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The liver kinase B1 (LKB1), also known as serine/threonine kinase 11 (STK11) and Par-4 in C. elegans, has been
identified as a master kinase of AMPKs and AMPK-related kinases. LKB1 plays a crucial role in cell growth,

metabolism, polarity, and tumor suppression.
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| 1. Introduction

The liver kinase B1 (LKB1), also known as serine/threonine kinase 11 (STK11, Par-4 in C. elegans), was first
identified in its mutated form with loss of function in Peutz—Jeghers syndrome (PJS), a rare dominantly inherited
autosomal disease. Germline inactivating mutations of LKB1 are associated with the pathogenesis of PJS
characterized by multiple benign polyps in the gastrointestinal system and numerous metastatic malignancies 2.
Because patients with PJS have a significantly increased risk of developing cancer, LKB1 is recognized as a tumor
suppressor. Heterozygous knockout mice with downregulated LKB1 develop tumors, primarily hepatocellular
carcinoma, spontaneously and late in life [2. LKB1 mutations are also linked to extraintestinal cancers, including

lung cancer, breast cancer, and cervical carcinomas 2!,

LKBL1 is essential for controlling the metabolism, growth, and polarity of various types of cells 4, including neuronal
polarity, axon formation, and axon extension. In response to stimulation by extracellular factors, including BDNF,
NGF, Sema3A, netrin-1, Reelin, and Wnt, LKB1 acts as the downstream effector of cCAMP/PKA and PI3 kinase, and
is a major determinant for axon differentiation by regulating neuronal migration, axon initiation, and axon elongation
in the CNS. LKB1 deletion or downregulation eliminates axon formation in vivo; its overexpression stimulates the
formation of multiple axons. As a master upstream kinase of the multiple signals that control cell growth, LKB1
controls axon development largely by activating AMPK-related kinases, especially SAD-A, SAD-B, and NUAK1
kinases.

Given the critical roles of LKB1 in controlling axon genesis and elongation, this kinase could be important to
mediating axon regeneration and neural repair in the adult nervous system after injury. Recent studies demonstrate
that LKB1 upregulation promotes robust and long-distance regrowth of injured descending motor tracts into the

caudal spinal cord in adult rodents with spinal cord injury (SCI) &,

| 2. LKB1 Gene, Structure, and Overall Cellular Functions
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The human LKB1 gene (23 kb) is composed of 10 exons on chromosome 19p13.3 [&l. L KB1 has various homologs
in mouse, Drosophila, Xenopus (called XEEK1), and C. elegans (called PAR-4) IR pespite the unknown
significance, LKB1 mRNA has several splice variants of 1302 bp and 444 bp in-frame deletion of exons 5-7 and
part of exon 8, and a variant retaining intron 2122 Human LKB1 protein (436 amino acids, MW: ~50 kDa) consists
of an N-terminal non-catalytic domain with two nuclear localization signals, a kinase domain at N-terminus (aa 49-

309, close to AMPK members), and a C-terminal regulatory domain with conserved phosphorylation sites 4112,

LKB1 is an important serine/threonine kinase required for maintaining cell metabolism, energy homeostasis, and
polarity by activating AMPK (Thr-172) and ~12 other AMPK-related kinases. Numerous highly conserved residues
on LKB1 are phosphorylated either by auto-phosphorylation (Thr-185, Thr-189, Thr-336, and Ser-404) or by
upstream kinases (Ser-31, Ser-325, Thr-366, and Ser-431). Activation of LKB1 requires the formation of a complex
in the nucleus with its cofactors STE20-related kinase adaptor alpha (STRADa) and MO25 (also known as
calcium-binding protein 39, Figure 1). After activation and translocation to the cytoplasm, LKB1 is phosphorylated
at Ser431 by active cytoplasmic PKA, PKC{, and S6 kinases, and stimulates the active transport of LKB1 to the
cytoplasm 2l Among the numerous phosphorylation sites, phosphorylation at Ser431 by PKA or p90RSK is
especially important for controlling LKB1 functions, including cell cycle management, polarity formation, and axon
specification. LKB1 activates various downstream signaling pathways, including AMPK, SAD (synapses of amphids

defective kinase), NUAKs, and other kinases [14]
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Figure 1. Schematic of LKB1-STRAD-MO25 complex and its major functions. LKB1-STRAD-MO25 complex
phosphorylates AMPK and AMPK-related kinases, which can be dephosphorylated by protein phosphatases.
Increased phosphorylation of AMPK and its related kinases controls various cellular functions, including cell energy

metabolism, protein synthesis, growth, and polarity.
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LKB1 is widely expressed in many embryonic and adult tissues, including the developing brain, with the highest
level in the forebrain 121181 | KB1 is concentrated in the cell nucleus and is also present in the axons of cortical
neurons. Its expression pattern is similar to that of its cofactors STARD and MO25. They usually form an LKB1-
STARD-MO25 complex to function. Integration of LKB1 with various environmental signals activates downstream
signaling and regulates the functions of various types of cells, including controlling glucose/lipid metabolism and
cell polarity, and suppressing the growth of cancer cells. LKB1 is critical to the polarization of epithelial cells and
axon formation of developing neurons by regulating the distribution of the Golgi apparatus in the cytoplasm. Its
function in the adult nervous system is largely unknown although it is required for myelination of peripheral axons
by Schwann cells I8 | KB1 is also critical to the differentiation of neural crest stem cells 29 and polarization

of epithelial cells in mammals [211122],

3. LKB1 Forms Protein Complexes for Function in Neural
Cells

LKB1 functions as a critical convergent signal downstream of numerous extracellular factors and transmembrane
receptors. The binding of various extracellular molecules to their receptors and the intrinsic asymmetry of
cytoplasmic components may activate the cAMP/PKA, Ras/ERK, and Ras/PI3K signaling pathways, alter the
activities of downstream signals and regulate diverse cellular functions. Among the diverse signals downstream of
these pathways, phosphorylating LKB1 at different sites is crucial to cell functions 23, Particularly, neurotrophins
interact with their receptor tyrosine kinases and stimulate neuronal growth by activating the cAMP/PKA, Ras/ERK,
and Ras/PI3K/Akt signals 24231 3|l of which could modulate LKB1 phosphorylation and activity (Figure 2) [28127],
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Figure 2. Schematic of the signaling pathways upstream and downstream of LKB1 in developmental neurons.
Various extracellular cues and intracellular intrinsic factors activate many signaling pathways, including CAMP-PKA,
CcAMP/RAS-Erk, and RAS-PI3 kinase signaling. Downstream of these pathways, LKB1 is critical to convergent
signaling for regulating cell growth. LKB1 usually forms a complex with STRAD and MO25 for LKB1 stability and
activation. LKB1 may also form a complex with other proteins, including PAR3/PAR6/aPKC/Cdc42. As an
intracellular master kinase, LKB1 is crucial for controlling cell growth, polarity, and axon formation and elongation
during development by phosphorylating AMPK and AMPK-related kinases and regulating their activities
accordingly. AMPK and AMPK-related kinases are associated with the cytoskeletal (such as microtubule and actin)
dynamics and cell growth. Other LKB1-independent intracellular pathways, such as PI3K-Akt-mTOR signaling, may

also modulate cell growth by diverse molecular mechanisms.

LKB1 monomer is primarily located in the nucleus and is largely inactive, but it usually forms a heterotrimeric
complex with STRADa and MO25, which stabilize LKB1 and activate its kinase activity. The function and
localization of LKB1 are highly associated with its binding to STRAD, and this binding is essential for
phosphorylating AMPK-related enzymes by LKB1 [l The binding of LKB1 to STRAD alters LKB1 conformation and

enhances its activity 100-fold 28, The removal of endogenous STRADa by small interfering RNA abolishes the
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LKB1-induced G1 phase arrest [22, LKB1 and STRADa have a reciprocal protein-stabilizing relationship in vivo and
STRADa maintains LKB1 protein levels specifically by cytoplasmic compartmentalization 9. The ubiquitously
expressed scaffolding MO25 (mouse protein 25) is the third component of the LKB1-STRAD-MO25 complex in a
similar stoichiometry, and it interacts with STRADa C-terminal and further stabilizes the binding of LKB1 to
STRADa 2831, ypon interaction with STRAD and MO25 in the nucleus, LKBL1 is translocated to the cytoplasm
from the nucleus for functioning 221231,

Atypical PKC (aPKC) complexes, including PKC{/Par6/Par3 and PKC{/Par6/Par3/CDC-42, probably also activate
LKB1 in neurons and other types of cells. The aPKC complexes are required for proteoglycan-induced axon growth
inhibition B2, Out of several components in the aPKC complex, PKCZ is a member of the aPKC subfamily,
phosphorylates LKB1 at Ser-428/431, and mediates the activation of AMPK in endothelial cells 3334l Activating
LAR receptors by CSPG application reduces the activities of PKC{ and LKB1, indicating that PKC{-mediated LKB1
suppression also mediates axon growth inhibition by the scar-scoured inhibitor CSPGs 231, Other signaling proteins
may also interact with LKB1 and modulate its relocation and activity. For example, the interactions between LKB1

and PTEN have been shown to promote LKB1 relocation to the cytoplasm in cancer cells 58],
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