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Abstract

Background: Long-term use of doxorubicin (DOX) is limited by cumulative dose-
dependent cardiotoxicity.

Objectives: Identify plasma extracellular vesicle (EV)-associated microRNAs (miRNAs)
as a biomarker for cardiotoxicity in dogs by correlating changes with cardiac troponin
| (cTnl) concentrations and, echocardiographic and histologic findings.

Animals: Prospective study of 9 client-owned dogs diagnosed with sarcoma and
receiving DOX single-agent chemotherapy (total of 5 DOX treatments). Dogs with
clinically relevant metastatic disease, preexisting heart disease, or breeds predisposed
to cardiomyopathy were excluded.

Methods: Serum concentration of cTnl was monitored before each treatment and
1 month after the treatment completion. Echocardiography was performed before
treatments 1, 3, 5, and 1 month after completion. The EV-miRNA was isolated and
sequenced before treatments 1 and 3, and 1 month after completion.

Results: Linear mixed model analysis for repeated measurements was used to evalu-
ate the effect of DOX. The miR-107 (P = .03) and miR-146a (P = .02) were signifi-
cantly downregulated whereas miR-502 (P = .02) was upregulated. Changes in miR-
502 were significant before administration of the third chemotherapeutic dose.
When stratifying miRNA expression for change in left ventricular ejection fraction,
upregulation of miR-181d was noted (P = .01). Serum concentration of cTnl changed
significantly but only 1 month after treatment completion, and concentrations corre-
lated with left ventricular ejection fraction and left ventricular internal dimension in

diastole.

Abbreviations: cTnl, cardiac troponin I; DOX, doxorubicin; E/, peak myocardial velocity in
early diastole; ECG, electrocardiography; EV, extracellular vesicle; EV-miRNA, extracellular
vesicle-associated miRNA; FAC, fractional area change; FS, fractional shortening; IVCT,

isovolumic contraction time; IVRT, isovolumic relaxation time; LA:Ao, left atrium to aorta
ratio; LVEF, left ventricular ejection fraction; LVIDdN, left ventricular end-diastolic internal
diameter normalized to body weight; LVIDsN, left ventricular end-systolic internal diameter
normalized to body weight; miRNAs, microRNAs; S', peak myocardial velocity in systole.
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1 | INTRODUCTION

Doxorubicin (DOX) is an anthracycline chemotherapeutic agent that
can be used to treat a wide range of hematologic and solid tumors.t
Its long-term wuse is limited by cumulative dose-dependent
cardiotoxicity that generally is irreversible.? Anthracycline cumulative
dose remains the most important risk factor for development of
cardiotoxicity in both human and veterinary cancer patients.®

Currently, no standardized cardiac monitoring protocol is avail-
able for veterinary patients receiving anthracycline treatment. In con-
trast, standard protocols in human medicine include serial assessment
of the left ventricular ejection fraction (LVEF) using noninvasive car-
diac imaging,* including radionuclide angiography, transthoracic echo-
cardiography, and cardiac magnetic resonance imaging.> A decrease in
LVEF of 25% to <55% with signs of congestive heart failure or a
decrease in LVEF of 210% to <55% without clinical signs may prompt
suspension of treatment.> However, decreases in LVEF often are
detected only after functional impairment has occurred, precluding
any chance of reversing cardiac injury.

Cardiac troponin | (cTnl) is commonly utilized as a biomarker for
detecting cardiomyocyte injury, as it is highly specific and sensitive.®”
However, studies in humans failed to identify a clear relationship
between cTnl and myocardial dysfunction secondary to DOX treat-
ment.*®? In veterinary medicine, serum cTnl concentration was found
to increase after serial treatment with DOX,”*%*2 but optimal timing
for measuring serum cTnl concentration remains controversial. Fur-
thermore, cTnl as a biomarker has several limitations including poor
assay stability and increased concentrations that generally occur only
after recent damage to cardiomyocytes.'®

MicroRNAs (miRNAs) are small (22-25 nucleotides), noncoding
RNAs that can inhibit gene expression by complementary binding to
mRNA, thereby inhibiting protein translation or promoting degrada-
tion.* As a result, miRNAs can affect various aspects of cell metabo-
lism, influencing processes such as differentiation, regeneration, and
apoptosis, and therefore are implicated in disease pathogenesis, mak-
ing them attractive as indicators of disease state. In addition, miRNAs
are released by cells into biofluids,*> where they are relatively stable
and can withstand prolonged periods of storage even at room temper-
ature.X®'” Their stability is in part provided by membrane-bound
nanoscale entities called extracellular vesicles (EVs). Extracellular vesi-
cles (ie, exosomes and microvesicles), increasingly have been recog-
nized for their contribution to cell signaling, playing a role in cellular
processes contributing to fibrosis, apoptosis, autophagy, and signaling

pathways.*®1? Extracellular vesicles can contain mRNA, noncoding
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Conclusion and Clinical Significance: Downregulation of miR-502 was detected
before significant changes in cTnl concentrations or echocardiographic parameters.

Further validation using a larger sample size will be required.

chemotherapy, echocardiogram, ejection fraction, hemangiosarcoma, troponin

RNA such as miRNA, lipids, and proteins, and their contents are highly
regulated by the cell of origin, depending on the physiologic and path-
ologic molecular signals at work during the time of EV production.
Pathologic signaling through EVs has been identified in propagation of
neurologic diseases and cancer.?° Extracellular vesicle-associated
miRNAs (EV-miRNA) carry signals specific to the state of the cells,
including signals that may indicate toxic injury. The content of
miRNAs within EVs may serve as a predictive biomarker for cancer
treatments.??

To our knowledge, changes in EV-miRNA in dogs receiving DOX
treatment have not been investigated. Our aims were to identify
plasma EV-miRNA expression changes in dogs receiving DOX and to
correlate these changes with serum cTnl concentration, as well as

echocardiographic, electrocardiographic, and histologic findings.

2 | MATERIALS AND METHODS

21 | Study population

This prospective study was approved by the Cummings School of Vet-
erinary Medicine at Tufts University Institutional Animal Use and Care
Committee. Client-owned dogs were included in the study if they pre-
viously had been diagnosed with sarcoma and were scheduled to begin
a DOX single agent chemotherapeutic protocol at the Cummings
School of Veterinary Medicine Foster Hospital for Small Animal or at
Tufts Veterinary Emergency Services. The cancer type was confirmed
either by cytologic or histologic evaluation. The chemotherapy protocol
included 5 doses of DOX given IV 2 to 3 weeks apart, with an individ-
ual target DOX dosage of 30 mg/m? for dogs >15 kg and 1 mg/kg for
dogs <15 kg. Dogs were still included in the study if DOX treatment
was discontinued by the attending oncology and cardiology clinicians
before completion of treatment because of concern for cardiotoxicity
based on serum cTnl concentration, or echocardiographic or electro-
cardiographic findings. Exclusion criteria included breed predisposed to
cardiomyopathy (eg, Doberman, Pinchers, Boxers), presence of clini-
cally relevant metastatic disease before to the start of chemotherapy,
presence of a cardiac mass, and preexisting heart disease including
decreased contractile function, clinically relevant arrhythmia or mitral
regurgitation, or severe pulmonary hypertension.

The following variables were evaluated: serum cTnl concentration,
ECG, echocardiography, EV-miRNA expression by RNA sequencing,
and cardiac histology. The timeline of the study is shown in Table 1. A
CBC was performed as part of the DOX treatment standard of care.
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Timeline of examination and diagnostic testing during the study period

Table 1
DOX 1 (pre-DOX) DOX 2 DOX 3 (during DOX) DOX4 DOX5 1 mo post-DOX completion (post-DOX) Euthanasia
Echocardiogram X X X X
ECG X X X X X X
cTnl X X X X X X
EV-miRNA X X X
Complete blood count  x X X X X X

Histopathology

2.2 | Electrocardiogram

Six-lead ECG was performed for 5 consecutive minutes before every
DOX treatment as well as at the reevaluation 1 month after comple-
tion of DOX treatment. Results were analyzed by the same observer

(observer 1).

2.3 | Echocardiogram

All echocardiographic examinations were performed either by a cardiol-
ogy resident (observer 1) under the supervision of a board-certified
cardiologist or by a board-certified cardiologist (observer 2, observer
3). All of the measurements were obtained by the same observer
(observer 1). Echocardiogram (GE Vivid E9) was performed before the
first, third, and fifth DOX treatments as well as 1 month after treat-
ment completion. All examinations were performed on unsedated dogs
placed in lateral recumbency. Parameters obtained from the parasternal
short axis view included: fractional shortening (FS), left atrium-to-aorta
ratio (LA:Ao), left ventricular end-diastolic and end-systolic internal
diameters normalized for body weight (LVIDdN and LVIDsN, respec-
tively), and fractional area change (FAC) of the left ventricle using a
short axis view. From the left apical 4-chamber view, mitral inflow (E/A
ratio), peak myocardial velocities during systole (S') and early diastole
(E"), tissue Doppler imaging (TDI)-derived isovolumic contraction time
(IVCT) and isovolumic relaxation time (IVRT), and LVEF using the
Simpson's method of disc were obtained. Measurements were made
on 3 consecutive cardiac cycles, and the results were averaged. The M-

mode echocardiographic values were indexed for body weight.?2

24 | cTnl measurement

Serum cTnl concentrations were measured using an Abbott i-STAT
Handheld machine using heparinized whole blood before every DOX
treatment as well as 1 month after treatment completion. A serum

cTnl concentration >0.08 ng/mL was considered abnormal.

2.5 | EV-miRNA isolation and sequencing

Plasma samples collected before the first and third DOX treatments and

1 month after DOX completion were evaluated and miRNA isolated by

centrifuging whole blood at 1320g for 10 minutes immediately after
blood collection to remove cells and platelets. Plasma was stored at
—80°C until processing. Extracellular vesicles were isolated from
approximately 1.5 mL of plasma using IZON size exclusion chromatog-
raphy (qEVoriginal/70 nm). Once thawed, 500 uL aliquots of plasma
were individually processed through the column according to the manu-
facturer's instructions. Fractions 7 to 10 were collected from each
500 pL aliquot and pooled for each time point of each patient and
stored at 4°C until RNA isolation. Transmission electron microscopy
was used to confirm presence and visualize morphology of EVs in the
isolated fractions. The CD9 protein was confirmed in the EV fractions
by immunoblot (primary antibody: Bio-Rad mouse anti-human monoclo-
nal [MCA 469], 1:500; secondary antibody: Rockland Immunochemicals
Inc,, anti-mouse Ig Biotin monoclonal antibody [8817-82], 1:50), and
TSG101 by ELISA analysis (Canine TSG101 ELISA Kit, Mybiosource.
com, MBS077995) after concentration using Amicon Ultracel 10 kDa
molecular weight cutoff centrifugal filters (Merck Millipore). Lipoprotein
content was measured using high-density lipoprotein (HDL) and low-
density lipoprotein (LDL) ELISA kits for dogs (MyBiosource,
MBS033676 [HDL], MBS2603730 [LDL]). All samples were diluted 1:10
and compared with the ELISA kit standards. Ribonucleic acid was iso-
lated from EV fractions using the Qiagen miRNeasy Plasma/Serum kit
according to the manufacturer's directions, and RNA concentrations
were measured using the Agilent Bioanalyzer. The DNA libraries for
sequencing were created using the QIAseq miRNA library kit (Qiagen)
and validated and quantified on a Fragment Analyzer (Advanced Analyti-
cal). The libraries then were sequenced on a HiSeq 2500 sequencer
(lumina) using High Output V4 chemistry and single read 75 bases for-
mat. The raw sequence results were processed into demultiplexed files
in compressed fastq format using bcl2fq (lllumina). Adaptor sequences
and unigue molecular identifiers were trimmed from the resulted reads
using CLC Genomic Workbench 11 (Qiagen), and sequences were
mapped to miRBase v22.2% Sequence reads counts normalization and

differential expression analysis were performed using DESeq2.24

2.6 | Restaging during DOX treatment

Restaging tests included thoracic radiographs and abdominal ultra-
sound examination before the 3rd and 5th DOX treatments. If the
standard restaging schedule was declined by the owner, an alternative
schedule was offered, which included thoracic radiographs before to
the 4th DOX treatment.


http://mybiosource.com
http://mybiosource.com
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Table 2

DOX 1 (pre-DOX) DOX 2 DOX 3 (during DOX) DOX 4 DOX 5 1 mo post DOX completion (post-DOX) P-value
cTnl (ng/mL) 0.05 (+0.008)  0.09 (+0.035) 0.12 (+0.029)  0.13 (+0.04) 0.11 (+0.04) 0.37 (x0.29) .04
LVIDdN_2d (mm) 3.27 (£ 0.85) 3.31 (+0.79) 3.34 (+0.69) 3.78 (+0.80) .64
LVIDsN_2d 2.25 (+0.68) 2.19 (+0.58) 2.21 (+0.57) 2.58 (£1.07) .63
LA_2d 2.60 (+ 0.56) 2.36 (+0.66) 2.69 (+0.58) 3.00 (+ 0.50) .01
LA:Ao_2d 1.33 (+0.15) 1.27 (+0.20) 1.43 (+0.20) 1.43 (+0.26) .02
LVIDAN_MM 1.55 (+0.14) 1.49 (+0.15) 1.53 (+0.09) 1.97 (+0.79) .04
LVIDsN_MM 0.89 (x0.17) 0.87 (x0.15) 0.86 (+0.05) 1.34 (+0.61) 71
LA_MM 0.93 (+0.14) 0.88 (+0.13) 0.91 (+0.18) 0.90 (+0.11) .78
LA:Ao_MM 1.20 (x0.22) 1.20 (+0.11) 1.21 (+0.25) 1.14 (+0.19) 46
FS_2d 31.38 (+5.19) 34.20 (+5.97) 34.36 (+6.76) 27.95 (+8.53) 21
FS_MM 38.91(+10.82) 38.50 (+5.19) 40 (+1.78) 28.94 (+7.00) .02
LVEF (%) 70.04 (+7.57) 72.47 (+5.52) 67.97 (+2.88) 60.67 (+11.68) .002
EDV (mL) 1194.35 (458-3328) 1011.12 (£953.23) 1073.27 (+875.97) 1494.86 (+1448.81) .99
ESV 137.04 (+96.36) 198.78 (+132.43) 255.27 (+221.54) 509.77 (+480.24) .04
FAC (%) 82.12% (+8.70) 76.66 (+10.10) 74.76 (+10.29) 60.56 (+21.56) .01
EPSS (mm) 0.47 (+0.25) 0.46 (+0.16) 0.47 (+0.13) 0.72 (+0.23) .08
s 0.12 (+0.05) 0.11 (+0.03) 0.11 (+0.03) 0.10 (+0.02) .004
IVCT (ms) 32.05 (+6.76) 41.28 (+9.54) 39.31 (+10.08) 46.40 (+9.60) .01
IVRT (ms) 59.75 (+8.00) 56.20 (+11.60) 61.23 (£7.10) 56.05 (£9.62) 93

Cardiac troponin | levels and echocardiographic values at the 6 recheck time points

Note: Means with standard deviations are listed for normally distributed data whereas median and range are listed for non-normally distributed data. The

linear mixed model analysis P-values are listed.

Abbreviations: 2d, two-dimensional measurements; EDV, end-diastolic volume; EPSS, E-point to septal separation; ESV, end-systolic volume; FAC, frac-
tional area change; IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time; MM, M-mode measurements.

2.7 | Histology

When possible, heart tissue of deceased patients was collected and
fixed in formalin. Histologic examination of the right atrium, right ven-
tricle, interventricular septum, and left ventricle was performed using
hematoxylin and eosin, phosphotungtic acid-hematoxylin, and

trichrome stains.

2.8 | Statistical analysis

Statistical analysis was performed using commercially available sta-
tistical software (SPSS Statistic 17.0, IBM, Chicago, lllinois). A linear
mixed model for the analysis of repeated measurements was used
to evaluate the effect of the cumulative dose of DOX over the
treatment period. A P-value of <.05 was considered significant.
Direct comparison among time points for individual variables except
for miRNA sequencing results was performed using the Kruskal-
Wallis test followed by Bonferroni posthoc correction. The DESeq2
was used for miRNA differential expression analysis. Quantitative
data were assessed for normality using the Shapiro Wilk test. Means
(+ SD) and medians (ranges) were used as descriptive statistics for
continuous  variables,

normally and non-normally distributed

« 6.86
1.00
*
80
E 60
K
=
5 40
o
o
20 * %
L
.00
Pre-DOX 2 weeks 4 weeks 6 weeks 8 weeks 12 weeks
Figure 1 Linear mixed model showed significant change in cTnl

values over time for the 9 dogs enrolled in the study (P = .04).
However, pairwise comparison between time points showed only
statistically significant difference (P = .01) between pre-DOX and
post-DOX. One month after treatment completion (post-DOX), 1
patient had the highest cTnl level at 6.86 ng/mL. The dash line
indicates the upper limit of normal for canine cTnl level. Large asterisk
denotes significant difference. Open circles and small asterisk denote
outliers

respectively. Correlation between variables was analyzed using

Pearson's correlation test.
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3 | RESULTS

3.1 | Studydogs

Twelve dogs were recruited into the study. Three dogs subsequently
were removed from the study because of their owners’ decision to dis-
continue treatment, rapid progression of the cancer leading to euthana-
sia, or lack of response to chemotherapy. Data of the remaining 9 dogs
are summarized in Table S1. None of the dogs showed any clinical signs
of congestive heart failure or other outward clinical signs consistent
with worsening cardiac function (eg, collapse, exercise intolerance) dur-
ing the study, although 1 patient was prescribed pimobendan 1 month
after completing DOX treatment and after the final EV-miRNA sample

(A)
Plasma
Ladder EV
20 kDa [ ]
MDCK
Ladder EV
20kDa WO

Figure 2 A, Western blot results showed that these EVs were
positive for CD9. Canine MDCK cell-derived EVs were used as
positive control. B, Extracellular vesicle isolation was confirmed by
transmission electron microscopy and by the presence of the typical
“cup shaped” morphology. A higher resolution image is shown in the
upper right hand corner

e ‘
miR-92b 1
Pre-DOX versus miR-144 |, . Pre-DOX versus
| 7duing DOX miR-150 ¢ _ Post-DOX
::R; * miR-181d 1~ \
= miR-203 J | miR-29¢
miR-10b . \ z
e miR-205 | miR-107
. miR-221 | miR-136a {
miR-125a | q <
! miR-222 |  miR-184
miR-146b | - | ;
: miR-365 P /  miR-324
miR-342 | : /
eel miR-500 :
"‘fR 501 miR-502 4
miR-1301 miR-532 4
miR-660 1

collection because of the attending cardiologist's concern for
decreased contractile function measured by echocardiography. One
patient died after the 3rd chemotherapy treatment because of recur-
rent hemoabdomen. The remaining dogs (n = 8) received all 5 DOX

treatments and returned 1 month later for the final reevaluation.

3.2 | Echocardiography

Results of the 2-dimensional and M-mode echocardiography are pres-
ented in Table 2. Echocardiographic parameters with significant
change over time as analyzed by linear mixed model were found for
the following: left atrial dimension measured in 2-dimension (P = .01),
LA:Ao measured in 2-dimension (P = .02), FS measured in M-mode
(P =.02), LVEF (P = .002), LVIDd measured in M-mode (P = .04), and
FAC (P = .01). However, for each of these parameters, direct paired
analysis between time points using the Kruskal-Wallis test did not
show any significant differences.

Of the 9 dogs recruited in the study, 6 had an overall decrease in
LVEF with 3 of them having a decrease >10%. For these 3 dogs, 1 had
a final LVEF <55%. Based on treatment guidelines for human cancer
patients, this patient would have qualified for DOX treatment termi-
nation. Interestingly, this patient also had the highest final serum cTnl
concentration of 6.86 ng/mL.

Expectedly, correlation analysis showed that FS measured in M-
mode and LVEF were positively correlated (0.62, P < .001), as were FS
and FAC (0.36, P = .04). Negative correlations between LA size and
LVEF (-0.37, P = .33), and LVIDd and FS (—0.43, P = .01) were found.

3.3 | Cardiac troponin |

Serum cTnl concentrations are presented in Table 2. Linear mixed

model analysis identified a statistically significant change in cTnl over

Pre-DOX versus during DOX | Pre-DOX versus Post-DOX

miR-205 miR-150
miR-221 miR-502
miR-500 miR-221
miR-203 miR-92b
miR-144 miR-222
miR-502 miR-181d
miR-222 miR-146a
miR-342 miR-532
miR-660 miR-144
miR-10b miR-365

Figure 3 Venn diagram showing the miRNAs that were significantly up- or down-regulated when comparing between pre-DOX and during
DOX (blue circle), and between pre-DOX and post-DOX (yellow circle). Down- and up-regulating are represented by the up or down arrows.
Overlapping region lists the shared miRNAs that were up- or down-regulated for both time point comparisons. miRNAs that also showed
significant change using linear mixed model analysis over all 3 time points are highlighted in red (n = 8). The table ranks (from lowest to highest)
the 10 miRNAs with the lowest P-values for each of the pairwise comparison
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time (P = .04), with an increase in the mean concentration seen with
additional DOX doses but direct comparison between individual time
points showed a significant difference only between baseline and
1 month after completing chemotherapy (P = .01; Figure 1). Of the 9
dogs, only 1 had normal serum cTnl concentration throughout the
treatment period. The dog that was prescribed pimobendan after the
final study reevaluation had normal serum cTnl concentration before
the start of chemotherapy (0.05 ng/mL) and a final concentration of
6.86 ng/mL 1 month after completing DOX treatment. A positive cor-
relation was found between cTnl and LVIDd (0.51, P = .002), and neg-
ative correlations were found between cTnl and LVEF (-0.55,
P =.001), and between cTnl and FS (-0.39, P = .03).

3.4 | Electrocardiogram

None of the dogs developed an increase in arrhythmia severity that
the attending cardiologists believed warranted discontinuation of
DOX treatment. Only isolated ventricular premature beats and iso-
lated atrial premature contractions were noted. No changes in the ST
segment were seen. Seven dogs had normal sinus rhythm before the
start of DOX treatment and 4 of them developed some form of

arrhythmia with chemotherapy.

3.5 | Complete blood count

None of the dogs developed clinically relevant anemia or thrombocy-
topenia during the course of the study, and blood samples did not
show any notable hemolysis. Results are shown in Table S2.

3.6 | miRNA
Extracellular vesicle isolation was confirmed by positive CD9 signal on
immunoblot, positive TSG101 signal measured by ELISA analysis
(0.8 ng/mL of plasma), and by transmission electron microscopy
(Figure 2). The IZON size exclusion chromatography yielded a total
particle count of 2.5 x 107 + 1.4 x 108 per mL of plasma, with the
majority of the particles measuring between 75 and 150 pm
(1.6 x 107 + 1.3 x 108 per mL of plasma), based on nanoparticle track-
ing analysis (NTA; NS300, software v3.0; Malvern). Measurement of
lipoprotein showed minimal HDL (<1.5 mmol/L) and LDL (<42 ng/mL)
coisolation with the EVs. High density lipoprotein-to-total particle
ratio was 6.0 x 10713 mM/mL of plasma, whereas the total protein-
to-HDL ratio was 3.2 x 10% ug/mM. Low density lipoprotein-to-total
particle ratio was 1.7 x 1078 ng/mL of plasma, whereas the total pro-
tein-to-LDL ratio was 1.2 x 10°. Total protein-to-particle ratio was
1.9 x 1078 pg/mL of plasma. Some contribution of non-EV-associated
miRNA (eg, lipoproteins) is expected because our EV isolation proto-
col is not designed for absolute EV purification.2®

The EV-miRNA analysis was performed using 8 of the 9 dogs that
had hemangiosarcoma as their cancer type. The 1 dog with

[ Open Access]

American College of
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leiomyosarcoma was removed from this part of the comparison to
eliminate cancer type as a confounding factor for miRNA expression
changes. A total of 200 miRNA sequences matched to the miRBase
22 database.?® Of those, 3 miRNAs reached statistically significant
change (P < .05) using both linear mixed model and DESeq2 analyses,
and DESeq2 analysis was adjusted for sex and age of the patients
across the 3 time points: Time 1: before starting DOX, referred to as
pre-DOX; Time 2: before the 3rd DOX treatment, referred as during
DOX; Time 3:1 month after completing the last DOX treatment,
referred as post-DOX (Figure 3). These miRNAs included miR-107
(P = .03), miR-146a (P = .02), and miR-502 (P = .02); (Figure 4). The
miR-107 was significantly downregulated at post-DOX compared to

50

40
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20

10

miR-107 normalized count

400

300
200 .
100

miR-146a normalized count

300/

250
200
150

1 month after 5th
DOX

100

miR-502 normalized count

50

0 o
Pre-DOX 3rd DOX

Figure 4 Box plot for the 3 miRNAs (miR-107: top, P = .03; miR-
146a: middle, P = .02; miR-502: bottom, P = .02) that showed
statistically significant changes over time using both linear mixed
model analysis and DESeq2 analysis. Pairwise comparison showed
that the post-DOX level of miR-107 is significantly decreased from
pre-DOX level (P = 0.04), and similar changes were seen for miR-146a
(P =.01). On the other hand, miR-502 levels increased significantly
during DOX (P = .01) and post-DOX (P = .003). Large asterisks denote
statistical significance. Open circle and small asterisks denote

outliers (n = 8)
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Figure 5 Box plot representing miR-181d level for all dogs with decreased LVEF (left, n = 5) and those with greater than 10% decrease in
LVEF (right, n = 3) secondary to DOX treatment. Linear mixed model analysis showed significant upregulation over time (P = .01) for all dogs with

decreased LVEF and also for dogs with greater than 10% decrease in LVEF (P = .02). Pairwise comparison also showed significant increase in miR-
181d when comparing pre-DOX to post-DOX dogs (P = .32). Large asterisk denotes statistical significance. Open circles denote outliers
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Figure 6 Hierarchical cluster analysis (A) and principal component analysis (B) of miRNA levels as a function of treatment time points.
Hierarchical cluster analysis showed greater separation of miRNA profiles between post-DOX (time 3) and pre-DOX (time 1) than between during
DOX (time 2) and pre-DOX (time 1). Principal component analysis showed that DOX treatment led to clustering of the miRNA profiles at both
subsequent time points (n = 8)
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Figure 7 Cardiac histopathology from DOX-treated dogs shows lesions with characteristics of doxorubicin toxicity. A, Ventricular
cardiomyocyte vacuolation (closed arrowheads) (hematoxylin and eosin), B, atrophic cardiomyocytes [hematoxylin and eosin], C, (phosphotungtic
acid-hematoxylin), D, cardiomyocyte loss with fatty change (between closed arrows) (hematoxylin and eosin), E, atrial interstitial fibrosis (open
arrow) and cardiomyocyte vacuolation (closed arrowheads) (Trichrome), F, cellular disorganization, hypertrophic and hyperplastic arteriolar wall
(between open arrowheads) (hematoxylin and eosin), G, H, normal cardiomyocytes shown for comparison (hematoxylin and eosin)

pre-DOX (P = .037; fold-change, —3.1), as was miR-146a post-DOX
compared to pre-DOX (P = .013; fold-change, —1.8). On the other
hand, miR-502 was significantly upregulated both during DOX
(P = .01; fold-change, 1.7) and post-DOX (P = .003; fold-change, 2)
compared to pre-DOX. When stratifying miRNA expression based on
change in LVEF, significant upregulation of miR-181d was noted post-
DOX compared to pre-DOX in the group of dogs with decreased
LVEF (n = 5, P = .01) and specifically those with >10% decrease in
LVEF (n = 3; P = .02; Figure 5). In addition, a negative correlation was
found between the expression levels of miR-146a and miR-502
(-0.59; P =.003), as well as miR-146a and miR-181d (—0.50; P = .02),
and a positive correlation was found between miR-181d and miR-502
(0.43; P = .04).

Hierarchical cluster analysis showed that the miRNA expression pro-
files at time 1 and time 2 were interspersed with each other. However,
clearer separation between the profiles was seen at time 3 (Figure 6A).
Principal component analysis also showed that the miRNA profiles varied
more among dogs at time 1, but DOX treatment led to clustering of the

miRNA profiles at both subsequent time points (Figure 6B).

3.7 | Restaging

Of the 8 dogs diagnosed with hemangiosarcoma, 7 were restaged dur-
ing the treatment period. Metastasis was detected in only 1 dog that
developed liver nodules. However, further diagnostic testing for these
liver nodules was not performed.

3.8 | Histopathology

The hearts of 8 dogs were available for histopathologic review. All

dogs were euthanized within 3 months post-DOX. Of those 8 dogs, 6

were euthanized <1 month after their last cardiac evaluation and the
final plasma collection for EV-miRNA and cTnl analysis. Seven dogs
had changes characteristic for DOX cardiotoxicity including ventricu-
lar cardiomyocyte vacuolation, atrophy of cardiomyocytes, car-
diomyocyte loss with fatty change, atrial interstitial fibrosis, and
cardiomyocyte vacuolation (Figure 7).

Based on previously published doxorubicin cardiotoxicity scoring
criteria published previously,?® 5 dogs had grade 1, 2 dogs had grade
2, and 1 dog had no sign of cardiotoxicity on histology. All changes
were noted in the right ventricle except for 1 of the grade 1 dogs with
changes in the left ventricle that contained areas of infarction. One of
the dogs with grade 2 toxicity also was the 1 with the largest increase
in serum cTnl concentration and a decrease in LVEF >10%. However,
no significant correlations between histology grade and LVEF, cTnl, or

miRNAs were found.

4 | DISCUSSION

In our study of canine cancer patients receiving single agent DOX
chemotherapy, selected EV-miRNA were differentially expressed with
DOX treatment: miR-107 and miR-146a were downregulated
whereas miR-502 was upregulated after just 2 doses of DOX. Our
results are similar to those seen in human pediatric patients receiving
single agent anthracycline treatment that showed downregulation of
total serum miR-107 1 year after completion of treatment, and down-
regulation of miR-146a 24 to 48 hours after the initiating of DOX
treatment.” Unlike the study of children, we did not find a correlation
between these 2 miRNAs and LVEF, but our study utilized a much
smaller sample size and may not have had sufficient statistical power
to detect a correlation. The functional causes or consequences of
miR-107 or miR-146a downregulation, or miR-502 upregulation in

cardiomyocytes have not yet been fully elucidated. There are
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conflicting reports regarding the protective and negative effects of
miR-146a in the heart.?”?® The veterinary literature with regard to
the role of miR-146a is sparse. Results in studies of humans supported
the role of miRNA-146a in protection against inflammation, oxidative
stress, apoptosis, or angiogenesis in atherosclerotic plaques.?’
Although miR-146a concentrations were increased in human patients
with coronary artery disease,° they were found to inhibit matrix
metalloproteinase-9 expression in human cardiomyocytes, suggesting
a protective function against cardiac remodeling and myocardial dys-
function.?® In rodent models, inhibition of miR-146a resulted in an
increase in cardiac inflammation associated with diabetes.3! These
findings suggest that the miR-146a downregulation found in the dogs
treated with DOX in our study may be detrimental to cardiac
function.

Similarly, miR-107 may have cardioprotective effects. Knockdown
of miR-107 in mice has been shown to have detrimental effects,
including decreases in cardiac function, cardiomyocyte size, and mito-
chondrial oxidative capacity.? In addition, miR-107 is overexpressed
in several tumor types such as colon, pancreas, and stomach can-
cers.®33% Recent studies showed that breast cancer patients with
higher miR-107 concentrations have significantly lower probability of
metastasis-free survival.3¢®” On the other hand, miR-502 has been
shown to inhibit tumor cell proliferation in hepatocellular carcinoma in
humans.®®

Based on our study, we cannot determine the source of change
for miR-107, miR-146a, or miR-502. These changes may be associated
with DOX-induced cardiotoxicity or with changes in the status of neo-
plasia (eg, change in tumor size, state of metastasis). However, res-
taging of the tumor was performed for 7 of the 8 dogs used in the
EV-miRNA analysis, and only 1 of the dogs developed new tumor sites
(liver) during the course of the study. Studies thus far have only impli-
cated the association of changes in miRNA-214 and miRNA-126 in
plasma®’ and microvesicles with hemangiosarcoma in dogs.*® Further-
more, tissue MiRNA profiles of splenic hemangiosarcoma, splenic nod-
ular hyperplasia, and normal spleen in dogs were found to differ.**
However, miR-107, miR-181d, miR-146a, and miR-502 were not
noted to vary among these 3 tissue types. Results of these studies
suggest that the miRNAs found to vary in our study did not originate
from the tumor.

To better correlate miRNA changes with cardiac function, and
therefore the status of cardiotoxicity, we further analyzed the miRNA
profiles only of dogs with a decrease in LVEF, especially those with a
>10% decrease in LVEF after completing DOX treatment. Within this
particular group of dogs, miR-181d was significantly upregulated. The
miR-181 family consists of 4 different miRNA species: miR-181a,
miR-181b, miR-181c, and miR-181d. The genetic locations of miR-
181a and miR-181b are closely clustered together, as are miR-181c
and miR-181d in humans, dogs, and mice. All members of the miR-
181 family have been shown to promote cell apoptosis by targeting
proteins within the Bcl-2 family that regulates the cell autophagy and
apoptosis balance.*2** In addition, miR-181d targets leukemia inhibi-
tory factor (LIF), which has been shown to enhance cardiac repair in

rodent models after myocardial infarction.*>*¢ Therefore, an increase

in miR-181d would inhibit LIF and its cardioprotective effects.
Increased miR-181d expression also may lead to an increased number
of reactive oxygen species produced by mitochondria.*” To confirm
the exact source of the miRNA change in our patients, tissue (heart
and tumor) miRNA would need to be analyzed concurrently. Never-
theless, miR-107, miR-146a, miR-181d, miR-502, or their combination
showed potential as biomarkers for DOX-induced cardiotoxicity.

Our study showed increases in cTnl with DOX treatment but
these increases were not significant until 1 month after completion
of DOX treatment (post-DOX), and cTnl did not correlate with LVEF
until 1 month after treatment completion. Another study found that
cTnl concentrations as measured by ELISA increased with cumula-
tive DOX doses, and a significant change was noted as early as
week 3 of their chemotherapeutic protocol, a protocol that was sim-
ilar to that used in our study.!? In another study, significant
increases in cTnl were found at the last treatment visit using a stan-
dard chemotherapeutic protocol similar to ours.’® However, these
investigators did not have data available for comparison before the
last visit. Interestingly, the highest cTnl concentrations recorded in
the previous study for most of the dogs were 3 months after the
end of treatment, indicating ongoing damage to the cardiomyocytes

despite termination of treatment,®

a phenomenon also noted in our
study. Given that cTnl is a marker of cardiac tissue damage, it is not
surprising that cTnl would increase significantly with DOX treat-
ment, but when cTnl is expected to increase and how it correlates
to irreversible cardiac damage still is unknown. It is also unclear if
an increase beyond a specific concentration could predict future
cardiac dysfunction.

In human medicine, troponin has been used to predict risk of
future cardiac complications rather than for early warning of irrevers-
ible cardiotoxicity. A systematic review showed that an early increase
in troponin predicted the degree and severity of future left ventricular
dysfunction.® Patients with concentrations persistently higher than
baseline, 1 month after completing chemotherapy had an 85% proba-
bility of major cardiac events within the 1st year of follow-up. A per-
sistent negative troponin test, or no increase in troponin
concentration, can identify, with a predictive negative value of 99%,
patients with the lowest cardiotoxicity risk who will most likely never
encounter cardiac complications and thus do not require intensive
cardiac monitoring.*®

Our study showed that LVEF as well as FS and FAC, 3 echocar-
diographic parameters of systolic function, decreased with increased
cumulative DOX dose. We also found progressive cardiac enlarge-
ment (increase in LVIDd) with cumulative DOX treatment. Changes in
LVIDd and FS may indicate development of cardiomyopathy, with sys-
tolic dysfunction. Indeed, a recent study in dogs showed that a
decrease in FS with DOX treatment was associated with the develop-
ment of cardiac clinical signs.48 The relationship between cardiac
injury and these echocardiographic parameters is further confirmed
by the correlations between LVEF and FS with increasing concentra-
tions of cTnl. However, the utility of these echocardiographic parame-
ters for early cardiotoxicity detection cannot be confirmed in our

study given the lack of significant changes between time points,
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despite significant overall changes at the end of the study. This lack of
statistical significance may be partly influenced by a decrease in sam-
ple size when performing Kruskal-Wallis analysis for time point com-
parisons versus linear mixed model analysis that considered overall
change across all time points.

Histologic analysis indicated that 7 of the 8 (87.5%) dogs, the
hearts of which were available for review had signs of cardiotoxicity,
in contrast with the echocardiographic findings of only 6 of the 9 dogs
(66.7%) having decreased LVEF. No significant correlation was found
between histologic grades and cTnl or change in LVEF during DOX
treatment, nor were any correlations observed between histologic
grades and EV-miRNA expression levels. However, the samples for
histology were collected later (at euthanasia), and therefore a direct
comparison might not be valid. Nevertheless, using the LVEF criteria
established in human cancer patients, only 1 of our study dogs would
have been recommended for treatment termination. Therefore, our
histopathologic findings suggest that echocardiographic measure-
ments taken during the treatment period are not sensitive in
predicting long-term DOX-induced cardiac injury.

Our study had some limitations. First, our sample size was small,
and our results warrant further validation of EV-associated miR-107,
miR-146a, miR-181d, and miR-502 as biomarkers for detecting DOX-
associated cardiotoxicity at earlier stages. Also, miRNA profiles were
not analyzed before each DOX administration and future studies
should include analysis at each DOX treatment time point to better
capture the exact timing of EV-miRNA change. In addition, histopa-
thology samples were not collected at the same time as echocardio-
graphic measurements and samples for cTnl and EV-miRNA
evaluation, which might explain the lack of correlation between histo-
pathology grading and the other measurements. If biopsy samples can
be taken when the other variables are assessed, it then would be pos-
sible to correlate the echocardiographic, cTnl, and EV-miRNA expres-
sion changes with histologic signs of cardiotoxicity. However, given
the invasive nature of biopsy, this was not feasible in our study. Also,
histology findings consistent with cardiotoxicity were seen mostly
within the right ventricle, which was not extensively studied by echo-
cardiography. Further study should include echocardiographic evalua-
tion of the right heart as well.

Furthermore, the miRNA results were analyzed using 2 different
tests, DESeq2 and linear mixed model analysis, which likely created a
more stringent list of mMiRNA candidates. Because of the limited num-
ber of miRNAs that reached statistical significance with the 2 analysis
method, the false discovery rate criteria were not applied. Future vali-
dation studies with larger sample sizes may identify additional candi-
dates that were missed in our study. An untreated control group also
was not available for comparison.

In our study, point-of-care cTnl measurements were used and
analysis of high-sensitivity cTnl tests could be considered in future
studies. High-sensitivity cTnl test might have permitted detection of
statistically significant changes earlier than the point-of-care cTnl
testing. Finally, echocardiography was performed by 3 different
echocardiographers, which might have introduced interobserver

variability.
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5 | CONCLUSION

We identified 4 miRNAs that were differentially expressed after
administration of DOX: miR-107, miR-146a, miR-181d, and miR-502.
Upregulation of miR-502 was detected before any significant changes
were seen in other established biomarkers, including cTnl and echo-
cardiographic parameters. In addition, miR-181d upregulation was
noted in patients with a decrease in LVEF. Further study using a larger
sample size is needed to validate our results. Nevertheless, our results
show that EV-mRNAs are promising biomarkers for cardiotoxicity
detection and may help clinicians modify treatment or implement car-
dioprotective strategies early to minimize irreversible cardiac damage.
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