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ABSTRACT

The tumor suppressor 15-hydroxyprostaglandin dehydrogenase (15-PGDH) is the key
enzyme in prostaglandin E, catabolism and is down-regulated in colorectal cancer (CRC)
tissue. Canonical Wnt signaling is frequently elevated in colon cancers and has been
shown to down-regulate 15-PGDH expression. Therefore, we have in the current study
investigated if the non-canonical ligand WNTS5A relates to increased expression of 15-
PGDH in colon cancer cells. In the same cohort of patients, we demonstrated a parallel
and significant loss of 15-PGDH and WNT5A protein expression in CRC tissues compared
with matched normal colon tissues. Furthermore, patients with low 15-PGDH/WNT5A
expression in their tumors showed reduced survival compared with patients with high
15-PGDH/WNTS5A expression. To investigate if WNT5A signaling directly affects 15-PGDH
expression, we performed in vitro analyses of colon cancer cells (HT-29 and Caco-2). Both
cell lines, when treated with recombinant WNT5A (rfWNT5A) or Foxy-5, a WNT5A-
mimicking peptide, responded by increasing their expression of 15-PGDH mRNA and pro-
tein. Our investigations showed that rWNT5A and Foxy-5 induced this increased expres-
sion of 15-PGDH through reduced B-catenin signaling as well as increased JNK/AP-1
signaling in colon cancer cells. WNT5A signaling also induced increased 15-PGDH expres-
sion in a breast cancer cell line both in vitro and in vivo. In agreement, WNT5A signaling also
increased the expression of the differentiation markers sucrose-isomaltase and mucin-2 in
colon cancer cells. Our results show that WNT5A signaling regulates 15-PGDH expression,
thus uncovering a novel mechanism by which WNT5A acts as a tumor suppressor and sug-
gests that increased 15-PGDH expression could be used as an indicator of a positive
response to Foxy-5 in patients treated with this WNT5A agonist.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

Abbreviations: rTWNT-5a, recombinant WNT-5A; 15-PGDH, 15-hydroxyprostaglandin dehydrogenase; JNK, c-Jun N-terminal kinase.

* Corresponding author.

E-mail address: anita.sjolander@med.lu.se (A. Sjolander).
http://dx.doi.org/10.1016/j.molonc.2016.07.011
1574-7891/© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.


mailto:anita.sjolander@med.lu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2016.07.011&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011

1416

MOLECULAR ONCOLOGY 10 (2016) 1415-1429

1. Introduction

Every year, more than one million new cases of colorectal can-
cer (CRC) are diagnosed worldwide (Tenesa and Dunlop, 2009).
CRC is the third most common cancer in both men and
women and the third most frequent cause of cancer-related
deaths (Siegel et al., 2014). Etiological factors include the con-
sumption of large quantities of alcohol and red meat, diets low
in fiber and high in fat, and a lack of physical activity (Huxley
et al.,, 2009). Inflammation, particularly protracted or chronic
inflammation, including inflammatory bowel disease (IBD),
is commonly associated with CRC (Triantafillidis et al., 2009).
The development of CRC involves the accumulation of genetic
and epigenetic alterations that cause the transformation of
normal colonic epithelium into colon adenocarcinoma
(Grady and Markowitz, 2002). These changes lead to the acti-
vation of various oncogenic pathways and the inactivation
of tumor suppressor pathways (Markowitz and Bertagnolli,
2009). The up-regulation of cyclooxygenase-2 (COX-2), which
occurs in the majority of colorectal tumors, plays a crucial
role in colon cancer development (Sinicrope and Gill, 2004).
The deregulation of COX-2 expression leads to increases in
the levels of inflammatory lipids, including prostaglandins,
particularly prostaglandin E2 (PGE,) (Brown and DuBois,
2005). COX-2-derived PGE, is known to induce proliferation,
neovascularization, cell death inhibition and motility of tu-
mor cells (Turini and DuBois, 2002) and more recently to
expand the number of colon cancer stem cells (Wang et al,,
2015). 15-hydroxyprostaglandin dehydrogenase (15-PGDH),
an important enzyme responsible for the degradation of
PGE, (Ensor and Tai, 1995), has been shown to act as a colo-
rectal tumor suppressor (Backlund et al.,, 2005; Yan et al,
2004). The loss of 15-PGDH is associated with CRC (Backlund
et al., 2005), and its decreased expression has also been impli-
cated in other cancers, including lung cancer, bladder cancer,
pancreatic cancer and gastric cancer (Pham et al., 2010; Song
et al., 2011; Tai et al., 2007; Tseng-Rogenski et al., 2010). Simi-
larly, in the majority of breast cancer subtypes, the expression
of 15-PGDH is reduced or lost, although it has been suggested
that 15-PGDH might serve as a marker for the rare apocrine
molecular subtype of breast cancer (Celis et al., 2008) possibly
related to the finding that 15-PGDH tumor expression in a
small sub-population of breast cancer patients is associated
with a poor prognosis (Lehtinen et al., 2012).

Canonical Wnt/p-catenin pathway signaling is one of the
crucial signaling pathways controlling the proliferation, dif-
ferentiation and morphogenesis of cells during development,
and several mutations in this pathway have been positively
linked to CRC (White et al., 2012). In addition to canonical
Wnt signaling, there also exists a non-canonical arm of Wnt
signaling, and one of the most extensively studied non-
canonical ligands is WNT5A (Kikuchi et al,, 2012). We previ-
ously showed that WNTS5A significantly reduces the migration
of colon and breast cancer cells (Dejmek et al., 2005a; Jonsson
and Andersson, 2001). Immunohistochemical data from both
colon and breast cancer patients demonstrated that high
WNT5A expression is a good prognostic marker (Dejmek
etal., 2005a, 2005b). Similar findings have also been presented
for other cancers, including prostate cancer, lymphoma,

thyroid carcinoma and neuroblastoma (Blanc et al., 2005;
Kremenevskaja et al.,, 2005; Liang et al.,, 2003; Syed Khaja
et al., 2011). Foxy-5, a formylated hexapeptide derived from
WNT5A, has been shown to mimic the inhibitory effect of
WNT5A on cancer cell migration and tumor metastasis
(Safholm et al., 2006, 2008), making it an attractive molecule
for future anti-metastatic cancer therapy. Foxy-5 has been
tested in a completed phase-I clinical trial of patients with
breast, colon and prostate cancer (www.clinicalTrials.gov;
NCT02020291).

Several studies have shown that the expression of 15-
PGDH is associated with the suppression of colon carcinogen-
esis and invasiveness (Choi et al., 2014; Li et al., 2008; Myung
et al., 2006). This has resulted in attempts to re-express 15-
PGDH in this type of cancer as a strategic area of therapeutic
research. In this context, canonical Wnt/p-catenin signaling
has been shown to suppress 15-PGDH expression in colorectal
cancer cells (Smartt et al., 2012b). Based on demonstrations in
different studies that non-canonical WNT5A signaling has the
ability to oppose canonical Wnt/B-catenin stabilization in co-
lon cancer cells (Cheng et al., 2014; Topol et al., 2003), we
decided to investigate whether the WNTS5A ligand has the
ability to regulate the expression of 15-PGDH, thus mechanis-
tically linking these two tumor suppressors.

The present results reveal for the first time that WNT5A
signaling, induced by either recombinant WNT5A or the
WNT5A-mimicking peptide Foxy-5, can positively regulate
the expression of 15-PGDH mRNA and protein in colon cancer
cells. These data reveal a novel mechanism by which WNT5A
acts as a tumor suppressor and indicate that increased 15-
PGDH expression might serve as a marker of a positive
response to Foxy-5 in patients treated with this WNT5A
agonist.

2. Materials and methods
2.1. Antibodies and reagents

The antibodies used were as follows: rabbit polyclonal against
15-PGDH (dilution 1:5000 for western blotting and dilution
1:500 for immunohistochemistry; Novus Biologicals, Cam-
bridge, UK), goat polyclonal against WNTS5A (dilution 1:200
for western blotting and immunohistochemistry; R&D Sys-
tems, Inc. Minneapolis, MN, USA), mouse monoclonal against
phospho-JNK (p-JNK dilution 1:1000) or JNK (dilution 1:1000;
Santa Cruz Biotechnology Inc. CA, USA). The p-JNK antibody
is raised against an epitope from JNK1, however it recognizes
both JNK1 and JNK2 and therefore we use JNK when referring
to our results on this kinase. Rabbit polyclonal against
sucrase-isomaltase (SI) (dilution 1:1000; Sigma Life Science,
St. Louis, MO, USA), mouse monoclonal against B-catenin
(dilution 1:500 for immunofluorescence and 1:1000 for west-
ern blotting; BD Transduction Laboratories, Franklin Lakes,
NJ, USA), Rabbit monoclonal against non-phospho active B-
catenin (Ser33/37/Thr41, D13A1; dilution 1:1000), rabbit mono-
clonal against phospho-c-JUN/AP-1 or c-JUN/AP-1 (both
diluted 1:1000; Cell Signaling Technology, Danvers, MA,
USA). Rabbit monoclonal against c-Myc (dilution 1:1000;
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abcam, Cambridge, MA, USA). Rabbit polyclonal against phos-
pho-B-catenin (Thr 41/45) (dilution 1:500; Genway, San Diego,
CA), mouse monoclonal against pB-actin (dilution 1:1000; Sig-
ma—Aldrich, St. Louis, USA). The recombinant WNT5A was
from R&D Systems. Foxy-5 was obtained from Bachem
(Bubendorf, Switzerland). XAV-939 (S1180) and CHIR-99021
(CT99021) were from Selleckchem (Houston, TX, USA). The
secondary antibodies used for western blotting were
peroxidase-linked goat anti-rabbit, goat anti-mouse and rab-
bit anti-goat (dilution 1:5000; Dako, Glustrup, Denmark).

2.2.  Tissue micro array (TMA) details

We utilized TMA from patients who underwent surgery for at
Malmo University Hospital (Malmo, Sweden) during a selected
time period in 1990 and who were included in a retrospective
study (Magnusson et al., 2010; Salim et al., 2013). Clinico-
pathological details for the patients are provided in Suppl.
Table 1. The Ethical Committee at Lund University approved
this study (no. LU 52-99 and 367/2005).

2.3. Immunohistochemistry

Immunohistochemical staining was performed as previously
described (Magnusson et al., 2010). All immunohistochemical
procedures were performed using a Dako automatic slide
stainer (Dako) according to the manufacturer’s instructions.
All the stained slides were scored independently and in a
blinded manner by RE, a senior specialist in clinical pathology,
and LM (MD). The slides were scored for the percentage of cells
showing immunoreactivity, which was scored as 0 = negative,
1 = weak, 2 = intermediate, and 3 = strong.

2.4. Cell lines

All three cancer cells lines were procured from ATCC. HT-29
colon cancer cells (ATCC HTB-38™ has a mutant carboxy-
truncated APC gene but a wild-type KRAS gene) was grown
in McCoy’s 5A medium with glutamine, Caco-2 colon cancer
cells (ATCC HTB-37™, has a mutated APC gene but a wild-
type KRAS gene) and MDA-MB-468 (ATCC HTB-132, breast can-
cer) were grown in DMEM and all media was supplemented
with 10% fetal bovine serum and 100 pg/ml penicillin/strepto-
mycin, and were maintained at 37 °C in a humidified atmo-
sphere containing 5% CO,. The cells were routinely screened
for the absence of mycoplasma contamination.

2.5. Western blotting

Whole cell lysates were prepared from cells stimulated or not
with either rWNT5A (400 ng/ml) or Foxy-5 (100 uM) for 24, 48,
or 72 h. After treatment, the cells were washed twice with ice-
cold PBS and either lysed in buffer A (Salim et al., 2013) orin a
buffer included in a subcellular protein fractionation kit for
cultured cells (Thermo scientific Rockford, IL, USA). The
resulting lysates from buffer A were homogenized by 10 pas-
sages through a syringe and then centrifuged at 10,000 x g
for 10 min. Laemmle buffer (4x) was added the each of these
samples and those obtained from the subcellular protein frac-
tionation kit. The samples were adjusted to contain equal

amounts of protein and boiled before being loaded onto 10%
SDS polyacrylamide gels and analyzed by electrophoresis
(SDS-PAGE). After separation, the proteins were transferred
to a PVDF membrane (Bio-Rad, Hercules, CA, USA). The mem-
branes were blocked for 1 h with 3% BSA/PBS at room temper-
ature followed by incubation with a primary antibody
overnight at 4 °C. The membranes were washed extensively
and incubated with the corresponding secondary antibody
for 1 h at RT. The membranes were washed and incubated
with Immobilon™ Western Chemiluminescent HRP Substrate
(Immobilon™ Western, Merck Millipore, Billerica, MA, USA),
and the proteins were detected using the Bio-Rad ChemiDoc
XRS + system. The densitometric analyses were conducted
using Image Lab 3.0 software.

2.6. Real Time-qPCR

The cells were incubated with or without the stimulants in the
presence or absence of the inhibitors for the specified time pe-
riods. The cells were washed with PBS and then immediately
frozen at —80 °C. Total RNA from the different cell samples
was isolated using Qiagen RNeasy Plus Mini Kits (Qiagen
GmbH, Hilden, Germany). The cDNA synthesis was performed
using RevertAid H Minus M-MuLV reverse transcriptase (Ther-
moFisher Scientific, USA). The following primers were used:
CCND1 (cyclin D1, Hs00765553_m1), HPGD (15-PGDH,
HS00168359_m1), SI (SI, HS00356112_m1), MUC2 (mucin-2,
HS00159374_m1), and HPRT1 (HS99999909_m1). Amplifica-
tions were performed in an Mx3005P system (Agilent Technol-
ogies, Inc., CA, USA). The reactions were normalized to the
housekeeping gene HPRT1 and analyzed with MxPro qPCR
software (Agilent Technologies, Santa Clara, CA, USA).

2.7. Luciferase assays

A Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA) was used. 15-PGDH promoter plasmids (Greenland
et al., 2000) (a gift from Professor Birgit Gellersen, University
of Hamburg, Germany) at a final concentration of 1 pug/ml
together with a control Renilla luciferase reporter plasmid of
50 ng/ml were used for the transfections. The DNA plasmids
were allowed to form complexes with PolyFect Transfection
Reagent (Qiagen) (ratio 4:1) in Opti-MEM I Reduced Serum Me-
dium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA)
and the cells were treated with the DNA-PolyFect mixture at
37 °C for 24 h. The medium was changed to a serum-
containing medium and the cells were allowed to recover for
24 h. Thereafter, the cells were incubated for 2 h with a
serum-free medium before treatment with recombinant
WNT5A (400 ng/ml) or Foxy-5 (100 pM) for 24 h. The cells
were washed twice with PBS and lysed by the addition of the
Passive Lysis Buffer from the Dual-Luciferase Reporter Assay
System. The lysed samples were cleared by centrifugation at
1000 x g for 5 min according to the manufacturer’s instruc-
tions. Firefly and the control Renilla luminescence were
measured on a MiniLlumat LB 9506 luminometer (Berthold
Technologies GmbH, Dusseldorf, Germany) according to the
protocol and the ratio was calculated. Triplicate samples
were prepared in every set of experiments.
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2.8.  MDA-MB-468 cell xenografts

The generation of MDA-MB-468 breast cancer cells stably
expressing a WNT5A vector or an empty control vector were
previously described by Prasad et al. (2013). Four- to five-
week-old female athymic nude mice were purchased from
Harlan Laboratories Inc. (Boxmeer, Netherlands). The cells
(2 x 10° cells in 100 pl of serum-free medium) were inoculated
subcutaneously into both flanks of the mice (10 mice/group).
The animals were sacrificed 24 days after they had been inoc-
ulated and the tumors were removed, measured and weighed.
The primary tumors were dissected, fixed in 4% paraformalde-
hyde and embedded in paraffin. Sections (4 pm) were cut and
subsequently stained with the 15-PGDH-specific antibody.
The stained tissue sections were scanned with the Scanscope
CS System (Aperio, Bristol, UK) and analyzed with the Aperio
Image Scope software from where we obtained the percentage
of strong positive cells (Nsr%). These animal experiments
were performed at Pharmatest Services Ltd (Turku, Finland)
under the ethical permission no. 3257/04.10.07/2014.

2.9. Statistical analysis

Graph-pad Prism software 5.0 (San Diego, CA, USA) was used
for the statistical analyses. The differences between groups
of data were considered statistically significant if P < 0.05 by
the two-tailed Student’s t-test. All means were calculated
based on data from at least three different experiments.
SPSS version 19.0 (SPSS, IBM, Armonk, NY, USA) was used
for the statistical analyses of all the immunostaining data.
Univariate survival analyses were performed by the
Kaplan—Meier analysis with a log rank test to determine the
risk of death.

3. Results

3.1. Low 15-PGDH and WNT5A expression in colorectal
carcinoma

It was previously demonstrated that normal colon epithelium
expresses a large amount of 15-PGDH and that there is a loss
of this enzyme in colon cancers (Yan et al,, 2004). In the cur-
rent study, our initial experiments used a tissue micro array
(TMA) containing human colorectal carcinoma tissues and
matched normal tissues. These paired samples were stained
with a 15-PGDH-specific antibody. In all normal colon samples
we observed a high level of 15-PGDH expression (Figure 1A).
However, a lower level of 15-PGDH staining was observed in
the matched CRC tissues (Figure 1A). An intensity plot
revealed that the level of 15-PGDH expression in the colorectal
tumor tissues was significantly less than in there matched
normal controls (Figure 1A). These results confirm that our
TMA is representative and valid because they yielded similar
results to those previously published by Yan et al., 2004.

The TMA was then stained for the expression of WNT5A,
and we found that WNTSA expression, similar to that of 15-
PGDH, was significantly decreased in CRC tissues compared
with their matched normal controls (Figure 1B). Overall, the
analyses of 15-PGDH and WNT5A expression in the same

TMA tissues demonstrated that both proteins are expressed
at high levels in normal colorectal mucosa and that they are
both significantly down-regulated in CRC patients. These find-
ings suggest that the loss of expression of these proteins may
play a role in the progression of a tumor. These findings also
allowed us to speculate that a relationship might exist be-
tween the two proteins, whereby the WNT5A ligand might
trigger an intracellular signaling pathway that regulates and
maintains 15-PGDH expression in normal colorectal mucosa.
If WNT5A is lost in CRC tissue, a down-regulation of 15-
PGDH expression might occur.

3.2. 15-PGDH and WNT5A expression in primary tumor
tissue reveals similar survival trends for colorectal
carcinoma patients

Similar to 15-PGDH, WNT5A has been shown to act as a tumor
suppressor in colon, prostate and breast cancer (Dejmek et al.,
2005a, 2005b; Jonsson and Andersson, 2001). WNT5A is
expressed in normal colon epithelium, where its promotor is
unmethylated, which is in contrast to CRC, where WNT5A is
frequently down-regulated owing to tumor specific methyl-
ation (Ying et al., 2008). Similar to 15-PGDH (Backlund et al,,
2005; Yan et al., 2004), WNT5A has been demonstrated to be
a good prognostic marker in patients with colon, prostate
and breast cancer (Dejmek et al., 2005a; Jonsson et al., 2002).
Therefore, we next investigated the expression of the 15-
PGDH and WNTS5A proteins in the same cohort of CRC patients
to enable direct correlation of the expression of these proteins
with overall survival.

The immunohistochemical staining of 15-PGDH was per-
formed in a TMA containing 84 tissues from CRC patients.
The clinico-pathological details of the patients are provided
in Supplementary Table S1. Of the 84 patients, 74 (88%)
showed down-regulation, whereas 10 (12%) maintained high
15-PGDH expression in their primary tumors. Representative
tumor samples expressing high and low levels of 15-PGDH
are shown in Figure 2A. Of the 84 samples analyzed for 15-
PGDH, 66 were also analyzed for the expression of WNT5A.
Representative tumor samples with low and high levels of
WNT5A are shown in Figure 2C. We found that approximately
39% (26/66) of the primary tumor samples from these CRC pa-
tients showed no or reduced expression of WNT5A. Based on
these finding we found a positive correlation between 15-
PGDH and WNT5A protein expressions using the Pearson cor-
relation test (r = 0.3 with a statistical significance of 0.027).

Kaplan—Meier survival analysis revealed that the patients
expressing high levels of 15-PGDH (Figure 2B, 15-PGDH!8H)
had a better cumulative survival than the patients expressing
low levels of 15-PGDH (Figure 2B, 15-PGDH"Y). Kaplan—Meier
survival analysis revealed that the WNT5A negative group
(WNT5AMY; Figure 2D) had worse survival than the WNTSA
positive group (WNT5AM8"; Figure 2D). All of the 26 WNT5AL
samples also revealed a loss of 15-PGDH protein expression,
suggesting that the loss of WNT5A protein expression in
CRC might be related to the simultaneous loss of 15-PGDH pro-
tein expression. Furthermore, CRC patients showing 15-
PGDH""/WNT5AY expression in their primary tumors
showed reduced overall survival compared with patients
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Figure 1 — Expression of 15-PGDH and WNTS5A in colorectal carcinomas and in matched normal control tissue. A, The images shown are
representative immunohistochemical stainings of 15-PGDH protein expression in colorectal carcinoma tissue and matched normal controls. The
intensity of 15-PGDH protein staining was scored and the results from this scoring are presented in the graph. B, The images shown are
representative immunohistochemical stainings of WNTS5A protein expression in colorectal carcinoma tissue and matched normal controls. The
intensity of WNTS5A protein staining was scored and the results from this scoring are presented in the graph. The results are presented as

mean * standard error of the mean (SEM); **P < 0.001.

showing 15-PGDH"&"/WNT5AME" expression in their primary
tumors (Figure 2E).

3.3.  WNT5A and the WNT5A mimicking peptide Foxy-5
both up-regulate 15-PGDH expression in colon cancer cells

To pursue the above findings we next assessed whether
WNT5A signaling can re-constitute the expression of 15-

PGDH in colon cancer cells (HT-29 and Caco-2). First, we inves-
tigated endogenous WNT5A expression in HT-29 and Caco-2
by western blotting. Our results showed that both cell lines
were negative for endogenous WNT5A (Suppl. Figure 1A),
making them perfect model cells with which to test whether
WNTS5A signaling can be initiated by treating the cells with
either recombinant WNT5A (rWNT5A) or Foxy-5. Both these
molecules trigger non-canonical WNTSA signaling as
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Figure 2 — Kaplan—Meier survival curves of colorectal cancer patients with different levels of 15-PGDH and WNTS5A protein in their tumor
tissue. A and C, Representative immunohistochemical images of low and high levels of 15-PGDH and WNTS5A expression in the tumor tissue
from colon cancer patients. B, Kaplan—Meier survival curves of colorectal cancer patients with low or high levels of 15-PGDH expression. D,
Kaplan—Meier survival curves of colorectal cancer patients with low or high levels of WNT5A expression. E, Kaplan—Meier survival curves of
colorectal cancer patients with low or high expression levels of both 15-PGDH and WNTS5A. Cumulative survival is shown in months, and the

differences between the groups were assessed using log-rank testing.


http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011

MOLECULAR ONCOLOGY 10 (2016) 1415-1429 1421

demonstrated by their abilities to induce a robust Ca®" signal,
an essential activation marker of this pathway, in both HT-29
and Caco-2 colon cancer cells (Suppl. Figure 2). We then
treated HT-29 cells with TWNT5A at a concentration of
400 ng/ml for different periods of time (24, 48 or 72 h), after
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which the cells were lysed and 15-PGDH expression was
analyzed by western blotting. The treated HT-29 cells showed
significant increases in the expression of 15-PGDH at all the
time points analyzed (Figure 3A). A similar increase in 15-
PGDH was detected when HT-29 cells were exposed to the
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Figure 3 — The effect of tWNT5A and Foxy-5 on the expression of 15-PGDH in colon cancer cells. A, Western blot analyses and subsequent

densitometric evaluations of 15-PGDH protein expression in HT-29 colon cancer cells not stimulated (Cnt) or stimulated with -tWNT5A (400 ng/
ml) for 24, 48 or 72 h. B, Western blot analyses and subsequent densitometric evaluations of 15-PGDH protein expression in HT-29 colon cancer
cells not stimulated (Cnt) or stimulated with Foxy-5 (100 pM) for 24, 48 or 72 h. The images shown in A, and B, are representative western blots of
15-PGDH and re-probed blots for B-actin to ensure equal loading. The diagrams outline the results of the densitometric analyses expressed as 15-
PGDH/B-actin ratio. C and D, QPCR analyses of 15-PGDH mRNA levels in HT-29 cells not stimulated (Cnt) or stimulated with C, 400 ng/ml
rWNTS5A or D, 100 uM Foxy-5 for 6, 9, 12, 18, 24, 48 or 72 h. E, Analyses of 15-PGDH protein expression in Caco-2 colon cancer cells not

stimulated (Cnt) or stimulated with either 400 ng/ml rWNTS5A or 100 pM Foxy-5 for 24 h. The images shown are a representative western blot of

15-PGDH and a re-probed blot for B-actin to ensure equal loading. The diagram outlines the results of the densitometric analyses expressed as 15-

PGDH/B-actin ratio. The data are calculated as percentage of untreated control cells and given as mean * standard error of mean (SEM) of at least

five separate experiments. *P < 0.05, “P < 0.01, **P < 0.001.
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WNT5A-mimicking peptide Foxy-5 (100 uM) for 24, 48 or 72 h.
To investigate whether this WNTSA signaling-induced
expression of 15-PGDH is observed at the transcript level, we
performed Real Time-qPCR in HT-29 cells after treatment
with either rTWNT5A or Foxy-5 for 6, 9, 12, 18, 24,48 or 72 h
(Figure 3C,D). Our results showed that cells treated with either
rWNT5A or Foxy-5 for the indicated periods of time responded
with an increase in their 15-PGDH mRNA levels. We found a
robust increase in 15-PGDH mRNA already after 9 h of stimu-
lation with rWNT5A (Figure 3C) whereas the most robust in-
crease in 15-PGDH mRNA was seen after 48 h of stimulation
with Foxy-5 (Figure 3D). However, we observe a clear and sta-
tistically significant increase of 15-PGDH mRNA after 24 h
stimulation with both WNT5A and Foxy-5. These data were
complemented with an additional Ct graph showing that
basal 15-PGDH mRNA (gene name HPGD) is detected after 26
cycles similarly to the mRNA of the housekeeping gene
HPRT1 (Suppl. Figure 1B). We also treated Caco-2 colon cancer
cells with rTWNT5A or Foxy-5 for 24 h. Western blot analysis
revealed a significant up-regulation of 15-PGDH protein
expression also in this cell line after FIWNTS5A or Foxy-5 treat-
ment (Figure 3E). Our results suggest that the activation of
WNTS5A signaling triggers an increase in 15-PGDH protein
expression initiated at the transcription level.

3.4. WNT5A/Foxy-5 signaling regulates 15-PGDH
expression

To substantiate our findings, we analyzed the c-Jun N-termi-
nal kinase (JNK), a well-studied target of WNT5A signaling
(Nomachi et al., 2008; Wang et al., 2013), to determine whether
it might mediate the effect of WNT5A signaling on 15-PGDH
expression. We first stimulated HT-29 cells with Foxy-5
(100 uM) for different periods of time (0.5, 1, 2 and 24 h). Cell
lysates were prepared from un-stimulated and stimulated
cells, and the activation of JNK was visualized by western

blotting using an anti-phospho JNK antibody raised against
the epitope corresponding to a short amino acid sequence
containing phosphorylated Thr 183 and Tyr 185 of JNK1 of hu-
man origin. We performed a ratio between p-JNK and total JNK
and observed a 1.5-fold increase in the phosphorylation of JNK
within 30 min and a maximal increase after 1 h of Foxy-5
treatment, an increase that was maintained even after 24 h
(Figure 4A). In the next set of experiments, we investigated
whether the WNTS5A signaling-induced activation of JNK is
involved in mediating 15-PGDH expression. The basis for
these experiments was the facts that the 15-PGDH promoter
contains several AP-1 transcription factor binding sites and
that JNK is a regulator of AP-1 (Greenland et al., 2000). Accord-
ingly, we transfected HT-29 cells with a luciferase construct
(1024 bp) that contained a 15-PGDH promoter with 3 AP-1 sites
and then treated the cells with 10 uM JNK inhibitor1 (JNKI1, L-
form) for 30 min before finally stimulating them with either
rWNTS5A or Foxy-5 for 24 h. Our results showed that both
rWNT5A and Foxy-5 induced 15-PGDH promoter activity and
that this activation was inhibited by the JNK inhibitor
(Figure 4B). To validate these results we also investigated the
effects of FIWNTS5A and Foxy-5, in the absence or presence of
the JNK inhibitor, on 15-PGDH mRNA expression. We found
thatboth rWNT5A and Foxy-5 caused a statistically significant
increase in 15-PGDH mRNA levels that were inhibited by the
JNK inhibitor (Figure 4C). Furthermore, we also checked if
and how rWNT5A and Foxy-5 affected AP-1 activity, a well-
know target for p-JNK activity and a transcription factor for
the 15-PGDH promoter. Indeed, we found that both FTWNT5A
and Foxy-5 induced increased phosphorylation/activation of
the transcription factor AP-1in the nuclear fraction of the cells
(Figure 4D).

As previously discussed, canonical Wnt/B-catenin
signaling can suppress the expression of 15-PGDH, thus mak-
ing it possible that WNT5A signaling can influence 15-PGDH
protein expression by not only increasing 15-PGDH promoter

Figure 4 — WNTS5A signaling modulates 15-PGDH expression via different mechanisms A, Western blot analyses and densitometric evaluations
of phosphorylated JNK (p-JNK) expression in HT-29 colon cancer cells not stimulated (Cnt) or stimulated with 100 pM Foxy-5 for 0.5, 1, 2, or
24 h. The images shown are a representative western blot of p-JNK and re-probed blots for total JNK and B-actin to ensure equal loading. The
diagram outlines the results of the densitometric analyses expressed as p-JNK/total JNK ratio. B, Luciferase activity in HT-29 cells transfected
with a 15-PGDH promoter construct for 24 h, incubated for 30 min in the absence or presence of the JNK inhibitor1l (JNKI1, 10 pM) and, finally,
either not stimulated (Cnt) or stimulated with rWNTS5A (400 ng/ml) or Foxy-5 (100 pM) for 24 h in the absence or presence of the JNKI1. C, 15-
PGDH mRNA expression in HT-29 cells incubated for 30 min in the absence or presence of JNKI1 (10 pM) and then either not stimulated (Cnt)
or stimulated with either 400 ng/ml rWNTS5A or 100 pM Foxy-5 for 24 h in the absence or presence of JNKI1 (10 pM). D, Western blot analyses of
nuclear fractions from HT-29 cells not stimulated (Cnt) or stimulated with either 400 ng/ml tWNT5A or 100 pM Foxy-5 for 24 h. The images
shown are western blots of phosphorylated AP-1 (p-AP-1; re-probed for total AP-1) and c-Myc (re-probed for Lamin-B), the re-probing were
performed to ensure equal loading. E and F, Western blot analyses and subsequent densitometric evaluations of active B-catenin and
phosphorylated B-catenin protein expressions in HT-29 cells not stimulated (Cnt) or stimulated with rtWNT5A (400 ng/ml) or Foxy-5 (100 pM)
for 24 h. The images shown are representative western blots that were re-probed for total B-catenin and finally also for B-actin to ensure equal
loading. The diagrams in E and F outline the results of the densitometric analyses. G, Western blot analyses and subsequent densitometric
evaluations of 15-PGDH protein expression in HT-29 cells not stimulated (Cnt) or stimulated with 400 ng/ml rWNTS5A for 24 h in the absence or
presence of the XAV-939 (10 pM) and H, the same blots analyzed in G were also re-probed for active B-catenin and total B-catenin. The images
shown in G and H are representative western blots and all blots were re-probed for B-actin to ensure equal loading. I, Luciferase activity in HT-
29 cells transfected with a 15-PGDH promoter construct for 24 h, incubated for 30 min in the absence or presence of the B-catenin activator
CHIR-99021 (1.25 pM) and, finally, either not stimulated (Cnt) or stimulated with r'WNT5A (400 ng/ml) for 24 h in the absence or presence of
CHIR-99021. J, Cyclin D1 mRNA expression in HT-29 cells not stimulated (Cnt) or stimulated with 100 pM Foxy-5 in the absence or presence of
the B-catenin activator CHIR-99021 (1.25 pM) for 48 h. The data are normalized against untreated controls, and the results are presented as
mean * standard error of the mean (SEM) of at least five separate experiments; *P < 0.05, *P < 0.01, ™P < 0.001.
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activity but also by counteracting canonical Wnt/-catenin
signaling in colon cancer cells. In support of this dual mecha-
nism, we found that both rWNT5A and Foxy-5 reduced the
non-phosphorylated active form of B-catenin (Figure 4E),
induced phosphorylation of B-catenin and reduced the total
level of B-catenin in both HT-29 (Figure 4F) and Caco-2 cells
(Suppl. Figure 3A,B). The increased degradation of B-catenin
induced by WNT5A signaling was not compensated for by a
simultaneous recruitment of B-catenin from the membrane
pool of B-catenin as revealed by confocal immunofluores-
cence images of B-catenin expression from the focal plane of
the plasma membrane in both HT-29 and Caco-2 cells
(Suppl. Figure 3C,D). To further investigate if inhibition of
Wnt/B-catenin signaling contributes to 15-PGDH expression
we used a small molecule inhibitor of Wnt/p-catenin signaling
(XAV-939) that function by increasing the stability of Axin
which results in increased B-catenin degradation. We found
that XAV-939 increased 15-PGDH protein expression to a
similar level as rTWNT5A (Figure 4G) and that these effects
occurred in parallel to similar reductions in the levels of
non-phosphorylated active p-catenin (Figure 4H). We found
that when XAV-939 and rWNT5A were combined, the increase
in 15-PGDH protein expression (Figure 4G) and the reductions
in non-phosphorylated active B-catenin as well as total p-cat-
enin were even more pronounced (Figure 4H). To further vali-
date the interaction between canonical Wnt signaling and
non-canonical Wnt signaling, we used the GSK-3p inhibitor
(CHIR-99021), a documented activator of canonical Wnt/p-cat-
enin signaling (Chen et al., 2014). We first transfected HT-29
cells with the 15-PGDH promoter construct and then treated
the cells in the absence or presence of CHIR-99021 (1.25 pM)
for 30 min, after which we finally stimulated the cells with
rWNT5A for 24 h. Our results demonstrated that the
rWNT5A-induced activation of the 15-PGDH promoter activity
was impaired by CHIR-99021, indicating that the effect of
WNTS5A signaling on 15-PGDH expression is counteracted by
CHIR-99021-induced excessive canonical p-catenin signaling
in colon cancer cells (Figure 41I). Control experiments were per-
formed to confirm that non-canonical WNT5A signaling
caused a functional inhibition of B-catenin signaling. Both
rWNT5A and Foxy-5 caused significant reductions in the level
of the B-catenin signaling targets cyclin D1 (Figure 4] and
Suppl. Figure 3EF) and c-Myc (Figure 4D). The action of
CHIR-99021 was functionally confirmed by its ability to signif-
icantly increase the expression of cyclin D1 even in the pres-
ence of Foxy-5 (Figure 4]). Taken together, these findings
support our notion that WNT5A signaling has the capacity to
reduce canonical p-catenin signaling in colon cancer cells.

3.5. WNTS5A/Foxy-5 signaling induces 15-PGDH protein
expression in breast cancer

WNT5A acts as a tumor suppressor in breast cancer as well as
in colon cancer. To determine whether the observed effect of
WNTS5A signaling on 15-PGDH expression in colon cancer cells
is unique or if it occurs also in other cancer cell types, we also
investigated its effect on 15-PGDH expression in breast cancer
cells. We treated MDA-MB-468 breast cancer cells (endoge-
nously negative for WNT5A expression) with either FWNT5A
or Foxy-5 for 24 h and then determined the effect on 15-

PGDH expression by western blotting (Figure 5A). We observed
a significant up-regulation of 15-PGDH expression following
treatment with either 'WNT5A or Foxy-5 (Figure 5A). To ascer-
tain whether such WNT5A-mediated regulation of 15-PGDH
occurs in vivo, we injected WNTS5A transfected MDA-MB-468
cells [468(WNT5A)] subcutaneously into the flanks of mice.
For a control, MDA-MB-468 cells transfected with the empty
vector [468(EV)] were used. After three weeks, the animals
were sacrificed, and the primary tumors were harvested.
The tumor growth was significantly reduced in the WNT5A
transfected cells [468(WNT5A)] when compared to empty vec-
tor transfected control cells [468(EV)] as demonstrated by re-
ductions in both tumor volume (Figure 5B) and tumor weight
(Figure 5C). Tumor sections were immunostained with an
anti-15-PGDH antibody. We observed a 2-fold increase in the
staining intensity of 15-PGDH in tumors that originated from
468(WNT5A) cells compared with the 468(EV) cells
(Figure 5D). Overall, our results demonstrated that WNT5A
signaling can induce the expression of 15-PGDH in both colon
cancer cells and breast cancer cells in vitro and in vivo.

3.6. WNT5A/Foxy-5 signaling induces the
differentiation of colon cancer cells

Differentiation is an essential cellular process of normal phys-
iology. The proliferative nature of cancer cells is related to
their poor differentiation capacity. WNT5A signaling has
been shown to inhibit the proliferation of colon cancer cells
(Cheng et al., 2014); however, their ability to induce the differ-
entiation of colon cancer cells is unclear. To investigate this
possibility, we studied how increased WNT5A signaling in co-
lon cancer cells affects their differentiation by measuring the
levels of two key terminal differentiation markers, SI and
mucin-2 (Taupin and Podolsky, 1999). In the initial experi-
ment, we stimulated HT-29 cells with rWNT5A for 24—72 h, af-
ter which we analyzed the expression of SI by western blotting
with a specific SI antibody. A significant up-regulation of the
protein level of SI was observed at all time points (24, 48 and
72 h; Figure 6A). These findings were validated in Caco-2 colon
cancer cells, in which we found a similar significant increase
in SI expression when they were treated with either FWNT5A
or Foxy-5 for 24 h (Figure 6B). We also analyzed the WNT5A
signaling axis-mediated increase in SI mRNA in HT-29. We
stimulated HT-29 cells for 48 h with Foxy-5 in the absence or
presence of the JNK inhibitor (JNKI1) or CHIR-99021. As ex-
pected, based on the above data, Foxy-5 significantly
increased the level of SImRNA, and this increase was neutral-
ized in the presence of JNKI1, suggesting that WNT5A regu-
lates the expression of SI (Figure 6C) via the same signaling
pathway that regulates the expression of 15-PGDH. Similarly,
the activation of canonical Wnt signaling by CHIR-99021
reduced the Foxy-5-induced mRNA level of SI. In addition to
SI, we analyzed how increased WNT5A signaling affected
the transcription levels of the differentiation marker Mucin-
2. We observed significantly increased levels of Mucin-2
mRNA after stimulation with either rfWNTSA or Foxy-5
(Figure 6D). Similar to the SI response, the Foxy-5-induced
Mucin-2 mRNA increase was significantly inhibited by JNKI1,
and when canonical Wnt/p-catenin signaling was activated
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Figure 5 — The effect of tWNT5A and Foxy-5 on the expression of the 15-PGDH protein in breast cancer cells. A, Western blot analyses and
subsequent densitometric evaluations of 15-PGDH protein expression in MDA-MB-468 breast cancer cells not stimulated (Cnt) or stimulated
with either tWNT5A (400 ng/ml) or Foxy-5 (100 pM) for 24 h. The images shown are a representative western blot of 15-PGDH that was re-
probed for B-actin to ensure equal loading. The diagram outlines the results of the densitometric analyses and the results are presented as a
percentage of untreated controls. The results are presented as mean * standard error of the mean (SEM) of at least four separate experiments;
*P < 0.05. B and C, Effect of WNT5A on tumor growth. Volumes and weights of tumors derived from MDA-MB-468 cells either transfected
with an empty vector (EV) or a WNTS5A expressing vector (WNT5A). Volumes and weights were determined at day 24 when the experiments were
terminated. D, Representative images from in vivo experiments showing the expression of 15-PGDH in tumors derived from MDA-MB-468 cells
transfected with either an empty vector (EV; left panel) or a WNT5A expressing vector (WNTS5A; right panel) at day 24. The accumulated 15-
PGDH data are presented as percentage of cells with strong 15-PGDH expression (Nsr). The animal results are given as means * standard error of
the mean (SEM) for 18 tumors derived from 468(EV) cells and 18 tumors derived from 468(WNTS5A) cells; *P < 0.05, **P < 0.001.


http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011
http://dx.doi.org/10.1016/j.molonc.2016.07.011

1426

MOLECULAR ONCOLOGY 10 (2016) 1415-1429

300-
c
S
w =
8 % 2004
B g9
c's
'S 2 100
g8
1
0 T
. o < <
o ¥ w Av
rWNT5A
_
150+ } ek k Y *k i

100+

SImRNA expression
(% of control)

200+
*
c I
B 1507
g = *xk
85
@ x8 1004
£%5
2R
5= 504
Q.
0 . n
X R
s & &
N <
<
*%
- —
5 400 L RRE N % N
3 r 1 L — 1
[
£ 5 300- —
i
2 3 200
¥
ES
o 1004
£
o
=
= 0
& Nt » N &
& & ’ - N
S\e Qo":\ xse (’,‘O‘b
&
@ <

Figure 6 — WNTS5A signaling induces differentiation of colon cancer cells. A, Western blot analyses and subsequent densitometric evaluations of
sucrase-isomaltase (SI) expression in HT-29 colon cancer cells not stimulated (Cnt) or stimulated with 400 ng/ml rfWNTS5A for 24, 48, or 72 h.

The images shown are a representative western blot of SI that was re-probed for B-actin to ensure equal loading. The diagram outlines the results

of the densitometric analyses. B, Western blot analyses and subsequent densitometric evaluations of SI expression in Caco-2 colon cancer cells not
stimulated or stimulated with either ‘WNT5A (400 ng/ml) or Foxy-5 (100 pM) for 24 h. The images shown are a representative western blot of SI
that was re-probed for B-actin to ensure equal loading. The diagram outlines the results of the densitometric analyses. C and D, QPCR analyses of
SI mRNA and mucin-2 mRNA levels in HT-29 colon cancer cells incubated for 30 min in the absence or presence of JNKI1 (10 pM) or the B-
catenin activator CHIR-99021 (1.25 pM) and either not stimulated (Cnt) or stimulated with r’WNT5A (400 ng/ml) or Foxy-5 (100 pM) for C, 48 h
and D, 72 h. The accumulated data are calculated as the percentage of untreated controls and the results are presented as mean * standard error of
the mean (SEM) of at least four separate experiments; *P < 0.05, *P < 0.01, *™P < 0.001.

by CHIR-99021, the effect of Foxy-5 on Mucin-2 expression was
reduced.

4. Discussion

The re-expression of tumor suppressor proteins, to elicit their
functional effects, is an attractive therapeutic strategy in the
treatment of cancer patients. The non-canonical ligand
WNTS5A is thought to exert its tumor suppressor activities in
several cancer types, including breast, colon and prostate can-
cer, primarily by impairing tumor cell migration and invasion
(Dejmek et al., 2005a; Jonsson and Andersson, 2001; Syed
Khaja et al., 2011). These findings are strongly supported by

the observation that the loss or reduced expression of
WNTS5A in tumor cells in these types of cancer is strongly
correlated with a more rapid progression of the disease
(Dejmek et al., 2005a; Nomachi et al., 2008; Sand-Dejmek
et al,, 2013; Syed Khaja et al.,, 2011). The reconstitution of
WNTS5A signaling in patients with these types of cancer is
therefore an attractive treatment strategy. To make such a
treatment alternative possible, our laboratory has developed
a WNT5A-mimicking hexapeptide Foxy-5 (Safholm et al.,
2006). This peptide has also been shown to have a strong
anti-metastatic effect in vivo (Safholm et al., 2008). This pep-
tide has been tested in a recently completed phase 1 clinical
trial in patients with breast, colon and prostate cancer. Similar
to the non-canonical ligand WNT5A, the intracellular enzyme
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15-PGDH has been characterized as a tumor suppressor pro-
tein in colon and breast cancer, where it catalyzes the oxida-
tion of the 15(S) hydroxyl group of prostaglandin to produce
the inactive 15-keto-metabolite. In colon and breast tumor
cells, the expression of this protein is often lost. Interestingly,
the transfection and re-expression of 15-PGDH is a potent
in vivo suppressor of colon carcinogenesis (Myung et al,
2006). However, at present there is no molecule that can be
used as a treatment alternative in vivo to induce the re-
expression of 15-PGDH in tumor cells lacking expression of
this enzyme.

In the present study we demonstrated that in the same
cohort, colorectal tumors expressed less 15-PGDH and
WNT5A than matched normal tissue from the same patient.
These findings are compatible with the suggested tumor sup-
pressor function of these proteins. Preliminary findings from
those whole tumor sections that contained normal, polyp, ad-
enoma and cancer tissues in the same section suggest that
reduced expression of both these proteins can be detected at
the adenoma stage (Suppl. Figure 4). Further analyses of these
data disclosed that around 40% of the patients analyzed for
WNTS5A expression showed low levels of expression of the
WNTS5A protein and that the tumor samples from all of these
patients were also negative for 15-PGDH expression. These re-
sults revealed a statistically positive correlation between 15-
PGDH and WNT5A protein expressions. We therefore suggest
that the WNT5A ligand might regulate the expression of the
intracellular enzyme 15-PGDH and that the low levels of
WNT5A expression in these cancers might cause a subse-
quent decrease in 15-PGDH.

To ascertain whether WNT5A signaling actually regulates
15-PGDH expression in colon cancer cells, we treated two
different colon cancer cell lines, HT-29 and Caco-2, which
have low endogenous levels of WNT5A and 15-PGDH, with
either rWnt5a or the WNT5A-mimicking hexapeptide Foxy-
5. These treatments induced up-regulation of 15-PGDH
expression at the protein level. Furthermore, this effect of
WNT5A signaling on 15-PGDH expression was initiated at
the transcription level as indicated by the effect of WNT5A
signaling on 15-PGDH mRNA levels and on luciferase pro-
moter activity. The concept that WNTS5A signaling induces
the expression of 15-PGDH was supported by the data
demonstrating that WNT5A signaling regulates 15-PGDH
expression via the activation of JNK, a documented WNT5A
downstream signal (Nomachi et al., 2008). This activation
led to activation of AP-1 a transcription factor known to
bind to and regulate the promoter for 15-PGDH. Overall, our
results show that restoring WNT5A signaling and tumor sup-
pressor function also restores the expression of the tumor
suppressor 15-PGDH in colon cancer cells, thereby, for the
first time, linking these two tumor suppressors. The above
data were further validated in vitro and in vivo in breast can-
cer cells and the results obtained from these experiments
strengthen our conclusion that WNT5A signaling can posi-
tively regulate 15-PGDH expression. Importantly, our finding
that Foxy-5 is as effective as rWNT5A in regulating the
expression of 15-PGDH suggests that this drug candidate
can also be used to restore the expression of the tumor sup-
pressor 15-PGDH.

The fact that WNTS5A signaling reduced the non-
phosphorylated active form of B-catenin and in parallel
increased the level of phosphorylated B-catenin in colon cancer
cells are interesting from the perspective that Wnt/p-catenin
signaling can suppress 15-PGDH expression in colon cancer
(Smartt et al., 2012a). These observations were further investi-
gated using a specific inhibitor of Wnt/B-catenin signaling
(XAV-939). This inhibitor reduced the non-phosphorylated
active form of B-catenin and in parallel increased the expres-
sion of 15-PGDH both to the same extent as WNT5A signaling.
Furthermore, an activator of canonical B-catenin signaling
(CHIR-99021) counteracted the effect of WNT5A signaling on
15-PGDH expression. These data show that non-canonical
WNT5A signaling in colon cancer cells have an opposite effect
than canonical B-catenin signaling on 15-PGDH expression, due
to its ability to inhibit B-catenin signaling.

At present there is no validated biomarker that can be used
to evaluate a treatment response in patients treated with the
drug candidate Foxy-5. Based on the finding that Foxy-5 in-
duces increase 15-PGDH expression in tumor cells similar to
that induced by rtWNT5A, it should be possible to use intracel-
lular 15-PGDH as an immunohistochemical marker in tumor
biopsies from patients treated with Foxy-5.

In summary, our data reveal a novel interaction be-
tween the two tumor suppressors WNT5A and 15-PGDH
in which the WNT5A ligand induces the expression of the
intracellular 15-PGDH enzyme in colon and breast cancer
cells via at least two different mechanisms. A practical
consequence of this finding is that the level of 15-PGDH
in tumor tissue and possibly also the levels of its substrate
and degradation products in blood can be used as
biomarker in future clinical studies of the WNTS5A-
mimicking peptide Foxy-5.
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