
Effect of Proteasome Inhibitors on Canine Lymphoma Cell Response to 

CHOP Chemotherapy In Vitro 

by 

Nicholas Prevedel  

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Biomedical Sciences 

Guelph, Ontario, Canada 

© Nicholas Prevedel December, 2021 



ABSTRACT 

EFFECT OF PROTEASOME INHIBITORS ON CANINE LYMPHOMA CELL RESPONSE 

TO CHOP CHEMOTHERAPY 

 

 

Nicholas Prevedel 

University of Guelph, 2021

 

Advisors: 

Dr. Brenda Coomber 

Dr. Geoffrey Wood 

 

Canine lymphoma is commonly treated with CHOP chemotherapy. Proteasome inhibitors are 

employed with CHOP for the treatment of human hematological malignancies. The aim of this 

study was to determine the effect of proteasome inhibitors on canine B-cell lymphoma cell line 

(CLBL-1) cell viability, and to investigate whether proteasome inhibitors sensitize cells to 

CHOP agents. We hypothesized that proteasome inhibitors will reduce CLBL-1 viability and 

will be synergistic with CHOP compounds. CLBL-1 was sensitive to proteasome inhibition.  The 

IC50 of bortezomib was 15.1 nM and of ixazomib was 59.14 nM. Proteasome inhibitors plus 

doxorubicin had a synergistic effect on CLBL-1 viability, with vincristine there were different 

effects depending on the combination ratio, and there was an antagonistic effect with 4-HC 

(cyclophosphamide). These results have clinical utility, as proteasome inhibition could 

potentially be used with a synergizing CHOP compound to improve responsiveness to 

chemotherapy for canine lymphoma patients. 
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Chapter 1: Literature Review 
 

1.1  An Overview of Canine Lymphoma 

 

Lymphoma is one of the most common spontaneous cancers in dogs, accounting for 6-12% 

of diagnosed canine neoplasia1–4. The estimated incidence rate of canine lymphoma is 13-114 

cases per 100,000 dogs, which makes lymphoma the fifth most frequently diagnosed canine 

malignancy5–10.  Furthermore, lymphomas are the most prevalent blood-derived cancers in dogs 

accounting for approximately 90% of canine hematopoietic cancer diagnoses6. The severity of 

the disease is further emphasized by the fact that, along with its high prevalence among dogs, it 

is also associated with a poor prognosis, as dogs with lymphoma generally survive less than a 

year after receiving treatment7. Thus, there is a clear need to advance our understanding of the 

physiology behind canine lymphoma, and to develop novel approaches to improve the standard 

of care. This review focuses on the current literature surrounding the underpinnings of canine 

lymphoma and addresses the current treatment and emerging therapeutic options. 

 Lymphoma is a cancer of the lymphatic system and is characterised by the manifestation 

of malignant lymphocytes, which are white blood cells involved in the immune system. The 

lymphatic system collects and processes the interstitial fluid (lymph) that is found between cells 

in body tissues11. The lymphatic system and associated lymphocytes are directly involved in 

humoral and adaptive immunity and facilitate the organized cellular and chemical responses to 

pathogens and abnormal cells11.  Many types of lymphocytes exist but are generally either B-

cells, T-cells, or NK-cells11. B-cells mature in the bone marrow and have many different 

functions such as producing antibodies to bind to an antigen on the surface of a pathogen, which 

facilitates its destruction. T-cells mature in the thymus, and exist in a variety of forms, such as T 

helper cells, T cytotoxic cells, or regulatory T cells. T helper cells regulate the immune response 
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to intra and extracellular pathogens, and also play a role in humoral immunity by regulating B-

cell development11. Cytotoxic T-cells identify and destroy cells that are foreign and harmful, and 

regulatory T-cells suppress immune responses11. NK-cells are efficient cell killers and attack a 

variety of abnormal cells, including some tumor cells and some cells infected with viruses11. 

Lymphoma occurs from the pathologic clonal expansion of B- or T-cells11. While B-cell 

lymphoma is more common, T-cell lymphoma is associated with a poorer prognosis in humans 

and in dogs9,12,13.  

Transformation of lymphocytes to a malignant phenotype can affect corresponding 

lymphatic organs such as the bo3ne marrow, thymus and spleen, but most commonly affects the 

lymph nodes1. In dogs, the most prevalent type of lymphoma is the multicentric form that affects 

multiple peripheral lymph nodes, however several types of lymphoma exist beyond lymphoid 

organ involvement, such as mediastinal, abdominal, cutaneous, ocular, pulmonary, and central 

nervous system lymphoma14. These extranodal forms of lymphoma, albeit rare, have a poorer 

prognosis than the multicentric form14. However, multicentric lymphoma represents 83% of 

canine lymphoma diagnoses10,14. Canine lymphoma is generally classified as either high-grade or 

low-grade disease15. Grade refers to the appearance and aggressiveness of the cells within the 

tumour15. Low-grade canine lymphoma is characterized cytologically by a relatively  

homogeneous population of small, differentiated lymphocytes and is generally indolent and less 

aggressive15. High-grade lymphoma is characterized by a uniform morphology of large immature 

lymphoblasts15. High-grade disease is aggressive and progresses quickly, and is associated with a 

poorer prognosis, however it typically has a better response to chemotherapy than low-grade 

disease15. Staging of lymphoma, as distinguished from grade, is determined by the affected areas 
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within the body. Staging of canine multicentric lymphoma as designated by the World Health 

Organization (WHO)14, is as follows: 

Stage I includes single lymphatic organ/node involvement,  

Stage II is characterized by involvement of multiple regional lymph nodes,  

Stage III has generalized lymph node involvement,  

Stage IV includes that of a Stage III diagnoses with liver or spleen involvement, 

Stage V has blood, bone marrow and other organ involvement along with the 

signs of Stage I-IV.  

 

Dogs with lymphoma commonly present with clinical signs of generalized or localized 

lymphadenomegaly, which is the enlargement of lymph nodes. Additional symptoms include 

lethargy, weight loss, anorexia and vomiting10. Most dogs are diagnosed with high-grade, stage 

III-IV multicentric lymphoma15. Canine lymphoma tumor samples are taken by fine needle 

aspirate or biopsy and are assessed by flow cytometry or PCR for antigen receptor rearrangement 

(PARR) and immunohistochemistry for diagnosis10,16. Canine lymphoma tumour samples are 

most commonly taken from the lymph nodes, however it can also be diagnosed from samples 

obtained from the blood, skin, spleen and liver2.  

In a study that used a Swiss canine cancer registry to determine the influence of age, 

body size, sex and neutering status on tumor incidence and outcome, male and neutered dogs 

displayed an increased susceptibility to canine lymphoma2. The lower incidence rates in females 

with lymphoma are consistent with that of humans17. Canine lymphoma most commonly occurs 

in middle-aged and older dogs with a mean age of 6-9 years old2,8. It appears that size, sex and 

neutering status is not associated with survival outcome2,15. However, age is negatively 

associated with progression free survival time2,8.  
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While all breeds can be affected, certain dog breeds present a significantly increased risk 

to develop lymphoma when compared to the average risk of all dogs7. There appears to be an 

overrepresentation of middle-size to larger breeds in developing the disease, however, breed or 

size does not have an impact on survival15. There is an apparent overrepresentation of Berneise 

mountain dogs, Rottweilers, Terriers and Doberman breeds in lymphoma development2,18,19 .  It 

is also important to note that specific breeds appear to have predispositions to develop different 

subtypes of lymphoma, for example, Boxers and Labradors appear to develop high-grade T cell 

lymphoma more frequently, while the Rottweiler was found to be more predisposed to B-cell 

lymphoma19. The overrepresentation of larger breeds and the apparent tendency of certain breeds 

to develop specific immunophenotypes of lymphoma may be reflective of genetic susceptibility.  

 
1.1.1 Classification of Canine Lymphoma Subtypes 

 

Lymphoma is a generic term that is representative of a heterogeneous disease. Identifying 

lymphoma is relatively simple through basic cytological approaches such as flow cytometry or 

PARR, however the complexity in the disease can be attributed to the different subtypes that 

exist20. Different types of lymphoma are associated with diverse prognoses, and are characterized 

based on a combination of factors including anatomic location, immunophenotype, 

histopathological appearance, mitotic rate, morphology and the stage of differentiation15.   

The most contemporary classification system of the different subtypes of canine 

lymphoma is adopted from the WHO which includes approximately 30 subtypes15,21. This 

classification system was intended for human lymphomas, however a study by Vali et al. showed 

an overall consensus rate of 83% agreement on the diagnoses of 300 different canine biopsies, 

among 20 pathologists using the current WHO system of classification22. The implication of this 

research highlights the effectiveness of this classification system and emphasizes the parallels 
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between human and canine lymphoma in terms of the aforementioned classification 

characteristics. The WHO system of morphological diagnosis is contingent on the following five 

parameters: 1. neoplastic growth pattern, 2. nuclear to cytoplasmic ratio, 3. nuclear morphology, 

4. mitotic index, and 5. immunophenotype21. 

B-cell lymphoma is the most common immunophenotype in dogs, representing from 63-

80% of canine lymphoma diagnoses12,23. Of the canine B-cell lymphomas, diffuse large B-cell 

lymphoma (DLBCL) is the most frequently diagnosed subtype, accounting for 52% of all 

lymphomas 12,23,24. This is consistent with findings in humans25. In addition, 70% of canine B-

cell lymphomas are DLBCL12. Other subtypes include peripheral T-cell lymphoma, follicular 

lymphoma, mantle cell lymphoma, Burkitts lymphoma, nodal marginal zone lymphoma, and T-

zone lymphoma12. Of these less common subtypes, peripheral T-cell lymphoma has the worst 

prognosis, with an approximate survival time of only 6 months after chemotherapy treatment1.  

 

1.1.2 Diffuse Large B-Cell Lymphoma 

 

DLBCL is histologically characterized by a diffuse proliferation of large neoplastic B-

lymphocytes with large round nuclei, and a high mitotic index21. Dogs with DLBCL commonly 

present with lymphadenopathy20.  Immunophenotypically, DLBCL distinctively test positive for 

the following surface antigens: cluster of differentiation (CD)20, 21, 45, 79a, Pax5 and major 

histocompatibility complex (MHC) II1. These surface antigens are essentially the barcode that 

distinguishes DLBCL from other neoplastic lymphocytes. Furthermore, gene expression 

profiling identified two molecular subtypes of canine DLBCL, based on differential cell of 

origin, that is also seen in humans: activated B-cell (ABC) and germinal center B-cell (GCB)26. 

In dogs and humans, an ABC lymphoma is associated with a poorer prognosis than GCB26,27.   
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 It is imperative to understand the intracellular mechanisms that are frequently disturbed 

in DLBCL to be able to effectively treat it.  Much of the literature surrounding the molecular 

etiology of canine DLBCL involves constitutive activation of canonical nuclear factor κ-light-

chain-enhancer of activated B cells (NF- κB) signalling28–30. In healthy cells, NF-κB is usually 

tightly regulated, and is commonly maintained in the cytosol with its inhibitor IκB (Inhibitor of 

NF- κB). With appropriate pro-proliferative and inflammatory stimuli, an IκB kinase complex 

(IKK) phosphorylates IκB, resulting in targeted ubiquitination and subsequent proteasomal 

degradation of IκB. This allows NF-κB dimers to translocate to the nucleus and initiate 

transcription of proliferative and anti-apoptotic genes31. Dysregulation of this pathway is 

particularly apparent in canine and human ABC DLBCL32.  Constitutive activation of NF-κB, 

leads to uncontrolled proliferation and a decrease in apoptosis, which are hallmarks of cancer.  

Comparative transcriptome analysis using DNA microarray technology by Richards et al. 

identified genes that were common and prognostically significant in human and canine DLBCL, 

and found that genes involved in NF-κB signalling (i.e. Bcl-2) and B-cell lineage were the most 

prominent26. Differential gene expression in canine DLBCL compared with normal canine lymph 

nodes further revealed an increase for genes NF-κB signaling pathway28. As a result of copy 

number aberrations, MYC oncogene overexpression is also observed in both human and canine 

DLBCL33,34. Mutations in tumour suppressor protein p53, which plays an important role in cell 

cycle arrest, DNA damage response and apoptosis, have been shown to be involved in human 

and canine lymphoma33,35,36.   It has additionally been elucidated that recurrent mutations in 

canine DLBCL appear in genes and pathways relating to chromatin modification, NF-κB, 

phosphoinositide 3- kinase (PI3), and WNT signalling29. There is limited research on WNT 

signalling in canine lymphoma, however this pathway has been shown to be involved in human 
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and canine tumour progression, metastasis and angiogenesis37. Furthermore, PI3 kinase 

inhibitors are currently undergoing clinical trials to treat canine lymphoma38.  It is evident that 

heterogeneity exists in DLBCL tumour initiation and development, however there appears to be 

consistency with the dysregulation of NF-κB being frequently observed in DLBCL, making this 

pathway a promising therapeutic target. This is further supported by the administration of an 

IKK inhibitor peptide designed to block NF-kB signalling resulting in induced apoptosis of 

primary canine malignant B-cells in vitro30. 

 

1.2 Treating Canine Diffuse Large B-Cell Lymphoma 

 

Given that canine lymphoma is a systemic disease, chemotherapy is the treatment modality 

of choice. Without treatment, dogs diagnosed with high-grade lymphoma typically survive less 

than 6 weeks7. This survival time is increased to 10-14 months with intervention from the current 

standard of care which is a sequential CHOP chemotherapy7. CHOP is a doxorubicin based 

multi-agent chemotherapy protocol that consists of four cytotoxic agents: cyclophosphamide, 

hydroxydaunorubicin (hereafter referred to as doxorubicin), vincristine (Oncovin™), and 

prednisone. Lymphoma cells are generally chemosensitive to CHOP cytotoxic agents in vitro39. 

Canine DLBCL is highly responsive to treatment with CHOP, as illustrated by an overall 

response rate of over 80%40. Despite this, treatment for canine lymphoma is palliative, as dogs 

with lymphoma succumb to the disease within a year of treatment on average, and the disease 

generally progresses after 6 months of achieving clinical remission40,41. Only 25% of canine 

DLBCL patients will experience remissions longer than 2 years40. 

 The administration of the standard of care for first line treatment of canine DLBCL is 

achieved through a 19-week CHOP protocol highlighted in Table A1 (Appendix 1)42. Complete 
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blood count and physical examination is performed prior to each chemotherapy administration, 

and as a result the duration of the chemotherapy protocol, and the applied doses, are case 

specific42. A 15-week CHOP protocol consisting of tandem administration of cyclophosphamide 

and vincristine has also been investigated, however overall survival and progression free period 

were found to be inferior than what was observed with the 19-week protocol, and co-

administration of vincristine and cyclophosphamide was associated with increased toxicities43.  

 

1.2.1 CHOP Chemotherapy 

 

Cyclophosphamide 

Cyclophosphamide is a cytotoxic chemotherapy drug used to treat many cancer types, 

including lymphoma, multiple myeloma, leukemia, ovarian cancer, breast cancer, and lung 

cancer44. It is typically administered orally or by intravenous injection, with both routes of 

administration having comparable treatment success in human and dogs44,45.  Cyclophosphamide 

is a prodrug and must undergo activation by the liver to form 4-hydroxycyclophosphamide (4-

HC) before exerting a cytotoxic effect46,47. This biotransformation occurs in the liver by the 

cytochrome P450 system46,47. 4-HC exists in equilibrium with its tautomer, aldophosphamide, 

which is either oxidized by aldehyde dehydrogenase enzymes to make 

carbocycyclophosphamide, or it diffuses into cells where it is decomposed into acrolein and 

phosphoramide mustard44. The latter is the cytotoxic metabolite, resulting in cross-linkage of 

DNA and RNA, particularly at guanine sites44. This cross-linkage exerts its cytotoxic effects to 

cancer cells by interfering with DNA replication and RNA synthesis53. Cyclophosphamide is not 

cell cycle phase-specific and interferes with cell-cycle progression and induces cell death at all 
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phases. Common side effects include bone marrow suppression, nausea, vomiting, diarhea 

cardiotoxicity, and hemorrhagic cystitis44. 

 

Doxorubicin  

Doxorubicin (adriamycin) is an anthracycline derived from the Streptomyces yeast. 

Doxorubicin is administered intravenously, and is commonly used to treat breast, lung, gastric, 

ovarian, lymphoma, myeloma, sarcoma and pediatric cancers48,49. The proposed mechanisms of 

action for causing cytotoxicity in cancer cells is by intercalating with DNA, disrupting 

topoisomerase-II-mediated DNA repair, and generating free radicals resulting in oxidative 

damage to cellular membranes, DNA and proteins50. Doxorubicin is considered cell-cycle 

dependent and inhibits cell proliferation through inducing cell cycle arrest at the G2/M phase of 

the cell cycle, and also induces apoptosis at the S and G0-G1 phase through Fas expression and 

caspase activation, as shown in murine lymphocytes51,52. Doxorubicin is the most potent 

cytotoxic agent in CHOP and in many other chemotherapy protocols. Combination therapies 

without doxorubicin, such as administration of cyclophosphamide, vincristine and prednisone 

alone to dogs with lymphoma, had significantly reduced median survival times and remission 

duration compared to when doxorubicin was included40,53,54. Treatment with doxorubicin 

can cause adverse events such as immediate histamine-mediated hypersensitivity reactions like 

dyspnea or vomiting. It is also associated with cumulative cardiotoxicity such as heart murmurs 

or arrhythmias 55.  
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Vincristine (Oncovin™)  

 Vincristine is a vinca alkaloid, which are organic compounds derived from the periwinkle 

plant Catharanthus roseus.  It is exclusively administered intravenously and is used to treat 

leukemia, lymphoma, multiple myeloma, lung cancer, and neuroblastoma among others56. Its 

mechanism of action is through the inhibition of microtubule formation by binding to tubulin 

thereby preventing tubulin dimers from polymerizing into microtubules, and at high 

concentrations it is associated with microtubule depolymerizations56. Cancers typically have an 

overactive cell cycle, and microtubules play an essential role in cell division by their 

involvement in chromatin segregation during cytokinesis. Thus, prevention of microtubule 

polymerization by vincristine causes mitotic arrest in cancer cells, and this occurs in metaphase 

though the disruption of the mitotic spindle assembly. Vincristine generally elicits more of a 

cytostatic rather than cytotoxic effect in cancer cells 57. Vincristine is cell-cycle specific and 

elicits its effects at the M and G1 phase of the cell cycle56. Cells in G1 phase are susceptible to 

apoptosis directly, whereas cells that have passed a microtubule sensitivity checkpoint in late 

G1/early S phase continue to cycle and undergo M phase arrest and cell death57. Cells treated 

with vincristine may die in mitosis or exit mitosis without proper chromosome segregation, 

referred to as mitotic slippage57. After cells override mitotic arrest at metaphase, they may die in 

interphase, or arrest and survive, or resume cycling57. Cells that have achieved mitotic slippage 

may undergo apoptosis, remain in a senescence like state, or continue to divide with abnormal 

genome content due to an abnormal mitosis57. Chromosomal instability in cycling aneuploid 

cells may lead to heterogenic cancer cell populations57. Vincristine is associated with toxicities 

such as peripheral neuropathy, neutropenia, nausea, vomiting, diarrhea, and dizziness56. 
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Prednisone 

Prednisone is an inexpensive corticosteroid that is routinely used in the treatment of 

many autoimmune diseases, inflammatory conditions, and a variety of benign and malignant 

diseases58. Prednisone has an effective anti-cancer action when combined with chemotherapy but 

is also used for mitigating cancer-related nausea, pain, anorexia, and other chemotherapy-related 

side effects58. Corticosteroids have been shown to cause lymphoid tumour regression in murine 

models59. In lymphoma the administration of prednisone is useful due to its non-overlapping 

toxicity, and its ability to induce apoptosis in lymphocytes. It is postulated that prednisone 

affects proliferation and apoptosis in malignant cells through binding to glucocorticoid receptors, 

which mediate pro-apoptotic signalling60. Common adverse effects after prednisone treatment 

include weight gain, immunosuppression, and osteoporosis58.  

 

1.2.3 Alternative Treatments for Canine Lymphoma 

 

While CHOP is the most frequently employed treatment for canine DLBCL, other 

treatment methods exist and are effective. Neoplastic lymphoid cells are radiosensitive, and 

radiotherapy can be used as a monotherapy, and an adjuvant therapy along with surgery or 

chemotherapy to treat lymphoma61. Since lymphoma is usually systemic, radiotherapy is a 

limited approach, however it has been used as a rescue therapy in dogs with drug resistant 

multicentric lymphoma1. Half-body radiation in conjunction with CHOP chemotherapy has been 

demonstrated as a safe and efficacious in the treatment of DLBCL62. Alternatively, 

immunotherapy, which functions as a vaccine that creates cytotoxic T-cells that target cancerous 

cells, have been shown to confer a survival benefit in dogs when combined to the standard 

CHOP compared to CHOP alone63.   
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Monotherapies for first-line treatment of canine lymphoma have also been described, 

including prednisone, and doxorubicin as single-agents64,65. Treatment with prednisone alone 

was inferior in inducing complete remission than combination therapy with sequential 

administration of COP (cyclophosphamide, vincristine [Oncovin™], and prednisone)64. 

Treatment with single-agent doxorubicin has been shown to have similar efficacy to combination 

COP therapy for the treatment of canine lymphoma65. In circumstances where CHOP is 

insufficient, or in the presence of drug resistance, rescue protocols sometimes include 

chemotherapy drugs such as lomustine, cytosine arabinoside, methotrexate, procarbazine, 

melphan, or mechlorethamine1. While reasons behind tumour progression are multi-faceted, 

tumour relapse and chemotherapy desensitization in human, murine and canine models of 

lymphoma have been associated with clonal expansion or enrichment of cancer stem cell 

populations, making these cancer stem cell populations a promising therapeutic target66,67.  

 

Human DLBCL is also treated with CHOP chemotherapy. It is important to note that 

each of the CHOP drugs in human DLBCL are usually double the dose administered to canine 

patients68. Furthermore, CHOP for human DLBCL, unlike the canine counterpart, is not 

administered sequentially. Each of the CHOP agents in treatment of human DLBCL is given on 

the first day of each 21-day cycle, apart from prednisone which is administered on days 1-5 only. 

Patients on average undergo 6-8 cycles of this treatment. In human DLBCL, the standard of care 

is R-CHOP, which contains rituximab, an chimeric anti-CD20 antibody capable of inducing 

apoptosis in malignant B-cells68–70. The addition of rituximab has been associated with an 

improved progression and survival time in human patients with DLBCL68.  
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A canine-compatible anti-CD20 antibody is currently unavailable to veterinary patients, 

however canine specific anti-CD20 monoclonal antibodies are currently under clinical 

investigation71.  Alternatively,  in veterinary CHOP protocols, there is additional use of L-

asparaginase in combination with CHOP, an enzyme derived from Escherichia coli, which 

prevents protein synthesis in all cells by causing the depletion of extracellular asparagine, an 

amino acid that is an essential building block for proteins, and is particularly required in high 

abundance in cancer cells72. L-asparaginase is the most expensive drug in the CHOP based 

protocols, and given the palliative, rather than curative, nature of CHOP in treating lymphoma, 

L-asparaginase is not frequently employed. Dogs that received L-asparaginase in combination 

with doxorubicin, vincristine and prednisone had progression free survival times that were 

significantly longer than those that received traditional CHOP, however the extent of therapeutic 

benefit derived from the addition of L-asparaginase is unclear72,73.   

 

Given the poor survival outcome in canine lymphoma after treatment with CHOP, it is 

beneficial to identify new therapies that could confer a survival benefit to dogs treated with the 

current standard of care. One treatment that has shown promise in human hematological 

neoplasia, and could be beneficial for canine lymphoma, is the proteasome inhibitor bortezomib. 

Bortezomib inhibits the 26S proteasome, which is an important regulator of intracellular 

proteins, including p53, NF-kB inhibitor IkB, and cyclin-dependent kinase inhibitors74,75. Given 

the consistency in NF-kB constitutive activation in human and canine DLBCL, this pathway is 

an attractive therapeutic target. Bortezomib has been shown to target this signalling pathway, 

inhibiting NF-kB nuclear translocation and trascription76. Furthermore, because of this 

mechanism, bortezomib was shown to induce apoptosis in human hematological tumour cells 

that constitutively express NF-kB77,78. Bortezomib was initially approved by the Food and Drug 
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Administration (FDA) due to its ability to improve the response rate and overall survival in 

newly diagnosed and relapsed/refractory patients with multiple myeloma78,79. Studies in human 

multiple myeloma and mantle cell lymphoma have shown that patients with tumours that have 

activated NF-kB respond more favourably to treatment with bortezomib80. These findings 

provide a rationale for using bortezomib in tumors that constitutively express NF-kB, including 

canine DLBCL.   

1.3 The Ubiquitin-Proteasome System (UPS)  

 

The balance and regulation of cellular proteins is essential for maintaining the overall 

health and function of all eukaryotic cells.  The UPS is an important mechanism in which this 

proteostasis is achieved. The significance of the UPS in eukaryotic physiology is reflected by its 

high conservation across species81. This system is responsible for proteolytic degradation of 

intracellular proteins in the cytosol and nucleus of all eukaryotic cells. Through this mechanism, 

over 80% of cytosolic and nuclear proteins are degraded82–84. Due to its role in altering the 

concentration of a variety of different intracellular protein targets, the UPS is involved in a 

myriad of vital cellular processes such as cell cycle progression, signal transduction, cell death, 

immune response, DNA repair, biogenesis of organelles, response to stress, protein quality 

control, and cell differentiation75,85,86. The involvement of the UPS in these basic homeostatic 

processes makes for an attractive therapeutic target for diseases, such as cancer, in which these 

systems have gone awry.  

The mechanism in which the UPS operates, albeit highly complex, can be simplified into 

two distinct components: initiation of protein degradation via post-translational protein 

modification by ubiquitin and corresponding enzymes (Figure 1 A), and enzymatic and 

mechanical protein degradation through the integration of the target protein within the 26S 
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Figure 1. Overview of the process underlying the ubiquitination of target protein, and subsequent 

proteolysis by the 26S proteasome. 

 

proteasome (Figure 1 B). An overview of the proteasomal degradation pathway is highlighted in  

Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A)1. A ubiquitin-activating enzyme (E1) activates and binds free ubiquitin (Ub) through ATP 

hydrolysis 2. The activated Ub molecule is then transferred to a Ub-conjugating enzyme (E2). 3. 

A Ub-ligase enzyme (E3) binds to the Ub-E2 complex. 4. The E3-E2-Ub complex localizes to 

the target protein 5. E3 directly or indirectly facilitates the transfer of Ub from E2 to the target 

protein, steps 1-6 are repeated multiple times until the target protein is polyubiquitinated. B) 6. 

The polyubiquitin chain is recognized by the 19S cap of the proteasome where it then linearizes 

the target protein and passes the polypeptide into the catalytic core. Deubiquitinating enzymes 

(DUB) simultaneously remove the Ub molecules from the protein, leaving behind free Ub to be 

recycled. 7. The target protein is degraded by the 26S proteasome resulting in short peptides and 

free amino acids which can be reused by the cell. Modified from Ciechanover et al86.  
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Initiation 

 

UPS-mediated protein degradation is initiated by a sequential enzymatic cascade leading 

to the polyubiquitination of the target protein. Ubiquitin (Ub) is a protein composed of 76 amino 

acids and serves as a molecular marker that is covalently tagged onto residues on the protein 

substrates for degradation. Ubiquitin, as its name suggests, is ubiquitous throughout the cytosol 

and nucleus of all eukaryotic cells and it is highly conserved across species87. A longer chain of 

ubiquitin (more than 4 attached molecules) is the principle targeting marker for proteasome 

delivery88.  The more ubiquitin there is in the polyubiquitin chain, the higher the affinity for 

proteolytic destruction88. The end result of the initiation phase in the UPS is to bind ubiquitin to a 

lysine, serine, cysteine, or threonine residue on the target protein, and subsequently attach 

multiple ubiquitins to the primary moiety88.  Ubiquitin also has alternative roles within a cell, 

outside of tagging proteins for degradation89. Ubiquitination has been implicated in the non-

degradative regulation of a variety cellular processes, including signal transduction , enzymatic 

activation, endocytosis, chromatin rearrangement and DNA repair89. Monoubiquitin in particular 

has been shown to be a regulator of the location and activity of diverse cellular proteins89. 

Furthermore monoubiquitylation is involved in histone regulation and endocytosis89. The 

discovery of ubiquitin and the elucidation of its role in protein degradation earned the coveted 

Nobel Prize for Chemistry in 2004, which was awarded to Avram Hershko, Aaron Ciechanover, 

and Irwin Rose. 

First, a ubiquitin-activating enzyme (E1) hydrolyzes ATP and adenylates a ubiquitin 

molecule90.  This activated ubiquitin is then transferred to a cysteine residue on E1. The 

adenylated ubiquitin is then transferred to a cysteine residue of a ubiquitin-conjugating enzyme 

(E2). E2 independently, or in cooperation with a ubiquitin-ligase (E3), transfers the ubiquitin 
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molecule to a protein substrate91. E3, which can bind both a protein substrate and an E2-Ub 

conjugate, usually mediates this transfer of Ub on to the target protein92. The mono-ubiquitinated 

protein is then polyubiquitinated through repeated attachment of a Ub molecule to the lysine-48 

residue of each successive ubiquitin unit. The polyubiquitinated target protein is then recognized 

by the 26S proteasome where it is de-ubiquitinated and fractionated into small peptides86.  

Different combinations of E2 and E3 enzymes add a polyubiquitin chain to a target 

protein to provide selective tagging for degradation85.  Humans have two known E1s, over 40 

E2s, and over 600 E3s allowing for tremendous diversity in substrates91–93. This diversity of the 

E2 and E3 enzymes and the overlap in the manner they interact with each other, adds to the 

specificity of the UPS system to recognize, polyubiquitinate, and transport specific proteins to 

the proteasome for destruction85. E2 and E3 enzymes are responsible for target protein 

specificity, each E2 interacts with multiple E3s and each E3 targets several protein substrates 

depending on shared recognition motifs 85. Phosphorylation of a target protein often serves as a 

marker to E2 or E3 enzymes that triggers subsequent ubiquitination, in particular where 

ubiquitination leads to degradation89. 

 

1.3.1 Protein Degradation 

 

Once the target protein is polyubiquitinated, it is processed by the 26S proteasome into 

small peptide fragments85,86,94,95.  The 26S proteasome is a multiprotein complex consisting of a 

20S catalytic core which is associated with one or two 19S regulatory particles on its termini. 

The 19S regulatory particle recognizes ubiquitylated proteins, binds the polyubiquitin chain and 

cleaves it from the protein substrate, then unfolds and translocates the doomed protein into the 

interior of the 20S core85. Deubiquitinating (DUB) enzymes either attached to the 19S cap or free 
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Figure 2. Aerial view of the 20S core of the proteasome.  

in the cytosol cleave the ubiquitin molecules into monomers96. The protein is then denatured, 

linearized and threaded into the proteolytic core for destruction96,97.   

The 20S core is a hollow cylinder that contains proteases which break down polypeptides 

into smaller fractions. It is composed of four stacked rings, each consisting of seven distinct 

subunits (Figure 2) 98. The two outer rings (called 𝛼-rings) serve the purpose of maintaining 

structural integrity of the core, and allow the 20S core to complex with the 19S cap. Also, the 𝛼-

rings are responsible for maintaining a narrow channel to allow for solely denatured proteins to 

enter99.   The two inner rings (ß-rings) are where the proteasome gets its proteolytic activity as 

the ß1, ß2, and ß5 subunits are associated with caspase-like, trypsin-like, and chymotrypsin-like 

activities, respectively94,95. It is through this mechanism that the proteasome cleaves peptide 

bonds at the C-terminal side of acidic, basic, and hydrophobic amino acid residues, respectively. 

Destruction of proteins by the 26S proteasome generates free peptides ranging from 3 to 25 

amino acids in length94,95.  

 

 

 

 

 

 

 

 

The proteasome is composed of four layers of heptameric rings. The red circles are 𝛼 subunits 

and are primarily responsible for maintaining the structural integrity of the proteasome. The blue 

circles are ß subunits which have the catalytic component that is responsible for proteolysis. 

Modified from Lu et al100. 
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1.3.2 Targeting the UPS in Cancer therapy.  

 

Cancer cells are typically distinguished by aberrant and uncontrolled cell cycle 

progression or a distinct lack of apoptosis101. The UPS has a central role in cell cycle regulation 

as it mediates the intracellular concentrations of proteins that dictate cell cycle progression such 

as cyclins, cyclin dependent kinase inhibitor (CKIs) p27, p21, and retinoblastoma102. Cyclic 

expression and degradation of different cyclins and CKIs influence progression through the cell 

cycle and this coordination is maintained by members of the UPS. The UPS is also implicated in 

the regulation of key cell death proteins including caspases. For example inhibitors of apoptosis 

(IAP) family proteins are E3-ligases that inhibit caspases, apoptotic effector proteins, by UPS 

mediated degredation103. Caspase deficiency has been identified as a cause of tumour 

development, and this can be a result of dysregulated IAP proteins103.  The UPS also regulates 

gene expression of transcription factors that are frequently dysregulated in cancer such as NF-

kB, p53, c-Jun, and c-Myc102. Given the importance of the UPS in controlling and regulating 

these pathways that are perturbed in cancer, the UPS offers a promising opportunity as a 

therapeutic target for neoplasia. 

Inhibitors targeting different components of the UPS have been developed and have 

shown pre-clinical and clinical efficacy. For example, MLN4924 is a promising E1 inhibitor that 

is currently in clinical trials for the treatment of leukemia, lung cancer, mesothelioma, multiple 

myeloma, lymphoma, and melanoma104. Likewise, ubiquitin activating enzyme 1 (UBA1) is an 

E1 enzyme identified in humans, and inhibition of UBA1 has been shown to be cytotoxic to 

hematopoietic cancers in murine models105.  Additionally, inhibitors of E2-Ub conjugation has 

been shown to supress NF-kB signalling and has shown pre-clinical success in melanoma, B-cell 

lymphoma, neuroblastoma, and colorectal cancer106–108. Further, an E2 enzyme inhibitor of 
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UBC13 (ubiquitin conjugating enzyme 13) that regulates the NF-kB pathway, hinders the 

proliferation and survival of DLBCL cells in vitro106.  A variety of E3 enzyme inhibitors have 

been described and are antagonists of p53-targeting E3 enzymes, facilitating the activation of 

tumour suppressor p53. These compounds are currently in phase I and II trials for human solid 

tumours, and acute myeloid leukemia. The oncoprotein MDM2 is an E3 ligase that ubiquitinates 

p53 for degradation, and this seems to be the primary therapeutic target of current E3 enzyme 

inhibitors108–111. Antagonists of IAP have also been explored in phase I studies of lymphoma and 

advanced solid tumours in humans108. Targeting the UPS for cancer therapy is a relatively new 

area of research, and further exploration is required to discover successful candidates that are 

effective for cancer treatment. Given the complexity of the UPS, it appears that the multitude of 

constituents and the resulting UPS-mediated protein degradation cascade converges at the 

proteasome. Currently out of all the UPS-targeting drugs currently known, only inhibitors of the 

26S proteasome have been FDA approved for the treatment of human cancers.  

 

1.4 Proteasome inhibitors 

 

Elevated levels of the 26S proteasome and proteasome activity have been detected in 

various cancer types112,113.  In the context of canine cancers, research has shown a pronounced 

increase in serum 26S proteasome concentration in dogs with malignant tumours when compared 

to dogs without cancer114. It appears that high proteasome activity is integral for cancer cell 

survival as it is a by-product of the cancers need for rapid cyclin and CKI synthesis and 

degradation to facilitate cell cycle progression and also aids in protection against apoptosis 

pathways and eliminates damaged intracellular proteins to give cancer cells a survival 

advantage115. Thus, proteasome inhibition is a promising area of interest in cancer research. 

Proteasome inhibition has been shown to induce apoptosis in a wide range of cancer types and 
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cancer cells appear to be more sensitive to proteasome inhibition than normal cells116,117. 

Proteasome inhibitors are preferentially cytotoxic to rapidly proliferating cells118. Peptide 

aldehydes were the first class of proteasome inhibitors to be discovered, however these 

proteasome inhibitors were not very specific, and would inhibit non-proteasomal cellular 

proteases.  Peptide boronates, like bortezomib, have since been considered more effective119. 

This is a result of a slower dissociation rates, high specificity and increased compound 

stability119.  These inhibitors mainly effect the ß5 subunit, and thus the chymotrypsin-like 

activity of the 26S proteasome as ß1 and ß2 inhibition is not as effective. Currently, there are 

three proteasome inhibitor drugs that are FDA approved for treating human cancers: bortezomib, 

ixazomib and carfilzomib. 

 

1.4.1 Bortezomib 

 

Bortezomib is a dipeptidyl boronic acid that selectively inhibits the chymotrypsin-like 

activity of the proteasome by reversibly binding to its ß5 subunit (Figure 3). It is the first-in-

class selective and reversable inhibitor of the 26S proteasome120. Binding of bortezomib to the 

ß5 subunit has been shown to inhibit all proteasomal activity and leads to the accumulation of 

polyubiquitinated proteins in cancer cells120,121.   Bortezomib was approved in 2003 for human 

patients with relapsed multiple myeloma and was later approved as a first line treatment for use 

alone and alongside other chemotherapeutic agents in previously untreated multiple myeloma 

and mantle cell lymphoma patients78,79,122. Side effects of bortezomib included fever and fatigue, 

and also more severe side effects such as thrombocytopenia, peripheral neuropathy, 

myelosuppression, and cardiotoxicity78,79. This could be attributed to the accumulation of 
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Figure 3 Cross-sectional view of the bortezomib binding site in the catalytic chamber of 

the proteasome  

 

misfolded proteins in normal tissues123. Recent research has shown bortezomib also has off-

target effects on mitochondrial serine proteases, which is related to neuropathy107.  

  

 

 

 

 

 

 

 

 

 

 

Bortezomib interacts with a threonine residue on the chymotrypsin-like proteolytic ß5 subunit. 

The other proteolytic components, outlined in red are ß1 and ß2, which confer caspase-like and 

trypsin like proteolytic activity, respectively. Modified from Lu et al100. 

 

 

The proposed mechanisms in which cancer cells are targeted by bortezomib are 

multifaceted, and include reactive oxygen species induction, suppression of the unfolded protein 

response, accumulation of IkB, and stabilization of tumour suppressor proteins such as p21, p27 

and p53124. Bortezomib treatment and thereby inhibition of the proteasome lead to an increase of 

intracellular levels of p27, and p53, a decrease in nuclear NF-kB, accumulation of misfolded 

proteins, activation of c-Jun N-terminal kinase, and stabilization of CKIs in multiple myeloma 

cells in vitro121,124–126. In canine lymphoma, bortezomib has been shown to decrease the nuclear 

levels of NF-kB in canine lymphoma cell lines127. 
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As a monotherapy for multiple myeloma in humans, two phase II clinical trials showed 

improved complete or partial response rates in patients that previously had multiple attempts of 

failed chemotherapy and standard treatments. The remission times were improved by 4 months 

when these patients were treated with 1.3mg/m2 of bortezomib given intravenously on days 1, 4, 

8, and 11 in a 21 day cycle for up to  8 Cycles79,128.  For the treatment of mantle cell lymphoma, 

a phase III trial compared bortezomib + R-CHOP without vincristine to R-CHOP, and 

demonstrated a significantly improved progression free survival period and complete response 

rates122.  Bortezomib has additionally been shown to be able to be safely combined with CHOP 

for the treatment of aggressive, advanced stage T-cell lymphoma in humans129. Furthermore, it is 

currently approved for treatment of leukaemia and is undergoing clinical trials for prostate, skin, 

kidney, breast, colorectal, lung and ovarian cancer130–134.    

In the context of DLBCL, the addition of bortezomib to R-CHOP in human DLBCL was 

more effective than R-CHOP alone and was associated with higher response rates and improved 

survival times135,136. Further, bortezomib has been shown to improve progression free survival 

when added to R-CHOP in human patients with ABC DLBCL, but not for those with GCB137. 

Given the dependence of the ABC DLBCL subtype on NF-kB expression, this suggests that the 

mechanism in which bortezomib operates could be related to the inhibition of IkB degradation by 

the 26S proteasome.  

 

1.4.2 Carfilzomib 

 

Carfilzomib is a tetrapeptide epiketone, which is structurally different from dipeptide 

boronates such as bortezomib. This unique structure allows for a potent selective covalent bond 

with proteasome subunit ß5, inhibiting the chymotrypsin-like activity of the proteasome. In 
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higher concentrations it also inhibits trypsin-like activity conferred by the ß2 subunit. It differs 

from bortezomib by having a longer duration of proteasome inhibition as it is irreversible138. 

Carfilzomib also seems to confer a higher degree of selectivity in binding to proteasomal 

subunits than bortezomib, as bortezomib has been shown to inhibit other proteases leading to 

neurodegradation. As a result of this high selectivity and chemical stability it is associated with 

fewer side effects compared to bortezomib139.  Carfilzomib is the second proteasome inhibitor 

approved by the FDA in 2012 for the treatment of patients with multiple myeloma that are 

resistant to bortezomib treatment140.  Additionally, clinical trials are currently underway for its 

use in non-Hodgkin lymphoma, and kidney, prostate, lung, and ovarian cancer. A study on the 

efficacy of carfilzomib in human lymphoma cell lines and xenograft mouse models showed a 

therapeutic effect on relapsed or refractory mantle cell lymphoma, and low toxicity to normal 

lymphocytes141. The main caveat of carfilzomib use is that it does not dissolve well in water, and 

its adverse events are mild gastrointestinal disturbances and, uncommonly, cardiotoxicity. While 

carfilzomib has efficacy in previously untreated multiple myeloma, phase III clinical trials 

comparing carfilzomib and bortezomib found that bortezomib was more effective in treating this 

disease142. Little is known about the use of carfilzomib in lymphomas. Furthermore, currently 

there is no available literature on carfilzomib and canine cancers.  

 

1.4.3 Ixazomib 

 

Ixazomib is a boronic acid and is the first orally administered proteasome inhibitor that 

has been approved by the FDA. This approval was granted in 2015 for its use in combination 

with lenalidomide and dexamethasone for the treatment of relapsed or refractory multiple 

myeloma143. Like bortezomib and carfilzomib, ixazomib works by inhibiting the ß5 subunit of 

the proteasome. It is currently in clinical trials for lymphoma, advanced solid tumours, leukemia 
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and for front-line multiple myeloma107. The advantage of being orally administered has 

prompted researchers to determine its effectiveness in a variety of cancers including lymphoma. 

Common adverse effects seen in multiple myeloma patients who received ixazomib include 

diarrhea, constipation, thrombocytopenia, peripheral neuropathy and nausea143. In vitro and in 

vivo studies have shown that ixazomib induces an inhibition of proliferation and tumour growth 

and metastasis in murine models of osteosarcoma144. Additionally, ixazomib has been shown to 

kill primary DLBCL cells in vitro and suppresses tumour growth of xenotransplant mouse 

models of DLBCL and is associated with low toxicity145. Furthermore, ixazomib has been shown 

to induce DNA damage and apoptosis in DLBCL cells145. These findings show therapeutic 

promise in the use of ixazomib for treatment of DLBCL. However, there are currently no studies 

that have investigated the effects of ixazomib on canine neoplasia. 
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Chapter 2: Hypothesis and Rationale 

 
The UPS is an essential system in eukaryotic physiology and is highly conserved across 

species including humans and dogs. Through this system intracellular proteostasis is achieved. It 

is the basis of a myriad of vital cellular processes that are frequently dysregulated in cancer such 

as growth, proliferation, survival, and apoptosis. The proteasome has displayed increased activity 

in cancer cells, and proteasome inhibition has been shown to be effective in treating human 

hematological malignancies including lymphoma. Furthermore, bortezomib has been shown to 

improve survival outcome in human DLBCL patients when combined with CHOP. Given the 

similarities in the molecular pathophysiology in canine and human hematological cancers, there 

is a need to explore this treatment method in the veterinary setting. Moreover, given the high 

prevalence of canine DLBCL, and its poor overall survival times after treatment with CHOP, 

there is a need for therapeutic advancement in this setting, and proteasome inhibitors provide an 

opportunity to achieve this. Currently, little is currently known about the efficacy of proteasome 

inhibition in treating canine cancers, and this is the gap in the literature I intend to address.    

I therefore hypothesize that proteasome inhibition with bortezomib or ixazomib will be 

effective in reducing canine DLBCL cell viability and will likewise be synergistic to the CHOP 

compounds. To investigate this hypothesis, I have developed the following objectives. 

 

Objective 1: Investigate the impact of proteasome inhibition on canine B-cell lymphoma cell 

line (CLBL-1) cell viability. 

 

Objective 2: Determine the effect of each of the CHOP components on CLBL-1 cell viability 

 

Objective 3: Investigate the combined effects of proteasome inhibition and each of the CHOP 

agents on CLBL-1 cell viability 
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Chapter 3: Materials and Methods 
 

Appendices 2 and 3 list the chemicals and distributors for all reagents used in my study, and the 

dilutions for each drug concentration. 

 
3.1 Cell line and Culture Conditions 
 

The cell line used in this study is a well characterized canine B-cell lymphoma cell line 

(CLBL-1) derived from a fine needle aspirate of a dog with stage IV diffuse large cell 

lymphoma146. Cells were kindly provided by Barbara C. Rütgen (Institute of Immunology, 

Department of Pathobiology of the University of Veterinary Medicine, Vienna, Austria). The 

CLBL-1 suspension cells were maintained in RPMI 1640 culture medium supplemented with 

sodium bicarbonate, without L-glutamine (Sigma-Aldrich), 1% of 10,000U/mL penicillin/10,000 

µg/mLstreptomycin (Hyclone) and 10% fetal bovine serum (FBS) (Gibco). The culture was 

maintained in an incubator at 37°C in a humidified atmosphere of 5% CO2. Cells were cultured 

at a density of 6-10x106 ce1ls per 100 mm tissue culture dish, treated with additional media 

every three days and passaged on the seventh day. Cells were passaged by aspirating the contents 

of the tissue culture dish, centrifuging for 400 x g for 4 minutes, resuspending the pellet in RPMI 

1640, counted using a haemocytometer, and replated in 8-10 mL of 1640 RPMI at the desired 

cell density.  

 

3.2 Generating a Standard Curve to Determine the Optimal Cell Density and Incubation 

Duration with alamarBlue  

 

CLBL-1 cells were plated in 96-well plates in RPMI 1640 medium at a range of cell 

densities (0 – 4.5x104) and were treated with 10 µL of alamarBlue. The absorbance at 570 and 

600 nm wavelengths were determined using a plate reader (Biotek Synergy2) at 1, 2, 3, 4, 5, and 

24 hrs of incubation with alamarBlue at 37 °C and 5% CO2. This experiment was repeated three 
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times, and each cell density was tested in octuplet samples. The percentage of alamarBlue 

reduction for each cell density and incubation time was determined using the following formula: 

((117216 ∗ 𝑎𝑏𝑠570 )– ( 80586 ∗  𝑎𝑏𝑠600)) 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛

 (( 155677 ∗ 𝑎𝑏𝑠600) − ( 14652 ∗ 𝑎𝑏𝑠570)) 𝑜𝑓 𝑛𝑜 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗ 100 

Incubation of 1x104 CLBL-1 cells for 24 hrs with alamarBlue was found to be the 

optimal cell density and duration of incubation to determine changes in cell viability in this cell 

line. The results of the standard curve is shown in Figure A1 (Appendix 1). 

 

3.3 Cell Viability Assay  

 

Relative viable cell number was determined using alamarBlue, as described above. The 

cells were incubated for 48 hrs in 100 µL of RPMI 1640 medium containing 10% fetal bovine 

serum and the indicated drug at various concentrations or dimethyl sulfoxide (DMSO) as the 

vehicle control. DMSO was used in positive control wells at concentrations equal to the highest 

dose of proteasome inhibitor used and was only used when proteasome inhibitors were present in 

the assay.  CLBL-1 cells were plated at a cell density of 1 × 104 per well in a 96 well plate. Cells 

were then treated with a range of doses of either bortezomib (Selleck Chemicals), ixazomib 

(Selleck Chemicals), 4-HC (Toronto Research Chemicals), doxorubicin hydrochloride (Sigma), 

or vincristine sulfate (Sigma). 24 hrs after treatment, alamarBlue was added, and after a further 

24 hrs the absorbance at 570 nm and 600 nm wavelengths were determined using the Biotek 

Synergy2 plate reader. The relative percentage of viable cells was calculated using the following 

formula: 

(117216 ∗ (𝐴𝑏𝑠570)) − (80586 ∗ (𝐴𝑏𝑠600)) 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑎𝑔𝑒𝑛𝑡 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛

(117216 ∗ (𝐴𝑏𝑠570)) − (80586 ∗ (𝐴𝑏𝑠600)) 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑤𝑡ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
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Bortezomib or ixazomib were added to CLBL-1 cells in doses ranging from 0.001 – 10 

µM. 4-HC, doxorubicin hydrochloride, and vincristine sulfate were added in dose ranges of 

0.00625-100 µM, 0.00183-1.83 µM, and 0.00121-121 nM, respectively. Each experiment was 

repeated at least three times and each dose was tested in octuplet samples and the mean and 

standard error for each dose was calculated. . It is important to note we did not use prednisone in 

this study, but rather we used the more cytotoxic agents in CHOP. We also included cell-free 

control wells (negative control) to each experiment. In addition, all assays that contained 4-HC 

were performed using one dose per 96-well plate, as 4-HC had shown signs of cross-well 

cytotoxicity, which has previously been attributed to its volatility147. 

 

3.4 Drug Combination Cell Viability Experiments 

 

To investigate the combined effects on CLBL-1 cell viability of proteasome inhibition 

and each of the CHOP agents, 1x104 CLBL-1 cells were incubated with medium alone (positive 

control), single drug alone, or a combination of two drugs at a range of doses for 48 hrs using the 

same alamarBlue cell viability protocol mentioned above. When bortezomib or ixazomib was 

combined with either 4-HC, doxorubicin hydrochloride, or vincristine sulfate, the drugs were 

combined in constant combination over a range of doses that maintained an IC50:IC50 ratio, or a 

clinically achievable peak plasma concentration Cmax:Cmax ratio. The concentration of the 

Cmax for each of the CHOP agents were observed dog plasma after being treated with the 

therapeutic dose. Since proteasome inhibitors are relatively novel in veterinary medicine, there 

are no pharmacokinetic data on the Cmax in dogs, so instead we used peak plasma levels in 

humans. The Cmax values are listed below: 
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Bortezomib (Cmax = 501 nM148), Ixazomib (Cmax = 300 nM149), 4-HC (Cmax = 69.9 µM45), 

Doxorubicin (Cmax = 757.96 nM. 150) Vincristine (Cmax = 144.25 nM151).  

The dose range for each drug alone and each drug combination included 0.25, 0.5, 1, 2, 

and 4X the concentration of each drug’s corresponding IC50, and alternatively, starting at the 

Cmax we performed four-fold serial dilutions until the concentration of drug was lower than the 

respective drug’s IC50 (minimum 5 doses within this range, per drug). This ensured the entire 

effect range was encompassed within the range of doses used. Each drug combination 

experiment was repeated at least 3 times, with each dose and combined doses represented in 

octuplet samples. 

The effect of each drug alone, and in combination on the viability of CLBL-1 is 

represented graphically as the fraction of affected (Fa) cells as a function of dose, which is 

represented either as the proportion of IC50 or Cmax. 

 

3.5 Drug Combination and Statistical Analysis 

 

The sigmoidal dose-response relationship, and the equivalent 50% inhibitory 

concentration (IC50) of cell viability for each drug was calculated using a 4-parameter, variable 

slope non-linear regression analysis, fitting to sigmoidal dose-response curve using Prism 9.0 

(GraphPad Software, La Jolla, CA). Furthermore, the dose-response relationship of each drug 

and drug combination were also graphed using Prism 9.0.   

For drug combination analysis, a combination index associated with each co-treatment 

was calculated using CompuSyn (CompuSyn Inc.), to infer the nature of the drug interactions152. 

The data for the corresponding dose-response relationships for each drug alone, and in 

combination, was normalized to subtract the baseline reduction of alamarBlue in cell-free 

controls. The basis of determining synergy using the combination index presented by Chou and 
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Talaylay152 is expressed by the following formula: 

 

𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 (𝐶𝐼) =  (𝑫)𝟏 /(𝑫𝒙)𝟏 + (𝑫)𝟐/(𝑫𝒙)𝟐. 

 

Where (Dx)1 and (Dx)2 represent concentrations of each drug alone that exert x% effect 

on cell viability, while (D)1 and (D)2 are concentrations of drugs in combination that elicit the 

same effect. When CI is <1 there is synergy, when CI is >1 there is an antagonistic effect, when 

CI is = 1 there is an additive effect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

32 

 

Figure 4. Bortezomib and ixazomib in vitro dose-response curves. 

 

 

Chapter 4: Results 
 

4.1 Proteasome Inhibition with Bortezomib or Ixazomib Reduced CLBL-1 Cell Viability 

 

Bortezomib and ixazomib reduced the viability of CLBL-1 in a dose-dependent manner 

and this does-response relationship takes on a typical sigmoidal shape (Figure 4). CLBL-1 

appeared to be sensitive to proteasome inhibition. In addition, the strongest effects on cell 

viability were observed at doses above 0.1 µM. The relative IC50 for bortezomib and ixazomib 

was 15.1 nM and 59.14 nM, respectively. Bortezomib was more potent, as it caused a greater 

reduction of cell viability than ixazomib. This was demonstrated by the lower IC50 of 

bortezomib. For both bortezomib and ixazomib, the correlation coefficient (R2) is greater than 

0.9, indicating a strong fit to the curve, and small variation around the mean.  

 

 

 

 

 

 

 

 

 

CLBL-1 is sensitive to proteasome inhibition in vitro. alamarBlue cell viability assays were 

performed with bortezomib and ixazomib at the concentrations noted. 10,000 CLBL-1 cells were 

incubated with either bortezomib (A) or ixazomib (B) for 48hrs. The corresponding dose-

response curves are shown with mean values plotted and corresponding standard error. 

Percentage of viable cells is plotted as a function of proteasome inhibitor drug concentration. N 

is the number of experimental replicates. The corresponding IC50 and R2 values are also shown. 
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4.2 CHOP components 4-HC, Doxorubicin Hydrochloride, and Vincristine Sulfate 

Reduced CLBL-1 Cell Viability 

 

4-HC, doxorubicin hydrochloride, and vincristine sulfate each reduced the viability of 

CLBL-1 in a dose-dependent manner (Figure 5). CLBL-1 was sensitive to these CHOP 

chemotherapeutic agents in vitro after 48 hrs of incubation.  The relative IC50 for 4-HC, 

doxorubicin, and vincristine were 12.19 µM, 111.5 nM, and 156.1 pM, respectively. As 

vincristine required the lowest dose to elicit its maximal effect, it appeared to have the highest 

potency, and 4-HC was the least potent of the CHOP chemotherapy agents. However, it appears 

that even the highest concentrations of vincristine could not reduce cell viability to below 40%. 

For each drug, the correlation coefficient (R2) is greater than 0.9, indicating a strong fit to the 

curve, and small variation around the mean.  
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Figure 5. Vincristine sulfate, 4-HC and doxorubicin hydrochloride in vitro dose-response curves  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

CLBL-1 is sensitive to CHOP agents in vitro. alamarBlue cell viability assays were performed 

with vincristine sulfate (A), 4-HC (B) and doxorubicin hydrochloride (C) at the concentrations 

noted. 10,000 CLBL-1 cells were incubated with either drug for 48hrs. The dose-response curves 

are shown with mean values plotted and corresponding standard error.  Percentage of viable cells 

is plotted as a function of CHOP drug concentration. N is the number of experimental replicates.  

The corresponding IC50 and R2 values are also shown. 
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4.3 The Combination of Bortezomib and 4-HC in CLBL-1 Cells had an Antagonistic Effect 

on Cell Viability 

 

Bortezomib and 4-HC reduced CLBL-1 cell viability as single agents at the doses 

presented, however the combination of the two drugs yielded an antagonistic effect on cell 

viability at high effect levels (Figure 6). This indicates that more drug was required to elicit the 

same effect on cell viability, than what is achievable by either drug alone. When the fraction of 

affected cells (Fa) was plotted as a function of dose, this drug combination appeared to be driven 

by the effect 4-HC had on cell viability. This was supported by the fact that the dose-Fa curve of 

the combined drugs (Figure 6 A & B), closely resembled that of 4-HC as a single agent. This 

was true for constant combinations of these drugs in an IC50:IC50 (Figure 6A) and Cmax:Cmax 

ratio (Figure 6B). Combination analysis with combosyn software revealed synergism (CI >1) at 

low Fa levels when bortezomib and 4-HC were combined in a Cmax:Cmax ratio, and an 

antagonism at similar Fa when combined in an IC50:IC50 ratio. Furthermore, combination 

analysis revealed a CI greater than 1 for combined doses that produced a higher Fa for both 

IC50:IC50 and Cmax:Cmax ratio indicating an antagonistic response (Figure 6 C). The CI at high 

Fa levels (i.e. Fa=0.7-1) are much more therapeutically relevant for cancer treatment as killing 

cancer cells in small fractions is not useful in cancer therapy.  
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Figure 6. The fraction of affected CLBL-1 cells relative to dose after 48 hrs of treatment 

of either bortezomib, 4-HC, or both and corresponding combination indexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bortezomib and 4-HC were combined in an IC50:IC50 (A) or a Cmax:Cmax ratio (B). Values are 

represented as the mean of N replicates, and the corresponding standard error is shown. 

Combination analysis (C) of this drug combination is shown as the combination index (CI) 

graphed as a function of the fraction of affected (Fa) cells for both drug combination ratios. 
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4.4 The Combination of Bortezomib and Doxorubicin in CLBL-1 Cells had a Synergistic 

Effect on Cell Viability 

 

Bortezomib and Doxorubicin reduced cell CLBL-1 cell viability as single agents at the 

doses presented, and in combination yielded a synergistic effect on cell viability at high effect 

levels (Figure 7). Over the range of doses derived from the IC50, bortezomib and doxorubicin 

displayed similar effects on cell viability. When Fa was plotted as a function of dose, the effect 

on cell viability in this drug combination was mostly synergistic at both constant combination 

ratios, except for the highest dose combination in the Cmax:Cmax ratio, which was antagonistic. 

The Dose-Fa curves revealed that combined doses elicited a superior effect on cell viability than 

each of the drugs individually, for both combination ratios (Figure 7 A & B), and this effect was 

synergistic at almost all tested doses (Figure 7C) according to the combination analysis. The CI 

at therapeutically relevant, high Fa levels shows mainly synergism, especially in an IC50:IC50 

ratio. 
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Figure 7. The fraction of affected CLBL-1 cells relative to dose after 48 hrs of treatment of either 

bortezomib, doxorubicin, or both and corresponding combination indexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Bortezomib and doxorubicin were combined in an IC50:IC50 (A) or a Cmax:Cmax ratio (B). 

Values are represented as the mean of N replicates, and the corresponding standard error is 

shown. Combination analysis (C) of this drug combination is shown as the combination index 

(CI) graphed as a function of the fraction of affected cells (Fa) for both drug combination ratios.  
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4.5 The Combination of Bortezomib and Vincristine Sulfate in CLBL-1 Cells had a 

Synergistic to Additive Effect on Cell Viability 

 

Vincristine and bortezomib in combination resulted in a synergistic effect on cell viability 

at high effect levels when combined in a Cmax:Cmax ratio and further displayed an additive 

effect when combined in a IC50:IC50 ratio (Figure 8). On the Fa-dose curves for drug 

combinations in a IC50:IC50 ratio (Figure 8A), vincristine had a less potent effect on cell viability 

than bortezomib, but its addition appeared to slightly exaggerate the effect on cell viability when 

compared to bortezomib alone at moderate doses. However, this improvement was more 

pronounced when combined in a Cmax:Cmax ratio (Figure 8B). Combining vincristine and 

bortezomib in an IC50:IC50 ratio resulted in CI values close to 1, indicating a slight additive 

effect, however in a Cmax:Cmax ratio this effect was synergistic as the CI value was less than 1 

for all tested doses. 
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Figure 8. The fraction of affected CLBL-1 cells relative to dose after 48 hrs of treatment of 

either bortezomib, vincristine, or both and corresponding combination indexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bortezomib and vincristine were combined in an IC50:IC50 (A) or a Cmax:Cmax ratio (B). 

Values are represented as the mean of N replicates, and the corresponding standard error is 

shown. Combination analysis (C) of this drug combination is shown as the combination index 

(CI) graphed as a function of the fraction of affected cells (Fa) for both drug combination ratios. 
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4.6 The Combination of Ixazomib and 4-HC in CLBL-1 Cells had an Additive or Slightly 

Antagonistic Effect on Cell Viability 
 

Ixazomib and 4-HC reduced CLBL-1 cell viability as single agents, however the 

combination of the two drugs yielded an additive to slight antagonistic effect on cell viability at 

high effect levels (Figure 9). 4-HC appears to be more potent than ixazomib at higher doses and 

at both dose ranges (Figure 9 A & B). When Fa was plotted as a function of dose, similar to 

what was seen with bortezomib this drug combination appeared to be driven by the effect 4-HC 

had on cell viability. This was supported by the fact that the dose-Fa curve of the combined 

drugs closely resembled that of 4-HC as a single agent. This was true for constant combinations 

of these drugs in an IC50:IC50 (Figure 9A) and Cmax:Cmax ratio (Figure 9B). Combination 

analysis with combosyn demonstrated CI values close to or greater than 1 for both combination 

ratios (Figure 9C).  
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Figure 9. The fraction of affected CLBL-1 cells relative to dose after 48 hrs of treatment of 

either ixazomib, 4-HC, or both and corresponding combination indexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ixazomib and 4-HC were combined in an IC50:IC50 (A) or a Cmax:Cmax ratio (B). Values are 

represented as the mean of N replicates, and the corresponding standard error is shown. 

Combination analysis (C) of this drug combination is shown as the combination index (CI) 

graphed as a function of the fraction of affected cells (Fa) for both drug combination ratios. 
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4.7 The Combination of Ixazomib and Doxorubicin in CLBL-1 Cells had a Synergistic 

Effect on Cell Viability 
 

Ixazomib and Doxorubicin in combination yielded a synergistic effect on cell viability at 

high effect levels (Figure 10). Over the range of doses derived from the IC50 and Cmax, 

ixazomib and doxorubicin displayed similar effects on cell viability, however doxorubicin 

appeared to be slightly more potent. When Fa was plotted as a function of dose, the effect on cell 

viability in this drug combination was mostly synergistic at both constant combination ratios, 

except for the highest dose combination in the Cmax:Cmax ratio, which was antagonistic. The 

Dose-Fa curves reveal that combined doses elicited a superior effect on cell viability than each of 

the drugs individually, for both combination ratios (Figure 10 A & B), and this effect is 

synergistic at almost all tested doses with high effect levels (Figure 10C) according to the 

combination analysis. The CI at therapeutically relevant, high Fa levels, had shown mainly 

synergism, especially in an IC50:IC50 ratio. 
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Figure 10. The fraction of affected CLBL-1 cells relative to dose after 48 hrs of treatment of either 

ixazomib, doxorubicin, or both and corresponding combination indexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ixazomib and doxorubicin were combined in an IC50:IC50 (A) or a Cmax:Cmax ratio (B). Values 

are represented as the mean of N replicates, and the corresponding standard error is shown. 

Combination analysis (C) of this drug combination is shown as the combination index (CI) 

graphed as a function of the fraction of affected cells (Fa) for both drug combination ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

45 

 

 

4.8 The Combination of Ixazomib and Vincristine in CLBL-1 Cells had a Synergistic and 

Antagonistic Effect on Cell Viability 

 

Vincristine and ixazomib in combination resulted in a synergistic effect on cell viability 

at high effect levels when combined in a Cmax:Cmax ratio and conversely displayed an 

antagonistic effect when combined in a IC50:IC50 ratio (Figure 11). In an IC50:IC50 combination, 

vincristine had a less potent effect on cell viability than ixazomib (Figure 11A) but its addition 

appeared to result in a slightly additive effect on cell viability when compared to ixazomib alone 

at low-moderate doses. Also, at low doses in a Cmax:Cmax ratio vincristine appeared to have a 

stronger effect on cell viability than ixazomib, and low doses of ixazomib appeared to have 

potentiated the effect on cell viability when combined (Figure 11B). In a Cmax:Cmax ratio this 

effect was synergistic as the CI value was less than 1 for all tested doses (Figure 11C). 
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Figure 11. The fraction of affected CLBL-1 cells relative to dose after 48 hrs of treatment of 

either ixazomib, vincristine or both and corresponding combination indexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ixazomib and vincristine were combined in an IC50:IC50 (A) or a Cmax:Cmax ratio (B). Values 

are represented as the mean of N replicates, and the corresponding standard error is shown. 

Combination analysis (C) of this drug combination is shown as the combination index (CI) 

graphed as a function of the fraction of affected cells (Fa) for both drug combination ratios.  
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Chapter 5: Discussion 
 

CHOP chemotherapy is effective in treating canine lymphoma and can induce clinical 

remission in dogs with DLBCL. However, this treatment method is a work-in-progress as dogs 

with lymphoma that are treated with CHOP frequently succumb to the disease in less than a year. 

Considering this, novel approaches to improve outcome and survival times are necessary. Given 

the therapeutic advancements in treating human DLBCL and the degree of similarity between the 

molecular etiology of human and canine lymphoma, it is worthwhile to investigate a class of 

drugs that have been employed in treating human hematological cancers to determine its effects 

in treating neoplasia in canine counterparts. Here, I investigated the in vitro effects of 

proteasome inhibitors, bortezomib and ixazomib, on the viability of the canine DLBCL cell line 

CLBL-1 after 48 hours. I likewise tested the effect of proteasome inhibition in combination with 

three of the CHOP chemotherapy agents on CLBL-1. Based on the proposed mechanism of 

action of proteasome inhibitors in inhibiting the NF-kB pathway, and the marked success of 

bortezomib in treating human ABC DLBCL which is dependent on this pathway, further coupled 

with the increase of NF-kB expression seen in canine lymphoma28, and even more specifically, 

in the CLBL-1 cell line127, I hypothesized that proteasome inhibitors would be effective in 

reducing the viability of CLBL-1 cells. Additionally, the success of bortezomib in combination 

with R-CHOP to treat human DLBCL further justifies the hypothesis that proteasome inhibition 

will synergize with CHOP agents135,136. Ultimately, my hypothesis was supported, as proteasome 

inhibition was able to reduce the viability of CLBL-1, and was also able to synergize with some 

of the CHOP compounds. 

 The cell line used in this study, CLBL-1, was derived from a solid tumor of a popliteal 

lymph node of an 8-year old Bernese mountain dog with a confirmed stage IV diffuse large cell 
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lymphoma146. It is the first, and only well-characterized canine DLBCL cell line. In fact, it is  

apparently the only established canine B-cell lymphoma cell line, as the canine lymphoma cell 

lines that are mostly reported on are all of T-cell origin. The T-cell canine lymphoma cell lines 

are UL-1153, CL-1154, Nody-1155, and Ema155. CLBL-1 was shown to have an increased 

expression of the antiapoptotic Bcl-2 gene, and corresponding NF-kB proteins suggesting that 

this cell line may represent the human ABC DLBCL phenotype146. The use of this cell line 

presents a unique opportunity to determine if proteasome inhibitors are capable of potentiating 

the cytotoxic effects of CHOP in canine DLBCL, an area that has not yet been explored in the 

veterinary literature. This is also the first in vitro study to determine the effects of the proteasome 

inhibitor ixazomib on the viability of canine lymphoma cells. Previous studies have explored the 

effects of bortezomib on canine T-cell lymphoma, and melanoma cell lines, as well as CLBL-1 

and found bortezomib inhibits the growth of these cells125,127. 

Based on my results, proteasome inhibition is effective in reducing the viability of 

CLBL-1. Bortezomib appears to elicit the strongest effect on viability when compared to 

ixazomib as reflected by the lower dose required to accomplish 50% inhibition. Ixazomib was 

the less effective proteasome inhibitor, this likely reflects the 4156. The IC50 of bortezomib in my 

study was 15.1 nM, and this is slightly higher than what was previously reported in this cell line 

(3.95 nM127). However this disparity can be attributed to the fact that their study co-treated the 

cells with bortezomib for 72 hrs rather than 48 hrs. Mine is the first study to explore the effects 

of ixazomib on canine lymphoma cell viability, however previous research has shown that 

ixazomib had an IC50 of 41 nM in a human T-cell lymphoma cell line157, which is comparable to 

the 59.14 nM IC50 observed in my study.   
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Each of the CHOP chemotherapy agents tested were able to elicit a negative effect on cell 

viability in a dose dependent manner. Vincristine appears to be the most potent of the CHOP 

chemotherapy drugs in terms of dose administered relative to the observed effect as it had the 

lowest observed IC50 (156.1 pM) of the CHOP drugs. This parallels its dose in the current CHOP 

regimen (0.5-0.7 mg/m2) to treat canine lymphoma42, as it is also the reagent administered at the 

lowest dose.  It is important to note that vincristine appears to induce less of a reduction of 

CLBL-1 cell viability than the other CHOP components I tested. This can be explained by the 

fact that vincristine is a tubulin inhibitor, and it elicits a predominantly cytostatic rather than a 

direct cytotoxic effect, since tubulin plays a larger role in cell division than cell viability. One 

study that tested vincristine sulfate in CLBL-1 cells observed an IC50 of 2 nM for CLBL-1158, 

which is quite different than what I found, however this study used 50,000 cells per well 

compared to 10,000 cells, and further used a cell counting kit as an indicator of cell viability as 

opposed to alamarBlue reduction.  

My findings also suggest CLBL-1 cells are sensitive to doxorubicin. I observed an IC50 of 

111.5 nM for doxorubicin, which is similar to what was reported in two previous studies using 

CLBL-1158,159 . Furthermore, CLBL-1 cells are also sensitive to 4-HC, the active metabolite of 

cyclophosphamide. Another study has tested 4-HC in CLBL-1 in vitro and found an IC50 of 142 

nM160 which is considerably more potent than what I observed (12.19µM).  The disparity could 

be attributed to the experimental design differences, as their study used 20,000 cells, and WST-1 

as the measurement of cell viability. In addition, 4-HC is volatile and has been shown to cause 

cross-well cytotoxicity in 96 well plates147, and this is something that was apparently not 

addressed in their study which could also explain the increased potency of 4-HC they reported.  
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Proteasome inhibition in combination with 4-HC, the metabolically active form of 

cyclophosphamide, yielded a slight antagonistic effect at high effect levels (i.e. Fa>0.7). For 

some diseases, it may be useful to look at drug combinations that synergize at low effect levels 

(i.e. Fa<0.4), however in dealing with cancer, it is not therapeutically beneficial to employ 

treatments that kill few amounts of cells, thus synergy is only relevant at high effect levels152. 

For 4-HC combined with and bortezomib and ixazomib, there is slight antagonism at these effect 

levels at both drug combination ratios.  There appears to be wide variability around the mean for 

each tested dose and combined does, and relative to the other drug combinations tested, there is a 

low number of experimental repeats. This is partly because of the volatility of 4-HC requiring 

one dose per-96 well plate147 which placed a burden on the experimental design and was also 

wasteful. This subset of experiments would benefit from additional repeats. 

Proteasome inhibition appears to have a synergistic effect on CLBL-1 cell viability when 

co-administered with doxorubicin. When bortezomib or ixazomib was combined with 

doxorubicin in an IC50:IC50 or a Cmax:Cmax ratio, the viability of CLBL-1 was reduced below 

what would otherwise be achievable from each drug alone. Furthermore, for both proteasome 

inhibitors used, it appears that at the highest concentration in the Cmax:Cmax ratio there was an 

antagonistic effect. While at this stage most of the cells are not viable, perhaps this is suggestive 

of a threshold in which the intracellular drug-drug interaction becomes unoptimized. This is 

probably not a significant issue, as most tested doses resulted in a CI less than 1, indicating a 

synergistic effect. If too much of the combined drug would yield antagonism, therapies could 

benefit from reducing the cumulative dose of both drugs.  The combination of doxorubicin with 

bortezomib, has proven to be effective in front-line multiple myeloma treatment, however this 

combination is associated with significant toxicity161. Reducting the dose of bortezomib from 
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1.3mg/m2 to 1mg/m2 maintained efficacy while reducing the toxicity of the combination in 

human multiple myeloma patients161. Clinical cooperation between bortezomib and doxorubicin 

has been shown to be favourable in human lymphoma135,136, moreover, research in canine 

osteosarcoma cells has further shown synergy in vitro with this drug combination162. Proteasome 

inhibition has been shown to induce cell cycle arrest and apoptosis at the G2-M phase of the cell 

cycle in human cancers113,163 and furthermore doxorubicin has the ability to induce apoptosis at 

the S and G0-G1 phase 51,52. Thus, the possibility exists that doxorubicin in combination with 

bortezomib could elicit a dual effect on the cells by inducing cell cycle arrest and apoptosis to 

cells that are in all phases of the cell cycle. Bortezomib may also sensitize lymphoma cells to 

DNA damage by down-regulating the transcription of DNA repair enzymes, as demonstrated in 

in vitro studies as well as by gene expression profiling in human hematological cancers164. 

Recent evidence suggests that doxorubicin interacts with and inhibitis the 26S proteasome in 

a dose-dependent fashion  and  that  doxorubicin  utilizes  proteasomes  for transport  to  the  

nucleus,  suggesting  that  the  synergy observed with the combination of doxorubicin and 

bortezomib may be related to targeting of the proteasome165.  

When Vincristine and the proteasome inhibitors were combined, there were different 

effects depending on the drug combination ratios. When combined with bortezomib in an 

IC50:IC50 ratio there was an additive effect on cell viability, furthermore, when combined with 

ixazomib at this same ratio, there was an antagonistic effect. Conversely, when analyzed at a 

Cmax:Cmax ratio, there appears to be a clear synergistic effect that is apparent for both 

proteasome inhibitors. At dose combinations where proteasome inhibition has a minor 

contribution to the overall cell viability, and vincristine has greater contributions, such as what is 

observed in low dose Cmax concentrations, the less potent doses of bortezomib were able to 
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potentiate the effect on cell viability more than what was observed at the IC50:IC50 ratios where 

proteasome inhibition dominated the effect on cell viability. One interpretation of this finding is 

that proteasome inhibition can synergize with vincristine, but this synergy may be dependent on 

the order in which these drugs are applied. This idea is supported by findings presented by Goy 

et al., where synergy was observed between bortezomib and vincristine in human lymphoma cell 

lines. However, the extent of synergy was greater if the cells were sequentially treated with 

vincristine followed by bortezomib. In contrast, Goy et al. also observed that the synergistic 

effect was abolished when the cells were pretreated with bortezomib before exposure to 

vincristine80.  Given that vincristine is cell cycle specific and induces arrest at the M phase, our 

results suggest that perhaps bortezomib or ixazomib works best at inducing apoptosis when 

CLBL-1 cells are accumulated in the M phase. Further research is required to determine this. 

Clinically, there has been no difference between R-CHOP and bortezomib + CHOP without 

vincristine in human DLBCL treatment, and bortezomib combined with vincristine has been 

linked to more advanced adverse events166, thus it appears that vincristine and bortezomib may 

not be suitable to be administered together.  Both bortezomib and vincristine in the R-CHOP 

regimen lead to peripheral neuropathy which is one of the most common adverse events for both 

drugs 166. So some scientists have also expressed concern about the higher incidence of 

peripheral neuropathy caused by the combination. 

Determining the effect of these drug combinations on cell viability at the clinically 

achievable Cmax concentration ratios is a limited approach, however, since I found that the IC50 

value for each drug is less than each respective Cmax, my findings suggest that these drugs are 

capable of affecting canine lymphoma cells at therapeutically relevant doses. Since proteasome 

inhibition is a relatively new field in the treatment of canine cancers, there is limited research 
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available on the pharmacokinetics of proteasome inhibitors in canine patients. The bortezomib 

and ixazomib Cmax values used in my study were that observed in plasma of human patients 

with relapsed multiple myeloma148,149.  

The Cmax value for 4-HC used in my study was measured in the plasma of dogs with 

treatment naïve lymphoma45, the Cmax value for vincristine used in my study was reported in 

plasma of dogs with transmissible venereal tumour treated with vincristine151. The Cmax value 

used in my study for doxorubicin was reported from plasma of dogs with lymphoma150. Each 

CHOP drug was used at the canine-specific dose for the aforementioned pharmacokinetic 

studies, when possible (See Table A1).  There is reason to believe that the human Cmax data is 

relevant, and at least a good estimation of that which is observed in dogs. The human plasma 

Cmax data for 4-HC, doxorubicin and vincristine are 700uM47, 10uM167, and 101.7nM168 

respectively. The canine plasma Cmax for each of the above drugs is 69.9µM45, 757.96 nM150, 

144.25nM151, respectively. This indicates that vincristine has a Cmax value in dogs similar to 

what is seen in humans, however the Cmax concentration of 4-HC is markedly different between 

species. This can be attributed the fact that dogs and cats are actually much more efficient at 

converting cyclophosphamide to the active 4-HC than humans and it is almost entirely 

attributable to higher affinity for the parent drug169. Additionally, for doxorubicin, the difference 

in Cmax concentrations between human and canine are less extreme than what is observed with 

4-HC, but are still ten-fold. Doxorubicin Cmax concentrations in human patients seem to be 

much higher than those seen in dogs given comparable doses on a mg/kg basis, it has also been 

shown that dogs require higher administered doses to achieve the same drug exposure170. In 

addition doxorubicin pharmacokinetics is associated with high degrees of inter- and intra-

individual variability for both canines and humans150,167, and given the range of doses used in my 
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study, it is likely that I encompassed a therapeutically achievable concentration. Despite using 

clinically relevant ratio Cmax:Cmax, my study is an in vitro study and should be interpreted as 

such. There is still a question of the actual dose the cancer cells receive in vivo. Further research 

should aim to explore the effects of proteasome inhibition on additional canine lymphoma cell 

lines, and potentially in vivo models.  

Prednisone is a corticosteroid that is mainly used to treat chemotherapy related side 

effects, and while it does appear to have some degree of cytotoxicity of cancer cells, it elicits a 

minimal response when administered alone to treat human and canine lymphoma1,171, For these 

reasons it was not included in the study. While there could be a derived benefit for exploring the 

effect of prednisone in canine lymphoma cells in vitro, and its combination with proteasome 

inhibitors, the extent of this benefit would likely be negligible as the chemotherapeutic drugs 

play a much larger role in eradicating the cancer cells171. Additionally, carfilzomib is a potent 

irreversible inhibitor of the proteasome and has shown promise in clinical trials, however due to 

limited time and availability of resources, we could not explore its effects in this in vitro study.  

Another area for additional research would be ensuring that proteasome inhibitor used in 

my study actually elicits their effects on canine lymphoma cell viability by reducing proteasome 

function. Further research should aim to explore this. Methods of determining proteasome 

activity have been described previously172 . The most commonly cited method for profiling 

proteasome activity is the use of fluorescently tagged substrates specific for the three main 

components of proteasome function: the trypsin-like, chymotrypsin-like and caspase-like 

activities172. Fluorescently tagged substrates have been applied to monitoring proteasome activity 

in crude cell extracts, plasma and whole cells172. An alternative method would be to perform an 

immunoblot with antibodies specific for ubiquitinated proteins as previously described, where an 
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accumulation of polyubiquitinated proteins would be indirectly indicative of proteasomal 

inhibition173. Proteasomal activity has previously been shown to be reduced in blood lysates from 

dogs with muscular dystrophy after being administered bortezomib174. Bortezomib has also 

previously been shown to have off-target effects and inhibit mitochondrial serine proteases 

ClpXP and LonP1175. These proteases regulate mitochondrial proteastasis and their expression is 

associated with cancer cell survival, where their depletion is associated with attenuated cancer 

cell growth and increased cancer cell death176. Thus the possibility exists that bortezomib may 

have additional cytotoxic effects on cancer cells indirectly through non-proteasomal protease 

inhibition. 

My results suggest the addition of proteasome inhibitors to existing regimes such as 

CHOP chemotherapy, may be beneficial in treating canine lymphoma. Furthermore, if 

proteasome inhibitors were to be used alongside CHOP, perhaps the most benefit could be 

derived from co-treatment with doxorubicin, unless this combination provokes intolerable 

adverse effects. Further research should aim to explore this with other canine lymphoma cell 

lines, primary canine lymphoma cells, and in vivo models. 

 

 

 

 

 

 

 

 

 

 

  



 

 

56 

 

Chapter 6: Summary and Conclusions 
 

Here, I investigated the in vitro effects of the proteasome inhibitors, bortezomib and 

ixazomib, on the viability of canine DLBCL cell line CLBL-1. I also determined the combined 

effects of proteasome inhibition with three of the CHOP agents on CLBL-1 cell viability in vitro. 

I initially hypothesized that proteasome inhibitors will be effective in reducing the viability of 

CLBL-1 and that proteasome inhibition will synergize with CHOP agents. Based on my findings 

the hypothesis is supported, as proteasome inhibitors were able to reduce the viability of CLBL-1 

and were also able to synergistically interact with some of the CHOP compounds. Proteasome 

inhibitors plus 4-HC had an antagonistic effect on CLBL-1 viability. However, proteasome 

inhibitors plus doxorubicin had a clear synergistic effect on CLBL-1 viability. Vincristine had an 

additive or synergistic effect at the same respective dose ratio, but when combined using a 

therapeutically achievable Cmax:Cmax ratio, proteasome inhibitors synergized with vincristine.  

These results suggest that proteasome inhibition is effective in reducing the viability of 

canine lymphoma cells in vitro. Additionally, the most apparent benefit of proteasome inhibition 

was seen with doxorubicin. Thus if proteasome inhibition was to be used with CHOP therapy in 

a clinical setting, it may be most beneficial to add it on to the same day as doxorubicin. Further 

research should aim to determine their effects on additional cell lines and in vivo models.  
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Appendix 1: Supplementary Information 
 

Table A1. Treatment schedule for a standard 19-week CHOP protocol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Dogs under 15 kg receive doxorubicin at 25 mg/m2. IV = Intravenously, PO = per os (orally). 

This table is adopted from the standard Madison-Wisconson CHOP protocol for the treatment of 

canine lymphoma42. 
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Figure A1: Standard Curve to Determine the Optimal Cell Density and Incubation 

Duration with alamarBlue 
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Appendix 2: Chemicals and Distributors 
Reagents Distributer (Catalog #) 

Bortezomib Selleckchem (S1013) 

Ixazomib Selleckchem (S2180) 

4-HC Toronto Research Chemicals (H926310) 

Doxorybicin hydrochloride Sigma (44583) 

Vincristine Sulfate Salt Sigma (V8879) 

alamarBlue Thermo Fisher (DAL 1025) 

1640-RPMI Sigma (R0883) 

FBS Gibco (26140-079) 

Penicillin/Streptomycin  Hyclone (SV30010) 

DMSO Fisher Scientific (D128-500) 

 

 

 
 

  



 

 

70 

 

Appendix 3: Preparation of Dilutions 
 

 

Dose Response Dilutions: 

Each drug concentration was made up at 2x the desired concentration and was added to 

200,000 cells/mL in a 1:1 ratio. This resulted in a combined mixture of 1x concentration of drug 

+ 10,000 cells/well in a 96 well plate (100 µL). In the tables below, each concentration on the 

left hand side is the final dose after combining the drug with the cells, however in preparation 

these doses were initially double the concentration prior to the addition of the cell solution.  

 

Bortezomib Dose-Response Dilutions 

Bortezomib Dose (µM) Dilution (Stock = 10 mM) 

A. 10  2.4 µL stock + 1197.6 µL 1640-RPMI Media 

B. 3 360 µL of A. + 840 µL of Media 

C. 1  400 µL of B. + 800 µL of Media 

D. 0.3  360 µL of C. + 840 µL of Media 

E. 0.1  400 µL of D. + 800 µL of Media 

F. 0.03 360 µL of E. + 840 µL of Media 

G. 0.01 400 µL of F. + 800 µL of Media 

H. 0.001 120 µL of G. + 1080 µL of Media 

 

 

Ixazomib Dose-Response Dilutions 

Ixazomib Dose (µM) Dilution (Stock = 10 mM) 

A. 10  2.4 µL stock + 1197.6µL 1640-RPMI Media 

B. 3 360 µL of A. + 840 µL of Media 

C. 1  400 µL of B. + 800 µL of Media 

D. 0.3  360 µL of C. + 840 µL of Media 

E. 0.1  400 µL of D. + 800 µL of Media 

F. 0.03 360 µL of E. + 840 µL of Media 

G. 0.01 400 µL of F. + 800 µL of Media 

H. 0.001 120 µL of G. + 1080 µL of Media 

 

 

4-HC Dose-Response Dilutions 

4-HC Dose (µM) Dilution (Stock = 10 mM) 

A. 100 24 µL stock + 1176 µL 1640-RPMI Media 

B. 50 600 µL of A. + 600 µL of Media 

C. 25 600 µL of B. + 600 µL of Media 

D. 12.5 600 µL of C. + 600 µL of Media 

E. 6.25 600 µL of D. + 600 µL of Media 

F. 0.625 120 µL of E. + 1080 µL of Media 

G. 0.0625 120 µL of F. + 1080 µL of Media 

H. 0.00625 120 µL of G. + 1080 µL of Media 
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Doxorubicin Hydrochloride Dose-Response Dilutions 

Doxorubicin Dose (µM) Dilution (Stock = 10 mM-> diluted to 100 uM) 

A. 1.83 43.92 µL stock + 1156.08 µL 1640-RPMI Media 

B. 0.915 600 µL of A. + 600 µL of Media 

C. 0.366 480 µL of B. + 720 µL of Media 

D. 0.183 600 µL of C. + 600 µL of Media 

E. 0.0915 600 µL of D. + 600 µL of Media 

F. 0.0366 480 µL of E. + 720 µL of Media 

G. 0.0183 600 µL of F. + 600 µL of Media 

H. 0.00915 600 µL of G. + 600 µL of Media 

I. 0.00366 480 µL of H. + 720 µL of Media 

J. 0.00183 600 µL of I. + 600 µL of Media 

 

 

Vincristine Sulfate Dose-Response Dilutions 

Vincristine Dose (µM) Dilution (Stock = 3.6 mM ) 

A. 121 80.67 µL stock + 1119.33 µL 1640-RPMI Media 

B. 36 357 µL of A. + 853 µL of Media 

C. 12.1 403.3 µL of C. + 796.7 µL of Media 

D. 3.6 357 µL of C. + 853 µL of Media 

E. 1.21 403.3 µL of D. + 796.7 µL of Media 

F. 0.36 357 µL of E. + 853 µL of Media 

G. 0.121 403.3 µL of F. + 796.7 µL of Media 

H. 0.036 357 µL of G. + 853 µL of Media 

I. 0.0121 403.3 µL of H. + 796.7 µL of Media 

J. 0.00121 120 µL of I. + 1080 µL of Media 

 

 

Drug-Combination Dilutions 

Each drug was made up at 4x the desired concentration and was added to either media, or 

another drug (also at 4x the desired concentration) in a 1:1 ratio. This brings the concentration of 

each drug or combined drugs to 2x the desired concentration. Each individual drug or drug 

combination was then added to 200,000 cells/mL in a 1:1 ratio. This resulted in a combined 

mixture of 1x concentration of drug + 10,000 cells/well in a 96 well plate (100 µL). In the tables 

below, each concentration on the left hand side is the final dose after plating the drug or drugs 

with the cells, however in preparation these doses were initially 4x the concentration prior to the 

addition of the cell solution.  
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Bortezomib Dilutions for IC50:IC50 Drug Combination 

Bortezomib Dose (nM) Dilution (Stock = 10 mM -> diluted to 100 µM) 

A. 60.4 (4xIC50) 2.9 µL of (100 µM) stock + 1197.1µL 1640-RPMI Media 

B. 30.2 (2xIC50) 600 µL of A. + 600 µL of Media 

C. 15.1 (IC50) 600 µL of B. + 600 µL of Media 

D. 7.55 (1/2xIC50) 600 µL of C. + 600 µL of Media 

E. 3.77 (1/4xIC50) 600 µL of D. + 600 µL of Media 

Bortezomib Dilutions for Cmax:Cmax Drug Combination 

Bortezomib Dose (nM) Dilution (Stock = 10mM -> diluted to 100µM) 

A. 501 (Cmax) 24 µL of (100 µM) stock + 1176 µL 1640-RPMI Media 

B. 125.25 (1/4xCmax) 600 µL of A. + 600 µL of Media 

C. 31.31 (1/16xCmax) 600 µL of B. + 600 µL of Media 

D. 7.83 (1/64xCmax) 600 µL of C. + 600 µL of Media 

E. 1.96(1/256xCmax) 600 µL of D. + 600 µL of Media 

F. 0.49(1/1024xCmax) 600 µL of E. + 600 µL of Media  

 

 

Ixazomib Dilutions for IC50:IC50 Drug Combination 

Ixazomib Dose (nM) Dilution (Stock = 10mM -> diluted to 100µM) 

A. 236.56 (4xIC50) 11.35 µL of (100 µM) stock + 1188.65 µL 1640-RPMI Media 

B. 118.28 (2xIC50) 600 µL of A. + 600 µL of Media 

C. 59.14 (IC50) 600 µL of B. + 600 µL of Media 

D. 29.57 (1/2xIC50) 600 µL of C. + 600 µL of Media 

E. 14.78 (1/4xIC50) 600 µL of D. + 600 µL of Media 

Ixazomib Dilutions for Cmax:Cmax Drug Combination 

Ixazomib Dose (nM) Dilution (Stock = 10 mM -> diluted to 100 µM) 

A. 300 (Cmax) 14.4 µL of (100 µM) stock + 1185.6 µL 1640-RPMI Media 

B. 75 (1/4xCmax) 600 µL of A. + 600 µL of Media 

C. 18.75 (1/16xCmax) 600 µL of B. + 600 µL of Media 

D. 4.69 (1/64xCmax) 600 µL of C. + 600 µL of Media 

E. 1.17 (1/256xCmax) 600 µL of D. + 600 µL of Media 

F. 0.29(1/1024xCmax) 600 µL of E. + 600 µL of Media 
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4-HC Dilutions for IC50:IC50 Drug Combination 

4-HC Dose (uM) Dilution (Stock = 10mM) 

A. 48.76 (4xIC50) 23.4 µL stock + 1176.6 µL 1640-RPMI Media 

B. 24.38 (2xIC50) 600 µL of A. + 600 µL of Media 

C. 12.19 (IC50) 600 µL of B. + 600 µL of Media 

D. 6.09 (1/2xIC50) 600 µL of C. + 600 µL of Media 

E. 3.05 (1/4xIC50) 600 µL of D. + 600 µL of Media 

4-HC Dilutions for Cmax:Cmax Drug Combination 

4-HC Dose (uM) Dilution (Stock = 10mM) 

A. 69.9 (Cmax) 33.5 µL stock + 1166.5 µL 1640-RPMI Media 

B. 17.47 (1/4xCmax) 600 µL of A. + 600 µL of Media 

C. 4.37 (1/16xCmax) 600 µL of B. + 600 µL of Media 

D. 1.09 (1/64xCmax) 600 µL of C. + 600 µL of Media 

E. 0.27 (1/256xCmax) 600 µL of D. + 600 µL of Media 

 

 

Doxorubicin Hydrochloride Dilutions for IC50:IC50 Drug Combination 

Doxorubicin Dose (nM) Dilution (Stock = 10 mM-> diluted to 100 µM) 

A. 446 (4xIC50) 21.4 µL of (100 µM) stock + 1178.6 µL 1640-RPMI Media 

B. 223 (2xIC50) 600 µL of A. + 600 µL of Media 

C. 111.5 (IC50) 600 µL of B. + 600 µL of Media 

D. 55.75 (1/2xIC50) 600 µL of C. + 600 µL of Media 

E. 27.875 (1/4xIC50) 600 µL of D. + 600 µL of Media 

Doxorubicin Hydrochloride Dilutions for Cmax:Cmax Drug Combination 

Doxorubicin Dose (nM) Dilution (Stock = 10 mM -> diluted to 100 µM) 

A. 757.96 (Cmax) 

36.38 µL of (100 µM) stock + 1163.62 µL 1640-RPMI 

Media 

B. 189.49 (1/4xCmax) 600 µL of A. + 600 µL of Media 

C. 47.3725 (1/16xCmax) 600 µL of B. + 600 µL of Media 

D. 11.84 (1/64xCmax) 600 µL of C. + 600 µL of Media 

E. 2.96 (1/256xCmax) 600 µL of D. + 600 µL of Media 
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