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Abstract Genetic alterations to serine-threonine kinase 11 (STK11) have been implicated in
Peutz-Jeghers syndrome and tumorigenesis. Further exploration of the context-specific roles
of liver kinase B1 (LKB1; encoded by STK11) observed that it regulates AMP-activated protein ki-
nase (AMPK) and AMPK-related kinases. Given that both migration and proliferation are
enhanced with the loss of LKB1 activity combined with the prevalence of STK11 genetic alter-
ations in cancer biopsies, LKB1 was marked as a tumor suppressor. However, the role of LKB1
in tumorigenesis is paradoxical as LKB1 activates autophagy and reactive oxygen species scav-
enging while dampening anoikis, which contribute to cancer cell survival. Due to the pro-tumor-
igenic properties of LKB1, targeting LKB1 pathways is now relevant for cancer treatment. With
the recent successes of targeting LKB1 signaling in research and clinical settings, and enhanced
cytotoxicity of chemical compounds in LKB1-deficient tumors, there is now a need for LKB1 in-
hibitors. However, validating LKB1 inhibitors is challenging as LKB1 adaptor proteins, nucleocy-
toplasmic shuttling, and splice variants all manipulate LKB1 activity. Furthermore, STE-20-
related kinase adaptor protein (STRAD) and mouse protein 25 dictate LKB1 cellular localization
and kinase activity. For these reasons, prior to assessing the efficacy and potency of pharmaco-
logical candidates, the functional status of LKB1 needs to be defined. Therefore, to improve the
understanding of LKB1 in physiology and oncology, this review highlights the role of LKB1 in
tumorigenesis and addresses the therapeutic relevancy of LKB1 inhibitors.
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Introduction

Genetic screening patients diagnosed with Peutz-Jeghers
syndrome (PJS) first linked serine-threonine kinase 11
(STK11), hereafter liver kinase B1 (LKB1) mutations to dis-
ease.1 Since linking LKB1mutations to PJS, LKB1 inactivation
has induced tumor formation in numerous animal studies,2

and sporadic LKB1mutations are frequently detected in solid
tumors.3,4 Given the overwhelming evidence that genetic
inactivation of LKB1 induces tumor growth5e7 and over-
expression decreases microvessel density,8 tumor burden,9

and cell proliferation,10 LKB1 is a widely accepted tumor
suppressor. Contrary to these findings, some investigations
conclude that LKB1 contributes to tumorigenesis through
activating reactive oxygen species (ROS) scavenging, DNA
repair machinery, and autophagy.11e13

The paradoxical role of LKB1 in tumor biology in
conjunction with the pre-clinical success of pharmacolog-
ical agents targeting LKB1 pathways14e16 suggests a need
for more precise modeling of LKB1 signaling in physiology
and tumor biology. Generating LKB1-specific modulators is
problematic because, in some contexts, agonists of LKB1
signaling are therapeutic,17 whereas other reports have
linked these agonists to aggressive tumor phenotypes.18,19

Alternatively, due to the label of tumor suppressor, few
have tried to synthesize LKB1 antagonists. Given that cur-
rent strategies targeting LKB1 pathways are indirect, and
few pharmacological agents become eligible for market
approval,20 developing LKB1-specific modulators with min-
imal cytotoxicity is of utmost importance. Therefore, this
review addresses the biochemical processes dictating LKB1
activity in cell biology and pathology and the therapeutic
relevancy of targeting LKB1 activity.

Linking LKB1 mutations to disease

LKB1 mutations in familial PJS

PJS is an autosomal dominant disorder characterized by
hyperpigmented macules, benign gastrointestinal hamar-
tomatous polyps, and an increased risk of malignancy.21e23

Hemminki et al in 1997 were the first to use comparative
genomic hybridization and loss-of-heterozygosity analyses
to localize a gene implicated in PJS. Comparative genomic
hybridization assessed copy number variations in DNA
extracted from 16 hamartomatous polyps while a loss-of-
heterozygosity analysis using previously identified micro-
satellite markers of 19p (Dl9S886, D19S894, D19S413, and
Dl9S565)24 as a reference revealed that PJS patients had
variable chromosome 19p sequence lengths.25 Linkage
analysis assessed the distances between the 19p microsat-
ellite markers of 12 PJS families, which identified a sus-
ceptible locus between D19S886 and D19S883. Database
searches and solution hybridization of complementary DNA
(cDNA) identified 27 transcripts between D19S886 and
D19S883, and LKB1 was among them.1 In some PJS patients,
the LKB1 PCR products were truncated suggesting genetic
deletions.25 Yet, for many PJS patients, the PCR products
were not aberrant.26,27 Instead, these patients contained
point mutations or frameshift mutations that produced a
stop codon prematurely, disrupted intron splice acceptor
sites, or shifted the reading frame.28,29 Only 1 of the 12 PJS
families did not show LKB1 sequence variation, which may
have been due to incomplete sequencing, insensitivity of
the mutation detecting methods, or large genomic de-
letions that were not detected by PCR.1,30 Alternatively,
unidentified mutations may induce PJS as an analysis of 34
PJS families detected LKB1 germline mutations in only 70%
of cases.31 Indeed, linkage analysis linked chromosome 19q
markers to a minority of PJS families,32 but despite the
identification of a possible second locus on chromosome
19q, LKB1 remains the only gene linked to PJS.
LKB1 mutations in tumorigenesis

Although heterozygous germline mutations in LKB1 are
implicated in PJS, the two-hit hypothesis suggests that a
second allele must be genetically altered to induce tumor
formation,33 which explains why PJS increases cancer fre-
quency but does not guarantee malignancy.34 Subsequent
investigations revealed that LKB1 was the first kinase in
which inactivating its kinase activity increased the risk of
tumorigenesis.27 Indeed, sequencing biopsies of intestinal
polyps andpancreatic cancer confirmed that PJS patients are
more susceptible to tumor formation as only the cancerous
tissues contained additional somatic mutations to the
remaining LKB1 allele.35 In addition to pancreatic cancer,
LKB1 somatic mutations, structural variants, amplifications,
and deletions have been described in many cancer types
including lung adenocarcinoma,36 hepatocellular carci-
noma,37 head and neck squamous cell carcinoma38 as well as
cancers of the colon,39 cervix,4 and breast40 (Fig. 1).41

Despite the incidence of LKB1 mutations being relatively
uncommon in most cancers,42 genomic analyses routinely
detect LKB1 mutants in approximately 10%e30% of non-
small cell lung cancer patients.43 In fact, the only muta-
tions in lung adenocarcinoma with a greater incidence than
LKB1 are mutations to Kristen rat sarcoma viral oncogene
homolog (KRAS ) and tumor protein p53 (TP53).44 In many
cases, genomic investigations found that LKB1 mutations
coincided and synergized with other mutations.45 For
instance, approximately half of KRASG12D driven lung can-
cers inactivate LKB1.46 In addition to KRAS, LKB1 is often
co-mutated with TP5347 and KEAP1.48 From a clinical
standpoint, understanding the synergy of LKB1 co-mutants
may predict patient prognosis as the overall survival of
patients with LKB1/KRAS co-mutant tumors is poor
compared with other LKB1 co-mutant tumors.47 In fact,
LKB1 mutations are prognostic biomarkers that may influ-
ence treatment regimens as immune checkpoint blockade
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Figure 1 Prevalence of LKB1 genetic alterations in human cancers. The alteration frequency including mutations, structural
variants, amplifications, deep deletions, and multiple alterations of LKB1 in tumors. Listed in descending prevalence are LKB1
genetic alterations with the number of genetic alterations and total specimens tested in brackets. The data was obtained using
cBioPortal for Cancer Genomics of the pan cancer study entitled MSK MetTropism (MSK, Cell 202141).
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inhibitors are less effective in LKB1/KRAS mutant tumors.48

A potential explanation is that LKB1 inactivation up-regu-
lates DNA methyltransferases to silence stimulator of
interferon genes, which is associated with poor immune
responses and aggressive tumor phenotypes.49

AMPK and AMPK-related kinases (ARKs) dictate the
role of LKB1 in tumorigenesis

Searching for LKB1 substrates responsible for its tumor sup-
pressing functions revealed that 50 adenosine mono-
phosphate-activated protein kinase (AMPK) and AMPK-
related kinases (ARKs) are phosphorylated by LKB1.50,51

Indeed, most mammalian tissues rely on LKB1 to activate
AMPK during oxidative and metabolic stress52 to regulate a
broad scope of cellular processes including cell division,53

metabolism,54 growth,55 polarity,56 energy expenditure,57

transcription,58 DNA repair,59 and apoptosis.60 As such, in
many patient specimens and animalmodels, the loss of LKB1-
AMPK signaling alters cell growth and repair mechanisms
triggering cancer development.61e63 Furthermore, AMPK
agonists and pharmacological compounds that activate
AMPK, such as cafestol and b-ionone disrupt tumor progres-
sion.64,65 Alternatively, LKB1-AMPK signaling enhances
tumor cell survival through NADPH-mediated ROS scav-
enging,66 blocking tumor cell anoikis during basement
membrane detachment,67 and activating autophagy to sus-
tain metabolism in tumor cells to mediate proliferation.68

In addition to AMPK, ARKs such as microtubule affinity-
regulated kinases (MARKs), salt inducible kinases (SIKs),
NUAK family kinases (NUAKs), and sucrose non-fermenting-
related kinase (SNRK) have been linked to tumor sup-
pressing or promoting functions of LKB1. For instance, gene
expression signatures were similar between LKB1- and SIK-
deficient lung tumors indicating that these proteins both
regulate tumorigenesis through the same pathways.69 In
fact, KRAS-dependent non-small cell lung cancer mouse
models revealed that the conditional knockout of SIK1 and
SIK3 accelerated tumor growth.70 LKB1-SIK signaling also
maintains the activity of the oncogenic transcription factor
MEF2C (myocyte-specific enhancer factor 2C) in acute
myeloid leukemia linking LKB1-SIK activity to cancer.71

Furthermore, LKB1-NUAK1 activity augments tumor inva-
sion by promoting cell detachment and activating cyto-
skeletal motor proteins.72 Elevated NUAK1 expression is
also associated with poor pancreatic ductal adenocarci-
noma survival as inactivating NUAK1 reduces pancreatic
cancer proliferation.73 Alternatively, LKB1-MARK signaling
suppresses high-grade ovarian cancer development by
reducing angiogenesis and cell growth.74 Finally, SNRK de-
creases b-catenin protein levels and activity in colon can-
cer, which decreases tumor cell proliferation.75 Therefore,
there is a duality to both LKB1-AMPK and LKB1-ARK
signaling in tumorigenesis as different downstream path-
ways either augment or antagonize tumor progression.

Animal models linking LKB1 to disease

In vivo investigations that analyze LKB1-AMPK activity on
cell polarity and migration rely on administering tamoxifen
to tissue-specific Cre-Lox transgenic mouse models because
germline knockouts of LKB1, AMPK, or their respective ho-
mologs are lethal in Caenorhabditis elegans76, Drosophila
melanogaster,77 and murine models.55 Tissue-specific Cre-
Lox LKB1 murine knockout models have identified many
pathologies driven by mutational inactivation of LKB1



Table 1 Non-tumorigenic and tumorigenic Cre-Lox LKB1 knockout mouse models.

Experimental mouse model LKB1 knockout
tissue

Phenotype Reference

Non-tumorigenic Kidney-specific-
CadherinCre:LKB1flox/flox

Kidney Decreased expression of regulators of
metabolism, kidney disease,
dedifferentiated tubule epithelial
cells, and dilated tubules

86

Rosa26-CreER:LKB1flox/flox All tissues Decreased expression of regulators of
metabolism, embryonic lethality,
reduced body weight, hyperglycemia,
glucose intolerant

57

Myosin heavy chain
⍺Cre:LKB1flox/flox

Heart Increased expression of collagen I/III,
spontaneous atrial fibrillation, atrial
remodelling, left ventricular
hypertrophy, fibrosis, and death
within 6 months of birth

82

Muscle creatine
kinaseCre:LKB1flox/flox

Skeletal and
cardiac muscle

Myopathy, atrial dilation, decreased
body weight, decreased fast twitch
skeletal muscle, skeletal muscle
atrophy, and loss of hindlimb function

85

Leucine-rich repeat-
containing G-protein
coupled receptor 5GFP-Cre/
þ:LKB1flox/flox:R26Td/þ

Intestinal stem
cells

Restricted intestinal stem cells
differentiation to secretory lineages

90

Pro-opiomelanocortin-
Cre:LKB1flox/flox

Pituitary gland Altered expression of metabolic
genes in the liver, diabetes, insulin
resistance, and glucose intolerance.

84

Pancreatic and duodenal
homeobox 1-
CreERtam:LKB1flox/flox

Pancreas Glucose tolerance and resistance to
hyperglycemia

91

Transthyretin-
CREERT2:LKB1flox/flox

Liver Increased liver regeneration and
hepatocyte proliferation

55

Tyrosine kinase with
immunoglobulin-like and
epidermal growth factor-
like domains 1-CRE:LKB1flox/
flox

Endothelium Embryonic lethal and vascular defects 92

Empty spiracles
homeobox1-Cre:LKB1flox/flox

Cortical neurons Disrupted axon initiation, axon
specification, neuronal proliferation,
and neural development

58

MX dynamin-like GTPase 1-
Cre:LKB1flox/flox

Haematopoietic
stem cells

Depletion of Haematopoietic stem
cells

93

Tumorigenic Keratin 14-Cre:LKB1flox/flox Epidermis Spontaneous squamous cell
carcinoma

94

Small proline rich protein
2F-Cre:LKB1flox/flox

Endometrial Death and diffuse malignant
endometrial cancers sensitive to
mTOR inhibitors

89

Cluster of differentiation
19-Cre:LKB1flox/flox

B-lymphocytes Death and B-cell lymphoma 95

AhER-Cre:LKB1flox/flox:PTEN
flox/flox

Epithelium and
Urothelium

Bladder cancer and signs of hypoxia,
EMT, and increased proliferation in
the urothelium

96

W-Myc:W-Cre:LKB1flox/flox Epithelium and
Urothelium

Loss of mammary gland epithelial
integrity; LKB1 deletion in
combination with oncogenic C-Myc
induced mammary tumorigenesis

97

Ah-Cre:LKB1flox/flox Prostate Prostate hyperplasia, prostate
intraepithelial neoplasia,
bulbourethral gland cysts, and
hyperplasia of the urethra

98
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Table 1 (continued )

Experimental mouse model LKB1 knockout
tissue

Phenotype Reference

Pancreatic and duodenal
homeobox 1-
Cre:KrasG12D:LKB1flox/flox

Pancreas Pancreatic ductal adenocarcinoma 99

KrasLSL�G12D/þ: LKB1flox/flox Lung Adenocarcinoma to squamous cell
carcinoma transdifferentiation.
Resistant to KRASG12C inhibitors

100

LKB1flox/flox/PTEN flox/flox Lung Squamous cell carcinoma 101
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including cardiac defects,78 metabolic disorders,79

cachexia,80 kidney disease,81 hormonal imbalances,82 and
tumorigenesis2,83e85 (Table 1).

Non-tumorigenic LKB1 knockout models have historically
been utilized to assess the role of LKB1 on organ/tissue
development. For instance, deleting LKB1 in somatic
testicular cells produced irregular seminiferous tubules
lined with only Sertoli cells, which lacked polarity, junc-
tional complexes, and focal adhesion kinase activity.86 In
the developing brain, LKB1 regulates neural cell migration
and the development of the cerebral cortex. LKB1 inacti-
vation in green fluorescent protein-labeled neurons within
embryonic mice increased migration to the intermediate
zone but decreased migration to the middle and upper
cortical plate of the cerebral cortex.87 Generating hind-
brain LKB1 knockout mice by crossing floxed LKB1mice with
Atoh1-cre mice revealed that LKB1 deletion decreased
migration of cerebellar granule cells leading to structural
abnormalities of the cerebellum.88 Mechanistically, LKB1
activates glycogen synthase kinase 3b at the leading edge
of migrating neurons, and as a result, adenomatous polyp-
osis coli stabilizes microtubules at the leading edge, which
promotes centrosome forward movement.89 AMPKB1 null
mice developed using AMPKB1 gene trap embryonic stem
cells have demonstrated that AMPK is essential for
mammalian brain development.90 However, another group
utilized AMPKA-null cortical neurons and found that neural
polarization may not require AMPK.91 Regardless, due to
the overwhelming evidence suggesting the contrary, LKB1-
AMPK signaling is essential to neuronal cell polarity,
migration, and embryo development.

Given the function of LKB1-AMPK as an energy sensor,
LKB1 knockout mouse models have linked LKB1 inactivation
to metabolic diseases. Indeed, female mice with POMC
neuron-specific LKB1 deletion developed phenotypes
resembling type 2 diabetes including insulin resistance and
glucose intolerance.92 Mass spectrometry analysis of newly
synthesized proteins in mice with LKB1�/� liver revealed
that phenotypes resembling type 2 diabetes correlate with
increased expression of proteins implicated in fatty acid
synthesis and fatty liver.93 Likewise, mice with liver-spe-
cific LKB1 deletion developed hyperglycemia post Cre in-
jection and PCR revealed that LKB1 loss increased the
expression of genes that regulate gluconeogenesis.94 LKB1-
AMPK signaling is also important for hormonal stimulation of
glucose uptake as LKB1 knockdown can suppress testos-
terone-dependent AMPK activation and glucose transport in
adipocytes.95 In addition to pathology, muscular
dysfunction is observed in the absence of LKB1 activity.
Skeletal muscle-specific LKB1�/� mice demonstrated
reduced AMPK activation and glucose transport as well as
elevated AMP:ATP ratios following contraction.96

LKB1-AMPK activity down-regulates genes important for
lipogenesis and cholesterol synthesis including fatty acid
synthase, acetyl-CoA carboxylase, and sterol regulatory
elementebinding protein 1.94 Indeed, up-regulating AMPK
activity decreased atherosclerosis and hepatic steatosis in
diet-induced insulin-resistant mice by antagonizing sterol
regulatory elementebinding proteins.97 Given that lipogenic
enzymes induce ferroptosis, an iron-dependent non-
apoptotic cell death, and lipid hydroperoxide accumulation,
LKB1-AMPK protects cells from metabolic damage.98 The
LKB1-AMPK pathway is essential to survival as viability was
significantly reduced in LKB1-deficient zebrafish larvae dur-
ing nutrient deprivation due to autophagy ablation.99

There have been numerous animal models linking LKB1
inactivation to spontaneous tumor formation. For example,
mice with pancreatic-specific LKB1 inactivation developed
serous cystadenomas with evidence that their pancreatic
acinar cells had impaired integrity, loss of basal nuclear
positioning, and absence of cellecell junctions.100 Impairing
the LKB1-AMPK-mTORC1 (mechanistic target of rapamycin
complex 1) pathway through the conditional knockout of
LKB1 in an osteogenicmousemodel induced tumor formation
and bone formation and increased osteoblast differentiation
and cell invasion into medullary cavities of bones.101 In fact,
mouse models have linked LKB1 inactivation to cancers of
the liver,102 bladder,103 prostate,104 etc. In support of these
findings, activating the LKB1-AMPK axis attenuates
epithelialemesenchymal transition and/or metastasis in
renal cell carcinoma,105 hepatocellular carcinoma,106 and
cancer of the colon,107 breast,108,109 and lung.110

As previously discussed, LKB1/KRAS mutant lung cancer
mouse models demonstrated that LKB1/KRAS-deficient tu-
mors are more likely to develop metastases compared with
other KRAS-linked mutations. Co-mutations to LKB1 and
KRAS often result in mixed tumor histology linking LKB1 to
cancer plasticity such as adeno-to-squamous cell-to-large
cell carcinoma transdifferentiation.111 In LKB1/KRAS mice,
the adeno-to-squamous cell carcinoma transdifferentiation
is mediated by the loss of lysyl oxidase, which up-regulates
p63, an oncogene linked to squamous cell survival.112 The
clinical significance of LKB1 loss in cancer plasticity is that
KRASG12D and STK11 co-mutations have a squamous cell
carcinoma gene signature linked to resistance against KRAS
inhibitors.113 The role of LKB1 in lung cancer
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transdifferentiation is not limited to KRAS as LKB1 and PTEN
co-mutations in adenocarcinoma acquire squamous cell
carcinoma properties.114 As such, further investigations
into the role of LKB1 in cancer plasticity will expand the
current understanding of LKB1 in tumorigenesis.

Although many animal models provide evidence for the
tumor suppressing functions of LKB1, there is now evidence
for the contrary. Using ovarian cancer models, LKB1-AMPK
activation increased tumor metastasis whereas siRNA
knockdown of AMPK impaired peritoneal dissemination and
metastasis.115 In fact, female NOD/SCID mice injected with
LKB1 knockout epithelial ovarian cancer cells had reduced
tumor burden and metastasis through an AMPK-indepen-
dent mechanism.116 Given these conflicting reports, more
work is needed to characterize the role of LKB1 in the
presence or absence of AMPK signaling. This work should
aim to uncover why LKB1 may increase ovarian carcinoma
invasion while dampening the invasion of other cancers.

Linking LKB1 expression to disease

LKB1 genetic structure

Jenne et al in 1998 sequenced the PJS gene susceptibility
region using D19S886 microsatellite markers and chromo-
some 19-specific cosmid libraries in Genbank as a refer-
ence.117,118 Restriction digests and southern-blot analysis
first mapped the D19S886 locus, which was followed by
several rounds of cosmid walking (primer generation, PCR,
and sequencing) revealing that human LKB1 was approxi-
mately 190 kbp from D19S886. The exon-intron structure of
LKB1 was subsequently sequenced using the reverse tran-
scribed 1302 bp cDNA sequence of LKB1119 as a template
and primer for both PCR and sequencing. LKB1 is comprised
of 10 exons, spanning approximately 23 kbp on chromosome
19p13.3. However, only nine coding exons (exons 1e9) are
transcribed in a telomere to centromere direction to pro-
duce mature LKB1 (Fig. 2A).28 Both human and mouse LKB1
contain an N-terminal PRRKRA (aa 38e43) motif similar to a
single basic type nuclear localization signal120 and mutating
this sequence resulted in the cytoplasmic accumulation of
LKB1.121 Other than the serine-threonine kinase motif (aa
44e309) that is poorly related to other protein kinases,
there are no other functional domains on flanking N-ter-
minal or C-terminal regions29 (Fig. 2B).

LKB1 methylation promotes tumorigenesis

Hypermethylation of the LKB1 promoter (Fig. 2A) is linked
to tumorigenesis,122 environmental health hazards, such as
smoking,123 advanced stages of the tumor-node-metastasis
staging, and shorter patient survival times according to
KaplaneMeier survival analyses.124 Methylation-specific
PCR has detected LKB1 methylation in PJS125 as well as
renal cell carcinoma,124 melanoma,126 and colon cancer.122

Interestingly, LKB1 controls the expression of numerous
genes through methylation as assessing an Illumina 450K
microarray of lung adenocarcinoma uploaded to The Cancer
Genome Atlas (TCGA) found that LKB1 loss-of-function
decreased b-values representing a global reduction of CpG
methylation. Indeed, methylation of 33.7% of CpG sites was
decreased in LKB1-deficient tumors. In fact, DNMT1 (DNA
methyltransferase 1) expression is reduced by LKB1 loss.127

MicroRNAs targeting LKB1 are linked to
tumorigenesis

The TCGA has been utilized to identify microRNAs (miRs)
including miR-17,128 �30b,129 �34a,130 �93,129 �100,131

�106a-5p,132 �144,133 �195,134 and �451135 (Fig. 2A) that
antagonize LKB1 expression. For instance, there is an in-
verse relationship between LKB1 and miR-100 expression in
head and neck cancer samples131 and LKB1 and miR-106a-
5p in lung adenocarcinoma.132 miR targeting software
(TargetScan, miRBD, miRTArbase, and miRWalk) have
assessed sequence alignment between miR-17 and LKB1
and a retrospective analysis confirmed an inverse rela-
tionship between miR-17 and LKB1 expression, which was
verified using TCGA analyses.128 Nanostring nCounter
technology generated a miR prediction model by quanti-
fying miR counts using digital readouts of miR fluorescent
probes that hybridize to LKB1. These techniques discovered
that both miR-93 and miR-30b down-regulate LKB1.129

Given the evidence that increasing the expression of LKB1-
targeting miRs contributes to tumorigenesis by down-
regulating LKB1, targeting miRs may be a therapeutic op-
tion for tumors with low LKB1 activity that retain wild-type
LKB1 alleles. However, there is evidence that miR-17w92
targeting of LKB1 increases tumor cytotoxicity of biguanide
treatments suggesting that miR targeting of LKB1 may be
beneficial in cancers reliant on LKB1 activity.136

LKB1 mutations linked to PJS and tumorigenesis

While genomic analyses discovered the genetic structure of
LKB1 and contributions of LKB1 mutations to pathology,
computational algorithms in combination with constitu-
tively updated genomic/proteomic databanks have further
realized the importance of LKB1 in disease.137 Computa-
tional assessments of LKB1 have accurately predicted dis-
ease loci and detected low-frequency mutations absent in
sequenced patient cohorts,138 and in conjunction with on-
line databases, are routinely utilized as a reference to
approximate LKB1 gene/protein structure,139 regulatory
elements,140 and protein function.141

Initial applications of sequenced LKB1 discerned specific
genomic alterations that resulted in PJS phenotypes.142

Mutant LKB1 contained deletions within introns 3, 5, and 7,
deletions within coding exons 4 and 5, and inversion of
exons 6 and 7. Compared with wild-type alleles, genomic
deletions and rearrangements of LKB1 sequences identified
in PJS patients produced truncated polypeptides, which
were later revealed to lack significant proportions of the
kinase domain.28 More specifically, LKB1 enzymatic activity
is disrupted in D176N mutants suggesting D176 is in the
catalytic core where its negative charge may function to
stabilize nearby residues and the phosphate group during
transfer.143 LKB1 folding is most likely disrupted in LMGD
(residues 50e53) deletion mutants because protein folding
may generally accommodate deletions of surface resi-
dues144 or whole domains145 whereas LMGD deletions occur
at the beginning of an internalized b-sheet. Aberrant LKB1



Figure 2 The regulation of LKB1 DNA and mRNA. (A) The LKB1 gene is 23 kbp containing 10 exons (IeX). Only exons IeIX are
translated, exon I contains an ATG start codon, and exon IX has two termination signals making two alternative exon variants
denoted as IXa and IXb. The LKB1 mRNA is 1302 bp in length flanked by a 50 and 30 untranslated region (UTR) produced by part of
exon I and the entirety of exon X, respectively. The methylation of CpG islands near the LKB1 promoter suppresses LKB1 tran-
scription whereas miR-17, 30b, 34a, 93, 100, 106a-5p, 144, 195, or 451 binding to the 30 UTR recruits RNA-induced silencing complex
(RNAi) to cleave LKB1 mRNA prior to translation. (B) Human and mouse LKB1 proteins are 433 and 436 amino acids (aa) long,
respectively. The N-terminal domain (aa 1e43; beige) contains a nuclear localization signal (NLS) consisting of PRRKRA residues
located between aa 39e43. The kinase domain (aa 44e309; aqua) is between the N-terminus and C-terminus (aa 309e; pink). The
beige, aqua, and pink in the gene and mRNA correspond to the protein region. (C) Mutations identified in Peutz-Jeghers syndrome
patients that disrupt LKB1 activity. 50 aa-LMGD-53 aa deletions disrupt protein folding, D176N missense mutation disrupts kinase
activity, W239R nonsense mutation truncates the protein, and W308C missense mutation disrupts folding. Adapted from Mehenni et
al, 1998.135 (D) LKB1 is spliced to produce a long 433 amino acid (aa) or short 404 aa isoform. Although both long and short LKB1
isoform have an equivalent N-terminus domain, NLS, and kinase domain, they both have unique C-terminal regions (green and
orange). The DN isoform (312 aa) is missing the N terminus and part of the kinase domain.
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folding is observed in PJS patients containing the W308C
missense mutation likely through mutant C308 forming a
disulfide bridge with the proximal C158.143 Finally, W239R
and W308C destabilized LKB1, decreased ATP binding ca-
pacity, and disrupted kinase activity137 by producing trun-
cated proteins138 (Fig. 2C).

LKB1 splicing

An RNase protection analysis has demonstrated that all
mouse tissues express LKB1 mRNA146 whereas northern
blots of human mRNA probed with an [ɑ-32P] dCTP-labelled
LKB1 cDNA fragments have revealed that LKB1 is ubiqui-
tously expressed in fetal and adult tissues.28 Despite its
ubiquitous expression, LKB1 is alternatively spliced in
different tissues, which may contribute to its function and,
in some contexts, its pathology.147 After designing anti-
bodies specific to N-terminal epitopes of LKB1, co-immu-
noprecipitation and immunoblotting revealed two protein
bands in some tissues.148 As a result of variations in exon 9
splicing, several tissues produce both 50 kDa and 48 kDa
long and short LKB1 isoforms, respectively.147 Both isoforms
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are widely expressed in humans, but most tissues prefer-
entially express the 433 amino acid long isoform whereas
the 404 amino acid short isoform is predominantly
expressed in the testis.149,150 Compared with the LKB1 long
isoform, the short isoform lacks 63 C-terminal residues,
which are replaced by a 39-residue sequence148 (Fig. 2D).
When in vitro kinase assays assessed LKB1 long and short
isoform activity, there were no observable differences in
LKB1-dependent kinase activation. Albeit, differences are
observed in in vivo models.148,149,151 Male mice lacking the
short LKB1 isoform displayed irregular spermatogenesis and
were sterile whereas female mice lacking the short LKB1
isoform were fertile.148,151 Functional differences between
LKB1 splice variants are not specific to mammals as
Drosophila melanogaster expresses two different LKB1
mRNAs where only the mRNA with a longer 50 untranslated
region is essential to spermatid morphogenesis.149

In addition to the LKB1 long and short splice isoforms
and splice mutants implicated in PJS,35,143 alternative
splicing of exon 1 is observed in a human lung cancer cell
line, NCI-H460. NCI-H460 cells express a 42 kDa LKB1 iso-
form (DN-LKB1) 312 amino acids in length missing the N-
terminal nuclear localization signal and part of the kinase
domain (Fig. 2D).12 Although the kinase domain is incom-
plete, DN-LKB1 is restricted to the cytoplasm, increases
the activity of downstream kinases, and functions in op-
position to tumor suppressing wild-type LKB1. As such,
inhibiting DN-LKB1 decreases the survival of NCI-
H460 cells engrafted in nude mice.12 In addition to DN-
LKB1, next generation sequencing technology has detec-
ted nonsense, frameshift, and splice mutations in exon 1
of LKB1 across a broad scope of tumors.152 Given that
deleting the splicing regulator Rbm10 in LKB1-deficient
mice had a moderate tumor suppressing effect,153 LKB1
splicing may prove to be a suitable target to antagonize
tumor cell survival.154

Considerations prior to targeting LKB1 activity

Variations in LKB1 splicing

A decade passed between characterizing LKB1 splice mu-
tants in PJS patients and identifying physiological LKB1 splice
variants1,148 and yet, despite success in detecting LKB1
splice sites,155 challenges detecting splice variants using
genomic studies and computational algorithms remain.156

This is due to the numerous processes that regulate LKB1
splicing. Indeed, mutations, cell and tissue types, species,
and the species sex impact LKB1 splicing and thus splicing is
specific to each experimental model. Caution must be war-
ranted when selecting an experimental model because the
impact of alternative LKB1 splice variants, if left undetected
or omitted, may have drastic consequences on cell physi-
ology and tumor pathology.139 Furthermore, early in-
vestigations raised LKB1 antibodies against the C-
terminus,157 but based on the current understanding of LKB1
splice mutants, this is problematic as these antibodies only
anneal to the long LKB1 isoform. Therefore, many historical
investigations of LKB1 biologymissed splicing variants,which
may have drastically changed the outcomes regarding the
role of LKB1 in physiology and disease.
The impact of STRAD and MO25 on LKB1 activity

LKB1 catalytic activity depends on the formation of a 1:1:1
heterotrimeric complex in vivo, with the pseudokinase
STRAD and mouse protein 25 (MO25) where mutations in all
these proteins have proven to disrupt LKB1-STRAD-MO25
activity.158 In addition to mutations, miR-195 and miR-451
disrupt LKB1 signaling by targeting MO25.134 Therefore,
steady-state levels of MO25 regulate the functional status
of LKB1 and is thus important to LKB1 biology and pathol-
ogy. Alternatively, there have been numerous in-
vestigations focused on linking STRAD to pathology. Given
that LKB1 is directly linked to the majority of PJS cases, it
was hypothesized that STRAD may be a second genetic
locus implicated in the remaining PJS cases.159 Thus, a loss-
of-heterozygosity analysis screened for the presence of
STRAD genetic deletions in PJS patients. In some cases, loss
of heterozygosity was identified in a molecular marker near
STRAD, yet sequencing discerned that all exons were intact
suggesting STRAD is not linked to PJS.160 However, after
isolating several STRADɑ splice variants in colorectal cancer
cell lines, the interest of STRAD splice variants in tumori-
genesis is renewed. In fact, measuring the activity of pu-
rified LKB1 complexes using LKB1tide kinase assays
revealed that each STRADɑ splice variant differentially
impact LKB1 localization, kinase activity, and downstream
substrate activation.161 Thus, altering STRADA splicing may
fine tune LKB1 signaling in tumorigenesis and serve as a
potential therapeutic target.

Disrupting LKB1 activity may be achieved through several
mechanisms including blocking LKB1 kinase activity, nucle-
ocytoplasmic shuttling, and STRAD binding. Since STRAD
binding is essential to LKB1 localization and protein stability
in vivo,162 STRAD allosteric inhibitors are in development to
disrupt LKB1 signaling.163 In fact, due to LKB1-independent
STRAD activities, blocking STRAD instead of LKB1 may be
more favorable. For instance, in LKB1-deficient lung cancer
cells, STRAD facilitates cell invasion.164 Therefore, blocking
LKB1 activity may increase LKB1-independent STRAD
signaling which may facilitate invasion.
The targeted delivery of LKB1 inhibitors

Although there is therapeutic merit in targeting LKB1 in
cancer, there are some drawbacks delaying LKB1 inhibitor
synthesis. First, LKB1 has historically been considered a
tumor suppressor which could make targeting LKB1 in
cancer treatment undesirable.165 Another limitation is the
targeted delivery of LKB1 inhibitors as there is risk of
spontaneous tumor formation in non-cancerous tissues
relying on LKB1.166 For this reason, the ideal LKB1 inhibitor
should be a small molecule signal transduction inhibitor
capable of transversing across plasma and nuclear mem-
branes specifically targeting LKB1 in tumor cells. Targeted
therapies may be classified as “active” or “passive”. Active
targeting involves inhibitors designed to target specific
markers up-regulated in diseased cells whereas passive
targeting combines inhibitors with nanoparticles to
enhance inhibitor accumulation at the target.167 Since LKB1
is ubiquitously expressed in both non-cancerous and
cancerous cells, LKB1 inhibitors would rely on passive
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targeting. As such, prior to generating LKB1 inhibitors,
more research is needed to limit off-target effects, which is
a critical component for feasible clinical application. One
option when designing LKB1 inhibitors is to utilize liposome
nanocarriers to improve the delivery of LKB1 inhibitors to
tumors. Mechanistically, liposomes are designed to utilize
properties of the tumor microenvironment, such as the
leaky tumor vasculature, that enhance permeability and
retention in tumor microenvironments.168 Other advan-
tages of utilizing liposomes as the drug delivery system
include the interaction between liposome and cell plasma
membranes allowing direct release of inhibitors in target
cells. Furthermore, the risk of patient adverse reactions is
minimal due to the non-immunogenic, non-toxic, and
biodegradable nature of liposomes.169 Due to advance-
ments in drug delivery systems to enhance targeting spec-
ificity, there are many prospective delivery methodologies
that mitigate risks associated with LKB1 inactivation in non-
cancerous tissues.
Targeting LKB1 activity

Pharmacological agents targeting the LKB1-AMPK
pathway

As previously discussed, the tumor suppressing functions of
LKB1 are derived from screening tumor biopsies and con-
ditional in vivo knockout models. These investigations
demonstrate that there are numerous neoplasms with mu-
tations in the LKB1-AMPK signaling pathway46 and these
mutations are sufficient for spontaneous tumor formation in
translational animal models.170e172 As such, pharmaceuti-
cally activating LKB1-AMPK signaling using AMPK agonists,
such as metformin and 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR), are under investigation as a po-
tential therapeutic strategy for tumorigenesis. Unlike
metformin and AICAR, A-769662, a small molecule AMPK
agonist,173 increased tumor cell proliferation under low
nutrient conditions.174 As such, despite extensive evidence
linking LKB1 and AMPK to tumor suppressing processes, in-
vestigations implicating these proteins in tumor cell sur-
vival and metastasis are growing. Indeed, most screens of
tumor biopsies report a shorter median overall survival for
patients with LKB1 mutant tumors citing increased disease
progression, reduced time to treatment failure, and
increased treatment failure frequency.4,152,175e179

Metformin activates AMPK through two mechanisms. The
first relies on increasing AMP levels responsible for both
activating and sustaining AMPK phosphorylation while the
second involves promoting S428 LKB1 phosphorylation,
which initiates LKB1 nuclear export and AMPK bind-
ing.180,181 The therapeutic potential of metformin is high-
lighted by its success in treating type 2 diabetes and
reducing cancer mortality in type 2 diabetic patients by
57%.182 In addition to lowering cancer mortality in diabetic
patients, meta-analyses of metformin clinical trials indi-
cate that overall survival for a variety of cancers is
improved.183e185 Similar to metformin, AICAR disrupts
tumor migration, induces apoptosis,15 and has decreased
lymphadenopathy in chronic lymphocyte leukemia clinical
trials.186 The anti-tumorigenic properties of metformin are
attributed to in vitro investigations finding both fewer
tumor cells and cells lacking the ability to migrate in the
presence of metformin.187,188 Alternatively, AICAR is
metabolized to an AMP mimetic that binds to AMPKg, which
ultimately activates AMPK and disrupts mTOR.16 LKB1-AMPK
activation has also suppressed tumor growth and delayed
tumor onset in PTEN-deficient mice. A possible explanation
is that during PTEN deficiency, the mTOR kinase is hyper-
activated to augment tumorigenesis and facilitate thera-
peutic resistance. Therefore, disrupting mTOR by up-
regulating LKB1-AMPK signaling is an emerging tumor ther-
apeutic strategy.189

Although clinical success has justified activating LKB1-
AMPK signaling, there are several limitations regarding the
use of metformin and AICAR as cancer therapeutics. First,
due to poor oral bioavailability190 and renal toxicity,191 the
therapeutic potential of AICAR is limited. Another limitation
is the ambiguity of their mechanisms of action. Indeed, it is
difficult to differentiate the AMPK-dependent and -inde-
pendent effects aswell as the role of LKB1.192 In fact, there is
evidence suggesting that AICAR activates AMPK through
LKB1-independent mechanisms.193 Therefore, the extent
that the therapeutic properties may be attributed to LKB1-
dependent AMPK activation is unknown.What is known is the
therapeutic benefit of activating LKB1-AMPK has been
replicated using agents that indirectly target the LKB1-AMPK
axis. For instance, tankyrase inhibitors reduced mice lung
tumor burden through increasing LKB1-AMPK activity as
tankyrase1/2-dependent polyubiquitination of LKB1 disrupts
LKB1-STRAD-MO25 complex formation (Fig. 3).84

The tumor promoting properties of LKB1

Despite the success of LKB1-AMPK agonists, LKB1 inactiva-
tion also increase the median overall survival for some
tumor types.194e203 Given that LKB1 activity up-regulates
stress response pathways and ROS scavenging in tumor
cells, LKB1 deficient tumors are more susceptible to
metabolic stressors. Mechanistically, LKB1 inactivation in-
creases ROS levels making tumor cells more susceptible to
ROS-mediated cytotoxicity. In fact, cell lines lacking LKB1
are more susceptible to oxidative stress-inducing therapies
such as cisplatin and g-irradiation.204 Furthermore, LKB1-
deficient NSCLC cell lines were more sensitive to tunica-
mycin and other endoplasmic reticulum stress activators.205

Patient derived xenografts generated from LKB1-deficient
lung cancer patients displayed increased tumor necrosis
with an impaired ability to adapt to metabolic stress
mediated by the anti-angiogenic vascular endothelial
growth factor (VEGF) inhibitor bevacizumab.206 In LKB1-
deficient cells, chemical inhibitors that mediate metabolic
stress including erlotinib and metformin have enhanced
selectivity and cytotoxicity.207e209 The efficacy of poly(-
ADP-ribose) polymerase (PARP) inhibitors,210 extracellular
signal-regulated kinase (ERK) inhibitors,211 and biguanide
treatments136 are also improved when LKB1 expression is
down-regulated. For these reasons, screening patients for
LKB1 deficiency may dictate treatment combinations to



Figure 3 Tumor suppressing pathways of LKB1. The LKB1-
AMPK-mTOR pathway suppresses tumor development. LKB1-
AMPK disrupt mTOR activity leading to decreased survival and
proliferation while increasing autophagy. Pharmacological
compounds that activate the LKB1-AMPK axis and are proven
to suppress tumorigenesis include a tankyrase antagonist,
metformin, and 5-aminoimidazole-4-carboxamide ribonucle-
otide (AICAR). Tankyrase antagonists enhance LKB1-STRAD-
MO25 complex forming by blocking tankyrase-dependent
ubiquitination (U) of LKB1. Metformin increases S428 LKB1
phosphorylation and AMP levels both promoting AMPK acti-
vation. AICAR also functions as an AMP mimetic to increase
AMPK activity.

Figure 4 Tumor promoting roles of LKB1. LKB1-STRAD-MO25 act
species (ROS) scavenging NADPH. Given that ROS damage tumor ce
mediated damages. LKB1-AMPK signaling can enhance autophagy.
resistance, epithelialemesenchymal transition (EMT), and invasion.
cells from anoikis, which is a form of cell death that occurs when ce
agonist that has increased tumorigenesis.
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improve patient survival while inactivating LKB1 in tumors
enhances the efficacy of other cytotoxic compounds.
Therefore, investigations should explore synthesizing novel
LKB1 inhibitors as anti-tumorigenic agents.

A possible explanation of the pro-tumorigenic properties
of the LKB1-AMPK axis involves mediating resistance to
death via basement membrane detachment. AMPK protects
tumor cells from anoikis through suppression of protein
synthesis via mTOR inhibition.67 For instance, in vitro
spheroid models of ovarian cancer and breast cancer
demonstrated that LKB1 expression is essential for tumor
cell growth in suspension. Both CRISPR/Cas9-dependent
LKB1 knockout in ovarian cancer cells and LKB1-specific
siRNA silencing in breast cancer cells decreased tumor
burden and metastatic potential.116,212 However, the LKB1
effects in the ovarian cancer model were due to AMPK-in-
dependent mechanisms.116 Another potential explanation
for pro-tumorigenic LKB1-AMPK signaling is disrupting
NADPH consuming processes such as fatty acid synthesis
while promoting NADPH producing processing like fatty acid
oxidation.66 Since NADPH is essential to ROS scavenging,
maintaining NADPH levels prolongs tumor cell survival in
response to oxidative and metabolic stressors.213

Protection against anoikis and ROS represent significant
physiological benefits and justifies why some tumors in-
crease the LKB1-AMPK pathway. Indeed, hepatocellular
carcinoma adapts to energy stress by activating LKB1
through skp2-dependent K63 polyubiquitination.13 In addi-
tion to anoikis resistance and ROS scavenging, LKB1-AMPK
ivity can promote tumorigenesis by increasing reactive oxygen
lls, increasing NADPH in tumors protects these cells from ROS-
Increasing autophagy in tumor cells leads to chemotherapeutic
Activating the LKB1-AMPK-mTOR pathway could protect tumor
lls detach from the basement membrane. A-769662 is an AMPK
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up-regulates tumor metabolism. Tumor cells undergo
extensive metabolic reprograming to adapt to their energy
needs as many tumors switch from oxidation phosphoryla-
tion to aerobic glycolysisdknown as the Warburg effect.214

In some instances, activating LKB1-AMPK in gastric cancer
induced a metabolic shift that reversed the pro-tumori-
genic Warburg effect215; however, LKB1-AMPK activate
autophagy in response to metabolic and oxidative stress
thus protecting cells from damage and apoptosis.216 Given
that spontaneous tumors form in autophagy-related gene
knockout models,217 autophagy suppresses tumor forma-
tion. Alternatively, tumors increase autophagic flux to
protect against stress, chemotherapeutic agents, and pro-
mote invasion.218e220 Therefore, autophagy activation may
be important for the tumor promoting properties of LKB1-
AMPK signaling (Fig. 4).
Concluding remarks

Genomic analyses first detected LKB1 inactivation in pa-
thology and recent improvements to these analyses and the
development of next generation sequencing technologies
pave the way for PJS and cancer diagnosis. For this reason,
genomic medicine is the future of personalized therapy for
pathologies induced by LKB1 mutations.43,221 However,
since LKB1 activity is regulated by proteineprotein in-
teractions, lipid binding, post-translational modifications,
alternative splicing, and cellular localization, investigating
LKB1 on pathology is currently beyond the scope of genomic
studies alone. As such, advancements in in silico investi-
gative practices, computational algorithms, and molecular
techniques are together discerning the role of LKB1 in
biology and oncology.

It is important to further explore context-specific roles
for LKB1 and its regulation, especially given its paradoxical
function in cancer. Prior to the recognition of its pro-
tumorigeneic signaling, LKB1 was long regarded as strictly a
tumor suppressor. However, the discovery of pro-tumori-
genic LKB1 signaling combined with LKB1-deficiency
enhancing the efficacy of other chemical agents, there is
now a need to synthesize LKB1-specific inhibitors. Although
there are now some inhibitors that indirectly target LKB1
signaling, there are no known pharmacological compounds
that specifically antagonize LKB1.

Despite the extensive effort from numerous in-
vestigators providing unique perspectives, significant work
is still warranted as few studies characterize how their
findings function in context with other LKB1 regulating
processes. If LKB1 is to be used as a disease biomarker, the
appropriate tools and methods must be implemented to
differentiate expression versus functional status. There-
fore, the goal of this work was to highlight LKB1 activity in
physiology and oncology providing a rationale for targeting
LKB1 in cancer.
Author contributions

Charles B. Trelford generated the first draft of the manu-
script and generated the figures. Trevor G. Shepherd edited
the manuscript and verified its scientific accuracy.
Data availability

The data for Fig. 1 was obtained using cBioPortal for Cancer
Genomics of the pan cancer study entitled MSK MetTropism
(MSK, Cell 2021).
Conflict of interests

None to disclose.

References

1. Hemminki A, Markie D, Tomlinson I, et al. A serine/threonine
kinase gene defective in Peutz-Jeghers syndrome. Nature.
1998;391(6663):184e187.

2. Li C, Lyu J, Meng QH. MiR-93 promotes tumorigenesis and
metastasis of non-small cell lung cancer cells by activating
the PI3K/Akt pathway via inhibition of LKB1/PTEN/CDKN1A. J
Cancer. 2017;8(5):870e879.

3. Matsumoto S, Iwakawa R, Takahashi K, et al. Prevalence and
specificity of LKB1 genetic alterations in lung cancers. Onco-
gene. 2007;26(40):5911e5918.

4. Wingo SN, Gallardo TD, Akbay EA, et al. Somatic LKB1 muta-
tions promote cervical cancer progression. PLoS One. 2009;
4(4):e5137.

5. Pierce SE, Granja JM, Corces MR, et al. LKB1 inactivation
modulates chromatin accessibility to drive metastatic pro-
gression. Nat Cell Biol. 2021;23(8):915e924.

6. McCarthy A, Lord CJ, Savage K, et al. Conditional deletion of
the Lkb1 gene in the mouse mammary gland induces tumour
formation. J Pathol. 2009;219(3):306e316.

7. Collet L, Ghurburrun E, Meyers N, et al. Kras and Lkb1 mu-
tations synergistically induce intraductal papillary mucinous
neoplasm derived from pancreatic duct cells. Gut. 2020;
69(4):704e714.

8. Zhuang ZG, Di GH, Shen ZZ, Ding J, Shao ZM. Enhanced
expression of LKB1 in breast cancer cells attenuates angio-
genesis, invasion, and metastatic potential. Mol Cancer Res.
2006;4(11):843e849.

9. Qiu B, Wei W, Zhu J, Fu G, Lu D. EMT induced by loss of LKB1
promotes migration and invasion of liver cancer cells through
ZEB1-induced YAP signaling. Oncol Lett. 2018;16(5):
6465e6471.

10. Liang X, Nan KJ, Li ZL, Xu QZ. Overexpression of the LKB1 gene
inhibits lung carcinoma cell proliferation partly through
degradation of c-myc protein.Oncol Rep. 2009;21(4):925e931.

11. Peart T, Ramos Valdes Y, Correa RJ, et al. Intact LKB1 activity
is required for survival of dormant ovarian cancer spheroids.
Oncotarget. 2015;6(26):22424e22438.

12. Dahmani R, Just PA, Delay A, et al. A novel LKB1 isoform
enhances AMPK metabolic activity and displays oncogenic
properties. Oncogene. 2015;34(18):2337e2346.

13. Lee SW, Li CF, Jin G, et al. Skp2-dependent ubiquitination and
activation of LKB1 is essential for cancer cell survival under
energy stress. Mol Cell. 2015;57(6):1022e1033.

14. Hao B, Xiao Y, Song F, et al. Metformin-induced activation of
AMPK inhibits the proliferation and migration of human aortic
smooth muscle cells through upregulation of p53 and IFI16. Int
J Mol Med. 2018;41(3):1365e1376.

15. Su CC, Hsieh KL, Liu PL, et al. AICAR induces apoptosis and
inhibits migration and invasion in prostate cancer cells
through an AMPK/mTOR-dependent pathway. Int J Mol Sci.
2019;20(7):1647.

16. Kong L, Zhang H, Lu C, et al. AICAR, an AMP-activated protein
kinase activator, ameliorates acute pancreatitis-associated

http://refhub.elsevier.com/S2352-3042(24)00199-5/sref1
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref1
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref1
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref1
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref2
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref2
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref2
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref2
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref2
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref3
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref3
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref3
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref3
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref4
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref4
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref4
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref5
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref5
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref5
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref5
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref6
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref6
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref6
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref6
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref7
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref7
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref7
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref7
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref7
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref8
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref8
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref8
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref8
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref8
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref9
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref9
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref9
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref9
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref9
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref10
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref10
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref10
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref10
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref11
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref11
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref11
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref11
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref12
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref12
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref12
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref12
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref13
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref13
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref13
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref13
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref14
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref14
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref14
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref14
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref14
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref15
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref15
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref15
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref15
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref16
http://refhub.elsevier.com/S2352-3042(24)00199-5/sref16


12 C.B. Trelford, T.G. Shepherd
liver injury partially through Nrf2-mediated antioxidant ef-
fects and inhibition of NLRP3 inflammasome activation. Front
Pharmacol. 2021;12:724514.

17. Moro M, Caiola E, Ganzinelli M, et al. Metformin enhances
cisplatin-induced apoptosis and prevents resistance to
cisplatin in co-mutated KRAS/LKB1 NSCLC. J Thorac Oncol.
2018;13(11):1692e1704.
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