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Despite the growing awareness of intraductal papil-
lary-mucinous neoplasms (IPMNs) of the pancreas
among clinicians, the molecular features of IPMNs
have not been well characterized. Previous reports
suggest that inactivation of the STK11/LKBI1 , a tamor-
suppressor gene responsible for Peutz-Jeghers syn-
drome (PJS), plays a role in the pathogenesis of gas-
trointestinal hamartomas as well as several cancers,
including pancreatic adenocarcinoma. Using poly-
merase chain reaction amplification of five microsat-
ellite markers from the 19p13.3 region harboring the
STK11/LKBI1 gene, we analyzed DNA from 22 IPMNs
for loss of heterozygosity (LOH). LOH at 19p13.3 was
identified in 2 of 2 (100%) IPMNs from patients with
PJS and 5 of 20 (25%) from patients lacking features of
PJS (7 of 22, 32% overall). Sequencing analysis of the
STK11/LKBI gene in these IPMNs with LOH revealed a
germline mutation in one IPMN that arose in a patient
with PJS and a somatic mutation in 1 of the 20 spo-
radic IPMNs. None of the 22 IPMNs showed hyper-
methylation of the STK11/LKB1 gene. These results
suggest that the STK11/LKBI gene is involved in the
pathogenesis of some IPMNs. (Am J Pathol 2001,
159:2017-2022)

Intraductal papillary-mucinous neoplasms (IPMNs) of the
pancreas are a distinct clinicopathological entity, char-
acterized by dilated pancreatic ducts and ductules that
are lined by papillary proliferations of tall columnar mu-
cin-producing neoplastic epithelial cells.’® The neoplas-
tic epithelium in IPMNs shows a spectrum of cytologic

and architectural atypia ranging from benign (adenoma)
to malignant (carcinoma), and some neoplasms are as-
sociated with an invasive adenocarcinoma.* The progno-
sis of IPMNs is generally better than that of ductal ade-
nocarcinoma of the pancreas; however, the recurrence
rate is relatively high even after curative resection.®6° A
better understanding of molecular alterations underlying
the development of IPMNs may provide insights into the
distinctive phenotype of this neoplasm and it may help
predict the underlying malignant potential and the risk of
recurrence.

In contrast to the substantial progress in our under-
standing of the molecular genetics of conventional pan-
creatic ductal adenocarcinoma,'© relatively little is known
about the genetic events that occur in IPMNs. Genetic
alterations in IPMNs have been reported to involve acti-
vating point mutations in the K-ras oncogene and over-
expression of HER-2/neu (c-erbB2) gene product,’ '3
although the frequency of these changes is controversial.
Fujii et al'* analyzed 13 IPMNs and found frequent loss of
heterozygosity (LOH) at several chromosomal loci includ-
ing 69 (54%), 8p (31%), 9p (62%), 17p (38%), and 18q
(38%), suggesting that inactivation of the p76 (at chro-
mosome 9p), p53 (at 17p), and DPC4 (at 18q) tumor-
suppressor genes may occur in these neoplasms. How-
ever, biallelic inactivation of these tumor-suppressor
genes occur less frequently in IPMNs than it does in
ductal adenocarcinomas.'® For example, mutations in
the p53 tumor-suppressor gene were detected in only 8%
of IPMNs by Sessa et al,’® and recently, lacobuzio-
Donahue et al '” examined a large series of IPMNs im-
munohistochemically for the expression of Dpc4 protein,
a marker of DPC4 gene status,'® and found almost no
loss of expression. In support of this finding, Inoue et al °
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reported no inactivating mutation of DPC4/SMAD4 gene
in 18 IPMNs. Therefore, targeted inactivation of other
tumor-suppressor loci may be involved in tumorigenesis
of IPMNSs.

Peutz-deghers syndrome (PJS) is a rare autosomal
dominant disorder characterized by mucocutaneous pig-
mentation, hamartomatous polyposis, and predisposition
to various neoplasms.?® A susceptibility locus for PJS
was found on 19p13.3 by linkage analysis, and subse-
quently, germline mutations in the STK71/LKB1 gene
were identified in most PJS patients.?’™2® The STK71/
LKBT1 gene encodes a serine/threonine kinase that has
growth-suppressing activity.?* Furthermore, a recent
study has shown that this gene product associates with
p53 and regulates p53-dependent apoptosis.?® Patients
with PJS have an elevated risk of malignancy, most com-
monly affecting the gastrointestinal tract, pancreas,
breast, testis, and ovary.?®2® Germline and somatic mu-
tations in the STK71/LKB1 gene have been reported in a
subset of pancreatic adenocarcionomas.?® We recently
observed two patients with PJS who developed IPMNs.
This association led us to investigate the role of the
STK11/LKB1 gene in IPMNs. In the present study, we
analyzed DNA from a total of 22 IPMNs for LOH in the
19p13.3 region, for the mutations in the STK11/LKB1
gene, and for promoter region hypermethylation in the
STK11/LKB1 gene.

Materials and Methods

Tissue Specimens, Microdissection, and DNA
Extraction

The archives of The Johns Hopkins Hospital were
searched for IPMNs. Hematoxylin and eosin-stained
slides from each case were reviewed and the IPMNs
were classified according to recently established crite-
ria.?% A total of 22 IPMNs were selected based on the
availability of sufficient quantities of tumor and matched
normal tissue. Five-um sections were prepared from the
selected paraffin blocks and deparaffinized by routine
techniques. IPMNs and adjacent normal tissues were
needle-dissected under direct visualization as has been
previously described.®" Microdissection was performed
to obtain a neoplastic cellularity of ~70 to 100%. Several
IPMNs were associated with infiltrating adenocarcinoma,
but only the intraductal component of these IPMNs was
selectively dissected for analysis. DNA was extracted
from the microdissected tissue with the use of 200 ug/ml
of proteinase K (USB, Cleveland, OH) and 0.5% Tween
20 (Sigma Chemical Co., St. Louis, MO) as previously
described.®?

LOH Analysis

LOH at the STK71/LKBT1 locus was determined using five
microsatellite markers, D19S886, D19S565, D19S591,
D19S549, and D19S216 (Research Genetics, Huntsville,
AL). As control markers, D55346 (for 5g LOH) and TH (for
11p LOH) were used. DNA templates were amplified

using initial denaturation step of 95°C for 5 minutes,
followed by 30 cycles of 94°C for 30 seconds, 57°C for 20
seconds, and 72°C for 40 seconds, and by a final exten-
sion step at 72°C for 7 minutes. Polymerase chain reac-
tion (PCR) products were resolved by electrophoresis
and visualized by autoradiography. Allelic loss was con-
sidered to be present if the intensity of one of the alleles
from the tumor showed more than a 50% reduction com-
pared to the corresponding normal tissue. LOH was con-
firmed by either the demonstration of allelic loss at mul-
tiple markers or, in cases in which only one informative
marker was available, by repeating the PCR amplification
of that marker. Cases were scored as not informative
when only a single allele was present in both tumor and
matched normal tissue.

Direct Sequencing

Exons 1-9 of the STK71/LKB1 gene were amplified from
genomic DNA using the primer sets described in previ-
ously published reports.?32°33% The PCR products were
treated with exonuclease | and shrimp alkaline phospha-
tase (USB), and were subjected to cycle-sequencing
(SequiTherm Excel Il, Epicentre Technologies, Madison,
WI). Products of the sequencing reactions were resolved
by electrophoresis and visualized by autoradiography.

Methylation-Specific PCR

Methylation status of the 5" CpG island of the STK71/
LKB1 was determined by methylation-specific PCR
(MSP) as described previously.®* Briefly, 1 ug of
genomic DNA was treated with sodium bisulfite for 16
hours at 50°C. After purification, 2 ul of modified DNA
were amplified using primers specific for either the meth-
ylated or for the unmethylated DNA under the conditions
as follows: 95°C for 3 minutes; then 40 cycles of 95°C for
15 seconds; 60°C (for unmethylated reaction) or 64°C
(methylated) for 30 seconds, and 72°C for 30 seconds;
and a final extension of 3 minutes at 72°C. Primers used
for the unmethylated reaction were 5'-AATGTTTTGTTGT-
GGATGATTG-3" (sense) and 5'-CAACAACCACCTTA-
AAAATCAC-3’ (antisense) and for the methylated reac-
tion were 5'-CGATCGAGCGGATTTTTCG-3’ (sense) and
5'-CGCTCGAACAAACGTTTACG-3" (antisense). PCR
products were separated in 3% agarose gels. DNA ex-
tracted from normal pancreatic tissue and treated in vitro
by Sssl methylase (New England Biolabs, Beverly, MA)
was used as a positive control for methylated alleles.

Results

Clinicopathological Characteristics

The present series included 13 men and 9 women with a
mean age of 67 (range, 36 to 81). The maximum diameter
of the neoplasms ranged from 1.5 to 9.0 cm (mean, 4.1
cm). Histologically, all IPMNs were characterized by hav-
ing tall, columnar, mucin-containing neoplastic epithe-
lium with or without papillary proliferations (Figure 1A).



Figure 1. A: IPMN from a patient without PJS showing papillary prolifera-
tions of severely dysplastic epithelial cells, lining the dilated pancreatic duct.
B: IPMN from a patient with PJS with moderate epithelial atypia (borderline).

The intraductal components of these neoplasms were
classified as adenoma in 1 (4%), borderline in 5 (23%),
and carcinoma in situ in 16 (73%). Twelve (55%) of the
IPMNs were associated with an infiltrating adenocarci-
noma.

Among the 22 cases, 2 patients were diagnosed as
PJS based on the clinicopathological findings. One was a
36-year-old man with PJS who underwent pancreati-
coduodenectomy after a screening endoscopic and ul-
trasound study revealed an asymptomatic cystic neo-
plasm in the head of the pancreas.®® Intraoperative
polypectomy from the distal ileum also revealed a hamar-
tomatous (Peutz-Jeghers) polyp. Histological examina-
tion of the cystic neoplasm of the pancreas revealed a
borderline IPMN (Figure 1B). The second patient with PJS
was a 50-year-old woman who underwent pancreati-
coduodenectomy for a pancreatic mass. Histological ex-
amination of the resected specimen revealed an IPMN
with focal high-grade epithelial dysplasia (carcinoma in
situ) and an associated infiltrating pancreatic adenocar-
cinoma. The patient also had a number of hamartoma-
tous polyps in the duodenum and jejunum.
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Figure 2. Deletion map of chromosomal region 19p13.3 in IPMNs. STK11/
LKB1 is located at approximately 190 kb centromeric side from D19S886.

LOH at the STK11/LKB1 Locus in IPMNs

DNA samples from 22 IPMNs were evaluated for LOH at
the STK11/LKB1 locus using five polymorphic microsat-
ellite markers. These markers span approximately 4.0 Mb
within chromosome 19p13.3 and D19S886 is localized
closest to the STK71/LKB1 (approximately 190 kb telo-
meric). The results of the LOH analysis are summarized in
Figure 2. Allelic loss of 19p13.3 markers was observed in
2 of 2 (100%) IPMNs from the patients with PJS (cases 1
and 2) and 5 of 20 (25%) from patients lacking features of
PJS. Two samples (cases 1 and 14) showed LOH with
only one marker, whereas other five showed LOH with
two or more adjacent markers. Thus, we identified allele
loss at the STK71/LKB1 locus in 7 of 22 (32%) IPMNs. In
two PJS-associated IPMNs, LOH was seen exclusively
with markers at 19p13.3 but not with two markers
(D5S346 and TH) mapped to other chromosomal loci
(Figure 3). Of the seven IPMNs with LOH at 19p13.3,
three (cases 1, 2, and 14) showed LOH boundaries that
localized to the STK71/LKB1 locus.

Germline and Somatic Mutations of the STK11/
LKB1 Gene in IPMNs

To further validate the STK71/LKB1 as a genetic target in
IPMNs, we analyzed the seven IPMNs which displayed
LOH at 19p13.3 for somatic mutations in the STK71/LKB1
gene. Direct sequencing of the complete coding se-
quence and exon/intron boundaries revealed one non-
sense mutation in exon 2 and one frameshift mutation in
exon 5 (two of 22, 9% overall). A single nucleotide
change from C367 to T was identified in one of the two
PJS-associated IPMNs (case 2), resulting in a premature
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Figure 3.LOH analysis in a representative IPMN. A PJS-associated IPMN
(case 1) exhibits LOH at D19S565 (arrow), but not at D55346.
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Figure 4. Non-sense mutation of the STK711/LKB1 gene (exon 2) in the
PJS-associated IPMN (case 2). The arrow indicates a single nucleotide
change from C to T, resulting in a premature stop codon at 123. The
corresponding sequence in case 15 (sporadic IPMN) is wild type.

stop codon at position 123 (CAG [gIn] to TAG [stop];
Figure 4). Based on the sequence analysis of the corre-
sponding normal tissue, this mutation was considered
germline in origin. One bp deletion at C650 occurred in
an IPMN without PJS (case 12), causing a frame-shift
mutation at codon 217. Both of these mutations were
within the catalytic kinase domain of the STK71/LKB1
gene (codons 37-314),%3 suggesting the inactivating na-
ture of these mutations.

Methylation Analysis of the STK11/LKB1 Gene
in IPMNs

Finally, we analyzed the 5" CpG island of the STK71/
LKB1 gene in 22 IPMNs using highly sensitive MSP tech-
nique. However, none of these neoplasms displayed hy-
permethylation of the STK71/LKB1 gene.

Discussion

In the present study, we investigated the role of STK71/
LKB1 gene in 22 IPMNs associated with and without PJS.
We found allelic loss at 19p13.3 in 7 of 22 (32%) IPMNs
including both neoplasms from patients with PJS; that 3
of these 7 IPMNs showed LOH boundaries that localized
to the STK71/LKB1 locus; and biallelic inactivation by

germline/somatic mutation, coupled with LOH, in two
(9%) IPMNs. Taken together, these findings suggest that
STK11/LKBT1 is one of the target genes involved in the
development of IPMNs.

Abrogation of tumor-suppressor genes is a major
mechanism that contributes to the development and pro-
gression of neoplasms. Inactivation of several tumor-sup-
pressor genes including p16, DPC4, and p53 has been
described in ductal adenocarcinoma of the pancre-
as.'936:37 previous reports have shown that alterations in
these tumor-suppressor genes are a relatively uncom-
mon event in IPMNs, "' though data on genetic analy-
sis in IPMNs are limited so far. It has been hypothesized
that retention of these tumor-suppressor functions in
IPMNs may contribute to their better prognosis compared
to conventional ductal adenocarcinomas. Alternatively, it
is possible that other tumor-suppressor genes may play a
role in the development of IPMNs.

In the present study, we demonstrate a relatively high
frequency of LOH at 19p13.3 in IPMNs. LOH at STK71/
LKBT1 locus has been reported in sporadic cancers orig-
inating from the breast, colon, ovary, and pancreas.®®~ 3
Allelotype analysis using xenograft enrichment revealed
loss of chromosome arm 19p in 29% of pancreatic ade-
nocarcinoma.** Su et al 2° found LOH at STK71/LKB1
locus in 22 of 69 (32%) pancreatic cancers and, subse-
quently, somatic mutations in 4 of 100 (4%) cases. Inter-
estingly, 1 of these 4 xenografted tumors was derived
from a pancreatic adenocarcinoma that developed in
association with an IPMN. This patient (case 12) was
included in our present study, and this patient's IPMN
showed the same somatic nucleotide deletion (650delC),
which was reported in their infiltrating adenocarcinoma.?®
These findings may provide the evidence for clonal pro-
gression from IPMNs to invasive carcinoma.

Sequencing analysis detected a germline mutation in
one of the two PJS patients; however, another PJS-asso-
ciated IPMN (case 1) did not show any sequence variants
inthe STK11/LKB1. The absence of mutations in this case
may be due to large genomic deletions that are unde-
tectable using PCR-based genetic analysis or non-cod-
ing region mutations that affect function.*®> Another pos-
sibility for the involvement of STK71/LKB71 is gene
silencing by promoter methylation, as has been reported
in hamartomatous polyps associated with PJS.*¢ How-
ever, we were unable to find evidence for the 5" CpG
island methylation in our series of IPMNs. It is also pos-
sible that the allelic loss in the 19p13.3 region in IPMNs
targets a yet-to-be-defined tumor-suppressor gene.

In summary, we demonstrate the LOH at 19p13.3 in
32% and biallelic inactivation of the STK71/LKB1 gene in
9% of IPMNs. Although further studies are warranted to
determine the biological significance of this genetic
change, our present results suggests a role of this gene
in the progression of some IPMNSs.
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