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LKB1 and AMP-activated protein kinase: regulators of cell
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Adenosine monophosphate–activated protein kinase (AMPK), a metabolic protein kinase, and

its upstream kinase LKB1 play crucial roles in the establishment and maintenance of cell polar-

ity. Although the shapes of polarized cells display extraordinary diversity, the key molecules

involved in cell polarity are relatively well conserved. Here, we review the mechanisms and fac-

tors responsible for organizing cell polarity and the role of LKB1 and AMPK in cell polarity.

Introduction

There is growing evidence that AMP-activated pro-
tein kinase (AMPK) and its upstream kinase liver
kinase B1 (LKB1) have important roles in cell polari-
zation (Baas et al. 2004a; Brenman 2007; Jansen et al.
2009; Mirouse & Billaud 2011; Sebbagh et al. 2011),
and cell polarity is implicated in the differentiation
and proliferation of single cells and multicellular
organs. Cell polarity is initiated when nonpolarized
cells, including zygotes, immature cells, floating cells
and cultured cells, react to extrinsic polarization cues
such as sperm insertion or the development of the
extracellular matrix (ECM). The result is the asym-
metrical redistribution of cellular components and,
occasionally, the reorganization of the cytoskeleton to
change the shape of the cell, thus establishing cell
polarity. Accordingly, early development is a good
model to study the mechanism of the establishment
of cell polarity, and Caenorhabditis elegans zygotes
(Lyczak et al. 2002), Drosophila oocytes (Pellettieri &
Seydoux 2002) and cultured cells (Li & Gundersen
2008) have been widely used to analyze the mecha-
nisms required for establishing anterior–posterior
polarity or front-rear polarity. However, mature cells
in various organs also display cell polarity and can
respond to extrinsic polarization cues such as growth
factors; the microtubule cytoskeleton generally

responds to these cues in the process of cell polariza-
tion. Epithelial cells are the archetypal cell type that
displays apical–basal polarity. In vertebrates, the baso-
lateral and basal surfaces of these cells have very dif-
ferent cell surface compositions from each other, and
there are tight junctions at the apical-most side of the
lateral surfaces, which tightly connect adjacent cells
and limit fluid and molecules from permeating verti-
cally. In addition, adherens junctions that are located
immediately beneath the tight junctions and desmo-
somes serve as scaffolds for binding the actin cytoskel-
eton and intermediate filaments, respectively, whereas
hemi-desmosomes at the basement membrane con-
nect to the ECM via integrins (Bryant & Mostov
2008). These interactions via transmembrane struc-
tures between adjacent cells or between cells and the
ECM play important roles in maintaining cell polarity
(Iden & Collard 2008). Both AMPK and LKB1 are
required for establishing and maintaining cell polarity
in these various cell types. Here, we summarize the
function of LKB1 and AMPK and their effects on
the regulation of cell polarity.

Molecular characteristics and
physiological role of LKB1

The LKB1 gene was cloned in 1997 using compara-
tive genomic hybridization of polyp DNA from
patients with Peutz–Jeghers syndrome (PJS) (Hemm-
inki et al. 1997). Patients with PJS develop multiple
hamartomatous polyps and also have a markedly
increased risk of developing malignant tumors. One
of the causes of PJS was shown as a loss-of-function
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mutation in the human LKB1 gene (Hemminki et al.
1998), which is also known as serine–threonine pro-
tein kinase 11 (STK11) (Jenne et al. 1998), suggesting
that LKB1 protein acts as a tumor suppressor.

The LKB1 gene is expressed in a variety of fetal
and adult tissues, as determined by Northern blot
analysis (Jenne et al. 1998). LKB1 has an N-terminal
regulatory domain in the most N-terminal region
after the kinase domain and a C-terminal regulatory
domain in its most C-terminal region. LKB1 also has
two nuclear localization signals (NLSs) in its N-ter-
minal region, and LKB1 without an NLS remains in
the cytoplasm, even though wild-type LKB1 is local-
ized to both the cytoplasm and the nucleus (Sapkota
et al. 2002). To be activated, LKB1 requires the
adaptor proteins STe20-Related ADaptor (STRAD)
and mouse protein 25 (MO25) (Fig. 1) (Hawley et al.
2003). Although the single expressions of LKB1,
STRAD or MO25 show their localization in the
nucleus, the complex of these three components
results to localize to the cytoplasm (Baas et al. 2003;
Boudeau et al. 2003). LKB1 is thought to be consti-
tutively activated in cells, even under conditions in
which AMPK is activated (Alessi et al. 2006), an idea
derived from the finding that the LKB1 complex is
not stimulated by AMP in vitro and that LKB1 activ-
ity is not variable in different cell lines (Woods et al.
2003; Lizcano et al. 2004; Shaw et al. 2004).

Genetic studies by several groups have suggested
that several protein kinases in Saccharomyces cerevisiae,
elongated morphology‑1 (Elm1), Snf1-activating
kinase‑1 (Sak1, formerly known as Pak1) and target
of Sbf3 (Tos3), were capable of phosphorylating the
catalytic domain of Snf1, the homologue of mamma-
lian AMPK (Hong et al. 2003; Nath et al. 2003;
Sutherland et al. 2003). Although these three kinases
do not have obvious mammalian homologues, they
displayed moderate similarity to LKB1 and Ca2+/
calmodulin-dependent protein kinase kinase b (CaM-
KKb). Using biochemical assays, LKB1 (Hawley et al.
2003; Woods et al. 2003) and CaMKKb (Hawley
et al. 2005; Hurley et al. 2005; Woods et al. 2005)
were shown to phosphorylate AMPKa at Thr 172 in
the catalytic domain. Thus, AMPK phosphorylation
by LKB1 is a conserved substrate-kinase reaction
from yeast to mammals.

A kinome analysis using public and proprietary
genomic, complementary DNA and expressed
sequence tags showed 14 AMPK-related protein kinases
(AMPKa1, AMPKa2, BRSK1, BRSK2, NUAK1,
NUAK2, QIK, QSK, SIK, MARK1, MARK2,
MARK3, MARK4 and MELK) that contain a homo-

logous catalytic domain (Manning et al. 2002). Indeed,
the LKB1 complex phosphorylated the conserved thre-
onine in the catalytic domain of each of the 14 AMPK-
related protein kinases in vitro (Lizcano et al. 2004).
These findings suggest that LKB1 is a master kinase of
these 14 AMPK-related protein kinases and that these
kinases also may mediate some of the physiological
functions of LKB1.

Molecular characteristics and
physiological role of AMPK

Adenosine monophosphate–activated protein kinase is
a serine–threonine protein kinase that acts as a sensor
to gauge the intracellular energy status of eukaryotic
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Figure 1 Adenosine monophosphate–activated protein kinase

(AMPK) signaling pathways related to cell polarity. The com-

plex of LKB1, STe20-Related ADaptor (STRAD) and MO25

directly phosphorylates and activates BRSK, microtubule affin-

ity-regulating kinase (MARK) and AMPK, which are AMPK-

related protein kinases. AMPK is activated by the direct bind-

ing of AMP to its c subunit; thus, the activity of AMPK

reflects the energy level of the cell. AMPK is also phosphory-

lated by CaMMKb in response to increased intracellular Ca2+

concentrations. The phosphorylation of tau, MAP2 and

MAP4 by activated BRSK and MARK and the phosphoryla-

tion of CLIP-170 by AMPK regulate cell polarity via microtu-

bule dynamics. The dotted line with a question mark is a

branch that requires further investigation. MAP, microtubule-

associated proteins.
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cells. AMPK was initially discovered as a kinase that
phosphorylates and inactivates both acetyl-CoA car-
boxylase and HMG-CoA reductase, which are related
to lipid biosynthesis pathways, resulting in the pro-
duction of energy (Carling et al. 1987). AMPK has
been reported to phosphorylate many substrates asso-
ciated with glucose and lipid metabolism, transcrip-
tion, cell growth and cell polarity (Mihaylova &
Shaw 2011).

Living cells store energy as ATP and ADP and
release a phosphate group by hydrolyzing ATP to
ADP or ADP to AMP. Therefore, the levels of AMP
and ADP increase when cells are stressed, and the cells
must accurately sense the levels of them to respond
appropriately to this stress. Although it is difficult to
determine the concentration of free AMP in living
cells, an estimated concentration can be calculated by
measuring the levels of ATP, phosphocreatine and
creatine. It has been reported that the calculated con-
centration of AMP in human skeletal muscle is much
lower than that of ATP (104-fold) and ADP (102-fold)
and changes (25- to 45-fold up) more dramatically
than that of ATP (<20% down) and ADP (4- to 6-
fold up) after exercise, making AMP the best indicator
of cellular stress (Hardie et al. 2011). AMPK has a
high sensitivity to these adenine nucleotide changes
through its direct binding to ATP, ADP and AMP.
AMPK is activated by various extracellular stresses that
either reduce the catabolic generation of ATP (e.g.,
ischemia, glucose depletion or oxidative stress) or
increase the metabolic consumption of ATP (e.g.,
muscle contraction) (Hardie 2007).

Adenosine monophosphate–activated protein kinase
is a heterotrimer comprising a catalytic subunit (a) and
two regulatory subunits (b and c). Once cells are
exposed to conditions that are stressful or harmful,
AMPK changes its conformation through the direct
binding of an adenine nucleotide to the c regulatory
subunit and/or is activated through the phosphoryla-
tion of Thr172 of the catalytic a subunit by an
upstream protein kinase (i.e., LKB1 or CaMKKb)
(Fig. 1). However, there is still little evidence of how
these extracellular stresses lead to the activation of the
upstream kinase of AMPK.

LKB1 and AMPK regulate cell polarity in
Caenorhabditis elegans

In Caenorhabditis elegans, investigations of cell polarity
have been focused on the anterior–posterior polarity
defined by the asymmetric division of the one-cell
zygote. Embryos exhibit their anterior–posterior

polarity shortly after fertilization (Fig. 2). The delivery
point of the fertilizing sperm, named the posterior
site, initially excludes ETC-2, a potential guanine
nucleotide-exchange factor for RHO-1, from the
posterior cortex, which triggers the local activation of
RHO-1, one of the Rho GTPases, at the anterior
cortex (Motegi & Sugimoto 2006). The cues from the
sperm-donated centrosome may inhibit and break the
actomyosin meshwork, leading to the formation of
anterior–posterior polarity (Munro et al. 2004); how-
ever, the precise mechanism is unknown. The role of
LKB1 in cell polarity was first reported in a genetic
screen for mutations affecting the timing and patterns
of cleavage in early C. elegans embryos (Kemphues
et al. 1988). The authors reported a characteristic phe-
notype in the early development of C. elegans: the
embryos showed abnormally equal and synchronous
cell divisions, suggesting that the abnormal partition-
ing of the cytosol had occurred. Kemphues et al.
identified their responsible genes named partitioning
defective (par). Loss-of-function mutations of the par
genes abolish the tightly controlled polar distribution
of maternally expressed regulatory proteins, resulting
in severe defects in cell fate specification (Schneider &
Bowerman 2003). Par-1 encodes a serine–threonine
kinase and has sequence identity with microtubule
affinity-regulating kinase (MARK), which is a mem-
ber of the AMPK subfamily and phosphorylates
microtubule-associated proteins (MAP). Par-2 encodes
a protein with a RING finger domain that may act in
the ubiquitination pathway. Both Par-3 and Par-6
encode proteins with PDZ domains, suggesting that
they act as scaffold proteins. Par-4, which is a homo-
logue of LKB1 in C. elegans, encodes a serine–threo-
nine protein kinase. Par-5 encodes a member of the
14-3-3 family of proteins (Table 1). Each PAR pro-
tein distributes characteristically in the asymmetrically
dividing cells of the early germ-line lineage of C. ele-
gans and plays a crucial role in anterior–posterior cell
polarity. PAR-1 localizes to the posterior cortex by
associating with PAR-2 (Boyd et al. 1996), PAR-3
and PAR-6 localize to the anterior cortex with
PKC-3 (atypical protein kinase C), and PAR-4 and
PAR-5 remain symmetrically localized to the cortex
and cytosol (Goldstein & Macara 2007). The loss-of-
function PAR alleles have suggested a complicated
hierarchy; however, all of the PAR proteins are nec-
essary for proper PAR-1 localization, suggesting that
PAR-1 is the most downstream effector of the other
PAR proteins (Fig. 2) (Baas et al. 2004b).

Par-4 (homologue of LKB1) is required for cyto-
plasmic division during the early stages of develop-
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Figure 2 Anterior–posterior and apical–basal polarity in various cells. (A) The expression pattern of PAR and its related proteins

during the establishment of anterior–posterior cell polarity in the Caenorhabditis elegans zygote after fertilization. MEF-5 (green) and

PIE-1 (yellow) are distributed uniformly in the cytosol before fertilization. The anterior region is defined as the side opposite from

sperm insertion, which triggers the exclusion of both ETC-2 and RHO-1 (orange) from the posterior cytoplasm. ETC-2 and

RHO-1 activate the complex PAR-3/PAR-6/PKC-3/CDC-42 (red) and mediate its localization to the anterior cortex, and the

complex PAR-3/PAR-6/PKC-3/CDC-42 excludes both PAR-1 and PAR-2 (blue) from the anterior cortex. PAR-1 and PAR-4

phosphorylate MEF-5, and phosphorylated MEF-5 localizes to the anterior cytoplasm. Phosphorylated MEF-5 also excludes PIE-1

and P granules from the anterior cytoplasm. Blue dots, pronuclei; black dots, microtubule-organizing centers; black dotted lines,

microtubules. (B) The expression pattern of PAR and associated proteins in the Drosophila oocyte. The patterning of the anterior–
posterior axis in Drosophila develops during oocytogenesis before fertilization. The mRNAs of the maternal-effect gene Oskar (pur-

ple) and Bicoid (green) are localized to posterior and anterior regions of the germ-line cell by the transportation of microtubules,

respectively. After the activation of the maternal-effect genes, PAR-1 (blue) and the Bazooka/PAR-6/aPKC complex (red) local-

ize to the posterior and anterior of the germ-line cell, respectively. PAR-1 stabilizes the Oskar protein directly by phosphorylation;

aPKC expression at the anterior excludes PAR-1 from the anterior cortex, and PAR-1 excludes Bazooka from the posterior cor-

tex. In the follicle cells arranged around the germ-line cell, aPKC expression on the apical side also excludes PAR-1, and PAR-1

excludes Bazooka from the basal side. Bazooka stabilizes the septate junction (yellow). (C) Polarized mammalian migrating cell

expressing PAR and its related proteins at the leading edge, representing front-rear polarity. Black dotted lines, microtubules; green

dots, microtubule plus-end proteins. (D) Apical–basal polarization observed in mammalian epithelial cells. The PAR-3/PAR-6/

aPKC/CDC-42 complex (red) localizes to the apical surfaces and PAR-1 (blue) to the basolateral and basal surfaces. The lateral

membranes contain tight junctions (pink) and adherens junctions (ocher), anchoring actomyosin (brown dotted lines). The basal

surfaces bind to the extracellular matrix (ECM) (light blue solid line) via hemidesmosomes (light pink).
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ment. PAR-4 is cortically distributed in the cyto-
plasm from the 1-cell stage and is present in smaller
amounts at later stages in C. elegans (Watts et al.
2000). Maternal-effect lethal mutations in PAR-4 that
result in the failure of intestinal cells to differentiate
have been shown to affect several aspects of cell
polarity (Morton et al. 1992). A life-span analysis for
mutated par-4 and the AMP-activated kinase a2 cata-
lytic subunit (aak-2), the homologue of AMPK in
C. elegans, indicated that par-4 did not affect the life
span. However, aak-2 mutations shorten the life span
by causing the rapid consumption of stored energy in
C. elegans (Narbonne & Roy 2009).

There are molecular gradients in the single-cell
cytoplasm in which MEX-5 (muscle excess 5) is
dominant in the area destined to become the somatic
blastomere, whereas PIE-1 (pharynx and intestine in
excess protein 1) is dominant in the opposite area,
which is destined to become the germ-line blasto-
mere. MEX-5 is an RNA-binding protein that is
inherited by the somatic blastomere and segregates
the P granules and PIE-1 in response to PAR-1
asymmetry. PAR-1 and PAR-4 phosphorylate MEX-
5 and cause the rapid movement of MEX-5 in the
cytoplasm, resulting in cytoplasmic asymmetry
of MEX-5 (Tenlen et al. 2008; Griffin et al. 2011).
P granules are cytoplasmic RNA-rich granules that
are mostly localized to the germ-line, and the asym-
metric segregation of the P granules during early

division in C. elegans is a classic example of cytoplas-
mic patterning and cell polarity. However, the physi-
ological role of the P granules is not fully understood
because a recent investigation using P granule
mutants showed that the P granules are not required
to specify the germ-line (Gallo et al. 2010).

Although C. elegans is a fundamental model for
the analysis of anterior–posterior cell polarity, the
precise mechanisms of establishing cell polarity are
still not fully understood. However, it is indisputable
that the PAR proteins are crucial regulators of cell
polarity and that PAR-1 and PAR-4 play important
roles in this process. Important findings about the par
proteins that clarify the mechanisms of cell polarity
have been accumulating and will provide a better
understanding of cell polarity.

LKB1 and AMPK regulate cell polarity in
Drosophila

In contrast to C. elegans, the Drosophila oocyte exhib-
its anterior–posterior polarity from the early develop-
ing oogenesis stage and also apical–basal polarity in
the late oogenesis stage and embryonic stage. PAR
proteins homologous to those in C. elegans, except
for PAR-2, have also been identified in Drosophila,
and they regulate anterior–posterior cell polarity in
the oocyte (Table 1).

The Drosophila par-1 gene is expressed early in the
both germ-line cells and somatic follicle cells in the
ovary and accumulates at the anterior cortex in stage
9 oocytes (Fig. 2). The deletion of Drosophila par-1
appears to be zygotic lethal, and germ-line clones
result in the arrest of oocytes before axis formation.
Although Drosophila PAR-1 seems to affect microtu-
bule organization the most directly, there is no evi-
dence that C. elegans PAR-1 affects microtubule
organization, and C. elegans polarity is resistant to
microtubule-inhibiting drugs (Kemphues 2000).

Dlkb1, a homologue for PAR-4 in Drosophila
melanogaster, was also identified as being required for
both early anterior–posterior polarity and apical–
basal polarity (Martin & St Johnston 2003). These
researchers showed that immunoprecipitated Drosoph-
ila PAR-1 phosphorylated recombinant LKB1 in vitro,
even though PAR-1/MARK is phosphorylated by
LKB1 in mammalian cells. Thus, the hierarchy of
PAR proteins for establishing cell polarity in Drosoph-
ila might be different from that in mammals. The
mutation of dlkb1 resulted in disrupted spindle forma-
tion and asymmetric division in larval neuroblasts
(Bonaccorsi et al. 2007). PAR-4 is essential for retinal

Table 1 Polarity-related proteins in Caenorhabditis elegans,

Drosophila melanogaster and mammals

C. elegans D. melanogaster Mammals

PAR-1 PAR-1 MARK3/PAR-1a

MARK2/PAR-1b

MARK1/PAR-1c

MARK4

PAR-2 Not identified Not identified

PAR-3 Bazooka ASIP

PAR-4 dLKB1 LKB1/STK11

PAR-5 14-3-3e 14-3-3b
PAR-6 PAR-6 PAR-6a

PAR-6b
PAR-6c

PKC-3 aPKC aPKCk
aPKCζ

CDC-42 CDC-42 CDC-42

aak-1 AMPKa AMPKa1
aak-2 AMPKa2

ASIP, Atypical PKC isotype-specific interacting protein;

MARK, microtubule affinity-regulating kinase.
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cell apical–basal polarity during remodeling in eye
formation; however, AMPK might not be a direct
target of PAR-4 in the retina (Amin et al. 2009).
Additionally, many investigators have reported that
LKB1 is essential for cell polarity in nonmammalian
cells (Tenlen et al. 2008; Kim et al. 2010).

The PAR–aPKC complex is also conserved in
Drosophila; Bazooka (PAR3), PAR-6 and aPKC
(PKC-3) localize to the anterior cortices of oocytes
(Vaccari & Ephrussi 2002; Benton & St Johnston
2003) and to the apical and apicolateral membranes
of follicle epithelia (Kim et al. 2009).

Abnormal cell polarity and mitosis were observed
in the epithelia of both AMPK and LKB1 null
mutant Drosophila, and a phosphomimetic mutant of
myosin regulatory light chain (MRLC) rescued the
phenotype (Lee et al. 2007). These findings suggest
that the actin–myosin cytoskeleton complex might be
regulated in some circumstances in which AMPK is
activated; although the authors showed that AMPK
directly phosphorylates the MRLC, the phosphomi-
metic transgene did not rescue all of the phenotypes.
Furthermore, in a recent study using mammalian pan-
creatic cells, the inhibition of LKB1 did not affect the
MRLC phosphorylation status (Hezel et al. 2008),
and the inhibition of AMPK in vascular smooth mus-
cle cells increased MRLC phosphorylation (Horman
et al. 2008). These findings imply that the MRLC
may not be directly phosphorylated by AMPK (Bul-
tot et al. 2009) but instead mediate the polarity signal
from AMPK to the actin cytoskeleton (Mirouse &
Billaud 2011).

LKB1 and AMPK regulate cell polarity in
mammals

Because of the difficulties of working with fertilized
mammalian eggs, as opposed to C. elegans zygotes or
Drosophila oocytes, most investigators have examined
the mechanisms of the establishment and maintenance
of cell polarity in mammals using cultured epithelial
cells. Cultured cells displaying directional cell migra-
tion facilitate the identification of the mechanism of
front-rear polarity, and epithelial cells as Madin-
Darby canine kidney (MDCK) cells are good models
for understanding apical–basal polarity (Fig. 2).

An elegant investigation showed the physiological
function of LKB1 in single-cultured cells. Intestinal
epithelial cancer cell lines that remained unpolarized
owing to a lack of STRAD yet could be polarized by
inducible STRAD were constructed. Upon STRAD
induction, the unpolarized cells rapidly polarized,

remodeling their actin cytoskeleton to form an apical
brush border when LKB1 was activated by the
induced STRAD (Baas et al. 2004a). These findings
suggest that LKB1 is a major regulator of cell polar-
ity. MDCK epithelial cells require Ca2+ for the
assembly of both tight junctions and adherens junc-
tions, which can be manipulated by changing the
concentration of calcium in the medium. Two studies
using these calcium-switch experiments showed that
AMPK is essential for tight junction assembly; how-
ever, these pathways might require the calcium–
CaMKKb axis independently of LKB1 (Zhang et al.
2006; Zheng & Cantley 2007).

The MARK family of proteins, homologues of
PAR-1 in mammals, are also involved in the mainte-
nance of cell polarity in epithelial cells (Bohm et al.
1997) and neural cells (Sapir et al. 2008). MARKs are
reported to phosphorylate MAP 2 and 4 and tau,
increasing the dynamic instability of microtubules
(Ebneth et al. 1999). MARKs have a catalytic domain
near its N terminus that is followed by an autoregula-
tory domain and a kinase-associated domain. MARKs
are known to be members of the AMPK subgroup of
the Ca2+/calmodulin-dependent protein kinase
(CAMK) family and to promote the detachment of
phosphorylated MAPs from microtubules, resulting in
the regulation of microtubule dynamics and microtu-
bule-based intracellular transport. Tau protein is one
of the most famous substrates for MARK, and hyper-
phosphorylated Tau aggregates in neural cells, causing
defects in neural transport and forming filamentous
structures that consist of neurofibrillary tangles, which
are the hallmark of Alzheimer’s disease (Ballard et al.
2011). However, the precise effects of MARKs on
microtubule dynamics and the mechanisms that
underlie these effects are not fully understood (Hay-
ashi et al. 2012).

Atypical PKC isotype-specific interacting protein
(ASIP), a homologue of PAR-3 in mammals, and
PAR-6 are also highly conserved from C. elegans to
humans (Table 1) and localize at the tight junction
near the apical side of mammalian epithelial cells,
forming a complex with aPKC and cell division con-
trol protein 42 (CDC-42), one of the small GTPases.
The complex is essential for maintaining apical–basal
polarity (Izumi et al. 1998; Joberty et al. 2000).

Of the 14 AMPK-related protein kinases, BRSK,
MARK1, MARK2, MARK3, MARK4 and AMPK
play roles in regulating cell polarity (Matenia & Man-
delkow 2009; Shackelford & Shaw 2009); however,
there are few reported relationships between other
kinases and cell polarity. The catalytic domains of
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these 14 AMPK-related protein kinases are phosphor-
ylated by upstream kinases, and three AMPK kinases
have been identified to date, namely LKB1, CaM-
KKb and transforming growth factor-b-activated
kinase 1 (TAK1) (Bright et al. 2009). CaMKKb has
been identified as an AMPK kinase (Hawley et al.
2005; Hurley et al. 2005; Woods et al. 2005), phos-
phorylating and activating AMPK in response to
increased intracellular Ca2+ concentrations. TAK1
was very recently implicated in the regulation of
AMPK activity in cells and in the heart, although the
physiological conditions under which TAK1 regulates
AMPK are unclear (Momcilovic et al. 2006; Xie
et al. 2006) (Fig. 1).

AMPK regulates microtubule dynamics by
phosphorylation of CLIP-170

Although there is growing evidence that LKB1 and
AMPK have pivotal roles in the establishment of cell
polarity, as described above, the direct downstream
targets of AMPK associated with cell polarity remain
unclear. Using two-step column chromatography
combined with an in vitro kinase reaction, cytoplasmic

linker protein of 170 Da (CLIP-170) was recently
identified as a novel substrate for AMPK in mamma-
lian cells and was shown to play a key role in the cell
polarity mediated by AMPK (Nakano et al. 2010).
CLIP-170 was originally identified as a protein that
mediates the binding of endocytic vesicles to microtu-
bules in HeLa cells (Rickard & Kreis 1990; Pierre et al.
1992). CLIP-170 also acts as one of the microtubule
plus-end tracking proteins (Perez et al. 1999; Schuyler
& Pellman 2001). AMPK was shown to phosphorylate
CLIP-170 directly at Ser 311, and phosphorylated
CLIP-170 localizes closer to the distal end of microtu-
bules than nonphosphorylated CLIP-170. In contrast,
decreasing the level of phosphorylated CLIP-170 using
AMPK inhibitors or depleting AMPK with siRNA
shifted the dissociation pattern of CLIP-170 at the dis-
tal end of the microtubules, resulting in a disturbance
of cell polarity (Nakano et al. 2010) (Fig. 3). Another
report clearly showed that CLIP-170 that is not phos-
phorylated in its serine-rich region, including Ser 311,
changes its conformation and increases its binding
affinity to microtubules. These reports suggest that the
phosphorylation of CLIP-170 by AMPK may decrease
its affinity for tubulins or shift the binding site to more

Figure 3 Adenosine monophosphate–activated protein kinase (AMPK) phosphorylates CLIP-170 and establishes cell polarity. (A)

AMPK phosphorylates CLIP-170 at Ser 311 of its coiled-coil region. (B) The phosphorylation of CLIP-170 by AMPK is required

for the efficient polymerization of microtubules and the establishment of cell polarity (lower panel). Phosphorylated CLIP-170 rap-

idly detaches from the microtubule lattice, contributing to efficient microtubule polymerization. In contrast, the inhibition of

AMPK results in the prolonged and enhanced accumulation of nonphosphorylated CLIP-170 on the microtubule lattice, leading

to the disturbance of microtubule polymerization and cell polarity (upper panel).
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distal ends of the microtubules than the binding site of
nonphosphorylated CLIP-170; however, more
detailed reports are necessary to clarify the precise
mechanisms (Lee et al. 2010).

CLIP-190, an ortholog of CLIP-170 in Drosophila,
is reported to localize to the distal end of growing
microtubules, similar to CLIP-170, in cultured cells
(Dzhindzhev et al. 2005). A recent study showed that
CLIP-190 is localized to the posterior of the oocyte
in a manner that is dependent on the Oskar protein
and the actin cytoskeleton (Sanghavi et al. 2012).
However, the role of CLIP-190 in cell polarity has
not been fully investigated.

AMPK controls cell polarity and cell
migration

Controlling microtubule dynamics by the phosphory-
lation of CLIP-170 via AMPK affects the stability of
microtubules (Nakano et al. 2010). Microtubules
function as a railway for the efficient transport of a
large amount of cargo between the cytoplasm and the
cell cortex. Thus, increasing the stability of microtu-
bules may lead to a disturbance of the transportation
of various substances within cells. It has been
reported that the inhibition of AMPK activity dis-
turbs anterior–posterior polarity, particularly front-
rear polarity, and that a phosphomimetic mutant of
CLIP-170 successfully rescues these phenomena, sug-
gesting that the AMPK–CLIP-170 axis is important
for establishing cell polarity (Fig. 3).

A recent investigation also showed that AMPK is
required for establishing the growth of single neurites
and their differentiation into axons (Amato et al.
2011). In this study, AMPK was shown to phosphor-
ylate kinesin light chain (KLC) 2 of kinesin 1 at both
Ser 539 and Ser 575, disrupting the association
between the phosphatidylinositol 3-kinase regulatory
subunit p85 and KLC2 and resulting in the suppres-
sion of axon initiation and neuronal polarization.
Therefore, AMPK may establish and control cell
polarity via the microtubule cytoskeleton.

Conclusions and future directions

In this review, we have presented the recent advances
in knowledge about the function of the LKB1-
AMPK pathway in the establishment of anterior–
posterior cell polarity. Over the 15 years since the
discovery of LKB1 as one of the genes responsible
for PJS, numerous important findings concerning the
LKB1-AMPK pathway have been reported, increas-

ing our understanding of its physiological and patho-
logical roles in cell polarity. However, there are some
issues about the establishment of cell polarity that
remain unclear: What controls the selectivity of
LKB1 for each of the 14 AMPK-related protein kin-
ases, and how does LKB1 regulate these kinases?
How does AMPK control the phosphorylation level
of each of its substrates and exert different effects on
the maintenance of metabolic homeostasis and the
establishment of cell polarity? The activity of LKB1
might be continuously maintained at a certain level,
as its in vivo activity has been reported to undergo lit-
tle change, suggesting that the activity of AMPK-
related protein kinases would also be maintained at a
specific level. Thus, AMPK may be able to maintain
fundamental cell functions, including cell polarity by
LKB1, and regulate many additional functions,
depending on the energy status of the cell, by con-
trolling the phosphorylation levels of its substrates.
Our results from a screen for AMPK substrates
showed that CLIP-170 was the most susceptible sub-
strate for phosphorylation by AMPK. From this find-
ing, it is reasonable to assume that CLIP-170 is one
of the main regulators of cell polarity, as CLIP-170
appears to be phosphorylated at a lower level than
the known substrates. Further investigations will elu-
cidate these issues more clearly and contribute to the
advancement of the field of cell biology.

References

Alessi, D.R., Sakamoto, K. & Bayascas, J.R. (2006) LKB1-

dependent signaling pathways. Annu. Rev. Biochem. 75,

137–163.
Amato, S., Liu, X., Zheng, B., Cantley, L., Rakic, P. & Man,

H.Y. (2011) AMP-activated protein kinase regulates neuro-

nal polarization by interfering with PI 3-kinase localization.

Science 332, 247–251.
Amin, N., Khan, A., St Johnston, D., Tomlinson, I., Martin, S.,

Brenman, J. & McNeill, H. (2009) LKB1 regulates polarity

remodeling and adherens junction formation in the Drosophila

eye. Proc. Natl Acad. Sci. USA 106, 8941–8946.
Baas, A.F., Boudeau, J., Sapkota, G.P., Smit, L., Medema, R.,

Morrice, N.A., Alessi, D.R. & Clevers, H.C. (2003)

Activation of the tumour suppressor kinase LKB1 by the

STE20-like pseudokinase STRAD. EMBO J. 22, 3062–
3072.

Baas, A.F., Kuipers, J., van der Wel, N.N., Batlle, E., Koer-

ten, H.K., Peters, P.J. & Clevers, H.C. (2004a) Complete

polarization of single intestinal epithelial cells upon activa-

tion of LKB1 by STRAD. Cell 116, 457–466.
Baas, A.F., Smit, L. & Clevers, H. (2004b) LKB1 tumor sup-

pressor protein: PARtaker in cell polarity. Trends Cell Biol.

14, 312–319.

Genes to Cells (2012) 17, 737–747 © 2012 The Authors

Journal compilation © 2012 by the Molecular Biology Society of Japan/Wiley Publishing Ltd

A Nakano & S Takashima

744



Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland,

D. & Jones, E. (2011) Alzheimer’s disease. Lancet 377,

1019–1031.
Benton, R. & St Johnston, D. (2003) Drosophila PAR-1 and

14-3-3 inhibit Bazooka/PAR-3 to establish complementary

cortical domains in polarized cells. Cell 115, 691–704.
Bohm, H., Brinkmann, V., Drab, M., Henske, A. & Kurzcha-

lia, T.V. (1997) Mammalian homologues of C. elegans

PAR-1 are asymmetrically localized in epithelial cells and

may influence their polarity. Curr. Biol. 7, 603–606.
Bonaccorsi, S., Mottier, V., Giansanti, M.G., Bolkan, B.J.,

Williams, B., Goldberg, M.L. & Gatti, M. (2007) The Dro-

sophila Lkb1 kinase is required for spindle formation and

asymmetric neuroblast division. Development 134, 2183–
2193.

Boudeau, J., Baas, A.F., Deak, M., Morrice, N.A., Kieloch,

A., Schutkowski, M., Prescott, A.R., Clevers, H.C. &

Alessi, D.R. (2003) MO25alpha/beta interact with

STRADalpha/beta enhancing their ability to bind, activate

and localize LKB1 in the cytoplasm. EMBO J. 22, 5102–
5114.

Boyd, L., Guo, S., Levitan, D., Stinchcomb, D.T. & Kemph-

ues, K.J. (1996) PAR-2 is asymmetrically distributed and

promotes association of P granules and PAR-1 with the

cortex in C. elegans embryos. Development 122, 3075–3084.
Brenman, J.E. (2007) AMPK/LKB1 signaling in epithelial cell

polarity and cell division. Cell Cycle 6, 2755–2759.
Bright, N.J., Thornton, C. & Carling, D. (2009) The regula-

tion and function of mammalian AMPK-related kinases.

Acta Physiol. (Oxf) 196, 15–26.
Bryant, D.M. & Mostov, K.E. (2008) From cells to organs:

building polarized tissue. Nat. Rev. Mol. Cell Biol. 9, 887–
901.

Bultot, L., Horman, S., Neumann, D., Walsh, M.P., Hue, L.

& Rider, M.H. (2009) Myosin light chains are not a physi-

ological substrate of AMPK in the control of cell structure

changes. FEBS Lett. 583, 25–28.
Carling, D., Zammit, V.A. & Hardie, D.G. (1987) A common

bicyclic protein kinase cascade inactivates the regulatory

enzymes of fatty acid and cholesterol biosynthesis. FEBS

Lett. 223, 217–222.
Dzhindzhev, N.S., Rogers, S.L., Vale, R.D. & Ohkura, H.

(2005) Distinct mechanisms govern the localisation of Dro-

sophila CLIP-190 to unattached kinetochores and microtu-

bule plus-ends. J. Cell Sci. 118, 3781–3790.
Ebneth, A., Drewes, G., Mandelkow, E.M. & Mandelkow, E.

(1999) Phosphorylation of MAP2c and MAP4 by MARK

kinases leads to the destabilization of microtubules in cells.

Cell Motil. Cytoskeleton 44, 209–224.
Gallo, C.M., Wang, J.T., Motegi, F. & Seydoux, G. (2010)

Cytoplasmic partitioning of P granule components is not

required to specify the germline in C. elegans. Science 330,

1685–1689.
Goldstein, B. & Macara, I.G. (2007) The PAR proteins: fun-

damental players in animal cell polarization. Dev. Cell 13,

609–622.

Griffin, E.E., Odde, D.J. & Seydoux, G. (2011) Regulation of

the MEX-5 gradient by a spatially segregated kinase/phos-

phatase cycle. Cell 146, 955–968.
Hardie, D.G. (2007) AMP-activated/SNF1 protein kinases:

conserved guardians of cellular energy. Nat. Rev. Mol. Cell

Biol. 8, 774–785.
Hardie, D.G., Carling, D. & Gamblin, S.J. (2011) AMP-acti-

vated protein kinase: also regulated by ADP? Trends Bio-

chem. Sci. 36, 470–477.
Hawley, S.A., Boudeau, J., Reid, J.L., Mustard, K.J., Udd, L.,

Makela, T.P., Alessi, D.R. & Hardie, D.G. (2003) Com-

plexes between the LKB1 tumor suppressor, STRAD

alpha/beta and MO25 alpha/beta are upstream kinases in

the AMP-activated protein kinase cascade. J. Biol. 2, 28.

Hawley, S.A., Pan, D.A., Mustard, K.J., Ross, L., Bain, J.,

Edelman, A.M., Frenguelli, B.G. & Hardie, D.G. (2005)

Calmodulin-dependent protein kinase kinase-beta is an

alternative upstream kinase for AMP-activated protein

kinase. Cell Metab. 2, 9–19.
Hayashi, K., Suzuki, A. & Ohno, S. (2012) PAR-1/MARK: a

kinase essential for maintaining the dynamic state of micro-

tubules. Cell Struct. Funct. 37, 21–25.
Hemminki, A., Markie, D., Tomlinson, I., et al. (1998) A ser-

ine/threonine kinase gene defective in Peutz–Jeghers syn-

drome. Nature 391, 184–187.
Hemminki, A., Tomlinson, I., Markie, D., Jarvinen, H.,

Sistonen, P., Bjorkqvist, A.M., Knuutila, S., Salovaara, R.,

Bodmer, W., Shibata, D., de la Chapelle, A. & Aaltonen,

L.A. (1997) Localization of a susceptibility locus for Peutz–
Jeghers syndrome to 19p using comparative genomic

hybridization and targeted linkage analysis. Nat. Genet. 15,

87–90.
Hezel, A.F., Gurumurthy, S., Granot, Z., Swisa, A., Chu, G.

C., Bailey, G., Dor, Y., Bardeesy, N. & Depinho, R.A.

(2008) Pancreatic LKB1 deletion leads to acinar polarity

defects and cystic neoplasms. Mol. Cell. Biol. 28, 2414–
2425.

Hong, S.P., Leiper, F.C., Woods, A., Carling, D. & Carlson,

M. (2003) Activation of yeast Snf1 and mammalian AMP-

activated protein kinase by upstream kinases. Proc. Natl

Acad. Sci. USA 100, 8839–8843.
Horman, S., Morel, N., Vertommen, D., Hussain, N., Neu-

mann, D., Beauloye, C., El Najjar, N., Forcet, C., Viollet,

B., Walsh, M.P., Hue, L. & Rider, M.H. (2008) AMP-acti-

vated protein kinase phosphorylates and desensitizes smooth

muscle myosin light chain kinase. J. Biol. Chem. 283,

18505–18512.
Hurley, R.L., Anderson, K.A., Franzone, J.M., Kemp, B.E.,

Means, A.R. & Witters, L.A. (2005) The Ca2+/calmodu-

lin-dependent protein kinase kinases are AMP-activated

protein kinase kinases. J. Biol. Chem. 280, 29060–29066.
Iden, S. & Collard, J.G. (2008) Crosstalk between small GTP-

ases and polarity proteins in cell polarization. Nat. Rev. Mol.

Cell Biol. 9, 846–859.
Izumi, Y., Hirose, T., Tamai, Y., Hirai, S., Nagashima, Y.,

Fujimoto, T., Tabuse, Y., Kemphues, K.J. & Ohno, S.

© 2012 The Authors

Journal compilation © 2012 by the Molecular Biology Society of Japan/Wiley Publishing Ltd

Genes to Cells (2012) 17, 737–747

Regulators of cell polarity

745



(1998) An atypical PKC directly associates and colocalizes at

the epithelial tight junction with ASIP, a mammalian

homologue of Caenorhabditis elegans polarity protein PAR-3.

J. Cell Biol. 143, 95–106.
Jansen, M., Ten Klooster, J.P., Offerhaus, G.J. & Clevers, H.

(2009) LKB1 and AMPK family signaling: the intimate link

between cell polarity and energy metabolism. Physiol. Rev.

89, 777–798.
Jenne, D.E., Reimann, H., Nezu, J., Friedel, W., Loff, S., Jes-

chke, R., Muller, O., Back, W. & Zimmer, M. (1998)

Peutz-Jeghers syndrome is caused by mutations in a novel

serine threonine kinase. Nat. Genet. 18, 38–43.
Joberty, G., Petersen, C., Gao, L. & Macara, I.G. (2000) The

cell-polarity protein Par6 links Par3 and atypical protein

kinase C to Cdc42. Nat. Cell Biol. 2, 531–539.
Kemphues, K. (2000) PARsing embryonic polarity. Cell 101,

345–348.
Kemphues, K.J., Priess, J.R., Morton, D.G. & Cheng, N.S.

(1988) Identification of genes required for cytoplasmic local-

ization in early C. elegans embryos. Cell 52, 311–320.
Kim, J.S., Hung, W., Narbonne, P., Roy, R. & Zhen, M.

(2010) C. elegans STRADalpha and SAD cooperatively reg-

ulate neuronal polarity and synaptic organization. Develop-

ment 137, 93–102.
Kim, S., Gailite, I., Moussian, B., Luschnig, S., Goette, M.,

Fricke, K., Honemann-Capito, M., Grubmuller, H. &

Wodarz, A. (2009) Kinase-activity-independent functions of

atypical protein kinase C in Drosophila. J. Cell Sci. 122,

3759–3771.
Lee, H.S., Komarova, Y.A., Nadezhdina, E.S., Anjum, R.,

Peloquin, J.G., Schober, J.M., Danciu, O., van Haren, J.,

Galjart, N., Gygi, S.P., Akhmanova, A. & Borisy, G.G.

(2010) Phosphorylation controls autoinhibition of cytoplas-

mic linker protein-170. Mol. Biol. Cell 21, 2661–2673.
Lee, J.H., Koh, H., Kim, M., Kim, Y., Lee, S.Y., Karess,

R.E., Lee, S.H., Shong, M., Kim, J.M., Kim, J. &

Chung, J. (2007) Energy-dependent regulation of cell

structure by AMP-activated protein kinase. Nature 447,

1017–1020.
Li, R. & Gundersen, G.G. (2008) Beyond polymer polarity:

how the cytoskeleton builds a polarized cell. Nat. Rev. Mol.

Cell Biol. 9, 860–873.
Lizcano, J.M., Goransson, O., Toth, R., Deak, M., Morrice,

N.A., Boudeau, J., Hawley, S.A., Udd, L., Makela, T.P.,

Hardie, D.G. & Alessi, D.R. (2004) LKB1 is a master kinase

that activates 13 kinases of the AMPK subfamily, including

MARK/PAR-1. EMBO J. 23, 833–843.
Lyczak, R., Gomes, J.E. & Bowerman, B. (2002) Heads or

tails: cell polarity and axis formation in the early Caenorhabd-

itis elegans embryo. Dev. Cell 3, 157–166.
Manning, G., Whyte, D.B., Martinez, R., Hunter, T. &

Sudarsanam, S. (2002) The protein kinase complement of

the human genome. Science 298, 1912–1934.
Martin, S.G. & St Johnston, D. (2003) A role for Drosophila

LKB1 in anterior-posterior axis formation and epithelial

polarity. Nature 421, 379–384.

Matenia, D. & Mandelkow, E.M. (2009) The tau of MARK:

a polarized view of the cytoskeleton. Trends Biochem. Sci.

34, 332–342.
Mihaylova, M.M. & Shaw, R.J. (2011) The AMPK signalling

pathway coordinates cell growth, autophagy and metabo-

lism. Nat. Cell Biol. 13, 1016–1023.
Mirouse, V. & Billaud, M. (2011) The LKB1/AMPK polarity

pathway. FEBS Lett. 585, 981–985.
Momcilovic, M., Hong, S.P. & Carlson, M. (2006) Mamma-

lian TAK1 activates Snf1 protein kinase in yeast and phos-

phorylates AMP-activated protein kinase in vitro. J. Biol.

Chem. 281, 25336–25343.
Morton, D.G., Roos, J.M. & Kemphues, K.J. (1992) par-4, a

gene required for cytoplasmic localization and determination

of specific cell types in Caenorhabditis elegans embryogenesis.

Genetics 130, 771–790.
Motegi, F. & Sugimoto, A. (2006) Sequential functioning of

the ECT-2 RhoGEF, RHO-1 and CDC-42 establishes cell

polarity in Caenorhabditis elegans embryos. Nat. Cell Biol. 8,

978–985.
Munro, E., Nance, J. & Priess, J.R. (2004) Cortical flows

powered by asymmetrical contraction transport PAR pro-

teins to establish and maintain anterior-posterior polarity in

the early C. elegans embryo. Dev. Cell 7, 413–424.
Nakano, A., Kato, H., Watanabe, T., et al. (2010) AMPK

controls the speed of microtubule polymerization and direc-

tional cell migration through CLIP-170 phosphorylation.

Nat. Cell Biol. 12, 583–590.
Narbonne, P. & Roy, R. (2009) Caenorhabditis elegans dauers

need LKB1/AMPK to ration lipid reserves and ensure long-

term survival. Nature 457, 210–214.
Nath, N., McCartney, R.R. & Schmidt, M.C. (2003) Yeast

Pak1 kinase associates with and activates Snf1. Mol. Cell.

Biol. 23, 3909–3917.
Pellettieri, J. & Seydoux, G. (2002) Anterior-posterior polarity

in C. elegans and Drosophila–PARallels and differences. Sci-

ence 298, 1946–1950.
Perez, F., Diamantopoulos, G.S., Stalder, R. & Kreis, T.E.

(1999) CLIP-170 highlights growing microtubule ends in

vivo. Cell 96, 517–527.
Pierre, P., Scheel, J., Rickard, J.E. & Kreis, T.E. (1992)

CLIP-170 links endocytic vesicles to microtubules. Cell 70,

887–900.
Rickard, J.E. & Kreis, T.E. (1990) Identification of a novel

nucleotide-sensitive microtubule-binding protein in HeLa

cells. J. Cell Biol. 110, 1623–1633.
Sanghavi, P., Lu, S. & Gonsalvez, G.B. (2012) A functional

link between localized Oskar, dynamic microtubules, and

endocytosis. Dev. Biol. 367, 66–77.
Sapir, T., Sapoznik, S., Levy, T., Finkelshtein, D., Shmueli,

A., Timm, T., Mandelkow, E.M. & Reiner, O. (2008)

Accurate balance of the polarity kinase MARK2/Par-1 is

required for proper cortical neuronal migration. J. Neurosci.

28, 5710–5720.
Sapkota, G.P., Boudeau, J., Deak, M., Kieloch, A., Morrice,

N. & Alessi, D.R. (2002) Identification and characterization

Genes to Cells (2012) 17, 737–747 © 2012 The Authors

Journal compilation © 2012 by the Molecular Biology Society of Japan/Wiley Publishing Ltd

A Nakano & S Takashima

746



of four novel phosphorylation sites (Ser31, Ser325, Thr336

and Thr366) on LKB1/STK11, the protein kinase mutated

in Peutz–Jeghers cancer syndrome. Biochem. J. 362, 481–
490.

Schneider, S.Q. & Bowerman, B. (2003) Cell polarity and the

cytoskeleton in the Caenorhabditis elegans zygote. Annu. Rev.

Genet. 37, 221–249.
Schuyler, S.C. & Pellman, D. (2001) Microtubule “plus-end-

tracking proteins”: the end is just the beginning. Cell 105,

421–424.
Sebbagh, M., Olschwang, S., Santoni, M.J. & Borg, J.P.

(2011) The LKB1 complex-AMPK pathway: the tree that

hides the forest. Fam. Cancer 10, 415–424.
Shackelford, D.B. & Shaw, R.J. (2009) The LKB1-AMPK

pathway: metabolism and growth control in tumour sup-

pression. Nat. Rev. Cancer 9, 563–575.
Shaw, R.J., Kosmatka, M., Bardeesy, N., Hurley, R.L., Wit-

ters, L.A., DePinho, R.A. & Cantley, L.C. (2004) The

tumor suppressor LKB1 kinase directly activates AMP-acti-

vated kinase and regulates apoptosis in response to energy

stress. Proc. Natl Acad. Sci. USA 101, 3329–3335.
Sutherland, C.M., Hawley, S.A., McCartney, R.R., Leech,

A., Stark, M.J., Schmidt, M.C. & Hardie, D.G. (2003)

Elm1p is one of three upstream kinases for the Saccharomyces

cerevisiae SNF1 complex. Curr. Biol. 13, 1299–1305.
Tenlen, J.R., Molk, J.N., London, N., Page, B.D. & Priess, J.

R. (2008) MEX-5 asymmetry in one-cell C. elegans

embryos requires PAR-4- and PAR-1-dependent phos-

phorylation. Development 135, 3665–3675.
Vaccari, T. & Ephrussi, A. (2002) The fusome and microtu-

bules enrich Par-1 in the oocyte, where it effects polariza-

tion in conjunction with Par-3, BicD, Egl, and dynein.

Curr. Biol. 12, 1524–1528.
Watts, J.L., Morton, D.G., Bestman, J. & Kemphues, K.J.

(2000) The C. elegans par-4 gene encodes a putative serine-

threonine kinase required for establishing embryonic asym-

metry. Development 127, 1467–1475.
Woods, A., Dickerson, K., Heath, R., Hong, S.P., Momcilo-

vic, M., Johnstone, S.R., Carlson, M. & Carling, D. (2005)

Ca2+/calmodulin-dependent protein kinase kinase-beta acts

upstream of AMP-activated protein kinase in mammalian

cells. Cell Metab. 2, 21–33.
Woods, A., Johnstone, S.R., Dickerson, K., Leiper, F.C.,

Fryer, L.G., Neumann, D., Schlattner, U., Wallimann, T.,

Carlson, M. & Carling, D. (2003) LKB1 is the upstream

kinase in the AMP-activated protein kinase cascade. Curr.

Biol. 13, 2004–2008.
Xie, M., Zhang, D., Dyck, J.R., Li, Y., Zhang, H., Morishi-

ma, M., Mann, D.L., Taffet, G.E., Baldini, A., Khoury, D.

S. & Schneider, M.D. (2006) A pivotal role for endogenous

TGF-beta-activated kinase-1 in the LKB1/AMP-activated

protein kinase energy-sensor pathway. Proc. Natl Acad. Sci.

USA 103, 17378–17383.
Zhang, L., Li, J., Young, L.H. & Caplan, M.J. (2006) AMP-acti-

vated protein kinase regulates the assembly of epithelial tight

junctions. Proc. Natl Acad. Sci. USA 103, 17272–17277.
Zheng, B. & Cantley, L.C. (2007) Regulation of epithelial

tight junction assembly and disassembly by AMP-activated

protein kinase. Proc. Natl Acad. Sci. USA 104, 819–822.

Received: 15 March 2012

Accepted: 25 June 2012

© 2012 The Authors

Journal compilation © 2012 by the Molecular Biology Society of Japan/Wiley Publishing Ltd

Genes to Cells (2012) 17, 737–747

Regulators of cell polarity

747


