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Eukaryotic elongation factor 2 kinase (eEF2K or Ca2+/calmodulin-dependent protein kinase, CAMKIII) is a new member
of an atypical a-kinase family different from conventional protein kinases that is now considered as a potential target for
the treatment of cancer.
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| 1. Introduction

Targeted therapy is an important strategy for cancer treatment, and this has been well applied in actual clinical
applications [, At present, most clinically used targeted cancer drugs are inhibitors of tyrosine kinases W2, However,
even when these drugs have exceptional efficacy initially, the later emergence of drug resistance limits their usefulness 2.
Finding new drug targets and developing new targeted anticancer agents have accordingly become important aspects of
drug discovery and development.

Eukaryotic elongation factor 2 kinase (eEF2K) is the first a-kinase to have been discovered Bl. The activity of eEF2K
depends on calcium ions and calmodulin (CaM) 4. Therefore, eEF2K has also been called CaM-dependent protein
kinase Ill or CAMKIII, and it appears this way in some literature reports 2. The “o-kinase” is an atypical protein kinase
family, and while these often have similar ATP binding pockets to typical protein kinase family members, they are
differentiated by having a translocated conserved region with an alternate sequence, GXGXXG (€. Because of this, drugs
that target eEF2K are less likely to modulate typical kinases and should ideally not have or create cross-resistance with
traditional kinase drugs. Increasing evidence shows that eEF2K is highly expressed in a variety of tumor tissues and that
it is related to the development and prognosis of several kinds of malignancies such as breast cancer, ovarian cancer,
colon cancer, glioma, medulloblastoma, hepatocellular carcinoma, and prostate cancer [MEIRILOILNZ] |y addition, eEF2K
can also participate in the regulation of the tumor cell cycle, proliferation, autophagy, apoptosis, angiogenesis, invasion,
and metastasis, among other processes 18141151 For all of these reasons, eEF2K is a potential therapeutic target for
anticancer drug development.

| 2. The Role of eEF2K in Cancer

It has been shown that eEF2K is overexpressed and regulates tumor progression in several types of malignancies,
including breast cancer, glioma cancer, pancreatic cancer, lung cancer, neuroblastoma, and colorectal cancer [EIL6IL7]
Previous studies have found that eEF2K is associated with tumor proliferation and survival, tumorigenesis, invasion, drug
resistance, and poor prognosis L8I9 For instance, microRNA 603 inhibits tumor formation in triple-negative breast
cancer by the targeted inhibition of eEF2K 29, |t was also reported that eEF2K promotes the proliferation of ovarian
cancer cells and that its expression is positively correlated with poor prognosis 12, In hepatocellular carcinoma, eEF2K
promotes angiogenesis through PI3K/Akt and STAT3 signaling 111, Similarly, eEF2K is positively correlated with lung
cancer proliferation, invasion and metastasis, and poor prognosis [2, These early data indicate the importance of eEF2K
in cancers, and suggest that it is a potential new target for cancer chemotherapeutic treatments.

2.1. eEF2K Helps Tumor Cells to Cope with Harsh Environments

The rapid proliferation of cancer cells in tumors requires a high amount of energy, in part due to greatly upregulated
protein synthesis. The process leads to tumors creating their own harsh microenvironments that have, for example,
reduced availability of nutrients, low pH, and insufficient oxygen. Further adaptation of the tumor cells, including by
increasing expression of eEF2K, helps to regulate the synthesis of proteins in the harsh environment and be protected for
continued proliferation. Under conditions of nutritional deprivation, tumor cells with high eEF2K expression can continue to
survive, while those with low eEF2K expression have been shown to die [22] When intracellular nutrition is insufficient, the
content of ATP decreases, and AMP or ADP increases to activate AMP-activated protein kinase (AMPK). After activation,



AMPK can induce the phosphorylation of eEF2K at Ser398 or Ser491 to thereby inhibit the function of eEF2 (Figure 1).
This ultimately reduces the rate and energy consumption of intracellular proliferation and protein synthesis and promotes
energy production processes such as glucose metabolism and fatty acid oxidation. The mammalian target of rapamycin
complex 1 (MTORC1) is another energy-related protein that has been found to downregulate eEF2K 23] Activated
mMTORCL1 inhibits the activation of eEF2K by inducing its phosphorylation at a variety of residues, including Ser70, Ser78,
Ser359, Ser366, Ser392, Ser396, and Ser470 [24123] Regarding its regulation, mMTORC1 is stimulated by amino acids,
hormones, growth factors, and cellular nutrients “liz3] ynder nutritional deprivation, the activity of mTORCL1 is inhibited,
partially alleviating its phosphorylation and inhibitory effect on eEF2K. At the same time, activated AMPK has been shown
to further indirectly inhibit the activity of mTORC1 28], |n addition, mMTORC1-mediated inhibition of eEF2K is essential for
proliferation of adenomatous polyposis coli (APC)-deficient cells. Rapamycin targets eEF2 indirectly through the
MTORC1-S6K-eEF2K pathway, and treatment of APC-deficient adenomas with rapamycin induces tumor cell growth
arrest and differentiation (&,
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Figure 1. The effects that some typical tumor microenvironmental conditions have on eEF2K.

The rapid proliferation of tumor cells also requires a large amount of oxygen, which frequently is overdrawn enough to
induce a hypoxic environment. It has been found that hypoxia inhibits protein synthesis in breast cancer cells in part
through 4E-BP1 and the eEF2K pathway, controlled by mTOR 28 Additionally, eEF2K is activated and induces eEF2
phosphorylation during hypoxia independent of AMPK and mTORC1 signaling 2. The eEF2K residue Pro98 is a
generally conserved linker between the calmodulin binding domain and the catalytic domain, and when it is hydroxylated,
the binding of calmodulin to eEF2K is reduced and the activity of eEF2K is significantly limited. Under normoxia, proline
hydroxylase catalyzes the hydroxylation of Pro98 of eEF2K, thus inhibiting eEF2K activity. However, when the cells are
hypoxic, the activity of proline hydroxylase is inhibited, thereby releasing the normal inhibition of eEF2K (Figure 1) 29,
Normal cells rely on mitochondrial oxidative phosphorylation to produce energy, while tumor cells mainly generate energy
through glycolysis under hypoxic/normoxic conditions (Warburg effect) B4, The upregulation of eEF2K accelerates
glycolysis to promote human breast cancer cells in development and progression. eEF2K inhibits protein phosphatase 2A-
A (PP2A-A) synthesis, thereby interfering with its promotion of c-Myc ubiquitin-proteasome degradation, and finally
activates the transcription of pyruvate kinase M2 subtype (PKM2) to promote glycolysis B11,

Low pH is frequently a major feature of tumor microenvironments. In tumor cells, unrestricted glycolysis leads to a large
accumulation of lactic acid, thereby acidifying the local environment 283 ynder acidic conditions, or low pH,
overexpression of eEF2K inhibits protein synthesis. At neutral pH, by contrast, overexpression of eEF2K does not affect
protein synthesis, indicating the activation of eEF2K in acidic conditions (Figure 1) 34, However, the activation of eEF2K
is independent of the activity of mMTORCI. It is understood that the affinity of eEF2K to CaM is enhanced at acidic pH, and
the histidine residue (H108) in CaM is essential for the activation of eEF2K [,



Overall, the activity of eEF2K is known to change with the conditions of the tumor microenvironment (e.g., energy
deficiency, hypoxia, low pH), thereby regulating the process of tumor protein synthesis and ultimately protecting the
survival of tumor cells in otherwise harsh conditions.

2.2. eEF2K Inhibits Cell Apoptosis

Cell apoptosis is typically dysregulated in cancers, which leads to rampant proliferation. Accordingly, inducing apoptosis in
cancer cells is an important mechanism of anti-tumor drugs. The expression of eEF2K can inhibit apoptosis and promote
cancer cell survival . The suppression of this mechanism would enable eEF2K to be used mechanistically as a new drug
target for single or multi-agent cancer chemotherapeutics. The caspases represent an important family of proteins that
regulate cell apoptosis. Among them, caspase 8 and caspase 9 are the key regulatory proteins in extrinsic and intrinsic
apoptotic pathways, respectively B8, The cleavage of these caspases will eventually lead to the cleavage of caspase 3
and ultimately apoptosis of the cell BZl. Some eEF2K inhibitors have been shown to induce tumor cell apoptosis by these
mediated extrinsic and/or intrinsic apoptosis pathways. The cleavage of caspase 8 that is induced by tumor necrosis
factor (TNF) family proteins is an important aspect of the extrinsic apoptosis pathway (28, The TNF-related apoptosis-
inducing ligand (TRAIL) belongs to the TNF family. TRAIL can bind to the death receptors DR4 and DR5 to form the
death-inducing signaling complex (DISC) and to upregulate Fas-associated protein with death domain (FADD), thereby

inducing caspase-8-dependent apoptosis (Figure 2) B9, Treatment of glioma cells with the eEF2K inhibitor, NH125 (1),
showed the enhancement of TRAIL-induced apoptosis, and, with the increase of dosed NH125, the cleaved PARP and
caspase 8 levels increased significantly @9, Bcl-2 is another important family of proteins that regulate endogenous
apoptosis 4L, The founding member protein Bcl-2 and Bcl-xL are anti-apoptotic proteins in the Bcl-2 family, and NH125
down-regulates the expression of Bcl-xL in glioma cells 29, |t was additionally shown that silencing eEF2K induces
caspase-9 cleavage and Bcl-2 downregulation in breast cancer cells (Figure 2) 42, Meanwnhile, inhibiting eEF2K
enhances the effect of doxorubicin in an orthotopic model of breast cancer 42, Furthermore, eEF2K is highly expressed in
pancreatic cancer (PaCa) and acts to inhibit apoptosis 4. Treatment of PaCa cells with the natural product inhibitor of
eEF2K, rottlerin (29), not only induces the collapse of mitochondrial potential causing intrinsic apoptosis, but also causes
extrinsic apoptosis regulated by TRAIL and caspase 8 14, At the same time, rottlerin also effects the expression of TG2
(PKC-dltissue transglutaminase), which in turn activates apoptosis-inducing factor (AlF), and ultimately causes caspase-
dependent apoptosis (Figure 2) 141,
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Figure 2. Some pathway effects of eEF2K on apoptosis in tumor cells.
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2.3. eEF2K Regulates the Cell Cycle

The cell cycle is inextricably tied to protein synthesis, and thus the impact of eEF2K in elongation can be understandably
expanded. For one thing, phosphorylation of eEF2K residues Ser359 and Ser366 leads to its inactivation, which
accordingly regulates cell cycle progression 28, The inhibition of eEF2K has been shown to arrest breast cancer cells at
the GO/G1-S phase 3. Conversely, eEF2K is inactivated during G1 cell growth, so eEF2 becomes active and promotes
protein synthesis 43l The Ser366 residue of eEF2K is a point of regulation by MKK and mTOR pathways, and when cells
enter the G1 phase, Ser366 is phosphorylated rapidly in an MKK-dependent manner (Figure 3) 44l During S phase DNA
replication, eEF2K is slowly dephosphorylated, and eEF2 activity is eventually inhibited completely during G2 and mitosis



(Figure 3) 43 It is well-known that eEF2K is a calcium/calmodulin-dependent protein kinase, and calcium binding to CaM
has an important influence on the process of mitosis BI42l, |n the G1/S transition, the intracellular Ca2+ concentration
increases. Under environmental conditions of high calcium concentration, calmodulin can bind to eEF2K and activate it so
that the cells enter the S phase (Figure 3) €. Another function of cellular calcium is to upregulate cAMP levels 44, The
cAMP in turn activates PKA, which can activate eEF2K by phosphorylation of the Ser500 residue 2248 The regulation of
eEF2K on the G2/M phase is related to the phosphorylation at the Ser359 residue, and this leads to inhibition of eEF2K
activity independent of Ca?* concentration (Figure 3) 49, |t has been shown that eEF2K can also be regulated by cell

cycle-related proteins to affect cell cycle progression. For example, human cyclin-dependent kinase 1 (CDC?2) is regulated
by mTORC1 and gets activated in the early stage of mitosis; it then inactivates eEF2K, and thus protein synthesis is
carried out in mitotic cells (Eigure 3) BY. Cell cycle progression is closely related to proliferation in tumor cells, and
chemical interference can accordingly inhibit proliferation and eventually lead to cell death 1. The successful launch of
the CDK4 and CDKG6 targeting cell cycle inhibitor palbociclib, which was approved by the U.S. FDA in 2015, has
encouraged further research on cell cycle-regulating anticancer agents for use as drugs B2. Since eEF2K has a
regulatory effect on multiple links in the cell cycle process, this represents an attractive new target for future cancer
treatments.
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Figure 3. The regulatory effects of eEF2K on the cell cycle, especially prevalent in cancers.

2.4. eEF2K Regulates Cell Autophagy

Autophagy is a “self-consuming” program of cells that is used to remove damage and dysfunction or unnecessary
proteins, and it is closely associated with human diseases such as cancer 53541, Under conditions of starvation or stress,
excess cells may undergo autophagy so that the remaining cells can better survive B338] Autophagy mechanistically
works by lysosomes in cells degrading their own organelles and other macromolecules, and it is an important process for
eukaryotes to carry out the turnover of intracellular substances B8 As previously discussed, tumor cell proliferation
often results in microenvironment nutritional starvation or stress conditions. Autophagy can protect cells from apoptosis
and promotes tumor progression BB, mTOR is an important regulator of autophagy and the upstream protein of eEF2K.
Previous studies have demonstrated that eEF2K induces autophagy to protect cancer cells survival 861l For example, it
was found that during amino acid starvation and endoplasmic reticulum (ER) stress, eEF2K is activated to induce
autophagy 82831 |nhibiting eEF2K-mediated autophagy has been reported to enhance the antitumor effect of MK-2206,
an AKT inhibitor, on human nasopharyngeal carcinoma and human glioma cells BUE4, The induction of autophagy is
mediated via the TSC2/mTOR/S6 kinase/eEF-2 kinase pathway 8. It was also found that silencing of eEF2K can inhibit
autophagy through the mTORC1/p70S6K signaling pathway and increase the sensitivity of human glioma cells to 2-
deoxy-d-glucose (2-DG) [&4],



However, in contrast to the above outcome in human nasopharyngeal carcinoma and human glioma cells, it was found
that silencing of eEF2K activity can induce autophagy to promote the proliferation of colon cancer cells but not enhance
the anticancer effect of MK-2206 in human colon cancer cells 85, The negative regulation of eEF2K on autophagy in
colon cancer cells is dependent on the activation of the AMPK-ULK1 pathway 2. Another experiment on human lung
cancer cells showed that eEF2K protects cell survival under nutrient deprivation, but this effect is due to its inhibition of
protein synthesis rather than regulation of autophagy 22!, Thus, the particular cancer cell type and specific mechanism of
action being observed is important to consider.

2.5. eEF2K Promotes Tumor Angiogenesis, Metastasis, and Invasion

Angiogenesis, the growth of new blood vessels, provides tumors with more nutrients to promote their growth, and plays a
key role in tumor proliferation, metastasis, and invasion B8IE7E8] Oyerexpression of eEF2K has been shown to promote
angiogenesis, invasion, and metastasis in multiples types of tumors €279, |nhibition of eEF2K expression can likewise
prevent these tumor processes. For example, knockdown of eEF2K was found to prevent tumor progression and
angiogenesis of hepatocellular carcinoma via the PI3K/Akt and STAT3 signaling pathway 1. In triple-negative breast
cancer (TNBC) cells, the proto-oncogene transcription factor forkhead box M1 (FOXM1) can regulate eEF2K and affect
breast cancer cell migration and invasion, progression, and tumorigenesis 8. The dual inhibitory effect of microRNA-34a
on the FOXM1/eEF2K axis can regulate the growth and invasion of TNBC Zl. |n addition, TNBC with mutations in PTEN
and p53 is more sensitive to eEF2K inhibitors, and this effect is related to the AKT signaling pathway &, Similarly, it was
found after knocking out eEF2K that the invasion and metastasis of lung cancer cells was inhibited 2. Proud et al. found
that this inhibitory effect may be related to integrin signaling proteins to control cell—cell/cell-extracellular matrix
interactions and cell mobility 22,
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