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Canine osteosarcoma cells exhibit basal accumulation of multiple
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Abstract

Osteosarcoma is the most common type of bone cancer in dogs and humans, with significant numbers of patients experi-
encing treatment failure and disease progression. In our search for new approaches to treat osteosarcoma, we previously
detected multiple chaperone proteins in the surface-exposed proteome of canine osteosarcoma cells. In the present study, we
characterized expression of representative chaperones and find evidence for stress adaptation in canine osteosarcoma cells
relative to osteogenic progenitors from normal bone. We compared the cytotoxic potential of direct (HA15) and putative
(OSU-03012) inhibitors of Grp78 function and found canine POS and HMPOS osteosarcoma cells to be more sensitive to
both compounds than normal cells. HA15 and OSU-03012 increased the thermal stability of Grp78 in intact POS cells at low
micromolar concentrations, but each induced distinct patterns in Grp78 expression without significant change in Grp94. Both
inhibitors were as effective alone as carboplatin and showed little evidence of synergy in combination treatment. However,
HMPOS cells with acquired resistance to carboplatin were sensitive to inhibition of Grp78 (by HA15; OSU-03012), Hsp70
(by VER-155008), and Hsp90 (by 17-AAG) function. These results suggest that multiple nodes within the osteosarcoma
chaperome may be relevant chemotherapeutic targets against platinum resistance.
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Introduction

The molecular chaperones are a large group of proteins that
are critical for maintaining cellular proteostasis under nor-
mal conditions. They include multiple family members that
can be upregulated in rapid response to internal or external
stress signals to preserve normal cell function (Balch et al.
2008; Saibil 2013; Shemesh et al. 2021; Walter and Ron
2011). These proteins are located in all the major compart-
ments of the cell where they act to fold, unfold, and stabilize
client proteins, and thereby protect against protein misfold-
ing and accumulation of cytotoxic aggregations (Hartl et al.
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2011; Saibil 2013; Walter and Ron 2011). Molecular chaper-
ones, together with co-chaperones and other accessory pro-
teins, make up a functional signaling network known as the
chaperome (Finka and Goloubinoff 2013; Wang et al. 2006).
Studies of cultured cancer cells and patient samples indicate
that the chaperome of some human tumors changes relative
to normal cells and can be transformed into an epichaperome
characterized by an enhanced signal transduction network
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with greater functional efficiency to match the increased
physiological demands of the cancer cell (Finka and Gol-
oubinoff 2013; Joshi et al. 2018; Rodina et al. 2016). The
discovery that some cancers utilize the epichaperome for a
survival advantage also raises the possibility that an under-
standing of crosstalk in the chaperome network, as well as
the individual components, is a critical consideration for
future design and development of effective therapeutics
to target this kind of tumor dependence (Joshi et al. 2018;
Kourtis et al. 2018; Rodina et al. 2016).

Chaperone proteins are organized into subfamilies based
on their molecular mass and structural homology, but also
show tissue-specific distribution patterns that can be further
subdivided into the core chaperones and those that show var-
iable expression (Shemesh et al. 2021). This level of normal
physiological complexity presents an even greater challenge
in that changes in chaperone proteins can underlie, or occur
as a secondary consequence of, human disease (Macario
and Conway de Macario 2002). With respect to cancer,
molecular chaperones belonging to the stress-inducible heat
shock protein (Hsp) family display increased expression in
some tumors, along with changes in the function of spe-
cific proteins and in the context of the chaperome network
(Calderwood 2018; Finka and Goloubinoff 2013; Hadizadeh
Esfahani et al. 2018; Rodina et al. 2016). Additionally, Hsp
family members also show aberrant expression patterns in
cancer cells. For example, Hsp90 and Hsp70 typically func-
tion as intracellular cytosolic proteins, yet these proteins can
also be (1) secreted outside of the cell via a nonconventional
route, (2) localized at the plasma membrane without specific
membrane localization domains, and (3) associated with
the cell surface proteome (Calderwood 2018; Mambula and
Calderwood 2006; Mambula et al. 2007; Nolan et al. 2015,
2017; Shin et al. 2003; Vega et al. 2008).

In our previous analysis of intact canine osteosarcoma
cells, we identified Hsp and glucose-regulated protein (Grp)
family members as components of the surface-exposed pro-
teome (Milovancev et al. 2013). After sequential biotin-
streptavidin labeling and purification of surface proteins
from two different canine osteosarcoma cell types, multiple
unique peptides corresponding to Hsp90 (alpha and beta
isoforms), Grp78, Grp94 (with AMP-PNP bound), Hsp60,
and a constitutively expressed core chaperone (Hsc70) were
detected using liquid chromatography tandem mass spec-
trometry (LC-MS/MS). Peptides corresponding to these
molecular chaperones were not, however, identified as
components of the surface-associated proteome of normal
canine osteogenic progenitor cells (Supplementary Mate-
rial (Milovancev et al. 2013)). Grps are a subfamily of the
variable, stress-inducible Hsp family discovered for their
ability to respond to depletion in intracellular glucose (Lee
2014; Pouyssegur et al. 1977; Shiu et al. 1977). In normal
cells, Grps are primarily located within the lumen of the
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endoplasmic reticulum (ER) and have specific functions
within the ER microenvironment as protein-folding chaper-
ones for new polypeptides entering the ER secretory path-
way (Eletto et al. 2010; Marzec et al. 2012; Zimmermann
et al. 2011). With the possibility that chaperone proteins
could hold prognostic and diagnostic value in canine osteo-
sarcoma (Milovanceyv et al. 2013), the present study sought
to understand the relative expression of major molecular
chaperones detected in canine osteosarcoma cells relative to
nonmalignant osteogenic progenitor cells. We also explored
the feasibility of inhibiting specific molecular chaperones in
canine osteosarcoma cells with a focus on Grp78. We com-
pared the mechanism of action and cytotoxic potential of a
direct inhibitor of Grp78, termed HA15 (Cerezo et al. 2016),
to the atypical Grp78 inhibitor OSU-03012 (also known as
AR-12) (Booth et al. 2012; Park et al. 2008). Our studies of
canine osteosarcoma cells with acquired resistance to the
chemotherapy agent carboplatin revealed broad sensitivity
of these cells to inhibitors of Grp78 and small molecule
inhibitors of Hsp90 and Hsp70. These findings reveal cross
signaling and connectivity within the canine osteosarcoma
chaperome with implications for future drug development
aiming to improve salvage options for patients failing estab-
lished treatments.

Materials and methods
Chemicals, reagents, and antibodies

Thapsigargin (#T9033), HA15 (#SML2118), and
17-(allylamino)-17-demthoxygeldanamycin 17 (AAG;
#100,068) were purchased from Millipore Sigma (Darm-
stadt, Germany). OSU-03012 (AR-12; #A2846-5), Z-VAD-
FMK (#A1902), and VER-155008 (#A4387) were purchased
from APEXBIO Technology (Houston, TX, USA). Apratoxin
A was isolated and purified from a laboratory culture of
the marine cyanobacterium Moorea producens as described
previously (Thornburg et al. 2013). Dry compounds were
reconstituted in 100% cell culture grade dimethyl sulfox-
ide (DMSO), aliquoted, and stored at—20 °C. Working
stock solutions were prepared in DMSO on the day of the
experiment; final concentrations of DMSO never exceeded
0.1%. Carboplatin (National Drug Code: 61,703-339-50)
was purchased as an aqueous solution (10 mg/mL) from
Hospira, Inc. (Lake Forest, IL, USA). Anti-HDAC2 (sc-
9959) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA), anti-calreticulin (EPR3942; ab92516)
from Abcam (USA), and anti-integrin -1 (AF1778) from
R&D Systems (Minneapolis, MN, USA). Cy3-conjugated
anti-goat (111-165-003) and Cy2-conjugated anti-rabbit
(611-225-215) secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PN, USA). All other
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primary and secondary antibodies were from Cell Signaling
Technology, Inc. (Danvers, MA, USA), with specific codes
for each product as follows: GRP78/BiP (#3177), phospho-
Akt-Thr308 (#13,018), phospho-Akt-Serd73 (#4060), Akt
(#4691), HSP9O (#4877), HSP70 (#4873), HSP40 (#4871),
a-tubulin (#2125), CHOP (#5554), GAPDH (#5174), and
EGFR (#4267). General laboratory reagents were from
VWR International (Radnor, PA, USA).

Mammalian cell culture

All cells were maintained as adherent cultures under stand-
ard laboratory conditions at 37 °C in an atmosphere of 5%
CO,. Human DU145 prostate, U251-MG and U87-MG glio-
blastoma, and MCF-7 breast and canine D17 osteosarcoma
cells were cultured in Minimum Essential Media (Corning
Cellgro, Corning, NY, USA) supplemented with L-glutamine
(2 mM). Human MDA-MB-231 breast cancer cells were
cultured in Dulbecco’s modified Eagle’s medium (Corning
Cellgro). Human SAOS-2 osteosarcoma, SK-ES-1 Ewing’s
sarcoma, HCT116 colon, and SKOV-3 ovarian cancer cells
were cultured in McCoy’s SA medium (Millipore Sigma).
Human SF295 and canine osteosarcoma cell lines COS,
POS, and highly metastatic POS (HMPOS) were cultured
in RPMI 1640 (Corning Cellgro). All medium was supple-
mented with 10% fetal bovine serum (FBS; VWR Interna-
tional) and 1% penicillin and streptomycin (100 IU/mL peni-
cillin/100 pg/mL streptomycin; Mediatech, Inc., Manassas,
VA, USA). Canine osteogenic progenitor cells, isolated from
normal canine bone (# Cn406K-05), were purchased from
Cell Applications, Inc. (San Diego, CA, USA) and main-
tained in canine osteoblast growth medium (# Cn417K-500).

Generation of carboplatin-resistant cells

The generation and characterization of chemoresistant
canine osteosarcoma HMPOS has been described previ-
ously (Weinman et al. 2021). Briefly, cells were grown in
complete medium and treated sequentially, and continuously,
with increasing concentrations of carboplatin starting with
0.5 uM for 72 h. With each concentration, the surviving cell
population was allowed to grow, and if more than 30% of
cell death was observed after 72 h of treatment, the same
concentration of carboplatin was repeated for another 72 h.
If less than 30% cell death was observed, then the cells were
exposed to the next concentration of carboplatin. Subsequent
to the starting concentration of 0.5 uM carboplatin, the pro-
gressive concentration steps were 1 uM, 2.5 uM, 4 uM,
6 uM, 8 uM, and 10 uM. This procedure was followed until
2.5 uM and 10 uM carboplatin-resistant cells were expanded
and named HMPOS-2.5R and HMPOS-10R, respectively.

Immunocytochemistry

Cells were seeded and grown on glass coverslips in complete
medium. Once attached, cells were washed twice in phos-
phate-buffered saline (PBS) and fixed with 4% formaldehyde
for 20 min at room temperature. Cells were again washed
twice in PBS, and the formaldehyde was quenched with
complete medium for 10 min at room temperature. Follow-
ing two additional washes in PBS, permeabilized cells were
incubated with 10% Triton X-100. Cells were then washed
twice with PBS and blocked with 1% bovine serum albumin
(BSA) in PBS (BSA/PBS) for 15 min. Cells were incubated
for 1 h with anti-GRP78 and anti-integrin p1 diluted in 1:500
in BSA/PBS. The coverslips were washed in BSA/PBS for
three washes with 10 min each and then incubated with an
Alexa Fluor—conjugated secondary antibody, diluted 1:500
BSA/PBS for 30 min at room temperature. Coverslips were
washed again three times, for 10 min each, in BSA/PBS
then mounted onto glass microscope slides with ProLong™
Gold Antifade with DAPI for permeabilized cells and with-
out DAPI for cell surface expression analysis.

Images were taken using a Zeiss microscope using Axio-
Vision software. In the survey of Grp78 on the cell surface
and in permeabilized cells, the intensity was determined by
auto-optimization through the software. When comparing
the Grp78 and integrin beta 1 expression on the POS cell
surface, the exposure was held to the integrin stain as a cell
surface control. Cells were marked yes or no for determina-
tion of the percentage of integrin-positive cells that are also
Grp78 positive. Individual cell fluorescence of integrin-pos-
itive cells for Grp78 and integrin beta 1 was quantified using
ImagelJ software. The raw integrated density was corrected
by calculating the corrected total cell fluorescence (CTCF)
using the following equation: integrated density — (area of
selected cell X mean fluorescence of background readings).

Cell lysis, fractionation, and melting curve analysis

Whole cell lysates were prepared using fresh ice-cold
lysis buffer containing Tris—HCI (50 mM; pH 7.5), EDTA
(1 mM), EGTA (1 mM), 1% Triton X-100, sucrose (0.27 M),
sodium fluoride (50 mM), sodium orthovanadate (1 mM),
sodium pyrophosphate (5 mM), PMSF (1 mM), and benza-
midine (1 mM). All cell lysates were cleared by centrifuga-
tion at 16,000 X g for 20 min at 4 °C. A subcellular protein
fractionation kit (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) was used to sequentially separate and enrich pro-
tein extracts to yield nuclear, cytoplasmic, and membrane
fractions using the manufacturer’s protocol. The protein
concentration in all extracts was determined by the bicin-
choninic acid (BCA) method (Thermo Fisher Scientific,
Inc.) and normalized to the same concentration for subse-
quent analysis. Melting curves were determined for Grp78
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and o-tubulin according to the method detailed in Jafari et al.
(2014). Briefly, 4 x 107 POS cells were seeded into T175
flasks and allowed to adhere for 18 h under standard growth
conditions. The next day, cells were treated for 1 h with
0.1% DMSO (vehicle), HA15, or OSU-03012 (at concentra-
tions indicated), dissociated from each flask with trypsin and
transferred to 15-mL tubes for collection by centrifugation
(300 x g for 3 min). After careful removal of the superna-
tant, cell pellets were washed and resuspended in PBS with
protease inhibitors. The cell suspension was distributed into
four tubes (per treatment) to a volume of 100 pL per tube
and subjected to heat treatment (3 min) at the temperatures
45 °C, 48 °C, 51 °C, and 54 °C using a Veriti 96-well ther-
mal cycler (Applied Biosystems # 4,375,786). Samples were
cooled to room temperature and cells subsequently lysed
through two successive rounds of freeze—thaw cycles. All
samples were immediately processed for immunoblot analy-
sis under standard denaturing conditions.

Western blot analysis

Samples were prepared in 4 X SDS sample loading buffer
and subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were then transferred
to polyvinylidene fluoride (PVDF) membranes (Thermo
Fisher Scientific), the membranes blocked in 5% (w/v)
nonfat dry milk in Tris-buffered saline (TBS): Tris—HCl
(50 mM; pH 7.4) and NaCl (150 mM) containing 0.05%
Tween-20 (TBS-T). Membranes were then incubated for
16 h at 4 °C with gentle rotation in the appropriate primary
antibody diluted in 5% (w/v) BSA in TBS-T. On the follow-
ing day, membranes were washed with TBS-T 2 X for 5 min,
then incubated in appropriate horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature.
Membranes were finally washed in TBS-T 3 X for 5 min,
and target proteins detected by chemiluminescence using
detection reagents (Amersham ECL Chemiluminescent Rea-
gents, GE Healthcare Bio-Sciences, Pittsburg, PA, USA) and
visualized using a myECL™ Imager system (Thermo Fisher
Scientific).

Analysis of caspase activity and cell viability

For caspase activity assays, cells were seeded at a density of
3000 cells/well in 96-well white-walled, clear-bottom plates
(Greiner Bio-One, Monroe, NC, USA) and treated with
0OSU-03012 (100 nM-3 pM) or vehicle (0.1% DMSO). At
the end of treatment caspase-3,7 activity was measured using
a luminescence-based caspase-Glo 3/7 assay (Promega, WI,
USA). The caspase-Glo reagent, which also serves to lyse
the cells, was added directly to each well and the result-
ing luminescence was measured every 30 min for 2 h using
a Synergy HT microplate reader (BioTek Instruments,
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Vermont, USA). For viability assays, cells were seeded at a
density of 3000 cells/well in 100 pL. of complete medium in
96-well plates. After 18 h, cells were treated with increas-
ing concentrations of OSU-03012, HA1S5, apratoxin A, car-
boplatin, or vehicle (0.1% DMSO). General cell viability
was assessed using a colorimetric 3-(4,5-dimethylthiazol-
2-yl1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay in which viable cells generate
a formazan product detected at 490 nm using a microplate
reader (BioTek Instruments). For caspase inhibitor assays,
cells were treated with Z-VAD-FMK (50 uM) 5 min before
the addition of OSU-03012 or vehicle (0.1% DMSO). For
these studies, viability was assessed after 24 h using a lumi-
nescence-based assay designed to detect cellular ATP in
viable cells (CellTiter Glo®, Promega). In all assays, the
viability of vehicle-treated cells at the end of the study was
used to define 100% cell viability.

Data analysis

Concentration—response relationships were analyzed using
GraphPad Prism software (GraphPad Software, Inc., San
Diego, CA, USA), and ECs, values were determined by non-
linear regression analysis fit to a logistic equation. Analysis
of potential synergy between carboplatin and OSU-03012 or
HA15 was determined using the Chou-Talalay combination
index method with CompuSyn (CompuSyn, Inc., Paramus,
NIJ, USA) software (Chou 2006; Chou and Talalay 1984).
Fraction-affected (Fa) values were calculated from mean
cell viability of technical replicates (subtracted from 1 for
each condition). For immunoblot analysis, signals were
normalized to the intensity of control proteins (a-tubulin
or GAPDH) and quantified relative to control using ImageJ
software (rsbweb.nih.gov/ij). Statistical significance of
data derived from cell viability assays and quantification of
immunoblot assay were performed using a one-way analysis
of variance (ANOVA) followed by a Student’s ¢ test compar-
ing untreated controls and treatment groups. P values less
than 0.05 were considered significant.

Results

Canine osteosarcoma cells show increased basal
expression of glucose-regulated and heat shock
proteins

As a follow-up to our earlier study (Milovancev et al.
2013), we compared the expression pattern of representa-
tive molecular chaperones in whole cell lysates prepared
from POS osteosarcoma cells, HMPOS osteosarcoma cells,
and nonmalignant osteogenic progenitor cells from normal
canine bone. Immunoblot analysis of Grp78, Grp94, Hsp90,
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Fig. 1 Localization of Grp78 in canine osteosarcoma cells. A
Immunoblot analysis of Grp78, Grp94, Hsp90, Hsp70, Hsp40, and
a-tubulin expression in whole cell lysates prepared from normal oste-
ogenic progenitor cells (OPCs) from normal bone, POS, and HMPOS
canine osteosarcoma cancer cells. B Immunoblot analysis of Grp78
and representative control proteins in cytoplasmic (C), membrane
(M), and nuclear (N) fractions from canine POS and HMPOS oste-
osarcoma cells. Samples were probed with anti-Grp78 and primary
antibodies for detection of cytosolic (Hsp90, GAPDH), membrane
(EGFR), and nuclear (HDAC?2) proteins as indicated. Whole cell
lysates (panel A) or cell fractions (panel B) were prepared at the same

Hsp70, and Hsp40 showed increased expression of all five
variable chaperones in POS and HMPOS cancer cells rela-
tive to primary osteoblasts (Fig. 1A). We also compared
the general subcellular expression pattern of Grp78 and
Hsp90 in POS and HMPOS osteosarcoma cells relative
to other control proteins enriched in membrane (EGFR),
cytoplasmic (GAPDH), and nuclear (HDAC-2) compart-
ments. Membrane fractions derived from POS or HMPOS
osteosarcoma cells were strongly immunoreactive for Grp78
relative to cytoplasmic fractions, whereas nuclear fractions
showed weak to no detectable immunoreactivity (Fig. 1B).
In contrast, Hsp90 was most abundant in the cytoplasmic
fraction of both cell types and absent from nuclear frac-
tions (Fig. 1B). With a significant fraction of total Grp78
protein associated with cell membranes, we focused on
the potential for surface Grp78 expression in these cells as
observed in our proteomic study (Milovancev et al. 2013).
Immunocytochemistry of POS osteosarcoma cells under
nonpermeabilized conditions revealed a diffuse pattern of
cell surface Grp78 associated with most cells in each visual
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time; images are representative of three independent comparisons of
all cell lines. C Immunocytochemical analysis of Grp78 distribution
in canine POS osteosarcoma cells. Top row: nonpermeabilized or per-
meabilized cells were stained with anti-Grp78 (green) or anti-Grp78
plus DAPI to visualize nuclei stained (blue), respectively. Bottom
row: nonpermeabilized cells were stained with anti-integrin f-1 (red)
or anti-integrin -1 plus anti-Grp78 (merged). D Quantification of
corrected total cell fluorescence (CTCF) in cells co-stained for inte-
grin B-1 plus Grp78 measured from three independent comparisons
(n=29 cells)

field, whereas permeabilized cells showed a distinct punctate
pattern of Grp78 immunoreactivity (Fig. 1C). Further analy-
sis of Grp78 immunoreactivity, relative to that of the integ-
rin f-1 receptor, showed wide surface expression of integrin
-1 in POS cells under nonpermeabilized conditions, and in
co-stained cells, 82.6% of all integrin p-1-positive cells also
scored positive for Grp78 (Fig. 1C).

Next, we compared total Grp78 expression in untreated,
canine osteosarcoma cells and several human cancer cell
lines representing different histological subtypes. Grp78
expression in three canine osteosarcoma cell lines (D17,
COS; POS) was comparable, or higher, to that detected in
human SK-ES-1 Ewing sarcoma and SAOS-2 osteosarcoma
cells, respectively (Fig. 2A). Other human cancer cell types
showed high Grp78 expression including glioblastoma
(U87-MG, SF295, U251-MQG), a triple-negative breast
cancer (MDA-MB-231), a prostate (DU-145), and colon
(HCT116) cancer cell line (Fig. 2A). In contrast, human
breast (MCF-7), ovarian (SKOV-3), and osteosarcoma
(SAOS-2) cells showed low basal expression of Grp78.
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Fig.2 Comparative analysis of basal and stress-induced Grp78
expression in canine and human cancer cells. A Immunoblot analy-
sis of Grp78 and a-tubulin expression in (from left to right) human
SAOS-2 osteosarcoma, human SK-ES-1 Ewing’s sarcoma, canine
osteosarcoma (D17, COS, POS), human glioblastoma (SF-295,
U87-MG, U251-MG), human breast (MDA-MB-231, MCEF-7),
human DU145 prostate, human SAOS-2 osteosarcoma, human
HCT116 colon, and human SKOV-3 ovarian cancer cells. Whole cell
lysates, for each panel, were prepared at the same time and processed
for Western blot analysis with the antibodies indicated. Lysates were
analyzed on separate gels with human SAOS-2 osteosarcoma cells

Taken together, these data support and extend the results of
our earlier proteomic study and indicate that canine osteosar-
coma cells show cell surface expression of the resident ER
chaperone Grp78 and high basal accumulation of multiple
molecular chaperones.

To determine if Grp78 expression could be further
induced in canine osteosarcoma cells, D17, COS, POS,
and HMPOS cells were treated with a fixed concentra-
tion of thapsigargin (3 uM), a potent inducer of ER stress
(Lytton et al. 1991; Wong et al. 1993). After 24 h, all four
canine osteosarcoma cell types showed large upregulation
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common to the 5- and 9-panel comparison; images are representa-
tive of three independent comparisons of each panel. B Immunoblot
analysis of Grp78, CHOP, and a-tubulin expression in the absence
(0.1% DMSO) or presence of thapsigargin (3 uM) in human SAOS-2
osteosarcoma, canine D17 or COS osteosarcoma cells, and human
SK-ES-1 Ewing’s sarcoma, canine POS, or HMPOS osteosarcoma
cells. Cells were grown under standard conditions and treated with,
or without, thapsigargin for 24 h. Whole cell lysates were probed
with antibodies against Grp78, CHOP, and a-tubulin (loading con-
trol) as indicated. Images are representative of a comparison that was
repeated three times

of Grp78 expression relative to vehicle-treated cells in
a manner that was qualitatively indistinguishable from
human SK-ES-1 Ewing sarcoma cells or SAOS-2 osteo-
sarcoma cells treated under the same conditions (Fig. 2B).
Increases in Grp78 were accompanied by induction of
the ER stress—associated transcription factor CCAAT-
enhancer-binding protein homologous protein (CHOP),
which was detected in all thapsigargin-treated canine and
human cells (Fig. 2B) and consistent with a typical pattern
of ER stress signaling.
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Grp78 inhibitors are cytotoxic to canine
osteosarcoma cells

To explore the feasibility of perturbing Grp78 function in
canine osteosarcoma cells, we compared the action of two
different pharmacological inhibitors of Grp78: (1) HA1S,
a specific inhibitor of Grp78 (Cerezo et al. 2016), and (2)
OSU-03012, a derivative of the nonsteroidal anti-inflam-
matory agent celecoxib that has been reported to decrease
Grp78 expression (Booth et al. 2012; Park et al. 2008).
The cyanobacterial natural product apratoxin A was also
included as a reference inhibitor of nascent Grp78 biosyn-
thesis for comparison with OSU-03012 (Liu et al. 2009;
Paatero et al. 2016). For these studies, POS osteosarcoma
cells were treated with or without OSU-03012, HA15, or
apratoxin A, and whole cell lysates collected and analyzed
for expression of Grp78, Grp94, and calreticulin relative to
vehicle (0.1% DMSO)-treated cells. Immunoblot analysis
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Fig.3 Analysis of Grp78 and Grp94 expression in response to treat-
ment with OSU-03012, apratoxin A, or HA15. A Expression of
Grp78 and Grp94, relative to calreticulin and a-tubulin, in canine
POS osteosarcoma cells in the absence (0.1% DMSO) or presence
of OSU-03012 (3 uM), apratoxin A (300 nM), and HA15 (10 pM)
after 8 h or 24 h. At the end of treatment, whole cell lysates were pro-
cessed for immunoblot analysis and probed with antibodies against
Grp78, Grp94, calreticulin, and a-tubulin as indicated. B Histograms
show quantification of Grp78 and Grp94 expression from three inde-
pendent experiments. Signals were normalized to o-tubulin and sta-
tistical significance in treated versus untreated cells indicated as
*p<0.05, #*p <0.01, ***p <0.001, or ****¥p <0.0001

of cell lysates harvested 8 h or 24 h after treatment revealed
Grp78 protein expression to be sensitive to all three com-
pounds; however, each compound induced a different pat-
tern of change in the three resident ER proteins surveyed
(Fig. 3). OSU-03012 induced a biphasic response that was
unlike the effect of apratoxin A or HA15; Grp78 expression
was enhanced at 8 h, and decreased significantly by 24 h in
the presence of OSU-03012 without statistically significant
changes in expression Grp94 or calreticulin. Apratoxin A
induced statistically significant decreases in Grp78 immu-
noreactivity at 8 h and 24 h, without significant changes
in Grp94 expression over this timeframe, and was the only
compound to inhibit calreticulin expression. HA 15 treatment
induced statistically significant increases in Grp78 immu-
noreactivity, relative to vehicle-treated POS cells, without
statistically significant changes in Grp94 or calreticulin
expression (Fig. 3).

To assess the feasibility of targeting canine Grp78 with
these molecules, we compared the viability of normal canine
cells with canine and human osteosarcoma cells after expo-
sure to each of the three compounds. Apratoxin A showed
low nanomolar cytotoxicity to nonmalignant canine osteo-
genic progenitors (Fig. 4A) and was potently cytotoxic to
SAOS-2 (Fig. 4B), POS (Fig. 4C), and HMPOS (Fig. 4D)
osteosarcoma cells (Table 1). In contrast, distinct differences
were observed in the effects of OSU-03012 and HA15 on
osteogenic progenitor cells from normal bone. OSU-03012
showed micromolar cytotoxicity (EC5,=5.8 uM), whereas
HA15 was relatively nontoxic to nonmalignant cells which
remained over 75% viable after a 72-h exposure to a rela-
tively high (30 uM) concentration of HA15 (Fig. 4A). HA15
was also relatively nontoxic to human SAOS-2 osteosar-
coma cells (Fig. 4B) but was efficacious against canine POS
(Fig. 4C) and HMPOS (Fig. 4D) cells at low micromolar
concentrations (Table 1). OSU-03012 showed similar cyto-
toxic potency to HA1S5 against canine POS and HMPOS
cells and was a slightly more efficacious cytotoxin; OSU-
03012 was characterized by a steep concentration-response
curve and induced a greater cell kill than HA15 in both POS
and HMPOS osteosarcoma cells at the highest concentration
(30 uM) tested (Fig. 4C, D). These data indicate that both
HAT1S5 and OSU-03012 are more toxic to canine osteosar-
coma cells than canine osteogenic progenitors from normal
bone and, of the two compounds, HA15 would be predicted
to have a more favorable therapeutic index.

0SU-03012 and HA15 bind Grp78 and induce
apoptosis in canine osteosarcoma cells

The growth inhibitory effects of OSU-03012 at low (3 to
5 uM) micromolar concentrations were first attributed to
direct inhibition of PDK1 in cancer cells (Zhu et al. 2004).
However, molecular docking studies later predicted that
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Fig.4 Concentration-response analysis of OSU-03012-, apratoxin
A-, and HA15-induced changes in cell viability in normal canine
osteoblasts relative to representative human and canine osteosarcoma
cells. Cell viability of A canine osteogenic progenitor cells (OPCs),
B human SAOS-2 osteosarcoma, C canine POS osteosarcoma, and
D canine HMPOS osteosarcoma cells exposed at the same time to
increasing concentrations of OSU-03012, apratoxin A, HAIS, or

OSU-03012 binds directly to the ATPase domain of Grp78
(Bhattacharjee et al. 2015). To understand if OSU-03012
can engage Grp78 in living canine osteosarcoma cells, we
utilized a cellular thermal shift technique in which the action
of OSU-03012 was compared with the specific Grp78 inhibi-
tor HA15 (Cerezo et al. 2016). For these studies, POS cells
were incubated under normal growth conditions for 1 h at
37 °C with either OSU-03012, HA15, or vehicle (DMSO
0.1%), and intact cells collected and resuspended in PBS.
Cells were then heated for 3 min at fixed temperatures to
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vehicle (0.1% DMSO) for 72 h. Cell viability was determined by
the MTT assay. The viability of vehicle-treated cells was defined as
100%. Graphs show a single comparison of three compounds across
four cell types that was repeated three times. Points refer to average
viability (n=3 wells) and curves represent the fit of data points by
nonlinear regression analysis to a logistic equation

denature all unbound proteins, cooled, and subjected to
freeze—thaw samples to lyse the cells. Immunoblot analy-
sis of samples prepared from cells treated with OSU-03012
(3 uM) or HA15 (3 uM and 10 pM) resulted in detection of
an immunoreactive band corresponding to Grp78 at 45 °C
and 48 °C (Fig. 5A). In samples subjected to 51 °C and
higher temperatures, this band lacked specificity or was
lost (Fig. 5A). Stabilization of Grp78 protein, by OSU-
03012 (3 uM) or HA15 (10 uM), was statistically signifi-
cant at 48 °C (Fig. 5B); however, we were unable to titrate
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Table 1 Cytotoxic potencies of direct and indirect inhibitors of Grp78
function against osteogenic progenitor cells from normal canine bone
and canine osteosarcoma cells

OSU-03012 (uM) HAI5 (W)  Apratoxin A (UM)
OPC 5.8+3.7 >30 0.01+5.0
SAOS-2 3.3+0.6 >30 0.01+0.3
POS 34+1.1 59435 0.54+0.02
HMPOS 34+1.2 8.6x2.1 0.20+0.07

Canine osteogenic progenitor cells (OPCs), human osteosarcoma
(SAOS-2), and canine osteosarcoma (POS and HMPOS) cells were
exposed to increasing concentrations of OSU-03012, HA1S5, apra-
toxin A, or vehicle (0.1% DMSO). Cell viability was assessed at 72 h
using a MTT cell viability assay. Data were analyzed using GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA, USA), and
ECjs, values were determined by nonlinear regression analysis fit to a
logistic equation

OSU-03012 to lower concentrations and see a thermally
stable band at 48 °C or at 45 °C. Taken together, these data
suggest that OSU-03012 can bind Grp78 in intact cells at a
concentration that is physiologically relevant based on the
calculated ECs;, (Table 1), but that this interaction is unsta-
ble at lower concentrations.

Having established that both OSU-03012 and HA15 are
cytotoxic to canine osteosarcoma cells, we analyzed POS
and HMPOS cells for additional markers of cell death. Treat-
ment with OSU-03012 (Fig. 5C) or HA15 (Fig. 5D) induced
statistically significant increases in caspase-3,7 activity in
both cell types at low micromolar concentrations at 24 h,
relative to vehicle-treated cells. Further, when cells were co-
treated with the pan caspase inhibitor Z-VAD-fmk, in com-
bination with OSU-03012 or HA15, the viability of POS and
HMPOS cells was enhanced to varying levels corresponding
to statistically significant rescue of cell viability (Fig. SE).
HMPOS cells were generally more sensitive to the presence
of Z-VAD-fmk than POS cells, and HA 15-induced cell death
more sensitive to Z-VAD-fmk than OSU-03012 (Fig. 5E).
These combined results provide biochemical evidence for
apoptosis as a likely cell death mechanism in response to
OSU-03012 or HA1S5 exposure in these osteosarcoma cell

types.

Carboplatin-resistant osteosarcoma cells are
sensitive to inhibitors of protein chaperone function

Carboplatin is widely used as adjuvant chemotherapy in
canine osteosarcoma as it produces a significant increase in
median survival time, relative to dogs that receive surgery
alone (Skorupski et al. 2016). Using the same experimental
conditions used to assess the toxicity of Grp78 inhibitors to
normal osteoblasts (Fig. 4), we tested the potency and effi-
cacy of carboplatin treatment alone and in combination with
either OSU-03012 or HA15. Carboplatin alone (0.003 nM

to 100 uM) induced a concentration-dependent reduction in
the viability of both POS (Fig. 6A) and HMPOS (Fig. 6B)
cells with ECy, values of 3.7 uM and 4.0 uM for POS and
HMPOS cells, respectively (Table 2). When cells were
exposed to carboplatin (3 nM to 100 uM) in the presence
of a fixed, sublethal concentration of OSU-03012 (1 uM),
the concentration—response curves were shifted to the left
for POS (Fig. 6A) and HMPOS (Fig. 6B) cells. Nonlinear
regression analysis of these data for carboplatin in the pres-
ence of OSU-03012 revealed ECs, values of 2.1 uM and
1.8 uM for POS and HMPOS cells, respectively (Table 2).
Treatment with carboplatin and HA1S5 (1 uM) tended to
potentiate the cytotoxicity of carboplatin at low concentra-
tions (< 0.03 nM) and also resulted in a moderate increase
in cytotoxic potency (Table 2). Further analysis of these cell
viability data using the Chou-Talalay combination index
method (Chou 2006; Chou and Talalay 1984) indicated the
presence of mild synergy for the combination of carbopl-
atin and OSU-03012 at lower concentrations of carbopl-
atin (Fig. 6C, D), while the combination of carboplatin and
HA15 failed to show synergy using this prediction (Fig. 6C,
D).

Treatment resistance and failure is a major complication in
the treatment of high-grade osteosarcoma in both human and
veterinary medicine (Simpson et al. 2017). To assess the extent
to which carboplatin-resistant cells are sensitive to Grp78
inhibitors we tested OSU-03012 and HA15 against canine
osteosarcoma cells with two different levels of carboplatin
resistance. These sublines were created by exposure of paren-
tal canine HMPOS cells to progressively increasing concentra-
tions of carboplatin (0.5 to 10 uM) and subsequent selection of
surviving cells at each concentration (Weinman et al. 2021).
Parental HMPOS, HMPOS-2.5R, and HMPOS-10R, corre-
sponding to drug-resistant sublines with acquired resistance
to 2.5 uM or 10 uM carboplatin, respectively, were validated
for resistance to carboplatin (Fig. 7A) and incubated in parallel
with increasing concentrations of OSU-03012 (Fig. 7B); HA15
(Fig. 7C), a control Hsp70 inhibitor; VER-155008 (Fig. 7D), a
control Hsp90 inhibitor; 17-AAG (Fig. 7E); or vehicle (DMSO
0.1%). The viability of all cells was then assessed at 72 h rela-
tive to vehicle-treated control cells. While HMPOS-10R and
HMPOS-2.5R remained fully or moderately resistant to car-
boplatin, respectively (Fig. 7A), both drug-resistant sublines
were sensitive to all four small molecule inhibitors tested
(Fig. 7B-E). Each compound reduced cell viability in a con-
centration-dependent manner with low micromolar potency
and reasonable cytotoxic efficacy (Table 3). The efficacy of
each inhibitor against HMPOS-2.5R cells was comparable to
their effectiveness against parental HMPOS cells at the high-
est concentrations tested; HA15 and 17-AAG induced nearly
100% cell kill, whereas OSU-03012 and VER-155008 reduced
viability by approximately 75% (Fig. 7B-E). HMPOS-10R
cells were slightly more resistant than HMPOS-2.5R cells, but
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Fig.5 OSU-03012 and HA1S5 stabilize Grp78 in intact canine oste-
osarcoma cells and induce cell death. A Analysis of Grp78 thermal
stability in the presence of 0.1% DMSO (V), 3 uM OSU-03012
(OSU), or 3 uM and 10 uM HA1S5. Melting curves were generated by
exposing intact POS cells (4 x 107) to each treatment as indicated for
1 h. Cells were collected by gentle centrifugation, divided into equal
aliquots, and subjected to a single fixed temperature (ranging from
45 to 54 °C). Immunoblot analysis of Grp78 and a-tubulin expres-
sion is representative of a single melting curve that was repeated
three times with similar results. B Quantification of melting curve
data (at highest concentration tested) from three independent stud-
ies. C OSU-03012 and D HAI1S5 induce concentration-dependent
increases in caspase-3,7 activity in POS and HMPOS osteosarcoma
cells. Bars represent mean luminescence values (n=3 wells per treat-

all inhibitors reduced viability by greater than 50% at the high-
est concentrations tested (Fig. 7B-E). These findings indicate
that carboplatin resistance in HMPOS osteosarcoma does not
confer cross-resistance to any of the small molecule inhibitors
tested and raises the possibility of targeting glucose-regulated
or heat shock protein family members in canine osteosarcoma.
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ment) determined after the 24-h exposure to each compound, as indi-
cated, and are expressed as relative light units+ SE from three inde-
pendent determinations. E Comparison of the ability of a pan-caspase
inhibitor to rescue POS or HMPOS cells from OSU-03012- or HA15-
induced cytotoxicity. Cells were exposed to vehicle (0.1% DMSO),
0OSU-03012 (1 pM, 3 puM, or 10 uM), and HA15 (1 pM, 3 uM, or
10 uM), with or without V-ZAD-fmk (50 uM), and cell viability was
assessed using the MTT assay after 24 h. The viability of vehicle-
treated cells was defined as 100%. Data points show mean viabil-
ity + SE (n=3 wells per treatment) from a representative comparison
that was repeated in three independent experiments. Statistical signifi-
cance of change in treated, relative to vehicle-treated (0.1% DMSO),
cells is indicated as *p <0.05, **p <0.01, and ***p <0.001

Discussion

Primary osteosarcoma is one of several spontaneous
cancers affecting humans and dogs where a compara-
tive oncology approach has the potential to accelerate
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Fig.6 Analysis of the cytotoxic efficacy of carboplatin in combina-
tion with OSU-03012 or HA1S5 treatment. A POS and B HMPOS
osteosarcoma cell viability in response to carboplatin alone (3 nM
to 100 uM) and in combination with a fixed concentration of OSU-
03012 (1 uM) or HA15 (1 uM). Cells were exposed to single or com-
bination treatments, as indicated, and cell viability was determined at
72 h with the viability of vehicle-treated (0.1% DMSO) cells defined
as 100% viability. Data points represent mean viability + SE (n=3

Table 2 Cytotoxic potency of carboplatin alone and in combination
with HA15 or OSU-03012

Carboplatin (uUM) Carboplatin Carboplatin
(uM) +HALIS (uM)+OSU-
03012
POS 37+1.4 22+03 2.1+£02
HMPOS 49+2.6 25+06 1.8+0.4

Canine osteosarcoma (POS and HMPOS) cells were exposed to
increasing concentrations of carboplatin or vehicle (0.1% DMSO),
with or without HA15 (1 pM) and OSU-03012 (1 pM). Cell viabil-
ity was assessed at 72 h using a MTT cell viability assay. Data were
analyzed using GraphPad Prism software (GraphPad Software, Inc.,
San Diego, CA, USA), and ECs, values were determined by nonlin-
ear regression analysis fit to a logistic equation
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wells per treatment), and curves represent the fit of data points by
nonlinear regression analysis to a logistic equation. Cell viability
curves are representative of a comparison that was repeated three
times. Combination index plots for C POS and D HMPOS osteosar-
coma cells for fixed combination treatments of carboplatin plus HA15
or OSU-03012 using the Chou-Talalay combination index method.
Points below 1 (indicated by the dashed line) indicate synergy

our understanding of the disease and the development of
new treatments to benefit both species (Geller and Gor-
lick 2010; Schiffman and Breen 2015; Simpson et al.
2017, Vail and MacEwen 2000). Current standard of care
proceeds with a combination of surgical resection of the
primary disease followed by chemotherapy treatment.
However, lung metastases are a significant complication
leading to extremely low survival rates in patients with
progressive disease (Aljubran et al. 2009; Geller and Gor-
lick 2010; Simpson et al. 2017; Skorupski et al. 2016).
In the dog, low survival rates are attributed to the fact
that most patients have micrometastases that are clini-
cally undetectable at the time of diagnosis and progress
with time, despite the use of systemic therapy (MacEwen
and Kurzman 1996; Szewczyk et al. 2015). In our search
for better treatments to improve the prognosis of osteo-
sarcoma, we previously identified multiple molecular
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«Fig. 7 Carboplatin-resistant canine osteosarcoma cells remain
sensitive to Grp78 inhibitors and small molecular inhibitors of
other molecular chaperones. A Characterization of chemoresistant
HMPOS canine osteosarcoma cell lines. Parental canine HMPOS
osteosarcoma and two carboplatin-resistant variants of HMPOS
cell lines (resistant 2.5 CB HMPOS and resistant 10 CB HMPOS)
were exposed to increasing concentrations of carboplatin for 72 h.
B-E Concentration—response analysis of parental and chemoresistant
canine osteosarcoma cells in the presence of B OSU-03012, C HA15,
D Hsp70 inhibitor VER-155008, and E Hsp90 inhibitor 17-AAG.
Cells were treated at the same time, and cell viability was assessed
using a MTT assay. Data points represent mean viability + SE (n=3
wells per treatment) relative to vehicle control (0.1% DMSO). Each
panel is representative of a comparison that was repeated three times
in independent determinations

chaperones as surface-exposed proteins in canine osteosar-
coma cells (Milovancev et al. 2013). In the present study,
we confirmed cell surface expression of Grp78 in canine
osteosarcoma cells by immunocytochemistry and found
general upregulation of glucose-regulated and heat shock
protein family members in osteosarcoma cells, relative to
osteogenic progenitor cells. These data are consistent with
the pattern of changes that have been reported in several
aggressive types of human cancers and are thought to rep-
resent a functional change in the chaperome of malignant
versus nonmalignant cells (Finka and Goloubinoff 2013;
Rodina et al. 2016; Roy et al. 2017; Shin et al. 2003).
Differences between normal cells and tumor cells have
reinforced the idea that druggable targets lie within the
tumor chaperome and may eventually lead to new or adju-
vant treatments with an acceptable margin of safety (Cal-
derwood 2018; Joshi et al. 2018). Towards this goal, our
biochemical studies provide insight into the ability of the
investigational drug OSU-03012 to bind Grp78 in cells.
However, while Grp78 inhibitors alone showed promis-
ing cytotoxic efficacy against POS, HMPOS, and carbo-
platin-resistant HMPOS cells, these data indicate that this
response was not specific to Grp78; highly metastatic and
carboplatin-resistant HMPOS canine osteosarcoma cells
were also sensitive to inhibition of Grp78, Hsp90, and
Hsp70 function.

Although chaperones are some of the most abundant pro-
teins in human and canine cancer cells, a relatively small
number of these are currently under consideration as viable
therapeutic targets (Finka and Goloubinoff 2013; Roy et al.
2017; Shin et al. 2003; Yang et al. 2021). To date, drug
development in this area has concentrated on the genera-
tion of compounds to disrupt the function or expression of
specific chaperones and biologics to block signaling medi-
ated via cell surface chaperones (Yang et al. 2021). A full
understanding of the proposed site of action of some of these
molecules is, however, complicated by the knowledge that
the same protein can exist in multiple cellular compartments
and also be secreted to the extracellular space (Calderwood

2018). Estimates of the total number of chaperone proteins
in representative human cancer cells previously revealed
that the ER compartment has significantly fewer chaperone
family members than the cytosolic compartment (Finka
and Goloubinoff 2013), and thus, we targeted ER proteo-
stasis in canine cells with two pharmacological inhibitors
of Grp78. Although HA15 and OSU-03012 had signifi-
cant cytotoxic potential against canine osteosarcoma cells,
HA15 was relatively nontoxic to nonmalignant, osteogenic
progenitors from normal bone at the maximum concentra-
tion tested (10 uM), consistent with previous reports where
HAT1S5 had a promising safety profile against normal human
melanocytes under standard culture conditions (Cerezo et al.
2016; Szasz et al. 2021). Our studies also showed canine
POS, HMPOS, and carboplatin-resistant HMPOS cells to be
more sensitive to HA15 than human SAOS-2 osteosarcoma
cells. As we did not exceed 10 uM HA15 in our analysis
or include other human osteosarcoma cell lines, it would
be premature to conclude that this compound has unique
efficacy for canine osteosarcoma cells without further fol-
low-up. Rather, as HA15 is known to be a strong inducer
of autophagy (Cerezo et al. 2016; Han et al. 2021), it is
more likely that the pro-survival and pro-death functions of
autophagy in response to HA15 were incompletely defined
in our concentration—response analysis of SAOS-2 cells
(Levine and Kroemer 2008).

HA15 inhibits the ATPase function of Grp78 and induces
cell death through a lethal ER stress response with com-
pensatory upregulation of Grp78 (Cerezo et al. 2016). As
melanoma cells with high levels of Grp78 were found to
be most sensitive to HA15, this mechanism is thought to
underlie the observed selectivity of HA15 for cancer cells
versus normal melanocytes or normal fibroblasts (Cerezo
et al. 2016). Our analysis of canine POS osteosarcoma cells
in response to HA1S5 treatment appears consistent with this
mechanism; Grp78 expression was increased by HA15 with-
out statistically significant changes in Grp94 or calreticulin
expression. When the action of HA15 and OSU-03012 was
compared in side-by-side studies, OSU-03012 shared some
of the same characteristics. Both ligands stabilized Grp78
protein in POS cells at low micromolar concentrations and
were qualitatively indistinguishable over a narrow range
of temperatures in thermal stability studies. However, in
straightforward Western blot analyses, short-term increases
in Grp78 immunoreactivity at 8 h were not sustained and
were, instead, significantly decreased by 24 h. These results
are consistent with at least two lines of thought regarding the
mechanism of action of OSU-03012: (1) in silico molecu-
lar docking studies have predicted that OSU-03012 binds
directly to the ATPase domain of Grp78 (Bhattacharjee et al.
2015), and (2) cycloheximide chase experiments have shown
that OSU-03012 accelerates Grp78 degradation resulting in
a shorter half-life of the mature protein (Booth et al. 2012).
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Table 3 Relative cytotoxic

. . ECsy (uM)
potencies of chaperone protein
inhibitors against parental and Carboplatin 0OSU-03012 HA15 VER-155008 17-AAG
carboplatin-resistant HMPOS
cells HMPOS 49+2.6 34+12 8.6+2.1 1.8 84.2+25.1
HMPOS-2.5R 6.8+0.2 1.9+0.1 8.5+0.1 30.0+6.6 88.7+6.6
HMPOS-10R >10 3.5+17 53+1.4 24.8+104 113.1+94

Canine osteosarcoma HMPOS and carboplatin-resistant derivative (HMPOS-2.5R and HMPOS-10R) cells
were exposed to increasing concentrations of carboplatin, OSU-03012, HA15, VER155008, 17-AGG, or
vehicle (0.1% DMSO). Cell viability was assessed at 72 h using an MTT cell viability assay. Data were
analyzed using GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA), and relative
ECs, values were determined by nonlinear regression analysis fit to a logistic equation

With low micromolar activity, it is likely that OSU-03012
has mixed, or off target, actions in cancer cells that are ulti-
mately difficult to separate. Inhibition of PDK-1 is typically
cited as the primary mechanism of OSU-03012 action which
occurs at low micromolar concentrations (IC5,=5.0 uM
(Zhu et al. 2004)). In addition, other studies have concluded
that OSU-03012 lacks specificity and binds other heat shock
protein family members resulting in broad-spectrum chaper-
one inactivation (Booth et al. 2016a, b). In the present study,
OSU-03012 induced changes in Grp78 expression whereas
Grp94 showed remarkably consistent expression in response
to all three compounds tested including a broad-spectrum
inhibitor of ER secretory pathway protein biosynthesis.
Decreases in Grp78 and calreticulin expression observed in
canine osteosarcoma cells were in agreement with previous
analyses of these proteins in human U20S osteosarcoma
cells treated with apratoxin A (Liu et al. 2009), whereas
Grp94 was relatively insensitive to apratoxin A at 24 h in
canine POS cell lysates. Grp94, Grp78, and calreticulin all
contain an N-terminal signal peptide that directs each nas-
cent protein to the co-translocation machinery for processing
at the entrance to the conventional secretory pathway and
site of apratoxin A binding (Huang et al. 2016; Liu et al.
2009; Paatero et al. 2016). Although all three resident ER
chaperones are Sec61 substrates, the present study revealed
unequal sensitivity of these proteins to apratoxin with a
ranked order of sensitivity (greatest to least) where calreti-
culin > Grp78 > > Grp94. Differences in the sensitivity of
client proteins to broad inhibition of the Sec61 translocon
channel have previously been observed in human breast can-
cer cells, where human epidermal growth factor receptor
3 (HER3) and HER1 were considerably more sensitive to
apratoxin A than HER2 (Kazemi et al. 2021; Weijing et al.
2021).Taken together, these findings suggest that Grp94 may
also be less vulnerable to an acute block in Sec61-dependent
import of nascent Grp94 protein.

Carboplatin is one of three commonly used chemother-
apy agents, along with cisplatin and doxorubicin, that pro-
long median survival time in canine osteosarcoma, relative
to dogs that receive surgery alone (Mauldin et al. 1988;
Skorupski et al. 2016). Despite the widespread use of these
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agents, acquired and intrinsic chemoresistance remains a
major complication both in canine osteosarcoma and in
human patients with recurrent disease (Hattinger et al.
2021; Szewczyk et al. 2015). In side-by-side comparisons,
we found pharmacological inhibition of Grp78 function to
be as effective as carboplatin in decreasing the viability
of cultured POS and HMPOS cells. Perhaps more signifi-
cant, however, was the finding that 17-AAG, VER-155008,
OSU-03012, and HA15 were efficacious cytotoxins
against carboplatin-resistant HMPOS cells. The geldan-
amycin analogue, 17-AAG, was the most potent of the
four compounds tested, while other compounds induced
between a 50% (VER-155008) and 75% (OSU-03012)
cell kill against the most resistant HMPOS-10R deriva-
tive at 30 uM, suggesting that cellular dependence on the
function of at least three chaperones (Hsp90, Hsp70, and
Grp78) was independent of acquired resistance to carbopl-
atin. The mechanistic basis of platinum resistance has been
studied extensively in different histological cancer types
and is attributed to several major adaptations, although a
tumor supportive role for stress-inducible heat shock pro-
teins has been noted (Galluzzi et al. 2014; Mandic et al.
2003; Shen et al. 2012; Yun et al. 2019). In an independent
characterization of the same carboplatin-resistant cells, we
previously detected Hsp27 in both lysates and exosomes
and Hsp105 in the exosomal cargo of HMPOS-10R cells
(Weinman et al. 2021). Further, the proteomic signature
of the carboplatin-resistant HMPOS derivatives was found
to be relevant to the study of spontaneous osteosarcoma in
dogs (Weinman et al. 2021). Although Hsp27 and Hsp105
were not targeted in the present study, these observations
raise important practical considerations in that 17-AAG,
VER-155008, OSU-03012, and HA 15 may not necessarily
act exclusively at intracellular sites. For example, although
Hsp90 was abundant in whole cell lysates and on the cell
surface of POS and HMPOS osteosarcoma cells relative
to normal osteoblasts, this chaperone was also previously
detected as an exosomal cargo protein in blood samples
from dogs with and without osteosarcoma (Brady et al.
2018; Milovanceyv et al. 2013). Taken together, these find-
ings suggest that canine osteosarcoma is an example of a
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cancer type with a stress-adapted chaperome to support
pro-survival signaling.

In summary, we have extended our analysis of protein
chaperones in canine osteosarcoma cells and compared the
action of pharmacological inhibitors of Grp78, Hsp70, and
Hsp90 function against established cell lines and carbopl-
atin-resistant derivatives. Canine osteosarcoma cells shared
a similar adaptive response to ER stress induction by thap-
sigargin and were highly sensitive to the loss of secretory
pathway proteostasis in response to the Sec61 inhibitor apra-
toxin A. Our results provide insight into the mixed action of
the celecoxib analogue OSU-03012 and support the recent
designation of this compound as a direct modulator of Grp78
that, in contrast to HA15, acts to downregulate Grp78 pro-
tein expression (Bailly and Waring 2019). The sensitivity of
carboplatin-resistant osteosarcoma cells to several prototypi-
cal Hsp-targeting tool compounds, coupled with concentra-
tion—response analyses in normal canine osteogenic progeni-
tor cells, suggests that the cancer chaperome may represent
a viable drug target for canine osteosarcoma.
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