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Summary. Wnt ligands belong to a family of secreted
glycoproteins in which binding to a range of
receptors/co-receptors activates several intracellular
pathways. WNTS5A, a member of the Wnt family, is
classified as a non-canonical Wnt whose activation
triggers planar cell polarity (PCP) and Ca*? downstream
pathways. Aberrant expression of WNTSA has been
shown to play both protective and harmful roles in an
array of conditions, such as inflammatory disease and
cancer.

In the present study, using histological, immuno-
histochemical, and molecular methods, we investigated the
expression of two isoforms of WNT5A, WNT5A-Short
(WNTS5A-S) and WNTS5A-Long (WNTSA-L) in bladder
urothelial carcinoma (UC). Three UC cell lines (RT4, J82,
and T24), as well as a normal urothelial cell line, and
formalin-fixed, paraffin-embedded (FFPE) transurethral
resection (TUR) tissue samples from 17 patients diagnosed
with UC were included in the study. WNTS5A-L was the
predominantly expressed isoform in urothelial cells,
although WNTS5A-S was also detectable. Further, although
no statistically significant difference was found between
the percentage of WNTS5A-S transcripts in low-grade
versus high-grade tumors, we did find a difference
between the percentage of WNTS5A-S transcripts found in
non-invasion versus invasion of the lamina propria,
subgroups of non-muscle-invasive tumors.

In conclusion, both WNTS5A-S and WNT5A-L
isoforms are expressed in UC, and the percentage of
their expression levels suggests that a higher proportion
of WNTS5A-S transcription may be associated with
lamina propria invasion, a process preceding muscle
invasion.
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Introduction

Wnt ligands belong to a large family of secreted
glycoproteins that bind to a broad spectrum of
receptors/co-receptors and turn on a variety of
intracellular pathways. Wnt signaling activation is
dependent on the receptor context expressed by the
target cells and works in an autocrine or paracrine
manner (Mikels and Nusse, 2006b; Hausmann et al.,
2007). A broad range of receptors and co-receptors,
including Frizzled (FZD) family receptors, low-density
lipoprotein receptor-related protein (LRP), the receptor
tyrosine kinase-like orphan receptor family (ROR 1 /2),
and the related receptor tyrosine kinase (RYK), can bind
Wnt ligands (Gordon and Nusse, 2006). Wnt pathways
are complex, traditionally divided into canonical or -
catenin-dependent, which are better studied and known,
and non-canonical or B-catenin-independent, which are
still poorly understood. Wnt pathways are evolutionarily
conserved, playing critical roles in embryonic
development and tissue homeostasis by regulating
various cell functions, such as differentiation,
proliferation, migration, polarity, and apoptosis (Mikels
and Nusse, 2006b). Interestingly, altered expression of
Wat proteins and activation of Wnt pathways have been
reported in several pathological processes (Pukrop et al.,
2006; Geng et al., 2012; Bo et al., 2013; Ackers et al.,
2020), This peculiarity has made Wnt signaling an
interesting and challenging topic to study as a potential
diagnostic or therapeutic target (Barker and Clevers
2006; Le et al., 2015; Ng et al., 2019).

WNTS5A is a member of the Wnt family, classified as
a non-canonical Wnt, whose activation results in
activation of planar cell polarity (PCP) and Ca*?
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downstream pathways (Mikels and Nusse, 2006a).
However, it has also been shown that WNT5A activates
a canonical signaling pathway (Mikels and Nusse,
2006a). Aberrant expression of WNTSA has been shown
to play both protective and harmful roles in an array of
conditions, including inflammatory conditions and
various cancers (Blumenthal et al., 2006; Bhatt and
Malgor 2014; Kumawat and Gosens 2016; Chen et al.,
2021). In cancer specifically, WNT5A has been shown to
exhibit either tumor suppressor or tumor promoter
effects, depending on the type of cancer (McDonald and
Silver 2009; Azbazdar et al., 2021). The role of WNT5A
in different steps during tumorigenesis and metastasis
has been reported, and several reviews have been
published on this subject (Asem et al., 2016; Kumawat
and Gosens, 2016).

Bladder cancer ranks 12" among all types of cancer
when both sexes are considered; however, it is the fourth
most common cancer in men, accounting worldwide for
573,278 new cases and 212,536 deaths in 2020 (Sung et
al., 2021). In the U.S., 82,290 new cases were estimated
for 2023, 62,420 cases for males and 19,870 for females,
with 16,710 estimated deaths for the same year (Siegel et
al., 2023). Urothelial carcinoma (UC), which constitutes
more than 90-95% of all primary bladder cancers, is
clinically divided for therapeutic and prognosis purposes
into three disease states: non-muscle-invasive, muscle-
invasive, and metastatic (Miyazaki and Nishiyama,
2017). Currently, UC diagnosis is based on cystoscopic
examination of the bladder and histological evaluation of
resected tissue, with histologic grading and depth of
tumor invasion being the most important prognostic
factors (Powles et al., 2022). Using the WHO 2016
histologic classification system, the non-muscle-invasive
UC category is comprised of two stages, pTa or non-
invasive tumors and pT1 or lamina propria-invasive
tumors. The muscle-invasive category includes pT2 or
muscularis propria-invasive and higher tumor stages
(pT3, pT4) (Humphrey et al., 2016; Magers et al., 2019).
The initial diagnosis in 75% of UC cases presents as low
histological grade and stage, i.e., non-invasive pTa or
pT1 stage, which in 50-70% of cases recurs after the first
transurethral resection of the urinary bladder tumor
(TURBT) but rarely progresses to invasion. The first
diagnosis of the other 25% of cases is split roughly
evenly between those presenting with muscle-invasive
pT2 stage or higher and those presenting with
metastases, both of which require more drastic
treatments (Powles et al., 2022; Hasan et al., 2023;
Santini et al., 2023). The diagnosis of UC, and hence its
prognostic outcome and treatment, is a challenge due to
its wide spectrum of histological variants. Although
there have been numerous studies investigating the use
of biomarkers for the identification of different
histological variants and categories of UC, there is not
yet consensus on their clinical application, with
histopathological examination remaining the gold
standard technique (Powles et al., 2022).

Involvement of canonical WNT, or the B-catenin-

dependent pathway, in UC has been reported (Urakami
et al., 2006; Costa et al., 2010; Garg and Maurya, 2019)
but few studies have been published about the role of the
non-canonical/B-catenin-independent WNT pathway. In
this context, we previously reported a positive
correlation between WNTS5A protein and RNA
expression and histological tumor grade in human UC
tissue samples and showed that WNTS5A increased cell
migration in UC cell lines (Malgor et al., 2013; Saling et
al., 2017). Additionally, Cao et al. (2018) reported that
knockdown of WntS5a expression reversed resistance to
gemcitabine, a nucleoside analog used to treat muscle-
invasive or metastatic bladder cancer (Cao et al., 2018).
Thus, Wnt5a appears to play a tumor-promoting role in
UC.

The novel discovery of two isoforms of WNTSA
opened doors to speculation about the possible
involvement of these two isoforms in the contradictory
and opposing roles of WNTS5A in different cell types and
different types of cancers. The two WNTS5A isoforms,
named WNT5A-L (Long or A) and WNTS5A-S (Short or
B), are produced by alternative splicing of two different
first exons, which is regulated by two independent
promoters (Katoh and Katoh, 2009; Katula et al., 2012).
The only structural difference between the encoded
proteins is that WNTSA-S is truncated at the amino-
terminal end, rendering it shorter than WNTSA-L, with
319 amino acids versus 337 amino acids, respectively
(Bauer et al., 2013). The expression of isoform
transcripts relative to each other differs by cell type
(Bauer et al., 2013; Vaidya et al., 2016). Finally, several
studies have shown that the isoforms have different
roles, also depending on cell type (Bauer et al., 2013;
Huang et al., 2017; Bhandari et al., 2021).

The current study aimed to quantify the RNA
expression of the WNTSA-S and WNTSA-L isoforms in
UC and normal bladder cell lines as well as in human
UC tumor samples obtained by transurethral resection
(TUR). We hypothesized that differential expression of
the isoforms would correlate with specific
histopathological features of the UC. In this manner,
new diagnostic or therapeutic targets might be identified
for UC.

Materials and methods
Cell line analysis

All in vitro studies were performed using three
human neoplastic UC cell lines: T24 (HTB-4™), J&2
(HTB-1™), and RT4 (HTB-2™) from the American
Type Culture Collection (ATCC, Manassas, VA). These
three cell lines were chosen because, although they are
all adherent epithelial cells from the urinary bladder,
RT4 was isolated from a transitional cell papilloma
(benign lesion), while T24 and J82 were derived from
high-grade UC. Interestingly, according to our previous
report, cell lines T24 and J82 have different WNTSA
expression levels (Saling et al., 2017). We also included
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normal human bladder epithelial cells (NUC), from
Lifeline Cell Technology #FC-0040 (Frederick, MD), as
a control in the study. All cells were grown in the lab
according to the manufacturer’s instructions.

Total RNA for each cell line was isolated using
TRIzol Reagent (Invitrogen, Carlsbad, CA) from
separate cultures grown to 80% confluence in six-well
plates. After the use of a Clean and Concentrate-5 Kit
with DNase treatment (Zymo Research, Irvine, CA),
RNA was quantified using a NanoDrop 2000
Spectrophotometer (Thermo Scientific, Waltham, MA).

Up to 1000 ng of RNA was reverse transcribed and
amplified in either 44 pL or 15 pL reactions performed
in duplicate using gene-specific probe degradation
assays with specially designed primers and probes for
each isoform (Table 1) (Integrated DNA Technologies,
Inc., Coralville, 1A), QIAcuity One-Step Viral RT-PCR
kit, QIAcuity 24-well 26k or 96-well 8k Nanoplates, and
a program of 50°C for 30 min, 95°C for 2 min and 40
cycles of 95°C for 5 sec, 55°C for 1 min in a QIAcuity
One 5Splex digital PCR system (QIAGEN, Germantown,
MD). Results are presented as the mean of five separate
cultures per cell line, normalized against the amount of
total RNA added to each reaction.

Tissue sample selection

Archived formalin-fixed, paraffin-embedded (FFPE)
TUR tissue samples from 17 patients diagnosed with UC
(n=11 high grade and n=6 low grade) were obtained
from the archives of the Pathology lab, O’Bleness
Hospital OhioHealth (Athens, OH). All tissue samples
were submitted for diagnostic purposes and the study
was conducted according to ethical principles approved
by Ohio University IRB protocol #07E112. All
histological diagnoses were reviewed before inclusion in
the study and tumors were staged using WHO/ISUP
consensus criteria (Humphrey et al., 2016). The
pathology reports are summarized in Table 2. For the
study, consecutive sections were prepared for the assays.
In brief, FFPE samples were cut into 4-pm-thick
sections for Hematoxylin and Eosin (HE) staining,
immunohistochemistry (IHC), and in situ hybridization
(ISH); another 10-um-thick section was cut for laser
microdissection (LMD). HE staining was performed
using a standard automated protocol at the Ohio

Table 1. Primer and Probe Details for dPCR and qPCR.

University histology core facility.
Immunohistochemistry (IHC)

IHC for total/pan WNTS5A was performed using
mouse IgG1 monoclonal anti-human WNTS5A clone
3D10 antibody, diluted 1/500 (cat #MAS-15511, Thermo
Fisher Scientific). The WNTS5A-L isoform was evaluated
using a polyclonal rabbit antibody provided by Dr. Karl
Willert, produced by immunizing a rabbit with a
synthetic peptide of 18 amino acids corresponding to the
difference on the amino-terminal end between the
WNTSA-L and WNTSA-S isoforms (Bauer et al., 2013).
In our lab, the rabbit serum was purified using the
Melon™ Gel IgG Spin Purification kit (cat #45206,
Thermo Scientific). The protein concentration was
determined using the Pierce™ BCA Protein assay kit
(cat #23225, Thermo Scientific). For IHC, we closely
followed the protocol described in our previous
publication (Saling et al., 2017). Briefly, 4-pm-thick
sections from FFPE UC tissue samples were
deparaffinized and antigen retrieval was performed using
10 mM citrate buffer, pH 6.0, for 30 minutes at 90°C. To
block endogenous peroxidase, 3% H,O, in phosphate-
buffered saline (PBS) was applied to the sections for 15
minutes at room temperature. Primary antibodies for
WNTS5A, diluted in 1% bovine serum albumin (BSA) for
the total/pan WNT5A antibody or to a concentration of
7.5 pg/mL in 1% normal goat serum in PBS for the
WNTS5A-L antibody, were applied to the samples for
overnight incubation at 4°C. The isotype controls for
each primary antibody, normal mouse IgG (ab18477,
Abcam, Waltham, MA) and normal rabbit IgG
(Invitrogen 10500C, Thermo Fisher Scientific),
respectively, were applied under the same conditions on
consecutive sections for each sample. The next day, after
washing, a secondary goat anti-mouse (diluted 1/500,
cat# sc-2031 Santa Cruz Biotechnology, Dallas, TX) or
anti-rabbit (diluted 1/1,000, cat# ab97080 Abcam)
antibody, each conjugated with horseradish peroxidase
(HRP), was applied for 1 hour at room temperature. The
substrate, diaminobenzidine (DAB) chromagen (Thermo
Scientific), was applied and sections were then
counterstained with hematoxylin, dehydrated, and a
coverslip applied for immunostaining scoring. The
degree or amount of staining was scored in a blinded

Oligo name Oligo sequence (5™-3’) dPCR final conc (uM) gPCR final conc (uM)
WNT5A-L fwd TCGGGTGGCGACTTCCT 0.4 0.3
WNT5A-L probe /5SUN/CGCCCCCTC/ZEN/CCCCTCGCCATGAAG/3IABKFQ/ 0.05

WNT5A-L rev* CAACTCCTGGGCTTAATATTCCAAT 0.4 0.3
WNT5A-S fwd CCTCTCGCCCATGGAATT 0.4 0.3
WNT5A-S probe /56-FAM/CTGGCTCCA/ZEN/CTTGTTGCTCGGCC/3IABKFQ/ 0.1

WNT5A-S rev GGGCTTAATATTCCAATGGACTTC 0.3

*Used in both L and S dPCR assays.
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manner using a scale of 0 (no staining) to 3 (most
intense staining).

Laser microdissection (LMD) / RT-qPCR

LMD and RNA extraction were performed on 10-
pm-thick sections mounted onto Arcturus PEN
membrane slides to collect tumor-rich regions for
WNTS5A mRNA expression quantification. Consecutive
sections stained with HE served as a morphological
reference for each sample. LMD membrane slides were

stained using a special protocol where they were
deparaffinized using xylene, rehydrated using decreasing
ethanol concentrations, followed by distilled H,0,
hematoxylin, distilled H,O, Scott’s tap water, eosin, and
then dehydrated with increasing ethanol concentrations
and air dried. Sections of the biopsies that were
primarily all tumor cells were selected and cut using the
Leica DM 6000B microscope (Leica Biosystems, Deer
Park, IL), pooling the dissected areas for a single patient
sample into a tube for RNA isolation. The total area of
the dissected tumor for each sample was recorded for

Table 2. Histopathological Features and Ratios of WNT5A-L and WNT5A-S RNA Expression in Human UC Samples.

Histo-pathology pathological staging LMD/RT-PCR ISH
Case Grading Histological pattern Carcinoma Non-invasive ~ Lam propria Muscle WNT5A - L/S WNT5A - L/S
in situ (Tis) (pTa) invasion (pT1) invasion (pT2)
1 Low papillary NR + 29.4 22.4
2 Low papillary NR + 1200.0 6.0
3 Low papillary NR + 105.0 7.8
4 Low papillary NR + 1400.0 3.1
5 Low papillary/alveolar NR + 146.1 12.1
6 Low papillary/inverted Reported + 14.4 53.3
7 High papillary NR + 52/0 2.8
8 High papillary NR + 421.4 9.1
9 High papillary NR + 41/0 9.8
10 High papillary NR + 2200.0 8.0
11 High papillary NR + 25.9 22
12 High papillary NR + 2.7 5.9
13 High papillary NR + 6.3 7.6
14 High solid NR + 2380.0 12.0
15 High papillary/solid NR + 15.1 35.8
16 High papillary/solid NR + 17.2 2.6
17 High solid NR + 2/0 2.3

Tis, Carcinoma in situ; pTa, non-invasive carcinoma; pT1, tumor invades subepithelial connective tissue (lamina propria); T2, tumor invades muscularis

propria. (NR) not reported; (+) present.

Table 3. LMD/RT-PCR and ISH Sample Summary.

LMD / RT-PCR ISH
Case  Histological grade Area # of transcripts # of transcripts Average of Average of
Long/unit area Short/unit area transcripts Long/HPF transcripts Short/HPF
1 Low 1,911.698 206 7.01 124.00 5.55
2 Low 3,268.457 12 0.01 0.60 0.10
3 Low 3,665.294 19 0.18 17.70 2.50
4 Low 4,940.312 14 0.01 4.17 1.33
5 Low 3,508.096 57 0.39 15.70 1.30
6 Low 2,991.715 61 4.22 48.45 0.91
7 High 3,271.900 52 0 4.46 1.62
8 High 3,294.720 59 0.14 9.08 1.00
9 High 3,438.548 41 0 4.92 0.50
10 High 3,481.000 22 0.01 26.66 3.33
11 High 3,385.242 63 2.43 8.80 4.00
12 High 1,827.827 20 7.43 7.83 1.33
13 High 3,365.502 20 3.18 15.85 2.08
14 High 2,408.595 238 0.1 86.20 7.20
15 High 2,423.579 191 12.64 47.00 1.31
16 High 2,815.228 20 1.16 6.00 2.33
17 High 2,368.957 2 0 2.38 1.25
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later normalization of the RNA expression as the number
of RNA transcripts per unit area (Table 3). RNA was
isolated from all 17 samples using a Qiagen FFPE
miRNeasy kit (Germantown, MD), followed by cDNA
synthesis using a High Capacity Reverse Transcription
Kit plus RNase Inhibitor (Applied Biosystems, Foster
City, CA). cDNA was amplified in triplicate using gene-
specific primers (Table 1) and BioRad iTaq Universal
SYBR Green Supermix (Hercules, CA) using a program
of 95°C for 2 min and 50 cycles of 95°C for 10 sec and
60°C for 1 min followed by a melt curve analysis from
60°C to 95°C in a BioRad CFX384 Touch Real-Time
PCR Detection System. The number of RNA transcripts
for each isoform was determined using standard curves
created from serial dilutions of quantified plasmids
containing the targeted regions and then normalized
against the total unit area of the dissected regions.

In situ hybridization (ISH)

Tissue sections (4 um) from 17 FFPE blocks were
used to examine the location and quantity of WNT5A-S
and WNT5A-L isoform expression in UC human tissue
samples. BaseScope Duplex Detection Reagent
(Advanced Cell Diagnostics, Inc., Newark, CA) and
custom probes designed to uniquely recognize the exon
I-exon 2 junction of each isoform RNA (#721261
BaseScope Probe BA-Hs-WNT5A-tvl-E1E2 targeting
639-674 of NM_003392.4 for WNT5A-Long and
#721271-C2 BaseScope Probe BA-Hs-WNT5A-tv2-
E1E2-C2 targeting 39-78 of NM _001256105.1 for
WNTS5A-Short) were used for ISH, essentially as
described by the manufacturer. Probes targeting the
bacterial gene for dihydrodipicolinate reductase (dapB)
and labeled as both green and red were included as
negative controls (#700141 Advanced Cell Diagnostics);
probes targeting the genes for peptidyl-prolyl cis-trans
isomerase B (PPIB), labeled as green, and for the largest
subunit of RNA polymerase II (POLR2A), labeled as
red, were included as positive controls for RNA integrity
(#700101 Advanced Cell Diagnostics). In short, three
consecutive slices of human UC tissue samples were
placed on a Super-Frost Plus slide (Thermo-Fisher
Scientific) and dried overnight. The following day, the
samples were deparaffinized and a series of
pretreatments with hydrogen peroxide, antigen retrieval
solution, and protease IV were performed. The samples
were then hybridized with the custom-designed WNTS5A
isoform BaseScope probes, as well as the positive and
negative control probes provided by the manufacturer,
with each red-green pair on a separate section on the
same slide, put through a series of signal amplification
and detection reactions, counterstained with
hematoxylin, and mounted for viewing. Each single
RNA transcript appeared as a distinct dot of chromogen
precipitate visualized using a Nikon eclipse 80i bright
field microscope (Nikon Instruments Inc., Melville,
NY). The counting of green (WNT5A-L) and red dots
(WNTS5A-S isoform expression), was performed blindly

by two independent observers only on those fields in
which the two positive control genes were expressed.
The results were expressed as the average number of
dots per high power field (HPF) for each sample.

Statistical analysis

UC cell line results were presented as the mean
expression of the five separate culture experiments
relative to NUC expression =SE. Symbols, as described
in the figure legend, designated significant differences
by two-way analysis of variance (ANOVA) (Graph Pad
Prism, ver. 9) followed by post hoc analysis using
Sidak’s multiple comparison test (P<0.05). For WNT5A
isoforms in tissue sections measured by LMD-RT-qPCR,
the number of RNA transcripts for each isoform was
determined using a standard curve and then normalized
against the unit area of each LMD. For ISH, the number
of transcripts was counted (red and green dots counted
separately) and then normalized per HPF for each
sample. The percentage of transcripts of each isoform
was calculated based on the average number of
transcripts (short + long isoforms) per HPF for each
sample. One-way ANOVA was used for comparing
expression in low-grade vs. high-grade tumors and pTa
vs. pT1 stages. For all analyses, P<0.05 was considered
to be statistically significant.

Results
WNT5A isoform expression in UC cell lines

The mRNA expression of each WNTSA isoform in
three UC cell lines and one NUC line is shown in Figure
1. The WNTS5A-L isoform is the predominantly
expressed isoform in urothelial cells. The level of
WNTS5A-L mRNA was highest in J82 UC cells,
moderate in RT4 and NUC cells, and lowest in T24 UC
cells, however, only J82 was significantly different from
all others (Fig. 1). Expression of WNT5A-S mRNA was
also higher in J82 UC cells in comparison with the other
three cell lines but differences were not significant
between cell lines. Comparison of WNTS5A-L versus
WNTS5A-S expression within each cell line was only
significantly different in the J82 cell line, though the
ratio of WNT5A-L/WNT5A-S was highly variable
between UC cell lines: 61 for NUC, 40 for RT4, 75 for
J82, 5 for T24 (Fig. 1).

Human FFPE-TUR tissue sample characterization

The 17 human tissue samples included in the study
were collected during the TUR procedure for diagnostic
purposes. Based on the pathology report, six were
classified as low grade and eleven as high grade (Table
2). Invasion into the lamina propria was reported in eight
of the 17 samples; only two samples showed histological
evidence of detrusor muscle invasion, and both were
high histological grade UC. The patterns described
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varied from papillary to solid, and some of the samples
showed evidence of squamous differentiation (Table 2).

WNT5A protein expression in human FFPE-TUR tissue
samples

As an approach to investigate the expression of
WNTS5A protein levels in the 17 UC tissue samples, two
different antibodies were used for IHC. The results
reproduced the findings previously published by our lab
(Malgor et al., 2013; Saling et al., 2017), with
representative images shown in Figure 2. The specific
protein expression of the WNTS5A-L isoform was
evaluated using a polyclonal antibody (Bauer et al.,
2013). The results using the rabbit polyclonal antibody
for WNTS5A-L were inconclusive for our criteria because
no difference was found between the commercial
monoclonal antibody clone 3D10 (Fig. 2C,G) and the
rabbit polyclonal antibody (Fig. 2D,H).

WNT5A isoform mRNA expression in human FFPE-TUR
tissue samples

The areas dissected using LMD for RNA extraction
included only areas of the tumor visualized in the tissue
samples. Both RNA isoforms were detected by RT-qPCR
in all 17 samples. The mean numbers of transcripts
determined in the triplicate reactions for each isoform in
each low-grade or high-grade sample are shown in

Figure 3A and Table 3. In all cases, the WNTSA-L
isoform was in greater abundance than the WNT5A-S
isoform, independent of the grade or stage of the tumor.

WNT5A isoform mRNA localization in human FFPE -
TUR tissue samples

To visualize the expression of each WNTS5A isoform
at the cellular level, in situ hybridization was performed
on the 17 TUR FFPE tissue samples using isoform-
specific probes. The quantification of red dots (WNT5A-
S) and green dots (WNTS5A-L) showed similar trends to
the LMD RT-qPCR results (compare Fig. 3B to 3A).
Both isoforms were expressed in all 17 samples (see ISH
results in Table 3), however, the number of isoform
transcripts was much lower than the positive controls
included in the study (Fig. 4B vs. D and F vs. H). In all
cases, the average number of WNTSA-L transcripts was
higher than that of WNTSA-S (Fig. 3, Table 3).
However, variation in the expression levels of both
isoforms was found between different areas within a
tumor tissue sample (Fig. 5A,B); consequently, the ratio
of WNTS5A-L/WNTS5A-S transcripts varied area to area
within each sample (Fig. 5C). This result shows the
heterogeneity of the expression of WNTS5A isoforms
among tumor cells. The ratio of WNT5A-L/WNT5A-S
transcripts per HPF for all samples analyzed varied from
2.2 to 53.3 (Table 2).

Interestingly, when we analyzed the percentage of

Fig. 1. Wnt5a mRNA expression in four urothelial cell lines.
The average number of transcripts of WNT5A-L and WNT5A-S
isoforms per ng total RNA as determined by RT-dPCR as well

as the ratio between Wnt5a-L and Wnt5a-S within each cell
line is shown in the graph and/or the table below the graph.
Two-way ANOVA (Graph Pad Prism, ver. 9) revealed the main
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cultures per cell line; P<0.05).
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Fig. 2. Histological
analysis of human low-
grade (A-D) and High-
Grade (E-H) UC
Samples. A, E.
Hematoxylin eosin
staining. B, F. IHC
isotype control. C, G.
Expression of WNT5A
using commercial
monoclonal antibody
clone 3D10. D, H.
Expression of the
WNT5A-L isoform
using rabbit polyclonal
antibody raised against
a synthetic peptide of
18 amino acids from
the amino-terminal end
of the WNT5A-L
isoform. All photos
were taken using the
10X objective. Scale
bars: 100 ym.
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short isoform transcripts (red dots) per HPF with respect
to the total number of transcripts (Long plus Short; green
plus red) per HPF in each sample, there was a tendency
for the percentage of WNTS5A-S transcripts to be higher
in high-grade versus low-grade tumors, with a median of
11.6% for high-grade tumors compared with 10.0% for
low-grade tumors, although the difference was not
statistically significant, P=0.25 (Fig. 6A). Surprisingly,
when invasion into the lamina propria described in the
pathology report was considered, the samples with
lamina propria-invasion (pT1) showed a significantly
higher percentage of WNTS5A-S transcripts/HPF (Fig.
6B) and a lower percentage of WNTS5A-L (Fig. 6C) than
samples without invasion into the lamina propria (pTa).

Discussion

WNTS5A signaling activation has been reported as an
event involved in the pathogenesis of cancer, playing
roles in cell proliferation, migration, invasion, and
metastasis (Bo et al., 2013; Prasad et al., 2016;
Bayerlova et al., 2017). Interestingly, opposite roles as
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tumor promoters or suppressors have also been reported
for Wnt5a in different types of cancer (McDonald and
Silver 2009; Chen et al., 2021). Expression of WNT5A
has been reported in U but its mechanisms and
functional roles are still unknown. Our group previously
reported the expression of WNTSA protein and mRNA
in UC cell lines and human UC tissue samples (Malgor
et al., 2013; Saling et al., 2017). In the present work, we
studied the expression of WNT5A-L and WNTS5A-S
isoforms in neoplastic urothelial cell lines and UC
human tissue samples. The results revealed that both
isoforms are expressed by a normal urothelial cell line,
three neoplastic cell lines, and all 17 human UC tissue
samples included in the study.

Our results revealed a predominance of WNTS5A-L
over WNTS5A-S transcripts in the three neoplastic and
one normal urothelial cell lines examined. As expected,
due to its higher level of expression, WNTSA-L
followed the same trend seen for total WNTSA
previously reported for these cell lines by our lab (Saling
et al., 2017). In addition, high variation in the expression
of both isoforms was seen among the cell lines. This
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Fig. 3. Comparison of RT-gPCR Analysis and ISH Quantification of WNT5A Isoform Expression in Human UC Biopsy Samples. A. RT-gPCR
quantification for each UC sample included in the study. Sequential biopsy sections were used for laser microdissection (LMD) to collect tumor-rich
regions for RNA isolation and WNT5A quantification. RNA was isolated using the Qiagen miRNeasy FFPE kit (Germantown, MD), followed by cDNA
synthesis. cDNA was amplified in triplicate using gene-specific primers. The number of RNA transcripts for each isoform was determined using a
standard curve and then normalized against the unit area of each dissection. Graphs depict the mean number of transcripts determined in the triplicate
reactions for each isoform in each low-grade (left, N of 6 samples) or high-grade (right, N of 11 samples) biopsy. B. ISH quantification for each UC
sample included in the study. Graphs depict the mean number of transcripts determined per HPF for each isoform in each low-grade (left, N of 6

samples) or high-grade (right, N of 11 samples) biopsy.
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Fig. 4. In situ
hybridization
analysis of human
low-grade (A-D)
and high-grade (E-
H) UC samples. A,
E. Representative
low-magnification
(10 x) images of
the samples. B, F.
Positive control
genes PPIB
(green dots) and
POLR2A (red
dots) in the areas
evaluated for the
expression of
WNT5A-
S/WNT5A-L; C, G.
Negative control
dapB (green and
red dots); D, H.
Distribution of
WNT5A-S (red
dots) and WNT5A-
L (green dots) at
40X magnification.
Colored arrows
indicate a few of
the observed dots.
Scale bars: A, E,
100 pym; B-D, F-H,
30 ym.
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finding is in line with results reported by Bauer et al. that
showed variable expression of both isoforms among
several cancer cell lines (Bauer et al., 2013). Another
study conducted by Huang et al. found relatively high
mRNA expression of WNTSA-S in colorectal cancer cell
lines, but they also found variable mRNA expression
levels of WNTS5A-S isoform among different cell lines
(Huang et al., 2017). Finally, studies conducted by
Katula et al. reported the expression of WNT5A-S and
WNTSA-L isoforms in normal human osteoblast and
two osteosarcoma cell lines (Vaidya et al., 2016;
Bhandari et al., 2021). Interestingly, this study showed a
decrease in transcripts from the promoter associated with
the WNTSA-S isoform in the osteosarcoma cell lines
compared with normal osteoblasts.

We also investigated the expression of both isoforms
in human UC tissue samples, although the IHC results
could not appreciably distinguish WNTS5A-S from
WNTSA-L protein expression. Since the only known
difference between these two isoforms is an additional
18 amino acids at the N-terminus of WNTSA-L, the only
isoform-specific antibody is one recognizing this unique
N-terminus. The IHC, a semi-quantitative technique,
using a WNTS5A-L specific polyclonal antibody and a
commercial monoclonal antibody recognizing an epitope
within the common region of the WNTS5A proteins,
showed inconclusive results.

In contrast to the limitation of the IHC analysis,
LMD/RT-qPCR and ISH analyses can exploit the unique
differences in WNTS5A RNA transcripts to specifically
detect the unique first exon of each isoform (Bauer et al.,
2013). Comparing our LMD/RT-qPCR and ISH results,
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we demonstrated relative agreement between the
methods with regard to the expression of the specific
WNTS5A isoforms. Considering the entire tissue sample,
isoform WNTS5A-L was the predominant isoform in all
17 samples, independent of the histopathological
features of the tumors; however, the ratio of WNTS5A-L/
WNTSA-S transcripts was highly variable among all UC
tissue samples. Considering the results reported by
Bauer et al., which showed only the expression of
WNTS5A-L isoform transcripts in normal bladder tissue,
our results indicate that the transcription of the WNTS5-S
isoform may be associated with the presence of a
pathological condition in the bladder (Bauer et al.,
2013). Although we did not find a significant
predominance of WNT5A-S mRNA expression over
WNTSA-L mRNA in high-grade tumors as we initially
expected, we did observe a trend of higher expression
levels of WNTS5A-S transcripts in high-grade tumors in
comparison with low-grade tumors. Interestingly, the
percentage of WNTS5A-S transcripts was statistically
higher in tumors with invasion into the lamina propria
compared with those samples without invasion, as
reported in the pathology report, while the percentage of
WNTS5A-L transcripts was statistically higher in tumors
without invasion into the lamina propria. These findings
suggest that WNTS5A-S may be involved in an early step
during the pathogenesis of UC by promoting the
development of an invasive phenotype within the tumor,
dividing tumors in pathological stage pTa from those in
stage pT1. Further studies are needed to evaluate the
possible application of WNTS5A-S expression as a
potential biomarker of early invasion and detection of
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Fig. 5. Heterogeneity of isoform
expression demonstrated by
ISH. A. Representative field
within Sample 8 showing
predominant expression of
WNTS5A-L transcripts (green
dots). B. Representative field
within Sample 8 showing
predominant expression of
WNT5A-S transcripts (red
dots). C. Heat map of the
percentage of WNT5A-S
isoform (red, WNT5A-S; green,
WNT5A-L) expressed within
each sample overall, as
WNT5A-L determined by the sum of up to
five separate areas shown to
the right. Scale bars: 30 ym.
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early pT1-stage tumors. These findings are partly in
agreement with results reported by Huang et al. who
reported that a pattern of high WNT5A-S mRNA
expression and low WNTS5A-L mRNA expression
correlated with the depth of colorectal cancer invasion
(Huang et al., 2017). In this context, the invading role of
WNTS5A signaling in cancer has been previously
reported for several types of cancers (Bachmann et al.,
2005; Kurayoshi et al., 2006; Pukrop et al., 2006).

ISH results highlight some important findings with
respect to the RNA expression of isoforms WNTS5A-S
and WNTS5A-L: (a) Very low levels of RNA expression
for both isoforms compared with the control genes PPIB
and POLR2A were observed. This fact could be
associated with differing transcriptional regulation or
stability of transcripts as reported in different cancer
types by other authors (Vaidya et al., 2016; Huang et al.,
2017); (b) high variability in the expression of both
isoforms within the tissue sample was observed.
Although the total amount of transcripts in all tumor
samples was predominantly WNTS5A-L, different fields
within a tumor showed differing expression levels of
each isoform. This fact could be associated with tumor
heterogeneity and, in this sense, further studies are
needed; and (c) finally, it seems that the relative
proportion of WNTSA-L and WNTS5A-S transcripts may
be important rather than the absolute number of
transcripts expressed. This issue also needs further
studies. A limitation of our study is that it is descriptive,
and future functional studies about the effect of both
WNTS5A isoforms in UC are needed.

It is known that WNTS5A in cancer participates in
diverse biological processes, such as senescence of

% of WNTS5A-S (red dots)
% of WNT5A-S (red dots)

Low Grade High Grade

cancer stem cells, inflammation in the tumor
microenvironment, cell migration, and tumor invasion
(Kurayoshi et al., 2006; Pukrop et al., 2006; Bo et al.,
2013; Asem et al., 2016; Prasad et al., 2016; Chen et al.,
2021). The discovery of two isoforms for WNTS5A
brought forward the idea that isoforms could explain the
contradictory roles that WNTSA plays in carcinogenesis
(McDonald and Silver 2009; Azbazdar et al., 2021). In
this context, Bauer et al. showed the opposite function
for both isoforms, with WNTS5A-S increasing cell
proliferation and WNTS5A-L decreasing it, and the
authors speculated that the two isoforms may regulate
distinct alternative signaling pathways associated with
their functions as a tumor suppressor or tumor promoter.
(Bauer et al., 2013). Another group explored the
functionally distinct roles of both WNTS5A isoforms in
normal osteoblast differentiation, with the authors
concluding that the isoforms have distinct and
overlapping functions during the process (Bhandari et
al., 2021).

On the other side, urothelial carcinomas comprise a
heterogeneous group of malignancies in which different
histopathological phenotypes and molecular subtypes
have been recognized. Recently, a report described six
molecular subtypes among UC, each with specific
pathways involved in their pathogenesis, which
highlights the diversity of the disease (Tan et al., 2019).
A recent transcriptomic analysis conducted on 834 non-
muscle-invasive bladder cancer patients identified four
classes of tumors, reflecting the heterogeneity in tumor
biology and clinical outcomes (Lindskrog et al., 2021).

In this context, it seems complicated and challenging
to dissect the roles of WNTS5A in UC because, in
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Fig. 6. Further Analysis of ISH on Human UC Samples. A. Distribution of the percentage of WNT5A-S transcripts in low and high histological grade UC
tumors (low-grade, LG and high-grade, HG). The range of distribution is wide within each group and, although the median percentage of WNT5A-S
transcripts is higher in the group of high-grade UC tumors (n= 11) than that of low-grade tumors (n=6), the difference is not significant. B. Distribution of
percentage of WNT5A-S transcripts in UC samples with no lamina propria invasion (non-inv) vs. with lamina propria invasion (inv). The difference in the
percentage of WNT5A-S (red dots) is statistically significant (P=0.01) between these two groups. C. Distribution of the percentage of WNT5A-L
transcripts (green dots) in UC samples with no lamina propria invasion vs. with lamina propria invasion. The difference in the percentage of WNT5A-L
(green dots) is statistically significant (#, P=0.01) between these two groups. Statistical analysis was performed by one-way ANOVA.
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addition to the complexity of WNTSA signaling itself,
several studies reported the cross-talk between WNTSA
signaling and other pathways, such as transcription
factor SOX4 (Moran et al., 2019) or exosomal BCYRNI1
(Zheng et al., 2021), which have been reported to be
regulators of WNTS5A gene expression in UC. To
overcome this issue, and determine the value of WNTS5A
isoforms as potential biomarkers to identify UC tumors
in pTa versus pT1 or higher stages, future studies using a
large number of samples including different histological
subtypes and stages are needed.

In conclusion, our results show that both WNT5A-S
and WNTS5A-L isoforms are expressed in UC and
suggest that a higher proportion of WNTS5A-S transcripts
compared with total WNTS5A transcripts may be
associated with lamina propria invasion. Also, the
expression of both isoforms is not homogeneous within a
tumor, indicating that future studies are needed to
understand the transcription regulation of the WNTSA
isoforms during UC oncogenesis in the context of tumor
heterogeneity and tumor microenvironment.
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