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LKB1, a master kinase that controls at least 13 downstream protein kinases including the AMP-activated
protein kinase (AMPK), resides mainly in the nucleus. A key step in LKB1 activation is its export from the
nucleus to the cytoplasm. Here, we identified S307 of LKB1 as a putative novel phosphorylation site which is
essential for its nucleocytoplasmic transport. In a cell-free system, recombinant PKC-� phosphorylates LKB1
at S307. AMPK-activating agents stimulate PKC-� activity and LKB1 phosphorylation at S307 in endothelial
cells, hepatocytes, skeletal muscle cells, and vascular smooth muscle cells. Like the kinase-dead LKB1 D194A
mutant (mutation of Asp194 to Ala), the constitutively nucleus-localized LKB1 SL26 mutant and the LKB1
S307A mutant (Ser307 to Ala) exhibit a decreased association with STRAD�. Interestingly, the PKC-�
consensus sequence surrounding LKB1 S307 is disrupted in the LKB1 SL26 mutant, thus providing a likely
molecular explanation for this mutation causing LKB1 dysfunction. In addition, LKB1 nucleocytoplasmic
transport and AMPK activation in response to peroxynitrite are markedly reduced by pharmacological
inhibition of CRM1, which normally facilitates nuclear export of LKB1-STRAD complexes. In comparison to
the LKB1 wild type, the S307A mutant complexes show reduced association with CRM1. Finally, adenoviral
overexpression of wild-type LKB1 suppresses, while the LKB1 S307A mutant increases, tube formation and
hydrogen peroxide-enhanced apoptosis in cultured endothelial cells. Taken together, our results suggest that,
in multiple cell types the signaling pathways engaged by several physiological stimuli converge upon PKC-�-
dependent LKB1 phosphorylation at S307, which directs the nucleocytoplasmic transport of LKB1 and
consequent AMPK activation.

LKB1 is a tumor suppressor (3, 25, 33, 42, 59) that is mu-
tated in Peutz-Jeghers cancer syndrome (20, 24). This serine/
threonine protein kinase phosphorylates and activates at least
13 downstream kinases, which in turn regulate multiple cellular
processes, including the cell cycle, cellular proliferation, apop-
tosis, and energy metabolism (1, 30). One of the key down-
stream kinases of LKB1 is the 5�-AMP-activated protein ki-
nase (AMPK), a serine/threonine kinase that serves as a
master regulator of energy metabolism (18, 19, 28). LKB1 is
ubiquitously expressed in adult and fetal tissue, particularly
pancreatic, liver, testicular, cardiac, and skeletal muscle tissue
(21, 25, 43, 60). In humans, LKB1 comprises 433 amino acids
(436 residues in mouse LKB1) and is located predominantly in
the nucleus due to its nuclear localization signal in the N-
terminal noncatalytic region (residues 38 to 43) (36, 53). Par-
adoxically, LKB1 activation takes place predominantly in the
cytoplasm, after it complexes with STRAD (STE-related
adapter) and MO25 (mouse protein 25). As a result, the nu-
cleocytoplasmic transport and subsequent association of LKB1

with STRAD and MO25 in the cytoplasm are required for full
activation of LKB1 (2, 5) and its downstream kinases, including
AMPK. Consistent with this theory, 12 mutants of LKB1 (in-
cluding the SL26 mutants) found in patients with Peutz-Jegh-
ers cancer syndrome are constitutively nuclear (5, 6). Further,
a recent study from Macara’s group (13) shows that STRAD
regulates LKB1 localization by blocking access to importin and
by association with CRM1 and exportin-7, two nuclear protein
exportins.

LKB1 is phosphorylated at S325, T366, and S431 by up-
stream kinases. In addition, LKB1 autophosphorylates at S31,
T185, T189, T336, and S404 (1). Mutation of any of these
phosphorylation sites to Ala (to abolish phosphorylation) or
Glu (to mimic phosphorylation) does not significantly affect
the in vitro catalytic activity of LKB1 or its intracellular local-
ization (5, 44, 45). Recently, we demonstrated that phosphor-
ylation of LKB1 S428 is required for metformin-enhanced
AMPK activation (56). Nevertheless, several questions such as
the precise mechanism(s) underlying LKB1 activation, the rel-
evant phosphorylation sites, and the upstream activating ki-
nase(s) remain unclear. While it has been shown that LKB1
S428 phosphorylation is required for nucleocytoplasmic trans-
port of LKB1, the translocation of LKB1 to the cytosol could
be further regulated by unknown mechanisms. Here, we have
identified S307 as a novel phosphorylation site in LKB1 and
provide evidence that, in multiple cell types, phosphorylation
of this site by protein kinase C � (PKC-�) induces nucleocyto-

* Corresponding author. Mailing address: Department of Medicine,
University of Oklahoma Health Sciences Center, 941 Stanton L.
Young Blvd., Oklahoma City, OK 73104. Phone: (405) 271-3974. Fax:
(405) 271-3973. E-mail: ming-hui-zou@ouhsc.edu.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

‡ Z.X. and Y.D. contributed equally to this work.
� Published ahead of print on 4 May 2009.

3582



plasmic transport of LKB1 and subsequent activation of
AMPK and suppression of angiogenesis and apoptosis. Impor-
tantly, we provide a molecular explanation for the constitutive
nuclear localization of the LKB1 SL26 mutant. Taken to-
gether, our results suggest that the phosphorylation of LKB1
S307 by PKC-� is essential for LKB1 regulation of cell cycle
progression, proliferation, angiogenesis, and apoptosis.

MATERIALS AND METHODS

Materials. Human umbilical vein endothelial cells (HUVECs) were obtained
from Cascade Biologics (Portland, OR). Bovine aortic endothelial cells (BAECs)
and cell culture media were obtained from Cambrex Bio Science Walkersville,
Inc. (Walkersville, MD). A549 cells were from ATCC (Manassas, VA). The
SAMS peptide was purchased from Upstate Biotechnology, Inc. (Lake Placid,
NY). Antibodies against phospho-AMPK (T172), AMPK-�, phospho-LKB1
(S428), phospho-acetyl-coenzyme A carboxylase (ACC) (Ser79), and phospho-
PKC-� were obtained from Cell Signaling, Inc. (Beverly, MA). PKC-� and PKC-
�/�, LKB1, STRAD�, and MO25� small interfering RNA (siRNA) and antibod-
ies against PKC-�, PKC-�/�, LKB1 (D-19), CRM-1 (C-1), and STRAD (N-13)
were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). MO25 rabbit mono-
clonal antibody was purchased from Epitomics, Inc. (Burlingame, CA), protein
A Sepharose CL-48 was from Amersham Biosciences (Uppsia, Sweden), and
cell-permeable myristoylated PKC-� pseudosubstrate (PKC-�-PS) was from
Biosource International (Camarillo, CA). All other chemicals and organic
solvents were of the highest grade and were obtained from Sigma-Aldrich (St.
Louis, MO).

Recombinant AMPK and LKB1 protein complexes. Recombinant AMPK His-
�1�1�1, was prepared as described previously (35, 51) LKB1-MO25�-STRAD�
complexes were bacterially expressed and purified up to the heparin step. Con-
struction of the LKB1 S428A mutant was described previously (34).

Cell culture and adenoviral infection. Adenoviral vectors expressing constitu-
tively active PKC-� (PKC-�-CA); dominant-negative PKC-� (PKC-�-DN); wild-
type (WT) LKB1 or LKB1 S307A, LKB1 S428A, and LKB1 D194A mutants; or
green fluorescent protein (GFP) were used, as described previously (10, 57, 62).
A replication-defective adenoviral vector expressing GFP (Ad-GFP) served as a
negative control. In these experiments, infection efficiency typically exceeded
80%, as determined by GFP expression.

siRNA silencing of PKC-� in HUVECs. HUVECs were transfected with hu-
man-specific PKC-� siRNA or a corresponding scrambled siRNA for 48 h using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.
Infected cells were starved in serum-free medium for 6 h and then exposed to the
indicated concentrations of metformin.

PKC-� activity. PKC-� was first immunoprecipitated with PKC-�-specific an-
tibody, and PKC-� activity was assayed with PKC-�-specific peptides, as described
previously (23).

Immunoprecipitation and Western blotting. Cells were homogenized in lysis
buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM �-glycerolphos-
phate, 1 mM Na3VO4, 1 	g/ml leupeptin, and 1 mM phenylmethylsulfonyl
fluoride. The resulting lysates were sonicated twice for 10 s in an Ultrasonic
Dismemberator with 10% output (Model 500; Fisher Scientific) and then cen-
trifuged at 14,000 
 g for 20 min at 4°C. The supernatants were subjected to
immunoprecipitation with the indicated antibodies. Immunoprecipitates or
whole-cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes, and
probed with specific antibodies, as described previously (57, 63).

Quantification of Western blots. The intensities (density 
 area) of individual
bands were measured by densitometry (Model GS-700, Imaging Densitometer,
Bio-Rad). The background was subtracted from the calculated area.

In vitro kinase assays. Recombinant hexahistidine-tagged AMPK His-�1�1�1
was incubated with various concentrations of recombinant PKC-� or PKC-�II for
15 min at 37°C in the presence of [32P]ATP (1 	Ci) and the SAMS peptide (200
	M), with or without AMP (200 	M). The reaction mixture was supplemented
with 20 	l 3
 sample buffer to terminate the reaction, boiled for 5 min at 95°C,
and separated by 12% SDS-PAGE. The dried gels were subjected to autoradiog-
raphy to analyze changes in protein phosphorylation. Aliquots of the reaction
mixture were also subjected to scintillation counting to determine AMPK activ-
ity, or more specifically, 32P incorporation into the SAMS peptide. In other
experiments, the activity of recombinant LKB1 was indirectly measured by as-
saying AMPK-dependent [32P]ATP incorporation into the SAMS peptide.

Construction of plasmid DNA vectors of LKB1 mutants and adenoviral LKB1
mutation vectors. S307 or S428 of human LKB1 was mutated to Ala; catalytic site
Asp 194 was replaced by Ala using the QuikChange kit (Stratagene), according
to the manufacturer’s instructions. Oligonucleotides used for point mutation are
listed in Table S3 in the supplemental material. The S307A S428A double
mutant was prepared by the sequential mutation strategy. All mutations were
confirmed by DNA sequencing. Plasmid DNA was extracted on a large scale
using Qiagen’s EndoFree plasmid maxikit (cat. no. 12362) and transfected into
HeLa-S3 cells or A549 using the Lipofectamine 2000 kit (Invitrogen, catalog no.
11668-019), according to the instructions provided by the supplier. After trans-
fection, cells underwent a 24-h incubation before receiving any additional treat-
ments. Cells transfected with the LacZ expression vector as well as untreated
cells served as controls.

Adenovirus encoding WT LKB1 or the LKB1 S307A, S428A, and D194A
mutants was prepared as instructed by the provider (Q-Biogene, Inc.). In brief,
the WT and KLB1 S307A, S428A, and D194A mutants were released from their
DNA vector with EcoRI/NotI and subcloned into the EcoRI/NotI site of
pCR259. The resulting plasmids were transformed into the HighQ-1 Trans-
pose-Ad 294 Escherichia coli strain to recombine with the adenovirus genome
followed by characterization, amplification, and titration in mammalian 293A
cells.

Immunocytochemical staining of LKB1 and TUNEL staining. HUVECs and
A549 cells transfected with WT LKB1 and mutated plasmids were cultured on
coverslips and then fixed with 4% paraformaldehyde. After blocking, the
HUVECs were incubated with goat anti-LKB1 antibody (Santa Cruz, Biotechnol-
ogy, Inc., Santa Cruz, CA) overnight. Since all tested commercially available
antibodies against LKB1 did not work for A549 cells and LKB1 plasmids en-
coded an N-terminal His Tag, the LKB1 proteins in A549 were detected with a
mouse anti-His antibody (Upstate Cell Signaling Solutions, Temecula, CA).
After three washes, the slides were incubated with a fluorescein isothiocyanate
(FITC)-conjugated donkey anti-goat antibody and an FITC-conjugated donkey
anti-mouse antibody (Jackson ImmunoResearch Lab, Inc., West Grove, PA),
respectively, at a dilution of 1:150 for 1 h. The slides were then rinsed, counter-
stained with 4�,6-diamidino-2-phenylindole (DAPI), mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, CA), and viewed on an
SLM 510 laser-scanning confocal microscope (Carl Zeiss Meditec, Inc., Jena,
Germany). Apoptosis was assessed by terminal deoxynucleotidyltransferas-me-
diated dUTP-biotin nick end labeling (TUNEL) staining (TMR red) using a kit
from Roche (Mannheim, Germany) following the instruction manual provided.
The percentage of apoptotic cells was calculated from the number of TUNEL-
positive cells divided by the total number of cells counted.

Preparation of subcellular fractions. Cellular cytosolic and nuclear fractions
were prepared as described previously (56, 58).

Tube formation assay. HUVECs were transfected with adenoviral vectors
expressing WT LKB1, the LKB1 D194A, LKB1 S307A, and LKB1 S428A mu-
tants, or GFP 2 days prior to plating on Matrigel-coated culture dishes. The
formation of vascular-like structures by HUVECs was performed on Matrigel
(BD Biosciences) as follows. Six-well culture plates were coated with Matrigel,
according to the manufacturer’s instructions. The indicated HUVECs were
seeded on coated plates at 5 
 105 cells/well in endothelial cell growth medium
and incubated at 37°C for 8 h. The degree of tube formation was quantified by
measuring the length of tubes in three randomly chosen fields from each well
using the NIH Image Program.

Statistical analysis. Results were analyzed using a one-way analysis of vari-
ance. All values are expressed as means � standard errors. P values of �0.05
were considered statistically significant.

RESULTS

AMPK-activating stimuli also activate PKC-� in intact cells.
AMPK is activated by diverse stimuli, such as 5-aminoimidaz-
ole-4-carboxamide-1-�-D-ribofuranoside (AICAR), oxidants,
hormones, and drugs. As shown in Fig. 1A, exposure of BAECs
to peroxynitrite (ONOO
), metformin, AICAR, statin, or
the thromboxane receptor agonist IBOP [[1S-(1�,2�(5Z),3
�(1E,3R),4 �)]-7-[3-(3-hydroxy-4-(4�-iodophenoxy)-1-butenyl)-7-
oxabicyclo-[2.2.1] heptan-2-yl]-5-heptenoic acid] increases the ac-
tivity of PKC-�, as measured by in vitro kinase assays with a
PKC-�-specific substrate. In all cases, increased PKC-� activity
was associated with the translocation of PKC-� from the cytosol to
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the plasma membrane (data not shown), confirming the activa-
tion of PKC-� by these stimuli.

PKC-�-mediated activation of AMPK requires the phosphor-
ylation of LKB1. Our previous studies (10, 57) have shown that
selective inhibition of PKC-� attenuates AMPK activation elic-
ited by metformin or ONOO
, a potent oxidant formed by
nitric oxide and superoxide anions. To determine if PKC-�
phosphorylates AMPK, we assayed 32P incorporation of
AMPK immunoprecipitated from BAECs in the presence or
absence of recombinant PKC-� in vitro (Fig. 1B). In the ab-
sence of exogenous PKC-�, 32P was not incorporated into
AMPK, showing that AMPK does not undergo autophosphor-
ylation (Fig. 1B). The addition of increasing amounts of re-
combinant PKC-� (3 to 30 ng) to the reaction mixture progres-
sively increased 32P incorporation into PKC-� (Fig. 1B),
consistent with the fact that PKC-� undergoes autophosphor-
ylation in the presence of ATP. Significantly increasing con-
centrations of PKC-� also resulted in a dose-dependent in-
crease of 32P incorporation into AMPK� (Fig. 1B). In contrast
to PKC-�, PKC-�II (300 ng) had only marginal effects on
AMPK 32P incorporation (data not shown). Interestingly, rep-
etition of this experiment with recombinant AMPK�1�1�1
revealed that recombinant PKC-� did not cause 32P incorpo-
ration into recombinant AMPK�1�1�1s in the absence of
LKB1 (Fig. 1C). Similar results were also obtained with re-
combinant AMPK�2�1�1 (Z. Xie, unpublished data). Taken
together, these results suggest that PKC-� does not phosphor-
ylate AMPK directly and that PKC-�-dependent AMPK acti-
vation is likely mediated by some unknown factor(s).

As shown in Fig. 1B, an unknown protein with a molecular
mass of approximately 50 kDa was detected in the presence of
high PKC-� concentrations (�10 ng). This molecular mass is

close to that of LKB1, prompting us to investigate whether
LKB1 may mediate AMPK activation by PKC-�. In vitro kinase
assays were performed with AMPK� immunoprecipitates from
the HeLa-S3 and A549 cell lines, both of which are deficient
for endogenous LKB1 and express normal levels of AMPK.
AMPK� immunoprecipitates from these cell lines did not un-
dergo phosphorylation or become activated in the presence of
PKC-� (data not shown), implying that LKB1 mediates AMPK
activation by PKC-�.

These results were confirmed by repeating the in vitro kinase
assays with recombinant AMPK�1�1�1 in the presence of
both PKC-� and LKB1. Inclusion of LKB1 in the reaction
mixture restored the dose-dependent induction of AMPK
phosphorylation and AMPK activity by PKC-� (Fig. 1D). Both
effects were accompanied by a dose-dependent increase of 32P
incorporation into both LKB1 and AMPK (Fig. 1D). Taken
together, these results suggest that LKB1 is required for PKC-
�-dependent AMPK activation, in vitro.

Identification of LKB1 S307 as a putative PKC-� phosphor-
ylation site. Previously, we had demonstrated that phosphor-
ylation of LKB1 at S428 is required for LKB1 to activate
AMPK (56). To determine if S428 is necessary for AMPK
activation, in vitro kinase assays were performed with mouse
WT LKB1 or the mutant LKB1 S431A (equal to Ser428 in
human sequence). Each LKB1 variant was bacterially ex-
pressed as LKB1-MO25�-STRAD� complexes and purified on
a heparin column, as described previously (34). As shown in
Fig. 1E, inclusion of PKC-� dramatically stimulated 32P incor-
poration into AMPK� and the LKB1 WT. When WT LKB1
was replaced with the LKB1 S428A mutant, incorporation of
phosphate into AMPK� and LKB1 was markedly reduced
(Fig. 1E). Since the LKB1 S428A mutant was phosphorylated

FIG. 1. LKB1 is required for PKC-� stimulation of AMPK activation and phosphorylation in vitro. (A) PKC-� activity following exposure of
BAECs to the indicated AMPK-activating agents. �, P � 0.05 vs. control. (B) AMPK� immunoprecipitated (IP) from BAECs was incubated with
recombinant PKC-� for 15 min. 32P incorporation of PKC-�, LKB1, and AMPK was monitored by autoradiography. (C) AMPK 32P incorporation
following coincubation of recombinant PKC-� and recombinant AMPK in the absence of exogenous LKB1. (D) AMPK 32P incorporation following
incubation of recombinant LKB1 with PKC-� and AMPK. All blots are representative of four to six blots from four to six independent experiments
(n � 4 or 6). (E) Mutation of LKB1 S428 into alanine partially blocks PKC-�-enhanced 32P incorporation into LKB1 and AMPK in vitro.
Recombinant AMPK and PKC-� were incubated with recombinant WT LKB1 or LKB1 S428A for 15 min, and 32P incorporation into AMPK was
monitored by autoradiography. The blot is a representative of three blots from three independent experiments (n � 3).
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by PKC-�, these results strongly suggest the existence of addi-
tional PKC-� phosphorylation sites in LKB1.

High-stringency searches for putative phosphorylation sites
in LKB1 were performed using the web-based bioinformatics
tools, NetPhos2.0 server (University of Denmark; http://www
.cbs.dtu.dk/services/NetPhos/), KinasePhos (Taiwan, China;
http://kinasephos.mbc.nctu.edu.tw/), and MotifScan (MIT,
Cambridge, MA; https://scansite.mit.edu/). These searches
identified S31, S142, S216, S307, S378, S428, T209, and Y60 as
possible phosphorylation sites (see Tables S1 and S2 in the
supplemental material). Moreover, the search results from
MotifScan suggest that S307 of LKB1 could be directly phos-
phorylated by PKC-� (see Fig. S1 in the supplemental mate-
rial), since the surrounding sequence (QIRQHS307WFRK
KHP) is conserved across various species and has similarity to
the PKC-� consensus phosphorylation site (see Tables S1 and
S2 in the supplemental material). Importantly, the constitu-
tively nuclear LKB1 SL26 mutant carries a 9-bp deletion of
codons 303 to 306 that consequently alters the amino acid
sequence immediately preceding S307 (IRQHS3073NS307)
(21). Based on these findings, S307 was selected for further
analysis.

LKB1 S307 phosphorylation is stimulated by PKC-� in vitro
and by AMPK activators in multiple cell types. To investigate
S307 phosphorylation, we developed a specific antibody
against phospho-S307 of LKB1 using the peptide Ac-C-(Ahx)-
QIRQH(pS)WFRKKH-amide, in which S307 contains a phos-
phate group. The specificity of the antibody was tested by
Western blot analysis of HUVEC lysates. The phospho-S307
antibody recognizes an �52-kDa species in ONOO
-treated
HUVEC lysates, which was colabeled by LKB1 antibody (see
Fig. S2A in the supplemental material) but did not produce
any signal in the lysates of untreated HUVECs. Phospho-S307
labeling is completely blocked by the addition of phospho-
peptides, but not a non-phosphopeptide or unrelated peptides
(see Fig. S2B in the supplemental material). Furthermore, the
phospho-S307 antibody does not react with the LKB1 S307A
mutant (see Fig. S2C in the supplemental material). Taken
together, these results confirm the specificity of the antibody
for LKB1 phosphorylated at S307.

To determine whether PKC-� phosphorylates LKB1 at S307
in vitro, purified recombinant PKC-� was incubated with re-
combinant LKB1. Western blot analysis of the reaction prod-
ucts revealed that PKC-� increases LKB1 phosphorylation at
S307 in a dose-dependent manner in vitro (see Fig. S2D in the
supplemental material). This result is consistent with the find-
ing that PKC-� increases 32P incorporation into LKB1 (Fig. 1B
and D) and provides support for the involvement of LKB1
S307 phosphorylation in the PKC-�-LKB1-AMPK signaling
pathway.

Next, we determined if LKB1 S307 phosphorylation is ele-
vated in response to the AMPK activators ONOO
, met-
formin, 2-deoxyglucose, leptin, AICAR, or statin. Exposure of
BAECs to each of these agents significantly increases AMPK
T172 phosphorylation without altering AMPK expression (Fig.
2). Importantly, in all cases, in addition to increasing LKB1
S428 phosphorylation, LKB1 S307 phosphorylation is signifi-
cantly increased. LKB1 S307 phosphorylation by AMPK acti-
vators is not limited to BAECs. Metformin (1 mM, 60 min)
significantly elevated LKB1 S307 and AMPK T172 phosphor-

ylation in both HepG2 (Fig. 3A) and C2C12 cells (Fig. 3B).
Moreover, metformin (data not shown) and IBOP have similar
effects in confluent vascular smooth muscle cells (Fig. 3C).
Taken together, these findings suggest that, in multiple cell
types, the signaling pathways engaged by several physiological
stimuli converge upon LKB1 phosphorylation at both S307 and
S428 for the activation of AMPK.

Ser307A point mutation reduces ONOO�-enhanced AMPK
activation without affecting LKB1 activity. To determine if
S307 is necessary for AMPK activation, LKB1-deficient cell
line A549 was transfected with either wild-type LKB1 or LKB1
mutants (S307A, S428A, S307A S428A, and D194A). After
transfection, AMPK activity was assayed in the cells with or
without ONOO
 treatment. Compared to cells overexpressing
either LacZ or with the D194A mutant, AMPK activity was
elevated in the cells transfected with either WT LKB1 or LKB1
mutants (Ser307A, Ser428A, or S307A S428A (Fig. 4A).
ONOO
 did not alter AMPK activity in the cells transfected
with either LacZ or D194A (Fig. 4A). However, ONOO


increased AMPK activity in the cells overexpressing WT LKB1
by threefold (Fig. 4A). Conversely, ONOO
 did not alter
AMPK activity in cells transfected with either the S307A or
S428A mutant or the S307A S428A double mutant (Fig. 4A),
implying that the phosphorylation of LKB1 at either S307 or
S428 is required for AMPK activation by ONOO
. Inhibition
of PKC-� with PKC-�-PS, a PKC�-specific inhibitor, attenuated
ONOO
-enhanced AMPK activity (Fig. 4A).

We next investigated whether the mutation of LKB1 serine
307, serine 428, or both sites into alanine altered its activity in
response to ONOO
. Compared to WT LKB1, replacement of
aspartic acid of 194 with alanine significantly reduced LKB1
activity. However, LKB1 activities were comparable between
WT LKB1 and LKB1 mutants (S307A, S428A and S307A
S428A) (Fig. 4B). Consistently, neither ONOO
 nor the ad-
dition of PKC-�-PS altered LKB1 activity in the cells trans-
fected with either WT LKB1 or the LKB1 mutants (Fig. 4B).
Taken together, these data imply that the phosphorylation of
LKB1 at either serine 307 or serine 428 did not alter its kinase
activity.

To determine whether or not PKC-� affected LKB1 activity,
LKB1 immunoprecipitated from the cells transfected with WT
LKB1 or LKB1 mutants were incubated with recombinant
PKC-� and the LKB1 activity was assayed by 32P incorporation
into LKB1tide. As depicted in Fig. 4C, PKC-� had no effect on
LKB1 activity when incubated with either WT LKB1 or LKB1
mutants (S307A, S428A, and S307A S428A) (Fig. 4C). Thus,
PKC-�-mediated AMPK activation is not a result of the alter-
ation of LKB1 activity.

S307 mutation blocks the sequestration of LKB1 in the
cytoplasm. The role of S307 in LKB1-dependent AMPK acti-
vation was further investigated by testing the effect of the
S307A mutation on ONOO
- or metformin-induced AMPK
phosphorylation. A549 cells were transfected with human WT
LKB1 or an LKB1 S307A, LKB1 S428A, or LKB1 S307A
S428A mutant. Asp194, which is essential for LKB1 activity
(46), was mutated into Ala to serve as a positive control. As
shown in Fig. 5A, ONOO
 caused a fourfold increase in
AMPK T172 phosphorylation in A549 cells transfected with
WT LKB1, but not in nontransfected cells, LacZ-transfected
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cells, or mutant LKB1-transfected cells. Similar results were
obtained in A549 cells treated with metformin (Fig. 5B).

The region spanning amino acids 88 to 433 may contribute
to the cytoplasmic sequestration of LKB1 (36), which is re-
quired for the full activation of this kinase. Mutation of LKB1
at either Ser307 or Ser428 did not alter LKB1 activity but
attenuated ONOO
-enhanced AMPK activation in intact
cells. These results might emphasize the importance of LKB1
relocalization from the nucleus to the cytoplasm in order to
achieve full activation of its downstream enzymes such as
AMPK.

To determine whether S307 phosphorylation is involved in
the regulation of nucleocytoplasmic shuttling of LKB1, we
used immunocytochemistry and subcellular fractionation to
investigate the effect of LKB1 S307A on the intracellular lo-
calization of LKB1 in A549 cells. As expected, WT LKB1,
which was predominantly in the nuclear fraction of resting
cells, translocated to the cytoplasm in response to metformin
treatment (Fig. 5C; see Fig. S4A in the supplemental material)
or ONOO
 (see Fig. S3 in the supplemental material). How-
ever, treatment with either metformin (Fig. 5C; see Fig. S4A in
the supplemental material) or ONOO
 (see Fig. S3 in the
supplemental material) failed to induce the cytoplasmic trans-
location of LKB1 S307A, LKB1 S428A, or the LKB1 S307A
S428A double mutant, which remained in the nucleus.

We also assayed whether metformin treatment induces en-
dogenous LKB1 translocation in HUVECs. As expected,

LKB1 was primarily found in the nucleus of untreated
HUVECs (Fig. 5D). In metformin-treated HUVECs, LKB1
translocated from the nucleus to cytoplasm. Metformin-en-
hanced LKB1 nucleocytoplasmic transport was further con-
firmed by Western blot analysis of LKB1 in subcellular frac-
tionations. As shown in Fig. 5E and F, metformin significantly
increases the total amount of LKB1 in the cytoplasm and
markedly reduces the amount of LKB1 in the nucleus.

To further confirm whether LKB1 cytosolic translocation is
essential for AMPK activation, we tested the cellular translo-
cation of LKB1 SL26, a constitutively nuclear localized, kinase-
active LKB1 mutant originally identified in Peutz-Jeghers syn-
drome patients (21). As expected, LKB1 SL26 was mainly
localized in the nucleus when overexpressed in A549 cells (see
Fig. S4B in the supplemental material). Furthermore, ONOO


treatment had no stimulatory effect on the translocation of
LKB1 SL26 to the cytosol in A549 (see Fig. S4B in the sup-
plemental material). In addition, overexpression of LKB1
SL26, LKB1 S428A, or LKB1 S307 reduced ONOO
-stimu-
lated AMPK phosphorylation in A549 cells (see Fig. 4C in the
supplemental material). Taken together, these results confirm
that cytoplasmic translocation of LKB1 is critical for AMPK
activation.

Inhibition of PKC-� blocks LKB1 S307 phosphorylation.
PKC-� loss-of-function studies were performed to further in-
vestigate whether PKC-� mediates LKB1 S307 phosphoryla-
tion in response to ONOO
 or metformin. Treatment of

FIG. 2. AMPK-activating agents stimulate phosphorylation of LKB1 at S307 and S428. Confluent BAECs were exposed to ONOO
 (50 	M,
15 min) (A), metformin (1 mM, 60 min) (B), 2-deoxyglucose (2-DG; 40 mM, 15 min) (C), leptin (500 ng/ml, 30 min) (D), AICAR (2 mM, 120
min) (E), or statin (50 	M, 1 h) (F). Levels of total and phosphorylated (T172) AMPK, total and phosphorylated (S307) LKB1, and phosphorylated
(S428) LKB1 were determined by Western blotting. Black bars, P-AMPK; white bars, P-LKB1 S307; and striped bars, P-LKB1 S428. All blots are
representative of at least four blots from four independent experiments (n � 4 or 6). �, P � 0.05 versus control.
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BAECs with PKC-�-PS, which only inhibits the activity of the
PKC-� isoform, prevented ONOO
- or metformin-induced
phosphorylation of AMPK at T172 and phosphorylation of
LKB1 at both S307 and S428, without affecting AMPK and
LKB1 protein levels (Fig. 6A and B). Metformin-induced
AMPK, LKB1 S307, and LKB1 S428 phosphorylation was also
blocked by PKC-�-specific siRNA, which suppressed PKC-�
expression by 60% (Fig. 6C). On the other hand, scrambled
siRNA had no effect.

PKC-� belongs to an atypical PKC family which shares
�80% homology with other types of atypical PKCs, such as
PKC-�/�. To determine if PKC-�/� contributes to the activation
of LKB1 and AMPK signaling, we used PKC-�/� siRNA to
inhibit PKC-�/� expression. As shown in Fig. 6D, transfection
of PKC-�/�-specific siRNA, but not control siRNA, reduced
the levels of PKC-�/� by �80%. Importantly, transfection of
PKC-�/� siRNA did not alter metformin-enhanced phosphory-
lation of AMPK at T172 or the phosphorylation of LKB1 at
S307 and S428. These results confirm that PKC-�, but not the
closely related PKC-�/�, is involved in regulation of the LKB1-
AMPK pathway.

Overexpression of adenoviral PKC-�-DN, but not Ad-GFP,
prevented metformin-induced phosphorylation of AMPK and
LKB1 S307 and S428 (Fig. 6E). Consistent with these results,

selective PKC-� inhibition blocked ONOO
- and statin-in-
duced phosphorylation of AMPK T172 and LKB1 S307 (8).

Inhibition of PKC-� blocks LKB1 nucleocytoplasmic trans-
port. LKB1 is a constitutively active protein kinase, and its
translocation from the nucleus to the cytoplasm is essential for
LKB1 physiologic functions (5, 53). Transfection of LKB1-
specific siRNA but not scrambled siRNA in HUVECs mark-
edly reduced the signals of LKB1, confirming this antibody was
specific for LKB1 in both immunocytochemistry (Fig. 6F) and
Western blots (see Fig. S6C in the supplemental material).
Furthermore, immunohistochemical staining of LKB1 in
HUVECs revealed that, as in LKB1-transfected A549 cells,
LKB1 is mainly present in the nucleus in untreated cells, but
translocates to the cytoplasm following stimulation with met-
formin (Fig. 6F). Analysis of the distribution of LKB1 in subcel-
lular fractions confirmed this result, showing an accumulation of
LKB1 in the cytosolic fraction, with a reciprocal decline in the
nuclear fraction (data not shown), upon metformin treatment.
Importantly, PKC-�-PS abolished metformin-induced LKB1
translocation from the nucleus to the cytoplasm (Fig. 6F). Simi-
larly, selective PKC-� inhibition blocked the LKB1 nucleocyto-
plasmic transport induced by ONOO
 (42) or statins (8).

We next determined the time course of metformin-induced
phosphorylation of PKC-�, LKB1, and AMPK. Metformin sig-

FIG. 3. Both LKB1 S307 and LKB1 S428 are phosphorylated in metformin- or IBOP-treated cell lines. Confluent cultures of HepG2 (A) or
C2C12 (B) cells were exposed to metformin, and vascular smooth muscle cells (VSMC) (C) were exposed to IBOP (1 	M, 60 min). Levels of total
and phosphorylated (T172) AMPK, total and phosphorylated (S307) LKB1, as well as phosphorylated (S428) LKB1 were determined by Western
blotting. Black bars, P-AMPK; white bars, P-LKB1 S307; and striped bars, P-LKB1 S428. All blots are representative of at least four to six blots
from four to six independent experiments. �, P � 0.05 versus vehicle.
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nificantly increased PKC-� phosphorylation within 1 min of
exposure, and increased LKB1 phosphorylation at S428 and
S307 after around 10 min. A significant increase in AMPK
T172 phosphorylation was observed at 30 min and peaked at 60
min after metformin treatment (Fig. 6G).

Phosphorylation of LKB1 at S307 is required for its in-
creased association with STRAD�. Recent evidence (13) sug-
gests that LKB1 becomes fully activated only after it complexes
with STRAD and CRM1, a nuclear protein exportin which
participates in the nucleocytoplasmic shuttling of LKB1. Since
the LKB1 S307A mutation blocks LKB1 export from the nu-
cleus (Fig. 5C and D), we next investigated if phosphorylation
of LKB1 at S307 alters the association of LKB1 with STRAD�.
To this end, STRAD� was first immunoprecipitated from
A549 cells transfected with either WT LKB1 or LKB1 mutants
(S307A, S428A, S307A S428, D194A, or SL26), and the im-
munoprecipitates were analyzed by Western blotting with
LKB1- or CRM1-specific antibodies. As expected, the trans-
fection of LKB1 SL26, a mutant deficient in the STRAD�
binding motif, exhibited no association between LKB1 and
STRAD� (Fig. 7A). Interestingly, in unstimulated cells,
STRAD� was weakly coimmunoprecipitated with WT LKB1
or the LKB1 S307A, LKB1 S428A, and LKB1 D194A mutants
(Fig. 7A), suggesting that unlike the LKB1 SL26 mutant, the
mutations of Ser307, Ser428, or D194 do not alter the affinity
of LKB1 with STRAD�. Conversely, CRM1 was not coimmu-

noprecipitated with either STRAD� or LKB1 in nonstimu-
lated cells overexpressing WT LKB1 or LKB1 mutants (Z. Xie,
unpublished data).

We next determined whether the phosphorylation of LKB1
at either S307 or S428 is required for the increased association
of LKB1 with STRAD� induced by ONOO
. As expected,
there was no LKB1 expression in A549 cells transfected with
LacZ, whereas both MO25 and STRAD� were detected in the
cells transfected with LacZ (Fig. 7B, top panel). Transfection
of WT LKB1 and LKB1 mutants increased the levels of LKB1
at similar levels in A549 (Fig. 7B, top panel). ONOO
 treat-
ment did not alter the levels of LKB1 (Fig. 7B, top panel). In
contrast, neither transfection of LKB1 constructs nor ONOO


treatment altered the protein levels of MO25� and STRAD�
in A549 cells. The specificity of the antibodies against
STRAD�, MO25�, and CRM1 was confirmed by Western
blotting as the transfection of STRAD�-, CRM1-, and
MO25�-specific siRNA but not control siRNA markedly re-
duced the antibody staining (see Fig. S5A, B, and D and Fig.
S6A and B in the supplemental material).

We next assayed the effects of ONOO
 on the coimmuno-
precipitation of LKB1 with STRAD� and if LKB1 mutation at
either Ser307 or Ser428 altered the association between LKB1
and STRAD�. Although STRAD� is only weakly coimmuno-
precipitated with WT LKB1 or the LKB1 S307A, LKB1
S428A, and LKB1 D194A mutants in nonstimulated cells (Fig.

FIG. 4. Effects of mutation of LKB1 Ser307 to alanine on AMPK and LKB1 activity.(A) LKB1-deficient A549 cells were transfected with WT
LKB1 and LKB1 mutants. After the transfection, the cells were pretreated with PKC-�-PS (10 	M, 30 min) followed by treatment with ONOO


(50 	M, 15 min). AMPK was immunoprecipitated with AMPK�1/2 antibody, and AMPK activity was detected as described in Materials and
Methods. n � 6. �, P � 0.01 for WT LKB1 treated with ONOO
 versus untreated WT LKB1 and LKB1 mutants treated with ONOO
; †, P �
0.01 for ONOO
-treated WT LKB1 in the presence of PKC-�-PS compared with ONOO
-treated WT LKB1 in the absence of PKC-�-PS. con,
control. (B) A549 cells were transfected with WT LKB1 and LKB1 mutants and treated with ONOO
 (50 	M, 15 min). LKB1 was immunopre-
cipitated with specific antibody, and its activity was measured as described in Materials and Methods. n � 4. (C) LKB1 was immunoprecipitated
from A549 cells transfected with WT LKB1 and LKB1 mutants, the immunoprecipitates were incubated with 100 ng of recombinant PKC-�, and
LKB1 activity was assayed using LKB1-specific peptide. n � 3.
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FIG. 5. LKB1 S307 mutation blocks metformin- and ONOO
-induced LKB1 nucleocytoplasmic transport and AMPK activation. LKB1-
deficient A549 cells were transfected with WT LKB1 and LKB1 mutants, and cells were then treated with ONOO
 (50 	M, 15 min) or metformin
(Met; 1 mM for 1 h). (A and B) Western blot analysis of total and phosphorylated (T172) AMPK in ONOO
 (A)- and metformin (B)-treated cells.
Both blots are a representative of five blots from five independent experiments (n � 5 in panel A, and n � 4 in panel B). �, P � 0.05 for WT
LKB1 treated with ONOO
 or metformin versus LacZ, LKB1 mutants, or LKB1 mutants treated with ONOO
 or metformin. (C) Immunocy-
tochemical staining for LKB1, which was detected using a mouse anti-His tag antibody. Images of LacZ-transfected cells were omitted, as the
antibody did not detect LacZ. (D) Immunocytochemical staining of translocation of LKB1 from nucleus to the cytosols caused by metformin in
HUVECs. (E and F) Cytosolic and nuclear fractions were prepared as described in Materials and Methods, and the amount of LKB1 in the
fractions was detected by Western blotting. �-Actin was used as a loading control (Con) for the cytoplasmic fraction, and histone H2AX was used
as a loading control for the nuclear fraction. Metformin increases the amount of LKB1 in the cytosol but decreases LKB1 in the nuclei in HUVECs.
The blot is a representative of five blots obtained from four independent experiments. �, P � 0.05 versus control.
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FIG. 6. Inhibition of PKC-� blocks LKB1 S307 phosphorylation and LKB1 translocation from the nucleus to the cytoplasm. (A) Pharmaco-
logical inhibition of PKC-� with PKC-�-PS diminishes ONOO
-enhanced LKB1 phosphorylation in BAECs. Shown is Western blot analysis of
AMPK and LKB1 phosphorylation in confluent BAECs that were preincubated with PKC-�-PS (PKC-PS) for 30 min followed by exposure to
ONOO
 (50 	M) for 15 min. The blot is a representative of six blots obtained from six individual experiments (n � 6). �, P � 0.05 versus control
(Con). (B) Effect of PKC-�-PS on metformin-induced (Met, 1 mM, 1 h) LKB1 and AMPK phosphorylation in BAECs. The blot is represen-
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7A), ONOO
 significantly increased the coimmunoprecipita-
tion of WT LKB1 with STRAD� (Fig. 7B, low panel). Over-
expression of LKB1 S307A, LKB1 S428A, or the LKB1 S307A
S428A double mutant markedly attenuated ONOO
-en-
hanced association between LKB1 and STRAD� (Fig. 7B,
bottom panels), implying that LKB1 phosphorylation at S307
and S428 is required for the association of LKB1 and
STRAD�.

Inhibition of CRM1 abolishes nucleocytoplasmic shuttling
of CRM1 and LKB1 and AMPK activation caused by ONOO�.
CRM1, a nuclear protein exportin, is reported to be essential
for STRAD-dependent LKB1 nucleoplasmic shuttling (13)
and leptomycin B (LMB) is reported to be a specific inhibitor
for CRM1 (17, 39). We next assayed if LMB altered ONOO
-
induced nuclear export of LKB1 in HUVECs. As depicted in
Fig. 7C and D, ONOO
 significantly increased the cytoplasmic
portion of both CRM1 and LKB1, whereas it lowered their
nuclear contents. Further, LMB abolished ONOO
-induced
nucleocytoplasmic shuttling of both LKB1 and CRM1 in
HUVECs (Fig. 7C and D), implying that CRM1 is required for
ONOO
-induced LKB1 nucleocytoplasmic transport. Further-
more, LMB abolished ONOO
-induced phosphorylation of
AMPK Thr172 in HUVECs (Fig. 7E), implying that LKB1
nucleocytoplasmic transport is also required for AMPK acti-
vation.

Phosphorylation of LKB1 at Ser307 and Ser428 is required
for the association of LKB1 with CRM1. Although CRM1 was
not coimmunoprecipitated with STRAD� or LKB1 in un-
stimulated cells, it was interesting to determine if stimuli like
ONOO
 increased LKB1 nucleoplasmic shuttling by increas-
ing the association of CRM1 with LKB1 or STRAD�. As
depicted in Fig. 7F, ONOO
 markedly increased the associa-
tion of both LKB1 and CRM1 in A549 cells transfected with
WT LKB1, but not in the cells transfected with LacZ. We also
found that ONOO
 treatment increased the association be-
tween STRAD� and CRM1 in the cells expressing WT LKB1,
but not in cells expressing LacZ (Fig. 7G). Importantly, muta-
tion of LKB1 at Ser307, Ser428, or both sites abolished the
effects of ONOO
 on the association between LKB1, CRM1,
and STRAD (Fig. 7F and G).

Overexpression of LKB1 S307A decreases ONOO�-induced
association with AMPK. We had previously shown that PKC-�
coimmunoprecipitates with LKB1 and that metformin expo-
sure increases the association of LKB1 with both PKC-� and
AMPK (56). In this study, we further investigated whether
PKC-� inhibition alters the ONOO
-enhanced association of
LKB1 and AMPK. As shown in Fig. 8A, inhibition of PKC-� by

PKC-�-PS abolishes the ONOO
-enhanced coimmunoprecipi-
tation of LKB1 and AMPK. These results further confirm that
PKC-� is required for LKB1 translocation.

LKB1 S428 phosphorylation is reported to be required for
the metformin-enhanced association of LKB1 and AMPK (56,
57). We next examined whether phosphorylation of LKB1 at
S307 by PKC-� contributes to the ONOO
-enhanced associa-
tion of AMPK with LKB1. WT LKB1, kinase-dead LKB1, and
LKB1 S307A were overexpressed in A549 cells. Overexpressed
LKB1, kinase-dead LKB1, or LKB1 S307A alone did not co-
immunoprecipitate with AMPK. ONOO
 treatment increased
the association of AMPK with LKB1 in A549 cells transfected
with WT LKB1, but not LacZ or LKB1 S307A (Fig. 8B),
indicating that LKB1 S307 phosphorylation might be required
for ONOO
-enhanced AMPK activation.

S307A mutant LKB1 shows a reduced ability to suppress
angiogenesis. Ylikorkala et al. (60) reported that LKB1-defi-
cient mice have vascular abnormalities and deregulated vascu-
lar endothelial growth factor (VEGF), which suggests that loss
of LKB1 increases angiogenic potential in certain cell types.
We next determined the roles of LKB1 S307 phosphorylation
in angiogenesis using in vitro vascular-like structure assays.
HUVECs were transfected with adenoviral vectors encoding
WT LKB1, a mutant form of LKB1 (D194A, S307A, or
S428A), or GFP 2 days prior to plating on Matrigel-coated
culture dishes. Figure 8C and D show vascular-like structures
formed in the cultured HUVECs after 8 h. Compared to the
cells transfected with GFP, cells overexpressing WT LKB1 had
reduced tube formation, whereas overexpression of the D194A
mutant, a kinase-dead form of LKB1, significantly increased
tube formation (Fig. 8C and D). Conversely, overexpression of
either LKB1 S307A or LKB1 S428A modestly, though signif-
icantly, increased tube formation compared to the GFP con-
trol. In comparison to the cells overexpressing LKB1 D194A,
tube formation in HUVECs overexpressing either LKB1
S307A or LKB1 S428A was significantly reduced. Taken to-
gether, our results suggest that LKB1 phosphorylation at res-
idues S307 and S428 is required for LKB1-dependent suppres-
sion of endothelial cell angiogenesis.

Phosphorylation of LKB1 at S307 is required for the sup-
pression of hydrogen peroxide-induced apoptosis in A549
cells. Since LKB1 is known to protect cells from apoptosis
induced by agents that elevate intracellular AMP, such as
H2O2 and AICAR (47), we next determined if S307 phosphor-
ylation is required for the antiapoptotic effects of LKB1. H2O2

(100 	M, 12 h) markedly increased apoptosis, as evidenced by
an increased amount of TUNEL-positive cells in A549 cells

tative of six blots obtained from six individual experiments (n � 6). �, P � 0.05 versus control; †, P � 0.05 versus Met. (C) Effect of PKC-�-specific
siRNA on metformin-induced AMPK T172 phosphorylation in HUVECs (n � 5). �, P � 0.05 versus control; †, P � 0.05 versus metformin plus
scrambled siRNA (S-siRNA). (D) Effect of PKC-�/�-specific siRNA on metformin-induced AMPK-T172 phosphorylation in HUVECs. The blot
is representative of three blots obtained from three individual experiments (n � 3). �, P � 0.05 versus control. (E) Metformin-induced LKB1-S307
phosphorylation in BAECs overexpressing PKC-�-DN, PKC-�-CA, or GFP. The blot is representative of five blots from five individual experiments
(n � 5). �, P � 0.05 versus control; †, P � 0.05 versus metformin. Black bars, P-AMPK; white bars, P-LKB1 S307; and striped bars, P-LKB1 S428.
(F) LKB1 immunocytochemical staining in confluent HUVECs preincubated with or without PKC-�-PS (PKC-PS) and exposed to metformin (1
mM, 1 h). Nuclei were counterstained with DAPI. (G) Time course of phosphorylation of PKC-�, LKB1, and AMPK in HUVECs in response to
metformin. HUVECs were treated with metformin (1 mM) at the times indicated. The phosphorylation of PKC-�, LKB1 S307, LKB1 S428, and
AMPK was detected at the indicated times by Western blotting with respective antibodies. The blot is representative of three blots from three
individual experiments.
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FIG. 7. Mutation of either LKB1 S307 or S428 to alanine inhibits LKB1 binding to STRAD and CRM1. (A) A549 cells were transfected with
WT LKB1 or mutant LKB1 S307A, LKB1 S428A, LKB1 D194A, or LKB1 SL26. STRAD� or LKB1 was immunoprecipitated (IP) using a specific
antibody, and LKB1 or STRAD� was detected by Western analysis. The blot is representative of four blots from four individual experiments (n �
4). �, P � 0.05 versus WT LKB1 or mutant LKB1 S307A, LKB1 S428A, or D194A. IgG, immunoglobulin G. (B) Mutation of S307 and S428
reduced the ONOO
-enhanced association of LKB1 with STRAD�. A549 cells were transfected with WT LKB1 or mutant LKB1 S307A, LKB1
S428A, or LKB1 S307A S428A and treated with ONOO
 (50 	M) for 15 min. (Upper panel) Protein levels of LKB1, MO25�, and STRAD� in
total cell lysates were detected by Western blot analysis. (Bottom panel) STRAD� was immunoprecipitated using a specific antibody, and LKB1
was detected by Western analysis. The blot is representative of four blots from four individual experiments (n � 4). (C and D) HUVECs were
pretreated with LMB (200 nM) for 1 h followed by treatment with ONOO
 (50 	M) for 15 min; subcellular fractions were prepared as described
in Materials and Methods. The protein levels of LKB1 (C) and CRM1 (D) in each fraction were analyzed by Western blotting. �-Actin was used
as the loading control for the cytoplasmic fraction, and histone H2AX was used as the loading control for the nuclear fraction. The blot is a
representative of three blots from three individual experiments (n � 3). �, P � 0.05 versus control; †, P � 0.05 versus ONOO
. (E) Confluent
HUVECs were pretreated with LMB followed by ONOO
 treatment; cell lysates were prepared as described in Materials and Methods.
Phosphorylation of AMPK at T172 was detected by Western blotting. The blot is a representative of three blots from three individual experiments
(n � 3). �, P � 0.05 versus control; †, P � 0.05 versus ONOO
. (F and G) A549 cells transfected with WT LKB1 and LKB1 mutants were treated
with ONOO
 (50 	M) for 15 min. (F) LKB1 was immunoprecipitated, and CRM1 and STRAD� were detected by Western blotting. (G) STRAD�
was immunoprecipitated with a specific antibody, and CRM1 was detected by Western analysis. The blot is a representative of four blots from four
individual experiments (n � 4).
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transfected with LacZ or LKB1 mutants (D194A, S307A,
S428A, and S307A S428A). In contrast, overexpression of WT
LKB1 dramatically reduced the levels of H2O2-induced apop-
tosis (Fig. 8E). Taken together, these results suggest that phos-
phorylation of LKB1 at S307 is required for the antiapoptotic
effects of LKB1.

DISCUSSION

The results presented here suggest that atypical PKC-�, a
member of the AGC protein kinase family, functions as an
LKB1 kinase and is a major regulator of the LKB1-AMPK
pathway. We also demonstrate for the first time that PKC-�
directly phosphorylates LKB1 at S307, resulting in increased
association of LKB1 with STRAD� and CRM1 and export of
LKB1 from the nucleus to the cytoplasm, consequently acti-
vating AMPK, attenuating angiogenesis, and suppressing
H2O2-induced apoptosis. In addition to the observation that

LKB1 contains a putative PKC-� phosphorylation consensus
sequence surrounding S307, the kinase directly interacts with
PKC-� (10, 56), and LKB1 is directly phosphorylated by PKC-�
in vitro, mutation of S307 to alanine markedly reduces the
physiological functions of LKB1, including the suppression of
angiogenesis and apoptosis. Overall, our findings indicate that
S307 of LKB1 is a novel phosphorylation site which is essential
for LKB1 nucleocytoplasmic shuttling and consequent AMPK
activation.

The cytoplasmic localization of LKB1 is critical for its func-
tion (5, 53). Although neither the S307A nor the S428A mu-
tation affects the normal nuclear localization of LKB1, both
mutations prevent LKB1 translocation to the cytoplasm fol-
lowing metformin or ONOO
 treatment, suggesting that S307
and S428 phosphorylation regulates LKB1 nucleocytoplasmic
transport. The activity and subcellular distribution of LKB1 are
controlled by its interaction with STRAD� and the nuclear

FIG. 8. Mutation of LKB1 S307 to alanine potentiates angiognesis and increases H2O2-induced apoptosis. (A) Inhibition of PKC-� abolishes
ONOO
-enhanced coimmunoprecipitation (IP) of AMPK and LKB1. Confluent BAECs were exposed to ONOO
 (50 	M) for 15 min. After the
treatment, LKB1 was immunoprecipitated using a specific antibody. AMPK and LKB1 were detected by Western blotting. The blot is a
representative of three blots from three independent experiments. IgG, immunoglubulin G; Con, control. (B) Mutation of S307 to alanine
abolished ONOO
-enhanced coimmunoprecipitation of LKB1 and AMPK. After transfection with WT LKB1 or an LKB1 D194A or LKB1 S307A
mutant, A549 cells were exposed to ONOO
 (50 	M) for 15 min and LKB1 was immunoprecipitated using a specific antibody. AMPK and LKB1
were detected by Western blotting. The blot is representative of three blots from three independent experiments. (C) Representative images
displaying tube formation in HUVECs transfected with adenoviral vectors expressing WT LKB1 or LKB1 mutants at a multiplicity of infection of
25 PFU/cell. (D) Quantitative analysis of tube lengths. n � 5. �, P � 0.01 versus GFP; †, P � 0.01 versus WT; ‡, P � 0.05 for LKB1 D194A versus
LKB1 S307A or LKB1 S428A. (E) Mutation of LKB1 S307 to alanine abolishes the antiapoptotic effects of LKB1 in response to H2O2. After
transfection with WT LKB1 or an LKB1 D194A, LKB1 Ser428A, LKB1 S307A, or LKB1 S307A S428A mutant, A549 cells were exposed to H2O2
(100 	M) for 12 h. Apoptosis was detected by TUNEL staining. n � 6. �, P � 0.05 for H2O2 treatment versus the respective control; †, P � 0.05
for WT versus WT plus H2O2; ‡, P � 0.05 for WT plus H2O2 versus H2O2-treated LKB1 S307A or H2O2-treated LKB1 D194A.
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export protein CRM1. There is evidence (13) to suggest that
STRAD� induces nucleocytoplasmic shuttling of LKB1 by
serving as an adaptor between LKB1, exportin CRM1, and
exportin 7. MO25� stabilizes the STRAD�-LKB1 interaction
but does not facilitate its nucleocytoplasmic shuttling (13).
Replacement of either S307 or S428 with alanine reduces the
association of LKB1 and STRAD�, which may uncouple this
process by preventing the association of LKB1 with its sub-
strates. Similar to overexpression of the kinase-inactive mutant
LKB1 D194A, expression of LKB1 S307A diminishes met-
formin- and ONOO
-enhanced phosphorylation of AMPK in
several mammalian cell lines. Intriguingly, the Peutz-Jeghers
syndrome-causing LKB1 SL26 mutation is located immediately
upstream of the S307 site that is predicted to disrupt the PKC-�
consensus site. The observed nuclear localization of the SL26
mutant, therefore, could be due to the inability of PKC-� to
target the S307 site in the SL26 mutant and the consequent
blockade of nuclear export, which we have shown requires
S307 phosphorylation. These findings support the hypothesis
that phosphorylation of S307 regulates LKB1 function by al-
tering its cellular localization or its ability to interact with
regulatory or substrate proteins.

PKC-� was originally discovered as a unique PKC isoform
and is classified as an atypical PKC (aPKC) based on its struc-
tural similarity to PKC-�/� (38). PKC-� has been implicated in
the regulation of widespread cellular functions. Increasing ev-
idence from studies using in vitro and in vivo systems indicates
that PKC-� is a key regulator of critical intracellular signaling
pathways induced by various extracellular stimuli (22, 31, 41).
Intriguingly, PKC-� has similar functions to LKB1, including
regulation of cell growth and survival (4), cell polarity (26, 37,
52), and metabolism (7, 29). Thus, we speculate that PKC-�
and LKB1 interact under physiological conditions. Consistent
with this notion, we found that PKC-� directly phosphorylates
LKB1 at S307 in vitro, PKC-� inhibition attenuates stimulus-
induced LKB1 S307 phosphorylation and downstream AMPK
signaling, metformin increases the coimmunoprecipitation of
LKB1 with AMPK, and inhibition of PKC-� decreases the
metformin-enhanced association of LKB1 with AMPK (56).
These results suggest that by promoting LKB1 cytosolic accu-
mulation, thereby positioning LKB1 in proximity to AMPK,
PKC-� activity toward LKB1 represents a limiting step for
AMPK activation. Furthermore, our data suggest that PKC-�-
mediated phosphorylation of S307 of LKB1, similar to LKB1
phosphorylation at S428, is important for AMPK activation
mainly by increasing both nucleocytoplasmic shuttling of LKB1
and its affinity with AMPK.

Our previous work demonstrated that activation of PKC-�
results in cytosolic localization of LKB1 and consequent
AMPK activation concomitant with phosphorylation of LKB1
at S428 (49, 57). S428 is also targeted by protein kinase A
(PKA) and p90 ribosomal S6 kinase (RSK) (9, 45), but neither
nuclear export of LKB1 nor AMPK activation has been re-
ported in response to stimuli that increase PKA or RSK activ-
ity. Here, we find that PKC-� also phosphorylates LKB1 at
S307. In in vitro kinase assays, PKC-� phosphorylates S428
when S307 is mutated, and vice versa, suggesting that these two
sites are independently phosphorylated by PKC-�. Indeed,
ONOO
 and metformin simultaneously increase LKB1 phos-
phorylation at S428 and S307 in HUVECs (Fig. 2A and B).

Since mutation of either S307 or S428 to alanine blocks LKB1
nuclear export and AMPK activation in response to ONOO


or metformin (56) (see Fig. S3 and S5C in the supplemental
material), our results suggest that phosphorylation of both
S307 and S428 by PKC-� is required for LKB1 nuclear export
and consequent AMPK activation. These results are further
supported by the fact that ONOO
 and metformin do not alter
LKB1-dependent AMPK activity in A549 cells overexpressing
LKB1 SL26, a natural mutant of LKB1, in the nucleus. Thus,
we consider that PKC-� might be essential for LKB1-depen-
dent AMPK activation through the nucleocytoplasmic shut-
tling of LKB1 at the cellular level. Whether or not other
unknown phosphorylation sites in LKB1 result in increased
LKB1-dependent AMPK activity warrants future investigation.
Overall, we conclude that PKC-� is an LKB1 kinase.

The roles of LKB1 S428 phosphorylation in the regulation of
the subcellular localization of LKB1 and AMPK activation
remain controversial in the literature. Consistent with our find-
ings, Dolinsky et al. found that in cardiomyocytes, electrophilic
lipid peroxidation by-product 4-hydroxy-2-nonenal reduced
phosphorylation of LKB1 at Ser428 could reduce AMPK ac-
tivity (12). In contrast, several reports (11, 14, 15, 54, 61)
published during the revision of this article have found that
LKB1 Ser428 phosphorylation is not required or has an inhib-
itory effect on AMPK activation. Based on these results ob-
tained with a short form of LKB1 (LKB1S) which lacks both a
Ser428 phosphorylation site and a farnesylation site in its C
terminal, two groups have concluded that the phosphorylation
of S428/431 is not required for AMPK activation and cell cycle
arrest (11, 15, 54). However, the results obtained with LKB1S
should be interpreted with caution. Although the 63 amino
acids in the C terminal of the long form of human LKB1,
LKB1L, are replaced by 34 amino acids in human LKB1S,
there are several potential phosphorylation sites in the C
terminal of LKB1S which, like Ser428, can be phosphory-
lated by upstream kinases. Using bioinformatics analysis
tools (NetPhos 2.0 Server and KinasePhos), we have found sev-
eral new putative phosphorylation sites among the 34 new
amino acids at the C terminal of human LKB1S: for example,
Ser388 (GLQKSEGSD) and Ser394 (GSDLSGEEA). It re-
mains to be determined if these putative phosphorylation sites
in LKB1S might, like the S428 phosphorylation sites in human
LKB1L, control the subcellular localization of LKB1 and con-
sequent AMPK activation.

More recently, Zheng et al. (61) have reported that in mel-
anoma cells LKB1 phosphorylation by extracellular signal-reg-
ulated kinase (ERK) and RSK, two kinases downstream of
B-RAF, compromises its ability to bind and activate AMPK.
Although this study is consistent with previous finding that
C-terminal region of LKB1 is involved in AMPK activation
(16), the overexpression of LKB1 Ser428A mutants in mela-
noma cells was found to activate AMPK under basal conditions
or in response to AICAR. This observation is in contrast to an
inhibitory effect of LKB1 Ser428A mutants on AMPK activa-
tion caused by metformin or ONOO
 in endothelial cells or
LKB1-deficient HeLa-S3 or A549 cells. AICAR was intention-
ally omitted in our experiments because we found AICAR
activated AMPK in both HeLa-S3 and A549 cells (Xie et al.,
unpublished data). Consistent with our observations, several
other groups report that AICAR treatment increases AMPK
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phosphorylation in LKB1-deficient HeLa cells (50) and LKB1
knockout embryo fibroblasts (40). Thus, the different effects of
LKB1 mutants on AMPK activation between two publications
might be explained by an LKB1-independent effect of AICAR.
In addition, this discrepancy might also be related to cell types
used, as the same group (61) showed that elevated activity of
ERK, an upstream kinase responsible for LKB1 Ser325 and
Ser428 phosphorylation, does not inhibit AMPK activation in
some melanoma cell lines (MeWo and SK-MEL-31) that lack
B-RAF mutations. Other explanations might include different
phosphorylation sites of LKB1 by different upstream kinases in
response to different stimuli in different cell types. Considering
the controversial effects of LKB1 Ser428 phosphorylation on
AMPK (no effect [11, 15, 54], activation [12], and inhibition
[14, 61]) in different cell types, we speculate that the phosphor-
ylation of Ser428 may recruit different signaling molecule part-
ners depending on the cell types involved, resulting in different
effects on AMPK. How LKB1 Ser428 phosphorylation regu-
lates AMPK activation warrants further investigation.

Another important finding in this study is that the phosphor-
ylation of LKB1 at S307 is involved in LKB1-mediated inhibi-
tion of angiogenesis and apoptosis induced by H2O2. LKB1
phosphorylates and activates a number of kinases, implicating
it in the regulation of multiple signaling pathways (27). Re-
cently, Ylikorkala et al. (60) reported that targeted disruption
of LKB1 results in neural tube defects, mesenchymal cell
death, and vascular abnormalities. These phenotypes are asso-
ciated with tissue-specific deregulation of VEGF expression,
including a marked increase in the amount of VEGF mRNA.
These findings suggest that the vascular defects accompanying
LKB1 deficiency are related to the alteration of VEGF expres-
sion. Of note is that LKB1-suppressed tube formation may be
independent of AMPK, since AMPK signaling has little or no
effect on endothelial cell migration, tube formation, or nitric
oxide production when cultures are exposed to normoxia, al-
though it may be essential for the angiogenic response to
ischemic stress (32). The mechanism by which LKB1 regulates
angiogenesis warrants further studies.

LKB1 functions as a tumor suppressor by inhibiting cellular
proliferation and modulating cell polarity (6), as well as by
acting upstream of AMPK to control cellular energy levels (30,
55). In addition to its tumor suppressor function, LKB1 regu-
lates glucose homeostasis in the liver and mediates the thera-
peutic effects of metformin (48). Therefore, identification of
PKC-� as a major activator of LKB1 may introduce a new set
of potential strategies for targeting LKB1 activity in the treat-
ment of cancer and diabetes. Furthermore, identification of
phosphorylation sites associated with LKB1 activation and its
corresponding upstream kinase is likely to provide important
insights into the molecular mechanisms by which LKB1 func-
tions as a tumor suppressor and metabolic regulator.
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