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ABSTRACT
Canine multicentric lymphoma is a common malignancy in dogs. It often responds well to initial chemotherapy but frequently 
relapses and has a poor response to subsequent treatment. B-cell (BCL) and T-cell (TCL) lymphomas differ in both their prog-
noses and chemotherapeutic treatment protocols. Currently, immunophenotyping can be costly and can only be performed on 
specific high-quality samples. MicroRNAs (miRNAs) are small molecules present in blood and tissues and are dysregulated in 
both human and canine lymphoma. We investigated 59 miRNAs by RT-qPCR to establish a serum miRNA profile in dogs with 
B-cell and T-cell multicentric lymphoma. Multiple miRNA pruned decision tree models were used to classify BCL and TCL cases 
from each other and controls, and to predict prognosis in BCL cases receiving standard CHOP chemotherapy. Six individual 
miRNAs were differentially expressed in serum between BCL and controls, and three were differentially expressed between BCL 
and TCL. A three-miRNA model (miR-155-5p, miR-1 and miR-181b) could differentiate between BCL, TCL and control samples 
with an accuracy of 83.02%. A three-miRNA model (miR-125b-5p, miR-350 and let-7b-5p) in BCL samples separated the cases 
into four groups with hazard ratios ranging from 0.44 to 3.5 for overall survival. This study established a serum miRNA profile 
for both BCL and TCL and demonstrated the utility of multiple serum miRNA models to assist in the diagnosis of lymphoma and 
BCL prognostication.

1   |   Introduction

Canine lymphoma is a common malignancy, with most cases 
being peripheral and multicentric [1–3]. After detection of an 
enlarged lymph node, fine needle aspiration and cytologic 
examination usually provide the diagnosis [4]. This is gener-
ally followed by grading, determination of clinical stage and 
immunophenotyping. Immunophenotyping requires flow cy-
tometry, immunohistochemistry and/or PCR for antigen re-
ceptor rearrangement [5]. These are costly techniques which 

require advanced expertise and specific high-quality samples 
to provide reliable results [5]. Most cases of lymphoma are 
intermediate- to high-grade by histopathology and at an ad-
vanced stage of disease (III-IV) carrying a worse prognosis [1]. 
High-grade T-cell lymphomas (TCL) have a worse prognosis 
than high-grade B-cell lymphomas (BCL) [1]. However, even 
within these high-grade immunophenotypes, variation ex-
ists in prognosis [6, 7]. As such, novel biomarkers providing a 
cost-effective method of phenotyping and prognostication are 
required.
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Standard-of-care treatment is multi-agent chemotherapy, with 
BCLs receiving CHOP protocols (cyclophosphamide [C], doxo-
rubicin [H, hydroxydaunorubicin], vincristine [O, Oncovin] 
and prednisone [P]) and TCLs receiving more variable che-
motherapeutic agents [1]. With these protocols, 80%–95% of 
patients will go into remission with a median survival time 
(MST) of 10–12 months, but most cases relapse, and reinduc-
tion/rescue protocols are often ineffective [1]. Detection of 
lymphoma at an earlier stage would allow a localised approach 
to treatment, such as surgery or radiation [1]. This would delay 
the use of chemotherapy and the subsequent development of 
chemoresistance.

MicroRNAs (miRNAs) are small non-coding RNA mole-
cules that are present in the circulation, making them easily 
accessible [8, 9]. Along with their known stability in serum 
and plasma, this makes miRNAs an excellent candidate bio-
marker [9–12]. MiRNAs are dysregulated in both human and 
canine lymphoma; however, studies investigating their util-
ity in the circulation are limited [4, 13–18]. Fujiwara-Igarashi 
et  al. (2015) investigated a small number of serum samples 
from common lymphoma locations in which they found five 
miRNAs to be differentially expressed in cases of lymphoma 
compared with controls. MiR-25 could classify high- and low-
grade cases  [16]. Craig et  al. (2019) investigated miRNAs in 
both plasma and lymph node aspirates and found numerous 
differentially expressed miRNAs and miRNAs that were prog-
nostic in BCL and TCL cases [4].

Current literature supports multiple miRNA models as superior 
to single miRNAs in diagnosis and prognosis [19]. Behesti et al. 
(2019) found a five-miRNA signature in human serum samples 
with a classification rate of 91% between patients with diffuse 
large B-cell lymphoma (DLBCL) and controls [20]. These studies 
are lacking in canine lymphoma. As such, we investigated the 
miRNA profiles of serum samples from dogs with BCL or TCL 
and controls followed by multiple miRNA models for both diag-
nosis and prognosis of BCL.

2   |   Materials and Methods

2.1   |   Samples

Owner consent was obtained and an animal utilisation pro-
tocol (AUP 4409) was approved by the University of Guelph's 
Animal Care Committee. Serum samples were received from 
the Ontario Veterinary College's Veterinary Biobank. All cases 
involved the peripheral lymph nodes, and a diagnosis of lym-
phoma was confirmed by either cytology or histopathology 
with associated immunophenotyping (either flow cytometry 
or immunohistochemistry) into B- (n = 24) or T-cell (n = 16) 
subtypes. In all but one case, serum samples were taken at 
the time of first presentation to the Ontario Veterinary College 
Animal Cancer Centre for further assessment and/or initial 
treatment. Serum samples were obtained from control dogs 
(n = 13) with no history of malignancy at the time of collec-
tion. Eleven of the 13 control dogs had at least 1 year of clinical 
follow-up, one patient was lost to follow-up after 9 months and 
one patient was lost to follow-up after 1 month. Eleven of 13 

normal dogs had a known cause of death unrelated to malig-
nant neoplasia.

2.2   |   Hemolysis Assessment

Each sample was assessed for hemolysis using the NanoDrop 
2000 where UV-absorbance at 414 nm (A414) and 375 nm 
(A375) was measured (Supporting Information Materials S1). 
For each miRNA, the effect of hemolysis on its expression was 
assessed in two ways as previously described [21]. Briefly, a 
miRNA's Ct value from each sample was plotted against its 
A414, and a linear trendline was estimated, and an R2 value 
was calculated (Supporting Information Materials S2) [22]. 
Additionally, samples were divided into hemolysed and non-
hemolysed groups based on an A414 > 0.2 or A414/375 > 1.4, 
classifying samples into the hemolysed group [23, 24]. A 
Mann–Whitney U test was used to test for differences between 
these groups.

2.3   |   Target miRNA Selection

Similar to Craig et al. and Ludwig et al., a pilot study of 5 pooled 
serum samples using the canine miScript miRNome miRNA 
arrays (QIAGEN) was performed [4, 21, 25]. Three groups of 5 
BCL and control samples (two non-hemolysed and one hemo-
lysed) and two groups of 5 TCL samples (one non-hemolysed 
and one hemolysed) were evaluated (Supporting Information 
Materials S3). As previously described by Ludwig et al., 200 μL 
of pooled sample was used per group for miRNA isolation 
[21, 25]. Briefly, each pooled sample's miRNA isolate was con-
verted into complementary DNA (cDNA) with the miScript II 
RT Kit (QIAGEN) by reverse-transcription polymerase chain 
reaction (PCR) using the manufacturer's protocol. A master 
mix was created using the corresponding miScript SYBR green 
kit (QIAGEN) per the manufacturer's protocol. A Roche LC480 
LightCycler was used for RT-qPCR set to QIAGEN's recom-
mended settings. The LC480 software (release 1.5.1.62 SP3) 
calculated Ct values using the second derivative maximum 
method. A total of 59 miRNAs with the largest fold-changes 
between groups alongside miRNAs previously reported in the 
literature and additional controls were added to the custom 
miRCURY LNA PCR array design (QIAGEN) (Supporting 
Information Materials S4).

2.4   |   Targeted Real-Time Quantitative Polymerase 
Chain Reaction

MiRNA isolation and RT-qPCR were performed as per Ludwig 
et al. [25] A standard volume of 200 μL from each serum sample 
was used to isolate small RNA species with the QIAGEN miR-
Neasy Serum/Plasma Advanced Kit following the manufac-
turer's protocol. Three and a half microliters of cel-miR-39-3p 
spike-in control was added (per the manufacturer's recommen-
dations). At the final step, 15 μL RNase-free water was added to 
the centre of the spin column. Two microliters of the isolate was 
used to quantify the concentration with the Qubit microRNA 
Assay Kit and Qubit 2.0 Fluorometer (Invitrogen) (Supporting 
Information Materials S1).
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A standard input of 0.6 μL of serum sample miRNA isolate 
was used for each reverse-transcription PCR to obtain 10 μL of 
cDNA following the manufacturer's protocol of the QIAGEN 
miRCURY LNA RT Kit. The C1000 Bio-Rad Thermo Cycler was 
used as previously described [25]. A no-template control (NTC) 
was included for each plate's samples, replacing the sample vol-
ume with water.

The cDNA from each sample was diluted to 1:40 before creating 
a master mix (miRCURY SYBR green kit (QIAGEN)) of SYBR 
green, diluted cDNA and nuclease-free water as per the man-
ufacturer's protocol. For each miRCURY LNA miRNA custom 
PCR array (384-well; QIAGEN), a Roche LC480 LightCycler set 
to the SYBR Green I/HRM Dye detection format with a 10 μL 
volume reaction was used for RT-qPCR. Each PCR array was 
incubated as per the settings described by Ludwig et al. [25] The 
LC480 software (release 1.5.1.62 SP3) calculated Ct values using 
the second derivative maximum method.

2.5   |   Quality Assessment of RT-qPCR Results

Each Ct value was subtracted by the difference between the av-
erage UniSp3 (IPC) of the NTC (up to 6 replicates per plate) for 
each PCR array and the overall average to get an IPC-corrected 
Ct value. The amplification and melting curves were manually 
assessed to ensure appropriate Ct determination by the LC480 
software. All undetectable Ct values (Ct = 0), those > 35.00, and 
those with visually inappropriate amplification curves were 
changed to equal 35.00 to provide a conservative Ct determina-
tion. All further analyses used the IPC-corrected, conservative 
Ct values, from now on referred to as Ct values. All cel-miR-39-3p 
and UniSp6 values of samples included in the study were within 
the average of all samples ± two standard deviations. Samples 
and miRNAs must have had sufficient overall expression to 
be included in further analyses. Cutoffs were calculated as the 
average number of unexpressed miRNAs plus two standard 
deviations or non-expressing samples plus two standard devi-
ations, for samples and miRNAs respectively, and those above 
these cutoffs were excluded. This included six miRNAs (hsa-
miR-182-5p, hsa-miR-190b, hsa-miR-193b-5p, hsa-miR-206, cfa-
miR-409 and cfa-miR-1844).

2.6   |   Statistical Analysis

R Studio environment, software version 4.1.0. (R Core Team, 
2021) was used for all statistical analyses [26]. The NormFinder 
R script was used to select stably expressed miRNAs as endog-
enous controls [27]. The controls, BCL and TCL samples, were 
assigned to groups for consideration in analysis. The miRNAs 
needed to be expressed in all samples (Ct < 35.00) and not as-
sociated with hemolysis to be considered a candidate endoge-
nous control. At least 3 controls were selected: bta-miR-27a-3p, 
cfa-miR-23a and hsa-miR-502-3p, and Ct values averaged 
[21, 25, 28]. Normalisation was performed by the comparative 
Ct method, and the geometric average was used [21, 25, 28, 29].

Thirty percent of miRNAs were non-normally distributed by 
a Shapiro–Wilk test for normality, and so non-parametric tests 
were used. With normalised Ct values (∆Ct), the Wilcoxon 

rank-sum test was performed, and to correct for multiple testing, 
the Benjamini–Hochberg procedure was used [30]. A p value 
of < 0.05 was considered statistically significant. Fold changes 
were calculated using 2−∆∆Ct, where ∆∆Ct is the median ∆Ct for 
a miRNA of interest in one group subtracted from the median 
∆Ct of the second group. Fold difference was equivalent to fold 
change when the value was ≥ 1, while fold difference was equiv-
alent to the negative inverse of the fold change when the value 
was < 1.

A pruned decision tree model was used to assess the ability of 
multiple miRNAs to diagnose and accurately classify BCL and 
TCL samples and control samples. Decision trees were grown 
using the rpart() package with all miRNAs considered as vari-
ables. Pre-pruning was done to avoid overfitting by setting the 
minsplit parameter to 12 to restrict growth. A cost matrix was 
applied which designated false negatives as 3× more costly than 
a false positive. Receiver operating characteristic (ROC) curves 
were created using the pROC package. Accuracy, precision and 
recall metrics, along with a 95% confidence interval for the accu-
racy, were calculated for each class.

Each miRNA was assessed for prediction of overall survival 
(OS). OS was defined from the date of sample collection until 
the date of euthanasia. The date of sample collection generally 
corresponded to the date of initiation of chemotherapy. Patients 
whose cause of death was not related to lymphoma progression 
were censored. High and low expression groups for each miRNA 
based on survival data were determined using the surv_cut-
point() and surv_categorize() functions, in the survminer pack-
age in R by establishing the optimal cut-off ∆Ct point [31]. The 
minprop value of 0.2 was used in surv_cutpoint() indicating a 
minimum proportion of 20% of samples must be allocated to 
either expression group. Kaplan–Meier curves were generated 
from each miRNA using ggsurvplot() and the log-rank test was 
used to calculate p values, where < 0.05 was considered sta-
tistically significant. A prognostic pruned decision tree model 
was developed for the BCL cases only. The OS decision tree was 
grown using rpart() and pre-pruned using a minsplit value of 
10. Mean deviance was determined for each node's hazard ratio. 
Kaplan–Meier survival curves were used to assess differences 
in survival between the groups and statistical significance was 
determined using a log-rank test with survdiff() between each 
pairwise group comparison. The Bonferroni correction was ap-
plied to account for multiple comparisons and a p value < 0.05 
was considered statistically significant.

3   |   Results

Detailed demographic and clinical information are available 
in Supporting Information Materials S5–S7. Mixed breed was 
the most common in the BCL and control populations and 
Boxers in the TCL population. The median ages were 7.6, 6.9 
and 9.0 years for the BCL, TCL and control groups, respec-
tively. Castrated males were the most common in all groups. 
One TCL case was excluded from prognostic analyses due to 
incomplete medical records. In the BCL population, 21/24 
cases were euthanised related to confirmed or suspected pro-
gressive disease and all patients received CHOP as their ini-
tial chemotherapeutic protocol. Seven cases did not complete 
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their CHOP protocol due to adverse clinical signs and/or pro-
gressive disease. The MST was 377 days. Euthanasia was due 
to progressive disease in 12/15 of the TCL cases. Seven cases 
received CHOP alone as their initial chemotherapeutic treat-
ment. The MST was 190 days.

MiR-16-5p, miR-92a-3p, miR-451a are known to be associ-
ated with erythrocytes and hemolysis and therefore served as 
a reference in this evaluation [21, 23, 25, 32, 33]. The R2 value 
of the linear relationship for miR-16-5p, miR-92a-3p and miR-
451a was 0.46, 0.30 and 0.38, respectively. Hemolysed and non-
hemolysed groups were created using the parameters described 
above and compared. The p value for this comparison for miR-
16-5p, miR-92a-3p and miR-451a was < 0.05. Based on these re-
sults, any miRNA with an R2 value greater than 0.30 and with 
a statistically significant p value between the group compari-
sons was considered likely associated with hemolysis (8 miR-
NAs; Table 1). The miR-21-5p is not associated with hemolysis 
in the literature [22, 32]. This miRNA had an R2 value of 0.039 
and a comparison p value of 0.33. Thus, any miRNAs with an 
R2 value < 0.039 and a non-significant p value were considered 
unlikely to be associated with hemolysis and included 5 miR-
NAs (Table 1). The relationship of other miRNAs is reported in 
Supporting Information Materials S8.

Three miRNAs had a significant increase in expression and three 
miRNAs had a significant decrease in expression in lymphoma 
samples compared with controls (Table  2 and Figure  1A). The 
miR-125a, miR-130b-3p, miR-145 and miR-155-5p had a median 
fold-difference > ±2. Three miRNAs had significantly increased 

TABLE 1    |    The miRNAs most (as per miR-16-5p, miR-92a-3p, miR-
451a) and least (as per miR-21-5p) likely to be associated with hemolysis 
determined by the linear relationship between A414 and expression 
(R2 value) and statistical significance between hemolysed and non-
hemolysed groups (p value).

miRNA R2 value
p value of 

comparison

miRNAs likely associated with hemolysis

miR-505-5p 0.48 9.30E-04

miR-16-5p 0.46 7.90E-04

miR-451a 0.38 5.10E-05

miR-25-3p 0.38 3.70E-04

miR-15a 0.36 3.80E-03

miR-15b 0.32 1.80E-04

miR-18a-5p 0.32 7.50E-03

miR-92a-3p 0.30 3.00E-02

miRNAs unlikely associated with hemolysis

miR-21-5p 0.039 3.30E-01

miR-203a-3p 0.030 9.20E-01

miR-502-3p 0.022 3.20E-01

miR-1 0.009 9.50E-01

miR-155-5p 0.006 8.70E-01

TABLE 2    |    Significantly (p < 0.05) differentially expressed serum miRNAs in lymphoma (B-cell and T-cell) and control cases.

miRNA Median fold-difference p value (with Benjamini–Hochberg correction)

All lymphoma (n = 40) vs. controls (n = 13)

miR-155-5p 2.73 1.81E-02

miR-130b-3p 2.10 3.60E-03

miR-574-3p 1.91 1.81E-02

miR-1 −1.94 1.90E-02

miR-125a −2.05 3.60E-03

miR-145 −2.17 1.81E-02

B-cell lymphoma (n = 24) vs. controls (n = 13)

miR-155-5p 4.34 4.33E-04

miR-150-5p 2.92 1.67E-02

miR-130b-3p 2.20 3.40E-03

miR-1 −2.05 2.55E-02

miR-125a −2.47 4.33E-04

miR-145-5p −3.00 9.51E-03

T-cell lymphoma (n = 16) vs. B-cell lymphoma (n = 24)

miR-130a-3p 2.47 2.18E-02

miR-181a 1.95 2.81E-02

miR-155-5p −3.51 1.30E-02
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expression and three miRNAs had significantly decreased ex-
pression in the BCL samples compared with controls (Table  2 
and Figure 1B). All had a median fold-difference > ±2. No miR-
NAs had significantly different expression between TCL and 
controls. Two miRNAs had increased expression and one had 
decreased expression in TCL compared with BCL cases (Table 2 
and Figure 2). The miR-130a-3p and miR-155-5p had a median 
fold-difference > ±2.

In the diagnostic pruned decision tree model classifying all 
lymphoma samples from control samples, miR-125a and miR-
574a were selected (Figure 3A). The accuracy of the model was 
86.79% (95% confidence interval [CI]: 0.78, 0.96) and all lym-
phoma samples were classified as such (recall = 1). Seven of 13 
control samples were misclassified (recall = 0.46). To refine this 
model, BCL and TCL cases were separated along with controls 
(Figure  3B). In this model, miR-155-5p, miR-1 and miR-181b 

FIGURE 1    |    The miRNAs significantly (p value < 0.05) differentially expressed between lymphoma groups and controls. Values are shown as 
normalised cycle threshold (Ct) values. *p value < 0.05, **p value < 0.01, ***p value < 0.001. Benjamini–Hochberg corrected p values. Bar represents 
median with interquartile range. (A) Differentially expressed miRNAs in all lymphoma (Lym) samples compared with controls. (B) Differentially 
expressed miRNAs in B-cell lymphoma (BCL) samples compared with controls.
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were selected and resulted in an accuracy of 83.02% (95% CI: 
0.73, 0.93). All control samples were appropriately classified (re-
call = 1). Five BCL cases were misclassified (four as TCL and one 
as control; recall = 0.79). Four TCL samples were misclassified 
(three as BCL and one as control; recall = 0.75). The area under 
the curve (AUC) ranged from 0.781 to 0.812 depending on the 
group comparison.

Fifteen single miRNAs were able to predict OS in the BCL 
group (Supporting Information Materials S9). Low expres-
sion represented a better probability of survival in 13/15 miR-
NAs. Ten miRNAs were able to predict OS in the TCL group 
(Supporting Information Materials S10). Low expression of 
miR-155-5p represented a better probability of survival in both 
lymphoma groups (Supporting Information Materials S9C 
and S10J) independently but not when the groups were com-
bined. The miR-450a was similarly predictive in both groups 
independently, but low expression in the BCL (Supporting 
Information Materials S9I) group represented a better prob-
ability of survival, whereas it was high expression in the 
TCL group (Supporting Information Materials S10A). In the 
combined lymphoma group, 16 miRNAs were predictive of 
OS (Supporting Information Materials S11). The miR-194-5p 
and miR-199 were only predictive in the combined lym-
phoma group.

In the prognostic pruned decision tree model for OS in BCL 
(Figure  4), miR-125b-5p, miR-350 and let-7b-5p were selected. 
The miR-125blow/miR-350high group provided a protective 
hazard ratio (HR = 0.44; mean deviance [MD] = 0.33). This 
group had a significantly different OS compared with all other 
groups (MST = 650 days; range: 395–1289 days). Patients in the 

miR-125bhigh/let-7blow and miR-125blow/miR-350low groups had 
a slightly increased risk (HR = 1.2; MD = 0.05 and HR = 1.3; 
MD = 0.60, respectively) that were not significantly different 
from each other. These groups had an MST of 411 days (range: 
356–460 days) and 265 days (range: 253–370 days), respectively. 
Finally, the miR-125bhigh/let-7bhigh group had an increased risk 
of death (HR = 3.5; MD = 0.56), the shortest OS (MST = 166 days; 
range: 67–244 days) and this group was significantly different 
from all others.

4   |   Discussion

Multiple miRNA pruned decision tree models were able to ac-
curately classify serum samples from patients with lymphoma 
versus controls. Regardless of subtype, the all-lymphoma model 
was able to classify all cases of lymphoma but had a high num-
ber of false positives (7 of 13 control samples; recall = 0.46). This 
resulted in an overall accuracy of 86.79% (95% CI: 0.78, 0.96). 
A higher rate of false positives may be acceptable if used as a 
screening test, since secondary imaging or further clinical ex-
amination could be pursued. The diagnostic model which ac-
counted for lymphoma subtype had a lower accuracy (83.02% 
[95% CI: 0.73, 0.93]) but all controls were appropriately classi-
fied. Even though some BCL (four cases) and TCL (three cases) 
cases were inappropriately subtyped, only one case each was 
classified as controls (false negatives). Further refinement of 
these models may be required including the determination of 
acceptable false positive and false negative rates for future clin-
ical implementation.

The results of this study support the importance of separating 
subtypes of lymphoma rather than combining them into one 
lymphoma group. All previous studies on miRNA profiles in 
canine lymphoma have found differences between B-cell and 
T-cell subtypes [4, 17, 18]. MiR-130a-3p and miR-155-5p had a 
significant median fold-difference > ±2 in TCL compared with 
BCL cases in this study. This is not surprising considering the 
vast differences in development and function of their non-
neoplastic counterparts. The miRNAs, either from lymph node 
aspirates or in circulation, may serve as a novel way to pheno-
type lymphoma cases.

In the BCL group, miR-155-5p had the greatest statistically sig-
nificant median fold-difference (4.34). It was also the first de-
cision tree step that classified 19 of the 24 BCL samples. Tissue 
expression of miR-155-5p is controversial, as evidence supports 
its increased expression in human DLBCL, as part of the on-
comiR miR-17-92 cluster, but it had decreased expression in 
canine DLBCL [14, 15]. This miRNA was not differentially ex-
pressed in serum or plasma in other dog studies [4, 16]. These 
results support the increased expression of this miRNA in BCL, 
similar to results from a systematic review of the human litera-
ture [34]. Differences in methodology and sample type may ac-
count for this variation between studies.

The miR-181a and miR-181c have increased expression in 
lymph node aspirates from dogs with TCL compared with 
healthy control dogs [4, 17, 18]. Although miR-181a and 
miR-181b did not maintain statistical significance with the 
Benjamini–Hochberg procedure between TCL cases and 

FIGURE 2    |    The miRNAs significantly (p value < 0.05) differentially 
expressed between B-cell lymphoma (BCL) and T-cell lymphoma (TCL) 
groups. Values are shown as normalised cycle threshold (Ct) values. *p 
value < 0.05, **p value < 0.01, ***p value < 0.001. Benjamini–Hochberg 
corrected p values. Bar represents median with interquartile range.
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controls, miR-181a had increased expression in TCL com-
pared with BCL cases. The miR-181b also helped classify T-
cell cases in the decision tree. The miR-181 family represents 
six different miRNAs in the vertebrate genome, which are 
highly conserved and linked by their shared seed region [35]. 
This family is important in T-cell and other haematopoietic 
cell differentiation [35]. In this study and other canine stud-
ies, each mature miR-181 investigated had importance in TCL 
classification [4, 17, 18].

Multiple miRNAs were associated with OS, including 15 miR-
NAs in the BCL group and 10 in the TCL group. Craig et al. (2019) 
reported high plasma expression of miR-155-5p in cases with 
shorter progression-free survival, and the current study found 
the same association with OS [4]. In Craig et al. (2019), patients 
with low expression of miR-150-5p in lymph node aspirates had 
decreased progression-free survival and OS in BCL [4]. The 
current study found the opposite; cases with high expression of 
miR-150-5p in serum had decreased OS. Fujiwara-Igarashi et al. 

FIGURE 3    |    Diagnostic pruned decision tree models classifying serum samples based on miRNA expression. Pruned decision tree model where 
each step is a cut-off based on normalised Ct value and a “yes” determination is always to the left. The table represents associated metrics (accuracy, 
precision, recall and F1) for each group and adjacent receiver operating characteristic curves with area under the curve (AUC) reported. (A) Model 
classifies known lymphoma (Lym) and control (Con) cases as lymphoma (blue boxes) or control (grey boxes) using miR-125a and miR-574a. (B) Model 
classifies known B-cell lymphoma (B; BCL), T-cell lymphoma (T; TCL) or control (Con) cases as B-cell lymphoma (blue boxes), T-cell lymphoma 
(green box) or control (grey boxes) using miR-155-5p, miR-1 and miR-181b.
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(2015) used serum samples and demonstrated a link between 
let-7b and miR-25 and grade (high vs. low) [16]. The results in 
the current study found let-7b-5p was only correlated with OS 
in BCL cases. The let-7b-5p was also included in the prognostic 
multiple miRNA decision tree model. The differences between 
previous studies and the current study could reflect differences 
in technology used, differences in miRNA expression between 
serum and plasma samples and/or differences in case classifi-
cation [4, 16, 36].

The multiple miRNA pruned decision tree model for OS in BCL 
cases better refined the survival groups compared with single 
miRNAs. For example, miR-125b-5p alone was predictive of 
OS with 13 patients in the low expression/long survival group 
(MST = 460 days) and 11 patients in the high expression/short 
survival group (MST = 239 days). This miRNA was the first step in 
our multiple miRNA model. With the addition of let-7b-5p and 
miR-350, which alone were also both predictive of OS, four groups 
were created. The longest surviving group consisted of 7 dogs and 
had a MST of 650 days. The shortest surviving group consisted of 7 

dogs and had a MST of 166 days. These are different from the pre-
dictive ability of miR-125b-5p alone and help to determine cases 
with very short and very long survival from those with the more 
typical range of 300–360 days, as demonstrated by the intermedi-
ate groups consisting of 10 dogs total (range: 253–460 days).

Hemolysis is a challenge when measuring miRNAs in plasma 
or serum as erythrocytes contain miRNAs and alter results pro-
portional to the degree of hemolysis [22, 32]. Visual inspection 
is insensitive in determining the degree of hemolysis, and more 
sensitive methods such as spectrophotometry should be used 
[23, 37]. Certain miRNAs are known to have relative abundance 
in erythrocytes, such as miR-451a, miR-92-3p and miR-16; how-
ever, many others are unknown [32, 33]. Thus far, there is no 
consensus method described on how to account for or adjust 
for hemolysis when evaluating miRNAs. Therefore, miRNAs 
were investigated to determine which may be associated with 
hemolysis and should be interpreted with caution as previously 
described [21, 25]. None of our miRNAs differentially expressed 
or found to have prognostic value in this study had R2 values 

FIGURE 4    |    Multiple miRNA model using miR-125b-5p, miR-350 and let-7b-5p to predict overall survival in B-cell lymphoma patients receiving 
standard CHOP chemotherapy. (A) Pruned decision tree for overall survival classified samples into four groups with different hazard ratios (HRs). 
Each step (normalised Ct values used as cut-off) including the corresponding HR, number of events defined by death due to progressive B-cell lym-
phoma out of the total number of samples, and percentage samples in each group. (B) Kaplan–Meier survival curve for each of the groups. (C) Median 
survival time (days) with range (days) for each group and the group comparison corresponding p values (with Bonferroni correction).
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above these three reference miRNAs. Evidence suggests that 
miR-21-5p is not altered with hemolysis, so those with R2 val-
ues less than that of miR-21-5p were deemed to be unlikely to 
be from hemolysis [22, 32]. None of the miRNAs selected in the 
diagnostic or prognostic analyses were strongly associated with 
hemolysis. Amongst those between the reference miRNAs, most 
determined to be important in this study trended away from an 
association with hemolysis.

A limitation of RT-qPCR is the pre-determination of which miR-
NAs will be investigated, which narrows the scope of the study. 
The pooled samples and use of the miScript Canine miRNome 
arrays assisted in determining which miRNAs to assay but do 
not include all possible miRNAs. The population investigated 
and thus the results only apply to patients receiving treatment 
for lymphoma. The treatment protocols and their success were 
variable in the TCL group, and this precluded the evaluation of 
multiple miRNA prognostic models for TCL patients. Studies 
including a larger number of prospective samples with stan-
dardised treatment and specific subtypes within BCL and TCL 
would be helpful in validating these results.

The miRNAs are a potential tool for diagnosis and prognosis of 
canine lymphoma. We found multiple differentially expressed 
miRNAs in serum in cases of BCL compared with controls and 
TCL. Multiple miRNA models were better able to refine the clas-
sification of disease and diagnosis compared with single miR-
NAs, including predicting outcome in BCL cases.
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