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ABSTRACT

Activation of the Canonical Wnt pathway (CWP) has been linked to advanced
and metastatic prostate cancer, whereas the Wnt5a-induced non-canonical Wnt
pathway (NCWP) has been associated with both good and poor prognosis. A newly
discovered NCWP, Wnt5/Fzd2, has been shown to induce epithelial-to-mesenchymal
transition (EMT) in cancers, but has not been investigated in prostate cancer. The aim
of this study was to investigate if the CWP and NCWP, in combination with EMT, are
associated with metabolic alterations, aggressive disease and biochemical recurrence
in prostate cancer. An initial analysis was performed using integrated transcriptomics,
ex vivo and in vivo metabolomics, and histopathology of prostatectomy samples
(n=129), combined with at least five-year follow-up. This analysis detected increased
activation of NCWP through Wnt5a/ Fzd2 as the most common mode of Wnt activation
in prostate cancer. This activation was associated with increased expression of EMT
markers and higher Gleason score. The transcriptional association between NCWP
and EMT was confirmed in five other publicly available patient cohorts (1519 samples
in total). A novel gene expression signature of concordant activation of NCWP and
EMT (NCWP-EMT) was developed, and this signature was significantly associated
with metastasis and shown to be a significant predictor of biochemical recurrence.
The NCWP-EMT signature was also associated with decreased concentrations of the
metabolites citrate and spermine, which have previously been linked to aggressive
prostate cancer. Our results demonstrate the importance of NCWP and EMT in prostate
cancer aggressiveness, suggest a novel gene signature for improved risk stratification,
and give new molecular insight.
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INTRODUCTION

Increased activation of the Wnt signaling pathway
(WP) is associated with development, progression, and
metastasis of many cancers [1]. In prostate cancer, the WP
has been associated with aggressive, late stage disease,
and metastasis [2-5]; however, its potential for early
prediction of aggressiveness is still unclear. Previous
studies are mainly performed in prostate cancer cell lines
[6-9], and proper validation in human tissue is lacking.
The WP is proposed as a therapeutic target in prostate
cancer treatment [10], and reduced proliferation has been
detected as a result of targeted Wnt-inhibitor drugs in cell
lines [11, 12]. However, to develop Wnt-targeted drugs for
human prostate cancer, an increased understanding of the
molecular mechanisms in vivo is needed.

Wnt ligands bind to Frizzled (Fzd) receptors to
activate the WP, which then induces signal transduction
cascades. The WP is generally divided into a B-catenin-
dependent canonical WP (CWP), and a P-catenin-
independent non-canonical WP (NCWP). The importance
of the CWP in carcinogenesis was first discovered in
colorectal cancer, where mutations of the APC gene, a
part of the B-catenin destruction complex (Figure 1A),
resulted in stabilization and nuclear translocation of
B-catenin [13]. This B-catenin translocation is a hallmark
of CWP activation, and can drive tumor invasion and
metastasis through a process of epithelial-to-mesenchymal
transition (EMT) [14]. During EMT, epithelial cancer cells
develop into less adhesive and more motile mesenchymal-
like cells, which increases the cancer’s potential for
invasion and metastasis [15]. There is mounting evidence
associating EMT in prostate cancer with increased
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aggressiveness [16]. Several studies support the activation
of CWP in advanced and metastatic prostate cancer [7,
17], but little evidence exists for localized and locally
advanced prostate cancer.

The NCWP is commonly divided into two pathways,
the planar cell polarity (PCP), and the Wnt/Calcium
pathway (Figure 1B-1C). Few studies have addressed the
significance of NCWP in prostate cancer. Most attention
has been focused on the role of the non-canonical ligand
Wnt5a, a key activator of the NCWP. Wnt5a is generally
found to be upregulated in prostate cancer, but results are
inconsistent regarding its association with good [18-20]
or poor prognosis [21]. Recently, a new NCWP involving
Wnt5a and the receptor Frizzled2 (Fzd2) was discovered
(Figure 1D) and shown to promote tumor progression and
EMT in several cancer cell lines and a mouse xenograft
model [22]. In the same study, a Wnt5/Fzd2 based gene
set was also shown to accurately predict metastasis
and survival in a small cohort (n=46) of patients with
hepatocellular carcinoma. However, this study did not
address the in vivo relevance of the NCWP in larger
patient cohorts or in prostate cancer tissue.

Metabolic reprogramming is a hallmark of cancer
[23], and the WP has been suggested as an emerging
mediator of cancer cell metabolism [24, 25]. Wnt5a-
mediated NCWP has been directly related to alterations
of the energy metabolism in melanoma and breast cancer
cells [26]. Selected metabolic alterations detected in
tissue samples by high resolution magic angle spinning
magnetic resonance spectroscopy (HR-MAS MRS) can
be translated for use in a clinical setting by magnetic
resonance spectroscopy imaging (MRSI). Differences
in (choline + creatine + spermine)/citrate ratio between
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Figure 1: Schematics of Wnt signaling pathways in cancer cells. A. Canonical Wnt pathway. In the absence of Wnt signaling, the
[B-catenin destruction complex labels -catenin for proteasomal degradation. In the presence of Wnt signaling, the destruction complex is
inhibited, resulting in stabilization and nuclear translocation of B-catenin, activating transcription of target genes. B. Non-canonical planar
cell polarity (PCP) pathway activates signaling cascades resulting in cytoskeletal changes, as well as alterations in cell polarity, movement
and survival. C. Non-canonical Wnt/Calcium pathway signaling activates intracellular calcium, which in turn reduce cell adhesion through
further signaling. D. Non-canonical Wnt5/Fzd2 pathway. Wnt5 signals via the FZD2 receptor and FYN activates STAT3 transcription

leading to epithelial-mesenchymal transition (EMT) in cancer cells.
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low and high histopathological Gleason score have
previously been detected using in vivo MRSI of patients
[27], and citrate and spermine are suggested as the main
contributors to discriminating on the basis of tumor
aggressiveness from tissue HR-MAS MRS analysis [28].
To date, metabolic alterations associated with the WP have
not been investigated in prostate cancer.

The aim of this study was to investigate if the
CWP and NCWP, in combination with EMT markers,
are activated and associated with aggressive disease and
metabolic alterations in human prostate cancer. To approach
these questions, we first used a patient cohort where
integrated omics analyses were performed on the same
samples from fresh-frozen prostatectomy-tissue slices,
including transcriptomics, tissue ex vivo and in vivo patient
metabolomics, and detailed histopathological evaluation
[29]. Histopathology allowed us to control for tissue
heterogeneity, particularly the fraction of stroma, which is
a major complicating factor when analyzing tissue samples
[30]. The findings were confirmed in publicly available
prostate cancer cohorts (n=1519 samples in total), and in
a separate immunohistochemistry cohort. The analysis
suggests that the NCWP, and not the CWP, is the most
active WP for in vivo prostate cancer, and that this activity
correlates with markers for EMT. Our approach allowed for
the development of a novel NCWP-EMT gene signature
significantly associated with recurrent and metastatic
cancer and metabolic biomarkers. This signature may help
differentiate aggressive from indolent prostate cancer.

RESULTS AND DISCUSSION

Patient and sample characteristics of the main and
the immunohistochemistry cohorts are presented in Table
1. The five validation cohorts (in total 1519 samples) are
presented in the methods section with more information
listed in Supplementary Table 1.

The canonical Wnt pathway is not activated in
prostate cancer

To investigate if the CWP is activated in prostate
cancer, we compared gene expression of the central CWP
genes between cancer and normal samples of the main
cohort using sample subsets balanced and unbalanced for
stroma content according to histopathology (Figure 2A,
Supplementary Table 2, Methods). The level of B-catenin
(CTNNBI), the key component of the CWP pathway,
showed no significant altered expression in cancer
compared to normal, and two of the main components of
the B-catenin destruction complex, GSK3B and AXINI,
were significantly upregulated in cancer. This may suggest
increased activity of B-catenin destruction in prostate
cancer, contrary to what is expected when the CWP is
turned on. Additionally, the Wnt ligand genes associated
with the CWP were not significantly changed in cancer
compared to normal samples. Other important findings

are reduced expression of the receptor FZD1, increased
expressions of the antagonist SFRP4 and casein kinase
CSNKE, which support the absence of CWP activation.
Although some variations were observed (Figure 2A),
the lack of upregulation of the main CWP genes suggests
no increased expression activity of the CWP in prostate
cancer in our main cohort.

Translocation of B-catenin from the membrane
to the nucleus is the hallmark of CWP activation,
and to validate the findings above, we performed
B-catenin  immunohistochemistry (IHC) on the
immunohistochemistry cohort (Figure 3A-3B). All the
samples (n=40) had weak or non-detectable nuclear
staining (SI<2). Most of the samples (n=30) had strong
membranous [-catenin staining (SI=9), indicating
no activation of the CWP. Ten samples had weak or
moderate membranous staining (SI<6), indicating reduced
membranous expression without increased nuclear
expression of P-catenin. These findings demonstrate
that the CWP is not activated in prostate cancer in our
immunohistochemistry cohort, which is in concordance
with the gene expression results from the main cohort.
We therefore conclude that there is little evidence of CWP
activation in prostate cancer compared to normal prostate
tissue investigated in two independent cohorts.

We further investigated alterations in the CWP
between low Gleason (<3+4) and high Gleason (>4+3)
samples (Figure 2A). There were no significant gene
expression alterations detected for B-catenin (CTNNBI),
the Wnt ligands, the receptor-complex and the destruction
complex (Supplementary Table 2). Of the CWP
inhibitors, both SFRP2 and SFRP4 were upregulated in
high Gleason compared to low Gleason cancer samples,
which is contradictory to CWP activation. However, the
inhibitor of B-catenin translocation, /CAT (CTNNBIPI),
was downregulated, and the CWP transcription factors
LEFI and TCF were upregulated in high Gleason
cancer, which could indicate activation of downstream
components of the pathway independently of the B-catenin
destruction complex. To conclude, the overall analysis
suggests no significant increase in CWP activation through
the canonical destruction complex, neither in cancer
compared to normal nor in high Gleason cancer.

There is currently no consensus in the literature
regarding CWP activation in prostate cancer, and our
findings are contradictory to several previous studies
suggesting increased CWP in prostate cancer [7, 9, 17].
The CWP has previously been associated with advanced
disease such as androgen resistant prostate cancer in cell
lines [7], and prostate cancer bone metastasis in human
tissue and cell lines [8, 17]. The fact that our cohorts
consist of radical prostatectomy tissue, from localized or
locally advanced disease, may explain the absence of CWP
activation. The CWP may therefore still be of importance
in advanced, metastatic prostate cancer, but might not
prove useful for early risk stratification. Furthermore,
several previous studies reporting increased CWP signaling
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Table 1: Patients and sample characteristics of the two cohorts

Main cohort Immunohistochemistry

cohort
Patients n=41 n=40
Age (median, range) Years 64 (48-69) 62 (48-73)
sPSA (median, range) Before Surgery (ng/mL) 9.1 (4.0-45.8) 8.9 (5.2-18.0)
Clinical pT stage (patients) pTlc - 7
pT2 28 20
pT3 13 10
Unknown - 3
Tissue samples n=129 n=40
Sample weight (mean, range) (mg) 12.7 (3.0-21.9) 12.6 (7.6-21.0)
. Benign 34 -k
Gleason score of tissue samples
6 24 5
7 41 25
8 15 5
9 15
10 -
Gleason grade groups Low Gleason (<3+4) 48 21
High Gleason (>4+3) 47 19

* 50 benign samples were excluded from further analysis in the immunohistochemistry cohort

sPSA — serum PSA, pT stage — pathological tumor stage.

were using prostate cancer cell lines [6-9]. The disparity
could therefore also highlight a difference between in
vitro cell lines and human prostate tissue, emphasizing the
importance of validation studies in human tissue, especially
for identification of potential targets for personalized drug
therapy.

In our main cohort, the central CWP genes showed
an expression pattern that was indicative of substantial
stromal influence when comparing normal against cancer
tissue (Figure 2A). This trend was particularly strong for
genes that, directly or partly, regulate the activity of the
B-catenin destruction complex, and indicates a difference
of CWP activity when cancer is compared to stroma, but
not when compared to benign epithelium. Thus, at least
some of the discrepancies from previous studies of CWP
in prostate cancer may be explained by uneven sampling
of stroma content between cancer and normal samples
which has previously been observed in tissue samples
from prostate cancer patient cohorts [30, 31].

WntSa-induced non-canonical Wnt signaling is
increased in high Gleason prostate cancer

The NCWP, including the Wnt/Calcium, PCP and
the new Wnt5/Fzd2 pathways, were investigated (Figure
2B, Supplementary Table 2). When comparing cancer
with normal samples, we found no alterations in any of

the pathway components apart from downregulation of the
ligand WNTS5B, and upregulation of the calcium pathway
component PLCB2, suggesting no increased activation
of the NCWP in prostate cancer in general. However,
when high Gleason samples were compared with /ow
Gleason samples, significantly increased expressions were
detected for three of the four key genes of the Wnt5/Fzd2
pathway; the ligand WNT5A4 (p<0.001), the receptor FZD?2
(p=0.003) and the midstream kinase component FYN
(p<0.001) (Figure 2B). No significant expression change
was detected for the last key component, the transcription
factor STAT3. For the Wnt/Calcium pathway, only PLCB2
was upregulated in high Gleason cancer (Figure 2B), and
none of the central components of the PCP pathway were
altered (Supplementary Table 2). In summary, these data
suggest upregulation of the Wnt5/Fzd2 pathway in high
Gleason prostate cancer.

For validation, IHC of WNTS5A was performed
on the immunohistochemistry cohort (Figure 3C-3D).
Of the 40 cancer samples, 32 had strong (SI=9) and
8 had moderate or weak staining (SI<6). There was no
association between the staining intensity and Gleason
grade for this cohort.

Whnt5a has been suggested as a biomarker in prostate
cancer, but its prognostic outcome has been inconsistent
[18-21]. The increased WNT5A4 gene expression in high
Gleason cancer samples compared to low Gleason samples
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is in agreement with results from Yamamoto et al. who
reported increased Wnt5a IHC staining of prostatectomy
tissue samples with high Gleason grade [21]. This oncogenic
effect of Wnt5a in prostate cancer progression is also
supported by studies of cell lines, where Wnt5a has been
shown to improve migration capacity [32], induce androgen
resistance in prostate cancer metastases [33], and induce
bone metastasis [8]. Contrary to this, other IHC studies
of prostatectomy tissue samples have detected a tumor-
suppressing role of Wnt5a in prostate cancer; increased
Whnt5a IHC expression has been associated with increased

B-catenin

N-cadherin

E-cadherin

Figure 3:

Immunohistochemical staining of the
immunohistochemistry cohort. A. Strong membranous
B-catenin staining and B. weak B-catenin staining. C. Strong
WntSa staining and D. weak Wnt5a staining. E. Positive
membranous N-cadherin staining and F. negative N-cadherin
staining. G. Strong membranous E-cadherin staining and H.
weak E-cadherin staining. Magnification x400. Bar 50um.

10 years survival [18], and a lower risk of biochemical
recurrence [19, 20]. This was, however, only true for low
Gleason grade samples in one of the studies [20]. This
apparent opposing role of Wnt5a in prostate cancer may
be explained by the paradoxical effect of Wnt5a in other
cancers. In melanoma, pancreatic and gastric cancer, WntSa
expression is associated with worse prognosis, but in colon
and thyroid cancer Wnt5a expression is associated with
better prognosis as reviewed by McDonald and Silver, and
Zhu et al. [34, 35]. The tumor-promoting role of Wnt5a can
be caused by activation of NCWP [35], whereas the tumor-
suppressing role may be caused by inhibition of the CWP
[36]. Because of this conflicting role in different cancer
types, we suspect that Wnt5a alone may not be a useful
biomarker for prostate cancer.

EMT markers are upregulated in high Gleason
prostate cancer

The Wnt5/Fzd2 NCWP has previously been linked
with EMT studies on various cancer cell-lines, but not
in prostate cancer [22]. We therefore evaluated the gene
expression of the most central EMT positive and negative
markers in prostate cancer in the main cohort (Figure 2C
and 2D). When comparing high Gleason with low Gleason
samples, significant upregulations were detected for the
expression of EMT positive markers in high Gleason;
N-cadherin (CDH?2), OB-cadherin (CDH11), vimentin
(VIM) and Delta-2-catenin (CTNND?2) (Figure 2C). In
addition, a non-significant downregulation of E-cadherin
(CDH1I), an EMT negative marker, was observed in high
Gleason samples (fold-change=-0.25, p=0.07; Figure
2D), suggesting ongoing EMT in high Gleason samples.
In the immunohistochemistry cohort, IHC of N-cadherin
showed membranous staining (SI>2) in only two, both
high Gleason, of the forty cancer samples (Figure 3E-3F).
Reduced, moderate membranous staining of E-cadherin
(SI=6), was detected in five samples while the remaining
samples had strong membranous staining (SI=9) (Figure
3G-3H). However, the reduced E-cadherin staining did
not correspond to N-cadherin staining, as hypothesized
for the N- to E-cadherin switch proposed to be important
for EMT in prostate cancer [37]. Inspection of the
principal component analysis (PCA) score plots for the
main and validation cohorts also confirmed consistent
N-cadherin upregulation correlating with high Gleason
and EMT genes, while the anticorrelation to E-cadherin
was inconsistent between the cohorts, in accordance with
observations in the immunohistochemistry cohort (Figure
4A, 4C-4G). In conclusion, the increased levels of several
EMT positive genes, suggests ongoing EMT in a subset
of mainly high Gleason prostate cancer samples. This
was partly supported by the IHC, although the number of
samples in the immunohistochemistry cohort was too few
to make a conclusion.
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A novel 15 gene non-canonical Wnt pathway -
EMT (NCWP-EMT) signature

To further investigate the relationship between the
expression of Wnt and EMT genes, PCA analysis was
performed on the expression profiles of 48 central Wnt and
EMT genes (Methods). The first two principal components
clearly highlighted a separate cluster of 15 genes related
to the Wnt5a/Fzd2 pathway and EMT (Figure 4A). This
gene set included 11 genes, which were also upregulated
in high Gleason samples. In addition, two inhibitors of the
CWP (NKD2 and SFRPI), and two EMT positive markers
(CDH3 and MMP9) were part of the PCA cluster and
included in the gene set. Because of the clear relationship
to Wnt5/Fzd2 NCWP and EMT, we will refer to this set of
genes collectively as the NCWP-EMT genes.

Using all cancer samples in the main cohort, we
calculated an average Pearson’s correlation r of 0.34
between all 15 gene using pairwise correlations. This is
comparable or higher than the average correlation between
genes in previously validated prostate cancer signatures [38,
39] (Figure 4B), including signatures for the established
TMPRSS2-ERG gene fusion (average Pearson’s 1=0.30).
The pattern of the NCWP-EMT gene set from the main
cohort was validated in PCA analysis of the Wnt-genes
in the five publicly available cohorts (n=1519 samples in
total, Supplementary Table 1). The same 48 central Wnt-
genes, in addition to WNT1, WNT3 and WNT3A which were
lacking data in the main cohort, were used. All cohorts
confirm the NCWP-EMT component as the most important
source of variation in the gene expression, although there
were some variations in the highlighted genes (Figure 4C-
4G and Supplementary Figure 1). The CWP was either
insignificant or spanning a separate axis of variation with
little correlation to EMT. Interestingly, WNT5A expression
pattern varied considerably with respect to the NCWP-EMT
axis. Overall, these data show the NCWP-EMT gene cluster
to be robust over large prostate cancer patient cohorts, and
the 15 NCWP-EMT genes to be accessible for a concordant
NCWP-EMT gene expression signature.

The continuous single sample gene set enrichment
analysis (GSEA) score of the novel NCWP-EMT signature
was significantly correlated with the Gleason score of the
samples (Pearson’s r of 0.49, p<0.001). When the samples
were categorized according to the NCWP-EMT score as
low, intermediate, and high, the distribution of low/high
Gleason samples in the groups were as following: NCWP-
EMT low (n=25/n=7), NCWP-EMT intermediate (n=17/
n=14), and NCWP-EMT high (n=6/n=26). As expected
most samples with zigh NCWP-EMT score also were
high Gleason samples; however, some samples were low
Gleason, and vice versa for samples with low NCWP-EMT
score. This indicates that the NCWP-EMT signature might
add an additional dimension for stratification, compared
to Gleason grade alone. The NCWP-EMT signature may
therefore, with further refinements and validation, be a

useful addition to the selection criteria for active surveillance
in prostate cancer patients.

The novel NCWP-EMT signature also showed
significant association with previously published
mesenchyme and cytokine gene signatures (Supplementary
Figure 2), and highly significant gene ontology (GO)
terms related to cell adhesion, extracellular matrix,
inflammation and immune response which are features
commonly associated with EMT (Supplementary Table
3). The same analysis based on the expression level of
WNT5A alone, did not produce any significant GO terms,
further supporting the hypothesis that Wnt5a alone is an
ambiguous biomarker in prostate cancer.

The NCWP-EMT gene signature is associated
with metabolic alterations

We further investigated the metabolic alterations of
23 metabolites between samples with low, intermediate,
and high activation of the developed NCWP-EMT
gene expression signature (Supplementary Table 4) in
the main cohort. The most prominent alterations were
observed for the metabolites citrate and the polyamine
spermine (Table 2), which showed significantly decreased
concentration in the high NCWP-EMT compared to
low NCWP-EMT samples. This alteration was also
observed for #igh NCWP-EMT samples when compared
with intermediate NCWP-EMT samples, but not when
comparing intermediate with low NCWP-EMT samples.
This suggests citrate and spermine alterations to be more
profound in the samples with #igh NCWP-EMT score
compared to /ow and intermediate score NCWP-EMT.
In addition, there were alterations in the concentration of
phosphoethanolamine and taurine between the /ow and the
intermediate score group (p=0.002, p=0.028 respectively).

Decreased concentrations of citrate and spermine
have been associated with aggressive prostate cancer [28,
40], and our results therefore suggest the NCWP-EMT
signature to be associated with an aggressive metabolic
profile. Reduced citrate can be a result of increased energy
production through the Krebs cycle in prostate cancer
[41]. Previously, Wnt5a signaling has been identified as a
regulator of the energy metabolism in melanoma cancer
cells [26], and alterations of this metabolism have also
been associated with EMT in cancer [42]. Another study
detected that reduced polyamine content promoted EMT
in non-tumor MDCK cells [43]. We therefore hypothesize
that NCWP-EMT activation is associated with alterations in
citrate and spermine metabolism in prostate cancer, although
the direct mechanisms require further investigation.

To investigate the potential clinical translation of the
metabolic findings, we inspected the gene signature score
with matched pre-surgical in vivo MRSI from the same
patients. Reduced citrate/creatine and spermine/creatine
ratios were detected for #igh NCWP-EMT score samples
when compared with low NCWP-EMT score (Table 2).
Although we had a limited number of matched samples
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Figure 4: The NCWP-EMT gene expression signature. A. Two component PCA plot reveals a group of 15 of 48 genes, mainly
connected to Wnt5a/Fzd2 non-canonical Wnt pathway, epithelial-mesenchymal transition (EMT), and inhibitors of the canonical Wnt
pathway, collectively termed NCWP-EMT (CDH2, CDH3, CDHI11, FYN, FZD2, LEF1, MMP9, NKD2, PLCB2, SFRP1, SFRP2, SFRP4,
VIM, TCF4 WNT5A). B. The Pearson correlation of co-expression of the genes in the NCWP-EMT signature is as good or better compared
with other recognized genes expression signatures in prostate cancer. Random marks 200 randomly selected genes for validation. C-G. The
NCWP-EMT signature confirmed in the validation cohorts, although there were some variations in the highlighted genes. High-resolution
versions of the PCA plots including all gene names, and Pearson correlation of the validation cohorts are available in Supplementary

Figure 1.
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Table 2: Alterations in citrate and spermine metabolism

Metabolite concentration (mmol/kg wet weight) ex vivo and

metabolites amount/ratios in vivo p-values

. . . Low vs. Int.vs  Low vs.

Signature score Low Intermediate(Int) High High High Int
Median (IQR) Median (IQR) Median (IQR)

Ex vivo (n=95) (n=32) (n=31) (n=32)
Citrate 7.31 (5.57-11.56) 6.38 (4.56-11.58) 3.55(2.08-7.25) 3.38:-10%%  0.018*  0.282
Spermine 1.55(1.02-2.36) 1.23 (0.67-2.27) 0.75 (0.39-1.43) 3.38-10**  0.028* 0.113
In vivo (n=22) (n=10) (n=7) (n=5)
Citrate/Creatine 7.36 (5.81-8.79) 4.45 (3.34-7.79) 2.77 (1.48-3.00) 0.0056*  0.027*  0.030*
Spermine/ 0.83 (0.44-1.04) 0.50 (0.04-1.11) 0.00 (0.00-0.02)  0.0057*  0.027*  0.101
Creatine

IQR — Interquartile range
* Indicates significance at p<0.05

* P-values from LMM adjusting for multiple samples per patient, and corrected for multiple testing by Benjamini and

Hochberg procedure.

in the main cohort (n=22), the results support our findings
from the tissue analysis, and demonstrates that the MR
biomarkers can reflect the NCWP-EMT signature also in
non-invasive MRSI examinations.

Citrate and spermine are stored within the luminal
space of the glands in prostate tissue, and the observed
metabolic alterations can be due to cell metabolism or
morphological changes. In the main cohort, the citrate
and spermine concentrations were correlated with luminal
space (Spearman’s rho=0.30/p=0.003, rho=0.31/p=0.003,
respectively). This was a weaker correlation than between
citrate and spermine concentrations and the NCWP-EMT
signature score (Spearman’s rho=0.42/p<0.001, rho=0.38/
p<0.001, respectively). LMM, adjusting for luminal space
as well as other tissue heterogeneity and Gleason score,
still showed the same metabolic alterations to be significant
(Supplementary Table 5). These results suggest the
alterations observed in citrate and spermine concentrations
are a combination of changes in both luminal space and
reprogramming of metabolism in samples with high
NCWP-EMT score. There was no relationship between
WntSa expression and metabolite concentrations in either
the main or immunohistochemistry cohort (Supplementary
Table 6). This supports that Wnt5a should be used as a
biomarker in combination with other pathway components,
such as our NCWP-EMT signature.

NCWP-EMT signature may help predict
biochemical recurrence

In the main cohort the five-year biochemical
recurrence free rates were 100%, 75% and 46% for
the patients in the low, intermediate and high NCWP-
EMT score groups, respectively, and the Kaplan-Meier

plot showed a significant separation between the groups
(log-rank p=0.035) (Figure SA). Validation of recurrence
was possible in the GSE21034 cohort (131 samples,
27 with recurrence), and showed a similar pattern with
10-year biochemical recurrence free rates of 81%, 73%
and 57% in patients with low, intermediate and high
NCWP-EMT score, respectively. However, there was
no significant separation in the Kaplan-Meier curves
for this cohort (log-rank p=0.522) (Figure 5B). For this
validation dataset there was only one sample per patient,
not necessarily extracted from the most aggressive cancer
foci, which may reduce the precision of the NCWP-EMT
grouping for biochemical recurrence analysis. In addition,
many of the patients in the validation dataset were lost
to follow-up early, and therefore censored in the analysis
(Figure 5B), causing reduces reliability of the curves. In
the GSE46691 cohort, samples with ~igh NCWP-EMT
scores were significantly associated with metastases
(545 samples, 212 with metastasis, p-value<0.001,
chi-square test, Supplementary Figure 3). With the
significant separation in our data, and the similar trend
in the validation datasets, we therefore suggest that
increased NCWP-EMT signature score is associated
with an increased risk of biochemical recurrence and
metastases. This strengthens the NCWP-EMT signature,
and the activation of the Wnt5/Fzd2 pathway, as markers
of aggressive prostate cancer.

Patients in the main cohort with a post-operative
Gleason score of 7 showed a five-year biochemical
recurrence free survival of 100%, 89% and 67% with low,
intermediate and high NCWP-EMT score, respectively
(Figure 5C). Although not statistically significant, possibly
due to the low number of patients (n=23), this separation
with no crossing indicates that the NCWP-EMT gene
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signature might be useful for improved risk stratification
in the challenging group of patients with Gleason score 7.

Univariate cox proportional hazards analyses
identified NCWP-EMT, Gleason score and pathological
T-stage as significant predictors of biochemical
recurrence (Table 3). Multivariate analysis showed
both NCWP-EMT and post-operative Gleason score
to be significant predictors of biochemical recurrence
(Table 3). The multivariate model included a significant
interaction term between NCWP-EMT and post-
operative Gleason score, implying that the hazards
ratio of these variables were dependent on the value of
the other variable. For patient with low post-operative
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Gleason score (< 7), the hazard ratio for NCWP-
EMT was 1.61, indicating that increased NCWP-
EMT signature score gives a significant higher risk
of biochemical recurrence for this group. To compare
the NCWP-EMT and post-operative Gleason score as
predictors of biochemical recurrence, two additional
Cox proportional hazards models, each excluding either
NCWP-EMT or post-operative Gleason score, were
tested (Supplementary Table 8). The Akaike information
criterion (AIC) represent the goodness of fit as well
as the complexity of the model, and can be compared
between models, where the lower AIC provides a better
model fit. The model including post-operative Gleason
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Figure 5: Kaplan-Meier and ROC curves of biochemical recurrence. A. The main cohort shows clear separation in biochemical
recurrence free survival between the low, intermediate and high NCWP-EMT signature groups. B. A validation cohort (GSE21034) shows
the same pattern, although not a significant separation. C. A similar pattern was also shown for the patient of the main cohort with a post-
operative Gleason score of 7. D. The ROC curves of biochemical recurrence after 5 years show the same AUC of post-operative Gleason
score and NCWP-EMT, but an increased AUC when combined. # Continuous NCWP-EMT signature score, * continuous post-operative
Gleason score. Abbreviations: BCR - biochemical recurrence, RP — radical prostatectomy, ROC — Receiver operating characteristic, and

AUC — area under the curve.
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Table 3: Univariate and multivariate Cox proportional hazards analyses of biochemical recurrence

Multivariate — All variables

Univariate (AIC = 60.15)
Variables Hazard ratio P-values Hazard ratio P-values
(95% CI) (95% CI)
Post-operative Gleason score 7.66 " 19.46 %
(<7 and >8) (2.20-26.62) 0.001 (2.67-142.9) 0.003
Pathological T-stage 6.88 % 8.27
(£T2c” and >T3a) (2.06-23.01) 0.002 (0.89-77.15) 0.064
Pre-operative PSA 2.17 2.89
(<10% and >10) (0.69-7.13) 0.204 (0.72-11.67) 0.14
NCWP-EMT 137 0,009 LOIW6?S Low GS
. e i . . *
Continuous score/100 (-4.4-5.4) (1.08-1.73) (1.06-2.44) 0.028
High GS High GS
0.59 0.044*
(0.35-0.99) '
NCWP-EMT and 0.37
- 1 A - = ) *
Post-operative Gleason score (<74 and >8) (0.18-0.74) 0.005

(interaction term)

# Indicates the category used as a reference in each analysis.
* Indicates significant p-value.

Low GS — Hazard ratio/p-value for patients with post-operative Gleason score <7
High GS — Hazard ratio/p-value for patients with post-operative Gleason score >8

had a slightly lower AIC (AIC=64.24) compared to the
model including NCWP-EMT (AIC=65.61), suggesting
post-operative Gleason to be a slightly better predictor
of biochemical recurrence than NCWP-EMT. However,
the model containing all variables, had the lowest AIC
(AIC=60.15) demonstrating improved prediction of
biochemical recurrence when NCWP-EMT and post-
operative Gleason score were modelled together.

Similar findings were also visualized by using
logistic regression and receiver operating characteristic
(ROC) curves with the depended variable being
biochemical recurrence after 5-year follow-up. The
area under the curve (AUC) of the ROC-curve were
the same for NCWP-EMT and post-operative Gleason
score (AUC=80.9), and in combination they provided
increased sensitivity and specificity (AUC=90.4) (Figure
5D). In conclusion, our results suggest that the NCWP-
EMT signature could be a useful addition in prediction of
biochemical recurrence in prostate cancer.

CONCLUSIONS

The present study showed no alterations in the CWP
in prostate cancer, but revealed an increased expression of
NCWP and EMT markers in a subgroup of mainly Aigh
Gleason grade prostate cancer samples. A novel gene
expression signature (NCWP-EMT) for this expression
profile was presented and confirmed in several publicly
available patient cohorts. High NCWP-EMT score was

associated with reduced concentrations of the metabolites
citrate and spermine both ex vivo, and in a clinical non-
invasive setting using in vivo patient MRSI. The novel
NCWP-EMT signature was also shown to be a predictor
of biochemical recurrence and was associated with
metastasis, indicating that upregulation of the NCWP and
EMT is linked to more aggressive prostate cancer. The
novel NCWP-EMT signature may therefore be useful
for risk stratification and molecular subtyping of prostate
cancer patients. The NCWP and its relation to EMT,
cancer aggressiveness and tumor metabolism warrants
further attention in prostate cancer studies.

MATERIALS AND METHODS

Patients and tissue samples

In the main cohort, human prostate tissue was
collected from 41 localized and locally advanced prostate
cancer patients. The tissue harvesting was performed on
fresh-frozen prostatectomy specimens using a standardized
method thoroughly described by Bertilsson et al. [29]. A
total of 95 cancer tissue samples, and 34 adjacent normal
tissue samples were collected (median 3, range 1-6 samples
per patient). At least five years of follow-up data were
successfully retrieved for 33 patients in the main cohort,
including the date of biochemical recurrence (PSA of at
least 0.2 ng/mL) and/or last negative PSA measurement.
To validate the results of the main cohort, an additional
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cohort of 90 needle biopsies from 90 localized and locally
advanced cancer patients were harvested and snap frozen
within seconds after prostatectomy. Of these, only the
samples with histopathological confirmed cancer were used
as the immunohistochemistry cohort for this study (n=40).
The patients in both cohorts received no prostate cancer
treatment prior to surgery and had no detected metastasis
at diagnosis. The Regional Committee of Medical and
Health Research Ethics (REC), Central Norway approve
both cohorts, and all patients gave written, informed
consent. Validation was performed in four prostate cancer
microarray datasets available through the Gene Expression
Omnibus with GEO accessions GSE8218 (65 samples)
[44], GSE16560 (281 samples) [45], GSE21034 (131
samples) [46], GSE46691 (545 samples) [47], and one data
set from The Cancer Genome Atlas (TCGA, 497 samples)
[48], in total 1519 samples (Supplementary Table 1). These
datasets are collectively termed the validation cohorts.
Biochemical recurrence was validated in the GSE21034
cohort, and metastasis in the GSE46691 cohort.

Histopathology

In the main cohort, tissue slices for histopathological
evaluation were cryosectioned from each tissue sample
prior to HR-MAS MRS [29]. All cryosections were stained
with Haematoxylin and Eosin, and the histopathological
evaluations were performed according to the clinical
criteria for prostate cancer, by an experienced pathologist
specialized in uropathology (TV). The percentage of
Gleason grades, cancer, normal glandular epithelia,
and stromal tissue were reported for each sample.
Reproducibility of the histopathological scoring was
assessed independently by a second pathologist specialized
in uropathology (ER), and the overall kappa (k) coefficient
for interobserver agreement of Gleason score was 0.66
indicating substantial agreement. The first reading was used
in this study due to slight degradation of the cryosections
between the readings (5 years, slides kept dry and dark).
Luminal space was quantified in each sample by a color-
based segmentation method (Positive Pixel Count algorithm
in ImageScope v.8, Aperio Technologies) [49]. The samples
in the immunohistochemistry cohort were formalin fixed
and paraffin embedded for sectioning after HR-MAS
MRS analysis, and histopathological evaluation was
done according to the same protocol as the main cohort.
In both cohorts, we investigated differences between low
and high Gleason grade by sorting the tissue samples into
two groups, where samples in the low Gleason group had a
Gleason score < 3+4 and samples in the high Gleason group
had a Gleason score > 4+3 (Table 1).

HR-MAS MRS and MRSI experiments and
quantification

For both the main and the immunohistochemistry
cohort, proton HR-MAS MRS was acquired using a

Bruker Avance DRX600 Spectrometer (Bruker Biospin,
Germany) equipped with a dual "H/*C MAS probe.
Absolute quantification of the spectra was performed
using LCModel [50] with a basis set of 23 metabolites,
and reported in mmol/kg wet weight. Full procedure
and parameters of the HR-MAS MRS acquisition and
LCModel quantification have earlier been described by
Giskeodegard et al. [28]. In vivo patient MRSI examination
of the prostate, performed using a 3T system (Magnetom
Trio, Siemens, Germany) prior to prostatectomy, was
available on a subset of the patients in the main cohort
(n=9). Choline, citrate, creatine and spermine were
quantified using LCModel, and creatine was used as an
internal standard for normalization (metabolites to creatine
ratios). HR-MAS cancer samples from the same patients
were spatially matched to an in vivo voxel (n=22). Further
details on the MRSI acquisition, quantification, and spatial
matching are previously described by Selnees et al. [27].

Gene expression, selection of genes, and
controlling for confounding stroma

In the main cohort, gene expression analysis was
performed after HR-MAS MRS on the exact same tissue
sample, using an [llumina TotalPrep RNA Amplification
Kit (Ambion Inc.) and an Illumina Human HT-12v4
Expression Bead Chip (Illumina), as described by
Bertilsson et al. [51]. The microarray data has previously
been published in Array Expression with access number:
E-MTAB-1041. Genes relevant to both the WP and EMT
were carefully chosen by investigating literature and
publicly available pathway maps (KEGG as per March
2015) [2, 3, 5, 22]], resulting in 196 genes (Supplementary
Table 2). To control for the effect of confounding stroma
tissue when identifying differentially expressed genes, we
used a recently published strategy of balancing the stroma
content between sample groups [30]. This strategy makes
it possible to separate molecular signals relevant to cancer
from signals originating due to different stroma fractions
between the sample groups. Briefly described, the strategy
selects samples to ensure an equal average fraction of
stroma tissue (according to histopathology) in each sample
group termed a balanced differential expression analysis.
In contrast, an unbalanced analysis is also performed to
highlight differentially expressed gene due to different
average fractions of stroma tissue.

Immunohistochemistry (IHC)

In the immunohistochemistry cohort, IHC was
performed with mouse monoclonal antibodies against
WntSa (Sigma-Aldrich, clone 3A4, dilution 1:50),
N-cadherin (Dako, clone 6G11, dilution 1:30), and
E-cadherin/NCH-38 (Dako, clone NCH-38, dilution
1:100) and polyclonal rabbit antibodies against
B-catenin/CTNNB! (PRESTIGE antibodies Sigma,
dilution 1:300). The sections were counter-stained with
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Haematoxylin. Assessment was performed manually, and
all the IHC sections were evaluated based on the average
staining intensity (0-3) multiplied by the percentage of
positive cancer cells (0-3), obtaining a total staining index
(SI) (0-9). A SI of 0 was regarded as negative, 1-2 as
weak positive staining; 3-6 as moderate, and 9 as strong
positive staining (Supplementary Table 7). An experienced
pathologist (AMB) validated the scoring.

Statistical analysis

The WP and EMT genes were compared for
differential expression between normal and cancer samples,
and between low and high Gleason samples by t-test. All
the 196 genes were considered, but to ease data analysis
and presentation a subgroup 48 key and/or significantly
altered genes are presented as the central genes, however,
a full table of the p-values is given in Supplementary
Table 2. PCA was used to further investigate and visualize
the unsupervised relationship between the expressions
of these central WP and EMT genes. Based on the PCA
score plot, a distinct set of genes was selected to make a
gene expression signature termed NCWP-EMT. The co-
expression between the signature genes was investigated
by Pearson’s correlation, and compared to other recognized
gene expression signatures in prostate cancer. The distinct
gene-signature pattern from PCA and Pearson’s correlation
between signature genes were confirmed in the validation
cohorts. Single sample GSEA was performed to give each
of the cancer samples in the main and validation cohorts a
score representing the expression of the genes in the NCWP-
EMT signature [52]. The samples in each cohort were sorted
into three equal sized groups of low, intermediate, and high
NCWP-EMT signature scores, where the high score group
had the highest pathway activity. Features associated with
NCWP-EMT were investigated by Gene Ontology (GO)
using the Database for Annotation and Visualization and
Integrated Discovery (DAVID). Biochemical recurrence
free survival for the NCWP-EMT score groups were
plotted by Kaplan-Meier curves and tested by log-rank
test in the main and GSE21034 cohort, where for the
individual patient’s highest NCWP-EMT score was used
in the main cohort. The association between NCWP-EMT
and metastasis in the GSE46691 cohort was tested using
a contingency table and chi-squared test. Univariate and
multivariate cox proportional hazards statistics were used
to investigate the role of the NCWP-EMT signature in
prediction of biochemical recurrence. Prior to analysis,
post-operative Gleason score, pathological T-stage and
pre-operative PSA were dichotomized (Table 3), and
together with the continuous NCWP-EMT signature score
selected for multivariate analysis. Biochemical recurrence
at five-year follow-up was selected to plot ROC curves
of NCWP-EMT score, post-operative Gleason score and
both combined. Linear mixed model (LMM) was used to
account for multiple samples per patient, when investigating
the relationship between NCWP-EMT score groups and

metabolite concentrations. The analyses were repeated
with additional adjustment for Gleason grade, and tissue
heterogeneity including the proportion of cancer, benign
epithelium, stroma and luminal space in the individual
tissue sample. The immunohistochemistry cohort consisted
of one sample per patient, and t-test was used to investigate
the association between IHC and metabolite concentrations.
Prior to analysis, all metabolite values were log transformed
to obtain normalized residuals, and p-values were corrected
for multiple testing using Benjamini-Hochberg false
discovery rate. P-values <0.05 were considered significant.
The statistical analyses were performed in R (version 3.2.0,
R Foundation for Statistical Computing).

ACKNOWLEDGMENTS

The tissue samples in the Main cohort were
collected and stored by Biobankl, St. Olavs Hospital,
HR-MAS MRS was performed at the MR Core Facility,
Norwegian University of Science and Technology
(NTNU), histopathological preparation and staining was
performed at the Cellular & Molecular Imaging Core
Facility (CMIC), NTNU, and the microarray service
was provided by the Genomics Core facility NTNU and
Norwegian Microarray Consortium (NMC), a national
platform supported by the functional genomics program
(FUGE) of the research Council of Norway. The authors
thank Turid Follestad for assistance with LMM and
survival statistical analyses, and Deborah K. Hill for her
useful comments and discussions.

CONFLICTS OF INTEREST

The Authors do not have any conflicts of interest.

GRANT SUPPORT

The study was supported by grants from the Medical
Student’s Research Programme, Norwegian University of
Science and Technology (NTNU), the Norwegian Cancer
Society, Central Norway Regional Health Authority
(RHA), and the Liaison Committee between the RHA
and NTNU. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation
of the manuscript.

REFERENCES

1. Polakis P. Wnt signaling in cancer. Cold Spring Harb
Perspect Biol. 2012; 4.

2. Kypta RM, Waxman J. Wnt/beta-catenin signalling in
prostate cancer. Nature reviews Urology. 2012; 9:418-428.

3. Verras M, Sun Z. Roles and regulation of Wnt signaling

and beta-catenin in prostate cancer. Cancer letters. 2006;
237:22-32.

www.impactjournals.com/oncotarget

9584

Oncotarget



11.

12.

14.

15.

17.

18.

Yardy GW, Brewster SF. Wnt signalling and prostate cancer.
Prostate Cancer Prostatic Dis. 2005; 8:119-126.

Majid S, Saini S, Dahiya R. Wnt signaling pathways
in urological cancers: past decades and still growing.
Molecular cancer. 2012; 11:7.

Bisson I, Prowse DM. WNT signaling regulates self-
renewal and differentiation of prostate cancer cells with
stem cell characteristics. Cell Res. 2009; 19:683-697.

Wan X, Liu J, Lu JE, Tzelepi V, Yang J, Starbuck MW, Diao
L, Wang J, Efstathiou E, Vazquez ES, Troncoso P, Maity
SN, Navone NM. Activation of beta-catenin signaling
in androgen receptor-negative prostate cancer cells. Clin
Cancer Res. 2012; 18:726-736.

Dai J, Hall CL, Escara-Wilke J, Mizokami A, Keller JM,
Keller ET. Prostate cancer induces bone metastasis through
Whnt-induced bone morphogenetic protein-dependent and
independent mechanisms. Cancer Res. 2008; 68:5785-5794.
Verras M, Brown J, Li X, Nusse R, Sun Z. Wnt3a growth
factor induces androgen receptor-mediated transcription and

enhances cell growth in human prostate cancer cells. Cancer
Res. 2004; 64:8860-8866.

. Anastas JN, Moon RT. WNT signalling pathways as

therapeutic targets in cancer. Nature reviews Cancer. 2013;
13:11-26.

Lu W, Tinsley HN, Keeton A, Qu Z, Piazza GA, Li Y.
Suppression of Wnt/beta-catenin signaling inhibits prostate
cancer cell proliferation. Eur J Pharmacol. 2009; 602:8-14.
Grandy D, Shan J, Zhang X, Rao S, Akunuru S, Li H,
Zhang Y, Alpatov I, Zhang XA, Lang RA, Shi DL, Zheng
JJ. Discovery and characterization of a small molecule
inhibitor of the PDZ domain of dishevelled. J Biol Chem.
2009; 284:16256-16263.

Korinek V, Barker N, Morin PJ, van Wichen D, de Weger
R, Kinzler KW, Vogelstein B, Clevers H. Constitutive
transcriptional activation by a beta-catenin-Tcf complex in
APC-/- colon carcinoma. Science. 1997; 275:1784-1787.

Heuberger J, Birchmeier W. Interplay of cadherin-mediated
cell adhesion and canonical Wnt signaling. Cold Spring
Harb Perspect Biol. 2010; 2:a002915.

Kalluri R, Weinberg RA. The basics of epithelial-

mesenchymal transition. J Clin Invest. 2009;

119:1420-1428.
Khan MI, Hamid A, Adhami VM, Lall RK, Mukhtar H.
Role of epithelial mesenchymal transition in prostate
tumorigenesis. Current pharmaceutical design. 2015;
21:1240-1248.

Chen G, Shukeir N, Potti A, Sircar K, Aprikian A, Goltzman
D, Rabbani SA. Up-regulation of Wnt-1 and beta-catenin
production in patients with advanced metastatic prostate
carcinoma: potential pathogenetic and prognostic
implications. Cancer. 2004; 101:1345-1356.

Thiele S, Gobel A, Rachner TD, Fuessel S, Frochner M,
Muders MH, Baretton GB, Bernhardt R, Jakob F, Gluer
CC, Bornhauser M, Rauner M, Hofbauer LC. WNT5A

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

has anti-prostate cancer effects in vitro and reduces tumor
growth in the skeleton in vivo. Journal of bone and mineral
research. 2015; 30:471-480.

Syed Khaja AS, Helczynski L, Edsjo A, Ehrnstrom R,
Lindgren A, Ulmert D, Andersson T, Bjartell A. Elevated
level of Wnt5a protein in localized prostate cancer tissue
is associated with better outcome. PLoS One. 2011;
6:€26539.

Khaja AS, Egevad L, Helczynski L, Wiklund P, Andersson
T, Bjartell A. Emphasizing the role of Wnt5a protein
expression to predict favorable outcome after radical
prostatectomy in patients with low-grade prostate cancer.
Cancer medicine. 2012; 1:96-104.

Yamamoto H, Oue N, Sato A, Hasegawa Y, Yamamoto
H, Matsubara A, Yasui W, Kikuchi A. Wnt5a signaling
is involved in the aggressiveness of prostate cancer
and expression of metalloproteinase. Oncogene. 2010;
29:2036-2046.

Gujral TS, Chan M, Peshkin L, Sorger PK, Kirschner MW,
MacBeath G. A noncanonical Frizzled2 pathway regulates
epithelial-mesenchymal transition and metastasis. Cell.
2014; 159:844-856.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-674.

Sherwood V. WNT Signaling: an Emerging Mediator of
Cancer Cell Metabolism? Molecular and cellular biology.
2015; 35:2-10.

Sethi JK, Vidal-Puig A. Wnt signalling and the control of
cellular metabolism. Biochem J. 2010; 427:1-17.

Sherwood V, Chaurasiya SK, Ekstrom EJ, Guilmain W,
Liu Q, Koeck T, Brown K, Hansson K, Agnarsdottir M,
Bergqvist M, Jirstrom K, Ponten F, James P, Andersson T.
WNTS5A-mediated beta-catenin-independent signalling is a
novel regulator of cancer cell metabolism. Carcinogenesis.
2014; 35:784-794.

Selnaes KM, Gribbestad IS, Bertilsson H, Wright A,
Angelsen A, Heerschap A, Tessem MB. Spatially matched
in vivo and ex vivo MR metabolic profiles of prostate cancer
-- investigation of a correlation with Gleason score. NMR in
biomedicine. 2013; 26:600-606.

Giskeodegard GF, Bertilsson H, Selnaes KM, Wright AJ,
Bathen TF, Viset T, Halgunset J, Angelsen A, Gribbestad IS,
Tessem MB. Spermine and citrate as metabolic biomarkers
for assessing prostate cancer aggressiveness. PloS one.
2013; 8:€62375.

Bertilsson H, Angelsen A, Viset T, Skogseth H, Tessem
MB, Halgunset J. A new method to provide a fresh frozen
prostate slice suitable for gene expression study and MR
spectroscopy. The Prostate. 2011; 71:461-469.

Tessem MB, Bertilsson H, Angelsen A, Bathen TF, Drablos
F, Rye MB. A Balanced Tissue Composition Reveals New

Metabolic and Gene Expression Markers in Prostate Cancer.
PloS one. 2016; 11:¢0153727.

WWw

.impactjournals.com/oncotarget

9585

Oncotarget



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tomlins SA, Mehra R, Rhodes DR, Cao X, Wang L,
Dhanasekaran SM, Kalyana-Sundaram S, Wei JT, Rubin
MA, Pienta KJ, Shah RB, Chinnaiyan AM. Integrative
molecular concept modeling of prostate cancer progression.
Nat Genet. 2007; 39:41-51.

Jin F, Qu X, Fan Q, Wang L, Tang T, Hao Y, Dai K.
Regulation of prostate cancer cell migration toward bone
marrow stromal cell-conditioned medium by WntSa
signaling. Mol Med Rep. 2013; 8:1486-1492.

Lee GT, Kang DI, Ha YS, Jung YS, Chung J, Min K,
Kim TH, Moon KH, Chung JM, Lee DH, Kim WJ, Kim
IY. Prostate cancer bone metastases acquire resistance
to androgen deprivation via WNT5A-mediated BMP-6
induction. Br J Cancer. 2014; 110:1634-1644.

McDonald SL, Silver A. The opposing roles of Wnt-5a in
cancer. Br J Cancer. 2009; 101:209-214.

Zhu N, Qin L, Luo Z, Guo Q, Yang L, Liao D. Challenging
role of Wnt5a and its signaling pathway in cancer metastasis
(Review). Experimental and therapeutic medicine. 2014;
8:3-8.

Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, Yang
Y. Wnt-5a inhibits the canonical Wnt pathway by promoting
GSK-3-independent beta-catenin degradation. J Cell Biol.
2003; 162:899-908.

Gravdal K, Halvorsen OJ, Haukaas SA, Akslen LA. A
switch from E-cadherin to N-cadherin expression indicates
epithelial to mesenchymal transition and is of strong and
independent importance for the progress of prostate cancer.
Clin Cancer Res. 2007; 13:7003-7011.

Markert EK, Mizuno H, Vazquez A, Levine AJ. Molecular
classification of prostate cancer using curated expression
signatures. Proceedings of the National Academy
of Sciences of the United States of America. 2011;
108:21276-21281.

Rye MB, Bertilsson H, Drablos F, Angelsen A, Bathen TF,
Tessem MB. Gene signatures ESC, MYC and ERG-fusion
are early markers of a potentially dangerous subtype of
prostate cancer. BMC medical genomics. 2014; 7:50.

van der Graaf M, Schipper RG, Oosterhof GO, Schalken
JA, Verhofstad AA, Heerschap A. Proton MR spectroscopy
of prostatic tissue focused on the detection of spermine,
a possible biomarker of malignant behavior in prostate
cancer. Magma (New York, NY). 2000; 10:153-159.
Costello LC, Franklin RB. The clinical relevance of the
metabolism of prostate cancer; zinc and tumor suppression:
connecting the dots. Molecular cancer. 2006; 5:17.

Li L, Li W. Epithelial-mesenchymal transition in human
cancer: Comprehensive reprogramming of metabolism,
epigenetics, and differentiation. Pharmacol Ther. 2015.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Compagnone A, Bandino A, Meli F, Bravoco V, Cravanzola
C, Parola M, Colombatto S. Polyamines modulate
epithelial-to-mesenchymal transition. Amino Acids. 2012;
42:783-789.

Wang Y, Xia XQ, Jia Z, Sawyers A, Yao H, Wang-Rodriquez
J, Mercola D, McClelland M. In silico estimates of tissue
components in surgical samples based on expression
profiling data. Cancer Res. 2010; 70:6448-6455.

Sboner A, Demichelis F, Calza S, Pawitan Y, Setlur SR,
Hoshida Y, Perner S, Adami HO, Fall K, Mucci LA, Kantoff
PW, Stampfer M, Andersson SO, et al. Molecular sampling
of prostate cancer: a dilemma for predicting disease
progression. BMC Med Genomics. 2010; 3:8.

Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao
Y, Carver BS, Arora VK, Kaushik P, Cerami E, Reva B,
Antipin Y, Mitsiades N, Landers T, et al. Integrative
genomic profiling of human prostate cancer. Cancer Cell.
2010; 18:11-22.

Erho N, Crisan A, Vergara IA, Mitra AP, Ghadessi M,
Buerki C, Bergstralh EJ, Kollmeyer T, Fink S, Haddad
Z, Zimmermann B, Sierocinski T, Ballman KV, et al.
Discovery and validation of a prostate cancer genomic
classifier that predicts early metastasis following radical
prostatectomy. PLoS One. 2013; 8:e66855.

The Cancer Genome Atlas. (TCGA). [Available from:
http://cancergenome.nih.gov/].

Langer DL, van der Kwast TH, Evans AJ, Plotkin A,
Trachtenberg J, Wilson BC, Haider MA. Prostate tissue
composition and MR measurements: investigating the
relationships between ADC, T2, K(trans), v(e), and
corresponding histologic features. Radiology. 2010;
255:485-494.

Provencher SW. Estimation of metabolite concentrations
from localized in vivo proton NMR spectra. Magnetic
resonance in medicine. 1993; 30:672-679.

Bertilsson H, Tessem MB, Flatberg A, Viset T, Gribbestad
I, Angelsen A, Halgunset J. Changes in gene transcription
underlying the aberrant citrate and choline metabolism in
human prostate cancer samples. Clin Cancer Res. 2012;
18:3261-3269.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S,
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub
TR, Lander ES, Mesirov JP. Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci U S A. 2005;
102:15545-15550.

www.impactjournals.com/oncotarget

9586

Oncotarget



