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Heat shock protein expression analysis in canine
osteosarcoma reveals HSP60 as a potentially relevant
therapeutic target
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Abstract Heat shock proteins (HSP) are highly conserved
across eukaryotic and prokaryotic species. These proteins
play a role in response to cellular stressors, protecting cells
from damage and facilitating recovery. In tumor cells, HSPs
can have cytoprotective effects and interfere with apoptotic
cascades. This study was performed to assess the prognostic
and predictive values of the gene expression of HSP family
members in canine osteosarcoma (OS) and their potential
for targeted therapy. Gene expressions for HSP were assessed
using quantitative PCR (qPCR) on 58 snap-frozen primary
canine OS tumors and related to clinic-pathological parame-
ters. A significant increased expression of HSP60 was found
in relation to shorter overall survival and an osteoblastic
phenotype. Therefore, the function of HSP60was investigated
in more detail. Immunohistochemical analysis revealed het-
erogeneous staining for HSP60 in tumors. The highest

immunoreactivity was found in tumors of short surviving
dogs. Next HSP expression was shown in a variety of canine
and human OS cell lines by qPCR and Western blot. In two
highly metastatic cell lines HSP60 expression was silenced
using siRNA resulting in decreased cell proliferation and
induction of apoptosis in both cell lines. It is concluded that
overexpression of HSP60 is associated with a poor prognosis
of OS and should be evaluated as a new target for therapy.
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Introduction

The primary bone tumor, osteosarcoma (OS) is the most
common type of bone tumor in large and giant dog breeds
(Norrdin et al. 1989; Ru et al. 1998). Most often, dogs
present with clinical signs of lameness or painful swelling
of the affected bone. At an advanced stage, some dogs
present with evidence of pathological fractures. However,
almost 90 % of dogs have metastatic disease at the time of
clinical presentation. Metastasis, predominantly to the lungs
and with fewer incidences in other skeletal and soft tissue
locations, is a major end-point for this disease in both
humans and dogs (Morello et al. 2010). There are many
causes and contributing factors for the development and
pathogenesis of OS in dogs (Kirpensteijn et al. 2008;
Levine et al. 2002; Misdorp and Hart 1979). Although
improvements in diagnosis and therapy have been made
over the past 20 years, the prognosis for dogs with OS is
still grim. Elevated levels of several genetic markers and
proteins have been found in human and canine OS
(Selvarajah and Kirpensteijn 2010). However, very few of
these markers have been independently validated in a large
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cohort of samples for their prognostic values, especially
among dogs with OS.

Heat shock proteins (HSPs) are highly conserved proteins
that are expressed in both prokaryotic and eukaryotic organ-
isms. They are classified into separate families according to
their molecular weight (in kilodaltons). In this paper, we will
use this classification which can be converted to human
nomenclature (Kampinga et al. 2009). Each family may
consist of several molecules that show great resemblance
in primary structure and perform similar functions in differ-
ent sub-cellular compartments. In times of chemical or
physical stress, these HSPs prevent protein misfolding and
aggregation by refolding denatured proteins or by assisting
in their degradation (Burel et al. 1992; Calderwood et al.
2006; Hartl and Hayer-Hartl 2002; Helmbrecht et al. 2000;
Hendrick and Hartl 1993; Romanucci et al. 2008). In addi-
tion to their role during cellular stress, HSPs are also in-
volved in tumor development, with roles in apoptotic
pathways, cell cycle regulation and immune modulation.

HSP expression has been explored in various tumors and
has been observed to have diagnostic, prognostic and thera-
peutic predictive values in both humans and dogs (Cappello et
al. 2008; Faried et al. 2004; Kumaraguruparan et al. 2006;
Romanucci et al. 2005). Heat shock proteins have long been
examined in human OS, and some valuable insights have been
made. A positive correlation has been found between the
presence of anti-HSP70 serum antibodies and lung metastases
in OS patients at the time of diagnosis, but no difference in
anti-HSP70 antibodies could be observed between sera from
patients and healthy controls. Anti-HSP60 antibodies are sig-
nificantly increased in human patients with OS compared to a
healthy control group. This increase in anti-HSP60 antibodies
could be used as a potential diagnostic marker (Trieb et al.
2000b). Meanwhile, others have found no prognostic associ-
ation for HSP60 expression in primary human OS tumors
(Moon et al. 2010). In human OS, a correlation has been
detected between the presence of anti-HSP90 antibodies and
a better response to neo-adjuvant chemotherapy, whereas the
absence of anti-HSP90 antibodies correlates with the occur-
rence of metastases (Trieb et al. 2000a). Additionally, HSP72
protein expression seems to be a predictive immunohisto-
chemical marker for OS. HSP72-positive tumors show a
significantly better response to chemotherapy than HSP72-
negative tumors (Trieb et al. 1998). At the biopsy and surgical
level, immunohistochemical classification has revealed a cor-
relation between HSP27 overexpression and poorer progno-
sis. Therefore, HSP27 is a potential negative prognostic
marker of OS (Moon et al. 2010; Uozaki et al. 2000). A
cDNA microarray study on human OS cell lines observed an
increased expression level of HSP90beta in OS cell lines
compared to normal human osteoblasts, indicating that
HSP90beta may play a role in the development or progression
of OS (Wolf et al. 2000). To date, the value of HSP10, HSP22

and HSP40 expression has not been reported for human OS,
although their implications in other types of cancer have been
reported (Akyol et al. 2006; Cappello 2003; Cappello et al.
2003; 2005; Mitra et al. 2009; Sun et al. 2007).

The expression of HSPs has also been reported in canine
cancers, including mammary carcinomas, transmissible vene-
real tumors, intracutaneous cornifying epitheliomas, squa-
mous cell carcinomas, and osteosarcomas (Chu et al. 2001;
Romanucci et al. 2005; Romanucci et al. 2008; Romanucci et
al. 2012). In a previous study on the cDNA microarray gene
expression profiling of canine OS tissues, members of differ-
ent heat shock protein (HSP) families, including HSP90alpha,
HSPA9 (HSP70, Mortalin) and HSP60, were associated with
poor survival (Selvarajah et al. 2009). In another study,
HSP90 gene inhibition was performed in both canine and
human OS cell lines and resulted in loss of cell viability,
inhibition of cell proliferation and induction of apoptosis,
demonstrating a value for targeting HSP90 in OS in vitro
models (McCleese et al. 2009). Although these gene expres-
sion profiling studies have suggested important roles for HSPs
in the prognosis of canine OS, these findings are preliminary
and deserve further validation using independent samples and
other molecular approaches. The present research, therefore,
aimed to evaluate the mRNA expression of 8 different HSPs
and their association with several clinicopathological param-
eters and survival in dogs with OS. Based onmRNA analyses,
HSP60 expression was negatively correlated with survival.
Hence, HSP60 was selected for gene silencing using RNAi in
two metastatic canine OS in vitro cell line models.

Material and methods

Canine OS tissue specimens and clinicopathological data

Fifty-eight histology-confirmed, primary canine OS tissue sam-
ples were selected from the bone tumor bank. These dogs were
presented to the Veterinary Teaching Hospital of Utrecht
University, The Netherlands, between 1994 and 2007. No dogs
had therapy prior to harvesting the tumor tissue. Dogs included
in the study had amputation or primary tumor resection and
were followed until death. During surgery, all tumor samples
were harvested under sterile conditions, snap-frozen in liquid
nitrogen and stored in sterile tubes at −70 °C. Diagnosis and
histological grading of OS was determined by a board-certified
veterinary pathologist according to a previously described his-
tological grading system (Kirpensteijn et al. 2002). Clinical
data and histological data were reviewed retrospectively.

Cell lines and culture conditions

Eight well-characterized canine OS cell lines (D17, COS31,
HMPOS, POS, KOS-001, KOS-002, KOS-003, and KOS-
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004) and three human OS cell lines (SaoS2, MG63 and
U2OS) were used in this study. The mycosensor quantitative
PCR (qPCR) assay kit (Agilent Technologies, US) was used
to ensure that all cell lines were negative for mycoplasma.
Cells were maintained in a sub-confluent monolayer in
Dulbecco’s Modified Essential Medium (DMEM,
Invitrogen®, The Netherlands) supplemented with 10 %
fetal bovine serum (FBS, PAA Laboratories GmbH,
Austria) at 37 °C in a humidified atmosphere with 5 %
CO2. The cells were trypsinized and passaged every 4 days.

RNA isolation and cDNA synthesis

RNA isolation and purification from the OS tumors were
performed as previously described (Selvarajah et al. 2009)
with the RNeasy® Mini kit (Qiagen, The Netherlands)
according to the manufacturer’s protocol. Cells grown in
culture under normal or experimental conditions were
washed once with Hank’s Balance Salt Solution (PAA
Laboratories GmbH, Austria), followed by cell lysis using
the appropriate volume of RLT cell lysis buffer (Qiagen, The
Netherlands) before extraction of RNA. In both the bone
tumor and the cell line RNA isolation protocols, an additional
DNA digestion step was included to assure genomic DNA
removal. Total RNA was quantified using a NanoDrop®
ND-1000 spectrophotometer (Isogen Life sciences, The
Netherlands) and subsequently assessed for quality using a
2100 Bioanalyzer (Agilent Technologies, The Netherlands).
Synthesis of cDNAwas carried out with 0.5 μg total RNA of
each sample in a 20-μl reaction volume using the iScript
cDNA Synthesis Kit (Bio-Rad, The Netherlands) according
to the manufacturer’s instructions. To ensure that DNA con-
tamination did not occur during the process of RNA and
cDNA synthesis, several reactions were also performed with-
out the reverse transcriptase enzyme.

Quantitative real-time PCR assays

Primers for the target genes were designed using Primer3
version 0.4.0 software and M-fold version 3.2 (http://
mfold.bioinfo.rpi.edu). The optimal annealing temperature
(Ta) of all primers was determined by a qPCR gradient pro-
tocol, using the iQ SYBR green SuperMix (Bio-Rad, The
Netherlands) according to the manufacturers’ protocol. To
confirm the specificity of the primers, the amplification prod-
uct of each primer pair was cycle-sequenced using the MJ
MiniCycler™ (BioRad, The Netherlands) and the 3130 XI
Genetic Analyzer (Applied Biosystems, California, USA),
followed by a nucleotide BLAST-search. Primers for the
reference genes were designed and sequenced for specificity
as described above. The geNorm algorithm analysis was
performed to determine the number and type of reference
genes appropriate for normalization of gene expression data.

Independent assays were performed for the bone tumors
and cell lines. The standard dilution was prepared from a
pool of cDNA (a mix from all samples) within an experi-
mental setup. The standard concentration for qPCR analyses
was generated using a fourfold dilution series. Each sample
cDNA was diluted threefold with RNAse-free water, and
aliquots of 2-μl diluted cDNA were further subjected for
qPCR reactions. All qPCR reactions were performed in
duplicate using the Bio-Rad MyiQ™ Single Color Real-
Time PCR Detection System. A 2-step qPCR protocol was
performed for the target genes HSP27, -40, -60 and 90beta
as well as for the reference genes GAPDH, GUSB,
HNRNPH, RPS19 and RPS5. The thermal cycling condi-
tions were 95 °C for 3 min followed by 45 cycles of 95 °C
for 10 s and Ta °C for 30 s. A three-step qPCR protocol was
performed for the target genes HSP10, -22, -70, and -
90alpha as well as for the reference genes HPRT and
RPL8. The thermal cycling conditions for this protocol were
95 °C for 3 min, 45 cycles of 95 °C for 10 s, Ta °C for 30 s
and 72 °C for 30 s. The annealing temperature was custom-
ized for each target and reference gene using a gradient
qPCR assay prior to sample analyses.

Immunohistochemistry

Thirty six formalin-fixed, paraffin-embedded canine OS tissue
sections from which also frozen specimen for qPCR were
available were stained for anti-HSP60 (working dilution
0.2 μg/μl) (LK-1, mouse monoclonal, Stressgen, Canada).
In addition, four human OS and canine normal liver (positive
control for HSP60) tissue sections were also included. A
negative control immunostaining was performed for all tissue
samples by replacing the primary antibody with isotype-
specific mouse serum IgG, using the identical concentration
as the primary antibody. Tissue sections were deparaffined in
xylene, rehydrated in decreasing alcohol dilutions and rinsed
in PBS-Tween 0.1 % (PBST) for 10 min (2 cycles of 5 min).
Antigen retrieval was performed by heating the sections in
10 mM sodium citrate buffer at pH6 for 1 h at 72 °C and
cooling down for an additional 30 min. The slides were then
rinsed twice in PBS and incubated in 10 % normal goat serum
and 1 % bovine serum albumin in PBST (DAKO, The
Netherlands) for 30 min at room temperature to reduce non-
specific binding. Incubation with the primary antibody was
performed overnight in a humidified chamber at 4 °C. After
rinsing with PBST, the sections were incubated with 0.35 %
hydrogen peroxide in PBS for 15 min to block endogenous
peroxidase activity and rinsed with PBST before the sections
were incubated with the secondary HRP-conjugated antibody
(1:10,000, goat anti-mouse, DAKO, The Netherlands) for
30 min at room temperature. Afterwards, the sections were
rinsed in PBS and incubated with DAB-chromogen mix
(Sigma, The Netherlands) for 5 min, followed by a
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counterstaining with hematoxylin (Vector laboratories,
Burlingame, Canada). Finally, the sections were rinsed in
running water, dehydrated in increasing alcohol dilutions
and mounted with Vecta Mount (Vector laboratories).

A semi-quantitative immunohistochemistry assessment
was performed by two assessors who evaluated the slides
and scored them based on their consensus agreement of the
observed expression. Scoring for HSP60 protein expression
was performed using a four-scale grading method (0: no
positive cells; 1: <10 % positive cells; 2: <10–50 % of
positive cells; and 3: >50 % of positive cells). Due to the
low number of tissue sections used for this assessment, the
four-scale grading was reduced to a two-scale grading: low
% of positive cells (grades 0 and 1) and high % of positive
cells (grades 2 and 3). Immunopositivity was also assessed
for localization (cytoplasmic or nuclear) and for intensity
(high or low).

Protein isolation and western blot analyses

Cells grown under normal culture or experimental conditions
in 24-well plates were washed once with cold Hank’s Balance
Salt Solution (HBSS) and incubated with RIPA buffer
containing 1% Igepal, 0.6 mMphenylmethylsulfonylfluoride,
15 μg/ml aprotinin and 1 mM sodium orthovanadate (Sigma-
Aldrich Chemie BV, The Netherlands) for 30 min on ice.
Lysates were collected and homogenized at 10,000 rpm at
4 °C, and the supernatant was collected for protein determi-
nation using the Bradford-based assay with DC Protein Assay
Reagents (Bio-Rad, The Netherlands). Protein acquired from
the eight canine and three human OS cell lines was further
diluted in PBS to 1 μg/μl. The protein samples were diluted
1:1 with 2× Laemmli sample buffer containing 15mg/ml DTT
(Sigma, The Netherlands). Afterwards the samples were heat-
ed for 2 min at 95 °C to denature the proteins. Aliquots of
protein were applied to an 8 % SDS-polyacrylamide gel, and
SDS-PAGE was carried out for approximately 1.5 h at 100 V.
The proteins were blotted for 1 h at 100 V on a Hybond-C
Membrane (Amersham, UK). Subsequently, 60 min blocking
of the membrane was performed using 4 % ECL blocking
powder (Amersham, UK, ECL™ Advance Western Blotting
Detection Kit) diluted in 50 mM Tris buffered (pH7.6) saline
containing 0.1 % (v/v) Tween20 (0.1%TBST). The membrane
was incubated overnight at 4 °C with primary antibody
(HSP60, LK-1, 1:100 in 0.1%TBST, 2 ng/μl), followed by
15 min (3 cycles of 5 min) of washing in 0.1 % TBST. Next,
the membrane was incubated for 60 min with HRP-
conjugated secondary antibody (1:20,000, goat anti-mouse,
DAKO) and subsequently washed for 15 min (3 cycles of
5 min) in 0.3 % TBST. After adding the ECL™ Advance
Western Blotting Detection Kit (Amersham, UK), the appro-
priate band corresponding to the expected molecular weight
was detected using the Chemi-Doc imager (Bio-Rad, The

Netherlands) and Quantity One Analysis software (Bio-Rad,
The Netherlands). The blots were stripped using the Restore™
Western Blot stripping buffer (Thermo Scientific, IL, USA)
and the same protocol was applied to incubate the antibody for
beta-actin (for loading control). Blot images were processed in
Image J 1.43u (National Institute of Health, USA), band
intensity was semi-quantified, and the expression of HSP60
was normalized against beta-actin expression.

siRNA design and synthesis

Canine sequence-specific HSP60 (synonym: HSPD1)
(GenBank: XM_536016) siRNA was designed on the
website http://www.dharmacon.com/designcenter/
designcenterpage.aspx (Dharmacon RNAi Technologies,
ThermoScientific, USA). Universal mock siRNA was used as
the negative control for siRNA experiments. The designed
siRNA sequences were blasted against the canine genome data-
base to ensure there was no cross-silencing of non-target genes.
The sequence of the canine-specific HSP60 siRNA duplex is as
follows: sense—GUGAAUACGAAAAGGAAAAUU and an-
tisense—UUUUCCUUUUCGUAUUCACUU. Cell transfec-
tions were optimized using siGLO (Dharmacon, Colorado
USA) in 24-well plates (Primaria, BD, The Netherlands) using
the transfection reagent DharmaFECT1 (Dharmacon, Colorado,
USA). A concentration curve of 0–100 nM siGLO was tested
together with a DharmaFECT1 range of 0.5 μl to 2.5 μl per well
at different cell densities for several incubation periods ranging
from 24 to 96 h. The transfection efficiencies were assessed by
determining the ratio between the fluorescent (transfected) cells
and the non-fluorescent (untransfected) cells. The highest num-
ber of cells transfected with high cell viability was observed for
transfections performed on 40,000 cells/well seeded in a 24-well
plate with 50 nM siGLO and 2 μl DharmaFECT1 transfection
reagent.

siRNA in vitro transfections and RNA isolation

Two canine OS cell lines, HMPOS and KOS-003, were
selected for the siRNA-based functional assays. Cells were
cultured in antibiotic-free media, and passages from 5 to 12
were used for the transfection protocols and cell culture
experiments. Transfections were performed in 24-well
plates (Primaria,BD The Netherlands) or 96-well plates
(Cell Bind, Corning The Netherlands), depending on the
type of cell-based experiment that was performed. Cells
were seeded at a density of either 40,000 or 6,400 cells/well
for the 24-wells or 96-wells plate setup. Transfections were
carried out according to the siGLO-optimized conditions
described above. Briefly, cells grown in antibiotic-free me-
dia were seeded in culture medium with FBS and allowed to
attach over 12 h. Next, 70 % confluent cells were washed
once with HBSS and replaced with media without FBS. The
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cells were transfected with 50 nM HSP60 siRNA or mock
(non-targeting siRNA) and 2 μl DharmaFECT1 and diluted
in RNase- and serum-free DMEM according to the manufac-
turer’s instructions for 12 h at 37 °C. Next, the transfection
media was removed and replaced with complete DMEMmedia
with 10 % FBS, and the cells were further incubated for 24 to
96 h. The same protocol was employed for the 96-well plate
transfections with a ratio of 1:5 compared to the 24-well plate
set ups. Cells were lysed for RNA from 24-well plates at several
time points between 18 and 84 h post-transfection. Cell lysis
was performed by adding 250μl RLT buffer into eachwell, and
total RNAwas isolated using the RNeasy mini kit according to
the manufacturer’s protocol (Qiagen, The Netherlands).
Synthesis of cDNAwas performed using 0.5 μg total RNA in
a 20 μl reaction volume using the iScript™ cDNA synthesis kit
(Bio-Rad, The Netherlands).

MTT cell proliferation assay

Cell proliferation was determined by means of the colorimet-
ric 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide assay (MTT, Sigma, The Netherlands). Briefly, cells
seeded in 24-well plates were transfected according to exper-
imental setup, and cell viability was determined by incubating
100 μl of MTT solution (5 mg/ml) in each well with 500 μl
media at several time points (24, 48, 72, and 96 h). After 2 h of
incubation, the culture media was removed, and 200 μl of
dimethylsulfoxide was added to each well. The dissolved blue
formazan crystals were transferred to a 96-well plate, and
absorbance was measured at 595 nm with a reference reading
at 650 nm. The background absorbance intensity was
subtracted, and cell viability was calculated as a percentage
of absorbance of the non-treated cells. The measurements are
represented as the average and standard deviation of two
independent experiments that were performed in triplicate.

DNA content measurement

Total DNA content was measured at several time points after
siRNA transfections using the PicoGreen® dsDNA
Quantification Reagent (Molecular Probes, Inc., USA).
Briefly, the cells were washed once with HBSS and freeze–
thawed at −70 °C thrice for a duration of 1 h per cycle. The
DNA standard curve was prepared according to the manufac-
turer’s protocol, and DNA content measurements were carried
out in 96-well flat-bottomed plates (Greiner). The fluores-
cence signal, measured as relative fluorescence units, was
quantified at 485 nm excitation and 535 nm emission.

Tritium-thymidine incorporation assay

Cells were seeded at a density of 40,000 cells/well and
siRNA transfection protocols were performed in 24-well

Multiwell™ Primaria plates (Falcon®, USA) according to the
protocol described above. The assay was performed on cells at
72 h post-transfection with the siRNA protocol. To each well,
0.1 μCi/mL tritium-thymidine (GEHealthcare, UK) was added
and incubated for 4.5 h. After 4.5 h, the culture medium was
removed, and the cells were washed with HBSS prior to adding
0.1 mL of 0.2 % SDS. The cells were further incubated for
15 min, and then 400 μl RNAse-free water was added. Three
milliliters of scintillation fluid was added to 400 μl cell lysate,
and tritium-thymidine incorporation was measured by a liquid
scintillation analyzer (TRI-CARB 2900TR, Packard, USA).
DNA content from 6 independent wells for each cell line was
measured in parallel with the tritium-thymidine incorporation
assay. Experiments were performed in six-well plates in tripli-
cate and repeated twice. Differences in tritium-thymidine in-
corporation after normalization for DNA content (siRNA-
treated/mock cells) were calculated using the student’s t test
and p<0.05 was considered significant.

Apoptosis assay

Cells transfected with siRNA for 24, 48 and 72 h in opaque
96-well plates (CellBind, Corning) were incubated with
20 μl/well viability/cytotoxicity reagent (ApoTox-Glo™
Triplex assay kit, Promega Benelux, The Netherlands) for
2 h. The fluorescence measurement was performed using the
Infinite 200, Tecan (Belgium) software according to the man-
ufacturer’s recommendations. Next, 100 μl Caspase-Glo 3/7
reagent was added to measure apoptosis and incubated for 1 h
before measuring the luminescence (Centro, Berthold,
Belgium) according to the manufacturer’s instructions.

Statistical analyses

Differences in gene expression between groups of tumors with
regard to clinical or pathological parameters were analyzed
using REST2008 software. Univariate and multivariate surviv-
al analyses (Cox’s proportional hazard model) were performed
to determine the prognostic value of the various HSPs. Kaplan–
Meier survival curves were drawn to show differences in
survival between groups. The corresponding hazard ratio
(HR) and 95 % confidence interval (CI) were reported, with
statistical significance defined as p<0.05. SPSS16 software
(IBM Company, Chicago, USA) was used for the statistical
analyses. Statistical significance was defined as p<0.05.

Results

Retrospective analysis of clinical and histological data

The 58 dogs included for qPCR analyses varied in clinico-
pathological parameters (Table 1). The median disease-free
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interval (DFI) was 111 days, and the median survival time
(ST) was 161 days. ST was defined as days from initial
diagnosis until death, and DFI was defined as days from
initial diagnosis until the observed occurrence of metastasis
or the recurrence of the tumor. The samples represent sev-
eral large to medium-sized breeds and were collected from
the predilection sites, including the proximal humerus, distal
femur, and distal radius. Multiple chemotherapeutic protocols
were employed across the dogs, i.e., single treatment with
lobaplatin or carboplatin and combination therapies with
carboplatin/doxorubicin or carboplatin/cisplatin. When
performing group comparison analyses, the histological sub-
types were divided into purely osteoblastic tumors and mixed
tumors that were purely chondroblastic, fibroblastic, or telan-
giectatic or a combination of these subtypes. Most of the
tumors were of high histological grade (Grade 3) and therefore
considered highlymalignant. As there were fewer tumors with
medium or low histological grades, these tumors were com-
bined to address a lower malignant class of OS for further

statistical analyses. Dogs that were diagnosed with OS but did
not undergo amputation or primary tumor resection due to the
presence of metastatic disease or owner refusal of further
therapy were only included for the assessment of gene expres-
sion correlation with few clinicopathological parameters and
were excluded from survival analysis. Dogs that died for
reasons other than tumor burden or metastatic disease were
censored for survival analysis. Dogs that were lost to follow-
up were censored as well, but the ST and DFI were recorded
until the time they were lost to follow-up.

Univariate analysis of the variables (age, pre-surgical
serum alkaline phosphatase levels, tumor histology grade,
initiation of postoperative chemotherapy and tumor histolo-
gy subtype) was performed. There was a positive impact of
postoperative chemotherapy on survival; dogs without post-
operative chemotherapy had a higher risk (HR 1.844, p=
0.048) of death than dogs who did receive postoperative
chemotherapy. Because postoperative chemotherapy has a
recognized influence on survival time, univariate analyses
were repeated upon stratification for postoperative chemo-
therapy. Clinicopathological parameters including elevated
pre-surgical serum alkaline phosphatase (AP) levels (p=
0.043) and histological-osteoblastic subtype (p=0.005) were
significantly associated with poorer survival on univariate
analysis upon stratification for postoperative chemotherapy
(Table 2). Multivariate analysis, stratified for postoperative
chemotherapy, showed statistical significance for tumor
subtype (HR=0.341; 95 % CI=0.169–0.688, p=0.003).
Therefore, the histology subtype was an independent prog-
nosticator for the present dataset of canine OS.

Clinical and pathological association of the mRNA
expression of various HSPs

A geNorm algorithm approach was first used to test for the
optimal number of reference genes to be included in the
expression analysis; a combination of five reference genes
(RPS5, RPL8, RPS19, HNRNPH, and GAPDH) in the
present dataset, resulted in the optimal number of reference
genes for normalization. Quantitative real-time PCR primers
and their corresponding annealing temperatures are provid-
ed in Table 3. Associations of the relative gene expression of
HSPs with the various clinicopathological parameters are
presented (Table 4). HSP60 and HSP10 were upregulated in
osteoblastic tumors compared to mixed subtype tumors.
HSP90beta was downregulated in older dogs (>5 years of
age) and HSP40 was downregulated in highly necrotic
(>50 %) tumors compared to low necrotic (<50 %) tumors.
Additionally, HSP22 was augmented in appendicular tu-
mors of dogs that did not respond well to postoperative
chemotherapy and that lived less than 6 months compared
to those dogs that survived longer than 6 months. This
overexpression remained significant even upon inclusion

Table 1 Clinical and
pathological character-
istics of the 58 canine
OS included for qPCR
analyses

Parameter N

Gender

Female 25

Male 33

Neuter status

Intact 30

Neutered 28

Postoperative chemotherapy

Yes 36

No 19

Histological subtype

Chondroblastic 1

Fibroblastic 1

Osteoblastic 19

Mixed 35

Histological grade

High 40

Low/Medium 15

Location of primary tumor

Appendicular

Femur 6

Humerus 8

Metatarsus 1

Radius/Ulna 22

Scapula 5

Tibia/Fibula 9

Axial

Extraskeletal 1

Mandible/Maxilla 4

Rib 2
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of the seven dogs with OSs in axial locations (n=58, HR=
1.694, p=0.024). No significant differences in HSP gene
expression were observed with regard to histological grade.
HSP27, -70 and -90alpha did not display significant associ-
ations with any of the clinicopathological parameters
assessed.

Prognostic value for heat shock protein mRNA expression
in tumors

HSP10, -22, -27, -40, -70, -90alpha and -90beta mRNA
expression (continuous data) did not show significant asso-
ciations with survival time on univariate Cox regression
analysis. However, a significant negative association be-
tween HSP60 and survival time was noted. Stratification
for postoperative chemotherapy did not result in a

significant change to the other HSPs, while the HSP60
association retained its significance (Table 5). However,
when all parameters with a p value<0.15 were analyzed
by multivariate methods (backward stepwise LR), HSP60
did not retain its significance, and only tumor histology
subtype was a strong predictor for survival among the 58
dogs with OS.

HSP60 protein expression and localization in tumors
and cell lines

The panel of HSP mRNA expression was observed in all of
the eight canine OS cell lines (Fig. 1). Because HSP60
appeared to be significantly associated with poor survival-
based on tumor mRNA expression data, this protein was
further selected for immunohistochemical analysis. A

Table 2 Univariate analyses in-
cluding stratification for postop-
erative chemotherapy treatment:
clinicopathological parameters
and their association with
survival time

aContinuous variable
bCategorical variable

Parameter No. of
dogs (n)

Hazard ratio Lower Confidence
Limit (95 %)

Upper Confidence
Limit (95 %)

p value

Agea 55 1.038 0.922 1.168 0.541

Sex 55 0.713 0.380 1.340 0.293

Maleb

Female

Histological grade 53 1.005 0.511 1.976 0.989

Low/mediumb

High

Subtype 53 0.362 0.179 0.734 0.005

Osteoblasticb

Mixed

Pre-surgical serum
Alkaline phosphatasea

38 1.003 1.000 1.006 0.043

Table 3 Primers used for qPCR.
Gene names are given for the
dog with the consensus
nomenclaturefor humans in
brackets

Ta annealing temperature

Gene Accession ID Primer Sequence (5′ to 3′) Ta (°C)

HSP10 (HSPE1) XM_536017 Forward TGG AGG CAC CAA AGT AGT CC 60

Reverse TTC GCT TCA TGC CGT TTT A

HSP22 (HSPB8) NM_001003029 Forward AGC CCT GGA AAG TGT GTG TC 58.5

Reverse ATG CCA CCT TCT TGT TGC TT

HSP27 (HSPB2) NM_001003295 Forward GGT GGA GAT AAC TGG CAA GC 59

Reverse AGG AGG AGA CCA GGG TAG GA

HSP40 (DNAJB1) XM_531970 Forward TCG TCA TCA CCT CTC ATC CA 59

Reverse AGC CAT TCT CGG GGA AGT T

HSP60 (HSPD1) XM_536016.2 Forward GCA GAG TTC CTC AGA AGT TGG 60

Reverse CAG CAG CAT CCA ATA AAG CA

HSP70 (HSPA9) XM_858735.1 Forward CTT TGA CCA GGC CTT GCT AC 62

Reverse CAC CTG CAC AGA TGA GGA GA

HSP90α (HSPC2) XM_843690 Forward CTT GAC CGATCC CAG TAA GC 59

Reverse TAT TGA TCA GGT CGG CCT TC

HSP90ß (HSPC3) NM_001003327 Forward AGA AAG AAT GCT TCG CCT CA 62

Reverse TCA TCG TCC TGC TCT GTG TC
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western blot analysis was carried out using total protein
lysate isolated from eight canine OSs and three human OS
cell lines. This analysis was performed to demonstrate the
cross-species reactivity and specificity of the antibody used
for subsequent immunohistochemistry and to quantify ex-
pression across the cell lines. A band corresponding to
60 kDa was detected by western blot in all OS cell lines
(Fig. 2a) with, in the cases of KOS-001 and -004, an addi-
tional band due to potential post-translational modifications.
Immunohistochemistry for HSP60 was performed on 32 of
the histological sections available from the tumors used for
the mRNA expression analysis. HSP60 immunoreactivity
was detected as granular cytoplasmic staining in the canine
OS tissues, with higher expression and intensity found with-
in the multinucleated giant cells and less expression in
tumor osteoblasts (Fig. 2b). A heterogeneous immune
staining was observed within the tumor. Survival analyses
revealed a trend for HSP60 protein expression comparable
to the results of mRNA expression; medium/high HSP60

protein expression was detected for the 32 tumor sections.
The comparison of tumors with positive staining based on
the aforementioned classification of the 32 tumors did not
reach significance for either survival (log rank score=1.857,
p=0.173) or the disease-free interval (log rank score=1.928,
p=0.165) (Fig. 3). However, a trend toward poor prognosis
for tumors expressing high levels of HSP60 was demon-
strated on Kaplan–Meier survival analysis, with a more than
1.8-fold higher risk for death. These tests revealed no sig-
nificant difference in data distribution between the two
groups (high vs. low HSP60 expression) with respect to
sex, neuter status, postoperative chemotherapy, body
weight, histological grade and subtype (Table 6).

Downregulation of HSP60 expression by siRNA

To investigate the biological roles of HSP60 in canine OS,
canine-specific siRNA from predicted HSP60 sequences
were custom designed to selectively inhibit gene expression.

Table 4 Association of HSP mRNA expression and clinicopathological parameters in 58 canine OS assessed in this study

Parameter HSP Expression ratio 95 % Confidence Interval p value Regulationa

Histological subtype

Mixed versus Osteoblastica 10 1.321 0.321–4.505 0.053

Mixed versus Osteoblastica 60 1.311 0.481–5.073 0.037 UP

Survival time

Long survivors− versus short survivors+ a 60 1.621 0.869–2.617 0.003 UP

Long survivors versus short survivors+a 60 1.330 0.470–3.562 0.007 UP

Age

≤5 years versus>5 yearsa 90B 0.689 0.214–2.389 0.020 DOWN

Necrosis

<50 % versus>50 %a 40 0.649 0.209–1.954 0.005 DOWN

Response to chemotherapy

Poor respondersa versus good responders 22 1.730 0.229–21.811 0.026 UP

Survivors+ short survivors: dogs that received postoperative chemotherapy treatment but lived less than 6 months due to high metastasis rate; long
survivors− dogs that did not receive postoperative chemotherapy and lived more than 6 months post-limb amputation
a Expression regulation is depicted for this group

Table 5 Univariate analyses of
HSP mRNA expression in
tumors upon stratification for
postoperative chemotherapy
(association with survival time)

aFor three dogs, no data were
available on postoperative che-
motherapy. Therefore, survival
analyses including stratification
for chemotherapy was
performed on 55 dogs

HSP No. of dogs (n)a Hazard ratio 95 % Confidence interval p value

HSP10 55 1.278 0.779–2.097 0.331

HSP22 55 1.041 0.830–1.306 0.729

HSP27 55 1.036 0.782–1.372 0.807

HSP40 55 0.928 0.583–1.477 0.752

HSP60 55 1.699 1.045–2.763 0.032

HSP70 55 1.109 0.804–1.531 0.528

HSP90alpha 55 1.128 0.851–1.494 0.404

HSP90beta 55 1.297 0.783–2.149 0.313
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Fig. 1 Heat shock protein mRNA expression in canine osteosar-
coma cell lines. Target gene mRNA expression was calculated
based on the standard line calculated efficiencies (MyIQ software)
and normalized with reference genes (geometric mean of GAPDH

and RPS19). The normalized expression from three serial RNA
samples of cells grown under a sub-confluent monolayer in nor-
mal culture conditions was averaged, and the data are presented
with ± SD
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Fig. 2 Immunohistochemistry and western blot analyses for HSP60 in
canine and human OS. a HSP60 protein expression was normalized to
loading control beta-actin expression. Variable HSP60 expression
levels were detected for eleven OS cell lines (3 human cell lines,
U2OS, MG63, and SaOS2, and 8 canine cell lines). All cell lines
demonstrated a main band at 60 kDa for the HSP60 antibody LK-1;
b Immunohistochemistry of HSP60 in primary canine and human OS:

(a) human OS with high expression in osteoblasts and osteoclasts; (b)
high expression in canine OS; (c) canine OS tumor negative for
expression of HSP60; (d) granular, cytoplasmic expression in
multinucleated cells and tumor osteoblasts of canine OS; (e) moderate
to high expression in canine OS; (f) heterogeneous expression within
the same tissue section of a canine OS; (g) and (h) scattered, weak
intensity in osteoblasts; (i) canine liver tissue (positive control)
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Two canine OS cell lines, HMPOS and KOS-003, with met-
astatic characteristics were used. HSP60 siRNA-transfected
cells clearly demonstrated downregulation of HSP60 mRNA
from as early as 12 to 60 h post-transfection (Fig. 4a). KOS-003
was observed to have a maximum of approximately 70 %
HSP60 mRNA downregulation compared to 90 % in
HMPOS (Fig. 4b), and obvious protein downregulation was
observed from 48 to 96 h for both cell lines on western blot
assay (Fig. 4c).

Cell proliferation of both canine OS cell lines was sig-
nificantly inhibited by HSP60 siRNA, as demonstrated by a
decrease of cell counts and total DNA content in time (Fig. 5).
Cells transfected with siRNA were subjected to cell cycle

analysis after 72 h of transfection. Tritium-thymidine incorpo-
ration after normalization for DNA content revealed signifi-
cantly lower numbers of siRNA-treated HMPOS cells in the S
phase of the cell cycle after 4.5 h of incubation, suggesting that
the growth velocity of HMPOS was inhibited. Intriguingly,
KOS-003 cells did not show a significant difference in
tritium-thymidine incorporation. Both cell lines demonstrated
enhanced caspase-3/7 activity after siRNA transfections,
suggesting that downregulation of HSP60 in these two OS cells
promotes apoptosis. The most significant activation of caspase-
3/7 was observed at 24 h post-transfection (p<0.05) for both
cell lines; however, the activity decreased over time in both
HMPOS and KOS-003 (Fig. 6).

Fig. 3 Survival curves for
HSP60 protein expression in
canine OS primary tumors.
Cumulative survival was
plotted against survival time
(left panel) or disease free
interval (right panel) for dogs
with low-negative HSP60
protein expression or medium/
high expression

Table 6 Distribution of vari-
ables between the absent/low
(n=14) and medium/high
(n=18) HSP60-stained tissue
sections by Fisher’s exact test

aMissing data

Parameter Absent/low
HSP60 staining

Medium/high
HSP60 staining

(Fisher’s exact test)
p value

Gender

Female 5 8 0.725

Male 9 10

Neuter status

Neutered 8 6 0.283

Intact 6 12

Postoperative chemotherapy

Yes 8 11 1.000

No 6 7

Weight

≤40 kg 6 9 0.735

>40 kg 8 9

Histological gradea

High 8 13 0.441

Medium/low 6 4

Subtypea

Osteoblastic 5 9 0.473

Mixed 9 8

Median survival time (days) 191 (3–1752) 118 (13–1185)

Median disease free interval (days)a 106 (0–1752) 103 (0–1185)
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Discussion

Clinical and pathological relevance for HSP expression
in canine OS

In the present study, we evaluated the expression of several
heat shock proteins in a cohort of 58 canine primary appen-
dicular tumors and 8 OS cell lines. In accordance with
previous clinicopathological studies (Garzotto et al. 2000;
Kirpensteijn et al. 2002; Misdorp and Hart 1979; Selvarajah
et al. 2009), the osteoblastic subtype and increased serum
alkaline phosphatase were associated with poor survival in
dogs with OS in this dataset. The relative mRNA expression
of HSP60 and -10 had significant overexpression in canineOS
with predominant osteoblastic histology compared to mixed
histology (osteoblastic with chondroblastic, fibroblastic, or
telangiectatic combinations). In reports examining human
OS, a strong correlation between HSP27 and histological

subtype has been found (Moon et al. 2010). Studies on canine
malignant mammary tumors have revealed enhanced HSP27
and -90 expressions compared to normal mammary gland
tissues, while HSP27 is associated with invasive stages and
correlates with shorter post-surgical survival in dogs. HSP27
expression in canine OS was not associated with clinicopath-
ological parameters (Romanucci et al. 2006).

One of the major challenges of managing dogs with OS is
to inhibit metastasis, as metastasis is almost inevitable and is
commonly associated with resistance to conventional che-
motherapies. In the canine OS tumors in this study, HSP22
was found to be significantly over-expressed in tumors from
dogs that responded poorly to postoperative chemotherapy
regimes. Because limited investigations have focused on the
roles of HSP22 in cancer and resistance to chemotherapy,
this finding deserves further exploration. However, HSP27,
which functions closely with HSP22 (a small heat shock
protein) (Benndorf et al. 2001), was observed to be associated

Fig. 4 HSP60 mRNA and protein expression upon targeting with ca-
nine-specific HSP60 siRNA in two OS cell lines. a HSP60 mRNA
expression was normalized to reference genes (RPS5 and GAPDH),
and the relative expression is depicted from pooled expression data from
four experimental RNA samples assayed in duplicate by qPCR. bHSP60

siRNA efficiently downregulated HSP60 mRNA expression by up to
70 % for KOS-003 and by 90 % in HMPOS relative to mock-transfected
cells. cWestern blot analyses reveal a consistent decrease in HSP60 total
protein expression at 72 h post-transfection compared to mock-
transfected cells and cells grown under normal culture conditions
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with resistance to chemotherapy and poor prognosis in human
OS (Uozaki et al. 1997), while inhibition of this protein was
found to enhance the response to zoledronic acid therapy
(Morii et al. 2010).

Of the eight HSPs investigated for prognosis, only HSP60
mRNA expression was significantly and inversely associated
with survival time. In a previous microarray study on canine
OS tissues, HSP60, -70, and -90α mRNA expression was
found to be associated with poor survival (Selvarajah et al.
2009). Although we found an overexpression of HSP70 or

HSP90α in poor survivors in the present study, these associ-
ations were not statistically significant in the larger series used
for qPCR. Further immunohistochemical staining for HSP70
and HSP90 on canine tumor tissue sections should clarify the
prognostic value of these HSPs in canine OS.

Apart from the HSP expression in canine OS tumors, we
have shown that the various HSP mRNAs are also expressed
in canine OS cell lines. Additionally, among the clinically
relevant HSPs from the mRNA screening in canine tumors,
HSP60 was selected for further protein expression and

Fig. 5 HSP60 siRNA inhibition of cell proliferation observed from
different assays. a, b Pico green DNA content assay. A significant
decrease in DNA content was measured from 72–96 h post-trans-
fection (bars represent triplicate measurements (±) SD). c MTT
assay demonstrates significant cell growth inhibition in both cell
lines over time. d Tritium-thymidine incorporation was significantly

decreased in HMPOS (p<0.001), but no differences were observed in
KOS-003 cells treated with siRNA compared to mock controls
(bars represent average of 6 experimental wells repeated twice,
and the ratios of tritium incorporation (in counts per minute) to the total
DNA content (in micrograms per milliliter) are averaged and presented
with ±SD)

Fig. 6 Apoptosis was increased significantly as observed by induction
of caspase-3/7 in both a HMPOS (57 % relative to mock) and b KOS-
003 (48 % increase relative to mock) cells at 24 h post-transfection. A

subsequent decline in caspase-3/7 activity was observed at 48 and 72 h.
(*p<0.05, two-sided unpaired Student’s t test). The caspase activity
was calculated after subtracting background luminescence
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functional analyses. HSP60 expression in all canine OS cell
lines was comparable to the three human OS cell lines by
western blot. This examination was essential to prove the
specificity of the antibody for canine tissues. HSP60 protein
expression was observed in osteoblast-type tumor cells, and
it was highly expressed in giant cell types (osteoclasts), as
demonstrated by immunohistochemistry performed on both
dog and human OS tumor sections. However, not all tumors
were found to express this protein, and due to the heteroge-
neity of expression within individual tumor sections, the
expression alone did not reveal statistical significance upon
prognostic evaluations. There was a clear trend of higher
expression correlating with poorer outcome in dogs with
OS. Unfortunately, the small number of cases made statisti-
cal analyses of the complicated data cumbersome. Although
HSP60 was associated with survival time, this result should
be confirmed using a larger study. Analysis of large-scale
prognosis-associated gene expression is limited because of
heterogeneous histology characteristics, the variable HSP60
protein expression within each tumor, the limited clinical
data available, and the non-standardized chemotherapy pro-
tocols and follow-up times. Prognostic studies for HSP60
protein expression have been performed on several human
tumors, including OS (Cappello 2003; Cappello et al. 2003;
2005; Faried et al. 2004; Moon et al. 2010), and have been
associated with discrepancies in the prognostic evaluation of
HSP60 on human OS tissue sections by means of immuno-
histochemistry (Moon et al. 2010; Uozaki et al. 2000).
However, the great similarity in tumor histology, character-
istics, and gene expression found between dog and human
OS (Paoloni et al. 2009) suggests that the molecular func-
tion of HSP60 in OS pathogenesis contributes to the aggres-
sive phenotype and deserves further exploration, including
its subcellular localization and complex formation with
HSP10.

HSP60 as a relevant therapeutic target for subset
of canine OS

Among the different approaches for cancer therapy, RNA
interference offers a mechanism that facilitates the sequence-
specific gene expression silencing of a protein that is highly
expressed in tumors. This approach is normally evaluated on
cancer cells in vitro, and the specificity for targeting a tumor
cell type from the surrounding normal cells needs to be
determined before they can be further translated into the
clinical setting. In this study, we used small interfering RNA
(siRNA) to investigate the cellular effects of HSP60
downregulation in two canine OS cell lines. The hypothesis
was that HSP60 is essential for cell cycle and proliferation and
that downregulation would elicit apoptotic effects in OS.
Inhibiting HSP60 in canine cells is novel, but this approach
has already shown promising effects on human cancer cells,

including OS. A study on human OS cells has demonstrated
that a stable transfected short hairpin RNA that targets HSP60
resulted in cell growth arrest (Kaul et al. 2006). By down
regulating this protein in vitro, both canine OS cell lines
demonstrated increased apoptosis for the first 24 h, which
declined over time. Cell proliferation of both KOS-003 and
HMPOS was significantly inhibited by downregulation of
HSP60. However, only in HMPOS, also a lower tritium-
thymidine incorporation was observed at 72 h suggesting that
lower cell numbers were a combined effect of transiently
increased apoptosis and a lower amount of cells in S-phase
whereas in KOS-003 cells the transient increased apoptosis
at 24 h seemed to be solely responsible for cell growth
inhibition.

The potential role for cytosolic HSP60 in carcinogenesis
has been suggested; however, its role in tumor cell survival
is controversial because both pro-apoptotic and anti-
apoptotic (pro-survival) functions have been reported.
HSP60 is involved in forming a complex with HSP10 and
the apoptotic protein pro-caspase-3 (Samali et al. 1999). In
vitro experiments have demonstrated a stimulatory effect of
HSP60 on pro-caspase-3 activation by cytochrome c and
dATP. Therefore, HSP60 may be involved in activating pro-
caspase-3 by folding/maintaining this protein in a protease-
insensitive conformation. Other investigations have re-
vealed that cytosolic HSP60 accumulation is commonly
seen during apoptosis induction. However, this accumula-
tion occurs with or without apparent mitochondrial HSP60
release. It seems that HSP60 possesses a pro-apoptotic role
when a significant mitochondrial HSP60 release is present.
In contrast, a pro-survival role is present when HSP60
accumulates without mitochondrial release. These variations
are the consequence of differential interactions with
caspase-3 (Chandra et al. 2007). The canine OS cells dem-
onstrated early caspase-3/7 induction, which was apparent
within 24 h of siRNA targeting. However, this induction
decreased over time. The ratio and composition of HSP60
within the mitochondrial or cytosolic compartments in
these canine cells was not investigated in this study, and
further exploration is needed to determine whether the
differences in caspase activity and cell cycle are due to differ-
ences in the role of HSP60 resulting from the different cellular
localization.

In conclusion, canine OS primary tumors and cell lines
express several HSP members. HSP60 mRNA was associ-
ated with poor clinical outcome. Heterogeneous protein
expression was observed in OS of both humans and dogs.
Gene silencing using siRNA approaches against HSP60
promotes apoptosis and inhibits cell proliferation of canine
OS cells in vitro. These studies therefore affirm the
suggested development of HSP60 targeting drugs for anti-
cancer therapies (Pace et al. 2012) which could be tested in
dogs and also used for human OS studies.
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