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†Department of Pathology, Massachusetts General Hospital, Harvard Medical School, Boston,
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Abstract
Objective—To determine whether intraductal papillary mucinous neoplasms of the pancreas
(IPMNs) have a different genetic background compared with ductal adenocarcinoma (PDAC).

Summary Background Data—The biologic and clinical behavior of IPMNs and IPMN-
associated adenocarcinomas is different from PDAC in having a less aggressive tumor growth and
significantly improved survival. Up to date, the molecular mechanisms underlying the clinical
behavior of IPMNs are incompletely understood.

Methods—128 cystic pancreatic lesions were prospectively identified during the course of 2
years. From the corresponding surgical specimens, 57 IPMNs were separated and subdivided by
histologic criteria into those with low-grade dysplasia, moderate dysplasia, high-grade dysplasia,
and invasive cancer. Twenty specimens were suitable for DNA isolation and subsequent
performance of array CGH.

Results—While none of the IPMNs with low-grade dysplasia displayed detectable chromosomal
aberrations, IPMNs with moderate and high-grade dysplasia showed frequent copy number
alterations. Commonly lost regions were located on chromosome 5q, 6q, 10q, 11q, 13q, 18q, and
22q. The incidence of loss of chromosome 5q, 6q, and 11q was significantly higher in IPMNs with
high-grade dysplasia or invasion compared with PDAC. Ten of 13 IPMNs with moderate
dysplasia or malignancy had loss of part or all of chromosome 6q, with a minimal deleted region
between linear positions 78.0 and 130.0.

Conclusions—This study is the first to use array CGH to characterize IPMNs. Recurrent
cytogenetic alterations were identified and were different than those described in PDAC. Array
CGH may help distinguish between these 2 entities and give insight into the differences in their
biology and prognosis.
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Intraductal papillary mucinous neoplasms (IPMNs) are a well described entity of cystic
pancreatic tumors.1,2 Compared with ductal adenocarcinoma of the pancreas, IPMNs are
characterized in having a less aggressive biologic and clinical behavior, with survival rates
of more than 60% even for invasive carcinoma associated with IPMN after surgical
removal.1 In pancreatic surgery referral centers, IPMNs are being increasingly diagnosed,
and today they account for approximately 10 to 20% of all resected pancreatectomy
specimens.2–7 IPMNs are tumors characterized by mucin production, cystic dilation of the
pancreatic ducts, and intraductal growth,6 and have significant malignant potential. Similar
to pancreatic ductal adenocarcinoma (PDAC), most patients with IPMNs present between
the sixth and eighth decade of life, with the head of the pancreas being the predominant
disease location.8,9 Although the majority of patients are symptomatic at presentation, with
signs and symptoms including abdominal pain, weight loss, jaundice, diabetes, and diarrhea,
many others are incidentally discovered.3,4,10,11 Histologically, IPMNs may demonstrate a
spectrum of cytologic atypia ranging from mucinous epithelium with minimal cytologic
atypia to frank invasive adenocarcinoma7 not infrequently in different areas of the same
surgical specimen.12–14 Beside the histologic grade of atypia in the disease, IPMNs are also
subclassified into main-duct IPMNs and branch-duct IPMNs based on imaging studies and
pathologic examination.15,16 Branch-duct IPMNs are associated with a lower frequency of
aggressive histologic features and better prognosis compared with main-duct IPMNs.16–19 In
contrast to the relatively well understood molecular process in the development of
conventional PDAC,20,21 only little is known about the genetic background of ductal
epithelial neoplasia in IPMNs.22,23

Since the clinical behavior of IPMNs are different from PDAC, it is possible that IPMNs
harbor a unique set of genetic aberrations, perhaps diverse from those more frequently
involved in PDAC.24 On the molecular level, several gene mutations such as KRAS or TP53
alterations have been described, playing a role in the development of IPMNs. KRAS
mutations are found in approximately 40–60% of IPMNs,14,22,25,26 compared with nearly
100% in PDAC,21 and TP53 mutations have been seen with an incidence of 8% in IPMNs27

compared with 75% in PDAC.20 In addition, there is some evidence that the Wnt-signaling
pathway might be involved in the development of a proportion of IPMNs because
consequent altered expression of downstream related proteins like β-catenin or E-cadherin
previously has been observed.28 Finally, PIK3CA mutations have also been found in
approximately 10% of IPMNs.29

However, there have been only a few studies published concerning chromosomal changes in
IPMN specimens. In 1997, Fujii et al used PCR-based microsatellite analysis to detect loss
of heterozygosity in 13 IPMN specimens on chromosome arms 1p, 3p, 6q, 8p, 9p, 17p, 18q,
and 22q.24 More recently, Soldini et al22 investigated by interphase cytogenetics from a
series of 12 IPMNs with different foci encompassing borderline lesions, intraductal (CIS)
and invasive carcinoma, and concluded that monosomies, as defined by fluorescence in situ
hybridization (FISH) analysis, are frequent in both IPMNs and mucinous hyperplasia of
pancreatic ducts adjacent to IPMNs. To screen the whole genome for copy number changes,
microarray-based comparative genomic hybridization (array CGH) has become a powerful
technique.30 In recent years, studies have used array CGH to detect chromosomal
aberrations in a large number of solid tumors, such as breast cancer, colon carcinoma, or
PDAC specimens.31–33 Array CGH can detect recurrent genetic imbalances and global
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changes in IPMNs that may contribute to the progression of normal epithelium to
premalignant and then invasive cancer.

In the present study, we used array CGH to analyze IPMNs, including all subtypes from
low-grade dysplasia to IPMN-associated adenocarcinoma. To our knowledge, this is the first
study to use this relatively novel technique to gain insights into the molecular background of
IPMNs. Beside detection of a number of recurrent chromosomal alterations, we were able to
identify significant differences between malignant IPMN and PDAC. This knowledge may
give us insight not only into the molecular biology of IPMNs, but also it might help to
clinically distinguish between benign IPMN, malignant IPMN, and PDAC.

MATERIALS AND METHODS
Tissue Samples

128 cystic lesions of the pancreas were prospectively identified over the course of 2 years.
Subsequently, tissue samples from surgical specimens were collected and stored fresh frozen
at the pancreatic tumor bank of the Massachusetts General Hospital, Boston, Massachusetts.
From these specimens, 57 IPMN samples were evaluated by histology and 20 were suitable
for DNA isolation. The patient clinical details can be found summarized in Table 1 and in
detail in Supplemental Table 1 (see Table, Supplemental Digital Content 1, http://
links.lww.com/A790). Additionally, one of the IPMN tumor samples derived from a third-
passage xenograft tumor grown subcutaneously in immunodeficient nude mice. This
xenograft tumor line will be described in detail in a separate manuscript, which is currently
in submission. For all patients, written consent was obtained for the collection and use of the
tumor DNA, and was approved by our Institutional Review Board. All tumors were
diagnosed at the time of collection as IPMN,13 and subclassified macroscopically as main
duct (n = 2), branch duct (n = 2), or mixed type IPMNs (n = 16). For tumors of mixed type,
which component (main duct or branch duct) was used for DNA extraction is known from
gross descriptions of the resection specimen, and this is indicated in Supplemental Table 1
(see Table, Supplemental Digital Content 1, http://links.lww.com/A790). In addition to
the described 20 samples deriving from 20 different patients, we analyzed DNA from a
second anatomic location for patient #10 (specimen #10a with moderate dysplasia and #10b
with high-grade dysplasia). This additional sample (#10b) was not included into the
statistical analysis of the data described in the paper, but the results were included in the
Suppl. Table 1.

The quality of tumor specimens for DNA extraction was confirmed by Hematoxylin &
Eosin staining, and only specimens which showed more than 50% tumor cells were included
in this study. From a total number of 57 primary IPMN specimens, 20 samples could be
identified that possessed >50% IPMN tumor cellularity. The single xenograft IPMN tumor
sample showed a cellularity of more than 95% with negligible surrounding stromal tissue.
IPMN samples without an invasive component were subclassified into 3 different histologic
grades in accordance with the current classification system9: IPMN with low-grade
dysplasia (n = 7, previously called adenoma), IPMN with moderate dysplasia (n = 5,
previously called borderline tumors), and IPMN with high-grade dysplasia (n = 4,
previously called intraductal papillary mucinous carcinoma, noninvasive, see representative
images in Fig. 1). For statistical analysis, the remaining 4 samples with invasion were
combined with those with high-grade dysplasia (n = 8). Furthermore, based on the epithelial
morphology of an intraductal component and immunohistochemical profiles using mucin
stains for MUC1, MUC2, MUC5AC, and MUC6, each case was categorized as gastric,
intestinal, oncocytic or pancreatobiliary subtype, or unclassifiable, and invasive tumors were
subclassified into colloid carcinoma and ductal carcinoma.8,9,34,35 These subclassifications
were made in a blinded fashion by 3 gastrointestinal pathologists (MM-K, VD, and GYL),
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and microscopic images from representative examples of each subtype are shown in
Supplemental Figures 1 to 3 (see Figure, Supplemental Digital Content 2, http://
links.lww.com/A792). The classifications are indicated for each tumor only for the tissue
sample used for array CGH analysis (there are other possible components within the same
tumor).

Array CGH
Genomic DNA was extracted from approximately 200 mg of fresh frozen tumor tissue using
the Puregene DNA Purification Kit (Qiagen Inc., Valencia, California) according to standard
procedures. A pooled normal male DNA (Promega, Madison, Wisconsin) was used as
reference, independent of the patient’s gender. Array CGH was performed using Agilent
Technologies 244k oligonucleotide arrays according to the recommended protocol (Agilent
Technologies, Santa Clara, California).36 Briefly, one microgram of genomic tumor DNA,
or male reference DNA, was digested at 37°C for 2 hours using AluI and RsaI. Digested
DNA was labeled by random priming (BioPrime Array CGH Labeling Module, Invitrogen,
Carlsbad, California) using Cy3-dUTP or Cy5-dUTP (GE Healthcare, Piscataway, NJ).
After an incubation of 2 hours at 37°C, labeled DNAs were purified using the Millipore
Microcon YM-30 purification kit (Millipore, Billerica, Massachusetts) according to the
manufacturer’s instructions. Labeled tumor and reference DNA were combined together
with Human Cot-1 DNA (Invitrogen, Carlsbad, California) using the Agilent Oligo aCGH
Hybridization Kit (Agilent Technologies, Santa Clara, California). Subsequently, the DNA
was denatured for 3 minutes at 95°C, prehybridized for 30 minutes at 37°C and hybridized
for 35 to 40 hours at 65°C. After hybridization, slides were washed with Agilent Oligo
aCGH Wash Buffer 1 and Buffer 2, at room temperature for 5 minutes and at 37°C for one
minute respectively. These 2 washes were followed by a third wash in stabilization and
drying solution.

Washed slides were scanned using the Agilent G2565 Microarray Scanner (Agilent
Technologies, Santa Clara, California). Data was extracted from the microarray TIFF
images (.tif) using Agilent’s Feature Extraction Software v9.1 and analysis was performed
using Agilent’s CGH Analytics software. Before analyzing pathologic chromosomal
aberrations, known copy number variants (CNVs) were identified and excluded from further
statistical analysis.37 Copy number alterations are considered significant if the log2 ratio is
±2 standard deviations from the mean intensity of the entire experiment.37

Fluorescence in Situ Hybridization
Chromosome 6q copy number was evaluated in paraffin tumor sections using a 6q BAC
probe (RP11-411H20) labeled in SpectrumOrange (Vysis/Abbott Molecular, Des Plaines,
Illinois) and a 6p copy number control BAC (RP11-710L16) labeled in SpectrumGreen.
Chromosome 18q copy number was evaluated using an 18q BAC probe (RP11-729G3)
labeled in SpectrumOrange and a 6p copy number control BAC (RP11-14P14) labeled in
SpectrumGreen. Slide pretreatment, hybridization, and washes should be performed in each
laboratory according to standard laboratory paraffin FISH procedures. DAPI in antifade
solution (0.3 µg DAPI in Vectashield Mounting Medium, Vector Laboratories, Burlingame,
California) was used as mounting media and counter-stain. Images were acquired with a
fluorescence microscope (Olympus BX61, Olympus America, Center Valley, PA) equipped
with a mercury-arc lamp and fitted with combination with filters for multiple probe
acquisition (SpectrumOrange, SpectrumGreen, and DAPI) and Z-stacking capability.

KRAS Mutation Analysis at Codon 12 and 13
The same tumor DNA samples used for array CGH were used to amplify the KRAS locus on
exon 2 by means of polymerase chain reaction (PCR). For the amplification step the
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following primers were used: 5′-CTTAAGCGTCGATGGAGGAG-3′ and 5′-
AGAATGGTCCTGCACCAGTAA-3′. PCR amplification products were purified using the
Wizard SV Gel and PCR Clean-Up system (Promega, Madison, Wisconsin) and were
sequenced bi-directionally with appropriate forward and reverse primers.

Statistical Analysis
Statistical analysis was performed with the SPSS software (SPSS Standard version 8.0;
SPSS, Chicago, Illinois). Genetic alterations were compared between various groups by the
two-tailed unpaired Student t test or Fisher exact test where appropriate. P-values of 0.05 or
less were considered as significant.

RESULTS
Array CGH Analysis

Array CGH analysis revealed chromosomal copy number alterations in 13 out of 20
samples. The 7 specimens that did not display chromosomal aberrations were all in the
group of IPMNs with low-grade dysplasia (7/7). In contrast, all IPMNs with moderate
dysplasia, high-grade dysplasia, or invasion possessed at least 3 copy number changes
(summarized in Table 2 and in detail in Supplemental Table 1 [see Table, Supplemental
Digital Content 1, http://links.lww.com/A790]). IPMNs with moderate dysplasia had an
average number of 10.0 (range 3–19) copy number aberrations. The increased numbers of
chromosomal copy number changes in IPMNs with moderate dysplasia compared with
IPMNs with low-grade dysplasia (no aberrations) was highly significant (P = 0.002).
Furthermore, IPMNs with high-grade dysplasia or invasion, including 4 IPMNs with high-
grade dysplasia and 4 with invasive carcinoma, showed more aberrations (average of 16.25
per case, range 8–28) compared with IPMNs with moderate dysplasia. However, this
increase of chromosomal changes correlated to disease progression was not statistically
significant (P = 0.142). IPMNs with moderate dysplasia showed an average of 3.6 gains
(range 1–7) and 6.4 losses (range 2–14), and IPMNs with high-grade dysplasia or invasion
an average of 7.1 gains (range 1–16) and 10.3 losses (range 6–14). Summarized, loss of
chromosomal material was more frequent (average 8.82) compared with gains (average
5.55) and to high-level amplifications (only seen in 2 out of the 20 specimens). Overall, in
both IPMNs with moderate dysplasia and IPMNs with high-grade dysplasia or invasion, the
most frequent lost regions were located on chromosome 2 (38.5%), 4q (46.2%), 5q (53.8%),
6q (76.9%), 8p (46.2%), 10q (61.5%), 11q (61.5%), 13q (53.8%), 15q (46.2%), 18q
(53.8%), and 22q (53.8%).

The most frequently observed chromosomal large-scale aberration was loss of chromosome
6q with 4/5 IPMNs, with moderate dysplasia and 6/8 IPMN samples with high-grade
dysplasia or invasion showing this abnormality. Some of the samples displayed loss of the
entire chromosome 6, some loss of just the long arm of chromosome 6, and others only loss
of parts of the long arm. The minimal deleted region could be determined by aligning 6q
loss patterns for all cases and is defined as a region located between 6q linear positions 78.0
and 130.0 (Fig. 2), a region of 52 mega-basepairs that contains approximately 180 known
genes. There are no well-described tumor suppressor genes located in this area, even though
6q loss has been observed in a number of other tumor types such as breast cancer,
neuroblastoma, malignant melanoma, osteosarcoma, ovarian, or prostate cancer.38–42 FISH
analysis using a 6q probe within the minimally-deleted region was used to confirm copy
number loss in tumor specimens in situ (Fig. 3A).

In contrast to loss of 6q, which was seen in the majority of IPMN specimens (except IPMNs
with low-grade dysplasia), loss of chromosome 4q was seen in 62.5% of IPMNs but only in
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one case (20%) of IPMNs with moderate dysplasia. Furthermore, loss of 18q was seen in
40% of moderate dysplasia but in 62.5% of IPMNs with high-grade dysplasia or invasion.
FISH analysis using an 18q probe was used to confirm copy number loss in tumor
specimens in situ (Fig. 3B). Gain of 19q was seen in 50% of IPMNs with high-grade
dysplasia or invasion but in none of the IPMNs with moderate dysplasia. Other
chromosomal aberrations occurred in approximately the same proportion in IPMNs, with
moderate dysplasia and IPMNs with high-grade dysplasia or invasion (Table 2). We
examined 2 distinct regions from IPMN specimen (#10), one region containing moderate
dysplasia (#10a) and a second with high-grade dysplasia (#10b), revealed predominantly the
same chromosomal aberrations, indicating many chromosomal abnormalities are present
already at the moderate dysplasia stage.

The most common chromosomal gains were located on chromosome 7 and 19q with a total
incidence of 61.5% and 30.8% respectively. Other gains in the copy number of
chromosomes affected different regions and chromosomal arms without noticeable high
frequencies. Only 2 distinct high-level amplifications were seen in total, one on 11q13.2
(case #16; high-grade dysplasia, intestinal subtype) involving the Cyclin D1 gene (CCND1)
and 12p13.2 (case #11; moderate dysplasia, intestinal subtype) involving the Cyclin D2 gene
(CCND2).

Overall, there was no significant difference in chromosomal aberrations between the
subtypes based on the epithelial morphology. While the majority of cases, as noted, were of
mixed branch duct and main duct type, we know based on gross specimen descriptions of
the 20 cases analyzed by array CGH that DNA for 9 were derived from side branch portions
and 11 from the main duct portion. The side branch specimens were associated with 6q loss
in 2/9 cases versus 8/11 main duct specimens (P = 0.04). While such genetic findings are
potentially interesting, they may be more linked to grade than anatomic location. 5/9 branch
duct specimens were of the low-grade type, and harbored no genetic alterations. Only 2/11
main duct specimens were low-grade.

Comparing the array CGH results to PDAC,31–33,43,44 we found loss of 5q, 6q, and 11q to
be significant more frequent in IPMNs with high-grade dysplasia or invasion (P = 0.022, P
= 0.026, and P = 0.00039). Especially the incidence of loss of 11q was extensively higher in
IPMNs (50%) compared with PDAC where this aberration was rarely reported (5.5%).

KRAS status
Eight out of 20 IPMN specimens (40%) displayed KRAS mutations at codon 12 of exon 2.
No KRAS mutations at codon 13 could be detected. Concerning the different histologic
grades, 4 out of 7 IPMNs with low-grade dysplasia showed KRAS mutations at codon 12
(see Table, Supplemental Digital Content 1, http://links.lww.com/A790), 2 out of 5
IPMNs with moderate dysplasia and 2 out of 8 IPMNs with high-grade dysplasia or invasion
(Fig. 4). There was no statistically significant difference between these subgroups (P >
0.05). However, KRAS mutations occurred more frequent (7/10) in IPMNs with gastric
morphologic subtype compared with IPMNs of intestinal, oncocytic, or unclassifiable type
(1/10) (P = 0.0198).

DISCUSSION
This study has shown that with array CGH, all IPMNs with at least moderate dysplasia
exhibited chromosomal copy number imbalances, while none of the IPMNs with low-grade
dysplasia showed copy number changes. Our current understanding of the natural history of
low-grade IPMNs is incomplete, and it is not entirely clear if all low-grade IPMNs have the
potential to progress to malignancy.45 It has been previously shown that the malignant
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progression of pancreatic neoplasms, such as moderate dysplasia lesions/borderline tumors,
is associated with successive genomic alterations, which may generate cell clones with
growth advantages over other cancerous cells.22 This cumulative process of genomic
alterations is compatible with the increasing complexity of array CGH patterns found in
malignant versus borderline IPMNs.24 With our study, we were able to confirm the
accumulation of chromosomal abnormalities from low-grade dysplasia through moderate
dysplasia to high-grade dysplasia and invasive carcinoma. In one case, however, the
examination of 2 different locations of one surgical IPMN specimen (#10a and #10b)
reflecting the progression from moderate to severe dysplasia, revealed the same
chromosomal aberrations. Nonetheless, it appears that comparable to other tumor
progression models, IPMNs show an accumulation of chromosomal copy number changes
reflecting the progression from low-grade dysplasia to frank invasive carcinoma. Array
CGH revealed that the most common gains of chromosomal material seen in IPMNs were
gains of chromosome 7 and 19q that were seen in 50% of IPMNs with high-grade dysplasia
or invasion. Distinct high-level amplifications were rare and seen on 11q13.2 (including
CCND1) and 12p13.2 (including CCND2). No amplifications of receptor tyrosine kinases
(eg, EGFR) were observed. The most frequent copy number loss that we found in IPMNs,
that was also the most common aberration overall, was loss of the long arm of chromosome
6. Because it was seen in 4 out of 5 moderately dysplastic tumors, we suggest that this event
occurs at the relatively early stage during the course of tumor progression, and is likely
important for progression from low-grade dysplasia. This agrees with data published by
Soldini et al,22 who have shown similar findings on IPMN specimens using 6q FISH.
Although 6q loss is a common aberration in a number of human tumors, a tumor suppressor
in that region has not been convincingly identified.38 Based on alignment of 6q losses in our
dataset, a minimally deleted region is defined within 6q linear position 78.0 –130.0 (Fig. 2).
This region contains approximately 180 genes. While a number of genes could have
potential roles in tumorigenesis, none are well-studied tumor suppressors. Cancer gene
resequencing projects of colon and breast tumors have identified mutations in a number of
genes in this region, some with possible roles in tumorigenesis including PHIP, KIAA1117,
NCB5OR, EPHA7, MANEA, GRIK2, APG5L, MICAL1, DDO, REV3L, KPNA5, C6orf204
and LAMA2.46 Resequencing these genes in IPMNs and PDAC may be warranted.

Loss of 18q was only seen in 2 out of 5 IPMNs with moderate dysplasia but in 5 out of 8
IPMNs with high-grade dysplasia or invasion. This might indicate that loss of 18q, possibly
driven by loss of the SMAD4 tumor suppressor gene, plays an important role in the
progression from IPMNs with moderate dysplasia to IPMNs with high-grade dysplasia and
finally frank invasive carcinoma. Again, our data is consistent with data published by
Soldini et al,22 which have suggested that synchronous loss of chromosome 6, 17, and 18
appears to be associated with carcinoma in situ or invasive cancer. Our findings are also in
agreement with the study previously published by Fujii et al,24 who have used polymerase
chain reaction (PCR-)-based microsatellite analysis to detect loss of heterozygosity in 13
IPMN specimens on chromosome arms 1p, 3p, 6q, 8p, 9p, 17p, 18q, and 22q. They found
frequent loss of heterozygosity (LOH) at several chromosomal loci, including 6q (54%), 8p
(31%), 9p (62%), 17p (38%), and 18q (38%). Abe et al47 found LOH of 10q to be among
the most common finding in a cohort of 33 sporadic IPMNS, 25 of which had associated
invasive carcinoma. Our array CGH data also suggests that beside loss of chromosome 18q,
loss of chromosome 2 and 4q as well as gain of 19q might play a role in the progression of
IPMNs with moderate dysplasia to IPMNs with high-grade dysplasia and invasive
carcinoma (see Table 2).
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Genomic Alterations in IPMN Versus PDAC
In PDAC, frequent aberrations have been previously reported and include gains of
chromosome arms 8q, 11q, 12p, 17q, and 20q, and losses of 9p, 15q, and 18q.33,43,48,49

Comparing our data to previously published array CGH and cytogenetics data on PDAC
reveals significant differences, but also similarities concerning frequent chromosomal copy
number changes (Table 3). In contrast to previously published data on PDAC,31–33,43,44 we
detected loss of 5q, 6q, and 11q significant more frequently in IPMNs (P = 0.022, P = 0.026,
and P = 0.00039). This difference in frequency might indicate that IPMNs have distinct
genetic alterations compared with conventional PDAC, a finding which is supported by
several previous studies.16,23,24

KRAS Status
KRAS mutations in IPMNs have previously been described with frequencies ranging from
40 to 81%.14,25,26 Z’graggen et al14 described KRAS mutations at codon 12 in at least one of
the microdissected lesions from 13 of 16 IPMNs, with a stepwise increase in the frequencies
from papillary hyperplasia (low-grade dysplasia/adenoma), through borderline (moderate
grade dysplasia), and to carcinoma in situ (high-grade dysplasia) and invasive carcinoma. In
our dataset, activating KRAS point mutations occurred already in 4 out of 7 IPMNs with
low-grade dysplasia (66.6%) without significant difference (P = 0.356) compared with the
remaining higher-grade IPMNs. The data suggest that activating KRAS mutations already
occur in an early stage of the neoplastic transformation in IPMNs, and precede the
development of genomic instability. This is in accordance with the current literature,31

which reports the occurrence of activating mutations in KRAS as an early event in neoplastic
epithelial transformation, for example, in PDAC of the pancreas. Indeed, KRAS mutations
seem to be the first known genetic alterations and are detected in approximately 30% of
early neoplastic lesions (ie, PanIN-1) with the frequency rising nearly to 100% in PDAC.50

Unlike PDAC where KRAS mutations occur in 90–100%,21,51 many IPMNs did not harbor
an active KRAS mutation (60% in our study). The observation that IPMNs of the gastric
morphologic subtype are associated with a higher prevalence of KRAS mutation (7/10 in
this study), suggests that gastric type IPMNs may be more similar to the better studied
Pancreatic intraepithelial neoplasia (PanIN) and PDACs that frequently harbor KRAS
mutations. Immunoprofiles of gastric subtype IPMNs show staining for MUC5AC and
MUC6, which is the same as PanIN, supporting the possible similarity. Since KRAS
mutation is present in only 40% of our cohort overall, IPMNs likely have mutations in other
genes besides KRAS that stimulate mitogenic (eg, MAPK) signal transduction pathways.25

Clinical Importance
While radiologic and pathologic features of IPMN are increasingly well understood, the
diagnosis of IPMN can be difficult. This is especially true of the histologic diagnosis on fine
needle aspiration cytology. On one end of the dysplastic spectrum, low-grade IPMNs can
appear similar to normal gastric epithelium acquired during the needle pass, similar to
PanIN lesions, or to reactive epithelial processes. On the high-grade end, there is overlap
with conventional PDAC. Our data indicates that copy number assays such as FISH could
play an important role in distinguishing these possibilities. As listed in Table 2, the most
common alterations in IPMNs with moderate dysplasia, high-grade dysplasia or invasive
carcinoma include 6q loss (76.9%), 7q gain (61.5%), 10q loss (61.5%), and 11q loss
(61.5%). By analyzing the case by case array CGH results in Supplementary Table 1 (see
Table, Supplemental Digital Content 1, http://links.lww.com/A790), a panel of FISH
probes to these 4 chromosomes would detect at least 1 alteration in all 13 moderate and
IPMNs with high-grade dysplasia or invasion (sensitivity 100%), and 0/7 of the low-grade
IPMNs (specificity 100%). A FISH study to analyze these loci in larger numbers is
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underway, and should yield more realistic sensitivity and specificity calculations of such a
panel. Such a panel could be effective at both diagnosing a neoplastic lesion that may
require an operative approach (IPMN with high-grade dysplasia, invasive cancer or that with
moderate dysplasia) from low-grade lesions for which observation will suffice.

Chromosomal alterations can significantly improve our ability to diagnose a neoplastic
process from endoscopically obtained cyst fluid. Since the number of intact neoplastic cells
in cyst fluid can be rare, cell-free DNA could be analyzed by nonarray CGH and non-FISH
techniques, such as PCR-based 6q loss of heterozygosity analysis. Analysis of 5q, 6q, and
11q loss by FISH could be an effective panel in differentiating IPMN lesions from PDAC,
as these are most specific to IPMNs (Table 3). Whether invasive carcinoma associated with
IPMN (especially associated with 5q, 6q, or 11q) would behave differently than PDACs
remains an important open question.

In conclusion, recurrent chromosomal copy number changes are observed in all moderately
dysplastic IPMNs and IPMNs with high-grade dysplasia or invasion. Low-grade IPMNs
lack genomic instability but are driven commonly by KRAS mutation. The aberrations found
in IPMNs to a certain degree showed different patterns compared with conventional PDAC,
which might explain the distinct clinical behavior of this entity of pancreatic tumors.
Furthermore, the detected, overrepresented, or underrepresented chromosomal regions will
be important for diagnostic applications and may contain candidate regions for potential
oncogenes and tumor suppressor genes, which might be involved in the multistep
tumorigenesis of IPMNs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
WHO Histologic Grading of IPMNs Used For Array CGH. Morphologic features of IPMNs
often vary within different areas of the same pathologic specimen. Thus, each subject was
classified based on a section from the tissue sample used for the array CGH analysis
according to their histologic grade using current nomenclature. Hematoxylin & Eosin
staining of (A) IPMN with low-grade dysplasia, (B) IPMN with moderate dysplasia, (C)
IPMN with high-grade dysplasia, and (D) IPMN with moderate dysplasia (dashed arrow)
with associated invasive adenocarcinoma of colloid type (solid arrow). Images shown using
4× objectives; insets show higher-power images using a 20× objective.
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Figure 2.
Array CGH Data for Chromosome 6q. Summary of all array CGH results concerning copy
number changes on chromosome 6. (A); A representative array CGH chromosome 6 tracing
from a tumor with partial loss of 6q, shown as the log2 ratio of tumor/normal fluorescence.
(B); Black bars indicate extent of loss of chromosomal material on chromosome 6. 4/5
IPMNs with moderate dysplasia and 6/8 IPMNs with high-grade dysplasia or invasion
showed loss of parts or loss of the whole long arm of chromosome 6. The numbers on the
top of each bar8–20 refer to the patients described in detail in Supplemental Table 1 [see
Table, Supplemental Digital Content 1, http://links.lww.com/A790]. Patients 1 through 7
had low-grade IPMNs with no genetic alterations detected by array CGH.
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Figure 3.
FISH Verification of Array CGH Findings. FISH analysis of paraffin sections of a
representative tumor with relative 6q loss (A) and 18q loss (B). 6q loss is seen as fewer
copies of the red 6q probe relative to the green 6p probe in tumor epithelium. 18q loss is
seen as fewer copies of the red 18q probe relative to the green 6p probe in tumor epithelium.
There is significant polysomy for both chromosomes.
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Figure 4.
Sequencing for KRAS Mutation at Codon 12. Sequence chromatograms of KRAS codon 12.
(A); Codon 12 of a control sample consisting of DNA deriving from normal pancreas. (B);
Example for a KRAS mutation at codon 12 in an IPMN specimen with low-grade dysplasia
showing the sequence change GGT > GAT. (C); and (D); show KRAS mutations in IPMN
with moderate dysplasia, high-grade dysplasia and invasion respectively.
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TABLE 1

Clinical Characteristics of 20 Patients with IPMN

Feature Patients

Gender

  Male, n (%) 14 (70)

  Female, n (%) 6 (30)

Age; Median age, yr (range) 63 (46–83)

Location of the tumor

  Head of the gland, n (%) 15 (75)

  Body and/or tail of the gland, n (%) 5 (25)

Involvement of pancreatic ducts

  Main duct IPMNs, n (%) 2 (10)

  Branch duct IPMNs, n (%) 2 (10)

  Mixed type IPMNs, n (%) 16 (80)

Histologic grade

  IPMN with low-grade dysplasia, n (%) 7 (35)

  IPMN with moderate dysplasia, n (%) 5 (25)

  IPMN with high-grade dysplasia or invasion, n (%) 8 (40)
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TABLE 2

Frequent Chromosomal Aberrations by Array CGH

Chromosomal
Aberration

Low-Grade
IPMNs (n = 7)

Moderate Grade
IPMNs (n = 5)

High Grade Dysplasia
or Invasion (n = 8)

% in Non-Low Grade
(total) (n = 13)

Loss of 2 0 1 4 38.5

Loss of 4q 0 1 5 46.2

Loss of 5q 0 2 5 53.8

Loss of 6q 0 4 6 76.9

Gain of 7 0 4 4 61.5

Loss of 8p 0 2 4 46.2

Loss of 10q 0 3 5 61.5

Loss of 11q 0 3 5 61.5

Loss of 13q 0 3 4 53.8

Loss of 15q 0 2 4 46.2

Loss of 18q 0 2 5 53.8

Gain of 19q 0 0 4 30.8

Loss of 22q 0 4 3 53.8

Overview of frequent chromosomal aberrations (prevalence of ≥50% within each group).
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TABLE 3

Chromosomal Aberrations of IPMNs in Comparison to PDAC

Chromosomal
Aberration

% IPMNs With
High Grade
Dysplasia or

Invasion (n = 8) % in PDAC* P Values†

Loss of 2 50.0 24.3 0.202

Loss of 4q 62.5 32.2 0.121

Loss of 5q 62.5 18.9 0.0224

Loss of 6q 75.0 33.6 0.0264

Gain of 7 50.0 43.3 0.727

Loss of 8p 50.0 42.2 0.721

Loss of 10q 62.5 25.0 0.0878

Loss of 11q 50.0 5.5 0.00039

Loss of 13q 50.0 27.0 0.224

Loss of 15q 50.0 40.0 0.704

Loss of 18q 62.5 67.8 0.714

Gain of 19q 50.0 23.3 0.197

Loss of 22q 37.5 35.6 1.000

Prevalence of chromosomal aberrations in PDAC were calculated by compiling the data of 5 representative publications (Aguirre AJ,31 Schleger

C,32 Mahlamaki EH,43 Solinas-Toldo S,33 and Bardi G),44 with the percentages calculated by dividing the total number of described aberrations
by the total number of samples included into these 5 publications. P-values were calculated with a 2-tailed Fisher exact test.

*
Previously published data.

†
Fisher exact test; 2-tailed.
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