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Abstract
Pancreatic cancer is the fourth leading cause of cancer related deaths in North America. The poor
survival statistics are due to the fact that there are no reliable tests for early diagnosis and no
effective therapies once metastasis has occurred. Surgical resection is the only curative treatment
for pancreatic cancer; however, only less than 15% of the patients are eligible for surgery at
diagnosis. New therapies are urgently needed for this malignant disease. And combinational
therapy including surgery, chemotherapy and molecular targeted therapy may further improve the
efficacy of individual therapies. However, a reliable mouse model which mimics the human
disease and can be used for testing the surgical treatment and surgery-based combinational therapy
is not available. In this study, we have established a mouse model for curative surgical resection of
pancreatic cancer. Human pancreatic cancer cells were used to create orthotopic xenografts in
nude mice, distal pancreatectomy was performed using imaging-guided technology to remove the
pancreatic tumors, and sham surgery was performed in the control group. All mice survived the
operation and no complication was observed. Surgical resection at early stage improved the
survival rate and quality of life of the mice compared with the sham surgery and surgical resection
at the late stage. If combined with other therapies such as chemotherapy and molecular targeted
therapy, it could further improve the outcome of pancreatic cancer. This mouse model is a useful
tool to study the surgical therapy and the tumor recurrence of pancreatic cancer, and could
potentially impact the therapeutic choices for this deadly disease.
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1. Introduction
Earlier diagnoses and improvements in current treatments for most cancers have led to great
advancements in the 5-year survival rate in the past few decades. However, pancreatic
cancer has shown little improvement in survival compared with other major cancers [1].
Pancreatic cancer is the fourth leading cause of cancer related deaths in North America. The
overall 5-year survival rate is less than 5%. The poor survival statistics are due to the fact
that there are no reliable tests for early diagnosis and no effective therapies once metastasis
has occurred. Surgical resection is the only curative treatment for pancreatic cancer;
however, patients with pancreatic cancer usually present with locally advanced, unresectable
or metastatic disease; even for patients with resectable disease, most of them will relapse.
Standard chemo- and radiation therapies do not offer significant improvement of survival.
New treatments targeting known oncogenes or growth factors in pancreatic cancer such as
K-Ras, VEGF, and EGF/EGFR have mostly failed, and do not provide survival benefit.
Therefore, it is important to identify novel molecular markers and therapeutic targets in
pancreatic cancer that could lead to more effective treatment or enhancement of standard
chemo- and radiation therapy for this malignant disease [2]. And combinational therapy
including molecular targeted therapy, surgical resection and chemotherapy may further
improve the efficacy of individual therapies.

However, a reliable mouse model which mimics the human pancreatic cancer disease and
can be used to test the surgical treatment and combinational therapy is currently not
available. The widely used Kras transgenic mouse models provide an excellent tool to test
preclinical anti-cancer drugs, but the lengthy time in which it takes to develop pancreatic
cancer and the unpredicted sites for the primary tumor growth make it challenging to
perform surgical resection and to test the efficacy of the surgery-based combinational
therapy [3; 4; 5]. Orthotopic xenograft mouse model has a unique advantage in establishing
a resectable pancreatic cancer model and is easy to test the efficacy of surgical therapy.
Previous studies have also used the orthotopic xenograft models to investigate the perineural
invasion and tumor recurrence [6; 7]. In this study, we have established a reliable orthotopic
xenograft mouse model for curative surgical resection of pancreatic cancer (distal
pancreatectomy), and compared the survival rate, tumor progress and recurrence between
the distal pancreatectomy and the sham surgery group. This mouse model is a useful tool to
study the surgical therapy and surgery-based combinational therapy of pancreatic cancer,
and could potentially impact the development of therapeutic choices for this deadly disease.

2. Materials and Methods
2.1 Cell culture and chemicals

Human pancreatic cancer cell lines ASPC-1 and MIA PaCa-2 were purchased from the
American Type Culture Collection (ATCC, Rockville, MD), and was cultured in RPMI
1640 and DMEM (with 2.5% horse serum) medium, respectively, with 10% fetal bovine
serum (FBS) as previously described [8; 9; 10]. The ASPC-1 cells were transfected with
green fluorescent protein (GFP) plasmid using Lipofectamine 2000 (Invitrogen Corporation,
Carlsbad, CA), and stable cells (ASPC-GFP) were selected with puromycin. Other
chemicals were from Sigma (St. Louis, MO).

2.2 Orthotopic implantation of pancreatic cancer cells in nude mice
Subconfluent cells were harvested by trypsinization, and resuspended in DMEM. The cells
(3×106) were inoculated into the tail of the pancreas of 6- to 8-week-old male nude mice
(NCI-Charles River). All mice were cared for in accordance with the Office for Protection
from Research Risks (OPRR) and Animal Welfare Act Guidelines under an animal protocol
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approved by Animal Welfare Committee at the University of Texas Health Science Center at
Houston. Systemic anesthesia was administered and the mice were covered with surgical
towels. A small incision (0.5–1 cm) was made in the left subcostal region, and the spleen
was gently exteriorized to fully expose the pancreas tail and body. The tumor cells (3×106)
in a volume of 50 µl were injected into the tail of the pancreas with a 27-Gauge needle. The
peritoneum and skin were closed with a 4.0 surgical suture.

2.3 Mouse Distal Pancreatectomy and Imaging
The mice were randomly selected and divided into two groups. One group underwent distal
pancreatectomy and the other group underwent sham surgery on either the 10th or 20th day
after tumor implantation. Mice were anesthetized and opened by laparotomy. The tail and
the majority of the body of pancreas harboring the pancreatic tumors and the whole spleen
were resected by ligating the pancreas proximal of the tumors with a 4-0 suture to prevent
from bleeding and transecting the pancreas distal of the suture with a sterile scissor.
Intraoperative GFP imaging was used to ensure a negative margin after the resection. Sham
surgery involved laparotomy and mobilization of the distal pancreas. Imaging was also
performed to ensure the presence of the primary tumor. No resection was performed and the
peritoneum and skin were closed with a 4.0 surgical suture as described above. Necropsy
was performed when mice died or after euthanization. GFP imaging was used to identify
locally recurrent and distal metastasis. The primary tumors and locally recurrent and
metastasized tumors were assessed and collected. The mice body weight and general health
of each mouse were monitored and recorded daily. Fluorescent imaging was performed
using the Illumatool fluorescence imaging system (Lightools Research, Encinitas, CA), and
pictures were taken using a Nikon D5100 digital camera with 18–55 mm lens.

2.4 Immunohistochemical staining
The orthotopic pancreatic tumors and metastasized tissues were collected and fixed in 4%
PFA. The paraffin sections were stained with H&E and Ki-67 as previously described [9].
Stained slides were assessed using a phase contract microscopy.

2.5 Statistical analysis
The mouse body weight index (daily body weight/body weight on the day of tumor
implantation) was measured and recorded every day. Quantitative results are shown as
means ± SD. The statistical analysis was done by Log-rank (Mantel-Cox) Test between
different groups. The Kaplan-Meier method was used to plot survival curves for the
treatment and control groups. A value of P <0.05 was considered statistically significant.

3. Results
Establish a resectable pancreatic cancer mouse model

A reliable pancreatic cancer mouse model which mimics human pancreatic cancer and can
be used to test the combinational therapy including surgical resection is urgently needed.
Because of the physiological relevance, short growth curve, and ease to reproduce,
orthotopic pancreatic cancer model was selected to establish a resectable pancreatic cancer
mouse model. We have used the orthotopic model in our previous studies to characterize the
in vivo functions of many key molecules in pancreatic cancer such as ZIP4 [8; 9; 10; 11],
which showed great consistency. In this study, we injected the ASPC-GFP and MIA PaCa-2
cells into the pancreas tail of nude mice, to establish a resectable pancreatic cancer mouse
model. As shown in Fig. 1A, 50 ul of human pancreatic cancer cells (3×106) were carefully
injected into the tail of the pancreas using a 27-gauge needle. A picture was taken after the
mouse was injected with ASPC-GFP cells, which showed the presence of fluorescent tumor
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cells in the tail of the pancreas, and lack of leakage in the abdominal cavity (Fig. 1B). The
take rate of tumor growth for both pancreatic cancer cells are 100%. Because of the
advantage of the fluorescence in ASPC-GFP cells which allows for real time monitoring of
the tumor progress, we focused on this cell line for our consequent experiments in this study.
All mice were in excellent conditions during the first week after the tumor implantation
without any noticeable complications.

Imaging-Guided Surgical Resection
Based on our previous studies and the real time monitoring of the tumor progress, we chose
two time points to perform the distal pancreatectomy, day 10 and day 20 after the initial
tumor implantation. Mice were randomly divided into two groups, one group underwent
distal pancreatectomy, and the other group underwent sham surgery. In the early surgery
group on the 10th day after the tumor implantation, the tail and the majority of the body of
pancreas harboring the pancreatic tumors and the whole spleen were resected (Fig. 2A-D).
Every caution has been taken to avoid unnecessary bleeding and leakage of the pancreas
juice. Intraoperative GFP imaging was used to ensure a negative margin after the resection
(Fig. 2E). Any visible fluorescent tissue residues were removed. Postoperative tissue
assessment showed tumor invasion into the spleen (Fig. 2F), which was confirmed by
further histological staining (data not shown), suggesting the necessity of resecting the
spleen along with the distal pancreatectomy. Imaging was also performed in the sham
surgery group to ensure the presence of the primary tumors (100% take rate of tumor
growth). All mice that underwent the distal pancreatectomy and sham surgery survived the
operation and no complication was observed in the following week. In the late surgery group
on the 20th day after the tumor implantation, similar procedure was performed for the distal
pancreatectomy and the sham surgery. However, local metastasis has occurred for most
mice, which mimics the late stage pancreatic cancer in human, and the tumors were not
completely resectable (data not shown).

Surgical resection at early stage improves the survival rate and quality of life of the mice
To examine the tumor growth, metastasis, and recurrence in mice with or without surgical
resection, mice were euthanized at four weeks after the initial tumor implantation. Necropsy
was performed and GFP imaging was used to identify locally recurrence and distal
metastasis. The sham surgery group showed big primary tumors and extensive metastasis to
peritoneum, spleen, liver, and lymph nodes (Fig. 3A and 3B). Histological evaluations
revealed extensive cancer cell invasion to peritoneum, spleen, liver, and local omentum (Fig.
4B-E), and showed tumor presence in pancreas. Further immunohistochemical staining of
Ki-67 confirmed the aggressive proliferation of the tumor cells (Fig. 5B-E). In the early
surgery group, there were various degrees of local recurrent tumors including mild
peritoneal invasion, but no liver metastasis was found (Fig. 3C and 3D). Histological
evaluations revealed cancer cell invasion to peritoneum (Fig. 4A), which was Ki-67 positive
(Fig. 5A). In the late surgery group, all mice had extensive metastatic disease (data not
shown), similar to the sham surgery group, indicating the importance of the choice for
resection time.

In a separate experiment, the overall survival rate was recorded for mice with or without
distal pancreatectomy. Although not statistically significant, the surgical resection at early
stage did improve the overall survival compared with the sham surgery (P= 0.054). The
mean survival of mice was increased from 13 days (sham) to 18 days (distal
pancreatectomy, DP) (Fig. 6A). The surgical resection at late stage did not provide any
survival benefit.
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We also examined the quality of life of all the mice after the surgical resection. The mice in
the sham group showed significant loss of body weight after tumor implantation, and most
of the mice died after they lost more than 20% of their initial body weight. While the body
weight index in the early surgical resection group was stable, no significant loss of body
weight was observed within two weeks after the distal pancreatectomy (Fig. 6B).

4. Discussion
Surgical resection is the only curative treatment for human pancreatic cancer; however, a
reliable mouse model is not available to test the surgical resection and surgery-based
combinational therapies for pancreatic cancer. In this study, we have established an
orthotopic xenograft mouse model for imaging-guided curative surgical resection of
pancreatic cancer. We found that surgical resection at early stage improves overall survival
and quality of life in mice. If combined with other standard therapy and molecular targeted
therapy, it may further increase the overall survival of pancreatic cancer.

Two poorly differentiated pancreatic cancer cells, ASPC-1 and MIA PaCa-2, were used in
this study to establish orthotopic xenografts in nude mice. Those two cells were derived
from ascites and primary pancreatic adenocarcinoma, respectively, and exhibited aggressive
features including a great metastatic potential [12; 13; 14]. Both cell lines had a 100% take
rate of tumor growth in an orthotopic xenograft mouse model. The MIA PaCa-2 cells tend to
grow into bigger primary tumors, and are less lethal. ASPC-1 cells are more metastatic and
cause the mice to die rapidly. Because of the advantage of the fluorescence in ASPC-GFP
cells which allows for real time monitoring of the tumor progress, we focused on this cell
line for most of our experiments in this study. Our previous data have also indicated that
ASPC-1 orthotopic tumors are a reliable model system to study pancreatic cancer growth,
metastasis, and survival [8; 10]. Previous studies have used those pancreatic cancer cell lines
to examine the perineural invasion and tumor recurrence, respectively, and different red
fluoresence protein (RFP) was used to label the cells [6; 7]. With the help of the
fluorescence imaging, radical surgical resection was performed to remove the tail and the
majority of the body of the pancreas, which contains pancreatic tumors. Any visible
fluorescent tissue residues were also removed whenever possible. Local tumor invasion into
the spleen was observed using both fluorescent imaging and histological staining, suggesting
the necessity of removing the spleen along with the distal pancreatectomy. Those data
strongly indicate the importance of molecular imaging in surgical resections of pancreatic
cancer, and suggest that future combinational therapies should also include imaging as a
critical component to guide the therapy and to monitor the tumor progress.

Pancreatectomy can be curative when the tumor is in early stage. Our results suggest that the
early distal pancreatectomy on the 10th day after tumor implantation improves the overall
survival rate and the quality of life of the mouse, which closely mimics human disease when
the human pancreatic cancer patient receives surgery at an early stage. The mice in the distal
pancreatectomy group showed better health status with good appetite, moving ability, and
stable body weight index compared with the sham surgery group. The distal pancreatectomy
at the late stage (20th day after tumor implantation) did not provide any survival benefit
except for palliative effect. Local metastasis has occurred for most mice in this group, which
also mimics the late stage pancreatic cancer in human, and the tumors were not completely
resectable. These results suggest the importance of the selection of surgery time, and provide
direct evidence that surgical resection is only effective for patients with early stage
pancreatic cancer.

Neoadjuvant has been widely used for gastric and rectal cancer treatment to downstage the
disease [15]. A number of patients received neoadjuvant therapy showed improvement of
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quality of life and overall survival especially in rectal cancer [16; 17; 18; 19; 20].
Neoadjuvant therapy is less used in pancreatic cancer patients because of the resistance to
conventional chemo and radiation therapy. However, novel chemotherapy or molecular
targeted therapy with less toxicity and better efficacy are still considered to be an important
therapeutic strategy for human pancreatic cancer, and a reliable mouse model to mimic the
human disease which can be used to test the novel neoadjuvant and molecular targeted
therapy is urgently needed. The surgical resection mouse model we established in this study
could be a useful tool to test the above mentioned therapies and the surgery-based
combinational therapy. Recent reported novel molecular targeted therapies such as shRNAs,
small molecules, microRNAs, and inhibitors for tumor initiating cells (TICs) may also be
included in the combinational therapy to further improve the overall survival for pancreatic
cancer patients [8; 21; 22; 23]. Our previous studies have shown that zinc transporter ZIP4
can serve as a novel therapeutic target in pancreatic cancer, silencing of ZIP4 significantly
inhibited pancreatic cancer growth and increased the survival of mice with pancreatic cancer
xenografts [8; 10; 11]. PDX-1 can also act as a potential molecular target for treatment of
human pancreatic cancer, it has been shown that down-regulation of PDX-1 expression
inhibits pancreatic cancer cell growth in vitro and in vivo [21; 24]. The molecular targeted
therapies along with appropriate delivery system and new strategies to over drug resistance
[25; 26], could potentiate the standard care and increase the efficacy of the combinational
therapy as well.

5. Conclusion
The reproducible surgical resection mouse model presented in this study could be a great
asset to investigate the role of surgery in pancreatic cancer treatment, and to test the efficacy
of surgery-based combinational therapy including neoadjuvant and molecular targeted
therapy in pancreatic cancer. This concept is important, since it will most likely require
multiple treatments to have an impact on survival in patients with metastatic pancreatic
cancer.
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Fig. 1. Establish a resectable orthotopic pancreatic cancer mouse model
A. Pancreatic cancer cells were injected orthotopically into the tail of the pancreas. B. A
fluorescence picture was taken after the tumor cell inoculation. Green fluorescence showed
the presence of tumor cells in the tail of the pancreas, and lack of leakage in the abdominal
cavity.
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Fig. 2. Mouse distal pancreatectomy
A and B. The tail and the majority of the body of pancreas harboring the pancreatic tumors
and the whole spleen were resected by ligating the pancreas proximal of the tumors with a
4-0 suture. C and D. The pancreatic tail and spleen were removed with a sterile scissor. E.
Intraoperative GFP imaging was used to ensure a negative margin after the resection. F.
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Tumor presence in the resected pancreatic tail and spleen. Pa, pancreas; Sp, spleen. Black
arrow head, tumor presence in spleen.
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Fig. 3. Surgical resection at early stage reduced tumor growth and metastasis
A and B. Sham surgery. C and D. Surgical resection at early stage. Mice were euthanized at
four weeks after the initial tumor implantation. Necropsy was performed and GFP imaging
was used to identify locally recurrence and distal metastasis.
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Fig. 4. H&E staining
A. Tumor recurrence on peritoneum in early surgery group. B. Tumor recurrence on
peritoneum in sham surgery group. In the sham surgery group, tumor invasion was also
found in spleen (C), liver (D), omentum and intestine (E); and tumor presence was found in
pancreas (F).
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Fig. 5. Ki-67 staining
A. Tumor cell proliferation in peritoneum in early surgery group. B. Tumor cell proliferation
in peritoneum in sham surgery group. In the sham surgery group, tumor cell proliferation
was also found in spleen (C), liver (D), omentum and intestine (E), and pancreas (F).
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Fig. 6. Surgical resection at early stage improves the survival rate and quality of life of the mice
A. Kaplan–Meier analysis of survival showed improved survival of early distal
pancreatectomy group (DP) vs. sham group (Sham) (P=0.054). B. Log-rank (Mantel-Cox)
Test showed significant loss of body weight in the sham surgery group vs. early distal
pancreatectomy group (P<0.05).
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