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Abstract

Adenosine monophosphate-activated protein kinase (AMPK) is a key player in maintaining energy
homeostasis in response to metabolic stress. Beyond diabetes and metabolic syndrome, there is a
growing interest in the therapeutic exploitation of the AMPK pathway in cancer treatment in light
of its unique ability to regulate cancer cell proliferation through the reprogramming of cell
metabolism. Although many studies support the tumor-suppressive role of AMPK, emerging
evidence suggests that the metabolic checkpoint function of AMPK might be overridden by stress
or oncogenic signals so that tumor cells use AMPK activation as a survival strategy to gain growth
advantage. These findings underscore the complexity in the cellular function of AMPK in
maintaining energy homeostasis under physiological versus pathological conditions. Thus, this
review aims to provide an overview of recent findings on the functional interplay of AMPK with
different cell metabolic and signaling effectors, particularly histone deacetylases, in mediating
downstream tumor suppressive or promoting mechanisms in different cell systems. Although
AMPK activation inhibits tumor growth by targeting multiple signaling pathways relevant to
tumorigenesis, under certain cellular contexts or certain stages of tumor development, AMPK
might act as a protective response to metabolic stresses, such as nutrient deprivation, low oxygen,
and low pH, or as a downstream effectors of oncogenic proteins, including androgen receptor,
hypoxia-inducible factor-1a, c-Src, and MYC. Thus, investigations to define at which stage(s) of
tumorigenesis and cancer progression or for which genetic aberrations AMPK inhibition might
represent a more relevant strategy than AMPK activation for cancer treatment are clearly
warranted.
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AMPK

Adenosine monophosphate-activated protein kinase (AMPK) is an evolutionarily conserved
serine/threonine kinase consisting of the catalytic a, scaffolding B, and AMP-sensing vy
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subunits, each of which contains two or more isoforms in mammalian cells (a1, a2, B1, B2,
v1, v2, and y3) [1]. AMPK was originally discovered in the late 1970s as a kinase that
mediated phosphorylating inactivation of key lipogenic enzymes, including acetyl-CoA
carboxylase (ACC) [2] and 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase [3], in
response to cellular AMP or ADP elevation [4]. Since then, this energy sensor has been
recognized as a critical player in maintaining energy homeostasis, at both cellular and
whole-body levels, in response to metabolic stresses, such as nutritional deprivation,
hypoxia, and oxidative stress, by switching on ATP-generating (catabolic) pathways, i.e.,
glycolysis, fatty acid oxidation, and mitochondrial biogenesis, while concomitantly turning
off ATP-utilizing (anabolic) pathways, i.e., gluconeogenesis, lipogenesis, and protein
synthesis [5, 6]. Moreover, AMPK has been shown to mediate the metabolic effects of
hormones, such as leptin, adiponection, glucocorticoids, and insulin, on energy balance in
multiple peripheral tissues, including liver, skeletal muscle, and hypothalamus [7, 8].
Considering the integral role of AMPK in regulating glucose and lipid homeostasis, AMPK
activation represents a therapeutically relevant target for diabetes and the metabolic
syndrome [9-12], which constitutes the basis for the use of metformin [13] and
thiazolidinediones [14] for the treatment of type 2 diabetes.

More recently, it has been suggested that AMPK acts as a metabolic tumor suppressor in
light of its unique ability to regulate cancer cell proliferation through the reprogramming of
cell metabolism [11, 15, 16]. For example, inactivating mutations of the gene encoding liver
kinase B1 (LKB1), an upstream kinase of AMPK, plays a critical role in the hereditary
Peutz-Jeghers syndrome [17] and is associated with sporadic lung and cervical cancers [18—
20]. In addition, a recent multilayer integrated analysis of the whole transcriptome of tumors
from Asian gastric cancer patients identified PPKAA2, which encodes the AMPKa2 subunit,
as one of the most downregulated genes in early-stage gastric carcinogenesis [21]. Under-
expression of AMPK-a2 was also reported in hepatocellular carcinoma (HCC) patients,
which was statistically associated with an undifferentiated cellular phenotype and poor
patient prognosis [22]. From a mechanistic perspective, this increased cancer susceptibility
might, in part, be attributable to the dysregulated AMPK-mammalian target of rapamycin
(mTOR) signaling pathway [23, 24]. Moreover, epidemiologic evidence links type 2
diabetic patients receiving metformin, a pharmacological activator of AMPK [13], on a
long-term basis with reduced risk of cancer [25, 26]. The proof-of-concept of targeting
AMPK activation in cancer prevention was supported the ability of metformin to suppress
tobacco carcinogen-induced lung tumorigenesis in mice [27], and government records
indicate that metformin is currently undergoing multiple clinical trials to reduce cancer risk
in various cancer types (www.clinicaltrials.gov).

Growing evidence indicates that tumor cells evolve different mechanisms to develop
metabolic adaptations to survive metabolic stresses caused by deprivation of nutrients and
oxygen in the microenvironment, and that AMPK, in the capacity of metabolic checkpoint,
plays a key role in this molecular adaptation [28, 29]. Although many studies support the
tumor-suppressive role of AMPK, emerging evidence suggests that under certain
circumstances, cancer cells might also turn the tables by “hijacking” AMPK to gain growth
advantage through distinct mechanisms in face of metabolic adversity, which underlies the
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complicated role of AMPK in regulating tumor metabolism [30-33] (see the “The dark side
of AMPK?” section for discussion). In light of the rapid advances in the AMPK field, this
review aims to provide an overview of recent findings on the functional interplay of AMPK
with different cell metabolic and signaling effectors, particularly histone deacetylases
(HDACS), in mediating downstream tumor-suppressive or -promoting pathways in different
cell systems. The readers are also referred to many recent outstanding reviews for detailed
discussion of the functional role of AMPK in regulating metabolic homeostasis and cell
growth [6-9, 12, 15, 16, 23, 28, 29].

MULTIFACETED REGULATION OF AMPK ACTIVATION

In response to stimuli, AMPK is activated through phosphorylation at Thr-172 within the
activation loop of the kinase domain on the AMPKa subunit. This activation is allosterically
regulated by AMP and ATP, the positive and negative AMPK modulators, respectively,
through binding to the Bateman domain on the AMPKY regulatory subunit (Fig. 1A) [9, 34,
35]. Moreover, recent evidence showed that glycogen, an indicatior of cellular energy
reserves, inhibited AMPK through direct binding to the glycogen-binding domain on the
AMPKGS subunit, suggesting that AMPK acts as a glycogen sensor [36].

At least four different upstream kinases have been identified to mediate Thr-172 AMPK
phosphorylation in response to various stimuli in different cell systems, including the
aforementioned LKB1 [37-40], calmodulin kinase kinase (CaMKK)p [41-43], TGF-B-
activated kinase (TAK)1 [44, 45], and ataxia telangiectasia mutated (ATM) [46]. Under
physiological conditions, each of these kinases plays a distinct role in regulating AMPK
activation in different cellular contexts (Table 1).

Among these kinases, LKB1 and CaMKK represent major kinases responsible for AMPK
activation in response to decreased AMP/ATP ratios and elevated intracellular Ca%*,
respectively, to regulate energy homeostasis in peripheral tissues [8]. The physiological
roles of TAK1 and ATM in regulating AMPK phosphorylation, however, are not as well
defined. For example, TAK1, a cytokine-activated kinase, was found to mediate tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced AMPK activation and
autophagy in MCF-10A breast and human immortalized retinal pigment epithelial cells
independently of LKB1 and CaMKK{J [45]. However, TAK1 activation by the cytokines
tumor necrosis factor or interleukin-1p failed to induce AMPK activation or autophagy in
these cells [45]. Together, these findings suggest that TAK1 is essential, but not sufficient
for the effective activation of AMPK. With regard to ATM, although this DNA damage-
induced kinase has been reported to directly target AMPKa phosphorylation to increase
mitochondrial biogenesis in etoposide-treated HelL a cells [46], it has also been reported that
ROS-induced ATM activation led to LKB1-dependent AMPK activation and subsequent
mTORC1 inhibition [51]. This discrepancy underscores a cellular context-dependent role of
ATM in mediating AMPK activation.

In addition, Akt has also been shown to be a negative regulator of AMPK [52, 53], which
might, in part, be mediated through decreases in cellular AMP/ATP ratios [53]. More
recently, a unique AMP/Ca%*-independent mechanism linking AMPK activation with
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HDAC1-mediated deacetylation was reported [54] (Fig. 1B). Specifically, a recent genetic
interaction profiling analysis revealed the enzyme-substrate relationship between HDAC1
and AMPKal [54]. It was found that AMPKal is susceptible to acetylation and
deacetylation by the histone acetylase p300 and HDAC1, respectively, at Lys-40, Lys-42,
and Lys-80. More importantly, deacetylation increases the phosphorylation and activity of
AMPK by enhancing its physical interaction with LKB1. As HDAC1 has been shown to
promote tumor cell proliferation and survival [55], this finding implicates AMPK as a
downstream effector in HDAC1-mediated oncogenic signaling (see the “The dark side of
AMPK?” section for discussion).

AMPK DOWNSTREAM TARGETS FOR PHOSPHORYLATION

Once activated, AMPK facilitates energy homeostasis via two distinct mechanisms: direct
phosphorylation of cell metabolic enzymes and regulation of gene expression. In response to
metabolic stress, AMPK facilitates metabolic reprogramming, in part, by modulating the
activities of the aforementioned ACC [2] and HMG-CoA reductase [3], and a host of other
metabolizing enzymes associated with glucose and lipid homeostasis via phosphorylation
(Table 2). For example, in muscle and/or adipose tissues, AMPK regulates glucose uptake
through effects on the RabGAP (Rab GTPase-activating protein) TBC1D1, which has a key
role in regulating GLUT4 trafficking [56], and stimulates glycolysis by phosphorylating
activation of 6-phosphofructokinase 2 (PFK2) [57]. In adipose tissues, AMPK directly
phosphorylates lipases, including hormone-sensitive lipase (HSL) and adipocyte-triglyceride
lipase (ATGL), to modulate their activities. In addition, AMPK also phosphorylates a series
of signaling effectors and transcription factors, which underlie the unique role of AMPK as a
metabolic checkpoint in modulating energy metabolism through a broad range of cellular
responses, including insulin signaling, mTORCL1 signaling, transcriptional regulation of
gene expression, protein acetylation/deacetylation, nuclear transport of cytoplasmic proteins,
and angiogenesis (Table 2).

Although the AMPK phosphorylation sites among these substrates do not contain a clearly
defined consensus sequence, a recent study utilizing the positional scanning peptide library
(PSPL) technique has identified three optimal AMPK motifs: LRRVXSxxNL,
MKKSxSxxDV, and IXHRxSxXEI (x is any amino acid and S in bold denotes the
phosphoreceptor site), which are found in the phosphorylation sites of many AMPK
substrates [58]. This PSPL strategy was validated by the identification of raptor, the WD40
repeat-containing scaffold subunit of the mMTORC1 complex, as an AMPK substrate [58].

REGULATION OF GENE EXPRESSION

AMPK modulates the expression of a number of genes crucially involved in glucose and
fatty acid metabolism through two pathways. First, AMPK facilitates metabolic
reprogramming in muscle and adipose tissues, in part, by directly phosphorylating
transcription factors or coactivators (Table 2). For example, although AMPK does not
directly target CREB for phosphorylation per se, it reduces the transcriptional activity of
CREB by phosphorylating its regulatory components, including PKCw/A, CRTC2, and
GSK3p, thereby shutting down glucose production by downregulating the expression of the
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target genes encoding PEPCK and G6Pase. Moreover, AMPK phosphorylates SREBP1,
suppressing its transcriptional induction of lipogenic gene expression in adipose tissues.
Other transcription regulators targeted by AMPK include Foxo3a, and the nuclear receptors
HNF4a and TR4, the co-activator PGC-1a, the zinc-finger protein AREBP, and the glucose-
responsive transcription factor ChREBP, all of which contribute to the effect of AMPK on
energy homeostasis.

Second, recent evidence indicates that, HDACs, including the class Il HDACs [87] and
NAD*-dependent class 111 HDAC Sirt1 [89], act as a separate set of transcriptional
regulators targeted by AMPK. As aforementioned, HDACL1 serves as an upstream regulator
of AMPK through the deacetylation of AMPKal [54]. Consequently, there exist intricate
interactions between AMPK and different HDACSs isoforms in regulating cell metabolic
functions. Considering the increasing use of HDAC inhibitors in cancer treatment, how
these drugs affect energy metabolism in vivo warrants investigation.

FUNCTIONAL INTERPLAY BETWEEN AMPK AND HDACs IN REGULATING
GENE EXPRESSION

Through a bioinformatics and proteomics screen for substrates of AMPK family kinases, the
class I HDACs (HDACA4, 5, and 7) were identified as direct targets of the AMPK pathway
in the liver [87]. In the nucleus of hepatocytes, these class II HDACs activate Foxo family
transcription factors (Foxol and Foxo3a) by facilitating HDAC3-mediated deacetylation
[87], thereby increasing the expression of gluconeogenesis genes, including those encoding
PEPCK and G6Pase. Accordingly, phosphorylation of these HDACs by AMPK and its
family members results in the cytoplasmic sequestration of these HDACs due to 14-3-3
binding, in a manner similar to that of CRCT2. Consequently, this nuclear exclusion results
in the down-regulation of Foxo-dependent target gene expression (Fig. 1B). However, this
acetylation-dependent signaling event appears to be liver cell-specific since in other cell
types, AMPK is reported to directly phosphorylate and activate Foxo3a, but not Foxol, to
stimulate the expression FOXO-dependent target genes in stress resistance [72]. The dual
regulation of Foxo transcription factors via phosphorylation versus acetylation underlies the
complicated function of AMPK in metabolic control in different tissues.

Another HDAC reported to be targeted by AMPK in the regulation of metabolic
reprogramming is Sirtl, a metabolic regulator that modulates the activity of a host of
transcription programs through deacetylation [93]. It was demonstrated in C2C12 skeletal
muscle myocytes that AMPK regulates the expression of genes involved in energy
metabolism by acting in coordination with Sirtl [89]. AMPK enhances Sirtl activity by
increasing cellular NAD* levels, resulting in deacetylation and activation of Sirt1 target
proteins, including the transcriptional coactivator PGC-1a and the forkhead transcription
factors Foxol and Foxo3a (Fig. 1B). AMPK-induced p53 activation promotes cellular
survival in response to glucose deprivation, and cells that have undergone a p53-dependent
metabolic arrest can rapidly reenter the cell cycle upon glucose restoration [85]. From a
mechanistic perspective, the AMPK-Sirtl metabolic network provides a dual mode of
activation of these transcription factors, i.e., phosphorylation and deacetylation, to induce
mitochondrial biogenesis and fatty acid oxidation in response to metabolic stresses.
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ANTITUMOR EFFECTS OF AMPK

AMPK is well recognized as a target for anticancer drug discovery, of which the proof-of-
concept is demonstrated by the ability of pharmacological AMPK activators, such as
metformin, the AMP analogue 5-aminoimidazole-4-carboxamide ribose (AICAR), and
A-769662 (structures, Fig. 2), to suppress tumorigenesis in various animal models of
chemoprevention [27, 94, 95] (please see the “Pharmacological activators of AMPK”
section). From a mechanistic perspective, AMPK activation inhibits tumor growth by
targeting multiple signaling pathways relevant to tumorigenesis, including cell metabolism,
cell cycle progression, cell proliferation, and survival. However, it warrants attention that
the mechanisms by which AMPK regulate some of its downstream effectors, such as p53
and Sirtl, might differ between malignant and nonmalignant cells (Table 2). Mechanisms
that underlie the tumor-suppressive effects of AMPK activators are summarized as follows.

1. Inhibition of lipogenesis

Substantial evidence indicates that AMPK is involved in regulating the adaptive metabolic
reprogramming in the course of tumorigenesis [11, 29, 96, 97]. When this metabolic
checkpoint is suppressed, as in the setting of LKB1 deficiency [17] or loss of AMPKa2
expression [21], this metabolic reprogramming will proceed unchecked. In the context of
tumor development, the ability of AMPK to inhibit fatty acid and cholesterol biosynthesis is
noteworthy. AMPK inhibits lipogenesis by targeting the activity/expression of key lipogenic
enzymes, including ACC, HMG-CoA reductase, and fatty acid synthase, through two
distinct pathways (Table 2). First, AMPK phosphorylates and inactivates ACC and HMG-
CoA reductase. Second, AMPK mediates long-term metabolic adaptive effects through the
phosphorylation of two transcription factors, SREBP-1c and ChREBP, leading to the
inactivation of their transcriptional control of the gene expression of ACC and fatty acid
synthase.

2. Downregulation of mMTORC1-hypoxia-inducible factor (HIF)-1a signaling

The mTORC1 signaling pathway plays a vital role in the growth and survival of cancer cells
by integrating signals from nutrients and growth factors to anabolic processes and cell cycle
progression [69, 98]. AMPK negatively regulates mTORC1 through two distinct
mechanisms (Table 2). First, AMPK phosphorylates the tumor suppressor TSC2, which
blocks mTORC1 activation by suppressing its upstream regulator, the GTPase Rheb [99].
Second, AMPK phosphorylates the mTORC1-positive regulatory subunit raptor, resulting in
14-3-3 binding and the allosteric inactivation of mTORC1 [58].

mTORC1 is activated by mitogenic stimuli acting through the PI3K/Akt and ERK signaling
pathways [69, 98], resulting in the phosphorylating activation of proteins involved in the
regulation of protein synthesis, including the p70 S6 kinase 1 (S6K1) and eukaryotic
initiation factor 4E-binding protein 1 (4EBP1) [100]. Equally important, activation of
mMTORCL1 leads to the translational upregulation of a series of MRNAs encoding pro-growth
proteins, among which the HIF-1a transcription factor is most noteworthy [101]. HIF-1a
overexpression is a frequent feature of many tumors, which acts as a key regulator of the
molecular hypoxic response by shifting metabolism toward anaerobic glycolysis [102]. In
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addition, HIF-1a promotes angiogenesis by inducing the gene expression of vascular
endothelial growth factor (VEGF) and other pro-angiogenic and vascular growth factors
[102]. Thus, as a negative regulator of mMTORC1 activity, AMPK can also play a role in the
modulation of HIF-1a expression, Indeed, the LKB1-deficient mouse model of Peutz-
Jeghers syndrome is characterized by dysregulated mTORC1 signaling and an associated
upregulation of HIF-1a, indicating that AMPK represents a key effector of LKB1 in the
suppression of HIF-1a [101].

3. Inactivation of Akt signaling

Evidence indicates that AMPK cross-communicates with Akt in a mutually antagonistic
manner. Akt, when activated, negatively regulates AMPK, in part, by decreasing the cellular
AMP/ATP ratio [52, 53]. Conversely, activation of AMPK by adiponectin or the AMPK
allosteric activator OSU-53 facilitates Akt dephosphorylation by stimulating protein
phosphatase 2A activity [103, 104]. As Akt constitutes an important pathway that governs
many aspects of cellular function, including cell cycle progression, cell proliferation,
survival, and cell metabolism [105], the suppressive effect of AMPK on Akt signaling
contributes to the ability of AMPK activators to suppress tumor growth.

4. Upregulation of the tumor suppressor Foxo3a

AMPK activation has been shown to activate Foxo3a in response to metabolic stress
although the exact underlying mechanism remains undefined [73]. While evidence indicates
that AMPK plays an important role in regulating the nuclear localization of Foxo3a [73], a
recent study shows that AMPK phosphorylates Foxo3a in vivo at six different sites, leading
to the activation of Foxo3a transcriptional activity without affecting its subcellular
localization [72]. Foxo3a functions as a tumor suppressor in a variety of cancers by targeting
genes involved not only in cell metabolism, but also in apoptosis regulation, including Fas
ligand, TRAIL, and Bcl-2 family members (Bim, bNIP3, and Bcl-xL) [71]. Thus, the ability
of AMPK activators to induce apoptosis in cancer cells can, in part, be attributed to their
ability to restore the activity of Foxo3a, the inactivation of which can represent a crucial step
to tumorigenesis.

5. Upregulation of the tumor suppressor p53

Although AMPK has been reported to activate p53 by phosphorylation at Ser-15 in MEFs
[85] or Ser-46 in osteosarcoma cells [86], a recent report links AMPK-induced p53
activation with the phosphorylating inactivation of Sirt1 in HCC cells [22]. This AMPK-
induced p53 activation plays an integral role in the effect of glucose deprivation or
pharmacological activation of AMPK on cell cycle and apoptosis in cancer cells by
transcriptional activation of p53 target genes, including those encoding p21 and Bax [22,
86].

THE DARK SIDE OF AMPK: AMPK’S PRO-TUMORIGENIC EFFECTS?

Despite recent advances in understanding the role of AMPK as a metabolic tumor
suppressor, emerging evidence indicates that under certain cellular contexts or certain stages
of tumorigenesis, AMPK activation might act as a protective response to metabolic stresses,
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such as hypoxia, acidosis, and nutrient deprivation, to provide survival advantage to tumor
cells. For instance, AMPK might have a dual function in regulating the proliferation of
prostate cancer cells. While inactivation of AMPK through siRNA-mediated knockdown
promotes growth in the C4-2 cell line, an androgen-independent clone of the LNCaP line
[106], it inhibited the proliferation of the androgen-sensitive LNCaP and androgen-
independent CWR22Rv1 cells [31]. This discrepancy in cellular responses to AMPK
inhibition might be attributable to differences in certain genetic traits among these cell lines.
In addition, evidence supports a role of AMPK activation as a strategy that tumor cells use
to adapt to sub-optimal growth conditions to promote cell survival as detailed below.

1. Constitutive tolerance to nutrient deprivation or low-oxygen environment

Pancreatic cancer cells were reported to be resistant to glucose starvation, in contrast to
HCC cells, most of which died within 48 h of exposure to glucose-deficient conditions [30].
This tolerance to glucose deprivation in pancreatic cancer cells was attributable to high
expression levels of the AMPK al and a2 catalytic subunit as sSiRNA-mediated knockdown
of AMPK diminished their ability to withstand glucose starvation [30]. Moreover, an in vivo
study using a mouse fibrosarcoma xenograft tumor model indicated that AMPK is activated
in authentic hypoxic tumor microenvironments and that this activity occurs in regions of
hypoxia [107]. Based on such findings, the activation of AMPK in nutrient-deprived or
hypoxic tumor microenvironments might represent a mechanism by which tumor cells can
enter a protective state of quiescence.

2. Molecular adaptation to energy stress by shift in NADPH homeostasis

In response to energy stress, such as glucose deprivation or exposure to 2-deoxyglucose,
AMPK inactivates ACC to direct fatty acid metabolism from biosynthesis to oxidation. A
recent report demonstrates that through ACC inhibition, AMPK decreases NADPH
consumption in fatty acid biosynthesis and increases NADPH generation by means of fatty
acid oxidation, and that the knockdown of ACC can compensate for AMPK activation and
facilitates anchorage-independent growth and solid tumor formation in vivo [108].
Moreover, as glucose deprivation can lead to ROS production during tumorigenesis, it was
demonstrated that stimulation of fatty acid oxidation through AMPK represents a plausible
mechanism for the survival of cells in the absence of glucose [109].

3. Adaptation to low pH

It was reported that under long-term low pH exposure, AMPK is activated in tumor cells,
resulting in upregulation of PFKFB3, as well as an increase in glucose consumption, and
that this AMPK-mediated change in glycolytic flux is sufficient to induce an oxygen-sparing
phenotype [33].

4. Stimulation of aerobic glycolysis and anabolic synthesis downstream of androgen
receptor (AR)

A recent genomic analysis identified CAMKK2 as a metabolic master regulator downstream
of the AR in both androgen-dependent LNCaP and castration-resistant VVCaP prostate cancer
cells [110]. Specifically, in response to androgen stimulation, CAMKK2 transcript and
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protein levels were upregulated, leading to increased AMPK phosphorylation, but without
altering phospho-mTOR levels. Equally important, this AR-CAMKK2-AMPK signaling
pathway led to increases in glucose uptake, glycolysis, anabolic biosynthesis, and cell
proliferation in these cells.

5. Regulation of HIF-1a target gene expression

Although AMPK acts as a downstream effector of LKB1 in suppressing HIF-1a expression
through downregulation of mMTORC1 signaling [101], it has also been reported that AMPK
activation plays a critical role in HIF-1a transcriptional activity and its target gene
expression, including those encoding GLUT-1 and VEGF, under hypoxic conditions in
DU-145 prostate cancer cells [111]. Moreover, activation of AMPK in response to glucose
deprivation or pharmacological activators enhances the mRNA stability of VEGF in
glucose-deprived DU-145 cells [112] and C2C12 myotubes through a p38-dependent
mechanism [113]. From a mechanistic perspective, AMPK and HIF-1a might act in a
concerted manner during the general adaptive response of tumor cells to hypoxia or glucose
starvation.

6. A downstream effector of c-Src/PKC signaling

c-SRC encodes a nonreceptor tyrosine kinase that, when activated, is involved in cellular
proliferation, survival, migration, and angiogenesis [114]. It is proposed that the
transforming ability of SRC is linked to its ability to activate key signaling molecules in
these pathways, rather than through direct activity. A recent report indicates that in certain
cancer cell lines, including L-HF1, BP-HF-1, OVCAR3, and A431, AMPK is activated by
c-Src through a PKCa/LKB1 signaling pathway independently of the cellular AMP/ATP
ratio [32]. This cSrc-mediated regulation of AMPK, however, is cell type-specific as it was
not found in HeLa and MCF-7 cells.

7. Involvement in MYC-induced metabolic homeostasis in tumor cells

A recent report demonstrated that, in human cell lines with deregulated MY C expression,
the oncogenic levels of MY C establish a dependence on AMPK-related kinase 5, an
upstream kinase of AMPK, for maintaining metabolic homeostasis and for cell survival
through elevated energy consumption and addiction to mitochondrial glutaminolysis [115].

AMPK AND AUTOPHAGY

Autophagy is a cellular process to degrade long-lived or malfunctioning proteins and
obsolete or damaged organelles [116, 117], thereby serving to maintain cellular homeostasis
and to help cells survive stressful conditions. In response to ATP depletion or glucose
starvation, activated AMPK stimulates autophagy, not only through inactivation of
mTORC1, but also directly through phosphorylation of ULK1 (Table 2). The ability of
AMPK to induce autophagy is in line with the general concept that tumor suppressors
positively regulate autophagy, whereas oncogenic products usually inhibit autophagy
(reviews: [116-120]). From a physiological perspective, autophagy plays an essential role in
maintaining cellular homeostasis and protecting cells from stressful conditions.
Nevertheless, in the context of tumorigenesis and therapeutic response, autophagy is a
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double-edge sword, i.e., although autophagy can contribute to cell death in tumor cells, it
can also allow prolonged survival, generating dormant tumor cells that have the capacity to
resume growth when conditions are more favorable. For example, it was reported that
metformin inhibits melanoma development through autophagy and apoptosis mechanisms
[121]. In contrast, our recent study indicates that co-treatment of a novel direct activator of
AMPK, OSU-53 (discussed below), with the autophagy inhibitor chloroquine increased its
in vivo efficacy in suppressing MDA-MB-231 xenograft tumor growth [104], indicative of
autophagy playing a protective role. Thus, whether AMPK activator-induced autophagy
contributes to cell death or represents a protective mechanism warrants further investigation.

AMPK MODULATORS AS CANCER THERAPEUTIC AGENTS

1. AMPK activators

Based on the above discussions, activation of AMPK might represent a therapeutically
relevant strategy for cancer treatment in light of its tumor suppressive effects on cell
metabolism and oncogenic signaling. This premise is supported by recent preclinical
findings that the AMPK activators metformin, the AMP analogue AICAR, and A-769662
exhibited in vivo efficacy in blocking carcinogen-induced tumorigenesis and/or suppressing
tumor growth in different animal models [27, 94, 95]. Consequently, the past few years have
witnessed an increasing interest in developing novel small-molecule AMPK activators. As
many pharmacological activators of AMPK, including the biguanides metformin [13] and
phenformin [38], the thiazolidinedione peroxisome proliferator-activated receptor (PPAR)y
agonist troglitazone and ciglitazone [122], AICAR [123], the natural products berberine
[124], resveratrol [125], and curcumin [126], and the direct activators A-769662 [127] and
PT-1[128] (structures, Fig. 2), have been discussed in details in several recent reviews [10,
129-131], we focus here on two of the most recently reported activators, OSU-53 [132] and
compound 2 [5-(5-hydroxy-isoxazol-3-yl)-furan-2-phosphnic acid] [133] (structures, Fig. 2).

OSU-53—1In light of the unique ability of thiazolidinediones to mediate PPARYy-
independent AMPK activation, we conducted a screening of an in-house, thiazolidinedione-
based focused compound library to identify novel AMPK activators, which netted OSU-53
[132]. OSU-53, though devoid of PPARY activity, exhibits high potency in stimulating
recombinant AMPK kinase activity (ECgp, 0.3 M) and in suppressing the viability and
clonogenic growth of MDA-MB-231 and MDA-MB-468 cells with equal potency (ICsq:
MTT, 5 uM; colony formation, 2 pM), despite the lack of LKB1 expression in MDA-
MB-231 cells [104, 132]. Computer modeling analysis suggests that OSU-53 activates
AMPK by binding to the auto-inhibitory domain of the a-subunit. Beyond the AMPK-
mediated suppressive effect on mTOR signaling, OSU-53 also targeted multiple AMPK
downstream pathways. Among these, the protein phosphatase 2A-dependent
dephosphorylation of Akt is noteworthy because it circumvents the feedback activation of
Akt that results from mTOR inhibition. OSU-53 also modulated energy homeostasis by
suppressing fatty acid biosynthesis and shifting the metabolism to oxidation by upregulating
the expression of key regulators of mitochondrial biogenesis, such as PGCla and the
transcription factor nuclear respiratory factor 1. Moreover, OSU-53 inhibited hypoxia-
induced epithelial-mesenchymal transition in association with the silencing of HIF-1a and
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the E-cadherin repressor Snail. Equally important, OSU-53 is orally bioavailable as daily
oral administration of OSU-53 was effective in suppressing MDA-MB-231 xenograft tumor
growth.

Compound 2—Compound 2 is an AMP mimetic with high potency in stimulating
recombinant AMPK kinase activity (ECgg, 6 nM versus 6 pM for AMP) [133]. Because the
highly anionic nature of compound 2 represents an impediment to membrane permeability,
the authors developed esterase-sensitive prodrugs of compound 2 to enhance intracellular
delivery, which exhibit sub-uM potencies in inhibiting de novo lipogenesis in rat
hepatocytes.

2. AMPK inhibitors

Relative to AMPK activators, progress in the development of AMPK inhibitors is very
limited. To date, there is only one AMPK inhibitor available, compound C (structure, Fig.
2), for testing the effects of pharmacological inhibition of AMPK in various cell-based
assays. Compound C is a cell-permeable, ATP-competing inhibitor of AMPK [13].
However, compound C exhibits “off-target” mechanisms, including the inhibition of a
number of other kinases with high potencies [134] and inhibition of the adenosine
transporter [135]. The suppressive effect of compound C on the adenosine receptor is
noteworthy because this receptor is responsible for the uptake of AICAR into cells,
suggesting that the effect of this inhibitor on the pharmacological activity of AICAR might
be, in part, due to its ability to block the cell entry of AICAR [135].

SYNPOSIS

As the role of AMPK as a metabolic tumor suppressor is generally recognized, there is a
growing interest in the therapeutic exploitation of the AMPK pathway for cancer therapy.
However, emerging evidence indicates that tumor cells might also use AMPK activation as a
survival strategy to undergo metabolic adaptation in the face of energy or hypoxic stresses.
These findings underscore the complexity in the cellular function of AMPK in maintaining
energy homeostasis under physiological versus pathological conditions. The metabolic
tumor suppressive function of AMPK might be overridden by stress or oncogenic signals in
tumor cells, such as low pH and signaling through AR, Src, and MYC. Thus, investigations
aimed at defining under which conditions, such as stage(s) of tumorigenesis and cancer
progression or presence of certain genetic aberrations, AMPK inhibition might represent a
more relevant strategy then AMPK activation for cancer treatment are clearly warranted.
Such information will guide the development of more effective AMPK modulators for
cancer therapy.
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Fig. (1).
(A) Domain structure of the three subunits of the AMPK heterotrimer. Each of the two

AMP/ATP-binding Bateman domains in the -y subunit is composed of two tandem repeats of
a CBS motif. AMPK can be activated by four different upstream kinases under different
physiological conditions. (B) Interplay between AMPK and different HDACs, as both
upstream and downstream effectors, in regulating the activity of AMPK, which is discussed
in the text.
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Structures of AMPK modulators.

Curr Pharm Des. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Chuang et al. Page 23

Table 1

Characteristic features of the upstream kinases of AMPK

Kinase

Physiological function

LKB1

CaMKK

TAK1

ATM

Constitutively switched-on in cells. Under conditions of low cellular energy, i.e., high cellular AMP/ATP ratios, AMP binding
causes conformational changes, which allows LKBL1 to phosphorylate AMPKa [47].

An alternative AMPK kinase in LKB-1-deficient cell lines, which is activated in response to elevated cytosolic Ca2* levels [41-43].
Recent evidence suggests that CaMKK-induced AMPK activation plays an important role in Ca%*-regulated glucose and fatty acid
metabolism in contracting skeletal muscle [48]. In addition, CaMKK plays a crucial role in T cell antigen receptor-induced rapid
activation of AMPK in response to Ca?* signaling in T lymphocytes [49].

An upstream kinase of the MAP-kinase signaling pathway involved in cardiac biology and disease. It was found that inhibition of
TAKT1 in mice by a cardiac-specific dominant-negative mutation evoked electrophysiological and biochemical properties
reminiscent of human Wolff-Parkinson-White syndrome, arising from mutations in AMPK [50]. TAK1 was found to mediate
TRAIL-induced autophagy in MCF-10A breast epithelial cells by targeting AMPK phosphorylation [45].

A major player in response to DNA double-strand breakage. It was reported that ATM phosphorylates AMPKa in etoposide-treated
HeLa cells [46]. However, a separate study indicated that ROS-induced ATM activation increased AMPK phosphorylation via an
LKB1-dependent mechanism [51].
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Table 2

Reported AMPK substrates and their roles in regulating cellular metabolism and functions

AMPK substrate

Functional consequence

Glucose metabolism (glucose uptaket; glycolysist; glycogen biosynthesis|)

PFK2

TCB1D1

Glycogen synthase (GYS)

PFK2 is a bifunctional enzyme central to glycolytic flux. AMPK-mediated
PFK-2 activation via phosphorylation at Ser-466 is involved in the stimulation of
glycolysis in heart cells during ischemia [59] or in neuronal cells in response to
nitric oxide [57]. In cancer cells, PFKBP3, the major form of PFK2, is targeted
by AMPK for phosphorylation to increase glycolysis [60].

TCB1D1 functions as a regulator of fuel homeostasis by regulating GLUT4
translocation, and is activated by AMPK through multi-site phosphorylation as
part of the insulin- and contraction-stimulated signaling [56].

Phosphorylation of GYS1/2 by AMPK led to enzyme inactivation by attenuating
the affinity for its substrates, UDP-GIc and Glc-6-P [61].

Lipid metabolism (fatty acid oxidationt; fatty acid and cholester ol biosynthesisl))

ACC

HMG-CoA reductase

HSL

ATGL (aka, desnutrin /iPLA2C)

Phospholipase D1 (PLD1)

AMPK phosphorylates and inactivates ACC [2], the key enzyme governing the
rate-limiting step of fatty acid biosynthesis.

AMPK phosphorylates and inactivates HMG-CoA reductase [3], leading to the
inhibition of cholesterol biosynthesis.

HSL facilitates triacylglycerol degradation by hydrolyzing diacylglycerols to
monoacylglycerols in adipose and skeletal muscles. AMPK phosphorylates HSL
at Ser-565, thereby preventing 3-adrenergic agonist-induced HSL activation by
blocking protein kinase A-mediated Ser-660 phosphorylation [62].

ATGL is phosphorylated and activated by AMPK to increase lipolysis in brown
adipose tissues, which stimulates fatty acid oxidation and UCP-1 induction for
thermogenesis [63].

AMPK activates PLD1 through phosphorylation at Ser-505, and this AMPK-
induced PLD1 activation is required for increased glucose uptake in muscle cells
under glucose deprivation conditions [64].

Nucleoside diphosphate kinase (NDPK)

Nucleoside metabolism

NDPK maintains pools of nucleoside and deoxynucleoside triphosphates for
processes central to energy utilization; for example, DNA synthesis and
translation [65]. During nutritional stress, AMPK switches off NDPK through
phosphorylation at Ser-120, thereby conserving energy [66].

Insulin receptor substrate-1 (IRS-1)

Insulin signaling

IRS-1 represents the most upstream component of the insulin-signaling cascade.
AMPK phosphorylates IRS-1 at Ser-789 in cell-free assays, as well as in mouse
C2C12 myotubes, leading to increases in insulin-stimulated IRS-1-associated
phosphatidylinositol 3-kinase activity [67].

mTORC1 signaling (cell growth and protein biosynthesis )

Tuberous sclerosis protein 2 (TSC2)
Raptor

AMPK negatively regulates mTORCL activity by targeting two key proteins for
phosphorylation, the TSC2 tumor suppressor and the mTORC1 scaffold subunits
raptor [68]. In light of the pivotal role of mMTORCL in regulating cell growth, cell
cycle progression, autophagy, and macromolecule biosynthesis [69], suppression
of mTORCL signaling represents a major mechanism by which AMPK activators
inhibit cancer cell proliferation.

ULK1

Autophagy 1

ULK1 (hATG1), a mammalian ortholog of the yeast protein kinase Atgl, plays a
crucial role in autophagy and mitochondrial homeostasis. Evidence suggests that
AMPK triggers autophagy through two ULK1-dependent mechanisms [29, 70]:
(a) AMPK overrides the suppressive effect of mMTORC1 on ULK1, and (b)
AMPK directly phosphorylates and activates ULK1.
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AMPK substrate

Functional consequence

Activity of transcription factorsthat regulate cell metabolism

Forkhead box type O3a (Foxo03a)

CcAMP-response element-binding protein (CREB)

PGC-1a

Sterol regulatory element binding protein-1c (SREBP-1c)

Hepatic nuclear factor 4a (HNF4a)

AICAR responsive element binding protein (AREBP)

Testicular nuclear receptor 4 (TR4)

Carbohydrate-response-element-binding protein (ChREBP)

p53

Foxo3a is a transcriptional factor with known tumor suppressive activity [71]. It
was reported that AMPK phosphorylates Foxo3a, leading to the activation of
Foxo3a transcriptional activity without affecting Foxo3a subcellular localization
[72]. This AMPK-Foxo3a signaling axis promotes the transcription of target
genes involved in cell metabolism, cell cycle arrest, cell death, autophagy, and
stress resistance [73].

AMPK activates aPKCu/\ by increasing its
phosphorylation at Thr403 and Thr555,
leading to the phosphorylation of the
transcriptional coactivator CREB binding
protein (CBP) at Ser-436 [74]. This event
triggers the dissociation of the CREB-
CBP-CRTC2 (CREB-regulated
Atypical protein kinase C transcription coactivator 2) transcription

(PKC)UL complex and reduces gluconeogenic
enzyme gene expression, including genes
encoding peroxisome-proliferator-activated
receptor vy coactivator 1a (PGC-1a) and its
downstream targets including
phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase
(G6Pase).

CREB-regulated transcriptional AMPK attenuates the gluconeogenic
co-activator 2 (CRTC2) program by promoting the phosphorylation
of CTRC2, a transcriptional co-activator
for CREB, which blocks its nuclear
accumulation through cytoplasmic
sequestration by binding to 143-3 scaffold
proteins [75].

Glycogen synthase kinase AMPK phosphorylates GSK3p at Ser-9,
(GSK)3p leading to reductions in Ser-129 CREB
phosphorylation and its transcriptional
activation of PEPCK expression [76].

PGC-1a is a master regulator of mitochondrial biogenesis, and has been shown
to mediate certain AMPK effects on cell metabolism, particularly in fatty acid
oxidation [77]. AMPK binds to and activates PGC-1a in muscle by direct
phosphorylation on two critical residues, threonine-177 and serine-538 [78]

AMPK phosphorylates SREBP-1c at Ser-372, and thereby suppresses its
cleavage and nuclear translocation, and represses the expression of SREBP-1c
target genes, including those encoding ACC1 and fatty acid synthase, leading to
reduced lipogenesis and lipid accumulation [79].

HNF4a is an orphan nuclear receptor that regulates the expression of genes
involved in energy metabolism in the liver, intestine, and endocrine pancreas.
AMPK phosphorylates HNF4a at Ser-304, thereby repressing its transcriptional
activity by reducing the ability of the transcription factor to form homodimers
and bind DNA and increasing its degradation rate [80].

AREBP is a zinc finger transcription factor. AMPK-mediated phosphorylation of
AREBP at Ser-470 results in loss of DNA-binding activity, leading to
transcriptional repression of PEPCK [81].

TRA4 is a nuclear receptor that might play a role in lipid metabolism. AMPK
phosphorylates TR4 at Ser-351 in hepatocytes, leading to the suppression of the
target gene stearoyl-CoA desaturase (SCD)1 [82]

The glucose-responsive transcription factor ChREBP binds to the carbohydrate-
responsive element of the L-type pyruvate kinase and fatty acid synthase genes,
thereby redirecting glucose metabolism toward lipogenesis in hepatocytes [83].
AMPK phosphorylates ChREBP at Ser-568, resulting in the inactivation of its
transcriptional activity by reducing DNA binding [84].

AMPK activation has been reported to induce phosphorylation of the cell cycle
regulator p53 at Ser-15 in primary mouse embryonic fibroblasts (MEFs), which
is required for glucose deprivation-induced cell cycle arrest [85]. In human
osteosarcoma-derived cells, this glucose starvation-induced AMPK activation,
however, facilitates p53 phosphorylation at Ser-46, but not Ser-15 [86].
Alternatively, a recent paper indicates that AMPK enhances the acetylation and
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AMPK substrate

Functional consequence

stability of p53 by phosphorylating inactivation of the NAD*-dependent class 111
HDAC Sirtl in HCC cells [22].

Class Il HDACs (HDACH4, 5, and 7)

Histone acetyl-transferase (HAT) p300

Sirtl

Histone-modifying enzymes

Class Il HDACs are targeted by AMPK family kinases for phosphorylation,
which lead to cytoplasmic sequestration by 14-3-3 binding [87] (Fig. 1B). In
response to glucagon, these HDACs are rapidly dephosphorylated and
translocated to the nucleus where they associate with the promoters of genes
encoding gluconeogenic enzymes, which stimulates the transcriptional induction
of these genes.

Phosphorylation of p300 at Ser-89 by AMPK and its related kinases inhibits the
HAT activity of p300, which, in turn, decreases the acetylation and activity of
ChREBP in mediating lipogenesis [88].

Two contradictory mechanisms have been reported for the modulatory effect of
AMPK on Sirt1, which might underlie differences between nonmalignant versus
cancer cells. In C2C12 myotubes, pharmacological activation of AMPK
enhances Sirtl deacetylase activity indirectly by increasing cellular NAD* levels
[89] (Fig. 1B), while in liver cancer cells, activated AMPK phosphorylated Sirtl
at Thr-344, leading to its inactivation [22].

Nuclear import of the mRNA-binding protein HUR

Importin al

Importin a1 functions as an adaptor that, in association with importin f3,
transports cargo proteins, such as HUR, through the nuclear pore complex into
the nucleus. AMPK phosphorylates importin a1 at Ser-105, which promotes the
shuttling of HUR from the cytoplasm to nucleus [90]. As HuR controls the
stability and translation of mMRNA, this AMPK-facilitated nuclear sequestration
of HuR leads to decreased stability/translation of target mMRNAs encoding critical
cell cycle regulators such as cyclin A, cyclin B1, and p21 in cancer cells [91].

Endothelial nitric oxide synthase (eNOS)

Angiogenesis

AMPK is one of the three kinases, besides Akt and protein kinase A, that
phosphorylate eNOS at multiple sites, leading to eNOS activation, in endothelial
cells in response to various stimuli [92].

Curr Pharm Des. Author manuscript; available in PMC 2015 January 01.



