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Midkine (MK) is a heparin-binding growth factor or cytokine and forms a small protein family, the other member of which is
pleiotrophin. MK enhances survival, migration, cytokine expression, differentiation and other activities of target cells. MK is
involved in various physiological processes, such as development, reproduction and repair, and also plays important roles in
the pathogenesis of inflammatory and malignant diseases. MK is largely composed of two domains, namely a more
N-terminally located N-domain and a more C-terminally located C-domain. Both domains are basically composed of three
antiparallel B-sheets. In addition, there are short tails in the N-terminal and C-terminal sides and a hinge connecting the two
domains. Several membrane proteins have been identified as MK receptors: receptor protein tyrosine phosphatase Z1 (PTPE),
low-density lipoprotein receptor-related protein, integrins, neuroglycan C, anaplastic lymphoma kinase and Notch-2. Among
them, the most established one is PTPC. It is a transmembrane tyrosine phophatase with chondroitin sulfate, which is essential
for high-affinity binding with MK. PI3K and MAPK play important roles in the downstream signalling system of MK, while
transcription factors affected by MK signalling include NF-xB, Hes-1 and STATs. Because of the involvement of MK in various
physiological and pathological processes, MK itself as well as pharmaceuticals targeting MK and its signalling system are
expected to be valuable for the treatment of numerous diseases.
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This article is part of a themed section on Midkine. To view the other articles in this section visit
http://dx.doi.org/10.1111/bph.2014.171.issue-4
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receptor protein tyrosine phosphatase Z1

Introduction cal processes. One such key factor with increasing importance

is midkine (MK), which is a heparin-binding growth factor
Growth factors and/or cytokines play fundamental roles in or cytokine (Erguven et al., 2012). MK was found as the
the regulation of cellular activities and in various pathologi- product of a gene up-regulated at an early stage of retinoic
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acid-induced differentiation of teratocarcinoma stem cells
(Kadomatsu et al., 1988) and became the founding member
of a small protein family, the other member of which is
pleiotrophin (PTN), also called heparin-binding growth-
associated molecule (Milner etal., 1989; Rauvala, 1989;
Tomomura et al., 1990; Muramatsu, 2010).

MK is involved in various physiological processes, such as
development, reproduction and repair (Erguven et al., 2012).
Furthermore, MK plays important roles in the aetiology of
inflammatory and malignant diseases (Erguven et al., 2012).
Therefore, MK itself and the reagents targeting MK are
expected to be valuable for the treatment of diverse diseases,
as covered in this special issue. The purpose of this article is to
provide concise and up-to-date information on the structure,
physiological activities and signalling of MK as a basis to
understand the pharmacological effects of MK and its
antagonists.

In addition to articles in this special issue, readers are also
referred to a book (Erguven ef al., 2012) and other review
articles on MK (Muramatsu, 2002; 2010; 2011; Kadomatsu
and Muramatsu, 2004; Weckbach et al., 2011; Kadomatsu
etal., 2013). In particular, there is a recent article on drug
development in relation to MK (Muramatsu, 2011) and a
comprehensive review on circulating MK in patients with
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various diseases (Krzystek-Korpacka and Matusiewicz, 2012).
Furthermore, it is appropriate to mention that occasionally
citations in this introductory article refer to a review article
citing the original articles in order to keep the number of
references to a moderate level.

MK protein

MK is rich in both basic amino acids and cysteine. Human
MK is composed of 121 amino acids with a molecular mass of
13 kDa after cleaving off the signal sequence (Tsutsui et al.,
1991) (Figure 1). An isoform with two extended amino acids
(valine-alanine or other amino acids) at the N-terminal is
present in MK preparations from different species due to a
difference in the cleavage of the signal sequence (Raulais
etal., 1991; Muramatsu et al., 1993; Novotny et al., 1993;
Ohyama et al., 1994). This point is described in more detail at
the end of this section in relation to the production of MK for
pharmaceutical purposes.

No phosphorylation or glycosylation has been detected so
far in MK protein produced by baculovirus (Kaneda et al.,
1996b) or human hepatoma cells (M. Oda et al., unpubl.
data).
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ﬁ amino acids conserved between MK from different
species (human, Xenopus laevis and zebrafish Mdka)

* amino acids conserved in MK C-domain of the
above-mentioned species and Drosophila miples

O tryptophan characteristic to thrombospondin repeats
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Structure of human MK and PTN. Amino acids shared by them are shaded, and disulfide bridges are shown by solid lines.
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Figure 2

Schematic drawing of MK and its segments.

Disulfide linkages form two domains in the MK molecule,
the more N-terminally located N-domain (amino acids
15-52) and the more C-terminally located C-domain (amino
acids 62-104) (Fabri et al., 1993) (Figure 2). N-domain is held
by three disulfide bridges, while C-domain by two disulfide
bridges. In addition, there are short tails in the N-terminal
region (amino acids 1-14) and the C-terminal region (amino
acids 105-121), called N-tail and C-tail respectively. A hinge
(amino acids 53-61) connects N-domain and C-domain
(Figure 2).

MK and PTN have about 50% sequence identity, cysteine
and tryptophan residues being conserved between human
MK and PTN (Figure 1). MK and PTN are found in all species
of vertebrates so far examined (Muramatsu, 2002; 2010).
Zebrafish have two different molecular species of MK called
Midkine-a (Mdka) and Midkine-b (Mdkb), which are likely to
be generated by gene duplication (WinKkler et al., 2003). Many
amino acid residues in MK are conserved between species.
Human and mouse MK have 87% identity (Tsutsui et al.,
1991), and 55% of amino acids are identical in MK from
human, Xenopus laevis and zebrafish Mdka (Svensson et al.,
2010) (Figure 1). Interestingly, a high degree of conservation
is observed in the hinge region. Drosophila melanogaster lacks
MK or PTN but has two molecules called miple (miple-1)
and miple-2, which have duplicated domains resembling
C-domains of MK and PTN (Englund et al., 2006). A mollusc,
Patella caerulea, also has a related molecule (Vanucci et al.,
2005). Amino acids characteristically conserved in the
C-domain of MK and miples (Figure 1) are mostly conserved
in the MK-like protein from P. caerulea. An MK-related protein
has not been described in Caenorhabditis elegans. It is an
interesting subject to pinpoint the evolutional event associ-
ated with the emergence of an MK-related protein.

The three-dimensional structure of human MK has been
studied by NMR spectroscopy (Iwasaki ef al., 1997). Analysis
of the spectrum of the whole molecule suggested that the two
domains are relatively independent of each other because no
specific interactions are detectable between them. Further-
more, it has been shown that the two tails do not have stable
structures. Then, the structure of N-domain and C-domain
has been clarified by using the N-terminal half molecule and
truncated C-terminal half molecule (Iwasaki et al., 1997). The
half molecule consists of the tail, domain and a part of the
hinge. Both N- and C-domains are basically composed of
three antiparallel f-sheets. The structure of C-domain is more
complex than that of N-domain. In particular, there is a
flexible loop in the middle of the C-domain (amino acids
86-93), and a pocket is created in the domain (Figure 3).
Recently, detailed analysis of the whole molecule of zebrafish
Mdkb has been performed and has revealed the whole struc-
ture of MK, including the hinge region, which has an
extended structure (Lim et al., 2013).
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Figure 3

Schematic illustration of the steric structure of MK C-domain. Long
boxes are emphasized portions of B-sheets as illustrated in the
protein structure database (http://www.ncbi.nlm.nih.gov/structure/
mn).

Both domains of MK and the corresponding domains of
PTN have weak homology to thrombospondin type-1 repeats,
which are present in thrombospondin-1, F-spondin and
many other proteins, including circumsporozoite protein
from malaria paracytes (Kilpelainen et al., 2000). Thrombos-
pondin type-1 repeats are composed of three antiparallel
B-sheets, which are generally held by three disulfide bridges
(Tan et al., 2002). In this respect, N-domains of MK and PTN
are more closely related to thrombospondin type-1 repeats as
compared with the C-domains, which are held by two
disulfide bridges. Furthermore, domains of MK and PTN,
especially N-domains, are truncated. Consequently, domains
of MK and PTN lack the core structure of thrombospondin
repeats, namely a CWR-layered structure, which has repeated
tryptophan and arginine arrangements sandwiched by
cysteine, and contributes to the stability of thrombospondin
repeats (Tan et al., 2002). Two tryptophan residues, which are
located in the first B-sheets of thrombospondin type-1
repeats, are present in the N-domain of human MK and PTN
(closed hexagon, Figure 1). However, W20 in human MK is
not conserved throughout MK of different species. Further-
more, only one such tryptophan residue is present in the
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C-domain of MK and PTN (Figure 1). As above, MK and PTN
domains are only distantly related to thrombospondin type-1
repeats.

The evolutional origin of the two domains in MK remains
to be clarified. Considering the structural resemblance of the
N- and C-domains, it is reasonable to consider that a primor-
dial molecule common to MK and PTN emerged by intra
chromosome duplication of a primordial gene encoding the
primordial domain, and then the two proteins, MK and PTN,
emerged as the result of duplication of a segment of a chro-
mosome. From the homology to thrombospondin type-1
repeats, N- and C-domains can be considered to have evolved
independently from the primordial domain related to throm-
bospondin repeats, while the presence of Drosophila miples is
consistent with the view that the C-domain is more related to
the primordial domain.

Among the two domains, C-domain has been considered
to play more important roles in MK function as neurite-
promoting activity of MK is observed in the C-terminal half
molecule, and to a lesser extent, also by the C-domain
(Muramatsu et al., 1994; Akhter et al., 1998). Furthermore, an
MK receptor, receptor protein tyrosine phosphatase Z1
(PTPY), binds to the C-terminal half but not to the N-terminal
halt (Maeda etal., 1999). Two heparin-binding sites are
present in the C-domain of human MK. The site present in
B-sheets called cluster 1 (K79, R81, K102) (Iwasaki et al., 1997)
is conserved in MK of different species and also in PTN
(closed circle, Figure 1). The other site in the flexible loop
called cluster 2 (K86, K87, R89) is conserved only partly (open
circle, Figure 1). However, in zebrafish Mdkb, which has only
two basic amino acids in cluster 2, the cluster still functions
as a heparin-binding site (Lim et al., 2013). Cluster 1 appears
to be important not only to heparin binding but also to MK
function because a mutation in cluster 1 reduces neurite-
promoting activity (Asai etal., 1997) and binding to PTP{
(Maeda et al., 1999).

N-domain has functions different from those of
C-domain. Firstly, another heparin-binding site has been
identified in the N-domain of Mdkb (Lim et al., 2013). The
key residue of the new binding site is R36, corresponding to
R35 in human MK (Lim et al., 2013). Secondly, K46/K48 in
Mdkb, which corresponds to R45/R47 in human MK, is
required for perturbation of zebrafish embryogenesis upon
Mdkb injection into the embryos at the blastocyst stage (Lim
etal., 2013).

Furthermore, N-domain appears to be important for the
stability of MK as the C-terminal half of MK is more
susceptible to chymotrypsin digestion than intact MK
(Matsuda et al., 1996). N-domain is also involved in dimeri-
zation. MK forms a dimer by spontaneous association, and
the dimer is stabilized via cross linking by transglutaminase
(Kojima et al., 1997). Dimerization is essential for some MK
activity, such as activation of fibrinolytic activity by
endothelial cells. Q42 or Q44 in N-domain and Q95 in
C-domain serve as amine acceptors in the reaction. A
peptide fragment, A41-P51, containing the amine acceptor
site inhibits MK activity for activation of fibrinolysis
(Kojima et al., 1997).

N-tail and C-tail appear to function to keep the two
domains independent based on the following observation.
Although removal of either tail from intact MK strongly sup-
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presses neurite-promoting activity, isolated C-domain retains
a moderate level of activity (Akhter et al., 1998). However,
bacteriocidal activity is observed in a peptide containing
C-tail and another peptide containing part of the hinge and
N-domain (Svensson et al., 2010).

The conserved hinge is likely to have functions other than
domain orientation as a mutant Mdkb called MdkbG, in
which the hinge is exchanged with oligo-glycine, exhibits the
overall structure indistinguishable from that of wild-type
Mdkb (Lim etal.,, 2013). Indeed, another new heparin-
binding site has been found in the hinge. The binding site
consists of K56 and K57, corresponding to K55 and K56 in
human MK (Lim et al., 2013). Furthermore, upon injection
into zebrafish embryos, MdkbG mutant exhibits abnormality
different from that observed upon injection with wild-type
Mdkb (Lim et al., 2013).

MK proteins have been produced by various means and
even chemically synthesized (Muramatsu, 2010; 2011). The
choice of organisms to produce recombinant MK has been
reviewed, and the most important aspect is to avoid the
formation of aberrant disulfide linkages (Muramatsu, 2011).
In addition, practical information for handling MK protein
has been described (Muramatsu et al., 2003; Muramatsu,
2011). Notably, it is important to prevent from MK sticking to
the vessel.

Finally, to produce MK with a longer half-life, the
extended form, which has a VA extended sequence on the
N-terminal side due to differential cleavage of the signal
sequence, is of significant interest. In mouse MK produced by
L cells and purified by heparin-agarose column chromatogra-
phy, 5% is the VA extended isoform, and the rest is the
conventional form (Muramatsu et al., 1993), while heparin-
released MK in human plasma is the VA extended form
(Novotny et al., 1993). In MK purified from bovine follicular
fluid, 30% is the extended form, and the rest is the conven-
tional form (Ohyama et al., 1994). Chicken MK called RI-HB
(retinoic acid-induced heparin-binding protein) purified from
chicken embryo is the corresponding alanine-lysine extended
form (Raulais et al., 1991).

Oda et al. separated the two isoforms produced by human
hepatoma cells using a poly-sulfoethyl A column (M. Oda
et al., unpublished results). About 60% was the extended
form, and the rest was the conventional form. The extended
form bound to heparin more weakly and was more resistant
to chymotrypsin digestion, while no difference was found in
neurite-promoting activity. They also developed a specific
immunoassay procedure to detect the extended form and
found that the extended form was more readily released into
blood by heparin administration and stayed longer in blood,
probably due to less affinity to heparin and relative resistance
to protease. Their result is consistent with the finding of
Novotny et al. (1993). In sera from cancer patients, the con-
ventional form was always detected, and the extended form
was detected in restricted cases, while in amniotic fluid, the
extended form was found in most cases (M. Oda etal.,
unpubl. data). Thus, the VA extended form constitutes a
significant portion of naturally occurring MK in humans.
Although chymotrypsin cleaves MK only at the hinge region
(Matsuda et al., 1996), alteration of interactions of the N- and
C-domains due to VA extension is expected to result in chy-
motrypsin resistance. The same consideration is applicable to
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the weaker heparin-binding activity of the extended form.
The relative resistance of the extended form to proteolysis
is of significant interest, and further alteration in the
N-terminal sequence might be attempted to create MK with a
longer half-life.

MK gene

The human MK gene (MDK) is located on chromosome 11
at p11.2 (Kaname et al., 1993) and is flanked by the diacyl-
glycerol kinase { gene and the muscarinic cholinergic recep-
tor 4 gene (Muramatsu, 2002). MDK has four coding exons
(Figure 4). Due to differential splicing and differences in the
transcription initiation site, there are seven isoforms in MK
mRNA. Five different non-coding sequences are present in
the 5’ ends of the isoforms. Two isoforms are generated
by skipping a coding exon and yield truncated MK. A
truncated MK derived from mRNA without the second
coding exon is apparently tumour-specific and might be
of diagnostic value (Kaname etal.,, 1996; Paul et al., 2001;
Muramatsu, 2010).

In the promoter region of MDK, there are functional
binding sites for retinoic acid receptor (Pedraza et al., 1995)
(closed star, Figure 4) and for the product of Wilms’ tumour
suppressor gene (Adachi etal., 1996) (open hexagon,
Figure 4). They are regarded to be important for retinoic acid-
induced expression of MK and up-regulation of MK in Wilms’
tumour cells respectively. There is also a hypoxia responsible
element in the promoter region; this element is expected to
be involved in the induction of MK upon ischaemia and
possibly in the increased expression of MK in various
tumours (Reynolds et al., 2004). A binding site for NF-xB in
the promoter region (Uehara et al., 1992) (open star, Figure 4)
might participate in the induction of MK upon inflammation
and tumourigenesis.

Glucocorticoid receptor plays a role in the down-
regulation of MK expression (Kaplan et al., 2003). In mice
deficient in the glucocorticoid receptor, robust expression of

MK in the lung is continued in the neonatal stage. Further
studies have revealed that glucocorticoids indeed down-
regulate MK expression in fetal lung cells (Kaplan etal.,
2003). This activity of glucocorticoids is interesting as
they are potent anti-inflammatory compounds, and MK
is involved in inflammation; MK gene might be a target of
glucocorticoids.

Concerning SNP, a variant in an intron is correlated with
about a fivefold increase in the risk of colorectal carcinoma
(Ahmed et al., 2002). To the best of my knowledge, this is the
only SNP with known physiological or pathological impacts.
However, it is quite possible that other SNPs, which serve as
valuable biomarkers in other diseases, remain to be reported.

Finally, the human PTN gene is very large and is located at
a location unrelated to MDK, namely 7q33. However, the
number of coding exons, sequences around the intron/exon
boundaries and gene families flanking PTN are shared with
MDK (Muramatsu, 2002), consistent with the view that both
genes evolved from a common ancestral gene (Winkler et al.,
2003).

MK in development and reproduction

MK is involved in development, reproduction, repair, inflam-
mation, innate immunity, control of blood pressure and
angiogenesis (Erguven et al., 2012). The mode of MK expres-
sion is consistent with the view that MK plays a role in both
development and repair. Thus, MK is strongly expressed
during embryogenesis, especially in the mid-gestation period
(Kadomatsu et al., 1990; Mitsiadis et al., 1995b). In adults,
significant MK expression is observed only in restricted sites
such as the kidney (Kadomatsu et al., 1990), gut (Aridome
et al., 1995), epidermis (Inazumi et al., 1997), bronchial epi-
thelium (Nordin etal.,, 2013), lymphocytes (Cohen etal.,
2012) and macrophages (Inoh et al., 2004), while MK expres-
sion is induced in many tissues after injury (Yoshida et al.,
1995; Obama etal., 1998; Horiba et al., 2000; Sato et al.,
2001).

DGKZ CHRM4
—_—l O | |
| | | | s
46402 46403 46404 46405 77 46408 kb

Figure 4

Genomic organization of the human midkine gene (MDK). Coding exons are shown by closed boxes, and non-coding exons are shown by open
or grey boxes. There are five different structures in the upstream non-coding exons in MK mRNA. When a portion of an exon is shared by different
structures, the boundaries are shown by dotted vertical lines. The full information on all MK mRNA isoforms is available (http://
www.ncbi.nlm.nih.gov/gene/4192). The first exon shared by three isoforms is shown by a grey box. DGKZ, diacylglycerol kinase { gene; CHRM4,
muscarinic cholinergic receptor 4 gene; closed star, a retinoic acid responsive element; open star, a binding site for NF-xB; open hexagon, a

binding site for the product of Wilms’ tumour suppressor gene.
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In spite of robust expression of MK in embryos, mice
deficient in the MK gene are born without any major mor-
phological defects and reproduce apparently normally
(Muramatsu, 2010). The same is true for mice deficient in the
PTN gene. However, when mice doubly deficient in both
genes are generated by crossing the respective heterozygously
deficient mice, they are born only with one-third of the
frequency expected by Mendelian segregation (Muramatsu
et al., 2006). Furthermore, double-deficient mice are small
(Muramatsu et al., 2006) and frequently die before reaching
adulthood (H. Muramatsu et al., unpublished observation).
MK/PTN double-deficient mice also exhibit severe female
infertility. About 80% of double-deficient mice remained
infertile even after repeated trials (Muramatsu et al., 2006).
The principal reason of the infertility has been concluded to
be impaired follicular maturation. MK and PTN expressed in
follicular epithelium and granulosa cells in the ovary are
considered to be required for follicular maturation. Consist-
ent with this view, MK promotes the maturation of isolated
bovine oocytes, and subsequent fertilization and develop-
ment to blastocysts (Ikeda et al., 2000).

The above results established the importance of the
MK/PTN family in development and reproduction, and illus-
trate that the defect of MK is largely compensated by PTN.
This compensation can occur even in tissue with only slight
PTN expression, because in some organs, MK suppresses
the expression of PTN (Herradon etal., 200S). Thus, in
MK-deficient mice, PTN expression is strikingly increased in
organs such as the heart, spinal cord, eye and aorta (Herradon
et al., 2005).

In addition to defects in development and reproduction,
double-deficient mice also exhibit auditory deficit (Zou et al.,
2006b; Sone et al., 2011). Although mice deficient in only MK
or PTN show an auditory deficit, that in double-deficient
mice is severer. The deficit in these mice is considered to be
due to a deficit of intermediate cells in the stria vascularis of
the cochlear duct (Sone et al., 2011).

The role of MK in development needs a more detailed
review. During mouse embryogenesis, MK becomes expressed
on embryonic day 5.5 in the embryonic ectoderm (Fan et al.,
2000). Consistent with the mode of its expression, MK is
expressed in embryonic stem cells, and its role in their sur-
vival has been described (Lee et al., 2012).

MK is intensely expressed in the mid-gestation stage, and
from the mode of its distribution, MK has been proposed to
play roles in neurogenesis, epithelial-mesenchymal interac-
tions and mesoderm remodelling (Kadomatsu et al., 1990).

Concerning neurogenesis, studies using the zebrafish
system have revealed that Mdka is involved in the final stage
of the fate decision of precursor cells to become either medial
floor plate cells constituting the ventral portion of the spinal
cord or notochord cells (Schafer et al., 2005). However, Mdkb
is required for the development of neural crest cells and
sensory neurons (Liedtke and Winkler, 2008). In X. laevis, MK
enhances neurogenesis and suppresses mesoderm differentia-
tion in the presence of activin (Yokota et al., 1998). Further-
more, MK appears to be involved in dopaminergic
development by enhancing the survival of mesencephalic
neurons, and Parkinson-like syndrome is observed in
MK-deficient mice (Ohgake et al., 2009; Muramatsu, 2011;
Prediger et al., 2011).

Structure and function of midkine

In the cerebral cortex of the embryonic rat brain, MK is
located in both the basal layer where neural stem cells are
located and along radial glial processes, which are derived
from the stem cells and serve as guides for the migration of
differentiated neurons (Matsumoto et al., 1994). This mode of
location is consistent with the multiple roles of MK in neu-
rogenesis. As a basis of MK activity in neurogenesis, MK
enhances the growth and survival of neural precursor cells,
including neural stem cells (Zou etal.,, 2006a). MK also
promotes the survival, migration and neurite outgrowth
of embryonic neurons (Michikawa et al., 1993; Muramatsu
et al., 1993; Kaneda et al., 1996b; Maeda et al., 1999; Owada
et al., 1999; Muramatsu, 2011). In relation to the MK activity
to neural precursor cells, MK also enhances growth and sur-
vival of primordial germ cells (Shen et al., 2012).

MK is generally more strongly expressed in epithelial
tissues than in mesenchymal tissues in embryonic organs
where epithelial-mesenchymal interactions are taking place,
such as the intestine, pancreas and lung (Kadomatsu et al.,
1990; Mitsiadis et al., 1995b). The role of MK in epithelial-
mesenchymal interactions has been verified by inhibition of
the development of the tooth germ using anti-MK antibodies
(Mitsiadis et al., 1995a). The mode of action of MK during
epithelial-mesenchymal interactions appears to be complex,
as revealed by a study using an artificial blood vessel model,
in which collagen gels with smooth muscle cells are covered
by endothelial cells (Sumi efal., 2002). In this system,
endothelial cells secrete MK, which stimulates smooth
muscle cells to secrete IL-8. IL-8 then acts on endothelial cells
to promote their growth. Thus, MK is apparently in a central
position among the complex interactions of the two cell
layers.

Concerning mesoderm remodelling, MK stimulates adi-
pocyte differentiation (Cernkovich et al., 2007), chondro-
genesis (Ohta efal., 1999) and osteoclast differentiation
(Maruyama et al., 2004), and promotes the differentiation
and suppresses the proliferation of osteoblasts (Liedert et al.,
2011).

MK in repair and inflammation

MK expression is increased in a number of injured tissues,
such as the brain (Yoshida et al., 1995), blood vessels (Horiba
et al., 2000), kidney (Sato et al., 2001) and heart (Obama et al.,
1998; Horiba et al., 2006). The role of MK in the repair of
damaged tissue was demonstrated by the effects of adminis-
tered MK in reducing light-induced degeneration of the
retina (Unoki etal.,, 1994) and ischaemic brain injury
(Yoshida et al., 2001). Then, ischaemic injury of the heart has
also been attenuated by MK administration (Horiba et al.,
2006). Consistent with the effect of externally administered
MK, mice deficient in the MK gene exhibit severer heart
damage after ischaemia (Horiba et al., 2006). The basis of this
MK activity is anti-apoptotic activity, leading to survival of
the affected cells (Horiba et al., 2006).

However, ischaemic injury in the kidney is severer in
wild-type mice than in MK-deficient mice (Sato et al., 2001).
This is because MK induced by ischaemia recruits inflamma-
tory leukocytes to the injured renal epithelium. In the case of
partial hepatectomy, induced MK enhances tissue repair as
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well as inflammation, and the balance is slightly in favour of
repair: the reparative process is slightly more enhanced in
wild-type mice than in MK-deficient mice (Ochiai etal.,
2004).

In the brain, MK does not appear to play important roles
in neuroinflammation because MK does not activate astro-
cytes or microglias (Muramoto et al., 2013). Generally, MK
exerts protective roles in the brain (Muramatsu, 2011). As an
example, MK-deficient mice exhibit increased amphetamine-
induced astrocytosis (Gramage et al., 2011). Furthermore, MK
enhances migration of microglias and is likely to contribute
to the clearance of amyloid B-peptide (Muramatsu, 2011).

MK participates in inflammatory processes by exerting
two different activities. Firstly, MK enhances the migration of
neutrophils and macrophages both by direct action of MK
and by inducing chemokine expression (Takada et al., 1997;
Horiba et al., 2000; Sato et al., 2001). Secondly, MK suppresses
differentiation of regulatory T-cells partly by inhibiting the
development of tolerogenic dendric cells, which are essential
for the differentiation (Wang et al., 2008; Sonobe et al., 2012).
Inflammation, which is enhanced by MK, is part of the
immune system. MK also has anti-microbial activities and is
regarded as a component of the innate immune system
(Svensson et al., 2010; Nordin et al., 2013). Furthermore, MK
has been found to enhance the survival of B cells (Cohen
etal., 2012). Thus, MK plays diverse roles in counteracting
infection upon injury.

MK is also known to have angiogenic activity (Choudhuri
et al., 1997; Weckbach et al., 2012). We can regard these dif-
ferent activities of MK mentioned in this section are all aimed
at promoting the repair of injured tissue, while excessive
action of some activities leads to tissue damage.

MK in diseases

The diverse activities of MK described in the previous sections
form the basis of its involvement in the pathogenesis of
various diseases. As this subject will be fully explained in
subsequent articles, only a brief summary is described here.

Consistent with the important role of MK in inflamma-
tion, MK deficiency attenuates various inflammation-related
diseases, namely neointima formation upon ischaemia (a
model of restenosis) (Horiba et al., 2000), ischaemic renal
injury (Sato efal, 2001), drug-induced renal injury
(Muramatsu, 2010; Kadomatsu etal., 2013), antibody-
induced arthritis (a model of rheumatoid arthritis)
(Maruyama et al., 2004), adhesion after surgery (Inoh et al.,
2004) and experimental autoimmune encephalitis (a model of
multiple sclerosis) (Wang et al., 2008), raising the possibility
of drug development targeting MK for treatment of the above-
mentioned diseases. Drugs targeting MK include antibodies,
aptamers, low molecular weight compounds and nucleic acid
reagents suppressing the formation and/or action of MK
mRNA (Muramatsu, 2011; Kadomatsu et al., 2013).

MK is also up-regulated in the majority of human malig-
nant tumours and contributes to tumour development and
progression by enhancing the growth, survival, migration,
epithelial-mesenchymal transition and angiogenic activity
of these cells (Tsutsui etal., 1993; Aridome etal. 1995;
Kadomatsu and Muramatsu, 2004; Muramatsu, 2010, 2011;
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Erguven et al., 2012). Strong MK expression in the tumour is
correlated with the poor prognosis of patients and resistance
to chemotherapy (Muramatsu, 2010; 2011; Kadomatsu et al.,
2013). Thus, anti-MK reagents are expected to be effective in
the treatment of malignant diseases (Takei etal., 2001;
Muramatsu, 2010; 2011; Erguven et al., 2012; Kadomatsu
etal., 2013). In addition, the promoter region of MK
can be used to express toxic genes in tumour cells
(Tagawa et al., 2012). Furthermore, circulating MK is a prom-
ising tumour marker (Krzystek-Korpacka and Matusiewicz,
2012).

MK also plays important roles in the regulation of blood
pressure via the renin-angiotensin system (Ezquerra et al.,
2005; Hobo et al., 2009). Partial nephrectomy induces MK
expression in the lung, and the induced MK acts on endothe-
lial cells to promote the expression of angiotensin-converting
enzyme, leading to hypertension (Hobo et al., 2009). There-
fore, MK appears to be a key molecule in the aetiology of
hypertension upon chronic nephritis.

MK signalling

Consistent with the various in vivo activities of MK men-
tioned above, MK exerts many in vitro activities. Prominent
activities fall into the following three categories: (i) enhance-
ment of the survival of target cells such as embryonic neurons
(Michikawa et al., 1993; Owada et al., 1999), neural precursor
cells (Zou et al., 2006a) and B cells (Cohen et al., 2012); (ii)
promotion of the expression of other cytokines by MK in
renal epithelial cells (Sato et al., 2001), endothelial cells (Sumi
et al., 2002) and bone marrow cells (Sonobe et al., 2012); and
(iii) promotion of the migration of embryonic neurons
(Maeda et al., 1999), macrophages (Horiba et al., 2000), neu-
trophils (Takada etal., 1997, Horiba etal., 2000) and
osteoblast-like cells (Qi et al., 2001). Promotion of migration
is mainly performed by substratum-bound MK, while other
activities are mainly performed by soluble MK. In addition to
the promotion of migration, MK has the following activities
with potential involvement of the cytoskeleton, namely pro-
motion of neurite outgrowth, clustering of ACh receptor in
the neuromuscular junction and induction of collagen gel
contraction by fibroblasts (Muramatsu et al., 1993; Kaneda
et al., 1996b; Muramatsu, 2010; 2011). Besides cytokines, MK
induces the expression of molecules in extracellular matrices
(Muramatsu, 2010) and angiotensin-converting enzyme
(Hobo et al., 2009). MK activities related to cell differentiation
include enhanced differentiation of regulatory T-cells via
tolerogenic dendritic cells (Wang et al., 2008; Sonobe et al.,
2012), induction of adipocyte differentiation (Cernkovich
et al., 2007) and induction of epithelial-mesenchymal transi-
tion (Huang et al., 2008a).

Other activities are enhancement of growth (Muramatsu
etal., 1993; Zou et al., 2006a; Muramatsu, 2010; Reiff et al.,
2011; Shen etal., 2012), fibrinolytic activity (Kojima et al.,
1997), angiogenic activity (Weckbach ef al. 2012) and anti-
microbial activity (Svensson et al., 2010). Some of these activi-
ties have been used to analyse the signalling system of MK.

MK signalling is largely mediated by cell surface receptors,
and several membrane proteins have been identified as MK
receptors. Among them, the most established is PTPC.



PTP{ is a transmembrane protein with intracellular tyros-
ine phosphatase domain and extracellular chondroitin
sulfate chain and also serves as a PTN receptor (Maeda et al.,
1999). Chondroitin sulfate portion of PTP{ is important for
binding to MK as after enzymatic removal of chondroitin
sulfate, the high-affinity binding site to MK (K4, 0.58 nM)
disappears, and only the low-affinity binding site (K4, 8.8 nM)
remains (Maeda et al., 1999).

As an MK receptor, PTP{ has been shown to be involved in
migration of embryonic neurons (Maeda et al., 1999) and
UMRI106 osteoblast-like cells (Qi et al., 2001), survival of
embryonic neurons (Sakaguchi etal.,, 2003) and B cells
(Cohen etal., 2012), and suppression of the proliferation
of osteoblasts (Liedert etal., 2011). Consistent with the
important role of PTP{ in MK signalling, genetic analysis
suggests that Drosophila miple functions also through PTP{
(Munoz-Soriano et al., 2013).

After ligand receptor interactions of PTP{ with MK or
PTN, tyrosine phosphorylation is increased in cytoplasmic
signalling molecules such as B-catenin, (Meng et al., 2000;
Liedert etal., 2011), B-adducin (Pariser et al., 2005a), Fyn
(Pariser et al., 2005b), Syk (Cohen et al., 2012) and Akt (Qi
et al., 2001; Cohen et al., 2012). It is likely that after ligand
stimulation, PTPC is dimerized, leading to inactivation of the
intracellular phosphatase domain, and results in increased
tyrosine phosphorylation. The finding that oligomerization
of PTP{ by antibodies or an artificial dimerizer leads to
its inactivation (Fukada et al., 2006) is consistent with this
view.

There are two isoforms of PTP(, the full-length form and
the short form. They are functionally different, and the full-
length form appears to mediate the action of PTN in hip-
pocampal neurons. PTN increases the density of hippocampal
dendritic synapses, and overexpression of the full-length
form decreases the density (Asai et al., 2009). This observa-
tion is consistent with the action mechanism of PTP{
described above. Finally, it is proper to mention that another
mechanism has been proposed for the action of PTP{, namely
PTP{ dephosphorylates Src, leading to its activation
(Polykratis et al., 2005).

Multiple kinases, that is, PI3K, MAPK, a Src family kinase
and PKC, appear to be involved in signalling downstream
from PTPC, as revealed by their inhibitors (Qi et al., 2001).
MK-induced phosphorylation of Akt in these cells has verified
the role of PI3K in the signalling system (Qi ef al., 2001). In
the promotion of survival of B lymphocytes by MK, increased
phosphorylation of Syk and Akt via PTP{ leads to increased
Bcl-2 expression (Cohen et al., 2012).

Dephosphorylation of B-catenin is a critical step in
canonical Wnt signalling. In osteoblasts, MK has been shown
to inhibit osteoblast proliferation by interfering in Wnt sig-
nalling by inhibiting PTP{-mediated dephosphorylation of
B-catenin (Liedert et al., 2011).

DNER, a Notch-related receptor, forms a complex with
PTPC (Fukazawa et al., 2008). After PTN stimulation, tyrosine
phosphorylation of DNER is increased, probably by the inhi-
bition of PTP{ activity, leading to the inhibition of DNER
endocytosis, and results in the promotion of neurite out-
growth in neuroblastoma cells. A similar mechanism can be
considered upon MK-induced neurite outgrowth in embry-
onic neurons.

Structure and function of midkine

New classes of MK receptors, namely low-density lipopro-
tein receptor-related protein-1 (LRP-1) (Muramatsu et al.,
2000), oufi-integrin and oePi-integrin  (Muramatsu et al.,
2004) have been identified by analysing MK-binding proteins
from day 13 mouse embryos. LRP-1 is a member of the low-
density lipoprotein receptor family and binds to MK with a K4
of 3.5nM (Muramatsu etal.,, 2000). Among the family
members, megalin (Muramatsu et al., 2000) and ectodomains
of LRP-6 and apo-E receptor-2 (Sakaguchi et al., 2003) also
bind to MK, but with less affinity than that of LRP-1. LRP-1
serves as an MK receptor upon survival of embryonic neurons
(Muramatsu et al., 2000) and prevention of hypoxic injury in
mouse embryonic stem cells (Lee ef al., 2012). In the latter
system, MK signal is transmitted through Akt and hypoxia-
induced factor (HIF)1o.

osPi-integrin serves as an MK receptor upon migration of
UMR-106 osteoblastic cells, and op;-integrin for neurite out-
growth of embryonic neurons (Muramatsu et al., 2004). Fur-
thermore, these integrins, LRP-6 ectodomain and PTP{ form a
molecular complex, and MK promotes complex formation
(Muramatsu et al., 2004). As the result of MK action, tyrosine
phosphorylation of paxillin, which is downstream in the
integrin signalling system, is increased in UMR-106 cells
(Muramatsu et al., 2004). In human head and neck carcinoma
cells, MK binds to tetraspanin and o,f;-integrin and enhances
their association, leading to activation of focal adhesion
kinase, paxillin and STAT1o pathway, resulting in enhanced
migration and invasiveness of these cells (Huang et al.,
2008b). owfs-integrin and PTPC are receptors for PTN upon
migration of human umbilical vein endothelial cells (Mikelis
etal., 2009). PTN binds directly to both receptors, which
interact mutually. Interestingly, MK does not bind to owf;-
integrin and does not enhance the migration of these cells
(Mikelis et al., 2009). All these results indicate that integrins
are components of MK and PTN receptors to enhance cell
migration and function in a molecular complex.

Neuroglycan C is a brain-specific chondroitin sulfate
proteoglycan and serves as an MK receptor upon process
elongation of CG-4 oligodendroglial precursor-like cells
(Ichihara-Tanaka et al., 2006). MK can bind to neuroglycan C
devoid of chondroitin sulfate, but the presence of chondroi-
tin sulfate increases binding affinity (Ichihara-Tanaka ef al.,
2006). The K4 value of MK to recombinant neuroglycan C
fusion protein without chondroitin sulfate is 51.8 nM
(Ichihara-Tanaka et al., 2006). Further studies revealed that
neuroglycan C also functions in a molecular complex (K.
Ichihara-Tanaka et al., unpublished results).

Anaplastic lymphoma kinase (ALK) is a transmembrane
tyrosine kinase involved in the tumourigenesis of at least
several malignant tumours, such as anaplastic large cell lym-
phoma (Kadomatsu et al., 2013). ALK has been shown to be a
receptor of MK (Stoica et al., 2002) and PTN. MK-dependent
growth of SW-13 cells in soft agar requires ALK (Stoica
etal., 2002). Furthermore, ALK plays the central role in
MK-dependent proliferation of immature sympathetic
neurons (Reiff et al., 2011) and MK-dependent resistance to
cannabinoid of glioblastoma cells (Lorente et al., 2011).

After stimulation by MK, ALK phosphorylates insulin
receptor substrate-1, leading to activation of MAPK, PI3K and
NF-xB (Kuo et al., 2007). The apparent Ky value between MK
and ALK was estimated to be 170 pM, based on the binding to
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ALK-expressing cells (Stoica et al., 2002). However, it is not
established whether ALK directly binds to MK with high
affinity. Furthermore, ALK formed a complex with LRP-6
ectodomain and integrins (H. Muramatsu et al. unpublished
results). Therefore, ALK may work in the receptor complex for
MK. Indeed, PTN-induced activation of ALK is mediated by
PTPC in MCF-7 cells (Perez-Pinera et al., 2007).

Notch-2, a transmembrane protein belonging to the
Notch family, is an MK receptor inducing epithelial-
mesenchymal transition of immortalized HaCaT keratino-
cytes (Huang et al., 2008a). Direct binding of MK and Notch-2
has been shown by yeast 2-hybrid analysis and co-
immunoprecipitation. After MK stimulation, JAK2 and STAT3
are recruited to hairy and enhancer of split-1 (Hes1), a tran-
scription factor of the Notch signalling system, resulting in
increased phosphorylation and activation of STAT3 (Huang
etal., 2008a). Notch-2 also serves as an MK receptor in
pancreatic ductal adenocarcinoma cells to drive epithelial-
mesenchymal transition and chemoresistance (Gungor et al.,
2011). In these cells, MK induces cleavage of the Notch-2
cytoplasmic domain and stimulates the expression of Hesl
and NF-xB. Furthermore, Notch-2 participates in MK signal-
ling upon development of neuroblastoma (Kishida et al.,
2012). The Notch signalling system might also be involved in
MK-induced production of chemokines because IL8 gene is
activated after MK stimulation in keratinocytes (Huang et al.,
2008a). The possibility that Notch-2 acts in the receptor
complex is not excluded because DNER, a Notch-related
transmembrane protein, forms a complex with PTP{
(Fukazawa et al., 2008).

Most MK activities are inhibited by heparin or digestion
with heparitinase or chondroitinase, indicating the im-
portance of carbohydrate recognition in MK signalling
(Muramatsu, 2010). Two oligomeric carbohydrate structures,
namely heparan sulfate trisulfated units and chondroitin
sulfate E units, have been shown to bind to MK strongly
(Kaneda et al., 1996a; Ueoka et al., 2000; Muramatsu et al.,
2003; Zou etal., 2003; Muramatsu, 2010). Chondroitin
sulfate chains are present in PTP{ and neuroglycan C, as
mentioned above. Furthermore, versican, another chondroi-
tin sulfate proteoglycan, also binds to MK (Zou et al., 2000).
Although versican is not a transmembrane protein, but a
pericellular protein, it can function in the delivery of MK to
the receptor.

Syndecans and glypican-2 are heparan sulfate proteogly-
cans with MK binding activity (Muramatsu, 2010). Ky of
syndecan-4 to MK is 0.30 nM (Kojima et al., 1996). Transfec-
tion of syndecan-3 or glypican-2 cDNA to neurobalstoma
cells results in extension of neurites on the MK-coated sub-
stratum (Kurosawa et al., 2001).

Although several transmembrane proteins have been
identified as MK receptors, as mentioned above, none has
very high affinity to MK or is specific only to the MK/PTN
family. Therefore, it might be reasonable to assume that MK
frequently binds to more than one component in the recep-
tor complex to exert its function. That MK can form a dimer
(Kojima et al., 1997) is important as dimeric MK is suitable for
enhancing the association of different components in the
receptor complex.

The signalling systems downstream from the MK recep-
tors are diverse, as mentioned above, while the PI3K/Akt

822 British Journal of Pharmacology (2014) 171 814-826

system and MAPK appear to play central roles in many cases.
Notably, the PI3K /Akt system is involved in the survival of
embryonic neurons (Owada et al., 1999) and B cells (Cohen
et al., 2012), prevention of hypoxic injury in embryonic stem
cells (Lee et al., 2012), and migration of osteoblast-like cells
(Qi et al., 2001). Upon promotion of survival by MK, suppres-
sion of caspase and activation of Bcl-2 are observed after
signalling (Owada et al., 1999; Qi et al., 2000; Muramatsu,
2010; Cohen et al., 2012).

Transcriptional factors, whose activities are regulated by
signalling cascades triggered by MK, include NF-xB (Kuo
et al., 2007; Gungor et al., 2011), Hes-1 (Gungor et al., 2011),
HIF-1o (Lee et al., 2012) and STATs (Cernkovich et al., 2007;
Huang et al., 2008a; b; Sonobe et al., 2012).

Among them, STATs require further description. Activa-
tion of STAT1a is involved in the migration of head and neck
carcinoma cells (Huang et al., 2008b), while activation of
STAT3 is important in epithelial-mesenchymal transition of
keratinocytes (Huang et al., 2008a) and the proliferation and
adipogenesis of 3T3-L1 cells (Cernkovich etal., 2007).
However, in bone marrow cells containing tolerogenic den-
dritic cells, MK activates SHP-2 (src homology region 2
domain-containing phosphatase-2) (Sonobe et al., 2012). This
effect leads to decreased phosphorylation of STAT3a upon
IL-10 stimulation and to increased production of IL-12.

In addition to receptor-mediated signalling, a portion of
MK has been shown to exert its effect directly in the nucleus.
MK is internalized after binding to LRP-1 and is then trans-
ported to the nucleus by binding to nucleolin (Shibata et al.,
2002) or to laminin-binding protein precursor (Salama et al.,
2001), and is involved in the promotion of cell survival
(Shibata et al., 2002). Furthermore, MK transferred to the
nucleolus enhances the synthesis of ribosomal RNA (Dai
et al., 2008).

In conclusion, various aspects of MK signalling have been
clarified in detail, while further efforts are required to reveal
the complete image of MK signalling. Thus, there remain
possibilities that new targets will emerge for suppression of
the MK signalling system.
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