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ABSTRACT

Background: Live kinase B1 (LKB1) is a tumor suppressor that is mutated in Peutz-Jeghers syndrome (PJS) and a variety of cancers. Lkb1
encodes serine-threonine kinase (STK) 11 that activates AMP-activated protein kinase (AMPK) and its 13 superfamily members, regulating
multiple biological processes, such as cell polarity, cell cycle arrest, embryo development, apoptosis, and bioenergetics metabolism. Increasing
evidence has highlighted that deficiency of LKB1 in cancer cells induces extensive metabolic alterations that promote tumorigenesis and
development. LKB1 also participates in the maintenance of phenotypes and functions of normal cells through metabolic regulation.

Scope of review: Given the important role of LKB1 in metabolic regulation, we provide an overview of the association of metabolic alterations in
glycolysis, aerobic oxidation, the pentose phosphate pathway (PPP), gluconeogenesis, glutamine, lipid, and serine induced by aberrant LKB1
signals in tumor progression, non-neoplastic diseases, and functions of immune cells.

Major conclusions: In this review, we summarize layers of evidence demonstrating that disordered metabolisms in glucose, glutamine, lipid,
and serine caused by LKB1 deficiency promote carcinogenesis and non-neoplastic diseases. The metabolic reprogramming resulting from the
loss of LKB1 confers cancer cells with growth or survival advantages. Nevertheless, it also causes a metabolic frangibility for LKB1-deficient
cancer cells. The metabolic regulation of LKB1 also plays a vital role in maintaining cellular phenotype in the progression of non-neoplastic
diseases. In addition, lipid metabolic regulation of LKB1 plays an important role in controlling the function, activity, proliferation, and differen-
tiation of several types of immune cells. We conclude that in-depth knowledge of metabolic pathways regulated by LKB1 is conducive to

identifying therapeutic targets and developing drug combinations to treat cancers and metabolic diseases and achieve immunoregulation.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION [21—23]. Metabolic regulation of LKB1 exhibits an essential role in this

context.

Liver kinase B1 (LKB1), also known as serine/threonine kinase
(STK11), was originally detected to be mutated in Peutz-Jeghers
syndrome and more recently identified as a pivotal tumor suppressor
[1,2]. Increasing evidence suggests that inactivated somatic mutations
of LKB1 are involved in the pathogenesis of several types of cancers,
including gastrointestinal cancer [3], non-small cell lung cancer
(NSCLC) [4—6], pancreatic cancer [7], cervical cancer [8], and mela-
noma [9,10]. LKB1 not only suppresses malignant cell transformation
and the progression of cancers [11—13], but also plays a vital role in
regulating the dynamics of hematopoietic stem cells [14—16], the
development of nerve and muscle [17,18], disease progression of
polycystic kidneys and fibrosis [19,20], and immune cell functions

The functions of LKB1 mainly depend on the phosphorylation and
activation of 13 members of the AMP-activated protein kinase (AMPK)
superfamily, including AMPK1/2, microtubule affinity-regulating kinase
(MARK)1/2/3/4, brain selective kinase (BRSK)1/2, salt-inducible kinase
(SIK)1/2/3, NUAK family sucrose non-fermenting (SNF)1-like kinase
(NUAK)1/2, and SNF-related kinase (SNRK) [24,25]. LKB1 regulates a
wide range of cellular and biological functions. Among the downstream
targets of LKB1, the energy sensor AMPK mediates the prominent
metabolic regulation via modulating metabolic enzyme activities and
inducing transcriptional adaptive responses [26,27]. However,
increasing evidence indicates that LKB1 also regulates metabolism in
an AMPK-independent manner. Given the need for LKB1 for the
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metabolic regulation of multiple biological functions, this review
summarizes metabolic pathways regulated by LKB1 and elucidates the
processes modulated by dysfunctional LKB1 in disease progression
and cell function.

2. LKB1 MODULATES GLUCOSE METABOLISM

2.1. Glycolysis

Cancer cells primarily depend on glycolysis to produce ATP and
metabolic intermediates to meet the requirements of proliferation and
development, followed by increased lactate production and glucose
consumption, which is denoted as the “Warburg effect” [28]. As a key
tumor suppressor and metabolic regulator, LKB1 participates in the
regulation of metabolic reprogramming, which induces excess
glycolysis. LKB1 inhibits HPV-induced glycolysis by suppressing
hexokinase-Il (HK-Il), the first rate-limiting enzyme of the glycolytic
pathway (Figure 1), inhibiting HPV-stimulated tumor progression [8].
One study found that re-expressing LKB1 in A549 cells, a human non-
small cell lung cancer cell line naturally lacking LKB1, reduced the

extracellular acidification rate (ECAR), an indicator of glycolysis, by
~20% relative to control cells without LKB1 [29]. This metabolic
phenotype transformation was induced by an increased expression of
hypoxia-inducible factor 1o. (HIF-1e), which is ascribed to the defi-
ciency of LKB1 [29]. AMPK is the foremost downstream target of LKB1
for mediating metabolic regulation. Thus, it is plausible that glycolysis
would increase under AMPK deficiency conditions. Indeed, inactivation
of AMPKa. promotes a metabolic shift from oxidative phosphorylation to
aerobic glycolysis in Myc-induced lymphomagenesis in an HIF-1c-
dependent manner [30]. However, in A549 cells with ectopic LKB1
expression, although targeting active AMPK mutants to mitochondria
results in a decreased ECAR, ablations of AMPK[ subunits were also
found to significantly decrease ECAR and lactic acid concentrations
[31]. These results suggest that the activation of AMPK not only inhibits
excessive “Warburg effect,” but also is required for basal glycolysis
metabolism. Consistent with these findings, AMPK phosphorylates 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKBP3) to
induce a switch from oxidative respiration to glycolysis by regulating
the concentration of fructose 2,6-bisphosphate (F2,6BP), an allosteric
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Figure 1: LKB1 in glucose metabolic reprogramming. LKB1 controls glucose metabolism by inducing the expression of several genes that encode the enzymes of glycolysis,
aerobic oxidation, the pentose phosphate pathway, and gluconeogenesis. Abbreviations: hexokinase Il (HK Il), phosphofructokinase 1 (PFK1), aldolase (ALDO), glyceraldehyde 3-
phosphatedehydrogenase (GAPDH), phosphoglycerate kinase (PGK), o-enolase (ENO1), pyruvate kinase (PK), glucose (Glc), glucose-6-phosphate (G-6-P), fructose-6-phosphate (F-
6-P), fructose-1,6-bisphosphate (FBP), glyceraldehyde-3-phosphate (GAP), 1,3-diphosphoglycerate (1,3-P2G), 3-phosphoglycerate (3-PG), phosphoenolpyruvate (PEP), 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKBP3), fructose 2,6-bisphosphate (F-2,6-BP).
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activator of glycolysis rate-limiting enzyme phosphofructokinase 1
(PFK1) [32,33]. Absence of AMPK results in the suppression of F2,6BP
signaling, reducing glucose flux to glycolysis. As an energy sensor,
LKB1-AMPK signaling is also under the control of fructose-1,6-
bisphosphate (FBP) and aldolase (ALDO) [34]. As a critical intermedi-
ate, FBP reflects the level of glycolysis and modulates ALDO to sense
glucose availability [34]. Decreased FBP levels or ALDO knockdown
activates AMPK to provide sufficient energy for cells by promoting
catabolism, such as fatty acid oxidation (FAO) [34].

Intensive glycolysis induced by LKB1 deficiency not only serves as a
primary energy supply for cancer cells, but also plays an important role
in maintaining cellular morphology [17,35]. Schwann cell (SC)-specific
LKB1 ablation does not result in any overt abnormalities in cell polarity
in development process, but leads to the degeneration of myelinated
and unmyelinated axons in adults after nerve development is complete
due to metabolic deregulation induced by LKB1 deletion [17]. Further
investigations revealed that LKB1-deficient SCs release increased
amounts of lactate, which provides further support for deteriorating
axons [17], suggesting that the increased glycolysis induced by LKB1
deletion manifests as a compensatory response to sustain distressed
axons. Of note, the metabolic changes in LKB1-deficient SCs were
found to be largely independent of AMPK and mammalian targets of
rapamycin (mTOR) [17], which lowers the significance of the need for
mediating the AMPK signal for LKB1 metabolic function, consistent
with the contrasting actions of LKB1 and AMPK in glycolysis [31]. In
summary, LKB1 deficiency facilitates glycolysis in an AMPK-
independent or -dependent manner, which plays a pivotal role in en-
ergy supply and maintaining the survival and development of aberrant
cells.

2.2. Aerobic oxidation

Although cancer cells require enhanced glycolysis to sustain their
excessive proliferation, aerobic oxidation is also a principal approach
for energy sources in these cells. Which pathway is selected to provide
energy for cancer cells to a large extent depends on the metabolic
microenvironment. The alternative reflects the metabolic plasticity of
cancer cells. However, whether lack of LKB1 contributes to the
enhanced tricarboxylic acid (TCA) cycle flux and oxidation respiratory
reaction in cancer cells for their survival, proliferation, and migration
remains to be elucidated. Interestingly, A549 cells were found to
display an increased total abundance of metabolic intermediates
derived from the TCA cycle, with no significant changes in the oxygen
consumption rate (OCR) relative to A549 cells with re-expressed LKB1
[29]. These results are in accordance with the function of AMPK as an
energy sensor tasked with activating the oxidative metabolism
pathway. AMPK activation prevailingly depends on LKB1, in particular
under conditions of energy and nutrition stress. Knockdown of pyruvate
kinase (PK) isoforms in H1299 cells (a human non-small cell lung
cancer cell line with intact LKB1) was reported to facilitate mito-
chondrial biogenesis and the electron transport chain (ETC), which are
induced by AMPK activation [36]. However, silencing PKM in A549
cells exhibited a heterogenic response and failed to show similarities in
terms of changes to mitochondrial biogenesis because LKB1 defi-
ciency failed to activate AMPK, which led to insufficient sustaining in
energy homeostasis and resulted in apoptosis [36]. Loss of LKB1
consistently facilitates the proliferation of cancer cells, but also lowers
the metabolic plasticity in cancer cells, which leads to an increased
sensitivity of these cells to nutrition deprivation [37]. In addition to
silencing PKM, treating multiple types of cells with AMPK activators
highlights the pivotal role of the LKB1-AMPK pathway in mitochondrial
biogenesis and oxidative phosphorylation (OXPHOS). For example, Rev-
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erb-a, deficiency in muscles results in reduced mitochondrial content
and oxidative function [38], while the combination of curcumin treat-
ment and endurance training increases COX-IV expression and mito-
chondrial DNA copy number as well as citrate synthase activity in
skeletal muscle [39]. However, the overexpression of CAB39L sup-
presses gastric cancer development via a reinforced effect in OXPHOS
and mitochondrial biogenesis [40]. These reactions are mediated by
the LKB1-AMPK-PGC1a. axis.

There is an inconsistency in terms of LKB1-AMPK activation in ATP-
linked respiration. For example, ectopic expression of LKB1 in A549
cells did not increase OCR [29], whereas ATP-linked respiration was
significantly increased by LKB1 expression although basal OCR did not
increase [41]. In a 13C-labeled metabolic flux analysis, Parker et al.
reported that NSCLC cells expressing functional LKB1 displayed higher
levels of flux through OXPHOS than those in LKB1-deficient cells.
Ectopic expression of LKB1 markedly enhanced the capability of cells
to oxidize major mitochondrial substrates, such as fatty acids, pyru-
vate, and glutamine [41]. These results suggested that an increased
oxidative TCA cycle is linked to an increase in mitochondrial ATP
production.

In summary, although LKB1 deficiency induces an increase in the TCA
cycle flux in cancer cells, the OXPHOS level does not display a cor-
responding change. LKB1-AMPK signaling positively regulates mito-
chondrial biogenesis and OXPHOS subunits expression, maintaining
energy homeostasis. Thus, intervention therapies targeting the effect
of LKB1 on aerobic oxidation could be potentially beneficial for treating
diseases as follows: (i) in LKB1-deficient cancer cells, energy star-
vation or targeting mitochondrial metabolism is conducive to promote
apoptosis in cancer cells due to insufficient maintenance of energy
homeostasis, as tumors with Kras and Lkb7 mutations showed a
strong response to phenformin (a mitochondrial inhibitor and analog of
metformin) [42,43]; (i) in intact LKB1 cancers, the activation of the
LKB1-AMPK signal contributes to inhibiting the Warburg effect as well
as suppressing tumor progression; and (i) in normal cells with intact
LKB1 and mitochondria damage or oxidative function deregulation,
metformin (an AMPK activator) may be an effective therapeutic agent.

2.3. Pentose phosphate pathway (PPP)

The excessive proliferation of cancer cells requires not only a sufficient
energy supply, but also precursors for biosynthesizing basic cellular
components [28]. The increased aerobic glycolysis in cancer cells
(Warburg effect) allows the diversion of multiple biological macro-
molecules into other metabolic pathways, such as pyruvate into the
TCA cycle or glucose-6-phosphate (G-6-P) into oxidative PPP, and
plays a pivotal role in energy and material supply of cancer cells
[28,44]. PPP commonly produces ribulose-5-phosphate (Ru-5-P), a
precursor for nucleotide synthesis, and nicotinamide adenine dinu-
cleotide phosphate (NADPH), which is required for lipid biosynthesis
and the elimination of reactive oxygen species (ROS) produced by the
rapid proliferation of cancer cells [44]. Taking into account the
metabolic coordination role of oxidative PPP in glycolysis, nucleoside
biosynthesis, lipid synthesis, and oxidative homeostasis, cancer cells
usually exhibit enhanced PPP, allowing them to grow and proliferate
[45]. Indeed, the suppression of glucose-6-phosphate dehydrogenase
(G6PD), the first enzyme in PPP, decreases NADPH and glutathione
(GSH) levels and impairs ROS scavenging, which facilitates oxaliplatin-
induced apoptosis in colorectal cancer [46]. Furthermore, the inhibition
of 6-phosphogluconate dehydrogenase (6PGD), the third enzyme in
PPP, contributes to decreased lipogenesis and RNA biosynthesis and
increased ROS, resulting in the attenuation of cancer cell proliferation
and tumor growth [47].
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LKB1 participates in the regulation of PPP. Ru-5-P produced from 6-
phosphogluconate (6-PG) upon the catalysis of 6PGD inhibits AMPK
activation by impairing the active LKB1 complex, relieving the sup-
pression of acetyl-CoA carboxylase 1 (ACC1) and intensifying lipo-
genesis [47]. In addition, activating the LKB1-AMPK signal promotes
the phosphorylation of histone deacetylase 10 (HDAC10) at S393 and
S540 in lung cancer cells, which leads to the translocation of HDAC10
from the nucleus into the cytoplasm, increasing histone acetylation
levels and G6PD transcription [48]. However, LKB1 is involved in tumor
suppression and likely to play an inhibitory role in PPP. Recent studies
consistently demonstrated that the activation of AMPK inhibits G6PD
expression at the transcriptional level [49,50]. Mechanistically, AMPK
activation increases p38 mitogen-activated protein kinase (p38 MAPK)
activity, inhibiting insulin signal transduction and suppressing G6PD
expression [50]. In terms of what this indicates for the role of LKB1 in
mediating the divergent regulation of G6PD, it has been reported that
knockdown of LKB1 in H1299 cells or re-expression of LKB1 in A549
cells does not change the Ru-5-P level [47], suggesting that the
alteration of LKB1 does not directly affect PPP. Thus, although LKB1
mediates the regulation of PPP, the transformation of PPP largely
depends on upstream gene changes, such as the overexpression of 4-
hydroxyphenylpyruvate dioxygenase (HPD) [48], or agent treatment,
such as flavonoid-derivative GL-V9 treatment [49], which alters the
redox balance. Therefore, the regulation of LKB1 to promote or inhibit
G6PD may depend on the impact of PPP upstream signaling or the
nutrition microenvironment, which requires further study.

2.4. Gluconeogenesis

LKB1 not only regulates glucose catabolism, but also affects anabolism
via the gluconeogenesis pathway. Liver LKB1 conditional knockout
(KO) mice displayed hyperglycemia that was induced by increased
gluconeogenic gene expression in LKB1-deficient hepatic cells [51,52].
Mechanistically, cAMP-response element-binding protein (CREB) is
responsible for regulating the transcription of catalyzing enzyme genes
in gluconeogenesis, especially rate-limiting enzymes such as phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
catalytic subunit (G6PC). The activation of LKB1-AMPK signaling re-
sults in the dephosphorylation and transportation of transducer of
regulated CREB activity 2 (TORC2) into the nucleus, where it promotes
CREB-dependent transcription, increasing gluconeogenesis [53]. Of
note, metformin is a first-line anti-diabetic drug that activates AMPK in
a LKB1-dependent manner, seemingly inhibiting gluconeogenesis by
activating the LKB1-AMPK signal. However, a metformin-induced
decrease in glucose production was found to be enhanced in both
AMPK- and LKB1-deficient hepatocytes compared to wild-type cells
[52]. Thus, the inhibition of metformin in gluconeogenesis occurs in a
transcription-independent manner, decreasing intracellular ATP con-
tent and inducing glucose production [52].

The dephosphorylation of CREB-regulated transcription coactivators 2/
3 (CRTC2/3) and histone deacetylases (HDAC4) results in their accu-
mulation in the nucleus, where they respectively cooperate with CREB
and increase the acetylation of forkhead box transcription factor 01
(Fox01), facilitating the transcription of gluconeogenic genes [54].
SIK2, a downstream target of LKB1, phosphorylates CRTC2 and
HDACs, leading to their accumulation in the cytoplasm, inhibiting
gluconeogenic gene expression [54,55].

SIK1 and SIK3 were recently demonstrated to be key effectors in LKB1-
mediated tumor suppression and are potentially more essential than
AMPK [4,56]. Interestingly, SIK2 lacks the function of tumor sup-
pression [4,56]. Adversely, SIK2 promotes tumorigenesis in prostate
cancer [57]. Thus, SIK2-induced inhibition of gluconeogenesis may be

an important mechanism for the function of SIK2 in tumorigenesis by
suppressing tumor progression via increased gluconeogenesis [58].
However, further studies are needed in this regard.

3. LKB1 MODULATES GLUTAMINE METABOLISM

Glutamine is an important nutrient substance providing carbon and
nitrogen for biosynthesis and energy metabolism, thus facilitating the
maintenance of cell growth and proliferation. Although cancer cells
depend on enhanced aerobic glycolysis for proliferation, many types of
cancers show addiction to glutamine. Several oncogenes and tumor
suppressors are associated with controlling glutamine metabolism
[59]. Glutamine transforms a-ketoglutaric acid (o.-KG) and flows into
the TCA cycle, which is a major source of energy in addition to glucose
metabolism. In LKB1-deficient NSCLC cells (A549 and A427), ectopic
expression of LKB1 resulted in a reduced production of glutamine-
derived glutamate. Moreover, LKB1 deficiency was previously found
to induce enhanced TCA cycle flux along with increased glycolysis.
However, a large proportion of glutamine-derived carbon is concerted
into the TCA cycle relative to glucose-derived carbon in A549 cells
compared to the re-expression of LKB1 [29], consistent with the
suppression of the glutamine-dependent TCA cycle by metformin [60].
These findings suggest that LKB1 participates in the regulation of the
glutamine flux.

Glutamine metabolism also plays a key role in maintaining oxidative
homeostasis. Glutamate converted from glutamine under glutaminase
catalysis is the precursor of glutathione (GSH), which promotes ROS
detoxification [61]. A549 cells with LKB1 re-expression display
increased apoptotic rates under ROS stress induced by treatment with
H205 (400 11M) compared to control A549 cells. This is partly due to the
upregulation of glutamine transformation in LKB1 deficiency [5]. LKB1
deficiency induces a dependence on glutamine, such that cancer cells
lacking LKB1 may display an increased sensitivity to glutamine inhi-
bition or deprivation. Indeed, most NSCLC cell lines with LKB1 defi-
ciency display a high sensitivity for glutamine withdrawal [5]. However,
LKB1 overexpression has been found to significantly decrease sensi-
tivity of A549 cells to glutamine inhibitor (CB-839) [5]. Mechanistically,
glutamine-cysteine ligase (GCL) catalyzes the formation of gamma-
glutamylcysteine (y-Glu-Gly) from glutamine and cysteine. LKB1
deficiency promotes nuclear factor E2-related factor 2 (NRF2)-
dependent GCL expression, facilitating y-Glu-Gly synthesis, which
couples with glycine to form a larger GSH pool [5]. This is consistent
with the finding that knockdown of NRF2 decreases the levels of '3C-
labeled GSH in A549 cells with [U—"3Cs] glutamine medium [62].
The regulation of LKB1 in glutamine metabolism also plays a key role in
the progression of polycystic kidney disease (PKD), which is charac-
terized by the growth of fluid-filled cysts in the kidneys. It has been
reported that LKB1 mutant kidneys display increased dependence on
glutamine, which provides non-essential amino acid (NEAA) and GSH for
cell growth [19]. Importantly, the loss of LKB1 alone does not induce
PKD development. However, ablation of LKB1 in TSC1-deficient kidneys
was found to accelerate the onset and progression of PKD [19].

It could be speculated that LKB1 is a non-dominated signal in many
types of disease progression. LKB1 deficiency results in several
metabolic changes that are compensated by other pathways to sustain
cell growth and proliferation in its absence. Nevertheless, the loss of
LKB1 leads to metabolic friability, and LKB1 deficiency may co-occur
with other deficiencies, such as Kras activation in NSCLC cells [11],
HPV infection in cervical cancer cells [8], B-RAF in melanoma [63], or
TSC1 mutants in kidneys [19], which may accelerate disease
progression.
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4. LKB1 MODULATES LIPID METABOLISM

4.1. Cancer cells with LKB1 deficiency display lipid metabolism
disorder

Reprogramming lipid metabolism is one of the most important hall-
marks of cancer cells [64]. Lipids not only constitute the basic mem-
branal structure, but also act as signaling molecules. Cancer cells with
lipid metabolism disorder generally display increased lipid uptake, de
novo fatty acid (FA) synthesis, storage, and lipolysis, which satisfy the
demands of cancer cells for their rapid proliferation and growth [65].
Illustratively, a subpopulation of CD44°"9™ cells in oral carcinomas was
found to express high levels of the FA receptor CD36, which is
responsible for the uptake of exogenous lipids. The enhanced CD36
expression gives cancer cells the ability to initiate metastasis [66]. Fatty
acid synthase (FASN), a key lipogenic enzyme in charge of the de novo
biogenesis of FAs, confers growth and survival advantages in many
types of human cancers [67]. Excessive lipids and cholesterol in cancer
cells are stored in lipid droplets (LDs), and many types of tumors display
high LDs, which are considered hallmarks of cancer aggression [65].
KL (Kras-sustained activation combined with Lkb7 loss) tumors were
demonstrated to bear increased LDs relative to KP (Kras-sustained
activation combined with Trp53 loss) tumors, suggesting that LKB1
deficiency results in lipid accumulation [37]. Furthermore, accumu-
lated LDs are an important energy source for KL tumors in response to
nutrient deprivation [37]. Autophagy mediates intracellular recycling,
which supports mitochondrial activity [37]. Without autophagy, tumor
cells heavily depend on fatty acid oxidation (FAQ) for energy homeo-
stasis, which depletes lipid storage and may result in cellular energy
crisis [37].
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Two signals mediate the accumulation of lipids in LKB1-deficient cells
(Figure 2). First, acetyl-coenzyme A carboxylase (ACC) catalyzes the
carboxylation of acetyl-CoA to form malonyl-CoA, which is the basic
substrate of FA synthesis under FASN catalysis [68]. Malonyl-CoA also
inhibits FAO by blocking carnitine palmitoyltransferase 1 (CPT-1),
which is responsible for transporting FA to the mitochondria [6]. ACC is
a key downstream target of the LKB1-AMPK signal mediating the lipid
metabolic regulation of LKB1. The activation of LKB1-AMPK phos-
phorylates ACC and inhibits its function [69]. It has been reported that
ACC1 activity is necessary for the growth and survival of several types
of cancers [6,70,71]. ND-646, an allosteric inhibitor of ACC enzymes,
mimics the physiological regulation of ACC function via AMPK, mark-
edly suppressing lung tumor growth via the inhibition of fatty acid
synthesis and the depletion of cellular fatty acids [6]. Another liver-
specific ACC inhibitor, ND-645, also inhibits hepatic de novo FA syn-
thesis and suppresses the development of hepatocellular carcinoma
(HCC) [70]. Since LKB1 deficiency removes the inhibition of ACC,
targeting ACC in LKB1-proficient cancer cells may produce beneficial
clinical outcomes. Consistent with this hypothesis, HelLa cells with
LKB1 re-expression were found to display an increased sensitivity to
ACC knockdown [72], and ND-646 was reported to have a stronger
effect on the suppression of KP tumors than that in KL tumors [6]. If
this hypothesis is warranted, it will benefit precision medicine and
provide a basis for using ACC inhibitors in cancer therapy based on
LKB1 status.

Sterol regulatory element-binding protein 1 (SREBP1) is another
master regulator of the FA metabolism located downstream of the
LKB1-AMPK signal. SREBP1 is a membrane-bound basic helix-loop-
helix leucine zipper (bHLH-Zip) transcription factor. It regulates the
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Figure 2: LKB1 in lipid metabolic reprogramming. LKB1 regulates lipid metabolism in its uptake, de novo synthesis, and fatty acid 3-oxidation.
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synthesis of FA, triglycerides, and cholesterol by controlling the tran-
scription of ATP citrate lyase (ACYL), ACC, stearoyl-CoA desaturase 1
(SCD1), and FASN [73,74]. SREBP1 has two subtypes: SREBP1a is
responsible for FA and cholesterol synthesis, whereas SREBP1c is
responsible for FA synthesis [75]. The activation of AMPK directly
phosphorylates SREBP1c at Ser372 in hepatocytes, inhibiting SREBP1¢
cleavage and nuclear translocation, preventing its transcriptional ac-
tivity [76]. In addition, mTOR mediates the regulation of AMPK for
SREBP1 [75,77]. Several recent studies demonstrated the significance
of the regulation of lipid metabolism by SREBP1 during the progression
of cancers. Sorafenib, a multi-kinase inhibitor, was found to induce
apoptosis in liver cancer cells by blocking SCD1-mediated FA synthesis
via the ATP-AMPK-mTOR-SREBP1 signaling pathway [77]. HCC-
associated protein TD26 promotes HCC cell proliferation and tumor
growth by disrupting the AMPK-mediated suppression of SREBP1
activity via its interaction with truncated SREBP1 [78]. However, few
studies have directly demonstrated that excessive SREBP1 activity is
responsible for facilitating tumor progression under LKB1 deficiency
conditions. Despite this, we believe that targeting SREBP1 has the
potential to result in a satisfactory effect on LKB1-deficient cancers.

4.2. LKB1 deficiency-induced lipid metabolic disorder accelerates
disease progress in the liver and kidneys

The liver is one of the most important metabolic organs. Lipid accu-
mulation in the liver is a characteristic of several hepatopathies. As
such, activation of LKB1-AMPK signaling in the liver could represent an
effective method of alleviating those hepatic diseases. Indeed, the
activation of AMPK via multiple methods, including metformin, sirtuin-
1 (SIRT1)-dependent resveratrol, y-mangostin, chalcones, and

honokiol, contributes to reducing lipid accumulation induced by high
concentrations of glucose or a high-fat diet and is the primary thera-
peutic target for accelerated atherosclerosis and dyslipidemia in dia-
betes, age-related diseases, and non-alcoholic fatty liver disease
(NAFLD) [79—83]. Based on the key role of LKB1-AMPK signaling in
lipid metabolism in the liver, multiple induction factors may facilitate
hepatopathy development by disrupting LKB1-AMPK signaling. For
example, microRNA-122 (mir-122) and elastin-derived peptides (EDPs)
induce hepatic lipogenesis, inflammation, and fibrosis by inhibiting the
LKB1-AMPK pathway [84,85]. The significance of the LKB1-AMPK
pathway in hepatopathy has been well documented, and many novel
agents that ameliorate NAFLD via the regulation of lipid metabolism
through the LKB1-AMPK pathway have recently been reported.
Because lipid accumulation is also an important hallmark of cancer, we
hypothesized that combining first-line anti-tumor drugs with agents
that inhibit lipid accumulation may produce an enhanced therapeutic
effect in LKB1-proficient cancers. Several potential agents that have
been demonstrated to improve lipid metabolism are listed in Table 1.
Chronic kidney disease (CKD) is a major chronic iliness worldwide, of
which tubulointerstitial fibrosis (TIF) is the most consistent pathological
characteristic [86]. Several recent studies have shown that a defective
energy metabolism, in particular when impaired by FAQ, plays a key
role in the pathogenesis of renal fibrosis [20,87]. Based on LKB1's
regulatory role in lipid metabolism, LKB1 deficiency may participate in
the development of CKD. Indeed, deletion of Lkb7 in renal tubular
epithelial cells (TECs) was found to result in CKD and enhanced fibrosis
[20]. LKB1 deficiency in TECs leads to increased lipid accumulation
due to decreased FAO levels resulting from the decreased expression
of rate-limiting enzymes in the B-oxidation pathway, such as Cpt1/2

Table 1 — Agents targeting lipid metabolism via the LKB1-AMPK signaling pathway.
Effects

Agents

Pharmacological action

Y/a-mangostin [83]

VOdipic-Cl [88]
in vitro
Honokiol [81]
accumulation in mice fed high-fat diets

Chalcones (4HD, XAG, CAR, and FKB)  Attenuating lipid accumulation in HepG2 cells

Gentiopicroside [89]

Celastrol [90]
anti-oxidative and anti-inflammatory status
Bouchardatine analog (R17) [91]
inflammation, injury, and fibrogenesis
Phillyrin [92]

Inhibiting lipid synthesis and enhancing FAO in HepG2 and Lo2 cells

Reducing lipid accumulation by inducing autophagy in vivo and

Decreasing hepatic TG, lipogenic protein levels, and fat

Reducing lipogenesis and promoting FAO in HepG2 cells
Ameliorating NAFLD by decreasing lipid synthesis and improving the
Reversing high-fat diet (HFD)-induced hepatic triglyceride content,

Preventing high-glucose-induced lipid accumulation in HepG2 cells

An inhibitor of mutant IDH1 (IDH1-R132H); gamma-mangostin is a
novel competitive 5-hydroxytryptamine 2A (5-HT2A) receptor
antagonist

Induce autophagy to attenuate lipid accumulation via activating
LKB1-AMPK

A bioactive, biphenolic phytochemical inhibiting Akt activation and
enhancing ERK1/ERK2 phosphorylation

Anti-inflammatory, anti-oxidative, anti-bacterial, anti-cancer, and
anti-parasitic activities via inhibiting TNFa-induced NF-kB activation
and activating BMP signaling

A naturally occurring iridoid glycoside that inhibits cytochrome P450
activity

A proteasome inhibitor

A derivative of bouchardatine (an alkaloid from Bouchardatia
neurococca) that activates AMPK by inhibiting ATP synthase activity
Isolated from Forsythia suspensa Vahl (Oleaceae), it has potentially
inductive effects on rat cytochrome P450 (CYP) 1A2 and CYP2D1
activities

JD5037 [93]

EGCG-rich GTE [94]

Anhydroicaritin [95]

GomisinJ [96]
Cordycepin [97]

CDCAQ [98]

Improving glycemic control and increasing FAO in HepG2 cells and
HFD mice

Decreasing body gain, preventing hepatic fat accumulation,
reducing hypertriglyceridemia, and improving hyperglycemia and
insulin resistance in HFD mice

Ameliorating obesity, insulin resistance, fatty accumulation in the
liver, and hyperlipemia in diet-induced obese mice

Inhibiting lipid accumulation in oleic acid (OA)-induced HepG2 cells
Reducing OA-induced lipid accumulation by activating AMPK in
HepG2 cells

Suppressing high-glucose-induced lipid accumulation in HepG2
cells

A cannabinoid receptor type 1 (CB1R) antagonist

Upregulates sirtuin 1 and AMPK and downregulates enzymes related
to de novo lipogenesis

A prenylflavonoid that regulates MAPK/ERK/INK and JAK2/STAT3/
AKT signals

Inhibits fetuin-A and activates AMPK

A nucleoside derivative isolated from Cordyceps and a potent
inhibitor of IL-1B-induced chemokine production

A chlorogenic acid derivative that blocks the expression of SREBP-1
and FAS via activating LKB1/SIRT1 and AMPK

Abbreviations: CDCQ: 3-caffeoyl, 4-dihydrocaffeoylquinic acid; EGCG-rich GTE: epigallocatechin gallate-rich green tea extract.
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and acyl-CoA oxidase (ACOX1) [20]. Although AMPK and peroxisome
proliferator activated-receptor (PPAR)-o¢ agonists attenuate LKB1
deficiency-induced fibrosis, the mechanism by which lipid accumu-
lation causes epithelial differentiation remains unclear and requires
further study. Table 1 provides a list of agents that target lipid meta-
bolism via the LKB1-AMPK signaling pathway. These have been
confirmed to inhibit lipid accumulation and may also have therapeutic
potential for CKD.

4.3. LKB1 sustains immune cell functions via lipid metabolic
regulation

Studies are increasingly focusing on LKB1’s effect on immune cell
function. Dendritic cells (DCs) play a crucial role in mediating protective
immune responses against pathogens and tumors. DCs modulate
peripheral tolerance by promoting the proliferation and differentiation
of regulatory T cells (Tregs), which participate in immune tolerance and
suppression [99]. It has been reported that LKB1 deficiency in DCs
facilitates the proliferation of peripheral Tregs [21,100]. Mechanisti-
cally, LKB1 deficiency in DCs relieves suppression of the mTOR signal,
which results in dysregulated metabolism leading to aberrant matu-
ration of DCs from a quiescent state [21]. Dysregulated metabolism in
LKB1-deficient DCs is characterized by higher OCR, ECAR, upregulated
hallmarks of the cholesterol homeostasis pathway, and increased lipid
accumulation relative to LKB1-proficient DCs [21]. Although re-
searchers have not yet determined how aberrant lipid metabolism
including the cholesterol pathway and accumulation of lipids in LKB1-
deficient DCs contributes to the maturation of DCs, genes involved in
cholesterol homeostasis have been found to significantly alter LKB1-
deficient DCs according to gene-set enrichment analysis (GSEA) and
proteome profiling results. These findings indicate a vital role of lipid
metabolism in the activity of DCs controlled by LKB1. Researches have
also emphasized the key role of mTOR in the mediation of LKB1-
deficiency-induced DC maturation. The role of mTOR signal in lipid
metabolism [101,102] suggests that aberrant alterations of lipid
metabolism may partially mediate the function of mTOR in the in-
duction of DC maturation under LKB1 deficiency.

LKB1 also participates in programming the metabolism and function of
Tregs. LKB1 coordinates the balance between immunity and tolerance
by regulating the expression of immune regulatory molecules,
including program cell death 1 (PD1) and the TNF receptor superfamily
members GITR and 0X40 [23]. Metabolite set enrichment analysis of
Tregs revealed that LKB1 deficiency induced the downregulation of
multiple metabolic programs and enhanced biosynthesis of unsatu-
rated fatty acids as evidenced by a notable lipid accumulation in LKB1-
deficient Tregs [23]. Despite this, the mechanism by which excessive
lipid accumulation participates in the regulation of Tregs remains
unclear [23]. Recent studies investigated the lipid metabolic regulation
of LKB1 in Tregs’ functions and found that LKB1 deficiency increased
cholesterol levels via the upregulation of CD36, which is responsible
for the uptake of cholesterol from the extracellular environment and the
downregulation of ATP-binding cassette transporter types A1 and G1
(Abcai/Abcg1) responsible for the efflux of cholesterol [103]. As a
result, Tregs lose their suppressive activity and differentiate into in-
flammatory cells expressing Th1 and Th17 cytokines due to impair-
ment of the mevalonate pathway resulting from the suppression of lipid
metabolic gene expression [103]. Of note, LKB1-mediated regulation
of Tregs was independent of AMPK [23,103,104], in contrast to the
lipid metabolic regulation of LKB1-AMPK signaling in multiple cancer
cells. This provides evidence for a novel therapeutic strategy for cancer
treatment by targeting LKB1-AMPK signaling to inhibit lipid
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accumulation in cancers. Combined with agents targeting the meval-
onate pathway, this treatment could help enhance anti-tumor
immunity.

The enrichment of foam cells is a hallmark of atherosclerosis and
known to promote lesion expansion. Thus, the transformation of
macrophages into foam cells is a key process in the development of
atherosclerosis [105]. Macrophages uptake lipoproteins during this
process, and the uncontrolled accumulation of lipoproteins results in
the transformation of macrophages into lipid-rich foam cells [106]. It
was previously reported that the expression of LKB1 is decreased in
macrophages during the development of atherosclerosis, promoting
lipoprotein uptake and foam cell formation. Scavenger receptor A (SRA)
is responsible for the uptake of modified lipoproteins. In this context,
LKB1 functions as a negative regulator of the differentiation of mac-
rophages and the formation of foam cells by directly phosphorylating
SRA and facilitating its degradation, decreasing the accumulation of
lipids in macrophages [22].

In summary, the signaling and metabolic pathways controlled by LKB1
play a vital role in the function, activity, proliferation, and differentiation
of several immune cells. Thus, the positive and negative regulation of
LKB1 could represent potential therapeutic strategies for many dis-
eases, including anti-tumor immunity, autoimmune disease, and
transplant rejection, among others. In addition, disorders of lipid
metabolism affect the function of immune cells to a large extent as
previously mentioned. Furthermore, several LKB1-independent path-
ways have been found to induce aberrant lipid metabolism in natural
killer (NK) cells [107], CD4+ T cells [108], and tissue-resident memory
T (Trw) cells [109], emphasizing the important role of lipid metabolism
in immune cells. As such, targeting lipid metabolism may also be an
effective method of regulating the function and activity of multiple
immune cells.

5. LOSS OF LKB1 LINKS TO SERINE METABOLISM

The serine, glycine, and one-carbon (SGOC) metabolic network not
only supports NADPH and one-carbon units for nucleotide synthesis,
but also participates in the methionine cycle, generating S-adeno-
sylmethionine (SAM), which is a universal methyl donor [110]. Kottakis
et al. reported that LKB1 loss combined with KRAS mutations induced
the activation of the SGOC network, increasing SAM generation and
promoting DNA methylation at retrotransposon elements, which is
associated with transcriptional silencing [7]. This study also found that
LKB1 restricts serine metabolism by downregulating the expression of
multiple serine pathway enzymes, including phosphoserine amino-
transferase 1 (PSAT1), phosphoserine phosphatase (PSPH), serine
hydroxymethyltransferase 1 (SHMT1), and SHMT2, in an AMPK-mTOR-
dependent manner [7]. Consistently high levels of PSAT1, PSPH, and
SHMT expression correlate with the clinical stage, proliferation,
metastasis, and poor prognosis of multiple types of cancers [111—
113]. Phosphoglycerate dehydrogenase (PHGDH) catalyzes the first
and rate-limiting step of glucose-derived serine synthesis. Although
PHGDH is not regulated by LKB1 based on current observations, its
high expression significantly correlates with lymph node metastasis
and poor prognosis in NSCLC [114]. Targeting PHGDH with small
molecule inhibitor (NCT-502) in MDA-MB-468 (a breast cancer cell line
with high PHGDH expression) xenografts reduces tumor volume [115].
These findings highlight serine metabolism’s important role in
tumorigenesis and tumor progression. Hence, targeting LKB1 signaling
or the SGOC pathway with NCT-502, methotrexate, or pemetrexed that
inhibits tetrahydrofolate synthesis is a potential therapeutic strategy for
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treating cancers, especially in LKB1-deficient tumors. However, the
mechanism by which the LKB1-AMPK-mTOR signaling pathway reg-
ulates the expression of serine pathway enzymes remains unclear. As
such, further study is required to establish a theoretical basis for
targeting this pathway.

6. THE DOUBLE-EDGED SWORD BEHAVIOR OF LKB1

LKB1 plays multifaceted roles in metabolism to maintain functions and
survival of multiple types of cells. The vital role of LKB1 in metabolism
also determines that LKB1 may function oppositely under certain
conditions. For example, inhibitory or stimulative effects of LKB1 on
cancer cells may mainly depend on two critical factors: the types of
cells and external stimuli.

LKB1 is critical for maintaining metabolic homeostasis in hematopoi-
etic stem cells (HSC) [14,15]. LKB1 loss in bone marrow cells results in
mitochondrial defects, maladjustment of lipid and nucleotide meta-
bolism, and decreased cellular ATP levels [14]. LKB1-deficient adult
mice displayed exhaustion of the HSC pool. LKB1 is also involved in the
regulation of stem cell fates, such as the induced pluripotent stem (iPS)
cell-derived mesenchymal stem cells, neural crest cells, and intestinal
stem cells [116—118]. It is believed that LKB1 plays an essential role
in stem cell homeostasis. However, in cancer stem cells (CSCs), LKB1
may help sustain the survival of cluster cells. In pancreatic ductal
adenocarcinoma (PDAC), LKB1 co-expresses and co-locates with

CD133 in malignant areas and sustains CD133-+/CD44+ CSC pop-
ulations [119]. In another report, researchers identified that LKB1
mediated CD44 expression and maintained the stemness properties of
CSCs in PDAC [120]. In addition, LKB1 is necessary for circulating
tumor cells (CTCs) to survive from anoikis during early phases of
intravasation [121]. These findings suggest that LKB1 functions as a
pro-oncogene in specific types of cells, such as cells with stemness,
highlighting the cell-type dependence of LKB1 functions. Thus, the
pro-oncogenic activity of LKB1 should be considered when targeting
LKB1 for cancer therapy.

External stimuli are another key factor determining LKB1’s role as a
pro-oncogenic or cancerocidal facilitator. LKB1 promotes adaptive
metabolic reprogramming in response to energy stress in NSCLC cells
[41]. LKB1-deficient tumor cells are hypersensitive to energy stress-
induced apoptosis via activating AMPK [122]. It was reported that
AMPK promotes tumor cell survival via regulating NADPH homeostasis
and activating mTORC2 during energetic stress [72,123]. Energy
stress is a commonly restricted condition when LKB1-AMPK signals
function as pro-oncogenic factors. Indeed, LKB1 confers metabolic
flexibility to tumor cells [41]. As a vital metabolic regulator, LKB1
promotes cell survival during energy stress to avoid energy shortage-
induced apoptosis. As a tumor suppressor, LKB1 inhibits proliferation
of cancer cells. Altogether, we deem that LKB1 deficiency leads cancer
cells to metabolic disorder, whereas intact LKB1 enhances the survival
of cancer cells responding to energy stresses.
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Figure 3: Metabolic reprogramming induced by LKB1 deficiency promotes disease progress. LKB1 deficiency induces the metabolic reprogramming of glucose, glutamine, lipid,
and serine, which promotes cellular transformation, tumorigenesis, and progression of diseases and affects functions of DCs, Tregs, and macrophages.
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7. CONCLUSIONS AND PERSPECTIVES

LKB1 plays important roles in multiple metabolic pathways, including
glucose, glutamine, lipid, and serine metabolism. Disordered metabo-
lisms caused by LKB1 deficiency affect the progression of multiple
diseases and the functions of several types of cells (Figure 3). LKB1 is
responsible for coordinating an extensive metabolic network. Thus,
metabolic reprogramming induced by LKB1 loss confers cells with
growth or survival advantages and acclimatizes cells to microenviron-
ments, such as via the transformation of OXPHOS into glycolysis in
hypoxic microenvironments [28], elevated glutamine utilization to elim-
inate ROS [5], and increased lipid storage to cope with energy crises [37].
Thus, the microenvironment impacts the kind of metabolic pathways that
LKB1-deficient cells reprogram, which is a vital factor that should be
used as a guide when developing approaches for targeted therapy.

LKB1 deficiency in cancer cells with oncogenic activation, such as Kras
mutation and HPV infection, has been proven to facilitate tumorigenesis,
cancer aggression, and poor prognoses [7,8]. However, LKB1 loss alone
does not induce tumorigenesis [19,20]. We believe that LKB1 deficiency
represents the second echelon in the tumorigenesis process, although
metabolic dysregulation caused by LKB1 deficiency plays a leading role in
the promotion of tumor development. LKB1 deficiency induces meta-
bolism disorders, which provide cancer cells with the energy and sub-
stances needed for their growth, proliferation, and survival. However, as
observed in LKB1-deficient tumors, LKB1 loss also confers cancer cells
frangibility to further metabolic stresses, providing a basis for the
development of novel therapeutic strategies for the treatment of cancer.
Studies are increasingly focusing on investigating the effects of
abnormal metabolism on immune cell function and cellular trans-
formation. The alteration of lipid metabolism, especially in the choles-
terol homeostasis pathway, plays a vital role in the function of DCs and
Tregs [21,103]. The key roles of DCs and Tregs in anti-tumor immunity,
autoimmune diseases, and immunological rejection indicate that tar-
geting LKB1 signals or the cholesterol pathway may provide a curative
option for these diseases. Lipid deposition induced by LKB1 deficiency
promotes phenotypic transformations in macrophages and TECs
[20,22], inhibits the uptake and de novo synthesis of lipids, and ac-
celerates FAO via LKB1-dependent or -independent pathways, which
are effective methods of attenuating the transformation. Our review on
the metabolic regulation of LKB1 provides a basis for identifying ther-
apeutic targets and developing drug combination programs for treating
cancers, metabolic diseases, and immunoregulation in future studies.
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