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Abstract. Orthotopic tumor animal models are optimal
for preclinical research of novel therapeutic interventions.
The aim of the present study was to compare two types of
ovarian cancer orthotopic xenograft (OCOX) mouse models,
i.e. cellular orthotopic injection (COI) and surgical orthotopic
implantation (SOI), regarding xenograft formation rate,
in vivo imaging, tumor growth and metastasis, and tumor
microenvironment. The tumor formation and progression
were monitored by bioluminescent in vivo imaging. Cell
proliferation and migration abilities were detected by EdU
and scratch assays, respectively. Expression of a-SMA, CD34,
MMP2, MMP9, vimentin, E-cadherin and Ki67 in tumor
samples were detected by immunohistochemistry. As a result,
we successfully established COI- and SOI-OCOX mouse
models using ovarian cancer cell lines ES2 and SKOV3.
The tumor formation rate in the COI and SOI models were
87.5 and 100%, respectively. Suspected tumor cell leakage
occurred in 37.5% of the COI models. The SOI xenografts
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grew faster, held larger primary tumors, and were more
metastatic than the COI xenografts. The migration and prolif-
eration properties of the cells that generated SOI xenografts
were significantly starker than those deriving COI xenografts
in vitro. The tumor cells in SOI xenografts exhibited a mesen-
chymal phenotype and proliferated more actively than those
in the COI xenografts. Additionally, compared with the COI
tumors, the SOI tumors contained more cancer associated
fibroblasts, matrix metallopeptidase 2 and 9. In conclusion,
SOl is a feasible and reliable technique to establish OCOX
mouse models mimicking the clinical process of ovarian
cancer growth and metastasis, although SOI is more techni-
cally difficult and time-consuming than COI.

Introduction

Ovarian cancer has the highest mortality rate of all gyneco-
logic malignancies (1), mainly because most patients present
with advanced disease and widespread metastasis at the time
of their diagnosis. The standard treatment strategy is surgery
followed by platinum-based chemotherapy. Although the
majority of patients are initially sensitive to chemotherapy,
most eventually develop drug resistance or disease recurrence,
resulting in treatment failure. This common outcome makes
the investigation of new drugs and therapeutic modalities
imperative. Appropriate animal models of ovarian cancer are
required for screening drugs and preclinical studies. Positive
results are often ‘overpredicted’ in preclinical studies, with
the highly encouraging preclinical results in mouse models
often failing to show efficacy in phase III clinical trials on
patients with metastatic tumors (2). It is likely that this
disconnect between research success and clinical outcomes is
mainly because mouse models of spontaneous metastatic or
advanced disease have rarely been used in such studies (2,3).
Chemotherapy response varies according to a tumor's organ
environment, as well as between the primary tumor and recur-
rent or metastatic tumors (4). Therefore, models that closely
replicate the spontaneous progression of metastatic ovarian
cancer are of great importance.

In studying ovarian cancer, there are four commonly used
animal xenograft models based on the site of tumor trans-
plantation: subcutaneous, intraperitoneal, subrenal capsule
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and orthotopic tumors. The conventional subcutaneous tumor
model is the most widely used model for screening anti-
cancer drugs because the technique of subcutaneous injection
is straightforward. Although the growth of subcutaneous
xenografts can be easily monitored, spontaneous metastases
have been seldom observed. The intraperitoneal tumor model
simulates the process of peritoneal dissemination and ascites
formation in ovarian cancer, and has generally been used
to evaluate the efficacy of intraperitoneal chemotherapy.
However, the relatively short life span of mice and the absence
of primary tumors and spontaneous metastases have limited
its utility. Subrenal capsule models have been used to deter-
mine the responsiveness of patient-derived xenografts (PDXs)
to chemotherapeutic agents because of a high take rate (5,6).
Since ovarian cancers originate in the ovary or fallopian
tubes, none of the three models mentioned above can accu-
rately reflect clinical disease progression and the therapeutic
response of cancer patients.

In the orthotopic model, tumor cells or tissues are trans-
planted into the ovaries. By simulating the microenvironment
of human ovarian cancer, this model can closely replicate the
gene expression profiles, histopathologic features, clinical
disease progression and interactions between cancer cells
and the relevant microenvironment (7). Both primary solid
tumors and spontaneous metastases exist in this model,
allowing for a greater probability of clinical relevance and
translation, especially in predicting subsequent results for
metastatic cancer patients (8). However, despite the benefits,
orthotopic models have technical difficulties and are time-
consuming, and expensive, and inconvenient monitoring limit
their applicability (9).

Since Fu et al reported the first case of PDX transplanta-
tion under the capsule of the nude mouse ovary in 1993 (10),
orthotopic models of human ovarian cancer have greatly
advanced in the past two decades. The rapid development of
in vivo imaging technology has made the visual assessment of
orthotopic tumors possible. So far, orthotopic ovarian cancer
models can be established through the following approaches:
1) genetically engineered mouse models (GEMM:s) of human-
like spontaneous mouse tumors (11,12); 2) surgical orthotopic
implantation (SOI) of tissue-blocks from cancer cell lines (13)
or from a patient (10) implanted into the ovary of an immune-
deficient mouse; and 3) an intrabursal injection of tumor
cells into the ovary of an immune-deficient mouse (cellular
orthotopic injection, COI) (14). GEMMs are established
in immune-competent mice by editing the mouse genome
through the use of transgenic technology (inserting extra DNA
into the genome to encode target genes) or knockout/knock-
in technology (selectively modifying specific portions of the
mouse genome) (11). Thus, GEMMs are particularly suitable
for assessing immune-based therapies (2,11).

Currently, the application of orthotopic xenograft tumors
in ovarian cancer is less common due to the procedure's
technical challenges and the expensive testing equipment
required. While COI and SOI are the two most common
ways of modeling orthotopic ovarian cancer, there are few
studies that compare the characterizations and applicable
situations for COI and SOI. In several studies of solid tumors,
including bladder (15), lung (16,17), kidney (18) and pancreatic
cancer (19), SOI was found to be more malignant and clinically
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relevant than COI. Specifically, SOI tumors were larger and
much more invasive than COI tumors, and the survival time of
the mice in SOI groups was shorter. Yi et al (20) established an
orthotopic ovarian cancer mouse model using three pathways
(cell suspension; cell suspension isolated from subcutaneous
tumor; tissue-block from subcutaneous tumor) and concluded
that a tissue-block derived transplantation model better simu-
lated tumor development and invasion. However, the cell line
used in the study was 4T1, a breast cancer cell line, which
cannot actually reflect the features of ovarian cancer. Here,
we conducted a head-to-head comparison of COI and SOI that
derived from ovarian cancer cell lines.

In this study, we utilized continuous dynamic in vivo
bioluminescence imaging to demonstrate the differences in
tumor formation and progression between COI xenografts
and SOI xenografts derived from luciferase-marked human
ovarian cancer cell lines and summarize the advantages and
disadvantages of these two models. We also compared the
two models through cellular experiments and immunohisto-
chemistry of the tumor samples. We believe that this study
can help researchers select the appropriate mouse model for
ovarian cancer research.

Materials and methods

Cell culture. The human ovarian cancer cell lines SKOV3 (a
serous adenocarcinoma cell line) and ES2 (a clear cell carci-
noma cell line) were obtained from American Type Culture
Collection and maintained in DMEM/F12, supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin.
All cells were maintained at 37°C with 5% CO, in a humidi-
fied incubator. Cells were collected in a logarithmic growth
phase and inoculated as soon as possible.

Lentivirus transfection. Lentivirus transfection was used to
establish ovarian cancer cell lines that were double-marked
with green fluorescent protein (GFP) and luciferase. Briefly,
cells were seeded into a 96-well plate with a quantity of
5000/well and infected with lentivirus (GenePharma,
Shanghai, China) for 72 h. Then, the cells were screened
with 5 pg/ml puromycin for 7 days. Subsequently, single cell-
derived clones were established through serial dilution of the
cells into 96-well plates.

Animals. Female Balb/c-nu/nu mice were obtained from the
Beijing HFK Bioscience Co., Ltd., and housed in a specific
pathogen free environment at Laboratory Animal Center,
Huazhong University of Science and Technology. All the
procedures were approved by the Institutional Animal Care
and Use Committee at Tongji Medical College, Huazhong
University of Science and Technology. All efforts were made
to minimize suffering. Mice were euthanized when any of
the following conditions occurred: primary tumors reached
approximately 1 cm? (estimated through palpation); the mouse
experienced significant weight loss (>20%); onset of cachexia
or moribundity (such as massive ascites).

Orthotopic ovarian cancer xenografts. Female nude mice
age 5-6 weeks and weighed 17-18 g were randomized into
four groups: SKOV3/SOI, SKOV3/COI, ES2/SOI and ES2/
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COI (8 mice/group). For the SOI group, subcutaneous tumors
were established by inoculating 5x10° SKOV3-luc or ES2-luc
cells into the right axillary regions of 2 nude mice aged
4 weeks, and allowing growth of approximately 0.5 cm?.
The subcutaneous tumors were extracted and cut into 1 mm?
pieces. The mice were anesthetized and placed on their right
side. An 8-mm lateral dorsal incision was made into the
fat pad surrounding the ovary, below the left kidney. After
opening the ovarian capsule, one tissue-block was implanted
on the ovary by a 7-0 surgical suture under a stereomicro-
scope, and then the ovary was covered using the surrounding
fat tissue. Finally, the ovary was re-inserted, and then the
abdomen and skin were closed with a 5-0 surgical suture.

For the COI group, in vitro cultured cells were re-suspended
at a concentration of 5x10° cells/5 ul and injected into the
ovarian bursa using a 32 G syringe needle (Hamilton,
Bonaduz, Switzerland).

Animal bioluminescent imaging (BLI). The BLI was conducted
using an in vivo imaging system (IVIS, Xenogen Corp./
Caliper life Science, Alameda, CA, USA) once a week after
implantation. A 150 mg/kg dose of D-Luciferin potassium
salt (Perkin-Elmer, Hopkinton, MA, USA) was intraperitone-
ally injected into the mice 10 min before imaging. The mice
were anesthetized using isoflurane and imaged dorsally. The
region of interest (ROI) was selected and the radiance value
was measured by Living Image® 4.3.1 Software (Caliper Life
Science). At the end-point of observation, all the mice were
euthanized immediately after the last in vivo BLI. To detect
intraperitoneal metastases, abdominal organs were obtained
within 5-10 min of being euthanized to perform ex vivo BLI.

Tumor size and immunohistochemistry. Tumor diameters were
measured by a slide caliper, and the tumor volume was calcu-
lated as Volume = Length x Width x Height/2. Samples were
fixed by 4% paraformaldehyde, followed by paraffin embedding.

Paraffin-embedded xenograft samples were used for the
immunohistochemical staining of microenvironment-related
markers, including a-smooth muscle actin (a-SMA), CD34,
matrix metallopeptidase 2 (MMP2) and matrix metallo-
peptidase 9 (MMP9). a-SMA is a commonly used marker
of cancer-associated fibroblasts (CAFs) (21). CD34 marked
microvessel density (MVD) is a surrogate marker of tumor
angiogenesis (22). MMP2 and MMP?9 are two main members
of the Zn-dependent proteases family, metalloproteinase
(MMP), which can degrade tissue matrix and basal membranes,
resulting in the migration of cells (23). In addition, E-cadherin
and vimentin, markers of epithelia and mesenchymal cells,
respectively, were assessed to evaluate the occurrence of
epithelial-mesenchymal transition (EMT) in tumor cells (24).

Cell proliferation was determined by nuclear Ki67
staining. After routine deparaffinization and rehydration,
paraffin sections were subjected to heat-mediated antigen
retrieval utilizing pH 6.0 citrate buffer or pH 9.0 Tris-
EDTA buffer according to the manufacturer's instructions
of primary antibodies. The following staining procedures
were performed with a rabbit Biotin-Streptavidin horseradish
peroxidase detection system (SP-9001, ZSGB-BIO, Beijing,
China). Primary rabbit antibodies were diluted as follows:
vimentin (ab92547, Abcam, Cambridge, UK; anti-human,
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mouse), 1:600; E-cadherin (ab76319, Abcam; anti-human,
mouse), 1:200; a-SMA (23081-1-AP, Proteintech, Wuhan,
China; anti-human, mouse), 1:400; MMP2 (sc-10736, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA; anti-human,
mouse), 1:50; MMP9 (ab38898, Abcam; anti-human, mouse),
1:200; CD34 (ab81289, Abcam; anti-human, mouse), 1:400;
Ki67 (ab92742, Abcam; anti-human), 1:500. Sections were
counterstained with hematoxylin.

Images were acquired at a magnification of x400 and five
regions were selected. Ki67 staining was presented as the
percentage of positive cells (25). MVD was calculated based
on CD34 staining (26). All the other markers were measured
by Image-Pro Plus, version 6.0 (Media Cyberbetics, Bethesda,
MD, USA) as Mean Density = Integrated Optical Density / Area
of DAB staining (27).

Primary culture of tumor cells from nude mouse subcuta-
neous xenografts. Luciferase-marked human ovarian cancer
cells were isolated from subcutaneous tumor tissues. Briefly,
samples were minced into pieces of 0.1 mm? and incubated
with 1 mg/ml collagenase type 1 on a thermostat shaker at
37°C for 2 h. After filtration with a 200-mesh sieve, the cells
were centrifuged and plated in flasks. The primary cells from
early passages (1-5) were used.

Scratch assay. Scratch assay was used to compare the migra-
tion capabilities of the in vitro cultured tumor cells and the
tumor cells primarily isolated from xenografts. The assay was
performed as previous described (28). Images were captured
at 0, 6, 12 and 24 h with a magnification of x40. The average
distance of migration was quantified using Image-Pro Plus
version 6.0. The assays were performed in triplicate and
repeated at least three times.

5-Ethynyl-2'-deoxyuridine (EdU) incorporation assay. Cell
proliferation was detected by EdU assay, using a Cell-Light
EdU kit (Ribobio, Guangzhou, China) following the manu-
facturer's instructions. Images were acquired at a magnification
of x100, and the percentage of EdU-positive cells was calcu-
lated. The assays were performed in triplicate and repeated at
least three times.

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation. The differences between the two groups were
analyzed by Student's t-test using SPSS version 22.0 (IBM
Corp, Armonk, NY, USA). The results were considered to be
statistically significant at P-values <0.05.

Results

Tumor formation and growth. Xenografts tumor formation
was observed in the ovaries of all of the mice in the ES2/SOI
and SKOV3/SOI groups, while the tumor formation rates
in the ES2/COI and SKOV3/COI groups were 87.5% (7/8).
Potential cell leakage would be detected by BLI, and identified
by taking into account the surgery, cell line usage and the first
BLI images. The two main situations we have encountered
were: 1) in highly metastatic cell lines, signals were evenly
distributed throughout the abdomen, with no significant high-
light signals in the ovarian portion (Fig. 1A); and 2) in lower
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Figure 1. Tumor growth monitored by bioluminescent IVIS imaging and tumor volume. (A) BLI images of ES2-luc implanted mice. Red arrow: suspected cell
leakage. (B) Images of SKOV3-luc implanted mice. Arrow: suspected cell leakage. (C) Growth curve of SKOV3-luc and ES2-luc tumors based on quantitative
radiance value of IVIS imaging. (D and E) Each line of bioluminescent images represents the tumor growth of one single mouse with the strongest signal in
each group. (D) ES2-luc, (E) SKOV3-luc. Red arrow: compared to the image of 42 days, it is supposed that tumor necrosis in the central region caused the
signal reduction. (F) Ovarian primary tumors. Left, ES2-luc (one SOI mouse died before the last BLI); middle, SKOV3-luc; right, quantitative analysis of

tumor volume. "P<0.05; “P<0.01.

metastatic cell lines, bioluminescent signals were outside the
ovarian projection area on the body's surface (Fig. 1B). Tumor
cell leakage occurred in 37.5% (3/8) of the mice in the COI
groups, whereas no cell leakage was observed in the SOI
groups.

The xenografts in the ES2/SOI and SKOV3/SOI groups
progressed more aggressively than in the COI groups.

Specifically, ES2/SOI tumors exhibited extremely rapid
growth, and the mice showed a shorter survival of only
27 days. Since three cases of COI were found to have cell
leakage at 11 days, and quickly progressed into a moribund
state, the data from these three cases were removed during
statistical analysis. One COI mouse failed to form a tumor,
though BLI showed a successful injection at 7 days. COI
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Figure 2. Comparison of intraperitoneal metastasis between COI and SOI. (A) Bioluminescent images of metastases on abdominal organs and abdominal
wall in ES2-luc implanted mice. The organs arranged clockwise from the top are: liver, kidneys, intestine and mesentery, spleen with pancreas and omentum.
(B) Abdominal organ (liver, kidneys, contralateral ovary, intestine and mesentery, spleen with pancreas and omentum, arranged clockwise) metastases in
SKOV3-luc groups. (C-I) Photos of metastases observed in orthotopic mouse model. (C) Highly cellular and milky ascites of ES2-luc (white arrow). Black
arrow: abdominal subcutaneous metastasis caused by luciferin injection during IVIS imaging. (D) Thickened omentum adheres to surrounding organs.
(E) Mesenteric metastasis. (F) Metastasis on peritoneum. (G) Splenic metastasis. (H) Intestinal metastasis. (I) Renal metastasis.

xenografts showed retarded growth compared with SOI
xenografts (Fig. 1A and D), and significant differences could
be observed at 11 days (P=0.008), 18 days (P=0.028) and
25 days (P=0.017) (Fig. 1C).

Compared with ES2-luc, the SKOV3-luc implanted mice
formed relatively slow growing tumors and were euthanized
at 56 days when tumor volume was estimated to exceed 1 cm®
by palpation. Additionally, there was one failure case in the
COI group. Although not statistically significant, the biolumi-
nescence growth curve suggested a relatively faster growing
tendency in SOI tumors (Fig. 1B, C and E). Of note, through
the repeated imaging of each mouse, we found one case of
tumor necrosis in a SOI mouse (Fig. 1E). This may have been
caused by rapid tumor growth in SOI.

The results of tumor volume showed that both ES2-luc
and SKOV3-luc SOI xenografts were significantly larger than
corresponding COI xenografts (Pgg,=0.010, Pgxoy3=0.018;
Fig. 1F). These results suggest that tumor cells in SOI grow
faster than COI and can form relatively larger primary tumors.

SOI generates xenografts of a more aggressive phenotype
than COI. Consistent with the malignancy of cancer cells,
ES2-derived orthotopic tumors exhibited highly metastatic
properties and generated more metastases than SKOV3-luc
cells in vivo. Three of the five COI mice (60%) and all the SOI
mice (100%, 8/8) developed metastasis. Among them, ascites
eventually appeared in one COI mouse and six SOI mice. By

contrast, the rate of metastasis in SKOV3 group was low. Only
25% (2/8) COI mice and 62.5% (5/8) SOI mice were found to
have metastases, and no formation of ascites was observed.

Moreover, we observed markedly more metastases in mice
with SOI xenografts compared with the COI groups (Table I).
These results were confirmed by ex vivo BLI analysis of removed
pelvic and abdominal organs (Fig. 2A and B). Metastases
spread across the abdominal cavities of the mice, including
the kidney, spleen, omentum, intestine, mesentery and the
abdominal wall. In addition, consistent with the progression of
human ovarian cancer were the formation of ascites (Fig. 2C-1),
with the omentum and mesentery the most commonly involved
organs. Among mice with metastasis in the SOI groups, tumor
cells mainly metastasized to the omentum (6/7 of ES2, 3/5 of
SKOV3) and mesentery (5/7 of ES2, 4/5 of SKOV3). However,
in COI groups, although mesentery (2/3 of ES2, 1/2 of SKOV3)
was still the main target of metastasis, omentum metastasis (1/3
of ES2, 0/2 of SKOV3) was rarely observed.

The cells that generate SOI and COI xenografts are different
in migration and proliferation. Having established that SOI
tumors are more aggressive than COI tumors, we next investi-
gated whether cell malignant properties are different between
the tumor cells that form SOI and COI xenografts. Thus, we
isolated tumor cells from subcutaneous tumors (ES2-luc-M
and SKOV3-luc-M, the cells that generate SOI tumors) and
compared them with those routinely in vitro cultured tumor
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Figure 3. Primary cells from subcutaneous tumor tissue, exhibit stronger migration and proliferation capability than parental cells. (A) Scratch assay of parental
cells and primary cells from mouse tumors (ES2-luc-M and SKOV3-luc-M). The right panel is quantitative assay of migration ratio. Images were captured at a
magnification of x40. (B) EdU assay. Right panel: quantitative assay of proliferation ratio. Images were captured at a magnification of x100. “P<0.05; “P<0.01.

cells (ES2-luc-P and SKOV3-luc-P, the cells that generate COI
tumors) in regards to migration and proliferation.

The scratch assay results showed that the primary cells
of ES2-luc subcutaneous tumors have a stronger migration
capability than the parental cells (Fig. 3A). Gap closure in
both groups began within 6 h after the scratch, and significant
differences could be observed (P,=0.029). At 12 and 24 h, the
migration areas of ES2-luc-M cells were increased by 25 and
13% (P,,=0.001; P,,,=0.047). Similar results were observed
in SKOV3-luc-P/M cells. Primary cells showed significant
migration at 6 h and progressed until the gap was nearly invis-
ible at 24 h. In contrast, this process of SKOV3-luc-P cells was
significantly retarded, and 60% of the initial gap still remained
at 24 h. The migration areas of SKOV3-luc-M cells at 6, 12
and 24 h were 2.23-2.53-fold to the SKOV3-luc-P groups
(P,,=0.011; P;,,=0.006; P,,,=0.002).

In the EdU assays, significant differences in EdU-positive
cell ratio were observed in both pairs of cell lines: ES2-luc-M
versus ES2-luc-P, 52.0%=+1.5% versus 60.7+2.2%, P=0.005;
SKOV3-luc-M versus SKOV3-luc-P, 11.4+1.8% versus
24.5+1.6%, P=0.001 (Fig. 3B). These findings suggest that
primary cells isolated from the subcutaneous tumors that
form SOI tumors have a stronger potential for migration
and proliferation.

Tumor microenvironment in SOI and COI xenografts. In a
similar study of kidney cancer, it is believed that supportive
stromal tissue and cell-cell communication within a tissue-
block, namely the tumor microenvironment, plays an
important role in the full expression of cancer cell spontaneous
metastatic potential (18). Thus, we detected several tumor
microenvironment and metastasis-related markers using
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Figure 4. Immunohistochemistry of microenvironment related markers on tumor samples. (A-G) Immunostaining for a-SMA, MMP2, CD34, E-cadherin,
vimentin, MMP9 and Ki67 in tumor samples. The expression of all markers in SOI tumors was more than that in COI tumors (although no statistical difference
was observed for MMP2 in SKOV3-luc tumors, the mean of MMP2 mean density in SOI was higher than COI). All images were captured at a magnification
of x400. (H) One piece of tumor tissue shedding from local tumor and significant difference of a-SMA expression existed between the two areas. "P<0.05;

“P<0.01; *"P<0.001.

immunohistochemistry staining in the COI and SOI ovarian
xenograft samples.

Positive staining of a-SMA was mainly localized to tumor
stroma, and the results (Pgg,=0.020; Pgxoy3<0.001) showed that
there were more CAFs in SOI tumors (Fig. 4A). CAFs can be
induced by tumor cells to synthesize active MMP2 (29,30).
Through MMP?2 staining, we found that the localization
and distribution of MMP2 were very similar to a-SMA, and

MMP2's elevated expression in SOI tumors also confirmed a
higher level of activation in SOI stromal fibroblasts (Pgg5,=0.024;
Pskov3=0.155; Fig.4B). The staining of CD34 revealed that MVD
of ES2-SOI group was 1.42-fold to COI group. The 2.49-fold in
SKOV3 tumors also suggests an enhanced tumor angiogenesis
in SOI tumors (Pgg,=0.049; Pgyv;=0.046; Fig. 4C).

As the main markers of EMT, the expression of E-cadherin
(Pes»,=0.017; Pgkov;=0.011) and vimentin (Pgg,=0.046;
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Table 1. Metastasis of the nude mouse groups with orthotopically implanted human ovarian cancer.

Organs
Metastasis Intestine and Contralateral
Groups rate Ascites  Omentum mesentery Liver Spleen Kidney ovary Peritoneum
ES2-luc-COI 3/5 1/5 1/5 2/5 0/5 1/5 2/5 0/5 3/5
ES2-luc-SOTI* 8/8 6/8 6/7 517 3/7 5/7 57 077 71
SKOV3-luc-COI 2/8 0/8 0/8 1/8 0/8 1/8 0/8 0/8 2/8
SKOV3-luc-SOI 5/8 0/8 3/8 4/8 2/8 0/8 1/8 0/8 4/8

“Since one mouse died before the last BLI, the data of organ metastases in ES2-luc-SOI group were summarized from 7 mice.

Table II. Advantages and disadvantages of the two models.

Groups COlI

SOI

Experimental cycle length Relatively short

Technical requirement Microscopic injection

Relatively long (because of subcutaneous tumor formation)
Microscopic suture

Cell leakage Easy to cause intraperitoneal dissemination  Seldom cause artificial metastasis
Transient regulation to cells*  Able Unable

Take rate Low High

Growth speed Slow Rapid

Metastatic capability Weak Strong

Stability of tumorigenesis Less stable

More stable

“Regulation at cellular level, such as cells after transient transfection and cell suspensions that contain two or more cell types.

Pskov3=0.004) indicated that SOI holds a higher level of
EMT (Fig. 4D and E). Different from MMP2, as another
important member of MMP family, MMP9 is mainly local-
ized to the area of inflammatory cell infiltration, which was
consistent with the theory that tumor-associated macrophages
are the main source of MMP9 (31). In SOI tumors, MMP9
staining frequently exhibited large block aggregations,
while the staining regions in COI tumors were rather small
(Pgs,<0.001; Pgkov3=0.006; Fig. 4F). Lastly, results of Ki67
(Pgs,<0.001; Pgroyv3=0.004) suggested a higher proliferation
capability of cancer cells in SOI tumors (Fig. 4G).

Additionally, we found a piece of tumor tissue shedding
from the local tumor (Fig. 4H), which was about to form
metastasis. Noteworthy, there were significant differences in
the expression of a-SMA between the shedding tissue and the
local tissue (Fig. 4H).

Discussion

In this study, we successfully established an orthotopic
ovarian cancer mouse model by injecting tumor cells (COI)
or transplanting tumor tissue-blocks into the ovary (SOI). By
utilizing ovarian cancer cell lines that stably express GFP
and firefly luciferase, which enabled in vivo bioluminescent/
fluorescent imaging of live tumor cells, the monitoring of
tumor growth was no longer a limiting factor in the applica-
tion of orthotopic xenograft models. After a series of dynamic

BLI imaging, we made a comparison of tumor growth and
metastasis between COI and SOI tumors and found that SOI
tumors exhibited a higher take rate, faster growth and more
aggressive phenotype than COI. This conclusion was consis-
tent with previous studies (15-19).

In recent years, the application of orthotopic ovarian cancer
mouse models has greatly increased, with COI and SOI the
most commonly used methods. Many researchers chose to use
COI, which may have been due to the relative simplicity of the
procedure and its short experimental cycle (no subcutaneous
tumor formation or tissue-block requirement). The take rate of
orthotopic tumors varies depending on researcher experience
and experimental conditions. In most studies, take rates of up
to 100% were achieved, regardless of whether COI or SOI
was the method used (14,32). In our study, all the orthotopic
implantation surgeries were performed by the same person.
The take rate in the SOI group also reached 100%, but it was
only 87.5% in the COI group, even though successful injection
was proved by the first BLI in all mice.

Cell leakage may result in non-spontaneous metastasis.
In our study, none of the SOI mice were found to have cell
leakage, while several COI mice did. We believe that the cells
leak out mainly through the pinhole caused by the injection
or due to an incomplete ovary capsule (if the mouse was too
young). Therefore, SOI is recommended for studies of tumor
metastasis, because COI may exhibit false positive results and
cause experimental variability (18). When COI is the only
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choice due to experimental limitations, some improvements
may help to prevent cell leakage: 1) use of semi-solid medium
to fix cells (33); 2) use of biological glue for closure of the
pinhole; 3) the usage of relatively older mice (aged 6 weeks
or more) may be helpful. Additionally, since the inocula-
tion surgery takes a certain amount of time (approximately
10 min per mouse, according to the operator's experience and
advanced equipment) and the viability of suspended cells may
decrease over time in COI surgeries of a large quantity, it is
better to use SOI models in this situation. In SOI surgeries,
it is recommended that peripheral tissue of the subcutaneous
tumor be used, which provides better viability. The advantages
and disadvantages of the two models are compared in Table II.

Metastasis can be observed in almost all the studies of the
orthotopic ovarian cancer model. Similar to clinical disease,
peritoneal dissemination is the main pathway of metastasis.
Almost all of the organs in the abdominal cavity may be
involved, including the liver, spleen, kidney, mesentery,
omentum and paraaortic lymph node (13,14,32). Our results
of metastasis showed that SOI tumors were more metastatic
than COI. Consistent with other similar studies, the incidence
of abdominal wall metastasis was the highest: except for one
SKOV3-SOI mouse, all the mice were found to have metas-
tases on the surface of the peritoneum (32). In spite of the
peritoneum, metastatic patterns of abdominal organs differed
between COI and SOI. Omentum was one of the organs
most commonly involved in SOI metastasis, while omentum
metastasis was rarely observed in COI. As it is understood
that the omentum is the main target organ of ovarian cancer
metastasis, up to 80% of epithelial ovarian cancer patients are
found to have omentum metastasis when diagnosed (34,35).
This suggests that the biological characteristics of cancer cells
in the SOI model are more closely related to clinical disease,
thus SOI is more clinically relevant. In addition, in studying
the metastasis of a particular organ, in vivo selection of highly
metastatic cell sub-lines using the orthotopic model may help
to better understand the organ selectivity of metastasis (14).

Using scratch assay and EdU assay, we confirmed that the
migration and proliferation ability of cancer cells that form
SOI tumors was stronger than the parental cells that form COI
tumors. We think this may be due to the activation of cancer
cells by stroma in the subcutaneous tumor, so we further evalu-
ated tumor microenvironment markers in COI/SOI xenografts.
Immunohistochemistry showed more CAFs (21) and a higher
level of angiogenesis in SOI, indicating that the tumor micro-
environment in SOI is more conducive to cell proliferation and
metastasis. In a previous study of kidney cancer, the vasculature
in the SOI model was also found to be richer than that in COI
model (18). Elevated EMT activation and expression of Ki67 and
stromal MMPs also suggested that tumor microenvironments in
SOI tumors are more pro-proliferative and pro-metastatic.

In summary, through a comprehensive comparison of COI
and SOI ovarian cancer modeling, we found that SOI is more
malignant and clinically relevant than COI. Furthermore, the
pros and cons of COI/SOI and methods of improvement were
summarized. We believe this study provides useful recommen-
dations and evidence for modeling orthotopic ovarian cancer.
The SOI models can serve as useful tools for research into the
metastasis and microenvironments of ovarian cancer and more
accurately predict the efficacy of future clinical treatments.
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