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Establishment of a human primary pancreatic cancer mouse
model to examine and investigate gemcitabine resistance
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Abstract. Pancreatic cancer is one of the most fatal types
of cancer and is associated with a dismal prognosis.
Gemcitabine-based chemotherapy is clinically used for the
treatment of advanced pancreatic cancer. However, many
forms of pancreatic cancer have acquired resistance to
gemcitabine. In order to prevent patients from suffering from
the side effects of chemotherapy and to have the chance to
receive more effective intervention, assessment of whether
the patient pancreatic cancer cells are resistant to gemcitabine
before clinical practice is crucial. Recently, patient-derived
xenograft (PDX) models have been regarded as a practical
approach for preclinical drug resistance test. In the present
study, we harvested tumor specimens from 28 pancreatic
cancer patients to establish PDX models. The tumor forma-
tion rate of the xenografts was 100%, several of which could
be re-implanted in nude mice for more than 10 passages.
Primary cells were further obtained from the PDX xenografts
to determine their morphological features and evaluate
their proliferation rate, migration capacity and angiopoietic
ability. In addition, the sensitivities of the primary cells and
PDX xenografts to gemcitabine were correlated with each
other. When compared to the gemcitabine-sensitive cells,
the gemcitabine-resistant cells had a higher level of MCF2L
expression, suggesting that MCF2L plays an important role in
gemcitabine resistance.

Introduction

Pancreatic cancer is a devastating disease. It is attributed to
obscure causes and generally displays a dismal prognosis.
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Particularly, it remains intractable owing to the fact that most
types of pancreatic cancer are resistant to traditional chemo-
therapies. Pancreatic ductal adenocarcinoma (PDAC) is by
far the most common tumor type of the exocrine pancreas,
accounting for 85 to 90% of all pancreatic tumors (1). Although
research on PDAC has been carried out for half a century, its
5-year survival rate (approximately 15-5%) remains the lowest
as compared to other digestive tract tumors (2). Only 20% of
these patients have the chance to undergo curative operation.
More than 80% of the patients are diagnosed with PDAC at
later stages, for whom chemotherapy is the only choice (3).
Gemcitabine is one of the few FDA-approved agents used
in the treatment of advanced pancreatic cancer, and inhibits
tumor growth by replacing cytidine during DNA replication,
thus blocking the biosynthesis of deoxyribonucleotide by
inactivating ribonucleotide reductase (4). Unfortunately, this
therapy typically prolongs the survival of fewer than 20%
of the patients by only a few months. Some of the patients
become gemcitabine-resistant and succumb to progressive
disease after several courses, while the vast majority of the
patients have to bear the side effects with little clinical remis-
sion after the treatment of gemcitabine (5). Thus, evaluation of
the susceptibility of pancreatic cancer patients to gemcitabine
before clinical practice is crucial. Furthermore, unraveling
of the molecular mechanisms of gemcitabine resistance may
improve the efficacy of treatment.

Nude mice and commercial cell lines are used for the
research of the malignant biological characteristics of pancre-
atic cancer, but immunodeficient nude mice have a poor
track record for predicting the response to therapy in clinical
pancreatic cancer patients. In addition, long culture duration
makes commercial cells prone to genetic drift (6,7). Compared
to other tumor cell lines, there are only 15 commercial PDAC
cell lines. The classical cell lines, such as Capan-1, Aspc-1,
CFPAC, are derived from ascites, lymph node metastases
and other peritoneal metastases (8,9). As far as we know,
the primary tumor and their metastatic derivatives usually
undergo gene mutation, thus it is open to discussion regarding
whether the conclusion we have acquired from metastasis-
derived cells could be applied to primary tumors. Thus,
primary cells, which can imitate the epigenetic phenotypes,
are recommended to obtain a greater phenotypic heterogeneity
as compared to the disposable cell lines, and can upgrade the
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pancreatic cancer cell line family. Few primary models are
available due to the limited amounts of clinical samples. On
the other hand, when rapid-growing fibroblasts overgrow or
tumor cells suffer bacterial contamination, the establishment
of primary cells fails. In this regard, patient-derived xenograft
(PDX) models have been utilized in order to overcome these
difficulties. Moreover, primary cells can be isolated from these
xenograft-passaged tumors. Both PDX models and primary
cells assumedly play important roles in the study of pancreatic
cancer chemoresistance.

The mechanisms of the chemoresistance of pancreatic
cancer have been proposed as follows (10-12). The microenvi-
ronment of PDAC has two marked features: lack of vessels and
rich in dense stroma. Lack of vessel leads to failure of drug
delivery. The stroma of PDAC is a dynamic environment filled
with various components, including pancreatic stellate cells,
matrix metalloproteinases, and growth factors. The interac-
tion between microenvironmental components and tumor
cells could impact the features of tumor cells themselves,
such as the chemoresistance. Previous studies on the internal
biological processes underlying drug resistance have recog-
nized the role of traditional drug-resistance related genes,
such as MDR1, LRP and RRM1, in PDAC chemoresistance.
A recent study identified many new protein (e.g., MCF2L,
VMPI1, and MAML3) that may lead to gemcitabine resis-
tance through the differenial expression spectrum between
gemcitabine-resistance strains and -sensitive strains (13).
In the present study, our preliminary screening results
suggest that gemcitabine-resistant pancreatic cancer cells
exhibit a higher level of MCF2 transforming sequence-like
protein (MCF2L) mRNA, and therefore we chose MCF2
to interrogate its role in the resistance of the primary cells
to gemcitabine. The goal of this study was to establish and
validate preclinical in vivo and in vitro models for screening
of the patients who are unable to respond to gemcitabine. In
addition, we attempted to identify the molecules involved in
gemcitabine resistance, which may serve as novel therapeutic
targets for PDAC.

Materials and methods

Establishment of pancreatic cancer PDX (patient-derived
xenograft) models. The human study protocol for the present
study was reviewed and approved by the Research Ethics
Committee of Ruijin Hospital, Shanghai Jiaotong University
School of Medicine. All of the eligible patients had been
informed of the essentials of this study, and written consent
was obtained before enrollment of each patient into this
study. Surgically resected primary tumor tissues from the
patients with primary pancreatic cancer were harvested and
then separately placed in a sterile culture dish. After dissec-
tion and removal of the necrotic areas, fatty tissues, blood
clots and connective tissues with forceps and scissors, each
tumor specimen was washed with 1% antibiotics-containing
Dulbecco's phosphate buffered saline (DPBS) twice and subse-
quently transferred into another new dish where it was finely
trimmed into a 20-30 mm? fragment. Immediately following
this process, the tumor sample was implanted subcutaneously,
by using an 18-gauge trocar, in the fore and/or hind bilateral
flanks of 6- to 8-week-old female BALB/c nude mice (Shanghai
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SLAC Laboratory Animal Co., Ltd.). The general health of the
mice was monitored daily and growth of the tumor xenograft
was monitored twice a week. Once the first generation of
xenografts (designed as PO) was established (when the tumor
size reached 500-800 mm?), serial implantations in BALB/c
nude mice were performed to expand the xenograft tumors
(i.e. P1, P2, P3, and beyond). Tumor size was measured peri-
odically using a digital caliper (Cal Pro, Sylvac, Switzerland),
and tumor volume was calculated as 0.5 x length x width?.

Establishment of pancreatic primary cancer cells. Tumor
samples were resected from the xenograft mouse model and
then placed in a sterile culture dish. After dissection and removal
of the necrotic areas, fatty tissues, blood clots and connective
tissues with forceps and scissors, the tumor specimens were
washed twice with DPBS that contains 100 U/ml penicillin
and 0.1 mg/ml streptomycin. The samples were transferred into
a new dish where they were finely minced on ice with sterile
scissors. Approximately 15-20 ml of 1X Accumax solution was
added to carry out enzymatic dissociation of the cells from the
primary tumor tissues by vigorous pipetting. Following this
process, the resultant sample suspension was equally distrib-
uted between two 50-ml centrifuge tubes and incubated at
37°C for 1-2 h in a shaking water bath. Then, the dissociated
cells were re-suspended in 35-40 ml of 1X DPBS (for each
50 ml centrifuge tube) by pipetting. The resultant suspension
was subjected to filtration using 70-ym cell strainers placed on
two 50-ml centrifuge tubes, and the filtrates were centrifuged
at 1200 rpm for 5 min at room temperature. The supernatants
were aspirated and then washed with antibiotic-containing
DPBS twice. Finally, the primary cells were harvested and
cultured with serum-containing medium, which was changed
every second or third day. The cells were passaged using
trypsin/EDTA (Beyotime Biotechnology) when reaching sub-
confluence. Images of the cultures were captured with Olympus
1681 (Olympus, Hamburg, Germany).

Immunofluorocytochemical profiling. The expression of cyto-
keratin-8 (CK-8), epithelial cell adhesion molecule (EpCAM)
and pancreas/duodenum homeobox protein-1 (PDX-1) in the
isolated primary cells was evaluated by immunofluorocy-
tochemistry. For immunofluorescence labeling, one drop of
cell suspension at a low density was dripped on the cover
glass pretreated with poly-L-lysine, and then subjected
to incubation at 37°C for 2-4 h, which can make the cells
fully adherent. After washing with PBS, the cells were fixed
with 4% paraformaldehyde for 10 min at room temperature
and then permeabilized with 2 mg/l to 0.03 mg/l of Triton
X-100 in PBS. The nonspecific binding sites were blocked
by incubating with 10 mg/l bovine serum albumin (BSA)
in PBS for 45 min at room temperature. Slides were then
incubated overnight at 4°C with the following primary Abs:
anti-CK-8 (1:500, Abcam), anti-PDX1 (1:500, Abcam), anti-
EpCAM (1:500, Santa Cruz Biotechnology), and the negative
control was incubated with 1X PBS. After incubation, the
slides were washed with PBS and further incubated with
the donkey anti-mouse, donkey anti-goat, donkey anti-rabbit
secondary Ab (dilution ratio 1:200, Life Technologies) for
2 h at room temperature. After extensive washes, the slides
were mounted in glycerine (Beyotime) and observed using a
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confocal laser scanning microscope (Radiance Plus; Bio-Rad
Laboratories, Milan, Italy).

Exome library preparation and sequencing. The genomic DNA
of primary cells was sequenced by next generation sequencing
(NGS) to uncover the exome mutations of KRAS and TP53. A
total of 150 ng to 1 ug of DNA extracted from primary cells
by MALBAC (multiple annealing and looping-based ampli-
fication cycles) was sheared into fragments around 175 bp
using the Covaris system (Covaris). The sheared DNA was
purified with Agencourt AMPure XP SPRI beads (Beckman
Coulter). The DNA was blunted with 5'-phosphorylated ends
using the NEB Quick Blunting kit and ligated to truncated PE
P7 adaptors and barcoded P5 adaptors using NEBNext Quick
Ligation Module. After cleanup with Agencourt AMPure
XP SPRI beads and nick fill-in with Bst polymerase large
fragment (New England Biolabs), the DNA fragments with
adaptors were enriched by PCR. A total amount of 500 ng
of DNA pooled from four barcoded libraries was used for
hybridization and posthybridization amplification following
the manufacturer's protocol (SureSelectXT Target Enrichment
System for Illumina Paired-End Sequencing Library, version
1.3.1, February 2012, pp37-60; Agilent Technologies). The
posthybridization amplification product was quality checked
and sequenced with Illumina HiSEq. 2000/2500 2X 100-bp
paired-end (PE) reads.

CCK-8 assay. Cells (5x10*) were seeded in 200 pl aliquots into
96-well plates. At the indicated time points, 20 ul CCK-8 solu-
tion (Dojindo, Tokyo, Japan) was added to the cells, and the
plates were incubated at 37°C in 5% CO, humidified chamber
for an additional 2 h. The absorbance at 450 nm was measured
to determine the number of viable cells in each well. All
experiments were performed in quintuplicate.

In vitro migration assay. To quantify the in vitro motility of the
7 cell isolates, 8 um Transwell cell culture chambers (Corning
Costar, Milan, Italy) were used. For migration assay, the 7 cell
isolates were starved in medium containing 1% FBS (fetal
bovine serum) for 24 h before the assay. A cell suspension
(200 pl; 2x10° cells/ml) in RPMI-1640 with 1% FBS was added
to the upper chambers, whereas 600 ul of RPMI-1640 with 10%
FBS was placed in the lower wells. Thereafter, the cells were
incubated at 37°C in 5% CO, humidified chamber for 24 and
48 h. The number of cells that migrated through the filters and
seeded to the lower chamber was photographed at each interval.
Migration experiments were conducted in quintuplicate.

Endothelial tube formation assay. Briefly, each well of 96-well
culture plates was coated with 100 u1 Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA), which was left to solidify at 37°C for
2 h. Human umbilical vein endothelial cells (HUVECsSs) were
re-suspended in the supernatants obtained from each primary
cell. Cell resuspension solution (200 pl) containing 5x10*
HUVECs were then added to the solidified Matrigel. After 3 h
of incubation at 37°C with 5% CO,, the tubule numbers were
assessed under a light microscope.

Western blot analysis of EMT markers. For western blot
analysis, cells at confluence were washed twice with PBS and
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harvested by trypsinization. Cells were lysed in RIPA supple-
mented with cocktail and PMSF (Solarbio), and the protein
concentration was determined using a Bradford assay (Bio-
Rad Laboratories). Total protein extract (50 pg) of each sample
was separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and electroblotted on polyvinylidene fluo-
ride membranes (Merk Millipore). The transferred membranes
were probed with specific primary Ab at 1:1000 dilutions:
anti-E-cadherin, anti-N-cadherin, anti-vimentin, anti-catenin,
anti-claudin. Anti-GAPDH at a dilution of 1:1000 (Cell
Signaling Technology) was used as an internal control. After
3 washes, anti-mouse and anti-rabbit horseradish peroxidase-
conjugated secondary Ab (1:5000, Cell Signaling Technology)
were added to the membranes. Bands were visualized by
incubating the membranes with enhanced chemilumines-
cence reagent (Thermo Fisher Scientific) and exposing the
membranes to X-ray film.

Real-time gPCR analysis. Cells, harvested by trypsinization,
were subjected to RNA extraction using the RNeasy kit
(Qiagen, Milan, Italy). Two microliters of total RNA (1 ug)
was used for cDNA synthesis by using reverse transcription
(RT) reaction (ReverTra Ace-a-™, Toyobo, Osaka, Japan).
cDNAs was subjected to real-time quantitative PCR analysis
by using specific sets of primers designed for the MCF2L gene
(5'-AAGCCCGGTTATCACCTTCC-3' and 5'-GGAGGTCC
ATTTGTCCCGT-3'). GAPDH gene (5'-GGAGCGAGAT
CCCTCCAAAAT-3" and 5-GGCTGTTGTCATACTTCTC
ATGG-3') was used as an internal control.

Invivo efficacy study. We chose the most gemcitabine sensitive
cell line PC-07-0049 and the most resistant cell line PC-07-
0037 to conduct animal tests. Gemcitabine was purchased
from Melonepharma Co., Ltd. (Dalian, China) and was formu-
lated in distilled water for the in vivo study. Tumor tissues were
cut into small fragments of ~30 mm? under sterile conditions.
BALB/c nude mice were implanted subcutaneously with a
tumor fragment by using a trocar. When the average tumor
size reached 150-200 mm?, tumor size-matched mice were
randomly assigned to two groups with 5 mice in each group.
The tumor-bearing mice were administered gemcitabine at
30 mg/kg (i.p., thrice per week), or vehicle (250 ul, i.p., thrice
per week) for two weeks. Tumor volumes and body weights
were measured using calipers thrice a week.

Statistical analysis. The difference in tumor volumes between
treatment groups was analyzed for significance using one-way
ANOVA followed by Dunnett's test. The difference in expres-
sion profile of the MCF2L mRNA between different PDX
model-derived cells was analyzed for significance using the
Student's t-test. The statistical analyses were performed using
the IBM SPSS Statistics 19.0 software. P<0.05 was considered
to indicate a statistically significant difference.

Results

Patient information, PDX modeling, and primary pancreatic
cell isolation. According to the method mentioned above,
we harvested 28 tumor specimens, which were derived from
patients clinically diagnosed with primary pancreatic cancer
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Table I. Pathologic examination of the patients whose tumor specimens enabled the establishment of PDX models and the time

required for PO tumor formation.

Time spent on PO tumor

PDX model Pathological type formation® (days)
PC-07-0001 PDAC arising from the head of the pancreas 48+7
PC-07-0015 PDAC arising from the head of the pancreas 2749
PC-07-0019 Duodenal papillary adenocarcinoma 20+3
PC-07-0020 PDAC arising from the head of the pancreas 104+14
PC-07-0021 PDAC arising from the head of the pancreas 62+9
PC-07-0022 PDAC arising from the head of the pancreas 34+4
PC-07-0023 PDAC arising from the body and tail of the pancreas 27+4
PC-07-0034 PDAC arising from the body and tail of the pancreas 36+4
PC-07-0035 PDAC arising from the head of the pancreas 12+2
PC-07-0037 PDAC arising from the body and tail of the pancreas 3543
PC-07-0038 PDAC arising from the head of the pancreas 28+6
PC-07-0040 PDAC arising from the head of the pancreas 34+10
PC-07-0041 PDAC arising from the head of the pancreas 33+7
PC-07-0043 Pancreatic intraductal papillary mucinous carcinoma 27+12
PC-07-0045 PDAC arising from the body and tail of the pancreas 40+10
PC-07-0048 Pancreatic adenosquamous carcinoma 35+11
PC-07-0049 PDAC arising from the head of the pancreas 29+4
PC-07-0053 PDAC arising from the head of the pancreas 2343

*Time spent on PO tumor formation’ represents the length of duration allowed for xenograft tumors to grow to 500 mm? after subcutaneous

inoculation. PDAC, pancreatic ductal adenocarcinoma.

but without known or suspected peritoneal metastases, to estab-
lish the PDX (patient-derived xenograft) models. It should be
specified that the patients who were selected for this study had
neither been subjected to adjuvant chemotherapy/radiotherapy
nor undergone radical pancreaticoduodenectomy. As antici-
pated, we acquired 28 PDX models after the initial inoculation;
the PO tumor formation rate in this regard was 100%. However,
merely 18 of the 28 tumor specimens had the capacity to
expand the xenograft numbers in the PDX mice over 10 succes-
sive generations; the remainder failed to re-establish tumor
xenografts after the second passage. As to these expandable
PDX models, the average time it took to form xenografts with a
size of 500 mm?® was 36+7.8 days. As indicated in Table I, post-
operative pathological examination of the donors showed that
15 patients had pancreatic ductal adenocarcinoma (of which 8
were identified in the head of the pancreas and 7 were found
in its tail). The other 3 patients were confirmed to suffer from
pancreatic duct mucus adenoma, duodenal papillary adenocarci-
noma, and pancreatic adenosquamous carcinoma, respectively.
The clinical information (i.e. demographic) of the 18 patients
is shown in Table II. In addition, we further performed isola-
tion of the primary cells from 7 of the 18 xenografts, which
were able to be expanded for more than 10 generations in the
PDX mice. Of the 7 primary cell isolates, PC-07-0038 became
inert after the 19th passage, which suggested the occurrence of
cell growth arrest. Accordingly, 6 constantly growing primary
cell isolates, namely PC-07-0001, PC-07-0015, PC-07-0034,
PC-07-0037, PC-07-0045, and PC-07-0049, were selected for
the later drug sensitivity assessment.

Table II. Demographic characteristics of the patients included
in the study.

PDX model Sex Age Diabetes® CA199°
PC-07-0001 F 55 N >>1000
PC-07-0015 M 78 Y 25.5
PC-07-0019 M 76 Y 109
PC-07-0020 M 65 Y >>1000
PC-07-0021 F 78 N 27
PC-07-0022 F 71 Y 5.6
PC-07-0023 M 70 Y >>1000
PC-07-0034 M 62 N 790
PC-07-0035 M 67 Y 399
PC-07-0037 F 59 Y >>1000
PC-07-0038 F 82 Y >>1000
PC-07-0040 F 63 N >>1000
PC-07-0041 M 69 N 360
PC-07-0043 F 74 N 21
PC-07-0045 M 65 Y >>1000
PC-07-0048 M 69 N 26
PC-07-0049 F 47 N 39
PC-07-0053 F 70 N >>1000

*Patients with/without complications of diabetes. *The normal value
of CA199 ranges between 0 and 37 U/ml.
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Table III. Morphologic features of the cells isolated from xenografts of the PDX models.

Primary cells from

the PDX model Shape Arrangement Other notes
PC-07-0001 Long quadrilateral Being scattered disorderly
or triangular
PC-07-0015 Ovoid or round Being fused into irregular sheets
PC-07-0034 Ovoid or round Without clear boundary;
being fused into a monolayer
PC-07-0037 A variety of shapes Being fused into round sheets Small nuclei
PC-07-0038 Circular or polygonal Being scattered disorderly Large nuclei; many granules
in the cytoplasm
PC-07-0045 Round Being fused into round or irregular Large nuclei; some
ball; well-defined contour are multinucleated
PC-07-0049 Polygonal Being scattered disorderly Large volume; small nuclei

Size, shape, arrangement and growth of the cultured
primary cells. All of the isolated cells were shown to have
the capability of completely attaching to the bottom of the
culture dish. Cell culture medium testing showed that RPMI-
1640 supplemented with 10% FBS provided the optimum
growth conditions for the primary cell isolates FC-07-0001,
FC-07-0015, FC-07-0034, and FC-07-0049. By contrast, the
isolates FC-07-0037, FC-07-0038 and FC-07-0045 displayed
best growth rates when cultivated in DMEM/F12 supple-
mented with 2, 5, and 10% FBS, respectively. The average
volume of FC-07-0001, FC-7-0038, and FC-07-0049 was
comparatively larger than that of FC-07-0015, FC-07-0034,
FC-07-0037, and FC-07-0045 (data not shown). The morpho-
logic features of the isolated cells are specified in Table III. As
for the cell expandability, the primary cells isolated from the
PDX models PC-07-0015, PC-07-0034, PC-07-0037, PC-07-
0045, and PC-07-0049 could still maintain an active state (i.e.
being capable of growing well) when they were multiplied over
20 passages in culture. As indicated above, cells isolated from
the PDX model PC-07-0038 were shown to go into an inert
state when they had undergone 19 passages.

All the primary cell isolates express CK-8, EpCAM and
PDX-1. The expression of CK-8, EpCAM, and PDX-1 in the
primary cells isolated from the 7 PDX models was evaluated
by immunofluorocytochemical assay. As demonstrated in
Fig. 1, all 7 primary cell isolates were shown to express CK-8,
EpCAM and PDX-1. Notably, the merged images revealed that
CK-8 (purple fluorescence), EpCAM (green fluorescence), and
PDX-1 (red fluorescence) were located in the cytosol, plasma
membrane, and nucleus/cytosol, respectively.

Isolated primary cells display high frequency of KRAS and
TP53 mutations. By analyzing the whole-exome sequencing
data of the 7 primary cells, we found that all of them contained
several mutations in the KRAS oncogene and TP53 tumor-
uppressor gene. The mutation frequency of KRAS was 100%
(7/7), while that of TP53 was 71.4% (5/7). In all 7 primary
isolates, KRAS was mutated at codon 12. PC-07-0015, PC-07-
0034, PC-07-0045 and PC-07-0049 had a G to R transition

Table I'V. Mutation loci of the key oncogene KRAS and tumor-
suppressor gene TP53 in the isolated primary cells.

Primary cells TP53 KRAS
PC-07-0001 R248Q,R116Q, R209Q GI12A
PC-07-0015 C238R, C199R, C79R, C106R G12R
PC-07-0034 G12R
PC-07-0037 H179R, H140R, H20R, H47R G12D
PC-07-0038 R175H,R136H, R16H, R43H G12D
PC-07-0045 R175H,R136H, R16H, R43H G12R
PC-07-0049 GI12R

(GGT-GRT); PC-07-0001 showed a G to A transversion
(GGT-GAT); and PC-07-0037 and PC-07-0038 had a G to D
transition (GGT-GDT). TP53 inactivating mutations were
found in 5 out of 7 cell isolates (Table IV).

Proliferation, motility and angiopoietic ability of isolated
primary cells. The results of the CCK-8 assay showed that the
relative proliferation rates of the 7 cells were different. PC-07-
0034 demonstrated the fastest growth rate, with a doubling
time of approximately 36 h, whereas PC-073-0038 exhibited
the slowest growth rate, with a doubling time of 145 h (Fig. 2A).
The Transwell assay showed that the number of PC-07-0049
cells passing through the basement membrane was the highest,
which indicated that the motility of PC-07-0049 was the most
advanced in all 7 cells, followed by PC-07-0045 and PC-07-
0015. In contrast, there were few PC-07-0034 and PC-07-0037
cells passing through the membrane indicating that the migra-
tion rates of PC-07-0034 and PC-07-0037 were the slowest
(Fig. 2B). In the endothelial tube formation assay, following
treatment with the culture media of PC-07-0001, PC-07-0038
and PC-07-0049, the HUVECs were capable of forming
integrated tubes; on the contrary, the culture media of PC-07-
0037 and PC-07-0045 were unable to induce endothelial tube
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PDX-1 CK-8 Merged

Figure 1. Immunofluorocytochemical analysis of the expression of CK-8, EpCAM, and PDX-1 in primary cells respectively isolated from the 7 PDX models.
DAPI (blue fluorescence) specifically stains nuclei of individual primary cell isolates. Green fluorescence denotes expression of EpCAM; red fluorescence

denotes PDX-1; and purple fluorescence denotes CK-8.

formation. Imperfect tubes were found in HUVECsS treated
with culture media of PC-07-0015 and PC-07-0034 (Fig. 2C).

Expression of EMT markers in the isolated primary cells.
Results of the western blot analysis demonstrated that PC-07-
0045 and PC-07-0049 expressed the lowest level of E-cadherin
and the highest level of N-cadherin (Fig. 2D). However, the
results of PC-07-0037 were reversed. Claudin and -catenin
were most highly expressed in PC-07-0015, PC-07-0038 and
PC-07-0045. The expression of vimentin was solely found
in PC-07-0001.

Viability of the isolated primary cells in response to
gemcitabine. The dose response of each primary cell to
gemcitabine was evaluated by the CCK-8 assay. The 7 isolated
primary cells were treated with the following concentra-
tions of gemcitabine: 0, 2.5, 5, 10, 20, and 50 yuM. The IC;,
values of the cells derived from PC-07-0001, PC-07-0015 and

PC-07-0049 were 4.332, 1.534 and 9.697 uM, respectively. As
for the cells from PC-07-0034, PC-07-0037 and PC-07-0045,
the ICy, values were 55.18, 409.6 and 62.87 uM respectively.
Nevertheless, PC-07-0037 and PC-07-0045 cells subjected
to treatment with 50 M gemcitabine were still alive even
at 72 h post-treatment, suggesting they were less sensitive
to gemcitabine (Fig. 3A). When subjected to higher doses
(100, 150, 200, 300 and 400 xM) of gemcitabine, their vulner-
abilities significantly increased (Fig. 3B). As a consequence,
in view of their vulnerabilities to lower and higher doses of
gemcitabine, these cells could be divided into the sensitive
groups (PC-07-0001, PC-07-0015, and PC-07-0049) and the
resistant groups (PC-07-0034, PC-07-0037, and PC-07-0045).
The ICs, values of the two groups were significantly different
(P<0.05).

The PC-07-0049 and PC-07-0037 PDX mice respond
differently to gemcitabine. At 2-weeks post-treatment,
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Figure 2. Proliferation rates (A), migration capacities (B), angiopoietic abilities (C) of the isolated primary cells and (D) expression of EMT markers in these

cells.

the volume of the tumor in the PC-07-0049 PDX mice
(1,579.87£274.8 mm?®) was significantly smaller than that of
the control group (3,318.63+549.47 mm?) (P<0.05), which
indicates that gemcitabine significantly inhibited the growth
of inoculated sensitive pancreatic cancer cells in mice
(Fig. 4A and C). However, as for the resistant xenograft (i.e.,
PC-07-0037 implantation), there was no significant differ-
ence between the gemcitabine treatment and control groups
(Fig. 4B and C).

mRNA of MCF2L is highly expressed in the chemoresistant
groups. The results of the real-time qPCR assay indicated that
expression levels of MCF2 transforming sequence-like protein
(MCF2L) mRNA were significantly higher in the resistant
cells, as compared to that noted in the sensitive cells (P<0.05)
(Fig. 5).

Discussion

To achieve better outcomes of gemcitabine treatment, it is
important to evaluate the therapeutic effects of gemcitabine on
pancreatic cancer patients before clinical practice. In general,
research associated with drug sensitivity testing is inseparable

from the research tools in vitro. Immortalized cells provide
a substitute for a limited number of tissue specimens, and
therefore becomes an important part of the in vitro experi-
mental platform (14). However, there are only 15 pancreatic
cancer cell lines commonly used for testing (15). Many
classical cell lines are not derived from primary tumors, but
from metastatic tissues instead. Whether the experimental
conclusions from metastasis-derived cell lines can be used to
explain the mechanisms involved in primary tumor formation
is still questionable, as accumulation of gene mutations occurs
while primary tumors become metastatic. Furthermore, the
commercial cells are prone to genetic drift after long-term
culture and may not represent patient characteristics (16-18),
which indicates that their derived xenograft models could
not accurately predict drug response during clinical therapy.
While the PDX (patient-derived xenograft) models are more
advantageous for testing drug susceptibility, the primary
cells isolated from the PDX models are therefore capable of
evaluating drug responses in vitro. Primary cells have been
successfully established from pancreatic ductal adenocarci-
noma, neuroendocrine tumor, biliary papilloma and normal
tissue by means of direct adherent culture methods or trypsin
enzyme digesting method (19-22).
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Figure 3. Dose-dependent decrease in cell viability of the isolated primary cells to gemcitabine. (A) Except for PC-07-0037 and PC-07-0045, most isolated
primary cells were vulnerable to lower doses of gemcitabine. (B) Cells derived from the PDX models PC-07-0037 and PC-07-0045 were sensitive to higher

doses of gemcitabine.

To validate whether the cells we harvested through the
above-mentioned are exactly tumor cells of human pancreatic
ductal adenocarcinoma, we assessed the expression of pancre-
atic ductal-specific marker PDX-1, pancreatic tumor marker
CKS8 and epithelial-specific marker EpCAM. After the body
becomes mature, PDX-1 specifically expresses in the pancreas
as a transcription factor and is considered to be a master gene
that controls pancreatic endocrine cell development (23). It
contributes to the development of the pancreas and partici-
pates in the differentiation of pancreas islet cells. PDX-1 is

expressed in pancreatic ductal epithelial cells, ( cells that
secrete insulin, and delta cells that release somatostatin (24). A
series of cytoskeleton markers, for example, cytokeratin, could
be used to identify whether the human pancreatic cancer cells
were of ductal epithelial origin (25). Cytokeratin, belonging
to the cytoskeleton protein family, is one of the intermediate
neurofilament protein expressed by epithelial cells. It plays
an important role in maintaining epithelial cell morphology.
CK-8 is an alkaline cell keratin and is mainly expressed in
the cytoplasm of epithelial malignant cells. As a characteristic
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Figure 4. Differential inhibitory effects of gemcitabine on the tumor volume of sensitive and resistant xenografts in PDX mice. (A) The sensitive xenograft
(PC-07-0049); (B) the resistant xenograft (PC-07-0037); (C) the quantification data ("P<0.05).

Relative to GAPDH

Figure 5. Expression levels of MCF2L mRNA in the isolated primary cells.
Compared to the gemcitabine-sensitive cells, the gemcitabine-resistant
cells PC-07-0034, PC-07-0037, and PC-07-0045 had comparatively higher
expression levels of MCF2L ("P<0.05).

marker of epithelial cells, CK-8 could become a new target
for cancer treatment. High expression of CK-8 protein could
alter the epithelial phenotype and promote malignant trans-
formation of cells (26,27). Epithelial cell adhesion molecule
(EpCAM) is a calcium-independent epithelial cell adhesion
molecule, and it is also a novel tumor marker identified in recent
years. EpCAM is widely expressed in lung cancer, colorectal
cancer, pancreatic cancer and thyroid cancer, but is seldom
expressed in normal epithelium. In this regard, we considered
it a cancer cell marker of isolated primary cells (28,29). In our
study, we found that all of the 7 cells expressed CK-8, EpCAM

and PDX-1. CK-8 was shown to be located in the cytoplasm,
EPCAM in the plasma membrane, and PDX-1 in the nucleus
and cytoplasm. Thus, we confirmed that all the isolated cells
were pancreatic ductal epithelial tumor cells.

We found that morphologic and phenotypic features of the
primary cells varied between different PDX models, which may
be attributed to the genetic and epigenetic diversities between
individual patients. Such diversities conduce to the difference
in their clinical manifestations and differential drug sensi-
tivity. We analyzed the proliferation rate, migration capacity,
ability of blood vessel formation, and genomic characteristics
of the primary cells derived from the different PDX models.
Similar to the development of all epithelial tumors, our study
also indicated that activation of oncogenes and inactivation of
tumor-suppressor genes, due to genetic mutations, account for
the occurrence of pancreatic cancer (30,31). By analyzing the
exome sequencing data of the 7 primary cells, we found that
all the primary cells contained several mutations in the well-
known oncogene KRAS and tumor-suppressor gene TP53,
and their mutation frequencies are consistent with published
sequencing data (32,33). KRAS mutation was found in all
7 cell isolates and were all mutated at codon 12. Of the 7 cells,
4 (PC-07-0015, PC-07-0034, PC-07-0045 and PC-07-0049)
had a G to R transition (GGT-GRT). PC-07-0001 showed a
G to A transversion (GGT-GAT), whereas PC-07-0037 and
PC-07-0038 had a G to D transition (GGT-GDT). TP53 inacti-
vating mutations were found in 5 out of 7 cell lines, which was
also consistent with a previous report described as follows.
Dong et al reported that most P53 mutations are located in
one of 4 missense mutation hot spots, including a.a.129-146,
a.a.171-179, a.a.234-260 and a.a.270-287 (34,35).
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In our study, all the cells had 3-4 mutation loci, 8 of which
were located at the common loci reported in the previous
study. The CCK-8 assay indicated that the proliferation rate
of the 7 cells were different. PC-07-0034 grew the fastest,
with a doubling time of around 36 h. By contrast, the doubling
time of PC-07-0038 was 145 h. The proliferation rates of the
remaining cells just fell in between. The digestive passage
proportion of cells also reflects its growth rate. PC-07-0034
should be passaged into 3 or 4 culture dishes. Cell conflu-
ence (more than 90%) will be achieved in 24 h if they are
passaged into two dishes. We also found several differences
in the migration ability of these isolated cells. Transwell assay
showed that the number of PC-07-0049 cells migrating across
the basement membrane was the largest, which indicated that
the motility of PC-07-0049 was the highest among all 7 cells.
In contrast, there were few PC-07-0037 cells that accessed
across the membrane, indicating that the migration capacity
of PC-07-0037 was weak. An important mechanism of tumor
invasion is the occurrence of epithelial-mesenchymal transition
(EMT). Our western blot data demonstrated that PC-07-0045
and PC-07-0049 expressed the highest levels of E-cadherin
and the lowest level of N-cadherin. However, PC-07-0037
displayed opposite results. The differential motility of the
3 cells may be explained by levels of EMT, which are affected
by the expression of the two epithelial cadherins.

Vimentin is the most important intermediate filament in
ectomesenchymal cells, and it is absent in normal epithelial
cells. Its expression has been noted to be upregulated during
tumor transformation (36,37). The expression of vimentin
was only found in PC-07-0001, indicating that the motility
of PC-07-0001 may be associated with vimentin. 3-catenin
and E-cadherin have been shown to be colocalized in inter-
cellular adhesion connection (38,39). The expression level of
[-catenin is associated with the malignant degree of prostate
cancer, lung cancer, and colorectal cancer (40). Claudin is a
vital protein in cell membrane tight junction, whose abnormal
expression leads to structural damage and functional impair-
ment of epithelial cells (41). The expression of claudin is closely
related to the occurrence and development of a wide variety of
tumors (42-44). Claudin and B-catenin were highly expressed
in PC-07-0015, PC-07-0038 and PC-07-0045. The motility of
the 3 cells may be related to the expression of 3-catenin and
claudin. Similar to most malignant tumors, the basis of tumor
growth and metastasis is the formation of tumor blood vessels,
which is also designated as ‘angiogenesis’ (45,46). In the
endothelial tube formation assay, following treatment with the
culture media of PC-07-000, PC-07-0038 and PC-07-0049,
the HUVECs were capable of forming integrated tubes. On
the contrary, the culture media of PC-07-0037 and PC-07-
0045 were unable to induce endothelial tube formation.

Chemotherapeutic drugs may have serious side effects,
such as gastrointestinal reactions, liver and kidney damage,
and bone marrow suppression, even though they are able to
kill tumors. Thus, if we can evaluate the sensitivity of these
drugs before clinical trial, we can administer them to the drug-
sensitive population for effective treatment, while avoiding
or minimizing the side effects of the drugs. Gemcitabine is
the first line drug for advanced pancreatic cancer, which was
certified by the U.S. Food and Drug Administration (FDA)
in 1997. However, the clinical response rate of gemcitabine
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is still lower than 10%. Over 90% of the patients are resistant
to gemcitabine. Long-term administration of gemcitabine
has been shown to lead to acquired drug resistance and side-
effect in sensitive patients. In traditional chemotherapeutic
regimens, identification of the drug sensitivity of patients
before taking medication was unknown. Patients diagnosed
with pancreatic cancer were all recommended to receive
gemcitabine treatment. Many patients did not have a satisfac-
tory outcome, yet suffered the side effects of gemcitabine
instead. Thus, the sensitivity of patients to gemcitabine
should be evaluated before clinical application. Only the drug
sensitive population should be administered gemcitabine.
In our experiment, we found that the sensitivity of the cells
to gemcitabine was inconsistent. When PC-07-0049 was
treated with 10 uM gemcitabine for 72 h, cell proliferation
was significantly inhibited. Moreover, cell debris and cell
necrosis increased. However, when PC-07-0037 was treated
with 10 M gemcitabine for 72 h, no obvious cell prolifera-
tion inhibition was observed, and cell morphology appeared
normal. As for the in vivo tests, when the PDX models subcu-
taneously inoculated with the 2 cells were treated with the
same concentration of gemcitabine, the volume of the tumor
xenografts in the drug-resistant PC-07-0037 PDX model
administered gemcitabine did not differ from that of the
untreated control. In contrast, the tumor volume of the drug-
sensitive PC-07-0049 PDX model (3,318.63+549.47 mm?)
was obviously reduced as compared to that of the untreated
control (1,579.87+274.8 mm?). Therefore, we concluded that
we can selectively and specifically apply therapeutic agents
to patients, according to the results of the sensitivity test
performed in the PDX models. This will strategically not only
increase therapeutic efficacy of chemotherapy but also reduce
its side effects.

It has become an urgent issue that drug resistance greatly
reduces therapeutic effects. Recent studies have identified
various proteins that may lead to gemcitabine resistance by
means of proteomics, RNA-seq and whole-genome siRNA
library to measure the expression spectrum of gemcitabine
resistance between resistant and sensitive strains. We tested
and verified the mRNA expression levels of these proteins in
the primary cells and found that, compared to the gemcitabine-
ensitive cells, the gemcitabine-resistant cells had a high level
of MCF2L expression. MCF2L, also named DBS/DBLs Big
Sister, belongs to the DBL family. MC2L is one of the guanine
nucleotide exchange factor and potentially links pathways
that signal through RAC1, RHOA and CDC42 (47). It can
catalyze guanine nucleotide exchange on RHOA and CDC42
and interacts specifically with the GTP-bound form of RACI,
suggesting that it functions as an effector of RACI. There are
two types of endogenous DBS subtypes: the molecular weight
of the first type is 130 kDa (DBS-130), which is located in
the Golgi apparatus; the other one (DBS-80) is located in the
endoplasmic reticulum. A previous study has demonstrated
that the DBS-130 inhibitors can reduce the motility of
MDA-MB-231 cells in Transwell and scratch assays (48,49).
DBS becomes activated and highly tumorigenic via trunca-
tion of the N-terminus, and the activation of DBS can promote
cell proliferation during the development of hemocytes (50).
However, the role of MCF2L/DBS in the drug resistance of
tumor cells has not yet been studied. Our study found that
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the gemcitabine-resistant cells had a high level of MCF2L
expression, as compared to the gemcitabine-sensitive cells.
Consequently, we conclude that MCF2L may play an impor-
tant role in gemcitabine resistance, which still needs to be
further confirmed.

Limitations of the study. Pancreatic cancer is deadly and often
does not cause any signs or symptoms at the early stage. The
patients are usually diagnosed at the late stage when they feel
something wrong with their bodies (e.g. indigestion, heartburn,
unexplained weight loss, and abdominal pain). Currently,
there is no standard diagnostic tool or established early detec-
tion method for pancreatic cancer. The delay in diagnosis
leads to loss of therapeutic golden chance. Gemcitabine is a
recommended chemotherapeutic agent used in the treatment
of pancreatic cancer. Unfortunately, this treatment is very
challenging due to the occurrence of chemoresistance. In this
regard, many patients do not show a satisfactory outcome, but
suffer the side effects of gemcitabine instead. The purpose of
this study was to establish a PDX model for pre-clinical assess-
ment of chemoresistance in pancreatic cancer rather than for
development of a clinical diagnostic strategy. We expect that
future improvement of the technique for establishing the PDX
model can make this pre-clinical platform more useful for
exploring the mechanisms of chemoresistance. Regarding the
pitfalls of this study, we recognize that inadequate acquisition
of the patient follow-up information weakened the value and
clinical significance of this study; understanding of the corre-
lation between patient responsiveness and therapeutic efficacy
may help unravel the underlying mechanisms of gemcitabine
resistance. Therefore, our future goal is to pursue further
studies on the downstream genes associated with gemcitabine
resistance.

In conclusion, the in vivo PDX models and in vitro primary
cell models derived from the clinical samples provide a
powerful support for the susceptibility testing of gemcitabine
and drug development. MCF2L can be considered to play an
important role in gemcitabine resistance.
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