
 

 

Introduction 
 
Breast cancer (BC) survivors can develop me-
tastasis after more than ten years of remission 
[1-4]. BC cells (BCCs) show preference for the 
bone marrow (BM) [5]. Thus, it is not a surprise 
that in many cases, the BM has been attributed 
as the source of BCCs during resurgence [5, 6]. 
The BM is a complex organ, which is home to 
hematopoietic (HSCs) and mesenchymal stem 
cells (MSCs). Both stem cells pose challenges to 
target BCCs in BM. In the case of HSCs, these 
cells are mostly located close to the endosteum 
where BCCs form gap junctional intercellular 
communication (GJIC) with stroma to achieve 

quiescence [7].  
 
MSCs are multipotent cells that can differenti-
ate along multiple lineages [8]. The untoward 
effect of MSCs in cancer biology is underscored 
by their “plastic” immune functions: exerting 
immune suppressor and enhancer functions [9]. 
MSCs can protect BCCs by suppressing NK 
functions, CTL responses and induce the expan-
sion of regulatory T-cells [10]. The immune sup-
pressor function could provide MSCs with an 
advantage to survive and establish dormancy. 
 
Metastasis of BC can occur without a history of 
a primary tumor [11]. In addition, clinical detec-
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show poor outcome, these findings underscore that importance of MSCs in consideration for future development of 
efficient therapy.  
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tion of BC resurgence can occur after 10 years 
[12]. Thus, an understanding of how BCCs 
achieve quiescence could lead to therapeutic 
intervention to avoid tertiary metastasis and to 
prevent dormancy [13]. In BM, quiescent BCCs 
can be found close to the endosteum [14, 15]. 
BCC quiescence has been attributed to suppor-
tive functions of cells found within the BM mi-
croenvironment. These include cytokine produc-
tion by the cancer and resident BM cells and 
also, the establishment of GJIC between BCCs 
and BM stroma [15, 16].  
 
Although robust studies have not investigated 
the role of MSCs in quiescence of BCCs in BM, 
the functions of MSCs can be used to extrapo-
late how they could be involved in promoting 
dormancy of BCCs. As an example, BCCs and 
MSCs could interact by membrane-bound G-
protein/ 7-transmembrane CXCR4 and the 
ligand, stromal cell-derived factor 1α (CXCL12) 
[17-22]. In BM, the entering BCCs can rapidly 
form a cellular complex with the endogenous 
MSCs since they are located at the abluminal 
side of the main blood vessel [17, 23, 24]. Here 
the immune suppressive effects of MSCs could 
provide an immediate advantage by protecting 
the BCCs for the eventual integration close to 
the endosteum [10, 15, 17, 22, 25]. The rele-
vance of the study is not only limited to BM 
since MSCs have been implicated in the support 
of BCC growth at other regions [26-28].  
 
Since MSCs are important for blood vessel in-
tegrity they are unlikely to be a safe target in 
cancer therapy [23]. Similarly, direct targeting of 
GJIC between BCCs and stroma could be toxic 
since gap junctions between stromal cells are 
important for hematopoietic support [29]. In-
stead, we propose that an understanding of the 
role of MSCs in the biology of BCCs could lead 
to therapeutic intervention. To this end, this 
study investigated the response of BCCs to car-
boplatin in the presence or absence of MSCs 
and compared this with a combined therapy of 
carboplatin and the CXCR4 antagonist, 
AMD3100. The studies with cell lines were vali-
dated with BCCs from patients. We showed a 
supporting role for MSCs on BCC proliferation 
once the cells were pharmacologically uncou-
pled with AMD3100. This uncoupling resulted in 
the production of IL-1 from MSCs. IL-1 was key 
to the proliferation of BCCs and, thus, respon-
siveness to carboplatin. The findings were vali-
dated in an animal model in which BCCs and 
MSCs were co-transplanted in the dorsal flank 

of mice. The outcome of BC could be worse in 
overweight individuals [30]. MSCs are not only 
enriched in adipose tissues, but are the source 
of adipocytes that can promote the invasion of 
BCCs [31, 32]. Therefore, this preclinical study 
with AMD3100 also has significance to the link 
between obesity and cancer.  
 
Materials and methods 
 
Cell lines 
 
The following cell lines were purchased from 
American Type Culture Collection (ATCC; Manas-
sas, VA) and cultured as per manufacturer’s 
instructions: T47D; MDA-MB-231; hybridoma-
producing CD3, CD4, CD8, CD5 and CD56 (HNK
-1) mAb. 
 
Reagents and antibodies 
 
All tissue culture media were purchased from 
Gibco (Grand Island, NY), fetal calf serum (FCS) 
from Hyclone Laboratories (Logan, UT), IL-1α/ β 
siRNA, Ficoll-Hypaque and AMD3100 from 
Sigma (St. Louis, MO), propidium iodide, PE-
cytokeratin mAb from BD Biosciences (San Jose, 
CA) and carboplatin from Teva Parenteral Medi-
cines (Irvine, CA). 
 
Goat anti-SDF-1α and anti-IL-1RI were pur-
chased from R&D Systems (Minneapolis, MN), 
rabbit anti-CXCR4 from Affinity Bioreagents 
(Golden, CO), anti-CD32 mAb from AMAC 
(Westbrook, ME), rabbit anti-caspase-3 from BD 
Pharmingen (San Diego, CA), mouse anti-
cytokeratin, -β-actin mAb, horseradish-
peroxidase (HRP)-conjugated anti-rabbit, -goat 
and -mouse IgG were purchased from Sigma. 
CellTiter-Blue cell viability assay was purchased 
from Promega (Madison, WI) and CyQUANT Cell 
Proliferation kit from Invitrogen (Carlsbad, CA).  
 
Hybridoma-producing antibodies were prepared 
from ascites, as described [33]. The optimal 
concentrations were tested by immunofluores-
cence with peripheral blood mononuclear cells 
(PBMCs) and cell depletion studies with PBMCs. 
 
Culture of human MSCs 
 
MSCs were cultured from BM aspirates as de-
scribed [34, 25]. The use of human BM aspi-
rates followed a protocol approved by the Insti-
tutional Review Board of The University of Medi-
cine and Dentistry of New Jersey-Newark cam-
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pus. Unfractionated BM aspirates were cultured 
in DMEM with 10% FCS (D10 media) in Falcon 
3003 dishes. After 3 days, red blood cells and 
granulocytes were removed with Ficoll Hypaque. 
After four cell passages, the adherent cells were 
asymmetric, CD14–, CD29+, CD44+, CD34–, 
CD45–, SH2+, prolyl-4-hydroxylase– [25].  
 
Isolation of primary BCCs  
 
Primary BCCs were isolated from peripheral 
blood of patients. Blood was obtained before 
chemotherapy, and before or after surgery. 
Three subjects were diagnosed with triple nega-
tive hormone receptors (n=4) and one with tri-
ple positive hormone receptors. The use of 5-10 
mL human blood was approved by the Institu-
tional Review Board of the University of Medi-
cine and Dentistry of New Jersey-Newark Cam-
pus.  
 
We enriched for cytokeratin (+) cells by negative 
selection. Immune cells were positively selected 
from peripheral blood mononuclear cells 
(PBMCs). The starting population, 106/ ml 
PBMCs was incubated with a cocktail of anti-
bodies: CD3, CD4, CD8, CD32, CD56 and CD20, 
each at 1/ 200 final dilution. After one hour of 
incubation on ice, cells were washed with PBS 
and resuspended in 0.5 mL of PBS and 100 μL 
of Dynabead goat anti-mouse IgG (Invitrogen). 
The Dynabead-coupled cells were removed with 
a magnetic separator. The negative population 
was analyzed for cytokeratin by flow cytometry, 
by consecutive labeling with PE-murine anti-
cytokeratin. The result indicated >90% cy-
tokeratin (+) cells. 
 
Flow cytometry 
 
PBMCs were analyzed for BCCs by intracellular 
flow cytometry for cytokeratin. Cells were fixed 
in 4% formaldehyde for 15 min at 40C, then 
permeabilized in 0.1% Triton X-100 for 30 min. 
Cells were washed in cold PBS and resus-
pended and incubated in 100 µl cold PBS con-
taining 2% FBS and PE-conjugated mouse anti-
cytokeratin (1:100 dilution) for 30 min at 4°C in 
the dark. Cells were washed in cold PBS, then 
immediately analyzed on the FACSCalibur (BD 
Biosciences). 
 
Stable SDF-1α/ CXCR-4 Knockdown 
 
The shRNA vector, pPMSKH1-SDF-1/ KC (wild-

type and mutant), for CXCL12 was previously 
described [22]. pSUPER-CXCR4 (wild-type and 
mutant) shRNA vector for knockdown of CXCR4 
was kindly provided by Dr. Si-Yi Chen (Baylor 
University) [35]. BCCs or MSCs were co-
transfected with pTK-Hyg and pPMSKH1-SDF-1/ 
KC or pSUPER-CXCR4 (both either wild-type or 
mutant) and then selected with hygromycin or 
G418. All knockdown cultures were maintained 
in media containing hygromycin. Levels of 
CXCL12 and CXCR4 protein expression were 
determined by western blot to validate knock-
down.  
 
Western analysis 
 
Whole cell extracts from BCCs and MSCs were 
prepared as described [34] and 20 µg were 
analyzed by western blots using 4-20% SDS-
PAGE (Bio-Rad, Hercules, CA). The proteins were 
transferred onto polyvinylidene difluoride mem-
branes (Perkin Elmer Life Sciences, Boston, 
MA). Membranes were incubated overnight with 
primary antibodies and then detected the fol-
lowing day by 2 h incubation with HRP-
conjugated IgG. All primary and secondary anti-
bodies were used at final dilutions of 1/ 1000 
and 1/ 2000, respectively. HRP was developed 
with chemiluminscence detection reagent 
(Perkin Elmer Life Sciences). The membranes 
were stripped with Restore Stripping Buffer 
(Pierce, Rockford, IL) for reprobing with other 
antibodies. 
 
Proliferation/ viability 
 
Cultures of BCCs and MSCs, alone or in co-
culture, from each experimental setup were 
assayed for cellular proliferation and viability 
using the CyQuant Cell Proliferation Assay Kit 
(Molecular Probes; Eugene, OR) and CellTiter-
Blue Cell Viability Assay (Promega), respectively, 
according to manufacturer’s specific instruc-
tions.  
 
Proliferation was determined by culturing cells 
in 96-well plates and then freezing the plates 
overnight at -80°C. The next day, thawed cells 
were incubated in CyQuant GR dye/ cell-lysis 
buffer for 5 min at RT, and examined using a 
fluorescence microplate reader at 480 nm exci-
tation/ 520 nm emission. Proliferation was cal-
culated from a standard curve of known num-
bers of BCCs and MSCs. To accurately assess 
BCC but not MSC proliferation in co-culture, pro-
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liferation of MSCs grown alone were subtracted 
from the total cellular proliferation recorded. 
Viability was assessed with CellTiter-Blue re-
agent, which was added to cells grown in 96-
well plates. The plates were incubated for 4 h at 
37°C and then read on a fluorescence mi-
croplate reader at 560 nm excitation/ 590 nm 
emission. Percent viability was calculated from 
a reference using untreated healthy cells, which 
were considered 100% viable, and cell-free 
wells containing reagent alone, which were con-
sidered 0% viable. 
 
Cell cycle analyses 
 
BCC and MSC co-cultures were incubated with 
anti-cytokeratin primary and FITC-anti IgG sec-
ondary antibodies to label the BCC fraction. 
Cells were then treated with RNase A (1 mg/ ml) 
and fixed with cold 70% ethanol. Cells were 
stained with 20 µg/ ml propidium iodide (PI) 
solution and transferred to round bottom tubes 
for DNA analysis by BD FACScan. Double posi-
tive cells identified only the desired cellular frac-
tion, consisting of BCCs that incorporated the 
DNA dye. Cultures incubated with FITC anti-IgG 
alone were used as isotype controls. All analy-
ses were performed using BD CellQuest soft-
ware and percent statistics were given. 
 
Transwell assay 
 
BCCs (5x104) were added to the outer well of 
24-well transwell cultures containing a 0.4 μM 
insert (BD Falcon). In parallel, BCCs were sepa-
rated from co-cultures with MSCs by positive 
selection with anti-cytokeratin-conjugated; pan 
anti-mouse IgG Dynabeads (Invitrogen). MSCs 
from the negative fraction were then added to 
the inner wells of the transwell chamber in or-
der to determine the effects of MSC-derived 
soluble factors on BCC proliferation. For neu-
tralization of soluble IL-1α and IL-1β, anti-IL-1RI 
was titrated into the 24-well plates. Neutraliza-
tion of BCC proliferation was observed at a con-
centration of 1 μg/ μl. 
 
Cytokine array 
 
Cytokine production by MSCs in the transwell 
assay was assessed using the Human Cytokine 
Antibody Array 5 (RayBiotech; Norcross, GA), as 
previously described [16]. Briefly, after 48 h of 
culture, the transwell was removed and the BCC 
growth media collected for cytokine determina-

tion. Background levels obtained with media 
alone were subtracted. The densities of spots 
were quantitated with UN-SCAN-IT densitometry 
software (Silk Scientific; Orem, UT). Cytokines 
demonstrating differential expression were nor-
malized to internal positive controls and pre-
sented as fold change relative to an internal 
control, arbitrarily assigned a value of 1. 
 
Transient transfection of IL-1α/ β siRNA 
 
IL-1α and IL-1β siRNA duplexes (Sigma) were 
used to knockdown IL-1 production in BCCs, 
prior to culture with MSC transwell inserts. MDA-
MB-231 (5x104) were seeded in 24-well plates, 
and after 24 h, 100nM IL-1α and IL-1β siRNA 
was delivered via DharmaFECT Transfection 
reagent (Dharmacon; Lafayette, CO). siRNA se-
quences were as follows:  IL-1α |5-guc auc aaa 
gga uga ugc u-3|; IL-1β |5-gau guc ugg ucc 
aua uga a-3|. Knockdown was confirmed by 
PCR. 
 
Animal studies 
 
Female nude BALB/ c mice (4 weeks) were ob-
tained from Harlan Laboratories (Indianapolis, 
IN) and housed in a laminar flow hood at an 
AALAC-accredited facility for one week before 
being included in the studies. The use of mice 
was approved by the Institutional Animal Care 
and Use Committee, New Jersey Medical School 
(Newark, NJ). MDA-MB-231 (106), alone or in 
combination with MSCs (106), in 0.1 mL and 
equal volume of BD Matrigel (BD Biosciences, 
Bedford, MA) were injected subcutaneously in 
the dorsal flank of mice (Day 0, D0). When the 
tumors were 0.5 cm3, mice were injected intra-
tumorally with AMD3100 alone or in combina-
tion with IL-1ra or vehicle (hereafter termed 
“treatment”). This was achieved with a Hamilton 
syringe at different sites within the tumors. Mice 
were given a second “treatment” after four days 
with carboplatin at 50 mg/ kg by intra-
peritoneal route. After two days, the mice were 
injected similarly with carboplatin. After one 
week the mice showed signs of distress due to 
a precipitous drop in total cell counts. The ex-
periments were curtailed by euthanasia.  
 
Statistical analysis 
 
Statistical data analyses were performed with 
analysis of variance and Tukey-Kramer multiple 
comparisons test. p<0.05 was considered    
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significant. 
 
Results 
 
CXCL12/ CXCR4 interaction in BCC quiescence 
 
BCCs and MSCs interact through membrane-
bound CXCL12 and CXCR4 [17]. We compared 
the proliferation of BCCs, in the presence or 
absence of MSCs, and then studied the role of 
CXCL12/ CXCR4 interaction. Co-cultures of 
BCCs and MSCs were studied in which the cells 
were untransfected or knockdown for CXCL12 
and/ or CXCR4 (Figure 1A).  
 
We first optimized the method to ensure that we 
do not include MSC proliferation as part of the 
values for BCCs. Proliferation was studied with a 

dye-based method. We prevented the prolifera-
tion of BCCs by pre-treating 1.5 x 104 cells for 
15 min with mitomycin C (5 μg/ mL), and then 
cultured alone or in combination with 2.5 x 103 
MSCs for 7 days (Figure 1B). The total number 
of cells in the co-cultures (far right bar) when 
compared to BCCs cultured alone (middle bar) 
showed an increase proportional to the increase 
in MSCs cultured alone (far left bar). These find-
ings indicated that BCCs do not significantly 
affect MSC growth. Therefore, we employed a 
similar subtractive method (# total cells in co-
culture – # MSCs cultured alone = # BCCs in co-
culture) throughout the study to determine the 
number of BCCs in co-culture, hereafter termed 
“BCC+MSC”.  
 
Using a similar method, 2.5 x 103 untransfected 

Figure 1. CXCL12-CXCR4 interaction 
between BCCs and MSCs in BCC 
proliferation. (A) Western blots were 
performed with extracts from MSCs 
and BCCs, stably knockdown (KD) 
for CXCL12 and CXCR4. Controls 
included mutant (mut) shRNA and 
non-transfectants (NT). Membranes 
were stripped and re-probed with β-
actin for normalization. (B) MDA-MB-
231 were pre-treated mitomycin C 
(5 μg/mL) to halt cell growth, and 
then cultured alone or in combina-
tion with MSCs for 7 days and cell 
proliferation measured to determine 
the effect of BCCs on MSC growth. 
(C) MSCs and BCCs, knockdown for 
CXCL12 or CXCR4 and controls were 
cultured alone or together for 48 h 
and then studied for proliferation. 
The results are presented as mean 
of 10 replicates in five different ex-
periments, each with MSCs from a 
different donor (±SD). Dose-
response curves were established 
for AMD3100 on BCC proliferation, 
in the presence or absence of MSCs 
in 48 h cultures (D and E). The re-
sults are presented as mean of ten 
replicates in five different independ-
ent experiments, each with MSCs 
from a different donor (±SD). Opti-
mal AMD3100 (D and E) dose points 
were selected and then studied in 
proliferation responses at various 
times (F and G) and the results are 
presented as for D and E.*p≤0.05 
vs.  BCC alone. 
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BCCs and 103 untransfected MSCs were co-
cultured in 96-well plates for 48 h (Figure 1C, 
second group from left) and the results showed 
significantly (p<0.05) reduced proliferation as 
compared to BCCs cultured alone (Figure 1C, 
Far left bars). The reduction in BCC proliferation 
in the untransfected co-cultures cannot be ex-
plained by cell death, since there was no signifi-
cant (p>0.05) difference in cell viability (not 
shown). 
 
We next performed similar studies with MSCs 
and BCCs, stably knockdown for CXCL12 and 
CXCR4. The knockdown of CXCL12 and/ or 
CXCR4 in both BCCs and MSCs (Figure 1C: far 
right set of bars) produced a significant 
(p<0.05) increase in proliferation in both MDA-
MB-231 (open bar) and T47D (diagonal bar). 
There was no change in cell viability in the 
knockdown cells (not shown). These results indi-
cate that the CXCL12/ CXCR4 axis is important 
in MSC-mediated regulation of BCC prolifera-
tion.  
 
Pharmacological disruption of CXCL12/ CXCR4 
in BCC proliferation 
 
We next expanded on the molecular disruption 
of CXCL12-CXCR4 with a CXCR4 antagonist, 
AMD3100 [36]. We first examined the effects of 
AMD3100 on the proliferation of MDA-MB-231 
and T47D, in co-culture with MSCs (Figures 1D 
and 1E), in the presence of two different con-
centrations of the antagonist (10 and 100 ng/ 
ml) for the 48-h culture. Parallel cultures con-
tained vehicle. The antagonist promoted the 
proliferation of BCCs in co-cultures with MSCs 
(Figures 1D and 1E, open circles), as compared 
to BCCs alone (closed circles). MDA-MB-231 
showed less sensitivity (100 ng/ ml) to 
AMD3100 as compared to T47D (10 ng/ ml).  
 
The antagonist decreased the proliferation of 
BCCs when cultured alone (closed circles). In 
contrast to MDA-MD-231, T47D proliferation 
was inversely related to AMD3100 concentra-
tion (Figures 1D and 1E, closed circles). The 
effects cannot be explained by changes in vi-
ability (Figure S1), but instead may allude to an 
autocrine role for CXCL12/ CXCR4 in T47D pro-
liferation which is impeded by administration of 
the antagonist at high dose. Repeat of studies 
at earlier time points verified 48 h as optimum 
for AMD3100-mediated proliferation (Figures 1F 
and 1G, open circles). The increase in prolifera-

tion, however, began at 1 h for MDA-MB-231, 
but later for T47D. There was no change in cell 
viability (Figure S2). These results indicated that 
pharmacological intervention with a CXCR4 an-
tagonist is able to disrupt MSC-mediated BCC 
growth arrest at doses tolerable by the cells. 
 
AMD3100 in long-term BCC/ MSC co-cultures 
 
The subsequent studies determined the effect 
of AMD3100 when BCCs were cultured with 
MSCs for >48 h since this will recapitulate in 
situ when BCCs are expected to contact MSCs 
for long periods. BCCs were co-cultured with 
MSCs for 12 days (D12). Optimum AMD3100 
(Figure 1) was added during the last 48 h of the 
cultures. Parallel cultures contained BCCs with 
vehicle (-) or 48 h exposure to AMD3100 (D2). 
For both cell lines, prolonged incubation with 
MSCs (D12 co-cultures) resulted in significant 
(p<0.05) decrease in proliferation as compared 
to BCCs cultured alone (Figures 2A and 2B). 
This decrease was significantly (p<0.05) re-
versed with AMD3100. The changes in prolifera-
tion could not be explained by differences in cell 
viability (Figure S3). In summary, the results, 
combined with those in Figure 1, indicated that 
disruption of MSC-mediated BCC growth arrest 
in short- and long-term co-cultures resulted in 
the BCCs transitioned into cycling cells. 
 
AMD3100 in BCC cell cycle re-entry 
 
We next investigated the cell cycle phase of 
BCCs in co-cultures with MSCs for 12 days, with 
or without AMD3100. The cultures were per-
formed as described for Figures 2A and 2B. 
BCCs cultured alone served as control. DNA 
analyses by propidium iodide incorporation indi-
cated significant (p<0.05) reduction in cycling 
cells (S/ G2/ M phase) with MSCs, as compared 
to BCCs alone (Figure 2C). Treatment with 
AMD3100 produced a significant (p<0.05) in-
crease in cycling cells as compared to no treat-
ment. Representative histograms (Figure 2D) 
showed the cycling (peaks 2 and 3) versus non-
cycling (peak 1) phases for MDA-MB-231 co-
cultured with MSCs, with (right) or without 
AMD3100 (left). The data indicated that 
AMD3100 is able to disrupt MSC-mediated BCC 
growth arrest by promoting cell cycle re-entry.  
 
Soluble factors in re-entry of BCC into cycling 
 
AMD3100 promoted proliferation and cell cycle 
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re-entry (Figure 2) of BCCs, in co-culture with 
MSCs. In this set of studies we asked whether 
AMD3100-mediated proliferation of BCCs re-
quired direct contact between MSCs and BCCs. 
A contact-independent mechanism would sug-
gest the involvement of soluble factors released 
by one or both cell types to induce proliferation. 
To address this question, we utilized a transwell 
assay in which “naïve” BCCs, which were not 
previously exposed to MSCs or AMD3100, were 
seeded in the outer wells. MSCs from co-
cultures with AMD3100 or vehicle were added 
to the inner wells. In parallel, only vehicle was 
added to the inner wells. The results showed 
significant (p<0.05) increase in the proliferation 
of “naïve” BCC proliferation when the MSCs in 
the inner wells were from previous AMD3100-
containing co-cultures (Figures 3A and 3B, mid-
dle hatched bars). Similar proliferation was not 
observed for antagonist-treated MSCs alone 
(left hatched bars). In summary, the results indi-
cated that the “uncoupling” of BCCs from MSCs 

with AMD3100 resulted in the production of 
soluble factors from MSCs that supported the 
growth of BCCs. 
 
MSC-derived IL-1α in AMD3100-mediated BCC 
proliferation  
 
We next performed studies to identify the factor 
(s) responsible for BCC proliferation (Figures 3A 
and 3B) in AMD3100-treated co-cultures of 
BCCs and MSCs. We collected media from rep-
resentative (MDA-MB-231) transwell cultures 
and then analyzed with a cytokine/ growth fac-
tor microarray. The pro-inflammatory cytokines 
IL-1α and IL-1β (Figure 3C) were 3- and 5-fold 
greater, respectively, when MSCs were obtained 
from AMD3100-treated co-cultures. 
 
In the next set of studies we investigated the 
involvement of IL-1α and IL-1β in the prolifera-
tion of BCCs in the outer wells (Figures 3A and 
3B). This was addressed by repeating the co-

Figure 2. Effect of AMD3100 on 
BCC proliferation following ex-
tended co-culture with MSCs and 
on cell cycle. MDA-MB-231 (A) or 
T47D (B), alone or with MSCs, were 
treated with AMD3100 for either 2 
(D2) or 12 (D12) days. Control cul-
tures were untreated. The results 
are presented as the mean of ten 
replicates in five independent ex-
periments, each with MSCs from a 
different donor (± SD). *p≤0.05 vs.  
BCC alone or 12-day cultures with 
MSCs were treated with AMD3100 
for the last 48 h or untreated. At 
the end of the assay, cells were co-
labeled with anti-cytokeratin and 
propidium iodide and then ana-
lyzed by flow cytometry. Results are 
presented as the mean percent 
cycling cells (S + G2/M phases) ± 
SD, n=3. Each experiment was 
performed with MSCs from a differ-
ent donor (C). Representative histo-
gram for MDA-MB-231 co-cultured 
with MSCs, with or without 
AMD3100. *p≤0.05 vs. BCCs 
alone; **p≤0.05 vs. BCCs with 
MSCs; no AMD3100. The histo-
grams (D) represent non-cycling (1) 
and cycling cells (2, 3). Arrow 
shows the increased in cycling cells 
following AMD3100 treatment.  
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culture assay in the presence of neutralizing 
anti-IL-1RI (Figure 3D). The anti-IL-1R1 signifi-
cantly (p<0.05) impeded the proliferation of 
BCCs (middle group, far right bar) as compared 
to non-immune IgG (middle group, second bar 
from left). Anti-IL-1RI had no effect on the prolif-
eration of “naïve” BCCs incubated with MSCs 
previously cultured alone (left group of bars). 
 
We next identified whether MSCs and/ or BCCs 
are the sources of IL-1α and IL-1β, by repeating 
the transwell assay. Instead, we added “naïve” 
BCCs, knockdown for IL-1α and IL-1β, or wild-
type (Figure 3E). If BCCs rather than MSCs are 
the source of IL-1, its knockdown should have a 
similar effect on proliferation as the neutralizing 

antibody. Addition of AMD3100-treated MSCs 
from co-cultures (middle group of bars) to the 
inner wells produced no discernible difference 
on proliferation of wild-type and knockdown 
BCCs. These results indicated that MSCs and 
not BCCs are the source of IL-1. In summary, 
the data indicated that treatment of MSC/ BCC 
co-cultures with AMD3100 caused the release 
of IL-1α and IL-1β from MSCs, which in turn in-
duces BCC cell cycle re-entry and proliferation. 
 
AMD3100-mediated susceptibility of BCC (lines 
and primary) to carboplatin 
 
This section determined the clinical relevance of 
AMD3100 as potential therapy for BC. We ex-

Figure 3. IL-1 in AMD3100-
mediated BCC cycling. MSCs were 
co-cultured with BCCs for 12 days 
with, or without AMD3100. The 
MSCs were selected and then 
added to the inner wells of tran-
swell cultures. Naïve BCCs were 
placed in the outer wells. After 48 
h, BCCs were counted and the 
results presented as the mean of 
ten replicates in five independent 
experiments, each performed with 
MSCs from a different donor 
(±SD) (A and B). The media were 
analyzed for cytokine production 
with protein array and the normal-
ized values presented as fold 
change relative to the internal 
control (C). The studies were re-
peated with anti-IL-1RI or control 
IgG (D); or with IL-1α/β knock-
down MSCs (E). The results are 
presented as for A and B, n=5. 
*p≤0.05 vs. no AMD3100;  
**p≤0.05 vs. control IgG. 
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amined the ability of AMD3100 to promote sus-
ceptibility to the chemotherapy, carboplatin, in 
the presence of MSCs. BCCs, in co-culture with 
MSCs (Figures 4A-4D; hatched bars) were 
chemoresistant (middle sets of bars) to car-
boplatin as compared to BCCs cultured alone 
(open bars). This resistance was reversed when 
carboplatin was added with AMD3100 (right 
sets of bars). The decrease in cell viability corre-
lated with an increase in caspase-3 immunore-
activity (Figure 4E) in BCCs, demonstrating 
apoptosis by AMD3100 and carboplatin. 
 
To examine the clinical relevance of the studies 
with cell lines, we isolated cytokeratin-positive 
cells from the peripheral blood of BC patients 
(Table S1). In untreated patients, approximately 
20-30% of cells were found to be positive for 
this epithelial marker. Representative flow cy-

tometry for cytokeratin (+) cells are shown in 
Figure 4F. Cytokeratin (+) cells were isolated 
from PBMCs by negative selection and the 
above study repeated with 5 x 103 primary BCCs 
(n=4) and 2.5 x 103 MSCs (Figure 4G). Interest-
ingly, the results were similar to the studies with 
cell lines (Figure 2), underscoring the sensitivity 
of BCCs to carboplatin when MSCs are uncou-
pled with AMD3100.  
 
An interesting observation with the timeline 
treatment by carboplatin and AMD3100 indi-
cated that when co-cultures were first pre-
treated with AMD3100 for 48 h, followed by 
carboplatin in the absence of AMD3100, the 
effect on cell proliferation and viability was lost 
(Figure 5; right sets of hatched bars). In sum-
mary, the findings indicated that AMD3100 
needed to be included together as a cocktail to 

Figure 4. Treatment of co-cultured BCCs-MSCs with carboplatin and AMD3100. BCCs, cultured alone or with MSCs for 
12 days, were treated with AMD3100, or untreated. After 48 h, all cultures were exposed to carboplatin, with re-
added AMD3100 in cultures that had initial AMD3100. After 72 h, the viable cells were counted (A and B), and pre-
sented (C and D). The results are presented as the mean of ten replicates in five independent experiments, each with 
MSCs from a different donor (±SD). Whole cell extracts from these experiments were analyzed by immunoblot for 
caspase-3 (E). Membranes were stripped and re-probed with β-actin for normalization. Representative blots are 
shown for three independent experiments, each performed with MSCs from a different donor. (F) Cytokeratin (+) cells 
were detected in peripheral blood of BC patients by flow cytometry. (G) Cytokeratin-positive cells were negatively se-
lected and then cultured alone or in combination with MSCs for 12 days as above. *p≤0.05 vs. BCCs alone; 
**p≤0.05 vs. BCCs + MSCs. 

Figure 5. Resistance to chemo-
therapy in non-combinatorial, 
AMD3100-treated MSC/BCC co-
cultures. BCCs cultured in the 
presence or absence of MSCs for 
12 days were treated for 48 h 
with AMD3100, or untreated. 
Following 48 h, treated and un-
treated cells were exposed to 
carboplatin for 72 h to induce 
cell death. The treated cells did 
not receive chemotherapy in 
combination with a second dose 
of AMD3100 (as illustrated by +/
-). At the end of this regiment cell 
proliferation (A and B) and viabil-
ity (C and D) were assessed. The 
results are presented as the 
mean of ten replicates in five 
different experiments, each with 
MSCs from a different donor (± 
SD). 
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effectively target BCCs, in the presence of 
MSCs. In this light, AMD3100 may serve as an 
adjuvant treatment to chemotherapy in treating 
BC.  
 
In vivo treatment of BCCs with carboplatin and 
AMD3100 
 
The in vitro findings, above, were validated in 
vivo, with female nude BALB/ c mice. BALB/ c 

mice were injected subcutaneously in the dorsal 
flank with 106 MDA-MB-231 in matrigel, alone 
or in combination with 106 MSCs (Figure 6A). 
Mice were divided into the following experimen-
tal groups (n=5 per group): (A) BCC injected 
alone; (B) BCC injected in combination with 
MSCs; (C) group B plus AMD3100 treatment; 
(D) group C plus IL-1ra co-treatment. All groups 
were treated with carboplatin as outlined in Fig-
ure 6A. After one week of the second injection 

Figure 6. Effects of AMD3100 and carboplatin on tumor volume. The method by which mice were treated is shown in 
(A).  (B) Female BALB/c (n=5) were injected subcutaneously with matrigel and 106 MDA-MB-231 alone or in combina-
tion with 106 MSCs. The mean volumes at the first injection (day 8, D8) are normalized to 100% and the change in 
volumes at D10 and D12 are presented as mean±SD. (C) Schematic depicting mechanism of AMD3100 action in 
mediating BCC chemotherapeutic susceptibility following interaction with MSCs. BCCs that have metastasized from 
the primary tumor site into the systemic circulation enter the central sinus of the BM where they extravasate across 
the endothelium and come into contact with resident MSCs. Interaction between CXCL12, secreted by MSCs and/or 
BCCs, and CXCR4, expressed on both cell types, facilitates BCC integration and dormancy within the BM (1). Treat-
ment with AMD3100 (2) breaks this chemokine ligand-receptor interaction and triggers the MSCs to release the in-
flammatory cytokines, IL-1α and IL-1β. Having been released from the MSCs, the BCCs begin to cycle and proliferate, 
thus conferring susceptibility to chemotherapeutic treatment. (D) Representative histogram illustrating circulating 
CD105(+) cells in blood from the patients studied in Figure 5G. 
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of carboplatin the mice showed evidence of 
distress due to precipitous drop in cell counts 
and were therefore euthanized for humane rea-
sons.  
 
Mice injected with BCC alone (Figure 6B, far left 
group of bars) showed a drastic reduction in 
mean tumor volume (solid bar) at the end of the 
studies. This reduction was significantly 
(p<0.05) impeded by co-injection with MSCs 
(second group of bars from left). Pre-
conditioning the tumors with AMD3100 signifi-
cantly (p<0.05) reversed the chemoprotective 
effect of MSCs (second group of bars from 
right), although co-treatment with IL-1ra ne-
gated this response (far right group of bars). In 
summary, the results, using an in vivo tumor 
model, validated our in vitro studies (Figures 3 
and 4), and indicated that AMD3100 disabled 
the chemoprotective effect of MSC through an 
IL-1-dependent mechanism. 
 
CD105(+) cells in the circulation of obese BC 
patients   
 
The in vivo model was intended to recapitulate 
the relevance of IL-1 in the tumors developed by 
MSCs and BCCs (Figure 6A-6C). The studies 
were performed by subcutaneous injection of 
the cells in the dorsal flank. Since the injection 
of BCCs did not allow for systemic circulation we 
could not perform survival studies. However, the 
clinical significance of the studies was impor-
tant. We therefore analyzed the blood of pa-
tients studied in Figure 4G for circulating 
CD105 (+) cells as an indicator of MSCs. Only 
the two obese patients show detectable CD105 
(+) cells in the circulation (Figure 6D).  
 
Discussion 
 
MSCs could pose a significant clinical dilemma 
for BC treatment, particularly the immune sup-
pressive functions of MSCs, including inhibition 
of BCC proliferation [10]. In the absence of pro-
liferation, the BCCs will have a seemingly dor-
mant phenotype that could be refractory to 
most anti-cancer agents. New therapies are 
required to reverse the dormant BCCs into pro-
liferating cells for targeting. In this study, we 
showed CXCL12 and its receptor, CXCR4, as 
mediators in the interactions between MSCs 
and BCC, leading to growth arrest (Figure 6C, 
part 1). Pharmacological disruption with 
AMD3100, (part 2) stimulated BCC proliferation 

through MSC-derived IL-1α and IL-1β, thereby 
rendering the actively cycling BCCs susceptible 
to carboplatin. The clinical significance of the 
studies was determined in two sets of studies: I) 
Testing the model with primary BCCs from pa-
tients (Figure 4G); II) and identifying MSCs in 
the circulation of obese patients. Since these 
patients are documented with worse outcome 
[30], this report could be the basis for further 
research in obesity and cancer. 
 
MDA-MB-231 seems to be more responsive to 
AMD3100 than T47D (Figure 1). This might be 
due to a single interaction between CXCL12 and 
CXCR4 among MSCs and MDA-MB-231, since 
this cell line is null for CXCL12 [37]. Cell cycle 
arrest of BCCs depended on CXCL12-CXCR4 
interaction; and re-entry into cycling by 
AMD3100 required the presence of MSCs since 
the antagonist alone showed no change (Figure 
2D). Both the triple hormone receptor positive 
and negative BCCs (cell lines and primary cells) 
showed comparable outcome with AMD3100 
and carboplatin (Figure 4). Further studies are 
required to determine if the hormone status is 
irrelevant to AMD3100 treatment. The 12-day 
co-culture is significant because clinically, it is 
expected that BCCs will be in contact with MSCs 
for prolonged periods; which is consistent with 
studies in which targeting of CXCR4 prevents 
metastasis of BC to the lung [38]. 
 
Interestingly, AMD3100 alone reduced the 
growth of the BCC cultured alone (Figures 1D 
and 1E). We surmised that CXCR4 might be acti-
vated through autocrine and/ or paracrine 
stimulation to stimulate cell growth [39], which 
would be blocked by AMD3100. In contrast, the 
antagonist “uncoupled” MSCs from BCCs to 
“free” the MSCs for support of BCC growth 
(Figure 6C).  
 
The studies are significant to BC dormancy in 
any organ, but specifically for BM. In addition to 
acting as an antagonist to CXCR4, AMD3100, 
also known as Plerixafor, is a macrocyclic com-
pound which is an allosteric agonist of CXCR7 
[40]. Our studies do not indicate that AMD3100 
activated CXCR7 for the proliferation of BCCs 
since alone, BCC growth was suppressed with 
AMD3100 (Figure 1). The data favored MSC-
mediated factors in the growth of BCCs by 
AMD3100. Given the outcome of this study, it is 
not a surprise that AMD3100 can decrease pri-
mary and metastatic BC in mice, but with no 
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effect on the overall survival for experimental 
lung metastases [38]. The studies add to the 
indication for AMD3100 [36].  
 
Indeed, an interesting and unexpected observa-
tion is the need for continued presence of 
AMD3100 during treatment with carboplatin. 
This suggested that the interaction between 
BCCs and MSCs is rapid. Pre-treatment with the 
antagonist for 48 h prior to chemotherapy did 
not induce significant cell death (Figure 5) as 
compared to co-treatment (Figure 4). The clini-
cal significance of this result is that therapies 
targeting CXCR4 to promote re-cycling of dor-
mant BCCs may need to be delivered as an ad-
juvant to chemotherapy to achieve efficiency. 
 
We determined that for the highly aggressive 
MDA-MD-231, treatment of co-cultures with 
AMD3100 promoted the release of IL-1α and IL-
1β from MSCs (Figure 3C). This finding warrants 
caution, since in BM, MSCs regulate the im-
mune response to prevent exacerbated inflam-
mation [41], which could be detrimental to BM 
functions, with consequence to immune cell 
development and viral clearance [25, 41-43]. 
Due to humane endpoint, we could not prolong 
the studies beyond five days of chemotherapy 
since the mice showed evidence of distress with 
low blood counts. However, further studies are 
required to determine how targeting of CXCR4 
in an animal model of MSC-mediated BC growth 
arrest in BM could be explored with other 
chemotherapies that would allow for long-term 
studies.  
 
AMD3100 can mobilize HSCs. This poses some 
concerns if this agent is used in patients to tar-
get BM-resident BCCs. AMD3100, in combina-
tion with chemotherapy, could show untoward 
effects by mobilizing HSCs. Additional antago-
nists for CXCR4 should be studied for those that 
can facilitate targeting of BCCs but minimize 
toxicity to resident HSCs. 
 
The findings on CXCL12/ CXCR4 axis warrant 
further investigation as a potential druggable 
target to combat BC metastasis to BM, and 
other organs. Future studies will use animal 
models to assess whether CXCR4 antagonists 
can induce re-cycling of BCCs that interact with 
MSCs within the BM, as well as within the tumor 
(Figure 6). These studies will provide the infor-
mation necessary to assess whether the BCC/ 
MSC interaction is a viable therapeutic target 
and provide information regarding safety and 

toxicity. The studies are particularly relevant to 
the BM, where MSCs reside around blood ves-
sels and the trabeculae [23, 44].  
 
The immune responses of MSCs, as described 
in this report, are important in designing thera-
pies for patients with BC. In addition, MSCs are 
in clinical trials for inflammatory disease, which 
would establish crosstalk with the implanted 
MSCs. If the host receiving MSCs have undiag-
nosed cancer or is in remission, the immune 
functions of MSCs will be fundamental in deci-
sions for stem cell therapy. MSCs should be 
considered as immune cells and the responses 
need to be central to future treatments for can-
cer as well as other fields for the safe and effec-
tive therapies.  
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SUPPLEMENTAL DATA 

 

 

Table S1: Demographics of breast cancer subjects 

Subjects Stage ER/PR  HER2  Lymph 
Nodes 

Obese 

S1 IIIB - - - No 
S2 III - - - No 
S3 IIA + + + Yes 
S4 III + - - Yes 

ER: Estrogen receptor; PR: Progesterone receptor 

Shown are the demographics of BC patients. Subjects with >30 BMI were considered obese. 
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Figure 1S. Dose-response with AMD3100 on BCC viability. BCCs cultured in the presence or 

absence of MSCs were treated with various doses of the CXCR4 antagonist, AMD3100, or 

untreated. After 48 h, viability was assessed. Results are presented as the mean ± SD, n=3. 

*p≤0.05 vs.  BCC alone 
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Figure 2S. Time-course studies with AMD3100 on BCC viability. BCCs cultured in the 

presence or absence of MSCs were treated for various times with a fixed dose of AMD3100, or 

untreated. At the appropriate endpoint, viability was assessed. Results are presented as the mean 

± SD, n=3. 

*p≤0.05 vs.  BCC alone 
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Figure 3S. Effect of AMD3100 on BCC viability in extended co-culture with MSCs. BCCs 

cultured in the presence or absence of MSCs for either 2 (D2) or 12 (D12) days were treated for 

48 h with AMD3100, or untreated. Following treatment, viability was assessed. Results are 

presented as the mean ± SD, n=3. 

*p≤0.05 vs.  BCC alone 
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