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of a promising therapeutic strategy for cancer treatment.

CaMK2 (calcium/calmodulin-dependent protein kinase 2), a multifunctional serine/threonine-protein kinase involved
in diverse cellular processes, is vital for the transduction of the Ca’* signaling cascade. Recently, research has high-
lighted the involvement of CaMK2 in cancer development. However, the specific effects of CaMK2 on cancer have not
been fully elucidated. In this review, we summarize not only the altered expression of CaMK2 in a range of cancers,

as evidenced by bioinformatics analysis, but also the significant role of CaMK2 in regulating cancer progression, such
as proliferation and metastasis. In addition, we described the functional influence of CaMK2 on cancer stemness and
resistance. Understanding the critical effects and mechanisms of CaMK2 in cancer would facilitate the development
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Introduction

Calcium/calmodulin-dependent kinase 2 (CaMK2),
the most widely studied multifunctional serine/threo-
nine kinase, is critical for transducing Ca*" signals and
is widely expressed in mammalian cells [1-3]. CaMK2
is encoded by four separate but homologous genes
(o, B, v, and §), which produce CaMK2a, CaMK2p,
CaMK2y, or CaMK23§, respectively [4]. The general
structure of CaMK2 includes a unique N-terminal
domain, followed by a catalytic domain containing an
ATP-binding region, a regulatory domain that contains
an auto-inhibitory region and a calmodulin-binding
region, and a C-terminal association domain responsi-
ble for multimerization [5]. The canonical activation of
CaMK2 requires both calcium and calmodulin. When
intracellular calcium concentration rises, four calcium
molecules bind calmodulin, which binds to CaMK2
and induces phosphorylation of the regulatory domain
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at Thr286 for the o isoform or at Thr287 for the B, v,
and § isoforms [5, 6]. This phosphorylation induces and
sustains the autonomous activation of CaMK2 in the
absence of an increase in calcium [7-9]. Thus, phos-
phorylation of CaMK2 at T286 for the a isoform or at
T287 for the B, y, and & isoforms has been established as
a biomarker for CaMK2 activation [10, 11]. In addition
to canonical activation, CaMK2 has also been activated
in a calcium/calmodulin-independent manner, such as
threonine 287 autophosphorylation [12], methionine
281/282 oxidation [13], serine 280 O-GlcNAclyation
[14], and S-nitrosylation of cysteine 290 [15]. In addi-
tion, there are several specific inhibitors for CaMK2
activation: KN-62 and KN-93, two CaMK2 chemical
inhibitors, repress CaMK2 phosphorylation by inter-
fering binding of calcium with calmodulin, thereby
suppressing CaMK2 activation [16, 17]; CaMK2N and
CaMK2NB, two endogenous inhibitory proteins, could
directly interact with CaMK2 and inhibit CaMK2 acti-
vation [18, 19].

CaMK2 has been previously implicated in diverse cel-
lular processes [20-22], including synaptic plasticity,
learning and memory, vascular smooth muscle polari-
zation and migration, and cell proliferation. Several
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studies have also implicated CaMK2 in controlling
the differentiation, growth, and apoptosis of cancer
cells [23, 24]. Moreover, two CaMK2 chemical inhibi-
tors, KN-62 and KN-93, were shown to induce cell
cycle arrest and apoptosis, thus, decreasing the prolif-
eration of cancer cells [25, 26]. Recently, accumulated
evidence has shown that CaMK2 is strongly dysregu-
lated in many malignant diseases and plays a pivotal
role in cellular proliferation, migration, and invasion.
Additionally, several recent studies have indicated the
vital role of CaMK2 in the modulation of drug resist-
ance, recurrence, and stem-like traits of cancer. These
studies suggest a potentially significant role for CaMK2
in cancer progression. In this review, we highlight the
dysregulated expression of CaMK2 in a series of can-
cers, as evidenced by bioinformatic analysis, as well as
the functional influence of CaMK2 on the proliferation,
metastasis, therapy-resistance, and stemness of cancer
cells.

Methods for this narrative review

The methods used for this narrative review are as fol-
lows: the databases used for the search include Web
of Science and PubMed; the terms used for the search
included CaMK2, CaMK2a, CaMK2p, CaMK2y,
CaMK29, or cancer, tumor; the types of literature
retrieved from the public databases include bioinfor-
matics articles, experimental articles, and reviews.
Finally, the literature closely related to the subject of
this narrative review were included. Notably, studies
that met the above inclusion criteria but were with-
drawn were excluded.

The dysregulated expression of CaMK2 in cancer revealed
by bioinformatic analysis

Recent studies have revealed altered expression of
CaMK?2 in a range of cancers with different bioinfor-
matic analyses. Here, we discuss recently reported
bioinformatic studies that show dysregulated CaMK2
expression during cancer progression (Table 1). Nota-
bly, most bioinformatics studies are only conducted
based on published databases or microarray data.

The decreased CaMK2 in colorectal cancer

Several original studies have shown decreased expres-
sion of different CaMK2 isoforms in CRC in the con-
text of colorectal cancer (CRC). Hennig et al. [27]
analyzed the integrated transcriptomic and prot-
eomic datasets acquired from their previous microar-
ray- and mass spectrometry (MS)-based studies, and
found that CaMK2§ exhibited concordantly down-
regulated changes in the expression at the mRNA and
protein levels during CRC progression. Importantly,
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the analysis of mRNA expression of CaMK2§ in indi-
vidual tissue samples was in agreement with the results
of the large-scale analysis of the transcriptomic and
proteomic datasets. Consistently, Feng et al. [28] deter-
mined the mRNA expression profile involved in the
progression of E nucleatum-induced CRC using the
GeneChip Human Transcriptome Array 2.0. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
and the protein—protein interaction network analysis of
the major aberrantly expressed mRNAs indicated that
both calcium signaling pathways and CaMK2f expres-
sion were downregulated in E nucleatum-induced CRC
specimens compared with paracancerous tissues. Fur-
thermore, the genes differentially expressed between
the colon and rectal cancer were detected and identi-
fied using oligonucleotide microarray analysis and the
TwoClassDif method, respectively [29]. The results
showed that CaMK2y expression was significantly
reduced in rectal cancer tissues. Collectively, these
bioinformatic findings illustrate the essential involve-
ment and potential role of CaMK2 in the development
of CRC. Thus, much effort is needed to explore the
precise functional effects and underlying regulation of
CaMK2 in CRC tumorigenesis.

The altered CaMK2 in glioblastoma multiforme (GBM)

In addition to CRC, similar results have been found
in gliomagenesis. Johansson et al. [30] attempted to
identify and validate differentially expressed genes
in PDGF-induced glioma in mice using microarray
analysis of RNA expression profiling and quantita-
tive real-time PCR, respectively. Their results showed
that CaMK2p was strongly downregulated in tumors
compared to that in normal brain tissue. Consistent
with this view, Xiong et al. [31] intersected the target
genes of the differentially expressed miRNAs in GBM
that were collected from the gene expression omnibus
(GEO) database and the GBM-associated genes that
were obtained from the gene expression profiling inter-
active analysis (GEPIA). Results from KEGG analysis
of the overlapping genes suggested that both CaMK2p
and CaMK2y were centralized in the glioma path-
way. Data from GEPIA showed that the expression of
CaMK2p and CaMK2y in GBM tissues was lower than
that in the normal control.

Additionally, the possible involvement of CaMK2 in
the recurrence and prognosis of GBM has also been
reported. For example, researchers compared and cor-
roborated the transcriptional profiles of eight pairs of
primary low-grade gliomas and corresponding recur-
rent high-grade gliomas from patients using oligonucle-
otide-based microarray analysis and real-time RT-PCR
analysis [32]. Their results confirmed that the transcript
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level of CaMK2y in recurrent high-grade gliomas was
significantly decreased compared with that in primary
low-grade gliomas. More importantly, CaMK2y tran-
script levels in high-grade glioblastomas were also
significantly decreased compared to low-grade astrocy-
tomas in another independent set of 43 gliomas. These
results suggest that the reduced CaMK2y may have a
role in the recurrence of GBM, and the low CaMK2y
transcript level might be a poor prognostic indicator
for gliomas. In contrast, other researchers screened and
identified prognosis-associated differentially expressed
genes in glioblastoma using microarray data of tumor
and normal tissue samples downloaded from the TCGA
dataset and GEO dataset GSE22866 [33]. Subsequently,
they established a prognostic prediction system using
Bayes discriminant analysis, which was successfully
validated by the microarray data of patients with differ-
ent prognoses from the TCGA dataset, a Chinese Gli-
oma Genome Atlas (CGGA) dataset, and another GEO
dataset. Finally, their results showed a close association
between high CaMK2a mRNA expression and a poor
prognostic factor for GBM.

Taken together, these studies have preliminarily indi-
cated that the prominently altered CaMK2 transcript
level may be closely associated with the tumorigenesis
and recurrence of GBM and that CaMK2 is a potential
candidate for predicting GBM prognosis.

The correlation of CaMK2 with therapy sensitivity

and prognosis in cancers

In terms of drug tolerance, some research has prelimi-
narily shown a positive correlation between CaMK2
and drug resistance or prognosis of cancer using bio-
informatics approaches. Lian et al. [34] identified the
differentially expressed genes between TPF-responsive
primary HSCC patients and resistant patients using
mRNA microarray analysis and found that the expres-
sions of CaMK2a and CaMK2pB were upregulated in
TPF-resistant primary HSCC patients compared to the
sensitive cases. The qRT-PCR results revealed that the
expression of CaMK2a was significantly increased in
FaDu cells (a TPF-sensitive HPC cell line) after expo-
sure to TPF treatment. This suggests that high CaMK2«a
expression was positively related to TPF tolerance in
HSCC. Similarly, researchers applied a tandem mass
tag (TMT)-based quantitative proteomics approach
to distinguish the differentially expressed proteins
between the chemotherapy-sensitive and chemother-
apy-resistant plasma samples from metastatic TNBC
patients and found that the protein levels of CaMK2a
and CaMK2p in the resistance group were signifi-
cantly increased compared to the sensitive group [35].
In agreement with the proteomic analysis, the higher
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level of CaMK2a in the resistance group was further
validated by ELISA. Notably, metastatic TNBC patients
with higher CaMK2a levels had shorter overall survival
than those with lower CaMK2a levels. These analyti-
cal data indicate that CaMK2 (especially a isoforms)
may serve as a potential biomarker for predicting poor
chemotherapy outcomes and prognosis in metastatic
TNBC. Consistent with this opinion, Tang et al. [36]
investigated the prognostic implications of genetic var-
iants in early-stage NSCLC patients by genome-wide
analysis and found that the variant allele of rs10023113
in CaMK28 was significantly associated with the poor
prognosis of NSCLC. Altogether, these bioinformatic
studies preliminarily raise the possibility that CaMK2
is involved in regulating therapy-tolerance of cancer.
Thus, future in-depth studies are required to clarify the
role of CaMK?2 in drug resistance and cancer prognosis.

The epigenetic modification of CaMK2 in cancer

In terms of epigenetics, the CaMK2 promoter has been
reported to undergo methylated modification. Genes
showing downregulation in breast cancer cells were
screened and selected by a series of in silico analyses
from the Gene Expression Atlas interface. Then, these
in silico screened genes underwent real-time methyla-
tion-specific PCR (MSP) and RT-PCR [37]. The results
showed that the promoter of CaMK2p was hypermeth-
ylated and that the expression of CaMK2p was down-
regulated in breast cancer cell lines. More importantly,
induction of CaMK2p promoter demethylation using a
methyltransferase inhibitor (5-Aza-2’-deoxycytidine)
remarkably upregulated CaMK2p expression in breast
cancer cells. These results indicated that the downregu-
lation of CaMK2p expression was partially attributed to
hypermethylation at the CaMK2p promoter in breast
cancer cells. In support of this view, a study reported
that significant methylation of the CaMK2 promoter
was identified in lingual mucosa samples from a lingual
SCC mouse model using microarray and methylated
DNA immunoprecipitation sequencing (MeDIP-Seq)
analysis. This suggests that CaMK2 expression might
be decreased in lingual carcinogenesis [38]. Moreover,
the CaMK2 fusion protein has also been reported to
participate in carcinogenesis. Wang et al. [39] identified
fusion proteins involved in esophageal adenocarcinoma
(EAC) using next-generation RNA sequencing and PCR
verification in the EAC specimens and adjacent non-
malignant specimens from 40 patients and found that
the USP54-CaMK2y fusion transcript was present in
the EAC specimens but not in the adjacent nonmalig-
nant tissues. This finding indicates that CaMK2y may
play a functional role in EAC carcinogenesis through
the formation of the USP54-CaMK2y fusion protein.
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In summary, these bioinformatic analyses using dif-
ferent approaches have commonly demonstrated the
significantly altered expression of CaMK2 in cancer
progression. This indicates that CaMK2 might con-
tribute to the pathogenesis of cancer. However, the
conclusions reached in the above papers are not very
consistent, and most studies were only performed
using different bioinformatics approaches. Therefore,
the precise and potentially functional effects of CaMK2
on cancer progression need to be further investigated
in comprehensive experiments. Of note, the isoforms of
CaMK?2 in distinct cancers are different. Thus, we spec-
ulate that the prominent isoform of CaMK2 is depend-
ent on the tumor type and that the different isoforms of
CaMK2 may produce synergistic or antagonistic effects
on cancer progression. Of course, our assumption
needs to be determined through in-depth experiments
in vivo and in vitro.

The role of CaMK2 in the cellular proliferation, migration,
and metastasis of cancer

Unsurprisingly, CaMK2 has been demonstrated to be
implicated in the regulation of cell proliferation, migra-
tion, and metastasis in a variety of cancer types by a
series of experimental studies (Table 2).

CaMK2 in colon cancer

In recent years, evidence suggests that CaMK2 signal-
ing plays a positive role in regulating cell growth and
migration in colorectal cancer (CRC) cells. A previous
study showed that the SOCE inhibitor SKF-96365 sig-
nificantly triggered cell cycle arrest and induced apop-
tosis. Thus, inhibiting the growth of colorectal cancer
cells, with concomitant inhibition of the CaMK2y
signaling cascade. Moreover, CaMK2y overexpression
markedly abolished the inhibitory effects of SKF-96365
on cancer cells. More importantly, the direct genetic or
pharmacological inhibition of CaMK2y using siRNA or
KN93 resulted in similar observations in SKF-96365-
treated cells. These indirect and direct results suggest
that CaMK2y signaling is a critical mediator in regu-
lating the growth of CRC cells [40]. Consistently, in
another study, researchers found that the expression
of CaMK2 was significantly increased in colon can-
cer samples and highest in poorly differentiated colon
cancer specimens compared to paracancerous tissues.
Inhibiting CaMK2 activity using KN93 remarkably
repressed proliferation and attenuated migration and
invasion in colon cancer cells. This biological effect
may be dependent on the inhibition of ERK1/2 and p38
pathways [41]. Altogether, these experimental stud-
ies imply that CaMK2 plays an important role in the
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promotion of cellular growth, migration, and invasion

in CRC.

CaMK2 in breast cancer

The biological role of CaMK2 in breast cancer progres-
sion has been preliminarily examined in several recent
studies. First, a previously published paper showed
that inhibition of CaMK2 signaling partially abrogated
ANOI1 promotion of cell viability and proliferation in
ANO1-amplified and -overexpressed breast cancer,
suggesting that CaMK2 plays a critical role in cellular
proliferation and oncogenesis in breast cancer [42].
In support of this view, a later study found that the
expression and phosphorylation at T286 of CaMK2 in
breast cancer specimens and its lymph node metasta-
sis tissues were significantly increased. Pharmacologi-
cal inhibition of CaMK2 using both AIP and KN-93
decreased the migration and invasion of highly aggres-
sive MDA-MB-231 cells. In contrast, overexpression
of the constitutively active (T286D phosphomimetic
mutant) form of CaMK2a significantly increased the
growth, migration, and invasion capacities of MDA-
MB-231 and MCEF-7 breast cancer cells. Induction of
the T286D phosphorylation of CaMK2« effectively pro-
moted epithelial-mesenchymal transition (EMT) and
up-regulated the phosphorylation of FAK, STAT5a, and
Akt. Therefore, data from this study suggest that the
stimulatory effects of CaMK2a-T286D on breast can-
cer cells are closely associated with enhanced EMT and
increased activation of FAK, STAT5a, and Akt [43].

Notably, CaMK2 has also been demonstrated to
undergo functional phosphorylation at other sites to
regulate the proliferation and cell cycle of cancer cells
[44]. In contrast to the phosphorylation of CaMK2 at
T286, endogenous CaMK2 was dephosphorylated at
T253 during the G2 and/or M phases of the cell cycle.
Overexpression of a T253V phosphonull form of
CaMK2a significantly increased the proliferation rate
of MDA-MB-231 cells. In contrast, overexpression of
the phosphomimetic T253D, but not the T286D, signif-
icantly reduced proliferation, inhibited metaphase-ana-
phase transition, and induced cell apoptosis. This result
indicated that the dephosphorylation of CaMK2a at
T253 was essential for controlling the cell cycle, specifi-
cally the metaphase—anaphase transition.

Taken together, these reports show that CaMK2,
especially the « isoform, is critical for growth, migra-
tion, and invasion in breast cancer, and that phospho-
rylation of CaMK2a at different sites has a diverse
influence on the cell cycle and aggressive phenotypes of
breast cancer cells.
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Table 2 The calcium/calmodulin-stimulated protein kinase Il regulates the cellular proliferation, migration, invasion and metastasis in
various cancer types

Cancer type Cell lines The functional influence of CaMK2 on cancer progression References
CRC HCT116 cells CaMK2y significantly inhibites cell cycle arrest, decreases apoptosis,  [40]
HT29 cells thus promoting cell growth
HCT116 cells CaMK?2 activity is required for cellular proliferation, migration and [41]
invasion
Breast cancer 11g13-amplified breast cancer cells CaMK2 signaling is required for the ANO1-mediated cell survival and  [42]
proliferation
MDA-MB-231 cells CaMK2a activation positively regulates cellular growth, migration [43]
MCF-7 cells and invasion
MDA-MB-231 cells The dephosphorylation of CaMK2a at T253 accelerates the meta- [44]
phase—anaphase transition and increases cell proliferation
Gastric cancer BGC-803 cells CaMK2a activation promotes proliferation and metastasis [45]
BGC-823 cells Inhibition of CaMK2[ decreases cell viability, survival and migration ~ [46]
Hepatocarcinoma Hep3B cells Inhibiting CaMK2 activity using KN-62 decreased the protein synthe-  [47]
HepG2 cells sis and functionally activity of HIF-1a in hepatocellular carcinoma
cells
Huh7, MHCC97H; SNU398; SK-Hep-1 Inhibiting CaMK2y with KN93 and shRNAs significantly reduced (48]
survival and proliferation in carcinoma cells, wheras, overexpression
of CaMK2y exerts an opposite effect
Prostate cancer  C4-2Bcells Inhibition of CaMK2 activity results in significant inhibition of cell [49]
proliferation
LNCaP cells Overexpression of CaMK2 (a and {3 isofroms) decreases apoptosis [50]
and promotes cell growth
KN-93 synergistically increases cell death in combination with low (52]
doses of doxorubicin and converts the phenotype of prostate
cancer cells from TRAIL-resistant to TRAIL-sensitive
C4-2B4 cells CaMK2 activation promotes cell survival, growth, migration and [51]
PC3-mm?2 cells metastasis in vivo and vitro
PC3 cells Inhibition of CaMK2 (a isoform) using AIP or a dominant negative [53]
mutant significantly mitigates H,0,-induced cell death
Osteosarcoma MG-63 cells Inhibiting CaMK2a using KN93, specific siRNA or the K42M kinase- (54]
143B cells dead construct (CaMK2a K42M) significantly decreases growth of
osteosarcoma cells through the induction of p21-dependent cell
cycle arrest
MG-63, 143B, HOS, MNNG/HOS cells Knockdown of CaMK2a decreases proliferation, migration and inva- ~ [55]
sion in vitro and tumor burden in vivo; wheras, overexpression of
CaMK2a has the opposite effects
Myeloid leukemia K562 cells Inhibition of CaMK2 activity with pharmacologic agents, dominant-  [56]
negative constructs or shRNAs reduces the proliferation of myeloid
leukemia cells
overexpression of CaMK2y greatly reversed berbamine-induced [57]
growth inhibition of myeloid leukemia cells in vivo and vitro
T celllymphoma  H9 cells, SU-DHL-1 cells, JB6 cells, and Jurkat ~ CaMK2y promotes lymphomagenesis and cellular proliferation of T [58]
cells cell lymphoma by regulating c-Myc protein expression
0SCC HSC-3 and SAS cells CaMK?2 signaling may be involved in OSCC progression [59]
GBM U87MG, U251 and LN229 cells CaMK2a might exert an inhibitory effect on cell survival and progres-  [60]

sion of GBM

CRC colorectal cancer, HIF-1 hypoxia inducible factor-1, OSCC oral squamous cell carcinoma, GBM glioblastoma multiforme

CaMK2 in gastric cancer

Recently, the function and underlying mechanism of
CaMK?2 in the control of gastric cancer cell growth
and metastasis have been reported. A previous study
found that high CaMK2 phosphorylation at Thr286
was expressed in gastric cancer tissues with metastasis

and in four higher metastatic gastric cancer cell lines.
This suggests that CaMK2 activation may be involved
in the regulation of gastric cancer cell metastasis.
As expected, overexpression of CaMK2a H282R (a
constitutively active CaMK2a) significantly acceler-
ated cell proliferation, migration, and invasion, with
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a concomitant increase in NF-kB and Akt-mediated
matrix metalloproteinase-9 (MMP-9) production.
However, inhibition of CaMK2 activity using KN-62
exerted the opposite effects. These experimental find-
ings indicate that CaMK2-mediated promotion of
migration and invasiveness in gastric cancer cells might
rely on NF-kB and Akt-dependent MMP9 produc-
tion [45]. Consistently, a later study also demonstrated
that blockade of CaMK2p using a specific inhibitor
(KN93) or shRNAs remarkably inhibited prolifera-
tion and migration of gastric adenocarcinoma cells.
This inhibitory effect might be related to the decreased
phosphorylation of NF-kB, AKT, S6, and mTOR [46].
Collectively, these results represent a positive function
and possible mechanisms of CaMK2 in the regulation
of gastric cancer growth and metastasis. Thus, offering
a potential target for the prevention of gastric cancer
metastasis.

CaMK2 in liver cancer

Similarly, the essential role of CaMK2 in HCC progres-
sion has recently been reported. First, the potential
effect of CaMK2 on liver cancer was indirectly assessed
by a simple experiment [47]. KN-62, a pharmacologi-
cal inhibitor of CaMK2, specifically and effectively
suppressed protein synthesis and the functional activ-
ity of hypoxia-inducible factor (HIF)-1la in hepatoma
cells during hypoxia. Given that HIF-1a is a transcrip-
tion factor that contributes to the angiogenesis and
growth of tumors in the hypoxic microenvironment,
it is reasonable to speculate that CaMK2 can promote
the growth and survival of hepatocellular carcinoma
cells. In support of this possibility, Meng et al. [48]
proved that phosphorylated (activated) CaMK2y was
frequently present in liver tumor samples compared
with the adjacent peritumor tissues. The frequency of
CaMK2y phosphorylation in liver cancer specimens
was positively correlated with the clinical stages of hep-
atocarcinoma. This suggests that CaMK2y plays a criti-
cal role in the development of hepatocarcinoma. As
expected, inhibition of CaMK2y using KN93 or shR-
NAs considerably decreased the survival and growth
of hepatoma cells in vivo and in vitro. Whereas, over-
expression of CaMK2y promoted cell proliferation
in vitro. Importantly, berbamine could recapitulate this
inhibitory phenotype by directly targeting CaMK2y.
Results from this experiment showed that CaMK2
(mainly the y isoform) plays a significant role in the
growth and development of liver cancer.

Therefore, these indirect and direct consequences
collectively indicate that CaMK2, especially the y iso-
form, could facilitate the survival, proliferation, and
growth of liver cancer cells.
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CaMK2 in prostate cancer

Accumulated evidence has emphasized the essen-
tial role of CaMK?2 in regulating the growth, invasion,
and metastasis of prostate cancer cells. A previous
study reported that inhibition of CaMK2 activity using
a pharmacological inhibitor (KN93) significantly
repressed cell proliferation and invasion of C4-2B
cells. This effect was highly associated with inhibition
of Notch-1 signaling [49]. Consistent with this view,
another study found that inhibition of CaMK2 activity,
KN-93, induced dose-dependent apoptosis in LNCaP
cells. Overexpression of CaMK2 (a and B isoforms)
sharply diminished apoptosis and increased cell growth
of LNCaP under steroid-free conditions [50]. Subse-
quently, an original experiment published in Cancer
Research directly comprehensively demonstrated the
important role of CaMK2 in enhancing prostate can-
cer progression. Active CaMK2 was highly expressed in
metastatic prostate cancer specimens and more tumo-
rigenic PC3-mm?2 cells. Genetic deletion of CaMK2
(all four CaMK2 isoforms) in PC3-mm?2 cells using
the CRISPR/Cas9 system reduced cell survival under
low serum conditions, anchorage-independent growth
and migration, and lymph node metastasis. However,
these altered biological phenotypes were significantly
rescued by re-expression of CaMK2-T286D (a consti-
tutively active form of CaMK2) in CaMK2 knockout
PC3-mm?2 cells. Correspondingly, overexpression of
CaMK2-T286D in the less tumorigenic C4-2B4 cells
significantly promoted these phenotypes. In addition,
B-oxidation-generated acetyl-CoA could enhance pros-
tate cancer cell survival, migration, and metastasis by
binding to the CaMK2 regulatory domain and increas-
ing CaMK2 activity [51]. Furthermore, researchers have
also shown that KN-93 could increase apoptosis and
induce cell death when other agents fail to kill prostate
cancer cells after androgen deprivation. More impor-
tantly, the combination of KN-93 and low doses of dox-
orubicin further induced cell death and also converted
the phenotype of prostate cancer cells from TRAIL-
resistant to -sensitive. This indicates that CaMK2 may
be a promising target for drug tolerance therapy in
prostate cancer [52]. Together, the results from these
reports collectively indicate that the synthetic drugs
and endogenous genes that decrease CaMK2 produc-
tion or inactivate CaMK2 may have the potential to
inhibit prostate cancer progression.

Contrary to the mainstream opinion, one previous
study elucidated the negative role of CaMK2 in cancer
cell survival [53]: pharmacological inhibition or domi-
nant-negative mutant of CaMK2 remarkably alleviated
H,0,-induced cell death in PC3 cell. This suggests that
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CaMK2 has the ability to promote cell death under oxi-
dative stress.

CaMK2 in osteosarcoma

Osteosarcoma is the most frequent type of primary
bone cancer in humans and lacks specific molecu-
lar targets for potential therapeutic options. In recent
years, the a isoform of CaMK2 has been shown to posi-
tively regulate the aggressive phenotypes of human
osteosarcoma. First, a published study explored the
critical role of CaMK2a in the growth of osteosarcoma
[54]. Primary osteosarcoma tissues and human osteo-
sarcoma cell lines expressed high levels of total and
phosphorylated forms of CaMK2a. This suggests that
the expression and activity of CaMK2« are increased
in human osteosarcoma. Inhibition of CaMK2a using
a pharmacological antagonist (KN93), specific siRNA,
or the K42M kinase-dead construct (CaMK2a K42M)
resulted in a significant decrease in the growth of oste-
osarcoma cells. This inhibitory phenotype was due to
the induction of p21-dependent cell cycle arrest. Simi-
lar to the in vitro results, KN-93 treatment of mice xen-
ografted with human osteosarcoma cells dramatically
decreased tumor volume and size. This indicates that
inhibition of CaMK2 activity also arrested the in vivo
growth of human osteosarcoma. Soon afterward, the
promotion of CaMK2a on the metastasis and tumori-
genesis of human osteosarcoma was further confirmed
by another experiment [55]. Knockdown of CaMK2a by
lentivirus shRNA in aggressive osteosarcoma MG-63
and 143 B cells significantly decreased proliferation,
migration, and invasion in vitro and reduced tumor
burden in vivo; in contrast, overexpression of CaMK2a
by retrovirus in nonaggressive and nontumor forming
osteosarcoma HOS cells dramatically increased cell
proliferation, migration, and invasion in vitro, result-
ing in tumor formation in vivo. Taken together, these
experiments suggest that CaMK2a plays a critical role
in determining the tumorigenic properties of osteosar-
coma, and its inhibition might be a promising thera-
peutic target to combat this devastating disease.

CaMK2 in leukemia

In addition to solid tumors, CaMK2 has also been
demonstrated to positively regulate cancer progres-
sion in several types of leukemia. In the field of chronic
myeloid leukemia (CML), a previous study published
in Cancer Research showed that autophosphorylated
(activated) CaMK2y was predominantly and com-
monly present in primary acute myelogenous leuke-
mia samples and different myeloid leukemia cell lines.
Inhibition of CaMK2y with pharmacologic inhibitors,
dominant-negative constructs, or shRNAs resulted in
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a significantly reduced proliferation of myeloid leu-
kemia cells. This effect was accompanied by inactiva-
tion/downregulation of the MAPK, JAK/Stat, Stat3/
Stat5, and GSK3p/p-catenin pathways. Thus, the effect
of CaMK2y on proliferation in myeloid leukemia cells
is likely mediated through the regulation of multiple
critical signaling pathways [56]. In agreement with
these findings, overexpression of CaMK2y not only sig-
nificantly attenuated berbamine-induced inhibition of
leukemia cell proliferation in vitro, but also markedly
reversed berbamine-induced growth inhibition of xen-
ograft tumors in vivo [57]. Together, CaMK2y contrib-
utes to cellular proliferation in myeloid leukemia.

Additionally, another study published in Can-
cer Cell regarding T-cell lymphoma (TCL) showed
that CaMK2y genetic deletion significantly inhib-
ited the development of N-methyl-N-nitrosourea
(MNU)-induced TCL in mice. It also delayed the
tumorigenic kinetics of the bone marrow transplan-
tation (BMT) experiment of hematopoietic progeni-
tors infected with retroviruses driving the expression
of an oncogenic constitutively active form of Notchl
(Notch1-/\E). This suggests that CaMK2y is required
for T cell lymphomagenesis in vivo. Consistently, both
inhibition of CaMK2y activity by KN93 and genetic
ablation of CaMK2y by CRISPR/Cas9 technology dra-
matically induced G2/M arrest, increased apoptosis,
and impaired cellular proliferation. This was consist-
ent with a reduced protein level of c-Myc. In contrast,
CaMK2y overexpression significantly promoted pro-
liferation and colony formation. Notably, c-Myc over-
expression reversed the effect of CaMK2y deletion on
decreased cellular proliferation [58]. Taken together,
these results indicate that CaMK2y positively regulates
tumorigenesis and cell proliferation of TCL by sustain-
ing c-Myc levels.

Altogether, these previous experiments suggest that
CaMK2y regulates cellular proliferation and tumo-
rigenesis in leukemia and represents a novel potential
target for leukemia therapy.

CaMK2 in other cancers

Finally, the possible involvement of regulation of
CaMK?2 signaling in the progression of oral squamous
cell carcinoma (OSCC) and glioblastoma multiforme
(GBM) has also been reported in two other studies.
One of these studies showed a positive correlation
between CaMK2 activation and cancer progression
in OSCC [59]. Synaptotagminl2 (SYT12) expression
in primary OSCC tissue and OSCC-derived cell lines
was significantly increased compared to that in normal
tissues. SYT12 knockdown in OSCC cells effectively
inhibited cellular proliferation, migration, and invasion,
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which was accompanied by a remarkable reduction in
CaMK2-phosphorylation. This finding suggests that
CaMK?2 signaling may be involved in the malignant
phenotype of OSCC. Therefore, the direct functional
effect and underlying mechanism of CaMK2 on OSCC
development need to be investigated in a comprehen-
sive experiment.

In contrast, the experimental results from another
study showed a negative correlation between CaMK2
activation and cell viability in GBM [60]. The phos-
phorylated CaMK2a at T286 in primary GBM tissues
and its tumor cell lines were significantly reduced com-
pared to their normal counterparts. Moreover, the level
of phospho CaMK2a-T286 in high-grade GBM (grade
IV) was much lower than that in the lower grades. This
suggests that inhibition of CaMK2a phosphorylation
was required for GBM progression to an aggressive
and malignant phenotype. Importantly, the bacoside
treatment caused non-apoptotic cell death in GBM
cell lines with a concomitant significant increase in
phospho-CaMK2a. These experimental data indicate
that activated CaMK2a may exert an inhibitory effect
on the survival and progression of GBM. Paradoxically,
the bioinformatics data from this study showed that
the high transcriptional level of CaMK2a was closely
associated with a poor prognosis of GBM. This suggests
that CaMK2a might have the ability to promote the
progression and malignancy of GBM. Thus, the precise
and direct functional role of CaMK2a in GBM progres-
sion is not fully understood.

In summary, these observations collectively highlight
the critical role of CaMK2 in promoting cellular sur-
vival, proliferation, migration, and metastasis in a series
of cancer types. This indicates that CaMK2 is a key
oncogenic factor contributing to cancer progression.
CaMK?2 offers a promising target for novel potential
therapies to prevent cancer progression. Compounds
that inhibit CaMK2 signaling might be attractive thera-
peutic agents for the treatment of malignant diseases.
It is noteworthy that the different phosphorylations of
CaMK2 have diverse influences on cancer progression.
Therefore, understanding the comprehensive molecular
mechanism of CaMK2 in cancer may help to improve
the efficacy of these agents.

The influence of CaMK2 on cancer stem-like traits

Cancer stem-like cells (CSCs) or cancer-initiating
cells (TICs) are a subpopulation of cells with high
tumorigenic potential, self-renewal ability, and promi-
nent expression of stemness-specific markers such as
CD133, Nanog, Sox2, and Oct4. Studies have implied
that CSCs are responsible for cancer initiation, malig-
nant progression, therapeutic resistance, and relapse
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[61-63]. Thus, specifically targeting CSCs may be a
promising approach to cure refractory cancer [64].
Recently, some studies have identified the functional
effect of CaMK2 on CSCs in several different types of
cancer (Table 3).

The effect of CaMK2 on stemness in liver cancer
Interestingly, two papers from the same laboratory
team showed a contradictory effect of CaMK2 on
stem-like traits in liver cancer. Results from the in vitro
assay showed that inhibition of CaMK2 activity using
the chemical inhibitor KN93 in CD133+ liver cancer
cells sufficiently induced cell death. KN93 significantly
reduced the percentage of CD133+/CD90+ stem
cell populations and strongly inhibited hepatosphere
formation in liver cancer cell lines. Importantly, ber-
bamine and its derivative bbd24 mimicked the effects
of KN93 on liver cancer-initiating cells by targeting
CaMK?2 signaling [48]. Together, data from in vitro
experiments suggested that CaMK2 plays a significant
role in maintaining the stemness and self-renewal abil-
ity of liver cancer stem cells. In contrast to the onco-
genic role of CaMK2 in liver cancer cells in in vitro
experiments, the genetic deletion of CaMK2y in mice
resulted in significantly enhanced chemical-induced
hepatocarcinogenesis unexpectedly [65]. Mechanis-
tically, CaMK2y deletion could promote several key
causes of liver tumor initiation, including severe cell
death and inflammation, the continuous compensatory
proliferation of premalignant hepatocytes, and activa-
tion of the AKT/mTORC1 pathway. Therefore, results
from in vivo experiments surprisingly indicated that
CaMK2y inhibited tumorigenesis in a model of DEN-
induced hepatocellular carcinoma, and also played an
inhibitory role in the stemness of liver cancer.

The reasons for this contradictory conclusion should
be fully addressed. Considering that KN93 has the abil-
ity to inhibit CaMK2 activity, including a, B, y, and &
isoforms. We speculate that the absolute genetic dele-
tion of CaMK2y compensatorily increases the expres-
sion of other CaMK2 isoforms. This leads to enhanced
stem-like phenotypes in liver cancer. Of course, our
speculation needs to be fully investigated through an
in-depth experiment.

The effect of CaMK2 on stemness in GBM

Similarly, two published papers have also indicated
an inconsistent relationship between CaMK2 and
stem-like features in GBM. A recent study found that
CaMK2y inhibition significantly suppressed not only
the stem-like traits of GBM cells, such as cell growth
and neurosphere formation, but also the protein lev-
els of GSC stemness markers, such as CD133, Nanog,
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Sox2, and Oct4 [66]. Notably, HBC, a synthetic cur-
cumin derivative, hydrazinobenzoyl-curcumin, reca-
pitulated the suppressive effects of CaMK2y inhibition
on GBM stemness by blocking the CaMK2-dependent
c-Met signaling pathway. Thus, these findings indi-
cate that CaMK2y plays a critical role in sustaining the
stem-like features of GBM cells, and targeting CaMK2y
might be a novel promising approach for GSC ther-
apy. In contrast to this view, another paper published
in Nature Neuroscience showed a negative relation-
ship between CaMK2 and stemness in GBM [67]. First,
CaMK2 was highly expressed in non-BTICs (brain
tumor-initiating cells). Second, CaMK2 might sustain
the non-BTICs phenotypes by inhibiting Drpl activity.
Last, the higher expression of CaMK2 (a or y isoform)
was associated with longer patient survival.

Although the correlation of CaMK2 and stemness
in GBM is not consistent, these currently direct and
indirect results have, at least, collectively confirmed
the involvement of CaMK2 in regulating the stemness
of GBM. The accurate role of CaMK2 in the stem-like
traits of GBM needs to be further elucidated.

The effect of CaMK2 on stemness in other cancers

In addition, the main positive correlation between
CaMK2 and stemness in several cancers has been
preliminarily explored. In chronic myeloid leuke-
mia (CML), both total and phosphorylation levels of
CaMK2y were highly increased in CD34+/CD38—
leukemia stem cells (LSCs) but not in CD34- CML cells
and normal hematopoietic cells (HSCs). This was con-
comitant with the activation of multiple LSC-related
signaling pathways including NF-kB, Wnt/p-catenin,
and Stat3 pathways. These results suggest that CaMK2y
might play a positive role in the survival of CML cancer
stem cells [57]. Therefore, it is worthwhile to directly
investigate the functional effect of CaMK2y on the
stem-like features of CML using a comprehensive in-
depth experiment in the future. Consistently, a study
on breast cancer showed that metabolic stress-resistant
CSCs exhibited significantly increased antiapoptotic
capability and expressed high levels of phosphorylated
CaMK2a during prolonged glucose deprivation com-
pared with their parental lineages. Inhibiting CaMK2«a
with specific siRNAs or pharmacological inhibitor
(KN62) remarkably increased apoptosis and impaired
survival of CSCs in response to prolonged glucose dep-
rivation, which was accompanied by a downregulation
of NF-kB-dependent SERCA2 expression. Together,
these data indicate that CaMK2a is crucial for regu-
lating survival in metabolic stress-resistant CSCs by
increasing NF-kB-dependent SERCA2 expression in
breast cancer [68]. Similarly, an experiment on lung
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cancer demonstrated that CaMK2y was aberrantly acti-
vated and expressed in highly tumorigenic stem-like
lung cancer cells, and was also closely correlated with
poor prognosis in human lung cancer. Functionally,
CaMK2y promoted stem-like properties of lung cancer
cells, including iPSC factor expression and oncosphere
formation, in an Akt- and p-catenin-dependent man-
ner. Moreover, CaMK2y also enhanced the tumorigenic
potential of lung cancer cells in an in vivo assay [69].
Therefore, these findings highlight the critical role of
CaMK2y in maintaining the stemness and tumorigenic-
ity of lung cancer cells.

In summary, these previous studies have high-
lighted the critical role of CaMK2 in regulating can-
cer stemness in a series of cancer types. This suggests
that targeting CaMK2 may be a promising approach to
control stem-like features of cancer. Notably, the role
of CaMK2 in regulating cancer stem-like traits in cer-
tain cancers is controversial. Thus, it is important for
researchers to further explore the precise and specific
functions and underlying mechanisms of CaMK2 in
multiple cancer types.

The influence of CaMK2 on drug resistance in cancer
In addition to its role of CaMK2 in cancer stemness,
the potential effect of CaMK2 on therapeutic resist-
ance has also been investigated. A previous preliminary
study showed that artemisinin induced a doxorubicin-
resistant phenotype in human colon carcinoma cells.
However, inhibition of CaMK2 activity blocked the
effect of artemisinin on doxorubicin accumulation
and cytotoxicity. This suggests that CaMK2 activity is
essential for artemisinin-induced resistance to doxoru-
bicin in human colon cancer cells [70]. Consistent with
the stimulatory effect of CaMK2 on drug resistance in
human colon cancer, an experiment on hypopharyn-
geal carcinoma (HPC) reported that the mRNA level
of CaMK2a was increased when FaDu cells were
treated with TPF. This indicates that CaMK2a might
be involved in TPF resistance. As expected, knock-
down of CaMK2a using siRNA in FaDu cells led to a
significantly decreased TPF IC50 [71]. These combined
results suggest that CaMK2a also plays an impor-
tant role in the TPF resistance of HPC. Furthermore,
CaMK28 overexpression decreased apoptosis and
increased cell viability in human epithelial ovarian can-
cer cells under cisplatin treatment. This suggests that
CaMK23 contributes to cisplatin resistance in ovarian
cancer cells [72]. Moreover, overexpression of CaMK2y
was directly proven to enhance the chemoresistance of
liver cancer cells to 50-FU [48].

Although studies concerning the correlation between
CaMK2 and therapeutic resistance in cancers are
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limited and plain, the current results have commonly
elucidated the important role of CaMK2 in regulating
drug resistance. Given that cancer stemness is the rea-
son for therapeutic resistance and relapse, results from
these drug-resistance assays have indirectly indicated
the mainly positive role of CaMK2 in cancer stemness.
Therefore, it is worthwhile to further explore the func-
tional effect of CaMK2 on stemness in certain cancers
through a comprehensive in-depth experiment.

Conclusion

In the past decades, some purely bioinformatic evi-
dence has shown the downregulated expression of
CaMK?2 in a variety of malignant tumors. This indicates
that CaMK2 may be involved in cancer progression.
Bioinformatics predominantly focuses on the tran-
scriptional level changes of candidate genes in cancer.
However, the changes in protein levels of candidate
genes are more appropriate and significant for their
functional roles in cancer progression. Therefore, it is
important and necessary for researchers to accurately
confirm the functional effect and underlying mecha-
nism of candidate targets in cancer progression using
a comprehensive in-depth experiment. Unexpectedly,
results from experimental studies show that the protein
levels of CaMK2 in several different cancer types are
universally increased and that CaMK2 plays a vital role
in promoting cancer progression, including growth,
proliferation, invasion, and metastasis. The reasons
for this inconsistent conclusion between bioinformat-
ics and experiments are complex. In our opinion, the
limited sample size and poor repeatability of published
databases or microarray data in the bioinformatic
analyses may partially explain this contradictory con-
clusion. Of course, the controversial findings might
also be caused by the complicated and uncertain bio-
logical events between transcriptomics and proteom-
ics. Therefore, bioinformatics analysis could be used
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as an effective tool to screen possible candidate genes
involved in cancer development. However, the precise
functional role and regulation of candidate proteins
in cancer must be investigated by repeated in-depth
experiments.

Recently, an association between CaMK2 signaling
and cancer progression has emerged. A previous review
described the structure and activation of CaMK2 and
emphasized the role of CaMK2 in the regulation of
cancer progression, especially proliferation, cell cycle,
and metastasis [73]. Comparatively, we retrieved and
replenished the latest experimental studies regarding
the correlation of CaMK2 and cancer progression in
the present review and found that CaMK2 plays a sig-
nificant role in regulating the development of several
cancer types, such as growth, proliferation, migration,
invasion, and metastasis. Additionally, we have added
some recently published articles focusing on the rela-
tionship between CaMK2 and cancer stemness or
drug tolerance. Although the role of CaMK2 in can-
cer stemness is not completely consistent, most stud-
ies have shown that CaMK2 promotes cancer stem-like
traits and confers drug resistance in cancer. These
experimental results imply that CaMK2 may provide a
novel opportunity for cancer treatment.

Notably, the complex downstream signaling net-
work of CaMK2 in regulating cancer progression and
stemness is summarized and presented in Fig. 1. How-
ever, the upstream regulation of CaMK2 in cancer
development remains unknown. Thus, more effort is
needed to further elucidate the influence and underly-
ing mechanisms of CaMK2 on cancer.

To conclude, CaMK2 is involved in cancer develop-
ment and plays a significant role in the proliferation,
metastasis, resistance, recurrence, and stemness in a
range of cancer types. CaMK2 may be a promising tar-
get for cancer therapy.



He and Li Cancer Cell Int (2021) 21:326

Page 13 of 15

FAK

® ———— B-catenin ——
P44/42 MAPK
P38 MAPK ——

STATS

©

(D).

(A) A The growth and metastasis

in breast cancer.

©

The proliferation of myeloid
leukemia cells.

(D). The proliferation, migration

STAT3

==

and metastasis in CRC.
(B)

/

(E)

|: ERK1/2 —

NF-KB

(F) (F)

[CaMKZJ

©
©
mTOR

S6

N (H)
®

The stemness in lung cancer

The growth, metastasis and
stemness of GCSs.

(E)

(F)
(G)

SERCA The survival of breast CSCs.

The growth and migration of GACs.

(H)

(0]

Hepatoma cell development.
(0]

O]

®sezt

to doxorubicin in CRCs.

Q). The proliferation and invasion

in prostate cancer cells.

(9]

T cell ymphoma

(stabilization)

myeloid leukemia cells proliferation through activation of p44/42 MAPK,

cells

Fig. 1 CaMK2 regulates the growth, metastasis, stemness and drug resistance of cancer by targeting multiple downstream substrates. A The
activation of FAK, STAT5 and AKT are responsible for the stimulative effects of CAMK2 on celluar grwoth, migration and invasion in breast cancer
[43]. B CaMK2y accelerates the stem-like properties of lung cancer cells in an Akt- and 3-catenin-dependent manner [69]. C CaMK2y promotes

P38 MAPK, STAT3, STAT5 and (3-catenin [56]. D CaMK2y facilitates the

proliferation, migration and metastasis of colon cancer by activating several pathways including AKT, p38 MAPK and ERK1/2 [40]. E CaMK2y
enhances the growth, metastasis and stem-like traits of GSCs through upregulation of AKT, STAT3 and ERK1/2 pathways by activating c-Met
signaling [66]. F CaMK2a maintains the breast CSCs survival in glucose-deprived conditions through SERCA induction by activating NF-kB [68]. G
The activation of AKT, NF-kB, mTOR and S6 are required for the CaMK2f3-mediated growth and migration of gastric adenocarcinoma cells [46]. H
CaMK2 may promote hepatoma Cells development by AKT-dependent upregulation of HIF-1a [47]. | CaMK2 may induce resistance to doxorubicin
in human colon cancer cells via activation of HIF-1a and Pgp [70]. J The functions of CaMK2 in promoting the celluar proliferation and invasion

of prostate cancer are associated with the upregulation of Notch-1 signaling and its downstream substrates containing Hes-1
CaMK2y promotes T cell lymphoma by directly phosphorylating and stabilizing c-Myc protein [58]. The software used to generate the Figure is
Microsoft Office PowerPoint (Office 2019 version). The signal network presented in this Figure is summarized from these experimental articles that
included in this narrative review. CRCs colorectal cancer, GSCs glioblastoma stem-like cells, GACs gastric adenocarcinoma cells, CSCs cancer stem

and c-Myc [49]. K

Abbreviations

PCR: Polymerase chain reaction; CRC: Colorectal cancer; GBM: Glioblastoma
multiforme; GEPIA: Gene expression profiling interactive analysis; GEO: Gene
expression omnibus; DEGs: Differentially expressed genes; DEMs: Differently
expressed miRNAs; Lingual SCC: Lingual squamous cell carcinoma; MeDIP-Seq:
Methylated DNA immunoprecipitation sequencing; EAC: Esophageal adeno-
carcinoma; USP54: Ubiquitin-Specific peptidase 54; HSCC: Hypopharyngeal
squamous cell carcinoma; TPF: Docetaxel, cisplatin and 5-fluorouracil; TNBC:
Triple negative breast cancer; TMT: Tandem mass tag; ELISA: Enzyme-linked
immunosorbent assay; NSCLC: Non-small cell lung cancer.

Acknowledgements
Not applicable.

Authors’ contributions

QH conceived the study and participated in the study design, performance,
coordination and manuscript writing. ZL carried out the literature review and
graphics production. QH revised the manuscript. All authors reviewed the final
manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Author details
'Department of Pathology, Chongaing University Cancer Hospital, No. 181
Hanyu Road, Shapingba District, Chongging 400030, People’s Republic




He and Li Cancer Cell Int

(2021) 21:326

of China. ?College of Laboratory Medicine, Chongqing Medical University,

Chongging, People’s Republic of China. *Department of Pathophysiology,

Basic Medical College, Chongging Medical University, Chongging, People’s
Republic of China.

Received: 30 June 2020 Accepted: 19 June 2021
Published online: 30 June 2021

References

1.

20.

21.

Hudmon A, Schulman H. Neuronal Ca**/calmodulin-dependent protein
kinase II: the role of structure and autoregulation in cellular function.
Annu Rev Biochem. 2002;71:473-510.

Shonesy BC, et al. CaMKII: a molecular substrate for synaptic plasticity and
memory. Prog Mol Biol Trans| Sci. 2014;122:61-87.

Skelding KA, Rostas JA, Verrills NM. Controlling the cell cycle: the role

of calcium/calmodulin-stimulated protein kinases | and II. Cell Cycle.
2011;10(4):631-9.

Braun AP, Schulman H. The multifunctional calcium/calmodulin-
dependent protein kinase: from form to function. Annu Rev Physiol.
1995,57:417-45.

Brzozowski JS, Skelding KA. The multi-functional calcium/calmodulin
stimulated protein kinase (CaMK) family: emerging targets for anti-cancer
therapeutic intervention. Pharmaceuticals (Basel). 2019;12(1):8.

Fong VL, et al. Studies of the regulatory mechanism of Ca?*/calmodulin-
dependent protein kinase Il. Mutation of threonine 286 to alanine and
aspartate. J Biol Chem. 1989,264(28):16759-63.

Meyer T, et al. Calmodulin trapping by calcium-calmodulin-dependent
protein kinase. Science. 1992;256(5060):1199-202.

Skelding KA, Rostas JA. Regulation of CaMKIl in vivo: the importance

of targeting and the intracellular microenvironment. Neurochem Res.
2009;34(10):1792-804.

Coultrap SJ, et al. CaMKIl autonomy is substrate-dependent and further
stimulated by Ca**/calmodulin. J Biol Chem. 2010,285(23):17930-7.
Colbran RJ, et al. Calcium/calmodulin-dependent protein kinase II. Bio-
chem J. 1989;258(2):313-25.

Hudmon A, Schulman H. Structure-function of the multifunctional
Ca”*/calmodulin-dependent protein kinase Il. Biochem J. 2002;364(Pt
3):593-611.

Schworer CM, Colbran RJ, Soderling TR. Reversible generation of

a Ca’*-independent form of Ca**(calmodulin)-dependent pro-

tein kinase Il by an autophosphorylation mechanism. J Biol Chem.
1986;261(19):8581-4.

Erickson JR, et al. A dynamic pathway for calcium-independent activation
of CaMKIl by methionine oxidation. Cell. 2008;133(3):462-74.

Erickson JR, et al. Diabetic hyperglycaemia activates CaMKIl and arrhyth-
mias by O-linked glycosylation. Nature. 2013;502(7471):372-6.

Coultrap SJ, Bayer KU. Nitric oxide induces Ca**-independent activity of
the Ca“/calmodu\infdependent protein kinase Il (CaMKIl). J Biol Chem.
2014;289(28):19458-65.

Ducibella T, Schultz RM, Ozil JP. Role of calcium signals in early develop-
ment. Semin Cell Dev Biol. 2006;17(2):324-32.

Zayzafoon M. Calcium/calmodulin signaling controls osteoblast growth
and differentiation. J Cell Biochem. 2006;97(1):56-70.

Wang C, et al. A novel endogenous human CaMKIl inhibitory protein sup-
presses tumor growth by inducing cell cycle arrest via p27 stabilization. J
Biol Chem. 2008;283(17):11565-74.

Ma'S, et al. Endogenous human CaMKIl inhibitory protein suppresses
tumor growth by inducing cell cycle arrest and apoptosis through down-
regulation of the phosphatidylinositide 3-kinase/Akt/HDM2 pathway. J
Biol Chem. 2009;284(37):24773-82.

Giese KP, et al. Autophosphorylation at Thr286 of the alpha calcium-
calmodulin kinase Il'in LTP and learning. Science. 1998;279(5352):870-3.
Miller S, et al. Disruption of dendritic translation of CaMKllalpha impairs
stabilization of synaptic plasticity and memory consolidation. Neuron.
2002;36(3):507-19.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 14 of 15

Mercure MZ, Ginnan R, Singer HA. CaM kinase Il delta2-dependent
regulation of vascular smooth muscle cell polarization and migration. Am
J Physiol Cell Physiol. 2008;294(6):C1465-75.

Cohen MB, Rokhlin OW. Mechanisms of prostate cancer cell survival after
inhibition of AR expression. J Cell Biochem. 2009;106(3):363-71.

Nitzki F, et al. Tumor stroma-derived Wnt5a induces differentiation

of basal cell carcinoma of Ptch-mutant mice via CaMKIl. Cancer Res.
2010;70(7):2739-48.

Minami H, Inoue S, Hidaka H. The effect of KN-62, Ca*/calmodulin
dependent protein kinase Il inhibitor on cell cycle. Biochem Biophys Res
Commun. 1994;199(1):241-8.

Tombes RM, et al. G1 cell cycle arrest and apoptosis are induced in NIH
3T3 cells by KN-93, an inhibitor of CaMK-II (the multifunctional Ca?*/CaM
kinase). Cell Growth Differ. 1995:6(9):1063-70.

Hennig EE, et al. Comparative kinome analysis to identify putative colon
tumor biomarkers. J Mol Med (Berl). 2012;90(4):447-56.

Feng YY, et al. Alteration of microRNA-4474/4717 expression and
CREB-binding protein in human colorectal cancer tissues infected with
Fusobacterium nucleatum. PLoS ONE. 2019;14(4):e0215088.

Li JN, et al. Differences in gene expression profiles and carcinogenesis
pathways between colon and rectal cancer. J Dig Dis. 2012;13(1):24-32.
Johansson FK, Goransson H, Westermark B. Expression analysis of genes
involved in brain tumor progression driven by retroviral insertional
mutagenesis in mice. Oncogene. 2005;24(24):3896-905.

Xiong DD, et al. In silico analysis identified miRNAbased therapeutic
agents against glioblastoma multiforme. Oncol Rep. 2019;41(4):2194-208.
van den Boom J, et al. Characterization of gene expression profiles associ-
ated with glioma progression using oligonucleotide-based microarray
analysis and real-time reverse transcription-polymerase chain reaction.
Am J Pathol. 2003;163(3):1033-43.

Zhang Y, Xu J, Zhu X. A 63 signature genes prediction system is effective
for glioblastoma prognosis. Int J Mol Med. 2018;41(4):2070-8.

Lian M, et al. Microarray gene expression analysis of chemosensitivity for
docetaxel, cisplatin and 5-fluorouracil (TPF) combined chemotherapeutic
regimen in hypopharyngeal squamous cell carcinoma. Chin J Cancer Res.
2017,29(3):204-12.

Shao B, et al. Plasma CAMK2A predicts chemotherapy resistance

in metastatic triple negative breast cancer. Int J Clin Exp Pathol.
2018;11(2):650-63.

Tang S, et al. Genome-wide association study of survival in early-stage
non-small cell lung cancer. Ann Surg Oncol. 2015;22(2):630-5.

Kim JH, Kim TW, Kim SJ. Downregulation of ARFGEF1 and CAMK2B

by promoter hypermethylation in breast cancer cells. BMB Rep.
2011,44(8):523-8.

Liu H, et al. Alterations of 63 hub genes during lingual carcinogenesis in
C57BL/6J mice. Sci Rep. 2018;8(1):12626.

Wang Z, et al. RNA sequencing of esophageal adenocarcinomas identifies
novel fusion transcripts, including NPC1-MELK, arising from a complex
chromosomal rearrangement. Cancer. 2017;123(20):3916-24.

Jing Z, et al. SKF-96365 activates cytoprotective autophagy to delay
apoptosis in colorectal cancer cells through inhibition of the calcium/
CaMKllgamma/AKT-mediated pathway. Cancer Lett. 2016;372(2):226-38.
Chen W, et al. Ca(2+)/calmodulin-dependent protein kinase Il regulates
colon cancer proliferation and migration via ERK1/2 and p38 pathways.
World J Gastroenterol. 2017;23(33):6111-8.

Britschgi A, et al. Calcium-activated chloride channel ANO1 promotes
breast cancer progression by activating EGFR and CAMK signaling. Proc
Natl Acad Sci USA. 2013;110(11):E1026-34.

Chi M, et al. Phosphorylation of calcium/calmodulin-stimulated protein
kinase Il at T286 enhances invasion and migration of human breast
cancer cells. Sci Rep. 2016;6:33132.

Hoffman A, et al. Dephosphorylation of CaMKIl at T253 controls the
metaphase-anaphase transition. Cell Signal. 2014;26(4):748-56.

Liu Z, et al. Calcium/calmodulindependent protein kinase Il enhances
metastasis of human gastric cancer by upregulating nuclear factorkap-
paB and Aktmediated matrix metalloproteinase9 production. Mol Med
Rep. 2014;10(5):2459-64.



He and Li Cancer Cell Int (2021) 21:326

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Dai L, et al. DAG/PKCdelta and IP3/Ca(2)(+)/CaMK libeta operate in paral-
lel to each other in PLCgamma1-driven cell proliferation and migration of
human gastric adenocarcinoma cells, through Akt/mTOR/S6 pathway. Int
J Mol Sci. 2015;16(12):28510-22.

Lee KH. CaMKIl Inhibitor KN-62 Blunts tumor response to Hypoxia by
inhibiting HIF-1alpha in hepatoma cells. Korean J Physiol Pharmacol.
2010;14(5):331-6.

Meng Z, et al. Berbamine inhibits the growth of liver cancer cells and
cancer-initiating cells by targeting Ca(2)(+)/calmodulin-dependent
protein kinase Il. Mol Cancer Ther. 2013;12(10):2067-77.

Mamaeva OA, et al. Calcium/calmodulin-dependent kinase Il

regulates notch-1 signaling in prostate cancer cells. J Cell Biochem.
2009;106(1):25-32.

Rokhlin OW, et al. Calcium/calmodulin-dependent kinase Il plays

an important role in prostate cancer cell survival. Cancer Biol Ther.
2007,6(5):732-42.

Yu G, et al. Organelle-derived Acetyl-CoA promotes prostate cancer cell
survival, migration, and metastasis via activation of calmodulin kinase II.
Cancer Res. 2018;78(10):2490-502.

Rokhlin OW, et al. KN-93 inhibits androgen receptor activity and induces
cell death irrespective of p53 and Akt status in prostate cancer. Cancer
Biol Ther. 2010;9(3):224-35.

Wang Q, Huang L, Yue J. Oxidative stress activates the TRPM2-Ca(2+)-
CaMKII-ROS signaling loop to induce cell death in cancer cells. Biochim
Biophys Acta Mol Cell Res. 2017;1864(6):957-67.

Yuan K, et al. Alpha-CaMKIl controls the growth of human osteosarcoma
by regulating cell cycle progression. Lab Invest. 2007,87(9):938-50.

Daft PG, et al. Alpha-CaMKIl plays a critical role in determining the
aggressive behavior of human osteosarcoma. Mol Cancer Res.
2013;11(4):349-59.

Si J, Collins SJ. Activated Ca®*/calmodulin-dependent protein kinase

Il gamma is a critical regulator of myeloid leukemia cell proliferation.
Cancer Res. 2008;68(10):3733-42.

Gu'Y, et al. CaMKIl gamma, a critical regulator of CML stem/pro-

genitor cells, is a target of the natural product berbamine. Blood.
2012;120(24):4829-39.

GuY, et al. Stabilization of the c-Myc protein by CAMKllgamma promotes
T Cell lymphoma. Cancer Cell. 2017;32(1):115-128e7.

Eizuka K, et al. SYT12 plays a critical role in oral cancer and may be a
novel therapeutic target. J Cancer. 2019;10(20):4913-20.

John'S, Sivakumar KC, Mishra R. Bacoside a induces tumor cell death in
human glioblastoma cell lines through catastrophic macropinocytosis.
Front Mol Neurosci. 2017;10:171.

Page 15 of 15

61. Visvader JE, Lindeman GJ. Cancer stem cells: current status and evolving
complexities. Cell Stem Cell. 2012;10(6):717-28.

62. Clarke MF, et al. Cancer stem cells—perspectives on current status and
future directions: AACR Workshop on cancer stem cells. Cancer Res.
2006;66(19):9339-44.

63. Clevers H.The cancer stem cell: premises, promises and challenges. Nat
Med. 2011;17(3):313-9.

64. Frank NY, Schatton T, Frank MH. The therapeutic promise of the cancer
stem cell concept. J Clin Invest. 2010;120(1):41-50.

65. Meng Z, et al. CAMK2gamma antagonizes mTORC1 activation during
hepatocarcinogenesis. Oncogene. 2017;36(17):2446-56.

66. Shin HJ, Lee S, Jung HJ. A curcumin derivative hydrazinobenzoylcur-
cumin suppresses stem-like features of glioblastoma cells by target-
ing Ca(2+)/calmodulin-dependent protein kinase II. J Cell Biochem.
2019;120(4):6741-52.

67. Xie Q, et al. Mitochondrial control by DRP1 in brain tumor initiating cells.
Nat Neurosci. 2015;18(4):501-10.

68. Park KC, et al. Survival of cancer stem-like cells under metabolic stress
via CaMK2alpha-mediated upregulation of sarco/endoplasmic reticulum
calcium ATPase expression. Clin Cancer Res. 2018;24(7):1677-90.

69. Chais, et al. Ca**/calmodulin-dependent protein kinase llgamma
enhances stem-like traits and tumorigenicity of lung cancer cells. Onco-
target. 2015;6(18):16069-83.

70. Riganti C, et al. Artemisinin induces doxorubicin resistance in human
colon cancer cells via calcium-dependent activation of HIF-1alpha and
P-glycoprotein overexpression. Br J Pharmacol. 2009;156(7):1054-66.

71. LiuS, et al. c-Jun and Camk2a contribute to the drug resistance of induc-
tion docetaxel/cisplatin/5-fluorouracil in hypopharyngeal carcinoma. Int J
Clin Exp Pathol. 2018;11(9):4605-13.

72. Xu X, et al. Overexpression of SMARCA2 or CAMK2D is associated with
cisplatin resistance in human epithelial ovarian cancer. Oncol Lett.
2018;16(3):3796-804.

73. Wang YY, Zhao R, Zhe H.The emerging role of CaMKIl in cancer. Onco-
target. 2015;6(14):11725-34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The dysregulated expression and functional effect of CaMK2 in cancer
	Abstract 
	Introduction
	Methods for this narrative review
	The dysregulated expression of CaMK2 in cancer revealed by bioinformatic analysis
	The decreased CaMK2 in colorectal cancer
	The altered CaMK2 in glioblastoma multiforme (GBM)
	The correlation of CaMK2 with therapy sensitivity and prognosis in cancers
	The epigenetic modification of CaMK2 in cancer
	The role of CaMK2 in the cellular proliferation, migration, and metastasis of cancer
	CaMK2 in colon cancer
	CaMK2 in breast cancer
	CaMK2 in gastric cancer
	CaMK2 in liver cancer
	CaMK2 in prostate cancer
	CaMK2 in osteosarcoma
	CaMK2 in leukemia
	CaMK2 in other cancers
	The influence of CaMK2 on cancer stem-like traits
	The effect of CaMK2 on stemness in liver cancer
	The effect of CaMK2 on stemness in GBM
	The effect of CaMK2 on stemness in other cancers
	The influence of CaMK2 on drug resistance in cancer

	Conclusion
	Acknowledgements
	References




