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Abstract

Maternal embryonic leucine zipper kinase (MELK) is a highly conserved serine/threonine kinase initially found to be
expressed in a wide range of early embryonic cellular stages, and as a result has been implicated in embryogenesis
and cell cycle control. Recent evidence has identified a broader spectrum of tissue expression pattern for this kinase
than previously appreciated. MELK is expressed in several human cancers and stem cell populations. Unique spatial
and temporal patterns of expression within these tissues suggest that MELK plays a prominent role in cell cycle
control, cell proliferation, apoptosis, cell migration, cell renewal, embryogenesis, oncogenesis, and cancer treatment
resistance and recurrence. These findings have important implications for our understanding of development,
disease, and cancer therapeutics. Furthermore understanding MELK signaling may elucidate an added dimension of
stem cell control.
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Introduction

As a member of the AMPK/Snfl family, Maternal Em-
bryonic Leucine-zipper Kinase (MELK) encodes a serine/
threonine kinase that is highly conserved across a variety
of mammalian and non-mammalian species. The MELK
gene was initially cloned from mice (Mus musculus) using
differential display analysis of cDNA libraries from un-
fertilized eggs and preimplantation embryos [1]. This ex-
periment identified MELK to be one of three uniquely
stored maternal mRNAs expressed in the developing egg
and embryo [1]. Due to the presence of a conserved
serine/threonine kinase domain in the N-terminal region,
MELK was classified as a novel member of the AMPK/
Snfl family [1,2]. Similar to the other family members, the
catalytic domain of MELK is followed by a Ubiquitin-
Associated (UBA) domain, which is essential for its cata-
lytic activity [3,4]. The kinase activity of the other AMPK/
Snfl family members is dependent on phosphorylation in
their activation loop by upstream kinases (such as LKB1
or CaMKK2). Interestingly, MELK is activated by auto-
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phoshorylation in vitro [5]: a unique mechanism among
the AMPK/Snfl family members.

Shortly after the discovery of MELK in mouse egg and
preimplanation embryos, a second group cloned MELK—
also known as MPK38 (Murine protein serine/threonine
kinase 38)—from a murine teratocarcinoma cell line,
PCC4 [6]. The group went on to show a wide expres-
sion pattern in adult tissues, and found that MELK is
expressed in the thymus and spleen, but not present in
muscle, kidney, or liver. Interestingly, MELK expression
was restricted to T lineage cells and macrophage/mono-
cyte cells, but was not detectable in a B cell line [6]. MELK
was found to have active kinase catalytic activity in an
immune complex kinase assay, suggesting a functional
gene product was indeed formed in these tissues [6].
The authors postulated that MELK plays an important
role in signal transduction of certain lineages of hema-
topoietic cells.

Since those seminal discoveries, more groups have ex-
amined the expression patterns of MELK using different
organ systems and cell types, and across different species
in both normal and neoplastic cells. As a result, we have
a better understanding of some basic mechanisms, func-
tions, and signaling pathways involving MELK, including
interactions that link it with tumor progression. Though
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these studies have clarified basic functions, additional
studies are required to ascertain specific roles and path-
ways. Knockdown studies, using short hairpin RNAs
(shRNA) and small molecule inhibitors, and forced over-
expression studies have allowed for careful experiments
to unravel the precise cellular functions of MELK. These
studies, discussed in subsequent sections, have impli-
cated MELK in a number of cellular processes, and sug-
gest an important role for MELK in cancer biology.

The identification of the protein structure of human MELK
has enabled investigators to study MELK orthologs in various
species. The protein structure of MELK has been mainly con-
served across various mammalian and non-mammalian spe-
cies as depicted in Figure 1. Interestingly, the functional roles
of MELK appear to be slightly different in each species.
MELK orthologues in Xenopus laevis have been shown to
interact and phosphorylate key proteins to regulate G2/
M cell cycle progression [7]. As a result, MELK has
been strongly postulated to play a functional roll in cell
cycle regulation, proliferation, mitosis and spliceosome as-
sembly [8-11].

In non-mammalian systems such as Caenorhabditis elegans,
Dapnio rerio (zebra fish), and Xenopus, MELK plays an import-
ant role in cell division, as well as propagation and mainten-
ance of some organ-specific stem cells [12-14]. Likewise, in
mammalian systems, MELK is essential for organogenesis,
stem cell proliferation, and cell cycle regulation. Interestingly,
MELK is additionally involved in the development of numer-
ous human cancers, tumor initiation, and tumor propagation
[15-17]. Although recent studies have shed light on the con-
text-dependent, diverse physiological roles of MELK and its
involvement in various signaling pathways, MELKs functions
and regulatory mechanisms are just starting to be understood.

Review

Cell cycle regulation: Pro-apoptotic and anti-apoptotic
functions of MELK

MELK’s expression patterns in mammalian and non-
mammalian systems, and its associations with cellular
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proteins, cued scientists to explore its role in cell cycle
regulation. For example, MELK expression is restricted
to proliferating cells in early embryonic development,
and is expressed at particularly high levels in cancer
cells [10]. In addition, in the TC7 intestinal cancer cell
line, MELK expression levels cycle similarly to those of
cyclin A, cyclin B, and CDK4 [10]. In brain tumors,
MELK mRNA expression is co-regulated with that of
known mitosis-phase regulatory proteins such as ASPM
and Aurora Kinase B [18]. Thus the regulation and ex-
pression levels of MELK correlate with other kinases
and enzymes involved in cell cycle progression. These
data underscore a a prominent role for MELK regulating
cell cycle progression. In addition, depletion of MELK
with siRNA caused a G1/S phase cell cycle arrest in GBM
[17], suggesting MELK may even be required for cell cycle
progression. Notably, similar conclusions can be drawn
from data collected from nonmammalian systems. For
example, in Xenopus, the cycling of MELK depends
on its phosphorylation during M-phase, stabilizing it,
whereas dephosphorylation of MELK coincides with its
degradation [10].

It is important to note that MELK’s effect on promoting
or inhibiting apoptosis is still an area of active research, as
evidence for both of these roles exists. Jung et. al. showed
in mice, that MELK phosphorylates Apoptosis Signal-regu-
lating Kinase 1 (ASK1). This induces H,O,-mediated apop-
tosis in embryonic kidney and hematopoietic cells [19]. In
(HCT116) colon cancer cells, MELK interacts with p53,
and overexpression of MELK increases p53 expression pro-
portionately in vitro and in vivo [20]. MELK also phosphor-
ylates the Serl5 residue on p53 and stimulates its activity.
Importantly, this pro-apoptotic function of MELK is also
observed in some non-mammalian systems. For example,
MELK has a role in promoting apoptosis in C. elegans
through a caspase-independent cell extrusion method
(described later) [21]. Together, these studies suggest
MELK may have a critical role in promoting apoptosis
in developmental models and some forms of cancer.

1 651
H. sapiens L kinase domain UBA KA1
1 643
M. musculus | 93/97 70/80 94/98
1 651
X. laevis L 76/88 47/64 94/96
1 676
D. rerio | 72/85 38/50 92/93/
1 703
C. elegans L 57172 ~20% 56/74|
Figure 1 The domains essential for the kinase activity, namely the kinase, UBA and KA1 domain are highlighted. The numbers indicate
the % of identical/conserved residues in the different domains (kinase + UBA domain residues 11-326, variable domain 327-600, KA1 residues
601-651 in human MELK) for the different species compared to human Melk (H. sapiens) as revealed by a Blast search.
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In contrast, data from other groups suggest MELK is
anti-apoptotic. In glioblastoma (GBM) cells, a highly ma-
lignant brain cancer, the expression of p53 exhibited an in-
verse correlation with MELK expression. MELK silencing
increased p53 expression and induced p53-dependent
apoptosis [22]. In HEK 293T cells, the promoter activity of
p53 diminished with MELK overexpression, whereas
knockdown of MELK with shRNA yielded the opposite re-
sult. Functionally, p53 inhibition partially rescued MELK
depletion-mediated GBM cell apoptosis. Given that MELK
and p53 appear to be exclusively expressed in glioma cells,
we proposed that MELK negatively regulates p53 activ-
ity and vise versa. We postulate that MELK has anti-
apoptotic actions through its regulation on p53. In
breast cancer models Lin et al. showed that the effect
of MELK on cancer cell growth is associated with re-
sistance to apoptosis through the inhibition of a pro-
apoptotic function of Bcl-G [23], although these results
are challenged by other studies [24].

It is possible that MELK may be involved in both pro-
and anti-apoptotic pathways indicating a possible context-
dependent function. Evidence for this possibility is the
paradoxical involvement of MELK in promoting cell div-
ision and also cell death in C. elegans [12,21]. Overall,
these studies support dual roles for MELK and continued
research will give us better understanding of the regulators
and biological contexts in which MELK is pro-apoptotic
and anti-apoptotic.

MELK in mammalian organ development and tissue
homeostasis

Members of the AMPK/Snfl family in the mammalian
system are generally associated with cell survival under
conditions of nutrient starvation [25]. MELK appears to
regulate mitotic cell progression in early embryogenesis
[1], in somatic stem cells [15], and in certain cell line-
ages of the hematopoietic system [6].

MELK is preferentially expressed by immature cells in
the brain including neural stem cells (NSCs) throughout
mouse development [9]. Furthermore, NSCs depend on
MELK for their proliferation, thus implicating MELK in
mitotic progression and stem cell maintenance. In the
mouse central nervous system, MELK expression is res-
tricted to early and mid-embryonic developmental stages
and is absent in the adult brain [9]. In particular, MELK
mRNA is strongly expressed within periventricular ger-
minal zones, but is largely absent outside the germinal
zones suggesting that post-mitotic differentiated cells
lack MELK expression. This expression pattern is similar
to that observed with zMELK (zebrafish ortholog) [13],
supporting a conserved role for MELK in maintaining
stem/progenitor identity. MELK is also expressed in the
mouse postnatal hippocampus, which is the other region
where neural stem cells reside [9]. Neurosphere cultures
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derived from embryonic and postnatal subventricular zone
tissues demonstrate that forced MELK overexpression in-
creased the number of self-renewing neurosphere-forming
cells, whereas knockdown showed significant reduction.
Collectively, in the mouse brain, MELK is expressed by
neural stem cells and regulates their proliferation.

MELK in cancers and cancer stem cells

Preferential upregulation of MELK in cancers and recent
data from knockdown and forced overexpression studies
suggest that MELK promotes cancer cell growth. MELK
overexpression has been identified in several human
cancers: prostate [26], breast [27], brain [28], colorectal
[29] and gastric [8]. In glioblastoma (GBM), mRNA and
protein expression of MELK is highly unregulated, and
inversely correlates to patient post-surgical survival [28].
Increased MELK expression was detected in particularly
aggressive subtypes of breast cancer such as basal-like
breast cancer (BBC), and correlates with poor prognosis
[27,30]. Knockdown of MELK with shRNA (breast can-
cer cell line T-47D) resulted in decreased proliferation of
cells both in vitro and in vivo [27]. MELK knockdown
decreased proliferation and anchorage-independent growth
in vitro, and decreased tumor growth in vivo in breast,
pancreatic, and colorectal carcinomas [29]. These findings
suggest that MELK activity is implicated in tumor growth
and aggressiveness, and inhibition of MELK may be an at-
tractive cancer therapeutic target.

The isolation and characterization of cancer stem cells
(CSCs) from several types of primary cancers has pro-
vided a major paradigm shift in our understanding of
cancer biology [31]. The cancer stem cell hypothesis
postulates that tumor cells are hierarchically organized
with respect to tumor growth initiation and treatment
resistance. Furthermore, cancer stem cells represent a
subpopulation of cancer cells with tumor-initiating cap-
ability. These cells give rise to a variety of tumor cells in
response to cellular and environmental signals, and are
hypothesized to play a role in tumor initiation and
propagation [32]. Cancer stem cells have become a novel
and attractive therapeutic target because of the pivotal
role they play in treatment, resistance, and recurrence,
as they are a source of cell renewal within the tumor.

MELK has been shown to be differentially expressed
in cancer stem cells [16]. MELK knockdown by small
interfering RNA (siRNA) or short hairpin RNA (shRNA)
induced apoptosis of cancer stem cells in GBM stem
cells (GSCs) both in vitro and in vivo. In contrast, MELK
knockdown arrested proliferation of mouse neural pre-
cursors without causing a significant increase in cell
death, at least in vitro. Of note, MELK silencing in vivo
induced glial differentiation of GSCs resulting in less ag-
gressive, lower grade tumors. While MELK regulates
NSC and GSC proliferation, it likely only plays a role in
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GSC survival and not NSC survival. This key distinction
makes MELK an attractive therapeutic target in GBM.

In colorectal carcinoma, MELK expression was elevated
when compared to normal tissues, and was found to be spon-
taneously elevated in a murine model of intestinal tumorigen-
esis [29]. MELK also localized to tumor cells and in particular
the basal regions of crypts of normal gastrointestinal epithe-
lium—the stem cell location in normal colonic tissue [29].
This finding suggests MELK overexpression may be involved
in the malignant transformation of normal stem cells. In
addition, MELK is preferentially expressed in proliferating
cells in normal mammary gland luminal cells [33]. These cells
are thought to be the origin of mammary ductal tumors in
humans and mice [34]. This underscores the possibility that
MELK upregulation may be involved in tumor formation.
Conclusions derived from these studies suggest that MELK
provides a unique growth advantage in cancer, and that it may
be doing so by playing an important in maintaining the prop-
erties of the cancer stem cell population.

MELK may also play an interesting role in tumor resistance
to therapies. In GBM and other High Grade Gliomas (HGG),
experimental radiation treatment strongly upregulated MELK
invitro and in vivo [22,35]. This indicates that MELK is likely a
stress-induced kinase. In addition, blocking MELK upregula-
tion in radiation-treated glioma stem cells (GSCs) with
shRNA-mediated silencing, and inhibition of MELK with a
small molecule kinase inhibitor C1 resulted in increased
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cellular apoptosis. However, MELK overexpression promoted
cancer cell growth [36]. Similar findings were observed in
models of colorectal cancer [37]. Treatment of the rectal can-
cer cell line SNU-503 with 5-flourouracil or radiation in-
creased MELK expression [37]. In addition, knockdown of
MELK with siRNA decreased cell proliferation and caused
changes in the cell cycle after radiation or 5-FU treatment.
These pharmacological data indicate that upregulation of
MELK contributes to the survival of tumor cells, particularly
when they suffer from radiation insult. Because the inhibition
of MELK has a greater effect on cancer stem cells than normal
stem cells, the development of novel pharmaceutical therapies
that target MELK is an active area of clinical investigation.

Signaling mechanisms that mediate MELK action

Since the discovery of MELK, many signaling proteins
and pathways that regulate the action of MELK have been
discovered, some of which are highlighted in Figure 2.
Early biochemical analyses found that exogenously ex-
pressed murine MELK binds to the zinc-finger-like Zpr9,
which results in the activation of the oncogenic transcrip-
tion factor B-Myb in murine cell lines [38].

MELK both regulates and is regulated by one family of
MAP kinases, the c-Jun NH(2)-terminal kinases (JNKs)
in a cancer-specific manner [22]. The JNK pathway is re-
quired for the regulation of cell proliferation, apoptosis,
and inflammatory responses in cancers, including HGGs.

bFGF

CJUN FOXM1

regulation and signaling pathways.

Figure 2 This schematic highlights many of the signaling pathways MELK is involved in. Upregulation of MELK drives cell cycle
progression and tumor formation. Since many mysteries still surround MELK, more factors will likely be discovered to play a role in MELK

Key:
=) = inhibition
m) = stimulation
= phosphorylation

p53




Ganguly et al. Clinical and Translational Medicine (2015) 4:11

Data indicate that MELK binds c¢-JUN, the downstream
oncogenic transcription factor target of JNK, in GSCs,
but not in normal progenitors. This binding of c-JUN to
MELK is diminished when the kinase activity of MELK
is nullified, suggesting that the kinase activity of MELK
is required for its interaction with c-JUN. Thus, the
tumor-specific MELK interaction with JNK/c-JUN is
likely one of the mechanisms for the selective apoptosis
that occurs as a result of MELK inhibition in GSCs, but
not in normal progenitors.

In cancer cells, MELK forms a protein complex with
the transcription factor/oncogene FOXM1, a master
regulator for cell cycle progression [35]. FOXM1 is over-
expressed in a number of human cancers including
GBM. MELK-regulated phosphorylation of FOXM1 fa-
cilitates FOXM1 transcriptional activity and induces the
expression of various mitotic regulators (e.g. Survivin,
Aurora B, and CDC25B). Based on the evidence that
FOXM1 directly interacts and is phosphorylated by
MELK in GSCs, MELK may orchestrate the priming
event of the complex signaling toward p53, VEGF, and
Wnt/B-catenin in cancers including GBM.

A target for therapy

Given the preferential upregulation of MELK in cancers
and recent experimental data suggesting the positive role
of MELK on cancer cell growth, MELK has been re-
cognized as a potential therapeutic target for brain, colo-
rectal, lung, and ovarian cancers [29]. In light of these
preclinical studies, novel therapeutics have been devel-
oped to selectively target MELK in cancers. As demon-
strated by Compound 1 (C1) and OTSSP167, discoveries
of novel Small Molecule Drugs (SMDs) that inhibit MELK
can be potential therapies for cancers with high levels of
MELK expression [36,39,40]. For example, OTSSP167
suppressed mammosphere formation of breast cancer
cells, and suppressed tumor growth in xenograft studies
of breast, lung, prostate, and pancreas cancer cell lines
in mice by both intravenous and oral administration
[41]. Currently, OTSSP167 is in a Phase I, single-center,
cohort dose escalation trial for patients with any locally
advanced or metastatic solid tumor malignancies re-
fractory to current treatments (clinicaltrials.gov identi-
fier: NCT01910545). This study, being conducted by
OncoTherapy Science Inc. at the University of Chicago
since August 2013, is the first human trial of a MELK
inhibitor. The final data collection for primary outcomes
is estimated to occur by December 2015, the results of
which are highly anticipated.

Role of MELK in neuroblast divisions in C. elegans

Much of our understanding of the functional roles, sig-
naling mechanisms, and structure of MELK comes from
findings in nonmammalian species. Orthologs of MELK
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have been identified in a few species, and allow us to
study the role of MELK in developmental biology. PIG-1
is the MELK orthologue in C. elegans. As depicted in
Figure 1, a high degree of homology exists between the
N-terminal kinase domain (72%) and the C-terminal
KA1 domain (74%) of PIG-1 and mouse Melk, while the
remaining domains are much less conserved.

Physiologically, PIG-1 has been implicated in the re-
gulation of asymmetric neuroblast divisions involving
neural lineages that divide during embryogenesis until
the first larval stage [12]. These neuroblast divisions gen-
erate one smaller, anterior offspring fated to undergo
apoptosis, and one larger, posterior offspring fated to be-
come a neural precursor. Mutations of the gm280, gm300,
and gm301 alleles of PIG-1 result in a higher penetrance
of neurons due to an abnormal, centrally-located mitotic
spindle. This mutation yields two neuronal precursors ra-
ther than one, resulting in a subsequent increase in the
number of neuroblast cells. PIG-1 is localized to centro-
somes in dividing neuroblasts independently of its kinase
activity, but the function of this centrosomal localized
PIG-1 remains unknown [42]. Mechanistically, the regula-
tion of asymmetric neuroblast divisions by PIG-1 is con-
trolled by the phosphorylation of the conserved Thr169
in its activation loop by PAR-4 (the LKB1 homolog in
C. elegans). This suggests that PIG-1/MELK may be
regulated by upstream kinases in vivo. Thus, PIG-1 in
C. elegans may contribute to determine the daughter
cell fates in neuroblasts.

In contrast to these studies describing the positive
roles of PIG-1 in cell division, Denning et. al [21] demon-
strated that PIG-1 may also promote cell death through a
caspase-independent cell extrusion mechanism. The pro-
posed role for PIG-1 is the prevention of cell surface
expression of cell-adhesion molecules. This results in
detachment and subsequent cell death of the shed cell.
Remarkably, this process is also dependent on the PAR-4
kinase complex, indicating the significance of the PAR-4/
PIG-1 signaling axis in C. elegans.

MELK in zebra fish hematopoiesis

A MELK-like gene (zMELK) was identified in zebra fish
(Danio rerio) based upon high homology of the kinase,
UBA, and KA1l domain with mouse and human MELK
[13]. Additionaly, zMELK and human MELK genes are
preferentially expressed in embryonic brains and retinas,
especially in the proliferative ventricular zones, where
neural stem cells are localized. In the adult zebra fish
however, zMELK expression is limited to a subset of he-
matopoietic tissues [43]. zMELK likely plays an essential
role in organogenesis, as disrupted zZMELK expression
by Morpholino injection resulted in numerous develop-
mental abnormalities including severe anemia, retarded
eye development, a swollen cerebral tectum, and a slower
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heart rate. The exact mechanisms underlying individual
abnormalities largely remain undetermined. The devel-
opment of severe anemia induced by Morpholino in-
jection suggests that zMELK is essential for primitive
hematopoiesis. Nonetheless, the overall phenotype of
zMELK knockdown in zebra fish embryos is rather sub-
tle, unlike the results by introducing MELK mutation in
Xenopus and C. elegans. These phenotypic differences
may arise from structural, regulatory, or signaling differ-
ences of ZMELK compared to other MELK orthologs.

MELK in Xenopus laevis embryogenesis

In Xenopus laevis, the MELK ortholog pEg3 or xMELK
shows the same domain structure as human MELK
(Figure 1) except for the lack of the leucine zipper as
in zMELK. xMELK is critical for proper cell division,
and furthermore, altering xMELK expression either by
knockdown or overexpression leads to abortive cell di-
visions in Xenopus embryos. This indicates that tight
control of xXMELK expression during the cell cycle is
critical [14,44]. As the cell prepares to enter mitosis,
xMELK protein is diffusely distributed in the cytoplasm
at interphase, however, during anaphase and telophase,
xMELK is associated with the cleavage furrow of divid-
ing cells. This pattern of expression indicates MELK is
likely involved with proper completion of cell division
[14]. The distribution of MELK in the cell during these
phases of the cell cycle are displayed in Figure 3.
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Overall, non-mammalian MELK has several unique
functions in individual organisms mostly related to cell
division and daughter cell fates. MELK regulates asym-
metric cell division and apoptotic cell death in C. ele-
gans, hematopoiesis in zebra fish, and cytokinesis in
Xenopus. Though the theme of cell division is common
among the MELK orthologs, each has a unique function.
These differences may be due to slight variations of se-
quence and domains, organ-specific expression patterns,
and molecular interactions. Further studies are needed
to understand the specific functions of MELK in each
system.

Conclusion

In a variety of systems and organisms, MELK appears to
be highly conserved with a significant effect on prolife-
ration, cell cycle regulation, and apoptosis. Aberrant
regulation and activity of MELK is implicated in a var-
iety of human cancers predominantly because of these
properties, but also possibly because of its effect on can-
cer stem cells. In addition, inhibiting MELK may have
potential therapeutic value as preliminary studies with
the use of knockdown strategies and small molecule inhib-
itors have revealed promising results in vitro and in vivo.
Although there appears to be a broad spectrum of func-
tions for MELK, detailed mechanisms with upstream and
downstream signaling pathways still need to be identified.
In addition, several lines of research demonstrate that

Xenopus Laevis

MELK ortholog xMELK is
diffusely distributed in
the cytoplasm at inter-
phase, however is
localized to the cleavage
furrow during anaphase and
telophase.
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of neural lineages during embryogenesis.
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MELK may have both pro-apoptotic and anti-apoptotic
effects. This dual functionality appears to be dependent
on biological context and the system being studied, and
more research in this area is required to identify these
variables. Various nonmammalian species represent im-
portant systems in which to study these variables. Ad-
ditional studies will have an exciting impact on our
understanding of MELK and its effect on development
and disease.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RG—analyzed literature, wrote drafts of manuscript, created figure.
AM—analyzed literature, wrote drafts of manuscript. JT—analyzed literature,
helped with drafts of manuscript. HK—made significant edits and revisions.
MB—made significant edits and revisions, made figure. IN—corresponding
author, oversaw manuscript progression, made significant edits and revisions.
All authors read and approved the final manuscript.

Acknowledgements

This work was supported by the American Cancer Society Grant for I. Nakano
(MRSG-08-108-01), POT CA163205-01A1, and the RO1 NS083767-01.

R. Ganguly was supported by the American Association for Neurological
Surgeons Medical Student Summer Research Fellowship.

Author details

'Department of Neurological Surgery, The Ohio State University, 385
Wiseman Hall, 410 W 12th St, 43210 Columbus, OH, USA. “The James
Comprehensive Cancer Center, The Ohio State University, Columbus, USA.
3Semel Institute for Psychiatry and Human Behavior and the Jonsson
Comprehensive Cancer Center, UCLA School of Medicine, Columbus, USA.
“Laboratory of Biosignaling & Therapeutics Department of Cellular and
Molecular Medicine Campus Gasthuisberg, Gasthuisberg, Belgium.

Received: 19 October 2014 Accepted: 16 December 2014
Published online: 07 March 2015

References

1. Heyer BS, Warsowe J, Solter D, Knowles BB, Ackerman SL. New member of
the Snf1/AMPK kinase family, Melk, is expressed in the mouse egg and
preimplantation embryo. Mol Reprod Dev. 1997;47:148-56.

2. Heyer BS, Kochanowski H, Solter D. Expression of Melk, a new protein
kinase, during early mouse development. Dev Dyn. 1999,215:344-51.

3. Beullens M, Vancauwenbergh S, Morrice N, Derua R, Ceulemans H, Waelkens
E, et al. Substrate specificity and activity regulation of protein kinase MELK. J
Biol Chem. 2005;280:40003-11.

4. Jaleel M, Villa F, Deak M, Toth R, Prescott AR, Van Aalten DM, et al. The ubiquitin-
associated domain of AMPK-related kinases regulates conformation and
LKB1-mediated phosphorylation and activation. Biochem J. 2006;394:545-55.

5. Lizcano JM, Goransson O, Toth R, Deak M, Morrice NA, Boudeau J, et al.
LKB1 is a master kinase that activates 13 kinases of the AMPK subfamily,
including MARK/PAR-1. EMBO J. 2004;23:833-43.

6. Gil M,Yang Y, Lee Y, Choi |, Ha H. Cloning and expression of a cDNA
encoding a novel protein serine/threonine kinase predominantly expressed
in hematopoietic cells. Gene. 1997;195:295-301.

7. Corti A, Williams-Ashman HG, Wilson J. Study on the inhibition of testicular
polyadenylate polymerase stimulated by manganese. Boll Soc Ital Biol Sper.
1975,51:256-62.

8. DuT QuY,LiJ LiH, SulL, Zhou Q, et al. Maternal embryonic leucine zipper
kinase enhances gastric cancer progression via the FAK/Paxillin pathway.
Mol Cancer. 2014;13:100. 4598-13-100.

9. Nakano |, Paucar AA, Bajpai R, Dougherty JD, Zewail A, Kelly TK; et al.
Maternal embryonic leucine zipper kinase (MELK) regulates multipotent
neural progenitor proliferation. J Cell Biol. 2005;170:413-27.

10.  Badouel C, Chartrain |, Blot J, Tassan JP. Maternal embryonic leucine zipper
kinase is stabilized in mitosis by phosphorylation and is partially degraded
upon mitotic exit. Exp Cell Res. 2010,316:2166-73.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Page 7 of 8

Vulsteke V, Beullens M, Boudrez A, Keppens S, Van Eynde A, Rider MH, et al.
Inhibition of spliccosome assembly by the cell cycle-regulated protein kinase
MELK and involvement of splicing factor NIPP1. J Biol Chem. 2004;279:8642-7.
Cordes S, Frank CA, Garriga G. The C. elegans MELK ortholog PIG-1 regulates
cell size asymmetry and daughter cell fate in asymmetric neuroblast
divisions. Development. 2006;133:2747-56.

Saito R, Tabata Y, Muto A, Arai K, Watanabe S. Melk-like kinase plays a role
in hematopoiesis in the zebra fish. Mol Cell Biol. 2005;25:6682-93.

Le Page Y, Chartrain |, Badouel C, Tassan JP. A functional analysis of MELK in
cell division reveals a transition in the mode of cytokinesis during Xenopus
development. J Cell Sci. 2011;124:958-68.

Nakano |, Kornblum HI. Methods for analysis of brain tumor stem cell and
neural stem cell self-renewal. Methods Mol Biol. 2009;568:37-56.

Marie SK, Okamoto OK, Uno M, Hasegawa AP, Oba-Shinjo SM, Cohen T,

et al. Maternal embryonic leucine zipper kinase transcript abundance
correlates with malignancy grade in human astrocytomas. Int J Cancer.
2008;122:807-15.

Kig C, Beullens M, Beke L, Van Eynde A, Linders JT, Brehmer D, et al.
Maternal embryonic leucine zipper kinase (MELK) reduces replication stress
in glioblastoma cells. J Biol Chem. 2013;288:24200-12.

Horvath S, Zhang B, Carlson M, Lu KV, Zhu S, Felciano RM, et al. Analysis of
oncogenic signaling networks in glioblastoma identifies ASPM as a
molecular target. Proc Natl Acad Sci U S A. 2006;103:17402-7.

Jung H, Seong HA, Ha H. Murine protein serine/threonine kinase 38
activates apoptosis signal-regulating kinase 1 via Thr 838 phosphorylation.
J Biol Chem. 2008;283:34541-53.

Seong HA, Ha H. Murine protein serine-threonine kinase 38 activates p53
function through Ser15 phosphorylation. J Biol Chem. 2012,287:20797-810.
Denning DP, Hatch V, Horvitz HR. Programmed elimination of cells by
caspase-independent cell extrusion in C. elegans. Nature. 2012;488:226-30.
Gu C, Banasavadi-Siddegowda YK, Joshi K, Nakamura Y, Kurt H, Gupta S, et al.
Tumor-specific activation of the C-JUN/MELK pathway regulates glioma stem
cell growth in a p53-dependent manner. Stem Cells. 2013;31:870-81.

Lin ML, Park JH, Nishidate T, Nakamura Y, Katagiri T. Involvement of
maternal embryonic leucine zipper kinase (MELK) in mammary
carcinogenesis through interaction with Bcl-G, a pro-apoptotic member of
the Bcl-2 family. Breast Cancer Res. 2007,9R17.

Giam M, Okamoto T, Mintern JD, Strasser A, Bouillet P. Bcl-2 family member
Bcl-G is not a proapoptotic protein. Cell Death Dis. 2012,3:e404.

Kemp BE, Mitchelhill K, Stapleton D, Michell BJ, Chen ZP, Witters LA.
Dealing with energy demand: the AMP-activated protein kinase. Trends
Biochem Sci. 1999,24:22-5.

Kuner R, Falth M, Pressinotti NC, Brase JC, Puig SB, Metzger J, et al. The
maternal embryonic leucine zipper kinase (MELK) is upregulated in high-
grade prostate cancer. J Mol Med (Berl). 2013;91:237-48.

Pickard MR, Green AR, Ellis 10, Caldas C, Hedge VL, Mourtada-Maarabouni M,
et al. Dysregulated expression of Fau and MELK is associated with poor
prognosis in breast cancer. Breast Cancer Res. 2009;11:R60.

Nakano I, Masterman-Smith M, Saigusa K, Paucar AA, Horvath S, Shoemaker
L, et al. Maternal embryonic leucine zipper kinase is a key regulator of the
proliferation of malignant brain tumors, including brain tumor stem cells.

J Neurosci Res. 2008;86:48-60.

Gray D, Jubb AM, Hogue D, Dowd P, Kljavin N, Yi S, et al. Maternal embryonic
leucine zipper kinase/murine protein serine-threonine kinase 38 is a promising
therapeutic target for multiple cancers. Cancer Res. 2005,65:9751-61.

Wang Y, Lee YM, Baitsch L, Huang A, Xiang Y, Tong H, et al. MELK is an
oncogenic kinase essential for mitotic progression in basal-like breast
cancer cells. Elife 2014:¢01763.

Nguyen LV, Vanner R, Dirks P, Eaves CJ. Cancer stem cells: an evolving
concept. Nat Rev Cancer. 2012;12:133-43.

Jordan CT, Guzman ML, Noble M. Cancer stem cells. N Engl J Med.
2006;355:1253-61.

Hebbard LW, Maurer J, Miller A, Lesperance J, Hassell J, Oshima RG, et al.
Maternal embryonic leucine zipper kinase is upregulated and required in
mammary tumor-initiating cells in vivo. Cancer Res. 2010;70:8863-73.
Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, Kawamura MJ,
et al. In vitro propagation and transcriptional profiling of human mammary
stem/progenitor cells. Genes Dev. 2003;17:1253-70.

Joshi K, Banasavadi-Siddegowda Y, Mo X, Kim SH, Mao P, Kig C, et al. MELK-
dependent FOXM1 phosphorylation is essential for proliferation of glioma
stem cells. Stem Cells. 2013;31:1051-63.



Ganguly et al. Clinical and Translational Medicine (2015) 4:11

36.

37.

38.

39.

40.

41.

42.

43.

44,

Minata M, Gu C, Joshi K, Nakano-Okuno M, Hong C, Nguyen CH, et al. Multi-
Kinase Inhibitor C1 Triggers Mitotic Catastrophe of Glioma Stem Cells
Mainly through MELK Kinase Inhibition. PLoS One. 2014;9:92546.

Choi S, Ku JL. Resistance of colorectal cancer cells to radiation and 5-FU is
associated with MELK expression. Biochem Biophys Res Commun.
2011;412:207-13.

Seong HA, Gil M, Kim KT, Kim SJ, Ha H. Phosphorylation of a novel zinc-
finger-like protein, ZPR9, by murine protein serine/threonine kinase 38
(MPK38). Biochem J. 2002;361:597-604.

Chung S, Nakamura Y. MELK inhibitor, novel molecular targeted
therapeutics for human cancer stem cells. Cell Cycle. 2013;12:1655-6.
Ganguly R, Hong CS, Smith LG, Kornblum HI and Nakano I. Maternal
Embryonic Leucine Zipper Kinase: Key Kinase for Stem Cell Phenotype in
Glioma and Other Cancers. Mol Cancer Ther 2014.

Chung S, Suzuki H, Miyamoto T, Takamatsu N, Tatsuguchi A, Ueda K, et al.
Development of an orally-administrative MELK-targeting inhibitor that
suppresses the growth of various types of human cancer. Oncotarget.
2012;3:1629-40.

Chien SC, Brinkmann EM, Teuliere J, Garriga G. Caenorhabditis elegans
PIG-1/MELK acts in a conserved PAR-4/LKB1 polarity pathway to promote
asymmetric neuroblast divisions. Genetics. 2013;193:897-909.

Saito R, Nakauchi H, Watanabe S. Serine/threonine kinase, Melk, regulates
proliferation and glial differentiation of retinal progenitor cells. Cancer Sci.
2012;103:42-9.

Tassan JP. Cortical localization of maternal embryonic leucine zipper kinase
(MELK) implicated in cytokinesis in early xenopus embryos. Commun Integr
Biol. 2011;4:483-5.

Page 8 of 8

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Introduction
	Review
	Cell cycle regulation: Pro-apoptotic and anti-apoptotic functions of MELK
	MELK in mammalian organ development and tissue homeostasis
	MELK in cancers and cancer stem cells
	Signaling mechanisms that mediate MELK action
	A target for therapy
	Role of MELK in neuroblast divisions in C. elegans
	MELK in zebra fish hematopoiesis
	MELK in Xenopus laevis embryogenesis

	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

