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Abstract
Within the tumour stroma, a heterogeneous population of cell types reciprocally regulates cell proliferation, which considerably affects
the progression of the disease. In this study, using tumour conditionedmedium (TCM) derived frombreast tumour cell lines –MCF7 and
MDAMB 231, we have demonstrated the differentiation of adipose-derived mesenchymal stem cells (ADSCs) into tumour-associated
fibroblasts (TAFs). Since the Wnt signalling pathway is a key signalling pathway driving breast tumour growth, the effect of the Wnt
antagonist secreted frizzled-related protein 4 (sFRP4) was also examined. The response of ADSCs to TCM and sFRP4 treatments was
determined by using cell viability assay to determine the changes in ADSC viability, immunofluorescence for mesenchymal markers,
glucose uptake assay, and glycolysis stress test using the Seahorse Extracellular Flux analyser to determine the glycolytic activity of
ADSCs. ADSCs have been shown to acquire a hyper-proliferative state, significantly increasing their number upon short-term and long-
term exposure to TCM.Changes have also been observed in the expression of keymesenchymalmarkers aswell as in themetabolic state
of ADSCs. SFRP4 significantly inhibited the differentiation of ADSCs into TAFs by reducing cell growth as well as mesenchymal
marker expression (cell line-dependent). However, sFRP4 did not induce further significant changes to the altered metabolic phenotype
of ADSCs following TCMexposure. Altogether, this study suggests that the breast tumourmilieumay transformADSCs into a tumour-
supportive phenotype, which can be altered by Wnt antagonism, but is independent of metabolic changes.
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Introduction

Emerging evidence demonstrates the clinical significance of the
surrounding tumour environment in influencing the overall pro-
gression of the tumour. The non-neoplastic milieu surrounding a
tumour site is composed of diverse non-tumorigenic cellular
components such as mesenchymal stem cells (MSCs), macro-
phages, endothelial cells, epithelial cells, and fibroblasts, which
interact with the tumour and enable them to co-evolve and ac-
quire a tumorigenic phenotype [1]. Such transformed cells are
termed tumour-associated fibroblasts (TAFs) or cancer-
associated fibroblasts, which resemble myofibroblasts and form
the foremost cell population within the tumour stroma. These
TAFs contribute to the progression andmetastasis of the tumour.

However, the exact origin of TAFs remains imprecise, but
recent studies indicate that MSCs are one of the major cell
populations that the TAFs arise from [2–7]. TAFs are also
referred to as Bspecialised MSCs^ to account for their princi-
pal cell source. It was reported that when ADSCs were treated
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with tumour-derived factors, such as conditioned medium and
exosomes derived from the MCF7 and MDA MB2 31 breast
cancer cell lines, ADSCs transformed their phenotype into
TAFs [2, 3].

There are many signalling pathways that play a role in the
transformation of MSCs into TAFs. One of the key pathways
regulating the process is the TGFβ1-Smad pathway. In a recent
study, the TGFβ1-Smad pathway was upregulated during the
transformation of ADSCs into TAFs upon the influence of
breast tumour-derived factors [2, 3]. Amongst the other signal-
ling pathways, canonical Wnt signalling has been shown to
play a role in sarcomas. A study has reported that activated
Wnt signalling promotes transformation of MSCs in sarcomas,
while they suggested an opposite mechanism took place in
carcinomas [8]. Moreover, the crosstalk between Wnt signal-
ling and TGFβ signalling has been demonstrated where TGFβ
increased the accumulation and translocation of β-catenin into
the nucleus of various cell types [9–12].

Furthermore, the major canonicalWnt antagonist Dickkopf
(Dkk)1 rescued TGFβ-induced skin fibrosis [13], and Wnt
antagonists have been demonstrated to inhibit the expression
of mesenchymal markers such as vimentin and α-smooth
muscle actin, whose expression is heightened in TAFs.
Hence, a possible mechanism to disrupt the functionality of
TAFs would be to target the heightened proliferative and an-
giogenic potential of TAFs using Wnt antagonists that also
target these properties.

Our Wnt antagonist of interest, secreted frizzled-related
protein 4 (sFRP4) has been demonstrated to possess anti-tu-
morigenic, anti-angiogenic, and pro-apoptotic properties
[14–16], and hence would a good candidate to study its po-
tential to curb the process of transformation. Our study is the
first to focus on the transformation of ADSCs into TAFs in the
presence of sFRP4. We aim to explore the role of sFRP4 in
altering various aspects of transformation, such as cell viabil-
ity, expression of TAF-specific markers, and the metabolic
profile of ADSCs. We have chosen ADSCs because they are
the resident MSCs within the breast tumour stroma, hence
making their potential transformation into TAFs clinically rel-
evant. Moreover, in order to harness the full clinical potential
of ADSCs or MSCs for anti-cancer therapies, their capability
to transform into a tumorigenic phenotype needs to be fully
understood and carefully regulated.

Materials and Methods

Cell Culture

ADSCs were purchased from Lonza, Australia and were cul-
tured in Roswell Park Memorial Institute (RPMI) medium
containing 10% foetal bovine serum (FBS) and 1%
penicillin-streptomycin (PS). ADSCs at passages P2-P5 were

used for the studies. Breast tumour cell lines MCF7 andMDA
MB 231 purchased from American Type Culture Collection
were cultured in RPMI containing 10% FBS and 1% PS. The
cells were incubated in a 5% CO2 incubator at 37 °C.

Harvest of Tumour Conditioned Medium

For tumour conditioned medium (TCM) harvest, MCF7 and
MDA MB 231 cells were cultured up to around 90% conflu-
ence in T175 or T75 flasks in RPMI medium containing 10%
FBS and 1% PS. For conditioning, the medium was changed
to serum-free RPMI containing 1% PS, and the conditioning
was performed for 24 h. 25 mL of fresh serum-free RPMI
containing 1% PS was added to a T175 flask, or 10 mL of
the same was added to a T75 flask for conditioning. After
24 h, the TCM was harvested and centrifuged at 2000 g for
10min, and filtered through 0.22μm syringe filters to perform
treatments on ADSCs. The treatments with TCM were per-
formed on ADSCs for both 4 days and 10 days, so as to
observe the effects of TCM for a relatively shorter and longer
duration.

Morphological Observation for Treatments

ADSCs were observed for morphological changes and
micrographs captured at the end-point of indicated treat-
ment durations. As a positive control for myofibroblast
differentiation, TGF-β was used at different doses – 0.2,
2, 5, and 10 ng/mL, Lysophosphatidic acid (LPA) was
used at 5 and 10 μM concentration for treating ADSCs
for 10 days. Further, in order to confirm that the TGF-β-
induced differentiation could be rescued, a pharmacolog-
ical inhibitor of TGF-β receptor signalling - SB431542
was used at 10 μM for 4 days.

Cell Viability

ADSCs were seeded at 2500 cells/well in a 96-well plate and
allowed to adhere onto the tissue culture-treated surface over-
night. The next day, the medium was removed and the treat-
ment wells were replaced with 100μLMCF7 TCM andMDA
MB 231 TCM for short-term (4 days) and long-term (10 days)
studies. In control wells, the medium was removed and re-
placed with 100 μL serum-free RPMI containing 1% PS. In
specific treatment wells, simultaneous exogenous addition of
sFRP4 was performed at 250 pg/mL concentration (as this
concentration was optimised in our laboratory in previous
studies [15, 17, 18]), along with TCM. On day 4 or day 10,
10 μL of 5 mg/mL MTT (Sigma) was added to each well
containing 100 μL medium and left for 4 h at 37 °C. After
4 h, the medium was removed from all the wells and the
resulting formazan crystals were dissolved in 100 μL
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DMSO. The absorbance was measured using a plate reader
(Enspire multimode, Perkin Elmer) at 595 nm.

Immunofluorescence

ADSCs were seeded at 2500 cells/well in a 96-well plate and
allowed to adhere onto the tissue culture-treated surface over-
night. The next day, the medium in treatment wells was re-
placed with TCM derived fromMCF7 and MDAMB 231 for
10 days. The medium in control wells was replaced with
serum-free RPMI containing 1% PS. In specific treatment
wells, simultaneous exogenous addition of sFRP4 was per-
formed at 250 pg/mL concentration. On day 10, the medium
was removed from all wells and the cells were rinsed with
PBS twice. The cells were fixed with 4% paraformaldehyde
for 20 min and were rinsed with PBS twice. Following fixa-
tion, the cells were permeabilised with 0.3% saponin for 2–
5 min, and rinsed with PBS, then incubated in blocking solu-
tion containing 0.5% bovine serum albumin, 0.3% saponin,
and 1% normal goat serum for 1 h at room temperature, and
then rinsed with PBS. After blocking, the cells were incubated
in primary antibody (α-smooth muscle actin and vimentin,
Cell Signaling Technology) at 1:200 dilution prepared in
blocking buffer. The primary antibody incubation was per-
formed overnight at 4 °C. The next day, the primary antibody
solution was removed and followed by 2 PBS rinses to all
wells. The secondary antibody solution at 1:200 dilution was
prepared in blocking solution, added to all wells, and left to
incubate for 1 h at room temperature. Following this, the cells
were rinsed in PBS and 4′,6-diamidino-2-phenylindole,
dihydrochloride (DAPI) at 1:10000 dilution was added to all
the wells for 5 min. The DAPI was removed, cells were rinsed
with PBS, and viewed under an inverted confocal microscope
(Nikon). The images were captured at the same microscopic
settings and exported to TIFF format using Nikon NIS-
elements software, and the fluorescence intensity of the whole
micrographs was measured from a minimum of 5 images/
treatment using Image J software, and the intensity was com-
pared relative to untreated control.

Glucose Uptake Assay

Glucose uptake by the ADSCs was measured using the
luminescence-based glucose uptake glo-assay kit (Promega).
ADSCs were seeded at 1000 cells/well in a white 96 well plate
and allowed to attach to the tissue culture surface. After that,
cells were exposed to 100 μLMCF7 TCM andMDAMB 231
TCM± 250 pg/mL sFRP4 for 4 days. After 4 days of treat-
ment, the medium was removed slowly and the cells were
washed gently with PBS twice to remove any residual glucose
from the medium. After the PBS wash, 50 μL of 2-
deoxyglucose (2-DG) was added at 1 mM and incubated for
10 min at 37 °C. 1 mM 2-DG was freshly prepared in PBS

from the 100 mM 2-DG stock provided in the kit. 2-DG is a
glucose analogue that is transported across the cell membrane
similar to glucose and is phosphorylated into 2-DG-6-
phosphate (2DG6P). Once the 2DG6P accumulated inside
the cell, the reaction was stopped after 10 min of incubation
by adding 25 μL stop buffer, which lyses the cells and stops
the reaction. 25 μL of neutralisation buffer was added to neu-
tralise the acid and this was followed by addition of 100 μL of
2DG6P detection reagent. The detection reagent consists of
glucose-6-phosphate dehydrogenase (G6PDH), NaDP+, re-
ductase, ultra-glo recombinant luciferase, and proluciferin
substrate, and was prepared at least 1 h before addition to
allow it to equilibrate to room temperature. Following addi-
tion of the detection reagent, the cells were incubated at room
temperature for 30 min up to 6 h, and the luminescence was
recorded using a plate reader (Enspire multimode, Perkin
Elmer). The luminescence corresponds to the concentration
of 2DG6P, which correlates to the amount of glucose taken
up by the cells.

Seahorse Extracellular Flux Analysis

Potential alterations in metabolic flux following transforma-
tion from ADSCs into TAFs was assessed using Seahorse
XFe96 flux analyser (Agilent Technologies) and a standard
glycolysis stress test (Agilent Technologies), which allows
the determination of the glycolytic rate, glycolytic capacity,
and glycolytic reserve (Table 1). A change in the metabolic
phenotype of ADSCs switching from oxidative phosphoryla-
tion to glycolysis was assessed after treating the ADSCs with
TCM from MCF7 and MDA MB 231 tumour cell lines.

ADSCs were seeded at 3000 cells/well in a 96 well plate
(Agilent Technologies) specifically designed for Seahorse
analysis in RPMI medium containing 10% FBS and 1% PS.
After ADSCs attached to the plate surface, the medium was
replaced with MCF7 TCM and MDA MB 231 TCM in treat-
ment groups. ADSCs growing in serum-free RPMI were used
as a control. 250 pg/mL sFRP4 was added to the TCM-
containing wells and wells containing non-conditioned con-
trol medium. The treatments were performed for 10 days.

On the day before the assay, the Seahorse cartridge con-
taining the sensor probes was immersed in 200 μL calibration
solution/well and incubated in a non-CO2 incubator at 37 °C
for hydration. Glucose-free DMEM was prepared for the as-
say using Dulbecco’s modified Eagle’s medium (DMEM)
powder (Sigma) dissolved and made up to 1 L using milliQ
water. 2 mM glutamine, 1 mM sodium pyruvate, and phenol
red were added to the medium, and the pH was adjusted to
7.35 ± 0.05 using freshly prepared 1 M NaOH. The medium
was filtered using a bottle-top filter (Thermo Scientific) and
stored at 4 °C.

On the day of the assay, the medium in the wells was gently
removed and 3 medium changes were performed manually
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using the prepared glucose-free medium. The final medium
volume per well was 175 μL and was incubated at 37 °C in the
non-CO2 incubator for at least 1 h. The assay was performed
through injection of 3 metabolic compounds - glucose,
oligomycin, and 2-DG. Injection of glucose facilitates expo-
sure to a saturating concentration of glucose at 25 mM. The
second injection facilitates the exposure to oligomycin at
1 μM, which inhibits ATP synthase and minimises ATP pro-
duction from oxidative phosphorylation. The third injection
facilitates the exposure to 2-DG at 100 mM, which blocks
glycolysis. All injection volumes were maintained at equal
volumes of 25 μL.

The metabolic parameters measured are listed in Table 1.
The 4 parameters measured using the Seahorse flux

analyser, the significance for measurement, and the formulae
for performing the calculations are indicated.

Statistical Analysis

Experiments (cell viability, glucose uptake assay, seahorse flux
analysis) were performed in at least 3 biological replicates. For
immunofluorescence, at least 5 images were captured per treat-
ment group. The mean values ± SEM were determined and the
statistical significance was calculated using One-way ANOVA
and Student’s t-test to compare between the values of treatment
conditions against untreated controls (indicated by *) and be-
tween treatment groups (indicated by #). A p value of <0.05
was considered to be statistically significant. The graphs were
prepared using GraphPad Prism software, and the images were
prepared using Microsoft PowerPoint software, and the resolu-
tion was increased using Adobe Photoshop CS6.

Data Availability The data supporting the results of this man-
uscript are included within the article.

Results

Morphological Changes in ADSCs
during Transformation

ADSCs were treated with TCM derived from MCF7 and
MDA MB 231 tumour cell lines for 10 days. Different
doses of TGF-β and LPA were used on ADSCs for
10 days as positive controls for myofibroblastic differ-
entiation. The cells were regularly observed for morpho-
logical changes during the treatment conditions, and mi-
crographs captured of all treatment groups on day 10 of
treatment (Fig. 1). The control ADSCs in Fig. 1a show
a change from the normal spindle-shaped morphology of
ADSCs; the cells appear more rounded due to the
serum-free culture conditions. This does not occur in
TCM-treated ADSCs although the TCM is serum-free.
As compared to control, the TCM-treated ADSCs show
a distinct change into a spindle-like morphology with the ap-
pearance of cytoplasmic stress fibres, indicating a shift to-
wards a myofibroblastic nature (Fig. 1a). Fig. 1b shows the
myofibroblastic differentiation of ADSCs in the presence of
recombinant TGF-β protein (as a positive control for
myofibroblastic differentiation) at doses of 0.2 ng/mL, 2 ng/
mL, 5 ng/mL, and 10 ng/mL.

Further, the pharmacological inhibitor SB431542, which
inhibits TGF-β receptor signalling, was used in combination
with 2 ng/mLTGF-β for 4 days. While 2 ng/mLTGF-β treat-
ment alone showed a morphological change indicative of
‘myofibroblastic’ differentiation, the combination treatment
prevented the morphological change of ADSCs (Fig. 1c).
This showed that the transformation of ADSCs could be res-
cued by inhibiting TGF-β signalling. Additionally, LPA was
also used at 5 μM and 10 μM doses to induce myofibroblastic
differentiation of ADSCs (Fig. 1d).

Table 1 Metabolic parameters measured using glycolysis stress test with Seahorse XFe96 flux analyser

Metabolic
parameter

Significance Equation

Glycolytic rate Provides the rate of glycolysis (conversion of glucose to pyruvate) under basal
conditions. It is obtained by measuring ECAR after addition of saturating
concentration of glucose.

Maximum ECAR measurement before
oligomycin injection – Last rate
measurement before glucose injection

Glycolytic capacity Provides the maximum glycolytic capacity by measuring ECAR following addition
of oligomycin (an ATP synthase inhibitor), which shifts the energy production to
glycolysis.

Maximum ECAR measurement after
oligomycin injection – Last
measurement before glucose injection

Glycolytic reserve Measures the difference between the maximum glycolytic capacity and glycolytic rate
at basal conditions. It indicates the ability of the cell to respond during lack of energy
production through oxidative phosphorylation.

Glycolytic capacity – Glycolytic rate

Non-glycolytic
acidification

Measures the ECAR after addition of 2-DG, Indicates ECAR
caused by cell processes other than glycolysis.

Minimum ECAR measurement after
addition of 2-DG
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Fig. 1 Morphology of ADSCs during transformation into TAFs. ADSCs
were treated with a TCM derived fromMCF7 andMDAMB 231 tumour
cell lines, b recombinant TGF-β at different doses, c recombinant TGF-β
in the presence of TGF-β receptor inhibitor SB431542 (as negative

control), d different doses of LPA. Arrows indicate the difference in
morphological features of ADSCs upon treatment with TCM, TGF-β,
and LPA. Scale bar = 100 μM
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Cell Viability

We found that TCM from MCF7 and MDA MB 231 cells in-
creased the viability of ADSCs after short-term (Day 4)
(Fig. 2a, c) and long-term treatment (Day 10) (Fig. 2b, d).
MCF7 TCM increased the viability to almost 1.95-fold, whereas
sFRP4 co-treatment decreased this to 1.46-fold (Fig. 2a).
Similarly, MDA MB 231 TCM increased viability to 1.81-fold
whereas, in the simultaneous presence of sFRP4, the viability
was reduced to 1.49-fold at 4 days (Fig. 2c). After 10 days of
MCF7TCM treatment, the viability ofADSCs increased to 2.42-
fold, whereas in the presence of sFRP4 the TCM-induced viabil-
ity was reduced to 1.82-fold (Fig. 2b). Likewise, MDAMB 231
TCM increased the viability to 1.73-fold, whereas co-treatment
with sFRP4 reduced the TCM-induced viability to 1.23-fold
(Fig. 2d). As compared to the effect of sFRP4 on viability reduc-
tion of control ADSCs, a ~2-fold greater reduction was observed
with the effect of sFRP4 on the viability of TCM-treatedADSCs.
We also performed cell viability assays with various TGF-β
doses at 2, 5, and 10 ng/mL, which resulted in an increase in cell
viability of ADSCs, followed by a reduction with the combina-
tion treatment of TGF-β and its inhibitor SB431542, after both 4-
day and 10-day treatments (data not shown).

The rise in cell viability is one of the characteristic features
that indicate the transformation of ADSCs into a tumour-
supportive phenotype. The supplementation of sFRP4 de-
creased the TCM-induced increase in the cell viability of

ADSCs, suggesting that sFRP4 downregulates the transfor-
mation of ADSCs into TAFs.

Expression of TAF-Associated Mesenchymal Markers

We found that TCM from MCF7 and MDA MB 231 cells
upregulated the expression of TAF-associated markers in
ADSCs. Using immunocytochemistry, we demonstrated that
MCF7 TCM upregulated the fluorescence signal for α-smooth
muscle actin (α-SMA) and vimentin after 10 days of treatment
in ADSCs (Fig. 3). However, sFRP4 inhibited theMCF7 TCM-
induced increase in the signal, thereby indicating a reduced
transformation (Fig. 3a, b). (Fig. 3c, d). The fluorescence inten-
sity of α-SMA increased to 3.94-fold with MCF7 TCM, which
was reduced to 2.73-fold in the presence of sFRP4 (Fig. 3a, c).
The fluorescence intensity of vimentin was increased to 10.54-
fold, which was reduced to 5.6-fold in the presence of sFRP4,
thereby indicating reduced transformation (Fig. 3b, d).

It was also found that the TCM derived from theMDAMB
231 cell line upregulated the transformation into TAFs by
increasing the expression of α-SMA and vimentin (Fig. 4b).
However, no difference was observed betweenMDAMB 231
TCM alone and MDA MB 231 TCM+ sFRP4 in terms of α-
SMA expression (Fig. 4a, c). The fluorescence intensity of
vimentin was increased to 2.60-fold when treated with MDA
MB 231 TCM alone, which was reduced to 2.22-fold in the
presence of sFRP4 (Fig. 4b, d).

Fig. 2 Cell viability of ADSCs
during transformation into TAFs.
ADSCs were treated with TCM
derived from MCF7 and MDA
MB 231 tumour cell lines
±250 pg/mL sFRP4 for the
indicated time durations. ADSCs
treated with MCF7 TCM and
sFRP4 at a Day 4, b Day 10.
ADSCs treated with MDA MB
231 TCM and sFRP4 at c Day 4,
and d Day 10
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Glucose Uptake Assay

ADSCs were treated with TCM treatments from MCF7 and
MDA MB 231 cells supplemented with and without sFRP4
for 4 days. It was observed that the treatments increased the
glucose uptake potential of ADSCs. However, there was no
difference in the glucose uptake rates when sFRP4 was added
to the TCM treatments (Fig. 5a, b).

Metabolic Flux Determination of TAFs Using Seahorse
Flux Analyser – Glycolysis Stress Test

The glycolytic profile of ADSCs during the glycolytic stress test
following treatments with MCF7 TCM and MDA MB 231
TCM is shown in Fig. 6a, f. It was observed that on Day 10 of
the treatment, TCM from MCF7 and MDAMB 231 stimulated
the glycolytic rate (Fig. 6b, g) and decreased the glycolytic

Fig. 3 Confocal immunofluorescent imaging of ADSCs in the presence
of MCF7 TCM. ADSCs treated with MCF7 TCM± 250 pg/mL sFRP4 at
Day 10. Expression of a α-SMA, b vimentin. Left panel of each image
shows a broad field of view captured using 10X objective and the right
panel shows a normal field of view captured using 10X objective of a

Nikon confocal microscope. c and d show quantitative measurement of
fluorescent intensity of α-SMA and vimentin respectively, measured
using the captured immunofluorescent images and analysed using
Image J software
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reserve of ADSCs (Fig. 6d, i). The increase in glycolytic rates
indicated the transformation of the metabolic phenotype of
ADSCs into a glycolytic profile, but no differences were ob-
served when the MCF7 TCM or MDA MB 231 TCM was
supplementedwith sFRP4 (Fig. 6b, g). No significant differences
were observed in the glycolytic capacity and non-glycolytic
ECAR in response to MCF7 TCM treatments (Fig. 6c, e, h, j).

The oxygen consumption rates (OCR) were also measured
after the 10-day treatments. The OCR, which reflects oxida-
tive phosphorylation was almost undetectable (data not

shown), which indicated the significant reliance of ADSCs
on glycolytic metabolism. However, when stimulated with
glucose, the TCM-treated cells increased their ECAR faster
and to a greater extent in comparison with the control ADSCs.

Discussion

Non-tumour cells in close proximity to the tumour have been
shown to be the origin of TAFs, which attain a pro-

Fig. 4 Confocal immunofluorescent imaging of ADSCs in the presence
of MDA MB 231 TCM. ADSCs treated with MDA MB 231 TCM±
250 pg/mL sFRP4 at Day 10. Expression of a α-SMA, b vimentin. Left
panel of each image shows a broad field of view captured using 10X
objective and the right panel shows a normal field of view captured

using 10X objective of a Nikon confocal microscope. c and d show
quantitative measurement of fluorescent intensity of α-SMA and
vimentin respectively, measured using the captured immunofluorescent
images and analysed using Image J software
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tumorigenic and aggressive phenotype, and have been shown
to promote cancer progression. Earlier studies have reported

the pro-tumorigenic properties of TAFs, as they are a rich
source of pro-tumorigenic and pro-angiogenic molecules

Fig. 6 Metabolic profile of ADSCs during transformation into TAFs.
ADSCs were treated with MCF7 TCM± 250 pg/mL sFRP4 and MDA
MB 231 TCM± 250 pg/mL sFRP4 for 10 days. Glycolytic profile of
ADSCs during glycolysis stress test by measuring the ECAR using the

Seahorse FluxBioanalyser following aMCF7TCM, and fMDAMB231
TCM treatments. b-e, and g-j are the glycolytic rates, glycolytic capacity,
glycolytic reserve, and non-glycolytic ECAR following MCF7 TCM and
MDA MB 231 TCM treatments respectively

Fig. 5 Glucose uptake rates of
ADSCs during transformation
into TAFs. ADSCs were treated
with a TCM derived from MCF7
± 250 pg/mL sFRP4, and b TCM
derived from MDA MB 231 ±
250 pg/mL sFRP4 for 4 days
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[19, 20]. TAFs have been recognised as a crucial constituent
of the tumour stroma and have been reported to promote tu-
mour development in a variety of different ways, such as
cancer growth, invasion, metastasis, therapeutic resistance,
angiogenesis, extracellular matrix remodelling, and metabolic
reprogramming [21]. In terms of their tumour-promoting
property, one study reported upregulated viability in tumour
cells when treated with conditioned medium from TAFs [22].
Another study showed that hepatocyte growth factor secreted
from TAFs enhanced breast tumour colony formation inMDA
MB 468 and SKBR3 breast cancer cells [23]. Conditioned
medium from oral squamous cell carcinoma cells has been
shown to transform stromal fibroblasts into myofibroblasts,
which further contributed to tumour development. The
transdifferentiation observed in these studies was attributed
to the secretion of TGF-β1 by the tumour cells [24, 25]. In
another study, the LPA present in A549 lung cancer cell CM
was shown to be responsible for inducing the differentiation of
ADSCs into TAFs, which was abrogated when the LPA re-
ceptor was silenced or when ADSCs were treated with the
LPA inhibitor Ki16425 [26].

Our study demonstrated a change in the morphology of
ADSCs as they were exposed to TCM treatments. Even
though the TCMwas serum-free, the ADSCs displayed strong
attachment to the culture surface, spindle-like shape, and ac-
cumulation of cytoplasmic stress fibres within the cells, which
are characteristic feature of myofibroblastic differentiation
[27]. Stress fibres are bundles of actin filaments that are
needle-shaped and involved in contractile activity of cells
[28]. The treatment of ADSCs using TGF-β and LPA, which
are known inducers of myofibroblast differentiation [2,
29–31], induced similar morphological changes and con-
firmed the transformation of ADSCs into a myofibroblast phe-
notype. Further, treatment with the TGF-β receptor inhibitor -
SB431542 confirmed that the myofibroblastic transformation
of ADSCs was preventable via inhibition of signal transduc-
tion pathways [2].

There was an increase in the viability of ADSCs as they
underwent transformation in the presence of MCF7 TCM and
MDAMB231 TCM. Indicative of their attainment of the TAF
phenotype, earlier studies have demonstrated that MSCs iso-
lated from tumour sites exhibited greater proliferative capacity
than naïve MSCs, such as the MSCs isolated from ovarian,
pulmonary [32], gastric [33], and prostate cancers [34]. This
could be attributed to the presence of proliferation-related
genes such as MDM2, p21, and zinc finger transcriptional
factor sal-like protein 4 [35]. However, these differences had
been delineated between normalMSCs and theMSCs isolated
from the tumour site. No previous studies have shown the
increase in viability of MSCs during their transformation into
TAFs in the presence of TCM derived from MCF7 and MDA
MB 231 cells during the transformation process at short-term
(Day 4) and long-term (Day 10) time-points. This is indicative

of their supportive role in tumour growth. It also validates that
MSCs are one of the precursor populations for TAFs.
Moreover, TCM was capable of ameliorating the effects
induced by serum deprivation of ADSCs. However, it
needs to be noted that the increase in cell viability of
ADSCs following MDA MB 231 TCM treatments was
similar after Day-4 and Day-10, which suggests the
maximum proliferative capacity of these cells had been
attained under these limiting conditions, such as the
absence of serum in the TCM treatments.

Further to the promoting activity of TCM, this study is the
first to demonstrate the role of the Wnt inhibitor sFRP4 in
reversing this transdifferentiation. The presence of sFRP4 re-
duced the TCM-induced increase in MSC viability at both the
short (Day 4) and long (Day 10) term treatments. This could
be attributed to the anti-tumorigenic and pro-apoptotic prop-
erty of sFRP4 reported earlier in various cell lines [14, 16, 18,
36, 37].

MSCs transforming into TAFs under the influence of
tumour-derived factors have been demonstrated to have
higher expression of mesenchymal markers [2, 6]. Similarly,
our immunofluorescence results demonstrated higher expres-
sion levels of α-SMA and vimentin when MSCs were treated
in the presence of TCM derived from MCF7 and MDA MB
231 cells. Assimilation of α-SMA in the stress fibres within
the cell is one of the characteristics of myofibroblast differen-
tiation, providing the cells with a higher contractile activity
[38, 39]. Further, we demonstrated that when sFRP4 was de-
livered simultaneously with TCM, there was a reduction in the
TCM-mediated increase in these marker expressions. This
could be correlated to the reduction in mesenchymal-specific
markers due to sFRP4 observed in various other cell lines [40,
41]. However, when sFRP4 was added to MDA MB 231
TCM, there was a decrease observed in only vimentin expres-
sion. Therefore, it indicates that sFRP4 is effective in targeting
another aspect of ADSCs transforming into TAFs by modu-
lating the mesenchymal-definingmarkers, although it depends
on the type of stimuli involved in the transformation.
However, the differences in the cell size, area, and viability
of ADSCs in response to these treatments should also be taken
into account when interpreting the fluorescence levels.

Further, in order to investigate any metabolic transforma-
tion of ADSCs into TAFs, a glucose uptake assay was per-
formed. It was observed that after 4 days of undergoing TCM
treatment, the ADSCs upregulated their glucose uptake rates.
According to the ‘Warburg effect’ [42], a higher glucose up-
take is observed in cancer cells during aerobic glycolysis.
These results suggest that the tumour microenvironment was
successful in reprogramming the normal metabolic functions
of ADSCs, forcing the ADSCs to bear a highly glycolytic
phenotype with higher glucose uptake. This would permit
higher production of lactate and other energy-rich metabolic
intermediates such as pyruvate, which could be utilised by the
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tumour cells to provide precursors for macromolecules essen-
tial for their growth. However, the potential differences that
occur in cell viability with the treatments also need to be
accounted for.

Next, the glycolytic activity was assessed using Seahorse
flux analysis. It was found that when ADSCs were treated
with TCM from MCF7 and MDA MB 231 cells, there was
an upregulation in their basal glycolytic rates. This suggests
that, when exposed to TCM, the ADSCs are more
glycolytically driven than the control ADSCs, and echoes
the results for the glucose uptake assay above. The control
ADSCs appeared glycolytically inactive, with a delayed in-
crease in their ECAR only after 60min following the initiation
of the glycolysis stress test. During this lag phase, whether the
control ADSCs opted for mitochondrial respiration for their
energy production was also determined by measuring their
OCR. It was found that the control ADSCs did not increase
their OCR, indicating that the control ADSCs chose to remain
metabolically dormant (data not shown). Following this
metabolically dormant phase, control ADSCs exhibited a
late increase in their ECAR at 60 min after the addition
of oligomycin, (an ATP synthase inhibitor), which shuts
off mitochondrial oxidative phosphorylation and drives
cells to use glycolysis to their maximal capacity.
Therefore, it appears that the control ADSCs responded
by a switch to glycolytic activity only after they were
forced to do so, and this resulted in a late increase in
their ECAR. On the other hand, ADSCs treated with
TCM responded immediately to glycolytic stimulation,
with a rapid and large increase in ECAR following ex-
posure to glucose, and thereafter with oligomycin, indi-
cating that the metabolic capability of the conditioned
cells remained greater.

However, the control ADSCs and TCM-treated ADSCs
exhibited no significant difference in their glycolytic capacity.
This could be due to the delayed ECAR increase observed in
control ADSCs resulting in generating a higher glycolytic
capacity, which was almost similar to the glycolytic capacity
of TCM-treated ADSCs. The next parameter measured was
the glycolytic reserve, which is the difference between glyco-
lytic rates and glycolytic capacity. Although the control
ADSCs exhibited low glycolysis rates, their late increase in
ECAR resulted in a glycolytic capacity similar to the TCM-
treated ADSCs, resulting in a higher glycolytic reserve mea-
sure. On the other hand, the TCM-treated ADSCs displayed
higher glycolytic rates followed by a similar glycolytic capac-
ity as compared to the control ADSCs, resulting in a reduced
glycolytic reserve measure.

Hence, it needs to be noted from these results that even
though the conditions were serum-free, TCM-treated
ADSCs appeared to be more metabolically-responsive and
glycolytically-driven as compared to the control ADSCs.
The tumour-derived factors present in the TCM protected

the ADSCs from reverting into a metabolically dormant state.
Overall, the findings from the Seahorse flux analysis could be
also linked to the increased glucose uptake by the ADSCs
when treated with TCM for 4 days as compared to the control
ADSCs, observed using the glucose uptake assay. This also
correlates with earlier studies indicating the metabolic transi-
tion towards aerobic glycolysis in TAFs, attributed to the ‘re-
verse Warburg effect’ induced by the tumour environment on
the surrounding non-tumour cells, resulting in the production
of energy-rich metabolic intermediates that are in turn used by
tumour cells for their growth [43, 44]. However, sFRP4 did
not further affect the metabolic activity of TCM-treated
ADSCs, with no changes in their glucose uptake rates, glyco-
lytic rates, glycolytic activity, and glycolytic reserve. Our find-
ings are similar to a previous study that reported no change in
metabolic parameters such as ATP turnover, glucose
utilisation, basal OCR, maximum respiration, and spare respi-
ration capacity in JU77 mesothelioma cells in response to
sFRP4 treatment [18].

So far, TGF-β signalling has been found to be a key path-
way in promot ing t ransformat ion of MSCs into
myofibroblasts and has been shown to be involved in their
metabolic reprogramming towards increased glycolysis [45].
Another study has delineated the mechanism underlying the
metabolic transition, where it was demonstrated that a down-
regulation of isocitrate dehydrogenase-3α enzyme occurred,
which further reduced α-ketoglutarate, leading to
destabilisation of hypoxia inducible factor-1α and thereby
upregulation of glycolysis [46].

In previous studies it has been shown that sFRP4 inhibits
mesenchymal marker and β-catenin expression by targeting
the Wnt signalling pathway [47]. However, no studies so far
have shown the presence of Wnt being secreted in the TCM,
which needs to be further investigated. Nevertheless, it is
known that the tumour cells secrete various growth factors
into their conditioned medium that may influence several sig-
nalling pathways. One of the previous studies on TCM de-
rived from breast cancer cells reported the presence of secreted
TGF-β1 in TCM. In the study, bothMDAMB 231 andMCF7
cells have been shown to secrete a significant amount of
TGFβ1 into the medium after 24 h and 48 h conditioning
duration [2]. Further, inhibition of TGFβ1 signalling reduces
mesenchymal marker expression in ADSCs [2]. In addition, it
has already been demonstrated by several studies that TGFβ
signalling crosstalks with the Wnt signalling pathway. TGFβ
has been shown to cause an increased accumulation and trans-
location of β-catenin into the nucleus of various cell types,
indicating that both the TGFβ and the Wnt signalling path-
ways possess the ability to crosstalk with each other [9–12].
Moreover, another study showed that the canonical Wnt an-
tagonist Dickkopf-1 rescued TGFβ-induced skin fibrosis [13].
Hence, in accordance with the established findings, we as-
sume that sFRP4 may be blocking the TCM activity either
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through the Wnt signalling pathway or through establishing
crosstalk with other signalling pathways such as the TGFβ-
driven pathway.

Overall, this study has demonstrated the role of ADSCs in
their possible transformation towards a pro-tumorigenic phe-
notype and their partial regulation by sFRP4. Factors from the
TCM exerted a protective effect on ADSCs by preventing
their reversion into a morphologically, functionally, and met-
abolically less active state, as seen in control ADSCs.
Although being serum-free, the TCM applied a promoting
activity on ADSCs by increasing their viability rates and mes-
enchymal marker expression, and making the cells more gly-
colytic. The Wnt antagonist sFRP4 controlled the transforma-
tion of ADSCs by reducing the viability and marker expres-
sions induced by the TCM. However, sFRP4 had no role in
regulating the metabolic switch driving the ADSCs towards a
glycolytic phenotype upon exposure to TCM. This study be-
comes clinically important because TAFs are a major focus for
targeted cancer therapy, where their origin and specific char-
acteristics are being targeted.
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