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Background: LKB1 activates AMPK despite its lack of Ser-428/431, previously reported as essential for LKB1-mediated

activation of AMPK.

Results: Ser-399, a novel phosphorylation site in LKB1g, is essential for AMPK activation.
Conclusion: Ser-399 is a PKC{-dependent phosphorylation site similar to Ser-428/431 and likely plays a compensatory role.
Significance: This study clarifies paradoxical findings regarding the role of the C terminus in LKB1 signaling.

Two splice variants of LKB1 exist: LKB1 long form (LKB1;)
and LKB1 short form (LKB1g). In a previous study, we demon-
strated that phosphorylation of Ser-428/431 (in LKB1,) by pro-
tein kinase C{ (PKC{) was essential for LKB1-mediated activa-
tion of AMP-activated protein kinase (AMPK) in response to
oxidants or metformin. Paradoxically, LKB1g also activates
AMPK although it lacks Ser-428/431. Thus, we hypothesized
that LKB1g contained additional phosphorylation sites impor-
tant in AMPK activation. Truncation analysis and site-directed
mutagenesis were used to identify putative PKC{ phosphoryla-
tion sites in LKB1g. Substitution of Ser-399 to alanine did not
alter the activity of LKB1g, but abolished peroxynitrite- and
metformin-induced activation of AMPK. Furthermore, the
phosphomimetic mutation (S399D) increased the phosphoryla-
tion of AMPK and its downstream target phospho-acetyl-coen-
zyme A carboxylase (ACC). PKC{-dependent phosphorylation
of Ser-399 triggered nucleocytoplasmic translocation of LKB1g
in response to metformin or peroxynitrite treatment. This effect
was ablated by pharmacological and genetic inhibition of PKC{,
by inhibition of CRM1 activity and by substituting Ser-399 with
alanine (S399A). Overexpression of PKC{ up-regulated met-
formin-mediated phosphorylation of both AMPK (Thr-172)
and ACC (Ser-79), but the effect was ablated in the S399A
mutant. We conclude that, similar to Ser-428/431 (in LKB1,),
Ser-399 (in LKB1g) is a PKC{-dependent phosphorylation site
essential for nucleocytoplasmic export of LKB1lg and conse-
quent AMPK activation.
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Liver kinase B1 (LKBI) is a tumor suppressor gene whose
inactivating mutations are implicated in various sporadic can-
cers and are responsible for the majority of Peutz-Jeghers syn-
drome cases (1-5). Expression of LKB1 is ubiquitous in many
cell types and tissues, and its high expression in fetal tissues is
consistent with the critical role of LKB1 in embryonic develop-
ment (6-9). The functions of LKB1 are mediated through acti-
vation of various downstream targets including AMPK?> and at
least 13 AMPK-related kinases (2, 5, 10, 11). It plays a funda-
mental regulatory role in cell polarity, cell growth, and cellular
metabolism (5, 11-15). The function of LKB1 in cellular metab-
olism is largely mediated by phosphorylation and subsequent
activation of AMPK (13, 16, 17)

Human and mouse LKB1 consist of 433 and 436 amino acid
residues, respectively (2). Residues 49 -309 (human) span the
catalytic domain flanked by regulatory N-and C-terminal
domains (2, 16). The N terminus contains a nuclear localization
signal (residues 38 —43) and regulates activity by sequestering
LKBLI in the nucleus (2, 18). However, kinase activity requires
LKB1 to exit the nucleus and localize in the cytoplasm, a proc-
ess regulated by STRAD and MO25 (19, 20). The regulatory
role of the LKB1 C terminus is still unclear, but mutations in
this domain are present in Peutz-Jeghers syndrome and spo-
radic tumors (21). The C-terminal domain contains a farnesy-
lation site and phosphorylation sites, which implies that post-
translational modifications play a regulatory role in LKB1
signaling (21).

There are two splice variants of LKB1 that differ in their C
terminus, the LKB1 long form (LKB1;) and the LKB1 short
form (LKB1,) (22-24). In the alternatively spliced LKB1 short
form, 34 amino acids replace the last 63 amino acids present in
the C terminus of human LKB1, (25). This substitution leads to

2 The abbreviations used are: AMPK, AMP-activated protein kinase; PKCZ-PS,
PKC{ pseudosubstrate peptides; rPKC{, recombinant PKC{; PKC{-DN,
dominant-negative PKC{ mutant; ONOO ™, peroxynitrite; STRAD, Ste20-
related adaptor); ACC, phospho-acetyl-coenzyme A carboxylase; aa,amino
acid.
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loss of the farnesylation site and the Ser-431 (human Ser-428)
phosphorylation site in the LKB1 C-terminal domain (22, 24).
Ser-431 has been the focus of various studies seeking to under-
stand the role of C-terminal phosphorylation in regulation of
LKB1 activity. These studies have yielded conflicting results,
particularly regarding the role of Ser-431 in the subcellular dis-
tribution of LKB1 and its ability to activate downstream targets
(22,26 —29). Therefore, further investigation for the role of the
C-terminal domain in regulating LKB1 signaling is needed
before we can fully understand the various functions of LKB1.
For instance, the upstream kinases responsible for phosphory-
lation of LKB1 and the associated downstream signaling that
potentially lead to differential LKB1 functions remain unclear.

Because LKB1g has a modified C terminus (22), it affords a
unique opportunity to investigate the role of the C terminus in
functional regulation of LKB1. To date, studies (22, 26) using
LKB1g have demonstrated that phosphorylation at Ser-431,
previously reported as essential for LKB1 activation (29), is dis-
pensable for subcellular localization and downstream signaling
of LKB1. Hence, we sought to examine this seeming dissonance
and to determine whether an additional phosphorylation site
compensates for the absence of Ser-431/Ser-428 in LKB14. We
have identified Ser-399 as a novel phosphorylation site in LKB1
short form (LKB1) and propose that its function may be anal-
ogous to that of Ser-428/431 in LKB1 (LKB1,). Phosphoryla-
tion of Ser-399 by protein kinase C¢ (PKCY), following per-
oxynitrite (ONOO™) or metformin treatment, induces
translocation of LKB1g from the nucleus to the cytoplasm and
results in activation of AMPK.

EXPERIMENTAL PROCEDURES

Materials—Recombinant human PKC{ and myristoylated
pseudosubstrate peptides for PKC (Myr-Ser-Ile-Tyr-Arg-Arg-
Gly-Ala-Arg-Arg-Trp-Arg-Lys-Leu-OH) were obtained from
BIOSOURCE International, Inc. (Camarillo, CA). SAMS pep-
tide was purchased from EMD Millipore (Billerica, MA). PKC{
substrate peptide was purchased from Enzo Life Sciences
(Farmingdale, NY). Protein A-Sepharose CL-4B beads were
from GE Healthcare. ONOO ™~ was obtained from Calbiochem.
Plasmid and siRNA delivery agent Lipofectamine TM 2000 and
RNAiIMAX were from Invitrogen. Other chemicals and organic
solvents of the highest grade available were obtained from
Sigma-Aldrich.

Antibodies—Rabbit antibodies against phospho-AMPK
(Thr-172), AMPKal/a2, lactate dehydrogenase, H2AX, phos-
pho-acetyl-coenzyme A carboxylase (ACC) (Ser-79), phospho-
PKC{ (Thr-410/403), PKC{, and CRM1 were obtained from
Cell Signaling, Inc. (Beverly, MA). Mouse monoclonal antibody
recognizing both LKB1; and LKB1g (Ley37D/G6), anti-STRAD
(STRAD N13), anti-glyceraldehyde-3-phosphate dehydrogen-
ase, and anti-actin were from Santa Cruz Biotechnology (Santa
Cruz, CA). FLAG (M2) was from Sigma.

Cell Culture—HeLa-S3 and A549 cells (ATCC) were grown
in Dulbecco’s modified Eagle’s medium containing 10% heat-
inactivated fetal bovine serum, 100 units/ml penicillin, 100
pg/ml streptomycin, and 2 mM L-glutamine, at 37°C in a
humidified atmosphere of 5% CO,. Cells were maintained in
serum-free medium for 2 h prior to treatment with either 5 mm
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metformin for 2h or 100 um ONOO™ for 15 min. Following the
treatment, cells were washed briefly with ice-cold phosphate-
buffered saline (PBS) and prepared for immunoprecipitation or
Western blot analysis.

Preparation of cONA Expression Constructs and Site-directed
Mutagenesis—cDNA encoding LKB1 truncates were amplified
from full-length human cDNA clone (purchased from Invitro-
gen, clone 3689780) with LKB1-specific oligonucleotide prim-
ers using High-Fidelity DNA polymerase (Invitrogen). The
primers used were: forward primer (including FLAG tag and
EcoRI restriction site) 5'-GGC GGA ATT CAT GGA TTA
TAA AGA TGA TGA CGA TAA AAT GGA GGT GGT GGA
CCC GCA GCA G-3', and reverse primer (including Sall
restriction site) 5'-AAT GTC GAC TCA CTG CTG CTT GCA
GGC CGA-3’, and the C-terminal truncation of LKB1 reverse
primers (including Sall restriction site) (LKB1 1-309) 5'-AAA
TGT CGA CTC AGA ACC AGC TGT GCT GCC GGA T-3/,
(LKB1 1-343) 5'-AAT GTC GAC TCA GTC CTC CAA GTA
CGG CAC CAC-3', (LKB1 1-371) 5'-AAT GTC GAC TCA
TCC GGG CAC CGT GAA GTC-3/, (LKB1 1-309) 5'-AAA
TGT CGA CTC AGA ACC AGC TGT GCT GCC GGA T-3/,
(LKB1 1-343) 5'-AAT GTC GAC TCA GTC CTC CAA GTA
CGG CAC CAC-3', and (LKB1 1-371) 5'-AAT GTC GAC
TCA TCC GGG CAC CGT GAA GTC-3'.

The products were purified by agarose gel electrophoresis,
digested with EcoRI and Sall, and cloned into pCI-neo mam-
malian expression vector (Promega, catalog number A1360).
The authenticity of the inserts was confirmed by DNA
sequencing.

Point mutations encoding the substitutions in LKB1g, i.e.
S375A, S388A, S391A, S394A, S399A, S399E, and S399D, were
generated using the QuikChange II site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s instructions.
The mutations were verified by DNA Sequencing.

Cell Transfection and Adenoviral Infection—Plasmid DNA
was prepared using a Qiagen midiprep kit according to the
manufacturer’s instructions. Cells cultured overnight were
transfected using Lipofectamine TM 2000 (Invitrogen) follow-
ing the manufacturer’s protocol. After 24 h, the cells were
treated as described under “Cell Culture” above. A replication-
defective adenoviral vector expressing PKC{ wild type (WT),
dominant-negative PKC{ (PKC{-DN), or green fluorescent
protein (GFP) as negative control was used to infect A549 or
HeLa-S3 for 24 h. Moiety of infection was more than 50 in these
experiments.

Preparation of Subcellular Fractions—Transfected A549 or
HeLa-S3 cells were harvested to isolate cellular cytosolic and
nuclear fractions according to the manufacturer’s instructions
(Thermo Scientific).

Determination of PKC{ Phosphorylation Site—To analyze
phosphorylation of LKB1g4 by PKC{ in vitro, we incubated the
substrate, a specific peptide of LKB1g containing Ser-399 (GEE-
ASRPAPQ) or mutant (GEEAARPAPQ), with rPKC{ for 15
min at 37 °C in kinase buffer with [**P]ATP. PKC{ substrate
peptide was used as a positive control. Incorporation of **P into
LKBI1s peptide was monitored by a y counter.

To determine the PKC{ phosphorylation site in the cells,
lysates of LKBI-deficient HeLa-S3 cells (transfected with
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empty vector or plasmid encoding LKB1g4 S399E, S399D, and
S399A mutants for 24-h) were immunoprecipitated. Thereafter,
immunoprecipitates were used as a substrate for incubation
with recombinant PKC{ in the presence of [**P]ATP in kinase
buffer for 15 min at 37 °C. The reaction mixture was then sup-
plemented with 20 ul of 3X sample buffer to terminate the
reaction, boiled for 5 min at 95 °C, and separated by 12% SDS-
PAGE as described by Xie et al. (25). The dried gels were sub-
jected to autoradiography to analyze incorporation of **P into
LKBI,.

Western Blotting and Immunoprecipitation—Cells were
lysed with ice-cold buffer from Santa Cruz Biotechnology con-
taining 20 mMm Tris-HCl, pH 7.5, 150 mMm NaCl, 1 mwm
Na,EDTA, 1 mm EGTA, 1% Triton, 2.5 mm sodium pyrophos-
phate, 1 mm B-glycerophosphate, 1 mm phenylmethylsulfonyl
fluoride, 10 pg/ml leupeptin, 10 ug/ml aprotinin, 1 mm
Na;VO,, and 10 mm NaF. Lysates were centrifuged at 16,000 X
gfor 20 min at 4 °C. Protein concentration was measured using
the BCA protein assay (Pierce Biotechnology). Samples con-
taining 20 —50 ug of proteins were separated on polyacrylamide
gel with Tris-glycine-SDS running buffer (Bio-Rad) and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. The
membranes were blocked for 1 h in 5% milk in Tris-buffered
saline-Tween 20 (0.1%) and incubated overnight at 4 °C with
the specific primary antibodies. Thereafter, membranes were
washed and incubated with horseradish peroxidase-linked sec-
ondary antibodies, and the reactive bands were detected by
ECL™ Western blotting detection reagents (Amersham
Biosciences).

For immunoprecipitation, cells were lysed by the addition of
500 ul of ice cold lysis buffer (50 mm Hepes, pH 7.4, 5 mm
sodium pyrophosphate, 50 mm NaF, 1 mm EDTA, 10% (v/v)
glycerol, 1% (v/v) Triton X-100, 1 mM dithiothreitol, 4 ug/ml
trypsin inhibitor, 0.1 mm phenylmethylsulfonyl fluoride, 1 mm
benzamidine). The lysates were centrifuged at 16,000 X g for 15
min at 4 °C and used for subsequent assays.

LKBI1 Activity Assays—Cell lysates from HeLa-S3 cells
expressing LKB1 and LKB1 truncates were incubated with pro-
tein A-Sepharose beads for 1 h at 4 °C. The ectopic protein was
immunoprecipitated by incubation with anti-FLAG antibody,
and LKBI activity in the supernatants was measured by analyz-
ing incorporation of **P into LKBtide as described previously
(30).

AMPK Activity Assay—Total AMPK was immunoprecipi-
tated from 500 g of protein using an antibody against AMPKe,
and AMPK activity was assessed by determining the incorpora-
tion of **P into the synthetic SAMS peptide as described previ-
ously (31). Briefly, immunoprecipitates were incubated at 37 °C
for 15 min in the presence of [*’P]JATP (1 uCi) and the SAMS
peptide (200 um), with or without AMP (200 um). Aliquots of
the reaction mixture were then subjected to scintillation count-
ing to determine AMPK activity (31).

Immunofluorescence Staining— A549 cells and HeLa-S3 cul-
tured overnight on coverslips were transfected and treated
accordingly (ONOO™ or metformin). Subsequently, the cells
were washed twice with PBS, fixed in 4% paraformaldehyde,
permeabilized with PBS containing 0.1% (v/v) Triton X-100,
and blocked with PBS containing 2% (v/v) donkey serum and
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5% (w/v) bovine serum albumin before incubation with the
appropriate primary antibodies. After thorough washing with
TBS, the cells were incubated with the appropriate secondary
antibody conjugated to Alexa Fluor® 488 or Alexa Fluor® 594
(Invitrogen). Cells were mounted in SHUR/Mount™ with
DAPI and visualized on Leica TCS SP2 confocal microscope
using a 100X or 63X objective.

RESULTS

C-terminal Truncate (1-371aa) Does Not Affect the Activity
of LKB1 in Cells—To gain insight into the function of the LKB1
C-terminal domain and identify putative phosphorylation sites,
we developed a series of constructs (1-309aa, 1-343aa,
1-371aa) encoding LKB1 truncates lacking various C-terminal
residues (Fig. 1A). Each of these LKB1 constructs, including
wild type LKB1, (fulllength) and the short splice variant, LKB1¢
(kindly provided by Dr. Angela Woods from Cell Stress Group,
Medical Research Council (MRC) Clinical Sciences Centre),
were tagged with a FLAG epitope on the N-terminal domain.
HeLa-S3 cells, which lack endogenous LKB1, were transiently
transfected with 1-309aa, 1-343aa, 1-371aa, LKB1g, or LKB1,.
Western blot analysis indicated a similar expression level of
LKB1 and the LKB1 C-terminal truncates (data not shown).
Transfected cells were treated with ONOOQO™, which activates
AMPK via a PKC{-dependent pathway (30). Cell lysates were
immunoprecipitated using anti-FLAG to isolate expressed
LKBI1 and LKB1 truncates for subsequent activity assays. The
activity of LKB1, under basal and stimulated conditions, was
determined by measuring the incorporation of [**P]JATP into
the LKBtide. As expected, the LKB1 truncate (1-309) lacking
the C-terminal domain showed diminished LKB1 activity as
compared with 1-343 (minimum required for STRAD and
MO25 binding). Other constructs containing additional amino
acid residues at the C terminus had greater activity in compar-
ison with the LKB1 truncate 1-309 (Fig. 1B), suggesting that the
PKC-{-dependent C-terminal phosphorylation of LKB1 is
essential for maintaining LKB1 activity. Interestingly, despite
the presence of serine 307 in 1-309 of LKBl1g, a site that we
previously reported to be important in PKC-{-dependent
LKBI1; nucleus export (25), LKB1 activity in 1-309 LKBI1g4
mutants was very low, suggesting that the function by serine
307 is likely dependent on the presence of C-terminal of LKB1.
Similar to previous studies (22, 26), our results did not show any
difference between the activity of LKB1g and LKB1,; (Fig. 1B).
Furthermore, our C-terminal truncate (1-371aa) containing
the first 371 residues of LKB1 revealed LKB1 activity similar to
that of LKB1g and LKB1, . In addition, ONOO™ treatment had
no effect on LKB1 activity (Fig. 1B).

C-terminal Truncate (1-371) Affects ONOO™ /Metformin-
dependent Activity of AMPK in Cells—We next determined
whether LKB1 C-terminal truncations affect the activation of
AMPK, a well characterized downstream target of LKB1. We
treated HeLa-S3 cells ectopically expressing LKB1g, LKB1,, or
truncates with ONOO™ and used the SAMS peptide assay to
determine the activity of the AMPK immunoprecipitates.
Under basal conditions, AMPK activity was similar in all LKB1
constructs containing the C-terminal domain (Fig. 1C). In addi-
tion, stimulation with ONOO ™ resulted in similar AMPK activ-
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ity for both LKB1g4 and LKB1;. However, in comparison with
LKBIg, the LKBI truncate 1-371 had significantly (p < 0.05)
reduced AMPK activation in response to ONOO ™~ treatment.
Similar results were obtained using Western blot analysis (Fig.
1D). These data indicate that ONOO ™ -mediated AMPK acti-
vation is dependent upon the LKB1 C-terminal region, specifi-
cally the residues spanning from amino acid 371 to the end of
the LKB1g C terminus.

We previously reported that the activation of AMPK by the
antidiabetic drug metformin requires phosphorylation of Ser-
428/431 in the LKB1 C terminus (29) and that activation of
AMPK by metformin is mediated by ONOO™ (31). We next
evaluated the effects of metformin on AMPK activation in
HeLa-S3 cells transiently expressing LKB1 and LKB1 C-termi-
nal truncates. Metformin-mediated phosphorylation of AMPK
(Thr-172) was reduced in cells expressing the 1-371 LKB1
truncate as compared with those expressing LKB1 (Fig. 1E). In
addition, the 1-371 truncate led to diminished phosphoryla-
tion of ACC (Ser-79), a downstream target of AMPK (Fig. 1E).
These results further suggest the presence of a regulatory site in
the LKB1g C-terminal region that is required for metformin-
induced AMPK activation.

LKBIg C-terminal Mutations Reduce AMPK Activation—
Our results prompted us to investigate the site in the LKB14 C
terminus that regulatess ONOO™ or metformin-induced
AMPK activation. Based on the sequence of LKB1g, there are
five serines between amino acid 371 and the end of the LKB14 C
terminus. We mutated these serines to alanine, generating five
LKBI1g mutants, S375A, S388A, S391A, S394A, and S399A. The
sequence of each mutant was verified by DNA sequencing.
HeLa-S3 cells transfected with the plasmids encoding LKB1g or
the mutants were treated with ONOO™ or metformin. Cell
lysates were immunoprecipitated for use in LKB1 and AMPK
activity assays or prepared for Western blot analysis. Our
results demonstrate that LKB1g is constitutively active and that
its activity is not affected by mutation of the C terminus (Fig.
2A). However, mutation of LKBlg at Ser-399 diminished
ONOO™ -enhanced AMPK activation in the cells (Fig. 2B).
Western blot results also revealed that the LKB1 C-terminal
mutation at Ser-399 impaired ONOO /metformin-induced
phosphorylation of AMPK and its downstream target ACC
(Fig. 2, C and D). These results demonstrate that Ser-399 in
LKBI1g plays an important role in ONOO ™ /metformin-medi-
ated activation of AMPK.

To confirm these results, we constructed constitutively acti-
vated LKB1g mutants (S399D and S399E) through site-directed
mutagenesis. Substituting Ser-399 with aspartic acid (S399D),
to mimic phosphorylation in LKBIg, resulted in increased
phosphorylation of AMPK (Thr-172) and ACC (Ser-79) in the
presence or absence of ONOO™ or metformin (Fig. 2, E and F).
These results confirm that phosphorylation of Ser-399 in the C
terminus of LKB1 is important for ONOO™ - or metformin-

Novel PKC{ Phosphorylation Site in LKB1 ¢

mediated AMPK activation. Unexpectedly, we found that
unlike S399D gain-of-the-function mutant, S399E mutants, in
which Ser-399 was substituted with glutamate (S399E) to
mimic phosphorylation in LKB1lg, caused only a modest
increase of phospho-AMPK and phospho-ACC in resting states
or in response to ONOO ™ (Fig. 2E). This result indicated that
unlike aspartic acid, glutamate replacement did not mimic ser-
ine phosphorylation. Indeed, other investigators (32) also found
that “aspartate is a better substitute for phosphoserine than
glutamate.”

PKC{-mediated Phosphorylation of Ser-399 in LKBI, Is
Required for Metformin-induced AMPK Activation—Our
group had previously shown that PKC{ is an upstream kinase
that phosphorylates LKB1 at Ser-428/431 and Ser-307 and that
this phosphorylation is required for metformin/ONOO ™
enhanced activation of AMPK (25, 29). To investigate whether
PKC{also phosphorylates Ser-399 in the LKB1¢ C terminus, we
utilized an in vitro assay to determine the effect of PKC{ on
phosphorylation of the LKB1g peptide (GEEASRPAPQ). The
peptide was incubated with recombinant PKC{ for 15 min at
37°C in kinase buffer in the presence of [**P]JATP. Fig. 34
shows a significantly (p < 0.01) higher incorporation of **P in
the wild type LKB1g peptide as compared with the LKB14 pep-
tide (GEEAARPAPQ) with an alanine substitution at Ser-399
(S399A). These results demonstrate that Ser-399 in the LKB1g
C-terminal domain is targeted for phosphorylation by PKC{.

To further confirm that PKC{ directly phosphorylates LKB1g4
at Ser-399, plasmids encoding LKB1g and the site-directed
mutants S399A, S399D, and S399E were transfected separately
into LKB1-deficient HeLa-S3 cells. After 24 h, cell lysates were
immunoprecipitated with an anti-FLAG antibody, and the
immunoprecipitates were incubated with recombinant PKC{
for 15 min at 37 °C in kinase buffer containing [*>P]JATP. We
identified that PKC{ led to phosphorylation of wild type LKB14
but had minimal effects on Ser-399 mutants of LKB1 (Fig. 3B).
This confirms that PKC{ directly phosphorylates LKB1g at Ser-
399 in the cells.

Our previous results determined that PKC( is the upstream
kinase required for LKBI,-induced AMPK activation in
response to ONOO ~and metformin (29, 30). The next studies
focused on confirming this role for PKC{ in metformin-medi-
ated LKB1g activation and concomitant AMPK phosphoryla-
tion. We evaluated the effects of pharmacological (PKC{-PS)
and genetic (PKC{¢-DN) inhibitors of PKC{ in HeLa-S3 cells
expressing LKB1 or its mutant S399A. PKC{-specific pseudo-
substrate peptide (PKC{-PS), a synthetic peptide that selec-
tively inhibits PKC{¢ (30), suppressed metformin-enhanced
phosphorylation of both AMPK (Thr-172) and ACC (Ser-79) in
LKBI,;, LKB1g, and the LKB1g mutant S399A (Fig. 3C). In addi-
tion, adenoviral expression of PKC{-WT significantly in-
creased metformin-mediated phosphorylation of AMPK (Fig.
3D) in cells expressing LKB1g but not in the S399A-expressing

FIGURE 1. Effect of LKB1 C-terminal truncation on AMPK activation. A, schematic representation LKB1, and LKB1, as well as the three truncates. B,
immunoprecipitated lysates of LKB1 deficient HeLa-S3 cells, transfected with empty vector or plasmids expressing LKB1 and its truncates and treated with or
without 100 um peroxynitrite. Con, control. G, cell lysates from B were immunoprecipitated with anti-AMPKa antibody to measure AMPK activity. D, as B, but the
lysates of HelLa-S3 were used to determine the phosphorylation of AMPK (P-AMPK) at Thr-172 and the phosphorylation of Ser-79 on ACC (P-ACC) through
Western blotting. AU, arbitrary units. £, as D, but transfected HeLa-S3 cells were incubated with 5 mm metformin (Met). FL, full length. Error bars indicate S.D.
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FIGURE 2. LKB1g serine 399 is associated with AMPK activation by ONOO™ and metformin. A, the lysates of HeLa-S3 transiently transfected with plasmid
encoding LKB14 and various mutants were immunoprecipitated with anti-FLAG antibody following exposure of the transfected HeLa-S3 to 100 um peroxyni-
trite. The activity of LKB1 in immunoprecipitates was analyzed by measuring incorporation of 3?P into LKBtide. Con, control. B, as A, but lysates were
immunoprecipitated with anti-AMPKa antibody to measure the activity of AMPK. C and E, as A, but lysates used for Western blot analysis of phospho-ACC
(Ser-79) (P-ACC) and phospho-AMPK (Thr-172) (P-AMPK). D and F, as C and E, but prior to lysis, transfected HeLa-S3 were exposed to 5 mm metformin for 2 h. FL,

full length. Error bars indicate S.D. *, p < 0.05.

cells. In contrast, overexpression of a dominant-negative PKC{
mutant (PKCZ-DN) eliminated the effects of metformin on
AMPK (Fig. 3D) in cells expressing LKB1g4. These data imply
that metformin-mediated phosphorylation of AMPK is de-
pendent on Ser-399 and PKC{. Also in agreement with our
previous findings (29), metformin induced translocation of
LKBI1g from the nucleus, an effect that was reduced in the cells
expressing the mutant S399A (Fig. 3E). We used confocal
microscopy to demonstrate that phospho-PKC{ colocalizes
with wild-type LKB1g in response to metformin treatment but
that this effect is ablated with the S399A mutant (Fig. 3E).
Taken together, our results show that PKC{ is a mediator of
metformin-induced AMPK activation and that these effects are
dependent upon Ser-399 in LKB1g.

Metformin Increases the Translocation of LKBIg from the
Nucleus to Cytosol—When inactive, LKBL1 is localized to the
nucleus and is able to translocate to the cytosol and become
active when it associates with STRAD and MO25 (20, 33).
Therefore, we investigated the effect of metformin on subcel-
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lular localization of LKB1g. Previous studies by our group dem-
onstrated that nucleocytoplasmic translocation of LKBI;,
which requires phosphorylation of Ser-428/431 and Ser-307 in
the LKB1; C-terminal domain, is needed for metformin-medi-
ated activation of AMPK (25, 29). To investigate the distribu-
tion of LKBlg in the cells, we transfected LKB1-deficient
HeLa-S3 cells with plasmids encoding LKB1g or its mutant
(S399A). Following transfection, we subjected cells to subcellu-
lar fractionations and subsequent Western blotting using a
mouse anti-LKB1 antibody. The purity of the subcellular frac-
tions was determined by probing for lactate dehydrogenase, an
enzyme located in the cytosol, and nuclear histone H2AX (25).
Our results demonstrated that LKB1g is predominantly local-
ized in the nuclei of HeLa-S3 cells transfected with either
LKB1g or the S399A mutant (Fig. 44). Notably, metformin
increased (p < 0.05) LKB1y in the cytosol of HeLa-S3 trans-
fected with LKB1g but not in the cells transfected with the
S399A mutant (Fig. 44). These results were further confirmed
by confocal microscopy. As shown in Fig. 4B, mutation of Ser-
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incorporation into LKB1¢ peptide was monitored by y counter. Error bars indicate S.D. ns, not significant. B, autoradiography of LKB1¢ and Ser-399 mutants.
Immunoprecipitates from Hela-S3 expressing LKB15 and mutants were incubated with rPKC{ in kinase buffer with [*?PJATP for 15 min at 37 °C, and incorpo-
ration of 3?P into LKB1s was monitored by autoradiography. The blot is a representative of three blots from three independent experiments (n = 3). C,
LKB1-deficient HeLa-S3 cells transfected with plasmids encoding LKB1,, LKB1, and S399A for 24 h were preincubated with PKCZ-PS for 30 min before being
exposed to metformin. After treatment, the cells were lysed and prepared for Western blotting. The blot is a representative of three blots obtained from three
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used to examine the phosphorylation of AMPK at Thr-172 and the phosphorylation of Ser-79 on ACC through Western blotting. The blot is a representative of
four blots from four individual experiments. E, immunocytochemical staining of metformin (met)-enhanced phosphorylation of PKCZ and LKB1 translocation
in A549 cells. LKB1-deficient A549 cells transfected with plasmids encoding LKB1¢ and S399A for 24 h were incubated with metformin for 2 h before fixation of
cells. Mouse anti-LKB1 and rabbit anti-phospho-PKC{ Thr-410/403 were used as the primary antibodies, whereas Alexa Fluor® 488-conjugated goat anti-
mouse IgG (ab’) 2 and Alexa Fluor® 594-conjugated donkey anti-rabbit IgG(ab’) 2 were used as secondary antibodies. Images were visualized using a Leica TCS
SP2 confocal microscope. Scale bar is 8 um.

399 restricted LKB1g to the nucleus, whereas metformin treat-  tor protein, STRAD, resulting in exportation of LKB1 from
ment increased cytoplasmic translocation of LKB1g but had no  the nucleus (20). As described previously (25), we used lepto-
effect on the Ser-399 mutant. These data suggest that Ser-399 mycin B, a specific inhibitor of CRM1 (20), to determine the
phosphorylation is required for metformin-induced nuclear effect of CRM1 on ONOO ™ -induced nuclear export of LKB1g4
export of LKB1g. Notably, the effects of a Ser-399 mutation on  in A549 cells transfected with LKB1g or the S399A mutant. We
nuclear localization of LKB1g were also evident in the presence  used both Western blot analysis of fractionated cellular com-
of hypoxia (Fig. 4C), suggesting that the importance of Ser-399  ponents and immunocytochemical analysis of cells to evaluate
phosphorylation might extend beyond the metformin-LKB1- the localization of LKB1g. We determined that treatment with
AMPK pathway. ONOO™ (15 min) significantly (p < 0.05) increased the cyto-

Inhibition of CRM 1 Abolishes Nucleocytoplasmic Shuttling of ~ plasmic portion of LKB1g and reduced the nuclear content of
CRM1 and LKB1s—W e next wanted to gain more insight into  LKB1g (Fig. 4D). This effect was reversed by treatment with the
the mechanism of ONOO™ /metformin-mediated transloca- ~CRM1 inhibitor, leptomycin B (Sigma). Using confocal micros-
tion of LKB1g from the nucleus. We chose to assess the role of copy, we demonstrated that ONOO ™~ caused LKB1g to translo-
CRM]1, a nuclear export protein that binds LKB1 via the adap- cate from the nucleus and that this interaction was suppressed
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by leptomycin B, as well as mutation of LKB1g Ser-399 to S399A
(Fig. 4E). Taken together, these results suggest that ONOO™ -
induced nucleocytoplasmic translocation of LKB1g is depend-
ent upon both CRM1 and phosphorylation of Ser-399.

LKBI1 Ser-399 Is Not Required for Trimeric Complex
Formation—Because the formation of the LKB1-STRADa-
MO25«a heterotrimeric complex is crucial for nuclear export
and cytoplasmic stability of LKB1 (20, 33), we sought to deter-
mine whether Ser-399 mutation affects the ability of LKB1g to
form the heterotrimeric complex. Plasmids encoding LKB1,,
LKBI1g, and mutants S399A and S399D were co-transfected
with or without STRADa and MO25« into HeLa-S3 LKB1-
deficient cells. Cells were harvested after 24 h and subjected to
nuclear/cytosolic fractionation. Western blot analysis and
immunofluorescence staining were used to determine the dis-
tribution of LKB1;, LKB1g, and its mutants in the transfected
cells. Co-expression of LKB1 with STRADa and MO25«
resulted in the translocation of LKB1;, LKB1g, and its mutants
from the nucleus to the cytoplasm (Fig. 5, A and B). These
results are in agreement with the findings of others (22, 26) that
LKBIg, like LKB1;, is able to form the heterotrimeric complex
with STRAD«a and MO25a. In addition, mutation of Ser-399 in
the C terminus of LKB1g did not hinder formation of the
LKB14-STRADa-MO25a complex. However, all forms of
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LKB1 remained sequestered in the nucleus without co-expres-
sion with STRADa-MO25a. These results imply that a stimu-
lus for heterotrimeric complex formation is required for LKB1-
dependent pathways, including ONOO ™~ /metformin-mediated
AMPK activation.

DISCUSSION

In this study, we have identified Ser-399 as a novel phosphor-
ylation site in the C terminus of LKB1g. Mutation of this site to
alanine suppresses ONOO™ - or metformin-induced AMPK
activation, but does not affect LKB1 activity or base-line AMPK
activation. Furthermore, we identified that Ser-399 is phosphor-
ylated by PKC{ and that PKC{ was critical for metformin-in-
duced AMPK activation in cells transfected with LKB1g. Fur-
thermore, we identified that metformin and ONOO™ were able
to induce nuclear export of LKB1g and that these effects were
dependent upon Ser-399 in the LKB14 C terminus. Finally, we
found that ONOO ™ -induced translocation of LKB1g is medi-
ated by CRM1.

Our results suggest that Ser-399 in the C terminus of LKB1g4
is analogous to Ser-431/428 in LKB1 (LKB1,). In this case, met-
formin treatment leads to activation of PKC{¢, which phosphor-
ylates Ser-399 in LKB1 (or Ser-428/431in LKB1, ) (29), thereby
increasing LKB1g association with CRM1. The consequence of
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this interaction results in the nuclear export of LKB1 and sub-
sequent AMPK activation. This novel mechanism provides a
logical explanation of the previous findings (22, 26) that LKB1,
and LKB1g have similar activity and downstream activation of
base-line AMPK. Moreover, LKB1, and LKB1g have compara-
ble responses to ONOO ™ /metformin treatment, suggesting
that Ser-399 in LKB1g mimics the functionality of Ser-431/428
in LKB1,. This rectifies previous, seemingly paradoxical find-
ings (22, 26, 28, 29, 35, 36) regarding the necessity of the Ser-
431/428 site in LKB1, by establishing that the Ser-399 site plays
a compensatory role in LKB1g.

These findings might provide insight into regulation of LKB1
signaling, particularly the role of the C-terminal domain in reg-
ulation of LKB1 function. As pointed out by a recent review
(34), “regulation of the LKBI signaling network is highly con-
text-dependent.” The upstream kinases that phosphorylate
LKB1 might depend upon different cell types or stimuli. In the
context of metformin-induced AMPK activation, our previous
(25, 29) and present studies suggest that phosphorylation of
Ser-428/431/Ser-307 in LKB1, and Ser-399 in LKB1¢ by PKC{
is required for this pathway. Xie et al. (25) demonstrated that
Ser-307, present in both LKB1g and LKB1,, is necessary for the

JUNE 7,2013+VOLUME 288+-NUMBER 23

LKB1,

Merge

Novel PKC{ Phosphorylation Site in LKB1 ¢

MO25a+STRADa
§399D LKB1,

S399A LKB1,

LKB1

LDH

LDH

| et et B bl

MO25a+STRADa
Anti-LKB1 DAPI Merge

.-

FIGURE 5. LKB1¢ Ser-399 mutant does not impair its ability to bind MO25« and STRAD«. A, HeLa-S3 cells were transiently transfected with LKB1s/mutants
alone (left panel) or co-transfected with MO25« and STRAD« constructs (right panel) for 24 h. Subcellular fractions were prepared as described under “Exper-
imental Procedures.” The protein level of LKB1 was detected in each fraction by Western blot. Lactate dehydrogenase was used as the loading control for the
cytoplasmic fraction, and histone H2AX was used as the loading control for nuclear fraction. The blot is a representative of three blots from three individual
experiments (n = 3). B, transfected or co-transfected HelLa-S3 cells were fixed to determine distribution of LKB1¢ or mutants in HelLa-S3 cells through
immunocytochemical staining. Scale bar is 10 um.

association of LKB1 with STRAD and CRM1 and subsequent
export of LKB1 from the nucleus to the cytoplasm, conse-
quently activating AMPK. Ser-307 is essential for regulation of
LKB1, by PKC{ (25) and would likely play a major role in met-
formin-induced AMPK activation. Because LKB1 activity in
1-309 truncate was very low (Fig. 1B), the function by serine
307 might require the presence of the LKB1 C terminus. How-
ever, the S307A mutant of LKB1L exhibits low activity, under-
scoring the importance of Ser-307 even in the presence of the C
terminus (25). A previous study from our group (29) deter-
mined that the two other upstream kinases, protein kinase A
(PKA) and p90 ribosomal S6 kinase (RSK), known to phosphor-
ylate LKB1 at the Ser-428 site (16), are not involved in met-
formin-enhanced phosphorylation of AMPK (Thr-172) in
bovine aortic endothelial cells (29). Moreover the study of Den-
sion et al. (22) showed that treatment with forskolin, an activa-
tor of the PKA pathway, did not enhance LKB1-dependent acti-
vation of AMPK as evidenced by increased AMPK activity in
cells expressing catalytically inactive LKB1. This implies that
alternative pathway(s) is (are) implicated in PKA-induced
AMPK activation, which further supports the notion that reg-
ulation and activity of LKB1 are context-dependent (34). Other
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studies (35, 36) have suggested an important regulatory role
played by post-translational modifications in LKB1. It is prob-
able that LKB1 is differentially phosphorylated by different
stimuli in different cell types (25), warranting further investiga-
tion of the LKB1 regulatory C-terminal domain.

Evidence from our research has revealed that PKC{ phos-
phorylates LKB1 at various sites in its C terminus in response to
stimulation by oxidants (ONOO ™) and that the effects of the
antidiabetic drug, metformin, are mediated through ONOO™
(25,28 -31). This suggests that PKC¢-dependent LKB1 regula-
tion might be oxidant (metformin)-specific. It is plausible that
oxidant-induced activation of PKC{, leading to phosphoryla-
tion and translocation of LKB1 from the nucleus and subse-
quent AMPK activation, is a preconditioning that would serve
to sensitize cells to redox sensing. In this case, activation of
AMPK triggers a negative feedback loop resulting in cell
defense mechanisms to protect cells from further oxidative
damage as we have proposed before (31). Our studies offer
insight into a unique pathway that would lead to preferential
regulation of LKB1 function in response to oxidative stress.
PKC( is implicated in regulation of various cellular functions
(37), including metabolism (38, 39) and polarity (40, 41), which
are similar to the functions of LKB1. Because PKC{ can phos-
phorylate both LKB1; and LKB1, this pathway might play an
important physiological role in various cell defense mecha-
nisms and pathophysiological conditions characterized by oxi-
dative stress.

In summary, we have identified Ser-399, a novel phosphory-
lation site in the C-terminal domain of the LKB1 short form,
that is likely analogous to Ser-428/431 in full-length LKBI.
Phosphorylation of Ser-399 by PKC{ does not affect LKB1g
kinase activity, but it is essential for ONOO ™ /metformin-in-
duced nucleocytoplasmic translocation of the LKB1 short form
and subsequent AMPK activation. Our findings enhance the
understanding of the role of the C-terminal domain in regulat-
ing LKB1 functions and provide insight into the mechanism for
metformin-stimulated AMPK activation. These results under-
score the importance of PKC( as an upstream LKB1 kinase that
is critical in the metformin/oxidant-LKB1-AMPK pathway.
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