in 
the release of these cytokines into the tumor stroma.

Since most of the cytokines evaluated in this 
array can have redundant, synergistic and/or opposite 
effects, we then evaluated if the levels of some of these 
proteins taken together could be relevant as differential 
components of hATT-CMs and hATN-CMs. To test this 
idea, we performed a multivariate discriminant analysis 
considering the 7 cytokines detected. The results from the 
discriminant analysis allowed us to identify IL6, GRO 
and MCP-2 as sufficient and necessary to differentiate 
hATT-CMs from hATN-CMs (Figure 3C). In addition, we 
found that in the case of the hATT-CMs the levels of these 
three cytokines taken together, represented by the score, 
correlated with stage and histological grade of the tumor 
(Table 1). This was a surprising result since what we are 
comparing are the levels of these cytokines secreted by the 
adipose tissue from the tumor microenvironment with the 
stage and differentiation state of the tumor. Moreover, in 
the hATN-CMs group we found that the score correlated 
with the BMI of the women (Table 2). This means that the 
sample from the woman with the higher BMI is the one, 
among the hATN-CMs group, more similar to a hATT-CM 
at least in regards to the secretion of the three cytokines. 
The implication of this result is that the human breast 
adipose tissue from a healthy overweight woman seems to 
be behaving more similarly to the human breast adipose 
tissue from a tumor microenvironment.

In our experimental model we employed whole 
tissue explants and did not isolate specific cell types. 
Therefore, although our explants came from breast adipose 
tissue, there are other cell types present apart from adipose 
cells (e.g. macrophages, fibroblasts, endothelial cells and 
immune cells). Nevertheless, adipose cells (preadipocytes, 
adipocytes and CAAs) are by far the predominant cell 
type in the explants. This was confirmed analyzing the 
histology of the explants [18]. In addition, the secretion 
profiles found for hATT and hATN agreed with secretomes 
from adipose tissue and adipocytes described by other 
groups [20, 30].

Our results raise some intriguing questions about 
the adipose tumor microenvironment. For instance, we 
wonder if there could be a potential prognostic value of 
the cytokines IL-6, GRO and MCP-2 or if they could 
be used as additional markers for breast tumor stage. Of 
course, further and extensive analyses are required to 
confirm these results, starting by increasing the number 
of samples being tested, and also quantifying the actual 
concentration of the cytokines by ELISA.

The identification of these factors, both in normal 
and tumor adipose tissue, and the study of their possible 
involvement in the regulation of tumor progression, might 
help indentifying new targets for antineoplastic therapies.
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MATERIALS AND METHODS

Reagents

Reagents were purchased from Sigma Chemical Co 
(St. Louis, MO, USA), tissue culture flasks and dishes 
were from Falcon Orange Scientific (Graignette Business 
Park, Belgium) and NEST Biotechnology (Wuxi, China), 
culture media and supplements were from Gibco BRL 
(Carlsbad, CA, USA).

Sample collection and handling

We collected samples of human breast adipose 
tissue from both tumor (hATT, n=13) and normal breasts 
(hATN, n=8). hATT tissue samples were obtained 
from estrogen and/or progesterone receptor positive, 
infiltrating ductal carcinomas. None of the patients had 
received chemotherapy or radiotherapy treatment. The 
surgeon removed fragments of adipose tissue located 
approximately 2 cm from the tumor. hATN tissue samples 
were obtained from plastic surgeries performed for 
aesthetic reasons (breast reduction). All samples were 
processed within 2 h under a sterile laminar flow hood. 
At arrival, tissues were transferred to a Petri dish. If the 
explants had high and visible amounts of connective 
tissue and vessels, they were cut-off from the tissue 
explants. Then, tissues were extensively washed 3 times 
with ice PBS supplemented with gentamicin (50 μg/
ml). The samples were weighed and placed in a culture 
flask with M199 culture medium (Invitrogen™) (1g 
tissue/10 mL M199) supplemented with gentamicin (50 
μg/mL) and incubated for 1 h at 37°C in 5% CO2. After 
this time, medium was removed and replaced with fresh 
medium and put back in the incubator. After 24 h CM 
was collected, centrifuged, filtered, aliquoted into 1 mL 
fractions and immediately stored at -20°C, until used. 
M199 medium was used as control-CM. All patients gave 
their written consent. Samples (tumor and normal) were 
collected following the approval of the Ethics Committee 
of both the IBYME and the Complejo Médico Policial 
“Churruca-Visca”.

Polyacrylamide gel electrophoresis

100 μL of hATT-CMs (n=7) and hATN-CMs (n=3) 
were loaded onto a 10% SDS-PAGE gel, and proteins 
were separated by electrophoresis, at a constant voltage 
of 100 V. After the run, the gel was fixed with a 50% 
v/v ethanol, 2% v/v phosphoric acid solution, overnight 
at 4°C. Then, gel was washed 3 times and proteins 
were dyed with Coomassie Blue G250 solution (Sigma 
Chemical Co, St. Louis, MO, USA). Control-CM 
was used as control and a lane with molecular weight 
markers was included.

Protein identification by mass spectrometry 
analysis

Lyophilized aliquots (30 μg) of hATT- (n=6) and 
hATN-CMs (n=3) were resuspended in low salt buffer 
(10 mM HEPES pH7.9, 10 mM KCl, 1.5 mM MgCl2) for 
15 min on ice and then homogenized using a motorized 
pestle. The lysate was centrifuged at 4°C at 800xg. 
The proteins obtained were reduced with 50 mM DTT 
(Sigma Aldrich, Saint Louis, MO) at 65°C for 5 min, 
alkylated with 100 mM iodoacetamide (Sigma Aldrich), 
and digested using sequencing grade trypsin (Promega, 
Madison, WI) overnight at 37°C. The digestion was 
stopped by the addition of 0.5% acetic acid, frozen in dry 
ice, and concentrated using a Savant SpeedVac centrifuge 
(Thermo Scientific, Hudson, NH). The tryptic-digested 
peptides were dissolved in 100 mM ammonium formate 
pH10 and separated through 2D-nanoLC with dilution 
using a 2D-nanoAcquity UPLC (Waters Corporation, 
Milford, MA). The first dimension was performed in 
XBridge BEH130 C18, 5μm, 300μm x 50 mm NanoEase 
Column (Waters Corporation, Milford, MA) using as 
solvent A1 20 mM ammonium formate pH10 and B1, 
100% acetonitrile (Optima LC/MS, Fisher Scientific, 
Pittsburgh, PA) LC-MS grade. The flow at 1st dimension 
was 2uL/min, and 11 different step gradients (dilution 
method) were performed for 20 min each. The second 
dimension included trapping and desalting online through 
180μm x 20 mm, 5μm symmetry C18 nanoAcquity UPLC 
trap column (Waters) at a flow 20 uL/min, 99% A2 (water, 
0.1% formic Acid), and 1% B2 (100% acetonitrile, 0.1% 
formic acid) for 20 min. After the peptides were desalted 
and concentrated, they were separated online in the second 
dimension through BEH130 C18 1.7 μm, 100 μm x 100 
mm nanoAcquity UPLC column. The standard solvent 
gradient used was: 0-2 min, 3% B2 isocratic; 2-40 min, 
3-85% B2 linear, at a flow rate of 400 nL/min for 60 min. 
The eluted ions were analyzed by one full precursor MS 
scan (400to1500 m/z) followed by four MS/MS scans 
of the most abundant ions detected in the precursor MS 
scan while operating under dynamic exclusion or direct 
data acquisition system (DDAS). Spectra obtained in the 
positive ion mode with nano ESI-QTof Synapt G1 mass 
spectrometer (Waters) were deconvoluted and analyzed 
using the MassLynx software 4.1 (Waters). A peak list 
(PKL format) was generated to identify 1 or multiple 
charged precursor ions from the mass spectrometry data 
file. The instrument was calibrated in MS/MS mode using 
100 fmol of (Glu1)-Fibrinopeptide B human (Sigma) with 
a RMS residual of 3.857 e4 or 6.9413 e-1 ppm or 7.722 
e0 ppm. Parent mass (MS) and fragment mass (MS/
MS) peak ranges were 400-1500 Da and 65-1500 Da 
respectively. Mascot server v2.5.0 and Mascot Daemon 
Toolbox v2.5.1 (www.matrix-science.com, UK) in MS/MS 
ion search mode (local licenses) were applied to conduct 
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peptide matches (peptide masses and sequence tags) and 
protein searches against NCBInr v20150531 (67337701 
sequences, 24122812982 residues) taxonomy filter 
(Homo sapiens) (311623 sequences) and IPI Human v3.80 
(86719 sequences, 34928216 residues). The following 
parameters were set for the search: carbamidomethyl 
(C) on cysteine was set as fixed; variable modifications 
included asparagine and glutamine deamidation and 
methionine oxidation. One missed cleavage was allowed; 
monoisotopic masses were counted; the precursor peptide 
mass tolerance was set at 50 ppm; fragment mass tolerance 
was 0.3 Da, and the ion score or expected cut-off was set at 
5. The MS/MS spectra were searched with MASCOT using 
a 95% confidence interval (C.I. %) threshold (p < 0.05). A 
minimum score of 46 was used for peptide identification. 
The protein redundancy that appeared at the database 
under different gi (protein accession number) was limited 
to human with the first priority assigned to that species. 
Data was analyzed using ProteoIQ (Premier Biosoft) and 
FunRich version 3 software [46]. These software allows to 
visualize GO and pathways in the generated data.

Cytokine antibody array

To detect and compare the level of 42 specific 
cytokines we used a Human Cytokine Antibody Array 
(Abcam #133997). Experiments were performed following 
the manufacturer´s protocol. 1 mL of each hATT-CMs 
(n=6), hATN-CMs (n=3) or control-CM was used to 
incubated individual membranes. Spots were visualized by 
means of chemiluminescence and quantified using ImageJ 
software available at the NIH site [47]. Dots on each 
membrane were relativized to positive control spots on the 
same membrane and normalized to control-CM membrane.

Statistical analysis

For univariate analysis of cytokines from the array, 
the statistical significance was evaluated by Student´s t-
test with Bonferroni correction. Results are presented 
as mean ± SEM. Results were considered significant at 
p < 0.05, using GraphPad Prism® version 5.01 software 
(GraphPad Software Inc., CA). Multivariate analysis and 
nonparametric Spearman correlation test were performed 
with InfoStat version 2014 [48].

Abbreviations

2D-nanoLC-MS/MS: two-dimensional nano-liquid 
chromatography-mass spectrometry; BMI: body mass 
index; CAAs: cancer-assocciated adipocytes; CMs: 
conditioned media; ECM: extracellular matrix; EMT: 
epithelial-mesenchymal transition; FAs: fatty acid; FAK: 
focal adhesion kinase; FFAs: free fatty acids; hATN: 
human adipose tissue from normal breast; hATT: human 
adipose tissue from tumor breast; HG: histological grade; 
TAMs: tumor-associated macrophages.

Author contributions

SJF participated in the design of the study, 
performed part of the experiments and helped draft the 
manuscript. MBH performed part of the experiments and 
helped with the data analysis. EAC performed part of 
the experiments and helped with the data analysis. MLC 
contributed with part of the biological samples used and 
drafted the manuscript. NS contributed with part of the 
biological samples used and drafted the manuscript. AU 
contributed with part of the biological samples used and 
drafted the manuscript. ARA contributed with part of 
the biological samples used and drafted the manuscript. 
AG contributed with part of the biological samples 
used and drafted the manuscript. PAS performed part 
of the experiments and helped with the data analysis. 
RD contributed with part of the biological samples 
used and drafted the manuscript. AP contributed with 
the data analysis and interpretation and helped draft 
the manuscript. RWC participated in coordinating 
and drafting the manuscript. JCC conceived the study, 
and participated in its design and coordination and 
helped draft the manuscript. VPC conceived the study, 
performed part of the experiments, and participated in its 
design and coordination and helped draft the manuscript. 
All authors read and approved the final manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was partially supported by grants to Dr. 
Juan Carlos Calvo INC 2014-2015 from the National 
Cancer Institute (Argentina) and a generous donation from 
Honorio Bigand Foundation; and grant to Dr. Virginia 
Pistone Creydt: Subsidio para Investigación Médica 2013–
2015 from Lab. Roemmers.

REFERENCES

1. Mueller MM, Fusenig NE. Friends or foes - bipolar effects 
of the tumour stroma in cancer. Nat Rev Cancer. 2004; 
4:839–49. https://doi.org/10.1038/nrc1477.

2. Whiteside TL. The tumor microenvironment and its role 
in promoting tumor growth. Oncogene. 2008; 27:5904–12. 
https://doi.org/10.1038/onc.2008.271.

3. Balkwill FR, Capasso M, Hagemann T. The tumor 
microenvironment at a glance. J Cell Sci. 2012; 125:5591–
96. https://doi.org/10.1242/jcs.116392.

4. Bezdenezhnykh N, Semesiuk N, Lykhova O, Zhylchuk V, 
Kudryavets Y. Impact of stromal cell components of tumor 
microenvironment on epithelial-mesenchymal transition in 
breast cancer cells. Exp Oncol. 2014; 36:72–78.



Oncotarget31016www.oncotarget.com

5. Wang M, Zhao J, Zhang L, Wei F, Lian Y, Wu Y, Gong Z, 
Zhang S, Zhou J, Cao K, Li X, Xiong W, Li G, et al. Role of 
tumor microenvironment in tumorigenesis. J Cancer. 2017; 
8:761–73. https://doi.org/10.7150/jca.17648.

6. Xing F, Saidou J, Watabe K. Cancer associated fibroblasts 
(CAFs) in tumor microenvironment. Front Biosci. 2010; 
15:166–79. https://doi.org/10.2741/3613.

7. Kan S, Konishi E, Arita T, Ikemoto C, Takenaka H, 
Yanagisawa A, Katoh N, Asai J. Podoplanin expression in 
cancer-associated fibroblasts predicts aggressive behavior 
in melanoma. J Cutan Pathol. 2014; 41:561–67. https://doi.
org/10.1111/cup.12322.

8. Kaur S, Elkahloun AG, Singh SP, Arakelyan A, Roberts 
DD. A function-blocking CD47 antibody modulates 
extracellular vesicle-mediated intercellular signaling 
between breast carcinoma cells and endothelial cells. J Cell 
Commun Signal. 2018; 12:157–70. https://doi.org/10.1007/
s12079-017-0428-0.

9. Davidsson S, Andren O, Ohlson AL, Carlsson J, Andersson 
SO, Giunchi F, Rider JR, Fiorentino M. FOXP3+ regulatory 
T cells in normal prostate tissue, postatrophic hyperplasia, 
prostatic intraepithelial neoplasia, and tumor histological 
lesions in men with and without prostate cancer. Prostate. 
2018; 78:40–47. https://doi.org/10.1002/pros.23442.

10. Moreira Â, Pereira SS, Costa M, Morais T, Pinto A, 
Fernandes R, Monteiro MP. Adipocyte secreted factors 
enhance aggressiveness of prostate carcinoma cells. PLoS 
One. 2015; 10:e0123217. https://doi.org/10.1371/journal.
pone.0123217.

11. Wang C, Gao C, Meng K, Qiao H, Wang Y. Human 
adipocytes stimulate invasion of breast cancer MCF-7 cells 
by secreting IGFBP-2. PLoS One. 2015; 10:e0119348. 
https://doi.org/10.1371/journal.pone.0119348.

12. Wang YY, Attané C, Milhas D, Dirat B, Dauvillier S, 
Guerard A, Gilhodes J, Lazar I, Alet N, Laurent V, Le 
Gonidec S, Biard D, Hervé C, et al. Mammary adipocytes 
stimulate breast cancer invasion through metabolic 
remodeling of tumor cells. JCI Insight. 2017; 2:e87489. 
https://doi.org/10.1172/jci.insight.87489.

13. Campo-Verde-Arbocco F, López-Laur JD, Romeo LR, 
Giorlando N, Bruna FA, Contador DE, López-Fontana 
G, Santiano FE, Sasso CV, Zyla LE, López-Fontana CM, 
Calvo JC, Carón RW, Pistone Creydt V. Human renal 
adipose tissue induces the invasion and progression of renal 
cell carcinoma. Oncotarget. 2017; 8:94223–34. https://doi.
org/10.18632/oncotarget.21666.

14. Bulun SE, Simpson ER. Breast cancer and expression 
of aromatase in breast adipose tissue. Trends 
Endocrinol Metab. 1994; 5:113–20. https://doi.
org/10.1016/1043-2760(94)90092-2.

15. Nieman KM, Romero IL, Van Houten B, Lengyel E. 
Adipose tissue and adipocytes support tumorigenesis and 
metastasis. Biochim Biophys Acta. 2013; 1831:1533–41. 
https://doi.org/10.1016/j.bbalip.2013.02.010.

16. Careaga VP, Sacca PA, Mazza ON, Scorticati C, Vitagliano 
G, Fletcher SJ, Maier MS, Calvo JC. Fatty acid composition 
of human periprostatic adipose tissue from argentine 
patients and its relationship to prostate cancer and benign 
prostatic hyperplasia. Research in Cancer and Tumor. 2015; 
4:1–6.

17. Pistone Creydt V, Fletcher SJ, Giudice J, Bruzzone 
A, Chasseing NA, Gonzalez EG, Sacca PA, Calvo JC. 
Human adipose tissue from normal and tumoral breast 
regulates the behavior of mammary epithelial cells. Clin 
Transl Oncol. 2013; 15:124–31. https://doi.org/10.1007/
s12094-012-0896-x.

18. Fletcher SJ, Sacca PA, Pistone-Creydt M, Coló FA, Serra 
MF, Santino FE, Sasso CV, Lopez-Fontana CM, Carón 
RW, Calvo JC, Pistone-Creydt V. Human breast adipose 
tissue: characterization of factors that change during tumor 
progression in human breast cancer. J Exp Clin Cancer Res. 
2017; 36:26. https://doi.org/10.1186/s13046-017-0494-4.

19. Celis JE, Moreira JM, Cabezón T, Gromov P, Friis E, 
Rank F, Gromova I. Identification of extracellular and 
intracellular signaling components of the mammary 
adipose tissue and its interstitial fluid in high risk breast 
cancer patients: toward dissecting the molecular circuitry 
of epithelial-adipocyte stromal cell interactions. Mol Cell 
Proteomics. 2005; 4:492–522. https://doi.org/10.1074/mcp.
M500030-MCP200.

20. Lapeire L, Hendrix A, Lecoutere E, Van Bockstal M, 
Vandesompele J, Maynard D, Braems G, Van Den Broecke 
R, Müller C, Bracke M, Cocquyt V, Denys H, De Wever 
O. Secretome analysis of breast cancer-associated adipose 
tissue to identify paracrine regulators of breast cancer 
growth. Oncotarget. 2017; 8:47239–49. https://doi.
org/10.18632/oncotarget.17592.

21. Gupta A, Rezvani R, Lapointe M, Poursharifi P, Marceau 
P, Tiwari S, Tchernof A, Cianflone K. Downregulation of 
complement C3 and C3aR expression in subcutaneous 
adipose tissue in obese women. PLoS One. 2014; 9:e95478. 
https://doi.org/10.1371/journal.pone.0095478.

22. Balkwill F, Charles KA, Mantovani A. Smoldering and 
polarized inflammation in the initiation and promotion of 
malignant disease. Cancer Cell. 2005; 7:211–17. https://doi.
org/10.1016/j.ccr.2005.02.013.

23. Howe LR, Subbaramaiah K, Hudis CA, Dannenberg AJ. 
Molecular pathways: adipose inflammation as a mediator of 
obesity-associated cancer. Clin Cancer Res. 2013; 19:6074–
83. https://doi.org/10.1158/1078-0432.CCR-12-2603.

24. Radisky ES, Radisky DC. Stromal induction of breast 
cancer: inflammation and invasion. Rev Endocr Metab 
Disord. 2007; 8:279–87. https://doi.org/10.1007/
s11154-007-9037-1.

25. Beloribi-Djefaflia S, Vasseur S, Guillaumond F. Lipid 
metabolic reprogramming in cancer cells. Oncogenesis. 
2016; 5:e189. https://doi.org/10.1038/oncsis.2015.49.

26. Gazi E, Gardner P, Lockyer NP, Hart CA, Brown MD, 
Clarke NW. Direct evidence of lipid translocation between 



Oncotarget31017www.oncotarget.com

adipocytes and prostate cancer cells with imaging FTIR 
microspectroscopy. J Lipid Res. 2007; 48:1846–56. https://
doi.org/10.1194/jlr.M700131-JLR200.

27. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-
Gutbrod R, Zillhardt MR, Romero IL, Carey MS, Mills 
GB, Hotamisligil GS, Yamada SD, Peter ME, Gwin K, 
Lengyel E. Adipocytes promote ovarian cancer metastasis 
and provide energy for rapid tumor growth. Nat Med. 2011; 
17:1498–503. https://doi.org/10.1038/nm.2492.

28. Gravina GL, Mancini A, Ranieri G, Di Pasquale B, 
Marampon F, Di Clemente L, Ricevuto E, Festuccia C. 
Phenotypic characterization of human prostatic stromal cells 
in primary cultures derived from human tissue samples. 
Int J Oncol. 2013; 42:2116–22. https://doi.org/10.3892/
ijo.2013.1892.

29. Satelli A, Li S. Vimentin in cancer and its potential as a 
molecular target for cancer therapy. Cell Mol Life Sci. 2011; 
68:3033–46. https://doi.org/10.1007/s00018-011-0735-1.

30. Alvarez-Llamas G, Szalowska E, de Vries MP, Weening D, 
Landman K, Hoek A, Wolffenbuttel BH, Roelofsen H, Vonk 
RJ. Characterization of the human visceral adipose tissue 
secretome. Mol Cell Proteomics. 2007; 6:589–600. https://
doi.org/10.1074/mcp.M600265-MCP200.

31. Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM. 
Vimentin is secreted by activated macrophages. Nat Cell 
Biol. 2003; 5:59–63. https://doi.org/10.1038/ncb898.

32. Greco TM, Seeholzer SH, Mak A, Spruce L, Ischiropoulos 
H. Quantitative mass spectrometry-based proteomics 
reveals the dynamic range of primary mouse astrocyte 
protein secretion. J Proteome Res. 2010; 9:2764–74. https://
doi.org/10.1021/pr100134n.

33. Chugh S, Ouzounian M, Lu Z, Mohamed S, Li W, 
Bousette N, Liu PP, Gramolini AO. Pilot study identifying 
myosin heavy chain 7, desmin, insulin-like growth factor 
7, and annexin A2 as circulating biomarkers of human 
heart failure. Proteomics. 2013; 13:2324–34. https://doi.
org/10.1002/pmic.201200455.

34. Arentz G, Chataway T, Price TJ, Izwan Z, Hardi 
G, Cummins AG, Hardingham JE. Desmin 
expression in colorectal cancer stroma correlates 
with advanced stage disease and marks angiogenic 
microvessels. Clin Proteomics. 2011; 8:16. https://doi.
org/10.1186/1559-0275-8-16.

35. Théry C. Exosomes: secreted vesicles and intercellular 
communications. F1000 Biol Rep. 2011; 3:15. https://doi.
org/10.3410/B3-15.

36. Coakley G, Maizels RM, Buck AH. Exosomes and Other 
Extracellular Vesicles: The New Communicators in Parasite 
Infections. Trends Parasitol. 2015; 31:477–89. https://doi.
org/10.1016/j.pt.2015.06.009.

37. Simpson RJ, Jensen SS, Lim JW. Proteomic profiling of 
exosomes: current perspectives. Proteomics. 2008; 8:4083–
99. https://doi.org/10.1002/pmic.200800109.

38. Takahashi A, Okada R, Nagao K, Kawamata Y, Hanyu A, 
Yoshimoto S, Takasugi M, Watanabe S, Kanemaki MT, 
Obuse C, Hara E. Exosomes maintain cellular homeostasis 
by excreting harmful DNA from cells. Nat Commun. 2017; 
8:15287. https://doi.org/10.1038/ncomms15287.

39. Walter M, Liang S, Ghosh S, Hornsby PJ, Li R. Interleukin 
6 secreted from adipose stromal cells promotes migration 
and invasion of breast cancer cells. Oncogene. 2009; 
28:2745–55. https://doi.org/10.1038/onc.2009.130.

40. Fujisaki K, Fujimoto H, Sangai T, Nagashima T, Sakakibara 
M, Shiina N, Kuroda M, Aoyagi Y, Miyazaki M. Cancer-
mediated adipose reversion promotes cancer cell migration 
via IL-6 and MCP-1. Breast Cancer Res Treat. 2015; 
150:255–63. https://doi.org/10.1007/s10549-015-3318-2.

41. Wei HJ, Zeng R, Lu JH, Lai WF, Chen WH, Liu HY, Chang 
YT, Deng WP. Adipose-derived stem cells promote tumor 
initiation and accelerate tumor growth by interleukin-6 
production. Oncotarget. 2015; 6:7713–26. https://doi.
org/10.18632/oncotarget.3481.

42. Dirat B, Bochet L, Dabek M, Daviaud D, Dauvillier S, 
Majed B, Wang YY, Meulle A, Salles B, Le Gonidec 
S, Garrido I, Escourrou G, Valet P, Muller C. Cancer-
associated adipocytes exhibit an activated phenotype 
and contribute to breast cancer invasion. Cancer Res. 
2011; 71:2455–65. https://doi.org/10.1158/0008-5472.
CAN-10-3323.

43. Farmaki E, Chatzistamou I, Kaza V, Kiaris H. A CCL8 
gradient drives breast cancer cell dissemination. Oncogene. 
2016; 35:6309–18. https://doi.org/10.1038/onc.2016.161.

44. Hultgren EM, Patrick ME, Evans RL, Stoos CT, Egland 
KA. SUSD2 promotes tumor-associated macrophage 
recruitment by increasing levels of MCP-1 in breast cancer. 
PLoS One. 2017; 12:e0177089. https://doi.org/10.1371/
journal.pone.0177089.

45. Fujimoto H, Sangai T, Ishii G, Ikehara A, Nagashima 
T, Miyazaki M, Ochiai A. Stromal MCP-1 in mammary 
tumors induces tumor-associated macrophage infiltration 
and contributes to tumor progression. Int J Cancer. 2009; 
125:1276–84. https://doi.org/10.1002/ijc.24378.

46. Pathan M, Keerthikumar S, Ang CS, Gangoda L, Quek 
CY, Williamson NA, Mouradov D, Sieber OM, Simpson 
RJ, Salim A, Bacic A, Hill AF, Stroud DA, et al. FunRich: 
an open access standalone functional enrichment and 
interaction network analysis tool. Proteomics. 2015; 
15:2597–601. https://doi.org/10.1002/pmic.201400515.

47. Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter 
AE, Arena ET, Eliceiri KW. ImageJ2: ImageJ for the next 
generation of scientific image data. BMC Bioinformatics. 
2017; 18:529. https://doi.org/10.1186/s12859-017-1934-z.

48. Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez 
L, Tablada M, Robledo CW. InfoStat versión 2014. 
Grupo InfoStat, FCA, Universidad Nacional de Córdoba, 
Argentina. URL: http://www.infostat.com.ar.


