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REGULAR PAPER� Experimental Research

Anti-neoplastic effects of topoisomerase inhibitors 
in canine mammary carcinoma, melanoma, and 
osteosarcoma cell lines

�
Abstract
Numerous topoisomerase inhibitors with proven efficacy have been used extensively to treat various 
human neoplasms. However, among these, only doxorubicin has been used and studied extensively in 
veterinary oncology. The current study was performed to evaluate the responsiveness of canine 
osteosarcoma (cOSA), mammary gland tumour (cMGT), and malignant melanoma (cMM) cell lines to 
several topoisomerase inhibitors. In addition, the correlation between the sensitivity to treatment and 
multi-drug resistant (MDR) factors was investigated. cOSA cell lines exhibited higher sensitivity than 
cMGT and cMM cell lines to all the topoisomerase inhibitors tested in vitro; this was associated with 
the levels of multi-drug resistance protein 1 (MDR1) gene expression in the cOSA cell lines. Treatment 
of cOSA (HMPOS) and cMGT cell line (CHMp) xenograft mouse models with etoposide markedly 
delayed tumour progression in HMPOS xenografts, but failed to elicit lasting anti-tumour effects on 
CHMp xenograft mice. The present findings suggest that MDR1 represents a molecular signature for 
prediction of treatment efficacy of topoisomerase inhibitors, especially that of etoposide, which may be 
a clinically useful anti-tumour agent for cOSA; however, further study is necessary to refine the 
treatment protocol.
�
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Introduction

　　The use of chemotherapeutic agents in 
veterinary medicine is frequently extrapolated 
from information obtained in human medicine. 
Direct extrapolation of chemotherapeutic protocols 
from human medicine is debatable due to inter-

species differences in pharmacokinetic parameters 
and sensitivity of tumour cells to cancer 
therapeutic compounds. Furthermore, there are 
differences between tumours in different species, 
and the relevance of certain canine cancers as 
therapeutic models for human cancer, or vice 
versa, is yet to be defined.29,44) For instance, unlike 
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in human breast cancer, no chemotherapeutic 
agents have been shown to be effective in canine 
mammary gland tumours44) (cMGT) with the 
exception of doxorubicin, to which a subset of 
patients have exhibited responsiveness. Adjuvant 
treatment of canine osteosarcoma (cOSA) with 
doxorubicin or a platinum-based drug, alone or in 
combination, is generally employed by veterinary 
oncologists; however, the protocols practiced by 
human oncologists for the same disease are more 
aggressive and complex.2,3,34,39) Therefore, it is 
necessary to explore anti-neoplastic drugs for 
canine patients with cancer via veterinary 
oncology studies.
　　Topoisomerases are nuclear enzymes that 
are essential for relaxing supercoiled DNA during 
cell replication. Two major forms of topoisomerase 
have been established: topoisomerase I, which 
transforms DNA topology by introducing single-
strand breaks in DNA, and topoisomerase II, 
which causes double-strand breaks.14,37,45) Various 
topoisomerase inhibitors that inhibit either 
topoisomerase I (irinotecan, topotecan, and 
camptothecin) or topoisomerase II (doxorubicin, 
etoposide, and daunorubicin) have been 
developed to treat a wide spectrum of human 
neoplasms.14,15,37,48) However, only doxorubicin has 
been extensively studied and frequently employed 
in veterinary chemotherapeutic protocols for 
certain malignancies based on its efficacy against 
human cancers. However, its efficacy in canine 
patients may not be equivalent to that reported 
in humans. Several clinical trials have 
demonstrated the efficacy of etoposide, either as 
single agent or in combination with other anti-
neoplastic drugs, against canine lymphoma and 
hemangiosarcoma.18,23) However, this drug is not 
extensively used in veterinary oncology due to 
lack of clinical research on its efficacy and limited 
experience. In addition, basic research on the 
therapeutic effects of topoisomerase inhibitors, 
including doxorubicin and etoposide, against 
canine cancers is scarce.
　　The efficacy of chemotherapy is constrained 
by drug resistance, which may be either intrinsic, 

i.e. pre-existing resistance factors in the tumour 
that render tumour cells unresponsive to 
therapy; or acquired, where tumour cells that 
were primarily sensitive develop resistance during 
the course of treatment.24) Various resistance 
mechanisms have been identified: one of the 
factors that decrease tumour sensitivity to 
topoisomerase inhibitors is the development of 
multidrug resistance (MDR), which has been 
reported in both human and canine oncology. The 
mechanism of resistance is extensively studied, 
and a wide range of molecular mechanisms have 
been linked to resistance to topoisomerase 
inhibitors; in particular, mutation or decreased 
expression of topoisomerase I or II, and increased 
drug efflux by multidrug resistance protein 1 
(MDR1) and multidrug resistance associated 
protein 1 (MRP1).9,11,17,27,40,42,49) Therefore, 
elucidation of the relationship between the 
expression of MDR factors and sensitivity to 
topoisomerase inhibitors may help predict 
responsiveness of canine tumours to these 
chemotherapeutic agents.
　　The aims of this study were to assess the 
anti-tumour effects of topoisomerase inhibitors on 
cOSA, cMGT, and canine malignant melanoma 
(cMM) in vitro and in vivo, and evaluate the 
association between the expression of several 
MDR factors and sensitivity of canine tumours to 
topoisomerase inhibitors.

Materials and methods

Cell lines and reagents: Three cOSA cell lines, 
namely HMPOS,12) HOS,19) and OOS19), three 
cMGT cell lines (CHMp, CIPp, and CTBp),43) and 
six cMM cell lines (CMec-1, CMec-2, CMM1, 
CMM2, KMec, and LMec)20,32) were maintained in 
RPMI 1640 medium (Wako Pure Chemical, Osaka, 
Japan) supplemented with 10% foetal bovine 
serum (FBS) (Gibco BRL, NY, USA) and 5 mg/L 
gentamicin (Sigma-Aldrich, MO, USA), and 
incubated in a humidified atmosphere containing 
5% CO2 at 37°C. Topoisomerase inhibitors for in 
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vitro studies were topotecan (Tocris Bioscience, 
Bristol, UK), irinotecan (LKT Laboratories, MN, 
USA), camptothecin, doxorubicin, etoposide, and 
daunorubicin (Wako Pure Chemical), were 
reconstituted in dimethyl sulphoxide (DMSO) and 
stored at －20°C. For each experiment, drugs 
were diluted with medium supplemented with 
10% FBS such that the DMSO concentration  
was 0.5%. Meanwhile, etoposide for in vivo 
experiments was acquired from Nippon Kayaku 
(Tokyo, Japan).

Growth inhibition assay: Tumour cells were plated 
at 1 × 103 to 4.5 × 103 cells per well into 96-well 
plates in quadruplicate. Cell seeding number for 
each cell line was optimized in preliminary 
experiments (data not shown). After 24 h, cells 
were treated with topoisomerase inhibitors at the 
concentrations indicated in Table 1. Cell viability 
was determined using the Cell Counting Kit-8 
assay (Dojindo Laboratories, Kumamoto, Japan) 
in accordance with the manufacturer’s instructions 
at 48 h after treatment. Independent assays were 
performed three times.

Quantitative real-time PCR analysis: Total RNA 
was extracted from cells during exponential 
growth using TRI Reagent® (Molecular Research 
Center, Inc., Ohio, USA). cDNA was synthesized 
using ReverTra Ace® qPCR RT Master Mix with 
gDNA Remover (Toyobo, Osaka, Japan) according 
to the manufacturers’ protocol. Quantitative real-
time PCR was performed with THUNDERBIRD® 

Probe qPCR Mix (Toyobo) using a Step One Plus 
Real-Time PCR system (Applied Biosystems, 
Foster City, CA, USA). Primers used to detect 
the expression of topoisomerase I, IIα, and IIβ, 
MDR1, and MRP1 genes were designed using the 
NCBI Primer-BLAST Tool (http://www.ncbi.nlm.
nih.gov/tools/primer-blast). The primer sequences 
were as follows: (a) topoisomerase I forward 
(5´-ATCACAGTGGCTTGGTGCAA-3´) and 
reverse (5´-TTTTCACAGAACCCTGCCCC-3´); (b) 
topoisomerase IIα forward (5´-ACCCCAGGTGGG 
AAGTATGT-3´) and reverse (5´-GTCTGCCACCC 
TTGGAGGTA-3´); (c) topoisomerase IIβ forward 
(5´-GTGTGTGGATACTCTTCGGGG-3´) and 
reverse (5´-AAAGAGTCCACAGAGCCACAC-3´); 
(d) MDR1 forward (5´-CAGTGGTTCAGGTGGC 
CCT-3´) and reverse (5´-CGAACTGTAGACAAA 
CGATGAGCT-3´); (e) MRP1 forward (5´-GGCTAT 
CAAGGGCTCAGTGG-3´) and reverse (5´-GCA 
CAGGCTTCAATCACAGC-3´); and (f) GAPDH 
forward (5´-TGACACCCACTCTTCCACCTTC-3´) 
and reverse (5´-CGGTTGCTGTAGCCAAATTCA-3´). 
PCR conditions consisted of 1 cycle of 50°C for 
2 min and 95°C for 10 min, followed by 40 cycles 
of 95°C for 15 s and 60°C for 1 min. The 
expression levels were normalized to those of the 
housekeeping gene GAPDH. All experiments 
were performed in triplicate and independent 
assays were performed thrice.

Animal study: This study was performed with 
the approval of The University of Tokyo Animal 
Care and Use Committee. HMPOS and CHMp 

Table 1.  Concentrations of topoisomerase inhibitors 
used to determine the dose response curve

Topoisomerase inhibitor Concentration (μM)

Topoisomerase I inhibitors

Camptothecin 0.001-10

Irinotecan 0.01-100

Topotecan 0.01-100

Topoisomerase II inhibitors

Daunorubicin 0.001-25

Doxorubicin 0.001-100

Etoposide 0.01-100
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cells (1 × 107) suspended in PBS were inoculated 
subcutaneously into five-week-old female BALB/c 
nu/nu mice (SLC Japan, Tokyo, Japan). When 
the average tumour volume (TV) reached 100 mm3, 
the mice were randomly assigned to control 
(n ＝ 6) and etoposide (50 mg/kg/day, orally, n ＝ 6) 
groups. TV was assessed using a calliper and 
calculated according to the following formula: 
TV ＝ (length × width2) /2. The relative TV was 
obtained by dividing the TV on the day of 
assessment with the TV on the day of the 
initiation of treatment. The mice were sacrificed 
after three weeks of treatment or when they 
developed signs of distress (body weight loss  
＞ 20%, moribund).

Statistical analysis: The 50% inhibitory 
concentration (IC50) value was defined as the 
concentration of drug that inhibits cell viability 
by 50%, and the results were calculated using R 
package drc (http://cran.r-project.org). ANOVA 
was used to analyse statistical differences 
between the average IC50 values of cOSA, cMGT, 
and cMM cell lines while in vivo results were 
compared by Student’s t test performed using 
SPSS (version 23, SPSS Inc.) or Excel (Microsoft 
Corporation). Statistical significance was set at 
P ＜ 0.05.

Results

Sensitivity of tumour cell lines to topoisomerase 
inhibitors
　　The IC50 values of each cell line treated with 
the various topoisomerase inhibitors and the 
average IC50 values of tumours of the same type 
are presented in Table 2. As observed from the 
dose response curves (Fig. 1), cell lines from the 
same tumour line exhibited comparable sensitivity 
and IC50 values to the topoisomerase inhibitors 
tested. In addition, cOSA cell lines showed 
significantly lower IC50 values than the cMGT 
and cMM cell lines. Furthermore, cMGT cell 
lines were found to be least sensitive to the 

topoisomerase inhibitors tested.

Expression of MDR factors
　　The expression of MDR1 in cOSA cell lines, 
especially in the HMPOS and OOS cell lines, was 
markedly lower than in cMGT and cMM cell 
lines. The average MDR1 expression of cOSA cell 
lines was 46 or 19 times lower than that of cMGT 
or cMM cell lines, respectively. In addition, there 
was no marked distinction between the mRNA 
levels of topoisomerase I, IIα, and IIβ, and MRP1 
of the cell lines tested (Fig. 2A-E).

Effect of etoposide on cOSA and cMGT xenograft 
mouse models
　　HMPOS and CHMp cell lines were selected 
to evaluate the anti-tumour efficacy of etoposide 
in vivo, as these cell lines have been shown to 
support produce steady tumour growth in 
xenograft mouse models.12,43) Etoposide therapy 
inhibited CHMp tumour progression during initial 
treatment relative to the control group; however, 
tumour growth accelerated during the second 
half of the treatment period (Fig. 3). In contrast 
to that observed in the CHMp xenograft, 
etoposide markedly inhibited HMPOS xenograft 
growth from day 9 of treatment when compared 
with the control group. Although administration 
of etoposide at 50 mg/kg/day effectively suppressed 
tumour growth, this regimen was associated with 
weight loss and diarrhoea, as well toxicity which 
resulted in the death of 7 out of 12 treated mice.

Discussion

　　The tumour origin and doubling time for 
each cancer cell line are presented in Table 3. 
The present findings showed that cOSA cell lines 
exhibited higher sensitivity than the cMGT and 
cMM cell lines to all the topoisomerase inhibitors 
investigated in this study. Whist several cMGT 
and cMM cell lines divide more rapidly than 
cOSA cell lines, they were not more sensitive  
to the cytotoxic effect of these drugs. To date, 
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Table 2.  The IC50 values of all cell lines treated with topoisomerase inhibitors for 48 h; Comparison 
of the average IC50 values of various topoisomerase inhibitors between cOSA, cMGT, and cMM cell 
lines was performed using ANOVA. P ＜ 0.05 indicates significant difference between groups

Cell line Topoisomerase I inhibitor (μM) Topoisomerase II inhibitor (μM)

Camptothecin Irinotecan Topotecan Daunorubicin Doxorubicin Etoposide

Canine osteosarcoma

HMPOS 0.004 3.189 0.080 0.003 0.004 0.051

HOS 0.023 2.212 0.032 0.018 0.013 0.823

OOS 0.016 2.096 0.033 0.003 0.003 0.195

Average ± SD 0.014 ± 0.010 2.499 ± 0.600 0.048 ± 0.027 0.008 ± 0.009 0.007 ± 0.006 0.356 ± 0.411

Canine mammary gland tumour

CHMp 0.819 10.568 0.838 0.083 0.137 21.593

CIPp 1.568 32.890 1.056 0.574 2.398 30.026

CTBp 0.047 13.297 2.468 0.214 0.675 48.699

Average ± SD 0.811 ± 0.761 18.918 ± 12.177 1.454 ± 0.885 0.290 ± 0.254 1.070 ± 1.181 33.439 ± 13.872

Canine malignant melanoma

CMeC-1 0.035 5.198 0.225 0.100 0.059 7.139

CMeC-2 0.022 9.775 0.220 0.047 0.070 4.510

CMM1 0.073 10.572 0.345 0.109 0.202 2.590

CMM2 0.022 9.210 0.394 0.041 0.164 8.370

KMeC 0.026 5.274 0.131 0.015 0.052 5.724

LMeC 0.039 14.585 0.285 0.054 0.182 11.867

Average ± SD 0.036 ± 0.019 9.102 ± 3.538 0.267 ± 0.095 0.061 ± 0.036 0.122 ± 0.068 6.700 ± 3.235

p-value 0.029 0.032 0.005 0.040 0.073 ＜0.001

most studies of canine cancer chemotherapeutics 
have concentrated on doxorubicin and  
platinum derivatives, namely carboplatin and 
cisplatin.1,2,22,34,38,39) To our knowledge, there is no 
published report comparing the sensitivity of 
canine tumour cell lines to different types of 
topoisomerase inhibitors. Our results suggest 
that topoisomerase inhibitors may represent 
promising chemotherapeutic agents against 
cOSA. Intriguingly, we observed that cell lines 
originating from the same type of tumour exhibited 
comparable sensitivity to the topoisomerase 
inhibitors tested, indicating similarities in their 
molecular profiles despite originating from 
different patients.
　　Development of resistance to topoisomerase 
inhibitors has been observed in various tumours 
including colon cancer, small cell lung carcinoma, 
as well as leukaemia; this represents a major 
obstacle in cancer treatment. Reduction of 
topoisomerase I, IIα, and IIβ expression has  

been identified as the molecular basis of  
this resistance.16,38,40) However, results from 
quantitative real-time PCR analysis in our  
study revealed that the mRNA expression of 
topoisomerase I, IIα, and IIβ did not correlate 
with the sensitivity of canine tumour cells to 
topoisomerase inhibitors. MDR1 and MRP1 are 
cell membrane transporter proteins that promote 
elimination of hydrophobic compounds such as 
topoisomerase inhibitors. In addition to the 
resistance factors mentioned above, MDR1 and 
MRP1 have been identified as major players that 
mediate the development of resistance, thus 
lowering the efficacy of oncology treatments.13,17,33) 
We discovered that cOSA cell lines, which were 
more susceptible to topoisomerase inhibitor 
treatment, expressed lower levels of MDR1, but 
not of MRP1. Recent evidence demonstrated  
that MDR1 confers multidrug resistance to 
chemoresistant cancer cells, and its suppression 
via small interfering RNA restores drug 
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sensitivity.30,35,47) In addition, Gramer et al. has 
reported that MDR1 upregulation is associated 
with disease progression in canine patients with 
lymphoma receiving chemotherapy. Our findings 
are in agreement with several previous 
publications questioning the contribution of 
MRP1 to clinical drug resistance.6,10) Therefore, 
we suggest that MDR1 plays a more direct role 
in the development of resistance to topoisomerase 
inhibitor therapy and may serve as a predictive 
biomarker for treatment outcome in canine 
cancers.
　　We observed that topoisomerase inhibitors 
are effective against cOSA cell lines. cOSA is 
locally invasive and requires wide marginal 
excision via amputation or limb salvage 
procedures; however, a major challenge is the 
presence of micrometastases at the time of 

presentation or diagnosis.26,41) Although adjuvant 
treatment of cOSA with doxorubicin or platinum-
based drugs extends overall survival of dogs with 
OSA from 11-21% to 35-50% at 1 year, it fails to 
impede the progression of the metastatic disease 
which is the ultimate cause of death.2,3,4,5,7,8,26, 

28,31,34,39,41) Therefore, a novel chemotherapeutic 
protocol for cOSA is necessary. We evaluated the 
anti-tumour effect of etoposide in HMPOS and 
CHMp xenograft mouse models. Etoposide was 
selected for in vivo study because the use of this 
chemotherapeutic agent in veterinary oncology is 
currently limited, and its potential for clinical 
application is yet to be explored. Interestingly, 
our study demonstrated that etoposide therapy 
delayed tumour progression of both HMPOS and 
CHMp xenografts; however, tumour growth of 
the latter increased rapidly at the later phase. 
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This may be attributed to the high basal 
expression of MDR1 in CHMp cells, which 
increased drug efflux or treatment-induced 
acquisition of drug resistance via upregulation of 
MDR1 expression.13,42)

　　The adverse effects of etoposide include 
myelosuppression and gastrointestinal toxicity.15,36,46) 
The xenograft mice that underwent etoposide 
therapy showed signs consistent with toxicity. As 
a similar treatment protocol has been employed in 
a previous study without severe adverse effects, 
the cause of the observed discrepancy with our 
study is unknown.25) Further studies are necessary 
to establish a suitable treatment protocol for 
translation into canine patients with cancer.
　　Taken together, our results reveal that 

topoisomerase inhibitors, specifically etoposide, 
exhibit effective anti-tumour effects against 
cOSA both in vitro and in vivo; these may be 
associated with lower levels of MDR1 expression 
in cOSA cell lines when compared with cMGT and 
cMM cell lines. The caveats of this study include 
lack of pre- and post-treatment quantification of 
intra-tumoural MDR1 gene expression to explore 
the effect of etoposide therapy on MDR1 level, 
which may have explained the progression of 
tumour growth in CHMp xenograft mice during 
the latter half of the treatment period. In addition, 
the dose of etoposide employed led to the 
development of toxicity; therefore, further studies 
are required to determine the optimal etoposide 
dose for maximal efficacy and minimal toxicity. 

Fig. 1.  Dose response curve of the malignant canine cancer cell lines to topoisomerase I inhibitors; (A) 
camptothecin, (B) irinotecan, (C) topotecan; and topoisomerase II inhibitors; (D) daunorubicin, (E) 
doxorubicin, (F) etoposide. cOSA, canine osteosarcoma; cMGT, canine mammary gland tumour; cMM, 
canine malignant melanoma. �Data are expressed as means ± standard error of means (SEMs).
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Fig. 2.  Relative mRNA expression (normalised to 
that of GAPDH) of multidrug resistant factors in 
the malignant canine cancer cell lines evaluated; 
(A) topoisomerase I, (B) topoisomerase IIα, (C) 
topoisomerase IIβ, (D) multidrug resistance 
protein 1 (MDR1), and (E) multidrug resistance 
associated protein 1 (MRP1). �Data are representative 
of three independent experiments.
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Further investigation is necessary to determine 
the potential of MDR1 as a predictive biomarker 
for topoisomerase inhibitor treatment outcome, 
and to establish a suitable treatment protocol 
using etoposide to be translated into the clinic.

Fig. 3.  Changes in the relative tumour volume after etoposide treatment in HMPOS and CHMp 
xenograft mouse models. �Relative tumour volume was calculated as described in the Materials and methods 
section; a, P ＜ 0.05 between the control- and etoposide-treated HMPOS xenograft mice; b, P ＜ 0.05 between the 
control- and etoposide-treated CHMp xenograft mice.

Table 3.  The origin and doubling times of the cancer cell lines used

Cell line Origin
Doubling 
time (h)

Reference

Canine osteosarcoma

HMPOS Xenotransplantation lung metastasis of POS cell line 30 F. Barroga et al., 1999

HOS Scapula 42 Hong et al., 1998

OOS Mandible 45 Hong et al., 1998

Canine mammary gland tumour

CHMp Mammary gland 24.7 Uyama et al., 2006

CIPp Mammary gland 24.6 Uyama et al., 2006

CTBp Mammary gland 30.3 Uyama et al., 2006

Canine malignant melanoma

CMeC-1 Shoulder 37.7 Inoue et al., 2004

CMeC-2 Xenotransplantation lung metastasis of CMec-1 cell line 57.9 Inoue et al., 2004

CMM1 Oral cavity 18.4 Ohashi et al., 2001

CMM2 Oral cavity 21.0 Ohashi et al., 2001

KMeC Oral cavity 37.1 Inoue et al., 2004

LMeC Lymph node 34.1 Inoue et al., 2004
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