
Abstract. Background/Aim: To examine the dynamics of
circulating tumour cells (CTCs) in pancreatic cancer (PC),
new mouse CTC models from human PC xenografts were
developed. Materials and Methods: Orthotopic (pancreas) and
heterotopic (subcutaneous) transplantation models using
GFP-tagged SUIT-2 PC cells were prepared. Using a
cytology-based CTC detection platform, CTCs and metastasis
were compared. Results: The two types of orthotopic models,
including the surgical transplantation model and the
intraperitoneal injection model, showed a similar pattern of
initial pancreatic tumour formation and subsequent
development of peritoneal and hematogenous lung metastases.
In the heterotopic model, only hematogenous lung metastasis
was observed, and the number of CTCs and lung metastases
was higher than that of the orthotopic model. Furthermore,
KRAS mutation (G12D) was detected in CTCs. Conclusion:
These orthotopic and heterotopic models clearly differ in
terms of the pattern of metastasis and CTCs and therefore,
would be useful PC models to investigate the effect of drug-
therapy on CTCs and the role of KRAS mutation.

Pancreatic cancer is the fourth leading cause of cancer-
related death in the USA, Europe, and Asia (1). In
comparison with other types of gastrointestinal cancer, such
as gastric or colorectal cancers, pancreatic cancer has

remarkably poorer prognosis and higher mortality. In fact,
only 15-20% of patients are considered as candidates for
surgery at diagnosis, and the prognosis even among patients
who are able to have surgery with negative margins remains
poor (5-year survival rate is only 10-25%) (2, 3). Although
the current treatment modality for pancreatic cancer has
progressed to multidisciplinary therapy including
preoperative chemotherapy, surgery, and chemo-radiotherapy,
the survival of patients with pancreatic cancer has only
improved in the order of months. This is mainly because of
the difficulty in obtaining an early diagnosis and the
biologically aggressive nature of the cancer, which is
characterized by high peritoneal, hematogenous, and lymph
node metastatic potential from an early stage (4, 5). 

Circulating tumour cells (CTCs) are a new type of
potential biomarkers capable of resolving diagnostic and
therapeutic problems associated with pancreatic cancer. They
offer a minimally invasive and easily repetitive method for
the detection of tumour cells at an early stage and to monitor
changes in tumour cell number and genetic alterations before
and after therapy. Therefore, CTCs have multimodal
potential as early diagnostic and prognostic markers as well
as predictive markers for therapy response in various
epithelial malignancies (6, 7). Several clinical studies in
pancreatic cancer have shown that high levels of CTCs are
associated with tumour progression and are correlated with
the patient’s short survival, indicating the usefulness of
CTCs as prognostic markers (8). However, the effectiveness
of CTCs as an indicator of therapeutic response remains
unclear in pancreatic cancer patients. This is partly because
of some difficulty in the evaluation of morphological
changes such as apoptosis and degeneration of CTCs after
therapy by most antigen-dependent and fluorescence
visualization-based CTC detection methods (9). To resolve
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Figure 1. Continued



this problem, we recently developed a marker-free and
cytology-based CTC detection method using a glass slide
under a light microscope (10, 11). 

The use of a mouse xenograft model bearing human
pancreatic cancer for the detection of CTCs in preclinical
studies has been quite limited except for patient-derived
xenograft mouse CTC models (12). Therefore, the detailed
dynamics of CTCs in mice with pancreatic cancer xenograft
in terms of natural history and therapeutic response to drug
remains unclear. We have previously established several
xenograft mouse CTC models using breast, gastric, and lung
cancer cell lines (13, 14). In the present study, we developed
orthotopic (pancreas) and heterotopic (subcutaneous)
xenograft models using a pancreatic adenocarcinoma cell
line (SUIT2) with or without GFP gene transfection and
evaluated the feasibility of CTC detection in a mouse model

as a diagnostic and therapeutic biomarker for preclinical
study in combination with a new CTC detection platform.

Materials and Methods
Reagents. Rabbit polyclonal antibody to wide spectrum human
cytokeratin (Ab9377) and mouse monoclonal antibody to GFP were
purchased from Abcam (Cambridge, UK). Meyer’s haematoxylin
was used for nuclear counterstaining of the cells. 

Cell lines. The SUIT-2 cell line was obtained from JCRB Cell Bank
(Japanese Collection of Research Bioresources Cell Bank, Osaka,
Japan), and was established from the liver metastasis of Japanese
pancreatic cancer patients. The SUIT2-GFP cell line was established
by the transfection of the SUIT-2 cell line with the GFP gene using
the pLKO.1-puro-CMV-TurboGFP and puromycin selection (Sigma-
Aldrich, St. Louis, MO, USA). Cell lines were maintained in
Dulbecco’s modified Eagle’s medium containing 10% foetal bovine
serum (GIBCO, Grands Islands, NY, USA) with 100 units/ml
penicillin and 100 units/ml streptomycin sulphate and cultured in a
humidified 5% CO2 incubator at 37˚C.

Animals. Seven- to nine-week-old female athymic nude mice (KSN
strain, 23-25 g) were obtained from Japan SLC (Hamamatsu, Japan).
Mice were maintained and used under specific pathogen-free (SPF)
conditions. All animal experiments were performed according to the
experiment protocol approved by the Ethics Review Committee for
Animal Experimentation of Kyoto Pharmaceutical University
(approval number: PKPD-18-002) and met the standards defined by
the recently reported international guidelines (15). 

Mouse CTC models. Three types of mouse CTC models including
two orthotopic and one heterotopic transplantation methods were
examined as follows: 1) Orthotopic surgical transplantation model
to the pancreas. Cultured SUIT-2 cell line (1×105/20 μl) suspended
in Hank’s balanced salt solution (HBSS) were injected into the
pancreas pulled out through surgical left flank incision of the
abdominal wall. 2) Orthotopic intraperitoneal injection model to the
near-pancreatic region. Cultured SUIT2-GFP cells (5×105/0.1 ml)
in HBSS were intraperitoneally injected into near-pancreatic region
through the left upper abdominal wall with a 27G syringe. 3)
Heterotopic transplantation model. Cultured SUIT2-GFP cells
(3×106/0.1 ml) in HBSS were subcutaneously (sc) injected into the
back region of mice with a 27G syringe. 

Fluorescent monitoring of peritoneal, liver and lung metastasis by
SUIT2-GFP cells. The stereomicroscope model SZ40-GFP (SZ4045,
Olympus, Tokyo, Japan) equipped with a halogen lamp (LG-PS),
was used to monitor peritoneal metastasis in real time in the whole
body of living mice on post-injection day 1 onwards. The
peritoneum, liver, and lung with small metastasis were resected after
killing the mice and were observed under fluorescent lightning
(excitation: 450-490 nm). GFP in metastatic tumour was visualized
through a long-pass cut filter (for emission: >520 nm) of a digital
camera (D1H, Nikon, Tokyo, Japan) (16). Lung and liver metastases
were quantitated by counting bright small nodules with GFP
fluorescence on their surface. After the experiment, the metastasized
peritoneum, liver, and lung were fixed in 10% formalin for 24 h and
haematoxylin-eosin (HE) staining was performed for histological
confirmation.  

Ito et al: CTC Detection in Pancreatic Cancer Xenografts With KRAS Mutation 

6783

Figure 1. Characteristics of two types of orthotopic transplantation CTC
mouse models to the pancreas. A. The first type is the surgical
transplantation model. SUIT-2 cells in HBSS were directly injected into
the pancreas pulled out through surgical incision of the abdominal wall.
Primary tumours are located along the pancreas-omentum-spleen hilum.
B. The second type is the intraperitoneal (ip) injection model. SUIT2-
GFP cells in HBSS were ip injected into the near-pancreatic region by
a 27G needle. Primary tumour was similarly located at the pancreas-
omental-spleen hilum. Subsequent progression such as peritoneal
metastasis with ascites formation and liver/lung metastasis are clearly
observed using GFP fluorescence. C. Histological examination shows
primary tumours located at the pancreas-omental region and liver/lung
metastasis. Inset: atypical glandular formation. Arrows indicate the
primary and metastatic tumour. Bars indicate 20 μm. D: Comparison
of the primary tumour and metastasis pattern between the two types of
orthotopic CTC models. +; always present. +/–; sometimes present. 



Blood sampling. Blood was harvested by cardiac puncture in a
tube with EDTA under sedation with isoflurane. As a result of
preliminary experiments for choosing the blood route including
lateral tail vein, retroorbital venous plexus, and the heart, we
adopted the heart for the route of blood collection for CTCs.
Cardiac puncture has advantages in terms of safety, repetitiveness,
and no risk for contamination with normal epithelial cells. The
volume of the blood sample used in our study was based on the
body weight and interval period, as recommended by the
guidelines (17). Cardiac puncture of mice was safely performed
using a 27G syringe under anaesthesia without any significant side
effect. Usually, we collected approximately 0.20 ml blood per
mouse. In some cases, blood was further collected after an interval
of several weeks. 

CTC isolation from mouse blood by a filtration-based
microfluidic device. CTC detection was conducted using a
previously reported method (10). Briefly, blood (0.2 ml) was
diluted 10-fold with PBS containing 0.5 mM EDTA (PBS/EDTA)
and then CTCs were enriched using a semiautomated isolation
apparatus (Maruyasu Industry Co., Okazaki, Japan) with 3-
dimensional (3D) metal filter device (Optnics Precision Co.,
Tochigi, Japan). After filtering, enriched CTCs trapped on a filter
were fixed with 10% formalin for 30 min and washed with
PBS/EDTA in the device. The filter detached from the device was
placed upside down onto a glass slide (MAS coat, Matsunami,
Osaka, Japan) and the CTCs trapped in the filter were then
quickly transferred to a glass slide using a mechanical pressure
device (Maruyasu Industry Co.). The resultant CTCs attached to
the glass slide were immediately fixed in 95% ethanol for Pap
staining or fixed in 95% ethanol, followed by further 10%
buffered formalin for cytokeratin immunocytochemistry (ICC)
with haematoxylin nuclear counterstaining. 

Cytological and ICC staining of CTCs. Pap staining of CTC glass
slides was conducted by an automatic stainer (Sakura Fintec, Tokyo,
Japan). For immunostaining, after blocking with 1% BSA, the
specimen was incubated with rabbit anti-pan-cytokeratin antibodies
for 2 h. After washing, the specimens were incubated with HRP-
labelled polymer conjugated goat anti-rabbit antibody
(EnVision+System) (DAKO, Carpinteria, CA, USA) for 30 min.
After washing with PBS, the color was developed with the Liquid
DAB+substrate chromogen system (DAKO). The nuclei were
stained with Meyer’s haematoxylin.  

Detection of KRAS mutation. DNA from cultured cells was extracted
and purified using the QIAamp DNA Micro Kit (Qiagen, Valencia,
CA, USA) as per the manufacturer’s protocol. The DNA of CTCs
from mouse blood was extracted on the glass slide using the
pinpoint slide DNA isolation system (Zymo Research, Irvine, CA,
USA). Briefly, cells containing CTCs on glass slide were incubated
in 1-5 μl of pinpoint gel solution and dried for 30 min at room
temperature to form film and remove the cells embedded in the film
from the slide. DNA was then extracted using extraction buffer
containing proteinase K at 55˚C for 4 h. After heat inactivation at
95˚C for 10 min, DNA with or without column purification was
used as template for polymerase chain reaction (PCR) targeted the
KRAS mutation at codon 12 (G12D) using a cycleave PCR core kit
(Takara, Ohtsu, Japan) (18). For direct PCR sequencing, the
amplified KRAS exon 12 was sequenced directly using an ABI

PRISM 310 genetic analyser (Applied Biosystems, Foster City, CA,
USA) as described previously (19). For KRAS mutation analysis of
CTCs, we used the droplet-based digital PCR (ddPCR) platform
(Qx200 ddPCR system, Bio-Rad, Hercules, CA, USA) with
PrimePCR product targeted the KRAS mutation G12D as reported
previously (20). 

Statistics. All values are expressed as the mean±S.D. Differences
were assumed to be statistically significant at p<0.05 calculated by
Student’s unpaired t-test and/or Mann-Whitney U-test.

Results 

Pancreatic cancer cell line-derived mouse xenograft models
for CTC analysis. We developed three pancreatic cancer
mouse CTC models by injecting human pancreatic
adenocarcinoma cells (SUIT-2 or SUIT2-GFP) into the
pancreas, the pancreas-omental region and the subcutaneous
tissue. The first orthotopic model (surgical transplantation
model) was based on the direct transplantation of SUIT-2
cells into the pancreas, exposed through the abdominal wall
(Figure 1A). In this model, the tumour forms along the
pancreas-omentum-spleen hilum axis. The second orthotopic
model [intraperitoneal (ip) injection model] was based on the
ip injection of SUIT2-GFP cells into the near pancreas-
omental region using a 27 G needle (Figure 1B). In this
model, the tumour was also initially formed along the
pancreas-omentum-splenic hilum axis and thereafter spread
into the peritoneal cavity and finally formed ascites. This
pattern of tumour progression can be externally monitored
using a GFP fluorescence detection system. These two
orthotopic models are essentially the same in terms of
primary tumour formation pattern and metastatic
progression, indicating that the ip injection model is a more
rapid and practical method to generate a pancreatic cancer
CTC mouse model than the surgical transplantation model.
Histological analysis showed that the tumour initially formed
at the omentum and the pancreas. These models also show
hematogenous metastasis to the liver and lung, in addition to
peritoneal metastasis (Figure 1C and D). 

The third heterotopic model was the subcutaneous (sc)
transplantation model with SUIT2-GFP cells. This model
shows spontaneous lung metastases 1-2 months after sc
injection, which is easily visualized and quantitated by GFP
fluorescence. The number of lung metastases formed in the
orthotopic (pancreas) model and the ectopic (sc) model was
different and significantly higher (p<0.05) in the ectopic
model than in the orthotopic model (Figure 2A). Histological
analysis demonstrated that the subcutaneous tumour formed
by SUIT2-GFP cells exhibits ductal adenocarcinomatous
morphology (Figure 2B).

Detection of CTCs in mouse blood. The CTC detection
procedure, using our recently developed method, is
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summarized in Figure 3A. It includes 1) a microfluidic CTC
filtration device with a 3D metal filter for enrichment of
CTCs, 2) transfer of CTCs to a glass slide using a mild
mechanical pressure device, followed by fixation in 95%
ethanol and 3) subsequent cytokeratin immunocytological
staining and/or Papanicolaou staining (Figure 3A). This
procedure can be easily carried out in a clinical pathology
laboratory. CTCs can be visualized by ICC using a wide-
spectrum antibody against cytokeratin or an anti-GFP
antibody (Figure 3B). Representative cytokeratin-positive
CTCs counter-stained by haematoxylin and Pap stained
CTCs in orthotopic and heterotopic models are shown in
Figure 3C. Both single CTCs and clustered CTCs are shown
(Figure 3C). The number of CTCs tended to be higher in the

heterotopic (sc) than that in the orthotopic (pancreas) mouse
model (Figure 3D).

Analysis of KRAS mutation in CTCs. DNA was extracted
from the cultured SUIT-2 cells and CTCs that were isolated
from the blood of mice bearing SUIT-2 subcutaneous tumours
on a glass slide (Figure 4A). KRAS mutations in cultured cells
were analysed using the cycleave PCR method and
subsequent direct sequencing of the PCR product for
confirmation (Figure 4B). KRAS mutations in CTCs from
CTC-rich blood of some xenograft mice could be successfully
analysed by droplet-based digital PCR method. These results
showed that SUIT-2 cells and CTCs carry the KRAS mutation
G12D at codon 12 (G to A) (Figure 4B and 4C). 
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Figure 2. Characteristics of the heterotopic transplantation CTC mouse model. SUIT2-GFP cells in HBSS were injected subcutaneously. A. primary
subcutaneous tumour on the back and lung metastases visualized using GFP fluorescence. The figure shows significantly higher number of lung
metastases in heterotopic (sc) model than in orthotopic (pancreas) transplantation model. B. Histological examination confirms that the primary
sc tumour and lung metastases are adenocarcinoma with glandular formation (arrows). Bars indicate 20 μm.



Discussion

In the present study, we developed a pancreatic cancer mouse
CTC model where CTCs can be stably detected for preclinical
study. This mouse CTC model has the following unique
characteristics. 1) The use of GFP-tagged SUIT-2 cell line
enabled real-time monitoring and external visualization of the
development of peritoneal metastasis of orthotopically
transplanted pancreatic cancer in living mice. The use of the
GFP-tagged cell line also allowed clear visualization of
hematogenous lung and/or liver metastasis after orthotopic
(pancreas) and heterotopic (sc) transplantation, leading to the
accurate quantification of the number of hematogenous

metastases. 2) The orthotopic (pancreas) transplantation mouse
model exhibited both peritoneal metastasis and hematogenous
(liver/lung) metastasis, whereas the heterotopic (sc)
transplantation mouse model showed only hematogenous lung
metastasis. The number of lung metastases and CTCs detected
in the heterotopic model showed a tendency to be higher than
that in orthotopic model, indicating that these two CTC models
can be used differently depending on the purpose of the
preclinical study. For example, regarding basic research on CTC
dynamics associated with hematogenous metastasis, a simple
heterotopic (sc) model showing only lung metastases may be
preferable. 3) This SUIT-2 human pancreatic cancer mouse CTC
model carries the KRAS G12D mutation, which is detected most
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Figure 3. Detection of CTCs in the blood from the orthotopic and heterotopic mouse CTC models using a cytology-based CTC detection platform.
A. Overview of the CTC detection procedure including filtration of CTCs using a 3D metal filter, transfer of CTCs to a glass slide, subsequent
staining of CTCs, and the detection of CTCs using light microscopy. B. CTCs detected using cytokeratin (CK) or GFP immunocytochemistry and
Papanicolaou (Pap) staining. Bars=20 μm. C: Representative CTCs from the orthotopic and heterotopic mouse models stained for CK and Pap.
Arrows indicate a CTC cluster. Inset: single CTC. Bars=20 μm. D: Comparison of the CTC number between the two types of models. The CTC
number in the heterotopic (sc) model tends to be higher than that of the orthotopic (pancreas) model, but not statistically significant (NS).



frequently in patients with pancreatic cancer. To date, the study
of CTC using pancreatic cancer mouse models has been limited
to a patient-derived xenograft model (12) and genetically
engineered, endogenous pancreatic cancer mouse models (21,
22). Several cell line-derived mouse CTC models such as breast,
gastric, and lung cancer cell lines have been reported (13, 14);
however, human pancreatic cancer cell line-derived CTC model
has not been reported (23). To our knowledge, this CTC model
is the first KRAS mutation-positive, human pancreatic cancer
mouse CTC model for preclinical study. 

To estimate the CTC burden in the current CTC mouse
model, we used a cytology-based CTC detection platform
recently developed in our laboratory. In most of the previous
studies, CTCs have been identified as Keratin+/EpCAM+/
CD45-/Hoechst 33342+ cells using immunofluorescence under
the dark field (24). In contrast, our cytology-based system uses
CTC-attached glass slides, followed by cytokeratin (or GFP)
immunocytochemistry and/or conventional Papanicolaou
staining. CTCs are then observed using light microscopy, by a
pathologist/cytologist, as cytokeratin-positive cells with atypical
nuclear and cytoplasmic morphology (10, 11). Therefore, the

current GFP-tagged pancreatic cancer CTC model in
combination with our CTC detection platform enables sensitive,
specific, and quantitative detection of both metastases and CTCs
from as little as 0.2 ml of mouse blood. Furthermore, our
cytology-based CTC detection method using glass slides allows
a clearer morphological estimation of CTCs than the other
filtration-based CTC detection methods such as the one using
polycarbonate membrane (25, 26). Therefore, our CTC model
with a cytology-based detection system would be useful for
monitoring in detail the effect of chemotherapy on CTCs. 

Another interesting finding was that the SUIT-2 pancreatic
cancer cell line has KRAS mutation (G12D). In PDAC patients,
70-90% of PDACs are reportedly known to have a KRAS
mutation mostly at codon 12, codon 13, and codon 61. The
KRAS G12D, detected in the SUIT-2 pancreatic cancer cell line,
is the most frequent KRAS mutation in clinical pancreatic
cancers. In addition, CTCs detected in the SUIT-2 model form
many clusters in blood (venous plus arterial) collected from the
heart (27) and the CTC number was relatively high, ranging
from 20 to 200 CTCs/0.2 ml, allowing genetic analysis of CTCs
in some xenograft mice. These findings indicate that the SUIT-
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Figure 4. Analysis of the KRAS mutation in SUIT-2 cells and CTCs from the blood of the heterotopic (sc) xenograft mouse model. A. The procedure
of CTC analysis includes pinpoint picking of the CTCs from a glass slide stained by Pap, extraction of DNA, and PCR analysis. B. Analysis of
KRAS mutation in SUIT-2 cells using the cycleave PCR and direct sequencing. The result showed that SUIT-2 carry the KRAS G12D mutation at
codon 12. C. Analysis of the KRAS G12D mutation of CTCs from the heterotopic mouse xenograft model by droplet-based digital PCR method. The
blue and green dots (arrows) indicate droplets containing the amplified KRAS G12D mutant and wild-type alleles, respectively. The grey dots
correspond to droplets without any mutant and wild-type alleles.



2 CTC mouse model is a very useful pancreatic cancer CTC
model that allows monitoring genetic changes of CTCs in
pancreatic cancer in response to anti-cancer therapy. Recently,
cell-free circulating tumour DNA (ctDNA) has become another
prominent method of liquid biopsy, and in clinical studies,
ctDNA can be relatively easily measured in pancreatic cancer
patients (28). To date, however, in a preclinical mouse model,
the detection and measurement of ctDNA is still not easy, partly
due to the small volume of blood that is collected. Therefore,
the CTC number in combination with genetic analysis of CTCs
would be useful for monitoring the therapeutic response to
various treatment modalities for pancreatic cancer.     

Conclusion

In conclusion, our findings suggest that this pancreatic
cancer mouse CTC model is a useful and powerful tool for
the research on CTC dynamics before and after various
treatment modalities. Research on the relationship between
the dynamics of CTCs and the pharmacodynamics of
chemotherapy using the current mouse CTC model are now
ongoing in our laboratory.
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