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Abstract

Canine osteosarcoma (OS) is an aggressive malignancy associated with poor outcomes.
Therapeutic improvements are likely to develop from an improved understanding of signaling
pathways contributing to osteosarcoma development and progression. The Wnt signaling pathway
is of interest for its role in osteoblast differentiation, its dysregulation in numerous cancer types,
and the relative frequency of cytoplasmic accumulation of B-catenin in canine OS. This study
aimed to determine the biological impact of inhibiting canonical Wnt signaling in canine OS, by
utilizing either B-catenin siRNA or a dominant-negative TCF construct. There were no consistent,
significant changes in cell line behavior with either method compared to parental cell lines.
Interestingly, B-catenin transcriptional activity was 3-fold higher in normal canine primary
osteoblasts compared to canine osteosarcoma cell lines. These results suggest canonical Wnt
signaling is minimally active in canine osteosarcoma and its targeted inhibition is not a relevant
therapeutic strategy.

INTRODUCTION

Osteosarcoma (OS), the most common primary bone malignancy in humans, is a notably
aggressive disease.! Relapse and/or metastasis occur in 80% of cases, and five-year survival
rates are approximately 30% when metastatic lesions are present.:2 Naturally occurring
canine OS is an accepted, clinically relevant animal model of human OS. The diseases is
indistinguishable grossly and biochemically between the two species.34> Similar to the
human disease, OS accounts for 85-98% of all primary bone malignancies in the dog.6.7

There has been minimal improvement in treatment outcomes during the past 15-20 years for

both humans and dogs.8- With the advent of targeted therapeutics, there is renewed
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optimism that an enhanced understanding of the molecules and pathways contributing to the
pathogenesis of OS will allow for the development of more targeted, efficacious therapies.

Whnt signaling is a pathway that has come under scrutiny for its potential involvement in the
pathogenesis of OS, due to its necessity in osteoblast differentiation and role in normal bone
development and homeostasis.1%-17 Beyond bone, Wnt signaling plays a role in regulating
the growth, movement, and survival of numerous normal and neoplastic cell types, further
distinguishing it for investigation.1® Wnt signaling is traditionally divided into two distinct
pathways: canonical and non-canonical. The keystone protein of canonical Wnt signaling is
f3-catenin. In the Wnt-off state (non-activated, ligand absent), free 3-catenin (and thus
available for transcriptional activity) is minimized through interaction with a degradation
complex consisting of axin, adenomatous polyposis coli (APC), casein kinase-1a (CK1a),
and glycogen synthase kinase-3p (GSK3p). Briefly, axin scaffolds with APC to direct
phosphorylation of $-catenin by CK1a and subsequently GSK3p. The phosphorylation of
serine/threonine amino acids promotes p-catenin ubiquitination and degradation. In the Wnt-
on state (activated, ligand present), Wnt ligands complex with frizzled proteins (Fz) and low-
density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) to activate the receptor
complex, which prevents the binding of the degradation complex to -catenin. This unbound
[3-catenin is available to translocate to the nucleus, where it associates with members of the t-
cell factor (TCF)/lymphoid enhancer-binding factor (LEF) transcription factor family, and
promotes transcription of genes associated with differentiation and proliferation.11

The aim of this study was to determine the impact of -catenin knockdown on OS behavior.
This was achieved by either transient transfection with a 3-catenin siRNA construct, or
stable incorporation of a dominant-negative TCF4 (dnTCF4) construct. The latter reduces -
catenin-driven transcriptional activity by competitively binding p-catenin. Surprisingly,
siRNA knockdown did not result in any consistent biological alterations, nor did it decrease
j-catenin transcriptional activity; however, incorporation of the dnTCF4 construct resulted in
decreased cellular metabolic activity (a surrogate for viability/proliferation) and
susceptibility to doxorubicin. There were no changes in apoptosis, migration, invasion, or
sensitivity to carboplatin chemotherapy associated with reduced p-catenin transcriptional
activity in OS cell lines. The minimal magnitude of effects following dnTCF4 incorporation,
and the lack of transcriptional reduction following significant RNA and protein knockdown
with siRNA treatment, suggest that endogenous f-catenin transcriptional activity is minimal
in these canine OS cell lines. This is supported by the observation that f-catenin
transcriptional activity is three-fold higher in normal primary canine osteoblasts than canine
OS cell lines.

MATERIALS & METHODS

Cell Culture and Reagents

Canine osteosarcoma cell lines D17 (ATCC CCL-183, originally isolated from a pulmonary
metastatic OS lesion) and Abrams (originally isolated from a pulmonary metastatic OS
lesion), were gifts from Dr. David Vail, and maintained in complete minimum essential
medium (CMEM): minimum essential medium Eagle (MEM) supplemented with 10%
cosmic calf serum, sodium pyruvate, I-glutamine, MEM vitamins, non-essential amino
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acids, and 1% Pen/Strep (all products from Fisher Scientific, Fair Lawn, NJ). Primary canine
osteoblasts (k90Ob) were maintained in Canine Osteoblast Growth Medium, cultured using a
Subculture Reagent Kit (cells and reagents from Cell Applications, Inc., San Diego, CA).
All cells were maintained at 37°C in a humidified incubator with 5% CO.

siRNA Transient Transfections

Four siRNA sequences targeting canine f-catenin were identified using the siRNA Converter
and RNA Oligo Calculator (Ambion, Life Technologies, Carlsbad CA). The two sequences
with the most dramatic RNA inhibition as measured by gPCR and western blot analysis
were SiRNAL (sense: 5-GCACACCAUACAACGGUUUUU-3 antisense: 5'-
AAACCGUUGUAUGGUGUGCUU-3') and siRNA4 (sense: 5’
AGUUGUUGUAACCUGCUGUUU-3 antisense: 5’
ACAGCAGGUUACAACAACUUU-3). Sense and antisense oligonucleotides were
obtained (Eurofins MWG Operon, Huntsville, AL) and siRNA were synthesized using
Silencer siRNA Construction Kit (Ambion), according to the manufacturer’s instructions.
Silencer Select negative control #1 siRNA was used as experimental control (Ambion).
Transient transfections were performed with cells plated to 30-50% confluency, using
Lipofectamine 2000 (Invitrogen, Carlsbad CA). In experiments plated in a 6-well plate,
100pmol siRNA was transfected with 5uL Lipofectamine diluted in 500uL EMEM per well.
In experiments plated in a 96-well plate, 5pmol siRNA was transfected with 0.25uL
Lipofectamine diluted in 50uL EMEM. RNA and protein lysates were isolated 48 hours
following transfection. All other experiments were performed as detailed below.

dnTCF4 Stable Cell Lines

The pcDNA/AnTCF4 plasmid, originally generated by B Vogelstein, was kindly provided by
V Spiegelman.1® D17 cells were plated in a six-well plate and grown to ~80% confluency,
and then transfected with 2.5ug of pcDNA/AnTCF4 plasmid + 0.5ug of empty pcDNA3.1
vector using 15puL Lipofectamine LTX and 5uL PLUS reagent (Invitrogen, Carlsbad CA) in
500uL EMEM. After 24 hours, transfected cells were selected using G-418 (Invitrogen,
Carlsbad, CA) at a concentration of 600ug/mL. Single-cell clones were isolated and assayed
for B-catenin-transcriptional activity by TCF-responsive luciferase reporter assay. The two
clones with most dramatic knockdown were propagated and maintained in CMEM
supplemented with the appropriate concentration of G-418 (D17-DN1 and D17-DNS6).

Quantitative PCR (QPCR)

Total RNA was isolated from cells using Trizol (Invitrogen, Carlsbad, CA), and purified by
PureLink RNA Mini Kit (Ambion, Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. cDNA was produced from 250ng of total RNA using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies,
Carlsbad CA) according to the manufacturer’s protocol. gPCR was performed using TagMan
Gene Expression Master Mix with the canine B-catenin/CTNNB1 (Cf02667771 _m1)
TagMan Gene Expression Assay (Applied Biosystems) according to the manufacture’s
protocol, on a Bio-Rad iQ5 Multicolor Real-Time PCR Detection System with Bio-Rad
iCycler machine and iQ5 software. Ct values were normalized to 18S expression (4352930E,
Applied Biosystems). Relative differences in mRNA expression of transfected/treated cells
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were compared to untreated cells using the AACt method.2? Gene expression of samples was
measured in triplicate.

Western Blotting Analysis

Forty micrograms of protein lysate were separated by electrophoresis on a 7.5% Mini-
PROTEAN TGX Gel (BioRad, Hercules, CA) at 150V for ~45min, transferred to
nitrocellulose membranes (Whatman, Dassel, Germany) at 100V for 1h, then blocked with
tris-buffered saline/0.05% Tween20 (TBST) containing 5% non-fat dry milk and 1% bovine
serum albumin for 1h (all reagents from Fisher Scientific). The membranes were probed for
1h at room temperature with either (a) mouse anti-p-catenin antibody (#610154, BD
Biosciences; validated for canine?l) diluted 1:1000 in blocking solution or (b) mouse anti-
HDAC2 (sc-56685, Santa Cruz Biotechnology, Santa Cruz, CA, validated for canine by the
company) diluted 1:1000 in blocking solution. Excess primary antibody was removed by
washing three times for 5 min with TBST. Membranes were incubated with 50ng/mL
horseradish peroxidase-conjugated anti-mouse secondary antibody (Thermo Scientific)
diluted in blocking solution for 1h at room temperature, then washed three times for 5 min at
TBST, and treated with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific). Blots were exposed to film, developed, and then imaged using a Gel Logic 100
Imaging System (Kodak, Rochester, NY). Densitometry was performed using ImageJ (found
at http://rsh.info.nih.gov/ij/index.html) according to the instructions located at http://
lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/.

TCF-responsive Luciferase Reporter Assay

Twenty-four hours following transfection with siRNA, or plating for stable cell lines, cells
were transiently transfected using Lipofectamine LTX and PLUS reagents (Invitrogen,
Carlsbad CA) to introduce either TOPflash or FOPflash reporter plasmid, and TK-Renilla
control plasmid at a 5:1 (Flash:Renilla) ratio (all plasmids: TCF Reporter Plasmid Kit,
Millipore, Temecula, CA). For each well in a 96-well plate, cells were transfected with 60ng
total DNA using 0.1uL PLUS reagent and 0.06puL LTX; Transfections were maximized
using the Lipofectamine LTX optimization protocol. The TOPflash luciferase reporter
plasmid contains TCF4 binding sites upstream of the luciferase gene, resulting in luciferase
activity in the presence of active Wnt/B-catenin signaling, whereas the FOPflash reporter
plasmid contains mutated TCF4 binding sites. The TK-Renilla plasmid serves as a control
for transfection efficiency. Forty-eight hours after transfection of luciferase plasmids, cells
were harvested and luciferase and Renilla luminescence were measured using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI) on a BioTek Synergy HT Multi-
mode Microplate Reader, using Gen5 software (BioTek Instruments, Winooski, VT). The
relative luciferase units for each transfection were adjusted by Renilla activity in the same
sample, and each corrected TOPflash luciferase value was normalized to the corresponding
corrected FOPflash value. Three independent transfections were performed, with each
transfection assayed in triplicate.

Proliferation and Chemotoxicity Assays

Cells were plated in 96-well plates at a density such that untreated/control cells would reach
an absorbance of approximately 1.0 at the conclusion of the experiment. Twenty-four hours
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following either plating of stable cell lines or siRNA transfection, media was aspirated off
and replaced with fresh CMEM media, either with or without carboplatin (Hospira, Inc.,
Lake Forest, IL) or doxorubicin (Pfizer Labs, New York, NY). Cells treated with sSIRNA
were assessed at 24 or 72 hours following media replacement (as noted in text); stable cell
lines were assessed 48 hours following media replacement. Cell viability was measured by
adding 20uL CellTiter96 Aqueous One Solution Cell Proliferation Assay solution (Promega,
Madison, WI) per 100uL media to each well, incubated for a sufficient period, and
absorbance measured at 490 nm on a VersaMax tunable microplate reader using SoftMax
Pro 4.7 software (Molecular Devices, Sunnyvale, CA). Proliferation was assessed using the
non-chemotherapy treated cells for modified cells vs. control cells; survival curves were
generated by dividing the absorbance reading for chemotherapy-treated cells at each
concentration by the absorbance for the non-chemotherapy treated cells, with the resultant
modified-cell curve compared to the control-cell curve. Assays were plated in quadruplicate,
and repeated in triplicate.

Apoptosis Assay

Cells were plated in 96-well plates at the same density as used in the proliferation/
chemotoxicity assays. Twenty-four hours following either plating of stable cell lines or
siRNA transfection, media was replaced with fresh CMEM. Forty-eight hours following
media replacement, 100uL Caspase-Glo 3/7 Assay System (Promega, Madison, WI) solution
was added per 100uL media in each well, incubated for 30min at room temperature and
away from light, and luciferase was measured on a BioTek Synergy HT Multi-mode
Microplate Reader, using Gen5 software. Measured luciferase activity (relative luciferase
units) is proportional to caspase 3/7 activity, a marker of apoptosis. Assays were plated in
triplicate and repeated in triplicate.

Migration & Invasion Assays

Migration and invasion assays were performed using BD BioCoat control inserts and BD
BioCoat Matrigel Invasion Chambers (BD Biosciences, Bedford, MA), respectively. Cells
were plated at a density of 2.5x10% cells/insert in EMEM media containing all supplements
except serum in triplicate control or matrigel-coated chambers. For siRNA experiments,
cells were transfected 24 hours prior to plating. CMEM media was used as a
chemoattractant. Inserts were incubated 24 hours at 37°C in 5% CO», then migrating/
invading cells were fixed and stained with Diff-Quik Stain Set (Jorgensen Laboratories,
Loveland, CO) and mounted onto microscope slides. Cells were imaged on an inverted
microscope at 100x magnification and counted in two fields per insert. Migration was
assessed by comparing the average number of migrating cells (counted cells) observed on
the three un-coated control inserts per high-powered field (HPF) for untreated vs. treated/
transfected cells. Invasion was assessed by comparing the ratios of invading cells for
untreated vs. treated/transfected cells; this ratio was calculated by dividing the average
number of cells present on three matrigel-coated inserts by the average number of cells
present on three uncoated control inserts. Assays (each with three control and three matrigel-
coated inserts) were repeated in duplicate.
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Statistical Analyses

All graphs were generated and statistical analyses were performed using Prism 6 for Mac
OS X (GraphPad Software, Inc., San Diego, CA). All data is presented as mean + standard
deviation (SD). A two-way ANOVA test with Sidak post-test was performed on all SiRNA
experiments, as well as dnTCF4 chemotoxicity experiments. A one-way ANOVA with
Dunnett’s post-test was performed on all other experiments. Values of p<0.05 were
considered significant, and are indicated by (*), values <0.01 by (**), values <0.001 by
(***), and values <0.0001 by (****).

RESULTS

Knockdown of B-catenin expression using siRNA

To determine whether knockdown of -catenin expression altered canine OS behavior, D17
and Abrams canine OS cells were transiently transfected with two siRNA constructs
(siRNAL1 and siRNA4) targeting p-catenin, or a control negative siRNA construct (neg
SiRNA). In the D17 cell line, siRNAL produced a -catenin mRNA knockdown of 70.6%
(p<0.0001) compared to the neg siRNA transfected, and siRNA4 produced a knockdown of
90.7% (p<0.0001). In the Abrams cell line, sSiRNAL produced a p-catenin mRNA
knockdown of 71.6% (p<0.0001) compared to the neg siRNA transfected, and siRNA4
produced a knockdown of 91.8% (p<0.0001) (Fig 1A). B-catenin protein expression was also
decreased in both cell lines following siRNA transfection (Fig 1B—C), with a 58% reduction
in D17 cells following siRNA4 transfection (p=0.0002; neg siRNA: 0.376+0.056, SiRNA1:
0.426+0.008, siRNA4: 0.155+0.004), and a 39% reduction following siRNA1 (p<0.0001)
and 70% reduction following siRNA4 (p<0.001) transfection in Abrams cells (neg siRNA:
1.539+0.013, siRNA1: 0.933+0.000, siRNA4: 0.459+0.005).

Effects of p-catenin expression knockdown on cell behavior—To determine
whether biological behaviors were altered subsequent to knockdown of B-catenin expression,
several /n vitro assays were performed. These included cellular proliferation assays (a single
24 hour time-point in Fig 2A, and a 72 hour curve for D17 in Fig 2B), apoptosis assays (Fig
2C), chemoresistance to multiple doxorubicin concentrations measured at 72 hours in D17
cells (Fig 2D), invasion (Fig 2E) and migration (Fig 2F) assays. Surprisingly, cell behavior
was not consistently significantly altered in any of these assessments; the only statistically
significant differences observed were in SiRNA1 treated D17 cells at the lower
concentrations of doxorubicin, and siRNA4 treated D17 cells in the invasion assay.

Given the significant reduction in mMRNA expression, marked reduction in protein
expression, yet minimal behavioral alterations, the transcriptional activity of B-catenin
following siRNA treatment was assessed using a TCF-responsive luciferase reporter assay.
The normalized TOP/FOPflash ratio was not significantly reduced for either siRNA in either
of the cell lines compared to the negative siRNA (Fig 2G).
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Knockdown of B-catenin transcriptional activity using dominant-negative TCF4 (dnTCF4)
expressing stable cell lines

To specifically target and knockdown B-catenin transcriptional activity, and determine any
subsequent effect on canine OS cell line behavior, cell lines that stably and constitutively
express a dominant negative TCF4 vector were developed. The dnTCF4 construct
competitively binds -catenin, preventing f-catenin from associating with wild-type TCF4 to
promote target gene transcription. The TCF-responsive luciferase reporter assay was used to
confirm knockdown of B-catenin transcriptional activity. The clones DN1 and DN6 were
identified as having the most robust reduction in B-catenin transcriptional activity compared
to the parental D17 cell line. The normalized TOP/FOPflash ratios were 0.58+0.09
(p=0.042) and 0.46+0.10 (p=0.013) for clone DN1 and DN®, respectively (Fig 3A).

Effects of B-catenin transcriptional activity knockdown on cell behavior—To
determine whether cell behavior was altered subsequent to knockdown of B-catenin
transcriptional activity, /n vitro assays were performed as above. Cellular proliferation was
decreased in the dnTCF4 cells compared to the parental D17 cell line by: 34% in clone DN1
cells and 36% in clone DNG6 cells (1.07+0.13 vs. DN1: 0.70+0.10, p<0.0001; DNG6:
0.84+0.11, p=0.0048; Fig 3B). This was not matched with alterations in apoptosis (Fig 3C)
or carboplatin resistance (Fig 3D), but was paired with a corresponding reduction in
sensitivity to doxorubicin (Fig 3E). Finally, no differences in invasion (Fig 3F) or migration
(Fig 3G) were observed.

B-catenin transcriptional activity in canine OS compared to normal canine osteoblasts

To compare B-catenin transcriptional activity in canine OS cell lines to normal canine
osteoblasts, the TCF-responsive luciferase assay was performed on two canine OS cell lines
(D17 and Abrams) and normal primary canine osteoblasts (Fig 4). The normalized
TOP/FOP ratio for canine normal primary osteoblasts was three-fold higher than seen in the
canine OS cell lines (k90b: 1.28+0.310; D17: 0.48+0.103, p=0.0055; Abrams: 0.45+0.304,
p=0.0042).

DISCUSSION

Treatment options and survival rates for both human and canine OS have essentially
stagnated the last 15-20 years, prompting the investigation of various molecules and
signaling pathways that could be targeted for therapy in hopes of improving outcomes.8:°
Whnt signaling is a pathway of interest for its role in osteoblast differentiation, its
dysregulation in numerous cancer types, and the frequency of cytoplasmic accumulation in
canine and human 0S.12.13.18.21-23 \Whjle in epithelial-based cancers — such as
hepatocellular, colorectal, and mammary carcinomas — 3-catenin activation is considered a
pro-oncogenic alteration, the role of B-catenin in mesenchymal-based tumors such as
melanoma and OS is less well-defined.23-30 Some authors have reported that the Wnt/p-
catenin pathway is active in OS, as indicated by nuclear and cytoplasmic p-catenin staining
in human OS cells, increased cytoplasmic and/or nuclear $-catenin expression in tissue from
xenogeneic murine pulmonary metastasis, and decreased tumorigenesis by inhibition of Wnt
receptors; while others have reported that activation of the Wnt/B-catenin pathway is selected
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against in OS development and that inhibition of Wnt/B-catenin signaling transforms human
mesenchymal stem cells into sarcoma cells i vitro.21: 28. 30-34 Therefore, the aim within this
study was to determine whether -catenin knockdown would result in alterations of OS cell
line behavior. The overall hypothesis was that $-catenin knockdown would result in a less
biologically aggressive phenotype — i.e. decreased proliferation, migration and invasion, and
increased apoptosis and sensitivity to chemotherapeutics.

To achieve this aim, two approaches were utilized: (1) B-catenin expression knockdown via
two siRNA constructs; and (2) p-catenin transcriptional activity reduction via the integration
of a dnTCF4 construct. No significant consistent alterations were found in the tested
biological behaviors following significant and dramatic knockdown in mRNA and protein
expression following siRNA treatment, including chemoresistance to carboplatin (data not
shown). While two differences in behavior were noted to be statistically significant (SIRNA1
and doxorubicin sensitivity; SiIRNA4 and invasion), these changes were not uniform across
both siRNA treatments, nor between cell lines, thus are most likely due to off-target effects
of the siRNA.35 The lack of biological effects was paired with a surprising lack of reduction
in transcriptional activity. It is possible that a reduction in -catenin expression alone,
without corresponding transcriptional reductions, is insufficient to alter /n vitro cellular
behavior as -catenin’s role in the canonical Wnt signaling pathway is that of transcriptional
co-factor, and thus affects cellular activity through the activation of downstream
transcriptional targets.11:18 To achieve a reduction in p-catenin’s transcriptional activity,
stable cell line clones expressing a dnTCF4 construct were generated. The roughly 50%
decrease in -catenin transcriptional activity was associated with a minimal, yet statistically
significant, reduction in proliferation and decreased sensitivity to doxorubicin.

B-catenin knockdown in the human OS cell line MG63 resulted in no change in cell
proliferation, similar to the canine OS cell lines tested here.36 Additionally, no change in
apoptosis was noted, consistent the results of Wu et al using ShRNA in both MG63 and
Sa0S2, and with our results in canine OS cell lines.37:38 However, other groups have
observed increases in apoptosis following [-catenin knockdown: Xia et al used a lentiviral
SiRNA construct in MG63 cells; Leow et al used PKF118-310, a chemical inhibitor that
disrupts the B-catenin/TCF4 complex, on U20S cells; and Ma et al treated SaOS2 cells with
either a B-catenin shRNA construct or CCT036477, a chemical inhibitor that blocks f3-
catenin transcription without altering B-catenin expression.38:3% One potential reason for
differences in apoptosis results is that the assays used by each group to quantify apoptosis
are different, and may thus be picking up mechanisms of apoptosis that are not mediated by
Caspase 3/7, which our apoptosis assay detects. Another potential reason for the lack of
observed behavioral changes with the siRNA is, of course, the lack of knock down in
transcriptional activity. However, barring the decrease in proliferation and sensitivity to
doxorubicin, the lack of behavioral changes associated with -catenin knock down were
consistent between siRNA and dnTCF4 inhibition.

In the current study, reduction of 3-catenin’s transcriptional activity was associated with
decreased sensitivity to doxorubicin treatment in the dnTCF4 clones compared to the
parental line. Zhang et al observed a similar decreased sensitivity to doxorubicin in MG63
human OS cells.36 While the decreased sensitivity to doxorubicin may be due, at least in
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part, to the reduction in proliferation, Zhang et al. did not see a reduction in proliferation
accompanying changes to doxorubicin sensitivity. It is interesting to note that reducing -
catenin’s transcriptional activity had no impact on sensitivity to carboplatin treatment. This
would suggest the reduction in cell proliferation is not the only factor in altering doxorubicin
sensitivity, as similar changes in sensitivity would be expected for carboplatin as well.
Others have identified increased sensitivity to chemotherapeutics following p-catenin
inhibition, with Wu et al observing enhanced sensitivity to cisplatin and Ma et al observing
increased sensitivity to methotrexate treatment.3740 Finally, we observed no differences in
invasion and migration; this finding is in contrast to the human OS studies of Zhang et al and
Leow et al 3538

Despite an attempt to compare the results of our current study to those of previous studies,
caution must be exercised due to the differences in the analyses employed to assess [3-catenin
inhibition. Most studies have relied upon Western blot analysis to demonstrate 3-catenin
expression knockdown, with no assessment of alterations in transcriptional activity (beyond
the biological assays themselves). As the current study demonstrates, it is possible to have
significant knockdown in mMRNA and protein without alterations in transcriptional activity.
Without a method to directly compare transcriptional activity, it is possible that B-catenin
knockdown in the previous studies yielded transcriptional alterations greater than the
approximately 50% decrease produced here. Thus, it is conceivable that differences in
apoptosis and response to chemotherapeutics may have been noted with further reductions in
transcriptional activity. This type of dose-dependent response to knockdown of
transcriptional activity may underlie the variable results observed and published, however
such a comparison is impossible to perform without transcriptional activity data.

Given the minimal magnitude of effects following dnTCF4 incorporation, and the lack of
transcriptional reduction following significant RNA and protein knockdown with siRNA
treatment, the hypothesis that endogenous p-catenin transcriptional activity is minimal in
canine OS cell lines would logically follow. To test this, 3-catenin transcriptional activity
was compared between normal primary canine osteoblasts and canine OS cell lines. 3-
catenin transcriptional activity was found to be three-fold higher in the normal primary
canine osteoblasts relative to these canine OS cell lines. This assessment is the first of its
kind for canine cell lines, but is corroborated by the results of four other studies.
Bongiovanni et al found increased p-catenin intensity and nuclear localization in canine
osteoblasts compared to canine OS clinical samples.#! Similarly, Cai and colleagues
identified strong membranous and nuclear p-catenin localization in human osteoblastomas
without nuclear localization in OS samples.2® In a study utilizing rat cell lines there was
decreased expression of B-catenin and Lefl, a downstream target of active B-catenin
transcription, in rat OS cells compared to rat mesenchymal stem cells (MSCs) on microarray
analysis.*1 Finally, Cleton-Janson et al reported on decreased upstream mediators of Wnt
signaling in human OS compared to osteoblastoma, MSC and MSCs differentiated into
osteoblasts.2® Contrary to these results, other groups have observed some OS cell lines to
have relatively increased B-catenin transcriptional activity relative to human MSCs, and
increased expression of B-catenin and Lefl mRNA in human OS compared to human fetal
osteoblasts, paired with increased active p-catenin protein by western blot.#0:42
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The inconsistencies of relative 3-catenin transcriptional activity in MSCs, osteoblasts and
OS cells are both a function and a clear representation of the lack of precise knowledge
concerning the cell-of-origin for OS. OS is a disease of multiple histological sub-types,
suggesting either that tumor-originating cells are multipotent, or that there are multiple
points along the differentiation spectrum where cells are able to achieve neoplastic growth.43
This differentiation spectrum — which comprises of mesenchymal progenitors on the least
differentiated side, moving through pre-osteoblastic states defined by the acquisition or loss
of particular transcription factors, until a state of mature osteoblast is reached — is driven by
five signaling pathways, including Wnt signaling.4 In particular, f-catenin is required for
differentiation from mid-pre-osteoblastic states through mature osteoblasts.*3 The flux of
Whnt signaling controlling osteoblast-lineage differentiation, combined with the uncertainty
of the cell-of-origin for OS, are additional complications in the effort to determine
transcriptional activation of B-catenin in OS. A final point that should be considered in the
interpretation of these results is the limited number of cell lines that have been assessed. It is
possible the utilization of additional cell lines may have yielded different results. Further
confounding the results of any /in vitro study of OS is the relatively high degree of disease
heterogeneity, which is further exacerbated by selecting for a clonal population of cells when
generating cell lines. However, the basal endogenous Wnt signaling activity in the cell lines
reported here is similar to that of other human, murine, and canine OS cell lines we have
assessed (unpublished data), as well as the results of Cai et al with human OS cell lines, and
the gene-expression profiling of osteosarcoma tissue, osteoblastoma and mesenchymal stem
cells by Cleton-Jansen et al.28:30

The determination of B-catenin’s sub-cellular localization of clinical samples through
immunohistochemistry is commonly used to assess the activation status of canonical Wnt
signaling. Often, the presence of cytoplasmic and/or nuclear localization of $-catenin is used
as surrogate for pathway activation. While both humans and canines exhibit frequent
cytoplasmic -catenin staining, there is minimal nuclear -catenin staining, with 10% (5/52)
of human OS samples and 2% (1/56) to 10% (3/30) of canine OS samples displaying
positive nuclear p-catenin.22:23.28 Contrary to these low numbers, Bongiovanni et al
observed 47% (8/17) of canine OS samples to display nuclear staining; however in nuclear-
positive samples, less than 10% of nuclei/cells within the sample were positive, indicating
that these positive nuclei were very weakly positive.#! The results of these studies are
similar to those evaluating -catenin in human and canine malignant melanoma, in which the
presence of cytoplasmic B-catenin is frequent, though nuclear 3-catenin is rare and there is
low transcriptional activity in melanoma cell lines.#>46 Interestingly, Kuphal and Bosserhoff
found serine 33 and 37 residues in B-catenin to be hypo-phosphorylated, likely preventing 8-
catenin from being targeted for ubiquitin-mediated degradation. However, 3-catenin was
concurrently phosphorylated at threonine 41 and serine 45 residues, thereby preventing its
transcriptional activity.*> The current results suggest a similar scenario may exist in OS.

In summary, our data suggests that f-catenin transcriptional activation is minimal in canine
OS cell lines. This conclusion is based on minimal clinical OS B-catenin transcriptional
activation, paired with this study’s findings of: (a) a lack of transcriptional activity
knockdown concurrent with robust mRNA and protein expression reduction following
SiRNA treatment, and (b) minimal behavioral alterations subsequent to transcriptional
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inhibition of roughly 50%. This conclusion is supported by the observation that 3-catenin
transcriptional activity in canine osteoblasts is three-fold more than in canine OS cells.
These findings support further study to determine whether transcriptional activation of 8-
catenin is selected against in the development and/or progression of both human and canine
Os.
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Figure 1A-C. Evaluation of siRNA Efficacy in targeting p-catenin. Significant reductions in

(A) p-catenin mRNA expression, (B) p-catenin protein expression, and (C) -catenin protein
as measured by densitometry were achieved following treatment with sSiRNA1 or siRNA4
compared to a negative control siRNA. HDAC was used as a loading control for the western
blot and densitometry measurements. All calculations are a 2-way ANOVA with Sidak’s
multiple comparison post-test.
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Figure 2.
Figure 2A-G. Evaluation of siRNA targeting -catenin behavioral effects. There were no

consistent differences between siRNA-treated cells and negative control siRNA-treated cells
for (A) proliferation at 24 hours, (B) proliferation over a 72-hour time course, (C) apoptosis,
(D) doxorubicin sensitivity, (E) invasion, or (F) migration. There was also no change in p-
catenin transcriptional activity as measured by TCF-responsive luciferase reporter assay (G).
All calculations are a 2-way ANOVA with Sidak’s post-test.
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Figure 3A-G. Evaluation of D17 cells stably expressing dnTCF4. (A) Following
incorporation of the dnTCF4 construct, both clones exhibited reduced p-catenin
transcriptional activity by TCF-responsive luciferase reporter assay. This was matched with

reductions in proliferation (B) and doxorubicin sensitivity (E), but not alterations in
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apoptosis (C), carboplatin sensitivity (D), invasion (F), or migration (G). All calculations are
a 1-way ANOVA with Dunnett’s post-test, except D and E, which are 2-way ANOVA with

Sidak’s post-test.
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Figure 4.
Evaluation of B-catenin transcriptional activity in canine normal primary osteoblasts

compared to canine OS cells. Canine normal primary osteoblasts (k90Ob) exhibit a 2.7-fold
higher B-catenin transcription activation than D17 cells (p=0.0055), and 2.9-fold higher than
Abrams cells (p=0.0042). Calculation is a 1-way ANOVA with Dunnett’s post-test.
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