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Abstract

Background: Fat grafting is used to restore breast defects after surgical resection of breast tumors. Supplementing fat grafts
with adipose tissue-derived stromal/stem cells (ASCs) is proposed to improve the regenerative/restorative ability of the graft
and retention. However, long term safety for ASC grafting in proximity of residual breast cancer cells is unknown. The
objective of this study was to determine the impact of human ASCs derived from abdominal lipoaspirates of three donors,
on a human breast cancer model that exhibits early metastasis.

Methodology/Principal Findings: Human MDA-MB-231 breast cancer cells represents “triple negative” breast cancer that
exhibits early micrometastasis to multiple mouse organs [1]. Human ASCs were derived from abdominal adipose tissue from
three healthy female donors. Indirect co-culture of MDA-MB-231 cells with ASCs, as well as direct co-culture demonstrated
that ASCs had no effect on MDA-MB-231 growth. Indirect co-culture, and ASC conditioned medium (CM) stimulated
migration of MDA-MB-231 cells. ASC/RFP cells from two donors co-injected with MDA-MB-231/GFP cells exhibited a donor
effect for stimulation of primary tumor xenografts. Both ASC donors stimulated metastasis. ASC/RFP cells were viable, and
integrated with MDA-MB-231/GFP cells in the tumor. Tumors from the co-injection group of one ASC donor exhibited
elevated vimentin, matrix metalloproteinase-9 (MMP-9), IL-8, VEGF and microvessel density. The co-injection group
exhibited visible metastases to the lung/liver and enlarged spleen not evident in mice injected with MDA-MB-231/GFP
alone. Quantitation of the total area of GFP fluorescence and human chromosome 17 DNA in mouse organs, H&E stained
paraffin sections and fluorescent microscopy confirmed multi-focal metastases to lung/liver/spleen in the co-injection group
without evidence of ASC/RFP cells.

Conclusions: Human ASCs derived from abdominal lipoaspirates of two donors stimulated metastasis of MDA-MB-231
breast tumor xenografts to multiple mouse organs. MDA-MB-231 tumors co-injected with ASCs from one donor exhibited
partial EMT, expression of MMP-9, and increased angiogenesis.
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Introduction grafting provides volume replacement, but may also improve the
quality of surrounding damaged skin and subcutaneous tissue.

Approximately 120,000 patients diagnosed with breast cancer

undergo partial mastectomy and radiation therapy each year.

While this treatment plan is suggested to be equally effective in

patient survival compared to complete mastectomy, it typically

results in breast distortion and asymmetry due to avascular fibrosis

Grafted adipocytes serve as ideal filler. Adipocytes are
autologous, available in sufficient quantities in most patients,
and are potentially permanent. It is for these reasons that fat
grafting has gained popularity for soft tissue repair [2-14]. In any
given fat harvest site (abdomen, flank, buttock, etc.), there is an

ample supply of adipocytes and a small percentage of adipose

result in fibrosis, chronic ischemia and hypoxia leading to poor tissue-derived stromal/stem cells (ASCs). ASCs have potent
wound healing and major discomfort and loss of motion. Fat

and breast tissue atrophy. Subsequent radiation treatment may

angiogenic and regenerative properties capable of treating
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numerous medical and surgical problems [13,15,16]. It has been
proposed that supplementing fat grafts with ASCs will improve
graft retention and the regenerative/restorative ability of the graft.
A number of case reports and small studies suggested that fat grafts
supplemented with ASCs for breast reconstruction did not impact
breast tumor recurrence rates after short term follow up [17-
20,20-24]. A recent prospective multi-center clinical trial of 67
breast cancer patients treated with ASC-supplemented fat grafts to
repair surgical defects found no local tumor recurrence 12 months
after treatment [25]. Despite the potential of ASC supplementa-
tion fat grafts, long term follow-up studies to determine safety have
not been performed and controversy remains regarding ASC
supplementation of fat grafts [26-28].

Laboratory studies to measure effects of ASCs or related bone
marrow-derived mesenchymal stem cells (MSCs) on primary
breast cancer growth or metastasis has yielded mixed results that is
likely due to different sources of ASCs used (mouse or human,
abdominal/visceral, bone or reduction mammoplasty-derived),
donor effects, and the use of different tumor models. Studies using
established breast cancer cell lines or pleural effusions from breast
cancer patients demonstrated that either co-culture with ASCs or
conditioned medium (CM) from ASCs promoted growth, and/or
epithelial to mesenchymal transition (EM'T) and invasion of breast
cancer cells m vitro [29-33,33-35]. In addition, co-injection of
ASCs with breast cancer cells promoted primary tumor xenograft
growth in mice [29,31,36] and altered the makeup and stiffness of
the tumor stroma [37-39]. Cancer initiating cells derived from the
murine 4T1 mammary cancer cell line that were co-injected with
murine ASCs increased primary tumor volume 2.5 fold with an
increase in lung metastasis that was secondary to the increased
tumor volume [31]. Conversely another study using human ASCs
isolated from reduction mammoplasty tissue found that ASCs
inhibited primary breast cancer xenograft growth and metastasis
[40]. Studies of MSCs derived from bone marrow have also shown
mixed results on breast cancer growth and metastasis i vitro and
viwo [41-45]. MSCs may have more significant impact on
promoting tumor metastasis than effects on primary tumor growth
[42,46] by inducing an EMT in cancer cells. Taken together, these
studies suggested that MSCs and ASCs may promote the initial
stages of breast cancer metastasis by promoting a metastatic
phenotype in the breast cancer cells, and possibly by altering or
breaking down the tumor extracellular matrix.

The objective of the present study was to determine the impact
of ASCs likely to be employed for grafting procedures on breast
cancer growth and metastatic incidence, rate and organ specificity.
The study used well-characterized human ASCs derived from
subcutaneous abdominal adipose tissue from three healthy female
donors. To study the effect of ASCs on early metastasis, this study
used the human MDA-MB-231 breast cancer model which does
not express estrogen receptor (ER), progesterone receptor (PR) or
Her2 [47] and represents a model of “triple negative” breast
cancer in patients, a more aggressive and metastatic breast cancer
subtype. We developed a xenograft procedure for MDA-MB-231
tumors that resulted in early metastasis to multiple mouse organs
within 3040 days [1].

Materials and Methods

Ethics Statement

Subcutaneous abdominal adipose tissue from healthy female
patients was obtained during elective surgery with the patient’s
informed, written consent under a protocol approved by the
Institutional Review Board of the Pennington Biomedical
Research Center Institution. Consent was obtained by the plastic
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surgeons performing the surgery and tissues were provided to the
investigators with all identifying information removed. All mouse
experiments were performed in accordance with approved
TACUC protocol (#2941R2) from Tulane University.

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) or Fisher Scientific (Norcross, GA) unless otherwise specified.

Isolation, collection, and culture of human ASCs

ASCs were isolated as described [15,48] from the abdominal
lipoaspirates from three female donors with mean age 39.7%9.1
and mean BMI 22.3%£2.9. The mean percentage of ASCs that
were positive for individual surface markers were as follows:
CD29, 99.3%0.3; CD105, 98.4£0.9; CD45, 12.2%+2.9; CD34,
95.3%1.0; CD44, 12.6%2.6; CD73, 91.4%+2.6; CD90, 94.8*1.6.
Passage 0 ASC were expanded in cell factories in ASC growth
medium [DMEM/F-12 Ham’s, 10% FBS (Hyclone, Logan, UT,
http://www.hyclone.com), 1% Penicillin-Streptomycin/0.25 g
fungizone| and cryopreserved in cryopreservation medium [10%
dimethylsulfoxide, 10% Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 Ham’s, 80% calf serum], frozen at 80°C in an
ethanol-jacketed closed container, and subsequently stored in
liquid nitrogen prior to thawing for individual assays. All
experiments were performed using passage 1 (P1) ASCs that were
reconstituted from cryopreserved PO ASCs and cultured in ASC
growth medium on polystyrene tissue culture dishes as described
[15,48]. To collect conditioned medium from ASC in growth
medium (growth conditioned medium (GCM)), ASCs were
cultured until 40% confluency, the medium was replaced with
the same medium containing only 2% FBS, and the cells were
cultured for an additional three days before collection of the GCM
that was stored at 4°C until use.

Adipogenic differentiation of ASCs

Adipogenic differentiation of ASCs was performed as previously
described [49]. Briefly, ASCs were cultured in ASC growth
medium until the culture reached 90-95% confluency. ASCs were
then trypsinized and plated in 24-well plates in ASC growth
medium at 30,000 cells/cm? for 24 hrs. to allow attachment. On
day 1 (24 hours after plating), the medium was removed and cells
were incubated for three days in ASC adipogenic differentiation
medium [Dulbecco’s modified Eagle’s-Ham’s F-12 medium
supplemented with 3% or 10% FBS, 15 mM HEPES (pH 7.4),
biotin (33 uM), pantothenate (17 uM, Sigma), human recombi-
nant insulin (100 nM, Boehringer Mannheim), dexamethasone
(1 uM), I-methyl-3-isobutylxanthine (IBMX; 0.25 mM), and
rosiglitazone (1 uM)]. For the remaining 9 days of the adipocyte
differentiation maintenance period, the medium was removed
every 3 days and replaced with the same medium that did not
contain IBMX and rosiglitazone (maintenance medium). Adipo-
cyte differentiated conditioned medium (ADCM) was collected on
day 6 after the switch to ASC adipogenic differentiation medium
and stored at 4°C until use.

Preparation of ASC/RFP cells

PO ASCs (isolated from female donor age 44, BMI 24.98) were
plated at a density of 5x10* cells/well in a 6-well plates in ASC
growth medium and incubated at 37°C in the presence of 5%
CO, for 24 hours in a biological safety cabinet. The medium was
replaced with 1.5 mL fresh medium containing 8 ug/ml poly-
brene to increase lentivirus transduction efficiency. ASCs were
transduced by addition of 5 ul RFP-lentiviral vector stock, NL-
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Turbo-RFP (MOI in the range of >107 TU/mL) [50]. After
24 hour incubation, medium containing lentiviral particles was
removed and 2 ml fresh medium was added to the wells. ASC/
RFP cells were passaged over a period of 2-3 weeks until >90%
transduction was visually observed by fluorescent microscopy for
RFP using a Nikon microscope with the filter for red fluorescence

(TRITC).

Culture of MDA-MB-231 and MDA-MB-231/GFP cells

MDA-MB-231 cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA) and MDA-MB-231/
GFP cells were purchased from Cell Biolabs, Inc. (San Diego, CA).
Cells were cultured in DMEM supplemented with 10% FBS and
1% Penicillin-Streptomycin, and incubated at 37°C in the
presence of humidified 5% COy incubator.

Indirect co-culture of ASCs with MDA-MB-231 cells

The effect of ASC on MDA-MB-231 growth and migration was
assessed using BD Invasion Chambers and Control Inserts (BD
Biosciences, San Jose, CA) according to manufacturer instructions.
To measure MDA-MB-231 growth, 2.5x10* MDA-MB-231 cells
were plated in the bottom chamber and 2.5x10* cells ASCs were
plated in the control inserts in DMEM supplemented with 2%
FBS and 1% Penicillin-Streptomycin. The chambers were
incubated for 1-4 days in a 37°C incubator with humidified 5%
COy. MDA-MB-231 growth in the wells was assessed using
reduction of 3-(4-5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (M'T'T, Invitrogen). To assess MDA-MB-231 migration,
MDA-MB-231 cells were plated in the insert and the ASCs were
plated in the bottom chamber and the chambers were incubated
for 1-4 days. Membranes were dissected out of chambers and the
membranes stained with crystal violet followed by quantification of
color development. Analysis of the plates and the inserts were
performed at 24 hrs., 48 hrs., 72 hrs., and 96 hrs. following
plating. At least three independent sets of experiments were
performed using three ASC donors.

Direct co-culture of ASCs with MDA-MB-231/GFP cells

2.5x10*ASCs were cultured in ASC growth medium in
triplicate in 6 well plates for 24 hrs. prior to addition of 2.5x10"
MDA-MB-231/GFP breast cancer cells to the same wells. Bright
field and fluorescent microscopy photographs were taken with a
Nikon AZ100 fluorescent microscope and photomicrographed
with a Nikon DS-QilMc camera on days 14 after addition of the
MDA-MB-231/GFP cells. The average number of GFP" cells
counted in four separate fields was recorded using the threshold
adjustment and particle analysis tools on Image] software (NIH,
Bethesda, MD). At least three independent sets of experiments
were performed using three ASC donors.

Wound healing/scratch assay to measure effect of ASC
conditioned medium on MDA-MB-231 migration
Mda-MB-231 cells were cultured to 80% confluency on 12-well
plates in DMEM supplemented with 2% FBS and 1% Penicillin-
Strepto- mycin. After 24 h, the medium was replaced with fresh
medium containing 0%, 20% or 50% GCM or ADCM from
ASGCs. A single strip of cells was scraped off the surface of the
surface of the plate with a 200 pl disposable plastic pipette tip
and the cells were cultured for an additional 6 hours at 37°C.
Wound closure was viewed under a microscope and photographed
(original magnification, x40). The average extent of wound of
wound closure was evaluated by measuring the width of the
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wound by Image J software. Percent gap closure was calculated as

% gap closure =

Gap area at 0 hour time point — Gap area 6 hour time point

- - 100%
Gap area at 0 hour time point x %

Animals

Female NUDE mice (BALB/c) aged between 4-5 weeks
obtained from Charles River (Indianapolis, IN) were housed in
sterile cages and maintained in pathogen-free aseptic rooms with
12 h/12 h light/dark schedule. Mice were fed with autoclaved
food pellets and water ad lbitum.

Tumor xenograft studies

Xenograft procedures were performed as previously described
by our laboratory [1,51-53]. Briefly, exponentially growing MDA-
MB-231/GFP cells and ASC/RFP cells were harvested. Animals
were divided into 3 groups (n=>5 mice/group, 10 tumors/group)
by injecting either 3x10° MDA-MB-231/GFP cells, 3x10° ASC/
RFP cells or MDA-MB-231/GFP+ASC/RFP in 150 ul of PBS-
Matrigel mixture (50 ul cell suspension in PBS was mixed with
100 pl of Matrigel) orthotopically and bilaterally into the inguinal
mammary fat pads of female NUDE mice. In all experiments,
tumor caliper measurements were taken twice/week and tumor
volume was calculated by the formula: 0.528xLM? where L is
(large diameter) and M is small diameter as described [51,52]. 40
days post injection, mice were euthanized by exposure to COq and
tumors and mouse organs were removed for further evaluation.

Fluorescence microscopy and hematoxylin & eosin (H&E)
staining of tumors and mouse tissues

At the end of the experiments, animals were sacrificed and
tumors and mouse organs removed. Immediately after removal,
fresh tumors were placed on a Nikon AZI100 fluorescent
microscope and photomicrographed with a Nikon DS-QilMc
camera using NIS-Elements software. Subsequently, the tumors
were either stored in 10% neutral buffered formalin for paraffin
embedding/sectioning and H&E staining, snap frozen for
measurement of chromosome-17 by real-time RT-PCR, or
embedded for frozen sectioning and fluorescent microscopy as
described in our previous studies [1,51-53]. Paraffin embedded
tumor and mouse tissues were sectioned (5 pm) and stained with
H&E. For immunofluorescence, pieces of tumor and mouse tissues
were embedded in O.C.T. (Optimal Cutting Temperature)
compound and 10 pm frozen sections were incubated with DAPI
for 5 minutes to stain nuclei blue and subsequently prepared for
fluorescent microscopy of GFP and RFP and photomicrographed
using a Nikon DS-QilMc camera using NIS-Elements software.

Quantification of micrometastases

To detect micrometastasis, DNA from mouse organs was
extracted using the QIAamp DNA mini kit (Qiagen) and
quantified using a NanoDrop Spectrophotometer (ThermoScien-
tific). Human DNA in mouse organs was detected by quantitative
real time RT-PCR using primer and probes directed towards a
human-specific a-satellite DNA sequence of the centromere region
of human chromosome 17. To detect micrometastasis, DNA from
mouse organs of both the MDA-MB-231/GFP and MDA-MB-
231/GFP+ASC/GFP groups were extracted using the QIAamp
DNA mini kit (Qiagen) and quantified using a NanoDrop
Spectrophotometer (ThermoScientific). Human DNA in mouse
organs was detected by quantitative real time RT-PCR using
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primer and probes directed towards a human-specific o-satellite
DNA sequence of the centromere region of human chromosome
17 [54] as we have previously described [1]. Genomic DNA that
was isolated from MDA-MB-231 human breast cancer xenografts
and organs of nude mice with no human cells injected was used as
positive control and negative controls, respectively. Quantitative
real-time PCR was performed in a volume of 25 pl that contained
12.5 pl FastStart Taqman Probe Master for probes (Roche),
200 nmol/L each of the forward and reverse primers, 100 nmol/L
TagMan probe, and 250 ng target DNA template. Reactions were
incubated at 50°C for 2 minutes and at 95°C for 10 minutes,
followed by 40 cycles at 95°C for 15 seconds, and 60°C for
I minute using a Bio-Rad i1Q5 Multicolor Real-Time PCR
Detection System (Bio-Rad). Real time RT-PCR for human/
mouse GAPDH were performed in a volume of 25 pl that
contained 125 ul 1Q) SYBR Green Supermix (Bio-Rad),
900 nmol/L each of the forward and reverse primers and
250 ng target DNA template. All real-time PCR assays were
performed in triplicate.

Human Crl7_la forward primer: 5'-GGG ATA ATT TCA
GCT GAC TAA ACA G-3'

Human Crl7_4b reverse primer: 5'-AAA CGT CCA CTT
GCA GAT TCT AG-3'

TMsat_probe : 6FAM-CAC GTT TGA AAC ACT CTT

XT TTG CAG GATC p (X =Tamra)

Mouse/human GAPDH forward primer: 5'- CAG CGA CAC
CCA CTC CTC CAC CTT -3’

Mouse/human GAPDH reverse primer: 5'- CAT GAG GTC
CAC CAC CCT GTT GCT -3’

The CT value obtained for human chromosome 17 was
normalized using primers and probe that detected both mouse and
human GAPDH as a measure of total DNA for the samples.
deltaC'T = CT value of human chromosome-17 minus C'T value of
mouse/human GAPDH. For incidence of metastasis, a deltaCT
value below 25 was scored positive for metastasis to the mouse
organ/tissue. For comparison of metastasis to different organs/
tissue between groups, the data was presented as, fold chan-
ge = 9~ (delta-deltaCl) (op ore MDA-MB-231/GFP alone was sct as 1,
and delta-deltaCT = deltaCT of MDA-MB-231/GFP+ASC/RFP
minus deltaCT of MDA-MB-231/GFP alone

Detection of metastasis in whole organs by fluorescence

quantitation

Metastases in fresh, whole organs were quantitated as described
[55] by detection of green fluorescence using a Nikon AZ100
fluorescence microscope with a Nikon AZ100 Plan Fluor 5x
objective. Fluorescent pseudocolored images representing light
emitted from metastatic sites were captured using Nikon DS-
QilMc digital camera. Image J software was employed to
quantitate the area of fluorescent signal on the image. The
following sequence of events for the acquired jpeg images were
executed: 1) Open image. 2) Type Convert to 8 bit image. 3) Edit
Invert image. 4) Analyse Set scale unit length uM using known
distance. 5) Set threshold. 6) Analyze Set measurements check the
area and select Analyze and measure area. 7. Save information
(total area, and area fraction) (http://rshweb.nih.gov/ij/docs/
pdfs/examples.pdf). Statistical analysis using Student’s t-test was
performed.

Immunohistochemistry (IHC)

IHC staining was performed on 10% neutral buffered formalin
fixed paraffin-embedded tumor samples as described previous
[1,51,56]. Briefly, sections mounted on slides were deparaffinized
in xylene, dehydrated in ethanol, rinsed in water and antigen
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retrieval was carried out with 0.01 M citrate buffer (pH 6.0) for
20 min in a steamer and then incubated with 3% hydrogen
peroxide for 5 min. After washing with PBS, sections were blocked
by incubation in 10% normal goat serum for 30 min, followed by
overnight incubation with primary antibody. The source of the
primary antibody and the dilutions used for IHC are as follows,
vimentin (1:100; Vector labs, Burlingame, CA), E-cadherin (1:400;
Cell signaling Technology Inc., Danvers, MA), B-catenin (1:800;
Cell signaling Technology Inc., Danvers, MA), CD-31 (1:50;
Abcam, Cambridge, MA), MMP-2, (1:250; Abcam, Cambridge,
MA), MMP-9 (prediluted ready-to-use; Neomarkers, Fremont,
CA), IL-8 (1:500; Invitrogen, Camarillo, CA), and VEGF (1:100;
Biocare Medical, Concord, CA). After overnight incubation with
primary antibody, slides were washed with PBS followed by
30 minutes incubation with biotinylated secondary antibody
(Vector labs), rinsed in PBS and incubated with ABC reagent
(Vector labs) for 30 min. The stain was visualized by incubation in
3, 3-diaminobenzidine (DAB) and counterstained with Harris
hematoxylin. Internal negative control samples incubated with
either non-specific rabbit IgG, or 10% goat serum instead of the
primary antibody showed no specific staining. Slides were
dehydrated and mounted with Permount (Fisher). Slides were
visualized using a Nikon OPTIPHOT microscope and randomly
selected bright field microscope images (magnification, x200) were
captured by Nikon Digital Sight High-Definition color camera
(DS-Fil) using NIS-Elements BR software. IHC staining intensity
was scored using the histoscore method developed by Allred et al.,
1993 [57] and as we have previously described [1,51,56].

Statistical Analysis

Statistical analysis of the data was performed using Graphpad
Prism v5.0 software. Data were expressed as mean +/—SD.
P<0.05 was considered significant. The mean and S.D. were
calculated using Microsoft Excel or GraphPad Prism 5 software
(La Jolla, CA). Statistical significance was determined by two-
sample student t-tests (P<<0.05) (two-tailed) and one-way ANOVA
followed by Newman-Keuls multiple comparison test.

Results

ASC effect on growth and migration of breast cancer
cells in vitro

A Boyden chamber was used to assess the effect of ASCs on
MDA-MB-231 cell growth in indirect co-culture. At 24, 48 and
72 hours ASCs did not affect MDA-MB-231 growth (Figure 1A).
20% and 50% conditioned medium from three ASCs donors did
not affect MDA-MB-231 cell growth i vitro but resulted in modest
growth stimulation of MCF-7 (ER+/PR+) and BT-474 (ER+/
PR+/HER2+) breast cancer cell lines (data not shown). To assess
the effect of ASCs on MDA-MB-231 growth in direct co-culture,
MDA-MB-231/GFP cancer cells were co-cultured with or without
ASC:s for 4 days and fluorescence microscopy was used to count
the number of MDA-MB-231/GFP cells in the culture. There was
no difference in the number of MDA-MB-231/GFP cells during 4
days co-culture with or without ASCs (Fig. 1B). Interestingly,
fluorescent microscopy revealed that direct co-culture of MDA-
MB-231 cells with ASCs resulted in a significant increase in the
number of MDA-MB-231 cells that exhibited an elongated,
spindle-like morphology reminiscent of migratory cells (Figure S1,
white arrows). The ASC effect on migration of MDA-MB-231
cancer cells was assessed by indirect co-culture in a Boyden
Chamber. After 72 h co-culture, ASCs stimulated migration of
MDA-MB-231 cancer cells (Figure 2A). To assess whether the
stimulation of MDA-MB-231 migration was the result of paracrine
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factors, CM from ASCs cultured in ASC growth medium, or CM
from ASCs undergoing adipocyte differentiation was added to
cultured MDA-MB-231 cells in the wound healing (scratch) assay.
20% and 50% CMs from proliferating ASCs or ASCs undergoing
adipocyte differentiation stimulated migration of MDA-MB-231
cells (Figure 2B and Figure S2). As a control for the migration/
invasion experiments, the effect of BJ5TA fibroblasts and THP-1
monocytes on the migration/invasion of MDA-MB-231 cells was
assessed. BJ5TA fibroblasts or THP-1 monocytes did not alter
MDA-MB-231 migration or invasion (data not shown). These data
demonstrated that ASCs did not alter MDA-MB-231 breast
cancer cell growth i wvitro during direct or indirect co-culture.
However, ASCs stimulated MDA-MB-231 cell migration and the
effect was due, in part, to release of paracrine factors by the ASCs.

ASC effect on primary MDA-MB-231 tumor growth was
donor dependent

MDA-MB-231/GFP cells were co-injected with or without
ASC/RFP cells (1:1 ratio) isolated from two different donors with
different body mass index (donor 1, female age 44, BMI 25.0,
overweight; donor 2, female age 27, BMI 18.3, underweight) into
the mammary fat pad of NUDE mice to determine the effect of
ASCs on tumor growth and metastasis i vivo. Expression of GIFP
and RFP in MDA-MB-231/GFP cells and ASC/RFP cells,
respectively, permitted monitoring of each cell type in the tumor
and metastatic organs by fluorescent microscopy of whole organs
and tissues sections. The MDA-MB-231 tumor xenograft is a very
well characterized tumor model that spontaneously metastasizes
from the primary tumor in the mammary fat pad of Nude mice
[1,53]. Injection of MDA-MB-231/GFP cells alone formed
palpable tumors (Figure 3A). Injection of ASC/RFP cells alone
did not form palpable masses in the mammary fat pad by 40 days
(data not shown). Co-injection of BMI 25.0 ASC/RFP cells with
MDA-MB-231/GFP cells did not alter the primary tumor volume
or growth pattern up to 40 days post-injection with tumor sizes
that were similar to MDA-MB-231/GFP alone tumors (Figure 3A;
Figure S3A). However, coinjection of ASC/RFP cells from the
BMI 18.3 donor with MDA-MB-231/GFP markedly stimulated

ASCs Promote Early Breast Cancer Metastasis

growth of the tumors (Figure 3B; Figure S3B). The excised, fresh
whole tumors from both groups exhibited a similar gross
morphology with evidence of GIP expression throughout the
tumors (Figure 3C, D). RFP expression was not readily apparent at
the gross level due to masking by the GFP signal, although some
regions of RFP were evident in regions of the tumor where the
GFP expression was reduced (Figure 3D, arrow). No RFP
expression was detected in whole tumors from the MDA-MB-
231/GFP alone group.

ASCs were integrated within the MDA-MB-231/GFP
tumors

Tumor morphology was assessed by H&E staining, and
fluorescence microscopy was used to distinguish MDA-MB-231/
GFP cells from ASC/RFP cells. H&E staining revealed a similar
tumor morphology for the MDA-MB-231/GFP group and the
MDA-MB-231/GFP+ASC/RFP group (Figure 3E), that was also
similar to the morphology of MDA-MB-231 tumors from our
previous studies [1,53]. The MDA-MB-231/GFP tumors exhib-
ited GIP expression that overlapped with the majority of DAPI
positively stained nuclei (Figure 3F). No RFP expression was
detected in the tumors from the MDA-MB-231/GFP alone group.
In the MDA-MB-231/GFP+ASC/RFP tumors, GFP expression
and distinct RFP expression was detected in the same sections
demonstrating evidence of viable RFP-expressing ASCs integrated
throughout the tumor with an RFP signal that did not directly
overlap with the GFP expressing cells at 40 days post injection
(Figure 3F). There appeared to be less green fluorescent staining in
tumor sections from the co-injection group compared to the
MDA-MB-231 alone tumors although the reason for this is
unknown. It was not possible to accurately quantitate the number
of cancer cells or ASCs in the tumor sections. The fluorescent
tissue sections were 10 uM thick and contained two or more cell
layers with overlapping red and green fluorescent signals and
individual cells that exhibited variable expression of GFP or RFP.
In addition, there were focal regions of relatively more GFP or
RFP staining in the tumor.
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Figure 1. The effect of ASCs on the growth of MDA-MB 231 cells. A. MDA-MB-231 were cultured in the bottom well of a Boyden Chamber and
ASCs were cultured in the insert. Growth of MDA-MB-231 cells was assessed using the MTT assay. B. 2.5 x10*ASCs were cultured in 6 well plates for
24 hrs. prior to addition of MDA-MB-231-GFP breast cancer cells at a 1:1 ratio. Bright field and fluorescent microscopy photographs were taken on
days 1-4 after addition of the MDA-MB-231 cells. Data are representative of experiments using three different ASC donors.

doi:10.1371/journal.pone.0089595.g001
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Figure 2. ASC effect on migration of MDA-MB-231 cells. A. ASCs were cultured in the bottom well of a Boyden Chamber and MDA-MB-231
cells were cultured in the insert. Migration of MDA-MB-231 cells was assessed by using crystal violet staining of the insert membrane and
quantification of color development. 1P<<0.02, ¥*P<<0.04. B. MDA-MB-231 cells were cultured 24 h followed by replacement with medium containing
0%, 20% or 50% growth conditioned media (GCM) or adipocyte-differentiated conditioned medium (ADCM) from ASCs. A horizontal scratch was
made using a P200 pipette tip and bright field pictures were taken at 0 and 6 h (Figure S1) following the scratch wound. Graphical representation of
% gap closure quantitated using ImageJ software (NIH, Bethesda, MD). **P<<0.01, ***P<<0.0001. Data are representative of experiments using three
different ASC donors.

doi:10.1371/journal.pone.0089595.g002

ASCs promoted metastasis of MDA-MB-231 tumors to group, and 0/10 (0%) for the ASC/RFP alone group. The relative
lung, liver and spleen level of human chromosome 17 DNA in each organ/tissue was
compared for the MDA-MB-231/GFP group and the MDA-MB-
231/GFP+ASC/RFP group, with the value for the MDA-MB-
231/GFP group set equal to 1.0. A statistically significant increase
in human chromosome 17 DNA was detected in liver, lung and
spleen for the MDA-MB-231/GFP+ASC/RFP group (Figure 4C).

To further quantitate the degree of metastatic burden in these
organs, the metastatic area was quantitated by measuring the total
area of fluorescence in whole organs. The metastatic area in liver,
lung and spleen was significantly greater in the MDA-MB-
231+ASC group compared to the MDA-MB-231 alone group

MDA-MB-231 xenograft tumors in the mammary fat pad of
Nude mice exhibit spontaneous micrometastases to select mouse
organs that were dependent upon the primary tumor burden, and
the duration of the experiment [1]. In the timeframe for
development of large primary MDA-MB-231 tumors (30-40
days), no visible macrometastatic lesions were evident in mouse
organs although micrometastases were detected by quantitation of
the amount of human DNA in mouse organs by quantitative real-
time RT-PCR directed towards an a-satellite sequence specific for
human chromosome 17 [1,53]. At the termination of experiments (Figure 5)
described in Figure 3, 6/10 animals in the MDA-MB-231/ sure ).

] . A control experiment in which an equal number of BJ5TA
GEPHBMI 25.0-ASC/REP group (from two separate experiments) g L1 oo iniected with MDA-MB-231/GFP cells showed
showed evidence of visual macrometastases in the liver and lung

(Figure 4A) as well as enlargement of the spleen (not shown) that a modest effect on increasing primary tumor volume (Figure S5A,

was not evident in the MDA-MB-231/GFP group or the ASC/  Sr¢¢h line) but had no effect on metastasis to mouse organs as
RFP group. To control for any leakage of cells into the systemic measured by the relative level of human chromosome 17 DNA in

. . ol . o cach organ/tissue (Figure S5B, green bars). To assess whether
circulation as a result of the injection technique, PCR analysis for ASC do;lor impacted &l\ID A-l\lB-é3l metastasis. human chromo-
human chromosome 17 DNA in the blood one day after the pacte ”

L . some 17 DNA was measured for the tumor xenograft experiment
njections was evaluated: A cl?romosome 17 DNA signal was not from Figure 3B using the BMI 25.0 ASCs. Tumors coinjected with
detected for any of the injection groups (data not shown). Fresh, BMI 25.0 ASCs resulted in increased metastasis to kidney, lung
intact lung, liver and spleen revealed GIP fluorescence in the and spleen (Figure S5B, red bars). Similar to BMI 25.0 ASCs
MDA-MB-231/GFP+ASC/RFP group, but not the other groups i hich increased MDA-MB-231 metastasis, coinjection with BMI
(Figure S4). H&E stained paraffin sections of the liver and lung 18.3 ASCs resulted in increased metastasis to lung, kidney and
confirmed multi-focal metastatic lesions in the MDA-MB-231/ spleen (Figure S5B).

GFP+BMI 25.0-ASC/RFP group only <Flgure 4B). TP further The remaining experiments were performed using the tumors
measure and compare the degree of micrometastasis among  derived from coinjection of BMI 25.0 ASCs with MDA-MB-231
groups, brain, bone marrow from femurs, kidney, liver, ll.mg and cells. Metastases to lung and liver were confirmed by fluorescence
spleen were removed and the amount of human DNA in these microscopy of frozen sections. In the MDA-MB-231/GFP+ASC/

mouse tissues was measured by quantitative re;ill—tlme RT'PCR for RFP group, extensive GFP fluorescence was evident in the lungs
human chromo$ome 17. The 1nc1d.cnce of micrometastasis to all demonstrating multifocal metastatic lesions (Figure 6). GFP focal
mouse organs/tissues was 10/10 mice (100%) for both the MDA- lesions were detected in the livers of these animals but to a lesser

MB-231/GFP group and the MDA-MB-231/GFP+ASC/RFP extent that was detected in lung (Figure 6). No GFP fluorescence
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Figure 3. ASC effect on primary MDA-MB-231 xenografts. 3x10° human MDA-MB-231/GFP breast cancer cells were bilaterally injected
subcutaneously into the mammary fat pads of 5 female NUDE mice (n= 10 tumors/group) with or without 3x10° human ASC/RFP cells from donor
with BMI 25.0 (A) or donor with BMI 18.3 (B). Tumor volume was monitored for 40 days by caliper measurement. Tumors were removed at day 40
and fluorescence of the intact, fresh tumors from the MDA-MB-231/GFP alone group (C) or MDA-MB-231/GFP+ASC/ RFP group (D) were visualized
for GFP and RFP within 10 minutes of removal using a dissecting fluorescent microscope. The white arrow indicates a region of RFP fluorescence
only in the MDA-MB-231/GFP+ASC/RFP group tumors. E. 5 pM paraffin embedded section of MDA-MB-231/GFP and MDA- MB-231/GFP+ASC/RFP
tumors were prepared for Hematoxylin and Eosin (H&E) staining. F. 10 uM frozen sections of tumors were stained with DAPI (blue) and prepared

for fluorescence microscopy for GFP and RFP. DAPI+GFP (DG); DAPI+RFP (DR); DAPI+GFP+RFP (DGR).

doi:10.1371/journal.pone.0089595.g003

above background was detected in frozen sections of the spleen or
in any other mouse tissues examined for this group. For the MDA-
MB-231/GFP alone group, small isolated GFP positive lesions
consisting of few cells were detected in the lungs (Figure S6) but
not in any other mouse tissues. RFP fluorescence above
background level was not detected in tissue sections from any
mouse organ for any group. The absence of ASC/RFP
fluorescence in the mouse organs, and the negative signal for the
more sensitive human chromosome 17 DNA content measure-
ment indicated that ASC/RFP cells had not migrated from the

primary tumor site to the mouse organs.

ASC induced changes in EMT, matrix metalloproteinases
and angiogenesis in the primary tumors

There are several possible mechanisms by which ASCs might
increase the metastasis of MDA-MB-231 tumor cells, most notably
induction of EMT in the tumor cells, increase in matrix
metalloproteinases (MMP’s), elevated angiogenesis in the tumors,
and altered levels of paracrine factors. Tumors were compared for

PLOS ONE | www.plosone.org

expression of EMT markers (vimentin, e-cadherin, beta catenin),
MMP2/9, microvessel density, and paracrine factors (IL-8,
VEGF). Tumors formed by coinjection of MDA-MB-231 with
ASCs exhibited increased expression of vimentin, MMP9, IL-8,
VEGF, and microvessel density (CD-31) (Figure 7).

Discussion

The supplementation of fat grafts with ASCs to repair defects
after breast cancer surgery has gained attention in recent years.
ASC supplementation is proposed to increase the viability of the
grafts and efficacy of the procedure. Recently, several laboratory
studies demonstrated that ASCs stimulated breast cancer cell
growth and migration in vitro, and co-injection of ASCs with breast
cancer cells stimulated growth of xenograft tumors in mice that
was accompanied by changes in behavior of the cancer cells and
modification of the tumor stroma. The changes induced by ASCs
were consistent with the cancer cells acquiring a more invasive,
metastatic phenotype. These studies indicated the potential of
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Figure 4. Metastasis of MDA-MB-231/GFP and MDA-MB-231/GFP+ASC/RFP tumors. 40 days after subcutaneous injection of either human
MDA-MB-231/GFP cells, ASC/RFP cells or MDA-MB-231/GFP+ASC/RFP cells, mouse organs were collected. A. Visual macrometastatic lesions were
observed in the liver, lungs only in mice co-injected with MDA-MB-231/GFP and ASC/RFP (arrows). B. H&E sections of the liver and lungs of mice
bearing MDA-MB-231/GFP+ASC/RFP tumors showing metastatic MDA-MB-231 cancer cells (insets). C. To quantitate micrometastases, DNA was
prepared from mouse organs from two separate experiments (n =10 mice/group) for detection of human chromosome 17 by real time RT-PCR. A
significant increase in micrometastasis for MDA-MB-231/GFP+ASC/RFP tumors was detected in liver, lung and spleen. * P<<0.05.

doi:10.1371/journal.pone.0089595.g004

ASCs to stimulate metastasis of breast tumors. The present study
examined the impact of human ASCs on human MDA-MB-231
triple negative breast cancer cells, a model of early micrometastasis
from the primary tumor. ASCs stimulated migration of MDA-
MB-231 cells and markedly increased metastasis of MDA-MB-231
cells to mouse organs. Pathological evaluation of the primary
tumors and the metastatic organs revealed that ASCs were well
integrated in the primary tumor but were not present at the
metastatic sites. The co-injection of ASCs with MDA-MB-231
cells resulted in tumors that exhibited some markers of EMT,
angiogenesis and MMP expression, all consistent with a more
invasive phenotype.

ASCs did not stimulate growth of MDA-MB-231 cancer cells in
vitro using three separate ASC donors and in two different assays,
although ASCs did modestly stimulate growth of MCF-7 and BT-
474 breast cancer cell lines i vitro. Previous reports showed that
ASCs or MSCs may stimulate growth or have no effect on MDA-
MB-231 cell lines in vitro dependent upon the assays employed
[29-31,31-33,33-35,43,44]. It is likely that the effects of ASCs on
MDA-MB-231 cell growth are related to plating density, medium
used, serum starvation status, ASC/MSC donor, and ASC passage
number (ASCs used in the present study were at passage 1). In
contrast to the i vitro results, there was a significant donor effect on
the ability of ASCs to stimulate primary MDA-MB-231 tumor
growth. ASCs from a donor with BMI 18.3 stimulated primary
tumor growth whereas ASCs from a donor with BMI 25.0 did not
stimulate tumor growth. Of note, neither of these ASC lines

PLOS ONE | www.plosone.org

stimulated growth of MDA-MB-231 cells & vitro (Fig. 1). Future
studies using multiple donors with different BMI will determine
whether donor BMI impacts the effect of ASCs on tumor growth.
There is conflicting evidence in the literature on the effect of ASCs
or MSCs on primary MDA-MB-231 xenograft tumor growth. The
present study was designed to form large, primary tumors in the
mammary fat pad of NUDE mice that would yield metastases
within 40 days [1]. Consequently, 3x10° MDA-MB-231 and
ASCs were injected into the mammary fat pad. In two studies that
showed that ASCs stimulated MDA-MB-231 tumor xenograft
growth, substantially fewer MDA-MB-231 cells and ASCs were
injected into the mammary fat pad (10°-10", the studies used
SCID mice, and one study used the cleared mammary fat pad
[31,37]. Using bone marrow derived MSCs, Karnoub et al. co-
injected a comparable number of MDA-MB-231 cells with MSCs
(2x10°% as used in the present study into orthotopic sites and found
no effect on MDA-MB-231 primary tumor growth [46]. Growth
stimulation of the MDA-MB-231 xenografts by ASCs is likely
dependent upon the initial tumor burden in the experiment.
However the present study also demonstrated that ASC donor can
have a significant effect on primary tumor growth.

Recently Strong et al. [58] demonstrated that abdominal ASCs
derived from obese patients (BMI>30) enhanced MCF-7 ER-
positive breast cancer cell proliferation i vitro and tumor xenograft
growth in vivo. This study focused on ER positive breast cancer
cells and it is unknown how ASC depot site and BMI of donors
would impact ER negative tumors such as MDA-MB-231.
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Figure 5. Detection of metastasis in whole organs by fluorescence quantitation. Metastases in fresh, whole organs were quantitated by
detection of green fluorescence protein in mouse liver, lung and spleen. Image J software was used to quantitate the area of the fluorescent signal on
the image as described in the Materials and Methods.

doi:10.1371/journal.pone.0089595.9g005

Figure 6. Metastatic lesions in lung and liver from the MDA-MB-231/GFP+ASC/RFP group tumors. 40 days after subcutaneous injection
of MDA-MB-231/GFP+ASC/RFP cells, mouse organs were collected and 10 uM frozen sections were prepared for immunofluorescence of the lung and
liver. A representative section of lung demonstrating multifocal metastatic lesions expressing GFP. A representative section of the liver demonstrated
a small region expressing GFP. RFP was not detected above background level in any frozen tissue sections.
doi:10.1371/journal.pone.0089595.9006
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Figure 7. ASC effect on tumor markers. IHC was conducted as described in Materials and Methods. Paraffin-embedded tumor sections from
MDA-MB-231/GFP and the MDA-MB-231/GFP+ASC/RFP groups were stained for vimentin, MMP9, IL-8, CD-31, and VEGF. Bright-field photo-
micrographs were taken and representative images are presented. Quantitative representation of the staining is indicated.

doi:10.1371/journal.pone.0089595.g007

However, the Strong et al. study also measured ASCs effect on
MDA-MB-231 cell proliferation in vitro and found that pooled
donors of ASCs (6/group) increased MDA-MB-231 cell growth
approximately two fold after 7 days co-culture regardless of ASC
depot site or donor BMI. Notably, the present study using three
ASC' donors (none derived from obese patients) co-cultured
separately with MDA-MB-231 cells did not stimulate MDA-MB-
231 growth after 3 days co-culture. The differences in the
outcomes of two studies on MDA-MB-231 growth w vitro are likely
due to differences in the assays (the Strong et al. study used longer
co-culture time of 7 days versus 3 days, markedly lower seeding
density of 200 cells/cm® versus 2500/cm?®, and pooled ASCs
donors versus assessing individual ASC donors), and differences in
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the sources and passage number of ASCs donors and MDA-MB-
231-GFP cells.

MDA-MB-231 tumor cells exhibit a migratory phenotype i vitro
[1] although it has not been shown whether ASC/MSCs can
enhance MDA-MB-231 migration & vitro. Surprisingly, incubation
of ASCs with MDA-MB-231 cells in a Boyden chamber, or
addition of ASC CM to MDA-MB-231 cells in culture, both
further stimulated MDA-MB-231 migration. Of note was that the
CM from both proliferating ASCs as well as ASCs undergoing
adipogenic differentiation was able to stimulate migration of
MDA-MB-231 cells. These results demonstrated that ASC
stimulation of MDA-MB-231 migration was due to paracrine
factors and these factors were present whether ASCs were
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undifferentiated or differentiated towards mature adipocytes.
These data would suggest that the ASC adipocyte differentiation
that may occur during applied use of ASCs might result in cells
that are still competent to promote migration/metastasis of cancer
cells. However, since ASCs that were differentiated m vitro also
stimulated migration of MDA-MB-231 cells, we cannot conclude
that properties unique to ASCs contributed to the increased
migration. Furthermore, it should be noted that the conditioned
medium was stored at 4C before use in these ¢ vitro experiments
and it is possible that key growth promoting factors might have
been degraded and/or inactivated during storage. The increased
migration was accompanied by a marked increase in the spindle-
shape morphology of the MDA-MB-231 cells when in direct co-
culture with ASCs. ASCs were integrated with the MDA-MB-231
cells in vitro, oftentimes surrounding clusters of MDA-MB-231 cells
(Fig. S1). These data are consistent with recent reports that ASCs
have a profound impact on the morphology of cancer cells, in
some cases inducing an EMT in the cancer cells that enhanced
cancer cell migration and invasion capacity [34,35,37].

It is clear from the tumor immunofluorescence sections that
viable ASCs survived in the primary tumor at the time of sacrifice
(40 days) and the ASCs were well integrated with the cancer cells
in the tumor. The ASCs and MDA-MB-231 cells were mostly
uniformly distributed in the tumor (Figure 4). There were sporadic
areas in the tumors where ASC/RFP cells were detected separate
from the MDA-MB-231/GFP cells but with no consistent pattern
nor without any obvious morphology to indicate distinct structures
or morphologies formed by the ASCs. The long term viability of
the ASCs in the tumor is significant since co-injection with equal
number of ASCs did not alter the primary tumor volume. This
would suggest that a significant portion of the tumor volume was
comprised of expanded ASCs, stroma from the ASCs, and/or
recruited mouse cells/tissues. Recent studies have demonstrated
that ASCs have a profound impact on the tumor stroma and that
co-injected ASCs adopted a phenotype of cancer associated
fibroblasts (CAFs) that could expand as occurs in the desmoplastic
stromal reaction in breast cancer [59].

There appeared to be less green fluorescent staining in tumor
sections from the co-injection group compared to the MDA-MB-
231 alone tumors suggesting that there were fewer malignant cells
in the co-injection group, although the reason for this is unknown.
It was not possible to accurately quantitate the number of cancer
cells or ASCs in the tumor sections. The fluorescent tissue sections
were 10 uM thick and contained two or more cell layers with
overlapping red and green fluorescent signals and individual cells
that exhibited variable expression of GFP or RFP. In addition,
there were focal regions of relatively more GFP or RFP staining in
the tumor.

The significant increase in metastasis in the co-injection group
for the BMI 25.0 ASCs occurred without any increase in primary
tumor volume indicating that the elevated metastasis could not be
attributed to an increased primary tumor burden in the animal.
Visual metastases to the lungs and livers were only observed in the
groups co-injected with MDA-MB-231/GFP cells and ASCs.
Given the relatively brief duration of the experiment (40 days), the
magnitude of the increased visible metastases is remarkable since
no visual metastases were observed in any organs in the MDA-
MB-231/GFP alone group. These data, along with the absence of
an ASC effect on MDA-MB-231 growth i vitro suggest that a
major effect of ASCs on MDA-MB-231 tumors is to promote the
metastatic phenotype of the tumor cell. It is noted that mouse
organs were rinsed thoroughly to remove blood prior to DNA
isolation and quantitation of human chromosome 17 microsatellite
regions. However one caveat is that any circulating tumor cells in
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the vasculature of the organs could contribute to the DNA
quantitation as we have previously noted [1]. It is expected that
given the high degree of metastatic involvement in many of the
tissues, the contribution of any circulating tumor cells would be
negligible.

The pattern of tumor cell dissemination to first pass organs
(lung, liver, kidney and spleen), and the absence of ASC/RFP
fluorescence in any mouse tissues suggested that the mechanism
for ASC stimulation of metastasis was through enhancement of the
early stages of the metastatic process in the primary tumor. The
particularly high tumor burden in the lung (Figure 6) suggested
that ASCs facilitated the escape of MDA-MB-231 tumor cells to
the vasculature and lodgment in the lung, but without any
accompanying ASCs. The increase in liver, kidney and spleen
metastases without any corresponding ASCs in these tissues was
also consistent with the absence of ASCs in the lung. The
experiments were terminated at 40 days when the tumor burden
became too large for the animal to survive. It is possible that given
more time, additional organs would have exhibited an increased
metastasis in the co-injection group.

There are several possible mechanisms by which ASCs might
increase the metastasis of MDA-MB-231 tumor cells, most notably
induction of EMT in the tumor cells, increase in MMP’s, elevated
angiogenesis in the tumors, and an increase in pro-metastatic
paracrine factors. A number of studies have described secretion of
paracrine factors by ASCs and related MSCis that stimulate cancer
cell growth, migration/invasion and metastasis. ASCs produced
SDF-1 [31], PDGF-D [34], IL-6 [60] and IL-8 [33] that
contributed to growth and invasion/metastasis of breast cancer
cells in vitro and wm vivo. MSCs produced CCL5 that stimulated
growth and metastasis of MDA-MB-231 tumor xenografts [34],
and ASCs produced CCL)5 that stimulated migration and invasion
of breast cancer cells i vitro [32]. Conditioned medium from ASCs
containing PDGF-D induced the mesenchymal markers fibronec-
tin, alpha smooth muscle actin, and vimentin in breast cancer cells
wmn witro [34]. Conditioned medium from MSCs resulted in
increased expression of mesenchymal markers N-cadherin,
vimentin, twist and snail and downregulation in E-cadherin [41].
ASCs/MSCs may also stimulate angiogenesis and matrix degra-
dation that can potentiate cancer cell metastasis. MSCs stimulated
MMP-11 and VEGF in breast cancer cells [41]. Lipoaspirates of
white adipose tissue were found to contain CD34+ progentiors
that contributed to tumor vascularization [61]. In the present
study we assessed several markers of EMT, matrix degradation,
paracrine factors and angiogenesis and found that tumors formed
by co-injection with ASCs exhibited markers consistent with these
phenotypes.

In summary, the present study demonstrated that human ASCs
markedly increased migration and metastasis of human MDA-
MB-231 cancer cells in a xenograft model that was likely due to
facilitation of the early steps of the metastatic process. These data,
along with several recent reports demonstrating that ASCs
induced EMT in tumor cells and alterations in tumor stroma
consistent with metastatic progression [34,35,37], suggest that
caution is warranted in applied use of ASCs in close proximity to
breast cancer cells that have a greater propensity to metastasize.

Supporting Information

Figure S1 Co-culture of MDA-MB-231/GFP cells with
ASCs. MDA-MB-231/GFP cells (2.5x10* cells/well) or MDA-
MB-231/GFP+ASCs (at a 1:1 ratio) were cultured in 6 well
plates for 4 days and bright field and fluorescent microscopy
photographs were taken on day 4. White arrows indicate an
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increased number of MDA-MB-231/ GFP cells that exhibited
elongated, spindle-like morphology when co-cultured with ASCs
(red arrows). White box inset indicates MDA-MB-231/GFP cells.
Red box inset indicates ASCs.

(PDF)

Figure 82 Light micrographs for wound healing assay
described in Figure 2B. Growth conditioned media (GCM)
and adipogenic-differentiated conditioned media (ADCM) from
ASCis increased migration of MDA-MB-231 breast cancer cells.
MDA-MB-231 cells were cultured for 24 h followed by replace-
ment with medium containing 0%, 20% or 50% GCM or ADCM
and a horizontal scratch using a P200 pipette tip. Pictures were
taken 0 and 6 hrs. tumors following the scratch wound.

(PDF)

Figure 83 Light micrographs of MDA-MB-231/GFP and
the MDA-MB-231/GFP+ASC/RFP tumors excised at the
termination of the experiments using ASC/RFP donor

BMI 25.0 (A) or ASC/RFP donor BMI 18.3 (B).

(PDF)

Figure S4 Whole organ fluorescence from animals
injected with MDA-MB-231/GFP+ASC/RFP cells. Mouse
organs were removed at day 40 and fluorescence of the fresh,
intact mouse lung, liver and spleen were visualized for GFP and
RFP within 10 minutes of removal using a dissecting fluorescent
microscope. Fresh, intact organs from non-injected animals did
not exhibit fluorescence (not shown).

(PDE)
Figure S5 Effect of BJ5TA fibroblasts and BMI 18.3
ASCs on primary MDA-MB-231 tumor volume and

References

1. Anbalagan M, Ali A, Jones RK, Marsden CG, Sheng M, et al. (2012)
Peptidomimetic Src/pretubulin inhibitor KX-01 alone and in combination with
paclitaxel suppresses growth, metastasis in human ER/PR/HER2-negative
tumor xenografts. Mol Cancer Ther. 1535-7163.MCT-12-0146 [pii];10.1158/
1535-7163.MCT-12-0146 [doi].

2. Curry JM, Fisher KW, Heffelfinger RN, Rosen MR, Keane WM, et al. (2008)
Superficial musculoaponeurotic system elevation and fat graft reconstruction
after superficial parotidectomy. Laryngoscope 118: 210-215. 10.1097/
MLG.0b013e3181581£94 [doi].

3. Coleman SR (1997) Facial recontouring with lipostructure. Clin Plast Surg 24:
347-367.

4. Cook T, Nakra T, Shorr N, Douglas RS (2004) Facial recontouring with
autogenous fat. Facial Plast Surg 20: 145-147. 10.1055/5-2004-861755 [doi].

5. Fournier PF (1990) Facial recontouring with fat grafting. Dermatol Clin 8: 523
537.

6. Kaufman MR, Miller TA, Huang C, Roostacian J, Wasson KL, et al. (2007)
Autologous fat transfer for facial recontouring: is there science behind the art?
Plast Reconstr Surg 119: 2287-2296. 10.1097/01.prs.0000260712.44089.¢7
[doi];00006534-200706000-00044 [pii].

7. Hu S, Zhang H, Feng Y, Yang Y, Han X, et al. (2007) Introduction of an easy
technique for purification and injection of autogenous free fat parcels in
correcting of facial contour deformities. Ann Plast Surg 58: 602-607. 10.1097/
01.sap.0000248110.59452.49 [doi];00000637-200706000-00002 [pii].

8. Xie Y, Li Q, Zheng D, Lei H, Pu LL (2007) Correction of hemifacial atrophy
with autologous fat transplantation. Ann Plast Surg 59: 645-653. 10.1097/
SAP.0b013e318038fcb7 [doi];00000637-200712000-00010 [pii].

9. Yoshimura K, Sato K, Aoi N, Kurita M, Inoue K, et al. (2008) Cell-assisted
lipotransfer for facial lipoatrophy: efficacy of clinical use of adipose-derived stem
cells. Dermatol Surg 34: 1178-1185. DSU34256 [pii];10.1111/j.1524-
4725.2008.34256.x [doi].

10. Guijarro-Martinez R, Alba LM, Mateo MM, Torres MP, Pascual et al. (2010)
Autologous fat transfer to the cranio-maxillofacial region: updates and
controversies. J Craniomaxillofac Surg.

11. Hanson SE, Gutowski KA, Hematti P (2010) Clinical applications of
mesenchymal stem cells in soft tissue augmentation. Aesthet Surg J 30: 838—
842. 30/6/838 [pii];10.1177/1090820X10386364 [doi].

12. Sterodimas A, de FJ, Nicaretta B, Pitanguy I (2010) Tissue engineering with
adipose-derived stem cells (ADSCs): current and future applications. J Plast
Reconstr Aesthet Surg 63: 1886-1892. S1748-6815(09)00753-0 [pii];10.1016/
3-bjps.2009.10.028 [doi].

PLOS ONE | www.plosone.org

ASCs Promote Early Breast Cancer Metastasis

metastasis. 3 x 10° human MDA-MB-231/GFP breast
cancer cells were bilaterally injected subcutaneously into the
mammary fat pads of 5 female NUDE mice (n=10 tumors/
group) with or without 3 x 10° human BJ5TA fibroblasts or
3 x10%human BMI 18.3 ASCs. Tumor volume was monitored
Tumor volume was monitored by caliper measurement. (A)
Tumor volume of MDA-MB-231/GFP tumors and MDA-MB-
231/GFP+BJ5TA fibroblasts tumors. (B) To quantitate microme-
tastases, DNA was prepared from mouse organs (brain, femur,
kidney, liver, lung, spleen) from the three groups (MDA-MB-231/
GFP alone, MDA-MB-231/GFP+BJ5TA fibroblasts, and MDA-
MB-231/GFP+BMI 18.3 ASCs) for detection of human chromo-
some 17 by real time RT-PCR. * p<<0.05.

(PDF)

Figure S6 MDA-MB-231/GFP metastatic cells detected
in lung from MDA-MB-231/GFP group tumors. MDA-
MB-231/GFP tumors (without co-injected ASC/RFP cells)
resulted in only isolated nests of tumor cells in the lung but not
in other tissues. Shown is one micrometastatic lesion in the lung
comprising 10-12 GFP positive cells. GFP (G); RFP (R); DAPI (D);
DAPI+GFP+RFP (DGR).

(PDI)

Author Contributions

Conceived and designed the experiments: BGR JMG ESC. Performed the
experiments: MS MA RKJ TPF MA EAL. Analyzed the data: BGR JMG
MS MA TPF EAL PLF ESC. Contributed reagents/materials/analysis
tools: JMG RK. Wrote the paper: BGR.

13. Choi JH, Gimble JM, Lee K, Marra KG, Rubin JP, et al. (2010) Adipose tissue
engineering for soft tissue regeneration. Tissue Eng Part B Rev 16: 413-426.
10.1089/ten. TEB.2009.0544 [doi].

14. Moseley TA, Zhu M, Hedrick MH (2006) Adipose-derived stem and progenitor
cells as fillers in plastic and reconstructive surgery. Plast Reconstr Surg 118:
1215-128S. 10.1097/01.prs.0000234609.74811.2¢ [doi];00006534-200609011-
00016 [pii].

15. Dubois SG, Floyd EZ, Zvonic S, Kilroy G, Wu X, et al. (2008) Isolation of
human adipose-derived stem cells from biopsies and liposuction specimens.
Methods Mol Biol 449: 69-79. 10.1007/978-1-60327-169-1_5 [doi].

16. Gimble JM, Katz AJ, Bunnell BA (2007) Adipose-derived stem cells for
regenerative medicine. Circ Res 100: 1249-1260. 100/9/1249 [pii];10.1161/
01.RES.0000265074.83288.09 [doi].

17. Delay E, Garson S, Tousson G, Sinna R (2009) Fat injection to the breast:
technique, results, and indications based on 880 procedures over 10 years.
Aesthet Surg J 29: 360-376. S1090-820X(09)00319-7 [pii];10.1016/
3-25§.2009.08.010 [doi].

18. Yoshimura K, Sato K, Aoi N, Kurita M, Hirohi T, Harii K (2008) Cell-assisted
lipotransfer for cosmetic breast augmentation: supportive use of adipose-derived
stem/stromal cells. Aesthetic Plast Surg 32: 48-55. 10.1007/500266-007-9019-4
[doi].

19. Yoshimura K, Asano Y, Aoi N, Kurita M, Oshima Y, et al. (2010) Progenitor-
enriched adipose tissue transplantation as rescue for breast implant complica-
tions. Breast J 16: 169-175. TBJ873 [pii];10.1111/j.1524-4741.2009.00873.x
[doi].

20. Rigotti G, Marchi A, Stringhini P, Baroni G, Galie M, et al. (2010) Determining
the oncological risk of autologous lipoaspirate grafting for post-mastectomy
breast reconstruction. Aesthetic Plast Surg 34: 475-480. 10.1007/500266-010-
9481-2 [doi].

21. Illouz YG, Sterodimas A (2009) Autologous fat transplantation to the breast: a
personal technique with 25 years of experience. Aesthetic Plast Surg 33: 706
715.10.1007/500266-009-9377-1 [doi].

22. Zheng DN, Li QF, Lei H, Zheng SW, Xie YZ, et al. (2008) Autologous fat
grafting to the breast for cosmetic enhancement: experience in 66 patients with
long-term follow up. J Plast Reconstr Aesthet Surg 61: 792-798. S1748-
6815(08)00053-3 [pii];10.1016/j.hjps.2007.08.036 [doi].

23. Mizuno H, Hyakusoku H (2010) Fat grafting to the breast and adipose-derived
stem cells: recent scientific consensus and controversy. Aesthet Surg J 30: 381—

387. 30/3/381 [pii];10.1177/1090820X10373063 [doi].

February 2014 | Volume 9 | Issue 2 | 89595



26.

27.

28.

31.

32.

36.

37.

38.

39.

40.

41.

. Yoshimura K, Suga H, Eto H (2009) Adipose-derived stem/progenitor cells:

roles in adipose tissue remodeling and potential use for soft tissue augmentation.
Regen Med 4: 265-273. 10.2217/17460751.4.2.265 [doi].

. Perez-Cano R, Vranckx JJ, Lasso JM, Calabrese C, Merck B, et al. (2012)

Prospective trial of adipose-derived regenerative cell (ADRC)-enriched fat
grafting for partial mastectomy defects: the RESTORE-2 trial. Eur J Surg Oncol
38: 382-389. S0748-7983(12)00231-4 [pii];10.1016/].¢js0.2012.02.178 [doi].
Bertolini F, Lohsiriwat V, Petit JY, Kolonin MG (2012) Adipose tissue cells,
lipotransfer and cancer: A challenge for scientists, oncologists and surgeons.
Biochim Biophys Acta 1826: 209-214. S0304-419X(12)00030-3 [pii];10.1016/
j-bbcan.2012.04.004 [doi].

Lohsiriwat V, Curigliano G, Rietjens M, Goldhirsch A, Petit JY (2011)
Autologous fat transplantation in patients with breast cancer: “silencing” or
“fueling” cancer recurrence? Breast 20: 351-357. S0960-9776(11)00005-1
[pii];10.1016/j.breast.2011.01.003 [doi].

Pearl RA, Leedham SJ, Pacifico MD (2012) The safety of autologous fat transfer
in breast cancer: lessons from stem cell biology. J Plast Reconstr Aesthet Surg 65:
283-288. S1748-6815(11)00394-9 [pii];10.1016/j.bjps.2011.07.017 [doi].

. Zimmerlin L, Donnenberg AD, Rubin JP, Basse P, Landreneau R], et al. (2011)

Regenerative therapy and cancer: in vitro and in vivo studies of the interaction
between adipose-derived stem cells and breast cancer cells from clinical isolates.

Tissue Eng Part A 17: 93-106. 10.1089/ten. TEA.2010.0248 [doi].

. Donnenberg VS, Zimmerlin L, Rubin JP, Donnenberg AD (2010) Regenerative

therapy after cancer: what are the risks? Tissue Eng Part B Rev 16: 567-575.
10.1089/ten. TEB.2010.0352 [doi].

Muechlberg FL, Song YH, Krohn A, Pinilla SP, Droll LH, et al. (2009) Tissue-
resident stem cells promote breast cancer growth and metastasis. Carcinogenesis
30: 589-597. bgp036 [pii];10.1093/carcin/bgp036 [doi].

Pinilla S, Alt E, Abdul Khalek FJ, Jotzu C, Muehlberg F, et al. (2009) Tissue
resident stem cells produce CCL5 under the influence of cancer cells and
thereby promote breast cancer cell invasion. Cancer Lett 284: 80-85. S0304-
3835(09)00271-7 [pii];10.1016/j.canlet.2009.04.013 [doi].

. Welte G, Alt E, Devarajan E, Krishnappa S, Jotzu C, Song YH (2011)

Interleukin-8 derived from local tissue-resident stromal cells promotes tumor cell
invasion. Mol Carcinog. 10.1002/mc.20854 [doi].

. Devarajan E, Song YH, Krishnappa S, Alt E (2012) Epithelial-mesenchymal

transition in breast cancer lines is mediated through PDGF-D released by tissue-
resident stem cells. Int J Cancer 131: 1023-1031. 10.1002/1jc.26493 [doi].

. Xu Q, Wang L, Li H, Han Q, Li J, et al. (2012) Mesenchymal stem cells play a

potential role in regulating the establishment and maintenance of epithelial-
mesenchymal transition in MCF7 human breast cancer cells by paracrine and
induced autocrine TGF-beta. Int J Oncol 41: 959-968. 10.3892/1j0.2012.1541
[doi].

Rhodes LV, Muir SE, Elliott S, Guillot LM, Antoon JW, et al. (2010) Adult
human mesenchymal stem cells enhance breast tumorigenesis and promote
hormone independence. Breast Cancer Res Treat 121: 293-300. 10.1007/
510549-009-0458-2 [doi].

Chandler EM, Seo BR, Califano JP, Andresen Eguiluz RC, Lee JS, et al. (2012)
Implanted adipose progenitor cells as physicochemical regulators of breast
cancer. Proc Natl Acad Sci U S A 109: 9786-9791. 1121160109 [pii];10.1073/
pnas. 1121160109 [doi].

Chandler EM, Berglund CM, Lee JS, Polacheck W], Gleghorn JP, et al. (2011)
Stiffness of photocrosslinked RGD-alginate gels regulates adipose progenitor cell
behavior. Biotechnol Bioeng 108: 1683-1692. 10.1002/bit.23079 [doi].
Chandler EM, Saunders MP, Yoon CJ, Gourdon D, Fischbach C (2011)
Adipose progenitor cells increase fibronectin matrix strain and unfolding in
breast tumors. Phys Biol 8: 015008. S1478-3975(11)65530-6 [pii];10.1088/
1478-3975/8/1/015008 [doi].

Sun B, Roh KH, Park JR, Lee SR, Park SB, et al. (2009) Therapeutic potential
of mesenchymal stromal cells in a mouse breast cancer metastasis model.
Cytotherapy 11: 289-98, 1. 909786028 [pii];10.1080/14653240902807026
[doi].

Martin FT, Dwyer RM, Kelly J, Khan S, Murphy JM, et al. (2010) Potential role
of mesenchymal stem cells (MSCs) in the breast tumour microenvironment:
stimulation of epithelial to mesenchymal transition (EMT). Breast Cancer Res
Treat 124: 317-326. 10.1007/510549-010-0734-1 [doi].

. Albarenque SM, Zwacka RM, Mohr A (2011) Both human and mouse

mesenchymal stem cells promote breast cancer metastasis. Stem Cell Res 7:

163-171. S1873-5061(11)00060-2 [pii];10.1016/j.5cr.2011.05.002 [doi].

PLOS ONE | www.plosone.org

13

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

59.

60.

61.

ASCs Promote Early Breast Cancer Metastasis

Sasser AK, Sullivan N]J, Studebaker AW, Hendey LF, Axel AE et al. (2007)
Interleukin-6 is a potent growth factor for ER-alpha-positive human breast
cancer. FASEB J 21: 3763-3770. £5.07-8832com [pii];10.1096/1].07-8832com
[doi].

Sasser AK, Mundy BL, Smith KM, Studebaker AW, Axel AE et al. (2007)
Human bone marrow stromal cells enhance breast cancer cell growth rates in a
cell line-dependent manner when evaluated in 3D tumor environments. Cancer
Lett 254: 255-264. S0304-3835(07)00116-4 [pii];10.1016/j.canlet.2007.03.012
[doi].

Shin SY, Nam JS, Lim Y, Lee YH (2010) TNFalpha-exposed bone marrow-
derived mesenchymal stem cells promote locomotion of MDA-MB-231 breast
cancer cells through transcriptional activation of CXCR3 ligand chemokines.
J Biol Chem 285: 30731-30740. M110.128124 [pii];10.1074/jbc.M110.128124
[doi].

Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW et al. (2007)
Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis. Nature 449: 557-5U4.

Finn RS, Dering J, Ginther C, Wilson CA, Glaspy P et al. (2007) Dasatinib, an
orally active small molecule inhibitor of both the src and abl kinases, selectively
inhibits growth of basal-type/“triple-negative” breast cancer cell lines growing in
vitro. Breast Cancer Research and Treatment 105: 319-326.

Yu G, Floyd ZE, Wu X, Hebert T, Halvorsen YD et al. (2011) Adipogenic
differentiation of adipose-derived stem cells. Methods Mol Biol 702: 193-200.
10.1007/978-1-61737-960-4_14 [doi].

Bunnell BA, Flaat M, Gagliardi C, Patel B, Ripoll C (2008) Adipose-derived
stem cells: Isolation, expansion and differentiation. Methods 45: 115-120.
Kutner RH, Zhang XY, Reiser ] (2009) Production, concentration and titration
of pseudotyped HIV-1-based lentiviral vectors. Nat Protoc 4: 495-505.
nprot.2009.22 [pii];10.1038/nprot.2009.22 [doi].

Anbalagan M, Carrier L, Glodowski S, Hangauer D, Shan B, et al. (2011) KX-
01, a novel Src kinase inhibitor directed toward the peptide substrate site,
synergizes with tamoxifen in estrogen receptor alpha positive breast cancer.
Breast Cancer Res Treat. 10.1007/510549-011-1513-3 [doi].

LiZ, Carrier L, Belame A, Thiyagarajah A, Salvo VA, et al. (2008) Combination
of methylselenocysteine with tamoxifen inhibits MCF-7 breast cancer xenografts
in nude mice through elevated apoptosis and reduced angiogenesis. Breast
Cancer Res Treat. 10.1007/510549-008-0216-x [doi].

. Marsden CG, Wright MJ, Carrier L, Moroz K, Pochampally R et al. (2012) “A

novel in vivo model for the study of human breast cancer metastasis using
primary breast tumor-initiating cells from patient biopsies”. BMC Cancer 12:

10. 1471-2407-12-10 [pii];10.1186/1471-2407-12-10 [doi].

. Becker M, Nitsche A, Neumann C, Aumann J, Junghahn I et al. (2002) Sensitive

PCR method for the detection and real-time quantification of human cells in
xenotransplantation systems. British Journal of Cancer 87: 1328-1335.

5. Fromigue O, Hamidouche Z, Vaudin P, Lecanda F, Patino A et al. (2011)

CYR61 downregulation reduces osteosarcoma cell invasion, migration, and
metastasis. ] Bone Miner Res 26: 1533-1542. 10.1002/jbmr.343 [doi].
Anbalagan M, Moroz K, Ali A, Carrier L, Glodowski S et al. (2012) Subcellular
localization of total and activated Src kinase in African American and Caucasian
breast cancer. PLoS One 7: ¢33017. 10.1371/journal.pone.0033017 [doi];-
PONE-D-11-21438 [pii].

Allred DC, Clark GM, Elledge R, Fuqua SA, Brown RW et al. (1993)
Association of p53 protein expression with tumor cell proliferation rate and
clinical outcome in node-negative breast cancer. J Natl Cancer Inst 85: 200-206.
Strong AL, Strong TA, Rhodes LV, Semon JA, Zhang X et al. (2013) Obesity
associated alterations in the biology of adipose stem cells mediate enhanced
tumorigenesis by estrogen dependent pathways. Breast Cancer Res 15: R102.
ber3569 [pii];10.1186/ber3569 [doi].

Jotzu C, Alt E, Welte G, Li ], Hennessy BT, Devarajan E et al. (2011) Adipose
tissue derived stem cells differentiate into carcinoma-associated fibroblast-like
cells under the influence of tumor derived factors. Cell Oncol (Dordr) 34: 55-67.
10.1007/513402-011-0012-1 [doi].

Walter M, Liang S, Ghosh S, Hornsby PJ, Li R (2009) Interleukin 6 secreted
from adipose stromal cells promotes migration and invasion of breast cancer
cells. Oncogene 28: 2745-2755. onc2009130 [pii];10.1038/0nc.2009.130 [doi].
Martin-Padura I, Gregato G, Marighetti P, Mancuso P, Calleri A et al. (2012)
The white adipose tissue used in lipotransfer procedures is a rich reservoir of
CD34+ progenitors able to promote cancer progression. Cancer Res 72: 325—
334. 0008-5472.CAN-11-1739 [pii];10.1158/0008-5472.CAN-11-1739 [doi].

February 2014 | Volume 9 | Issue 2 | 89595



