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Introduction
Breast reconstruction improves psychosocial and quality-of-
life outcomes for the 40% of breast cancer patients who will 
require mastectomy to achieve locoregional disease control.1,2 
Rates of mastectomy are currently increasing secondary to 
increased diagnosis of BRCA and other high-risk genetic 
mutations and an increased demand for contralateral prophy-
lactic mastectomy.3-5 There is also an increasing trend for 
patients who are eligible for breast-conserving surgery to opt 
for mastectomy.6 According to the 2009 National Institute for 
Health and Care Excellence (NICE) guidelines, immediate 
breast reconstruction should be offered to all suitable patients 
undergoing mastectomy.7

While satisfactory aesthetic outcomes are possible with 
existing breast-reconstruction methods, there are significant 
limitations associated with all currently used breast-reconstruc-
tion strategies. Implant reconstruction is currently the most 
commonly performed breast-reconstruction procedure,8 sec-
ondary to cited advantages such as shorter operation times, lack 
of donor-site morbidity, and more rapid returns to normal activ-
ities.9 However, this breast-reconstruction method is associated 

with limitations such as the potential need for a second opera-
tive procedure to replace tissue expanders with a permanent 
implant, implant rupture and extrusion, capsular contracture, 
the need for implant replacement every 5 to 10 years, and the 
more recently recognised breast-implant-associated anaplastic 
large-cell lymphoma.10-12 Autologous procedures are currently 
the gold standard for breast reconstruction.13 However, these 
procedures are associated with morbidity at both the donor and 
recipient sites. Tissue flap necrosis and loss may occur second-
ary to ischaemia of transferred tissue. Complications such as 
wound dehiscence and abdominal wall herniae may also occur 
at donor sites. These procedures also require a longer operative 
time and longer hospital stays and involve a prolonged recov-
ery.14 Autologous reconstruction procedures incorporating 
microvascular anastomoses are also exquisitely complex, requir-
ing a high level of surgical skill and training, thus making these 
reconstructive options only available in specialist centres.15

In recent decades, there has been an increasing research 
focus on stem cells and their use in regenerative surgery with 
the potential to repair, replace, and/or regenerate cells, tis-
sues, and organs to restore those lost through a disease. 
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Adipose-derived stem cells (ADSCs) and adipose tissue 
engineering have emerged as an opportunity to develop novel 
approaches to breast reconstruction with the potential for an 
autologous tissue source with a natural appearance and tex-
ture after mastectomy. Adipose-derived stem cells are rapidly 
becoming the gold standard cell source for tissue-engineer-
ing purposes, as they are abundant in adipose tissue, which is 
easily harvested via liposuction procedures, allowing for 
autologous stem cell donation.16 They are capable of being 
differentiated into multiple mature cell types and have an 
immunophenotype that is more than 90% identical to bone-
marrow-derived stem cells.17 Adipose-derived stem cells 
secrete growth factors such as vascular endothelial growth 
factor (VEGF), hepatocyte growth factor (HGF), fibroblast 
growth factor 2 (FGF-2), and insulin-like growth factor 1 
(IGF-1), all of which are involved in adipose tissue regenera-
tion and vasculogenesis, adding to their suitability for adi-
pose tissue engineering.18,19 Adipose-derived stem cells are 
central to the new and emerging field of regenerative surgery 
and are currently being trialled in several clinical applica-
tions such as in the treatment of osteoarthritis, ischaemic 
heart disease, chronic limb ischaemia and bladder 
bioengineering.20-24

The primary challenge of adipose tissue engineering in 
breast reconstruction is generating an adequate tissue volume to 
recreate the breast mound after mastectomy. However, an addi-
tional challenge is posed when using autologous stem cells in a 
population that has had a cancer diagnosis. As of yet, the role of 
stem cells in breast cancer development and metastasis is not 
completely understood; therefore, we must consider the onco-
logical safety of an autologous source of ADSCs for use in 
breast regeneration. The concern regarding the use of autolo-
gous stem cells in tissue engineering is as a result of the same 
cell characteristics that make them attractive for tissue regen-
eration: immune-modulatory, prosurvival, proangiogenic, and 
antiapoptotic effects; immunosuppression; tissue growth; and 
cellular homing are also dysregulated in tumorigenesis.25 It is 
possible that ADSCs introduced to a site where a malignant 
tumour has been excised will contribute to stromal support for 
cancer cells and deliver local inflammatory cytokines and/or 
growth factors, facilitating residual cancer cell survival and 
growth. Adipose-derived stem cells have been used clinically in 
autologous fat-grafting and cell-assisted lipotransfer proce-
dures. A retrospective clinical study by Petit et al26 demonstrated 
an increased rate of disease recurrence in patients with intraepi-
thelial neoplasia who underwent fat-grafting procedures. 
However, larger studies of invasive breast cancer have demon-
strated no evidence of increased rates of disease recurrence. 
However, there are few prospective clinical trials in this area and 
for those that have been published; the length of follow-up is 
short. The Regenerative Cells Transplanted to Reconstruct 
Breast Deformities After Lumpectomy (RESTORE-2) trial 
demonstrated encouraging results with no increased risk of 

disease recurrence after ADSC-enriched fat grafting; however, 
this study only has a 12-month follow-up; therefore, these 
results are not conclusive.27 A systematic review by Waked 
et  al28 concluded that there is, as of yet, discrepancy between 
experimental and clinical study findings regarding adipokines 
within ADSCs that could potentially promote tumour initia-
tion and growth and the actual rate of locoregional recurrence in 
patients being treated with autologous fat grafting.

This study investigated the regenerative properties of 
ADSCs isolated from breast cancer patients, including those 
who had received neoadjuvant chemotherapy (NACT), and 
noncancer controls. The ADSCs were characterised for several 
parameters central to tissue regeneration, including cell viabil-
ity, proliferation, differentiation potential, and cytokine secre-
tion specifically focusing on the effect of (a) adipose tissue 
harvest site, (b) the presence of a breast tumour, and (c) the 
treatment received.

Materials and Methods
ADSC donor/patient groups

Adipose tissue samples were collected prospectively from 
breast cancer patients and healthy controls, with informed con-
sent and ethical approval from the Galway University Hospital 
Clinical Research Ethics Committee (CREC) for the provi-
sion of a breast cancer biobank research resource for use in 
molecular and cellular studies and clinical trials (Ref 45/05). 
The samples collected were categorised according to site of 
adipose tissue harvest, diagnosis of breast cancer, and whether 
systemic cytotoxic chemotherapy had been received by the 
patient prior to ADSC harvest, as follows (Figure 1):

1.	 Breast adipose tissue from breast cancer patients this 
included:

(a)	Patients who had received no treatment to date (bc-B-
ADSC untreated).

(b)	Patients who had received NACT (bc-B-ADSC- 
nact).

2.	 Abdominal adipose tissue from breast cancer patients 
(bc-A-ADSC).

3.	 Abdominal adipose tissue from noncancer control 
donors (nc-A-ADSC).

Inclusion criteria for groups 1 and 2 in this study were a biopsy-
proven breast cancer diagnosis without any previous cancer 
history. Samples were taken at time of primary tumour excision 
(mastectomy) in both the breast and abdominal tissue groups. 
In the neoadjuvant group (bc-B-ADSC-nact), samples were 
obtained at time of tumour excision after completion of NACT. 
For the noncancer control group 3 (nc-A-ADSC), samples 
were obtained during abdominoplasty procedures in patients 
with no previous cancer diagnosis. None of the patients in this 
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study had been commenced on hormonal therapy or had radio-
therapy prior to tissue samples being obtained.

ADSC harvest and culture

Adipose tissue was obtained via lipectomy from tumour-asso-
ciated adipose tissue of breast cancer patients and the abdomi-
nal region of breast cancer patients and healthy controls. 
Resected fat was placed in complete media (Dulbecco’s 
Modified Eagle Medium [DMEM] + GlutaMax, heat-inacti-
vated foetal bovine serum, penicillin/streptomycin) in a sterile 
pot and transferred immediately to the primary cell culture 
laboratory. The adipose tissue was rinsed using penicillin/
streptomycin and minced. This was then digested overnight in 
Type III collagenase. The stromal vascular fraction (SVF) was 
subsequently isolated by centrifugation and resuspended in 
culture media (DMEM + GlutaMax + foetal bovine 
serum + penicillin/streptomycin). Cell media were changed 
every 2 to 3 days. Comparative analyses were performed with 
ADSCs derived from the abdominal adipose tissue of healthy 
controls (nc-A-ADSCs) and the breast and abdominal adipose 
tissue of breast cancer patients, including a subset who had 
received NACT prior to harvest of ADSCs (as mentioned pre-
viously and in Figure 1). Cells were used for experiments 
between passages 3 and 5.

Cell morphology

Cell morphology of ADSCs was examined using a light micro-
scope in a T175 flask at 75% confluency. Images of the cells 
within the T175 flask were obtained using an Olympus c-7070 
Wide Zoom digital camera.

Cell proliferation

Cell proliferation was assessed by an AlamarBlue® assay 
(ThermoFischer Scientific, Waltham Massachussets). Three 
test wells were set up in a 24-well plate and 10 000 cells seeded 

into each well. Cell proliferation was measured at days 1, 4, 
and 7. The number of viable cells correlated with the magni-
tude of dye reduction and was expressed as a percentage of 
AlamarBlue reduction.

Flow cytometric analysis

Flow cytometry was carried out for immunophenotypic char-
acterisation of cell-surface markers and to confirm a stromal 
cell population at passage 3. Cells were incubated with mono-
clonal antibodies directed against CD105, CD73, CD90, 
CD45, CD34, and CD14 and against isotype controls PeQCy, 
PE, PeCy5.5 RPE, APC, and FITC. The cell suspension was 
transferred to a 96-well plate for analysis using the flow cytom-
eter (Guava easyCyte 8HT, Merck Millipore, Darmstadt, 
Germany). Data analysis was carried out using Guava 2.2 
InCyte software (Merck Millipore).

Multilineage differentiation

Osteogenic differentiation.  Adipose-derived stem cells were 
trypsinised and seeded into 6-well plates and treated with osteo-
genic media (DMEM + GlutaMax + foetal bovine serum + pen-
icillin/streptomycin + 1 mM dexamethasone + 10 mM ascorbic 
acid + β-glycerophosphate). Media were changed twice a week 
and the assay harvested after 10 days. Cells were then stained with 
Alizarin Red to identify calcium and osteogenic differentiation.

Adipogenic differentiation.  Adipose-derived stem cells were 
trypsinised and seeded into 6-well plates (40 000 cells per well) 
and treated with adipogenic induction media (DMEM + Glu-
taMax + foetal bovine serum + penicillin/streptomycin + insu-
lin 10 mg/mL + indomethacin 100 mM + 500 mM mix). 
Adipose-derived stem cells were treated with induction media 
for 3 days, which were then exchanged for maintenance media 
(DMEM + GlutaMax + foetal bovine serum + penicillin/
streptomycin + insulin 10 mg/mL) for a day. The maintenance 
media were then replaced by induction media for a further 

Figure 1.  ADSC patient groups.
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3 days. These media changes were repeated until three cycles in 
induction and maintenance media had been completed. After 
three cycles, ADCSs were left in maintenance media for 7 days. 
After this, cells were fixed and stained with Oil Red O. Adipo-
genic differentiation potential was then quantified using 
photospectometry. The Oil Red O contained within the cell 
cytoplasm was extracted using 99% isopropranolol. Absorb-
ance of the extracted Oil Red O stain was measured on a plate 
reader at 540 nm to quantify the Oil Red O stain uptake by 
differentiated/mature adipocytes.

Quantitative real-time polymerase chain reaction

RNA was extracted from a cell pellet of ADSCs, either predif-
ferentiation or postdifferentiation to mature adipocytes,  
using the MagNA Pure Compact system (Roche, Penzburg 
Germany). Once extracted, RNA concentration and integrity 
were measured using the NanoDrop® ND-1000 
Spectrophotometer (NanoDrop Technologies Inc, Wilmington, 
DE, USA). For cDNA synthesis, aliquots of total RNA equiv-
alent to 1 µg were reverse transcribed using SuperScript III 
Reverse Transcriptase enzyme (Invitrogen, Carlsbad, CA, 
USA). Polymerase chain reaction (PCR) was the technique 
used to amplify DNA across several orders of magnitude, gen-
erating multiple copies of a specific DNA sequence. The real-
time qualitative polymerase chain reaction (RQ-PCR) 
instrument used was the ABI Prism® 7000 Sequence Detection 
System (Applied Biosystems, Foster City California). The 
genes investigated were adipogenic genes—lipoprotein lipase 
(LPL), peroxisome proliferator-activated receptor gamma 
(PPAR-γ), and fatty-acid-binding protein 4 (FABP4).

Cytokine assessment

Cytokine analysis of cell conditioned media from ADSCs was 
performed to quantify the level of tumour-promoting 
cytokines secreted by undifferentiated ADSCs and ADSCs at 
early and late stages of adipogenesis. Adipose-derived stem 
cells were seeded at 40 000 cells per well in a 6-well plate and 
placed in an incubator at 37°C, 5% CO2 for 24 hours. Cell 
conditioned media were harvested at this time point for analy-
sis (ie, undifferentiated ADSCs). Adipose-derived stem cells 
were then treated with adipogenic media as per the aforemen-
tioned protocol. Cell conditioned media were harvested at day 
8 for cytokine analysis and again at day 19, when adipogenic 
differentiation was complete. Cell conditioned media were 
analysed using the Proteome Profiler Human XL Oncology 
Array Kit (R&D Systems, Minneapolis, Minnesota, USA), 
which facilitates quantification of the following proteins; 
(Protein estimation before carrying out the ChemiArray was 
carried out using the ThermoScientific™ Pierce™ BCA 
Protein Assay (Pierce Technology, Rockford, Illinois, USA). 
Protein concentrations were determined and reported with 
reference to standards of a common protein such as bovine 

serum albumin (BSA). ChemiArray analysis was performed 
for ADSC lysate and cell conditioned media from undifferen-
tiated ADSCs from each source. ChemiArray membranes 
were analysed using a Bio-Rad ChemiDoc MP Imaging sys-
tem, which measures chemiluminescence. Analysis of mem-
brane images was carried out using ImageLab™ 5.2.1 software 
(Bio-Rad, Hercules California).

Enzyme-linked immunosorbent assay

An enzyme-linked immunosorbent assay (ELISA) was per-
formed to validate the results of the ChemiArray and to further 
investigate cytokines of interest during adipogenic differentia-
tion. Time points for analysis included undifferentiated 
ADSCs and ADSCs at days 8 and 19 of the adipogenic dif-
ferentiation protocol. These time points were selected to inves-
tigate the ADSC secretome at early and late stages of 
adipogenesis. Cytokines selected for validation were matrix 
metalloproteinase (MMP)-2, MMP-3, MMP-11, and FGF-2. 
A Total ELISA Quantikine Kit was used for each of the 
cytokines being studied (R&D Systems).

Results
Clinicopathological details

Adipose-derived stem cells from a total of 25 donors were ana-
lysed, including 20 breast cancer patients and 5 noncancer con-
trols (Figure 1). The clinicopathologic details are outlined in 
Table 1. All those treated with NACT received dose-dense 
adjuvant chemotherapy (ACT; doxorubicin + cyclophospha-
mide followed by paclitaxel). One patient who received NACT 
had a complete pathological response to treatment at the time 
of tumour excision. The remaining four patients were shown to 
have had a Miller-Payne Grade 3 (between an estimated 30%-
90% reduction in tumour cells) response to treatment at the 
time of tumour excision.

Cell morphology

Adipose-derived stem cells were successfully isolated from the 
tissue of all donors. Cells that morphologically resembled mes-
enchymal stem cells (MSCs) could be early as 2 days after plat-
ing. Cells were imaged at passage 3 at 10× magnification (Figure 
2). Adipose-derived stem cells isolated and harvested from all 
four patient groups demonstrated similar spindle shape fibro-
blastic cell morphology, and no spontaneous differentiation was 
observed in any of the groups. Cell phenotype, analysed by flow 
cytometric analysis of surface expression molecules, demon-
strated that the ADSC populations originating from different 
sources exhibited a similar immunophenotype. The cells dis-
played a characteristic pattern of MSCs29; ADSCs from breast 
cancer patients were positive for CD105, CD90, and CD73 and 
negative for hematopoietic markers CD45 and CD34, and phe-
notypically similar to those of healthy controls (Figure 3). The 
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haematopoietic marker CD14 was expressed on some of the 
cells, although at a low percentage, ranging from 1.4% in the bc-
B-ADSC-untreated to 15.9% in the bc-A-ADSCs.

Confirmation of stemness and comparison of ADSC 
differentiation capacity

The differentiation potential of ADSCs from all sources was 
determined as a functional assay to confirm their identity as 
stem cells. Adipose-derived stem cells from all four groups had 

osteogenic differentiation potential as confirmed by positive 
Alizarin Red staining, demonstrating calcium deposits and evi-
dence of differentiation to mature osteocytes (Figure 4). 
Adipose-derived stem cells from all sources also demonstrated 
adipogenic differentiation potential. This was confirmed by 
positive staining with Oil Red O to identify intracellular lipid 
deposits and evidence of transformation to a mature adipocyte 
cell type (Figure 5). As our primary interest is in the potential of 
these ADSCs for adipose tissue regeneration, the adipogenic 
differentiation potential of ADSCs from each source was quan-
tified using photospectometry (Figure 6). Absorbance of light 
at 540 nm by the Oil Red O extracted from differentiated 
ADSCs was measured, reflecting the amount of Oil Red O 
contained within the cell group and, by extension, the amount 
of intracellular lipid present. Adipose-derived stem cells har-
vested from the breast of patients with a tumour in situ bc-
B-ADSC-untreated demonstrated the lowest absorbance of 
light by photospectometry (0.18 ± 0.05), that is, the lowest yield 
of mature adipocytes by demonstrating. A higher yield of 
mature adipocytes was observed in ADSCs harvested from the 
breast adipose tissue of patients who had been treated with 
NACT (bc-B-ADSC-nact) (0.35 ± 0.13). There was a higher 
yield of mature adipocytes from ADSCs that had been har-
vested from the abdomen of patients with breast cancer 

Table 1.  Clinicopathological details.

Breast cancer Noncancer 
control

  bc-B-ADSC-untreated
(n = 10)

bc-B-ADSC-nact
(n = 5)

bc-A-ADSC
(n = 5)

nc-A-ADSC
(n = 5)

Age 51 (21-66) 59 (46-68) 58 (38-71) 52 (32-59)

T-size (T)

  T1 5 (14.5 [9-19]) mm 1 (14) mm 3 (18 [17-19]) mm n/a

  T2 4 (24.5 [21-30]) mm 2 (25 [24-26]) mm 2 (36 [32-40]) mm

  T3 1 (80) mm 2 (79 [76-82]) mm 0

Nodal status (n)

  N0 6 4 0 n/a

  N1 4 0 3

  N2 0 1 2

Tumour biologic subtype

  Luminal A (ER+, PR+, and Her2–) 6 2 5 n/a

  Luminal B (ER+, PR±, and Her2+) 4 3 0

Neoadjuvant chemotherapy received no Dose-dense ACT no n/a

Pathological response n/a 1 × complete pathological 
response
4 × Grade 3 Miller-Payne 
Response

n/a n/a

Abbreviation: ADSC, adipose-derived stem cell.

Figure 2.  Fibroblastic cell morphology of adipose-derived stem cells at 

10× magnification. (A) bc-B-ADSC-untreated  

(B) bc-B-ADSC-NACT (C) bc-A-ADSC (D) nc-A-ADSC
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(bc-A-ADSC) and the abdomen of noncancer controls (nc-
A-ADSC) (0.47 ± 0.15) (P = .022)

Gene expression analysis

The capacity of ADSCs from different sources to differentiate 
into mature adipocytes was further investigated by gene expres-
sion analysis. Gene expression analysis was carried out on 
undifferentiated ADSCs and ADSCs following culture in adi-
pogenic media over a 19-day protocol to induce adipogenic 
differentiation. Gene expression of adipogenic genes, such as 
LPL, PPAR-γ, and FABP4, was quantified using RQ-PCR. 
There was no significant difference in the expression of these 
genes between undifferentiated and differentiated ADSCs in 
any of the patient groups.

Expression of these genes at each time point (ie, undifferen-
tiated or differentiated ADSCs) was then compared across the 
groups. In undifferentiated ADSCs, the only statistically sig-
nificant difference observed was a higher expression of PPAR-γ 
in the ADSCs harvested from the breast (bc-B-ADSC-
untreated) than from the abdomen (bc-A-ADSC) of patients 
with breast cancer, that is, tumour adjacent ADSCs compared 
to ADSCs harvested from a site distant from the tumour 

(P = .046). Lipoprotein lipase, PPAR-γ, and FABP4 were 
expressed in mature adipocytes (ADSCs following adipogen-
esis) from all sources; however, there was no statistically signifi-
cant difference in expression between the groups.

ADSC proliferation

Proliferation of ADSCs from each source was measured at 
days 1, 4, and 7 after cell seeding (Figure 7). The proliferation 
rate of ADSCs isolated from the abdomen of noncancer sub-
jects (nc-A-ADSC) were used as the control. Adipose-derived 
stem cells isolated from the breast adipose tissue of breast 
cancer patients (bc-B-ADSC-untreated) had a higher prolif-
eration rate than that of abdominal ADSCs from normal 
healthy controls at day 4 (17% higher, P < .001) and day 7 
(7% higher). Conversely, ADSCs from the breast adipose tis-
sue of patients who had been treated with systemic chemo-
therapy (bc-B-ADSC-nact) had a lower proliferation rate 
(day 1 = 88%; day 4 = 88.6%; day 7 = 90.6%) than ADSCs 
from the other sources at all time points. The proliferation 
rate of abdominal ADSCs from both breast cancer patients 
and normal healthy controls were comparable across all time 
points (Figure 7).

bc-B-ADSC-untreated bc-B-ADSC-NACT

bc-A-ADSC nc-A-ADSC 

Figure 3.  Immunophenotype of cells isolated from various adipose tissue depots demonstrating a stem cell population.
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ADSC secretome analysis

Cytokine analysis of cell-secreted factors released by ADSCs 
in culture was carried out using a commercially available 
ChemiArray (Proteome Profiler Array Human XL Oncology 
Array Kit, R&D Systems) which facilitates detection of 84 
cancer-related proteins. Secreted factors were simultaneously 
measured in ADSC cell lysate and cell conditioned media from 
each ADSC source. Cytokines of interest were further vali-
dated by ELISA in additional samples and at additional time 
points in early (day 8) and late (day 19) adipogenesis.

Several cytokines were identified in the cell lysate (Figure 8). 
Fibroblast growth factor 2 was present in higher concentrations 
in the bc-B-ADSC-untreated group compared to all other 
groups.

In cell conditioned media (Figure 9), several cytokines were 
secreted at different levels by ADSCs from different sources; 
MMP-2 was detected at higher levels in the cell conditioned 
media of breast cancer patient groups than in noncancer controls. 

Matrix metalloproteinase-3 was increased in cell conditioned 
media from the bc-B-ADSC-nact group compared with other 
breast cancer specimens and was not detected in cell conditioned 
media of ADSCs from noncancer controls.

Enzyme-linked immunosorbent assay

For further investigation and validation of specific cytokines, 
the cell conditioned media of ADSCs from each source was 
assessed using ELISA for the presence of FGF-2, MMP-2, 
MMP-3, and MMP-11 in undifferentiated ADSCs and at 
early (day 8) and late (day 19) stages of adipogenesis.

Fibroblast growth factor 2

Fibroblast growth factor 2 was selected for further analysis due 
to the detection of increased protein concentration in the cell 
lysate of ADSCs harvested from the breast adipose tissue of 
breast cancer patients (bc-B-ADSC-untreated) compared with 

Figure 4.  Alizarin Red S staining of ADSCs after osteogenic differentiation.
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other sources. On analysis of cell conditioned media, FGF-2 
was detected in media from all sources at each time point 

(Figure 10). In ADSCs harvested from the breast of cancer 
patients (bc-B-ADSC-untreated and bc-B-ADSC-nact), the 
concentration of FGF-2 in the cell conditioned media increased 
as adipogenesis progressed and was highest on day 19. 
Conversely, for abdominal ADSCs harvested from breast can-
cer patients (bc-A-ADSC) and normal controls (nc-A-ADSC) 
the concentration of FGF-2 was higher in the cell conditioned 
media from undifferentiated ADSCs compared to those at day 
19. Comparing across all ADSC sources and time points, the 
highest concentration of FGF-2 was detected in the cell con-
ditioned media of breast cancer patients (bc-B-ADSC-
untreated) (P < .001).

A panel of MMPs (MMP-2, MMP-3, and MMP-11) was 
also selected for validation.

Matrix metalloproteinase-2 was detected in the cell condi-
tioned media of ADSCs from all sources at all time points 
(Figure 11). There was no significant change in the quantity of 
MMP-2 secreted from cells upon adipogenic differentiation. 

Figure 5.  Oil Red O staining of ADSCs after adipogenic differentiation.

Figure 6.  Absorbance of Oil Red O from mature adipocytes as a marker 

of adipogenic potential.
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Figure 7.  ADSC proliferation at day 1, 4, and 7.
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However, higher levels of MMP-2 were detected in the cell 
conditioned media from ADSCs harvested from the breast 
adipose tissue of breast cancer patients (31.17 ng/mL ± 11.11) 
compared to ADSCs harvested from the abdomen of breast 
cancer patients (16.28 ng/mL ± 14.54, P = .045) and noncancer 
controls (17.93 ng/mL ± 8.26, P = .036).

There was no significant difference in the secretion of 
MMP-3 from ADSCs of different sources and no significant 
change in MMP-3 secretion at different time points during 
adipogenesis (figure 13).

Matrix metalloproteinase-11 secretion was compared at all 
time points for ADSCs from each source (figure 14). There was 
no difference between the groups at day 1. Matrix metalloprotein-
ase-11 secretion increased in all groups during adipogenesis 
(Figure 12). Increased levels of MMP-11 were detected in the cell 
conditioned media of ADSCs harvested from the breast adipose 
tissue of breast cancer patients (bc-B-ADSC-untreated: 12.61 ng/
mL ± 1.32 and bc-B-ADSC-nact: 11.65 ng/mL ± 3.32) com-
pared to ADSCs harvested from the abdomen of breast cancer 

patients (bc-A-ADCS: 4.99 ng/mL ± 4.66, P < .001) or noncan-
cer controls (nc-A-ADSC: 5.84 ng/mL ± 3.54, P < .001).

Discussion
Although there has been significant advancement in the field 
of adipose tissue engineering and in the use of ADSCs as a cell 
source in this regard, there are several outstanding issues that 
must be addressed before adipose tissue engineering can be 
considered for translation to the clinical setting in postmastec-
tomy breast reconstruction for cancer patients. These include 
identification of the most appropriate adipose tissue depot 
from which to isolate ADSCs; the assessment of the effect sys-
temic breast cancer treatment may have on ADSC behaviour 
and regenerative potential, and the identification of potential 
oncological risk in the use of autologous ADSCs from breast 
cancer patients in breast reconstruction. A number of studies 
have reported on ADSCs isolated from the abdominal wall 
subcutaneous fat.30-32 There are fewer studies in which ADSCs 
have been isolated from breast adipose tissue.33 There has been 
very limited work carried out in ADSCs isolated from the 
breast adipose tissue when there has been a breast tumour in 
situ.16,34,35 In addition, there is very limited data on ADSCs 
isolated from patients with breast cancer who have been treated 
with NACT. In reports to date, ADSCs in this scenario have 
been isolated from the tumour itself, as opposed to the sur-
rounding adipose tissue.36

It is critical to investigate whether autologous ADSCs 
maintain their cellular function, phenotype, and regenerative 
potential. Initial experiments carried out in this study were 
undertaken to identify whether the cells isolated from the adi-
pose tissue excised were indeed a stem cell population, and cells 
isolated from each of the four patient groups were shown to 
have a similar morphology, regardless of adipose tissue depot, 
cancer diagnosis, or NACT received. All isolated ADSCs 
demonstrated a fibroblastic, adherent morphology typical of 
stem cells. The immunophenotype of the isolated cells was 

Figure 8.  ChemiArray analysis results of ADSC lysate.

Figure 9.  ChemiArray analysis results of undifferentiated ADSC cell conditioned media.
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then examined by flow cytometry. According to the 
International Society for Cellular Therapy, the minimal criteria 
for identification of a stem cell population includes a plastic 
adherent cell when maintained in standard cell culture condi-
tions, a cell population that expresses CD105, CD73, and 
CD90 and shows no expression for CD45, CD34, and CD14. 
In addition, stem cells must also demonstrate multidifferential 
potential, as was shown in this study, by differentiation of the 
isolated cells into mature adipocytes and osteoblasts, as dem-
onstrated by Oil Red O and Alizarin Red S staining.29 Thus, 
these experiments confirmed that ADSCs can be successfully 
isolated from the adipose tissue of breast and abdomen of 
breast cancer patients, including those that have been treated 
with NACT at the time of therapeutic surgery. The phenotype 
and surface antigen expression of breast-cancer-patient-
derived ADSCs, including patients who had received cytotoxic 
chemotherapy, was not altered compared to noncancer con-
trols. As such, there is potential for breast cancer patients to be 

autologous stem cell donors for breast reconstruction using 
ADSCs and tissue-engineering strategies.

The adipogenic differentiation capacity of ADSCs from 
each source was then assessed to determine which adipose tis-
sue depot provided ADSCs that would be most effective for 
adipose tissue generation in regenerative surgery/tissue-engi-
neering strategies. Overall, ADSCs isolated from abdominal 
adipose tissue generated more mature adipocytes than ADSCs 
isolated from breast adipose tissue, this difference may reflect 
the origin of the cells, indicating that abdominal adipose tissue 
is a superior cell source. However, there were several confound-
ing factors in this study, so definitive conclusions cannot be 
drawn from this. These confounding factors include the body 
mass index (BMI) of patients which was not part of our inclu-
sion or exclusion criteria. Patient BMI may have a significant 
influence on the adipogenic differentiation capacity of ADSCs 
isolated from patients. Further analysis of breast-derived 
ADSCs indicated that ADSCs isolated from adipose tissue 

Figure 10.  ELISA analysis of FGF-2 secretion in cell conditioned media.

Figure 11.  ELISA analysis of MMP-2 secretion in cell conditioned media.
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near a breast tumour that were treated with adipogenic media 
generated the least amount of mature adipocytes and as such, 
had the poorest adipogenic potential. Conversely, the adipo-
genic potential of ADSCs isolated from the breast adipose tis-
sue of patients treated with NACT had superior adipogenic 
differentiation capacity confirmed by photospectometric quan-
tification of Oil Red O staining of intracellular lipid in mature 
adipocytes following the differentiation process. This is in con-
trast to the results published by Choron et  al who found 
decreased adipogenic potential after chemotherapy39. However, 
Choron et  al isolated ADSCs from the abdomen of healthy 
noncancer patients and subsequently treated these cells with 
paclitaxel in vitro, which differs from our approach of investi-
gating the effects of clinical treatment of the cancer patient 
with systemic NACT on the subsequent functionality of their 
ADSCs. Adipose-derived stem cells treated with paclitaxel in 

vitro may have been subjected to much higher concentrations 
of paclitaxel than those exposed to therapeutic chemotherapy 
in vivo as in this study. Harris et al have reported on ADSCs’ 
ability to recover differentiation and proliferation function 
after exposure to paclitaxel38. The enhanced adipogenic differ-
entiation observed in this study may reflect recovery of func-
tion of ADSCs during the period between cessation of NACT 
delivery and surgical resection of the tumour. It must be 
acknowledged, however, that as the samples in this study were 
obtained from breast cancer patients undergoing NACT, there 
is a certain degree of heterogeneity in terms of tumour size and 
receptor status, as is typical in any clinical cohort. It is conceiv-
able that factors such as tumour size and biologic subtype/
receptor phenotype may influence the ADSCs in the adjacent 
breast tissue, confounding the results; however, the sample size 
is too small to undertake any meaningful subgroup analysis.

Figure 12.  ELISA analysis of MMP-11 secretion in cell conditioned media.

Figure 13.  ELISA analysis of MMP3 secretion in cell conditioned media.
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Adipose-derived stem cells isolated from the breast adipose 
tissue of breast cancer patients demonstrated increased expression 
of PPAR-γ. This gene has been shown to be overexpressed in 
many tumour types, including breast cancer, and this may explain 
the increased expression observed in tumour adjacent ADSCs in 
our samples.37 There was no difference in expression of other adi-
pogenic genes observed in ADSCs from different sources.

While our findings report that adipogenic differentiation 
capacity of ADSCs from the breast adipose tissue of breast can-
cer patients appeared to be reduced, we found that the prolifera-
tion rate and viability of ADSCs from this source was increased 
compared to ADSCs from abdominal adipose tissue, and ADSCs 
harvested from the breast of cancer patients who had been treated 
with NACT. The increased activity of ADSCs isolated from 
breast cancer patients with a tumour in situ, and therefore adja-
cent to the harvested ADSCs, raises concerns regarding the 
oncological safety of these ADSCs in adipose tissue engineering 
and also questions regarding the effect the tumour microenviron-
ment have on ADSCs present in the adjoining breast tissues.

The ADSC secretome refers to the bioactive factors pro-
duced by these cells, which play an important role in the regula-
tion of key biologic processes. Adipose-derived stem-cell-secreted 
factors, such as growth factors and cytokines, are known to exert 
paracrine signals responsible for chemoattractant, angiogenic, 
and prosurvival effects required for tissue regeneration. These 
same secreted factors, which stimulate tissue regeneration, also 
have the potential to promote cancer growth and metastasis.40 
The secretome changes in response to physiological stressors or 
pathologic conditions and may be affected by a breast cancer 
diagnosis or a response to systemic chemotherapy. We analysed 
this effect by comparing the secretome from different ADSC 
sources and at different time points during adipogenesis. This 
was undertaken to gain some insight into factors that may affect 
the functionality, regenerative capacity, or the potential onco-
logic safety of these ADSCs.

Cytokine array analysis of both the cell lysate and cell condi-
tioned media of undifferentiated ADSCs identified a range of 
factors including interleukin (IL)-8, IL-6, plasminogen activator 
inhibitor-1 (PAI-1), FGF-2, SPARC, vimentin, cathepsin B, 
and cathepsin D and MMPs that have previously been reported 
to be secreted by MSCs.41 A basic fibroblast growth factor 
(FGF-2) and a group of MMPs (MMP-2, MMP-3, and MMP-
11) differed in their secretion profile between the ADSC groups 
and were selected for further validation and quantification at 
early and late adipogenesis.

Fibroblast growth factor-2 signalling is essential for both 
normal and cancer cell biology.42 Higher concentrations of 
FGF-2 were detected in the cell lysate of ADSCs from the 
breast adipose tissue of cancer patients compared to controls. 
Analysis of FGF-2 in the cell conditioned media at early and 
late stages of adipogenesis detected higher FGF-2 in cell con-
ditioned media of ADSCs isolated from breast adipose tissue 
than in controls at the later stages of adipogenesis. Fibroblast 
growth factor-2 has been shown to suppress differentiation of 
MSCs by inducing Twist-2 and Sprouty4.43,44 In vivo evidence 
for the negative adipogenic function of FGF-2 also exists with 
the observation that MSCs from mice deficient in FGF-2 dis-
played enhanced adipogenic potential.44 The finding of 
increased FGF-2 in the cell lysate of ADSCs from breast can-
cer patients correlates with the reduced adipogenic capacity 
observed in these ADSCs in our study. Dysregulated FGF/
fibroblast growth factor receptor (FGFR) signalling has also 
been shown to be associated with aggressive cancer pheno-
types, enhanced chemotherapy resistance, and poor clinical 
outcomes, and FGF-2 is postulated be a tumour-promoting 
factor in the tumour microenvironment.42 Fibroblast growth 
factor-2 present within the tumour stroma and secreted by 
cancer-associated fibroblasts is known to promote tumour cell 
proliferation.45,46 Our observation of increased proliferation 
and FGF secretion in ADSCs harvested from breast cancer 

Figure 14.  ELISA analysis of MMP11 secretion in cell conditioned media.
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patients may thus raise concerns regarding oncological safety 
of the use of autologous stem cells from breast cancer patients 
in adipose tissue engineering.

Matrix metalloproteinases are responsible for the degrada-
tion of the extracellular matrix (ECM) within tissues, which is 
central to the processes of morphogenesis, wound healing, tis-
sue repair, and remodelling in response to injury and in the 
progression of diseases, such as breast cancer.47 Matrix metal-
loproteinases are usually paracrine factors secreted by stromal 
cells such as ADSCs.48 They are typically synthesised and 
secreted by stromal cells near a tumour, and not by the geneti-
cally altered tumour cells themselves.49

Matrix metalloproteinase-11 was identified at significantly 
higher levels in the cell conditioned media of ADSCs from 
the breast of cancer patients during early differentiation of 
ADSCs towards an adipogenic lineage. This MMP is a known 
negative regulator of adipogenesis and may be responsible in 
part for the “dedifferentiation” of adipocytes and has also been 
shown to decrease preadipocyte differentiation.48,50 There is in 
vitro evidence of induction of mature adipocyte “dedifferentia-
tion” in response to recombinant MMP-11.51 Therefore, 
MMP-11 may have contributed to the reduced adipogenic 
potential observed in the bc-B-ADSC-untreated group in this 
study. Matrix metalloproteinase-11 is known to be expressed 
by cancer-associated adipocytes (CAAs) found near invading 
cancer cells at the breast-cancer-invasive tumour front.50 This 
subset of adipocytes are mature adipocytes that have dediffer-
entiated into preadipocytes through loss of their lipid droplet 
and adopted a fibroblastic morphology and have been shown 
to play an active role in tumour progression and metastasis. 
This cell type increases tumour growth, tumour invasion via 
greater epithelial-mesenchymal transition (EMT) and results 
in a radio-resistant breast cancer phenotype.50 Matrix metal-
loproteinase-11 allows breast cancer cells to partake in bidi-
rectional signalling with adipocytes and ADSCs near the 
tumour.52 In this study, the increased secretion of MMP-11 by 
ADSCs isolated from breast adipose tissue of breast cancer 
patients may be as a result of their close proximity to the breast 
tumour prior to excision, which is concerning from an onco-
logical standpoint. In addition, the decreased secretion of 
MMP-11 in the ADSCs from patients who had been treated 
with NACT group may be as a result of the partial or com-
plete pathological response to NACT observed in this patient 
group. The increase in MMP-11 secretion was only observed 
in ADSCs at an early stage of adipogenic differentiation (day 
8 of the differentiation protocol) and was not observed in dif-
ferentiated mature adipocytes. Thus, any functional effect this 
may exert would be expected to be observed during early adi-
pogenic differentiation.

We observed a trend towards increased secretion of MMP-2 
in the cell conditioned media of bc-B-ADSC-untreated and bc-
B-ADSC-nact groups at all time points throughout the adipo-
genic process. Secretion of this protease is the lowest in the 

bc-A-ADSC and nc-A-ADSC groups. Adipose-derived stem 
cells from the latter two groups were harvested from a site dis-
tant from the breast tumour, that is, the abdomen, and are 
therefore not tumour-associated ADSCs. Matrix metallopro-
teinase-2 degrades the components of the ECM and has a role 
in cell migration and invasion of the basement membrane.53,54 
It has been hypothesised that tumours are capable of enhanc-
ing MMP-2 expression in their surrounding tissues, accumu-
lating it from the circulation and storing the molecules at the 
cell surface.54 Malignant breast cancer cells may stimulate 
MMP-2 secretion by stromal cells through paracrine mecha-
nisms. Matrix metalloproteinases that are secreted by stromal 
cells can still be recruited to the cancer cell membrane. Matrix 
metalloproteinase-2 mRNA is found in stromal cells within 
human breast tumours and MMP-2 protein is identified on 
both stromal and cancer cell membranes.55 This proteinases 
production in stromal cells in the vicinity of the tumour in the 
breast helps to explain why its expression is decreased in 
abdominal adipose ADSCs in this study. The significantly 
increased expression of this cytokine in undifferentiated 
ADSCs isolated from the breast adipose tissue of breast cancer 
patients raises concerns regarding the oncological safety of 
these groups as a cell source for breast regeneration.

Secretion of MMP-3 was also investigated in the cell con-
ditioned media of undifferentiated ADSCs and at early and 
late stages of adipogenic differentiation. Although differences 
in secretion did not reach statistical significance, MMP-3 
secretion was initially increased in the ADSCs isolated from 
the breast adipose tissue of cancer patients, that is, tumour-
associated ADSCs. Matrix metalloproteinase-3 has been 
observed in highly invasive breast cancer cell lines and shown 
to be involved in the metastatic process of breast cancer.

Overall, differences in regenerative potential, cell prolifera-
tion, and cytokine secretion were observed in ADSCs isolated 
from various adipose tissue depots of breast cancer patients 
undergoing distinct treatment protocols, and noncancer controls. 
Although the study is somewhat limited by small sample size 
and potential confounding effects of patient and tumour hetero-
geneity, these data from patient-derived ADSCs in treated and 
untreated breast cancer provide novel insight into the potential 
effects of both cancer and systemic cancer treatment on ADSC 
behaviour. ADSCs isolated from the breast adipose tissue of 
those with an untreated carcinoma appear to bear more hall-
marks of CAAs than any other group. The delivery of systemic 
NACT prior to ADSC isolation appears to modify some of 
these genotypic and phenotypic effects, possibly making these 
stem cells safer for use in adipose-tissue-engineering purposes. 
ADSCs isolated from abdominal wall subcutaneous adipose tis-
sue appear to be less influenced by the presence of a tumour 
within the breast and may be considered as more oncologically 
safe. This group also demonstrated the greatest adipogenic 
potential, suggesting these cells may produce the greatest adi-
pose tissue volume when used for adipose-tissue-engineering 
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strategies. Further in vivo investigation is warranted to assess 
which cell source allows for the greatest adipose tissue volume 
production to recreate the breast mound and also assess if there 
is a difference in the rate of breast cancer recurrence when vari-
ous ADSC sources are used.
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