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Pancreatic intraductal neoplasia (PanIN) is thought to
be the precursor to infiltrating pancreatic ductal ade-
nocarcinoma. We have previously shown that the pre-
proenkephalin (ppENK) and p16 genes are aber-
rantly methylated in pancreatic adenocarcinoma. In
this study we define the methylation status of the
ppENK and p16 genes in various grades of PanINs.
One hundred seventy-four samples (28 nonneoplastic
pancreatic epithelia, 7 reactive epithelia, 29 PanIN-
1A, 48 PanIN-1B, 27 PanIN-2, 14 PanIN-3, 15 invasive
ductal adenocarcinomas, and 6 miscellaneous pan-
creatic neoplasms) were microdissected from 29 for-
malin-fixed paraffin-embedded surgically resected
pancreata, and were analyzed by methylation-specific
polymerase chain reaction. Fourteen of 15 (93.3%)
invasive pancreatic ductal adenocarcinomas showed
methylation of the ppENK gene and 4 of 15 (26.7%)
showed methylation of the p16 gene. Nonneoplastic
pancreatic epithelia did not harbor methylation of
either gene. The prevalence of methylation of the
ppENK gene increased significantly with increasing
PanIN grade. A similar nonsignificant trend was noted
for p16 methylation. Aberrant methylation of the
ppENK gene was found in 7.7% of PanIN-1A, 7.3% of
PanIN-1B, 22.7% of PanIN-2, and 46.2% of PanIN-3.
Aberrant methylation of the p16 gene was found in
12% of PanIN-1A, 2.6% of PanIN-1B, 4.5% of PanIN-2,
and 21.4% of PanIN-3. All but one of the PanINs from
the 14 pancreata without pancreatic carcinoma was
unmethylated with respect to either the p16 or
ppENK gene. Our results suggest that methylation-
related inactivation of the ppENK and p16 genes is an

intermediate or late event during pancreatic carcino-
genesis. Because aberrant methylation of ppENK or
p16 was more often detected in similar grade PanINs
from patients with pancreatic carcinoma than in
those with other pancreatic diseases, it may be a
useful indicator of the potential malignancy of epithe-
lial cells of the pancreas. (Am J Pathol 2002,
160:1573–1581)

Intraductal lesions are commonly found in the pancreatic
ducts adjacent to invasive ductal adenocarcinoma, and
have been regarded as precursor lesions of pancreatic
ductal adenocarcinoma.1–3 Recently, pancreatic ductal
lesions, previously described as hyperplasias or dyspla-
sias, have been reclassified into four groups of pancre-
atic intraepithelial neoplasias (PanINs): PanIN-1A, -1B,
-2, and -3.2,3 Molecular analysis of PanIN lesions could
help refine the PanIN classification and provide insights
into molecular events important to the pathogenesis of
early pancreatic ductal adenocarcinoma.

The K-ras oncogene is frequently mutated in pancre-
atic carcinomas as are a number of tumor suppressor
genes such as p53, p16, DPC4/SMAD4,4–8 and less
often BRCA2, TGF�R1, TGF�R2, BRCA2, ALK4, STK11,
and MKK4.9–12 Some PanINs harbor the same genetic
changes seen in invasive ductal adenocarcinomas, albeit
at lower frequency.4–9 Mutations of the K-ras and p16
genes are occasionally found in low-grade PanINs but
are observed more frequently in high-grade PanINs.4–6

SMAD4 inactivation is observed at the PanIN-3 stage.7

Similarly, p53 gene mutations and inactivation of the
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BRCA2 gene seem to occur only in high-grade PanINs.8,9

These studies support the multiple step model of pancre-
atic carcinogenesis.13

Aberrant methylation of CpG islands of several tumor-
suppressor genes such as p16 is associated with the
transcriptional silencing in pancreatic14 and other carci-
nomas.15–18 The p16 gene is reported to be inactivated in
15% of pancreatic carcinomas by hypermethylation of
the CpG island.3 Loss of p16 protein expression occurs
more frequently with increasing PanIN grade,6 but the
role of aberrant methylation of the p16 gene in PanIN
progression is unknown. We recently demonstrated, us-
ing methylated CpG island amplification (MCA) coupled
with representational difference analysis (RDA), that the
ppENK gene is also aberrantly methylated in pancreatic
carcinomas (�90%).19

The ppENK gene encodes met-enkephalin, which is a
tonically active inhibitory factor that interacts with the
opioid growth factor receptor. Zagon and colleagues20

reported that met-enkephalin inhibited the growth of sev-
eral human tumors including pancreatic cancer. Comb
and colleagues21 reported that methylation of the CpG
island of ppENK inhibited its expression by directly inter-
fering with the binding of a positively acting transcription
factor. Therefore, methylation of the ppENK gene during
pancreatic carcinogenesis may promote cell growth.

To understand the role of methylation of the ppENK and
p16 genes in early pancreatic carcinogenesis, we ana-
lyzed the CpG islands of these genes in various grades of
PanINs using the methylation-specific polymerase chain
reaction (MSP).

Materials and Methods

Twenty-nine pancreata surgically resected at the Johns
Hopkins Hospital were selected for the presence of
PanIN lesions. Fifteen resections were performed for pan-
creatic ductal adenocarcinoma and six for nonductal
adenocarcinoma, including two ampullary adenocarcino-
mas, one ampullary adenoma, one common bile duct
carcinoma, one mucinous cystadenoma, and one endo-
crine tumor. Eight resections were performed for chronic
pancreatitis. The mean age of the patients with pancre-
atic ductal adenocarcinoma was 62.8 years (nine men
and six women), with peri-ampullary adenocarcinoma the
mean age was 67.2 years (four men and two women),
and with chronic pancreatitis the mean age was 60.3
years (four men and four women). The 15 ductal adeno-
carcinomas included 4 poorly, 8 moderately-to-poorly,
and 3 moderately differentiated adenocarcinomas. The
mean tumor size of the ductal adenocarcinoma was 3.2
cm (range, 1.5 to 10.0 cm).

PanINs were classified into PanIN-1A, PanIN-1B, PanIN-2,
and PanIN-3 by two authors (NF and RHH) as has been
previously described.2 Briefly, the criteria for classifying
these lesions can be summarized as follows: PanIN-1A
are flat epithelial lesions and PanIN-1B are papillary or
micropapillary lesions composed of tall columnar cells
with basally located nuclei with minimal atypia (Figure 1,
B and C). PanIN-2 show mild-to-moderate architectural

and cytological atypia (Figure 1D). PanIN-3 usually show
significant architectural and cytological atypia such as
cribriforming, nuclear pleomorphism, and prominent nu-
cleoli (Figure 1E). Cancerization of ducts is recognized
as the extension of infiltrating carcinoma into pancreatic
ducts and ductules (Figure 1F). Reactive changes may
mimic PanIN. The presence of significant inflammatory
cell infiltrates, particularly when there are numerous poly-
morphonuclear leukocytes and when these involve the
epithelium, should raise the possibility of reactive
changes. In addition, ducts with reactive changes typi-
cally lack the architectural changes that can be seen in
PanINs. Finally, despite the presence of nuclear enlarge-
ment and nucleolar prominence, the nuclei in reactive
epithelium often have smooth contours and finely dis-
persed chromatin (Figure 1G).

One hundred seventy-four samples were selected and
microdissected from formalin-fixed and paraffin-embed-
ded tissue blocks prepared from the 29 pancreata. These
included 28 nonneoplastic pancreatic epithelia, 7 reac-
tive epithelia, 118 PanINs, 15 invasive ductal adenocar-
cinomas, and 6 miscellaneous pancreatic neoplasms.
Eight-�m serial sections of formalin-fixed and paraffin-
embedded tissue were deparaffinized by incubating the
slides in xylene for longer than 1 hour and dehydrating in
ethanol; they were then stained with hematoxylin and
eosin. Microdissection was performed using a small
blade and needle. Pancreatic tissue surrounding the le-
sion of interest was first removed by blade and needle
(Figure 2); then after placing drops of 1� TK buffer (200
�g/ml of proteinase K and 0.5% Tween 20) over the
microdissected lesion the epithelial cells were collected
by scratching the slide and aspirating the tissue. When-
ever possible larger diameter PanINs were chosen for
microdissection; these were usually 0.5-mm to 3-mm
wide and ranged in cellularity from 500 to 10,000 cells
(average, �1500 cells). The cells were collected from two
or three serial sections. It was estimated that �5 to 20%
of the cells collected were surrounding nonductal cells.
Microdissected tissues were transferred to a tube con-
taining 50 �l of 1� TK buffer, and incubated at 56°C
overnight. The tubes were placed in a 100°C block for 10
minutes for inactivation of the proteinase K.

Bisulfite Modification and MSP

The bisulfite treatment was performed on each lesion
dissected (a 50-�l sample containing 500 to 10,000 cells)
by incubating the DNA at 50°C for 16 hours as previously
described.14,22 The modified DNA was purified using the
Wizard DNA Clean-up System (Promega, Madison, WI).
After that, polymerase chain reaction (PCR) was per-
formed without ethanol precipitation to decrease the loss
of DNA.

MSP was performed on 1 �l of bisulfite-modified DNA
using primers specific for unmethylated ppENK (sense:
5�-TTGTGTGGGGAGTTATTGAGT-3�; antisense: 5�-CA-
CCTTCACAAAAAAAATCAATC-3�) or p16 (sense: 5�-GG-
GTGGATTGTGTGTGTTTG-3�; antisense: 5�-CCATAAC-
CAACCAATCAACCA-3�) or methylated ppENK (5�-TGT-
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Figure 1. Pancreatic intraepithelial lesions. A: Normal pancreatic duct. The epithelium
is composed of cuboidal to low columnar cells. B: PanIN-1A. The epithelial lesions are
composed of tall columnar cells with abundant mucin in cytoplasm. The nuclei are
small and located in the basal portion of the cells. C: PanIN-1B. It shows a papillary
structure. The epithelial cells are similar to those in PanIN-1A. D: PanIN-2. The
mucinous epithelial lesion shows mild to moderate irregularity of the papillary struc-
ture. Mild nuclear pseudostratification and enlargement (elongation) are seen. E:
PanIN-3. Irregularity of the papillary structure is obvious. Budding-off of small clusters
of epithelial cells into the lumen is seen. The epithelial cells show increased nuclear-
to-cytoplasmic ratio, nuclear enlargement, and irregularity. F: Cancerization of ducts.
This lesion is similar to PanIN-3. In surrounding stromal tissue, however, there is an
infiltrating adenocarcinoma composed of cells similar to those in the intraductal lesion.
G: Reactive change. There is inflammatory cell infiltration around the ductal lesion.
Although mild to moderate nuclear enlargement is seen, other nuclear atypia such as
hyperchromasia and irregularity of shape are not identified. H&E stain; original mag-
nifications, �100.
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GGGGAGTTATCGAGC-3� and 5�-GCCTTCGCGAAAAA-
AATCG-3�) or p16 (sense: 5�-GGCGGATCGCGTGCG-
TTC-3�; antisense: 5�-CGTAACCAAATCAACCG-3�). PCR
conditions were as follows: 95°C for 3 minutes; 45
cycles of 95°C for 20 seconds, the specific annealing
temperature (ppENK, 62°C; p16, 65°C) for 30 seconds,
and 72°C for 30 seconds; and a final extension of 3
minutes at 72°C.

Six �l of each PCR product were loaded onto 3%
agarose gels stained with ethidium bromide, and visual-
ized under UV light. All PCR reactions were performed
with positive controls for both unmethylated and methyl-
ated alleles and a negative control (no DNA loaded).

To determine an approximate lower limit of detection of
the MSP assays for ppENK and p16, two pancreatic
adenocarcinomas known to harbor methylation of either
p16 or ppENK, were microdissected from paraffin-em-
bedded slides in the same manner as the PanIN dissec-
tions, and the number of cells dissected were counted.
One sample contained �4000 cells and the other had
8000 cells. After doing bisulfite modification, we per-
formed ppENK-MSP analysis using the range of DNA
concentrations of the modified DNA. We found that
ppENK amplification was possible with an initial 50 �l of
DNA sample containing �200 to 400 dissected cells.

More uniform amplification was obtained when �400
cells were bisulfite modified and PCR amplified.

MSP assays were repeated at least twice to determine
the reproducibility of the assay. In the cases showing an
unstable result (ie, methylated at the first time and un-
methylated at the second), we repeated the microdissec-
tion of the corresponding PanIN using different serial
sections and repeated MSP using larger amounts of
modified DNA (�6.5 �l of 50-�l modified DNA).

Statistical Analysis

Statistical analysis was performed using the StatView 5.0
statistical software package (SAS Institute Inc., Cary,
NC). We used chi-square analysis to compare methyl-
ation prevalence in different grades and groups. The age
of the patients was compared using a t-test.

Results

A summary of the demographics of the patients included
in this study is shown in Table 1. PanIN methylation data
were divided into three groups according to the patient
populations from which the samples were derived:

Figure 2. An example of microdissection. A: An intraductal epithelial lesion present in the histological section (H&E stain). B: Surrounding tissue was scratched
and removed by the blade. The PanIN is easily collected by scratching the slide and aspirating the tissue after drops of TK buffer have been added.
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PanINs from patients with pancreatic ductal adenocarci-
noma, PanINs from patients with other neoplasms, and
PanINs from patients with chronic pancreatitis. DNA was
successfully amplified in 158 of the 174 samples (90.8%)
using methylation-specific primers for the ppENK gene
and in 154 of 174 samples (88.5%) using MSP primers for
the p16 gene. Sixteen lesions (3 PanIN-1A, 7 PanIN-1B, 5
PanIN-2, and 1 PanIN-3) did not amplify for ppENK and
20 lesions (4 PanIN-1A, 10 PanIN-1B, 5 PanIN-2, and 1
reactive lesion) did not amplify for P16. Eight lesions were
randomly chosen for repeat microdissection using differ-
ent serial sections and MSP was repeated using larger
amounts of modified DNA (�1000 cells), but DNA from
these PanINs still did not amplify. For 11 PanINs neither
ppENK nor p16 MSP could be amplified.

Eight of 102 lesions that amplified for ppENK and 7 of
the 99 lesions that amplified for p16 showed unstable
results. These were redissected and bisulfite modified.
None of the 28 normal pancreatic epithelia showed meth-
ylation of p16 or ppENK. All methylated PanIN lesions
also contained unmethylated bands, although density of
the bands was variable (�50%). The presence of un-
methylated templates in otherwise methylated PanINs
probably reflects the inclusion of surrounding nonductal
cells such as stromal cells and lymphocytes during the
dissection or collection of cells, or partial methylation
within each lesion. A summary of the methylation profiles

of the PanINs from each patient group is shown in Figure
3. An example of MSP analysis is shown in Figure 4.

Methylation of Invasive Pancreatic Ductal
Adenocarcinoma

The CpG island of the ppENK gene was frequently meth-
ylated (14 of 15, 93.3%) in invasive ductal adenocarci-
nomas whereas methylation of the p16 gene promoter
was found in 4 of 15 cases (26.7%). These results ob-
tained from formalin-fixed paraffin-embedded samples
are similar to our previous results obtained from fresh
frozen sections of invasive ductal adenocarcinoma.11 All
four of the invasive carcinomas showing p16 CpG island
methylation also showed ppENK gene methylation.

Methylation of PanINs

Among the 102 PanINs from which DNA was amplified,
the prevalence of ppENK CpG island methylation in-
creased with histological grade of PanIN as follows:
PanIN-1A (2 of 26, 7.7%), PanIN-1B (3 of 41, 7.3%),
PanIN-2 (5 of 22, 22.7%), and PanIN-3 (6 of 13, 46.2%)
(Figures 3 and 5). ppENK methylation was present in
high-grade PanINs (PanIN-3) more often than it was in
low-grade PanINs (PanIN-1 and PanIN-2) (P � 0.005).

Table 1. Case Characteristics

Case
no. Age Sex Pathology Tumor size, cm

Patients with pancreatic ductal adenocarcinoma
1 66 F Adenocarcinoma, mod-por 2
2 50 F Adenocarcinoma, mod-por 2
3 61 M Adenocarcinoma, por 1.5
4 66 M Adenocarcinoma, mod-por 3.5
5 79 M Adenocarcinoma, mod-por 1.5
6 79 M Adenocarcinoma, mod-por 10
7 66 M Adenocarcinoma, mod 3.5
8 51 F Adenocarcinoma, mod-por 3.5
9 57 M Adenocarcinoma, mod-por 3

10 65 F Adenocarcinoma, por 4
11 62 F Adenocarcinoma, mod-por 2.5
12 70 M Adenocarcinoma, por 3.5
13 65 M Adenocarcinoma, por 2
14 58 M Adenocarcinoma, mod 3
15 53 F Adenocarcinoma, mod 2.5

Patients with other neoplasms
16 82 M Adenocarcinoma, mod, common bile duct 1.2
17 57 M Adenocarcinoma, mod-por, papilla Vater 2.5
18 68 F Adenocarcinoma, mod, papilla Vater 4
19 69 M Tubulovillous denoma, papilla Vater 4
20 61 F Mucinous cystadenoma, pancreas 2.5
21 66 M Endocrine tumor, pancreas 4.5

Patients with chronic pancreatitis
22 60 M Chronic pancreatitis
23 50 M Chronic pancreatitis
24 63 F Chronic pancreatitis
25 69 F Chronic pancreatitis
26 69 F Chronic pancreatitis
27 53 M Chronic pancreatitis
28 53 F Chronic pancreatitis
29 65 M Chronic pancreatitis

Mod, moderately differentiated; por, poorly differentiated.
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Eight of 99 PanINs showed methylation of p16 CpG is-
lands. These included 3 of 25 (12%) PanIN-1A, 1 of 38
(2.6%) PanIN-1B, 1 of 22 (4.5%) PanIN-2, and 3 of 14
(21.4%) of PanIN-3. As was true for ppENK, p16 methyl-
ation was seen more frequently in high-grade PanINs

than it was in low-grade PanINs, but this difference was
not statistically significant (P � 0.146).

Methylation of PanINs from Patients with Ductal
Adenocarcinoma

Seventy-one PanINs (10 PanIN-1A, 30 PanIN-1B, 18 PanIN-2,
and 13 PanIN-3) were analyzed from the pancreata re-
sected for pancreatic ductal adenocarcinoma and DNA
was amplified from 60 of 71 PanINs. The prevalence of
ppENK CpG island methylation in the 60 PanINs tended
to increase with histological grade as follows: PanIN-1A
(2 of 9, 22.2%), PanIN-1B (3 of 25, 12.0%), PanIN-2 (5 of
14, 35.7%), and PanIN-3 (6 of 12, 50%) (Figure 3). Fifty-
eight PanINs microdissected from pancreata with an in-
vasive ductal adenocarcinoma had DNA amplified for
p16 and seven of the lesions showed methylation of
p16 CpG islands as follows: PanIN-1A (2 of 10, 20%),
PanIN-1B (1 of 21, 4.8%), PanIN-2 (1 of 14, 7.1%) and
PanIN-3 (3 of 13, 23.1%). In this group of PanINs
ppENK methylation was more frequently seen in high-
grade PanINs than in low-grade PanINs (P � 0.001).
There was no significant difference in the frequency of
p16 methylation (P � 0.368).

Methylation of PanINs from Patients with Other
Peri-Ampullary Neoplasms

Seventeen PanINs were obtained from two pancreata
resected for ampullary adenocarcinoma, two PanINs
were from pancreata resected for common bile duct car-
cinoma, another two PanINs were from a pancreas with a

Figure 3. Methylation profiles of the ppENK and p16 genes in PanINs. The
PanINs that were unable to be amplified were not included in this figure.
Filled boxes, methylated results; open boxes, unmethylated results.

Figure 4. The results of MSP of the ppENK and p16 genes’ CpG islands. A
visible PCR product in lane U indicates the presence of unmethylated gene
promoters; the presence of product in lane M indicates the presence of
promoter methylation. ppENK (case 6): lanes 1 to 3, cancerization of duct;
lane 4, PanIN-1B; lane 5, PanIN-1A; lane 6, carcinoma; lane 7, PanIN-1B;
lane 8, normal pancreatic duct. p16 (cases 12 and 14): lane 1, PanIN-1B
(case 12); lane 2, PanIN-1A (case 12); lane 3, normal pancreatic duct (case
12); lane 4, carcinoma (case 12); lane 5, carcinoma (case14); lane 6,
PanIN-1A (case 14); lane 7, normal pancreatic tissue (frozen tissue); lane 8,
Colo357 (cell line).

Figure 5. Incidence of ppENK (filled squares) and p16 (open squares)
methylation in PanINs from all cases in relation to PanIN grades. The
incidence of methylated CpG islands of the ppENK gene in high-grade PanINs
(PanIN-3) is significantly higher than in low-grade PanINs (PanINs-1 and -2)
(*, P � 0.005), but that of p16 shows no statistical difference (**, P � 0.146).
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mucinous cystadenoma, one was from a pancreas with
an ampullary adenoma and one was from a pancreas
with an endocrine tumor of the pancreas (7 PanIN-1A, 10
PanIN-1B, and 6 PanIN-2). None of these PanINs showed
CpG island methylation of ppENK, and only one PanIN-1A
lesion showed methylation of p16 (from a patient with
common bile duct adenocarcinoma).

Methylation of ppENK was found in one of one invasive
common bile duct adenocarcinomas, one of two invasive
ampullary adenocarcinomas, and one of one islet cell
tumor. The invasive common bile duct adenocarcinoma
and islet cell tumor also showed p16 CpG island hyper-
methylation.

Methylation of PanINs from Patients with
Chronic Pancreatitis

Twenty-four PanINs were analyzed from the pancreata
resected for chronic pancreatitis (12 PanIN-1A, 8 PanIN-
1B, 3 PanIN-2, and 1 PanIN-3). None of the intraepithelial
lesions including PanINs and reactive epithelia isolated
from these pancreata with chronic pancreatitis showed
methylation of the CpG island of either ppENK or p16.
There was less ppENK methylation in PanINs microdis-
sected from patients with chronic pancreatitis than there
was from PanINs microdissected from pancreata with
pancreatic adenocarcinoma (P � 0.017); however, no
significant difference was seen in that of p16 methylation
(P � 0.240). When we limited our analysis to PanIN-1, we
found no difference in the prevalence of methylation of
ppENK or p16 in patients with chronic pancreatitis com-
pared to pancreatic cancer. The lack of methylation of
PanINs in the setting of pancreatitis was not too surpris-
ing because they were all of an early PanIN grade, but we
considered the possibility that the aberrant methylation of
pancreatic cancer-associated PanINs arose from con-
tamination. Of 20 aberrantly methylated PanINs from pa-
tients with cancer, 4 PanINs (1 PanIN-1A, 2 PanIN-1B, 1
PanIN-2) with methylation were obtained from slides that
did not harbor any cancer on the slide used for micro-
dissection. In another two PanINs that harbored p16
methylation, the patient’s primary cancer did not har-
bor p16 methylation. This is not surprising because the
PanINs and the cancers are distinct neoplasms. In the
remaining 14 PanINs that harbored methylation (2 PanIN-
1A, 1 PanIN-1B, 5 PanIN-2, and 6 PanIN-3), invasive
adenocarcinoma was present on the same sections. To
check for the possibility of contamination, we microdis-
sected noncancerous tissue surrounding the invasive
carcinoma from the eight sections that contained the 14
PanINs using same method as for the PanIN dissections.
All eight samples harbored unmethylated templates by
MSP.

Correlation of Methylation of PanINs with
Patient Age

The mean age of the seven patients who had PanINs
showing ppENK CpG island methylation was 69.6 years,

whereas the mean age of the 22 patients without ppENK
methylation was 61.2 years (P � 0.019). The mean age of
the eight patients with pancreatic ductal adenocar-
cinoma showing no ppENK hypermethylation in their
PanINs was 57.6 years. Similarly, the mean age of 4
patients who had PanINs showing p16 CpG island meth-
ylation was also older (70.8 years) than that of the other
25 patients (62.0 years). However, this difference did not
show statistical significance (P � 0.053).

Discussion

In this study we demonstrated that the prevalence of
methylation of CpG islands of the ppENK genes in-
creases with PanIN grade. A similar trend of increasing
methylation with increasing PanIN grade was noted for
the p16 gene but did not reach statistical significance.
Our data suggest that inactivation of the ppENK and p16
gene through methylation is usually an intermediate or
late event during pancreatic neoplastic development. Be-
cause we were amplifying archival DNA and the level of
detection of our assay was more than one template, we
cannot rule out the possibility that the initial methylation of
these genes could begin as an early event in the natural
history of PanINs. Methylation of a few templates in such
an early PanIN might occur if there is partial methylation
of the CpG island that is not sufficient for silencing, or if
methylation only occurred in the CpG island of one of the
two alleles in the PanIN. Methylation of a few templates
would probably not be associated with a selective ad-
vantage until the methylated gene was completely
switched off by methylation, at which stage gene silenc-
ing and selection would occur and the presence of ab-
errant methylation would be more readily identifiable. Our
results are consistent with several studies that have re-
cently demonstrated that aberrant methylation of genes
silenced by methylation in the cancer can be traced to
precursor neoplasms.15–18,23,24

We also found that the mean age of patients who had
PanINs showing ppENK or p16 gene methylation was
significantly older (�8 years) than those patients without
such methylation. These results were based on a small
number of patients but raise the possibility that either the
ppENK and p16 genes undergo methylation as a function
of age, or alternatively that PanINs in older patients are
more likely to undergo aberrant methylation of these
genes. We and other investigators have found aberrant
methylation more often in cancers from older pa-
tients.19,25 The differences in the age of patients with
methylated versus nonmethylated PanINs could not be
accounted for by differences in PanIN grade, but it is
possible that PanIN grade is a poor indicator of the age of
a PanIN. Issa and colleagues26 and Nakagawa and col-
leagues27 have reported that multiple genes undergo
age-related methylation in normal tissues and ulcerative
colitis including hMLH1 and E-cadherin. We have not
observed CpG island methylation of the ppENK and p16
gene in normal pancreatic tissues, but it is possible that
such aberrant methylation quickly results in clonal expan-
sion and is thus rarely seen in normal epithelium.
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Chronic pancreatitis is associated with an increased
risk of pancreatic adenocarcinoma but the mechanism
by which this risk is mediated is unknown.28,29 Although
aberrant methylation of the p16 gene has been observed
in Barrett’s lesions of the esophagus,30 there is no direct
evidence that inflammation induces changes in DNA
methylation. Chronic inflammation within the setting of
ulcerative colitis is associated with chromosomal instabil-
ity, and an increase in age-related methylation.26,31,32 We
compared the methylation of PanINs from patients with
chronic pancreatitis to determine whether chronic pan-
creatitis evolves into pancreatic cancer through progres-
sive methylation of PanINs. Surprisingly, we found that
none of the PanINs isolated from the patients with chronic
pancreatitis harbored methylation of either the ppENK or
p16 gene. However this may reflect the fact that most
of the PanINs in the chronic pancreatitis group were
PanIN-1, and the difference in the prevalence of methyl-
ation in the PanIN-1 from patients with chronic pancreati-
tis and pancreatic adenocarcinomas was not statistically
significant. Only one other report has analyzed p16 CpG
island hypermethylation in PanINs microdissected from
cases of chronic pancreatitis.33 In this study, 2 of 10
PanIN-1A lesions showed hypermethylation of the p16
CpG islands. Further studies of methylation status of the
PanINs associated with chronic pancreatitis will help de-
termine whether the relative lack of methylation observed
in those lesions is a general phenomenon or particular to
the p16 and ppENK genes. Comparison of the methyl-
ation status of invasive pancreatic cancers that develop
after long-standing chronic pancreatitis to the methyl-
ation status of usual invasive pancreatic cancers may
also shed light on this question.

Our data also suggest that the presence of aberrant
methylation of the ppENK and p16 genes may be a useful
indicator in biopsy, fluid, or cytology samples of the pres-
ence of high-grade PanINs or pancreatic adenocarci-
noma. Given the high rate of methylation of ppENK
(93.3%) and to a lesser extent, p16 (26.7%), in pancreatic
adenocarcinoma, detection of aberrant methylation of
these genes by MSP in the pancreatic juice of patients at
high risk of developing pancreatic cancer or suspected
of the disease may be worthwhile.

In conclusion, our results demonstrate that methylation
of the ppENK and p16 genes increases with PanIN grade
suggesting that methylation of these genes is not an
initiating event in pancreatic carcinogenesis. Because
ppENK methylation is rare in low-grade PanINs and very
commonly observed in invasive pancreatic adenocarci-
noma, it may be a useful indicator of the potential malig-
nancy of epithelial cells of the pancreas.
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