
Abstract. Background/Aim: Circulating tumor cells (CTCs),
cancer cells that disseminate from primary tumors and enter
the bloodstream in the course of metastasis, may serve as an
important indicator of metastatic disease and poor prognosis
in patients with cancer. The aim of this study was to establish
a preclinical animal model for detecting and studying human
CTCs. Materials and Methods: We performed a renal
subcapsular implantation of human cancer cells in
immunodeficient mice and recorded primary tumor growth,
CTCs, and metastatic tumor development. Results:
Immunofluorescence, or immunohistochemical staining and
whole-body imaging analysis revealed that the implanted cells
developed primary renal tumors, CTCs were detected, and
successfully established metastatic tumors in several organs,
including the lung, colon, and lymph nodes, depending on the
implanted cells. Conclusion: This model may be useful for
detecting and characterizing CTCs and for investigating the
mechanisms underlying the course of tumor metastasis. 

Despite advances in cancer therapy, the high mortality rate
from various types of human cancer has not decreased,
primarily due to the occurrence of metastases (1). Given the
multi-step nature of metastasis, considerable attention has
been given to the early detection of circulating tumor cells
(CTCs) in the peripheral blood of patients with cancer.
Although the nature of CTCs is not fully-understood, they
are largely regarded as an indicator of metastatic tumors (1,
2). It is also widely accepted that CTCs are drug-resistant
and that their presence or increase may result from failure of
anticancer therapy (1, 2). In response, the development of a
drug delivery system for targeting CTCs was reported in a

recent study (3). Furthermore, an increasing number of
reports have presented the utilization of CTCs as a
prognostic marker for various cancer types, including
advanced metastatic breast cancer and small cell lung cancer
(4, 5). Various techniques have emerged for the enrichment
and detection of CTCs (6). Indeed, mRNA and microRNA
profiling of CTCs has been used for the discovery of
biomarkers and for determination of drug responsiveness (7-
9). These findings indicate the great potential of CTCs as
non-invasive, surrogate markers for tumor progression and
as measures of therapeutic efficacy in clinical applications.

Despite great technological advances in isolating CTCs,
their utilization is still limited, primarily due to their
infrequency in the blood (10). Therefore, while clinical
studies paved the way to detect and isolate CTCs from
human blood, researchers have attempted to establish
experimental animal models of metastatic tumor formation
for CTC detection (11-15). These models include the
implantation of human cancer cells into immunodeficient
mice, either subcutaneously or orthotopically, and the
injection of syngeneic cancer cells under the renal capsule in
rodents (11-15). However, spontaneous metastasis from
subcutaneously-injected xenografted tumors is not frequent,
and thus the appearance of CTCs arising from subcutaneous
tumors is rare. Implanting cancer cells under the renal
capsule was originally established for the rapid screening of
chemotherapeutic agents. Orthotopic metastatic nude mouse
models with renal subcapsular injection of human renal cell
carcinomas and mammary fat-pad injection of breast cancer
cells have shown potential as tools for investigating CTCs
(12, 16). However, orthotopic injection of several types of
cancers, including non-small cell lung cancer (NSCLC), is
complex, and the development of experimental animal
models for such cell types is necessary. 

The goal of the present study was to develop an in vivo
murine model for studying human CTCs. We performed renal
capsule implantation of human H226Br NSCLC, and HCT116
colon cancer cells with acquired resistance to the
chemotherapeutic agent 5-fluorouracil (5-FU) (HCT116/R). We
observed aggressive primary tumor formation, an increased
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number of CTCs, and metastatic tumor development. Our
findings suggest that this animal model may be useful for
detecting CTCs, monitoring the effectiveness of treatment
options, and investigating the mechanisms underlying the
course of tumor metastasis and anticancer therapies.

Materials and Methods

Reagents. Reagents for cell culture were purchased from Welgene
Inc. (Daegu, Republic of Korea). Bovine serum albumin (BSA)
solution was purchased from Dako (Glostrup, Denmark).
Lipofectamine 2000 was purchased from Invitrogen (Grand Island,
NY, USA). G418 was purchased from Enzo Life Sciences
(Farmingdale, NY, USA). Histopaque 1083 and other reagents,
unless otherwise specified, were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Cell culture. HCT116 human colon cancer and H226Br non-small
cell lung cancer cells were kindly provided by Dr. Sang Kook Lee
(Seoul National University, Republic of Korea) and Dr. Jack A. Roth
(MD Anderson Cancer Center, Houston, TX, USA), respectively,
and maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS). Cells were validated by analysis of their
short tandem repeat (STR) profile. HCT116/R cells carrying
acquired resistance to 5-FU were generated by continuous exposure
to 5-FU at up to 128 μM for six months. Green fluorescence protein
(GFP)-expressing cells were generated by stable transfection with
pEGFP-N1 vector (Clontech Laboratories Inc., Mountain View, CA,
USA). After selection with G418, a single-cell clone was obtained. 

Implantation of cells into the renal capsule. All animal procedures
were performed according to a protocol approved by the Seoul
National University Institutional Animal Care and Use Committees
(approval No. SNU-120830-3). Mice were kept in a specific
pathogen-free (SPF) environment in the animal facility at Seoul
National University. A total of 1.5×106 HCT116 and H226Br cells
were implanted under the capsule of the left kidney in 3-15 BALB/c
nude mice (4 to 6 weeks old; Japan SLC, Inc., Hamamatsu,
Shizuoka, Japan) using a Hamilton syringe and an extension tube.

The tumor volume was calculated by the following formula: (large
diameter) × (small diameter) ×0.5. Fluorescence images were
captured using an IVIS 2000 imaging system (Caliper Life Sciences,
Hopkinton, MA, USA) at 1.5 months after implantation.

Evaluation of CTCs. Blood (0.7 ml per mouse) was collected from
the orbital sinus of the mice. The retention of mononuclear cells and
the lysis of red blood cells were performed using Histopaque 1083
accoring to the manufacturer’s recommended procedure. Mononuclear
cells were assembled onto a glass slide using a CytoSpin 4
Cytocentrifuge (Thermo Fisher Scientific, Waltham, MA, USA).
Fluorescently-labeled cells in the blood were counted under a
fluorescence microscope.

Reverse transcription-polymerase chain reaction (RT-PCR). RNA
extraction and RT-PCR and real time-RT-PCR analyses were
performed as described elsewhere (17, 18) using specific primers
(Table I). 

Immunofluorescence staining. Immunofluorescence staining was
performed as described elsewhere (17) using a phycoerythrin (PE)-
conjugated epithelial cell adhesion molecule (EpCAM) antibody
(Cell Signaling Technology, Danvers, MA, USA). 

Results and Discussion 

We attempted to develop an in vivo murine model for
studying human CTCs by taking advantage of previously
described rodent models, including the orthotopic injection
of highly metastatic human cancer cells into
immunodeficient mice and the renal subcapsular injection of
syngeneic cancer cells (12, 15). We first performed renal
capsule implantation of GFP-labeled H226Br cells, a cell
line that originated from a brain metastasis of primary tumor
from which H226B cells were derived (19). At 1.5 months
after cell implantation, H226Br cells exhibited very
aggressive growth in the renal subcapsule of nude mice
(Figure 1A). All primary tumors disfigured the abdomen,
obliterating most of the renal parenchyma, and a large
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Table I. Primer sequences used in this study. 

Gene Sequence

RT-PCR GFP Forward (5’�3’) GGTCCTTCTTGAGTTTGTAACAG
Reverse (5’�3’) CATCACCATCTAATTCAACAAG

Human actin Forward (5’�3’) ACTACCTCATGAAGATC
Reverse (5’�3’) GATCCACATCTGCTGGAA

Mouse GAPDH Forward (5’�3’) AGGCCGGTGCTGAGTATGTC 
Reverse (5’�3’) TGCCTGCTTCACCACCTTCT 

Real-time PCR GFP Forward (5’�3’) CAACAGCCACAACGTCTATATCAT
Reverse (5’�3’) ATGTTGTGGCGGATCTTGAAG

Human actin Forward (5’�3’) GCGAGAAGATGACCCAGATC
Reverse (5’�3’) GGATAGCACAGCCTGGATAG

Mouse GAPDH Forward (5’�3’) GAGTTGCTGTTGAAGTCGCA
Reverse (5’�3’) GGTGGTGAAGCAGGCATCTG

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; GFP: green fluorescence protein.



portion of the intestine adhered to the primary tumors. To
confirm whether these tumors were indeed derived from the
implanted human cells in the kidney, we analyzed the
expression levels of human actin and GFP in the kidney
tissues and tumors from the mice. The expression levels of
human actin and GFP, indicators of the implanted human-
derived cells, were remarkably higher in the cancer cell-
injected kidney (Figure 1B) and tumor (Figure 1C) tissues
than in normal kidney. 

Close examination of blood samples revealed green
fluorescence in the blood of tumor-bearing mice (Figure 1D,
left). RT-PCR and real-time RT-PCR analyses of the cells
collected from the blood further revealed the expression of
GFP and human actin, confirming the presence of
disseminated human CTCs in the blood of the tumor-bearing
mice (Figure 1D, middle and right). Additionally, the
expression of GFP and an epithelial cell surface marker,
EpCAM (20), in the lungs of tumor-bearing mice further
revealed lung metastases of the kidney-implanted cells
(Figure 1E). These results suggest that NSCLC cells
implanted under the renal capsule can appear as CTCs in the
blood and induce metastatic tumor development in mice. 

We next determined whether this animal model can be
applied to the evaluation of the metastatic potential of cancer
cells with anticancer drug resistance. To this end, we
generated a subline of HCT116 cells with acquired resistance
to 5-FU (HCT116/R) by the continuous exposure to
increasing concentrations of 5-FU for more than six months.
We confirmed that HCT116/R cells were significantly less
sensitive to 5-FU treatment compared with their parental line
(IC50 of 5-FU: HCT116=7 μM; HCT116/R=50 μM). After
labeling with GFP, we implanted these cells under the renal
capsule of nude mice. We monitored the establishment of
primary tumors in the mice 1.5 months after implantation
using an IVIS system. As shown by image analysis of two
representative animals from each group, we detected
fluorescence only in the mice bearing HCT116/R tumors
(Figure 2A), suggesting the HCT116/R subline grew more
rapidly than the parental cells in vivo in the renal capsule.
Similarly, the primary renal tumors established by the
H226Br cells, most of the renal parenchyma was demolished
by the primary tumors, which exhibited aggressive local
invasion (Figure 2B, left). We also observed polygonal, odd

nuclei in the HCT116/R cells and extensive blood vessels in
the primary tumors (Figure 2B, right). 

We next monitored the presence of CTCs by conducting a
time-course study. Among five mice bearing HCT116/R
cells, only one mouse had CTCs at three weeks after
implantation, but the number of mice possessing CTCs
gradually increased at four weeks (2 mice/total 5 mice) and
five weeks (5 mice/total 5 mice) (Figure 2C). The increases
in the CTCs were well-correlated with growth of primary
tumors in the renal capsule (Figure 2D). We then assessed
metastatic tumor formation in these mice using an IVIS
system. At 1.5 months after implantation, metastatic tumor
formation in the distal small intestine was observed only in
mice with HCT116/R implantation (Figure 2E). At two
months after implantation, metastatic tumor development in
the liver, right kidney, intestine, and colon were observed
(Figure 2F, top). Gross evaluation of the mice revealed
obvious tumor nodules in the intestine and colon (Figure 2F,
bottom). These findings suggested a positive correlation
between the presence of CTCs and the appearance of
metastatic tumor. We were not able to detect fluorescent
signals in the lung. However, EpCAM-positive cell masses
were found in the lung sections obtained from mice with
HCT116/R cell implantation (Figure 2G, white arrow),
implying the formation of lung metastases in HCT116/R-
implanted mice. This might be due to a relatively weak
signal in the lung caused by a small proportion of metastatic
tumors. We observed that two over six and four over six of
mice had tumor nodules in the colon and lung, respectively
(Table II). Taken together, these results suggest that an
increase in the number of CTCs is an indicative biomarker
for metastatic tumors derived from colon cancer cells with
acquired resistance to 5-FU. 

In summary, we have successfully demonstrated that i) the
renal capsule model is applicable to detecting CTCs and
primary and metastatic tumor formation derived from
different human cancer cell types and that ii) resistance to
anticancer drugs may result in increased metastatic potential
in cancer cells, contributing to an increase in CTCs and
metastatic tumor formation. Although this model requires for
the use of immunodeficient mice and has thus limited
relevance to host-tumor interaction during metastasis, this
model might be useful for various preclinical studies,
including detection and capture of CTCs and their genetic,
epigenetic, and biochemical characterization. The expression
profiling of CTCs would further provide with useful
information about biomarkers involved in the highly selective
metastatic process and mechanisms of anticancer drug
resistance. Knowledge of the distinct pattern of metastatic
tumor formation, depending on the implanted cells, may also
aid different aspects of experimental research, such as the
investigation of the target organs of specific cancer types in
metastatic disease. 
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Table II. The incidence of primary tumor formation and metastasis after
implantation of HCT116/R cells under the renal capsule.

Number of mice Number of mice

Primary tumor Colon metastasis Lung metastasis

6 6 2 4
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Figure 1. Establishment of a murine model using H226Br cells. Green fluorescence protein (GFP)-labeled H226Br cells were implanted under the
capsule of the left kidney in BALB/c nude mice. At 1.5 months after inoculation, the formation of primary tumors in the kidney was determined (A).
The expression levels of human actin (hActin) and GFP in the kidney tissues that had been injected with cancer cells (B) and tumors surgically
removed from the kidney tissues (C) of H226Br-implanted nude mice. The mRNA expression levels of these genes were evaluated by real-time
polymerase chain reaction (PCR) (B, C) and reverse transcription-polymerase chain reaction (RT-PCR) (C). The presence of circulating tumor cells
(CTCs) and metastatic tumor nodules in mice with H226Br cell implantation as determined by detection under a fluorescence microscope (D, left).
RT-PCR (middle) and real-time PCR (right) analyses of the expression levels of GFP, hActin, and mouse glycerahdeyde 3-phosphate dehydrogenase
(GAPDH in the blood of H226Br-implanted nude mice. Real-time PCR analysis of the expression levels of GFP and mGAPDH in the lung of H226Br-
implanted nude mice (E, left). Secondary lung metastasis in H226Br-implanted mice (E, right). The expression of epithelial cell adhesion molecule
(EpCAM) and GFP was observed under a fluorescence microscope after immunofluorescence staining. 
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Figure 2. Generation of primary tumors, secondary metastasis, and the presence of circulating tumor cells (CTCs) in mice with HCT116/R cells implanted
in the renal subcapsule. Parental HCT116 and 5-fluorouracil (5-FU)-resistant HCT116/R cells were implanted under the capsule of the left kidney in
BALB/c nude mice. A: After 1.5 months, the formation of primary tumors was evaluated using an IVIS system. B: Formation of primary tumors in the
kidney and local invasion were photographed (left). Photomicrograph of the hematoxylin&eosin (H&E)-stained primary tumors (right). C: The time-
dependent increase in the number of CTCs in the blood of mice implanted with HCT116/R cells. The GFP-positive cells in blood were counted. D: Primary
tumor formation at each time point (3 to 5 weeks). At 1.5 (E) or 2 (F) months after inoculation, metastatic tumor formation was detected using an IVIS
system. G: Metastatic tumor formation in the lung of HCT116/R-implanted nude mice. Epithelial cell adhesion molecule (EpCAM)-positive cell masses
(indicated by a white arrow) were observed under a fluorescence microscope. H&E staining further confirmed secondary tumor formation in the lung. 
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