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Midkine (MK) and pleiotrophin (PTN) are low molecular weight proteins with closely
related structures. They are mainly composed of two domains held by disulfide bridges,
and there are three antiparallel p-sheets in each domain. MK and PTN promote the
growth, survival, and migration of various cells, and play roles in neurogenesis and epi-
thelial mesenchymal interactions during organogenesis. A chondroitin sulfate proteo-
glycan, protein-tyrosine phosphatase £ (PTPp, is a receptor for MK and PTN. The
downstream signaling system includes ERK and PI3 kinase. MK binds to the chon-
droitin sulfate portion of PTP£ with high affinity. Among the various chondroitin sulfate
structures, the E unit, which has 4,6-disulfated AT-acetylgalactosamine, provides the
strongest binding site. The expression of MK and PTN is increased in various human
tumors, making them promising as tumor markers and as targets for tumor therapy. MK
and PTN expression also increases upon ischemic injury. MK enhances the migration of
inflammatory cells, and is involved in neointima formation and renal injury following
ischemia. MK is also interesting from the viewpoints of the treatment of neurodegenera-
tive diseases, increasing the efficiency of in vitro development, and the prevention of
HIV infection.

Key words: cancer therapy, cell migration, cell survival, protein tyrosine phosphatase,
tumor marker.

Recognition at the cell surface regulates differentiation,
proliferation, survival, adhesion, migration, and other ac-
tivities of responding cells (1, 2). One class of molecules
involved in cell surface recognition is secreted, low molecu-
lar weight proteins, which include hormones, growth fac-
tors and cytokines. This review focuses on a protein family
of such factors consisting of only two proteins, midkine
(MK) and pleiotrophin (PTN). MK and PTN are involved in
the regulation of development and the etiology of diseases.
Recently, they have become promising molecular targets for
the treatment of diseases including malignancy (3-8). The
activities of MK and PTN at the cellular level and their
relationship to diseases are summarized in the tables
(Tables I and II).

MK was found as the product of a gene whose expression
increases during the early differentiation stage in embryo-
nal carcinoma cells (9). Chicken MK is also called retinoic
acid-inducible heparin binding protein (RIHB) (10, 11).
PTN was found as a neurite-promoting factor (12) or a
mitogeneic factor for fibroblasts (13). PTN is also called
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heparin binding growth-associated molecule (HB-GAM)
(14), OSF-1 (15), HARP (16), and HBNF (17). Molecular
cloning of MK (9, 18) and PTN (14, 19) revealed the close
relationship between the two proteins. MK and PTN also
have been the subjects of other reviews (20-28).

Protein structure
MK and PTN are rich in basic amino acids and cysteine,

and share 45% sequence identity with each other (Fig. 1).
Both proteins are principally composed of two domains
held by disulfide bridges, namely an N-terminally located
N-domain and a C-terminally located C-domain (29, 30)
(Fig. 2). There are short tails at both ends of the molecule.
Several activities of MK and some activities of PTN are car-
ried by the C-terminal half molecules with the C-domain
(31, 32). It is noteworthy that the heparin binding site of
MK is mainly in the C-domain (31), while that of PTN is
equally distributed in both the N- and C-domains (33). In
agreement with these observations, a heparin binding site,
which is conserved in the C-domain of mouse and human
MK (34), is absent in PTN. Both the N- and C-domains of
MK and PTN show weak homology to the type I repeat of
thrombospondin; tryptophan is present in each domain 5-7
amino acids downstream from the first cysteine residues
(33).

Part of the MK activity is enhanced by or requires dimer-
ization of MK (35, 36). Both the N- and C-domains are
involved in dimerization. A portion of the N-domain has
been utilized as a dominant negative inhibitor of MK, since
free N-domain inhibits dimerization (35, 37). Deletion of
the tails at either the N-terminal or C-terminal ends of MK
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TABLE I. Biological activities of MK and PTN at the cellular level.

Activity MK PTN

Cell growth

Cell survival
Cell migration
Change in cell shape

Fibrinolytic activity
Chemokine expression
Chondrogenesis
Angiogenesis
Acetylcholine receptor clustering

fibroblasts, keratinocytes, tumor cells

embryonic neurons, tumor cells
embryonic neurons, inflammatory cells
neurite outgrowth of embryonic neurons, col-
lagen gel contraction by fibroblasts
endothelial cells
tubular epithelial cells
chondrocyte precursors

embryonic myoblasts

fibroblasts, hepatocytes, endothelial cells,
tumor cells

embryonic neurons
neurite outgrowth of embryonic neurons

endothelial cells

chondrocyte precursors
endothelial cells
embryonic myoblasts

Details are described in the text.
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Fig. 1. Protein sequences of human MK and PTN.
Amino acids conserved between the two proteins are
marked by boxes, while those also conserved in Droso-
phila miple are shaded. Marks (T) indicate exon-
intron boundaries. Bars show the location of disulfide
bridges.

TABLE II. Diseases related to MK and/or PTN. N-half- •C-half-
Disease Relationship to MK and/or PTN

Carcinomas
Wilms' tumor
Neuroblastoma
Malignant peripheral

nerve sheath tumor
Melanoma
Neointima formation upon

balloon injury
Ischemic nephritis
Retinal degeneration
Delayed neuronal cell death

after ischemia
Alzheimer's disease
HIV
Osteoporosis

MK, PTN
MK
MK.PTN
MK

PTN
MK

MK
MK
MK

MK, PTN
MK
MK, PTN

N-domain

Cys30

Diseases related to etiology or cure/prevention are listed. Details Cys48
are described in the text.

severely reduces the neurite promoting activity (38). How-
ever, the C-domain lacking the C-terminal tail retains a
considerable degree of activity. Therefore, it has been con-
cluded that the role of the tails is an indirect one, probably
serving to maintain the two domains in the proper orienta-
tion (38). Deletion of the C-terminal tail of PTN also hin-
ders the mitogenic activity (39). On the other hand, the
transforming activity of PTN requires the presence of one
of the tails and a portion of the N-domain (40); this knowl-
edge was also used to construct a dominant negative mu-
tant (41). Surprisingly, the tails of PTN were reported to
have some activity (42). Due to differences in the process-
ing of the signal peptide, MK with two extended amino acid
sequences in the N-terminal exists (43). PTN with an ex-

Cys15

Cys52

Cys23

a Cys72

Cys39

Cluster 2 R89

Cys62

Fig. 2. Organization of the MK protein and three-dimensional
structure of its domains. Dashed lines indicate two heparin bind-
ing sites in the C-domain. The domain figure is based on Ref. 34
and is modified from Ref. 26 (Copyright 2002, John Wiley & Sons)
with permission from John Wiley & Sons.

tended amino acid sequence has also been found (39). The
presence of a short form of MX lacking the N-domain and
its peripheral sequences encoded by Exon 2 was predicted
by mKNA analysis (44) and verified using a monoclonal
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antibody specific for the short form (45).
MK and PTN are broadly distributed in vertebrates; MK

from humans to zebra fish, PTN from humans to Xenopus.
PTN is more conserved between species; human and rat
PTNs differ by only one amino acid (19), and human PTN
shares 83% sequence identity with that of the frog molecule
(46). Human and mouse MK share 87% sequence identity
(47). On the other hand, Drosophila melanogaster has two
molecules, miple and the related miple 2. Miple is named
from midkine and pZeiotrophin. Both miple and miple-2
have twice repeated domains that show a high degree of
homology to the C-domains of both MK and PTN, but no
significant homology to the N-domains (Fig. 1). The primor-
dial form of the C-domain might be the prototype of MK
and PTN.

The three dimensional structure of MK has been clarified
based on the structures of the N-terminal half and C-termi-
nal half molecules determined by NMR (34). Each domain
is basically composed of three antiparallel (i-sheets; in addi-
tion, the C-domain has a flexible loop (Fig. 2). The tail por-
tions located outside the domains do not form stable
structures, and the two domains move freely with each
other. The stability of MK to acid and high temperature is
considered to be due to the stabilization of the domain
structure by disulfide bridges (48). PTN also has a struc-
ture similar to that of MK (33). In addition, the three
dimensional structure of MK serves as the prototype of
that of the thrombospondin type 1 repeat.

MK and PTN have been produced as recombinant pro-
teins in mammalian cells, baculovirus, yeast and Escheri-
chia coli (19, 49-54). Furthermore, both have been chem-
ically synthesized; the N-half and the C-half are formed
separately, and then those with correct disulfide bridges are
isolated by HPLC and then linked (55, 56). There are argu-
ments as to whether baculovirus produced-PTN retains the
full range of activities and whether PTN produced by mam-
malian cells is of a high degree of purity.

Genes

MDK

-MDK-

FWtE | WT1 1

i-P

PTN 7q33

Fig. 3. Organization of the human MK gene (MDK) and human
pleiotrophin gene (PTN). Boxes above the horizontal line are
exons. RARE, retinoic acid responsible element; WT1, WT1 binding
sites; DGK, diacylglycerol kinase; CHRM, muscarinic acetylcholine
receptor.

The human MK gene (MDK) is located on chromosome
llp.11.2 (57) (Fig. 3X while the mouse gene (Mdk) As on
chromosome 2 near Hox 4.1 (58). The human PTN gene
(PT2V) is on chromosome 7q.33, and that of mouse is on
chromosome 6 (59). MDK and Mdk encompass 2 kb (60,
61), while PTN is very large (68 kb) (62) (Fig. 3). Despite
the difference in genome size, MDK and PTN share com-
mon features. The coding sequences of both proteins are on
4 exons, and the exon-intron boundaries are conserved
(60-62). Furthermore, the order of arrangement of the dia-
cylglycerol kinase genes, MDKIPTN and muscarinic acetyl-
choline receptor genes (63) is conserved in the two human
chromosomes (Fig. 3). MK expression is induced by retinoic
acid in embryonal carcinoma cells and in certain tissues, hi
fact, in the promoter region of the MK gene, there is a func-
tional retinoic acid-responsive element (64, 65) (Fig. 3). The
promoter region also has a binding site for WT1, Wilms'
tumor suppressor gene. The expression of PTN is induced
by PDGF and progesterone (66, 67).

The expression of MK and PTN is developmentally regu-
lated. As an example, in the cerebrum of the mouse or rat,
MK expression is strong in the midgestation period, while
that of PTN is strong shortly after birth; both are scarcely
expressed in the adult cerebrum (12, 68-71). Also in other
organs, MK expression generally peaks in the midgestation
period; strong expression is found in the brain, epithelial
tissue in which epithelial—mesenchymal interactions are
taking place, and mesenchymal tissues undergoing remod-
eling (68, 72). The expression of MK in adult tissues is
restricted. During mouse embryogenesis, strong PTN ex-
pression is observed in the brain, digestive and respiratory
systems, sense organs, hair whiskers, facial processes and
limbs (72). In the adult, PTN expression is also restricted.

Biological activities
MK and PTN have diverse activities. MK promotes the

growth of fibroblasts, Wilms' tumor cells and keratinocytes
(43, 49, 73). However, the activity is weaker than that of
fibroblast growth factor (FGF). MK has an anti-apoptotic
activity to embryonic neurons (74-77) and Wilms' tumor
cells treated with an anti-cancer drug, cisplatin (78). PTN
promotes the growth of fibroblasts (19), a subpopulation of
hepatocytes (79), endothelial cells (16, 80) and certain carci-
noma cells (3, 4, 6, 81).

Both MK and PTN stimulate the migration of embryonic
neurons and osteoblasts (82-85). Furthermore, MK pro-
motes the migration of inflammatory cells, namely mac-
rophages and neutrophils (7, 86). PTN, as well as MK,
promotes neurite outgrowth of embryonic neurons (12, 43,
49). MK also promotes fibroblast-mediated contraction of
collagen gels (87). These activities on MK and PTN are
thought to be mediated by their action on the cytoskeleton
through intracellular signal transduction.

MK and PTN stimulate the fibrinolytic activity of endo-
thelial cells (88). MK also enhances the expression of
chemokines in urinary tubular epithelial cells (8) and the
synthesis of matrix molecules by fibroblasts (89). These
activities of MK and PTN are thought to be the result of
transcriptional activation by these factors.

PTN stimulates chondrogenesis in micromass culture of
chicken limb buds (90). MK does not have this activity
when added to the culture medium, but it exhibits the
activity after cDNA transfection into the precursor cells
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(91). PTN shows angiogenic activity in vitro (92, 93), while
MK lacks this activity. However, transfection with MK as
well as PTN cDNA enhances the in vivo angiogenic activity
of breast carcinoma cells (94).

PTN is expressed in the CA1 subregion of the hippocam-
pus in adult rats and mice. High-frequency stimulation
leading to the induction of long-term potentiation (LTP)
results in increased PTN expression in the CA1 area (95).
In PTN knockout mice, the hippocampal structure and bas-
al excitatory transmission in the CA1 area appear normal.
However, hippocampal slices from deficient mice exhibit a
lower threshold for LTP induction, and the application of
PTN causes the LTP level to revert to the wild-type level
(96). Therefore, PTN appears to be an inducible signal to
inhibit LTP.

MK and PTN are involved in various processes in devel-
opment. They have been implicated in the regulation of epi-
thelial—mesenchymal interactions, because of the expres-
sion of MK and PTN in tissues undergoing these interac-
tions (68, 72). The development of tooth germ in vitro is
inhibited by the addition of antd-MK antibody (97). When
the epithelial and mesenchymal tissues from the tooth
germ are combined in culture, a translucent zone is formed
at the contact site of the mesenchyme; however, the zone is
not formed when the tissues are cultured separately. Beads
coated with BMP-2 induce the formation of the translucent
zone on the mesenchyme. When beads coated with MK are
placed together, the action of BMP-2 is inhibited. MK ap-
pears to suppress the excessive action of BMP-2. In the in
vitro differentiation system of the lung germ, MK stimu-
lates the development of mesenchymal tissue (98).

Kidney development is a system in which epithelial-
mesenchymal interactions are prominent. Anti-MK anti-
body inhibits the formation of nephrons in in vitro kidney
development systems (99). On the other hand, PTN, which
is expressed in the mesenchyme, has been identified as a
factor involved in uteric bud branching morphogenesis;
PTN added together with glia-derived neurotrophic factor
(GDNF) induces the branching of isolated uteric buds in
culture (100).

A detailed analysis of the involvement of MK in epithe-
lial-mesenchymal interactions has been performed using
an artificial blood vessel model in which human umbilical
cord vascular endothelial cells are cultured on human aor-
tic smooth muscle cells (101). The endothelial cells, but not
the smooth muscle cells, produce a small amount of MK.
When MK is added to the model, the endothelial cells pro-
liferate and the production of proteoglycans increases.
However, MK does not act on these endothelial cells cul-
tured in a monolayer. The direct target of MK has been
identified as the smooth muscle cells, which secrete factors
acting on endothelial cells. One such factor is EL8. The an-
giogenic activity of MK in vivo (94) might also be explained
by a similar mechanism; MK may act on cells other than
endothelial cells, and the responding cells may secrete an-
giogenic factors.

MK and PTN play roles in various aspects of neurogene-
sis. For one, they are considered to be involved in the mi-
gration of embryonic neurons. In addition to their migra-
tion promoting activity, they are located along the route
through which neurons migrate (70, 102-106). As an exam-
ple, both proteins are present in the radial glial processes
in the cerebral cortex of day 17 rat embryos (70). The radial

glial processes are structures along which neurons migrate.
Staining with MK can be used as a marker of radial glial
processes (107). When human fetal brain cells are sepa-
rated into astrocytes and neurons, the astrocytes have been
shown to synthesize MK (75). MK and PTN are strongly
expressed in the rat cerebellum 7 days after birth, suggest-
ing that they are involved in the migration and neurite out-
growth of granule cells (108).

When beads coated with PTN or MK are placed on
embryonic myoblasts from Xenopus, acetylcholine receptor
clustering, a marker of synapse formation, is induced (109,
110). PTN is localized on myoblasts and MK on neurons in
the synapse; both PTN and MK might be involved in syn-
apse formation; PTN might be regarded as a factor sup-
plied from myoblasts, and MK as a factor supplied from
neurons.

MK is also likely to participate in neural development.
MK mRNA is expressed strongly in the brain and spinal
cord during the development of Xenopus. When MK mRNA
is injected into the dorsal vegetal region of 8 cell Xenopus
embryos, neural tissues enlarge abnormally (111). Meso-
derm is induced in the ectoderm portion of the Xenopus
embryo when it is cultured with activin. When MK mRNA
is pre-injected into the activin-treated embryo, mesoderm
induction ris suppressed, but neural induction takes place.
The induced tissue has been concluded to be the anterior
neural tissue based on the expression of neural markers.

An MK-related protein, Mdk-2, cloned in zebra fish, is
first expressed in the neural plate during development.
When Mdk2 mRNA is injected into the embryo, the devel-
opment of posterior neural tissue is enhanced (37). Injec-
tion of dominant negative MdK-2 mRNA, which lacks the
portion encoding the C-domain, suppresses the develop-
ment of the posterior nervous tissue. Although the activity
of Mdk2 is related to that of MK, the target of Mdk2 is pos-
terior neurons. It has been reported that zebrafish have
another MK-related protein (37). Two MK related proteins
might act on neurons at different locations. It has also been
reported that an MK antisense oligonucleotide inhibits the
conversion of mesenchyme to neuroectoderm in the cul-
tured tail bud of chicken embryos (112).

Despite the expected important roles MK and PTN, no
significant defect in development has been reported in mice
deficient in MK or PTN, except for a delay in postnatal hip-
pocampal development in MK-deficient mice (96, 113).
However, closer analysis has revealed that when heterozy-
gotes are crossbred, the numbers of Mdk (-/-) and PTN
(-/—) mice born are significantly smaller than wild-type
born (Maruyama, S. and Muramatsu, H., unpublished).

Mechanism of action
The MK receptor is thought to be a molecular complex

containing proteoglycans including protein-tyrosine phos-
phatase £ (PTP£) (83) and members of the low density lipo-
protein receptor-related protein (LRP) family (114) (Fig. 4).
On the other hand, the PTN receptor has been proposed to
be syndecan-3 (115), PTP£ (82, 116), ALK tyrosine kinase
(117), or their complexes (Fig. 4). The consensus reached is
that PTP£ plays significant roles in the signaling of both
MK and PTN (28).

Syndecan-3 has been proposed to be the receptor of PTN
in PTN-induced neurite outgrowth of embryonic neurons
(115). Syndecan-3 is a member of the syndecan family,
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which comprises 4 transmembrane heparan sulfate pro-
teoglycans. PTN-induced neurite outgrowth is inhibited by
anti-syndecan-3 antibody and the digestion of neurons by
heparitinase, which cleaves heparan sulfate chains. Src is
found to be attached to the cytoplasmic tail of syndecan-3,
and the binding of PTN to syndecan-3 might, alter Src
activity and its interaction with cortactin (118). The bind-
ing constant (Kd) of PTN to syndecan-3 is 0.6 nM.

MK also binds strongly to members of the syndecan fam-
ily, namely syndecan-1, -3, and -4 (72, 119, 120). The bind-
ing constant between MK and syndecan-4 is 0.3 nM.
Digestion of target cells with heparitinase reduces MK-
induced neurite outgrowth and the enhancement of fibri-
nolytic activity, indicating that heparan sulfate proteogly-
cans are also involved in these MK activities (38, 50).

The binding of PTN and MK to syndecans is mediated by
the heparan sulfate chains. Heparan sulfate has variable
structures; the building unit starts from glucuronyl-iV-
acetylglucosamine, and progressive sulfation and conver-
sion of D-glucuronic acid to L-iduronic acid yields a heparin-
like domain. The strong binding to PTN is suggested to
require iV-sulfated glucosamine and 2-sulfated uronic acid
(121), while that to MK requires the trisulfated structure of
iV-and 6-O-sulfated glucosamine and 2-sulfated uronic acid,
namely the heparin-like domain (122,123).

The binding of MK to heparin is mainly mediated by the
C-domain (31). On the surface of the C-domain are two
clusters of basic amino acids, Cluster 1 and Cluster 2 (Fig.
2). That both are involved in MK binding has been con-
firmed by NMR (34) and site-directed mutagenesis (124).
Among the basic amino acids, an arginine residue in Clus-
ter 1 is the most important; mutation of this amino acid
leads to decreased activity in heparin binding and neurite
outgrowth (124). This arginine residue is conserved in MK
and PTN of all species and in Drosophila miples.

Receptor-type protein tyrosine phosphatase £ (PTP£) is a

ALK

LRP

Nucleolin, Laminin- 1
binding protein precursor,
Chaperones, Splicing
factor Prp8

PI3 kinase

MAP kinase

Fig. 4. Molecules proposed to be components of the signaling
system of MK and PTN. Intracellular molecules with the possibil-
ity of involvement are shown in brackets.

transmembrane protein with chondroitin sulfate chains
and an intracellular tyrosine phosphatase domain. .PTP£
has been assigned as the receptor of PTN and MK in the
migration of neurons (82, 83) and osteoblasts (85) and in
the survival of embryonic neurons (Sakaguchi et al., sub-
mitted). In these systems, anti-PTP^ antibody prevents the
activity of PTN and MK Digestion of target cells with
chondroitinase also abolishes the responsiveness to PTN
and MK Furthermore, the binding activities of various MK
mutants to PTP£ correlate with the biological activities of
the mutants. As an example, in a mutant, in which the
arginine in Cluster 1 is changed to glutamine, the affinity
for PTP£ is decreased with a concomitant decrease in the
migration promoting activity (83).

MK and PTN bind to the chondroitin sulfate portion of
PTP£ with high affinity and to the protein portion with low
affinity (83, 116). The KA of PTP£ to MK is 0.56 nM, while
digestion by chondroitinase causes it to decrease to 8.8 nM.
Among the various structures of chondroitin sulfates, the E
unit, which has 4,6-disulfated A^-acetylgalactosamine, binds
to MK with high affinity (125). Although the authentic
chondroitin sulfate E used for binding studies has 3-sul-
fated glucuronic acid, the fact that this structure is not
essential for strong binding was verified using artificial
chondroitin sulfate E, which was formed by transferring a
sulfate to the 6-position of chondroitin-4 sulfate (Zou et al.,
submitted). Furthermore, the susceptibility of the MK
binding structure to chondroitinase B suggests that the E
structure has a dermatan sulfate domain (85,126).

After binding of the ligand, PTP£ is thought to dimerize,
leading to the inactivation of the phosphatase domain and
an increase in intracellular tyrosine phosphate. CITl/Cat-1
(127) and p-catenin (128) have been identified as the sub-
strates of PTP£. Although PTP£ has been well character-
ized as the receptor of MK and PTN, the distribution of
PTP£ does not completely overlap with the action spectra of
the factors. As an example, the migration of macrophages is
increased by MK, and chondroitinase treatment of mac-
rophages reduces the MK responsiveness even though
PTPj; was not detected in macrophages (129).

To identify transmembrane proteins other than pro-
teoglycans in the MK receptor, MK-binding glycoproteins
were isolated from day-13 mouse embryos, and their identi-
ties were determined by protein microsequencdng after sep-
aration by SDS-PAGE. Consequently, the low density lipo-
protein receptor-related protein (LRP) has been identified
as an MK-binding protein (114). LRP is a member of the
LDL receptor family and is a typical endocytosis receptor.
However, recently, LDL receptor family members have
been identified as components of the signaling receptor
complex. First, the reelin receptor was shown to be a com-
plex of cadherin-related neural receptor and Apo E receptor
2 or very low density lipoprotein receptor (130, 131). Then,
the Wnt receptor was revealed to be a complex of frizzled
and low density lipoprotein receptor-related proteins
(LRP5/6) (132). MK binds to LRP with a Kd of 3 nM. When
RAP (receptor-associated protein), which is a chaperone
involved in the synthesis of LRP and inhibits the function
of LRP, is added to the culture medium, MK-dependent
survival of embryonic neurons is inhibited. Thus, LRP has
been concluded to be involved in MK signaling (114). LRP6
also binds to MK with a similar affinity (Sakaguchi et al.,
submitted). Because of the difference in the cytoplasmic
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