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Abstract
In the past decade, studies of the human tumor suppressor LKB1 have uncovered a novel signaling
pathway that links cell metabolism to growth control and cell polarity. LKB1 encodes a serine/
threonine kinase that directly phosphorylates and activates AMPK, a central metabolic sensor.
AMPK regulates lipid, cholesterol and glucose metabolism in specialized metabolic tissues such as
liver, muscle, and adipose, a function that has made it a key therapeutic target in patients with diabetes.
The connection of AMPK with several tumor suppressors suggests that therapeutic manipulation of
this pathway with established diabetes drugs warrants further investigation in patients with cancer.

Introduction
A fundamental requirement of all cells is that they couple the availability of nutrients to signals
emanating from growth factors to drive proliferation only when nutrients are in sufficient
abundance to guarantee successful cell division. Although a connection between cellular
metabolism and tumorigenesis was first proposed 100 years ago by Otto Warburg, the
molecular mechanisms interconnecting the signaling pathways controlling metabolism and cell
growth have only begun to be decoded in the past decade, making this an active area of
investigation in cancer research. One of the newly uncovered links directly connecting cell
metabolism and cancer came from the discovery that that the serine/threonine kinase LKB1
(Liver Kinase B1; also known as Serine/Threonine Kinase 11 - STK11), a known tumor
suppressor, was the key upstream activator of the AMP-activated protein kinase (AMPK)1-4.
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AT A GLANCE

• The LKB1 serine/threonine kinase is inactivated in Peutz-Jeghers syndrome and a large percentage of sporadic non small cell
lung carcinomas and cervical carcinomas

• LKB1 acts a master upstream kinase, directly phosphorylating and activating AMPK and a family of 12 related kinases which
play critical roles in cell growth, metabolism, and polarity

• The LKB1/AMPK pathway serves as a metabolic checkpoint in the cell, arresting cell growth under conditions of low
intracellular ATP such as under conditions of low nutrients

• One the central mitogenic pathways suppressed by LKB1 and AMPK signaling is the mTORC1 target of rapamycin pathway,
which is inhibited via AMPK phosphorylation of TSC2 and raptor

• Organismal metabolism and overnutrition can suppress LKB1-AMPK signaling which may contribute to increased cancer
risk in obese or diabetic patients. Conversely, activation of LKB1/AMPK signaling may contribute the suppression of cancer
risk associated with exercise and caloric restriction. Will AMPK activating drugs including existing diabetes therapeutics find
clinical utility as anti-cancer agents?
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AMPK is a central metabolic switch found in all eukaryotes that governs glucose and lipid
metabolism in response to alterations in nutrients and intracellular energy levels.

LKB1 was identified originally as the tumor suppressor gene on human chromosome 19p13
responsible for the inherited cancer disorder Peutz-Jeghers Syndrome (PJS)5. Importantly,
LKB1 is also one of the most commonly mutated genes in sporadic human lung cancer,
particularly in multiple subtypes of non-small cell lung carcinoma (NSCLC)6, where at least
15-35% of cases have this lesion7. LKB1 was also recently found to be somatically mutated
in 20% of cervical carcinomas8, making it the first known recurrant genetic alteration in this
cancer which is caused by the human papilloma virus. Together, LKB1 and AMPK control
cell growth in response to environmental nutrient changes, which, as we discuss in this Review,
potentially identifies new targets and drugs for cancer therapy owing to the fact that the activity
of AMPK can be targeted with drugs already in use for diabetes treatment. In addition to
controlling cell growth and metabolism, both LKB1 and AMPK play conserved roles in cell
polarity, disruption of which is also implicated in carcinogenesis. As LKB1 is one of the few
serine/threonine kinases known to be inactivated through mutation during carcinogenesis, a
critical early question lay in the identification of its substrates.

LKB1 is a master kinase
The search for substrates of LKB1 that mediate its tumor suppressor function led to the
identification of AMPK as a direct substrate1-4. AMPK is a heterotrimer composed of a
catalytic (AMPKα subunit and two regulatory (AMKPβ and AMPKγ) subunits (Fig. 1). AMPK
is activated when intracellular ATP declines and intracellular AMP increases, such as during
nutrient deprivation or hypoxia. Biochemical and genetic analyses in worms, flies and mice
have revealed that LKB1 is the major kinase phosphorylating the AMPKα activation loop under
conditions of energy stress9.

LKB1 also phosphorylates and activates 12 kinases closely related to AMPK10, 11 (Fig. 2). Of
the 14 kinases, most current data suggest that only AMPKα1 and AMPKα2 are activated under
low ATP conditions, probably because only they interact with AMPKγ12. Interestingly, four
of these 14 kinases are mammalian members of the MAP/microtubule affinity regulating kinase
(MARK)/Par-1 family, which are mammalian homologs of the C. elegans par-1 kinase that is
required for early embryonic partitioning and polarity. Par-4 encodes the C. elegans ortholog
of LKB113. The ability of LKB1 (or its orthologs) to act as master upstream kinases that activate
AMPK, MARK/par-1, and several additional AMPK-related kinases appears to be widely
conserved across eukaryotes.

From tissue-specific knockouts of LKB1 in mice (Table 1), it appears that LKB1 dictates most
of the AMPK activation in all tissues examined thus far, with the exception of some
hypothalamic neurons14, T-cells15, and endothelial cells16 in which CAMKK2 appears to play
a key role, although only in response to changes in the concentration of calcium17-19. Thus
LKB1 uniquely mediates the prolonged and adaptive activation of AMPK following energy
stress, which allows it to serve as a metabolic checkpoint.

A LKB1-AMPK-mTORC1 checkpoint
Prior to its identification as a substrate for LKB1, AMPK was known to regulate lipid,
cholesterol and glucose metabolism in specialized metabolic tissues such as liver, muscle and
adipose20. Work from several laboratories in the past 5 years has revealed that one of the major
growth regulatory pathways controlled by LKB1-AMPK is the mammalian target-of-
rapamycin (mTOR) pathway. mTOR is a central integrator of nutrient and growth factor inputs
that controls cell growth in all eukaryotes and is deregulated in most human cancers21.
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mTOR is found in two biochemically and functionally discrete signaling complexes22. mTOR
complex 1 (mTORC1) includes raptor, which acts as a scaffold to recruit downstream substrates
such as 4EBP1 and ribosomal S6 kinase (p70S6K1) that contribute to mTORC1-dependent
regulation of protein translation23. mTORC1 controls the translation of a number of cell growth
regulators, including cyclin D1, hypoxia inducible factor 1a (HIF-1α, and c-myc, which in turn
promote processes including cell cycle progression, cell growth and angiogenesis, all of which
can become deregulated during tumorigenesis21. mTORC1 is nutrient-sensitive and acutely
inhibited by rapamycin, though recent studies reveal that rapamycin does not fully suppress
mTORC1 activity in many cell types24-26. In contrast, mTORC2 contains the rictor subunit
and is neither sensitive to nutrients nor acutely inhibited by rapamycin21.

Cancer genetics and Drosophila genetics led to the discovery of upstream components of
mTORC1 including the tuberous sclerosis complex 2 (TSC2) tumor suppressor and its obligate
partner TSC1 27. TSC2 inhibits mTORC1 indirectly via regulation of the small GTPase Rheb,
such that loss of TSC1 or TSC2 leads to hyperactivation of mTORC128. When levels of ATP,
glucose or oxygen are low, AMPK directly phosphorylates TSC2 on conserved serine
sites29-32and primes serine residues close by for subsequent phosphorylation by GSK-333. Wnt
signaling inhibits phosphorylation of TSC2 by GSK-3, making TSC2 activity a biochemical
coincidence detector of the activation state of AMPK and GSK-3 that dictates the amount
downstream mTORC1 signaling.

While TSC2 is clearly a central receiver of inputs that regulate mTORC1, cells lacking TSC2
still partially suppress mTORC1 following AMPK activation34, 35. In agreement with these
data, raptor has been identified as a direct substrate of AMPK in vivo. Phosphorylation of two
conserved serines in raptor by AMPK induced binding to 14-3-3 and resulted in suppression
of mTORC1 kinase activity35. Phosphorylation of raptor was shown to be required for
downregulation of mTOR and efficient G2/M cell cycle arrest following AMPK
activation35. Taken together, the current data indicate that energy stress results in LKB1-
dependent activation of AMPK, which directly phosphorylates both TSC2 and raptor to inhibit
mTORC1 activity by a dual mechanism, although it remains possible that additional substrates
of AMPK contribute to the regulation of mTOR (Fig. 3). Importantly, mTORC1 is currently
the only signaling pathway downstream of LKB1 that has been shown to be deregulated in
tumors arising in humans and mouse models of both Peutz-Jeghers syndrome31, 36 and
NSCLC7, 37.

LKB1-AMPK control of other growth regulators
LKB1 has also been reported to regulate other key cancer-related pathways beyond mTORC1.
Most notably, several connections have been made between LKB1, AMPK and the tumor
suppressor p53. Before any direct substrates for LKB1 were identified, LKB1 reconstitution
into LKB1-deficient tumor cells was reported to stimulate p53 activity and increase levels of
Cdkn1a mRNA, which encodes the cyclin dependent kinase inhibitor p2138, 39. In addition,
AMPK has been shown to modulate p53-dependent apoptosis40 and directly phosphorylate
p53 on serine 1541, which is the established p53 site phosphorylated by the ATM, ATR and
DNA-PK DNA-damage response kinases42. Several studies indicate that AMPK is also
activated downstream of p5343 and this lead to the discovery of sestrin 1 and sestrin 2 — p53
target genes that inhibit mTOR signaling44. Overexpression of sestrin1 or sestrin 2 leads to
increased AMPK activation and suppression of mTORC1 signaling, whereas mice that lack
sestrin2 fail to downregulate mTORC1 following exposure to carcinogens. The molecular
mechanism by which sestrins activate AMPK in this context remains to be fully elucidated. In
addition to the sestrins, PRKAB1, which encodes the AMPKβ1 regulatory subunit, is a p53-
responsive gene, suggesting another mechanism through which p53 can inhibit mTOR45.
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Importantly, AMPK has been demonstrated to phosphorylate a conserved serine in FOXO3a,
the transcriptional factor targeted by PI3K/Akt signaling which plays key roles in cell survival
and metabolism46. Of note is that the best mapped AMPK site in FOXO3a matches the
consensus for 14-3-3 binding, which is also the case for the best mapped AMPK site in TSC2
(Fig. 2). The parallel regulation of both FOXO and mTOR signaling by AMPK and Akt
signaling suggests further study is warranted into the functional overlap between these central
pathways controlling both cell growth and metabolism.

AMPK has also been reported to phosphorylate Thr198 of the cyclin dependent kinase inhibitor
p2747, 48. However, Thr198 has also been reported to be phosphorylated by Rsk, Akt and Pim
kinases, which promote cell growth. Why these pro-growth and anti-growth signals would both
target the same phosphorylation site has yet to be established. Several additional AMPK
substrates have been suggested to have a role in growth regulation49 50, however future studies
with rigorously validated phospho-specific antibodies for each phosphorylation site and careful
analysis of early time points following acute energy stress in wild-type or AMPK-deficient
cells should help to assign which of these candidate targets are bona fide direct AMPK
substrates in vivo.

LKB1 and metabolism of glucose and lipid
Although critical in the suppression of diabetes, the reprogramming of glucose and lipid
metabolism by LKB1-dependent kinases is also likely to be important for the growth and
tumor-suppressive effects of LKB1. AMPK acutely inhibits fatty acid and cholesterol synthesis
through direct phosphorylation of the metabolic enzymes Acetyl-CoA carboxylase (ACC) and
HMG-CoA reductase (HMGR)51. Thus activation of AMPK provides an endogenous
mechanism to inhibit HMGR activity, akin to the pharmaceutical inhibition of HMGR by the
statin family of compounds52. As ACC1 and HMGR are ubiquitously expressed, LKB1-
deficient cells of all tissue types would be expected to exhibit enhanced rates of lipid and
cholesterol synthesis. In line with recent RNAi studies showing that ACC1 and fatty acid
synthase (FASN) are essential for survival in a number of cultured tumor cell lines53-55,
chemical inhibitors of FASN and ACC have been shown to suppress the growth of prostate
and lung cancer xenografts56, 57. Indeed, a variety of FASN inhibitors are being considered
for clinical trails in cancer treatment58 and it remains plausible that suppression of lipogenesis
is an important part of the tumor suppressor function of LKB1.

Beyond these lipogenic enzymes, AMPK has been suggested to acutely modulate glycolysis
though phosphorylation of multiple isoforms of phosphofructo-2 kinase (PFK2)59, 60. The data
are particularly compelling for the inducible-PFK2 (PFKFB3) isoform, whose expression is
dramatically upregulated in some types of human cancer61. Indeed, genetic ablation of
Pfkfb3 in mouse lung fibroblasts suppressed KRAS-dependent transformation62 and small
molecule inhibitors of PFKFB3 block the growth of lung cancer xenografts63.

More broadly, LKB1-dependent kinases may also control cell growth and metabolism through
phosphorylation of widely expressed transcriptional coactivators. The p300 histone
acetyltransferase (HAT)64, several Class IIa histone deacetyltransferases (HDACs)65-67, and
the CRTC (previously TORC)68-71 family of CREB coactivators have all been shown to be
substrates of AMPK and related LKB1-dependent kinases (Fig. 2). Current data suggest that
in response to distinct stimuli, subsets of LKB1-dependent kinases may target the same
phosphorylation sites in these downstream effectors72. AMPK and its related kinases have been
reported to phosphorylate Class II HDACs and CRTCs leading to their cytoplasmic
sequestration and inactivation through 14-3-3 binding, similar to several other substrates of
AMPK and its relatives. Though the best studied transcriptional targets of Class II HDACs and
CRTCs are metabolic genes in muscle and liver respectively, these proteins may play wider
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roles in cell proliferation and tumorigenesis73 74. AMPK has recently been shown to enhance
SIRT1 activity by increasing cellular NAD+ levels75, resulting in the regulation of many
downstream SIRT1 targets including FOXO3 and PPAR gamma coactivator 1 (PGC1) (also
known as PPARGC1A), both of which have also been proposed as direct substrates of
AMPK46, 76. As SIRT1 itself is also implicated in tumorigenesis77, this connection between
AMPK and SIRT1 may further illuminate how nutrients control cell growth.

AMPK also suppresses mTOR-dependent transcriptional regulators to inhibit cell growth and
tumorigenesis. Two mTORC1 regulated transcription factors involved in cell growth are the
sterol-regulatory element binding protein 1 (SREBP-1) and hypoxia-inducible factor 1a
(HIF-1α. SREBP-1 is a sterol-sensing transcription factor that drives lipogenesis in many
mammalian cell types. mTORC1 signaling is required for nuclear accumulation of SREBP-1
and the induction of SREBP-1 target genes78 and this can be inhibited by rapamycin or AMPK
agonists78, 79. Consistent with this, mice bearing a liver-specific Lkb1 deletion had increased
expression of SREBP-1 target genes, and hepatic lipid accumulation and steatosis71. Moreover,
SREBP-1 seems to be critical for cell growth in both Drosophila and mammalian cells78

suggesting that it may be an important target of LKB1, AMPK and mTOR signaling. Additional
studies are needed to examine whether SREBP-1 is upregulated in LKB1-deficient tumors and
how important SREBP-1 is for tumor formation under these conditions.

HIF is a heterodimer composed of constitutive β (ARNT) subunits and α-subunits whose
protein levels are stabilized through hypoxic inactivation of the von Hippel-Lindau (VHL) E3
ligase that targets HIF-α subunits for destruction80. In addition to being increased via hypoxia,
HIF-1α protein levels are highly dependent on mTORC1 signaling. mTORC1 hyperactivation
from mutations in oncogenes and tumor suppressors are sufficient to promote HIF-1α protein
levels and expression of its downstream targets in mouse cancer models and cells in vitro81.
Well-established HIF-1 transcriptional targets containing hypoxia-responsive elements
(HREs) in their promoters include angiogenic factors such as VEGF and angiopoetin-2, a
number of glycolytic enzymes, and multiple members of the GLUT family of glucose
transporters82. In this fashion, HIF-1α activation in tumors may be responsible for the Warburg
effect — the propensity of tumor cells to rely on glycolysis instead of oxidative
phosphorylation83. Indeed, this regulation of glucose metabolism by HIF-1α contributes to
tumorigenesis in multiple settings84, 85. Consistent with earlier studies in TSC-deficient
fibroblasts86, we have recently shown that levels of HIF-1α and its targets GLUT1 and
hexokinase are increased in LKB1- and AMPK-deficient fibroblasts in a rapamycin-reversible
manner36. Similarly, the epithelium of gastrointestinal hamartomas from Peutz-Jeghers
patients or Lkb1+/- mice (Table 1) also show increased expression of HIF-1α and HIF-1 target
genes compared with the surrounding normal tissue, suggesting that Hif-1α may be a relevant
target downstream of LKB1-deficiency in Peutz-Jeghers syndrome36. The increase in glucose
uptake in tumours from patients with PJS could also be used to guide surgical resection of
hamartomas in the GI tract. FDG-PET imaging studies on Lkb1+/- mice showed that their
gastrointestinal hamartomas are specifically labeled in a rapamycin-sensitive manner. Given
this, it will be interesting to examine whether the presence of LKB1 mutations dictates the
level of FDG-PET signal in other tumor models, particularly in NSCLC and cervical cancer.

LKB1-AMPK and cell polarity
Par4, Par1 and Ampk Drosophila mutants have polarity defects during embryogenesis87-90 and
oogenesis91. In mammalian cells, inducible activation of LKB1 is sufficient to promote full
polarization of tumor cells, including apical and basolateral cell sorting, an actin cap and a full
brush border, even in the absence of cell-cell contacts92. In cultured hippocampal neurons,
overexpression of LKB1 induces multiple axons and RNAi depletion of LKB1 or its subunit
STRAD block axonal differentiation93. Consistent with these findings, tissue-specific deletions
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in mice of LKB1 or brain-specific kinase 1 (BRSK1) or BRSK2 (orthologues of C.elegans
SAD1 kinase and downstream targets of LKB1) result in loss of axonal specification during
neuronal polarization in the developing mammalian cerebral cortex94. It is important to note
that LKB1 does not appear to be required for polarization of all tissues, as several tissue-specific
deletions of Lkb1 in the mouse do not show obvious disruptions of cellular polarity or tissue
organization95. The requirement of LKB1 for establishment of polarity as opposed to
maintenance of polarity is an additional consideration for the interpretation of these
experiments. Cell polarity is known to be established through the action of a number of
conserved antagonistic polarity protein complexes, and LKB1 and its downstream MARK/
par-1 kinases contribute to this regulation (see Box 1).

LKB1 might also influence cell polarity and migration through a number of substrates of its
downstream kinases involved in cytoskeletal remodelling. For example, MARK-dependent
phosphorylation of microtubule associated proteins (MAPs) is thought to play a role in cell
migration96 and may be relevant to the increased metastatic nature of NSCLC lung tumors
specifically lacking LKB17. MARKs phosphorylate serine residues in the microtubule binding
domain of MAPs, resulting in increased dynamic instability of cellular microtubules97.

Another set of conserved MARK substrates are the Dishevelled (Dvl) proteins, which are key
mediators of the Wnt signaling pathway98. Although MARK phosphorylation of Dvl regulates
the membrane localization of Dvl, this is not required for canonical Wnt signaling in
Xenopus99, and the MARK phosphorylation sites in Dvl do not seem to be required for the
MARKs to affect Wnt signaling99, 100. This suggests that there must be additional unidentified
MARK substrates involved in Wnt signaling. Interestingly, canonical and non-canonical Wnts
were recently shown to induce cytoskeletal remodeling through Dvl binding to the Par complex,
promoting atypical PKC mediated inactivation of the MARKs101-103. Thus Wnt-dependent
signals, which promote tumorigenesis in several tissues including colon and breast cancer, may
modulate LKB1-dependent signaling through multiple mechanisms, and vice-versa (see Fig.
4).

AMPK has also recently been reported to modulate cell polarity in Drosophila and mammalian
cells. AMPK activation in MDCK cells led to an increase in tight junctions104, 105 and treatment
of a colon cancer cell line with the glycolytic inhibitor 2DG led to an AMPK-dependent
increase in the number of polarized cells89. In addition, LKB1 and its regulatory subunit
STRAD localize to adherens junctions in MDCK cells in an E-cadherin-dependent
manner106. Loss of E-cadherin leads to specific loss of AMPK activation at adherens junctions.
Studies of AMPK mutants in Drosophila showed mislocation of the Par complex as well as
other polarity markers, including loss of myosin light chain (MLC) phosphorylation89. It was
suggested in this paper that MLC may be a downstream substrate of AMPK; this seems unlikely
as the sites do not conform to the optimal AMPK substrate motif found in all other established
in vivo AMPK substrates. However, AMPK and its related family members have been reported
to modulate the activity of kinases and phophatases that regulate MLC (MLCK107,
MYPT1108), so the full molecular detail of the mechanism requires further study. Given the
overlapping substrate specificity of AMPK and its related kinases (see Fig. 2), it seems likely
that AMPK may control cell polarity by targeting some of the same substrates as other AMPK
family members, such as the MARKs, phosphorylate under other conditions.

Finally, it was recently shown that LKB1 promotes brush border formation on the apical surface
of epithelial cells by the activation of the MST4 kinase. MST4 binds the LKB1 partner Mo25,
and this interaction is conserved back through to budding yeast109. LKB1-dependent
polarization resulted in MST4 translocation and subsequent phosphorylation of the cytoskeletal
linker protein ezrin. This function of MST4 was needed for brush border induction but not
other aspects of polarization.
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Whether the control of cell polarity plays any role in LKB1-dependent tumor suppression also
awaits further study. Suggestive of its importance though was a recent study showing LKB1
RNAi in MCF10A mammary acini in 3-D culture led to a loss of polarity and promoted
oncogenic mycdependent cell proliferation110, an effect that cannot be seen in standard tissue
culture plates111-113. Dissection of the role of LKB1 in cell polarity is hence perhaps best
examined in the context of mouse models of LKB1 deficiency.

LKB1 and mouse models of cancer
Consistent with the regulation of cell growth, metabolism and polarity, genetic studies on the
loss of function of LKB1 in the mouse have revealed a number of cancerous phenotypes (see
Table 1). Like PJS patients, mice heterozygous for Lkb1 develop gastrointestinal
polyposis114-118. Strikingly, mice in which Lkb1 is specifically deleted in gastrointestinal
smooth muscle cells also develop polyps much like Lkb1+/- mice 119. These mice had alterations
in transforming growth factor β (TGFβ signaling, implicating this pathway in hamartoma
formation 120 and have raised the possibility that loss of LKB1 in the smooth muscle
compartment and not the epithelial cells might be the initiating event. Future studies are needed
to further test this model. In addition to GI hamartomas, PJS patients are also predisposed to
a number of other malignancies, including breast, ovarian, endometrial and pancreatic tumors,
and some of these have been studied in specific Lkb1 mouse models (see table 1). Given the
recent discovery of prevalent LKB1 somatic mutations in cervical cancer and their association
with poor prognosis8, is it of particular note that deletion of LKB1 in endometrial epithelium
of female mice results in highly invasive adenocarcinomas121.

As LKB1 is frequently co-mutated with KRAS in NSCLC122, 123, mice bearing a conditional
activated allele of Kras were crossed with mice bearing a conditionally inactivated allele of
LKB1. The Kras;Lkb1lox/lox mice showed a dramatic increase in their tumor incidence and
metastasis resulting in rapid acceleration of death (25 weeks for Kras alone vs. 10 weeks for
Kras;Lkb1lox/lox)7. Furthermore, these mice develop all subtypes of NSCLC, as seen in
humans, including squamous lung tumors which have not been previously observed in any
genetic mouse model of lung cancer. Mechanistically, whether loss of LKB1 allows a distinct
cell population to grow out and form squamous tumors or whether LKB1 loss impacts a lung
stem cell compartment and alters their differentiation has yet to be investigated. Loss of LKB1
in skin keratinocytes was also recently reported to promote the development of squamous cell
carcinomas, which was greatly accelerated by DMBA treatment124. Given the frequent
mutation of Hras by DMBA, this further suggests that Ras-dependent signals and LKB1 loss
may display a specific synergy that is selected for in tumour cells.

Therapeutic Implications
AMPK agonists as cancer therapeutics

Because of its long-established roles in various aspects of metabolic physiology, AMPK has
received a great deal of pharmaceutical interest as a target for type 2 diabetes and other aspects
of the metabolic syndrome125. Metformin (Glucophage), is the most widely used type 2
diabetes drug in the world and is thought to act by decreasing hepatic gluconeogenesis126.
Metformin and its more potent analog phenformin inhibit complex I of the mitochondrial
respiratory chain, resulting in reduced ATP production and LKB1-dependent activation of
AMPK127. Indeed, this pathway is required for the therapeutic ability of metformin to lower
blood glucose levels71. More recently, as metformin has been more widely prescribed for
different diseases, for example, the treatment of insulin resistance in individuals with polycystic
ovary syndrome, polymorphisms in LKB1 have been found in metformin non-responders128.
More investigation is needed to determine the effect of these polymorphisms. Similarly, genetic
polymorphisms in cell-surface transporter Oct1, which is required for efficient metformin
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uptake in hepatocytes, have been shown to underlie metformin resistance in some type 2
diabetics129.

The fact that AMPK activation not only reprograms metabolism, but also enforces a metabolic
checkpoint on the cell cycle through effects on p53 and mTORC1 signaling, suggests that
AMPK activating drugs may be useful as cancer therapeutics. Interestingly, well before the
mode of action or key targets of metformin were known, it had been shown to suppress
naturally-arising tumors in transgenic mice and in carcinogen-treated rodent cancer
models130, 131. More recently, metformin has been shown to inhibit the growth of a wide variety
of tumor cells in culture in an AMPK-dependent manner132, 133 and AMPK activation by
metformin or aminoimidazole carboxamide ribonucleotide (AICAR) suppresses the growth of
tumor xenografts134-136. Similarly, treatment of ES cells with metformin results in growth
suppression, an effect that is lost in LKB1-deficient ES cells137. Given the known
pharmacokinetics and widespread long-term clinical use of metformin, its potential utility for
chemotherapy deserves further attention. Phenformin is a more potent inhibitor of
mitochondrial complex I and consequently more potently activates AMPK than metformin
138. Despite the withdrawal of phenformin from clinical use owing to the likely on-target side
effect of fatal lactic acidosis 139, it might find modern utility as an anti-cancer agent as the
dosing and duration of its use for cancer would be quite distinct from that for diabetes. The
anti-tumor efficacy of metformin has been directly compared to that of either phenformin or
the AMPK-binding140 small molecule Abbott A769662141 in Pten+/- mice that spontaneously-
develop lymphomas. While all three compounds resulted in delayed tumor onset, phenformin
and A769662 showed greater efficacy, which correlated with their ability to activate AMPK
and suppress mTORC1 in a wider number of tissues in vivo than metformin137. Perhaps an
additional key to the success observed in this study is the fact that tumors initiated through loss
of Pten have activation of PI3K, making mTORC1 hyperactivation one of the biochemical
initiating events for this tumor type and increasing the impact of suppression of mTORC1 from
endogenous AMPK activation in these tumors. These data also suggest a possible therapeutic
window for the use of AMPK agonists to treat tumors arising in patients with TSC or for tumors
exhibiting hyperactivation of mTORC1 by other genetic lesions. The fact that the AMPK
targeted Abbott compound also did well further suggests that AMPK is in fact a key target of
the biguanides in tumor reduction.

Given the number of type 2 diabetics worldwide taking metformin daily (>100 million),
epidemiologists have begun examining the effect of metformin on cancer incidence. Initial
studies revealed that diabetic patients taking metformin show a statistical reduction in tumor
burden compared to patients taking any alternative142, 143. Similarly, a very recent study of
breast cancer in type2 diabetics revealed a significant increase in complete pathological
responses in patients taking metformin144, and a large phase III clinical trial of metformin as
an adjuvant in breast cancer for diabetics and non-diabetics alike is in development145.
Importantly, compounds that activate AMPK will not only impact tumor incidence through
cell-autonomous effects on cell growth downstream of AMPK, but perhaps also through non-
cell autonomous effects of lowering plasma insulin levels, which itself contributes to cancer
risk and incidence146. Many additional epidemiological studies are required to determine
whether there is indeed a clear tumor suppressive effect of prolonged use of metformin, and if
so, whether tumors of specific tissues or bearing specific oncogenic lesions will show the
greatest potential response. Critically, the OCT1 transporter which is critical for effective
metformin transport into hepatocytes, shows a limited tissue distribution129 consistent with the
pattern of AMPK activation in mice treated with metformin137. In contrast, a direct comparison
of metformin to phenformin revealed that phenformin exhibited a more broad profile of tissues
in which it potently activated AMPK137 indicating that for many tumor types in the whole
organism, a direct action of metformin on tumor cells may be less likely than for phenformin.
Interestingly, a recent study demonstrated that metformin was effective in treating a mouse
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model of endometrial hyperplasia and reducing mTORC1 signaling in that context147, though
whether that effect was due to direct activation of AMPK in the endometrium or reduced
circulating insulin and insulin signaling in the endometrium was not examined. Going forward,
further attention needs to be placed on whether effects of metformin in mice and in human
epidemiology studies can be attributed to indirect effects on lowered insulin levels from AMPK
activation in liver (as will surely contribute in type 2 diabetics), or due to direct effects of
AMPK activation in the tumor cells leading to suppression of their growth. These effects need
not be mutually exclusive, and in fact are both likely to contribute to therapeutic effects of
AMPK agonists on cancer risk.

Even with effective targeting and activation of AMPK within tumor cells, as with other targeted
therapeutics, AMPK activating drugs will likely be most useful against tumors of specific
genotypes or in combination with other targeted therapeutics. In fact, tumor cells lacking LKB1
are hypersensitive to apoptosis in culture following treatment with energy stress inducing
agents, presumably originating from an inability to restore ATP levels due to AMPK
deficiency4, 37, 148, 149. Similarly, fibroblasts lacking TSC2 or p53 are also sensitive to
apoptosis induced by energy stress28-30,40 and metformin and AICAR both preferentially killed
isogenic colon cancer xenografts lacking p53 as opposed to those with intact p53
function135. Though energy stress can promote apoptosis in cells defective in the AMPK
pathway, by contrast in cells competent for the AMPK pathway, its activation is well-
established to promote cell survival47, 150, 151. Thus treatment of tumors with intact AMPK
function with energy stress agents could lead to prolonged survival of tumor cells, consistent
with the ability of AMPK promote survival of cells faced with metabolic stress imposed by
activated oncogenes115, 152. These findings indicate that transient inactivation of AMPK may
serve as a chemosensitizer in some tumor contexts, not unlike what has been proposed for drugs
targeting the DNA damage checkpoint,153 which similarly dictates survival and apoptotic
decisions following organismal stress.

Therefore, defining which oncogenic genotypes (such as loss of p53 or LKB1) sensitize tumors
to AMPK activating drug treatments in more refined genetically-engineered mouse tumor
models within individual tumor types (lung, mammary, etc) is an important goal for future
studies.

Rapamycin as a therapeutic for hamartomas and other LKB1-deficient tumors
Mutations in PTEN, NF1, TSC2, or LKB1 tumor suppressor genes are responsible for a number
of inherited cancer syndromes, collectively referred to as phakomatoses. They all have
overlapping clinical features including the development of hamartomas and aberrant
pigmentation defects. Given that each of these tumor suppressors function upstream of
mTORC1 (Fig. 3), the underlying hypothesis is that inactivation of these tumor suppressors in
individual cells leads to cell-autonomous hyperactivation of mTORC1, ultimately resulting in
tumors that are reliant on mTORC1 signaling. Over the past 5 years, rapamycin analogs have
been examined in spontaneously arising tumors in Pten+/-154, Nf1+/-155, Tsc2 +/-156,
Lkb1+/-36, 157, 158 and activated Akt84 transgenic mice and tumours in these mice have proven
to be responsive to this approach.

These encouraging preclinical results have helped spur ongoing phase II and phase III clinical
trials for rapamycin analogs159, 160 161, 162. These data suggest that hamartoma syndromes
involving hyperactivation of mTORC1 may be particularly responsive to rapamycin analogs
as a single agent, although the effects might be cytostatic rather than cytotoxic161. Perhaps
new, targeted inhibitors directed at the kinase domain of mTOR will produce greater
therapeutic response with targeted cytotoxicity, or perhaps kinase inhibitors that inactivate both
mTOR and PI3K would be even more effective, as PI3K provides a survival signal in most
epithelial cell types.
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The number of patients with inherited hamartoma syndromes is dwarfed by the number of
people with sporadic lung tumors containing LKB1 mutations. However, the predicted
effectiveness of mTORC1 inhibitors against these tumors is unclear given that most of these
tumors have mutated KRAS in addition to loss of LKB1, which might activate survival
pathways other than mTORC1. Whether mTORC1 inhibitors might be useful in the treatment
of LKB1 mutant tumors of different tissue origins remains to be determined.

Outstanding questions
The existence of a nutrient-regulated tumor suppressor pathway that couples cell growth to
glucose and lipid metabolism raises a number of intriguing predictions and unanswered
questions. For example, do environmental factors such as diet and exercise that contribute to
physiological AMPK activation modulate tumorigenic risk through mTORC1 suppression? It
is clear from a large number of epidemiology studies that cancer risk is correlated with
metabolic syndrome, obesity or type 2 diabetes163. This association may be due to increased
cell proliferation via hyperactivation of mTORC1 downstream of altered LKB1-AMPK
signaling. The identity of the cell types most sensitive to growth suppression effects of AMPK
and LKB1 may reveal those lineages in which cell growth is most tightly coupled to dietary
conditions. Conversely, exercise and caloric restriction, each of which activates AMPK in some
lineages, can lower overall cancer risk and improve cancer prognosis164. The mammalian cell
types in which exercise and caloric restriction suppress cell growth and cancer risk remain to
be delineated. Though much remains to be done to examine whether AMPK mediates some of
the beneficial effects of exercise and caloric restriction on cancer risk, a recent study revealed
that AMPK was activated, and mTORC1 signaling was suppressed, in some rodent tissues in
a dose-dependent manner by increasing amounts of dietary restriction165. Conversely, high fat
diet was observed to increase mTOR and decrease AMPK activity in some mouse tissues166.
Finally, lower expression levels of metabolic hormones including the adipokine adiponectin
— which is a key activator of AMPK in some tissues — have been shown to correlate with
increased risk for breast endometrial, prostate and colon cancer167, 168. Strikingly, the
incidence of colonic polyps in a colorectal cancer mouse model lacking adiponectin or the
adiponectin receptor 1 (AdipoR1), was significantly increased and this correlated with loss of
AMPK signaling and increased mTORC in the colonic epithelium169. These effects were only
observed in animals on a high fat diet, further enforcing the concept that the metabolic status
of the cells and the organism will dictate the conditions where LKB1 is most effective in tumor
suppression.

Whether the endogenous metabolic checkpoint imposed by AMPK must be subjugated to allow
tumorigenic progression is also unclear. Melanoma cell lines expressing oncogenic BRAF do
not activate AMPK following energy stress due to hyperphosphorylation of LKB1 at Erk- and
Rsk-phosphorylation sites170. Moreover, Ampkα2 mRNA levels in breast and ovarian cancers
are profoundly suppressed by oncogenic PI3K signals 171, suggesting another route through
which AMPK signaling can be inhibited. Thus, there is evidence that oncogenic pathways can
downregulate LKB1 and AMPK through a variety of mechanisms. When selection against the
LKB1-AMPK pathway occurs is also unclear, but it is conceivable that limitations on glucose
and oxygen diffusion in pre-angiogenic tumors will result in growth inhibition, possibly due
to activation of an AMPK-mediated metabolic growth checkpoint. Whether endogenous
AMPK signaling is truly part of the pre-angiogenic checkpoint is a crucial question.
Furthermore, whether pre-angiogenic tumors lacking LKB1 or AMPK continue to proliferate
faster than AMPK-containing counterparts but then succumb to apoptosis or necrosis due to
the inevitable energy shortage remains to be seen. The role and requirement for AMPK in these
processes and overall tumor suppression is perhaps best addressed genetically through deletion
of AMPK subunits in the context of different well-studied mouse models of tumorigenesis.
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Despite the evidence supporting a role for AMPK as metabolic checkpoint in the cell, key
mechanistic questions remain regarding which of the kinases downstream from LKB1, and
which of their substrates, are required for tumor suppressor activity of LKB1 in different tissue
settings. The regulation of mTORC1 and p53 by AMPK make it a likely contributor to LKB1-
dependent tumor suppression. However, control of cell polarity is also known to play a role in
tumorigenesis172 and in fact suppression of the MARK kinases by the Helicobacter pylori
CagA protein is thought to be essential for its pathogenic disruption of gastric epithelial polarity
and tumor promotion173. Currently there is minimal mutational data from human tumors to
specifically support any single LKB1-dependent kinase as the critical target for LKB1 in
tumorigenesis. There is a great deal of redundancy among them, suggesting that in many tissues
loss of any one kinase may be compensated for by other family members.

The potency of LKB1 as a tumor suppressor probably derives from its control of multiple
growth suppressive pathways. For example, combined loss of LKB1 with KRAS in the mouse
lung epithelium causes 3 discrete phenotypes: accelerated tumor progression and tumor
growth; the appearance of a novel tumor type, squamous carcinomas; and a dramatic increase
in the numbers of metastases. While AMPK and mTORC1 signaling may play a role in the
growth component of this acceleration, it also seems probable that loss of cell polarity and
increased cytoskeletal signaling upon loss of MARK activity impacts the unique metastatic
nature of the LKB1-deficient tumors. The appearance of novel tumor types may also reflect
de-differentiation through transcriptional reprogramming downstream of AMPK and several
of its related family members. AMPK has also been shown to modulate other tumor suppressive
mechanisms, including the promotion of autophagy174 and cellular senescence175 under
energy-poor conditions. The absolute requirement for AMPK or LKB1 in the induction of
senescence or autophagy in different physiological and pathological contexts in an intact
organism remains to be fully investigated.

Another important question is whether LKB1 or AMPK deregulation often contributes to the
Warburg effect. Studies from cell culture and targeted mouse knockouts have revealed that
mutations in oncogenes and tumor suppressors that drive tumorigenesis stimulate HIF-1α176.
Indeed, HIF-1α and its target genes are upregulated in LKB1-, AMPK-, and TSC-deficient
fibroblasts even under normoxic conditions, indicating that loss of any one of these genes is
sufficient to confer activation of the full HIF-1α transcriptional program and hence alter cell
metabolism36, 177. Indeed immunohistochemistry on gastrointestinal tumors from Peutz-
Jeghers patients and LKB1+/- mice reveals that both contain elevated HIF-1α and its target
GLUT1, and these tumors in LKB1+/- mice are positive by FDG-PET despite their benign
nature36. These observations further prompt an examination of physiological or pathological
contexts in which LKB1 or AMPK normally act to suppress HIF-1α and whether their
inactivation is commonly involved in the glycolytic switch of most tumors. Given the
regulation of the LKB1-AMPK pathway by hormones, exercise and diet, future studies should
address whether LKB1 or AMPK mediate changes in tumor metabolism and FDG-PET
imaging following behavioral or hormonal intervention. Whether LKB1 mutant NSCLC and
cervical cancers show altered FDG-PET, and whether that can be used to direct therapeutic
interventions in different patient populations, will be important aims for future studies.
Regardless, the development of new serum and tissue biomarkers reflective of LKB1 and
AMPK activation state will lead to better optimization of future clinical trials aimed at efficacy
of targeted therapeutics.

While these and many other questions will take years to fully address, the discovery of this
highly conserved pathway has already led to fundamental insights into the mechanisms through
which all eukaryotic organisms couple their growth to nutrient conditions and metabolism. A
deeper understanding of the key components of this pathway will not only lead to future
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therapeutic targets for cancer and diabetes, but will reveal the minimal number of steps required
to suppress cell growth and reprogram metabolism.

Box 1 Polarity protein complexes

Studies across a wide range of metazoans have revealed that molecular control of cell
polarity is commonly established through the opposing function of a handful of polarity
protein complexes that mutually exclude the others’ localization172. In addition to LKB1
and the Par-1/MARK kinases, other highly conserved polarity genes include Par-3 and
Par-6, which form a quaternary complex with the small GTPase cdc42 and atypical PKC
(aPKC) subfamily of kinases (referred to as the “Par” complex). The binding of the small
GTPase cdc42 to the Par complex results in activation of aPKC kinase activity, which in
turn directly phosphorylates the MARK family of kinases on a conserved C-terminal
threonine, leading to their association with 14-3-3 and exclusion from the apical domain of
the cell178-180 (see Fig. 4). Reinforcing the mutual exclusion of the polarity complexes, the
MARK kinases have been reported to directly phosphorylate and cause relocalization of
the Discs Large (DLG) polarity proteins181 and the Par-3 scaffolding protein182. Whether
this hypothesized mutual exclusion of the MARKs and Par complex can explain observed
effects of LKB1 loss on GSK-3 and cdc42 activity in different settings183, 184 including
NSCLC cell lines185 remains to be determined.
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Glossary terms
Peutz-Jeghers Syndrome (PJS), PJS is characterized by the development of gastrointestinal
hamartomas and an increased predisposition to a number of other malignancies including those
arising in colon, breast, ovarian, pancreatic and lung tissue.; Tuberous sclerosis complex
(TCS), A familial tumour syndrome induced through mutation of the mTORC1 regualators
TSC1 and TCS2.; Steatosis, Excess intracellular lipid accumulation such as occurs
pathologically in the liver in diabetic or obese patients.
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Figure 1. Schematic of the proteins in the LKB1 and AMPK kinase complexes
Both LKB1 and AMPK exist in heterotrimeric protein complexes. Inactivating mutations in
LKB1 underlie the inherited cancer disorder Peutz-Jeghers Syndrome. Most mutations affect
the function of the kinase domain, indicating that the tumor suppressor function of LKB1
requires its kinase activity. In addition to deletions or frameshifts, several missense mutations
have been found and most cluster to the kinase domain resulting in loss of kinase activity. A
handful of mutations lie outside the kinase domain and some of these have been shown to result
in decreased kinase activity due to disruption of protein-protein interactions between LKB1
and its regulatory subunits STRAD (STE20-related adapter protein) and Mo25, which appear
to be necessary for its kinase activity186. Together, the genetic evidence indicate that the tumor
suppressor function of LKB1 requires its kinase activity. While there is a single LKB1 gene
in mammals, two STRAD and two Mo25 family members exist and mutations in STRADα
underlie the development of an inherited epileptic disorder187. There are two known splice
forms of LKB1 differing in the very C-terminal amino acids188, 189, and evidence suggests
STRAD proteins undergo extensive alternative splicing as well190. Like LKB1, AMPK is
composed of a catalytic subunit (α) and two regulatory subunits. The beta subunits contain a
conserved glycogen binding domain which also modulates AMPK activity191. The gamma
subunits contain a series of tandem repeats of crystathionine-β-synthase (CBS) domains to
which molecules of AMP directly bind as revealed in recent X-ray crystallography
studies192. Binding of AMP to AMPKγ is thought to promote phosphorylation of the critical
activation loop threonine (Thr172) in AMPKα, which is required for AMPK activity, largely
through suppression of phosphatase activity towards Thr172193. Mutation of some of these
AMP-binding pockets in the AMPKγ2 gene lead to hypertrophic cardiomyopathy that is
associated with Wolff-Parkinson-White syndrome194.
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Figure 2. LKB1-dependent signaling
LKB1 in complex with its two regulatory subunits STRAD and Mo25 directly phosphorylates
and activates a family of 14 AMPK-related kinases. These kinases in turn directly
phosphorylate a number of downstream substrates to mediate effects on cell polarity,
metabolism, and growth control. All well-established substrates of AMPK and its related
family members are shown, and those for which further in vivo data is needed are shown with
a question mark. It is important to note that many of the known substrates are expressed in a
tissue-specific manner and may not explain ubiquitous effects of LKB1 and its downstream
kinases in all cell types. Bottom: The sequences flanking the best-characterized
phosphorylation site in each substrate with those residues selected for from in vitro peptide
library and alanaine scanning peptide mutagenesis studies highlighted. Importantly, to date
there is no substantive mutational data from human tumors to specifically support any of the
downstream kinases, including the two AMPK catalytic genes, as being a particularly critical
target of LKB1 in tumor suppression. One confounding issue with the lack of mutations found
in these downstream kinases is that there is a great deal of redundancy among them, suggesting
that loss of any one of them may be compensated for by other family members, unlike the case
for LKB1 for which no other specific kinase has been shown to compensate in vivo.
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Figure 3. AMPK and PI3K signaling converge to antagonistically regulate a number of downstream
effectors, including the mTORC1 complex
A number of inherited hamartoma and cancer predispotion syndromes all share in common
hyperactivation of mTORC1 or HIF-1α. Tumor suppressors inactivated in human cancer shown
in light blue, oncogenes hyperactivated in human cancer shown in gold. Conditions that lower
intracellular ATP levels (low glycolytic rates from low glucose or inhibitors like 2-
deoxyglucose [2DG] or oxidative phosphorylation inhibitors like metformin and related
biguanides) will lead to activation of AMPK in an LKB1-dependent manner. AICAR is a
precursor of ZMP, which acts as an AMP-mimetic and is thought to directly bind the AMP-
binding pockets of the AMPKγ subunit. A769662 is the only known small molecule that
directly binds AMPK inducing its activity, though it is not currently known where the
compound binds on the AMPK heterotrimer.
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Figure 4. Control of cell polarity by LKB1-dependent signaling
The Par complex, composed of an atypical PKC family member, the Par-3 scaffold, the cdc42-
binding Par-6, and cdc42 phosphorylates a number of downstream polarity proteins, including
LKB1, the MARK family, and Lethal giant larvae (LGL). LKB1 also requires a signal from
E-cadherin to be recruited and competent to phosphorylate AMPK at the adherens junction.
LKB1-dependent AMPK activation is known to modulate the phosphorylation state of myosin
light chain (MLC) in Drosophila mutants, which may be through indirect regulation of the
kinase (MLCK) and phosphatase (MYPT1) for MLC. LKB1-dependent MARK kinases in turn
phosphorylate the Par-3 scaffold, hence leading to the mutual exclusion of the Par complex
and the MARK kinases within the cell. MARKs also are well-established to phosphorylate
MAPs including tau, MAP2, and MAP4, and have been reported to phosphorylate DLG and
Dishevelled (DVL) proteins in some contexts.
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Table 1
Genetically engineered mouse models of Lkb1 function in tumorigenesis

Tissue examined Transgenic mouse model Phenotype Significance Ref

Heterozygous throughout Lkb1+/- Benign GI hamartomas
Multi-focal osteoblastomas, paralysis

Genetic and histological
phenocopy of PJS - evidence for

unexpected role in bone?
115-8
195

Heterozygous throughout
combined with p53 loss

Lkb1+/-, p53-/-
Lkb1+/- or Lkb1+/-, p53+/-

GI hamartomas greatly accelerated
hepatocellular carcinomas in one
strain

p53 loss cooperates
Infectious agent or strain

difference?
197
196

10% function thoughout Lkb1 hypomorph No tumor phenotype
10% LKB1 thoughout but still
no tumors so unlikely polyps
haploinsufficient-unless this

hypomorph has compensation
137

10% function thoughout
& Pten heterozygous Lkb1 hypomorph X Pten +/- Lymphomagenesis greatly accelerated

compared to Pten +/-
In presence of reduced Pten,

10% LKB1 not enough to
prevent tumorigenesis

137

GI smooth muscle cells SM22-Cre-Lkb1lox/+ or lox/los Benign GI hamartomas GI Polyps arising from smooth
muscle - not epithelium? 119

Adult GI epithelium Cyp2a1- Lkb1lox/lox Altered differentiation of Paneth and
goblet cells in adult GI

Altered differentiation? Is
deletion in relevant cell
population for polyps?

198

Lung epithelium
Lox-Stop-Lox-KrasG12D,
Lkb1lox/lox delivered by
inhalation of adeno-Cre

Non-small cell lung cancer: aggressive
lung tumors of adeno-, squamous,&
large cell origin; metastasis.

LKB1 highly synergizes with
K-ras mt

Appearance of Squamous
tumors / metastasis in

adenocarcinomas

7

Endometrial epithelium
Lkb1+/-
Lkb1lox/loxintrauterine inject. of
adeno-Cre

Invasive endometrial adenocarcinoma Endometrium highly sensitive
to LKB1? 121

Prostate epithelium P450CYP1A1-Cre-Lkb1lox/lox Prostate hyperplasia & neoplasia Sex-hormone regulated growth
affected? 199

Skin Epithelium

Lkb1+/- with DMBA
administered to skin
K14-Cre-Lkb1lox/lox with or
without
DMBA administered to skin

Squamous cell carcinoma of skin (and
occasionally lung)

LKB1 highly synergizes with
H-ras mutations induced by

DMBA?
124

Pancreatic precursors Lkb1+/- or Pdx1-Cre-Lkb1lox/lox Benign pancreatic cystadenomas Altered junctions, development 200
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