
©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

Cancer Biology & Therapy 15:2, 156–169; February 2014; © 2014 Landes Bioscience

 Review

156	 Cancer Biology & Therapy	V olume 15 Issue 2

Introduction

The ability of living organisms to maintain normal function 
and longevity is intricately linked with their ability to adapt to 
the physiological challenges that arise in a continuously changing 
environment. Genomic stress in the form of ionizing radiation, 
chemical carcinogens, infections, or metabolism-generated 
reactive oxygen species (ROS),1 leads to accumulation of DNA 
aberrations, and this is opposed by molecular stress response 
pathways. To evade metabolic stress cells rapidly suppress 
anabolic processes, stall cell cycle progression, and promote 
efficient energy production.

AMP-activated protein kinase (AMPK) protects cells 
against physiological and pathological stress, including nutrient 
withdrawal, hypoxia, exercise, and heat shock by responding to 
reductions in the ATP:AMP/ADP ratio. Upon activation AMPK 
switches on metabolism to generate ATP, while systematically 
blocking energy expenditure.2 Consistent with this role, AMPK 
mediates cell cycle checkpoints, inhibits pro-survival growth 
pathways, and modulates mitotic progression, all of which 
allows damage repair or cellular death if cells sustain irreparable 
damage.3 Overall, these events are essential to maintain genomic 
stability and defend against carcinogenesis.4
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AMP-activated protein kinase (AMPK), an established 
metabolic stress sensor, has gained popularity in cancer 
biology due to its ability to control cellular growth and mediate 
cell cycle checkpoints in cancer cells in response to low energy 
levels. AMPK is a key effector of the tumor suppressor liver 
kinase B 1 (LKB1) that inhibits the cellular growth mediator 
mammalian target of rapamycin (mTOR) and activates 
checkpoint mediators such as p53 and the cyclin-dependent 
kinase inhibitors p21cip1 and p27kip1. However, recent work 
describes a novel function for AMPK as a sensor of genomic 
stress and a participant of the DNA damage response (DDR) 
pathway. Ionizing radiation and chemotherapy activate AMPK 
in cancer cells to mediate signal transduction downstream 
of ataxia telangiectasia mutated (ATM) to activate p53- 
p21cip1/p27kip1 and inhibit mTOR. We discuss evidence on the 
transcriptional and posttranslational regulation of AMPK by 
ionizing radiation and the role of the enzyme as a mediator 
of chemo- and radiation-sensitivity in epithelial cancer 
cells. Furthermore, we review data on the participation of 
AMPK in cytokinesis and observations suggesting a physical 
association of this enzyme with the mitotic apparatus. The 
evidence available to date suggests that AMPK is a point of 
convergence of metabolic and genomic stress signals, which 
(1) control the activity of growth mediators, (2) propagate 

DDR, and (3) mediate the anti-proliferative effects of common 
cytotoxic cancer therapy such as radiation and chemotherapy. 
This highlights the importance of targeting AMPK with novel 
cancer therapeutics.
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AMPK: Structure and Regulation

AMPK is a serine/threonine protein kinase that is highly 
conserved across most eukaryotic organisms. It is a heterotrimeric 
complex and in mammals there are seven subunit isoforms of 
AMPK encoded by separate genes (PRKAA1–2, PRKAB1–2, 
and PRKAG1–3), including two α-subunits (α1–2), two β (β1–
2), and three γ subunits (γ1–3) respectively. Theoretically this 
allows up to 12 heterotrimeric AMPKαβγ combinations.5

The α-subunit of AMPK has catalytic activity and is 
comprised of a kinase domain at the N-terminus, preceded by 
a regulatory domain that contains an auto-inhibitory sequence, 
and a subunit interacting domain that binds to the β-subunit.6 
Phosphorylation of AMPK on its conserved αThr172 residue in 
the activation loop is necessary for full enzyme activity. Under 
conditions of metabolic stress the tumor suppressor liver kinase 
B 1 (LKB1) (also known as serine/threonine kinase 11: STK11) 
is the main AMPKα Thr-172 kinase, which enhances AMPK 
activity by >100-fold.6 LKB1 phosphorylates a family of 12 other 
AMPK-related kinases, but AMPKα1/2 are the only substrates of 
this family that respond to low energy conditions.7 However, in 
the hypothalamus, neurons, and T lymphocytes, AMPK is also 
regulated by calcium (Ca2+) signals and calmodulin-dependent 
protein kinase (CaMKK).8 Under these conditions, CaMKKβ 
appears to be the principal kinase that phosphorylates AMPKα 
on Thr172.8,9

The β subunits of AMPK act as a scaffold to bind α 
and γ-subunits to form a functional AMPK heterotrimeric 
complex.10,11 In addition, there is growing appreciation for 
their importance in regulating enzyme activity effects, that are 
mediated through a carbohydrate binding module (CBM) and 
myristolation sites. The latter aids in membrane localization,12 
believed to facilitate activation of the enzyme through Thr172 
phosphorylation. Ser108, within the CBM of the β1 subunit, 
aids in the allosteric activation and inhibition of Thr172 
dephosphorylation in response to the direct activators A-76966213 
and salicylate.14 Interestingly, this residue is not conserved in 
the β2 subunit, which is the predominant isoform expressed in 
skeletal muscle.15

The γ-subunit of AMPK contains four tandem cystathionine 
β synthase (CBS) repeats, which were initially defined by 
Bateman (1997) who observed that these repeats occur as two 
pairs of domains, now acknowledged as Bateman domains.16 
They are congregated in a pseudosymmetrical fashion, exposing 
four clefts for ATP, ADP, and AMP binding. These clefts are 
characterized as sites 1–4 based on the number of the cleft 
harboring an aspartate residue associated with adenine nucleotide 
binding.17 Interestingly, three of these sites on AMPKγ bind 
adenine nucleotides, while one site (site 2) is always unoccupied. 
Furthermore, site 4 of AMPKγ associates with AMP very tightly, 
and does not exchange with ATP or ADP.17 Nucleotide binding 
to AMPKγ regulates the enzymes activity. During energy stress, 
increased ADP or AMP levels (compared with ATP) acts as a 
cellular read-out of energy depletion. ADP or AMP bindings 
increases AMPK activity through a conformational change 
that promotes α-subunit Thr172 phosphorylation, as well as 

inhibition of Thr172 de-phosphorylation by phosphatases.18 
AMP, but not ADP, is shown to support allosteric activation of 
AMPK that has already been phosphorylated on its α-Thr172 
residue by upstream kinases.19

Role of AMPK in the metabolic stress response and growth
Once active, AMPK directly phosphorylates a number of 

downstream substrates that acutely affect energy metabolism and 
growth, or induces gene expression that will lead to prolonged 
alterations in metabolic programming (Fig.  1).3 AMPK was 
initially described as a kinase that directly phosphorylated and 
inhibited acetyl CoA carboxylase (ACC) and 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMG-CoA), which are the 
rate limiting enzymes for fatty-acid and sterol synthesis.20 The 
suppression of this pathway allows for enhanced activation of 
carnitine palmitoyltransferase I (CPT-1), a mitochondrial enzyme 
that permits long-chain fatty acids to enter the mitochondrial 
matrix for β oxidization and generation of ATP.21

Protein synthesis and cell proliferation are significant 
contributors to cellular energy expenditure. In an effort to 
conserve energy under metabolic stress AMPK inhibits protein 
translation and cellular growth through inhibition of the 
mammalian target of rapamycin (mTOR) which stimulates cell 
growth, proliferation, protein synthesis, and has been implicated 
in malignant transformation and cancer.4 mTOR is member 
of the phosphatidylinositol 3-kinase related kinase (PIKK) 
superfamily, a family of enzymes that respond to metabolic and 
genotoxic stresses and execute adaptive mechanisms to sustain cell 
survival.22 mTOR is a catalytic subunit of two distinctly different 
protein complexes, known as mTORC1 and mTORC2.23 
mTORC1 is comprised of mTOR, the regulatory associated 
protein of mTOR (raptor), and mLST8, and is sensitive to 
inhibition by the immunosuppressor drug rapamycin. mTORC1 
phosphorylates p70-S6 kinase (p70S6K) and eukaryotic initiation 
factor 4E (eIF4E) binding protein 1 (4EBP1) to initiate protein 
translation.23 Conversely, mTORC2 exists as a protein complex 
consisting of mTOR, rapamycin-insensitive companion of 
mTOR (rictor), as well as mSIN1, and can phosphorylate protein 
kinases involved in cellular growth including Akt and protein 
kinase C (PKC).24 Jointly, mTORC1 and mTORC2 control cell 
size, proliferation, and cell cycle progression in mammals.22

AMPK inhibits mTORC1 activation to conserve energy 
through multiple mechanisms. AMPK inhibits mTOR through 
phosphorylation of the tuberous sclerosis complex (TSC) 
(TSC1:TSC2). TSC1:TSC2 have GTPase activity toward 
the small G-protein Rheb, which activates mTORC1 when at 
its GTP-bound state. AMPK triggers TSC2 activity via direct 
phosphorylation on its Thr1227 and Ser1345 residues, which 
in turn inactivates Rheb by converting it to a GDP-bound 
confirmation.23 An alternative approach for AMPK to suppress 
mTORC1 is through phosphorylation and inhibition of the 
mTOR binding partner raptor, which prevents mTOR from 
phosphorylating downstream targets.25

AMPK also regulates a wide range of transcription factors, their 
co-activators, and histones to regulate gene expression and nuclear 
events leading to metabolic reprogramming and cell survival. It 
phosphorylates forkhead box 03a (FOXO3a), a transcription 
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factor that plays a role in stress resistance, glucose metabolism, 
and apoptosis.26 To modulate lipid metabolism, AMPK inhibits 
the activity of sterol regulatory element binding protein-1c 
(SREBP-1c) transcription factor via Ser374 phosphorylation.27 
Further, AMPK directly phosphorylates peroxisome proliferator-
activated receptor gamma (PPAR-γ) coactivator-1-α (PGC-1α), 
a transcriptional co-activator that regulates numerous metabolic 
genes and mitochondrial biogenesis.28

AMPK is suggested to directly phosphorylate p53 on Ser15, 
a step that stabilizes the molecule,29 but alternative mechanisms 
of p53 stabilization by AMPK have also been described. Lee 
et al.,30 has suggested that AMPK mediates p53 stability through 
inhibition of its deacetylation by SIRT1, a NAD-dependent 
protein deacetylase that is involved in gene silencing and the 
homolog to the yeast Sir2 protein. Further, AMPK was also shown 
to phosphorylate the cyclin-dependent kinase inhibitor (CDKI) 
p27kip1 on Thr198 to sequester it in the cytoplasm and promote 
survival in response to nutrient or growth-factor withdrawal.31 
Additionally, Bungard et al.32 (2010) showed that AMPK provokes 
transcriptional regulation of genes in response to bioenergetic 
strain through direct phosphorylation of histone H2B on Ser36. 
Taken together, AMPK, in an attempt to attenuate stress and 

modulate cell survival, targets 
multiple signaling pathways 
by acute phosphorylation or 
transcriptional control (as 
depicted in Fig. 1).

AMPK and cancer 
metabolism

A key hallmark of cancer is 
altered carbohydrate metabolism 
that involves aerobic glycolysis 
(enhanced glycolysis and reduced 
oxidative phosphorylation 
(OXPHOS) despite oxygen 
availability), a phenomenon 
first described in the 1920s by 
Otto Warburg (the Warburg 
effect).33 Warburg believed that 
this shift in glucose metabolism 
from OXPHOS to glycolysis 
was attributed to dysfunctional 
mitochondria within the 
cancer cells. While now it is 
widely accepted that tumor 
cells have normal functioning 
mitochondria,34,35 a potential 
explanation for the preferential 
use of glycolysis to obtain 
energy in cancer cells is that 
the rate of energy turn-over 
operates significantly faster than 
OXPHOS, although the energetic 
yield per molecule of glucose 
is less.36 In addition, glycolysis 
provides cancer cells with the 

glycolytic substrates (nucleotides, amino acids, and fatty acids) 
required for continued macromolecule biosynthesis that are 
necessary for cell division and growth.37

AMPK has been shown to oppose metabolic reprogramming 
that contributes to the Warburg phenotype observed in cancer 
cells.38 Aside from suppression of anabolic signals, AMPK also 
engages signaling pathways to re-establish the metabolism of 
glucose through OXPHOS.39 Importantly, AMPK inhibition 
promotes a metabolic shift toward the Warburg effect in both 
non-transformed and malignant cells,40 indicating that this 
enzyme is a negative regulator of glycolysis and suppressor of 
tumor development through regulation of metabolic pathways 
that support uncontrolled proliferation.

Role of AMPK in Genomic Stress Responses

Recently, AMPK was shown to participate in signaling events 
that respond to genomic stress and modulate cell survival. In 
response to UV radiation, AMPK was shown to associate with 
the promoter sequence of p21cip1 to increase cell survival.32 In 
addition, AMPK-dependent repression of p73α transcription was 
suggested to promote cell survival in response to DNA damage 

Figure 1. Control of growth and metabolic pathways by AMPK. Phosphorylation and activation of AMPK on 
α-Thr172 is regulated by the upstream kinases LKB1 and CaMKK. In turn, AMPK directly phosphorylates mul-
tiple downstream targets to balance cell growth with energy supply. Substrates that regulate proliferation 
and metabolism and are well-established to be phosphorylated directly by AMPK are shown. Abbreviations: 
LKB1, liver-kinase B1; CaMKK, calmodulin-dependent protein kinase kinase; AMPK, AMP-activated protein 
kinase; TSC2, tuberous sclerosis protein 2; HMGCoA, 3-hydroxy-3-methyl-glutaryl-CoA reductase; ACC1/2, 
acetyl CoA carboxylase 1/2; FOXO3, forkhead box O3; PGC1α, proliferator-activated receptor gamma coacti-
vator 1-α; SREBP-1c, sterol regulatory element-binding protein-1c; and H2B, histone H2B.
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caused by cisplatin exposure.41 
In this context AMPK would 
be suggested to facilitate cell 
survival after genotoxic stress. 
However, AMPK has also been 
found to induce mitochondrial 
p53 accumulation, which 
subsequently sensitized cells to 
Bak-induced apoptosis in Myc-
driven tumors.42 Our work 
with epithelial cancer models, 
discussed below, suggests that 
AMPK is an effector of ataxia 
telangiectasia mutated (ATM), 
a key DNA damage sensor that 
regulates cell cycle and cellular 
sensitivity to genotoxic agents.

ATM as a mediator of the 
DNA damage response (DDR)

The DDR pathway senses a 
variety of lesions in the physical 
structure of DNA, including 
single stand breaks or potentially 
lethal double stand breaks.43 
In eukaryotes, these DNA 
aberrations are repaired through 
non-homologous end-joining 
or homologous recombination 
repair.44 Members of the highly 
conserved DNA damage sensor 
MRN complex, including meiotic 
recombination 11 (MRE11), 
RAD50, and Nijmegen breakage 
syndrome 1 (NBS1), help recruit ATM to DSB’s and activate 
this enzyme which in turn phosphorylate NBS1 and enhances 
DDR.45 ATM is a key transducer of DSB-induced DDR. It is 
a 370 kDa protein, member of the PIKK family, which also 
includes DNA-dependent protein kinase (DNA-PK) that can 
also sense DSB, ATM and Rad3-related protein (ATR), which 
detects SSB, as well as mTOR.44 Mutation of the ATM gene gives 
rise to ataxia telangiectasia, an autosomal recessive disorder that 
appears in early childhood.43 Ataxia telangiectasia patients lack 
ATM protein expression by inheriting a missense or nonsense 
mutation in ATM, and show signs of ataxia associated with 
progressive loss of motor function. These patients also exhibit 
increased accumulation of cellular ROS, hypersensitivity to 
ionizing radiation, as well as an increased risk of developing 
cancer and type 2 diabetes.44,46

Ionizing radiation-induced double stand breaks alter chromatin 
structure and lead to activation of the p53 binding protein 53BP1,47 
which facilitates activation of ATM via autophosphorylation 
on Ser1981; leading to dissociation of inactive ATM dimmers 
(this event is depicted in Fig. 2). ATM then initiates a network 
of signaling events leading to DNA repair, cell cycle arrest, or 
survival.43 Activated ATM phosphorylates histones, such as 
H2AX (on serine 139, known as γH2Ax), which orchestrates 

recruitment of repair complexes at the location of DNA damage 
(Fig.  3).48 ATM mediates ionizing radiation—DNA damage-
induced cell cycle checkpoints through phosphorylation of 
downstream substrates. ATM phosphorylates p53 on Ser 15, 
leading to the transcriptional regulation of target genes including 
p21cip1, which mediate G

1
/S or G

2
/M phase cell cycle arrest.49 

ATM also phosphorylates check point kinase 2 (Chk2) on 
Thr68, which in turn inhibits the CDC25A or CDC25C family 
of phosphatases that are required to promote S and G

2
/M phase 

cell cycle progression via activation of cyclic-dependent kinase 2 
(CDK2) or cell division control protein 2 (CDC2) respectively.50 
At times of extensive DNA damage ATM activation leads to 
apoptosis or cellular senescence through p53 regulation,44 as 
shown in Figure  2. A recent large-scale proteomic analysis of 
ATM identified several hundred presumed ATM target-proteins 
involved in cellular functions ranging from nucleotide regulation 
to cell proliferation in response to ionizing radiation.51

While ATM is considered primarily a nuclear protein 
that responds to DNA damage, recent studies suggested that 
distinct pools of ATM are also localized in the cytoplasm 
and acts as an important regulator of oxidative stress, 
cell metabolism, and mediator of AMPK activation by 
genotoxic stress and pharmaceutical agents (see Fig.  4).46,52-54 

Figure  2. Role of ATM in the DNA damage response. ATM is rapidly phosphorylated (Ser1981) and acti-
vated by MRE11 or 53BP1 in response to radiation-induced double stranded DNA breaks. Active ATM in its 
monomeric state then initiates pathways that regulate cell cycle arrest, DNA repair, or if required apoptosis. 
Phosphorylation of H2AX on Ser139 by ATM promotes DNA repair signals which are required for survival 
following radiation, while the substrates Chk2 and p53 can arrest cell cycle progression or the latter can initi-
ate cell death. Abbreviations: ATM, ataxia telangiectasia mutated; MRE11, meiotic recombination 11; NBS1, 
Nijmegen breakage syndrome 1; 53BP1, p53 binding protein 1; CDC25A, cell division cycle 25A; CDC25C, cell 
division cycle 25C; CDK2, cyclic-dependent kinase 2; CDC2, cell division control protein 2.
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Cytoplasmic ATM also exists as an active dimmer but, in contrast 
to nuclear ATM activation by DNA damage, it does not require 
Ser1981 phosphorylation for its activation.44,55 Cytoplasmic ATM 
is sensitive to redox signals and treatment with hydrogen peroxide 
(H

2
O

2
) activates ATM leading to ATM-mediated LKB1-Thr366 

phosphorylation, an effect associated with increased AMPK 
activation,52 inhibition of mTOR, and signaling and stimulation 
of autophagy (discussed below).52 Interestingly, DNA-PK was 
recently found to interact with the γ1-subunit of AMPK under 
conditions of glucose withdrawal,56 suggesting that other members 
of the PIKK family may also regulate AMPK independently of 
genomic damage.

AMPK in Mediation Radiation Responses

Acute regulation of AMPK by IR
In line with the notion that AMPK participates in the DDR, 

we reported that in lung, prostate, and breast cancer cells, 
AMPK is rapidly phosphorylated on Thr172 and activated in 
response to clinical doses of radiation therapy.57 Phosphorylation 
of nuclear AMPKα was observed within minutes following 

treatment with radiation but over the course of an hour activated 
AMPK progressively translocated to the cytoplasm. While the 
significance of this subcellular migration is currently not known, 
we speculate that this event facilitates the cytoplasmic effects of 
AMPK on protein synthesis, metabolism, and mitochondrial 
function. Figure 3 illustrates a model of the acute regulation of 
AMPK by radiation in cancer cells.

AMPK as a Biphasic Gauge  
of Ionizing Radiation Signals

AMPK functions downstream of ATM
We have suggested that AMPK is a key effector of ATM 

signals (Figs. 3 and 4). Using chemical inhibition of ATM prior 
to ionizing radiation, with KU-55933, we observed attenuation 
of radiation-induced ATM activity and blockade of AMPK 
phosphorylation.57 We verified those observations with the 
newer and more specific ATM inhibitor KU60019,58 as well as 
molecular knockdown of ATM.58 Inhibition of ATM with either 
approach abolished radiation-induced phosphorylation of AMPK 
without affecting total AMPK levels.58 The exact mechanism 

Figure 3. A model of acute regulation of AMPK by radiation. Ionizing radiation causes DNA damage leading to increased ATM phosphorylation, which 
leads to enhanced expression of the γH2AX marker. ATM leads to phosphorylation and activation of AMPK and its translocation from the nucleus to 
the cytoplasm. Ionizing radiation leads to AMPK-dependent checkpoint, associated with expression of the cycling-depended kinase inhibitor p21cip1 
and a G2-M cell cycle arrest. Immunofluorescence microscopy images were obtained from untreated or radiated (1 h post irradiation) A549 cells, which 
were fixed and stained with Hoechst (blue), an antibody that detects phosphorylated AMPKα on its Thr172 residue (green, 1:00 dilution, Cell Signaling), 
as well as phosphorylated H2AX (γH2Ax) (red, 1:200 dilution, Cell Signaling). Abbreviations: ATM, ataxia telangiectasia mutated; AMPK, AMP-activated 
protein kinase.
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that mediates the radiation-induced phosphorylation of AMPK 
downstream of ATM is not understood. ATM does not appear to 
phosphorylate directly AMPKα-Thr172.59 While earlier studies 
suggested that LKB1 is phosphorylated by radiation-activated 
ATM and this could provide an avenue for AMPK activation,60 
our studies57,61 and those of other laboratories,53,62 demonstrate 
that LKB1 is not required for AMPK activation by radiation. 
LKB1-null A549 and H23 lung cancer cells showed a robust 
radiation activation of AMPK. Future studies need to investigate 
in depth the molecular interaction between ATM and AMPK 
phosphorylation of Thr712.

AMPK enables and stabilizes ATM signaling
In studies with mouse embryonic fibroblasts lacking 

AMPKα1/2 expression (AMPKα1/2−/−MEFs), a lack of AMPK 
was associated with enhanced total ATM levels and activity 
in untreated cells, indicated by increased nuclear γH2Ax 

foci.63 However, AMPKα1/2−/−MEFs lacked a clear ATM 
response to ionizing radiation in terms of both H2Ax and 
Chk2 phosphorylation. This indicates that AMPK has a role in 
modulating basal nuclear ATM activity potentially through a 
molecular feedback loop.

On the other hand, untreated AMPKα1/2−/−MEFs 
demonstrated upregulation of the Akt-mTOR pathway. Those 
cells exhibited enhanced, total Akt levels, Akt-Thr308 and 
-Ser473 phosphorylation, total mTOR levels, as well as enhanced 
phosphorylation of p70S6k and 4-EBP1. Further, increased 
p53 and p21cip1 levels were detected. However, AMPKα1/2−/−

MEFs lacked response of both Akt-mTOR and p53/p21cip1 to 
radiation.63 Recently, we observed a similar robust activation of 
the Akt-mTOR-p70S6k/4-EBP1 pathway in A549 lung cancer 
cells in which AMPKα1/2 was knocked down with siRNAs.58 
Those cells lacked the normal radiation-induced p21cip1 

Figure 4. Participation of AMPK in chronic molecular responses of cancer cells to chemo- and radiotherapy. Chemo- and radiation therapy elicit signal 
transduction pathways at the level of DNA damage, starting with rapid activation of ATM in the nucleus at the site of the DNA lesion. To mediate cell 
cycle arrest ATM phosphorylates AMPK, which coordinates its activity with numerous cell cycle regulators including p53, p27kip1, and p21cip1 to arrest cell 
cycle progression. Additionally, AMPK can signal to p53 and its downstream effector SESN2 to generate a positive-feedback loop of sustained activity 
under times of genotoxic stress. Following DNA damage AMPK activity becomes redistributed to the cytoplasm whereby can modulate the radio-/
chemo-sensitivity of cancer cells by inhibiting pathways of survival, including the Akt-mTOR signaling cascade. Abbreviations: ATM, ataxia telangiectasia 
mutated; AMPK, AMP-activated protein kinase; SESN2, sestrin 2; LKB1, liver-kinase B1; TSC, tuberous sclerosis proteins 1/2; PI3K, phosphatidylinositide 
3-kinases; Rheb, Ras homolog enriched in brain; mTOR, mammalian target of rapamycin.
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expression. In agreement with these findings, Bungard et al.32 
showed that wild type MEFs treated with ionizing radiation 
or UV radiation promote transcription of the p53 and p21cip1 
genes, but AMPKα1/2−/−MEFs showed a marked reduction in 
p53/p21cip1 following UV irradiation. In our experiments, both 
AMPKα1/2−/−MEFs and A549 lung cancer cells treated with 
AMPKα1/2 siRNAs demonstrated severe resistance to radiation 
induced cytoxicity (discussed below). Survival of those cells 
after radiation may be enhanced by the enhanced Akt-mTOR 
signals and their proliferation may be supported by the lack of 
radiation-induced expression of p53 and p21cip1. The mechanism 
of activation of Akt-mTOR pathway, in cells lacking AMPK 
activity is not presently understood, but ATM has been suggested 
to function as an Akt-S473 kinase (PDK2),64 which suggests an 
avenue for ATM to regulate Akt activity. Alternatively, lack of 
AMPK can enhance mTORC1 and mTORC2 activity, the latter 
of which has also been described to act as PDK2.65

Modulation of cell cycle control pathways
Cell cycle control pathways are promptly activated following 

ionizing radiation to facilitate DNA repair and regulate cell 
survival.66 ATM is known to mediate (1) Ser15 phosphorylation 
of p53 leading to stabilization of this tumor suppressor and (2) 
cell cycle check points through induction of p21cip1 and p27kip1.67 
The mechanism by which ATM mediates these effects is not fully 
understood. We observed that inhibition of AMPK through the 
use of compound C or siRNA-mediated AMPKα1/2, attenuated 
the ability of ionizing radiation to enhance the expression of 
p53 and p21cip1 in lung cancer cells57,58 (Figs. 3 and 4). Of note, 
although p53 is known to regulate p21cip1 expression, this event 
was not required for radiation-mediated induction of p21cip1, 
which took place also in p53-null cells and was dependent 
on AMPK.57 Inhibition of AMPK, either in cancer cells57 or 
AMPKα1/2−/−MEFs,63 was sufficient to attenuate the ionizing 
radiation-induced G

2
/M cell cycle arrest. Inhibition of the 

radiation-induced G
2
/M checkpoint in the absence of AMPK 

may be explained by the blockade of typical ATM effectors 
such as p21cip1 and Chk2. However, their exact role in AMPK 
regulation of cell cycle should be investigated in detail.

Overall, our work to this point suggested that AMPK is a key 
effector of ATM which (1) mediates the acute regulation of p53 
and p21cip1 and the radiation-induced cell cycle checkpoints and 
(2) regulates gene expression, activity and radiation responsiveness 
of the Akt-mTOR, Chk2, and p53/p21cip1 pathways (see Figs. 3 
and 4). To this extent AMPK may play the role of a biphasic gauge 
in cellular radiation responses mediated by the ATM pathway.

Chronic regulation of AMPK signaling by ionizing 
radiation: potential mechanisms

Ionizing radiation does not only elicit acute signals that 
modulate DDR, but it also maintains such signals through 
the long-term regulation of gene expression, transcription, 
and translation.61 We observed that aside from acute AMPK 
phosphorylation, ionizing radiation modulated the long-term 
activity and expression of this enzyme in vitro and in vivo.61,63 In 
lung cancer cells AMPK α1, α2, β1, β2, γ1, and γ2 gene mRNA 
levels were all elevated 48 h after a single dose to 8 Gy radiation, 

and this was associated with elevated levels of protein of each 
subunit.63 A549 and H1299 xenograft tumors treated with a 
single fraction of 10 Gy radiation showed sustained expression 
of AMPK subunits, detected 8 weeks after irradiation, indicating 
long-term modulation of gene expression by radiation in tumors 
and a role of AMPK in the tumor response to radiotherapy.61 
Long-term regulation of AMPK levels was not a phenomenon 
unique to lung cancer cells and tumors, and it was also observed 
in prostate cancer cells and xenografts.61 Importantly, the 
enhanced expression of AMPK by ionizing radiation was also 
associated with augmented expression of the ATM-p53 pathway 
and chronic suppression of the Akt-mTOR pro-survival pathway 
in these tumors.61

The above findings impose a key underlying question: What 
is the mechanism by which radiotherapy enhances chronically 
ATM-AMPK-p53 pathway expression and inhibits Akt/mTOR? 
A positive feedback loop exists between p53 and AMPK in 
response to genotoxic stress68 which may contribute to this 
effect. Radiation-mediated AMPK phosphorylation of Ser15 on 
p53 stabilizes this tumor suppressor.69 On the other hand, p53 
regulates AMPK levels by at least two distinct mechanisms: 
(1) increased expression of sestrins that bind to AMPK and 
increase its activity70 and (2) via p53-dependent transcriptional 
upregulation of the AMPKβ1/2 genes.71

In regards to the first mechanism, Sestrin (SESN) members 
(SESN1 and SESN2) act as p53 target genes that accumulate 
in cells under physiologic stress. However, SESN2 expression 
can also be regulated by p53-independent stressors such as 
oxidative stress or hypoxia.72 Nevertheless, both SESN1 and 
SENS2 were shown to directly interact with AMPK and direct 
its activity toward inhibition of mTOR.70 We implicated SESN2 
in the regulation AMPK expression following ionizing radiation 
in breast cancer cells,73 as seen in Figure  4. Overexpression 
of SESN2 mimicked the ability of ionizing radiation to 
increase AMPK levels, while siRNA against SESN2 prior to 
irradiation blocked radiation-induced AMPK activity and 
expression.73 We have detected enhanced SESN2 expression up 
to 8 weeks following a single fraction of ionizing radiation in 
A549 tumor xenografts, which closely correlates with increase 
AMPK phosphorylation and expression (Sanli and Tsakiridis, 
unpublished observations).

The second scenario was brought to light by Feng et al.,71 who 
identified putative p53 consensus binding sites on the AMPKβ1 
and β2 promoters in colon cancer cells that could be triggered 
in response to ionizing radiation. While AMPKβ expression 
was found enhanced 24 h following 10 Gy ionizing radiation, it 
should be noted that no effect on AMPKα or AMPKγ subunit 
expression was observed at that early point in that study71 and p53-
null cancer cells did not exhibit increases in AMPKβ expression. 
However, we observed increases in both SESN2 and AMPK 
subunit expression in a few epithelial tumor cells independent of 
p53 status.61 Thus, a reciprocal interplay between AMPK, p53, 
and SESN2 may account for the sustained activity and expression 
of the AMPK pathway, as well as inhibition of mTOR signaling 
in response to radiation in cancer cells.
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AMPK activity modulates cellular radiosensitivity
In response to ionizing radiation cancer cells rapidly stimulate 

pro-survival signals leading to gene transcription and translation. 
These events are regulated by ATM and AMPK also.66 We 
observed that inhibition of AMPK activity reduces cellular radio-
sensitivity. AMPKα1/2−/−MEFs and lung cancer cells treated 
with AMPKα1/2 siRNA are resistance to radiotherapy.58,63 
We and others provided strong evidence that AMPK works to 
suppress mTOR activation following irradiation,61,63,74 and loss of 
AMPK activity correlates with enhanced mTOR signaling and 
cell survival.58,63,74

Pre-clinical studies using AMPK activators in combination 
with radiation therapy have indicated that potentiation of this 
pathway may be a promising approach to bypass intrinsic or 
acquired radiation resistance in tumors. Over the past few years 
we have studied 3 activators of AMPK all of which enhanced 
AMPK activation by ionizing radiation and enhanced the 
cytotoxicity of radiation. The HMG-CoA reductase inhibitor 
lovastatin, a member of the statin family of anti-cholesterol 
agents, when used alone phosphorylated and activated AMPK, 
potentiated ionizing radiation-induced apoptosis and sensitized 
lung cancer cells to radiotherapy.75 A study by Fritz et al.76 also 
found that lovastatin could enhance the therapeutic response of 
cervical cancer cells to ionizing radiation by abrogation of G

2
-cell 

cycle arrest, leading to enhanced apoptosis.
In prostate cancer cells, we investigated the radio-modifying 

properties of the polyphenolic phytoalexin resveratrol, a 
compound with widely reported anti-aging and anti-cancer 
properties.77 Low dose (2.5–10 μM) resveratrol inhibited the 
Akt-mTOR pathway, enhanced activity of the AMPK-p53-
p21cip1 axis, and sensitized radio-resistant prostate cancer cells to 
radiation.77 Similarly, work by Zoberi et al.78 also demonstrated 
that resveratrol promoted a dose-dependent enhancement of 
tumor cell killing in irradiated cervical cancer cell lines.

Finally, we explored the therapeutic potential of metformin 
to sensitize lung cancer cells to radiation therapy.57,58 In 
earlier work,57 we suggested that clinically achievable doses 
of metformin (μM) sensitize lung cancer cells to ionizing 
radiation, while recently we supported this notion further in 
work with both tissue culture and xenograft models of lung 
cancer.58 Skinner et al.79 made similar observations in p53-
null head and neck cancer cells and Song et al.80 showed 
that metformin can suppress mTOR activity, be cytotoxic to 
cancer stem cells specifically, and effectively enhance ionizing 
radiation-induced cell death in breast cancer and sarcoma cells 
in vitro and in vivo. Inhibition of AMPK with compound C 
or specific siRNA largely attenuated metformin’s ability to 
reduce clonogenic survival alone, or in combination with 
radiotherapy, underscoring the importance of AMPK signaling 
in modulating cellular radiosensitivity (Fig.  4).57,80 Further, 
potentiation of AMPK activity with metformin was associated 
with enhancement of the apoptotic effects of radiation in 
cancer cell and tumor and increased inhibition of angiogenesis, 
indicating that AMPK activity is associated with a global anti-
tumor action in epithelial cancers.58

ATM-AMPK Activation by Chemotherapeutic Agents

The cytotoxicity of chemotherapeutic agents is mediated by 
induction of permanent DNA lesions that trigger ATM and 
DDR signaling. These events have also been linked to AMPK 
activation.81-83 The topoisomerase II inhibitor etoposide, which 
mediates DNA breaks by preventing re-ligation of DNA, was 
shown to induce ATM-dependent activation of AMPK which 
enhances apoptosis in prostate cancer cells compared with cells 
lacking functional LKB1-AMPK.81 In addition, cisplatin, which 
causes DNA damage by forming intra-strand crosslinks, has 
been reported to activate the ATM-AMPK network in multiple 
tumor types.54,82 Importantly, potentiation of this pathway via 
metabolic stress (nutrient deprivation) has been shown to further 
sensitize cancer cells to cisplatin in vitro and in vivo.83 Conversely, 
deregulation of ATM-mediated DNA damage signaling in oral 
cancers has been correlated with resistance to cisplatin.84

Doxorubicin, an anthracycline antibiotic that intercalates 
between the base pairs of DNA, was also recently demonstrated 
to activate AMPK through a mechanisms that involves increased 
ROS production.85 AMPK contributes to doxorubicin-induced 
apoptosis in multiple cancer cell lines, since (1) chemotherapy-
induced AMPK activation inhibits mTORC1 and (2) molecular 
inhibition of AMPKα was shown to largely attenuate this drug’s 
effect on cancer cell survival.85 Combining known AMPK-
activators, such as the AMP mimetic 5-aminoimidazole-
4-carboxamide-1-b-4-ribofuranoside (AICAR), was found 
to sensitize cancer cells to doxorubicin-induced apoptosis.85 
Interestingly, AICAR alone has been reported to signal through 
ATM in order to regulate AMPK activity.86 Overall, an 
underlying mechanism of chemotherapy-induced DNA damage 
appears to also involve the activation of AMPK by ATM, in order 
to regulate pathways that mediate cell cycle checkpoints and 
survival (as seen in Fig. 4).

The Role of AMPK in Mitosis and Genomic Stability

Relevant to its ability to match cell cycle progression to energy 
availability, AMPK is now proposed to play a role in regulating 
cell polarity, mitotic progression, and cytokinesis.87-89 An early 
glimpse into the importance of AMPK in cytokinesis and cell 
proliferation was observed in Drosophila melanogaster, where 
mutation of the α-catalytic subunit of AMPK led to disruptions 
in cell polarity and enhanced cell proliferation under metabolic 
stress.88 Another Drosophila study suggested that the enzyme 
supports the fidelity of cell division in early stages of development 
since AMPK-null germ-line clones exhibited gross mitotic defects, 
such as lagging chromosomes in anaphase, failure to complete 
cytokinesis, polyploidy, and embryonic lethality.90 In flies, AMPK 
was found to phosphorylate non-muscle myosin regulatory light 
chain (MRLC; also known as MRLC2) on Ser22, a protein that 
interacts with actin to facilitate changes in the actin cytoskeleton 
that are required for the maintenance of cell polarity. Consistently, 
a constitutively active form of MRLC was sufficient to rescue the 
mitotic defects observed in AMPK-null cells, suggesting MRLC 
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is a vital downstream substrate of AMPK in the execution of cell 
replication.90 The notion arising from these observations suggests 
involvement of AMPK in the organized steps of cytokinesis as an 
upstream regulator of mechanical cytoskeletal events supporting 
mitosis (see Fig. 5).

In mammalian cells, fluorescent microscopy studies showed 
that the active form of the catalytic AMPKα subunit is directly 
associated with multiple mitotic structures through each stage 
of mitosis in human epidermoid carcinoma cells.89,91 We have 
made similar observations in lung cancer cells (A549) where 
phosphorylated AMPK α1 and α2 Thr172 was associated 
with centrosomes in prophase, spindle poles in metaphase and 
cleavage furrow in anaphase and telophase (Fig. 6A). Consistent 
with our observations57 on the role of AMPK in mediating 
G

2
/M checkpoint, we detected enhanced AMPKα Thr172 

phosphorylation in dividing lung cancer cells treated with 8 Gy 
radiation compared with surrounding non-dividing cells treated 
with the same dose (Fig.  6B). This suggests that AMPK may 
have a role in regulation of mitosis in cells under genomic stress. 
This notion is in agreement with the observations of Vazquez-
Martin et al.92 They suggested that AMPK activity varies across 
different stages of the cell cycle, peaking at the G

2
/M transition 

prior to cell division and then decreasing as cells re-entered the 
G

1
/S phase (see model Fig.  5); which parallels the expression 

kinetics of other mitotic passenger proteins such as Aurora B and 
INCENP.

It is believed that phosphorylation of mitosis-associated 
AMPK is dependent on the activity of upstream kinases (LKB1 
or CaMKK). Inhibition of CaMKK in LKB1-deficient cells 
was shown to induce spindle mis-orientation, similar to direct 
inhibition of AMPK, suggesting that at least one of these upstream 
regulators of AMPK is necessary to facilitate AMPK-mediated 
mitotic progression.93 Some reports suggested that disruption 
of AMPK activity with the chemical inhibitor compound C, or 
molecular knock-down of the AMPKα-catalytic subunit resulted 
in misshaped spindle poles, prolonged the duration of cells in 
mitosis, and increased the number of multinucleated cells.93,94

From a mechanistic standpoint, Pinter and colleagues 
showed that the specific heterotrimeric complex of AMPK 
that associates with the mitotic apparatus is comprised of the 
isoforms α2β2γ2.95 In line with this notion, Banko et al.94 
conducted a chemical genetic screen of novel AMPK α2-subunit 
substrates, which uncovered numerous new signaling molecules 
that are enriched from proteins involved in cytoskeletal 
dynamics, mitosis, and cytokinesis. Of particular interest were 
the substrates; protein phosphatase 1 regulatory subunit 12C 
(PPP1R12C) and p21-activated protein kinase (PAK2), because 
they both influence the activity of mammalian MRLC.94 
AMPK-mediated phosphorylation of both PP1R12C (Ser452) 
and PAK2 (Ser20) was proposed to activate the mammalian 
MRLC by phosphorylation on its Ser19 residue, which, similar 
to its Drosophila ortholog, regulates mitotic progression and cell 
polarity.90,94

Interestingly, previous reports have indicated that disruption 
of ACC, a major downstream substrate of AMPK, resulted 
in abnormal mitotic progression and G

2
/M cell cycle arrest 

in yeast independent of its metabolic function.96 Recently, 
phosphorylated ACC (Ser79) was found to associate with mitotic 
structures in lung carcinoma cells.97 Ser-79 ACC was observed 
at the spindle poles and cytokinesis furrow during mitosis, but 
this effect was suppressed in the presence of the AMPK inhibitor 
compound C,97 indicating that AMPK may target ACC when 
cells enter mitosis. The functional relevance of this association 
between mitotic AMPK–ACC in not yet known, but it points to 
the possibility that metabolic enzymes may also have alternate 
roles in mitosis. These results support a model of AMPK action 
illustrated in Figure 5.

However, other studies using dominant negative expression,29 
tissue-specific ablation,11 or knockout models98 of AMPK 
suggested that this enzyme is not vital for normal cell division, 
since in most scenarios mammalian cells can still continue to 

Figure  5. Involvement of AMPK in mitotic progression. The activity of 
AMPK progressively increases as cells move from G1-phase toward the 
G2/M stage of cell cycle. During M-phase AMPK is described to phos-
phorylate key substrates that regulate mitotic progression, including 
PAK2, PPP1R12C, and ACC. The AMPK α2β2γ2 enzymatic complex is 
believed to be responsive for this action. Phosphorylation of MLRC 
leads to regulation of the mechanical cytoskeletal events participating 
in mitosis. Abbreviations: PAK2, p21-activated protein kinase; PPP1R12C, 
protein phosphatase 1 regulatory subunit 12C; MRLC, myosin regulatory 
light chain; ACC, acetyl-CoA-carboxylase.
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replicate in the absence of AMPK. Our own observations are 
consistent with the latter notion where in lung cancer cells 
inhibition of AMPK with compound C or knockdown of 
AMPKα subunits with siRNAs did not inhibit progression of the 
cell cycle in untreated cells (Fig. 6C). Of note, these observations 
were made in A549 lung cancer cells which lack LKB1 activity. 
In addition, AMPKα1/2−/−MEFs do not show defects in mitosis 
(Fig. 6D). Furthermore, we observed increased proliferation and 
a survival advantage for AMPKα1/2−/−MEFs and A549 lung 
cancer cells with inhibited AMPK when they were treated with 
therapeutic doses of ionizing radiation compared with wild-type 
MEFs or control cells.57,58,63

The above studies suggest that AMPK may be a passenger 
of the mitotic apparatus that is not required for normal 
mitotic progression, but may function as a “genomic fidelity 
checkpoint regulator” that can trigger cell cycle arrest and 
alter mitotic progression in the face of genotoxic stress. The 

evidence supporting this conclusion comes from findings that 
AMPK mediates a radiation-induced G

2
/M checkpoint through 

induction of cell cycle regulators (including p53 and p21cip1), 
and that this event coincides with the temporal accumulation 
of activated AMPK and other chromosomal passenger proteins 
during this phase of cell cycle.92 By this virtue, AMPK may be 
“primed” to regulate cell cycle signals near the cellular transition 
between interphase and mitosis if challenged by genotoxic agents 
(see the model in Fig. 7).

Conceptually, it is perplexing to understand how AMPK 
can operate to suppress proliferation and enhance energy levels 
under times of cellular stress on one hand, but also actively 
support mitosis on the other (Figs. 5 and 7). However, the two 
functions appear to be independent. Glucose deprivation was 
not found to affect AMPK’s role in modulating execution of 
mitosis,94 suggesting that AMPK may have mutually exclusive 
functions under different types of cellular stress. Distinct AMPK 

 Figure 6. Active AMPK associates with the mitotic apparatus. (A) Untreated A549 cells were fixed and stained with Hoechst (blue) and an antibody 
that detects phosphorylated AMPKα on its Thr172 residue (green, 1:00 dilution, Cell Signaling). The cells were imaged at 40× progressing through each 
phase of mitosis. A representative image for each phase is shown. (B) A549 cells were left untreated or exposed to a single dose of 8 Gy IR and imaged 
1 h later. IR enhanced nuclear and cytoplasmic AMPK phosphorylation (green) in mitotic (arrow) and interphase cells. (C) AMPK activity in A549 cells was 
inhibited using either the chemical agent compound C (Comp C, 1 μM, Calbiochem) or molecular knockdown of AMPKα with siRNA (Qiagen). AMPK 
phoshporylation (green) was present in untreated dividing cells, but blocked in cells treated with Comp C or AMPKα siRNA. Phosphorylated histone 
H3 (Ser10, in red 1:100 dilution, Cell Signaling), which occurs during chromosome condensation during mitosis, was used here are a marker of mitotic 
progression. Phospho-Ser10-H3 signal and mitosis were detected despite inhibition of AMPK. (D) Mouse embryonic fibroblasts (MEF) that are wild-type 
or lack AMPKα expression (AMPKα1/2−/−) were fixed and stained with Hoechst (blue) and an antibody that detects phosphorylated AMPKα on its Thr172 
residue (red). Dividing and non-dividing cells were imaged at 40× and a representative section of cells are shown.
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heterotrimers may have distinct roles in cellular function. A 
unifying hypothesis would suggest that (1) the AMPK α2β2γ2 
complex may indeed support molecular events leading to mitotic 
progression but this role of this enzyme in mammalian cells may 
be redundant, and (2) AMPK is a passenger of mitotic apparatus 
that is not required for cellular division but can actively mediate 
the G

2
/M checkpoint and inhibit mitotic progression at times of 

genomic stress.

Genomic Stress-Mediated Activation 
of Autophagy by AMPK

Finally, consideration should be given to potential survival 
mechanisms that are regulated by AMPK. Much of the 
discussion here has supported a role of AMPK as a mediator 
of tumor suppression that can augment cell cytotoxicity in 
response to chemo- or radiation therapy. However, induction of 
the AMPK pathway by various stress agents can also stimulate 
autophagy, a reversible state of cellular metabolism whereby cells 
under energy stress consume cellular organelles and substrates for 
energy production and survival.52,99 Stress-induced initiation of 
autophagy requires activation of the Unc-51-like kinase (ULK) 
complex, which consists of ULK1, ULK2, Atg13, and FIP200, 
and is tightly regulated by AMPK and mTOR.100 Starvation and 
stress-activated AMPK phosphorylates ULK1 on Ser317 and 
Ser777 to initiate autophagy. Conversely, under nutrient-depleted 
conditions, mTORC1 phosphorylates ULK1 on Ser757, which 

displaces the interaction of AMPK with ULK1 and suppresses 
autophagy.101

In early stages of carcinogenesis the physiological process of 
autophagy has been viewed as protective against tumorigenesis.102 
Breast tumors are found to be mutated in the autophagy induction 
gene beclin 1 (BECN1). This may provide them with a growth 
advantage.103 In fact breast cancer cells carrying deletion in the 
BECN1 allele will exhibit reduced tumorigenicity if the BECN1 
gene is re-expressed by undergoing the signal transduction 
pathways leading to AMPK activation and autophagy.103

Conversely, in advanced stages of tumor progression, 
autophagy is suggested to provide a survival advantage against 
cancer therapies by suppressing the apoptosis pathway (protective 
autophagy).102 Autophagy is linked to radiation resistance since 
it is conceived to mediate metabolic recycling of damaged 
organelles to help cells survive conditions of increased metabolic 
demand.104 Cancer cells may undergo protective autophagy in 
response chemotherapy treatment. Autophagy was implicated 
in chemo-resistance to etoposide and this effect was reversed by 
inhibition of AMPK, which led to apoptosis in HepG2 cancer 
cells.105 While it has been reported that AMPK-activators such 
as metformin may work well in combination with chemotherapy 
in cancer cells,106 it has been suggested that this may only offer 
benefit in tumors that lack p53 which cannot induce protective 
autophagy triggered by metformin-mediated metabolic stress.107

Although the role of autophagy in malignant cells may be 
multifaceted, manipulation of this process with activators or 
inhibitors of AMPK may still provide an additional therapeutic 
option for cancer treatment. Our work suggests that combination 
treatment with AMPK activators and ionizing radiation leads 
preferentially to inhibition of pro-survival pathways and 
increased cytotoxicity. Although AMPK is suggested to stimulate 
autophagy, which could function as a survival mechanism 
in cells under genotoxic stress, there is adequate evidence that 
potentiation of AMPK activity is a valuable tool to sensitize 
tumor cells to radiotherapy and certain chemotherapeutic agents.

Conclusions

AMPK is a critical regulator of cellular energy homeostasis. 
This is why it comes as no surprise that it is also tightly linked 
with the regulation of biochemical pathways that influence cell 
survival and proliferation. Work with cancer models from a 
number of laboratories implicates AMPK as sensor of genomic 
stress, suppressor of survival signals, and regulator of mitotic 
progression. Recent studies demonstrate a role for the enzyme 
as a transducer of signals in the ATM pathway and bring AMPK 
to the center stage of tumor radiation biology. AMPK complexes 
associate with most stages of mitotic progression but in 
mammalian cells the enzyme appears to function as a passenger 
protein that modulates cell cycle progression and mitosis only at 
times of cellular stress. The knowledge gained from the analysis 
of the non-metabolic actions of AMPK made apparent the value 
of targeting this enzyme in cancer therapy. Ongoing studies with 
pharmacological activators of AMPK and availability of animal 
models of tissue-specific or whole-body AMPK subunit deletions 

Figure  7. In mammalian cells AMPK mediates a G2/M checkpoint in 
response to genomic stress. During cell division, activated AMPK associ-
ates with the mitotic apparatus in spindle fibers in prophase, the cen-
trosomes in metaphase, mitotic spindle in anaphase, and the cleavage 
furrow in telophase. However, this association is not necessary for the 
progression of the cell cycle and mitosis in untreated cells, and AMPK 
may simply be a passenger molecule. AMPK modulates mitotic progres-
sion in cells undergoing genomic stress.
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are expected to help us understand better the role of AMPK in 
regulating normal and cancer cell fate and genomic stability.
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