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Abstract

The intrinsic mechanisms sensing the imbalance of energy in cells are pivotal for cell survival
under various environmental insults. AMP-activated protein kinase (AMPK) serves as a central
guardian maintaining energy homeostasis by orchestrating diverse cellular processes, such as
lipogenesis, glycolysis, TCA cycle, cell cycle progression and mitochondrial dynamics. Given that
AMPK plays an essential role in the maintenance of energy balance and metabolism, managing
AMPK activation is considered as a promising strategy for the treatment of metabolic disorders
such as type 2 diabetes and obesity. Since AMPK has been attributed to aberrant activation of
metabolic pathways, mitochondrial dynamics and functions, and epigenetic regulation, which are
hallmarks of cancer, targeting AMPK may open up a new avenue for cancer therapies. Although
AMPK is previously thought to be involved in tumor suppression, several recent studies have
unraveled its tumor promoting activity. The double-edged sword characteristics for AMPK as a
tumor suppressor or an oncogene are determined by distinct cellular contexts. In this review, we
will summarize recent progress in dissecting the upstream regulators and downstream effectors
for AMPK, discuss the distinct roles of AMPK in cancer regulation and finally offer potential
strategies with AMPK targeting in cancer therapy.

INTRODUCTION

Energy balance is important for maintaining cell survival and body homeostasis. Imbalance
of energy metabolism accompanied by obesity often results in the development of cancers,
type 2 diabetes, cardiovascular disease, non-alcoholic fatty liver disease (NAFLD) and
kidney disease. In order to cope with diverse stresses leading to energy imbalance, cells need
to develop protective mechanisms for maintaining energy homeostasis and cell survival.
AMP-activated protein kinase (AMPK) is a well-known energy sensor that is activated to
regulate diverse signals and metabolic pathways in response to various stimuli including
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caloric restriction [1], exercise [2], aging [3-5] and obesity [6], thereby sustaining energy
homeostasis and serving as the guardian of metabolism.

As key energy molecules, adenine nucleotide ATPs are constantly generated to meet cell
energy demands through diverse metabolic pathways. As an energy sensor, AMPK senses
the increased ratio of AMP/ATP or ADP/ATP and is activated by upstream kinases such

as liver kinase B1 (LKB1) [7-9] and calcium/calmodulin-dependent protein kinase kinase

2 (CaMKK2 or CaMKKGp) [10-12]. As a consequence, AMPK turns on the catabolic
processes such as glycolysis [13, 14], TCA cycle [15] and fatty acid oxidation [16, 17] to
produce energy, but shuts off the anabolic metabolism including fatty acid synthesis, protein
synthesis and steroid synthesis to limit energy usage by inactivating mTORC1 [18], thus
maintaining the energy homeostasis.

Post-translational modification of AMPK has been demonstrated to play an important role
in the stability of AMPK complexes and also directly impact on the AMPK enzymatic
activity. Phosphorylation of AMPK on Threonine 172 (T172) residue dramatically increases
AMPK activity [19, 20] to further phosphorylate its downstream substrates, thus governing
various biological functions such as cellular metabolism, mitochondrial dynamics, Golgi
assembly, gene transcription and cell cycle progression. ACC phosphorylation by AMPK
leads to the inhibition of lipogenesis [16, 17]. MFF (mitochondrial fission factor) and
ULKZ1 (unc-51 like autophagy activating kinase 1) phosphorylation by AMPK induces
mitochondrial fission and mitophagy respectively [21-23]. Either inhibition of fatty acid
synthesis or promotion of mitochondrial dynamics through AMPK activation eventually
facilitates cellular adaptation to metabolic stress. Thereby, understanding how AMPK is
activated as well as the downstream signals AMPK regulates will yield useful strategies to
develop small molecules for targeting AMPK signals in the treatment of metabolic diseases
or cancer.

For the past two decades, many small molecules have been developed for AMPK targeting.
Metformin [24] and salicylate [25], widely used drugs for type 2 diabetes treatment,

could indirectly activate AMPK, leading to the increase of glucose uptake. Additionally,
several herbal medicines such as berberine [26-28] and resveratrol [27] have been shown to
indirectly activate AMPK via the inhibition of mitochondrial respiration. Importantly, some
compounds have been identified to activate AMPK by directly associating with its a., p or
vy subunits, which in turn causes the allosteric conformational alteration of AMPK complex.
Recently, sodium/glucose cotransporter 2 inhibitor (canagliflozin) [29, 30], PF-739 [31],
PF-06409577 [32] and PAN-AMPK activator (MK-8722) [33] have emerged preclinical
and clinical efficacy of reducing blood glucose similar to metformin and phenformin.
Accumulated studies have shown that pharmacological activation of AMPK by several
small molecules is useful for the treatment of metabolic disorders such as type 2 diabetes
and obesity, although pharmacological targeting AMPK for cancer treatment still remains
controversial in different cancer types.

In this review, we will describe the upstream regulation and downstream substrates of
AMPK under physiological stresses. Moreover, we will elaborate the biological functions
of AMPK in various cellular compartments including mitochondria, Golgi apparatus, ER

Semin Cancer Biol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsu et al. Page 3

(endoplasmic reticulum) and nucleus [34]. Finally, we will discuss the distinct roles of
AMPK in cancer regulation and its targeting strategies by small molecules for cancer
therapy in preclinical models.

AMPK COMPLEX

AMPK forms a heterotrimeric complex, which is composed of catalytic a subunits and
regulatory B and -y subunits. There are multiple genes encoding each subunit, generating two
a (al, a2), two p (B1, p2) and three -y subunits (y1, y2, ¥3). Thus, AMPK heterotrimers
can form up to 12 apy combinations which display slightly different subcellular or tissue-
specific distribution [35]. For instance, isoforms with catalytic a1 and regulatory 2 are
predominantly expressed in human liver [36], while isoforms with 2 subunit are highly
expressed in human heart [36]. In rodent liver, al and a2 are expressed with similar levels,
while 1 and y1 are the major regulatory subunit isoforms [37]. Different from human heart,
the isoforms with -y1 subunit are more predominant in rodent heart [36].

AMPKa subunits

AMPKa subunits consist of kinase domain (KD) containing N-lobe and C-lobe,
autoinhibitory domain (AID), a-regulatory subunit-interacting motif (a-RIM) in linker
peptides (a-linker), followed by the a-subunit carboxy-terminal domain (a-CTD) which
binds to B subunits [38, 39]. The T172 residue within C-lobe is phosphorylated by upstream
kinases such as LKB1 and CaMKKZ2, which largely accounts for the activation of AMPK
complex [8, 10] (Fig. 1). Several small molecules such as 5-aminoimidazole-4-carboxamide
ribonucleoside (AICAR) and PF-739 have been designed to target T172 phosphorylation of
a-subunits, thereby manipulating AMPK activity [31, 40]. AID could compromise AMPK
activity approximately tenfold, while removal of AID leads to constitutive activation of
AMPK [39, 41]. Followed by AID, a-RIM (also known as a-hook) containing about 60
amino acids is essential for nucleotide-dependent regulation of AMPK [42, 43].

AMPKB subunits

AMPK} subunits contain two functional domains including p-subunit carbohydrate-binding
module (B-CBM) which associates with glycogen or starch in mammals and B-subunit
C-terminal domain (B-CTD) which interacts with both the a-CTD and the y-subunit (Fig.
1). AMPK complex phosphorylates glycogen synthase via the binding between 3-CBM and
glycogen, leading to the inactivation of glycogen synthase [44, 45]. Moreover, -CBM also
interacts with N-lobe of the kinase domain of a subunit through the surface opposite to its
glycogen binding site [46, 47]. Importantly, the cleft between B-CBM and a subunit forms
the binding site for ligands acting on AMPK, which is called allosteric drug and metabolite
(ADaM) site. Once ligands bind to ADaM site, AMPK can be allosterically activated [46,
48].

AMPKYy subunits

AMPKy subunits contain four tandem repeats named CBS1, CBS2, CBS3 and CBS4.
Two CBS repeats assemble a Batedomain which binds to adenine nucleotides such as
AMP, ADP and ATP (Fig. 1). In AMPKy, the four CBS repeats in the -y-subunits form

Semin Cancer Biol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsu et al.

Page 4

a flattened disk containing four potential adenine nucleotides-binding sites [49, 50]. In
accordance with crystal structure of mammalian AMPK complexes, three AMP binding
sites (sites 1, 2 and 3) identified within CBS1, CBS3 and CBS4 motifs respectively display
conserved aspartate residue [51, 52]. In mammalian y1 subunit, sites 1 and 2 represent

the regulatory sites and are critically involved in the competition of AMP with ADP or

ATP, whereas site 3 shows tight interaction with AMP, indicating that this non-exchangeable
site is dispensable for AMP/ATP sensing [37]. In addition, ADP could also bind to two
exchangeable adenine nucleotides binding sites on -y subunit, which in turn protects the
enzyme from dephosphorylation without causing allosteric activation [38].

AMPK ACTIVATION

Adenine nucleotides dependent activation

AMPK is activated through both canonical and non-canonical regulation. AMPK, so called
AMP-activated protein kinase, could be allosterically activated by 5’-AMP, a process
referred as canonical adenine nucleotides dependent regulation [53, 54]. The association
of AMP with AMPK leads to the enhancement of AMPKa T172 phosphorylation while
inhibition of AMPKa T172 dephosphorylation, resulting in allosteric activation of AMPK
complex. It has been demonstrated that LKB1 facilitates phosphorylation of AMPKa on
T172 in response to elevated AMP/ATP ratio [47]. AMP has also been reported to promote
AMPK T172 phosphorylation leading to allosteric activation of AMPK [55]. In addition,
myristoylation of  subunit is required for adenine nucleotides-stimulated AMPKa T172
phosphorylation [56, 57]. Remarkably, AMPKy subunits containing four CBS repeats
whose structures have been solved with AMP, ADP and/or ATP bound at different sites
[52, 58] play an important role in both T172 phosphorylation of AMPKa and allosteric
activation of the whole complex [38, 52, 58, 59]. The R531G mutation in the AMPKy2
subunit frequently observed in human heart disease abrogates allosteric activation and
AMPKa T172 phosphorylation by AMP [60].

Activation via ADaM binding sites

Interestingly, the association of ligands with ADaM binding sites also leads to the activation
of AMPK by protecting AMPKa T172 residue from dephosphorylation, in addition

to nucleotide-binding [46, 48, 51]. Ligand binding at ADaM sites may potentiate the
interaction between p-CBM and a-kinase domain, thereby abolishing dephosphorylation

of AMPKa [51]. Furthermore, 1 subunit phosphorylation on Serine 108 (S108) residue
also accounts for another important mechanism for AMPK activation by ADaM site ligand,
AT769662 [48]. Of importance, phosphorylation of S108 on B1 subunit enhances the binding
affinity of ligands (A769662 and 991) at ADaM site [51]. Notably, the integrity of AMPK
complex is indispensable for allosteric activation by ADaM site ligands. Crystal structure
analysis reveals that outside of CBM consensus sequence of  subunit directly interacts
with a-helix C region of the kinase domain (referred to as the C-interacting helix) of

a subunit [51]. Mutation of Leucine 166 residue in the C-interacting helix dampens the
association between a and B subunits, thus significantly compromising allosteric activation
of AMPK by 991 [51]. All the evidence indicates that both the integrity of AMPK complex
and B subunit phosphorylation are required for allosteric activation of AMPK by ADaM
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site ligands such as A769662 and 991. In addition, salicylate, a natural compound derived
from willow bark, directly activates AMPK via binding to the ADaM site [25]. AMPK
heterotrimers with various subunits combination display different binding affinity with
ADaM site activators. For example, PF249 and PF06409577, the other two ADaM site
activators, bind more tightly to p1-containing than to p2-containing AMPK complexes
[32]. However, PF739 and MK-8722 hoth effectively bind to f1- or f2-containing AMPK
complexes [31, 33]. Given that either nucleotide-binding to y-CBS domain or ligand binding
to ADaM sites can activate AMPK, it is conceivable that combination treatment targeting
both nucleotide-binding and ADaM binding sites on AMPK complexes may lead to more
robust and efficient activation of AMPK, representing the promising strategy to target
AMPK for therapy [61-64].

Adenine nucleotides independent activation

AMPK activation can also be modulated in an adenine nucleotides independent manner,
referred as non-canonical regulation. For decades, it has been speculated that decrease of
AMP/ATP ratio serves as the main mechanism accounting for glucose deprivation induced
AMPK activation. Thus, it is widely accepted that AMPK is activated through canonical
adenine nucleotides dependent regulation under glucose restriction condition. However,

the kinetic model suggests that only glucose removal is able to rapidly activate AMPK
within 15 minutes without impact on the intracellular ADP/ATP or AMP/ATP ratio within
the same time range, although complete restriction of carbon source could trigger more
substantial and sustained activation of AMPK, correlated with elevated AMP/ATP ratio [65,
66]. These findings indicate that glucose deprivation alone activates AMPK in a fast but
AMP/ADP-independent manner, while complete or prolonged removal of carbon source
leads to hyperactivation of AMPK in a delayed and AMP/ADP-dependent manner. In

line with this, cells with AMPKy2 R531G mutation, insensitive to enhanced intracellular
AMP or ADP level, still display rapid AMPK activation upon glucose deprivation [66],
indicative of the other mechanism involved in low glucose driven AMPK activation. Recent
study uncovers the glycolytic enzyme, aldolase, appears to play a non-canonical role for
AMPK activation under glucose deprivation. Aldolase promotes the formation of lysosomal
complexes containing the v-ATPase, Ragulator, AXIN, LKB1 and AMPK under glucose
deprivation, leading to LKB1 mediated AMPKa T172 phosphorylation irrespective of the
ADP/ATP or AMP/ATP [65]. In the glucose proficient condition, Fructose-1,6-biphosphate
(FBP), a glycolytic intermediate generated from glycolysis, binds to aldolase and disrupts
the association of AXIN/LKB1 with v-ATPase/Ragulator, resulting in defective AMPK
activation [65]. Thus, aldolase serves as a new modulator for AMPK activation by sensing
cellular FBP availability from glucose metabolism. Glucose starvation relieves the inhibitory
effect of FBP on aldolase-mediated lysosome complexes formation, thereby facilitating
AMPK activation in an adenine nucleotides independent manner [65].

Apart from glucose deprivation, intracellular Ca2* ions can indirectly activate AMPK
through CaMKK?2 activation without alteration of adenine nucleotide levels. Other
physiological stimuli including hypoxia, oxidative stress or growth factor stimulation could
also activate AMPK without the change of AMP/ATP ratio [67]. Interestingly, AMPK
activation can be also induced by DNA damage partially through ATM-LKB1 cascade [68—
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70]. However, other mechanisms through yet to be discovered are also involved in DNA
damage induced AMPK activation [71]. Future studies aiming at identifying the additional
mechanisms by which diverse stresses induce AMPK activation will be warranted to further
unravel the complexity for AMPK activation.

DOWNSTREAM TARGETS OF AMPK

ACC

ULK1

As a kinase, AMPK regulates diverse biological processes primarily through
phosphorylating its downstream targets. In essence, AMPK recognizes and phosphorylates
its substrates through a consensus motif with hydrophobic residues at —5 and +4 positions
of actual phosphorylation site [72]. The consensus motif has been identified including
LRRVXSXXNL, MKKSXSXXDV, IXHRXSXXEI via quantitative phosphoproteomics
datasets [72]. In addition, basic residues at —3 or —4 position and neutral polar residues
(usually Serine) at —2 position are regarded as secondary AMPK consensus motif [73].
However, some AMPK targets such as H2B [74] with Arginine (R) at -5 position

and PGCla [75] with Asparagine (N) and Phenylalanine (F) at -5 position for two
phosphorylation sites, respectively, suggesting the flexibility and complexity of AMPK
consensus motif. Below are some key substrates of AMPK whose phosphorylation by
AMPK critically regulates their activity and functions in diverse biological processes (Fig.
2).

ACC (Acetyl-CoA carboxylase) is critically involved in fatty acid metabolism. Two
isoforms of ACC (ACC1 and ACC2) have been identified, and both of which catalyze

the carboxylation of Acetyl-CoA to malonyl-CoA. Unlike cytoplasmic ACC1, which

plays an essential role in fatty acids synthesis, ACC2 is associated with mitochondria

[76] and serves as a negative regulator for p-oxidation through allosteric inhibition of
CPT-1 (carnitine palmitoyltransferase 1) critically involved in B-oxidation [77]. AMPK
mediated phosphorylation of ACC has been unraveled for decades, and ACC1 Ser79 (S79)
phosphorylation (S79 for mouse and rat, S80 for human) serves as a universal indicator

for AMPK activation [78]. Although AMPK could trigger rat ACC1 phosphorylation on
S79, S1200 and S1215 under /n vitro condition, S79 phosphorylation is well characterized
in vivo and is associated with ACC1 inactivation. Likewise, AMPK also induces S219
phosphorylation of ACC2 equivalent to S79 in ACC1, leading to impaired ACC2 activity
and enhancing p-oxidation in mouse skeletal muscle [17]. Crystal structure study from yeast
ACC reveals that AMPK mediated phosphorylation of ACC may dissociate the functional
biotin-carboxylase domain dimer into inactive monomers, thereby repressing ACC catalytic
activity [79]. 1t will be interesting to know whether the similar mechanism for ACC
regulation can be also applied to mammalian cells.

ULKZ1, together with FIP200 (focal adhesion kinase family interacting protein of 200 kDa),
ATG13 (autophagy-related protein 13), and ATG101, serves as an important regulator for
autophagy to maintain protein homeostasis, especially under nutrient starvation condition,
by initiating the formation of autophagosome [80]. AMPK phosphorylates ULK1 on
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multiple sites from numerous studies including S467, S555, T574, S637 [23, 81], S317
and S777 [82]. Of note, AMPK mediated phosphorylation on ULK1 appears to be essential
for ULK-mediated autophagy or mitophagy and cell survival upon stress [23, 82]. Other
study reported that human ULKZ1 is hyper-phosphorylated on S638 and S758 (equivalent
to S637 and S757 in mouse) under nutrient proficient condition, but dephosphorylation

on S638 followed by S758 dephosphorylation occurs upon nutrient starvation. Importantly,
phosphorylation of ULK on S638 and S758 is mediated by active mTOR under nutrient
proficient condition, and dephosphorylation of ULK1 on S758 drives its dissociation with
AMPK and activates ULK to elicit autophagy [81]. Interestingly, basal AMPK binds to
ULKZ1 and limits its function by phosphorylating S638 under steady state, but activated
AMPK promotes autophagy through phosphorylating ULK1 on more sites in response to
starvation [81]. Thus, AMPK plays a dual role in mediating ULK1 phosphorylation towards
autophagy regulation. Although AMPK-mediated ULK1 phosphorylation in governing
autophagy has been unraveled for years, the exact phosphorylation sites and detailed
mechanism underlying this process are still under debate.

Dynamic mitochondrial homeostasis between fusion and fission is essential for
mitochondrial health and function [83, 84]. In general, mitochondrial fusion maximizes the
energy production in response to mild nutrient shortage, while severe nutrient deprivation
leads to mitochondrial fission and fragmentation followed by mitophagy [85]. MFF
(mitochondrial fission factor), as a critical component of mitochondrial fission sensor,
functions in the recruitment of DRP1 (dynamin-related protein 1) to the outer membrane

of mitochondria to initiate fission process by inducing membrane constriction and scission
[86]. AMPK elicits MFF phosphorylation on S155 and S172 upon energy stress [22].
Notably, compared with WT MFF, restoration of AMPK nonphosphorylatable SA2 (S155A,
S172A) mutant MFF into M/~ MEFs attenuates the recruitment of DRP1 to mitochondrial
outer membrane in response to AICAR or rotenone treatment. Interestingly, re-introduction
of phosphomimetic SD2 (S155D, S172D) or SE2 (S155E, S172E) mutant MFF into Mff/~
MEFs leads to enhanced mitochondrial fragmentation even without extracellular stimuli,
comparable to those cells with WT MFF restoration upon AICAR induction [22]. Thus,
AMPK mediated phosphorylation of MFF on S155 and S172 critically drives mitochondrial
fission process by facilitating the recruitment of DRP1.

TSC2 and RAPTOR

mTORC1 consisting of diverse proteins serves as the central regulator governing cell
metabolism, survival, proliferation and growth, whose dysregulation results in various
diseases including cancer and diabetes [18]. TSC2 (Tuberous sclerosis complex 2, also
known as Tuberin) with GTPase activating protein (GAP) activity severs as a critical
negative regulator of mMTORCL through inhibiting RHEB GTPase, which functions as a
direct activator of mMTORCL1 [87]. TSC2 phosphorylation by mitogen-activated kinases
including AKT, ERK, and RSK leads to its inactivation, in turn stimulating mTORC1
signaling [88]. In contrast, phosphorylation of TSC2 on T1227 and S1345 by AMPK in
response to energy deprivation enhances the activity of TSC2 leading to impaired mTORC1
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activity and protein translation [89, 90]. Thus, AMPK dependent TSC2 phosphorylation
regulates protein homeostasis in response to various energy conditions [90].

Accumulated evidence reveals that TSC2 may not be the only substrate of AMPK for its
regulation on mTORC1 signaling. First, although the negative correlation between mTORC1
and AMPK activation is observed throughout all eukaryotes, including C. elegansand S.
cerevisiae, TSC2 ortholog has not been identified in either of those species [91], suggesting
AMPK governs mTORC1 signaling through other mechanism in these species. Second,
AMPK activation by AICAR or phenformin still profoundly compromises mTORC1
signaling in 7sc2 7~ MEFs or other TSC2 deficient cells [92, 93]. Using bioinformatic
analysis based on AMPK consensus motif, mTOR binding protein RAPTOR [94] has

been revealed as an ideal AMPK substrate. Further experiments demonstrated that AMPK
phosphorylates RAPTOR on S722 and S792, and this phosphorylation is essential for
energy stress-induced mTORC1 inhibition [93]. Mechanistically, RAPTOR phosphorylation
by AMPK promotes the interaction of RAPTOR with 14-3-3 proteins, thus leading to
inactivation of mMTORC1, cell cycle arrest and cellular apoptosis upon metabolic stress.

Collectively, AMPK compromises mTORC1 activity through phosphorylating both TSC2
and RAPTOR, placing AMPK as a key energy sensor in coordinating cell growth and
proliferation under distinct energy statuses.

Posttranslational modifications including phosphorylation on histones are critically involved
in transcription regulation [95, 96]. The involvement of AMPK in transcriptomic
reprogramming to elicit long term adaptation of cells to various stress conditions has

been documented in multiple studies, although the mechanism underlying this regulation
remains largely unknown [97]. The core histone H2B is phosphorylated by AMPK on S36
in response to metabolic stress [74]. Importantly, H2B S36 phosphorylation is abrogated

in both LkbZ~~ and Ampk™~ MEFs upon energy stress or AMPK activators, suggesting
LKBL1 likely acts through AMPK activation to stimulate H2B S36 phosphorylation in
response to diverse metabolic stresses. Further, S36 phosphorylation on H2B is required
for its interaction with AMPK. ChIP analysis reveals that a positive correlation between
AMPK and H2B S36 phosphorylation in the gene transcribed region is observed in
response to glucose deprivation and UV treatment [74]. Interestingly, AMPK appears to

be specifically recruited to the promoter region of p53 target genes such as p21 and cptlc,
reminiscent of the previous observation that AMPK induces a metabolic checkpoint in a
p53 dependent manner [98]. Moreover, enhanced co-localization between AMPK and H2B
S36 phosphorylation at p53 binding site and also along the transcription region is observed,
suggesting AMPK, via H2B S36 phosphorylation, cooperates with p53 to modulate gene
transcriptional elongation to elicit adaptive response, thus likely protecting cells from cell
death upon stress conditions. Indeed, ablation of H2B S36 phosphorylation compromises
RNA polymerase Il association to transcribed region, leading to impaired transcription of
AMPK target genes and reduced cell survival upon stresses [74]. Whether AMPK could
similarly govern other stress-induced transcription factors such as FOX03a [99] and PGCla
[100] through mediating H2B phosphorylation warrants further investigation.
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Ubiquitination, as an essential post-translational modification, plays an important role in
diverse cellular and biological processes through maintaining protein homeostasis and
activity [101]. SKP2, as a critical oncogenic F-Box E3 ligase [102], is involved in both
protein degradation through mediating K48-linked ubiquitination [103] and non-proteolytic
function by conjugating K63-linked ubiquitination [104]. Notably, activation of AMPK,

via CaMKK2 upon EGF stimulation, could induce SKP2 phosphorylation on S256, thus
promoting the interaction between SKP2 and Cullinl to maintain the integrity of SKP2-SCF
complex [67]. Moreover, AMPK mediated SKP2 phosphorylation on S256 is required for
SKP2 E3 ligase activity to elicit K63-linked ubiquitination on AKT, leading to the activation
of AKT and subsequent oncogenic processes [67]. Further, AMPK also protects cancer cells
from hypoxia or glucose deprivation induced cell death partially through orchestrating SKP2
S256 phosphorylation and subsequent AKT activation [67]. Importantly, AMPK/SKP2 S256
phosphorylation/AKT cascade is activated in advanced breast cancer and its activation
predicts poor survival outcome of breast cancer patients, indicating the targeting AMPK

or AMPK mediated SKP2 phosphorylation is a novel strategy for breast cancer therapy.
Given that SKP2 E3 ligase activity is indispensable for cellular response to other stress
conditions such as DNA damage [105] and oxidative stress [106], it would be interesting

to determine whether SKP2 phosphorylation on S256 by AMPK is also involved in these
adaptive responses.

Pyruvate dehydrogenase complex (PDHCc) is a multi-enzyme complex and acts as a rate-
limiting enzyme to maintain TCA cycle by catalyzing pyruvate to Acetyl-CoA [107].

The activity of PDHc largely depends on the phosphorylation status on its catalytic

subunit PDHA. PDH kinase (PDHK) mediated PDHA phosphorylation on S293 serves

as a negative signal to suppress the activation of PDHc [108]. Dephosphorylation of

PDHA S293 site ensures the activity of PDHc to maintain TCA cycle through facilitating
pyruvate metabolism, although the underlying mechanism remains elusive. Recently, AMPK
is found to co-localize with PDHA in mitochondrial matrix and serve as a direct kinase

to drive sequential PDHA phosphorylation on S314 and S295 sites [15]. Interestingly,
PDHA S314 phosphorylation serve as a prime signal to compromise the interaction of
PDHA with PDHK, resulting in the attenuated phosphorylation on S293. Due to the

steric effect, dephosphorylation of S293 would provide space for AMPK to further induce
PDHA phosphorylation on its neighboring S295 residue, which acts as an intrinsic catalytic
site essential for PDHc activation and pyruvate metabolism [15]. Surprisingly, even with
impaired S293 phosphorylation, PDHc with dephosphorylation on PDHA S295 site still
largely compromise its ability to catalyze pyruvate to Acetyl-CoA [15], highlighting the
essential role of AMPK mediated PDHA S295 phosphorylation in maintain PDHc activity
[109]. Functionally, activation of AMPK-PDHCc axis facilitates breast cancer lung metastasis
through rewiring the metabolic pathway of cancer cells from glycolysis to TCA cycle,

thus enabling disseminated cancer cells to cope with diverse stresses in the metastatic
microenvironment [15]. Since dysregulation of TCA cycle is associated with multiple
metabolic disorders including diabetes [110], obesity [111] and Alzheimer’s disease [112],
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AMPK mediated PDHA phosphorylation and PDHc activation may contribute to the
development of these pathological disorders.

REGULATION OF AMPK EXPRESSION AND ACTIVITY

Dysregulation of AMPK activity is linked to aging process and various human diseases
including metabolic syndrome, stroke, cardiovascular disease and cancer [113]. As

the critical catalytic subunit, AMPKa expression and its kinase activity are tightly
controlled through multiple layers of regulation including transcription, protein stability,
and post-translational modifications under physiological condition (Fig. 3). We will
briefly summarize how AMPK is regulated through transcription and post-translational
modifications in this section.

Regulation of AMPK expression

Transcription regulation and post-transcriptional regulation—ANp63a, the
predominant p63 isoform expressed in epithelial cells, has been identified as a crucial
transcription factor for AMPKal transcription. Four putative p63 binding element
(CNNGNNNNNNCNNG) [114] on AMPKal promoter have been identified. Notably,
ectopic expression of ANp63a., but not the DNA-binding defective mutant ANp63a.C306R,
significantly elevates AMPKal mRNA expression, suggesting ANp63a likely serves as a
direct transcription factor to transactivate AMPKa.1 gene expression [115].

Sestrins are stress-induced proteins conserved throughout the species. Enhanced sestrin
proteins account for the acquired metabolic benefits of exercise [116]. Interestingly, sestrins
could compromise mTORC1 signaling by activating AMPK [117]. Further, sestrins are
found to not only physically associate with AMPK, but also modulate the transcription

of AMPK subunits including AMPKal and AMPKp1 [118], although the underlying
mechanism and transcription factors involved remain unclear.

MicroRNAs (miRs), as single-strand non-coding RNAs, typically compromise the
translation of target mMRNAs through recognizing the complementary sequences of 3UTR
regions, thus governing gene expression [119]. MiR-27b is shown to target AMPKa.2

and leads to its downregulation. Moreover, pharmacological ablation of MiR-27b in mice
improves the neurogenesis and neurological function upon permanent middle cerebral artery
occlusion in an AMPK-dependent manner [120]. Through in silico study, AMPKal 3" UTR
region contains multiple recognition sites of miR-19b, miR-130, miR-101, and miR-19a
[121], indicating that AMPKal expression may be also regulated by these miRs.

Regulation of AMPK protein stability

Ubiquitin-Proteasome System (UPS) is essential for the protein homeostasis through tightly
regulating protein degradation [122]. The role of UPS in governing AMPK function in
response to energy and metabolic stresses has started to emerge.

Makorin ring finger protein 1 (MKRNL1), as an E3 ligase, is linked to tumorigenesis and
adipocyte differentiation by mediating ubiquitination and proteasomal degradation of its
target proteins such as p53 and PPARy [123, 124]. Recently, MKRNL is identified as a
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direct E3 ligase for AMPKa subunit (AMPKal and AMPKa2) and mediates proteasome-
dependent degradation of AMPKa subunit [125]. Interestingly, MKRN1 depletion leads to
the accumulation of AMPKa proteins, without impacts on AMPKP and AMPK-y protein
level, suggesting the specific role of MKRNL1 in the regulation of AMPKa subunit. Notably,
Mkrn1 null mice display chronic AMPK activation in the liver as well as white and brown
adipose tissues, indicative of enhanced AMPK signal upon Mkrn1 deficiency /n vivo.
Moreover, activated AMPK in Mkrn1 nufl mice prevent high fat diet induced metabolic
syndromes including insulin resistance, obesity and non-alcoholic fatty liver disease [125],
which could be reversed by the genetic ablation of AMPK. As MKRN deficiency alleviates
obesity and its related comorbidities through AMPK activation, targeting MKRN to boost
AMPK signal represents a potential strategy to treat metabolic syndromes.

MAGE-A3 and MAGE-AG are expressed mostly in testis [126], but aberrantly activated
during malignant transformation to drive robust anchorage-independent growth and cancer
metastasis [127, 128]. Interestingly, MAGE-A3/6 is found to specifically associate with
TRIM28 E3 ubiquitin ligase and targets ubiquitination and proteolysis of p53 [129, 130],
accounting for the oncogenic property of MAGE-A3/6. Using systematic protein arrays
containing more than 9,000 recombinant proteins for screening additional substrates,
AMPKal is identified as the most consistent and robust target of MAGE-A3/6-TRIM28
[131]. Depletion of MAGE-A3/6 or TRIM28 results in the elevation of AMPKa.1 protein
level without affecting its mRNA level. Conversely, ectopic expression of MAGE-A3 in
MAGE-A3/6 deficient cells promotes proteasome-dependent AMPKa 1 degradation [131].
As such, restriction of AMPKal by MAGEA3/6-TRIMZ28 is associated with mTOR
activation, leading to impaired autophagy. Notably, enhanced anchorage-independent growth
upon MAGE-A6 overexpression is compromised by the treatment of AMPK agonists such
as AICAR and metformin, suggestive of a potential strategy for targeting MAGE-A3/6-
positive tumors by inducing AMPK activation. Collectively, AMPKal is a bona fide
substrate of MAGE-A3/6-TRIM28 E3 ligase complex whose inactivation accounts for
oncogenic activity regulated by MAGE-A3/6.

GID (glucose induced degradation deficient) ubiquitin ligase complex has been shown to
be another E3 ligase targeting phosphorylated AMPKa for ubiquitination and proteasomal
degradation, thus preventing sustained activation of AMPK upon prolonged starvation
[132]. Remarkably, depletion of GID complex components in C. efegans. drives AMPK
hyperactivation and profoundly enhances the lifespan partially due to mTOR inactivation
[132].

UBE20 (Ubiquitin-conjugating enzyme E20), unlike the traditional E2 ubiquitin-
conjugation enzyme, acts as an E2/E3 hybrid ubiquitin-protein ligase that contains both

E2 and E3 ligase activities [133]. AMPKa2 appears to be a direct substrate of UBE20,

as UBE20 could directly induce K48-linked ubiquitination of AMPKa2 on Lys (K)

470, which is conserved among various species, in the presence of only the E1 enzyme,

thus leading to degradation of AMPKa?2 [134]. However, this K470 residue is replaced

by Arginine (R475) in AMPKal, likely accounting for the selective ubiquitination of
AMPKa?2 by UBE20. As such, the protein expression level of AMPKa2, but not AMPKa/l,
is robustly elevated in Ube2o™~ mouse tissues, further confirming the specificity of
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AMPKa?2 degradation by UBE20. In MMTV-PyVTand TRAMP transgenic mouse models,
UBEZO deficiency attenuates breast cancer and prostate cancer progression and metastasis,
which could be rescued upon Ampka 2 ablation [134], underscoring the oncogenic role of
UBE20 in cancer regulation through promoting AMPKa.2 degradation.

Additionally, WWP1 (WW domain-containing E3 ubiquitin protein ligase 1) could also
associates with and downregulates AMPKa.2 in response to high energy status [135].
However, it remains to be determined whether WWP1 could directly target AMPKa 2

for ubiquitination and degradation. Moreover, Cidea interacts with AMPK complex in the
endoplasmic reticulum through specific association with AMPK subunit, leading to its
ubiquitination and degradation [136]. Enhanced expression and enzyme activity of AMPK
observed in Cidea™~ mice critically overcome diet induced obesity by facilitating energy
expenditure [136].

Collectively, these studies underscore the importance of UPS in the regulation of various
subunits of AMPK complex, thereby affecting enzyme activity and biological functions of
AMPK.

Post-translational modifications of AMPK

Phosphorylation—Phosphorylation on T172 residue of AMPK a subunit (T185 in
AMPKal, T172 in AMPKa?2) bolsters the activity of AMPK complex up to 100 fold [19].
LKBL1 is the well characterized upstream kinase mediating AMPKa. T172 phosphorylation
in response to elevated AMP/ATP ratio under metabolic stress [8]. LKB1 inactivation
through disruption of LKB1-STRAD-MO25 complex abolishes AMPK activation [137,
138]. CaMKK?2 is another well defined kinase for AMPK activation by phosphorylating
AMPK at T172 [12, 67]. It appears that TAK1 (TGF-p-activated kinase 1) may be the third
kinase for AMPKa T172 phosphorylation, since TAK1 along with TAB1 (TAK1-binding
proteins) could also stimulate AMPKa T172 phosphorylation both /n vitroand in vivo
[139]. However, the notion that TAK1 could act as a direct kinase is still under debate [140].

A recent study indicates that activation of LKB1/AMPK axis upon energy stress elevates the
expression of the long non-coding RNA NBRZ (neighbor of BRCA1 gene 2), which then
binds to the kinase domain of AMPKa subunit and boosts its T172 phosphorylation and
activation irrespective of LKBL1 status [141]. This feed-forward loop is considered necessary
for the maintenance of AMPK activity in response to long-term energy crisis [142], but the
detailed mechanism by which NBR2 governs AMPK activation remains elusive.

AMPKa T172 dephosphorylation leads to AMPK inactivation. This dephosphorylation
process is mediated by at least three phosphatases including protein phosphatase 2A

(PP2A) [143], protein phosphatase 2C (PP2C) [144] and MgZ*-/Mn%*-dependent protein
phosphatase 1E (PPM1E) [145]. Of note, the binding of AMPKy to AMP during energy
stress relieves the inhibitory effect of these phosphatases on AMPKa T172 phosphorylation,
leading to AMPK activation [146].

Additionally, phosphorylation on other residues, especially in ST-loop of AMPKa, by
other kinases serves as a negative signal for AMPK activation [147]. PKA (cyclic-AMP-
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dependent protein kinase) and AKT mediated phosphorylation of S485 in AMPKal (S491
in AMPKa?2) limits AMPK activation through antagonizing T172 phosphorylation during
gluconeogenesis or insulin stimulation [148, 149]. Similarly, S6K-mediated phosphorylation
on S491 of AMPKa2 upon leptin treatment impairs AMPK activity in hypothalamus [150].
Moreover, PKA triggers AMPKa.1l phosphorylation on multiple residues including S173,
S485, S497 in adipocyte context, and S173 phosphorylation impedes LKB1 mediated
phosphorylation on T172 likely due to the potential steric hindrance, leading to AMPK
inactivation and promoting lipolysis [151]. Several other kinases could also drive AMPKa
phosphorylation include GSK3p (T479 in AMPKal) [152], PKD1 (S491 in AMPKa2)
[153] and PKC (S485 in AMPKa1) [154], indicative of the comprehensive regulation of
AMPK activity by multiple phosphorylation events in response to various cellular contexts.

Ubiquitination and SUMOylation

In addition to promoting classic proteolysis, ubiquitination also plays an important role

in the regulation of the activity of its substrates through non-K48 linked ubiquitination
[102]. Genetic ablation of UCHL 3 deubiquitinating enzyme in mice specifically potentiates
AMPK activity in skeletal muscle without impact on AMPK expression level, indicative

of the casual linkage between ubiquitination modification and AMPK activation [155].
Further study shows that ubiquitination on AMPKa abrogates its association with LKB1,
and removal of this ubiquitination by USP10 (Ubiquitin Specific Peptidase 10) is required
for LKB1 mediated phosphorylation and activation of AMPK during metabolic stress [156].
Interestingly, USP10 phosphorylation on S76 residue by activated AMPK acts as a positive
feed-forward loop to further amplify AMPK activity upon energy crisis [156]. Although four
lysine residues on AMPKa (K71, K285, K396, K485 in AMPKal and K60, K379, K391,
K470 in AMPKa?2) are identified as potential sites for USP10-mediated deubiquitination
[156], the E3 ligase(s) triggering ubiquitination on these sites remains to be determined.

SUMOylation, analogous to ubiquitination, involves conjugating small ubiquitin-like
modifiers SUMOs to its targets and enhances the interaction with other proteins through
SUMO-interacting motif (SIM) [157]. In yeast, Snfl, the ortholog of mammalian
AMPKa, is SUMOylated on K549 residue likely by the Mms21 SUMO (E3) ligase in
glucose-proficient condition [158]. SUMOylation of Snfl leads to its inactivation through
both stabilizing auto-inhibitory conformation and facilitating ubiquitination mediated
degradation. Similarly, in mammalian cells, PIAS4 SUMO E3 ligase induces AMPKa 1
SUMOylation on K118 and compromises AMPK activity without alteration of either
AMPKa protein levels or T172 phosphorylation [159], suggesting PIAS4-mediated
SUMOylation affects AMPK activity through unknown mechanism. Surprisingly, PIAS4
modulates AMPK activity specifically towards mTORC1 signal, but not other canonical
substrates of AMPK such as ACC [159]. Conversely, PIASy specifically conjugates SUMO2
to AMPKp2, but not AMPKp1, and potentiates AMPK activity [160]. Thus, SUMOylation
appears to affect AMPK activity, although the underlying mechanism need to be further
studies.
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Oxidation and S-glutathionylation

AMPK plays a fundamental role in protecting cells against ROS (reactive oxygen species)
[15]. While ROS itself could regulate AMPK activity, the underlying mechanism is still
controversial. Two mechanisms are proposed for AMPK regulation by ROS. On one hand,
exposure of H,0, boosts AMPK activation through either LKB1 or CaMKK2 dependent
on various cellular contexts [8, 12]. Interestingly, both exogenous treatment of H,O, and
endogenous H,0, generated by glucose oxidase stimulate S-glutathionylation of AMPKa
subunit on Cysteine (C) 299 and C304 residues to promote AMPK activation [161]. It is
likely that these modifications compromise the interaction between auto-inhibitory domain
and a-helix C region of AMPKa, thus endowing AMPK activation by upstream kinases.

On the other hand, ROS may also impair LKB1-AMPK axis in certain cellular context.

In cardiomyocytes, both glucose deprivation and H,O, treatment induce the oxidation of
AMPKa on C130 and C174 residues, leading to the aggregation of AMPKa and abolishing
its phosphorylation and activation by upstream kinase such as LKB1 [162]. Of note,

Trx1 (Thioredoxinl), which is an essential enzyme that mediates the cleavage of disulfide
bonds in proteins [163], acts as an important cofactor of AMPK activation by inhibiting
oxidation of AMPKa upon metabolic stress. Thus, three different pools of AMPK have
been proposed: oxidized (inactive), reduced (activatable), and reduced and phosphorylated
(active), and exactly which type of AMPK pools is formed could largely depends on

ROS level, Trx1 activity, energy status and AMPK upstream kinase. Interestingly, activated
AMPK could further upregulate Trx expression to drive a feed-forward mechanism to amply
AMPK activity for maintaining the redox homeostasis. As a result, down-regulation of
TRX1 upon high-fat diet consumption is associated with elevated AMPK oxidation and
inactivation, leading to enhanced cardiomyocyte death and heart failure during myocardial
ischemia [163], highlighting the physiological relevance of TRX1 in regulating AMPK
activation.

Collectively, these studies suggest that ROS or oxidative stress has a complicated role in
regulating AMPK activity, but exactly which role it plays may be influenced by various
cellular contexts, different dosage and/or nature of oxidative stresses as well as diverse
nutrition and energy conditions.

THE BIOLOGICAL ROLE OF AMPK IN DIFFERENT ORGANELLES
Mitochondrial functions regulated by AMPK

AMPK not only serves as a guardian for cellular energy balance, but also maintains
mitochondrial homeostasis by orchestrating mitochondrial biogenesis. AMPK stimulates
mitochondrial biogenesis for ATP generation that fulfill the energy demand of cells

in response to metabolic stress. This is achieved by AMK-mediated transcriptional
regulation of numerous mitochondrial proteins. AMPK directly phosphorylates PGCla
(peroxisome-proliferator-activated receptor gamma coactivator 1a.) on T177 and S538,
leading to promoting PGC1la transcription activation to induce the expression of TFAM
(Mitochondrial transcription factor A) [75]. TFAM then boosts mitochondrial biogenesis
by promoting mtDNA replication and transcriptional regulation of mitochondrial biogenesis
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[75]. AMPK also phosphorylates chromatin remodeling proteins including methyltransferase
1 (DNMT1) and histone acetyltransferase 1 (HAT1) to promote mitochondrial biogenesis
[164].

Mitochondrial dynamic including mitochondrial fission and fusion plays an important role
in the maintenance of mitochondrial homeostasis in response to environmental insults. Upon
energy stress, AMPK localizes to mitochondria and phosphorylates mitochondrial fission
factor MFF on S146 that recruits dynamin-related Protein 1 (DRP1) to outer membrane of
mitochondria, leading to mitochondrial fission [21, 22, 165]. AMPK also phosphorylates
armadillo repeat-containing protein 10 (ARMC10) to orchestrate mitochondrial fission
[166].

Mitophagy is a conserved biological process that degrades excessive, aged or damaged
mitochondria to maintain the balance of mitochondrial mass and healthy mitochondria upon
energy crisis. Acute energy depletion results in activation of AMPK, which phosphorylates
ULK1 to induce mitophagy [23, 82, 167]. AMPK also phosphorylates several core
autophagy/mitophagy components such as PAQR3 on T32 [168], ATG9 on S761 [169],
Beclinl on S91 and S94 [170], VPS34-associated protein RACK1 on T50 [171] and VPS34
on T133 and S135 [172] to regulate autophagy/mitophagy upon metabolic stress.

In addition, AMPK could phosphorylate mitochondrial MCU (Ca?* uniporter) to elicit a
rapid mitochondrial Ca2* entry upon energy stress, which in turn boosts mitochondrial
respiration to restore energy homeostasis [173]. AMPK also localizes in mitochondrial
matrix to phosphorylate PDHA, catalytic subunit of pyruvate dehydrogenase complex
(PDHCc), on S295 and S314, leading to PDHc activation and TCA cycle entry [15].
Collectively, AMPK localized in different sub-fraction of mitochondria from outer
membrane, inner membrane to matrix to regulate mitochondrial functions in response to
metabolic stress or nutrition deprivation.

AMPK signaling at Golgi, ER, lysosome and nucleus

Interestingly, AMPK also regulates Golgi fragmentation in addition to mitochondrial
fission/fusion. Upon energy stress, AMPK phosphorylates GBF1 on T1337, which is
required for disassembly of Golgi apparatus and subsequent mitosis entry [174, 175].
Mechanistically, phosphorylation of GBF1, a guanine nucleotide exchange factor (GEF) for
ADP-ribosylation factor (ARF)-GTPases, by AMPK induces GBF1 dissociation from Golgi
membrane, thus leading to impaired ARF1 recruitment to Golgi and Golgi fragmentation
[174]. Moreover, AMPKa.2, activated and phosphorylated by CaMKK2 at G2/M phase,
localizes in Golgi to facilitate mitotic Golgi fragmentation and G2/M transition [176].

Lysosomes generated from the endosomes containing hydrolytic acid from Golgi apparatus
provide the platform for AMPK activation via an AMP/ADP-independent mechanism upon
acute glucose deprivation [65]. The assembly of active lysosome complexes containing
v-ATPase, Ragulator, AXIN, LKB1 and AMPK is essential for AMPK activation, and

such process requires aldolase [65]. However, how AMPK is recruited to lysosome for

its activation is not well understood. It would be interesting to identify the regulators that
recruit and/or maintain AMPK in lysosomes.
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Additionally, the ER protein, STIM2, has been identified as a new partner of AMPK.
Through sensing the enhancement of intracellular calcium level, STIM2 facilitates the
association of AMPK with CaMMK2, thus promoting the activation of AMPK [177].
Interestingly, as a scaffold, STIM2 specifically modulates calcium induced AMPK activation
through CaMMKZ2, but fails to impact on LKB1 mediated AMPK activation in response

to energy stress [177]. This evidence provides the novel insight into how AMPK signal is
orchestrated on ER.

Nuclear localization of AMPK is indispensable for its role in transcription regulation.

Both AMPKal and AMPKa2 contain nuclear localization signal (NLS) in N-terminal

of catalytic domain and nuclear export signal (NES) in C-terminal regulatory domain,
ensuring its shuttling between nucleus and cytoplasm [178-180]. AMPK translocates

into nucleus and turns on PPARa transcription, contributing to leptin-induced fatty acid
oxidation during myogenic differentiation [179]. Moreover, AMPK nuclear translocation is
required for the transcription of PGC-1a during myogenesis [181]. Interestingly, nuclear
AMPK orchestrates circadian clock by phosphorylating and destabilizing CRY1 (circadian
component cryptochrome circadian regulator 1) [182].

Collectively, subcellular localization of AMPK in Golgi, lysosome, ER and nucleus
regulates mitosis, AMPK activation and gene transcription.

PHYSIOLOGICAL FUNCTIONS OF AMPK SUBUNITS IN VIVO

Several evidence reveals the physiological functions of AMPK subunits including glucose
metabolism, lipid metabolism, insulin sensitivity, glycogen metabolism and mitochondrial
biogenesis using genetically engineered mouse models (GEMMs).

Ampka 2" but not Ampka 1™~ mice display resistance to hypoglycemic effects by AICAR,
suggesting that AMPKa.2 complexes mainly contribute to AMPK activation upon AICAR
stimulation [183, 184]. AmpkaZ deficient mice also cause mild insulin resistance and
impaired glucose tolerance correlated with defect of insulin secretion, whereas Ampka 1
deficient mice exhibit no obvious metabolic phenotypes [183, 184]. Interestingly, AmpkaZ2
deficient mice show rapid and severe ischemia contracture in heart, indicating that loss of
Ampka 2 deteriorates heart functions during ischemia [185, 186].

Liver-specific deletion of AmpkaZ2in mice results in mild hepatic hyperglycemia and
maintains blood glucose in the physiological range under fasting [187]. Additionally,
simultaneous deletion of Ampka1and AmpkaZ2in mouse liver reduces mitochondrial
biogenesis via downregulation of PGC-1a., cytochrome ¢ oxidase | (COX 1), COX IV and
cytochrome ¢ genes [188].

Muscle-specific deletion of AmpkB1 in mice do not show detectable phenotypes, but
muscle-specific deletion of AmpkB2in mice modestly reduces mitochondrial content and
contraction-stimulated glucose uptake [189]. Notably, simultaneous deletion of Ampkp1
and AmpkpB2in mouse muscle dramatically reduces mitochondrial content and contraction-
stimulated glucose uptake without affecting normal insulin sensitivity [189]. Moreover, both
muscle-specific deletion of Ampky3mice and transgenic mice overexpressing a kinase dead
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Ampka2 mutant (Ampka2-KD) do not change glycogen resynthesis after exercise [190,
191], but muscle glycogen content in skeletal muscle in transgenic mice overexpressing
Ampky2 R225Q mutant is increased upon high exercise training [192]. Collectively,
tissue-specific deletion of Ampka2or AmpkB2 mice show modest phenotypes due to the
functional compensation by AMPKal or AMPK2 subunit. Hence, deletion of AmpkalaZ2
or AmpkB162in mice show significant phenotypes including hyperglycemia and decreased
glucose uptake and mitochondrial biogenesis [189].

AMPK activation in adipocytes leads to inhibition of lipogenesis and an increase in fatty
acid oxidation [193]. Consistently, Ampka 2~ mice exhibit increased body weight and
adipose tissue mass upon high fat diet treatment, indicating that loss of AMPKa.2 subunit
may contribute to the development of obesity [194]. In muscle cells, AMPK activation by
AICAR stimulates glucose uptake and glycogen storage [195]. This observation is consistent
with impaired glucose tolerance in mice with muscle-specific deletion of Ampka2[183,
184] and impaired glycogen storage in mice with muscle-specific deletion of Ampky3
[190].

THE ROLE OF AMPK IN CANCER

AMPK as a tumor suppressor

mTORC1 signaling, which governs protein synthesis, cell proliferation and growth, is
directly inhibited by AMPK through phosphorylation of TSC2 and RAPTOR [89, 93]. Thus,
AMPK is initially thought as a tumor suppressor because of its function in suppressing
oncogenic mTORCL1 signaling (Fig. 4). Subsequently, AMPK activation could also restrain
prostate cancer cell growth partly by repressing de novo lipogenesis [196]. AMPK has

been shown to cooperate with Hippo tumor suppressive signal to induce phosphorylation
and inactivation of oncogenic YAP upon glucose deprivation [197]. Importantly, AMPK
also phosphorylates and destabilizes GLI1, the core transcriptional factor controlling cell
proliferation and differentiation involved in Hedgehog pathway, thus antagonizing its
oncogenic activity in medulloblastoma [198]. Phosphorylation of BRAF on S729 by AMPK
switches its binding partner from KSR1 scaffolding protein to 14-3-3 proteins, leading

to the impairment of cell proliferation and cell cycle progression by compromising MEK-
ERK cascades [199]. AMPK also induces cell cycle arrest by activating various tumor
suppressors, such as p27, p53 and retinoblastoma protein (pRb) [98, 200, 201]. Consistently,
LKB1, a well-known upstream kinase for AMPK activation, has been shown to exert tumor
suppressive activity, whose loss or inactivation has been observed in diverse human cancers
[202-204].

Interestingly, AMPK also orchestrates epigenetic reprogramming to exert its tumor
suppressive signal. AMPK has been reported to phosphorylate EZH2 on T311, which
disrupts the interaction between EZH2 and SUZ12, leading to the impairment of PRC2-
dependent methylation on histone H3 K27 [205]. Notably, AMPK-mediated phosphorylation
of EZH2 suppresses PRC2 oncogenic function and correlates with better survival outcome
in breast and ovarian cancer patients [205]. AMPK also impacts on DNA methylation
through phosphorylating and activating tumor suppressor TET2 on S99 [206], which serves
as a methyl-cytosine dioxygenase to convert methyl-cytosine to 5-hydroxymethylcytosine
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(5hmC), thus preventing dysregulation of 5hmc and neoplasms. Intriguingly, metformin-
mediated AMPK activation triggers checkpoint blocker PD-L1 phosphorylation on S195,
resulting in PD-L1 degradation via endoplasmic reticulum-associated protein degradation
(ERAD) and promotes antitumor immunity [207].

Numerous studies using genetic mouse model has supported the role of AMPK as a
tumor suppressor. First, AmpkpB1 depletion in prostate promotes earlier onset of prostate
adenocarcinoma in conditional Pfen knockout mice [196], indicative of the tumor suppressor
function of AMPK1 in restricting prostate cancer development. Second, MAGE-A3/6-
TRIM28, a cancer-specific ubiquitin ligase, has been demonstrated to drive AMPK
ubiquitination and degradation, leading to promoting mTOR signaling and malignant
transformation in lung, breast and colon tissues [131]. Third, UBE20 amplified in several
human cancer targets AMPKa2 for ubiquitination and degradation, in turn promoting
tumor initiation and progression [134]. Fourth, loss of Ampka 1 accelerates MY C-driven
lymphomagenesis by inducing HIF-1a dependent aerobic glycolysis [208, 209] Fifth,

in T cell acute lymphoblastic leukemia/lymphoma (T-ALL) mouse model induced by
Pren deficiency in thymic T cell progenitor, Ampka1 loss in T-ALL promotes leukemia/
lymphoma development [210]. Finally, Ampkp1 depletion promotes earlier onset of T-
cell lymphoma upon p53 knockout [211]. Collectively, these studies provide the proof

of principle evidence that AMPK could act as a tumor suppressor to restrict cancer
development at least in certain contexts.

AMPK as an oncogene

Although above studies suggest the tumor suppressive role of AMPK in certain contexts,
accumulated studies have uncovered the oncogenic role of AMPK in cancer promotion

in other contexts (Fig. 4). Several mechanisms have been documented to account for the
oncogenic activity of AMPK. First, AMPK maintains NADPH homeostasis to promote
cancer cell survival and breast cancer progression by phosphorylating and inactivating
ACC1/2 [212]. Second, AMPK is also involved in EGF (epidermal growth factor)/AKT
signaling, which is deregulated during malignant transformation and cancer metastasis.
AMPK promotes SKP2 phosphorylation on S256 in response to EGF stimulation, resulting
in the ubiquitination and activation of AKT as well as subsequent oncogenic processes
[67]. Remarkably, elevated AMPK T172 phosphorylation, SKP2 S256 phosphorylation
and AKT S473 phosphorylation have been detected in advanced breast cancer and
significantly correlates with poor disease-specific and metastasis-free survival, highlighting
the clinical significance of AMPK-SKP2-AKT axis in breast cancer progression [67].
Third, phosphorylation of PDHA by AMPK critically maintains PDHc activation and

TCA cycle, leading to promoting breast cancer metastasis. Importantly, activation of AMPK-
PDHc cascade predicts poor metastasis-free survival in human breast cancer [15]. Fourth,
inhibition of aerobic glycolysis and promotion of mitochondrial oxidative metabolism by
AMPK mitigate metabolic stress and apoptosis in T-ALL, resulting in promoting T-ALL
cell survival [213]. Finally, AMPK in the bone marrow endows the cellular resistance to
oxidative stress and DNA damage upon metabolic stress [214].
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Two studies using genetic mouse models further provide the evidence in support of
oncogenic role of AMPK in cancer promotion. 1) In an MLL-AF9 induced AML models,
Ampk loss depletes leukemia-initiating cells (LIC) and delays leukemogenesis [214]. 2) In
an aggressive KrasG22Pp53~~ lung cancer model, Ampk ablation markedly impairs tumor
burden, indicative of the requirement of AMPK activation for tumorigenesis [215].

Collectively, AMPK could elicit numerous oncogenic mechanisms to promote cancer
progression and metastasis, offering potential therapeutic strategies to target AMPK
pathways for cancer treatment.

Alterations of AMPK in human cancer

Copy number alterations of AMPK pathway genes through loss- or gain of function

features have been identified in diverse human cancers. These genes were retrieved

from the Kyoto encyclopedia of genes and genomes (KEGG) database. AMPKaZ2is
amplified in 17 cancer types including stomach and esophageal carcinoma (STES), stomach
adenocarcinoma (STAD), sarcoma (SARC), head and neck squamous cell carcinoma
(HNSC), esophageal carcinoma (ESCA), cervical squamous cell carcinoma, endocervical
adenocarcinoma (CESC), pancreatic adenocarcinoma (PAAD), colon adenocarcinoma
(COAD), kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), pan-kidney
cohort (KIPAN), kidney renal clear cell carcinoma (KIRC), glioblastoma multiforme
(GBM), bladder urothelial carcinoma (BLCA) and breast invasive carcinoma (BRCA) [216].
Of note, whole genome sequencing to examine human cancer somatic alterations reveals that
AMPK inactivation was detected in lung adenocarcinoma due to LKBI loss or inactivation
mutations, correlated with higher mTOR activity [217]. It will be interesting to know
whether there are somatic alterations in other AMPK subunit genes in human cancer.

Targeting AMPK signaling by small molecules in cancers

Therapeutic targeting AMPK has been widely applied in the treatment of multiple metabolic
disorders including diabetes. Since AMPK has been shown to display tumor suppressive
roles in certain contexts, several small molecules that trigger AMPK activation has been
tested in preclinical models for cancer targeting. For example, the clinical proven diabetic
medication, canagliflozin activates AMPK and inhibits cell proliferation, survival and
tumorigenicity of prostate and lung cancer cells [30]. Salicylate allosterically activates
AMPK and compromises clonogenic survival in prostate and lung cancer cells. Notably,
combined treatment of salicylate and metformin induces synergistically inhibition of cell
survival through restricting de novo lipogenesis [218]. MT 63-78, a small molecule of
AMPK activator, suppresses lipogenesis, mMTORC1 pathway and tumorigenicity potential

of prostate cancer cells [219]. Also, Phenformin, a metabolic drug activating AMPK,
restricts tumor progression and enhances mouse overall survival in KrasG12P1 kb1~~, but
not KrasG12Pp53~~ mice, suggesting that Phenformin can be used for a metabolism-based
therapy in selectively targeting LKB1-deficeint NSCLC [220]. Of note, activation of AMPK
by metformin has been shown to enhance antitumor immunity in combination with CTLA4
blockade to enhance the efficacy of immunotherapy [207].

Semin Cancer Biol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsu et al.

Page 20

In addition to target AMPK itself, a specific ACC inhibitor, ND-654, or maintenance

of ACC phosphorylation by AMPK suppresses hepatic lipogenesis, inflammation and
hepatocellular carcinoma [221]. Hence, AMPK activation results in the inhibition of cell
proliferation in part due to the disruption of de novo fatty acid synthesis which fuels cell
cycle progression [222].

Given that AMPK activation also protects keratinocytes from hyperproliferation via
phosphorylation and inactivation of BRAF, pharmacological treatment using AMPK
agonists such as Phenformin represents a promising strategy to overcome BRAF inhibitor-
induced cutaneous squamous cell carcinoma (cSCC) [199]. Moreover, oral administration of
phenformin, but not metformin, slows T-ALL progression in an AMPK dependent manner
[210]. Taken together, multiple AMPK agonists display anti-tumor properties in preclinical
models, although it remains to be determined whether AMPK activation indeed contributes
to tumor suppression from these agents.

Because AMPK also displays tumor promoting activity in certain tumor contexts such as
breast cancer and lung cancer, therapeutic strategies against AMPK can be also considered.
Although compound C has been known to be as an AMPK inhibitor, it is highly toxic and
displays numerous off-target effects [223-225], prohibiting it from being used for /n vivo
study. Thus, there is a great need to develop specific small molecule inhibitors of AMPK
and then verify their efficacy in cancer targeting, ultimately offering novel and effective
strategies to target those cancer driven by AMPK activation.

In summary, both AMPK agonists and inhibitors can be potentially used alone or in
combination with other therapeutic strategies for cancer prevention or treatment under
different tumor contexts that impacts the functional role of AMPK in acting as tumor
suppression or tumor promotion.

CONCLUSION AND PERSPECTIVE

AMPK activation is regulated by diverse physiological and pathological conditions such

as metabolic stress, caloric restriction, exercise, ageing and obesity. It regulates cell

cycle progression, metabolism and mitochondria biology, and epigenetic reprogramming

to maintain energy homeostasis and cell survival in response to diverse stresses. AMPK
activity and stability can be regulated by diverse post-translational modifications such as
phosphorylation and ubiquitination. Through extensive studies in the past decades, AMPK
has been shown to act as a double edge sword that elicits either tumor suppressive activity
or tumor promoting role, which may be influenced by distinct cellular contexts, offering
potential strategies to target cancer by manipulating AMPK activation and inactivation.
Several outstanding questions remain to be addressed. First, it will be important in the future
to dissect the mechanisms by which distinct cellular contexts impact the role of AMPK in
cancer regulation. Second, since AMPK activation could promote breast cancer progression
and metastasis, it will be important to develop specific AMPK inhibitors for targeting

those cancers driven by AMPK activation. Third, since AMPK is activated and localized in
diverse organelles including lysosome and mitochondria with unknown mechanisms, it will
be important to dissect the mechanisms by which AMPK localization to distinct subcellular
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compartments are regulated. Finally, AMPK activity is regulated by SUMOylation through
unknown mechanisms, thereby dissecting the mechanisms underlying this regulation will be
critical to advance our current understanding of AMPK regulation. Understanding these key
questions will not only provide new insights into AMPK signaling regulation, but also offer
new paradigms and strategies for cancer targeting as well as other diseases associated with
AMPK deregulation.
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Fig.1. Functional domain of AMPK subunits.
Kinase domain (KD) of AMPKa subunits contains N-lobe and C-lobe and threonine 172
(T172) for phosphorylation by upstream kinases at C-lobe, followed by autoinhibitory
domain (AID), aregulatory subunit-interacting motif (a-R1M) in linker peptides (a-linker)
and a-subunit carboxy-terminal domain (a-CTD) which binds to b subunits. The functional
domains of B-subunits include carbohydrate-binding module (B-CBM), binding to glycogen,
and B-subunit C-terminal domain (B-CTD) which interacts with both a.-subunits and the
y-subunits. Four tandem repeats of CBS motifs (CBS1, CBS2, CBS3 and CBS4) and two

CBS repeats form a Batedomain in AMPK-y subunits are in charge of binding to adenine
nucleotides (AMP, ADP or ATP) except for CBS2 motif.
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Fig. 2. Physiological role modulated by downstream substrates of AMPK.
Protein synthesis, autophagy/mitophagy, lipid metabolism, glucose metabolism and

transcriptional regulation are modulated by AMPK via phosphorylating its downstream
substrates.
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Regulation of AMPKa gene transcription and post-transcription
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Fig. 3. Regulation of AMPK by transcription, protein stability and post-translational
modifications.

AID, autoinhibitory domain; CTD, C terminus domain; NTD, N terminus domain; CBM,
carbohydrate-binding module; CBS, cystathionineb-synthase repeats; RIM, regulatory-
subunit-interacting motif; ST-loop, serine/threonine-enriched loop

Semin Cancer Biol. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hsu et al.

Page 39

I Activation site
Py e PP $722, 5792 o
(D ubiquitination RATOR AEBP

mTOR o — TSC2 —> ~—3 cell proliferation

$6 kinase
s61
~—3 colon and liver cancer (cancer patients)
0 5102, S408, T1074

/ ‘lﬂ —> medulloblastoma (xenograft mouse model)
$792
R r———

squ cell carci a

cutal q
‘ % MEK-ERK 3 (o) x4720-treated mouse model)
1311
ovarlan and breast cancer

Targeting by v (xenograft mouse model and cancer patients)

b “’:""‘“‘ o 599 Tumor suppressive
Metformin " " .

Phenformin “ ' - g = function
A769662 MYC-induced lymphomagenesis

Warburg effect _)(Ep-MYC geni del)

$195  antitumor immunity in breast cancer
gy, (syngeneic mouse model and cancer patients)

ia (T-ALL) (T-ALL mouse model with
Pten or p53 loss)

prostate and breast cancer
(xenograft tumor model,
MMTV-PyVT mice, TRAMP mice and
cancer patients)
lung, breast and colon cancer

1 {anchorage-independent growth)

T cell acute lymphoblastic leuk:

UBEO20 —

., 5256

3 AKT 3 breast cancer

{xenograft mouse model and cancer patients)
oy 5295, 5314
‘ > TCA cycle T ; breast cancer metastasis

( graft mouse model and cancer patients)
0 §79, 5219
T N ?nlst ar:t‘! lung tumor formation

. 1 | ACCI/ACC2  ——| NADPH . del) Oncogenic
function
T Aerobic glycolysis T cell acute lymphoblastic
> leukemia (T-ALL mouse
Targeting by Mitochondrial oxidative metabolism model)
AMPK inhibitor
Compound C

myeloid leukemias

Leukemia initiating cells T — (AML mouse model)

Kras®?® dependent lung cancer (Kras®**?; p537 lung cancer model)

Fig. 4. Tumor suppressive and oncogenic role of AMPK regulated by various signaling cascades.
Phosphorylation of several downstream substrates by AMPK and ubiquitination or

phosphorylation of AMPK by upstream enzymes contributes to inhibition or promotion
of cancer progression.
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