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Summary Background: Although autologous fat grafting is considered a successful method for 
the management of contour deformities, the fat graft could potentially induce cancer re-
appearance by fueling dormant breast cancer cells. Our aim was to characterize the role of 
adipose-derived stem cells on active and dormant breast cancer cell growth.
Methods: Cobalt chloride was used to induce dormancy in MCF-7 cancer cells. Proliferation of 
active and dormant cancer cells was determined in the presence of adipose-derived stem cells. 
A proteome array was used to detect cancer-related protein expression in the cell-conditioned 
medium. The migration of cancer cells was measured in response to conditioned medium from 
the adipose-derived stem cells.
Results: The adipose-derived stem cells showed variable effects on active MCF-7 cells growth 
and inhibited MCF-7 proliferation after the withdrawal of cobalt chloride. Of the 84 different 
proteins measured in the conditioned medium, only tenascin-C was differentially expressed in 
the co-cultures. MCF-7 cells alone did not express tenascin-C, whereas co-cultures between 
MCF-7 and adipose-derived stem cells expressed more tenascin-C versus adipose-derived stem 
cells alone. The conditioned medium from co-cultures significantly increased the migration of 
the cancer cells.
Conclusions: Adipose-derived stem cells themselves neither increased the growth or migration 
of cancer cells, suggesting that autologous fat grafting may be oncologically safe if re-
construction is postponed until there is no evidence of active disease. However, interactions 
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between adipose-derived stem cells and MCF-7 cancer cells could potentially lead to the pro-
duction of factors, which further promote cancer cell migration.
© 2023 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by 
Elsevier Ltd. This is an open access article under the CC BY license (http://creative-
commons.org/licenses/by/4.0/).

Women with breast cancer are often treated with breast 
conservation therapy in combination with adjunctive 
radiotherapy. This commonly results in irregular soft tissue 
defects due to avascular fibrosis and atrophy of the re-
maining breast tissue. Autologous fat grafting (AFG) is 
considered a successful method for the management of 
contour deformities.1 Besides providing volume replace-
ment, AFG may also improve the quality of the surrounding 
damaged skin and subcutaneous tissue.2 Fat is a biologically 
active filler and contains the stromal vascular fraction 
composed of a heterogenous cell population, including 
adipose-derived cells (ASCs), which are pluripotent pro-
genitor cells that contribute to the maintenance and re-
generation of a variety of connective tissues, including 
bone, adipose, and cartilage.1 However, the major obstacle 
is an unpredictable and often low graft survival, requiring 
multiple treatments in the vast majority of patients.3,4

Methods to increase graft viability have evolved, and sup-
plementation of fat grafts with ASCs significantly increases 
the retention of the transplanted fat.1,5–7 When AFG with 
enrichment of ASCs was compared to AFG without enrich-
ment of ASCs in women with breast hypoplasia, a 58% and 
29% maintenance of the fat volume was observed, respec-
tively, after 3 years.6 In addition, when 121 women under-
going oncoplastic breast surgery were treated with AFG 
enriched with ASCs, the maintenance of the fat volume was 
significantly higher (70.8%) than in the control group (41.4%) 
after 12 weeks.7

Although AFG is considered a successful method for 
management of contour deformities, the same elements 
that favor graft stability, namely vascular and other growth 
factor production, may also promote survival and re-
activation of residual tumor cells. Clinical outcomes suggest 
that post-oncologic reconstruction with fat grafting yields 
incidence curves regarding loco-regional events, distant 
metastases, or death comparable with those of other breast 
reconstruction procedures.8–10 However, in vitro and animal 
studies have produced conflicting findings regarding the 
impact of ASCs and adipocytes on breast cancer progres-
sion. Some studies show positive11–15 and others show ne-
gative associations.16–19 Although there is no clinical 
evidence that ASCs themselves can stimulate tumor growth, 
it is still unclear if these cells could contribute to residual 
cancer cells becoming invasive.

Minimal residual disease is a significant clinical problem 
with a relapse rate of about 20% >  5 years after primary 
treatment in patients with breast cancer.20 Cells can persist 
in the primary site or as disseminated tumor cells and are 
capable of surviving in a prolonged quiescent state for years 
without any clinical evidence of disease.21 Because AFG is 
postponed until there is no evidence of active disease,8,22

AFG may potentially induce cancer reappearance by fueling 
lingering dormant breast cancer cells rather than interact 
directly with active cancer cells. Although there is no general 
consensus on the minimum time interval between oncologic 
resection and breast reconstruction using AFG, a span of 36 
months h has been suggested as an accepted minimum.8

Therefore, the aim of this study was to better char-
acterize the role of ASCs on cancer cell growth using a 
clinically relevant in vitro model with both active and dor-
mant MCF-7 cancer cells.

Methods

Isolation of ASCs

Human adipose tissue samples were obtained from waste 
material after liposuction at the University Hospital of 
Umeå (n = 6 donors). Aspirated samples were treated as 
previously described to yield stromal vascular fraction cell 
pellets containing the ASCs.23 The cells were re-suspended 
in growth medium (Minimal Essential Medium [MEM]-α con-
taining 10% [v/v] fetal bovine serum [FBS] and 1% [v/v] 
penicillin/streptomycin; all from Invitrogen ThermoFisher, 
Loughborough, UK) and seeded at a minimum density of 
10,000 cells/cm2 in tissue culture flasks (Nunc Thermo-
Fisher, Loughborough, UK), which were then incubated at 
37 °C and 5% CO2.

23 To confirm the multi-potency of the 
cultures, the cells were differentiated to adipocytes and 
osteogenic cells.23

Flow cytometry for stem cell markers

Cultures at early passage (P1–2) were characterized by flow 
cytometry for positive mesenchymal stem cell-associated 
surface markers (CD73, CD90, CD105) using PE-conjugated 
antibodies (BD Biosciences, Eysins, Switzerland). A corre-
sponding isotype control was used (PE-mouse IgG1, κ). For 
each analysis, a minimum 50,000 cells were labeled and 10 
000 cells analyzed on a BD Biosciences Accuri C6 flow cyt-
ometer.

Cancer cells culture

Human estrogen-positive breast cancer MCF-7 (ATCC, Merck 
Life Sciences, Solna, Sweden) cells expressing green fluor-
escent protein (GFP) were used in all experiments. The cells 
were produced with standard lentiviral transduction 
methods using a 2nd-generation lentivector expressing 
shRNA from H1 promoter and GFP (pLVTHM; Addgene, 
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Watertown, MA, USA). The cells were maintained in the 
same growth medium used for ASCs. The cells were trypsi-
nized and re-plated before reaching confluence.

Co-culture of MCF-7 cells and ASCs – proliferation 
assay

MCF-7 cells were plated in triplicates in 24-well plates at a 
density of 10 000 cells per well, either alone or together 
with 10 000 ASCs. The fluorescence signal from the GFP- 
expressing MCF-7 cells was measured with a Synergy HT 
Microplate Reader (BioTek, Winooski, VT, USA) with excita-
tion wavelength at 485 nm and emission 528 nm. At the end 
of the experiment (14 days), the conditioned medium (CM) 
from each well was frozen at − 80 ˚C for further analyses.

Dormancy assay

Cultures of MCF-7 cells at approximately 50% confluency 
were treated with 300 μM CoCl2 (Merck Life Sciences, Solna, 
Sweden) for 6 days. Subsequently, the cells were trypsinized 
and re-plated at a density of 10 000 cells per well in 24-well 
plates, as described previously. The dormant MCF-7 cells 
were allowed to recover in normal growth media or directly 
co-cultured with ASCs, seeded at a density of 10 000 cells per 
well. Proliferation was measured, as described previously.

To verify the dormancy model, flow cytometry analyses 
of propidium iodide (PI) staining and Ki67-expression were 
performed, as well as gene expression analysis of p21, in 
active cells (no treatment), dormant cells (treated with 
CoCl2 for 6 days), and re-activated cancer cells (2–11 days 
growth in normal medium after the removal of CoCl2).

For flow cytometry, cells were fixed with 70% ethanol for 
1 h at − 20 °C and then stained using 50 µg/ml propidium 
iodide (PI; ThermoFisher, Loughborough, UK) or 50 µg/ml 
Ki67-APC antibody (Biolegend, San Diego, CA, USA). The 
experiment was repeated twice.

For gene expression analysis RNA was isolated (RNeasy, 
Qiagen, Kista, Sweden) and converted into cDNA using the 
iScript™ cDNA synthesis kit (Bio-Rad, Solna, Sweden). qRT- 
PCR was performed using SsoFast™ EvaGreen supermix (Bio- 
Rad, Solna, Sweden) in a CFX96 Optical Cycler and analyzed 
using the Bio-Rad CFX96 manager software. The following 
primer sets were used: p21 forward 5´- TGTCCGTCAGAACCC 
ATGC-3´ and reverse 5´-AAAGTCGAAGTTCCATCGCTC and β- 
actin forward 5´- CATGTACGTTGCTATCCAGGC and reverse 5´- 
CTCCTTAATGTCACGCACGAT. Gene expression was calculated 
by ddCT method24 using β-actin as the reference gene. The 
experiment was performed twice, with triplicates.

Oncologic array

An oncologic array (Human XL Oncology Array, R&D Systems, 
Abingdon, UK) was used according to the manufacturer’s 
protocol to screen for the expression of 84 different cancer- 
related proteins. Co-culture CM from one patient exhibiting 
inhibitory effects on MCF-7 cell growth was compared with 

co-culture CM from a patient who did not significantly have 
a change in the MCF-7 growth rate.

Immunocytochemistry

Tenascin-C (TNC) staining was performed in the cultures of 
MCF-7 cancer cells alone, ASCs alone, and co-cultures 
of ASCs and MCF-7 cells plated in 8-well chamber slides 
(Nunc™ Lab-Tek™ ThermoFisher, Loughborough, UK). 
Cultures were fixed in 4% (w/v) paraformaldehyde (PFA) and 
then stained with TNC primary antibody (1:200 dilution, 
Invitrogen ThermoFisher, Loughborough, UK), followed by 
secondary antibody, Alexa-568 goat anti-mouse IgG (1:1000 
dilution; Invitrogen, Loughborough, UK). The slides were 
viewed under an ECLIPSE 90i fluorescence microscope and 
images captured with Nikon Elements Imaging software 
(Nikon Europe BV, Amstelveen, The Netherlands).

Enzyme-linked immunosorbent assay (ELISA)

The CM was analyzed using a TNC ELISA (RayBiotech Inc. 
Peachtree Corners, GA, USA), according to the manu-
facturer’s protocol. The end-absorbance was measured at 
450 nm using a BioTek Synergy microplate reader. The ELISA 
was performed on the CM from 6 patients, with each set of 
CM plated in duplicate.

Migration assay

Breast cancer cell migration in response to CM was analyzed 
using a CytoSelect Migration Assay, according to the manu-
facturer’s protocol (Cell Biolabs Inc, San Diego, CA, USA). 
MCF-7 cells were plated at density of 30 000 cells/well in a 
96-well plate and 150 μl CM from either i) co-culture be-
tween ASCs and breast cancer cells for 14 days, ii) culture of 
ASCs alone for 14 days, iii) only medium incubated for 14 
days, or iv) fresh medium were added. CM from 6 different 
ASC donors were used and assayed in triplicates. The ex-
periment was performed twice. After 10 h, the number of 
migrated MCF-7 cells was measured by fluorescence levels, 
as described for the proliferation studies. In a second step, 
the functional aspects of TNC were analyzed using a 
blocking antibody (2.5 g/ml anti-tenascin-C; BC-24, Sigma, 
Deisenhofen, Germany).25 In this experiment, the CM from 
the 6 different donors was pooled and assayed in triplicate. 
The antibody was added to the cells 1 h before the plating 
to allow time for binding.

Statistical analysis

Mean  ±  standard deviation of the mean values was cal-
culated for all data, and statistically significant differ-
ences determined by paired t-tests or for multiple groups 
one-way ANOVA with Bonferroni post-hoc test was used. 
The calculations were performed using GraphPad Prism 
software. Statistically significant differences were set as 
* = p  <  0.05, *** = p  <  0.001.
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Results

Study population

The 6 donors were all women and had a mean age of 46.17 
( ±  10, 83) years and a mean BMI of 27.45 ( ±  2.13).

Cell characterization

The cell cultures exhibited a typical fibroblast-like mor-
phology (Supplementary Figure 1A) and the majority of the 
cells were positive for CD73 (97%), CD90 (98%) and CD105 
(98%). Multi-lineage differentiation was confirmed by in-
duction into Oil Red O-positive adipocytes (Supplementary 
Figure 1C) and alizarin red-positive osteogenic cells 
(Supplementary Figure 1D).

Characterization of dormant cancer cells

MCF-7 cells were exposed to CoCl2, as previously de-
scribed.26 Several hallmarks for dormancy were analyzed. 
Upon the withdrawal of CoCl2, the morphology of the dor-
mant cells returned to normal (Supplementary Figure 2A). 
Ki67, a proliferation marker, was markedly attenuated in 
CoCl2-treated MCF-7 cells. In dormant cells, 0.3% of the 
cells expressed Ki67 compared with 6.0% of the active cells 
and 18.0% of the re-activated cells. Consistent with the 
restrained growth and attenuated Ki67 expression as a re-
sult of CoCl2 treatment, the flow cytometric analysis of PI 
staining showed the majority of the cells were in G0/G1 
phase, with almost complete absence of cells at G2/M, a 
hallmark of the quiescent state (Supplementary Figure 2B). 
The cyclin-dependent kinase inhibitor p21, which promotes 
cell cycle arrest and is an established senescence marker, 
was also markedly increased in CoCl2 treated cells 
(Supplementary Figure 2C). After the removal of CoCl2, 
there was a lag phase before the treated MCF-7 began 
proliferating at similar rates as active cells (Supplementary 
Figure 2D).

Unlike senescent cells, which are permanently trapped 
in a non-proliferative state, a hallmark of dormant cancer 
cells is the ability to re-awaken upon removal of the en-
vironmental stress that led them to enter dormancy, de-
fined as reversible quiescence.26 Upon the removal of the 
CoCl2, all the aforementioned changes were reversible, 
with the re-activated cells showing similar expression of 
Ki67, number of cells in GO/G1-phase and expression of p21 
as active breast cancer cells (Supplementary Figure 2).

Proliferation of active and dormant MCF-7 cells 
alone and in co-culture with ASCs

Adipose-derived stem cells isolated from different donors 
exhibited varying effects on active and dormant MCF-7 cell 
growth; either there was no difference in the MCF-7 pro-
liferation in the absence or presence of ASCs or the ASCs 
inhibited the MCF-7 growth (Figure 1 and Supplementary 
Table 1). Importantly, ASCs never increased the growth of 
MCF-7 cells. To confirm that the observed effects were not 
due to the lack of physical space or limitation of growth 

factors, the co-cultures were repeated with a lower con-
centration of cells per well, and the same growth patterns 
were observed (data not shown).

Tenascin-C (TNC)

We compared the expression of 84 cancer-related proteins 
in the CM from ASCs-cancer cell co-cultures. Only TNC was 
differentially expressed (data not shown). Tenascin-C was 
not observed in cultures of MCF-7 cells alone but was ex-
pressed in cultures of ASCs alone and in co-cultures of ASCs 
with active MCF-7 cells (Figure 2). The latter group ap-
peared to show the highest expression. Tenascin-C was de-
tected at minimal baseline levels in cancer cell cultures 
alone but was secreted at high levels by ASCs (Figure 3). The 
expression of TNC increased when ASCs were co-cultured 
with active and dormant MCF-7 cells in comparison to cul-
tures of ASCs alone; 326  ±  259 pg/ml in cultures with ASCs 
alone and 486  ±  252 pg/ml and 1153  ±  255 (p = 0.001) in 
co-cultures with active and dormant MCF-7, respectively.

Migration/invasion assay

To evaluate if the secretome from interacting ASCs and 
breast cancer cells mediated the invasive properties of the 
breast cancer cells, active MCF-7 cells were cultured in CM 
from either co-culture between ASCs and breast cancer 
cells or ASCs alone. ASC-MCF-7 co-culture medium sig-
nificantly increased the migration of the cancer cells 
(Figure 4A; p = 0.05), whereas the CM from ASCs alone had 
no significant effect. Adding a blocking anti-tenascin-C an-
tibody to the CM from interacting, ASCs and breast cancer 
cells did not affect the migration (Figure 4B).

Discussion

In this study, we demonstrated that ASCs can inhibit the 
growth of active breast cancer cells and mediate prolonged 
dormancy in breast cancer cells. However, ASC-cancer cell 
interactions could potentially lead to the production of factors 
which further promote cancer cell migration/invasiveness.

In vitro and animal studies have produced conflicting 
findings regarding the impact of ASCs, with some studies 
showing positive11–15 and others showing negative associa-
tions16–19 with breast cancer progression. When breast 
cancer cells were mixed with bone marrow-derived me-
senchymal stem cells (MSCs) and injected subcutaneously 
into immunocompromised mice, MSCs accelerated the 
growth of MCF-7 tumors, without affecting the kinetics of 
MDA-MB-231- or MDA-MB-435-containing tumors.15 However, 
a marked increase in the numbers of micro- and macro-
scopic lung metastases was noted in all breast cancer cell 
lines after co-injection. In contrast, when MDA-MB-231 
human breast cancer cells were injected into the mammary 
fat pad of mice, intravenous injection of ASCs 3 weeks later 
significantly reduced the tumor volume, as well as the 
number of lung metastases compared with the control.17 To 
further increase the complexity of this tumor-stroma in-
teraction, ASCs have been shown to increase the pro-
liferation of MCF-7 cells in direct and indirect co-culture in 
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vitro, whereas conditioned media from the ASCs displayed 
anti-proliferative activity.27 When various breast cancer cell 
lines were co-cultured together with unfractionated adi-
pose tissue, as well as differentiated adipocytes, all cell 
lines displayed a significant increase in proliferation rate.19

In contrast, animals receiving lipofilling after tumor cell 
engraftment with MCF-7 cells showed significantly lower 
tumor volume than after injection with saline.16 The con-
flicting findings regarding the impact of these cells could, in 
part, be due to donor-dependent effects.28 In line with our 

study, in the aspect of donor-dependent effects, co-injec-
tion of ASCs from one donor with MDA-MB-231/GFP cells did 
not alter the primary tumor volume, whereas co-injection 
of ASCs from another donor markedly stimulated growth of 
the tumors.27

Because AFG is postponed until there is no evidence of 
active disease,8,22 AFG may induce cancer reappearance by 
fueling lingering dormant breast cancer cells rather than 
interacting directly with active cancer cells. Zimmerlin 
et al.14 investigated whether ASCs promote in vivo 

Figure 1 Proliferation rate of active and dormant MCF-7 cells in co-culture with ASCs. GFP-labeled active or dormant MCF-7 cells 
were co-cultured with or without ASCs from 6 donors up to 14 days. Each graph (A-F) shows an individual donor (1–6, respectively) 
response. Each data point in the graphs represents mean  ±  SD of triplicates measured at different time points (days 2–14).
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tumorigenesis of metastatic breast cancer by performing 
co-culture experiments with metastatic pleural effusion 
(MPE) cells. The MPE cells were sorted into resting and ac-
tive populations and co-injected with ASCs into the mam-
mary fat pads of immunodeficient mice. Active MPE cells 
were not tumorigenic when injected alone, but the co-in-
jection of ASC greatly enhanced tumorigenicity of this po-
pulation, demonstrating the dramatic effect of ASCs on the 
proliferation of active cancer cells. In contrast, injection of 
resting MPE cells was not affected by co-injection of ASC. In 
line with an earlier published study,26 we confirmed that 
treatment with CoCl2 mediated dormancy. We demon-
strated that co-cultures with ASCs mediated a significantly 
prolonged dormancy state in 4 of 6 co-cultures. Our results 
are consistent with a study published by Ono et al.29 who 

generated a bone marrow metastatic human breast cancer 
cell line (BM2) by tracking and isolating fluorescent-labeled 
MDA-MB-231 cells that disseminated to the bone marrow in 
mice. Co-culturing BM2 cells with MSCs showed that the 
MSCs suppressed the proliferation of BM2 cells and de-
creased the abundance of stem cell-like surface markers, a 
dormant phenotype that also was observed by culturing the 
cells in MSC-CM or with exosomes isolated from MSC cul-
tures.

Although it has been shown that adipocytes and their 
precursors have the ability to either stimulate11–15 or sup-
press16–19 tumor growth in vitro and in vivo, little is known 
about the underlying molecular mechanisms, with only a 
few studies highlighting possible explanations.13,15 When in 
vitro co-cultures of MDA-MB-231 breast cancer cells and 
MSCs were screened for levels of various secreted factors, 
only one cytokine, CCL5, reflected a synergistic interaction 
between the mesenchymal stem cells and breast cancer 
cells, with a 60-fold higher expression produced in co-cul-
tures than by pure breast cancer cell cultures.15 Over-
expression of CCL5 did not, however, confer any 
proliferative advantage on cultured cancer cells compared 
with those lacking such overexpression nor to form primary 
subcutaneous tumors in immunocompromised mice. How-
ever, the tumors exhibited a 5-fold enhancement in their 
metastatic potential compared with control tumors lacking 
ectopic CCL5.15 To investigate the possible mechanisms 
behind the anti-proliferative effect mediated by the ASCs, 
we performed an oncologic array at the end of the experi-
ment, with only one protein, TNC, being differentially 

Figure 3 Tenascin-C ELISA. The expression of tenascin-C was 
analyzed with ELISA in active MCF-7 cells alone, re-activated 
dormant MCF-7 cells alone, ASCs alone, and in co-cultures with 
active MCF-7 cells and ASCs and re-activated dormant MCF-7 
cells and ASCs. Measurements were made when the cells 
reached a growth plateau (d13-d14). The graph represents the 
mean  ±  SD of the tenascin-C expression in 6 patients. 
Statistically significant differences *(p  <  0.05) between linked 
groups.

Figure 2 Tenascin-C immunostaining. The expression of te-
nascin-C was analyzed with immunocytochemistry in (A) active 
MCF-7 cells alone, (B) ASCs alone, and (C) co-culture of active 
MCF-7 and ASCs. The MCF-7 cells are labeled with GFP (green), 
anti-tenascin C staining is shown in red and cell nuclei stained 
with DAPI (blue). Scale bar = 20 µm.
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expressed. Tenascin-C was absent in the cultures of cancer 
cells alone but was secreted from ASCs from all donors. In 
contrast to our results, other studies have proposed that 
both tumor cells30 and cancer-associated fibroblasts31 are 
the source of TNC in breast cancer, whereas our experiment 
indicates that TNC is produced by ASCs. As with CCL5, a 
series of observations has linked TNC, an extracellular ma-
trix glycoprotein, and cancer. High expression of TNC has 
been related to poor prognosis with lymph node metastasis 
and distant recurrence.31,32 In vitro, the down-regulation of 
TNC inhibits MDA-MB-231 cancer cell growth and migration 
and reverses the mesenchymal phenotype to the epithelial 
one.32 Based on the associations with TNC and increased 
invasion in the literature, we hypothesized that the secre-
tome from interacting ASCs and breast cancer cells should 
mediate more invasive properties of the breast cancer cells. 
Conditioned media from interacting ASCs and breast cancer 
cells increased the migration of the cancer cells, whereas 
CM from ASC alone had no significant effect. However, 
adding a blocking anti-tenascin-C antibody to the CM from 
interacting ASCs and breast cancer cells did not affect the 
migration.

In conclusion, ASCs themselves neither increased the 
growth or migration of cancer cells, suggesting that AFG 
may be oncologically safe if reconstruction is postponed 
until there is no evidence of active disease. However, ASC- 
cancer cell interactions could potentially lead to the pro-
duction of factors which further promote cancer cell mi-
gration/invasiveness, where TNC seems to be produced by 
ASCs rather than the cancer cells, as previously described.
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Appendix A. Supplementary material

Supplementary data associated with this article can be 
found in the online version at doi:10.1016/j.bjps.2023. 
05.006.

Figure 4 Migration assay. MCF-7 cells were seeded in inserts and exposed to conditioned media from either (A) co-culture be-
tween active MCF-7 cells and ASCs or ASCs alone for 14 days or (B) co-culture between active MCF-7 cells and ASCs with or without 
anti-tenascin-C antibody. Migration was compared with the response to control non-cell-conditioned medium. Fluorescence arbi-
trary values are normalized to the control condition. In (A) ASCs from 6 different donors were used and each condition was plated in 
triplicate. Each data point represents the mean from 2 experiments. In (B), the CM was pooled from the 6 donors and each condition 
performed in triplicate. Statistically significance difference (`* p  <  0.05) between groups shown.
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