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ABSTRACT

EFFECTS OF SURVIVIN AND SURVIVIN INHIBITION IN CANINE MODELS OF LYMPHOMA

AND OSTEOSARCOMA

Canine lymphoma (LSA) and osteosarcoma (OS) have high mortality rates and remain
in need of more effective therapeutic approaches. Survivin, an IAP (inhibitor of apoptosis)
family member protein that inhibits apoptosis and drives cell proliferation, is commonly elevated
in human and canine cancer. Survivin expression is a negative prognostic factor in both dogs
and humans with LSA and OS, and canine LSA and OS cell lines express high levels of
survivin. Due to the strong similarities between canine and human LSA and OS, canine LSA
and OS are excellent models for the human disease. In the following research, we illustrate the
potential of the canine LSA and OS models as a translational tool for evaluating survivin-
directed therapies, owing to the striking similarities in gross and microscopic appearance,
biologic behavior, gene expression and signaling pathway alterations compared to the

respective human forms of these diseases.

In this research we sought to determine the effects of survivin inhibition in canine OS
and LSA cell lines in vitro, and in vivo in canine OS, and to evaluate a correlation between
survivin expression and outcome in canine OS patients. We hypothesized, as observed in
human OS and LSA, that survivin inhibition would decrease cell proliferation and increase
apoptosis and chemosensitivity in canine OS and LSA cell lines. We further hypothesized that
we would observe inhibition of survivin and reduced tumor growth in murine models of canine

OS treated with EZN-3042, an inhibitor of survivin. We additionally hypothesized, as observed
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in human OS, that increased survivin expression would correlate with a poor prognosis in

canine OS patients.

Survivin attenuation in canine OS cells via siRNA was confirmed by RT-PCR and
western blot analysis. Cell number and viablility was assessed via manual cell counting with
trypan blue. Cellular apoptosis was confirmed via caspase-3/7 and TUNEL assays. Cell cycle
analysis was performed with propidium iodide staining followed by flow cytometry.
Chemosensitivity to doxorubicin (DOX) was also assessed with caspase-3/7 assay. We
determined that survivin inhibition via siRNA in canine OS cells inhibited cell cycle progression,

and increased apoptosis, mitotic arrest and chemosensitivity.

Next we inhibited survivin using EZN-3042, a locked nucleic acid oligonucleotide
targeting survivin, in two canine LSA and two canine OS cell lines. Survivin inhibition was
confirmed by gRT-PCR and Immunofluorescence. Percent dead and total cell number were
assessed by manual cell counting with trypan blue. Growth inhibition was confirmed with a
bioreductive fluorometric assay. A caspase-3/7 assay was used to determine levels of apoptosis
and chemosensitivity. Survivin inhibition in vitro using EZN-3042 resulted in decreased total
and viable cell numbers and increased apoptosis and chemosensitivity to DOX. In vivo, nude
mice with subcutaneous and orthotopic OS xenografts were given 100 mg/kg EZN3042
intraperitoneally. Survivin inhibition was confirmed with immunohistochemistry and qRT-PCR
analysis. EZN-3042 treatment in vivo in subcutaneous and orthotopic canine OS xenografts
decreased tumor survivin expression. Mice treated with EZN-3042 in combination with DOX
had significantly decreased tumor growth when compared to single agent treatment and control

groups.

Lastly, we evaluated survivin expression in archived paraffin embedded canine OS

tissue samples. Survivin expression was studied via immunohistochemistry in 67 canine OS
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cases. Elevated survivin protein immunoreactivity in primary canine OS tissue samples
correlated with increased histologic grade and mitotic index and a decreased disease free

interval (DFI).

These findings strongly suggest that survivin-directed therapies may be highly effective
in treatment of both canine and human LSA and OS, and spontaneous canine cancer may be a

valuable model for the evaluation of survivin-targeted treatment.
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CHAPTER ONE

Literature Review

Osteosarcoma:

Overview, Comparative Biology and Molecular Pathogenesis

Osteosarcoma (OS) in humans has a 5 year survival rate of 65%. It is the most common
bone tumor in children and adolescents, usually occurring in the tibia, femur, or humerus.
Osteosarcoma represents 3% of the cancer in children, with a rate of 4.4 per million in children
and adolescents age 0-24. Rates of OS then drop off substantially until age 60 or older, when
rates of OS again increase to 4.2 per million (1). Osteosarcoma is considered a primary
neoplasm in the young, but in the elderly it is often a secondary neoplasm caused by malignant
transformation of Paget’s disease or another benign bone lesion. The majority of OS cases are

primary cases in the young; only 10% of cases are in the elderly population (2).

Osteosarcoma is derived from primitive bone-forming mesenchymal cells, and can be
classified as high, intermediate, or low-grade disease (3). Most OS in children and adolescents
is high grade. Histologic and anatomic subtypes of high-grade OS include: osteoblastic,
chondroblastic, fibroblastic, mixed, small cell, telangiectatic, juxtacortical, Pagetoid, extra-
skeletal, and post-radiation. Intermediate grade are uncommon and are periosteal. Low-grade
OS include parosteal, intramedullary, and intraosseous. Typical symptoms are pain and
swelling around the affected bone. Pain may be worse at night or with increased activity,
swelling or a lump may be felt in the affected area. Fractures due to the cancer are possible,

but relatively rare. Suspect OS can usually be presumptively diagnosed with a radiographic
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image, but other modalities can also be used. A bone biopsy is required for a definitive

diagnosis. Radiographs and a bone scan are performed to determine if there is metastatic

spread at the time of diagnosis, which is important for staging disease.

Osteosarcoma staging is based on the TNM system: primary tumor (T), regional lymph

nodes (N), distant metastasis (M), and histologic grade (G) as shown in Table 1.1 (4).

Table 1.1: TNM staging system

presence (T0)

node metastasis
(NO)

metastasis (MO)

Primary tumor (T) Regional lymph Distant metastasis Histologic grade
nodes (N) (M)
Unable to assess Unable to assess Unable to assess Unable to assess
(Tx) (Nx) (Mx) (Gx)
No evidence of No regional lymph No distant Well differentiated-

low grade (G1)

(T2)

8 cm or less in size Regional lymph node | Distant metastasis Moderately

(T1) metastasis (N1) (M1) differentianted-low
grade (G2)

Larger than 8 cm To the lung (M1a) Poorly differentiated-

high grade (G3)

Discontinuous
tumors in the primary
bone site (T3)

To other sites (M1b)

Undifferentiated-high
grade (G4)

Osteosarcoma staging is divided up into four stages and further subdivided as shown in Table

1.2.




Table 1.2: Osteosarcoma Staging
Primary tumor | Regional lymph Distant Histologic
(T) nodes (N) metastasis (M) grade
Stage 1A T NO MO G1/2-low grade
Stage IB T2 NO MO G1/2-low grade
Stage lIA T NO MO G3/4-high grade
Stage |IB T2 NO MO G3/4-high grade
Stage Il T3 NO MO Any grade
Stage IVA | Any classification NO M1a Any grade
Stage IVB | Any classification N1 or any M1b or any Any grade

Canine OS has a median survival of 235-366 days with surgery and chemotherapy. The 2 year
survival rate is only 20%, and as many as 90% of dogs have micro-metastasis in the lungs upon
time of diagnosis. Canine OS can be appendicular or axial, but it is primarily appendicular.
Canine OS accounts for 85% of malignancies of the bone, usually occurring in middle aged to
older, larger breed dogs (5). Typical symptoms of appendicular OS include pain and swelling at
the site, lameness, and sometimes fracture can occur, due to the weakened state of the bone.
The pain can cause irritability, aggression, loss of appetite, weight loss, whimpering,
sleeplessness, and reluctance to exercise (6). In late stage disease there may be difficulty
breathing and coughing due to lung metastasis. When dogs present in the clinic, typically a
radiograph is taken of the affected limb to determine cause of lameness. Preliminary diagnosis
of OS can be made with the radiograph, followed by a bone biopsy if necessary for confirmation.
If regional lymph nodes are enlarged they are typically aspirated or biopsied to further determine
disease spread. All these diagnostics combined will help determine stage of disease (7).
Staging of canine OS is very similar to staging human OS, using the TNM system (6). However,
the TNM system hasn’t been found to correlate stage with survival in humans, so the Japanese

Orthopedic Association proposed the addition of alkaline phosphatase to the TNM classification



system. They found that when alkaline phosphatase levels were added to the TNM
classification system, they were able to correlate stage and survival rates (8). Alkaline
phosphatase has also been found to be a useful prognostic factor in dogs with OS (9) and it has

been suggested the classification system would benefit with its addition (10).

Canine and human OS are very similar, in fact, they are nearly identical, from clinical
presentation to histology and genetics (11). Some general similarities include: increased
incidence in males, large patient size, 75% or more are appendicular, typical metaphyseal
location, unknown etiology, less than 10% of patients have clinically identifiable metastasis on
presentation, over 90% of tumors have high-grade histology, 75% of tumors show aneuploidy,
the metastatic rate is 80% or more with amputation alone, the lung is the most common site of
metastasis, and survival is improved with adjuvant chemotherapy. A few differences include:
increased relative age of onset and greater frequency of occurrence in dogs. (12). Although the
exact etiology of OS is unknown, some OS has been shown to cluster in families (or litters) in

both species (13, 14).

Canine and human OS are not only similar on the clinical level, but on the genetic (15,
16) and histologic (12, 17) levels as well. In a study comparing the gene expression signatures
of canine and human OS, the two diseases could not be distinguished by hierarchical clustering.
It was found that both interleukin-8, and solute carrier family 1 member 3 gene, were expressed
uniformly in dogs and a subpopulation of pediatric OS patients that had a significantly poorer
prognosis compared to the rest of the population (15). It has also been shown that mutations in
the P53 gene occur in both dogs and humans with OS, and roughly the same frequency (16).
The proto-oncogene erbB-2 encodes the human epidermal growth factor receptor 2, which
induces cell transformation and growth. It has been found to be expressed in human OS and is
associated with poor outcome (18). ErbB-2 is also overexpressed in canine OS (19). Myc (also

c-Myc) is another oncogene that is overexpressed in both human and canine OS (20, 21). The



Myc gene codes for a transcription factor, that when constitutively expressed leads to the
unregulated expression of genes involved in cell proliferation and many other functions, which

lead to the formation of cancer.

Upon histologic examination, both canine and human OS are most commonly high grade
(22) and share many of the same characteristics (12). Many of the same proteins that are up-
regulated in human OS upon histologic analysis are also up-regulated in dogs, such as
cyclooxygenase-2 (COX-2) and STAT3. COX-2 converts arachidonic acid to prostaglandin
endoperoxide H2. COX-2 is expressed during inflammation, which can be associated with
cancer development. COX-2 has been shown to be an indicator of poor prognosis in both
humans and dogs with OS (23, 24). STAT3 is known to be involved in cancer growth and
metastasis and has been associated with a more malignant phenotype. Both canine and
human canine OS cells have been shown to up-regulated STAT3, which aids in cell survival and

proliferation (25).

The molecular pathogenesis of OS has only recently started to become clear. We still
do not know the exact cell of origin or have a consistent precursor lesion. Despite these
obstacles much progress has been made in understanding the etiology of OS. We know OS
originates in the bone, from a mesenchymal cell that can produce osteoid (26). Bone growth is
believed to play a role in OS tumorigenesis. Rapidly growing bone, such as the rapid bone
growth experienced during puberty, is at the highest risk of developing an OS lesion (27, 28). It
has also been noted that children who grow taller than average seem to have an increased risk
of OS compared to their average height peers (29). This may also explain why peak incidence

of OS is earlier for girls than boys, as girls grow taller at an earlier age than boys (30).

Multiple chromosomal abnormalities have been found in OS, including amplifications of

6p21, 8924, and 12914, with loss of heterozygosity at 10g21.1 (31). In addition to specific



alleles being lost or amplified, whole chromosome losses (chromosomes 9, 10, 13, and 17) or
gains (chromosome 1) have also been observed in OS tumor cells. No specific chromosomal
alteration has been found consistently in all OS, suggesting these chromosomal alterations can

aid, but are not required for OS pathogenesis.

Tumor suppressor genes are genes that oversee DNA repair, or if DNA is too badly
damaged, cause induction of apoptosis. However, if these tumor suppressor genes become
mutated, these checkpoints are lost and the cell can further undergo somatic mutations,
potentially resulting in a highly proliferating malignant cell. The Rb and p53 genes are both
tumor suppressor genes that are often mutated in many cancer types. Rb and p53 gene
mutations have both been shown to be involved in OS pathogenesis (30). P53 is mutated in
22% of OS (32). Mutations in p53 prevent cell cycle arrest and activation of pro-apoptotic Bax
(33). They also impair DNA repair mechanisms and disrupt anti-angiogenesis activity (34). Rb
is mutated in 39-42% of OS cases (35, 36). Mutations of Rb remove cell cycle regulation so the
cell may continuously divide (33). Loss of the Rb gene may even explain familial risk for OS

(37).

Transcription factors initiate transcription of DNA to RNA. Amplification or silencing of
certain transcription factors can allow cells to become malignant. Myc is a transcription factor
that stimulates cell growth and division. Myc expression has been found in 85.7% of OS cases
and correlates with a poor prognosis (38). Myc has been implicated in OS pathogenesis, as

overexpression of myc in bone marrow stromal cells leads to OS development (39).

It has been suggested that the environment also has a role in OS pathogenesis,
especially in older patients who have had longer exposure to the environment. The first
connection made between the pathogenesis of OS and the environment was with radiation

exposure. Radium dial workers who painted watch faces with radium so they would be



luminescent often succumbed to OS later in life (40). However only 2% of OS cases have been
linked to radiation exposure (41). Radiotherapy is sometimes used in children as treatment for
solid tumors. Of these, 5.4% develop a secondary neoplasm, 25% being some type of sarcoma
(42). Besides radiation there are also other chemical agents in our environment that have been
linked to OS, including: methylcholanthrene and chromium salts (43), beryllium oxide (44), zinc
beryllium silicate (45), asbestos and aniline dyes (46). The environment is thought to have a
minor impact overall on incidence of OS (47). Further understanding of the molecular
pathogenesis of OS would allow for alternative and possibly improved treatment options for this

disease.

Treatment of OS

Treatment of OS usually involves a combination of surgery and chemotherapy.
Radiation is typically used if the tumor is inaccessible with surgery. Some of the most common
chemotherapy drugs used to treat OS include doxorubicin (DOX), carboplatin, cisplatin,
cyclophosphamide, epirubicin, etoposide, gemcitabine, ifosfamide, methotrexate, and
topotecan. Doxorubicin (Adriamycin) (48) is a chemotherapy agent used in numerous types of
cancer, in both dogs and humans. It is used to treat both canine and human OS. Common side
effects in people include: low white blood cell (WBC) count (increased risk of infection), low
platelet count (increased risk of bleeding), loss of appetite, darkening of nail beds and skin
creases of hands, hair loss or hair thinning, nausea, and vomiting. Doxorubicin is isolated from
a bacteria and functions by intercalating into the DNA, preventing DNA replication. It also
inhibits topoisomerase I, thereby interfering with double-strand break repair. It additionally
forms oxygen free radicals resulting in increased cytotoxicity. As rapid DNA replication is

abundant in the cancer cell, DOX is most effective against it specifically and isn’t as destructive



to normal body cells. However, normal rapidly dividing cells, although they do not have as
many DNA replications, can be severely affected. Skin cells, hair cells, white blood cells,
platelets and cells in the Gl tract are all rapidly dividing cells and account for the more common

side effects of DOX.

Carboplatin (49) is used to treat a variety of cancer in both dogs and humans. In
humans it is used to treat OS, lung cancer, ovarian cancer and more. In dogs it is primarily
used to treat OS, but works on other cancer types as well (50). Common side effects in humans
include: low WBC count, low platelet count, low RBC count, brittle hair, altered kidney function,
and fetal abnormalities if pregnant. Carboplatin is a second generation platinum compound.
Carboplatin is more stable but less toxic than cisplatin. It forms reactive complexes that bind to
GC-rich sites in DNA, causing DNA-DNA crosslinks and DNA-protein crosslinks. These DNA
crosslinks cause cellular apoptosis and growth inhibition. Carboplatin targets rapidly dividing
cells’ DNA, making cancer cells its primary target. It also effects normal rapidly dividing cells,

causing the above mentioned side effects.

Before the development of chemotherapy for the treatment of human OS, the 5-year
survival rate was 17-20% (51, 52). In dogs with OS, only 10% survived a year after removal of
the affected limb (53). With the development of neoadjuvant and adjuvant chemotherapy, the 5-
year survival rate is now 60% in humans, and the 2-year survival rate in dogs is 20% (54).
While the improved outcome with the use of chemotherapy is substantial, the outlook for

patients with metastatic disease is still very grim.

Surgical options for OS are typically limb amputation or limb sparing surgery, usually
done in combination with chemotherapy. Limb amputation is complete removal of the affected
limb. A limb spare or limb salvage surgery is aimed at preserving the function of a limb without

increasing risk to the patient (55). Dogs typically undergo limb amputation, unless there is a



history of arthritis or other lameness issues that make amputation unfeasible. Then limb sparing

or radiation therapy are alternative options.

Currently there are 88 clinical trials listed by the National Institutes of Health for human
patients with OS (56). These ftrials include new combinations of the treatment options listed
above, as well as new treatment protocols and novel chemotherapeutic agents, immunotherapy,
targeted agents, gene therapies and more. Very similar studies are being conducted in canine
medicine. The Veterinary Cancer Society currently has 11 clinical trials listed for dogs with OS,
including immunotherapies and targeted agents similar to those currently being studied in

humans (57).

Prognostic Factors in OS

Prognostic factors help determine outlook for patients with disease, and can identify
patients that have a poor prognosis. These patients, when identified, could benefit from a more
aggressive treatment regimen, often by specifically targeting the factor that gave them the poor

prognosis.

Traditional prognostic factors in humans with OS include age and sex of the patient,
tumor size, site, stage, and metastatic status, and histologic response to chemotherapy. Older
patients have an overall worse prognosis (58). In those over 40 years of age this has been
linked to higher rates of axial tumors, more frequent metastasis at presentation, and decreased
tolerance of high dose chemotherapy (59). Other research has shown children under 5 years of
age that develop OS (60), or children under 14 years of age (61) have a worse prognosis
compared to older patients. So it would seem the very old and the very young have the worst
outcomes. A number of studies have determined that male patients have a worse outcome than
female patients, and that female patients have better treatment responses (62-64). More recent

9



studies however, have been unable to confirm these results (58, 59, 65). Increased tumor size
or volume is another negative prognostic indicator for OS patients (59, 61, 65), as is presence of
metastasis at time of diagnosis (58, 65). Location of the tumor has prognostic significance as
well. The most common sites of OS are the distal femur and proximal tibia, which have a more
favorable prognosis. Axial locations, and those proximal to the body such as proximal humerus
have a considerably worse outcome (62, 66). Proximal tibia has a 5 year survival rate of 77.5%,
and distal femur 66%. Pelvic OS, which are 3™ most common, only have a 5 year survival rate
of 27-47% (62). Tumor staging can also give clues to patient prognosis. Stage I-A is the
uncommon low grade OS, with a nearly 100% survival rate (67). Conversely, Stage II-B and
Stage lll, which are high grade OS, have survival rates of 47-68% (68, 69). Histologic response
to chemotherapy is also a prognostic factor in human OS. Increased apoptosis in response to
chemotherapy correlates with a positive outcome. An absence of response to chemotherapy
upon histologic analysis correlates to a poor outcome (70, 71). The serological marker alkaline
phosphatase (ALP) is another prognostic factor. Patients with normal serum ALP levels upon
presentation with OS have a significantly higher 5-year disease free interval compared to

patients with high serum ALP levels at presentation (72).

Recently, molecular markers have become yet another way to evaluate prognosis in
human OS. Although there is a lot of contradictory data surrounding molecular markers (59),

the most promising ones are listed below in Table 1.3.
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Table 1.3: Molecular markers as prognostic indicators in Human OS.

Negative Positive Reference data
prognostic indicator
indicator
Matrix metalloproteinases X (75, 78)
(MMP-2 and MMP-9)
Urokinase plasminogen X (83)
activator (uPA)
P-glycoprotein (84, 85)
CXCR4 (chemokine (86)
receptor type 4)
Loss of p53 expression X (41, 87)
ErbB-2 X (75)
Down reg. of HLA class | X (88)
Ezrin X (89, 90)
Rb gene down reg. X (91, 92)
c-Fos X (93, 94)
c-Myc X (41)
Vascular endothelial growth X (95)
factor (VEGF)
Bcl-2 (B-cell lymphoma 2) (41)
Survivin (96)

The few known prognostic factors for canine OS are very similar to those in human OS.

11

The traditional prognostic factors seen in human patients are nearly identical for the traditional
factors in canines. Age, sex, tumor size, site, stage, and metastatic status, and histologic
response to chemotherapy have all been shown to be prognostic indicators in canine OS (66).

As in human OS, there have been conflicting results on the impact of age on prognosis. In




dogs, older age at diagnosis has shown to be a negative prognostic indicator in some studies,
but it is confounded by other medical problems (66). In other studies of canine OS, younger
patients have a worse prognosis (73, 74), which is similar to what is seen in childhood OS, but
opposite of what is seen in human OS overall. Historically it was believed that sex might be a
prognostic factor in canine OS (12), however more recent studies have been unable to confirm
its relevance (75). Large tumor size, as in human OS, has been correlated with a negative
outcome in canine OS (76-78). Location of canine OS also has prognostic significance as in
human OS. Specifically, proximal humerus is the location with the worst prognosis in the
appendicular skeleton for canine OS, just as it is in the human disease (66). Histologic grade, is
a negative prognostic indicator in canine OS (10). Presence of metastasis at the time of
diagnosis is also a negative prognostic indicator shared by canine (6) and human OS (16).
Histologic response to chemotherapy is important prognostic indicator that canine and human
OS share. Decreased tumor necrosis in response to chemotherapy has been found to be a
negative prognostic indicator in canine OS (79). The serological marker alkaline phosphatase
(ALP) has been recognized as a prognostic indicator in human osteosarcoma for the past 50
years (80). High serum ALP is also a strong negative prognostic indicator for canine OS,

decreasing survival time by half (9, 81).

Molecular markers found to be prognostic indicators in human OS may also have
potential in evaluating prognosis in canine OS. MMPs, ErbB2/HER2, and c-Myc are up-
regulated in canine OS tumors (19, 20, 82) and all are prognostic indicators in human OS as
mentioned previously. P53 expression has been shown to be correlated with negative
prognostic indicators in canine OS (83), which is similar to results in some studies mentioned
above in human OS. Ezrin, which drives metastasis in human OS, has also been found to be
associated with early development of metastasis in canine OS (84). COX-2 (cyclooxygenase-2)

is involved in production of PGE: (prostaglandin Ez), which has been found to be up-regulated in
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human cancer (85). Over expression of COX-2 in canine OS has been found to be a negative
prognostic indicator for survival. VEGF, mentioned previously as a negative prognostic marker
in human OS is also a negative prognostic indicator in canine OS (86). Survivin expression in

dogs with OS is associated with a negative prognosis (87) and is discussed in chapter #4.

Lymphoma:

Overview, Comparative Biology and Molecular Pathogenesis

Lymphoma (LSA) in humans can be divided up into two main types: Hodgkin LSA (HL)
and Non-Hodgkin LSA (NHL). Hodgkin LSA has a 5 year survival rate of 85.1%. Non-Hodgkin
LSA has a 5 year survival rate of only 69.0%. While only 0.2% of men and women will develop
HL, 2.1% of men and women will develop NHL at some point in their lifetime. In 2013, there will
be an estimated 9,290 new cases and 1,180 deaths from HL, and an estimated 69,740 new
cases of NHL and 19,020 deaths from the disease (88). Hodgkin LSA is determined by the
presence of Reed-Sternberg cells, which are derived from B-cells that have undergone
unfavorable genetic mutations. The two major subtypes of HL are classical HL and nodular
lymphocyte-predominant HL. Typical symptoms of HL are painless enlarged lymph nodes,

enlarged spleen, fever, weight loss, fatigue, and night sweat.

Non-Hodgkin LSA has many subtypes. It can be divided into fast growing aggressive
and slow growing types, and is formed from B-cells, T-cells, or NK (natural killer)-cells. Non-
Hodgkin LSA includes Burkitt LSA, small lymphocytic LSA, diffuse large B-cell LSA (DLBCL),
follicular LSA, immunoblastic large cell LSA, precursor B-lymphoblastic LSA, mantle cell LSA,
mycosis fungoides, anaplastic large cell LSA, and precursor T-lymphoblastic LSA. DLBCL

makes up 40% of NHL and can further be divided into germinal center B-cell like (GCB) and
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activated B-cell like (ABC) subtypes (88). Typical symptoms are the same as HL, with the

addition of skin rash and pain in the chest, abdomen or bones.

Staging of HL and NHL is very similar, with both being divided up into four stages (Table

1.4) (88, 89).
Table 1.4: Lymphoma Staging
Lymphatic area Extra-nodal (E), Crosses Splenic
(lymph node, tonsil, organ or area Diaphragm Involvement
thymus, spleen)
Stage | 1
Stage |E 1 1
Stage |l 2
Stage |IE 2 1
Stage Il 2+ X
Stage IlIE 2+ 1 X
Stage IS 2+ X X
Stage llIE,S 2+ 1 X
Stage IV 2+ 1+, lung, liver, X X
bone marrow,
cerebrospinal fluid

Canine LSA has a 2 year survival rate of 10% with treatment. Only 1% of dogs will
survive to 5 years (90). Canine LSA accounts for up to 24% of all canine neoplasms. Most
dogs treated for LSA relapse within 6-9 months. Their overall average survival rate is 1
year(91). Essentially all canine LSA are classified as NHL. There are only a handful of HL
cases reported in dogs. Lymphoma in dogs can further be divided up into five main anatomic
types: multicentric, cutaneous, gastrointestinal, mediastinal, and extra-nodal. Canine LSA are
typically either B-cell or T-cell in origin, and can be further classified as either low grade or
intermediate/high grade disease. Multicentric LSA is the most common canine LSA. Symptoms

of multicentric LSA include painless enlarged lymph nodes, loss of appetite, lethargy, weight
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loss, edema, and sometimes increased thirst and urination. If there is CNS involvement then
CNS signs may be present. Cutaneous LSA starts out as dry, red, itchy, flaky areas of skin
which later become very red, wet, ulcerated, and thickened. Masses may be found on the skin
and it can also occur in the mouth. Gastrointestinal LSA usually presents with vomiting, watery
diarrhea, and weight loss. In mediastinal LSA the dogs usually have dyspnea. This can be
from the mass itself or from pleural effusion. Swelling of the face and legs may be seen as well
as increased thirst and urination due to hypercalceimia. Extra-nodal LSA is rare and can be
found in the breast, liver, eye, bone, and mouth. The affected organ is usually enlarged.
Canine LSA is staged according to the World Health Organization’s human lymphoma staging

system (Table 1.5). (91, 92).

Table 1.5: Canine LSA/ World Health Organization LSA Staging
Enlarged lymph Crosses Splenic/Liver Bone
node Diaphragm Involvement marrow/other
organ
Involvement
Stage | 1
Stage |l 2+
Stage I 2+ X
Stage IV 2+ X X
Stage V 2+ X X X

The incidence of canine and human NHL is very similar. Dogs commonly develop an
aggressive high grade multicentric LSA that is comparable to human NHL (93). Both humans
and dogs present with painless enlarged lymph nodes and a human LSA classification system
can be used to grade canine LSA (94). Dogs share their environment with their human
counterparts and are exposed to the same environmental contaminants that humans are
exposed to. It has been suggested that by studying the dogs that share our environment, we

might learn a great deal about what contributes to human disease (95). A study in France
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showed a correlation between the incidence of canine NHL and human NHL, and additionally
reported an association between the canine LSA and proximity to radioactive waste and waste
incinerators (96). In a study on Naples Italy and a waste management crisis, it was found that
canine NHL was increased 2.39 fold and similar increases were found in people residing there

(97, 98).

Canine and human NHL appear similar not only on the clinical level, but on the histologic
and genetic levels as well (99-102). Many of the genetic mutations, copy number aberrations,
and chromosomal instabilities are similar across both species (102-104). At the 12"
International Conference on Malignant Lymphoma, the potential value of the canine model of
NHL in humans was shown at the level of NF-kB/p65 pathway, the Bcl-2 family of proteins, Ki67
and the S-phase fraction, as well as the matrix metalloproteinases (MMPs), VEGF, and platelet
derived growth (PDGF) (105). NF- kB is similarly up-regulated in both dogs and humans with
DLBCL (106). Upon histological analysis, both human and canine LSA have similar up-

regulated Bcl-2 family proteins, such as the well-known cancer protein survivin (107, 108).

B-cell NHLs, are derived from a variety of mechanisms. Specific types B-cell NHL are
developed from distinct subpopulations of B-cells that have undergone specific genetic
alterations (109). VDJ recombination, somatic hypermutation, and class switch recombination
are all steps in the B-cell life cycle where cells can become predisposed to malignancy.
Follicular LSA and some DLBCL are known to arise from unintended translocations during VDJ
recombination. Aberrant somatic hypermutation is another way DLBCL arise. Errors in
regulation of class switch recombination lead to Burkitt LSA, multiple myeloma, and other types

of LSA (110).

T-cell malignancies are relatively rare, and the molecular pathogenesis of most is not

well understood. Peripheral T-cell LSA and angioimmunoblastic T-cell LSA appear to be
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derived from CD4+ T-cells. Adult T-cell LSA is known to be connected with HTLV-1 infection.
The virus appears to activate multiple oncogenes and inhibit mitotic checkpoints within the T-
cells. Chromosomal translocations have been shown to cause other T-cell LSA, which could

take place during rearrangement of TCR genes (111).

Treatment of LSA

Standard of care treatments in humans with LSA are dependent on the LSA type and the
stage of disease. Generally though there are five different standard of care options:
chemotherapy, radiation therapy, immunotherapy, stem cell transplants, and combinations of
the above. In addition to standard of care therapies there are clinical trial options with novel
drugs for patients who either fail standard treatment options, or would like to have additional

treatment in the hopes of increased chance for a cure.

Some of the most common chemotherapy drugs used in treating human LSA include:
doxorubicin, bendamustine, bleomycin, chlorambucil (nitrogen mustard), cisplatin,
cyclophosphamide, cytarabine, dacarbazine, dexamethasone, etoposide, fludarabine,
gemcitabine, ifosfamide, mechlorethamine (nitrogen mustard), methotrexate, mitoxantrone,
pralatrexate, prednisone, procarbazine, vinblastine, and vincristine. Some of these are also
used in the treatment of canine LSA. A typical combination of some of the above chemotherapy
agents for treatment of human LSA is the CHOP protocol. ‘C’ stands for cyclophosphamide, ‘H’
stands for hydroxydaunorubicin (aka doxorubicin), ‘O’ stands for Oncovin (aka vincristine), and
‘P’ stands for prednisone. The CHOP protocol is also commonly used in dogs to treat canine

LSA.
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The earliest forms of treatment for human LSA allowed a 3 year survival rate of 7% for HL
and 10% for NHL (112). Before the development of combination chemotherapy, the 5-year
survival rate was 38-39% for HL (113, 114), and 9-24% for NHL (115, 116). Dogs with LSA
survive only 1-2 months without treatment (92). With the development of multi-drug
chemotherapy regimens, the 5-year survival rate has risen to 85% for HL (89), and 69% for NHL
(88). The 2-year survival rate for dogs with LSA is now 25% (117). While the improved outcome
with the use of current chemotherapy treatments is considerable, the outlook for both dogs and

humans with these diseases could still be significantly improved.

Radiation therapy (RT) can be delivered both externally and internally. External beam
RT is most common, where high powered x-ray beams are either carefully aimed at areas of
high cancer burden, called Involved Field RT (IFRT), or x-ray beams are targeted over larger
areas of the body, called Extended Field RT (EFRT). Internal radiation involves ingesting or
injecting radioactive particles that must travel to their intended site. Radio-immunotherapy is
one such example used in LSA treatments. In stage | aggressive localized NHL, half of patients
are cured by RT alone. The addition of chemotherapy does seem to improve outcome in this
type of disease. Radiation therapy is also used to treat canine LSA. In studies where
chemotherapy was combined with RT, dogs had longer remission rates when compared to a
study where dogs received the same chemotherapy regimen without RT (118-120). Low-dose
RT in dogs with LSA has also been found to be comparable to chemotherapy treatment alone

(121).

Immunotherapy or biologic targeted therapy, is the use of the immune system to target
the cancer directly, or to bring drugs or RT directly to the tumor cells via the immune system.
Rituximab is a monoclonal antibody used to treat some types of B-cell NHL. It is directed

against the CD20 antigen found on normal pre-B and mature B-cells. Once rituximab binds to
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B-cells, it targets a host immune response against all CD20 positive cells, killing both normal

and neoplastic B-cells (122).

Antibody-drug conjugates are antibodies conjugated to cancer drugs, so that the drug
can be targeted to the lymphocytes and cancer cells. Upon finding its target the conjugate is
internalized by lysosome into the cell, where the drug is released into the cytoplasm inducing
cell death. Brentuximab vedotin is antibody to CD30 conjugated to monomethyl auristatin E, an
antimicrotubulin agent. CD30 is a TNF receptor with a possible role in apoptosis, highly
expressed on both Hodgkin and some types of NHL. Brentuximab is the only antibody-drug
conjugate currently approved for treatment of human LSA, and has had some success in
relapsed and refractory anaplastic large cell LSA (123), relapsed or refractory HL (124), and

CD30 positive T-cell and NK-cell LSA (125).

Stem cell transplants are not the first treatment option for LSA patients, but are used in
an attempt to cure disease, either while patient is in remission or after relapse. It allows use of
higher doses of chemotherapy or radiation that would otherwise not be possible. In a study of
relapsed NHL comparing patients who received chemotherapy and RT to patients who received
intensive chemotherapy, RT, and bone marrow transplant, overall survival was significantly

improved when bone marrow transplant was added (126).

According to the National Cancer Institute, there are currently 231 clinical trials in adult
HL and 88 trials in pediatric HL. There are also 465 currently listed trials for adult NHL and 126
clinical trials for children with NHL. Clinical trials in LSA include all of the above treatment
options, including different combinations of treatment, new treatment protocols, and new

chemotherapy drugs (127).
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The Veterinary Cancer Society currently lists 23 clinical trials in canine LSA. These trials
include treatment with novel agents, RT, immunotherapy, bone marrow transplant, and

combinations of the above (128).

Prognostic Factors in LSA

Prognostic factors help determine outlook and prognosis for patients with disease. New
prognostic indicators help reduce overtreatment of patients with a good prognosis, and help
identify patients that have a poor prognosis that would benefit from a more aggressive treatment
regimen. An international prognostic index has been developed that helps doctors determine
outlook for patients with LSA. It is dependent on five factors: the patient’s age, the stage of
disease, how far the LSA has spread, how well the person functions in daily life, and the blood
serum level of lactate dehydrogenase (LDH). The younger the patient, and the better they
function in daily life, the better the prognosis. Increased stage of disease and LSA spread are
indicators of poor prognosis. LDH levels increase with increasing LSA spread, so high LDH
levels are also indicators of poor prognosis (129). The Ann Arbor classification scheme is
another prognostic index that has very similar clinical factors considered (130). In addition to
clinical characteristics we can look at gene expression and protein levels in LSA cells to

determine prognosis (131, 132). See Table 1.6, and Table 1.7.

20



Table 1.6: Prognostic Indicators in Hodgkin’s Lymphoma

Negative Positive Reference data
prognostic prognostic
indicator indicator
Ki-67 antigen X (133, 134)
Proliferating cell nuclear X (135)
antigen (PCNA)
VCAM-1 and ICAM-1 X (136, 137)
adhesion molecules
CD20 X X (138) (139, 140)
Abnormally high CD30 X (141, 142)
MAL X (143)
Topoisomerase Il a X (144)
IL-10 X (145, 146)
MHC class Il antigens X (147)
Retinoblastoma (Rb) X (133)
protein
Apoptosis X (148) (149)
Bcl-2 (135, 150)
P53 X (151) (150) (135)
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Table 1.7: Prognostic Indicators in Non-Hodgkin’s Lymphoma
Negative Positive Reference data
prognostic indicator
indicator
Ki-67 antigen X (152, 153)
Abnormally high CD44 X (154) (155-157)
Anemia X (158)
Mutated P53 X (159)
Karyotypic abnormalities X (160, 161)
Chromosomes 17 & 7 X (162, 163)
deletions/abnormalities
Bcl-2 X (164-168) (169)
chromosomal translocation X (170, 171) (172)
t(14;18)(932;931)
P-glycoprotein-1 X (173)
Survivin X (174)

DLBCLs are the most common type of non-Hodgkin LSA in humans and dogs, making

up 30-40% of all non-Hodgkin lymphoma cases (Table 1.8).
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Table 1.8: Prognostic Indicators in DLBCL

Negative prognostic

Positive prognostic

Reference data

indicator indicator
activated B-cell like (ABC) X (175)
subtype
germinal center B-cell X (175)
(GCB) subtype
Bcl-6 X (176)
CD5 X (177,178)
CD43 X (179)
MHC class | X (180, 181)
MHC class I (180, 181)
P21 X (182)
Constitutively expressed X (183, 184)
MYC
Low expression of LMO2 X (185)
Skp2 X (186)
VEGFR2 X (187)
Hif-1at X (188)
CCND2 X (189)
Hypercalcemia X (190)

Follicular LSAs are the second most common type of NHL and make up 20% of all
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indicator of high grade follicular LSA with poor prognosis (195).

NHLcases. Follicular LSAs are known for progressing to DLBCLs, and are monitored for
characteristic changes in MYC (191). The chromosomal translocation t(14;18)(q32;q31) is
characteristic of follicular LSA, up-regulating Bcl-2. Deletions of chromosome 6q or 17p also
occur, which results in deletion of tumor suppressor genes and leads to an unfavorable
prognosis (192, 193). TNFRSF14 protein is a receptor involved in lymphocyte activation.
Mutations of the TNFRSF14 gene on chromosome 1 are linked to a worse prognosis (194).

MUM1/IRF4 is an interferon protein regulator of lymphoid differentiation. MUM1/IRF4 is an




Many of the prognostic factors found in human LSAs are also shown to be useful
determinants of prognosis in canine LSA. Stage and substage of disease at time of diagnosis,
just as in human LSA, is a useful prognostic indicator (196). Clinico-morphological subtypes of
canine NHL also showed significant prognostic differences, similar to the differences previously
mentioned in subtypes of human NHL (197). Anemia, as in human NHL, is also a negative
prognostic factor for dogs with LSA (198). Hypercalcemia was found to correlate with
decreased survival and remission time in dogs with LSA, similar to findings in human DLBCL
(196). Unlike, human LSA, it has been argued that canine LSA prognosis is dependent on the
sex of the patient. Female canines with LSA have been shown to have a significantly prolonged
remission and survival time compared to males (196, 199). Conversely, another study found
that males had a significantly prolonged remission compared to female dogs with LSA (200). P-
glycoprotein, as mentioned above as a poor prognostic indicator in human NHL, is also negative
predictor of overall survival in canine LSA (201). P53, previously mentioned as a predictor of
worse overall survival in human NHL, is also correlated with poor survival in canine LSA, in the
22% of cases that were positive for P53 expression (202). Survivin, as mentioned above as a

negative prognostic factor in NHL, is also a negative prognostic indicator in canine LSA (107).

Cancer Development: Apoptosis, Cell Cycle, Immortality, Invasion, and Metastasis

In order for cancer to develop, the following must occur: sustained proliferative signaling,
evasion of growth suppressors, evasion of cell death, enabled replicative immortality, induction
of angiogenesis, activation of invasion and metastasis (203), reprogrammed energy
metabolism, evasion of immune destruction, promotion of genomic instability, and tumor

promoting inflammation (204). Survivin, to be discussed next, functions in evasion of cell death
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(specifically, apoptosis) and growth suppression (specifically, cell cycle arrest), as well as

enabling immortality, invasion, and metastasis.

The most common method for evasion of apoptosis is the loss of p53 tumor suppressor
function. The p53 gene is responsible for identifying DNA damage and chromosomal
abnormalities, and inducing apoptosis (205). Downstream of p53, suppression of apoptosis via
up-regulation of anti-apoptotic Bcl-2 proteins and IAP molecules such as survivin can occur
(206, 207). Many cancers have loss of, or suppression of, the retinoblastoma (RB) gene (208)
which is involved in cell cycle arrest. One of the most commonly mutated and up-regulated
proteins in cancer is Ras, an oncogene that promotes growth factor-independent cell cycle
entry, allowing the cell to further evade cell cycle checkpoints (209). Another similarly
functioning oncogene is Myc, which also enhances progression through the cell cycle (210) and
is upregulated by survivin (211). A rare mutation of p53 in Epstein-Barr virus induced
nasopharyngeal carcinoma also causes survivin up-regulation which contributes to cell cycle

progression (212).

The key to evading senescence and achieving immortality is to lengthen a cell’'s
telomeres via telomerase. TERT, a protein subunit of telomerase, controls telomerase activity
(213) and is up-regulated by c-Myc and Sp-1 (214, 215). Both c-Myc and Sp-1 have been
shown to be up-regulated by survivin (211). Overexpression of survivin is one mechanism by
which a cancer cell can up-regulate both integrin o5 and the Akt signaling pathway, which
induces invasion and epithelial-mesenchymal transition (216, 217). Survivin and XIAP form a
complex and have been shown to coordinate NF-«xB activation of fibronectin gene expression,
B1 integrin signaling, and activation of FAK and Src kinases, all of which are required for

metastatic dissemination (218).
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Function and Relevance to Cancer

The canine survivin gene is located on chromosome 9 and is 5,154 base pairs long from
base 5927501 to 5932654. In humans the survivin gene is located on chromosome 17, at
17925. The survivin gene was discovered through hybridization screening of a human P1
genomic library with the cDNA of effector cell protease receptor-1 (EPR-1). Survivin is located
on the opposite strand to EPR-1, and contains four exons and three introns (219, 220). The
survivin gene is conserved across humans and dogs, as well as the chimpanzee, cat, cow, pig,
rat, mouse, chicken, zebrafish, and fruit fly. The survivin mRNA is 2655 bp in humans and 1630
bp in canines. The open reading frame for both human and canine cDNA is 429 bp see Table
1.9, and both human and canine mRNA code for a 142 amino acid (aa) chain (91.5%

similarity)(Table 1.10), resulting in a 16.5 kD protein (219, 221).
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Table 1.9: Human survivin cDNA vs Canine survivin cDNA

human ATGGGTGCCCCGACGTTGCCCCCTGCCTGGCAGCCCTTTCTCAAGGACCACCGCATCTCT
canine ATGGGCGCITCGTCGCTGCCCCCCGCCTGGCAGCTCTACCTCAAGGACCACCGCGTCTCT

human ACATTCAAGAACTGGCCCTTCTTGGAGGGCTGCGCCTGCACCCCGGAGCGGATGGCCGAG
canine ACGTTCAAGAACTGGCCGTTCCTGGAGGGCTGCGCCTGCACCCCGGACCGGATGGCAGAG

human GCTGGCTTCATCCACTGCCCCACTGAGAACGAGCCAGACTTGGCCCAGTGTTTCTTCTGC
canine  GCCGGCTTCATCCACTGTCCCACTGAGAACGAGCCAGACTTGGCCCAGTGTTTCTTCTGC

human TTCAAGGAGCTGGAAGGCTGGGAGCCAGATGACGACCCCATAGAGGAACATAAAAAGCAT
canine TTCAAGGAGCTGGAAGGCTGGGAGCCAGATGATGACCCTATAGAGGAGCATAAAAAACAT

human TCGTCCGGTTGCGCTTTCCTTTCTGTCAAGAAGCAGTTTGAAGAATTAACCCTTGGTGAA
canine TCATCTGGTTGIGCTTTCCTTTCTGTCAAGAAGCAGTTTGAAGAATTAACCCTCAGTGAA

human TGAAACTGGACAGAGAAAGAGCCAAGAACAAAATTGCAAAGGAAACCAACAATAAG
canine TGAAACTGGACAAAGAAAGAGCCAAGAACAAAATTGCAAAGGAAACCAACAACAAG

human  AAGAAAGAATTTGAGGAAACTGCGGAGAAAGTGCGCCGTGCCATCGAGCAGCTGGCTGCE
canine  CAGAAAGAATTCGAAGAGACCGCAAAGAAAGTGCGCTGTGCCATTGAGCAGCTGGCCGCC

human ATGGATTGA
canine  GCAGAATAG

Table 1.10: Human survivin aa seq vs Canine survivin aa seq

human: MGAPTLPPAWQPFLKDHRISTFKNWPFLEGCACTPERMAEAGFIHCPTENEPDLAQCFFCFKELEGWEPDD
canine: MGASSLPPAWQLYLKDHRVSTFKNWPFLEGCACTPDRMAEAGFIHCPTENEPDLAQCFFCFKELEGWEPDD

human: DPIEEHKKHSSGCAFLSVKKQFEELTLGEFLKLDRERAKNKIAKETNNKKKEFEETAKKVRRAIEQLAAMD
canine: DPIEEHKKHSSGCAFLSVKKQFEELTLSEFLKLDKERAKNKIAKETNNKQKEFEETAKKVRCAIEQLAAAE

Five other survivin splice variants have been confirmed in humans, termed Survivin-2B (165
aa), Survivin-AEx3 (137 aa), Survivin-3B (120 aa), Survivin-2a (74 aa) and Survivin 3o (78 aa)

(222). Splice variants of survivin have not been confirmed in dogs.

Survivin (BIRC5) is made up of four exons composing a single N-terminal zinc-binding

fold, called a baculoviral IAP repeat (BIR), and an alpha-helix coiled-coil for its body and C
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terminus (219). Survivin lacks a carboxyl terminal RING (really interesting new gene) finger and
a CARD (caspase-associated recruiting domain) found in other IAP molecules (218). The BIR
domain is thought to function in inhibition of apoptosis, and the coiled-coil domain in regulating
cell division in the G2/M phase (223). The survivin gene is positively regulated by b-
catenin/TCF-Lef, HIF1a (hypoxia-inducible factor 1-a), Sp1 (specificity protein 1), and Stat3
transcription factors. It is negatively regulated by p53, Rb, and PTEN (phosphatase and tensin
homolog), all of which are tumor suppressor genes (224). Survivin is post-translationally
modified by PLK-1 (polo-like kinase-1), aurora B kinase, p34cdc2/cyclin B, and ubiquitination
(225). The survivin protein is present in the nucleus, mitochondria and cytoplasm (226, 227).
Both mitochondrial and cytoplasmic survivin are exported from the nucleus via a Crm-1

dependent nuclear export signal (228).

Nuclear survivin localizes to kinetochores during metaphase and to the central spindle
midzones at anaphase (226). It functions in regulation of mitosis, as a part of the chromosomal
passenger complex aligning chromosomes, in spindle formation, and kinitechore microtubule
attachment (229). Survivin is found as a monomer in the chromosomal passenger complex
(CPC) and binds via its C terminal to the microtubules of the mitotic spindle during mitosis (230).
Nuclear survivin also functions in transcription complex formation with Stat3 in its acetylated
form (231). Mitochondrial survivin is dispersed to the cytosol under apoptotic stimulation (226).
Survivin localized to the mitochondria is thought to prevent apoptosis upon release as well as
block the release of apoptosis-inducing factor (AlF) (232). Cytosolic survivin is associated with
microtubules during interphase and centromeres during prophase and prometaphase (226).
Cytosolic survivin also localizes to spindle poles and mitotic spindle microtubules during
metaphase and anaphase. Additionally, it is found at the midplate during telophase, and finally

the midbody at the cleavage furrow during cytokinesis (233).
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Survivin can be dimeric in its role as a cyctosolic IAP molecule (223) and is thought to
have targets upstream of effector caspases or target effector caspases themselves (234, 235).
Evidence suggests that survivin plays a role in inhibiting both caspase-dependent and caspase-
independent apoptosis (232, 236). Survivin has been found to interact with another IAP
molecule, XIAP (X-linked inhibitor of apoptosis protein), to inhibit caspase-3 cleavage (237). It
also interacts with HBXIP (hepatitis B X-interacting protein) to inhibit caspase-9 which
additionally inhibits caspase-3 cleavage (238). Survivin may also indirectly inhibit apoptosis, via
binding to the pro-apoptotic protein Smac (second mitochondria-derived activator of
caspases)/DIABLO (direct inhibitor of apoptosis protein (IAP)-binding protein with a low

isoelectric point), preventing it from binding to and inhibiting other IAP molecules (239).

Survivin-AEx3 lacks survivin’s third exon due to alternative splicing. Survivin-AEx3 also
has a truncated BIR domain as a result of this lost exon; however, it continues to function in
inhibition of apoptosis, possibly by alternative binding sites or different molecular targets (240).
The loss of exon 3 in Survivin-AEx3 also causes a frame shift, resulting in an extension of the
reading frame in to the open reading frame of the 3’ untranslated region of the survivin gene.
Survivin-AEx3 also retains its coiled-coil domain, and functions in regulation and promotion of
cell division (240). Survivin-AEx3 has been shown to be found predominantly in the nucleus
(241, 242). However, other researchers with other cell lines have found it localized to both the
nucleus and mitochondria (243), and even some in the cytoplasm (244). Survivin-AEx3 has
been found to be up-regulated in glioma (245), astrocytoma (246), oral squamous cell
carcinoma (247), thyroid carcinoma (248), acute myeloid leukemia (249), non-small cell lung
cancer (250), colorectal carcinoma (251), bladder cancer (252), soft tissue sarcoma (253),
breast cancer (254) cervical carcinoma (255) and prostate cancer (256). SurvivinAEx3 has
been evaluated in at least 13 different types of cancer in numerous studies for prognostic

significance. With the exception of one breast cancer study looking at chemosensitivity to
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docetaxel and epirubicin (257), increased SurvivinAEx3 expression correlated with a poor
prognosis (222) and in some studies was also correlated with increased tumor invasiveness

(258) and metastasis (256).

Survivin-2B differs from survivin because it has an additional exon from intron 2, exon
2B, resulting in a modified BIR domain (240). Survivin-2B may not function in inhibition of
apoptosis, possibly due to this modification. Survivin-2B retains its coiled-coil domain. Survivin-
2B may actually function in induction of apoptosis, possibly via interaction with survivin’s
molecular targets (240). Survivin-2B has been found to localize to the cytoplasm (241, 244) and
contains a Crm-1 dependent nuclear export signal which when inhibited, allows nuclear
accumulation (228). Other researchers have also shown Survivin-2B localizes to the
mitochondria where it is thought to block other survivin variants from being released (259).
Survivin-2B has been shown to decrease as the stage of cancer increases, indicating it may be
unfavorable to cancer progression (260, 261). Survivin-2B has been shown to have a positive
impact on cancer outcome in studies on colorectal cancer (262, 263), breast cancer (254),
glioma (245), renal cell carcinoma (260), gastric cancer (264), and bladder cancer (252).
Survivin-2B up-regulation has been correlated to poor prognosis in cervical carcinoma (255),

astrocytoma (246), and in some additional studies done on colorectal cancer (251).

Survivin-3B, like survivin 2B, also has an additional exon but from intron 3, exon 3B.
This additional exon however, adds in an early stop codon, causing a truncation resulting in a
smaller protein (265). Because Survivin-3B retains its BIR domain, it is believed it continues to
function in inhibition of apoptosis. However, due to its early truncation, it lacks a tubulin-
interacting carboxy-terminal coiled-coil region, which had been thought could inhibit its function
in regulation of the G2/M phase of the cell cycle (265). It has since been found that Survivin-3B
is capable of functioning as a chromosomal passenger complex protein as well as functioning in

cytoprotection (inhibition of apoptosis) (228), essentially capable of everything wild type survivin
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can do. Survivin-3B localizes to the cytoplasm, and also contains a Crm-1 dependent nuclear
export signal which when inhibited, allows nuclear accumulation (228). Survivin 3B has been
found to be up-regulated in acute myelogenous leukemia (265), oral squamous cell carcinoma
(247), colorectal cancer (251), and breast cancer (266); however, it has only been associated

with poor prognosis in breast cancer (254, 257, 267).

Survivin-2o. is composed of survivin’s exon 1 and exon 2, as well as a 197 bp region of
intron 2 contains an early stop codon. Survivin-2a. contains the first two alpha helices of the BIR
domain, but lacks the third alpha helix of this domain (268). Survivin-2a., like Survivin-3B,
completely lacks a carboxy-terminal coiled-coil domain. It has been demonstrated that survivin-
2a., like survivin-2B, functions in induction of apoptosis. Survivin-2a directly antagonizes the
anti-apoptotic effects of survivin, and is present in the nucleus and cytoplasm (268). Survivin-
2a’s up-regulation had been correlated with increased apoptosis in vitro (268). Survivin-2a, has
been found present in breast cancer (266), medulloblastoma (268), astrocytoma (246),
colorectal cancer (251), lung cancer, osteosarcoma, and acute lymphoblastic leukemia (268).
Despite studies showing survivin-2a’s ability to induce apoptosis, it has been linked to poor

prognosis in breast cancer (254) and astrocytoma (246).

Survivin-3a is also composed of survivin’s exon 1 and 2, but it includes 207 bp from
intron 2. Survivin-3a has been identified in acute myeloid leukemia (269) and more recently has
been found to be upregulated in breast cancer (266). However further studies on Survivin-3a.

and its function are lacking.

The survivin protein is present during fetal development, but is undetectable in terminally
differentiated adult tissues (233). Survivin is also present in low levels in highly proliferative
cells, such as hematopoietic progenitor cells, thymocytes, basal colonic epithelium, endothelial

cells, endometrial cells and T-cells (270-272). Most types of cancer express survivin at very
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high levels and depend on it for continued proliferation (219, 233). In dogs, survivin is found in
many normal adult organs, but at much lower levels than observed in canine osteosarcoma and
lymphoma, as well as other types of canine cancers (87, 107, 221, 273, 274). Survivin functions
primarily in regulation of cell division and inhibition of apoptosis (220). Survivin may also play a
role in enhancing telomerase activity via up-regulation of specificity protein 1- (Sp1) and c-Myc-
mediated human telomerase reverse transcriptase (hTERT) gene transcription (211). It also
plays roles in tumorigenesis (226, 275, 276), invasion (217), and metastasis (218, 277, 278).
Survivin is known to increase chemotherapy resistance (279-281), and has also been found to
increase radiation therapy resistance (282-284). Survivin is prominently expressed in
transformed cell lines, and in all the most common human cancers of the lung, colon, pancreas,
prostate, and breast in vivo, as well as approximately 50% of all high-grade non-Hodgkin’s
lymphomas (219). The up-regulation of survivin is known to correlate with a poor prognosis in
acute myeloid leukemia (276), acute lymphoblastic leukemia (285), diffuse large cell B-cell
lymphoma (108), T-cell lymphoma (286), astrocytoma (246), neuoblastoma (287), head and
neck squamous cell cancer (288), melanoma (289), esophageal squamous cell carcinoma
(290), gastric cancer (291), colorectal cancer (278), bladder cancer (292), soft tissue sarcoma
(253), lung adenocarcinoma (293), non-small cell lung cancer (294), breast cancer (254),
ovarian cancer (295), cervical cancer (296), Ewing sarcoma (297), osteosarcoma (298), Wilms

tumor (299), pancreatic endocrine tumors (300) and pancreatic adenocarcinoma (301).

Survivin Inhibition: small molecule inhibitors, siRNAs, vaccines, etc.

Survivin has been targeted on ultimately every level of its biogenesis, at the promoter
and survivin gene, mRNA, protein stability, folding, and secondary modifications, even

immunologically (302).
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At the promoter and survivin gene level, the transcription factors ILF3/p54(nrb), Sp1,
Stat3, NF-kB, Sox2, and others where the exact target is unknown, have been targeted. The
ILF3/p54(nrb) complex binds to the survivin promoter and regulates survivin expression.
YM155 (sepantronium bromide) induces disruption of the ILF3/p54(nrb) complex, which is
required for survivin expression (303). The Sp1 trascription factor also mediates transcription of
survivin. M4N (tetra-O-methyl nordihydroguaiaretic acid or terameprocol) is an inhibitor of Sp1-
mediated transcription of survivin and other genes (304). Stat3 dimerization is required for its
nuclear translocation, DNA binding, and transcription of downstream target genes such as
survivin. S31-1757 is a small molecule capable of disrupting Stat3 dimerization (305). FLLL32
is a stable derrivitive of curcumin with superior targeting of Stat3, preventing phosphorylation
and DNA binding, consequently reducing survivin expression (306). NF-«B transcribes genes
including survivin, and must be activated by RIP1 (nuclear factor NF-kB activator). Endogenous
caspase 2, a cell death effector, causes proteolytic cleavage of RIP1, which prevents
transcription of survivin and other NF-«xB target genes (307). Another way to target NF-«kB is
through thymoquinone treatment. Thymoquinone is derived from the medicinal spice Nigella
sativa, also known as black cumin. Thymoquinone has been shown to inhibit the binding of NF-
kB to DNA, thereby downregulating XIAP, survivin, and VEGF in human osteosarcoma cells
(308). The transcription factor Sox2 has been found to directly up-regulate survivin expression.
When Sox2 is inhibited, survivin expression is also decreased (309). TGFp signaling down-
regulates survivin transcription. Belinostat, an HDAC (histone deacetylase) inhibitor can
reactivate the TGFp signaling pathway, thereby down-regulating survivin (310). Another
survivin promoter and gene inhibitor is FL118, which not only inhibits survivin expression, but

also other cancer-associated survival genes (311).

At the mRNA level, survivin mRNA can be bound and destabilized, through antisense

oligonucleotides, siRNA, and miRNAs. Antisense oligonucleotides are single stranded DNA and
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are very stable in vivo. They work by either inducing degradation of target mRNA, or by binding
to them and blocking and inhibiting their translation (312). LY2181308 is an antisense
oligonucleotide that has been shown to down-regulate survivin in lung, colon, pancreas, liver,
breast, prostate, ovary, cervical, skin, and brain cancer cells. Inhibition in many of these cell
lines cause increased apoptosis, cell cycle arrest, and increased chemosensitivity to a number
of chemotherapeutics (313). The antisense oligonucleotide 4003 has been show to down-
regulate survivin in lung adenocarcinoma cells, and increase apoptosis and chemosensitivity to
etoposide (314). EZN-3042 is a locked nucleic acid antisense oligonucleotide that targets

survivin mRNA in both human and canine species (Figure 1.1).

Range 1: 394 to 1630 GenBank Graphics ¥ Next Match

‘Score Expect Identities Gaps Strand

2239 bits(1212) 0.0 1231/1239(99%) 5/1239(%) Plus/Plus

Query 575 AAAGGAAACCAACAATAAGAAGAAAGAATTTGAGGAAACTGCGGAGAAAGTGCGCCGT 634
, ||||IIIII|||||||I||||I||II|||II|II|||||||II|| LLITTLTLLELL

Sbjct 394 AAAGGAAACCAACAA TTGAGGAAACTGCGAAGAAAGTGCGCCGT 453

Query 635 GCCATCGAGCAGCTGGCTGCCATGCGATTGAGGCCTCTGGCCGGAGCTGCCTGGTCCCAGA 694

LLCULELEEELEE DL LT LD UL L]

Sbjct 454 GCCATCGAGCAGCTGGCTGCCATGGATTGAGGCCTCTGGCCGGAGCTGCCTGGTCCCAGA 513

Query 695 GTGGCTGCACCACTTCCAGGGTTTATTCCCTGGTGCCACCAGCCTTCCTGTGGGCCCCTT 754

LECULLETLUEE UL L

Sbject 514 GTGGCTGCACCACTTCCAGGGTTTATTCCCTGGTGCCACCAGCCTTCCTGTGGGCCCCTT 573

Figure 1.1: Human and canine survivin mRNA compared to EZN-3042 complement. Query
represents the human survivin mRNA sequence, Sbjct represents the canine survivin mRNA.
The orange highlighting represents the EZN-3042 complement in human survivin mRNA
sequence, the yellow highlighting represents the EZN-3042 complement in the canine survivin

mRNA sequence.

EZN-3042 is not known to target survivin mRNA in other species. The complement to EZN-
3042 has 100% homology in 8 of its 16 nucleotides to the mouse survivin mMRNA sequence. It

has been shown that as few as 5 of 17 nucleotides in 100% homology can have an antisense
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effect (315), so it is theoretically possible that EZN-3042 could down-regulate survivin mRNA in
the mouse. EZN-3042 has been shown to down-regulate survivin in prostate cancer cells, as
well as increase apoptosis, cell cycle arrest, and chemosensitivity to paclitaxel. It also
downregulates Bcl-2, but the mechanism is as of yet, unknown (316). EZN-3042 has
additionally been shown to downregulate survivin in lung tumor xenograft models. Tumor
growth inhibition was doubled when EZN-3042 was combined with paclitaxel, compared to EZN-
3042 as a single agent treatment (317). EZN-3042 inhibits survivin in acute lymphoblastic
leukemia (ALL) cells, and when combined with chemotherapy it can eliminate drug resistant ALL
cells (318). EZN-3042 also inhibits survivin in neuroblastoma cell lines, and induces apoptosis

(319).

Small interfering RNAs (siRNAs) are double stranded RNA designed for in vitro and
short term in vivo studies, and work by binding to mRNA and directing its degradation. One
siRNA targeting survivin caused increased radiosensitization in a wt-p53 sarcoma cell line when
combined with irradiation treatment (320). Another siRNA targeting survivin reversed drug

resistance when combined with cisplatin in non-small cell lung cancer (321).

MicroRNAs (MiRNAs) are single stranded RNAs that can occur naturally in animals and
plants. We can artificially up-regulate and down-regulate them, but they are less specific than
siRNA and will bind to multiple targets. It has been shown that miR-34a is down-regulated in
cisplatin-resistant gastric cancer cell lines via the PI3K/AKT/survivin signaling pathway, and that
over expression of miR-34a could increase sensitivity of these cell lines to cisplatin (322), as
miR-34a negatively regulates survivin expression (323). MiR-203 has been shown to target
survivin, causing decreased proliferation, increased apoptosis, and cell cycle arrest in
pancreatic cancer cells when enhanced with a MiR-203 mimic (324). Another study found that

an miRNA construct with the target sequence (5-GCAGGTCATAGTTTTGGCCACTG-3’ to the
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hypoxia-inducible factor-1a (HIF-10) down-regulated survivin, inhibiting human adenocarcinoma

cell line growth when cells were transfected with HIF-1a miRNA (325).

At the protein level, protein stability, protein folding, and secondary protein modifications
can be targeted. The HDAC inhibitor belinostat was shown to decrease survivin protein stability
through survivin’s decreased half-life in treated cells (310). In another study, the depletion of K-
Ras promoted the proteosomal degradation of survivin (326). HSP9O0 folds survivin, as well as
many other proteins, and is up-regulated in many malignancies. Geldanamycin is a drug used
to inhibit HSP90 (327). Another drug used to inhibit HSP90 is shepherdin, which is a novel
peptidyl antagonist of the interaction between HSP90 and survivin (328). Secondary protein
modification targets include acetylation and phosphorylation, which control survivin subcellular
localization and complex formation. Acetylation of survivin on lysine-129 by CBP (CREB
binding protein) results in survivin binding to Stat3, inhibiting its ability to activate target genes,
thereby suppressing Stat3’s oncogenic activity while preventing survivin from binding to Crm1
which facilitates nuclear export of survivin (231). Deacetylation of survivin by HDACG6 (histone
deacetylase 6) at this same site allows nuclear export of survivin so it can resume its anti-
apoptotic function (329). Up-regulation of CBP, or down-regulation of HDACG6 could target
survivin in this manner. The phosphorylation of survivin by PLK1 (polo-like kinase 1) is required
for survivin to bind to and activate Aurora B in the chromosomal passenger complex, which is
required for correct spindle microtubule attachment in cell division (330). Thus, pharmacologic

inhibition of PLK1 may interfere with survivin function as well.

To target survivin immunologically, survivin vaccines have been evaluated. A DNA
vaccine targeting survivin and co-expressing secretory chemokine CCL21 cause both apoptosis
and suppression of angiogenesis while eradicating lung tumors in a mouse model (331). A
Fowlpox based survivin vaccine was found to slow tumor growth and improve survival in mice

given malignant mesothelioma (332). Additionally, a survivin peptide vaccine induced a very
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efficient cytotoxic T cell response against primary gastric adenocarcinoma cells (333). All these
studies demonstrate the potential efficacy of vaccines against survivin. Dendritic cell loading
involves harvesting dendritic cells, loading them with survivin mRNA or protein, and returning
them to their host. In a study of pancreatic cancer, survivin mMRNA transfected dendritic cells
were shown to induce a cytotoxic T cell response, which was amplified when the dendritic cells
were co-transfected with another tumor associated antigen (334). Another study showed that
dendritic cells that were pulsed with survivin peptide allowed mice to reject an otherwise lethal
inoculation of B-cell lymphoma (335). Finally, a study using dendritic cells transduced with full
length dominant-negative survivin gene were able to induce a potent cytotoxic T cell response

to prostate cancer cells (336).

Clinical Studies with Survivin Inhibitors

Transcriptional repressors, antisense oligonucleotides, HSP90 inhibitors, and
immunotherapies against survivin have all made it into clinical trials in human cancer. YM155
and terameprecol are transcriptional repressors currently in clinical trials. LY2181308 and EZN-
3042 are antisense oligonucleotides in clinical trials. For HSP90 inhibitors, currently 17 have
entered into the clinical trial phase (337). Finally, there are currently 20 clinical trials registered
with the NIH for survivin vaccines, with others already completed, some with positive patient

responses (338).

YM155 has gone through both phase | and phase Il clinical trials. In phase | clinical
trials in Japan and the US, the trials included prostate, colorectal, non-Hodgkin’s lymphoma,
head and neck, sarcoma, breast, liver, non-small cell lung, melanoma, ovarian, small-cell lung,
endometrial, thyroid, esophageal, pancreatic, renal, thymus, esophageal, thyroid, malignant

fibrous histiocytoma, pleural mesothelioma, thymoma, synovial sarcoma, duodenal, double
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cancer of hypopharynx and thoracic esophageal, paranasal sinus, pancreatic, and esophageal
leiomyosarcoma cancer (339, 340). In the US phase I clinical trial, 3 of 5 patients with recurrent
and refractory NHL had “major durable responses” and 2 of 9 patients with hormone-refractory
prostate cancer had a “response by PSA criteria”. The maximum tolerated dose (MTD) was
determined to be 4.8 mg/m?/d by 168-hour constant intravenous infusion every 3 weeks (340).
In the phase | clinical trial in Japan, 9 of 33 patients achieved stable disease, in malignant
fibrous histiocytoma, thymoma, non-small cell lung, synovial sarcoma, thymus, thyroid, and
esophageal leiomyosarcoma. The MTD was determined to be 8.0 mg/m?/d by 168-hour
constant intravenous infusion every 3 weeks (339). The difference between the US MTD and
Japan’s MTD has been theorized to be due to decreased renal function in the US patients who
failed at the higher dose (341). A second phase | clinical trial in the US in advanced non-small
cell lung cancer patients gave a MTD of 10 mg/m?/d by 72-hour constant intravenous infusion

every 3 weeks (342).

The phase Il clinical trials have been completed in the US and the Netherlands. Most
studies went with the lowest MTD determined, 4.8 mg/m?/d by 168-hour constant intravenous
infusion every 3 weeks. The phase Il clinical trial conducted in the Netherlands was in patients
with non-small cell lung cancer. Patients received 4.8 mg/m?/d by 168-hour constant
intravenous infusion every 3 weeks. Of the 37 patients receiving treatment, 2 had partial
responses and 14 achieved stable disease. The median duration of progression free survival
was 1.7 months (343). A similar trial was conducted in the US with advanced non-small cell
lung cancer patients, but YM155 was combined with paclitaxel and carboplatin. YM155 was
given at 10 mg/m?/d by 72-hour constant intravenous infusion every 3 weeks, and although it
had a favorable safety profile, it failed to demonstrate an improved response rate over paclitaxel
and carboplatin without YM155 (342). Another phase Il clinical trial in the US was in castration-

resistant taxane-pretreated prostate cancer. It was found to prolong stable disease in 25% of
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patients treated and is currently being evaluated for combination treatment with docetaxel in
patients with castration-resistant prostate cancer (344). In a phase Il clinical trial in patients with
unresectable stage Ill or IV melanoma, YM155 was given at 4.8 mg/m?/d by 168-hour constant
intravenous infusion every 3 weeks. Only 1 of 29 patients had a partial response to treatment
(345). A phase Il clinical trial was also completed in patients with refractory DLBCL. YM155
was given at 5.0 mg/m?/d by 168-hour constant intravenous infusion every 3 weeks. A total of
41 patients were treated with YM155. 1 patient had a complete response and 2 other patients

also responded (346).

Terameprocol (tetra-O-methyl nordihydroguaiaretic acid or M4N), has also gone through
both phase | and phase Il clinical trials. A phase | clinical trial was completed in patients with
recurrent high grade glioma. Of the 32 patients treated, 9 achieved stable disease, and a dose
of 1,700 mg/day was deemed safe for future studies (347). Two phase | clinical trials were
completed with terameprocol used as a vaginal ointment. The first was in healthy volunteers,
results showing that 90 mg daily for 7 days was safe (348). The second study was both a
phase | and phase Il clinical trial, and was done in patients with HPV-linked cervical squamous
intraepithelial neoplasia. Of the 7 patients enrolled in the study, 2 had responses to treatment

(349).

LY2181308 has completed phase I clinical trials and has very recently undergone a
phase Il clinical trial. In the first study, 4 of 22 patients with a variety of cancer types achieved
stable disease with a safe dose of 750 mg determined (350). In the second phase | clinical trial
in patients with advanced solid tumors, 1 of 12 achieved stable disease, with the 750 mg dose
having manageable toxicity (351). In the phase Il clinical trial, LY2181308 was combined with
doxorubicin in patients with castration resistant prostate cancer. In this trial they found that
adding LY2181308 to doxorubicin treatment in these patients did not improve outcome when

compared to doxorubicin treatment alone (352).
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EZN-3042 has completed two phase | clinical trials, one as a single agent and one in
combination with docetaxel. In both studies patients included had advanced solid tumors or
lymphomas. In the first study, the maximum tolerated dose for EZN-3042 was determined to be
6.5 mg/kg. Of the 24 patients treated, 5 achieved stable disease (353). In the second study,
the maximum dose of EZN-3042 in combination with docetaxel given was 6.5 mg/kg. Of the 16
patients treated, 1 had a partial response and 5 achieved stable disease (354). Currently a

phase | clinical trial in dogs with LSA is being conducted with EZN-3042.

HSP90 inhibitors have completed numerous phase | and phase Il clinical trials. A phase
| clinical trial with 17-AAG (17-allylamino-demethoxy-geldanamycin) found a maximum tolerated
dose to be 220 mg/m? twice weekly. Of the 13 patients with advanced cancer treated, 3
achieved stable disease (355). Another phase I clinical trial with alvespimycin (17-DMAG; 17-
dimethylaminoethylamino-17-demethoxygeldanamycin) revealed a dose of 80 mg/m? weekly IV.
Of the 25 patients with advanced solid tumors that received treatment, 1 had a complete
response, 1 had a partial response, and 3 achieved stable disease (356). Another phase |
clinical trial with ganetespib (STA-9090) in patients with solid malignancies was found to
recommend a clinical dose of 200 mg/m?2. Of the 53 patients treated, 1 had a partial response
and 23 achieved stable disease (357). A phase Il clinical trial has also been completed for
tanespimycin (17-AAG). The trial was conducted in patients with advanced trastuzumab-
refractory HER2-positive metastatic breast cancer. The patients reveived 450 mg/m?
tanespimycin weekly IV in combination with trastuzumab. Of the 27 patients evaluated, 6 had a
partial response and 10 achieved stable disease (358). In another phase Il clinical trial,
retaspimycin hydrochloride (IPI-504), was evaluated in patients with castration-resistant prostate
cancer. Unfortunately, at the dose of 400 mg/m?, they saw unacceptable toxicity and no

response to therapy (359). A phase Il clinical trial conducted with BIIB021 in patients with

40



gastrointestinal stromal tumors, however had much better results. Of the 23 patients treated, 5

had partial responses and 10 achieved stable disease (360).

Survivin vaccines have also completed numerous phase | and Il clinical trials. Multiple
phase | clinical trials have been completed with the survivin-2B80-88 vaccine. In a study of
patients with advanced or recurrent breast cancer, 2 out of 10 achieved stable disease (361). In
a study of patients with advanced or recurrent urothelial cancer, 1 of 46 had a slight reduction in
tumor volume (362). In a study of patients with advanced or recurrent oral cancer, 1 out of 11
had a partial response (363). In a study of patients with advanced or recurrent colorectal
cancer, 1 of 15 patients had a minor response and 3 patients achieved stable disease (364).
Finally, a study in advanced pancreatic patients with the survivin-2B80-88 vaccine, 4 of the 6
patients achieved stable disease (365). In a phase Il clinical trial a survivin vaccine targeting
HLA-restricted peptide epitopes was used in patients with metastatic melanoma. Of the 55
patients evaluated, 1 had a complete response, 3 had a partial response, and 7 achieved stable
diease (366). In another phase Il clinical trial with metastatic melanoma patients, a dendritic cell
vaccine was used. The dendritic cells were pulsed with survivin and other tumor peptides. Of
the 28 patients treated, 16 achieved stable disease (367). In another phase Il clinical trial, a
vaccine against three survivin peptides restricted to HLA A1, A2 and B35 was used in patients
with therapy-resistant advanced cancers. Of the 79 patients enrolled, 3 had complete
responses and 3 had partial responses, with 50% of patients having a vaccine-specific immune
response (368). Survivin vaccines currently in clinical trials are for patients with malignant
melanoma, brain tumors, breast cancer, ovarian cancer, cervical cancer, pancreatic cancer,

colon cancer, prostate cancer, multiple myeloma, renal cell carcinoma, and soft tissue sarcoma.

In phase | human clinical trials of LSA, there are two current trials looking specifically at
survivin. In the phase | clinical trial: Alisertib, Bortezomib, and Rituximab in Treating Patients

With Relapsed or Refractory Mantle Cell Lymphoma or B-Cell Low Grade Non-Hodgkin
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Lymphoma, they are looking to determine the best dosing regimen and possible side effects of
this treatment. They are also looking at apoptosis and cell cycle proteins such as survivin,
pretreatment and post treatment to see if treatment effects their expression (369). In the phase
| clinical trial: Administration of TAA-Specific CTLs; Hodgkin or Non-Hodgkin Lymphoma;
TACTAL, they use a new experimental therapy which uses the patients cytotoxic T-cells and
programs them to target tumor associated antigens. Survivin is one such antigen that these
cytotoxic T-cells are programed to target (370). There are currently no clinical trials looking at

survivin in OSA.

Project Rationale

The primary overarching goal of this dissertation was to determine the effects of survivin
inhibition in canine LSA and OSA with consideration of relevance to the human forms of these
diseases. Both canine LSA and OSA have poor prognoses and short survival times. Survivin is
up-regulated in both of these diseases and is correlated with a worse prognosis with decreased
survivial time (87, 107). Inhibiting survivin may prove to be a novel treatment option and may
improve outcome in these patients. Additionally, human LSA and OSA also demonstrate up-
regulated levels of survivin, also correlating with a poor prognosis (108, 271). If survivin
inhibition is found to be a beneficial treatment option in canine medicine, it may very well be a

beneficial treatment option for human patients too.

In Chapter #2 (Survivin inhibition via siRNA in canine osteosarcoma cell lines) we
established that survivin can be inhibited in canine OSA cell lines with siRNA targeting survivin.
We found that survivin inhibition with siRNA causes cell cycle arrest, increased apoptosis, and

increased chemosensitivity to carboplatin and doxorubicin in canine OSA cell lines. This
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information allowed us to move forward, to look for in vivo treatment options for inhibiting

survivin, and to look at survivin expression in canine OSA tumors and how it affected outcome.

In Chapter #3 (Survivin inhibition via EZN-3042 in canine lymphoma and
osteosarcoma) we utilized a locked nucleic acid anti-sense oligonucleotide molecule, EZN-
3042, to inhibit survivin. We inhibited survivin in both canine LSA and OSA cell lines, and found
that inhibition of survivin via EZN-3042 caused growth inhibition, increased apoptosis, and
increased chemosensitivity to doxorubicin in all cell lines. We also looked at xenograft models
using canine OSA cell lines, and found that we could inhibit survivin expression with EZN-3042

in vivo, and reduce tumor growth when combining EZN-3042 with doxorubicin.

In Chapter #4 (Expression and function of survivin in canine osteosarcoma) we
looked at survivin expression in archived canine OSA tissue samples. As had been similarly
demonstrated in canine LSA (107), we found that increased survivin expression in canine OSA
correlated with increased histologic grade, increased mitotic index and decreased disease free
interval. These findings are consistent with the findings in human LSA (108, 371) and OSA

(298).

In the following chapters, we determined the effects of survivin inhibition in canine LSA
and OS with consideration of relevance to the human forms of these diseases. By inhibiting
survivin in vitro, we caused growth inhibition, increased apoptosis, and increased
chemosensitivity to doxorubicin in all cell lines. Additionally, when inhibiting survivin in vivo, we
found we could decrease tumor growth when combining EZN-3042 treatment with doxorubicin.
We also found that increased survivin expression corresponds with a poor prognosis in canine
LSA, which has been previously confirmed with canine LSA and in human disease. Thus, we
conclude that survivin inhibition could be a novel therapeutic for improving outcome in both

canine and human OSA and LSA.

43



REFERENCES

1. Mirabello L, Troisi RJ, Savage SA. Osteosarcoma incidence and survival rates from
1973 to 2004: Data from the Surveillance, Epidemiology, and End Results Program. Cancer
2009;115(7):1531-43.

2. Huvos AG. Osteogenic sarcoma of bones and soft tissues in older persons. A
clinicopathologic analysis of 117 patients older than 60 years. Cancer 1986;57(7):1442-9.

3. Link MP, Eilber F. Cancer: Principles & Practice of Oncology. Philadelphia: Lippincott;
1993.

4, Greene FL, Page DL, Fleming ID, Fritz AG, Balch CM, Haller DG, et al., editors. Bone.
American Joint Committee on Cancer. 6th ed. Philadelphia: Lippincott Raven; 2002.

5. Vail DM, Pinkerton ME, Young KM. Canine Osteosarcoma. In: Withrow SJ, Vail DM,
Page RL, editors. Withrow and MacEwen's Small Animal Clinical Oncology. St Louis: Elsevier
Inc; 2013.

6. Dernell WS, Straw RC, Young KM. Tumors of the Skeletal System. In: Withrow SJ, Vail
DM, Page RL, editors. Withrow and MacEwen's Small Animal Clinical Oncology. St Louis:
Elsevier Inc; 2013. p. 378-417.

7. Liptack JM, Dernell WS, Ehrhart N, Withrow SJ. Canine Appendicular Osteosarcoma:
Diagnosis and Palliative Treatment. Compend Contin Educ Pract Vet 2004;26(3):172-82.

8. Fukuma H, Beppu Y, Yokoyama R, Omiya K. TNM classification of bone and soft tissue
sarcomas. Gan To Kagaku Ryoho 1997;24(8):1035-40.

9. Ehrhart N DW, Hoffmann WE, Weigel RM, Powers BE, Withrow SJ. Prognostic
importance of alkaline phosphatase activity in serum from dogs with appendicular
osteosarcoma: 75 cases (1990-1996). J Am Vet Med Assoc 1998;213(7):1002-6.

10. Kirpensteijn J, Kik M, Rutteman GR, Teske E. Prognostic significance of a new histologic
grading system for canine osteosarcoma. Veterinary Pathology 2002;39(2):240-8.

11. Withrow SJ, Wilkins RM. Cross talk from pets to people: translational osteosarcoma
treatments. ILAR J 2010;51(3):208-13.

44



12. Withrow SJ, Powers BE, Straw RC, Wilkins RM. Comparative aspects of osteosarcoma.
Dog versus man. Clin Orthop Relat Res 1991(270):159-68.

13. Bech-Nielsen S, Haskins ME, Reif JS, Brodey RS, Patterson DF, Spielman R.
Frequency of osteosarcoma among first-degree relatives of St. Bernard dogs. J Natl Cancer Inst
1978;60(2):349-53.

14. Li FP. Cancer families: human models of susceptibility to neoplasia--the Richard and
Hinda Rosenthal Foundation Award lecture. 48 1988;19(5381-5386).

15. Paoloni M, Davis S, Lana S, Withrow S, Sangiorgi L, Picci P, et al. Canine tumor cross-
species genomics uncovers targets linked to osteosarcoma progression. BMC Genomics
2009;10:625.

16. Mueller F, Fuchs B, Kaser-Hotz B. Comparative biology of human and canine
osteosarcoma. Anticancer Res 2007;27:155-64.

17. Rankin KS, Starkey M, Lunec J, Gerrand CH, Murphy S, Biswas S. Of dogs and men:
comparative biology as a tool for the discovery of novel biomarkers and drug development
targets in osteosarcoma. Pediatr Blood Cancer 2012;58(3):327-33.

18. Onda M, Matsuda S, Higaki S, lijima T, Fukushima J, Yokokura A, et al. ErbB-2
expression is correlated with poor prognosis for patients with osteosarcoma. Cancer
1996;77(1):71-8.

19. Flint AF, URen L, Legare ME, Withrow SJ, Dernell W, Hanneman WH. Overexpression
of the erbB-2 proto-oncogene in canine osteosarcoma cell lines and tumors. Vet Pathol
2004;41(3):291-6.

20. Kochevar DT, Kochevar J, Garrett L. Low level amplification of c-sis and c-myc in a
spontaneous osteosarcoma model. Cancer Lett 1990;53(2-3):213-22.

21. Ladanyi M, Park CK, Lewis R, Jhanwar SC, Healey JH, Huvos AG. Sporadic
amplification of the MYC gene in human osteosarcomas. Diagn Mol Pathol 1993;2(3):163-7.

22. Morello E, Martano M, Buracco P. Biology, diagnosis and treatment of canine
appendicular osteosarcoma: similarities and differences with human osteosarcoma. Vet J
2011;189(3):268-77.

23. Jiao G,Ren T, LuQ, SunY, Lou Z, Peng X, et al. Prognostic significance of
cyclooxygenase-2 in osteosarcoma: a meta-analysis. Tumour Biol 2013;34(5):2489-95.

45



24. Mullins MN, Lana SE, Dernell WS, Ogilvie GK, Withrow SJ, Ehrhart EJ.
Cyclooxygenase-2 expression in canine appendicular osteosarcomas. J Vet Intern Med
2004;18:859-65.

25. Fossey SL, Liao AT, McCleese JK, Bear MD, Lin J, Li PK, et al. Characterization of
STATS3 activation and expression in canine and human osteosarcoma. BMC Cancer 2009;9(81).

26. Gorlick R, Khanna C. Osteosarcoma. J Bone Miner Res 2010;25(4):683-91.

27. Gelberg KH, Fitzgerald EF, Hwang SA, Dubrow R. Growth and development and other
risk factors for osteosarcoma in children and young adults. Int J Epidemiology 1997;26(2):272-8.

28. Cotterill SJ, Wright CM, Pearce MS, Craft AW. Stature of young people with malignant
bone tumors. Pediatr Blood Cancer 2004;42(1):59-63.

29. Longhi A, Pasini A, Cicognani A, Baronio F, Pellacani A, Baldini N, et al. Height as a risk
factor for osteosarcoma. J Pediatr Hematol Oncol 2005;27(6):314-8.

30. Marina N, Gebhardt M, Teot L, Gorlick R. Biology and therapeutic advances for pediatric
osteosarcoma. Oncologist 2004;9(4):422-41.

31. Smida J, Baumhoer D, Rosemann M, Walch A, Bielack S, Poremba C, et al. Genomic
alterations and allelic imbalances are strong prognostic predictors in osteosarcoma. Clin Cancer
Res 2010;16(16):4256-67.

32. Wunder JS, Gokgoz N, Parkes R, Bull SB, Eskandarian S, Davis AM, et al. TP53
mutations and outcome in osteosarcoma: a prospective, multicenter study. J Clin Oncol
2005;23(7):1483-90.

33. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular basis of cancer-
cell behavior. Molecular biology of the cell. New York: Garland Science; 2008.

34. Teodoro JG, Evans SK, Green MR. Inhibition of tumor angiogenesis by p53: a new role
for the guardian of the genome. J Mol Med 2007;85(11):1175-86.

35. Toguchida J, Ishizaki K, Sasaki MS, Ikenaga M, Sugimoto M, Kotoura Y, et al.
Chromosomal reorganization for the expression of recessive mutation of retinoblastoma
susceptibility gene in the development of osteosarcoma. Cancer Res 1988;48(14):3939-43.

46



36. Heinsohn S, Evermann U, Zur Stadt U, Bielack S, Kabisch H. Determination of the
prognostic value of loss of heterozygosity at the retinoblastoma gene in osteosarcoma. Int J
Oncol 2007;30(5):1205-14.

37. Longhi A, Benassi MS, Molendini L, Macchiagodena M, Picci P, Bacci G. Osteosarcoma
in blood relatives. Oncol Rep 2001;8(1):131-6.

38. Wu X, Cai ZD, Lou LM, Zhu YB. Expressions of p53, c-MYC, BCL-2 and apoptotic index
in human osteosarcoma and their correlations with prognosis of patients. Cancer Epidemiol
2012;36(2):212-6.

39. T. Shimizu, T. Ishikawa, E. Sugihara, Kuninaka S, Miyamoto T, Mabuchi Y, et al. c-MYC
overexpression with loss of Ink4a/Arf transforms bone marrow stromal cells into osteosarcoma
accompanied by loss of adipogenesis. Oncogene 2010;29(42):5687-99.

40. Polednak AP. Bone cancer among female radium dial workers. Latency periods and
incidence rates by time after exposure: brief communication. J Natl Cancer Inst 1978;60(1):77-
82.

41. P. Picci. Osteosarcoma (osteogenic sarcoma). Orphanet J Rare Dis 2007;2(1).

42. Paulino AC, Fowler BZ. Secondary neoplasms after radiotherapy for a childhood solid
tumor. Pediatr Hematol Oncol 2005;22(2):89-101.

43. Rani AS, Kumar S. Transformation of nontumorigenic osteoblast-like human
osteosarcoma cells by hexavalent chromates: alteration of morphology, induction of anchorage-
independence and proteolytic function. Carcinogenesis 1992;13(11):2021-7.

44. Dutra FR, Largent EJ. Osteosarcoma induced by beryllium oxide. Am J Pathol
1950;26(2):197-209.

45. Mazabraud A. Experimental production of bone sarcomas in the rabbit by a single local
injection of beryllium. Bulletin du Cancer 1975;62(1):49-58.

46. Tan ML, Choong PFM, Dass CR. Osteosarcoma: conventional treatment vs. gene
therapy. Cancer Biol Ther 2009;8(2):106-17.

47. Picci P. Osteosarcoma (osteogenic sarcoma). Orphanet J Rare Dis 2007;2(1).

47



48. Arcamone F, Cassinelli G, Fantini G, Grein A, Orezzi P, Pol C, et al. Adriamycin, 14-
hydroxydaimomycin, a new antitumor antibiotic from S. Peucetius var. caesius. Biotechnol
Bioeng 1969;11(6):1101-10.

49, Rosenberg B, Vancamp L, Krigas T. Inhibition of cell division in escherichia coli by
electrolysis products from a platinum electrode. Nature 1965;13(205):698-9.

50. Bowles DB, Robson MC, Galloway PE, Walker L. Owner's perception of carboplatin in
conjunction with other palliative treatments for cancer therapy. J Small Anim Prac
2010;51(2):104-12.

51. Dahlin DC, Coventry MB. Osteogenic sarcoma. A study of six hundred cases. J Bone
Joint Surg Am 1967;49(1):101-10.

52. Marcove RC, Miké V, Hajek JV, Levin AG, Hutter RV. Osteogenic sarcoma under the
age of twenty-one. A review of one hundred and forty-five operative cases. J Bone Joint Surg
Am 1970;52(3):411-23.

53. Straw RC, Withrow SJ, Powers BE. Management of canine appendicular osteosarcoma.
Vet Clin North Am Small Anim Pract 1990;20(4):1141-61.

54. Bielack SS, Carrle D. State-of-the-art approach in selective curable tumors: bone
sarcoma. Ann Oncol 2008;19(Supplement 7):vii155-vii60.

55. Grimer RJ. Surgical options for children with osteosarcoma. Lancet Oncol 2005;6(2):85-
92.

56. Clinical Trials in Osteosarcoma. The National Cancer Institute. Clinical Trials Search
2013 [cited 2014 Jan 13th]; Available from:
http://www.cancer.gov/clinicaltrials/search/results?protocolsearchid=9768045

57. Osteosarcoma. The Veterinary Cancer Society. Vet Cancer Trials 2014 [cited 2013 Jan
13th]; Available from:
http://www.vetcancertrials.org/?species=canine&classifications=osteosarcoma&participants

58. Pakos EE, Nearchou AD, Grimer RJ, Koumoullis HD, Abudu A, Bramer JA, et al.
Prognostic factors and outcomes for osteosarcoma: an international collaboration. Eur J Cancer
2009;45(13):2367-75.

59. Luetke A, Meyers PA, Lewis |, Juergens H. Osteosarcoma treatment - Where do we
stand? A state of the art review. Cancer Treat Rev 2013.

48


http://www.cancer.gov/clinicaltrials/search/results?protocolsearchid=9768045
http://www.vetcancertrials.org/?species=canine&classifications=osteosarcoma&participants

60. Worch J, Matthay KK, Neuhaus J, Goldsby R, DuBois SG. Osteosarcoma in children 5
years of age or younger at initial diagnosis. Pediatr Blood Cancer 2010;55(2):285-9.

61. Bacci G, Longhi A, Versari M, Mercuri M, Briccoli A, Picci P. Prognostic factors for
osteosarcoma of the extremity treated with neoadjuvant chemotherapy: 15-year experience in
789 patients treated at a single institution. Cancer 2006;106(5):1154-61.

62. Bielack SS, Kempf-Bielack B, Delling G, Exner GU, Flege S, Helmke K, et al. Prognostic
factors in high-grade osteosarcoma of the extremities or trunk: an analysis of 1,702 patients
treated on neoadjuvant cooperative osteosarcoma study group protocols. J Clin Oncol
2002;20(3):776-90.

63. Petrilli AS, Gentil FC, Epelman S, Lopes LF, Bianchi A, Lopes A, et al. Increased
survival, limb preservation, and prognostic factors for osteosarcoma. Cancer 1968;68(4):733-7.

64. Saeter G, Elomaa |, Wahlqvist Y, Alvegard TA, Wiebe T, Monge O, et al. Prognostic
factors in bone sarcomas. Acta Orthop Scand Suppl 1997;273:156-60.

65. Clark JC, Dass CR, Choong PF. A review of clinical and molecular prognostic factors in
osteosarcoma. J Cancer Res Clin Oncol 2008;134(3):281-97.

66. Boerman |, Selvarajah GT, Nielen M, Kirpensteijn J. Prognostic factors in canine
appendicular osteosarcoma - a meta-analysis. BMC Vet Res 2012;8(56).

67. Enneking WF, Spanier SS, Goodman MA. A system for the surgical staging of
musculoskeletal sarcoma. Clin Orthop Relat Res 1980;Nov-Dec(153):106-20.

68. Foukas AF, Deshmukh NS, Grimer RJ, Mangham DC, Mangos EG, Taylor S. Stage-11B
osteosarcomas around the knee. A study of MMP-9 in surviving tumour cells. J Bone Joint Surg
Br 2002;84(5):706-11.

69. Yonemoto T, Tatezaki S, Ishii T, Satoh T, Kimura H, Iwai N. Prognosis of osteosarcoma
with pulmonary metastases at initial presentation is not dismal. Clin Orthop Relat Res
1998;Apr(349):194-9.

70. Davis AM, Bell RS, Goodwin PJ. Prognostic factors in osteosarcoma: a critical review. J
Clin Oncol 1994;12(2):423-31.

71. Pochanugool L, Subhadharaphandou T, Dhanachai M, Hathirat P, Sangthawan D,
Pirabul R, et al. Prognostic factors among 130 patients with osteosarcoma. Clin Orthop Relat
Res 1997;Dec(345):206-14.

49



72. Bacci G, Longhi A, Ferrari S, Lari S, Manfrini M, Donati D, et al. Prognostic significance
of serum alkaline phosphatase in osteosarcoma of the extremity treated with neoadjuvant
chemotherapy: recent experience at Rizzoli Institute. Oncol Rep 2002;9(1):171-5.

73. Sottnik JL, Rao S, Lafferty MH, Thamm DH, Morley PS, Withrow SJ, et al. Association of
blood monocyte and lymphocyte count and disease-free interval in dogs with osteosarcoma. J
Vet Intern Med 2010;24(6):1439-44.

74. Spodnick GJ, Berg J, Rand WM, Schelling SH, Couto G, Harvey HJ, et al. Prognosis for
dogs with appendicular osteosarcoma treated by amputation alone: 162 cases (1978-1988). J
Am Vet Med Assoc 1992;200(7):995-9.

75. Boston SE, Ehrhart NP, Dernell WS, Lafferty M, Withrow SJ. Evaluation of survival time
in dogs with stage lll osteosarcoma that undergo treatment: 90 cases (1985-2004). J Am Vet
Med Assoc 2006;228(12):1905-8.

76. Misdorp W, Hart AA. Some prognostic and epidemiologic factors in canine
osteosarcoma. J Natl Cancer Inst 1979;62(3):537-45.

77. Kuntz CA, Asselin TL, Dernell WS, Powers BE, Straw RC, Withrow SJ. Limb salvage
surgery for osteosarcoma of the proximal humerus: outcome in 17 dogs. Vet Surg
1998;27(5):417-22.

78. Forrest LJ, Dodge RK, Page RL, Heidner GL, McEntee MC, Novotney CA, et al.
Relationship between quantitative tumor scintigraphy and time to metastasis in dogs with
osteosarcoma. J Nucl Med 1992;33(8):1542-7.

79. Powers BE, Withrow SJ, Thrall DE, Straw RC, LaRue SM, Page RL, et al. Percent tumor
necrosis as a predictor of treatment response in canine osteosarcoma. Cancer 1991;67:126-34.

80. McKenna RJ, Schwinn CP, Soong KY, Higinbotham NL. Osteogenic sarcoma arising in
Paget's disease. Cancer 1964;17(42-66).

81. Garzotto CK, Berg J, Hoffmann WE, Rand WM. Prognostic significance of serum
alkaline phosphatase activity in canine appendicular osteosarcoma. J Vet Intern Med
2000;14:587-92.

82. Lana SE, Ogilvie GK, Hansen RA, Powers BE, Dernell WS, Withrow SJ. Identification of
matrix metalloproteinases in canine neoplastic tissue. Am J Vet Res 2000;61:111-4.

50



83. Loukopoulos P, Thornton JR, Robinson WF. Clinical and pathologic relevance of p53
index in canine osseous tumors. Vet Pathol 2003;40:237-48.

84. Khanna C WX, Bose S, Cassaday R, Olomu O, Mendoza A, Yeung C, Gorlick R, Hewitt
SM, Helman LJ. The membrane-cytoskeleton linker ezrin is necessary for osteosarcoma
metastasis. Nat Med 2004;10(2):182-6.

85. Williams CS, Mann M, DuBois RN. The role of cyclooxygenases in inflammation, cancer
and development. Oncogene 1999;18(55):7908-16.

86. Thamm DH, O'Brien MG, Vail DM. Serum vascular endothelial growth factor
concentrations and postsurgical outcome in dogs with osteosarcoma. Vet Comp Oncol
2008;6(2):126-32.

87. Shoeneman JK, Ehrhart EJ, Eickhoff JC, Charles JB, Powers BE, Thamm DH.
Expression and function of survivin in canine osteosarcoma. Cancer Res 2012;72(1):249-59.

88. Non-Hodgkin lymphoma. Surveillance, Epidemiology, and End Results Program 2013
[cited 2013 November 11th]; Available from: http://seer.cancer.gov/statfacts/html/nhl.html

89. Hodgkin lymphoma. Cancer Stat Facts Sheet 2013 [cited 2013 Nov 11th]; Available
from: http://seer.cancer.gov/statfacts/html/hodg.html

90. Marconato L, Stefanello D, Valenti P, Bonfanti U, Comazzi S, Roccabianca P, et al.
Predictors of long-term survival in dogs with high-grade multicentric lymphoma. J Am Vet Med
Assoc 2011;238(4):480-5.

91. National Canine Cancer Foundation. Lymphoma. 2013 [cited 2013 November 11th];
Available from: http://www.wearethecure.org/lymphoma

92. Vail DM., Pinkerton ME., Young KM. Canine Lymphoma and Lympoid Leukemias. In:
Withrow SJ., Vail DM., Page RL., editors. Withrow and MacEwen's Small Animal Clinical
Oncology. 3rd ed. St Louis: Elsevier Inc; 2013. p. 608-38.

93. Vail DM, MacEwen EG. Spontaneously Occurring Tumors of Companion Animals as
Models for Human Cancer. Cancer Invest 2000;18(8):781-92.

94. Marconato L, Gelain ME, Comazzi S. The dog as a possible animal model for human
non-Hodgkin lymphoma: a review. Hematol Oncol 2013;31(1):1-9.

51


http://seer.cancer.gov/statfacts/html/nhl.html
http://seer.cancer.gov/statfacts/html/hodg.html
http://www.wearethecure.org/lymphoma

95. Backer LC, Grindem CB, Corbett WT, Cullins L, Hunter JL. Pet dogs as sentinels for
environmental contamination. Sci Total Environ 2001;274(1-3):161-9.

96. Pastor M, Chalvet-Monfray K, Marchal T, Keck G, Magnol JP, Fournel-Fleury C, et al.
Genetic and environmental risk indicators in canine non-Hodgkin's lymphomas: breed
associations and geographic distribution of 608 cases diagnosed throughout France over 1
year. J Vet Intern Med 2009;23(2):301-10.

97. Marconato L, Leo C, Girelli R, Salvi S, Abramo F, Bettini G, et al. Association between
waste management and cancer in companion animals. J Vet Intern Med 2009;23(3):564-9.

98. Senior K, Mazza A. Italian "Triangle of death" linked to waste crisis. Lancet Oncol
2004;5(9):525-7.

99. Johnson RE, O'Conor GT, Titus W, Hafermann MD. Comparative clinical, histologic, and
radiotherapeutic aspects of canine and human malignant lymphoma. Radiology 1969;93(2):395-
3.

100. Carter RF, Valli VE, Lumsden JH. The cytology, histology and prevalence of cell types in
canine lymphoma classified according to the National Cancer Institute Working Formulation.
Can J Vet Res 1986;50(2):154-64.

101. Ruslander DA, Gebhard DH, Tompkins MB, Grindem CB, Page RL. Immunophenotypic
characterization of canine lymphoproliferative disorders. In Vivo 1997;11(2):169-72.

102. Thomas R, Seiser EL, Motsinger-Reif A, Borst L, Valli VE, Kelley K, et al. Refining
tumor-associated aneuploidy through 'genomic recoding' of recurrent DNA copy number
aberrations in 150 canine non-Hodgkin lymphomas. Leuk Lymphoma 2011;52(7):1321-5.

103. Breen M, Modiano JF. Evolutionarily conserved cytogenetic changes in hematological
malignancies of dogs and humans--man and his best friend share more than companionship.
Chromosome Res 2008;16(1):145-54.

104. SuY, Nielsen D, Zhu L, Richards K, Suter S, Breen M, et al. Gene selection and cancer
type classification of diffuse large-B-cell lymphoma using a bivariate mixture model for two-
species data. Hum Genomics 2013;7(2):1-11.

105. Comazzi S, Guscetti F, Marconato L. First meeting of the European canine lymphoma
group. Workshop: state of the art and comparative aspects in canine lymphoma. CH-Lugano, 22
June 2013. Hematol Oncol 2013.

52



106. Mudaliar MA, Haggart RD, Miele G, Sellar G, Tan KA, Goodlad JR, et al. Comparative
gene expression profiling identifies common molecular signatures of NF-kB activation in canine
and human diffuse large B cell lymphoma (DLBCL). PLoS One 2013;8(9):e72591.

107. Rebhun RB, Lana SE, Ehrhart EJ, Charles JB, Thamm DH. Comparative analysis of
survivin expression in untreated and relapsed canine lymphoma. J Vet Intern Med 2008;22:989-
95.

108. Adida C, Haioun C, Gaulard P, Lepage E, Morel P, Briere J, et al. Prognostic
significance of survivin expression in diffuse large B-cell lymphomas. Blood 2000;96:1921-5.

109. Gaidano G, Pastore C, Volpe G. Molecular pathogenesis of non-Hodgkin lymphoma: a
clinical perspective. Haematologica 1995;80(5):454-72.

110. Nogai H, Dérken B, Lenz G. Pathogenesis of non-Hodgkin's lymphoma. J Clin Oncol
2011;29(14):1803-11.

111. DeVita VT, Lawrence TS, Rosenberg SA. Molecular pathogenesis of T-cell NHL.
DeVita, Hellman, and Rosenberg’s Cancer: Principles & Practice of Oncology: Lippincott
Williams & Wilkins; 2011.

112. Coley WB. End results in Hodgkin's disease and lymphosarcoma treated by the mixed
toxins of Erysipelas and Bacillus Prodigiosus, alone or combined with radiation. Ann Surg
1928;88(4):641-67.

113. Bostick WL. Hodgkin's Disease, a Clinical-Pathological Review of 150 Cases. Calif Med
1949;70(2):87-92.

114. Cross RM, Dixon FWP. A combined clinical and histological assessment of survival of
patients with Hodgkin's disease. J Clin Pathol 1971;24(5):385-93.

115. Sagerman RH, Wolff JA, Sitarz A, Luke KH. Radiation therapy for lymphoma in children.
Radiology 1966;86(6):1096-9.

116. Traggis D, Jaffe N, Vawter G, Baez-Giangreco A. Non-Hodgkin lymphoma of the head
and neck in childhood. J Pediatr Hematol Oncol 1975;87(6 Pt 1):933-6.

117.  Vail DM. Lymphoma in Dogs: Diagnosis and Treatment. NAVC Clinician's Brief
2009(Dec):15-9.

53



118. Gustafson NR, Lana SE, Mayer MN, LaRue SM. A preliminary assessment of whole-
body radiotherapy interposed within a chemotherapy protocol for canine lymphoma. Vet Comp
Oncol 2004;2(3):125-31.

119. Williams LE, Johnson JL, Hauck ML, Ruslander DM, Price GS, Thrall DE.
Chemotherapy followed by half-body radiation therapy for canine lymphoma. J Vet Intern Med
2004;18(5):703-9.

120. Moore AS, Cotter SM, Rand WM, Wood CA, Williams LE, London CA, et al. Evaluation
of a discontinuous treatment protocol (VELCAP-S) for canine lymphoma. J Vet Intern Med
2001;15(4):348-54.

121. Lurie DM, Gordon IK, Théon AP, Rodriguez CO, Suter SE, Kent MS. Sequential low-
dose rate half-body irradiation and chemotherapy for the treatment of canine multicentric
lymphoma. J Vet Intern Med 2009;23(5):1064-70.

122. Coiffier B, Haioun C, Ketterer N, Engert A, Tilly H, Ma D, et al. Rituximab (anti-CD20
monoclonal antibody) for the treatment of patients with relapsing or refractory aggressive
lymphoma: a multicenter phase |l study. Blood 1998;92(6):1927-32.

123. Pro B, Advani R, Brice P, Bartlett NL, Rosenblatt JD, lllidge T, et al. Brentuximab vedotin
(SGN-35) in patients with relapsed or refractory systemic anaplastic large-cell lymphoma:
results of a phase Il study. J Clin Oncol 2012;30(18):2190-6.

124. Younes A, Gopal AK, Smith SE, Ansell SM, Rosenblatt JD, Savage KJ, et al. Results of
a pivotal phase Il study of Brentuximab Vedotin for patients with relapsed or refractory
Hodgkin's lymphoma. J Clin Oncol 2012;30(18):2183-9.

125. Ujjani C, Cheson BD. The current status and future impact of targeted therapies in non-
Hodgkin lymphoma. Expert Rev Hematol 2013;6(2):191-202.

126. Philip T, Guglielmi C, Hagenbeek A, Somers R, Van der Lelie H, Bron D, et al.
Autologous bone marrow transplantation as compared with salvage chemotherapy in relapses
of chemotherapy-sensitive non-Hodgkin's lymphoma. N Engl J Med 1995;333(23):1540-5.

127. Lymphoma. The National Cancer Institute. Clinical Trials 2013 [cited 2013 Dec 8th];
Available from: http://www.cancer.gov/clinicaltrials

128. Canine Lymphoma Clinical Trials. The Veterinary Cancer Society. Study Search 2013
[cited 2013 Dec 8th]; Available from:
http://www.vetcancertrials.org/?species=canine&classifications=lymphomad&participants

54


http://www.cancer.gov/clinicaltrials
http://www.vetcancertrials.org/?species=canine&classifications=lymphoma&participants

129. International Prognostic Index. The American Cancer Society. Survival rates and factors
that affect prognosis (outlook) for non-Hodgkin lymphoma 2013 [cited 2013 Dec 10th];
Available from: http://www.cancer.org/cancer/non-hodgkinlymphoma/detailedguide/non-
hodgkin-lymphoma-factors-prognosis

130. Rosenberg SA. Validity of the Ann Arbor staging classification for the non-Hodgkin's
lymphomas. Cancer Treatment Reports 1977;61(6):1023-7.

131. Gascoyne RD, Adomat SA, Krajewski S, Krajewska M, Horsman DE, Tolcher AW, et al.
Prognostic significance of Bcl-2 protein expression and Bcl-2 gene rearrangement in diffuse
aggressive non-Hodgkin's lymphoma. Blood 1997;90(1):244-51.

132. Tang SC, Visser L, Hepperle B, Hanson J, Poppema S. Clinical significance of bcl-2-
MBR gene rearrangement and protein expression in diffuse large-cell non-Hodgkin's lymphoma:
an analysis of 83 cases. . J Clin Oncol 1994;12(1):149-54.

133. Morente MM, Piris MA, Abraira V, Acevedo A, Aguilera B, Bellas C, et al. Adverse
clinical outcome in Hodgkin's disease is associated with loss of retinoblastoma protein
expression, high Ki67 proliferation index, and absence of Epstein-Barr virus-latent membrane
protein 1 expression. Blood 1997;90(6):2429-36.

134. Abele MC, Valente G, Kerim S, Navone R, Onesti P, Chiusa L, et al. Significance of cell
proliferation index in assessing histological prognostic categories in Hodgkin's disease. An
immunohistochemical study with Ki67 and MIB-1 monoclonal antibodies. Haematologica
1997;82(3):281-5.

135. Smolewski P, Niewiadomska H, Btonski JZ, Robak T, Krykowski E. Expression of
proliferating cell nuclear antigen (PCNA) and p53, bcl-2 or C-erb B-2 proteins on Reed-
Sternberg cells: prognostic significance in Hodgkin's disease. Neoplasma 1998;45(3):140-7.

136. Christiansen I, Enblad G, Kalkner KM, Gidlof C, Glimelius B, Totterman TH. Soluble
ICAM-1 in Hodgkin's disease: a promising independent predictive marker for survival. Leuk
Lymphoma 1995;19(3-4):243-51.

137. Christiansen |, Sundstrom C, Enblad G, Totterman TH. Soluble vascular cell adhesion
molecule-1 (sVCAM-1) is an independent prognostic marker in Hodgkin's disease. Br J Hematol
1998;102(3):701-9.

138. Portlock CS, Donnelly GB, Qin J, Straus D, Yahalom J, Zelenetz A, et al. Adverse
prognostic significance of CD20 positive Reed-Sternberg cells in classical Hodgkin's disease. Br
J Haematol 2004;125(6):701-8.

55


http://www.cancer.org/cancer/non-hodgkinlymphoma/detailedguide/non-hodgkin-lymphoma-factors-prognosis
http://www.cancer.org/cancer/non-hodgkinlymphoma/detailedguide/non-hodgkin-lymphoma-factors-prognosis

139. Tzankov A, Krugmann J, Fend F, Fischhofer M, Greil R, Dirnhofer S. Prognostic
significance of CD20 expression in classical Hodgkin lymphoma: a clinicopathological study of
119 cases. Clin Cancer Res 2003;9(4):1381-6.

140. Canioni D, Deau-Fischer B, Taupin P, Ribrag V, Delarue R, Bosq J, et al. Prognostic
significance of new immunohistochemical markers in refractory classical Hodgkin lymphoma: a
study of 59 cases. PLoS One 2009;4(7).

141. Horie R, Watanabe T. CD30: expression and function in health and disease. Semin
Immunol 1998;10(6):457-70.

142. Visco C, Nadali G, Vassilakopoulos TP, Bonfante V, Viviani S, Gianni AM, et al. Very
high levels of soluble CD30 recognize the patients with classical Hodgkin's lymphoma retaining
a very poor prognosis. Eur J Hematol 2006;77(5):387-94.

143. Hsi ED, Sup SJ, Alemany C, Tso E, Skacel M, Elson P, et al. MAL is expressed in a
subset of Hodgkin lymphoma and identifies a population of patients with poor prognosis. Am J
Clin Pathol 2006;125(5):776-82.

144. Doussis-Anagnostopoulou IA, Vassilakopoulos TP, Thymara I, Korkolopoulou P,
Angelopoulou MK, Siakantaris MP, et al. Topoisomerase llalpha expression as an independent
prognostic factor in Hodgkin's lymphoma. Clin Cancer Res 2008;14(6):1759-66.

145. Visco C, Vassilakopoulos TP, Kliche KO, Nadali G, Viviani S, Bonfante V, et al. Elevated
serum levels of IL-10 are associated with inferior progression-free survival in patients with
Hodgkin's disease treated with radiotherapy. Leuk Lymphoma 2004;45(10):2085-92.

146. Hohaus S, Giachelia M, Massini G, Vannata B, Criscuolo M, Martini M, et al. Clinical
significance of interleukin-10 gene polymorphisms and plasma levels in Hodgkin lymphoma.
Leuk Res 2009;33(10):1352-6.

147. Diepstra A, van Imhoff GW, Karim-Kos HE, van den Berg A, te Meerman GJ, Niens M,
et al. HLA class Il expression by Hodgkin Reed-Sternberg cells is an independent prognostic
factor in classical Hodgkin's lymphoma. J Clin Oncol 2007;25(21):3101-8.

148. Dukers DF, Meijer CJ, ten Berge RL, Vos W, Ossenkoppele GJ, Oudejans JJ. High
numbers of active caspase 3-positive Reed-Sternberg cells in pretreatment biopsy specimens of
patients with Hodgkin disease predict favorable clinical outcome. Blood 2002;100(1):36-42.

149. Smolewski P, Niewiadomska H, Los E, Robak T. Spontaneous apoptosis of Reed-
Sternberg and Hodgkin cells; clinical and pathological implications in patients with Hodgkin's
disease. Int J Oncol 2000;17(3):603-9.

56



150. Brink AA, Oudejans JJ, van den Brule AJ, Kluin PM, Horstman A, Ossenkoppele GJ, et
al. Low p53 and high bcl-2 expression in Reed-Sternberg cells predicts poor clinical outcome for
Hodgkin's disease: involvement of apoptosis resistance? Mod Pathol 1998;11(4):376-83.

151. Maggio EM, Stekelenburg E, Van den Berg A, Poppema S. TP53 gene mutations in
Hodgkin lymphoma are infrequent and not associated with absence of Epstein-Barr virus. Int J
Cancer 2001;94(1):60-6.

152. Miller TP, Grogan TM, Dahlberg S, Spier CM, Braziel RM, Banks PM, et al. Prognostic
significance of the Ki-67-associated proliferative antigen in aggressive non-Hodgkin's
lymphomas: a prospective Southwest Oncology Group trial. Blood 1994;83(6):1460-6.

153. Grogan TM, Lippman SM, Spier CM, Slymen DJ, Rybski JA, Rangel CS, et al.
Independent prognostic significance of a nuclear proliferation antigen in diffuse large cell
lymphomas as determined by the monoclonal antibody Ki-67. Blood 1988;71(4):1157-60.

154. Sy MS, Guo YJ, Stamenkovic |. Distinct effects of two CD44 isoforms on tumor growth in
vivo. J Exp Med 1991;174(4):859-66.

155. Jalkanen S, Joensuu H, Klemi P. Prognostic value of lymphocyte homing receptor and S
phase fraction in non-Hodgkin's lymphoma. Blood 1990;75(7):1549-56.

156. Jalkanen S, Joensuu H, Séderstrom KO, Klemi P. Lymphocyte homing and clinical
behavior of non-Hodgkin's lymphoma. J Clin Invest 1991;87(5):1835-40.

157. Horst E, Meijer CJ, Radaszkiewicz T, Ossekoppele GJ, Van Krieken JH, Pals ST.
Adhesion molecules in the prognosis of diffuse large-cell ymphoma: expression of a lymphocyte
homing receptor (CD44), LFA-1 (CD11a/18), and ICAM-1 (CD54). Leukimia 1990;4(8):595-9.

158. Moullet I, Salles G, Ketterer N, Dumontet C, Bouafia F, Neidhart-Berard EM, et al.
Frequency and significance of anemia in non-Hodgkin's lymphoma patients. Ann Oncol
1998;9(10):1109-15.

159. Lossos IS, Morgensztern D. Prognostic biomarkers in diffuse large B-cell ymphoma. J
Clin Oncol 2006;24(6):995-1007.

160. Levine EG, Arthur DC, Frizzera G, Peterson BA, Hurd DD, Bloomfield CD. Cytogenetic
abnormalities predict clinical outcome in non-Hodgkin lymphoma. Ann Intern Med
1988;108(1):14-20.

57



161. Schouten HC, Sanger WG, Weisenburger DD, Anderson J, Armitage JO. Chromosomal
abnormalities in untreated patients with non-Hodgkin's lymphoma: associations with histology,
clinical characteristics, and treatment outcome. The Nebraska Lymphoma Study Group. Blood
1990;75(9):1841-7.

162. Cabanillas F, Pathak S, Grant G, Hagemeister FB, McLaughlin P, Swan F, et al.
Refractoriness to chemotherapy and poor survival related to abnormalities of chromosomes 17
and 7 in lymphoma. Am J Med 1989;87(2):167-72.

163. Rodriguez MA, Ford RJ, Goodacre A, Selvanayagam P, Cabanillas F, Deisseroth AB.
Chromosome 17- and p53 changes in lymphoma. Br J Hematol 1991;79(4):575-82.

164. Tsujimoto Y, Gorham J, Cossman J, Jaffe E, Croce CM. The t(14;18) chromosome
translocations involved in B-cell neoplasms result from mistakes in VDJ joining. Science
1985;229(4720):1390-3.

165. Bakhshi A, Jensen JP, Goldman P, Wright JJ, McBride OW, Epstein AL, et al. Cloning
the chromosomal breakpoint of {(14;18) human lymphomas: clustering around JH on
chromosome 14 and near a transcriptional unit on 18. Cell 1985;41(3):899-906.

166. Cleary ML, Sklar J. Nucleotide sequence of a t(14;18) chromosomal breakpoint in
follicular lymphoma and demonstration of a breakpoint-cluster region near a transcriptionally
active locus on chromosome 18. Proc Natl Acad Sci U S A 1985;82(21):7439-43.

167. Cleary ML, Smith SD, Sklar J. Cloning and structural analysis of cDNAs for bcl-2 and a
hybrid bcl-2/immunoglobulin transcript resulting from the t(14;18) translocation. Cell
1986;47(1):19-29.

168. Seto M, Jaeger U, Hockett RD, Graninger W, Bennett S, Goldman P, et al. Alternative
promoters and exons, somatic mutation and deregulation of the Bcl-2-Ig fusion gene in
lymphoma. EMBO J 1988;7(1):123-31.

169. Hermine O, Haioun C, Lepage E, d'Agay MF, Briere J, Lavignac C, et al. Prognostic
significance of bcl-2 protein expression in aggressive non-Hodgkin's lymphoma. Groupe d'Etude
des Lymphomes de I'Adulte (GELA). Blood 1996;81(1):265-72.

170.  Yunis JJ, Mayer MG, Arnesen MA, Aeppli DP, Oken MM, Frizzera G. Bcl-2 and other
genomic alterations in the prognosis of large-cell ymphoma. N Engl J Med 1989;320(16):1047-
54.

58



171. Offit K, Wong G, Filippa DA, Tao Y, Chaganti RS. Cytogenetic analysis of 434
consecutively ascertained specimens of non-Hodgkin's lymphoma: clinical correlations. Blood
1991;77(7):1508-15.

172. Vaux DL, Cory S, Adams JM. Bcl-2 gene promotes haemopoietic cell survival and
cooperates with c-myc to immortalize pre-B cells. Nature 1988;335(6189):440-2.

173. Liu Q, Ohshima K, Kikuchi M. High expression of MDR-1 gene and P-glycoprotein in
initial and re-biopsy specimens of relapsed B-cell lymphoma. Histopathology 2001;38(3):209-16.

174. LiJ, Wu H. Expression of survivin in human non-Hodgkin lymphoma and its correlation
with proliferation and angiogenesis. J Huazhong Univ Sci Technolog Med Sci 2006;26(5):504-7.

175. Staudt LM, Dave S. The biology of human lymphoid malignancies revealed by gene
expression profiling. Adv Immunol 2005;87:163-208.

176. Lossos IS, Jones CD, Warnke R, Natkunam Y, Kaizer H, Zehnder JL, et al. Expression
of a single gene, BCL-6, strongly predicts survival in patients with diffuse large B-cell ymphoma.
Blood 2001;98(4):945-51.

177. Ennishi D, Takeuchi K, Yokoyama M, Asai H, Mishima Y, Terui Y, et al. CD5 expression
is potentially predictive of poor outcome among biomarkers in patients with diffuse large B-cell
lymphoma receiving rituximab plus CHOP therapy. Ann Oncol 2008;19(11):1921-6.

178. Salles G, de Jong D, Xie W, Rosenwald A, Chhanabhai M, Gaulard P, et al. Prognostic
significance of immunohistochemical biomarkers in diffuse large B-cell ymphoma: a study from
the Lunenburg Lymphoma Biomarker Consortium. Blood 2011;117(26):7070-8.

179. Mitrovic Z, llic I, Nola M, Aurer |, Sonicki Z, Basic-Kinda S, et al. CD43 expression is an
adverse prognostic factor in diffuse large B-Cell lymphoma. Clin Lymphoma Myeloma
2009;9(2):133-7.

180. Miller TP, Lippman SM, Spier CM, Slymen DJ, Grogan TM. HLA-DR (la) immune
phenotype predicts outcome for patients with diffuse large cell ymphoma. J Clin Invest
1988;82(1):370-2.

181. Rimsza LM, Roberts RA, Miller TP, Unger JM, LeBlanc M, Braziel RM, et al. Loss of
MHC class Il gene and protein expression in diffuse large B-cell ymphoma is related to
decreased tumor immunosurveillance and poor patient survival regardless of other prognostic
factors: a follow-up study from the Leukemia and Lymphoma Molecular Profiling Project. Blood
2004;103(11):4251-8.

59



182. Winter JN, Li S, Aurora V, Variakojis D, Nelson B, Krajewska M, et al. Expression of p21
protein predicts clinical outcome in DLBCL patients older than 60 years treated with R-CHOP
but not CHOP: a prospective ECOG and Southwest Oncology Group correlative study on
E4494. Clin Cancer Res 2010;16(8):2435-42.

183. Barrans S, Crouch S, Smith A, Turner K, Owen R, Patmore R, et al. Rearrangement of
MYC is associated with poor prognosis in patients with diffuse large B-cell ymphoma treated in
the era of rituximab. J Clin Oncol 2010;28(20):3360-5.

184. Savage KJ, Johnson NA, Ben-Neriah S, Connors JM, Sehn LH, Farinha P, et al. MYC
gene rearrangements are associated with a poor prognosis in diffuse large B-cell lymphoma
patients treated with R-CHOP chemotherapy. Blood 2009;114(17):3533-7.

185. Culpin RE, Sieniawski M, Angus B, Menon GK, Proctor SJ, Milne P, et al. Prognostic
significance of immunohistochemistry-based markers and algorithms in immunochemotherapy-
treated diffuse large B cell ymphoma patients. Histopathology 2013;63(6):788-801.

186. Abdou AG, Asaad NY, Abd EI-Wahed MM, Samaka RM, Allah MS. The prognostic value
of Skp2 expression in Egyptian diffuse large B-cell ymphoma. Appl Immunohistochem Mol
Morphol 2012;20(1):47-55.

187. Gratzinger D, Advani R, Zhao S, Talreja N, Tibshirani RJ, Shyam R, et al. Lymphoma
cell VEGFR2 expression detected by immunohistochemistry predicts poor overall survival in

diffuse large B cell lymphoma treated with immunochemotherapy (R-CHOP). Br J Haematol

2010;148(2):235-44.

188. Evens AM, Sehn LH, Farinha P, Nelson BP, Raji A, Lu Y, et al. Hypoxia-inducible factor-
1 {alpha} expression predicts superior survival in patients with diffuse large B-cell ymphoma
treated with R-CHOP. J Clin Oncol 2010;28(6):1017-24.

189. Garcia V, Garcia JM, Silva J, Martin P, Pefia C, Dominguez G, et al. Extracellular tumor-
related mRNA in plasma of lymphoma patients and survival implications. PLoS One 2009;4(12).

190. Majumdar G. Incidence and prognostic significance of hypercalcaemia in B-cell non-
Hodgkin's lymphoma. J Clin Pathol 2002;55(8):637-8.

191. Lossos IS, Alizadeh AA, Diehn M, Warnke R, Thorstenson Y, Oefner PJ, et al.
Transformation of follicular lymphoma to diffuse large-cell ymphoma: alternative patterns with
increased or decreased expression of c-myc and its regulated genes. Proc Natl Acad Sci U S A
2002;99(13):8886-91.

60



192. Hoéglund M, Sehn L, Connors JM, Gascoyne RD, Siebert R, Sall T, et al. Identification of
cytogenetic subgroups and karyotypic pathways of clonal evolution in follicular lymphomas.
Genes Chromosomes Cancer 2004;39(3):195-204.

193. Viardot A, Mdller P, Hogel J, Werner K, Mechtersheimer G, Ho AD, et al.
Clinicopathologic correlations of genomic gains and losses in follicular lymphoma. J Clin Oncol
2002;20(23):4523-30.

194. Cheung KJ, Johnson NA, Affleck JG, Severson T, Steidl C, Ben-Neriah S, et al.
Acquired TNFRSF 14 mutations in follicular lymphoma are associated with worse prognosis.
Cancer Res 2010;70(22):9166-74.

195. HuoYY, PanY, Guan BX, Fang AJ, Sun BC, Zhou GY, et al. Significance of MUM-
1/IRF4 protein expression in follicular lymphoma. Zhonghua Bing Li Xue Za Zhi 2011;40(8):528-
31.

196. Keller ET, MacEwen EG, Rosenthal RC, Helfand SC, Fox LE. Evaluation of prognostic
factors and sequential combination chemotherapy with doxorubicin for canine lymphoma. J Vet
Intern Med 1993;7(5):289-95.

197. F Ponce, JP Magnol, D Ledieu, T Marchal, Turinellia V, Chalvet-Monfraye K, et al.
Prognostic significance of morphological subtypes in canine malignant lymphomas during
chemotherapy. The Veterinary Journal 2004;167(2):158—66.

198. Abbo AH, Lucroy MD. Assessment of anemia as an independent predictor of response
to chemotherapy and survival in dogs with lymphoma: 96 cases (1993-2006). J Am Vet Med
Assoc 2007;231(12):1836-42.

199. MacEwen EG, Hayes AA, Matus RE, Kurzman |. Evaluation of some prognostic factors
for advanced multicentric lymphosarcoma in the dog: 147 cases (1978-1981). J Am Vet Med
Assoc 1987;190(5):564-8.

200. Jeglum KA, Young KM, Barnsley K, Whereat A. Chemotherapy versus chemotherapy
with intralymphatic tumor cell vaccine in canine lymphoma. Cancer 1988;61(10):2042-50.

201. Lee JJ, Hughes CS, Fine RL, Page RL. P-glycoprotein expression in canine lymphoma:
a relevant, intermediate model of multidrug resistance. Cancer 1996;77(9):1892-8.

202. Dhaliwal RS, Kitchell BE, Ehrhart E, Valli VE, Dervisis NG. Clinicopathologic significance
of histologic grade, pgp, and p53 expression in canine lymphoma. J Am Anim Hosp Assoc
2013;49(3):175-84.

61



203. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000;100(1):57-70.

204. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
2011;144(5):646-74.

205. Junttila MR, Evan Gl. p53--a Jack of all trades but master of none. Nat Rev Cancer
2009;9(11):821-9.

206. Lowe SW, Cepero E, Evan G. Intrinsic tumour suppression. Nature 2004;432(7015):307-
15.

207. Adams JM, Cory S. The Bcl-2 apoptotic switch in cancer development and therapy.
Oncogene 2007;26(9):1324-37.

208. Burkhart DL, Sage J. Cellular mechanisms of tumour suppression by the retinoblastoma
gene. Nat Rev Cancer 2008;8(9):671-82.

209. Macaluso M, Russo G, Cinti C, Bazan V, Gebbia N, Russo A. Ras family genes: an
interesting link between cell cycle and cancer. J Cell Physiol 2002;192(2):125-30.

210. Hanson KD, Shichiri M, Follansbee MR, Sedivy JM. Effects of c-myc expression on cell
cycle progression. Mol Cell Biol 1994;14(9):5748-55.

211.  Endoh T, Tsuji N, Asanuma K, Yagihashi A, Watanabe N. Survivin enhances telomerase
activity via up-regulation of specificity protein 1- and c-Myc-mediated human telomerase reverse
transcriptase gene transcription. Exp Cell Res 2005;305:300-11.

212. GuolL, Tang M, Yang L, Xiao L, Bode AM, Li L, et al. Epstein-Barr virus oncoprotein
LMP1 mediates survivin upregulation by p53 contributing to G1/S cell cycle progression in
nasopharyngeal carcinoma. Int J Mol Med 2012;29(4):574-80.

213. Cairney CJ, Keith WN. Telomerase redefined: integrated regulation of hTR and hTERT
for telomere maintenance and telomerase activity. Biochimie 2008;90(1):13-23.

214. Wahlstréom T, Belikov S, Arsenian Henriksson M. Chromatin dynamics at the hTERT
promoter during transcriptional activation and repression by c-Myc and Mnt in Xenopus leavis
oocytes. Exp Cell Res 2012.

62



215.  Weiss C, Uziel O, Wolach O, Nordenberg J, Beery E, Bulvick S, et al. Differential
downregulation of telomerase activity by bortezomib in multiple myeloma cells-multiple
regulatory pathways in vitro and ex vivo. Br J Cancer 2012;107(11):1844-52.

216. Kim S, Kang HY, Nam EH, Choi MS, Zhao XF, Hong CS, et al. TMPRSS4 induces
invasion and epithelial-mesenchymal transition through upregulation of integrin alpha5 and its
signaling pathways. Carcinogenesis 2010;31(4):597-606.

217. McKenzie JA, Liu T, Goodson AG, Grossman D. Survivin enhances motility of
melanoma cells by supporting Akt activation and {alpha}5 integrin upregulation. Cancer Res
2010;70(20):7927-37.

218. Mehrotra S, Languino LR, Raskett CM, Mercurio AM, Dohi T, Altieri DC. IAP regulation
of metastasis. Cancer Cell 2010;17(1):53-64.

219.  Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, expressed in
cancer and lymphoma. Nat Med 1997;3:917-21.

220. Ambrosini G, Adida C, Sirugo G, Altieri DC. Induction of apoptosis and inhibition of cell
proliferation by survivin gene targeting. J Biol Chem 1998;273(18):11177-82.

221. Uchide T, Takatsu N, Fujimori Y, Fukushima U, Itoh H. Expression of survivin mRNA in
dog tumors. DNA Seq 2005;16(5):329-34.

222. Necochea-Campion R, Chen CS, Mirshahidi S, Howard FD, Wall NR. Clinico-pathologic
relevance of survivin splice variant expression in cancer. Cancer Lett 2013;339(2):167-74.

223. Verdecia MA, Huang H, Dutil E, Kaiser DA, Hunter T, Noel JP. Structure of the human
anti-apoptotic protein survivin reveals a dimeric arrangement. Nat Struct Biol 2007;7:602-8.

224. Guha M, Altieri DC. Survivin as a global target of intrinsic tumor suppression networks.
Cell Cycle 2009;8(17):2708-10.

225. Lladser A, Sanhueza C, Kiessling R, Quest AF. Is survivin the potential Achilles' heel of
cancer? Adv Cancer Res 2011;111:1-37.

226. Dohi T, Beltrami E, Wall NR, Plescia J, Altieri DC. Mitochondrial survivin inhibits
apoptosis and promotes tumorigenesis. J Clin Invest 2004;114:1117-27.

63



227. Fortugno P, Wall NR, Giodini A, O'Connor DS, Plescia J, Padgett KM, et al. Survivin
exists in immunochemically distinct subcellular pools and is involved in spindle microtubule
function. J Cell Sci 2002;115(Pt 3):575-85.

228. Knauer SK, Bier C, Schlag P, Fritzmann J, Dietmaier W, Rddel F, et al. The survivin
isoform survivin-3B is cytoprotective and can function as a chromosomal passenger complex
protein. Cell Cycle 2007;6(12):1502-9.

229. van der Waal MS, Hengeveld RC, van der Horst A, Lens SM. Cell division control by the
Chromosomal Passenger Complex. Exp Cell Res 2012;318(12):1407-20.

230. Jeyaprakash AA, Klein UR, Lindner D, Ebert J, Nigg EA, Conti E. Structure of a Survivin-
Borealin-INCENP core complex reveals how chromosomal passengers travel together. Cell
2007;131:271-85.

231. Wang H, Holloway MP, Ma L, Cooper ZA, Riolo M, Samkari A, et al. Acetylation directs
survivin nuclear localization to repress STAT3 oncogenic activity. J Biol Chem
2010;285(46):36129-37.

232. Liu T, Brouha B, Grossman D. Rapid induction of mitochondrial events and caspase-
independent apoptosis in survivin-targeted melanoma cells. Oncogene 2004;23:39-48.

233. Yang D, Welm A, Bishop JM. Cell division and cell survival in the absence of survivin.
Proc Natl Acad Sci U S A 2004;101:15100-5.

234. Tamm |, Wang Y, Sausville E, Scudiero DA, Vigna N, Oltersdorf T, et al. IAP-family
protein survivin inhibits caspase activity and apoptosis induced by Fas (CD95), Bax, caspases,
and anticancer drugs. Cancer Res 1998;58:5315-20.

235. O'Connor DS, Grossman D, Plescia J, Li F, Zhang H, Villa A, et al. Regulation of
apoptosis at cell division by p34cdc2 phosphorylation of survivin. Proc Natl Acad Sci U S A
2000;97:13103-7.

236. Shankar SL, Mani S, O'Guin KN, Kandimalla ER, Agrawal S, Shafit-Zagardo B. Survivin
inhibition induces human neural tumor cell death through caspase-independent and -dependent
pathways. J Neurochem 2001;79:426-36.

237. Dohi T, Okada K, Xia F, Wilford CE, Samuel T, Welsh K, et al. An IAP-IAP complex
inhibits apoptosis. J Biol Chem 2004;279(33):34087-90.

64



238. Marusawa H, Matsuzawa S, Welsh K, Zou H, Armstrong R, Tamm |, et al. HBXIP
functions as a cofactor of survivin in apoptosis suppression. EMBO J 2003;22(11):2729-40.

239. Song Z, Yao X, Wu M. Direct interaction between survivin and Smac/DIABLO is
essential for the anti-apoptotic activity of survivin during taxol-induced apoptosis. J Biol Chem
2003;278:23130-40.

240. Mahotka C, Wenzel M, Springer E, Gabbert HE, Gerharz CD. Survivin-deltaEx3 and
survivin-2B: two novel splice variants of the apoptosis inhibitor survivin with different
antiapoptotic properties. Cancer Res 1999;59:6097-102.

241. Mahotka C, Liebmann J, Wenzel M, Suschek CV, Schmitt M, Gabbert HE, et al.
Differential subcellular localization of functionally divergent survivin splice variants. Cell Death
Differ 2002;9(12):1334-42.

242. Chaopotong P, Kajita S, Hashimura M, Saegusa M. Nuclear survivin is associated with
cell proliferative advantage in uterine cervical carcinomas during radiation therapy. J Clin Pathol
2012;65(5):424-30.

243. Ceballos-Cancino G, Espinosa M, Maldonado V, Melendez-Zajgla J. Regulation of
mitochondrial Smac/DIABLO-selective release by survivin. Oncogene 2007;26(54):7569-75.

244, Malcles MH, Wang HW, Koumi A, Tsai YH, Yu M, Godfrey A, et al. Characterisation of
the anti-apoptotic function of survivin-DeltaEx3 during TNFalpha-mediated cell death. Br J
Cancer 2007;96(11):1659-66.

245. YamadaY, Kuroiwa T, Nakagawa T, Kajimoto Y, Dohi T, Azuma H, et al. Transcriptional
expression of survivin and its splice variants in brain tumors in humans. J Neurosurg
2003;99(4):738-45.

246. Huang, Chen X, Chen N, Nie L, Xu M, Zhou Q. Expression and prognostic significance
of survivin splice variants in diffusely infiltrating astrocytoma. J Clin Pathol 2011;64(11):953-9.

247. De Maria S, Pannone G, Bufo P, Santoro A, Serpico R, Metafora S, et al. Survivin gene-
expression and splicing isoforms in oral squamous cell carcinoma. J Cancer Res Clin Oncol
2009;135(1):107-16.

248. Vandghanooni S, Eskandani M, Montazeri V, Halimi M, Babaei E, Feizi MA. Survivin-
deltaEx3: a novel biomarker for diagnosis of papillary thyroid carcinoma. J Cancer Res Ther
2011;7(3):325-30.

65



249. Wagner M, Schmelz K, Wuchter C, Ludwig WD, Dérken B, Tamm I. In vivo expression of
survivin and its splice variant survivin-2B: impact on clinical outcome in acute myeloid leukemia.
Int J Cancer 2006;119(6):1291-7.

250. Nakano J, Huang C, Liu D, Masuya D, Yokomise H, Ueno M, et al. The clinical
significance of splice variants and subcellular localisation of survivin in non-small cell lung
cancers. Br J Cancer 2008;98(6):1109-17.

251. Antonacopoulou AG, Floratou K, Bravou V, Kottorou A, Dimitrakopoulos FI, Marousi S,
et al. The survivin -31 snp in human colorectal cancer correlates with survivin splice variant
expression and improved overall survival. Cell Oncol (Dordr) 2011;34(4):381-91.

252. He XF, Wen DG, Hou JQ, He J, Cen JN. Expressions of survivin and the splice variants
survivin-2B and survivin-DeltaEx3 in bladder cancer and their clinical significance. Ai Zheng
2009;28(11):1209-13.

253. Taubert H, Kappler M, Bache M, Bartel F, Kéhler T, Lautenschlager C, et al. Elevated
expression of survivin-splice variants predicts a poor outcome for soft-tissue sarcomas patients.
Oncogene 2005;24(33):5258-61.

254. Span PN, Tjan-Heijnen VC, Heuvel JJ, de Kok JB, Foekens JA, Sweep FC. Do the
survivin (BIRC5) splice variants modulate or add to the prognostic value of total survivin in
breast cancer? Clin Chem 2006;52(9):1693-700.

255. Futakuchi H, Ueda M, Kanda K, Fujino K, Yamaguchi H, Noda S. Transcriptional
expression of survivin and its splice variants in cervical carcinomas. Int J Gynecol Cancer
2007;17(5):1092-8.

256. Lopergolo A, Tavecchio M, Lisanti S, Ghosh JC, Dohi T, Faversani A, et al. Chk2
phosphorylation of survivin-DeltaEx3 contributes to a DNA damage-sensing checkpoint in
cancer. Cancer Res 2012;72(13):3151-259.

257. Boidot R, Vegran F, Lizard-Nacol S. Predictive value of survivin alternative transcript
expression in locally advanced breast cancer patients treated with neoadjuvant chemotherapy.
Int J Mol Med 2009;23(2):285-91.

258. Atlasi Y, Mowla SJ, Ziaee SA. Differential expression of survivin and its splice variants,
survivin-DeltaEx3 and survivin-2B, in bladder cancer. Cancer Detect Prev 2009;32(4):308-13.

259. LiF, Ling X. Survivin study: an update of "what is the next wave"? J Cell Physiol
2006;208(3):476-86.

66



260. Mahotka C, Krieg T, Krieg A, Wenzel M, Suschek CV, Heydthausen M, et al. Distinct in
vivo expression patterns of survivin splice variants in renal cell carcinomas. Int J Cancer
2002;100(1):30-6.

261. Krieg A, Mahotka C, Krieg T, Grabsch H, Miller W, Takeno S, et al. Expression of
different survivin variants in gastric carcinomas: first clues to a role of survivin-2B in tumour
progression. Br J Cancer 2002;86(5):737-43.

262. Suga K, Yamamoto T, Yamada Y, Miyatake S, Nakagawa T, Tanigawa N. Correlation
between transcriptional expression of survivin isoforms and clinicopathological findings in
human colorectal carcinomas. Oncol Rep 2005;13(5):891-7.

263. Cho GS, Ahn TS, Jeong D, Kim JJ, Kim CJ, Cho HD, et al. Expression of the survivin-2B
splice variant related to the progression of colorectal carcinoma. J Korean Surg Soc
2011;80(6):404-11.

264. Meng H, Lu C, Mabuchi H, Tanigawa N. Prognostic significance and different properties
of survivin splicing variants in gastric cancer. Cancer Lett 2004;216(2):147-55.

265. Badran A, Yoshida A, Ishikawa K, Goi T, Yamaguchi A, Ueda T, et al. Identification of a
novel splice variant of the human anti-apoptosis gene survivin. Biochem Biophys Res Commun
2004:314:902-7.

266. Moniri Javadhesari S, Gharechahi J, Hosseinpour Feizi MA, Montazeri V, Halimi M.
Transcriptional expression analysis of survivin splice variants reveals differential expression of
survivin-3a in breast cancer. Genet Test Mol Biomarkers 2013;14(4):314-20.

267. Végran F, Boidot R, Bonnetain F, Cadouot M, Chevrier S, Lizard-Nacol S. Apoptosis
gene signature of Survivin and its splice variant expression in breast carcinoma. Endocr Relat
Cancer 2011;18(6):783-92.

268. Caldas H, Honsey LE, Altura RA. Survivin 2alpha: a novel survivin splice variant
expressed in human malignancies. Mol Cancer 2005;4:11-20.

269. Vietri MT, Cioffi M, Molinari AM, Sica V. Identification of a novel survivin splicing variant
3alpha in acute myeloid leukemia.: EMBL/GenBank/DDBJ databases; 2006.

270. Fukuda S, Pelus LM. Elevation of survivin levels by hematopoietic growth factors occurs
in quiescent CD34+ hematopoietic stem and progenitor cells before cell cycle entry. Cell Cycle
2002;1:322-6.

67



271. Okada H, Bakal C, Shahinian A, Elia A, Wakeham A, Suh WK, et al. Survivin loss in
thymocytes triggers p53-mediated growth arrest and p53-independent cell death. J Exp Med
2004;199:399-410.

272. Song J, So T, Cheng M, Tang X, Croft M. Sustained survivin expression from OX40
costimulatory signals drives T cell clonal expansion. Immunity 2005;22:621-31.

273. Bongiovanni L, Colombi I, Fortunato C, Della Salda L. Survivin expression in canine
epidermis and in canine and human cutaneous squamous cell carcinomas. Vet Dermatol
2009;20(5-6):369-76.

274. Rankin WV, Henry CJ, Turnquist SE, Turk JR, Beissenherz ME, Tyler JW, et al.
Identification of survivin, an inhibitor of apoptosis, in canine urinary bladder transitional cell
carcinoma. Vet Comp Oncol 2008;6(3):141-50.

275. LiF. Role of survivin and its splice variants in tumorigenesis. Br J Cancer 2005;92:212-
6.

276. Ibrahim AM, Mansour IM, Wilson MM, Mokhtar DA, Helal AM, Al Wakeel HM. Study of
survivin and X-linked inhibitor of apoptosis protein (XIAP) genes in acute myeloid leukemia
(AML). Lab Hematol 2012;18(1):1-10.

277. Khan S, Aspe JR, Asumen MG, Almaguel F, Odumosu O, Acevedo-Martinez S, et al.
Extracellular, cell-permeable survivin inhibits apoptosis while promoting proliferative and
metastatic potential. Br J Cancer 2009;100(7):1073-86.

278. Krieg A, Werner TA, Verde PE, Stoecklein NH, Knoefel WT. Prognostic and
clinicopathological significance of survivin in colorectal cancer: a meta-analysis. PLoS One
2013;8(6).

279. Fulda S, Debatin KM. Sensitization for anticancer drug-induced apoptosis by the
chemopreventive agent resveratrol. Oncogene 2004;23:6702-11.

280. Morrison DJ, Hogan LE, Condos G, Germino N, Moskowitz NP, Lee L, et al.
Endogenous knock-down of survivin improves chemotherapeutic response in ALL models.
Leukemia 2011;26(2):271-9.

281. Wang L, Zhang GM, Feng ZH. Down-regulation of survivin expression reversed
multidrug resistance in adriamycin-resistant HL-60/ADR cell line. Acta Pharmacol Sin
2003;24:1235-40.

68



282. Chakravarti A, Zhai GG, Zhang M, Malhotra R, Latham DE, Delaney MA, et al. Survivin
enhances radiation resistance in primary human glioblastoma cells via caspase-independent
mechanisms. Oncogene 2004;23(45):7494-506.

283. Reichert S, Rodel C, Mirsch J, Harter PN, Tomicic MT, Mittelbronn M, et al. Survivin
inhibition and DNA double-strand break repair: a molecular mechanism to overcome
radioresistance in glioblastoma. Radiother Oncol 2011;101(1):51-8.

284. Asanuma K, Moriai R, Yajima T, Yagihashi A, Yamada M, Kobayashi D, et al. Survivin
as a radioresistance factor in pancreatic cancer. Jpn J Cancer Res 2000;91(11):1204-9.

285. Ahmed MB, Shehata HH, Moussa M, Ibrahim TM. Prognostic significance of survivin and
tumor necrosis factor-alpha in adult acute lymphoblastic leukemia. Clin Biochem 2012;45(1-
2):112-6.

286. Mao XJ, Wang GF, Chen ZJ, Wang LN, Zhang JB, Wang HL. Expression of HMGB1 and
its clinical significance in T-cell lymphoma. Asian Pac J Cancer Prev 2012;13(11):5569-71.

287. Islam A, Kageyama H, Takada N, Kawamoto T, Takayasu H, Isogai E, et al. High
expression of Survivin, mapped to 1725, is significantly associated with poor prognostic factors
and promotes cell survival in human neuroblastoma. Oncogene 2000;19(5):617-23.

288. Erpolat OP, Gocun PU, Akmansu M, Karakus E, Akyol G. High expression of nuclear
survivin and Aurora B predicts poor overall survival in patients with head and neck squamous
cell cancer. Strahlenther Onkol 2012;188(3):248-54.

289. Gradilone A, Gazzaniga P, Ribuffo D, Scarpa S, Cigna E, Vasaturo F, et al. Survivin, bcl-
2, bax, and bcl-X gene expression in sentinel lymph nodes from melanoma patients. J Clin
Oncol 2003;21(2):306-12.

290. Zhu H, Wang Q, Hu C, Zhang W, Quan L, Liu M, et al. High expression of survivin
predicts poor prognosis in esophageal squamous cell carcinoma following radiotherapy. Tumour
Biol 2011;32(6):1147-53.

291. Krieg A, Baseras B, Tomczak M, Verde PE, Stoecklein NH, Knoefel WT. Role of survivin
as prognostic and clinicopathological marker in gastric cancer: a meta-analysis. Mol Biol Rep
2013;40(9):5501-11.

292. Lv S, Turlova E, Zhao S, Kang H, Han M, Sun HS. Prognostic and clinicopathological
significance of survivin expression in bladder cancer patients: a meta-analysis. Tumour Biol
2013.

69



293. Sun PL, JinY, Kim H, Seo AN, Jheon S, Lee CT, et al. Survivin expression is an
independent poor prognostic marker in lung adenocarcinoma but not in squamous cell
carcinoma. Virchows Arch 2013;463(3):427-36.

294. Tang XP, Li J, Yu LC, Chen YC, Shi SB, Zhu LR, et al. Clinical significance of survivin
and VEGF mRNA detection in the cell fraction of the peripheral blood in non-small cell lung
cancer patients before and after surgery. Lung Cancer 2013;81(2):273-9.

295. ChenlL, Liang L, Yan X, Liu N, Gong L, Pan S, et al. Survivin status affects prognosis
and chemosensitivity in epithelial ovarian cancer. Int J Gynecol Cancer 2013;23(2):256-63.

296. Lu D, Qian J, Yin X, Xiao Q, Wang C, Zeng Y. Expression of PTEN and survivin in
cervical cancer: promising biological markers for early diagnosis and prognostic evaluation. Br J
Biomed Sci 2012;69(4):143-6.

297. Hingorani P, Dickman P, Garcia-Filion P, White-Collins A, Kolb EA, Azorsa DO. BIRC5
expression is a poor prognostic marker in Ewing sarcoma. Pediatr Blood Cancer 2013;60(1):35-
40.

298. Osaka E ST, Osaka S, Yoshida Y, Sugita H, Asami S, Tabata K, Hemmi A, Sugitani M,
Nemoto N, Ryu J,. Survivin as a prognostic factor for osteosarcoma patients. Acta Histochem
Cytochem 2006;39:95-100.

299. Basta-Jovanovic G, Radojevic-Skodric S, Brasanac D, Djuricic S, Milasin J, Bogdanovic
L, et al. Prognostic value of survivin expression in Wilms tumor. J BUON 2012;17(1):168-73.

300. Ekeblad S, Lejonklou MH, Stalberg P, Skogseid B. Prognostic relevance of survivin in
pancreatic endocrine tumors. World J Surg 2012;36(6):1411-8.

301. Xie H, Jiang W, Xiao SY, Liu X. High expression of survivin is prognostic of shorter
survival but not predictive of adjuvant gemcitabine benefit in patients with resected pancreatic
adenocarcinoma. J Histochem Cytochem 2013;61(2):148-55.

302. Groner B, Weiss A. Targeting Survivin in Cancer: Novel Drug Development Approaches.
BioDrugs 2013:1-13.

303. Yamauchi T, Nakamura N, Hiramoto M, Yuri M, Yokota H, Naitou M, et al. Sepantronium
bromide (YM155) induces disruption of the ILF3/p54(nrb) complex, which is required for survivin
expression. Biochem Biophys Res Commun 2012;425(4):711-6.

70



304. Castro-Gamero AM, Borges KS, Moreno DA, Suazo VK, Fujinami MM, de Paula Gomes
Queiroz R, et al. Tetra-O-methyl nordihydroguaiaretic acid, an inhibitor of Sp1-mediated survivin
transcription, induces apoptosis and acts synergistically with chemo-radiotherapy in
glioblastoma cells. Invest New Drugs 2013;31(4):858-70.

305. Zhang X, SunY, Pireddu R, Yang H, Urlam MK, Lawrence HR, et al. A novel inhibitor of
STAT3 homodimerization selectively suppresses STAT3 activity and malignant transformation.
Cancer Res 2013;73(6):1922-33.

306. Fossey SL, Bear MD, Lin J, Li C, Schwartz EB, Li PK, et al. The novel curcumin analog
FLLL32 decreases STAT3 DNA binding activity and expression, and induces apoptosis in
osteosarcoma cell lines. BMC Cancer 2011;11(112).

307. Guha M, Xia F, Raskett CM, Altieri DC. Caspase 2-mediated tumor suppression involves
survivin gene silencing. Oncogene 2010;29(9):1280-92.

308. Pengl, LiuA, ShenY, Xu HZ, Yang SZ, Ying XZ, et al. Antitumor and anti-angiogenesis
effects of thymoquinone on osteosarcoma through the NF-kB pathway. Oncol Rep
2013;29(2):571-8.

309. FengR, Zhou S, Liu Y, Song D, Luan Z, Dai X, et al. Sox2 protects neural stem cells
from apoptosis via up-regulating survivin expression. Biochem J 2013;450(3):459-68.

310. Chowdhury S, Howell GM, Teggart CA, Chowdhury A, Person JJ, Bowers DM, et al.
Histone deacetylase inhibitor belinostat represses survivin expression through reactivation of
transforming growth factor beta (TGFbeta) receptor Il leading to cancer cell death. J Biol Chem
2011;286(35):30937-48.

311. Ling X, Cao S, Cheng Q, Keefe JT, Rustum YM, Li F. A novel small molecule FL118 that
selectively inhibits survivin, Mcl-1, XIAP and clAP2 in a p53-independent manner, shows
superior antitumor activity. PLoS One 2012;7(9):1-18.

312. Dias N, Stein CA. Antisense oligonucleotides: basic concepts and mechanisms. Mol
Cancer Ther 2002;1(5):347-55.

313. Carrasco RA, Stamm NB, Marcusson E, Sandusky G, Iversen P, Patel BK. Antisense
inhibition of survivin expression as a cancer therapeutic. Mol Cancer Ther 2011;10(2):221-32.

314. Olie RA, Simdes-Wist AP, Baumann B, Leech SH, Fabbro D, Stahel RA, et al. A novel
antisense oligonucleotide targeting survivin expression induces apoptosis and sensitizes lung
cancer cells to chemotherapy. Cancer Res 2000;60(11):2805-9.

71



315. Monia BP, Lesnik EA, Gonzalez C, Lima WF, McGee D, Guinosso CJ, et al. Evaluation
of 2'-modified oligonucleotides containing 2'-deoxy gaps as antisense inhibitors of gene
expression. . J Biol Chem 1993;268:14514 -22.

316. Hansen JB, Fisker N, Westergaard M, Kjaerulff LS, Hansen HF, Thrue CA, et al.
SPC3042: a proapoptotic survivin inhibitor. Mol Cancer Ther 2008;7(9):2736-45.

317. Sapra P, Wang M, Bandaru R, Zhao H, Greenberger LM, Horak ID. Down-modulation of
survivin expression and inhibition of tumor growth in vivo by EZN-3042, a locked nucleic acid
antisense oligonucleotide. Nucleosides Nucleotides Nucleic Acids 2010;29:97-112.

318. Park E, Gang EJ, Hsieh YT, Schaefer P, Chae S, Klemm L, et al. Targeting survivin
overcomes drug resistance in acute lymphoblastic leukemia. Blood 2011.

319. Lamers F, van der Ploeg |, Schild L, Ebus ME, Koster J, Hansen BR, et al. Knockdown
of survivin (BIRC5) causes apoptosis in neuroblastoma via mitotic catastrophe. Endocr Relat
Cancer 2011;18(6):657-68.

320. Kappler M, Taubert H, Bartel F, Blumke K, Panian M, Schmidt H, et al.
Radiosensitization, after a combined treatment of survivin siRNA and irradiation, is correlated
with the activation of caspases 3 and 7 in a wt-p53 sarcoma cell line, but not in a mt-p53
sarcoma cell line. Oncol Rep 2005;13(1):167-72.

321. Ganesh S IA, Weiler J, Morrissey DV, Amiji MM. Combination of siRNA-directed Gene
Silencing With Cisplatin Reverses Drug Resistance in Human Non-small Cell Lung Cancer. Mol
Ther Nucleic Acids 2013;2(e110).

322. CaoW, Yang W, Fan R, Li H, Jiang J, Geng M, et al. miR-34a regulates cisplatin-induce
gastric cancer cell death by modulating PI3K/AKT/survivin pathway. Tumour Biol 2013.

323. CaoW, Fan R, Wang L, Cheng S, Li H, Jiang J, et al. Expression and regulatory function
of miRNA-34a in targeting survivin in gastric cancer cells. Tumour Biol 2013;34(2):963-71.

324. XuD,Wang Q, AnY, Xu L. MiR-203 regulates the proliferation, apoptosis and cell cycle
progression of pancreatic cancer cells by targeting Survivin. Mol Med Rep 2013;8(2):379-84.

325. LiW, Chen YQ, Shen YB, Shu HM, Wang XJ, Zhao CL, et al. HIF-1a knockdown by
miRNA decreases survivin expression and inhibits A549 cell growth in vitro and in vivo. Int J Mol
Med 2013.

72



326. Tecleab A, Sebti SM. Depletion of K-Ras promotes proteasome degradation of survivin.
Cell Cycle 2013;12(3):522-32.

327. Franke J, Eichner S, Zeilinger C, Kirschning A. Targeting heat-shock-protein 90 (Hsp90)
by natural products: geldanamycin, a show case in cancer therapy. Nat Prod Rep
2013;30(10):1299-323.

328. Gyurkocza B, Plescia J, Raskett CM, Garlick DS, Lowry PA, Carter BZ, et al.
Antileukemic activity of shepherdin and molecular diversity of hsp90 inhibitors. J Natl Cancer
Inst 2006;98(15):1068-77.

329. Riolo MT, Cooper ZA, Holloway MP, Cheng Y, Bianchi C, Yakirevich E, et al. Histone
deacetylase 6 (HDACG) deacetylates survivin for its nuclear export in breast cancer. J Biol
Chem 2012;287(14):10885-93.

330. ChuY, Yao PY, Wang W, Wang D, Wang Z, Zhang L, et al. Aurora B kinase activation
requires survivin priming phosphorylation by PLK1. J Mol Cell Biol 2011;3(4):260-7.

331. Xiang R, Mizutani N, Luo Y, Chiodoni C, Zhou H, Mizutani M, et al. A DNA vaccine
targeting survivin combines apoptosis with suppression of angiogenesis in lung tumor
eradication. Cancer Res 2005;65(2):553-61.

332. Bertino P, Panigada M, Soprana E, Bianchi V, Bertilaccio S, Sanvito F, et al. Fowlpox-
based survivin vaccination for malignant mesothelioma therapy. Int J Cancer 2013;133(3):612-
23.

333. Gang, Zhang X, He Y, Zheng J, Wu K, Ding J, et al. Efficient induction of specific
cytotoxic T lymphocytes against gastric adenocarcinoma by a survivin peptide. Biochem Cell
Biol 2012;90(6):701-8.

334. ChenJ, Guo XZ, Li HY, Liu X, Ren LN, Wang D, et al. Generation of CTL responses
against pancreatic cancer in vitro using dendritic cells co-transfected with MUC4 and survivin
RNA. Vaccine 2013;31(41):4585-90.

335. Siegel S, Wagner A, Schmitz N, Zeis M. Induction of antitumour immunity using survivin
peptide-pulsed dendritic cells in a murine lymphoma model. Br J Hematol 2003;122(6):911-4.

336. PisarevV, Yu B, Salup R, Sherman S, Altieri DC, Gabrilovich DI. Full-length dominant-
negative survivin for cancer immunotherapy. Clin Cancer Res 2003;9(17):6523-33.

73



337. Neckers L, Workman P. Hsp90 molecular chaperone inhibitors: are we there yet? Clin
Cancer Res 2012;18(1):64-76.

338. Altieri DC. Targeting survivin in cancer. Cancer Lett 2013;332(2):225-8.

339. Satoh T, Okamoto I, Miyazaki M, Morinaga R, Tsuya A, Hasegawa Y, et al. Phase |
study of YM155, a novel survivin suppressant, in patients with advanced solid tumors. Clin
Cancer Res 2009;15(11):3872-80.

340. Tolcher AW, Mita A, Lewis LD, Garrett CR, Till E, Daud Al, et al. Phase | and
pharmacokinetic study of YM155, a small-molecule inhibitor of survivin. J Clin Oncol
2008;26(32):5198-203.

341. Aoyama Y, Nishimura T, Sawamoto T, Satoh T, Katashima M, Nakagawa K.
Pharmacokinetics of sepantronium bromide (YM155), a small-molecule suppressor of survivin,
in Japanese patients with advanced solid tumors: dose proportionality and influence of renal
impairment. Cancer Chemother Pharmacol 2012;70(3):373-80.

342. Kelly RJ, Thomas A, Rajan A, Chun G, Lopez-Chavez A, Szabo E, et al. A phase /Il
study of sepantronium bromide (YM155, survivin suppressor) with paclitaxel and carboplatin in
patients with advanced non-small-cell lung cancer. Ann Oncol 2013;24(10):2601-6.

343. Giaccone G, Zatloukal P, Roubec J, Floor K, Musil J, Kuta M, et al. Multicenter phase Il
trial of YM155, a small-molecule suppressor of survivin, in patients with advanced, refractory,
non-small-cell lung cancer. J Clin Oncol 2009;27:4481-6.

344. Tolcher AW, Quinn DI, Ferrari A, Ahmann F, Giaccone G, Drake T, et al. A phase I
study of YM155, a novel small-molecule suppressor of survivin, in castration-resistant taxane-
pretreated prostate cancer Ann Oncol 2012;23(4):968-73.

345. Lewis KD, Samlowski W, Ward J, Catlett J, Cranmer L, Kirkwood J, et al. A multi-center
phase Il evaluation of the small molecule survivin suppressor YM155 in patients with
unresectable stage Il or IV melanoma. Invest New Drugs 2009.

346. Cheson BD, Bartlett NL, Vose JM, Lopez-Hernandez A, Seiz AL, Keating AT, etal. A
phase Il study of the survivin suppressant YM155 in patients with refractory diffuse large B-cell
lymphoma. Cancer 2012;118(12):3128-34.

347. Grossman SA, Ye X, Peereboom D, Rosenfeld MR, Mikkelsen T, Supko JG, et al. Phase
| study of terameprocol in patients with recurrent high-grade glioma. Neuro Oncol
2012;14(4):511-7.

74



348. Khanna N, Dalby R, Connor A, Church A, Stern J, Frazer N. Phase | clinical trial of
repeat dose terameprocol vaginal ointment in healthy female volunteers. Sex Transm Dis
2008;35(6):577-82.

349. Khanna N, Dalby R, Tan M, Arnold S, Stern J, Frazer N. Phase I/l clinical safety studies
of terameprocol vaginal ointment. Gynecol Oncol 2007;107(3):554-62.

350. Talbot DC, Ranson M, Davies J, Lahn M, Callies S, André V, et al. Tumor survivin is
downregulated by the antisense oligonucleotide LY2181308: a proof-of-concept, first-in-human
dose study. Clin Cancer Res 2010;16(24):6150-8.

351. Tanioka M, Nokihara H, Yamamoto N, Yamada Y, Yamada K, Goto Y, ef al. Phase |
study of LY2181308, an antisense oligonucleotide against survivin, in patients with advanced
solid tumors. Cancer Chemother Pharmacol 2011;68(2):505-11.

352. Wiechno PJ, Chlosta P, Pikiel J, Somer BG, Mellado B, Martinez ID, et al. Randomized
phase Il study with window-design to evaluate anti-tumor activity of the survivin antisense
oligonucleotide (ASO) ly2181308 in combination with docetaxel for first-line treatment of
castrate-resistant prostate cancer (CRPC). ASCO Annual Meeting 2013; Chicago lllinois; 2013.

353. Tolcher AW, Patnaik A, Papadopoulos KP, Jiminez |. EZN-3042 (E), a novel survivin
messenger ribonucleic acid (MRNA) antagonist, administered as a single agent (SA) or with
docetaxel (D): results of a Phase 1, first-in-human, pharmacokinetic (PK), combination after
single agent (CASA) dose-escalation study. . AACR-NCI-EORTC International Conference:
Molecular Targets and Cancer Therapeutics; 2009; Boston Massachusetts: Molecular Cancer
Therapeutics; 2009.

354. Tolcher AW, Patnaik A, Papadopoulos KP, Agnew J, Lokiec FM, Rezai K, et al. Results
of a Phase 1, open-label, dose-escalation study evaluating the safety and tolerability of EZN-
3042, a survivin messenger ribonucleic acid (MRNA) antagonist, administered with or without
docetaxel in adult patients with advanced solid tumors or lymphoma. American Association for
Cancer Research; 2011; San Francisco, CA; 2011.

355. Nowakowski GS, McCollum AK, Ames MM, Mandrekar SJ, Reid JM, Adjei AA, et al. A
phase | trial of twice-weekly 17-allylamino-demethoxy-geldanamycin in patients with advanced
cancer. Clin Cancer Res 2006;12(20):6087-93.

356. Pacey S, Wilson RH, Walton M, Eatock MM, Hardcastle A, Zetterlund A, et al. A phase |
study of the heat shock protein 90 inhibitor alvespimycin (17-DMAG) given intravenously to
patients with advanced solid tumors. Clin Cancer Res 2011;17(6):1561-70.

357. Goldman JW, Raju RN, Gordon GA, El-Hariry |, Teofilivici F, Vukovic VM, et al. A firstin
human, safety, pharmacokinetics, and clinical activity phase | study of once weekly

75



administration of the Hsp90 inhibitor ganetespib (STA-9090) in patients with solid malignancies.
BMC Cancer 2013;13(152).

358. Modi S, Stopeck A, Linden H, Solit D, Chandarlapaty S, Rosen N, et al. HSP90 inhibition
is effective in breast cancer: a phase |l trial of tanespimycin (17-AAG) plus trastuzumab in
patients with HER2-positive metastatic breast cancer progressing on trastuzumab. Clin Cancer
Res 2011;17(15):5132-9.

359. Oh WK, Galsky MD, Stadler WM, Srinivas S, Chu F, Bubley G, et al. Multicenter phase Il
trial of the heat shock protein 90 inhibitor, retaspimycin hydrochloride (IPI-504), in patients with
castration-resistant prostate cancer. Urology 2011;78(3):626-30.

360. Dickson MA, Okuno SH, Keohan ML, Maki RG, D'Adamo DR, Akhurst TJ, et al. Phase Il
study of the HSP90-inhibitor BIIB021 in gastrointestinal stromal tumors. Ann Oncol
2013;24(1):252-7.

361. Tsuruma T, Iwayama Y, Ohmura T, Katsuramaki T, Hata F, Furuhata T, et al. Clinical
and immunological evaluation of anti-apoptosis protein, survivin-derived peptide vaccine in
phase | clinical study for patients with advanced or recurrent breast cancer. J Transl Med
2008;6(24).

362. Honmal |, Kitamura H, Torigoe T, Takahashi A, Tanaka T, Sato E, et al. Phase | clinical
study of anti-apoptosis protein survivin-derived peptide vaccination for patients with advanced or
recurrent urothelial cancer. Cancer Immunol Immunother 2009;58(11):1801-7.

363. Miyazaki A, Kobayashi J, Torigoe T, Hirohashi Y, Yamamoto T, Yamaguchi A, et al.
Phase | clinical trial of survivin-derived peptide vaccine therapy for patients with advanced or
recurrent oral cancer. Cancer Sci 2011;102(2):324-9.

364. Tsuruma T, Hata F, Torigoe T, Furuhata T, Idenoue S, Kurotaki T, et al. Phase | clinical
study of anti-apoptosis protein, survivin-derived peptide vaccine therapy for patients with
advanced or recurrent colorectal cancer. J Transl Med 2004;2(1):19-30.

365. Kameshima H, Tsuruma T, Kutomi G, Shima H, Iwayama Y, Kimura Y, et al.
Immunotherapeutic benefit of a-interferon (IFNa) in survivin2B-derived peptide vaccination for
advanced pancreatic cancer patients. Cancer Sci 2013;104(1):124-9.

366. Becker JC, Andersen MH, Hofmeister-Muiller V, Wobser M, Frey L, Sandig C, et al.
Survivin-specific T-cell reactivity correlates with tumor response and patient survival: a phase-I|
peptide vaccination trial in metastatic melanoma. Cancer Immunol Immunother
2012;61(11):2091-103.

76



367. Ellebaek E, Engell-Noerregaard L, lversen TZ, Froesig TM, Munir S, Hadrup SR, et al.
Metastatic melanoma patients treated with dendritic cell vaccination, Interleukin-2 and
metronomic cyclophosphamide: results from a phase Il trial. Cancer Immunol Immunother
2012;61(10):1791-804.

368. Becker JC, Wobser M, Hofmeister V, Bauer B, Broecker EB, thor Straten P, et al. Safety,
immunogenicity, and clinical response of a survivin-based peptide vaccine in therapy-resistant
advanced cancer: Results from a phase I/ll trial 2008 ASCO Annual Meeting Proceedings 2008;
Chicago lllinois: Journal of Clinical Oncology; 2008.

369. Alisertib, Bortezomib, and Rituximab in Treating Patients With Relapsed or Refractory
Mantle Cell Lymphoma or B-Cell Low Grade Non-Hodgkin Lymphoma. The National Cancer
Institute. Clinical Trials 2013 [cited 2013 Dec 8th]; Available from:
http://www.cancer.gov/clinicaltrials/search/view?cdrid=740877 &version=HealthProfessional&pro
tocolsearchid=12202784

370. Administration of TAA-Specific CTLs; Hodgkin or Non-Hodgkin Lymphoma; TACTAL.
The National Cancer Institute. Clinical Trials 2013 [cited 2013 Dec 8th]; Available from:
http://www.cancer.gov/clinicaltrials/search/view?cdrid=699011&version=HealthProfessional&pro
tocolsearchid=12202784#TrialDescription_CDR0000699011

371. Bedewy AML, Elgammal MMA, Bedewy MML, EL-Maghraby SM. Assessing DcR3
expression in relation to survivin and other prognostic factors in B cell non-Hodgkin’s lymphoma.
Ann Hematol 2013:1-9.

77


http://www.cancer.gov/clinicaltrials/search/view?cdrid=740877&version=HealthProfessional&protocolsearchid=12202784
http://www.cancer.gov/clinicaltrials/search/view?cdrid=740877&version=HealthProfessional&protocolsearchid=12202784
http://www.cancer.gov/clinicaltrials/search/view?cdrid=699011&version=HealthProfessional&protocolsearchid=12202784#TrialDescription_CDR0000699011
http://www.cancer.gov/clinicaltrials/search/view?cdrid=699011&version=HealthProfessional&protocolsearchid=12202784#TrialDescription_CDR0000699011

CHAPTER TWO

SURVIVIN INHIBITION VIA siRNA IN CANINE OSTEOSARCOMA CELL LINES'

Summary

Osteosarcoma (OS) has a high mortality rate and remains in need of more effective
therapeutic approaches. Survivin is an IAP family member protein that blocks apoptosis and
drives proliferation in human cancer cells where it is commonly elevated. In this study, we
illustrate the superiority of a canine OS model as a translational tool for evaluating survivin-
directed therapies, owing to the striking similarities in gross and microscopic appearance,
biologic behavior, gene expression and signaling pathway alterations. Survivin attenuation in
canine OS cells inhibited cell cycle progression, and increased apoptosis, mitotic arrest and
chemosensitivity. Our findings illustrate the utility of a canine system to accurately model human

OS and suggest that survivin-directed therapies might be highly effective in its treatment.

! Support: This study was supported in part by the Colorado State University College Research
Council and American Kennel Club Canine Health Foundation grant # 1064-A
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Introduction

The dog is a well-established model for spontaneous OS in humans, owing to striking
similarity in biology and gene expression (1, 2). The dog’s large size, relative outbreeding and
immunocompetence increase their model potential. Furthermore, dogs with spontaneous
tumors naturally develop therapy resistance and metastasis. Additionally, tumor burdens in
spontaneously arising cancers of dogs are more similar to humans than the experimentally-
induced tumors found in murine models, which may be important with regard to biologic factors
such as hypoxia and clonal variation. The size of canine tumors also allows for serial imaging

and tissue collection over time (1, 2).

As previously mentioned, survivin is a 16.5 kD protein belonging to the Inhibitor of
Apoptosis (IAP) family (3). Survivin has two known functions in cells: regulation of cell division
and inhibition of apoptosis (4). More recent evidence suggests that survivin also enhances
telomerase activity, and may play a role in chemotherapy resistance and metastasis (5-8).
Normal cells do not require survivin for survival (9). In cancer cells, however, survivin is critical
for its roles in cell division, inhibition of apoptosis (3), tumorigenesis (10, 11), and drug
resistance (6, 7). Survivin is only expressed at very low levels in normal osteoblasts (12). Most
types of cancer express survivin at very high levels and depend on it for continued proliferation

(3, 9).

Survivin expression has prognostic significance in many types of human cancer (13).
Small studies in human OS have suggested that survivin may be useful in determining
prognosis and degree of malignancy (14-16); however, definitive studies regarding the role of
survivin in human OS are lacking. Survivin expression is a negative prognostic factor in dogs
with B-cell ymphoma (17), as has been demonstrated in human B-cell lymphoma (18), and

survivin expression has been identified in select other canine neoplasms (17).
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In this study, we sought to determine the effects of survivin inhibition in canine OS cell
lines. We hypothesized, as observed in human OS, that survivin inhibition would decrease cell
proliferation and increase apoptosis and chemosensitivity in canine OS cells. If antitumor
effects are observed in canine OS, survivin targeted therapies may prove effective in treating

canine OS.

Materials and Methods

Cell lines and conditions

The Abrams canine OS cell line was provided by Dr. William Dernell, and the D17
canine OS cell line was purchased from American Type Culture Collection (Rockville, MD).
Both cell lines were serially passaged by trypsinization, and maintained in C/10 media [Minimum
Essential Medium (Lonza, Walkersville, MD) supplemented with 1X MEM vitamin solution
(Cellgro, Henderson, VA), 2 mM L-glutamine (Cellgro), 1 mM sodium pyruvate (Celigro), 1X
non-essential amino acid solution (Cellgro), 1X antibiotic/antimycotic (Cellgro), and 10% heat
inactivated fetal bovine serum (FBS) (Atlas, Fort Collins, CO)]. Cells were grown in a humidified
incubator, with 5% CO. at 37°C. Both cell lines were confirmed to be of canine origin by

multispecies multiplex PCR and identified by short tandem repeat analysis as described (19).

siRNA Transfection

A custom siRNA against canine survivin (430) and a scrambled siRNA control were
designed using an online resource (BLOCK-iT™ RNA Designer, Invitrogen, Carlsbad, CA) and

purchased from Invitrogen (Table 2.1).
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Table 2.1: Custom siRNAs

Survivin knockdown siRNA

5- AGAAUUCGAAGAGACCGCAAAGAAA -3
5’- UUUCUUUGCGGUCUCUUCGAAUUCU -3
Scrambled (Sham) survivin knockdown

5- UACGAUCGAAAGCAAAGAAAAGACG-3’
5’- GCUCUUUUCUUUGCUUUCGAUCGUA -3

For a comparison of canine survivin cDNA and the 430 siRNA see Table 2.2.

Table 2.2: Canine survivin vs 430 siRNA

Canine surv ATGGGCGCTTCGTCGCTGCCCCCCGCCTGGCAGCTCTACCTCAAGGACCACCGCGTCTCT
A0 SIRNA o e o o o oo oo

Canine surv - ACGTTCAAGAACTGGCCGTTCCTGGAGGGCTGCGCCTGCACCCCGGACCGGATGGCAGAG
430 SIRNA o e e e e e e e e

Caninesurv - GCCGGCTTCATCCACTGTCCCACTGAGAACGAGCCAGACTTGGCCCAGTGTTTCTTCTGC
430 SIRNA

Canine surv. TTCAAGGAGCTGGAAGGCTGGGAGCCAGATGATGACCCTATAGAGGAGCATAAAAAACAT
B30 SIRNA oo e e e e

Canine surv TCATCTGGTTGTGCTTTCCTTTCTGTCAAGAAGCAGTTTGAAGAATTAACCCTCAGTGAA
430 SIRNA oo e e e e s

Canine surv TTTTTGAAACTGGACAAAGAAAGAGCCAAGAACAAAATTGCAAAGGAAACCAACAACAAG
430 SIRNA

Canine suv  CAGAAAGAATTCGAAGAGACCGCAAAGAAAGTGCGCTGTGCCATTGAGCAGCTGGCCGCC
430 SRNA ~ —reev AGAAUUCGAAGAGACCGCAAAGAAA ——-ermmrmmeemmee e e meemmemmemme oo
kkkkkkkkkkkkkkkkkkkkkkkkkkkk

Canine surv. GCAGAATAG
430 siRNA = oo

Transfection was accomplished using HiPerFect transfection reagent (Qiagen, Valencia, CA) in
100 uL Opti-mem media (Invitrogen, Carlsbad, CA). Cells were plated at a density of 1x10* —

1x10° in 2 mL C10 in 2-well chamber slides or 6-well plates and incubated overnight at 37°C.
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The siRNA was diluted to 2 uM and 6 pL was complexed to 5 uL of HiPerFect transfection
reagent (Qiagen, Valencia, CA) in 100 uL Opti-mem media (Invitrogen, Carlsbad, CA), in a 10-
minute incubation at room temperature. The complexes were then added to the cells (100-200
pL per well) for 12-24 hours at 37°C. The complexes were then removed from the wells and

fresh media was added. Cells were then incubated an additional 24-72 hours, then harvested

for analysis.

Survivin Expression

gRT-PCR — We evaluated survivin mRNA in the survivin siRNA transfected, sham
transfected and control cells at 48 hours post transfection using real-time RT-PCR. Primers for
canine survivin and the housekeeping gene, HPRT, were designed using Integrated DNA

Technologies’ (IDT) website and purchased from IDT (Coralville, I1A) (Table 2.3).

Table 2.3: PCR Primers

Survivin

Forward: 5’- TCG AAG AGA CCG CAAAGAAAG TGC -3’
Reverse: 5- GAATTIG TGG CCGTTC TCC TIT CCT -3
HPRT

Forward: 5’- TGC TCG AGATGT GAT GAA GG -3’
Reverse: 5- TCC CCT GTT GACTGG TCATT -3

Cells were harvested via trypsinization from 6-well plates. The mRNA was extracted from
pooled supernatant and adherent cells and purified using an RNeasy® Kit and an RNase-Free
DNase Set (Qiagen). The mRNA quantification was performed with a Nano Drop 1000
spectrophotometer (Thermo Scientific, Rockford, IL), followed by conversion to cDNA using an

Omniscript® Reverse Transcription (RT) Kit (Qiagen). With the use of Brilliant® SYBR® Green
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gPCR Master Mix (Stratagene, Cedar Creek, TX), qRT-PCR was then performed on the cDNA
with primers for survivin and HPRT using an MX3000P real-time PCR thermal cycler and
MX3000P software (Stratagene). Fold change was determined using the standard 2-AACT

method.

Survivin Antibody — Survivin antibody (NB500-201) was purchased from Novus
Biologicals (Bloomington, MN). It is a polyclonal rabbit antibody targeted to full-length
recombinant human survivin. It has been confirmed to recognize human, mouse, rat, cat, and
dog survivin. The antibody recognizes a band at ~16.5 kDa. It has been used in chromatin
immunoprecipitation, immunocytochemistry, immunofluorescence, immunohistochemistry-

paraffin, immunoprecipitation, and western blot assays.

Immunofluorescence —Transfected cells were washed in 1x PBS and air-dried on 2-well
chamber slides for 24 hours. The slides were then fixed for 15 seconds in room temperature
methanol, and air-dried for at least an hour. Slides were then placed in Target Retrieval
Solution Citrate pH 6 (Dako Cytomation, Via Real Carpinteria, CA), and heated to 125°C in a
pressure cooker. Slides were slowly brought down to 90°C, then transferred to de-ionized water
and cooled to room temperature. The slides were washed in 1x TBST, blocked in Background
Sniper (Biocare Medical, Concord, CA) for 10 minutes, then washed again. Incubation in rabbit
polyclonal anti-survivin antibody (Novus Biologicals) diluted 1:600 in antibody diluent (Dako),
occurred overnight at 4°C, then the slides were washed three times in 1x TBST. The slides
were then incubated in Alexa Fluor 594 goat anti-rabbit IgG (H+L) (Invitrogen) diluted 1:500 in
antibody diluent, for 30 min at 4°C in the dark. The slides were washed again three times in 1x
TBST, then mounted using VectaShield plus DAPI mounting medium (Vector Laboratories,
Burlingame, CA). Images were acquired in random 20x fields using a Zeiss Axioplan 2 imaging
microscope and Axio Vision Release 4.6 software (Carl Zeiss Micro-Imaging Inc, Thornwood,

NY).
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Western blot: At 48 hours post transfection, the cells were harvested from 6-well plates
via trypsinization, then washed once in 1x PBS before being lysed in lysis buffer [M-PER Protein
Extraction Reagent (Pierce), 1 mM NaVO., 1 mM PMSF, Complete Mini protease inhibitor tablet
(Roche, Indianapolis, IN), and 1% SDS]. Next, the protein lysates were pulled through a 25
gauge needle 5 times, and centrifuged at 10,000 x g for 10 minutes. The lysates were
assessed for protein quantity using a BCA assay (Pierce) and the NanoDrop 1000
spectrophotometer. Lysates were heated with loading buffer to 95°C for 5 minutes, and loaded
onto a 4-12% Bis-Tris gel (Invitrogen). The lysates were electrophoresed at 200 V, 100 mA, for
20 minutes followed by transfer to a polyvinylidene difluoride (PVDF) membrane at 30 V, 170
mA, for 45 minutes. The membrane was then blocked in 5% non-fat dry milk in 1x TBST for 1
hour. Rabbit polyclonal anti-survivin (Novus) was then added at 1:1,000 dilution in blocking
buffer and incubated overnight at 4°C. The membrane was then washed 3 times in 1x TBST
then incubated with HRP goat anti-rabbit IgG (Pierce, Rockford, IL), in blocking buffer at
1:30,000 dilution. The membrane was again washed 3 times in 1x TBST and rinsed for 2
minutes in de-ionized water. Protein bands were detected using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) using radiographic film (Kodak, Rochester,
New York). The membranes were stripped and re-blocked, then incubated in rabbit polyclonal
antibody to beta-actin (Abcam) at 1:2,000 dilution in blocking buffer and incubated overnight at
4°C. The membranes were then treated exactly as above after the overnight incubation. Using
image J analysis the integrated density of the survivin and beta-actin protein bands was
measured for three separate survivin transfections. The integrated density of each survivin
band was divided by the integrated density of the corresponding beta-actin band. The three
survivin transfections were then normalized to their controls (control = 100%), and averaged

together.
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Cell Number and Viability

To determine cell numbers, total and live/dead cell numbers were counted in triplicate at

24, 48, 72 hours post transfection using trypan blue.

Apoptosis

Caspase-3/7 Assay — To determine levels of apoptosis, we used a SensoLyte
Homogenous AMC Caspase-3/7 Assay Kit (AnaSpec, San Jose, CA). At 48 hours post
transfection, the cells and their supernatants from each individual well were harvested from 6-
well plates, and centrifuged at 1500 rpm for 7 minutes. The media was aspirated off and the
cells were lysed with 1x lysis buffer (AnaSpec). Next the lysates were transferred to Eppendorf
tubes and inverted for 30 minutes at 4°C. Then the lysates were centrifuged at 2,500 g for 10
minutes at 4°C. The supernatant was collected from each sample and transferred at 60 uL per
well to a 384-well black-walled plate in duplicate. Twenty uL of caspase-3/7 assay reagent mix
was added to each well and the plate was put on a plate shaker for ~60 minutes at 100-200 rpm
in the dark at room temperature. The plate was then read on a microplate reader (Synergy HT,
Bio-Tek, Winooski, VT) to measure fluorescence intensity at 360/460 nm. Fluorescence
intensity measurements were termed ‘Relative Fluorescent Units’ or RFUs in graphical

presentations.

TUNEL Assay — For further analysis of apoptosis, we used a commercial TUNEL kit (/n
Situ Cell Death Detection Kit, Roche Diagnostics, Mannheim, Germany). At 48 hours post
transfection, 2-well chamber slides were rinsed in PBS and air-dried overnight followed by
fixation (4% paraformaldehyde in 1x PBS) for 1 hour at room temperature. The slides were
rinsed in 1x PBS and incubated in permeabilization solution (0.1% Triton X 100 and 0.1%

sodium citrate in 1x PBS) for 2 minutes at 4°C. The slides were rinsed 2 more times in 1x PBS,
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then 200 uL of TUNEL reaction mixture was added. Slides were incubated for 60 minutes in the
dark at 37°C, rinsed 3 times in 1x PBS, and mounted using VectaShield plus DAPI mounting

medium. Microscopic images of random 20x fields were obtained.

Cell Cycle Analysis

Propidium iodide staining and flow cytometry was used to evaluate changes in cell cycle
distribution following siRNA transfection. The cells were trypsinized, resuspended in 1.5 mL 1x
PBS and 3.5 mL ice-cold 100% EtOH was added dropwise while vortexing slowly. The cells
were then placed on ice for 30 minutes or overnight at -20°C. After this incubation, the cells
were centrifuged at 1500 rpm for 7 minutes, washed once in PBS, then resuspended in 250 uL
1x PBS. Two hundred uL of extraction buffer (192 uL of 0.2 M Na;HPOQ4, 8 uL of 0.1 M citric
acid), followed by 500 uL PI-RNAse reagent (50 ug/mL propidium iodide, 125 Worthington U/mL
RNAse) was added. Cells were filtered through a 40 um nylon cell strainer and incubated at
37°C for 30 minutes. Samples were then run on a FACscan flow cytometer (BD Biosciences,
Durham, NC). Cell cycle analysis on samples was performed using FlowJo Software (Tree

Star, Ashland, OR).

Chemosensitivity

To determine sensitivity to carboplatin (CPT, Amatheon, Miami, FL) or doxorubicin (DOX,
Bedford Laboratories, Bedford, OH), cells were incubated with no drug, 21.55 uM CPT, or 125
nM DOX. Drug was added for 36-48 hours directly after a 24 hour transfection. Cells were then
harvested from their individual wells with their supernatants and total cell count for each well

was determined. Cells were lysed and processed according to the SensoLyte Homogenous
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AMC Caspase-3/7 Assay Kit as above. RFUs for each sample were normalized to cell count

(RFUs/cell) and results expressed as fold-change versus control (untreated cells).

Statistical analysis

Statistical analysis of in vitro data was performed using GraphPad Prism for Macintosh
Version 5.0b (GraphPad Software, La Jolla, CA). Survivin expression levels were summarized
by standard descriptive statistics in terms of means and standard deviations. The comparisons
of survivin expression, cell numbers, caspase activity and apoptosis levels between
experimental conditions was performed using a two-sample t-test with a two-sided significance

level.

Results

SiRNA-mediated knockdown decreases survivin expression. After preliminary validation
of survivin as a viable target by confirming high levels of survivin expression in 4 canine OS cell

lines by western analysis (Fig. 2.1), we proceeded with survivin knockdown experiments.
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Figure 2.1: Survivin expression in four canine osteosarcoma cell lines. Survivin expression

was found in Abrams, D17, McKinley, and Moresco, all canine osteosarcoma cell lines.

To verify the efficiency of the survivin knockdown in our survivin siRNA transfection, we
harvested mRNA from the survivin knockdown, sham knockdown, and control cells at 48 hours
post siRNA transfection. Analysis of the qRT-PCR data revealed ~20 fold and ~9 fold
decreases in survivin mMRNA expression in Abrams and D17 respectively in the survivin

knockdown cells when compared to control and sham knockdown cells (Fig. 2.2a).
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Figure 2.2: Efficiency of survivin gene knockdown in canine osteosarcoma cells. A. qRT-PCR
for survivin mRNA in Abrams and D17 cells showed a ~20 fold and ~9 fold decrease,
respectively, in survivin sSiRNA when compared to the control and sham knockdown groups. B:
Western blot analysis confirms survivin knockdown in both cell lines. C: Using image J
analysis we measured the integrated density of the survivin protein bands following three
separate survivin siRNA transfections. There was ~85% reduction in survivin protein
expression in both cell lines. 430 = survivin siRNA, scrm = sham knockdown (scrambled)

siRNA. Error bars in C represent standard deviation. *P < 0.05 vs. control and sham

transfection.

Since inhibition of survivin mMRNA expression does not confirm decreased survivin
protein, we performed further experiments to verify decreased protein expression. Western blot
analysis of Abrams and D17 cells confirmed approximately 85% reduction in protein expression

in survivin siRNA transfected groups compared to the sham transfected and control groups (Fig.
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2.2b, 2.2c). Immunofluorescence cytochemistry further confirmed reduced survivin protein
expression. Based on immunofluorescence assessment, knockdown efficacy was 80.2 +/-

7.1% for Abrams and 76.2 +/- 9.4% for D17 (Fig. 2.3).

DAPI
Abrams
Survivin
DAPI
D17

Survivin

Figure 2.3: siRNA mediated knockdown decreases survivin expression in canine
osteosarcoma cells. Abrams and D17 canine osteosarcoma cells were sham transfected
(scram) or transfected with siRNA against survivin (430), followed by assessment of survivin
expression 48 hours later by immunofluorescence. Five images were taken of each slide and
densitometric mean value of survivin immunofluorescence was averaged from these images for
each treatment group. Survivin immunoreactivity (Texas Red) was significantly reduced in the

siRNA-transfected cells.



Survivin inhibition decreases total cell number and cell viability. Total and live/dead cell
counts were performed at 24, 48, and 72 hours post survivin knockdown in both cell lines. At all
three time points, there were significantly decreased total cell numbers and significantly higher
percent dead cells in the survivin siRNA transfected cells compared to both the sham

transfected and control groups (Fig. 2.4).
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Figure 2.4: Survivin knockdown reduces both total cell numbers and cell viability. Calculating
total cells and percent dead cells for both Abrams (upper panel) and D17 (lower panel) cell lines
at 24, 48, and 72 hrs post transfection revealed significantly reduced cell numbers and
increased percentage of dead cells in survivin knockdown cells when compared to respective
controls according to a 2-tailed, unpaired student T test. Error bars indicate standard deviation.

*P < 0.05 and **p < 0.01 compared with control and sham-transfected cells.

Survivin inhibition increases apoptosis. To determine if the cell death observed was via
apoptosis, we evaluated caspase-3,7 activity in the survivin siRNA transfected, sham

transfected, and control cells 48 hours post transfection. There was a significant increase in
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caspase activity in survivin siRNA transfected cells compared to their respective sham
transfected and control cells (Fig. 2.5a). This was confirmed by observation of increased DNA

fragmentation 48 hours post siRNA transfection, as assessed via TUNEL (Fig. 2.5b).

e 6000 *
| = oy
10000
| 4000
B 5 -I-
* e ' T
—— ]
5000 1 2000
& & o & & &
S & & A% & &
@ & 3 A )
& ¢ & @ 9
90 <& v
¥ ¥
A Conditions Conditions

DAPI

TUNEL

DAPI

TUNEL

Figure 2.5: Survivin knockdown induces apoptosis in canine osteosarcoma cells. A. 48 hours
following survivin siRNA knockdown, activated caspase-3,7 activity (A) and TUNEL staining (B)

were evaluated using ELISA and immunofluorescence respectively. A significant increase in



caspase activity and TUNEL reactivity was observed following survivin knockdown. Error bars

indicate standard deviation. *P < 0.0001 vs. control and sham transfection.

Survivin inhibition results in failure of normal mitosis. We used flow cytometry to analyze cell
cycle distribution 48 hours post siRNA transfection. In addition to an increase in the sub-G1
population consistent with previous observations regarding apoptosis, we observed an increase
in a 4N population of cells, consistent with failure of mitosis, in survivin siRNA transfected cells.
Compared with control transfected cells, the sub-G1 population increased an average of 3.0 and
1.9-fold in Abrams and D17 respectively, and the super-G2 (4N) population increased an
average of 3.5 and 2.5-fold in Abrams (Fig. 2.6a,b) and D17 (Fig. 2.6¢) respectively. The
increased sub G1 peak in the D17 cells treated with the 430 siRNA was not significant
compared to controls, possible due to gating done for FlowJo analysis. In order for FlowJo to
properly analyze results, debris or sub G1 is typically gated out, reducing sub G1 population
available for analysis. Despite this gating, the sub G1 peak in the Abrams cells treated with the

430 siRNA was still significant compared to controls.
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Figure 2.6: Cell cycle changes following survivin knockdown in canine osteosarcoma cells. Cell
cycle analysis was performed 48 hours following survivin knockdown. A representative
histogram for the Abrams cell line is shown in panel A, demonstrating increases in both the sub-
G1 (apoptotic) and super-G2 (4N) populations, as indicated by arrows. B: Means (+/- SD) of 4
independent transfections demonstrating significantly increased sub-G1 and super-G2
populations following survivin knockdown in the Abrams cell line. Error bars indicate standard

deviation. *P < 0.05 compared with control and sham-transfected cells. C: Means (+/- SD) of 4
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independent transfections demonstrating significantly increased super-G2 population following
survivin knockdown in D17 cell line. There is also a trend toward increased sub-G1 populations
following survivin knockdown. Error bars indicate standard deviation. *P < 0.05 compared with

control and sham-transfected cells.

Survivin inhibition increases chemosensitivity. Doxorubicin and platinum drugs form the
mainstays of medical therapy for the treatment of both canine and human OS. To determine if
survivin was important in mediating resistance to chemotherapy in canine OS, we incubated
canine OS cells with CPT or DOX, with or without concurrent survivin or sham siRNA
transfection. Survivin knockdown increased caspase activity in both cell lines in the presence of

DOX and CPT (Fig. 2.7).
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Figure 2.7: Survivin knockdown increases canine osteosarcoma chemosensitivity. Abrams and

D17 cells were treated for 48 hours with 21.55 uM carboplatin or 125 nM doxorubicin, +/-
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survivin knockdown. Caspase-3,7 activity was then determined by ELISA. Survivin knockdown
significantly enhanced caspase activity in cells exposed to carboplatin and doxorubicin. Error

bars indicate standard deviation. *P < 0.05 compared with control and sham-transfected cells.

Discussion

To assess the utility of canine OS as a potential model for survivin-directed therapeutics,
we sought to determine the impact of survivin inhibition on canine OS cell lines in vitro. Survivin
inhibition in Abrams and D17 canine OS cell lines induced apoptosis, cell cycle arrest, and
increased caspase activity in the presence of CPT and DOX. The effects of survivin inhibition in
canine OS cell lines had been previously unknown. Other research groups have reported
similar results when indirectly and directly inhibiting survivin in human OS. In one recent paper,
inhibition of STAT3 activity (which down regulated survivin expression) in canine and human OS
decreased cell proliferation and viability, and induced caspase-3/7 mediated apoptosis in
treated cells (20). Another group inhibited survivin in HelLa cells and observed caspase-
dependent cell death as well as mitotic failure, resulting in multinucleated cells, up to 8 and 16N
(21). This observed increase in 4N(+) population could be attributed to the importance of
survivin in the chromosomal passenger complex (22) and its association to the mitotic spindle
during mitosis (4, 9). Additionally, siRNA-mediated survivin inhibition in human MG-63 OS cells
and shRNA-mediated survivin inhibition of human SAOS2 OS cells enhanced sensitivity to

cisplatin and DOX (23, 24).

We observed significantly increased apoptosis in survivin knockdown compared to the
sham knockdown and control cells in both canine OS cell lines in the absence of any pro-
apoptotic stimulus (e.g. serum withdrawal or chemotherapy). There was also modestly

increased apoptosis in the sham knockdown compared to the control for both cell lines. We
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speculate that the enhanced basal apoptosis observed in the survivin knockdown was possibly
due to the cellular stress imparted by the siRNA transfection process combined with the survivin
inhibition. The modest increase in apoptosis observed in the sham knockdown cells supports

this observation.

Abrams cells had noticeably increased apoptosis when DOX was combined with survivin
siRNA inhibition compared to the D17 cells with the same treatment. Conversely, D17 cells had
noticeable increased apoptosis when CPT was combined with survivin siRNA inhibition
compared to the Abrams cells with the same treatment. DOX intercalates into DNA and inhibits
topoisomerase Il. CPT alkylates DNA and forms DNA crosslinks. Both drugs prevent
successful DNA replication, however it seems each cell line is more sensitive to a specific drug.
The Abrams cell lines seems to better resist the effects of DNA alkylation and cross links,
whereas the D17 cell line handles DNA intercalation and inhibition of topoisomerase Il more
easily. Different mutations allow individual cells to become mutated and cancerous. It is
possible that an up-regulation of topoisomerase Il happened in the D17 cell line, and perhaps

the Abrams cell line up-regulated glutathione which can bind and inhibit CPT (25).

Survivin is a viable target for therapy. YM155, a small-molecule suppressor of survivin,
is currently in phase Il clinical trials in human cancer. Single-agent objective responses have
been observed in patients with melanoma and non-small cell lung cancer (26, 27) as well as
regression of established human hormone-refractory prostate cancer in xenograft models (28).
Studies in combination with chemotherapy are ongoing. EZN-3042, an antisense locked nucleic
acid anti-sense oligonucleotide, is capable of inhibiting survivin expression and tumor growth in
vivo (29) and improves chemotherapeutic response in vitro (30). EZN-3042 is currently in
phase | clinical trials in human cancer. Survivin is also being considered as an immunotherapy
target (31, 32). Phase | and phase Il clinical trials of survivin-targeted vaccines are currently

under way.
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In conclusion, we have demonstrated that transient survivin knockdown in canine OS
cells results in decreased total and viable cell numbers, increased apoptosis and mitotic arrest,
and enhanced sensitivity to carboplatin and doxorubicin. These findings are consistent with
those in human OS, and indicate that survivin may be a viable therapeutic target for evaluation
in canine OS as a preclinical model for human OS. There remains substantial room for
improvement in the medical therapy for OS, and canine OS may provide a novel translational

model for the investigation of survivin-directed therapeutics.
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CHAPTER THREE

SURVIVIN INHIBITION VIA EZN-3042 IN CANINE LYMPHOMA AND OSTEOSARCOMA

Summary

Canine lymphoma (LSA) and osteosarcoma (OS) have high mortality rates and remain in
need of more effective therapeutic approaches. Survivin, an IAP family member protein that
inhibits apoptosis and drives cell proliferation, is commonly elevated in human and canine cancer.
Survivin expression is a negative prognostic factor in dogs with LSA and OS, and canine LSA and
OS cell lines express high levels of survivin. In this study, we demonstrate that survivin inhibition
in canine LSA and OS cells using a locked nucleic acid antisense oligonucleotide (EZN-3042)
inhibits growth, induces apoptosis and enhances chemosensitivity in vitro. Additionally, EZN-
3042 inhibits survivin transcription and protein production in vivo, and cooperates with
chemotherapy to significantly improve tumor control in mice with canine OS xenografts. Our
findings strongly suggest that survivin-directed therapies might be highly effective in treatment of

canine LSA and OS.

" Support: This study was supported in part by the Colorado State University College Research
Council and American Kennel Club Canine Health Foundation grant # 1064-A
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Introduction

Osteosarcoma (OS) is the most common primary bone tumor in dogs and humans (1-3),
and is characterized by both aggressive local tissue infiltration and a very high metastatic rate.
Despite the use of neoadjuvant and adjuvant chemotherapy, the 5-year survival rate is only 60%
in humans and the 2-year survival rate is only 20% in dogs, illustrating that new therapeutics are

needed (1).

Lymphoma (LSA) is one of the most common neoplasm in dogs (4). Non-Hodgkin’s
lymphoma (NHL), a type of LSA common to dogs and humans, is a leading cause of cancer death
in humans (5, 6). The 5-year survival rate for NHL in humans is 68%, and the 2-year survival rate

for LSA in dogs is 25% (7). Clearly, new therapy options are also needed for this disease.

Survivin is a 16.5 kD protein belonging to the Inhibitor of Apoptosis (IAP) family (8). The
survivin gene has five known mRNA splice variants: Survivin, Survivin-2B, Survivin-AEx3,
Survivin-3B, and Survivin-2a (9). Unlike other IAP family members, survivin has two known
functions in cells: regulation of cell division and inhibition of apoptosis (10). Survivin is found as
a monomer in the chromosomal passenger complex (CPC) and binds via its C terminal to the
microtubules of the mitotic spindle during mitosis (11). Survivin is dimeric in its role as an IAP
molecule (12) and is thought to have targets upstream of effector caspases or target effector
caspases themselves (13, 14). Evidence suggests that survivin plays a role in inhibiting both
caspase-dependent and caspase-independent apoptosis (15, 16). Survivin may also indirectly
inhibit apoptosis, via binding to the proapoptotic protein Smac/DIABLO, preventing it from binding
to and inhibiting other IAP molecules (17). Some survivin is localized to the mitochondria and is
thought to prevent apoptosis upon release as well as block the release of apoptosis-inducing
factor (AIF) (16). Both cytoplasmic and mitochondrial survivin are thought to inhibit apoptosis via

binding to other proteins, possibly the effector caspases or other associated proteins (13, 18).
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More recent evidence suggests that survivin also enhances telomerase activity, and may play a

role in chemotherapy resistance and metastasis (19-22).

Most normal cells do not require survivin for survival (23). In cancer cells, however,
survivin is critical for its roles in cell division and inhibition of apoptosis (8). It also appears to
have roles in tumorigenesis (18, 24), and drug resistance (20, 21). Hematopoietic progenitor
cells, thymocytes, and T-cells express survivin at low levels for cell proliferation (25-27); however,
differentiated cells do not express survivin. Additionally, survivin is only expressed at very low
levels in normal osteoblasts (28). Most types of cancer express survivin at very high levels and

depend on it for continued proliferation (8, 23).

Survivin expression has prognostic significance in many types of human cancer (29).
Small studies in human OSA have suggested that survivin may be useful in determining prognosis
and degree of malignancy (30-32); however, definitive studies regarding the role of survivin in
human OSA are lacking. Survivin expression in Ewing sarcoma, another type of human bone
sarcoma, has been shown to be a poor prognostic marker (33). Survivin expression is a negative
prognostic factor in both dogs with B-cell ymphoma (34) and in human B-cell lymphoma (35, 36).
Survivin expression has been identified in select other canine neoplasms (34). Survivin
expression correlates with a poor prognosis in canine OS patients, and inhibition of survivin with
small interfering RNA in canine OSA cell lines has been shown to decrease cell proliferation and

increase apoptosis and chemosensitivity (37).

EZN-3042 (Enzon Pharmaceuticals, Piscataway Township, NJ) is a locked nucleic acid
antisense oligonucleotide (LNA-AsODN) that down regulates survivin mRNA and protein (38,
39). LNA-AsODNSs are single-stranded nucleic acids with locked nucleic acid structures
attached, providing protection against degradation and enhancing mRNA binding (40). EZN-

3042 has been previously reported to down-regulate survivin in two different mouse lung
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xenograft models and a mouse subcutaneous canine OS xenograft model (37, 38). SPC-3836,
a mouse EZN-3042 analog has also been shown to down-modulate survivin mRNA in a mouse
liver regeneration model (38). EZN-3042 has also down-regulated survivin in prostate cancer
cells, inducing cell cycle arrest and increased apoptosis and sensitivity to paclitaxel, both in vitro
and in vivo (41). Additionally, EZN-3042 has completed a phase | clinical trial in humans and
was generally well tolerated with a few patients achieving stable disease with EZN-3042 as a

single agent (42).

In this study, we sought to determine the effects of survivin inhibition in canine LSA and
OS cell lines using the survivin-targeting clinical candidate drug EZN-3042. We hypothesized
that inhibition of survivin via EZN-3042 in canine LSA and OS cell lines would increase growth
inhibition, apoptosis and chemotherapy sensitivity. We additionally hypothesized that we would

observe inhibition of survivin in @ murine intra-tibial OS model treated with EZN-3042.

Materials and Methods

Cell lines and conditions

The Abrams canine OS cell line was provided by Dr. William Dernell, and the D17 canine OS
cell line was purchased from American Type Culture Collection (Rockville, MD). The 1771
canine B-cell LSA cell line was provided by Dr. K. A. Jeglum of the Wistar Institute (43). The
OSW canine T-cell LSA cell line was provided by Dr. W. Kisseberth of Ohio State University
(44). Adherent cell lines were serially passaged by trypsinization, and maintained in C/10 media
[Minimum Essential Medium (Lonza, Walkersville, MD) supplemented with 1X MEM vitamin
solution (Cellgro, Henderson, VA), 2 mM L-glutamine (Cellgro), 1 mM sodium pyruvate
(Cellgro), 1X non-essential amino acid solution (Cellgro), 1X antibiotic/antimycotic (Cellgro), and

10% heat inactivated fetal bovine serum (FBS) (Atlas, Fort Collins, CO)]. Non-adherent cell lines
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were passaged by density gradient centrifugation and maintained in C/10 media. Cells were
grown in a humidified incubator, with 5% CO_ at 37°C. All cell lines were confirmed to be of
canine origin by multispecies multiplex PCR and identified by short tandem repeat analysis as

described (45).

LNA-antisense oligonucleotide treatment

EZN-3042 is comprised of 16 monomeric units, 7 of which are replaced with LNAs (42).
It has the sequence 5’-CTCAatccatggCAGc-3’ with capital letters representing LNAs and lower
case letters representing DNA monomers (42). EZN-3042 and a scrambled control
oligonucleotide (EZN-3046), supplied by Enzon Pharmaceuticals (Piscataway, NJ), were
delivered via gymnosis, longer-term cell incubation without use of a transfection reagent (46).
Abrams and D17 cells were seeded in T25 or T75 flasks to a concentration of 1x104-1x10°
cells/flask and incubated 24 hours at 37°C. EZN-3042 or EZN-3046 were then added to
individual flasks at concentrations of 5-10 uM and the cells incubated an additional 3-7 days.

Cells were then harvested for appropriate analyses.

Survivin Expression

gRT-PCR: We evaluated survivin mRNA expression after 72-96 hours of exposure to 5-
10 uM EZN-3042 or EZN-3046 using real-time RT-PCR. Primers for canine survivin and the
housekeeping gene, HPRT, were designed using Integrated DNA Technologies’ (IDT) website
and purchased from IDT (Coralville, IA) (Table 2.3). Cells were harvested via trypsinization from
6-well plates. The mRNA was extracted from pooled supernatant and adherent cells and purified

using an RNeasy® Kit and an RNase-Free DNase Set (Qiagen). The mRNA quantification was
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performed with a Nano Drop 1000 spectrophotometer (Thermo Scientific, Rockford, IL), followed
by conversion to cDNA using an Omniscript® Reverse Transcription (RT) Kit (Qiagen). With the
use of Brilliant® SYBR® Green gPCR Master Mix (Stratagene, Cedar Creek, TX), qRT-PCR was
then performed on the cDNA with primers for survivin and HPRT using an MX3000P real-time
PCR thermal cycler and MX3000P software (Stratagene). Fold change was determined using

the standard 2-AACT method (47).

Immunofluorescence — Treated adherent cells were washed in 1x PBS and air-dried on 2-
well chamber slides for 24 hours. Non-adherent cells were washed in 1x PBS and pipetted onto
slides to air-dry for 24 hours. The slides were then fixed for 15 seconds in room temperature
methanol, and air-dried for at least an hour. Slides were then placed in Target Retrieval Solution
Citrate pH 6 (Dako Cytomation, Via Real Carpinteria, CA), and heated to 125°C in a pressure
cooker. Slides were slowly brought down to 90°C, then transferred to de-ionized water and cooled
to room temperature. The slides were washed in 1x TBST, blocked in Background Sniper
(Biocare Medical, Concord, CA) for 10 minutes, then washed again. Incubation in rabbit
polyclonal anti-survivin antibody (Novus Biologicals Bloomington, MN) diluted 1:600 in antibody
diluent (Dako), occurred overnight at 4°C, then the slides were washed three times in 1x TBST.
The slides were then incubated in Alexa Fluor 594 goat anti-rabbit IgG (H+L) (Invitrogen) diluted
1:500 in antibody diluent, for 30 min at 4°C in the dark. The slides were washed again three times
in 1x TBST, then mounted using VectaShield plus DAPI mounting medium (Vector Laboratories,
Burlingame, CA). Images were acquired in random 20x fields using a Zeiss Axioplan 2 imaging
microscope and Axio Vision Release 4.6 software (Carl Zeiss Micro-Imaging Inc, Thornwood,

NY).
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Cell Number and Viability

To determine cell numbers, total and live/dead cell numbers were counted in triplicate at

7 days post transfection using trypan blue.

Cell Growth Inhibition

Cell lines were plated in 96-well plates in C/10 at a density of 250 cells per well in
quintuplicate and then incubated overnight at 37°C. Medium was aspirated and replaced with 5-
10 uM EZN-3042 or EZN-3046 or media alone as a control. Cells were incubated for 5 days at
37°C. Relative viable cell number was determined using a bioreductive fluorometric assay (Cell
Titer Blue; Promega, Madison, WI) according to manufacturer directions, using a Synergy HT
plate reader (Bio-Tek, Winooski, VT). Relative viable cell number was then expressed as a
percentage of control-treated cells. Each experiment was repeated a minimum of three times

and mean (xSD) calculated.

Apoptosis

To determine levels of apoptosis, we used a SensoLyte Homogenous AMC Caspase-3/7
Assay Kit (AnaSpec, San Jose, CA). At 5-7 days post treatment with 5-10 uM EZN
oligonucleotides, the cells and their supernatants from each individual well were harvested from
6-well plates, and centrifuged at 1500 rpm for 7 minutes. The media was aspirated off and the
cells were lysed with 1x lysis buffer (AnaSpec). Next the lysates were transferred to Eppendorf
tubes and inverted for 30 minutes at 4°C. Then the lysates were centrifuged at 2,500 g for 10
minutes at 4°C. The supernatant was collected from each sample and transferred at 60 uL per

well to a 384-well black-walled plate in quadruplicate. Twenty uL of caspase-3/7 assay reagent
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mix was added to each well and the plate was put on a plate shaker for ~60 minutes at 100-200
rpm in the dark at room temperature. The plate was then read on a microplate reader (Synergy
HT, Bio-Tek, Winooski, VT) to measure fluorescence intensity at 360/460 nm. Fluorescence
intensity measurements were termed ‘Relative Fluorescent Units’ or RFUs in graphical

presentations.

Chemosensitivity

To determine sensitivity to doxorubicin (DOX, Bedford Laboratories, Bedford, OH), cells
were incubated with 250 nM DOX. Drug was added for 24 hours directly after a 4 or 6 day
treatment with EZN-3042 or EZN-3046, depending on the assay. After a 4 day treatment, 250
nM DOX was added directly to half of a 96-well plate and the plate was incubated for 24 hours
at 37°C. Relative viable cell number was determined with a bioreductive fluorometric assay
using a Synergy HT plate reader as above. Relative viable cell number was then expressed as
a percentage of control-treated cells. Each experiment was repeated a minimum of three times
and mean (xSD) calculated. After a 6 day treatment, 250 nM DOX was added directly to half of
a 6-well plate and the plate was incubated for 24 hours at 37°C. Cells were then harvested from
their individual wells with their supernatants and total cell count for each well was determined.
Cells were lysed and processed according to the SensoLyte Homogenous AMC Caspase-3/7
Assay Kit as above. RFUs for each sample were normalized to cell count (RFUs/cell) and

results expressed as fold-change versus control (untreated cells).
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Murine Intra-tibial Xenograft

Female 6-8 week old nu/nu mice were purchased from the National Institutes of Health.
After a 1-week acclimatization period, mice were implanted intra-tibially with Abrams OS cells.
Mice were anesthetized with isoflurane, then the surgical site was prepared by shaving and then
cleaning with ethanol. A 23 gauge needle was used to drill an injection site into the proximal
tibia. Abrams cells were then injected into the site at 2x10° concentration suspended in 50 uL 1x
HBBS through a 25 gauge needle. Mice then received 0.05 mg/kg buprenorphine every 12
hours for 72 hours post surgery for pain management. Tumors were grown to 10 mm diameter,
size-matched and then allocated into 2 groups (n=4-5 per group). Group 1 received EZN-3046,
group 2 received EZN-3042. EZN-3042 and EZN-3046 were administered intraperitoneally at
100 mg/kg in 100 pL normal saline, every three days starting day 0 until the end of the study
(day 18). Mice were all sacrificed when the first mouse reached a tumor size of 15 mm tumor
diameter. Tumors were harvested and snap-frozen or formalin fixed and paraffin embedded for
analysis of survivin expression by gRT-PCR as described above and immunohistochemistry as

described below.

Murine Subcutaneous Xenograft

Female 6-8 week old nu/nu mice were purchased from the National Institutes of Health.
After a 1-week acclimatization period, mice were injected subcutaneously with 2x10° Abrams
OS cells while anesthetized with isoflurane. Tumors were grown to 7 mm diameter, size-
matched and then allocated into 4 groups (n=8 per group). Group 1 received saline and EZN-
3046, group 2 received DOX (Bedford) and EZN-3046, group 3 received saline and EZN-3042,

and group 4 received DOX and EZN-3042. EZN-3042 and EZN-3046 were administered
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intraperitoneally at 100 mg/kg every three days starting day 0 until the end of the study (day 55).
Doxorubicin or an equivalent volume of saline was administered intravenously at 3 mg/kg on
day 4 and repeated every two weeks until the end of the study. Mice were weighed and tumors
measured every three days. Mice were sacrificed at 15 mm tumor diameter or at the end of the
study if they were still alive. A separate group of tumor-bearing mice were randomized similarly
at 10 mm tumor diameter. They received EZN-3042 or EZN-3046 on days 0 and 3 (AM) and
DOX or saline on day 3 (PM) and sacrificed on day 4. Tumors were harvested and snap-frozen
or paraffin embedded for analysis of survivin expression by gqRT-PCR as described above and

immunohistochemistry as described below.

Survivin RNA extraction

Tumors snap-frozen for RNA extraction were freeze fractured to a fine powder then
transferred to Trizol (Life Technologies, Carlsbad, CA). The samples were then homogenized
and centrifuged at 2,000 rpm for 30 seconds and incubated at room temperature for 5 minutes.
Collect supernatant and add 0.2 mL chloroform per mL of Trizol. Samples are shaken for 15
seconds, then incubated at room temperature for 5 minutes and shaken again. Samples are
then centrifuged at 12,000 x g at 4°C for 15 minutes. The top clear aqueous phase is then
transferred to a new tube and RNA is precipitated with 0.5 mL 100% isopropanol per original mL
or Trizol. Samples are then gently rocked and incubated at room temperature for 10 minutes.
The samples are then centrifuged at 12,000 x g at 4°C for 10 minutes. Supernatant was
decanted and RNA pellet is washed with 1 mL 75% ethanol, then centrifuged for 12,000 x g at
4°C for 5 minutes. The supernatant was decanted and the pellet was dried for 5-10 minutes
before re-suspension in nuclease free water. The samples were then cleaned up using an

RNeasy® Kit and an RNase-Free DNase Set (Qiagen) per manufacturer’s instructions.
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Survivin Immunohistochemistry

Canine OS orthotopic and heterotopic xenografts were prepared from paraffin blocks.
Slides were put through a hydration process of xylene baths to graded alcohol, then placed in
Target Retrieval Solution Citrate pH 6 (Dako Cytomation, Via Real Carpinteria, CA), and heated
to 125°C in a pressure cooker. Slides were slowly brought down to 90°C, then transferred to de-
ionized water and cooled to room temperature. The slides were washed in 1x TBST, blocked in
Background Sniper (Biocare Medical, Concord, CA) for 10 minutes, then washed again.
Incubation in rabbit polyclonal anti-survivin antibody (Novus Biologicals Bloomington, MN) diluted
1:600 in antibody diluent (Dako), occurred overnight at 4°C. The slides were washed 3 times
before a 15-minute incubation in 3% hydrogen peroxide at room temperature and washed 3
additional times. Incubation in secondary antibody, Envision+ Dual Link System Peroxidase
(Dako) for 30 minutes occurred at 4°C. The slides were washed 3 more times, chromogen stained
for 10 minutes using DAB Peroxidase Substrate Kit, (Vector) washed once more and lightly
counterstained with hematoxylin. The slides were graded based on survivin stain intensity (0 =
negative, 1 = weak, 2 = moderate, 3 = strong, 4 = intense) and proportion of cells with positive
survivin staining (0 = 0%, 1 = 1-10%, 2 = 10-25%, 3 = 25-50%, 4 > 50%). A final immunoreactivity
score for each tissue sample was calculated by multiplying the percentage score by the intensity
grade (possible score of 0-16). Scoring was performed by 2 individuals blinded as to treatment
allocation and the final survivin score averaged across the 2 raters. This scoring system has
previously been used in immunohistochemical scoring of survivin intensity in canine OS (48) and

lymphoma tissue sections (34).
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Statistical analysis

Statistical analysis of in vitro data was performed using GraphPad Prism for Macintosh
Version 5.0b (GraphPad Software, La Jolla, CA). Survivin expression levels were summarized
by standard descriptive statistics in terms of means and standard deviations. The comparisons
of survivin expression, cell numbers, caspase activity and apoptosis levels between experimental
conditions was performed using a two-sample t-test with a two-sided significance level. The
Shapiro Wilk test was used to verify the normality assumption. P-values of less than 0.05 were

considered statistically significant.

Bliss Analysis

Briefly, the Bliss criterion is described by the following equation: E(x,y) = E(x) + E(y) —
E(x)E(y) where E(x) is the fractional growth inhibition with survivin knockdown, E(y) is the
fractional growth inhibition with chemotherapy, and E(x,y) is the theoretical combined effect if
additive. Standard deviations were estimated by error propagation of experimental SD.
Differences between treatment groups (Bliss theoretical vs. experimental) were assessed using
a 2-tailed unpaired T test. Using this model, if the experimental combined fractional inhibition was

significantly higher than the theoretical value, the interaction was considered synergistic.

Results

EZN-3042 treatment decreases survivin expression. To verify the efficiency of the survivin
inhibition in our EZN-3042 treatment, we harvested mRNA from the 5 and 10 uM EZN-3042
treated and EZN-3046 (scrambled EZN-drug) treated control cells at 72 and 96 hours post

treatment. Analysis of the qRT-PCR data revealed 3.4, 2.2, 1.3, and 1.3 fold decreases in survivin
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MRNA expression in Abrams, D17, 1771, and Oswald cells, respectively, in the EZN-3042 treated

cells when compared to scrambled EZN-drug (scrm) treated cells (Fig. 3.1).
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Figure 3.1: Survivin mRNA inhibition in canine OS and LSA cell lines. qRT PCR of Abrams,
D17, 1771 and OSW 5-10 uM 3-4 day EZN-3042 treated cells showed a 3.4, 2.2, 1.3, and 1.3
fold decrease in survivin mRNA when compared to control and scrambled oligonucleotide

treated cells. Error bars represent standard deviation. * =P < 0.05

Since inhibition of survivin mRNA expression does not confirm decreased survivin protein,
we performed further experiments to verify decreased protein expression. Immunofluorescence
analysis of survivin expression of cells confirmed approximately 72%, 35%, 34%, and 34%

reduction in survivin protein expression in Abrams, D17, 1771, and Oswald respectively, in the 5-
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10 uM, 72-96 hours post treatment EZN-3042 treated groups compared to the scrm treated and

control groups (Fig. 3.2).
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Figure 3.2: Survivin protein inhibition in canine OS and LSA cell lines. Immunofluorescence
images (A) and analysis (B) of Abrams, D17, 1771 and OSW cell lines demonstrates 72, 35, 34,
and 34% survivin protein inhibition, respectively, in the 5-10 uM 3-4 day EZN-3042 treated cells,
compared to the control and scrambled oligonucleotide treated cells. Five images were taken
per treatment group. Densitometric mean value of survivin immunofluorescence for all five
images was averaged for each treatment group. Error bars represent standard deviation.

* = P <0.001, *** = P < 0.0001
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Survivin inhibition decreases total cell number and cell viability. Total and percent
live/dead cell counts were performed at 5 and 7 days post 10 and 5 uM EZN-3042 treatment in
the LSA and OS cell lines, respectively. There were significantly decreased total cell numbers
and significantly higher percent dead cells in the EZN-3042 treated cells compared to both the

scrm treated and control groups (Fig. 3.3).
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Figure 3.3: Calculating total cells and percent dead cells. Treating Abrams and D17 cells for 7
days at 5 uM EZN-3042 treatment, and 1771 and OSW cell lines for 4 days at 10 uM EZN-3042
treatment, revealed significantly reduced cell numbers and increased cell death in EZN-3042
treated cells compared to respective controls. Error bars represent standard deviation.

** = P < 0.05 for both percent dead and total cell count.
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This was further confirmed through cellular metabolic activity via bioreductive fluorometric assay
in 10 uM EZN-3042 treated, scrm treated and control cells 5 days post treatment in both LSA and
OS cell lines. There was a significant increase in growth inhibition in all EZN-3042 treated cells

compared to their respective scrm treated and control cells (Fig. 3.4).
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Figure 3.4: Growth inhibition analysis following EZN-3042 treatment. In bioreductive growth
inhibition assays performed on EZN-3042 treated Abrams, D17, 1771 and OSW cell lines, there
was significantly decreased growth in 5 day 10 uM EZN-3042 treated cells when compared to
the control and scrambled treated cells. Error bars represent standard deviation.

*** = P < 0.0001

Survivin inhibition increases apoptosis. To determine if the cell death observed in

live/dead counts was via apoptosis, we evaluated caspase-3,7 activity in 5 uM EZN-3042 treated,
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scrm treated, and control cells 5 (LSA) and 7 (OS) days post treatment. There was a significant
increase in caspase activity in EZN-3042 treated cells compared to their respective scrm treated

and control cells (Fig. 3.5).
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Figure 3.5: Activated caspase-3/7 analysis following EZN-3042 treatment. In the caspase-3/7

assays performed on EZN-3042 treated Abrams, D17, 1771 and OSW cell lines, there was

significantly Increased activated caspase-3 and caspase-7 activity in the 7 day 5 uM EZN-3042

treated cells when compared to the control and scrambled treated cells. Error bars represent

standard deviation. *** =P < 0.0001

Survivin inhibition increases chemosensitivity to DOX. To determine if survivin inhibition

via EZN-3042 would enhance cell susceptibility to chemotherapy in canine OS and LSA cell lines,



we incubated all cell lines with 250 nM DOX, with or without concurrent 5 uM EZN-3042 or scrm
treatments for 5-7 days. Survivin inhibition via EZN-3042 significantly increased growth inhibition
and caspase activity in all cell lines in the presence of DOX, which we defined as increased

chemosensitivity (Fig. 3.6 and 3.7). The effect of combining EZN-3042 with DOX on growth

inhibition was additive according to Bliss analysis.
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Figure 3.6: Growth inhibition analysis following EZN-3042 and DOX treatment. Abrams, D17,
1771 and OSW cells were treated with 5-10 uM EZN-3042 for 5 days +/- 250-500 nM DOX for

24 hours in growth inhibition assays. Cells that received both the chemotherapy drug and the
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EZN-3042 oligonucleotide had significantly decreased growth when compared to the EZN-3042

treated cells without DOX. The above graphs represent the means of four independent

experiments. Error bars represent standard deviation. Significance was determined with

P < 0.0001

Student’s two-tailed T tests. ** =P < 0.001, ***
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Figure 3.7: Activated caspase-3/7 analysis following EZN-3042 and DOX treatment. Abrams,

D17, 1771, and OSW cells were treated with 5 uM EZN-3042 for 5-7 days +/- 250-500 nM DOX

for 24 hours. Cells that received both the chemotherapy drug and the EZN-3042

oligonucleotide had significantly increased activated caspase-3 and caspase-7 when compared

to the EZN-3042 treated cells without DOX. The above graphs are one independent




experiment, representative of 3 independent experiments performed. Error bars represent
standard deviation. Significance was determined with Student’s two-tailed T tests.

*** = P < 0.0001

EZN-3042 treatment in canine OS intra-tibial xenografts results in decreased survivin
expression. Survivin knockdown in vivo was accomplished using the locked nucleic acid
antisense inhibitor EZN-3042. Mice bearing established intra-tibial xenografts of Abrams canine
OS cells were randomized to receive EZN-3042 or the scrambled control oligo EZN-3046.
Knockdown was confirmed in vivo using both gRT-PCR and immunohistochemistry following 7

intraperitoneal oligo treatments (Fig. 3.8).
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Figure 3.8: Intra-tibial tumor survivin mRNA and protein. EZN-3042 treatment of 100 mg/kg in
nude mice with intra-tbial Abrams xenografts resulted in decreased survivin mRNA (A) and
protein expression (B) upon qRT-PCR and IHC analysis. Error bars represent standard

deviation. Significance was determined with one- and two-tailed Student’s T tests. * =P < 0.05

Survivin inhibition in canine OS xenografts results in increased doxorubicin sensitivity.

Mice bearing established subcutaneous xenografts of Abrams canine OS cells were randomized
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to receive DOX or saline, +/- EZN-3042 or the scrambled control oligo EZN-3046. Knockdown
was confirmed in vivo using both gqRT-PCR and immunohistochemistry following 19 oligo

treatments and 4 intravenous DOX treatments (Fig. 3.9).
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Figure 3.9: Subcutaneous tumor survivin mRNA and protein. EZN-3042 treatment in nude
mice with subcutaneous Abrams xenografts resulted in decreased survivin mRNA (A) and
protein expression (B) upon qRT-PCR and IHC analysis. Error bars represent standard
deviation. Significance was determined with one- and two-tailed Student’s T tests. * = P < 0.05,

** =P <0.001

Notably, there was a significant increase in survivin expression in the DOX/EZN-3046 group
compared to the control (saline/EZN-3046) (Fig. 3.9b), suggesting possible survivin induction as
a DOX response mechanism. Tumor growth rate was significantly reduced in the combined

EZN-3042/DOX treated group compared to the other treatment groups (Fig. 3.10).
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Figure 3.10: Subcutaneous tumor growth. Mice were treated with 100 mg/kg EZN-3042 or
EZN-3046 (scrm) via IP injection every three days, and 3 mg/kg DOX or saline via |V injection
every two weeks. EZN-3042 treatment in nude mice with subcutaneous Abrams xenografts
resulted in significantly decreased tumor growth when combined with DOX. Significance was

based on analysis of overall curve using a one-way ANOVA. *=P <0.05

In both intra-tibial and subcutaneous xenograft models, the EZN-3042 treated mice suffered
significant weight loss from effects of the drug, which were presumably unrelated to its survivin
inhibiting properties (EZN-3042 does not target mouse survivin, and the murine homolog
antisense product has not been reported to induce weight loss in mice) (Fig. 3.11). The intra-

tibial study model had to be ended early because of this phenomenon.
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Figure 3.11: Mouse weight following treatment. Weight loss was severe enough to stop EZN-
3042 treatment after seven doses in the intra-tibial mouse model, but did not reach statistical
significance. However, weight loss in EZN-3042 treated mice in the subcutaneous mouse
model was statistically significant. Error bars represent standard deviation. Significance was

determined with a two-tailed Student’s t-test. *** = P < 0.0001

Discussion

To determine the efficacy of EZN-3042 as a potential treatment for canine OS and LSA,
we sought to determine the impact of survivin inhibition via EZN-3042 on canine OS and LSA cell
lines in vitro, as well as the ability of EZN-3042 to inhibit survivin expression in vivo. Survivin
inhibition via EZN-3042 in canine OS and LSA cell lines inhibited cell growth, increased apoptosis,
and enhanced DOX sensitivity in vitro and in vivo. Furthermore, EZN-3042 treatment successfully

inhibited survivin expression in subcutaneous and orthotopic canine OS xenografts.
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Other research groups have reported similar results when indirectly and directly inhibiting
survivin in OS and LSA. In one recent paper, inhibition of STAT3 activity (which caused down
regulation of survivin expression) in canine and human OS decreased cell proliferation and
viability, and induced caspase-3/7 mediated apoptosis in treated cells (49). Additionally, siRNA-
mediated survivin inhibition in human MG-63 OS cells and shRNA-mediated survivin inhibition of
human SAOS2 OS cells enhanced sensitivity to cisplatin and DOX (50, 51). In human LSA, a
group inhibited survivin with the small molecule YM155 in diffuse large B-cell ymphoma (DLBCL)
and a STATS inhibitor and saw significant apoptosis in single agent treatments, and a synergistic

effect when the two were used in combination (52).

We observed significantly increased apoptosis in EZN-3042 treated cells compared to
control cells in both canine OS and LSA cell lines in the absence of any pro-apoptotic stimulus
(e.g. serum withdrawal or chemotherapy). There was also modestly increased apoptosis in the
scrambled oligo EZN-3046 treated cells compared to the control for all cell lines. We speculate
that the enhanced basal apoptosis observed in the EZN-3042 treatments was possibly due to the
cellular stress imparted by drug toxicity. The modest increase in apoptosis observed in the EZN-
3046 treated cells supports this observation. This toxicity could also explain the discrepancy
between the survivin knockdown via siRNA and the reduced knockdown with EZN-3042. With
siRNA knockdown, HPRT levels in qRT-PCR and beta-actin levels in western blots were not
affected. However, when cells were treated with EZN-3042, HPRT levels were reduced as were
beta-actin levels, which made analysis difficult. These reductions in normal cell mRNA and
protein could be due to the increased cell death observed in the EZN-3042 treatments, making

survivin inhibition less apparent.

In our initial treatments of our canine OS and LSA cell lines we were treating for up to 6-
10 days. This was due to initial thought that it would take up to 6-10 days before LNA-AsODNs

could be taken up by cells in efficacious concentrations via gymnotic delivery (46). We found in
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order to maintain the cells for this time period we had to reduce EZN-drug concentrations by half
in the OS and by dilutions of 1:5 and 1:10 for the LSA. After new data was published revealing
gymnotic delivery could be effective as early as 2 days after treatment initiation, we revised our

treatment protocols (53).

It is interesting to note that the growth curves in the murine xenografts did not begin to
diverge until after the second DOX dose. It is possible that multiple EZN-3042 treatments
enhanced gene knockdown beyond what was observed at the time we evaluated expression
(following 2 injections), leading to a more pronounced effect on survivin expression. It is also
worth noting that co-treatment with EZN-3042 and DOX resulted in tumor stabilization rather
than regression in the Abrams xenograft model. This could be a function of the DOX dose
intensity (supported by the lack of single-agent effect of DOX in this experiment), or dosage and

scheduling of EZN-3042 treatments relative to DOX.

The DOX dose we chose (3 mg/kg) is a lower dose than the 10-15 mg/kg DOX dose
often used in mice. This dose allows for plasma concentrations of DOX that are very similar to
the concentrations seen in humans and dogs on CHOP protocols (54). Additionally the peak
plasma concentration attainable at this dose level, ~2,800 ng/mL, is well above the
concentration of DOX used to kill Abrams cells in vitro, an ICso of 20 ng/mL with 72 hour DOX

treatment.

The subcutaneous xenograft model requested by Enzon was an excellent model for
determining effect of EZN-3042 on tumor volume. However it is important to note the
significance of the orthotopic model to OS research. By demonstrating that EZN-3042 could
cause survivin inhibition in the tumor implanted in the bone, we demonstrate its potential to

inhibit survivin in an OS tumor in an actual patient.
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EZN-3042 was delivered through what is called “gymnotic” delivery. Antisense
oligonucleotides have been delivered for decades using lipidic or particulate transfection
reagents. However this older method of delivery has little relevance in vivo and is rather
ineffective on suspension cells. Locked nucleic acid antisense oligonucleotides (LNA-As-ONs)
are a more modern version of ONs, with extra modifications providing exceptionally high binding
affinity for mMRNA and resistance to nucleases which stabilizes them in both cell culture media
and plasma, making them much more reliable in vivo. Gymnotic delivery employs normal cellular
metabolism for LNA-As-ON uptake into cells. Using this delivery method LNS-As-ONs easily
enter both adherent and suspension cells, and have been found to be effective both in vitro and

in vivo (46, 55, 56).

Both mouse studies had to be stopped early due to severe weight loss. The EZN-3042
dose recommended by Enzon was somewhat higher than what was used in other studies. A
earlier study used a dose of 20 mg/kg IP in mice, every day for 4 days, and then decreased to
every other day for 16 days. No weight loss was observed in this study after 19 days of treatment
(41). In another study, mice were treated with 25 mg/kg IP 3 times weekly, however the dose
was reduced to 12.5 mg/kg IP after 7 treatments (14 days) due to weight loss. They reported the
weight loss was due to decreased intake and dehydration, with 5-15% body weight lost. The
study ended after 28 days treatment (57). In our orthotopic model we were able to treat up to 21
days and up to, 57 days in the subcutaneous model, both at 100 mg/kg IP treatment every 3 days.
Considering the 100% homology in 8 of the 16 nucleotides in the EZN-3042 sequence, it is
possible that this weight loss is caused by survivin inhibition in the mice. Another possibility is off
target effects. For example, Mus musculus dephospho-CoA domain containing (Dcakd) mRNA
is100% homologous with 12 of the 16 nucleotides of the EZN-3042 sequence, and would be
targeted more effectively than mouse survivin (Figure 3.12). Dephospho-CoA kinase domain

containing protein functions in ATP binding and dephosphorylation. Using lower doses of EZN-
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3042 in future studies might allow for longer treatment times. It should also be considered that
the side effect of severe weight loss might occur to human and canine patients, whether it is

caused by survivin inhibition or off target effects.

Mus musculus dephospho-CoA kinase domain containing (Dcakd), mRNA
Sequence ID: ref[INM_026551.3] Length: 1714 Number of Matches: 1

Range 1: 940 to 951 GenBank Graphics
Score Expect Identities Gaps Strand
24.3 bits(12) 31 12/12(100%) 0/12(0%) Plus/Plus
Query 1 GAGTTAGGTACC 12

B
Sbfct 940 GAGTTAGGTACC 951

Figure 3.12: The complement of EZN-3042 blasted against mouse mRNA. Query represents
EZN-3042 complement, Sbjct represents mouse mRNA. Mus musculus dephospho-CoA domain
containing (Dcakd) mRNA had 100% homology with 12 of the 16 nucleotides of the EZN-3042

complement sequence.

Survivin is a viable target for therapy. In human OS, high survivin mRNA expression has
been correlated with both presence of metastasis and overall survival (32). In human LSA, the
five year survival rate of patients expression survivin in diffuse large B cell ymphoma (DLBCL) is
significantly lower than those that do not express survivin (35). YM155, a small-molecule
suppressor of survivin, is currently in phase Il clinical trials in human cancer. Single-agent
objective responses have been observed in patients with melanoma, non-small cell lung cancer,
and castration resistant prostate cancer, with a complete response observed in one patient with
DLBCL (58-61). Studies in combination with chemotherapy are ongoing. EZN-3042, the
antisense oligonucleotide utilized in these in vivo experiments, is capable of inhibiting survivin
expression and tumor growth in vivo (38) and improves chemotherapeutic response in vitro (53).

EZN-3042 has completed a phase | clinical trial in adults with solid tumors and lymphoma. One
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patient had a partial response, five patients had stable disease, and the remaining six that were
evaluated did not respond (42). Survivin is also being considered as an immunotherapy target
(62, 63). Most notable was a clinical trial in which one patient had complete remission of liver
metastasis of pancreatic cancer (64). Phase Il clinical trials of survivin-targeted vaccines are

currently under way.

In conclusion, we have demonstrated that survivin inhibition via EZN-3042 in canine OS
and LSA cells results in decreased total and viable cell numbers, increased growth inhibition and
apoptosis, and enhanced sensitivity to DOX. Furthermore, EZN-3042 treatment in vivo resulted
in decreased survivin expression in xenografted canine OS tumors and decreased tumor growth
when combined with DOX. These findings are consistent with those in human OS and LSA, and
indicate that survivin may be a viable therapeutic target for evaluation in canine OS and LSA, and
as a preclinical model for the human disease. There remains substantial room for improvement
in the medical therapy for both human and canine OS and LSA. Canine OS and LSA may provide
a novel translational model for the investigation of EZN-3042 and other survivin-directed
therapeutics. Phase-l clinical investigation of EZN-3042 is underway in canine lymphoma

patients.
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CHAPTER FOUR

EXPRESSION AND PROGNOSTIC VALUE OF SURVIVIN IN CANINE OSTEOSARCOMA!

Summary

Osteosarcoma (OS) has a high mortality rate and remains in need of more effective
therapeutic approaches. Survivin is an IAP family member protein that blocks apoptosis and
drives proliferation in human cancer cells where it is commonly elevated. In this study, we
determined the role of survivin in canine OS outcome, and illustrate the potential of a canine OS
model as a translational tool for evaluating survivin-directed therapies in humans. Elevated
survivin expression in primary canine OS tissue correlated with increased histologic grade and
mitotic index and a decreased disease free interval (DFI). Our findings illustrate the utility of a
canine system to more accurately model human OS and strongly suggest that survivin-directed

therapies might be highly effective in its treatment.

' Support: This study was supported in part by the Colorado State University College Research
Council and American Kennel Club Canine Health Foundation grant # 1064-A
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Introduction

The dog is a well-established model for spontaneous OS in humans, owing to striking
similarity in biology and gene expression (1, 2). The dog’s large size, relative outbreeding and
immunocompetence increase their model potential. Furthermore, dogs with spontaneous
tumors naturally develop therapy resistance and metastasis. Additionally, tumor burdens in
spontaneously arising cancers of dogs are more similar to humans than the experimentally-
induced tumors found in murine models, which may be important with regard to biologic factors
such as hypoxia and clonal variation. The size of canine tumors also allows for serial imaging

and tissue collection over time (1, 2).

Survivin expression has prognostic significance in many types of human cancer (3).
Small studies in human OS have suggested that survivin may be useful in determining
prognosis and degree of malignancy (4-6); however, definitive studies regarding the role of
survivin in human OS are lacking. Survivin expression is a negative prognostic factor in dogs
with B-cell lymphoma (7), as has been demonstrated in human B-cell lymphoma (8), and

survivin expression has been identified in select other canine neoplasms (7).

In this study, we sought to evaluate a correlation between survivin expression and
outcome in canine OS patients. We hypothesized, as observed in human OS, that increased

survivin expression would correlate with a poor prognosis in canine OS patients.

Materials and Methods

Canine Osteosarcoma Patient Population

The population of canine appendicular OS patients studied was a subset of patients from

a previously reported randomized, prospective clinical trial (9). The study was approved by the
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Institutional Animal Care and Use Committees of the participating institutions. All dogs
underwent amputation followed by 5 cycles of adjuvant doxorubicin (DOX), with or without an
investigational matrix metalloprotease inhibitor and had decalcified primary tumor tissue blocks
available for analysis. Adult dogs with stage 1B osteosarcoma were considered eligible. Dogs
with preexisting evidence of metastasis, concurrent disease that required additional treatment or
was likely to prevent the dog from living 1 year, or previous chemotherapeutic treatment were
excluded from the study. Patients were staged by complete blood count, serum biochemical
profile, urinalysis, radiographs, history, and complete physical examination. When metastasis
was detected, dogs were withdrawn from the study. Study dogs were followed out up to 3 years
(9). Histologic grading (from 1 to 3) was performed in a subset of cases by one author (BEP)
utilizing a published schema incorporating amount of matrix, percent necrosis, nuclear
pleomorphism, nucleolar size/number and mitosis score (9). Mitotic index was also calculated

by counting the number of mitotic figures per 10 random 400X fields.

Survivin Immunohistochemistry

Slides of canine OS tissues were prepared from paraffin blocks. Samples had
previously been decalcified. Slides were put through a hydration process of xylene baths to
graded alcohol, then immersed in Target Retrieval Solution (DakoCytomation) and put through a
pressure cooker cycle and cooled to room temperature. The slides were then washed in TBST,
blocked with Biocare Sniper (Biocare Medical) for 10 minutes, then washed again. Incubation in
primary rabbit polyclonal anti-survivin antibody, at 1:600 dilution occurred overnight at 4°C. The
slides were washed 3 times before a 15-minute incubation in 3% hydrogen peroxide at room
temperature and washed 3 additional times. Incubation in secondary antibody, Envision+ Dual
Link System Peroxidase (Dako) for 30 minutes occurred at 4°C. The slides were washed 3

more times, chromogen stained for 10 minutes using DAB Peroxidase Substrate Kit, (Vector)
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washed once more and lightly counterstained with hematoxylin. The slides were graded based
on survivin stain intensity (0 = negative, 1 = weak, 2 = moderate, 3 = strong, 4 = intense) and
proportion of cells with positive survivin staining (0 = 0%, 1 = 1-10%, 2 = 10-25%, 3 = 25-50%, 4
> 50%). A final immunoreactivity score for each tissue sample was calculated by multiplying the
percentage score by the intensity grade (possible score of 0-16). Scoring was performed by 2
individuals blinded as to patient outcome and the final survivin score averaged across the 2
raters. This scoring system has previously been used in immunohistochemical scoring of

canine OS samples (10), and for survivin scoring in canine lymphoma (7).

Statistical analysis

The Intra-Class Correlation Coefficient (ICC) was used to evaluate the reproducibility of
the survivin immunoreactivity scores between the two independent raters. The ICC can be
interpreted as follows: 0 — 0.2 (slight), 0.2 — 0.4 (fair), 0.4 — 0.6 (moderate), 0.6 — 0.8

(substantial) and 0.8 — 1.0 (almost perfect) (11).

Statistical analysis of survival data was performed using a combination of Prism and
SAS software version 9.2 (SAS Institute, Cary, NC, USA). Correlations between survivin
expression levels and other markers on a continuous scale were evaluated using linear
regression analysis. Analysis of variance was used to evaluate the association between survivin
expression levels and categorical markers. The median disease free interval (DFI) was
estimated using the Kaplan-Meier method. Markers were categorized into a low risk and high
risk group (with respect to predicting DFI) using the recursive portioning method (12). This
method selects the best predictor variables using recursive splitting. It starts with the best
possible predictor from the data set and successively splits the data into categories predicted to

observe the event or not. As a splitting method, the exponential scaling method was used. The

139



splitting process stopped when a minimum of five patients per group was reached or when there
was no further decrease in prediction error. The associations between the categorized markers
and DFI were evaluated using the log-rank test. Multivariate Cox proportional hazard
regression analysis was used to determine the prognostic significance of the markers for
predictive value of DFI. Predictive markers were selected by backward selection procedures
with a p-value cut off of <0.10. A previously deleted variable was allowed to re-enter the final
model if its p-value was <0.05. The likelihood ratio test was used to compare various models.
The proportional hazard assumption was verified using plots of the log(-log) survival curves and

Schoenfeld residuals.

Results

Survivin protein expression in canine OS tissues correlates with histologic features and
clinical outcome. Survivin expression was studied via immunohistochemistry in 67 primary canine
OS tissues from dogs that underwent standardized staging, treatment and follow-up as part of a
previously reported prospective clinical trial (9). The Intra-Class Correlation Coefficient of the
final survivin immunoreactivity score between the two independent raters was 0.90 (95% CI: 0.84
— 0.93) indicating a very high level of reproducibility. Demographic information regarding the

patient population is reported in Table 4.1.
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Table 4.1:  Patient Characteristics
Age (yrs) median (range) 8 (2-14)
Weight (kg) median (range) 34 (16-64)
N (%)
Sex:
Spayed female 38 (57%)
Intact female 1(1%)
Castrated male 24 (36%)
Intact male 4 (6%)
Breed:
Mixed breed 18 (27%)
Golden retriever 11 (16%)
Rottweiler 11 (16%)
Greyhound 6 (9%)
Labrador retriever 4 (6%)
German shepherd 2 (3%)
Other (1 each) 15 (22%)
Tumor Location:
Humerus 22 (33%)
Tibia 18 (27%)
Radius 14 (21%)
Femur 12 (18%)
Ulna 1(1%)

Survivin was expressed in 65 of 67 cases evaluated, with expression intensity ranging from

modest to heavy (Fig. 4.1).
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Figure 4.1: Evaluation of survivin protein via IHC in canine OS tissue. Survivin expression was
studied via immunohistochemistry in 67 primary canine osteosarcoma (OS) tissues from dogs
that underwent standardized staging, treatment and follow-up as part of a prospective clinical
trial. Images were taken at 400 magnification. Survivin immunoreactive complexes were
visualized with DAB substrate, hematoxylin counterstain. A: Negative control, normal canine
lymph node. B: Positive control, normal canine lymph node. C: Canine OS tissue with a low

survivin immunoreactivity score. D: Canine OS tissue with a high immunoreactivity score.

Survivin immunoreactivity score was based on a grade (0 = negative, 1 = weak, 2 = moderate, 3
= strong, 4 = intense) of the intensity of the stain multiplied by a grade (0 = 0%, 1 = 1-10%, 2 =

10-25%, 3 = 25-50%, 4 > 50%) of the percentage of cells stained. Median survivin
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immunoreactivity score was 5 (range, 0 to 12). Staining was predominantly nuclear, although a
combination of nuclear and cytoplasmic staining was observed in most samples. Survivin

immunoreactivity score correlated positively with both histologic grade and mitotic index (Figs.

4.2a and b).
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Figure 4.2: Survivin immunoreactivity correlates with grade and mitotic index in canine
osteosarcoma. A. Primary canine appendicular osteosarcomas of histologic grade 2 or 3 had
higher survivin immunoreactivity scores than did grade 1 tumors. Brackets = P<0.05. B. There
was a weak, but significant correlation between survivin immunoreactivity and mitotic index in

primary canine osteosarcomas.

The overall median DFI in the studied patient population was 211 days (range 43 — 1,393+
days). Upon univariate analysis, histologic grade (1/2 vs. 3), bone-specific alkaline phosphatase
(BALP) activity (= 48 vs. >48) and survivin immunoreactivity score (< 2.75 vs. >2.75) were

identified as significant predictors of DFI (Fig. 4.3, Table 4.2).
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Figure 4.3: Survivin immunoreactivity correlates with outcome in canine osteosarcoma. Canine
osteosarcoma patients treated with amputation and doxorubicin with high survivin
immunoreactivity scores (>2.75) had a significantly inferior disease-free interval on univariate
analysis. The survivin score of 2.75 was determined as the cutoff point through statistical

analysis of the data as previously detailed in the Methods.

Table 4.2: Univariate Analysis of Factors Associated with Outcome in Dogs with
Appendicular Osteosarcoma Treated with Amputation and Doxorubicin.

Univariate Analysis
Hazard Ratio | p-value 95% ClI Median Range
(Days) (Days)
Survivin score 0.512 0.0460 0.26-0.98
<2.75 331 43-1116
>2.75 173 45 - 1393+
BALP 0.393 0.0032 0.21-0.75
<48 239 43 - 1393+
>48 148 45— 878+
Histologic Grade 0.487 0.0316 0.25-0.96
1/2 231 43 - 1393+
3 153 70- 486
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The median DFI in patients with a lower survivin immunoreactivity score (< 2.75) was 331 days

versus 173 days in patients with a higher survivin immunoreactivity score (>2.75) (p = 0.046).

As observed in the original clinical trial (9), drug assignment did not impact DFI. Upon

multivariate analysis, BALP and histologic grade retained prognostic significance (Table 4.3).

Table 4.3: Multivariate Analysis of Factors Associated
with Outcome in Dogs with Appendicular OS Treated
with Amputation and Doxorubicin.

Multivariate Analysis

Hazard Ratio | p-value | 95% ClI
BALP 0.272 0.0052 0.11-0.69
<48
>48
Histologic Grade 0.275 0.0088 0.11-0.72
1/2
3

Survivin immunoreactivity was not identified as an independent significant predictor of DFI in the
multivariate analysis, owing in large part to the strong positive correlation between survivin

immunoreactivity and histologic grade.

Discussion

To assess the utility of canine OS as a potential model for survivin-directed therapeultics,
we sought to determine the prognostic significance of survivin expression in primary canine OS
treatment with surgery and chemotherapy. To our knowledge, the effects of survivin expression

in canine OS have been previously unknown and unreported.
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Elevated survivin protein immunoreactivity in canine OS tissue samples correlated with
increased histologic grade and mitotic index as well as decreased DFI upon univariate analysis.
Survivin immunoreactivity lost prognostic significance upon multivariate analysis owing to a strong
correlation between survivin score and histologic grade. The correlation of increased survivin
protein immunoreactivity to increased mitotic index is not surprising considering our in vitro
findings that survivin inhibition caused failure of mitosis and cytokinesis and survivin’s known roles

in mitosis and the cell cycle (13).

Our results in canine OS are comparable with the limited information regarding survivin
expression and outcome in human OS. One group has reported that nuclear localization of
survivin correlated with a positive outcome, but did not report whether overall survivin expression
had an impact on DFI or survival (4). Perhaps lack of survivin in the cytoplasm indicates limited
functionality in cell cycle regulation, and lack of evasion of apoptosis. In our own patient samples,
most had both cytoplasmic and nuclear survivin although we did not distinguish between the two.
Another group associated survivin expression with histologic grade, differentiation and
proliferation index (5). Most recently, high survivin mRNA expression has been correlated with

both presence of metastasis and overall survival (6).

Inhibition of survivin with other modalities has further demonstrated that survivin is a viable
target. YM155, as mentioned previously, targets survivin at the genetic level, and is currently in
phase Il clinical trials in human cancer. Its success as a single agent in melanoma, non-small
cell lung cancer (14, 15), and prostate cancer (16) demonstrate the potential of therapies targeting
survivin. Studies in combination with chemotherapy are ongoing. EZN-3042, the antisense
oligonucleotide utilized in these in vivo experiments, is capable of inhibiting survivin expression
and tumor growth in vivo (17) and improves chemotherapeutic response in vitro (18). EZN-3042

is currently in phase | clinical trials in human cancer. Survivin is also being considered as an
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immunotherapy target (19, 20). Phase | and phase Il clinical trials of survivin-targeted vaccines

are currently under way.

In conclusion, we have demonstrated that elevated survivin expression in canine OS
tissue correlates with increased histologic grade, increased mitotic index and decreased DFI.
These findings are consistent with those in human OS, and indicate that survivin may be a viable
therapeutic target for evaluation in canine OS as a preclinical model for human OS. There
remains substantial room for improvement in the medical therapy for OS, and canine OS may

provide a novel translational model for the investigation of survivin-directed therapeutics.
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CHAPTER FIVE

General Conclusions

This dissertation explored the effects of survivin inhibition in canine lymphoma and
osteosarcoma. Both canine LSA and OS have poor long-term prognoses and short survival
times. Survivin is up-regulated in both malignancies and correlates with a worse prognosis (1,
2). Therefore, Inhibition of survivin may represent a new treatment option and ultimately
improve outcome in dogs with these diseases. Human LSA and OS also have up-regulated
levels of survivin, also correlating with a poor prognosis (3, 4). Based on the results of this
research, survivin inhibition may indeed be a beneficial treatment option in canine medicine,

with translational relevance to human cancer.

In Chapter #2 we demonstrated that transient survivin knockdown via siRNA in canine
OS cell lines resulted in decreased total and viable cell numbers, increased apoptosis and
mitotic arrest, and enhanced sensitivity to carboplatin and doxorubicin. These findings are
consistent with those in human OS, and further support canine OS as a preclinical model for the
human disease. Based on our findings in this chapter we were encouraged to move forward, to
look for more clinically applicable survivin-directed treatment options, and to evaluate survivin

expression in canine OS tissue with respect to patient outcome.

In Chapter #3 we demonstrated that survivin inhibition via EZN-3042 (a locked nucleic
acid anti-sense oligonucleotide molecule) in canine OS and LSA cell lines resulted in decreased
total and viable cell numbers, increased growth inhibition and apoptosis, and enhanced sensitivity
to doxorubicin. Furthermore, EZN-3042 treatment in vivo resulted in decreased survivin

expression in xenografted canine OS tumors, and reduced tumor growth when EZN-3042 was
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combined with doxorubicin. These findings are also consistent with those in human OS and LSA,

and indicate that survivin may be a viable therapeutic target for further evaluation in both diseases.

In Chapter #4 we looked at survivin expression in archived canine OS tissue samples. As
had been similarly demonstrated in canine LSA (1), we found that elevated survivin expression in
canine OS tissue correlated with increased histologic grade, increased mitotic index and
decreased disease free interval. Currently, the outlook for most patients with canine OS is very
grim, however, knowing which patients have a worse prognosis will help us give owners a better
understanding of outlook, so they can make informed decisions about how to proceed, and if

treatment is a viable option for their pet.

This dissertation has accomplished its purpose. The effects of survivin inhibition in
canine LSA and OS were determined with consideration of relevance to the human forms of
these diseases. By inhibiting survivin in vitro in canine OS, we decreased total and viable cell
numbers, increased apoptosis and mitotic arrest, and enhanced sensitivity to carboplatin and
doxorubicin. By inhibiting survivin in vitro in canine LSA, we decreased total and viable cell
numbers, increased growth inhibition and apoptosis, and enhanced sensitivity to doxorubicin.
Additionally, we inhibited survivin in vivo in canine OS mouse xenografts, and reduced tumor
growth in EZN-3042 and doxorubicin combination treatments. We also demonstrated that
elevated survivin expression in canine OS tissue correlates with increased histologic grade,
increased mitotic index and decreased disease free interval. Survivin inhibition could be a novel

therapeutic for improving outcome in both canine and human OS and LSA.
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Future Directions

This dissertation demonstrates that survivin is involved in cell cycle progression, inhibition
of apoptosis, and chemotherapy resistance in canine LSA and OS, which has been confirmed in
other cancer types (7-10). In still other research, survivin has been found to enhance telomerase
activity via up-regulation of specificity protein 1- (Sp1) and c-Myc-mediated human telomerase
reverse transcriptase (hTERT) gene transcription (11), increase radiation therapy resistance (12-
14), and have additional roles in tumorigenesis (15-17), invasion (18), and metastasis (19-21).
These functions of survivin were not looked at in this dissertation, and could be further described

in canine LSA and OS, with respect to the EZN-3042 drug or other survivin inhibitors.

When nude mice were treated with EZN-3042 they suffered severe weight loss,
presumably due to off target effects, or due to mouse survivin being partially targeted. The exact
mechanism for the weight loss remains unidentified. It would be interesting to find out what was
being targeted in those mice, to understand why they suffered such severe weight loss.
Additionally treating mice with an oligonucleotide drug that specifically targets their survivin might
be useful in determining definitive side effects of survivin inhibition. In clinical trials survivin
inhibitors are used in combination with other drugs so it can be difficult to determine which drug
is causing which reaction. Collecting blood & tissues from mice treated with survivin inhibitors
specific to the mouse and analyzing them for survivin expression, drug levels and tissue damage
would give us a starting point to extrapolate from with regards to dogs and people. A Ki-67 stain
on rapidly growing tissues like the gastrointestinal (Gl) tract and skin would be a useful indicator
of cell proliferation, and whether or not survivin inhibition is severely affecting those tissues.
Evaluating the crypts in the small intestine would be an additional method of analysis to determine
the effects of survivin inhibition in the Gl tract, and whether or not it is severe enough to cause

weight loss due to decreased absorbance.
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Currently a phase-l clinical investigation of EZN-3042 is underway in canine LSA patients.
These dogs only receive 3 infusions of EZN-3042 over the course of 7 days. Unfortunately, such
a short time frame does not allow us to determine if dogs experience the same severe weight loss
as seen in the mouse studies. No studies have yet been conducted with survivin inhibitors in

canine OS.

In human phase 1, open-label, dose-escalation study of EZN-3042 in adult patients with
advanced solid tumors or lymphoma, single agent EZN-3042 caused at least one treatment-
emergent adverse event (AE) in all 24 patients who received it. The most common AEs were
fatigue (46%), tumor pain and increased AST (aspartate) (42% each), increased ALT (alanine
aminotransferase) (38%), anorexia (29%), and diarrhea, nausea, and rash (21% each). Patients
received weekly doses of 2.5-8 mg/kg EZN-3042 until progressive disease or unacceptable
toxicity. Weight loss as a side effect was not mentioned. The best response for single-agent
treatment was stable disease in 5 of the 24 patients, including one patient with thymic carcinoma
treated for 16 weeks. The best response for EZN-3042 combined with docetaxel was a confirmed
partial response in a patient with prostate cancer, treated for 27 weeks (22). In a phase | study
of EZN-3042 administered in combination with chemotherapy in six children with relapsed acute
lymphoblastic leukemia, two dose-limiting toxicities were observed. One patient developed a
grade 3 (5)-glutamyl transferase elevation and another had a grade 3 gastrointestinal bleed. The
study was ended with the conclusion that the combination of EZN-3042 with, “intensive
reinduction chemotherapy” was not tolerable at doses that could consistently down-regulate

survivin (23).

EZN-3042 targets survivin at the mRNA level. However, there are some very promising
survivin inhibitors that target survivin in other ways. At the gene level, YM155 (sepantronium
bromide) induces disruption of ILF3/p54(nrb), a transcription factor complex that binds to the

survivin promoter and up-regulates survivin expression (24). YM155 has additional targets
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resulting in widespread DNA damage, furthering its effectiveness as an anti-cancer agent (25).
At the protein level, secondary protein modifications to survivin can be targeted. Acetylation and
phosphorylation, which control survivin subcellular localization and complex formation can be
disrupted. As previously mentioned, acetylation of survivin on lysine-129 by CBP results in
survivin binding to Stat3, inhibiting its oncogenic activity while preventing survivin from binding to
Crm1 which facilitates nuclear export of survivin (26). Deacetylation of survivin on lysine-129 by
HDACG6 (histone deacetylase 6) allows nuclear export of survivin so it can resume its anti-
apoptotic function (27). Up-regulation of CBP, or down-regulation of HDACG6 could target survivin
in this manner. Again, we know the phosphorylation of survivin by PLK1 (polo-like kinase 1) is
required for survivin to bind to and activate Aurora B in the chromosomal passenger complex,
which is required for correct spindle microtubule attachment in cell division (28). Recently we
have demonstrated in unpublished data that the pharmacologic inhibition of PLK1 may interfere

with survivin function as well.

Recall that survivin primarily functions in cell cycle progression and evasion of apoptosis
(29) (30, 31), with possible roles in metastasis, telomerase expression, and drug resistance (8-
11, 19-21). Investigations into combining survivin inhibition with drugs that have similar
preventative roles may demonstrate its ability to enhance the efficacy of such drugs. Survivin
inhibition could be also combined with drugs that target other hallmarks of cancer cells, such as
sustained angiogenesis, self-sufficiency in growth signals, and insensitivity to anti-growth signals
(32). Additionally, survivin inhibitors could be added into treatment regimens to potentially prevent

or prolong time to drug resistance, in cancers where developed resistance is a common problem.

There remains substantial room for improvement in the medical therapy for both human
and canine OS and LSA. Canine OS and LSA may provide a novel translational model for the
investigation of EZN-3042 and other survivin-directed therapeutics, as single agents and in

combination with other chemotherapy agents. If studies of survivin inhibitors in canine LSA and
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OS show promise, there will be a basis for more studies with survivin inhibitors in human LSA and

0Os.
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