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Abstract
Objectives—To further explore the oncogenic activity of Aurora A kinase while attempting to
develop a useful mouse model for pancreatic cancer, Aurora A kinase was targeted to Pdx-1 positive
cells.

Methods—Aurora A kinase overexpression was targeted to mouse pancreas tissue using the Pdx-1
promoter in a transgenic model. The pancreas tissue of 7–11 month old transgenic animals were
evaluated for metastatic adenocarcinomas, preinvasive ductal neoplasia, or other histological
anomalies.

Results—Examination of pancreatic tissue from Pdx-1-Aurora A transgenic mice revealed
abnormalities, such as mild islet cell hyperplasia, lymphocytic infiltration, and general dysplasia
between ductal/islet cell interfaces. However, the majority of the tissue from these transgenic mice
was normal.

Conclusions—The overexpression of Aurora A can potentially initiate the development of mild
abnormalities in pancreatic tissue; however, neither preinvasive ductal neoplasia nor fully metastatic
adenocarcinomas were observed. Combining the Pdx-1-Aurora A transgenic model with other
genetic alterations may provide additional insight.
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Introduction
Pancreas adenocarcinoma is diagnosed in 37,170 people a year in the United States. 1
Additionally, 33,370 patients are expected to die from pancreatic cancer annually, which is the
worst prognosis of any tumor type. Poor survival is largely dependent upon the lack of highly
effective therapies and diagnostic techniques, which has been historically due to the lack of an
animal model that recapitulates human pancreatic cancer. However, significant progress in this
area has been made in recent years that should help elucidate early detection systems and novel
therapeutics.2, 3 Despite advancements in mouse models, the Aurora A kinase target has not
been expressed in pancreas tissue to determine its potential in vivo oncogenic effects.

Aurora A is an oncogenic kinase whose gene amplification or otherwise overexpression has
been associated with the initiation and progression of many tumor types, including pancreas4,
5, bladder6, glioma7, non-Hodgkin’s lymphoma8, esophageal9, 10, gastric11, breast12,13 and
colon14 cancers. Aurora kinases are involved in key regulatory steps of mitosis, such as bipolar
spindle formation (Aurora A), chromosome alignment during metaphase (Aurora B) and
cytokinesis (Aurora B). It has been shown that the overexpression of Aurora A is sufficient to
transform fibroblast cells in vitro and in vivo.14 Similarly, the upregulation of Aurora A in
near-diploid human breast epithelial cells induces centrosomes amplification,15 which can lead
to multipolar mitotic spindles and genomic instability (aneuploidy). Aurora A overexpression
is an early event in carcinogenesis models16 and therefore, the up-regulation of Aurora A has
been suggested to be a potential driving force in the development of genomic instability,17 a
hallmark of most cancer cells.18 Although Aurora A is commonly amplified and overexpressed
in pancreatic adenocarcinomas4,5 and it has been hypothesized to be an early event in
tumorigenesis, it has not been definitively shown that Aurora A is overexpressed in
premalignant lesions, such as PanINs (pancreatic intraepithelial neoplasia). However, Aurora
A expression has been found to be elevated in high-grade PINs (prostatic intraepithelial
neoplasia).19

Establishing novel mouse models of pancreatic cancer through previously untargeted genetic
lesions, such as Aurora Kinase A will provide information regarding additional pathways that
lead to PanIN and/or PDAC development. Nearly all mouse models of pancreatic cancer utilize
a mutation in K-ras as an initiating event and loss of a tumor suppressor gene (p16, p53, DPC4/
SMAD4, or TGFβRII) as a progressing event.23,20–23 How Aurora Kinase A plays a role in
the process, if at all, has yet to be determined and is a major theme of this work.

Considering the need for developing additional mouse models of pancreatic cancer with other
oncogenes besides mutant K-ras and the potential role for Aurora A kinase being a potential
causative agent in the initiation and progression of pancreatic cancer, we targeted the
overexpression of Aurora A kinase to pancreas tissue using the Pdx-1 promoter in a transgenic
mouse system. Pdx-1 (pancreatic duodenal homeobox gene-1) is a transcription factor involved
in the regulation of genes important for pancreas development and function, including insulin,
glucose transporter type 2, glucokinase and other genes involved in glucose metabolism.24,
25 It functions in pancreas formation during embryogenesis and plays a regulatory role in
mature pancreatic islet cell physiology.

In summary, Pdx-1-Aurora A transgenic mice developed subtle ductal abnormalities and
dysplasia in their pancreatic tissues, but did not develop tumors or preinvasive neoplasia. These
findings complement results from transgenic studies where Aurora A was expressed in
mammary epithelium26 (and our unpublished results).
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Methods
Transgene Construction and Generation of Transgenic Mice

Aurora A was cloned from MIA PaCa-2 cDNA into a vector containing the Pdx-1
promoter27 (provided by Dr. Helen Edlund) using an EcoRV site and the following primer
pair: 5'-AAAGATATCGAGGCGCCCTGTAGGATACT-3' and 5'-
AAAGATATCTGGCTCAAGGATTTCTCCCC-3' (Fig. 1). The plasmid was linearized by
XhoI digestion and microinjected into the pronucleus of fertilized single-cell BALB/c-C3H
strain (The Jackson Laboratory, Bar Harbor, ME) eggs with assistance from the Genetically
Modified Mice Shared Service at the Arizona Cancer Center (Tucson, AZ). DNAs from a 2-
mm tail biopsy were used to identify transgenic mice. In a PCR reaction, 20 ng of genomic
DNA was amplified with the following primer pairs: 5'-
TAGCGAGGGGGAAGAGGAGAT-3' and 5'-ACTGACCACCCAAAATCTGC-3' to detect
the Pdx-1-Aurora A transgene and 5'-CAAATGTTGCTTGTCTGGTG-3' and 5'-
GTCAGTCGAGTGCACAGTTT-3' were used to detect endoTCR, an internal control. The
PCR conditions were: 95°C for 5 min, 35 cycles of 94°C for 30 s, 53.4°C for 30 s and 72°C
for 30 s and 72°C for 5 min to end the reaction. PCR products were analyzed on 1% agarose
gels stained with ethidium bromide. Samples yielding a PCR product of the appropriate size
were considered positive for Pdx-1-Aurora A. Mice were housed in the animal facility at the
Arizona Health Science Center and cared for by the Genetically Modified Mice Shared Service
at the Arizona Cancer Center.

Microscopic Analysis and Histology
Mice were euthanized at ages ranging from 7 and 11 months of age. Mouse pancreatic tissues
were harvested, visually examined for gross abnormalities and either fixed in formalin solution
(10% neutral buffered AFIP formulation, Sigma Diagnostics, St. Louis, MO) or snap frozen
in liquid nitrogen. Fixed tissues were embedded in paraffin, sectioned, mounted on slides and
stained with hematoxylin and eosin (H&E) for microscopic examination.

RT-PCR Analysis
Frozen pancreas tissues were homogenized in lysis buffer and RNA was isolated using the
NucleoSpin RNA II Kit (Clontech, Mountain View, CA). RNA concentration was determined
using UV spectroscopy and 2 µg of RNA were used for cDNA preparation utilizing the First
Strand cDNA Synthesis Kit (Fermentas, Hanover, MD). cDNA from each sample was
amplified by PCR using Aurora A-specific primers (5'-TCGGCACCTGAAAATAATCC-3'
and 5'- ACTGACCACCCAAAATCTGC-3'). The PCR conditions were: 95°C for 5 min, 30
cycles of 94°C for 30 s, 58°C for 30 s and 72°C for 30 s and 72°C for 5 min to end the reaction.
PCR products were analyzed on 1% agarose gels stained with ethidium bromide. Primers for
β-actin (Ambion, Austin, TX) were used to generate a PCR product used for loading controls
and primers for Pdx-1-Aurora A (described above) were used to ensure there was no plasmid
or genomic DNA contamination in the RNA samples.

Results
We identified three founder mice that carried the Pdx-1-Aurora A transgene. The founders
were bred with negative littermates to generate four additional transgene positive mice making
a total of seven positive mice (Fig. 2). Littermates negative for the transgene were retained as
controls for the study. At birth and throughout development, all mice (transgene positive and
negative) were normal in weight and appearance. All mice were euthanized at the same time
when the founder mice were approximately 11 months old and their offspring at about 7 months
of age. Gross examination of pancreas tissue by visual inspection at the time of harvesting
showed no major abnormalities between positive and negative groups.
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To confirm expression from the Pdx-1-Aurora A transgene, RT-PCR was performed on RNA
isolated from frozen pancreas tissue. Primers for PCR were designed and used to detect
transgenic human Aurora A expression and not the transcripts of the mouse homologue of
Aurora A (ARK-1/IAK1). mRNAs for the Aurora A transgene were detected in all transgenic
mice and not in negative mice (Fig. 3). Mouse β-actin was detected in all samples. Pdx-1-
Aurora A-specific primers were used to detect plasmid or DNA contamination, which were
not found in any of the samples. Taken together, these results confirm the expression of the
Aurora A transgene.

Microscopic evaluation revealed that the majority of the pancreas tissues from the Pdx-1-
Aurora A transgenic mice were relatively normal, with most tissue being acinar cells arranged
in acini-surrounding centroacinar cells which fenestrate into ducts (Fig. 4A). Most ducts were
normal with a few having a thicker stromal layer around their epithelium. Islets were observed
periodically imbedded around the parenchyma. A few samples appeared to have a slightly
higher frequency and/or size of islets of Langerhans, perhaps a product of mild hyperplasia
(Fig. 4B–D), though without any signs of abnormal islet cell architecture. A subtle change was
observed in many samples in the area where small ducts, blood vessels and islets were proximal
to each other (called an islet-ductal interface). There appeared to be some mild dysplasia with
occasional loss of stromal tissue surrounding the neighboring islets. In the 7 transgenic mice
evaluated, six (3–8) were generated from one line (A) and one (9) from another line (B) (Table
1). Of 6 mice from line A, 61% displayed some level of dysplasia in ducts near islets (these
ducts are either immediately adjacent to or less than 30 microns from an islet). In one mouse
from line B, there were no noticeable dysplasia in ducts in the ductal-islet interface. However,
there was one prominent odd duct that was observed in this sample. Thus, there is some
consistency between these lineages in that ductal dysplasia has been observed. Since only one
mouse was analyzed from this line, it is difficult to conclude that ductal dysplasia was absent
in ductal-islet interfaces. In all Pdx-1-Aurora A mice (both lines combined), 11 of 20 (55%)
ductal-islet interfaces were found to have dysplastic ducts (Table 1). These evaluations were
done using comparisons with non-transgenic mouse pancreas (n=3; 12 ductal-islet interfaces
examined), where ducts near islets did not demonstrate any mild dysplasia. Despite the
difference, it is possible that these lesions are within the boundary of abnormal structures that
can develop in wild type mouse pancreas, especially considering how mild these changes
appear. However, it is unlikely that they would develop at this higher frequency (55% of
observed ductal-islet interfaces in multiple mice and lineages). Also, there are some
accompanying tissue effects (i.e. inflammation, fibrosis, etc.) in a smaller subset of these
lesions (see Table 1), which would indicate further pathology as a result of this dysplasia. In
some cases, islets cells and epithelial cells (probably from ducts) overlapped with each other.
In normal mouse pancreas, there were very distinct separations between islet and ductal cells,
where a thin layer of cells provided a barrier for the islets.

The most prominent lesion observed in at least two separate samples of Pdx-1-Aurora A mice
was the presence of lymphocytic infiltration in and around the islet ductal interface (Fig. 4F–
H). It is not clear if this was a general immune response, though all other tissues in these samples
were void of any lymphocytic infiltration. The presence of this infiltration surrounding the
islet-ductal interface appears to confirm the more subtle difference where the architecture of
these structures was mildly altered. Perhaps the immune response was a result of aberrant cell-
cell interactions between islet and epithelial cells. It is important to note that the vast majority
of parenchymal-mesenchymal cells in the pancreas of Pdx-1-Aurora A transgenic mice
appeared relatively normal. The apparent influx of lymphocytes in a few islet ductal interfaces
is probably indicative of altered cellular and molecular properties in these focal areas.
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Discussion
Our findings demonstrate that Aurora A kinase overexpression can potentially initiate the
development of mild abnormalities in the pancreas of adult mice; however, neither preinvasive
ductal neoplasia nor fully metastatic adenocarcinomas were observed. The majority of the
pancreas tissues were normal and the observed anomalies were present only at low frequencies.
Interestingly, most of the unusual lesions could be a consequence of hyperplasia, which is a
likely result of Aurora A kinase overexpression.

As with most studies, these results raised more questions than answers. Although we feel
confident that Aurora A overexpression is not sufficient to drive pancreas tumorigenesis in this
model, this conclusion may only be valid for the promoter and the genetic background of the
mice used in this study. Although expression from the Pdx-1 promoter is pancreas-specific
(there is some low-level expression in other tissues including gut), it is not specific to a single
cell type within the pancreas. During organogenesis, Pdx-1 is widely expressed in all cells
differentiating toward the exocrine and endocrine components of the pancreas. In adult
pancreas, Pdx-1 expression is predominately restricted to the insulin-producing islet β-cells
and a subset of somatostatin-producing islet δ-cells but is almost undetectable in other
pancreatic cell types.28,29 The observed islet cell hyperplasia is consistent with this expression
pattern (We have tried to detect Aurora kinase A expression in the mouse islets using
immunostaining but were not successful due to technical reasons). It would have been
interesting to know if the Pdx-1-Aurora A transgenic mice had altered glucose metabolism.
Unfortunately, we did not collect information on the glucose tolerance or glucose plasma levels
in these animals. Except for the few examples described above, acinar and ductal epithelial
cells in the transgenic mice did not show significant abnormalities, and it is in these cells that
human pancreatic neoplasms most likely originate.30 Therefore, it would be interesting to target
Aurora A overexpression using another strategy such as the well-characterized acinar cell-
specific elastase (Ela) enhancer/promoter.3

Although switching to a different promoter may well alter the results, it still may not be enough
to induce aggressive pancreatic adenocarcinomas in an Aurora A transgenic mouse model.
This speculation is based on two similar attempts to transgenically target the overexpression
of Aurora A to a specific tissue. First, Cre-loxP-controlled overexpression of Aurora A to
mouse mammary tissue did not yield mammary tumors,26 although mitotic abnormalities and
hyperplasia were reported in the study. Secondly, MMTV-controlled overexpression of Aurora
A did not reproducibly induce the development of mouse mammary tumors (our observation).
One MMTV-Aurora A transgenic mouse developed a mammary tumor at seven months of age.
However, we were unable to repeat that result in other mice including some approaching the
age of 12 months, suggesting it was a spontaneous tumor arising from any number of factors.

Recent studies have revealed a direct relationship between Aurora A and p53. One report
concluded that p53 interacts with Aurora A and suppresses the oncogenic activity of Aurora
A, such as centrosome amplification and cellular transformation.31 These data may partially
explain why Aurora A overexpression was insufficient in inducing tumor formation. However,
a separate study reported an Aurora A-induced degradation of p53 suggesting that Aurora A
overexpression can stifle the tumor suppressing function of p53.32 Although these reports
appear to be contradictory, an interesting relationship between Aurora A and p53 does likely
exist and exciting findings may result from crossing an Aurora A transgenic mouse with a p53
knockout mouse.

An activating mutation of the k-ras oncogene is the most frequent genetic alteration associated
with pancreatic cancer, having been identified in up to 90% of all pancreatic adenocarcinomcas.
30, 33 Therefore, another interesting study would be to cross an Aurora A transgenic line with
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a k-rasG12D transgenic line. Furthermore, crossing the transgenic mice into p16 knockout,
DPC4 knockout or any number of other genetic backgrounds may yield interesting results. It
is noteworthy that although the overexpression of Aurora A transformed immortalized rodent
cell lines,14, 15 Aurora A-overexpressing primary mouse embryonic fibroblasts did not form
colonies in soft agar.34 A major difference between these two models is that immortalized cell
lines possess preexisting genetic lesions in genes that control cell growth, which makes them
more susceptible to transformation compared to primary cells generally lacking in such
mutations. Even though Aurora A overexpression was insufficient at inducing cancer
development in this model, it may play an important role in tumorigenesis when combined
with additional genetic alterations.
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Figure 1.
Strategy for Pdx-1-Aurora A transgene construction. Full-length Aurora A was inserted into a
pBluescript II SK (+/−)-based vector downstream of the Pdx-1 promoter and upstream of a
poly A tail. The Pdx-1/poly A vector was generously provided by Dr. Helen Edlund.

Warner et al. Page 8

Pancreas. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
PCR analysis on genomic DNA isolated from tail biopsy to identify transgenic mice. Mice 1–
2 were not Pdx-1-Aurora A transgene positive and were used as controls for this study. Mice
3–9 were positive for the transgene.
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Figure 3.
RT-PCR analysis of Aurora A expression using RNA isolated from transgenic mouse
pancreatic tissues. As indicated, the top band represents transgene Aurora A amplified
message, but not endogenouse mouse Aurora A (ARK-1/IAK1). The middle band represents
mouse β-actin amplified message. The bottom band represents direct amplification of the
Pdx-1-Aurora A transgene, but not expressed message from the transgene. Lanes 1–2,
nontransgenic mice; Lanes 3–9, Pdx-1-Aurora A positive mice; Lane 10, negative control;
Lane 11, Pdx-1-Aurora A plasmid.
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Figure 4.
Pdx-1-Aurora A transgenic mouse pancreatic lesions. (A) Most pancreas from these transgenic
mice appeared normal with frequent mild dysplasia of ducts near islets, as evident in mouse 5.
(B–D) Islet cell hyperplasia was evident in some of these transgenic mice including mouse 3
(B) and mouse 7 (C,D) . (E) Mild focal acinar hypertrophy was observed in mouse 6. (F) Mild
fibrosis around an islet-ductal interface was detected in mouse 4. (G–H) Focal lymphocytic
infiltration was observed around an islet-ductal interface in mouse 4 and a ductal lesion in
mouse 9. (I) An odd fibrous lesion was evident near an islet-ductal interface in mouse 8.
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