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Establishment of an insufficient radiofrequency ablation
orthotopic nude mouse model of hepatocellular carcinoma to
study the invasiveness and metastatic potential of residual cancer
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Abstract. In order to assess the metastatic potential of residual
hepatocellular carcinoma (HCC) following insufficient radio-
frequency ablation (RFA) and to improve the current animal
model, an insufficient RFA orthotopic nude mouse model
of HCC was developed in the present study. A human HCC
orthotopic nude mouse model was established using HCCLM3
cells, which has a high metastatic potential, labeled with green
fluorescent protein. A total of 12 nude mice within the RFA
group received insufficient RFA and 12 mice in the control
group received RFA needle electrode puncture of the tumor
without ablation, 3 weeks after implantation. To investigate
tumor growth and metastasis, 4 weeks after RFA, six mice
in each group were sacrificed and the remaining mice in
each group were maintained until death to evaluate their
life span. No mice died following insufficient RFA and the
success rate was 100%. Compared with the control group, the
intrahepatic and lung metastasis rates were higher in the RFA
group, despite the mice having smaller tumor volumes and
longer survival times. Lung and intrahepatic metastasis rates
in the insufficient RFA group were 100% (6/6) and 66.67%
(4/6), respectively, compared with 33.33% (2/6) and 0% (0/6),
respectively, in the control group. As part of the study, a safe
and reliable method to establish an insufficient RFA orthotopic
nude mouse model was developed. The present study revealed
that residual cancer following insufficient RFA had exhibited
increased invasiveness and metastatic potential.
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Introduction

Primary liver cancer is the fifth most common type of cancer
and the third leading cause of cancer-related mortality world-
wide, with hepatocellular carcinoma (HCC) accounting for
>90% of cases (1). Although surgical resection is the standard
treatment modality for HCC, its use is limited, as the majority
of patients, even in those with small-sized tumors, also have
associated severe liver dysfunction (2,3). Liver transplantation
provides an alternative curative treatment for small unresect-
able HCC in patients with small-sized tumors. However,
the shortage of liver grafts limits the applicability of this
approach (4).

Radiofrequency ablation (RFA) is a previously developed
technique for ablation of liver tumors and is well tolerated in
patients with unresectable HCC (5). In 2012, a randomized
controlled trial also revealed that percutaneous RFA was as
effective as hepatic resection in terms of overall survival and
recurrence-free survival times in the treatment of patients with
small HCC tumors (<4 cm) (6). Despite its technical simplicity
and safety, the recurrence rate following RFA remains high
(48-95%) (7-9) as the complete ablation of the tumor is difficult
to achieve (9). To investigate the biological characteristics of
residual cancer following RFA, a model of insufficient RFA is
important.

In the present study, an orthotopic nude mouse model
of HCC was developed to assess the metastatic potential of
residual cancer following insufficient RFA and to improve the
current animal model.

Materials and methods

Cell line. The green fluorescent protein (GFP)-expressing
HCCLM3 cell line (HCCLM3-GFP), derived from HCCLM3
cells (established by the Liver Cancer Institute of Fudan
University, Shanghai, China) (10), was used for in vivo experi-
ments. The cells were maintained in Dulbecco's modified
Eagle's medium with 10% fetal bovine serum and 100 mg/ml
penicillin G (all from Thermo Fisher Scientific, Inc., Waltham,
MA, USA) at 37°C in a humidified atmosphere containing
5% CO,.
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Animal model. A total of 24 male athymic BALB/c nu/nu mice,
weighing 18-20 g at 4-6 weeks of age, were obtained from
the Shanghai Laboratory Animal Centre Co., Ltd. (Shanghai,
China). All mice were housed in specific pathogen-free condi-
tions (temperature, 26-28°C; atmosphere, 0.65 cm H,0; 10/14 h
light/dark cycle; with ad libitum access to food and water). All
animal protocols were approved by the Ethical Committee
on Animal Experiments of the Animal Care Committee of
Fudan University (Shanghai, China). All efforts were made to
minimize animal suffering.

Equipment. The main equipment comprised a 1500X RF
Generator (RITA Medical Systems, Inc.; AngioDynamics,
Inc., Latham, NY, USA), retractable multiple hook RFA
needles (Fig. 1; RITA Medical Systems, Inc.; AngioDynamics,
Inc.), and RITA grounding pads (RITA Medical Systems, Inc.;
AngioDynamics, Inc.).

Establishment of an orthotopic transplantation tumor model
of HCC in nude mice. The HCCLM3-GFP cells (1x107)
were subcutaneously inoculated into the right flanks of two
4-week-old BALB/c nu/nu male mice. Subcutaneous ectopic
tumors were harvested upon reaching ~1 cm in diameter, after
3-4 weeks. Prior to subcutaneous ectopic tumor removal,
general anesthesia was induced with 50 mg/kg pelltobarbi-
talum natricum (Haoran Biological Technology Co., Ltd.,
Shanghai, China) administered by intraperitoneal injection.
Following the removal of the necrotic tissues, the tumors were
cut into ~I-mm? sections under aseptic conditions. Following
anesthesia with pelltobarbitalum natricum, at the aforemen-
tioned dose, the abdominal cavity of the mice was opened and
the left liver lobe was made accessible. Ophthalmic ligature
forceps were used to create a small tunnel under the surface
of the left liver lobe and the trimmed tumor was placed into
the tunnel. Finally, the opening of the tunnel was closed by a
6-0 non-absorbable suture. The nude mice bearing xenografts
were randomly divided into a sham-operated group (n=12) and
an insufficient RFA group (n=12) when the orthotopic trans-
plantation tumor had reached ~0.5 cm in diameter, ~3 weeks
after implantation.

Insufficient RFA. Insufficient RFA was performed 3 weeks
after tumor implantation. Following anesthesia, the abdomen
was prepared with iodine and alcohol scrub, and draped with
sterile towels. Initially, the mouse was placed on a conductive
metal plate and its limbs were fixed. RITA grounding pads
were adhered to the back of the metal plate. Good electrical
conductivity was maintained between the metal plate and the
back of the nude mouse. The abdominal cavity of the mouse
was opened to expose the left liver lobe and the transplanted
tumor. During implantation, the graft was embedded under the
capsule of the left lobe of the liver, such that after 3 weeks, the
protruding transplanted tumors were visible with the naked eye
on the surface of the liver. The center straight needle of the RF
probe with an active diameter of 4 mm was inserted into the
tumor, and normal saline was dripped into the puncture site
to maintain good conductivity. An active diameter of 4 mm
for the probe was determined to be optimal based on prelimi-
nary experiments (data not shown). Taking into account the
weight and volume of the tumor, RFA was performed using a

2549

low-energy protocol, in which the output power was 5 W and
the duration was 30 sec. Following RFA, the abdominal cavity
of the mice was closed using 5-0 non-absorbable sutures. The
control group underwent a sham surgery by inserting a needle
electrode into the tumor without performing RFA.

Tumor volume and survival time of nude mice. To evaluate
tumor growth and metastasis, 6 nude mice from the 2 aforemen-
tioned groups were sacrificed 4 weeks after either insufficient
RFA treatment or a sham operation. Tumors were excised
and their largest (a) and shortest (b) diameters were measured
to calculate tumor volume as follows: Tumor volume=a x
b*/2 (11). To evaluate the survival time, the remaining mice in
each group were maintained until death.

Lung metastasis and intrahepatic metastasis (IHM)
evaluation. To evaluate the metastatic potential of residual
tumor following insufficient RFA, the area of green fluo-
rescence, which indicated the lung metastatic nodes, was
measured. The images of GFP-positive metastatic foci were
captured by stereoscopic fluorescence microscopy (magnifica-
tion, x10; Leica Microsystems GmbH, Wetzlar, Germany). The
lung tissues were sectioned (4 xm) serially, and hematoxylin
and eosin staining (room temperature; hematoxylin, 10 min;
eosin, 30 sec) confirmed the aforementioned results. [HM was
observed by fluorescent imaging and quantified as number per
liver.

Statistical analysis. Data were analyzed using SPSS 22.0 (IBM
Corp., Armonk, NY, USA). The results are expressed as the
mean + standard deviation. Statistical analysis was performed
using Student's t-test. The Kaplan-Meier method with log-rank
test was used for survival analysis. P<0.05 was considered to
indicate a statistically significant difference.

Results

Establishment of insufficient RFA orthotopic nude mouse
model of HCC. No nude mice died following insufficient RFA.
If ablation of necrotic tissue and residual tumor was clearly
observed under fluorescence microscopy, it revealed that
insufficient RFA was successful (Fig. 2), and the success rate
in the insufficient RFA group was 100%. In the control group,
all the nude mice were alive until the evaluation of metastasis.

Insufficient RFA reduces tumor volume and prolongs
survival time in nude mice. The tumor volume of the
HCCLM3-GFP-derived xenografts was 449.58+350.75 mm?
in the insufficient RFA group, which was significantly smaller
compared with that of the matched sham-operated controls
(1788.66+608.80 mm?; P<0.05; Fig. 3A). The mean survival
time in the insufficient RFA group was significantly longer
compared with that in the sham-operated control group
(80.8+3.5 days vs. 75.0+3.3 days; P<0.05; Fig. 3B).

Insufficient RFA promotes invasiveness and distant metas-
tasis. Green fluorescence imaging revealed that insufficient
RFA promoted intrahepatic dissemination (Fig. 4A). The
IHM rate in the insufficient RFA group was 66.67% (4/6),
but no THM was observed in the control group (P<0.05).
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Figure 1. Equipment for insufficient RFA in an orthotopic nude mouse model of HCC. (A) A retractable multiple hook RFA needle. (B) Opening the abdominal
cavity and fully exposed xenograft tumor with the left liver lobe. (C) A retractable RFA needle was extended and the middle straight thin needle was inserted
into the xenograft tumor. RFA, radiofrequency ablation.

A

Figure 2. Effect of insufficient RFA on orthotopic tumors. (A) Gray area (white arrow) represents the necrotic tissue following insufficient RFA. Tissue surrounding
the gray area is the residual tumor. (B) Xenograft tumor from (A) observed under fluorescence microscopy. The green fluorescent area indicates the residual tumor.
The black area (white arrow) between two green fluorescent areas indicates necrotic tissue. RFA, radiofrequency ablation; b, bright field; f, fluorescence.

The lung metastasis rate in the insufficient RFA group was indicated a significantly higher incidence of lung metastasis
100% (6/6), compared with 33.33% (2/6) in the control group in the insufficient RFA-treated mice compared with that in the
(P<0.05; Fig. 4B). Analysis of serial lung paraffin sections sham-operated mice (Fig. 4C).
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Figure 3. Insufficient RFA reduces tumor volume and prolongs survival time in nude mice. (A) Xenograft tumor volume was decreased in the insufficient RFA
group compared with that in the control group. Tumor volume was 1788.66+608.80 mm?® in the control group and 449.58+350.75 mm® in the insufficient RFA
group. (B) Insufficient RFA prolonged the survival time of the tumor-bearing nude mice; the survival time in the control group was 75.0+3.3 days compared
with 80.8+3.5 days (P<0.05) in the insufficient RFA group. RFA, radiofrequency ablation.

Discussion

To investigate the invasiveness and metastatic potential of
a residual tumor following insufficient RFA, an appropriate
orthotopic animal model is required. The majority of research
utilizes the nude mice model and its use in investigating a
variety of HCC therapies is not novel. The orthotopic nude
mouse model of HCC was initially described in 1996 (12)
and the orthotopic mouse model has served as an ideal
experimental tool to investigate HCC and its treatment since
1998 (13). However, there are few reports regarding the nude
mouse model in RFA research. To date, the majority of in vivo
studies investigating the biological behavior of RFA of tumors
have used nude mouse subcutaneous xenograft models or a
rabbit orthotopic model (14-17). Xu et al (15) inoculated HCC
cells subcutaneously into the right flank of mice. After 14 days,
the subcutaneous xenograft tumor was treated with a partial
RFA strategy using 180 sec of RFA at 1 W once the tumor
length had reached 12-15 mm. There are no reports regarding
the biological characteristics of residual HCC following RFA
using an orthotopic nude mouse model, to the best of our
knowledge.

An orthotopic nude mouse model is required and has the
potential to improve RFA research by imitating the in vivo
environment. This aspect is important as the invasiveness
and metastatic potential of HCC can be investigated under
improved conditions compared with subcutaneous xenografts
in nude mice (18,19). However, the use of this orthotopic model

for RFA is limited by the high mortality rate, as heat from the
RFA needle electrode kills the tumor cells, but also damages
the normal liver parenchyma that surrounds the tumor. In
addition, restricting the application of the orthotopic model is
required due to the highly complex surgical technique involved
to maintain a high tumor formation rate in the animal liver,
thus experienced laboratory technicians are essential. The
orthotopic insufficient RFA model designed in the present
study resolved the two aforementioned difficulties. The HCC
nude mouse model (LCI-D20) was initially established 20 years
ago, and has a reliable and stable tumor formation rate of 100%
following orthotopic inoculation (12). Minimizing mortality is
a vital step in model establishment. The third week (19-21 days)
following xenograft inoculation was identified as the optimum
RFA intervention time, as the xenograft tumor reached ~0.5 cm
in diameter. It is easier to achieve complete necrosis in smaller
tumors during RFA. By contrast, bigger tumors require
more time to reach the ideal state of insufficient RFA, leading
to thermal damage to the surrounding normal liver parenchyma
and death. Open abdominal rather than percutaneous RFA was
selected in the present study, as the latter approach burns the
skin at the puncture point and causes necrosis, which can cause
death in a number of mice, as aforementioned. However, the
open approach carries an increased risk of infection, but this is
easily controlled by experienced operators. In addition, with the
open approach, the xenograft tumor is observed directly without
the requirement of ultrasonography, as the tumor protrudes from
the liver surface. Thus, the insufficient RFA procedure is easier
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Figure 4. Insufficient RFA promotes invasiveness and distant metastasis. (A) Tissue labeled with the red arrow indicates IHM following insufficient RFA
intervention, the orange arrow indicates residual tumor, while the black arrow indicates necrotic tissue following RFA. No IHM was observed under fluo-
rescence microscopy in the tumor from the control group. (B) Lung metastasis in the insufficient RFA group was assessed by fluorescence microscopy. The
green fluorescent areas represent metastatic nodules. The number of lung metastases in the insufficient RFA group (left image) was higher compared with that
in the control group (right image). (C) Lung tissues were sectioned serially and stained with hematoxylin and eosin. There were significantly more nodes of
lung metastases in the insufficient RFA group compared with the control group. P<0.01; Magnification, x200. b, bright field; f, fluorescence; IHM, intrahepatic

metastasis; RFA, radiofrequency ablation.

to perform. A series of preliminary experiments as part of the
present study, the parameters for RFA were, including the preset
temperature, power and duration time. The RFA duration was
the critical factor; for example, if the duration time was >30 sec,
the majority of nude mice suffered complete tumor necrosis
and death. The parameters chosen in the present study avoided
complete xenograft tumor necrosis and guaranteed residual
cancer.

The present study was designed to establish an orthotropic
nude mouse model and evaluate the invasiveness and metas-
tasis of residual HCC following insufficient RFA. The model
established in the present study is considered to be the first
orthotopic nude mouse model to investigate insufficient RFA.
The results demonstrated the significant influence of insuffi-
cient RFA on tumor growth and the invasiveness of HCC. The
results revealed that insufficient RFA reduced xenograft tumor
volume and prolonged the survival time of the nude mice. The
residual tumor demonstrated more invasiveness and metastatic
behavior in the insufficient RFA-treated mice, and insufficient
RFA was followed by increased numbers of intrahepatic
and lung metastatic nodules. The results from the present

study are consistent with previous studies that revealed that
insufficient RFA facilitated rapid progression of the residual
tumor (16,20,21). It has been reported that angiogenesis
induced by hypoxia-inducible factor-la/vascular endothelial
growth factor (VEGF)-A following hyperthermia may serve
an important role in the rapid growth of the residual tumor
following incomplete RFA (22). Ke et al (16) indicated that
incomplete RFA facilitated the rapid progression of residual
hepatic VX2 carcinoma by inducing the overexpression of
several molecular factors, including proliferating cell nuclear
antigen, matrix metalloproteinase-9, VEGF, hepatocyte
growth factor and interleukin-6.

In conclusion, establishment of an insufficient RFA
orthotopic nude mouse model facilitates research into the
biological behavior of residual tumors and its underlying
mechanisms. The results of the present study, utilizing this
novel nude mouse model, shed novel insights on the pro-meta-
static effects of insufficient RFA of HCC. Further preclinical
research is further required to clarify the exact mechanism
responsible for the metastasis-enhancing potential of residual
tumors.
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