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Abstract

The evolution of AMPK and its homologues enabled exquisite responsivity and control of 

cellular energetic homeostasis. Recent work has been critical in establishing the mechanisms 

that determine AMPK activity, novel targets of AMPK action, and the distribution of AMPK­

mediated control networks across the cellular landscape. The role of AMPK as a hub of metabolic 

control has led to intense interest in pharmacologic activation as a therapeutic avenue for a 

number of disease states including obesity, diabetes, and cancer. As such, critical work on 

the compartmentalization of AMPK, its downstream targets, and the systems it influences have 

progressed in recent years. The variegated distribution of AMPK-mediated control of metabolic 

homeostasis has revealed key insights on AMPK in normal biology and future directions for 

AMPK-based therapeutic strategies.

Trefts & Shaw eTOC

Trefts and Shaw review the latest advances in studies of the AMPK signaling pathway, a central 

energy-sensing kinase that promotes catabolism and inhibits anabolism to limit cell growth and 

promote cell survival under conditions of low nutrients and low cellular energy. Highlights include 

new intersections with mTOR, lysosomes, and mitochondria.

Introduction

Cellular life exists as an open system that relies on extraction of chemical energy to oppose 

tendencies towards disorganization at the molecular level (von Bertalanffy, 1950). As such, 

cells have evolved an array of specialized biochemical processes to extract, repurpose, 

and store chemical energy in the form of ATP. Mitochondria within eukaryotic cells are 

a hub for harnessing chemical energy by linking catabolism of organic macronutrients, 

such as glucose or lipids, with oxidative phosphorylation (oxphos) for production of ATP. 

The chemical energy of ATP is stored in its phosphate bonds. Utilization of ATP across 

the cell results in its breakdown to ADP, which can progressively breakdown to AMP as 

well. Constant cellular catabolism of macronutrients maintains an elevated ATP to ADP 

ratio, which allows for the adenine nucleotide pool to serve as a reservoir of chemical 
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energy. To maintain appropriate ATP levels cells must constantly sense and adapt to turnover 

of energetic content in the adenine nucleotide pool. This requires balanced modulation 

of energetically demanding anabolic and catabolic processes for ATP production. AMP­

activated protein kinase (AMPK) is the primary sensor of cellular energy through adenine 

nucleotide levels that evolved and is maintained across all eukaryotic organisms. AMPK 

senses the energetic content of the cell through direct interactions with ATP, ADP, and 

AMP. Decreases in the energetic content of this pool, such as an elevated AMP:ATP 

ratio, lead to AMPK activation. In turn, activated AMPK regulates the activity of a 

network of downstream substrates, including metabolic enzymes, signaling complexes, and 

transcriptional regulators, which impart both acute and chronic adaptations to conditions of 

reduced energy. In addition to its regulation of cellular metabolism, in higher eukaryotes, 

AMPK plays roles in organismal metabolism, and is activated in response to caloric 

restriction as well as exercise

The AMPK heterotrimeric complex and its functional implications

AMPK is an obligate heterotrimeric complex consisting of an α, β, and γ subunit. The 

catalytic domain is contained within the α subunit, while the β and γ subunits serve 

regulatory functions (Figure 1). Mammals express multiple isoforms of each subunit 

including two α (α1 and α2), two β (β1 and β2), and three γ (γ1, γ2, and γ3) isoforms 

each expressed from independent genes. All isoforms of each subunit class can interact in a 

1:1:1 heterotrimeric ratio leading to 12 possible AMPK complexes. The expression of each 

isoform varies across tissues and cells, though the α1, β1, and γ1 subunits are expressed 

across a number of tissues and cell types in humans. In contrast, AMPKα2 and AMPKβ2 

are the dominant isoforms of the skeletal and cardiac muscle in humans. The subunit 

expression profiles and tissue specific expression of dominant isoforms has noted variability 

across species (Stephenne et al., 2011; J. Wu et al., 2013). Differences in hepatocyte 

expression of AMPKβ subunits between human and other pre-clinical model species noted 

in these studies may influence species dependent effects of pharmacologic AMPK activators, 

which has important ramifications in the design of therapeutic molecules and trials focusing 

on AMPK activation. Of all of the subunit isoforms, AMPKγ3 expression is the most 

restricted, being primarily isolated to the skeletal and cardiac tissues. Complexes comprised 

of different isoform combinations are typically regarded as functionally redundant, however, 

isoform specific biochemical properties and regulation of AMPK activity have been 

reported. While substrates or downstream effectors specific to one particular heterotrimeric 

combination are yet to be identified, there is great interest in understanding isoform specific 

effects on AMPK function and the potential for leveraging these differences therapeutically 

through small molecule allosteric activators.

AMPKα subunits contain the kinase domain (KD) at the N terminus, an autoinhibitory 

domain (AID) coupled to a linker region, and a βγ subunit binding domain at the C 

terminus. Within the KD is a conserved threonine residue (Thr172) in the activation 

loop that is phosphorylated by upstream kinases, liver kinase B1 (LKB1) and calcium 

calmodulin dependent protein kinase kinase β (CaMKK2). Thr172 phosphorylation is 

required for full activation of AMPK (Willows et al, 2017). AMPK β subunits contain 

an N terminus myristoylation site as well as a conserved carbohydrate binding module 
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(CBM) that facilitates interactions with glycogen, and an αγ binding domain at the C 

terminus. Recent work has assessed the physiologic implications of AMPKβ subunit CBM 

glycogen binding (Hoffman et al., 2020). These studies indicate a role for glycogen binding 

in stabilizing AMPK complex formation, AMPK activation, and lipid metabolism across 

multiple tissues. AMPKγ subunits provide the energy sensing functionality of AMPK 

through their cystathionine-β-synthase (CBS) domains that bind adenine nucleotides. While 

each γ subunit contains 4 CBS domains capable of binding adenine nucleotides CBS1 and 

CBS3 appear to be the primary sites responsible for energetic sensing of AMPK (Hardie 

et al., 2016). AMPKγ subunit isoforms can also vary in the length of their N termini 

with AMPKγ2 and AMPKγ3 possessing an extended N terminus relative to AMPKγ1. 

Variations in this N terminus region appear to modulate responses of AMPKγ subunits 

to pharmacologic activation via 991 (Willows et al., 2017) and may play a role in tissue 

specific responses to other synthetic AMPK activators.

Consistent interest in the therapeutic potential of AMPK activation has also driven a 

renaissance of structural insights and functional implications of the quaternary structure 

of AMPK. Specifically, multiple studies detailing the crystal structure of AMPK have now 

been undertaken that invoke a variety of conditions to determine the influence of nucleotides 

(Calabrese et al., 2014; Chen et al., 2013; Li et al., 2015; Xiao et al., 2011; Xin et al., 

2013; Yan et al., 2018) and synthetic ligands (Calabrese et al., 2014; Ngoei et al., 2018; 

Xiao et al., 2013; Yan et al., 2019). Critical aspects of AMPK activation at the structural 

level revealed by these studies include the involvement of regulatory subunit-interacting 

motifs (RIMs) located within the α-linker of the α subunit, as structural relays between 

the α subunit and γ subunit CBS domains. This arrangement creates a conformational link 

between nucleotide binding and promotion of AMPK activation. An additional feature of the 

AMPK quaternary structure occurs at the interface of the α subunit KD and the β subunit 

CBM where a distinct interactive pocket is formed. This has been termed the Allosteric 

Drug and Metabolite (ADaM) site as it has been identified as the primary location for 

binding of a host of small molecule activators of AMPK (Calabrese et al., 2014; Ngoei 

et al., 2018; Xiao et al., 2013). This site has garnered considerable interest for its role 

in activation of AMPK by synthetic ligands such as A-769662 (Cool et al., 2006) and 

compound 991 (Xiao et al., 2013) Multiple pre-clinical programs leveraged this structural 

motif to develop pan-AMPK activators as potential metabolic therapies for type II diabetes 

(Cokorinos et al., 2017; Myers et al., 2017; Steneberg et al., 2018). Pan-AMPK activators 

991, PF739, MK8722, and O304 all were found to enhance skeletal muscle glucose uptake 

and lower blood glucose in a number of preclinical models, including obese rodents, 

dogs, and non-human primates (Steinberg and Carling, 2019). Despite these encouraging 

effects, the mice and non-human primates treated with the potent MK-8722 compound also 

developed cardiac hypertrophy with cardiac glycogen accumulation, though without cardiac 

dysfunction (Myers et al 2017). It is known that individuals undertaking chronic endurance 

exercise also develop a similar cardiac phenotype, though whether this is a barrier to the 

further development of pan-AMPK activators for metabolic diseases remains to be seen. 

Importantly, MK-8722 related compounds with reduced half-life in the body may provide 

a balance between beneficial effects and the cardiac glycogen phenotype (Muise et al., 

2019). Interestingly, use of such compounds revealed a common transcriptional signature in 
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a number of tissues between synthetic AMPK activation and exercise training. Additionally, 

recent work detailing the chemical characteristics that determine isoform selectivity of 

A-769662 and a novel “glucose importagog” SC4 may offer a road forward for improved 

design of next generation AMPK-based therapeutics (Ngoei et al., 2018).

The majority of work detailing the ADaM site has focused on its capacity for mediating 

activation of AMPK by synthetic ligands. In contrast, no endogenous ligand or resultant 

regulatory functions had been described until very recently. A study has now demonstrated 

interaction of long chain fatty acid (LCFA) CoA esters with this site (Pinkosky et al., 

2020). This interaction is capable of stimulating AMPK activation. As AMPK has numerous 

targets involved, directly and indirectly, in the regulation of lipid metabolism this interaction 

likely offers a direct feedback loop for lipids on AMPK signaling. Interestingly, this novel 

endogenous interaction appears to be unique to complexes containing the AMPKβ1 isoform. 

This is reminiscent of the selectivity of A-769662 for AMPKβ1 containing complexes (Scott 

et al., 2008). Whether an analogous endogenous ligand also exists for AMPKβ2 containing 

complexes or if this site only exists in β2 complexes as an evolutionary remnant remains an 

important question for future studies.

Subcellular localization of AMPK: Distributing control of a master metabolic regulator

With such a broad array of direct targets and processes influenced by AMPK (Garcia and 

Shaw, 2017; Hardie et al., 2016; Herzig and Shaw, 2018; Steinberg and Carling, 2019) 

interest has evolved on the inputs that regulate AMPK and how these may determine its 

variegated effects across the cell. This has led to the advancement of several concepts 

in the field of AMPK research that are critical to progressing overall understanding of 

AMPK and its expansive role across cell biology. One particular area of interest has 

been resolving the subcellular localization of AMPK. Early studies indicated the capacity 

for regulation of membrane and cytoplasmic pools of AMPK through posttranslational 

modifications as well as the capacity for AMPK to localize to the nucleus (Kodiha et 

al., 2007; Mitchelhill et al., 1997; Salt et al., 1998). These studies set the precedent for 

existence of subcellular pools of AMPK, which paralleled studies of subcellular pools of the 

AMPK ortholog Snf1p in budding yeast (Hedbacker and Carlson, 2008). More recently, the 

design and implementation of genetically encoded fluorescent indicators of AMPK activity 

have enabled visualization of AMPK activity within living cells (Tsou et al., 2011). This 

technique has also been modified to resolve AMPK activation across multiple organelles 

(Miyamoto et al., 2015). From these initial works and technical breakthroughs an expansive 

set of studies have assessed differential localization of AMPK as well as the role that this 

plays in AMPK activation, downstream signaling, and functional output (Chauhan et al., 

2020). In addition to the abundance of AMPK in the cytosol, these studies have established 

AMPK localization at the mitochondria, which is a classic metabolic hub. Interestingly, 

they have also revealed the presence of AMPK at additional sites including lysosomes and 

the endoplasmic reticulum (ER). Presence and translocation of AMPK to the nucleus has 

been noted across multiple studies in the past 25 years, however, functional outputs of 

nuclear AMPK have been detailed in only a limited number of studies. Advances in the 

study of AMPK in different subcellular compartments has helped provide a framework for 

Trefts and Shaw Page 4

Mol Cell. Author manuscript; available in PMC 2022 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



understanding how AMPK rapidly reprograms cell metabolism to engender cell survival 

under low energy conditions.

Classic modes of AMPK signaling within the cytoplasm

Early studies demonstrated the presence of AMPK within the cytoplasm and the capacity 

for altered localization downstream of specific stimuli (Mitchelhill et al., 1997; Salt et 

al., 1998). Despite potential for localization and complex formation across diverse cell 

compartments a significant pool of AMPK is maintained within the cytoplasm (Salt et 

al., 1998; Tsou et al., 2011). In line with this, the localization and activation profile of 

LKB1, the primary upstream activating kinase of AMPK, is dependent on its complexing 

with STE20 related adaptor (STRAD) and mouse protein 25 (MO25) isoforms (Boudeau 

et al., 2003; Lizcano et al., 2004). Interactions with STRAD-MO25 promote cytoplasmic 

localization and activation of LKB1, which creates a platform for cytoplasmic activation of 

AMPK and a set of AMPK related kinases (AMPKRs). This cytoplasmic signaling cassette 

is thought to be the primary mediator for AMPK activation by energetic stress to promote 

phosphorylation of AMPK substrates (González et al., 2020). AMPK can phosphorylate 

metabolic enzymes within the cytoplasm, such as acetyl-CoA carboxylase (ACC) 1 at 

ser79. This event inhibits energetically intensive lipid synthesis and indirectly promotes 

mitochondrial oxidative metabolism (Fullerton et al., 2013; Munday et al., 1988; Ruderman 

et al., 2003). Interestingly, AMPK inhibition of ACC was also connected recently to the 

well-established ability of AMPK to promote cell survival in cancer cells, as AMPK was 

shown to inhibit ferroptosis following energetic stress, and this effect required AMPK 

phosphorylation of ACC (Lee et al., 2020). Of note, the same regulatory of ACC by AMPK 

was shown to inhibit ferroptosis and promote neuroprotective effects of two natural product­

derived Alzheimer’s disease drug candidates that therapeutically increase acetyl-CoA levels 

in cell culture of brains of aging mice (Currais et al., 2019).

A second major classic function of AMPK in the cytoplasm is to inhibit one of major 

anabolic pro-growth machines in the cell – the mammalian target of rapamycin complex 1 

(mTORC1) (González et al., 2020; Liu and Sabatini, 2020). AMPK inhibits mTORC1 in a 

two-pronged fashion, via phosphorylation and activation of the tuberous sclerosis complex 

2 (TSC2) tumor suppressor and the phosphorylation of two inhibitory serines in the critical 

mTORC1 scaffold Raptor to limit overall anabolic drive of the cell (Van Nostrand et al., 

2020). This creates a widely distributed network of energetic responsivity that can influence 

a broad array of cell processes to maintain or restore energy balance of the cell. The 

phosphorylation of a Raptor ortholog by an AMPK ortholog appears conserved through both 

plants and budding yeast (Hughes Hallett et al., 2015; Wu et al., 2019), and represents one 

of the best appreciated molecular mechanisms to couple low nutrients to direct inhibition of 

cellular growth.

A third major well-established function of AMPK is in the activation of autophagy, 

which is triggered under low energy conditions from AMPK-dependent phosphorylation 

of theUnc-51 Like Autophagy Activating Kinase 1 (ULK1) (Egan et al., 2011; Kim et al., 

2011). ULK1 and its homolog ULK2 represent the only protein kinases in the canonical 

autophagy cascade. ULK1 catalytic activity is regulated in a two-pronged mechanism by 
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AMPK: by direct phosphorylation of at least 4 different sites and via AMPK-dependent 

suppression of mTORC1 inhibitory phosphorylation of ULK1. Once activated, both ULK1 

and AMPK appear to directly phosphorylate distinct sites in the downstream PI3-kinase 

related VPS34 and the subunit Beclin1, part of the Autophagy Initiation Complex (Egan 

et al., 2015; Kim et al., 2013; Russell et al., 2013) (see Figure 2). Interestingly, the ULK1 

phosphorylation sites in VPS34 and Beclin appear to lie in front of LC3-interaction (LIR) 

motifs, providing an additional mechanic basis for how ULK1 may contribute to regulation 

of this complex (Birgisdottir et al., 2019). In addition to both targeting components of 

the Beclin/VPS34 complex, AMPK and ULK1 have also been reported to phosphorylate 

the sole transmembrane protein in the core autophagy cascade – ATG9 (Mack et al., 

2012; Weerasekara et al., 2014), which is another rate-limiting autophagy protein involved 

in autophagosome formation. In the interest of brevity, additional substrates are detailed 

in Figure 2, including key targets involved in glycogen metabolism which may relate 

to cardiac effects observed with chronic genetic or pharmacological activation. A recent 

chemical genetic screen for new AMPK substrates also identified an understudied protein 

involved in glycogen binding, STBD1, so additional insights into how AMPK balances 

lipid and carbohydrate metabolism remain to be discovered (Ducomm et al., 2019). Finally, 

cytoplasmic AMPK may serve as a pool to draw from for more localized complexing and 

signaling actions at differentially regulated organelle sites. In this regard, understanding 

the mechanisms that determine where AMPK is localized and its translocation between 

compartments is a very active area of research currently.

Mitochondrial AMPK as a multimodal regulator of organelle function

AMPK exists as a critical hub of energy sensing and metabolic regulation (Garcia and 

Shaw, 2017). Mitochondria are the primary source of ATP production and house numerous 

metabolic processes to support overall cell function (Martínez-Reyes and Chandel, 2020). 

Classical targets of AMPK are known to alter metabolic inputs that determine mitochondrial 

metabolism (e.g. acetyl CoA carboxylase or 6-phosphofructo-2-kinase) (Fullerton et al., 

2013; Marsin et al., 2000; Munday et al., 1988). AMPK has been known for more 

than 20 years to promote mitochondrial biogenesis (Bergeron et al., 2001; Winder et al., 

2000), which was in part connected to AMPK-dependent activation of PGC1α, a master 

transcriptional regulator of mitochondrial biogenesis (Cantó et al., 2010, 2009; Jäger et al., 

2007; Reznick and Shulman, 2006).

Despite the influential role of AMPK on mitochondrial function and homeostasis until 

recently the existence and implications for mitochondrially localized AMPK had not been 

fully realized. Indeed, localization of AMPK to the mitochondria would enable efficient 

energetic sensing and rapid modification of mitochondrial proteins to control functional 

outputs. In support of this hypothesis, mitochondrial localization of AMPK activity has 

been demonstrated (Miyamoto et al., 2015). Also critical to understanding functional 

implications of mitochondrial AMPK are demonstrations of differential responsivity to 

nutrient deprivation (Miyamoto et al., 2015; Zong et al., 2019) or mitochondrial electron 

transport chain (ETC) inhibitors (Hung et al., 2021). Whereas glucose deprivation produces 

a somewhat delayed activation of mitochondrial AMPK (2 – 4 hours), direct inhibition 

of mitochondrial oxidative phosphorylation function stabilizes and activates AMPK in the 
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cytoplasm and at the mitochondria in a rapid manner (~2 mins). This dichotomy likely 

represents a mechanism for the distributed control of localized pools of AMPK activation 

based on the type of cellular stress that is encountered. Unlike the uniform depictions 

in textbooks, mitochondria are now well-appreciated to exist as a dynamically regulated 

network. To maintain this network the production (biogenesis) and incorporation (fusion) 

of healthy mitochondria must be balanced with fragmentation (fission) to enable pruning 

and turnover (autophagy/mitophagy) of dysfunctional components (Mishra and Chan, 2016). 

As mitochondria are dynamically regulated to undergo fusion and fission events based 

on the requirements of the cell and environmental conditions, the capacity to initiate 

structural modifications during times of apparent dysfunction or elevated demand are 

imperative. Though mitochondrial fusion is thought to bolster oxidative phosphorylation 

capacity which many associate with AMPK, in fact the most acute role of AMPK across 

cell types has been revealed as a requirement for AMPK to promote mitochondrial 

fission following mitochondrial poisons (Herzig and Shaw, 2018). In line with this, 

multiple AMPK substrates relating to mitochondrial fission have been identified using 

unbiased phospho-proteomic pulldowns with the AMPK substrate motif antibody, including 

mitochondrial fission factor (MFF) (Ducommun et al., 2015) and ARMC10 (Chen et 

al., 2019). MFF is an outer mitochondrial membrane protein that was identified as the 

long-sought receptor for the conserved dynamin-related protein 1 (DRP1) that is the 

critical protein in mitochondrial fission across all eukaryotes. MFF was demonstrated to 

be necessary and sufficient for AMPK dependent effects on mitochondrial fragmentation 

elicited by ETC inhibitors (rotenone, antimycin A) and small molecule AMPK activators 

(Toyama et al., 2016). Importantly, mutation of the two conserved canonical AMPK sites 

in MFF to alanine prevented endogenous DRP1 recruitment to mitochondria following 

AICAR or Rotenone, and conversely, expression of an MFF cDNA with substitution 

of these serines to phospo-mimetic residues in MFF KO cells resulted in cells with 

chronically short mitochondria, a remarkable effect on mitochondrial morphology from two 

specific amino acids in the MFF protein (Toyama et al., 2016). Metformin induction of 

AMPK-dependent MFF phosphorylation and mitochondrial fission was reported to improve 

mitochondrial respiration and restore the mitochondrial life cycle, and HFD-fed-mice with 

liver-specific knockout of AMPKα1/2 exhibited higher blood glucose levels when treated 

with metformin (Wang et al., 2019). Notably, a very recent careful quantitative analysis of 

mitochondrial divisions examining the functional engagement of the different mitochondrial 

DRP1 receptors revealed that MFF is involved in ER-constriction dependent midzone 

mitochondrial scission events that results in successful proliferation of mitochondria, as 

opposed to scission at the mitochondrial periphery which involved the DRP1 receptor Fis1 

and often led to mitochondrial degradation (Kleele et al., 2021). Another piece of the puzzle 

comes from findings that AMPK directly phosphorylates the outer mitochondrial membrane 

protein AKAP1(Hoffman et al., 2015), which anchors PKA near the mitochondria, where it 

in turn can directly phosphorylate DRP1 (Gomes et al., 2011). The other recently indicated 

AMPK substrate with a role in mitochondria is ARMC10, a reported interactor of the 

mitochondrial bound Rho GTPase Miro1 (López-Doménech et al., 2012), which controls 

mitochondrial trafficking (López-Doménech et al., 2018). ARMC10 overexpression was 

shown to promote mitochondrial fission and ARMC10 KO prevented AMPK-promoted 

mitochondrial fission (Chen et al., 2019). Interestingly, Miro1 has also been reported to 
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regulate ER-mitochondrial contact sites (Modi et al., 2019) so it will be interesting to 

examine whether AMPK or ARMC10 play roles in those processes as well.

One hypothetical function for the fragmentation of elongated mitochondrial networks into 

hundreds of individual mitochondria following mitochondrial poisons is to allow for quality 

control assessment of mitochondrial fragments in which mitochondrial membrane potential 

and other metabolic features can be better examined to ensure that only dysfunctional 

daughter mitochondria are removed without whole-scale removal of bulk mitochondria 

mass which may be functionally intact. The removal and destruction of specific cellular 

organelles and protein aggregates via specific autophagy receptors has led to a revolution 

in understanding of cellular homeostasis processes (Birgisdottir and Johansen, 2020; Kirkin, 

2020). The specific removal of defective mitochondria occurs via a specialized form of 

autophagy termed mitophagy, which in many though not all circumstances involves the 

E3 ubiquitin ligase Parkin, which is encoded by PARK2, the most frequent genetic cause 

of early onset Parkinson’s disease (Pickles et al., 2018). Though the initial connections 

of AMPK to the activation of ULK1 was suggestive of a defect in mitophagy due to a 

specific and notable accumulation of defective mitochondria in cells lacking AMPK, or 

ULK1, or bearing ULK1 mutated in all AMPK phosphorylation sites (Egan et al., 2011), 

it remained unclear whether AMPK or ULK1 controlled any specific components of the 

mitophagy pathway or simply enabled mitophagy via general control of macroautophagy 

as mentioned above. Subsequent studies demonstrated that one of the best conserved 

AMPK phosphorylation sites in ULK1Ser555, is required for targeting of mitochondria to 

lysosomes in exercise-induced mitophagy (Laker et al., 2017), though a precise role for 

AMPK in canonical PINK1-Parkin mitophagy has remained unclear (Seabright et al., 2020; 

Vargas et al., 2019) until very recently (Hung et al., 2021; Laker et al., 2017; Seabright 

et al., 2020). ULK1 was found to directly phosphorylate conserved ParkinSer108, within a 

recently identified ten amino acid domain required for full-Parkin activation termed the ACT 

domain (Swatek et al., 2019). Prior to this discovery, Parkin was known to be activated 

by its recruitment from the cytoplasm following treatment of cells with mitochondrial 

depolarizing agents, but not following ETC inhibition. Mitochondrial recruitment of Parkin 

was shown to require phosphorylation of ParkinSer65 by the mitochondrial transmembrane 

kinase PINK1, whose levels are only stabilized in depolarized mitochondria (Harper et 

al., 2018; Lazarou et al., 2015). Notably, we found that treatment of cells with ETC 

inhibitors or the mitochondrial depolarizing agent CCCP resulted in maximal AMPK 

activation by 5 minutes with similar maximal phosphorylation of Parkin in the cytoplasm 

but not mitochondria on Ser108. Biochemical association of Parkin with the mitochondria 

did not occur appreciably until 20–30 minutes after mitochondrial insults, with PINK1 

phosphorylation of Parkin and Ubiquitin at the mitochondria occurring at and after that time, 

when Parkin Ser108 phosphorylation was rapidly decreasing. This represents an unexpected 

early step in Parkin activation, which was prevented with AMPK KO, ULK1 inhibition, or 

mutation of Ser108 and surrounding serines (Hung et al., 2021). These new findings indicate 

that Parkin is rapidly phosphorylated by AMPK/ULK1 signals under many conditions that 

do not involve full mitochondrial depolarization and PINK1 activation. Given that AMPK 

is promoting full mitochondrial fission within 20 minutes of ETC inhibition, this provides 

a molecular mechanism by which mitochondrial networks are fragmented and Parkin may 
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be partially activated by AMPK/ULK1, induced in some way to efficiently translocate to 

mitochondria to survey for mitochondria lacking proper mitochondrial membrane potential, 

hence where PINK1 will be stabilized to promote full Parkin activation and marking 

of mitochondria for destruction. Only those minority of fragmented mitochondria with 

depolarized mitochondria would have stabilized PINK1, and hence would receive additional 

Parkin Ser65 phosphorylation and subsequent downstream biochemical steps in mitophagy 

(recruitment of mitophagy receptors, etc) (Figure 3). The centrality of AMPK in the 

acute response to mitochondrial damage was also observed in a recent study performing 

a genomic CRISPR screen for factors mediating inhibition of mTORC1 after the ETC 

inhibitor oligomycin (Condon et al., 2021). The authors found that AMPK was required for 

an early 0–3h suppression of mTORC1 after oligomycin whereas an HRI-EIF2A dependent 

induction of mRNAs encoding the mTORC1 inhibitors REDD1/DDIT4 and Sestrin2 were 

required for a second wave of mTORC1 inhibition. Cells knocked out for both AMPK and 

HRI were largely unable to inhibit mTORC1 after oligomycin (Condon et al., 2021).

Lysosomal AMPK as a primary glucose sensor and regulator of the endolysosomal 
compartment.

One more newly coveted locale that has arisen as a hub of AMPK function is the 

lysosome. Over the past decade several studies have elucidated key roles of the lysosome 

in metabolism (Abu-Remaileh et al., 2017) and cellular differentiation (Young et al., 2016). 

Identification of the lysosome as a center of amino acid sensing and regulation of mTOR 

signaling (Saxton and Sabatini, 2017) promoted the idea of lysosomes as a hub of cellular 

metabolic regulation (Lamming and Bar-Peled, 2019). This dogmatic shift resulted in a 

host of studies detailing novel regulatory mechanisms for metabolic pathways occurring at 

the lysosome, including AMPK. These studies have progressively outlined the localization, 

functional implications, and mechanistic regulation of lysosomal AMPK (M. Li et al., 2019; 

Zhang et al., 2014, 2017; Zong et al., 2019).

Analogous to the relationship of amino acids and mTOR activation, glucose is often 

regarded as a primary nutrient input that is determinant of AMPK activity. Historically, 

this relationship was hypothesized to depend on an increased AMP:ATP ratio secondary 

to limited glucose supply. However, recent work has shown the capacity for glucose 

deprivation, independent of gross changes in cellular ATP levels, to activate lysosomal 

AMPK (M. Li et al., 2019). This activation of lysosomal AMPK has been linked to 

the glycolytic intermediate, fructose-1,6- bisphosphate (FBP). Specifically, decreased FBP 

levels were shown to promote formation of an LKB1-AMPK complex at the lysosomal 

surface and the glycolytic enzyme Aldolase was shown to be required (M. Li et al., 2019), 

as well as the Wnt pathway scaffold protein Axin (Zhang et al., 2014, 2017). Specifically, 

a role for axin in acute AMPK activation by glucose starvation (≤ 20 minutes) (Zhang et 

al., 2017) has been demonstrated. However, longer glucose starvation (≥ 1 hour) does not 

appear to require Axin (Orozco et al., 2020; Zhang et al., 2017). The data overall supports 

a model in which FBP-unoccupied Aldolase binds and inhibits ER-localized transient 

receptor potential channel subfamily V (TRPV), inhibiting calcium release from the ER 

in low glucose conditions. Decreased calcium at ER lysosome contact sites renders inhibited 

TRPV accessible to bind the lysosomal v-ATPase that then recruits AXIN:LKB1 to activate 
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AMPK independently of AMP. This mode of AMPK activation appears to hinge on v­

ATPase-Ragulator complexes (Zhang et al., 2014) - that also have demonstrated roles in the 

activation of mTOR (Bar-Peled et al., 2012). Recently, investigators used AMPK-KO cells 

to try to define whether mTOR could sense glucose independently of AMPK. mTOR was 

found to sense a metabolite downstream of aldolase and upstream of the GAPDH-catalysed 

steps of glycolysis (Orozco et al., 2020). Utilizing cells lacking AMPK and expressing triose 

kinase the authors identified dihydroxyacetone phosphate (DHAP) as the key metabolite in 

this mode of mTOR activation. DHAP is a precursor for lipid synthesis, a process mTORC1 

is well-established to control, and sensing of DHAP by mTORC1 provides a measure by 

which mTORC1 can sense the flux in the pathway. More recently, use of point mutations 

in Aldolase appear to separate some of the AMPK and mTOR control, reinforcing this as 

a key node for glycolytic flux to directly connect to these master regulators of catabolism 

and anabolism(Li et al., 2021). Overall, these studies posit vATPase-Ragulator complexes 

as critical switches in nutrient metabolism, which integrate multiple nutritional inputs with 

their appropriate downstream signaling pathways at the lysosome.

Similar to its broad functions at the mitochondria, AMPK not only localizes to the 

endolysosomal compartment, but also mediates the underlying biogenesis and processing of 

these organelles. One critical function of this metabolic signaling hub at the lysosome is the 

regulation of transcription factors EB and E3 (TFEB/TFE3) and their downstream network 

of genes (Carroll and Dunlop, 2017). This network is linked by a common genetic motif 

denoted the “coordinated lysosomal expression and regulation” (CLEAR) motif (Sardiello 

et al., 2009). This motif is targeted by members of the MITF and TFE transcription factor 

family to stimulate lysosomal biogenesis. Lysosomal biogenesis and maintenance are critical 

for appropriate autophagic processing at the cellular level, which is a known functional 

output of AMPK activation. mTOR was demonstrated to directly phosphorylate multiple 

conserved serines in TFEB/TFE3, resulting in their exclusion from the nucleus (Martina et 

al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012). More recently evidence 

has arisen for regulation of TFEB/TFE3 by AMPK through direct phosphorylation (Paquette 

et al., 2021) though mutation of the proposed AMPK sites did not impact nuclear shuttling 

of TFEB by AMPK, nor did the proposed AMPK sites in TFEB match the well-established 

AMPK substrate consensus motif, so additional mechanisms of AMPK control of TFEB 

must exist.

As AMPK is a well-documented inhibitor of mTOR activity, effects of AMPK on TFEB/

TFE3 were hypothesized to be due to inhibition of mTOR. In line with this, AMPK was 

demonstrated as a critical determinant of the phosphorylation status and nuclear localization 

of TFEB/TFE3 (Eichner et al., 2019; Young et al., 2016). These studies demonstrated 

a genetic requirement of AMPK for the expression of CLEAR network genes during 

embryonic stem cell differentiation (Young et al., 2016) or in lung cancer cells under 

conditions of glucose deprivation, where AMPK provides a survival signal (Eichner et al., 

2019). Indeed Kras mutant genetic engineered lung tumors lacking AMPK exhibited loss 

of lysosome content and an inability to grow past a certain metabolic restriction, consistent 

with early studies showing AMPK is required for cell survival under low energy conditions 

(Shaw et al., 2004b, 2004a), including tumor cells (Jeon et al., 2012; Laderoute et al., 

2006; Saito et al., 2015). While AMPK was oft hypothesized as a tumor suppressor, due 
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to its anti-catabolic effects, complete removal of AMPK at the time of tumor initiation in 

solid tumors prevented proper tumor establishment and progression (Eichner et al., 2019). 

These findings are in line with increased awareness of autophagy as a critical process 

in oncogenic development, progression, and resistance to treatment (Amaravadi et al., 

2019). Therefore, targeting pathways critical to lysosomal biogenesis and/or autophagy may 

provide therapeutic inroads for previously underserved cancers (Limpert et al., 2018).

In concert with transcriptional promotion of lysosomal biogenesis, AMPK activation has 

also been indicated in the initiation, maturation, and processing at multiple sites within 

the endolysosomal compartment. Phosphatidylinositol processing appears as a common link 

for this functional output of AMPK. AMPK has demonstrated effects on this pathway 

through phosphorylation of several substrates including progestin and adipoQ receptor 3 

(PAQR3) and 1-phosphatidylinositol 3-phosphate 5-kinase (PIKfyve). Phosphorylation of 

PAQR3 by AMPK appears important for the assembly of protein complexes containing 

autophagy related gene 14 like (ATG14L) and Phosphatidylinositol 3-kinase VPS34 

(VPS34). This can promote autophagosome formation (Xu et al., 2016). AMPK can 

also directly phosphorylate the phosphoinositide phosphate kinase, 1-phosphatidylinositol 

3-phosphate 5-kinase (PIKfyve), which is responsible for the synthesis of PI(5)P. Originally, 

PIKfyve activation by AMPK was identified as a control point for exercise stimulated 

translocation of glucose transporter 4 (GLUT4) to the plasma membrane from intracellular 

vesicles (Liu et al., 2013) but more recently AMPK-mediated activation of PIKfyve 

was shown to coordinate with the Biogenesis of lysosome-related organelles complex-1 

(BORC1) to promote lysosomal reformation (Yordanov et al., 2019). Finally, it was recently 

demonstrated that in addition to AMPK, ULK1 also directly phosphorylates the lipid kinase 

PIKfyve on a distinct serine - Ser1548 - which is essential for glucose starvation-dependent 

autophagy. AMPK-dependent activated ULK1 was shown to stimulate synthesis of PI(5)P 

which was shown to directly contribute to autophagosomes, and like PI(3)P synthesized by 

VPS34, may serve to recruit lipid-binding autophagy receptors to the nascent phagophore 

(Karabiyik et al., 2021).

Beyond nutrient and energetic stress, direct lysosomal damage has been shown to be one 

of the strongest inducers of autophagy, and recent studies discovered a new signaling 

mechanism in which cytoplasmic galectin family proteins were found to bind and control 

mTOR and AMPK activity after this stress (Jia et al., 2018). Gal8 inhibited mTOR activity 

through its Ragulator-Rag signaling machinery, whereas galectin-9 activated AMPK in 

response to lysosomal injury, via a novel mechanism involving the deubiqutinating enzyme 

USP9X and the kinase TAK1 (Jia et al., 2020). Collectively the data suggest galectin 

and ubiquitin systems converge to activate AMPK and autophagy during endomembrane 

homeostasis. With such broad indications for the action of AMPK at the lysosome and 

its capacity for regulating the overall function of this organelle system it will be critical 

to understand the specific physiological and pathologicala contexts that rely on AMPK­

mediated events.
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Linking diverse activating inputs of AMPK at the endoplasmic reticulum

As is the case with many cellular functions and organelles, ideas surrounding the 

endoplasmic reticulum (ER) have evolved considerably in recent years. Classically regarded 

as a hub of protein processing and secretion, the functions of the ER have been expanded 

to include intercellular calcium signaling and lipid homeostasis among other functions 

(Sicari et al., 2020). Upon insufficiency in any of these ER functions a critical set of 

responses is undertaken to limit cellular damage and restore sufficient function (Almanza 

et al., 2019). As a hub of lipid metabolism and processing AMPK has identified actions 

on key components of lipid homeostasis at the ER including sterol regulatory-element 

binding protein 1c (SREBP-1c) and 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR). 

AMPK phosphorylates SREBP-1c directly. This acts as an inhibitory switch that maintains 

SREBP-1c at the ER, which negates its capacity for translocation to the nucleus where it 

acts as a master promoter of lipid synthetic programming. Additionally, phosphorylation 

of HMGCR by AMPK limits the synthesis of cholesterol. This likely minimizes energy 

utilization in the short term, but may also influence membrane dynamics through altered 

cholesterol homeostasis. These interactions contribute to the overarching functions of 

AMPK as a master regulator of lipid metabolism, but other aspects of ER function, such 

as calcium homeostasis, have been increasingly recognized for their influence on AMPK 

activity.

While LKB1 was identified as being the kinase upstream of AMPK, and required for 

AMPK activation in conditions of low energy, a second upstream kinase, CaMKK2, was 

also identified for AMPK (Hawley et al., 2005; Hurley et al., 2005; Woods et al., 2005). 

CaMKK2 responds to intracellular calcium levels downstream of hormonal cues and shifts 

in ion concentrations. Indeed, regulation of AMPK by CaMKK2 appears to be critical for 

specific effects on cellular and physiologic functions. As a critical mediator of cellular 

signaling events the concentrations of intracellular and intraorganellar calcium are tightly 

regulated. As previously mentioned, the endoplasmic reticulum maintains critical aspects 

of cellular calcium homeostasis. This indicates the ER as a potential base for alternative 

activation of AMPK by CAMKK2 through effects on calcium levels. In line with this, 

multiple studies have now demonstrated a relationship between AMPK and the ER-localized 

protein Stromal interaction molecule 2 (STIM2) (Chauhan et al., 2019; Nelson et al., 

2019; Stein et al., 2019). From these studies STIM2 appears to complex with AMPK 

and CAMKK2 at the ER. This interaction is promoted by release of calcium from the ER 

lumen. Additionally, AMPK promotes aspects of calcium homeostasis via phosphorylation 

of STIM1 and 2, which was demonstrated to occur in murine liver following a therapeutic 

dose of metformin (Stein et al., 2019).

The enigmatic role of nuclear AMPK

The ability of a fraction of the total cellular AMPK pool to shuttle into and out of the 

nucleus has been reported numerous times. Despite, this the functional significance of 

nuclear AMPK has yet to be fully determined. Hypotheses have varied from regulation 

of metabolic processes in the nucleus to direct phosphorylation of transcription factors to 

control expression of metabolism and growth-related genes. The functional significance of 

nuclear AMPK remains an active area of interest without a unified theory. Both AMPKα1 
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and α2 contain well-defined nuclear export sequences (Kazgan et al., 2010). Both also 

contain a short conserved basic sequence that was proposed to serve as a nuclear localization 

sequence in AMPKα2 (Suzuki et al., 2007) though this has not been corroborated in other 

studies (Kazgan et al., 2010) so further work may clarify the signals governing AMPK 

nuclear shuttling. Despite earlier focus on nuclear AMPKa2 in muscle (McGee et al., 

2003; Steinberg et al., 2006), it is now clear that endogenous AMPKa1 can be found in 

the nucleus under certain circumstances (Lamia et al., 2009; Vara-Ciruelos et al., 2018). 

AMPK has been suggested to phosphorylate a number of transcriptional regulators (see 

bottom of Figure 2), though notably many of them shuttle in and out of the nucleus (CRY1, 

CRTC2, HDACs, YAP, FOXO3A, GLI1) and it remains unclear which of these are bona fide 

substrates of AMPK in the nucleus. Whether modification of these, or other, transcriptional 

regulators is specific to nuclear AMPK is maintained as an active area of research.

Another new area for targets of AMPK lies in the control epigenetic modifications, 

including reports that AMPK phosphorylates and stabilizes the epigenetic enzyme TET2, 

which catalyzes the demethylation of 5-methylcytosine on DNA (Kundu et al., 2020; Wu 

et al., 2018; Zhang et al., 2019). AMPK has also been connected to EZH2 (Wan et al., 

2018) and other epigenetic regulators (Marin et al., 2017; Tanaka et al., 2019, 2015), 

though much work remains to validate these proteins as direct substrates of AMPK in 

vivo and to decode the functional consequences of these specific phosphorylation events 

under glucose- and energy-limited conditions. Interestingly, these enzymes rely on a host 

of carbon-based metabolites (e.g. acetyl-CoA, S-adenosyl methionine, etc) as substrates for 

the modifications they produce on histones and DNA. Therefore, the regulation of these 

enzymes by AMPK represents control points of genetic programming and metabolism. 

This adds to the growing body of work detailing the direct impact of metabolism on the 

epigenetic landscape (Campbell and Wellen, 2018).

More recently, AMPK has been shown to specifically be activated in the nucleus in a 

calcium and CAMKK2-dependent manner following DNA damage (S. Li et al., 2019; 

Vara-Ciruelos et al., 2018) and the exonuclease Exo1 involved in stressed replication forks 

was a proposed target. AMPK has been proposed to play a role in UVB response previously 

(C. L. Wu et al., 2013) and a recent careful analysis of genetic ablation of AMPK in the 

mouse skin showed defects in UVB response and general growth, though mTORC1 was 

a key target of AMPK in that process (Crane et al., 2021). Artemis, a protein involved in 

non-homologous end-joining DNA repairs has been reported in multiple independent studies 

as a nuclear AMPK interactor (Chen et al., 2020; Nakagawa et al., 2012), which may relate 

to a recent finding that Kras LKB1-deficient lung cancers show specific defects in double 

strand repair when compared to Kras tumors with other coincident mutations (Deng et al., 

2021).

Building a unified model for AMPK function following different stimuli

While localization certainly implies potential for differential regulation of downstream 

substrates it also appears critical for specific input effectors of AMPK activation as well. 

Activation of lysosomal AMPK by glucose deprivation appears to precede activation of 

mitochondrial AMPK under the same condition (Zong et al., 2019). Recent work has shown 
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the capacity for glucose deprivation, independent of gross changes in ATP levels, to activate 

AMPK. This effect was shown to be dependent on a relationship between voltage channels 

and glycolytic enzymes located on the lysosomal membrane surface (M. Li et al., 2019). 

While this study demonstrated AMPK activation independent of large-scale changes to 

energetic content of the cell it remains to be determined whether “pockets” of energetic 

deficiency can arise and influence AMPK activation based on localized cellular functions.

Recent studies have elucidated a hierarchy of glucose-dependent AMPK activation that 

starts at the lysosome. AMPK activation within this compartment appears to be independent 

of wholesale changes to the energetic status of the cell. In contrast, rapid activation of 

AMPK at the lysosome by glucose deprivation occurs as a result of its existence in 

complex with aldolase, a metabolic enzyme that converts fructose 1,6-bisphosphate, into 

dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate (G3P). The wave of 

glucose-dependent AMPK activation progresses to cytosolic and mitochondrial AMPK over 

time (Zong et al., 2019). These effects are likely dependent on the delayed impacts of 

glucose deprivation on energetic status, which is in line with the classic model of AMPK 

activation. While the lysosome-first model has been demonstrated as critical for responses 

to glucose levels, other models of AMPK activation do not appear to follow this paradigm. 

Specifically, inhibitors of mitochondrial ATP production trigger acute activation of AMPK 

and downstream signals at the mitochondria within minutes of treatment, which correlated 

with loss of ATP and increases in mitochondrial ROS (Hung et al., 2021; Toyama et al., 

2016).

Adding to the complexity of AMPK activation is recent work highlighting the capacity for 

LCFA-CoAs to act as activators as well (Pinkosky et al., 2020). This work establishes a 

direct effect of lipid-based metabolites on AMPK and it identified endogenous modes of 

engaging the AMPK ADaM site that is the primary site of action for direct activation of 

AMPK by pharmaceuticals. AMPK has indirect connections to other metabolites such as 

amino acids, through mTOR, and NAD+/NADH, through sirtuin signaling. However, there 

likely remain other metabolic inputs that influence AMPK activation directly, which may 

operate in organelle specific manners following the trend of glucose deprivation (Carling, 

2019).

Conclusion and perspectives

Since its earliest study, AMPK has been noted to coordinately regulate different metabolic 

pathways (Carling et al., 1987). The prevailing dogma often indicated AMPK activation 

as a monolith of binary function that was inactive in energy replete conditions and active 

during limited energy supply. A plethora of new discoveries have provided resolution for 

AMPK activation as it coordinates with multiple metabolic cues and protein interactions 

in a localized manner to invoke targeted signaling programs. In turn, these loci of AMPK 

signaling operate in concert to govern cellular behaviors. Over the past decade it has become 

increasingly apparent that AMPK phosphorylates a limited number of substrates at specific 

linchpin points in different cellular processes, all united in the effect to restore energetic and 

metabolic homeostasis to a cell in nutrient-deprived conditions.
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Figure 1. AMPK Domain Structure, Upstream Inputs and Downstream Outputs
AMPK is a heterotrimeric complex consisting of a catalytic (α) and two regulatory (β and 

γ) domains. Within these domains are several structural elements that enable the dynamic 

regulation of AMPK activity and responsivity. Phosphorylation of Thr172 of the α subunit 

kinase domain by upstream kinases serves as a primary AMPK activating event. This is 

canonically responsive to structural shifts induced by altered adenine nucleotide energy 

content. This nuecleotide-dependent signaling is involved in responses to physiologic and 

pharmacologic manipulations of cellular energy. Additionally, Thr172 phosphorylation can 

be induced independent of cellular energy changes, which occurs during calcium induced 

activation of AMPK by CAMKK2. Upon activation AMPK acts on multiple targets to 

acutely restore cellular energy while promoting prolonged support of energetic sufficiency.

Trefts and Shaw Page 25

Mol Cell. Author manuscript; available in PMC 2022 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. AMPK substrates act in specific subcellular locales to rewire metabolism
AMPK is a master of distributed metabolic control, acting within specific compartments 

of the cell to maintain local metabolic homeostasis, which combine to maintain overall 

cellular metabolic homeostasis. Phosphorylation and activation of AMPK within discrete 

locales is differentially controlled by its upstream kinases LKB1 and CAMKK2, which are 

responsive to a variety of stimuli across these compartments. AMPK directly influences 

the balance of macronutrient metabolism and handling through its effects on cellular 

glucose uptake (TXNIP/Glut1, TBC1D1/Glut4), glycolysis (PFKFB3), glycogen storage 

(GS and GP), lipid and cholesterol synthesis (SREBP1C, HMGCR, and ACC1/2), lipolysis 

(ATGL and HSL), and lipid oxidation. AMPK also supports the overall maintenance of 

metabolically active organellar systems including mitochondria (MFF) and multiple aspects 

of the endolysosomal compartment (PIKfyve, ULK1, VPS34, Beclin, ATG9, TFEB/3). 

AMPK can also influence the activity of other master metabolic switches (mTORC1) 

enabling communication between the overall anabolic and catabolic drive of cells.
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Figure 3. AMPK rapidly promotes fission and mitophagy following mitochondrial energetic 
stress.
One of the key organelles supported by AMPK for the maintenance of cellular metabolic 

homeostasis are the mitochondria. AMPK acutely senses energetic stress through levels 

of adenine nucleotides and glycolytic intermediates that can shift under physiologic or 

pathologic conditions. Following initial stimulation of AMPK, MFF undergoes activating 

phosphorylation enabling recruitment of DRP1 for mitochondrial fission. ULK1 is activated 

downstream of AMPK while the E3 ubiquitin ligase, Parkin, is recruited to the mitochondria 

and activated under these conditions. Upon activation, Parkin ubiquitylates target proteins on 

the outer mitochondrial membrane (OMM). PINK1 is stabilized on the outer mitochondrial 

membrane of depolarized mitochondria phosphorylating Parkin and ubiquitin groups 
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attached to OMM proteins. Phosphorylated ubiquitin acts as a tag for identification of 

mitophagy receptors, such as optineurin (OPTN), that mediate later steps of mitochondrial 

turnover.
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