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ABSTRACT 

 
 
 

MICRO-RNA PROFILING FOR DIAGNOSIS AND PROGNOSIS IN CANINE MULTICENTRIC 
LYMPHOMA 

 
 
 
 

William Robert Gow     Co-advisors: 

University of Guelph, 2015    Dr. R. Darren Wood and Dr. Geoffrey Wood  

 

MicroRNAs (miRs) are small non-coding RNAs (18-22 nucleotides in length) that have 

important roles in mRNA translation and hence expression of proteins. Dysregulated miR 

expression has been shown in people with lymphoma (Burkitt lymphoma and diffuse large B cell 

lymphoma (DLBCL) and childhood acute lymphoblastic leukemia. More importantly, miRs have 

been detected in serum samples in human patients with DLBCL and have been correlated with 

response to rituximab-cyclophosphamide (C), doxorubicin (H), vincristine (O) and prednisone 

(P) (CHOP) therapy and relapse-free survival times. There have been no studies looking at 

miRs in serum or plasma samples in dogs with lymphoma. The aim of our studies was to profile 

the miR expression in plasma of healthy control dogs, and to compare to dogs with B cell and T 

cell lymphoma. We also compared miR expression with clinical outcomes in B cell lymphoma 

patients.  We initially examined 277 miRs previously shown to exist in various canine tissues, 

which were then reduced to a smaller array of 45 miRs, assayed using a microarray plate 

system and quantitative real time reverse transcription PCR. Among the 277 miRs there were 

significant increases in expression of 20 miRs in the B cell group and of 7 miRs in the T cell 

group. Furthermore, 17 miRs were in common between the B cell and T cell lymphoma groups. 

The smaller array showed increases in expression of 12 different miRs in B cell lymphoma 



patients and one miR in T cell lymphoma patients when compared to controls. In addition, there 

were 6 miRs with significantly decreased expression when patients in non-remission (patients 

that never responded to therapy and those that relapsed) were compared to those patients that 

achieved remission. MicroRNA expression was followed over time during CHOP therapy; one 

miR (miR-130b) showed significantly increased expression at week 3 of chemotherapy in 

patients that did not respond to CHOP therapy when compared to patients in remission and 

relapse. When survival greater than 365 days was examined, there were no significant 

differences in miR expression. Kaplan-Meier survival curves with high and low expressing miRs 

were also not significantly different.  This study highlights miRs, that with further validation, 

could be used as minimally invasive biomarkers with diagnostic and predictive value in canine 

lymphoma patients, and could be a step towards a degree of personalised patient medicine in 

veterinary cancer patients.  
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INTRODUCTION 

 

Canine cancer has become increasingly prevalent due to longer life expectancies of 

pets. Malignancies in pets are as diverse as they are in people and despite recent 

advancements in therapy the fatality rate remains high1. Lymphoma is a diverse group of 

neoplasms that arise from lymphoid tissues such as spleen and lymph nodes2. It represents one 

of the most common malignant neoplasms of middle-aged to older dogs (median age 6 to 9 

years) comprising approximately 24% of all canine neoplasia and 83% of all hematopoietic 

malignancies 2.  Lymphoma is one of the most common tumours in dogs with diagnostic and 

therapeutic approaches that are standardised. This standardisation provides cases suitable for 

clinical research studies looking into new biomarkers as prognostic indicators. One such class 

of biomarkers is microRNA, which are found in multiple tissues and body fluids, such as blood. 

MicroRNA (miRNA or miR) are small non-coding RNAs (approximately 18-22 nucleotides in 

length) involved in the negative regulation of messenger RNA translation and control pathways 

for cell differentiation and growth, including oncogenesis and apoptosis3,4. MicroRNA in blood 

samples has been shown to be stable and resistant to endogenous RNases, and hence 

provides a suitable non-invasive sample for microRNA profiling5.  MicroRNA in blood samples 

may have utility for aiding in diagnosis as well as the prediction of remission, relapse and 

survival of canine lymphoma patients. 

Our objective was to measure microRNA expression in healthy control dogs and dogs 

with lymphoma (B cell or T cell) and compare the microRNA profile between groups. 

Furthermore, we also aimed to compare microRNA expression in patients that did not respond 

to the standard chemotherapy to patients that responded to chemotherapy, as well as in those 

patients who had a longer survival time to patients that had a shorter overall survival time.  
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LITERATURE REVIEW 

MicroRNA profiling for diagnosis and prognosis in canine multicentric lymphoma 

 

Introduction: 

Lymphoma is a diverse group of neoplasms that arise from lymphoid tissues such as 

spleen and lymph nodes2. Canine lymphoma is a common hematopoietic tumour that is readily 

diagnosed cytologically or histologically and is treated by a standard chemotherapeutic 

protocol3. It is currently impossible to detect which patients will respond to chemotherapy to 

those that will not respond. There are limited different biomarkers (for example thymidine 

kinase) that have been utilized to readily differentiate this, although none have been 

successfully validated. A new possible biomarker is microRNA or miRNA. miRNA are short (18-

22 nucleotides in length), non-coding regulatory RNA molecules that modulate the translation of 

proteins and have shown to be dysregulated in many different cancers58,59. This literature review 

highlights the roles of various miRs in the development of neoplasia, in particular 

lymphomagenesis. It will correlate similarities and differences between canine and human 

lymphoma and it will show how miRs can be readily detected in blood samples in humans and is 

associated numerous cancers including lymphoma. Review of miR expression both in tissue 

samples and blood samples in human and canine lymphoma will be outlined and has been 

shown to correlate with histologic grading (in both species), clinical outcomes (in humans) and 

response to therapy (in humans).        
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Canine Lymphoma 

Lymphoma is a malignant neoplasm that applies to blood cells, namely lymphocytes that 

typically develop in lymphoid organs3. Lymphoma affects multiple breeds, with reported higher 

incidence in Boxer, Bull Mastiff, Bassett Hound, St. Bernard, Scottish Terrier, Airedale, Labrador 

Retriever, Bouvier des Flandres, Rottweiler and bulldog. Breeds at seemingly lower risk include 

Dachshund and Pomeranian 6. Additionally, a decreased risk for lymphoma has been reported 

in intact females 7. 

The etiology of lymphoma is multifactorial and much remains unknown. Possible 

contributing factors include genetics, infectious agents and immunologic factors2. Recent 

advances in cytogenetics have demonstrated chromosomal aberrations in canine lymphoma 

patients. The most common aberration is gain of chromosomes 13 and 31 and loss of 

chromosome 14 8. A prognostic utility has also been investigated whereby trisomy of 

chromosome 13 is associated with an increase in duration of first remission and overall survival 

time 9. There are many similarities between canine and human lymphoma including germline 

and somatic mutations that relate to altered oncogene/tumour suppressor gene expression, 

signal transduction, apoptosis induction and death-pathway alterations (for example Bcl-2 

family). Such mutations include p53, N-ras, Rb, p16 cyclin-dependent kinase, and telomerase 

activity 10,11,12. 

Retroviral infections in humans and other species such as cats (feline leukemia virus) 

have been shown to be involved in the pathogenesis of lymphoma. In humans, Epstein-Barr 

virus (EBV), a herpesvirus is involved in the development of diffuse large B-cell lymphoma 

(DLBCL). One recent study13 showed EBV-like viral gammaherpesvirus to be present in 48 dogs 

with lymphoma.  Additionally, in humans, a direct association between Helicobacter spp. 

infections and the development of gastric lymphoma has been made 14. Although there is no 



4 
 

 

definitive evidence to suggest this in dogs, a study has shown evidence of Helicobacter sp. 

infection in laboratory beagle dogs resulting in gastric lymphoid follicle development which can 

be a precursor to mucosa-associated lymphoid tissue (MALT) lymphoma in humans 15.  

Classification of lymphoma is according to anatomic site, histologic criteria and 

immunophenotypic characteristics. The most common anatomic form in dogs is multicentric, 

followed by gastrointestinal (GI), and then mediastinal and cutaneous forms. Primary extranodal 

sites include eyes, central nervous system, bone marrow, bladder, heart and nasal cavity 2. This 

review will focus only on the multicentric form as this is the most common form found in dogs, 

accounting for 84% of cases2 and was the type required for inclusion of patients into the study.  

 

Multicentric lymphoma in dogs is typically characterised by the presence of generalized 

painless lymphadenomegaly and lack of systemic signs of illness. If signs of illness are present, 

they tend to be non-specific and may include anorexia, lethargy, diarrhea, vomiting, ascites, 

dyspnea, polyuria, polydispsia and fever. Dogs with T cell lymphoma may develop polyuria and 

polydipsia due to hypercalcemia of malignancy. Depending on severity of infiltration of 

neoplastic lymphocytes into bone marrow, dogs may also develop blood dyscrasias (for 

example pancytopenia or leukemia)2. Diffuse pulmonary infiltration was present in 27-34% of 

dogs with multicentric lymphoma 16.  

 

Diagnosis of multicentric lymphoma is made from a physical examination, complete 

blood count (CBC), biochemistry analysis, urinalysis and definitively by cytologic and/or 

histologic assessment of samples from enlarged lymph nodes. Additional diagnostic tests may 

be utilized either for further prognostication or should cytology or histology return inconclusive 

results. These tests include immunophenotyping (by flow cytometry, immunohistochemistry, or 
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immunocytochemistry) and clonality assays (PCR for antigen receptor rearrangements), 

respectively.  

 

Cytologic diagnosis can be achieved quite readily in lymphomas that have a diffuse 

architecture, providing there is high cellularity and good cell preservation. The population of 

neoplastic lymphocytes is usually monotypic and homogenous, composing greater than 50% of 

the total cells. Typically, these cells are medium to large lymphoid cells (larger than a neutrophil 

or greater than 10-12µm in diameter) with scant basophilic cytoplasm, high nuclear to cytoplasm 

ratio, and round to lobulated nuclei with frequent visible nucleoli 17.  

Histological diagnosis is based on atypical cell morphology and disruption of normal 

tissue (nodal) architecture. Effacement of nodal architecture by neoplastic lymphocytes and 

capsular disruption are characteristic features. Depending on either follicular or diffuse 

effacement, the cytologic criteria of the cells (cell size, cytoplasmic characteristics, nuclear 

placement and nuclear morphology) and immunophenotype of the neoplastic cells, lymphoma 

can be classified according to Table 1 18. Additional details on the histologic criteria for each 

lymphoma subtype can be found in Valli et al., 201118. Furthermore, grading can also be applied 

(low-grade, intermediate-grade or high-grade). Low-grade malignancies are typically composed 

of smaller cells with a low mitotic rate and progress slowly, whereas high grade tumours 

typically are composed of large diffuse immunoblastic cells with a high mitotic rate, and 

progress rapidly 2. 
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Table 1: Summary of canine malignant lymphoma from the WHO classification of lymphoid 

neoplasms, reproduced from Valli et al., 2011. 

 

 

According to one source, the five most common types of lymphoma in dogs from highest 

prevalence to lowest are: diffuse large B-cell lymphoma (142 out of 300 cases), peripheral T cell 

lymphoma not otherwise specified (42/300), nodal T zone lymphoma (38/300), T lymphoblastic 

lymphoma (12/300) and marginal zone lymphoma (11/300)18. The diffuse large B cell lymphoma 

(DLBCL) seen in dogs has histological and clinical features consistent with DLBCL in humans18.  

 

 

B cell neoplasms T cell neoplasms 

Precursor B lymphoblastic leukemia/lymphoma 
Precursor T lymphoblastic 
lymphoma/leukemia 

B cell chronic lymphocytic leukemia T cell prolymphocytic leukemia 

Small cell lymphocytic leukemia/lymphoma 
Large granular lymphocyte leukemia 
(LGL) 

B cell prolymphocytic leukemia Peripheral T cell lymphoma 

Lymphoplasmaytic lymphoma Adult T cell lymphoma/leukemia 

Splenic marginal zone B cell lymphoma Intestinal T cell lymphoma 

Plasma cell myeloma/plasmacytoma Hepatosplenic γδ T cell lymphoma 

Extranodal marginal zone B cell lymphoma of 
mucosa-associated lymphoid tissue type 
(MALT) 

Subcutaneous panniculus-like T cell 
lymphoma 

Nodal marginal zone lymphoma Mycosis fungoides/Sezary syndrome 

Follicular lymphoma 
Anaplastic large cell lymphoma, T and 
null cell primary cutaneous type 

Mantle cell lymphoma Angioimmunoblastic T cell lymphoma 

Diffuse large B cell lymphoma Angiocentric T cell lymphoma 

Mediastinal large B cell lymphoma Nodal T zone lymphoma  

Burkitt's lymphoma   

Burkitt's leukemia   

Primary effusion lymphoma   
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Immunophenotyping 

Immunophenotyping of lymphoma into B-cell or T-cell types has been shown to assist in 

prognosis 18,19. Typical methods for determining immunophenotype include flow cytometry of 

lymph node aspirates, immunohistochemistry on lymph node biopsies and 

immunocytochemistry on smears of lymph node aspirates. Antibodies used to detect B cell 

antigens are directed against CD20, CD21, CD79a, and PAX5. Major antigens that have 

detected to indicate T cell type include CD3, CD5, CD4 and CD8 17. According to the literature 

on immunophenotyping, 60% to 80% of canine lymphomas are of B-cell origin, T-cell 

lymphomas account for 10% to 38%, mixed B- and T-cell tumours account for up to 22%, and 

those tumours that do not express B-cell or T-cell antigens (null cell) represent less than 5% 19-

24. 

Molecular Diagnostics 

An additional method for determining immunophenotype and clonality of neoplastic 

lymphocytes is the PCR for antigen receptor rearrangements assay. Since one of the hallmarks 

of malignancy is clonality, cell population should be derived from expansion of a single 

malignant clone characterized by a particular DNA region unique to that tumour. In T-cell 

lymphomas, the malignant cells should have the same sequence of DNA for the variable region 

of the T cell receptor gene (such as in the CD3 region encoding for T-cell receptor gamma)25. 

Conversely, in B cell lymphomas the cells should have identical sequences in the variable 

region of the immunoglobulin (Ig) receptor gene25. Reactive populations of lymphocytes or 

mixed populations of lymphocytes are polyclonal for their antigen receptors. These molecular 

techniques have been useful for diagnosis and immunophenotyping of lymphoma, but could 

also have utility in detecting early recurrence and determining clinical stage, since they are more 

sensitive than cytologic assessment of lymph nodes, bone marrow and blood 2,26.   
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Staging 

Staging, or the determination of the extent of the disease, is routinely done to establish 

prognosis. Over 80% of dogs are in advanced stages at diagnosis (III to V, see Table 2 for 

WHO clinical staging system for lymphoma in domestic animals). Staging includes assessment 

of blood smears for the presence of circulating neoplastic lymphocytes, thoracic and abdominal 

imaging (radiographs, ultrasound and less commonly computed tomography or magnetic 

resonance imaging) to assess extent of internal node and organ involvement (such as the liver 

or spleen) and assessment of bone marrow involvement via imaging and subsequent bone 

marrow aspirates or core biopsies (as is indicated in dogs with cytopenias) 2. In a study of 53 

dogs, 28% had circulating malignant cells (or stage V lymphoma) and bone marrow examination 

revealed involvement in 57% of the dogs 27. One study28 looked at the possible presence of 

circulating malignant cells using flow cytometry in dogs with lymphoma in remission and found 

no residual circulating cells. Another study29 looked at circulating neoplastic cells in eight dogs 

with B cell lymphoma using q-PCR methods and found seven out of eight had circulating 

neoplastic cells specific for the IgH genomic locus, although no information was given on 

staging of these dogs. Circulating malignant cells at time of diagnosis, especially in dogs that 

are not in stage V from bone marrow assessment, is of importance with regards to correlating 

possible microRNA expression in the blood of these patients. Additionally, 60-75% of dogs with 

multicentric lymphoma have abnormalities on thoracic radiographs with one third having 

evidence of pulmonary infiltrates and the remainder having thoracic lymphadenopathy (sternal 

or tracheobronchial lymph nodes) 16. Cranial mediastinal lymphadenopathy has been detected 

in 20% of dogs with lymphoma and approximately 50% of cases have evidence of involvement 

of medial iliac and/or mesenteric lymph nodes, spleen or liver 16,30.  
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Table 2: WHO clinical staging for lymphoma in domestic animals, modified from Vail et al., 

2013.  

Stage Clinical characteristics 

I Involvement limited to a single node or lymphoid tissue in single organ 

II Involvement of many lymph nodes in a regional area 

III Generalized lymph node involvement 

IV Liver and/or spleen involvement (with or without stage III) 

V 
Manifestation in the blood and involvement of bone marrow and/or other 
organ systems 

Substage   

a without systemic signs 

b with systemic signs 

 

 

Prognosis of Canine Lymphoma 

Multiple factors have been shown to influence prognosis, such as cranial mediastinal 

lymphadenopathy and prolonged glucocorticoid treatment, but the two most consistently 

identified prognostic factors are immunophenotype and WHO substage. It has been reported 

that dogs with multicentric intermediate to high grade lymphoma with CD3-immunoreactivity or 

T-cell lymphoma have significantly shorter remission and survival durations. Conversely dogs 

with B-cell lymphomas have longer remission and survival durations2. Other negative prognostic 

indicators include dogs with B-cell lymphoma with lower than normal expression of B5 antigen 19 

and low levels of MHC class II expression 31. Dogs that are clinically ill (WHO substage b) also 

did poorly when compared with dogs with substage a disease22,32-34. Dogs that were staged as I 

or II have a better prognosis than those dogs in more advanced stages (stage III, IV and V), 

although dogs with multicentric lymphoma are usually stage III or higher.  

Additionally, histologic grading can provide prognostic information. Dogs with low-grade 

lymphoma tend to have poorer response rate to chemotherapy, yet have more of a survival 
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advantage over dogs with intermediate- to high-grade lymphomas since the disease is more 

indolent. Conversely, dogs with intermediate- to high-grade lymphoma tend to respond to 

chemotherapy but can relapse early18,33. Assays to determine cell proliferation, such as Ki67 

antibody reactivity and the ribosomal RNA genes, argyrophilic nucleolar organizer region 

(AgNOR) have shown to provide prognostic information in dogs treated with combination 

chemotherapy, although multiple trials have shown conflicting results 32,35-37. 

Biomarkers such as assessment of thymidine kinase, lactate dehydrogenase, serum C-

reactive proteins and glutathione-S-transferase have provided prognostic information at the time 

of diagnosis, but require further confirmation of utility in larger trials 2.  One study38 looked at 

thymidine kinase as a biomarker for prognosis in serum samples from 52 dogs with canine 

lymphoma undergoing chemotherapy. Thymidine kinase (TK) is an enzyme involved in the 

pathway of pyrimidine synthesis, exists in 2 forms, cytosolic and mitochondrial and is associated 

with cellular proliferation. Any increase in extracellular TK activity could reflect overall degree of 

DNA synthesis and the number of cells dying in the replicative stage, therefore releasing TK into 

the blood39 . That study concluded that dogs with lymphoma had 2-180 times higher TK activity 

than normal dogs, and that mean serum TK activities in dogs that had gone into remission were 

not significantly different from TK activities in healthy controls (p-value=0.68). Additionally, mean 

serum TK activity at least 3 weeks before and at time of relapse was significantly higher than 

activity measured in dogs in remission38. Lastly, it was concluded that dogs with a serum TK at 

time of diagnosis over 30 U/L had significantly shorter survival durations38. The range of serum 

TK increase in that study was broad and no reference intervals were established. This would be 

a highly sensitive but not specific biomarker for prognosis in canine lymphoma and further work 

needs to be performed using a larger sample size (possibly multi-institutional) to confirm these 

findings.  
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Lactate dehydrogenase (LDH) activity was investigated in dogs with lymphoma as it has 

been shown to reflect tumour burden and treatment response in humans with many different 

cancers, including non-Hodgkin’s lymphoma 40,41.   In contrast to humans, in dogs with cancers 

serum LDH levels were significantly higher in 188 dogs with cancers (lymphoma, mammary 

carcinoma, mast cell tumours, histiocytic sarcoma and others) although there was much overlap 

with levels in dogs that had other diseases (such as urogenital diseases, gastroenteritis, 

dermatologic disease, immune-mediated hemolytic anemia and cardiac disease)42. It was 

concluded that LDH levels had limited use in differentiating between dogs that had cancer and 

dogs with non-neoplastic diseases42. Despite that study using a large number of patients, LDH 

was found to be non-specific in its ability to detect neoplasia, let alone provide additional 

prognostic information. This study was also very broad, and focussing on one particular 

neoplasm may have yielded different results. Further work needs to be done on canine patients 

with only lymphoma to rule out LDH as a potential prognostic biomarker.  

Serum C-reactive protein (CRP) is an acute-phase protein produced in the liver that is 

increased in response to microbial invasion, acute inflammation and tissue injury. One study 

looked at serum C-reactive protein in 22 dogs undergoing chemotherapy and showed that dogs 

with lymphoma had CRP levels within reference interval when in complete remission compared 

to partial remission, stable disease or progressive disease43. It was found that CRP differed in 

values before and after treatment43. Nevertheless, there were profound variations in CRP 

concentration within each dog and such individual variation precluded use of CRP concentration 

to identify prognosis43.   

Glutathione-S-transferase (GST) activity was investigated in a small cohort (n=11) of 

dogs with lymphoma before treatment, 3 weeks after 1st dose of doxorubicin, and every 3 weeks 

thereafter until relapse. That study showed that mean plasma GST activity in were increased 

prior to treatment and at the time of relapse when compared to normal dogs 44. Even though 
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significance was concluded, the small sample size precluded using GST as a working biomarker 

for clinical use, until further work is undertaken on a larger sample size.  

 

Therapy 

Since canine lymphoma is considered a systemic disease, intravenous multi-agent 

chemotherapy is the treatment of choice for dogs with multicentric lymphoma. Combination 

chemotherapy protocols are superior in efficacy to single-agent protocols. Single-agent 

protocols result in lower response rates that are not as durable as combination chemotherapy 

and without treatment, most dogs will die of their disease 4 to 6 weeks after diagnosis 2. Despite 

the many combinations of multi-agent chemotherapy the most commonly used protocol is 

CHOP. CHOP represents a combination of cyclophosphamide (C), doxorubicin (H, 

hydroxydaunorubicin), vincristine (O, oncovin ®) and prednisone (P). CHOP-based therapy 

induces remission in 80-95% of dogs, with overall median survival times of 10 to 12 months and 

approximately 20-25% of treated dogs will be alive 2 years after initiation of these protocols 2. 

The fundamental goals of chemotherapy are to induce a complete durable (>6 months) first 

remission (induction), to re-induce remission when the tumour recrudesces (relapse) and to 

induce remission when the cancer fails to responds to induction or reinduction using drugs not 

present in the initial protocols (termed rescue protocols) 2. The current protocol of CHOP used 

at the Animal Cancer Centre at the Ontario Veterinary College extends to 25 weeks. Table 3 

summarises the 25 week protocol. 
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Table 3: Summary of current CHOP protocol utilized at the Animal Cancer Centre 

Week 1 
Vincristine 0.7 mg/m2 IVa & Prednisone 50 mg, 1 tablet every 24 
hours 

Week 2 
Cyclophosphamide 250 mg/m2 POb & Prednisone 50 mg, 1/2 tablet 
daily 

Week 3  Vincristine 0.7 mg/m2 IV & Prednisone 50 mg, 1/4 tablet daily 

Week 4 Doxorubicinc 30mg/m2 IV  Off Prednisone 

Week 5  Break 

Week 6 Vincristine 0.7 mg/m2 IV 

Week 7 Cyclophosphamide 250 mg/m2 PO 

Week 8 Vincristine 0.7 mg/m2 IV 

Week 9 Doxorubicin 30 mg/m2 IV 

Week 10  Break and then treatment on alternate weeks 

Week 11 Vincristine 0.7 mg/m2 IV 

Week 13 Cyclophosphamide 250 mg/m2 PO 

Week 15 Vincristine 0.7 mg/m2 IV 

Week 17 Doxorubicin 30 mg/m2 IV 

Week 19 Vincristine 0.7 mg/m2 IV 

Week 21 Cyclophosphamide 250 mg/m2 PO 

Week 23 Vincristine 0.7 mg/m2 IV 

Week 25 Doxorubicin 30 mg/m2 IV 
a – IV = intravenous 

b – PO = per os  

c – Doxorubicin dose is adjusted to 1mg/kg for small dogs (<10kg) 

Relapse or recrudescence of disease represents the emergence of tumour clones or 

tumour stem cells resistant to chemotherapy 45. These cells tend to be multi-drug resistant 

(MDR) clones that are more likely to express the MDR1 gene encoding a transmembrane drug 

pump protein but this is only one of the many possible mechanisms that can lead to drug 

resistance 46. Re-induction should be done with the initial CHOP based protocol that worked to 

achieve remission in the patient previously. Nearly 80-90% re-induction rates can be expected 

in dogs that have completed CHOP-based protocols and then relapse while not receiving 

chemotherapy 47. If the dog does not respond to initial induction or reinduction, “rescue” agents 

or protocols may be attempted. These are usually single agents that have not been used in the 
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patient before, and are initially withheld for use in drug-resistant cases. The common rescue 

protocols used in dogs include single –agent use or combinations of actinomycin D48,49, 

mitoxantrone50, dacarbazine51, lomustine (CCNU)52,53, L-asparaginase54, vinblastine, 

dexamethasone49, melphalan49, cytosine arabinoside49,55 and etoposide 2. Choice of rescue 

agents depends on clinician preference and experience, as well as cost, toxicity and complexity 

of the protocol. Reported rescue response rates vary from 40-90% with a median duration of 

1.5-2.5 months. Less than 20% of dogs will have longer rescue durations 2,54. The most 

common combination used due to cost and simplicity is CCNU/L-asparaginase/prednisone. The 

main second line protocol that is used in the Animal Cancer Centre at the Ontario Veterinary 

College, University of Guelph is the D-MAC (dexamethasone, melphalan, actinomycin-D and 

cytosine arabinoside) protocol56.  

 

To further understand the importance of miRs and their possible role in canine 

lymphoma, we must first delve into the similarities and differences between the human and 

canine forms of the disease. The multicentric form of canine lymphoma is most closely mirrored 

by human non-Hodgkin’s lymphoma (NHL). NHL represents 5% of all new cancers, is the fifth 

leading cause of cancer death, and the second fastest growing cancer in terms of mortality 57. 

There are several different subtypes of NHL, but diffuse large B-cell lymphoma or DLBCL is the 

most common, representing 25-35% of new cases annually 58. There are three distinct subtypes 

of DLBCL: germinal-center B-cell type (GCB) activated B-cell type (ABC) and type 3 DLBCL. 

Survival outcomes for patients alive within 3 years of diagnosis with GCB vs non-GCB subtypes 

are statistically different (87% vs 44%), despite current standard treatment 58. These subtypes 

will be referred to in future sections of this review. DLBCL is the form of NHL which is most 

similar to canine multicentric B-cell lymphoma59. DLBCL is an aggressive form of lymphoma and 

if left untreated, survival times are weeks to months. Canine multicentric lymphoma patients 
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present with rapidly enlarging lymph nodes. Bone marrow involvement can be present at time of 

diagnosis (20-30% of human patients). Prognosis in human patients according to the 

International Prognostic Index (IPI) predicts response to therapy, and is based on retrospective 

analysis of more than 2,000 patients with aggressive DLBCL lymphoma. The IPI accounts for 

age (>60 years), stage of disease (III, IV), increased LDH activity and poor response to therapy 

as negative prognostic indicators 58. Recent molecular methods assessing prognostic factors 

such as mutational changes in BCL-6, BCL-2, p53, c-myc and Ki-67 are associated with poor 

outcomes58. These factors have not been readily utilized in canine patients. Treatment of human 

DLBCL is similar to the CHOP protocol in dogs, although this has been modified to include 

rituximab as a standard (R-CHOP). Remission rates from this chemotherapeutic protocol can be 

as high as 80-90% in patients with low-risk disease. Additionally, overall survival rates range 

from 30-50% at 5 years for all patients with DLBCL 58. Canine multicentric lymphoma patients, 

especially those with B cell lymphoma, have similar remission rates yet differing survival rates to 

human DLBCL and provide a useful large animal (non-murine) model of human DLBCL with 

study outcomes potentially applicable to both human and canine patients60.  

 

MicroRNA biogenesis and extracellular mechanisms 

MicroRNA (miRNA or miRs) are short (18 – 22 nucleotides in length), non-coding 

regulatory RNA molecules that function to modulate the translation of proteins from messenger 

RNA (mRNA), and play roles in physiological and pathological conditions, such as cell 

differentiation, growth and apoptosis 61. Approximately 2500 microRNAs, which have been 

shown to be tissue specific, have been identified in humans, and nearly all protein-encoding 

genes can be controlled by miRNAs in both healthy and malignant cells 62. Of potential 

importance, the majority of microRNAs are located at cancer-associated genomic regions63. To 
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further understand the mechanism by which miRNAs contribute to tumour proliferation, an 

introduction to their biogenesis and function within the cell is required.  MiRNAs are transcribed 

in the nucleus of the cell by RNA polymerase II into a large primary miRNA (pri-miRNA) which is 

polyadenylated. This pri-miRNA transcript is then cleaved in the nucleus with the RNase III 

enzyme Drosha, and the double-stranded RNA binding protein Pasha, into approximately 70 

nucleotide long pre-microRNA molecules which form into perfect stem-loop structures 64.  The 

pre-microRNA is then exported out of the nucleus into the cytoplasm of the cell by the RAN-

GTP dependent transporter exportin-5, where it is cleaved by another RNAse III enzyme, Dicer 

to form double stranded RNA of approximately 22 nucleotides in length, referred to as a 

miRNA:miRNA duplex. The mature miRNA is then incorporated into the RNA inducing silencing 

complex (RISC), where it binds to complementary sites of the mRNA target to negatively 

regulate gene expression in one of two ways, depending on the degree of complementarity 

between the miRNA and its target 64. The first method is by imperfect complementarity whereby 

target gene expression is blocked at the level of protein translation. Sites of perfect 

complementarity tend to occur in the 3’ untranslated regions of the target mRNA genes, which 

induces target mRNA cleavage 3,64. miR nomenclature is essentially sequential numbering and 

names are assigned according to experimentally confirmed miRs65,66. The prefix "miR" is 

followed by a dash and a number, the latter often indicating order of naming. For example, miR-

126 was named and likely discovered prior to miR-451. A capitalized "miR-" refers to the mature 

form of the miRNA, whereas “mir-“ refers to the pre-miRNA state or pri-miRNA state65,66.  

 

miRs are not only found intracellularly but can also be found in extracellular fluid (such 

as serum and plasma) in forms that protect them from degradation by ribonucleases and pH 

extremes 4,67. This is accomplished by inclusion within protein or lipid vesicles, such as apoptotic 

bodies, exosomes and microvesicles 67. miRs can be released from cells via passive leakage 

from lysed or necrotic cells, and possibly from certain blood cells such as monocytes and 
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platelets, but this latter mechanism of extracellular release does not make a major contribution 

to circulating miRs 4. Further studies using differential centrifugation and size exclusion 

chromatography to characterize miR complexes in human plasma and serum have shown that 

there are two distinct groups of miRs: vesicle-associated and non-vesicle-associated. One 

study68 showed that vesicle-associated miRs accounted for the minority of circulating miR 

whereas up to 90% of miRs are free or non-membrane-bound, associated with protein or 

lipoprotein complexes 69.  

 

The first mechanism of vesicle-associated miR formation involves pre-miR or mature 

miR being packaged into small vesicles called exosomes (vesicles of endocytic origin) that are 

then released from cells by fusion of multi-vesicular bodies with the cell plasma membrane. 

Another source of circulating miR originates from microvesicles that form via the blebbing of the 

cell plasma membrane.  Non-vesicle associated miRs have been bound to RNA binding 

proteins such as Ago2, which is known as the key intracellular effector protein of miR-mediated 

RNA silencing, as well as high density lipoproteins (HDLs)69,70. It was determined that most 

miRs are bound to proteins of a molecular weight between 50-300kDa. Immunoprecipitation 

with antibodies to 98-kDa Ago2 (Argonaute 2) subsequently revealed that miRs were present in 

Ago2 complexes69.  It has been proposed that the Ago2-miR complexes are passively released 

by dead or apoptotic cells and remain in the extracellular space because of the high stability of 

the Ago2 protein68,69.  Conversely, high-density lipoproteins (HDL) contain lipids, such as 

phosphatidylcholine and apolipoprotein A-I, and have an average particle size of approximately 

8 to 12 nm. How miRs are loaded onto HDLs remains unknown, although studies have shown 

increases in certain miRs associated with increases in HDL concentrations in humans and mice, 

and there is an up to 3000-fold increase in miR expression in human familial 

hypercholesterolemia70. The role of extracellular and circulating miRs distant from their cell of 

origin remains unclear. The stability of miRs is remarkably high and it is intriguing to suggest 
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that they are taken up by distant cells to regulate their gene expression. Currently, the role of 

extracellular miRs is being studied intensively, with initial studies confirming that miRs may 

indeed contribute to cell-to-cell communication71-73.  

 

miRs in neoplastic disease 

As mentioned earlier, there are specific miRs that play regulatory roles in specific 

tissues. Examples of roles of miR-181 in the differentiation of mammalian hematopoietic cells 

towards the B cell lineage, miR-375 in mammalian pancreatic islet-cell development and 

regulation of insulin secretion, and miR-143 during mammalian adipocyte differentiation64. miRs 

associated with tumor suppressors or tumour oncogenes are referred to as oncomiRs. 

Following genetic aberrations in neoplastic cells, similar aberrations are seen in tissue specific 

miRs, as Calin et al. 200474 showed that about 50% of annotated human miRs are located in 

areas of the genome (or fragile sites) that are associated with cancer. This indicates that miRs 

might have a crucial role in cancer progression3,4,64. Up-regulated expression of some miRs can 

minimize expression of normal tumour suppressors (such as PTEN and p53) and conversely, 

those which are down-regulated might promote the expression of oncoproteins or anti-apoptotic 

molecules (such as BCL-2 and PIM-1) 62,63. 

 

Hundreds of miRs have been shown to be associated with numerous neoplastic 

diseases in humans, including mammary carcinoma, prostate cancer, NHL and B cell 

leukemias. For example, two specific miRs, miR-143 and miR-145 are common in a wide variety 

of cancer types. These miRs are located on chromosome 5q32-33 and have decreased 

expression in colorectal tumour samples, and are also down-regulated in breast, prostate, 

cervical and lymphoid cancer cell lines, and tumour samples from breast cancer patients 64,75,76.  

Another example is miR-155 which has shown to be of particular importance in many different 

lymphoma subtypes. Increased expression of miR-155 is associated with a chromosome 21q21 
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abnormality, which can be seen in tissue samples from Burkitt’s lymphoma77, primary 

mediastinal lymphoma, DLBCL 78  and breast cancer75.  

 

This review will highlight those miRs that are associated with lymphomagenesis in 

humans, mouse models and cell lines. It will highlight miRs found in types common in humans 

and dogs, focussing primarily on DLBCL, and will include examples from more aggressive 

tumour types such as anaplastic large cell lymphoma, Burkitt’s lymphoma and NK/T cell 

lymphoma. The literature with respect to canine lymphoma will also be reviewed, focussing on 

the multicentric form, as this mirrors the clinical disease process and molecular mechanisms 

found in human patients with non-Hodgkin’s DLBCL.      

 

 

miRs in human lymphoma  

There have been numerous studies demonstrating both increases and decreases in miR 

expression in human lymphoma cell lines, formalin-fixed paraffin-embedded (FFPE) lymph node 

biopsy samples, and serum samples, in patients with various lymphoma subtypes. The miRs 

which are aberrantly expressed in lymphoma patients are similar to those involved in normal 

development of B and T lymphocytes. While there are several studies examining miR 

expression in cutaneous T cell lymphoma, a limited number of studies have investigated nodal T 

cell lymphoma subtypes. While numerous miRs may have abnormal expression in lymphoma 

samples, only a few have been consistently shown to have aberrant expression across different 

sample types (cell lines, fresh tissue and FFPE tissue) in multiple studies.  

 

To further understand aberrant miR expression in lymphoma patients, the miR milieu in 

the development of B cells in lymphoid follicles needs to be outlined.  In normal lymphopoiesis, 

miR-155 is expressed at moderate level in hematopoietic stem cells, high level in germinal 
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centre cells and much lower level in mature B cells77,78. This miR is rapidly induced in response 

to inflammatory stimuli when B cells engage with the antigen receptor. This miR plays an 

important role in regulating antigen-dependent B cell development79. Multiple other miRs 

associated with the miR-146 family are involved with lineage identity in lymphocytes. The role of 

this miR family in B cells remains to be determined, although overall B cell numbers are lower in 

miR-146a deficient mice as these mice develop lymphoid and myeloid malignancies80. Other 

miRs including miR-125a, miR-125b, miR-99b and let-7e are expressed in actively dividing 

centroblasts in germinal centres77,78. Therefore, there are multiple miRs that are important 

during the development of B cells, and it appears miR-155 is most important in terms of 

lymphomagenesis. 

 

 

miRs in lymphomagenesis 

Multiple miRs have a role in development of normal B and T cells and have aberrant 

expression in many different lymphoma subtypes, including DLBCL. A few miRs have 

consistently been shown to have aberrant expression in studies in humans and in murine 

models of lymphomagenesis, particularly the miR-17-92 cluster, the miR-15a/16-1 cluster, miR-

21, miR-155, miR34a and miR-125b 62,63,77,78.  A miR cluster consists of multiple miRs occurring 

in similar genomic locations within introns or intergenic regions that typically transcribe together 

in polycistronic transcripts and usually control mRNAs with related functions 78. One such cluster 

is miR-17-92, which comprises six miRs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1 and 

miR-92a-1) 78. 

 

miR-17-92 cluster 

This cluster was the first set of miRs known to be dysregulated in malignant lymphoma. 

As mentioned above, this cluster encodes for six different miRs and is located at chromosome 
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13q31-q32, a region frequently amplified in lymphoma, such as germinal centre B-cell-like 

(GCB-like) DLBCL, mantle cell lymphoma and Burkitt’s lymphoma 62,63. Studies by He and 

colleagues in 200581 revealed that mice inoculated with stem cells from fetal liver cells 

transduced with miR-17-92 had higher death rates when compared to control mice due to the 

induction of B-cell leukemia. Additionally, they also showed miR-17-92 could induce tumor 

formation by acting in concert with Myc, a gene regulator coding for a transcription factor, and 

potent proto-oncogene 81. More recently it was found that miR-17-92 target genes are 

responsible for normal B-cell development and that miR-17-92 knockout mice upregulated the 

pro-apoptotic protein Bim with subsequent inhibition of differentiation from pro-B-cell to pre-B-

cell transition. This suggests that miR-17-92 modulates the expression of Bim, and the 

increased expression of miR-17-92 enhances the anti-apoptotic mechanism of B-cell 

lymphomas 82. Additional studies by Inomata and colleagues in 2009 also showed that miR-17-

92 regulates the tumour suppressor p21 83. Most recently, two studies have demonstrated that 

miR-19 regulates PTEN, a tumour suppressor, and enhances anti-apoptotic activity via up-

regulation of the AKT/mTOR pathway 84,85. This means that there are several targets for miR-

17-92 to regulate in different B-cell lymphoma subtypes, including DLBCL, mantle cell 

lymphoma and Burkitt’s lymphoma.  The up-regulation of miR-17-92 enhances the development 

of these tumors. 

 

miR-15a/miR-16-1 cluster 

This cluster was the first to be investigated as tumor-inducing miRs in leukemia. Both 

miR-15a and miR-16-1 were found to have decreased expression from the common loss of 

13q14 in chronic lymphocytic leukemia (CLL) patients86. More recent evidence from cell lines 

from patients with B cell CLL have shown miR-15a and miR-16-1 to directly target p53 as part of 

a positive feedback loop whereby these miRNAs are also regulated by direct p53 binding 87. 

Further evidence was noted in the New Zealand Black (NZB) mouse that is known to develop a 
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disease similar to human CLL. A locus on chromosome 14 similar to 13q14 in humans was 

linked to CLL and encodes for miR15a and miR16-1 in mice. Decreased levels of miR-16 were 

found in lymphoid tissue of these mice 88. This miR cluster has also been linked to the 

pathogenesis of several lymphomas including mantle cell lymphoma and anaplastic lymphoma 

kinase (ALK)-positive anaplastic large cell lymphoma (ALCL). ALK expression was found to 

down-regulate miR-16 expression in conjunction with hypoxia induced factor 1α (HIF1A), which 

induces the expression of VEGF-A in ALCL cases89.  

 

miR-21 

This miR was consistently found to be up-regulated in a study that profiled 540 tissue 

samples from cancer patients, including lung, breast and prostate carcinoma 90and has been 

identified as an anti-apoptotic oncomiR in glioblastoma91.  Over-expression of this miR has been 

documented in both Hodgkin’s and non-Hodgkin’s lymphoma 92. miR-21 targets many tumor 

suppressor genes including tropomyosin 1 (TPM1), programmed cell death 4 (PDCD4), 

ANP32A and SMARCA4 in lymphoma, including B-cell lymphoma 93, and PTEN in 

hepatocellular carcinoma and NK/T cell lymphoma94,95. Furthermore, an inducible transgenic 

knock-in mouse model resulted in spontaneous development of lymphoma, resembling 

precursor B-cell lymphoblastic lymphoma/leukemia, following induction with miR-2196. Studies 

have also correlated this miR with patient survival data and response to chemotherapy, and will 

be discussed further in coming sections.  

 

miR-155 

This miR has been intensively studied because it plays a role in normal lymphocyte 

biology, specifically B-cell development in germinal centres of lymphoid tissues 63,77. It has also 

been shown to be up-regulated in various hematological and solid malignancies, including 

Hodgkin’s lymphoma and DLBCL, although it is down-regulated in Burkitt’s lymphoma 97,98. In 
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vitro, wild type B cell activation resulted in strong up-regulation of miR-155 expression, along 

with activation of CD4+ T cells. miR-155 deficient B cells expressed a third of normal levels of 

TNFα and lymphotoxin and T cell differentiation was biased towards the Th2 response99. One 

study showed that miR-155 directly targets mothers against decapentaplegic homolog 5 

(SMAD5), with ectopic expression suppressing in vitro growth-inhibitory effects of TGF-β1 in 

DLBCL cells 100. This miR can also regulate the phosphatidylinositol-3 kinase/protein kinase B 

(PIK3CA-AKT1) genes in the pathway in DLBCL. One study has shown that miR-155 over-

expression promotes TNFα-dependent growth of DLBCL cells both in vitro and in vivo 

xenotransplant models in mice by the direct modulation of phosphatidylinositol-3,4,5-

trisphosphate 5-phosphatase 1 (INPP5D) levels101. This pathway initiates a cascade of events in 

the regulation of IL-6 signaling, leading to the accumulation of large pre-B cells and acute 

lymphoblastic leukemia/high grade lymphoma-type disease in mice 101,102. Induction of miR-155 

in lymphoid tissue in mice resulted in disseminated lymphoma, and subsequent withdrawal lead 

to a marked reduction in tumor size, with mice having no detectable disease by 1 week post 

withdrawal 103. This suggests that these tumors were dependent on continual miR-155 over-

expression, similar to miR-21. Lymphoma associated herpesviruses, such as Epstein-Barr virus 

(EBV), Kaposi sarcoma-associated herpesvirus (KSHV) and Marek’s disease virus (MDV), are 

all associated with dysregulation of miR-155 104.  This aberrant phenotype induced by miR 

dysregulation – a change from normal development toward tumour development - highlights the 

potential value of this miRNA to provide diagnostic and prognostic information.   

 

miR-34a 

This miR is associated with the p53 network and is a pro-apoptotic and growth-

suppressive miR 62,63. Both p53 and mir-34a work synergistically in a positive feedback loop, 

whereby p53 induces miR-34a expression and in turn miR-34a activates p53 105. On the other 

hand MYC down-regulates the expression of miR-34a, while the miR can also down-regulate 

http://en.wikipedia.org/wiki/Phosphoinositide_3-kinase


24 
 

 

myc via the CDKN2A-MDM pathway in B-lymphoid cells concomitantly over-expressing MYC 

106,107. Two studies 108,109 have shown that miR-34a is associated with high-grade transformation 

of nodal and MALT B-cell lymphoma via myc-mediated miR-34a repression in formalin fixed 

paraffin embedded (FFPE) tissue samples and lymphoma cell lines.  

Table 4 summarizes the numerous miRs that are dysregulated in various classifications of 

lymphoma in human patients.   

 

Table 4: Summary of dysregulated miRs in different human lymphoma classifications 

Lymphoma subtype Dysregulated miRs 

DLBCL 
miR-17-92, miR-21, miR-155, miR-181a, miR-222, miR-
146a, miR-24, miR-9 

Burkitt's miR-17-92, miR-155 

Mantle cell miR-17-92, miR-29 

CLL (B cell) miR-15a, miR-16-1 

NK/T cell  miR-21, miR-326, miR-203, miR-205 

MALT- B cell  miR-34a 

 

miR and prognosis 

There are multiple miRs which are correlated with patient survival and length of 

remission, as well as those whose expression patterns may predict which patients require 

chemotherapy alterations. Such miRs include miR-34a as described above, miR-181a, miR-222 

and miR-29. Changes in miR-181a and miR-222 in FFPE samples predicted overall survival (2 

year survival time) and progression-free survival in R-CHOP-treated DLBCL patients 110,111. 

Patients with mantle cell lymphoma that have down-regulated miR-29 expression in FFPE 

lymphoid tissue samples had shorter survival times compared with those who expressed 

relatively high levels of miR-29 112.   
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miR in canine lymphoma 

Currently, there are only three studies which have looked at miR expression in canine 

lymphoma patients in FFPE samples, fresh-frozen tissue, tumour cell lines or peripheral blood 

mononuclear cells.  These studies evaluated the utility of miRs for diagnosis, differentiation 

between B-cell and T-cell lymphoma, and correlation with histologic grading 60,113,114. One study 

investigated miR expression in fresh frozen and FFPE lymph nodes using eleven miRNA 

sequences/primers (let-7a, miR-16, miR-17-5p, miR-21, miR-26b, miR-29b, miR-125, miR-150, 

miR-155, miR-181a and miR-223) and found three suitable endogenous control miRs (let-7a, 

miR-16 and miR-26b) for comparing miR expression. More importantly, that study highlighted 

the up-regulation of miR-17-5p in B-cell lymphoma and miR-181a in T-cell lymphoma, although 

no correlation between high grade and low grade was established114. Another study completed 

in 2011, investigated miR expression in six different canine lymphoma cell lines and in naturally 

occurring B- and T-cell lymphoma samples (fresh frozen)60. The authors used quantitative RT-

PCR to assess 95 different human miRs known to be involved in apoptosis, differentiation and 

cancer. That study again found differential expression between B- and T cell lymphomas. B-cell 

lymphomas had decreased expression of miR-181a, miR-203, miR-204 and increased 

expression of miR-19a+b (miR-17-92 cluster). Conversely, T-cell lymphomas had increased 

expression of miR-17-5p, miR-181b and miR-20a60.  

A very recent study graded splenic lymphoma samples (FFPE) into low and 

intermediate-high grade, according to WHO classification and correlated grade to an expression 

ratio of miR-17-5p and miR-155 113. That study looked at six endogenous control miRs and four 

cancer-associated miRs (miR-17-5p, miR-29b, miR-155 and miR-181a). A low ratio of miR-17-

5p to miR-155 correlated to low grade lymphomas at a median ratio of 0.04 with a p-value 

<0.001 whereas a high ratio correlated with high grade lymphomas at a median ratio of 0.475 

with a p-value<0.001113. Table 5 summarizes the dysregulated miRs that have been 

investigated in canine lymphoma patients. 
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The majority of the work has found a similar milieu of miR expression in both B-cell and 

T-cell lymphomas in dogs in FFPE and fresh tissue samples, but no studies have yet used 

serum or plasma as a minimally invasive sample for miR detection and quantitation. There have 

been no studies that have attempted to correlate disease outcomes (remission, relapse, overall 

survival times) with miR expression in dogs. 

 

Table 5: Summary of dysregulated miRs investigated in canine lymphoma patients       

Lymphoma immunophenotype Dysregulated miRs 

B cell 
miR-181a, miR-203, miR-204, miR-17-92, 
miR-155 

T cell miR-17-5p, miR-181b,  miR-20a 

 

miR in serum and plasma 

Most studies have concentrated on detection of miRs in solid tissue, such as fresh tissue 

or FFPE samples. miRs have been easily detected in serum and plasma samples from many 

different diseases in humans such as prostate cancer, DLBCL, sepsis, heart failure and breast 

cancer, although only a few studies have shown a correlation of miR expression in human 

lymphoma patients with clinical outcomes 4,115. A vast amount of work has been done on human 

patients with cardiovascular disease67.  One important study in people looked at miR expression 

in serum from 60 patients with DLBCL compared to 43 healthy controls. That study showed 

increased expression levels of three miRs (miR-155, miR-210 and miR-21) in patient samples 

compared to control samples. More importantly, high expression of miR-21 in patient sera was 

found to be associated with improved relapse-free survival times 92.  Another study in human 

patients with DLBCL evaluated miR expression in serum from 133 patients. That study showed 

fifteen different miRs had 10-fold or higher expression in patients with   primary refractory 

disease when compared to those in complete remission. Primary refractory disease can be 

defined as progression of disease during induction treatment or a partial or transient response 
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(<60 days) to induction therapy. Furthermore, expression levels of five miRs (miR-224, miR-

455-3p, miR-1236,miR-33a and miR-520d-3p) were significantly associated with response to R-

CHOP treatment (after 2, 4 and 6 cycles) and hence were a significant predictor of response115. 

There have been no similar studies that have documented serum or plasma miR expression in 

canine lymphoma patients. As a method, miR detection in canine serum and plasma has been 

established previously in Doberman Pinschers with dilated cardiomyopathy (DCM). That study 

looked at a vast number of miRs (all known murine and canine miRs) using a microarray with 

qRT-PCR in a small cohort (three dogs) but was able to show significant differences in 

expression in 22 miRs when compared to control animals116. That study highlights the 

remarkable stability of miR to RNases and the ability of miRs to be easily detectable in serum or 

plasma samples. More importantly, it suggests an ability to detect miRs in plasma samples of 

canine lymphoma patients. 

 

 

Advantages of serum and plasma detection in dogs 

Even though the diagnosis of multicentric lymphoma is relatively straight forward, there 

is little information on early prediction of patient response to therapy and the ability to predict 

which dogs are likely to relapse. Reproducible and reliable miR profiles can be established 

using very minute (picogram) amounts of RNA in FFPE tissue samples and serum samples and 

hence raises the possibility of detecting miRs from peripheral blood78,116. Multiple blood samples 

are taken from canine lymphoma patients prior to every CHOP therapy, providing a minimally 

invasive sample. This provides significant advantages for assessment of miR expression over 

more invasive techniques such as repeated lymph node aspirates or biopsies, or more time 

consuming modalities such as abdominal imaging. This would therefore provide the opportunity 

to use circulating miRs as biomarkers to monitor progression and response to therapy in 

lymphoma patients.  
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miR stability in blood and FFPE samples 

As mentioned earlier, miRs are relatively resistant to ribonucleases (RNAses) and hence 

are highly suitable as biomarkers. Many studies have looked at stability in long-term storage of 

FFPE samples, as well as stability in serum and plasma samples, under various conditions. One 

study compared miR expression between FFPE and matched fresh-frozen samples using qRT-

PCR and demonstrated that there were no significant differences117. Furthermore, assessment 

of miR expression in FFPE samples over prolonged storage (for up to 10 years) demonstrated 

no significant deterioration in expression and miR-24 was found to be a suitable endogenous 

control miR 117.  

miRs in serum or EDTA-anticoagulated plasma are also stable and lack degradation by 

RNAses. Multiple studies have shown that miRs (miR15b, miR-16, miR-24 and miR-122) from 

both serum and plasma samples are stable when samples have been refrigerated at 4oC or 

frozen at -20oC for up to 72 hours, and at room temperature for 24 hours 5,118. Additionally, miR 

levels did not alter significantly during 8 freeze-thaw cycles at -80oC 5. One recent study has 

shown that miR levels remained stable at -70oC in longer term storage for at least one year 119. 

There are minimal differences between miR levels in serum versus EDTA-anticoagulated. A 

total of 119 miRs have been assessed in human serum and plasma and several studies have 

shown that levels of miRs were slightly higher in plasma EDTA samples compared to serum 

samples, although differences were not significant120,121. EDTA-anticoagulated plasma samples 

may be more relevant compared to serum samples because the coagulation process inherently 

increases sample to sample variation and may change the true repertoire of circulating miRs 120.  

Endogenous control miRs in serum or plasma are required since the majority of short-nucleolar 

RNAs used for normalization in tissue samples have wide intra-individual and inter-individual 

variations in blood samples. Multiple studies have shown three different miRs with minimal 

variation in Ct values as well as consistent low Ct values in serum or plasma samples, namely 

miR-16, cel-miR-39 (exogenous spike-in control) and miR-15b5,118,121,122. These three miRs 
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showed minimal variation between sample types and groups and were thus considered 

appropriate endogenous controls to use for normalization114,115,118,119. 

 

Effects of hemolysis on miR expression     

Hemolysis has been found to alter the repertoire of miR expression, mainly leading to 

false elevations of miR in vitro. There are numerous miRs that are erythrocyte-associated, 

specifically miR-451 and miR-144, and can be measured in serum or plasma to assess the 

degree of hemolysis. Studies have shown that a change in expression of a stable miR (miR-23a 

or miR-16) relative to miR-451 of more than 5-fold is an indicator of miRNA contamination in a 

sample , and that a change in expression of 7-fold or more compared to an internal miR control 

indicates a high risk that hemolysis is affecting the expression and data obtained from non-

erythrocyte-associated miRs 118,123. Hence it is important for our study to assess not only the 

lymphoma associated miRs but also erythrocyte associated miRs to monitor whether samples 

are affected by hemolysis.  This will help decide which samples should be included or excluded.  
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Summary 

Although diagnosis, grading and classification of multicentric lymphoma is relatively easy 

in patients, it remains unknown which dogs will respond well to standard chemotherapy and 

undergo complete remission, and which may not respond to chemotherapy. The recent 

discovery of miRs has led to assessment of their utility for diagnosis and prognosis of many 

human cancers, including DLBCL. miRs have been shown to provide additional diagnostic and 

prognostic information and have been used to identify which patients will relapse and who will 

respond to therapy. Therefore, miRs are being recognized as a new biomarker with potential 

diagnostic and prognostic utility in several cancers including canine lymphoma. 

Our objective was to measure miR expression in healthy control dogs and dogs with 

lymphoma (B cell or T cell) and compare the miR profile between groups. Furthermore, we also 

aimed to compare miR expression in patients that did not respond to the standard 

chemotherapy (CHOP) protocol to patients that responded to chemotherapy, as well as in those 

patients who had a longer survival time to patients that had a shorter overall survival time. 

Lastly, miR expression from multiple blood samples taken from lymphoma patients at multiple 

time-points were followed during the standard CHOP chemotherapy protocol. We wanted to 

determine if expression is different in patients that did not respond to the standard 

chemotherapy (CHOP) protocol to that in patients that responded to chemotherapy.   
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Chapter 2: Part 1 - Optimization of Methods 

Introduction  

There are 357 recently identified microRNA (miR) candidates from the dog genome, 

among which 300 were homologous to already-characterized human miRs via computational 

analysis 124.  With such a variety of miRs found in dogs, a large miR PCR array would be 

required to assess the entire canine miRnome. Quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) is the current gold standard for detection and quantification of miRs 

present in minute amounts (picogram) and with variable quality of starting total RNA. miRs have 

been shown to be resistant to endogenous ribonucleases (RNAses) and conditions that would 

normally degrade RNA. As well as prolonged exposure to endogenous RNAse activity, a 

previous study has shown plasma miRs are remarkably stable even under conditions as harsh 

as boiling, low or high pH, long-time storage at room temperature, and multiple freeze-thaw 

cycles5. This makes plasma a prime sample for non-invasive miR detection in canine lymphoma 

patients.   

There have been limited studies examining miRs in canine lymphoma tissues, but 

several have been studied and found to be expressed in both normal and diseased canine 

lymph node tissues and other lymphoid organs, as well as in canine lymphoma cell lines 

60,113,114. These studies concentrated on specific miRs and their detection and did not correlate 

miR expression with prognostic information such as relapse-free survival time. One study113 

correlated the expression ratio of miR-17-5p and miR-155 with histologic grade of splenic 

lymphoma. Two other studies60,114 found a differential expression of miRs in tissue samples in 

dogs with B cell lymphoma compared to those with T cell lymphoma. To our knowledge, there 

have been no studies evaluating miR expression profiles in blood samples of dogs with 

lymphoma.    
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 Our pilot study aimed to determine miR expression in plasma samples from canine 

multicentric lymphoma patients. Our objectives were to 1) optimize detection of miRs in canine 

plasma samples and, 2) to discover what miRs are present in normal canine plasma samples 

for comparison to those found in lymphoma patients. Our main hypotheses were 1) that intact 

miRs can be consistently detected in canine plasma samples and, 2) that the miR profile of 

dogs with lymphoma is different to that in healthy dogs.  

 

Materials and Methods 

Inclusion and Exclusion Criteria 

Healthy control dogs 

In order to assess normal miR expression in dogs, a total of five dogs were selected. 

These were privately owned dogs from staff and students at the University of Guelph that had 

no abnormalities on a full physical examination, a complete bound count (CBC) and biochemical 

profile. 

Dogs with lymphoma  

Strict inclusion criteria were applied for the appropriate selection of lymphoma-bearing 

dogs. Patients were newly diagnosed with multicentric lymphoma (not relapsed), must have 

been immunophenotyped (B cell or T cell only), must have been free of concurrent disease, and 

must have had no current prednisone therapy at time of diagnosis. Cytology was required for 

routine diagnosis, and immunophenotyping for B or T cell origin was confirmed using flow 

cytometry. Conversely, dogs with other forms of lymphoma, such as gastrointestinal lymphoma 

or epitheliotropic lymphoma, or those where an immunophenotype could not be established (for 

example null cell), were excluded. Dogs with concurrent disease at time of diagnosis were also 
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excluded. A total of five B cell lymphoma patients and five T cell lymphoma patients were 

included.   

Immunophenotyping 

Immunophenotyping of dogs with multicentric lymphoma was conducted in a separate 

laboratory of Dr. Dorothee Bienzle, Department of Pathobiology, Ontario Veterinary College, 

University of Guelph. Lymph node aspirates were collected and placed in 6mL of flow buffer and 

analyzed within 24 hours. Flow buffer consisted of phosphate-buffered saline with 0.5M EDTA 

(Sigma-Aldrich, Oakville, Canada), 1% horse serum (Life Technologies, Burlington, Canada),  

and 0.05g/L of sodium azide (Sigma-Aldrich, Oakville, Canada), adjusted to a pH of 7.35. Flow 

cytometric immunophenotype of neoplastic cells was determined using FACScan 

instrumentation (Becton Dickinson – BD, Mississauga, ON, Canada). The following antigens 

were analysed using corresponding antibodies: CD45PE (Serotec, all leukocytes) CD11/18FITC 

(Serotec, all leukocytes), CD3FITC (Serotec, T lymphocytes), CD4FITC (Serotec, neutrophils and 

T-helper lymphocytes), CD8PE (Serotec, cytotoxic T lymphocytes), CD21PE (Serotec, B 

lymphocytes), CD22PE (Abcam, B lymphocytes), CD14PE (Serotec, monocytes), CD5FITC 

(Serotec, T lymphocytes), CD90FITC (Abcam, lymphocytes and hematopoietic stem cells), 

CD34PE (BD Biosciences, hematopoietic stem cells) and MHCIIFITC (Serotec, lymphocytes and 

monocytes). Immunophenotype based in antigen detection was interpreted by Dr. Dorothee 

Bienzle, Department of Pathobiology, Ontario Veterinary College, University of Guelph.  

miR selection 

An array for detection of the 277 most abundantly expressed and best characterised 

miRs in the canine miR genome were chosen to assess expression in EDTA-anticoagulated 

plasma samples. An array plate based model (384-well format) known as the Dog miRNome 

miRNA PCR Array (Qiagen, SABiosciences, Toronto, Canada) was utilized. The full list of miRs 
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can be found in Appendix 1. The mature sequences for each miR can be accessed through the 

miRBase website (www.miRBase.org, Manchester, UK).       

Sample collection and Processing 

All blood samples were collected with a 22 gauge needle and dry syringe from the 

jugular or cephalic vein. A total of 2mL of whole blood was immediately placed in a K2EDTA 

tube (BD Biosciences, NJ, USA). This blood was then centrifuged at 700g within 30 minutes of 

sample collection. Supernatant was immediately removed and stored in 200µL aliquots at – 

80oC until analysis.  

miRNA extraction 

Five plasma samples from each group (healthy control, B cell patients, and T cell 

patients) were pooled to a starting volume of 200µL prior to extraction. Total RNA was extracted 

using the miRNeasy serum/plasma kit (Qiagen SABiosciences, Toronto, Canada). A synthetic 

spike-in control miR was chosen to assess extraction efficiency and reverse transcription 

efficiency among different samples. This control was a Caenorhabditis elegans miR (cel-miR-

39) and was spiked into the plasma after the addition of QIAzol lysis reagent (Qiagen 

SABiosciences, Toronto, Canada). RNA was extracted as directed by the manufacturer by 

adding 1000µL of QIAzol lysis reagent to 200µL of starting plasma sample, followed by 

vortexing, leading to homogenization of the sample. Then, 200µL of chloroform was added to 

the sample and the mixed solution was then centrifuged at 12,000g for 15 minutes at 4oC. The 

sample was next precipitated as per manufacturer’s instructions with 100% ethanol and other 

buffers (buffers were proprietary chemicals as per the manufacturer - Qiagen SABiosciences, 

Toronto, Canada), in a column-based extraction method. The samples were then checked for 

miRNA percentage yield and miRNA concentration using the Small RNA Analysis Kit (Agilent 
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Technologies, Santa Clara, USA) using an RNA Bioanalyzer (Agilent Technologies, Santa 

Clara, USA). These graphs can be found in appendices 2-4 in the appendix.     

 

Reverse transcription and real-time quantitative RT-PCR 

Reverse transcription of RNA was conducted by mixing sample RNA with reverse 

transcription master mix (using an oligo-dT primer) using the miScript II RT kit (Qiagen 

SABiosciences, Toronto, ON). The samples were incubated at 37oC for 60 minutes followed by 

incubation at 95oC for 5 minutes to inactivate the reverse transcriptase mix. The resultant cDNA 

was then diluted with 90µL of nuclease-free water and stored at -20oC until quantitative reverse 

transcription real-time PCR analysis.  

Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

method was used to quantify the expression of the 277 miRs on a 384 well PCR array plate. 

The sample cDNA (100uL) was mixed with 2050µL of SYBR Green PCR master mix (Qiagen 

SABiosciences, Toronto, Canada), 410µL miScript Universal primer (Qiagen SABiosciences, 

Toronto, Canada) and 1540µL of nuclease-free water. Ten µL of the above solution was added 

into each well of the 384-well array plate followed by 5µL of SYBR Green PCR Master Mix, 1µL 

of universal primer, 4µL of nuclease-free water and 0.25µL of cDNA.  Pipetting of the solution 

onto the 384-well array plate was completed using a Biomek NX robotic pipettor (Beckman 

Coulter, Mississauga, ON) to minimize error. Subsequently, qRT-PCR was performed using the 

Roche LightCycler 480 II (Roche, Indianapolis, USA). The reaction was incubated at 95oC for 15 

minutes, followed by 45 cycles of 94oC for 15 seconds, 55oC for 30 seconds and 70oC for 30 

seconds. All sample reactions were run in triplicate.  
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Statistical Analysis 

Differences between healthy control dogs and patients with B cell lymphoma or T cell 

lymphoma were assessed using a Student’s T-test with a false discovery rate (FDR) of 5%. Two 

control miRs were chosen for normalization and calculation of ∆Ct values. The ∆∆Ct method 

was used for analysis with ∆CT= mean Ct (miR-16 and miR-15b) – mean Ct (miR of interest). 

This was followed by calculation of ∆∆CT= mean ∆Ct (sample group) - mean ∆Ct (control group, 

i.e. healthy dogs). A relative expression was calculated using 2(-∆∆Ct) for an analysis of fold 

difference of miR expression between the control group (healthy dogs) and the groups of 

interest (dogs with B cell or T cell lymphoma). A p-value of less than 0.05 was considered 

statistically significant.  All statistical analyses were performed using the The GeneGlobe Data 

Analysis Center software (www.qiagen.com, Qiagen SABiosciences, Toronto, ON).  

 

Results 

Patient Characteristics 

Healthy control dogs 

Five dogs were recruited. The dogs’ ages ranged from 3-12 years (mean +/- SD, 7.2 +/- 

3.5). There were three male neutered dogs and two female spayed dogs. The dog breeds 

recruited included two Labrador Retrievers, one Dogue de Bordeaux, one Beagle and one 

German Shepherd.   

B cell lymphoma patients 

Five dogs were included in this study. The dogs’ ages ranged from 5 to 12 years (mean 

+/- SD, 7.9+/- 2.6). There were three male neutered dogs and two female spayed dogs. The dog 
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breeds included two Labrador Retrievers, one mixed breed, one Cocker Spaniel and one 

Beagle.  

T cell lymphoma patients 

Five dogs were included in this study. The dogs’ ages ranged from 4.5 to 8 years (mean 

+/- SD, 6.8 +/- 1.6). There were three male neutered dogs and two female spayed dogs. The 

dog breeds included one Boxer, one mixed breed, one Portuguese Water Dog, one English 

Setter and one Norwegian Buhund. A summary of patient characteristics for healthy control 

dogs and both T cell and B cell lymphoma patients can be found in Table 6.    

Table 6: Patient characteristics 

Healthy control dogs 

Age 7.2 +/- 3.5a (3-12) 

Sex MNb n=3 

  FSc n=2 

Breed Labrador Retriever n=2 

  German Shepherd n=1 

  Beagle n=1 

  Dogue de Bordeuax n=1 

B cell lymphoma patients 

Age  7.9 +/- 2.6a (5-12) 

Sex MN n=3 

  FS n=2 

Breed Labrador Retriever n=2 

  Cocker Spaniel n=1 

  Mixed Breed n=1 

  Beagle n=1 

Stage IIIa n=1 

  IVa n=2 

  IVb n=1 

  Va n=1 

T cell lymphoma patients 

Age 6.8 +/- 1.6a (4.5-8) 
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Sex MN n=3 

  FS n=2 

Breed English Setter n=1 

  Boxer n=1 

  Mixed Breed n=1 

  Norwegian Buhund n=1 

  Portuguese Water Dog n=1 

Stage IIIa n=4 

  Vb n=1 
a in years, Mean+/- SD 
b MN = male neutered 
c FS = female spayed 
 

 

Presence of miRs in samples (Bioanalyzer data) 

The Agilent Bioanalyzer was used to quantify for presence or absence of miR within 

each individual sample.  In the healthy control group, samples had a miR concentration ranging 

from 311.4pg/µL to 2408.6pg/µL (mean +/- SD, 1130.8 +/- 865.0pg/µL). The percentage of miR 

comprised in total RNA present in each healthy control sample varied from 41% to 76% (mean 

+/- SD, 53.2 +/- 13.7%).  In the B cell group, samples had a range of miR concentration of 

277.8pg/µL to 2383.4pg/µL (mean +/- SD, 1092.2 +/- 834.4pg/µL), with miR percentages 

ranging from 68% to 78% (mean +/- SD, 73.8 +/- 4.2%). In the T cell group, miR concentration 

ranges were 143.6pg/µL to 2054.3pg/µL (mean +/- SD, 979.8 +/- 754.8pg/µL), with range of miR 

percentage of 70% to 86% (mean +/- SD, 76.2 +/- 7.1%). Individual descriptive graphs from 

each sample can be found in appendices 2-4.      
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Determination of stable miRs for normalization 

Multiple internal controls including small nucleolar RNAs, also known as SNORNAs or 

SNORDs (SNORD 61, 68, 72, 95 and 96A) along with RNU6-2, showed a wide expression 

range between the healthy controls and neoplastic groups.  SNORD 72 and RNU6-2 had large 

fold changes calculated at below -3 fold when compared between the healthy control group and 

the B cell lymphoma group (-10.24 and -10.53 respectively). In addition, RNU6-2 also had fold 

changes below -3 fold between T cell lymphoma patients and the healthy control group (-3.97). 

Two miRs (miR-16 and miR-15b) had minimal variation (less than 2-fold) in Ct values between 

groups and low Ct values in samples. miR-16 had average raw Ct values of 18.70 for the 

healthy control group, 19.51 for the B cell lymphoma group and 18.11 for the T cell lymphoma 

group with p values greater than 0.05. miR-15b had average raw Ct values of 22.49 for the 

healthy control group, 23.01 for the B cell lymphoma group and 21.74 for the T cell lymphoma 

group with p values greater than 0.05.  

 

Expression of hemolysis associated miR 

One miR (miR-451) was chosen to assess for hemolysis within the sample. If the ∆Ct 

values of this hemolysis miR and the endogenous control miRs were greater than 7 or less than 

-7, the sample was excluded from analysis. Raw Ct values of miR-451 in the healthy control 

group for each triplicate sample were 15.91, 14.51 and 14.77. The ΔCt values from each 

sample in the healthy control group were -5.54, -5.63 and -5.43. Raw Ct values in the B cell 

group for each triplicate sample were 17.66, 15.91 and 15.80. The ΔCt values from each 

sample in the B cell group were -4.76, -4.82 and -4.83. Raw Ct values in the T cell group for 

each triplicate sample were 14.90, 14.17 and 14.82, with ΔCt values of -5.42, -5.41 and -5.05. 



40 
 

 

The average ΔCt values of miR-451 were -5.53, -4.80 and -5.29 for the healthy control group, B 

cell group and T cell group, respectively.  

 

Raw Ct expression of miRs 

Expression of miR raw Ct values were categorised according to threshold cycle value 

range.  In the healthy control group, a total of 17.76% of the 277 miRs were amplified at a Ct 

value of 25 or less. The percentages in Ct values between 25-30, 30-35 and absent calls were, 

29.76%, 27.10% and 18.69% respectively.  In the B cell group, percentage values of the 277 

miRs that were assessed were 20.3%, 32.53%, 27.34%, 14.99% in Ct values of less than 25, 

25-30, 30-35 and absent calls, respectively. In the T cell group, percentage values of the 277 

miRs that were assessed were 24.45%, 32.18%, 24.80% and 13.61% in Ct values of less than 

25, 25-30, 30-35 and absent calls, respectively. Descriptive details can be found in appendices 

5-7.  

 

Differential expression of miRs   

The ∆Ct values and fold-changes were compared between the three groups. A fold-

change cut-off of more than 3 or less than -3 was chosen for assessing the miRs with increased 

or decreased expression, respectively.  Previous human studies looking at serum miR 

expression in DLBCL patients used fold changes greater than 263,115, one dog study looking at 

serum miR expression in dogs with dilated cardiomyopathy used fold changes greater than 

1.5116 and two other studies in dogs looking at miR expression in tissue samples from dogs with 

lymphoma used fold changes greater than 2 fold114 and 3 fold113. Based on these cut-offs, a fold 

change higher than previously reported was used to obtain miRs with more considerable 
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biologic activity in these lymphoma patients. When plasma miR expression in B cell lymphoma 

patients were compared to the control group, a total of 58 different miRs showed increases in 

expression (Figure 1) with 35/58 having p-values less than 0.05. In addition, only one miR had a 

decrease in expression with a significant p-value.  A summary of all over-expressed and under-

expressed miRs in plasma of B cell lymphoma patients can be found in appendices 8-9.   

Conversely, when plasma miR expression in T cell lymphoma patients was compared to 

the control group, 37 different miRs had increased expression (Figure 2) with 25/37 having p-

values less than 0.05. A total of 4 miRs had decreased expression (Figure 2), although none of 

these had significant p-values. A summary of all miRs over and under-expressed in plasma of T 

cell lymphoma patients can be found in appendices 10-11.   

Many of these miRs had significant overlap between B cell and T cell lymphoma groups. 

Table 7 shows the miRs that are common to both B cell and T cell lymphoma groups (n=17). 

There were also several miRs that had significant expression unique to the immunophenotype 

of the patient. In B cell lymphoma patients there were 19 uniquely expressed miRs: miRs-31, -

18b, -34a, -328, -1844, -1835, -493, -378, -188, -184, -26a, -502, -660, -500, -219-5p, -221, -

193a, -494 and -543. In T cell lymphoma patients there were 8 miRs unique to this 

immunophenotype, namely miRs- 551a, -130a, -145, -181b, -181c, -338, -126 and -146b. These 

miRs are summarised in table 7.   

Table 7: Summary of miRs with significant over-expression in each immunophenotype. 

Cell type miRs 

B cell miR-31, miR-18b, miR-34a, miR328, miR1844, miR-1835, miR-493, 
miR-378,  miR-188, miR-184, miR-26a, miR-502, miR-660, miR-500, 
miR-219-5p, miR-221, miR-193a, miR-494, miR-543  

T cell miR-551a, miR-145, miR-130a, miR-181b, miR-181c, miR-338, miR-126, 
miR-146b 

Common to both B 
cell and T cell 

miR-183, miR-207, miR-363, miR-182, miR-193b, miR489, miR-1, miR-
20b, miR-138a, miR-187, miR-133c, miR-133a, miR-326, miR-143, 
miR130b, miR-138b, miR-181d 
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Discussion 

To date, there have been few studies116 studying miR expression in blood samples in 

dogs. This limits the knowledge of what is normally expected in plasma or serum of healthy 

dogs and subsequently what constitutes aberrant miR expression in dogs with various diseases, 

such as lymphoma.  This study showed that miRs are readily detected in plasma samples from 

dogs with 81-86% of the 277 miRs being readily amplified with sufficient intensity using the 

manufacturer’s recommended minimum starting amount of 100ng of total RNA. Larger initial 

total RNA or starting volume of plasma (>200µL), may provide more concentrated or abundant 

sample leading to an even higher number of amplified miRs. RNA extraction using the column-

based method was chosen from review of literature.  

Data normalization for miR measurement remains a challenge since the endogenous 

controls (SNORDs and RNU6-2) normally used for tissue samples cannot be used for plasma 

samples. Multiple studies have shown that these control RNA species are either not detectable 

or have high concentration variations across different samples116,120, as our study also 

highlights. Since these controls were inappropriate to use, two miRs have previously been 

reported to have minimal variation in raw Ct values as well as consistently low expressing Ct 

values in serum or plasma samples 5,118,121,122, namely miR-16 and miR-15b.  These two miRs 

showed minimal variation between sample and groups and were identified as appropriate 

endogenous controls to use in our study. Cel-miR-39 (exogenous control miR) has been used in 

one human DLBCL study as the miR for normalization and calculation of ΔCt values122. This 

calculation of ΔCt is not technically precise as it is not endogenously produced and hence has 

no true biologic value. It provides a control miR to ensure the entire process of RNA extraction, 

reverse transcription and subsequent miR amplification is efficient and precise. Even though the 

cel-miR-39 values had minimal variation between our samples, it was not utilized for 

normalization and calculation of ΔCt values in our study. Although many studies use these three 
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miRs for normalization, no consensus has been established on which miR is best used as a 

standard internal control.  

  

Few studies have studied miR detection and expression in tissue samples in dogs with 

lymphoma. Our study is the first to identify miRs in plasma samples from dogs with lymphoma. 

Sample volume was limited to 2mL of whole blood collected to complete qRT-PCR analysis 

using the array plates and this amount can also be safely acquired even from smaller canine 

patients. Plasma was chosen instead of serum because plasma has been shown to have less 

platelet-associated miRs released during the coagulation process leading to increases in 

sample-to sample variation120. Clotting may also affect the true biological spectrum of 

extracellular miRs120. Plasma samples were more easily collected since all lymphoma patients 

have a CBC (EDTA plasma tube) and biochemical panel (serum tube) conducted at the time of 

diagnosis, but typically only have CBCs repeated during their standard weekly to bi-weekly 

CHOP therapy. EDTA anti-coagulated blood provides a sample whereby miRs can be profiled in 

patients as they go through their chemotherapy protocol without necessitating collection of a 

second tube of blood.  

Our study showed that a large number of miRs were over-expressed in the plasma of 

lymphoma patients. In addition to several miRs being expressed commonly in B cell and T cell 

lymphoma, miRs unique to only B cell or only T cell patients were identified. This 

immunophenotype-dependent differential expression has been observed before in tissue 

samples from dogs with lymphoma60,114.  Therefore, this could be used for initial diagnosis of 

lymphoma patients and subsequent classification into B cell or T cell phenotypes. Similar miRs 

from these tissue sample studies that were also highlighted in our study included miR-181b in T 

cell lymphoma and miR-183 that were common to both tumour types. The miRs that were found 
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to be significantly different in our lymphoma patients compared to our healthy control group 

were the miRs that were selected for in chapter 3. Lastly, no miRs found in our plasma samples 

matched miRs that were significant in serum samples from humans with DLBCL. This is likely 

due to species specific differences and small sample size. This may also be due to a different 

starting sample type (plasma vs. serum). 

There were a few limitations to this study that may have contributed to some of the 

findings. These include a very small sample size and pooling of samples which makes 

assessment of biological variation impossible, and insufficient sample size for calculation of 

significance. Pooling of samples was done to ensure that any trace to negligible amounts of miR 

from each dog would have a cumulative effect and hence would be detectable on qRT-PCR. 

One weakness of using such pooled samples is that biological variation cannot also be 

assessed in the healthy control groups and a normal reference values cannot be established. 

This study also did not attempt to correlate findings with any clinical or survival outcome, but this 

will be addressed in the cross-sectional study in chapter 3.  This study also purely assessed if 

miRs could be detected in plasma and if they were different in healthy versus lymphoma groups. 

The origin and circumstances of miR release into circulation are unknown and the study of the 

functions of these miRs in blood is beyond the scope of this thesis.  

This study shows that miR detection is technically feasible in canine plasma samples 

and provides a novel and potentially applicable biomarker in veterinary medicine. This pilot 

study provides a good basis for next evaluating miR expression in a cross-sectional study with a 

larger sample size, a more focussed miR array plate, and intent to investigate correlations with 

clinical characteristics such as remission, relapse, non-response and survival time. miRs are 

potentially helpful biomarkers that may provide additional prognostic and predictive information 

in dogs with lymphoma. Further studies may also warrant the clinical applicability of miRs in 

veterinary oncologic patients with an objective of improved personalised patient care.      
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FIGURES 

 

Figure 1: Scatter plot of miR expression in B cell lymphoma patients compared to healthy 

control dogs. The line in the centre signifies no change in miR expression. The two parallel lines 

above and below the centre line represent 3-fold higher or lower expression, respectively. 
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Figure 2: Scatter plot of miR expression in T cell lymphoma patients compared to healthy 

control dogs. The line in the centre signifies no change in miR expression. The two parallel lines 

above and below the centre line represent 3-fold higher or lower expression, respectively. 
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Chapter 3: Part 2 – Diagnostic and predictive utility of plasma miR in canine multicentric 

lymphoma 

CROSS-SECTIONAL STUDY  

Introduction 

There have been many developments in molecular methods for cancer detection in 

humans that can be applied to dogs. The completion of canine genome sequencing has made it 

possible to apply in dogs the same high-throughput methodologies used for the study of 

molecular features of human cancer 114. In dogs and humans there are a multitude of regulatory 

RNA molecules responsible for the spontaneous development and progression of many 

hematopoietic tumours, such as lymphoma77,78.  Canine lymphoma is one of the most common 

hematopoietic tumours in dogs and is readily diagnosed and treated in North America and many 

westernized countries. One such class of regulatory RNA is microRNA (miRNA or miR), which 

are small non-coding RNAs (approximately 18-22 nucleotides in length) involved in the negative 

regulation of gene expression through sequence-specific base pairing with target messenger 

RNAs (mRNAs), usually in the 3-prime untranslated region (UTR). These miRs can have effects 

on multiple gene sequences at the same time and control pathways for cell differentiation and 

growth, including oncogenesis and apoptosis3,64. The dysfunction of such molecules results in 

the development of a subclass of miRs called oncomiRs or the loss of function of normal tumour 

suppressor miRs64, leading to overt neoplastic disease.   

A vast array of pathologic and prognostic information can be gleaned from miR 

expression in human cancer patient tissues, such as classification of tumours, correlation to 

tumour grade and staging, and prediction of clinical outcomes. There have been limited similar 

studies in canine lymphoma tissues and a number of miRs are expressed in both normal and 

diseased canine lymph node tissues and other lymphoid organs, as well as canine lymphoma 
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cell lines 60,113,114. These studies concentrated on specific miRs and their detection and did not 

correlate miR expression with prognostic information such as relapse free survival time. One 

such study113 correlated the expression ratio of miR-17-5p and miR-155 with histologic grade of 

splenic lymphoma. To the authors’ knowledge, there have been no studies looking at miR 

profiles in blood samples from dogs with lymphoma for diagnostic, prognostic and predictive 

purposes.   

A number of miRs that correlate with patient survival and length of remission have been 

found in serum samples from human patients with diffuse large B cell lymphoma (DLBCL). One 

study showed significant over-expression of miR-15a, miR-29c and miR-155, and under-

expression of miR-34a in patient sera when compared to healthy controls. That study 

highlighted the significance of these miRs for diagnosis and calculated sensitivity and specificity 

for each miR, although no correlations with disease outcome or survival were assessed122. 

Another study showed increased expression levels of three miRs (miR-155, -210 and -21) in 

patient samples compared to control samples. More importantly, high expression of miR-21 in 

patient sera was found to be associated with improved relapse-free survival times92.  Two other 

studies showed increases in serum miR-181b (in DLBCL) and plasma miR-221 (in NK/T cell 

lymphoma) correlated with overall survival125,126.    

We hypothesized 1) that miR expression is different in canine B cell and T cell 

lymphoma patients when compared to healthy controls, and 2) that miR expression would be 

different in patients that did not respond to standard chemotherapy and in patients that had a 

shorter overall survival time when compared to patients that responded to chemotherapy and 

those patients who had a longer survival time. Furthermore, multiple blood samples were taken 

at multiple time-points during the standard CHOP (cyclophosphamide, vincristine, doxorubicin 

and prednisone) chemotherapy protocol. The miR profile was assessed at each time-point and 

compared to patient baseline miR expression in this study.  
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Materials and Methods 

Inclusion and exclusion criteria 

Healthy control dogs 

In order to assess normal miR expression in plasma, twenty-two dogs were selected. 

These were privately owned dogs from staff and students at the University of Guelph, approved 

by the Animal Care Committee that had no abnormalities on a physical examination, a complete 

bound count (CBC) and biochemical profile. 

Dogs with lymphoma  

Inclusion criteria for the appropriate selection of lymphoma-bearing dogs were: a new 

diagnosis of multicentric lymphoma (not relapsed), immunophenotyped as B cell or T cell only, 

free of concurrent disease, no current prednisone therapy at time of diagnosis, and assigned to 

standard CHOP (prednisone, doxorubicin, vincristine and cyclophosphamide) chemotherapy 

regime. For all dogs cytology was required for routine diagnosis and immunophenotyping for B 

or T cell type using flow cytometry. Conversely, dogs with other forms of lymphoma, such as 

gastrointestinal or epitheliotropic lymphoma, or those where an immunophenotype could not be 

established, were excluded. Clinical stage was also determined for each patient, as per 

standard staging procedures that included CBC, biochemistry analysis, peripheral lymph node 

fine needle aspirations and abdominal ultrasound +/- fine needle aspiration of spleen, liver or 

abdominal lymph nodes. Recruitment of dogs was approved by the University of Guelph Animal 

Care Committee.     
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Immunophenotyping 

Immunophenotyping of dogs with multicentric lymphoma was conducted in a separate 

laboratory of Dr. Dorothee Bienzle, Department of Pathobiology, Ontario Veterinary College, 

University of Guelph. Lymph node aspirates were collected and placed in 6mL of flow buffer and 

analyzed within 24 hours. Flow buffer consisted of phosphate-buffered saline with 0.5M EDTA 

(Sigma-Aldrich, Oakville, Canada), 1% horse serum (Life Technologies, Burlington, Canada),  

and 0.05g/L of sodium azide (Sigma-Aldrich, Oakville, Canada), adjusted to a pH of 7.35. Flow 

cytometric immunophenotype of neoplastic cells was determined using FACScan 

instrumentation (Becton Dickinson – BD, Mississauga, ON, Canada). The following antigens 

were analysed using corresponding antibodies: CD45PE (Serotec, all leukocytes) CD11/18FITC 

(Serotec, all leukocytes), CD3FITC (Serotec, T lymphocytes), CD4FITC (Serotec, neutrophils and 

T-helper lymphocytes), CD8PE (Serotec, cytotoxic T lymphocytes), CD21PE (Serotec, B 

lymphocytes), CD22PE (Abcam, B lymphocytes), CD14PE (Serotec, monocytes), CD5FITC 

(Serotec, T lymphocytes), CD90FITC (Abcam, lymphocytes and hematopoietic stem cells), 

CD34PE (BD Biosciences, hematopoietic stem cells) and MHCIIFITC (Serotec, lymphocytes and 

monocytes). Immunophenotype based antigen detection was interpreted by Dr. Dorothee 

Bienzle, Department of Pathobiology, Ontario Veterinary College, University of Guelph.  

 

miR selection 

A total of 45 miRs were chosen for quantitative expression analysis. Based on previous 

studies 92,118,122 and manufacturer’s recommendations, two endogenous control miRs (miR-16 

and miR-15b) and one spike-in control miR (cel-miR-39) were chosen. An additional miR (miR-

451) was chosen to detect the presence of hemolysis assess for hemolysis. If the ∆Ct values of 

the hemolysis miR and the endogenous control miR were greater than 7 or less than -7, the 
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sample was excluded from analysis. miR-210, -155, -21, -15a, -34a and -29c were chosen 

because previous human DLBCL studies demonstrated alterations of these miRs in serum 

samples92,122.   In addition to these 10 miRs, 35 additional ones were chosen based on a 

previous pilot study completed in our laboratory that demonstrated significant differences in 

expression in B cell and/or T cell lymphoma patients when compared to healthy control dogs. 

The selected miRs included: miRs- 210, -146b, -338, -181b, -145, -130a,- 494, -193a, -181d, -

221, -219-5p, -126, -138b, -130b, -26a, -184, -143, -188, -326, -133a, -133c, -187, -378, -138a, -

20b, -1835, -1844, -328, -489, -193b, -363, -18b, -207, -31, -183 and -551a. A summary of all 

selected miRs can be found in table 8. The mature miR sequences for each miR can be found 

in the miRBase website (www.miRBase.org, Manchester, UK).  

Table 8: List of all miRs selected for qRT-PCR analysis 

Selected miRs    

miR-29c miR-133a miR-221 

miR-26a miR-551a miR-1835 

miR-363 miR-145 miR-15b 

miR-15a miR-133c miR-219-5p 

miR-184 miR-34a miR-1844 

miR-18b miR-130a miR-16 

miR-210 miR-187 miR-126 

miR-143 miR-494 miR-328 

miR-207 miR-378 miR-138b 

miR-146b miR-155 miR-489 

miR-188 miR-193a miR-130b 

miR-31 miR-138a miR-193b 

miR-338 miR-21 cel-miR-39-3p 

miR-326 miR-181d miRTCa 

miR-183 miR-20b PPCb 

miR-181b miR-451   
a miRTC = miRNA reverse transcription control  
b PPC = Positive PCR control 
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Sample collection and Processing 

Blood samples were collected at four different time-points before and during the CHOP 

chemotherapy protocol. These time-points included: week 0, at time of diagnosis (prior to 

starting CHOP chemotherapy), week 3 of CHOP chemotherapy prior to the second vincristine 

treatment, week 6 of CHOP chemotherapy, at which point an entire cycle of all 4 

chemotherapeutic agents have been used, and finally at week 25 of the CHOP protocol (prior to 

the last dose of doxorubicin).  All blood samples were collected with a 22 gauge needle and dry 

syringe from the jugular or cephalic vein. A total of 2mL of whole blood was immediately placed 

in a K2EDTA tube (BD Biosciences, NJ, USA). Blood was centrifuged at 700g within 30 minutes 

of sample collection. Supernatant was immediately removed and stored in 200µL aliquots at – 

80oC until analysis.  

 

miRNA extraction 

Total RNA was extracted using the miRNeasy serum/plasma kit (Qiagen SABiosciences, 

Toronto, Canada). A synthetic spike-in control miR was chosen to assess extraction efficiency 

and reverse transcription efficiency among different samples. This control was a Caenorhabditis 

elegans miR (cel-miR-39) and was spiked into the plasma after the addition of QIAzol lysis 

reagent (Qiagen SABiosciences, Toronto, Canada). RNA was extracted as directed by the 

manufacturer by adding 1000µL of QIAzol lysis reagent to 200µL of starting plasma sample, 

followed by vortexing, leading to homogenization of the sample. Then, 200µL of chloroform was 

added to the sample and the mixed solution was then centrifuged at 12,000g for 15 minutes at 

4oC. The sample was next precipitated as per manufacturer’s instructions with 100% ethanol 

and other buffers (buffers were proprietary chemicals as per the manufacturer - Qiagen 

SABiosciences, Toronto, Canada), in a column-based extraction method. The samples were 
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then checked for miRNA percentage yield and miRNA concentration using the Small RNA 

Analysis Kit (Agilent Technologies, Santa Clara, USA) using an RNA Bioanalyzer (Agilent 

Technologies, Santa Clara, USA). These graphs can be found in appendices 2-4 in the 

appendix.     

 

Reverse transcription and real-time quantitative RT-PCR 

Reverse transcription of RNA was conducted by mixing sample RNA with reverse 

transcription master mix (using an oligo-dT primer) using the miScript II RT kit (Qiagen 

SABiosciences, Toronto, ON). The samples were incubated at 37oC for 60 minutes followed by 

incubation at 95oC for 5 minutes to inactivate the reverse transcriptase mix. The resultant cDNA 

was then diluted with 90µL of nuclease-free water and stored at -20oC until quantitative reverse 

transcription real-time PCR analysis. 

Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

method was used to quantify the expression of the 45 mature miRs on a 384 well PCR array 

plate. The plates were designed to analyze eight samples per plate. The sample cDNA (60µL) 

was mixed with 250µL of SYBR Green PCR master mix (Qiagen SABiosciences, Toronto, 

Canada), 58µL miScript Universal primer (Qiagen SABiosciences, Toronto, Canada) and 160µL 

of nuclease-free water prior to the addition of 10µL into each well of the 384-well array plate. 

The amplification reaction in each well contained 5µL of SYBR Green PCR Master Mix, 1µL of 

universal primer, 3µL of nuclease-free water and 1µL of cDNA.  Pipetting of the solution onto 

the 384-well array plate was completed using a Biomek NX robotic pipettor (Beckman Coulter, 

Mississauga, Canada) to minimize human error. Samples were randomized to plate position 

and plate number to minimize plate effects and position effects.  Subsequently, qRT-PCR was 

performed using the Roche LightCycler 480 II (Roche, Indianapolis, USA). The reaction was 

incubated at 95oC for 15 minutes, followed by 45 cycles of 94oC for 15 seconds, 55oC for 30 
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seconds and 70oC for 30 seconds. All sample reactions were run in duplicate. Samples were 

excluded if raw Ct values of cel-miR-39 were above 35 or above 2 standard deviations from the 

mean Ct value (method normalization). 

Statistical Analyses 

One control miR was chosen for normalization and calculation of ∆Ct values. The ∆Ct 

method was primarily used for analysis with ∆CT= mean Ct (miR-16) – mean Ct (miR of 

interest). This was followed by calculation of ∆∆CT= mean ∆Ct (sample group) - mean ∆Ct 

(control group, i.e. healthy dogs), in which a relative expression was calculated using 2(-∆∆Ct) for 

an analysis of fold difference of miR expression. This fold difference was calculated between the 

control group (healthy dogs) and the groups of interest (dogs with B cell or T cell), as well as for 

the time-points analysis, using each group’s week 0 time-point as its own control. Differences 

between healthy control dogs and patients with B cell lymphoma or T cell lymphoma were 

assessed using an ANOVA with a post-hoc Tukey’s test. This was also used to compare miR 

expression at different time-points in B cell lymphoma patients that were in remission. 

Differences in miR expression and clinical outcomes (remission vs. non-remission, dead prior to 

365 days vs. alive after 365 days) between groups were assessed using a Student’s t-test. A 

two-way ANOVA was used to compare miR expression in patients with different clinical 

outcomes (i.e. remission, relapse and non-response) over the four time-points.  Kaplan-Meier 

survival curves were established for overall survival using univariate (log-rank) analysis for miR 

values that were high expressing or low expressing. These high and low expression values 

were classed according to median miR values in all B cell lymphoma patients. P-values less 

than 0.05 were considered statistically significant. All statistical analyses were performed using 

GraphPad Prism 5.0 (GraphPad Software San Diego, CA, USA).  
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Results 

Patient Characteristics 

Healthy control dogs 

Twenty-three dogs were recruited during the period of July 2012 to April 2014. The dogs’ 

ages ranged from 1-13 years (mean+/- SD, 6.0 +/- 3.1). Breeds were matched as best as 

possible to our recruited lymphoma patients. There were nine mixed breed dogs, three Labrador 

Retrievers, two Golden Retrievers and two Mastiffs. There was one dog of each of Great Dane, 

Poodle, Beagle, West Highland White Terrier, Dogue de Bordeaux, German Shepherd and 

Weimeraner. All dogs had unremarkable physical examination, CBC and biochemical findings. 

A summary of signalment for healthy control dogs can be found in table 9.  

 

B cell lymphoma patients 

Twenty-two dogs were included in this study during the period of May 2013 to July 2014. 

The dogs’ ages ranged from 5-12 years (mean +/- SD, 8.2 +/- 2.1). The breeds in this patient 

population consisted of five mixed breed dogs, four Labrador Retrievers, three Golden 

Retrievers, two Cocker Spaniels and one each of Scottish Terrier, Airedale Terrier, Dalmatian, 

Mastiff, Beagle, West Highland White Terrier, Poodle and Greyhound. Patients were grouped 

according to clinical and survival outcome. The groups were categorized as follows; if they 

attained remission with CHOP chemotherapy and stayed in remission for the entire 25 week 

study period (remission group); if they initially achieved remission, and then relapsed during the 

25 week study period (relapse group); and lastly if they did not respond to CHOP therapy 

whatsoever and hence required a change of therapy at or after week 6 (non-responder group). 

There were 13 dogs in the remission group, 5 dogs in the relapse group and 4 dogs were non-
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responders. The overall median remission rate (18/22 dogs) is typical for what is expected for B 

cell patients treated with CHOP of 80-90%. In addition, dogs were categorized as to whether 

they died or were euthanized due to lymphoma or lymphoma-associated illness within 365 days 

of initial diagnosis (n=9) or if they remained alive after 365 days (n=12). One dog was lost to 

follow up and was not included in analysis of survival data.    

 

T cell lymphoma patients 

Five dogs were included in this study during the period of May 2013 to July 2014. The 

dogs’ ages ranged from 4.5 to 8.0 years (mean +/- SD, 6.8 +/- 1.6). There were a total of three 

male neutered dogs and two female spayed dogs. The dog breeds included one Boxer, one 

mixed breed, one Portuguese Water Dog, one English Setter and one Norwegian Buhund. 

Similar groups were developed according to that described above for dogs with B cell 

lymphoma. Two dogs entered remission, one dog relapsed and two dogs were non-responders 

to the CHOP chemotherapy protocol. Two dogs were alive at 365 days after initial diagnosis, 

and three dogs had died less than 365 days after diagnosis. A summary of patient 

characteristics for both B cell and T cell lymphoma patients can be found in table 9.    

 

Excluded cases 

Seven cases were excluded. The main reason for exclusion was poor owner compliance 

(4 dogs); these dogs were not brought in for their weekly to biweekly chemotherapy treatments 

and were lost to follow up. Concerning the other 3 dogs excluded, one was diagnosed 

concurrently with hyperadrenocorticism, one had a positive IDEXX SNAP 4DX ELISA result for 

Borrelia burgdorferi (Lyme disease) and immunophenotype could not be established for one. 
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Table 9: Summary of patient characteristics for healthy control dogs, B cell and T cell lymphoma 

cases 

Healthy control dogs 

Agea 6.0 +/- 3.1 (1-13) 

Sex MN n=14 

  FS n=9 

Breed Mixed Breed n=9 

  Labrador Retriever n=3 

  Golden Retriever n=2 

  Mastiff n=2 

  Great Dane n=1 

  Poodle n=1 

  Beagle n=1 

  West Highland White Terrier n=1 

  Dogue de Bordeaux n=1 

  German Shepherd n=1 

  Weimeraner n=1 

B cell lymphoma patients 

Agea  8.2 +/- 2.1 (5-12) 

Sex MN n=15 

  FS n=7 

Breed Mixed Breed n=5 

  Labrador Retriever n=4 

  Golden Retriever n=3 

  Cocker Spaniel n=2 

  Scottish Terrier n=1 

  Airedale Terrier n=1 

  Dalmatian n=1 

  Mastiff n=1 

  Beagle n=1 

  West Highland White Terrier n=1 

  Poodle n=1 

  Greyhound n=1 

Stage IIIa n=9 

  IVa n=5 

  IVb n= 3 

  Va n= 3 

  Vb n=2 

Clinical outcomeb Remission n=13 
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  Relapse n=5 

  Non-response n=4 

Survival outcomec  Dead n=9 

  Alive n=12 

T cell lymphoma patients  

Agea 6.8 +/- 1.6 (4.5-8) 

Sex MN n=3 

  FS n=2 

Breed English Setter n=1 

  Boxer n=1 

  Mixed Breed n=1 

  Norwegian Buhund n=1 

  Portuguese Water Dog n=1 

Stage IIIa n=4 

  Vb n=1 

Clinical outcomeb Remission n=2 

  Relapse n= 1 

  Non-response n=2 

Survival outcomec Dead n=3 

  Alive n=2 
a – Age in years, Mean +/- SD 
b – Clinical outcome = response to therapy of patients within the 25 week period of standard 

CHOP chemotherapy 
c – Survival outcome - Dead = patients that survived <365 days after diagnosis; and Alive = 

patients that survived > 365 days after diagnosis  

 

Relationship between miR expression and immunophenotype 

Our results indicated that several miRs were significantly over-expressed in plasma in 

dogs with B cell or T cell lymphoma when compared to healthy control dogs.  miR-29c, -363, -

18b, -378, -155, -20b, -1844, -130b and -193b ∆Ct values were significantly decreased (higher 

expression) in B cell lymphoma patients only when compared to healthy controls (Figure 3 and 

Figure 4A-C). ∆Ct values for miR-31 and -34a were significantly decreased (increased 

expression) in the B cell lymphoma group compared to healthy control dogs and dogs with T cell 

lymphoma (Figure 4D and 4E).  Therefore, a total of 11 miRs had significantly higher expression 

in the B cell lymphoma group when compared to the healthy control group. Only one miR (miR-
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181b) had significantly lower ∆Ct values (higher expression) in the T cell lymphoma group when 

compared to the healthy control group (Figure 4F). It was also lower when compared to the B 

cell group, but no significant differences were noted.  There were no miRs that were common to 

both immunophenotypes. Table 10 summarizes miRs found within each immunophenotype 

group.  

Table 10: miRs with significant over-expression in B cell or T cell lymphoma patients 

Immunophenotype miRs 

B cell 
miR-29c, miR-34a, miR-155, miR-18b, miR-1844, miR-
193b, miR-363, miR-378, miR-31, miR-20b, miR-130b 

T cell miR-181b 

 

Relationship between miR expression and clinical outcomes in B cell lymphoma 

patients  

Only B cell lymphoma patients were assessed due to the small sample size of T cell 

lymphoma patients. Out of the 45 amplified miRs, six (miR-126, -138b, -489, -193b, -181b and -

187) were significantly different when comparing clinical outcome (i.e. remission and non-

remission states). Patients with stable or progressive disease, as well as those that relapsed 

were classified as being in the “non-remission” category. All of these miRs had significantly 

increased ∆Ct values correlating to significantly decreased expression in the non-remission 

group (i.e. patients that relapsed or did not respond to therapy) when compared to those 

patients that achieved remission with the CHOP chemotherapy protocol (Figure 5). 
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Relationship of miR expression levels at different time-points and clinical characteristics 

in B cell lymphoma patients 

Expression of each miR was graphed at three different time-points (week 0, week 3 and 

week 6 during CHOP therapy) for the three different clinical outcome groups, that is, remission, 

relapse and non-responder. There were two distinct miR expression patterns over time that 

were observed in the non-responder groups when compared to the both the remission and 

relapse groups.  The first pattern in the non-responder group starts with miR expression at 

similar levels found in the relapse group but is lower in expression than the remission group at 

week 0. There is then a large increase or spike in miR expression (decreased ∆Ct values) at 

week 3 when non-responders are compared to both the remission and relapse groups. The miR 

expression then decreases (increasing ∆Ct values) back to similar levels observed in all three 

groups at week 6. This “spike” pattern at week 3 was observed for five different miRs, namely, 

miR-130b, -489, -138b, -21 and -193b (Appendix 15). Only one miR (miR-130b) was 

significantly different at week 3 in the non-responder group when compared to other groups, 

with corresponding increases in fold changes in individual dogs in the non-responder group 

when compared to dogs in the remission and relapse groups (Figure 6).   The range of fold 

change and ΔCt values for the non-responder group did not overlap with remission and relapse 

groups, highlighting the significance of miR-130b for prediction of clinical outcome. When 

comparing the relapse group to the remission group, there was a tendency to have similar or 

mirroring miR expression patterns over time. The relapse group tended to start with higher ∆Ct 

values (lower expression) when compared to the remission group at week 0. At week 3, miR 

expression for both groups decreased (higher ∆Ct values) and became similar to each other. At 

week 6, miR expression for both groups tended to increase slightly (lower ∆Ct values) when 

compared to week 3, to levels either similar to or slightly lower than what was observed at week 

0.  
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The second miR pattern observed in the non-responder group started with expression 

levels similar to the relapse group but different to the remission group at week 0. At week 3, the 

miR expression stays the same or decreases slightly (∆Ct values increase slightly) in the non-

responder group, whereas the relapse and remission groups had decreases in expression 

(increases in ∆Ct values). At week 6, the miR expression yet again, stays the same or increases 

slightly (minor increases in ∆Ct values) in the non-responder group. The miR expression for the 

relapse and remission group decreases to levels similar to or slightly lower than what was 

observed at week 0. This pattern noted in the non-responder group appears to be a “flatline” 

and four miRs (miR-363,-1844,-18b and -155) had this distinct pattern. However, the expression 

of these miRs at multiple time-points was not significantly different between the three groups 

(Appendix 16).  

For the remission group only, miR expression was graphed to include data from week 

25, which is the last time point for CHOP doxorubicin chemotherapy (there were insufficient data 

points remaining at week 25 for relapse and non-responder groups). A total of 14 miRs had 

significantly different expression when each individual time-point was compared to each other. 

These were miR-29c, -363, -18b, -34a, -378, -155, -20b, -1844, -146b, -31, -219-5p, -328, -130b 

and -193b. Two miRs (miR-29c and -363) had expression levels that were significantly 

decreased (increased ∆Ct values) at weeks 3, 6 and 25 when compared to week 0 (baseline). 

Four miRs (miR-378, -34a, -31 and -193b) had expression levels that were significantly 

decreased (increased ∆Ct values) at week 3 and week 25 when compared to week 0. Seven 

miRs (miR-18b, -155, -20b, -1844, -146b, -328 and -130b) had significantly decreased 

expression (increased ∆Ct values) at week 3 when compared to week 0. Only miR-219-5p had 

significantly decreased expression (increased ∆Ct values) at week 25 when compared to week 

0. These miRs are summarised in table 11. These graphs can be found in Appendix 17.  
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Table 11: Plasma miRs with significant decreases in expression in remission patients over a 25 

week time course (at 4 time-points) when followed through the CHOP chemotherapy protocol       

B cell lymphoma patients in remission 

miR 
Time-points with significant difference in 
expressiona 

miR-18b week 3 only 

miR-155 week 3 only 

miR-20b week 3 only 

miR-1844 week 3 only 

miR-146b week 3 only 

miR-328 week 3 only 

miR-130b week 3 only 

miR-219-5p week 25 only 

miR-193b weeks 3 and 25 

miR-31 weeks 3 and 25 

miR-34a weeks 3 and 25 

miR-378 weeks 3 and 25 

miR-29c weeks 3, 6 and 25 

miR-363 weeks 3, 6 and 25 
a – when compared to baseline (week 0) miR expression, p<0.05 

 

Relationship between miR expression and survival data in B cell lymphoma patients 

When expression of all 45 miRs was assessed in relation to survival (those patients that 

died less than 365 days after diagnosis vs. those patients that were alive 365 days after 

diagnosis), no significant differences were observed (Appendix 18). Comparisons of high 

expressing and low expressing levels of each individual miR using median expression and 

Kaplan-Meier survival curves were also found to have no significant differences (Appendix 19), 

although it showed a trend whereby individuals with miRs that were low expressing appeared to 

have shorter survival durations.  
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Discussion 

The results of this study may provide further prognostic and predictive information 

related to miR expression and how it correlates with overall survival time, time to remission or 

relapse, and any subsequent changes to their chemotherapeutic regime.  Previously, altered 

miR expression in plasma has been reported in several solid tumors and hematologic 

malignancies in humans4,127,128. The current study demonstrated that changes in miR expression 

in dogs with multicentric lymphoma were immunophenotype-specific and were associated with 

clinical outcome of chemotherapy (remission and non-remission states). This study also 

highlighted the potential importance of following miR expression over time in these patients, 

which may help predict clinical response to chemotherapy in future studies.  

We found miRs with specific expression for each immunophenotype. Of the twelve B cell 

specific miRs, miR-34a, miR-29c and miR-155 are consistent with those previously reported in 

serum or plasma in human DLBCL patients and primary mediastinal large B cell 

lymphoma92,122,127,129. miR-155 plays a role in down-regulation of MYC antagonists, or in co-

operation with MYC oncogene and its pathway, is involved with B cell transformation62 and with 

malignant transformation of such cells. miR-34a is associated with the p53 network and is a pro-

apoptotic and growth-suppressive miR59,60. Both p53 and mir-34a work synergistically in a 

positive feedback loop, whereby p53 induces miR-34a expression and in turn miR-34a activates 

p53104,130. The significantly under-expressed miR noted in T cell lymphoma patients (miR-181b) 

has been previously reported in tissue samples of human patients with indolent primary 

cutaneous T cell lymphoma (mycosis fungoides)131, and acute myeloid leukemia (AML)132. miR-

181b main action is as an oncomiR, suppressing the activity of normal tumour suppressor 

proteins such as Bcl-2 and p53132. miR-29c has been reported to be a tumour-suppressor acting 

on Bcl-2, Mcl-1 and p53133, with decreased expression in most cancers including AML and 

DLBCL129,133, and are the likely mechanisms occurring in our study. The remainder of the miRs 
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detected in our dogs with B cell lymphoma have also been shown to be over-expressed in 

serum or plasma in human patients with various other cancers, such as breast cancer, lung 

cancer, gastric cancer and prostate cancer128,129.  

The detection of miR-1844 was novel in our study. There have been no studies which 

showed altered miR-1844 expression in dogs or humans with multicentric lymphoma or DLBCL 

respectively. This miR has only been discovered in dogs and little is known about its function on 

molecular pathways and its biological actions124,134. Our study highlights the significance of this 

over-expressed miR as a potential oncomiR found in plasma of dogs.  

These increases in miR expression could be due to increased extrusion into the 

extracellular space from neoplastic lymph nodes or extrusion directly into the plasma from 

circulating tumour cells. Bone marrow assessment of the lymphoma patients was not done for 

staging. Patients in stage V (with circulating tumour cells) were staged according to results of 

CBC assessment and blood smear evaluation.  Six B cell lymphoma patients were in stage V, 

consisting of three dogs in remission, one dog that relapsed and two dogs that had stable or 

progressive disease (non-responders).  Only the two non-responder dogs had increased 

lymphocyte counts of 11.62 x 109 cells/L and 22.36 x 109 cells/L (reference interval – 0.8-5.1 x 

109 cells/L), whereas the other dogs in stage V had lymphocyte counts within the reference 

interval with rare atypical neoplastic lymphocytes observed on blood smear evaluation . Clinical 

stage of each patient was not correlated to miR expression, though it appears dogs in stage V 

may have higher miR expression (lower ∆Ct values). For example, for miR-29c in B cell 

lymphoma patients, there are two data points which are remarkably lower than the mean value 

of 3.57 at -0.15 and 0.26 (Figure 3A). These two data points correspond to two dogs that were 

in stage V (one remission and one non-responder).  This means that dogs with neoplastic cells 

in circulation may have more abundant miR expression compared to dogs that don’t. Correlation 
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of miR expression with stage of disease and the additional assessment of bone marrow 

aspiration and flow cytometry on blood leukocytes would be required for further investigation.  

Because of the small sample size of T cell lymphoma patients, we focussed on B cell lymphoma 

patients only, with regards to clinical behaviour and overall survival. The CHOP chemotherapy 

protocol is the first-line treatment of choice leading to complete remission in 80-95% of all cases 

treated2, which is consistent with the results in our population. Yet, there are few biomarkers 

able to predict which dogs will not respond to initial therapy, or relapse soon after remission, 

which collectively represent a more refractory high-risk group of patients potentially requiring 

second-line or high dose therapy. The six different miRs that were shown to have significantly 

decreased expression in our non-remission patients provides important clues for clinicians as to 

which cases will respond to therapy and which cases will likely not respond to the standard 

CHOP therapy.  

These miRs, namely miR-126, miR-138b, miR-489, miR-193b, miR-181b and miR-187 

have all been previously associated with numerous different cancers128,129. These miRs were 

decreased in plasma of non-remission patients likely due to decreased expression from 

neoplastic B-lymphocytes. The groupings of patients in remission versus non-remission states 

were simplified. There were two patients in partial remission before failing the CHOP protocol 

which were classified as non-remission. The decreased expression was likely due to decreased 

production from tumour cells.  miR-489 and miR-193b are shown to be tumour suppressors, 

with decreased expression seen in human invasive non-small cell lung cancer135 and metastasis 

of ovarian cancer136, respectively. These two tumour suppressors were decreased in our non-

remission patients attributing to the lack of tumour suppressor activity, likely due to decreased 

production from neoplastic cells. This lack of tumour suppression leads to increased tumour 

burden and lack of response to therapy. On the other hand, miR-181b and miR-187 are shown 

to be oncomiRs. Increased expression of miR-181b was seen in human mycosis fungoides131 
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and in serum of human breast cancer patients with poor prognosis137. The cause of the 

decreased expression in plasma in our non-remission patients is speculative. It may be 

attributed to the retention of these miRs intracellularly, leading to decreased amounts found in 

extracellular fluid, and subsequent ongoing cellular proliferation of B-lymphocytes in vivo. miR-

126 has two known main functions (angiogenesis and inflammation) and is expressed in 

endothelial cells, as well as hematopoietic cells138. Lymphoma is not a tumour requiring 

exuberant angiogenesis so this miR is likely retained intracellularly within the neoplastic B 

lymphocytes rather than being found in the blood. As mentioned earlier, circulating tumour cells 

in dogs with stage V lymphoma may also contribute to miRs found in the blood.  Further studies 

to correlate miR expression in lymph nodes and plasma of B cell lymphoma patients would be 

required to assess whether this is truly what is occurring within these patients.  

One limitation of this study was that relapsed patients were defined as those who 

relapsed within the 25 week CHOP therapy and not later. Nearly 80-90% of reinduction rates 

are in expected in dogs that have completed CHOP-based protocols and then relapse while not 

receiving chemotherapy47.  For example, there were four patients who achieved remission in the 

25 weeks but relapsed 2-3 weeks after ceasing CHOP therapy (at week 25), making these 

patients therapy dependent. These patients were grouped as those who achieved remission, 

regardless of their long-term relapse status. Nonetheless, the effect on our study is minimal due 

to our hypothesis and study design of observing changes in the short-term, prior to the first 

cycle of chemotherapy. Further studies following patients for a longer period of time may be 

required to assess the changes that occur in patients that relapse after week 25.    

Previous studies in human patients concentrated on relapse-free survival times (miR-

21)92 and more recently remission and refractory cases in human patients that received the R-

CHOP chemotherapy protocol115. None of the miRs observed in our study (miR-126, miR-138b, 

miR-489, miR-193b, miR-181b and miR-187) are similar to what was previously reported in 
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these two human studies. This is likely due to species specific differences in miR signalling, 

differences in the miR milieu in plasma versus serum samples and differences in specific miR 

selection in those human studies. One study only looked at a group of three different miRs 

(miR-21, miR-155 and miR-210)92 and the other study chose five miRs (miR-224, miR-455-3p, 

miR-1236, miR-33a and miR-520d-3p) with strict inclusion criteria of only investigating miRs 

with 10 fold or higher differences between groups. This prioritization may have excluded 

assessment of any of the significant miRs in our canine study that may have had a difference of 

less than 10 fold in their study. Nonetheless it highlights our six miRs as potential markers able 

to predict which patients will respond to therapy or not.  

Our study is the first to follow canine lymphoma patients over the time course of 

standard CHOP chemotherapy, highlighting how plasma miR expression changes over time. 

Only one study in the human literature has followed DLBCL patients over the course of their R-

CHOP chemotherapy protocol115. They report different findings, as other miRs were chosen and 

they applied different statistical analyses to assess miR groupings. Our study is the first 

veterinary study to show specific miR changes in non-responding versus remission or relapse 

patients at more than one time-point. miR-130b, miR-489, miR-138b, miR-1844, miR-21, miR-

363 and miR-18b were important as they exhibited a “spike” pattern at week 3. Only miR-130b 

had a significant difference in expression and a significant fold change in expression at week 3 

when compared to baseline, suggesting miR production into extracellular fluid is more abundant 

in patients that do not respond to therapy when compared to remission and relapse patients. 

This may be due to a number of mechanisms including: increased production of exosomes, 

increased release from necrotic cells with higher cell turnover, increased development of 

microvesicular bodies containing these miRs within the neoplastic cells and increase transport 

across membrane channels4,67.  Conversely, this relates to a decreased in miR expression in 

the remission and relapse cases seen in week 3, attributed to decreased production or release 
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from the cells, possibly due to decreased tumour burden. The second “flatline” pattern seen for 

miR-193b and miR-155, shows that these miRs do not decrease at week 3 and week 6, 

suggesting that these cells are not responsive to therapy and continue with the same levels of 

miR production into the circulation when compared to baseline. These patterns observed for a 

few miRs may provide suitable markers for future studies with larger sample sizes, whereby 

significant differences may eventually be observed.    

miR-130b has been previously reported to have increased expression in serum of 

human patients with invasive bladder cancers (transitional cell carcinoma)139, as well as in 

various other solid tumours140,141. Molecular pathways for miR-130b are complex as this miR 

can act as both a tumour suppressor, through suppression of MMP2141 and up-regulation of 

p53142 and as an oncomiR. Mutant p53 may also have a role in miR-130b expression142 leading 

to oncogenic effects. This may produce epithelial to mesenchymal transition (EMT) and 

increased metastasis. miR-130b also acts as an oncomiR by supressing the mRNA translation 

of PTEN, a tumour suppressor140. In our study the reasons for increase in expression of 

miR130b at week 3 are probably multifaceted and likely due to tumour release leading to 

suppression of PTEN or other tumour suppressors. Conversely, we can also speculate that the 

neoplastic cells may be extruding the miR into circulation in order to allow these cells to 

proliferate without the influence of miR-130b as a tumour suppressor. Nonetheless, further 

functional studies and studies examining miR expression in relation to cell to cell interactions 

are needed to fully understand the molecular processes of this miR in plasma of canine 

lymphoma patients.     

Remission is usually achieved within 1-5 weeks of starting the CHOP therapy2. The 

choice of time-point analysis at week 3 of therapy was to provide an early assessment before 

the usual week 6 time-point when an entire cycle of CHOP therapy has been completed and 

clinicians assess whether patients have responded to therapy. Therefore, this early post-
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treatment, pre-cycle assessment of miR expression may provide earlier and better predictive 

clinical information as to which patients are likely to fail the CHOP therapy, leading to earlier 

changes to second-line therapies or high dose regimes.  

The time-point analysis for remission patients was conducted to assess what miR 

changes would occur in patients that respond to therapy. The main finding is that miR 

expression decreased after initial diagnosis and initiation of CHOP therapy. This likely relates to 

tumour shrinkage or decreased tumour burden. A decreased expression of more oncogenic 

miRs from apoptosis or even necrosis of such cells may also explain such decreases in 

expression over time.  

None of the miRs assessed were significant when expression was compared between 

patients that died or were alive within 365 days of diagnosis. Kaplan-Meier survival curves 

comparing low to high expressing miRs also were not significant. Even though a slight trend of 

individuals with miRs that were low expressing having shorter survival durations was noted, re-

assessment of survival characteristics would need to be done on a large sample size of 

patients, and patients would need to be followed for a longer period of time (2 year survival 

time) in order to obtain more meaningful results. Our study shows miRs that are predictive of 

clinical response to the CHOP chemotherapy protocol, although not prognostic for overall 

survival time in the same patients.     

This study is a first step in the detection of miRs as minimally invasive biomarkers with 

diagnostic and predictive importance in dogs with multicentric lymphoma. We found miR 

expression that was specific to B cell lymphoma patients or T cell lymphoma patients, miR 

expression that was associated with clinical outcome (remission and non-remission) and miR 

expression that highlighted patients that did not respond to therapy, with the prospect of 

initiating earlier changes to therapy. This study provides a framework for further clinical, 
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functional and molecular studies, but more importantly, it is a step towards personalized 

medicine in veterinary cancer patients.  
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FIGURES 

 

Figure 3: Graphs showing miR expression (ΔCt values) in healthy control dogs (n=23), B cell 

lymphoma patients (n=22) and T cell lymphoma patients (n=5). These miRs had significantly 

different expression (∆Ct values) in dogs with B cell lymphoma patients and healthy control 

dogs. (One-way ANOVA, * = p-value <0.05, **= p-value <0.005, *** = p-value< 0.0005). 
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Figure 4: Graphs showing miR expression (ΔCt values) in healthy control dogs (n=23), B cell 

lymphoma patients (n=22) and T cell lymphoma patients (n=5). These miRs had significantly 

different expression (∆Ct values) in dogs with B cell lymphoma patients and healthy control 

dogs (4A-E). miR-181b expression was significantly different in dogs with T cell lymphoma 

compared with healthy controls (4F). Two miRs also show significantly different expression in 

dogs with B cell lymphoma and T cell lymphoma (4D-E). (One-Way ANOVA, * = p-value <0.05, 

**= p-value <0.005, *** = p-value < 0.0005).   
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Figure 5: Graphs showing miR expression (ΔCt values) in healthy control dogs (n=23), B cell 

lymphoma patients in remission (n=13) and B cell lymphoma patients that are not in remission 

(non-remission) (n=9). These miRs show significantly different expression (∆Ct values) in dogs 

with B cell lymphoma that achieved remission following therapy, to those dogs that did not 

achieve complete remission. For these six miRs, the non-remission dogs had significantly 

decreased expression (increased ∆Ct values) when compared to dogs in remission. (Student’s 

T-test, * = p-value <0.05, **= p-value <0.005, ***=p-value < 0.0005). 
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Figure 6: Graphs showing miR expression (ΔCt values) and fold changes in expression in B cell 

lymphoma patients in remission (n=13), those that relapsed (n=5), and those that did not 

respond to therapy (non-responder) (n=4). A. miR-130b expression (∆Ct values) over time in B 

cell lymphoma patients that achieved remission, relapsed or did not respond to therapy. Week 3 

has significantly lower ∆Ct values in the non-responders when compared to the remission 

group. B. miR-130b fold differences in expression in weeks 3 and 6 using week 0 as baseline 

values shows significant increase in expression of non-responders at week 3 when compared to 

remission and relapsed patients. (Two-way ANOVA, * = p-value <0.05)     
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Chapter 4 – General Discussion and Conclusions 

GENERAL DISCUSSION 

Our study is the first to detect miRs in blood from canine patients with cancer, 

specifically multicentric lymphoma. This study demonstrated correlations with lymphoma 

immunophenotype and various disease outcomes. However, there remain issues related to the 

discrepancy of significant miRs between the optimization of methods and the cross-sectional 

study, interferences that can disrupt the true miR milieu in plasma samples, and differences with 

regard to what has been reported in other species. Furthermore, details of how each 

significantly different miR alters the tumour biology and behaviour in our lymphoma patients 

remain unknown.      

One consideration of experimental groups was not addressed in our study. We included 

three main groups of healthy control dogs, B cell lymphoma patients and T cell lymphoma 

patients, and did not look at an additional group of dogs with non-neoplastic lymphadenopathy. 

This means that these dogs would have enlarged lymph nodes from non-neoplastic diseases, 

such as follicular hyperplasia due to antigenic stimulation or lymphadenitis from infectious 

disease processes. In this way, miRs can be further narrowed down or specified as to which 

ones are dysregulated in neoplastic versus non-neoplastic or inflammatory diseases. Further 

studies comparing plasma miR in dogs with inflammatory lymphadenopathies and healthy 

control dogs would be required.      

 

Hemolysis is an important factor that causes artifactual changes and interference in 

many blood test analyses. It remains a major factor causing interferences with miR detection.  

miR-451 is associated with erythropoiesis and is erythrocyte specific123,143. This miR was readily 
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amplified in all of our plasma samples with Ct values of 24 or less. Studies have shown that a 

change in expression between a stable miR (for example miR-23a) and miR-451 of more than 7 

or more, or less than -7, indicates a high risk that hemolysis is affecting the expression and data 

obtained from non-erythrocyte-associated miRs118,123. Another study showed increased 

expression of 231 out of 746 miRs by at least 3 fold in such hemolysed samples, although that 

study only looked at hemoglobin concentration in such samples and not miR-451 expression144. 

None of the samples in our optimization study and only three samples in our cross-sectional 

study were excluded due to sample hemolysis using the criterion described above. Exclusion of 

such data may be important as it can remove otherwise relevant data within a study with a small 

sample size, and only gives an indication of exclusion once the qRT-PCR has been run. A cut-

off value of hemolytic interference based on spectrophotometric readings and calculation of 

hemoglobin concentrations (mmol/L)144 needs to be established so as to exclude samples prior 

to qRT-PCR analysis.  

The majority of miRs that were shown to be significant in the optimization study matched 

what was found in our cross-sectional study when compared between immunophenotypes. 

However, some miRs, such as miR-494 and miR-1835, were not significant in our cross-

sectional study but were in the optimization study. This is likely due to larger sample size, with 

biological variation noted in the cross-sectional study. This means that there is a possibility that 

one or more miRs may have high abundance in the minority of pooled plasma samples and low 

to no presence in the majority of pooled samples hence, skewing the true biological variation of 

miR.  Another discrepancy was that our cross-sectional study did not show any miRs that were 

common to both B cell and T cell lymphoma patients whereas our optimization study did. A 

larger sample size for the T cell lymphoma group in the cross-sectional study may yield different 

results with common miRs between the two immunophenotypes. 
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There are a number of miRs with altered expression that are unique in our studies, 

namely miR-193b, miR-130b, miR-155, miR-363, miR-1844 and miR-21. Although most miRs 

that showed significant differences between clinical outcome groups remain the most important, 

these miRs have distinct crossover between our hypotheses and the different groups analysed 

in the study. miR-193b was the only miR that showed significant differences when compared 

between immunophenotypes and clinical outcomes, as well as following a miR pattern over 

time. miR-130b is the sole miR with significant differences when compared between time-points 

during therapy, as well as immunophenotype. This miR is most important as it can be used for 

initial diagnosis and for assessment of whether a patient responds to therapy or not, during the 

CHOP protocol. The remaining four miRs (miR-155, miR-363, miR-1844 and miR-21) are 

important because they were significantly different when compared between 

immunophenotypes, as well as following patterns over time. These miRs would be important to 

use in future studies with canine lymphoma patients.  

Although miR-21 was different in B cell lymphoma patients when compared to healthy 

controls, it showed no predictive or prognostic significance. This is contrary to what has been 

reported in humans with DLBCL who had decreased miR-21 expression that correlated with 

decreased relapse-free survival time92. miR-21 targets genes such as PTEN and SMARCA4 in 

human B cell lymphoma patients , as well as multiple components of p53, transforming growth 

factor-β and was demonstrated as an oncomiR63,96. Induction of miR-21 leads to spontaneous 

development of B cell lymphoma96.  Even though the induction and mechanisms for 

lymphomagenesis in dogs is likely similar to humans, it may be that this miR simply does not 

provide the same predictive information (such as miR-193b in this study) in dogs as it does in 

humans. This may be due to small sample size in our study, and species differences in miR 

expression.  
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We have shown a vast array of miRs specific to lymphoma immunophenotype and 

associated with clinical outcome in dogs with B cell lymphoma, yet there is little overlap in 

significant miRs found in each of our objectives. This means that one significant miR specific in 

each immunophenotype does not necessarily show significance when patients in remission 

were compared against patients that did not achieve remission. For example, miR-138b was 

shown to be significant when clinical outcomes were compared, yet it was not significant when 

compared between immunophenotypes and the healthy controls.  

Although we have correlated altered miR expression in lymphoma patients, is this what 

leads to tumour development, or does tumour development lead to miR dysregulation? This is a 

difficult question to answer, but there is solid evidence that dysregulation for many of the miRs 

in our study (such as miR-155, miR-34a, miR-126 and miR-181b) leads to the spontaneous 

development of lymphoma in people and murine models62,63,77,78. The causes of initial miR 

dysregulation are also likely multifactorial and include factors such as age, telomere length, 

concurrent viral infections (canine gammaherpesvirus)13 and carcinogenic substances. On the 

other hand tumour cells can also be “addicted” to such miR dysregulation leading to a positive 

feedback loop and lack of inhibition of such oncogenic miRs, leading to disease progression or 

stable disease62,63, thus leading to continual expression of miRs.  

 

Lastly, these studies do not address the molecular pathways and functions of miRs in 

lymph nodes and within plasma.  Further studies, using flow cytometry, qRT-PCR and 

immunoprecipitation would be required to investigate origins of miRs in blood. These studies 

would focus on assessing extracellular components such as cell membrane derived particles, 

apoptotic bodies (exosomes), microvesicles and attachment to Ago-proteins or lipoproteins to 

know which mechanism is most likely to be occurring in plasma of patients with lymphoma. 

Further studies correlating miR expression in blood to miR expression in lymph nodes in the 
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same patients would also be necessary. This would provide more information as to the complex 

functions of circulating miRs and their effects on cells distant to the tumour population and the 

subsequent cell-to-cell interactions.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

While the initial diagnosis of canine multicentric lymphoma is relatively straight forward, 

there is little information on early detection of patient response to therapy and ability to predict 

relapse and long-term prognosis. Detection of miR expression in blood samples could provide a 

critical tool for enhanced case management. Furthermore, blood sampling is minimally invasive, 

and requires fewer resources to obtain, compared to acquiring lymph node aspirates or 

biopsies. Since blood samples are routinely taken during weekly rechecks in hospital during 

treatment, they provide a readily available source for serial analysis of miRs. These studies 

reinforced previous human studies highlighting the potential of miRs to be diagnostic, predictive 

and prognostic biomarkers. These studies show the importance of miR detection in blood 

samples in canine lymphoma that could possibly be applied to other relatively common cancers 

in dogs, such as osteosarcoma and mast cell tumours. Our studies did not address how each 

significant miR functions in plasma in dogs with lymphoma. Hence, further functional assays 

and studies in canine lymphoma cell lines would be required to fully understand molecular 

mechanisms of these expressed miRs in plasma. In addition, further work needs to be done to 

correlate miR expression findings in plasma to what is found in lymph node aspirates or 

biopsies within the same patients. Our studies provide additional important information about 

canine lymphoma patients for clinicians both prior to, and during the course of therapy. We hope 

that this work will therefore be a step towards a degree of personalised medicine in veterinary 

patients.  
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APPENDICES 

Appendix 1: Full list of selected miRs assessed in the optimization of methods 

Selected miRs 

  

miR-383 miR-330 miR-545 let-7f miR-450a miR-132 miR-340 

miR-129 miR-25 miR-421 miR-105b miR-301b miR-345 miR-92a 

miR-135a-5p miR-380 miR-379 miR-1838 miR-578 miR-361 miR-200b 

miR-632 miR-218 miR-1306 miR-503 miR-23b miR-21 miR-141 

miR-219-3p miR-676 miR-127 miR-363 miR-652 miR-34b miR-26b 

miR-494 miR-590 miR-190a miR-191 miR-19b miR-186 miR-369 

miR-208b let-7e miR-27a miR-410 miR-574 miR-502 miR-105a 

miR-874 miR-124 miR-28 miR-664 let-7g miR-92b miR-708 

miR-449 miR-496 miR-490 miR-497 miR-592 miR-29b miR-200a 

miR-451 miR-10b let-7b miR-133a miR-302d miR-802 miR-216a 

miR-9 miR-433 miR-128 miR-495 miR-489 miR-29c miR-758 

miR-187 miR-885 miR-137 miR-487b miR-153 miR-24 miR-149 

miR-26a miR-211 miR-20b miR-17 miR-488 miR-130a miR-214 

miR-761 miR-384 miR-31 miR-205 miR-22 miR-146b miR-491 

miR-1837 miR-33a miR-138b miR-589 miR-7 miR-376c miR-134 

miR-331 miR-342 miR-335 miR-599 miR-135a-3p miR-23a miR-1271 

miR-146a miR-217 miR-376a miR-212 miR-376b miR-493 let-7a 

miR-429 miR-1844 miR-29a miR-487a miR-671 miR-188 miR-551a 

miR-872 miR-409 miR-133b miR-425 miR-192 miR-875 miR-208a 

miR-34c miR-224 miR-144 miR-505 miR-532 miR-374b miR-19a 

miR-367 miR-18b miR-759 miR-125b miR-377 miR-151 miR-665 

miR-181b miR-16 miR-500 miR-30e miR-135b miR-202 miR-196b 

miR-411 miR-543 miR-181c miR-219-5p miR-126 miR-452 miR-30b 

miR-96 miR-98 miR-424 miR-148a miR-653 miR-183 miR-99a 

miR-10a miR-216b miR-223 miR-660 miR-374a miR-338 miR-133a 

miR-27b miR-539 miR-300 miR-182 miR-210 miR-320 miR-133b 

miR-206 miR-193b miR-329b let-7c miR-1842 miR-185 miR-133c 

miR-375 miR-145 miR-222 miR-200c miR-143 miR-207 cel-miR-39 

miR-504 miR-103 miR-34a miR-136 miR-329a miR-485 SNORD61 

miR-106b miR-138a miR-514 miR-326 miR-371 miR-448 SNORD68 

miR-302a miR-483 miR-301a miR-382 miR-125a miR-142 SNORD72 

miR-1835 miR-450b miR-1 miR-215 miR-184 miR-130b SNORD95 

miR-204 miR-139 miR-1307 miR-221 miR-181d miR-18a SNORD96A 

miR-193a miR-764 miR-152 miR-190b miR-324 miR-195 RNU6-2 

miR-194 miR-150 miR-325 miR-148b miR-140 miR-381 miRTC 

miR-181a miR-302b miR-122 miR-101 miR-1836 miR-196a PPC 

miR-454 miR-30c miR-197 miR-350 miR-32 miR-30d   

miR-378 miR-876 miR-30a let-7j miR-499 miR-362   

miR-544 miR-95 miR-551b miR-15b miR-455 miR-328   

miR-203 miR-568 miR-299 miR-155 miR-15a miR-93   

miR-432 miR-365 miR-1841 miR-199 miR-106a miR-99b   

miR-628 miR-582 miR-542 miR-423a miR-1839 miR-20a   
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Appendix 2:  Bioanalyzer electrophoretograms of plasma from healthy control dogs in 

optimization of methods. (H= healthy, p = plasma, [nt]= nucleotides, [FU] = fluorescence).  
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Appendix 3: Bioanalyzer electrophoretograms of plasma from B cell lymphoma dogs in 

optimization of methods. (LSA= lymphoma, p = plasma, t=0 = week 0, [nt]= nucleotides, [FU] = 

fluorescence). 
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Appendix 4: Bioanalyzer electrophoretograms from plasma from T cell lymphoma patients in 

optimization of methods. (LSA= lymphoma, p = plasma, t=0 = week 0, [nt]= nucleotides, [FU] = 

fluorescence). 
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Appendix 5: Distribution of raw Ct values in plasma of healthy control dogs (Percentage of 

genes =percentage of miRs, Not detectable = > 40). 
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Appendix 6: Distribution of raw Ct values in plasma of B cell lymphoma dogs (Percentage of 

genes =percentage of miRs, Not detectable = > 40). 
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Appendix 7: Distribution of raw Ct values in plasma of T cell lymphoma dogs (Percentage of 

genes =percentage of miRs, Not detectable = > 40). 
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Appendix 8: miRs over-expressed in B cell lymphoma dogs compared to healthy control dogs  

miRs Fold Change P value <0.05a Average raw Ct value 

miR-551a 41.7875 N (0.06) 
29.57 

miR-183 24.2235 Y (0.001) 30.38 

miR-31 22.1362 Y (0.001) 28.87 

miR-207 19.3599 Y (0.001) 29.99 

miR-363 19.0934 Y (0.02) 26.35 

miR-182 17.4079 Y (0.01) 30.14 

miR-18b 16.4308 Y (0.04) 28.04 

miR-34a 14.9458 Y (0.03) 26.51 

miR-193b 12.9511 Y (0.0001) 27.53 

miR-489 9.1578 Y (0.0001) 29.25 

miR-328 8.1211 Y (0.005) 28.98 

miR-1844 7.7364 Y (0.000006) 27.93 

miR-1 6.7039 Y (0.02) 31.22 

miR-1835 6.673 Y (0.003) 32.30 

miR-20b 6.5357 Y (0.005) 26.63 

miR-138a 6.5055 Y (0.03) 29.56 

miR-330 5.769 N (0.051) 29.75 

miR-493 5.5983 Y (0.005) 32.27 

miR-378 5.4705 Y (0.045) 25.30 

miR-187 5.1994 Y (0.00002) 31.21 

miR-499 5.0222 N (0.056) 26.25 

miR-33a 5.0107 N (0.077) 28.53 

miR-133c 4.7404 Y (0.03) 28.34 

miR-133a 4.6968 Y (0.04) 30.10 

miR-326 4.5054 Y (0.01) 25.81 

miR-10b 4.4434 N (0.22) 32.85 

miR-497 4.292 N (0.066) 29.21 

miR-188 4.0046 Y (0.0495) 27.95 

miR-143 3.9586 Y (0.02) 27.52 

miR-184 3.9586 Y (0.02) 32.86 

miR-26a 3.9495 Y (0.03) 23.53 

miR-130b 3.9404 N (0.1) 26.70 

miR-203 3.7886 N (0.11) 30.47 

miR-138b 3.7799 Y (0.03) 31.85 

miR-502 3.7538 Y (0.02) 26.32 

miR-660 3.7278 Y (0.043) 25.42 

miR-27a 3.6765 N (0.077) 21.19 

miR-500 3.6596 Y (0.045) 28.69 

miR-126 3.6008 N (0.074) 22.97 

miR-200b 3.5595 N (0.2) 33.53 

miR-874 3.5431 N (0.144) 28.86 

miR-27b 3.3753 N (0.09) 24.20 

miR-342 3.3675 N (0.08) 24.60 

miR-551b 3.3519 N (0.06) 25.56 

miR-224 3.3058 N (0.17) 32.00 
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miR-139 3.3058 N (0.052) 34.78 

miR-302d 3.2982 N (0.2) 35.31 

miR-219-5p 3.2906 Y (0.03) 28.56 

miR-221 3.2006 Y (0.04) 23.05 

miR-196b 3.1785 N (0.085) 32.92 

miR-29c 3.1565 N (0.083) 23.30 

miR-181d 3.142 Y (0.03) 27.75 

miR-193a 3.1203 Y (0.024) 25.20 

miR-490 3.1131 N (0.24) 33.87 

miR-532 3.0916 N (0.08) 27.17 

miR-494 3.0702 Y (0.01) 31.54 

miR-543 3.049 Y (0.037) 29.15 

miR-1841 3.0209 N (0.15) 32.38 
a Y= yes and N= no 
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Appendix 9: miRs under-expressed in B cell lymphoma dogs compared to healthy control dogs 

miRs Fold Change P value <0.05a Average raw Ct value 

miR-1836 -17.6101 Y (0.0235) 33.7 

RNU6-2 -12.9212   31.35 

SNORD72 -12.5679   33.28 
a Y= yes and N= no 
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Appendix 10: miRs over-expressed in T cell lymphoma dogs compared to healthy control dogs 

miRs Fold Change P value <0.05a Average raw Ct value 

miR-551a 14.6382 Y (0.0006) 30.18 

miR-183 12.7139 Y (0.002) 30.40 

miR-182 9.7473 Y (0.0008) 30.06 

miR-363 7.37 Y (0.47) 26.81 

miR-143 7.0047 Y (0.013) 25.78 

miR-503 6.0839 N (0.07) 30.44 

miR-153 5.716 N (0.051) 31.94 

miR-130a 5.6503 Y (0.014) 26.54 

miR-138a 5.2841 Y (0.02) 28.95 

miR-18b 5.1278 N (0.07) 28.81 

miR-1 4.4743 Y (0.045) 30.89 

miR-193b 4.3319 Y (0.02) 28.20 

miR-138b 4.1363 Y (0.012) 30.81 

miR-145 4.1077 Y (0.006) 23.15 

miR-181b 4.0982 Y (0.033) 25.98 

miR-207 4.0139 Y (0.01) 31.34 

miR-133c 4.0139 Y (0.012) 27.67 

miR-181d 3.977 Y (0.013) 26.50 

miR-542 3.9586 N (0.12) 30.63 

miR-450b 3.8504 N (0.12) 29.88 

miR-326 3.7711 Y (0.004) 25.16 

miR-187 3.7364 Y (0.044) 30.77 

miR-10b 3.7364 N (0.27) 32.19 

miR-33a 3.7364 N (0.16) 28.04 

miR-124 3.7106 N (0.23) 31.52 

miR-330 3.6427 N (0.12) 29.50 

miR-802 3.6008 N (0.17) 31.57 

miR-216a 3.5513 N (0.12) 32.18 

miR-20b 3.4621 Y (0.0009) 26.63 

miR-130b 3.4462 Y (0.015) 25.98 

miR-874 3.3365 N (0.053) 28.04 

miR-181c 3.2154 Y (0.047) 24.62 

miR-133a 3.1203 Y (0.0016) 29.77 

miR-489 3.1059 Y (0.0013) 29.90 

miR-338 3.0773 Y (0.046) 30.90 

miR-126 3.049 Y (0.02) 22.30 

miR-146b 3.042 Y (0.036) 28.16 
a Y= yes and N= no 
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Appendix 11: miRs under-expressed in T cell lymphoma dogs compared to healthy control dogs  

miRs Fold Change P value <0.05a Average raw Ct value 

miR-223 -19.4946 N (0.83) 19.73 

miR-1836 -5.7557 N (0.35) 31.75 

miR-592 -3.2678 N (0.36) 37.79 

miR-150 -3.0916 N (0.3) 22.30 

RNU6-2 -3.9678   28.73 
a Y= yes and N= no 
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Appendix 12: Bioanalyzer electrophoretograms of plasma samples from healthy control dogs in 

the cross-sectional study. (H= healthy, p = plasma, [nt]= nucleotides, [FU] = fluorescence)  
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Appendix 13: Bioanalyzer electrophoretograms from all plasma samples from B cell lymphoma 

patients in the cross-sectional study . (LSA= lymphoma, p = plasma, t=0 = week 0, t=10-20  = 

week 3, t=26-36 = week 6, t= 167-178 = week 25, t= [nt]= nucleotides, [FU] = fluorescence). 
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Appendix 14: Bioanalyzer electrophoretograms from plasma samples from T cell lymphoma 

patients in the cross-sectional study. (LSA= lymphoma, p = plasma, t=0 = week 0, t=14 = week 

3, t=29-35 = week 6, t=174 = week 25, t= [nt]= nucleotides, [FU] = fluorescence).   
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Appendix 15: Plasma miRs with the “spike” pattern of expression seen in week 3 in non-

responder group when compared to the remission and relapse group (two-way ANOVA). No 

significant differences were observed.  
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Appendix 16: Plasma miRs with the “flatline” pattern of expression as seen in week 3 in non-

responder group when compared to the remission and relapse group (two-way ANOVA). No 

significant differences were observed.   
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Appendix 17: Graphs of four different time-points of miR expression with significant differences 

in expression in B cell lymphoma patients that achieved remission (One-way ANOVA, a = week 

3 vs. week 0, b = week 6 vs. week 0, c = week 25 vs week 0, p-value <0.05) 
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Appendix 18: Plasma levels of expression of different miRs when compared between patients 

dead within 365 days after diagnosis to those alive 365 days after diagnosis (Student’s t-test). 

No significant differences were observed. 
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Appendix 19: Kaplan-Meier survival curves compared by univariate (log-rank) analysis for 

various miR expression levels defined as high or low relative to the median value in B cell 

lymphoma patients. No significant differences were observed.   
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