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Abstract. A number of murine models are used to mimic the
pathology of breast cancer. Tissue inoculation and cell inocu-
lation using orthotopic implantation (OS) and subcutaneous
implantation (SQ) are commonly used to generate murine
models to investigate cancer. However, limited information
is available in regard to the variations of these methods. The
present study compared growth, metastasis, survival and histo-
pathology of tumors produced using OS and SQ to characterize
features of the tumors produced by the two distinct methods.
Additionally, the present study aimed at providing increased
options for investigators when designing experiments. 4T1-luc2
cell suspension or 4T1-luc2 tissue suspension was inoculated
using either OS or SQ into BALB/c mice. Tumor growth and
metastasis were detected using an in vivo imaging system and
calipers. Excised tumors and lung were assessed by tissue
staining with hematoxylin and eosin, and the vessel marker
cluster of differentiation 31. The results of the present study
revealed that the cell suspension generated breast tumors of
increased size, which was visualized and determined, following
inoculation, using calipers at an earlier time point compared
with tumors produced by tissue suspension. The increasing
bioluminescent trend of OS tumors was more marked compared
with that of SQ tumors. The volume of OS tumor was increased
with decreased variation, compared with that of SQ tumors. In
addition, the OS tumor exhibited increased microvessel density.
Bioluminescent signals and histological results in regard to
metastasis were consistent: OS implantation produced increased
lung metastasis compared with that of SQ implantation, although
they exhibited similar survival times. The results of the present
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study indicated that the inocula from distinct sources (tissue
or cell) affected tumor growth. Furthermore, breast tumor
progression and histopathological characteristics were distinct
between OS and SQ, whereas OS exhibited increased malignant
behavior. Understanding the characteristics of murine breast
cancer models established by diverse methods may aid inves-
tigators to select appropriate animal models, according to the
requirements of the study.

Introduction

Breast cancer is the most frequently diagnosed cancer and is
the leading cause of female mortality worldwide, accounting
for 25% of the total number of cancer cases and 15% of all
cancer-associated female mortality (1). The incidence of breast
cancer is still progressively increasing (2). Therefore, females
with breast cancer represent a major public health priority and
has received hundreds of billions of US dollars over the last
20 years to fund studies and drug development (3). In order to
bridge the gap between preclinical and clinical studies, murine
models are broadly used to mimic the development of breast
cancer and assess the efficacy of therapeutic strategies. It is
evident that no single murine model is able to replicate the
process of cancer progression (4,5), therefore it is important to
choose a relevant and appropriate model.

Murine models of breast cancer currently used are:
Xenograft models, syngeneic murine models (directly implanted,
chemically or virally induced) and genetically engineered mice
(GEM) (including transgenic and knockout methods) (6). GEM
is generated to mimic human breast cancer by targeted expres-
sion of growth factors, receptors, proteases, oncogenes or tumor
suppressor genes; this has the advantage of elucidating the roles
that transgenes serve in breast tumorigenesis and the efficacy
of targeted therapeutics (7-10). However, GEM typically takes
several months to generate and has a high cost. Furthermore,
transgenic models exhibit a low incidence of metastasis, thus it
is not possible to investigate the underlying molecular mecha-
nisms of cancer metastasis or metastasis-related therapies (4,11).

Xenograft models serve a dominant role in screening
drugs for safety and efficacy. This type of model is easy to
operate and is widely utilized to study inhibitors of steroid
receptor signaling and drug resistance (12,13). However, the
formation of solid tumors is influenced by the extent of mice
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immunodeficiency. Nude mice exhibit insufficiency of tumor
growth and a low metastasis rate due to natural killer cell or B
cell immune response (14,15). Additionally, the tumor xenograft
in immune-deficient mice obviates the tumor-host interaction,
impairs the metastatic microenvironment and tends to generate
false positive results (16,17).

A syngeneic murine model, the most common type of
model used for studying mechanisms of tumor growth and
metastasis, is characterized by implanted cells or tissue of the
same species or genotype as the host animal (18). Therefore,
these models provide the context of an intact immune system
and host stroma and extracellular matrix for evaluating the
tumor-environment interaction, antitumor immune response
and primary metastatic tumor relevance. In mammary tumor
models,4T1 or 4T1-luc models are useful tools for investigating
antitumor and anti-metastatic effects of various drugs due to
their high invasive nature (5,19-22), making it a well-accepted
model for diverse studies.

The selection of modeling methods varies in different studies,
including tissue and cell inoculation, orthotopic implantation
(OS), subcutaneous implantation (SQ) and tail vein injection
(TV). As for the syngeneic model, the characteristic of tumor
progression is related to the inocula, the implantation site and
the number of inoculated cells (4,5,16,20,23,24). Therefore, a
good understanding of the characteristics of models induced
by distinct methods will aid investigators to make appropriate
choices, according to the research requirements. The aim of
the present study was to compare distinct methods involving
inocula and implantation site in mouse models, to provide
reference information for preclinical studies; in particular, to
elucidate the distinctions of growth, metastasis, survival and
histopathology of tumors produced using OS and SQ.

Materials and methods

Chemicals and reagents. D-luciferin was purchased from
Gold Biotechnology Inc. (St. Louis, MO, USA). The primary
antibody against cluster of differentiation (CD) 31 (catalog
no. ab28364) was purchased from Abcam (Cambridge, UK).
Two-step histostaining reagent kit (PV-9000), and hematoxylin
and eosin staining kit (ZLI-9615) were purchased from Beijing
Zhong Shan Jingiao Biotechnology Co., Ltd. (Beijing, China).

Preparation of cell and tissue suspension. The 4T1-luc2
murine breast cancer cell line (PerkinElmer, Inc., Waltham,
MA, USA) was cultured in RPMI-1640 medium (Gibco®;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), supple-
mented with 10% fetal bovine serum (Gibco®; Thermo Fisher
Scientific Inc.) and 1% penicillin-streptomycin (HyClone;
GE Healthcare Life Sciences, Logan, UT, USA). Cells were
suspended at a density of 1x10* cells/25 pl. Tissue suspension
was prepared as aforementioned, with modification (25,26);
the 4T1-luc2 breast tumor was ground into a single cell suspen-
sion and filtered through a 70 pm disposable cell strainer
(Thermo Fisher Scientific, Inc.) in PBS and finally suspended
at a concentration of 1x10* cells/25 ul.

Animal model. Female BALB/c mice (n=20; 8 weeks old;
18-20 g) were purchased from Vital River Laboratory Animal
Technology Co. Ltd., (Beijing, China) and randomly assigned
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to each group (n=10). Animals were housed at 22+5°Cina 12 h
light/dark cycle and fed rodent chow and water freely. Orthotopic
mammary fat pad implantation was performed as follows:
Female BALB/c mice were inoculated with 25 ul cell or tissue
suspension (1x10%) in the mammary fat pads under anesthesia
via Matrx VMS anesthesia machine (Midmark Corporation,
Dayton, OH, USA) by continuous inhalation of 2% isoflurane
gas for 5-10 min. Sterile tweezers were used to lift the fourth
nipple and a syringe needle (BD Biosciences, San Jose, CA,
USA) was used to implant cell or tissue suspensions directly into
the mammary fat pad. For subcutaneous implantation, female
BALB/c mice were subcutaneously inoculated with 25 ul cell
suspension (1x10%) under anesthesia by continuous inhalation
of 2% isoflurane gas for 5-10 min. The skin was tented up and
the 4T1-luc2 cells were implanted under the skin in the dorsal
flank regions. Tumor length (L) and width (W) were measured
twice weekly using calipers, and tumor volume (V) was calcu-
lated as [V = (L x W?)/2]. Bioluminescence images of primary
tumor were captured using IVIS Spectrum (PerkinElmer,
Inc.) 10 min after intraperitoneal injection of D-luciferin
(150 mg/kg, 200 pl). After ~30 days, the primary tumors were
removed and incisions were sutured under isoflurane anesthesia.
Subsequently, the lung metastasis was detected with biolumi-
nescent imaging. Light outputs were quantified using Living
Image (version 4.3; PerkinElmer, Inc.). At day 56, the mice were
sacrificed following anesthetization by pentobarbital (60 mg/kg
intraperitoneal injection) and lung tissues were obtained for
histology analysis. Humane endpoints for the present study were
as follows: Body weight, which was monitored twice weekly.
When the weight after tumor cell inoculation decreased by >10%
when compared with the initial weight of the mouse. Secondly,
behavioral observations taken during the experiment. When the
food/water consumption and the daily activity reduced by 50%,
or if the fur became dull. Thirdly, tumor length and width were
measured twice weekly using digital calipers. When the volume
of primary tumor reached ~800 mm?, the mice were sacrificed.
Also painkillers were administered following tumor resec-
tion. If mice appeared in pain even with following painkiller
administration, the mice were sacrificed. If continuous bleeding
and wound infection were observed, the mice were sacrificed.
Finally, if the wounds fail to heal following tumor resection past
5 days, the mice were sacrificed. All animal experiments were
approved by the Institution of Animal Care and Use Committee
of Capital Medical University (ref. no. AEEI-2014-052).

Histology and immunohistochemistry. The breast tumors
and lungs were selected for histological examination. Tissues
were dissected, paraffin-embedded and sectioned (6 ym thick).
Sections were stained with hematoxylin and eosin (H&E).
Anti-CD31 rabbit polyclonal antibody was used for immunohis-
tochemical (IHC) staining of breast tumor and lung sections for
microvessel density (MVD) analysis. IHC staining of CD31 was
performed according to the manufacturer's protocol. Briefly,
paraffin-embedded sections were deparaffinized with xylene
and rehydrated in a graded ethanol series at room temperature,
and endogenous peroxidase activity was quenched (30 min) by
3% H,0, in methanol. Sections were subsequently pretreated
in boiling citrate buffer for 20 min. Sections were blocked in
10% normal goat serum in PBS for 60 min and then incubated
with primary antibodies (anti-CD31 rabbit polyclonal antibody,
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Figure 1. (A) Volume and (B) total flux of the primary tumor was measured from 7 days after implantation. Cultured cell suspension implantation generated an
increased primary tumor which was visualized and determined using calipers at an earlier time point compared with tissue suspension implantation. The difference
in total flux and volume between cell suspension and tissue were significant after analysis by repeated measures analysis of variance (“P<0.01). p/s, photons/sec.

dilution 1:100) overnight at 4°C. Following two washes in PBS,
sections were incubated with 100 yl goat anti-rabbit secondary
antibody from the two-step histostaining reagent kit (Beijing
Zhong Shan Jingiao Biotechnology Co., Ltd.) according to
the manufacturer's protocol for 30 min at room temperature.
The immunoreaction was visualized when brown precipitates
formed following incubation in diaminobenzidine. Sections were
subsequently washed with water and counterstained with 0.5%
hematoxylin for 3 min at room temperature. Finally, sections
were viewed using an upright light microscope (magnification,
x200 or x100) (Olympus BX53; Olympus Corporation, Tokyo,
Japan). MVD was determined in five fields with a higher density
of CD31* cells and cell clusters. The presence of visible blood
vessel lumen was not required to be defined as positive (27).

Statistical analysis. Results are presented as the mean + stan-
dard deviation for individual experiments. Statistical significance
was determined by Student's t-test or repeated measures analysis
of variance followeed by Dunnett's test for multiple compari-
sons. Kaplan-Meier estimator survival statistical analysis was
utilized for survival data. All calculations were performed using
GraphPad Prism (version 5.0; GraphPad Software Inc., La Jolla,
CA, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Cell suspension generates larger breast tumor compared
with tissue suspension. After 7 days of implantation,
the tumor growth was determined using calipers and a
bioluminescence imaging system. The cell suspension,
visualized and determined at an earlier time point (7
days vs. 16 days; Figl A), generated larger primary tumors
compared with that of the tissue suspension (722.81+£70.77
vs. 360.67+£86.12 mm?). Bioluminescence imaging also
revealed increased total flux of tumor in animals inoculated
with the cell suspension [(7.36+1.29) x10° vs. (2.14+1.07)
x10° photons/sec; Fig. 1B].

OS produces larger and less variable tumors with increased lung
metastasis compared with SQ. The 4T1-luc2 cell suspension was

implanted via OS or SQ in BALB/c mice. The tumor growth
and metastasis were detected in vivo using an imaging system or
calipers. The volume of tumor produced using OS implantation
increased to 722.81 mm? at day 29, which was increased compared
with that of SQ implantation (447.18+145.20 mm?). The variation
in OS tumor volume was decreased compared with SQ (Fig. 2A).
Furthermore, the tumor progression of OS and SQ was addition-
ally analyzed by quantification of bioluminescent signals. The
results of the present study demonstrate that the increased trend
of total flux of OS tumor was significantly increased, compared
with that of SQ tumor [(7.36+1.29) x10° vs. (3.14+1.04) x10°
photons/sec; Fig. 2B)]. Following resection of the primary tumor,
bioluminescent signals of lung metastasis were determined. The
results of the present study revealed that OS implantation induced
increased lung metastasis, compared with that in SQ implanta-
tion (Fig. 3A), and the total flux of OS lung metastasis (9.17x10°
photons/sec) increased by 1.8 times compared with SQ (3.23x10°
photons/sec). Although OS produced tumors of increased size and
increased lung metastasis compared with SQ, there was no differ-
ence in mass mortality between the OS and SQ groups (Fig. 3B).

Histology. Primary tumors and metastatic lungs were fixed in
buffered formalin and embedded in paraffin. Subsequently,
tissue sections were stained by H&E and probed with an
anti-CD31 antibody. OS and SQ tumors presented as a solid mass
comprising poorly differentiated cancer cells (Fig. 4A and B).
Notably, OS primary tumors revealed increased tissue hetero-
geneity with the involvement of adipocytes. Quantification of
MVD demonstrated a marked variation between the tumors
collected from OS and SQ (Fig. 4C-E) as an increased number of
blood vessels were observed in OS. Additionally, H&E staining
identified that OS and SQ produced isolated lung metastatic
tumors (Fig. 5A-H). An increased number of metastatic tumor
foci were visualized using microscopy in OS sections.

Discussion

It is critical to select a proper model to mimic the initiation
and progression of breast cancer when evaluating the efficacy
of antitumor drugs and it is considered the key to success in
studies (4,28). A number of murine models have become
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Figure 2. Comparison of different implantation sites. (A) Volume of primary tumors at orthotopic and subcutaneous site at different times. OS primary tumors were
of increased size and decreased variability compared with that of SQ primary tumors. Significance was observed at day 29 ('P<0.05 vs. SQ). (B) Quantification
of bioluminescent signals (photons/sec) at orthotopic and subcutaneous sites at various times. The increasing trend of OS primary tumors were more marked
compared with that of SQ primary tumors (“P<0.01). (C) Bioluminescent images of primary tumors observed at various time points after day 7 of implantation.
OS, orthotopic implantation; SQ, subcutaneous implantation. p/s, photons/sec; Min, minimum; Max, maximum; p/sec/cm?/sr, photons/sec/cm?/ steradian.
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Figure 3. (A) Determination of bioluminescent signals to analyze the extent of lung metastasis following primary tumor resection. Total flux of OS lung metastasis
was increased compared with that of SQ ("P<0.05). (B) Kaplan-Meier estimator analysis demonstrated there was no mass mortality in SQ and OS; however, SQ led
to slightly decreased survival compared with that of OS (P=0.55). p/s, photons/second; OS, orthotopic implantation; SQ, subcutaneous implantation.

available during the last two decades and syngeneic breastcancer ~ Animal models comprising distinct methods exhibit varied
murine models, including the 4T1 series of murine mammary  characteristic and application scope. Thus, understanding
cancer models (5,19-22,29), remain widely used, owing to its  the advantages and limitations of these modeling methods is
syngeneic property of cancer cells and experimental mice. required.
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Figure 4. H&E staining and immunohistochemical staining analysis of primary tumors (magnification,x200) with (A) OS and (B) SQ implantation. Representative
CD31 staining of primary tumors with (C) OS implantation and (D) SQ implantation. Brownish staining indicated CD31* vessels. (E) Quantification of MVD
as numbers of CD31* vessels/field (magnification, x100; "P<0.05). H&E, hematoxylin and eosin; CD, cluster of differentiation; OS, orthotopic implantation;
SQ, subcutaneous implantation; MVD, microvessel density; HPF, high-power field.

Cultured tumor cells or tumor tissue implantation were
considered in the present study as there is currently no
consensus for mouse modeling. It was hypothesized that tissue
inoculation led to improved growth as they possessed stroma
and extracellular matrix. Previous studies demonstrated that
tissue inoculation resulted in decreased latency period and
increased metastatic rate (6,30,31). Despite this, results of the
present study identified that 4T1-luc2 tissue inoculation caused
a decreased tumor growth and a delay in tumor development.
This is hypothesized to be a result of the increased potency of
tissues in provoking an immune reaction, consequently causing
increased necrosis or apoptosis (5,32). An additional reason for
the effects observed in the present study may be that the tissue
disposal process damaged the stroma and extracellular matrix,
which facilitated tumor growth. Thus, on the basis of the results
of the present study, cultured 4T1-luc2 cells injected directly
were considered to be a beneficial option.

The implantation site was subsequently compared using
cultured 4T1-luc2 cells. Following inoculation of an equal
number of cells using OS and SQ, tumor growth and metastasis
were continuously determined by an in vivo imaging system
and caliper measurement. The tumor activity and size of OS

were increased compared with that of SQ during tumor develop-
ment. OS primary tumors were of increased size and decreased
variability. The results of the present study are consistent with
previous studies of cancer cell growth and limitation of cell
viability in SQ 4,5,16,18,21,31,33). The decreased variation
of OS tumor volume is favored for narrowing the gap within
the group and for strengthening comparability between
groups. As previous studies revealed, implantation into the
mammary pad formed cancer cells with increased aggressive
potential (33,34). SQ primary tumors were observed to possess
increased localization and were easy to remove in surgery. In
comparison, OS primary tumors exhibited an increased inva-
sive growth pattern. Subsequently, with ~2-fold primary tumor
burden, OS models exhibited increased lung metastases. It is
known that tumor growth and metastasis are dependent on the
malignant biological behavior of cancer cell and on the tumor
microenvironment where tumor cells were located (35,36). The
results of the present study identified an increased number of
CD31" vessels in OS tumors. Evidently, increased angiogenesis
activity provided adequate blood and nutrients for tumor growth
and metastasis in the OS model. In addition, adipocytes were
observed in OS tumors which validates that adipose tissues and
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Figure 5. The metastatic lungs were fixed in buffered formalin,embedded in paraffin and stained. (A) OS section stained with H&E; magnification, x100. (B) OS
section stained with H&E; magnification, x200. (C) OS section stained with anti-CD31 antibody; magnification, x100. (D) OS section stained with anti-CD31
antibody; magnification, x200. (E) SQ section stained with H&E; magnification, x100. (F) SQ section stained with H&E; magnification, x200. (G) SQ section
stained with anti-CD31 antibody; magnification, x100. (H) SQ section stained with anti-CD31 antibody; magnification, x200. H&E, Hematoxylin and eosin;
OS, orthotopic implantation; SQ, subcutaneous implantation; CD, cluster of differentiation; met, metastasis.

adipocytes support tumorigenesis and metastasis, particularly
in hormone-dependent cancers (37). The results of the present
study indicate that OS models may be more suitable for studies
involving tumor-microenvironment interaction. The common
experimental protocol for the orthotopic breast cancer model
is presented in Fig. 6. Although there are numerous advantages
of OS, SQ implantation remains widely used (24) and is often
combined with tail injection to observe metastasis.

In these murine models, the majority of studies have applied
between 5x10* and 2x10°4T1 or 4T1-luc2 cells for inoculation
into each mouse. The tumor volume reached =1,000 mm?
in 2 weeks, with an overall survival time of between 30 and
40 days (22,33,38,39). In the present study, 1x10* cells were

inoculated into each animal which resulted in a decreased
volume of primary tumor (<1,000 mm?®) and there was no
mass mortality following primary tumor resection in SQ and
OS models. The experiment was ended at day 56 due to ethical
considerations. The results of the present study are considered
to be of importance for designing experiments to improve
mimicking the real clinical situation of cancer development,
with less tumor burden.

The results of the present study identified that the various
inocula (tissue or cell) and implantation site (OS or SQ) led
to various rates of tumor growth and metastasis. OS gener-
ated increased malignant behavior compared with that of SQ.
By understanding the characteristics of murine breast cancer
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Figure 6. Experimental protocol for the orthotopic breast cancer model. Female BALB/c mice were injected with 4T1-luc2 cell suspension into the fourth
mammary fat pad. Lung metastasis was able to be observed after resection of primary tumor. d, day(s).

models established by diverse methods, it is possible to select an
appropriate model to use in further studies.
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