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Background: Pancreatic cancer is currently the third leading cause of cancer deaths in the United States and it is predicted to
become the second by the year 2030. High-mobility group A1 protein (HMGA1) is an oncogenic transcription factor, localised and
active in cell nuclei, that is linked to tumour progression in many human cancers, including pancreatic cancer. Overexpression of
HMGA1 renders cancer cells resistant to chemotherapy. Although the Ptf1a-Cre; LSL-KrasG12D transgenic mouse is perhaps the
most widely utilised animal model for human pancreatic cancer, expression levels of HMGA1 in pancreata from this mouse model
have not been characterised.

Methods: Quantitative immunohistochemical analysis was used to determine nuclear HMGA1 levels in pancreatic tissue sections
from Ptf1a-Cre; LSL-KrasG12D mice aged 5, 11, and 15 months. The H Score method was used for quantitative analysis.

Results: The HMGA1 levels were significantly elevated in pancreatic intraepithelial neoplasia (PanIN) epithelia compared with
untransformed acinar tissues or fibroinflammatory stroma.

Conclusions: The PanINs have long been regarded as precancerous precursors to pancreatic adenocarcinoma. Significantly
elevated HMGA1 levels observed in the nuclei of PanINs in Ptf1a-Cre; LSL-KrasG12D mice validate this animal model for
investigating the role that HMGA1 plays in cancer progression and testing therapeutic approaches targeting HMGA1 in human
cancers.

Pancreatic cancer (PC) is currently estimated to be the third
leading cause of cancer related deaths in the United States (https://
cancerstatisticscenter.cancer.org/#/) with a 5-year survival of
o10% (Warshaw and del Castillo, 1992; Hingorani et al, 2003;
Jemal et al, 2006; Ottenhof et al, 2009; Rahib et al, 2014; Siegel et al,
2016; American Cancer Society, 2017). Exocrine tumours in the
pancreas account for over 95% of all pancreatic malignancies
(Fesinmeyer et al, 2005). Specifically, pancreatic ductal adenocar-
cinoma (PDAC) comprises B90% of these exocrine tumours and
resists all conventional forms of chemotherapy and radiotherapy
(Futura et al, 1992; Yadav and Lowenfels, 2013). Surgery is

currently the most effective treatment for patients with PC.
Unfortunately, most patients are not candidates for resection
because of metastases or extensive local vascular involvement at
diagnosis (National Cancer Institute, 2014; https://deainfo.nci.
nih.gov/advisory/ctac/workgroup/pc/PDACframework.pdf).
Despite surgery being the most effective method of treatment, only
3–4% of all patients who undergo resection receive a disease-free
diagnosis with long-term survival. Precancerous lesions, referred to
as pancreatic intraepithelial neoplasms (PanINs), are below the
detection limit of current imaging capabilities (Chari et al, 2015).
In 2014, there were 39 590 deaths as a result of PC (Stark and Eibl,
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2015) and in 2017 it is estimated that there will be 43 090
deaths because of PC (https://cancerstatisticscenter.cancer.org/#/).
Because of the substantial amount of deaths and low survival rates,
many researchers have directed their attention towards discovering
methods of earlier detection of PC and development of new
therapeutic approaches to treat PC.

High-mobility group A1 protein (HMGA1) is implicated in
many human cancers, including PC. It is a non-histone chromatin
architectural transcription factor that changes the structure of
chromatin upon binding and can cause unwinding of DNA during
transcription. The change to chromatin structure allows increased
access to euchromatin that can result in both altered upregulation
and downregulation of effected genes. The HMGA1 is expressed at
high levels during embryogenesis, but is generally expressed at
relatively low levels in adult tissues, thus suggesting a critical role in
development (Fusco and Fedele, 2007). It is often expressed at
higher than normal levels in cancer cells, and because its
overexpression naturally leads to misregulation of affected genes,
this contributes to tumour initiation and progression. Elevated
HMGA1 expression levels in cancer cells have been associated with
tumour progression, metastatic ability, and a reduced survival rate
(Fusco and Fedele, 2007; Kolb et al, 2007; Hristov et al, 2010) and
higher levels of HMGA1 are generally associated with more
advanced tumours (Fusco and Fedele, 2007). Elevated HMGA1
expression levels have also been correlated with increased cancer
cell resistance to chemotherapy (Liau and Whang, 2008) by
mechanisms that are not fully understood; however, suppression of
HMGA1 expression (Puca et al, 2014) or sequestration of elevated
HMGA1 levels by competitive binding to DNA aptamer decoys
(Watanabe et al, 2012) have been shown to increase cancer cell
sensitivity to chemotherapy. The association of HMGA1 with
tumour cell progression, increased metastatic potential, and
chemotherapy resistance in cancer cells has led to HMGA1 now
being considered a prognostic biomarker for many cancers and
there is increased interest in HMGA1 as a therapeutic target for
treating cancer (Liau and Whang, 2009; Shah and Resar, 2012).

Mouse models are widely used as models to study human
cancers, and to study the efficacy of new therapeutic strategies. The
Ptf1a-Cre; LSL-KrasG12D mouse model is one of the most widely
used and best characterised models of PC. In this model, one strain
of mouse containing an oncogenic G12D Kras mutant that is
silenced under a Lox-Stop-Lox cassette, that is, the LSL-KrasG12D
strain originally developed by the Tyler Jacks group at the
Massachusetts Institute of Technology (Jackson et al, 2001;
Johnson et al, 2001; Tuveson et al, 2004), is cross-bred with a
second strain of mouse that contains a Cre-recombinase capable of
unsilencing the oncogenic Kras oncogene, but whose expression is
restricted to the pancreas by placing the Cre-recombinase
expression under the control of a promoter expressed specifically
in the pancreas, in this case Ptf1a, originally developed by Chris
Wright group (Kawaguchi et al, 2002), that is named Ptf1a-Cre
(Hingorani et al, 2003; Tuveson et al, 2004). Cross-breeding the
two strains statistically produces 25% of the offspring that carry
both genetic alterations and that are capable of expression of the
KrasG12D mutant selectively in the pancreas (Hingorani et al,
2003). Expression of the mutant Kras specifically in the pancreas
results in extensive PanIN formation throughout the pancreas, and
the PanINs have been shown to progress to PDAC (Hingorani
et al, 2003). By utilising this transgenic mouse model, it is possible
to investigate PC progression starting from the earliest precancer-
ous PanIN stages through cancer initiation, tumour progression,
and metastasis.

Here, we have used the Ptf1a-Cre; LSL-KrasG12D model, in
combination with quantitative immunohistochemistry (IHC), to
investigate HMGA1 levels in PanIN epithelia, acinar cells, and in
the fibroinflammatory stroma. Immunohistochemistry is often
used in diagnosing various cancers, especially those with

upregulated tumour antigens (Duraiyan et al, 2012). Immunohis-
tochemistry staining of HMGA1 is of particular interest because of
its various roles in regulating gene expression, embryogenesis, cell
differentiation, and adaptive immune responses (Shah et al, 2012).
By employing IHC staining for HMGA1, we determined that
HMGA1 levels are significantly elevated in the nuclei of PanIN
epithelial cells, but not in acinar cells or in the fibroinflammatory
stroma. This result validates the use of the Ptf1a-Cre; LSL-
KrasG12D mouse model for studies investigating how HMGA1
expression levels influence PC progression and for research
focussing on HMGA1 as a therapeutic target for treating human
cancers in general and PC in particular.

MATERIALS AND METHODS

Animal model and breeding. The scientific name of the LSL Kras
G12D mouse strain used was B6.129-Kras tm4Tyj that contains a
G12D Kras mutant silenced by a Lox-stop-Lox (LSL) cassette. The
scientific name of the P48-Cre mouse strain used was
B6.Ptf1a(tm1.1(cre)Cvw) that causes Cre-recombinase expression
under control of the Cre knock-in at the Ptf1a-p48 locus that is
primarily expressed in the pancreas after embryonic day 9.5. After
cross-breeding Kras G12D mice with P48-Cre mice, offspring
carrying both genetic elements express Cre-recombinase specifi-
cally in the pancreas, thus ‘unsilencing’ the oncogenic Kras mutant
only in the pancreas, leading to PC progression (Hingorani et al,
2003). To monitor the progression from precancerous lesions to
PC, cohorts of six female mice (double-negative controls and
double-positive study) groups at ages 5, 11, and 15 months were
generated. Although the IHC study was limited to female mice,
standard H&E staining histological analyses of pancreata from
male study mice were indistinguishable from female mice, and
therefore considered representative of both genders. Mice were
bred, sexed, tagged, genotyped, and killed according to procedures
approved by the institutional animal care and use committee
(IACUC) at Miami University.

Genotyping. Mouse DNA was obtained through an ear punch to
determine the genotype of each mouse and to establish individual
identities throughout the study. DNA extraction was conducted by
submerging the ear punch in 25 ml of 25mM NaOH/0.2mM EDTA
at pH 12 and then heating in a thermocycler, GeneAmp PCR
System 9700 (Thermo Fisher Scientific, Florence, KY, USA), at
98 1C for 1 h. The samples were then neutralised with 25 ml of
40mM Tris-HCl at pH 5. Samples were then stored in � 20 1C
until PCR amplification was conducted on the DNA with both the
Kras and Cre primers. Dreamtaq Green Master Mix (Fisher
Scientific, Florence, KY, USA), MgCl2 (Fisher Scientific), and water
were mixed together and either the Kras, Cre, or control primers
(IDT, San Jose, CA, USA) were added and then combined with the
DNA. For the Kras programme, the mixture was denatured for 30 s
at 94 1C, then annealed for 1min at 69 1C, and elongated for 1min
at 72 1C using the GeneAmp PCR System 9700 (Thermo Fisher
Scientific) thermocycler for 35 cycles, then held at 4 1C when
complete. For the Cre program, the mixture was denatured for
1min at 94 1C, then annealed for 20 s at 69 1C, and elongated for
45 s at 72 1C using the thermocycler for 30 cycles, and then held at
4 1C when complete. Gel electrophoresis was then performed using
an agarose gel stained with ethidium bromide to separate the
amplified gene product. The presence or absence of amplified DNA
was determined by inspection under a UV light on the UVP
ChemiDoc-It 2 815 Imager (UVP, Upland, CA, USA). If present,
the Kras mutation displayed a band at 550 bp and Cre displayed a
band at 250 bp. Mice that carried both the Kras mutation and Cre-
recombinase were categorised as study mice. Mice that lacked both
the Kras mutation and Cre-recombinase were categorised as
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control mice. In addition, internal controls were generated from
each study mouse by analysing the normal tissue present within the
pancreas image. This is further described in the Aperio analysis
section.

Pancreata collection, processing, and sectioning. Based on
predetermined age ranges, the dates for killing of mice were
established. Female mice aged 5, 11, and 15 months were used in
this study. These ages were selected based on reports that B80% of
the ducts were normal at 2.25 months, 68% were normal between 4
and 5 months, and 18% were normal between 7 and 10 months in
this mouse model (Hingorani et al, 2003). Upon killing, pancreatic

tissue samples were collected, stored overnight at room tempera-
ture in formalin, and changed to 70% ethanol and placed into
4 1C until further preparation. Pancreatic tissue samples were
then processed using the Leica TP 1020 (Leica Biosystems,
Buffalo Grove, IL, USA) and embedded using the Shandon
Histocentre 3 (Thermo Fisher Scientific). Then, 5 mm sections of
each pancreata were made by using Thermo-Shandon Finesse ME
Microtome (Thermo Fisher Scientific) and placed on positively
charged slides.

IHC staining. Immunohistochemical staining of HMGA1 was
conducted at Cincinnati Children’s Hospital Medical Center

BA
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25 µm
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Figure 1. Examples of the nuclear analysis from control and PanIN tissue. (A) Acinar tissue circled as a control for nuclear analysis. (B) Same image
as (A) with the nuclear algorithm output. Blue colour represents no staining for HMGA1. (C) Fibroinflammatory stroma circled as control in the 15-
month-age category because of lack of acinar tissue. (D) Same image as (C) with the nuclear algorithm output. No staining of HMGA1 is indicated
by blue colouring along with two orange-coloured nuclei showing moderate staining. (E) The PanIN circled before the algorithm with an inner
circle to exclude nonnuclear PanIN tissue. (F) Same image as (E) with nuclear algorithm workup. The PanIN algorithm displays all staining levels,
negative (blue), weak (yellow), moderate (orange), and intense (red). Each image was taken at � 20 in Aperio.
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(CCHMC) in the Pathology Research Core. Each slide section was
stained with the HMGA1 antibody (ab129153, Abcam, Cambridge,
MA, USA) using a fully automated Ventana Discovery XT system
(Ventana Medical Systems, Inc., Tuscon, AZ, USA) and following
the manufacturer’s protocol. The slides were deparaffinised and
pretreated in citrate for 32min. Sections were treated with the
HMGA1 antibody in a dilution of 1 : 2000 for 8min, followed by
treatment with a rabbit secondary antibody (DISCOVERY
UltraMap anti-Rb HRP (RUO) 760-4315, Roche, Tucson, AZ,
USA) for 12min. The HRP secondary antibody was used to
develop a signal through the use of 3,3’-Diaminobenzidine (DAB)
binding to the antigen. The substrate for the HRP was DAB. The
Roche OmniMap anti-Rb HRP kit was used and slides were
processed using the Discovery XT instrument. Slides were then
placed into hematoxylin for 8min, followed by bluing reagent
(Ventana Medical Systems, Inc. (Ventana) Bluing Reagent, 760-
2037, Roche) for 4min. The HMGA1 antibody dilution was
1 : 2000 from a stock of 100 ml at 1.631mgml� 1. Slides were
digitally scanned at 20� using the Aperio AT2 scanner (Leica
Biosystems). Uploaded images were annotated in Aperio eSlide
Manager to include regions of interest and the nuclear
algorithm was used to conduct the automated analysis of the
HMGA1 protein. The specificity of the commercially available
HMGA1 antibody has been previously demonstrated (O’Day et al,
2015).

Aperio analysis. The HMGA1 is an architectural transcription
factor that is localised to the nucleus of cells. Therefore,
quantisation of HMGA1 levels was restricted to cellular nuclei.
Nuclei quantities and areas were selected by following the
instructions in the Aperio IHC Nuclear Image Analysis User’s
Guide. Internal controls were used to ensure identical IHC
staining for control tissue and transformed PanIN tissues. In
younger mice that still contained significant amounts of acinar

tissue, 1000 nuclei (±5 nuclei) were circled from within the
acinar tissue to serve as an internal control using Aperio software
(Figure 1A and B). In transformed sections of the pancreata, 1000
nuclei (±5 nuclei) were circled using Aperio software focussing
only on PanIN structures (Figure 1E and F). The PanINs,
originally thought to be derived from duct cells, were found to be
derived from acinar cells with the transformation process being
referred to as acinar-to-ductal metaplasia (ADM) (Schmid, 2002;
Kopp et al, 2012; Prévot et al, 2012; Liou et al, 2013). In the
mouse model used in this study, PanINs and tumours develop
from ADM (Hingorani et al, 2003). In some of the 15-month
images, normal untransformed acinar tissue was absent, or
present at amounts that yielded o1000 nuclei (±5), and
therefore fibroinflammatory stroma cells surrounding the PanINs
were selected to serve as the internal control nuclei to fulfill the
internal control nuclei count (Figure 1C and D). The reactive
stroma of the pancreas used as a region to select internal control
cells is sometimes referred to as fibroinflammatory stroma that
has been described as a transitional tissue that occurs before the
display of PanINs (Hruban et al, 2001). Although the appearance
of reactive stroma or fibroinflammatory stroma is widely present
in carcinoma, and pancreatitis, it can also be displayed in normal
disease-free pancreatic tissue (Luttges, 1999). After selection of
internal control and PanIN nuclei, the nuclear algorithm within
the Aperio software was executed and the attributes tables were
generated containing the nuclear output layer data (Figure 2).
The percent positive nuclei were determined and denoted into
four predefined levels in the attributes table (Zarrella et al, 2016).
The levels were represented as follows: none (0) blue, weak (1þ )
yellow, moderate (2þ ) orange, and intense (3þ ) red (See
Figure 1F for an example). The standard nuclear algorithm
parameters were used in the program. Algorithm parameters,
results, and intensity thresholds were examined by pathologist Dr
Stringer at CCHMC to ensure correct analysis.

Name

Percent positive nuclei

Intensity score

(3+) percent nuclei

(2+) percent nuclei

(1+) percent nuclei

(0+) percent nuclei

Average positive intensity

Average negative intensity

(3+) nuclei

(2+) nuclei

(1+) nuclei

(0+) nuclei

Total nuclei

Average nuclear RGB intensity

Average nuclear size (pixels)

Average nuclear size (µm2)

Area of analysis (pixels)

Area of analysis (mm2)

Value

71.3287

2

28.7712

24.5754

17.982

28.6713

168.468

232.0

288

246

180

287

1001

152.37

127.188

32.0008

704 420

0.1772

Figure 2. Example of a table of nuclear output data generated by the Aperio software. An example of the nuclear algorithm output generated
from an image of a 15-month-old mouse. The percent nuclei, specifically the 3þ , 2þ , and 1þ values, within this algorithm are used to establish a
H Score for each image.
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H Score. The H Score was used to quantitatively evaluate HGMA1
level of cellular nuclei after IHC staining. The H Scoring System is
similar to the Allred Score System and both are considered to be
‘golden standards’ in IHC analysis, with many investigators
establishing alternative IHC analyses based off of these systems
(Walker et al, 2003; Fedchenko and Reifenrath, 2014; Fitzgibbons
et al, 2014). The H Score was calculated from the percentage of
stained cells and the staining intensity (Detre et al, 1995). In the
H Scoring System, the H Score is calculated by summing the
products of the percent positive cells multiplied by the staining
intensities for each group. The staining intensity classification is as
follows: 1þ is weak staining, 2þ is moderate staining, and 3þ is
strong staining. The equation used to calculate the H Scores was
[(1� (% cells 1þ ))þ (2� (% cells 2þ ))þ (3� (% cells 3þ ))].
The H Score calculated values ranged from 0 to 300. A score of 300
would mean that all of the cells stained strongly. Based on this
scoring system, all control and study IHC images were analysed.
The P-values, effect sizes, and 95% confidence intervals (CIs) were
calculated using the Real Statistics Excel add-in (http://www.real-
statistics.com).

RESULTS

As expected in the Ptf1a-Cre; LSL-KrasG12D mouse model, the
number of PanINs in mouse pancreata increased in the order 5
months, 11 months, and 15 months (Figure 3). Based on visual
inspection, mouse pancreata at 5 months of age were mostly
composed of normal acinar tissue with scattered pockets of
transitioned PanIN tissue (Figure 3A). At 11 months of age, mouse
pancreata displayed significantly more PanINs compared with 5-
month tissues (Figure 3B). By 15 months of age, most of the acinar
tissue in the pancreata had transitioned to PanINs and significant
cellular fibroinflammatory stroma was apparent surrounding the
PanINs (Figure 3C).

Pancreata IHC stained for HMGA1 from six female mice from
each age category were quantified using the Aperio software.
Figure 4A–C shows examples of harvested internal control nuclei
from untransformed acinar tissue from three different mice from
the 5-month-age group. Figure 4D–F shows the resulting scores for
each nucleus harvested in the circled region. Nearly all of the
internal control nuclei had undetectable levels of HMGA1
indicated by the blue colouring of the processed nuclei.
Figure 4G–I shows examples of harvested nuclei from PanINs
present in the same three 5-month-old mice. Figure 4J–L shows the
same, circled regions processed by the Aperio algorithm, illustrat-
ing significant numbers of yellow, orange, and red nuclei,
indicating that the PanINs contained weak, moderate, and intense
expression levels compared with the negative internal control
nuclei. These representative data illustrate the difference in
HMGA1 levels observed in nuclei of untransformed acinar cells
compared with nuclei of transformed PanIN cells. Supplementary
Figure S1A–C shows representative harvested internal control
nuclei from untransformed acinar tissue from three different mice
from the 11-month-age group. Supplementary Figure S1D–F
shows the resulting scores for each nucleus harvested in the
circled region. Again, internal control nuclei had mostly undetect-
able levels of HMGA1 indicated by the blue colouring of the
processed nuclei. Supplementary Figure S1G–I shows examples of
harvested nuclei from PanINs present in same three 11-month-old
mice. Supplementary Figure S1J–L shows the regions processed by
the Aperio algorithm, indicating significantly elevated HMGA1
levels in the nuclei of PanIN cells in 11-month-old mice. Finally, in
Supplementary Figure S2, 15-month-old mice were typically
devoid of untransformed acinar tissue. Therefore, regions of
cellular fibroinflammatory stroma were selected as internal
controls. Supplementary Figure S2A–C shows examples of
harvested internal control nuclei from cells from the stroma from
three different mice from the 15-month-age group. Supplementary
Figure S2D–F shows the resulting scores for each nucleus harvested
by the circled region. Again, nuclei from fibroinflammatory stroma
internal control cells had mostly undetectable levels of HMGA1
indicated by the blue colouring of the processed nuclei.
Supplementary Figure S2G–I shows harvesting of nuclei from
PanINs present in same three 15-month-old mice. Supplementary
Figure S2J–L shows the same regions processed by the Aperio
software, indicating elevated HMGA1 levels in PanIN epithelia,
consistent with that observed in PanIN nuclei in pancreata
harvested from 5- and 11-month-old mice.

Figure 5 shows a boxplot analysis of the raw data for the internal
controls compared with the PanINs for each age category. The
boxplots indicate large separation between the H Scores of internal
control nuclei and the H Scores of PanIN nuclei for all age groups
compared (Figure 5A). Closer examination of the internal controls
for the three groups indicated a slight increase in HMGA1 levels in
the nuclei of internal control stroma cells in comparison with
nuclei of normal acinar tissue (Figure 5B). Statistical analysis of the
H Scores for all comparison between age groups is summarised in

100 µm

A

B

C

Figure 3. Representative immunohistochemistry-stained sections for
each age category. (A) Image from a 5-month-old mouse displaying
mostly normal acinar tissue with a few patches of PanINs staining a dark
brown colour. (B) Image from an 11-month-old mouse shows mostly
PanINs staining dark brown, with a patch of normal acinar cells.
(C) Image from a 15-month-old mouse covered with PanINs staining
dark brown surrounded by nonstaining cellular stroma. Each image was
taken at �5 in Aperio.
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Table 1. Based on the results of a Shapiro–Wilks test for each
group, all six groups were found to have normal distributions.
Because of the differences in variance between the control and
study groups, a one tailed Welch’s t-test was conducted between

each age category’s control and study populations. For the
5-month-age group (comparing the control with the study), the
P-value was found to be 0.00025. The observed effect size was 6.50
between the control and study 5-month-age groups. Based on the

A B C

FED

G H I

J K L

25 µm 25 µm 25 µm

25 µm 25 µm 25 µm

Figure 4. The 5-month nuclear algorithm analysis. (A–C) Examples of internal control acinar tissue circled before running the algorithm. (D–F) The
same internal control acinar tissue regions depicted in (A–C), but post nuclear algorithm analysis. (G–I) Example of PanINs circled before the
nuclear algorithm analysis. (J–L) The same PanINs as depicted in (G–I), but post the nuclear algorithm analysis. All images were stained for HMGA1
and captured at �20 in Aperio.
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P-value and Cohen’s d value, it could be concluded that the control
group was significantly different and did not belong to the same
population as the study group. For the 11-month-age group
(comparing the control with the study), the P-value was found to
be 0.000084. The observed effect size was 6.36 between the control
and study 11-month-age groups. Based on the P-value and Cohen’s
d value, it could be concluded that the control group was
significantly different and does not belong to the same population
as the study. Finally, for the 15-month-age group (comparing the
internal control population with the study population), the P-value
was found to be 0.00016. The observed effect size was 7.37 between
the control and study 15-month-age groups. Based on the P-value
and Cohen’s d value, it could be concluded that the HMGA1 levels
in nuclei from the internal control cells of the stroma cells were
significantly different compared with that in PanIN cells, and did
not belong to the same population of nuclei as the nuclei from the
PanIN group of nuclei.

DISCUSSION

The HMGA1 is generally expressed at low levels in normal healthy
tissue and HMGA1 expression levels have been shown to be

elevated in cancerous tissue (Fusco and Fedele, 2007; Hristov et al,
2010). This study was designed to specifically examine HMGA1
levels in the pancreas over the course of development in the
Ptf1aCre; LSL-KrasG12D mouse model for PC. The expression
levels of HMGA1 were examined at 5, 11, and 15 months to
characterise how HMGA1 expression levels varied in the pancreas
tissue at early, intermediate, and late stages of precancerous
PanIN development. At 5 months of age, the pancreas was
mostly composed of normal acinar tissue with scattered pockets
of PanINs. At 11 months of age, mice pancreata displayed
a significant increase in transformed PanINs compared
with pancreatic tissue at 5 months of age, with PanINs typically
comprising more than half of the pancreas tissue accompanied
by an increasing amount of fibroinflammatory stroma. By the age
of 15 months, pancreata were typically entirely composed of
PanINs surrounded by a significant amount of fibroinflammatory
stroma. It should be noted that the progression from normal
healthy pancreas, dominated by exocrine acinar tissue, to a tissue
essentially composed entirely of PanINs and fibroinflammatory
stroma, proceeds initially by the transformation of acinar tissue to
PanINs in a process referred to as ADM, where metaplasia refers to
the transformation or replacement of one cell type by another, that
is, transformation or replacement of acinar cells by PanIN
epithelial cells. As the mouse ages, there is increased progression
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Figure 5. Boxplot graph of H scores from each age category. (A) Boxplot graphs of H Score values from the internal control nuclei and PanIN
nuclei for mice aged 5 11, and 15 months. (B) Boxplot graphs of H Score values from the internal controls only to highlight the difference in the
measured H Scores between the 5- and 11-month-old mice compared with the 15-month-old mice.

Table 1. H score values and statistical analyses for each age category

Study groups Internal control groups

Age 15 11 5 15 11 5
126.57 127.72 136.34 15.57 1.80 0.40
102.30 106.82 90.19 2.31 0.00 3.20

H-scores
170.48 82.06 146.11 14.07 0.00 0.90
153.45 119.54 112.48 3.00 0.70 0.10
136.04 72.60 157.16 7.43 0.50 10.68
140.68 115.53 132.70 7.52 12.04 0.00

Average 138.25 104.04 129.16 8.32 2.51 2.55

St. Dev. 23.28 21.96 24.22 5.50 4.72 4.16

95% CI 18.62 17.57 19.38 3.32 3.77 0.61

Groups compared 15s v. 11s 15s v. 5s 11s v. 5s 15s v. 15ic 11s v. 11ic 5s v. 5ic

P-value 2.57E-02 5.22E-01 8.92E-02 1.55E-04 8.35E-05 2.53E-04

Effect size 1.51 0.38 1.09 7.37 6.36 6.49

Raw H Score values, averages, s.d., and 95% CI are reported for each age category. The P-values and effect sizes for group comparisons are also reported.
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from localised replacement of acinar cells by PanINs to a more
disorganised tissue structure characterised by wholesale conversion
of acinar tissue to PanINs with significant emergence of
fibroinflammatory stroma that precedes cancer initiation.

Our results indicated that HMGA1 levels were essentially below
detection in normal acinar tissue and in the complex reactive
cellular stroma surrounding PanINs, but significantly elevated in
nuclei of established PanINs. The pancreatic adenocarcinoma
stroma is known to be composed of both cellular and acellular
components, including fibroblasts, myofibroblasts, pancreatic
stellate cells, immune cells, blood vessels, extracellular matrix,
cytokines, and growth factors (Waghray et al, 2013). Once acinar
cells transformed into PanIN epithelial cells, we could not detect
any further increase in the HMGA1 levels in PanIN cellular nuclei
with increasing age. From our data, we cannot make any
conclusion regarding whether or not elevated HMGA1 expression
levels in acinar cells precede ADM and PanIN formation, but our
data clearly show that HMGA1 expression levels are a hallmark
and a characteristic of PanIN epithelial cells once they have been
established by the process of ADM. Although HMGA1 expression
levels are generally not elevated in the fibroinflammatory stroma
surrounding established PanINs, a significant increase in HMGA1
content was observed in the stroma in the 15-month-old mice in
comparison with the 5- and 11-month-old mice, reflecting
HMGA1 expression in an increasing population of PC stellate
cells in the stroma as the pancreas tissue approaches a transition to
adenocarcinoma.

Although the precise role that HMGA1 plays in PC progression
and the precise mechanism that elevated HMGA1 levels play in
acinar to ductal metaplasia remains unknown, it is well established
that HMGA1 expression levels are elevated in the cells of many
human cancers. Therefore, elevated HMGA1 expression levels are
considered a hallmark of many human cancers. Consequently,
HMGA1 is receiving growing attention as a cancer biomarker and
as a potential target for cancer therapy and treatment. Given the
growing appreciation of the importance of HMGA1 in cancer
progression, and the heavy reliance on mouse models for PC
research, the results presented here validate the use of the Ptf1aCre;
LSL-KrasG12D mouse model for studies investigating the role that
HMGA1 plays in cancer progression, and for research targeting
HMGA1 as a potential anticancer therapeutic target (Liau and
Whang, 2008; Shah and Resar, 2012).
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