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ABSTRACT 

PLASMA MICRORNA PROFILE IN CANINE APPENDICULAR OSTEOSARCOMA 

PATIENTS 

 

Michael Edson     Advisor: 

University of Guelph, 2019    Dr. Geoffrey Wood  

   

Osteosarcoma (OSA) is the most common primary bone tumor in dogs. The standard of 

care for canine appendicular OSA involves amputation followed by chemotherapy. Currently, 

there are no established biomarkers to determine which dogs benefit the most from 

chemotherapy. MicroRNAs (miRNAs) are small non-coding RNAs that are potential biomarkers 

of osteosarcoma.  

Plasma miRNA levels were profiled in healthy dogs and OSA patients, collected before 

and after amputation. Quantitative real-time PCR was conducted to determine the levels of 277 

miRNAs on a miRNome PCR array. From these findings, a custom PCR array was designed and 

used to examine miRNA levels and correlations to clinical outcome in 20 control and 28 OSA 

cases. Additionally, miRNA levels in erythrocytes were analyzed. Overall, 37 plasma miRNAs 

and 1 erythrocyte miRNA had significant level changes. Furthermore, 24 plasma miRNAs were 

correlated to clinical outcome. These miRNAs could improve decision making in treatments for 

OSA patients.
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CHAPTER 1: Literature Review 

1.1 Introduction 

Osteosarcoma (OSA) is the most common primary bone tumor in dogs1. This disease is 

highly malignant, and the median survival time is less than 1 year2–7. The standard of care (SOC) 

for canine appendicular OSA is amputation of the affected limb followed by adjuvant 

chemotherapy2,8. For canine OSA, there are a range of clinical outcomes with some dogs dying 

in early treatment, some in later treatment or following treatment, while long term survival is less 

common2,4,6,7. At present, veterinarians are unable to predict which dogs will survive longer 

following therapy, which is an issue because the treatment is aggressive and often accompanied 

by mild side effects. Accordingly, biomarkers that can predict clinical outcome must be 

established in order to assist veterinarians and owners in deciding the best therapeutic course. At 

present, there are several biomarkers and prognostic tests in use for OSA, but they are poor at 

predicting clinical outcome8,9. One class of biomarkers being examined for its potential 

prognostic value is microRNAs (miRNAs)10. 

miRNAs are short, non-coding RNAs involved in cellular processes such as proliferation, 

differentiation and apoptosis10. Several miRNAs are dysregulated in various cancers, including 

OSA, and some have been examined for their ability to predict clinical outcome and 

responsiveness to chemotherapy11,12. miRNAs are present in cells and various bodily fluids, 

including plasma, allowing for easy collection via routine blood samples13. However, few studies 

have examined the plasma miRNA profile of canine OSA patients14,15. 

The overall goal of the work presented in this thesis is to compare the plasma miRNA 

levels between healthy dogs and canine OSA patients where plasma was collected pre- or post-
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amputation. Additionally, miRNA levels were examined for correlations to patient outcome with 

the aim to validate biomarkers useful for predicting clinical outcome.  

1.2 Canine Osteosarcoma 

OSA is a malignant form of bone neoplasm and accounts for ~85% of canine bone 

tumors1. The cell of origin for OSA is unknown but is likely a mesenchymal stem cell or an 

osteoblastic progenitor cell, with more evidence suggesting the latter16. The defining 

characteristic that distinguishes OSA from other types of bone cancer is the production of an 

osteoid matrix17. OSA is considered rare in humans, making up considerably less than 1% of all 

cancer cases, but for canines the incidence rate is much higher18,19. The incidence rate of OSA in 

the United States is ~600 cases/year for humans and >8000 cases/year for canines19. This 

correlates to over a 10-fold higher incidence rate in dogs than in humans. It is estimated that 27-

70 OSA diagnoses are made per 100,000 dogs per year20,21.  

Common characteristics of OSA include aggressiveness and rapid spread via the blood22. 

Accordingly, a large proportion of OSA cases develop metastases, most notably in the lungs but 

also in the lymph nodes, other bones, cutaneous and subcutaneous4,17,23–26. One study found that 

87% of dogs had metastases present at necropsy and a meta-analysis found that 66% of dogs had 

metastases in studies where this data was reported2,27. Dogs that only developed bone metastases 

had a longer median survival time (132 days) than those with only lung or lymph node 

metastases (59 and 57 days, respectively)4.  

1.2.1 Diagnosis  

Diagnosis of canine appendicular OSA usually occurs after swelling, pain or lameness 

has been reported in the leg28. Following suspicion of OSA, physical examination of the dog and 
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analysis of its medical history can aid in diagnosis. Additionally, radiographs of the affected limb 

tumors are generally taken and examined for lysis of bone in the cortex and proliferation of bone 

into the local region17,19. Nonetheless, some of these radiographic features are shared with other 

bone pathologies including lymphoma or multiple myeloma arising in bone, bone cysts, and 

different primary bone tumors such as chondrosarcoma and fibrosarcoma17. If diagnosis is not 

certain at this point then a tissue biopsy can be taken for histopathological analysis22,29. 

Cytological analysis can also be performed to assist with diagnosis and help distinguish between 

inflammation and cancer30. A proper diagnosis is necessary as there are OSA cases that occur at 

locations of previous bone fractures and clinical signs for these 2 conditions may be hard to 

distinguish31,32. As previously mentioned, OSA produces an osteoid matrix which is the primary 

criteria for histological confirmation of an OSA diagnosis17,33.  

1.2.2 Classification  

OSA is often categorized based on the general anatomical location of the tumor, most 

notably appendicular and axial OSA which arises from the appendicular and axial skeleton, 

respectively. Appendicular OSA is prevalent in the radius, but is also common in the tibia, 

humerus and femur1,34,35. This is expected because OSA is often localized in the weight bearing 

bones and for dogs the front legs take more weight than the back35. Additionally, the 

metaphyseal region is the predominant intra-bone location for appendicular OSA2,36. Meanwhile, 

axial OSA is predominantly found in the mandible, maxilla, spine and cranium, but can also 

occur in the ribs and nasal cavity1,3,5,35. An even rarer form of OSA is extraskeletal, which as the 

name suggests originates independently from the skeleton, but nonetheless produces osteoid37. A 

common site for extraskeletal OSA is the spleen, although some reports show no preference, 

likely due to low case numbers37–40. One study examining 11 cases of extraskeletal OSA reported 
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7 dogs with metastases, and of the 3 dogs with recorded survival times >1 day, the median 

survival time was 35 days37. Nonetheless, a case study found that even with lung metastases, 1 

dog survived over 20 months following extraskeletal OSA diagnosis with surgery and 

chemotherapy41. 

Appendicular OSA makes up approximately 74-77% of all OSA cases, followed by axial 

(23-26%) and extra skeletal (0-1%)1,3,37. Following amputation and chemotherapy, the median 

survival time for both appendicular and axial OSA is less than a year2–6,16,35. The survival time 

for appendicular OSA was even shorter when the treatment was amputation alone2,4,7,35. Location 

of the primary tumor is important in prognosis as it influences survival time, in particular, tumors 

of the proximal humerus have a shorter survival time vs other sites of appendicular OSA2,6,42. 

This may be attributable to tumors in this region advancing longer before symptoms appear29. 

However, some researchers comparing the proximal humerus tumor survival times to other sites 

were unable to find a significant difference9,27. Meanwhile, primary tumors originating at the 

distal radius were associated with a lower metastatic risk27. 

OSA can also be categorized into histological subtypes such as “conventional” OSA 

which is comprised of subtypes: osteoblastic, chondroblastic, and fibroblastic, where the 

predominant matrix type denotes the subtype43. Additionally, there are non-conventional 

histological subtypes with different criteria that may also be reported include: giant cell, poorly 

differentiated and telangiectatic OSA44. However, some researchers only consider osteoblastic, 

chondroblastic, fibroblastic and telangiectatic as established histological subtypes8,33. 

Meanwhile, other studies consider conventional OSA a separate group from its subtypes45. From 

a cohort of 166 primary canine OSA cases, the tumors were most commonly osteoblastic 

(52.4%), followed by chondroblastic and fibroblastic (3% each)33. The remaining cases were a 
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mixture of histopathologic subtypes and no cases of the telangiectatic only subtype was 

reported33. Meanwhile, 34 metastatic samples were mostly osteoblastic (55.9%), while the rest 

were a mixed histological subtype33. In human cases of medullary OSA with a tumor grading of 

3 or 4 (high-grade central OSA), there was no survival difference between the histopathological 

subtypes (p= 0.44), but there was a difference in chemotherapy response (p= 0.01)45. 

Specifically, the fibroblastic subtype responded better than the conventional (osteoblastic) 

subtype, while the chondroblastic subtype responded poorer45. Misdorp and Hart reported that 

the fibroblastic subtype in canine OSA had a better prognosis with only 10% of cases becoming 

metastatic compared to the overall metastatic rate of 33% (p= 0.015)46. However, this study was 

comprised of 118 appendicular and 26 axial OSA cases, which may not represent a purely 

appendicular population46. Conversely, 1 study on canine appendicular OSA, 1 on axial OSA and 

2 studies using both appendicular and axial OSA samples, concluded that histological subtypes 

had no prognostic value for clinical outcome8,33,44,47. Nonetheless, there may be some bias in 

these findings as the majority of cases are osteoblastic, while other subtypes are 

underrepresented33,44,47. Overall, the prognostic capabilities of histopathological subtypes are 

controversial, with more evidence suggesting an inability to predict clinical outcome.  

 Another procedure used to categorize OSA, like other cancers, is histological grading. 

Histological grading is essentially a measurement of how histologically abnormal a tumor is in 

relation to the original tissue type48. Tumors are divided into 3 grades (I, II and III) with a higher 

grade corresponding to a more abnormal appearing tumor which often corresponds to a higher 

metastatic risk49. OSA is considered an aggressive type of cancer and is often given a high-grade, 

with one study reporting 125/166 (75.3%) of OSA cases as grade III33,50. Two such systems 

utilized for grading OSA tumors both record nuclear pleomorphism, the amount of necrosis and 
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the quantity of mitoses33,49. Meanwhile 1 of the 2 methods additionally considers the proportion 

of tumor matrix and density of the tumor cells as part of the grading scheme33. 

1.2.3 Risk Factors  

Various risk factors for canine OSA have been recognized such as breed, weight, age, sex 

and medical history. However, many of these risk factors are considered controversial with 

conflicting results between publications. One possible risk factor for canine OSA is breed, with 

larger breeds associated with a greater overall incidence for both axial and appendicular OSA3,25. 

Boxers, Great Danes, Labrador Retrievers, St. Bernards, German Shepherds, Irish Settlers, Irish 

Wolfhounds, Dobermans, Greyhounds and Rottweilers are over represented in OSA 

cases1,3,25,35,51,52. Although, it has been suggested that the weight of a dog more likely predisposes 

them to OSA rather than breed, which may be acting as a confounding factor1,46. 

Dogs weighing greater than 11.3kg represent over 95% of appendicular OSA patients1,52. 

It has been suggested that these results are attributable to heavier dogs experiencing increased 

stress on the long bones, particularly in the front limbs52. This could increase the risk for micro-

fractures and small trauma on the bone, which is associated with increased OSA risk31,32,46.. 

Although the incidence is correlated to weight, following amputation and carboplatin dosing, the 

overall survival for appendicular OSA in dogs <25kg was not significant greater than that of 

dogs >25kg (p= 0.47)6. Meanwhile, one study on OSA patients weighing ≤15 kg found that the 

median survival time of 24 dogs that had amputation and chemotherapy was 402 days, but this 

was not compared to a group of larger dogs34. Overall, these findings suggest that a risk factor 

for OSA does not necessarily correlate to a worse prognosis.    
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Age is a risk factor in canine OSA as it is most common in middle-aged and older dogs, 

with dogs aged 1.5 to 2 years being the second most common age group17. One study concluded 

that the dogs between 7 and 10 years are at the highest risk for OSA, when not adjusting for 

institution, year diagnosed and patient characteristics52. When considering these factors, the odds 

ratio of OSA risk increased with age and dogs >10 years had the greatest risk52. Although 

controversial, most studies propose that increasing age is correlated with shorter mean survival 

time in canine OSA6,9,53. Meanwhile, in 1 report survival time was longest for dogs between the 

age of 7 and 10 years in appendicular OSA cases where amputation was the only treatment54. A 

critical issue with comparing these studies is that many use different age categories. For instance, 

Phillips et al. compared dogs under the age of 5 with those above 5 years old while Miller et al. 

had 3 age groups: greater than 10 years, less than 6 years or in between6,55. 

Furthermore, male dogs are afflicted with OSA more commonly than females, albeit not 

by much1,9. However, the opposite is true for some breeds such as St. Bernards, where females 

can have twice the incidence of OSA, as reported in a sample of 18 dogs1. Additionally, in some 

sites of axial OSA there are more reports in females than in males3. Furthermore, some research 

has disputed that sex is even related to OSA incidence when considering all OSA cases, 

regardless of the site of origin24. Also, 2 other studies did not find any differences between the 

sexes regarding overall survival or survival time55,56. 

Other risk factors for canine OSA involve a patient’s medical history, such as spaying or 

neutering a pet and previous injuries. From a population of axial and appendicular cases, 

neutered dogs had twice the risk for OSA52. In a population of Rottweilers, the risk of OSA in 

dogs that were spayed or neutered before the age of 1 year was 3.8 and 3.1 times higher in males 

and females, respectively57. Nevertheless, the overall survival and disease-free interval (DFI) for 
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appendicular OSA cases was not influenced significantly by neutered status6. As previously 

mentioned, OSA has been reported to form at sites of previous bone fractures31,32. 

Overall, many factors are believed to be associated with an increased risk for canine 

OSA, but most are disputed between researchers. As a result, predicting a dog’s risk for 

developing OSA is difficult when information is based solely on the demographics and basic 

medical history of the patient. Furthermore, some of these same risk factors are also associated 

with prognosis, while others are not. Thus, parameters that increase the risk for OSA are not 

always associated with a worse prognosis.  

1.2.4 Treatment  

There are several treatment options for OSA, however these options greatly vary between 

appendicular and axial OSA partially because appendicular tumors are often easier to surgically 

remove5. As introduced above, OSA treatment is often amputation in combination with 

chemotherapy2. Amputation of the limb not only removes the primary tumor, it can also help 

improve quality of life by eliminating localized pain17. However, amputation alone is not enough 

for the treatment of appendicular OSA as most deaths are attributed to metastases and overall 

survival is greatly improved by adding chemotherapy6,58,59. Dogs treated with amputation alone 

vs amputation plus doxorubicin and cisplatin had a median survival time of 175 and 300 days, 

respectively59. Accordingly, systemic treatments or treatments that target secondary tumors 

should be employed to improve patient survival. At the Ontario Veterinary College Health 

Sciences Centre (OVC HSC), the SOC for appendicular OSA is amputation of the afflicted limb 

followed by chemotherapy, usually carboplatin8. One study on stage III (metastatic) OSA 

patients concluded that a combination of chemotherapy and palliative radiation had the longest 

survival time (130 days)4. However, this paper failed to separate axial and appendicular OSA 



 
 

9 
 

which could influence the results because treatment often varies between axial and appendicular 

OSA4. Additionally, several different chemotherapy regimens were used, making it difficult to 

distinguish which treatments were effective4
. 

1.2.5 Canine Osteosarcoma as a Model for Human Osteosarcoma 

It is common for rodents to be used as animal models of human OSA, although canine 

OSA patients are also utilized, which could be more representative of humans. Canine OSA is a 

suitable model for studying human OSA as both species cohabit the same environment and 

spontaneous OSA cases are reported in both species19. Furthermore, the clinical signs, methods 

of diagnostic testing, locations of tumors within the skeleton, incidence of lung metastases, 

treatments, and responsiveness to chemotherapeutic agents are similar between the 2 

species19,35,60,61. Moreover, because canine OSA patients have naturally occurring OSA, the 

progression of disease can be monitored as well as the response to therapy in a more clinically-

relevant way compared to rodent models62. Meanwhile, the tumor microenvironment may be lost 

or varied following tumor implantation into mice which can alter the efficacy of 

chemotherapeutic drugs63. Additionally, genetic diversity is usually greater in canine studies as 

several breeds may be enrolled and most dogs are outbred, whereas rodent studies commonly use 

1 or 2 strains, all of which are inbred64. Thus, the use of canines as an animal model for human 

OSA may be more accurate than using mouse or other rodent models. 

Despite these similarities, there are still some differences between human and canine 

OSA such as incidence rate, aggressiveness of tumors, and age of development17,18,35. Although 

OSA is more frequent in canines than in humans, this difference is beneficial for use as a cancer 

model, since more patients and samples can be obtained in trials over a shorter duration19. 

Furthermore, the course of OSA is shorter in dogs as the median survival time in humans is 
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longer19. To add to, because dogs have a shorter lifespan than humans, the overall survival 

results will be obtained sooner even in dogs that are cured of OSA. This means that the 

treatment, monitoring and outcome for OSA can be accomplished quicker in canine models than 

in human studies. Canine OSA is also more aggressive than human yielding shorter survival 

times, and greater incidence of metastases35. This increased aggression may better model more 

aggressive human OSA tumors, which are harder to treat and are in greater need of new 

therapies. In humans, it is during adolescence that OSA incidence is most common, while in 

dogs this peak occurs in middle-aged to older dogs17,18. However, a second observable peak in 

human OSA incidence is reported in people aged 70-80 years, which is more reflective of the age 

of incidence in canine OSA17,18. Similarly, there is evidence that canines have a second peak in 

incidence of OSA at approximately 1-3 years of age, accounting for less than 10% of total 

cases65. Furthermore, age can have a similar effect in both canine and human OSA, as both 

species experience a poorer overall survival as patient age increases66.  

 Overall, the use of canines as a model for human OSA is more promising than some 

currently established rodent models61. Several similarities between the 2 species have been 

mentioned as well as some differences. However, some of these differences improve the 

feasibility for implementing canine OSA models. 

1.3 Biomarkers  

As previously mentioned, some risk factors based on patient characteristics and medical 

history such as age, weight and neuter status, have also been examined as prognostic factors. 

However, all of these parameters were either unable to predict clinical outcome or their ability to 

do so was controversial6,9,53,54. Therefore, novel ways to predict clinical outcome are required to 

help veterinarians and owners select an appropriate course of therapy. 
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Histological grading is an established method for predicting the prognosis and 

aggressiveness of canine OSA tumors33,49. Yet, the effectiveness of these histological grading 

schemes has been recently scrutinized8. In this study, 3 evaluators tested the 2 previously 

mentioned histological grading schemes which both reported nuclear pleomorphism, necrosis 

and mitoses, with 1 of the methods also considering the tumor matrix proportion and 

density8,33,49. The samples used were histology slides prepared from formalin-fixed paraffin-

embedded (FFPE) blocks of 85 canine appendicular OSA cases8. All cases were treated with 

amputation first followed by chemotherapy, which is the SOC at the OVC HSC8. The 

histological grading was reported as having no significant correlation to DFI and survival time, 

for any of the evaluators8. Overall, there are few, if any, reliable methods that can predict the 

prognosis of canine OSA. However, biological markers (biomarkers) are an evolving field of 

research that could help predict clinical outcome. 

Research has already begun on various biomarkers to help predict clinical outcome for 

OSA. Biomarkers are typically molecules, but they can be anything in the body that is 

measurable and undergoes noticeable changes during the onset or progression of disease or 

during therapy67. Biomarkers can be prognostic or predictive, predicting outcome or response to 

therapy, respectively67. A desirable property of suitable biomarkers is their presence in 

collectable samples such as blood, plasma, serum, urine or other bodily fluids24,68. Ease of access 

to samples containing biomarkers allows for multiple collections throughout treatment. 

Biomarkers for cancer can be collected from tumor samples via a biopsy, but this is more 

invasive and painful to the patient17,67.  

Alkaline phosphatase (ALP) is a readily tested biomarker in numerous types of cancer for 

both human and canine patients, and its activity can be detected in tissue, serum and plasma8,69,70. 
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ALP is an enzyme present in several tissues including the intestines, kidney, liver and on the 

membrane of osteoblasts, which proliferate in OSA16,70,71. ALP activity has been reported as 

elevated in canine patients with mammary cancer, prostate cancer bone metastases, 

hepatocellular carcinoma, or OSA47,72–74. Accordingly, cytological staining of ALP can assist in 

the diagnosis of OSA, which can be misdiagnosed as other types of bone cancers such as 

fibrosarcoma and chondrosarcoma17,70. In a study with 61 vimentin-positive canine cancers, all 

33 OSA samples stained positive for ALP activity, including 2 extraskeletal OSA cases70. 

Meanwhile, out of the 28 non-OSA samples that also stained positive for vimentin, only 3 were 

also positive for ALP activity, including 1 chondrosarcoma70. 

Typically, the serum or plasma ALP activity in OSA studies is categorized as normal or 

high, based on previously established reference ranges6,9,15,69,71. As reported in numerous studies, 

elevated serum or plasma ALP activity in canine OSA patients correlates to a reduced DFI and 

survival time7,33. Dogs with increased activity of serum ALP (SALP) measured before treatment 

had a median survival time of 5.5 months, compared to 12.5 months in dogs with normal ALP71. 

A meta-analysis combining the data from 7 studies on serum ALP activity in appendicular OSA 

concluded that high SALP activity at diagnosis correlates to shorter overall survival compared to 

dogs within a normal range of SALP, though treatment was not taken into account29. This 

corresponded to a decreased median survival time by over 150 days29. Furthermore, high activity 

of the bone-specific ALP isoenzyme (i.e. >48 U/L) was prognostic of a shorter DFI75. 

Conversely, some canine OSA studies were unable to find significance between ALP activity 

and clinical outcome8,76,77. Schott et al. found that normal vs high serum ALP activity measured 

before amputation in appendicular OSA dogs was not significantly associated with survival time 

or DFI in dogs that received SOC8. Overall, while ALP activity staining of tissue is a relativity 
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easy method to improve confidence in an OSA diagnosis, there is controversy regarding the 

usefulness of circulating ALP activity for predicting clinical outcome in canine appendicular 

OSA patients.  

 In conclusion, there is a need for biomarkers for canine appendicular OSA patients that 

can predict clinical outcome. Such biomarkers could help predict which patients will benefit 

from a treatment and which patients would be better suited to palliative care. In such cases, the 

amount of chemotherapy/radiation administered would be decreased or eliminated altogether, 

reducing any related toxicities while providing pain management77,78. Although the primary 

tumor is easily accessible following amputation, prior to amputation it would require a biopsy to 

sample – a procedure that is associated with inherent risks, such as pathologic fracture. 

Accordingly, novel biomarkers should be easily accessible throughout the course of treatment, 

with preference for those detectable from blood or urine samples rather than tumor biopsies.  

1.4 MicroRNAs 

 One promising class of biomarkers for cancer research, including canine OSA, is 

miRNAs. They are non-coding RNAs with a length of approximately 22 nucleotides that play a 

role in protein regulation79. miRNAs can bind partially or completely to messenger RNAs 

(mRNAs) leading to their inhibition or degradation80. Specifically, miRNAs bind to the 3` 

untranslated region of mRNAs, which prevents translation and thus reduces target protein 

expression79. Because miRNAs have a variety of mRNA targets they are involved in several 

different cell processes including apoptosis, proliferation, differentiation, invasion, angiogenesis 

and cell cycle regulation81.  



 
 

14 
 

1.4.1 Biosynthesis 

The biosynthesis of miRNAs begins in the nucleus where RNA Polymerase II transcribes 

primary miRNA (pri-miRNA) from a miRNA gene81. This pri-miRNA is then cleaved by the 

Microprocessor, a complex that consists of a Ribonuclease III (RNAse III) enzyme known as 

Drosha, and the DiGeorge syndrome critical region 8 (DGCR8) protein82,83. This cleaving forms 

a hairpin structure with a length of approximately 70 nucleotides, called a precursor miRNA 

(pre-miRNA)82,84. The pre-miRNA then leaves the nucleus via Exportin 5, an active cargo 

transporter that requires Ran-GTP to function85. Once in the cytosol, pre-miRNA is cleaved by 

Dicer, another RNAse III enzyme, which creates a double stranded miRNA with a length of ~22 

nucleotides86. The miRNA then is bound to the RNA-induced silencing complex (RISC), with 

help from Dicer and the transactivating response RNA-Binding Protein81,87. The main 

components of the RISC are the mature miRNA and an Argonaute protein (often Argonaute 

2)81,87. The leading strand of the miRNA remains bound to the complex, while the other strand is 

expected to degrade81,88,89. This newly formed complex is biologically active and can seek out 

complementary sites in the 3` untranslated region (UTR) of mRNAs79,90. It is important to note 

that the length and function of miRNA is similar to that of small interfering RNAs (siRNA)88,91. 

However, the biosynthesis of siRNA and miRNA are different, with siRNA originating from 

double stranded RNA prior to Dicer cleavage, while miRNA originates from pre-miRNA which 

has a hairpin structure91. Furthermore, siRNAs typically bind complementary to their target 

mRNA, while miRNAs often only bind complementary to their mRNA targets in the seed 

sequence88,91. 
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1.4.2 Nomenclature 

Nomenclature for miRNAs consists of 3 or 4 parts: a species identification prefix, the 

word “miR” for a mature miRNA or “mir” for a precursor, a number suffix denoting the miRNA 

family (with occasional lettering following the number) and, if applicable, the arm of the hairpin 

precursor where the miRNA comes from (i.e. 3p or 5p)92,93. The miRNA species identification 

for Homo sapiens is “hsa”, while canis familiaris miRNAs are assigned with the prefix “cfa” and 

mus musculus miRNAs are denoted by “mmu”93,94. The numbering for miRNA family increases 

sequentially as new miRNAs are discovered; miRNAs with a similar nucleotide sequence often 

share the same family number but have additional letters or numbers added after to distinguish 

each one (e.g. cfa-miR-20a and cfa-miR-20b; see Table 1.1)93,95. There are some exceptions in 

miRNA nomenclature, for instance miRNAs belonging to the let-7 family have “miR” replaced 

with “let”, as this family was among the first miRNAs discovered and there was no established 

nomenclature at the time96. 

Table 1.1: Mature miRNA sequences for 2 miRNAs, cfa-miR-20a and cfa-miR-20b. Differences 

in sequence are highlighted in red; data obtained from miRBase V2284. 

miRNA ID Mature Sequence 

cfa-miR-20a UAAAGUGCUUAUAGUGCAGGUAG 

cfa-miR-20b CAAAGUGCUCACAGUGCAGGUA 

 

1.4.3 Clusters 

Many of the miRNAs discovered belong to clusters, which are regions of the genome that 

have several miRNAs encoded from the same transcript97. In 2005, a study by Altuvia et al. 

found that 37% of the previously discovered miRNA genes in humans were clustered98. 

However, in 2016, Wang et al. concluded that of the 1,881 known miRNAs in humans, a total of 
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352 (18.7%) were found in clusters99. It is apparent that the percentage of clustered miRNAs 

changes as new miRNAs are discovered. Additionally, the criteria for how far apart miRNAs can 

be to be considered part of a cluster influence the numbers98. 

1.4.4 Stability 

One key property of miRNAs that allows their use as a biomarker is their stability in 

various sample types and conditions. When left in whole blood at room temperature, the residual 

miRNAs will remain stable for more than 24 hours100. This is an advantageous property as the 

time between blood sample collection and analysis varies between institutions. Also, after serum 

samples were refrigerated for 24 hours, hsa-miR-92a remained stable in both the whole serum 

and extracellular vesicles101. For fecal samples, 4 canine miRNAs (i.e. cfa-miR-16, -20a, -21 and 

-92a) had a significant reduction in degradation when frozen at -20˚C directly after collection, 

compared to samples left at room temperature for 1 day102. The expression profiles of miRNAs 

were also retained subsequent to storage in FFPE blocks, compared to the matched flash frozen 

tissue103. Under the same conditions, the mRNA profile changed drastically, suggesting rapid 

degradation from either the FFPE process or the extraction103. This highlights a major difference 

between RNA species and proves that not all types of RNA are equally suitable as biomarkers.  

For biomarker studies utilizing frozen samples prospectively, molecular stability must be 

preserved following extended freezing times. Fortunately, several miRNAs retain their integrity 

following freezing at -80˚C for several months in various samples types including B-

lymphocytes and plasma104,105. When frozen in plasma for more than 5 years, most miRNAs 

tested had significant degradation; though hsa-miR-212-5p has stable expression after a decade 

in freezer storage105. Furthermore, total RNA extractions can be stored for months at room 

temperature in RNA preserving mediums, such as RNAstable®, with comparable expression to 
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samples stored at -80˚C106. However, miRNA degradation has been reported in studies under 

similar conditions. For instance, serum samples had a rapid decline of hsa-miR-122 and -145 

after 24 hours of refrigeration101. Also, in fecal samples, the levels of cfa-miR-16 and -21 

changed following storage at room temperature 1 day102. Meanwhile, 4 miRNAs,cfa-miR-16, -

23a, -26a and cfa-let-7a, in serum and plasma samples significantly changed expression after 

storage at room temperature for 1 day, while no changes were observed after 1 hour at room 

temperature107. Consequently, time is a key factor in miRNA stability, thus the duration that 

whole blood samples, and their components, are exposed to room temperature must be 

minimized. 

There are reports that suggest miRNAs stability is also correlated to their structure. In the 

case of hsa-miR-382, substantial in vivo degradation occurs and is partially mediated by 2 

exosome complexes, Ribosomal RNA-processing protein 41 and 5`-3` exoribonuclease 1108. 

However, this instability can be mitigated by mutating a region of 7 nucleotides near the 3` end 

(i.e. positions 16-22)108. Additionally, the quantity of “AU” nucleotide sequences in a miRNA 

may influence its stability in freezing conditions, with more “AU” sequences resulting in greater 

instability102,105. Accordingly, when selecting housekeeping miRNAs, the nucleotide sequence 

should be considered to help predict stability. 

Although several miRNAs remain stable for a reasonable period of time, it is important to 

follow good laboratory practices to keep miRNAs intact. Collection of blood in inappropriate 

types of tubes has been documented to interfere with downstream applications even when all 

other precautions are taken100,109. For instance, blood collection tubes containing the 

anticoagulant lithium-heparin altered the levels of hsa-miR-1, -21 and -29b such that they were 



 
 

18 
 

no longer detectable in plasma100. Using the same blood samples, EDTA and citrate collection 

tubes had anticipated expression of these 3 miRNAs100.  

An issue with the above studies on miRNA stability is the small number of miRNAs 

examined; most of these studies use 3 or 4 miRNAs while one examined 29 and another did 

hundreds100,102–105,107,108. Another issue with these stability studies is the lack of consistency in 

the miRNAs selected and storage conditions. Furthermore, there are few studies that examine the 

stability of a wide array of canine miRNAs following extended freezing periods or in FFPE 

blocks, which is essential for long-term retrospective studies. Overall, it is necessary to test 

molecular biomarker stability under the expected storage and processing conditions. The above 

results demonstrate that miRNAs are stable, but the samples require proper collection and 

storage to retain their integrity.  

1.4.5 Hemolysis 

 One considerable issue that may interfere with blood miRNA expression is hemolysis, 

the lysis of erythrocytes. Hemolysis promotes leakage of cellular contents from erythrocytes into 

the blood, including miRNAs110,111. Hemolysis can be induced by pathological conditions such 

as genetic disorders, autoimmunity, bacterial infection, or a reaction to drugs110,112. Additionally, 

improper collection, handling and storing conditions often results in hemolysis of blood 

samples110,112. One example of improper handling during blood collection is using a smaller than 

recommended size of needle gauge, which can shear erythrocytes and induce hemolysis110,112. 

Hemolysis can also be induced by accidental freezing of blood, exposure to warm temperatures 

and centrifuging samples at high speeds110,112. MiRNAs are among the cellular constituents 

within erythrocytes known to be released during hemolysis111. Accordingly, hemolysis can 
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influence the apparent miRNA expression when utilizing plasma or serum samples. This makes 

it especially important to prevent and detect hemolysis in samples used for miRNA studies.  

 Numerous methods have been established to detect hemolyzed plasma samples. The 

easiest method is visible detection of a red color change in the plasma sample. However, visible 

detection of hemolysis is not sensitive enough as some miRNAs have noticeably altered 

expression prior to a visible color change111. Another method of hemolysis detection uses the 

change in cycle threshold (ΔCt) values of 2 miRNAs from a quantitative real-time PCR (qRT-

PCR), although these methods are mainly reported using human miRNAs113. For instance, hsa-

miR-451a is highly associated with hemolysis and is usually compared to hsa-miR-23a, a 

miRNA that is not-influenced by hemolysis113. A [ΔCt (hsa-miR-451a) - ΔCt (hsa-miR-23a)] 

value below 5 indicates little hemolysis, while a value between 5 and 7 suggests moderate 

hemolysis and a value greater than 7 correlates to a high level of hemolysis113. This calculation 

could be used with canine miRNAs as the sequence of hsa-miR-451a is identical to cfa-miR-451, 

and miR-23a only varies between the 2 species by 2 nucleotides, according to miRBase V22 

(Table 1.2)95,114. Although, this assumes that cfa-miR-451 is highly expressed in erythrocytes, 

compared to plasma. A limitation with this method of hemolysis detection is that the samples are 

examined after downstream application, where considerable time and cost have been applied. 

Thus, an optimal method of hemolysis detection should be applied before sample processing.  
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Table 1.2: Mature miRNA sequences for 2 miRNAs used in a hemolysis calculation. The 

sequence for both humans and canines is shown to demonstrate applicability of this calculation 

to canines. Differences in sequences are highlighted in red; data obtained from miRBase V2284. 

miRNA ID Mature Sequence 

cfa-miR-451a AAACCGUUACCAUUACUGAGUU 

hsa-miR-451 AAACCGUUACCAUUACUGAGUU 

  

cfa-miR-23a AUCACAUUGCCAGGGAUUU 

hsa-miR-23a AUCACAUUGCCAGGGAUUUCC 

 

One such method that analyses plasma samples for hemolysis prior to downstream 

application is spectrophotometry, where wavelengths that correspond to hemolytic parameters 

are measured. For instance, hemoglobin circulates freely in the blood following hemolysis and 

this produces absorbance peaks at 414, 541 and 576 nm, where larger peaks at these absorbances 

correlate to higher levels of hemolysis111. Calculations based on spectrophotometry to detect 

hemolysis in human plasma samples have been established. One of the most common 

spectrophotometric hemolysis detections measures the absorbance at A414 nm, which 

corresponds to oxy-hemoglobin111,113,115. If the absorbance is >0.2 then the plasma sample is 

hemolyzed, as indicated by an increase in oxy-hemoglobin levels111,113,115,116. Meanwhile, 

Appierto et al. used a different calculation for hemolysis that was less influenced by lipemia: 

Hemolytic Score= (A414 nm- A385 nm) + 0.16* A385 nm, where a hemolytic score >0.057 was 

indicative of hemolysis117. The base for the hemolysis peak was believed to be at A385 nm117. 

Both calculations were able to detect hemolysis at a concentration of 0.016% erythrocytes118. 

Furthermore, there is another hemolysis calculation that measures the A414 nm to A375 nm 

ratio, with values >2 indicating hemolysis118,119. However, this method is less stringent than the 

other 2 calculations, with more samples reported as non-hemolyzed when using this 
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calculation118. Several human miRNAs are present in erythrocytes at such a significant 

concentration that following hemolysis the plasma concentrations drastically increase. A few 

examples of such hemolysis-dependent miRNAs include: hsa-miR-15b, hsa-miR-16, hsa-miR-

22, hsa-miR-92a, hsa-miR-451, and hsa-miR-486-5p 111,116,120–122. Accordingly, these miRNAs 

should not be used for controls for standardization unless hemolysis is adequately detected, and 

all hemolytic samples excluded. It should be noted that previous publications have used hsa-

miR-16 as a method of standardization14,15,119. One study examined hsa-miR-16 in hemolytic and 

non-hemolytic samples and reported that it could be used for normalization if the sample has an 

absorbance of <0.2 at 414 nm111. 

The miRNome of human erythrocytes has been examined in the literature; however, 

research on the canine erythrocyte miRNome has been neglected. To prevent misinterpretation of 

miRNA results from hemolyzed samples, the canine erythrocyte miRNome should be sequenced 

to determine which changes are expected with hemolysis. Additionally, limits of hemolysis must 

be established in canine blood samples to confirm which samples are acceptable. 

1.4.6 Conservation between Species 

In general, miRNAs are conserved across many species allowing for the extrapolation of 

results across animals and humans. For instance, a paper examining 287 miRNAs from human 

erythrocytes found that 166 of them (57.8%) were also conserved in the canine genome, allowing 

for up to 1 mismatch outside the seed sequence and none within the seed sequence123. The same 

study also compared these human miRNA sequences to chimpanzees, rhesus monkeys, mice and 

zebrafish, where they demonstrated 99.7, 81.2, 51.2 and 16.7% conservation, respectively123. 

Although, when interpreting these findings, it is important to consider that the miRNAs analyzed 

do not represent the entire miRNome for the species. Also, the amount of miRNA research for a 
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species varies, so the number of miRNAs discovered between species is not consistent and can 

skew these findings. To exemplify this, there are over 2000 known miRNAs in humans, while 

less than 750 miRNAs have been discovered in dogs95,124,125. 

Furthermore, canines and humans share similar miRNA clusters, albeit at different 

locations in the chromosome. Three miRNAs from the human 14q32 cluster were prognostic of 

OSA overall survival in human and canine patient tissues126. This study used: 12 human primary 

tumors, 11 human pulmonary metastases, 1 human soft tissue metastasis, 34 canine primary 

tumors; all collected prior to treatment, as well as 3 canine pulmonary metastatic cell lines126. 

They found that lower levels of hsa-miR-382 in human samples correlated with increased risk of 

metastases (p= 0.01), and lower levels of cfa-miR-134 and -544 in canine samples correlated 

with shorter survival time (p= 0.004 and 0.012, respectively)126. In the canine genome, these 

miRNAs are found on chromosome 8 at around 69.27-69.29 million base pairs (bp); also, 

between the DLK1 and DIO3 genes, as seen in humans95,126,127. An issue with this study is that 

the data did not separate the primary and metastatic samples126.  

Because several miRNAs are conserved between species, the expression and pathways of 

a miRNA discovered in 1 species could be translated to several other species. This would be 

beneficial for diseases that are rare in humans but more commonly documented in animals, such 

as OSA, as a sufficient number of animal specimens can be collected in a shorter amount of time.  

1.4.7 Dysregulation in Cancer 

miRNA expression becomes dysregulated in several types of cancers across different 

species126,128–130. As previously mentioned, several mRNA targets of miRNAs are involved in 

cell processes ranging from cell growth, differentiation, apoptosis, and angiogenesis81. 
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Consequently, miRNA dysregulation can have a pronounced effect on a cell, involving several of 

the same processes that are dysregulated in cancer cells81. Because the pathways for these 

cellular processes involve numerous steps and proteins, there are several mRNA targets for 

miRNAs131. It should be noted that in several types of cancerous tissues, the overall miRNA 

expression is reported to decline compared to the normal tissue; although, there are still 

overexpressed miRNAs present132,133. 

In cancer, miRNAs inhibit mRNAs at various steps in pathways involved in the 

production of tumor suppressors and oncogenes134. The miRNAs that act to promote oncogenes, 

or the progression of cancer are referred to as “oncomiRs”, while the miRNAs that promote 

tumor suppressors are known as “tumor suppressor miRNAs”134,135. OncomiRs can act by 

binding to and inhibiting mRNAs responsible for the formation of tumor suppressor proteins, 

such as proteins that keep the cell cycle in check or prevent apoptosis134,135. Conversely, tumor 

suppressor miRNAs act by inhibiting oncogenic mRNAs or mRNAs that suppress tumor 

suppressors124. Because most miRNAs are down-regulated in cancer and oncomiRs are up-

regulated in cancer, it is suspected that there are more tumor suppressor miRNAs than oncomiRs 

in cancerous tissues132–135. 

One process that alters miRNA expression is targeting the biosynthesis pathway. For 

instance, inhibition of Exportin-5 will prevent transport of pre-miRNA to the cytosol and will 

reduce the formation of biologically active RISCs85. Similarly, if Drosha, DGCR8, Dicer or 

another key molecule for miRNA biosynthesis is dysfunctional or absent, the miRNA expression 

will decrease82,83,86. Theoretically, the step at which miRNA biosynthesis is disrupted could be 

determined by detecting buildup of specific miRNA precursors such as pri-miRNA and pre-

miRNA. However, this may not be useful if multiple biosynthesis steps are altered. 
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Additionally, the importance of miRNA dysregulation in cancer has opened the 

possibility for new therapeutic targets that are able to treat cancer. A group of molecules known 

as “antagomirs” or “anti-miRs” can inhibit the biological activity of miRNAs, and therefore can 

correct this miRNA dysregulation seen in cancers136,137. These anti-miRs have nucleotide 

sequences that are complimentary to a specific miRNA, allowing them to bind and prevent 

normal miRNA function136,137. The nomenclature for these anti-miRs is the same for the specific 

miRNA it targets, except it contains a prefix “anti-”136,137. 

1.4.8 MicroRNAs in Canine OSA 

The expression of select miRNAs in canine OSA cell lines and tissue samples has been 

characterized (Table 1.3) 126,128,138–141. Among miRNAs with significant expression changes in 

canine OSA are: cfa-miR-9, -34a, -134, -196a and -594126,138–140. Another 2 miRNAs of interest 

in OSA are miR-1 and -133b, which in humans were previously considered specific to skeletal 

and cardiac muscles and involved in differentiation and proliferation142,143. These 2 miRNAs 

have since been recognized in other cell types and are associated with various cancers including 

hepatocellular carcinoma and OSA in canines128,129. In canine OSA, tumors did not have a 

significantly different expression of cfa-miR-1 and -133b than normal bone samples128. 

However, studies on human OSA conclude that these 2 miRNAs are often downregulated144,145. 

Two potential mRNA targets for miR-1 and -133b in canine and human OSA are the MET Proto-

Oncogene (MET) and Myeloid Cell Leukemia Sequence 1 (MCL1) mRNA128,146–148. The MCL1 

protein is involved in anti-apoptosis while MET promotes cell growth and invasion128. 
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Table 1.3: miRNAs previously reported in the literature from various sample types with changes 

in expression in canine OSA. 

miRNA ID Over/Under Expressed in OSA Sample Type(s) Analyzed Reference 

cfa-miR-126 

cfa-miR-214 

Over Expressed Plasma 14,15 

cfa-miR-134 

cfa-miR-544 

Under Expressed Tumor 126 

cfa-miR-1 

cfa-miR-133b 

Under Expressed (N.S) Tumor 128 

cfa-miR-9 Over Expressed Tumor and Cell Lines 138 

cfa-miR-34a Under Expressed Tumor and Cell Lines 139 

cfa-miR-196a Over Expressed Tumor and Cell Lines 140 

cfa-miR-494  

(Rottweilers only) 

Over Expressed Tumor and Cell Lines 141 

 

Another dysregulated miRNA in canine OSA is cfa-miR-9, with overexpression observed 

in both canine cell lines and frozen OSA tissues, compared to normal canine osteoblast tissues 

and cell lines138. The report stated that miR-9 overexpression was produced by the OSA primary 

tumor and cell lines, rather than cells in the tumor environment138. This study found that the 

increased cfa-miR-9 expression had no effect on cell proliferation or apoptosis but did have a 

notable effect on invasion and migration138. Both normal osteoblasts and OSA samples infected 

with a miR-9 lentiviral vector, demonstrated increased migration and invasion, indicating a role 

in metastases138. A study on human OSA also observed increased expression of miR-9 and found 

that this overexpression led to increased aggression of the tumor11. 

Downregulation of the canine miRNA cfa-miR-34a, has been reported in both OSA 

primary tissue and cell lines139. This study reported that miR-34a was even lower in metastatic 

lung tissue, compared to the primary tumor139. However, only 8 matched samples were used, of 

which only 4 had decreased miR-34a expression in the metastases while 2 had no difference and 

the other 2 had increased expression139. Using lentiviral vectors, overexpression of cfa-miR-34a 
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in canine OSA cell lines caused a reduction in cell invasion and migration capabilities, 

suggesting that miR-34a downregulation can promote metastasis139. 

Additionally, the expression of miR-454 is altered in Rottweiler OSA tumors compared 

to Greyhound tumors or normal osteoblast cell cultures of various dog breeds141. This further 

indicates that there may be a breed-specific difference in canine OSA progression. Thus, studies 

on canine miRNAs should consider that the dogs selected might result in breed-specific biases.  

As previously mentioned, numerous papers have examined the miRNA profile in canine 

OSA patients from cell lines and tissue sources, however few papers have used plasma 

sources14,15,126,138–141. Recently, 2 papers from the same group studied the plasma expression of 2 

canine miRNAs, cfa-miR-126 and -214. In the first paper they focused on several types of 

cancers while in the second paper the focus was only OSA14,15. In the first study (2017), they 

discovered that both cfa-miR-126 and -214 had increased expression in dogs with OSA (p <0.01 

and p <0.001, respectively)14. However, there were issues with this study, including that only 9 

dogs with OSA were examined and of these, 5 of the cases were appendicular OSA while 4 were 

axial14. Furthermore, most of the control dogs were of a smaller breed which is not representative 

for OSA which primarily affects larger breeds3,14,25. Moreover, only cfa-miR-16 was used as a 

housekeeping miRNA which is not recommended because, as previously mentioned, the human 

equivalent is associated with hemolysis, and this miRNA is conserved between both 

species14,111,120. Because of the low sample size, mix of appendicular and axial cases, 

unrepresentative controls and inaccurate housekeeping miRNA, the data may not be comparable 

to the general population of dogs with appendicular OSA. Additionally, the results conflict with 

human studies; while plasma miR-214 is also elevated in human OSA, miR-126 is decreased in 

human OSA tissues and cell lines14,149,150. For the second study (2019), only dogs with 
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appendicular OSA with amputation followed by chemotherapy were used15. This new study 

focused on OSA and addressed several limitations of the first study15. Furthermore, the 2019 

study improved on their use of cfa-miR-16 as a control miRNA by establishing a method to 

correct for hemolysis in the plasma samples15. Although, instead of calculating hemolysis in each 

sample with quantitative data (e.g. measuring UV wavelengths), 3 groups of hemolysis were 

created based on optical observations15. This method assumes that all samples within a group 

have the same change in miR-16 expression. Like the previous study, the second study 

concluded that elevated miR-214 levels were associated with a poorer 1-year and long-term DFI 

and overall survival14,15. Conversely, the 2019 study reported that low levels of miR-126 

correlated with a poorer 1-year DFI and overall survival (p= 0.011 and p= 0.022, respectively)15. 

For both Heishima et al. papers, only 2 miRNAs were examined, although this is not a flaw in 

the studies, it still leaves the expression of the vast majority of plasma miRNAs in OSA 

unknown14,15.  

1.4.9 Summary 

In conclusion, OSA is a deadly disease requiring an aggressive treatment regimen. The 

clinical outcome varies from patient to patient and there are no biomarkers suitable for predicting 

which patients will benefit from treatment. Past studies have demonstrated the potential of 

miRNAs as biomarkers across several diseases and species. Several miRNAs are detectable in 

plasma, providing ease of sample collection during all stages of the disease. Furthermore, as 

discussed in chapter 1.4.4, several miRNAs in plasma are very stable, some detectable after years 

of storage. This is ideal for rarer diseases that could take months or years to accumulate enough 

samples for research. 
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At present, there is insufficient data on plasma miRNA expression in canine OSA 

patients. Few studies examine the miRNA profile in canine OSA, most of them using cell lines 

or bone tissue, but very few utilize plasma samples. Therefore, more studies will be needed if 

clinically beneficial miRNA biomarkers are to be established. Moreover, many miRNAs are 

conserved between species, highlighting the potential of a cross-species biomarker. 

The purpose of this study is to expand the research on canine OSA plasma miRNAs. 

miRNA expression will be compared between healthy dogs and those afflicted with OSA. 

Specifically, plasma samples will be collected both pre- and post-amputation in OSA patients 

with no previous chemotherapy or radiotherapy. Both timepoints occur early in treatment and 

would maximize biomarker potential for influencing treatment approaches. The expression of 

miRNAs will be compared between healthy and OSA groups, as well as between pre- and post-

amputation. Differences in expression will also be compared to clinical parameters such as 

overall survival, 1-year survival and DFI. 
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CHAPTER 2: Preliminary Study 

2.1 Hypotheses 

The overall goal of this study was to determine the biomarker potential of plasma 

miRNAs in canine appendicular OSA cases. The purpose of this pilot study was to discover 

which miRNAs are dysregulated in OSA and would subsequently be added to custom PCR 

arrays. Custom PCR arrays have fewer miRNAs than the miScript miRNA Dog miRNome PCR 

array but can support multiple individual samples on 1 array, as these miRNAs are repeated on 

the assay several times. These custom assays reduce costs and amount of RNA elution required 

per dog, while increasing the sample throughput. Ideally, miRNAs with biomarker potential will 

be expressed at different levels between healthy dogs and those with OSA. Additionally, 

appropriate endogenous miRNAs will be selected from the pilot study for use on the custom 

PCR arrays. The hypotheses for the preliminary study are:  

1) Specific miRNAs will have significantly different plasma levels between the healthy 

and OSA dogs.  

2) The miRNA profile will differ between pre- and post-amputation samples. 

2.2 Materials and Methods 

2.2.1 Sample Collection 

Owners provided consent and an animal utilization protocol (AUP) was approved by the 

University of Guelph Animal Care Committee (AUP3603). Data collected included: weight and 

age at diagnosis, breed, sex, neuter status, primary tumor site, treatment protocol and associated 

dates, and post-mortem results, when available.  
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As previously described in Schott et al., we considered the date of diagnosis for OSA 

dogs was the earliest date where radiographical evidence lead to the confirmation of 

osteosarcoma8. Additionally, overall survival was calculated as the days elapsed from diagnosis 

until the date of death. Moreover, DFI was calculated as the elapsed time from diagnosis until the 

date of earliest suspected or confirmed clinical, radiographical or postmortem evidence of 

disease metastases 8. 

Appendicular OSA plasma samples from OVC HSC patients were collected before 

surgery, often within a day of the limb amputation, and approximately 2 weeks after surgery, 

before their first dose of chemotherapy. Overall survival and disease-free interval were 

discernable from medical records for all dogs. Plasma samples from healthy control dogs were 

collected at OVC HSC from blood donors and staff-owned dogs. All control dogs had a physical 

examination, as well as complete blood count (CBC) and a serum biochemical analysis, to 

confirm that they were healthy. All blood samples were collected in K2EDTA tubes (BD 

Vacutainer), to prevent coagulation, and then centrifuged at 1,465 rcf for 10 minutes at room 

temperature to separate the plasma. Plasma samples were stored at -80°C until analysis.  

For the pilot study 5 plasma samples were pooled for each of the control, pre- and post-

amputation groups. Each pooled sample used 40 µL from each of 5 dogs belonging to the same 

group, to create a final volume of 200 µL. The same dogs were used in the pre- and post-

amputation groups to minimize biological variability and to better compare changes in miRNAs 

following amputation. The 5 OSA dogs selected were representative of the various breeds, ages, 

weights, sexes and primary tumor locations of the population of canine OSA patients enrolled at 

the OVC HSC (Table 2.1). Additionally, 5 control dogs were selected with similar demographics 

(Table 2.1). One control dog had an estimated age and no weight data reported but was assumed 
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to be of a representative weight based on its breed. The ages and weights of the two groups were 

not significantly different according to Mann-Whitney tests (p= 0.0794 and p= 0.9048). 

Table 2.1: Demographics of the 5 OSA and 5 control dogs used in the pilot study for the pooled 

plasma samples. Weight and age measurements for OSA dogs were obtained at diagnosis, while 

for control samples these were taken at time of sample collection. FS denotes female spayed and 

MN denotes male neutered.  

Group Sex Breed Age 

(Years) 

Weight 

(kg) 

Primary 

Tumor 

Location 

Overall 

Survival 

(Days) 

DFI 

(Days) 

OSA FS St. Bernard 8.74 59.0 Right Distal 

Radius 

1008 1008 

OSA FS Great Pyrenees 5.25 44.0 Right Distal 

Femur 

861 861 

OSA MN Australian 

Shepherd 

9.41 27.2 Left Distal 

Radius 

354 280 

OSA MN Golden 

Retriever 

12.04 47.2 Left Proximal 

Humerus 

306 277 

OSA MN Mixed Breed 

(German 

Shepherd-X) 

8.63 35.0 Left Distal 

Radius 

288 238 

Control MN Lab Retriever 4.27 36.1 N/A N/A N/A 

Control FS Lab Retriever 6.34 33.8 N/A N/A N/A 

Control MN Shepherd X ~8 N/A N/A N/A N/A 

Control F Bull Mastiff 5.32 45.0 N/A N/A N/A 

Control M Bull Mastiff 5.32 72.8 N/A N/A N/A 

 

To ensure quality, hemolysis was analyzed in plasma samples prior to RNA extraction, 

using established calculations from UV-vis wavelength results using a NanoDrop 2000 (Thermo 

Scientific). The 5-dog pooled samples for each of the groups were confirmed as non-hemolyzed 

based on a previously established calculation in humans (absorbance at 414 nm/375 nm ≤ 2) 

117,118.  
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2.2.2 RNA Extraction 

The RNA extraction workspace was sterilized with RNase-Away (Molecular 

BioProducts) to prevent RNA degradation. A miRNeasy Serum/Plasma Kit (QIAGEN) was used 

to extract small RNA species from the plasma, as small as 18 nucleotides in length. This kit 

employs a silica-membrane based column. Each plasma sample used for extraction had a starting 

volume of 200 µL. 1000 µL of QIAzol lysis reagent was added to each sample, then vortexed 

and left to sit for 5 minutes. Afterwards, 3.5 µL of a C. elegans synthetic miRNA (cel-miR-39-

3p) and 200 µL of chloroform were added before being vortexed again and left to sit for 3 

minutes. The purpose of the synthetic spike-in miRNA is to act as a standardization for RNA 

extraction efficiency. Samples were then centrifuged at 12,000 rcf for 15 minutes at 4°C. From 

the top aqueous layer, 600 µL was extracted and added to 900 µL of 100% ethanol. This mixture 

was added to a RNeasy MinElute spin column and centrifuged at 12,000 rcf for 30 seconds at 

room temperature. The flow through was discarded and the centrifugation was repeated for 700 

µL of RWT buffer, 500 µL of RPE buffer and 500 µL of 80% ethanol (spun for 2 minutes). The 

collection tube was replaced, and columns were dried by centrifugation at 13,500 rcf for 5 

minutes with the lids open. The collection tube was replaced again and 14 µL of RNase-free 

water was added to the column before being centrifuged at 13,500 rcf for 1 min. The final 

elutions (extracted RNA) were analyzed on a NanoDrop 2000 Spectrophotometer (Thermo 

Scientific) to determine total RNA concentration, protein impurities (A260 nm /A280 nm) and 

other impurities (A260 nm/230 nm). However, due to the low total RNA concentration in plasma 

samples, these sample purity results cannot be verified and were thus not used in the study. 

Finally, the extracted RNA was stored at -80°C until ready for use in the next step.  
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2.2.3 Reverse-Transcription PCR 

A miScript II RT Kit (QIAGEN) was used to convert extracted miRNA into 

complementary DNA (cDNA) by reverse-transcription PCR (RT-PCR). PCR tubes were kept on 

ice and filled with 4 µL of HiSpec Buffer, 2 µL of Nucleics mix, 10.5 µL RNase-free water, 2 

µL of miScript reverse transcription mix and 1.5 µL of extracted RNA. These tubes were then 

added to a C1000 Thermal Cycler (Bio-Rad) and incubated at 37°C for an hour followed by 

inactivation at 95°C for 5 minutes, then cooled to 4°C for at least 5 minutes. Lid temperature was 

set to 95°C. This 20 µL cDNA solution was diluted with 90 µL of nuclease-free water and stored 

at -20°C, until used for qRT-PCR. An miRTC control was included in the 10x miScript Nucleics 

mix, used to detect inhibitions that occurred during the RT-PCR. 

2.2.4 Quantitative Real-time PCR 

A master mix was created using 2050 µL of SYBR Green, 410 µL of miScript Universal 

Primer, 1540 µL of RNase-free water and 100 µL of the diluted cDNA. This master mix was 

robotically pipetted to a miScript miRNA Dog miRNome PCR array 384-well plate (QIAGEN; 

for complete list of miRNAs and controls see Appendix 1) with an NXP Automated Workstation 

(Beckman Coulter) to minimize pipetting error. This PCR array contains 277 canine miRNAs in 

addition to 12 controls, including controls for the RNA extraction, RT-PCR and qRT-PCR. Each 

of the utilized wells received 10 µL of master mix before a PCR array seal was added. The qRT-

PCR was then performed using a Roche LC480 LightCycler set to a 384-well plate 

configuration. Volume reaction was set to 10 µL and the detection format was SYBR Green 

I/HRM Dye. The PCR array was incubated at 95°C for 15 minutes, followed by 45 cycles of: 15 

seconds at 94°C, 30 seconds at 55°C and 30 seconds at 70°C. Cycle threshold (Ct) values were 

calculated using the second derivative maximum method, in the LC480 software (release 
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1.5.1.62 SP3). The second derivate maximum measures the point where fluorescence signal 

acceleration is greatest and is recommended by the miScript PCR array manufacturers.  

2.2.5 Data Analysis 

For the preliminary study, data analysis was performed using the online GeneGlobe Data 

Analysis Center (QIAGEN; www.qiagen.com). The C. elegans spike-in control was used to 

standardize RNA extraction efficiency between samples. A Ct value cut-off of 35 was employed 

for all miRNAs and controls. All undetectable Ct values and those above 35 were changed to 35 

to provide a more conservative fold change in expression. The purpose of running the qRT-PCR 

for 45 cycles, with a cut-off at cycle 35 was to allow for the second derivate maximum 

calculations. Two of the controls on the miScript PCR array are a miRNA reverse transcription 

control (miRTC) and a positive PCR control (PPC) used to assess the performance of the RT-

PCR and the qRT-PCR, respectively. Samples will fail a quality control check in the data 

analysis center if there is a significant inhibition for either PCR reaction. For samples to pass the 

quality control, the PPC wells must have a Ct value between 17 and 21. Additionally, for a plate 

to pass, the average Ct for miRTC minus the average Ct for PPC must be less than 7. 

If quality control was acceptable, the Ct values were normalized using the global Ct mean 

of expressed miRNAs to get ΔCt for each miRNA. This method of normalization takes all the 

miRNAs expressed on the PCR array below the cut-off Ct into account. The global Ct mean 

method of normalization can only be used if there is a large set of genes, as is the case with the 

277 miRNAs on the PCR array151. Fold expression changes were calculated between groups by 

using the formula: 2-ΔΔCt, where ΔΔCt is the difference in average normalized Ct values (ΔCt) 

between groups. Proper statistical analysis could not be conducted on this preliminary study as 

there was only 1 replicate per group. Instead, miRNAs were considered differentially expressed 
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between groups if the fold expression change (2-ΔΔCt) was >2. It should be noted that Ct values 

are inversely proportional to the quantity of target RNA. 

2.3 Results 

2.3.1 Patient Demographics 

 Because the same 5 dogs were used in the pre- and post-amputation group, both OSA 

groups have identical patient demographics. For the control group and OSA groups, 60% (n=3) 

of samples used were male, while 40% (n=2) were female. All 5 OSA patients were spayed or 

neutered, while 1 male and 1 female control dog were not. The average weights were 42.5 kg and 

46.9 kg for the OSA and control groups, respectively. Although 1 control dog did not have a 

reported weight and was thus excluded from the averaging. There was a difference in age 

between the OSA and control groups with averages of 8.8 and 5.9 years, respectively. The OSA 

patients had a median DFI of 280 days, with a range of 288-1008 days and a standard deviation 

(SD) of 343.6 days. Meanwhile, median overall survival was 354 days, with a range of 238-1008 

days and a SD of 370.7 days. 

2.3.2 Normalization 

 The Ct values on each of the 3 PCR arrays were normalized using global Ct mean of 

expressed miRNAs. Each miRNA with a Ct value ≤35 on a PCR array was used in the 

calculation. The overall values from this normalization were 28.98, 29.32 and 29.96 for the 

control, post- and pre-amputation PCR arrays, respectively. The ΔCt values were established for 

each miRNA by the formula: ΔCt =Ct (miRNA) – Ct (Global means for the PCR array). 
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2.3.3 Hemolysis Detection 

 The A414 nm/A375 nm ≤ 2 spectrophotometry values for the control, pre- and post-

amputation groups were 1.506, 1.378, and 1.451, respectively. Another method of hemolysis 

detection using the Ct values of two miRNAs, cfa-miR-451 and -23a, was used in this 

preliminary study. The established threshold for hemolysis using this calculation is ΔCt cfa-miR-

451 minus ΔCt cfa-miR-23a ≤7, where samples with a value below 7 are non-hemolyzed. Using 

this calculation, the control, pre- and post-amputation samples had values of 4, -0.31 and 5.59, 

respectively. 

2.3.4 miRNA Expression 

Of the 277 candidate miRNAs on the miScript miRNA Dog miRNome PCR array, 119 

had Ct values greater than the cut-off of 35 or no detectable Ct value in all 3 groups (data not 

shown). Additionally, the wells in the top and bottom rows were subjected to varying degrees of 

evaporation, due to the PCR array seal lifting at the edges. Accordingly, data from miRNAs in 

row A were excluded from the analysis. After excluding the poorly expressed miRNAs and those 

located in the outside rows, a total of 150 candidate miRNAs remained. Of these, 30 had less 

than a 2-fold difference in for both OSA groups, compared to the control group. In the 120 

miRNAs with greater than 2-fold expression, 87 (72.5%) were over-expressed in OSA samples 

while only 37 (30.8%) were under-expressed in OSA, compared to controls (Figure 2.1). There 

was an overlap of 4 miRNAs (cfa-miR-30d, 93, -125a, and -425) which were over-expressed in 

pre-amputation and under-expressed in post-amputation, compared to controls. 



 
 

37 
 

 

Figure 2.1: Venn Diagram highlighting the number of miRNAs in the pre- and post-amputation 

groups that were over- and under-expressed by more than 2-fold, when compared to the control 

group. 

 

The largest fold change in expression observed was cfa-miR-133c in the pre-amputation 

group, with nearly 400 times the expression than in the control (Table 2.2). A similar result was 

observed for this miRNA in the post-amputation group (Table 2.3). Meanwhile, the greatest 

decrease in expression was cfa-miR-20a with a 68- fold difference in the pre-amputation sample, 

compared to control (Table 2.2). No miRNAs in the post-amputation group had a greater than 

10-fold decrease in expression compared to the control (Table 2.3). The entire list of over- and 

under-expressed miRNAs for both pre- and post-amputation is also detailed (Appendices 2-3). 
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Table 2.2: The 5 highest (left) and lowest (right) expressed miRNAs in the pre-amputation 

samples, compared to controls.  

Mature miRNA ID Fold Expression Change 

Pre-Amputation 

Mature miRNA ID Fold Expression Change 

Pre-Amputation 

cfa-miR-133c 392.85 cfa-miR-20a -68.22 

cfa-miR-133a 161.78 cfa-miR-221 -34.11 

cfa-miR-214 69.93 cfa-let-7c -30.53 

cfa-miR-205 56.02 cfa-miR-142 -28.29 

cfa-miR-378 40.73 cfa-miR-18a -27.52 

 

Table 2.3: The 5 highest (left) and lowest (right) expressed miRNAs in the post-amputation 

samples, compared to controls.  

Mature miRNA ID Fold Expression Change 

Post-Amputation 

Mature miRNA ID Fold Expression Change 

Post-Amputation 

cfa-miR-133c 114.45 cfa-miR-138b -9.79 

cfa-miR-133a 67.12 cfa-miR-151 -8.58 

cfa-miR-7 37.49 cfa-miR-433 -6.33 

cfa-miR-652 26.70 cfa-miR-148b -6.24 

cfa-miR-140 25.79 cfa-miR-28 -4.47 

 

In addition to comparing the 2 OSA groups to healthy controls, changes in miRNA levels 

were examined between pre- and post-amputation samples, with comparisons made to the pre-

amputation group. Again, miRNAs were considered over- or under-expressed if they had a fold 

expression change ≥2. Fifty-two miRNAs were over-expressed, and 33 miRNAs were under-

expressed in the post-amputation samples, compared to pre-amputation. The 5 most up- and 

down-expressed miRNAs between these 2 groups are shown (Table 2.4); see Appendix 4 for the 

complete list. 
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Table 2.4: The 5 highest (left) and lowest (right) expressed miRNAs in the post-amputation 

samples, compared to pre-amputation.  

Mature miRNA ID Fold Expression Change 

Post-Amputation 

Mature miRNA ID Fold Expression Change 

Post-Amputation 

cfa-miR-20a 105.42 cfa-miR-214 -11.63 

cfa-let-7c 39.40 cfa-miR-204 -7.21 

cfa-miR-18a 32.45 cfa-miR-532 -6.23 

cfa-miR-142 30.48 cfa-miR-151 -6.06 

cfa-miR-125b 26.54 cfa-miR-665 -5.58 
 

2.3.5 miRNAs from Literature 

miRNAs from previous literature were also considered as candidates when designing the 

custom PCR array. Of the 10 miRNAs previously reported with differences in expression in 

canine OSA (Table 1.3), only 4 were added to the custom PCR array. Two of the miRNAs 

included were cfa-miR-126 and -214 which were clinically relevant in canine OSA plasma, 

whereas the other studies used tumor samples and/or cell lines15. Notably, cfa-miR-214 had a 

69.9 and 5.5-fold higher expression in pre- and post-amputation than in the control group, 

respectively. For cfa-miR-126, the post-amputation group had a 2.6-fold decrease in expression, 

compared to the pre-amputation group (Appendix 4). Additionally, cfa-miR-133b and cfa-miR-1 

were selected for the PCR array as both were reported in the literature and were over-expressed 

in at least 1 of the OSA groups in this preliminary study128. Specifically, cfa-miR-133b was over-

expressed in the post-amputation group by 7-fold while cfa-miR-1 was over-expressed by 23- 

and 17-fold in the pre- and post-amputation groups, respectively. The remaining 6 miRNAs from 

the literature were not added to the custom PCR array due to insignificant detection in the 

preliminary study for all 3 groups. 
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2.3.6 Control miRNAs 

As previously mentioned, the normalization method of global Ct mean of expressed 

miRNAs is only valid on a large set of genes151. This criterion is not met with the custom PCR 

arrays which contain a much smaller set of miRNAs. Therefore, stable endogenous control 

miRNAs were selected from the preliminary data and other data from our lab using canine OSA 

plasma samples on miScript miRNA Dog miRNome PCR arrays. The NormFinder (MOMA -

Department of Molecular Medicine, Aarhus University Hospital, Denmark) Excel add-in was 

utilized to examine stable miRNAs in the plasma across control, pre- and post-amputation 

samples. The Ct values from 8 miScript miRNA Dog miRNome PCR arrays were examined and 

miRNAs with Ct values ≥35 and controls were removed as well as miRNAs in row A and P. The 

remaining Ct values were log transformed (base 2) and analyzed with NormFinder. The 3 most 

stably expressed miRNAs were cfa-miR-27b, -23b and -30a. These miRNAs were added to the 

custom PCR array design.  

Furthermore, the custom PCR arrays are a part of the miRCURY line of products offered 

by QIAGEN, while the canine miRNome is a miScript product. While the RNA extraction kit 

and C. elegans spike-in control used for both product lines are identical, the RT and qRT-PCR 

kits use different solutions and controls. Accordingly, the custom PCR arrays replace the miRTC 

and PPC controls with UniSp6 and UniSp3, respectively. Moreover, UniSp3 is also used as an 

inter-plate calibrator (IPC) which calibrates qRT-PCR runs between PCR arrays by using a non-

template control (NTC). Therefore, UniSp3 is repeated on the PCR array twice per sample, with 

plasma cDNA added to 1 well while the other has an NTC added. 
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Two miRNAs associated with hemolysis detection, cfa-miR-23a and cfa-miR-451 were 

also added to the custom PCR array design. Based on previous human plasma research, a ΔCt 

value difference greater than 7 between these miRNAs is an indication of hemolysis.  

2.3.7 Custom PCR Array Design 

 A total of 56 miRNAs with the largest fold-changes between groups alongside miRNAs 

previously reported in the literature and controls were added to the custom PCR array design. 

Often, the largest change in expressions were seen in miRNAs where 1 group had a Ct value of 

35, and the other group had a lower value. Large expression changes were also seen between 

groups where both Ct values for a miRNA were below 35. Both instances were deemed 

important and miRNAs were selected based on large fold change between groups with either 1 

group expressing a Ct value of 35 or both groups expressing detectable levels. Additionally, 

miRNAs with similar criteria in erythrocyte samples were also added for a simultaneous project 

(Chapter 4). The custom PCR array was designed online using QIAGEN GeneGlobe Custom 

Assays, Probes & Plates (Table 2.5; www.qiagen.com). Each custom PCR array could support 6 

samples. The order of miRNAs added on the PCR array was randomized except for the non-

miRNA controls and those added in rows A and P.  
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Table 2.5: Design of miRNAs on miRCURY LNA custom PCR array. This sequence of miRNAs 

was repeated 6 times to cover an entire 384-well plate (24 columns x 16 rows). Due to PCR array 

sealing issues, redundant miRNAs were added to rows A and P, to prevent exclusion of miRNA 

results due to evaporation from PCR array seal lifting.  

cfa-miR-16 cfa-miR-16 cfa-miR-16 cfa-miR-16 

cfa-miR-142 cfa-miR-144* cfa-miR-589* cfa-miR-92a 

cfa-miR-133b cfa-miR-28 cfa-miR-551a* cfa-miR-23a 

cfa-miR-20a cfa-miR-214 cfa-miR-125b cfa-miR-20b* 

cfa-miR-19a cfa-miR-128 cfa-miR-652 cfa-miR-26b 

cfa-miR-222 cfa-miR-505 cfa-miR-138b cfa-miR-1306 

cfa-miR-451 cfa-miR-126 cfa-miR-1271 cfa-miR-30a 

cfa-miR-221 cfa-miR-885* cfa-miR-92b cfa-miR-1307* 

cfa-miR-1 cfa-miR-133a cfa-miR-205 cfa-miR-16 

cfa-miR-185 cfa-miR-93 cfa-let-7c cfa-miR-27b 

cfa-miR-145 cfa-miR-210* cfa-miR-802* cfa-miR-143 

cfa-miR-148b cfa-miR-23b cfa-miR-133c cfa-miR-7 

cfa-miR-433 cfa-miR-151 cfa-miR-195 cel-miR-39-3p 

cfa-miR-378 cfa-miR-223 cfa-miR-22 UniSp6 

cfa-miR-18a cfa-miR-140 cfa-miR-125a UniSp3 

cfa-miR-451 cfa-miR-23a cfa-miR-16 UniSp3 

*miRNAs added for the erythrocyte project only 

2.4 Discussion 

miRNAs are a promising biomarker for canine OSA in various sample types, including 

plasma. Blood sampling is non-invasive and frequently collected from patients throughout 

therapy making it a more suitable sample type for biomarker detection. Previous studies have 

reported changes in miRNA levels that predicted clinical outcome in canine OSA frozen tumors 

or cell lines. However, there is little research on miRNAs that have changes in plasma levels in 

OSA and those that correlate with clinical outcome. In the current study, over 250 miRNAs were 

examined for detectable expression as well as for changes in expression between pre- and post-

amputation OSA samples and controls. Because each group had only 1 pooled sample containing 

the plasma of 5 dogs, correlation with clinical outcome couldn’t be determined. Though, the 
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overall survival and DFI for the 5 OSA patients were comparable to the literature, with both 

having a median of less than a year. 

The purpose of this preliminary study was to determine which miRNAs are detectable 

and differentially expressed in OSA, and to design a cost- and time-efficient customized PCR 

array. The final design of the custom PCR array permitted assessment of 6 plasma samples per 

plate and utilizes miRNAs with known detectable expression. Overall, this customized PCR 

array will require less plasma RNA, reagents, PCR arrays and machine use, than the miRNome 

PCR array. The results of this study will improve knowledge of the plasma miRNA profile in 

OSA. Additionally, a few select miRNAs from a parallel study examining erythrocyte miRNA 

profile (chapter 4) were added to the PCR array. 

The experimental design of this preliminary study, including the kits and PCR arrays 

used, has proven successful in a previous study152. That study examined the miRNA profile in 

canine lymph node aspirates from lymphoma patients, but was also able to detect miRNAs in 

plasma samples152. By utilizing a QIAGEN miRNome PCR array, we can easily examine the 

levels of hundreds of canine miRNAs at a time. Several studies utilized other techniques but 

often only examined a few miRNAs. Because of the limited data on canine plasma miRNA 

profile, we sought to determine miRNAs levels from a large number of miRNAs prior to 

selecting which will be furthered examined. 

The reason all plasma samples in the preliminary study were pooled from 5 dogs was to 

represent a variety of patient demographics within each group. For both OSA groups, the same 5 

dogs were used in order to reduce biological variability when comparing the 2 groups. The 

demographics in the groups used in the preliminary study were representative of the OSA patient 

population at the OVC HSC and included a variety of sexes, neuter statuses, weights and ages. 



 
 

44 
 

The age difference between the OSA and control groups was a result of younger dogs being 

selected for blood donations at the OVC HSC, one of the main sources of control plasma for this 

study. The age limit for blood donors at the OVC HSC is approximately 5 years. The OSA 

patients had an overall survival that is comparable to the literature where median overall survival 

was 360 days in dogs treated with amputation and carboplatin153.   

miRNAs were considered detectable if their respective Ct value was less than 35. In this 

study, 150 miRNAs were detectable in at least 1 sample; less than 60% of all miRNAs present on 

the miRNome PCR array. Additionally, only 104 miRNAs had detectable expression in at least 2 

groups while 62 miRNAs were detectable in all 3 groups. miRNAs with no expression in all 

groups were excluded from further analysis. Although, those found in only 1 or 2 groups were 

still considered for selection on the custom PCR array if there was large expression differences 

between groups with miRNA detection in at least 1 group.  

There were twice as many over-expressed miRNAs as there were under-expressed, based 

on the established fold expression change (Figures 2.2-2.4). These results are counterintuitive to 

the literature as overall miRNA expression is decreased in cancer132,133. This could result from 

more over-expressed miRNAs in cancer being selected on the miRNome PCR array than under-

expressed miRNAs. Additionally, the 2 sources in the literature looked at multiple species and 

used tissues and cell lines rather than plasma samples132,133. On another note, the fold changes in 

the over-expressed miRNAs were more pronounced than in the under-expressed. Similar results 

were seen in the 2 OSA groups, with pre-amputation samples exhibiting more differentially 

expressed miRNAs and greater fold changes in these miRNAs as compared to control. These 

results suggest that the post-amputation miRNA profile is more similar to the control sample. 
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However, these findings are based on a sample size of 1 per group and would need to be verified 

in the focused study with a greater number of samples.  

 Procedures to detect hemolysis in the plasma samples were employed to prevent 

erythrocyte miRNAs from influencing the changes in miRNA levels between groups. Based on 

the results of two established methods to detect in human plasma studies, all three pooled 

samples were found to be non-hemolyzed. This should prevent hemolysis-dependent miRNAs 

from being added to the custom PCR arrays, unless there is an actual difference in the plasma 

miRNA levels between groups. It should be noted that the methods of hemolysis detection are 

based on human plasma studies, as there is insufficient data on canine specific measurements.  

 Additional normalization between samples is essential to correct for differences between 

samples that are not corrected by the previous controls mentioned, such as differences in the 

plasma volume used between samples. Several methods for this normalization have been 

examined, including the use of non-miRNA species. The miRNome PCR arrays feature 6 

controls, 1 small nuclear RNA (snRNA) and 5 small nucleolar RNA (SNORD) (Appendix 1). In 

this study, these 6 controls provided were not utilized as they do not belong to the same class as 

miRNAs, and do not have the same stability or size. Instead, the global Ct mean of expressed 

miRNAs was used as a method of normalization. This method was used because it utilizes data 

from miRNAs, and requires data from a wide selection of miRNAs, which is possible when 

using a miRNome PCR array. Furthermore, this method of standardization is an option on the 

GeneGlobe Data Analysis Center.  

 However, using the global Ct mean of expressed miRNAs is less appropriate when using 

a smaller set of miRNAs, as is the case with the custom PCR array. Another purpose of this 

preliminary study was to determine which miRNAs could serve as endogenous controls. It has 
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been previously recommended to begin a study with a large panel of miRNAs to determine 

which miRNAs are most stable and therefore represent the mean expression of the miRNAs151. 

The NormFinder excel add-in was used to determine 3 best endogenous control miRNAs for 

normalization. The Ct values from 8 miRNome PCR arrays were used, 3 from this study and 5 

from previous OSA and control studies in our lab. Overall, cfa-miR-27b, -23b and -30a had the 

best stability values of 0.188, 0.207 and 0.212, respectively.  

 Previously, only 2 miRNAs have been examined in the plasma of canine OSA patients, 

namely cfa-miR-126 and -214. In 2 studies by the same group, both miRNAs had higher 

expression in OSA samples than in control dogs. In this preliminary study, cfa-miR-214 was 

expressed 69.9-fold higher in pre-amputation and 5.5-fold higher in post-amputation samples, 

compared to controls. Furthermore, this miRNA had an 11.6-fold decrease in expression in post- 

vs pre-amputation samples. Cfa-miR-214 was detectable in both OSA groups, but not in the 

control group. Meanwhile, cfa-miR-126 was detectable in all 3 groups but comparisons between 

each group were within a 2-fold expression and were considered to not have a significant change 

in miRNA level. Despite this, cfa-miR-126 was added to the custom PCR array along with cfa-

miR-214, due to their relevance in the literature.  

While the biomarker potential of miRNAs for canine OSA has been examined in multiple 

papers using tissues and/or cell lines, the biomarker potential in plasma samples is mostly 

unknown. In this preliminary study, several miRNAs had expression changes in both pre- and 

post-amputation compared to the control group. Some miRNAs previously mentioned in the 

literature had expression changes between groups while other miRNAs did not. From these 

results, several miRNAs of interest were added to a custom PCR array which can efficiently 

profile several plasma samples. 
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Figure 2.2: Scatterplot of logarithmic normalized miRNA (ΔCt) expression in the pre-amputation 

(y-axis) vs control group (x-axis). The solid black line represents an equal miRNA expression in 

both groups; the dotted lines represent a 2-fold change in expression. Up-regulated (red) points 

have a greater than 2-fold increase in expression compared to the control, while down-regulated 

(green) points have at least a 2-fold decrease in expression. Data points that appear stacked 

vertically or horizontally have a raw Ct value of 35, the established cut-off. 
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Figure 2.3: Scatterplot of logarithmic normalized miRNA (ΔCt) expression in the post-

amputation (y-axis) vs control group (x-axis). The solid black line represents an equal miRNA 

expression in both groups; the dotted lines represent a 2-fold change in expression. Up-regulated 

(red) points have a greater than 2-fold increase in expression compared to the control, while 

down-regulated (green) points have at least a 2-fold decrease in expression. Data points that 

appear stacked vertically or horizontally have a raw Ct value of 35, the established cut-off. 
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Figure 2.4: Scatterplot of logarithmic normalized miRNA (ΔCt) expression in the post-

amputation (y-axis) vs pre-amputation group (x-axis). The solid black line represents an equal 

miRNA expression in both groups; the dotted lines represent a 2-fold change in expression. Up-

regulated (red) points have a greater than 2-fold increase in expression compared to the control 

(pre-amputation), while down-regulated (green) points have at least a 2-fold decrease in 

expression. Data points that appear stacked vertically or horizontally have a raw Ct value of 35, 

the established cut-off. 
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CHAPTER 3: Focused Study 

3.1 Hypotheses/Objectives 

The purpose of the focused study was to determine which miRNAs selected for the 

custom PCR array have potential as biomarkers for predicting clinical outcome in patients. The 

clinical parameters examined in this study were overall survival, 1-year survival, and DFI. The 

hypotheses for the focused study are: 

1) Several miRNAs will have significantly different plasma levels between the OSA and 

control groups. 

2) Some miRNAs will have significant level changes between pre- and post-amputation.  

3) Levels of some miRNAs will correlate with overall survival, 1-year survival, or DFI. 

3.2 Materials and Methods 

3.2.1 Sample Collection 

The same OVC HSC plasma samples used in the preliminary study were used in the 

focused study, without any sample pooling, along with 23 additional OVC HSC plasma samples 

(Table 3.1). Furthermore, 18 pre-amputation appendicular OSA plasma samples were collected 

from the National Institutes of Health (NIH) in the USA and used as a confirmatory population, 

after the initial data analysis (Table 3.1). These NIH plasma samples were collected from 6 

veterinary colleges in the United States (Colorado State University, Ohio State University, 

University of Wisconsin-Madison, Tufts University, University of Missouri, and University of 

California, Davis). Plasma was collected from blood samples in the same manner as in the 

preliminary study and stored at -80°C until used. Control dogs were selected based on having 

similar demographics to the OSA patients.  
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Clinical outcome parameters, specifically overall survival, 1-year survival, and DFI were 

determined for all OSA patients used for this study. As previously described in Schott et al., we 

considered the date of diagnosis for OSA dogs as the earliest date where radiographical evidence 

lead to the confirmation of osteosarcoma8. Additionally, overall survival was calculated as the 

days elapsed from diagnosis until the date of death; for dogs where a date of death was not 

known, the date the patient was last reported alive was used and the data was right-censored8. 

Cause of death was reported from patient records; in instances where the cause of death was 

uncertain, this study acknowledged OSA as the cause if there was evidence of metastases8. 

Patients that died from conditions other than OSA were right-censored, but still used in the data 

analysis8. Thus, overall survival in this study indicates death due to OSA, with other causes of 

death censored. Moreover, DFI was calculated as the elapsed time from diagnosis until the date 

of earliest radiographical or postmortem evidence of disease metastases or the date of suspicion 

of metastases from radiographical evidence or clinical assessment8.  

For the OSA group, only dogs treated with amputation prior to chemotherapy treatment 

and receiving at least 1 dose of cytotoxic chemotherapy were included. The vast majority of 

OSA patients (41/44; 93.1%) received at least 1 dose of carboplatin, with 2 patients receiving 5 

doses of doxorubicin and 1 patient receiving 2 doses of an unknown cytotoxic chemotherapeutic. 

Ten of the dogs receiving carboplatin had less than 4 doses, 29 had exactly 4 doses and 2 had 6 

doses. 

3.2.2 RNA Extraction 

The procedure for the RNA extraction on the custom PCR arrays was identical to that of 

the canine miRNome PCR arrays, except that no samples were pooled. Each sample had a 200 

µL starting volume, unless there was insufficient plasma. In that case, the protocol was adjusted 
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using lower quantities of chloroform, QIAzol lysis reagent, and 100% ethanol, according to the 

manufacturer’s recommendations.  

3.2.3 Reverse-Transcription PCR 

A miRCURY LNA RT Kit (QIAGEN) was used to convert extracted miRNA into cDNA 

by RT-PCR. PCR tubes were kept on ice and filled with 2 µL of miRCURY RT Buffer, 5.94 µL 

of RNase-free water, 1 µL of miRCURY RT Enzyme Mix, 0.5 µL of UniSp6 RNA spike-in and 

0.56 µL of extracted RNA. These tubes were then added to a C1000 Thermal Cycler (Bio-Rad) 

and incubated at 42°C for an hour followed by inactivation at 95°C for 5 minutes, then cooled to 

4°C for at least 5 minutes. Lid temperature was set to 95°C. 8 µL of this cDNA solution was then 

diluted with 312 µL of nuclease-free and used immediately for qRT-PCR.  

3.2.4 Quantitative Real-time PCR 

A master mix was created for each sample using 360 µL of SYBR Green, 288 µL of the 

diluted cDNA sample, and 72 µL of RNase-free water. This master mix was robotically pipetted 

to a miRCURY LNA miRNA custom PCR array 384-well plate (QIAGEN; Table 2.5) with an 

NXP Automated Workstation (Beckman Coulter) to minimize pipetting error. This PCR array 

contains 64 canine miRNAs and controls, repeated 6 times across the array. Each of the utilized 

wells received 10 µL of master mix before an array seal was added. The qRT-PCR was then 

performed using a Roche LC480 LightCycler set to a 384-well plate configuration. Volume 

reaction was set to 10 µL and the detection format was SYBR Green I/HRM Dye. The PCR 

array was incubated at 95°C for 2 minutes at a ramp rate of 4.8°C/s. This was followed by 45 

cycles of: 10 seconds at 95°C, ramp rate of 4.8°C/s and 60 seconds at 56°C, ramp rate of 2.5°C/s. 

A single acquisition was taken at the end of the 56°C step in each cycle. Afterwards, a melting 
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curve analysis was performed from 55-95°C at a ramp rate of 0.11°C/s with 5 acquisitions taken 

per second. The PCR array was then cooled to 37°C. Ct values were calculated using the second 

derivative maximum method in the LC480 software (release 1.5.1.62 SP3).  

3.2.5 RNA Input Optimization 

Before using the custom PCR arrays, the input starting RNA for the RT-PCR master mix 

was optimized to ensure that significant PCR inhibition did not occur, as recommended by the 

manual. Briefly, 3 samples were examined on the first custom PCR array from the same 

extracted miRNA sample. The only difference between these samples was the amount of 

extracted RNA added, either 0.56 µL, 1.12 µL, or 1.68 µL, and by association the amount of 

nuclease-free water added, as the volume for the RT-PCR was 10 µL for all samples. These 

sample volumes were chosen based on the protocol which recommends that the equivalent of 8 

µL of original plasma should be added to the RT-PCR mix. In the RNA extraction, the starting 

plasma volume was 200 µL and the final elution volume was 14 µL. From this to get 8 µL of 

original plasma, 0.56 µL of the RNA extraction must be added to the RT-PCR mix. Because this 

is a low volume, 2 more samples were tested using double and triple the volume. It was 

determined that the sample with 0.56 µL of input RNA had minimal inhibition when comparing 

the Ct values of the samples UniSp3 with the no-template control UniSp3. The UniSp3 well on 

the custom PCR assay contains a primer pair and a DNA template, so the added cDNA will not 

influence the results, only inhibitors in the sample. The 1.12 µL and 1.68 µL input RNA samples 

had a Ct value that was 0.45 and 0.46 greater than the NTC UniSp3 values, respectively. 

Meanwhile, the 0.56 µL input RNA sample had a Ct value for UniSp3 that was only 0.3 greater 

than the NTC value. Furthermore, there was no difference in the number of miRNAs detected 
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between the 3 samples. Therefore, for this study 0.56 µL of input RNA will be used for the RT-

PCR reaction.  

3.2.6 Sample Exclusion  

A total of 95 plasma samples were analyzed for miRNA expression on a custom PCR 

array. Of these, 5 samples were excluded from the data analysis due to insufficient miRNA 

expression in several wells. To establish a cut-off for low miRNA samples, the total number of 

miRNAs with no detectable Ct values, or expression with a Ct value ≥35 was counted for each 

sample. Wells in rows A and P were excluded as not all outside wells were utilized. The average 

number of unexpressed miRNAs in the samples was 10.03, and the cut-off was established as 2 

standard deviations from the mean (-2.54, 22.60). The lowest number of non-expressed miRNAs 

in a sample was 4. However, 5 samples had >22.60 non-expressed miRNAs; 3 were pre-

amputation samples and 2 were control samples. All of these were excluded from data analysis. 

The number of miRNAs with no detectable expression in each of these samples was 23, 23, 29, 

40 and 43.  

3.2.7 miRNA Exclusion  

Six miRNAs, cfa-miR-138b, -210, -433, -551a, -589 and -802, were excluded from data 

analysis due to minimal detection in plasma samples. To create a cut-off for miRNA exclusion, 

the average and standard deviation was calculated for the number of samples each miRNA was 

detected in, from the raw data. Any miRNA that was expressed less than 2 times the standard 

deviation of the mean was excluded. From 90 plasma samples, the average miRNA detection rate 

was 75.02 and the standard deviation was 28.58, thus any miRNA expressed in less than 18 

samples was excluded. Three miRNAs, cfa-miR-138b, 589 and -802, had no detectable 
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expression (Ct value < 35) in any of the 90 plasma samples. The other 3 miRNAs, cfa-miR-210, 

433 and -551a were detectable in 1, 3 and 6 plasma samples, respectively. Four of the miRNAs 

excluded, cfa-miR-210, -589, -551a and -802, were added to the custom PCR array for the 

parallel erythrocyte study and were of no interest in plasma based on the preliminary study. 

However, cfa-miR-138b and -433 were added to the custom PCR array as they both showed 

decreased expression in both pre- and post-amputation, compared to the control group. 
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Table 3.1: Demographics of 90 dogs used in the focused study. Breeds with only 1 dog in a group were not shown. Mixed breed 

medium and large dogs were those that weighed 20-30 and >30 kg, respectively. One pre-amp and 1 post-amp dog did not have 

weight or sex reported; 5 control dogs had no weight recorded. The confirmatory population did not have a precise age at diagnosis.  

 Pre-Amputation Post-Amputation Pre-Amputation 

(Confirmatory Population) 

Control  

Sample Size n=27 n=27 n=16 n=20 

Sex Female Spayed: 13 (48%) 

Male Neutered: 13 (48%) 

Unknown = 1 (4%) 

Female Spayed: 13 (48%) 

Male Neutered: 13 (48%) 

Unknown = 1 (4%) 

Female Spayed: 8 (50%) 

Male Neutered: 8 (50%) 

Female: 2 (10%) 

Female Spayed: 8 (40%) 

Male: 1 (5%) 

Male Neutered: 9 (45%) 

Breed Mixed Breed Large = 7 

Mixed Breed Medium = 2 

Golden Retriever = 2 

Labrador Retriever = 2 

St. Bernard = 2 

Great Dane = 2 

Mixed Breed Large = 7 

Mixed Breed Medium = 2 

Golden Retriever = 2 

Labrador Retriever = 2 

St. Bernard = 2 

Mixed Breed Large = 3 

Mixed Breed Medium = 3 

Greyhound = 3 

 

Labrador Retriever = 4 

Mixed Breed Large = 2 

Bernese Mountain Dog = 

2 

 

Age (Years) Average: 8.23 

Range: 2.62 – 12.0 

Average: 8.32 

Range: 2.62 – 12.0 

Average: 7.4 

Range: 5.0 – 11.0 

Average: 5.27 

Range: 1.22 – 10.00 

Weight (kg) Average: 40.7 

Range: 23.8 – 66.0 

Average: 39.3 

Range: 23.8 - 66.0 

Average: 33.7 

Range: 21.0 – 54.6 

Average: 37.3 

Range: 19.5 – 72.8 

Primary Tumor 

Location 

Radius = 13 

Humerus = 5 

Femur = 4 

Tibia = 3 

Scapula = 1 

Ulna = 1 

 
 

 

 

 

 

 

 

Radius = 13 

Humerus = 6 

Femur = 4 

Tibia = 2 

Scapula = 1 

Ulna = 1 

 

Femur = 6 

Humerus = 3 

Radius = 3 

Tibia = 2 

Ulna = 2 

N/A 

Overall Survival 

(Days) 

Median: 306 

Range: 26 – 1008  
 

Median: 306 

Range: 26 - 1008 

Median: 321.5 

Range: 80 - 1277 

N/A 

DFI (Days) 
 

Median: 277 

Range: 14 - 1008 
 

 

Median: 277 

Range: 14 - 1008 
 

  

Median: 239 

Range: 78 - 1277 
 

 

N/A 

1-year Survival 11/27 (41%)  11/27 (41%) 
 

 

8/16 (50%) N/A 
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3.2.8 Data Analysis  

For the focused study, the UniSp3 IPC was utilized to correct for potential differences 

between PCR arrays. This was done by calculating the average UniSp3 Ct values in the NTC 

wells for each custom PCR array used. Then the overall average Ct value for the UniSp3 NTC 

wells for all PCR arrays combined was determined. A total of 21 PCR arrays were used and the 

combined average UniSp3 NTC Ct value was 19.80. The standard deviation of these wells on 

each PCR array was also calculated, with no PCR array exceeding a Ct value of 0.5, the 

maximum recommended deviation according to the manufacturer. Next, the difference between 

the average UniSp3 NTC for each PCR array and the overall average (19.80) was determined. 

Each Ct value on a PCR array was subtracted by this difference to get an IPC-corrected Ct value. 

Data analysis on the IPC-corrected Ct values was performed using the online GeneGlobe Data 

Analysis Center (QIAGEN; www.qiagen.com). The C. elegans and the UniSp6 RNA spike-in 

controls were used to standardize RNA extraction and RT-PCR efficiency between samples. The 

3 endogenous genes (cfa-miR-23b, -27b and -30a) were selected as controls at this point. A Ct 

value cut-off of 35 was employed for all miRNAs and controls. All undetectable Ct values and 

those above 35 were changed to 35 to provide a more conservative fold change in expression. 

The purpose of running the qRT-PCR for 45 cycles, with a cut-off at cycle 35 was to allow for 

the second derivate maximum calculations. It should be noted that Ct values are inversely 

proportional to the quantity of target RNA. 

Ct values were normalized using geNorm (Pre-Defined Reference miRNA only) to get 

ΔCt for each miRNA. This method uses the endogenous control miRNAs that were selected in 

the preliminary study using NormFinder as standards, provided they were expressed with a Ct 

value ≤ 35 in all samples. One of the 3 endogenous controls selected, cfa-miR-30a, was not 
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expressed below the Ct cut-off in all samples and was thus not used as a control. The remaining 

endogenous controls, cfa-miR-23b and -27b, were expressed below the cut-off in all samples and 

were therefore utilized. Using this normalization method, ΔCt was calculated by subtracting the 

Ct value for all miRNAs in a sample by the average Ct value of both endogenous controls.  

The GeneGlobe Data Analysis Center calculated fold expression changes between groups 

by using the formula: 2-ΔΔCt, where ΔΔCt is the difference in average normalized Ct values (ΔCt) 

between groups. Scatterplots were designed to show these expression changes between groups, 

where differences greater than 2-fold were considered differentially expressed (Figures 3.1-3.3). 

A 2-tailed t-test was performed, and the associated p-values were provided; p-values <0.05 were 

considered significant (Appendices 8-10). However, t-tests assume that the data is normally 

distributed, so the ΔCt values for each miRNA were tested for normality. 

All further statistical analyses were performed in GraphPad Prism 8.1.2 (332), except for 

determining ΔCt cut-offs for high- and low-expression groups which was done in X-tile version 

3.6.1 (Yale University, School of Medicine). Normality was tested for the ΔCt values for each 

miRNA across all 3 groups using a D’Agostino & Pearson omnibus K2 normality test. A miRNA 

was considered normally distributed if it had a p-value >0.05 for all 3 groups. If 1 or more of the 

groups failed the normality test, the miRNA was considered not normally distributed. A list of all 

the normally and not normally distributed miRNAs are presented in Table 3.2. Because a 

significant number of miRNAs were not normally distributed, further statistical tests used in this 

study will be non-parametric. 

To determine statistically significant differences in miRNA levels between groups, 

Mann-Whitney tests were performed using the ΔCt values. This test was performed on each 
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miRNA comparing pre-amputation to control, post-amputation to control, and post-amputation to 

pre-amputation. P-values <0.05 were considered statistically significant.  

Prior to creating survival curves and analyzing significant differences in miRNA 

expression, appropriate cut-offs between high- and low-expression groups were established. One 

method to create these cut-offs is median stratification which divides high- and low-expression 

groups, based on ΔCt values, into 2 groups of equal size. However, this may not represent the 

most significant cut-off for a high- and low-expression group. Accordingly, X-tile analysis was 

used to determine the most statistically significant ΔCt cut-off to create 2 groups for each 

miRNA, a low- and high-expression group154. This method of establishing ΔCt cut-offs has been 

used previously in another canine OSA plasma miRNA study15. The ΔCt values were multiplied 

by 10 and imported into X-tile, as the software can only recognize values as low as 1/10. Using 

the ΔCt, censor and clinical outcome data, Kaplan-Meier curves were generated for overall 

survival, 1-year survival, and DFI. Next, the p-values were analyzed using different 

combinations of sample sizes for the low- and high-expression groups. The sample sizes for the 2 

groups that yielded the lowest p-value were selected and the ΔCt cut-off was calculated. 

Afterwards, the data was imported into Prism and a log-rank Mantel-Cox test was performed on 

each miRNA for all 3 clinical outcomes.  Survival curves from this data were also generated in 

Prism. For the 1-year survival analysis, patients reported alive beyond 365 days were right-

censored in Prism data analysis, while an option to limit survival data to a max of 1-year was 

selected in X-tile software. 

To confirm the validity of the pre-amputation findings, the ΔCt values of 16 plasma 

samples from 5 veterinary hospitals in the United States were imported into X-tile and survival 

curves were created in Prism using the established cut-offs from the OVC HSC pre-amputation 
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samples. The post-amputation results were not examined in this manner as there was no 

secondary source of these samples.  

It is of interest to know which proteins are likely being targeted by miRNAs that have 

significantly changes in expression and/or are associated with clinical outcome. TargetScan 

release 7.2 (http://www.targetscan.org/vert_72/) was used to determine the top targets for 

miRNAs of interest in this study155.  

3.3 Results 

3.3.1 Normalization by Endogenous Control miRNAs 

The Ct values on each of the PCR arrays were normalized using endogenous control 

miRNAs, selected from the preliminary study and other data performed in our lab. The average 

of the 2 miRNAs used for normalization, miR-23b and -27b, yielded Ct values of 28.06, 28.84 

and 28.10 for the control, pre- and post-amputation samples, respectively. The ΔCt values were 

established for each miRNA by the formula: ΔCt =Ct (miRNA) – Ct (Average of cfa-miR-23b 

and -27b). 

3.3.2 Normality Test 

Of the 47 miRNAs examined, 28 (60%) were normally distributed, while the rest failed 

normality in at least 1 of the 3 groups. Samples in the pre-amputation confirmatory population 

were not included in this analysis.   
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Table 3.2: List of miRNAs that are normally distributed or not. Data from the confirmatory 

population was excluded for this analysis. Normally distributed miRNAs had p >0.05. 

miRNAs that are normally distributed miRNAs not normally distributed 

cfa-miR-1, -16, -18a, -20a, -20b, -22, -26b,  

-28, -92a, -93, -126, -133a, -133c, -140, -142,  

-143, -144, -148b, -151, -185, -222, -451, -378 

-652, -1271, -1306, -1307, and cfa-let-7c 

cfa-miR-7, -19a, -23a, -23b, -27b, -30a, -92b, 

-125a, -125b, -128, -133b, -145, -195, -205,  

-214, -221, -223, -505, and -885 

3.3.3 miRNA Expression and Clinical Outcome 

 The results from the GeneGlobe data analysis show that 25 miRNAs were differentially 

expressed in at least 1 comparison, based on a 2-fold expression change using the formula 2-ΔΔCt 

(Table 3.3; Appendices 5-7). This was the same test performed in the preliminary study to 

determine which miRNAs had significant level changes between groups. In this formula, ΔΔCt is 

calculated as the difference in the average ΔCt values between two groups for a miRNA. 

However, this analysis only reports fold changes based on the average ΔCt values of a miRNA 

for each group, and the p-values provided are associated with a 2-tailed t-test, which requires 

data to be normally distributed. Accordingly, Mann-Whitney tests are more appropriate for this 

data analysis, which was also performed in the analysis (Table 3.4).   

Table 3.3: List of miRNAs over- and under-expressed between groups, based on a >2-fold 

increase or decrease in expression using the calculation 2-ΔΔCt.  

 Pre-amputation vs 

Control 

Post-amputation vs Control Post-amputation vs 

Pre-amputation 

Over-expressed cfa-miR-1, -125a, 

-125b, -133a,  

-133c, -143, -145, 

-214, -30a, -378 

cfa-miR-125a, -125b, -1271, -128, 

-1307, -133a, -133b, -133c, -143, 

-144, -145, -16, -185, -20b, -214,  

-22, -30a, -378, -652, -7, -93 

cfa-miR-142, -451, 

-652 

Under-expressed N/A N/A cfa-miR-214 
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Figure 3.1: Scatterplot of logarithmic normalized miRNA (ΔCt) expression in the pre-amputation 

(y-axis) vs control group (x-axis) from the custom PCR array data. The solid black line 

represents an equal miRNA expression in both groups; the dotted lines represent a 2-fold change 

in expression. Up-regulated (red) points have a greater than 2-fold increase in expression 

compared to the control. There were no miRNAs down-regulated in this analysis, based on a 2-

fold decrease in expression. 
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Figure 3.2: Scatterplot of logarithmic normalized miRNA (ΔCt) expression in the post-

amputation (y-axis) vs control group (x-axis) from the custom PCR array data. The solid black 

line represents an equal miRNA expression in both groups; the dotted lines represent a 2-fold 

change in expression. Up-regulated (red) points have a greater than 2-fold increase in expression 

compared to the control. There were no miRNAs down-regulated in this analysis, based on a 2-

fold decrease in expression. 
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Figure 3.3: Scatterplot of logarithmic normalized miRNA (ΔCt) expression in the post-

amputation (y-axis) vs pre-amputation group (x-axis) from the custom PCR array data. The solid 

black line represents an equal miRNA expression in both groups; the dotted lines represent a 2-

fold change in expression. Up-regulated (red) points have a greater than 2-fold increase in 

expression compared to the control, while down-regulated (green) points have at least a 2-fold 

decrease in expression. 
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The results from the Mann-Whitney tests show that 17 miRNAs were significantly 

different (p <0.05) between the pre-amputation and control group, 25 between post-amputation 

and control and 20 between post- and pre-amputation (Table 3.4). A total of 14 miRNAs were 

significantly different in both OSA groups, compared to controls. 

Table 3.4: List of miRNAs with a significant difference (p <0.05) between the 3 groups 

according to the Mann-Whitney tests. Two miRNAs, cfa-miR-151 in pre-amputation vs control 

and cfa-miR-214 in post- vs pre-amputation were down-regulated (highlighted blue), while the 

remaining miRNAs were up-regulated.  

Group Comparison miRNA mature ID 

Pre-amputation vs Control 
cfa-miR-1, -22, -30a, -125a, -125b, -133a, -133b, -133c, -143,  

-145, -151, -205, -214, -222, -223, -378 and -652 

Post-amputation vs Control 

cfa-miR-16, -18a, -20b, -22, -30a, -93, -125a, -125b, -133a,  

-133b, -133c, -140, -143, -144, -145, -185, -214, -222, -223,  

-378, -652, -885, -1271, and -1307 

Post- vs Pre-amputation 

cfa-miR-7, -16, -18a, -19a, -20b, -26b, -28, -93, -126, -128,  

-142, -148b, -185, -214, -451, -652, -1271, -1307, and cfa-let-

7c 

 

 The ΔCt values of the 45 miRNAs were examined in X-tile analysis for each clinical 

outcome parameter to create the most statistically significant cut-offs which yielded a high- and 

low-expression group. The most significant cut-offs between expression groups were chosen if 

they had an acceptable number of samples in each group, according to the survival analysis table 

in X-tile. For instance, none of the high- or low-expression groups had a sample size less than 5, 

although the specific acceptable group sizes varied between analyses. From the X-tile analysis, a 

total of 24 miRNAs had significant correlation to either overall survival, 1-year survival, or DFI 

when split into 2 expression groups (Table 3.5). Of these, 12 were significantly correlated in pre-

amputation, while 14 miRNAs were significantly correlated in post-amputation. Two miRNAs, 

cfa-miR-214 and -1271, were significantly associated with all 3 clinical outcomes in the pre-

amputation samples. Similarly, 3 miRNAs in the post-amputation samples, cfa-miR-92a, -222 
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and -1306, had expression levels associated with all 3 clinical outcomes. Cfa-miR-1306 was 

correlated with overall survival in pre- and post-amputation samples, while cfa-miR-19a was 

correlated with DFI in both groups.  

Table 3.5: List of miRNAs in pre- and post-amputation samples with a significant (p <0.05) 

difference in clinical outcome parameters between a high- and low-expression group, based on 

X-tile analysis. All miRNAs associated with outcome were elevated in shorter surviving dogs 

except cfa-miR-1 and -1306 for overall survival in pre-amputation and cfa-miR-30a for overall 

survival and DFI in post-amputation, which had lower expression in the shorter surviving dogs.  

 Overall Survival 1-year survival DFI 

Pre-Amputation cfa-miR-1, -23a,  

-151, -214, -223, 

-378, -1271 and -1306 

cfa-miR-20a, -214, -1271 cfa-miR-19a, -22,  

-23a, -28, -125b,  

-151, -214, -223,  

-378 and -1271 

Post-Amputation cfa-miR-16, -19a,  

-20a, -30a, -92a, -93,  

-142, -144, -148b,  

-222, -451 and -1306 

cfa-miR-92a, -140, 222 

and -1306 

cfa-miR-19a, -20a, 

-20b, -30a, -92a, -93,  

-142, -144, -148b, 

-222, -451 and -1306 

Pre- and Post-

Amputation 

cfa-miR-1306 N/A cfa-miR-19a 

 

 Using Prism, p-values from a log-rank Mantel-Cox test on the high- and low- miRNA 

expression groups were determined. Additionally, Kaplan-Meier survival curves were generated 

(Figures 3.4-3.9). All miRNAs associated with clinical outcome in the X-tile remained 

significant in the Prism analysis (p <0.05).  
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Figure 3.4: Kaplan-Meier survival curves of miRNAs that are significantly associated with 

overall survival in pre-amputation samples. Log-rank Mantel-Cox, p <0.05. 
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Figure 3.5: Kaplan-Meier survival curves of miRNAs that are significantly associated with DFI 

in pre-amputation samples. Log-rank Mantel-Cox, p <0.05. 
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Figure 3.6: Kaplan-Meier survival curves of miRNAs that are significantly associated with 1-

year survival in pre-amputation samples. Log-rank Mantel-Cox, p <0.05. 
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Figure 3.7: Kaplan-Meier survival curves of miRNAs that are significantly associated with 

overall survival in post-amputation samples. Log-rank Mantel-Cox, p <0.05. 
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Figure 3.8: Kaplan-Meier survival curves of miRNAs that are significantly associated with DFI 

in post-amputation samples. Log-rank Mantel-Cox, p <0.05. 
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Figure 3.9: Kaplan-Meier survival curves of miRNAs that are significantly associated with 1-

year survival in post-amputation samples. Log-rank Mantel-Cox, p <0.05. 
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Table 3.6: miRNAs of interest, determined by up- or down-expression between groups or 

association to clinical outcome. “Up” indicates that a miRNA was up-regulated, “High” indicates 

that a higher level of a miRNA is associated with a better clinical outcome; “Down” and “Low” 

indicate the opposite. Up- and down-expression was determined by a Mann-Whitney test and 

clinical outcome associations were determined by a log-rank Mantel-cox test, p <0.05. 

miRNA ID Up- or Down-Expression Overall Survival 1-year survival DFI 

 Pre vs 

Control 

Post vs 

Control 

Post vs 

Pre 

Pre Post Pre Post Pre Post 

cfa-miR-1 Up   High      

cfa-miR-7   Up       

cfa-miR-16  Up Up  Low     

cfa-miR-18a  Up Up       

cfa-miR-19a   Up  Low   Low Low 

cfa-miR-20a     Low Low   Low 

cfa-miR-20b  Up Up      Low 

cfa-miR-22 Up Up      Low  

cfa-miR-23a    Low    Low  

cfa-miR-26b   Up       

cfa-miR-28   Up     Low  

cfa-miR-30a Up Up   High    High 

cfa-miR-92a     Low  Low  Low 

cfa-miR-93  Up Up  Low    Low 

cfa-miR-125a Up Up        

cfa-miR-125b Up Up      Low  

cfa-miR-126   Up       

cfa-miR-128   Up       

cfa-miR-133a Up Up        

cfa-miR-133b Up Up        

cfa-miR-133c Up Up        

cfa-miR-140  Up     Low   

cfa-miR-142   Up  Low    Low 

cfa-miR-143 Up Up        

cfa-miR-144  Up   Low    Low 

cfa-miR-145 Up Up        

cfa-miR-148b   Up  Low    Low 

cfa-miR-151 Down   Low    Low  

cfa-miR-185  Up Up       

cfa-miR-205 Up         

cfa-miR-214 Up Up Down Low  Low  Low  

cfa-miR-222 Up Up   Low  Low  Low 

cfa-miR-223 Up Up  Low    Low  

cfa-miR-378 Up Up  Low    Low  

cfa-miR-451   Up  Low    Low 

cfa-miR-652 Up Up Up       

cfa-miR-885  Up        

cfa-miR-1271  Up Up Low  Low  Low  

cfa-miR-1306    High Low  Low  Low 

cfa-miR-1307  Up Up       

cfa-let-7c   Up       
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3.3.4 Confirmatory Analysis 

 Following the survival curve analysis, miRNA profiling from a secondary population of 

16 dogs was performed. A high- and low-expression group were created for each miRNA using 

the previously established ΔCt cut-offs for each respective miRNA and clinical outcome 

parameter. In the X-tile analysis for the OSA samples, samples were assigned to the high- and 

low-expression group that yielded the most significant results. This analysis splits the samples 

into two groups and does not provide an exact cut-off value. As a result, the precise ΔCt value 

cut-off for each miRNA lies between the largest ΔCt value in the high-expression group and the 

lowest ΔCt value in the low-expression group (ΔCt is proportional to miRNA level). If multiple 

ΔCt values in the confirmatory population fit within the cut-off range of a miRNA, then the most 

statistically significant new ΔCt cut-off was selected. Only 2 log-rank Mantel-Cox tests were 

significant in the confirmatory population, cfa-miR-223 for correlation to overall survival and 

cfa-miR-1271 for 1-year survival (Figure 3.10). 

 

Figure 3.10: Kaplan-Meier survival curves of the 2 significant miRNAs in the confirmatory 

population. Cfa-miR-223 was significantly associated with overall survival while cfa-miR-1271 

was significantly associated with 1-year survival. Log-rank Mantel-Cox, p <0.05. 
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3.3.6 TargetScan 

The top 5 listed targets on TargetScan was reported for 30 of the miRNAs of interest in 

this study (Appendix 11). Notably, the stress-associated endoplasmic reticulum protein 1 was 

one of the top targets in 4 miRNAs, cfa-miR-1, -20a, -20b and -19a. Ectonucleotide 

pyrophosphatase/phosphodiesterase 5 (putative) was a common target among cfa-miR-19a, -20a, 

-20b and -93. F-box and WD repeat domain containing 7, E3 ubiquitin protein ligase was a 

common target for both cfa-miR-92a, and -223. Finally, GLI pathogenesis-related 2 was the 

second and third highest result in TargetScan for cfa-miR-378 and -22, respectively. 

3.3.5 miRNA Conservation 

 Conservation of miRNA between species has been previous observed, including between 

canines and humans123. There is potential for a miRNA to be an effective multi-species 

biomarker if it is present in multiple species and is involved in similar pathways. The sequences 

of miRNAs associated with clinical outcome in this study were compared to their human 

counterparts using data from miRBase V22 (Table 3.7). Overall, 14 (58.3%) of the 24 miRNAs 

had identical sequences between the canine and equivalent human miRNAs. An additional 5 

miRNAs had 1 nucleotide difference and another 3 had 2 differences. The remaining 2 miRNAs 

had 3 and 4 changes in sequence. Most of these changes in sequences were attributable to 

additions or deletions in the last 1 or 2 nucleotides in the mature sequence. 
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Table 3.7: Sequences and IDs of canine miRNAs found to be correlated with clinical outcome in 

this study, and the corresponding human miRNA. The number of differences in the mature 

sequence between the 2 species is also listed.  

Canine miRNA 

ID 

Canine Mature miRNA 

Sequence 

Human miRNA 

ID 

Human Mature miRNA 

Sequence 

# of 

Changes 

cfa-miR-16 

UAGCAGCACGUAAAU

AUUGGCG hsa-miR-16-5p 

UAGCAGCACGUAAAUA

UUGGCG 0 

cfa-miR-19a 

UGUGCAAAUCUAUGC

AAAACUGA hsa-miR-19a-3p 

UGUGCAAAUCUAUGCA

AAACUGA 0 

cfa-miR-20a 
UAAAGUGCUUAUAGU
GCAGGUAG hsa-miR-20a-5p 

UAAAGUGCUUAUAGUG
CAGGUAG 0 

cfa-miR-22 

AAGCUGCCAGUUGAA

GAACUGU hsa-miR-22-3p 

AAGCUGCCAGUUGAAG

AACUGU 0 

cfa-miR-28 

CACUAGAUUGUGAGC

UCCUGGA hsa-miR-28-3p 

CACUAGAUUGUGAGCU

CCUGGA 0 

cfa-miR-92a 

UAUUGCACUUGUCCC

GGCCUGU hsa-miR-92a-3p 

UAUUGCACUUGUCCCG

GCCUGU 0 

cfa-miR-93 

CAAAGUGCUGUUCGU

GCAGGUAG hsa-miR-93-5p 

CAAAGUGCUGUUCGUG

CAGGUAG 0 

cfa-miR-125b 

UCCCUGAGACCCUAA

CUUGUGA hsa-miR-125b-5p 

UCCCUGAGACCCUAAC

UUGUGA 0 

cfa-miR-148b 

UCAGUGCAUCACAGA

ACUUUGU hsa-miR-148b-3p 

UCAGUGCAUCACAGAA

CUUUGU 0 

cfa-miR-151 

UCGAGGAGCUCACAG

UCUAGU hsa-miR-151a-5p 

UCGAGGAGCUCACAGU

CUAGU 0 

cfa-miR-214 

ACAGCAGGCACAGAC

AGGCAGU hsa-miR-214-3p 

ACAGCAGGCACAGACA

GGCAGU 0 

cfa-miR-222 

AGCUACAUCUGGCUA

CUGGGU hsa-miR-222-3p 

AGCUACAUCUGGCUAC

UGGGU 0 

cfa-miR-378 

ACUGGACUUGGAGUC

AGAAGGC hsa-mir-378a-3p 

ACUGGACUUGGAGUCA

GAAGGC 0 

cfa-miR-451 
AAACCGUUACCAUUA
CUGAGUU hsa-miR-451a 

AAACCGUUACCAUUAC
UGAGUU 0 

cfa-miR-1 

UGGAAUGUAAAGAAG

UAUGUA hsa-miR-1-3p 

UGGAAUGUAAAGAAGU

AUGUAU 1 

cfa-miR-30a 

UGUAAACAUCCUCGA

CUGGAAGC hsa-miR-30a-5p 

UGUAAACAUCCUCGAC

UGGAAG 1 

cfa-miR-140 

ACCACAGGGUAGAAC

CACGGA hsa-miR-140-3p 

ACCACAGGGUAGAACC

ACGG 1 

cfa-miR-223 

UGUCAGUUUGUCAAA

UACCCC hsa-miR-223-3p 

UGUCAGUUUGUCAAAU

ACCCCA 1 

cfa-miR-1306 

CCACCUCCCCUGCAAA

CGUCC hsa-miR-1306-5p 

CCACCUCCCCUGCAAA

CGUCCA 1 

cfa-miR-20b 

CAAAGUGCUCACAGU

GCAGGUA hsa-miR-20b-5p 

CAAAGUGCUCAUAGUG

CAGGUAG 2 

cfa-miR-23a 

AUCACAUUGCCAGGG

AUUU hsa-miR-23a-3p 

AUCACAUUGCCAGGGA

UUUCC 2 

cfa-miR-144 

UACAGUAUAGAUGAU

GUACUAG hsa-miR-144-3p 

UACAGUAUAGAUGAUG

UACU 2 

cfa-miR-1271 

CUUGGCACCUAGUAA

GCACU hsa-miR-1271-5p 

CUUGGCACCUAGCAAG

CACUCA 3 

cfa-miR-142 

CCCAUAAAGUAGAAA

GCACUA hsa-miR-142-5p 

CAUAAAGUAGAAAGCA

CUACU 4 
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3.4 Discussion 

 In this focused study, each custom PCR array supported 6 individual samples with a total 

of 53 unique miRNAs plus non-miRNA controls for each sample. Three miRNAs were added as 

endogenous controls, although cfa-miR-30a was not detected in all samples and was therefore 

not used as a control. Two miRNAs were used as hemolysis indicators, based on calculations 

used in human plasma studies. Six miRNAs on the custom array were undetectable in a 

significant amount of plasma samples and were excluded from analysis. Additionally, 5 of the 95 

plasma samples were excluded from analysis due to low global miRNA expression. Overall, the 

profile of 45 miRNAs was analyzed in 90 plasma samples from control and OSA dogs. A total of 

41 miRNAs had significant differences in expression between groups based on the Mann-

Whitney tests and/or were associated with clinical outcome (Table 3.6). 

3.4.1 Endogenous Controls 

In the focused study, normalization of Ct values was performed to yield ΔCt values using 

2 endogenous control miRNAs; cfa-miR-23b and -27b. Controls used for ΔCt normalization vary 

between studies, with several options available including the use of miRNAs and other small 

RNA species. As previously mentioned, miR-16 is expressed in several tissues and is commonly 

used as an endogenous control miRNA in studies due to its stable expression14,15,119. However, 

miR-16 is highly expressed in erythrocytes and its expression is therefore influenced by 

hemolysis. Accordingly, miR-16 should not be used as a control for any sample where hemolysis 

can occur, including plasma. In this study, cfa-miR-16 was not used as a control despite being 

the most stably expressed miRNA based on the Ct values of the 90 plasma samples used in the 

focused study.  
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Other endogenous controls candidates include small nuclear RNA (snRNA) and small 

nucleolar RNAs (SNORDs), 2 other small non-coding RNA species. SNORDs and snRNAs have 

been used previously for standardization and 6 are present on the canine miRNome PCR array 

(Appendix 1). An issue with using non-miRNA species as reference genes is that differences in 

molecular stability, shape and size may not have the same degradation or extraction efficiency 

from plasma as miRNAs. RNA, U6 small nuclear 6, pseudogene (RNU6-6P) is a commonly used 

reference gene and is present on the canine miRNome PCR array. However, because of its larger 

size, it may not move through the spin columns consistently across extractions. Therefore, 

endogenous miRNAs with stable expression in all groups analyzed should be utilized, as was 

done in this study.    

3.4.2 Patient Demographics 

From the OVC HSC OSA population, 27 of the 28 cases used had both pre- and post-

amputation collections. As a result, the demographics between the 2 groups were nearly 

identical. Control dogs were selected based on those most similar to these demographics, with 

considerations to age, breed, weight, sex and neuter status. However, the control dogs most 

notably do not match the ages of the OSA patients. Several control dogs used are blood donors at 

the OVC HSC, which only recruits younger dogs, approximately 5 years of age and younger, 

while most OSA patients are older. The ages in the control group dogs are significantly different 

to the OVC HSC and the NIH patients, according to unpaired t-tests (p< 0.0001 and p= 0.0076, 

respectively). Unpaired t-tests were used for this analysis because all three groups had normally 

distributed data, as confirmed with a D’Agostino & Pearson omnibus K2 normality test. 

All groups analyzed had an approximate 1:1 ratio of male and female dogs, which is akin 

to findings in the literature. Additionally, all OSA dogs in this study were neutered or spayed 
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with 1 dog having an unknown sex and neuter status. Cause of death slightly varied between the 

OVC HSC and confirmatory population. Of the 28 OVC HSC OSA cases 21 (75%) died as a 

result of OSA, 5 (17.9%) died from other causes and 2 (7.1%) were reported alive at the time of 

analysis. For the confirmatory dogs, 14 (87.5%) had OSA as the cause of death and the 

remaining 2 (12.5%) were still reported alive.  

3.4.3 Previous miRNAs in Literature 

 As previously mentioned, other studies have found miRNAs dysregulated in canine OSA 

patients (Table 1.3). The Heishima papers were the only studies to use plasma samples rather 

than frozen tumor samples or cell lines14,15. They found that cfa-miR-126 and -214 had 

significantly higher levels in OSA patients, and higher levels of cfa-miR-214 was associated with 

a poorer clinical outcome14,15. Similar findings were reported in this study with cfa-miR-214 

expressed higher in pre-amputation (p <0.0001) and post-amputation samples (p =0.0045), 

compared to controls. Furthermore, cfa-miR-214 levels were lower in post-amputation samples 

when compared to the pre- amputation groups (p =0.0203). Following amputation, the primary 

tumor is removed, and the overall cfa-miR-214 levels decrease, however they are still higher 

than in the control group. These findings suggest that cfa-miR-214 may be produced by the 

primary tumor and plasma levels remain high weeks after amputation or that metastases that 

were not present in the amputated limb are producing cfa-miR-214. As in the Heishima paper, 

this study found that higher levels of cfa-miR-214 correlate with a poorer outcome in pre-

amputation samples for overall survival, 1-year survival, and DFI (p =0.0012, 0.0012 and 0.005), 

respectively. If metastases are producing cfa-miR-214, the results would make sense as plasma 

levels would be higher for patients with metastases and these patients would likely have a worse 

survival outcome. Although multiple papers examined canine OSA miRNA profile in tissues 
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and/or cell lines, none of them tested cfa-miR-214, so the presence of this miRNA in the primary 

tumor and metastases is currently unknown (Table 1.3).  

miR-214 is known to play a role in multiple human cancers, including: OSA, breast, 

cervical, and pancreatic cancer, where it is reported to act as either a tumor suppressor miRNA or 

an oncomiR depending on the study156–162. The only research on this miR-214 in canine cancer is 

4 papers from the Heishima group that focused on canine OSA and hemangiosarcoma, among 

other types of cancer14,15,163,164. In these papers, miR-214 was over-expressed in canine plasma 

samples of hemangiosarcoma, OSA, chondrosarcoma, histiocytic sarcoma, mammary carcinoma, 

and thyroid carcinoma14,163. In a study using U2OS and MNNG/HOS Cl #5 human OSA cell 

lines, increases in miR-214 resulted in increased invasion and cell proliferation and a dual 

luciferase assay was performed to confirm that cfa-miR-214 was targeting cell adhesion 

molecule 1 (CADM1)161. Another human cell study found that miR-214 targeted β-catenin and 

increased levels of this miRNA prevented differentiation of mesenchymal stem cells into 

osteoblasts, which could assist in the metastatic capacity of OSA162. Conversely, in a paper using 

human OSA cell lines, miR-214 was concluded to target rho-associated, coiled-coil-containing 

protein kinase 1 (ROCK1) which reduces invasion and cell proliferation156. Therefore, miR-214 

has a role in several human and canine cancers, and there are several potential targets for this 

miRNA with evidence suggesting that it could act as a tumor suppressor miRNA or an oncomiR.   

 The other miRNA previously studied in plasma, cfa-miR-126 is a poor candidate for a 

biomarker. In this study, cfa-miR-126 was not significantly expressed in either OSA group when 

compared to control dogs but was significantly expressed in post- vs pre-amputation (p= 0.0251). 

Furthermore, none of the clinical outcome parameters were associated with cfa-miR-126. In the 

Heishima paper, higher levels were associated with greater overall survival and disease-free 
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survival at 1 year (p =0.022 and 0.002), respectively15. However, in the long-term survival 

analysis which was extended to maximum of 6 years, there was no significant difference 

between the groups, with the low expression group reaching 0% survivability much sooner than 

the high-expression group15. Two other papers, outside of the Heishima group, have examined 

miR-126 in canine cancers, one on hemangiosarcoma and the other on hepatobiliary diseases 

including cancers165,166. In the hemangiosarcoma study, cfa-miR-126 had increased levels in the 

hemangiosarcoma tissue samples compared to both normal spleen and nodular hyperplasia (p= 

0.038943 and p= 0.023733, respectively)165. In the hepatobiliary disease study, serum cfa-mir-

126 was not significantly expressed in any of the cancer groups but had a significantly higher 

expression in patients with chronic hepatitis (p=0.02). Therefore, cfa-miR-126 is a potential 

biomarker for various diseases in different types of samples. 

 The relevance of cfa-miR-1 and -133b in canine OSA has been discussed in human OSA 

studies although both were not significant in the Leonardi et al. paper on canine OSA128. In the 

focused study, these miRNAs had higher levels in the pre-amputation samples, compared to the 

controls (p =0.006 and p <0.0001, respectively). These results conflict with the literature as both 

miRNAs are reported as under-expressed in both human and canine OSA tissues and cell lines 

compared to controls128,144,148,167. Additionally, this study found that cfa-miR-133b was also 

over-expressed in the post-amputation vs control samples (p <0.0001), while higher levels of cfa-

miR-1 were associated with a better overall survival in the pre-amputation samples (p =0.0391). 

Interestingly, cfa-miR-1 (and cfa-miR-30a) are the only miRNAs in this study that correlate with 

survival outcome where the higher expression group has a better outcome. It is possible that our 

results for these two miRNAs differ from the literature due to small control sample sizes and the 

type of endogenous controls used in other studies. In the Leonardi et al. paper 25 OSA surgical 
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samples were used, which is comparable to the 27 pre- and 27 post-amputation samples used in 

this study, however only 5 bone tissue samples were used as a control128. Also, this study used a 

SNORD, RNU44, as an endogenous control for normalization. As previously mentioned, this is 

not recommended because the molecular stability, shape and size of SNORDs may differ from 

miRNAs, leading to differences in degradation and extraction efficiency. These problems were 

also found in two of the human studies examining these miRNAs, where 1 study had 13 controls 

and also used RNU44 as a endogenous control, while the other study had 5 controls and used an 

snRNA, RNU6B, as an endogenous control144,148. 

The remaining miRNAs previously reported in canine OSA (Table 1.3), cfa-miR-9, -34a, 

-134, -196a, -494 and -544 were not added to the custom PCR array. This was either due to an 

insufficient detection in the samples or an insignificant change in expression between groups. 

These miRNAs were of interest in canine OSA studies using frozen primary tumors and/or cell 

lines. If these miRNAs are not exported from the primary tumor to the bloodstream at detectable 

levels, or at levels representative of the changes in the primary tumor, then they are poor plasma 

biomarkers. Therefore, to further analyze the importance of these miRNAs, similar sample types 

must be utilized.   

3.4.4 TargetScan  

 To further evaluate the potential targets of miRNAs of interest, TargetScan release 7.2 

was used (http://www.targetscan.org/vert_72/)155. TargetScan is an online database that predicts 

the targets of miRNAs in over 10 species, including dogs. Several different proteins were listed 

across the miRNAs as potential targets, with some overlap between miRNAs (Appendix 11). 

Future studies involving Western blotting primary tumor samples or cell cultures could prove the 

validity of the TargetScan results. 
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3.4.5 Confirmatory Population 

These dogs had similar demographics to the OVC HSC patients but were obtained from 5 

veterinary hospitals in the USA. Because these samples are collected from multiple institutes, 

this data may be more representative of a wide variety of plasma collection protocols. If miRNAs 

significantly associated with clinical outcome were also significant in plasma collected from 

other institutions, the results would signify that plasma miRNAs can act as a biomarker that is 

not limited to identical plasma collection methods or dog populations. However, only 2 (cfa-

miR-223 and -1271) of the 24 miRNAs found to be correlated to clinical outcome in the OVC 

HSC population were also correlated in the confirmatory population. This could be a result of 

low sample size (n=16 in confirmatory population vs. n=27 in OVC HSC). Additionally, the 

confirmatory population was collected 4.3-9.3 years earlier than the OVC HSC samples. Because 

miRNAs are known to degrade days to years after being frozen in plasma, it is possible that the 

confirmatory population is not representative of newly collected samples. In the future, a new 

confirmatory population should be created with samples that were collected more recently. 

Plasma from new OSA cases at the OVC HSC are being collected and may act as second 

confirmatory population, with these samples being more recent than the current confirmatory 

population. Another method to establish a confirmatory population would be to randomly 

separate the original plasma samples into a main population and a confirmatory population. 

However, it is important to confirm findings in samples collected from different locations to 

confirm the viability of a biomarker where sample processing and other factors may vary 

between institutions. It should be noted that neither of the two previous canine OSA plasma 

miRNA studies used a confirmatory population of canine samples to confirm their findings14,15.  
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CHAPTER 4: Hemolysis and Erythrocyte miRNA Profile 

Hemolysis, the destruction of erythrocytes, can occur during blood collection and the 

cellular contents are released into plasma and/or serum. Hemolysis results in an influx of 

miRNAs which is known to increase the apparent miRNA expression in plasma samples, 

resulting in inaccurate results. The impact of hemolysis on miRNA expression in human plasma 

samples has been documented but limited research has been conducted on canine plasma 

samples111,115,118,122. As they have their own source of miRNAs, it is possible that changes in 

miRNA expression occur in erythrocytes as a result of disease, similar to miRNAs in plasma 

samples. At present, the miRNA profile of erythrocytes in canine OSA patients has not been 

examined. In this study, we sought to examine the biomarker potential of erythrocyte miRNAs 

for OSA.  

4.1 Hypotheses/Objectives 

The overall goal of this erythrocyte study was to determine if erythrocytes could be used 

as potential biomarkers of erythrocyte miRNAs in canine appendicular OSA cases. This study 

contained two parts: a preliminary study and a focused study. The purpose of the preliminary 

study was to determine which miRNAs are dysregulated in the erythrocyte samples between the 

control, pre- and post-amputation groups and select miRNAs would be added to the custom PCR 

array as well as an appropriate endogenous control miRNA. The custom PCR array will be the 

same used as in the focused plasma study. In the focused erythrocyte study, individual samples 

will be added to the custom PCR array to examine changes in miRNA expression between 

control, pre- and post-amputation samples. Because the same custom PCR array is used in both 

the plasma and erythrocyte focused studies, there is potential for a miRNA to have observable 
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expression changes in both plasma and erythrocyte samples. The hypotheses for the erythrocyte 

study are: 

1) More miRNAs will be detectable in the erythrocyte samples than in the plasma when 

using the canine miScript miRNome PCR arrays.  

2) Differences in miRNA levels will occur between control, pre- and post-amputation 

groups in pooled and individual samples  

3) miRNAs known to be associated with hemolysis will be among the most expressed in the 

erythrocyte samples.  

4.2 Materials and Methods 

4.2.1 Sample Collection 

Erythrocytes were separated from blood samples of healthy dogs and OSA patients at the 

OVC HSC. The protocol for erythrocyte washing was modified from Weber et al. 2017168. 

Whole blood samples were collected in K2EDTA tubes (BD Vacutainer) and centrifuged at 2000 

rcf for 10 minutes at room temperature, and the top plasma and buffy coat layers were removed. 

Next, the remaining erythrocyte layer had a 150 mM (~0.88% w/v) sodium chloride (NaCl) 

solution added at a 1:2 ratio of erythrocytes to NaCl solution. This concentration of NaCl is 

similar to that of canine blood and will prevent lysis of erythrocytes by maintaining osmotic 

balance. This solution was inverted to mix and centrifuged at 2000 rcf for 10 minutes at room 

temperature, after which the top layer was removed. This step was repeated twice more for a 

total of 3 erythrocyte washes to remove any residual plasma. The remaining washed erythrocytes 

were transferred to a new storage tube and kept at -80°C until ready for use. Five dogs were used 

for each of the groups: control, pre- and post-amputation (see Table 4.1). Four of the 5 OSA dogs 
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were used in both the pre- and post-amputation group, while the remaining 1 dog was not 

matched to both OSA groups.  

Table 4.1: Demographics of the 5 OSA and 5 control dogs used in the pooled and individual 

samples for the erythrocyte project. Weight and age measurements of the OSA dogs were taken 

at diagnosis, for control samples these measurements were taken at time of sample collection. FS 

denotes female spayed and MN denotes male neutered.  

Group Sex Breed Age 

(Years) 

Weight 

(kg) 

Primary 

Tumor 

Location 

OSA MC Mixed Breed 9.21 38.8 Left Distal 

Tibia 

OSA FS Pyrenean Mastiff 4.64 57.2 Right Proximal 

Tibia 

OSA FS Greyhound 8.05 25.0 Left Proximal 

Tibia 

OSA FS Mixed Breed (Whippet/Labrador) 13.65 16.2 Left Proximal 

Humerus 

OSA 

(Pre) 

MC Australian Shepherd 9.41 27.2 Left Distal 

Radius 

OSA 

(Post) 

FS Mixed Breed (Collie) 10.79 38.6 Left Distal 

Femur 

Control FS Mixed Breed (Golden 

Retriever/Poodle) 

5.55 31.0 N/A 

Control M Bullmastiff 5.24 60.4 N/A 

Control FS Mixed Breed (American 

Bulldog/Boxer) 

6.15 43.0 N/A 

Control FS Labrador Retriever 6.34 33.8 N/A 

Control MC Mixed Breed (Australian 

Shepherd/Standard Poodle) 

8.16 39.8 N/A 

 

4.2.2 RNA Extraction 

Small RNA species were extracted from the erythrocytes with the use of a miRNeasy 

Mini Kit (QIAGEN). Washed erythrocyte samples were thawed on ice and 0.2 g (0.04 g from 

each of the 5 samples) was transferred to 700 µL of QIAzol lysis reagent and vortexed to mix 
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and left to sit for 5 minutes. Next, 140 µL of chloroform was added, samples were vortexed for 

15 seconds and left to sit for 3 minutes. Samples were centrifuged at 12,000 rcf for 15 minutes at 

4°C before 350 µL of the top layer was extracted and mixed with 525 µL of 100% ethanol. 700 

µL of this solution was added to a RNeasy Mini spin column, centrifuged at 8000 rcf for 15 

seconds and the flow through was discarded. This step was repeated until the entire solution was 

used. Then 700 µL of RWT buffer was added to the column, centrifuged again and flow through 

discarded. 500 µL of RWT buffer was added, centrifuged and flow through discarded; this step 

was repeated with the second centrifugation set for 2 minutes, instead of 15 seconds. The spin 

column was then transferred to a new 2.0 mL tube and centrifuged at 13,500 rcf for 1 minute. 

Following this the spin column was transferred to a 1.5 mL tube and 30 µL of RNase-free water 

was added prior to centrifugation at 8000 rcf for 1 minute. This last step was repeated twice to 

produce 2 final elutions, both of which were analyzed on a NanoDrop 2000 for RNA purity and 

concentration before being stored at -80°C. In this study only the first RNA elution was used. 

For the individual samples (focused study), the same procedure was followed except the starting 

erythrocyte volume was 0.025 g, as using 0.2 g of sample yielded an excessive RNA quantity. 

The initial pooled study and subsequent focused study used the same RNA extraction kit 

and followed similar protocol. However, the PCR arrays used for each study belong to different 

product lines of QIAGEN, so the protocols and kits used significantly vary for the RT-PCR, 

qRT-PCR and data analysis. It is important to note that the pooled samples followed identical 

protocols and kits for the RT-PCR, qRT-PCR and data analysis in both the plasma and 

erythrocyte samples, as detailed in chapter 2.2.3 to 2.2.5. 
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4.2.3 Reverse-Transcription PCR 

  For the individual samples in the focused erythrocyte study, a miRCURY LNA RT Kit 

was used following a similar protocol as the plasma samples. First, RNA extractions were diluted 

to 5 ng/µL using RNAse-free water. Then a mixture of 2 µL of miRCURY RT Buffer, 4.5 µL of 

RNAse-free water, 1 µL of miRCURY RT Enzyme Mix, 0.5 µL UniSp6 RNA spike-in and 2 µL 

of the extracted RNA. These solutions were placed in a C1000 Thermal Cycler (Bio-Rad) and 

kept at 42°C for an hour followed by 95°C for 5 minutes, then cooled to 4°C for at least 5 

minutes. The lid was set to a temperature of 95°C. 4 µL of this cDNA solution was diluted in 316 

µL of nuclease-free and used for a qRT-PCR immediately. 

4.2.4 Quantitative Real-time PCR 

The qRT-PCR for the individual erythrocyte samples followed the same protocol as the 

plasma samples which is described in chapter 3.2.4. 

4.2.5 RNA Input Optimization 

Optimization of input RNA was done on the custom PCR arrays using 1 sample with 

varying amounts of starting volume. For this study, 3 erythrocyte samples were examined on the 

first custom PCR array using 3 different volumes of the same extracted RNA sample, namely 1, 

2 and 3 µL. The volume of nuclease-free water in the solution also varied, as the RT-PCR had a 

final volume of 10 µL in every sample. These sample volumes were selected based on the 

manufacturer recommended amount of 10 ng of total RNA per sample. As the samples are pre-

diluted to 5 ng/µL of total RNA, this concentration corresponds to a volume of 2 µL. Two more 

samples were tested using half and double the standard volume. The sample with 2 µL of starting 

RNA had the least inhibition as determined by comparing the Ct values of the samples UniSp3 
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with the no-template control UniSp3. The 1 µL and 3 µL input RNA samples had Ct values that 

were 0.13 and 0.3 greater than the NTC UniSp3 values, respectively. Meanwhile, the 2 µL input 

RNA sample had a Ct value for UniSp3 that was only 0.03 below than the NTC value. 

Furthermore, there 2 µL input RNA sample had 37 miRNAs detectable with Ct values > 35. 

Meanwhile the 1 µL and 3 µL input RNA samples had only 34 and 35 detectable miRNAs, 

respectively. Accordingly, for the erythrocyte study 2 µL of input RNA was used going forward 

for the RT-PCR reaction.  

4.2.6 Data Analysis Pooled Samples 

 Data analysis for the pooled samples results was performed by the online GeneGlobe 

Data Analysis Center (QIAGEN; www.qiagen.com). The C. elegans spike-in control used to 

standardize the plasma samples was not added to the erythrocyte samples during the RNA 

extraction and was thus not used for standardization. miRNAs were only considered detectable if 

the Ct ≤35, and all values >35 were changed to 35 which provides a more reasonable fold 

expression change between groups. The miRTC and PPC controls were used to verify 

performance of the RT-PCR and qRT-PCR, as with the plasma samples. All 3 pooled samples 

passed this quality check confirming that PCR inhibition was not significant in these samples. 

The ΔCt values for each miRNA were calculated using the global Ct mean of expressed 

miRNAs, which utilized all detectable miRNAs on the miRNome assay. The formula 2-ΔΔCt was 

used to determine fold expression changes between groups, with ΔΔCt representing the 

differences in average ΔCt between the 2 groups for the miRNA being analyzed. Statistics could 

not be used for the pooled samples as there was a sample size of only 1 for each of the 3 groups. 

Significance was instead determined if a miRNA had a fold expression change >2 between any 2 

groups. It should be noted that Ct values are inversely proportional to the quantity of target RNA. 
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 As the custom PCR arrays had an insufficient quantity of targets for global Ct mean of 

expressed miRNAs, an endogenous control was selected based on the pooled data from the 3 

miRNome PCR arrays. Based on NormFinder analysis, the most stable miRNA across the 3 

groups was cfa-miR-505 which was then added to the custom PCR array design. 

4.2.7 Custom PCR Array Design 

A select group of miRNAs of interest from the pooled erythrocyte data were added to the 

custom PCR array alongside plasma miRNAs of interest. Eight of the miRNAs found 

significantly over- or under-expressed between any of the groups examined (cfa-miR-20b, -144, 

-210, -551a, -589, -802, -885, and -1307) were added to the PCR array (Table 2.5). Additionally, 

5 miRNAs of interest in the erythrocytes (cfa-miR-1, -133a, -138b, -205 and -1306) were already 

added to the custom PCR array from the plasma results. The erythrocyte endogenous control 

miRNA, cfa-miR-505, was also already added to the custom PCR array.  

4.2.8 Sample and miRNA Exclusion 

 The number of miRNAs with a detectable Ct value ≤ 35 was analyzed in all 15 individual 

erythrocyte samples. The number of undetectable miRNAs in each sample ranged from 13-16 

and the average was 14.9. No sample had less than 2-times the standard deviation of the mean 

number of expressed miRNAs, so no samples were excluded from analysis.  

 Meanwhile, 15 miRNAs were excluded from the analysis due to insufficient detection 

across the 15 erythrocyte samples (Table 4.2). The method used for the plasma samples 

(miRNAs were excluded if they expressed less than 2 times the standard deviation of the mean) 

could not be used for the erythrocytes because all miRNAs fell within 2 standard deviations 

about the mean, even though some miRNAs were undetectable in all samples. Most of the 
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miRNAs (66.0%) were detectable in all samples while 18.8% were undetectable in all samples. 

miRNAs were expressed in either 0, 1, 2, 3, 11, 14 or 15 samples, with an average detection of 

10.8 out of the 15 samples. Therefore, any miRNA undetectable in 11, 14 or 15 samples was 

excluded from analysis.  

Table 4.2: List of miRNAs excluded from the data analysis of the individual erythrocyte samples 

due to poor detection. 

cfa-miR-1 cfa-miR-133c cfa-miR-145 cfa-miR-214 cfa-miR-589 

cfa-miR-133a cfa-miR-138b cfa-miR-205 cfa-miR-433 cfa-miR-802 

cfa-miR-133b cfa-miR-143 cfa-miR-210 cfa-miR-551a cfa-miR-885 

 

4.2.9 Data Analysis Individual Samples 

 The Ct values from 15 individual erythrocyte samples, 5 from each group, were corrected 

using the UniSp3 IPC in the same manner as the plasma samples. The average NTC UniSp3 Ct 

values from 3 PCR arrays was calculated to be 19.70 and the standard deviation was 0.18, with 

all NTC UniSp3 wells within a Ct value of 0.5 from the average Ct. Each Ct value on the PCR 

arrays was subtracted by the difference of the overall average NTC UniSp3 Ct value and the 

average NTC UniSp3 Ct value (19.70) for each PCR array. The resulting values are IPC-

corrected Ct values and were imported to the GeneGlobe Data Analysis Center. Because the C. 

elegans spike-in was not used and these values were corrected using the UniSp3 values, both 

controls were removed prior to data analysis.  

The UniSp6 RNA spike-in control was used to standardize RT-PCR efficiency between 

samples. ΔCt values were generated by subtracting the Ct value of a miRNA by the Ct value of 

the endogenous control miRNA, cfa-miR-505, from the same sample. A Ct value cut-off of 35 

was employed for all miRNAs and controls. All undetectable Ct values and those >35 were 

changed to 35 to provide a more conservative fold change in expression. The GeneGlobe Data 
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Analysis Center calculated fold expression changes between groups by using the formula: 2-ΔΔCt, 

where ΔΔCt is the difference in average normalized Ct values (ΔCt) between groups. To 

determine significant changes in miRNA levels between groups, Mann-Whitney tests were 

performed using the ΔCt values in GraphPad Prism 8.1.2 (332). This was the same statistical test 

used for the plasma samples to determine significant miRNA changes between groups. This test 

was performed on each miRNA comparing pre-amputation to control, post-amputation to control 

and post-amputation to pre-amputation. P-values <0.05 were considered statistically significant.  

4.3 Results 

4.3.1 Normalization 

For the pooled samples, the Ct values on all 3 PCR arrays were normalized using global 

Ct mean of expressed miRNAs. Each miRNA with a Ct value ≤35 on a PCR array was used in 

the calculation. The overall values from this normalization were 23.75, 25.01 and 25.12 for the 

control, pre- and post-amputation PCR arrays, respectively. The individual erythrocyte samples 

used cfa-miR-505 as an endogenous control miRNA for normalization. In GeneGlobe Data 

Analysis Center, the stability factor of this miRNA was 0.0693 and the arithmetic means for the 

groups were 26.94, 27.39 and 28.59 for the control, pre- and post-amputation samples, 

respectively.  

4.3.2 miRNA Expression 

The miScript miRNome PCR arrays contain 277 miRNAs, of these 258 (93.1%) were 

expressed in at least 1 array where a Ct value <35 is considered detectable.  Meanwhile, 220 

(79.4%) miRNAs were detectable in all 3 groups. However, there was observable PCR array seal 

lifting at the top and bottom rows, so the 20 miRNAs detectable in the top row were excluded 
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from data analysis (top 4 rows in Appendix 1). After excluding the miRNAs in the top row, and 

those not detectable in any sample, a total of 238 candidate miRNAs were left. After data 

analysis, 124 of these candidate miRNAs had less than a 2-fold change in miRNA level in both 

OSA groups, compared to the control. Out of the 114 miRNAs with a greater than 2-fold change 

in miRNA level, 52 (45.6%) were over-expressed while 58 (50.9%) were under-expressed in at 

least 1 OSA group compared to the control (Figure 4.1). Additionally, there was an overlap of 4 

miRNAs (3.5%; cfa-miR-193b, -200a, -205 and -764) that were over-expressed in pre-

amputation while under-expressed in post-amputation compared to the control. None of the 

miRNAs were under-expressed in pre-amputation and over-expressed in post-amputation 

samples. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Venn Diagram highlighting the number of miRNAs in the pre- and post-amputation 

groups that were over- and under-expressed by more than 2-fold, when compared to the control 

group. 
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The largest fold change in miRNA level from this data was a 310-fold increase in post-

amputation cfa-miR-20b, compared to the control group (Table 4.4). This miRNA was also the 

most over-expressed miRNA in the pre-amputation group with a 55-fold increase above the 

control (Table 4.3). Conversely, the greatest decrease observed was a 530-fold decrease in post-

amputation cfa-miR-1307 (Table 4.4). 

Table 4.3: The 5 highest (left) and lowest (right) expressed miRNAs in the pre-amputation 

erythrocyte samples, compared to controls.  

Mature miRNA ID Fold Expression Change 

Pre-Amputation 

Mature miRNA ID Fold Expression Change 

Pre-Amputation 

cfa-miR-20b 55.12 cfa-miR-802 -32.57 

cfa-miR-205 27.75 cfa-miR-144 -13.14 

cfa-miR-885 18.44 cfa-miR-33a -9.96 

cfa-miR-210 13.04 cfa-miR-708 -8.55 

cfa-miR-875 10.96 cfa-miR-141 -8.03 

 

Table 4.4: The 5 highest (left) and lowest (right) expressed miRNAs in the post-amputation 

erythrocyte samples, compared to controls.  

Mature miRNA ID Fold Expression Change 

Post-Amputation 

Mature miRNA ID Fold Expression Change 

Post-Amputation 

cfa-miR-20b 310.40 cfa-miR-1307 -530.79 

cfa-miR-138b 44.88 cfa-miR-802 -30.11 

cfa-miR-885 17.24 cfa-miR-551a -15.58 

cfa-miR-210 10.69 cfa-miR-205 -7.42 

cfa-miR-371 8.33 cfa-miR-589 -6.37 

 

In addition to comparing the 2 OSA groups to healthy controls, changes in miRNA levels 

were examined between pre- and post-amputation samples, with pre-amputation set as the 

control. Again, miRNAs were considered over- or under-expressed if they had a fold expression 

change ≥2. A total of 28 miRNAs were over-expressed, and 44 miRNAs were under-expressed 

in the post-amputation samples, compared to pre-amputation. The 5 most up- and down-

expressed miRNAs between these 2 groups are shown (Table 4.5). 
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Table 4.5: The 5 highest (left) and lowest (right) expressed miRNAs in the post-amputation 

erythrocyte samples, compared to pre-amputation.  

Mature miRNA ID Fold Expression Change 

Post-Amputation 

Mature miRNA ID Fold Expression Change 

Post-Amputation 

cfa-miR-20b 5.66 cfa-miR-1307 -749.82 

cfa-miR-138b 4.20 cfa-miR-205 -205.13 

cfa-miR-301a 3.76 cfa-miR-551a -13.09 

cfa-miR-1306 3.65 cfa-miR-133a -8.11 

cfa-miR-301b 3.46 cfa-miR-490 -7.68 

 

4.3.3 Custom PCR Array miRNA Expression 

Due to the small size (n =5) for the control and OSA groups of individual erythrocyte 

samples, normality and clinical outcome tests were not performed. The average Ct values and 

fold change expression data from the GeneGlobe Data Analysis Center was reported (Appendix 

12). Although, Mann-Whitney tests were performed for each 2-group combination. This 

statistical test does not require data to be normally distributed. From the Mann-Whitney test 

results, only 1 miRNA had a significant change in level. Specifically, the post-amputation vs 

control miRNA levels of cfa-miR-142 were significantly different (p =0.0476). 

4.4 Discussion 

The destruction of erythrocytes, known as hemolysis, is a serious contributor of 

contaminating miRNAs in blood samples. Hemolysis is a known problem for plasma samples 

used in research as observable changes in miRNA expression may be attributable to variations in 

hemolysis between samples rather than due to the independent variable. As a result, methods of 

detection have been established in human plasma to exclude samples. At present, there are no 

published hemolysis detection calculations for canine plasma samples for miRNA analysis. From 

the UV-vis results on plasma samples in this study (data not shown), noticeable absorbance 
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peaks were observed at 414, 541 and 576nm that increase with hemolysis. These peaks are 

similar to the results from hemolyzed human plasma samples111. Thus, it is reasonable to use 

absorption-based hemolysis calculations from human plasma studies in canine plasma samples. 

Additionally, the human plasma miRNAs most commonly used in miRNA ratio calculations for 

observing hemolysis, has-miR-451a and -23a have near identical canine counterparts (Table 1.2). 

One of the main issues with using the miRNA ratio in canine samples is that it assumes that miR-

451 is highly expressed in canine erythrocytes. This study examined the individual erythrocyte 

sample miRNA profile and determined that cfa-miR-451 was the seventh most expressed 

miRNA among the 15 individual erythrocyte samples, with an average Ct value of 19.85 

(Appendix 12). It also had the second highest expression in control samples and the fourth 

highest in post-amputation samples. To compare, the highest expressed miRNA averaged across 

the 90 individual plasma samples was cfa-miR-451 with a Ct value of 21.66. It should be 

remembered that a lower Ct value corresponds to a higher miRNA expression. Therefore, we can 

assume that cfa-miR-451 is highly expressed in canine erythrocytes.  

The most expressed miRNA in the individual erythrocyte samples was cfa-miR-16 with 

an average Ct value of 16.23 among the 15 samples. This demonstrates that cfa-miR-16 should 

not be used as an endogenous control miRNA in plasma samples as it is highly expressed in 

erythrocytes and is therefore hemolysis-dependent. Even a small quantity of hemolysis could 

greatly impact the results for this miRNA, and this impact would be exacerbated if used for 

standardization for all other miRNAs examined.   

Overall, miRNAs in the erythrocytes were easily detectable on the miScript PCR arrays 

with over 93% being expressed on at least 1 PCR array and over 79% expressed on all 3 PCR 

arrays. This high detection rate is likely attributable to the higher RNA concentration of the 
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erythrocyte samples, compared to plasma. The 3 pooled plasma samples had an average RNA 

concentration of 8.7 ng/µL with a range of 6.7-10.7 ng/µL. Meanwhile, the 3 pooled erythrocyte 

samples had an average RNA concentration of 66.9 ng/µL with a range of 60.2-78.1 ng/µL. 

Furthermore, the levels of several miRNAs had an observable change between groups, although 

only cfa-miR-142 was statistically significant, which was likely attributable to the low sample 

size. Finally, two miRNAs associated with hemolysis, cfa-miR-451 and cfa-miR-16 were among 

the most expressed in the erythrocytes. These findings support the use of established miRNA-

based methods of hemolysis detection, that were previously used in human plasma. Additionally, 

our findings further prove that cfa-miR-16 should not be used as a control miRNA due to the 

influence of hemolysis.  

In the pilot erythrocyte study, there were fold changes that were over 100x greater in one 

group compared to another (Tables 4.3-4.5). Conversely, from the individual erythrocyte sample 

results on the custom PCR array, these fold changes were less pronounced with the largest fold 

difference being a decrease of 19.17 in the pre-amputation of cfa-miR-451, compared to control. 

It is somewhat surprising that we saw large fold changes in pooled samples, when the fold 

changes in the same samples individual samples were smaller. We observed similar results in the 

plasma samples and in an independently conducted study in lymphoma152.  

A smaller quantity of erythrocytes was used in the focused study than in the preliminary 

study, to prevent over-loading of proteins in the columns during the RNA extraction and because 

miRNA expression was very high in the preliminary study, compared to the plasma samples. 

This may have resulted in the changes in expression between the two preliminary and focused 

studies. Another potential cause for this decrease in fold change with the individual samples is 

that different product lines were used. The canine miRNome PCR array belongs to the miScript 



 
 

98 
 

line of products, while the custom PCR array is a miRCURY product. Both miScript and 

miRCURY are sold by QIAGEN but the reagents and protocols have some noticeable 

differences. One such difference is the amount of extracted RNA to add for the RT-PCR. The 

miScript protocol recommends 1.5 µL of RNA while the miRCURY protocol recommends 2 µL 

of RNA that is pre-diluted to 5 ng/ µL. Similarly, there are differences in the amount of extracted 

RNA to add in the miScript and miRCURY protocols for plasma samples. For instance, miScript 

protocol recommends adding 1.5 µL of extracted RNA in the RT-PCR if 100-200 µL of plasma 

was used in the RNA extraction. Meanwhile, the miRCURY protocol calculates the amount of 

RNA to add to the RT-PCR based on the starting volume of plasma and the elution volume in the 

RNA extraction. To exemplify, if 200 µL of plasma was used in the RNA extraction and 14 µL 

was the elution volume, then 8/(200/14)= 0.56 µL would be added to the RT-PCR. The protocol 

followed in this study used 200 µL of plasma in both the preliminary and focused study, 

therefore different volumes of extracted RNA were added, which is a potential cause of the 

decrease in fold changes between groups.  

In conclusion, vast changes in expression were observed in the preliminary erythrocyte 

study that were diminished in the focused study. Only one miRNA had significant changes in 

level in the focused study and there were insufficient samples to perform statistics on clinical 

outcome. Future analysis of the erythrocyte miRNA profile should have a better optimization of 

the protocol, multiple pooled samples analyzed in the preliminary study before selection of 

miRNAs of interest, and a larger sample size in the focused study.  
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CHAPTER 5: Discussion 

This paper is one of the few to discuss plasma miRNA profiles in canine OSA patients, 

the first to include this many miRNA targets and the first to use samples taken following 

amputation. In the pilot stage of this study, the 5 pre- and post-amputation samples were matched 

to the same dogs to minimize biological variability. By examining pre- and post-amputation 

plasma from the same dog, changes in miRNAs following loss of the primary tumor can be 

determined. Observable decreases in miRNA expression following amputation supports the idea 

that the primary tumor was the source of these miRNAs. The presence of these miRNAs can then 

be verified in the frozen primary tumor samples. Proving that the primary tumor is the source of 

dysregulated miRNAs would increase our knowledge on which pathways are involved in the 

progression of OSA. If these miRNAs are not present in the primary tumor, miRNA 

dysregulation could be caused by a reaction of other tissues due to the presence of the tumor. 

Additionally, novel therapies involving anti-miRs could be useful for inhibiting miRNAs over-

expressed in the primary OSA tumor. 

We analyzed 10 miRNAs from 8 previous studies which tested their biomarker potential 

in canine OSA from various sample types, including 2 miRNAs from plasma samples (Table 

1.3). Of these only 4 (cfa-miR-1, -133b, -126, and -214) were selected for inclusion on the 

custom PCR array, following the results of the preliminary study. The other 6 miRNAs were 

excluded from the custom PCR array either due to insufficient detection or a small change in 

expression between groups. Other miRNAs were added to the custom PCR array that had 

changes in levels between groups for both plasma and erythrocyte samples.  

A total of 24 miRNAs were associated with clinical outcome, when comparing a high- 

and low-expression group, with cut-offs determined in X-tile analysis. Only 2 of the miRNAs 
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from the literature, cfa-miR-1 and -214, were associated with clinical outcome. Additionally, we 

found that 18 miRNAs had an increase in expression in post-amputation compared to pre-

amputation, while 1 miRNA, cfa-miR-214, had a decrease. To confirm if these expression 

changes are associated with removal of the primary tumor, levels of miRNAs in frozen tissue of 

the frozen primary tumor or those present in the conditioned media from tumor explants would 

need to be profiled.   

To confirm that these findings were accurate, a confirmatory population of pre-

amputation samples were tested using the same ΔCt cut-offs established with the initial 

population. However, the results of this test indicate that only 2 miRNAs, cfa-miR-223 and -

1271, correlated to clinical outcome out of the original 24. Although cfa-miR-214 was not 

among these miRNAs, it was correlated to overall survival, 1-year survival, and DFI in a 

previous study, suggesting that the confirmatory population may not have a representative 

miRNA profile. The samples in the confirmatory population were stored at -80°C 4.3-9.3 years 

longer than the OVC HSC samples. miRNAs are known to degrade over time, even when kept at 

-80°C, so it is possible that the profile of the confirmatory population is no longer accurate. 

Additional plasma samples from the NIH confirmatory population will be analyzed as well as 

new plasma samples from cases not yet analyzed from the OVC HSC which will act as a 

secondary confirmatory population. If the new OVC HSC confirmatory population yields several 

clinically associated miRNAs while the updated NIH confirmatory population does not, then the 

accuracy of the NIH plasma data should be investigated.  

In the future, plasma samples taken during administration of chemotherapy, could be 

analyzed for miRNAs correlating to survival outcome. In this study, we determined that more 

miRNAs were clinically predictive in post-amputation than in pre-amputation. Specifically, 13 
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miRNAs correlated with clinical outcome in the pre-amputation and 14 in post-amputation with 

an overlap of 3 miRNAs (cfa-miR-19a, -20a, and -1306; Table 3.6). Therefore, 11 unique 

miRNAs with clinical use are found only in the post-amputation plasma samples. This indicates 

that the primary tumor and pre-amputation plasma samples should not be the only samples used 

to inspect biomarkers. This is the first study to examine miRNAs collected from post-amputation 

plasma samples from canine OSA patients. To confirm our findings, the miRNA profile of post-

amputation plasma collected at other institutions should be analyzed. 

A limitation to this experiment is that the miScript miRNA Dog miRNome PCR array 

does not detect every canine miRNA identified95,169. An alternative to this array is the Applied 

Biosystems GeneChip™ miRNA 4.0 Arrays. This array contains thousands of miRNAs from 

several species, but it only contains a few more canine miRNAs than the miRNome PCR array. 

RNAseq could be used to detect all miRNAs but this process is expensive and could yield 

unconfirmed miRNAs in the data. Another limitation to this study was that the data from 

miRNAs in Row A on the miScript PCR array had to be excluded due to evaporation from array 

seal lifting.  

Hemolysis is an issue faced when considering potential miRNA biomarkers from plasma 

samples, as contaminating miRNAs are released from erythrocytes. To address this, the miRNA 

profile of erythrocytes was examined in healthy dogs and OSA patients. There were noticeable 

fold changes in expression between the groups, but only cfa-miR-142 was significant, likely due 

to the small sample size. Our lab is working on creating a collection of washed erythrocyte 

samples to increase the sample size of future experiments. Though, from the custom PCR array 

data, it was determined that 15 miRNAs were not widely expressed in any of the 15 erythrocyte 

samples. Two of these 15 miRNAs, cfa-miR-1 and -214, were also associated with clinical 



 
 

102 
 

outcome in the plasma samples. Specifically, cfa-miR-1 was detected in only 1 of the 15 

erythrocyte samples (ΔCt = 34.88) while cfa-miR-214 was detectable in 3 samples (ΔCt = 32.49, 

34.85 and 34.89). If erythrocytes contain low quantities of these miRNAs, then these can be 

considered hemolysis-independent biomarkers. Biomarkers that are independent of hemolysis 

will improve sample inclusion and allow for less strict plasma collection protocols.  

In summary, this study profiled the expression of 45 miRNAs in the plasma of healthy 

dogs and in OSA patients taken before and after amputation. Thirty-seven miRNAs had 

significant differences in expression when comparing the OSA groups to the control group, or 

when comparing post-amputation to pre-amputation. Furthermore, 24 miRNAs had correlation to 

overall survival, 1-year survival, DFI, or a combination of the 3. Some of these miRNAs were 

already published for canine OSA, while others are novel. However, only 2 of these miRNAs 

were significantly correlated to clinical outcome using the same ΔCt cut-offs in a confirmatory 

population. Moreover, the levels of 18 miRNAs increased and 1 miRNA decreased when 

comparing post-amputation to pre-amputation samples. Also, only 1 miRNA from the 

erythrocyte samples had a significant change between groups, which may result from a low 

sample size or a small selection of promising erythrocyte miRNAs. In conclusion, plasma 

miRNAs have demonstrated changes in expression as well as correlations to clinical outcome in 

canine OSA patients, which warrants more research into this emerging topic. 
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APPENDICES 

Appendix 1: List of all miRNAs on the miScript miRNA Dog miRNome PCR array 384-well 

plate (QIAGEN). On the PCR array, there are 95 empty wells between last canine miRNA (cfa-

miR-133c) and the 12 control wells.  

cfa-miR-383 cfa-miR-129 cfa-miR-135a-

5p 

cfa-miR-632 cfa-miR-219-

3p 

cfa-miR-494 

cfa-miR-208b cfa-miR-874 cfa-miR-449a cfa-miR-451 cfa-miR-9 cfa-miR-187 

cfa-miR-26a cfa-miR-761 cfa-miR-1837 cfa-miR-331 cfa-miR-146a cfa-miR-429 

cfa-miR-872 cfa-miR-34c cfa-miR-367 cfa-miR-181b cfa-miR-411 cfa-miR-96 

cfa-miR-10a cfa-miR-27b cfa-miR-206 cfa-miR-375 cfa-miR-504 cfa-miR-

106b 

cfa-miR-302a cfa-miR-1835 cfa-miR-204 cfa-miR-193a cfa-miR-194 cfa-miR-

181a 

cfa-miR-454 cfa-miR-378 cfa-miR-544 cfa-miR-203 cfa-miR-432 cfa-miR-628 

cfa-miR-330 cfa-miR-25 cfa-miR-380 cfa-miR-218 cfa-miR-676 cfa-miR-590 

cfa-let-7e cfa-miR-124 cfa-miR-496 cfa-miR-10b cfa-miR-433 cfa-miR-885 

cfa-miR-211 cfa-miR-384 cfa-miR-33a cfa-miR-342 cfa-miR-217 cfa-miR-

1844 

cfa-miR-409 cfa-miR-224 cfa-miR-18b cfa-miR-16 cfa-miR-543 cfa-miR-98 

cfa-miR-216b cfa-miR-539 cfa-miR-193b cfa-miR-145 cfa-miR-103 cfa-miR-
138a 

cfa-miR-483 cfa-miR-450b cfa-miR-139 cfa-miR-764 cfa-miR-150 cfa-miR-

302b 

cfa-miR-30c cfa-miR-876 cfa-miR-95 cfa-miR-568 cfa-miR-365 cfa-miR-582 

cfa-miR-545 cfa-miR-421 cfa-miR-379 cfa-miR-1306 cfa-miR-127 cfa-miR-

190a 

cfa-miR-27a cfa-miR-28 cfa-miR-490 cfa-let-7b cfa-miR-128 cfa-miR-137 

cfa-miR-20b cfa-miR-31 cfa-miR-138b cfa-miR-335 cfa-miR-376a cfa-miR-29a 

cfa-miR-133b cfa-miR-144 cfa-miR-759 cfa-miR-500 cfa-miR-181c cfa-miR-424 

cfa-miR-223 cfa-miR-300 cfa-miR-329b cfa-miR-222 cfa-miR-34a cfa-miR-514 

cfa-miR-301a cfa-miR-1 cfa-miR-1307 cfa-miR-152 cfa-miR-325 cfa-miR-122 

cfa-miR-197 cfa-miR-30a cfa-miR-551b cfa-miR-299 cfa-miR-1841 cfa-miR-542 

cfa-let-7f cfa-miR-105b cfa-miR-1838 cfa-miR-503 cfa-miR-363 cfa-miR-191 

cfa-miR-410 cfa-miR-664 cfa-miR-497 cfa-miR-133a cfa-miR-495 cfa-miR-

487b 

cfa-miR-17 cfa-miR-205 cfa-miR-589 cfa-miR-599 cfa-miR-212 cfa-miR-

487a 

cfa-miR-425 cfa-miR-505 cfa-miR-125b cfa-miR-30e cfa-miR-219-

5p 

cfa-miR-

148a 

cfa-miR-660 cfa-miR-182 cfa-let-7c cfa-miR-200c cfa-miR-136 cfa-miR-326 

cfa-miR-382 cfa-miR-215 cfa-miR-221 cfa-miR-190b cfa-miR-148b cfa-miR-101 

cfa-miR-350 cfa-let-7j cfa-miR-15b cfa-miR-155 cfa-miR-199 cfa-miR-

423a 

cfa-miR-450a cfa-miR-301b cfa-miR-578 cfa-miR-23b cfa-miR-652 cfa-miR-19b 

cfa-miR-574 cfa-let-7g cfa-miR-592 cfa-miR-302d cfa-miR-489 cfa-miR-153 
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cfa-miR-488 cfa-miR-22 cfa-miR-7 cfa-miR-135a-
3p 

cfa-miR-376b cfa-miR-671 

cfa-miR-192 cfa-miR-532 cfa-miR-377 cfa-miR-135b cfa-miR-126 cfa-miR-653 

cfa-miR-374a cfa-miR-210 cfa-miR-1842 cfa-miR-143 cfa-miR-329a cfa-miR-371 

cfa-miR-125a cfa-miR-184 cfa-miR-181d cfa-miR-324 cfa-miR-140 cfa-miR-

1836 

cfa-miR-32 cfa-miR-499 cfa-miR-455 cfa-miR-15a cfa-miR-106a cfa-miR-
1839 

cfa-miR-132 cfa-miR-345 cfa-miR-361 cfa-miR-21 cfa-miR-34b cfa-miR-186 

cfa-miR-502 cfa-miR-92b cfa-miR-29b cfa-miR-802 cfa-miR-29c cfa-miR-24 

cfa-miR-130a cfa-miR-146b cfa-miR-376c cfa-miR-23a cfa-miR-493 cfa-miR-188 

cfa-miR-875 cfa-miR-374b cfa-miR-151 cfa-miR-202 cfa-miR-452 cfa-miR-183 

cfa-miR-338 cfa-miR-320 cfa-miR-185 cfa-miR-207 cfa-miR-485 cfa-miR-448 

cfa-miR-142 cfa-miR-130b cfa-miR-18a cfa-miR-195 cfa-miR-381 cfa-miR-

196a 

cfa-miR-30d cfa-miR-362 cfa-miR-328 cfa-miR-93 cfa-miR-99b cfa-miR-20a 

cfa-miR-340 cfa-miR-92a cfa-miR-200b cfa-miR-141 cfa-miR-26b cfa-miR-369 

cfa-miR-105a cfa-miR-708 cfa-miR-200a cfa-miR-216a cfa-miR-758 cfa-miR-149 

cfa-miR-214 cfa-miR-491 cfa-miR-134 cfa-miR-1271 cfa-let-7a cfa-miR-

551a 

cfa-miR-208a cfa-miR-19a cfa-miR-665 cfa-miR-196b cfa-miR-30b cfa-miR-99a 

cfa-miR-133c      

cel-miR-39-

3p 

cel-miR-39-

3p 

SNORD61 SNORD68 SNORD72 SNORD95 

SNORD96A RNU6-6P miRTC miRTC PPC PPC 
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Appendix 2: miRNAs over- (left) and under-expressed (right) in the pre-amputation group vs 

controls in the preliminary study. Fold change in expression was considered significant if 2 -ΔΔCt 

≥2. miRNAs in Rows A of the miRNome PCR array and those with Ct values ≥35 in all 3 groups 

were excluded. 

miRNA ID Pre-amputation 

Fold Change 

miRNA ID Post-amputation 

Fold Change 

cfa-miR-133c 392.85 cfa-miR-20a -68.22 

cfa-miR-133a 161.78 cfa-miR-221 -34.11 

cfa-miR-214 69.93 cfa-let-7c -30.53 

cfa-miR-205 56.02 cfa-miR-142 -28.29 

cfa-miR-378 40.73 cfa-miR-18a -27.52 

cfa-miR-7 40.44 cfa-miR-195 -24.80 

cfa-miR-652 36.20 cfa-miR-138b -24.63 

cfa-miR-1271 31.08 cfa-let-7e -19.73 

cfa-miR-185 27.24 cfa-miR-223 -18.28 

cfa-miR-1 23.07 cfa-miR-26b -17.41 

cfa-miR-92b 19.13 cfa-miR-125b -16.25 

cfa-miR-502 11.53 cfa-miR-148a -14.24 

cfa-miR-194 10.18 cfa-miR-29a -13.85 

cfa-miR-204 9.90 cfa-miR-433 -11.10 

cfa-miR-29b 8.80 cfa-miR-15a -10.28 

cfa-miR-532 8.56 cfa-miR-92a -8.35 

cfa-miR-206 8.33 cfa-miR-125a -6.78 

cfa-miR-98 7.93 cfa-miR-425 -6.51 

cfa-miR-665 7.66 cfa-miR-16 -5.87 

cfa-miR-203 5.65 cfa-miR-222 -5.82 

cfa-miR-103 5.49 cfa-miR-551b -5.59 

cfa-miR-130a 5.42 cfa-miR-1842 -5.59 
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cfa-miR-1306 5.09 cfa-miR-93 -5.51 

cfa-miR-128 5.06 cfa-miR-148b -5.47 

cfa-miR-140 4.56 cfa-miR-33a -5.11 

cfa-miR-19a 4.56 cfa-miR-342 -5.04 

cfa-miR-155 4.52 cfa-miR-181d -4.93 

cfa-miR-22 4.43 cfa-miR-362 -4.54 

cfa-miR-17 4.25 cfa-miR-124 -4.01 

cfa-miR-19b 4.02 cfa-miR-375 -3.74 

cfa-miR-25 3.94 cfa-miR-361 -2.95 

cfa-miR-192 3.86 cfa-miR-30d -2.68 

cfa-miR-421 3.65 cfa-miR-28 -2.50 

cfa-miR-27a 3.65 cfa-miR-21 -2.28 

cfa-miR-188 3.57   

cfa-miR-101 3.53   

cfa-miR-30c 3.36   

cfa-miR-30b 3.20   

cfa-miR-218 3.07   

cfa-let-7b 2.96   

cfa-miR-301a 2.88   

cfa-miR-99a 2.88   

cfa-miR-181a 2.84   

cfa-miR-193b 2.84   

cfa-miR-145 2.64   

cfa-miR-320 2.64   

cfa-miR-152 2.55   

cfa-miR-134 2.51   

cfa-miR-191 2.39   

cfa-miR-450a 2.34   

cfa-miR-301b 2.34   

cfa-miR-135a-3p 2.28   

cfa-miR-363 2.26   

cfa-miR-350 2.25   

cfa-miR-199 2.25   

cfa-miR-146b 2.19   

cfa-miR-106b 2.14   

cfa-miR-10b 2.11   
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Appendix 3: miRNAs over- (left) and under-expressed (right) in the post-amputation group vs 

controls in the preliminary study. Fold change in expression was considered significant if 2 -ΔΔCt 

≥2. miRNAs in Rows A of the miRNome PCR array and those with Ct values ≥35 in all 3 groups 

were excluded. 

miRNA ID Pre-amputation 

Fold Change 

miRNA ID Post-amputation 

Fold Change 

cfa-miR-133c 114.45 cfa-miR-138b -9.79 

cfa-miR-133a 67.12 cfa-miR-151 -8.58 

cfa-miR-7 37.49 cfa-miR-433 -6.33 

cfa-miR-652 26.70 cfa-miR-148b -6.24 

cfa-miR-140 25.79 cfa-miR-124 -6.24 

cfa-miR-143 24.74 cfa-miR-28 -4.47 

cfa-miR-505 17.74 cfa-miR-676 -3.71 

cfa-miR-350 17.37 cfa-miR-375 -2.79 

cfa-miR-1 17.37 cfa-miR-551b -2.40 

cfa-miR-92b 16.10 cfa-miR-23a -2.12 

cfa-miR-29b 15.98 cfa-miR-221 -2.00 

cfa-miR-103 15.33   

cfa-miR-660 14.31   

cfa-miR-206 13.63   

cfa-miR-98 12.37   

cfa-miR-205 11.15   

cfa-miR-378 10.19   

cfa-miR-32 8.33   

cfa-miR-1271 7.61   

cfa-miR-133b 7.25   

cfa-miR-101 7.10   

cfa-miR-326 7.05   
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cfa-miR-499 6.58   

cfa-miR-193b 6.54   

cfa-miR-145 6.36   

cfa-miR-374a 6.23   

cfa-miR-144 5.81   

cfa-miR-214 5.54   

cfa-miR-194 4.95   

cfa-miR-185 4.92   

cfa-miR-30e 4.72   

cfa-miR-200c 4.19   

cfa-miR-181c 4.02   

cfa-miR-207 3.75   

cfa-miR-340 3.63   

cfa-miR-152 3.55   

cfa-miR-125a 3.43   

cfa-miR-130a 3.41   

cfa-miR-99b 3.20   

cfa-miR-454 3.09   

cfa-miR-93 2.89   

cfa-miR-328 2.89   

cfa-miR-1307 2.83   

cfa-miR-130b 2.79   

cfa-miR-20b 2.77   

cfa-miR-502 2.73   

cfa-miR-122 2.64   

cfa-miR-421 2.51   

cfa-miR-301a 2.49   

cfa-miR-30d 2.41   

cfa-miR-1306 2.25   

cfa-miR-425 2.23   

cfa-miR-224 2.16   

cfa-miR-423a 2.14   

cfa-miR-885 2.14   

cfa-miR-1839 2.11   

cfa-miR-128 2.04   
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Appendix 4: miRNAs over- (left) and under-expressed (right) in the post- vs pre-amputation 

group in the preliminary study. Fold change in expression was considered significant if 2 -ΔΔCt ≥2. 

miRNAs in Rows A of the miRNome PCR array and those with Ct values ≥35 in all 3 groups 

were excluded. 

miRNA ID Pre-amputation 

Fold Change 

miRNA ID Post-amputation 

Fold Change 

cfa-miR-20a 105.42 cfa-miR-214 -11.63 

cfa-let-7c 39.40 cfa-miR-204 -7.21 

cfa-miR-18a 32.45 cfa-miR-532 -6.23 

cfa-miR-142 30.48 cfa-miR-151 -6.06 

cfa-miR-125b 26.54 cfa-miR-665 -5.58 

cfa-miR-125a 25.28 cfa-miR-185 -5.10 

cfa-miR-29a 24.59 cfa-miR-205 -4.63 

cfa-miR-195 21.41 cfa-miR-203 -4.11 

cfa-let-7e 20.39 cfa-miR-27a -4.11 

cfa-miR-148a 18.51 cfa-miR-676 -3.94 

cfa-miR-221 18.51 cfa-miR-502 -3.89 

cfa-miR-93 17.27 cfa-miR-1271 -3.76 

cfa-miR-223 16.22 cfa-miR-378 -3.68 

cfa-miR-425 15.78 cfa-miR-19a -3.48 

cfa-miR-143 13.64 cfa-miR-155 -3.29 

cfa-miR-92a 13.55 cfa-miR-133c -3.16 

cfa-miR-505 9.78 cfa-miR-99a -3.10 

cfa-miR-15a 9.78 cfa-miR-30b -2.91 

cfa-miR-26b 9.58 cfa-miR-181a -2.89 

cfa-miR-350 8.40 cfa-let-7a -2.79 

cfa-miR-660 7.89 cfa-miR-188 -2.60 

cfa-miR-30d 7.01 cfa-miR-126 -2.58 

cfa-miR-342 6.77 cfa-miR-25 -2.58 

cfa-miR-16 6.32 cfa-miR-22 -2.35 
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cfa-miR-140 6.15 cfa-miR-128 -2.28 

cfa-miR-32 4.59 cfa-miR-30c -2.28 

cfa-miR-33a 4.38 cfa-miR-218 -2.23 

cfa-miR-361 4.35 cfa-miR-133a -2.22 

cfa-miR-1842 4.03 cfa-miR-320 -2.13 

cfa-miR-133b 4.00 cfa-miR-1306 -2.08 

cfa-miR-326 3.89 cfa-miR-23a -2.08 

cfa-miR-499 3.63 cfa-miR-17 -2.07 

cfa-miR-222 3.48 cfa-miR-19b -2.00 

cfa-miR-374a 3.43   

cfa-miR-144 3.20   

cfa-miR-181d 3.20   

cfa-miR-362 3.07   

cfa-miR-103 3.03   

cfa-miR-106a 2.81   

cfa-miR-138b 2.73   

cfa-miR-145 2.62   

cfa-miR-30e 2.60   

cfa-miR-483 2.55   

cfa-miR-551b 2.53   

cfa-miR-193b 2.50   

cfa-miR-21 2.45   

cfa-miR-200c 2.31   

cfa-miR-10a 2.25   

cfa-miR-181c 2.22   

cfa-miR-101 2.19   

cfa-miR-207 2.07   

cfa-miR-340 2.00   

 

 

Appendix 5: List of miRNAs with a greater than 2-fold expression in pre-amputation vs controls 

in the focused study, using the formula 2-ΔΔCt. Significant p-values (p < 0.05) were highlighted in 

red. No miRNAs were down-regulated greater than 2-fold.  

Mature miRNA ID Fold Expression Change 

Pre-Amputation vs Control 

P-value 

cfa-miR-133b 9.8364 0.141892 

cfa-miR-133a 8.9409 0.053537 

cfa-miR-214 7.4976 0.010802 

cfa-miR-133c 7.4363 0.077985 
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cfa-miR-145 4.2615 0.028287 

cfa-miR-143 3.2974 0.014764 

cfa-miR-30a 2.7822 0.00257 

cfa-miR-1 2.7284 0.074697 

cfa-miR-125b 2.6922 0.006863 

cfa-miR-125a 2.3241 0.028033 

cfa-miR-378 2.2824 0.001601 

 

Appendix 6: List of miRNAs with a greater than 2-fold expression in post-amputation vs controls 

in the focused study, using the formula 2-ΔΔCt. Significant p-values (p <0.05) were highlighted in 

red. No miRNAs were down-regulated greater than 2-fold. 

Mature miRNA ID Fold Expression Change 

Pre-Amputation vs Control 

P-value 

cfa-miR-133a 6.9884 0.053537 

cfa-miR-133b 6.8356 0.141892 

cfa-miR-133c 4.2601 0.077985 

cfa-miR-652 4.1277 0.091617 

cfa-miR-145 3.4092 0.028287 

cfa-miR-144 3.19 0.656415 

cfa-miR-125b 2.8976 0.006863 

cfa-miR-1307 2.6227 0.101698 

cfa-miR-143 2.5851 0.014764 

cfa-miR-7 2.5613 0.472646 

cfa-miR-214 2.4722 0.010802 

cfa-miR-1271 2.4618 0.636849 

cfa-miR-93 2.456 0.335158 

cfa-miR-125a 2.4042 0.028033 

cfa-miR-22 2.2947 0.007004 

cfa-miR-185 2.2459 0.42788 

cfa-miR-30a 2.1095 0.00257 

cfa-miR-128 2.1084 0.3673 

cfa-miR-378 2.1076 0.001601 

cfa-miR-16 2.0621 0.6086 

cfa-miR-20b 2.0143 0.376757 

 

 

Appendix 7: List of miRNAs with a greater than 2-fold expression in post-amputation vs pre-

amputation in the focused study, using the formula 2-ΔΔCt. Red values indicate a greater than two-

fold increase in expression, while blue values indicate a greater than 2-fold decrease in 

expression. All p-values were significant (p <0.05).  

Mature miRNA ID Fold Expression Change P-value 
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Pre-Amputation vs Control 

cfa-miR-652 2.1554 0.000363 

cfa-miR-142 2.0649 0.00022 

cfa-miR-451 2.0524 0.000539 

cfa-miR-214 -3.0327 0.014268 

 

 

Appendix 8: List of miRNAs with a significant change in expression between pre-amputation 

and controls in the focused study, sorted by lowest p-value. Red values indicate a greater than 2-

fold difference, using the formula 2-ΔΔCt. No miRNAs with significant p-values were down-

regulated. P-values were calculated from a 2-sided t-test, p <0.05 considered significant. 

Mature miRNA ID Fold Expression Change 

Pre-Amputation vs Control 

P-value 

cfa-miR-378 2.1076 0.001601 

cfa-miR-30a 2.1095 0.00257 

cfa-miR-222 1.5944 0.005299 

cfa-miR-125b 2.8976 0.006863 

cfa-miR-22 2.2947 0.007004 

cfa-miR-214 2.4722 0.010802 

cfa-miR-143 2.5851 0.014764 

cfa-miR-125a 2.4042 0.028033 

cfa-miR-145 3.4092 0.028287 
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Appendix 9: List of miRNAs with a significant change in expression between post-amputation 

and controls in the focused study, sorted by lowest p-value. Red values indicate a greater than 2-

fold difference. No miRNAs with significant p-values were down-regulated. P-values were 

calculated from a 2-sided t-test, p <0.05 considered significant. 

Mature miRNA ID Fold Expression Change 

Post-Amputation vs Control 

P-value 

cfa-miR-142 2.0649 0.00022 

cfa-miR-652 2.1554 0.000363 

cfa-miR-451 2.0524 0.000539 

cfa-miR-18a 1.8433 0.000937 

cfa-miR-128 1.9155 0.001881 

cfa-miR-1271 1.916 0.002258 

cfa-miR-185 1.7762 0.005042 

cfa-miR-20a 1.5915 0.008822 

cfa-miR-433 -1.7555 0.008987 

cfa-miR-93 1.8062 0.009176 

cfa-miR-19a 1.6653 0.009446 

cfa-miR-551a -1.6892 0.010084 

cfa-miR-92b -1.6622 0.013595 

cfa-miR-214 -3.0327 0.014268 

cfa-miR-589 -1.6737 0.014299 

cfa-miR-138b -1.6737 0.014299 

cfa-miR-802 -1.6737 0.014299 

cfa-miR-210 -1.6507 0.014309 

cfa-miR-20b 1.7562 0.015449 

cfa-miR-16 1.568 0.021261 

cfa-miR-126 1.485 0.02671 

cfa-miR-26b 1.6943 0.040885 

cfa-miR-195 -1.4012 0.041249 

cfa-miR-22 1.3146 0.047075 

cfa-miR-148b 1.3965 0.048949 
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Appendix 10: List of miRNAs with a significant change in expression between post-amputation 

and pre-amputation in the focused study, sorted by lowest p-value. Red values indicate a greater 

than 2-fold increase in expression while blue indicates a greater than 2-fold decrease in 

expression.  

Mature miRNA ID Fold Expression Change 

Post-Amputation vs Control 

P-value 

cfa-miR-652 4.1277 0.000315 

cfa-miR-22 2.2947 0.000564 

cfa-miR-125b 2.8976 0.001459 

cfa-miR-125a 2.4042 0.00315 

cfa-miR-145 3.4092 0.003676 

cfa-miR-214 2.4722 0.005174 

cfa-miR-20b 2.0143 0.006623 

cfa-miR-133b 6.8356 0.008499 

cfa-miR-222 1.5944 0.009342 

cfa-miR-1307 2.6227 0.009561 

cfa-miR-93 2.456 0.015617 

cfa-miR-185 2.2459 0.020132 

cfa-miR-140 1.8597 0.022031 

cfa-miR-378 2.1076 0.028608 

cfa-miR-18a 1.8478 0.030012 

cfa-miR-30a 2.1095 0.039016 

cfa-miR-223 1.5469 0.040065 

cfa-miR-7 2.5613 0.041963 

cfa-miR-143 2.5851 0.04825 
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Appendix 11: The top 5 targets of 30 miRNAs of interest in TargetScan release 7.2. 

miRNA ID Top 5 Targets in TargetScan 

cfa-miR-1 small integral membrane protein 14 

protein tyrosine phosphatase-like A domain containing 1 

stress-associated endoplasmic reticulum protein 1 

gap junction protein, alpha 1, 43kDa 

monocyte to macrophage differentiation-associated 

cfa-miR-16 LSM11, U7 small nuclear RNA associated 

killin, p53-regulated DNA replication inhibitor 

ADP-ribosylation factor-like 2 

apelin 

cyclin E1 

cfa-miR-19a CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small 

phosphatase like 2 

activity-regulated cytoskeleton-associated protein 

kelch repeat and BTB (POZ) domain containing 8 

zinc finger, MYND-type containing 11 

ectonucleotide pyrophosphatase/phosphodiesterase 5 (putative) 

cfa-miR-20a 

cfa-miR-20b 

cfa-miR-93 

ectonucleotide pyrophosphatase/phosphodiesterase 5 (putative) 

G protein-coupled receptor 6 

zinc finger, NFX1-type containing 1 

guanylate cyclase 1, soluble, alpha 3 

stress-associated endoplasmic reticulum protein 1 

cfa-miR-22 N(alpha)-acetyltransferase 20, NatB catalytic subunit 

zinc finger protein 740 

GLI pathogenesis-related 2 

prenyl (decaprenyl) diphosphate synthase, subunit 1 

basic leucine zipper transcription factor, ATF-like 3 

cfa-miR-23a zinc finger protein 225 

zinc finger protein 667 

zinc finger protein 655 

transferrin receptor 

zinc finger protein 286B 

cfa-miR-28 Wiskott-Aldrich syndrome-like 

ring finger protein 168, E3 ubiquitin protein ligase 

uncharacterized protein LOC100127983 

EGF containing fibulin-like extracellular matrix protein 1 

R-spondin 3 

cfa-miR-30a makorin ring finger protein 3 

LIM homeobox 8 
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cytochrome P450, family 24, subfamily A, polypeptide 1 

UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 

discs, large (Drosophila) homolog-associated protein 1 

cfa-miR-92a CD69 molecule 

DDB1 and CUL4 associated factor 6 

folliculin interacting protein 1 

F-box and WD repeat domain containing 7, E3 ubiquitin protein ligase 

BTG family, member 2 

cfa-miR-125a 

cfa-miR-125b 

 

Kv channel interacting protein 3, calsenilin 

eukaryotic translation initiation factor 1A domain containing 

sorting nexin 22 

acetylcholinesterase 

regulatory factor X-associated ankyrin-containing protein 

cfa-miR-126 ectodysplasin A2 receptor 

DDB1 and CUL4 associated factor 4-like 2 

fibroblast growth factor 9 

RNA exonuclease 2 

poly(A) binding protein, cytoplasmic 3 

cfa-miR-133a 

cfa-miR-133b 

cfa-miR-133c 

lipoma HMGIC fusion partner 

Sec61 beta subunit 

centrin, EF-hand protein, 3 

transgelin 2 

polypyrimidine tract binding protein 1 

cfa-miR-140 sigma non-opioid intracellular receptor 1 

helicase, lymphoid-specific 

ankyrin repeat and SOCS box containing 6 

RAP1B, member of RAS oncogene family 

endothelin converting enzyme 1 

cfa-miR-142 paired box 6 

cell division cycle 45 

protein kinase (cAMP-dependent, catalytic) inhibitor beta 

tandem C2 domains, nuclear 

radial spoke head 1 homolog (Chlamydomonas) 

cfa-miR-144 ligand dependent nuclear receptor corepressor 

myelin expression factor 2 

nuclear factor, erythroid 2-like 2 

THAP domain containing, apoptosis associated protein 1 

IgA-inducing protein 

cfa-miR-148b ATPase, H+ transporting, lysosomal accessory protein 2 

MAX dimerization protein 1 

INO80 complex subunit 

mesenchyme homeobox 2 

son of sevenless homolog 2 (Drosophila) 

cfa-miR-151 APH1A gamma secretase subunit 

stromal interaction molecule 2 

solute carrier family 24 (sodium/potassium/calcium exchanger), member 2 
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centrosomal protein 72kDa 

KIAA1429 

cfa-miR-214 tripartite motif containing 66 

SEC13 homolog (S. cerevisiae) 

keratin associated protein 4-4 

T-cell leukemia/lymphoma 1B 

Uncharacterized protein 

cfa-miR-222 poliovirus receptor-related 1 (herpesvirus entry mediator C) 

cyclin-dependent kinase inhibitor 1B (p27, Kip1) 

HECT domain containing E3 ubiquitin protein ligase 2 

eukaryotic translation initiation factor 5A2 

thymosin beta 15B 

cfa-miR-223 F-box and WD repeat domain containing 7, E3 ubiquitin protein ligase 

mitochondrial fission regulator 1-like 

late cornified envelope-like proline-rich 1 

6-pyruvoyltetrahydropterin synthase 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 18 

cfa-miR-378 golgi transport 1A 

GLI pathogenesis-related 2 

radial spoke head 4 homolog A (Chlamydomonas) 

inositol polyphosphate-5-phosphatase K 

family with sequence similarity 179, member B 

cfa-miR-451 odd-skipped related 1 (Drosophila) 

macrophage migration inhibitory factor (glycosylation-inhibiting factor) 

sterile alpha motif domain containing 4B 

chromosome 11 open reading frame 30 

AE binding protein 2 

cfa-miR-652 ISL LIM homeobox 1 

trinucleotide repeat containing 6A 

neuroplastin 

nuclear RNA export factor 1 

paired related homeobox 1 

cfa-miR-1271 solute carrier family 39 (zinc transporter), member 1 

G protein-coupled receptor 135 

calcium/calmodulin-dependent protein kinase II inhibitor 1 

solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter, 

system Xag), member 1 

zinc finger, CCHC domain containing 3 

cfa-miR-1306 ADP-ribosylarginine hydrolase 

canopy FGF signaling regulator 3 

discoidin domain receptor tyrosine kinase 1 

golgin A7 family, member B 

HAUS augmin-like complex, subunit 5 
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Appendix 12: List of individual erythrocyte data for all miRNAs that had expression in at least 1 

group, sorted by lowest combined average Ct values of all 3 groups. Fold change was calculated 

using the formula 2-ΔΔCt. Red values indicate a greater than 2-fold increase in expression while 

blue indicates a greater than 2-fold decrease in expression. None of the p-values associated with 

the 2-sided t-test were significant (no p <0.05).  

miRNA ID Average Ct Fold Change (compared to controls) 

Control Pre-

Amputation 

Post-

Amputation 

Pre-Amputation Post-Amputation 

cfa-miR-16 15.44 16.43 16.82 -1.46 1.20 

cfa-miR-92a 18 18.55 19.25 -1.08 1.32 

cfa-miR-19a 18.51 18.77 19.07 1.14 2.13 

cfa-miR-144 18.42 18.52 19.91 1.27 1.12 

cfa-miR-20a 19.29 19.04 19.88 1.62 2.08 

cfa-miR-93 19.37 19.66 20.53 1.12 1.40 

cfa-miR-451 17.76 22.47 19.33 -19.17 1.06 

cfa-miR-26b 20.31 20.69 21.53 1.05 1.35 

cfa-miR-142 21.85 21.4 21.93 1.86 2.98 

cfa-let-7c 21.41 21.73 22.21 1.10 1.81 

cfa-miR-7 22.02 22.53 23.35 -1.05 1.24 

cfa-miR-223 21.93 23.08 23.46 -1.63 1.09 

cfa-miR-18a 22.21 22.93 23.51 -1.21 1.28 

cfa-miR-140 22.15 23.31 23.39 -1.64 1.33 

cfa-miR-652 22.65 23.16 23.46 -1.05 1.80 

cfa-miR-20b 23.24 23.34 24.06 1.27 1.78 

cfa-miR-23a 23.6 24.3 24.39 -1.19 1.82 

cfa-miR-27b 23.25 24.33 24.87 -1.56 1.02 

cfa-miR-1306 23.86 23.97 24.76 1.26 1.67 

cfa-miR-23b 23.49 24.26 25.21 -1.25 -1.05 

cfa-miR-185 24.22 24.3 25.59 1.29 1.21 

cfa-miR-148b 24.13 25.17 25.5 -1.51 1.22 

cfa-miR-128 24.51 24.81 25.5 1.10 1.57 

cfa-miR-22 25.18 25.38 25.68 1.18 2.22 

cfa-miR-151 24.98 26.46 26.02 -2.05 1.53 

cfa-miR-125b 25.65 26.73 27.02 -1.56 1.21 

cfa-miR-1307 26.09 26.39 27.37 1.11 1.30 



 
 

131 
 

cfa-miR-1271 26.69 26.27 27.24 1.82 2.14 

cfa-miR-221 26.54 26.88 28.07 1.08 1.09 

cfa-miR-505 26.94 27.39 28.59 1.00 1.00 

cfa-miR-222 27.53 28.11 28.36 -1.09 1.77 

cfa-miR-378 27.79 28.99 28.64 -1.69 1.74 

cfa-miR-126 28.88 29.71 29.86 -1.31 1.59 

cfa-miR-28 29.88 30.02 29.85 1.24 3.20 

cfa-miR-195 31.12 32.53 33.14 -1.95 -1.29 

cfa-miR-30a 31.94 32.76 32.81 -1.29 1.72 

cfa-miR-92b 31.89 32.76 33.19 -1.34 1.27 

cfa-miR-125a 31.96 32.69 33.68 -1.22 -1.05 

 


