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LKB1 is a key regulator of energy homeostasis through the activation of AMP-activated protein kinase
(AMPK) and is functionally linked to vascular development, cell polarity, and tumor suppression. In humans,
germ line LKB1 loss-of-function mutations cause Peutz-Jeghers syndrome (PJS), which is characterized by a
predisposition to gastrointestinal neoplasms marked by a high risk of pancreatic cancer. To explore the
developmental and physiological functions of Lkb1 in vivo, we examined the impact of conditional Lkb1
deletion in the pancreatic epithelium of the mouse. The Lkb1-deficient pancreas, although grossly normal at
birth, demonstrates a defective acinar cell polarity, an abnormal cytoskeletal organization, a loss of tight
junctions, and an inactivation of the AMPK/MARK/SAD family kinases. Rapid and progressive postnatal
acinar cell degeneration and acinar-to-ductal metaplasia occur, culminating in marked pancreatic insufficiency
and the development of pancreatic serous cystadenomas, a tumor type associated with PJS. Lkb1 deficiency
also impacts the pancreas endocrine compartment, characterized by smaller and scattered islets and transient
alterations in glucose control. These genetic studies provide in vivo evidence of a key role for LKB1 in the
establishment of epithelial cell polarity that is vital for pancreatic acinar cell function and viability and for the
suppression of neoplasia.

LKB1 encodes an evolutionarily conserved serine/threonine
kinase that is involved in the regulation of cellular responses to
energy stress and in the establishment of cell polarity (1, 3, 23).
In response to an increase in the AMP/ATP ratio, LKB1 phos-
phorylates and activates AMP-activated protein kinase
(AMPK), a key negative regulator of mTOR. Activation of the
LKB1-AMPK axis results in a decrease in ATP-consuming
processes and an increase in ATP production via inactivated
mTOR, diminished fatty acid and glucose metabolism, and
enhanced glucose transport. LKB1 also activates other mem-
bers of the AMPK-related kinase subfamily including the mi-
crotubule affinity-regulating kinases 1 to 4 (MARK1, -2, -3 and
-4) and the SAD/Brsk kinases (SAD-A and SAD-B) that in-
duce cell polarity (30). Notably, LKB1 is required for the
establishment of cell polarity in Drosophila melanogaster and
Caenorhabditis elegans, as well as in cultured mammalian epi-
thelial cells (2, 31, 48). Along similar lines, LKB1 and the SAD
kinase define a pathway required for the polarization of neu-
rons (6, 43). Recent studies have demonstrated that AMPK
regulates tight junction assembly and cell polarity in mamma-

lian cells and in Drosophila in a manner linked to the response
to energy stress (28, 51, 52). Mouse knockouts of MARK2
show metabolic defects (19). Collectively, these data support
the view that energy sensing and cell polarity may be broadly
integrated under the control of LKB1-AMPK signaling.

In humans, germ line loss-of-function mutations of LKB1
are associated with Peutz-Jeghers syndrome (PJS), a disease
characterized by benign gastrointestinal polyps (hamartomas)
and an �30-fold increased risk of gastrointestinal malignancy
at age 60 (17). In PJS, there is a range of pancreatic neoplasms
including pancreatic ductal adenocarcinoma and two types of
cystic tumors, intraductal papillary mucinous neoplasia and
serous cystadenoma (39, 46, 50). Studies of Lkb1 mutant mice
have confirmed the role of LKB1 as a tumor suppressor and a
regulator of cellular energy metabolism. With respect to tumor
suppression, Lkb1 heterozygous mice develop gastrointestinal
polyps associated with deregulated AMPK-TSC-mTOR signal-
ing, and concurrent mutation of the RAS oncogene and dele-
tion of lkb1 in the lung lead to adenocarcinoma formation (5,
21, 41). With regard to energy metabolism, somatic deletion of
Lkb1 in the skeletal muscle produces defects in glucose uptake
and the loss of AMPK activation (25). Liver-specific Lkb1
deletion also causes metabolic defects and the loss of activity of
both the AMPK and the AMPK-related kinase family member
SIK2 (42).

The pancreas regulates energy balance on two levels. Its
exocrine component produces enzymes for the digestion and
absorption of nutrients from the gastrointestinal tract, and its
endocrine lineages enable the regulation of energy homeosta-
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sis on the organismal level. In the mature pancreas, the acinar
cells possess a highly polarized structure that is critical to their
ability to direct the apical secretion of digestive enzymes into
the acinar lumen. The pancreatic endocrine cells reside in the
islets of Langerhans, designated beta, alpha, delta, and pan-
creatic polypeptide (PP) cells. Beta cells have a critical energy-
sensing function and maintain glucose homeostasis via the
regulated secretion of insulin into the bloodstream. Alpha cells
secrete glucagon, which counteracts insulin, and delta cells
secrete somatostatin, which may function in a paracrine man-
ner to regulate islet function.

In this study, we sought to determine the physiological func-
tions of Lkb1 in vivo through an analysis of its conditional
ablation from the developing and the mature pancreas. Our
efforts focused on the pancreas, given the highly polarized
nature of its acinar cells, its critical physiological exocrine and
endocrine roles in organismal metabolism, and the strikingly
high risk of development of pancreatic neoplasms in individu-
als with PJS.

MATERIALS AND METHODS

Genetically engineered mouse strains: generation of the study cohort.
Lkb1L/� and Pdx1-Cre Lkb1L/� mice (where Lkb1L indicates mice homozygous
for a conditional null allele of Lkb1 and Pdx1-Cre indicates transgenic mice) were
crossed, yielding Pdx1-Cre; Lkb1L/L mice and littermate controls. All analyses
included an evaluation of both the Pdx1-Cre; Lkb1L/� and the Pdx1-Cre;
Lkb1L/L animals. The physiologic, histologic, biochemical, and structural phe-
notypes of the wild-type (WT) mice, the Pdx1-Cre; Lkb1L/� mice, and the
Pdx1-Cre mice were indistinguishable and are represented below as the WT. To
generate the colony, Lkb1L/L mice on an FVB/n background were crossed to
Pdx1-Cre mice (ICR background). Animals were backcrossed at least four gen-
erations onto an FVB/n background for the experiments.

Immunohistochemistry. All immunohistochemistry assays were performed
with formalin-fixed samples, using antibodies described below. To ascertain the
contribution of cellular constituents, the number of stained cells counted over 20
high-power fields were divided by the total number of nuclei. Sections for anal-
ysis were made along the long axis of the pancreas, near the main duct, to sample
equal numbers of islets. Rates of cell death and proliferation were determined by
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) and by Ki67 staining and counting positive cells over 20 high-powered
fields among at least three independent samples of each respective genotype.

Immunofluorescence. Pancreases were fixed for 2 to 4 h in 4% paraformalde-
hyde and then immediately frozen in OCT. Ten-micrometer sections were used
for all experiments. Confocal images were obtained with a Leica confocal mi-
croscope using an �40 oil immersion objective, using the same laser intensity and
z settings and analyzed using LCS advanced software. For each marker, at least
three independent samples were evaluated for each genotype.

Antibodies. The antibodies used were as follows: insulin (catalog no. A056401;
DAKO); glucagon (GKU-001; BCBC collection); somatostatin (catalog no. 18-
0078; Zymed); amylase (Sigma); biotin anti-GP, biotin anti-Rb, Cy2 anti-GP,
Cy3 anti-Rb, and Cy5 anti-mouse antibody (Jackson); Hes-1 (0.6 �g/ml; a gift
from Tetsuo Sudo); biotinylated Dolichos biflorus A (DBA) lectin (Vector); Lkb1
(Santa Cruz Biotechnology); Ki67 (Novocastra); E-cadherin (Zymed); beta-tu-
bulin (Abcam); phalloidin (Sigma); MLC2-P (Ser19; catalog no. 3675; Cell Sig-
naling); MLC2 (Cell Signaling); Map4-P (Ser768; BioLegend); MARK1 (catalog
no. AP7144; Abgent); MARK2 (catalog no. H00002011-M01; Novus); MARK3
(catalog no. 05-680; Upstate); phospho-MARK (catalog no. 4836; Cell Signaling);
AMPKalpha (catalog no. 2532; Cell Signaling); rabbit anti-phospho-AMPK (cat-
alog no. 2535; Cell Signaling); SAD-A, SAD-B, and phospho-SAD (provided by
Joshua Sanes, Harvard University). TUNEL staining was performed with a
DeadEnd apoptosis detection kit (Promega) according to the manufacturer’s
instructions.

Electron microscopy. Mice were perfused with 2% glutaraldehyde in 0.1 M
sodium cacodylate, rinsed in phosphate-buffered saline, and then embedded in
Epon for morphology. Blocks of tissue (0.1 to 1.5 mm3) were osmicated in 1%
OsO4 in 0.1 M sodium cacodylate for 1 h at room temperature, rinsed in caco-
dylate buffer, and then rinsed in distilled water before they were stained in 2%
uranyl acetate–double-distilled water for 1 h. Sections were dehydrated in graded

alcohol and placed in 100% propylene oxide. The blocks were incubated in
Epon-PO 1:1 overnight at room temperature and then changed to 100% Epon
and polymerized overnight. Sections (90 nm) were cut on a Reichert-Jung Ul-
tracut E microtome, collected on slot grids, and stained with 2% uranyl acetate
and lead citrate before they were viewed on a Philips CM 10 electron micro-
scope.

Western blotting. Whole pancreases were snap frozen at the time of dissection
and placed in standard sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis lysis buffer. Protein (25 to 40 �g) was loaded onto a 4 to 12%
gradient SDS gel (Invitrogen) and transferred onto polyvinylidene difluoride,
using standard techniques.

RESULTS

Lkb1 deficiency in the pancreas leads to the development of
serous cystadenomas. Lkb1 is expressed throughout the pan-
creatic epithelium from embryonic day 16.5 (E16.5). To elim-
inate Lkb1 in the developing pancreas, we generated mice
homozygous for a conditional null allele of Lkb1 (Lkb1L) and
transgenic for Pdx1-Cre. Pdx1-Cre is expressed at E8.5 in the
common pancreas progenitors that give rise to the epithelial
cells of the islets, ducts, and acini (Fig. 1a) (5, 18). The Pdx1-
Cre transgenic mice homozygous for Lkb1 are designated
hereafter as “p-Lkb1” mice. We documented the complete
recombination and extinction of Lkb1 expression on postnatal
day 1 (PD1) p-Lkb1 pancreases by Western blotting, immuno-
histochemistry, and Southern blotting analyses (Fig. 1b and 7a;
data not shown). At birth, p-Lkb1 mice were present at the
expected frequencies and were grossly indistinguishable from
wild-type littermates. Thereafter, p-Lkb1 mice exhibited di-
minished weight gain, elevated serum amylase, and excess fat
excretion in the stool (steatorrhea, a sign of exocrine pancreas
dysfunction) (Fig. 2a and b). p-Lkb1 mice had elevated non-
fasting blood glucose levels on PD1, which normalized by PD8,
pointing to a possible impairment in the maturation of islet
function (Fig. 2c; also see Discussion). By 10 to 30 weeks of
age, all p-Lkb1 mice became increasingly cachectic, developed
abdominal bloating, and required euthanasia. Necropsy re-
vealed the total replacement of normal pancreases with large,
fluid-filled, cystic masses (Fig. 1c, panel ii). Microscopic exam-
ination revealed cysts lined with a single layer of benign co-
lumnar epithelium separated by stromal tissue (Fig. 1c, panel
iv). These cystic lesions closely resembled human serous cys-
tadenoma, a pancreatic neoplasm observed with PJS (9). There
was minimal normal pancreas, although present at the edges of
the cystic regions were islets and focal areas of intact acinar
tissue intermixed with ductal metaplasia. There were also sig-
nificant areas of fibrosis and adipose replacement suggestive of
chronic pancreatic damage, inflammation, and tissue remod-
eling, as is seen with pancreatitis. The penetrance of defects
was 100% in p-Lkb1 mice. A detailed analysis of Pdx1-Cre
mice and heterozygous p-Lkb1 mice did not reveal gross de-
fects for up to 1 year or defects in islet function for up to 20 weeks
of age. Together, these observations indicate that Lkb1 plays an
essential role in the development and maintenance of the normal
pancreas.

Lkb1 deletion impairs acinar cell structural integrity and
survival and leads to acinar-to-ductal metaplasia. Serial his-
tological and molecular analyses were performed to better
define the nature and evolution of the p-Lkb1 phenotype. At
PD1, the p-Lkb1 pancreas was smaller in size than that of the
littermate controls (data not shown) but had grossly intact
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ductal and acinar structures (Fig. 1c, panels v and vi) and
normal expression of the exocrine markers cytokeratin-19 and
DBA-lectin stains for ducts and carboxypeptidase and chymo-
trypsin stains for acini (Fig. 3a; data not shown). High-power
examination of the p-Lkb1 pancreas showed less compact aci-
nar units, often with distended lumens (Fig. 1c, panel vi inset),
and in some regions, the acinar units were fragmented and
intermixed with endocrine cells (Fig. 1c, panel vi; also see Fig.
8a). Notably, the p-Lkb1 islets were smaller and less well ag-
gregated (Fig. 1c, panel vi; see Fig. 8a), pointing to abnormal-
ities in endocrine lineage development (see below).

From PD2 to PD8, there was a rapid loss of acinar cells,

associated with the progressive appearance of abnormal DBA-
positive ductal structures and reactive fibrosis (Fig. 1d, panels
i to iii). This replacement of acini by ductal structures (ductal
metaplasia) is observed with a number of contexts including
damage to the exocrine pancreas through oncogenic stress or
physical insult (40, 44, 47). Ductal metaplasia also occurs in
association with the earliest precursors to pancreatic adeno-
carcinoma (pancreatic intraepithelial neoplasms [PanINs]) in
both humans and genetically engineered mouse models of the
disease (7, 13, 53). In this setting, ductal metaplasia has been
linked with a process involving acinar, ductal, and biphenotypic
cells harboring both acinar and ductal features (53). More

FIG. 1. (a) Pdx1-Cre is expressed in common pancreas progenitors at E8 to E12, leading to the deletion of the conditional Lkb1 null allele in
all pancreas epithelial cell types, acini, ducts, and islets. (b) Western blotting analysis of Lkb1 in PD1 p-Lkb1 and WT pancreas. (c) Gross and
histological appearances of adult WT (i, iii, and v), p-Lkb1 pancreas (ii, iv, and vi); note the spleen adherent to the inferior border of the cystic
mass, which involved the entire pancreas. Simple cystic lining epithelium is shown with red arrowhead and inset (iv). p-Lkb1 PD1 pancreases show
intact acinar cells and occasional luminal dilatation (panel vi inset, yellow arrow) compared to that of WT (v), as well as apoptotic bodies (panel
vi, blue arrow). (d) Loss of acini and replacement with ductal epithelial structures (arrows) and reactive fibrosis (asterisk) are seen at PD2 to PD8
in p-Lkb1 pancreases.

2416 HEZEL ET AL. MOL. CELL. BIOL.



recently, lineage tracing has demonstrated acinar-to-ductal
transdifferentiation as the mechanism underlying ductal meta-
plasia (45). In the p-Lkb1 pancreas, we assessed the extent to
which the ductal metaplasia stems from alterations in cell pro-
liferation and cell death and characterized acinar and ductal
contributions to emerging cystic lesions. Proliferation rates of
ductal and acinar cells were essentially identical across all
genotypes from PD1 to PD3, as measured by Ki-67 staining
(data not shown). In contrast, at PD3, TUNEL assays showed
an �18-fold increase in acinar cell death in p-Lkb1 mice rel-
ative to that of controls (Fig. 3a). Coimmunofluorescence with
the ductal marker ck-19 and the acinar marker amylase dem-
onstrated the contribution of both cell types to metaplastic
lesions (Fig. 3b). The existence of cells that exhibit colocaliza-
tion of markers is consistent with an active acinar-ductal trans-
differentiation process (Fig. 3b, panel v) (45, 53). Additionally,
as described in other models of ductal metaplasia, we also

observed increased expression of the Notch target gene HES-1
and the activated STAT3 gene (Fig. 4a and b) (24, 33, 34, 44).

Autophagy is critical to maintaining energy stores in the
immediate postnatal period (27). Given the role of the LKB1-
AMPK pathway in directing autophagy and the possibility that
deregulation could contribute to acinar cell loss, we evaluated
levels of the LC3-II isoform (which is associated with autopha-
gosomes) among PD1 p-Lkb1 pancreases (22, 29). Pancreas
LC3-II levels were comparable for the genotypes of both the
starved and the fed mice at PD1, suggesting similar levels of
autophagy in both the stressed (fasted) and the unstressed
(fed) state (Fig. 6d). Additionally, transmission electron mi-
croscopy (TEM) did not demonstrate appreciable differences
between the number of autophagosomes among E18.5 and that
of the PD1 WT and p-Lkb1 pancreases (data not shown). On
the other hand, lysosomal fusion with exosomes (crinophagy),
apoptotic bodies, and necrotic cellular debris were observed,

FIG. 2. Metabolic profiles of p-Lkb1. (a and b) PD1 serum amylase levels are increased (a), and perinatal weight gain is diminished (b) in
p-Lkb1 mice. (c) Nonfasting blood glucose levels are slightly elevated following birth and are then comparable by PD8. (d) Six-week-old p-Lkb1
mice demonstrate improved glucose tolerance compared to their littermate controls. IP, intraperitoneal.
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consistent with early stages of pancreatitis and associated aci-
nar cell death (37). PD2 pancreases showed the presence of a
proteolytically cleaved, inappropriately activated form of car-
boxypeptidase, indicating ongoing pancreatic acinar cell injury
(Fig. 4b). Together these studies indicate that the inactivation
of Lkb1 during pancreatic organogenesis leads to acinar cell
death, pancreatitis, and a rapid and progressive postnatal aci-

nar-ductal metaplasia with corresponding Notch and Stat path-
way activation.

Lkb1 regulates acinar cell polarity. Pancreatitis is typically
associated with an initial mechanical, biochemical, or chemical
insult to acinar cells, leading to an inappropriate release of
digestive enzymes into the tissue parenchyma. Subsequently, a
progressive process of apoptosis, necrosis, and subsequent or-

FIG. 3. (a) Immunohistochemistry analysis of PD1 carboxypeptidase, PD3 DBA, and PD3 TUNEL (arrows highlight TUNEL-positive cells in
p-Lkb1). (b) Immunofluorescence analysis of PD2 and PD4, demonstrating both acinar and ductal cell contributions to metaplastic lesions.
Terminal CK19 staining ducts (arrows in panels i and ii) are seen closely associated with acinar units in the indicated WT specimens; otherwise,
acinar cells with cytoplasmic amylase staining do not exhibit membranous CK19 staining. Both amylase (acinar and cytoplasmic) and CK19 (ductal
and membranous) marking as seen within rare cells within metaplastic lesions (arrows in panels iii, iv, and v and inset). DAPI,
4�,6�-diamidino-2-phenylindole.
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gan remodeling ensues. Following birth, and stimulated by
feeding, acinar cells undergo CCK-mediated exocytosis of zy-
mogens into the apical lumen, allowing for the digestion of
enteral nutrients. Thus, acinar cells require a highly polarized
organization for the appropriately directed secretion of zymo-
gen granules into the ductal network. Given the temporal onset
of pancreatitis with exocrine organ activation and the reported
role of Lkb1 in establishing cell polarity in cultured cells, we
conducted a detailed assessment of cytoskeletal organization in
the p-Lkb1 acinar cell compartment. TEM and cytoskeletal

marker studies focused on the time points E18.5 and PD1,
given that the p-Lkb1 pancreas showed intact morphology by
light microscopy analysis.

TEM revealed a clear loss of acinar polarity in the E18.5
p-Lkb1 pancreas, as reflected by the loss of basal positioning of
the nucleus, the lateralization of microvilli, and the frequent
absence of tight and adherens junctions (Fig. 4c). Correspond-
ingly, these ultrastructural defects were associated with abnor-
malities in biochemical mediators of cell polarity and adhesion.
Total E-cadherin levels were similar in the p-Lkb1 and the WT

FIG. 4. (a) Immunohistochemistry demonstrates HES-1 staining in p-Lkb1 PD3 ductal structures and adult cystadenomas (arrows). (b)
Western blotting analysis demonstrates increased phosphor-STAT3 and activated carboxypeptidase (arrowhead, middle gel) in the PD1 p-Lkb1
pancreas. (c) TEM of E18.5 p-Lkb1 pancreas demonstrates grossly abnormal acinar units with a loss of basal nuclear location (panel iv, nuclei
marked with asterisks), the absence of apically located tight and adherens junctions (panels ii and v, arrows indicate the junction in the WT and
the expected location in p-Lkb1) and lateralization of microvilli (panels iii and vi, arrows indicate lateral surface).
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pancreas (data not shown); however, E-cadherin, which nor-
mally exhibits a laterally enriched apical distribution and serves
to anchor the actin cytoskeleton, was distributed throughout
the plasma membrane of p-Lkb1 acinar cells (Fig. 5a, panels i
and iv). p-Lkb1 acini also showed diminished formation of
actin caps (Fig. 5a, panels ii and v). Beta-tubulin, which stains
evenly throughout WT acinar cells, exhibited a punctate, gran-
ular, and coarse appearance in p-Lkb1 acinar cells (Fig. 5a,
panels iii and vi). A complex containing aPKC, Par-3, Par-6,
and cdc42 is essential for tight junction regulation (49). Lkb1
function has been shown to be critical for normal apical aPKC
localization in Drosophila (28, 31, 32). Among p-Lkb1 acinar
units, aPKC, as well as the tight junction marker, ZO1, ex-

tended basolaterally away from the apices, demonstrating lat-
eralization of tight junctions (Fig. 5b).

Next we examined Lkb1 signaling molecules implicated in
cell polarity. The AMPK/MARK/SAD subfamily kinases can
be activated by the Lkb1-mediated phosphorylation of a threo-
nine residue in their activation loops (30). AMPKs, MARKs,
and SADs are potential mediators of the Lkb1-dependent reg-
ulation of epithelial polarity, through their roles in the estab-
lishment of tight junctions and the regulation of tubulin dy-
namics (14, 15, 19, 28, 51, 52). Western blotting analyses of
PD1 pancreatic lysates demonstrated greatly reduced phos-
phorylation of AMPK, MARK2 and MARK3, and SAD-B in
the p-Lkb1 pancreas. While total AMPK and MARK1 and

FIG. 5. (a) Apical localization of e-cadherin (e-cad) (panel i, arrows) is absent in p-Lkb1 pancreas; costaining (insets) for amylase and DAPI
(4�,6�-diamidino-2-phenylindole) demonstrates full acinar differentiation and an associated loss of basal nuclear localization. Phalloidin marks the
apical capping and localization of actin in the WT (panel ii, arrows) that is markedly reduced in p-Lkb1 (v). Tubulin has a punctate and irregular
distribution in p-Lkb1 (vi) compared with that of the WT (iii). (b) aPKC is seen laterally displaced from apices in p-Lkb1 PD1 animals (panels
iv and v, arrows) as is the TJ marker, ZO1 (vi).

2420 HEZEL ET AL. MOL. CELL. BIOL.



MARK2 levels were unaffected, total MARK3, SAD-A, and
SAD-B levels were markedly diminished in the p-Lkb1 pan-
creas. Loss of phosphorylation of the AMPK target and the
acetyl-coenzyme A carboxylase and the diminished phosphor-
ylation of the MARK target MAP4 were observed (Fig. 6).
Notably, MCL2, a recently described downstream AMPK tar-
get, demonstrated increased phosphorylation in p-LKB1 pan-
creases following birth (Fig. 6). Given the demonstration that
nutrient deprivation induces MLC2 phosphorylation, we eval-
uated whole lysates from newborns starved for 16 h following
birth. Among WT pancreases, MLC2 phosphorylation was in-
deed induced by starvation (Fig. 6e), although still at levels
that were less than those among p-Lkb1 animals, a finding that
runs counter to data implicating MCL2 in Drosophila and cul-
tured intestinal epithelial lines (see Discussion).

Collectively, these data provide in vivo evidence for a critical

role for Lkb1 in the regulation of acinar cell polarity and
cytoskeletal organization. Furthermore, molecular analysis
supports a role for AMPK, MARK, and SAD proteins as
physiological substrates of Lkb1 in the pancreas and suggests
that Lkb1 regulates the stability of MARK3, SAD-A, and
SAD-2 proteins. We propose that the failure to establish nor-
mal acinar cell polarity in the developing pancreas is a major
cause of acinar cell death, chronic pancreatitis, and ductal
metaplasia, ultimately with neoplastic consequences during
postnatal life.

Impaired islet formation and delta cell differentiation in the
Lkb1-deficient pancreas. The abnormal dispersion of p-Lkb1
islet cells prompted a detailed analysis of the endocrine lin-
eages in the pancreas. In the normal pancreas, glucagon-pos-
itive and insulin-positive cells are evident at E12.5, while so-
matostatin-positive cells emerge at E15.5 (12). At E16.5

FIG. 6. Biochemical evaluation of PD1 whole-pancreas lysates. (a to c) Mutant pancreases demonstrated a loss of phosphorylation of AMPK,
MARK2 and MARK3, and SAD-B compared with that of the WT, as well as downstream targets ACC and MAP4. While AMPK and MARK2
levels were equivalent in the WT and mutant animals, MARK3 protein levels diminished in mutants. (d) Western blotting analysis of LC3 at PD1
in starved and fed WT and p-LKB1 whole-pancreas lysates. The p-Lkb1 and WT pancreases have similar LC3 ratios under both fed and starved
conditions. (e) MLC2 Ser19 phosphorylation remains elevated among p-Lkb1 pancreases and compared with WT controls among PD1 animals
starved for 16 h following birth.
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p-Lkb1 pancreases exhibited a similar organization and distri-
bution of �, �, and � cells (Fig. 7b and c). However, at PD1,
p-Lkb1 islets were significantly smaller, less compact, and dis-
tributed more diffusely compared to WT islets (Fig. 8a), and
the p-Lkb1 pancreas showed an overall decrease in insulin-
positive, glucagon-positive, and somatostatin-positive cells
(�75% of WT) (Fig. 8a). Serial histological analysis showed a
delayed aggregation of islets, with an eventual accumulation of
smaller but comparably organized islets by PD16 (Fig. 8b). At
PD16, p-Lkb1 islets exhibited appropriate peripheral localiza-
tion of � and � cells surrounding � cells. Correspondingly,
there was evidence of impaired �-cell function, as reflected by
elevated blood glucose levels in PD1 mice, although these

levels returned to normal by PD8. Notably, adult p-Lkb1 mice
showed improved �-cell function compared to that of WT
animals, as reflected by a more rapid clearance of blood glu-
cose in glucose tolerance tests (Fig. 2d). Together, these results
show that Lkb1 is required for the normal structural organi-
zation of islets yet dispensable for the generation of the various
islet cell types.

DISCUSSION

Here, we describe the complex pathophysiological and neo-
plastic consequences of somatic Lkb1 deletion in the murine
pancreas. While pancreatic epithelial lineages and structures

FIG. 7. (a) Immunohistochemistry analysis of Lkb1 in E16.5 and PD8 pancreases. Lkb1 is expressed in both islet and acinar cells at E16.5 but
is restricted in adulthood to islets (asterisks mark islets at PD8). Intense staining between acinar units and islets of p-Lkb1 at PD8 represents
macrophages, fibroblasts, and infiltrative reactive stroma. (b) Immunofluorescence demonstrates similar distributions and contributions of �, �,
and � cells in E16.5 p-Lkb1 pancreases. (c) Immunohistochemistry analysis of endocrine markers at E16.5 demonstrates the presence of �, �, and
� cells. Abbreviations: ins, insulin; gcg, glucagon; sst, somatostatin.
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are established during organogenesis and are grossly normal at
birth, the postnatal Lkb1-deficient pancreas shows defective
acinar cell polarity, abnormal cytoskeletal organization, loss of
tight junctions, and inactivation of AMPK/MARK/SAD family
kinases. Correspondingly, rapid and progressive postnatal aci-
nar degeneration occurs shortly after birth, in association with
cell death and progressive ductal metaplasia, leading to the
development of serous cystadenoma. Lkb1 deficiency also af-
fects the endocrine compartment as evidenced by smaller and
scattered islets and transient alterations in glucose control.
These studies provide in vivo evidence that Lkb1 is a critical
regulator of epithelial cell polarity, as well as essential for the
maintenance of acinar cell viability and overall morphological
stability of the pancreas.

A striking observation from this study is that while alter-
ations in acinar polarity were observed for the embryonic p-
Lkb1 pancreas, acinar degeneration did not occur until after
birth. We reason that this timing is consistent with the absence
of a role for the pancreatic energy balance and nutrient uptake

during embryogenesis, whereas following birth, there is an
initiation of exocrine function with the apically directed exo-
cytosis of accumulated zymogen granules to enable the diges-
tion of enteric nutrients. The newborn pancreas, as well as
other organs, also experiences the loss of maternally supplied
nutrients, creating a state of energy stress. The ensuing induc-
tion of cellular autophagy contributes to continued nutrient
availability (27). Although Lkb1 has been implicated in con-
trolling autophagy in cultured cells, an analysis of the Lkb1-
deficient pancreas did not reveal evidence of an autophagic
process by TEM analysis and measurement of LC3-1 and
LC3-2 protein ratios (29). Taken together, we conclude that
acinar polarity defects in association with postnatal activation
of acinar secretion of digestive enzymes contribute directly to
progressive acinar cell destruction in the p-Lkb1 mice.

The defects noted in acinar cells provided an opportunity to
examine in vivo the signaling components of the Lkb1-AMPK
pathway, which have been implicated as the key regulators of
cell polarity in cell culture-based systems and genetic model
organisms. Along these lines, the activation of Lkb1 by forced
expression of the pseudokinase STRAD induces full polariza-
tion of isolated LS174T intestinal epithelial cells, and, corre-
spondingly, energy stress induces polarization of LS174T cells
in an AMPK-dependent manner (2, 28). In addition, AMPK is
necessary for the efficient establishment of tight junctions in
cultured MDCK renal epithelial cells in response to calcium
administration (51). Reinforcing the importance of AMPK as
the major target of Lkb1 in the establishment of polarity are
the similarity of the phenotypes of the Lkb1 and the Ampk
Drosophila mutants and the rescue of polarity defects in the
Lkb1-Ampk double mutants. MLC2, the regulatory subunit of
myosin II, appears to be a critical substrate for AMPK-medi-
ated changes in cell structure in both Drosophila and LS174T
cells (28). The MARKs promote epithelial polarization via the
regulation of tubulin dynamics, which is mediated in part
through the phosphorylation of MT binding protein, and in-
volves alteration in the cell contacts and in E-cadherin local-
ization (10, 11, 16). Finally, Lkb1 is essential for the axon
specification of mammalian neurons and mediates this effect
through the activation of SAD-B and SAD-A. In our in vivo
study, we observed that the activation of the AMPK, MARK,
and SAD-A/B kinases were all markedly compromised in the
PD1 p-Lkb1 pancreas. Consistent with the role found for
MARKs in the polarization of the pancreatic epithelium, we
documented the fact that MAP4 phosphorylation, tubulin
structure, and E-cadherin localization are all altered in the
p-Lkb1 pancreas, findings that corroborate observations from
studies of cultured mammalian epithelial cells. Importantly,
however, the AMPK target, MLC2, shows increased rather
than decreased phosphorylation in the p-Lkb1 pancreas, both
immediately following birth and with prolonged starvation,
suggesting that an Lkb1-AMPK-MLC2 axis is not operative in
vivo in the induction of acinar polarity. Together, our study
findings are consistent with the contributions of AMPKs,
MARKs, and SADs to Lkb1-mediated induction of acinar po-
larity and provide a genetic framework for the further system-
atic dissection of the relative roles of these components in this
biological process. The absence of tight and adherens junctions
among mutant acinar cells may reflect a failure of de novo
formation in proliferating tissues, a loss of established junc-

FIG. 8. (a) Immunohistochemistry analysis of PD1 pancreases for
insulin (ins), glucagon (gcg), and somatostatin (sst) demonstrates scat-
tered endocrine cells among p-Lkb1 pancreases compared with those
that are coalesced at islets. (b) Evaluation of PD16 p-Lkb1 pancreases
demonstrates smaller islets compared with those of the WT, however,
with normal organization and contribution of �, �, and � cells.
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tions, or a combination of these two mechanisms. Lkb1 is
strongly expressed in both acinar and islet compartments
through development and early postpartum tissue expansion,
whereas in the adults, Lkb1 is expressed primarily in islets. This
expression pattern is consistent with a primary role for Lkb1 in
the establishment of polarity rather than maintenance of cell
structure and orientation. The presence of small areas of nor-
mal acinar tissue lasting into adulthood supports this view.

Serous cystadenomas in the p-Lkb1 pancreas emerge from
ductal metaplasia. Ductal metaplasia refers to the progressive
replacement of acinar tissue with ductal structures and may be
due to either acinar-to-ductal transdifferentiation or to expan-
sion of the ductal compartment concurrently with acinar cell
death (26, 36, 45). Ductal metaplasia is seen in a number of
settings including oncogenic stress, inactivation of genes re-
quired for the formation of primary cilia of the ducts, and
forced expression of Pdx1 and Notch1 (8, 20, 34, 35, 38).
Serous cystadenomas have been associated specifically with
ductal metaplasia in the setting of acinar cell transforming
growth factor-alpha overexpression and concurrent p53 and
Ink4a/Arf mutations (4). Recently, the role of acinar-to-ductal
transdifferentiation as the mechanism underlying ductal meta-
plasia has been established in vivo, with lineage tracing (45).
Importantly, pancreatic ductal adenocarcinoma precursor le-
sions, PanINs, also appear to arise from regions of acinar-to-
ductal transdifferentiation (53). Taken together, these studies
support the view that acinar cells, sustaining oncogenic muta-
tion or injury, may contribute to ductal adenocarcinoma for-
mation through a pathway of transdifferentiation. Our immu-
nofluorescence studies of the Lkb1 mutant pancreas reveal
costaining for acinar and ductal markers in early metaplastic
lesions, and the progressive loss of acinar markers in more
established lesions appears consistent with a process of acinar-
to-ductal transdifferentiation. As observed with some of these
other models, we also see activation of pathways such as
STAT3 and Notch associated with metaplastic change. We
speculate that the impact of the Lkb1 deletion on acinar in-
tegrity could underlie the pronounced pancreatic cancer risk
observed with PJS patients.

An outstanding question in cancer biology has been how to
define the role Lkb1 plays in regulating epithelial cell structure
and polarity in vivo and how to relate this to the suppression of
neoplasia. Our current work establishes a role for Lkb1 in
cellular polarity and cytoskeletal structure in the pancreas and
show that the loss of cell polarity control is associated with the
development of ductal metaplasia and serous cystadenomas.
Together, these findings underscore the importance of Lkb1 in
the maintenance of epithelial cell polarity and strongly impli-
cates the loss of acinar polarity as a contributor to the in-
creased risk of pancreatic neoplasia for patients with PJSs.
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