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Abstract
Purpose Most triple-negative breast cancer (TNBC) patients exhibit an incomplete response to neoadjuvant chemotherapy, 
resulting in chemo-residual tumor cells that drive tumor recurrence and patient mortality. Accordingly, strategies for eliminat-
ing chemo-residual tumor cells are urgently needed. Although stromal cells contribute to tumor cell invasion, to date, their 
ability to influence chemo-residual tumor cell behavior has not been examined. Our study is the first to investigate cross-talk 
between adipose-derived stem cells (ASCs) and chemo-residual TNBC cells. We examine if ASCs promote chemo-residual 
tumor cell proliferation, having implications for tumor recurrence.
Methods ASC migration toward chemo-residual TNBC cells was tested in a transwell migration assay. Importance of the 
SDF-1α/CXCR4 axis was determined using neutralizing antibodies and a small molecule inhibitor. The ability of ASCs 
to drive tumor cell proliferation was analyzed by culturing tumor cells ± ASC conditioned media (CM) and determining 
cell counts. Downstream signaling pathways activated in chemo-residual tumor cells following their exposure to ASC CM 
were studied by immunoblotting. Importance of FGF2 in promoting proliferation was assessed using an FGF2-neutralizing 
antibody.
Results ASCs migrated toward chemo-residual TNBC cells in a CXCR4/SDF-1α-dependent manner. Moreover, ASC CM 
increased chemo-residual tumor cell proliferation and activity of extracellular signal-regulated kinase (ERK). An FGF2-
neutralizing antibody inhibited ASC-induced chemo-residual tumor cell proliferation.
Conclusions ASCs migrate toward chemo-residual TNBC cells via SDF-1α/CXCR4 signaling, and drive chemo-residual 
tumor cell proliferation in a paracrine manner by secreting FGF2 and activating ERK. This paracrine signaling can potentially 
be targeted to prevent tumor recurrence.

Keywords Triple-negative breast cancer (TNBC) · Adipose-derived stem cells (ASCs) · Migration · Proliferation · 
Fibroblast growth factor 2 (FGF2) · Recurrence

Introduction

Approximately 170,000 cases of triple-negative breast can-
cer (TNBC) are diagnosed in the US annually [1]. These 
tumors do not express estrogen receptor, progesterone 
receptor, or HER2, making them unresponsive to currently 

available targeted therapies [2]. Although many of these 
tumors initially respond to chemotherapy, over 60% of 
cases exhibit an incomplete pathologic response, yielding 
high rates of 5-year recurrence [3] and patient mortality [4].

We previously showed that TNBC is composed of hetero-
geneous tumor cell subpopulations, only some of which are 
responsive to chemotherapy [5, 6]. Following chemotherapy 
treatment, chemo-sensitive cells die off, initially shrinking 
the tumor. However, a residual population of chemotherapy-
resistant cells remains and can be detected post-treatment. 
These chemo-residual tumor cells are usually dormant, and 
can remain in that state for years prior to resuming prolif-
eration and driving tumor recurrence. Recurrent tumors are 
usually responsible for patient mortality and they are resist-
ant to current therapies. Accordingly, there exists a need 
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to identify signaling axes that can be targeted to prevent 
proliferation of chemo-residual tumor cells.

Adipose-derived stem cells (ASCs) are found in associa-
tion with tumors in vivo and are recruited from abundant 
breast adipose tissue to the tumor microenvironment via 
poorly understood signaling pathways [7]. Previous work 
demonstrates that ASCs drive breast tumor cell growth [8, 9] 
and increase their metastatic potential in vivo [10]. However, 
to date, it remains unclear if ASCs migrate toward and sup-
port the growth of chemo-residual tumor cells, thus poten-
tially contributing to tumor recurrence.

It is known that ASC chemotaxis is dependent on the 
binding of stromal derived factor 1α (SDF-1α), which is 
secreted by target tissues, to the C-X-C chemokine receptor 
type 4 (CXCR4) on the ASC cell surface [11]. In the current 
work, we address the hypothesis that following cessation of 
chemotherapy treatment, chemo-residual TNBC cells recruit 
ASCs to their vicinity by secreting SDF-1α. Once within 
the tumor microenvironment, we show that these ASCs 
induce the proliferation of chemo-resistant TNBC cells. Our 
results suggest that ASCs may contribute to tumor progres-
sion in TNBC patients exhibiting an incomplete pathologic 
response to neoadjuvant chemotherapy treatment.

Results

ASC migratory potential toward chemo‑residual 
TNBC cells

In order to develop an understanding of how adipose stroma 
impacts chemo-residual TNBC cells, we first sought to show 
that ASCs migrate along a chemotactic axis to localize to 
chemo-residual TNBC cells. We obtained primary human 
ASCs from Zenbio. These cells were shown by Zenbio to 
express stem cell surface markers, as well as the ability to 
differentiate into adipocytes, chondrocytes, and osteocytes. 
Multilineage differentiation potential of these cells was con-
firmed in our laboratory (data not shown). Chemo-residual 
TNBC cells were generated using our short-term chemo-
therapy treatment model [5]. In this model, TNBC cells 
were exposed to a clinically-relevant chemotherapy regimen 
(docetaxel) for 2 days, after which drug was removed from 
the culture media. By day 7, we observed a subpopulation 
of growth-arrested tumor cells surviving chemotherapy. 
Approximately 2 weeks after chemotherapy removal, this 
chemo-residual tumor cell subpopulation resumed growth, 
establishing multi-drug resistant colonies. For the current 
study, conditioned media (CM) from these chemotherapy-
resistant SUM159 TNBC cells was collected and placed 
into the bottom chamber of a transwell with ASCs seeded 
in the top chamber. Following a 15 h incubation, ASCs 
migrated toward chemo-residual TNBC conditioned media 

as demonstrated in Fig. 1A. We observed a four-fold increase 
in migration of ASCs exposed to chemo-residual TNBC CM 
relative to those exposed to serum free control media.

Previous studies indicate that ASCs migrate along the 
SDF1α-CXCR4 chemotactic axis [12]. First, we con-
firmed CXCR4 expression in our ASCs by flow cytometry 
(Fig. 1C). We also showed by real-time PCR that TNBC 
cells express SDF1α (Fig. 1D). To determine if this axis 
drives the migration of ASCs toward TNBC chemo-resid-
ual cells, we performed transwell chemotaxis assays that 
included either CXCR4 or SDF-1α neutralizing antibodies. 
As shown in Fig. 2, both antibodies reduced ASC migra-
tion toward chemo-residual TNBC (SUM159) conditioned 
media. We also showed that a CXCR4 small molecule 
inhibitor (AMD3100; EMD Milipore) reduced ASC migra-
tion toward chemo-residual cells by two-fold (Fig. 2B). The 
inhibitory effect of this peptide was greater with increasing 
inhibitor concentration (Fig. 2C). Notably, these antibodies 
and peptides only partially reduced the migratory effect of 
tumor cell conditioned media on ASC migration, suggest-
ing that additional signaling axes participate in this biology.

ASCs promote chemo‑residual TNBC cell 
proliferation

Having shown that ASCs can migrate toward chemo-residual 
TNBC cells, we next sought to determine if these ASCs 
influence the proliferation of chemo-residual TNBC cells, 
which exhibit reduced proliferation relative to untreated 
TNBC cells [6]. ASCs secrete growth factors that can act 
in a paracrine fashion on neighboring cells. Accordingly, 
we collected conditioned media from ASCs (ASC CM), 
and tested its effects on chemo-residual tumor cell growth. 
ASC CM increased chemo-residual TNBC cell number sig-
nificantly after 24 h, as determined by trypan blue stain-
ing (Fig. 3A, B). Chemo-residual SUM159 cells exposed to 
ASC CM demonstrated a 2.3-fold increase in cell number 
relative to control (Fig. 3A), while chemo-residual BT549 
cells demonstrated a 1.3-fold increase (Fig. 3B). Notably, we 
did not observe an ability of ASC CM to drive proliferation 
of chemo-naïve TNBC cells (data not shown).

Previous studies indicate that TNBC cells are dependent 
on fibroblast growth factor 2 (FGF2) for their growth and 
survival, which has led to the clinical use of FGFR tyros-
ine kinase inhibitors to slow primary tumor growth and 
progression [13, 14]. Based on the knowledge that ASCs 
secrete FGF2 [9], we next sought to determine if ASCs 
drive chemo-residual TNBC cell proliferation in an FGF2-
dependent manner. ASC CM was added to chemo-residual 
TNBC cells in the presence of an FGF2-neutralizing anti-
body (or control IgG) for 24 h. Cell number was determined 
by trypan blue staining. FGF2 neutralizing antibody reduced 
the ability of ASC CM to drive proliferation of SUM159 



415Breast Cancer Research and Treatment (2019) 174:413–422 

1 3

chemo-residual SUM159 tumor cells by 1.6-fold (Fig. 3C). 
Likewise this antibody reduced the ability of ASC CM to 
drive proliferation of chemo-residual BT549 tumor cells by 
1.3-fold (Fig. 3D). Collectively, these data show that FGF2 
inhibition can suppress the pro-proliferative effects of ASC 
CM on chemo-residual TNBC cells.

FGF2 drives cell proliferation by activating extracel-
lular signal-regulated kinase (ERK) [15, 16]. Specifi-
cally, FGF2 binding to FGF receptors drives tyrosine 

phosphorylation of ERK, which induces transcription 
of pro-proliferative and anti-apoptotic proteins [16]. We 
measured ERK activity in chemo-residual tumor cells fol-
lowing their pre-incubation with ASC CM. ERK activity 
was measured by determining the ratio of phosphorylated-
ERK (phospho-ERK) to ERK in these tumor cells. Using 
these methods, we demonstrate by western blotting that 
phospho-ERK: ERK ratios are approximately two-fold 

Fig. 1  Adipose stem cells 
(ASCs) Migrate toward Con-
ditioned Media (CM) from 
Chemo-Residual TNBC Cells. 
A CM was prepared by grow-
ing chemo-residual SUM159 
TNBC cells in serum-free 
media for 48 h. The ability of 
primary human ASCs (Zenbio) 
to migrate toward this CM 
(Chemo-residual CM), FBS (+ 
Control) or serum-free media (− 
Control) was evaluated in a 15 h 
transwell assay. Total number of 
migrated cells from 5 repre-
sentative fields (100 × magnifi-
cation) was determined for each 
well, and mean cell number 
from triplicate wells (± SD) 
was calculated. Significance 
was determined by two tailed t 
test (****p < 0.0001). Similar 
results were obtained in at least 
three independent trials. B Rep-
resentative fields (100 ×) show-
ing migration of ASCs towards 
chemo-residual TNBC CM in a 
15 h transwell assay. C CXCR4 
expression was assessed by 
incubating ASCs with CXCR4 
antibody (blue line) or control 
IgG (red line), followed by 
FITC-conjugated secondary 
antibody. CXCR4 cell surface 
expression was determined by 
flow cytometry. D RNA was 
isolated from untreated and 
chemo-residual SUM159 cells 
and subjected to SDF-1 alpha 
and GAPDH real-time PCR. 
SDF-1 alpha gene expression 
relative to GAPDH is presented 
for both cell lines
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Fig. 2  CXCR4 and SDF-1α Neutralizing Antibodies Block ASC 
Migration toward chemo-residual TNBC cell Conditioned Media. 
A Human ASC migration toward chemo-residual TNBC cell CM 
(prepared as described in Fig.  1) was measured in the presence of 
a CXCR4-neutralizing Ab (EMDMillipore, 10  µg/mL), an SDF1α 
-neutralizing antibody (R&D Systems, 10  µg/mL), or control IgG 
(R&D Systems, 10 µg/mL). Chemotaxis was measured as in Fig. 1. 
The right panels show representative fields of migrated ASCs in the 
presence of the indicated antibodies. Significance was measured with 
a two tailed t test (***p < 0.0005). B The ability of a CXCR4 small 

molecule inhibitor (AMD3100; EMD Millipore, 50 µg/mL) to block 
ASC migration toward chemo-residual TNBC cell CM was tested in 
a 15 h transwell assay. The bottom panels are representative fields of 
migrated ASCs ± AMD3100. Significance was measured with a two 
tailed t test (***p < 0.0005). C The ability of ASCs to migrate toward 
chemo-residual TNBC cell CM was tested in a 15 h transwell assay 
in the presence of the indicated concentrations of CXCR4 small mol-
ecule inhibitor (AMD3100). Significance was measured using a two 
tailed t test (**p < 0.005; ***p < 0.0005)
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higher in chemo-residual tumor cells exposed to ASC CM 
relative to that in cells exposed to control media (Fig. 4A).

FGF2 signaling is dependent on its binding to one of 
four FGF2 receptors (FGFR1–FGFR4). Our unpublished 
data indicate that chemo-residual TNBC cells generated 
in our short-term chemotherapy treatment model express 
FGFR1, and that this receptor is important for their sur-
vival. Accordingly, we postulated that the differential 

responsiveness of chemo-residual and chemo-naïve TNBC 
cells to ASC CM may reflect increased expression of 
FGFR1 in the chemo-residual cells. To test this hypoth-
esis, we performed FGFR1 immunoblotting on total cel-
lular extracts obtained from SUM159 TNBC cells before 
and after chemotherapy treatment. As shown in Fig. 4B, 
chemo-residual SUM159 cells expressed significantly 
increased levels of FGFR1 relative to chemo-naïve 

Fig. 3  ASC CM Increases Proliferation of Chemo-residual TNBC 
Cells in an FGF2-dependent manner. A and B ASC CM was prepared 
from human ASCs (ZenBio) grown in reduced serum media for 72 h. 
This ASC CM (ASC CM), or control reduced serum media (Con-
trol) was added to chemo-residual SUM159 (A) or chemo-residual 
BT549 (B) cells. The number of chemo-residual TNBC cells was 
determined after 24  h by trypan blue staining. Results are reported 
as mean cell number (± SEM) from triplicate wells. Similar results 
were obtained in 3 trials. Significance was measured using a two 

tailed t test, ***p < 0.0005. (C and D) Chemo-residual SUM159 cells 
(C) or chemo-residual BT549 cells (D) were incubated with control 
media, ASC CM + control IgG, or ASC CM + FGF2-neutralizing 
antibody (EMD Millipore, 10  µg/mL) for 24  h. Cell numbers were 
determined as in A. Significance was measured with a two tailed t test 
(**p < 0.005). This effect was independently observed in three trials. 
Of note, incubation of chemo-naïve SUM159 cells with ASC CM did 
not induce cell proliferation (data not shown)
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SUM159 cells. Collectively, these data indicate that FGF2 
secreted by ASCs acts in a paracrine fashion on FGFR1-
expressing chemo-residual TNBC cells to activate ERK 
signaling, which is associated with an increase in tumor 
cell proliferation.

Materials and methods

Cell culture

SUM159 TNBC cells were obtained from Duke Cell Culture 
Facility. SUM159 cell line was authenticated (August 2015) 
with STR profiling at the Duke DNA facility using Gene-
Print 10 kit (Promega). SUM159 cells were maintained in 
Ham’s F-12 medium containing 5% heat-inactivated FBS, 
5 µg/L insulin, and 1 µg/mL hydrocortisone.

ASCs were purchased from Zenbio (ASC-F), and were 
maintained in DMEM/F12 medium containing 5% heat-
inactivated FBS, penicillin–streptomycin (100  µ/mL), 
200 mM l-glutamine and 100 × non-essential amino acids.

BT549 cells were obtained from the Duke Cell Culture 
Facility and authenticated with STR profiling as above. 
These cells were maintained in RPMI 1640 contain-
ing 10% heat-inactivated FBS, 1 µg/mL insulin, 10 mM 
HEPES,1 mM pyruvate, and 2.5 g/L glucose.

Generating chemo‑residual cells: short‑term 
chemotherapy treatment

SUM159 or BT549 TNBC cells were cultured for 2 days in 
Docetaxel (100 nM). After Docetaxel removal, chemo-resid-
ual tumor cells were allowed to recover in drug-free com-
plete medium for an additional 16 d. At this time, colonies 
emanating from chemo-residual tumor cells were harvested 
with EDTA and expanded as a monolayer for one passage 
prior to analysis of chemo-residual tumor cell signaling/
invasive behavior.

Transwell chemotaxis assay

Transwell inserts (Costar 3422, 24 well, 8um plate) were 
coated at 37 °C for 2 h with collagen (Sigma; 25 µg/mL). 
ASCs were harvested with 0.05% Trypsin–EDTA (Gibco), 
and washed 3 × with 10 ml FBS free culture medium con-
taining 0.1% BSA. After counting, cells were seeded at 
10,000 cells in 100 µl FBS free media + pen/strep + 0.1% 
BSA into the top chamber of each collagen coated transwell 
(triplicate wells for each condition). For inhibitor experi-
ments, CXCR4 Ab (10  µg/mL, Invitrogen), AMD3100 
peptide inhibitor (50 µg/mL, Millipore Sigma), or control 
antibody (mouse IgG1, Sigma) were added with cells to top 
chambers of the transwells.

Conditioned media (CM) from chemo-residual TNBC 
cells was used as a source of chemo-attractant, and added 
to the bottom chamber of each transwell. To produce this 
CM, chemo-residual TNBC cells were grown in FBS free 
Ham’s/F12 media containing 0.1% BSA, and the superna-
tant was collected after 48 h. For some experiments (Fig. 2), 
SDF-1α antibody (10 µg/mL, R&D Systems) or control anti-
body (mouse IgG1, Sigma) were added to chemo-residual 
cell CM before plating in the bottom chamber. Plates were 
incubated at 37 °C/ 5%  CO2. After 15 h plates were removed 
and the tops of the transwell inserts were wiped with a Q-tip 
to remove cells. The inserts were fixed with cold (− 20 °C) 
Methanol for 10 min and then stained with 0.2 mg /ml Crys-
tal Violet in 2% ethanol for 10 min. Inserts were left to air 
dry overnight and photographed at 100 ×. The number of 
migrated cells from 5 fields per insert was counted using 
cell count in Image J software (NIH). Average number of 
migrated ASCs from triplicate wells (± SD) was determined 
for each condition.

Flow cytometry

ASCs were seeded in a 6 well plate at 1 × 105 cells/well and 
incubated overnight at 37°C/5%  CO2. After 24 h, cells were 
harvested and washed with PBS containing 1% BSA and 
harvested with a cell scraper. Cells were incubated with 
CXCR4 antibody (ThermoFisher) or mouse IgG control 

Fig. 4  Chemo-residual TNBC signaling. A Cytosolic extracts 
were obtained from chemo-residual SUM159 tumor cells pre-
treated ± ASC CM for 24 h. Equivalent amounts were immunoblotted 
with ERK and phospho-ERK antibodies, followed by the appropriate 
Alexa Fluor secondary antibody. Protein bands were detected by LI-
COR Odyssey Fluorescent imaging. Protein bands were quantified 
using Image J (NIH) and the ratio of phospho-ERK/ERK for each 
sample was determined. ASC conditioned media induced a two-fold 
increase in the phospho-ERK/ERK ratio in chemo-residual cells. B 
Cytosolic extracts were obtained from untreated SUM159 cells and 
from chemo-residual SUM159 cells. Equivalent amounts were immu-
noblotted with FGFR1 or Actin antibody, followed by secondary anti-
body. Protein bands were detected as in A 
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(Sigma) at a concentration of 1.0 µg/mL at 4 °C for 45 min, 
followed by secondary antibody (ThermoFisher; 5 µg/mL) 
at 4 °C for 30 min. Cells were then washed with PBS and 
analyzed using a Guava flow cytometer and Flowjo software.

Real‑time PCR

RNA was isolated from untreated SUM159 and chemo 
(docetaxel)-residual SUM159 cell pellets (500,000 cells/
pellet) in triplicate using Qiagen RNeasy Mini kit (Cat. No. 
74104) following the manufacturers protocol. 500 ng/rxn of 
isolated RNA was used to make total cDNA with Bio-Rad 
iScript cDNA synthesis kit (Cat. No. 170-8691) following 
the manufacturers protocol. SDF-1 Alpha gene expression 
was determined by RT-PCR using (Accession: NM_199168) 
Fwd Primer 5′-GTG ATT GCC TCT GAA GCC  TA-3′ Rev 
Primer 5′-ATT GTC ACC TTG CCA ACA  GT-3′ and normal-
ized to GAPDH using (Accession: NM_002046.2) Fwd 
Primer 5′-GAG TCA ACG GAT TTG GTC GT-3′ Rev Primer 
5′-TTG ATT TTG GAG GGA TCT CG-3′. Gene expression was 
analyzed by RT-PCR using Bio-Rad SsoAdvanced Universal 
IT SYBR Green Supermix (Cat. No. 172-5016) according to 
the manufactures protocol using the Bio-Rad CFX96 Real-
Time System and software.

Proliferation studies

ASC conditioned medium (CM) was produced by culturing 
ASCs in low serum DMEM/F12 media or control media 
(DMEM/F12 with 2% FBS) for 72 h. Chemo-residual TNBC 
cells were seeded into a 96 well plate at a density of 5000 
cells/ well. After 24 h, media was removed and chemo-
residual TNBC cells were washed with low serum ASC 
media. Chemo-residual cells were then exposed to ASC 
CM or control media (DMEM/F12 with 2% FBS). After 
24 h, chemo-residual cells wells were harvested with 0.05% 
Trypsin–EDTA. All experiments were performed in trip-
licate. Cells were stained with trypan blue and manually 
counted with a hemocytometer.

In Fig. 4, a fibroblast growth factor 2 (FGF2)-neutraliz-
ing antibody (10 µg/mL, EMD Milipore) or isotype control 
antibody (mouse IgG1, Sigma) were added to the ASC CM 
before exposure to chemo-residual cells. ASC CM ± FGF2-
neutralizing antibody was incubated for 24 h before harvest-
ing and counting cells as above.

Immunoblotting

Cells were harvested with 2 mM EDTA in HBSS (Gibco) 
and washed twice with HBSS. Cell pellets were then lysed 
with Cell Lysis Buffer (CLB) (10 mM Hepes 7.6, 10 mM 
KCl, 1.5 mM  MgCl2, 0.5% NP40, PMSF, protease/phos-
phatase inhibitors (HALT–Pierce). The cytosolic fraction 

was separated from the nuclear pellet. The nuclear pellet 
was lysed with Nuclear Lysis Buffer (NLB) (25 mM Tris 7.5, 
1% SDS, protease/phosphatase inhibitors). Protein concen-
trations were determined using Pierce BCA Protein Assay.

Equivalent amounts of cytosolic or nuclear protein were 
loaded into wells of SDS–PAGE gels (4–12% Bis-Tris Gel, 
Thermo Fisher), and transferred to nitrocellulose. These 
membranes were incubated with the following antibodies at 
4 °C overnight: Primary antibodies (Cell Signaling: ERK, 
phosphor-ERK, FGFR1-D8E4. Sigma: Actin). Secondary 
Antibodies (ThermoFisher: Goat anti Mouse Alexa Fluor 
680, Goat anti Rabbit Alexa Fluor 800). Stained membranes 
were scanned with a LI-COR Odyssey Fluorescent Scanner.

Discussion

Because TNBC tumors are insensitive to hormonal therapy, 
chemotherapy is the standard of care for women diagnosed 
with these aggressive cancers. Our laboratory has demon-
strated that triple-negative breast cancers are heterogene-
ous, composed of both chemo-sensitive and chemo-resistant 
subpopulations of tumor cells [5]. Following chemotherapy 
treatment and the death of chemo-sensitive cells, a popula-
tion of chemo-residual cells remain viable. Our previous 
work demonstrates that chemo-residual cells have a slower 
proliferation rate than the bulk tumor population [6]. The 
reduced proliferation of these cells in part drives their 
resistance to chemotherapeutic agents, which rely on rapid 
cell proliferation for efficacy. Restored proliferation of this 
dormant population by unknown factors occurs years after 
chemotherapy treatment, driving recurrent tumor growth.

Our study demonstrates that chemo-residual cells secrete 
a chemokine (SDF1α) that binds to ASCs in the breast 
stroma, and recruits them to the chemo-residual tumor cell 
microenvironment via the SDF1α-CXCR4 chemotactic 
axis (Fig. 5A). Our results show that blocking this axis only 
partially reduces ASC migration (Fig. 2), suggesting that 
other chemotactic axes are operative. Once within the tumor 
microenvironment, these ASCs secrete a factor (FGF2) that 
acts in a paracrine fashion on chemo-residual TNBC cells 
to induce their proliferation (Fig. 5B). Our work shows that 
ASC-driven proliferation of chemo-residual tumor cells is 
dependent on their secretion of FGF2. However, even in the 
presence of the FGF2-neutralizing antibody, proliferation 
rates did not completely return to baseline levels (Fig. 3). 
This finding suggests that ASCs may release additional 
growth factors and cytokines into the tumor microenviron-
ment that together with FGF2, promote tumor cell prolifera-
tion. Identifying these additional growth factors is a subject 
of future investigation.

Approximately 60% of TNBC patients exhibit an incom-
plete pathologic response to neoadjuvant chemotherapy, as 
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indicated by the presence of residual chemo-resistant cancer 
cells [3, 17]. The presence of chemo-residual TNBC cells 
is associated with a high rate of tumor recurrence, which is 
responsible for patient mortality [4]. Chemo-residual tumor 
cells can remain in a dormant state for many years prior to 
the growth of locoregional or distant recurrent tumors. It 
remains unclear what factors transition these tumor cells 
from dormancy to recurrence. Notably, chemo-residual 
tumor cells are exposed to an adipose rich environment 
within the breast both before surgery and after breast recon-
struction. Our work demonstrates that the transition from 
dormancy to recurrence may be influenced by ASC secre-
tion of growth factors acting in a paracrine fashion to drive 
chemo-residual TNBC cell proliferation. To address this 
possibility, in future studies, we will test if co-injection of 
ASCs with chemo-residual tumor cells into immunodeficient 
mice accelerates tumor growth kinetics.

FGF2 induces cell proliferation by binding to FGF recep-
tor family members. Our unpublished data indicate that 
chemo-residual TNBC cells generated in our short-term 
chemotherapy treatment model express FGFR1, and that this 
receptor is important for their survival. In the current work, 
we show that chemo-residual TNBC cells express increased 
levels of FGFR1 compared to chemo-naïve cells, providing 

mechanistic insight into why chemo-residual but not chemo-
naïve TNBC cells proliferate in response to their incubation 
with FGF2-secreting ASCs. Further studies are needed to 
determine if small molecule FGFR inhibitors used in the 
clinic can inhibit ASC/chemo-residual TNBC cell cross-talk.

Previous studies indicate that activation of FGF2/FGFR 
induces proliferation and chemo-resistance of solid tumors 
[15, 18]. Upon receptor activation, downstream signaling 
promotes the phosphorylation of extracellular signal-regu-
lated kinase (ERK), which drives cell growth and prolifera-
tion in many tumor types via the upregulation of pro-prolif-
erative and anti-apoptotic proteins [16]. In the present study, 
we demonstrate by immunoblotting that chemo-residual 
TNBC cells exposed to ASC CM express increased levels 
of phospho-ERK. These data provide mechanistic evidence 
for the anti-proliferative effects observed when FGF2 signal-
ing is impaired. In addition to its pro-proliferative effects, 
FGF2 can also promote chemotherapy resistance by activat-
ing ERK [19]. Future studies are needed to: (1) investigate 
if ASC-driven paracrine FGF2 signaling contributes to the 
development of TNBC cell chemo-resistance, and (2) deter-
mine if FGFR inhibitors can restore chemo-sensitivity of 
these TNBC cells.

FGF2-neutralizing antibodies block FGF2 binding to 
FGF receptors. In the present study, we showed that an 
FGF2- neutralizing antibody blocks ASC CM-induced 
chemo-residual TNBC cell proliferation (Fig. 3). Other 
strategies for inhibiting FGF2 signaling include the use of 
a fusion protein, FGF-Trap, which acts as a soluble decoy 
FGF2 receptor. FGF-Trap has proven effective in the inhibi-
tion of growth and angiogenesis of tumors in vivo [20]. An 
additional method for blocking this signaling axis includes 
the use of a tyrosine kinase inhibitor, NVP-BGJ398, which 
inhibits the activation of FGFRs [21] and impairs breast can-
cer progression [22]. Finally, this signaling can be inhibited 
using B19, a myristoyl-CoA analog that prevents the myris-
toylation of fibroblast growth factor receptors substrate 2 
(FRS2α), a key scaffolding protein necessary for receptor 
functionality. Recent data suggest B19 interferes with down-
stream FGF2 signaling via alterations to MAPK, triggering 
cell cycle arrest and halting tumor cell proliferation [23].

FGFR tyrosine kinase inhibitors are used as a treatment 
modality in patients to slow the growth of tumors across a 
wide array of cancer types including breast, prostate, lym-
phoma, multiple myeloma, and urothelial carcinoma [24]. 
The classes of compounds presently in use or in clinical tri-
als are selective and non-selective tyrosine kinase inhibitors, 
such as BGJ398, as well as monoclonal antibodies and FGF-
ligand traps described previously. To qualify for treatment 
or to participate in clinical trials with these agents, patients 
must meet eligibility criteria, including possession of known 
FGFR mutations, amplifications, or translocations [24]. In 
the present study, we demonstrate that FGF2 signaling from 

Fig. 5  ASC cross-talk with chemo-residual TNBC cells- implica-
tions for tumor recurrence. A Chemo-residual TNBC cells secrete the 
chemokine SDF1α, resulting in recruitment of ASCs, which express 
the SDF1α chemokine receptor CXCR4, to the tumor site. B ASCs 
secrete FGF2, which binds to an FGF2 receptor on chemo-residual 
tumor cells, initiating signaling that drives tumor cell proliferation. 
Considering that chemo-residual tumor cells can remain dormant 
in patients for months to years, this ASC/chemo-residual tumor cell 
cross-talk likely contributes to tumor recurrence in patients post-
chemotherapy treatment
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stromal cells plays a key role in supporting the tumor micro-
environment suggesting that many patients that do not pres-
ently meet eligibility criteria for FGFR inhibitor treatment 
may in fact benefit from these drugs because of their ability 
to inhibit ASC paracrine signaling.

In summary, this study suggests that the breast stroma can 
influence chemo-residual TNBC cells remaining after neo-
adjuvant chemotherapy treatment, thus potentially contribut-
ing to tumor recurrence. Our work suggests that disrupting 
the supportive role that ASCs provide for tumor cells, either 
by preventing ASC migration to the chemo-residual tumor 
microenvironment (Fig. 5A) or by inhibiting the signaling 
associated with ASC release of growth factors such as FGF2 
(Fig. 5B), may prevent TNBC recurrence. Given the resist-
ance of these cells to chemotherapy, furthering our under-
standing of ASC/chemo-residual tumor cell cross-talk, and 
its role in recurrent tumor formation will provide an essen-
tial foundation for developing more effective therapeutic 
approaches.

Acknowledgements We thank Steve Conlon for his assistance with 
figure presentation. We also thank Dr. David Howell and Kristi Oristian 
for her intellectual and technical contributions to this project.

Funding This work was supported in part by a Hackel Fellowship (ML, 
Duke University School of Medicine, Department of Pathology), and 
in part by departmental funds (Duke University School of Medicine, 
Department of Surgery).

Compliance with ethical standards 

Conflict of interest No authors on this manuscript declare a conflict 
of interest.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. Anders CK, Carey LA (2009) Biology, metastatic patterns, and 
treatment of patients with triple-negative breast cancer. Clin 
Breast Cancer 9(suppl 2):S73–S81

 2. Hudis CA, Gianni L (2011) Triple negative breast cancer: an 
unmet medical need. Oncologist 16(Suppl 1):1–11

 3. Rouzier R, Perou CM, Symmans WF, Ibrahim N, Cristofanilli 
M, Anderson K, Hess KR, Stec J, Ayers M, Wagner P, Morandi 
P, Fan C, Rabiul I, Ross JS, Hortobagyi GN, Pusztai L (2005) 
Breast cancer molecular subtypes respond differently to preopera-
tive chemotherapy. Clinical Cancer Res 11(16):5678–5685

 4. Liedtke C, Mazouni C, Hess KR, André F, Tordai A, Mejia JA, 
Symmans WF, Gonzalez-Angulo AM, Hennessy B, Green M, 
Cristofanilli M, Hortobagyi GN, Pusztai L (2008) Response to 
neoadjuvant therapy and long-term survival in patients with triple-
negative breast cancer. J Clin Oncol 26(8):1275–1281

 5. Li S, Kennedy M, Payne S, Kennedy K, Seewaldt VL, Pizzo SV, 
Bachelder RE (2014) Model of tumor dormancy/recurrence after 
short-term chemotherapy. PLoS ONE 9(5):e98021

 6. Nelson ER, Li S, Kennedy M et al (2016) Chemotherapy enriches 
for an invasive triple-negative breast tumor cell subpopulation 
expressing a precursor form of N-cadherin on the cell surface. 
Oncotarget 7(51):84030–84042. https ://doi.org/10.18632 /oncot 
arget .12767 

 7. Zhao M, Dumur CI, Holt SE, Beckman MJ, Elmore LW (2010) 
Multipotent adipose stromal cells and breast cancer development: 
think globally, act locally. Mol Carcinog 49(11):923–927

 8. Sakurai M, Miki Y, Takagi K, Suzuki T, Ishida T, Ohuchi N, 
Sasano H (2017) Interaction with adipocyte stromal cells induces 
breast cancer malignancy via S100A7 upregulation in breast can-
cer microenvironment. Breast Cancer Res 19(1):70

 9. Zhao M, Sachs P, Wang X, Dumur C, Idowu M, Robila V, Fran-
cis M, Ware J, Beckman M, Rizki A, Holt S, Elmore L (2012) 
Mesenchymal stem cells in mammary adipose tissue stimulate 
progression of breast cancer resembling the basal-type. Cancer 
Biol Ther 13(9):782–792

 10. Rowan BG, Gimble JM, Sheng M et al (2014) Human adipose 
tissue-derived stromal/stem cells promote migration and early 
metastasis of triple negative breast cancer xenografts.Glod JW. 
ed. PLoS ONE 9(2):e89595

 11. Marquez-Curtis LA, Janowska-Wieczorek A (2013) Enhancing 
the migration ability of mesenchymal stromal cells by targeting 
the SDF-1/CXCR4 axis. BioMed Res Int 2013:561098. https ://
doi.org/10.1155/2013/56109 8

 12. Baek SJ, Kang SK, Ra JC (2011) In vitro migration capacity of 
human adipose tissue-derived mesenchymal stem cells reflects 
their expression of receptors for chemokines and growth factors. 
Exp Mol Med 43(10):596–603

 13. Dey JH, Bianchi F, Voshol J, Bonenfant D, Oakeley EJ, Hynes NE 
(2010) Targeting fibroblast growth factor receptors blocks PI3K/
AKT signaling, induces apoptosis, and impairs mammary tumor 
outgrowth and metastasis. Cancer Res 70:4151–4162

 14. Sharpe R, Pearson A, Herrera-Abreu MT, Johnson D, Mackay 
A, Welti JC et al (2011) FGFR signaling promotes the growth 
of triple negative and basal-like breast cancer cell lines both 
in vitro and in vivo. Clin Cancer Res Off J Am Assoc Cancer Res 
17:5275–5286

 15. Akl MR, Nagpal P, Ayoub NM et al (2016) Molecular and clinical 
significance of fibroblast growth factor 2 (FGF2 /bFGF) in malig-
nancies of solid and hematological cancers for personalized ther-
apies. Oncotarget 7(28):44735–44762. https ://doi.org/10.18632 /
oncot arget .8203

 16. Zheng B, Fiumara P, Li YV, Georgakis G, Snell V, Younes M, 
Vauthey JN, Carbone A, Younes A (2003) MEK/ERK pathway is 
aberrantly active in Hodgkin disease: a signaling pathway shared 
by CD30, CD40, and RANK that regulates cell proliferation and 
survival. Blood 102(3):1019–1027

 17. Carey LA, Dees EC, Sawyer L, Gatti L, Moore DT, Collichio F, 
Ollila DW, Sartor CI, Graham ML, Perou CM (2007) The triple 
negative paradox: primary tumor chemosensitivity of breast can-
cer subtypes. Clin Cancer Res 13(8):2329–2334

 18. Krejci P, Faitova J, Laurell H, Hampl A, Dvorak P (2003) FGF-2 
expression and its action in human leukemia and lymphoma cell 
lines. Leukemia 17:818–820

 19. McCubrey J, Abrams S, Ligresti G, Misaghian N, Wong E, Steel-
man L, Bäsecke J, Troppmair J, Libra M, Nicoletti F (2008) 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.18632/oncotarget.12767
https://doi.org/10.18632/oncotarget.12767
https://doi.org/10.1155/2013/561098
https://doi.org/10.1155/2013/561098
https://doi.org/10.18632/oncotarget.8203
https://doi.org/10.18632/oncotarget.8203


422 Breast Cancer Research and Treatment (2019) 174:413–422

1 3

Involvement of p53 and Raf/MEK/ERK pathways in hematopoi-
etic drug resistance. Leukemia 22:2080–2090

 20. Li D, Wei X, Xie K, Chen K, Li J, Fang J (2014) A novel decoy 
receptor fusion protein for FGF-2 potently inhibits tumour growth. 
Br J Cancer 111(1):68–77. https ://doi.org/10.1038/bjc.2014.282

 21. Komla-Ebri D, Dambroise E, Kramer I et al (2016) Tyrosine 
kinase inhibitor NVP-BGJ398 functionally improves FGFR3-
related dwarfism in mouse model. J Clin Investig 126(5):1871–
1884. https ://doi.org/10.1172/JCI83 926

 22. Holdman XB, Welte T, Rajapakshe K et al (2015) Upregulation of 
EGFR signaling is correlated with tumor stroma remodeling and 

tumor recurrence in FGFR1-driven breast cancer. Breast Cancer 
Res 17:141. https ://doi.org/10.1186/s1305 8-015-0649-1

 23. Li Q, Alsaidan OA, Ma Y, Kim S, Liu J, Albers T, Liu K, Beharry 
Z, Zhao S, Wang F, Lebedyeva I, Cai H (2018) Pharmacologically 
targeting the myristoylation of the scaffold protein FRS2α inhibits 
FGF/FGFR-mediated oncogenic signaling and tumor progression. 
J Biol Chem 293(17):6434–6448

 24. Porta R, Borea R, Coelho A et al (2017) FGFR a promising drug-
gable target in cancer: molecular biology and new drugs. Crit Rev 
Oncol Hematol 113:256–267. https ://doi.org/10.1016/j.critr evonc 
.2017.02.018

https://doi.org/10.1038/bjc.2014.282
https://doi.org/10.1172/JCI83926
https://doi.org/10.1186/s13058-015-0649-1
https://doi.org/10.1016/j.critrevonc.2017.02.018
https://doi.org/10.1016/j.critrevonc.2017.02.018

	Adipose stem cell crosstalk with chemo-residual breast cancer cells: implications for tumor recurrence
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Results
	ASC migratory potential toward chemo-residual TNBC cells
	ASCs promote chemo-residual TNBC cell proliferation

	Materials and methods
	Cell culture
	Generating chemo-residual cells: short-term chemotherapy treatment
	Transwell chemotaxis assay
	Flow cytometry
	Real-time PCR
	Proliferation studies
	Immunoblotting

	Discussion
	Acknowledgements 
	References


