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ABSTRACT
Tumours exhibit a heterogeneous mix of cell types that reciprocally regulate their growth in
the tumour stroma, considerably affecting the progression of the disease. Both adiposederived mesenchymal stem cells and Wnt signalling pathway are vital in driving breast
tumour growth. Hence, we examined the effect of secreted factors released by adiposederived mesenchymal stem cells, and further explored the anti-tumour property of the Wnt
antagonist secreted frizzled-related protein-4 on MCF-7 and MDA-MB-231 breast tumour
cells.
We observed that conditioned medium and extracellular matrix derived from adipose-derived
mesenchymal stem cells inhibited tumour viability. The inhibitory effect of the conditioned
medium was retained within its low molecular weight and non-protein component. The
conditioned medium also induced apoptosis accompanied by a decrease in the mitochondrial
membrane potential in tumour cells, Furthermore, it downregulated the protein expression of
active β-catenin and Cyclin D1, which are major target proteins of the Wnt signalling
pathway, and reduced the expression of anti-apoptotic protein Bcl-xL. The combination of
conditioned medium and sFRP4 further potentiated the effects, depending on the tumour cell
line and experimental assay.
We conclude that factors derived from conditioned medium of adipose-derived mesenchymal
stem cells and sFRP4 significantly decreased the tumour cell viability and migration rates
(MCF-7), accompanied with an enhanced apoptotic activity through inhibition of canonical
Wnt signalling. Besides giving an insight to possible paracrine interactions and influence of
signalling pathways, reflective of a breast tumour microenvironment, this study emphasizes
the utilization of cell free-secreted factors and Wnt antagonists to improve conventional anticancer strategies.
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1. Introduction
Breast cancer is the most common cancer diagnosed in women worldwide and is the leading
cause of cancer-related death in women (Jemal et al., 2011). In Australia, 1 in 8 women have
had breast cancer by 85 years of age. Emerging evidence suggest that the tumour cells and
non-tumour cells are components of a close-knit cellular network influencing the progression
of tumour growth. Amongst the non-tumour cells, adipose-derived mesenchymal stem cells
(ADSCs) are an important cell population present within breast adipose tissue (Karnoub et
al., 2007; Liu et al., 2011; Martin et al., 2010; Molloy et al., 2009). Our study will provide
important information on the crosstalk between ADSCs and tumour cells occurring within the
breast tumour microenvironment.
The intrinsic inhibitory effect of mesenchymal stem cells (MSCs) on tumour growth has been
demonstrated with respect to various tumour cell lines such as breast cancer (Clarke et al.,
2015), glioblastoma (Dasari et al., 2010; Ho et al., 2013; Yang et al., 2014), liver cancer
(Qiao, Xu, Zhao, Ye, & Zhang, 2008), pancreatic cancer (Kidd et al., 2010), prostate cancer,
colon cancer (Ohlsson et al., 2003), myeloma (Ciavarella et al., 2012), sarcoma (Khakoo et
al., 2006), and lymphoma (Secchiero et al., 2010). Some of the anti-tumour effects
contributed by MSCs have been attributed to the secreted factors released by them (Madrigal,
Rao, & Riordan, 2014). Conditioned medium derived from various sources of MSCs
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demonstrated anti-tumour activity against various solid tumour types (Ahn et al., 2015; Cho
et al., 2009; Cortes-Dericks et al., 2016; Ryu et al., 2014; Widowati et al., 2015). We
examined the effect of secreted components present in the ADSC-conditioned medium
(ADSC-CM) and their effect in combination with the Wnt antagonist secreted frizzled-related
protein-4 (sFRP4) may generate enhanced anti-tumour activity in breast cancer cells.
Amongst the various signalling pathways that influence breast cancer progression, a Wnt
signalling pathway is thought to play a key role (Gillett et al., 2001; Jang et al., 2015;
Khramtsov et al., 2010; King et al., 2012; Lacroix-Triki et al., 2010; Lin et al., 2000; LopezKnowles et al., 2010; Xu et al., 2015). APC truncation accompanied with β-catenin
upregulation has been reported in the breast cancer cell line DU-4475 (Schlosshauer et al.,
2000). Since Wnt signalling and Wnt antagonists play a key role in cancer progression, we
hypothesised that inhibition of Wnt signalling using the Wnt antagonist secreted frizzledrelated protein 4 (sFRP4) would render the breast cancer cells more sensitive to
chemotherapy. SFRP4 has previously been demonstrated by our laboratory and other groups
to possess pro-apoptotic, anti-angiogenic, and anti-tumorigenic properties, the loss of which
has been attributed to an aggressive phenotype in several cancer models (Drake et al., 2003;
Jacob et al., 2012; Lacher et al., 2003; Muley et al., 2010; Saran et al., 2012; Wolf et al.,
1997). SFRP4 was also shown to inhibit oestradiol-mediated proliferation of MCF-7 breast
tumour cells via inhibition of the Wnt signalling pathway (Berry et al., 2014; McLaren et al.,
2014).
Therefore in our study, we have performed experiments to determine the effect of ADSC-CM
on the various growth parameters of tumour cell lines, both in the presence and absence of
sFRP4. We have also determined the effect of insoluble extracellular matrix derived from
ADSCs on tumour cell viability. Results from these experiments may indicate the extent of
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crosstalk that exists between the tumour cells and ADSCs under physiological conditions and
the extent of Wnt pathway-mediated regulation on the crosstalk.
2. Materials and Methods
2.1. Cell Culture
ADSCs isolated from lipoaspirate of non-diabetic patients undergoing elective liposuction
surgery were purchased from Lonza (Basel, Switzerland) and cultured in RPMI (SigmaAldrich, St. Louis, MO, USA) containing 10% heat-inactivated foetal bovine serum (FBS)
(Bovogen Biologicals, Melbourne, VIC, Australia) and 1% Penicillin-Streptomycin (PS)
antibiotics (Hyclone Laboratories Inc, South Logan, Utah, USA). Breast tumour cell lines
MCF-7 and MDA MB-231 were purchased from ATCC and cultured in the same medium as
above. All cell types were cultured at 37oC in the presence of 5% CO2. ADSCs were used
within passages 2-8, whereas tumour cell lines were used at later passages >P10.
2.2 Harvest of conditioned medium from ADSCs (ADSC-CM)
ADSCs were cultured in T25 or T75 flasks to attain around 80% confluency, following which
the growth medium containing 10% FBS was removed. The ADSCs were given 2 PBS
washes and rinsed with serum-free RPMI. Following the washes, 4mL and 12mL of fresh
serum-free RPMI containing 1% PS was added for conditioning into T25 and T75 flasks
respectively. Initial screening of conditioned medium harvested at various time-points was
undertaken for its effect on tumour cell viability. The conditioned medium obtained at 48 hr
demonstrated maximum reduction in tumour cell viability, which will be hereafter
abbreviated as ADSC-CM, and was utilised for subsequent assays. ADSC-CM was harvested
for centrifugation at 2000g for 10 minutes, followed by membrane filtration (0.22µ filters) to
remove any cell debris, and was used immediately at 100% concentration (undiluted) for
further experiments.
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2.3. Characterisation of ADSC-CM by molecular weight cut-off (MWCO) filtration
To characterise the ADSC-CM, we used molecular weight cut off (MWCO) filters to
fractionate the <30kDa and >30kDa ADSC-CM fractions. 30kDa was selected as the cut-off
point to determine if the sFRP4-containing fraction (sFRP4 molecular weight = 50kDa) of the
ADSC-CM was responsible for the inhibitory effect observed. The flow-through of ADSCCM obtained after filtration contained the <30kDa fraction and was used to perform cell
viability assays to determine if this fraction still retained the inhibitory effect. Additionally,
another set of molecular fractionation was also performed using the 3kDa MWCO filter,
resulting in the <3kDa flow through and the >3 kDa retentate (reconstituted in equal volume
of fresh serum-free RPMI) that was used to treat tumour cells to determine their effects on
tumour cell viability.
2.4. Characterisation of ADSC-CM by inactivation of protein component of ADSC-CM
To determine whether the inhibitory effect of ADSC-CM was originating from the protein or
non-protein component of the CM, it was subjected to denaturing conditions at 95oC for 5
minutes and then ADSC-CM was cooled down to room temperature prior to its addition to
the tumour cell lines. A cell viability assay was performed using the tumour cell lines to
identify if the inhibitory effect was retained in the denatured heat-inactivated ADSC-CM (HIADSC-CM). Further, the protein component of ADSC-CM was inactivated by enzymatic
methods using protease digestion (proteinase K, protease, and trypsin) followed by its
inactivation using heat or chemical inhibitors such as the soybean trypsin inhibitor (STI).
2.5. Recombinant sFRP4 Protein
Recombinant sFRP4 protein (Cat No: 1875-SF-025 R&D Systems, Inc., Minneapolis, MN,
USA) was exogenously added to the cells at a dose of 250pg/mL, which was previously
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validated by our laboratory (Muley et al., 2010; Perumal et al., 2016; Warrier, Balu, Kumar,
Millward, & Dharmarajan, 2013), and the treatment durations are as indicated for each
experiment.
2.6. Cell viability assay for adherent cells
Cell viability was measured by absorption spectrophotometry using methyl thiazolyl
tetrazolium (MTT) reagent (Sigma-Aldrich, St. Louis, MO, USA) at 5mg/mL concentration.
Tumour cells were seeded at 5000 cells/well in a 96 well plate and left to adhere overnight
onto the tissue culture-treated plate surface. On the next day, the growth medium was
removed and respective treatments with ADSC-CM in the presence and absence of sFRP4
were performed for 24, 48, and 72 hr durations.
Alternatively, short overnight pre-treatments were performed using sFRP4, after which the
medium was replaced with ADSC-CM or non-conditioned control medium to determine
whether sFRP4 was able to sensitise the tumour cells to a subsequent ADSC-CM treatment.
After the indicated treatments and durations, 10µL of MTT (5mg/mL) was added to 100µL
medium for 4 hr incubation at 37oC. The formed formazan crystals were dissolved in 100µL
DMSO. The absorbance was measured at 555nm using a plate reader (Enspire multimode,
Perkin Elmer, Waltham, MA, USA), and corresponded to the number of viable cells.

2.7. Migration assay
A scratch was made using a 200µL sterile tip on a 90% confluent well of tumour cells
cultured in a 6 well plate and then rinsed with PBS to remove cell debris. Following this,
respective treatments with ADSC-CM, HI-ADSC-CM, MWCO fractions of ADSC-CM, and
co-treatment with sFRP4 were performed and images of the scratch were captured using an
inverted microscope (Nikon Instruments Inc, Melville, NY, USA) before and after treatment
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at 0 hr (T0) and 24 hr (T24). The width of the gap was measured at T0 and T24 using Image J
software, and the distance migrated was calculated using T0-T24. Further, to confirm the
effect of ADSC-CM on solely the migratory activity, mitomycin-C (MMC) treatment was
performed prior to treatment with ADSC-CM.
2.8. Mitochondrial membrane depolarisation assay
A JC1 assay was performed to detect early events of apoptosis occurring after treatment with
ADSC-CM on the tumour cell lines. Briefly, after 72 hr treatment of tumour cells with
ADSC-CM in the presence and absence of sFRP4 in a black 96 well plate, the medium was
replaced with fresh medium and the JC1 dye (Cayman Chemical, Ann Arbor, MI, USA) was
added at 10µL/100µL of medium in a 96 well plate. The cells were incubated for 30 minutes
at 37oC. After the incubation period, the cells were centrifuged to remove the supernatant and
then subjected to two washes with assay buffer to remove any excess unbound dye.
Immediately after the washes, the fluorescence emitted was measured using a plate reader
(Enspire multimode, Perkin Elmer, Waltham, MA, USA). JC1 aggregates formed in healthy
cells fluoresce red, and were detected by fluorescence with excitation/emission wavelengths
of 535nm/595nm; the JC1 monomers present in apoptotic cells fluoresce green, and were
detected at excitation/emission wavelengths of 485nm/535nm. A low red:green ratio is
indicative of mitochondrial depolarisation, and hence, their entry into apoptosis.
2.9. Caspase 3/7 assay
Tumour cells were treated with ADSC-CM in the presence and absence of sFRP4 for 72 hr in
a 6 well plate, and after treatment, the cells were harvested to prepare cell lysates. The assay
was performed as per the manufacturer’s instructions (Enzcheck® Caspase-3 Assay kit #2, ZDEVD-R110 substrate; Thermo Fisher Scientific, Waltham, MA, USA). Briefly, cells were
lysed and the lysate was centrifuged to remove cell debris. Following centrifugation, 50µL of
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the cell lysate was transferred to a black 96 well plate and 50µL of 2X substrate working
solution was added to the wells. The plate was incubated at room temperature for 30 minutes
and the fluorescence emitted was measured using a plate reader (Perkin Elmer, Waltham,
MA, USA) at excitation/emission wavelengths of 496nm/520nm respectively. The
fluorescence emission corresponded to the levels of caspase 3/7 enzyme generation in the
cells.
2.10. Western blot analysis
Tumour cells were plated in 6 well plates and respective treatments were performed with
ADSC-CM in the presence and absence of sFRP4 for 72 hr. Following treatment, the cells
were lifted with a cell scraper and centrifuged at 2000rpm for 5 minutes to obtain a cell
pellet. After discarding the supernatant, the cell pellet was re-suspended in RIPA cell lysis
buffer containing proteinase phosphatase inhibitor cocktail and 1mM phenylmethanesulfonyl
fluoride. The protein concentration of cell lysate was measured by BCA Assay, and 10-15µg
protein was loaded per lane of SDS-PAGE for immunoblotting. The proteins on the gel were
transferred to a nitrocellulose membrane using a wet transfer protocol for 1 hr. The
membrane was blocked at room temperature for 1 hr using 5% non-fat dry milk powder
prepared in 1xPBS containing 0.1% Tween-20 (PBST). Primary antibodies at 1:1000
concentration (Cyclin D1, Bax, Bcl-xL, active β-catenin, and β-actin; Cell Signaling
Technology, Danvers, MA, USA) were prepared in 5% bovine serum albumin in 1xPBST,
and added to the membrane and left to incubate overnight on a shaker at 4oC. Secondary
antibody was added the next day at 1:2000 concentration and incubated for 1 hr at room
temperature on a shaker. After blocking, primary antibody incubation, and secondary
incubation steps, 4-5 washes (5 minutes each) were performed on the membrane using PBST.
The membrane was developed using reagents for enhanced chemiluminescence and imaged

9

using the BioRad Gel Documentation system. The bands observed were quantitated by
densitometry using the BioRad Image lab software.
2.11. Treatment with ADSC-derived extracellular matrix (ECM)
The ADSCs were seeded at confluent densities in a 96 well plate (10,000-15,000 cells/well)
and were allowed to grow and secrete ECM for up to 3 days. On Day 3, the ADSCs were
decellularised in order to obtain the ADSC-derived ECM. For decellularisation, the ADSCs
were treated with 20mM ammonium hydroxide and 0.5% Triton-X 100 reagent for 2-3
minutes and thereafter rinsed thrice with ice-cold PBS to remove any cell debris.
Decellularisation was confirmed by performing DAPI staining.
After the decellularisation, the tumour cells were seeded (at 5000 cell/well) onto the ADSCsecreted ECM in a 96 well plate and allowed to grow on this matrix. As a control, tumour
cells were grown on a normal tissue culture-treated surface. Treatments were performed in
the presence and absence of sFRP4. MTT cell viability assay was performed as indicated
above at the 72 hr time-point.

2.12 Data analysis
Experiments were performed in multiple biological replicates (n≥3). The mean values ± SEM
were determined and the statistical significance was calculated using Student’s t-test to
compare between the values of treatment conditions against untreated controls (indicated by
*) and between 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
Microsoft PowerPoint software was used to grayscale the images and to prepare the figures.

3. Results
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3.1. Effect on cell viability of tumour cell lines
ADSC-CM decreased the cell viability of both breast tumour cell lines MCF-7 and MDAMB-231 as indicated by the MTT cell viability assays after 24 hr, 48 hr, and 72 hr of
treatment (Fig. 1). A dose response was also performed on both tumour cell lines using the
undiluted and partially diluted ADSC-CM at different dilutions ranging from 100%, 75%,
50%, and 10% (Supplementary fig. 1). ADSC-CM was used at 100% undiluted concentration
for all the assays. Further, we found that when the ADSC-CM was combined with exogenous
addition of the Wnt antagonist sFRP4, it resulted in a significant further reduction in the cell
viability across all 3 time-points in MCF-7 cells (Fig. 1). In MDA-MB-231 cells, a significant
further reduction in their viability was observed when ADSC-CM was combined with sFRP4
treatment for 72 hr as compared to ADSC-CM alone (Fig. 1).
Apart from the 48 hr CM, which is referred to as ADSC-CM, conditioned medium was also
harvested from ADSCs at other time-points such as after 3 hr, 12hr, and 24hr of conditioning
and its effect on tumour cell viability was determined (Supplementary fig. 2).
3.2. Characterisation of ADSC-CM by molecular weight fractionation
The inhibitory effect elicited by ADSC-CM prompted us to investigate which components of
the CM contributed to the effect. We performed molecular fractionation and heat
denaturation studies to investigate the properties of ADSC-CM. We found that the inhibitory
effect contributed by the whole ADSC-CM was retained in the <30kDa of the ADSC-CM
(Fig. 2A) as well as within the <3kDa fraction (Supplementary fig. 3). However, the desalted
ADSC-CM (reconstituted retentate containing the >3 kDa fraction) did not cause an
inhibitory effect on tumour cells. The morphology of tumour cells treated with the MWCO
filtration-fractions of ADSC-CM has been included in Supplementary fig. 4.
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3.3. Characterisation of ADSC-CM by inactivation of its protein component
We also found that the reduction in cell viability of the tumour cells was still present when
treated with denatured ADSC-CM (Fig. 2B). Altogether, these data suggest that ADSC-CM
possesses anti-tumour activity in its low molecular weight (<30kDa and <3kDa) and heat
stable fraction, and therefore is likely contributed by the non-protein component of the
ADSC-CM. As seen in Supplementary fig. 5, protease treatment of ADSC-CM at various
doses of protease enzyme still retained residual protease activity that resulted in detachment
of adherent tumour cells from the tissue culture surface. However, trypsin at 1:20
concentration followed by its inactivation using STI at 400µg/mL was performed
successfully and the results are shown in Supplementary fig. 6. The inhibitory activity was
still retained in the trypsin-digested fraction of ADSC-CM as compared to trypsin-digested
control medium on MDA-MB-231 cells (Supplementary fig. 6). The morphology of tumour
cells treated with HI-ADSC-CM and protease/trypsin-digested ADSC-CM has been included
in Supplementary fig. 4.
3.4. Effect on migration of tumour cell lines
In order to determine if the inhibitory activity of ADSC-CM extended towards other aspects
of tumour growth such as tumour cell migration, we performed a scratch wound assay and
measured the amount of gap closure following treatment with ADSC-CM. We found that the
ADSC-CM had a significant effect on reducing the migratory ability of the MCF-7 cells (Fig.
3A and C) but not that of the MDA-MB-231 cells (Fig. 3B and C). Further, co-treatment of
ADSC-CM with sFRP4 was also observed to decrease the migratory capacity of MCF-7 cells
(Supplementary fig. 7). Moreover, the inhibitory activity of ADSC-CM was retained on
MCF-7 cells when treated in the presence of HI-ADSC-CM as well as with <3kDa fraction of
ADSC-CM (Supplementary fig. 8, 9). Such inhibitory effects were not observed in MDA MB
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231 cells with co-treatment of ADSC-CM with sFRP4, HI-ADSC-CM, and <3kDa fraction of
ADSC-CM. The inhibitory effects on MCF-7 migration were independent of its inhibitory
effect on their cell viability, as the inhibition was retained even in the presence of mitomycinC (Supplementary fig. 7, 8, 9).
3.5. Effect on the mitochondrial membrane potential of tumour cell lines
We tested the effect of ADSC-CM on the mitochondrial membrane potential of the tumour
cell lines and found that ADSC-CM caused depolarisation in both tumour cell lines, detected
by a dramatic reduction in the mitochondrial membrane potential in MDA-MB-231 cells
when compared to MCF-7 cells (Fig. 4A). However, there was no further depolarisation
when the tumour cell lines were exposed to any of the combination treatments involving
ADSC-CM and sFRP4 (Fig. 4A).
3.6. Effect on the caspase 3/7 activity of tumour cell lines
After detecting mitochondrial depolarisation upon treatment with ADSC-CM, we
investigated its effect on caspase 3/7 enzyme activity in the tumour cell lines. We found that
the caspase 3/7 levels were significantly upregulated upon treatment with ADSC-CM in
MCF-7 cell line whereas in MDA-MB-231 cell line, there was only a 6% increase in caspase
3/7 activity following ADSC-CM treatment (Fig. 4B). Caspase 3/7 activity was not further
upregulated during combination treatments with sFRP4 in MCF-7 cell line, whereas there
was a 15% increase observed in MDA MB2 31 cell line following combination treatment of
ADSC-CM with sFRP4 (Fig. 4B). Between the two tumour cell lines, it needs to be noted
that the caspase 3/7 levels were higher in MCF-7 cells compared to MDA-MB-231 cells.
3.7. Effect on protein expression of tumour cell lines
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To further investigate the effect of ADSC-CM on tumour cells, we performed protein
expression profiling for proteins involved in Wnt signalling, proliferation, and apoptosis. We
found that ADSC-CM, sFRP4, and the combination of ADSC-CM and sFRP4 were effective
in decreasing the active β-catenin levels in both tumour cell lines after 72 hr treatment (Fig.
5A, B). A further significant reduction in active β-catenin was observed only in MCF-7 cells
when a combination of ADSC-CM and sFRP4 was used (Fig. 5A). We also measured the
levels of the apoptosis-associated proteins Bax and Bcl-xL and found that the levels of
Bcl-xL were significantly reduced with ADSC-CM, sFRP4, and after combination treatments
in MCF-7 and MDA-MB-231 cells (Fig. 5C, D). There was also an increasing trend (but
statistically insignificant) observed in Bax protein expression with the treatments in both
tumour cell lines (Data not shown). To determine the effect of ADSC-CM on a Wnt target
gene involved in proliferation, we conducted Western blotting the levels of cyclin D1 protein
expression. We detected a decrease in Cyclin D1 levels in MCF-7 cells with the ADSC-CM,
sFRP4, and the combination treatments (Fig. 6A). In the MDA-MB-231 cell line, there was a
decrease (statistically insignificant) in Cyclin D1 levels with ADSC-CM treatment alone,
which decreased significantly following sFRP4 treatment (Fig. 6B). However, the
combination treatment using ADSC-CM and sFRP4 did not further decrease the Cyclin D1
level in MDA-MB-231 cells (Fig. 6B).
3.8. Effect of ADSC-Extracellular Matrix (ADSC-ECM) on tumour cell viability
We observed a decrease in cell viability of the tumour cells when grown on the surface
coated with extracellular matrix derived from ADSCs (Fig. 7A). A reduction in cell viability
was seen in both tumour cell lines at the 72 hr time-point (measured using MTT cell viability
assay). When tumour cells were exposed to a combination treatment, i.e. grown on ADSC-
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ECM surface and supplemented with sFRP4, there was no further upregulation in the
inhibitory activity as compared to ADSC-ECM treatment alone (Fig. 7A).

4. Discussion
MSCs are gaining much clinical attention for their potential applications in regenerative
medicine and cell-based therapies. The clinical applications of MSCs in developing novel
anti-cancer therapeutics are based on their tumour-specific homing property, followed by
either exploiting their inherent anti-tumour properties (Dasari et al., 2010; Ho et al., 2013;
Khakoo et al., 2006; Kidd et al., 2010; Ohlsson et al., 2003; Qiao et al., 2008; Secchiero et
al., 2010) or by utilising their potency to be used as vehicles for delivery of anti-cancer agents
at the tumour site (J. o. Ahn et al., 2013; Cavarretta et al., 2010; Ciavarella et al., 2012;
Kucerova, Altanerova, Matuskova, Tyciakova, & Altaner, 2007; Kucerova et al., 2008; M.
Studeny et al., 2002; Matus Studeny et al., 2004). A previous study also demonstrated MSCs
as a delivery vehicle for the Wnt antagonist sFRP2, which successfully inhibited regrowth of
castrate-resistant prostate cancer (Placencio, et al., 2010). Compared to other sources of
MSCs, those derived from human fat (ADSCs) possess the distinct advantages of being easily
accessible, requiring only minimally invasive surgery, and having higher proliferation rates
(Li et al., 2015), which further facilitate their use in anti-cancer therapies.
Since ADSCs are the closest possible source of MSCs present within the breast, they could be
the first and major cell population interacting with breast tumour cells. Before considering
ADSCs for clinical applications to target cancer, it is imperative to understand the interaction
between naïve ADSCs and breast tumour cells. Hence, our study aimed to investigate if the
ADSC-derived factors possessed any anti-tumour activity and to examine the signalling
events associated with it.
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Our study has demonstrated the anti-tumour activity of ADSC-CM on various aspects of
breast tumour cell behaviour. First, we observed that ADSC-CM exhibited significant
cytotoxic effects in MCF-7 and MDA-MB-231 cells. This is in accordance with previous
studies demonstrating a decrease in tumour cell viability following treatment with ADSCs or
factors derived from them (Cousin et al., 2009; Takahara et al., 2014; Yu et al., 2015).
Furthermore, we observed that the combinatorial treatment using sFRP4 and ADSC-CM
resulted in an improved cytotoxic effect on both tumour cell lines. Previous studies have
reported the role of Wnt antagonists in reducing viability in various tumour types (Horvath et
al., 2007; Kahlert et al., 2015; Saran et al., 2012). However, our study is the first to report the
combined use of sFRP4 with ADSC-derived factors to target breast cancer.
Although CM derived from MSCs has demonstrated anti-tumour activity in various tumour
cell lines, the nature of the anti-tumour component present within the CM remains unclear.
Furthermore, other studies have reported an increase in tumour forming behaviours from
paracrine activity of MSCs in different cancer models (Hung et al., 2007; Karnoub et al.,
2007; Zhang et al., 2013). Hence, in the current study, we further investigated the anti-tumour
effects contributed by ADSC-CM by studying the role of various components within the
ADSC-CM responsible for their effect in two phenotypically different breast tumour cell
lines. We observed that ADSC-CM retained its anti-tumour activity even in its low molecular
weight fraction (<30kDa). A few reports suggest that low molecular weight biomolecules
present within the CM derived from MSCs are responsible for their tumour inhibitory activity
(Cortes-Dericks et al., 2016; Ryu et al., 2014). Further, we also performed the molecular
fractionation of ADSC-CM using 3kDa MWCO filters and measured tumour cell viability in
the presence of <3kDa and >3kDa ADSC-CM fractions. It was observed that the <3kDa
fraction of ADSC-CM still retained the inhibitory activity while the >3kDa (retentate yielded
after molecular fractionation reconstituted in serum-free RPMI at equal volumes as ADSC16

CM) did not impose an inhibition on tumour cell viability. This shows that the inhibitory
activity of the ADSC-CM was retained within its <3kDa fraction. However, the presence of
increasing salt concentrations in the ADSC-CM and its involvement in inducing cell death
could not be excluded.
This led us to explore the metabolic profile of the anti-tumour components in order to
elucidate whether it was a protein or a non-protein-based biomolecule. Our results showed
that the cytotoxic effect of ADSC-CM was still retained on both tumour cell lines in spite of
denaturing the protein components, making it clear that the effects were mediated by a nonprotein component present within the ADSC-CM. Similar results were obtained on MDAMB-231 cells when the protein components of ADSC-CM was digested using trypsin
treatment followed by its inactivation using STI. The non-protein molecules secreted into the
CM could be biomolecules belonging to the category of lipids, nucleic acids, microvesicles or
exosomes, which needs to be further defined. Nonetheless, it could also be due to the
retention of intrinsically disordered protein (IDP) molecules in the CM, which are
unstructured proteins lacking an ordered three-dimensional structure even in non-denaturing
conditions and merely possess an intact primary structure. Denaturation normally targets
folded structures, and hence, IDPs could potentially survive denaturation and remain
functionally active. A previous study suggests that IDPs account for 10% of the secreted
proteins (Dirndorfer et al., 2013). However, it will need to be further elucidated if these
molecules are secreted by ADSCs and whether they play a role in modulating the ADSC-CM
activity.
Next, we determined whether the anti-tumour activity of ADSC-CM extended to other
parameters of tumour growth. Since the migratory property of tumour cells forms the basis
for their invasiveness and metastasis, we investigated the effect of ADSC-CM to combat it.
We found that MCF-7 cells were highly responsive to ADSC-CM, its MWCO fractions, HI17

ADSC-CM, and their co-treatment with sFRP4 resulting in their reduced migratory activity
(Fig. 3, and Supplementary figure 7, 8, 9), but surprisingly, the ADSC-CM as well as the
other treatments groups did not have any effect on the MDA-MB-231 cells (Fig. 3). MDAMB-231 cells belong to the category of triple negative breast cancer, which are known to be
highly aggressive and invasive (Gordon et al., 2003; Hunakova et al., 2009; Nagaraja et al.,
2006), thereby accounting for their superior migratory potential as compared to other breast
tumour cell lines. The heightened metastatic ability of these cells could be attributed to their
unresponsiveness to ADSC-CM, resulting in an unchanged migration rate.
Having observed a decrease in the cell viability of the tumour cell lines, we further explored
the underlying mechanisms. We found that the ADSC-CM destabilised the apoptotic
machinery of both tumour cell lines at various stages of apoptosis. Mitochondrial
depolarisation is one of the initial events occurring during apoptosis, which in turn triggers a
cascade of downstream events resulting in the eventual release of executioner caspase
enzymes to effect cell death. While MCF-7 cells demonstrated a significant degree of
depolarisation, it was induced to a higher magnitude in MDA-MB-231 cells in response to
ADSC-CM treatment, as observed by a low mitochondrial membrane potential. Further, in
both cell lines, comparing the combinatorial treatments involving ADSC-CM and sFRP4 with
ADSC-CM alone, there was no further induction of mitochondrial depolarisation, although
we observed a significant further reduction in cell viability. This suggests that when ADSCCM and sFRP4 are combined, the mechanism through which cell viability was further
reduced did not require increased mitochondrial depolarisation.
Since ADSC-CM was effective in turning on the apoptotic cascade, we wanted to explore its
impact on the downstream event of apoptosis at the executioner level. Hence, we measured
the generation of the effector caspases 3 and 7, which are the crucial mediators bringing
about programmed cell death (McIlwain, Berger, & Mak, 2013). ADSC-CM increased the
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generation of effector caspases in both tumour cell lines, but the increase was multiple folds
higher in MCF-7 than in MDA-MB-231 cells. The difference in caspase activity between the
two tumour cell lines could be due to MCF-7 being caspase-3 deficient (Jänicke, Sprengart,
Wati, & Porter, 1998; Liang, Yan, & Schor, 2001), hence pushing the heightened activity of
caspase 7.
Next, we wanted to determine the effect of our treatments on the protein expression of key
proliferative and apoptosis markers. We found that ADSC-CM mediated its effects through
the canonical Wnt signalling pathway, as demonstrated by a decrease in the active β-catenin
protein levels in both cell lines. With the combination treatment of ADSC-CM and sFRP4,
the further reduction in active β-catenin levels was significant in MCF-7 and not in MDAMB-231 cells (Fig. 7A). The observation of inhibited canonical Wnt signalling could be
correlated with a previous finding that demonstrated decreased tumour cell viability due to
secretion of the Wnt antagonist Dkk1 by ADSCs, thereby mediating their anti-tumour activity
through the canonical Wnt signalling pathway (Zhu et al., 2009). Also, MSCs derived from
the human dermis of a dead foetus demonstrated a reduction in growth of breast tumour cells
by secreting Dkk1 (Qiao et al., 2008). Cyclin D1 is a G1-phase cyclin involved in cell cycle
progression from the G1 phase to S phase and is often deregulated in many cancer types
(Musgrove, Caldon, Barraclough, Stone, & Sutherland, 2011). As expected, MCF-7 cells
demonstrated a decrease in cyclin D1 (Fig. 6A), which may indicate an impaired re-entry to
the cell cycle, and it corresponds with their decreased cell viability following ADSC-CM
treatment. However, the unchanged levels of Cyclin D1 expression in the relatively more
aggressive breast tumour cell line MDA-MB-231 cells after ADSC-CM treatment (Fig. 6B)
could be considered as a feedback mechanism put forth by the cells to exit the G1 phase and
attempting to re-enter the cell cycle. However, in these cells, the addition of sFRP4 along
with ADSC-CM was able to lower the levels of Cyclin D1, which is a major target gene of β19

catenin mediated transcription (Ghoshal & Ghosh, 2016; Warrier et al., 2013). The significant
downregulating effect of ADSC-CM and in its combination with sFRP4 in decreasing the
levels of the anti-apoptotic protein Bcl-xL in both tumour cell lines could be correlated to the
decreased cell viability findings (Beenken & Bland, 2002).
Extending our study briefly beyond the range of soluble factors secreted through the ADSCCM, we also examined the effect of ADSC-ECM on the tumour cell lines. Our observations
demonstrated that the insoluble components secreted by ADSCs into their ECM inhibited the
cell viability of the tumour cells. At the 72 hr time-point, the ADSC-ECM induced strong
inhibition on the tumour cells, which however, could not be further enhanced in the presence
of sFRP4. There has been no previous research reporting the effect of ECM derived from
MSCs on tumour cell growth, except for one study that demonstrated reduced cell viability in
MDA-MB-231 cells, which corroborates our observation (Sun et al., 2010). However, our
study is the first to identify the anti-tumour effect of ADSC-ECM in the presence and
absence of sFRP4 on two phenotypically diverse breast tumour cell lines.
5. Conclusions
Overall, our study indicates that the non-protein component present in the low molecular
weight fraction of the ADSC-CM was able to induce potent anti-tumour effects on
biologically different subtypes of breast tumour cell lines. Further, ADSC-CM exhibited a
strong antagonising effect on various aspects of tumour behaviour mediated through
reduction of the canonical Wnt signalling pathway and Bcl-xL expression. The clinical
potential of developing novel therapeutic strategies utilising the anti-tumour property of
ADSC-derived secreted factors and Wnt antagonists need to be carefully considered.
Furthermore, ADSCs could be harnessed to transport anti-cancer biomolecules such as Wnt
antagonists, as used in a previous study where MSCs harboured sFRP2 to target castrate-
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resistant prostate cancer (Placencio et al., 2010). Hence, the clinical inference of our study
emphasises the possible therapeutic options utilising the anti-tumour potential of secreted
factors derived from ADSCs and sFRP4.
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Fig. 1. Cell Viability of tumour cell lines after conditioned medium-derived from
adipose-derived mesenchymal stem cells (ADSC-CM) treatment measured by methyl
thiazolyl tetrazolium cell viability assay. MCF-7 and MDA-MB-231 cells (0.005 x 106
cells/well) were treated with ADSC-CM in the presence and absence of sFRP4 for (A) 24 hr,
(B) 48 hr, and (C) 72 hr durations. * p<0.05 versus untreated control, #p<0.05 between
treatment groups.
Fig. 2. Characterisation of conditioned medium-derived from adipose-derived
mesenchymal stem cells (ADSC-CM) and its effect on tumour cell viability measured
using methyl thiazolyl tetrazolium cell viability assay. MCF-7 and MDA-MB-231 cells
(0.005 x 106 cells/well) were treated with ADSC-CM obtained after molecular fractionation
and denaturation studies for 72 hr. (A) Effect of whole ADSC-CM and <30kDa fraction of
ADSC-CM on the viability of tumour cell lines. (B) Effect of non-denatured ADSC-CM and
heat denatured ADSC-CM on tumour cell viability. *p<0.05 versus untreated control,
#p<0.05 between treatment groups.
Fig. 3. Migratory potential of tumour cell lines measured by distance migrated using a
scratch wound assay. MCF-7 and MDA-MB-231 cells were seeded at confluent densities
and treated with conditioned medium-derived from adipose-derived mesenchymal stem cells
(ADSC-CM) for 24 hr. (A) Wound healing assay performed on MCF-7 cells (Scale bar =
100µm). (B) Wound healing assay performed on MDA-MB-231 cells (Scale bar = 100µm).
(C) Migratory potential of MCF-7 and MDA-MB-231 cells following treatment with ADSCCM for 24 hr performed using a scratch wound healing assay. *p<0.05 versus untreated
control.
Fig. 4. Measurement of mitochondrial membrane potential and caspase activity (A)
Measurement of mitochondrial membrane potential using JC1 assay. MCF-7 and MDA-MB-
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231 cells (0.05 x 106 cells/well) were treated with conditioned medium-derived from adiposederived mesenchymal stem cells (ADSC-CM) in the presence and absence of sFRP4 for 72
hr. Ratio of JC1 aggregates/JC1 monomers is used as an indicator of cell death, with a lower
ratio indicating more cell death. (B) Measurement of caspase 3/7 enzyme activity. MCF-7
and MDA-MB-231 cells (~ 1 x 106 cells/well) were treated with ADSC-CM in the presence
and absence of sFRP4 for 72 hr. *p<0.05 versus untreated control.
Fig. 5. Protein expression of active β-catenin and Bcl-xL. MCF-7 and MDA-MB-231 cells
were seeded in 6 well plates or 24 well plates and treated with conditioned medium-derived
from adipose-derived mesenchymal stem cells (ADSC-CM) in the presence and absence of
sFRP4 for 72 hr. Effect of treatments on protein expression of active β-catenin in (A) MCF-7.
(B) MDA-MB-231tumour cell lines, and Bcl-xL in (C) MCF-7 (D) MDA-MB-231 tumour
cell lines. (E) Representative blot images (ADSC-CM indicated as CM). *p<0.05 versus
untreated control, #p<0.05 between treatment groups.
Fig. 6. Expression of Cyclin D1. MCF-7 and MDA-MB-231 cells were seeded in 6 well
plates or 24 well plates and treated with conditioned medium-derived from adipose-derived
mesenchymal stem cells (ADSC-CM) in the presence and absence of sFRP4 for 72 hr. Effect
of treatments on protein expression of Cyclin D1 in (A) MCF-7 and (B) MDA-MB-231
tumour cell lines. (C) Representative blot images . *p<0.05 versus untreated control.
Fig. 7. Cell Viability of tumour cell lines after extracellular matrix-derived from
adipose-derived mesenchymal stem cells (ADSC-ECM) treatment measured by methyl
thiazolyl tetrazolium cell viability assay. MCF-7 and MDA-MB-231 cells (0.005 x 106
cells/well) were cultured on ADSC-ECM in the presence and absence of sFRP4 for 72 hr. (A)
Effect of ADSC-ECM in the presence and absence of sFRP4 on the viability of tumour cell
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lines. (B) Microscopic observation of non-decellularised ADSCs and decellularised ADSCs
after DAPI staining (Scale bar = 100µm) *p<0.05 versus untreated control.
Supplementary Figure Legends
Supp. Fig. 1. Dose response of conditioned medium-derived from adipose-derived
mesenchymal stem cells (ADSC-CM) on cell viability of tumour cell lines measured by
methyl thiazolyl tetrazolium cell viability assay. MCF-7 and MDA-MB-231 cells (0.005 x
106 cells/well) were treated with different dilutions of conditioned medium-derived from
adipose-derived mesenchymal stem cells (ADSC-CM) (100%, 75%, 50%, and 10% ADSCCM) for 72 hr duration. * p<0.05 versus untreated control.
Supp. Fig. 2. Cell viability of tumour cell lines treated with different conditioned
medium (CM) harvested from ADSCs, measured by methyl thiazolyl tetrazolium cell
viability assay. CM was harvested at different durations of conditioning – 3hr, 12hr, and
24hr from ADSCs and applied to tumour cells for 72 hr duration. *p<0.05 versus untreated
control, #p<0.05 between treatment groups.
Supp. Fig. 3. Effect of <3kDa fraction and desalted fraction of conditioned mediumderived from adipose-derived mesenchymal stem cells (ADSC-CM) on tumour cell
viability measured by methyl thiazolyl tetrazolium cell viability assay. Effect of whole
conditioned medium-derived from adipose-derived mesenchymal stem cells (ADSC-CM),
<3kDa fraction of ADSC-CM, and the >3kDa fraction of ADSC-CM (desalted fraction) on
the viability of tumour cell lines after 72 hr duration. *p<0.05 versus untreated control,
#p<0.05 between treatment groups.
Supp. Fig. 4. Morphological observation of tumour cells following treatment with
different fractions of conditioned medium-derived from adipose-derived mesenchymal
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stem cells (ADSC-CM). (A) heat-inactivated-ADSC-CM (HI-ADSC-CM), (B) Molecular
weight cut-off (MWCO) fraction of ADSC-CM, and (C) Trypsin-digested ADSC-CM after
72 hr treatment duration. Scale bar = 500µm.
Supp. Fig. 5. Morphological observation of tumour cells and optimisation of protease
doses on conditioned medium-derived from adipose-derived mesenchymal stem cells
(ADSC-CM) for its protein digestion. (A) Different doses of protease added to ADSC-CM
to digest its protein components, which were then applied to tumour cells, (B) Different doses
of trypsin added to ADSC-CM to digest its protein components, which were then applied to
tumour cells, (C) Measurement of tumour cell viability at72 hr time-point performed for
initial optimisation of doses of trypsin and soybean trypsin inhibitor (STI). Scale bar =
500µm.
Supp. Fig. 6. Cell viability of tumour cells after treatment with trypsin-digested
conditioned medium-derived from adipose-derived mesenchymal stem cells (ADSCCM) measured using methyl thiazolyl tetrazolium cell viability assay. Trypsin was added
at 1:20 dilution followed by inactivation using soybean trypsin inhibitor (STI) at 400µg/mL,
and cells were treated for 72 hr time-point after which cell viability was measured.
Supp. Fig. 7. Migratory potential of MCF-7 cells after co-treatment of conditioned
medium-derived from adipose-derived mesenchymal stem cells (ADSC-CM) with
sFRP4, measured by distance migrated using a scratch wound assay. MCF-7 cells were
seeded at confluent densities and treated with ADSC-CM in the presence of 250pg/mL
sFRP4 for 24 hr. (A) Wound healing assay performed on MCF-7 cells at 0hr and 24 hr timepoints in the presence and absence of 2µg/mL Mitomycin-C (Scale bar = 500µm). (B)
Migratory potential of MCF-7 cells measured following treatment with ADSC-CM ± sFRP4
for 24 hr. *p<0.05 versus untreated control. Scale bar = 500µm.
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Supp. Fig. 8. Migratory potential of MCF-7 cells with heat-inactivated fraction of
conditioned medium-derived from adipose-derived mesenchymal stem cells (HI-ADSCCM) measured by distance migrated using a scratch wound assay. MCF-7 cells were
seeded at confluent densities and treated with HI-ADSC-CM for 24 hr. (A) Wound healing
assay performed on MCF-7 cells at 0hr and 24 hr time-points in the presence and absence of
2µg/mL Mitomycin-C (Scale bar = 500µm). (B) Migratory potential of MCF-7 cells
measured following treatment with HI-ADSC-CM for 24 hr. *p<0.05 versus untreated
control. Scale bar = 500µm.
Supp. Fig. 9. Migratory potential of MCF-7 cells with MWCO fraction of conditioned
medium-derived from adipose-derived mesenchymal stem cells (ADSC-CM) measured
by distance migrated using a scratch wound assay. MCF-7 cells were seeded at confluent
densities and treated with <3kDa ADSC-CM for 24 hr. (A) Wound healing assay performed
on MCF-7 cells at 0hr and 24 hr time-points in the presence and absence of 2µg/mL
Mitomycin-C (Scale bar = 500µm). (B) Migratory potential of MCF-7 cells measured
following treatment with <3kDa fraction of-ADSC-CM for 24 hr. *p<0.05 versus untreated
control. Scale bar = 500µm.
Supp. Fig. 10. Western blot images for active β-catenin. MCF-7 and MDA-MB-231 cells
were seeded in 6 well plates or 24 well plates and treated with conditioned medium-derived
from adipose-derived mesenchymal stem cells (indicated as CM) in the presence and absence
of sFRP4 for 72 hr. Effect of treatments on protein expression of active β-catenin in (A)
MCF-7, and (B) MDA-MB-231 tumour cell lines.
Supp. Fig. 11. Western blot images for Bcl-xL. MCF-7 and MDA-MB-231 cells were
seeded in 6 well plates or 24 well plates and treated with conditioned medium-derived from
adipose-derived mesenchymal stem cells (indicated as CM) in the presence and absence of
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sFRP4 for 72 hr. Effect of treatments on protein expression of Bcl-xL in (A) MCF-7, and (B)
MDA-MB-231 tumour cell lines.
Supp. Fig. 12. Western blot images for Cyclin D1. MCF-7 and MDA-MB-231 cells were
seeded in 6 well plates or 24 well plates and treated with conditioned medium-derived from
adipose-derived mesenchymal stem cells (indicated as CM) in the presence and absence of
sFRP4 for 72 hr. Effect of treatments on protein expression of Cyclin D1 in (A) MCF-7, and
(B) MDA-MB-231 tumour cell lines.
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