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Canine Mast cell tumors (MCTs) constitute approximately 21% of all canine skin tumors. 

For intermediate graded MCTs, biological aggressiveness is difficult to predict. 

Progression in various cancers involves DNA hypermethylation, hypomethylation and 

epigenetic enzyme dysregulation. Therefore, levels of 5-methylcytosine, 5-

hydroxymethylcytosine and associated enzyme expression may predict MCT 

aggressiveness. A tissue microarray with cores from 244 different tumor samples from 

189 dogs was immunolabelled. H-scores were generated using QuPath (v0.1.2) and 

analyzed with associated patient data. High 5MC, DNMT1, and DNMT3a and low TET2, 

IDH1, and IDH2 levels were associated with poorer outcome in all canine MCT cases. 

High 5MC showed the most significance when stratifying cases by dermal and 

subcutaneous tissue location, and in intermediately graded cases. Therefore, there is 

potential for these markers to be able to predict more aggressive behavior and identify 

aggressive cases based on location as well as in intermediately graded MCTs. 
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LITERATURE REVIEW 
 

Mast Cells 
 

The most striking feature of mast cells is their abundant cytoplasmic granules, leading 

Paul Ehrlich to call them “mastzellen”, believing the granules were the product of overfeeding 

and that they functioned to nourish the surrounding tissue. Since their discovery by Ehrlich in 

1878, the functional implications of mast cells have steadily changed. These cells are derived 

from CD34+ progenitor cells found in the bone marrow which then enter circulation to fully 

develop into differentiated and phenotypical identifiable mast cells in the presence of stem cell 

factor (SCF) and various cytokines and factors in their destined connective tissue or mucosal 

tissue sites (Valent et al., 2020). Mast cells are often found in connective tissue underlying 

epithelium directly in contact with foreign antigens (Da Silva et al., 2014). Mast cells are most 

commonly known for their immunoglobulin E (IgE) dependant allergic reaction, although IgE 

independent activation also occurs. Allergens bound to IgE interact and crosslink with the high 

affinity IgE receptor (FcRI) on the mast cell leading to a signal cascade that causes the release 

of various biologically active factors such as heparin, histamines and cytokines from the mast 

cell and its many cytoplasmic granules. Mast cells are multifunctional cells that not only have 

action in inflammation and immune response, but can also become neoplastic.   

Canine Mast Cell Tumours 
 

Mast cell tumors (MCTs) are a prevalent neoplasm in dogs, and account for up to 21% of 

all skin tumors. Dogs that present with MCT are generally between the age of 7.5 and 9 years, 

with most of the neoplasms occurring in the dermis and subcutaneous tissue (Garrett, 2014; 

Welle et al., 2008). Although MCTs can arise in any breed, certain breeds appear to have a 
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higher prevalence such as pugs, golden retrievers, Boston terriers, Labrador retrievers and 

boxers; the cause of MCT development and its progression is, however, not well understood 

(Garrett, 2014). There is a wide variability in the biological behavior of canine MCT ranging from 

benign, which are easily treated and tolerable, to highly aggressive and metastatic, which have 

very poor outcomes (Kiupel et al., 2011). Although the majority of MCTs which present as lower 

grade can be successfully treated through surgical intervention alone with low chance of 

recurrence, aggressive and metastatic MCTs have a poor prognosis but at times it can prove 

challenging to differentiate them from the less aggressive MCTs (Sledge et al., 2016).  

Tumour Stage 
 

There is constant debate over the staging of canine mast cell tumours. For instance, 

whether stage 2 (single confined dermal tumour with regional lymph node involvement) yields 

better prognosis compared to stage 3 (multiple, large, infiltrating dermal tumours with or 

without regional lymph node involvement) (Murphy et al., 2006). It seems most effective to 

conduct lymph node (LN) aspiration for determining regional lymph node metastasis regardless 

of single or multiple tumours (Garrett, 2014; Murphy et al., 2006; Warland et al., 2015; Welle et 

al., 2008). However, the usefulness of assessing lymph node (LN) metastasis is still debated, as 

some studies find that tumour stage is associated with grade and poorer prognosis while other 

studies report no difference in survival for cases with LN involvement (Krick et al., 2009; 

Warland et al., 2015; Welle et al., 2008). Hence, tumour grade is still considered the gold 

standard in determining tumour prognosis (Krick et al., 2009; Sledge et al., 2016).   

Tumour Grade 
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The Patnaik grading system divided canine MCTs into grades 1 to 3 based on various 

histomorphologic characteristics (cellularity and cellular morphology, mitotic index, extent of 

tissue involvement, and stromal reaction) (Patnaik et al., 1984). Grade 1 MCTs were defined as 

well differentiated normal mast cells with round nuclei, medium sized granules, no mitotic 

figures and are confined to the dermis and don’t invade the surrounding tissues (Patnaik et al., 

1984). Grade 2 MCTs were defined as being moderately to highly cellular, round to ovoid cells 

with round to indented nuclei with scattered chromatin, distinct cytoplasm and 

intracytoplasmic granules, cells extended to the lower dermis or subcutaneous tissue and 

occasionally extending deeper into the tissue, and rare mitotic cells ranging from zero to two 

per high power field (Patnaik et al., 1984). Grade 3 MCTs were defined as being highly cellular 

and having pleomorphic mast cells, with indented to round nuclei and one to multiple 

prominent nucleoli, arranged in sheets that replace the subcutaneous tissue and underlying 

tissues and having three to six mitotic figures per high power field (Patnaik et al., 1984). Based 

on this system, the grade 1 tumors are often benign and have good long term prognosis and are 

normally cured using surgical excision and grade 3 tumours are more likely to metastasize and 

lead to poor long term prognosis (Sabattini et al., 2015). The ability of the grade 1 and 3 

classifications in the Patnaik system to identify MCT with good and poor prognosis respectively 

was effective, however the nature of the system with parameters that are highly dependent on 

subjective characteristics led to considerable inter-observer variability and the grade 2 

classification often failed to predict the clinical behavior of MCTs, leading to varied 

prognostication making it uninformative (Kiupel et al., 2011; Sabattini et al., 2015).  
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Studies have observed more than 60% inter-observer variability in the classification of 

grade 2 canine MCTs, with around a 50% chance that MCTs classified as grade 2 will lead to 

MCT related death (Sabattini et al., 2015).  The variability of the 3-tiered Patnaik system led to 

the development of the 2-tiered Kiupel system. This grading system, with more objective 

parameters for classifying the MCTs as either high grade or low grade, improved the 

consistency of the observers to 96.8%, and showed good prognostic ability (Sabattini et al., 

2015). High grade MCT were defined as having at least one of the following characteristics: a 

minimum of seven mitotic figures in 10 high power fields, three cells with at least three or more 

nuclei per cell in 10 high power fields, or at least three highly irregular nuclei with highly 

atypical indentations and segmentation, anisokaryosis and karyomegaly (Kiupel et al., 2011).  

Due to the subjectivity of the criteria to grade MCTs using the Patnaik system many 

studies find a large majority of the cases being graded as intermediate grade 2,, as much as 80% 

of the total cases where up to 25% of grade 2 cases succumb to MCT related death (Horta et al., 

2018). Kiupel grading criteria has a higher degree of reproducibility and a lower degree of 

interobserver inconsistency due to more objective grading criteria, and helps to divide the 

often ambiguous MCT cases given a Patnaik grade 2 grade into high or low Kiupel grades (Horta 

et al., 2018; Stefanello et al., 2015). This also allows a more accurate prognosis of subcutaneous 

MCTs as increased mitotic figures are statistically more indicative of aggressive subcutaneous 

MCTs; historically they would be given a Patnaik grade 2 due to their location despite having 

lower rates of reoccurrence and metastasis compared to similar graded cutaneous MCTs 

(Thompson, Pearl, et al., 2011). Regardless of grading system employed, studies show up to 

40% of canine patients in high grade tumours have prolonged survival and more than 15% of 
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MCTs designated as low grade die due to MCT, supporting the requirement for other prognostic 

factors be used alongside grading (Horta et al., 2018; Stefanello et al., 2015). In a retrospective 

study conducted by Stefanello et al. when they looked at Patnaik grade 2 tumours, 16.5% of the 

dogs had nodal or distant metastases and prevalence of metastasis did not differ greatly when 

the Patnaik grade 2 dogs were classified into either high (14.6%) or low (16.9%) Kiupel grades. 

Thus, regardless of the grade, some MCT progress to aggressive and metastatic lesions 

(Stefanello et al., 2015). While grading is useful for the extremes such as non-aggressive grade 1 

tumours and highly aggressive grade 3 tumours in the Patnaik scheme, as well as the extremes 

in each low and high grade of the Kiupel system, to further understand and predict the 

biological aggressiveness of the intermediate graded MCTs additional prognostic markers are 

used to supplement grade. Such molecular markers as c-kit mutation status and Kit 

immunostaining patterns, or proliferation markers such as Ki67, argyrophilic nucleolus 

organizer regions (AgNORs), and mitotic index are frequently employed along with tumour 

grading (Halsey et al., 2017; Warland et al., 2015).  

Proliferation Markers 
 

Tumours develop due to a disturbance in the balance of cellular replication and cell 

death, the resulting increased cellular proliferation leading to the growth of a tumour. 

Therefore, markers for proliferation can indicate how many and how fast cells are replicating 

(Kiupel & Camus, 2019).  Mitotic index is a commonly used indirect measure of cellular 

proliferation and has been shown to be a prognostic factor for predicating biological behaviour 

for cutaneous and subcutaneous canine MCTs, and can predict patient survival independent of 

tumour grade (Romansik et al., 2007; Thompson, Yager, et al., 2011; Warland et al., 2015). 
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Mitotic index is the ratio of mitotic figures in the overall cell population and is calculated by 

counting the number of mitotic events in 10 High Power microscope fields, where the high 

power is 400x magnification and field area is 2.7mm2 (Romansik et al., 2007; Warland et al., 

2015). 

Ki-67 is a protein that is expressed only in the nuclei of cells undergoing the stages of 

the cell cycle and mitosis (Scholzen & Gerdes, 2000). Cells that are unstimulated or are in a 

quiescent state (G0 phase) are negative for Ki-67 expression and therefore IHC immunolabelling 

will yield negative results. Cells in the G1, S, G2 and M phases express increasing levels of Ki-67 

and it reaches its highest level of expression in metaphase (Scholzen & Gerdes, 2000).  

Ki-67’s complete function is still being studied however it has multiple activities during cellular 

replication. Ki-67 is important in the compaction of heterochromatin as well as in the 

organisation of heterochromatin, and facilitates the organisation and association of several 

proteins of the perichromosomal layer with the heterochromatin during mitosis (Booth et al., 

2014; Sobecki et al., 2016). Ki-67 immunolabelling will determine the number of cells 

progressing through the cell cycle therefore it will give information on the fraction of cells that 

are undergoing replication which is referred to as the growth fraction (Scholzen & Gerdes, 

2000).   

 Nucleolar organiser regions (NORs) are nucleolar substructures present in the nucleus of 

cells where they are involved in the transcription of ribosomal RNA (rRNA). They are termed 

argyrophilic (AgNOR) for their ability to be visualised when stained with silver based salts due to 

the numerous disulphide bonds present between the closely associated proteins which have a 

high affinity for silver ions (Bostock et al., 1989; Webster et al., 2007). Since the AgNORs are 
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involved in rRNA transcription they ultimately contribute to the regulation of protein synthesis.  

Cells with a shorter cell cycle would need a greater generation of ribosomes to facilitate rapid 

protein synthesis, therefore an increase in the presence/number of AgNoRs would be expected. 

Although AgNOR score is shown to be associated with the cell doubling time (where generation 

time is inversely correlated with average number of AgNORs per nucleus) it cannot indicate the 

phase of the cell cycle. There is still baseline presence of AgNORs in non-replicating cells due to 

homeostatic protein synthesis activity (Webster et al., 2007), therefore AgNOR score cannot 

differentiate between cycling and noncycling cells (Van Diest et al., 1998). Thus, an AgNOR 

score is used to indirectly infer the proliferation rate of cells and can give information on how 

fast a population of cells is replicating, especially when used in tandem with other markers for 

proliferation (Kiupel & Camus, 2019; Van Diest et al., 1998). However, with any of the above 

proliferation markers, the index or score obtained depends on the selected area of the tissue 

section evaluated. As well,  there are difficulties with highly granulated MCTs as well as bizarre 

nuclei that may resemble mitotic figures (Kiupel & Camus, 2019).  

c-KIT 
 

While the causes of MCT development are not fully understood, out of the multiple 

contributing factors identified, mutation in the proto-oncogene c-kit is often implicated in more 

aggressive MCTs (Letard et al., 2008). c-kit is a gene that encodes for the transmembrane 

tyrosine kinase receptor for stem cell factor KIT (Gil Da Costa, 2015). Mutations in the c-kit gene 

are reported in up to 15% of all cutaneous MCTs and up to 35% of higher grade canine MCTs  

(Gil Da Costa, 2015). The most common mutation is the internal tandem duplications (ITDs) in 

the juxtamembrane domain encoded by exon 11 (Letard et al., 2008), although mutations in 
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exons 8, 9 and 17 are also reported (Gil Da Costa, 2015). Juxtamembrane domain mutations led 

to autophosphorylation and constitutive activation of the KIT receptor, independent of ligand 

binding, resulting in unregulated downstream signal transduction of multiple proliferation and 

cell survival pathways such as RAS/MAPK, PI3-K and SFK pathways (Da Costa, 2015; Letard et 

al., 2008). Therefore, the progression and development of some canine MCTs is considered to 

be associated with mutations in the c-kit gene. Studies show that c-kit exon 11 ITDs are 

associated with more aggressive MCTs outcome such as metastasis or death (Letard et al., 

2008). c-kit ITDs are a good predictor for progression free survival and are significantly 

correlated with proliferation markers such as Ki67 and AgNOR, and with a higher grade (Horta 

et al., 2018; Webster et al., 2007; Zemke et al., 2002). Due to this, the mutations in c-kit were 

proposed as a useful aid in prognostication of more aggressive canine MCTs. A study by 

Takeuchi et al. found that there was a significant difference between PFS based on c-kit 

mutation status in univariate analysis, but found no significance for c-kit status as an 

independent prognostic factor (Takeuchi et al., 2013). Horta et al. found ITDs in exon 11 were 

associated with grade and markers of proliferation, but the presence of this mutation was only 

predictive of outcome in univariate analysis (Horta et al., 2018).  Although it is an objective 

marker, mutant c-kit shows low prevalence in subcutaneous canine MCTs; although these are 

generally benign, a subset is biologically aggressive (Horta et al., 2018; Thamm et al., 2019). 

However, a study involving 60 subcutaneous canine MCTs that included biologically aggressive 

cases found no exon 11 ITDs (Horta et al., 2018; Thamm et al., 2019; Thompson, Yager, et al., 

2011). KIT receptor immunolabelling pattern has also been evaluated for its ability to 
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determining MCT outcome (Horta et al., 2018). Therefore, the ability of ITDs in exon 11 to be 

independent prognostic markers for canine MCT is still uncertain.  

There are three immunolabelling patterns for Kit identified. Pattern I is associated with 

more benign MCTs, and labelling is membrane associated; pattern II is focal to stippled 

cytoplasmic labelling, and pattern III is diffuse cytoplasmic labelling (Halsey et al., 2017; Horta 

et al., 2018). Using KIT immunolabelling patterns for prognosis yields variable results. In a study 

by Kiupel et al. in cutaneous MCTs, Kit staining patterns II and III were significantly associated 

with shorter overall survival and an increased rate of local recurrence, and 25.6% and 38.5% of 

dogs with kit staining pattern II and III, respectively, died due to mast cell disease. (Kiupel et al., 

2004). In a study by Thompson et al., of 60 subcutaneous cases, KIT staining pattern III was 

significantly associated with increased odds of local recurrence and metastasis compared to KIT 

staining pattern I, however, there was no significant difference between patterns III and II, or 

patterns II and I (Thompson, Yager, et al., 2011). In a study conducted by Horta et al. which 

included 149 dogs with MCTs (subcutaneous and cutaneous) they found that cases with KIT 

pattern III had decreased overall survival compared to pattern I, but found no significant 

difference between pattern III and II, and pattern II and I (Horta et al., 2018). A study conducted 

by Giantin et al. included 60 Cutaneous MCT cases. They found that KIT staining pattern III was 

significantly associated with Kiupel High grade and patterns III and II were associated with 

Kiupel High grade and Patnaik grade 2 and 3 (Giantin et al., 2012). However, KIT staining 

patterns III and II were not good predictors of worse prognosis but KIT pattern I was associated 

with good prognosis (Giantin et al., 2012). In a study conducted by Costa Casagrande et al. 

which included 81 MCT cases, they did not find any significant differences between the KIT 
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staining patterns associated with Patnaik grading or recurrence and they did not see any 

significance in KIT staining pattern as predictor for aggressive disease outcome (Costa 

Casagrande et al., 2015).  However, they found pattern I was significantly indicative of a good 

prognosis therefore there is value to using membrane Kit localization to rule out aggressive 

tumours (Giantin et al., 2012;Horta et al., 2018; Kiupel et al., 2004; Thompson, Yager, et al., 

2011).  

Treatment of MCT 
 
 Surgical resection is the standard of care for treatment of MCTs, where the local tumour 

is excised with surgical margins of 3 cm laterally and one fascial plane deep, although studies 

identify that such wide margins are not always necessary for lower graded tumours (Selmic & 

Ruple, 2020). Fulcher et al. found that of 23 MCTs (4 grade 1, 19 grade 2) only 2 grade II MCTs 

were not fully excised with 2cm lateral margins and one fascial plane deep (Fulcher et al., 

2006). There was no local recurrence of MCT in any of the dogs during the follow-up interval 

however 3 dogs from the complete excision grade 2 group had de novo MCT development 

which Fulcher et al. noted was a rate comparable to studies conducted with wider surgical 

margins (Fulcher et al., 2006).  Itoh et al. saw that of 25 small MCTs with Kiupel low grade 

undergoing proportional margin resection (surgical margin proportional to tumour diameter 

ranging from 0.3cm - 2.6cm) 20 had complete margins and no local recurrence at the initial 

surgery site (Itoh et al., 2021). Depending on the grade, the proliferation markers, and whether 

wide surgical excision is possible versus incomplete margins, this will guide what treatments 

and combinations of treatments will be administered (Garrett, 2014). In the case of incomplete 

surgical margins or where wide surgical margins are not possible in lower graded tumours, the 
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residual disease is treated with radiation therapy (Warland et al., 2015). In the case of 

nonresectable tumours with high grade or high risk of metastasizing, treatments with 

chemotherapeutics such as vinblastine, prednisolone, and lomustine are used. Adjunctive 

therapy using tyrosine kinase inhibitors (TKIs) such as toceranib and masitinib, is used in the 

treatment of high grade tumours and lower graded tumours with high risk of progression 

(Warland et al., 2015). Thamm et al. studied high risk intermediate grade and high grade MCTs 

and observed that implementation of a combination of vinblastine and prednisolone after 

complete or incomplete surgical excision showed better overall survival and disease free 

progression with tolerable adverse reactions compared to surgery alone (Thamm et al., 2006).  

Single agent treatment with Palladia (toceranib) a TKI which inhibits KIT, platelet derived 

growth factor receptor β, and vascular endothelial growth factor receptor 2 was administered 

to dogs with Patnaik grade 2 and 3 MCTs compared to placebo group in a study conducted by 

London et al. (London et al., 2009). Palladia treated dogs had a 6.5 times higher objective 

response and significantly longer time to progression compared to placebo treated dogs; dogs 

with c-Kit positive tumours were more likely to respond in the Palladia treatment group 

(London et al., 2009). Therefore, proper biomarker identification is important in identifying 

effective course of treatments. Depending on the possibility of complete surgical excision, 

grade, level of markers such as; Ki-67, AgNORs, MI, and KIT staining patterns and c-KIT 

mutational status will guide various combined and single treatment options (Olsen et al., 2018). 

DNA Methylation  
 
DNA Methyltransferase Enzymes 
 



 
 

12 

Epigenetics allows for an adjustment in gene function and activity without the alteration 

of DNA sequence (Meng et al., 2015). In vertebrates the most common epigenetic modification 

is DNA methylation; DNA methylation modifications occur by covalently adding a methyl group 

by DNA methyltransferase (DNMT) enzymes onto the 5’ carbon of the cytosine base on its 

pyrimidine ring. This occurs most commonly at CpG dinucleotides which can be found 

occasionally in groups referred to as CpG islands  (Meng et al., 2015). The mammalian DNMT 

family of enzymes consists of 3 enzymes. DNMT3a and DNMT3b are responsible for establishing 

methylation patterns on the DNA and are therefore termed de novo DNMTs (Tajima et al., 

2016). DNMT1 is responsible for maintaining the DNA methylation patterns and status after 

DNA replication and repair therefore it is referred to as a maintenance type DNMT (Tajima et 

al., 2016).  

DNMT3s are very active in the early embryonic development of mammals and have 

important roles in establishing methylation patterns involved in X-chromosome inactivation, 

and regulation of gene expression (Chen et al., 2003; Tajima et al., 2016). Methylation leading 

to the inhibition of transcription has long been studied. Gene silencing can occur by 

methylation of the CpG islands associated with the promoter regions of genes leading to the 

prevention of the binding of transcription factors (Greenberg & Bourc’His, 2019). DNA 

methylation is often dysregulated in cancers, especially in hematopoietic malignancies of the 

myeloid cell lines such as acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) 

(Dexheimer et al., 2017). Mast cells are fairly heterogenous.  They differentiate and mature 

once they have migrated to their respective tissue sites, and cells from each location have 

differential expression of factors that are released. Thus mast cells upregulate or downregulate 
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different genes depending on which location they settle in, and therefore need mechanisms to 

activate and supress relevant genes depending on the situation (Reszka et al., 2021).  

Studies have found that DNMT3a is important in haematopoietic stem cell (HSC) 

differentiation and self-renewal (Challen et al., 2012). In HSCs lacking DNMT3a there are genes 

that showed both hypomethylation and hypermethylation and many of the hypomethylated 

genes were those commonly associated with human hematopoietic malignancies such as Stat1 

and Myc (Challen et al., 2012). Of the upregulated genes identified by Challen et al. many were 

crucial to HSC function and survival, while factors crucial for HSC differentiation were 

downregulated, therefore pushing HSC towards replication and self-renewal (Challen et al., 

2012). When looking at the effects on hematopoiesis of DNMT1 deficient mouse models there 

was a tendency for HSCs to have difficulty in generating mature myeloid cells, specifically when 

compared to lymphoid lineages (Trowbridge et al., 2009). Trowbridge et al. found that there 

was an increase in common myeloid progenitors, granulocyte-macrophage progenitors, and 

megakaryocyte-erythrocyte progenitors in the S phase of the cell cycle in DNMT1 deficient cells 

but an overall decrease in myeloid progenitors, suggesting DNMT1 may be important in the 

differentiation of mature myeloid cells (Trowbridge et al., 2009). Methylation patterns are 

dysregulated in canine Acute Myeloid leukemias (cAML) as well, presenting as 

hypermethylation or hypomethylation in different cases compared to healthy control canine 

cells (Bronzini et al., 2017). That study also found a mutation in a DNMT3 family supporter gene 

called DNMT3L in the cAML cases (Bronzini et al., 2017). When administering demethylating 

agents 6-thioguanine and Zebularine, which inhibit DNMT1, Fleshner et. al. found a decrease in 

DNMT1 levels and hypermethylation as well as apoptosis of canine large T cell leukemia line 
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CLGL-90 (Flesner et al., 2014). Collectively, these studies indicate aberrant DNMT expression 

can be found in canine hematopoietic cancers.      

Mastocytosis in humans is characterised as a heterogenous disease with the 

accumulation of dysregulated mast cells and often has expression of mutated KIT similar to in 

canine MCT (Traina et al., 2012). In a study conducted by Traina et al., 26 cases of human 

mastocytosis ranging from the less aggressive indolent forms to the more aggressive systemic 

mastocytosis also showed mutations in genes related to epigenetic mechanisms (Traina et al., 

2012). Mutations were found in TET2  which is responsible for hydroxymethylation of DNA (see 

below) in 23% (6/26) of patients, 13% (3/26) patients had mutations in DNMT3a and 13% had 

mutations in ASXL1, a transcriptional regulator (Traina et al., 2012). When looking at patients 

with wildtype expression of TET2, DNMT3a and/or ASXL1 compared to the patients with 

expression of mutated TET2, DNMT3a and/or ASXL1, the latter had a shorter OS (Traina et al., 

2012). DNMT3a control of mature mast cells was also shown in a study by Leoni et al. which 

found that mature mast cells without DNMT3a expression had an increased ability to 

proliferate as well as an upregulated production of cytokines and increased degranulation 

ability in response to IgE (Leoni et al., 2017). This suggests that DNMTs have an important 

relationship with mast cells as well as the potential of dysregulation in DNMTs leading to 

increased disease progression in mast cell malignancies, therefore DNMTs could be markers for 

more aggressive MCTs (Leoni et al., 2017; Traina et al., 2012).     

TET Enzymes 
 

While cytosine demethylation was initially thought to occur due to the lack of DNMT1 

maintenance of methylation after replication, there is also a family of enzymes that facilitate 
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the active demethylation of DNA  (Leonie I. Kroeze et al., 2015; Yin & Xu, 2016). Active DNA 

demethylation is initiated by the oxidation of DNA 5-methyl-cytosine (5mC) into 5-

hydroxymethylcytosine by the Ten-Eleven Translocation (TET) protein family (Leonie I. Kroeze et 

al., 2015; Yin & Xu, 2016). TET enzymes are also important in development, as during 

gametogenesis and early embryo development there are large waves of demethylation that 

allow for the establishment of methylation patterns by the DNMTs for processes such as X-

chromosome inactivation  (Tajima et al., 2016; Yin & Xu, 2016). The TET family consists of three 

enzymes: TET1,TET2 and TET3; they catalyze the oxidation of 5mC to 5-hydroxymethyl-cytosine 

(5hmC) and then further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in a Fe(II) and 

α-Ketoglutarate dependant manner (Yin & Xu, 2016). TET enzyme activity leads to 

demethylation of cytosine either through passive or active demethylation (Ko et al., 2015). In 

passive demethylation, during DNA replication the daughter strand is copied using the mother 

strand that contains the oxidized 5hmc, 5fc or 5caC residues. Due to oxidized 5mC residues on 

the parent strand of the hemi-methylated DNA, DNMT1 is unable to methylate and maintain 

the methylation mark on the daughter strand, therefore the daughter strand remains 

unmethylated, which in subsequent DNA replications leads to fully unmethylated DNA at these 

sites (Ko et al., 2015). In active demethylation, the DNA repair enzyme thymine DNA glycosylase 

(TDG) recognises 5fC or 5caC as damaged bases that need to be excised, resulting in an abasic 

site. This then triggers the base excision repair (BER) pathway to repair the sites, inserting 

unmethylated cytosines in the process, thereby actively removing the methylation from this 

region of DNA (Ko et al., 2015).  



 
 

16 

While mutations and dysregulation can occur in any of the three members of the TET 

family, TET2 is frequently dysregulated and mutated, especially in haematological malignancies 

and malignancies of myeloid cells (Huang & Rao, 2014; Rasmussen et al., 2015). A study 

conducted by Montagner et al. used bone marrow progenitors from TET2 deleted mice (TET-/-) 

and wild type mice (TET+/+) (Montagner et al., 2016). Mast cell progenitor cells from TET-/- 

animals showed delayed differentiation into mature mast cells as well as significantly reduced 

numbers of total mast cells and fully differentiated mast cells after three weeks in vitro. In 

contrast, TET+/+ cultures had >90% mast cell differentiation compared to ~50% for TET-/- in the 

presence of IL-3. (Montagner et al., 2016). In TET deficient bone marrow cells there was an 

upregulation of genes that controlled proliferation and cell cycle, and a downregulation in 

genes that regulate mast cell differentiation and cytokine production (Montagner et al., 2016). 

Upregulating the activity of the other members of the TET family was able to restore the 

dysregulation in mast cell differentiation but not in proliferation, which appears to be TET2 

dependant (Montagner et al., 2016). The researchers found that the TET-/- cells had an 

overexpression of transcription factors (TF) which are involved in myeloid differentiation 

towards granulocytes and mast cells which could explain the dysregulation in differentiation 

(Montagner et al., 2016). A study be De Vita et al. was conducted to see if loss of TET2 function 

alongside KIT activation would lead to a more aggressive mastocytosis disease in humans. In an 

in vitro model they found that silencing of TET2 combined with a KIT D816V mutation led to an 

increase in the cellular growth and proliferation in the human mast cell leukemia cell line (HMC-

1.2) (De Vita et al., 2014). In vivo studies conducted in mice with a KIT D814V mutation, a 

homologue to human KIT D816V mutation, showed that loss of TET2 and KIT activating 
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mutation together led to greater organ infiltration and more histologically aggressive mast cell 

neoplasia compared to just KIT mutation alone (De Vita et al., 2014). However, TET2 deletion 

alone wasn’t sufficient to cause disease in this mouse model (De Vita et al., 2014). Along with 

increased proliferation, loss of TET2 led to impaired differentiation of mature mast cells from 

bone marrow mast cell progenitors derived from these mice (De Vita et al., 2014). These data 

highlight the significance of TET2 in regulating mast cell differentiation and proliferation, 

suggesting that canine mast cell tumours with reduced expression of TET enzymes could 

progress to more aggressive disease, be more poorly differentiated and more proliferative.  

Isocitrate Dehydrogenase Enzymes 
 

Isocitrate dehydrogenase 1 and 2 (IDH1 & IDH2) are metabolic enzymes that have 

function in the tricarboxylic acid cycle to catalyze the oxidative decarboxylation of isocitrate to 

-ketoglutarate in the cytosol and the mitochondria, respectively (Huang & Rao, 2014). In 

humans, mutations in IDHs are most commonly missense mutations occurring at distinct 

arginine codons, leading to a single amino acid substitution most commonly to histidine 

(Waitkus et al., 2018). IDH mutations can be seen frequently in gliomas and in as many as 30% 

of myeloid malignancies including AML (Acute Myeloid Leukemia) (Figueroa et al., 2010). When 

IDH1 and IDH2 enzymes are mutated it often leads to a gain of function mutation where the 

enzymes further convert α-Ketoglutarate to (R)-2-hydroxyglutarate (R-2HG or D-2-HG) (Huang 

& Rao, 2014; Xu et al., 2011). α-Ketoglutarate along with Fe(II) is one of the important cofactors 

in the function of TET enzymes which allows the oxidation of 5mC to 5hmC. Mutated IDH1 and 

IDH2 enzymes favor the production of D-2-HG, therefore levels of α-Ketoglutarate are 

significantly reduced, which will limit the oxidation activity of the TET enzymes (Huang & Rao, 
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2014; Xu et al., 2011). D-2-HG is an analog to α-Ketoglutarate where a hydroxyl group is 

substituted in the place of a keto group (Figueroa et al., 2010; Xu et al., 2011). Increasing levels 

of D-2-HG may also act as an antagonist for the TET enzymes, inhibiting their ability to generate 

the hydroxymethylation of 5-mC (Figueroa et al., 2010; Xu et al., 2011). In mouse myeloid 

progenitor cells in vitro, mutant IDH1 and IDH2 expression in the presence of wild type TET2 

and elevation of D-2-HG levels produced a significant increase of global 5-mC levels (Figueroa et 

al., 2010). Figueroa et al. also found that many of the hypermethylated DNA regions in these 

cells were binding motifs for GATA1, GATA2 and EVI1, which are transcription factors that play 

important roles for the normal differentiation of myeloid cells (Figueroa et al., 2010). When 

further looking at 32D myeloid cell lines and primary mouse bone marrow cells there was an 

increase in c-kit expression of approximately 40% in cells with mutant IDH expression compared 

to wild type cells. As well, a reduced expression of mature myeloid markers Gr-1 and Mac-1 led 

to an increase in immature myeloid progenitors and impairment of normal myeloid and 

hematopoietic differentiation, similar to what is observed in TET knockdown mice (Figueroa et 

al., 2010).  

 

Assessing Tumour Biomarkers 
 
Immunolabelling 
 

Immunohistochemistry (IHC) in general is used to immunolabel an antigen of interest in 

cells and tissues with the utilization of an antibody specific to that antigen (Magaki et al., 2019). 

IHC is most commonly conducted on formalin fixed paraffin embedded (FFPE) tissue (Magaki et 

al., 2019). The tissue sample is fixed with a formalin solution which prevents the degradation of 
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the tissue elements and preserves the morphology of the cells (Kim et al., 2016). Embedding 

the tissue into paraffin wax gives support when sectioning as well as protecting the tissue and 

allowing it to be safely stored (Kim et al., 2016). Sections are cut from the FFPE tissues at 

thicknesses of 3-5 micrometers to allow visualization via light microscopy, and are then 

mounted on microscope slides (Ramos-Vara, 2017).  

Once the slides are deparaffinized and rehydrated the first step in the IHC process is 

antigen retrieval (Magaki et al., 2019). The antigen retrieval step is important due to the 

fixation process which leads to the cross linking of the amino groups in adjacent molecules 

disrupting normal protein morphology which can cause the target antigen to be blocked in the 

tissue and lead to the inability of antibody binding (Kim et al., 2016; Ramos-Vara, 2017). 

Antigen retrieval can be done with various physical and chemical methods such as through 

ultrasound or enzymatic digestion of the cross linking, but the most common method is through 

heat-mediated antigen retrieval (Magaki et al., 2019). Various methods can be used to apply 

heat such as microwaves, heating plates, water baths, pressure cookers, and autoclaves, but 

they all generally have the tissue slides immersed in an antigen retrieval solution (Dey, 2018; 

Kim et al., 2016). Depending on the heating method the time of heating can vary and 

temperatures can range from 90-120 degrees Celsius; antigen retrieval solution pH can range 

from 6-10 (Dey, 2018; Kim et al., 2016). However, a lower temperature with a longer time 

period allows for the breaking of crosslinks while helping to best preserve tissue morphology 

(Dey, 2018).  

After antigen retrieval, a protein blocking step is applied to reduce unwanted 

background staining due to nonspecific binding of the antibodies. This can be done by using 
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normal serum from the same species of the secondary antibody, or other agents such as bovine 

serum albumin or skim milk powder (Kim et al., 2016). An endogenous peroxidase enzyme 

‘blocking’ step is useful when using certain detection systems, and is widely conducted with 3% 

hydrogen peroxide, which acts to deplete peroxidase enzyme activity in the section (Kim et al., 

2016). After blocking, the validated primary antibodies as well as the secondary antibodies and 

the colourimetric detection system are applied to the slides to allow visualization of the target 

through light microscopy (Magaki et al., 2019). Primary antibodies can be monoclonal, which 

bind to a single epitope for a single antigen, or polyclonal, which bind to multiple epitopes of a 

single antigen and depending on whether a higher specificity or sensitivity is needed will 

determine the choice of primary antibody (Dey, 2018). Then a secondary antibody which is 

targeted against the species of the primary antibody is labelled with the detection method of 

choice (Magaki et al., 2019). A very common label is horseradish peroxidase enzyme which in 

the presence of diaminobenzidine (DAB) chromogenic substrate allows for visualization as 

brown reaction product staining (Magaki et al., 2019). Then a counterstain is applied such as 

hematoxylin to allow for better visualization by contrasting against the chromogens as well as 

highlighting tissue structure for better tissue identification (Kim et al., 2016).  

It is important in the IHC process to implement various controls to ensure accurate 

target labelling. The best controls to include every time IHC is performed are a negative and a 

positive control (Magaki et al., 2019). Positive controls are where the tissue is known to contain 

an antigen that will stain with the antibody and it would be beneficial if is included on the same 

slide as the tissue of interest so that it can receive the identical IHC conditions (Magaki et al., 

2019). The negative control’s purpose is to confirm the protocol is not being affected by 
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nonspecific binding, which is done by applying the exact same protocol to the negative control 

slide with the same tissue without the use of the primary antibody (Magaki et al., 2019). Along 

with these controls a non IHC validation will help determine if the antibodies are specific, for 

example using western blot to validate the antibody can detect the correct antigen for the 

correct protein which can be validated by the correct molecular weight (Janardhan et al., 2018; 

Kim et al., 2016).  

IHC is a simple technique that does not require advanced equipment to be performed, 

and it is a valuable method as it can be used to assess the molecular target and its cellular, 

subcellular, and intercellular compartments as the technique is performed without destroying 

the histologic architecture (Kim et al., 2016). IHC can be used in pathological diagnosis such by 

using markers for classification of tumours, and is useful in prognosis for example by analyzing 

markers for cellular proliferation (Dey, 2018). Because of the many steps involved in IHC there 

are several factors to consider to make sure optimal staining and antigen detection occur, as 

any step from tissue fixation to the application of the detection chromagen can lead to 

problems such as excessive background due to non-specific binding or difficulties in labelling 

the target antigen (Kim et al., 2016). 

Quantifying Immunolabelling 
 

 Once slides are immunolabelled with the desired antibody the immunolabelling can 

then be quantified, and the results interpreted. Analysis and scoring of immunolabelled tissue 

can range from very qualitative approaches where IHC is used just to detect staining, to more 

quantitative scoring where results can be statistically analyzed (Fedchenko & Reifenrath, 2014). 

Evaluations of IHC can range from determining the number of positively stained cells, to further 
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analyzing the ratio of positively stained cells versus the total amount of cells, to then 

determining the intensity of positively stained cells e.g. as weak, moderate, or strong 

(Fedchenko & Reifenrath, 2014). Beyond this, more complex scoring where there are 

multiparameter scoring systems such as the Allred-score, immunoreactive score, and H-score 

may be employed (Fedchenko & Reifenrath, 2014). All of these approaches apply multiple 

parameters such as percentage of stained cells and levels of staining intensity and generate 

scores that can be interpreted in statistical analysis (Fedchenko & Reifenrath, 2014).  

For example, H-score is given by multiplying the percentage of cells by the value of 

staining intensity assigned to them from no staining (0), low staining (1), moderate staining (2), 

and high staining (3) to generate a score from 0 to 300 (Fedchenko & Reifenrath, 2014). 

Quantifying immunolabelling can be conducted manually, usually by a trained individual or a 

pathologist, to accurately measure the staining and ensure proper scoring of the tissue as the 

skill and experience of the observer can influence scoring (Fuhrich et al., 2013). However, the 

use of digital analysis of slides using software like ImageJ or QuPath includes an aid to allow for 

easier quantification of immunolabelled tissue (Bankhead et al., 2017; Fuhrich et al., 2013). The 

analysis software can deconvolute the chromogen staining from the counterstain and 

background by analyzing the colour of individual pixels from the scanned slide (Bankhead et al., 

2017; Fuhrich et al., 2013). Once ‘trained’ to detect the proper staining, and once staining levels 

are set, analysis of the tissue can be automated to detect targeted cells and score them all with 

reproducibility (Bankhead et al., 2017). A comparison was conducted between the scoring 

ability of a trained pathologist compared to an inexperienced researcher utilizing the ImageJ 

software for evaluating endometrial biopsies immunolabelled for β3 integrin (Fuhrich et al., 
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2013). The case set involved 50 positive and 50 negative examples, and when aided with ImageJ 

the naïve researcher only scored three of the 100 slides differently from the experienced 

observer. In comparison, when the same naïve observer used manual scoring, they were unable 

to correctly score these specimens 50% of the time (Fuhrich et al., 2013). Thus, machine-aided 

immunolabelling quantification allows for more accurate, rapid, and reproducible assessment 

of histological slides even with an inexperienced researcher (Bankhead et al., 2017; Fuhrich et 

al., 2013). 

Tissue Microarrays 
 

A tissue microarray (TMA) for cancer related research allows for the analysis of 

hundreds of biological samples in parallel on a single microscope slide (Jawhar, 2009). Several 

cores from FFPE tissue samples (“donor” blocks) are taken and arranged into holes made in a 

blank “recipient” paraffin block and tumours from multiple different patients can be included in 

one block. This allows for high throughput analysis of various molecular markers, generally by 

IHC (Hassan et al., 2007).  In cancer TMA construction, tissue samples need to be collected and 

then the most representative area of the cancer needs to be determined, generally by a board-

certified pathologist. Then core biopsies of diameters ranging from 0.6 mm up to 2.0 mm are 

taken from the selected areas from the donor blocks and embedded into the recipient block as 

an array in pre-determined locations. The resulting TMA block can then be sectioned, and 

sections mounted onto a microscope slide for various techniques such as IHC. For the study of 

prognostic biomarkers the tissues from donor blocks need to have associated clinical outcome 

data. The benefit of TMAs for cancer biomarker analysis is that a large patient cohort with 

hundreds of cases can all be analysed in parallel with the same experimental conditions (Voduc 
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et al., 2008). While conducting immunolabelling on single block sections may provide a larger 

cross sectional area of tissue to analyse biomarkers, a study comparing 0.6 mm diameter TMA 

cores to their donor blocks found that both had similar ability in the detection of clinically 

relevant molecules (Sauter, 2010). The utility of TMAs versus immunolabelling from individual 

tumour blocks is that the IHC immunolabelling conditions are identical between all cores in the 

TMA which would be difficult to maintain for hundreds of individual tumour slides, thereby 

avoiding technical variability between cases (Voduc et al., 2008).   
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RATIONALE, HYPOTHESIS AND OBJECTIVES 
 

While the accurate prognostication of many canine MCTs is sufficiently conducted by 

the current grading schemes and molecular markers, there are a significant subset of MCTs 

whose biological behaviour remains difficult to predict. Therefore, it is important to identify 

additional prognostic markers that can be used to predict outcome for both cutaneous/dermal 

and subcutaneous MCTs. Epigenetic DNA methylation as well as the enzymes involved in 

methylation and demethylation are often dysregulated in various cancers. Since epigenetic 

regulation is important in the development and disease progression of myeloid cells including 

mast cells, dysregulation of epigenetic markers and enzymes could be useful in determining 

more aggressive canine MCTs.  

I therefore hypothesize that 5MC, 5HMC, DNMT1, DNMT3a, TET2, IDH1, and IDH2 global 

levels may be useful as markers for aggressive canine MCT disease. To test this Hypothesis, the 

following Objectives are proposed: 

Objective 1: Validate commercially available antibodies for their ability to recognize canine 
DNMT1, DNMT3a, TET2, IDH1, and IDH2 
 
Objective 2: Optimize immunohistochemistry (IHC) labelling of canine formalin fixed paraffin 
embedded mast cell tumours for 5MC, 5HMC, DNMT1, DNMT3a, TET2, IDH1, and IDH2 and 
perform optimized IHC on a tissue microarray of canine MCT 
 
Objective 3: Quantify IHC levels using commercially available histopathology image analysis 
software and determine associations with clinical outcome.  
 
 
The results of this study will aid in determining whether global expression levels of 5MC, 5HMC, 

DNMT1/3a, TET2 and IDH1/2 are prognostic markers for canine MCTs. 
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METHODS        
 

SDS-PAGE and Western Blotting  
 

Protein lysates from canine mast cell lines MCT1 (adherent cell line) and MCT2 

(suspension cell line), canine B-cell lymphoma cell line CBCL1, and canine kidney MDCK cell line 

were provided by other researchers (see Declaration of Work Performed for details). Human 

Liver Whole Tissue Lysate (Adult Whole Normal) NB820-59234 was purchased from Novus 

Biologicals. Antibodies used for detecting proteins of interest were: DNMT1 (Anti-DNMT1 

antibody [EPR18453] ab188453), DNMT3a (Anti-DNMT3a antibody-N-terminal ab228691), IDH1 

(abcam Anti-IDH1 antibody [EPR12296] ab172964), and IDH2 (abcam Anti-IDH2 antibody 

[EPR7577] ab131263). 

SDS-PAGE was performed using 30 μg of total protein for MCT1, MCT2, CBCL1, and 

MDCK cell lysates, and 10 μg total protein for Human Liver Whole Tissue Lysate, all in a total 

volume of 30 μL/well. Protein lysates were mixed with appropriate volumes of 8X loading 

buffer and MilliQ water, vortexed and centrifuged, placed on a heating block at 95°C for 5 

minutes then vortexed again. Samples were loaded onto a 10% SDS-PAGE gel along with a pre-

stained protein ladder (GeneDirex). Electrophoresis was run at 60 V in running buffer (Appendix 

1) until the dye front passed the stacking gel, then the voltage was brought up to 120V to 

complete the electrophoresis. For DNMT3a and TET2, the electrophoresis was continued for 

additional time after the dye front had run off the gel, to ensure adequate resolution.  

A polyvinylidene difluoride (PVDF) membrane (Millipore Sigma) was activated for five 

minutes in methanol and the gel was equilibrated for five minutes in a transfer buffer solution 

(Appendix 1). The transfer cassette was prepared by stacking a transfer sponge then a thick 
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filter paper, the SDS-PAGE gel, the PVDF membrane, and three thin filter paper sheets the same 

size as the gel and a transfer sponge from bottom to top. The transfer ran at 100 V for 2 hours 

with the transfer apparatus covered in ice. For TET2 gels, a modified transfer buffer was used 

(Appendix 1) due to the larger molecular weight of the target protein. The transfer for TET2 gels 

was performed at 70 V for 3 hours with the transfer apparatus covered in ice. After all transfers, 

the PVDF membrane was removed and washed with Tris-Buffered Saline-Tween 20 (TBS-T; 

Appendix 1). 

The membranes were then blocked in TBS-T with 5% skim milk powder for 1 hour with 

rocking at room temperature, then DNMT1, DNMT3a, TET2, IDH1, or IDH2 primary antibodies 

were added at 1:1000 dilution in blocking solution (Appendix 1). For TET2 detection, a 1:500 

dilution in blocking solution was used and membranes were incubated with rocking overnight 

at 4°C. After transfer, membranes were washed in TBS-T with rocking at room temperature for 

15 minutes, three times. Then membrane was incubated with rocking for 1 hour at room 

temperature with 1:10,000 dilution of goat anti-rabbit secondary antibody (Millipore Sigma) in 

blocking solution for DNMT3a, DNMT1, IDH1, and IDH2 and with goat anti-mouse secondary 

antibody (Millipore Sigma) in blocking solution for TET2. Incubation with secondary antibody 

was followed by another set of three washes for 15 minutes each in TBS-T with rocking at room 

temperature. The membranes were then placed in clear plastic sheet protectors and their 

surface was covered with Immobilon Forte (Millipore Sigma). The membranes were then placed 

in a BioRad ChemiDoc XRS+ and imaged using the colorimetric and chemi function in the 

ImageLab program. Images were collected just before bands reached oversaturation.  
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Immunohistochemistry Antibody Immunolabelling 
 

To quantify the staining level of 5MC, 5HMC, DNMT1, DNMT3a, TET2, IDH1, and IDH2 

TMAs where immunolabelled and staining was analyzed. Antibodies for 5MC (Millipore Sigma 

Anti-5-methylcytosine, clone 33D3) and 5HMC (Invitrogen 5-Hydroxymehtylcytosine 

Monoclonal Antibody (RM236)) were obtained; antibodies for other markers were as described 

for western blotting.  Several optimization procedures were performed to achieve optimal 

immunolabelling.  Details are described in Appendix 2. 

A previously prepared Tumour Microarray (TMA) was used for this study (Knight et al., 

2021; Thompson, Pearl, et al., 2011). The TMAs were constructed by taking from one to three 

0.6 mm diameter core samples, depending on how much area was available of the tumour from 

the donor block. If there was less than 25 mm2 of tumour available in the donor block, then one 

or two cores were taken and embedded into the TMA. The TMA contained 244 tumour samples 

from 189 dogs, distributed with control tissues over two blocks. Clinical outcome data were 

associated with many of the cases. TMA slides were sectioned at 5 µm thickness and mounted 

onto SuperFrost+ microscope slides (Fisher) by the Animal Health Laboratory. Slides were 

deparaffinized in xylene baths for two minutes with three changes of xylene, then rehydrated in 

100% isopropanol for two minutes with three changes, then in 70% isopropanol for two 

minutes. The slides were then rinsed in dH2O for two minutes. A solution of 10 mM sodium 

citrate buffer, pH 6.0 antigen retrieval solution (Appendix 1) was used for antigen retrieval for 

all antibodies except for 5HMC, which used EDTA pH 9.0 (Appendix 1). For antigen retrieval, a 

Coplin jar containing appropriate buffer was prewarmed in a water bath at 95°C, then slides 

were added and incubated for an additional 20 minutes at 95°C. The Coplin jars containing 
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slides were then removed from the water bath and allowed to cool for 20 minutes at room 

temperature. At this point, for 5MC and 5HMC detection only, the slides were rinsed with dH2O 

then slides were incubated for 15 minutes in 3.5M HCl to denature DNA.  

All slides were then rinsed twice in dH2O followed by Tris buffer (Appendix 1) for three 

minutes each. Hydrophobic barriers were then drawn around the perimeter of the TMA on the 

slides with a PAP pen (Vector) to keep blocking solutions, antibodies and chromagen detection 

systems from running off the slides. To deplete endogenous peroxidase enzyme activity, 250 μL 

of 3% hydrogen peroxide solution (Fisher) was applied to the slides for three minutes, then 

slides were rinsed with Tris buffer. In a humidity chamber, 250 μL of 1% normal goat serum in 

PBE (2% EDTA in PBS) was applied for 10 minutes to block non-specific binding of primary 

antibodies. Then primary antibodies diluted in PBE were added to the slides and incubated at 

4°C overnight in the humidity chamber. Dilutions were: 5MC 1 μg/mL, 5HMC 1:2000, DNMT1 

1:100, DNMT3a 1:200, IDH1 1:100, IDH2 1:100. TET2 primary antibody incubation occurred for 

two hours at 37°C with a dilution of 1:50. For negative controls, primary antibodies were 

omitted and slides underwent incubation with PBE under equivalent conditions.  Slides were 

then rinsed twice in Tris Buffer for five minutes, discarding buffer between rinses. Secondary 

antibodies were applied to the slides and incubated in a humidity chamber for 30 minutes. 

Immunolabelling for 5MC and 5HMC utilized the Dako EnVision HRP labelled Dual Link System, 

DNMT1, DNMT3a, IDH1, and IDH2 utilized the Dako Labelled Polymer-HRP Anti-Rabbit and TET2 

utilized Dako EnVision+ System-HRP Labelled Polymer Anti-Mouse.  All Dako labelling systems 

were employed as per manufacturer’s protocols. Slides were then rinsed twice in Tris Buffer for 

5 minutes, and Abcam DAB substrate Kit was used for immunodetection. Visualization solution 
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was prepared according to manufacturer’s instructions and incubation times with DAB solution 

were determined by previous optimization (Appendix 2). DAB incubation times were 10 

minutes for 5MC, 5HMC, DNMT3a and TET2, 15 minutes for DNMT1, and 6 minutes IDH1 and 

IDH2. Slides were then rinsed in dH2O, counterstained with Modified Harris hematoxylin 

(Fisher, SH26), then rinsed in running dH2O. Following this, slides were dipped once in acid 

alcohol solution (Appendix 1), rinsed in dH2O, dipped in ammonium water solution (Appendix 1) 

and rinsed in dH2O. Slides were finally dehydrated in 100% isopropanol baths (three times for 

two minutes each) then in xylene baths (three times for two minutes each) and then a coverslip 

was applied with cytoseal XYL (Thermo Fisher).  

Immunolabelling Software Analysis 
 

Slides were scanned by the Ontario Institute for Cancer Research (OICR) and files were 

generated in STS format for analysis of immunolabelling on QuPath (0.1.2) open-sourced 

quantitative pathology software. Aided by the TMA workflow included in the software, TMAs 

underwent colour deconvolution based on the DAB staining and hematoxylin detection system. 

First the software analyzed areas of representative DAB, hematoxylin, and background colour 

to assign RGB values to deconvolute the DAB chromogen staining, hematoxylin counter stain, 

and background colour on a pixel basis. This allowed the staining to be separated into layers 

which could be analyzed separately to accurately determine staining of each cell. Then the TMA 

was de-arrayed and individual cores were identified and a map was applied to relate 

immunolabelling data generated from QuPath to the clinical data associated with each core. 

QuPath was trained to identify canine mast cell tumour cells (details in Appendix 3) and then 

based on the intensity of the DAB staining observed, values were applied to each cell with 0 for 
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no staining detected, 1 for low, 2 for moderate, and 3 for high intensity staining. These values 

assigned to each cell were multiplied by the percentage of total cells stained for each value to 

generate an H-Score which ranged from 0-300, where 0 would be no cells with detected 

staining in the core to 300 with all 100% of cells in the core given the highest value of 3 for high 

intensity staining. DAB staining levels were determined for each TMA stained for a given 

antibody separately, but cores within the same TMA had their intensities ranked on the same 

scale which was applied to all cores within the same TMA (Appendix 3). Once cores were 

assigned an H-score, the cores were then individually analyzed to ensure proper cell staining. 

Cores with artifacts that lead to less than 30% of the core having neoplastic cell representation 

were eliminated from the analysis, as well as the cores that were lost during IHC and sectioning. 

Regions of cores that had collagen or presence of edema or other structures that lead to 

aberrant cell identification were eliminated by manual annotation so as not to affect the H-

score calculations. H-scores were linked to the clinical data associated with the cases and 

results were then analyzed for survival calculations. 

Statistical Analysis 
 

The X-tile program (Camp et al., 2004) was used to determine statistically significant cut-

points for survival analysis using visual representation of H-scores in a histogram to stratify the 

H-scores into statistically significant High and Low groups. Using these X-tile cut points, Kaplan-

Meier curves were generated and log-rank analysis was performed for disease free interval 

(DFI) and overall survival (OS) using GraphPad Prism 9. DFI was defined as the time form the 

date of diagnosis to the local recurrence or metastasis of the MCT, and OS was defined as the 

time form the date of diagnosis to the time of euthanasia or death due to causes related or 
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unrelated to MCT, or to the date of last follow up. DFI and OS curves were generated for all 

cases, as well as for cases stratified by location (dermal vs subcutaneous MCT) and for cases 

stratified by intermediate graded for Patnaik grade 2 cases, and Kiupel low grade cases. A 

p<0.05 was considered statistically significant for all analysis. 
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RESULTS 
 

Primary Antibody Validation 
 

To validate the antibodies’ ability to detect canine DNMT1, DNMT3a, TET2, IDH1, and 

IDH2 molecular targets, western blots were conducted. DNMT1, DNMT3a, TET2, IDH1 and IDH2 

were all detectable in lysates of canine cells (Figures 1 & 2). For DNMT1, the bands were 

detected between 180 and 245kDa, and the predicted molecular mass of DNMT1 is 183 kDa 

(Figure 1B). For DNMT3a, a band was detected at approximately 135 kDa, with the predicted 

molecular mass of DNMT3a of 102 kDa (Figure 1B). For TET2, bands were detected at around 

100 and 245 kDa, and the predicted molecular mass for TET2 is 224 kDa (Figure 1C). For IDH1, 

bands were detected at approximately 48 kDa, and the predicted molecular mass of IDH1 is 47 

kDa (Figure 2A). For IDH2, bands were detected between 35 and 48 kDa in canine and human 

cell lysates, and very faint bands were detected at approximately 63 kDa in human liver cell 

lysate (Figure 2B). The predicted molecular mass for IDH2 is 50 kDa. Based on these results, 

these antibodies are validated for detecting the targeted molecules in canine cells therefore 

they are appropriate to be used for immunolabelling in canine mast cell tumour specimens. 

TMA Analysis 
 

After validating the antibodies, the next step was to use immunolabelling to detect 

5MC, 5HMC, TET2, DNMT1, DNMT3a, IDH1, and IDH2 on our MCT TMAs.  Negative controls 

were used to evaluate specific binding in FFPE tissues. As can be seen in Figures 3 and 4 the IHC 

protocols employed were able to eliminate nonspecific binding of the primary and secondary 

antibodies. This, combined with the western blot validations helps in providing evidence that 

the immunolabelling is specific.  
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Figure 1: Western blots showing validation of antibodies used for immunohistochemistry. 
DNMT1: predicted molecular mass 183 kDa; DNMT3a: predicted molecular mass 102 kDa; TET2: 
predicted molecular mass 224 kDa. MCT1, MCT2: canine mast cell cancer cell line lysates; 
CLBL1: canine B-cell lymphoma cell line lysate.  Note that not all samples express detectable 
levels of these proteins.  Note also the lower molecular weight band in panel C, which 
represents nonspecific binding around 100 kDa in MCT1 cell line lysate. 
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Figure 2: Western blots showing validation of antibodies used for immunohistochemistry. IDH1: 
predicted molecular mass 47 kDa; IDH2: predicted molecular mass 50 kDa. MCT1, MCT2: canine 
mast cell cancer cell line lysates; CLBL1: canine B-cell lymphoma cell line lysate; MDCK: Madin-
Darby canine kidney cell line lysate; Human liver: commercially available lysate for western 
blotting. Note that not all samples express detectable levels of these proteins.    
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Figure 3: Brightfield images of TMA cores after IHC for indicated antigens, showing positive (left 
column) and negative (right column) immunolabelling.  A & B: 5-methylcytosine; C & D: 5-
hydroxymethyl cytosine; E & F: TET2. Images taken with 20X objective. 
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Figure 4: Brightfield images of TMA cores after IHC for indicated antigens, showing positive (left 
column) and negative (right column) immunolabelling.  A & B: DNMT1; C & D: DNMT3a; E & F: 
IDH1; G & H: IDH2.  Images taken with 20X objective. 
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 The image of the positively stained TMA was de-arrayed to allow for core mapping, as 

can be seen in Figure 5A. Cores were then analyzed for staining intensities based on the staining 

parameters set for the cells. Figure 5B is a screen grab from Qpath software, showing an 

enlarged image of an individual core. Cells with no staining were given a value of 0 and can be 

identified by the blue outlines; cells with low staining were given a value of 1+ and can be 

visualized by the yellow outline; moderate staining was given the value of 2+ and can be 

visualized by the orange outline, and cells with high staining were given a value of 3+ and can 

be visualized by the red outline. As can be seen in the red box on the left in Figure 5B, the 

number of cells were counted for each of the staining intensities, their proportions in the core 

were then calculated based on the total number of cells, and the core was given an H-score 

value (seen in the blue box on the left of Figure 5B). Each core was assigned to a unique ID (as 

seen in the information panel on the left side of Figure 5B), which corresponded to the specific 

MCT case the core belongs to. All cores in the TMA were thus analyzed and given an H-score. 

Figure 6 and 7 show examples of cores with low intensity immunolabelling (low H-scores) on 

the left and cores with high intensity immunolabelling (high H-scores) on the right. Using the 

unique case IDs, all the cores taken from each case that meet quality control standards were 

averaged and a single H-score was given to each case. The H-scores for each case were then 

entered into the X-tile software with their associated DFI and OS data and cut points were 

determined for survival analysis. An example can be seen with 5MC data in Figure 8. 
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Figure 5: Screen shots from Qu-Path analysis. A) An overview of TMA with spot mapping matrix 
(blue circles). B) A magnified image of an immunolabelled core. The number of cells with 
staining intensities identified as 1+, 2+, 3+ and negative are outlined in yellow, orange, red and 
blue, respectively. The area of each category is indicated in the red box on the left, and these 
values are used to calculate the H-score (blue box on left) for this core. 
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Figure 6: Brightfield images of TMA cores after IHC for indicated antigens, showing examples of 
low H-score (left column) and high H-score (right column) immunolabelling.  A & B: 5-
methylcytosine; C & D: 5-hydroxymethylcytosine; E & F: TET2. Images taken with 40X objective. 
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Figure 7: Brightfield images of TMA cores after IHC for indicated antigens, showing low H-score 
(left column) and high H-score (right column) immunolabelling.  A & B: DNMT1; C & D: 
DNMT3a; E & F: IDH1; G & H: IDH2.  Images taken with 40X objective. 
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Figure 8: Outputs from X-tile program for determining cut-point for survival analysis, using 5-
methycytosine disease free interval data as an example.  A) histogram showing frequency of 
ranked H-scores. Cursor location is used to divide cases into low (blue) and high (grey) H-scores. 
B) Kaplan-Meier survival curve based on cursor location shown in (A).  C) Numerical readouts 
for X-tile analysis of this data set.  

 
 

Outcome Analysis for all Cases of Canine MCT 
 

After accounting for core loss during IHC, and elimination of cores that did not pass the 

quality control steps, cases with available disease free interval (DFI) and overall survival (OS) 

data were used for outcome analysis.  
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For 5MC, 92 cases from the set of all MCTs with outcome information were available for 

analysis (Figure 9). The difference in DFI between low and high H-scores for 5MC was 

statistically significant, where cases with low 5MC H-scores were less likely to have recurrence 

or metastasis (hazard ratio (HR) = 0.42, p<0.05) compared to cases with high 5MC H-scores 

(Figure 9A). For OS, the difference between high and low H-score cases was also statistically 

significant, where cases with low 5MC H-scores were more likely to not die of compared to 

cases with high 5MC H-scores (HR = 0.46, p<0.05). The median survival time (MST) for low 5MC 

H-score was 1674 days and for high 5MC H-scores was 577 days. For 5HMC, 89 cases from the 

set of MCTs with outcome information were available for analysis (Figure 10). There was no 

significant difference in the DFI (p >0.1; Figure 10A) or OS, the MST for low 5HMC H-score was 

1671 days, for high 5HMC H-score was 752 days (p > 0.5; Figure 10B). 

 

 
Figure 9: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for 5-methylcytosine (5MC).  H-scores generated using Qu-Path software were 
separated based on X-tile analysis into high and low expression. Logrank analysis indicates that 
cases with low 5MC H-scores (blue) had significantly better Disease Free Interval (A) and Overall 
Survival (B) compared to cases with high 5MC H-scores (red).  Upward ticks indicate censored 
cases. 
 

A B 
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Figure 10: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for 5-hydroxymethylcytosine (5HMC).  H-scores generated using Qu-Path 
software were separated based on X-tile analysis into high and low expression.  Logrank 
analysis indicates that there were no significant differences between cases with low 5HMC H-
scores (blue) and cases with high 5HMC H-score (red) for either Disease Free Interval (A) or 
Overall Survival (B).  Upward ticks indicate censored cases. 
 

For DNMT1, 112 cases from the set of MCTs with outcome information were available 

for analysis (Figure 11). The difference in DFI between low and high H-scores for DNMT1 was 

statistically significant where cases with low DNMT1 H-scores were less likely to have 

recurrence or metastasis (HR = 0.44, p<0.05) compared to cases with high DNMT1 H-scores 

(Figure 11A). For OS (Figure 11B) the difference between the survival of cases with high and low 

DNMT1 H-scores was also statistically significant where cases with low DNMT1 scores were 

more likely to not die compared to cases with high DNMT1 H-scores (HR = 0.48 p<0.05). The 

MST for low DNMT1 H-scores was 1710 days and for high DNMT1 H-scores was 577 days. 

For DNMT3a, 90 MCT cases from the set of MCTs with outcome information were 

available for analysis (Figure 12).  The difference in DFI between low and high H-scores for 

DNMT3a were statistically significant, where cases with low DNMT3a H-scores were less likely 

to have recurrence or metastasis (HR = 0.44, p<0.05) compared to cases with high DNMT3a H-
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scores (Figure 12A). For OS (Figure 12B), the difference between the survival of cases with high 

and low DNMT3a H-scores was also statistically significant, where cases with low DNMT3a 

scores were more likely to not die compared to cases with high DNMT3a H-scores (HR = 0.34 

p<0.05). The MST for low DNMT3a H-score was 2079 days and for high DNMT3A H-scores was 

88 days. 

 
Figure 11: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for DNMT1.  H-scores generated using Qu-Path software were separated 
based on X-tile analysis into high and low expression. Logrank analysis indicates that cases with 
low DNMT1 H-scores (blue) had significantly better Disease Free Interval (A) and Overall 
Survival (B) compared to cases with high DNMT1 H-scores (red).  Upward ticks indicate 
censored cases. 

 
 

Figure 12: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for DNMT3a.  H-scores generated using Qu-Path software were separated 
based on X-tile analysis into high and low expression. Logrank analysis indicates that cases with 
low DNMT3a H-scores (blue) had significantly better Disease Free Interval (A) and Overall 
Survival (B) compared to cases with high DNMT3a H-scores (red).  Upward ticks indicate 
censored cases. 

A B 
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 For TET2, 81 MCT cases from the set of MCTs with outcome information were available 

for analysis (Figure 13). The difference in DFI between high and low H-scores for TET2 was 

statistically significant, where cases with high TET2 H-scores were less likely to have recurrence 

or metastasis (HR = 0.51, p<0.05) compared to cases with low TET2 H-scores (Figure 13A). For 

OS (Figure 13B), the difference between the survival of cases with high and low TET2 H-scores 

was also statistically significant, where cases with high TET2 H-scores were more likely to not 

die compared to cases with low TET2 H-scores (HR = 0.53 p<0.05). The MST for high TET2 H-

score was 1516 days and for low TET2 H-scores was 715 days. 

 
Figure 13: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for TET2.  H-scores generated using Qu-Path software were separated based 
on X-tile analysis into high and low expression. Logrank analysis indicates that cases with high 
TET2 H-scores (red) had significantly better Disease Free Interval (A) and Overall Survival (B) 
compared to cases with low TET2 H-scores (blue).  Upward ticks indicate censored cases. 
 

For IDH1, 71 MCT cases from the set of MCTs with outcome information were available 

for analysis (Figure 14). The difference in DFI between high and low H-scores for IDH1 was 

statistically significant, where cases with high IDH1 H-scores were less likely to have recurrence 

or metastasis (HR = 0.40, p<0.05) compared to cases with low IDH1 H-scores (Figure 14A). For 

OS (Figure 14B), the difference between the survival of cases with high and low IDH1 H-scores 

was also statistically significant, where cases with high IDH1 H-scores were more likely to not 
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die compared to cases with low IDH1 H-scores (HR = 0.41 p<0.05). The MST for high IDH1 H-

score was 2054 days and for low IDH1 H-scores was 919 days. 

 

 
Figure 14: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for IDH1.  H-scores generated using Qu-Path software were separated based 
on X-tile analysis into high and low expression.  Logrank analysis indicates that cases with high 
IDH1 H-scores (red) had significantly better Disease Free Interval (A) and Overall Survival (B) 
compared to cases with low IDH1 H-scores (blue).  Upward ticks indicate censored cases. 
 
 

For IDH2, 80 MCT cases from the set of MCTs with outcome information were available 

for analysis (Figure 15). The difference in DFI between high and low H-scores for IDH2 was 

statistically significant, where cases with high IDH2 H-scores were less likely to have recurrence 

or metastasis (HR = 0.44, p<0.05) compared to cases with low IDH2 H-scores (Figure 15A). For 

OS (Figure 15B), the difference between the survival of cases with high and low IDH2 H-scores 

was also statistically significant, where cases with high IDH2 H-scores were more likely to not 

die compared to cases with low IDH2 H-scores (HR = 0.44 p<0.05). The MST for high IDH2 H-

score was 919 days and for low IDH2 H-scores was 239 days.  
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Figure 15: Kaplan-Meier survival curves for all mast cell cancer cases stratified by 
immunolabelling for IDH2.  H-scores generated using Qu-Path software were separated based 
on X-tile analysis into high and low expression. Logrank analysis indicates that cases with high 
IDH2 H-scores (red) had significantly better Disease Free Interval (A) and Overall Survival (B) 
compared to cases with low IDH2 H-scores (blue).  Upward ticks indicate censored cases. 
 

Disease-Free Interval and Overall Survival for Dermal and Subcutaneous MCTs 
 

Logrank analysis of DFI and OS was conducted for all markers when stratifying the cases 

by anatomical location of lesion for dermal cases only and subcutaneous cases only. This was 

conducted to quantify the value of using epigenetic markers to be able to better determine the 

prognosis of dermal MCTs separate from subcutaneous MCTs due to the differences in their 

aggressiveness.  

For dermal cases only (Table 1), there was no statistically significant difference in the DFI 

and OS between the high and low H-scores for 5HMC, TET2, IDH1, or IDH2. For 5MC, there was 

no significant difference in DFI, but for OS the difference between cases with high and low 5MC 

H-scores was statistically significant, where cases with low 5MC scores were more likely to not 

die compared to cases with high 5MC H-scores (p<0.05). The MST for low 5MC H-score for 

dermal cases was 1674 days and for high 5MC H-scores was 577 days. For DNMT1, the 

difference in DFI for low and high H-scores was statistically significant. Cases with low DNMT1 

H-scores were less likely to have recurrence or metastasis (HR = 0.2114, p<0.05) compared to 
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cases with high DNMT1 H-scores. For OS, the difference between dermal cases with high and 

low DNMT1 H-scores was statistically significant, where cases with low DNMT1 scores were 

more likely to not die compared to cases with high DNMT1 H-scores (p<0.05). The MST for low 

DNMT1 H-score was not reached and for high DNMT1 H-scores was 376 days. When looking at 

dermal cases immunolabelled for DNMT3a there was no significant difference in DFI, but for OS 

the difference between dermal cases with high and low DNMT3a H-scores was statistically 

significant. Cases with low DNMT3a scores were more likely to not die compared to cases with 

high DNMT3a H-scores (p<0.05). The MST for low DNMT3a H-score for dermal cases only was 

not reached and for high 5MC H-scores was 132 days. 

For subcutaneous cases only (Table 2), there were no statistically significant differences 

in DFI and OS between the high and low H-scores for 5HMC, DNMT1, or DNMT3a. Differences in 

DFI for low and high 5MC H-scores for subcutaneous cases were statistically significant. Cases 

with low 5MC H-scores were less likely to have recurrence or metastasis (HR = 0.2624, p<0.05) 

compared to cases with high 5MC H-scores. The difference between OS of subcutaneous cases 

with high and low 5MC H-scores was also statistically significant, where cases with low 5MC 

scores were more likely to not die compared to cases with high 5MC H-scores (p<0.05). The 

MST for low 5MC H-score was 1535 days and for high 5MC H-scores was 769 days. Differences 

in DFI for TET2 immunolabelled subcutaneous MCT cases were statistically significant.  
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Table 1: Results of logrank analysis of disease-free interval (DFI) and overall survival (OS) for 

dermal cases only. 

Marker Event N Log-rank Hazard 
Ratio 

P value 

5HMC low DFI 21 0.4695 0.15730 
 

OS 20 0.6314 0.34278 

5MC low DFI 18 0.5135 0.28950 
 

OS 25 0.3743 0.003811* 

DNMT1 low DFI 39 0.2114 0.00270* 
 

OS 34 0.3440 0.01141* 

DNMT3a low DFI 26 0.3952 0.09426 
 

OS 26 0.2613 0.00336* 

TET2 low  DFI 12 1.8380 0.29427 
 

OS 19 2.4350 0.09426 

IDH1 low DFI 16 1.5730 0.40278 
 

OS 16 0.6400 0.40278 

IDH2 low DFI 22 0.4967 0.29427 
 

OS 22 0.6281 0.37109 

* statistically significantly better outcome for cases with low H-score 
 

Cases with low TET2 H-scores were more likely to have recurrence or metastasis (HR = 

2.9160, p<0.05) compared to cases with high TET2 H-scores. There was no statistically 

significant difference between the high and low H-scores of TET2 when looking at subcutaneous 

MCT cases only. Subcutaneous cases immunolabelled for IDH1 had no significant difference 

when looking at the DFI, but for OS, the difference between the cases with high and low IDH1 

H-scores was statistically significant. Cases with low IDH1 scores were more likely to die 

compared to cases with high IDH1 H-scores (p<0.05). The MST for low IDH1 H-score for 

subcutaneous cases only was 769 days and for high 5MC H-scores was 2054 days. Likewise, DFI 
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was not significantly different for subcutaneous cases immunolabelled for IDH2, but for OS the 

difference between cases with high and low IDH2 H-scores was statistically significant. Cases 

with low IDH2 scores were more likely to not die compared to cases with high IDH2 H-scores 

(p<0.05). The median survival time (MST) for low IDH2 H-score for subcutaneous cases only was 

1710 days and for high 5MC H-scores was 271 days. 

Table 2: Results of logrank analysis of disease-free interval (DFI) and overall survival (OS) for 

subcutaneous cases only. 

 

Marker Event N Log-rank Hazard 
Ratio 

P value 

5HMC low DFI 2525 0.63730.6373 0.313700.31730 
 

OS 37 0.4169 0.08326 

5MC low DFI 33 0.2624 0.00443* 
 

OS 32 0.4336 0.04042* 

DNMT1 low DFI 27 0.4772 0.06928 
 

OS 33 0.4171 0.08326 

DNMT3a low DFI 24 0.6372 0.31731 
 

OS 25 1.2690 0.58388 

TET2 low  DFI 8 2.9160 0.01603¶ 
 

OS 17 2.1370 0.09426 

IDH1 low DFI 9 2.4560 0.15730 
 

OS 9 3.6160 0.01352¶ 

IDH2 low DFI 11 2.0170 0.10686 
 

OS 27 0.3735 0.03811* 

* statistically significantly better outcome for cases with low H-score 
¶ statistically significantly better outcome for cases with high H-score 
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Disease-Free Interval and Overall Survival for Canine MCTS by Grade  
  

Prognostication of canine MCTs given an intermediate grade can have highly variable 

outcome. To evaluate whether the markers in my study are better able to determine outcome 

for such cases, logrank analysis of DFI and OS was conducted for all of the markers (5HMC, 

5MC, DNMT1, DNMT3a, TET2, IDH1, and IDH2) when stratifying the cases by either Patnaik 

grade 2 or Kiupel low grade.  

Table 3 shows the results of evaluating DFI and OS of Patnaik grade 2 cases only. There 

were no statistically significant differences in the DFI and OS between the high and low H-

scores of Patnaik grade 2 MCT cases immunolabelled for 5HMC, TET2, and IDH2. For Patnaik 

grade 2 cases immunolabelled for 5MC there was no significant difference in DFI but for OS, the 

difference between cases with high and low 5MC H-scores was statistically significant. Cases 

with low 5MC scores were more likely to not die compared to cases with high 5MC H-scores 

(p<0.05). The MST for low 5MC H-score for Patnaik grade 2 cases only was 1674 days and for 

high 5MC H-scores was 577 days. For DNMT1 and DNMT3a, in both cases there were significant 

differences in DFI, but not OS for Patnaik grade 2 cases. For DNMT1, cases with low DNMT1 H-

scores were less likely to have recurrence or metastasis (p<0.05) compared to cases with high 

DNMT1 H-scores and likewise for DNMT3a (p<0.05). For IDH1, Patnaik Grade 2 MCT cases 

difference in DFI was statistically significant. However, in this analysis, cases with low DNMT1 H-

scores were more likely to have recurrence or metastasis (p<0.05) compared to cases with high 

DNMT1 H-scores.  It is important to note, however, that for all of the Patnaik grade 2 analyses, 

there were fewer than 5 progression events in the DFI groups, thus this analysis is probably 

lacking in statistical power. 
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Table 4 shows the outcome of survival analysis of Kiupel Low Grade cases only.  There 

were no statistically significant differences in DFI or OS between the high and low H-scores of 

Kiupel Low Grade cases stained for 5HMC, DNMT3a, or TET2. Differences between H-scores for 

5MC were statistically significant for both DFI and OS. Cases with low 5MC H-scores were less 

likely to have recurrence or metastasis (p<0.05) and were more likely to not die (p<0.05) 

compared to cases with high 5MC H-scores. (p<0.05). The MST for low 5MC H-score 

 
Table 3: Results of logrank analysis of disease-free interval (DFI) and overall survival (OS) for 

Patnaik Grade 2 cases only. 

 

Marker Event N Log-rank Hazard 
Ratio 

P value 

5HMC low DFI†  13 0.2598 0.06950 
 

OS 15 0.4094 0.14320 

5MC low DFI† 14 0.7194 0.65080 
 

OS 16 0.2451 0.01150* 

DNMT1 low DFI† 23 0.2015 0.02014* 
 

OS 21 0.5638 0.31731 

DNMT3a low DFI† 16 0.2371 0.02180* 
 

OS 14 0.4952 0.24040 

TET2 low  DFI† 9 1.3050 0.75183 
 

OS 10 1.9440 0.25421 

IDH1 low DFI† 6 4.5480 0.04550¶ 
 

OS 11 1.3810 0.58388 

IDH2 low DFI† 12 1.0320 1.00000 
 

OS 11 0.8487 0.75183 

† fewer than 5 events/group 
* statistically significantly better outcome for cases with low H-score 
¶ statistically significantly better outcome for cases with high H-score 
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was 2054 days and for high 5MC H-scores was 992 days. When looking at Kiupel Low Grade 

cases immunolabelled for DNMT1 there was no significant difference in DFI but the difference 

between the OS of cases with high and low DNMT1 H-scores was statistically significant. Cases 

with low DNMT1 H-scores were more likely to die compared to cases with high DNMT1 H-

scores (p<0.05). The MST for low DNMT1 H-score for Kiupel Low Grade cases only was 1027 

days and for high DNMT1H-scores was 2054 days. For both IDH1 and IDH2, similar outcomes 

were seen with survival analysis of Kiupel Low Grade cases. While differences in H-score did not 

lead to statistically significant DFI, OS was significantly associated with IDH1 or IDH2 H-score. 

Cases with low IDH1 H-scores were more likely to die compared to cases with high IDH1 H-

scores (p<0.05). The MST for low IDH1 H-score for Kiupel Low Grade cases only was 919 days 

and for high IDH1H-scores was 2054 days. Likewise, cases with low IDH2 H-scores were also 

more likely to die compared to cases with high IDH2 H-scores (p<0.05). The MST for low IDH2 H-

score for Kiupel Low Grade cases only was 919 days and for high IDH2H-scores was not 

reached.  
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Table 4: Results of logrank analysis of disease-free interval (DFI) and overall survival (OS) for 

Kiupel Low Grade cases only. 

 

Marker Event N Log-rank Hazard 
Ratio 

P value 

5HMC low DFI 19 1.6700 0.52709 
 

OS 19 0.8635 0.52709 

5MC low DFI 49 0.3019 0.01079* 
 

OS 46 0.4512 0.04288* 

DNMT1 low DFI 57 0.5383 0.25421 
 

OS 14 2.4680 0.02811¶ 

DNMT3a low DFI 34 0.6334 0.31731 
 

OS 10 1.3210 0.27332 

TET2 low  DFI 22 2.0260 0.19229 
 

OS 24 1.6010 0.29427 

IDH1 low DFI† 16 2.0350 0.54881 
 

OS 13 4.4340 0.00165¶ 

IDH2 low DFI 19 1.8460 0.25421 
 

OS 22 2.9820 0.03594¶ 

† fewer than 5 events/group 
* statistically significantly better outcome for cases with low H-score 
¶ statistically significantly better outcome for cases with high H-score 
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DISCUSSION 
 

Mast cell tumours are a very common neoplasm that occurs in dogs, consisting of up to 

21% of all canine skin tumours (Garrett, 2014). While grading of these MCTs with the Kiupel and 

Patnaik systems are considered the gold-standard for MCT prognosis, there is a wide variability 

in the biological behavior of low grade MCTs (Garrett, 2014; Kiupel et al., 2011). Hence there is 

a need for other ways to prognosticate aggressive MCT disease. As there is often a 

dysregulation in DNA methylation of hematologic cancers such as acute myeloid leukemia 

(AML) it is possible that there are dysregulations in the methylation marks and methylation and 

demethylation enzymes in MCTs as well (Dexheimer et al., 2017). This study was therefore 

done to identify if there was an association between the levels of 5MC, 5HMC, DNMT1, 

DNMT3a, TET2, IDH1, and IDH2 and canine MCT outcome, and if the levels of these biomarkers 

could be prognostic. High 5MC levels were associated with poorer DFI and/or OS in canine 

MCTs and high 5MC levels showed significance for poorer DFI and OS when stratifying the cases 

by dermal and subcutaneous tissue location and in intermediately graded cases. High levels of 

DNMTs and low levels of TET2 and IDHs showed significance for poorer DFI and OS in MCTs as 

well. When stratifying by location, high levels of 5MC and DNMTs showed poorer DFI and OS in 

dermal cases while in subcutaneous tissues high levels of 5MC and low levels of TET2 and IDHs 

were associated with poorer DFI and OS. For intermediately graded tumours high levels of 5MC 

and DNMTs and low levels of IDHs were associated with poorer DFI and OS. Therefore, there is 

potential for these markers not only to predict more aggressive behavior but to identify 

aggressive cases based on location as well as in intermediately graded MCTs.   
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DNMT enzymes covalently add a methyl group onto the 5’ carbon of cytosine.  This 

modification is referred to as 5-methylcytosine (5MC), while 5-hydroxymethylcytosine (5HMC) 

is the product of oxidation of 5MC by the TET enzymes (L. I. Kroeze et al., 2015; Meng et al., 

2015). In my study, cases with overall levels of 5MC staining with a higher overall H-score 

showed poorer overall survival (OS) and worse disease free interval (DFI) compared to cases 

with lower H-scores. A previous study conducted by Morimoto et al. found that MCT cases that 

showed global hypomethylation were associated with Patnaik grade 3 and Kiupel high grade 

(Morimoto et al., 2017). That study did not evaluate case outcome. However, by comparing the 

5MC immunolabelling intensity based on Patnaik and Kiupel grade in my study I found no 

significant difference by either grading scheme grade for both 5MC and 5HMC in my cases 

(Appendix 4). When looking at the overall levels of 5HMC there was also no significant 

difference in the high and low H-score immunolabelling intensity when comparing all groups or 

when stratifying the cases by lesion location. High levels of 5MC (i.e. hypermethylation) was 

associated with poorer OS when looking at all cases and locations, as well as poorer DFI when 

looking at all cases and subcutaneous MCT cases in my study.  

DNA methylation can be upregulated or downregulated in various cancers as well as 

within a particular cancer (Bronzini et al., 2017). When measuring the global levels in canine 

acute myeloid leukemia (AML), Bronzini et al. found that the methylation profile was very 

heterozygous compared to normal samples (Bronzini et al., 2017). While neither 

hypermethylation nor hypomethylation alone was consistently associated with canine AML, 

there was both global hypermethylation in some cases and hypomethylation in others 

compared to normal samples (Bronzini et al., 2017). In my study, high 5MC levels were 
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associated with poorer outcome even when comparing dermal MCT to subcutaneous cases, 

which tend to be less aggressive and have better prognosis (Thompson, Pearl, et al., 2011). High 

levels of 5MC were associated with poorer OS for both dermal and subcutaneous MCTs and 

with poorer DFI in dermal cases. In a study of human AML, Qu et al. found that a large 

component of differentially methylated regions (DMR) were hypermethylated in high risk 

cytogenic groups versus low and intermediate risk groups, therefore they were able to 

determine prognosis from methylation levels (Qu et al., 2015). Being able to differentiate the 

cases that are histologically nonaggressive but biologically aggressive using methylation 

markers is important to ensure proper treatment options in MCTs. In this study when looking at 

5MC levels in intermediate grade MCTs, I found that higher 5MC levels had poorer DFI and OS 

in Kiupel low grade cases, and poorer OS in Patnaik grade 2 cases. High 5MC levels may 

therefore be helpful in identifying more biologically aggressive MCT cases, and can aid in 

prognosis.  

DNMT1 is referred to as the maintenance DNA methyltransferase and reestablishes lost 

methylation markers after DNA replication. DNMT3a is a de novo DNA methyltransferase and it 

serves to establish new DNA methylation marks (Tajima et al., 2016).  DNMTs are often 

mutated in various hematologic malignancies including various myeloid malignancies 

(Dexheimer et al., 2017). Mutations in DNMT1 and DNMT3a led to hypermethylation of 

promoter regions of various tumor suppressor genes such as p15 and contribute to disease 

progression in human AML (Wong et al., 2019). While mutational status was not looked at in 

my study, the global enzyme expression of the maintenance methylator DNMT1 and the de 

novo methylator DNMT3a were evaluated, and differences in canine MCT outcome were 
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associated with different DNMT H-scores. Mizuno et al. found that both DNMT1 and DNMT3a 

were overexpressed in human AML compared to normal cells, and that these upregulations 

were associated with hypermethylation of tumor suppressor genes associated with progression 

such as p15 (Mizuno et al., 2001). It would be interesting to evaluate hypermethylation of 

similar tumour suppressor genes in canine MCT, and see if it associates with DNMT expression 

patterns.  

Overexpression of DNMTs is seen in other cancers as well. In head and neck squamous 

cell carcinoma (HNSCC) there was an increase in the transcription level of DNMT1 (Cui et al., 

2021). Immunolabelled HNSCC tissues with increased DNMT1 expression were associated with 

higher pathological grade (Cui et al., 2021).  In my study, high levels of DNMT1 and DNMT3a 

expression were associated with poorer DFI and OS in all cases. When stratifying MCT cases 

based on lesion location, increased levels of DNMT1 were associated with poorer DFI and OS, 

and high DNMT3a levels were associated with shorter OS. When stratifying MCT cases by grade, 

high levels of DNMTs were associated with poorer DFI in Patnaik grade 2 cases, however there 

were too few cases for high and low H-scores when looking at DFI for Patnaik grade 2 cases for 

DNMT1. Mutations in DNMTs lead to hypermethylation in various cancers and since my study 

found an increase in 5MC immunolabelling in these MCTs then the increase in DNMTs could 

potentially explain this upregulation and could have significance in prognosis of dermal MCTs. 

In support of this, I found a significant positive correlation between 5MC and DNMT3a (but not 

DNMT1) levels in my MCT cases (Appendix 4). 

TET enzymes are responsible for the oxidation of 5MC into 5HMC as well as the 

subsequent oxidations during the process of DNA demethylation (L. I. Kroeze et al., 2015). In 
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this study low immunolabelling of TET2 levels in canine MCT cases was associated with a poorer 

DFI and shorter OS. TET2 is often dysregulated in hematopoietic cancers and De Vita et al. 

showed that a loss of TET2 leads to impaired differentiation and increased proliferation of 

mature mast cells in mice (De Vita et al., 2014). TET2 is often mutated in human myeloid 

malignancies such as AML and myelodysplastic syndrome (MDS) (Scopim-Ribeiro et al., 2015). 

Scopim-Ribeiro et al. found AML and MDS had low expression of TET2 compared to normal cells 

and these lower levels were associated with worse event free survival and OS (Scopim-Ribeiro 

et al., 2015). In a study conducted by Zhang et al. TET2 expression levels were independently 

prognostic in CN-AML patients and low levels of TET2 enzyme expression were associated with 

shorter OS (Zhang et al., 2018). They also found that when analyzing a cohort of patients from 

The Cancer Genome Atlas (TCGA), TET2 expression levels were not associated with TET2 

mutations in AML. This suggests that regardless of mutation status, low TET2 expression was 

prognostic in CN-AML (Zhang et al., 2018). In my study, low TET2 immunolabelling was 

associated with shorter DFI in subcutaneous but not in dermal MCTs.  

Normal IDH1/2 function is to catalyze the oxidative decarboxylation of isocitrate to -

ketoglutarate in the tricarboxylic acid cycle and -ketoglutarate along with Fe(II) is an 

important cofactor in normal TET2 enzyme function (Huang & Rao, 2014). When mutated, 

IDH1/2 often further convert -ketoglutarate into D-2HG which acts as an agonist for TET2 and 

along with reducing the supply of -ketoglutarate inhibits normal TET2 function (Figueroa et al., 

2010; Huang & Rao, 2014). Immunolabelling levels of IDH1 and IDH2 were also evaluated in my 

study, and for both the enzymes lower immunolabelling levels were associated with poorer DFI 

and shorter OS when looking at all MCT cases. Figueroa et al. looked at IDH1 and IDH2 



 
 

61 

mutations in human AML cells and found mutant cells had an increased global methylation 

status compared to normal CD34+ bone marrow cells. They proposed this was due to increased 

D-2HG levels in mutant cells (Figueroa et al., 2010). IDH mutated AML cells actively inhibited 

the functions of TET2 enzymes through these increased levels of D-2HG function leading to an 

increase in global 5MC levels (Figueroa et al., 2010).  They also found that AML patient samples 

with IDH1/2 mutations had significant hypermethylation compared to normal bone marrow 

samples taken from healthy patients and reported 154 hypermethylated genes of which a 

majority had more than 2-fold decrease in expression (Figueroa et al., 2010).  

IDH mutations in an in vivo disease model of gliomas led to disease progression (Turcan 

et al., 2013). The associated upregulated D-2HG led to global hypermethylation, establishing a 

phenotype in gliomas called glioma CpG island methylator phenotype (Turcan et al., 2013). 

However, mutation status of IDH enzymes was not looked at in this study and nor were levels of 

D-2HG, which would have determined if there was a gain of function mutation in the IDHs. 

Figueroa et al. also found that AML cases with TET2 mutations and IDH mutations both showed 

similar hypermethylated patterns, however IDH mutations were associated with a greater 

amount of promoter hypermethylation and global hypermethylation. In my study, low levels of 

IDH1 or IDH2 were associated with shorter OS in subcutaneous and in Kiupel low grade cases. 

Therefore, dysregulation of IDHs and TETs could be prognostic in subcutaneous MCTs since low 

levels were associated with poorer DFI and OS in subcutaneous MCTs and an increase in 5MC 

levels, similar to observations in the previously mentioned studies. This was separate to what 

was observed in dermal cases, where increased levels of DNMTs were associated with poorer 

DFI and OS in dermal cases and also showed an increase in 5MC levels. This suggests that while 
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DNA hypermethylation was indicative of poor prognosis in all MCT cases, levels of IDHs and 

TET2, and levels of DNMTs have significant impact on outcome in subcutaneous and dermal 

cases, respectively.  

Other studies have associated IDH, TET and DNMT dysregulation with increases in global 

levels of DNA methylation (Figueroa et al., 2010; Ma et al., 2018; Turcan et al., 2013). This, 

coupled with the findings of my study suggest that the increased levels of 5MC in any MCT case, 

as well as increased DNMT levels in dermal cases and decreased levels of TET2 and IDHs in 

subcutaneous cases may be prognostic markers for response to treatments with 

hypomethylating agents such as 5-aza2-deoxycytidine (Decitabine) and 5-azacytidine 

(Azacitidine). Decitabine and Azacitidine work by becoming cytidine analogs when incorporated 

in DNA and RNA respectively (Derissen et al., 2013). In low doses they form adducts between 

DNMTs and DNA which are then degraded by proteosomes, allowing DNA synthesis to resume 

in the absence of DNMTs thereby reducing methylation (Derissen et al., 2013). In a study by 

Bejar et al. they found that human myelodysplastic syndrome (MDS) cases with TET2 mutations 

predicted an increased response to both Decitabine and Azacitidine (Bejar et al., 2014). They 

also looked at mouse models, and those with TET2 loss and increased myeloid progenitor 

proliferation were more sensitive to Azacytidine (Bejar et al., 2014). Since the low levels of TET2 

were associated with poorer DFI and OS in human MDS, perhaps low levels of TET2 expression 

in canine MCTs could identify cases that would be more sensitive to hypomethylating agents. 

Traina et al. also found that TET2 mutations in MDS were predictive of better overall response 

rates to treatments with Azacitidine and Decitabine (Traina et al., 2014). Further, they reported 

that MDS cases with mutant DNMT3a expression also showed better overall response rates to 
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the hypomethylating agents (Traina et al., 2014). Therefore, increased levels of DNMTs, 

specifically DNMT3a, could determine canine MCT cases that would respond well to such 

hypomethylating agents.  

Immunohistochemistry (IHC) was conducted for each of the antibodies on the MCT 

TMA. There are various pitfalls that can occur during the IHC process that can alter results, 

therefore careful optimization is needed to ensure validated results (Kim et al., 2016). One of 

the major issues with IHC is to ensure that the antibodies are able to identify the target antigen 

in the tissue of interest. One method to validate antibody specificity is by western blot. 

Ensuring the primary antibody of interest can detect a single band at the correct molecular 

weight in the target cells helps in confirming antibody specificity (Janardhan et al., 2018). As the 

antibodies used for my study were not developed for canine tissue, validation was necessary to 

confirm detection of the relevant enzymes in canine cells. To address this issue a western blot 

was conducted for each of the antibodies for the DNMT1, DNMT3a, TET2, IDH1, and IDH2 

enzymes using cell lysates from two canine MCT cell lines (MCT1 and MCT2), a canine B-cell 

lymphoma cell line (CBCL1), Madin-Darby canine kidney cell line (MDCK), and a commercially 

available human liver lysate for western blotting. To ensure that the antibodies were able to 

detect the target enzyme in canine cells the validation of the antibodies was important. Non-

specific binding of the TET2 antibody (which has been reported in the datasheet for ab243323 

antibody), was detected at a molecular mass around 100 kDa in the validation western blot in 

lysates of MCT1 but not MCT2 cells. Thus, it is possible that in some, but not all, MCT cases on 

the TMA, a portion of the TET2 immunolabelling could be due to antibody recognition of this 

non-specific antigen. To address additional nonspecific staining problems that can arise an IHC, 
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both negative and positive controls were included. To best ensure staining that was identified 

in the TMA was due to antibody-antigen interaction, negative control TMA immunolabelling 

was performed (Kim et al., 2016). These TMA sections underwent the exact protocol as the 

TMA used for positive immunolabelling, except that no primary antibody was used. These 

negative controls were used to confirm that there was no non-specific binding of the secondary 

antibody to the tissue.   

The benefit of using TMAs instead of single sections for each specimen is that a large 

patient cohort can be analyzed simultaneously with identical immunolabelling conditions, thus 

avoiding technical variability in the detection of target antigens in the tissues (Voduc et al., 

2008). Constructing a TMA with 0.6 mm diameter cores from MCT donor blocks that are 

representative of the tumour section thus allows for detection of molecules that are clinically 

relevant to tumour phenotype (Sauter, 2010). However, in my study I encountered a problem 

that there was more core loss in the IDH1, IDH2, and TET2 stained TMAs than in the TMA 

sections used to detect 5MC, 5HMC, and DMNTs. The cores that were lost during processing 

were almost identical between the TMAs stained for TET2, IDH1, and IDH2. As these TMAs 

sections were the last ones to be cut, it could be that the cores did not reach as deep into the 

recipient block as the ones that remained.  Since there were up to three cores taken from many 

cases, the loss of cores did not necessarily always lead to the loss of a case from further 

analysis. However if there was one core taken from a large tumour block and that does not 

capture the complete expression levels of the specimen, its loss can lead to missing relevant 

information (Sauter, 2010). Although there were many cases included in my study, for cases 

that had three cores taken from the tumour block, if only one remained after immunolabelling, 
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it could potentially affect the analysis. Arbitrary assessment of staining intensity by rating an 

IHC slide as weak, moderate, or strong staining can also lead to problems with variation 

between slides and impact the results (Voduc et al., 2008). Since a TMA was utilized and all 

cases were stained in one batch for any particular biomarker, the variation in how a case would 

be scored is thereby limited (Voduc et al., 2008). Although the scoring of the immunolabelling 

was not conducted by a trained pathologist the staining of all cases could still be directly 

compared to each other. Looking at all cores that were stained simultaneously in the TMA 

helped in stratifying the cases by directly comparing cores with high, medium, and low 

immunolabelling. Using QuPath (0.1.2) the brown DAB deposits and hematoxylin 

counterstaining were able to be deconvoluted into separate colour detections which aided in 

determining cellular staining intensity. Once the proper colour detection was set, background 

staining and chromogen staining could be analyzed separately allowing a clearer view of 

staining intensity. This allowed for a better stratification between high staining and low 

staining. Once parameters are set the program can then analyze each cell into the determined 

staining level and assign values to determine H-score for each core leading to more accurate 

results (Bankhead et al., 2017).  

The next obvious step for this project would be to validate the prognostic power of my 

biomarkers in a prospective study. A prospective study would allow the ability to determine 

whether the markers are predictive of aggressive disease by following the patients as disease 

progresses. There can be bias in information available due to uncollected data that can occur in 

retrospective studies. For instance, missing data due to it not being recorded is less common 

for more clinically severe cases, as these are usually recorded more intensely than less clinically 
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severe cases (Talari & Goyal, 2020). As was seen in my study there were several cases with 

missing DFI and/or OS data. Data can be collected as the study progresses in prospective 

studies which is advantageous over retrospective studies (Talari & Goyal, 2020).  

Additional areas to look at for future study could include determining whether increased 

D-2HG levels are associated with poorer DFI and shorter OS. In a normal state, the levels of D-

2HG are very low as the very small amount that is produced is rapidly eliminated. In human 

cancer cases with mutant IDHs, D-2HG is detected in very high levels (Huang & Rao, 2014), so it 

would be valuable to study D-2HG levels in canine MCT. D-2HG levels are commonly detected 

by liquid chromatography or gas chromatography mass spectrometry (LC-MS, GC-MS)(Balss et 

al., 2012). As well, there exists a quicker enzymatic assay with similar detection sensitivity. This 

assay uses (D)-2-hydroxyglutarate dehydrogenase (HGDH) to convert D-2HG to αKG thereby 

accumulating NADH whose hydrogen is transferred to produce fluorescent resorufin by 

diaphorase (Balss et al., 2012). The detection of D-2HG levels in cells, frozen tissue, FFPE tissue, 

and body fluids yielded similar readouts to GC-MS (Balss et al., 2012).  In many cancers 

mutation in IDHs is a gain of function mutation that leads to the increase in D-2HG levels 

(Figueroa et al., 2010). If the IDHs in MCTs have such gain of function mutations, then the levels 

of D-2HG may be higher in more aggressive MCTs.  

Another step would be to evaluate whether hypomethylating agents such as Decitabine 

(5-aza-2’-deoxycytidine) can lead to changes in the methylation status of canine MCT cells in 

vitro, and to quantify the enzyme levels and activities in these treated cells. Hypomethylation 

agents are used in the treatment of various hematological malignancies such as AML and there 

is a precedent for utilizing TET2 and DNMT enzyme levels and mutations to determine 
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sensitivity to treatment (Bejar et al., 2014; Traina et al., 2014). Therefore, if hypomethylating 

agents are to be useful in the treatment of canine MCTs, levels of 5MC TET2, DNMTs, and IDHs 

in tumours could be potentially useful in identifying cases that would best respond to 

treatment.   
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Summary and Conclusion 
 

 In this study there was a statistically significant difference between the DFI and OS of 

canine MCTs immunolabelled for 5MC, DNMT1, DNMT3a, TET2, IDH1, and IDH2 when looking 

at all cases as well as when stratifying the cases by location or by intermediate grade. Low 

staining expression of TET2, IDH1, and IDH2 showed shorter DFI and OS in MCT cases when 

looking at intermediately graded tumours and specifically when stratifying by location in 

subcutaneous MCTs. Based on these results there may be significance in reduced and 

potentially altered enzyme expression of TET2 and IDHs in canine MCTs especially in 

subcutaneous MCTs. However, high staining levels for 5MC, DNMT1, and DNMT3a were 

associated with poorer DFI and OS when looking at all the cases of MCTs in this study as well as 

when stratifying the cases by location and intermediate grade. High levels of DNMT1 and 

DNMT3a staining were seen to be associated with shorter DFI and OS when looking at dermal 

MCTs. High 5MC staining levels were seen to be statistically associated with poorer DFI and OS 

when looking at all cases, in both dermal and subcutaneous cases and when looking at 

intermediately graded MCTs. Therefore, there may be significance in increased enzyme 

expression and activity of DNMT1 and DNMT3a in canine MCTs, especially in dermal MCTs. In 

addition, higher levels of 5MC or hypermethylation may be a robust indicator of poor prognosis 

in canine MCT.   
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Appendix 

Appendix 1 - Preparation of Materials 
 
Electrophoresis running buffer:   

1X running buffer was made from a 10X stock diluted in MilliQ. 10x stock: 144.2 g Glycine, 30.2 

g Tris-base, 50.0 mL of 20% SDS dissolved in MilliQ water to a final volume of 1000 mL, with pH 

adjusted to 8.3 using HCL.  

 

Transfer buffer:  

200 mL of Methanol, 80 mL of Towbin Solution, 0.2mL of 20% SDS added to 720mL of MilliQ 

water for a final volume of 1000mL. (Towbin solution: 144.1 g Glycine + 30.25 g of Tris-base 

dissolved in MilliQ water to a final volume of 1000 mL). 

 

Modified transfer buffer for larger molecular weight target protein: 

100 mL of Methanol, 80 mL of Towbin Solution, 0.5 mL of 20% SDS added to 820 mL of MilliQ 

water for a final volume of 1000 mL. 

 

Tris-Buffered Saline-Tween 20 (TBS-T): 

1X TBS-T was diluted in MilliQ from a 20x stock. 20X TBS-T: 175.32 g NaCl, 48.46 g Tris-base, 10 

mL of Tween-20 dissolved in MilliQ water to a final volume of 1000 mL, with pH adjusted to 7.6 

using HCL. 

 

Blocking solution: 

5% Blocking Agent (Skim milk powder/IgG-free BSA) in 1X TBS-T. 

 

10 mM Citrate Buffer, pH 6.0 (1000 mL): 

Made by combining 18.0 mL Stock Solution A and 82.0 mL Stock Solution B and dH2O to a final 
volume of 1000 mL, with pH adjusted to 6.0 using HCL.   

Stock solution A: 1.92g citric Acid in 100 mL dH2O. 

Stock solution B: 14.7g sodium citrate dihydrate in 500 mL dH2O. 
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EDTA pH 9.0:  

Dako Target Retrieval Solution, pH 9, Tris/EDTA buffer 10X was diluted to 1Xin dH2O. 

 

Tris Buffer 

50 mM tris base, 150 mM NaCl and 0.01% Triton X-100 in MilliQ water 

6.06 g tris base, 8.77 g NaCl, 100 μL Triton X-100 in a final volume of 1000 mL with a pH 

adjusted to 7.6. 

 

Acid alcohol solution: 

175 mL Isopropanol, 2.5 mL HCL, 72.5 mL dH2O. 

 

Ammonium water  

5 drops ammonium hydroxide in 250 mL dH2O. 
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Appendix 2 - IHC conditions 

  

  

Immunolabelling 
target 

Antigen retrieval  3.5M HCL 
incubation 
(minutes) 

3% 
hydrogen 
peroxide 
blocking 
(minutes) 

1% normal 
goat 
blocking 
(minutes) 

Primary 
antibody 
dilution 

Primary 
antibody 
incubation 

DAB 
incubation 
(minutes) 

5MC 10 mM sodium 
citrate buffer, pH 

6.0 for 20 
minutes at 95°C 

15 3 10 1 μg/mL 4°C overnight 
in humidity 

chamber 

15 

5HMC EDTA pH 9.0 for 
20 minutes at 

95°C 

15 3 10 1:2000 4°C overnight 
in humidity 

chamber 

15 

DNMT1 10 mM sodium 
citrate buffer, pH 

6.0 for 20 
minutes at 95°C 

NA 3 10 1:100 4°C overnight 
in humidity 

chamber 

15 

DNMT3a 10 mM sodium 
citrate buffer, pH 

6.0 for 20 
minutes at 95°C 

NA 3 10 1:200 4°C overnight 
in humidity 

chamber 

15 

TET2 10 mM sodium 
citrate buffer, pH 

6.0 for 20 
minutes at 95°C 

NA 3 10 1:50 2 hours at 
37°C 

15 

IDH1 10 mM sodium 
citrate buffer, pH 

6.0 for 20 
minutes at 95°C 

NA 3 10 1:100 4°C overnight 
in humidity 

chamber 

6 

IDH2 10 mM sodium 
citrate buffer, pH 

6.0 for 20 
minutes at 95°C 

NA 3 10 1:100 4°C overnight 
in humidity 

chamber 

6 
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Appendix 3 - QuPath parameters 
   

5MC QuPath parameters 5HMC QuPath parameters DNMT1 QuPath parameters 

DNMT3a QuPath parameters TET2 QuPath parameters IDH1 QuPath parameters 
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Appendix 3: Parameters inputted into QuPath for detection and staining for each of the markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

IDH2 QuPath parameters 
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Appendix 4 – Correlation analysis and t-tests  
 

 

 

 

Appendix 4: (A) correlation analysis of H-score staining intensities between DNMT1 and 5MC 

immunolabelled cases. (B) correlation analysis of H-score staining intensities between DNMT3a and 5MC 

immunolabelled cases. T-tests comparing the level of stainig intensities of the cases grouped by Patnaik 

or Kiupel grading, (C) 5MC H-Scores grouped by Patnaik grade, (D) 5MC H-scores grouped by Kiupel 

grade, (E) 5HMC H-Scores grouped by Patnaik grade, (F) 5HMC H-scores grouped by Kiupel grade. 
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