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Abstract. Secreted frizzled related proteins (SFRPs) are a 
family of Wnt regulators which are frequently downregulated 
in cancers. In malignant mesothelioma (MM), downregulation 
of SFRP4 has been reported as a mechanism which contrib-
utes to aberrant activation of oncogenic Wnt signaling. Here 
we investigated the biological consequences of SFRP4 in two 
mesothelioma cell models where this protein is downregulated. 
We used recombinant SFRP4 and transient overexpression to 
study changes in proliferation, migration and downstream 
signaling. We found that recombinant SFRP4 inhibited both 
proliferation and migration of MM cells as well as abrogating 
the stimulatory effect of recombinant Wnt3a. Morphologically 
SFRP4 induced a cytotoxic effect distinct from apoptosis and 
consistent with mitotic catastrophe. Overexpression of SFRP4 
in these cell lines displayed similar effects as endogenous 
protein on cell viability, migration and nuclear morphology. 
We also used expression constructs to examine the role of 
the SFRP4 cysteine rich domain (CRD) and a netrin-like 
domain (NLD) in these effects. Interestingly, we found it was 
the NLD which mediated the biological effects of SFRP4 in 
these cells. Our results indicate that SFRP4 inhibits mesothe-
lioma proliferation, migration and activates alternative cell 
death pathways. The finding that the NLD is responsible for 
these has broader implications for this protein family. Overall 
this study suggests that the Wnt pathway may prove a prom-
ising target for therapy in mesothelioma.

Introduction

Malignant pleural mesothelioma is an aggressive type of 
tumor which is invariably fatal in outcome and is associated 

with past asbestos exposure. While mesothelioma is a rare 
tumor it continues to have an increased incidence due to the 
previous widespread use of asbestos products in industrial 
nations and continuing use in some developing countries (1). 
Understanding the alterations in molecular signaling that 
occur in mesotheliomas can help not just to develop suitable 
biomarkers but also lead to new targeted therapies. Many path-
ways have been identified as potential targets in mesothelioma 
by studying molecular changes in patient tumor samples (2,3). 
One pathway which has been identified as a potentially 
significant pathway in mesothelioma is the Wnt signaling 
pathway (4-6).

Aberrant activation of Wnt signaling to drive prolifera-
tion, survival and invasion has been frequently described in 
cancer (reviewed in ref. 7). One mechanism which has been 
described is the downregulation of members of a family of 
regulatory proteins: the secreted frizzled related proteins 
(SFRP) (8). Studies of SFRP family expression and func-
tion in mesothelioma cells and tumors by other laboratories 
(9-11) and our own (6) have shown that one member of this 
family, SFRP4, is differentially downregulated in this cancer. 
There is evidence that downregulation of SFRP4 by promoter 
methylation could result in Wnt pathway activation in 
mesothelioma (10). Previous mechanistic studies showing 
induction of apoptosis and growth inhibition in response 
to SFRP4 have used a mesothelioma cell model which 
was β-catenin deficient and canonical signaling was not 
present (10). Most mesothelioma tumors and cell lines have 
been found to express β-catenin (11-13). The SFRPs consist 
of two domains, a Fz-like cysteine rich domain (CRD) and a 
netrin-like domain (NLD). Because of its structural similarity 
to the extracellular domain of the Fz receptors the SFRP was 
initially believed to play a role analogous in binding to Wnt 
proteins (14), however, more recent studies have also impli-
cated the NLD (15,16). Since SFRP4 is the most commonly 
downregulated SFRP in mesothelioma (6,9-11) we undertook 
to investigate the effect of SFRP4 and its domains in more 
relevant β-catenin expressing mesothelioma models which 
are capable of canonical Wnt signaling and which express low 
or negligible native SFRP4.

In this study we investigate the effects of both exogenous 
and endogenous overexpression of SFRP4 upon proliferation, 
migration, cell behaviour and downstream signaling. We 
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report that re-introduction of SFRP4 to mesothelioma cells 
inhibits cell proliferation, migration and induces a non-apop-
totic cell death programme. Since SFRP4 expression is widely 
downregulated in mesothelioma (9,11) these findings support 
the targeting of Wnt signaling in mesothelioma at the level 
of upstream regulators as a potential therapeutic approach. 
Furthermore, we found that the effects of SFRP4 were medi-
ated by the NLD providing further insight into the biology of 
these important Wnt regulators.

Materials and methods

Cell culture and reagents. The malignant mesothelioma 
cell lines JU77 and ONE58 were used in this study. These 
cell lines were originally derived from pleural effusions of 
different patients presenting with malignant pleural mesothe-
lioma (17). All cells were cultured and maintained in medium 
R5, which is RPMI-1640 plus 5% heat-inactivated fetal bovine 
serum (FBS), 300 mM L-glutamine, 120 µg/ml penicillin and 
100 µg/ml streptomycin (all from Thermo Fisher, Hyclone, 
VIC, Australia). All cell cultures were grown at 37˚C in a 
5% CO2 humidified atmosphere. Recombinant human proteins 
Wnt3a and SFRP4 were obtained from R&D Systems (MN, 
USA). Cisplatin (Oncotain) was obtained from Mayne Pharma 
(VIC, Australia).

MTT assay. Cell viability in response to various treatments was 
quantitated by an MTT assay. Cells were seeded into 96-well 
plates at a density of 10,000-20,000 cells/well, depending on 
the experiment. Following 24-h incubation treatments were 
added and cells incubated for a further 24-72 h (depending 
on experiments) then the MTT assay was performed as previ-
ously described (18) and absorbance was read at 595 nm with 
a microplate reader (Enspire, Perkin-Elmer). For each treat-
ment, the mean absorbance for the replicates was calculated. 
The control samples were untreated cells or cells treated with 
vehicle alone and control data was set to 100% viable cells 
and all other data were normalised to this value based on 
absorbance value. The data were expressed as mean ± stan-
dard deviation.

Proliferation. Cells were seeded at a density of 5x104 cells/well 
in 24-well plates and treatments added at 24 h. The cells were 
harvested 48 h later by trypsinization and evaluated by a 
trypan blue assay using a Countess Automated Cell Counter 
(Life Technologies).

Cell migration assay. A scratch wound assay was used to 
assess cell migration. Cells were seeded in 6-well plates 
at a density of 3x105 cells/well and grown to confluency. 
The monolayers were scratched using a 10-µl pipette tip to 
produce 2 crosses per well and washed with PBS to remove 
any non‑adherent cells and debris. The field of view was kept 
constant by drawing a line on the well bottom perpendicular 
to the centre of T scratch site and using this as a reference 
point. The monolayers were imaged centred on the crosses 
using a Canon EOS digital camera mounted on an Olympus 
CK2 microscope after 0 and 6 h. The open area of the wound 
was quantitated by automatic image analysis using TScratch 
software (19) with the default parameter settings.

Assessment of mitochondrial membrane potential. Mito-
chondrial outer membrane potential changes were analysed 
using the cationic dye JC-1 (5, 5', 6, 6'-tetrachloro-1, 1', 3, 
3'-tetraethyl-benzimidazolcarbocyanine iodide) essentially as 
previously described (20). Data are presented as the ratio of 
red to green fluorescence intensity and mitochondrial depolar-
ization is indicated by a decrease in this parameter.

Caspase-3 activity assay. Activation of effector caspases 
was determined using the Caspase-3 Assay Kit#2 (Molecular 
Probes, USA) with a modified protocol as previously described 
(20).

Immunoblot analysis. Cell monolayers were washed once 
with PBS and lysed by addition of 1X SDS loading buffer 
(Bio-Rad) containing 5% mercaptoethanol (Sigma-Aldrich). 
The lysate was disrupted by pipetting and transferred to a 
microfuge tube on ice. Samples were sonicated (QSonica, 
Q125, CT, USA) at amplitude 40, 3x 15 sec at 30-sec intervals 
then centrifuged at 10,000 x g for 5 min and the supernatants 
recovered and stored at ‑20˚C. Proteins were resolved on 
4-12% Mini Protean TGX gels (Bio-Rad) and transferred 
to nitrocellulose membrane (Bio-Rad) then probed with the 
following antibodies: monoclonal rabbit anti-human β-catenin 
[Cell Signaling Technology (CST), MA, USA], polyclonal 
rabbit anti-Dvl-3 (CST) and monoclonal mouse anti-β-actin 
(Sigma-Aldrich). After incubation with horseradish peroxidase 
conjugated secondary antibody (Jackson Immunosearch, PA, 
USA) chemiluminescent detection was performed with Clarity 
ECL substrate (Bio-Rad) and images captured using a GelDoc 
XR imaging system (Bio-Rad).

Live cell imaging for nuclear morphology. At the completion 
of the experiment the media was aspirated and cells stained 
with 1 µg/ml Hoechst 33342 solution (Thermo Scientific) for 
5 min. The cells were washed with PBS and fresh media added 
before imaging with an Olympus IX‑51 inverted fluorescent 
microscope.

Plasmid constructs and transfection. Expression vectors 
for the human SFRP4 gene and the CRD and NLD domains 
were a kind gift from Professor Robert Friis, University of 
Bern, Switzerland. The SFRP4 constructs were prepared 
by PCR and cloning into the pEGFP-N1 vector (Clontech, 
CA, USA) so that the full length SFRP4, the CRD domain 
or the NLD C terminal domain were expressed in frame as 
amino terminal fusions to the GFP. The SFRP4, CRD and 
NLD constructs retained the Kozak and signal sequences of 
SFRP4. The parental pEGFP-N1 vector expressing GFP was 
used as a control in all transfection experiments although 
mock transfected and untreated cultures were routinely 
included as assay controls. Plasmid DNA for transfection was 
prepared using a HiSpeed Plasmid Midi kit (Qiagen, VIC, 
Australia). Transient transfections were performed using 
FuGENE® HD reagent and the pEGFP-N1 plasmid vector 
constructs. Following transfection with reagent:DNA in a 
ratio of 3:1 for 24 h, the transfection reagent was removed 
from the cells and replaced with standard complete RPMI 
medium. Transfection efficiency was assessed by fluores-
cence microscopy.
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Statistical analysis. Statistical comparison between two 
groups was performed using unpaired t-test with Prism v6.07 
(GraphPad software). The difference was determined to be 
statistically significant at p<0.05. Determination and statistical 
comparison of IC50 was performed by non-linear regression 
analysis and F-test using Prism v6.07.

Results

Exogenous SFRP4 downregulates proliferation and enhances 
chemosensitivity in mesothelioma cells. We have previously 
reported that SFRP4 conditioned media downregulated 
mesothelioma cell proliferation (6) and here we conducted 
experiments to examine the effects of purified recombinant 
SFRP4. We found that recombinant SFRP4 caused dose-
dependent inhibition of cell viability/proliferation in both 
mesothelioma cell lines examined as determined by MTT 

assay (Fig. 1A). The effect of Wnt3a was also determined 
in a similar experiment and interestingly it was found that 
while 250 pg/ml recombinant Wnt3a did appear to upregulate 
proliferation, at higher concentrations there was an inhibitory 
effect (Fig. 1B) although these effects were not statistically 
significant. To further confirm these results we next examined 
whether SFRP4 could influence the effects of recombinant 
Wnt3a upon mesothelioma cell proliferation using a trypan 
blue assay. These experiments showed that 250 pg/ml SFRP4 
significantly inhibited proliferation in both JU77 and ONE58 
and this effect was blocked by 250 pg/ml Wnt3a (Fig. 1C). 
Microscopic examination of cultures treated with SFRP4 
demonstrated significant morphological effects in both 
cell lines. Many cells demonstrated an apparent cytopathic 
effect with a characteristic loss of attachment and rounding 
up appearance after SFRP4 treatment (Fig. 1D). We next 
examined whether SFRP4 influenced the response of mesothe-

Figure 1. SFRP4 modulates proliferation, survival and morphology in mesothelioma cells. Mesothelioma cells were treated for 24 h with recombinant 
(A) SFRP4 or (B) Wnt3a and proliferation/viability measured by MTT assay. Data are normalized relative to control (100% - dotted line). (C) Cultures were 
treated with 250 pg/ml recombinant SFRP4 and/or Wnt3a for 48 h and proliferation/viability determined by trypan blue assay. (D) Photomicrographs of 
cultures treated with 250 pg/ml recombinant SFRP4 for 48 h. (E) JU77 or (F) ONE58 cells were treated with cisplatin (0-100 µM) and 250 pg/ml recombinant 
SFRP4 for 48 h and cytotoxicity measured by MTT assay. All data shown are mean ± SD of 3 independent experiments (*p<0.05 relative to control).
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lioma cells to cytotoxic drug insults. Cells were treated with 
0.001-100 µM cisplatin for 48 h in the presence of 250 pg/ml 
recombinant SFRP4 and assayed for cell proliferation. In both 
JU77 and ONE58 cells SFRP4 did appear to sensitize meso-
thelioma cells to cisplatin (Fig. 1E and F) with a statistically 
significant difference in the IC50 values as determined by 
non-linear regression (p=0.0233 and 0.0046 respectively).

SFRP4 inhibits mesothelioma cell migration. Previous studies 
have suggested that SFRPs can affect migration in cancer 
cells (21). Therefore the effect of SFRP4 and Wnt3a on the 
migration of malignant mesothelioma cells was investigated 
using a scratch or wound healing assay. In both cell lines 
SFRP4 appeared to inhibit wound closure (Fig. 2A) and this 
result was significant as confirmed by open wound area image 
analysis (Fig. 2B). Interestingly, Wnt3a had little effect upon 
wound closure in JU77 and ONE58 cells but significantly 
ameliorated the effect of SFRP4 in JU77 cells.

Mechanisms of SFRP4 induces cell death in mesothelioma 
cells. To examine in more detail the cytopathic effect of 
SFRP4 observed in cell viability and morphological assays 

we endeavored to characterize cell death mechanisms in 
response to SFRP4. In JU77 and ONE58 cells SFRP4 did not 
have a significant effect upon caspase‑3 activation (Fig. 3A). 
An important event in apoptotic signaling is disruption of 
the mitochondrial membrane and loss of the outer membrane 
potential (OMP). Only JU77 cells showed a modest decline 
in OMP with SFRP4 treatment, however, this was not statisti-
cally significant and did not approach the level of the positive 
control decoupling agent FCCP (Fig. 3B)

Cells undergoing apoptosis show characteristic changes in 
nuclear morphology with chromatin condensation and nuclear 
fragmentation. The nuclear morphology of JU77 and ONE58 
cells was observed by Hoechst 33342 staining after 48 h of 
treatment (Fig. 3C). Interestingly, in cells treated with SFRP4 
characteristic apoptotic changes were not seen although 
there were distinctive changes in nuclear morphology. These 

Figure 2. Effect of recombinant Wnt3a and sFRP4 on mesothelioma cell 
migration. (A) Representative images of effect of recombinant SFRP4 
(250 pg/ml) upon mesothelioma migration by scratch assay. (B) Quantitative 
analysis of cell migration in response to recombinant SFRP4 (250 pg/ml) 
and/or Wnt3a (250 pg/ml) by scratch assay. All results are mean ± SD of at 
least 3 independent experiments, *p<0.05.

Figure 3. Mechanisms of cell death in SFRP4 treated mesothelioma cells. 
(A) Caspase-3/7 activation and (B) mitochondrial depolarization (determined 
by JC-1 assay) were not observed in cells treated with 250 pg/ml recombinant 
SFRP4 for 24 h. (C) Changes in nuclear morphology after SFRP4 (250 pg/ml) 
treatment for 48 h as determined by Hoechst 33258 staining showing multi-
nucleated cells and chromosomal vesicles.
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changes of multinucleated cells with chromosome vesicles 
were characteristic of mitotic catastrophe (22). These changes 
were consistently observed in both JU77 and ONE58 cells in 
response to SFRP4. Apoptotic nuclei were not observed.

Effect of SFRP4 upon downstream signaling. To further under-
stand the effects of SFRP4 upon mesothelioma cells β-catenin 

and Dvl-3 were assayed by western blotting. In both JU77 and 
ONE58 Wnt3a treatment upregulated β-catenin levels (Fig. 4), 
while in JU77 SFRP4 downregulated β-catenin this was not 
observed in ONE58 although basal β-catenin levels were 
quite low in this cell line. Similarly, in JU77, Wnt3a induced 
apparent Dvl-3 phosphorylation while SFRP4 downregulated 
Dvl-3. Surprisingly, these effects were not seen in ONE58 
despite other assays showing similar responses to SFRP4 in 
both cell lines.

Effect of endogenous overexpression of SFRP4 and domains 
upon mesothelioma cell proliferation and morphology. 
Having established that recombinant SFRP4 had effects upon 
mesothelioma cell proliferation, viability and migration, we 
next examined the effect of endogenous overexpression of the 
full length protein as well as its domains: the NLD and CRD. 
Previous studies have reported conflicting evidence regarding 
the role of different SFRP domains in Wnt signaling regulation 
and we explored this aspect. Following 48 h of transfection the 
observed effects were quite small by microscopic examination 
in comparison to exogenous treatment with SFRP4 (data not 
shown). However, at 6 days the effects upon cell morphology 
of the SFRP4 and NLD constructs were similar to those seen 
with recombinant SFRP4 (Fig. 1D). In both cell lines overex-
pression of SFRP4 and the NLD significantly downregulated 
proliferation/viability (Fig. 5A). The CRD had little effect in 
either cell line. These results were consistent with the effect 

Figure 4. Downstream signaling in response to SFRP4 and Wnt3a. Cells were 
treated with 250 pg/ml of recombinant protein for 6 h and assayed by western 
blotting using appropriate antibodies. Results are representative of three 
different determinations.

Figure 5. Effect of SFRP4 and domain overexpression upon JU77 and ONE58 cells. (A) Cell viability was determined by MTT assay 48 h after transfection 
with the relevant construct. (B) Migration was assayed 48 h after transfection by scratch assay and quantitated using Tscratch software. Changes in nuclear 
morphology of (C) JU77 and (D) ONE58 after transfection with relevant constructs for 48 h as determined by Hoechst 33258 staining. All data shown are 
mean ± SD of 3 independent experiments (*p<0.05 relative to control). Images are representative of 3 independent experiments.
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of recombinant SFRP4 and demonstrated the NLD alone was 
sufficient for the cell viability effects of SFRP4.

Effect of endogenous SFRP4 and domain expression on 
mesothelioma cell migration. In order to further investigate 
the effects of endogenous SFRP4 and domains upon meso-
thelioma cells transfectants were investigated using a wound 
healing assay. The effects of SFRP4 overexpression were not 
as great as that seen with the endogenous protein but it was 
still apparent in both cell lines. Quantitation of these effects 
showed that SFRP4 and the NLD significantly inhibited 
wound closure while the CRD had no effect (Fig. 5B). These 
results are consistent with the effect of recombinant SFRP4 
and also demonstrate that as for proliferation the NLD medi-
ates the major effects of SFRP4 upon mesothelioma cells.

Overexpression of SFRP4 and its NLD induce nuclear 
morphological changes consistent with mitotic catastrophe. 
We next examined whether SFRP4 and domain overexpression 
elicited similar effects upon nuclear morphology as those seen 
with exogenous recombinant protein. We did in fact observe 
that in both JU77 and ONE58 cell expression of SFRP4 and 
the NLD induced a nuclear morphology characteristic of 
mitotic catastrophe which was consistent with that shown in 
Fig. 3 (Fig. 5C and D). Cells expressing EGFP alone or the 
CRD did not display this effect (Fig. 5C and D).

Discussion

The experiments described in this study were initiated based 
upon findings by other laboratories (9-11) and our own 
study (6) showing differential downregulation of SFRP4 in 
mesothelioma cells and tissues. Evidence from the literature 
has demonstrated that most mesotheliomas are β-catenin-
positive (4,12,13). Therefore it was of great interest to us to 
investigate the biological effects and downstream signaling 
of SFRP4 in β-catenin expressing mesothelioma cell models. 
We established that both exogenous recombinant SFRP4 
and endogenous SFRP4 overexpression had similar effects 
resulting in downregulation of proliferation and migration. 
Furthermore, a novel finding of our study was that SFRP4 
induced a cytopathic effect that was apparently distinct from 
apoptosis and consistent with mitotic catastrophe. Notably, 
we were also able to provide evidence enhancing our under-
standing of the biology of SFRPs since we found that the 
effects of SFRP4 upon mesothelioma cells were largely medi-
ated by the netrin-like domain.

Overall the findings of our study are consistent with 
downregulation of SFRP4 playing a role in the dysregulation 
of Wnt signaling which promotes mesothelioma pathogenesis. 
These findings broadly agree with those reported in other 
cancers where SFRP4 has been reported to act as a tumor 
suppressor (23‑25) although there are conflicting reports in 
some cancers (26-28). We found that SFRP4 both downregu-
lated mesothelioma proliferation and antagonized the effects 
of Wnt3a alone. Interestingly, the dose response study of Wnt3a 
revealed a biphasic response in proliferation. These effects 
may be due to feedback regulation of the pathway at high Wnt 
concentrations leading to downregulation of β-catenin levels 
(29). A key finding of this study was that the cytopathic effect 

of SFRP4 upon mesothelioma cells occurred via alternative 
pathways characteristic of mitotic catastrophe (22) and this 
contrasts with literature reports of SFRP4 inducing apoptosis 
in other cell types (10,30,31). This observation was confirmed 
by SFRP4 overexpression experiments and while it has been 
reported that ultimately mitotic catastrophe can trigger apop-
tosis we did not observe it here (22).

Wnt signaling is known to target genes involved in cell 
migration (7), however, most studies which have investigated 
the role of SFRP4 in cancer have focused upon proliferation 
or apoptosis although SFRP4 has been shown to regulate 
migration of endothelial and ovarian cancer cells (24,32). We 
found that migration of both cell lines was greatly inhibited 
by SFRP4. We know from a previous study that these meso-
thelioma cells express Wnt2b, Wnt3 and Wnt4 and Wnt5a 
although Wnt2b and Wnt4 are downregulated (6). Hence, 
endogenously expressed Wnt3 and Wnt5a are possible SFRP4 
interacting partners which may mediate this effect. The fact 
that Wnt3a alone had little effect upon migration but did reduce 
the effect of SFRP4 in JU77 cells suggests that the target of 
SFRP4 interaction to influence migration may be subject to 
competition by Wnt3a in these cells but not in ONE58. It has 
recently been reported that SFRP4 does not bind with Wnt3a 
or inhibit Wnt3a signaling (33). This is inconsistent with our 
results which suggest that there is some interaction between 
SFRP4 and Wnt3a and that SFRP4 can antagonize the 
effects of Wnt3a. These discrepancies emphasize the context 
dependency of Wnt signaling since SFRPs may also act by 
interactions with Fz receptors and may not need to directly 
bind Wnts (34). Furthermore, this supports some mechanistic 
differences between the two cell lines despite the phenotypic 
effects of SFRP4 being broadly similar. This was most 
frequently seen in experiments using ONE58 where Wnt3a 
had a less pronounced phenotypic effect (Figs. 1C and 2B) 
although it clearly induced β-catenin accumulation which was 
more easily observed in ONE58 (Fig. 4). These results suggest 
that basal β-catenin levels are higher in JU77 so that it was 
more difficult to discern the effect of Wnt3a. These phenotypic 
differences in response to Wnt3a may reflect the different 
repertoire of Fz receptors expressed in these two cell lines (6).

Overall it was found that endogenous SFRP4 expression 
exerted similar effects on proliferation, migration and nuclear 
morphology to those found using exogenous protein. The key 
finding here was that the effects of SFRP4 were also seen when 
cells were transfected with NLD expression constructs but 
not in cells overexpressing the CRD domain. This is signifi-
cant in the context of our understanding of SFRPs since it is 
consistent with recent studies that show that the NLD of other 
SFRPs bind with Wnts at high affinity and can antagonize Wnt 
signaling (15,16,34) while the CRD most likely acts through 
interactions with Fz receptors (34).

In conclusion, SFRP4 which is downregulated in meso-
thelioma is able to inhibit proliferation, migration and induce 
nuclear changes characteristic of mitotic catastrophe when 
reintroduced to mesothelioma cells using recombinant protein 
or overexpression. A key finding of our study is that these 
effects are mainly caused by the functions of the SFRP4 
netrin-like domain and the CRD has limited effect in these 
models. SFRP4 is also able to inhibit signaling by Wnt3a 
in mesothelioma cells. Overall the data provide supporting 
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evidence for the targeting of the Wnt pathway in mesothelioma 
and new evidence regarding the biology of SFRP4 which is 
likely to have relevance to other members of this family and 
their role in regulation of Wnt signaling and tumor biology.
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