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Abstract
Osteosarcoma (OSA) is the most frequently occurring malignant primary bone tumour in dogs and
children and arises from cells of the osteoblast lineage. Inappropriate Wnt signalling activity has
been implicated in human OSA. Altered expression of β-catenin, an integral member of the Wnt
signalling pathway, has been associated with numerous human cancers, including OSA. In this
study, 30 of the 37 primary canine OSA tissues and 2 of the 3 metastatic OSAs were positive for
β-catenin expression as determined by immunohistochemistry, whereas 2 normal bones stained
negative for β-catenin. No mutations were identified in exon 3 of &beta;-catenin in the three OSA
cases in which DNA sequencing was performed. Finally, there was no relationship between β-
catenin expression and overall survival time or disease-free interval. Our results indicate β-catenin
is frequently expressed within the cytoplasm of neoplastic cells in canine OSA but contains no
detectable mutations in exon 3, similar to human OSA.
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Introduction
β-Catenin is an intracellular protein with two important cellular functions: cell–cell adhesion
and transmission of extracellular-initiated Wnt signals to the nucleus.1 The Wnt signalling
pathway is involved in cellular differentiation and proliferation in a cell-type dependent
fashion. In the absence of Wnt signalling, β-catenin is targeted for destruction by a complex
consisting of glycogen synthase kinase-3β (GSK-3β), adenomatous polyposis coli tumour
suppressor protein and axin.2,3 This multiprotein complex phosphorylates specific serine/
threonine residues within the amino terminal region of β-catenin necessary for recognition
and destruction via the ubiquitin–proteosome pathway. Activation of the Wnt pathway
occurs through ligand-specific binding to receptors. Ligand-bound receptors activate the
dishevelled protein (Dsh/Dv1), which in turn binds to proteins in the β-catenin degradation
complex and prevents their binding to β-catenin. This sequence of events results in the
stabilization of β-catenin within the cytoplasm. Stabilized β-catenin translocates into the
nucleus, where it interacts with members of the T-cell factor/lymphoid enhancer factor (Tcf/
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Lef) family of DNA-binding proteins to promote the transcription of Wnt-responsive genes
including cyclin D1, c-myc and numerous matrix metalloproteinases.1

Abnormalities in Wnt signalling pathway activity are associated with a variety of human
cancers including neoplasia of the colon, breast, brain and liver.4 In these cancers, there is
aberrant accumulation of β-catenin in the cytoplasm and/or nucleus relative to non-
cancerous tissues. The accumulation of β-catenin may be attributable to alterations of
regulatory proteins associated with β-catenin degradation, mutations of serine/threonine
residues within β-catenin necessary for its targeted destruction or overexpression of Wnt
ligands resulting in excess pathway activity.4

The Wnt signalling pathway has been identified as an essential pathway in mammalian
skeletal development.5 Activation of the Wnt signalling pathway is necessary for the
commitment of mesenchymal stem cells to the osteoblast lineage.6 Both excessive and
inadequate Wnt pathway activities are associated with pathologic bone conditions such as
osteopetrosis and osteoporosis, respectively.7 Additionally, Wnt signalling pathway
alterations have been reported in human osteosarcoma (OSA) primary tissues and cell lines,
though additional work is necessary to determine this pathway’s contribution to OSA
development.8–11 Recently, a study using gene expression profiling of canine OSA indicated
Wnt signalling pathway alterations were one of several deregulated pathways in canine
OSA.12 Although this study did not identify β-catenin as being overexpressed at the RNA
level, other gene changes associated with Wnt pathway activation are likely to result in
stabilization of the β-catenin protein by preventing its degradation. Therefore, it is not
surprising that β-catenin RNA was not found to be overexpressed given that most regulation
of β-catenin expression occurs at the post-translational level via ubiquitin-mediated
degradation.2,3 Currently, controversy exists regarding the importance of Wnt signalling
alterations in OSA with some arguing the pathway is selected against in OSA cells.13,14

OSA in dogs and humans shares numerous similarities including sites of primary disease
development, metastatic pattern and prognostic factors.15–18 The relevance of canine OSA
as a model for human OSA is becoming more widely accepted because of the similarities in
the clinical course, common molecular alterations, the increased incidence of OSA
development in dogs relative to humans and the comparatively shorter disease course in
dogs.19 Given the importance of Wnt signalling in bone biology, controversy regarding its
involvement with human OSA and the utility of canine OSA as a model for human OSA we
are interested in determining the status of Wnt signalling in canine OSA. Therefore, this
study aimed to determine the frequency of cytoplasmic or nuclear accumulation of β-catenin
in canine OSA, partially explore its mutational status and interrogate its impact on disease
outcome in canine OSA.

Materials and methods
Sample selection

Archived tissue blocks of canine OSA and normal bone from the Pathology Service at the
University of Wisconsin-Madison Veterinary Medical Teaching Hospital (UWVMTH) were
identified by medical records search. Canine OSA tissue was collected at the time of
diagnostic biopsy, surgical amputation or necropsy. Normal bone was collected from dogs
presenting to the UWVMTH necropsy service with no history of OSA or other orthopaedic
disease. The normal bone was collected from the humerus of a 13-year-old female-spayed
(FS) Papillon and the femur of a 7-year-old FS Labrador Retriever. Haematoxylin–eosin
(H&E) and unstained slides were made using 5-μm slices from paraffin-embedded sections
of OSA tissue and normal bone. One investigator (A. M.) from the histopathology service
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reviewed all H&E-stained slides cases to confirm the diagnosis of either OSA or normal
bone.

Medical records were reviewed for all cases with a histopathologic diagnosis of OSA. The
following information was recorded from the medical records: signalment, age at diagnosis,
date of diagnosis, location of primary tumour, type of treatment elected by owners (surgery,
chemotherapy, radiation or combination), date of metastatic disease development (if
occurred) and date of death. The overall survival time, defined as the number of days from
the date of diagnosis until death, was determined for all patients. Disease-free interval (DFI)
was calculated for patients in which no metastatic lesions could be detected at the time of
diagnosis and had surgery to remove their primary OSA lesion. DFI was defined as the
number of days between surgery and development of metastatic disease, recurrent disease or
death as a result of any cause.

Detection of β-catenin by Western blot analysis
To determine whether the β-catenin antibody would cross-react with β-catenin in canine
tissues (BD Transduction Laboratories; 610154, BD Biosciences, San Jose, CA, USA),
Western blot analysis was performed on cell lysates from canine (D17 and Abrams) and
human (Saos-2) OSA cell lines. Lysate from the Saos-2 cell line served as a positive control,
as β-catenin has been detected in this cell line.9 Cells were lysed using a mammalian protein
extraction reagent (Pierce, Rockford, IL, USA) and protein lysates collected. Proteins from
cell lysates were separated on a 7.5% sodium dodecyl sulphate–polyacrylamide gel at 150 V
for 1.5 h. Proteins were transferred onto a nitrocellulose membrane at 100 V for 1 h and
blocked with tris-buffered saline (TBS) containing 5% non-fat dry milk and 1% bovine
serum albumin for 1 h. The membranes were incubated overnight with a mouse anti-β-
catenin antibody diluted 1:2000 in blocking solution. Primary antibody was removed by
washing in TBS/0.05% Tween-20 (TBST) three times for 5 min. Membranes were exposed
to a horseradish peroxidase-conjugated antimouse secondary antibody (for 1 h at room
temperature, washed in TBST three times for 5 min and treated with a chemiluminescent
substrate (Pierce; #34080, Thermo Scientific, Rockford, IL, USA). Blots were visualized
after exposure to film and analysed using a Gel Logic 100 Imaging System (Kodak,
Rochester, NY, USA).

Detection of β-catenin by immunohistochemistry
Immunohistochemistry (IHC) was performed on unstained slides of canine OSA and normal
bone samples to detect β-catenin protein. Slides were deparaffinized in CitriSolv, rehydrated
through an ethanol series and rinsed in type II H2O. Endogenous peroxidase activity was
blocked with 0.5% hydrogen peroxide in methanol. Slides were rinsed in tap water for 5 min
and heat treated in 0.1 M citrate buffer for antigen retrieval. Tissue sections on the slide
were soaked in a solution of dried milk in phosphate-buffered saline (PBS) (0.5 g 100 mL−1)
for 5 min. To block non-specific binding, normal horse serum from the mouse IgG Vector
Vectastain Elite ABC Kit (PK-6102, Vector Laboratories, Burlingame, CA, USA) was
mixed with PBS/milk solution and applied to each slide. Excess blocking solution was
blotted from the slides and the mouse anti-β-catenin primary antibody, diluted 1:100 in PBS/
milk solution, applied to each slide. Slides serving as negative controls were treated with the
PBS/milk solution in which the primary antibody was omitted. All slides were rinsed in
PBS, treated with a Vectastain Elite biotinylated antimouse antibody followed by Vectastain
Elite ABC reagent, rinsed in PBS and treated with 3,3′-diaminobenzidine substrate solution
(Vector Laboratories; PK-6102). Slides were rinsed in PBS and counterstained with Mayer’s
haematoxylin, dehydrated through an ethanol series, soaked in CitriSolv and coverslipped.
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Characterization of β-catenin expression in canine OSA
β-Catenin expression was quantified in canine OSA and normal bone by one investigator (A.
M.) using a score based on the percentage of neoplastic cells staining positive and the
intensity of staining.20,21 A total of 10 fields viewed at 400× magnification were assessed
for each sample. The positive-stained samples were evaluated for membranous, cytoplasmic
and/or nuclear staining pattern. The percentage labelling score (%LS) for β-catenin was
scored as follows: 0% = LS0,1 –<10% = LSI, 10 –30% = LS2, >30 –60% = LS3, >60% =
LS4. The intensity score (IS) for staining was scored as follows: negative = IS0, mild = IS1,
moderate = IS2, intense = IS3. The β-catenin score (BCS) was the product of LS and IS.

Determination of β-catenin exon 3 mutational status
To determine if mutations in exon 3 were associated with β-catenin staining, genomic DNA
was isolated from paraffin-embedded OSA tissue. Paraffin-embedded tissue was removed
from the slide with a razor blade, placed into a micro-centrifuge tube and treated twice with
xylene to remove the paraffin wax. The tissue was washed in 100% ethanol at 37 °C for 16
min and genomic DNA isolated using a commercial kit (Qiagen DNeasy Blood & Tissue
Kit; #69504, Qiagen Inc., Valencia, CA, USA). Primers to canine β-catenin exon 3 were
designed to cover the intron/exon junction of exon 3 using the sequence information for
canine β-catenin available from NCBI accession number NM_001137652 (Fig. SI,
Supporting Information). Forward and reverse primers were generated with the following
sequences:(F) 5′-GGGTAGCACAAATTCAGGTGAATGC-3′ and (R) 5′-
CATTCTGAGGCTCCTTGAGAGTT-3′ (Eurofms MWG Operon, Huntsville, AZ, USA).
Amplification of β-catenin exon 3 was accomplished using 50 pmol forward primer, 50
pmol reverse primer, 15 μL H2O, 8 μL template and 25 μL of master mix containing a high
fidelity polymerase (Qiagen; #203443). The quantity of template DNA in each amplification
reaction ranged from 10 to 35 ng. Cycling conditions were 95 °C for 15 min, 90 cycles of 95
°C for 1 min, 58 °C for 1 min and 72 °C for 1 min, followed by 72 °C for 10 min.
Polymerase chain reaction products were visualized on a 1% agarose gel containing 0.1%
ethidium bromide. The Qiagen Gel Extraction Kit (#28404) was used to extract the
amplified β-catenin exon 3 from the gel. The extracted product was concentrated by ethanol
precipitation and resuspended in tris-ethylenediaminetetraacetic acid buffer. For DNA
sequencing of exon 3, the following mixture was used: 7 μL of DNA template, 5 pmol of
forward primer, 3 μL of sequencing buffer, 2 μL of big dye terminator, 1 μL of dimethyl
sulphoxide and 6 μL of H2O. The DNA sequencing mixture was exposed to 95 °C for 3 min,
followed by 50 cycles of 96 °C for 10 s, 58 °C for 4 min and 72 °C for 7 min. Sequencing of
the product was performed by the University of Wisconsin-Madison Biotechnology Center.
Sequence information was viewed using FinchTV Version 1.4.0 (Geospiza, Seattle, WA,
USA).

Statistical analysis
Kaplan–Meier curves were generated for overall survival times and DFI for dogs treated
with surgery and adjuvant chemotherapy. Using the median β-catenin staining score as the
cut-off for comparison (BCS ≤ 4.1 versus β-catenin score >4.1) we used the log rank test to
determine if there was an association between β-catenin staining and DFI or overall survival
time for dogs treated similarly. A P value <0.05 was considered to be significant.

Results
Canine OSA cases selected for evaluation

Thirty-seven cases of primary canine OSA arising from the appendicular skeleton and 3
cases of pulmonary metastatic OSA were used in this study. One of the three cases of
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pulmonary metastatic OSA had the corresponding primary tumour available for analysis.
Samples of bone collected at the time of necropsy from two dogs without OSA were used to
determine the presence of β-catenin in normal bone.

The number and breeds of dogs from which tumour tissue was collected included 12
Labrador Retrievers, 3 Golden Retrievers, 3 Saint Bernards, 2 Boxers, 2 Great Danes and an
Akita, Australian Shepherd, Belgian Tervuran, Doberman, English Springer Spaniel, Great
Pyrenees, Greyhound, Leonberger, Siberian Husky, Rottweiler and a West Highland White
Terrier. Primary OSA tissue was from 20 male neutered (MN), 14 FS, 2 male intact and 1
female intact dogs with a median age of 8 years (range: 2–14 years). The number of samples
and locations of the primary tumours are 12 distal radius, 9 proximal humerus, 5 distal
femur, 4 distal tibia, 2 proximal tibia, 1 calcaneous, 1 carpus, 1 femoral head, 1 scapula and
1 proximal radius. The pulmonary metastatic OSA tissue was from two Labrador Retrievers
(1 MN/1 FS) and one MN Giant Schnauzer, with a median age of 9 years (range: 8–11
years). Twenty-five dogs were treated with amputation and chemotherapy, 4 dogs underwent
amputation only, 1 dog was treated with palliative radiation therapy only and the treatment
for 7 dogs was unknown. Information on survival time was available for 34 of the 37 cases.
The median survival time for all dogs analysed was 224 days. The DFI could be determined
for 22 of the 25 dogs treated with surgery and adjuvant chemotherapy, with the median DFI
being 157 days.

Validation of anti-β-catenin antibody in dogs
To determine if the anti-β-catenin antibody would react with canine β-catenin we performed
Western blot analysis using one human OSA cell line (Saos-2) known to express β-catenin
and two canine OSA cell lines (D-17 and Abrams), in which the β-catenin expression status
is unknown. Using the anti-β-catenin antibody for Western blot analysis a protein of
appropriate size (approximately 92 kDa in humans and 88 kDa in canines) was identified in
all three OSA cell lines (Fig. 1).

Characterization of β-catenin expression by IHC in canine OSA
When the anti-β-catenin antibody was used for IHC, β-catenin was detected in 30 of the 37
(81%) cases of canine primary OSA (Fig. 2A and Table 1). Of the 30 samples with positive
staining, all 30 (100%) had cytoplasmic staining, 9 had membranous (30%) and 3 (10%) had
nuclear staining (Table 1). Reactive osteoblasts in a small amount of reactive bone adjacent
to neoplastic tissue in one OSA sample displayed positive cytoplasmic staining for β-
catenin. There was no positive staining for β-catenin in osteoclasts in any of the seven OSA
samples in which this cell type was observed in adjacent non-neoplastic bone. Two of the
three metastatic OSA samples stained positive for β-catenin, both of which displayed
cytoplasmic staining. In contrast, osteoblasts and osteoclasts lining the osseous trabeculae in
normal bone did not have detectable staining with the anti-β-catenin antibody (Fig. 2B). The
median BCS in primary OSA tissue was 4.1 (Table 1).

Sequence analysis of β-catenin exon 3
DNA sequencing was performed to determine if β-catenin expression in canine OSA was
associated with mutations in exon 3. β-Catenin exon 3 was successfully amplified and
sequenced from three OSA tissue samples representative of the different staining patterns
(non-staining OSA, membranous staining, cytoplasmic staining and nuclear staining). Exon
3 of β-catenin was selected for mutational evaluation as it contains the consensus coding
sequence for GSK-3β phosphorylation, necessary for subsequent ubiquitination and
proteosomal degradation.1–3 No mutations were identified in exon 3 of β-catenin in any of
the samples (non-staining, membranous, cytoplasmic and nuclear).
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Assessment of β-catenin staining characteristics and disease outcomes
Finally, we compared overall survival times and DFIs of dogs based on their BCS (LS × IS),
using the median value as a cut-off between groups. We found no difference in overall
survival times when patients were compared according to the β-catenin staining product
score (PS ≤ 4.1 versus PS > 4.1) (Fig. 3). Similarly, when the DFI for dogs treated with
surgery and adjuvant chemotherapy having a PS ≤ 4.1 was compared with similarly treated
dogs with a PS > 4.1 there was no difference (196 days versus 161 days, respectively; P =
0.2) (Fig. 4).

Discussion
OSA is the most common malignant primary bone tumour of dogs and humans. The disease
in dogs shares numerous similarities with the human form, including sites of predilection,
high metastatic potential and molecular alterations.15–18 Unfortunately, modifications to the
current standard of care for canine OSA, typically a combination of surgery and
chemotherapy, have resulted in relatively minimal improvements in outcome. Further
improvements in patient outcome will likely result from an improved understanding of the
role specific genetic and molecular alterations play in OSA development and progression.
The Wnt signalling pathway has been identified as a key component of normal skeletal
development and disease.5–7 Alterations within this signalling pathway have been described
in human and canine OSA.8,9,12 Currently, debate exists as to whether or not alterations in
this pathway contribute to human OSA development and progression. These conflicting
reports indicate additional research is necessary to clarify the role of the Wnt signalling
pathway in OSA development and progression. Given the numerous other similarities
between human and canine OSA, we were interested in determining the status of β-catenin
expression in canine OSA.

Using a combination of Western blot, IHC and DNA sequencing, we characterized the
expression of β-catenin in 37 cases of primary canine OSA and 3 cases of pulmonary
metastases from canine OSA. β-Catenin was detected by IHC in the majority of canine OSA
samples and its intracellular location was most frequently cytoplasmic. These results are
similar to human OSA, in which β-catenin was detected by IHC in approximately 70% of
samples.8 In a separate study, 90% of OSA samples had membranous and/or cytoplasmic β-
catenin expression detectable by IHC, with the remaining 10% of samples displaying
nuclear staining.13 The importance of β-catenin’s subcellular location (i.e. membranous
versus cytoplasmic versus nuclear) remains a matter of debate; however, it is the nuclear
component that seems to be most relevant to carcinogenesis.22 Within the nucleus, β-catenin
binds to Tcf and Lef transcription factors to upregulate expression of target genes such as c-
myc, cyclin D1, survivin and matrix metalloproteinases.23–27 Previous work has found some
of these target genes to be associated with OSA.28–29

To determine if the expression of β-catenin in canine OSA was associated with stabilizing
mutations we performed DNA sequencing on a subset of the tumours and found no
mutations. We chose to evaluate exon 3 for mutations because this sequence contains serine
and threonine residues necessary for phosphorylation by GSK-3β After GSK-3β
phosphorylation, β-catenin undergoes ubiquitination and is targeted for proteosomal
degradation.1–3 Mutations within exon 3 often prevent the degradation of β-catenin,
resulting in prolonged expression of β-catenin and subsequent upregulation of its target
genes.4 No mutations in β-catenin exon 3 were detected in three OSA samples, but since this
sample size was small, the possibility of exon 3 mutations occurring in other cases of canine
OSA cannot be excluded. Other mechanisms by which β-catenin may be stabilized include
the repression of Wnt pathway antagonists, overexpression of Wnt ligands or defects in the
degradation machinery necessary for β-catenin destruction.9,11,30 A recent study by Kansara
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et al.11 found Wnt inhibitory factor 1 (Wif1), a Wnt pathway antagonist, was epigenetically
silenced in human OSA cell lines and associated with increased β-catenin expression.
Furthermore, the targeted disruption of Wif1 in mice accelerated osteosarcomagenesis.11

Finally, we failed to detect any association between β-catenin expression and survival time
for dogs with OSA. In addition, there was no association between β-catenin expression and
DFI for dogs treated with both surgery and adjuvant chemotherapy. Reports on the
association of Wnt signalling pathway alterations and disease progression or outcome in
humans with OSA are mixed. Haydon et al.8 detected no correlation between β-catenin
expression and overall survival time in 30 patients. Conversely, the presence of LRP5, a
receptor for the Wnt signalling pathway, correlated with tumour metastasis in a study
involving 44 OSA patients.9 A potential reason for seeing no association with survival or
disease progression and β-catenin expression in canine or human OSA could be the relative
frequency with which β-catenin is expressed in OSA and the small number of patients that
are available for study. Since most OSA samples are positive for β-catenin, an extremely
large sample size would be required to detect any significant difference in disease
progression or outcome. Conversely, the high frequency of β-catenin expression in OSA
suggests this pathway is important to OSA development in general and may be of
therapeutic value in the future.

In conclusion, the cytoplasmic/nuclear expression of β-catenin is a frequent event in canine
OSA, though its expression is not associated with exon 3 mutations. This suggests that other
members of the Wnt signalling pathway may be contributory. These findings are similar to
those reported in human OSA. Similarly, we did not detect any association between survival
time and β-catenin expression. Given the similarities in OSA between the two species and
the increased incidence of OSA in dogs, the dog may represent a relevant model for human
OSA regarding this pathway. Our findings support the model potential of spontaneously
developing canine OSA with respect to further elucidating the contribution of Wnt
signalling abnormalities in OSA.
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Figure 1.
Western blot analysis of β-catenin in human (Saos-2 = lane 1) and canine (D17 = lane 2;
Abrams = lane 3) OSA cell lines displaying appropriately sized bands (~90 kDa)
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Figure 2.
IHC of a representative case of (A) canine OSA and (B) normal bone stained for the
presence of β-catenin.
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Figure 3.
Overall survival of dogs with OSA based on BCS.
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Figure 4.
DFI for dogs with OSA treated with surgery and adjuvant chemotherapy based on BCS.
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Table 1

Immunohistochemical staining patterns of β-catenin in canine OSA

Primary OSA (n = 37)

%LSa ISb BCSc Staining pattern

LS0 (7) IS0 (7) BCS0 (7) Total number of positive cases = 30/37

LS1 (0) IS1 (17) BCS2 (3) Membranous = 9/30

LS2 (4) IS2 (13) BCS3 (4) Cytoplasmic = 30/30

LS3 (6) IS3 (0) BCS4 (9) Nuclear = 3/30

LS4 (20) BCS6 (2)

BCS8 (12)

Metastatic OSA (n = 3)

%LSa ISb BCSc Staining pattern

LS0 (1) IS0 (1) BCS0 (1) Total number of positive cases = 2/3

LS2 (1) IS1 (2) BCS2 (1) Membranous = 0/2

LS4 (1) BCS4 (1) Cytoplasmic = 2/2
Nuclear = 0/2

Numbers in parentheses following LS#, IS# and BCS# indicate number of dogs in that category.

a
Labelling scores: LS0 = 0%, LS1 = <10%, LS2 = 10–30%, LS3 = >30–60%, LS4 = >60%.

b
intensity scores: IS0 = negative, IS1 = mild, IS2 = moderate, IS3 = intense.

c
BCS: LS × IS.
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