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Introduction
Ovarian cancer is the most lethal cancer of the female

reproductive system. Approximately 70% of ovarian can-
cers are diagnosed at an advanced stage, and only 30% of
women with such cancers can expect to survive five years
[1, 2]. Hence, it is important to develop new and effective
treatments. Unfortunately, only limited progress has been
achieved largely because of the lack of suitable labora-
tory animal model systems of ovarian cancer. 

Animal models of cancer provide an alternative means
to determine the causes of and treatments for malignancy
[3]. Currently, there are several different laboratory mod-
els of ovarian cancer [4]. The development of nude mice
has provided a host that supports growth of human tu-
mors in vivo. Almost all human malignant tumors can
grow in nude mice after implantation of the original
tumor from the patient and the tumor xenografts largely
reflect the features of the donor tumor, including patho-
logical characteristics, biological behavior, and sensitiv-
ity to chemotherapy drugs [5-7]. However, heterogeneity
is the key and dominant feature of human cancers.
Xenografts from one or even several patients do not rep-
resent the whole picture of a certain type of malignancy.
Hence, it is essential to establish large samples of tumor
xenograft models.

At present, collective analyses of the clinicopathologi-
cal and molecular features of the major types of ovarian

carcinomas have proposed that surface epithelial tumors
can be divided into two categories, designated Type I and
Type II tumors [8, 9]. These two types of tumors refer to
tumorigenic pathways and are not specific histopathologic
terms. Type I tumors often have KRAS, BRAF, PIK3CA,
CTNNB1, and PTEN mutations. In contrast, Type II tu-
mors generally lack these mutations, but are characterized
by a high frequency of TP53 mutations.

Currently, there are many methods for detecting muta-
tions associated with diseases. Next-generation sequenc-
ing, in particular whole-exome sequencing, which allows
the global analysis of protein coding sequences in the
human genome, has become an effective and affordable
approach in detecting causative genetic mutations in dis-
ease [10-12]. Several platforms for human exome capture
for massively parallel sequencing have been developed
and marketed to date. Agilent SureSelect Target Enrich-
ment System is one of the platforms and has proven to be
a useful method for exome capture [13, 14]. Hence, it’s a
very useful tool to detect mutation.

Although human xenografts grown in mice showed high
similarity to the primary tumor, there have been few re-
ports describing the occurrence of mutation after multi-
ple passages in vivo. The aim of this study was to provide
a platform for studying epithelial ovarian cancers (EOCs)
by establishing more than thirty tumor xenografts in
Balb/c nude mice and to confirm the genetic stability after
multiple passages in vivo by detecting characteristic mu-
tations related to Type I and Type II tumors using the Ag-
ilent SureSelect platform.Revised manuscript accepted for publication March 7, 2013
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Summary
Objective: To identify factors affecting xenograft growth of epithelial ovarian cancer (EOC) cells in nude mice and to detect charac-

teristic mutations occurring in the xenografts following serial passage. Materials and Methods: A total of 64 human EOCs were sub-
cutaneously inoculated in Balb/c nude mice in order to obtain a series of xenografts. Whole-exome sequencing was analyzed with
Agilent SureSelect targeted enrichment capture system and Illumina Solexa Hiseq 2000 sequencing platform. Mutations were con-
firmed by comparison against the reference genome build 37.3. Results: The tumor take rate was 50% (32/64). TP53 mutation was de-
tected in nine of ten Type II tumors. BRAF and CTNNB1 were not mutated in any of the samples, and PTEN mutation occurred in only
one sample. The present data indicate that advanced stage serous EOCs and early stage non-serous EOCs were easy to grow in nude
mice, and xenografts maintained the characteristic mutations. Conclusions: Advanced stage serous EOCs and early stage non-serous
EOCs were easy to grow in nude mice, and xenografts maintained the characteristic mutations. Xenografts in nude mice are useful in
vivo models for the study of human EOCs.
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Materials and Methods
Animals 

Six- to eight-week old female Balb/c nude mice weighing 18-
22 grams were used in this experiment. These mice were raised in
specific pathogen-free (SPF) conditions with a 12-12 hour day-
night cycle. All mice received appropriate anesthetics before they
were sacrificed. This study protocol was approved by the Animal
Ethics Committee of National Research Institute for Family Plan-
ning Beijing. The health of the animals was properly monitored
during the experimental period.

Tumor collection
This study collected 64 cases of EOCs received in the Depart-

ment of Obstetrics and Gynecology in the General Hospital of
Tianjin Medical University from January 2010 to December 2011.
Informed consent was obtained from all the participants. All the
tumors were diagnosed by a pathologist examining frozen sec-
tions and confirmed with neutral-buffered formalin-fixed, paraf-
fin-embedded tissue sections. Staging of the collected tumors was
done according to the International Federation of Gynaecologists
and Obstetricians (FIGO 2009) staging system for primary ovar-
ian carcinomas. In brief, fresh, live primary or peritoneal metasta-
tic ovarian solid tumor tissues were collected immediately after
ablation in the operation room under aseptic conditions, placed in
RPMI 1640 medium containing 10% fetal calf serum and inocu-
lated into Balb/c nude mice within six hours. 

The archived SKOV3 tumor xenograft was previously estab-
lished from the cell line by subcutaneous injection in the scapu-
lar region of Balb/c nude mice.

Tumor xenograft nude mouse model 
Tumor tissue was mechanically dissected into fragments meas-

uring approximately 2.0 mm in diameter using eye scissors and
placed in the paracentesis trocar (two to three fragments per tro-
car). The fragments in the trocar were subcutaneously inoculated
into both sides of the scapular and buttocks region of Balb/c nude
mice (four inoculated sites per mice) after sterilizing with 75%
alcohol. For each case, depending on the size of the obtained
tumor sample, three to five mice were used to try to establish
xenografts. For serially passaged tumors, five mice were used for
each tumor and one side of the capular region was chosen as the
inoculated site.

Tumor volume and body weight were measured twice per week,
and tumor volume was calculated with the equation V=1/2a*b2 (a
and b representing the short and long diameter, respectively, meas-
ured by caliper). A tumor take was defined as a tumor, which grew
progressively after inoculation and could be serially passaged. If
no growth occurred within six months of implantation of the orig-
inal tumor, the mice were sacrificed, and this was defined as a
negative take. The xenograft was serially passaged by s.c. im-
plantation when the volume of the first xenograft reached ap-
proximately 500-600 mm3 or the subsequent xenograft volume
reached 800-1,000 mm3. Tumor growth curves were expressed as
tumor volume versus the day after implantation.

The harvested tumor tissues were frozen in liquid nitrogen for
molecular biology detection and fixed in 10% neutral-buffered
formalin for subsequent histological examination. The vital or-
gans (liver, lung, and kidney) were also macroscopically and mi-
croscopically examined for evidence of tumor metastasis.
Haematoxylin and eosin (H&E) stained paraffin-embedded sec-

tions (four !m) of each xenograft and internal organ were re-
viewed by a pathologist. The xenograft tissues of passage 5 were
used for mutation detection. 

Mutation detection 
Ten xenografs of the fifth-passage were used for mutation de-

tection. The whole-exome sequencing was analyzed with Agilent
SureSelect targeted enrichment capture system and Illumina
Solexa Hiseq 2000 sequencing platform. The mutations were con-
firmed by comparing against the reference genome build 37.3. The
procedure was conducted according to the manufacturer’s instruc-
tions. Briefly, the authors used the Qubit dsDNA BR Assay to de-
termine the concentration of the extracted DNA sample. The DNA
was sheared with a target peak for base pair size 150-200 bp. The
samples were purified using the Agencourt AMPure XP beads and
their quality was assessed with the Agilent 2100 Bioanalyzer. They
used the Paired-End Sample Preparation Kit (p/n PE-102-1001) to
repair the ends. After being purified again, ‘A’ Bases were added
to the 3’ end of the DNA fragments, and then indexing-specific
paired-end adapters were ligated and amplified to create the
adapter-ligated library. Samples were purified with the Agencourt
AMPure SPRIXP beads. The quality and quantity were assessed
with the Agilent 2100 Bioanalyzer. The SureSelect capture library
was enriched by PCR and hybrid capture was performed with
SureSelect. The authors amplified the captured library to add
index-barcode tags. They used the Agilent QPCR NGS Library
Quantification Kit (for Illumina) to determine the concentration of
each index-tagged captured library. The final samples were se-
quenced with Illumina Solexa Hiseq 2000 sequencing platform. 

Statistical analysis 
Statistical analysis was performed using SPSS version 13.0.

Chi-square and Fish’s accurate inspection were used to compare
the influence of various clinic-pathologic factors on the tumor
take rate. For all tests, a p-value < 0.05 was considered statistically
significant.

Results
Xenograft formation in nude mice 

Sixty-four EOCs were implanted in nude mice, includ-
ing serous adenocarcinoma (SAC, 40 cases), endometrioid
adenocarcinoma (EAC, eight cases), clear cell carcinoma
(CCC, seven cases), poorly differentiated adenocarcinoma
(PAC, five cases), and mucous adenocarcinoma (MAC,
four cases). Persistent growth were observed in 34
xenografts (53. 13%), of which 32 tumors were serially
passaged giving an overall successful take rate of 50%. Ad-
vanced stage carcinomas (FIGO Stage III and IV) had a
higher tumor take rate than early stage carcinomas (FIGO
Stage I and II) for serous adenocarcinoma (p = 0.018), but
not for non-serous cancer. However, for all the carcinomas
with FIGO Stage I and II, non-serous cancer had a higher
tumor take rate than serous adenocarcinoma (p = 0.044).
Data are shown in Table 1. No statistically significant dif-
ferences in tumor take rate were found among different
FIGO stages (!2 = 3.022; p = 0.388), nor among different
tumor types, excluding mucinous adenocarcinoma (!2 =
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0.997; p = 0.802). No mucinous adenocarcinoma xenograft
formation was observed in nude mice six months after in-
oculation (Table 2).

Pathological features of the xenografts 
The xenografts grew in an expansive pattern. Macro-

scopically, they were solid nodules confined to the subcu-
taneous space at the site of inoculation. They loosely

connected with the surrounding soft tissues and could be
easily dissected from the covering epidermis and the adja-
cent dermis. Necrosis was observed in cross-sections of
some large xenografts. Microscopically, each xenograft
showed high similarity with the human tumor it originated
from (Figure 1). No ascitic fluid was found in any of the
tumor-bearing nude mice. Heptatic and splenic metastasis
was observed in only three tumors. The hematogenous
metastatic rate was 8.82% (3/34). 

Growth characteristics of EOC xenografts 
The primary inoculated tumor grew very slowly, and

most xenografts could be observed by the naked eye five to
21 weeks after inoculation. The interval between initial im-
plantation to the first passage ranged from six weeks to six
months, depending on when the xenograft volume reached
500-600 mm3. Most xenografts were passaged two to three
months after inoculation. For most of the tumors, the in-
terval between subsequent passages was three to eight
weeks when the tumor volumes were above 800 mm3. The
passaged xenografts are shown in Figure 2. Only a small
part of the tumors grew rapidly, and the time between sub-
sequent passages was about two weeks. With regards to the
xenograft, it grew slowly during the first week after inocu-
lation. No evident growth was initially observed. However,
soon after, the serially inoculated tumor grew faster, and
cachexia occurred when the tumor volume reached 1,000
mm3. None of the nude mice died over the experimental
period. 

Xenograft growth curves 
Tumor growth curves were generated at the fifth passage.

Different growth characteristics were associated with each
of the xenografts originating from different patients. The
tumor could grow stably, rapidly, slowly or with an acceler-
ated phase (Figure 3). Most xenografts grew at a stable rate. 

Characteristic mutation in the xenografts 
In order to confirm the genetic stability of the xenografts,

the authors measured characteristic gene mutations in ten
xenografts at passage 5, including Type II tumor-associated
genes (TP53) and Type I tumor-associated genes (BRAF,
CTNNB1, PTEN, PI3KCA, and KRAS). All ten xenografts
were categorized as Type II ovarian cancers. The results co-
incided with the criteria for classification. TP53 mutations
were detected in nine of ten xenografts. BRAF and CTNNB1
were wild type in all samples, and PTEN mutation occurred
in only one sample. Data are shown in Table 3.

Discussion
EOC comprises approximately 90% of ovarian cancers.

It can be divided into four major histopathological groups:
serous, endometrioid, mucinous, and clear cell tumors [15].
Of these tumors, the most prevalent subtype is serous ade-

Table 1. — Tumor take rate between different tumor types or
tumor stages.
FIGO Stage Tumor type p value

Serous Non-serous (Fisher’s
adenocarcinoma adenocarcinoma Exact Test)

Stage I/II 0.00% (0/5) 58.33% (7/12) 0.044
Stage III/IV 60.00% (21/35) 55.56% (5/8) 1.000
p value (Fisher’s 

Exact Test) 0.018 1.000

Table 2. — Tumor take rate of human epithelial ovarian cancer
in nude mice.

Number Success Tumor take
rate (%)

Tumor type
SAC 40 21 52.50
EAC 8 5 62.50
CCC 7 5 71.43
PAC 5 3 60.00
MAC 4 0 0.00

FIGO Stage
Stage I 13 5 38.46
Stage II 7 3 42.86
Stage III 35 22 62.86
Stage IV 9 4 44.44

Table 3. — Characteristic gene mutations in ten xenografts
originating from Type II ovarian tumors.
No. Tumor Mutation gene

type TP53 KRAS PI3KCA BRAF CTNNB1 PTEN

1 SAC p.R72P; WT WT WT WT WT
p.C141Y

2 SAC p.R72P WT p.L252F WT WT WT
3 SAC p.R72P; p.G12V WT WT WT WT

p.R273C
4 SAC p.R72P WT WT WT WT WT
5 SAC p.R72P; p.I187V WT WT WT WT

p.P278R
6 SAC p.R72P; WT p.E542K WT WT p.T398S

p.R175H
7 SAC p.R72P; WT WT WT WT WT

p.E294Stop
8 SAC WT WT p.K51T WT WT WT
9 SAC p.R72P; p.G12V WT WT WT WT

p.R273C
10 SAC p.G262V WT WT WT WT WT
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nocarcinoma [16]. Tumors develop and progress as a result
of accumulated molecular genetic changes, such as point
mutations and gene amplification. Importantly, six to eight

key mutations in oncogenes or tumor suppressor genes are
the drivers of tumorigenesis [17]. 

According to the pattern of tumor progression and mo-
lecular genetic changes, EOCs can be divided into Type I
and Type II tumors. As described above, Type I tumors and
Type II tumors have different somatic mutations. This clas-
sification is very useful for biological study. Whether or not
these characteristic mutations are associated with either
Type I or Type II tumors change following serial passage in
nude mouse models has not been reported. In this study, the
authors detected whole-exome mutations in xenografts
after being passaged five times using the Agilent SureSelect
Target Enrichment System. Mutations related to Type I tu-
mors seldom occurred in the ten xenografts. For example,
BRAF and CTTNB1 were wild type in all samples, and
PTEN mutation occurred in only one sample. In contrast,
mutations related to Type II tumors were detected in nine of
the ten xenografts. This suggests that the xenografts main-
tained the characteristic mutations even after serial pas-
sages, and they might not undergo too much genetic change
with each passage.

Figure 1. — Histology of the original tumor and the xenograft. The xenografts of passage 1 (Figure 1B) and passage 5 (Figure 1C)
show high similarity with the original human tumor (Figure 1A). The tumor is composed of closely packed papillae and high nuclear
to cytoplasmic ratios. No papillae were observed in xenografts originating from OVCAR3 cell lines (Figure 1D) (200!, H&E).

Figure 2. — The passaged human epithelial ovarian tumor
xenograft models. The tumors were inoculated subcutaneously
at the scapular region. The xenografts had a definitive margin.
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Tumor models are very useful for cancer research. The
first in vivo tumor models were established in the mid-
1960s [18]. Currently, there are a variety of animal mod-
els, and each model has its advantages and disadvantages
[19, 20]. The advantages of human tumor xenograft mod-
els are as follows: (1) the malignant cells are human; (2)
the resultant xenografts can maintain their original archi-
tecture; and (3) many of these models are quite repro-
ducible. The disadvantages are that most of the tumors are
grown in a non-natural site (i.e. subcutaneously), and that
xenografts fail to reflect the patterns of tumor growth and
spreading that are observed in cancer patients [18]. The
models could be used in many fields, such as preclinical
testing of drugs, determination of the optimal combination
chemotherapy regimen for treatment of platinum-resistant
ovarian cancer, and discovering new serum biomarkers [14,
21]. Importantly, patient-specific models have recently
been proposed as a means to prospectively personalize
treatment regimens. 

Subcutaneous tumor models in nude mice are traditional
models for the study of human malignant tumors. Cur-
rently, the most used xenograft models have originated
from cell lines. The main limitation of this model is the loss

of heterogeneity. Concerning the heterogeneity of human
cancers, the authors collected 64 cases of human EOCs of
different subtypes to establish subcutaneous tumor models
in Balb/c nude mice. Xenograft formation was observed in
34 cases. However, two of them failed to grow in subse-
quent passages, and the xenograft growth in the first pas-
sage was quite slow. Hence, the total tumor take rate was
50% (32/64). It suggests that xenografts that initially grow
slowly are more prone to fail in subsequent passages. These
results were consistent with those of Friedlander, who re-
ported that the overall successful take rate of human EOCs
was 54% [22].  Many factors may influence the tumor take
rate, such as tumor stage and histologic type. In this study,
Stage III/IV serous adenocarcinomas were more likely to
grow in nude mice compared to Stage I/II serous tumors.
Non-serous adenocarcinoma, including endometrial carci-
noma, clear cell cancer, and low differential adenocarci-
noma, were more likely to grow in nude mice compared to
serous adenocarcinoma. No mucinous adenocarcinoma
xenograft formation was observed in nude mice six months
after inoculation. Friedlander et al. [22] also found that the
tumor take rate was higher in late stage than early stage
tumors. 

Figure 3. — Growth curves of the xenografts. The growth of the xenografts originated from different patients show different char-
acter. Most xenografts grew at a stable rate and were passaged at five weeks after inoculation (3A). Some xenografts grew very
quickly and the tumor volume reached 800 mm3 approximately ten days after inoculation (3B). Some xenografts grew slowly, and it
took about 50 days to reach 800 mm3 (3C). Some xenografts had an accelerated phase from 20 days post-inoculation (3D).
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Xenografts have similar characteristics with the origi-
nating human tumor tissues. In this study, the primary
human tumor and xenografts of passage 3 and passage 5
showed similar microscopic characteristics. This is in stark
contrast to xenografts originating from the human ovarian
cancer cell line SKOV3. Tumor tissue xenografts main-
tained the architecture of the primary tumor. Bankert et al.
[18] reported that human lymphocytes, leukocytes, and fi-
broblasts were present in the microenvironment of tumor
xenografts. However, the metastatic rate in this study was
only 8.82% (3/34), which is in accordance with other stud-
ies [23]. No ascite formation was observed in any of the
xenograft models. The model did not accurately reflect the
patterns of growth and metastasis observed in cancer pa-
tients. This was mainly because these tumor xenografts
were not established orthotopically. 

In conclusion, the results indicate that advanced stage
serous adenocarcinoma has a high tumor take rate. The
xenografts maintained the characteristic mutations even
after serial passage in nude mice. The established mouse
models could serve as powerful platforms for further study
of EOCs.
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