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ABSTRACT
Pancreatic cancer constitutes a genetic disease in which somatic mutations in the KRAS proto-
oncogene are detected in 95% of cases. Activation of the KRAS proto-oncogene represents an
initiating event in pancreatic tumorigenesis. Here, we established a zebrafish pancreatic
neoplasia model that recapitulates human pancreatic tumors. Toward this end, we generated a
stable CRE/Lox-based zebrafish model system to express oncogenic KRASG12D in the elastase3I
domain of the zebrafish pancreas. Lineage tracing experiments showed that early KRASG12D-
responsive pancreatic progenitors contribute to endocrine in addition to exocrine cells. In this
system, 10% and 40% of zebrafish developed pancreatic tumors by 6 and 12 months,
respectively. The histological profiles of these experimental tumors bore a striking resemblance
to those of pancreatic endocrine tumors. Immunohistochemical analysis including the endocrine
cell-specific marker confirmed the pancreatic tumor region as a characteristic endocrine tumor.
Taken together, our zebrafish model data revealed that pancreatic endocrine tumors originate
from early KRASG12D-responsive pancreatic progenitor cells. These findings demonstrated that
this zebrafish model may be suitable as an experimental and preclinical system to evaluate
different strategies for targeting pancreatic endocrine tumors and ultimately improve the
outcome for patients with pancreatic endocrine tumors.
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Introduction

Pancreatic cancer comprises the fourth leading cause of
cancer death among men and women in the United
States, with most cases resulting in patient death
(Jemal et al. 2008). Activation of the KRAS proto-onco-
gene represents an initiating event in pancreatic tumor-
igenesis, with 95% of pancreatic cancers in humans
harboring an oncogenic KRAS mutation (Miyamoto
et al. 2003; Park et al. 2008). Thus, because an activating
mutation of the KRAS allele represents the most frequent
genetic alteration associated with pancreatic cancer, the
majority of genetically engineered mouse models are
based on the KRAS mutation. Several mouse models for
KRAS-mediated pancreatic cancer have successfully repli-
cated the early and advanced forms of this disease
(Aguirre et al. 2003; Hingorani et al. 2003; Hruban et al.
2006). However, successful translation of preclinical
studies in mouse models toward the effective treatment
of human disease has been inefficient (Kapischke and
Pries 2008). To address this fundamental problem, it is
necessary to develop a new platform that can signifi-
cantly accelerate preclinical drug development.

The zebrafish has emerged as an excellent model
organism in the study of cancer biology over the past
several decades. General cancer characteristics such as
genomic instability, invasiveness, and metastasis have
been shown in zebrafish as well as mammalian tumors
(Le et al. 2007). The optical transparency of the
zebrafish embryo makes it possible to track and
monitor transgenic tumors with regard to their initiation,
progression, and metastasis (Beis and Stainier 2006; Liu
et al. 2008). To maximize the likelihood of recapitulating
human pancreatic cancer development in zebrafish, we
have adapted reagents for CRE/Lox-based gene acti-
vation. However, no reliable promoters were available
to ubiquitiously drive transgene expression in zebrafish.
Notably, the zebrafish Ubiquitin b (ubb) promoter was
recently established and shown to induce transgene
expression in the vast majority of cell types and
through all stages of zebrafish development, starting at
the mid-blastula transition (Mosimann et al. 2011).

In this study, we used the CRE/Lox system to express
an oncogenic KRAS transgene under the control of the
zebrafish ubb promoter. After expressing the transgene
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in the elastase3I domain of the zebrafish pancreas, we
interrogated the effect of KRASG12D expression on the
development of pancreatic cancer. Here, we first demon-
strated that pancreatic endocrine tumors originate from
early KRASG12D-responsive pancreatic progenitor cells.

Materials and methods

Generation of transgenic zebrafish

All animal studies were reviewed and approved by the
International Animal Care and Use Committee of Johns
Hopkins Medicine (protocol number: 20120112001).
Fish were raised and maintained under standard labora-
tory conditions. The following strains were established
and/or utilized: Tg (elastase3I:CRE;cryaa:Venus) (herein
ela3I:CRE) (Hesselson et al. 2011) and Tg (ubb:Lox-Nuc-
mCherry-stop-Lox-GFP::KRASG12D) (herein LSL-KRASG12D).
Larvae were anesthetized in 0.16% tricaine (A-5040;
Sigma, St. Louis, Missouri, USA). Adult zebrafish were
euthanized by induction of tricaine anesthesia followed
by placement in an ice bath, consistent with recommen-
dations of the Panel on Euthanasia of the American
Veterinary Association.

Analysis of tumor incidence in adult fish

Transgenic adult male Tg (ela3I:CRE) fish were outcrossed
to a transgenic adult female Tg (LSL-KRASG12D) fish.
Embryos expressing GFP in the pancreas at 5 days
post-fertilization (dpf) were raised. A random subset of
fish was anesthetized and sacrificed at 3-, 6-, and 12-
month time points for histologic evaluation.

Immunofluorescence, immunohistochemistry,
and trichrome staining

Immunofluorescence and immunohistochemistry ana-
lyses were performed on 5 μm paraffin-embedded sec-
tions as described previously (Lin et al. 2004). Primary
antibodies used for immunofluorescence labeling com-
prised rabbit anti-carboxypeptidase A (CPA) (200-4152;
Rockland Inc., Pottstown, PA, USA; 1:500 dilution),
guinea pig anti-insulin (A0564; Dako, Carpinteria, CA,
USA; 1:400 dilution), mouse anti-GFP (MAB3580; Milli-
pore, Burlington, MA, USA; 1:500 dilution), and rabbit
anti-PCNA (sc-7907; Santa Cruz Biotechnology, Dallas,
TX, USA; 1:500 dilution). Secondary antibodies were
Cy5-conjugated anti-rabbit antibodies (711-175-152;
Jackson Immunoresearch Laboratories, West Grove, PA
USA; 1:400 dilution), Cy3-conjugated anti-mouse anti-
bodies (715-165-150; Jackson Immunoresearch Labora-
tories; 1:400 dilution), and Cy5-conjugated anti-guinea

pig antibodies (706-545-148; Jackson Immunoresearch
Laboratories; 1:400 dilution). Primary antibodies used
for immunohistochemistry were rabbit anti-chromogra-
nin A (ab15160; Abcam, Cambridge, MA, USA; 1:400
dilution), rabbit anti-GFP (A11122; Invitrogen, Waltham,
MA, USA; 1:400 dilution), rabbit anti-phospho AKT
(4060S; Cell Signaling Technology, Danvers, MA, USA;
1:400 dilution), and rabbit anti-phospho ERK (4370S;
Cell Signaling Technology; 1:400 dilution 1:400). The sec-
ondary antibody was biotin-conjugated anti-rabbit (711-
066-152; Jackson Immunoresearch Laboratories; 1:500
dilution). For ABC reaction, the ABC kit Vectastain PK-
6100 from Vector Laboratories (Burlingame, CA, USA)
was used. Masson-Trichrome staining was performed
according to the manufacturer’s instructions (25088-
100; Polysciences Inc., Warrington, PA, USA).

Microdissection and quantitative polymerase
chain reaction (PCR)

RNA was isolated from paraffin-embedded tissues on
microscope slides using the Pinpoint Slide RNA Isolation
System kit (R1007; Zymo Research, Irvine, CA, USA). RNA
was reverse transcribed using the QuantiTect Reverse
Transcription Kit (205310; Qiagen, Hilden, Germany).
Expression of specific mRNAs was measured by quanti-
tative real-time PCR using a SYBR Green-based method.
Average fold changes were calculated by differences in
threshold cycles (Ct) between pairs of samples. The
primer sequences were as follows: insulin (F;
GCTCTGTTGGTCCTGTTGGT, R; GGGCAGATTTAGGAG-
GAAGG), chromogranin A (F; GAAAACGATCCGGCTCA-
TAA, R; TGGGCTCATCTCCACTCTCT), amylase 2a (F;
GGAAACATTGAGAACTACCAG, R; GCCATAAACAGCAGA-
CAGA), krt18 (F; AGTGGTAGCACAGGCGAGAT, R;
AAGATCTTCTTGCGCAGCTC), and β-actin (F; CGAGCAG-
GAGATGGGAACC, R; CAACGGAAACGCTCATTGC).

Statistical analyses

Statistical analyses were performed using a standard
statistical software package (SigmaPlot 12.5; Systat Soft-
ware, San Jose, CA, USA). Student’s t-test was used to
determine whether differences were significant (**P <
.01 and *P < .05).

Results

Generation of Tg (ela3I-CRE; LSL-KRASG12D) fish

To control KRASG12D expression in a tissue specific
manner, we generated a conditional KRASG12D transgene
under the control of the zebrafish ubb promoter with a
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lox-stop-lox (LSL) cassette inserted between the promo-
ter and the start codon of the fusion GFP-KRASG12D open
reading frame (ubb-Lox-Nucleus-mCherry-Lox-GFP-
KRASG12D) (herein LSL-KRASG12D) (Mosimann et al. 2011).
We then crossed a female from the Tg (LSL-KRASG12D)
line with a male Tg (elastase3I-CRE) (herein ela3I-CRE)
fish to enable pancreas-specific expression (Hesselson
et al. 2011) (Figure 1(A)). To check the expression of
KRASG12D in the pancreas, we microdissected the pan-
creas from 5 dpf double transgenic Tg (ela3I-CRE: LSL-
KRASG12D) larvae. Nuclear mCherry signal was detected

throughout the pancreas, confirming that the ubb pro-
moter drives transgene expression ubiquitously in the
vast majority of cell types (Mosimann et al. 2011)
(Figure 1(B)). Accordingly, GFP signal was detected in
the membrane of the pancreas because a single amino
acid change at codon 12 of the human KRAS protein,
from glycine (G) to asparagine (D), leads to membrane
localization (Figure 1(B)). In the control group (w/o
ela3I-CRE), we crossed a female from Tg (LSL-KRASG12D)
line to a male AB fish. Pancreas was microdissected
from 5 dpf larvae. The nuclear mCherry signal was

Figure 1. Generation of Tg (ela3I-CRE; LSL-KRASG12D) fish. (A) Schematic diagram of Tg (ela3I-CRE) driver lines and Tg (LSL-KRASG12D)
reporter lines. Open triangles indicate Tol2 arms. (B) Confocal images of the microdissected pancreas (5 dpf) in Tg (ela3I-CRE; LSL-
KRASG12D). GFP signal was detected mainly in the membrane of the pancreas and partly in the cytoplasm as a surrogate marker of
KRASG12D activation. In the control group (w/o ela3I-CRE), GFP signal was not detected. Asterisk (*) indicates the auto fluorescence
of the gut. Scale bar: 25 µm.
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detected throughout the pancreas whereas the GFP
signal as a surrogate marker of KRASG12D activation was
not (Figure 1(B)).

Early KRASG12D-responsive pancreatic
progenitors contribute to endocrine as well as
exocrine cells

A previous study showed that the Tg (ela3I-CRE) line
specifically marked differentiated acinar cells in the
normal condition (Hesselson et al. 2011). However, the
Tg (ela3I-CRE) line promoted endocrine differentiation
from the exocrine compartment under the low levels
of ptf1a activity (Hesselson et al. 2011). To identify how
early KRASG12D-responsive pancreatic progenitors con-
tribute to pancreatic cells, the pancreas from 5 dpf
double transgenic Tg (ela3I-CRE; LSL-KRASG12D) larvae
were stained with an exocrine specific marker, CPA and
an endocrine specific marker, insulin. CPA staining was
observed in the apical cytoplasm as well-developed
apical secretory granules (Figure 2(A), yellow arrows).
As a surrogate marker of KRASG12D activation, the GFP
signal was detected in both the membrane and cyto-
plasm (Figure 2(A), white arrows). The merged confocal
image showed that the pancreatic progenitor cells
expressing oncogenic KRASG12D expressed CPA in apical
secretory granules of the exocrine pancreas (Figure 2
(A), red arrows). In turn, insulin staining was observed
in the cytoplasm of islet β-cells (Figure 2(B), yellow
arrows). The merged confocal image showed that some
of the pancreatic progenitor cells expressing oncogenic
KRASG12D co-expressed the endocrine cell marker,
insulin (Figure 2(B), red arrows). Taken together, these
data suggested that early KRASG12D-responsive pancrea-
tic progenitors contribute to endocrine as well as exo-
crine cells.

Histological profiles of the abnormal pancreatic
region

Tagging the oncogenic KRASG12D with GFP allows tracing
of pancreatic tumor formation by monitoring the visceral
expression of GFP fluorescence in transgenic fish. A
random subset of fish was anesthetized periodically
and sacrificed at 3-, 6-, and 12-month time points. At 6
and 12- month time points, 1/10 fish (10%) and 4/10
fish (40%) developed transcutaneous abdominal GFP
fluorescence (Figure 3(A)). Furthermore, GFP fluor-
escence in the pancreas was also observed from the dis-
sected abdominal viscera (Figure 3(B)). This fluorescence
was sufficiently strong to be distinguishable from autofl-
uorescence in the intestinal tube or spleen under a fluor-
escence dissecting microscope (Figure 3(B)). However,

the age-matched adult fish in the control group (w/o
ela3I-CRE) did not show any transcutaneously-detectable
GFP-positive lesions or GFP fluorescence in the pancreas
(Figure 3(C and D)).

Histological examination of the GFP-positive pan-
creas at 6 and 12 months of age showed that the
acinar structure of pancreas (black arrows, zymogen
granules in the cytoplasm) was disrupted through the
expansion of poorly differentiated round cells (blue
arrows) (Figure 4(A–C)). To identify the cell of origin,
immunofluorescence was performed by using a GFP
antibody. GFP signal was detected in the poorly differ-
entiated cells, suggesting that oncogenic KRASG12D

induced the tumor phenotype (Figure 4(D and E)). To
ascertain the effect of cellular proliferation from the
expression of oncogenic KRASG12D protein, PCNA stain-
ing was performed. PCNA signal was detected both in
the poorly differentiated round cells (Figure 4(D and
E)). However, the control group (w/o ela3I-CRE)
showed no GFP expression and infrequent PCNA stain-
ing both in the pancreas (Figure 4(F)). When we com-
pared the cellular proliferation between both groups,
we found more proliferating cells in tissues with ela3I-
CRE activation (28.12%) than in those without ela3I-
CRE activation (7.27%) (Figure 4(G)).

Immunohistochemical profile of the abnormal
pancreatic region

To identify the characteristics of the poorly differen-
tiated round cells that resemble islet cells at 6 and
12 months of age (Figure 5(A and B)), immunohisto-
chemistry was performed using the endocrine cell-
specific marker, chromogranin A. Enhanced chromogra-
nin A staining was observed in poorly differentiated
round cells, indicating their endocrine cell-like charac-
teristics (Figure 5(D and E)). In the control group (w/o
ela3I-CRE), infrequent chromogranin A staining was
observed in the pancreas where the endocrine cells
were surrounded by the exocrine cells (Figure 5(F)).
Next, GFP staining as a surrogate marker of KRASG12D

activation was performed. The chromogranin A-positive
tissues were also positive for GFP, suggesting that the
origin of the islet cell-like cells came from the cells
expressing oncogenic KRASG12D (Figure 5(G and H)).
To further characterize whether pancreatic carcinoma
triggered fibrosis/sclerosis, trichrome staining was per-
formed. The blue collagen fibers (black arrows) demon-
strated that the invading pancreatic carcinoma
triggered fibrosis/sclerosis, which has been shown to
be associated with pancreatic cancer progression
(Dangi-Garimella et al. 2011; Olive et al. 2009) (Figure
5(J and K)). In the control group (w/o ela3I-CRE),
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Figure 2. Early KRASG12D-responsive pancreatic progenitors contribute to endocrine as well as exocrine cells. (A) The pancreas from 5
dpf double transgenic Tg (ela3I-CRE; LSL-KRASG12D) larvae was stained with an exocrine specific marker, CPA. CPA staining was observed
in the apical cytoplasm as well-developed apical secretory granules (yellow arrows). The GFP signal was detected in both the membrane
and cytoplasm as a surrogate marker of KRASG12D activation (white arrows). The merged confocal image showed that the pancreatic
progenitor cells expressing oncogenic KRASG12D expressed CPA in apical secretory granules of exocrine pancreas (red arrows). (B) The
pancreas from 5 dpf double transgenic Tg (ela3I-CRE; LSL-KRASG12D) larvae was stained with an endocrine specific marker, insulin. Insulin
staining was shown in the cytoplasm of islet β-cells (yellow arrows). The merged confocal image showed that some of pancreatic pro-
genitor cells expressing oncogenic KRASG12D co-expressed the endocrine cell marker, insulin (red arrows). Asterisk (*) indicates the auto
fluorescence of the gut. Scale bar: 25 µm.
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typical fibrotic changes were observed in the pancreas
between the liver and gut, where the exocrine pan-
creas surrounded the principal islets (Figure 5(L)).

To determine the status of downstream signaling
pathways, which are known to be activated by onco-
genic KRASG12D, we assessed levels of phospho-AKT

Figure 3. Identification of pancreatic tumors in Tg (ela3I-CRE; LSL-KRASG12D) fish. (A and B) Transcutaneous fluorescence in the abdomen
of Tg (ela3I-CRE; LSL-KRASG12D) fish (A) and dissected abdominal viscera with a GFP-positive tumor in pancreas (B). (C and D) In the
control group (w/o ela3I-CRE), no fluorescence was detected in the abdomen (C) and the dissected abdominal viscera (D). The
dotted line indicated the pancreatic region. Scale bar: 2 mm. (E) Quantification of GFP-positive pancreatic tumor frequency in Tg
(ela3I-CRE; LSL-KRASG12D) fish. A random subset of fish was anesthetized periodically at 3 (n = 10), 6 (n = 10), and 12 months (n = 10).

Figure 4. Histological profiles of the abnormal pancreatic region at 6 and 12 months of age. (A–C) Histological examination showed
that acinar structure of pancreas (black arrows, zymogen granules in cytoplasm) is disrupted by expansion of populations of poorly
differentiated round cells that resemble islet cells (blue arrows). Boxed areas indicate regions depicted at higher magnification in adja-
cent images. Scale bars: 50 μm. (D and E) GFP and PCNA staining in the abnormal pancreatic region. GFP and PCNA staining was
observed in the poorly differentiated cells. Boxed areas indicate regions depicted at higher magnification in adjacent images. Scale
bars: 50 μm. (F) In the control group (w/o ela3I-CRE), no GFP and infrequent PCNA staining was observed in the pancreas. Scale
bars: 50 μm. (G) Comparison of PCNA positive cells. Highly frequent PCNA staining was observed in the poorly differentiated cells
(w/ ela3I-CRE) (28.12%) compared to that in the control group (w/o ela3I-CRE) (7.27%) (**P < .01, Student’s t-test). Means ± S.D., N
= 3. Gastrointestinal tract (G.I. tract).
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Figure 5. Immunohistochemical profiles of the abnormal pancreatic region at 6 and 12 months of age. (A–C) Histological profiles in Tg
(ela3I-CRE; LSL-KRASG12D) fish (A and B). Boxed areas indicate regions depicted at higher magnification in adjacent images. In the control
group (w/o ela3I-CRE), normal histology was observed (C). Scale bars: 50 μm. (D–F) Enhanced chromogranin A staining was observed in
the KRASG12D-induced pancreatic tumor (D and E), whereas infrequent chromogranin A staining was observed in the endocrine region
of the pancreas in the control group (w/o ela3I-CRE) (F). Scale bars: 50 μm. (G–I) The chromogranin A-positive tissues were also positive
for GFP staining (G and H), whereas no GFP staining was observed in the control group (w/o ela3I-CRE). Scale bars: 50 μm. (J–L) Tri-
chrome staining to identify the regions of fibrosis and sclerosis. The blue collagen fibers (black arrows) demonstrated that the invading
carcinoma triggered fibrosis/sclerosis (J and K). In the control group (w/o ela3I-CRE), typical fibrotic changes were observed in the pan-
creas (L). Scale bars: 50 μm. (M–R) KRASG12D-induced pancreatic tumors showed widespread labeling for both phospho-AKT (M and N)
and phospho-ERK (P and Q), in contrast to infrequent AKT and ERK phosphorylation in controls (w/o ela3I-CRE) (O and R). Scale bar:
50 µm.
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and phospho-ERK. In contrast to infrequent ERK and AKT
phosphorylation in controls (Figure 5(O and R)),
KRASG12D-induced pancreatic tumors showed wide-
spread labeling for both phospho-AKT and phospho-
ERK (Figure 5(M, N, P, and Q)).

Determination of the abnormal pancreatic region
as pancreatic endocrine tumor

The histological and immunohistochemical profiles indi-
cated that KRASG12D-induced pancreatic tumors were of
endocrine origin. To further characterize these tumors,
we microdissected the abnormal region from the
paraffin-embedded sections at 6 and 12 months of
age, and examined the gene expression level of exocrine,
endocrine, and ductal markers. As a control, the pancreas
region from the age-matched adult fish in the control
group (w/o ela3I-CRE) was selected. The normal pancreas
was composed of exocrine cell (black arrows), endocrine
cell (blue arrows), and ductal cells (red arrows) (Figure 6
(A)). A representative example before/after microdissec-
tion is shown in Figure 6(A). After isolating the RNA,
quantitative PCR was performed against endocrine
(insulin and chromogranin A), exocrine (amylase), and
ductal (krt18) markers. The endocrine specific-markers,
insulin and chromogranin A, were highly expressed com-
pared to the control (Figure 6(B)). However, the exocrine
(amylase) and the ductal (krt18) marker were highly

expressed in the control but not in the KRASG12D-
induced pancreatic tumors (Figure 6(B)). Taken together,
these results supported that KRASG12D-induced pancrea-
tic tumors could be classified as endocrine tumors.

Discussion

In this study, we report the first KRAS-initiated pancreatic
neoplasia model that closely recapitulates pancreatic
endocrine tumors. This model shows the progression of
pancreatic tumors with increased frequency along with
advancing age. The histological and immunohistochem-
ical profiles of these tumors bore a striking resemblance
to those pancreatic endocrine tumors. However, a mouse
model expressing mutant KRAS under the control of the
elastase promoter led to the formation of invasive pan-
creatic ductal adenocarcinoma (Guerra et al. 2007). This
discrepancy in cancer type may be partly explained by
another mouse model, wherein the expression of a domi-
nant-negative Smad4 allele under the control of elastase:
CreERT2 resulted in an age-dependent islet hypertrophy
(Simeone et al. 2006). Furthermore, a transgenic mouse
model expressing c-myc under the control of the elastase
promoter exhibited only endocrine tumors with normal
exocrine architecture (Lewis et al. 2003). These contradic-
tory results raised an on-going debate regarding
whether different pancreatic tumor types are derived
from the transformation of distinct target cells or from

Figure 6. Molecular characterization of pancreatic tumors at 6 and 12 months of age. (A) To further classify the origin of pancreatic
tumors, microdissection was performed. As a control, the pancreas region from the age-matched adult fish in the control group (w/
o ela3I-CRE) was selected (exocrine cells: black arrows, endocrine cells: yellow arrows, ductal cells: red arrows). A representative
example before/after microdissection was shown. Scale bar: 50 µm. (B) Quantitative PCR was performed against the mRNA for
insulin, chromogranin A, amylase, and krt18 (**P < .01, Student’s t-test). Means ± S.D., N = 3.
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common pancreatic progenitor cells. However, the
lineage tracing results in the present study revealed
that early KRASG12D-responsive pancreatic progenitors
contribute to endocrine as well as exocrine cells. To our
knowledge, our study provides the first demonstration
that pancreatic endocrine tumors are derived from the
transformation of KRASG12D-responsive pancreatic pro-
genitor cells.

Pancreatic endocrine tumors comprise the second
most common malignancy of the pancreas accounting
for 1.3% of all cases of pancreatic cancer in incidence
and 10% of cases in prevalence (Yao et al. 2008).
Notably, pancreatic endocrine tumors pose significant
challenges in clinical treatment (Yao et al. 2011). Up to
50% of patients with pancreatic endocrine tumors have
liver metastases at the time of diagnosis with median
overall survival for such patients being only 24 months
(Yao et al. 2011). However, no faithful animal model
systems had been developed to evaluate different strat-
egies for targeting pancreatic endocrine tumors. Conver-
sely, our zebrafish model is well suited for testing
preclinical strategies against pancreatic endocrine
tumors. In particular, the optical clarity of embryos and
larvae in our animal model allows real-time imaging of
developing pathologies in pancreatic endocrine tumors.
Specifically, a direct fusion between GFP and KRASG12D

makes it possible to monitor drug efficacy in vivo and to
assess the severity of dedifferentiation or transdifferentia-
tion. Thus, we propose that our zebrafishmodelmay offer
the possibility of an experimental and preclinical model
system to evaluate different strategies for targeting pan-
creatic endocrine tumors and ultimately improve the
outcome for patients with pancreatic endocrine tumors.

In summary, we successfully developed a novel
system combining CRE/Lox technology to establish
oncogenic KRAS-initiated pancreatic endocrine tumors.
Our novel system demonstrated that KRASG12D-respon-
sive pancreatic progenitor cells could act as effective
cells to induce pancreatic endocrine tumors. Thus, this
zebrafish model provides an experimental and preclini-
cal model system to investigate the basic biology of pan-
creatic endocrine tumors and identify potential
therapeutic targets.

Acknowledgements

SO and JTP conceived of and designed the experiments. SO
and JTP performed the experiments. SO and JTP wrote and
edited the paper.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by Incheon National University
research grant [grant number 2019-0011].

ORCID

Joon Tae Park http://orcid.org/0000-0003-2396-9108

References

Aguirre AJ, Bardeesy N, Sinha M, Lopez L, Tuveson DA, Horner J,
Redston MS, DePinho RA. 2003. Activated Kras and Ink4a/Arf
deficiency cooperate to produce metastatic pancreatic
ductal adenocarcinoma. Genes Dev. 17:3112–311l.

Beis D, Stainier DY. 2006. In vivo cell biology: following the
zebrafish trend. Trends Cell Biol. 16:105–112.

Dangi-Garimella S, Krantz SB, Barron MR, Shields MA, Heiferman
MJ, Grippo PJ, Bentrem DJ, Munshi HG. 2011. Three-dimen-
sional collagen I promotes gemcitabine resistance in pan-
creatic cancer through MT1-MMPâ€ mediated expression
of HMGA2. Cancer Res. 71:1019–1028.

Guerra C, Schuhmacher AJ, Cañamero M, Grippo PJ, Verdaguer
L, Pérez-Gallego L, Dubus P, Sandgren EP, Barbacid M. 2007.
Chronic pancreatitis is essential for induction of pancreatic
ductal adenocarcinoma by K-Ras oncogenes in adult mice.
Cancer Cell. 11:291–302.

Hesselson D, Anderson RyanÂ M, Stainier DidierÂ YR. 2011.
Suppression of Ptf1a activity induces acinar-to-endocrine
conversion. Curr Biol. 21:712–717.

Hingorani SR, Petricoin Iii EF, Maitra A, Rajapakse V, King C,
Jacobetz MA, Ross S, Conrads TP, Veenstra TD, Hitt BA,
et al. 2003. Preinvasive and invasive ductal pancreatic
cancer and its early detection in the mouse. Cancer Cell.
4:437–450.

Hruban RH, Adsay NV, Albores-Saavedra J, Anver MR, Biankin
AV, Boivin GP, Furth EE, Furukawa T, Klein A, Klimstra DS,
et al. 2006. Pathology of genetically engineered mouse
models of pancreatic exocrine cancer: consensus report
and recommendations. Cancer Res. 66:95–106.

Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, Thun MJ. 2008.
Cancer statistics, 2008. CA Cancer J Clin. 58:71–96.

Kapischke M, Pries A. 2008. Animal models of pancreatic cancer
for drug research. Expert Opin Drug Discovery. 3:1177–1188.

Le X, Langenau DM, Keefe MD, Kutok JL, Neuberg DS, Zon LI.
2007. Heat shock-inducible Cre/Lox approaches to induce
diverse types of tumors and hyperplasia in transgenic
zebrafish. Proc Natl Acad Sci U S A. 104:9410–9415.

Lewis BC, Klimstra DS, Varmus HE. 2003. The c-myc and PyMT
oncogenes induce different tumor types in a somatic
mouse model for pancreatic cancer. Genes Dev. 17:3127–
3138.

Lin JW, Biankin AV, Horb ME, Ghosh B, Prasad NB, Yee NS, Pack
MA, Leach SD. 2004. Differential requirement for ptf1a in
endocrine and exocrine lineages of developing zebrafish
pancreas. Dev Biol. 270:474–486.

Liu L, Zhu S, Gong Z, Low BC. 2008. K-ras/PI3K-Akt signaling is
essential for zebrafish hematopoiesis and angiogenesis.
PLoS ONE. 3:e2850.

Miyamoto Y, Maitra A, Ghosh B, Zechner U, Argani P, Iacobuzio-
Donahue CA, Sriuranpong V, Iso T, Meszoely IM, Wolfe MS,

ANIMAL CELLS AND SYSTEMS 217

http://orcid.org/0000-0003-2396-9108


et al. 2003. Notch mediates TGF±-induced changes in epi-
thelial differentiation during pancreatic tumorigenesis.
Cancer Cell. 3:565–576.

Mosimann C, Kaufman CK, Li P, Pugach EK, Tamplin OJ, Zon LI.
2011. Ubiquitous transgene expression and Cre-based
recombination driven by the ubiquitin promoter in
zebrafish. Development. 138:169–177.

Olive KP, Jacobetz MA, Davidson CJ, Gopinathan A, McIntyre D,
Honess D, Madhu B, Goldgraben MA, Caldwell ME, Allard D,
et al. 2009. Inhibition of Hedgehog signaling enhances deliv-
ery of chemotherapy in a mouse model of pancreatic cancer.
Science. 324:1457–1461.

Park SW, Davison JM, Rhee J, Hruban RH, Maitra A, Leach SD.
2008. Oncogenic KRAS induces progenitor cell expansion
and malignant transformation in zebrafish exocrine pan-
creas. Gastroenterology. 134:2080–2090.

Simeone DM, Zhang L, Treutelaar MK, Zhang L, Graziano K,
Logsdon CD, Burant CF. 2006. Islet hypertrophy following
pancreatic disruption of Smad4 signaling. Am J Physiol –
Endocrinol Metab. 291:E1305–E1316.

Yao JC, Hassan M, Phan A, Dagohoy C, Leary C, Mares JE,
Abdalla EK, Fleming JB, Vauthey JN, Rashid A, et al.
2008. One hundred years after “carcinoid”: epidemiol-
ogy of and prognostic factors for neuroendocrine
tumors in 35,825 cases in the United States. J Clin
Oncol Off J Am Soc Clin Oncol. 26:3063–3072. Epub
2008/06/21.

Yao JC, Shah MH, Ito T, Bohas CL, Wolin EM, Van Cutsem
E, Hobday TJ, Okusaka T, Capdevila J, de Vries EG, et al.
2011. Everolimus for advanced pancreatic neuroendo-
crine tumors. N Engl J Med. 364:514–523. Epub 2011/
02/11.

218 S. OH AND J. T. PARK


	Abstract
	Introduction
	Materials and methods
	Generation of transgenic zebrafish
	Analysis of tumor incidence in adult fish
	Immunofluorescence, immunohistochemistry, and trichrome staining
	Microdissection and quantitative polymerase chain reaction (PCR)
	Statistical analyses

	Results
	Generation of Tg (ela3I-CRE; LSL-KRASG12D) fish
	Early KRASG12D-responsive pancreatic progenitors contribute to endocrine as well as exocrine cells
	Histological profiles of the abnormal pancreatic region
	Immunohistochemical profile of the abnormal pancreatic region
	Determination of the abnormal pancreatic region as pancreatic endocrine tumor

	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


