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Abstract

Canine mammary tumors are the most common neoplasms in intact female dogs. The surgery
cannot always solve the problem, chemotherapy are recommend to these patients. However, chemo-
therapy could always fail because of multidrug resistance (MDR). Through stepwise increasing
5-Fluorouracil (5-FU) concentration in the culture medium, a 5-FU-resistant canine mammary tumor
cell line CMT7364/5-FU was established to disclose the molecular mechanism of the drug resistance.
Cell morphology, cell sensitivity to drugs, growth curves, expression of proteins, and chemo-sensitivity
in vivo were compared between the parental cell line and resistant cell line. As compared it to its
parental cell line (CMT7364), CMT7364/5-FU showed different morphology, cross-resistant to other
chemo-drugs and a prolonged population doubling time (PDT). The drug efflux pump proteins
(ABCB1 and ABCG2) in CMT7364/5-FU were up-regulated. In vivo, the similar result revealed that
CMT7364/5-FU cell line was more resistant to 5-FU. In conclusion, a 5-FU-resistant canine mam-
mary tumor cell line (CMT7364/5-FU) was successfully established, it can serve as a good model for
researching the mechanism of MDR and screening effective agents to reverse drug resistance.
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Introduction

Mammary gland carcinomas are the most com-
mon neoplasms in both women and intact female
dogs. The major treatment in clinic is surgery. As
most of the neoplasms are malignant, surgery cannot
always solve the problem. In order to improve the
quality and quantity of life, chemotherapy is recom-
mended to these patients. Unfortunately, chemother-
apy could fail in many ways. One of the most signifi-
cant reasons is the effect of multidrug resistance
(MDR) (Krol et al. 2014). MDR means that when
cancer cells are resistant to one kind of drug, they
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could also acquire resistance to other kinds of drugs
(Choi 2005). For many mechanisms the cancer cells
can be resistant to chemotherapy, but the most im-
portant one is the expression of the ATP-binding cas-
sette (ABC) superfamily proteins, which are the lar-
gest group of transmembrane proteins. These proteins
can protect the cells from the chemotherapy by pump-
ing the drugs out of cells after consuming ATP (Sos-
nik 2013). Many studies have shown that drug resis-
tance in dogs was also due to the expression of ABC
proteins, such as P-glycoprotein (PGP), breast cancer
resistance protein (BCRP), multidrug resistance-asso-
ciated protein 1 (MRP1) and multidrug resistance-
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-associated protein 3 (MRP3) (Nakaichi et al. 2007,
Honscha et al. 2009, Pawlowski et al. 2013, Tomiyasu
et al. 2014).

5-Fluorouracil (5-FU) is an analogue of uracil
with a fluorine atom at the C-5 position in place of
hydrogen. It could enter the cell rapidly using the
same facilitated transport mechanism as uracil does.
5-FU is then converted intracellularly to several active
metabolites, which might disrupt the RNA synthesis
and the action of thymidylate synthase (TS). 5-FU has
been used to treat various cancers and accepted
worldwide as a first-line anticancer drug for breast
cancer chemotherapy (Karayannopoulou et al. 2001,
Longley et al. 2003). In the research of human cancer,
some studies have been done on the mechanism of
5-FU resistance in several cancers (Pratt et al. 2005,
Oguri et al. 2007).

Till now, many 5-FU resistant cell lines of human
cancer have been reported, whereas few for dogs
(Shin et al. 2005). In this study, to explore the under-
lying mechanism of drug resistance in canine,
a 5-FU-resistant canine mammary tumor cell line was
established and its biological characteristics were veri-
fied.

Materials and Methods

Cell line and cell culture

Canine mammary tumor cell line CMT7364 was
obtained from a 13 years old dog with mammary tu-
mor admitted to the China Agricultural University
(Beijing, China), which was diagnosed as intraductal
papillary carcinoma of histological grade III. The cells
were cultured in DMEM medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gibco)
and 1% penicillin/streptomycin, 37oC in a humidified
atmosphere containing 5% CO2. Till now, the cell line
have already been propagated over 100 generations.

Establishment of the 5-FU-resistant canine
mammary tumor cell line

5-FU-resistant cell line was established from its
parental cell line CMT7364. We cultured it with
a stepwise increasing concentration of 5-FU (Ruibio).
The original concentration of 5-FU was 10 ng/mL and
then increased by 10 ng/mL in each step till 150
ng/mL. The medium with different concentration of
5-FU was exchanged every 2 days, the cells were cul-
tured at least 3 generations in each step. The resistant
cell line was continuously cultured for 8 months, and
we named it CMT7364/5-FU.

Morphological observations and comparison
of cell growth curves

CMT7364 at passage 60 and CMT7364/5-FU cells
in the exponential phase were observed under an in-
verted light microscope (Olympus).

First we portrayed the standard cell growth curve
of each cell line as previously described (Sylvester
2011). Then 4000 cells per well in 96-well plate were
seeded, the numbers of cells were counted using Cell
Counting Kit-8 (CCK-8, Dojindo) assay each day for
7 days. Every 24 h, after replacing the culture medium
with 10 μL CCK-8 and 90 μL fresh medium of three
wells, the plate was cultured for additional 1.5 h, then
the optical density (OD) under 570 nm were tested by
microplate reader (ELx808TM; BioTek). Finally, the
growth curves were plotted and the population doubl-
ing time (PDT) was calculated.

Chemo-sensitivity assay

The sensitivity of CMT7364/5-FU cells (CMT7364
cells as a control) to different chemotherapeutics was
detected using CCK-8 (Dojindo) assay. Briefly, the
cells were treated with different concentrations of
chemo-drugs 5-Fluorouracil (5-FU), Cyclophospham-
ide (CTX), Adriamycin (ADR), Cisplatin (DDP),
Vincristine (VCR) and Methotrexate (MTX) for
a period of 72 h. After that, the culture medium was
replaced with 90 μL DMEM and 10 μL CCK-8 for
additional 1.5 h incubation. Then the OD values were
measured at 450 nm on microplate reader. The resis-
tance Factor (RF) was calculated by the ratio of the
half maximal inhibitory concentration (IC50) value of
CMT7364/5-FU cells to the IC50 of CMT7364 cells.

Western blot assay

Confluent cells were washed with ice-cold phos-
phate buffer solution (PBS) and lysed on ice in radio
immunoprecipitation assay (RIPA) buffer containing
protease inhibitor cocktail for 15min. Protein lysate
was collected by centrifugation at 12,000 × g, 4oC for
15 min and the total protein concentration was deter-
mined using BCA protein assay kit (Beyotime) ac-
cording to the manufacturer. Subsequently an equal
amount of total proteins (40 μg/lane) was loaded and
separated on 10% Sodium Dodecyl Sulfate (SDS)
page. Proteins were then transferred to polyvinylidene
fluoride (PVDF) membrane (Millipore), blocked with
5% non-fat dry milk (BD) and probed with primary
antibodies specific to ABCB1 (1:500 dilution, Bioss),
ABCG2 (1:500 dilution, Bioss). The internal inference
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protein were β-actin (1:1000 dilution, Santa Cruz).
Following three 5-min washes with PBST (PBS
+ 0.1% Tween 20), blots were probed with a second-
ary antibody in PBST (1:10000 dilution mouse
anti-rabbit or 1:2000 dilution goat anti-mouse
IgG-HRP); the immunoreactivity was detected using
an enhanced chemiluminescence (ECL) advance
western blot detection kit (Thermo).

Immunocytochemical identification of ABC
proteins expression and localization

Cells on 24-well plate were washed with PBS, and
fixed with 4% paraformaldehyde for 20 min at RT.
Then 0.5%TritonX100-PBS was used to penetrate the
cell membranes for 20 min. After that, the cells were
blocked by 1% BSA for 30 min, and washed with PBS
for three times. The cells were incubated with the pri-
mary antibodies against ABCB1 (1:500 dilution, Bio-
ss) and ABCG2 (1:500 dilution, Bioss) at 4oC over-
night. After washing with PBST, the cells were incu-
bated with FITC labeled secondary antibody (1:1000
dilution, Cwbio) in dark for 1.5 h at RT. After wash-
ing with PBST for three times, PI was added into the
plate in dark for 20 min, and washing with PBST for
three times was again performed. Finally, the cells
were analyzed and photographed under a fluor-
escence microscope (Olympus). The mean optical
density of these fluorescence signals were analyzed by
image J software (Rawak sofrware, Inc. Germany).

Chemosensitivity analysis in vivo

The animal study was approved by the Institu-
tional Animal Care and Use Committee of Chia Agri-
cultural University. Twelve 5-week-old BALB/c fe-
male mice were divided into two groups (A, B) as the
tumor bearing animals. The mice in group A were
injected subcutaneously into the last mammary fat
pad with 5×106 CMT7364/5-FU cells, and those in
group B were injected with 5×106 CMT7364 cells.
Seven days later, 5-FU (20 mg/kg) was in-
traperitoneally injected into the mice both in group
A and group B every 3 days for 7 times. The length
and width of tumors were measured by calipers once
every three days. Three days after the last administra-
tion of 5-FU, the mice were sacrificed, the tumors that
had been cut off were measured with caliper and
weighed. Tumor volumes (V) were calculated accord-
ing to the following formula: V = a×b2×1/2 (mm3)
where a and b are the tumor length and width (in
mm), respectively.

Statistical analysis

The results are expressed as individual data or the
mean ± standard deviation (SD). Statistical compari-
sons were performed with Student’s t test; p<0.05
= statistically significant (*) and p<0.01 = highly stat-
istically significant (**). The data analysis and the his-
togram were done with GraphPad Prism 5 (GraphPad
sofrware).

Results

Establishment of CMT7364/5-FU cell line and the
differences with reference to its parental cell line

The CMT7364/5-FU cell line was established after
a continuous induction of 5-FU in a stepwise increas-
ing concentration manner through 8 months. The
IC50 of CMT7364 cell line and CMT7364/5-FU cell
line to 5-FU were 0.195 ± 0.025 μg/mL and 2.54 ± 0.15
μg/ mL (RF=13), respectively; the difference was
highly statistically significant (p<0.01).

The cells were observed under a microscope, the
differences between CMT7364 cells and
CMT7364/5-FU cells are shown in Fig. 1A. CMT7364
cells tended to grow scattered but CMT7364/5-FU
cells grew in clusters. The CMT7364 cells were
spindle-shaped, but CMT7364/5-FU cells tended to
be polygonal. Furthermore, CMT7364/5-FU cells
were polynuclear. All the bars in the figures are 10
μm.

The growth curve of CMT7364 cells and
CMT7364/5-FU cells are shown in Fig. 1B. Both of
the two cell lines had four phases, which were lag
phase, exponential phase, stationary phase and de-
cline phase. Compared to CMT7364,
CMT7364/5-FU cell line indicated a slower prolifer-
ation rate. The PDT of CMT7364 cells and
CMT7364/5-FU cells were 31.6 ± 0.6 h and 48.6 ± 0.3
h respectively; the difference was highly statistically
significant (p<0.01).

Five more anticancer drugs other than 5-FU were
used to test the cross-resistance; they were CTX,
ADR, DDP, VCR and MTX. CMT7364/5-FU cells
were more resistant to the other four kinds of drugs
except MTX than CMT7364 cells, too. The IC50 of
ADR, DDP, CTX and VCR varied between these
two cell lines; the differences were statistically sig-
nificant (Fig. 2). The accurate RF of these four drugs
were as follows: CTX, RF=3.45 (p<0.01); ADR,
RF=3.37, (p<0.05); VCR, RF=2.85, (p<0.05) and
DDP, RF=2.68, (p<0.05).
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Fig. 1A. Morphological observation. CMT7364 (a) cells were scattered and spindle-shaped, CMT7364/5-FU (b) cells were
clustered and polygonal; the cells tended to be polynuclear. Bar=10 μml; Fig. 1B. Growth curve of different cell lines. The
proliferation rate of CMT7364/5-FU cell line was much slower than that of CMT7364 cell line. This was detected in three
independent experiments. PDT = T × log2/ (logNt – logNo), where No and Nt represent the number of cells at the beginning
and the end of culture period during time T, respectively.
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Fig. 2. As compared to CMT7364 cells, CMT7364/5-FU cells showed cross-resistance to other four chemo-drugs, i.e. Cyclophos-
phamide (CTX), Adriamycin (ADR), Cisplatin (DDP), Vincristine (VCR).

Western blot and immunocytochemistry were
used to test the expression of ABCB1 and ABCG2 in
both CMT7364 cells and CMT7364/5FU cells. The
western blot results are shown in Fig. 3A, (β-actin as
internal reference). Both ABCB1 and ABCG2 were
up-regulated in CMT7364/5-FU cells. Then im-
munocytochemistry was done to locate these two
ABC proteins. As we can see in Fig. 3B, in accordance
with western blot results, these two proteins were
more intensely up-regulated in CMT7364/5-FU cells
than in CMT7364 cells, and these two proteins were

located mainly on the cell membrane. The mean
optical density of ABCB1 in CMT7364 and
CMT7364/5-FU were 0.0478 ± 0.0003 (/pixel) and
0.0828 ± 0.0008 (/pixel), respectively; the difference
was highly statistically significant (p<0.01). The mean
optical density of ABCG2 in CMT7364 and
CMT7364/5-FU was 0.0501 ± 0.0002 (/pixel) and
0.1096 ± 0.0008 (/pixel), respectively; the difference
was highly statistically significant (p<0.01). These re-
sults were shown in Fig. 3C.
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Fig. 4A. The relationship between tumor volume and time; the volume of tumors that were formed by CMT7364/5-FU cells was
higher than that formed by CMT7364 cells from day 10; Fig. 4B. The volume of tumors in different groups. Group A was
inoculated with CMT7364/5-FU cells, group B was inoculated with CMT7364 cells. Both of these two groups were treated with
5-FU for 21 days; Fig. 4C. The average volume of tumors in different groups in Fig B. The difference was statistically significant
between group A and group B; Fig. 4D. The average weight of the tumors in different groups in Fig. B. The difference was highly
statistically significant between these two groups.
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CMT7364/5-FU cells were more resistant
to 5-FU than CMT7364 cells in vivo

To assess whether our findings of in vitro experi-
ments would extended to animal models, we in-
oculated tumor cells into the mice to establish
CMT7364 and CMT7364/5-FU xenograft mice
models. The growth manner of these two kinds of
cells treated with 5-FU were shown in Fig. 4A; the
x-axis were time (d) and y-axis was tumor volume
(mm3). The volume of tumors that had been cut off
was in group A 1303 ± 823 (mm3) and in group B 845
± 184 (mm3); the difference was statistically significant
(p<0.05) (Fig. 4B and 4C). The weight of the tumors
that had been cut off was in group A and group
B 0.923 ± 0.120 (g) and 0.592 ± 0.113 (g), respectively;
the difference was highly statistically significant
(p<0.01) (Fig. 4D). All the results revealed that in vivo
CMT7364/5-FU was more resistant to 5-FU, too.

Discussion

At present, surgical treatment is nearly the only
solution to treat canine mammary tumors in China.
However, it stays unsatisfactory due to the consistent-
ly high mortality after the surgical resection (Kurzman
et al. 1986, Bostedt et al. 1995, Wey et al. 1999, Strat-
mann et al. 2008). The treatment of choice for these
patients is adjuvant application of cytotoxic drugs.
Unfortunately, many tumor cells are, or become, re-
sistant to chemotherapeutics. One of those hypothesis
about how tumor cells acquire resistant ability was
that the tumor cells might be exposed to inadequate
drug concentrations because of low drug solubility,
a high degree of plasma protein binding, a low level of
tissue binding, a poor vascular supply and by giving
insufficient doses (Lage 2008). So low concentration
drug stimulating is a good way to simulate the prog-
ress of the resistance development in vitro.
Forty-eight years ago the first multi-drug resistance
(MDR) cell line was established in rodent cell line
(Kessel et al. 1968), after that various human drug
resistant cell lines have been successfully established
(Iwasaki et al. 2002, Okugawa et al. 2004, Ikeda et al.
2010, Chen et al. 2013). On the contrary, no canine
resistant cell line has been reported.

In the present study, a 5-FU-resistant cell line was
established successfully to investigate the acquired re-
sistance mechanism. The changes in the morphology
was similar to those found in human breast cancer
resistant cell line MCF-7/TAX (Chen et al. 2013). The
RF value of CMT7364/5-FU cell line in comparison to
CMT7364 cell line was 13, reached a moderate degree
of resistance (RF=5-15x) (Snow et al. 1991). In addi-

tion, CMT7364/5-FU cells showed cross-resistance to
certain widespread used chemotherapeutic drugs, in-
cluding CTX, ADR, DDP and VCR. Multidrug resis-
tance can be caused by plenty of reasons, but the
over-expression of ABC-transporters is one of the vi-
tal, especially of ABCB1 (MDR1) and ABCG2
(BCRP) for mammary tumors. In our study both of
the two proteins were up-regulated in CMT7364/5-FU
cell line, and located in the cell membrane probably
playing a role of the efflux pump. ABCB1, originally
isolated from plasma membranes of Chinese hamster
ovary cells, displays a classical MDR phenotype (Jul-
iano et al. 1976). ABCG2 is another important drug
extrusion pump in mammary tumors, and it was
identified by three independent studies, simultaneous-
ly (Allikmets et al. 1998, Doyle et al. 1998, Miyake et
al. 1999). Many studies have revealed that ABCB1
(Thu et al. 2013, Zhang et al. 2013) and ABCG2
(Doyle et al. 2003) play important roles in breast can-
cer cell lines to support drug resistance. Many efforts
have been made to overcome MDR by developing
new drugs targeting ABCB1 and ABCG2 (Griffin et
al. 2005, Mealey 2012, Zandvliet et al. 2013). Above
all, ABCB1 and ABCG2 proteins play an important
role in CMT7364/5-FU cell line in the development of
resistance to chemo drugs.

According to the experimental results, the PDT of
CMT7364/5-FU cell line was much longer than
CMT7364 cell line. The proliferation rate of
CMT7364/5-FU cells was much slower. Nowadays, the
study of slow-cycling cells is rather actively (Chen et
al. 2012, Moore et al. 2012, Roesch et al. 2013).
Slow-cycling cells are subpopulations of tumor cells
that grow slower, at the meantime, they can exhibit
resistance to chemotherapy, leading to cancer recur-
rence, and even have a close association with stem
cells (Ishimoto et al. 2010). We already know that
5-FU is a kind of cell cycle toxic drugs which kill high
proliferation rate cells, slowing down the proliferation
rate can help CMT7364/5-FU cells avoid being killed.
In the study of si-ying Chen (Chen et al. 2013), as
compared to its parental cell line the paclitaxel-resis-
tance breast cancer cell line showed a prolonged PDT,
too. Hence, a prolonged PDT can present another
feature of resistant tumor cells.

In the present study, the resistant ability of
CMT7364/5-FU in vitro has been investigated. By es-
tablishing a xenograft model, its resistant ability in
vivo was explored. After treatment with 5-FU for 21
days, the volume of tumors in group A and group
B showed statistically significant difference (p<0.05).
The difference in the weight of the tumors between
group A and group B was highly statistically signifi-
cant (p<0.01). All the results obtained further confirm
that 5-FU is a good chemo drug for treatment of ca-
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nine mammary tumor cells, and CMT7364/5-FU was
much resistant to 5-FU in vivo.

Conclusion

A 5-FU resistant canine mammary tumor cell line
CMT7364/5-FU was established successfully; this cell
line showed cross-resistance to other chemo-drugs,
and over-expressed ABCB1 and ABCG2.
CMT7364/5-FU cell line is a good model for research-
ing the mechanism of MDR and screening effective
agents to reverse drug resistance.
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