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Abstract: Ca2+/calmodulin-dependent protein kinase kinase (CaMKK) is the activating kinase
for multiple downstream kinases, including CaM-kinase I (CaMKI), CaM-kinase IV (CaMKIV),
protein kinase B (PKB/Akt), and 5′AMP-kinase (AMPK), through the phosphorylation of their
activation-loop Thr residues in response to increasing the intracellular Ca2+ concentration, as CaMKK
itself is a Ca2+/CaM-dependent enzyme. The CaMKK-mediated kinase cascade plays important
roles in a number of Ca2+-dependent pathways, such as neuronal morphogenesis and plasticity,
transcriptional activation, autophagy, and metabolic regulation, as well as in pathophysiological
pathways, including cancer progression, metabolic syndrome, and mental disorders. This review
focuses on the molecular mechanism underlying CaMKK-mediated signal transduction in normal and
pathophysiological conditions. We summarize the current knowledge of the structural, functional,
and physiological properties of the regulatory kinase, CaMKK, and the development and application
of its pharmacological inhibitors.
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1. Introduction

Ca2+/calmodulin-dependent protein kinase (CaMK) is a Ser/Thr kinase activated by
binding of a versatile Ca2+-signal transducer, calmodulin (CaM), to various extracellular
stimuli, including hormones, neurotransmitters, etc., resulting in an increasing intracellular
Ca2+ concentration [1,2]. Similar to other protein kinases, CaMK phosphorylates specific
residue(s) in certain cellular proteins regulating functions such as enzymatic efficiency,
cytoskeletal organization, transcriptional regulation, and receptor activity. Based on their
substrate specificity, these enzymes can be classified into two groups: enzymes with limited
physiological functions and multifunctional CaMKs with a broad substrate specificity. The
former includes myosin light chain kinase (MLCK) and phosphorylase kinase γ-subunit,
which specifically phosphorylate myosin light chain for Ca2+-regulated smooth muscle
contraction and phosphorylase b for glycogen degradation, respectively [3–5]. On the
other hand, multifunctional CaMKs, including CaMKI, CaMKII, and CaMKIV, can phos-
phorylate multiple cellular proteins to transduce Ca2+ singling to cellular physiology [6].
Regardless of CaMKs’ substrate specificity, their molecular structure is similar. An amino
terminal catalytic domain is followed by a regulatory domain containing an autoinhibitory
segment overlapping with the CaM binding sequence [7–10]. Basically, the catalytic activity
of CaMK is suppressed by the interaction with its own autoinhibitory region under low
intercellular Ca2+ concentrations. Upon stimulation with extracellular signals that increase
intracellular Ca2+ concentrations, CaM binds Ca2+ ions, which induces conformational
changes to interact with the regulatory domain of CaMKs. Ca2+/CaM binding alloster-
ically changes the autoinhibition state of the CaMK catalytic domain to the active state.
In addition to Ca2+/CaM-binding, some CaMKs are activated by phosphorylation, either
autophosphorylation or trans-phosphorylation, by activating kinases. Numerous studies
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have demonstrated that the CaMKII holoenzyme (10~12 kinases) undergoes intermolecu-
lar autophosphorylation at Thr286 (CaMKIIα) in the autoinhibitory domain, generating
an autonomous activity (50%~80% of total activity) even in the absence of the activator,
Ca2+/CaM [10]. This unique enzymatic feature could partly explain the various biological
reactions induced by transient Ca2+-signaling, such as long-term synaptic plasticity, related
to memory and learning [11]. Other CaMKs, such as CaMKI and CaMKIV, are monomeric
enzymes localized primarily in the cytoplasm and nuclei, respectively [12–14]. In addi-
tion to enzymatic activation by Ca2+/CaM binding, both CaMKs are phosphorylated at
activation-loop Thr residues (Thr177 in CaMKIα and Thr196 in CaMKIV) in the catalytic
domain by an upstream kinase, CaMK-kinase (CaMKK), resulting in significant catalytic ac-
tivation [1,2]. Indeed, CaMKK-mediated CaMKI and CaMKIV activation has been shown to
regulate various cellular processes, including neuronal morphogenesis, synaptic plasticity,
and transcriptional activation through phosphorylation of transcription factors such as the
cAMP-response element binding protein (CREB). Therefore, the signal transduction system
mediated by the Ca2+-dependent kinase cascade has been called the “CaMK cascade.”
This review summarizes the present knowledge on CaMKK, including the enzyme activa-
tion, cellular localization, target kinases, low-molecular weight inhibitors, and signaling
pathways, as well as its putative physiological and pathophysiological functions based on
in vitro and in vivo analyses.

2. Discovery and Current Members of CaMKK Family

In 1993, CaMKK activity was first detected in a rat brain extract as a CaMKIV-activating
activity [15]. Soon after, a CaMKIV-activating kinase with a molecular mass of 66–68 kDa
on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was purified
from rat brain extracts by multiple column chromatography, and its CaMKIV-activating
activity was detected by denaturation/renaturation in an SDS-PAGE gel [16,17]. In 1994,
Lee and Edelman purified a 53-kDa CaMKIa activator from the porcine brain [18]. The
characteristic features of the CaMKIV-activating kinase and the CaMKIa activator, includ-
ing the Ca2+/CaM binding ability and protein kinase activity, were quite similar [19]. In
1995, we successfully cloned the complete cDNA for rat brain 68-kDa CaMKIV-activating
kinase based on partial amino acid sequences from the purified enzyme [20]. Based on the
deduced amino acid sequence, this 68-kDa CaMKIV-activating kinase was composed of
505 residues and contained an N-terminal catalytic domain similar to other CaMKs and
cAMP-dependent protein kinase (PKA) (Table 1). Transfecting this cDNA in COS-7 cells
showed it expressed a 68-kDa CaM binding protein capable of activating both recombinant
CaMKIV and CaMKI. Thus, we called the enzyme CaMKK. Later, two groups indepen-
dently cloned another CaMKK isoform (CaMKKβ or CaMKK2) from rat and human cDNAs
encoding 587 and 588 amino acid residues, respectively, with ~70% amino acid sequence
identity with the first identified isoform [21,22]. Accordingly, the 68-kDa CaMKK isoform
was denoted as CaMKKα or CaMKK1. Hsu et al. and our lab reported the genomic or-
ganization and transcription of the human CaMKKβ/2 gene and two functional splicing
variants (β-2 encoding 533 amino acids and β-3 encoding 541 amino acids) in addition to
the originally cloned CaMKKβ-1 encoding 588 amino acids [23,24] (Table 1). All human
CaMKKβ/2 splice isoforms (β1–3) contain an identical N-terminal region including a cat-
alytic domain (residues 165–419) and a regulatory domain (residues 475–500) with distinct
C-terminal regions; however, the functional differences and/or redundancy of the isoforms
remain unclear.
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Table 1. CaMKK in eukaryotic species.

CaMKK Species UniProtKB M.M. (Da) Ca2+/CaM Substrates
(a.a. Residues) -Dependency (Phosphorylation Site)

CaMKKα/1 rat P97756 55,908 (505) [20] YES [25] CaMKI (α: Thr177) [20,26]
mouse Q8VBY2 55,838 (505) CaMKIV (Thr196) [20,25]
human Q8N5S9 55,735 (505) PKB/Akt (Thr308) [27]

BRSK1 (Thr189) [28,29]
Syndapin I (Thr355) [30]

CaMKKβ/2 rat O88831 64,446 (587) [21,22] YES [22] CaMKI (α: Thr177) [22]
mouse Q8C078 64,618 (588) (autonomous activity) [22,31] CaMKIV (Thr196) [21,22]

–1 human Q96RR4-1 64.746 (588) [22] PKB/Akt (Thr308) [32]
–2 human Q96RR4-2 58,899 (533) [23] AMPK (α: Thr172) [33–35]
–3 human Q96RR4-3 59,602 (541) [24] SIRT1 (Ser27, Ser47) [36]

GAPDH, Pex3 [37]

CKK-1 [38] –a C. elegans Q3Y416-2 48,940 (432) YES [39] CMK1 (Thr179) [40]
–b C. elegans Q3Y416-1 60,804 (541)

CMKC [41] A. nidulans Q9Y898 59,153 (518) YES CMKB (Thr179) [41]

Ssp1 [42] S. pombe P50526 73,992 (652) ND Ssp2 (Thr189) [42,43]

M.M.; molecular mass, a.a.; amino acid, ND; not determined.

Since the first cloning of CaMKKα/1 from rats, CaMKK orthologues have been identi-
fied and their functions have been evaluated in various eukaryotic species. In the nematode
Caenorhabditis elegans, a CaMKK orthologue with 432 amino acid residues (CKK-1) was iden-
tified as a CaMK that phosphorylates the activation-loop Thr179 in C. elegans CaMKI/IV
(CMK-1) [38,40] (Table 1). The CKK-1/CMK-1 cascade regulates CREB (CRH-1)-dependent
transcription in a subset of head neurons in living nematodes and in vitro [38]. Further-
more, temperature-related changes in the gene expression are mediated by CMK-1 in AFD
sensory neurons [44]. During heat acclimation, CKK-1-dependent phosphorylation of
CMK-1 controls CMK-1 translocation into the nucleus to reduce thermal avoidance [45].
Joseph and Means identified a CaMKK orthologue (CMKC) in Asperugillus nidulans en-
coding 518 amino acid residues with ~30% sequence identity with rat CaMKK, which
phosphorylates and increases the activity of CMKB, a CaMKI/IV orthologue [41]. The
disruption of cmkc in A. nidulans revealed that CMKC is important for proper timing of the
first nuclear division after germination, similar to the downstream kinase, CMKB. Based on
its amino acid sequence similarity with mammalian CaMKK, the putative CaMKK Ssp1 was
identified in fission yeast Schizosaccharomyces pombe and has been reported to control G2/M
transition and response to stress [42], although the Ca2+/CaM-dependency of Ssp1 activity
has not been demonstrated. Ssp1 was shown to activate the catalytic subunit of AMPK
(Ssp2) through phosphorylation at Thr189 in the activation-loop, resulting in redistribution
of the fission yeast AMPK orthologue from the cytoplasm to the nucleus. This pathway
is important for the correct transition from cell proliferation to cell differentiation under
low-energy conditions [43].

3. Tissue Distribution and Subcellular Localization of CaMKK

Both CaMKKα/1 and CaMKKβ/2 are expressed most abundantly in the rodent brain,
both at the mRNA and protein levels (Figures 1A and 2A). In the rat brain, CaMKKα/1 and
CaMKKβ/2 show distinct but overlapping gene expression patterns, as revealed by in situ
hybridization [46]. Both their mRNAs are expressed at various levels in the olfactory bulb,
piriform cortex, olfactory tubercle, hippocampal formation, cerebral cortex, tenia tecta,
striatum, cerebral granular layer, and spinal dorsal horn. Generally, CaMKKα/1 mRNA is
more widely expressed in the neuronal nuclei in the diencephalon, brain stem nuclei, and
spinal cord. Although the expression pattern of AMPK mRNA in the brain is unknown, the
expression patterns of CaMKKα/1 and CaMKKβ/2 in the brain appear to closely resemble
those of CaMKI and CaMKIV, respectively. In addition, CaMKKs are expressed in various
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non-neural tissue and cell types, but at relatively low levels compared with the brain.
Indeed, a faint but discrete CaMKKα/1 mRNA expression was detected in the thymus and
spleen, in addition to its abundant signals in the brain [20]. Quantitative RT-PCR analysis
of CaMKKβ/2 in mouse tissues revealed ≥10 times lower CaMKKβ/2 expression levels in
non-neural tissues, including white and brown adipose tissues, as well as heart, kidney,
liver, lung, and muscle, compared with in the brain [47]. The expression of CaMKKα/1 in
non-neural tissues other than rat insulin-producing pancreatic β cells remains unclear [48].
On the other hand, CaMKKβ/2 is expressed at mRNA and/or protein levels in the mouse
preadipocytes [49], fibroblasts [49], hepatocytes [50], monocytes [51], macrophages [51],
hematopoietic, and mesenchymal stem and progenitor cells in the bone marrow [52–54],
osteoblasts, and osteoclasts differentiated in vitro from bone marrow cells [52]. The ex-
pression of CaMKKβ/2 was also observed in pancreatic α and β cells [55], skeletal muscle
cells [47], vascular myocytes (smooth muscle cells) [56], human umbilical cord vein en-
dothelial cells [57], and human adrenal cortical cells in the zona glomerulosa and zona
fasciculata [58]. CaMKKβ/2 expression is dynamically regulated during the develop-
ment of certain cell lineages. First, CaMKKβ/2 mRNA is expressed in common myeloid
progenitor and granulocyte–monocyte progenitor cells, but is sharply down-regulated
(>30 times) during terminal granulocytic differentiation [54]. Genetic ablation of CaMKKβ/2
in mice results in enhanced granulocytic differentiation in the bone marrow, suggesting that
CaMKKβ/2 negatively regulates granulopoiesis [54]. Second, CaMKKβ/2 is expressed
abundantly at mRNA and protein levels in primary preadipocytes isolated from mouse
white adipose tissue, but is markedly decreased in mature adipocytes [49]. CaMKKβ/2 null
mice showed enhanced adiposity with increased adipocyte size and number, suggesting
that CaMKKβ/2 negatively regulates adipogenesis [49]. Last, CaMKKβ/2 mRNA and
protein levels progressively decrease in the mouse skeletal muscle during postnatal devel-
opment [47]. Knocking down CaMKKβ/2 promotes the proliferation and differentiation
of C2C12 myoblast cells, whereas CaMKKβ/2 overexpression has the opposite effects,
suggesting that CaMKKβ/2 negatively regulates myogenesis [47]. These findings suggest
that CaMKKβ/2 expression is tightly associated with the maintenance of undifferentiated
states and the restriction of fate commitment in stem cells and progenitor cells of certain
cell lineages.

Although the immunohistochemcial distribution of CaMKKα/1 and CaMKKβ/2
in the brain is generally consistent with their gene expression patterns described above
(Figures 1A and 2A), the subcellular localization of CaMKKα/1 and CaMKKβ/2 in neu-
rons is still under debate. Two independent groups reported somewhat inconsistent
immunohistochemical results in the rat brain: Fujisawa’s group, using polyclonal antibod-
ies, demonstrated that CaMKKα/1 was localized exclusively to the nuclei of virtually all
central neurons [59], whereas CaMKKβ/2 was localized to both the cytoplasm and nucleus
at varying ratios, depending on the neuronal cell types [60]. On the other hand, using
monoclonal antibodies, we demonstrated that both CaMKKα/1 and CaMKKβ/2 were
localized primarily to the perikaryal cytoplasm and dendrites in most immunoreactive
neurons [61]. In sharp contrast with Fujisawa’s findings, CaMKKα/1 was clearly excluded
from the nucleus. Despite the extremely low nuclear staining for CaMKKβ/2, its nuclear
exclusion was less evident than that of CaMKKα/1. The reasons for this discrepancy remain
unknown, but might be explained by different experimental conditions such as fixation, an-
tibody sensitivity, and undefined stimuli, inducing CaMKKs’ translocation or degradation
during sample preparation. Therefore, the immunohistochemical localization of CaMKK
isoforms remains to be re-examined using identical antibodies under the same conditions.
Interestingly, both groups found only cytoplasmic staining for CaMKKβ/2 in cerebellar
granule cells [61], where CaMKIV is expressed mostly abundantly in the nucleus [62]. The
discrepancy in subcellular localization between CaMKKβ/2 and CaMKIV in some neurons
suggests the possibility of Ca2+-induced nuclear translocation of CaMKKs or CaMKIV.
Accordingly, chronic spiking blockage in the cultured cortical neurons by tetrodotoxin
induced nuclear translocation of CaMKKβ/2 and activation of nuclear CaMKIV, thereby
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regulating alternative splicing of the BK channel through the phosphorylation and nuclear
exclusion of Nova-2, an RNA binding protein involved in alternative mRNA splicing [63].
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Figure 1. CaMKKα/1; activation mechanism, immunohistochemical localization in the rat brain, and
Ca2+/CaM-binding. (A) Sagittal section of the adult rat brain immunostained with a monoclonal
antibody against CaMKKα/1 (reproduced from Ref. [61], with permission from John Wiley and Sons).
CA1 and CA3, CA1 and CA3 subregions of Ammon’s horn of the hippocampus; Cb, cerebellar cortex;
CP, caudate putamen; Cx, cerebral cortex; DG, dentate gyrus; MO, medulla oblongata; OB, olfactory
bulb; Pn, pontine nuclei; SNr, substantia nigra pars reticulata; Th, thalamus; and Tu, olfactory tubercle.
Scale bar = 2.5 mm. (B) Proposed model of CaMKKα/1 activation mechanism. At low intracellular
Ca2+ concentration, CaMKKα/1 is in an inactive conformation, where the catalytic domain (residues
126−434) is tightly associated with the regulatory domain (residues 438−463, C). With increasing
intracellular Ca2+ concentration, Ca2+/ CaM binds to regulatory domain of CaMKKα/1 (E) to
suppress autoinhibition, thereby activating the kinase [64]. An activated CaMKK recognizes and
phosphorylates downstream kinases including CaMKI, IV, and AMPK by using an Arg/Pro rich insert
domain (RP-domain, D) [39,65]. Amino acid sequence alignments of the regulatory domain including
the autoinhibitory and Ca2+/CaM binding segments (C) and RP-domain (D) in various CaMKKs (rat,
human α/1 and β/2 isoforms, and C. elegans). Trp(W)444 and Phe(F)459 in rat CaMKKα/1 (C) are
conserved anchoring residues (indicated by light blue boxes) to the N- and C-terminal hydrophobic
pockets of Ca2+/CaM, respectively [66]. Ile(I)441 (indicated by a pink box, C) is important for rat
CaMKKα/1 autoinhibition [64]. (E) Ribbon diagram of the NMR structure of Ca2+/CaM-CaMKKα/1
regulatory domain peptide (residues 438−463, C) complex was obtained from the Protein Data Bank
(PDB) entry 1ckk [66] and was visualized using the UCF Chimera [67]. Modified from Ref. [68].

4. Domain Structure and Activation of CaMKK

Both mammalian CaMKK isoforms (α/1 and β/2) have been identified as Ca2+/CaM
binding kinases [20,22]. Similar to other CaMKs, CaMKK is composed of an N-terminal
catalytic domain followed by a regulatory domain containing an autoinhibitory segment
and a Ca2+/CaM binding sequence. Thus, the kinase activity of CaMKKα/1 is strictly regu-
lated by an autoinhibitory mechanism, i.e., the regulatory domain (residues 438–463) blocks
the catalytic domain to inhibit the kinase activity; this inhibition is released by Ca2+/CaM
binding to the C-terminal region of the regulatory domain (Figure 1B) [64]. In the regulatory
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domain, Ile441 is particularly important for autoinhibition and is conserved in humans,
rats, and C. elegans (Figure 1C). NMR spectroscopy analysis of Ca2+/CaM complexed with
the CaMKKα/1 regulatory domain (residues 438–463) peptide revealed that the N- and
C-terminal hydrophobic pockets of CaM anchor Trp444 and Phe459 of the CaMKKα/1
peptide, respectively (Figure 1E) [66], in the opposite orientation to other known Ca2+/CaM
complexes such as CaMKII [69] or MLCK [70,71]. When replacing the Ca2+/CaM binding
sequence in CaMKKα/1 by that in rat CaMKIIα, rabbit skeletal muscle MLCK, or chicken
smooth muscle MLCK, all chimeric CaMKK mutants, exhibited Ca2+/CaM-dependent
activity like wild type CaMKK, indicating that CaM binding orientation is not critical
for releasing CaMKK autoinhibition [64]. This 14-residue separation between two key
hydrophobic groups in the regulatory domain is unique among previously determined
CaM complexes (Figure 1C,E) [72]. These characteristic features of the Ca2+/CaM binding
complex with the CaMKK peptide were also observed with the CaM binding peptide
(residues 331–356) of C. elegans CaMKK (CKK-1) in X-ray crystallography [73]. In contrast
with CaMKKα/1, another CaMKK isoform (CaMKKβ/2) is constitutively active, exhibiting
a significant Ca2+/CaM-independent activity (60–70% of total activity), attributable to the
N-terminal regulatory segment (129–151) because a deletion of the N-terminal segment
(residues 129–151) from rat CaMKKβ/2 significantly reduces its Ca2+/CaM-independent
activity (10% of total activity) without any effect on the Ca2+/CaM-dependent activity
(Figure 2B,C) [22,31]. Although CaMKK α/1 and β/2 had been considered monomeric
kinases similar to other CaMKs including CaMKI and CaMKIV, Ling et al. recently reported
that FLAG-tagged CaMKKβ/2 and HA-tagged CaMKK2 β/2 mutant (Arg311Cys) might
form a dimer or larger oligomer [74]. Consistent with this possibility, we demonstrated
the oligomerization of both rat CaMKK isoforms in transfected cells by chemical crosslink-
ing [75]. The CaMKKα/1 oligomer was catalytically active, although the mechanism and
functional consequences of CaMKK oligomerization remain unknown.
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(reproduced from Ref. [61], with permission from John Wiley and Sons). CA1 and CA3, CA1 and CA3
subregions of Ammon’s horn of the hippocampus; Cb, cerebellar cortex; CP, caudate putamen; Cx,
cerebral cortex; DG, dentate gyrus; MO, medulla oblongata; OB, olfactory bulb; Pn, pontine nuclei;
SNr, substantia nigra pars reticulata; Th, thalamus; and Tu, olfactory tubercle. Scale bar = 2.5 mm.
(B) Proposed model of activation mechanism of CaMKKβ/2. CaMKKβ/2 is constitutively active,
exhibiting Ca2+/CaM-independent activity (60–70% of total activity), attributable to the N-terminal
regulatory segment (residues 129–151, C) [22,31]. CaMKKβ/2 exhibits increased autonomous activ-
ity, caused, at least in part, by intramolecular autophosphorylation at Thr482, resulting in partial
disruption of the autoinhibitory mechanism [76]. Phosphorylation at multiple sites in CaMKKβ/2 by
CDK5 and GSK3 [77], activated AMPK [78] or PKA [79], likely disrupting the N-terminal regulatory
function to generate autonomous activity, thereby holding the inactive kinase in the absence of
Ca2+/CaM, in agreement with the finding that CaMKKβ/2-AMPK pathway activation requires
Ca2+/CaM signaling [33–35]. (C) Amino acid sequence alignment of the N-terminal regulatory
segment in rat and human CaMKKβ/2. CDK5/GSK3 phosphorylate human CaMKKβ/2 at Ser129,
Ser133, and Ser137 [77]. Activated AMPK and PKA phosphorylate Thr144 in rat CaMKKβ/2 [78,79].
Modified from Ref. [68].

5. CaMKK Signaling Pathway

In addition to CaMKI (at Thr177 in CaMKIα [26]) and CaMKIV (at Thr196 in mouse
CaMKIV [19,25]), PKB/Akt is phosphorylated at Thr308 and is activated by CaMKKα/1 in
NG108 neuroblastoma cells [27] and LNCaP prostate cancer cells [80], thereby protecting
the cells from apoptosis (Table 1 and Figure 3). PKB/Akt phosphorylation by CaMKKβ/2
was observed in ovarian cancer cell lines [32]. In zebrafish, CaMKK stimulates ionocytes
or Na+-K+-ATPase-rich (NaR) cell reactivation via PKB/ Akt activation [81]. In 2005,
three independent groups reported that CaMKKβ/2 phosphorylates the catalytic subunit
of AMPK (AMPKα) at Thr172, resulting in large enzymatic activation in cultured cells
(Figure 3) [33–35]. Extensive studies have shown that the CaMKKβ/2-AMPK axis is in-
volved in numerous metabolic and pathophysiological pathways, including cancers and
metabolic disorders [82]. SAD-B (BRSK1), a member of the AMPK-related family of protein
kinases, is phosphorylated at Thr189 and is activated at ~60-fold by CaMKKα/1 in vitro,
but not effectively by CaMKKβ/2, even though SAD-B (BRSK1) appears to be a poor sub-
strate for CaMKKα/1 [28,29,83]. CaMKK exhibits a relatively narrow substrate specificity
based on the findings of CaMKK’s phosphorylation of activation-loop Thr residues only
in a limited number of target kinases. Okuno et al. reported that 5 min heat treatment of
CaMKI and CaMKIV at 60◦C abolished the phosphorylation by CaMKKα/1, suggesting
that native conformations of CaMKI and CaMKIV were necessary for phosphorylation by
CaMKKα. Furthermore, the Km values for CaMKI and CaMKIV are approximately 1 µM,
two to three orders of magnitude lower than that for a CaMKIV peptide substrate (KKKK-
189EHQVLMKTVCGTPGY203) containing Thr196 [84], indicating that CaMKK preferably
recognizes the tertiary structure of the target kinases rather than the primary amino acid
sequence around the phosphorylation Thr residue. According to the amino acid sequence
comparison of CaMKK with various protein kinases, CaMKK contains a unique segment
with Arg/Pro rich 23 amino acid residues (RP domain) between kinase subdomain II and III
(Figure 1D) [20]. RP-domain deletion from CaMKKα’s catalytic domain impaired CaMKI
and CaMKIV, but not PKB/Akt phosphorylation and activation, suggesting that the RP
domain is involved in CaMKI and CaMKIV recognition as substrates [39]. A further study
confirmed the requirement of the RP domain of both CaMKK isoforms for CaMKI, CaMKIV,
and AMPK interaction and phosphorylation in vitro [65]. Interestingly, RP-sequence in-
sertion between kinase subdomains II and III of the catalytic domain of liver kinase B1
(LKB1), an alternative activating kinase for AMPK incapable of phosphorylating CaMKI
and CaMKIV, resulted in the acquisition of the CaMKIα- and CaMKIV-phosphorylating
activity in the LKB1 mutants. This strongly indicates that CaMKK specifically recognizes
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and phosphorylates CaMKI, CaMKIV, and AMPK through the RP domain; however, this
needs to be confirmed by further structural studies considering the RP domain/substrate
interaction. Note that non-kinase substrates, including Syndapin I at Thr355 (by both
isoforms) [30], SIRT1 at Ser27 and Ser47 [36], GAPDH, and Pex3 (by β/2) [37], were also
shown to be phosphorylated by CaMKK in vitro (Table 1).
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Figure 3. CaMKK-mediated cellular signaling. Increasing intracellular Ca2+ concentration triggers
the Ca2+/CaM-dependent activation of CaMKK, resulting in the activation of the downstream protein
kinases including CaM-kinase I (CaMKI), CaM-kinase IV (CaMKIV), AMPK (5′AMP-kinase), and
protein kinase B (PKB/Akt) through the phosphorylation of their activation-loop Thr residues. The
CaMKK-mediated phosphorylation cascade is involved in a wide variety of physiological functions
including transcriptional activation, neuronal development and plasticity, metabolic regulation, and
cell survival. CaMKK is regulated by multiple cellular signaling cascades, such as intracellular Ca2+,
cAMP/PKA signaling, 14-3-3-binding, feedback phosphorylation by activated AMPK, and cyclin-
dependent protein kinase 5 (CDK5)/glycogen synthase kinase 3 (GSK3)-mediated phosphorylation.
Modified from Ref. [68]. Cream yellow boxes indicate physiological functions of CaMKK-mediated
signaling pathways. CREB; cAMP-response element binding protein, βPIX; Pax-interacting exchange
factor β, GEF-H1; guanine nucleotide exchange factor H1, ACC; acetyl-CoA carboxylase, ULK1;
Unc51-like-kinase 1, and BAD; BCL2 associated agonist of cell death.

To date, the upstream CaMKK-activating kinase remains unknown; however, CaMKK
is regulated by phosphorylation via multiple protein kinases, as well as autophospho-
rylation. The first report on CaMKK phosphorylation revealed that CaMKKα/1 was
phosphorylated at Thr108 and Ser458 by PKA in transfected COS-7 cells, PC12 cells, pri-
mary rat hippocampal neurons, and Jurkat T cells, resulting in down regulation of the
catalytic activity and in a reduction of the Ca2+/CaM binding ability [85,86]. Moreover,
PKA-mediated phosphorylation at Ser74 causes 14-3-3 protein recruitment, thereby block-
ing Thr108 dephosphorylation to stabilize an inactive form of CaMKKα/1 (Figure 3) [87,88].
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In the case of CaMKKβ/2, cAMP/PKA signaling impairs Ca2+/CaM-dependent activa-
tion, but not its autonomous activity in transfected COS-7 cells, through direct Ser495
phosphorylation (equivalent to Ser458 in rat CaMKKα/1) in the Ca2+/CaM binding re-
gion. Furthermore, additional Ser100 and Ser511 phosphorylation by PKA mediates the
recruitment of 14-3-3 proteins, preventing dephosphorylation of phosphoSer495 and main-
taining the inactive form of CaMKKβ/2 [89], consistent with a report demonstrating that
14-3-3γ binding slows down dephosphorylation of PKA-phosphorylated CaMKKβ/2 by
protein phosphatase 1 in vitro [90]. In addition to PKA phosphorylation, phosphoryla-
tion on three sites (Ser-129, Ser-133, and Ser-137) in the N-terminal regulatory domain
(residues 130–152) of human CaMKKβ/2 by cyclin-dependent protein kinase 5 (CDK5) and
glycogen synthase kinase 3 (GSK3) reduces the autonomous activity of CaMKKβ/2 to main-
tain the kinase in a Ca2+/CaM-dependent state (Figure 2B,C) [77]. AMPK, a closely proxi-
mal downstream kinase for CaMKK, is activated by CaMKKβ/2, immediately phosphory-
lating an upstream CaMKKβ/2 at multiple sites in vitro, forming a feedback regulatory
loop between CaMKKβ/2 and AMPK. Thr144 phosphorylation in rat CaMKKβ/2 (equiva-
lent to Thr108 in rat CaMKKα/1) by the activated AMPK decreases the autonomous activity,
converting CaMKKβ/2 into a Ca2+/CaM-dependent enzyme [78]. Phosphorylation at mul-
tiple sites in CaMKKβ/2 likely disrupts its N-terminal regulatory function to generate an
autonomous activity, thereby holding the kinase tightly regulated by Ca2+/CaM, in agree-
ment with the finding that CaMKKβ/2–AMPK pathway activation requires Ca2+/CaM
signaling (Figure 2B,C) [33–35]. Analogous to Thr108 phosphorylation in rat CaMKKα/1
by PKA, Thr144 in rat CaMKKβ/2 was phosphorylated by cAMP/PKA signaling in
transfected HeLa cells [79] and was dynamically regulated by protein phosphatases [91].
Schumacher et al. reported that death-associated protein kinase-mediated phosphoryla-
tion of human CaMKKβ/2 at Ser511 (Ser510 in rat CaMKKβ/2) attenuates Ca2+/CaM-
stimulated CaMKK autophosphorylation [92], although the effect of Ser511 phosphoryla-
tion on CaMKK activity is still unclear. Both CaMKKα/1 and β/2 undergo intramolecular
autophosphorylation at multiple sites (Thr93 and Ser179 in rat CaMKKα/1 and Se22,
Thr215, Thr482, and Thr517 in rat CaMKK β/2) [22,76]. Particularly, Thr482 in rat CaMKK
β/2 is located at the -5 position from Ile477, equivalent to Ile441, an important residue for
autoinhibition in CaMKKα/1 (Figure 1C). Under such conditions, CaMKKβ/2 exhibits an
increased autonomous activity, caused, at least in part, by autophosphorylation at Thr482,
resulting in partial disruption of the autoinhibitory mechanism (Figure 2B). Autophospho-
rylation of Thr85 in human CaMKKβ/2 induces its autonomous activity, which is disrupted
by a T85S mutation [93], an exonic single nucleotide polymorphism (SNP) (rs3817190) in
the CaMKKβ/2 gene linked to anxiety and bipolar disorder [94]. It is intriguing to note
that Thr85 is conserved only in primates and is replaced by Ala in a rodent enzyme [93].

6. CaMKK Inhibitors and Pharmacological Analyses of Signaling Pathways

Protein kinase inhibitors allow for evaluating the physiological significance of target
kinase-mediated signaling pathways. In 2002, the first CaMKK inhibitor, 7H-benzimidazo-
[2,1-a]benz[de]isoquinoline-7-one-3-carboxylic acid (STO-609), was developed [95]; it is
ATP competitive, cell membrane permeable, and inhibits CaMKKβ/2 activity 5–10 fold
more effectively than CaMKKα/1 activity (IC50 value = ~1 µM) (Table 2). A mutagenesis
study demonstrated that a single amino acid substitution (Val269 in rat CaMKKβ/2 (Val270
in human counterpart)/Leu233 in CaMKKα/1) confers a distinct sensitivity to STO-609
of CaMKK isoforms [96]. This is consistent with the 2.4 Å crystal structure of the catalytic
domain of human CaMKKβ/2 complexed with STO-609, indicating that STO-609 forms hy-
drogen bonds with the backbone atoms of human CaMKKβ/2 Val270 [97]. Similar to other
protein kinase inhibitors, STO-609 inhibits some off-target kinases, including casein kinase 2,
extracellular signal-regulated kinase 8, and MAPK-interacting kinase 1 [98], also acting
as an aryl hydrocarbon receptor agonist [99]. To validate the pharmacological effect of
STO-609, we developed a STO-609-insensitive mutant CaMKKβ/2 (Val269Phe mutant),
with an IC50 value for STO-609 inhibition approximately two orders of magnitude higher



Int. J. Mol. Sci. 2022, 23, 11025 10 of 19

than that of the wild type enzyme. Random mutagenesis revealed that Ala292 substi-
tution in rat CaMKKα/1 or Ala328 in rat CaMKKβ/2 by Thr resulted in a 10–100-fold
reduction in STO-609 sensitivity [100]. In addition, ionomycin-induced CaMKIV activation
in transfected HeLa cells co-expressing CaMKKβ/2 Val269Phe, and ionomycin-induced
phosphorylation of AMPK α subunit (at Thr172) in A549 cells stably expressed with FLAG-
rat CaMKKβ/2 mutant (Val269Phe, Ala328Thr) were completely resistant to STO-609
treatment, unlike wild type CaMKKβ/2-expressing cells [96,100]. Furthermore, the sup-
pression of axonal outgrowth [101], dendritic development [102], spine formation [103],
and inhibition of N-methyl-D-aspartate (NMDA)/glycine-induced ERK1/2 phosphory-
lation [104] due to STO-609 treatment in rat hippocampal neurons were rescued by an
STO-609-insensitive CaMKKα/1 mutant (Leu233Phe) or CaMKKβ/2 mutant (Val269Phe),
suggesting that the pharmacological effects of STO-609 in the neurons were likely due to
blocking of the CaMKK-mediated signaling pathways. STO-609 has been widely used
to examine the roles of CaMKK-mediated signaling in normal and pathophysiological
conditions, including protection against prostate and liver cancers [105,106] and nonal-
coholic fatty acid disease (NAFLD) [107]. For example, the CaMKK/CaMKI cascade is
involved in basal axonal outgrowth and growth cone motility [101], Wnt5a-faciliated axonal
outgrowth [108], enlargement of hippocampal dendritic spines [109], activity-dependent
synaptogenesis [103], activity-dependent translational initiation [110] in cultured hip-
pocampal neurons, axonogenesis and dendritogenesis in immature cortical neurons [111],
macrophage inflammatory response to sepsis [112], and excitation–transcription coupling-
mediated vascular remodeling [56]. CaMKK/CaMKIV regulates gene transcription, includ-
ing glucokinase, ABCA1, and GLUT2 in pancreatic β-cells [113–115], and Ca2+-induced
cofilin phosphorylation by LIM kinase 1 and neurite outgrowth in Neuro-2a cells [116].
Pharmacological inhibition of CaMKKβ/2 with STO-609 impairs the tumorigenicity of
liver cancer cells in vivo, possibly mediated by CaMKIV [106], and suppresses CaMKKβ/2-
mediated PKB/Akt phosphorylation in ovarian cancer cell lines, resulting in lower cell
growth and viability [32]. Anderson et al. showed that the inhibitor directly targets
CaMKKβ/2 in vivo, and that it is a useful molecular probe for in vivo CaMKK functional
studies by showing the resistance of CaMKKβ/2 null mice to the suppression of food
intake [117]. A pharmacological evaluation using STO-609 demonstrated the wide variety
of physiological functions of the CaMKKβ/2-regulated AMPK signaling pathway, includ-
ing glucose-uptake [118,119], T cell antigen receptor-triggering activation in T cells [120],
autophagy [121,122], inflammatory response [123], and neuroinflammation [124].

As a result of concerns with STO-609′s lack of specificity, small molecular compounds in-
cluding 3,5-bis(arylamino)-4H-1,2,6-thiadiazin-4-one and its analogues (Compound 11) [125],
an orally available CaMKKβ/2 inhibitor (Compound 4t) [126], GSK650394 (also known
as serum- and glucocorticoid-regulated kinase-1 inhibitor) [127,128], and compounds
based on scaffold hopping from GSK650394 (SGC-CAMKK2-1) [128] were developed as
potent CaMKK inhibitors; they could be used for analyzing the remaining unexplored
CaMKK-dependent pathways and the reported effects of STO-609 (Table 2). A novel STO-
609-derived CaMKK inhibitor, 2-hydroxy-3-nitro-7H-benzo[de]benzo[4,5]-imidazo[2,1-
a]isoquinolin-7-one (TIM-063), and an inactive analog, TIM-062, lacking a nitro group,
were found in a screening using a compound library derived from STO-609 (Table 2) [129].
The inhibitory properties of TIM-063 are similar to STO-609, except that TIM-063 can
similarly inhibit both CaMKKα/1 (0.63 µM) and β/2 (0.96 µM). Moreover, TIM-063 has
been shown to interact with and inhibit CaMKK in its active state (Ca2+/CaM-bound
form) but not in its autoinhibited state (Ca2+/CaM-unbound form); this interaction is
likely reversible, depending on the intracellular Ca2+ concentration [130]. TIM-063, but not
TIM-062, suppresses the Ca2+-induced phosphorylation of AMPK, CaMKI, and CaMKIV in
cultured cells. TIM-063, but not TIM-062, attenuated Ca2+-induced Ca2+-desensitization of
the phasic smooth muscle in mouse urinary bladder strips, similarly to STO-609, confirming
the involvement of CaMKK in smooth muscle contraction [131]. These results suggest
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that TIM-063 combined with TIM-062 could be helpful for evaluating the physiological
significance(s) of CaMKK-mediated signaling in vivo.

Table 2. CaMKK inhibitors.

Inhibitor Structure
IC50 (nM) for IC50 (µM)

NoteCaMKKα/1 CaMKKβ/2 Cell-Based Assay

STO-609 [95]
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7. Genetic Manipulation and Pathophysiological Role of CaMKK

CaMKKα/1 null and hypomorphic mutants [132] and CaMKKβ/2 null mutant
mice [133] were generated by Dr. Giese’s group. Both null mutant mice showed nor-
mal embryonic and early postnatal development, as well as brain morphology. However,
CaMKKβ/2 null mutant mice, in which exon 5 was deleted, showed impaired spatial
training-induced CREB phosphorylation (activation) at Ser133 in the hippocampus and
spatial memory formation with normal contextual and passive avoidance long-term mem-
ory formation [133]. Moreover, CaMKKβ/2 null mutant mice showed impaired long-term,
but not short-term, memory for the social transmission of food preferences. Interestingly,
the phenotypes caused by genetic CaMKK deletion are sex-dependent. Unlike male mutant
mice, female CaMKKβ/2 null mutant mice showed indistinguishable spatial memory
formation, hippocampal long-term synaptic plasticity, and CREB phosphorylation levels in
the hippocampus from wild type animals [134]. Similarly, CaMKKα/1 null mutant mice, in
which exons 4 and 5 were deleted, showed impaired contextual fear memory formation in
males but not in females [132]. Blaeser et al. independently showed a defect in long-term
contextual fear memory in CaMKKα/1 null mutant mice [135], which correlates with a
defect in fear memory in CaMKIV null mice [136]. Both CaMKKα/1 null and hypomorphic
mutants exhibited normal spatial memory formation in the Morris water maze [132], sug-

https://www.thesgc.org/chemical-probes/SGC-CAMKK2-1
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gesting that CaMKKα/1 and CaMKKβ/2 play distinct roles in hippocampus-dependent
memory formation. On the other hand, transgenic (Tg) mice expressing a constitutively
active form of mouse CaMKKα/1 (residues 1–433) lacking a regulatory domain, including
the autoinhibitory and CaM binding sequence [25,137] in the forebrain, also showed im-
paired spatial memory and contextual fear memory retention with increased basal CaMKI
phosphorylation [138]. These effects of constitutively active CaMKKα/1 in Tg mice might
be due to the activation of Ca2+-independent targets, including PKB/Akt and AMPK.
These findings also suggest that appropriate levels and timing of CaMKK activation are
required for normal neuronal function. CaMKKβ/2 null mice showed decreased food
intake and resistance to high-fat diet-induced adiposity, glucose intolerance, and insulin
resistance when fed with a high-fat diet, caused partly by a reduced mRNA expression of
neuropeptide Y and agouti-related protein, the most potent appetite-stimulating peptides,
in the the hypothalamus and unresponsiveness to the orexigenic effects of exogenously
administered ghrelin [117]. A specific CaMKKβ/2 reduction in the liver of high-fat diet-fed
CaMKKβ/2 (floxed) mice resulted in lower blood glucose and improved glucose tolerance.
Hepatocytes from CaMKKβ/2 null mice showed less glucose production and increased de
novo lipogenesis and fat oxidation [50]. Consistently, liver-specific CaMKKβ/2 knockout
(CaMKKβ/2LKO) male mice showed improved glucose tolerance and peripheral insulin
sensitivity after 13 weeks of a high-fat diet [37]. Based on studies in genetically engineered-
CaMKK null mice, CaMKK-mediated signaling pathways are deeply involved in neuronal
plasticity and metabolic regulation (Figure 3).

The CaMKK2/β/AMPK cascade plays important roles in the regulation of the energy
metabolism and metabolic processes [117–124]; this role is the same in cancer cell prolif-
eration. CaMKKβ/2 is overexpressed in prostate cancer cells and androgen-dependent
CaMKKβ/2 upregulation induces cancer cell growth [105], migration, and invasion [139]
via AMPK activation. CaMKKβ/2 is also highly expressed in hepatic cancer cells and
the CaMKKβ/2-mediated CaMKIV activation pathway regulates liver cancer cell growth
through the mammalian target of the rapamycin/ribosomal protein S6 kinase pathway [106].
SNPs in CaMKK are reportedly associated with various human diseases, including
schizophrenia [140]. In addition to an exonic variant, Thr85Ser (rs3817190), in human
CaMKKβ/2 associated with behavioral disorders such as anxiety [94], a de novo muta-
tion encoding Arg311Cys, which reduces the CaMKKβ/2 catalytic activity and its ap-
parent affinity for Ca2+/CaM [74], was identified in bipolar disorder [141]. In human
CaMKKα/1, a variant (rs7214723) causing Glu375Gly substitution was associated with
lung cancer [142] and cardiovascular diseases [143], although the effect of the amino acid
substitution on CaMKKα/1 function remains to be elucidated. In LKB1-deficient lung
cancer cells, α-ketoglutamate, increased by excessive glutamate degradation, binds to and
activates CaMKKβ/2 by enhancing CaMKKβ/2 binding to AMPK, conferring resistance to
anoikis caused by detachment-induced stress [144]. It is noteworthy that STO-609-treated
NAFLD model mice showed a decrease in metabolites associated with catabolic processes
and an increase in glycolytic metabolites, suggesting amelioration of nonalcoholic fatty liver
with STO-609 treatment [107]. Under ischemic conditions, CaMKKβ/2 exhibits protective
roles in the endothelial cells and blood–brain barrier through SIRT1 phosphorylation and
activation [145], consistent with a report showing that the genetic deletion of CaMKKβ/2
in female mice exacerbated ischemic injury and increased hemorrhagic transformation after
stroke [146].

8. Conclusions

Since its discovery, different experimental approaches have demonstrated the impor-
tance of CaMKK as a Ca2+-dependent regulatory hub of multiple independent signaling
pathways mediated by downstream effector proteins, including kinases such as CaMKI/IV,
PKB/Akt, and AMPK. In addition, altered CaMKKβ/2 expressions and mutations have
been linked to pathophysiological conditions such as multiple cancers and mental disorders.
Compared with CaMKKβ/2, the physiological role(s) of CaMKKα/1 has received little
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attention. Therefore, research of the mechanistic processes underlying CaMKK and down-
stream target kinases is required in order to shed light on the still unknown physiological
and pathophysiological roles of CaMKK-mediated Ca2+-signaling, as well as to inform the
development of new therapeutic strategies.

Author Contributions: H.T. constructed the concept of this review article and wrote the original
draft. H.S. provided the necessary information and wrote the draft. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by Grant-in-Aid for Scientific Research (KAKENHI), Grant
Number JP21H02429, from the Japan Society for the Promotion of Science (to H.T.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This review includes partial modifications from [68].

Acknowledgments: The authors would like to thank collaborators and the members of Tokumitsu
Laboratory at Okayama University past and present for their contribution and sharing knowledge.
The authors would also like to thank Satomi Ohtsuka for critical reading of the manuscript. The
authors would like to apologize to the researchers whose work could not be cited or referenced due
to space limitations.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Soderling, T.R.; Stull, J.T. Structure and regulation of calcium/calmodulin-dependent protein kinases. Chem. Rev. 2001, 101,

2341–2352. [CrossRef] [PubMed]
2. Hook, S.S.; Means, A.R. Ca2+/CaM-dependent kinases: From activation to function. Annu. Rev. Pharmacol. Toxicol. 2001, 41,

471–505. [CrossRef] [PubMed]
3. Stull, J.T.; Kamm, K.E.; Vandenboom, R. Myosin light chain kinase and the role of myosin light chain phosphorylation in skeletal

muscle. Arch. Biochem. Biophys. 2011, 510, 120–128. [CrossRef] [PubMed]
4. Kamm, K.E.; Stull, J.T. The Function of Myosin and Myosin Light Chain Kinase Phosphorylation in Smooth Muscle. Annu. Rev.

Pharmacol. Toxicol. 1985, 25, 593–620. [CrossRef]
5. Brushia, R.J.; Walsh, D.A. Phosphorylase kinase: The complexity of its regulation is reflected in the complexity of its structure.

Front. Biosci. 1999, 4, D618–D641. [CrossRef] [PubMed]
6. Takemoto-Kimura, S.; Suzuki, K.; Horigane, S.I.; Kamijo, S.; Inoue, M.; Sakamoto, M.; Fujii, H.; Bito, H. Calmodulin kinases:

Essential regulators in health and disease. J. Neurochem. 2017, 141, 808–818. [CrossRef] [PubMed]
7. Colbran, R.J.; Schworer, C.M.; Hashimoto, Y.; Fong, Y.L.; Rich, D.P.; Smith, M.K.; Soderling, T.R. Calcium/calmodulin-dependent

protein kinase II. Biochem. J. 1989, 258, 313–325.
8. Pearson, R.B.; Wettenhall, R.E.; Means, A.R.; Hartshorne, D.J.; Kemp, B.E. Autoregulation of enzymes by pseudosubstrate

prototopes: Myosin light chain kinase. Science 1988, 241, 970–973. [CrossRef]
9. Yokokura, H.; Picciotto, M.R.; Nairn, A.C.; Hidaka, H. The regulatory region of calcium/calmodulin-dependent protein kinase I

contains closely associated autoinhibitory and calmodulin-binding domains. J. Biol. Chem. 1995, 270, 23851–23859. [CrossRef]
10. Hanson, P.I.; Schulman, H. Neuronal Ca2+/calmodulin-dependent protein kinases. Annu. Rev. Biochem. 1992, 61, 559–601.

[CrossRef]
11. Lisman, J.; Schulman, H.; Cline, H. The molecular basis of CaMKII function in synaptic and behavioural memory. Nat. Rev.

Neurosci. 2002, 3, 175–190. [CrossRef] [PubMed]
12. Picciotto, M.R.; Zoli, M.; Bertuzzi, G.; Nairn, A.C. Immunochemical localization of calcium/calmodulin-dependent protein kinase

I. Synapse 1995, 20, 75–84. [CrossRef] [PubMed]
13. Ohmstede, C.A.; Jensen, K.F.; Sahyoun, N.E. Ca2+/calmodulin-dependent protein kinase enriched in cerebellar granule cells.

Identification of a novel neuronal calmodulin-dependent protein kinase. J. Biol. Chem. 1989, 264, 5866–5875. [CrossRef]
14. Sakagami, H.; Tsubochi, H.; Kondo, H. Immunohistochemical localization of Ca2+/calmodulin-dependent protein kinase type IV

in the peripheral ganglia and paraganglia of developing and mature rats. Brain Res. 1994, 666, 173–181. [CrossRef]
15. Okuno, S.; Fujisawa, H. Requirement of Brain Extract for the Activity of Brain Calmodulin-Dependent Protein Kinase-IV

Expressed in Escherichia coli. J. Biochem. 1993, 114, 167–170. [CrossRef]
16. Tokumitsu, H.; Brickey, D.A.; Glod, J.; Hidaka, H.; Sikela, J.; Soderling, T.R. Activation mechanisms for Ca2+/calmodulin-

dependent protein kinase IV. Identification of a brain CaM-kinase IV kinase. J. Biol. Chem. 1994, 269, 28640–28647. [CrossRef]
17. Okuno, S.; Kitani, T.; Fujisawa, H. Purification and characterization of Ca2+/calmodulin-dependent protein kinase IV kinase from

rat brain. J. Biochem. 1994, 116, 923–930. [CrossRef]

http://doi.org/10.1021/cr0002386
http://www.ncbi.nlm.nih.gov/pubmed/11749376
http://doi.org/10.1146/annurev.pharmtox.41.1.471
http://www.ncbi.nlm.nih.gov/pubmed/11264466
http://doi.org/10.1016/j.abb.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21284933
http://doi.org/10.1146/annurev.pa.25.040185.003113
http://doi.org/10.2741/Brushia
http://www.ncbi.nlm.nih.gov/pubmed/10487978
http://doi.org/10.1111/jnc.14020
http://www.ncbi.nlm.nih.gov/pubmed/28295333
http://doi.org/10.1126/science.3406746
http://doi.org/10.1074/jbc.270.40.23851
http://doi.org/10.1146/annurev.bi.61.070192.003015
http://doi.org/10.1038/nrn753
http://www.ncbi.nlm.nih.gov/pubmed/11994750
http://doi.org/10.1002/syn.890200111
http://www.ncbi.nlm.nih.gov/pubmed/7624832
http://doi.org/10.1016/S0021-9258(18)83630-4
http://doi.org/10.1016/0006-8993(94)90769-2
http://doi.org/10.1093/oxfordjournals.jbchem.a124149
http://doi.org/10.1016/S0021-9258(19)61953-8
http://doi.org/10.1093/oxfordjournals.jbchem.a124617


Int. J. Mol. Sci. 2022, 23, 11025 14 of 19

18. Lee, J.C.; Edelman, A.M. A protein activator of Ca2+-calmodulin-dependent protein kinase Ia. J. Biol. Chem. 1994, 269, 2158–2164.
[CrossRef]

19. Selbert, M.A.; Anderson, K.A.; Huang, Q.H.; Goldstein, E.G.; Means, A.R.; Edelman, A.M. Phosphorylation and activation of
Ca2+-calmodulin-dependent protein kinase IV by Ca2+-calmodulin-dependent protein kinase Ia kinase. Phosphorylation of
threonine 196 is essential for activation. J. Biol. Chem. 1995, 270, 17616–17621. [CrossRef]

20. Tokumitsu, H.; Enslen, H.; Soderling, T.R. Characterization of a Ca2+/calmodulin-dependent protein kinase cascade. Molecular
cloning and expression of calcium/calmodulin-dependent protein kinase kinase. J. Biol. Chem. 1995, 270, 19320–19324. [CrossRef]

21. Kitani, T.; Okuno, S.; Fujisawa, H. Molecular cloning of Ca2+/calmodulin-dependent protein kinase kinase β. J. Biochem. 1997,
122, 243–250. [CrossRef]

22. Anderson, K.A.; Means, R.L.; Huang, Q.H.; Kemp, B.E.; Goldstein, E.G.; Selbert, M.A.; Edelman, A.M.; Fremeau, R.T.; Means,
A.R. Components of a calmodulin-dependent protein kinase cascade. Molecular cloning, functional characterization and cellular
localization of Ca2+/calmodulin-dependent protein kinase kinase β. J. Biol. Chem. 1998, 273, 31880–31889. [CrossRef]

23. Hsu, L.S.; Chen, G.D.; Lee, L.S.; Chi, C.W.; Cheng, J.F.; Chen, J.Y. Human Ca2+/calmodulin-dependent protein kinase kinase β

gene encodes multiple isoforms that display distinct kinase activity. J. Biol. Chem. 2001, 276, 31113–31123. [CrossRef]
24. Ishikawa, Y.; Tokumitsu, H.; Inuzuka, H.; Murata-Hori, M.; Hosoya, H.; Kobayashi, R. Identification and characterization of novel

components of a Ca2+/calmodulin-dependent protein kinase cascade in HeLa cells. FEBS Lett. 2003, 550, 57–63. [CrossRef]
25. Tokumitsu, H.; Soderling, T.R. Requirements for calcium and calmodulin in the calmodulin kinase activation cascade. J. Biol.

Chem. 1996, 271, 5617–5622. [CrossRef]
26. Haribabu, B.; Hook, S.S.; Selbert, M.A.; Goldstein, E.G.; Tomhave, E.D.; Edelman, A.M.; Snyderman, R.; Means, A.R. Human

calcium-calmodulin dependent protein kinase I: cDNA cloning, domain structure and activation by phosphorylation at threonine-
177 by calcium-calmodulin dependent protein kinase I kinase. EMBO J. 1995, 14, 3679–3686. [CrossRef]

27. Yano, S.; Tokumitsu, H.; Soderling, T.R. Calcium promotes cell survival through CaM-K kinase activation of the protein-kinase-B
pathway. Nature 1998, 396, 584–587. [CrossRef]

28. Fujimoto, T.; Yurimoto, S.; Hatano, N.; Nozaki, N.; Sueyoshi, N.; Kameshita, I.; Mizutani, A.; Mikoshiba, K.; Kobayashi, R.;
Tokumitsu, H. Activation of SAD kinase by Ca2+/calmodulin-dependent protein kinase kinase. Biochemistry 2008, 47, 4151–4159.
[CrossRef]

29. Fogarty, S.; Hawley, S.A.; Green, K.A.; Saner, N.; Mustard, K.J.; Hardie, D.G. Calmodulin-dependent protein kinase kinase-β
activates AMPK without forming a stable complex: Synergistic effects of Ca2+ and AMP. Biochem. J. 2010, 426, 109–118. [CrossRef]

30. Fujimoto, T.; Hatano, N.; Nozaki, N.; Yurimoto, S.; Kobayashi, R.; Tokumitsu, H. Identification of a novel CaMKK substrate.
Biochem. Biophys. Res. Commun. 2011, 410, 45–51. [CrossRef]

31. Tokumitsu, H.; Iwabu, M.; Ishikawa, Y.; Kobayashi, R. Differential regulatory mechanism of Ca2+/calmodulin-dependent protein
kinase kinase isoforms. Biochemistry 2001, 40, 13925–13932. [CrossRef] [PubMed]

32. Gocher, A.M.; Azabdaftari, G.; Euscher, L.M.; Dai, S.; Karacosta, L.G.; Franke, T.F.; Edelman, A.M. Akt activation by
Ca2+/calmodulin-dependent protein kinase kinase 2 (CaMKK2) in ovarian cancer cells. J. Biol. Chem. 2017, 292, 14188–14204.
[CrossRef] [PubMed]

33. Woods, A.; Dickerson, K.; Heath, R.; Hong, S.P.; Momcilovic, M.; Johnstone, S.R.; Carlson, M.; Carling, D. Ca2+/calmodulin-
dependent protein kinase kinase-β acts upstream of AMP-activated protein kinase in mammalian cells. Cell Metab. 2005, 2, 21–33.
[CrossRef]

34. Hawley, S.A.; Pan, D.A.; Mustard, K.J.; Ross, L.; Bain, J.; Edelman, A.M.; Frenguelli, B.G.; Hardie, D.G. Calmodulin-dependent
protein kinase kinase-β is an alternative upstream kinase for AMP-activated protein kinase. Cell Metab. 2005, 2, 9–19. [CrossRef]

35. Hurley, R.L.; Anderson, K.A.; Franzone, J.M.; Kemp, B.E.; Means, A.R.; Witters, L.A. The Ca2+/calmodulin-dependent protein
kinase kinases are AMP-activated protein kinase kinases. J. Biol. Chem. 2005, 280, 29060–29066. [CrossRef] [PubMed]

36. Wen, L.; Chen, Z.; Zhang, F.; Cui, X.; Sun, W.; Geary, G.G.; Wang, Y.; Johnson, D.A.; Zhu, Y.; Chien, S.; et al. Ca2+/calmodulin-
dependent protein kinase kinase β phosphorylation of Sirtuin 1 in endothelium is atheroprotective. Proc. Natl. Acad. Sci. USA
2013, 110, E2420–E2427. [CrossRef]

37. Stork, B.A.; Dean, A.; Ortiz, A.R.; Saha, P.; Putluri, N.; Planas-Silva, M.D.; Mahmud, I.; Rajapakshe, K.; Coarfa, C.; Knapp,
S.; et al. Calcium/calmodulin-dependent protein kinase kinase 2 regulates hepatic fuel metabolism. Mol. Metab. 2022, 62, 101513.
[CrossRef] [PubMed]

38. Kimura, Y.; Corcoran, E.E.; Eto, K.; Gengyo-Ando, K.; Muramatsu, M.A.; Kobayashi, R.; Freedman, J.H.; Mitani, S.; Hagiwara, M.;
Means, A.R.; et al. A CaMK cascade activates CRE-mediated transcription in neurons of Caenorhabditis elegans. EMBO Rep. 2002,
3, 962–966. [CrossRef]

39. Tokumitsu, H.; Takahashi, N.; Eto, K.; Yano, S.; Soderling, T.R.; Muramatsu, M. Substrate recognition by Ca2+/Calmodulin-
dependent protein kinase kinase. Role of the arg-pro-rich insert domain. J. Biol. Chem. 1999, 274, 15803–15810. [CrossRef]

40. Eto, K.; Takahashi, N.; Kimura, Y.; Masuho, Y.; Arai, K.; Muramatsu, M.A.; Tokumitsu, H. Ca2+/Calmodulin-dependent protein
kinase cascade in Caenorhabditis elegans. Implication in transcriptional activation. J. Biol. Chem. 1999, 274, 22556–22562. [CrossRef]

41. Joseph, J.D.; Means, A.R. Identification and characterization of two Ca2+/CaM-dependent protein kinases required for normal
nuclear division in Aspergillus nidulans. J. Biol. Chem. 2000, 275, 38230–38238. [CrossRef] [PubMed]

http://doi.org/10.1016/S0021-9258(17)42149-1
http://doi.org/10.1074/jbc.270.29.17616
http://doi.org/10.1074/jbc.270.33.19320
http://doi.org/10.1093/oxfordjournals.jbchem.a021735
http://doi.org/10.1074/jbc.273.48.31880
http://doi.org/10.1074/jbc.M011720200
http://doi.org/10.1016/S0014-5793(03)00817-2
http://doi.org/10.1074/jbc.271.10.5617
http://doi.org/10.1002/j.1460-2075.1995.tb00037.x
http://doi.org/10.1038/25147
http://doi.org/10.1021/bi702528r
http://doi.org/10.1042/BJ20091372
http://doi.org/10.1016/j.bbrc.2011.05.102
http://doi.org/10.1021/bi010863k
http://www.ncbi.nlm.nih.gov/pubmed/11705382
http://doi.org/10.1074/jbc.M117.778464
http://www.ncbi.nlm.nih.gov/pubmed/28634229
http://doi.org/10.1016/j.cmet.2005.06.005
http://doi.org/10.1016/j.cmet.2005.05.009
http://doi.org/10.1074/jbc.M503824200
http://www.ncbi.nlm.nih.gov/pubmed/15980064
http://doi.org/10.1073/pnas.1309354110
http://doi.org/10.1016/j.molmet.2022.101513
http://www.ncbi.nlm.nih.gov/pubmed/35562082
http://doi.org/10.1093/embo-reports/kvf191
http://doi.org/10.1074/jbc.274.22.15803
http://doi.org/10.1074/jbc.274.32.22556
http://doi.org/10.1074/jbc.M006422200
http://www.ncbi.nlm.nih.gov/pubmed/10988293


Int. J. Mol. Sci. 2022, 23, 11025 15 of 19

42. Hanyu, Y.; Imai, K.K.; Kawasaki, Y.; Nakamura, T.; Nakaseko, Y.; Nagao, K.; Kokubu, A.; Ebe, M.; Fujisawa, A.; Hayashi, T.;
et al. Schizosaccharomyces pombe cell division cycle under limited glucose requires Ssp1 kinase, the putative CaMKK, and Sds23, a
PP2A-related phosphatase inhibitor. Genes Cells 2009, 14, 539–554. [CrossRef] [PubMed]

43. Valbuena, N.; Moreno, S. AMPK phosphorylation by Ssp1 is required for proper sexual differentiation in fission yeast. J. Cell Sci.
2012, 125 Pt 11, 2655–2664. [CrossRef]

44. Yu, Y.V.; Bell, H.W.; Glauser, D.; Van Hooser, S.D.; Goodman, M.B.; Sengupta, P. CaMKI-dependent regulation of sensory gene
expression mediates experience-dependent plasticity in the operating range of a thermosensory neuron. Neuron 2014, 84, 919–926.
[CrossRef]

45. Schild, L.C.; Zbinden, L.; Bell, H.W.; Yu, Y.V.; Sengupta, P.; Goodman, M.B.; Glauser, D.A. The balance between cytoplasmic and
nuclear CaM kinase-1 signaling controls the operating range of noxious heat avoidance. Neuron 2014, 84, 983–996. [CrossRef]

46. Sakagami, H.; Saito, S.; Kitani, T.; Okuno, S.; Fujisawa, H.; Kondo, H. Localization of the mRNAs for two isoforms of
Ca2+/calmodulin-dependent protein kinase kinases in the adult rat brain. Brain Res. Mol. Brain Res. 1998, 54, 311–315.
[CrossRef]

47. Ye, C.; Zhang, D.; Zhao, L.; Li, Y.; Yao, X.; Wang, H.; Zhang, S.; Liu, W.; Cao, H.; Yu, S.; et al. CaMKK2 Suppresses Muscle
Regeneration through the Inhibition of Myoblast Proliferation and Differentiation. Int. J. Mol. Sci. 2016, 17, 1695. [CrossRef]

48. Yu, X.; Murao, K.; Sayo, Y.; Imachi, H.; Cao, W.M.; Ohtsuka, S.; Niimi, M.; Tokumitsu, H.; Inuzuka, H.; Wong, N.C.; et al. The role
of calcium/calmodulin-dependent protein kinase cascade in glucose upregulation of insulin gene expression. Diabetes 2004, 53,
1475–1481. [CrossRef]

49. Lin, F.; Ribar, T.J.; Means, A.R. The Ca2+/calmodulin-dependent protein kinase kinase, CaMKK2, inhibits preadipocyte differenti-
ation. Endocrinology 2011, 152, 3668–3679. [CrossRef]

50. Anderson, K.A.; Lin, F.; Ribar, T.J.; Stevens, R.D.; Muehlbauer, M.J.; Newgard, C.B.; Means, A.R. Deletion of CaMKK2 from
the liver lowers blood glucose and improves whole-body glucose tolerance in the mouse. Mol. Endocrinol. 2012, 26, 281–291.
[CrossRef]

51. Racioppi, L.; Noeldner, P.K.; Lin, F.; Arvai, S.; Means, A.R. Calcium/calmodulin-dependent protein kinase kinase 2 regulates
macrophage-mediated inflammatory responses. J. Biol. Chem. 2012, 287, 11579–11591. [CrossRef]

52. Cary, R.L.; Waddell, S.; Racioppi, L.; Long, F.; Novack, D.V.; Voor, M.J.; Sankar, U. Inhibition of Ca2+/calmodulin-dependent
protein kinase kinase 2 stimulates osteoblast formation and inhibits osteoclast differentiation. J. Bone Miner. Res. 2013, 28,
1599–1610. [CrossRef] [PubMed]

53. Racioppi, L.; Lento, W.; Huang, W.; Arvai, S.; Doan, P.L.; Harris, J.R.; Marcon, F.; Nakaya, H.I.; Liu, Y.; Chao, N.
Calcium/calmodulin-dependent kinase kinase 2 regulates hematopoietic stem and progenitor cell regeneration. Cell
Death Dis. 2017, 8, e3076. [CrossRef] [PubMed]

54. Teng, E.C.; Racioppi, L.; Means, A.R. A cell-intrinsic role for CaMKK2 in granulocyte lineage commitment and differentiation.
J. Leukoc. Biol. 2011, 90, 897–909. [CrossRef]

55. Marcelo, K.L.; Ribar, T.; Means, C.R.; Tsimelzon, A.; Stevens, R.D.; Ilkayeva, O.; Bain, J.R.; Hilsenbeck, S.G.; Newgard, C.B.;
Means, A.R.; et al. Research Resource: Roles for Calcium/Calmodulin-Dependent Protein Kinase Kinase 2 (CaMKK2) in Systems
Metabolism. Mol. Endocrinol. 2016, 30, 557–572. [CrossRef]

56. Suzuki, Y.; Ozawa, T.; Kurata, T.; Nakajima, N.; Zamponi, G.W.; Giles, W.R.; Imaizumi, Y.; Yamamura, H. A molecular complex of
Cav1.2/CaMKK2/CaMK1a in caveolae is responsible for vascular remodeling via excitation-transcription coupling. Proc. Natl.
Acad. Sci. USA 2022, 119, e2117435119. [CrossRef]

57. Stahmann, N.; Woods, A.; Carling, D.; Heller, R. Thrombin activates AMP-activated protein kinase in endothelial cells via a
pathway involving Ca2+/calmodulin-dependent protein kinase kinase β. Mol. Cell. Biol. 2006, 26, 5933–5945. [CrossRef]

58. Nanba, K.; Chen, A.; Nishimoto, K.; Rainey, W.E. Role of Ca2+/calmodulin-dependent protein kinase kinase in adrenal aldosterone
production. Endocrinology 2015, 156, 1750–1756. [CrossRef] [PubMed]

59. Nakamura, Y.; Okuno, S.; Kitani, T.; Otake, K.; Sato, F.; Fujisawa, H. Distribution of Ca2+/calmodulin-dependent protein kinase
kinase a in the rat central nervous system: An immunohistochemical study. Neurosci. Lett. 1996, 204, 61–64. [CrossRef]

60. Nakamura, Y.; Okuno, S.; Kitani, T.; Otake, K.; Sato, F.; Fujisawa, H. Immunohistochemical localization of Ca2+/calmodulin-
dependent protein kinase kinase β in the rat central nervous system. Neurosci. Res. 2001, 39, 175–188. [CrossRef]

61. Sakagami, H.; Umemiya, M.; Saito, S.; Kondo, H. Distinct immunohistochemical localization of two isoforms of Ca2+/calmodulin-
dependent protein kinase kinases in the adult rat brain. Eur. J. Neurosci. 2000, 12, 89–99. [CrossRef]

62. Jensen, K.F.; Ohmstede, C.A.; Fisher, R.S.; Sahyoun, N. Nuclear and axonal localization of Ca2+/calmodulin-dependent protein
kinase type Gr in rat cerebellar cortex. Proc. Natl. Acad. Sci. USA 1991, 88, 2850–2853. [CrossRef]

63. Li, B.; Suutari, B.S.; Sun, S.D.; Luo, Z.; Wei, C.; Chenouard, N.; Mandelberg, N.J.; Zhang, G.; Wamsley, B.; Tian, G.; et al.
Neuronal Inactivity Co-opts LTP Machinery to Drive Potassium Channel Splicing and Homeostatic Spike Widening. Cell 2020,
181, 1547–1565.e15. [CrossRef]

64. Tokumitsu, H.; Muramatsu, M.; Ikura, M.; Kobayashi, R. Regulatory mechanism of Ca2+/calmodulin-dependent protein kinase
kinase. J. Biol. Chem. 2000, 275, 20090–20095. [CrossRef]

65. Kaneshige, R.; Ohtsuka, S.; Harada, Y.; Kawamata, I.; Magari, M.; Kanayama, N.; Hatano, N.; Sakagami, H.; Tokumitsu, H.
Substrate recognition by Arg/Pro-rich insert domain in calcium/calmodulin-dependent protein kinase kinase for target protein
kinases. FEBS J. 2022, in press. [CrossRef]

http://doi.org/10.1111/j.1365-2443.2009.01290.x
http://www.ncbi.nlm.nih.gov/pubmed/19371376
http://doi.org/10.1242/jcs.098533
http://doi.org/10.1016/j.neuron.2014.10.046
http://doi.org/10.1016/j.neuron.2014.10.039
http://doi.org/10.1016/S0169-328X(97)00362-8
http://doi.org/10.3390/ijms17101695
http://doi.org/10.2337/diabetes.53.6.1475
http://doi.org/10.1210/en.2011-1107
http://doi.org/10.1210/me.2011-1299
http://doi.org/10.1074/jbc.M111.336032
http://doi.org/10.1002/jbmr.1890
http://www.ncbi.nlm.nih.gov/pubmed/23408651
http://doi.org/10.1038/cddis.2017.474
http://www.ncbi.nlm.nih.gov/pubmed/28981105
http://doi.org/10.1189/jlb.0311152
http://doi.org/10.1210/me.2016-1021
http://doi.org/10.1073/pnas.2117435119
http://doi.org/10.1128/MCB.00383-06
http://doi.org/10.1210/en.2014-1782
http://www.ncbi.nlm.nih.gov/pubmed/25679868
http://doi.org/10.1016/0304-3940(96)12317-X
http://doi.org/10.1016/S0168-0102(00)00209-1
http://doi.org/10.1046/j.1460-9568.2000.00883.x
http://doi.org/10.1073/pnas.88.7.2850
http://doi.org/10.1016/j.cell.2020.05.013
http://doi.org/10.1074/jbc.M002193200
http://doi.org/10.1111/febs.16467


Int. J. Mol. Sci. 2022, 23, 11025 16 of 19

66. Osawa, M.; Tokumitsu, H.; Swindells, M.B.; Kurihara, H.; Orita, M.; Shibanuma, T.; Furuya, T.; Ikura, M. A novel target
recognition revealed by calmodulin in complex with Ca2+-calmodulin-dependent kinase kinase. Nat. Struct. Biol. 1999, 6, 819–824.

67. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera–a visualization
system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]

68. Tokumitsu, H. Ca2+/calmodulin-dependent protein kinase kinase: From Ca2+-signal transduction to drug development. J. Jpn.
Biochem. Soc. 2018, 90, 452–461.

69. Meador, W.E.; Means, A.R.; Quiocho, F.A. Modulation of calmodulin plasticity in molecular recognition on the basis of X-ray
structures. Science 1993, 262, 1718–1721. [CrossRef] [PubMed]

70. Ikura, M.; Clore, G.M.; Gronenborn, A.M.; Zhu, G.; Klee, C.B.; Bax, A. Solution structure of a calmodulin-target peptide complex
by multidimensional NMR. Science 1992, 256, 632–638. [CrossRef]

71. Meador, W.E.; Means, A.R.; Quiocho, F.A. Target enzyme recognition by calmodulin: 2.4 Å structure of a calmodulin-peptide
complex. Science 1992, 257, 1251–1255. [CrossRef] [PubMed]

72. Yap, K.L.; Kim, J.; Truong, K.; Sherman, M.; Yuan, T.; Ikura, M. Calmodulin target database. J. Struct. Funct. Genom. 2000, 1, 8–14.
[CrossRef] [PubMed]

73. Kurokawa, H.; Osawa, M.; Kurihara, H.; Katayama, N.; Tokumitsu, H.; Swindells, M.B.; Kainosho, M.; Ikura, M. Target-induced
conformational adaptation of calmodulin revealed by the crystal structure of a complex with nematode Ca2+/calmodulin-
dependent kinase kinase peptide. J. Mol. Biol. 2001, 312, 59–68. [CrossRef]

74. Xy Ling, N.; Langendorf, C.G.; Hoque, A.; Galic, S.; Loh, K.; Kemp, B.E.; Gundlach, A.L.; Oakhill, J.S.; Scott, J.W. Functional
analysis of an R311C variant of Ca2+-calmodulin-dependent protein kinase kinase-2 (CaMKK2) found as a de novo mutation in a
patient with bipolar disorder. Bipolar Disord. 2020, 22, 841–848. [CrossRef]

75. Fukumoto, Y.; Harada, Y.; Ohtsuka, S.; Kanayama, N.; Magari, M.; Hatano, N.; Sakagami, H.; Tokumitsu, H. Oligomerization of
Ca2+/calmodulin-dependent protein kinase kinase. Biochem. Biophys. Res. Commun. 2022, 587, 160–165. [CrossRef]

76. Tokumitsu, H.; Hatano, N.; Fujimoto, T.; Yurimoto, S.; Kobayashi, R. Generation of autonomous activity of Ca2+/calmodulin-
dependent protein kinase kinase β by autophosphorylation. Biochemistry 2011, 50, 8193–8201. [CrossRef]

77. Green, M.F.; Scott, J.W.; Steel, R.; Oakhill, J.S.; Kemp, B.E.; Means, A.R. Ca2+/Calmodulin-dependent protein kinase kinase β is
regulated by multisite phosphorylation. J. Biol. Chem. 2011, 286, 28066–28079. [CrossRef]

78. Nakanishi, A.; Hatano, N.; Fujiwara, Y.; Sha’ri, A.; Takabatake, S.; Akano, H.; Kanayama, N.; Magari, M.; Nozaki, N.; Tokumitsu,
H. AMP-activated protein kinase-mediated feedback phosphorylation controls the Ca2+/calmodulin (CaM) dependence of
Ca2+/CaM-dependent protein kinase kinase β. J. Biol. Chem. 2017, 292, 19804–19813. [CrossRef]

79. Takabatake, S.; Ohtsuka, S.; Sugawara, T.; Hatano, N.; Kanayama, N.; Magari, M.; Sakagami, H.; Tokumitsu, H. Regulation of
Ca2+/calmodulin-dependent protein kinase kinase β by cAMP signaling. Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 672–680.
[CrossRef]

80. Schmitt, J.M.; Smith, S.; Hart, B.; Fletcher, L. CaM kinase control of AKT and LNCaP cell survival. J. Cell Biochem. 2012, 113,
1514–1526. [CrossRef]

81. Xin, Y.; Guan, J.; Li, Y.; Duan, C. Regulation of cell quiescence-proliferation balance by Ca2+-CaMKK-Akt signaling. J. Cell Sci.
2021, 134, jcs253807. [CrossRef]

82. Marcelo, K.L.; Means, A.R.; York, B. The Ca2+/Calmodulin/CaMKK2 Axis: Nature’s Metabolic CaMshaft. Trends Endocrinol.
Metab. 2016, 27, 706–718. [CrossRef]

83. Bright, N.J.; Carling, D.; Thornton, C. Investigating the regulation of brain-specific kinases 1 and 2 by phosphorylation. J. Biol.
Chem. 2008, 283, 14946–14954. [CrossRef]

84. Okuno, S.; Kitani, T.; Fujisawa, H. Studies on the substrate specificity of Ca2+/calmodulin-dependent protein kinase kinase α.
J. Biochem. 1997, 122, 337–343. [CrossRef]

85. Wayman, G.A.; Tokumitsu, H.; Soderling, T.R. Inhibitory cross-talk by cAMP kinase on the calmodulin-dependent protein kinase
cascade. J. Biol. Chem. 1997, 272, 16073–16076. [CrossRef] [PubMed]

86. Matsushita, M.; Nairn, A.C. Inhibition of the Ca2+/calmodulin-dependent protein kinase I cascade by cAMP-dependent protein
kinase. J. Biol. Chem. 1999, 274, 10086–10093. [CrossRef] [PubMed]

87. Davare, M.A.; Saneyoshi, T.; Guire, E.S.; Nygaard, S.C.; Soderling, T.R. Inhibition of calcium/calmodulin-dependent protein
kinase kinase by protein 14-3-3. J. Biol. Chem. 2004, 279, 52191–52199. [CrossRef]

88. Ichimura, T.; Taoka, M.; Hozumi, Y.; Goto, K.; Tokumitsu, H. 14-3-3 Proteins directly regulate Ca2+/calmodulin-dependent protein
kinase kinase α through phosphorylation-dependent multisite binding. FEBS Lett. 2008, 582, 661–665. [CrossRef] [PubMed]

89. Langendorf, C.G.; O’Brien, M.T.; Ngoei, K.R.W.; McAloon, L.M.; Dhagat, U.; Hoque, A.; Ling, N.X.Y.; Dite, T.A.; Galic, S.; Loh,
K.; et al. CaMKK2 is inactivated by cAMP-PKA signaling and 14-3-3 adaptor proteins. J. Biol. Chem. 2020, 295, 16239–16250.
[CrossRef] [PubMed]

90. Psenakova, K.; Petrvalska, O.; Kylarova, S.; Lentini Santo, D.; Kalabova, D.; Herman, P.; Obsilova, V.; Obsil, T. 14-3-3 protein
directly interacts with the kinase domain of calcium/calmodulin-dependent protein kinase kinase (CaMKK2). Biochim. Biophys.
Acta Gen. Subj. 2018, 1862, 1612–1625. [CrossRef] [PubMed]

91. Takabatake, S.; Fukumoto, Y.; Ohtsuka, S.; Kanayama, N.; Magari, M.; Sakagami, H.; Hatano, N.; Tokumitsu, H. Phosphorylation
and dephosphorylation of Ca2+/calmodulin-dependent protein kinase kinase β at Thr144 in HeLa cells. Biochem. Biophys. Res.
Commun. 2020, 525, 251–257. [CrossRef] [PubMed]

http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1126/science.8259515
http://www.ncbi.nlm.nih.gov/pubmed/8259515
http://doi.org/10.1126/science.1585175
http://doi.org/10.1126/science.1519061
http://www.ncbi.nlm.nih.gov/pubmed/1519061
http://doi.org/10.1023/A:1011320027914
http://www.ncbi.nlm.nih.gov/pubmed/12836676
http://doi.org/10.1006/jmbi.2001.4822
http://doi.org/10.1111/bdi.12901
http://doi.org/10.1016/j.bbrc.2021.11.105
http://doi.org/10.1021/bi201005g
http://doi.org/10.1074/jbc.M111.251504
http://doi.org/10.1074/jbc.M117.805085
http://doi.org/10.1016/j.bbagen.2018.12.012
http://doi.org/10.1002/jcb.24020
http://doi.org/10.1242/jcs.253807
http://doi.org/10.1016/j.tem.2016.06.001
http://doi.org/10.1074/jbc.M710381200
http://doi.org/10.1093/oxfordjournals.jbchem.a021758
http://doi.org/10.1074/jbc.272.26.16073
http://www.ncbi.nlm.nih.gov/pubmed/9195898
http://doi.org/10.1074/jbc.274.15.10086
http://www.ncbi.nlm.nih.gov/pubmed/10187789
http://doi.org/10.1074/jbc.M409873200
http://doi.org/10.1016/j.febslet.2008.01.037
http://www.ncbi.nlm.nih.gov/pubmed/18242179
http://doi.org/10.1074/jbc.RA120.013756
http://www.ncbi.nlm.nih.gov/pubmed/32913128
http://doi.org/10.1016/j.bbagen.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29649512
http://doi.org/10.1016/j.bbrc.2020.02.056
http://www.ncbi.nlm.nih.gov/pubmed/32085894


Int. J. Mol. Sci. 2022, 23, 11025 17 of 19

92. Schumacher, A.M.; Schavocky, J.P.; Velentza, A.V.; Mirzoeva, S.; Watterson, D.M. A calmodulin-regulated protein kinase linked to
neuron survival is a substrate for the calmodulin-regulated death-associated protein kinase. Biochemistry 2004, 43, 8116–8124.
[CrossRef] [PubMed]

93. Scott, J.W.; Park, E.; Rodriguiz, R.M.; Oakhill, J.S.; Issa, S.M.; O’Brien, M.T.; Dite, T.A.; Langendorf, C.G.; Wetsel, W.C.; Means,
A.R.; et al. Autophosphorylation of CaMKK2 generates autonomous activity that is disrupted by a T85S mutation linked to
anxiety and bipolar disorder. Sci. Rep. 2015, 5, 14436. [CrossRef]

94. Erhardt, A.; Lucae, S.; Unschuld, P.G.; Ising, M.; Kern, N.; Salyakina, D.; Lieb, R.; Uhr, M.; Binder, E.B.; Keck, M.E.; et al.
Association of polymorphisms in P2RX7 and CaMKKb with anxiety disorders. J. Affect. Disord. 2007, 101, 159–168. [CrossRef]

95. Tokumitsu, H.; Inuzuka, H.; Ishikawa, Y.; Ikeda, M.; Saji, I.; Kobayashi, R. STO-609, a specific inhibitor of the Ca2+/calmodulin-
dependent protein kinase kinase. J. Biol. Chem. 2002, 277, 15813–15818. [CrossRef]

96. Tokumitsu, H.; Inuzuka, H.; Ishikawa, Y.; Kobayashi, R. A single amino acid difference between α and β Ca2+/calmodulin-
dependent protein kinase kinase dictates sensitivity to the specific inhibitor, STO-609. J. Biol. Chem. 2003, 278, 10908–10913.
[CrossRef]

97. Kukimoto-Niino, M.; Yoshikawa, S.; Takagi, T.; Ohsawa, N.; Tomabechi, Y.; Terada, T.; Shirouzu, M.; Suzuki, A.; Lee, S.; Yamauchi,
T.; et al. Crystal structure of the Ca2+/calmodulin-dependent protein kinase kinase in complex with the inhibitor STO-609. J. Biol.
Chem. 2011, 286, 22570–22579. [CrossRef]

98. Bain, J.; Plater, L.; Elliott, M.; Shpiro, N.; Hastie, C.J.; McLauchlan, H.; Klevernic, I.; Arthur, J.S.; Alessi, D.R.; Cohen, P. The
selectivity of protein kinase inhibitors: A further update. Biochem. J. 2007, 408, 297–315. [CrossRef]

99. Monteiro, P.; Gilot, D.; Langouet, S.; Fardel, O. Activation of the aryl hydrocarbon receptor by the calcium/calmodulin-dependent
protein kinase kinase inhibitor 7-oxo-7H-benzimidazo [2,1-a]benz[de]isoquinoline-3-carboxylic acid (STO-609). Drug Metab.
Dispos. 2008, 36, 2556–2563. [CrossRef]

100. Fujiwara, Y.; Hiraoka, Y.; Fujimoto, T.; Kanayama, N.; Magari, M.; Tokumitsu, H. Analysis of Distinct Roles of CaMKK Isoforms
Using STO-609-Resistant Mutants in Living Cells. Biochemistry 2015, 54, 3969–3977. [CrossRef]

101. Wayman, G.A.; Kaech, S.; Grant, W.F.; Davare, M.; Impey, S.; Tokumitsu, H.; Nozaki, N.; Banker, G.; Soderling, T.R. Regulation of
axonal extension and growth cone motility by calmodulin-dependent protein kinase I. J. Neurosci. 2004, 24, 3786–3794. [CrossRef]
[PubMed]

102. Wayman, G.A.; Impey, S.; Marks, D.; Saneyoshi, T.; Grant, W.F.; Derkach, V.; Soderling, T.R. Activity-dependent dendritic
arborization mediated by CaM-kinase I activation and enhanced CREB-dependent transcription of Wnt-2. Neuron 2006, 50,
897–909. [CrossRef] [PubMed]

103. Saneyoshi, T.; Wayman, G.; Fortin, D.; Davare, M.; Hoshi, N.; Nozaki, N.; Natsume, T.; Soderling, T.R. Activity-dependent
synaptogenesis: Regulation by a CaM-kinase kinase/CaM-kinase I/βPIX signaling complex. Neuron 2008, 57, 94–107. [CrossRef]

104. Schmitt, J.M.; Guire, E.S.; Saneyoshi, T.; Soderling, T.R. Calmodulin-dependent kinase kinase/calmodulin kinase I activity gates
extracellular-regulated kinase-dependent long-term potentiation. J. Neurosci. 2005, 25, 1281–1290. [CrossRef]

105. Massie, C.E.; Lynch, A.; Ramos-Montoya, A.; Boren, J.; Stark, R.; Fazli, L.; Warren, A.; Scott, H.; Madhu, B.; Sharma, N.; et al.
The androgen receptor fuels prostate cancer by regulating central metabolism and biosynthesis. EMBO J. 2011, 30, 2719–2733.
[CrossRef] [PubMed]

106. Lin, F.; Marcelo, K.L.; Rajapakshe, K.; Coarfa, C.; Dean, A.; Wilganowski, N.; Robinson, H.; Sevick, E.; Bissig, K.D.; Goldie, L.C.;
et al. The camKK2/camKIV relay is an essential regulator of hepatic cancer. Hepatology 2015, 62, 505–520. [CrossRef] [PubMed]

107. York, B.; Li, F.; Lin, F.; Marcelo, K.L.; Mao, J.; Dean, A.; Gonzales, N.; Gooden, D.; Maity, S.; Coarfa, C.; et al. Pharmacological
inhibition of CaMKK2 with the selective antagonist STO-609 regresses NAFLD. Sci. Rep. 2017, 7, 11793. [CrossRef]

108. Horigane, S.; Ageta-Ishihara, N.; Kamijo, S.; Fujii, H.; Okamura, M.; Kinoshita, M.; Takemoto-Kimura, S.; Bito, H. Facilitation of
axon outgrowth via a Wnt5a-CaMKK-CaMKIα pathway during neuronal polarization. Mol. Brain 2016, 9, 8. [CrossRef]

109. Fortin, D.A.; Davare, M.A.; Srivastava, T.; Brady, J.D.; Nygaard, S.; Derkach, V.A.; Soderling, T.R. Long-term potentiation-
dependent spine enlargement requires synaptic Ca2+-permeable AMPA receptors recruited by CaM-kinase I. J. Neurosci. 2010, 30,
11565–11575. [CrossRef]

110. Srivastava, T.; Fortin, D.A.; Nygaard, S.; Kaech, S.; Sonenberg, N.; Edelman, A.M.; Soderling, T.R. Regulation of neuronal mRNA
translation by CaM-kinase I phosphorylation of eIF4GII. J. Neurosci. 2012, 32, 5620–5630. [CrossRef]

111. Ageta-Ishihara, N.; Takemoto-Kimura, S.; Nonaka, M.; Adachi-Morishima, A.; Suzuki, K.; Kamijo, S.; Fujii, H.; Mano, T.; Blaeser,
F.; Chatila, T.A.; et al. Control of cortical axon elongation by a GABA-driven Ca2+/calmodulin-dependent protein kinase cascade.
J. Neurosci. 2009, 29, 13720–13729. [CrossRef] [PubMed]

112. Zhang, X.; Guo, L.; Collage, R.D.; Stripay, J.L.; Tsung, A.; Lee, J.S.; Rosengart, M.R. Calcium/calmodulin-dependent protein kinase
(CaMK) Iα mediates the macrophage inflammatory response to sepsis. J. Leukoc. Biol. 2011, 90, 249–261. [CrossRef] [PubMed]

113. Murao, K.; Li, J.; Imachi, H.; Muraoka, T.; Masugata, H.; Zhang, G.X.; Kobayashi, R.; Ishida, T.; Tokumitsu, H. Exendin-4 regulates
glucokinase expression by CaMKK/CaMKIV pathway in pancreatic β-cell line. Diabetes Obes. Metab. 2009, 11, 939–946. [CrossRef]

114. Li, J.; Murao, K.; Imachi, H.; Masugata, H.; Iwama, H.; Tada, S.; Zhang, G.X.; Kobayashi, R.; Ishida, T.; Tokumitsu, H. Exendin-4
regulates pancreatic ABCA1 transcription via CaMKK/CaMKIV pathway. J. Cell. Mol. Med. 2010, 14, 1083–1087. [CrossRef]
[PubMed]

http://doi.org/10.1021/bi049589v
http://www.ncbi.nlm.nih.gov/pubmed/15209507
http://doi.org/10.1038/srep14436
http://doi.org/10.1016/j.jad.2006.11.016
http://doi.org/10.1074/jbc.M201075200
http://doi.org/10.1074/jbc.M213183200
http://doi.org/10.1074/jbc.M111.251710
http://doi.org/10.1042/BJ20070797
http://doi.org/10.1124/dmd.108.023333
http://doi.org/10.1021/acs.biochem.5b00149
http://doi.org/10.1523/JNEUROSCI.3294-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15084659
http://doi.org/10.1016/j.neuron.2006.05.008
http://www.ncbi.nlm.nih.gov/pubmed/16772171
http://doi.org/10.1016/j.neuron.2007.11.016
http://doi.org/10.1523/JNEUROSCI.4086-04.2005
http://doi.org/10.1038/emboj.2011.158
http://www.ncbi.nlm.nih.gov/pubmed/21602788
http://doi.org/10.1002/hep.27832
http://www.ncbi.nlm.nih.gov/pubmed/25847065
http://doi.org/10.1038/s41598-017-12139-3
http://doi.org/10.1186/s13041-016-0189-3
http://doi.org/10.1523/JNEUROSCI.1746-10.2010
http://doi.org/10.1523/JNEUROSCI.0030-12.2012
http://doi.org/10.1523/JNEUROSCI.3018-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864584
http://doi.org/10.1189/jlb.0510286
http://www.ncbi.nlm.nih.gov/pubmed/21372190
http://doi.org/10.1111/j.1463-1326.2009.01067.x
http://doi.org/10.1111/j.1582-4934.2009.00955.x
http://www.ncbi.nlm.nih.gov/pubmed/19874424


Int. J. Mol. Sci. 2022, 23, 11025 18 of 19

115. Chen, K.; Yu, X.; Murao, K.; Imachi, H.; Li, J.; Muraoka, T.; Masugata, H.; Zhang, G.X.; Kobayashi, R.; Ishida, T.; et al. Exendin-
4 regulates GLUT2 expression via the CaMKK/CaMKIV pathway in a pancreatic β-cell line. Metabolism 2011, 60, 579–585.
[CrossRef] [PubMed]

116. Takemura, M.; Mishima, T.; Wang, Y.; Kasahara, J.; Fukunaga, K.; Ohashi, K.; Mizuno, K. Ca2+/calmodulin-dependent protein
kinase IV-mediated LIM kinase activation is critical for calcium signal-induced neurite outgrowth. J. Biol. Chem. 2009, 284,
28554–28562. [CrossRef] [PubMed]

117. Anderson, K.A.; Ribar, T.J.; Lin, F.; Noeldner, P.K.; Green, M.F.; Muehlbauer, M.J.; Witters, L.A.; Kemp, B.E.; Means, A.R.
Hypothalamic CaMKK2 contributes to the regulation of energy balance. Cell Metab. 2008, 7, 377–388. [CrossRef]

118. Jensen, T.E.; Rose, A.J.; Jorgensen, S.B.; Brandt, N.; Schjerling, P.; Wojtaszewski, J.F.; Richter, E.A. Possible CaMKK-dependent
regulation of AMPK phosphorylation and glucose uptake at the onset of mild tetanic skeletal muscle contraction. Am. J. Physiol.
Endocrinol. Metab. 2007, 292, E1308–E1317. [CrossRef]

119. Merlin, J.; Evans, B.A.; Csikasz, R.I.; Bengtsson, T.; Summers, R.J.; Hutchinson, D.S. The M3-muscarinic acetylcholine receptor
stimulates glucose uptake in L6 skeletal muscle cells by a CaMKK-AMPK-dependent mechanism. Cell. Signal. 2010, 22, 1104–1113.
[CrossRef]

120. Tamás, P.; Hawley, S.A.; Clarke, R.G.; Mustard, K.J.; Green, K.; Hardie, D.G.; Cantrell, D.A. Regulation of the energy sensor
AMP-activated protein kinase by antigen receptor and Ca2+ in T lymphocytes. J. Exp. Med. 2006, 203, 1665–1670. [CrossRef]

121. Hoyer-Hansen, M.; Bastholm, L.; Szyniarowski, P.; Campanella, M.; Szabadkai, G.; Farkas, T.; Bianchi, K.; Fehrenbacher, N.;
Elling, F.; Rizzuto, R.; et al. Control of macroautophagy by calcium, calmodulin-dependent kinase kinase-β, and Bcl-2. Mol. Cell
2007, 25, 193–205. [CrossRef] [PubMed]

122. Ghislat, G.; Patron, M.; Rizzuto, R.; Knecht, E. Withdrawal of essential amino acids increases autophagy by a pathway involving
Ca2+/calmodulin-dependent kinase kinase-β (CaMKK-β). J. Biol. Chem. 2012, 287, 38625–38636. [CrossRef]

123. Krasner, N.M.; Ido, Y.; Ruderman, N.B.; Cacicedo, J.M. Glucagon-like peptide-1 (GLP-1) analog liraglutide inhibits endothelial
cell inflammation through a calcium and AMPK dependent mechanism. PLoS ONE 2014, 9, e97554. [CrossRef]

124. Li, T.; Xu, W.; Ouyang, J.; Lu, X.; Sherchan, P.; Lenahan, C.; Irio, G.; Zhang, J.H.; Zhao, J.; Zhang, Y.; et al. Orexin A alleviates
neuroinflammation via OXR2/CaMKKβ/AMPK signaling pathway after ICH in mice. J. Neuroinflamm. 2020, 17, 187. [CrossRef]
[PubMed]

125. Asquith, C.R.M.; Godoi, P.H.; Counago, R.M.; Laitinen, T.; Scott, J.W.; Langendorf, C.G.; Oakhill, J.S.; Drewry, D.H.; Zuercher,
W.J.; Koutentis, P.A.; et al. 1,2,6-Thiadiazinones as Novel Narrow Spectrum Calcium/Calmodulin-Dependent Protein Kinase
Kinase 2 (CaMKK2) Inhibitors. Molecules 2018, 23, 1221. [CrossRef] [PubMed]

126. Price, D.J.; Drewry, D.H.; Schaller, L.T.; Thompson, B.D.; Reid, P.R.; Maloney, P.R.; Liang, X.; Banker, P.; Buckholz, R.G.; Selley,
P.K.; et al. An orally available, brain-penetrant CAMKK2 inhibitor reduces food intake in rodent model. Bioorg. Med. Chem. Lett.
2018, 28, 1958–1963. [CrossRef]

127. Sherk, A.B.; Frigo, D.E.; Schnackenberg, C.G.; Bray, J.D.; Laping, N.J.; Trizna, W.; Hammond, M.; Patterson, J.R.; Thompson, S.K.;
Kazmin, D.; et al. Development of a small-molecule serum- and glucocorticoid-regulated kinase-1 antagonist and its evaluation
as a prostate cancer therapeutic. Cancer Res. 2008, 68, 7475–7483. [CrossRef] [PubMed]

128. Eduful, B.J.; O’Byrne, S.N.; Temme, L.; Asquith, C.R.M.; Liang, Y.; Picado, A.; Pilotte, J.R.; Hossain, M.A.; Wells, C.I.; Zuercher,
W.J.; et al. Hinge Binder Scaffold Hopping Identifies Potent Calcium/Calmodulin-Dependent Protein Kinase Kinase 2 (CAMKK2)
Inhibitor Chemotypes. J. Med. Chem. 2021, 64, 10849–10877. [CrossRef]

129. Ohtsuka, S.; Ozeki, Y.; Fujiwara, M.; Miyagawa, T.; Kanayama, N.; Magari, M.; Hatano, N.; Suizu, F.; Ishikawa, T.; Tokumitsu, H.
Development and Characterization of Novel Molecular Probes for Ca2+/Calmodulin-Dependent Protein Kinase Kinase, Derived
from STO-609. Biochemistry 2020, 59, 1701–1710. [CrossRef]

130. Ohtsuka, S.; Okumura, T.; Tauabuchi, Y.; Miyagawa, T.; Kanayama, N.; Magari, M.; Hatano, N.; Sakagami, H.; Suizu, F.; Ishikawa,
T.; et al. Conformation-Dependent Reversible Interaction of Ca2+/Calmodulin-Dependent Protein Kinase Kinase with an Inhibitor,
TIM-063. Biochemistry 2022, 61, 545–553. [CrossRef]

131. Kitazawa, T.; Matsui, T.; Katsuki, S.; Goto, A.; Akagi, K.; Hatano, N.; Tokumitsu, H.; Takeya, K.; Eto, M. A temporal Ca2+

desensitization of myosin light chain kinase in phasic smooth muscles induced by CaMKKβ/PP2A pathways. Am. J. Physiol. Cell
Physiol. 2021, 321, C549–C558. [CrossRef]

132. Mizuno, K.; Ris, L.; Sanchez-Capelo, A.; Godaux, E.; Giese, K.P. Ca2+/calmodulin kinase kinase α is dispensable for brain
development but is required for distinct memories in male, though not in female, mice. Mol. Cell. Biol. 2006, 26, 9094–9104.
[CrossRef] [PubMed]

133. Peters, M.; Mizuno, K.; Ris, L.; Angelo, M.; Godaux, E.; Giese, K.P. Loss of Ca2+/calmodulin kinase kinase β affects the formation
of some, but not all, types of hippocampus-dependent long-term memory. J. Neurosci. 2003, 23, 9752–9760. [CrossRef] [PubMed]

134. Mizuno, K.; Antunes-Martins, A.; Ris, L.; Peters, M.; Godaux, E.; Giese, K.P. Calcium/calmodulin kinase kinase β has a
male-specific role in memory formation. Neuroscience 2007, 145, 393–402. [CrossRef] [PubMed]

135. Blaeser, F.; Sanders, M.J.; Truong, N.; Ko, S.; Wu, L.J.; Wozniak, D.F.; Fanselow, M.S.; Zhuo, M.; Chatila, T.A. Long-term memory
deficits in Pavlovian fear conditioning in Ca2+/calmodulin kinase kinase α-deficient mice. Mol. Cell. Biol. 2006, 26, 9105–9115.
[CrossRef]

136. Wei, F.; Qiu, C.S.; Liauw, J.; Robinson, D.A.; Ho, N.; Chatila, T.; Zhuo, M. Calcium calmodulin-dependent protein kinase IV is
required for fear memory. Nat. Neurosci. 2002, 5, 573–579. [CrossRef]

http://doi.org/10.1016/j.metabol.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20598720
http://doi.org/10.1074/jbc.M109.006296
http://www.ncbi.nlm.nih.gov/pubmed/19696021
http://doi.org/10.1016/j.cmet.2008.02.011
http://doi.org/10.1152/ajpendo.00456.2006
http://doi.org/10.1016/j.cellsig.2010.03.004
http://doi.org/10.1084/jem.20052469
http://doi.org/10.1016/j.molcel.2006.12.009
http://www.ncbi.nlm.nih.gov/pubmed/17244528
http://doi.org/10.1074/jbc.M112.365767
http://doi.org/10.1371/journal.pone.0097554
http://doi.org/10.1186/s12974-020-01841-1
http://www.ncbi.nlm.nih.gov/pubmed/32539736
http://doi.org/10.3390/molecules23051221
http://www.ncbi.nlm.nih.gov/pubmed/29783765
http://doi.org/10.1016/j.bmcl.2018.03.034
http://doi.org/10.1158/0008-5472.CAN-08-1047
http://www.ncbi.nlm.nih.gov/pubmed/18794135
http://doi.org/10.1021/acs.jmedchem.0c02274
http://doi.org/10.1021/acs.biochem.0c00149
http://doi.org/10.1021/acs.biochem.1c00796
http://doi.org/10.1152/ajpcell.00136.2021
http://doi.org/10.1128/MCB.01221-06
http://www.ncbi.nlm.nih.gov/pubmed/17015468
http://doi.org/10.1523/JNEUROSCI.23-30-09752.2003
http://www.ncbi.nlm.nih.gov/pubmed/14586002
http://doi.org/10.1016/j.neuroscience.2006.11.056
http://www.ncbi.nlm.nih.gov/pubmed/17207577
http://doi.org/10.1128/MCB.01452-06
http://doi.org/10.1038/nn0602-855


Int. J. Mol. Sci. 2022, 23, 11025 19 of 19

137. Matsushita, M.; Nairn, A.C. Characterization of the mechanism of regulation of Ca2+/calmodulin-dependent protein kinase I by
calmodulin and by Ca2+/calmodulin-dependent protein kinase kinase. J. Biol. Chem. 1998, 273, 21473–21481. [CrossRef]

138. Kaitsuka, T.; Li, S.T.; Nakamura, K.; Takao, K.; Miyakawa, T.; Matsushita, M. Forebrain-specific constitutively active CaMKKα

transgenic mice show deficits in hippocampus-dependent long-term memory. Neurobiol. Learn Mem. 2011, 96, 238–247. [CrossRef]
139. Frigo, D.E.; Howe, M.K.; Wittmann, B.M.; Brunner, A.M.; Cushman, I.; Wang, Q.; Brown, M.; Means, A.R.; McDonnell, D.P. CaM

kinase kinase β-mediated activation of the growth regulatory kinase AMPK is required for androgen-dependent migration of
prostate cancer cells. Cancer Res. 2011, 71, 528–537. [CrossRef]

140. Luo, X.J.; Li, M.; Huang, L.; Steinberg, S.; Mattheisen, M.; Liang, G.; Donohoe, G.; Shi, Y.; Chen, C.; Yue, W.; et al. Convergent lines
of evidence support CAMKK2 as a schizophrenia susceptibility gene. Mol. Psychiatry 2014, 19, 774–783. [CrossRef] [PubMed]

141. Kataoka, M.; Matoba, N.; Sawada, T.; Kazuno, A.A.; Ishiwata, M.; Fujii, K.; Matsuo, K.; Takata, A.; Kato, T. Exome sequencing for
bipolar disorder points to roles of de novo loss-of-function and protein-altering mutations. Mol. Psychiatry 2016, 21, 885–893.
[CrossRef] [PubMed]

142. Chen, D.; Zhong, F.; Chen, Y. Association of calcium/calmodulin-dependent protein kinase kinase1 rs7214723 polymorphism
with lung cancer risk in a Chinese population. Biosci. Rep. 2017, 37, BSR20170762. [CrossRef] [PubMed]

143. Beghi, S.; Cavaliere, F.; Manfredini, M.; Ferrarese, S.; Corazzari, C.; Beghi, C.; Buschini, A. Polymorphism rs7214723 in CAMKK1:
A new genetic variant associated with cardiovascular diseases. Biosci. Rep. 2021, 41, BSR20210326. [CrossRef]

144. Jin, L.; Chun, J.; Pan, C.; Kumar, A.; Zhang, G.; Ha, Y.; Li, D.; Alesi, G.N.; Kang, Y.; Zhou, L.; et al. The PLAG1-GDH1 Axis
Promotes Anoikis Resistance and Tumor Metastasis through CamKK2-AMPK Signaling in LKB1-Deficient Lung Cancer. Mol. Cell
2018, 69, 87–99.e7. [CrossRef] [PubMed]

145. Sun, P.; Bu, F.; Min, J.W.; Munshi, Y.; Howe, M.D.; Liu, L.; Koellhoffer, E.C.; Qi, L.; McCullough, L.D.; Li, J. Inhibition of
calcium/calmodulin-dependent protein kinase kinase (CaMKK) exacerbates impairment of endothelial cell and blood-brain
barrier after stroke. Eur. J. Neurosci. 2019, 49, 27–39. [CrossRef]

146. Liu, L.; McCullough, L.; Li, J. Genetic deletion of calcium/calmodulin-dependent protein kinase kinase β (CaMKK β) or CaMK
IV exacerbates stroke outcomes in ovariectomized (OVXed) female mice. BMC Neurosci. 2014, 15, 118. [CrossRef]

http://doi.org/10.1074/jbc.273.34.21473
http://doi.org/10.1016/j.nlm.2011.04.017
http://doi.org/10.1158/0008-5472.CAN-10-2581
http://doi.org/10.1038/mp.2013.103
http://www.ncbi.nlm.nih.gov/pubmed/23958956
http://doi.org/10.1038/mp.2016.69
http://www.ncbi.nlm.nih.gov/pubmed/27217147
http://doi.org/10.1042/BSR20170762
http://www.ncbi.nlm.nih.gov/pubmed/28739589
http://doi.org/10.1042/BSR20210326
http://doi.org/10.1016/j.molcel.2017.11.025
http://www.ncbi.nlm.nih.gov/pubmed/29249655
http://doi.org/10.1111/ejn.14223
http://doi.org/10.1186/s12868-014-0118-2

	Introduction 
	Discovery and Current Members of CaMKK Family 
	Tissue Distribution and Subcellular Localization of CaMKK 
	Domain Structure and Activation of CaMKK 
	CaMKK Signaling Pathway 
	CaMKK Inhibitors and Pharmacological Analyses of Signaling Pathways 
	Genetic Manipulation and Pathophysiological Role of CaMKK 
	Conclusions 
	References

