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Pancreatic ductal adenocarcinoma is a highly aggressive, lethal human malignancy that continues to elude
successful treatment. Although most patients present with metastatic disease, the molecular pathways that
underlie tumor progression and metastases are poorly understood. The high mobility group A2 (HMGA2)
protein is an architectural transcription factor that has recently been implicated in the development and
progression of malignant tumors. Here, we examined HMGA2 gene expression in pancreatic ductal
adenocarcinoma to determine if it could be a marker for more advanced disease. By real time quantitative
RT-PCR, we showed a marked increase in HMGA2 mRNA in two of three cultured pancreatic ductal
adenocarcinoma cell lines compared to normal pancreatic tissue. Using tissue microarrays generated from 124
pancreatic ductal adenocarcinoma cases, we also assessed HMGA2 protein levels by immunohistochemical
analysis. We found that HMGA2 nuclear immunoreactivity correlates positively with lymph node metastases
and high tumor grade. Our results support a role for HMGA2 in the progression of pancreatic ductal
adenocarcinoma and suggest that it could be a useful biomarker and rational therapeutic target in more
advanced disease.
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Pancreatic ductal adenocarcinoma is a common,
highly lethal malignancy accounting for over 30 000
deaths in America and 160 000 deaths worldwide
each year. Unfortunately, current therapies, includ-
ing surgery, chemotherapy, and radiation therapy,
are largely ineffective and death rates closely
parallel incidence rates.1,2 Most patients with pan-
creatic ductal adenocarcinoma present with locally
advanced or metastatic disease that renders them
inoperable or limits the effectiveness of therapy.
Moreover, even most patients with small lesions
ultimately succumb to advanced disease with
distant metastases, despite adjuvant therapy.

These findings emphasize the importance of under-
standing the molecular events that lead to tumor
progression. Although molecular events that con-
tribute to the early development of pancreatic ductal
adenocarcinoma have been elucidated, those that
orchestrate tumor progression and metastasis are
poorly understood.

The HMGA genes encode a family of the high
mobility group (HMG) proteins, which were dis-
covered over 25 years ago as abundant, nonhistone
chromatin binding proteins and named for their
rapid electrophoretic mobility in polyacrylamide
gels.3–5 HMGA1a and HMGA1b protein isoforms
result from alternative splicing of the HMGA1
mRNA,3–5 whereas HMGA2 is encoded by the
separate, but related gene, HMGA2.6,7 All HMGA
proteins contain three AT hook DNA-binding motifs
that mediate binding to AT-rich regions in the minor
groove of chromosomal DNA.8,9 Once bound to
DNA, the HMGA proteins recruit additional tran-
scription factors, and in concert with these factors,
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alter gene expression.10–13 Although they do not
regulate transcription alone, through protein–pro-
tein, and protein–DNA interactions, they form a
higher order transcriptional complex or ‘enhance-
osome’ with additional proteins that appears to be
essential for the efficient expression of specific
target genes. Because these proteins alter DNA
structure, they have been called architectural tran-
scription factors.10–13 Normally, HMGA genes are
expressed at high levels during embryonic deve-
lopment, with only low levels in most adult,
differentiated tissues.14–16 Like many transcriptional
regulators, HMGA proteins participate in diverse
cellular functions, including cell cycle regulation,
differentiation, senescence, and neoplastic trans-
formation.

Although previous studies suggest that HMGA1
functions as an oncogene with overexpression in
diverse, human cancers, the role of HMGA2 in
cancer is not well understood. The HMGA2 gene is
located on chromosome 12q13-15 and encodes a 109
amino-acid protein. Rearrangements involving
HMGA2 are a prominent feature of benign, me-
senchymal tumors,10–12,16–19 although emerging evi-
dence implicates HMGA2 in the pathogenesis of
malignant tumors. Recent studies report increased
expression of HMGA2 in epithelial tumors, includ-
ing lung17,20 and pancreatic tumors,21 oral squamous
cell carcinomas22 and a subset of breast cancers.23

Increased expression of HMGA2 was also reported
in the peripheral blood of patients with chronic
myelogenous leukemia.20 Moreover, translocations
involving HMGA2 associated with increased expres-
sion have been discovered in myeloproliferative
disorders.20,24–26 Taken together, these studies sug-
gest that HMGA2 may contribute to neoplastic
transformation in the malignancies in which it is
overexpressed.

Here, we demonstrate that HMGA2 is overex-
pressed in more advanced pancreatic ductal adeno-
carcinoma. Although further studies are needed, our
findings suggest that HMGA2 could contribute to
disease progression and may represent a potential
biomarker and rational therapeutic target in pan-
creatic ductal adenocarcinoma.

Materials and methods

Cultured Human Pancreatic Ductal Adenocarcinoma
Cells and Normal Human Pancreas

The human pancreatic ductal adenocarcinoma cell
lines MIA PaCa-2 (CRL-1420) and PL-1 (CRL-2554,
Panc 02.13) were obtained from the American Type
Culture Collection and were grown as recom-
mended. MIA PaCa-2 cells are derived from a
65-year-old Caucasian man with an undifferentiated
pancreatic carcinoma that involved the pancreatic
body and tail with fixation to the periaortic soft
tissues.27 PL-1 cells were generated from a primary
pancreatic ductal adenocarcinoma in a 64-year-old

Caucasian woman that extended to involve the
duodenum, but did not metastasize to lymph
nodes.28 The human pancreatic cancer cell line
XPA-3 (PX154) was established from a primary
pancreatic ductal adenocarcinoma in a patient with
known lymph node metastases.29 Normal human
pancreas was obtained from a normal 35-year-old
man (Becton Dickinson, San Jose, CA, USA).

Quantitative RT-PCR of Cultured Human Pancreatic
Ductal Adenocarcinoma Cells and Normal Human
Pancreas

Quantitative RT-PCR was performed by Taqman
chemistry as we previously described30 except that
we used the HMGA2-specific primers and probe
as follows: 50-AAAGCAGCTCAAAAGAAAGCA-30

(50 primer), 50-TGTTGTGGCCATTTCCTAGGT-30

(30 primer) and the HMGA2-specific probe 50-CACT
GGAGAAAAACGGCCAAG-30.

Tissue Microarrays

Tissue microarray blocks were created using 2-mm
cores taken from 124 archival, routinely processed,
paraffin-embedded, pancreatic ductal adenocarcino-
ma specimens from the surgical pathology archives of
The Johns Hopkins Medical Institutions, Baltimore,
MD, USA. The specimens had been accessioned
between 2000 and 2003 and were selected solely
based on availability of pancreatic ductal adenocar-
cinoma in the block. Each case was represented by
four cores on the tissue microarrays, including two
cores taken from tumor in the pancreatic parench-
yma and two cores taken from tumor in the
peripancreatic soft tissue and lymph nodes. Cores
from routinely processed, paraffin-embedded nor-
mal tissues from the Johns Hopkins Medical
Institution archives were also represented on the
arrays, including bladder, brain, breast, colon,
gallbladder, kidney, liver, lung, pancreas, salivary
gland, skin, small intestines, spleen, stomach, testis,
and tonsil tissue. Pathologic diagnosis, grade and
stage were previously determined for each case by
attending pathologists of The Johns Hopkins Hospi-
tal Department of Surgical Pathology and this
information was retrieved from the medical record.
Patient survival information was also obtained from
the medical record.

Immunohistochemistry

The tissue microarrays were sectioned at 4 mm
intervals, deparaffinized in xylene and rehydrated
with graded alcohols. Sections were then heated in
antigen retrieval solution (Dako, Carpinteria, CA,
USA) and were immunohistochemically stained for
HMGA2 protein following manufacturer directions
(HMGA2, 0.004mg/ml, BioCheck Inc., Foster City,
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CA, USA). We showed previously that this antibody
is specific for HMGA2.31 At the dilutions used in
this study, there was no significant cross-reactivity
with HMGA1 (unpublished results) using an anti-
body shown to be specific for HMGA1 (Santa Cruz,
N-19). Specific nuclear immunoreactivity was con-
sidered positive staining and was scored from 5 to
300 based on the product of staining intensity
(weak¼ 1, moderate¼ 2, strong¼ 3) and staining
extent (percent of positive cells, 5–100%). The
highest nuclear immunoreactivity score per case
was used for subsequent analyses. The tissue
microarrays were analysed microscopically in a
blinded fashion by a single investigator (AH).

Statistical Analysis

Results are expressed as the mean±s.e. The
Student’s t-test was used to compare HMGA2 mRNA
levels from pancreatic ductal adenocarcinoma cells
and normal tissue. To determine if HMGA2 nuclear
immunoreactivity correlated with more advanced
disease, the following clinical parameters were
investigated: overall survival, tumor grade, and
lymph node metastases. Correlation between stain-
ing extent and intensity was determined by Spear-
man’s correlation coefficient. HMGA2 protein levels
were compared to tumor grade and lymph node
involvement using the Student’s t-test. A w2-test was
used to evaluate the relationship between tumor
grade and survival and the relationship between
HMGA2 immunoreactivity and survival.

Results

Patient Characteristics

Mean patient age was 67.5 years (range 32–90 years);
60 patients were female and 64 patients were male.
Table 1 shows the available stage, grade and survival
information for all patients. Tumor grade was
available for 122 of the 124 patients and survival
information was available for 119 of 124 patients.

HMGA2 Overexpression in Pancreatic Ductal
Adenocarcinoma Cells

To determine if HMGA2 is overexpressed in pan-
creatic ductal adenocarcinoma, we measured
HMGA2 mRNA levels by quantitative RT-PCR in
cultured pancreatic ductal adenocarcinoma cells.
Strikingly, we observed markedly increased levels of
HMGA2 mRNA in the cultured cells derived from
two of three pancreatic ductal adenocarcinoma cell
lines (Figure 1). Specifically, HMGA2 mRNA was
increased over 800-fold in both the XPA-3
(P¼ 0.0016 by Student’s t-test) and PL-1 cells
(P¼ 0.0004 by Student’s t-test). Both of these cell
lines were generated from pancreatic ductal adeno-
carcinoma that had extended outside of the pan-
creas. PL-1 cells originate from a primary tumor that
extended to the duodenum and XPA-3 cells were
generated from a primary tumor that metastasized to
the lymph nodes. In contrast, MIA PaCa-2 cells
showed levels similar to the control tissue. These
cells were derived from an undifferentiated pan-
creatic tumor that involved the pancreas with
fixation to periaortic soft tissue.

HMGA2 Immunoreactivity in Pancreatic Ductal
Adenocarcinoma

Given the significant overexpression of HMGA2 in a
subset of pancreatic ductal adenocarcinoma cell
lines, we sought to determine if HMGA2 is over-

Table 1 Distribution of cases by stage, lymph node involvement,
grade and mean survival

Grade

Survival
Stage n N1a 1 2 3 Unknown (months)

Ia/b 3 0 0 2 1 31.0
IIa 18 0 2 10 6 17.4
IIb 100 100 2 53 43 2 17.3
III 3 2 0 1 2 13.3

a
N1 indicates lymph node involvement.
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Figure 1 HMGA2 mRNA expression in human pancreatic ductal
adenocarcinoma cell lines. The HMGA2 mRNA levels were
measured by quantitative RT-PCR and normalized to human
phosphoprotein as a loading control. Normal pancreatic tissue
from a healthy 35-year-old donor was used as a control and
assigned a value of 1. HMGA2 mRNA levels are significantly
elevated above control in two of three pancreatic ductal
adenocarcinoma cell lines (871-fold ±26, P¼ 0.0016 for the
XPA-3 cells and 931-fold ±40, P¼0.0004 for the PL-1 cells, both
by Student’s t-test). MIA PaCa-2 cells express amounts of HMGA2
similar to normal pancreatic tissue (0.29±0.1 for MIA PaCa-2
cells vs 1±5 for normal human pancreas). Two independent
experiments were performed in triplicate; results represent the
mean±s.e. from independent experiments.
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expressed at the level of the protein in primary
pancreatic ductal adenocarcinoma cases compared
to normal tissue or pancreatic intraepithelial neo-
plasia (PanIN). PanINs are well-described precursor
lesions that are thought to progress through a series
of morphologic and molecular events leading to
invasive pancreatic cancer.32 To this end, we
investigated HMGA2 protein levels by immunohis-
tochemical analysis in 124 pancreatic ductal adeno-
carcinoma cases represented on a tissue microarray.
We identified HMGA2 nuclear immunoreactivity in
55 of 124 (44.4%) pancreatic ductal adenocarcino-
mas, with scores ranging from 5 to 300%. Notably,
the strength of staining and extent of staining were
highly correlated (r¼ 0.95 by Spearman’s correlation
coefficient). Of positive cases, 22 (40%) displayed
limited immunoreactivity (score o50), 18 (33%)
displayed moderate immunoreactivity (score 50–
150) and 15 (27%) displayed strong immunoreactiv-
ity (score 4150; Figure 2). There was no staining for
HMGA2 in the PanIN precursor lesions (grades 1–3)

that were present in six pancreatic ductal adeno-
carcinoma cases. Moreover, there was no staining
observed in the normal tissues, consistent with prior
reports that this protein is not expressed in
terminally differentiated tissues.15,16,22

HMGA2 Expression Correlates with Lymph Node
Metastases and Poor Histopathologic Differentiation

Because we found elevated HMGA2 mRNA and
protein levels in pancreatic ductal adenocarcinoma
cells, but not in normal pancreatic tissue, we
hypothesized that HMGA2 expression could be a
biomarker for more advanced disease. We therefore
determined if HMGA2 protein levels correlate with
clinical parameters indicative of disease progres-
sion, including lymph node involvement, poor
differentiation (high grade) or survival. We found
significantly higher HMGA2 immunoreactivity
scores in pancreatic ductal adenocarcinoma samples

Figure 2 Immunohistochemical staining for HMGA2 protein in pancreatic ductal adenocarcinoma on the tissue microarray (HMGA2
antibody, Gill hematoxylin counterstain). (a) Absent HMGA2 staining in a well-differentiated pancreatic ductal adenocarcinoma. The
infiltrating glands do not display nuclear immunoreactivity (magnification � 40, score 0). (b) Moderate HMGA2 staining in a moderately
differentiated pancreatic ductal adenocarcinoma. The infiltrating, crowded glands display light background nuclear immunoreactivity
and intermittent moderate-to-strong nuclear reactivity (magnification �64, score 50–150). (c) Strong HMGA2 staining in a poorly
differentiated pancreatic ductal adenocarcinoma. The infiltrating cells with enlarged nuclei and minimal gland formation displayed
marked nuclear immunoreactivity (magnification �64, score 4150).
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with lymph node metastases compared to those
without lymph node involvement (51.5±8.4 vs
19.4±8.8 (mean±s.e.); P¼ 0.011 by Student’s
t-test; Figure 3a). Moreover, HMGA2 immunoreac-
tivity was present in only 6 of 22 cases (27%) with
negative lymph node involvement, but 49 of 102
(48%) with lymph node involvement. We also
observed significantly higher HMGA2 immuno-
reactivity in poorly differentiated pancreatic
ductal adenocarcinoma tumor samples compared to
well to moderately differentiated tumor samples
(62.7±13.9 vs 32.9±6.9; P¼ 0.042 by Student’s
t-test; Figure 3b). Although we did not observe a
relationship between survival and HMGA2 score,
there was a strong relationship between grade and
survival (P¼ 0.0002 by w2-analysis). Taken together,
our results indicate that HMGA2 could serve as a
useful biomarker for tumor progression in pancrea-
tic ductal adenocarcinoma.

Discussion

Pancreatic ductal adenocarcinoma is a devastating
disease with a nearly identical incidence and death
rate.1,2 Moreover, it is the fourth most common cause
of cancer-related mortality in the United States. The
abysmal epidemiology of pancreatic ductal adeno-
carcinoma reflects the ineffectiveness of current
therapies and the urgent need for further research
to identify novel therapeutic strategies. Despite the
high incidence of pancreatic ductal adenocarcino-
ma, there is limited knowledge regarding the late
molecular events that enable a localized tumor to
transition to metastatic disease. The K-RAS onco-
gene is frequently activated by point mutations in
sporadic pancreatic cancer, although these muta-
tions typically occur early in carcinogenesis at the
earliest (PanIN-1) precursor lesion stage.32 Loss of
function of p16 (INK4A), either by deletion, methy-
lation, or mutation, is another common genetic
mutation that occurs in slightly more advanced
precursor lesions (PanIN-2). Loss of p16 occurs at a
frequency of 80–95% in PanIN-2 lesions that arise in
association with sporadic pancreatic cancer.33,34

Inactivating mutations in the p53 tumor suppressor
occur at a frequency of about 50–75% in the PanIN-3
precursor lesions arising in association with spora-
dic pancreatic cancer.34 Although these studies have
uncovered molecular events that correspond to early
progression in precursor lesions, this knowledge has
not translated to improved therapy or outcome for
patients with pancreatic ductal adenocarcinoma.
The identification of molecular pathways that
mediate later events in tumor progression may
provide novel therapeutic targets and ultimately
lead to improved survival.

Recent studies have implicated HMGA2 in the
development and progression of human carcino-
mas.16,18,24–26 For example, HMGA2 protein expres-
sion localizes to the invasive tumor front

histopathologically and correlates with lymph node
metastases and decreased survival in oral squamous
cell carcinoma.22 A previous study of primary lung
adenocarcinomas also showed that high levels of
HMGA2 nuclear staining correlate with poor survi-
val.19 In addition, a small study of invasive ductal
breast cancers showed evidence for HMGA2 gene
expression only in the higher grade lesions.19 More-
over, HMGA2 appears to be a key factor involved in
the epithelial–mesenchymal transition, which oc-
curs during tumor invasion and metastasis in
carcinomas.35 A recent study showed that HMGA2
is a direct transcriptional target of transforming
growth factor-b, an epithelial–mesenchymal transi-
tion initiator. Following upregulation by transform-
ing growth factor-b, HMGA2 activates expression of
key transcription factors involved in the epithelial–
mesenchymal transition including snail, slug, and
twist.35 Its function in the epithelial–mesenchymal
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Figure 3 HMGA2 immunoreactivity correlates with lymph node
involvement and tumor differentiation in pancreatic ductal
adenocarcinoma. (a) Graphical representation of mean HMGA2
immunoreactivity score in pancreatic ductal adenocarcinoma
cases with lymph node involvement compared to those without
lymph node involvement. Note that the HMGA2 score is
significantly higher in cases with lymph node involvement
compared to those without (P¼0.011 by Student’s t-test).
Bars±s.e. are shown. (b) Graphical representation of mean
HMGA2 immunoreactivity in pancreatic ductal adenocarcinoma
cases that are well to moderately differentiated compared to
poorly differentiated. Note the significantly higher HMGA2
immunoreactivity score in the poorly differentiated cases
(P¼ 0.042 by Student’s t-test). Bars±s.e. are shown.
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transition and high expression in more advanced
disease suggest that HMGA2 may be an important
contributor to tumor progression.

Here, we demonstrate a significant, positive
correlation between HMGA2 protein levels and
more advanced disease. Specifically, a high immu-
noreactivity score correlates with both advanced
tumor grade and lymph node metastases. We did not
observe a correlation between HMGA2 score and
survival, possibly because of limited patient survi-
val, as most patients with pancreatic ductal adeno-
carcinoma expire quickly from their disease. A prior
study showed evidence for HMGA2 gene expression
by RT-PCR in 17 cases of pancreatic ductal adeno-
carcinoma, although the RT-PCR was not quantita-
tive and expression was also noted in normal
pancreas and chronic pancreatitis by their ap-
proach.21 Immunoreactivity was observed in 27/27
pancreatic ductal adenocarcinoma cases; however,
tumor grade and clinical outcomes were not
included in this analysis. Our study is the first to
report a correlation between HMGA2 immunoreac-
tivity and poor differentiation or lymph node
metastases in pancreatic ductal adenocarcinoma.
Of note, the prior study reported abundant HMGA2
immunoreactivity in non-neoplastic islet cells and
focal immunoreactivity in duct epithelial cells,
findings not observed in this study and possibly
reflecting a difference in sensitivity and specificity
between immunohistochemical assays. Although
HMGA2 expression has been reported in pancreatic
ductal epithelium in the mouse embryo up to day
17.5 postconception, it was not found in pancreatic
islets.14 Interestingly, HMGA2 was not overex-
pressed in MIA PaCa-2 cells, which are derived
from an undifferentiated pancreatic carcinoma. Our
findings may reflect a different molecular pathway
for this tumor compared to more conventional
pancreatic ductal adenocarcinoma.

In summary, we found that HMGA2 gene expres-
sion is increased in pancreatic ductal adenocarci-
noma cell lines and HMGA2 immunoreactivity
correlates with poor tumor differentiation and
lymph node metastases. Our findings, together with
emerging evidence indicating a role for HMGA2 in
tumor progression, suggest that HMGA2 could serve
as a useful biomarker and potential therapeutic
target in pancreatic ductal adenocarcinoma and
other cancers in which it is overexpressed.
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