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Breast Cancer-Stromal Interactions:
Adipose-Derived Stromal/Stem Cell Age

and Cancer Subtype Mediated Remodeling
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Adipose tissue is characterized as an endocrine organ that acts as a source of hormones and paracrine factors. In
diseases such as cancer, endocrine and paracrine signals from adipose tissue contribute to cancer progression.
Young individuals with estrogen receptor-alpha positive (ER-a+) breast cancer (BC) have an increased resis-
tance to endocrine therapies, suggesting that alternative estrogen signaling is activated within these cells.
Despite this, the effects of stromal age on the endocrine response in BC are not well defined. To identify
differences between young and aged ER-a+ breast tumors, RNA sequencing data were obtained from The
Cancer Genome Atlas. Analysis revealed enrichment of matrix and paracrine factors in young (£40 years old)
patients compared to aged (‡65 years old) tumor samples. Adipose-derived stromal/stem cells (ASCs) from
noncancerous lipoaspirate of young and aged donors were evaluated for alterations in matrix production and
paracrine secreted factors to determine if the tumor stroma could alter estrogen signaling. Young and aged
ASCs demonstrated comparable proliferation, differentiation, and matrix production, but exhibited differences
in the expression levels of inflammatory cytokines (Interferon gamma, interleukin [IL]-8, IL-10, Tumor ne-
crosis factor alpha, IL-2, and IL-6). Conditioned media (CM)-based experiments showed that young ASC donor
age elevated endocrine response in ER-a+ BC cell lines. MCF-7 ER-a+ BC cell line treated with secreted factors
from young ASCs had enhanced ER-a regulated genes (PGR and SDF-1) compared to MCF-7 cells treated with
aged ASC CM. Western blot analysis demonstrated increased activation levels of p-ER ser-167 in the MCF-7
cell line treated with young ASC secreted factors. To determine if ER-a+ BC cells heightened the cytokine
release in ASCs, ASCs were stimulated with MCF-7-derived CM. Results demonstrated no change in growth
factors or cytokines when treated with the ER-a+ secretome. In contrast to ER-a+ CM, the ER-a negative MDA-
MB-231 derived CM demonstrated increased stimulation of pro-inflammatory cytokines in ASCs. While there
was no observed change in the release of selected paracrine factors, MCF-7 cells did induce matrix production
and a pro-adipogenic lineage commitment. The adipogenesis was evident by increased collagen content through
Sirius Red/Fast Green Collagen stain, lipid accumulation evident by Oil Red O stain, and significantly increased
expression in PPARg mRNA expression. The data from this study provide evidence suggesting more of a
subtype-dependent than an age-dependent difference in stromal response to BC, suggesting that this signaling is
not heightened by reciprocal signals from ER-a+ BC cell lines. These results are important in understanding the
mechanisms of estrogen signaling and the dynamic and reciprocal nature of cancer cell-stromal cell crosstalk
that can lead to tumor heterogeneity and variance in response to therapy.
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Introduction

In the United States, approximately one in eight women
will develop invasive breast cancer (BC) during her life-

time [1,2]. The risk of BC increases with age, as a large
percentage occurs in women 50 and over [3]. Fewer than 5%
of BCs occur in women under the age of 40; however, BC is
the leading cause of cancer death among women between 20
and 39 years old [4]. Roughly 11 out of 100,000 women
between the ages of 15–39 years have estrogen receptor-a
positive (ER-a+) tumors, making endocrine therapy the
treatment of choice [5]. Although initially responsive to en-
docrine therapy, *25%–30% of all BC patients are at risk of
recurrence due to acquired or de novo resistance to endocrine
therapies [6].

Mechanisms of endocrine resistance are composed of
alterations to estrogen-mediated signaling, including muta-
tions in drug targets such as ER-a or activation of signaling
pathways independent of ER-a [7–14]. In particular, ER-a
acts through several mechanisms such as direct genomic,
nongenomic, and ligand-independent signaling [1,15]. Di-
rect genomic signaling is the traditional mechanism of es-
trogen signaling. The binding of the dimerized estrogen
receptors leads to nuclear translocation and binding to es-
trogen response element sequences of target genes [16].
Estrogen can also induce rapid, nongenomic signaling in
which estrogen induces gene transcription and protein syn-
thesis by alternative mechanisms. The activation of signal-
ing cascades, including the PKC pathway, RAS/RAF/
MAPK pathway, PI3K/AKT pathway, and the cAMP/PKA
pathway, leads to subsequent activation and binding of a
variety of transcription factors (i.e., C/EBPb, NFkB, STAT)
to alternative DNA response elements [17–22].

Estrogen receptors can also be activated in the absence of
estrogens or other receptor agonists, adding to the complexity of
estrogen signaling [23]. Ligand-independent ER-a activation
occurs through the phosphorylation of specific residues (i.e.,
serine or tyrosine) in the receptors themselves or by coregulators
such as PKA, MAPK, PKC, inflammatory cytokines (i.e., in-
terleukin [IL]-2), and peptide growth factors (i.e., insulin-like
growth factor 1 [IGF-1], TGF-b, EGF). Despite the identifica-
tion of multiple mechanisms of endocrine resistance, young
individuals in the ER-a+ cohort do not have an identified
mechanism of action for ER-a activation and signaling.

Young individuals with luminal ER-a+ BC have an ob-
served increase in resistance to endocrine therapies such as
tamoxifen [24]. Currently, there is neither a specific focus on
mechanisms of tumorigenesis in young ER-a+ patient popu-
lations nor are current therapies designed to combat endocrine
resistance evaluated in young ER- a+ BC patients [24,25].
Recently, attention has been directed to the tumor microen-
vironment (TME) as an active participant and/or contributor in
tumorigenesis and metastasis and the progression toward hor-
mone independence and endocrine therapy resistance [26–29].

Tumors are composed of a diverse population of stromal
cells such as adipose-derived stromal/stem cells (ASCs),
endothelial cells, fibroblasts, adipocytes, and immune cells
[30,31]. The interaction between tumor cells and the mi-

croenvironment can be characterized as reciprocal. This
interplay between normal cells, cancer cells, and the extra-
cellular matrix contributes to the hallmarks of cancer, in-
cluding immunomodulation, angiogenesis, invasion and
metastasis, and apoptotic resistance [32]. Although the stem
cell response becomes damaging in light of tumor function
and progression, it contrastingly exhibits regenerative
properties observed in chronic wounds [33–36].

ASCs, a multipotent cell population found in breast tis-
sue, are integral to the TME and wound healing response.
Although initially characterized based on their multilineage
differentiation and proactive role in tissue regeneration,
ASCs have been linked to BC progression and endocrine
signaling [31,37–40]. ASCs express and secrete multiple
growth factors, cytokines, chemokines, and inflammatory
biomarkers such as stromal-derived factor 1 (SDF-1) and
IGF-1 that aid in cancer development and progression [41–
43]. These signaling molecules also enhance BCBC pro-
gression and regulate resistance to endocrine therapies in
ER-a+ BCBC. Furthermore, studies show that ASCs create a
pro-inflammatory TME that promotes tumorigenic activity
by releasing cytokines such as tumor necrosis factor alpha
(TNF-a), IL-6, and IL-8 [44]. In addition, ASC phenotype
exhibits variance based on donor-specific characteristics,
thus contributing to tumor heterogeneity [45,46].

Despite the suggested role of stromal age in cancer,
current research is yet to focus on the impact on hormone
independence and endocrine therapy resistance. In the
present study, the effects of ASC age on the ER-a+ MCF-7
cell line were assessed to investigate the underlying mech-
anism(s) for the impact of stromal age on the endocrine
response to ER-a+ BC. In addition, the reciprocal response
of ASCs to ER-a+ BC was evaluated through the analysis of
ER-a+ BC conditioned media (CM) on ASCs.

Materials and Methods

Cell culture

Human estrogen receptor-alpha positive (ER-a+; MCF-7)
and triple negative breast cancer (TNBC; MDA-MB-231)
human BC cell lines were obtained from ATCC. TUBcX-
41C was obtained as previously described [47]. They were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Catalog No.: 11965-092; Gibco, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS, Cat-
alog No.: SH30087.03; Cytiva, Logan, UT, USA), 1% Non-
essential amino acids (NEAA, Catalog No.: 11140-050; Gibco),
Minimal essential amino acids (MEMAA, Catalog No.: 11130-
051; Gibco), sodium pyruvate (100 mM, Catalog No.: 11360-
070; Gibco), L-glutamine (Catalog No.12561-056; Gibco),
Antibiotic-Antimycotic (Anti-Anti, Catalog No.:15240062;
Gibco), and insulin (4 mg/mL, Catalog No.: 12585-014; Gibco)
at 37�C in humidified 5% carbon dioxide [CO2].

MCF-7 cells were seeded at 3000 cells/cm2 and grown in
the exponential phase. Human ASCs obtained from Obatala
Sciences (New Orleans, LA, USA) were isolated from
noncancerous abdominal lipoaspirate tissue. When possible
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ASCs were purchased and obtained from a commercially
available source. IRB exemption number E11468. Young
donors (24–34 years old [YO], n = 3) and aged donors
(50–68 YO, n = 3) were grouped by age, body mass index
(BMI), and race (Supplementary Table S1). Cultures of
ASCs (3000 cells/cm2) were maintained with Alpha-MEM
with L-glutamine (Catalog No.: 12561-056; Gibco) supple-
mented with 10% FBS (Catalog No.: 43602-500; JR Sci-
entific, Woodland, CA, USA) and 1% Anti-Anti (Catalog
No.: 15240062; Gibco) until attaining 80% confluence. The
procedure implemented for ASC expansion was described
previously by Bunnell et al. [48].

Conditioned media

ASC conditioned media. ASCs were cultured until they at-
tained 80% confluence in 10% Alpha-MEM with L-glutamine
(Catalog No.: 12561-056; Gibco) supplemented with 10% FBS
(Catalog No.: 43602-500; JR Scientific) and 1% Anti-Anti
(Catalog No.:15240062; Gibco). Cells were washed with sterile
1· phosphate buffer saline (PBS, Catalog No.: 10010023; Gib-
co). To remove exogenous signaling from hormones and growth
factors, ASCs were then cultured in phenol-free DMEM (Cata-
log No.: 31053-028; Gibco), 5% dextran/charcoal stripped FBS
(Catalog No.: SH3006803; GE Healthcare), 1% penicillin/
streptomycin (P/S, Catalog No.: 15140-122; Gibco), 1%
MEMAA, 1% NEAA, 1% GlutaMAX (Catalog No.: 35050-
061; Gibco), and 1% sodium pyruvate for 24 h.

The CM was collected, filtered, and stored briefly at -20�C
until use on MCF-7 cells. MCF-7 cells were seeded at 50,000
cells/cm2 in 10 cm2 dishes. Cells were maintained in 10%
DMEM at 37�C in humidified 5% CO2 until 80% confluent.
Once confluent, cells were washed with 1 · PBS and main-
tained in CM obtained from aged and young ASCs for 24 h
(polymerase chain reaction [PCR]/proliferation) or 15 min
(western blot). Cells were then collected and stored at -80�C
for RNA extraction, Western blot, and cytokine array analysis.

Breast cancer conditioned media. MCF-7, MDA-MB-231,
and TU-BCx-4IC cells were cultured until they attained
95%–100% confluence in DMEM supplemented with 10%
FBS, NEAA, MEM amino acids, Anti-Anti (100 U/mL),
sodium pyruvate, and human recombinant insulin (1 · 10-10

mol/L). To remove exogenous signaling from hormones and
growth factors, cancer cells were washed with 1· PBS and
placed in 5% media consisting of phenol-red free DMEM
supplemented with 5% CS FBS, GlutaMAX, and P/S
(Gibco) for 24 h. After 24 h, the CM was collected and
centrifuged to reduce cellular debris then stored at -20�C
until use. Timepoints for experiments that required CM
stimulation are found in Supplementary Figure S1.

Proliferation assay

ASCs were seeded in 96 well plates at 3000 cells/cm2.
Three days after plating, wells were maintained with culture
medium or AdipoQual� Adipogenic differentiation me-
dium (OS-002; Obatala Sciences). Cell density at days 1, 3,
7, and 10 was assessed using the Cell Counting Kit-8 (CCK-
8; Dojindo, Rockville, MD, USA). Absorbance was mea-
sured using a cell imaging multimode reader (Cytation 3,
BioTek, Winooski, VT, USA) and Gen5 Microplate Reader
and Imager Software (BioTek). MCF-7 cells were seeded at
50 cells/cm2 in 96-well plates. Cells were maintained in

10% DMEM at 37�C in humidified 5% CO2 and treated
with CM after 24 h. At days 0, 1, 5, and 7, cells were fixed
with 95% methanol for 10 min. They were washed thrice with
1 · PBS before crystal violet staining. Cells were stained with
3% crystal violet solution and incubated at room temperature
for 1 h. The wells were washed with water then allowed to
dry before imaging. After dissolving in 33% acetic acid,
absorption was determined at 595 nm using the Cytation 3
and Gen5 Microplate Reader and Imager Software.

Differentiation assays

ASCs were cultured until they attained 80% confluence in
10% alpha-MEM with L-glutamine supplemented with 10%
FBS and 1% Anti-Anti. For ASC differentiation based on
donor age, ASCs were cultured for 14 days in adipogenic
differentiation medium. For ASC differentiation following
exposure to cancer condition media, ASCs were washed
with 1 · PBS, treated with CM for 3 days, and then cultured
for 7 days in adipogenic differentiation media. For both
experiments, at end point, ASCs were either stained for lipid
droplet formation using Oil Red O stain (Catalog No.:
A1298914; Alfa Aesar, Haverhill, MA, USA, 0.3% ORO in
Isopropyl alcohol and PBS) or collected and stored at -80�C
for RNA extraction and quantitative real time (qRT)-PCR
analysis. Controls for all differentiation studies were ASCs
grown in stromal media. Additional controls for ASCs
pretreated with cancer CM include pretreatment with 5%
dextran stripped FBS and full stromal media.

Quantitative real time PCR

RNA was extracted from cell pellets using QIAshredders
(Catalog No.: 79656; Qiagen, Germantown, MD, USA) and
RNeasy Mini Kit (Catalog No.: 74106; Qiagen) as per manu-
facturer instructions. Complementary DNA (cDNA) was
synthesized using qScript cDNA SuperMix (Catalog No.:
101414-106; VWR, Radnor, PA, USA) and 1mg total RNA.
Quantitative PCR was performed using the BioRad iCycler
(v4.006; BioRad) and Quanta SYBR green (VWR) as per
manufacturer’s protocol. Expression was calculated using the
DD(Ct) method and reference genes GAPDH (ASCs) and ß-
Actin (MCF-7). Primer sequences are presented in Supplemen-
tary Table S2. For ASCs, normalization was to aged ASC gene
expression designated as 1. For MCF-7 cells, normalization was
to vehicle control gene expression designated as 1. Biological
replicates were n = 3 independent aged and young donor sets.

WES automated immunoassays Immuno (Blot-free)

MCF-7 cells were seeded at 50,000 cells/cm2 in 10 cm2

dishes. Cells were maintained in 10% DMEM at 37�C in hu-
midified 5% CO2 until 80% confluent. At 80% confluency, 10%
DMEM was removed and either 5% charcoal stripped media,
5% charcoal stripped media with 1 ng 17b estradiol (Catalog
No.: E2758; Sigma), or CM from aged and young ASC donors
was added to the dishes. After 15 min at 37�C in humidified 5%
CO2, the media was removed, cells were washed, and cells were
collected on ice and stored at -80�C. Cell pellets were lysed in
100mL of mammalian protein extraction reagent (M-PER,
Catalog No.:78501; ThermoFisher Scientific, Waltham, MA,
USA) supplemented with 1 · Halt protease and phosphatase
inhibitor (Catalog No.:78444; ThermoFisher Scientific).
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Bicinchoninic acid protein assays were run on the cell extracts,
and 1mg of total protein was mixed with a master mix (Catalog
No.: SM-W004; ProteinSimple, San Jose, CA, USA) to give a
final concentration of 0.2 mg/mL total protein.

Samples were heated at 95�C for 5 min. Samples,
blocking solution, primary antibodies (ER-a, 1:50, No. sc-
543 [Santa Cruz]; actin, 1:500, No. NB600–501H [Novus
Biologicals]; phospho-ER a serine 167, 1:25, No. 64508
[Cell Signaling Technology, Danvers, MA, USA]; phospho-ER
a serine 118, 1:25, No. 2511 [Cell Signaling]; phospho-ERK1/
2, 1:25, No. 4307 [Cell Signaling]; total ERK, 1:50, No. 4695
[Cell Signaling]; phospho-AKT, 1:25, No. 4060 [Cell Signal-
ing]; total AKT, 1:50, No. 4691 [Cell Signaling]), horseradish
peroxidase-conjugated secondary antibodies (Catalog No.:
DM-002; ProteinSimple), chemiluminescent substrate (Catalog
No.: DM-002, ProteinSimple), and separation and stacking
matrices (Catalog No.: SM-W004, ProteinSimple) were loaded
into designated wells in a 384 well plate according to the
manufacturer’s instructions. After plate loading, fully auto-
mated electrophoresis and immunodetection took place in the
WES capillary system (ProteinSimple). Proteins were separated
by molecular weight at 375 V for 25 min and primary and sec-
ondary antibodies incubated for 30 min.

Chemiluminescence was captured by a charge-coupled
device camera and the digital image analyzed using Com-
pass software (ProteinSimple). The amount of each protein
was calculated based on peak area. A virtual image is shown
based on peaks from the electropherogram and represented
as a blot.

Western blot analysis (traditional blot)

ASCs were seeded in growth medium until attaining 90%
confluence. Once confluent, cells were washed with 1 · PBS
and then treated with cancer CM for 30 min. ASCs were then
collected on ice for total protein extraction using M-PER lysis
buffer (Catalog No.: 78501, Thermo Fisher Scientific) sup-
plemented with 0.1% protease inhibitor and 0.1% phosphatase
inhibitor (Catalog No.: 1862209 and 1862495, Thermo Fisher
Scientific). Total protein was loaded for all samples. Samples
were prepared for electrophoresis and run at 150 V on In-
vitrogen Bolt 4%–12% Bis-Tris Plus electrophoresis gels
(Catalog No.: NW04120BOX, Invitrogen, Carlsbad, CA,
USA) as per manufacturer’s specifications.

Protein was transferred to iBlot 2 Transfer Stack using the
iBlot 2 Gel Transfer Device (Invitrogen) as per the manu-
facturer’s specifications. Samples were blocked in 3% milk
for 1 h. Primary antibodies were used, including p-AKT
Serine/Threonine Kinase 1 (AKT1), p-Mitogen-Activated
Protein Kinases 3/1 (ERK1/2), and p-Mitogen-Activated
Protein Kinases 8/9 (c-Jun N-Terminal Kinase [JNK]1/2),
and were diluted 1:1000. Loading control was Rho-GDIa
(Cell Signaling Technology) and diluted 1:50. Infrared-
tagged secondary antibodies (LiCor Biosciences, Lincoln,
Nebraska) were diluted 1:10,000 in 5% Bovine serum
albumin-Tris-buffered saline-Tween. Western blots were
analyzed using LiCor Odyssey Infrared Imaging System
(LiCor Biosciences).

Cytokine array analysis

Samples were prepared using the same procedure as the
CM experiments; CM was collected from ASCs after 24 h.

Cytokine array analysis procedures followed the manufac-
turer’s protocol (Catalog No.: ARY005B; R&D Systems,
Minneapolis, MN, USA).

Fibril collagen quantification

ASCs were maintained in culture medium until they at-
tained 90% confluence. Cells were washed with 1 · PBS
then stimulated with cancer cell-derived CM. Following
3 days of CM stimulation, ASCs were returned to culture
medium for 3 days. This process was repeated until the
samples reached timepoints of 1 and 2 weeks. At the
sample timepoints, fibril collagen content was determined
using a Sirius Red/Fast Green Collagen Staining Kit
(Catalog No.: 9046; Chondrex Inc., Redmond, WA,
USA). The samples were stained as per the manufactur-
er’s protocol. Collagen quantification was performed on
the Cytation 3 and Gen5 Microplate Reader and Imager
Software and calculated using empirical formulas pro-
vided by the Chondrex.

Prostaglandin E2 ASC stimulation

ASCs were maintained in culture medium until they at-
tained 100% confluence. Cells were then stimulated with
10 nM of prostaglandin E2 (PGE2) for 24 h. After stimulation,
cells were washed with 1 · PBS and cultured in phenol-
free DMEM (Catalog No.:31053-028; Gibco), 5% dextran/
charcoal stripped FBS (Catalog No.: SH3006803; GE Health-
care), 1% P/S (Catalog No.: 15140-122; Gibco), 1% MEMAA,
1% NEAA, 1% GlutaMAX (Catalog No.: 35050-061; Gibco),
and 1% sodium pyruvate for 19 h. Cells were then collected for
RNA extraction and qRT-PCR gene expression analysis.

xCell cell enrichment analysis

Ductal and lobular neoplasms were selected from the case
set of The Cancer Genome Atlas (TCGA)-Breast Cancer
Gene (BRCA) project (phs000178.v11.p8) derived from the
National Institute of Health (NIH) Genomic Data Commons
(GDC) Data Portal [49]. Based on the clinical information
provided with TCGA-BRCA project, tumors were grouped
into young (£45 years old) and aged (‡65 years old) cate-
gories. These selected cases were matched with pre-
calculated TCGA data provided by the xCell webtool.
Immune and stromal cell infiltrate from young and aged ER-
a+ BC patients was analyzed using the xCell webtool.

BC data sources and analysis

Invasive breast carcinoma data set (IlluminaHiSeq) from
TCGA research network was evaluated for differences in
gene expression between young and aged patients based on
ER status. Database for Annotation, Visualization and In-
tegrated Discovery v6.8 (DAVID v6.8) was used to identify
enriched functional-related gene groups found of interest in
TCGA dataset [50–52].The Breast Cancer Gene-Expression
Miner v4.4 (bc-GenExMiner v4.4) was used to perform an
age-dependent comparison in gene expression of significant
genes from TCGA data [53]. The Kaplan–Meier Plotter was
used to assess the effect of targeted genes on the survival of
ER-a+ BC patients [54]. Cell enrichment analysis of young
and aged ER-a+ breast tumors was performed using the
xCell webtool [55].
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Biostatistics

All values are presented as mean – standard error of the
mean (SEM). Statistical analyses among two groups were
performed using the Student’s t-test. Statistical significance
was set at P < 0.05. Analysis was performed using Prism 8
(GraphPad Software, San Diego, CA, USA).

Results

TME composition is altered in young ER-a+ BC

According to the Young Survival Coalition, compared to
older women, young women face more aggressive cancers with
lower survival rates and a BC subtype that is biologically dis-
tinct from that of older women [56–58]. To better identify dis-
tinguishing features and underlying mechanisms observed in
young ER-a+ patients, previously aligned and published data
derived from TCGA IlluminaHiSeq invasive BC were analyzed
for differences between aged and young patient populations
[59–61]. Tumor samples were separated based on BC ER-a+

receptor status and age (young individuals £40 years old and
aged individuals ‡65 years old), and changes in gene expression
were evaluated. Unbiased pathway analysis was performed
using the DAVID functional annotation tool to identify if a

central mechanism was uniquely altered in young ER-a+ tumor
samples. Results demonstrated that key pathways enriched in
young ER-a+ tumor samples were those associated with the
extracellular matrix, focal adhesions, cytokine–cytokine inter-
actions, and PI3K/AKT pathways (Fig. 1A). Observed changes
include enhanced pro-inflammatory cytokines and growth fac-
tors suggesting that the tumors may be eliciting support from
surrounding cell types, specifically stem cells [62,63].

To further determine differences in surrounding non-
cancer cell infiltrate, TCGA invasive BC data set was next
analyzed for differences in stromal cell composition be-
tween aged and young ER-a+ breast tumors. Comparison of
breast tumor cell infiltration revealed significant differences
(P < 0.05) in CD8+ T cells, T helper 2 (TH2) cell, and M2
macrophages between young and aged ER-a+ breast tumors
(Fig. 1B). Young tumors exhibited higher xCell scores for
CD8+ T cells (0.02 – 0.003) and TH2 cells (0.04 – 0.004), but
a lower score for anti-inflammatory M2 macrophages
(0.01 – 0.0008). In contrast to immune cell infiltration, both
MSC and adipocyte xCell scores were similar for young and
aged ER-a+ breast tumors (Fig. 1C).

TCGA data comparing gene expression of young and aged
breast tumors showed that the greatest altered genes in young
tumors include cytokines, chemokines, growth factors, matrix,

FIG. 1. Tumor microenvironment is differentially regulated and exhibits cellular heterogeneity in young and aged ER-a+

breast cancer patients. (A) DAVID functional annotation tool was used to determine enriched pathways of tumors derived
from young ER-a+ breast cancer patients. Genes with a fold change ‡1.3 were selected from TCGA data analyzed in this
study. Findings show significant P values (*P < 0.05) for matrix, focal adhesion, cytokine, and PI3K/AKT pathways. (B)
xCell cell type enrichment analysis of young (<45 years old) and aged (>65 years old) ER-a+ breast cancer patients revealed
significant P values (*P < 0.05) for M2 macrophages, CD8+ T cells, and TH2 cells. Both CD8+ T cells and TH2 cells are
enriched in young tumors, while M2 macrophages exhibit a lower quantity compared to aged. (C) Both adipocytes and
MSCs exhibit similar quantities in young and aged ER-a+ breast tumors. AKT, protein kinase B; CM, conditioned medium;
ER-a+, estrogen receptor-alpha positive; M1 Macs, M1 macrophage; M2 Macs, M2 macrophage; MSC, mesenchymal stem
cell; PI3K, phosphoinositide 3-kinase; TCGA, The Cancer Genome Atlas; TH2, T helper 2.
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and those from the tumor necrosis superfamily (Table 1). With
an increase in specific stromal components observed in TCGA
enrichment data, we next sought to determine the role of these
specific components in patient survival. Genes elevated in
young tumors did not have an observed association with poor
patient survival using Kaplan–Meier plot (Supplementary
Fig. S1). These data suggest that while young ER-a+ tumors
demonstrated increased expression of cytokines, chemokines,
and matrix compared to aged tumors, singular expression of
one factor alone may not be sufficient to modulate patient
outcome. Although data suggest no significant difference in
the stromal cell infiltrate between young and aged tumors,
stromal cell populations should be further investigated as the
sources for the expression of the trophic and matrix factors
observed in young ER-a+ tumors.

Proliferation, adipogenic differentiation, and matrix
gene expression of ASCs are consistent between
young and aged

Due to suggested differences in paracrine and matrix fac-
tors in young ER-a+ tumors, we next sought to determine if
stromal/stem cell age was a mediator for these observed
differences by comparing the proliferation, differentiation,
and gene expression (matrix and paracrine) of aged (50–70
years old, mean age 62 – 7.8) and young ASC donors (24–34
years old, 27.8 – 4.1). Proliferation results revealed no sig-
nificant difference in the proliferation of young and aged
ASCs (Fig. 2A). ASCs were differentiated into adipogenic
lineages using lineage-specific induction factors to determine
the effect of age on differentiation capacity. The number of
young ASCs capable of adipogenic differentiation paralleled
that of aged ASCs (Fig. 2B). Furthermore, ASCs were dif-
ferentiated to adipogenic lineage, and proliferation was
measured during the course of differentiation. Results dem-
onstrated no significant differences between young and aged
proliferation in a differentiated state. In addition, phalloidin
actin staining exhibited no difference between young and

aged ASC morphology (Fig. 2B). To determine if ASCs
could be the source of altered matrix and/or cytokine profiles
observed in young and aged tumors, ASCs were evaluated for
differences in the matrix and cytokine expression altered in
our TCGA tumor data. Gene expression of extracellular
matrix (ECM) components was similar between aged and
young donors (Fig. 2C). Both COL4A2 (10.95 – 10.62 SEM)
and LAMA3 (6.82 – 4.72 SEM) were elevated in young ASCs;
however, the expression was variable within the donor co-
horts and was not significantly different across donor cohorts.
In contrast, TCGA data revealed significant differences
(P < 0.05) in COL3A1, FN1, LAMA1, LAMA3, and LAMB3
expression between young and aged tumors (Fig. 2D). Some
ECM genes observed in our TCGA data were not detected
using PCR and thus excluded from the final analysis.

Age alters paracrine signaling of ASCs

Following the evaluation of ECM gene expression, we next
performed cytokine array analysis to detect differences in
protein expression of young and aged ASCs. Results revealed
elevated levels of CCL5, SDF-1, CD40LG, CXCL1, IFN-g,
IL-16, IL-32a, and TNF-a in young ASC CM (Fig. 3A). Due to
altered cytokine expression in noncancerous young ASCs, we
next assessed those specific cytokines in TCGA invasive BC
data set comparing young and aged ER-a+ tumors. When
young ASC cytokine expression was compared with young
ER-a+ tumor cytokine expression, CCL5, CD40L, CXCL1,
IL-4, IL-16, IL-32a, and SDF-1 were also significantly ele-
vated (P < 0.05) in young breast tumors (Fig. 3B).

To determine if the elevated cytokine profile observed to be
altered in our cytokine array was specifically only in the
young patient cohort, we next evaluated cytokine expression
in breast tumors across three age groups: young (<40 years
old), middle aged (40–70 years old), and aged (>70 years old).
Only CXCL1 was significantly elevated (P < 0.05) in young
compared to aged breast tumors (Data not included). Paracrine
factors observed in the cytokine array data were both pro-
inflammatory (IL-8, TNF-a) and anti-inflammatory (IL-4, IL-
10) suggesting that further studies evaluating ASC paracrine
secretion in the young ER-a+ patient TME are needed.

Young ASCs induce an endocrine response
in ER-a+ BC

Due to the observed differences in aged and young ASC
paracrine factors, we investigated the effect of the ASC se-
cretome on ER-a+ BC. To determine if young ASC secretome
altered ER-a+ BC proliferation, the MCF-7 cancer cell line was
treated with CM obtained from young and aged ASCs. After
7 days, the total cell number was evaluated. Young ASC se-
cretome increased proliferation of MCF-7 cells (684.5 – 69.78
SEM) compared to MCF-7 cells treated with aged CM
(480.4 – 158.2 SEM) at day 7 (Fig. 4A, B). The proliferation of
MCF-7 cells treated with young CM showed a significant
change from day 1 to 7 (P < 0.05), whereas those treated with
aged CM showed no significant difference in proliferation. To
determine if the increased proliferation was mediated through
endocrine signals, ER-a response genes were evaluated in
MCF-7 cell line following treatment with either young or aged
CM for 24 h. Results show that ER-a regulated genes PGR and
SDF-1 were increased by 2 – 0.44 SEM (P < 0.05) and 2 – 0.35

Table 1. Enriched Gene Expression in Young

Estrogen Receptor-Alpha Positive

Breast Cancer Tumors

Gene Fold change Gene Fold change

Matrix Paracrine
COL17A1 2.3 CCL5 1.4
COL3A1 1.3 CD27 1.5
COL5A2 1.3 CD40 1.1
COL6A3 1.4 CD40LG 1.4
COL6A6 1.5 CXCL12 1.2
COL7A1 1.6 EGFR 1.7
FN1 1.3 FGF1 1.7
ITGAD 1.9 IGF1 1.4
ITGA1 1.4 IL12B 2.0
LAMA1 1.8 IL16 1.3
LAMA2 1.5 IL32 1.3
LAMA3 1.4 IL8 1.2
LAMB1 1.3 PDGFB 1.3
LAMB3 1.6 TNFAIP1 1.2
LAMC1 1.4 TNFAIP3 1.4
LAMC2 1.7 TNFAIP6 1.4
LAMC3 1.6 TNFRSF13B 1.9
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FIG. 2. Young and aged ASCs display similar proliferation, differentiation, and matrix gene expression (A–C) (A) Young
and aged ASC proliferation cultured in basal and adipogenic medium was assessed at days 1, 3, 7, and 10 using the CCK-8.
Young and aged proliferation was comparable in both basal and adipogenic conditions. (B) Young and aged ASCs exhibit
comparable differentiation capacity and morphology in two-dimensional culture. Young and aged ASCs were maintained in
CM for 7 days, stained with Alexa Fluor 488 Phalloidin, and counterstained with DAPI. Adipogenic-differentiated young
and aged ASCs were maintained for 14 days in adipogenic differentiation medium. Oil Red-O was used to stain for lipid
rich vacuoles. (C) Young and aged ASCs exhibit comparable matrix gene expression. Young and aged ASCs were cultured
in basal medium and collected at 80% confluency for qRT-PCR analysis. The gene expression of extracellular matrix
elements of young ASCs was normalized to aged ASC gene expression. N = 3 biological replicates (all assays), N = 3
technical replicates (proliferation), N = 2 technical replicates (differentiation and qRT-PCR), error bars = SEM (D) TCGA
data of young ER-a+ breast tumors exhibit significantly elevated matrix gene expression (*P < 0.05) compared to aged.
ASC, adipose-derived stromal/stem cell; CCK-8, Cell Counting Kit-8; COL1A1, collagen type I alpha 1; COL3A1, collagen
type III alpha 1; COL4A2, collagen type IV alpha 2; COL6A1, collagen type VI alpha 1; FN1, fibronectin-1; LAMA1,
laminin subunit alpha 1; LAMA3, laminin subunit alpha 3; LAMB3, laminin subunit beta 3; qRT-PCR, quantitative real
time polymerase chain reaction; SEM, standard error of the mean.
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SEM (P < 0.05), respectively, in MCF-7 cells treated with
young ASC CM compared to those treated with aged CM
(Fig. 4C).

Protein expression of mediators of rapid estrogen sig-
naling (ERK and AKT) and ER-a phosphorylation sites
S118 and S167 was next evaluated to determine how the
ASC secretome converged with ER-a signaling cascades.
Following stimulation with CM for 15 min, MCF-7 cells
were collected for Western blot analysis. Results revealed
an increase at p-ER 167 in MCF-7 cells exposed to young
CM, suggesting that ASC signaling is mediated through the
ER-a (Fig. 4D). There was no observed activation of p-ER
S118 or increased activity of p-AKT S473 or p-ERK
Thr202/Tyr204 (Fig. 4D). Due to the suggested activation of
p-ER S167 with young condition media, we next sought to
determine if the observed increase in ER-a mediated gene
signatures (SDF-1, PGR) required the ER-a for activation.
To do this, MCF-7 cells were treated with tamoxifen for 4 h
before stimulation with young or aged ASC CM. MCF-7
cells were collected after 24 h, and ER response genes were
evaluated with qRT-PCR.

Pretreatment with tamoxifen prevented the induction of
PGR and SDF-1 in MCF-7 cells treated with young ASC
CM, which suggests that the increased PGR gene expres-
sion observed in young ASC CM treated MCF-7 cells is
mediated by the ER-a (Fig. 4E). To rule out increased
estrogen production as an underlying cause for the ER-a
activity in young ASC CM stimulated MCF-7 cells, we
evaluated the gene expression of hydroxysteroid 17-b de-
hydrogenase (HSD17) and cytochrome P450 family 19
subfamily A member 1 (CYP19A1) in young and aged
ASCs. The comparison of HSD17 and CYP19A1 expres-
sion in young and aged ASCs revealed no statistical sig-
nificance, indicating that elevated ER-a activity is not a
response to an increase in estrogen synthesis in stem cells
(Supplementary Fig. S2).

ER-a+ BC induced pro-adipogenic differentiation
and matrix production in ASCs are independent
of donor age

The TME is fluid and results from reciprocal stimuli
between cancer and stromal cells. To determine if ASCs
were modulated by ER-a+ BC, CM from the MCF-7 BC cell
line was used to stimulate ASCs. Following stimulation,
ASCs were evaluated for alterations in growth factor and
cytokine production. Results demonstrated no significant
increase in growth factor or cytokine gene expression in
ASCs treated with MCF-7 CM. Moreover, IL-8 was sig-
nificantly repressed (0.51 – 0.10) by MCF-7 CM (Fig. 5A,
B). Young and aged ASCs responded similarly to ER+ CM
with no observed trends in age-dependent alterations to
cytokine or growth factor expression (Supplementary
Fig. S3A). The loss of response of ASCs to ER-a+ CM was
unexpected, as stromal cells such as fibroblasts and adipo-
cytes can acquire a cancer-associated phenotype.

To determine if growth factor and cytokine expression in
ASCs could be modulated by BC cells of other subtypes,
ASCs were exposed to CM from two triple-negative BC cell
lines (MDA-MB-231 and primary TU-BcX-4IC) [47]. ASCs
stimulated with the TNBC MDA-MB-231 CM had signifi-
cantly elevated expression of IL-8 (20.89 – 3.76) and MCP1
(3.63 – 0.60) in ASCs. IL-6 was also consistently elevated in
ASCs with TNBC CM (15.38 – 8.19); however, donor var-
iability affected significance (Fig. 5A–C). This effect was
further amplified with stimulation from primary TNBCs.
Both young and aged ASCs demonstrated elevated expres-
sion of pro-inflammatory cytokines with TNBC CM. In
addition, there was a suggested elevated response in young
ASCs, and further studies are required to demonstrate this
conclusively (Supplementary Fig. S3B).

To further clarify the observed inflammatory response in
ASCs stimulated with TNBC CM, ASCs were stimulated for

FIG. 3. Young tumors and ASCs exhibit a comparable inflammatory profile. (A) Young and aged ASC cytokine profile was
assessed using cytokine array analysis. Young ASC cytokine expression is normalized to aged, N = 2 biological replicates. (B)
TCGA data of young ER-a+ tumors parallel young ASC cytokine expression. Genes, including CCL5, CD40L, CXCL1,
CXCL12, IFN-g, IL-16, IL-32, and TNF-a, are elevated in both young ER-a+ tumors and young ASCs. Genes, including
CCL5, CD40L, GM-CSF, IL-4, IL-16, IL-32a, and SDF-1, show significance (*P < 0.05) between aged and young tumors.
Young tumor gene expression is normalized to aged. CCL5, C-C motif chemokine ligand 5; CD40L, CD40 ligand; CXCL1,
C-X-C motif chemokine ligand 1; CXCL10, C-X-C motif chemokine ligand 10; CXCL11, C-X-C motif chemokine ligand 11;
GMCSF, granulocyte macrophage colony stimulating factor; IFN-g, interferon gamma; IL, interleukin; MCP-1, monocyte
chemoattractant protein 1; PAI-1, plasminogen activator inhibitor 1; TNF-a, tumor necrosis factor alpha.
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30 min with stromal media, 5% media, MCF-7 CM, or
TNBC CM, and pathways associated with inflammation and
cytokine stimulation were evaluated. Initial pathways
downstream of inflammatory stimulation include TLR4 in-
duction of SMAD3, ERK1/2, JNK, AKT, and NF-kB in-
duction of mTORC1. Results demonstrated that classically
activated inflammatory cascades TLR4/SMAD3 and NF-
kB/mTORC1 were not elevated in ASCs alone or with
CM (results not shown). Phosphorylation of both Mitogen-
Activated Protein Kinases 8/9 ( JNK1/2) was increased
in only TNBC lines MDA-MB-231 (1547 – 443.1 and 2221
– 854, respectively) and TU-BcX-4IC CMs (Fig. 5D, E;
499.6 – 141.7 and 690 – 64.77, respectively). There was no
observed difference in JNK activation based on ASC donor
age (Supplementary Fig. S3B), suggesting that ASC re-
sponse to BC stimulation is primarily subtype mediated.

To verify if ASCs are more reactive to pathways that
could mediate an inflammatory response such as JNK,
young and aged ASCs were stimulated with 10 nm PGE2 for
24 h and expression of inflammatory cytokines was evalu-
ated. Results revealed that young ASCs had significantly
(P < 0.05) elevated IL-8 expression compared to aged ASCs,

suggesting that young ASCs may be more responsive to the
inflammatory mediator PGE2 than aged ASCs (Supple-
mentary Fig. S4). We next sought to determine if BC cell
CM regulated ASC adipogenic differentiation. To do this,
ASCs were stimulated for 3 days in MCF-7 CM or MDA-
MB-231 CM and then differentiated to an adipogenic phe-
notype for 7 days. Again, unstimulated full stromal media,
5% pretreatment, and unstimulated adipogenic differentia-
tion media were used as controls. Following adipogenic
differentiation (Fig. 6A, B), all pretreatments demonstrated
equivalent adipogenic potential, and no differences were
noted in MCF-7 CM stimulated adipogenesis. Furthermore,
CM from TNBC did not enhance adipogenesis. These data
suggest that adipogenic potential in ASCs is similarly reg-
ulated by BC receptor status.

To determine if early transcriptional changes were asso-
ciated with stem cell adipogenic differentiation (PPARg,
LEP, UCP1), qRT-PCR analysis of ASCs was conducted
following 3 days of MCF-7 or TNBC CM stimulation. A
significant fold increase (2.84 – 0.31) was observed in
PPARg mRNA expression following stimulation with
MCF-7 CM (Fig. 6C). To determine if the estrogenic

FIG. 4. Young ASC secretome enhances proliferation and estrogen signaling in MCF-7 cell lines. MCF-7 cells were
treated with condition media from aged or young ASCs, and proliferation using crystal violet was evaluated at days 0, 1, 5,
and 7. MCF-7 cells treated with young CM showed greater proliferation through (A) visual staining and (B) absorption.
N = 3 biological and technical replicates, error bars = SEM (C) MCF-7 cells were cultured with aged and young ASC CM
and collected for qRT-PCR. Both PGR and SDF-1 expression were significantly different (*P < 0.05) from aged expression.
N = 3 biological and N = 2 technical replicates, error bars = SEM (D) MCF-7 cells were cultured with aged and young ASC
CM and evaluated for total and phosphorylated AKT, ERK, and ER-a protein expression using WES capillary system.
Results show an increase at p-ER ser-167 in MCF-7 cells stimulated with young CM. (E) MCF-7 cells were treated with
tamoxifen for 4 h before being treated with either young or aged ASC CM. MCF-7 cells were collected after 24 h for qRT-
PCR to evaluate ER regulated gene expression. Results confirm that ASC signaling is mediated by ER-a. N = 3 biological
and N = 2 technical replicates, error bars = SEM. ERK, extracellular signal related kinase; IGF-1, insulin like growth factor
1; PGR, progesterone receptor.
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activity observed in young ASCs is specific to undiffer-
entiated ASCs, we next induced young and aged ASCs to
an adipogenic lineage and evaluated ER mediated gene
changes in the MCF-7 cell line. CM was collected from
young and aged ASCs that had undergone adipogenic
differentiation. MCF-7 cells were treated with aged and
young adipocyte CM for 24 h and then evaluated for ER-a
mediated gene expression changes. Results demonstrated
that there were no significant increases in ER responsive
genes in MCF-7 cells treated with young adipocyte CM
compared to aged adipocyte CM, suggesting a stem spe-
cific effect (Supplementary Fig. S5).

ER status alters fibril ECM production
in ASCs over an extended period

To determine if the ER/estrogen BC axis regulates matrix
production in ASCs, changes in the production of fibril
ECM components were investigated. ASCs were stimulated
with MCF-7 CM and estrogen followed by an alternation of
CM and full media for 2 weeks. At the 1- and 2-week
timepoints, ASCs were stained with a Sirius Red/Fast Green
stain to quantify the amount of fibril collagen and non-
collagenous protein present. The MCF-7 CM at both time-

points increased the fibril collagen content compared to the
5% treatment (Fig. 6D). MCF-7 CM increased fibril colla-
gen production in week 1 (123.6 – 2.117) and week 2
(134.4 – 13.25). In contrast, ASCs stimulated with TNBC
CM did not have an observed significant change in collagen
production. Further treatment of either ASCs or MCF-7 cells
with 17b-estradiol resulted in increased estrogen-stimulated
matrix production in only MCF-7 stimulated cells (Fig. 6E);
further matrix protein increased independent of increased
total protein suggesting that these effects are matrix specific.
This suggests that matrix production in ER-a+ tumors may
be driven by estrogen mediated effects.

Discussion

The BC microenvironment, defined as a combination of
cells within the tumor and its stroma, the ECM, and sur-
rounding signaling molecules [64], plays a pivotal role in
directing cell behavior. Strong evidence supporting the
significance of the microenvironment on cell behavior is
demonstrated in heterochronic parabiosis studies [65]. In
recent years, an overwhelming amount of evidence supports
the contribution of the TME to BC progression and metas-
tasis [66–73]. Furthermore, studies have shown that the

FIG. 5. Triple negative breast cancer enhances ASC inflammatory cytokine expression. (A–C) ASCs were stimulated with
MCF-7, MDA-MB-231, and TU-BcX-4IC CM for 72 h and harvested for qRT-PCR analysis. Findings show significant
P values (*P < 0.05) in SDF-1 and IL-8 expression in MCF-7 stimulated ASCs and IL-8 and MCP-1 expression in MDA-
MB-231 stimulated ASCs. N = 3 biological (MCF-7 CM, MDA-MB-231 CM, N = 2 TU-BcX-4IC) and N = 2 technical
replicates, error bars = SEM (D, E) ASCs were stimulated with culture medium, MCF-7 CM, or TNBC CM for 30 min and
harvested for western blot analysis of selected inflammatory and cytokine pathways. FGF-1, fibroblast growth factor 1; JNK,
Janus kinase; VEGF, vascular endothelial growth factor.
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TME actively participates in the progression to hormone
independence and endocrine therapy resistance [27,28].
Specific age-related changes to the microenvironment have
been linked to tumor progression [74]. Although it is well-
documented that specific extracellular matrix gene profiles
are associated with the prognosis and treatment of BC, little
evidence is known about how local cellular function, spe-
cifically the ASC secretome, contributes to endocrine re-

sistance in young ER-a+ BC patients [75–79]. The extent to
which ASC age affects BC progression and response to
treatment is yet to be fully elucidated.

ASCs are no longer solely used for cell restoration in
regenerative medicine but rather for the benefits derived
from their secretome. While beneficial in regenerative
medicine, these same paracrine actions of ASCs may enable
tumor formation, growth, and maintenance. The current

FIG. 6. ASC adipogenesis is independent of breast cancer subtype, while fibril ECM production is dependent on breast
cancer subtype. (A, B) ASCs were stimulated with MCF-7 and MDA-MB-231CM for 3 days followed by culture in
adipogenic medium for 7 days. Oil Red O staining revealed no difference in adipogenesis between cohorts. N = 3 biological
replicates and N = 2 technical replicates (C) qRT-PCR analysis of MCF-7 and MDA-MB-231 stimulated ASCs revealed
significantly elevated expression (*P < 0.05) of PPAR-g in MCF-7 CM stimulated ASCs. MCF-7 and MDA-MB-231
stimulated ASCs also exhibited significantly lower expression of UCP-1 compared to the control. N = 3 biological replicates
and N = 2 technical replicates, error bars = SEM (D) ASCs were initially stimulated with MCF-7 CM and estrogen,
maintained by alternating CM and full culture medium for 2 weeks, and stained with Sirius Red/Fast Green for fibril
collagen and noncollagenous protein content. Significantly increased (*P < 0.05) fibril collagen content was observed in
MCF-7 CM stimulated ASCs in week 1 but was not observed in TNBC CM stimulated ASCs at either timepoint. (E) Further
treatment of MCF-7 cells and ASCs with 17b-estradiol revealed significantly elevated (*P < 0.05; **P < 0.01) expression of
fibril collagen in MCF-7 cells only. N = 3 biological and technical replicates, error bars = SEM. LEP, Leptin; PPARg,
peroxisome proliferator activated receptor gamma; UCP1, uncoupling protein 1.
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study presents evidence indicating that the age-dependent
contribution of ASCs to the breast TME is mediated pre-
dominantly through their paracrine secretome rather than
their independent ECM production. While there were ob-
served differences in ECM gene expression between young
and aged ER-a+ tumors, matrix production was not observed
to be driven by ASCs. Instead ECM production was pri-
marily enhanced through stimulation of ER-a+ BC cells
with estrogen. This finding is in accordance with a recent
study from our laboratory where we show that fibril collagen
is enriched primarily in ER-a+ breast cancers [80].

The expression of paracrine factors between young and
aged BC tumors is strikingly different in our analysis of
TCGA data. Elevated expression of the chemokine IL-8 was
observed in young ASC CM; however, this was not ob-
served in TCGA data from young ER-a+ BC tumors
(Table 2, Fig. 3). In contrast, a significant decrease in IL-8
expression was observed in ER-a+ CM stimulated ASCs,
suggesting that ASC inflammatory response in the TME is
regulated by ASC age and not necessarily tumor subtype.
IL-8, a pro-inflammatory chemokine that promotes neu-
trophil chemotaxis and degranulation, is linked to a more
invasive phenotype by promoting angiogenesis and metas-
tasis, particularly in triple-negative BC subtypes [81]. Our
results demonstrate that TNBC CM stimulated ASCs ex-
hibited significantly elevated IL-8 expression (Fig. 5A–C).

While our study demonstrated that IL-8 expression in ASCs
is mediated by patient age and TNBC receptor status, others
have shown that ASCs coinjected with ER-a+ MCF7 cells have
elevated IL-8 [82]. Differences in the aforementioned studies
may be due to ASC donor background (BMI, race) or the growth
dependent on two- or three-dimensional culture conditions. In
addition, IL-8 is associated with drug resistance observed in the
ER-a+ MCF-7 cell line [83]. To date, a role for IL-8 and ER-a+

endocrine resistance has not been established for patient age.
The macrophage attracting chemokine CCL5 was also

upregulated in young ASCs. Not only has CCL5 been shown
to recruit CCR5-expressing macrophages to tumors but also
has been shown to promote collagen deposition using
macrophages [84–86]. Studies have shown that over-
expression of CCL5 in breast tumor cells results in increased
invasiveness [87]. SDF-1, a chemokine naturally secreted by
human MSCs, is an essential mediator of MSC chemotaxis
and primary breast tumorigenesis [87,88]. Furthermore,
SDF-1 has been shown to promote hormone-independent
growth in the hormone-dependent MCF-7 line [89].

As an ER-a regulated gene, SDF-1 is suggested to play a
role in the progression of breast carcinoma cells [90,91].
SDF-1 signaling also contributes to chemotherapy resistance
in cancer cells by modulating survival pathways such as
AKT, NOTCH, and the BCL-2 family [92,93]. Interestingly,
while we saw an increase in SDF-1 in young ASCs and
MCF-7 treated with young ASC secretome, we did not ob-
serve AKT activation change. The SDF-1 secretion by
MSCs has shown variance based on microenvironmental
factors, one of which could be age [26,94].

Many of the cytokines observed to be increased in young
ASCs (and with stimulation from the TNBC cell line) have a
pro-inflammatory role. Specifically, we have demonstrated
that IL-8 was significantly elevated in TNBC CM stimulated
ASCs (Fig. 5A–C) and that the downstream cytokine sig-
naling pathway, JNK 1/2, had increased phosphorylation in
TNBC CM stimulated ASCs (Fig. 5D, E). PGE2 is an up-
stream activator of the JNK signaling pathway and mediator
of IL-8 expression. These findings are suggestive of a pos-
sible mechanism, and additional studies are needed to con-
firm the cytokine responsive pathway specifically activated
in young ASCs. Inflammation has a significant role in tumor
development. While normal inflammation is self-limiting,
neoplasms seem to involve inflammatory profiles in which
regulation fails. For example, monocyte chemotactic protein
chemokines recruit monocytes that later develop into tumor-
associated macrophages (TAMs) [95]. TAMs produce an-
giogenic growth factors and IL-10 interferons that disrupt
the antitumor response by cytotoxic T cells [95].

BC comprises a large cellular array: ASCs, adipocytes,
fibroblasts, immune cells, and endothelial cells. The cell
infiltration analysis in young and aged breast tumors has
revealed significant differences between several immune
cell populations, including CD8+ T cells, M2 macrophages,
and Th2 cells (Fig. 1B, C). Previous studies have shown that
CD8+ T cells, Th1 cells, M1 macrophages, and natural killer
cells exhibit antitumor activities, whereas T-regulatory cells
and M2 macrophages exhibit immune-inhibitory, pro-tumor
activities [96]. Interestingly, M2 macrophage infiltrate was
significantly lower in young compared to aged tumors, and
CD8+ T cells were significantly higher in young compared
to aged tumors. Although Jin and Hu determined that CD8+

T cells are associated with disease-free survival in young
BC patients compared to aged, Ali et al. showed that CD8+

T cell infiltrate predicts a more favorable outcome for ER-

tumors than ER+ tumors [97,98]. Based on the literature,

Table 2. Comparison of Young Tumors and Young Adipose-Derived Stromal/Stem Cell

Cytokine Expression and Their Role in Wound Healing

ASC-secreted factor Role in wound healing
Elevated in

young tumors
Elevated in
young ASCs

MCP-1 Macrophage chemoattractant
Possible macrophage polarization

No Yes

CXCL12 Macrophage polarization Yes Yes
IL-10 Anti-inflammatory cytokine No Yes
IL-8 Neutrophil recruitment No Yes
TNF Conflicting-shown to accelerate vascularization

but also delays wound healing
Yes Yes

CCL5 Macrophage recruitment Yes Yes

ASCs, adipose-derived stromal/stem cells.
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there is still no conclusive evidence identifying significant
biological differences between young and aged BC patients
[98].

With discrepancies in immune cell infiltration as prognostic
indicators, other stromal cells have been exploited as possible
prognostic indicators for BC. Although MSC infiltration in
young and aged breast tumors was not significantly different,
MSCs may influence age-dependent tumorigenesis alterna-
tively. Rather than directly infiltrating the tumor, it is sug-
gested that MSCs prime the site for tumor cell growth through
the secretion of high levels of multiple growth factors, cyto-
kines, and chemokines [89]. Younger patients may have
MSCs that secrete higher volumes of pro-tumorigenic factors
than those aged, thus resulting in poor prognoses in young
patients with specific subtypes, including ER-a+ and TNBC.
Further studies evaluating breast tumor derived MSCs will be
needed to validate this hypothesis.

Patient age has been shown to correlate with stem cell
potency, inflammatory secretion, and differentiation capacity
[31,99,100]. Studies on bone marrow-derived stem cells noted
that aged stem cells lacked receptors for cytokines and che-
mokines, including TNFR. The loss of these receptors resulted
in an inability to respond to immune signals from the sur-
rounding environment [101]. Together this suggests that
young stroma, specifically young ASCs, may be more reactive
to pro-inflammatory signals in a tumor environment than aged
stroma (Fig. 7). Our preliminary results are in accordance with
these studies as we show that young ASCs have elevated IL-8
expression following PGE2 treatment, while aged ASCs do
not have an increase in IL-8 (Supplementary Fig. S4). Prior
studies evaluating differences in young and aged ASCs
demonstrate that young ASCs have increased levels of pro-
inflammatory signaling (MCP1, IL-8, TNF) and adipogenic
markers (PPARg) compared to aged ASCs [102].

FIG. 7. Young ER-a+ breast tumor stroma exhibits significant differences in specific matrix components and immune cell
types. Young tumor stroma (<45 years old) revealed significantly higher levels of matrix components (fibronectin, integrin a
and b, collagen III, collagen V, collagen VI, collagen VII, and laminins A, B, and C) and immune cell types (CD8+ T cells
and TH2 cells) (*P < 0.05). Aged tumor stroma (>65 years old) revealed a significantly higher M2 macrophage infiltrate
(*P < 0.05) compared to young stroma. The young and aged tumor stroma exhibit comparable numbers for MSC and
adipocyte infiltrate; however, young MSCs may exhibit a greater potency and stimulate a rapid estrogen signaling pathway
through cytokine and growth factor secretions. The activation of ER-a through ser-167 phosphorylation by another sig-
naling pathway may be an underlying factor for the increased ER-a signaling and increased proliferation observed in MCF-
7 cells stimulated with young CM compared to those stimulated with aged CM. Created with Biorender.com
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Conclusion

This study has observed that the ASC secretome en-
hances estrogen signaling in the ER-a+ MCF-7 cell line.
However, we also observed that the ER-a+ MCF-7 cell
line does not robustly stimulate ASCs. Data suggest that
the tumor-stromal response is more driven by BC subtype
than patient age. Data also suggest that an age-dependent
effect in cytokine expression occurs with TNBC CM
stimulation, but more replicates will be needed to validate
this observation. Further investigation of the role of
stromal age on ER-a+ estrogen signaling will require
expansion to other ER-a+ BC cell lines and in vivo murine
xenograft studies.
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