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Summary

The LKB1 — AMPK signaling pathway serves as a critical cellular sensor coupling energy
homeostasis to cell growth, proliferation and survival. However, how tumor cells suppress this
signaling pathway to gain growth advantage under conditions of energy stress is largely unknown.
Here, we show that AMPK activation is suppressed in melanoma cells with the B-RAF V600E
mutation and that down-regulation of B-RAF signaling activates AMPK. We find that in these cells
LKBL1 is phosphorylated by ERK and Rsk, two kinases downstream of B-RAF, and that this
phosphorylation compromises the ability of LKBL1 to bind and activate AMPK. Furthermore,
expression of a phosphorylation-deficient mutant of LKB1 allows activation of AMPK and inhibits
melanoma cell proliferation and anchorage-independent cell growth. Our findings provide a
molecular linkage between the LKB1-AMPK and the RAF-MEK-ERK pathways and suggest that
suppression of LKB1 function by B-RAF V600E plays an important role in B-RAF V600E-driven
tumorigenesis.

Introduction

The RAF-MEK-ERK protein kinase signaling cascade is a central pathway that regulates cell
growth, proliferation, differentiation and survival in response to extracellular stimuli (Chong
etal., 2003; Wellbrock et al., 2004). Somatic mutations in B-RAF, a member of the RAF kinase
family, have been found in ~6% of human cancer (Davies et al., 2002), with the highest
incidence in malignant melanoma (50-70%), papilliary thyroid cancer (~30%), serous ovarian
cancer (~30%) and colorectal cancer (~15%) (Dhomen and Marais, 2007; Garnett and Marais,
2004; Tuveson et al., 2003). More recently, germline mutations of B-RAF have also been
identified in cardio-facio-cutaneous syndrome (Schubbert et al., 2007). More than 90% of the
oncogenic B-RAF mutations (Ikenoue et al., 2003) occur as V600E, which induces
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constitutively active ERK signaling (Wan et al., 2004). The oncogenic B-RAF V600E mutant
has been shown to be important for tumor induction, growth, maintenance and progression,
but the detailed molecular mechanisms remain to be elucidated (Dhomen and Marais, 2007;
Gray-Schopfer et al., 2005).

The tumor suppressor LKBL1 is a serine/threonine protein kinase mutated in autosomal
dominantly inherited Peutz-Jeghers syndrome (PJS), a disease characterized by increased risk
of benign and malignant tumors in multiple tissues, harmartomatous polyps in the
gastrointestinal tract and mucocutaneous pigmentation (for reviews, see (Alessi et al., 2006;
Katajisto et al., 2007). Somatic mutations in LKB1 have also been observed frequently in
sporadic lung adenocarcinomas (Sanchez-Cespedes et al., 2002), and its inactivation in the
mouse promotes development of metastatic lung adenocarcinomas (Ji et al., 2007). Genetic
studies have shown that LKB1 modulates cell growth, cell proliferation and cell survival in
response to stress. Mouse embryonic fibroblasts lacking LKBL1 fail to senescence in culture
(Bardeesy et al., 2002) but more readily undergo apoptosis in response to energy stress (Shaw
et al., 2004b). In addition, LKB1 has been implicated in the control of epithelial cell polarity
based on C. elegans and Drosophila genetics and on mammalian cell culture (Baas et al.,
2004; Martin and St Johnston, 2003; Watts et al., 2000).

The recently discovered role for LKB1 in activation of AMP-dependent protein kinase
(AMPK) (Hawley et al., 2003; Shaw et al., 2004b; Woods et al., 2003) has begun to explain
many of the phenomena associated with loss of LKB1. LKB1 directly phosphorylates AMPK
at Thr-172 in the activation loop of this enzyme and accumulation of phosphate at this position
in response to elevation of cellular AMP is required for the activation of AMPK in most cellular
contexts. The failure of AMPK to be activated in response to energy stress has been invoked
to explain the failure of LKB17~ cells to undergo cell cycle arrest and to suppress protein
synthesis and other macromolecular syntheses in response to energy stress conditions, such as
those observed in tumor growth (Inoki et al., 2003; Jones et al., 2005; Luo et al., 2005;
Motoshima et al., 2006; Shaw et al., 2004a). Of particular interest, the phosphorylation of
tuberin and RAPTOR by AMPK has been shown to play a role in suppressing mTOR signaling
in response to energy stress (Gwinn et al., 2008; Inoki et al., 2003; Shaw et al., 2004a). A host
of AMPK substrates have been identified in recent years and many of these play critical roles
in regulating macromolecule synthesis and cellular energy (Carling, 2004; Hardie, 2005; Kahn
et al., 2005; Motoshima et al., 2006; Shaw, 2006). It is likely that other targets of LKB1,
including the AMPK-related MARK family protein kinases (Lizcano et al., 2004), also
contribute to the various defects in cellular regulation in cells lacking LKB1.

This recent insight into the critical role played by the LKB1-AMPK axis in suppressing cell
growth and cell cycle entry raises interesting possibilities for pharmaceutical intervention to
suppress tumor growth through activation of this pathway (Hardie, 2007) and also raises
questions about how tumor cells suppress this pathway to allow continued growth under
conditions of energy stress. While somatic loss of function mutations in LKB1 are not frequent
in human cancers other than lung adenocarcinoma, epigenetic mechanisms for suppression of
the expression of genes in this pathway are being uncovered (Tiainen et al., 1999). Here we
address a post-translational mechanism for suppression of the LKB1-AMPK pathway in tumor
cells. We find that in melanoma cells transformed by mutations in oncogenic B-RAF kinase,
LKB1 becomes phosphorylated at two sites that compromise the ability of this enzyme to bind
to and phosphorylate AMPK. More importantly, we show that this suppression of LKB1
function in B-RAF-transformed melanoma cells plays an important role in mediating the
oncogenic activity of B-RAF.
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Results

Melanoma cells with the B-RAF V600E oncogenic mutation have impaired AMPK activation

AICAR (5-aminoinidazole-4-carboxamideribonucleoside), an AMP mimetic, has been shown
to activate AMPK and inhibit cell proliferation in several different human tumor cell lines,
including MCF-7 (breast cancer), C6 (glioma), PC3 and LNCaP (prostate cancer) cells (Rattan
et al., 2005; Xiang et al., 2004). During the investigation of the potential effects of AICAR on
melanoma cells, we observed that AICAR stimulated phosphorylation of AMPK at Thr-172
in the human melanoma cell lines MeWo and SK-MEL-31, as expected, but failed to cause
phosphorylation of AMPK in several other melanoma cell lines, SK-MEL-28, UACC62 and
UACC257 (Figure 1A). Consistent with this observation, AICAR stimulated phosphorylation
of the AMPK substrate, Acetyl CoA Carboxylate (ACC) at Ser-79 in the MeWo and SK-Mel-31
cells but not in the other three cell lines (Figure 1A). Total AMPK levels were similar in all
five cell lines (Figure 1A). The failure to phosphorylate AMPK in the SK-Mel-28, UACC62
and UACC257-4 cells was not due to lack of LKB1 as judged by western blots with an LKB1
antibody (Figure 1A).

While MeWo and SK-Mel-31 cells express wild-type B-RAF, SK-MEL-28, UACC62 and
UACC 257 cells contain the B-RAF V600E mutation, raising the possibility that activating
mutations of B-RAF may suppress LKB1-AMPK signaling. To test this hypothesis, we
generated mouse Ink4a/Arf null melanocyte C140 cells stably transfected with WT B-RAF or
V600E mutant and found that cells transfected with the B-RAF VV600E showed a reduction in
AICAR-induced phosphorylation of AMPK (Figure 1B). Transfection with B-RAF VV600E
enhanced ERK1/2 phosphorylation as expected but did not affect the total level of endogenous
AMPK or LKB1 compared to WT B-RAF (Figure 1B). Expression of the B-RAF V600E
mutant but not WT B-RAF in Cos-7 cells also suppressed activation of AMPK in response to
AICAR (Supplemental Figure S1). These results together indicate that expression of B-RAF
V600E inhibits the activity of AMPK. It's noteworthy that suppression of AMPK activation
correlated with the B-RAF mutational status of the melanoma cell lines better than with the
level of ERK1/2 phosphorylation. For example AICAR activates AMPK in SK-Mel-31 cells,
which have elevated ERK1/2 phosphorylation but lack B-RAF mutations (Figure 1A). This
result, discussed in more detail below, suggests that B-RAF activation may channel
downstream signaling to the suppression of AMPK more than other ERK1/2 activation
mechanisms.

Down-Regulation of oncogenic B-RAF signaling stimulates AMPK Activation

To further examine the role of B-RAF in the regulation of AMPK activation, we used RNA
interference to knock down the expression of B-RAF (Hingorani et al., 2003) in a melanoma
cell line containing the B-RAF V600E mutation. As shown in Figure 2A, down-regulation of
B-RAF expression by using two different sShRNA constructs in SK-MEL-28 cells led to a
decrease in ERK1/2 phosphorylation, as expected, and also resulted in increased
phosphorylation of AMPK at Thr-172, further supporting the inhibitory effect of oncogenic
B-RAF on AMPK activation.

To evaluate the role of B-RAF downstream effectors (MEK and ERK) in the regulation of
AMPK, we used retroviral ShRNA constructs specifically targeting MEK1 or ERK2 inSK-
MEL-28 cells, and found that down-regulation of either MEK1 (Figure 2B) or ERK2
(Supplemental Figure S5) led to activation of AMPK. Similar activation of AMPK was also
observed when SK-MEL-28 (Figure 2C) and UACCG62 cells were treated with the MEK
inhibitors U0126, PD98059 or CI-1040 (also known as PD184352) (Supplemental Figures S3
and S4). Taken together, our results suggest that the activity of AMPK is negatively regulated

Mol Cell. Author manuscript; available in PMC 2010 January 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

by the oncogenic B-RAF V600E mutant, probably through its downstream MEK-ERK kinase
signaling cascade.

Phosphorylation of LKB1 by ERK and p90Rsk, two kinases downstream of B-RAF

The negative regulation of AMPK by B-RAF signaling suggests that AMPK itself or its
upstream kinases may be targets of the RAF-MEK-ERK protein kinase signaling cascade.
Because LKB1, an upstream activator of AMPK, is known to be phosphorylated on multiple
sites in vivo (Sapkota et al., 2002a; Sapkota et al., 2002b; Sapkota et al., 2001), we first
examined whether the effect of U0126 treatment on AMPK activity is dependent on the
presence of LKB1. As shown in Figure 3A, unlike the immortalized mouse embryonic
fibroblast (MEF) cells originated from Lkb1*/* mouse, U0126 treatment did not cause
activation of AMPK in Lkb1”~ MEFs. Similarly, knockdown of LKB1 in SK-Mel-28 cells by
using two different ShRNA constructs impaired the activation of AMPK in response to U0126
in these cells (Figure 3B), suggesting the presence of LKBL1 is critical for the effect of the MEK
inhibitor on AMPK activity.

Next, we examined the degree of LKB1 phosphorylation upon modulation of the RAF-MEK-
ERK pathway. HEK?293 cells were transfected with FLAG-tagged LKB1 and treated with the
phorbol ester PMA, a known activator of the RAF-MEK-ERK cascade, in the presence or
absence of U0126. LKB1 was immunopurified using anti-FLAG M2 agarose beads (Figure
4A), digested with trypsin or chymotrypsin and subjected to LC-MS/MS analysis to assess
phosphorylation status. Two peptides containing phosphorylated Ser325 and Ser428 were
consistently found in the PMA treated samples but rarely detected in LKB1 from the untreated
cells or cells treated with U0126. The relative quantities of the peptides containing phospho-
Ser325 and phospho-Ser428 to the same peptides in their unphosphorylated state were analyzed
using rations of the total ion current (TIC) over the LC elution peaks (Asara et al., 2008; Tsay
etal., 2000). This analysis revealed that treatment with U0126 dramatically reduced the fraction
of LKB1 phosphorylated at Ser325 and Ser428 by approximately 80% and 65%, respectively
(Supplemental Figure S6). A previous study demonstrated that Ser428 could be phosphorylated
by PKA or by p90Rsk in vitro and in vivo (Sapkota et al., 2001), and the results presented here
indicate that Ser428 phosphorylation occurs downstream of MEK signaling, consistent with
p90Rsk being the kinase involved in this case. Although the S428 phospho-specific antibody
is not sufficiently sensitive to detect endogenous LKB1 in SK-Mel-28 cells or MEFs by western
blotting (Supplemental Figure S7), this antibody detected phospho-S428 in SK-MEL-28 cells
stably expressing FLAG-LKB1 and the phosphorylation was reduced by treatment with the
MEK inhibitors U0126 and PD98059, or by knockdown of B-RAF expression by RNAI (Figure
4B and 4C). These results further support that Ser428 is a target of the RAF-MEK-ERK
signaling cascade.

Ser325 in mouse LKB1 was also previously found to be phosphorylated (Sapkota et al.,
2002a), but the responsible kinase was not identified. Sequence analysis by Scansite (Yaffe et
al., 2001) indicated that Ser325 is a candidate phosphorylation site by proline-dependent
kinases such as cyclin-dependent kinases and MAPKSs including ERK. Moreover, Scansite
predicts that LKB1 contains two putative ERK-docking D domains and one ERK1 binding
domain. These predictions together with the sensitivity of Ser325 phosphorylation to MEK
inhibitors imply that LKB1 could be directly phosphorylated by ERK on Ser325. To test
whether ERK can directly phosphorylate LKB1 in vitro, GST-tagged LKB1 was expressed in
E. coli, purified and incubated with active recombinant ERK protein in the presence of y-32P-
ATP. To avoid background 32P incorporation due to autophosphorylation of LKB1, a kinase-
dead mutant of LKB1 (D194A) was used. As shown in Figure 4D, ERK proteins were found
to phosphorylate recombinant LKB1 protein in vitro. In addition, ERK was found to
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phosphorylate HA-tagged LKB1 immunoprecipitated from HEK293 cells, and mutation of
Ser325 to Ala abolished the phosphorylation (Figure 4E).

To further characterize the phosphorylation of LKB1 Ser325 in vivo, an antibody against
phospho-Ser325 of LKB1 was generated. This antibody recognizes over-expressed HA-LKB1
WT, but not the HA-LKB1 S325A mutant, and the reactivity towards HA-LKB1 was greatly
reduced upon U0126 treatment (Supplemental Figure S8). Similarly, Ser325 phosphorylation
of FLAG-LKBL1 in SK-MEL-28 stable cell lines was also sensitive to the treatment of U0126
and PD98059, or knockdown of BRAF expression by RNA interference (Figure 4B and 4C).
Moreover, HA-LKB1 co-immunoprecipitated with FLAG-ERK2 in HEK293 cells (Figure 4F).
Further mapping experiments showed that the kinase domain of LKB1, but not the C-terminal
region of LKB1, mediates its association with ERK2 (Figure 4G). Collectively, these results
suggest that LKB1 Ser325 is a direct phosphorylation target of ERK.

The inhibitory effect of RAF-MEK-ERK signaling on AMPK activation was only observed in
melanoma cell lines with B-RAF V600E mutant, but not in those with WT B-RAF (Figure
1A). To investigate potential mechanisms underlying this specific effect of mutant B-RAF, we
co-expressed FLAG-tagged WT B-RAF or V600E mutant together with HA-LKB1 in HEK293
cells, and found that HA-LKB1 co-immunoprecipitated with FLAG-B-RAF VV600E, but not
FLAG-BRAF WT (Figure 4H), suggesting that LKB1 preferentially associates with B-RAF
V600E. To further examine whether this B-RAF V600E can channel ERK activity to LKB1,
we tested the effects of B-RAF V600E expression on the association between LKB1 and ERK.
As shown in Figure 41, there was a dramatic increase of FLAG-LKB1 co-immunoprecipitated
with HA-ERK?2 in cells expressing B-RAF V600E compared to cells expressing either WT B-
RAF or control pPCDNAZ3 vector. These results further support the idea that the BRAF V600E
mutant facilitates targeting of ERK to LKBL1.

Phosphorylation of Ser325 and Ser428 is critical for the regulation of AMPK activation by

LKB1

To address the functional consequence of LKB1 phosphorylation at Ser325 and Ser428, we
assessed the ability of LKB1 WT and phosphorylation-deficient mutants to activate
endogenous AMPK. As shown in Figure 5A, expression of LKB1 S325A, S428A, or S325A/
S428A (AA) double mutants in Lkb17- MEFs resulted in enhanced AMPK phosphorylation
compared to expression of WT LKB1. The difference was particularly apparent in the absence
of AICAR. Enhanced phosphorylation of ACC was also observed in cells expressing
phosphorylation-defective mutants of LKB1. These results suggest that phosphorylation at
either Ser325 or Ser428 suppresses the ability of LKB1 to activate AMPK. Similar results were
obtained when these various constructs were expressed in HeLa cells (Supplemental Figure
S10), which lack LKB1 (Tiainen et al., 1999).

To confirm that phosphorylation of LKB1 on Ser325 and Ser428 mediates the inhibition of
AMPK activity in human melanoma cells containing the oncogenic B-RAF V600E mutation,
we generated SK-MEL-28 cells stably expressing LKB1 wild-type, S325A, S428A or the AA
double mutants of LKB1. As shown in Figure 5B, SK-Mel-28 cells expressing the LKB1 AA
mutant showed increased phospho-AMPK compared to cells expressing wild-type LKB1. In
these cells, expression of LKB1 with single point mutations had only moderate effects on
AMPK phosphorylation, suggesting that phosphorylation of LKBL1 at either site may be
insufficient to suppress activity. Similar results were obtained in UACC67 cells, another B-
RAF V600E containing melanoma cell line (Supplemental Figure S11).

The full activity of LKBL1 requires its interaction with two regulatory subunits, STRAD and
MO25 (Hawley et al., 2003). In addition, LKB1 has been shown to associate with AMPK
(Shaw et al., 2004b). To gain insight into the mechanism underlying the effect of LKB1
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phosphorylation on AMPK activation, we compared the ability of LKB1 WT and the
phosphorylation-deficient AA mutant to associate with AMPK, STRAD and MO25. As shown
in Fig 5C, both HA-tagged WT LKB1 and the AA mutant bind to Omni- STRAD and FLAG-
MO25 in HEK?293 cells. However, interestingly, the LKB1 AA mutant showed stronger
association with GST-AMPK than with WT LKB1 (Figure 5C). Similarly, more endogenous
AMPK coimmunoprecipitated with FLAG-tagged LKB1 AA mutant than with WT LKB1 in
SK-Mel-28 stable cell lines (Figure 5D). Moreover, U0126 treatment enhanced the interaction
between AMPK and WT LKBL1, but did not have an additional effect on the AA mutant (Figure
5D). Similarly, knocking down the expression of B-RAF with two different ShRNA constructs
also enhanced the interaction between AMPK and LKB1 in SK-Mel-28 cells stably expressing
LKB1(Figure 5E). These results suggest that phosphorylation of LKB1 on Ser325 and Ser428
suppress its ability to bind to AMPK, thus explaining the decreased phosphorylation of AMPK.

Expression of the LKB1 phosphorylation-deficient mutant suppresses proliferation and
anchorage-independent growth of melanoma cells

To examine the biological effects of LKB1 phosphorylation at Ser325 and Ser428, we
performed cell proliferation assays on SK-MEL-28 cells stably expressing LKB1 WT or the
phosphorylation-deficient AA mutant. We found that cells expressing the AA mutant of LKB1
had significantly reduced proliferation rates compared to cells expressing WT LKB1,
suggesting that phosphorylation of LKB1 at Ser325 and Ser428 is important for cell
proliferation in BRAF V600E expressing melanoma cells (Figure 6A).

To determine the role of phosphorylation in anchorage-independent cell growth, we performed
soft agar assays on SK-MEL-28 cells expressing either WT or the AA mutant of LKB1. As
shown in Figure 6B, cells expressing the LKB1 AA mutant formed fewer colonies than those
expressing WT LKBL1, suggesting that phosphorylation at Ser325 and Ser428 are important
for cell transformation in B-RAF V600E expressing melanoma cells.

Relationship between P-AMPK activity and P-ERK activity in primary human melanoma
specimens and melanoma cell lines

To evaluate the relevance of the inhibition of AMPK activity by RAF-MEK-ERK signaling in
human melanoma samples, we examined the levels of phospho-ERK and phospho-AMPK in
immunohistochemical studies on human melanoma tumors. We found that among five primary
tumor samples showing strong phospho-ERK staining, one of them showed moderate, three
showed weak and one showed negative phospho-AMPK staining (Figure 6C). Conversely,
among the four tumors that showed strong phospho-AMPK staining, one of them showed
moderate and three showed negative phospho-ERK staining, suggesting an inverse correlation
between phospho-AMPK and phospho-ERK activities in human melanoma (Chi square test,
p = 0.028). Moreover, a similar tendency of inverse correlation between phospho-AMPK and
phospho-ERK levels was also observed in an immunoblotting analysis of several human
melanoma cell lines containing the BRAF VV600E mutation (Figure 6D). We stably expressed
FLAG-tagged wild-type LKBL in a subset of these cell lines, immunoprecipitated LKB1 and
examined phosphorylation at Ser325 and Ser428. The cell line with the highest level of
phospho-AMPK and lowest level of phospho-ERK1/2 (WM88) exhibited no detectable
phosphorylation of LKB1 at either site while the cell line with the lowest level of phospho-
AMPK and a high level of phospho ERK1/2 (UACC62) exhibited high phosphorylation at both
sites. UACC267 and M14 cells showed intermediate levels of LKB1 phosphorylation and
AMPK phosphorylation.
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Discussion

The LKB1-AMPK signaling axis plays a central role in bridging cellular metabolic sensing
and regulation of cell growth, proliferation and survival (Hardie, 2005; Luo et al., 2005;
Motoshima et al., 2006; Shaw, 2006). The activity of AMPK is regulated by the ratio of
cytosolic AMP to ATP, which affects the phosphorylation of Thr172. The steady state level
of phospho-Thr172 is determined by the relative rate of phosphorylation by kinases and
dephosphorylation by phosphatases. Recent studies suggest that AMP binding to the gamma
subunit of AMPK decreases the rate of dephosphorylation at Thr172, resulting in increased
AMPK activation (Steinberg et al., 2006). The results we present here indicate that
phosphorylation of LKB1 by kinases downstream of B-RAF impairs the ability of LKBL1 to
associate with and phosphorylate AMPK at Thr172, thereby blocking the activation of AMPK
even under conditions of elevated AMP. The phosphorylation of LKB1 by ERK and p90RSK,
and subsequent inhibition of its ability to phosphorylate and activate AMPK may partially
mediate the oncogenic effects of BRAF V600E, as expression of a phosphorylation-deficient
mutant of LKB1 (S325A/S428A) inhibited melanoma cell proliferation (Figure 7). This model
provides a mechanism for down-regulation of the cellular activity of the tumor suppressor
LKBL1 in cancer cells through post-translational modification.

LKBL1 contains a central serine-threonine kinase domain, an N-terminal region with a nuclear
localization signal and a C-terminal regulatory region (Alessi et al., 2006). Both Ser325 and
Ser428 of LKB1 are located in the C-terminal region. While Ser428 was shown previously to
be phosphorylated by p90Rsk and PKA in response to different stimuli, there was no evidence
that this phosphorylation affected the in vivo or in vitro function of LKB1 (Sapkota et al.,
2001). Phosphorylation at Ser325 was also previously detected, but the kinase responsible for
this phosphorylation was not determined (Sapkota et al., 2001). In this report, we show that
mutation of Ser325 and Ser428 to Ala enhanced the association of LKB1 with AMPK, but did
not alter the association with STRAD or MO25. This observation is consistent with previous
findings that the C-terminal region of LKB1 is involved in AMPK interaction (Forcet et al.,
2005) while the kinase domain mediates the interaction with STRAD and MO25 (Boudeau et
al., 2004). It remains to be seen whether phosphorylation at these residues would regulate the
interaction between LKB1 and other LKB1 downstream kinases.

Intriguingly, a loss-of-function missense mutation of LKB1 has been identified at codon 324
(Pro to Leu) in the germline of a PJS patient and in a sporadic carcinoma (Alessi et al.,
2006). Biochemical studies showed that this mutation impairs LKB1's ability to activate AMPK
and its downstream signaling (Forcet et al., 2005), supporting the idea that regulation of AMPK
signaling is critical to the activity of this LKB1 mutant. Pro324 is adjacent to the Ser325 ERK
phosphorylation site, and the change of Pro to Leu is predicted to make LKB1 a better substrate
for ERK2, based on the phosphorylation motif of ERK2 (Yaffe, etal., 2001), which is consistent
with the lower activity of this LKB1 mutant on AMPK activation (Forcet et al., 2005). In
addition, it is likely that a specific local conformation in this region is required for binding to
AMPK and that phosphorylation of Ser325 or mutation of Pro324 to Leu disrupts the local
structure needed for this interaction.

In this study, we observed an inverse correlation between the activities of ERK and AMPK in
melanoma cells harboring the B-RAF V600E mutation (Figure 1A and Figure 6). However,

some melanoma cell lines that lack B-RAF mutations have elevated phospho-ERK without a
major suppression of AMPK activation, i.e. SK-Mel-31 cells (Figure 1A). Hence, suppression
of AMPK activation correlates better with B-RAF mutations than with total ERK activation

in the melanoma cells. Intriguingly, we found that LKB1 coimmunoprecipitates with B-RAF
V600E mutant, but not with WT B-RAF, and that expression of B-RAF V600E dramatically
enhanced the association between LKB1 and ERK (Figures 4H and 41). These results strongly
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suggest that in melanoma cells that harbor B-RAF mutations activated ERK is more efficiently
channeled to the substrate, LKB1. Consistent with this concept, previous studies have shown
that melanoma with B-RAF mutation and those without B-RAF mutations are wired differently
in terms of the regulation of RAS-RAF-MEK-ERK signaling network. For example,
melanomas with Ras mutations have been shown to utilize C-RAF rather than B-RAF to
activate ERK and the consequence is a disruption of cAMP signaling specifically in the Ras
mutant melanomas (Dumaz et al., 2006). In addition, although both Ras mutations and B-RAF
mutations activate ERK and cause cell transformation, MEK inhibitors only inhibit growth of
B-RAF mutant cell lines (Solit et al., 2006). Both LKB1 and AMPK have been shown to
suppress cell growth and proliferation under conditions of energy stress. It's conceivable that
tumor cells must turn off this signaling pathway to gain a growth advantage. Mechanisms to
suppress LKB1-AMPK signaling include maintaining high levels of cellular ATP through up-
regulation of HIF-1 and subsequent transcriptional activation of genes involved in glucose-
uptake and glycolysis-dependent ATP synthesis (Ashrafian, 2006; Gatenby and Gillies,
2004; Shaw, 2006). A second mechanism involves deletion or loss-of-function mutations of
the LKBL1 gene, as occurs in PJS and in non-small cell lung carcinomas (Sanchez-Cespedes et
al., 2002), and less frequently in malignant melanomas, colon, breast, ovarian and brain cancers
(Alessi et al., 2006; Guldberg et al., 1999; Katajisto et al., 2007; Rowan et al., 1999). Our
findings here suggest that phosphorylation of LKB1 represents a new way to “over-ride” the
energy brake set by LKB1 and AMPK. We show that AMPK is consistently suppressed in B-
RAF V600E transformed cells through phosphorylation and inactivation of LKB1, and that
down-regulation of B-RAF signaling by pharmacological inhibitors or RNA interference
relieved this inhibition. It would be interesting to study whether similar mechanisms of
suppressing LKB1-AMPK signaling through post-translational modifications on LKB1 or
AMPK occur in other cancer cells driven by other mechanisms.

Drugs targeting the RAF-MEK-ERK pathway, such as MEK and RAF inhibitors are
intensively being developed and under clinical trails for various human cancers, such as
melanoma, renal cell carcinoma and colorectal cancer (Beeram et al., 2005; Gray-Schopfer et
al., 2007; Schreck and Rapp, 2006; Thompson and Lyons, 2005). Meanwhile, several current
prescribed drugs used for metabolic disorders, such as metformin and thiazolidinediones, have
been found to activate the LKB1-AMPK pathway (Hardie, 2007; Shaw, 2006; Shaw et al.,
2005). The molecular linkage between the RAF-MEK-ERK and LKB1-AMPK signaling
pathways reported here has several implications for the potential uses of these drugs in treating
cancer and metabolic disorders. First, AMPK activators have been proposed for the use of
cancer therapy (Hardie, 2007; Motoshima et al., 2006). Our findings here suggest that AMPK
activators and MEK/RAF inhibitors may have synergistic effects on inhibiting proliferation of
B-RAF V600E transformed tumor cells. Secondly, our findings suggest that MEK and RAF
inhibitors may be useful in the treatment of PJS by activating LKB1 when an intact LKB1
allele is present. Recent studies have shown that haploinsufficiency of LKB1 is sufficient for
the formation of hamartomatous polyps in mouse models, and there is evidence that a wild-
type allele of LKB1 can be found in the harmatomatous polyps from PJS patients (Hernan et
al., 2004). Lastly, in addition to direct AMPK activators, strategies based on modulating post-
translational modifications of LKB1, such as MEK and RAF inhibitors, that activate AMPK
indirectly, could also be considered for the treatment of metabolic disorders.

In summary, our findings reveal an intriguing molecular linkage between LKB1-AMPK and
RAF-MEK-ERK, two important protein Kinase signaling pathways involved in cancer. In a
recent survey on patterns of somatic mutations in human cancer genomes (Greenman et al.,
2007), BRAF and LKB1/STK11 were listed as the second and third of all the protein kinases
mutated in cancers (in terms of gene-specific selection pressures). Further understanding of
the role of this molecular linkage in tumorigenesis could potentially provide great therapeutic
opportunities for cancer treatment.
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Experimental Procedures

Materials

Cell culture,

Anti-phospho-AMPK (Thrl172), anti-AMPK, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-
ERK, anti-phospho-ACC and anti-phospho-LKB1 (Ser428) antibodies were purchased from
Cell Signaling Technology. Anti-phosopho-LKBL1 (Ser325) antibodies were generated at Cell
Signaling Technology. Anti-FLAG M2 affinity gel, anti-FLAG M2 monoclonal antibodies and
U0126 were purchased from Sigma. Anti-Omni, anti-B-RAF and anti-CRAF antibodies were
obtained from Santa Cruz Biotechnology. Anti-HA (11) and anti-LKB1 (Ley37D/G6)
monoclonal antibodies were purchased from Covance and Abcam, respectively. AICAR was
obtained from Toronto Research Chemicals (Downsview, ON, Canada). PD98059 was from
obtained from Cell Signal Technology. LKB1 and AMPK cDNA constructs have been
described previously (Shaw et al., 2004b; Zheng and Cantley, 2007). LKB1 S325A, S428A
and S325/S428A mutants were generated using PCR mutagenesis and verified by sequencing.
FLAG-ERK?2 construct was kindly provided by Dr. Melanie Cobb.

transfection and retroviral infection

SK-Mel-28, UACC62, UACC257, SK-Mel-31 and MeWo Cells were cultured in RPMI
medium (MediaTech) containing 10% fetal bovine serum (FBS) (Gemini Bio-products). C140
cells stably expressing B-RAF WT or V600E mutant (Kim et al., 2006) were cultured in RPMI
medium containing 10% FBS and 2ug/ml doxycycline (Clontech). Immortalized wild type and
LKB1-deficient MEFs were gifts from Dr. Nabeel Bardeesy (Massachusetts General Hospital)
and cultured in DMEM medium containing 10% FBS. Cos-7 and HeLa cells were obtained
from ATCC and cultured in DMEM medium containing 10% FBS. For retroviral transfection,
amphotropic retrovirus were generated as described previously (Zheng and Cantley, 2007).
When indicated, stable populations were obtained and maintained by selection with 2 pg/ml
puromycin (Sigma). For B-RAF RNA interference, pSuper-retro containing short hairpin
RNAs against B-RAF (Mu-A and com-4, shl and sh2) was obtained from Dr. David Tuveson
and described previously (Hingorani et al., 2003). For MEK1 and ERK2 knockdown, pSM2C
containing ShRNAs were gifts from Dr. Stephen Elledge. For LKB1 interference, pLKO
constructs containing shRNAs against human LKB1 were purchased from Sigma. For drug
treatment, cells were replaced with fresh media before addition of various drugs as indicated.

Western blotting and immunoprecipitation

Cell lysates were prepared using lysis buffer containing HEPES pH 7.0, 150 mM NacCl, 1%
NP-40, 1 mM EDTA, 50 mM NaF, 10 mM B-glycero-phosphate, 10 nM calyculin A, 1 mM
NazVO4 and protease inhibitors, and normalized by protein concentrations using the Bradford
method (Bio-Rad). For western blotting, protein samples were separated on 8% - 12% SDS-
PAGE and transferred to PVDF membrane (Millipore). Membranes were blocked in TBST
containing 5% non-fat milk, incubated with primary antibodies according to antibody
manufacturer's instructions, followed by incubation with horseradish peroxidase-conjugated
goat anti-rabbit or anti-mouse 1gG (Chemicon) and enhanced chemiluminescence detection
(Perkin Elmer). For immunoprecipitation, cell lysates were incubated with primary antibodies
or anti-FLAG M2 affinity gel overnight at 4°C, followed by incubation with protein A/G
sephorase for an additional 1 hr at 4°C, when applicable. Beads were washed three times with
lysis buffer and boiled in Laemmli sample buffer, and immune complexes were analyzed by
SDS-PAGE and Western blotting. For GST pulldown, cell lysates were incubated with GSH
agarose beads (Pharmacia) overnight.
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Mass Spectrometry

Coomassie stained SDS-PAGE gel bands containing FLAG-LKBL1 isolated from HEK293 cells
with different treatments were excised and subjected to in-gel digestion and reversed-phase
microcapillary LC/MS/MS using a LTQ 2D linear ion trap mass spectrometer
(ThermosScientific) in data-dependent acquisition and positive ion mode. MS/MS spectra were
searched against the concatenated target and decoy (reversed) Swiss-Prot protein database
using Sequest (Proteomics Browser, ThermoScientific) with differential modifications for Ser/
Thr/Tyr phosphorylation(+79.97) and the sample processing artifacts Met oxidation (+15.99)
and Cys alkylation (+57.02). Phosphorylated and unphosphorylated peptide sequences were
identified if they initially passed the following Sequest scoring thresholds: 1+ ions, Xcorr >
2.0 Sf>0.4, P >5; 2+ ions, Xcorr > 2.0, Sf > 0.4, P > 5; 3+ ions, Xcorr > 2.60, Sf>0.4, P>
5 against the target protein database. Passing MS/MS spectra were manually inspected to be
sure that all b- and y-fragment ions aligned with the assigned sequence and modification sites.
Determination of the exact sites of phosphorylation were aided using GraphMod software
(Proteomics Browser). For relative quantification of phosphorylation peptide signal levels, an
isotope-free (label-free) method was used by first integrating the total ion counts (TIC) for
each MS/MS sequencing event during a targeted ion MS/MS (TIMM) experiment or a data-
dependant acquisition. For each phosphorylation site (Ser325 and Ser428), a ratio of
phosphorylated peptide signal (TIC of phosphorylated form) to the total peptide signal (TIC
of phosphorylated form + TIC of non-phosphorylated form) from both the PMA and U0126
treated samples were calculated according to the following equation:

TIC,,, /(TIC,,,+TIC,_ .., )=Ratio of phosphopeptide signal

The ratios of the Ser325 and Ser428 sites from the PMA treated samples were then compared
to the same phosphopeptide ratios from both the untreated and U0126 treated samples
according to the following equation:

[(Rpo,U0126/R,,,PMA) — 1] X 100=%change in phosphorylation level upon treatment

PO4

While a direct comparison of phosphopeptide signals between different experiments is not
accurate due to different total protein levels and sample environments, a comparison the ratio
of the phosphorylated to non-phosphorylated peptide forms is an accurate measure of signal -
level change since the total peptide signal (modified and unmodified) is measured. The above
calculations were performed manually using Microsoft Excel and with automated in-house
developed software named Protein Modification Quantifier v1.0 (Beth Israel Deaconess
Medical Center, Boston, MA).

In vitro MAP kinase assay

Recombinant GST-LKB1 (D194A) proteins were expressed, purified from E.coli, and
incubated with recombinant active ERK protein (Stratagene) in the presence of y-32P-ATP at
37°C for 30 min. For kinase assays using HA-LKB1, HEK293 cells were transfected with HA-
LKB1 WT or S325A constructs, and immunoprecipitated HA-LKB1 proteins were used in the
kinase assays.

Cell proliferation and soft agar assays

For cell proliferation assays, 2 x 10° cells were seeded in triplicate on a 6-well plate and grown
in full medium. At 24 hr intervals for 4 days, cells were trypsinized and the numbers of cells
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in each well were counted by a Coulter counter. For soft agar assays, cells were suspended in
0.3% agarose in complete medium and plated on a layer of 0.6% agarose in complete medium
in 6-well culture plates (3 x 10* cells/well). After 3 weeks, the colonies were stained with
iodonitrotetrazolium chloride (Sigma) and photographed. The numbers of colonies were
counted using NIH image software.

Immunohistochemical Analysis

Human melanoma tissue microarray was obtained from US Biomax (Rockville MD). Formalin
fixed paraffin-embedded tissue microarray was deparaffinized in xylenes and hydrated in a
graded series of alcohols. Heat induced epitope antigen retrieval using citrate buffer in a
pressure cooker was used. Staining was performed using DAKO LSAB+ Alkaline Phosphatase
detection system and Permanent Red as the chromogen. The results were evaluated by
pathologist Dr. Scott Granter. The immunoreactivity of phospho-ERK and phospho-AMPK
was scored on a scale from 0 to 3+ for negative, weak, moderate and strong staining.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

B-RAF V600E suppresses AMPK activity. (A) Phosphorylation of AMPK and ACC in human
melanoma cells containing WT B-RAF or V600E mutant. Cells were treated with or without
1 mM AICAR for 1 hr. Cell lysates were used for western blotting with indicated antibodies.
(B) Expression of B-RAF V600E attenuates AMPK activation in C140 melanocytes. C140
stably expressed B-RAF WT or V600E mutant were treated with indicated concentration of
AICAR.
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Figure 2.

Down-regulation of B-RAF signaling activates AMPK. (A) Knockdown of B-RAF expression
by RNA interference activates AMPK. SK-Mel-28 cells were infected with retrovirus
containing two different SARNA constructs in pPSUPER-retro against B-RAF or pSUPER-retro
empty vector.

(B) Knockdown of MEK1 expression by RNA interference activates AMPK. SK-Mel-28 cells
were infected with retrovirus containing two different sShRNA constructs in pSM2C against
MEK?1 or control empty vector.

(C) Induction of AMPK phosphorylation by various inhibitors against the RAF-MEK-ERK
signaling cascade. SK-MEL-28 cells were treated with DMSO, 20 uM U0126, or 50 uM
PD98059 for 1 hr.
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Figure 3.

Activation of AMPK by U0126 is dependent on the presence of LKB1.

(A) U0126-induced activation of AMPK is dependent on LKB1 in MEFs. Immortalized
Lkb1*/* and Lkb1”- MEFs were serum-starved and treated with 20 uM of U0126 for 2 hr.
(B) U0126-induced activation of AMPK is dependent on LKB1 in SK-Mel-28 cells. SK-
Mel-28 cells were infected with lentivirus encoding two different ShRNA against LKB1 (sh2
and sh3) or control shRNA (sh1), serum-starved and treated with 20 uM of U0126 for 2 hr.
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Figure 4.

Phosphorylation of Ser325 and Ser428 of LKB1 by two downstream kinases of B-RAF, ERK
and p90Rsk, respectively.

(A) ldentification of phosophorylated LKB1 peptides containing Ser325 and Ser428 by LC-
MS/MS analysis. HEK?293 cells transfected with FLAG-LKB1 were serum-starved and
pretreated with or without 20 uM of U0126 for 2 hr before the addition of 200 nM PMA for
20 min. FLAG-LKBL1 proteins were immunoprecipitated using anti-FLAG M2 agarose beads
and subjected to trypsin or chymotrypsin digestion followed by the LC-MS/MS analysis.

(B) Inhibition of LKB1 Ser325 and Ser428 phosphorylation by MEK inhibitors U0126 and
PD98059. Cell lysates from SK-Mel-28 stably expressing FLAG-LKB1 were
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immunoprecipitated with anti-FLAG M2 agarose beads followed by western blotting using
indicated antibodies. Numbers indicate relative intensity as quantified by image J analysis.
(C) Attenuation of LKB1 Ser325 and Ser428 phosphorylation upon knockdown of B-RAF
expression. SK-Mel-28 cells stably expressing FLAG-LKB1 were infected with retrovirus
containing two different SARNA constructs in pPSUPER-retro against B-RAF or pSUPER-retro
empty vector. Cell lysates were immunoprecipitated with anti-FLAG M2 agarose beads
followed by western blotting using indicated antibodies. Numbers indicate relative intensity
as quantified by image J analysis.

(D) ERK directly phosphoryates LKB1 in vitro. GST-LKB1 (D194A) proteins were expressed
in E. coli, purified and incubated with active recombinant ERK proteins in the presence of
y-32P-ATP. Autoradiography was performed.

(E) Ser325 is critical for phosphorylation of LKB1 by ERK in vitro. HA-LKB1 WT and S325A
mutant were immunoprecipitated from HEK293 cells and incubated with recombinant ERK
proteins. Protein from the assays and HEK293 cell lysates were used for western blotting
analysis with phospho-S325 LKB1 antibody and HA antibody, respectively.

(F) HA-LKB1 coimmunoprecipitates with FLAG-ERK2. HEK293 cells were transfected with
HA-LKBL1 together with FLAG-ERK2 wildtype or kinase dead mutant. Cell lysates were
immunoprecipitated with anti-FLAG M2 agarose beads followed by western blotting with HA
antibody.

(G) HA-ERK2 coimmunoprecipitates with FLAG-LKB1-N, but no FLAG-LKB1-C. Cos-7
cells were transfected with HA-ERK2 together with FLAG-LKB1 full-length (FL), N (a.a
1-309), C (a.a.310-433) or control vector. Cell lysates were immunoprecipitated with anti-
FLAG M2 agarose beads followed by western blotting with HA antibody.

(H) HA-LKB1 coimmunoprecipitates with B-RAF V600E, but not WT B-RAF. HEK293 cells
were transfected with FLAG-BRAF, HA-LKBL1 or empty vectors as indicated. Cell lysates
were immunoprecipitated with anti-FLAG M2 agarose beads followed by immunoblotting
with indicated antibodies.

() Expression of BRAF V600E enhances the association between LKB1 and ERK. HEK293
cells were transfected with FLAG-LKB1, HA-ERK together with control vector, FLAG-B-
RAF WT or B-RAF V600E constructs as indicated. Cell lysates were immunoprecipitated with
anti-HA antibodies followed by immunoblotting with indicated antibodies.
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Figure 5.

Phosphorylation of LKB1 on Ser325 and Ser428 is involved in the regulation of AMPK
activation by LKB1.

(A) Mutation of Ser325 or Ser428 of LKB1 to Ala enhances its activity on AMPK activation.
Lkb1”- MEFs were infected with retrovirus containing the vector control, WT LKB1, S325A,
S428A or S325A/S428A LKBL, and treated with 1 mM AICAR for 1 hr. Cell lysates were
used for western blotting with indicated antibodies.

(B) Expression of LKB1 S325A/S428A mutant stimulates AMPK in SK-MEL-28 cells. SK-
MEL-28 cells were infected with retrovirus containing WT LKB1, S428A, S325A or S325A/
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S428A (AA) LKB1 mutants. Cell lysates were used for western blotting analysis with indicated
antibodies.

(C) Mutation of Ser325 and Ser428 to Ala enhances the ability of LKB1 to associate with
AMPK, but not STRAD and MO25. HEK293 cells were transfected with GST-AMPKal,
Omni-STRAD, FLAG-MO25 together with WT or S325A/S428A (AA) mutant of HA-LKB1.
Cell lysates were immunoprecipitated with indicated antibodies or incubated with GSH agarose
beads for 2hr followed by western blotting with indicated antibodies.

(D) Mutation of Ser325 and Ser428 to alanines or U0126 treatment enhances the ability of
LKB1 to associate with endogenous AMPK in SK-Mel-28 cells. SK-Mel-28 cells stably
expressing FLAG-LKB1 WT or AA mutant were treated with DMSO or 20 uM of U0126 for
2 hr. Cell lysates were incubated with M2 anti-FLAG agarose beads for 2 hr followed by
Western blotting with indicated antibodies.

(E) Knockdown of B-RAF expression enhances the ability of LKBL1 to associate with
endogenous AMPK in SK-Mel-28 cells. Sk-Mel-28 cells stably expressing FLAG-LKB1 WT
were infected with retrovirus containing two different ShRNA constructs in pSUPER-retro
against B-RAF or pSUPER-retro empty vector. Cell lysates were immunoprecipitated with
anti-FLAG M2 agarose beads followed by western blotting using indicated antibodies.
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Figure 6.

Phosphorylation of LKB1 on Ser325 and Ser428 are critical for cell proliferation and
anchorage-independent growth.

(A) Expression of LKB1 S325A/S428A (AA) mutant inhibits cell proliferation. Cell
proliferation curves of SK-MEL-28 cells stably expressing WT LKB1 or AA mutant were
measured. One representative from three independent experiments is shown.

(B) Expression of LKB1 S325A/S428A (AA) mutant inhibits cell transformation. SK-MEL-28
cells stably expressing LKB1 WT LKB1 or AA mutant were used in sofa agar assay. Colonies
were photographed after 28 days of growth. Error bars indicate SD. One representative from
three independent experiments is shown.
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(C) Inverse correlation between phospho-ERK and phospho-AMPK activities in human
melanoma tumor samples. Representative images of human melanoma tumor samples stained
with phospho-AMPK or phospho-ERK antibodies in immunohistochemical analysis.

(D) Inverse correlation between phospho-ERK and phospho-AMPK activities in human
melanoma cells containing B-RAF V600E mutation. Total cell lysates from several human
melanoma cell lines were used in Western blotting analysis with indicated antibodies.

(E) Phosphorylation levels of LKB1 Ser325 and Ser428 in human melanoma cells containing
B-RAF V600E mutation. Various melanoma cell lines were stably transfected with pBabe-
FLAG-LKB1 WT, and cell lysates were immunoprecipitated with anti-FLAG M2 agarose
beads followed by western blotting using indicated antibodies.
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Figure 7.
A model for negative regulation of LKB1/AMPK activity by BRAF V600E signaling.
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