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OPEN 8ACCESS A casual decision made one evening in 1976, in a bar near the Biochemistry Department
at the University of Dundee, led me to start my personal research journey by following up
a paper that suggested that acetyl-CoA carboxylase (ACC) (believed to be a key regula-
tory enzyme of fatty acid synthesis) was inactivated by phosphorylation by what appeared
to be a novel, cyclic AMP-independent protein kinase. This led me to define and name
the AMP-activated protein kinase (AMPK) signalling pathway, on which | am still working
46 years later. ACC was the first known downstream target for AMPK, but at least 100
others have now been identified. This article contains some personal reminiscences of
that research journey, focussing on: (i) the early days when we were defining the kinase
and developing the key tools required to study it; (ii) the late 1990s and early 2000s, an
exciting time when we and others were identifying the upstream kinases; (iii) recent times
when we have been studying the complex role of AMPK in cancer. The article is pub-
lished in conjunction with the Sir Philip Randle Lecture of the Biochemical Society, which
| gave in September 2022 at the European Workshop on AMPK and AMPK-related
kinases in Clydebank, Scotland. During the early years of my research career, Sir Philip
acted as a role model, due to his pioneering work on insulin signalling and the regulation
of pyruvate dehydrogenase.

It was an honour and a privilege to be asked to present one of the Sir Philip Randle lectures of 2023. I
was lucky enough to meet Sir Philip on several occasions and looked up to him in more ways than
one. Firstly, in the metaphorical sense, since he was a UK pioneer in the field of cell signalling that I
aspired to enter, who had made important contributions to insulin signalling and secretion, and also
to regulation of metabolism, particularly of pyruvate dehydrogenase. Secondly, I looked up to him in
the literal sense: I had always thought of myself as being tall at 6’ 6” or 2 m, but in that respect I had
to defer to Sir Philip! There is also an indirect connection between Sir Philip and the growth of
research in cell signalling at my own institution, the University of Dundee. In 1964 Philip had moved
from Cambridge to Bristol University to become their first Professor of Biochemistry, and very rapidly
established it as a centre of excellence. One of several people he persuaded to move with him from
Cambridge to Bristol was Peter Garland, a medical graduate who had switched to science and who,
during his PhD, had worked on what became known as the Randle cycle. In 1970, Peter was
appointed as the first Professor of Biochemistry at Dundee and immediately did a ‘Randle’ by per-
suading several people, including David Boxer and Bruce Haddock, to move from Bristol to Dundee,
which some biochemists might have considered at that time to be the ‘back of beyond’! However,
perhaps the most important appointment he made was that of Philip Cohen, who had just completed
Received: 5 October 2022 a postdoc with Ed Fischer, one of the fathers of the protein phosphorylation field. Although Philip
Revised: 26 October 2022 Cohen had only published a few papers at that time, Peter Garland clearly recognized his potential as
Accepted: 26 October 2022 a rising star who was to firmly establish the reputation of Dundee in the cell signalling field. Thus, it
Version of Record published: is easy to see the legacy of Philip Randle, via his student Peter Garland, in putting Life Sciences at my
16 November 2022 own University on the map.
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Since it is not every day that one gives a Sir Philip Randle lecture, and since I am nearing retirement and
thus the end of my own 50 year journey in research, I hope I will be forgiven for indulging in this review in
some reminiscences of that journey. I will deal with three periods of my studies on AMP-activated protein
kinase (AMPK), each separated by around 20 years, starting with my earliest steps into the story.

Early days — defining the AMP-activated protein kinase

In October 1975, I moved to Dundee from a postdoc position at what was then Portsmouth Polytechnic, where
I had been studying protein kinases that phosphorylated histone H1 in the slime mould Physarum polycepha-
lum. This organism can grow as an acellular plasmodial form that is a coenocyte, in which a single common
cytoplasm several centimetres across can contain hundreds of millions of nuclei, which enter mitosis with
perfect synchrony. The activity of the H1 kinases varied dramatically during the plasmodial cell cycle, peaking
just before mitosis and then disappearing [1,2] and with hindsight it is obvious that they were CDK/cyclin
complexes, although we didn’t know that at the time (in a landmark review in 1990, Paul Nurse was kind
enough to point out that these studies in P. polycephalum had preceded other research on kinases controlling
the cell cycle ‘by nearly 15 years’ [3]). In Dundee, I had started a second postdoc that also involved protein
phosphorylation [4], but it soon became clear to me that it was Philip Cohen’s laboratory that was really going
places. The following year an opportunity arose when Philip obtained a Fellowship from the Wellcome Trust
enabling him to focus on research, with the grant paying for a temporary replacement on the teaching staff, to
which I was appointed. Since this was only for 2 years initially, Peter Garland said that he could not set me up
in my own laboratory, and that I should occupy some of Philip Cohen’s space instead. I was happy with that
arrangement since I knew I would benefit not only from Philip’s advice, but also from gaining access to his
specialist equipment and library of reagents, such as purified protein kinases and phosphatases. Moreover, the
position did give me the opportunity to start my own research project at the age of only 26.

The first thing was to decide was what I should work on. One evening towards the end of 1976 Philip Cohen
and I went down to a bar near the Biochemistry Department to discuss this. It was obvious that I would work
on something to do with protein phosphorylation, but on what exactly? It is hard to believe now, but at that
time the only process where the role of protein phosphorylation was reasonably well understood was glycogen
metabolism. However, Philip already worked on that, so I wanted to work on something different. I'd like to be
able to say that I spent days or weeks agonizing about what this should be, but it wasn’t like that at all. Philip
had brought along to the bar 3 or 4 papers describing preliminary evidence that processes other than glycogen
metabolism might be regulated by protein phosphorylation. By the end of our second beer I had made a snap
decision to follow up a paper from Ki-han Kim at the University of Indiana [5] concerning acetyl-CoA carb-
oxylase (ACC), which catalyzed a rate-limiting step in fatty acid synthesis. Kim had shown that a crude prepar-
ation of ACC from rat liver became activated over time when incubated with Mg>*, an effect that was blocked
by fluoride ions; conversely, ACC was inactivated in a time-dependent manner when incubated with Mg ATP*~
in the presence of another crude protein fraction, somewhat provocatively called fraction K. Since it was
already known that many protein phosphatases were metal ion-dependent and inhibited by fluoride, while
protein kinases required Mg, ATP®>~ as co-substrate, Kim surmised that ACC was being inactivated by phos-
phorylation by a protein kinase present in fraction K. While the evidence for that was reasonably convincing,
the kinase in fraction K was completely uncharacterized, and I resolved to pursue it.

One of Philip Cohen’s mantras at that time was ‘don’t waste clean thinking on dirty enzymes’, a saying ori-
ginally attributed to the eminent biochemist Efraim Racker. Philip’s initial advice was therefore to start by puri-
fying ACC to homogeneity, and to achieve this by purifying it from the richest source I could find. A literature
search revealed that, because milk has a high fat content, lactating mammary gland was an extremely rich
source of enzymes of fatty acid synthesis, so I started using mammary gland from lactating rabbits, although
we later switched to rats. This turned out to be an excellent choice, because within a few weeks I had worked out
a simple procedure to purify ACC for use as a substrate, as well as a kinase assay that measured incorporation of
radioactivity from [y->*P]ATP into the purified protein [6].

Our ACC preparation, even though apparently homogeneous by SDS-PAGE, contained traces of at least two
protein kinase activities that phosphorylated ACC, one of which appeared to be the well-known cyclic
AMP-dependent protein kinase (PKA) and another that we called ACC kinase-2 or ACK2 [6]. Armed with
these preliminary results, with Philip’s help I was successful in obtaining a project grant from the MRC
(Medical Research Council), giving me financial independence and allowing me to appoint my first postdoc,
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Paul Guy. Meanwhile, Philip had obtained renewed MRC funding for his own research that covered his salary.
This meant that my own position was now secured for at least 5 years, and Peter Garland finally agreed to set
me up in my own laboratory, in a former teaching laboratory with plenty of room for expansion.
Phosphorylation of ACC by PKA proved to be a rather lengthy false trail or ‘red herring’. Treatment of adi-
pocytes [7] or hepatocytes [8] from rats with the cyclic AMP-elevating hormones adrenaline or glucagon,
respectively, led to phosphorylation of ACC within the same tryptic or chymotryptic peptides that contained
the major site phosphorylated on purified ACC by PKA, suggesting that the latter kinase was responsible.
However, it turned out later that the serine residues phosphorylated within those peptides in intact cells treated
with PKA activators, and in cell-free assays by PKA, were different (see below) [9]. These studies, which were
before the development of phosphospecific antibodies, required the labelling of cells with heroic amounts of
’P-phosphate, and were performed by myself with Roger Brownsey (a PhD student in Bristol with Dick
Denton, the latter another protégé of Philip Randle) [7], by my first PhD student, Ross Holland, with the help
of a sabbatical visitor to my laboratory from the US, Lee Witters [8], and later on by my postdoc Alastair Sim [9].
While in Philip Cohen’s laboratory I had purified ACC from rabbit mammary gland in the presence of the
protein phosphatase inhibitor fluoride, resulting in a preparation that had low specific activity. However, when
fluoride was removed and the preparation was incubated with a protein phosphatase, there was a large activa-
tion [10]. Paul Guy and I found [11] that while incubation with MgATPz_ and either PKA or ACK2 could par-
tially reverse this activation, neither kinase could fully reverse it, which implied the existence of a third kinase
with a much larger effect on ACC activity; we began to call this ACC kinase-3 or ACK3. In 1984 a new PhD
student, Dave Carling, started in the laboratory, and I set him the task of purifying ACK3. In the summer of
1986 I spent several weeks working in the U.S.A. on the regulation of tyrosine hydroxylase by phosphorylation
[12]. When I returned to Dundee I was not expecting that Dave would have made much progress while I was
away, but in fact he had an extremely exciting finding! We had decided at the outset that we would purify
ACK3 in the presence of fluoride, not because we thought that the kinase would be regulated by phosphoryl-
ation, but to inhibit protein phosphatases that might interfere with our kinase assays — this turned out to be
crucial. Dave had wanted to try hydroxyapatite chromatography as a potential purification step for ACK3, but
this had to be performed in the presence of Ca®* so he had to dialyze away the fluoride ions, which would
otherwise cause precipitation of calcium fluoride. However, to his great surprise, when he did this he lost all
ACK3 activity, although if he dialyzed in the presence of fluoride it was quite stable. We immediately realized
that ACK3 must itself be inactivated by dephosphorylation, and it made us realize that it might be related to
another poorly characterized kinase that phosphorylated and inactivated HMG-CoA reductase (HMGCR,
which catalyzed what was thought to be a rate-limiting step in cholesterol synthesis). This putative kinase activ-
ity had been first described in a crude rat liver extract by David Gibson’s group in Indianapolis in 1973 [13]. In
1978 Tom Ingebritsen, a PhD student from that group, had provided evidence that the HMGCR kinase was
itself inactivated by dephosphorylation (just like our ACK3), and could be reactivated by treatment with
MgATPZ’ and another fraction that was presumed to contain an upstream kinase [14]. I knew all about those
results because, after finishing his PhD, Tom had moved to Dundee to become a postdoc in Philip Cohen’s
laboratory, where we had been neighbours. It soon became obvious that our ACK3 was probably identical not
only with the ACC kinase of Kim [5] but also with the HMGCR kinase of Gibson [13]. For example, Kim
had reported that his ACC kinase was allosterically activated by AMP [15], and this was later also reported for
HMGCR kinase by Hegardt’s group in Spain [16]. To test whether our purified ACK3 also acted on HMGCR,
we needed a source of the latter enzyme and an assay. Following once again Philip Cohen’s advice to use the
most abundant source to purify an enzyme, I wrote a letter (this was before the era of e-mails) to Joseph
Goldstein, who with Michael Brown had just won the Nobel Prize in Physiology or Medicine for their work on
cholesterol metabolism. One thing they had done was to generate UT-1 cells, in which the HMGCR gene had
been amplified, and expression of HMGCR protein increased 500-fold, due to several rounds of selection for
resistance to compactin, an early example of the class of HMGCR inhibitors now known as statins [17].
Goldstein and Brown had in fact also published a couple of papers on HMGCR kinase [18,19], and I had a
slight concern that they might simply do the experiments I had proposed in my letter by themselves. However,
I need not have worried because Goldstein quickly replied and sent us the cells, for which I will be eternally
grateful. HMGCR is embedded in the ER membrane and can be tricky to work with, but it was so abundant in
UT-1 cells that I could set up a simple spectrophotometric assay using a crude membrane fraction, monitoring
NADPH oxidation in the presence of HMG-CoA; this was much simpler than the more commonly used radio-
chemical assays. We could show that Dave’s ACK3, after purification by 700- to 1000-fold from rat liver, would

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 2329

2202 19quianoN zg uo Jasn M Aq ypd-06620-2202-00/0€56€6/.2£2/22/6 L y/3pd-8loie/fsyoolq/wod ssaidpueuod)/:dpy woly papeojumoq


https://creativecommons.org/licenses/by/4.0/

PORTLAND Biochemical Journal (2022) 479 2327-2343

00 rress

2330

https://doi.org/10.1042/BCJ20220255

inactivate both ACC and HMGCR, and that both activities were allosterically activated by AMP and sensitive
to protein phosphatase treatment in very similar ways (Figure 1).

I knew that these were important findings and sent a manuscript to Nature, who rejected it without sending
it for review! As I was terrified that we would be ‘scooped’, I immediately sent it instead to FEBS Letters, which
had a reputation for rapid publication. Many years later I was gratified to see that, in the ‘Timeline of
Physiology’ created for the 125th Anniversary of the American Physiology Society in 2012, this paper [20] was
cited as one of the most important discoveries of the year 1987.

Thus, ACK3 now had 2 targets rather than 1, and before long we had identified two more (glycogen synthase
[21] and hormone-sensitive lipase [22]). As there seemed no reason for it to stop there (as the title of this
article suggests, the number of targets for AMPK now stands at more than 100), I thought that the names ACC
kinase or HMGCR kinase were no longer appropriate. We therefore rather presumptuously renamed it AMPK
after its allosteric activator, AMP — fortunately for us, this name has stuck. From our first use of the term in
1988 [9,23], the number of papers that mention AMPK per year has grown inexorably, passing 10 in 1992, 100
in 2002 and 1000 in 2011 (Figure 2).

Other important developments were taking place in the laboratory at this time. My postdoc Mike Munday
identified, by amino acid sequencing of peptides, two sites on ACC phosphorylated by AMPK [23]. When
Ki-han Kim published the complete sequence of rat ACC predicted from the cDNA sequence later the same
year [24], these could be identified as Ser79 and Ser1200, while a third site we later showed to be Ser1215 [25].
Interestingly, PKA phosphorylated a different serine residue, Ser77, within the same tryptic or chymotryptic
peptide as Ser79 [9], which is why we had previously mistakenly thought that PKA was phosphorylating ACC
in intact cells [7,8]. It soon became clear that phosphorylation of Ser79, rather than Ser1200 or Serl215,
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Figure 1. Some of the original evidence that ACC kinase and HMGCR kinase were the same entity.

Top: An acetyl-CoA carboxylase kinase (ACK3, now known as AMPK) purified by 700- to 1000-fold from rat liver inactivated
HMG-CoA reductase from Chinese hamster UT-1 cells in a time- and MgATP-dependent manner (the small degree of
inactivation in the absence of ACK3 was most likely due to a small amount of endogenous AMPK in the HMGCR preparation,
which was a crude membrane extract from UT-1 cells). Bottom: the acetyl-CoA carboxylase kinase (left) and HMG-CoA
reductase kinase (right) activities of ACK3 were allosterically activated by AMP in a similar manner. Graphs redrawn from [20].
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Figure 2. Number of papers that mentioned AMPK published per year between 1988 and 2021.
For each year, PubMed was searched for the presence of the terms ‘AMPK’ or ‘AMP-activated’ in any field. Note that the y
axis is logarithmic.

accounted for most of the inactivation of ACC caused by AMPK [23,25]. This yielded three major benefits that
we were able to capitalize upon:

(1) My PhD student Steve Davies developed the SAMS peptide, a synthetic peptide based on the sequence
around Ser79 (with the PKA site at Ser77 changed to alanine), for use as a substrate in AMPK assays [26].
One small batch of synthesis of this peptide turned out to be sufficient for thousands of assays, obviating
the need for the time-consuming, twice-monthly purification of ACC that we had previously used as sub-
strate for our kinase assays. This assay also made it easier for other laboratories to study AMPK, and var-
iants of it were later used by pharmaceutical companies to successfully search for novel AMPK activators in
high-throughput screens [27-29].

(2) My PhD students John Weekes and Susan Dale used variants of the SAMS peptide [30] and a related peptide
[31], based on the sequences around sites on the four known targets [21,22,25,32], to establish the motif via
which AMPK recognizes its target sites — this recognition motif has been very helpful in identifying the >100
sites for AMPK that we know about today (a list of which has been compiled in a recent review [33]).

(3) We later generated phosphospecific antibodies against this site [34] — monitoring of Ser79 phosphorylation
on ACC using phosphospecific antibodies remains an almost universally used marker for AMPK activation
in intact cells and in vivo.

The 1990s and early 2000s — identifying upstream kinases

In 1994 our group [35] and Bruce Kemp’s group in Melbourne [36] reported the complete purification of
AMPK, revealing that it contained three subunits, now termed o, B and v, in a 1:1:1 complex. We had previ-
ously identified the largest (o) subunit as the catalytic subunit using an affinity labelling approach [37].
Meanwhile, Dave Carling had moved to the laboratory of James Scott in London where, working in collabor-
ation with Raj Beri at Zeneca Pharmaceuticals (now AstraZeneca) he managed to clone cDNA encoding an o
subunit of AMPK [38]. Based on DNA [38] and protein [36] sequences respectively, Dave and Bruce Kemp
recognized that the o subunit was the mammalian orthologue of Snfl, the catalytic subunit of a kinase shown a
few years earlier by Marian Carlson to be required for responses to glucose starvation in the yeast
Saccharomyces cerevisiae [39]. Bruce also showed [40] that the other two subunits (now B and y) were related
to Sip1/Sip2/Gal83 and Snf4, respectively, which interacted with Snfl [41-43] to form what we now call the
SNF1 complex. Subsequently, Bruce’s group cloned a second mammalian o subunit that they called, a little
perversely, al, with the isoform cloned earlier by Dave Carling becoming 02 (Dave quipped that because
Australians were in the southern hemisphere and therefore upside down relative to the UK, perhaps they
counted backwards?). Cloning by Dave’s and Bruce’s groups of cDNAs encoding two isoforms of the B subunit
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(B1, B2) and three of the y subunit (y1, y2, y3) soon followed [44-47]. My group also provided the first
evidence, using a reactive AMP analogue, that the y subunit contained the allosteric binding site for AMP [46].
Why should AMPK be allosterically activated by AMP? We had shown that the effect of AMP was antago-
nized by high concentrations of ATP [37], so the kinase effectively monitored the cellular AMP:ATP ratio. The
major source of cellular AMP is thought to be the reaction catalyzed by adenylate kinase (2ADP < ATP +
AMP), which has an equilibrium constant close to 1. If this reaction is operating close to equilibrium (which
appears to be the case in most cells), it is easy to show that the AMP:ATP ratio will vary as the square of the
ADP:ATP ratio [48], making the former a much more sensitive indicator of falling energy status than the latter.
Incidentally, I was very pleased with myself when I worked out this line of argument, only to find that Sir
Hans Krebs had come to the same conclusions almost 40 years earlier [49], when he stated; ‘this means that
the absolute concentration of AMP is a much more sensitive controlling agent than the absolute concentration
of ADP, or of ATP, or of the ADP:ATP ratio’. Personally, I think it is revealing that three other enzymes that
also directly monitor cellular energy status, i.e. glycogen phosphorylase, fructose-1,6-bisphosphatase and phospho-
fructokinase all (like AMPK) appear to respond primarily to AMP and ATP, rather than to ADP and ATP [50].

Thus, AMPK is a protein kinase that senses cellular energy status. In 1991, my PhD student Frances Moore
made an important further observation relating to this. We were looking for ways of examining the physiological
role of regulation by AMP, and I came across reports [51,52] that incubation of hepatocytes with high concentra-
tions of fructose transiently depleted ATP due to its rapid conversion by fructokinase to fructose-1-phosphate,
which is then more slowly further metabolized via triose phosphates. Sure enough, Frances found that incubation
of rat hepatocytes with 20 mM fructose caused a large transient decrease (10-fold) in ATP mirrored by an even
larger increase (>100-fold) in AMP [53], as would be expected if the adenylate kinase reaction was close to equi-
librium (Figure 3). This was also mirrored by transient increases in AMPK activity and decreases in ACC activity
— the latter took longer to recover than AMPK but did do so at later time points not shown in Figure 3. While
the decrease in ACC was to be expected, the increase in AMPK was not, because we had assayed the kinase in a
resuspended polyethylene glycol precipitate in the presence of saturating AMP, so that any allosteric activation
that occurred in the intact cells would have been lost. If we further purified the activated AMPK in the presence
of fluoride, then removed the fluoride and treated with protein phosphatase, AMPK became inactivated again.
We thus argued that ‘the simplest explanation of these results was that AMP promotes a conformational change
in the kinase subunit, which as well as activating directly, makes it a better substrate for the kinase kinase, or a
worse substrate for the kinase phosphatase’ [53]. In the same paper we provided evidence that AMP binding did
promote phosphorylation by an endogenous ‘kinase kinase’, which was confirmed much later with more highly
purified components [54]. My PhD student Steve Davies also later provided convincing evidence that AMP
binding to AMPK inhibited Thr172 dephosphorylation by protein phosphatases [55]. Thus, AMP activated
AMPK by three effects rather than one, making the system exquisitely sensitive [56].

The finding that AMP promoted phosphorylation and activation of AMPK made it imperative to define the
kinase(s) upstream of AMPK which, despite being first observed by Tom Ingebritsen in 1978 [14], had still not
been identified. A new PhD student, Simon Hawley, started in 1992 and I set him the task of purifying the
upstream kinase. Simon managed to purify it 1000-fold from rat liver, and with the help of Dave Carling and
Matthew Davison at Zeneca, we showed that it phosphorylated Thr172 on the o subunit of AMPK [57].
Thr172 was located in the middle of the ‘activation loop’ within which many protein kinases are activated by
phosphorylation [58]. Identification of Thrl172 also allowed the development of phosphospecific antibodies
against that site [59] — the majority of researchers that work on AMPK today do not monitor its kinase activ-
ity directly, but instead simply probe Western blots with anti-pT172 antibodies.

It turned out later that rat liver was not the best source for the upstream kinase (for example, it is much
more abundant in testis [60]), but our assay did not work well in crude extracts so we could not easily do a
survey to find the richest source. Despite much effort, Simon could not identify the upstream kinase in his
purified preparations from rat liver — at one point we identified a protein kinase within his fractions, but it
turned out to be another ‘red herring’. In the year 2000 a new postdoc, Catherine Sutherland, started — since
she had worked on yeast for her PhD in Australia, I put her on identifying the upstream kinase acting on the
SNF1 complex, the AMPK orthologue in S. cerevisiae — we were assisted by a Dundee colleague who was a
yeast biologist, Mike Stark. My PhD student Wayne Wilson had already shown that the upstream kinase puri-
fied from rat liver by Simon Hawley would activate the yeast SNF1 complex [61]. The yeast genome had
recently been completed, and it encoded 119 protein kinases, at least one of which must be the elusive
upstream kinase. We obtained from Mike Snyder at Yale a library of yeast strains each of which expressed a
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Figure 3. Effects of incubation of isolated rat hepatocytes with fructose.

Incubation with 20 mM fructose caused transient decreases in ATP (10-fold) and increases in AMP (>100-fold) (A), which were
mirrored by a transient increase in the activity of AMPK (B) and a decrease in the activity of acetyl-CoA carboxylase (C). The
acetyl-CoA carboxylase activity started to recover at 40-60 min (not shown). Results redrawn from [53].

single yeast kinase as a GST fusion — Catherine purified all 119 on glutathione-Sepharose and tested them for
their ability to activate dephosphorylated AMPK. Remarkably, she got just one hit, Elm1. I must confess that I
sat on this result for a while, not knowing quite what to make of it. One problem was that the phenotype of
elml mutants was already known (ELM stands for ELongated Morphology), and it was not really what one
would expect for a kinase acting upstream of the SNF1 complex. Another was that some of the GST:Elm1 pre-
parations that Catherine made failed to activate AMPK, and we were in fact very fortunate that the first one
she made did work, otherwise we might have missed it altogether! Catherine eventually worked out that those
GST-Elm1 preparations that did work in our assay were truncated, with a C-terminal auto-inhibitory domain
having been removed by proteolytic degradation. She went on to show that expression of the truncated, acti-
vated form of Elm1 caused an elongated morphology and a pseudohyphal growth form caused by a failure of
new cell buds to separate from their parent; strangely, this was quite similar to the phenotype of a null mutant.
She was then able to show that the phenotype caused by expression of the activated form, although not that of
the null mutant, was abolished in the absence of Snfl, providing genetic evidence that Elm1 did indeed act
upstream of Snfl. I started preparing a manuscript but, just before submission, I got an e-mail from Martin
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Schmidt in Pittsburgh (whom I had never met, but whose previous work on the SNF1 complex I knew of)
saying that he had a draft manuscript describing kinases upstream of Snfl in yeast and would like my thoughts
on this. I replied that I would love to see his manuscript, but that I had one as well! Rather dramatically, we
agreed to exchange manuscripts by e-mail at 1 pm UK time the next day. I sent off mine at 1 pm and waited
rather anxiously — I was very relieved to get his manuscript an hour later (probably something to do with the
UK and the US not switching to Summer/Daylight saving time on the same weekend)! I was delighted to see
that Martin had identified two potential upstream kinases that were different from Elml, ie. Pakl (now
renamed Sakl) and Tos3. A knockout of both genes by Martin had failed to generate a snfl-like phenotype, i.e.
fajlure to grow on carbon sources other than glucose, which might have been expected of genes encoding
kinases upstream of Snfl. Excitingly, however, the kinase domains of Sakl, Tos3 and Elm1 were very closely
related in sequence and lay on their own little branch of the yeast kinase family tree. Martin was quickly able
to generate a triple null mutant of Elm1, Sakl and Tos3, and it had a beautiful snfi-like phenotype that was
rescued by expression from a plasmid of any one of the three. Thus, there were three upstream kinases in yeast
that acted redundantly, explaining why they had not emerged from the original genetic screen that had yielded
the snfl and snf4 mutants. Martin and our group then published a joint paper [62], while Marian Carlson,
working with Dave Carling, published similar findings almost simultaneously [63].

Of course, what I was really interested in was the equivalent upstream kinase in humans. As soon as I heard
that Martin had got the exciting results with the triple mutant I looked up the three upstream kinases in the
S. cerevisiase genome database, where the entry for each gene had a section listing potential mammalian ortho-
logues. These all mentioned STK11, a protein kinase gene I had not heard of. However, when I searched
PubMed with STK11 it came up, to my great surprise, with over 100 papers. This was my ‘eureka’ moment
when I suddenly realized that STKI1I1 was the gene name for the protein kinase LKB1, which my colleague
Dario Alessi had been working on in Dundee for 3 or 4 years. The person in the whole world best qualified to
help me was therefore just down the corridor! With mounting excitement, I went to see Dario that same day
and he was equally enthusiastic. He had started working on LKB1 because it was a protein kinase in which
loss-of-function mutations caused an inherited predisposition to cancer in humans called Peutz-Jeghers syn-
drome. Dario had worked out quite a bit about LKB1, including that it was only active as a heterotrimeric
complex with two accessory subunits, STRAD and MO25 [64], but he had no idea what its real downstream
target(s) were. I, on the other hand, had a downstream target (Thr172 on AMPK) for which I hoped that
LKB1 was the elusive upstream kinase, so each of us potentially had the answer to the other’s greatest problem.

It was by now quite late in the day, but we agreed to do an experiment the following morning. Simon Hawley
did a two stage assay to test the ability of a recombinant LKB1:STRAD:MO25 complex made by Dario’s group to
activate the AMPK complex. This worked so well that we knew we had the right answer even before putting the
filter papers into the scintillation counter, just by holding them up to a Geiger counter! However, we became
aware that Dave Carling was on to this as well, so there was a rush to publication. A frenzied few weeks followed,
in which we used antibodies raised by Dario to show that two upstream kinases purified from rat liver by Simon
were indeed both LKB1:STRAD:MO25 complexes (Figure 4), that recombinant LKB1:STRAD:MO25 complexes
expressed by Dario’s group activated AMPK by phosphorylating Thr172, and that activation of AMPK by energy
stress in LKB1-null MEFs or in HeLa cells (a famous human cancer cell line that carries a large deletion in the
STK11 gene [65]) was defective, but could be rescued by re-expressing LKBI.

Dario and I had recently had a visit from an editor of the Journal of Biology, a new journal whose aim was
to compete with Nature and Science while providing free colour Figures and free Open Access. Dario and I
particularly liked the latter idea, so agreed to submit our paper there. It received very tough but fair reviews
that requested additional experiments, but the editorial staff did a great job in producing the final revised
version as rapidly as they could. The resulting paper [66] remains by far the most highly cited paper in the
Journal of Biology and presumably always will be, because the journal (which eventually became BMC Biology)
no longer exists! In the meantime, Dave Carling and Marian Carlson published quite similar findings [67], as
did Reuben Shaw, then a postdoc in Lew Cantley’s laboratory, a few months later [68].

The identification of other upstream kinases that phosphorylated Thr172 and activated AMPK soon fol-
lowed, including the Ca**/calmodulin-dependent protein kinase CaMKK2 [69-71] and the cytokine-activated
kinase TAK1 [72-74]. However, the discovery that LKB1 was the principal upstream kinase that phosphorylates
and activates AMPK during energy stress remains the most exciting moment of my research career because it
connected a kinase known for regulation of metabolism (AMPK) with one known to have a role in cancer, two
fields that previously had not seemed to have had much connection. As stated above, the STKI1I gene that
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Figure 4. Separation of two AMP-activated protein kinase kinase (AMPKK) activities by chromatography on
Q-Sepharose, and their correspondence with LKB1.

While experimenting with different elution conditions for the Q-Sepharose step of our published purification protocol for
AMPKK [57], Simon Hawley found that he could resolve two peaks of kinase kinase activity (upper graph, filled circles). By
blotting fractions with antibodies generated by Dario Alessi’s group, we showed that both corresponded with peaks of LKB1,
STRAD-o and MO25-a.. The lower set of blots were of the same fractions but using a higher protein loading. Careful inspection
and additional blots revealed that the LKB1 polypeptide in AMPKK1 migrated faster than that in AMPKK2 — it was shown later
to be an alternately spliced variant with a different C-terminus [60]. STRAD-o was always detected as a doublet, for reasons
that remain unclear. Results redrawn from [66].

encoded LKB1 had been discovered as the gene mutated in Peutz-Jeghers syndrome [75,76]. Humans with this
syndrome inherit heterozygous loss-of-function mutations in this gene and develop numerous benign growths
(hamartomas) in the intestine that require frequent surgery. However, they also have a greatly increased risk of
developing malignant tumours at many different sites and tend to die from cancer at a relatively young age. In
addition, somatic mutations in STK11 are found in many spontaneous (i.e. non-inherited) cancers, especially
in the commonest form of lung cancer, adenocarcinoma, where they occur in up to 20% of all cases [77-79].
LKBL is thus a classical tumour suppressor, which raised the intriguing question of whether AMPK was exert-
ing the tumour suppressor effects of LKB1. A caveat emerged when Dario’s group showed that LKB1, in add-
ition to AMPK, also phosphorylated and activated 12 members of the AMPK-related kinase (ARK) family that
have kinase domains related to AMPK [80] — any one of these could potentially exert the tumour suppressor
effects of LKB1. Nevertheless, AMPK is the only member of the ARK family known to inhibit most biosyn-
thetic pathways (i.e. cell growth) as well as progress through the cell cycle (i.e. cell division) [81], and therefore
still seemed the best candidate to account for the tumour suppressor effects of LKB1.

The 2010s to the present day — AMPK as a double-edged

sword in cancer
Although I was keen to test the idea that AMPK was a tumour suppressor, getting into a position to do this
required overcoming a certain degree of inertia. This was partly because I had no real experience or track
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record of research in cancer, so I felt that I might lack credibility with the relevant funding bodies. In addition,
cancer is a disorder involving interactions between many different cell types, and to study it experimentally
really required the use of genetically modified mice, another area in which I lacked expertise. Eventually, after
an initial application was turned down, Cancer Research UK agreed to fund a Programme grant aimed at
testing the idea that AMPK might exert the tumour suppressor effects of LKBI.

My original idea was to study a mouse model of lung cancer, which had been used previously to study effects
of LKBI loss, in which an oncogenic mutant of K-Ras was switched on, with or without knockout of LKB1, by
administration to the lungs via nasal inhalation of a viral vector expressing Cre recombinase [78]. One problem
with this, as pointed out by some reviewers on my first Cancer Research UK application, was that the tumour
progenitor cells were likely to express both the ol and 02 isoforms of AMPK, so the project would require com-
bining five mutant alleles by mouse breeding (one lox-STOP-lox allele to switch on the K-Ras oncogene, plus two
floxed alleles for each of the ol and 02 genes to knock them out). While other groups did eventually get this to
work (albeit with rather conflicting results) [82,83], it was perhaps a little over-ambitious for a novice at the game
like me. Fortunately, my colleague Doreen Cantrell suggested an easier alternative, a mouse model of T-ALL
(T cell acute lymphoblastic leukaemia/lymphoma), which required combining T cell-specific knockouts of the
tumour suppressor PTEN and AMPK. This model had the huge advantage that Doreen had shown that develop-
ing T cells in the thymus express only the al isoform of AMPK [84], so that it was not necessary to knock out
02 as well. In addition, Doreen could provide practical help and advice, and already had the required mouse
strains. A Wellcome Trust Clinical PhD student, Madhu Dandapani, obtained some promising initial results and
then a Spanish postdoc, Diana Vara-Ciruelos, took over. Diana found that if T cell-specific knockout of PTEN
was combined with knockout of AMPK the tumours arose earlier and caused a faster development of disease
than those with PTEN loss alone (Figure 5), providing genetic evidence that AMPK was indeed acting as a
tumour suppressor [85]. These results confirmed that basal AMPK was delaying tumourigenesis, but we were also
interested in whether activating AMPK would delay it even further. We were particularly keen to test the effects
of the AMPK-activating biguanide drug metformin [86] which, following our identification of LKBI1 as the
upstream kinase for AMPK (a known target for the drug), had been shown by Andrew Morris (then Professor of
Diabetic Medicine in Dundee) to be associated with a reduced risk of cancer when used to treat type 2 diabetes
in humans [87]. Disappointingly, treatment of our mice with oral metformin from the time of weaning (which
was well before any lymphomas became evident) had no effect on the occurrence of T-ALL. However, we showed
that this was likely to be because metformin (which requires transporters of the SLC22 family, such as OCT1, to
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Figure 5. Tumour-free survival curves for mice with T cell-specific knockout of PTEN (PTEN~/") with or without

T cell-specific knockout of AMPK-a1 (tAMPK" 7), treated with or without phenformin.

Phenformin was administered in the drinking water from the time of weaning at about 28 days (which was well before any
lymphomas became evident). AMPK knockout caused earlier onset and more rapid development of lymphomas (P < 0.0001);
phenformin treatment caused later onset and slower development of lymphomas (P = 0.029) but only if AMPK was present in
the developing T cells (tAMPK*/*). Phenformin had no effect (ns) in AMPK knockout T cells (tAMPK™"). Results from [85].
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get into cells) failed to enter the thymus and activate AMPK. In contrast, treatment with the more hydrophobic
biguanide phenformin, which did enter the thymus and activate AMPK, delayed the onset of T-ALL but only if
AMPK was present in the developing T cells (Figure 5). Since this model used T cell-specific knockouts, where
expression of PTEN and AMPK would have been normal in all other cells, this proved that pharmacological acti-
vation of AMPK could protect against tumour development via a cell-autonomous effect occurring within the
tumour progenitor cells themselves [85].

Disturbingly, while this project was in progress a paper came out from Jeff Rathmell’s group on the effect of
AMPK knockout in another mouse model of T-ALL, which came to completely opposite conclusions [88].
However, the model they used was quite different to ours. Firstly, haematopoietic progenitor cells carrying
floxed alleles of the AMPK-al gene (Prkaal) and a tamoxifen-inducible Cre recombinase gene had been trans-
formed in vitro by expressing an oncogenic Notch mutant. The cells were then amplified and used to inoculate
mice that had been irradiated to repress their own immune systems. After 10 days to allow T-ALL to become
established, the mice were treated with or without tamoxifen to induce Cre recombinase and hence knock out
AMPK. In this model, AMPK knockout reduced the number of T-ALL cells recovered and enhanced survival
of the mice, suggesting that the presence of AMPK-al was acting as a tumour promoter. How could these
results [88] be reconciled with our own [85]? The key difference, which I believe to be crucial, is that we had
knocked out AMPK before T-ALL had arisen, whereas Rathmell’s group had knocked it out only after disease
had become established. Before cancer has arisen, AMPK may act as a tumour suppressor that protects against
the development of cancer by restraining the metabolic changes required for rapid cell growth. Once cancer
has arisen, however (despite the best efforts of AMPK to prevent it!) AMPK switches to become a tumour pro-
moter, most likely because it protects tumour cells against energetic stress and other type of stress caused by
their rapid growth, and therefore increases their survival.

These results were intriguing, but what about human cancer? The role of specific genes in human cancer can
be investigated by interrogating the numerous cancer genome studies using the cBioPortal database
(http://www.cbioportal.org/ [89,90]). As an example, when we searched the database for genetic changes in the
STK11 gene (encoding LKB1) in human cancers, it was found to be quite frequently mutated or deleted, par-
ticularly in lung adenocarcinoma where this occurred in 15-20% of cases (as indeed had already been reported
[77,78]). This is exactly what would be expected for a tumour suppressor. Inspired by initial observations made
by Daniel Murphy and co-workers [91], we searched the database to look for genetic changes in cancer for all
seven AMPK genes [79]. Interestingly, the PRKAA2 gene encoding AMPK-02 displays mis-sense mutations in
10-20% of cases of certain cancers (for reasons that remain unclear, this was particularly common in skin
cancer and melanoma). This behaviour might be expected for a tumour suppressor. However, the PRKAAI
gene, encoding AMPK-al, displayed exactly the opposite behaviour in that it was amplified in many cancers,
which is what one might expect for a tumour promoter. Amplification of PRKAA1 was particularly common in
lung adenocarcinoma, where it occurred in around 10% of cases. It was particularly intriguing that this cancer
type, in which the gene encoding the downstream kinase, AMPK-ol, was often amplified, was also the type
where the gene encoding the upstream kinase, LKB1, was most frequently mutated or deleted — at first sight,
this might seem paradoxical.

Amplification of genes usually involves whole segments of chromosome rather than single genes, so one pos-
sibility was that PRKAAI was adjacent to an oncogene whose amplification was being selected for, with
PRKAAI coming along for the ride as an innocent passenger. However, this became a less likely explanation
when further analysis showed that mutation or deletion of STK11 and amplification of PRKAAI tended to be
mutually exclusive. For example, in 230 cases of lung adenocarcinoma in The Cancer Genome Atlas [92],
STK11 was either deleted or mutated in 43 (19%) and PRKAAI was amplified in 22 (10%). However, these
changes never coincided, which would be expected (P <0.005) if they were happening independently. After all,
there would not be much point in amplifying the expression of AMPK-al, if that was being actively selected
for, if functional LKB1 was not there to activate it. Like many other cancers, the most frequent mutations (47%
of cases) in this study were in the TP53 gene, encoding the tumour suppressor p53 [92]. Intriguingly, amplifica-
tion of PRKAAI almost always co-occurred with mutations in TP53, which once again would not be expected
(P <0.001) if these changes were occurring independently.

Why might amplification of AMPK-al be selected for in cancers that carry TP53 mutations? The protein
P53 is a transcription factor, and many of the mutations found in cancer interfere with its transcriptional activ-
ity. p53 normally has a very short half-life, but it becomes stabilized and/or activated in response to DNA
damage [93]. It then causes a G1 cell cycle arrest, in part by inducing transcription of genes such as CDKNIA
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encoding the inhibitor of G1 cyclin-dependent kinases, p21“'', thus allowing time for DNA damage to be

repaired. Alternatively, if the DNA damage is severe, p53 may induce cell death via senescence or apoptosis
[93]. Tumour cells lacking functional p53 are therefore susceptible to agents that cause DNA damage (many of
which are used in cancer treatment), and multiple genetic alterations can accumulate in p53 mutant cancers.

Our current hypothesis is that increased expression of AMPK-al is selected for in TP53 mutant tumours
because it can partially compensate for lack of p53 function. In 2008, Fu et al. [94] reported that the
anti-cancer agent etoposide, which causes double-strand breaks in DNA by inhibiting topoisomerase II [95],
activated AMPK; other DNA-damaging agents used in cancer treatment, such as ionizing radiation [96], or the
ribonuclease inhibitor hydroxurea [97] have also been reported to do the same. Diana Vara-Ciruelos and
Madhu Dandapani in my laboratory confirmed that etoposide treatment of cells activated AMPK, and also
showed that cells with a double knockout of AMPK-al and -02 were more sensitive to cell death induced by
etoposide [98]. This may in part be because AMPK activation causes a cell cycle arrest in G1 phase [81], allow-
ing more time for DNA repair before entry into S phase, during which cells are much more sensitive to
DNA-damaging agents such as etoposide. Moreover, it was subsequently shown that AMPK may be directly
involved in the repair of DNA damage via phosphorylation of various targets, including EXO1, an exonuclease
that plays a key role in DNA repair by homologous recombination [97], 53BP1, which plays a key role in DNA
repair by non-homologous end joining [99], and others [100,101]. Other interesting findings made by Diana
and Madhu were that activation of AMPK by etoposide only occurred within the nucleus and was completely
specific for AMPK complexes containing the al and not the o2 isoform [98]. In addition, activation by etopo-
side did not require LKB1 and was mediated by the alternate upstream kinase CaMKK2, apparently triggered
by an increase in nuclear Ca", as also shown by Li et al. [97]; the exact source of this Ca®" remains unclear at
present.

This activation of AMPK in response to DNA damage and its involvement in key mechanisms of DNA
repair may help to explain why amplification of AMPK occurs in some cancers with loss-of-function mutations
in TP53, since overexpression of AMPK may be able to compensate for the increased sensitivity of p53-null
tumours to DNA damage, thus increasing survival of the tumour cells. Under these circumstances, AMPK is
effectively acting as a tumour promoter. However, two key questions remained: (i) why did activation of AMPK
in response to DNA damage only occur within the nucleus? and (ii) why is it only the PRKAAI gene (encoding
the ol isoform) that is amplified in some cancers? Potential answers to both questions emerged when I was
contacted, with a view to a collaboration, by Sehamuddin Galadari at New York University in Abu Dhabi. His
postdoc Anees Cheratta had found that AMPK-al was cleaved by the so-called ‘executioner’ proteinase,
caspase-3, during the early stages of apoptosis induced by DNA damage. They mapped the cleavage site to
Asp-529 [102], which removes just 30 residues from the C-terminal end (which may explain why the cleavage
was missed during previous studies of DNA damage, particularly since only a small proportion of total
AMPK-al may be affected). The cleavage site (which lies within a flexible region of the o subunit called the ST
loop [103]) removes the final o-helix of the o subunit, which contains a well-characterised nuclear export
sequence (NES) [104]. Both the ol and o2 isoforms contain this NES and appear to shuttle between the
nucleus and the cytoplasm, although the locations of any nuclear localization sequences remain unclear.
However, if ol has been cleaved by caspase-3 it has lost its NES and will become trapped in the nucleus, where
it may become activated by CaMKK2 due to the rising levels of nuclear Ca®*. Note that Asp529 and the sur-
rounding sequence, which fits the consensus motif for caspase-3 cleavage rather well, appears to be conserved
across all vertebrate ol sequences but that an aspartate is not present at that position in any vertebrate a2
sequences. Our contribution to the resulting paper [102] was to confirm that the caspase-3 cleavage, when con-
ducted in cell-free assays, did not affect the stability of existing o1y complexes, nor did it affect their ability to
be allosterically activated by AMP or to be activated by phosphorylation at Thr172 by upstream kinases includ-
ing CaMKK2. Thus, AMPK complexes containing ol may have a specialized role in nuclear functions, such as
the response to DNA damage. Under these circumstances AMPK-ol may act as a tumour promoter by com-
pensating for lack of p53 and protecting tumour cells against cell death caused by DNA damage. Thus, AMPK
is a ‘double-edged sword’, initially acting as a tumour suppressor that protects against cancer but then, once
cancer has arisen due to gain/loss-of-function mutations in other oncogenes/tumour suppressors, switching to
become a promoter of tumour growth, most likely by protecting cancer cells against genotoxic and other stres-
ses that might otherwise cause cell death. Genotoxic stress might be generated, for example, by cytotoxic drugs
used in cancer treatment and, if our hypothesis is correct, inhibitors of AMPK might turn out to be a useful
adjunct to such treatments.
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Conclusions

The pursuit of what turned out to be AMPK, which started in that bar in Dundee the evening I went down
there with Philip Cohen in 1976, has become a life-long obsession that has kept my research career going for
over 46 years. In 2022, an average of ~60 publications that mention AMPK appear every week, which makes it
increasingly difficult to keep up with my own field! One very pleasant way to try to overcome this problem is
to attend the international conferences on AMPK that were started by Neil Ruderman in 2000 and have been
held every 2 years ever since (with one gap because of Covid-19), or the smaller European workshops started
by Dietbert Neumann that have latterly been held in alternate years. The AMPK research community is now a
large one, which I believe is generally co-operative and welcoming, and it has been a privilege for me to be part
of that community.
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