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We have documented previously somatic mutations
of STK11/LKB11, the gene responsible for Peutz-
Jeghers syndrome (PJS), in a small proportion of spo-
radic pancreatic adenocarcinomas, intraductal papil-
lary mucinous neoplasms (IPMNs), and biliary
adenocarcinomas. In this report, we characterize the
expression of Stk11, the protein product of the STK11
gene, in a larger series of pancreatic and biliary neo-
plasms. First, the specificity of the Stk11 antibody was
established in 23 neoplasms (22 IPMNs and 1 biliary
adenocarcinoma) with known STK11 gene status.
Complete absence of labelingwas seen in the neoplas-
tic cells of 3 of the 3 (100%) cases with previously
documented biallelic inactivation of the STK11 gene,
whereas 16of the20 (80%) IPMNs, presumablywithat
least onewild-typeSTK11gene, retainedStk11expres-
sion in the neoplastic cells. The marked decrease or
absence of Stk11 expression in four neoplasms with
wild-type STK11 suggests that additionalmechanisms
may account for the lack of Stk11 expression. Subse-
quently, to further evaluate Stk11 expression in pan-
creatic and biliary neoplasms, tissue microarrays
(TMAs) were constructed from a series of nearly 100
ductal adenocarcinomas and biliary neoplasms. Stk11
expression was lost in 4 of the 56 (7%) pancreatic
adenocarcinomas and 1 of the 38 (2.6%) biliary can-
cers by immunohistochemistry; the absence of label-
ingwas confirmedby repeated immunohistochemical
labelingof complete tissue sections for the samecases.
Thus, Stk11 expression is abrogated in a small propor-
tion of pancreatic and biliary neoplasms. The inacti-

vation of Stk11 in 27% (6/22) of IPMNs versus 7%
(4/56) of pancreatic adenocarcinomas suggests ge-
netic disparities in the pathogenesis of these closely
related neoplasms. Immunohistochemical analysis
for Stk11 expression may be a valid surrogate for ge-
netic analysis of STK11 gene mutations in cancers.
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PJS is an autosomal-dominant disorder characterized
by hamartomatous polyps in the gastrointestinal tract
and pigmented macules of the lips and buccal mu-
cosa (1). PJS has also been associated with an in-
creased risk of developing cancers (2) including gas-
trointestinal, gynecologic, lung, breast, thyroid, basal
cell, prostate, and pancreatic cancers (3–5). PJS is
caused by germlinemutations of the STK11 gene (also
known as LKB1) on distal chromosome 19p, which
encodes a novel serine/threonine kinase (6, 7).
We have previously demonstrated biallelic inac-

tivation of the STK11 gene in a pancreatic cancer
that developed in a patient with PJS (8); similarly,
somatic STK11 gene mutations have been demon-
strated in a small proportion of sporadic pancreatic
and biliary cancers (8, 9). Somatic STK11 gene mu-
tations have also been reported in lung adenocar-
cinomas, malignant melanomas, and ovarian tu-
mors (10–12), all supporting the role of STK11 as a
tumor-suppressor gene.
Recent studies have indicated that STK11 medi-

ates cell cycle arrest through induction of the
cyclin-dependent kinase inhibitor p21WAF1 (13),
through a p53-dependent process. The Stk11 pro-
tein also interacts with brahma-related gene-1
(BRG1), an ATPase that is associated with SWI/SNF
chromatin-remodeling complexes. Exogenous ex-
pression of brg1 is able to induce cell cycle arrest
and senescence in a retinoblastoma-dependent
fashion (14). These studies suggest that the tumor-
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suppressor function of STK11 lies within its ability
to affect the cell cycle proliferation.

In this report we describe for the first time an
antibody that specifically labels the Stk11 protein.
To determine whether loss of Stk11 protein expres-
sion is a predictor of genetic mutation of STK11, we
performed immunohistochemical analysis on a
large series of pancreatic and biliary neoplasms. We
demonstrate that immunohistochemical labeling
for Stk11 expression is a reliable surrogate for ge-
netic analysis in archival tissues.

Furthermore, our results confirm the previously re-
ported role of STK11 gene as a tumor-suppressor gene
in pancreatic and biliary neoplasms. We also have
uncovered a larger role for STK11 in IPMN than in
ductal pancreatic adenocarcinoma, making STK11
the first tumor-suppressor gene identified whose
function may be more prevalently abrogated in
IPMNs than in pancreatic ductal adenocarcinomas.

MATERIAL AND METHODS

Selection of Previously Characterized
Pancreatobiliary Neoplasms

We have previously characterized the status of the
STK11 gene by mutation analysis in a series of 22
IPMNs and 1 biliary adenocarcinoma (8, 9). This se-
ries of 23 cases included 3 cases with bi-allelic loss of
STK11 gene function. We designated these cases as
our “training set” for optimization of the Stk11 anti-
body. The archival blocks on these 23 cases were
retrieved from the surgical pathology archives of the
Johns Hopkins Hospital, and presence of adequate
neoplastic cellularity was confirmed on selected
blocks. Five-micrometer tissue sections were then
prepared on ChemMate (DAKO, Carpinteria, CA)
-charged slides for Stk11 immunohistochemistry.

Preparation of Pancreatobiliary Cancer Tissue
Microarrays

Formalin-fixed paraffin-embedded archival tissue
samples from 68 sporadic pancreatic adenocarcino-
mas and 38 sporadic biliary neoplasms (13 gallblad-
der adenocarcinomas, 15 distal bile duct adenocarci-
nomas, and 10 intrahepatic cholangiocarcinomas)
were retrieved from the surgical pathology archives of
the Johns Hopkins Hospital. These cases have not
previously been characterized with regards to the mu-
tational status of their STK11 gene. Hematoxylin and
eosin stained sections from these cases were reviewed
by three pathologists (AM, PA, and RHH) to confirm
the diagnosis and the presence of neoplastic cells on
selected tissue blocks. Subsequently, representative
areas containing neoplastic cells were circled on the
glass slides and used as a template. Tissue microar-
rays were constructed using a manual Tissue Punch-

er/Arrayer (Beecher Instruments, Silver Spring, MD),
as previously described (15). For each cancer, four
1.4-mm cores were carefully selected from tumor-rich
areas of the donor block to ensure that adequate
numbers of neoplastic cells were represented in the
recipient block. Two serial sections were cut from the
recipient TMA block, one of which was stained with
hematoxylin and eosin as a reference, and the second
for Stk11 immunohistochemistry. Of the 68 pancre-
atic adenocarcinomas selected, 12 (18%) cases were
discarded because of loss of multiple tissue cores in
the Stk11-stained section or because of inadequate
representation of neoplastic cells on the retained
cores. The remaining 56 (82%) pancreatic adenocar-
cinomas were chosen for the final immunohisto-
chemical analysis. Thirty-eight of 38 biliary neo-
plasms had adequate neoplastic cellularity on the
Stk11-stained microarray and were selected for the
final immunohistochemical analysis. As an additional
measure of stringency to avoid false negatives (i.e.,
mistakenly designating a case as Stk11 negative be-
cause of tumor heterogeneity), full sections of tumor
were restained in those cases that demonstrated loss
of Stk11 labeling in the TMA cores to confirm the
absence of labeling in the neoplastic cells.

Immunohistochemistry
Both regular tissue sections and TMA sections

were labeled using identical protocols. Unstained
5-�m sections were cut from the respective paraffin
blocks and deparaffinized by routine techniques.
The slides were treated with sodium citrate buffer
(diluted to 1� from 10� heat-induced epitope re-
trieval buffer; Ventana-Bio Tek Solutions, Tucson,
AZ) and steamed for 20 minutes at 90° C. After
cooling for 5 minutes, the slides were labeled with
polyclonal antibody to Stk11 (dilution of 1:10; Cell
Signaling, Beverly, MA) using the DAKO au-
tostainer, followed by addition of biotinylated sec-
ondary antibodies, avidin-biotin complex, and 3,3'-
diaminobenzidine (LSAB Plus kit; DAKO). Sections
were counterstained with Giles hematoxylin.

Three authors of this study (AM, RHH, and PA)
independently evaluated the immunohistochemical
labeling of the carcinomas. Each evaluator was un-
aware of the STK11 gene status of each case. Normal
pancreatic ducts, islets of Langerhans, and lympho-
cytes, which demonstrate moderate to strong labeling
with Stk11 protein, served as positive internal controls
in each of the sections. Labeling in the tumors was
scored as positive, markedly decreased, or negative.
“Positive” labeling was defined as strong and uniform
expression of Stk11 in �10% of neoplastic cells; how-
ever, in virtually all positive cases, �75% of tumor
cells were labeled with Stk11, and only patchy nega-
tivity was noted. Cases were regarded as negative
when no expression was seen in the nuclear or cyto-
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plasmic compartments of all tumor cells. Cases were
defined as markedly decreased when there was faint
labeling compared with the case of normal tissues in
�10% of neoplastic cells.

RESULTS

Stk11 Expression in Normal Pancreas
The antibody to Stk11 was first tested by immu-

nohistochemical labeling of the nonneoplastic tis-
sues of pancreas (Fig. 1a), where Stk11 expression

was primarily restricted to the ductal epithelium.
Cytoplasmic labeling with a membranous accentu-
ation was observed in the ductal epithelial cells.
Acinar, stromal, and islet cells were not labeled. The
labeling was specific, as no positive labeling was
observed when the primary antibody was omitted.

Immunolabeling of 23 Previously Genetically
Characterized Pancreatobiliary Neoplasms

To determine the specificity of the Stk11 anti-
body, we first characterized 22 IPMNs and 1 biliary

FIGURE 1. A, Stk11 expression is restricted to the ductal epithelium of non-neoplastic pancreas (black arrow). Non-neoplastic pancreatic ducts
demonstrate cytoplasmic labeling with a membranous accentuation, whereas the islet cells and stromal cells exhibit a complete absence of labeling (white
arrow). B, invasive component of an IPMN demonstrating loss of Stk11 labeling (white arrow), whereas adjacent non-neoplastic ducts are positive (black
arrow). C, noninvasive component of an IPMN demonstrating loss of Stk11 (white arrow), whereas non-neoplastic ducts are positive (black arrow). D,
biliary adenocarcinoma demonstrating loss of Stk11 labeling (white arrow), whereas non-neoplastic ducts show intact expression (black arrow).
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adenocarcinoma with known genetic status at the
STK11 locus (8, 9). Each case was scored by the
three reviewers without the knowledge of its STK11
gene status.

Histologically, all IPMNs were characterized by
having tall, columnar, mucin-containing neoplastic
epithelium with or without papillary proliferations.
The intraductal components of the 22 IPMNs were
classified as adenoma in 1 (4%), borderline in 5
(23%), and carcinoma in situ in 16 (73%). Twelve
(55%) of the IPMN were associated with infiltrating
adenocarcinomas. Among the 22 IPMN cases, 2
were from patients harboring germline STK11 mu-
tations, with somatic inactivation of the second
allele in the IPMN (STK11 LOH � mutation). Four
additional cases had loss of heterozygosity at the
STK11 locus but did not harbor mutations in the
STK11 gene (STK11 LOH) (9).

Stk11 labeling was absent or markedly decreased
in 6 (27%) of the 22 IPMNs. In all six cases, the
normal ducts strongly expressed Stk11, whereas the
neoplastic cells did not (Fig. 1B–C). Notably, both
IPMNs with biallelic inactivation of the STK11 gene
(STK11 LOH � mutation) did not label with the
antibody to the Stk11 protein, whereas adjacent
normal ducts in the same case labeled diffusely.
Both cases were diagnosed as carcinoma in situ.
The remaining four IPMNs demonstrating none or
markedly decreased labeling had previously been
described as “wild type” for STK11 (no LOH at the
STK11 locus) (Table 1). The immunohistochemical
labeling of these 4 cases was repeated twice to
confirm the absence of labeling in the neoplastic
cells; antigenicity of tissue was confirmed by the
presence of intact diffuse staining in adjacent non-
neoplastic ductal epithelium. These four cases were
classified as carcinoma in situ (n � 2), borderline (n
� 1), and adenoma (n � 1), and there was no
variability in the degree of atypia within the tumor
block examined. Nevertheless, loss of Stk11 expres-
sion is apparently not restricted to invasive or
highly atypical (i.e., carcinoma in situ) components
only, but rather, the loss of expression in the one
adenoma suggests that this abnormality may be an
“early” event in IPMN progression. It is presumed
that the conventional lack of stk11 expression in
these four cases was caused by mechanism other

than genetic mutation (STK11 LOH � mutation).
Probable mechanisms are discussed later. Finally,
positive Stk11 labeling was seen in all four IPMNs
previously described with LOH at 19p13.3 (STK11
LOH) with no mutation in the remaining allele (Ta-
ble 1).

We also labeled a biliary adenocarcinoma case
with known homozygous deletion at the STK11 lo-
cus (8). Nonneoplastic biliary epithelium expressed
Stk11, but no expression was seen in the neoplastic
cells (Fig. 1D). Overall, we found that 16 of the 20
(80%) primary cancers with at least one demonstra-
ble wild-type STK11 allele expressed Stk11 protein,
whereas 3 of the 3 (100%) primary cancers with
biallelic inactivated STK11 gene did not.

Analysis of the Stk11 Expression in TMAs of
Pancreatobiliary Cancers

Initially, 6 of 56 pancreatic adenocarcinomas on
the pancreatic TMA demonstrated lack of Stk11
expression. To exclude false positives for loss of
Stk11 labeling, immunohistochemistry on these six
samples was repeated on whole-tissue sections pre-
pared from two different blocks. Four of the six
adenocarcinomas were persistently negative for
Stk11 expression on repeat immunohistochemical
assays (data not shown), whereas in two cases, loss
of labeling was focal. In summary, 4 of the 56 (7%)
pancreatic adenocarcinoma cases demonstrated a
lack of Stk11 expression (Table 2). All four cases
were classified as adenocarcinoma and did not
show special pathological findings.

The biliary TMA contained 15 distal bile duct
carcinomas, 13 gall bladder adenocarcinomas, 10
intrahepatic cholangiocarcinomas, and 5 normal
gallbladders. Initially, 4 adenocarcinomas demon-
strated absent or markedly decreased Stk11 expres-
sion on the TMA cores. The labeling of these four
cases was repeated with whole-tissue sections
made from two different blocks. One intrahepatic
cholangiocarcinoma demonstrated persistent lack
of Stk11 labeling (data not shown), whereas in the
other three cases, the loss of labeling was focal.
Therefore, 1 of the 38 (2.6%) biliary adenocarcino-
mas showed diffuse loss of Stk11 expression (Table
2).

TABLE 1. Immunohistochemical Expression of Stk11 in

22 Genetically Known IPMNs

Genetic Status

Immunohistochemical Labeling

Intact
Markedly Decreased

or Lost
Total

STK11 wt 12 4 16
STK11 LOH 4 — 4
STK11 LOH � mut — 2 2

22

TABLE 2. Immunohistochemical Expression of Stk11 in

Pancreato-biliary Cancers in TMA

Intact
Markedly Decreased

or Lost
Total

Pancreatic adenocarcinoma 52 4 56
Biliary Carcinoma 37 1 38

Distal bile duct carcinoma 15 — 15
Gall bladder carcinoma 13 — 13
Intrahepatic cholocarcinoma 9 1 10
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DISCUSSION

Immunohistochemical analysis of protein ex-
pression provides several distinct advantages over
mutational analysis in archival tissue specimens.
Mutation analysis of tumor-suppressor genes such
as STK11 can be a challenging task, especially in
pancreatic adenocarcinomas, which evoke an in-
tense desmoplastic response. Examining all exons
of the STK11 gene by sequencing is usually not a
cost-effective proposition. It is nearly impossible to
sequence all exons of the STK11 gene with the
limited amount of DNA from microdissected neo-
plastic cells of a pancreatic adenocarcinoma. On
the contrary, a re1iable immunological assay allows
a large number of archived, formalin-fixed tissues
to be examined in a high-throughput fashion.

In this report, we describe an antibody that is
specific for the protein product of the STK11 gene
and characterize its distribution in pancreatobiliary
neoplasms. We included a subset of 23 cancers with
previously known STK11 gene status as controls for
this newly described antibody. Notably, three of the
three cancers (two IPMNs, one biliary adenocarci-
noma) with biallelic inactivation of the STK11 gene
demonstrated complete absence of labeling in the
neoplastic cells, whereas adjacent nonneoplastic
epithelium was diffusely positive. In addition, 16 of
the 20 (80%) cancers, presumably with at least one
wild-type STK11 allele, demonstrated intact Stk11
expression in the neoplastic cells. Interestingly, the
4 of the 20 IPMNs with previously described wild-
type STK11 alleles demonstrated absence of or
markedly decreased Stk11 labeling in the neoplastic
cells, despite multiple attempts at staining. Tissue
antigenicity in all four cases was confirmed by pos-
itive internal controls (adjacent non-neoplastic
ducts were diffusely positive). There are several
possible explanations that can account for the loss
of stk11 expression in neoplasms with presumed
intact STK11 gene. In the previous study by Sato et
al., only coding sequence mutations were analyzed
only in the cases that exhibited LOH at the STK11
locus. Therefore, these four cases were never ana-
lyzed by sequencing because they did not exhibit
LOH at the STK11 locus (9). It is possible that these
four cases harbored a small intragenic mutation on
each of their two alleles, a less frequent biallelic
inactivation that has been shown to occur in other
tumor-suppressor genes (16). It is also possible that
these cases may harbor promoter, intronic, or
splice junction mutations (17, 18). In addition, ab-
sent or decreased expression of Stk11 may be
caused by means other than genetic mutations (17,
19). Epigenetic inactivation by promoter methyl-
ation is increasingly being recognized as possibly
the most common mechanism of transcriptional
silencing. Biallelic methylation of the STK11 could

certainly account for absent or markedly decreased
labeling in these tumors. Additional postulated
mechanisms of down-regulation include posttran-
scriptional instability of STK11 transcripts or post
translational modification of the Stk11 products,
with accelerated degradation. Interestingly, at least
one of the cases with loss of Stk11 expression was
an IPMN adenoma, suggesting that loss of expres-
sion may not be restricted to “late” lesions in IPMN
progression (carcinoma in situ and invasive
adenocarcinomas).

After establishing the specificity of the Stk11 an-
tibody in terms of its ability to detect the STK11
gene product, we examined a large series of pan-
creatic (n � 56) and biliary (n � 38) cancers to
elucidate the role of this tumor suppressor gene in
the pathogenesis of these neoplasms. We found
that a small proportion of pancreatic (7%) and bil-
iary (2.6%) cancers demonstrates absent or mark-
edly decreased Stk11 labeling; our initial assess-
ments based on high-throughput screening of
pancreatobiliary TMAs were subsequently validated
on whole-tissue sections from the same cases.
Given the markedly increased risk of familial pan-
creatic cancer in PJS patients harboring germline
STK11 mutations, it is not surprising that a propor-
tion of sporadic pancreatic adenocarcinomas also
demonstrates abrogation of Stk11 function.

The relatively low frequency of Stk11 inactivation
in pancreatic adenocarcinomas (4/56 or 7%) versus
that reported in IPMNs (6/22 or 27%; P � .0519)
suggests that there are genetic disparities between
these two closely related neoplasms that may ac-
count for observed differences in clinical behavior.
The genetic progression of IPMNs has not been
completely defined. IPMNs are known to harbor
mutations of p16 (20), p53 (21) and DPC4 (22), but
the prevalence of the mutations is lower than that
in ductal pancreatic adenocarcinoma. In fact, Dpc4
expression in IPMN is virtually normal unless asso-
ciated with invasive ductal adenocarcinoma (23).
STK11 is the first tumor-suppressor gene identified
whose function may be more prevalently abrogated
in IPMNs than in pancreatic ductal adenocarci-
noma. The higher frequency of the STK11 inactiva-
tion observed in the IPMNs may be significant, and
the possible contribution of the STK11 gene to the
tumorigenesis of IPMNs would be worth further
investigation.

In summary, we describe an antibody that we
believe specifically detects the Stk11 protein and is
a feasible surrogate for genetic analysis of STK11
status in archival sections. In addition, because im-
munohistochemistry can detect abnormalities irre-
spective of the mechanism of inactivation, this an-
tibody has the potential to detect abnormalities of
STK11 that are not demonstrable by mutational
analysis alone. Future studies should focus on char-
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acterizing the expression of this protein in other
sporadic cancers whose familial variants can occur
with an increased frequency in PJS (e.g., pulmonary
adenocarcinoma) and on determining the mecha-
nisms of loss of Stk11 expression in the absence of
coding-sequence mutations.
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