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Companion animals, such as the dog, can spontaneously develop cancers just
like humans. Canine osteosarcoma (OSA) is a highly aggressive type of bone cancer
that shares striking disease similarities with human OSA, including molecular
aberrations to the R1 alpha regulatory subunit of cyclic AMP-dependent protein kinase
A, or PRKAR1A. Low PRKAR1A-expressing tumours are associated with the best postchemotherapy response in human OSA patients, and similarly, canine patients with low
PRKAR1a protein expression in their primary tumours lived significantly longer postchemotherapy treatment compared to dogs with high PRKAR1a-expressing tumours.
Knowing this, we sought to investigate the in vitro effects of gene knock-down in canine
OSA cells using small interfering RNAs (siRNAs) directed against PRKAR1A mRNA
transcripts. Here, we hypothesized that PRKAR1a knock-down would enhance
sensitivity to conventional chemotherapeutic drugs, including doxorubicin and
carboplatin. The present study included four canine OSA cell lines, one commercially
available D17 cell line and three primary cell lines, each with different endogenous
PRKAR1a protein expression levels. Our findings show that PRKAR1a knock-down as a
treatment alone reduced cellular viability and increased apoptosis in some canine OSA
cell lines, although no gross changes were detected in soft agar growth. Interestingly,
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pretreatment with PRKAR1A siRNAs enhanced chemosensitivity to doxorubicin in some
canine OSA cell lines; however no significant benefit was detected if PRKAR1A
silencing was combined with carboplatin chemotherapy. Overall, this study prompts
further investigation into PRKAR1a as a potential therapeutic target to sensitize bone
cancer cells to chemotherapy, leading to enhanced treatment efficacy and improved
patient survival for both humans and dogs.
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INTRODUCTION
It has become clear that cancer is a highly complex disease resulting from an
accumulation of successive genetic changes which provokes normal cells to transform
into malignant cancerous cells (Hanahan & Weinberg 2011). Many of the same genetic
aberrations seen in human cancers are also identified in companion animals, such as
the dog (Wayne & Ostrander 2007). In particular, human and canine osteosarcoma
(OSA) display many of the same DNA amplifications and deletions, and gross
chromosomal abnormalities in their primary tumours (Lau et al. 2004). Dogs are
considered to be clinically relevant models of human OSA, not only because of similar
molecular aberrations in their primary tumours, but also due to the striking similarities in
tumour histology and course of disease (Withrow & Wilkins 2010; Vail & MacEwen
2000). With this in mind, comparative cancer research using both species may provide
a greater understanding of key molecular pathways and receptors central to OSA, and
this is anticipated to improve prognosis and treatment.
In both human and canine OSA, surgical removal of the primary tumour
combined with a chemotherapy regimen has led to significant benefits in terms of
patient survival. In canine OSA, the standard of care protocol with the intent to cure
consists of amputation or limb sparing surgery in combination with chemotherapy using
doxorubicin, cisplatin or carboplatin. This prolongs the median survival time to almost
one year, compared to less than 6 months with surgery alone (Phillips et al. 2009;
Mueller et al. 2007; Shapiro et al. 1988). Some dogs, however, will not live beyond 6
months despite receiving post-operative chemotherapy (Selvarajah et al. 2009). It would
be clinically beneficial to differentiate these patients, the “poor responders”, from those
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who are more likely to benefit from chemotherapy in conventional standard of care
treatment protocols (Selvarajah et al. 2009).
The R1 alpha regulatory subunit of protein kinase A, or PRKAR1a, has shown an
association with response to chemotherapy in both human and canine OSA (Molyneux
et al. 2010). Previous studies in our lab have shown that dogs with low PRKAR1a
expression levels in their primary OSA tumours lived significantly longer postchemotherapy treatment compared to dogs with high PRKAR1a-expressing tumours
(Larsen 2011). This finding prompted further investigation into the role of PRKAR1a as
a prognostic marker and therapeutic target for canine OSA.
This study tested the in vitro cellular responses of four canine OSA cell lines,
each with different endogenous PRKAR1a expression levels, after transient
experimental reduction of this protein. In order to inhibit PRKAR1a expression, we used
small interfering RNAs (siRNAs) directed against canine PRKAR1A mRNAs which
activates the cell’s own RNA interference (RNAi) pathway, leading to substantial
reductions in corresponding PRKAR1a protein levels. Our findings show that repression
of PRKAR1a expression alone can decrease cellular viability and increase apoptosis in
some canine OSA cell lines, although no significant changes to soft agar growth were
detected. In addition, PRKAR1A silencing enhanced sensitivity to doxorubicin
chemotherapy in some canine OSA cell lines, but on the other hand, PRKAR1a knockdown did not increase sensitivity to carboplatin chemotherapy. These results suggest
that the abrogation of PRKAR1a expression could sensitize OSA cells to chemotherapy,
however future studies should focus on developing a greater understanding of the
molecular mechanism(s) responsible for the observed chemosensitivity of low
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PRKAR1a-expressing canine OSA cells to doxorubicin. Perhaps PRKAR1a-low cells
are unable to enter autophagy, a dormant survival state, and are therefore less able to
avoid cellular killing by doxorubicin chemotherapy compared to cells with higher
expression of PRKAR1a. This seems to be a plausible explanation since it has been
shown that PRKAR1a interacts with mTOR, a key mediator of autophagy (Mavrakis et
al. 2007). Overall, further work is required to fully understand the role of PRKAR1a in
this aggressive type of cancer.
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REVIEW OF THE LITERATURE
Canine osteosarcoma
Clinical presentation and disease incidence
Canine OSA is a primary bone tumour composed of spindle cells and it is
characterized by the production of osteoid, the organic matrix of bone, from malignant
osteoblasts (Kirpensteijn et al. 2002). Canine patients often show signs of lameness as
the tumour locally invades the bone and replaces normal bone matter with cancer cells,
thereby causing localized pain and swelling (Julius M Liptak et al. 2004). In combination
with a physical exam, the diagnosis of OSA can be made from radiographic images
showing lytic, blastic or combination lesions in metaphyseal or epiphyseal regions of
long bones (Wrigley 2000). The gold standard for a more definitive OSA diagnosis is the
histological assessment of a tumour biopsy sample, although it has been suggested that
cytology-based assessments of fine needle aspirates represent another clinically
relevant and less invasive tool for diagnosis (Britt et al. 2007).
This highly aggressive type of cancer represents the majority (about 85-98%) of
all primary bone cancer in dogs, affecting approximately 10,000 dogs each year in the
United States (Withrow et al. 1991; Priester & McKay 1980). Large and giant breed
dogs, such as Great Danes, Boxers, St. Bernards, Rottweilers and Doberman
Pinschers, are particularly vulnerable to developing OSA (Rosenberger et al. 2007;
Jongeward 1985). More than 85% of documented tumours in large breed dogs develop
in the appendicular skeleton, mainly in the metaphyses of the distal radius and proximal
humerus (Heyman et al. 1992). It is suggested that the forelimbs have an inherent
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predisposition to appendicular OSA due to increased weight burden compared to the
hindlimbs (Straw et al. 1990). Dogs most frequently reported with appendicular OSA are
middle-aged (7 years) and older, although there is possibly a separate category of
afflicted dogs between 18 months and two years of age (Misdorp & Hart 1979). Males
are more frequently affected than females; although it is speculated that this difference
may be due to the greater size and weight of male dogs compared to the female
counterpart (Jongeward 1985).
The strong propensity for metastasis is a classical feature of canine OSA
(Gorman et al. 2006; Brodey & Riser 1969; Priester & McKay 1980). The process of
metastasis involves the dissemination of cancerous cells from the primary tumour,
transit through the lymphatic and/or circulatory system, invasion of distant sites to form
micrometastases and further growth into macroscopic tumours (Hanahan & Weinberg
2011). Typically, OSA tumours metastasize early in the course of disease and
metastatic lesions predominantly develop in the lung, although they can also form in the
brain, lymph nodes, visceral organs, subcutaneous tissue and skin (Gorman et al.
2006).
Interestingly, smaller breeds of dog appear less susceptible to acquiring OSA
since dogs weighing less than 25 pounds accounted for only 4% of documented canine
OSA cases (Brodey & Riser 1969). When smaller breeds of dog do acquire OSA, a
higher percentage of documented cases occur in the axial skeleton, around 40%,
compared to less than 25% of OSA cases originating in the axial OSA of larger dog
breeds (Cooley & Waters 1997). Axial tumour development most commonly manifests in
the mandible and maxilla, and less commonly in the spine, ribs, nasal cavity, and
5

cranium (Heyman et al. 1997). Generally, axial OSA is reported to have less
radiographically detectable metastases at the time of diagnosis compared to
appendicular OSA (Dickerson et al. 2001; Straw et al. 1990). Mandibular OSA, in
particular, is associated with longer survival and a lower incidence of metastasis
compared to dogs with OSA in all other skeletal locations (Straw et al. 1996).
Interestingly, propensity to metastasize appears to vary based on location in the axial
skeleton. For example, OSA development in the ribs, which most frequently affects
younger dogs, has a greater rate of metastasis compared to all other sites of axial OSA
(Hammer et al. 1995; Feeney et al. 1982).
Although the word osteosarcoma includes the prefix ‘osteo’, the Greek meaning
for bone, OSA can develop in anatomic regions outside of the skeleton. Extraskeletal
OSA is very rare, representing only 1% of all documented canine OSA cases and its
diagnosis requires that there is no involvement of bone or periosteal tissue (Patnaik
1990). Extraskeletal OSA cases occur in locations such as the spleen, gastrointestinal
tract, urogential tract, liver, cutaneous tissue, and subcutaneous tissue and these
tumours tend to develop in older dogs, around 10-11 years of age, with no obvious sex
predilection (Langenbach et al. 1998; Kuntz et al. 1998). Extraskeletal OSA frequently
develops in the mammary gland, although this diagnosis requires a strict
histopathological analysis in order to rule out any epithelium-like origin, which would
classify this cancer as a mammary carcinoma with mineralization rather than
extraskeletal OSA (Patnaik 1990). The expected survival time is exceptionally poor for
canine patients diagnosed with extraskeletal OSA, ranging from a total of one to three
months (Langenbach et al. 1998; Patnaik 1990; Kuntz et al. 1998). With this in mind, it
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is speculated that extraskeletal OSA represents a more malignant form of OSA;
especially since radiographically detectable metastases are present in over 50% of
cases at the time of diagnosis, compared to roughly 10-15% in skeletal forms of OSA
(Kuntz et al. 1998; Coomer et al. 2009). On the other hand, it is possible that clinical
signs are more subtle for extraskeletal OSA compared to appendicular and axial OSA.
This would be reasonable to assume for intra-abdominal cases, since tumour growth
may not be as noticeable compared to axial or appendicular OSA, and therefore canine
patients may simply develop obvious clinical signs at a later stage of disease
progression (Kuntz et al. 1998).
Treatment modalities
Palliation and curative-intent strategies
Palliation therapy is intended to provide a better quality of life for the patient by
alleviating pain and lameness associated with canine OSA. Surgical removal of the
primary tumour alone is considered to be palliative; however, in situations when surgery
is not appropriate or if an owner declines curative-intent treatment, radiation therapy is
an option to relieve some bone cancer-associated pain (Thrall & LaRue 1995). Large
doses (8-10 Gy) of radiation are delivered for a total of two, three or four fractions and
this is thought to reduce tumour inflammation and osteolysis, while providing analgesia
for up to 2-3 months (Green et al. 2002; Ramirez et al. 1999). Additionally, non-steroidal
anti-inflammatory medications (such as meloxicam and deracoxib) can be used alone or
in conjunction with an opioid-class drug, such as Tramadol, to offer appropriate pain
control (McMillan et al. 2008; Chun & de Lorimier 2003). Another class of drug,
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bisphosphonates, shows some promise in reducing pain in cases of canine OSA (Fan et
al. 2007). Although palliation therapy can help improve the patient’s quality of life, if it is
the sole treatment option (either by surgical or non-surgical means) the estimated
survival time is only three months (Spodnick et al. 1992; Brodey & Abt 1976).
A curative-intent strategy for dogs with OSA utilizes a two-pronged approach to
treatment: (1) surgical removal of the primary tumour aids in local disease control, and
(2) the use of chemotherapeutic drugs helps delay the onset of secondary metastatic
disease. Multiple studies demonstrate that if a treatment regimen combines
chemotherapy with surgical excision of the primary tumour, this significantly extends the
median survival time to approximately 1 year compared to less than 6 months with
surgery alone (Phillips et al. 2009; Heyman et al. 1992; Ogilvie et al. 1993; Shapiro et
al. 1988; Brodey & Riser 1969). Mandibular OSA appears to be an exception to this
pattern because chemotherapy does not provide any additional improvement in survival
after surgical resection of the tumour (Straw et al. 1996). As previously mentioned,
mandibular OSA has a lower metastatic potential compared to other OSA origins,
therefore tumour resection could be a sufficient treatment option for these patients
(Chun & de Lorimier 2003).
Amputation of the affected limb is the considered to be the gold standard for local
management of canine OSA. It is commonly reported that owners are reluctant to
proceed with limb amputation, even though eligible candidates often fare well after the
surgery and post-operative complications are rare (Kirpensteijn et al. 1999; Straw &
Withrow 1996). Owners that refuse to elect limb amputation may choose another
surgical technique, limb-spare surgery, which can also provide local control of the
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primary tumour and it has a similar median survival time compared to limb amputation
when it is supplemented with chemotherapy (Coomer et al. 2009; Julius M. Liptak et al.
2004; Morello et al. 2011). Limb-sparing treatment may also be viable alternative when
amputation is not suitable, especially in dogs of large breeds, obesity, or in existing
orthopedic or neurological conditions (Kirpensteijn et al. 1999). Osteosarcoma of the
distal radius is currently the best candidate for this kind of procedure if the tumour
involves less than 50% of the affected bone, does not extend past the joint, and there
are no detectable metastases (LaRue et al. 1989). Local recurrence of the primary
tumour, caused by incomplete surgical excision or presence of neoplastic cells outside
surgical margins, is a major complication associated with limb-spare surgery (Straw &
Withrow 1996). Interestingly, immune system activation may play a role in extending
survival in dogs after this procedure since patients with allograft infections lived longer
than dogs without infection (Chun & de Lorimier 2003; Julius M. Liptak et al. 2004).
Although it is not common, radiation can be used as a curative-intent strategy for
the treatment of canine OSA. Radiation therapy for axial OSA is thought to be clinically
beneficial because surgical excision of these tumours tends to be difficult, and surgery
alone may not provide optimal local tumour control (Dickerson et al. 2001).
Conventional curative-intent radiotherapy consists of daily administration of low-dose
radiation fractions (2-3 Gy), in the hopes to minimize damage to surrounding healthy
tissue, while simultaneously aiding in local tumour control (Heidner et al. 1991; Walter et
al. 2005; Coomer et al. 2009). This protocol has not been particularly successful in
terms of advancing survival, which may be owing to the documented in vitro resistance
of canine OSA cell lines exposed to lower (2 Gy) doses of radiation (Fitzpatrick et al.
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2008; Walter et al. 2005). On the other hand, higher doses of radiation, around 70 Gy,
have shown to effectively induce tumour necrosis (Boston et al. 2007). More modern
curative-intent radiation protocols, such as intraoperative extracorporeal radiation and
stereotactic radiation, deliver a high dose single-fraction radiation beam into the tumour
with high precision while largely avoiding adjacent normal tissue (Farese et al. 2004;
Liptak et al.2004). As an added benefit, these procedures reduce the number of
anesthetic inductions compared to multiple low-dose fraction radiotherapy. There are
substantial risks associated with these procedures since they can cause major postoperative complications including deep infection, fracture of irradiated bone, and implant
failure (Boston et al. 2007; Liptak et al. 2004.). Therefore, it is strongly advised to have
strict eligibility criteria for radiation limb sparing procedures because of these clinical
complications (Boston et al. 2007; Liptak et al. 2004).
After removal of the primary tumour, the next step in a curative-intent strategy is
the administration of chemotherapy. It is believed that chemotherapy can prolong
survival by delaying the formation of clinically relevant macrometastases in patients that
are free of radiographically detectable metastatic lesions and who also have clinically
resectable tumours (Coomer et al. 2009; Bruland et al. 2005). A standard chemotherapy
regimen includes administration of three to six cycles of single or combination
treatments of cisplatin, carboplatin, or doxorubicin (Chun et al. 2000.; Bailey et al.
2003). Carboplatin and cisplatin are platinum analogues demonstrating similar survival
times when administered after surgical excision of the primary tumour (Bacon et al.
2008); however carboplatin may be chosen over cisplatin because it causes less renal,
neurological, and gastrointestinal toxicities (DeRegis et al. 2003). Carboplatin is also
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more stable than cisplatin, and it does not require additional dieresis and antiemetic
therapy. Doxorubicin is another potent anticancer drug that can also cause a wide
spectrum of side effects including myelosuppression, cardiotoxicity, and hypersensitivity
(B. S. Phillips et al. 1998).
It has been controversial whether a single-agent chemotherapy protocol, using
either doxorubicin or a platinum analogue, has the same efficacy as a protocol
combining these chemotherapeutic drugs. It has been suggested that coadministration
of carboplatin and doxorubicin extends survival compared to single-agent chemotherapy
protocols (Chun & de Lorimier 2003; Chun et al. 2000). However, this was a small study
of only 16 dogs and the administration of empty liposomes may have contributed to an
extended median survival time because of a potential positive immunomodulatory
effect. A separate study reported that use of a single chemotherapy drug confers a
similar survival advantage as a protocol that alternates doxorubicin and carboplatin
(Mauldin et al. 1988; Lane et al. 2012). To date, novel therapies have failed to provide
an additional survival advantage beyond the standard treatment for canine OSA (Vail et
al. 2002; Kirpensteijn et al. 2002). In a study of 28 dogs with OSA, a new generation
chemotherapeutic drug called lobaplatin demonstrated a one year survival of 31.8%
which does not significantly differ from survival data associated with older, conventional
chemotherapeutic drugs (Kirpensteijn et al. 2002). Other areas of research have
focused on improving the toxicity profile, pharmokinetics and biodistribution of standard
chemotherapeutic drugs. For example, a higher dose of cisplatin could be safely
administered when the drug was encapsulated in a liposome (Vail et al. 2002).
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Proposed mechanisms of action for chemotherapeutic drugs
It is generally accepted that the interaction of carboplatin and cisplatin with DNA
is responsible for their cytotoxicity. The structure of cisplatin and carboplatin gives
insight into how they can chemically disrupt DNA. Cisplatin and carboplatin are planar
platinum II compounds, meaning that they exist in a 2+ oxidation state, with four
attached chemical groups (Go & Adjei 1999; Pascoe & Roberts 1974). For cisplatin, the
two chloride atoms function as leaving groups; whereas the leaving group is different for
carboplatin, a cyclobutyldicarboxylate molecule (Knox et al. 1986). This renders
carboplatin as a less reactive compound and contributes to the substantial reduction in
toxicity and potency of carboplatin compared to cisplatin (Sundquist et al. 1987; Knox et
al. 1986). Regardless, for both drugs, the leaving groups are replaced with water once
the chemical is inside of the cell and this causes drug molecules to acquire a net
positive charge, which promotes covalent binding to preferential regions of DNA and
subsequent formation of DNA adducts (Pinto & Lippard 1985). Common DNA adduct
formations are cross linkages within a single DNA strand that are between two adjacent
guanine bases or adjacent guanine and adenine bases (Pascoe & Roberts 1974).
Additionally, cross linkages can occur between guanine bases on opposite DNA strands
(Pascoe & Roberts 1974).
Doxorubicin is another chemotherapeutic drug used to treat canine OSA,
however, it is not a platinum compound like carboplatin or cisplatin; it belongs to an
anthracycline family of antibiotics. Its cytocidal effects is thought to be mainly through
the binding of topoisomerase II, which produces fatal single- and double-strand DNA
breaks (Gewirtz 1999; Tewey et al. 1984). Doxorubicin can also intercalate DNA,
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leading to additional DNA damage (Swift et al. 2006; Tewey et al. 1984). Owing to the
nature of doxorubicin’s structure, its quinone ring has the potential to form a
semiquinone radical which can react with oxygen to produce a super oxide, O2- (Rowley
& Halliwell 1983). The superoxide radical can undergo several rapid reactions leading to
cellular death through oxidative damage of cell membranes and DNA (Doroshow 1983b;
Doroshow 1983a; Rowley & Halliwell 1983).
Although it is well documented that cisplatin, carboplatin, and doxorubicin mainly
cause damage to cellular DNA, there is an incomplete understanding regarding how this
exactly potentiates their antitumour effects. The specific molecular pathways involved in
the cellular response to chemotherapeutic drugs prove to be highly complex and
variable, depending on the drug of choice, its concentration, and the targeted cell type
(Desoize & Madoulet 2002; Robson et al. 2002). It is known, however, that
chemotherapy mostly impacts rapidly proliferating cells, both normal and cancerous.
This is, in part, because chemotherapy-induced DNA damage (and its lack of repair)
leads to cell cycle arrest at the S, G1 or G2 phases of the cell cycle (Eastman 2006; Siu
et al. 1999). For example, cisplatin has shown to arrest cells in the G2 phase of the cell
cycle by causing protein phosphorylation of CDC2, a key molecular player in preventing
cells from entering mitosis (Lopez-Girona et al. 1999). Since tumour cells are rapidly
dividing, the cessation of cellular division will (at least in theory) limit tumour progression
(Schwartz & Shah 2005; Malhotra & Perry 2003). DNA damage can provide an
additional insult to tumour cells by inhibiting transcription (Todd & Lippard 2009; Collins
et al. 2001). Indeed, in vitro and in vivo studies have shown that when RNA polymerase
II encountered cisplatin-induced intrastrand DNA adducts, it stopped transcript
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elongation (Corda et al. 1991; Mello et al. 1995). In turn, this can help deprive tumour
cells of proteins that are required for cellular replication and survival.
One of the main intentions of chemotherapy is to kill tumour cells by inducing
apoptosis. This can be accomplished by mitochondrial membrane permeabilizeation
which causes the release of proapoptotic factors (including cytochrome C and SMAC)
that can activate cellular caspases (Letai 2008). It has been reported that cisplatinmediated DNA damage in OSA cells causes the activation of aspartate-specific
proteases (caspases 8 and 9) that cleave intracellular substrates leading to the
characteristic morphological changes seen in apoptosis (Seki et al. 2000). Specifically,
these morphological cellular changes consist of: cell shrinkage and membrane blebbing,
condensation of the nucleus, DNA fragmentation, nuclear membrane break down,
externalization of phosphatidyl serine, and additional signals to cue the process of
phagocytosis (Du et al. 2000; Thornberry 1998).
DNA damage induced by platinum compounds and doxorubicin is thought to
activate the transcription factor p53, which in turn, promotes the intrinsic pathway of
apoptosis. For example, CHK2 and ATM proteins can detect DNA damage which
promotes the phosphorylation and activation of p53, while inhibiting its MDM2-mediated
ubiquitination (Khanna & Jackson 2001; Rotman & Shiloh 1999; Chehab et al. 2000).
Proapoptotic BCL-2 family members (such as BAX, BAK, PUMA, and NOXA) become
activated by p53, while antiapoptotic BCL-2 proteins ( like BCL-2 and BCL-XL) are
repressed (Ryan et al. 2001; Wu et al. 2001; Oren 1992). An important gene that is
regulated by p53 is PTEN, which helps maintain an apoptotic response. PTEN has a
negative regulatory effect on PI3K signaling by inhibiting AKT-mediated reduction of p53
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activity and reducing AKT inactivation of pro-apoptotic proteins like BAD (Mayo et al.
2002; Datta et al. 1997).
Although some cells may respond to DNA-damaging agents in a p53-dependent
manner, a plethora of studies have shown that a majority of tumours lack functional p53
and therefore other signaling pathways must be utilized in chemotherapy-mediated
apoptosis (Greenblatt et al. 1994). A proposed alternative pathway involves a p53related transcription factor, p73. Studies have shown that cisplatin activates the c-Abl
tyrosine kinase, thereby promoting p73 to transactivate many of the same p53 target
genes (Vayssade et al. 2005; Gong et al. 1999; Zhu et al. 1998). This pathway appears
to be relevant in studies of OSA since it was shown that cells responding to doxorubicin
chemotherapy underwent a p73-dependent mechanism of apoptosis (La Sala et al.
2003).
Chemotherapy resistance and sensitivity in osteosarcoma
The ability of tumour cells to resist killing by chemotherapeutics significantly
reduces curative potential, representing a significant challenge in cancer medicine
(Luqmani 2005; Persidis 1999). A better understanding of the mechanisms responsible
for drug resistance will help explain why chemotherapy is ineffective at targeting these
stubborn cell populations. To date, the most commonly documented methods of drug
resistance to carboplatin, cisplatin and doxorubicin include decreased cellular drug
uptake, increased drug efflux, reduced drug activation, increased drug inactivation, and
increased repair of DNA damage (Bao et al. 2011; Giaccone 2000; Huang et al. 2007;
Chou & Gorlick 2006). Many of these same mechanisms of chemoresistance are
documented in studies of OSA, with particular emphasis on five proteins: glutathione,
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multidrug resistance protein (MRP) 1 and 2, P-glycoprotein, and p53 (He et al. 2014;
Chou & Gorlick 2006). A greater understanding of their role in chemoresistance is
anticipated to reveal targets that could render the tumour more susceptible to drug
treatments.
Glutathione, MRP 1 and 2
Decreased drug activation and increased drug efflux prevents chemotherapy
from targeting DNA and disrupting cellular homeostasis and this is thought to play an
important role in OSA chemoresistance. In studies of human OSA, experimentallyinduced overexpression of glutathione S-transferase P1 (GSTP1) in saos-2 cells
increased chemoresistance to doxorubicin and cisplatin, whereas inhibition of GSTP1
expression increased their chemosensitivity (Huang et al. 2007; Komiya et al. 1998). As
an explanation for this finding, intracellular scavengers like glutathione can catalyze the
detoxification of chemotherapeutic agents leading to a reduction in their cytotoxic effects
(Ishikawa & Ali-Osman 1993; Ishikawa 1992; Townsend & Tew 2003). In addition to
drug inactivation, glutathione aids in drug efflux by interacting with adenosine
triphosphate (ATP)-dependent export pumps, MRP1 and MRP2. Glutathione is thought
to increase affinity of MRP proteins for its substrates, including doxorubicin and
platinum-based chemotherapy drugs (Cui et al. 1999). Involvement of MRP1 and MRP2
in chemoresistance has been less studied in OSA; however, it has been documented
that higher MRP1 expression levels correlate with reduced growth inhibition after
cisplatin treatment (Tsang et al. 2003; Bruheim et al. 2004).
P-Glycoprotein
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Another mechanism of drug efflux is owing to the 170 kDa plasma membrane
protein, P-glycoprotein. P-glycoprotein functions as a natural detoxification system with
high expression identified in areas of the body that filter and process toxic substances
and normal metabolites; such as the kidney, adrenal gland, liver, colon and rectum
(Thiebaut et al. 1987). Most normal cells have low expression of this protein. It has been
shown that tumours can acquire a high expression of P-glycoprotein, and this is thought
to decrease drug concentrations within a tumour cell while increasing drug efflux out of
the cell, thereby reducing treatment efficacy (Sharom 1997; Spoelstra et al. 1991).
Additionally, this transmembrane pump contributes multiple drug resistance (MDR) due
to its wide range of substrates, many of which are structurally diverse chemotherapeutic
drugs (Gottesman et al,2002). Unfortunately, even if there is a small minority of cells in
the total tumour population that have high expression of P-glycoprotein, they can
emerge as the dominant population due to their selective advantage during
chemotherapy treatment (Goldie & Coldman 1984; Kartner et al. 1983).
Doxorubicin is one of the substrates for this drug efflux pump, and knowing this, it
is thought that high P-glycoprotein expression in human and canine OSA cell lines
contributes to in vitro chemoresistance (Baldini et al. 1995; Suto et al. 1998; Leslie et al.
2005; Bodey et al. 1995; Mealey et al. 1998). Clinically, a trend of worse outcome and
prognosis has been reported in human OSA tumours that express high levels of MDR1,
the gene encoding P-glycoprotein (Chan et al. 1997; Wunder et al. 1993). There have
been both unsuccessful and promising results regarding P-glycoprotein inhibition, a
seemingly plausible target for counteracting MDR. Experimental inhibition of MDR1
using siRNAs appeared to restore chemosensitivity in doxorubicin-treated OSA cells
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(Perez et al. 2011) and a similar study showed that siRNA-mediated silencing of MDR1
in human OSA cells led to higher intracellular doxorubicin concentrations, allowing the
drug to accumulate in the nucleus of MDR cells (Susa et al. 2010). Unfortunately,
human clinical trials using pharmacological inhibitors of P-glycoprotein have been
largely unsuccessful in terms of patient survival and outcome (List et al. 1993; Marie et
al. 1993). This may be due to poor trial design, method of P-glycoprotein inhibition, type
of cancer, and resistance owing to other MDR-related proteins (Morschhauser et al.
2007; Sandor et al. 1998).
p53
Cancer cells often survive chemotherapy treatment by violating rules of normal
cell behaviour that would otherwise cause cell death. Ideally, chemotherapy-induced
DNA damage activates p53, resulting in arrest of the cell cycle and induction of
apoptosis (Jiang et al. 2006; Zhou et al. 2002; Persons et al. 2000; Weller 1998).
However, large deletions and rearrangements are reported in the gene encoding p53
(TP53) in human OSA, and point mutations are also documented in canine OSA
(Kirpensteijn et al. 2008; Pakos et al. 2004). Genetic alterations generally occur in the
DNA binding domain of p53 and this prevents the protein from activating target genes
which can lead to inappropriate survival of cancer cells in response to chemotherapy
(Sigal & Rotter 2000; Pavletich et al. 1993; Pakos et al. 2004). In a study of human
OSA, researchers tested adenoviral-mediated gene transfer of wildtype p53 into four
OSA cell lines, each with different expression levels of p53 (Ganjavi et al. 2006). Cells
with gene transfer of p53 had significantly decreased cell viability and increased
apoptosis after exposure to cisplatin and doxorubicin compared to OSA cells with no
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p53 gene transfer. These results also showed that experimental reintroduction of p53
sensitized OSA cell lines that were previously considered to be drug resistant.
Currently, there are pharmacological p53 activators that are in early clinical trials for
OSA (Hoe et al. 2014). Particularly promising results were noted in a mouse xenograft
model of human OSA which showed an accumulation of p53 and marked apoptosis in
the SJSA‑1 cell line after treatment with a small molecule MDM2 antagonist (Zhao et al.
2013).
Cyclic-AMP dependent protein kinase A (PKA)
Cyclic-AMP (cAMP) dependent PKA has proved to be an important intracellular
signaling molecule that regulates many biological reactions (Cho-Chung et al. 1995;
Scott 1991). The stepwise process of PKA activation begins with the conformational
change of a plasma membrane receptor due to ligand binding, followed by intracellular
activation of a G-protein coupled receptor that can further activate or inhibit adenyl
cyclase, the protein responsible for cAMP production from adenosine triphosphate
(ATP) (Hanoune & Defer 2001). Finally, the binding of cAMP to PKA is responsible for
its activation (Kim et al. 2007; Francis & Corbin 1999). When PKA is inactive, it is
composed of four subunits (two regulatory and two catalytic). Activation of the PKA
tetramer occurs when two cAMP molecules bind each regulatory subunit, causing an
allosteric conformational change (Francis & Corbin 1999). This releases the regulatory
subunit dimer from the two catalytic subunits, thereby activating the catalytic subunits to
phosphorylate downstream effector proteins (McKnight et al. 1988). By phosphorylating
protein substrates on serine or threonine amino acid residues, PKA helps direct the
localization, activity, and function of many proteins that are involved in downstream
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processes of cellular metabolism, proliferation, and apoptosis (Roesler et al. 1988; Liu
1982).
The diversity of cAMP-mediated responses can be attributed to the complexity of
the PKA tetramer, tissue-specific expression of its subunits, different biological
properties of subunit isoforms, and cellular compartmentalization of PKA by A-kinase
anchoring proteins (AKAPs) (Griffioen & Thevelein 2002; Dell’Acqua & Scott 1997).
There are two PKA isozymes, termed PKA I and PKA II, which are defined by different
isoforms of their regulatory (R) subunits; there are two RI subunits (RIα and RIβ) and
two RII subunits (RIIα and RIIβ) which represent PKA I and PKA II isozymes,
respectively (Lee et al. 1983; Sandberg et al. 1987; Solberg et al. 1991; Scott et al.
1987). AKAPs help control PKA signaling by binding to R subunits, thereby
compartmentalizing PKA to specific subcellular locations, such as the plasma
membrane, nucleus, endoplasmic reticulum, and Golgi apparatus (Dell’Acqua & Scott
1997; Faux & Scott 1996). Although AKAPs have been reported to interact with PKA I,
this isozyme is mainly a soluble cytoplasmic molecule, whereas PKA II tends to be
sequestered in subcellular locations by cell and tissue specific AKAPs (Griffioen &
Thevelein 2002; Angelo & Rubin 1998).
Because PKA I and PKA II have multiple R isoforms, the PKA holoenzyme can
exist with many different subunit configurations, including: (RIα2)C2, (RIβ2)C2, (RIIα2)C2,
(RIIβ2)C2, and (RIαRIIβ)C2 (Taskén et al. 1993). Variable expression patterns of these
subunits have also been described; RIα and RIIα are almost ubiquitously expressed,
whereas RIβ and RIIβ expression are specific to certain cell types (Scott 1991; Clegg et
al. 1988). Adding to this complexity, PKA also has three isoforms of the catalytic (C)
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subunit, denoted Cα, Cβ, and Cγ (Skalhegg & Tasken 2000; Skålhegg & Taskén 1997).
These C subunits have a higher affinity for type II PKA regulatory subunits; however,
type I PKA is more sensitive to cAMP, and this renders it as the main mediator of
cAMP-signaling in mammals (Gamm et al. 1996).
Structure and function of the RIα subunit of PKA
The gene encoding the RIα subunit of PKA, PRKAR1A, is located on
chromosome 17 in humans and chromosome 9 in the domesticated dog. In both
species, this gene is composed of 11 exons (Figure 1; Zawadzki & Taylor 2004). The
NCBI and Ensembl databases identify 6 PRKAR1A transcript variants in humans that
range in size from 1.3 to 4.3 kb. In dogs, transcription of PRKAR1A produces 4
predicted transcript variants ranging from 3.6 kb to 3.9 kb. Translation of mRNA
produces a protein that is composed of approximately 381 amino acids in humans or
344 amino acids in the canine counterpart (Figure 1; Zawadzki & Taylor 2004).

Figure 1: Relationship of human PRKAR1A exon structure and corresponding
protein domains. A dimerization/docking domain is located at the protein’s amino
terminus (exon 2) followed by a linker region (exon 3) containing the main docking site
for the C subunit. Two binding domains for cAMP (exons 4-8 and 9-11) are located at
the carboxyl terminus of the protein. (Modified from http://prkar1a.nichd.nih.gov/)
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In vitro experiments and gene knock-out (KO) studies have provided valuable
insight into the function of PRKAR1a. Cumulatively, these studies show that PRKAR1a
plays an essential role in the self-regulation of PKA activity, more so than any other
subunit isoform (Amieux & McKnight 2002). For example, when catalytic subunits (Cα
and Cβ) were overexpressed in cell culture, a significant compensatory increase was
observed in the expression of PRKAR1a, but not the RIIα subunit of PKA, which
proposed the idea that PRKAR1a was mainly responsible for keeping the C subunits
under cAMP control (Uhler & McKnight 1987). Researchers further tested this theory by
abolishing PRKAR1A expression in a KO mouse model and these mice had the most
severe phenotype compared to all other regulatory isoform KO mice (Amieux et al.
1997). PRKAR1A-KO mice developed gross defects in mesodermal-derived tissues and
they were unable to fully develop a primitive heart tube, which caused early embryonic
death (Amieux et al. 1997). Cumulatively, these in vitro and in vivo results imply that a
lack of PRKAR1a control of the C subunits causes inappropriate regulation of PKA I
activity.
PRKAR1a is thought to play a role in cellular division and the cell cycle since it
can associate with microtubules during interphase, and with the mitotic spindle
apparatus in dividing cells (Imaizumi-Scherrer et al. 2001). In contrast, PRKAR1a can
interfere with cell survival due to its capability to phosphorylates and stabilize BIM, a
proapoptotic protein (Moujalled et al. 2011).
Other reports indicate that PRKAR1a has a pertinent role in bone biology. For
example, neural crest-specific KO of PRKAR1A resulted in perinatal lethality due to
substantial intramembraneous ossification defects of the face and skull in mice (Jones
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et al. 2010). Additionally, a very recent study used shRNA to induce a stable knockdown of PRKAR1a expression, and this greatly interfered with signaling pathways
necessary for osteoblast differentiation by reducing RUNX2-mediated transcription in
both mouse and human cell lines (Zhang et al. 2014).
The role of PRKAR1a in disease
The Carney complex
Inactivating PRKAR1A mutations are responsible for most human cases of the
Carney complex (CNC), an inherited autosomal dominant disease phenotyped by skin
pigmentation and lesions, myxomas, schwannomas, and endocrine neoplasias
(Kirschner, Carney, et al. 2000; Casey et al. 1998; Carney et al. 1985) and a similar
syndrome may also occur in dogs (Adissu et al. 2010). Over 117 pathogenic PRKAR1A
mutations have been identified, with the most common mutations resulting in premature
stop codons (Kirschner, Carney, et al. 2000). Consequently, this leads to the decay of
nonsense mRNA and prevention of PRKAR1a protein production (Kirschner, Sandrini,
et al. 2000). On the other hand, it has been shown that CNC patients can produce
PRKAR1a protein, but amino acid substitutions in critical exons impair its function,
which leads to decreased cAMP binding (Horvath et al. 2010). Overall, the functional
consequence of PRKAR1A mutations in CNC patients is thought to increase cAMPresponsiveness (Stratakis 2002).
Cancer
The formation of cancer in CNC patients and other sporadic cancers with
PRKAR1A-inactivating mutations has led to the idea that this gene may function as a
tumour suppressor (Groussin et al. 2002; Bertherat et al. 2003; Sandrini et al. 2002).
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Traditionally, the definition of a tumour suppressor means that there is allelic loss of
both gene copies in order to promote cancer development (Payne & Kemp 2005;
Comings 1973). Rather than functioning as a classical tumour suppressor gene, it was
thought that haploinsufficiency (or allelic loss of just one PRKAR1A copy) would be
enough to promote tumourigenesis (Almeida et al. 2010). Researchers tested this
theory by generating mice that were heterozygous at the Prkar1a locus (Almeida et al.
2010). These mice, termed Prkar1a-/+, acquired fertility defects and developed tumours
in cAMP-responsive cell types including bone cells, Schwann cells, and thyroid follicular
cells. However, Prkar1a-/+ mice did not show the same severity in phenotype compared
to homozygous KO mice (Prkar1a-/-) lacking both gene alleles. For example, Prkar1a-/+
mice developed tumours later in life (around 6-9 months), whereas Prkar1a-/- mice died
in utero. Heterozygous mice also had less tissues displaying Prkar1a down regulation,
and of the tissues that were affected, the level of gene downregulation and subsequent
increase in cAMP signaling was not as intense as Prkar1a-/- mice (Kirschner et al. 2005;
Griffin et al. 2004). Researchers formed two major conclusions from these results: (1)
increased cAMP signaling is important for tumourigenesis and (2) additional factors may
be required for Prkar1a haploinsufficiency to cause cancer.
Indeed, another study tested tumour formation resulting from Prkar1a
haploinsufficiency combined with additional molecular aberrations. Specifically,
Prkar1a+/- mice were bred with mice heterozygous for tumour suppressors Tp53 or Rb
(Almeida et al. 2010). Prkar1a+/-Tp53+/- and Prkar1a+/-Rb+/- mice had significantly
reduced life spans compared to Prkar1a+/- mice, and they also had significantly
decreased survival times compared to mice haploinsufficient for Tp53 or Rb alone.
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Interestingly, Prkar1a haploinsufficiency did not change tumour development observed
in Tp53+/- and Rb+/- mice, and it did not result in new sites of tumour development.
Instead, double heterozygosity augmented the baseline Tp53+/- phenotype by
increasing the number of sarcomas; while double heterozygosity resulted in larger,
more numerous pituitary and thyroid cancers compared to the Rb+/- phenotype.
Ultimately, these results suggest that loss of one Prkar1a allele is a weak tumourigenic
signal that can have a synergistic effect with other tumour suppressor genes to induce
cancer.
Additional research has also suggested a role for PRKAR1A as a tumour
suppressor in bone cancer. In a study by Molyneux et al., a transgenic mouse model of
osteosarcoma (designated as MOTO) was generated by osteoblast-specific inactivation
of p53, Rb and PP2A. These MOTO mice develop bone tumours at 21 weeks of age
and they closely recapitulate human OSA in regard to skeletal tumour distribution,
radiographic and histologic features, and the presence of lung metastases. Thirty-eight
percent of primary tumours derived from these mice had deletions at the Prkar1a locus
and an associated decrease in Prkar1a mRNA expression compared to normal bone
(Molyneux et al. 2010). As a separate experiment, MOTO mice were generated with
heterozygous loss of Prkar1a specific to osteoblasts (Molyneux et al. 2010). These mice
had a strong propensity to develop OSA early in life and they did not live past 5 weeks
of age. This is in blunt contrast to MOTO mice with homozygous KO of Prkar1a, which
develop OSA that necessitated euthanasia around 22 weeks of age on average
(Molyneux et al. 2010). Regardless, in vivo loss of Prkar1a (either by haploinsufficiency
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or full locus deletion) increased PKA activity and subsequent overexpression of
downstream signaling molecules such as phospho-CREB and RANKL.
Interestingly, low PRKAR1a expression appears to be important in terms of
chemotherapeutic response. Human OSA patients that had less than 2% of their
primary tumours remaining after chemotherapy treatment were considered “high
responders” to chemotherapy (Molyneux et al. 2010). The tumours of these patients,
sampled before chemotherapy was given, had significantly lower PRKAR1A expression
compared to non-responders. Further statistical analysis revealed that patients with low
PRKAR1A-expressing tumours were over 4 times more likely to respond to
chemotherapy compared to patients with tumours having high PRKAR1A expression
(Molyneux et al. 2010). Although this study did not find a correlation between PRKAR1A
expression and overall survival, canine OSA research suggests that low PRKAR1a
expression in the primary tumour could convey a post-chemotherapy survival advantage
(Larsen 2011). Here, canine patients with low PRKAR1a-expressing tumours lived
significantly longer than canine patients with tumours showing high PRKAR1a
expression. In a separate study of canine OSA, dogs that underwent traditional curativeintent treatments were categorized as responders and non-responders if they had a
disease free interval (DFI) of greater than 300 days and less than 100 days,
respectively (O’Donoghue et al. 2010). Differences in PRKAR1a expression was
detected between these two groups, and based on post-chemotherapy survival times,
one may anticipate that lower PRKAR1a protein expression occurred in tumours of
responder dogs. Controversially, lower PRKAR1a expression actually occurred in
tumours of non-responder dogs (O’Donoghue et al. 2010).
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An important step in the development of cancer occurs when cells acquire the
ability to evade the natural signal to stop dividing, called senescence, and these cells
are considered to be immortalized (Shay & Roninson 2004). It has been shown that in
vitro knock-down of PRKAR1A expression could immortalize primary mouse embryonic
fibroblast (MEF) cells (Nadella & Kirschner 2005). Here, PRKAR1A null MEF cells were
able to avoid senescence due to increased PKA-mediated overexpression of Cyclin-D1,
which appeared to induce immortalization independently from p53 and p19ARF, two of
the most common proteins involved in immortalization. These results led researchers to
believe that PRKAR1a has powerful control of PKA-mediated regulation of the cell
cycle; and more importantly, the lack of this control can lead to immortalization, an
important step in tumourigenesis. Immortalization, however, is not sufficient for cells to
become malignant. Immortalized cells must undergo transformation that allows the cells
to acquire specific properties of cancerous cells, which (briefly) include: anchorageindependent growth, evasion of apoptosis, growth factor independence, genomic
instability, resistance to contact inhibition, and metastatic potential (Hanahan &
Weinberg 2011; Rao et al. 2006). In fact, it was possible to transform PRKAR1A null
MEFs by cellular introduction of activated RAS (Sandrini et al. 2002).
Up to now, the majority of this discussion has focused on PRKAR1A as a tumour
suppressor. Other studies, however, have proposed a role for PRKAR1A as a potential
oncogene. It has been well documented that overexpression of this gene occurs in
many different neoplasms, including retinoblastoma, malignant osteoblasts, ovarian,
renal, breast and colon cancers (Fossberg et al. 1978; Handschin & Eppenberger 1979;
Livesey et al. 1982; Watson et al. 1987; McDaid et al. 1999). In many of these cancers,

27

experimental reduction of PRKAR1A expression leads to increased PKA I activity which
results in cellular morphology changes, cellular growth arrest, apoptosis, cellular
differentiation, and inhibition of tyrosine kinase signaling (Nesterova & Cho-Chung
2000; Nesterova & Cho-Chung 1995; H Yokozaki et al. 1993; Alper et al. 1999). Since
repression of PRKAR1A expression can have a detrimental effect on tumour growth and
survival, genetic targeting of this molecule is thought to represent a potential therapy in
the treatment of cancer.
Gene knock-down using RNA interference
The advent of functional genomics has provided an invaluable tool to study the
biological function of genes and their products (Boehm & Hahn 2011). Genetic loss-offunction studies have been particularly helpful in identifying molecules that contribute to
certain disease phenotypes (Beronj et al. 2013; Ngo et al. 2006; MacKeigan et al. 2005;
Berns et al. 2004). Molecular biology techniques that induce a loss-of-gene function
often activate RNA interference (RNAi), a natural pathway in eukaryotic cells that can
be exploited in biological research to achieve sequence-specific gene knock-down
(Elbashir et al. 2001). It is anticipated that RNAi-mediated knock-down of problematic
genes could aid in the treatment of certain diseases, including cancer (Abdelrahim et al.
2006).
The cascade of complex molecular events leading to RNAi-mediated gene
silencing begins with the intracellular delivery of exogenous nucleic acids, such as small
interfering RNAs (siRNAs) (Tuschl et al. 1999). These molecules are short doublestranded RNAs (about 20-25 base pairs in length), with a 5’ phosphate group, 3’
hydroxyl group, and 2-3 nucleotide 3’ overhangs. Small interfering RNAs can also be
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generated inside the cell by transfection and subsequent intracellular processing of long
double-stranded RNAs or short hairpin RNAs (shRNAs) (Figure 2; Hamilton &
Baulcombe 1999). A large protein complex, called the RNA induced silencing complex
(RISC), binds to intracellular siRNA molecules and unwinds their structure (Rand et al.
2004). The argonaute 2 (AGO2) protein cleaves one of the siRNA strands (termed the
sense or passenger strand), leaving RISC bound to the antisense (or guide) strand
(Matranga et al. 2005). The activated RISC complex can then recognize target mRNA
that is complementary to the antisense strand, and cleavage of this target transcript
occurs between nucleotides 10 and 11, relative to the 5’ end (Elbashir et al. 2001). In
this process, numerous mRNA transcripts are cleaved and degraded, which drastically
reduces target-specific translation and associated protein production (Orban &
Izaurralde 2005).
A major challenge associated with RNAi technology is the delivery of siRNAs into
the cytoplasm. Small interfering RNAs cannot cross the mammalian cell membrane
unaided due to their size and negative charge, however this is often mitigated by the
use of cationic lipid-based delivery systems (Zhang et al. 2007; Li et al. 2006; Felgner et
al. 1987). The siRNA-cationic lipid complex binds to the negatively charged glycocalyx
on the cell membrane and enters the cell by endocytosis (Tseng et al. 2009; Friend et
al. 1996). Although this delivery system can induce potent gene knockdown in vitro,
there are some major downfalls with its use in vivo; one of which is the lack of tissue
specificity (Jackson et al. 2003). Modifications to siRNA delivery systems are thought to
help increase tissue specificity, which briefly include: conjugation of siRNA sense
strands to cholesterol, cyclodextrin nanoparticles, and aptamer-siRNA conjugates
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(McNamara et al. 2006; Hu-Lieskovan et al. 2005; Soutschek et al. 2004). In contrast to
siRNAs, vectored expression of shRNAs using adenoviruses, retroviruses or
lentiviruses can produce a more stable and longer-lasting gene knock-down, while
providing the opportunity to target specific tissues (Ghatak et al. 2008). Small hairpin
RNAs are not without their own challenges, including disruption of endogenous
microRNA machinery and viral-associated issues of insertional mutagenesis and the
potential to elicit an unwanted immune response (Selvarajah et al. 2009; Thomas et al.
2003).
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Figure 2: Mechanism of RNA interference. Long double-stranded RNAs (dsRNAs)
and small hairpin RNAs (shRNAs) are introduced into the cytoplasm, where they are
cleaved into small interfering RNAs (siRNAs) by the enzyme Dicer. The RNA-induced
silencing complex (RISC) binds to the antisense siRNA strand and cleavage of the
sense strand is mediated by argonaute 2 (AGO2). The activated RISC-siRNA complex
detects and degrades complementary mRNA to the antisense strand, which leads to
gene silencing due to a lack of target-specific translation. RISC-siRNA complexes can
be recycled and target additional mRNA transcripts. (Adapted from Rana 2007)

31

RATIONALE, HYPOTHESIS, AND OBJECTIVES
Molecular changes to PRKAR1A have been well documented in many types of
cancer. This study focuses on osteosarcoma (OSA), a highly aggressive type of bone
cancer that afflicts humans and dogs with striking disease similarities, including
molecular aberrations to PRKAR1A. In primary tumours of both species, low expression
of PRKAR1A (at the RNA or protein level) has been associated with a clinically better
response to chemotherapy compared to patients with high PRKAR1A-expressing
tumours. Knowing this, PRKAR1a may represent a potential therapeutic target to
sensitize OSA cells to chemotherapy. Since this concept has yet to be explored in
detail, this thesis sought to investigate the chemotherapeutic response of canine OSA
cell lines after targeted inhibition of PRKAR1A expression using RNAi technology. Here,
we hypothesize that siRNA-mediated silencing of PRKAR1A will chemosensitize canine
OSA cells to conventional chemotherapeutic drugs, including doxorubicin and
carboplatin.
Objective 1: Test canine OSA cell lines for their growth in soft agar as a correlate of
tumourigenicity.
Objective 2: Evaluate endogenous PRKAR1A expression at the RNA and protein level
in canine OSA cell lines and inhibit PRKAR1a expression using RNA interference
technology.
Objective 3: Assess the cellular responses to PRKAR1a knock-down alone and in
combination with chemotherapy by testing anchorage-independent growth, cell viability
and apoptosis.
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MATERIALS AND METHODS
Details of solution preparations can be found in Appendix I.
Primary canine OSA cell line derivation and cell culture conditions
Three primary canine OSA cell cultures were derived from different cases of
appendicular OSA. The JL-75 cell line was derived from a tumour located in the distal
tibia, whereas JL-81 and JL-78 cell lines were derived from tumours originating in the
proximal humerus. These samples were collected using aseptic technique in the postmortem room at the Veterinary Teaching Hospital in Guelph, Ontario. Tissue explants
were dipped in 70 % (v/v) ethanol for 30 seconds, rinsed with phosphate buffered saline
(PBS; Appendix I), and submersed in complete DMEM containing 500 µg/mL
gentamycin, 10 µg/mL fungizone and 10% heat inactivated FBS (Fisher Scientific,
Nepean, ON). Within ten minutes of collection, explants were transferred into a laminar
flow hood where tissue was minced into 2-5 mm diameter fragments and placed into 25
cm2 cell culture flasks (Thermo Scientific, Ottawa, ON). Explants were supplemented
with complete DMEM containing 10% heat inactivated FBS, 50 µg/mL gentamycin, 1
µg/mL fungizone and maintained in an incubator at 37°C with 5% CO2. An additional
primary OSA cell line, JL-31, was originally cultured prior to this study from thoracic fluid
of a dog with extensive pulmonary metastasis. Explant preparation for JL-31 is
described by Larsen 2011, however this process was the same as described above,
with the exception of a centrifugation step (11,000 rpm for 4 minutes) after immediate
collection of the sample. The fifth cell line used in this study is the commercially
available D17 OSA cell line (American Typical Culture Collection).
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All cell lines were maintained using standard cell culture conditions. Media
replacement occurred every 1-2 days until cells reached 75-85% confluency and
appeared to be in exponential growth. Cells were harvested by adding 1-2 ml of 0.25%
Trypsin-EDTA (Life Technologies, Burlington, ON) for approximately 3 minutes to allow
for sufficient cellular detachment. Trypsin deactivation occurred by adding an equal
volume of media, and cells were centrifuged at 400 x g for 4 minutes. Cells were
resuspended in complete DMEM containing 10% heat inactivated FBS, transferred to a
75 cm2 flask or 10 cm cell culture plate (Thermo Scientific, Ottawa, ON), and maintained
at 37°C and 5% CO2. Once grown to 75-85% confluency, cells underwent additional
harvesting for a total of four passages. At each passage number, cells were harvested
and resuspended in complete DMEM containing 10% DMSO at a concentration of 1-2 x
106 cells/ml. Cell suspensions were aliquoted into cryopreservation tubes and
transferred into a Mr.FrostyTM Freezing Container containing 70% (v/v) isopropanol
(Fisher Scientific, Nepean, ON).The container was placed in a -80oC freezer overnight,
and after 24 hours cryogenic vials were transferred into a liquid nitrogen tank for long
term storage.
Soft agar colony forming assay
Preliminary cell line characterization
Each cell line was tested for their growth in soft agar as a correlate of malignancy
from three independent experiments. A 3% agarose solution (Appendix I) was heated in
a microwave until fully dissolved, and mixed with complete DMEM containing 10% heat
inactivated FBS to yield a 0.8% media-agarose (or base layer) solution. This solution

34

was placed in a water bath at 40°C to allow the agarose and media temperatures to
equilibrate. After 30 minutes, 2 ml of the base layer was added to triplicate wells of a 6well plate (Thermo Scientific, Ottawa, ON) and allowed to set for a minimum of 30
minutes.
While waiting for the base layer to solidify, cells were harvested, pelleted by
centrifugation at 400 x g for 4 minutes, and resuspended in complete DMEM containing
10% heat inactivated FBS. After thorough mixing, 10 µl of the cell suspension was
mixed with 10 µl Trypan Blue (Sigma-Aldrich, Oakville, ON) and loaded onto a
microscope slide purposed for the Bio-Rad TC20 Cell Counter (Bio-Rad Laboratories,
Mississauga, ON). Cells were then serially diluted to generate stock solutions of
200,000 - 50,000 cells/ml. Top agar layers corresponding to 20,000 - 5,000 cells/well
were made by adding 400 µl of their respective stock solutions to 7.6 ml of a 0.4%
media-agarose solution. Using careful technique to avoid bubble production, 2 ml of the
top agar layer was added on top of the base agar layer for a total of three replicate
wells. After gentle swirling of the plate to aid in uniform distribution, plates were
incubated at room temperature for 10 minutes which allowed the soft agar to solidify.
Approximately 1 ml of complete DMEM containing 10% heat inactivated FBS was
added to the top soft agar layer, and plates were incubated at 37°C and 5% CO2. Media
replacement occurred every 2-3 days, and after 14 days media was removed and
replaced with 0.05% crystal violet containing 3% formaldehyde (Fisher Scientific,
Nepean, ON). Plates were incubated overnight at 4°C, washed twice with PBS and
colonies were imaged at 20X magnification using a dissecting microscope.
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Soft agar growth after siRNA-mediated silencing of PRKAR1A
A 0.8% soft agar base layer was created as described above. Cells were
prepared exactly as described in Transfection of siRNAs. After 48 hours of siRNA
transfection, cells from each treatment were harvested, counted, and seeded in 0.4%
top soft agar layers at densities of 5,000 cells/well for D17 cells, 10,000 cells/well for JL31 cells, and 15,000 cells/well for JL-75 and JL-78 cells. These specific seeding
densities were chosen based on the previous soft agar assay, as detailed above, in
order to create sufficient colony formations for future statistical comparisons between
treatment groups for each cell line. Media replacement occurred every 2 days, and after
14 days media was removed and replaced with 0.5 ml 0.05% crystal violet containing
3% formaldehyde (Fisher Scientific, Nepean, ON). Plates were incubated overnight at
4°C, washed twice with PBS, and colonies were imaged using the ChemiDocXRS+
System with Image Lab Software (Bio-Rad Laboratories, Mississauga, ON).
RNA extraction
RNA was extracted from JL-31, JL-75, and D17 cell lines using the RNeasy Mini
kit (Qiagen, Toronto, Ontario). Briefly, cells were washed twice with PBS and lysed by
the addition of RLT Buffer containing β-mercaptoethanol (Sigma-Aldrich, Oakville, ON).
Cell lysates were vortexed for 30-45 seconds, mixed with equal parts of 70% (v/v)
ethanol, and loaded onto RNeasy Mini spin columns. Samples were centrifuged at
10,000 rpm for 30 seconds and incubated with DNase I for 15 minutes (Qiagen,
Toronto, Ontario). Columns were washed with RW1 buffer, centrifuged at 10,000 rpm
for 15 seconds, treated with RPE buffer and centrifuged again at 10,000 rpm for 15

36

seconds. Columns were treated again with RPE buffer followed by a 2 minute
centrifugation step at 10,000 rpm. Finally, RNase-free water was added directly to the
spin column membrane and incubated for 1 minute, followed by a 1 minute
centrifugation step at 10,000 rpm to elute the membrane-bound RNA. Samples were
immediately placed on ice, and RNA quantity/purity was determined using the
NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). A
260/280 ratio for pure RNA is between 1.8 and 2.0, and all samples either fell within this
range or only slightly outside of it. RNA integrity was verified through capillary
electrophoresis in a 2100 Bioanalyzer (Agilent Technologies Inc, University of Guelph
Genomics Facility). Samples were diluted to an RNA concentration of approximately 50
ng/μl in nuclease-free water and stored at -80°C until future use.
Reverse transcriptase PCR
Complementary DNA (cDNA) was synthesized following the RT2 First Strand Kit
(Qiagen, Toronto, ON) at room temperature. Briefly, a genomic DNA elimination mixture
was made according to the manufacturer’s instructions, which included 200 ng of RNA.
This mixture was incubated at 42°C for 5 minutes in the C1000TM Thermo Cycler (BioRad Laboratories, Mississauga, ON) and immediately transferred onto ice. After the
addition of a reverse-transcription mixture, samples were incubated at 42°C for 15
minutes and the reaction was terminated by incubation at 95°C for 5 minutes. Samples
were diluted to a final volume of 100 μl in nuclease-free water. After spectrophotometric
determination of cDNA concentration, samples were diluted to a cDNA concentration of
50 ng/µl and aliquots were stored at 4°C until future use.
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PCR was performed using the HotStarTaq ® Plus Master Mix Kit (Qiagen,
Toronto, ON) according to the manufacturer’s recommendations. PCR amplifications
were carried out using HotStar Taq Plus Master mix (2x) combined with RNase-free
water, 100 ng of cDNA, and specific primer sets for PRKAR1A or the house keeping
gene hypoxanthine phosphoribosyltransferase 1 (HPRT1) which are listed in Table 1
(University of Guelph Laboratory Services, Guelph, ON). Conditions for amplification
were as follows: heat-activation step at 95°C for 5 minutes; 30 cycles of 94°C for 30
seconds; 55°C for 30 seconds; 72°C for 1 minute, and a final elongation step for 10
seconds at 72°C. Next, PCR products were electrophoresed at 100 V for 40 minutes in
a 1% TAE agarose gel (Appendix I). Gels were submersed in 10 µg/ml ethidium
bromide (Fisher Scientific, Nepean, ON) for 10 minutes, and PCR amplification bands
were detected by UV light exposure. No detectable bands were observed in negative
control samples, which consisted of nuclease-free water instead of a cDNA template.
Amplicon sizes were estimated by comparing sample PCR product bands to the QuickLoad® 2-Log DNA Ladder (New England BioLabs, Mississauga, ON). DNA was purified
from the PCR products by using the EZ-10 Spin Column PCR Purification Kit (Bio Basic,
Markham, ON) and sent for genetic sequencing at the University of Guelph Genomics
Facility in Guelph, ON.
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Table 1: Primer sequences used in Reverse transcriptase PCR
Gene of
Interest

PRKAR1A

HPRT1

Direction of
primer
Forward 1

5’-CACTGCTCGACCTGAGAGAC-3’

Reverse 1

5’-GCCCCAATCTTCCCACTTCA-3’

Forward 2

5’-GAGGTGCTATCAGTGCCGAA-3’

Reverse 2

5’-ACGATTCATCAGGAGCGCAA-3’

Forward

5’-TCAAGGGAGGCTATAAATTC-3’

Reverse

5’-GTCAGGTTTATAGCCAAC-3’

Nucleotide sequence

Amplicon
size (bp)
842

710

328

Protein collection and quantification
Cells grown in 12-well plates or 10 cm dishes were removed from the incubator,
washed once with cold PBS, and 30-200 µl of cell lysis buffer (Appendix I) was added to
each well. Cells were scraped off the bottom of the plate, transferred into 1.5 ml
Eppendorf tubes, and incubated on ice for 20 minutes. Cell lysates were vortexed for 30
seconds and centrifuged at 11,000 x g at 6°C for 15 minutes. Supernatants were
aliquoted into multiple centrifuge tubes and stored at -80°C. In order to ensure uniform
protein loading during SDS-PAGE, total protein concentration was measured in thawed
cell lysates by the colorimetric Bradford technique using bovine serum albumin (BSA)
and the Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories, Mississauga, ON).
SDS-PAGE and Western Immunoblotting
For each protein sample, 40 µg of total protein was mixed with 6X reducing
buffer (Appendix I) and heated to 95°C for 5 minutes. Denatured protein samples and a
standard protein ladder were loaded onto handmade 10% polyacrylamide gels
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(Appendix I). Proteins were then separated by electrophoresis at 110 V in SDS-PAGE
running buffer (Appendix I). Samples were then transferred onto a methanol-activated
polyvinylidene difluoride (PVDF) membrane in western blot transfer buffer (Appendix I)
for 1.5 hours at 110 V. Membranes were blocked at room temperature for 2 hours in
PBS-Tween 20 (PBS-T) containing 5% (w/v) non-fat milk while constantly mixing on the
Belly DancerTM undulating orbital shaker (Sigma-Aldrich, Oakville, ON). Membranes
were incubated overnight at 4°C with appropriate dilutions of primary antibodies in PBST containing 4% (w/v) non-fat milk. Specific details of primary antibodies used in
western blot analysis can be found in Table 2. After primary antibody incubation,
membranes were washed three times, at ten minutes each, in Tris-buffered saline
(Appendix I) with 0.05% Tween20 (TBS-T). Membranes were then submersed in
appropriate dilutions of secondary antibodies (Table 2) for 2.5 hours at room
temperature. After three additional TBS-T washes, Clarity Western ECL substrate (BioRad Laboratories, Mississauga, ON) was added to each membrane according to the
manufacturer’s instructions. Chemiluminescence was detected using the
ChemiDocXRS+ System with Image Lab Software (Bio-Rad Laboratories, Mississauga,
ON). Protein molecular weights were estimated by comparing visible bands from each
sample to bands generated from the Precision Plus ProteinTM Dual Color Standard (BioRad Laboratories, Mississauga, ON).
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Table 2: Primary and secondary antibodies used for western blot analysis
Protein of
interest

Primary
antibody

Primary
antibody
conc.

PRKAR1a

Monoclonal mouse
anti-human
PRKAR1a 1

1:500

Goat anti-mouse
IgG(H+L); HRP
conjugated 2

1:1000

Rabbit polyclonal
IgG to β-actin 3

1:1000

Goat anti-rabbit IgG
(H+L); HRP
conjugated 4

1:2000

Β-actin

Secondary
antibody

Secondary
antibody
conc.

1

BD Transduction Laboratories, Franklin Lakes, NJ; 2, 4 Life Technologies, Burlington,
ON; 3 Santa Cruz, Dallas, TX

Transfection of siRNAs
Cells were harvested and counted as previously described. Each cell line was
seeded at approximately 4 x 104 cells/well per 12-well plate or 1 x 103 - 2 x 103 cells/well
per 96-well plate in complete DMEM containing 10% heat inactivated FBS and
maintained in a humidified atmosphere at 37°C and 5% CO2. A confluency of 30-50%
was obtained after 24 hours, and cells were then transfected with different chemically
synthesized 27mer duplex RNAs (Table 3) from the TriFECTa® RNAi Kit (IDT
Technologies, Coralville, IA). The three 27mer duplex RNAs were designed using the
Predesigned DsiRNA Selection Program (IDT Technologies, Coralville, IA) and the
National Center for Biotechnology Information (NCBI) RefSeq Genbank database to
target the Canis lupus familiaris PRKAR1A gene (Accession number: XM_537577.4).
Transfection of siRNA duplexes was mediated by Lipofectamine 3000 as per the
manufacturer’s recommendations (Life Technologies, Burlington, ON) to a final siRNA
concentration of 40 nM. Cells were also transfected with a universal non-targeting
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negative control siRNA duplex (NC1 negative control siRNA; IDT Technologies,
Coralville, IA), which did not target any canine transcripts after analyzing the NC1
sequence against the canine genome using the Basic Local Alignment Search Tool
(BLAST) from the NCBI database. Additional experimental controls included a
transfection reagent-only treatment (UA+L) which consisted of unaltered cells (UA)
exposed to Lipofectamine-3000 (L) with no addition of siRNA duplexes. After 10 hours
of incubation, supernatants from all treatments were replaced with complete DMEM
containing 10% heat inactivated FBS. Cells were harvested at 24, 48, 72, 96 and 120
hours after siRNA transfection for purposes of western blot analysis to confirm siRNAmediated knockdown of PRKAR1a protein expression. The experimental outline testing
the cellular responses to siRNA-mediated silencing of PRKAR1A expression is detailed
in Figure 3.

Table 3: Nucleotide sequences of siRNA duplexes
Gene of

siRNA

Sense strand

Anti-sense strand

interest

identification

nucleotide sequence

nucleotide sequence

5’-AGGUUAUACCAAA

5’-GUCUUAUAAUCCUU

GGAUUAUAAGAC-3’

UGGUAUAACCUUU-3’

5’-GCUAUAGAAGAAU

5’-CUUCCCAUGAGGAU

CCUCAUGGGAAG-3’

UCUUCUAUAGCUG-3’

5’-UCUAUGUCAACAA

5’-GUUGCCCAUUCGUU

CGAAUGGGCAAC-3’

GUUGACAUAGACA-3’

NC1 negative

5’- CGUUAAUCGCGUA

5’-AUACGCGUAUUAUA

siRNA control

UAAUACGCGUT-3’

CGCGAUUAACGAC-3’

siRNA duplex 1
PRKAR1A

siRNA duplex 2
siRNA duplex 3

No Target
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Figure 3: Experimental outline used in this study to test the effects of siRNAmediated knock-down of PRKAR1a expression alone and in combination with
chemotherapeutic drugs.

Chemotherapy treatment
Each cell line was seeded at a density of 1,000 or 2,000 cells/well in a 96-well
plate format and after 48 hours, cells were treated in quadruplicate with 100 µl of
incremental doxorubicin or carboplatin dosages diluted in DMEM containing 10% FBS
(Pfizer, University of Guelph Small Animal Pharmacy, Guelph, ON). Final drug
concentrations consisted of 0 µM to 200 µM for doxorubicin and 0 µM to 10,000 µM
for carboplatin. After 72 hours of chemotherapy incubation at 37°C and 5% CO2, cell
viability was assessed using the PrestoBlue® cell viability reagent in the same manner
described in the next section. Using GraphPad Prism 6.0 software (GraphPad Software
Inc, La Jola, CA), dose-response curves were generated by plotting logarithmic drug
concentrations against percent cellular viability, which was calculated by dividing the
average fluorescence of chemotherapy-treated cells by respective cells treated with
growth media alone. IC50 dosages were estimated from these graphs by nonlinear
regression analysis using a four-parameter sigmoidal dose-response model. IC50 doses
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of chemotherapy were used in cellular viability and apoptosis assays; specifically, 100
µl and 1 ml treatments of cell line-specific IC50 doses were added to cells in 96-well
and 12-well plate formats, respectively, for a total incubation time of 72 hours.

Cell viability assay
Cellular metabolism, a correlate of cellular viability, was measured by
PrestoBlue® fluorescence relative to each sample (Squatrito et al. 1995). In 96-well
plate formats, wells of interest were treated with 10 µl of PrestoBlue® Cell Viability
Reagent (Life Technologies, Burlington, ON) and incubated at 37°C and 5% CO2 for a
total of 2 hours. Plates were covered with aluminum foil and placed onto the OrbitTM
digital microplate shaker (Mandel, Guelph, ON) for 1 minute. Excitation and emission
fluorescence were measured at 530 nm and 590 nm, respectively, using a BioTek
Synergy HT plate reader with Gen5 version 1.11 software (BioTek, Winooski, VT). The
mean fluorescence of no-cell wells with media alone was subtracted from fluorescence
readings of all tested wells.

Detection of apoptosis by flow cytometry
In this study, apoptosis was detected by flow cytometry after using the Annexin
V-FITC Apoptosis Detection Kit (eBioscience Inc, San Diego, CA). Flow cytometric
analysis of Annexin-V and propidium iodide (PI) is a well-documented detection method
of apoptosis in a variety of cell types (Darzynkiewicz et al. 1997). A classical feature of
apoptosis is the translocation of phosphatidyl serine (PS) from the inner plasma
membrane to the outer layer, thereby exposing this protein on the cell surface
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(Denecker et al. 2000; Fadok et al. 1992). This event is considered to occur early during
apoptosis, since the plasma membrane is still intact (Darzynkiewicz et al. 1997). Since
Annexin V can bind to PS, this allows for appropriate detection of early apoptotic cells
stained as Annexin-V positive and PI negative (Annexin V+/PI-) (Vermes et al. 1995). At
the same time, this assay can also detect late apoptosis which is characterized by the
loss of membrane integrity. These late apoptotic cells are considered to be dual positive
for Annexin-V and PI (Annexin V+/PI+). Furthermore, cells that have lost the integrity of
their plasma membrane and show no staining of Annexin-V are considered to be a
necrotic cell population (Annexin V-/PI+) (Vermes et al. 1995).
Canine OSA cells were seeded at a density of 40,000 cells/well in a 12-well plate
format and siRNA transfection was conducted in the same manner as previously
described. Apoptotic cell death was assessed at two major time points: (1) after 48
hours of siRNA transfection and (2) after an additional 72 hours of treatment with
doxorubicin or media alone. Supernatants were collected into 1.5 ml Eppendorf tubes
(in order to account for floating cells) and adherent cells were detached by adding 200
µl of 0.25% Trypsin-EDTA to each well (Life Technologies, Burlington, ON). All together,
each 1.5 ml Eppendorf tube contained supernatant and trypsinized cells from individual
triplicate wells. Samples were centrifuged at 1,500 rpm for 5 minutes and cell pellets
were washed with once with PBS, centrifuged again at 1,500 rpm for 5 minutes, and
resuspended in 200 µl of binding buffer. Next, 195 µl of this solution was transferred
into a separate centrifuge tube and incubated for 10 minutes after gentle mixing with 5
µl of the Annexin V-FITC labelled antibody. Eppendorf tubes were then centrifuged at
1,500 rpm for 5 minutes, washed with 200 µl binding buffer, and centrifuged again at
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1,500 rpm for 5 minutes. Finally, cells were resuspended in 190 µl binding buffer and
stained with 10 µl of PI. Samples were processed using a FACScan flow cytometer with
Cell Quest Software, and canine OSA cells were identified by characteristic forward and
side scatter plots. Ten thousand total events were acquired, and a 488 excitation laser
allowed for detection of Annexin V-FITC at a wavelength of 530 nm and PI at 675 nm.
Samples were analyzed by Flo Jo software (FloJo, Ashland, OR) and fluorescent
signals were organized into quadrants based on apoptotic cellular signal from
incubation with just one, none, or both Annexin V and PI antibodies.
Statistical analysis
Statistical analyses were performed using GraphPad Prism® 6.0 software
(GraphPad Software Inc, La Jola, CA). Statistical tests included an ordinary one way
analysis of variance (ANOVA) or a two way ANOVA, depending on the experiment. If it
was appropriate, post-tests were conducted using the Bonferroni or Tukey’s multiple
comparisons tests. Most experiments used three biological replicates for each statistical
analysis, and treatments were considered significantly different if the generated p-value
was less than 0.05 (p<0.05). All data were expressed as the mean ± standard error of
the mean (SEM).
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RESULTS

Preliminary characterization of primary canine OSA cell cultures
Four canine OSA cell lines grow in soft agar
All canine OSA cell lines formed colonies in soft agar, except for the JL-81 cell
line (Figure 4E) which was not included in future experiments. Overall, D17 cells (Figure
4A) grew large spheriods and they formed more quickly than the other cell lines in a 14
day growth period. Given its ability to form colonies in soft agar, D17 cells required the
lowest seeding density of 5,000 cells per well. Smaller sized colonies were formed by
the JL-75 (Figure 4C) and JL-78 (Figure 4D) primary OSA cell lines and they also
required the highest seeding density of 15,000 cells/well in order to form appreciable
soft agar colonies after 14 days. Visually, JL-31 cells (Figure 4B) formed the largestand most-proliferative colonies in soft agar in comparison to all other primary canine
OSA cell lines, which allowed this cell line to be plated at a lower seeding density of
10,000 cells/well.

Figure 4: Representative images of soft agar colonies formed by canine OSA cell
lines after 14 days (20X). The D17 (A), JL-31 (B), JL-75 (C), and JL-78 (D) cell lines all
proliferated and formed soft agar colonies to some extent. JL-81 (E) cells failed to grow
in soft agar even at the highest plating density of 20,000 cells/well.
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Endogenous PRKAR1A expression
PRKAR1A is detectable at the RNA and protein level
PRKAR1A expression was detected by reverse transcriptase-PCR using two
different primer sets in three canine OSA cell lines (D17, JL-31, and JL-75) (Figure 5A).
Detection of the HPRT1 house keeping gene served as an internal control. Two
different primers for PRKAR1A were expected to amplify PCR products of 824 and 710
base pairs, respectively (Table 1). After comparison of PCR product bands with a DNA
ladder, two different PRKAR1A PCR products were identified in all cell lines between
700-800 bp and 800-900 bp. These results are consistent with the predicted amplicon
sizes for each PRKAR1A primer set. PCR products were sent for further genetic
sequencing and verified to be canine PRKAR1A after inputting nucleotide sequences
into the BLAST tool of the NCBI database.
Western blot analysis showed that endogenous PRKAR1a protein expression
differs between canine OSA cell lines (Figure 5B). Since β-actin is thought to be
ubiquitously expressed in these cell types, uniform β-actin expression among all
samples confirmed that the observation of varying PRKAR1a expression levels in
canine OSA cell lines was not merely due to a difference in the amount of total loaded
protein (Figure 5B). D17 and JL-31 cell lines had the lowest levels of PRKAR1a protein
expression relative to all other canine OSA cell lines, while at the same time showing
similar expression to normal canine bone. On the other hand, JL-75 cells had the
highest relative amount of PRKAR1a expression compared to all other samples. JL-81
and JL-78 cell lines were intermediate for PRKAR1a protein expression, showing
greater expression compared to JL-31, D17, and normal canine bone cells; while at the
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same time, they displayed significantly less PRKAR1a expression compared to JL-75
cells.

Figure 5: Endogenous PRKAR1A expression at the RNA and protein level. (A)
Reverse transcriptase-PCR image of JL-31, D17, and JL-75 canine OSA cell lines
showing PRKAR1A PCR amplification products around 800-900 bp (primer set 1) or
700-800 bp (primer set 2). Each cell line amplified a PCR product from the HPRT1 set
of primers around an expected size of 328 bp. No PCR amplifications were detected in
the negative no-cDNA template control (- cntrl). (B) Western blot images show different
levels of PRKAR1a (49 kDa) protein expression in canine OSA cell lines (JL-81, D17,
JL-31, JL-75, JL-78) and normal canine bone (NB) cells. Beta-actin (43 kDa) protein
expression served as a loading control.
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PRKAR1a knock-down using siRNAs
In order to specifically inhibit canine PRKAR1a expression in vitro, we
established transient knock-down of this protein using siRNAs. One particular siRNA
duplex was used in this study, PRKAR1A siRNA duplex 1 (Table 3), since it showed
promising protein knock-down at concentrations of 40 nM and 20 nM in D17 cells after
comparing all three siRNA duplexes (Figure 15; Appendix 2). This siRNA duplex also
had the least number of theoretical unrelated gene targets and the best alignment with
canine PRKAR1A mRNA compared to the other siRNA duplexes after performing a
BLAST search. Indeed, all four canine OSA cell lines (D17, JL-31, JL-75, JL-78)
showed successful reductions of PRKAR1a protein expression at 24-120 hours after
Lipofectamine-3000 mediated transfection of PRKAR1A duplex 1 siRNAs, at a final
concentration of 40 nM (Figure 6). In the D17 cell line, PRKAR1a knock-down (RIα KD)
cells showed nearly undetectable expression of PRKAR1a from 24-72 hours after
siRNA transfection, although PRKAR1a expression became visible at the 96 hour
timepoint. JL-31 RIα KD cells also showed substantial PRKAR1a protein reduction at
24-96 hours, with expression visibility increased at 120 hours. PRKAR1a knock-down
was strongest in JL-75 cells at 72-96 hours after siRNA transfection. JL-78 RIα KD cells
showed the strongest PRKAR1a reduction at a much earlier time point, 24 hours after
siRNA transfection, while maintaining knock-down up to 96 hours. Notably, only RIα KD
cells from the JL-78 cell line showed a return of PRKAR1a expression to the level seen
in control cells at 120 hours. Generally, there were no obvious differences in PRKAR1a
expression between control cells in each cell line and this finding suggests that nontargeting siRNAs do not alter the endogenous expression of PRKAR1a. An exception
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can be identified at 24 and 48 hours of siRNA transfection in JL-31 cells; here, unaltered
cells and cells transfected with non-targeting siRNAs appear to differ qualitatively in
PRKAR1a expression.

Figure 6: Western blot analysis of PRKAR1a expression at 24-120 hours after
siRNA (40 nM) transfection. D17, JL-31, JL-78 and JL-75 canine OSA cells
transfected with siRNA against PRKAR1A (R1α KD) show considerable reductions in
PRKAR1a expression (49 kDa) at almost all time points. Cells transfected with nontargeting siRNAs (NEG) did not appear to exhibit changes to endogenous PRKAR1a
expression levels compared to unaltered (UA) control cells. β-actin (43 kDa) expression
confirms uniform protein loading.
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Cellular responses to PRKAR1A silencing in canine OSA cell lines
PRKAR1a knock-down does not alter anchorage-independent growth in soft agar
For each cell line, soft agar growth was compared between unaltered cells (UA),
cells treated with lipofectamine-3000 diluted in media (UA+L), and cells transfected with
non-targeting siRNAs (NEG) or PRKAR1A siRNAs (R1α KD) (Figure 7). Qualitatively,
PRKAR1A silencing did not induce gross changes in anchorage-independent growth for
the D17 cell line plated at 5,000 cells/well, the JL-31 cell line plated at 10,000 cells per
well, or the JL-78 and JL-75 cell lines that were plated at 15,000 cells/well.
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Figure 7: Representatives images showing soft agar growth of canine OSA cells
after siRNA-mediated inhibition of PRKAR1a expression. D17, JL-31, JL-78, and
JL-75 cells were grown in soft agar for 14 days at a seeding density of 5,000 - 15,000
cells/well after 48 hours of siRNA transfection. No obvious differences in soft agar
growth were identified between UA, UA+L, NEG, and RIα KD cells within each cell line.
Abbreviations: UA, unaltered cells treated with media alone; UA+L, cells treated with
Lipofectamine 3000; NEG, cells transfected with non-targeting siRNAs; RIα KD, cells
transfected with PRKAR1A siRNAs.
PRKAR1a knock-down reduces cellular viability and increases apoptosis in some
canine OSA cell lines
To address the biologic relevance of PRKAR1a reduction, we first investigated
the impact of PRKAR1A siRNAs on the in vitro cellular viability of canine OSA cells. All
cell lines were plated at 2,000 cells/well, treated with media alone (UA), Lipofectamine53

3000 diluted in media (UA+L), or transfected with non-targeting siRNAs (NEG) or
PRKAR1A siRNAs (R1α KD). Fourty-eight hours after treatment, the PrestoBlue® cell
viability assay was conducted as described in the Materials and Methods section. In all
cell lines, RIα KD cells were less viable (or had lower average fluorescence readings)
compared to control cells from the same cell line with higher PRKAR1a expression
(Figure 8). This pattern, however, was not always statistically significant after
conducting a one-way ANOVA and Tukey’s multiple comparisons test. In the D17, JL-31
and JL-75 cell lines, R1α KD cells were significantly less viable compared to all control
cells (p<0.05; Figure 8A, Figure 8B, Figure 8C). Similarly, JL-78 RIα KD cells were
significantly less viable than JL-78 UA+L cells (p<0.05, Figure 8D). Statistically relevant
differences in cellular viabilities were found between UA and UA+L control cells in the
JL-31, JL-75 and JL-78 cell lines (p>0.05; Figure 8B, Figure 8C, Figure 8D). Another
notable finding in Figure 8 indicates that non-targeting siRNAs can reduce cellular
viability since NEG cells from the D17, JL-31, and JL-75 cell lines were statistically less
viable compared to respective UA and/or UA+L cells (p<0.05).
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Figure 8: The effect of PRKAR1a knock-down on cellular viability of canine OSA
cells after 48 hours of siRNA transfection. Each cell line was seeded at 2,000
cells/well and PRKAR1a knock-down was induced by transfection of PRKAR1A siRNAs
(RIα KD). Control cells were either unaltered (UA), treated with Lipofectamine 3000
(UA+L), or transfected with non-targeting siRNAs (NEG). Fourty-eight hours after
treatment, cellular viability was measured by fluorescence after addition of the
PrestoBlue® Cell Viability Reagent. Statistically relevant comparisons were identified in
(A) D17, (B) JL-31, (C) JL-75 and (D) JL-78 cell lines, showing reduced cellular viability
in RIα KD cells relative to control cells. In the JL-31, JL-75, and JL-78 cell lines, UA cells
were significantly less viable compared to UA+L cells. NEG cells from the D17, JL-31
and J-75 cell lines were significantly less viable compared to respective UA and/or
UA+L cells. Data represents the mean of quadruplicate values ± SEM.

Next, we assessed cellular death, specifically by flow cytometric analysis of
Annexin V and PI markers of apoptosis in response to PRKAR1a knock-down after 48
hours of siRNA transfection (Figure 9-1 to 9-4). Flow cytometry data was displayed
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graphically in dot plots, illustrating fluorescence of cells staining positive for Annexin V
(early apoptosis, bottom right quadrant) and positive for both Annexin V and PI (late
apoptosis, top right quadrant) (Figure 9-1C; Figure 9-2C; Figure 9-3C; Figure 9-4C). For
each cell line, triplicate fluorescence values were averaged for each individual quadrant
and statistical analyses were conducted using an ordinary one way ANOVA, and when
appropriate, followed by the Bonferroni multiple comparisons test. A common pattern in
this data, with exception of the JL-78 cell line (Figure 9-3), shows that transfection of
PRKAR1A siRNAs increased the average proportion of cells in apoptosis compared to
cells (from the same cell line) transfected with non-targeting siRNAs (NEG), treated with
Lipofectamine 3000 diluted in growth medium (UA+L), or treated with media alone (UA)
(Figure 9-1; Figure 9-2; Figure 9-4). Most of these comparisons, however, were not
statistically significant. JL-31 was the only cell line to show statistical differences in
apoptotic cell death between RIα KD cells and control cells (p<0.05, Figure 9-2).
Specifically, a greater average proportion of JL-31 RIα KD cells were identified in early
and late apoptosis compared to UA+L cells and all other control cells, respectively
(p<0.05, Figure 9-2A,B). In contrast, the average early and late apoptotic responses
from RIα KD cells in the D17, JL78 and JL75 cell lines were not statistically different
compared to respective UA, UA+L, or NEG cells (p>0.05; Figure 9-1, Figure 9-3, Figure
9-4). In all cell lines, UA, UA+L, and NEG control cells were not significantly different
terms of apoptotic cell death (p>0.05; Figure 9-1, Figure 9-2, Figure 9-3, Figure 9-4).
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Figure 9-1: The effect of PRKAR1a knock-down on apoptotic cell death in D17
canine OSA cells after 48 hours of siRNA transfection. The average percentage of
cells in (A) early and (B) late apoptosis was not statistically different among PRKAR1a
knock-down (RIα KD) cells, cells transfected with non-targeting siRNAs (NEG),
unaltered cells treated with media alone (UA), or UA cells treated with Lipofectamine
3000 (UA+L). Data represents the mean from triplicate values ± SEM. (C)
Representative flow cytometry dot plot images show cells in early apoptosis (Q3,
Annexin V+/PI-) and late apoptosis (Q2, Annexin V+/PI+) for all four treatments. Other
cell populations include necrotic cells (Q1, Annexin V-/PI+) and normal cells (Q4,
Annexin V-/PI-).
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Figure 9-2: The effect of PRKAR1a knock-down on apoptotic cell death in JL-31
canine OSA cells after 48 hours of siRNA transfection. Experimental inhibition of
PRKAR1a expression (RIα KD) in the JL-31 cell line triggers a statistically greater
percentage of cells to enter early (A) apoptosis compared to cells treated with
Lipofectamine-3000 diluted in growth medium (UA+L). A greater proportion of RIα KD
cells were also identified in late (B) apoptosis compared to UA+L cells, unaltered cells
(UA), or cells transfected with non-targeting siRNAs (NEG). No statistical differences in
apoptotic cells were found between UA, UA+L, and NEG control treatments. Data
represents the mean from triplicate values ± SEM. (C) Representative flow cytometry
dot plot images show cells in early apoptosis (Q3, Annexin V+/PI-) and late apoptosis
(Q2, Annexin V+/PI+) for all four treatments. Other cell populations include necrotic cells
(Q1, Annexin V-/PI+) and normal cells (Q4, Annexin V-/PI-).
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Figure 9-3: The effect of PRKAR1a knock-down on apoptotic cell death in JL-78
canine OSA cells after 48 hours of siRNA transfection. No statistical differences
were identified in the proportion of PRKAR1a knock-down (RIα KD) cells in early (A)
and late (B) apoptosis compared to unaltered cells treated with media alone (UA), UA
cells treated with Lipofectamine 3000 (UA+L), or cells transfected with non-targeting
siRNAs (NEG). Data represents the mean from triplicate values ± SEM. (C)
Representative flow cytometry dot plot images show cells in early apoptosis (Q3,
Annexin V+/PI-) and late apoptosis (Q2, Annexin V+/PI+) for all four treatments. Other
cell populations include necrotic cells (Q1, Annexin V-/PI+) and normal cells (Q4,
Annexin V-/PI-).
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Figure 9-4: The effect of PRKAR1a knock-down on apoptotic cell death in JL-75
canine OSA cells after 48 hours of siRNA transfection. No statistical differences
were identified in the proportion of PRKAR1a knock-down (RIα KD) cells in early (A)
and late (B) apoptosis compared to unaltered cells treated with media alone (UA), UA
cells treated with Lipofectamine 3000 (UA+L), or cells transfected with non-targeting
siRNAs (NEG). The proportions of cells in early and late apoptosis were not significantly
different between UA, UA+L and NEG control cells. Data represents the mean from
triplicate values ± SEM. (C) Representative flow cytometry dot plot images show cells in
early apoptosis (Q3, Annexin V+/PI-) and late apoptosis (Q2, Annexin V+/PI+) for all
four treatments. Other cell populations include necrotic cells (Q1, Annexin V-/PI+) and
normal cells (Q4, Annexin V-/PI-).
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PRKAR1a knock-down in combination with chemotherapy
IC50 drug concentrations
In a 96-well plate format, unaltered D17 and JL-31 cells were seeded at 1,000
cells/well whereas unaltered JL-78 and JL-75 cells were seeded at 2,000 cells/well. As
described in the Materials and Methods section, we calculated IC50 drug concentrations
specific to each cell line from logarithmic dose-response curves (Figure 10).
Interestingly, the JL-75 cell line had the highest expression of PRKAR1a by western blot
analysis and these cells also appeared more chemoresistant to carboplatin compared to
all other cell lines by requiring the highest IC50 drug dosage of 908.1 µM (Figure 5B,
Figure 10B). Indeed, it is possible that PRKAR1a expression is associated with
carboplatin chemosensitivity since the JL-78 cell line (which showed intermediate
PRKAR1a expression) had a carboplatin IC50 dosage in between the low and high
PRKAR1a-expressing cell lines (Figure 10B). Similarly, the low PRKAR1a-expressing
cell lines (D17 and JL-31 cells) required much lower IC50 dosages of doxorubicin in
comparison to the high PRKAR1a-expressing cell line, JL-75 (Figure 10A). The JL-78
cell line, on the other hand, did not have an “intermediate” doxorubicin IC50 dose;
instead, these cells required a lower IC50 concentration of doxorubicin relative to JL-75,
D17, and JL-31 cells.
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Figure 10: Doxorubicin and carboplatin chemotherapy dose-response curves for
D17, JL-31, JL-78 and JL-75 canine OSA cell lines. IC50 drug concentrations specific
for each cell line were found by plotting cell viability using the PrestoBlue® Cell Viability
Reagent against increasing doxorubicin (A) or carboplatin (B) concentrations. Percent
(%) cell viability was determined by dividing the mean fluorescence of cells treated with
a certain dose of chemotherapy by the mean fluorescence of cells treated with media
alone. Data are the averages of three independent experiments and error bars
represent SEM.
After determining specific doxorubicin IC50 dosages for each cell line, we tested
if PRKAR1a-knockdown would synergize with doxorubicin chemotherapy and further
reduce cellular viability and/or increase apoptosis. Doxorubicin IC50 doses were added
to each cell line in a 12-well plate format after 48 hours of siRNA transfection, and cell
lysate was collected after 24, 48 and 72 hours of doxorubicin incubation. Western blot
analysis confirms substantial PRKAR1a knock-down in each cell line for the duration of
chemotherapy treatment (Figure 11). In addition, control cells that were unaltered (UA),
treated with Lipofectamine-3000 (UA+L), or transfected with non-targeting siRNAs
(NEG) did not have grossly different PRKAR1a expression levels (Figure 11).
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Figure 11: Western blot images showing siRNA-mediated PRKAR1a knock-down
in canine OSA cells after 24-72 hours of doxorubicin chemotherapy. In each cell
line, PRKAR1a knock-down (RIα KD) cells had significant protein reductions of
PRKAR1a (49 kDa) compared to unaltered cells (UA), UA cells treated with
Lipofectamine 3000 (UA+L), or cells transfected with non-targeting siRNAs (NEG). No
qualitative differences were noted between UA, UA+L and NEG cells. Beta-actin (43
kDa) expression confirms uniform protein loading.
PRKAR1a knock-down increased chemosensitivity to doxorubicin, but not carboplatin,
in some canine OSA cell lines
PRKAR1A silencing was tested in combination with doxorubicin or carboplatin
chemotherapeutic drugs in D17, JL-31, JL-75 and JL-78 canine OSA cell lines. In 96well plates, each cell line was transfected with 40 nM of PRKAR1A siRNAs (RIα KD) or
non-targeting siRNAs (NEG), treated with Lipofectamine-3000 diluted in growth medium
(UA+L), or cells were simply unaltered (UA). After 48 hours of treatment, supernatants
were removed and replaced with growth medium alone, cell line-specific IC50 dosages
of doxorubicin, or IC50 dosages of carboplatin (Figure 10). After 72 hours, the
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PrestoBlue® cell viability assay was conducted as described in the Materials and
Methods section. Quadruplicate fluorescence readings from chemotherapy-treated UA,
UA+L, NEG and RIα KD cells were averaged for each cell line and divided by the
average fluorescence readings from respective UA, UA+L, NEG, and RIα KD cells that
were treated with media alone. These values (considered to be percent cellular
viabilities) were averaged from three independent experiments and followed with
statistical analyses using a one way ANOVA and (if appropriate) a Bonferroni multiple
comparisons test. We anticipated percent (%) cell viabilities to hover around 50% in UA
cells of all cell lines, since IC50 chemotherapy doses were calculated with the intent to
reduce PrestoBlue® fluorescence readings to half of the signal generated by cells
treated with growth medium alone. Figures 12 and 13 indicate that the IC50 dosages of
doxorubicin and carboplatin did not always reduce cellular viability by 50%.
Even with small reductions in cellular viability due to chemotherapy, PRKAR1A
silencing increased chemosensitivity to doxorubicin in comparison to: UA cells in the JL78 cell line; UA and UA+L cells in D17 and JL-31 cell lines; and in comparison to UA,
UA+L, and NEG cells in the JL-75 cell line (p<0.01; Figure 12). It is also worth noting
that D17, JL-31 and JL-78 cell lines were also more chemosensitive after transfection of
non-targeting siRNAs and not just PRKAR1A siRNAs. Here it was found that NEG cells
were significantly less viable compared to UA and/or UA+L cells (p<0.01; Figure 12A,
Figure 12B, Figure 12C). On the other hand, treatment with Lipofectamine 3000 did not
have a statistically relevant effect on cellular viability in any canine OSA cell line
(p>0.05; Figure 12). These findings indicate that siRNAs, and not the siRNA transfection
reagent, is responsible for modulating doxorubicin-induced cytotoxicity.
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Although PRKAR1A silencing seemed to increase chemosensitivity to
doxorubicin by reducing cellular viability, this effect was not statistically significant when
cells were treated with carboplatin (p>0.05; Figure 13). Although PRKAR1a knock-down
shows a pattern of reduced cellular viability, there were absolutely no statistically
relevant differences between RIα KD cells and control cells treated with carboplatin for
any cell line (p>0.05; Figure 13).
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Figure 12: The effect of PRKAR1a knock-down on cellular viability after 72 hours
of treatment with doxorubicin chemotherapy. PRKAR1A silencing in all cell lines
increased chemosensitivity to doxorubicin chemotherapy. Cells from the D17 (A), JL-31
(B), JL-78 (C), and JL-75 (D) cell lines were either unaltered (UA), treated with
Lipofectamine-3000 diluted in media (UA+L), or transfected with PRKAR1A siRNAs
(R1α KD) or non-targeting siRNAs (NEG). After 48 hours of treatment, cells were
incubated with IC50 dosages of doxorubicin or media alone for a total of 72 hours.
Percent (%) cell viability was calculated by dividing Prestoblue® fluorescence readings
of doxorubicin-treated cells from respective UA, UA+L, NEG or RIα KD cells treated with
growth medium alone. RIα KD cells from all cell lines had a statistically significant
reduction in % cell viability compared to at least one of UA, UA+L, or NEG treatments.
No statistical differences were detected in % cell viabilities between UA and UA+L cells
for each cell line. Transfection of negative siRNAs significantly reduced % cell viabilities
in D17, JL-31 and JL-78 cell lines compared to UA and/or UA+L treatments. Values
represent the mean from three independent experiments ± SEM.
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Figure 13: The effect of PRKAR1a knock-down on cellular viability after treatment
with IC50 doses of carboplatin for 72 hours. Experimental reduction of PRKAR1a
expression did not statistically alter carboplatin chemosensitivity in (A) D17, (B) JL-31,
(C) JL-78, and (D) JL-75 canine OSA cell lines. Cells from each cell line were either
unaltered (UA), treated with Lipofectamine-3000 diluted in media (UA+L), or transfected
with PRKAR1A siRNAs (R1α KD) or non-targeting siRNAs (NEG). After 48 hours, cells
with each treatment were incubated with IC50 doses of carboplatin or media alone for a
total of 72 hours. Percent (%) cell viabilities were calculated by dividing Prestoblue®
fluorescence readings of carboplatin-treated cells from respective UA, UA+L, NEG or
RIα KD cells treated with media alone. No statistical differences were detected in % cell
viabilities between UA, UA+L, NEG, and RIα KD treatments within each cell line. Values
represent the mean from three independent experiments ± SEM.
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Aside from cellular viability, we questioned if reduced PRKAR1a expression
could enhance doxorubicin-induced apoptotic cell death. Three canine OSA cell lines
(D17, JL-31, and JL-75) with siRNA-mediated knock-down of PRKAR1a (RIα KD) were
compared to control cells from the same cell line which have naturally higher PRKAR1a
expression. These controls consisted of cells that were unaltered (UA), treated with
Lipofectamine 3000 (UA+L), or transfected with non-targeting siRNAs (NEG). After 48
hours, cells were either incubated with growth medium alone or cell line-specific IC50
doses of doxorubicin. After 72 hours of incubation, early and late apoptotic cell death
was assessed by flow cytometric analysis of Annexin V and PI staining, and the
percentages of cells in early apoptosis (Annexin V+/PI-) and late apoptosis (Annexin V/PI-) were independently averaged for triplicate samples. Statistical analyses were
conducted using a two-way ANOVA in order to ask three general questions: (1) does
doxorubicin have an effect on apoptosis compared to cells treated with media alone, (2)
can PRKAR1a knock-down alter apoptotic cell death in comparison to control cells with
naturally higher PRKAR1a expression and (3) does the apoptotic response to
PRKAR1a knock-down change in the presence or absence of chemotherapy? If
statistical significance was found, data was further analyzed using the Tukey’s multiple
comparisons test.
Results show that IC50 doses of doxorubicin significantly increased early
apoptotic cell death compared to the treatment of media alone in JL-31 and D17 cell
lines (p<0.01; Figure 14-2A, Figure 14-3A). This observation, however, was not
significant in the JL-75 cell line (p>0.05; Figure 14-3A). Furthermore, treatment of cells
with doxorubicin significantly increased late apoptotic cell death compared to the
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treatment of media alone in JL-31 and JL-75 cell lines, although this finding was not
significant in the D17 cell line (Figure 14-2B, Figure 14-3B, Figure 14-1B). After
accounting for multiple comparisons, it was found that not all UA, UA+L, NEG or RIα KD
cells responded to doxorubicin chemotherapy. For example, doxorubicin-treated D17
RIα KD cells showed a significant increase in early apoptosis compared to D17 RIα KD
cells treated with media alone (p<0.01; Figure 14-1A), although this was not observed in
D17 UA, UA+L, NEG cells (p>0.05; Figure 14-1A). On the other hand, all UA, UA+L,
NEG and RIα KD cells from the JL-31 cell line responded to doxorubicin chemotherapy
by increasing the proportion of early apoptotic cells compared to respective cells treated
with media alone (p<0.01; Figure 14-2A). Similarly, doxorubicin-treated JL-31 cells had
significantly increased late apoptotic cell death compared cells treated with growth
media alone; although this was not significant for JL-31 UA+L cells (Figure 14-2B). A
surprising finding in the JL-75 cell line showed that only chemotherapy-treated RIα KD
cells had an increase in the proportion of late apoptotic cells compared to RIα KD cells
treated with media alone (p<0.01; Figure 14-3B). Chemotherapy-treated JL-75 UA,
UA+L and NEG cells had an unexpected decrease in the proportion of late apoptotic
cells compared to respective cells treated with media alone (p<0.01;Figure 14-2B). All
together, these results indicate that doxorubicin had a statistically relevant effect on
early and/or late apoptotic cell death of canine OSA cells, although differences included
the type of cells that responded (UA, UA+L, NEG or RIα KD) and the type of elicited
response (increased or decreased apoptotic cell death relative to media-alone controls).
Next, we questioned if PRKAR1a knock-down altered early apoptotic cell death
in comparison to control cells with higher PRKAR1a expression. Flow cytometry dot plot
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images show that PRKAR1a knock-down in the D17 cell line visibly increased the
proportions of cells staining for Annexin V+/PI-, regardless of treatment with media
alone or doxorubicin (Figure 14-1C, Figure 14-1D). Indeed, quantification of this data
reveals that PRKAR1a knock-down in the D17 cell line induced a significantly greater
proportion of cells into early apoptosis compared to D17 UA, UA+L, and NEG cells in
the presence of media alone or doxorubicin (p>0.05; Figure 14-1A). Similarly, a greater
proportion of JL-75 RIα KD cells (treated with media alone or chemotherapy) were
located in the Annexin V+/PI- quadrant compared to control cells (Figure 14-3C, Figure
14-3D). Quantification of this data indicates that PRKAR1a knock-down in the JL-75 cell
line induced a significantly greater proportion of cells to enter early apoptosis compared
to UA cells in the presence of media alone, and in comparison to all control cells when
treated with doxorubicin (p<0.01; Figure 14-3A). In contrast, early apoptotic responses
in JL-31 cells differed if PRKAR1A silencing was combined with media alone or
doxorubicin chemotherapy. Flow cytometry dot plot images of JL-31 cells treated with
media alone show a greater proportion of RIα KD cells located in the Annexin V+/PIquadrant compared to all control cells (Figure 14-2C). Statistical analysis confirmed that
a greater proportion of JL-31 RIα KD cells were present in early apoptosis compared to
UA, UA+L, and NEG cells if the treatment was media alone (p<0.01; Figure 14-2A). On
the other hand, exposure to doxorubicin chemotherapy nullified this effect and no
statistically significant differences were detected in early apoptotic cells between JL-31
UA, UA+L, NEG or RIα KD cells (p>0.05; Figure 14-2A). This finding is also apparent in
flow cytometry dot plot images which show no obvious qualitative differences of
doxorubicin-treated cells located in Annexin V+/PI- quadrants (Figure 14-2D).
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The next set of results focused on the effect of PRKAR1a knock-down alone and
in combination with chemotherapy on late apoptotic cell death. Here it was found that
when JL-31 and D17 cell lines were treated with media alone, RIα KD cells were not
significantly different in terms of late apoptotic cell death compared to control cells
(p>0.05; Figure 14-1B, Figure 14-2B). These findings are qualitatively represented in
flow cytometry dot plot images showing no obvious differences between UA, UA+L,
NEG and RIα KD cells in terms of Annexin V+/PI+ staining (Figure 14-1C, Figure 142C). In contrast to D17 and JL-31 cell lines, in the presence of media alone, statistically
significant differences were detected between UA, UA+L, NEG and RIα KD cells in JL75 cell line. Here it was found that JL-75 RIα KD cells had a significantly lower
proportion of cells in late apoptosis compared to NEG cells (p<0.01; Figure 14-2B).
Interestingly, the late apoptotic response from all cell lines showed a similar pattern
once PRKAR1a knock-down was combined with chemotherapy. Quantification of JL-31
and D17 cells in the Annexin V+/PI+ quadrants (Figure 14-1D, Figure 14-2D) revealed
that RIα KD cells had an increased proportion of cells in late apoptosis compared to
UA+L cells in the presence of doxorubicin chemotherapy (p<0.05; Figure 14-1B, Figure
14-2B). Similarly, flow cytometry dot plot images of the JL-75 cell line show greater
Annexin V+/PI+ cellular staining in RIα KD cells compared to UA, UA+L, and NEG cells
after incubation with doxorubicin (Figure 14-3D). Quantification of this data
demonstrates that PRKAR1a knock-down combined with doxorubicin chemotherapy in
the JL-75 cell line induced significantly more cells into late apoptosis compared to
chemotherapy-treated UA, UA+L and NEG cells (p<0.05; Figure 14-3B).
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Additional findings suggest that transfection of non-targeting siRNAs can have an
effect on apoptosis. In the JL-75 cell line, transfection of non-targeting siRNAs alone
(without chemotherapy) induced significant increases in early and late apoptosis
compared to UA cells (p<0.01; Figure 14-3A, Figure 14-3B). A cytotoxic effect of nontargeting siRNAs was also observed in D17 cells that were treated with doxorubicin.
Here it was found that when cells were treated with doxorubicin, D17 NEG cells had a
greater proportion of cells in late apoptosis compared to D17 UA+L cells (p<0.01; Figure
14-1B).
It was also found that the transfection reagent, Lipofectamine-3000, could
significantly increase apoptotic cell death; although this response was only observed in
the JL-75 cell line (Figure 14-3). In the presence of media alone, JL-75 UA+L cells had
a greater proportion of cells in early apoptosis compared to JL-75 UA cells (p<0.01;
Figure 14-3A). Likewise, JL-75 UA+L cells also had increased late apoptotic cell death
in comparison to JL-75 UA and NEG cells in the presence of media alone (p<0.01;
Figure 14-3B). Furthermore, JL-75 UA+L cells that were treated with doxorubicin
chemotherapy also had a significantly greater proportion of cells present in late
apoptosis compared to chemotherapy-treated UA cells (p<0.01; Figure 14-4B).
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Figure 14-1: Apoptotic response to PRKAR1A silencing combined with doxorubicin
chemotherapy in D17 canine OSA cells. D17 cells were either unaltered (UA), treated
with Lipofectamine 3000 (UA+L), transfected with non-targeting (NEG) or transfected with
PRKAR1A siRNAs (RIα KD). After 48 hours of treatment, supernatants were removed and
replaced with growth medium alone or an IC50 concentration of doxorubicin for a total of 72
hours. Apoptosis was assessed by flow cytometric analysis of Annexin V and PI staining.
(A) Doxorubicin induced a significant increase in early apoptotic cell death compared to the
treatment of media alone in RIα KD cells but not in UA, UA+L or NEG cells. Regardless of
treatment with chemotherapy or growth medium alone, a greater proportion of RIα KD cells
were present in early apoptosis compared to UA, UA+L and NEG cells. (B) Doxorubicin did
not significantly increase the proportion of late apoptotic cells in comparison to the
treatment of media alone for UA, UA+L, NEG and RIα KD cells. In the presence of
doxorubicin, a greater proportion of RIα KD cells were present in late apoptosis compared
to UA+L cells. Additionally, transfection of cells with non-targeting siRNAs significantly
increased the proportion of late apoptotic cells compared to UA and UA+L cells.
Representative flow cytometry dot plot images show UA, UA+L, NEG and RIα KD D17 cells
treated with media alone (C) or doxorubicin (D) in early apoptosis (Q3, Annexin V+/PI-) and
late apoptosis (Q2, Annexin V+/PI+). **, p<0.01; *, p<0.05; a, p<0.01 versus media alone.
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Figure 14-2: Apoptotic response to PRKAR1A silencing combined with doxorubicin
chemotherapy in JL-31 canine OSA cells. JL-31 cells were either unaltered (UA), treated
with Lipofectamine 3000 (UA+L), transfected with non-targeting (NEG) or transfected with
PRKAR1A siRNAs (RIα KD) for a total of 48 hours. Supernatants were removed and
replaced with growth medium alone or an IC50 concentration of doxorubicin for 72 hours.
Apoptosis was assessed by flow cytometric analysis of Annexin V and PI staining. (A)
Doxorubicin induced a significant increase in early apoptotic cell death compared to the
treatment of media alone in UA, UA+L, NEG, and RIα KD cells. When cells were treated
with media alone, a greater proportion of RIα KD cells were undergoing early apoptosis
compared to UA, UA+L and NEG cells. In contrast, there were no statistically relevant
differences in early apoptotic cell death between UA, UA+L, NEG or RIα KD cells in the
presence of doxorubicin. Regardless of treatment with media alone or doxorubicin, there
were no significant differences in early apoptosis between UA, UA+L, or NEG cells. (B) In
comparison to the treatment of media alone, doxorubicin increased late apoptotic cell death
in UA, NEG, and RIα KD cells but not in UA+L cells. Doxorubicin-treated RIα KD cells had
significantly increased early apoptotic cell death compared to chemotherapy-treated UA+L
cells. Regardless of treatment with media alone or doxorubicin, there were no significant
differences in late apoptotic cell death between UA, UA+L, or NEG cells. Representative
flow cytometry dot plot images show UA, UA+L, NEG and RIα KD D17 cells treated with
media alone (C) or doxorubicin (D) in early apoptosis (Q3, Annexin V+/PI-) and late
apoptosis (Q2, Annexin V+/PI+). **, p<0.01; *, p<0.05; a, p<0.01 in comparison to media
alone.
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Figure 14-3: Apoptotic response to PRKAR1A silencing combined with doxorubicin
chemotherapy in JL-75 canine OSA cells. JL-75 cells were either unaltered (UA), treated
with Lipofectamine 3000 (UA+L), transfected with non-targeting (NEG), or transfected with
PRKAR1A siRNAs (RIα KD) for 48 hours. Supernatants were replaced with growth medium
alone or an IC50 concentration of doxorubicin for 72 hours. Apoptosis was assessed by flow
cytometric analysis of Annexin V and PI staining. (A) Doxorubicin did not change early
apoptotic cell death in comparison to the treatment of media alone. RIα KD cells treated
with doxorubicin or media alone showed increased early apoptotic cell death compared to
UA cells and all controls, respectively. UA+L and NEG cells have increased proportions of
cells in early apoptosis in comparison to UA cells, but only if cells were treated with media
alone. (B) Doxorubicin significantly increased late apoptotic cell death in RIα KD cells
compared to the treatment of media alone. Surprisingly, doxorubicin decreased late
apoptotic cell death in UA, UA+L and NEG cells compared to the treatment of media alone.
In the presence of doxorubicin, a greater proportion of RIα KD cells were in late apoptosis
compared to UA, UA+L, and NEG cells. In contrast, RIα KD cells had a lower proportion of
cells in late apoptosis compared to NEG cells if the treatment was growth media alone.
Lipofectamine 3000 had an effect on apoptosis since a greater proportion of UA+L cells
were present in late apoptosis compared to UA and/or NEG cells. NEG cells had increased
late apoptotic cell death in comparison to unaltered cells but only significant if the treatment
was growth medium alone. Representative flow cytometry dot plot images show UA, UA+L,
NEG and RIα KD cells treated with media alone (C) or doxorubicin (D) in early apoptosis
(Q3, Annexin V+/PI) and late apoptosis (Q2, Annexin V+/PI+); **, p<0.01; *, p<0.05; a,
p<0.01 in comparison to media alone.
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SUMMARY OF RESULTS AND DISCUSSION
Work in this thesis provides preliminary characterization of JL-31, JL-75 and JL78 primary OSA cell lines by showing that they form colonies in soft agar after 14 days.
Normal cells generally require a solid surface for growth, whereas cancer cells can
acquire anchorage-independent growth, a property that allows them to grow suspended
in a semi-solid agar medium like soft agar (Hanahan & Weinberg 2011; Shin et al.
1975). Knowing this, only canine OSA cell lines displaying growth in soft agar were
used in this study since anchorage-independent growth strongly suggests that they are
composed of neoplastic cells. The D17 cell line has been previously characterized in the
literature and served as a positive control for soft agar growth. JL-81 cells did not form
soft agar colonies after 14 days in culture and therefore served as a negative control.
Additional results show that canine OSA cells express PRKAR1A at the RNA and
protein level. We exploited the natural variation of PRKAR1a expression levels in these
cell lines by selectively targeting endogenous PRKAR1A mRNA transcripts using RNAi
technology. PRKAR1a knock-down was accomplished by in vitro transfection of siRNAs
and duration of knock-down could extend up to 120 hours after siRNA transfection.
PRKAR1A silencing in all canine OSA cell lines did not grossly change colony formation
in soft agar, although no statistically meaningful conclusions were made from this
preliminary data. It is noteworthy that other cancer studies have suggested a soft agar
growth advantage in cells that overexpress PRKAR1A (Nesterova & Cho-Chung 2000;
Tortora et al. 1994).

76

Cellular viability and apoptotic cell death was also compared between PRKAR1a
knock-down cells and control cells that have naturally higher PRKAR1a expression. To
begin with, the effect of PRKAR1a knock-down was tested in JL-75 cells, a cell line
which was shown to overexpress PRKAR1a relative to all other cell lines and normal
canine bone. Here it was found that PRKAR1A silencing significantly reduced cellular
viability compared to unaltered JL-75 cells after 48 hours of siRNA transfection. On the
other hand, no significant differences in apoptotic cell death were detected between
PRKAR1a knock-down and control cells. Interestingly, after an additional 72 additional
hours, a greater proportion of PRKAR1a knock-down cells were present in early
apoptosis compared to unaltered JL-75 cells. PRKAR1a knock-down was also tested in
combination with doxorubicin chemotherapy and it was found that PRKAR1A silencing
significantly decreased cellular viability and increased apoptotic cell death compared to
all control cells. Therefore, PRKAR1a knock-down in a cell line with natural
overexpression of this protein appeared to reduce cellular survival and enhance
chemosensitivity to doxorubicin.
Next, we tested PRKAR1A silencing in D17 cells, a cell line shown by western
blot analysis to have inherently low PRKAR1a expression. Similar to JL-75 cells,
PRKAR1a knock-down had a detrimental effect on cellular viability compared to control
cells after 48 hours of siRNA transfection. No significant differences were detected in
apoptotic cell death between PRKAR1a knock-down cells and controls after 48 hours of
siRNA transfection, however, PRKAR1A silencing significantly increased early apoptotic
cell death after an additional 72 hours. When cells were treated with doxorubicin
chemotherapy, PRKAR1A silencing significantly reduced cellular viability and increased
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apoptotic cell death compared to control cells. Taken together, these findings suggest
that PRKAR1a knock-down has a cytotoxic effect on both low (D17) and high (JL-75)
PRKAR1a-expressing canine OSA cell lines, and PRKAR1A silencing in combination
with doxorubicin can enhance chemosensitivity. Therefore, the therapeutic benefit to
PRKAR1a knock-down may be applicable to OSA tumours with a range of PRKAR1a
expression levels and may not be solely limited to OSA patients with high PRKAR1aexpressing tumours.
Another low PRKAR1a-expressing cell line (JL-31) also showed reduced cellular
viability and increased apoptotic cell death after transfection with PRKAR1A siRNAs.
However, very different results were observed after JL-31 cells were exposed to
doxorubicin chemotherapy. PRKAR1a knock-down cells were significantly less viable
compared to some control cells after exposure to doxorubicin but there were no
significant differences in early apoptotic cell death between PRKAR1a knock-down cells
and control cells. This finding was strikingly different compared to JL-31 cells treated
with media alone, which showed significantly increased early apoptotic cell death in
PRKAR1a knock-down cells compared to control cells. Therefore, it appears as if
PRKAR1A silencing does not have the same cellular effect on JL-31 cells in the
presence of doxorubicin chemotherapy compared to the treatment of media alone. This
idea, however, is not consistent with the finding that doxorubicin-treated PRKAR1a
knock-down cells had increased late (and not early) apoptotic cell death compared to
control cells. Based on these contradictory results, it is not clear if PRKAR1a knockdown enhances chemosensitivity to doxorubicin. Although the data is slightly
ambiguous, a major conclusion drawn from these findings suggests that repression of
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PRKAR1a expression alone is cytotoxic to JL-31 cells; however, doxorubicin might
nullify the detrimental cellular effects mediated by siRNA targeting of PRKAR1A
transcripts. Results like these are not uncommon in the literature since experimental
inhibition of PRKAR1a expression in cholangiocarcinoma cells resulted in substantial
cytotoxic effects if it was the sole treatment option, however no such effects were
observed in some cell lines if PRKAR1A silencing was combined with doxorubicin
(Loilome et al. 2012).
Finally, we studied the response of JL-78 cells to siRNA-mediated silencing of
PRKAR1a expression. At 48 hours after siRNA transfection, PRKAR1a knock-down
reduced cellular viability in JL-78 cells but it did not alter apoptosis. When this cell line
was tested for its response to PRKAR1a knock-down in combination with doxorubicin
chemotherapy, it was found that PRKAR1a knock-down cells were significantly less
viable compared to unaltered control cells. No meaningful comparisons were made from
the apoptotic response of JL-78 cells after exposure to doxorubicin chemotherapy since
there was not enough data to conduct appropriate statistical analyses. From the data
available, it looks like there is a trend towards a greater proportion of PRKAR1a knockdown cells in early and late apoptosis compared to some control cells (Figure 16,
Appendix 3).
Overall, results in this thesis demonstrate that siRNA-mediated silencing of
PRKAR1A expression can induce detrimental effects to cellular viability and/or increase
apoptotic cell death. This is consistent with other cancer studies that show repression of
PRKAR1A expression, by the use of antisense oligodeoxynucleotides or
pharmacological cAMP analogues, can have a detrimental effect on cancer cell survival
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both in vivo and in vitro (Loilome et al. 2012; Loilome et al. 2011; Srivastava et al. 1998;
Nesterova & Cho-Chung 1995). Contrary to this, MOTO mice bearing heterozygous
deletions of PRKAR1A develop a more advanced, and possibly more aggressive, type
of OSA (Molyneux et al. 2010). There are no definitive explanations in the literature that
provide a sound reason for these discrepancies, but we can merely speculate that this
may be due to endogenous differences in PKA I and PKA II expression levels, since
these two different PKA isozymes mediate presumably different physiological responses
(Bradbury et al. 1994; Wittmaack et al. 1983; Livesey et al. 1982); PKA I is
predominantly associated with cellular proliferation and PKA II with growth inhibition and
cellular differentiation (Cho-Chung 1990a; Russell 1978; Jungmann & Russell 1977).
Although it has not been tested in this thesis, it is possible that inhibition of PRKAR1a
expression in canine OSA cell lines induced a compensatory cellular response by
promoting increased bioavailability of RIIβ subunits (Hiroshi Yokozaki et al. 1993).
Previous studies have shown that increased RIIβ expression enhances PKA II activity
and arrests growth of cancer cells, although the mechanisms underlying exactly how
this happens are not fully understood (Cho-Chung 1990b; Ally et al. 1988). It is possible
that heterozygous deletion of PRKAR1A in murine osteoblasts did not induce a
compensatory intracellular increase in PKA RIIβ subunits and this could be responsible
for the different cellular responses to PRKAR1A silencing in MOTO mice compared to
canine OSA cell lines. Additionally, it is plausible to assume that bone cancer cell lines
used in this study would be subject to different physiological and hormonal exposures
compared to osteoblasts undergoing growth and development in a living, transgenic
mouse model of disease. Therefore, the response to PRKAR1A silencing could be
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altered in the face of different intracellular signaling cascades (Lohmann & Walter 1984;
Corbin et al. 1975).
It should be stressed that siRNA-mediated silencing of PRKAR1A did not always
induce the same cellular responses in each canine OSA cell line. PRKAR1a knockdown reduced cellular viability and increased apoptosis in some cell lines, whereas only
one or none of these responses were observed in other cell lines. Variable responses
were also noticed within certain cell lines depending if canine OSA cells were treated
with PRKAR1A siRNAs alone or in combination with doxorubicin chemotherapy. The
D17 and JL-75 cell lines showed a general cytotoxic effect from PRKAR1a knock-down
regardless of drug treatment; however the benefit of PRKAR1A silencing in combination
with chemotherapy was questionable in the JL-31 cell line. Meanwhile, PRKAR1a
knock-down in the JL-78 cell line decreased cellular viability but there were no changes
to apoptotic cell death. Interestingly, if PRKAR1a knock-down was combined with
chemotherapy in the JL-78 cell line, PRKAR1a knock-down cells showed evidence of
enhanced chemosensitivity to doxorubicin. Cumulatively, these results are somewhat
confusing, but we found it particularly promising that some canine OSA cell lines were
more chemosensitive to doxorubicin if they were transfected with PRKAR1A siRNAs.
This finding fits with previous reports indicating that low PRKAR1a-expressing tumours
in dogs extends post-chemotherapy survival time and improves response to
conventional chemotherapeutic drugs in human patients (Molyneux et al. 2010, Larsen
2011). Since this study and other studies show an association of PRKAR1a with the
response to chemotherapy, targeting of this gene has the potential to chemosensitize
cells to topoisomerase inhibitors like doxorubicin (Nesterova & Cho-Chung 2004). It
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should be noted, however, that siRNAs may only chemosensitize cells in combination
with specific chemotherapeutic drugs since absolutely no detectable benefit was
observed when canine OSA cells were pretreated with PRKAR1A siRNAs prior to
incubation with carboplatin chemotherapy.
It is worth discussing the effect of doxorubicin chemotherapy on the canine OSA
cell lines used in this study. Notably, some cell lines did not respond to doxorubicinmediated apoptosis. Although all cell lines were thought to be in exponential growth
prior to chemotherapy treatment, it is possible that these cell lines could have been
treated with chemotherapy at a time when they were not in an exponential phase of
growth. This would confound the data since cells in the plateau phase of growth tend to
be more chemoresistant than those in an exponential phase of growth (Martin &
McNally 1980). Only the JL-31 cell line showed a statistically significant increase in
apoptosis after treatment with doxorubicin compared to the treatment of media alone in
both PRKAR1a knock-down and control cells. Coincidently, PRKAR1a knock-down in
JL-31 cells did not enhance chemosensitivity to doxorubicin whereas PRKAR1A
silencing increased early apoptotic cell death without the addition of chemotherapy. This
finding implies that siRNA-mediated knock-down of PRKAR1a expression does not
meaningfully enhance doxorubicin-mediated apoptosis. When considering the other cell
lines, doxorubicin did not induce significant changes to apoptosis compared to the
treatment of media alone in the JL-75 and D17 cell lines, yet PRKAR1a knock-down
enhanced chemosensitivity to doxorubicin. Since the doses of chemotherapy in these
cell lines could be considered ineffective, it is open to interpretation regarding whether
the apparent chemosensitivity in these cell lines was mainly an effect of PRKAR1A
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silencing alone or a coordinated response with doxorubicin. Maybe, inhibition of
PRKAR1a expression simply allows for a lower dose of chemotherapy to be used in
order to potentiate doxorubicin’s anticancer effects.
Non-targeting siRNAs, a negative control used in this study, potentiated some
of the same cellular effects observed after transfection of PRKAR1A siRNAs. For
example, transfection of PRKAR1A or non-targeting siRNAs independently reduced
cellular viabilities relative to control cells in the D17, JL-31 and JL-75 cell lines after 48
hours of siRNA transfection. Furthermore, the same effect was observed in doxorubicintreated D17, JL-31 and JL-78 cell lines. These findings introduce skepticism regarding
the phenotypic response to PRKAR1A siRNAs; possibly, the effect of PRKAR1a knockdown is due to siRNA processing in general rather than target-specific mRNA
degradation. In support of this, D17 cells pretreated with PRKAR1A siRNAs prior to
doxorubicin treatment were not statistically different in terms of late apoptotic cell death
in comparison to D17 cells treated with non-targeting siRNAs; although both types of
siRNAs induced significant increases in late apoptotic cell death compared to control
cells. Similarly, the JL-75 cell line also showed a cytotoxic effect in response to
transfection of non-targeting siRNAs; after 120 hours of siRNA transfection, both
PRKAR1A and non-targeting siRNAs independently increased early and late apoptotic
cell death in comparison to unaltered JL-75 cells. Here it was also noted that no
statistical difference was found in the early apoptotic response induced by non-targeting
siRNAs in comparison to PRKAR1A siRNAs. In the JL-78 cell line, flow cytometry dot
plot images (qualitatively) show that doxorubicin-treated cells previously transfected
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with non-targeting siRNAs or PRKAR1A siRNAs had increased proportions of cells in
early and late apoptosis relative to other control cells (Figure 16, Appendix III).
Since this study used an siRNA concentration of 40 nM, this may help explain
the observed cellular responses to non-targeting siRNAs. It is possible that there is
some sequence homology to canine mRNAs and a higher concentration of “nontargeting” siRNAs increases the likelihood of mRNA binding and degradation which
might change the cellular phenotype (Persengiev et al. 2004; Fedorov et al. 2006;
Jackson et al. 2006). Other explanations for unwanted effects of non-targeting siRNAs
include endoplasmic reticulum stress which has shown to retard growth, prolong G1
phases of the cell cycle, and induce apoptosis (Wei et al. 2012). The concept of offtarget effects is not just limited to non-targeting siRNAs since this phenomenon may be
partially responsible for the cellular responses observed after transfection of PRKAR1A
siRNAs. It is possible that PRKAR1A siRNAs used in this study have complementarities
within the 3' untranslated region of endogenous mRNA transcripts, and this is thought to
promote off-target effects (Birmingham et al. 2006). Other studies have showed that
siRNAs can displace endogenous microRNAs from RISC complexes and thereby
increase intracellular microRNA-regulated mRNA transcripts (Khan et al. 2009).
Transfection reagents themselves have also been reported to induce non-specific
cellular effects (Fedorov et al. 2005). In the current study, Lipofectamine 3000
significantly reduced cellular viability after 48 hours of treatment in the JL-31, JL-75, and
JL-78 cell lines. Additionally, Lipofectamine 3000 increased apoptotic cell death in
comparison to unaltered cells in the JL-75 cell line, both in the presence of media alone
or doxorubicin chemotherapy.
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LIMITATIONS AND FUTURE DIRECTIONS
A major limitation of this project is the heterogeneous nature of OSA tumours.
Different cellular subpopulations within a tumour gives rise to intra-tumour variability of
certain phenotypic features, such as metastatic potential, gene expression, and cellular
morphology, to name a few (Heppner 1984). Knowing this, it is possible that tissue
culture conditions may have selected for different clonal populations that are not fully
representative of the original tumour and perhaps behave differently compared to other
subclonal populations (Gerlinger et al. 2012).
An additional limitation in this study was the lack of replicate data in the
apoptosis assay. A one way ANOVA tested for significant differences in apoptotic cells
between PRKAR1a low- and high- expressing cells at 48 hours and this test was
appropriate since cells were only treated with media. However, after 48 hours of siRNA
transfection, PRKAR1a knock-down and control cells were exposed to media alone or
doxorubicin for 72 hours. At this timepoint (120 hours after siRNA transfection), a two
way ANOVA was chosen to compare apoptotic responses between PRKAR1a knockdown and control cells in order to incorporate the two treatment factors of media alone
and doxorubicin chemotherapy. It is possible that the two way ANOVA may have
detected significance whereas a one way ANOVA may not have detected significance if
each treatment factor was analyzed separately. A one way ANOVA could not be
conducted at the 120 hour timepoint due to lack of replicate data. Future studies should
focus on obtaining triplicate values for three independent experiments and performing
consistent statistical analyses.
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Another potential limitation is siRNA-mediated off-target effects, which can cause
misinterpretation of data. Work in this thesis focused on establishing a strong knockdown of PRKAR1a expression while attempting to limit cellular toxicity by testing
different seeding densities, transfection reagents, transfection reagent/siRNA ratios,
incubation times for transfection complexes, siRNA duplexes, and different
concentrations of siRNAs. Notably, a major hurdle in this project was in regards to
siRNA delivery, since multiple transfection reagents did not result in acceptable
transfection efficiencies. Although many steps were taken to silence PRKAR1a
expression and reduce unwanted toxicities, results did show changes to cellular viability
and apoptotic cell death after transfection of non-targeting siRNAs and sometimes due
to the transfection reagent itself. Therefore, additional measures should be taken to
increase confidence in the validity and specificity that PRKAR1a knock-down is
responsible for the observed cellular phenotypes.
Future studies should focus on testing multiple individual siRNAs that are
designed to target PRKAR1A. Similar responses from different siRNAs would help
increase confidence that the observed cellular phenotype results from silencing of the
intended target (Semizarov et al. 2003). Another approach to validate the response to
PRKAR1a knock-down in canine OSA cells is to rescue the RNAi effect by transfecting
cells with an siRNA-resistant transcript (Wang et al. 2011; Jiang & Price 2004). Since
siRNAs offer only a temporary method for PRKAR1a knock-down, it would be beneficial
to use longer-lasting methods of PRKAR1A silencing such as lentiviral or adenoviralmediated delivery of shRNAs or even a complete elimination of PRKAR1A gene
function using CRISPR knock-out technology (Shalem et al. 2014; Omi et al. 2004). The
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latter technique produces double strand breaks into chromosomes using Regularly
Interspaced Palindromic Repeat Associated (CRISPR-Cas) proteins (Wang et al. 2014).
If similar phenotypic effects are produced from the use of different in vitro PRKAR1A
gene silencing techniques, this would substantially strengthen the proposed relationship
between PRKAR1a and its role in canine OSA. Additionally, studying the in vivo effects
of PRKAR1a knock-down could be accomplished by an orthotopic mouse model using
intra-femoral injections of canine OSA cells.
The current study used the PrestoBlue® cell viability assay to assess doxorubicin
chemosensitivity. This assay measures the relative metabolic activity of cells, which is a
correlate for cellular proliferation and cell survival, but the gold standard to assess in
vitro lethal effects of drug treatment is the clonogenic assay (Munshi et al. 2005;
Reinhold 1966). For detection of apoptosis, future studies could test for cleaved
caspase-3 and expression levels of BAX and BAK proteins in addition to flow cytometric
analysis of Annexin V and PI (Martinez et al. 2010; Letai 2008; Johnstone et al. 2002).
The apoptotic response to PRKAR1a knock-down in combination with carboplatin
should also be tested in future studies since it was not evaluated in this thesis.
An important continuation of this work would be to investigate a mechanism
responsible for the apparent relationship of PRKAR1a with the response of OSA cells to
chemotherapy. Previous studies have highlighted a role for PRKAR1a in autophagy, a
mechanism employed by cancer cells to survive cellular stress (Mizushima 2007;
Mavrakis et al 2006). It was found that decreased PRKAR1a expression was linked to
reduced autophagy through the activation of mTOR (Mavrakis et al 2006). This finding
may provide a logical reason for why low PRKAR1a-expressing OSA cells respond
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better to chemotherapy; perhaps these cells are less able to enter autophagy and
therefore they are less resistant to chemotherapy-mediated cytotoxicity. With this in
mind, future work could probe for proteins central to an autophagic response, including
Beclin 1 and p62 (Kang et al. 2011; Bjørkøy et al. 2009).
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CONCLUDING REMARKS
In order to study key molecular pathways and receptors central to cancer biology,
researchers have used animals, such as mice and dogs, to identify tumour biomarkers
and reveal novel cancer genes. RNAi technology has become an exciting opportunity to
study the function of many of these genes, since siRNAs can elicit strong, targetspecific ablation of mRNA transcripts. The therapeutic benefit of siRNAs are also
gaining increased attention in cancer research since they represent a potential
alternative to monoclonal antibodies or small molecule inhibitors in the treatment of
human disease.
Work described in this thesis examines the expression of PRKAR1a in primary
canine OSA cell cultures and the established D17 canine OSA cell line. Since
PRKAR1A was expressed both at the RNA and protein level, we investigated the
influence of siRNA-mediated knock-down of PRKAR1a expression. Promising results
indicate that PRKAR1a knock-down can reduce cellular viability, induce apoptosis, and
improve the efficacy of doxorubicin chemotherapy. On the other hand, the response
PRKAR1a knock-down was not uniform among all cell lines, or even within cell lines
depending if chemotherapy was added as a combined treatment, and no changes were
detected in soft agar growth. Overall, these findings prompt further investigation in order
to understand the variable responses to experimentally-reduced PRKAR1a expression,
particularly in the context of chemotherapy treatment. PRKAR1a might represent a
potential target to chemosensitize OSA cells to conventional chemotherapeutic drugs;
however, a greater understanding of the molecular mechanisms responsible for this
relationship will help streamline therapeutic approaches and treatment options.
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APPENDIX I: Preparation of Solutions
PBS (10X)
160 g
4g
28.8 g
4.8 g

NaCl
KCl
Na2HPO4
KH2PO4

Dissolve contents in 1600 ml of deionised water and adjust pH to 7.4. Add deionised
water to a total volume of 2 L. Autoclave prior to use. To make a 1X solution, mix 1 part
of the 10X PBS solution to 9 parts deionized water.
Cell Lysis Buffer
1 µl
100 µl
1 µl
900 µl

1000 mM PMSF (Sigma-Aldrich, Oakville, ON, Canada)
Protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON, Canada)
200 mM Na3VO4
RIPA lysis buffer (Sigma-Aldrich, Oakville, ON, Canada)

TBS (1X) and TBS-T
Add 100 ml 10X TBS (Fisher, Nepean, ON) to 900 ml MilliQ water. Add 0.5 ml Tween
20 (Fisher Scientific, Nepean, ON, Canada) to make TBS-T wash buffer.
10 % Resolving Layer (1.5 mm gel)
5.9 ml
5.0 ml
3.8 ml
150 µl
150 µl
9 µl

deionised (MilliQ) water
30% acrylamine (Bio-Rad Laboratories, Missisauga, ON)
1.5 M Tris-HCl Buffer pH 8.8 (Bio-Rad Laboratories, Mississauga, ON)
10% SDS
10% ammonium persulfate (Bio-Rad Laboratories, Missisauga, ON)
TEMED (Bio-Rad Laboratories, Missisauga, ON)

5 % Stacking Layer (1.5 mm gel)
1.4 ml
330 µl
250 µl
20 µl
20 µl
2 µl

deionised (MilliQ) water
30% acrylamide (Bio-Rad Laboratories, Missisauga, ON)
0.5 M Tris-HCl Buffer pH 6.8 (Bio-Rad Laboratories, Mississauga, ON)
10% SDS
10% ammonium persulfate (Bio-Rad Laboratories, Missisauga, ON)
TEMED (Bio-Rad Laboratories, Missisauga, ON)
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6X Sample Reducing Buffer
5.91g
6g
48 ml
9 ml
30 mg

Tris-HCl
SDS
100% glycerol
14.3 M β-mercaptoethanol
bromophenol blue

Add deionized water for a total volume of 100 ml. Mix sample protein with 6X reducing
buffer in order to make a final 1X solution, and heat at 95°C for 5 minutes prior to gel
loading.
SDS-PAGE Running Buffer
Mix 100 ml 10X Tris/Glycine/SDS buffer (Bio-Rad Laboratories, Missisauga, ON) with
900 ml deionized water.
Western Blot Transfer Buffer
3.03 g
14.4 g
200 ml
800 ml

Tris Base (Fisher, Nepean, ON)
Glycine (Fisher, Nepean, ON)
methanol (Fisher, Nepean, ON)
deionised water

50X TAE Buffer (order of addition is important)
242 g
750 ml
57.1 ml
100 ml

Tris Base (Fisher, Nepean, ON)
deionised water
glacial acetic acid
0.5 M EDTA (pH 8.0)

Adjust solution to a final volume of 1 L. The pH of this buffer is not adjusted (should be
around 8.5). Store at room temperature.
1% TAE Agarose Solution (Gel Electrophoresis)
Dilute 50X TAE buffer into a 1X solution. Dissolve 1g DNA Grade Agarose (Life
Technologies, Burlington, ON) into 100 ml 1X TAE buffer. Microwave solution until fully
dissolved.
3% Agarose Solution (Soft Agar)
Add 0.27g UltraPureTM Low Melting Point Agarose (Life Techologies, Burlington, ON) to
a final volume of 9 ml autoclaved MilliQ water. Heat in microwave until completely
dissolved.
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APPENDIX II:
Western blot analysis of PRKAR1a knock-down in D17 canine OSA cells using
Lipofectamine 3000-mediated transfection of three different siRNA duplexes

Figure 15: Western blot analysis of PRKAR1a knock-down in D17 canine OSA
cells using Lipofectamine 3000-mediated transfection of three different siRNA
duplexes. Cells were harvested 24-120 hours after transfection of non-targeting (NEG)
siRNAs or three different siRNA constructs directed against PRKAR1A mRNAs at a final
concentration of 40 nM. At 24 and 48 hours, PRKAR1A siRNA duplex 1 showed
successful knock-down of PRKAR1a (49 kDa) protein expression at final RNA
concentration of 40 nM and 20 nM. UA, UA+L, and NEG treatments did not visibly differ
from each other in terms of PRKAR1a expression. β-actin (43 kDa) protein expression
confirms uniform protein loading. Abbreviations: UA, unaltered control cells treated with
media alone; UA+L, transfection-only control treatment.
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APPENDIX III:
The apoptotic response to combined treatment of PRKAR1a knock-down and
doxorubicin chemotherapy in JL-78 canine OSA cells

Figure 16: The apoptotic response to combined treatment of PRKAR1a knockdown and doxorubicin chemotherapy in JL-78 canine OSA cells. JL-78 cells were
either unaltered (UA), treated with Lipofectamine 3000 (UA+L), or transfected with nontargeting (NEG) or PRKAR1A siRNAs (RIα KD) for a total of 48 hours. An IC50
concentration of doxorubicin was added to UA, UA+L, NEG, and RIα KD cells for 72 hours,
followed by the assessment of apoptosis by flow cytometric analysis of Annexin V and PI
staining. No statistical comparisons could be made due to lack of replicate data. (A) RIα KD
and NEG cells appear to have a greater percentage of early and late apoptotic cells
compared to UA and UA+L cells. (B) Representative flow cytometry dot plot images show
UA, UA+L, NEG and RIα KD cells in early apoptosis (Q3, Annexin V+/PI) and late apoptosis
(Q2, Annexin V+/PI+).
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