
Cancer Medicine. 2024;13:e70122.     | 1 of 13
https://doi.org/10.1002/cam4.70122

wileyonlinelibrary.com/journal/cam4

Received: 28 April 2024 | Revised: 7 August 2024 | Accepted: 9 August 2024

DOI: 10.1002/cam4.70122  

R E S E A R C H  A R T I C L E

WNT5A is a putative epi- driver of prostate cancer 
metastasis to the bone

Emma J. Wilkinson1,2 |   Kelsie Raspin2  |   Roslyn C. Malley1,3,4 |   Shaun Donovan4 |   
Louise M. Nott2,5,6 |   Adele F. Holloway1 |   Joanne L. Dickinson2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2024 The Author(s). Cancer Medicine published by John Wiley & Sons Ltd.

Emma J Wilkinson and Kelsie Raspin are Joint first authors. 

Adele F Holloway and Joanne L Dickinson are Joint senior authors.  

1Tasmanian School of Medicine, 
University of Tasmania, Hobart, 
Tasmania, Australia
2Menzies Institute for Medical 
Research, University of Tasmania, 
Hobart, Tasmania, Australia
3Anatomical Pathology, Royal Hobart 
Hospital, Hobart, Tasmania, Australia
4Diagnostic Services, Sonic Healthcare, 
Hobart, Tasmania, Australia
5Icon Cancer Centre, Hobart, Tasmania, 
Australia
6Oncology and Haematology, Royal 
Hobart Hospital, Hobart, Tasmania, 
Australia

Correspondence
Joanne L. Dickinson, Menzies Institute 
for Medical Research, University of 
Tasmania, Hobart, TAS, Australia.
Email: jo.dickinson@utas.edu.au

Funding information
Andree Greenwood Secondary 
Breast Cancer Fund; Cancer Council 
Tasmania; Select Foundation 
Cancer Research Fellowship; Hobart 
Police Charity Trust; Royal Hobart 
Hospital Research Foundation; 
Cancer Council Tasmania Joy & 
Robert Coghlan/College of Health 
and Medicine Postdoctoral Research 
Fellowship; Cuthbertson Brothers Elite 
Postgraduate Scholarship; Australian 
Research Council Future Fellowship

Abstract
Background: Current diagnostic tools are unable to distinguish low- grade in-
dolent prostate cancer (PrCa) from that with a propensity to become metastatic 
and/or lethal. Recent evidence suggests that reprogramming of the transcriptome 
may drive the metastatic phenotype, and that this reprogramming is controlled, 
at least in part, by epigenetic changes to the DNA of cancer cells, including meth-
ylation. These changes, referred to as ‘epigenetic drivers,’ have previously been 
associated with cancer cell survival.
Methods: Here, using Illumina Methylation EPIC array data of paired primary 
PrCa and metastatic bone samples, we identified WNT5A as a putative epi- driver 
of PrCa metastasis to the bone, which was further validated in vitro.
Results: Significantly higher WNT5A methylation was observed in primary PrCa 
samples and 22Rv1 cells compared to metastatic bone samples and PC- 3 cells. 
This higher methylation was associated with significantly lower WNT5A gene 
expression.
Conclusion: Given the limited effective therapies available for metastatic cancer 
sufferers, particularly those whose disease has metastasised to the bone, WNT5A 
presents as a potential putative target for therapy.
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1  |  INTRODUCTION

In prostate cancer (PrCa), like many solid malignancies, 
mortality is largely due to progression of the primary tu-
mour to metastatic disease. Localised PrCa has a high 5- 
year survival rate of over 90%,1 however, once metastasis 
occurs this dramatically decreases to 24.5%.2 PrCa pref-
erentially metastasises to the bone,3 which is associated 
with an even lower 5- year survival rate of just 3%.4 Whilst 
multiple molecular pathways have been implicated in me-
tastasis, the key mechanisms driving preferential spread 
of PrCa cells to survive and proliferate in the bone, remain 
elusive. Given that bone metastasis is a strong indicator of 
disease prognosis and those living with metastatic cancer 
suffer significant disability and pain, a better understand-
ing of the pathways through which PrCa metastasis oc-
curs is urgently needed.

Despite an increase in PrCa diagnoses and an improve-
ment in the 5- year survival rate following diagnosis, there 
has been no consistent decrease in PrCa mortality associ-
ated with increased diagnosis,5 and this is likely due to a 
sustained number of men progressing to metastatic dis-
ease. There is no cure once the tumour has metastasised 
to the bone, and current therapies are both limited and 
largely ineffective. As such, they are mainly palliative, fo-
cusing on delaying bone destruction to preserve physical 
function and manage pain.6

The majority of research has focussed on the genetic 
and epigenetic changes associated with the initiation 
and development of primary prostate tumours, which 
are frequently diagnosed as low- grade, and often slow 
growing tumours (indolent). However, high- grade tu-
mours that have the potential to become aggressive, and 
even metastatic, are those of significant clinical concern. 
Particularly those that spread to the bone and become 
resistant to treatment, inevitably leading to death. There 
has been intensive work performed in attempts to iden-
tify those tumours with a metastatic capability by curating 
the genetic characteristics of aggressive primary tumours 
and cancer stem cells populations.7 Although a myriad of 
molecules have been found to participate in metastatic 
processes; which of these factors drive metastatic- specific 
capabilities remains unclear.

It has been suggested that primary tumour cells un-
dergo transcriptional re- programming giving rise to ‘me-
tastasis capable’ cells,8 which suggests that altered gene 
regulation mediated, at least in part, by epigenetic mech-
anisms, such as DNA methylation, may contribute to the 
bone ‘metastasis capable’ phenotype.9 For example, in 
paired primary and metastatic samples from pancreatic 
ductal adenocarcinoma patients, epigenomic signatures 
of locally spreading lymph node lesions are molecu-
larly distinct from distant metastases.10 In PrCa, a small 

number of studies using relatively few paired primary and 
metastatic tumours reveal distinctive methylation signa-
tures between the primary and distal sites.11 Notably, such 
epigenetic signatures may have clinical applications in 
predicting disease aggressiveness in patient samples.

A refocus of our research effort on the genes and path-
ways facilitating PrCa progression to metastatic disease 
will allow for the identification of putative drug targets 
and an eventual benefit to disease prognosis. It is also 
hoped that characterisation of these molecular drivers 
may allow for better identification of tumours that are 
likely to become metastatic (at primary diagnosis), lead-
ing to a decrease in unnecessary treatment of indolent tu-
mours. Here, we utilised a rare cohort of paired primary 
and metastatic bone samples to identify potential epigene-
tic drivers (epi- drivers) of secondary PrCa growth in bone. 
As a result, we highlighted WNT5A as a key putative epi- 
driver of PrCa bone metastasis.

2  |  MATERIALS AND METHODS

2.1 | Cell culture

The PC- 3 (RRID:CVCL_0035) and 22Rv1 
(RRID:CVCL_1045) cell lines were obtained from the 
European Collection of Authenticated Cell Cultures 
(ECACC, UK), and determined to be mycoplasma free. 
Both cell lines were maintained in Roswell Park Memorial 
Institute 1640 medium (RPMI 1640; Sigma- Aldrich 
Corporation) containing 10% foetal calf serum and peni-
cillin/streptomycin solution in a humidified incubator at 
37°C and 5% CO2. Both cell lines were authenticated using 
short tandem repeat profiling at the Australian Genome 
Research Facility (AGRF) within the last 3 years.

For experiments in which cells were treated with 
5- aza- 2′- deoxycytidine (AzaC), cells were grown to 50% 
confluent (PC- 3) and 20%–25% confluent (22Rv1), re-
spectively and treated with 0.3 μM final concentration of 
AzaC or DMSO (vehicle control) for one population dou-
bling time (24 h for PC- 3, 48 h for 22Rv1) in RPMI media. 
After one population doubling time, AzaC was removed 
and cells were grown for another two population doubling 
times in fresh RPMI before being harvested.

2.2 | Isolation of DNA from prostate 
tumour samples and cell lines

Archived pathology tumour blocks were obtained from 
pathology laboratories in Tasmania using a waiver of 
consent, under ethics approval from the University 
of Tasmania's Human Research Ethics Committee 
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(H0020219). Formalin fixed paraffin embedded (FFPE) 
tissue samples (5 μm sections) were dewaxed, incubated 
at 56°C in Proteinase K for 24 h and DNA extracted using 
the QIAamp DNA FFPE tissue Kit (QIAGEN), according 
to the manufacturer's instructions.

DNA was extracted from frozen cell pellets using the 
Accuprep® Genomic DNA Extraction Kit (Bioneer), follow-
ing the manufacturer's protocol. Alternatively, DNA was 
extracted from frozen cell pellets using the QIAamp DNA 
Blood Mini Kit (QIAGEN), according to the manufacturer's 
protocol. Genomic DNA (500 ng) was bisulphite converted 
using the EZ DNA Methylation- Gold Kit, according to the 
manufacturer's instructions (Zymo research, USA).

2.3 | Methylation EPIC array analysis

DNA methylation in the FFPE samples was quantified using 
the Illumina Infinium MethylationEPIC v2.0 BeadChip 
array (EPIC array) at the AGRF and analysed using 
Illumina's GenomeStudio v2011.1 with Methylation module 
1.9.0 software and the Illumina MethylationEPIC_v- 1- 0_B3 
manifest file, as we have previously described.12

2.4 | Bioinformatic analysis of paired 
patient samples

Initial quality control and analysis was conducted as we 
have previously described,12 with the following altera-
tions: only probes with a detection p- value of <0.01 and 
probes with a bead count of ≥3 in all samples were in-
cluded for analysis. Both β- values and M- values were ex-
tracted with M- values being used for further analysis. The 
resulting dataset consisted of 772,122 CpG sites.

Subsequently, two methods were utilised to identify 
differentially methylated regions (DMRs) between pri-
mary prostate and metastatic lesions, bumphunter13 and 
DMRcate.14 The initial 772,122 CpG sites previously men-
tioned, were used for bumphunter analysis. Additionally, 
for analysis with DMRcate, cross- reactive probes were re-
moved from the analysis. The resulting dataset consisted 
of 751,048 CpG sites.

For both analyses, data were divided into ‘localised tu-
mour’ and ‘bone metastasis’ groups. For analysis with bum-
phunter, M- values were processed through the bumphunter 
function (version 1.20.0)13 of minfi to identify regions of 
differential methylation between the two groups, with the 
following parameters: the cut- off for percent difference in 
methylation was set at 90% and permutations were set to 
10. For analysis with DMRcate, M- values were processed 
through the DMRcate function (version 1.20.0)14 of minfi 
to identify regions of differential methylation between the 

two allocated groups with the following parameters: the p- 
value cutoff was set to 0.01, the parameter lambda to 1000 
and the parameter C to 2. These analyses with bumphunter 
and DMRcate yielded 8221 and 8934 significantly DMRs 
(p < 0.05), respectively. The genomic region covered by the 
DMRs from each analysis were annotated with annotatr 
(version 1.10.0)15 to identify which gene/s they were asso-
ciated with, and their relation to CpG islands. Of the 8221 
DMRs identified with bumphunter analysis, 5299 were asso-
ciated with 3850 individual genes. Of the 8934 DMRs iden-
tified with DMRcate analysis, 5873 regions were associated 
with 5933 individual genes. The annotated lists of DMRs 
from both analyses were then cross- referenced with one an-
other using the ‘intersect’ function of dplyr (version 0.8.5).16

2.5 | Targeted next generation bisulphite 
sequencing

Bisulphite converted cell line DNA (25 ng) was used to am-
plify three regions of interest with MyTaq HS™ (Bioline) 
using a Verti 96 well thermal cycler (Applied Biosystems, 
USA) under the following conditions: 95°C for 3 min fol-
lowed by 45 cycles of 95°C for 30 s, 54°C for 30 s and 72°C 
for 30 s, followed by 72°C for 10 min, according to the 
manufacturer's instructions with the following altera-
tion: 2% DMSO was added to the reaction mix. Primer se-
quences available upon request.

Libraries were prepared (1 ng PCR product) using the 
Nextera XT DNA Library Prep Kit (Illumina), according 
to the manufacturer's protocol with the following modifi-
cations: reactions were performed in one third of the rec-
ommended volume. Samples were barcoded using Set A 
and B of the Nextera XT Index v2 Kit (Illumina). Barcoded 
DNA fragments were pooled and sequenced on the MiSeq 
Illumina Platform using the MiSeq Reagent Nano v2 500 
Cycle Kit (Illumina). FASTQ files were aligned to the 
hg19 reference genome, and percent methylation at each 
CpG site was determined using the web interface EPIC- 
TABSAT v1.7120.17

2.6 | RNA isolation and gene expression 
analysis

RNA (1 μg) was extracted from frozen cell pellets using 
the Direct- Zol™ RNA MicroPrep Kit (Zymo Research), 
treated with DNase, and reverse transcribed using 
the iScript™ Reverse Transcription Supermix for RT- 
qPCR Kit (Bio- Rad) or the qScript cDNA Supermix Kit 
(Quantabio); all as per the manufacturer's directions. For 
quantitative PCR analysis, cDNA (50 ng) was amplified 
with the SensiFAST SYBR® No- ROX Kit (Thermo Fisher 
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Scientific), according to the manufacturer's instructions, 
using a 2- step cycling protocol on a QuantStudio™ 3 
Real- Time PCR System (Applied Biosystems), under the 
following conditions: 2 min at 95°C, then 30 cycles of 
95°C for 5 s then 60°C for 30 s, acquiring at the end of the 
60°C step. Primer sequences are available upon request.

3  |  RESULTS

We hypothesised that analysis of methylation changes 
between primary and metastatic bone samples shared 
between individuals, may identify key epi- drivers of 
PrCa progression from localised to metastatic disease. 
Four paired primary prostate tumour and metastatic 
bone samples were selected (clinicopathological infor-
mation is listed in Table 1) and genome- wide differences 
in DNA methylation were ascertained with the Illumina 
Methylation EPIC array.

Following quality control, the resulting dataset con-
sisted of 772,122 CpG sites. The extracted M- values were 
visualised on a multi- dimensional scaling plot, which re-
vealed that the major driver of variation is the individual, 
and not the sample type, i.e., primary prostate or bone le-
sion (Figure S1). This indicates that any DMRs identified 
that are shared between individuals are likely to be char-
acteristic of metastatic disease progression more broadly.

To identify DNA methylation changes between 
paired primary tumour and metastatic bone samples, 

two methods were utilised to identify the DMRs, bum-
phunter13 and DMRcate.14 In total, the initial 772,122 
CpG sites previously mentioned were used for bum-
phunter analysis, and following removal of cross- 
reactive probes, 751,048 CpG sites were included in the 
DMRcate analysis. Cross referencing the resulting DMRs 
from both analyses revealed that 3436 (89%) of the genes 
identified in the bumphunter analysis were also identi-
fied in the DMRcate analysis. KEGG pathway analysis 
of these overlapping genes found that these genes were 
enriched in the following: metabolic pathways, path-
ways in cancer, PI3K- Akt signalling pathway, MAPK sig-
nalling pathway, Human papillomavirus infection, and 
microRNAs in cancer, among other cancer- related path-
ways. This analysis confirms that the identified DMRs 
are likely specific to cancer progression.

Finally, the top 100 DMR gene lists from both analyses 
were sorted in descending order of statistical significance. 
The top 10 significant DMRs from each analysis, shown 
in Tables S1 and S2, were then cross referenced to iden-
tify regions of interest. Cross- referencing the top 10 DMR 
lists identified four common regions, of which three were 
associated with genes (CD81; chr11:2,397,201- 2,398,533, 
ST6FALNAC1; chr17:74,641,167- 74,641,294, WNT5A; 
chr3:55,522,301- 55,524,129), and one was in an inter-
genic region on chromosome 12, 12,200 bp upstream of 
TBX3. Given that WNT5A expression has been associated 
with multiple cancer types and many stages of disease,18 
WNT5A was prioritised for follow- up here.

T A B L E  1  Clinicopathological characteristics of the paired primary PrCa and metastatic bone samples included in this study.

Sample ID PSA
Gleason 
score Primary tumour description

Metastasis 
description

Time between biopsy 
sampling (years)

A 10 7 Invasive Poorly differentiated 5

B 17.2 9 Poorly differentiated, invasive - 3

C - 9 Poorly differentiated, invasive - 13

D 20 9 Poorly differentiated, invasive - 2

Note: Information not available on original pathology report. All FFPE sections were examined by a pathologist (RCM or SD).

F I G U R E  1  (A) Schematic representation of the promoter region of WNT5A. Transcription start site (TSS) at chr3: 55,523,973 (hg19) 
and CpG islands are indicated. CpG sites are indicated by vertical lines. CpG sites interrogated by the Illumina Methylation EPIC array 
are indicated by triangles and labelled 1–27. Region from bumphunter (WNT5A_BH) and DMRcate (WNT5A_DMRcate) analyses are 
indicated. Region amplified using primer sets WNT5A- A, WNT5A- B and WNT5A- C and analysed by bisulphite sequencing are indicated. 
(B) WNT5A methylation in paired primary PrCa and metastatic bone samples. Methylation status of the 17 CpG sites within the significantly 
differentially methylated region found in WNT5A with DMRcate analysis in tumour (dark grey) and paired bone metastases (light grey) as 
determined using the EPIC array. The significantly differentially methylated region found by bumphunter analysis (11 CpGs) is indicated. 
CpG numbers correspond to (A). The box plots depict the spread of beta values for each CpG across the four patient samples in each group 
(primary vs. metastasis). The mean of the group is labelled with a cross. The beta values are taken from many reads of ‘methylated’ or 
‘unmethylated’ to generate a percentage methylated (1 being fully methylated, 0 being unmethylated) per sample. CpG site #6 failed quality 
control. (C–E) Average WNT5A methylation across the region encompassed by primer sets WNT5A- A (18 CpGs) (C), WNT5A- B (30 CpGs) 
(D) and WNT5A- C (20 CpGs) (E) in prostate cancer cells, 22Rv1 and PC- 3. Statistical significance was determined using a paired t- test, 
**p < 0.01, ****p < 0.0001.
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3.1 | WNT5A is differentially methylated 
in primary prostate tumours when 
compared to bone metastases from the 
same individual

One of the most significant DMRs was situated across 
the transcription start site (TSS) of WNT5A and ex-
tended into the gene body (bumphunter, p = 1.73 × 10−4; 

DMRcate, FDR = 2.88 × 10−37). The EPIC array interro-
gated 17 CpGs spanning the promoter region, including 
the TSS and two CpG islands located downstream of the 
TSS (Figure  1A). Significantly higher methylation was 
observed in primary tumours when compared to bone 
metastases (Figure  1B; Figure  S2). DMRcate identified 
a larger region of differential methylation, including 17 
CpGs, which also encompassed the region identified by 



6 of 13 |   WILKINSON et al.

bumphunter (11 CpGs). The region identified by bum-
phunter analysis covered position +1136 to −158, in-
cluding the TSS (Figure  1B), and contained the most 
differentially methylated CpGs. This region was the focus 
of subsequent analysis, herein referred to as WNT5A_BH.

3.2 | WNT5A is differentially methylated 
in cell lines of varying metastatic potential

To further investigate whether WNT5A is a putative epi- 
driver, DNA methylation across the identified region of 
interest, WNT5A_BH, was examined in PrCa cell lines 
representative of a primary prostate tumour (22Rv1) 
and PrCa bone metastasis (PC- 3). DNA methylation of 
several regions encompassing WNT5A_BH, as shown in 
Figure  1A (WNT5A- A, WNT5A- B and WNT5A- C), were 
examined by targeted bisulphite sequencing in both cell 
lines.

WNT5A- A, which encompassed the TSS, had signifi-
cantly higher methylation in 22Rv1 cells than PC- 3 cells, 
p < 0.01 (Figure 1C). This was reflective of what was seen 
in the patient paired primary tumour and metastasis sam-
ples (Figure  1B). However, DNA methylation within re-
gions, WNT5A- B and WNT5A- C, which encompassed the 
gene body, was significantly lower in 22Rv1 cells when 
compared to PC- 3 cells, p < 0.0001 and p < 0.01, respec-
tively (Figure 1D,E).

3.3 | WNT5A is differentially expressed 
in cell lines of varying metastatic potential

To determine whether differential methylation of WNT5A 
is associated with a change in gene expression, WNT5A ex-
pression was examined in PrCa cell lines, 22Rv1 and PC- 3. 
WNT5A expression was found to be significantly higher 

in the PC- 3 cells than in the 22Rv1 cells (Figure 2A). This 
higher expression in PC- 3 cells was associated with sig-
nificantly lower DNA methylation across the TSS region 
(Figure  1C) and higher DNA methylation in the gene 
body (Figure 1D,E).

3.4 | WNT5A is effectively demethylated 
by 5- aza- 2′- deoxycytidine in PC- 3 and 
22Rv1 cells

To further explore the relationship between DNA meth-
ylation in the WNT5A_BH region and WNT5A gene ex-
pression, mRNA levels were examined in cell lines, PC- 3 
and 22Rv1, treated with demethylating agent, AzaC, to 
determine whether reduced DNA methylation at the 
WNT5A promoter leads to changes in WNT5A expression. 
No significant change in WNT5A expression was detected 
in either AzaC treated cell line (Figure 2B,C). However, 
expression trended towards increased in both cell lines, 
with expression being restored in AzaC treated 22Rv1 
cells, which were observed to have no WNT5A expression 
in the untreated control cells (Figure 2B).

To confirm that AzaC had effectively demethylated 
the WNT5A_BH region, DNA methylation levels were 
investigated in the AzaC treated 22Rv1 and PC- 3 cell 
lines in comparison to a vehicle control (Figures 3A and 
4A show representative bubble maps, respectively). The 
region encompassing the TSS, WNT5A- A, was shown to 
be significantly demethylated in 22Rv1 cells, p < 0.001, 
following AzaC treatment (Figure  3B). Additionally, a 
significant decrease in DNA methylation was shown 
across the two regions situated in the gene body, 
WNT5A- B and WNT5A- C, in PC- 3 cells treated with 
AzaC, p < 0.0001 and <0.05, respectively (Figure 4C,D). 
Regions where DNA methylation was not significantly 
reduced with AzaC, had low levels of DNA methylation 

F I G U R E  2  (A) WNT5A expression in prostate cancer cell lines. WNT5A mRNA levels are expressed relative to GAPDH mRNA. Values 
are shown as mean ± standard error (n = 3). (B, C) WNT5A expression is not altered by 5- aza- 2′- deoxycytidine (AzaC) treatment. Total RNA 
was isolated from 22Rv1 (B) or PC- 3 (C) cells untreated or treated with AzaC. mRNA levels are expressed relative to GAPDH mRNA. Values 
are shown as mean ± standard error (n = 3). Statistical significance was determined using a Students t- test, ***p < 0.001.
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prior to treatment (Figure 3C,D and Figure 4B). Taken 
together, these results confirm that AzaC was effective 
in demethylating the WNT5A_BH region in PrCa cell 
lines.

Together, these data confirm that in cancer cells, dif-
ferential DNA methylation of WNT5A is associated with 
changes in WNT5A gene expression. Particularly, high 
DNA methylation across the WNT5A TSS is associated 
with low WNT5A expression and low DNA methylation, 
which is paired with high DNA methylation in the gene 
body and higher WNT5A expression. Decreased methyl-
ation observed post- AzaC treatment was also associated 
with restored WNT5A expression in 22Rv1 cells, further 
indicating that DNA methylation may have a functional 
role in regulating WNT5A gene expression during PrCa 
progression to metastatic disease.

3.5 | WNT5A expression is significantly 
increased in bone metastases compared to 
other common sites of metastasis

WNT5A methylation and expression was interrogated in 
the TCGA- PRAD tumours (n = 492). Analysis found simi-
lar WNT5A expression in tumour versus normal prostate 
samples (n = 152; Figure 5A).19 However, higher WNT5A 
expression was found to be associated with shorter 
disease- free survival (Figure S3).19 Furthermore, compari-
son of methylation levels to gene expression of WNT5A, 
indicated a strong negative correlation between the two 
(Figure  5B; taken from the cBioPortal20). Specifically, 
decreased methylation was correlated with an increase 
in expression which indicates that in our paired patient 
samples, changes in methylation may be accompanied 

F I G U R E  3  Methylation status of WNT5A in 22Rv1 cells. (A) Diagrammatic representation of the methylation at each CpG site within 
the region encompassed by WNT5A- A, B and C in 22Rv1 cells. Percentage methylation is specified by colour, blue indicating a CpG is 
unmethylated, red indicating a CpG is methylated. (B–D) Average methylation across region encompassed by primer sets WNT5A- A (B), 
WNT5A- B (C), WNT5A- C (D). Statistical significance was determined using a paired t- test, ***p < 0.001.
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by changes in gene expression, which we observed in our 
cell line analyses. This was consistent with publicly avail-
able data previously available from the Human Cancer 
Metastasis Database.21 WNT5A expression was found to 
be significantly higher in bone metastases compared to 
other sites of metastasis, such as the lymph node, lung and 
liver (Figure 5C).

4  |  DISCUSSION

Here, we utilised the power of paired patient samples22 
to identify shared key methylation changes between pri-
mary prostate tumours and bone metastases. The prin-
ciple underpinning the ‘paired sample’ approach is that 
although potentially thousands of molecular changes are 

likely to be identified between the paired samples, only 
those shared between individuals are likely to be the key 
drivers of metastatic survival and growth in these bony le-
sions.22 Notably, patterns of DNA methylation clustered 
on an individual basis instead of by sample type (primary 
vs. metastatic; Figure S1), which is consistent with previ-
ous studies.23 Patient samples showed strong evidence for 
methylation differences associated with disease state. We 
identified a list of DMRs associated with 3436 genes found 
to be consistently differentially methylated in bone metas-
tases when compared to primary prostate tumours. One 
of the most significant regions of differential methylation 
identified was an approximately 1 kb region within the 
WNT5A promoter, which was significantly demethylated 
in bone metastases when compared to primary prostate 
tumours.

F I G U R E  4  Methylation status of WNT5A in PC- 3 cells. (A) Diagrammatic representation of the methylation at each CpG site within 
the region encompassed by WNT5A- A, B and C in PC- 3 cells. Percentage methylation is specified by colour, blue indicating a CpG is 
unmethylated, red indicating a CpG is methylated. (B–D) Average methylation across region encompassed by primer sets WNT5A- A (B), 
WNT5A- B (C), WNT5A- C (D). Statistical significance was determined using a paired t- test, *p < 0.05, ****p < 0.0001.
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Aberrant WNT5A DNA methylation has been reported 
throughout PrCa disease progression, with the WNT5A 
promoter shown to be hypermethylated in primary PrCa 
tumours when compared to benign prostatic hyperpla-
sia24 and hypomethylated when compared to benign tis-
sue.25 DNA methylation in the identified WNT5A region 
was further investigated in cell line models of primary 
prostate tumour and bone metastasis, 22Rv1 and PC- 3 
cells, respectively. The methylation patterns across the 
TSS were found to resemble the methylation patterns of 
the primary patient samples. It was further found that 
differential WNT5A DNA methylation was negatively 
correlated with WNT5A gene expression in the cell lines. 
Consistent with our findings here, it has previously been 
reported that when hypomethylated, WNT5A is upregu-
lated when compared to normal cells.25 In a multi- omic 
approach to assessing the proteome in 949 human cancer 
cell lines, Goncalves and colleagues (2022) also reported 
increased WNT5A expression in cell lines of higher met-
astatic potential (PC- 3 > VCaP>LNCaP>22Rv1).26 In 

addition, here, AzaC- induced demethylation was associ-
ated with a shift of WNT5A expression in both cell lines, 
however, this change did not reach significance and may 
indicate that AzaC is not able to sufficiently demethylate 
WNT5A. Although, another study found that treatment 
of a normal prostate cell line with AzaC resulted in par-
tial loss of methylation and was shown to increase mRNA 
expression.27

WNT5A encodes a secreted signalling protein which 
plays an essential role in the regulation of developmental 
pathways during embryonic development.28 Increased 
WNT5A expression has been shown to induce epithelial 
to mesenchymal transition across multiple cancer types 
(breast, lung and colon), and in cell lines taken from 
hepatocellular and ovarian cancer.29,30 Additionally, 
changes in gene and protein expression of WNT5A have 
been consistently implicated in both primary PrCa dis-
ease progression and metastasis to the bone, however, it 
is debated as to whether an increase in expression pro-
motes or inhibits disease progression.31–36 Analysis of 

F I G U R E  5  WNT5A expression in publicly available datasets. (A) WNT5A expression in tumour (n = 492; red) versus normal prostate 
samples (n = 152; grey) from TCGA- PRAD. (B) Correlation between WNT5A methylation and mRNA expression in primary prostate 
TCGA- PRAD tumours, taken from the cBioPortal.20 WNT5A methylation (β- value) is plotted on the y- axis, a higher value indicates higher 
methylation. WNT5A mRNA expression z- score is plotted on the x- axis, a higher value indicates higher expression. (C) WNT5A gene 
expression in unpaired patient samples of bone (n = 20), lymph node (n = 69), lung (n = 22) and liver (n = 21) metastases. Data and images 
were taken from the Human Cancer Metastasis Database in 2021 (EXP00337- 9).21
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publicly available datasets revealed that higher WNT5A 
expression is associated with shorter disease- free sur-
vival and increased expression is observed in bone me-
tastases compared to other metastatic sites. However, 
there is a dearth of publicly available databases that re-
port analysis of paired primary and metastatic samples, 
and so no comparative data were identified to provide 
a true comparison. Knockdown of WNT5A and other 
downstream Wnt signalling receptors in in vitro models, 
which mimic the bone microenvironment, significantly 
reduces PrCa cell line invasiveness in PC- 3 and 22Rv1 
cells.35,37 Additionally, upregulation of WNT5A has been 
shown to enhance cell motility, migration and inva-
sion,25,38 and in vitro, increases cell migration potential 
towards bone, indicating its potential role as a chemoat-
tractant.37 Conversely, contrary to our findings, a study 
also employing PC- 3 cells found that WNT5A induced 
dormancy of PrCa cells in  vitro, in a reversible man-
ner, and inhibited bone metastasis in  vivo.34 Likewise, 
a study by Thiele and colleagues (2015) also found that 
WNT5A overexpression decreased cell proliferation and 
migration, and increased cancer cell apoptosis.31 Taken 
together, these data reveal that the role of WNT5A ex-
pression in PrCa carcinogenesis is complex.

It has been established in several previous studies that 
methylation of WNT5A is associated with gene expression, 
and that WNT5A is likely to be epigenetically regulated 
through methylation changes at or around the promoter 
region. In PrCa, converse to what we have shown here, hy-
pomethylation of WNT5A has been observed in primary 
prostate tumours27 most notably, in a study of 100 inde-
pendent metastatic castration resistant PrCa tumours by 
Zhao et al., (2020), WNT5A was hypomethylated in these 
tumours and methylation was negatively correlated with 
WNT5A expression (p = 7.63 × 10−6),39 which supports 
our findings. Given its role as a tumour suppressor gene 
in multiple cancer types, methylation at the WNT5A pro-
moter can also be paired with decreased expression,40–42 
and increased DNA methylation is associated with mul-
tiple haematological malignancies,40,41 oesophageal squa-
mous cell carcinoma42 and ovarian cancer.43 Further, in 
colorectal cancer, WNT5A methylation is associated with 
tumour microsatellite instability, and therefore is partic-
ularly prone to replication errors and is predictive of re-
sponse to chemotherapy and immunotherapy.44 In many 
cases, cell lines of these malignancies show decreased 
methylation and increased WNT5A expression when 
treated with the demethylating agent, AzaC.27,40,42,43,45

Previous studies have demonstrated that small sample 
sizes of paired patient samples are sufficiently powered to 
identify differential methylation across groups, compared 
to when non- paired samples are used.23,46 Studies using a 
paired sample design, which was employed here, provide 

the power to identify candidate genes,22 however further 
validation in a larger sample size and/or an in vitro model 
are still required. These paired samples are a rare resource, 
however, their utility is restricted by sample availability. 
In Australia, biopsies aren't commonly used to diagnose 
bone metastasis and, when they are, it is often years after 
the initial prostate biopsy. The data presented here indi-
cates that the decreased pattern of methylation observed 
in bone metastasis may be associated with an increase 
in WNT5A expression. However, this hypothesis was not 
tested in the patient samples. This is because it is difficult 
to extract quality RNA from FFPE tissue samples derived 
from the bone. Nucleic acids are often degraded during 
the fixation and embedding process and a calcified bone 
sample adds extra complexity.47,48 Thus, we were unable 
to generate accurate representation of RNA expression 
changes associated with any identified DNA methylation 
changes. Utilising cell line models, as we have here, is an 
effective alternative to investigating expression changes 
that may be associated with DNA methylation changes.

The majority of PrCa mortality burden lies with me-
tastasis, particularly bone metastasis. Additionally, there 
is significant disease burden caused by overdiagnosis and 
overtreatment of PrCa. Therefore, identifying epi- drivers 
that could aid in the development of a putative diagnos-
tic test for the risk of metastasis, would allow for more 
informed clinical decision making. Consequently, identi-
fying potential drivers of PrCa progression to bone metas-
tasis is imperative to providing novel therapeutic targets. 
Taken together with the literature, the data presented here 
suggest that the DNA methylation changes in WNT5A are 
associated with WNT5A expression, which shows great 
promise as a potential epi- driver of metastasis. Our study 
demonstrates the utility of this combined patient paired 
sample and cell line model approach in identifying poten-
tial epi- drivers of metastasis. More broadly, aberrations 
in WNT signalling pathway genes have historically been 
considered for cancer treatments but remain unavailable 
due to side effects.49 WNT5A inhibitors have been shown 
to effectively suppress melanoma cell invasion in vitro by 
blocking WNT5A signalling,50,51 and have been identified 
as potential therapeutic options for ovarian cancer,52 how-
ever, validation of their clinical utility in vivo is urgently 
required. Current WNT5A inhibitors are non- specific to 
WNT5A which may mean that ‘normal’ WNT signalling 
may also be compromised. Overall, further investigation 
into the pathways through which WNT5A dysregulation 
may induce metastasis is an obvious next step.
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