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Abstract
Purpose—Previously, we reported PIK3CA gene mutations in high-grade intraductal papillary
mucinous neoplasms (IPMN). However, the contribution of phosphatidylinositol-3 kinase pathway
(PI3K) dysregulation to pancreatic carcinogenesis is not fully understood and its prognostic value
unknown. We investigated the dysregulation of the PI3K signaling pathway in IPMN and its
clinical implication.

Experimental Design—Thirty-six IPMN specimens were examined by novel mutant-enriched
methods for hot-spot mutations in the PIK3CA and AKT1 genes. PIK3CA and AKT1 gene
amplifications and loss of heterozygosity (LOH) at the PTEN locus were also evaluated.
Additionally, the expression levels of PDPK1/PDK1, PTEN and Ki67 were analyzed by
immunohistochemistry.

Results—Three cases carrying the E17K mutation in the AKT1 gene and one case harboring the
H1047R mutation in the PIK3CA gene were detected among the 36 cases. PDK1 was significantly
overexpressed in the high-grade IPMN vs. low-grade IPMN (p = 0.034) and in pancreatic and
intestinal-type of IPMN vs. gastric-type of IPMN (p = 0.020). Loss of PTEN expression was
strongly associated with presence of invasive carcinoma and poor survival in these IPMN patients
(p = 0.014).

Conclusion—This is the first report of AKT1 mutations in IPMN. Our data indicate that
oncogenic activation of the PI3K pathway can contribute to the progression of IPMN, in particular
loss of PTEN expression. This finding suggests the potential employment of PI3K pathway-
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targeted therapies for IPMN patients. The incorporation of PTEN expression status in making
surgical decisions may also benefit IPMN patients and should warrant further investigation.
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INTRODUCTION
Pancreatic adenocarcinoma is a malignancy of extremely poor prognosis with high mortality
and short survival. Methods for its early detection and effective treatments, which will
require an understanding of the underlying mechanisms of its development, are urgently
needed.

Pancreatic adenocarcinoma is thought to develop from precancerous lesions such as PanIN
(pancreatic intraepithelial neoplasia), IPMN, and MCN (mucinous cystic neoplasm) (1).
IPMN is the most common cystic precancerous lesion of the pancreas, representing ~20% of
surgically resected cystic lesions of the pancreas (2, 3). The prognosis for non-invasive
IPMN is excellent and detection and surgical intervention at the preinvasive stage is curative
(4, 5). The prognosis is poor for tumors with associated invasive adenocarcinoma, but still
more favorable than for conventional pancreatic ductal adenocarcinoma (PDAC) arising
from PanIN lesions (6).

By definition, IPMN involve the main pancreatic duct and/or its branches; they are
characterized by papillary projections of ductal epithelium and dilatation of the pancreatic
duct. Histologically, IPMN are distinguished by the replacement of normal ductal epithelium
with a mucinous epithelium showing a broad spectrum of histopathological changes, ranging
from IPMN with low grade dysplasia (adenoma), IPMN with moderate dysplasia (borderline
tumor) and IPMN with high grade dysplasia/carcinoma in situ (IPMC). IPMN may be
associated with invasive adenocarcinoma showing stromal invasion (7). Currently, four
histological subtypes of IPMN by immunophenotypic characteristics of the lining epithelium
are defined: a gastric foveolar-type (MUC1−, MUC2−, MUC5AC+, MUC6+), an intestinal-
type (MUC1−, MUC2+, MUC5AC+, CDX2+), a pancreatobiliary-type (MUC1+, MUC2−,
MUC5AC+, CDX2−) and an oncocytic-type (variable expression of MUC1 and MUC2) (8).
The intestinal-type usually affects the main pancreatic duct and if an associated invasive
carcinoma is present, it is commonly of the mucinous/colloid type with a more favorable
prognosis than the conventional PDAC. The pancreatobiliary-type often shows high grade
dysplasia with or without associated invasive PDAC, with a tubular morphology showing
histologic features of the conventional type of PDAC. The gastric foveolar-type often affects
branch ducts and is less commonly associated with an invasive tumor. The oncocytic-type is
exceptionally rare. Approximately 20-45% of resected IPMNs have an invasive
adenocarcinoma component (9, 10).

The specific mutations leading to the development of various histological grades of IPMN
have been partially characterized in previous studies (11-13). Reported genetic alterations
identified in IPMN include mutations in KRAS (11, 14, 15), GNAS (16, 17), PIK3CA (12)
and BRAF (11). Other changes include the loss of expression of STK11/LKB1 (18-20) and
overexpression of TP53 and ERBB2 proteins in the IPMNs (15), and allelic loss of PTEN in
the pancreatic cyst fluid DNA of IPMN patients (21). A genetic analysis of microdissected
IPMN of different grades within the same tumor has demonstrated early polyclonal epithelia
gradually replaced by monoclonal neoplastic cells gaining KRAS mutations as the tumor
progress (22). However, the genetic profile of IPMN progression is not yet complete.
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The PI3K pathway is genetically deregulated in human cancers at various levels. The first
identified genetic mechanism of PI3K pathway activation was the loss of PTEN function by
mutation or deletion, leading to the accumulation of the PI3K product phosphatidylinositol
3-phosphate (PIP3). The accumulation of PIP3 activates a signaling cascade starting with the
phosphorylation (activation) of the protein serine-threonine kinase AKT by 3-
phosphoinositide dependent protein kinase-1 (PDK1/PDPK1). PDK1 is considered a
“master kinase” which phosphorylates and is responsible for the activation of all ACG
family members, many of them related to cell proliferation, survival or the inhibition of
apoptosis, including AKT1, 2 and 3 (23, 24).

Germline mutations in the PTEN gene can cause Cowden syndrome with cancer
predisposition, and it is commonly sporadically mutated in prostate cancer, endometrial
cancer and glioblastoma among others (25, 26). In mice, PTEN haploinsufficiency has been
shown to be sufficient to accelerate the development of metaplasias and PanIN-like lesions
in the KrasG12D mutant background. Moreover, in Pdx1-Cre;Ptenlox/lox mice, the
metaplastic phenotype shows a more papillary nature than those in Pdx1-Cre;KrasG12D;
Ptenlox/lox mice, suggesting that the papillary phenotype is associated with the loss of PTEN
(27, 28).

Amplifications of genomic regions containing AKT1 or PIK3CA genes have also been
described (29-31). Recent studies have reported high frequencies of somatic mutations in the
phosphoinositide-3-kinase catalytic subunit, p110α (PIK3CA) gene, in several cancer types,
including colorectal, gastric, thyroid, breast, ovary, certain brain tumors and head and neck
squamous cell carcinomas (32-34). In the study by Samuels and colleagues (35), 75% of the
mutations found in the PIK3CA gene clustered within the helical (exon 9) and catalytic
(exon 20) protein domains and three hot-spot mutations were identified: E542K, E545K
(exon 9), and H1047R (exon 20). The three hot-spot mutations have been shown to elevate
the PI3K oncogenic activity via Akt signaling pathway, providing transforming properties in
vitro and in vivo (36-38). We have previously reported somatic PIK3CA gene mutations in
four of 36 (11%) IPMN/IPMCs (12). Consistent to our finding, Lubezky et al. recently
described the detection of H1047R hot-spot mutation in two of 27 IPMN cases, one of
which was a low-grade IPMN (39).

Rare or absent activating somatic mutations in the AKT1 gene have also been recently
described (40-42). The E17K mutation in the pleckstrin homology domain of the AKT1 gene
can result in PI3K-independent membrane recruitment of Akt, recapitulating the effects of
the AKT8 murine leukemia retrovirus GAG-AKT fusion protein. E17KAKT1 exhibits
transforming activity in vitro and in vivo, albeit at lower level than the myristoylated Akt
(40, 41). To-date, the mutational status of the AKT1 gene has not been evaluated in IPMN.

The aim of this study was to evaluate the status of the PI3K pathway and its association with
clinicopathological variables in 36 IPMN at the molecular level by analyzing the hot-spot
mutations in the AKT1 and PIK3CA genes, the LOH status at the PTEN gene locus, and
expression levels of PTEN and PDK1. This pathway contains many putative therapeutic
targets; knowing the prevalence of alterations in this pathway may be useful to determine its
potential diagnostic and therapeutic applications to IPMN patients.

MATERIALS AND METHODS
Patients and tissue samples

Thirty-six formalin fixed paraffin embedded IPMN were obtained from the archival tissue
collection at the CUMC. The 36 cases were chosen based on their histological typing for a
balanced presentation of IPMN-1-3 for a tissue microarray. We chose to study this set of
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patients for the same reason, and also the availabilities of the tissue microarray and
clinicopathological findings. The acquisition of the tissue specimens was approved by the
Institutional Review Board and performed in accordance with Health Insurance Portability
and Accountability Act (HIPAA) regulations. All samples were selected from pancreatic
resections performed at Columbia University Presbyterian Hospital between January 2007
and June 2008. By definition, all the IPMN included in the study involved the main
pancreatic duct and/or branches. The patients consisted of 16 males and 20 females with
ages ranging from 44 to 85 years (median age: 70.0). Histological typing of the tumors was
performed according to the recommendations in the WHO classification (43). The IPMN in
this study were all positive for MUC5A immunolabeling (data not shown) and included
gastric, intestinal and pancreatobiliary histological subtypes. Detailed clinicopathological
findings of the 36 IPMN cases are presented in Table 1. Patients with pancreatic neoplasms
were recruited to our institutional prospective longitudinal outcomes study. Patients being
followed for premalignant cystic neoplasms were evaluated with cross sectional imaging
and / or endoscopic ultrasound every 6 to 12 months depending on patient specific
demographics. Patients who have undergone pancreatic resection are evaluated and managed
by our multidisciplinary group at regular intervals for the remainder of their lives. Patients
who underwent resection of a benign IPMN lesion were evaluated yearly with magnetic
resonance imaging/magnetic resonance cholangiopancreatography (MRI/MRCP) to screen
the remnant pancreas for new or recurrent disease. For patients with benign IPMN, no
evidence of disease (NED) was defined as the absence of cystic changes within the remnant
pancreas on follow-up MRI/MRCP imaging. Patients who underwent resection of a
malignant IPMN were offered chemotherapy to reduce the risk of recurrence. Once this was
completed, patients were seen every three months with repeat surveillance imaging at six-
month intervals. For patients with malignancies, recurrences were detected by imaging
studies and serum tumor markers, and then confirmed by tissue biopsy. Patients were
considered as NED (no evidence of disease) when there was no elevation in serum tumor
markers and no new findings on surveillance imaging. Length of follow-up in this study was
calculated from the day of surgery to the last clinic appointment on record at our center.

Preparation of DNA extracts
To enrich the number of neoplastic cells procured from each sample, Laser Capture
Microdissection (LCM) was performed on the IPMN. The regions containing the IPMN
neoplastic cell populations were microscopically defined by the pathologists on our team
(A.T.T. and H.E.R). Five to ten 5-μm serial sections were microdissected for each case.
Paraffin-embedded tumor samples were deparaffinized by incubating the slides in xylene for
two minutes and rehydrated in 99.9% ethanol for 2 × 10 minutes, in 96% ethanol for 2 × 10
minutes, and in 70% ethanol for 2 × 10 minutes. Slides were stained with hematoxylin and
eosin (H&E). Microdissection was carried out using a laser microdissection microscope
(P.A.L.M., Bernried, Germany). Approximately between 10,000 and 14,000 cells were
collected into 50 μl of ATL buffer, (Lysis buffer from QIAamp DNA Mini Kit; QIAGEN,
Valencia, CA). Surrounding non-neoplastic tissues were treated, microscopically defined,
and dissected the same as the tumors, and served as the corresponding normal control for
each sample. DNA extraction was performed according to manufacturer’s instructions.

Mutational Analysis of the PIK3CA gene
Mutations in exons 9 and 20 of the PIK3CA gene were analyzed by direct genomic
sequencing methods and confirmed by our previously described mutant-enriched sequencing
method (44). Polymerase chain reaction (PCR) amplification of genomic DNA (40 ng each)
and direct sequencing of the PCR products were performed using the same primers and
conditions as previously described (44). All PCR fragments were purified using ExoSAP-IT
kit (Affymetrix, Santa Clara, CA) and sequencing was performed with ABI Prism 3730xl
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DNA analyzers by Genewiz, Inc (South Plainfield, NJ) using the PCR primers (44). Any
alteration detected was further verified by sequencing of a second PCR product derived
independently from the original DNA template.

Conventional direct genomic sequencing of the AKT1 gene
The point mutation G > A at nucleotide 49 of the AKT1 gene (E17K) was first examined by
direct genomic sequencing. Genomic DNA was amplified with primers designed to amplify
exclusively the hot-spot (AKT1-F 5′ - ACATCTGTCCTGGCACAC – 3′: AKT1-R 5′ -
GCCAGTGCTTGTTGCTTG - 3′) (40). All PCR fragments were purified using Invitrogen
PureLinkTM PCR purification kit (Life Technologies, Carlsbad, CA) and sequencing was
carried out with ABI 3730x/DNA analyzers by Genewiz, Inc.

Mutant-enriched sequencing for detecting AKT1 mutation E17K
Based on the same principles that we have employed to design the mutant-enriched
sequencing method for PIK3CA (44), here we developed a sensitive mutant-enriched
sequencing method specific for the E17K hot-spot mutation of the AKT1 gene (Fig. 1A). A
mismatched primer was designed to create a unique restriction enzyme site for EcoRI in the
AKT1 exon 2 region in the first round of PCR. The mismatched primer AKT1ME-R (5′ -
GGCCGCCAGGTCTTGATGAATT - 3′) was used as the reverse primer for both rounds of
PCR. The forward primers for the first and second PCR were respectively AKT1ME-F1 (5′ -
GGCTGTGCAGACTGGCCCAG - 3′) and AKT1ME-F2 (5′ -
ACACAGCTCGGGGTGGCTCT - 3′). EcoRI digestion was performed at 37°C overnight.
The forward PCR primer AKT1ME-F2 was also used as the DNA sequencing primer (Fig.
1A). Any alteration detected was further verified at least twice by repeating the process
starting with a second PCR product derived independently from the original DNA template.

The PCR condition for all the PCR reactions is 95°C, 5 minutes; (95°C, 30 seconds; 60°C,
30 seconds; 72°C, 30 seconds) × 25 and 40 cycles for first and second PCR respectively;
72°C, 7 minutes.

To develop the method, a 583bp product containing the E17K hot-spot mutation was
amplified using a known mutant DNA sample as a template, using primers AKT1G49AFwd
5′- ACATCTGTCCTGGCACAC -3′ and AKT1G49ARvs 5′-GCCAGTGCTTGTTGCTTG
– 3′. The PCR product was subcloned into a pcDNA™3.3-TOPO expression vector using
the pcDNA™3.3-TOPO cloning kit (Life Technologies). Mutant and wild-type colonies
were sequenced and selected. To determine the approximate sensitivity of our assay, we
made serial dilutions of the mutant plasmid with the wild-type plasmid. When the ratio of
the mutant to wild-type DNA copies reached 1:100, the mutant-enriched sequencing result
still contained a recognizable mutant peak. However, conventional direct genomic
sequencing, the mutant peak disappeared when the ratio of mutant and wild-type DNA was
lower than 1:10. This indicated that the mutant-enriched sequencing method was at least 10
times more sensitive than the conventional sequencing method.

AKT1 E17K Taqman® Mutation Detection Assay
AKT1 E17K mutation was further confirmed using a Competitive Allele-Specific Taqman®
PCR (castPCR™) (Life Technologies). Fresh DNA from each of the potential positive cases
was extracted as follows: Five to ten 10-μm serial sections were microdissected for each
case using a clean sterile scalpel for each of the three samples. After paraffin containing
tissue was scrapped, DNA was extracted using QIAamp DNA FFPE Mini Kit (QIAGEN,
Valencia, CA) following manufacturer’s instructions.
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Each specific AKT1 E17K mutant allele assay (Assay ID: Hs0000986_mu) contains: an
allele-specific primer that detects the mutant allele, a MGB oligonucleotide blocker that
suppresses the wild-type allele, and a locus-specific Taqman® FAM™ dye-labeled MGB
probe. A gene reference assay (Assay ID: Hs0001010_rf) designed to amplify a mutation-
free and polymorphism-free region of the target gene was used in parallel. Each assay
contains: a locus-specific pair of forward and reverse primers and a locus-specific Taqman®
FAM™ dye-labeled MGB probe.

AKT1 E17K mutation detection experiments were performed in ABI 7500 Sequence
Detector (Applied Biosystems, Foster City, CA, USA) following the manufacturer’s
instructions. In brief, after amplification, the Ct values were determined by the Applied
Biosystems real-time PCR instrument software. Using four different normal (wild-type)
gDNA samples in triplicates, a mutation detection ΔCt cutoff value was determined
[(Detection ΔCt cutoff = Average ΔCt – (3 × the standard deviation)]. Data files containing
the samples Ct values were imported into Life Technologies Mutation Detector Software. In
the analysis calculations, the difference between the Ct value of the mutant allele assay and
the Ct value of the gene reference assay was calculated; this ΔCt value represents the
quantity of the specific mutation allele detected within each sample. Values less than the
Detection ΔCt cutoff value (ΔCt = 7.17) were considered as positive for the mutation.

PIK3CA and AKT1 gene amplification
Gene amplification was evaluated by quantitative real-time PCR (Q-PCR), performed in
ABI Prism 7500 Sequence Detector (Applied Biosystems, Foster City, CA, USA) using
Power SyBr Green PCR Master Mix and the following oligonucleotides: for the PIK3CA
gene (Chr. 3q.26.3), Fwd (5′ - ATCTTTTCTCAATGATGCTTGGCT - 3′), Rvs (5′ -
CTAGGGTGTTTCGAATGTATG - 3′); COL7A1 (collagen, type VII, alpha 1; Chr. 3p21.1)
as the reference gene, Fwd (5′-ACCCAGTACCGCATCATTGTG -3′), Rvs (5′-
TCAGGCTGGAACTTCAGTGTG - 3′). For the AKT1 gene (Chr. 14q32.3), Fwd (5′-
ACGGGCACATTAAGATCACA - 3′), Rvs (5′- TGCCGCAAAAGGTCTTCATG -3′) and
DHSR4 (dehydrogenase/reductase (SDR family) member 4; Chr.14q11.2) as the reference
gene, Fwd (5′- GGTAGTCTAGGGCAGGTCCA - 3′), Rvs (5′-
ATGATTTGGGCCAGAAGGGG - 3′). Optimal primer concentrations were determined
using optimization protocols from Applied Biosystems SYBR Green PCR master mix
manual.

Dissociation curve analysis of all the PCR products showed a simple peak and the correct
size of each product was confirmed by agarose gel electrophoresis. The relative copy
number for PIK3CA and AKT1 was calculated using the 2−ΔΔCt method. ΔΔCt represents the
difference between the paired tissue samples (ΔCt Tumor - ΔCT of matched normal), with
ΔCt being the average Ct for the target gene (PIK3CA and AKT1) minus the average Ct for
the reference gene (COL7A1 or DHSR4 respectively). Values greater than 2.0 were
considered positive for gene amplification.

SNP-PCR-RFLP PTEN Loss of Heterozygosity (LOH) Analysis
LOH analyses of the PTEN locus were assessed by Single Nucleotide Polymorphism-PCR-
Restriction Fragment Length Polymorphism (SNP-PCR-RFLP) analysis using seven SNP
markers on the tumor and matched non-neoplastic DNA from 36 IPMN samples. All SNPs
were intragenic to the PTEN gene. To select SNP markers, genotypic and allelic frequency
of 680 SNPs present in the PTEN gene was obtained from the Ensembl database. SNPs
reported to have high heterozygosity indices were chosen. Twenty-seven SNPs with high
heterozygosity indices were checked for the presence of restriction endonuclease site using
the SNP cutter program (available at http://bioinfo.bsd.uchicago.edu/SNP_cutter.htm.) as

Garcia-Carracedo et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2014 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://bioinfo.bsd.uchicago.edu/SNP_cutter.htm.


described previously (45). We identified eight SNPs; each harbors a unique restriction site.
Primers were designed for each SNP to generate a PCR product of 200–350 bp. Of the eight
SNPs, seven yielded bands of distinguishable unequal sizes upon restriction digestion that
were detectable on an agarose gel. The selected seven SNPs were then employed for the
LOH analyses. Digestion of the PCR products was carried out with appropriate restriction
enzymes (New England Biolabs Inc. Ipswich, MA) and resolved on 1% agarose gel. One
SNP (rs34421660) was described as a deletion/insertion with a 32bp difference between
both alleles, allowing the analysis without restriction enzyme digestion. All the primers were
ordered from Sigma-Aldrich (St. Louis, MO).

For LOH analyses, only those sample pairs in which non-neoplastic DNA showed a
heterozygous pattern were considered informative. Non-neoplastic DNA with a homozygous
pattern was considered not informative for that SNP marker and excluded from the study.
Allelic loss was recorded if the intensity of the signal from one allele was reduced at least
50% in the tumor DNA when compared to that in the non-neoplastic DNA for a given SNP
marker on visual inspection by 2 independent observers (46) (A.T.T. and D.G.C.). PTEN
oligonucleotides, locus and restriction enzymes are listed in Table 2.

Immunohistochemistry
Tissue microarrays (TMAs) containing the 36 IPMN cases (three 1.5mm cores/case) were
constructed. The sections were deparaffinized with standard xylene and hydrated through
graded alcohols into water. Antigen retrieval was performed using Envision Flex Target
Retrieval solution, high pH (Dako, Carpinteria, CA). Antibody incubation was done at room
temperature on an automatic immunodetection workstation (Dako Autostainer Plus) using
the Dako EnVision Flex + Visualization System (Dako Autostainer) with the following
antibodies: PTEN (138G6; 1:50 dilution; Cell Signaling Technology, Danvers, MA), PKB
Kinase (E-3) (1:2000; dilution; Santa Cruz Biotechnology, Dallas, TX) and monoclonal
Ki67 (1:100 dilution, Dako). Counterstaining with hematoxylin for 1 minute was the final
step. Level of protein expression refers to the intensity of mucinous epithelium only, and
was analyzed as follows: PTEN IHC was scored as normal (2), decreased (1) or negative (0).
Benign pancreatic tissues sampled in the TMA served as positive and negative control.
Pancreatic ducts and centroacinar cells display normal PTEN expression (2) and served as
positive internal controls; while acinar cells do not express PTEN and served as negative
control (0). PKB kinase IHC was scored as weak (1) or strong (2) based on the cytoplasmic
intensity of the neoplastic epithelium. Non-neoplastic pancreatic ducts served as positive
control for weak expression (1), pancreatic acinar cells served as positive control for strong
expression (2). Human normal alveolar lung tissue served as negative control. Ki67 IHC was
scored as percentage of neoplastic epithelial cells showing nuclear expression. All the TMAs
included a negative control. The pathologists who performed the scoring (H.E.R. and
A.T.T.) were blinded with regard to clinical data and genetic data until the completion of our
study.

Statistical analysis
For statistical purposes, clinicopathological features were dichotomized as: IPMN lesion:
IPMN (IPMN-1/2); IPMC (IPMN-3). Nuclear Grade: Low (1-2); High (3). PTEN expression
level was dichotomized as Low/absent (≤1) or Normal (>1). The expression of PDK1 was
adopted by the median as Normal (<2) or High (≥2). Age and cyst size were dichotomized
by the median value (age = 70 years; size = 2.1 cm). The χ2 test (Fisher’s exact test for small
cell counts) was used for comparison between categorical variables and Student’s t-test for
parametric continuous variables. Multivariable logistic regression models were conducted to
calculate the odds ratio and 95% confidence interval for the association between PTEN
expression and the presence of invasive carcinoma; the model adjusted for PDK1
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expression. Survival curves were calculated using Kaplan-Meier product-limit estimate.
Differences between survival times were analyzed by the log-rank method. Multivariable
Cox proportional hazards models were used to calculate hazard ratios and 95% confidence
interval of the association between risk factors and survival. We included variables in our
multivariable model that were statistically significant in the univariate analysis; these
variables include: PTEN expression, presence of invasive carcinoma and age). All tests were
two sided. P values ≤ 0.05 were considered statistically significant. All statistical analyses
were performed using SPSS statistical software version 17.0 (SPSS Inc. Chicago, IL, USA).

RESULTS
Mutations in PIK3CA and AKT1

IPMN were examined for the presence of the hot-spot mutations in the AKT1 and PIK3CA
genes. We used both direct genomic sequencing and mutant-enriched sequencing methods
on the DNA samples extracted from 36 microdissected IPMN specimens. One patient with
borderline IPMN (moderate dysplasia) harbored the H1047R (A3140G) hot-spot mutation of
the PIK3CA gene in the IPMN (data not shown). The E17K (A49G) AKT1 gene mutation
was detected in three IPMN; two of the three were intestinal-type and one was gastric-type
IPMN. While the PIK3CA mutation was detected by direct genomic sequencing, the three
AKT1 mutations were identified only when the newly developed mutant-enriched
sequencing method was employed (Fig.1). Using Taqman® Mutation Detection Assay for
AKT1 E17K, we confirmed the presence of the AKT1 E17K mutation in two of the three
positive cases. The mutations were somatic because they were not observed in the
corresponding normal tissues of the same patients.

Analysis of AKT1 and PIK3CA gene amplification in IPMN
The AKT1 and PIK3CA gene loci were investigated for potential amplification in the 36
IPMN specimens by Q-PCR. Gene amplification of the AKT1 locus was detected in one
IPMC specimen (2.8%). PIK3CA gene amplification was detected in seven (19.4%) out of
the 36 IPMN. The case with the AKT1 amplification did not show co-amplification with
PIK3CA. The amplification of either of these two genes did not correlate with any of the
clinicopathological parameters.

Analysis of PTEN LOH
Of the 36 cases, 28 (77.8%) showed heterozygosity at the PTEN locus by SNPPCR-RFLP,
and eight were not informative (as defined in the Material and Methods) for all the seven
SNPs analyzed. Of the 28 heterozygous cases, 10 displayed LOH (10/28, 35.7%) (Table 1).

PTEN, PDK1 and Ki67 protein expression in IPMN
The protein expression levels of PTEN, PDK1 and Ki67 were studied by
immunohistochemistry. PTEN expression was low or absent in 11 (30.6%) of the 36 cases.
PDK1 was overexpressed in 20 (55.6%) of the 36 cases. Ki67 score was high in 18 (50%) of
the 36 cases; 16 out of the 18 (88.8%) were IPMC and two were IPMN without carcinoma.
In this set of IPMN samples, strong immunolabeling of PDK1 was associated with higher
Ki67 labeling index (Fisher’s exact, p = 0.018). Representative staining of the IPMN
samples expressing different levels of PTEN and PDK1 are shown in Figure 2.

Associations of PTEN and PDK1 expression with clinicopathological features and patient
outcome

Downregulation of PTEN at protein level was associated with the three following
clinicopathological parameters: nuclear grade, presence of invasive carcinoma, and disease
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outcome. PDK1 overexpression, on the other hand, showed association with IPMN subtypes
and progression (Table 3). PTEN protein expression was more frequently downregulated in
the IPMN with nuclear grade 3 vs. IPMN with nuclear grade 1 and/or 2 (Fisher’s Exact, p =
0.027).

PDK1 protein expression was detected in each IPMN subtype but was more frequently
overexpressed in intestinal and pancreatic-type IPMN vs. gastric-type IPMN (Chi-Square, p
= 0.020; Table 3). It was also observed that PDK1 was more commonly overexpressed in
IPMC than IPMN adenoma and borderline tumor (Fisher’s exact, p = 0.034), showing an
increasing trend with IPMN progression: Adenoma (0/2; 0%); Borderline (3/9; 33.3%); In
situ (17/25; 68%). All the cases with PDAC associated, (7/7; 100%) showed strong PDK1
expression. Moreover, PDK1 overexpression showed a linear correlation with the maximum
cyst diameter detected (Chi-square, p = 0.044).

A striking difference in survival was observed between patients with normal expression of
PTEN and those with reduced or absent PTEN expression; the latter group experienced
shortened disease-specific survival (Median survival time: PTEN normal= 60.6 months,
PTEN low = 48.9 months; log-rank test, p = 0.014, Fig. 3). As expected IPMN patients with
an invasive carcinoma had poorer survival than those without invasive carcinoma; a 12 fold
increase risk of mortality was observed in multivariable models adjusting for PTEN
expression and presence of invasive carcinoma (hazard ratio = 11.9, 95% CI = 1.7-83.5, p =
0.012); addition of age to the model, did not affect the result. This result may indicate that
the association of PTEN expression with patient survival was only due to the presence of
invasive carcinoma (Fisher’s exact, p = 0.018). When we examined the factors associated
with the presence of invasive carcinoma, absent or weak PTEN expression was associated
with a 8-fold increase in the odds controlling for PDK1 expression (odd ratio = 8.3, 95% CI
= 1.034-67.142, p = 0.046). However, these results are based on a small sample size.

DISCUSSION
In this study, we conducted a comprehensive evaluation of the PI3K signaling pathway in 36
well-characterized IPMN samples to understand the extent of its dysregulation in IPMN and
the potential impact on clinical outcome.

We identified the H1047R mutation of PIK3CA in one (2.7%) of the 36 IPMN. We also
detected the E17K AKT1 gene mutation in three (8.3%) of the 36 IPMN cases. The H1047R
mutation of PIK3CA is known to affect the functionally important kinase domain of the
protein, conferring an increased lipid kinase activity, which can lead to the activation of
PI3K signaling pathway in the absence of growth factors. The mutation has been shown to
be sufficient to induce oncogenic cell transformation of chicken embryo fibroblasts (CEFs)
and NIH3T3 cells (36, 37, 47). It has also been described that p110α mutants induce in vivo
angiogenesis and malignant cell growth in chorioallantoic membrane of chick embryo and
cause hemangiosarcomas in young chickens (36).

We have previously reported PIK3CA gene mutations in 11% of IPMN, suggesting that the
PIK3CA gene and its pathway may have a role in IPMN but not PanIN/PDA tumorigenesis
(12). In our previous study, PIK3CA gene mutations were detected in three high-grade
IPMN, and one IPMN, borderline, with the caveat that the majority of the cases examined
had high-grade dysplasia. One of the four mutations detected in the previous study was
H1047R in a IPMC with invasion, the other three were not hot-spot mutations (12). In the
current study more IPMN with low-grade and borderline dysplasia were included and the
hot-spot mutation H1047R was detected in an IPMN, borderline. The mutation frequency is
slightly lower in the current study probably due to the facts that more low-grade cases were
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included and only hot-spot mutation sites were examined. Nevertheless, a number of recent
studies encompassing different histological grades of IPMN are in agreement with our
findings, supporting an important role for PIK3CA in IPMN (12, 39, 48). There is one
exception in which PIK3CA mutations were not detected in IPMN but were identified in
intraductal tubulopapillary neoplasms of the pancreas (ITNP), a rare variant of intraductal
neoplasm of the pancreas recently recognized as a new class of pancreatic tumor (13).
Consistent expression of MUC5A among our samples definitively confirmed them as IPMN
and ruled out ITNP (data not shown) (9).

The mutational status of AKT1 gene has not been examined before in IPMN. Here we show
that by using a novel mutant-enriched method, we were able to detect the E17K mutation in
three (8.3%) of the 36 IPMN cases; two of those were IPMC associated with invasive
components. The detection of the AKT1 E17K mutation in IPMN but not PDA further
signified the unique importance of the PI3K signaling pathway in IPMN progression. While
presence of false positive mutations could be possible due to a low-quantity DNA extracted
from the tumors and/or a potential non-template extension of theAKT1ME-R primer used in
the mutant-enriched assay, the absence of a mutant peak on any of the paired normal
samples examined suggests that this a rather infrequent event. Furthermore, each positive
sample was verified from an independent PCR of the original genomic DNA at least two
more times. To further rule out false positivity, new DNA from the same potential positive
cases was extracted, the presence of AKT1 E17K mutations was then analyzed using the
AKT1 E17K Taqman® Mutation Detection Assay. By using this method, we were able to
confirm two of the three potential positive cases. The apparent discrepancy could be due to a
number of reasons: (1) different mutant to wild-type ratio between the different DNA
samples from the same patients; (2) different sensitivity of the two methods applied; or (3)
lack of calibration ΔCt value for the AKT1_33765_mu assay, could lead to a smaller
detection ΔCt cutoff calculated with our samples, which could limit the detection of mutant
allele.

Intriguingly, PIK3CA and AKT1 genes mutations were not detected in PanIN/PDA (35) (49)
(41, 50). This suggests that, although IPMN and PanIN share overlapped molecular
alterations, such as KRAS, p16, p53, and SMAD4 (9), pancreatic carcinoma associated with
IPMN may arise through a different molecular pathway from PanIN/PDA. While STK11/
LKB1 gene is inactivated more frequently in IPMN than in PanIN/PDA (18-20), PIK3CA
and AKT1 are the only genes with mutations unique to IPMN and not detectable in PanIN/
PDA thus far (12, 35, 41, 48-50). Direct comparisons of IPMN and PanIN progression might
be instructive in characterizing the divergent molecular and histological pathways of
pancreatic cancer evolution between the two and reveal additional unique alterations in
IPMN.

To further examine the status of the PI3K pathway at the genomic level, we investigated the
LOH at the PTEN locus and it was found in 10 of the 28 (35.7%) IPMN analyzed. Albeit the
small sample number, LOH frequency at PTEN steadily increased as IPMN progressed (0/1
or 0% IPMN, adenoma; 2/7 or 28.6% IPMN, borderline; 8/20 or 40% IPMC, in situ). The
same increasing frequency could be observed with the nuclear grade (1/4 or 25% nuclear
grade 1; 4/12 or 33.3% nuclear grade 2; 5/12 or 41.7% nuclear grade 3). There was no tumor
size, gender or age bias associated with the LOH status at PTEN. PIK3CA was amplified in
19.4% of the IPMN analyzed, while AKT1 was amplified in only one IPMN associated with
invasive carcinoma. These events did not correlate with the clinical variables.

Although we found PDK1 to be frequently overexpressed in our IPMN samples (20/36 or
55.6%), this overexpression was not associated with patient survival. However, PDK1
expression was significantly higher in intestinal and pancreatic-type IPMN vs. gastric-type
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IPMN (p = 0.020). The three different IPMN subtypes included in this study possess distinct
histopathologic features. Similarly to previous reports, in our series, gastric-type IPMN was
the least associated with invasive tumor (4/14 or 28.6%) than both pancreatic (8/8 or 100%)
and intestinal (13/14 or 92.8%) (51). PDK1 immunolabeling was more frequently
upregulated in IPMC vs. IPMN (p = 0.034). Both LOH at PTEN and PDK1 overexpression
patterns further depict an increasing aberrant PI3K signaling accompanying IPMN
progression. Future studies are needed to define the mechanisms leading to PDK1
overexpression on IPMN samples and whether or not this correlates with PDK1 activation;
this could help understand the contribution of PDK1 to PI3K signaling in these patients.

Weak or absent PTEN expression was observed in 30.6% of the IPMN analyzed by IHC.
This reduced expression was significantly associated with higher nuclear grade.
Furthermore, we found that weak or loss of PTEN expression was associated with reduced
survival rate among our IPMN patients (p = 0.014). However, multivariate Cox analysis
showed that the presence of invasive carcinoma was the only independent factor of poor
prognosis. The low number of IPMN samples with associated invasive carcinoma included
in the study (n = 6) and the strong association between the presence of invasive carcinoma
and low/absent PTEN expression in this set of IPMN render it difficult to separate the effect
of these two variables on survival. Keeping this limitation in mind, our findings suggest that
PTEN expression level may have potential diagnostic and prognostic values, and may need
to be taken into consideration when determining treatment options for IPMN patients. Future
larger studies are needed to further evaluate the clinical values of PTEN as an independent
prognostic marker distinct from invasive cancer. In addition, determining if expression
levels of PTEN in cells isolated from cyst fluid or biopsy and within IPMN are correlated
with the presence of invasive cancer and patient prognosis will be key to preoperative risk
assessment and stratification. These studies will be crucial next-steps in determining the
utility of PTEN expression in making surgical decisions.

Within this manuscript, we examined a large number of associations, and we observed a
limited number of significant associations. Thus, due to the issues of multiple comparisons,
we are cautious in our interpretations of the results; some of the statistically significant
associations we observed may be explained by chance. Using a conservative approach of
Bonferroni correction, we would require a p-value of <0.003 to achieve statistical
significance. Based on this p-value, none of our results would be statistically significant, and
may all be a result of chance. However, these statistically significant findings are supported
by well-defined biologic rationale (e.g. PDK1 overexpression and PTEN loss in IPMN
progression are logical) (26, 31) . Thus, these results require replication in larger studies.

Taken together, these data indicate that aberrations of the PI3K pathway are common in
IPMN and suggest an important role for this signaling pathway in cystic tumors of the
pancreas. This is the first report of AKT1 mutations in IPMN tumors. Although a larger scale
study designed to determine if PTEN is an independent variable from invasive carcinoma is
needed, nevertheless, these results indicate that dysregulated PI3K signaling pathway is
involved in the malignant progression of IPMN. If inhibition of the PI3K signaling pathway
can slow progression of IPMN and development of invasive cancer, patients may benefit
from novel therapeutics specifically targeting PDK1, mTOR, and PIK3CA as neoadjuvant or
adjuvant therapies.
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STATEMENT OF RELEVANCE

IPMN is a common subtype of precancerous lesions of the pancreas that can advance to
invasive carcinoma if left untreated. Although patients with IPMN associated with
invasive cancer face better prognosis than those with conventional pancreatic ductal
adenocarcinoma, the 5-year survival is poor and surgical resection remains the most
effective treatment option for the patients. Currently there is no effective way of
monitoring the malignant transformation of IPMN to invasive cancer and there is no
established consensus in making the surgical decision. Considering the high-risk natures
of malignant transformation and surgical resections, it is therefore crucial to establish a
protocol balancing the risks for both. Here we report the potential uses of PTEN
expression as a prognostic/diagnostic marker for IPMN patients. In addition, the
extensive dysregulation of the PI3K signaling pathway in IPMN suggest that targeted
therapies to this pathway may benefit patients with IPMN.
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Figure 1. The detection of AKT1 E17K mutation with the mutant-enriched sequencing method
(A) The schematic for the mutant-enriched sequencing method for AKT1 E17K. Briefly, a
unique restriction enzyme site EcoRI was introduced by mismatch PCR to the wild-type
DNA strand but not the mutant sequence in the first round of PCR. The mismatch primer
(AKT1ME-R) has two nucleotide substitutions (G → A and A→ T). Subsequent EcoRI
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digestion of the wild-type DNA strands would allow preferential amplification of the mutant
templates in the second round of PCR. (B) Detection of AKT1 E17K mutation by mutant-
enriched method. AKT1 E17K mutation was not detectable by the conventional direct
sequencing method in cases # 7, # 20 and # 35, but was enriched and visible with the
mutant-enriched sequencing method.
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Figure 2. Loss of PTEN expression and overexpression of PDK1 in IPMN
(A) Representative absent immunopositivity of PTEN (40X); (B) Example of absent PTEN
expression in IPMN with strong immunolabeling in stroma (200X). (C) Example of normal/
strong cytoplasmic expression of PTEN in IPMN (200X). (D) Representative strong
immunopositivity of PDK1 (40X). (E) Detail of weak cytoplasmic PDK1 immunolabeling
in IPMN (200X). (F) Example of strong cytoplasmic PDK1 immunopositivity in IPMN
(200X). Scale bars are 500um and 100um.
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Figure 3. PTEN down-regulation is associated with poor prognosis in patients with IPMN
The survival was calculated by the Kaplan–Meier method comparing patients with normal
vs. low PTEN expression. The data show that low PTEN expression is associated with poor
survival (Median survival time: PTEN normal= 60.6 months, PTEN low = 48.9 months; p =
0.014, hazard ratio = 6.1). There was no stratification.
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