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Midkine (MK) is a pleiotropic growth factor prominently expressed during embryogenesis but down-regulated to neglible
levels in healthy adults. Many published studies have demonstrated striking MK overexpression compared with healthy
controls in various pathologies, including ischaemia, inflammation, autoimmunity and, most notably, in many cancers. MK
expression is detectable in biopsies of diseased, but not healthy, tissues. Significantly, because it is a soluble cytokine, elevated
MK is readily apparent in the blood and other body fluids such as urine and CSF, making MK a relatively convenient,
accessible, non-invasive and inexpensive biomarker for population screening and early disease detection. The first diagnostic
tests that quantify MK are just now receiving regulatory clearance and entering the clinic. This review examines the current
state of knowledge pertaining to MK as a biomarker and highlights promising indications and clinical settings where
measuring MK could make a difference to patient treatment. I also raise outstanding questions about reported variants of MK
as well as MK’s bio-distribution in vivo. Answering these questions in future studies will enhance our understanding of the
significance of measured MK levels in both patients and healthy subjects, and may reveal further opportunities for measuring
MK to diagnose disease. MK has already proven to be a biomarker that can significantly improve detection, management and
treatment of cancer, and there is significant promise for developing further MK-based diagnostics in the future.

LINKED ARTICLE
This article is part of a recent themed section on Midkine, published in volume 171 issue 4. To view the other articles in this
section visit http://dx.doi.org/10.1111/bph.2014.171.issue-4

Abbreviations
AFP, α-fetoprotein; AKI, acute kidney injury; CEA, carcinoembryonic antigen; FDA, US Food and Drug Administration;
HCC, hepatocellular carcinoma; HSPGs, heparan sulphate proteoglycans; IHC, immunohistochemistry; Mdk, midkine
gene; MK, midkine protein; MM, malignant mesothelioma; NAG, N-acetyl-D-glucosaminidase; N-GAL, neutrophil
gelatinase-associated lipocalin; RA, rheumatoid arthritis

Introduction
Midkine (MK) is a heparin-binding growth factor first discov-
ered as a highly expressed gene (Mdk) during mouse embryo-
genesis (Kadomatsu et al., 1988). Early studies of MK focused
on its role in embryonic development (Kadomatsu et al.,
1990; Nakamoto et al., 1992; Uehara et al., 1992; Muramatsu
et al., 1993; Satoh et al., 1993), but subsequently MK expres-
sion was observed in adult organisms as well (Muramatsu,
1993). Overexpression of the MK protein has now been
widely observed in association with human diseases, par-
ticularly cancer. MK’s biological functions and roles in
disease have been extensively reviewed recently elsewhere
(Muramatsu, 2011; Weckbach et al., 2011; Sakamoto and

Kadomatsu, 2012; Kadomatsu et al., 2013). Furthermore,
because MK is a soluble, secreted cytokine, it can be readily
quantitated in blood samples, thereby making it a minimally
invasive biomarker for detecting, monitoring and managing
illness. This paper reviews the current knowledge of MK
expression in healthy and diseased patients, evaluates MK’s
usefulness as a biomarker, and highlights the diagnostic tests
that are reaching the clinic. Promising specific disease indi-
cations where measuring MK has strongest potential to assist
in managing disease are also suggested. Finally, this review
also raises some key remaining questions about MK variants
and bio-distribution. Addressing these questions is likely to
generate further opportunities for using MK as an effective
biomarker to manage disease.
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Gene and tissue expression of MK in
healthy subjects

In healthy adults, MDK gene expression has been detected at
a variety of sites, including the gastrointestinal tract, the
kidney, the spleen, the lungs and the thyroid, with Northern
blotting indicating strongest relative MDK expression to be in
the mucosa of the small intestine (Tsutsui et al., 1993). Two
sites strikingly lacking any MDK expression are the healthy
liver (Tsutsui et al., 1993; Aridome et al., 1995; Koide et al.,
1999), and healthy lung tissue (Garver et al., 1993). In the
instances where MDK may be detectable in some healthy
tissues, quantitative PCR shows that this expression is typi-
cally weak, and many fold below that of malignant tissue
(Aridome et al., 1995; O’Brien et al., 1996; Ye et al., 1999;
Moon et al., 2003; Huang et al., 2007; Jia et al., 2007). Inter-
estingly, although MDK gene expression may be evident in
some healthy tissues, there is a distinct absence of any detect-
able corresponding MK protein expression (Miyashiro et al.,
1997; Huang et al., 2007). In studies on healthy tissue that
investigated both MDK gene expression and MK protein
expression, employing anti-MK antibodies in immunohisto-
chemistry (IHC) from the same healthy tissue samples has
reported a clear absence of MK in, for instance, the oral cavity
(Ruan et al., 2007), salivary glands (Ota et al., 2010), stomach
(Huang et al., 2007; Zhao et al., 2012), colon (Ye et al., 1999)
and pancreas (Maeda et al., 2007).

In contrast, the one site where MK protein expression
consistently occurs in healthy adults, at least in mice, is the
kidney (Muramatsu, 1993), where MK is evident in proximal
and distal tubular epithelial cells (Sato et al., 2001) and
endothelial cells (Kato et al., 2011). No comprehensive cor-
responding IHC studies have been published examining
healthy human tissue, but some support of this hypothesis
comes from faint MK staining seen in biopsies of non-
cancerous kidney, although it must be noted that these
samples did also contain minor glomerular abnormalities
(Kosugi et al., 2007). In summary, although MDK gene
expression has been detected at a number of tissue sites in
healthy subjects, most of the circulating MK protein is appar-
ently synthesized by the kidneys (Sakamoto and Kadomatsu,
2012).

Circulating MK in healthy subjects

MK is a soluble growth factor, lacking any sort of membrane-
spanning domain. As such, it is secreted by the cells that
produce it, and this MK reaches the circulation. Because there
is some MK production ongoing even in healthy subjects, this
results in a healthy ‘background’ level of peripheral blood
MK. As a first step to understanding the utility of measur-
ing MK as a disease biomarker, it is essential that healthy
normal MK ranges are established.

As yet, no large-scale population studies have been con-
ducted to comprehensively establish normal and reference
MK ranges. However, a number of published studies have
quantified the circulating MK concentration in small cohorts
of apparently healthy adults, mostly for use as control groups
in cancer studies. Table 1 summarizes the healthy control MK

levels and ranges from a survey of the MK literature under-
taken for this review. Fifteen publications were deemed eligi-
ble for inclusion, based on their reporting of MK serum or
plasma data from healthy control samples. Studies reporting
data for only very low numbers of healthy controls (n < 10) or
studies where descriptive statistics were not sufficiently
reported were excluded. Validation data from a commercially
available MK ELISA kit for 99 healthy subjects (Figure 1A) have
also been included in the analysis (Cellmid, 2013) because of
the public availability of normal distribution data for this
product (http://midkine.cellmid.com.au/kit-documents). The
development and performance of this ELISA test has been
described in part recently elsewhere (Sommerschuh et al.,
2012).

Taken together, the 15 studies in Table 1 (totalling 1512
healthy subjects) show a clear uniformity of blood MK levels
and ranges. This is striking, given the wide variety of subjects
studied (ethnicity, age), the sample matrices tested (serum vs.
plasma), the differences in the reagents used (polyclonal vs.
monoclonal antibodies, variety of sources of MK for standard
curve generation), and the various tests employed (‘home
brew’ vs. commercial ELISA kits). This uniformity suggests MK
has significant ‘robustness’ as a circulating biomarker, and
that the MK levels measured are not prone to large fluctua-
tions in value due to the vagaries of different testing methods.
The distribution of healthy MK values falls predominantly
between 0 and 625 pg·mL−1, with zero MK being uncommon
and approximately 95% of values below 625 pg·mL−1

(Tables 1 and 2). Occasional individuals record MK levels
exceeding 1000 pg·mL−1. One plausible explanation for the
rare cases where MK exceeds 1000 pg·mL−1 is that these sub-
jects are in fact asymptomatic individuals with an as yet
undetected underlying disease, particularly cancer or an
inflammatory or autoimmune disorder. The so-called healthy
control samples in all of the studies in Table 1 rely on anony-
mous blood donations from volunteers. Generally, such
blood donors are pronounced as ‘healthy’ on the basis of a
relatively superficial medical assessment (often a brief ques-
tionnaire alone). In such circumstances, a donor with unad-
dressed disease might easily pass for inclusion in a healthy
control cohort. However, none of the studies in Table 1 report
any follow-up of the ‘healthy’ controls with elevated MK
levels, so one can only speculate on the reasons behind their
increased values.

Table 2 shows a crude meta-analysis of the 15 studies
included in Table 1, giving a putative indication of where the
anticipated normal population mean, median and frequency
distribution might lie. A schematic representation of this data
is shown in Figure 1B. There is a striking similarity between
the anticipated normal population frequency deduced from
Tables 1 and 2 and the actual distribution reported for ana-
lytical validation of the commercially available MK test
(Figure 1A). As such, Figure 1A,B both give a reasonable esti-
mate for what the true healthy MK range and distribution is
likely to be for the population at large.

Summary of this section

Normal circulating MK concentrations have been reported in
a number of different studies using a variety of reagents,
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Table 1
Studies reporting MK serum or plasma concentrations for healthy human subjects

Study

Subjects
n (F:M)
Age range (years)
Nationality

Serum
or
plasma

Mean/median
MK conc (pg·mL−1)
(±SD)
(25–75%)a

Highest MK
value
measureda

(pg·mL−1)

95%
cut-offb

(pg·mL−1)

Mean
± 2 SDs
(pg·mL−1)

Ikematsu et al., 2000;
Shimada et al., 2003c

Healthy adults
135 (94:41)
21–75
Japanese

Serum Mean: 154 (±76)
Median: nr
(nr)

490* 306 306

Soulie et al., 2004 Healthy adults
30 (21:9)
20–59
French

Plasma Mean: 10
Median: 15
(nr)

100 nd nd

Obata et al., 2005 Healthy adults 275 (133:142)
Mean age: 54
Japanese

Serum Mean: 190 (±146)
Median: 170
(81–273)

nr nd 482

Salama et al., 2005 Healthy elderly adults
32 (24:8)
61–84
Japanese

Serum Mean: nr
Median: 500
(385–520)

580 nd nd

Jia et al., 2007 Healthy adults
26 (2:24)
18–65
American

Serum Mean: nr
Median: 12
(4–42)

110* nd nd

Krzystek-Korpacka et al., 2007 Healthy adults
42 (10:32)
25–56
Polish

Serum Mean: nr
Median: 130
(nr)

1000* 563 nd

Ota et al., 2008 Healthy adults 134 (61:73)
20–92
Japanese

Serum Mean: 491 (±98)
Median: nr
(nr)

780* <600 687

Ibusuki et al., 2009 Healthy adults
104 (48:56)
nr
Japanese

Plasma Mean: 489
Median: 489
(411–542)

1068 <751 nd

Kemik et al., 2010 Healthy adults
38 (16:22)
37–71
Turkish

Serum Mean: 360 (±100)
Median: nr
(nr)

nr nd 560

Krzystek-Korpacka et al., 2010 Healthy adults
108 (64:44)
21–66
Polish

Serum Mean: nr
Median: 93
(nr)

395* 350* nd

Rice et al., 2010 Healthy adults
61 (61:0)
32–69
Australian

Plasma Mean: nr
Median: 383
(∼220–800)*

∼8000* 1095* nd

Rawnaq et al., 2011 Healthy adults
148 (50:98)
27–70
German

Serum Mean: 128 (±115)
Median: 99
(33–198)

nr nd 358

Zhu et al., 2013 Healthy adults
210
nr
Chinese

Serum Mean: nr
Median: 195
(nr)

1860* 840* nd

Krzystek-Korpacka et al., 2013 Healthy adults
70 (25:45)
Polish

Serum Mean: 245
Median: nr
(nr)

1050* 680* nd

Cellmid, 2013 Healthy adults
99 (49:50)
42–62
German

Serum Mean: 209 (±108)
Median: 191
(132–254)

648 427 425

aIn instances where an exact value has not been supplied by the authors, but the individual data point is plotted on a graph, values have been estimated
by reading off graphs. Estimates obtained in this manner are indicated by *. bValue below which 95% of individuals tested fall. cBoth studies report the same
healthy control group. nd, not determinable; nr, not reported.
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samples and tests. Despite the diversity of approaches, the
studies show broad agreement as to a normal MK range, with
approximately 95% of individuals having blood MK below
∼625 pg·mL−1. These collated data establish a reasonable,
anticipated, healthy normal range for researchers to use in
future studies of normal versus disease levels of MK.

MK overexpression in disease

By far the most extensively studied disease for overexpression
of MK is cancer, and MK’s immediate utility as a biomarker
lies predominantly in oncology. However, it is also clear that
MK can be elevated in inflammatory, autoimmune and
ischaemic conditions as well.

Oncology

MK overexpression has been reported for at least 20 different
cancer types (Table 3) for malignancies in all major organs
and tissue types, ranging from the most common cancers to
some of the rarest. As such, MK can truly be considered a
‘pan-cancer’ biomarker. Overexpression of both the MDK
gene and the MK protein within the tumour is a typical
feature of cancer. Furthermore, where MK overexpression is a
feature of a particular tumour type, this manifests as an
elevated circulating MK concentration. As Table 3 shows, in
every instance of tissue MK overexpression in which that
blood MK has been investigated, circulating MK is also
elevated. There are no instances in which a tumour type with
elevated tissue MK did not also show increased circulating
MK. Therefore, it seems that circulating MK measurement is
likely to be an accurate ‘proxy’ of tumour MK expression in
any given tumour type, making biopsy unnecessary in MK
evaluation. This is an advantage for any biomarker as, com-
pared with biopsy, sampling blood is minimally invasive,
convenient, relatively cheap and can be performed fre-
quently if required.

A recent systematic review (Krzystek-Korpacka and
Matusiewicz, 2012) evaluated the published studies on circu-
lating MK in cancer including those in Table 3. Krzystek-
Korpacka et al. found four important features common to the
cancer studies of circulating MK:

• MK levels were significantly elevated in cancer compared
with healthy normal samples.

• MK levels were significantly elevated in cancer when com-
pared with non-malignant diseases of the same tissues.

• MK levels generally increased with increasing severity of
cancer.

• Where tumours were surgically resected, circulating MK
levels usually decreased immediately afterwards, and would
often increase again if the cancer recurred.

Many tumour types that show elevated MK already have
established biomarkers that are routinely tested during diag-
nosis, treatment and monitoring. Often, these biomarkers
have been in use for decades and they have become the
default clinical markers by virtue of familiarity, even when
they are widely known to be inadequate. For example, the
primary blood biomarker used to monitor recurrence of colo-
rectal cancer (CRC) is carcinoembryonic antigen (CEA). In
use for over 40 years, CEA is the marker recommended by the
American Society of Clinical Oncologists for monitoring
metastatic CRC recurrence after treatment, yet CEA elevation
only occurs for 55–75% of patients with recurrent metas-
tatic CRC at most (Sorbye et al., 2012; Su et al., 2012). In
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Figure 1
Frequency distribution of MK concentration in the blood of normal
healthy subjects. (A) Actual serum data from 99 healthy blood
donors tested during the analytical validation of a commercially
available MK ELISA (Cellmid, 2013). These validation data produce a
frequency distribution with very similar statistical parameters to those
anticipated from the meta-analysis of the published MK cancer
studies in Tables 1 and 2. (B) Schematic illustration of the probable
normal population frequency distribution for blood MK. The antici-
pated median, 25th and 75th percentiles are taken from Table 2.
Approximately 95% of individuals would be expected to record
blood MK below 650 pg·mL−1, and mean ± 2 SDs would occur
around 470 pg·mL−1. In a population screening test where only MK
was measured, subjects with blood MK under 650 pg·mL−1 would be
considered ‘healthy’. Blood MK >1000 pg·mL−1 would be considered
suspicious, with more specific or definitive (e.g. imaging) testing
recommended as immediate follow-up. Subjects with MK levels
between 650 and 1000 pg·mL−1 would be considered for active
surveillance, with re-testing in 3–6 months to determine if MK levels
were increasing.
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Table 2
Meta-analysis of the healthy control studies reported in Table 1

MK concentration (pg·mL−1) (Number of studies)a

Mean of
the means

Mean of
the medians

Mean of the
25–75% ranges

Mean of the
95% cut-off

Mean of the
mean ± 2 SDs

253 (9) 208 (11) 181–376 (7) 623 (9) 470 (6)

aData taken only from studies where the variables have been reported.

Table 3
Midkine gene and protein overexpression in various cancers in tissue, blood and urine

Cancer type

Midkine overexpression relative to healthy tissue

References

Tissue Blood Urine

Mdk
gene

MK
protein

Mdk
gene

MK
protein

Mdk
gene

MK
protein

Breast ✓ ✓ ✓ ✓ ✓ Miyashiro et al., 1997; Ikematsu et al.,
2000; 2003; Ibusuki et al., 2009

Ovarian ✓ ✓ Nakanishi et al., 1997; Rice et al., 2010

Uterine/cervical ✓ ✓ ✓ Moon et al., 2003

Prostate ✓ Konishi et al., 1999

Lung ✓ ✓ ✓ Ikematsu et al., 2000

Neuroblastoma ✓ ✓ Nakagawara et al., 1995; Fiegel et al.,
2008; Ikematsu et al., 2008; Lucas et al.,
2009

Glioblastoma ✓ ✓ Mishima et al., 1997; Stylianou et al., 2009

Meninginoma ✓ ✓ Tong et al., 2007

Neurofibromatosis type 1 ✓ ✓ ✓ Mashour et al., 1999; 2004

Gastric ✓ ✓ ✓ ✓ Rha et al., 1997; Ikematsu et al., 2003;
Obata et al., 2005; Zhao et al., 2012

GI stromal ✓ ✓ Kaifi et al., 2007; Rawnaq et al., 2011

Bladder ✓ ✓ ✓ ✓ ✓ O’Brien et al., 1996; Ikematsu et al., 2003;
Fiala et al., 2006; Konety, 2006;
O’Sullivan et al., 2012

Colorectal ✓ ✓ ✓ ✓ Ikematsu et al., 2003

Duodenal ✓ ✓ ✓ Ikematsu et al., 2000

Oral squamous cell ✓ ✓ ✓ Jham et al., 2011

Oesophageal squamous cell ✓ ✓ ✓ Ikematsu et al., 2000; 2003; Shimada et al.,
2003

Hepatocellular ✓ ✓ ✓ ✓ Ikematsu et al., 2000; 2003; Jia et al., 2007

Bile duct ✓ ✓ ✓ ✓ Ikematsu et al., 2000; 2003

Pancreatic ✓ ✓ ✓ ✓ Ikematsu et al., 2000; 2003; Maeda et al.,
2007; Ohhashi et al., 2009

Renal ✓ Ikematsu et al., 2003

Thyroid ✓ ✓ ✓ ✓ Ikematsu et al., 2000; 2003

Osteosarcoma ✓ ✓ Maehara et al., 2007; Sueyoshi et al., 2011

Chronic lymphocytic leukaemia ✓ Cohen et al., 2011

Blank field denotes not yet determined. GI, gastrointestinal.
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comparison, MK was elevated in all cases of metastatic CRC,
and MK strongly outperformed CEA at detecting CRC at all
disease stages in a comparative study of MK and CEA
(Krzystek-Korpacka et al., 2013). Other tumour types where
MK has outperformed the currently used blood biomarker
test include the hepatocellular carcinoma (HCC) marker,
α-fetoprotein (AFP) (Jia et al., 2007; Zhu et al., 2013), and the
oesophageal squamous cell carcinoma markers CEA and
cytokeratin 19 fragment (CYFRA21-1) (Shimada et al., 2003).

However, despite the apparent superiority of MK over
these established circulating biomarkers, it is extremely diffi-
cult to displace these markers in standard clinical practice.
The reasons for this are discussed in the section ‘Utility of MK
as a biomarker’.

Ischaemic disease

One of MK’s most significant biological functions in adults is
to preserve tissue viability under hypoxic stress, including
that induced during ischaemia (Muramatsu, 2011). MK
expression is initiated in occluded tissues during ischaemic
events in the heart (Horiba et al., 2006), brain (Yoshida et al.,
1995; Mochizuki et al., 1998), kidney (Sato et al., 2001) and
limbs (Horiba et al., 2000). Presumably, endogenous expres-
sion of MK occurs to protect tissue as administration of MK
reduces apoptosis and limits tissue death in the infarct area
(Fukui et al., 2008; Ishikawa et al., 2009; Ishiguro et al., 2011).
MK also conveys longer term benefits in tissue recovery
through angiogenesis (Fukui et al., 2008; Takenaka et al.,
2009; Weckbach et al., 2012). As with tumour-derived MK,
the MK expressed during ischaemic events reaches the circu-
lation and is manifested as increased blood MK concentration
(Kitahara et al., 2010). In a prospective study of consecutive
hospital admissions for treatment of heart failure, serum MK
levels at admission were higher in patients with heart failure
than in controls and MK levels independently predicted
adverse clinical outcomes including death (Kitahara et al.,
2010). As such, measuring serum MK may be of value as a
prognostic or predictive biomarker in cardiac ischaemia, and
maybe also in other ischaemic indications such as stroke and
limb thrombosis.

Kidney injury

It is clear that increased renal expression of MK is strongly
associated with, and a key initiator of, kidney injury and
damage due to a variety of causes (Sato et al., 2001; Kawai
et al., 2004; Kosugi et al., 2007; Kato et al., 2011; Kosugi and
Sato, 2012; Salaru et al., 2013). This gives a strong prima facie
case for investigating utility of MK as a biomarker in kidney
injury and disease. However, this review only uncovered
one study that evaluated (urinary) MK levels in renal
disease (Hayashi et al., 2009). In this study, MK strongly
outperformed three other urinary biomarkers (N-acetyl-D-
glucosaminidase, NAG; neutrophil gelatinase-associated
lipocalin, N-GAL; and IL-18) in diagnosing established acute
kidney injury (AKI). MK was also elevated earlier than NAG,
N-GAL and IL-18 during abdominal aortic aneurysm surgery,
suggesting MK has further utility as an early marker of the
induction of kidney injury.

Autoimmune disease

In animal models, MK expression plays a significant role in
inflammatory and autoimmune diseases, including in disease
models of rheumatoid arthritis (RA) (Takada et al., 1997;
Maruyama et al., 2004) and multiple sclerosis (MS) (Liu et al.,
1998; Wang et al., 2008; Sonobe et al., 2012). Limited human
data show that MK is elevated in the synovial fluid and sera
of RA patients. There are no published studies of MK expres-
sion in MS patients. Further basic studies investigating MK
elevation in human subjects are required to determine
whether MK offers utility as a biomarker in RA and MS.

One study has shown that serum MK has potential utility
as a biomarker of Crohn’s disease, particularly (Krzystek-
Korpacka et al., 2010).

Other diseases

MK elevation has been investigated in limited studies for a
range of other diseases. Circulating MK was overexpressed
in sepsis and septic shock patients, but MK levels did not
differentiate between survivors and non-survivors (Krzystek-
Korpacka et al., 2011). Circulating MK levels were also signifi-
cantly higher in Alzheimer’s disease patients compared with
healthy controls (Salama et al., 2005).

Utility of MK as a biomarker

The discovery and application of over- (or under-) expressed
genes and proteins for detecting or diagnosing disease (‘bio-
markers’) has long been a focus of medical science. The first
cancer biomarker, free Ig light chain found in the urine of
multiple myeloma patients (‘Bence Jones protein’), was
reported more than 150 years ago (Jones, 1848). Subse-
quently, many hundreds of potential biomarkers have been
published and reported, and particularly since the early 2000s
with the advent of the human genome sequence and the
growth and development of high-throughput systems for
scanning whole genomes and proteomes, biomarker dis-
covery has burgeoned. However, the vast majority of these
biomarkers remain clinically unused, or at best highly experi-
mental, in medicine. The reason for this is that any new
biomarker or diagnostic test must meet two fundamental
criteria to be clinically useful:

1 Its measurement must allow clinicians to make a different
(better) clinical decision to the one they would otherwise have
taken.

2 The different clinical decision taken should result in a meaning-
ful clinical outcome for the patient (e.g. longer overall sur-
vival, longer progression-free survival or reduced treatment
side effects).

There are three barriers that make approval of novel bio-
markers to this standard difficult. Firstly, sufficient demon-
stration of points 1 and 2 typically requires prospective
clinical studies that measure ultimate patient outcomes (such
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as survival), and not merely retrospective studies on stored
patient samples to demonstrate improved sensitivity and/or
specificity compared with current tests. This means a properly
conducted biomarker study is akin to a therapeutic clinical
trial in length, but probably with greater patient numbers. An
alternative approach is to conduct blinded ‘prospective–
retrospective’ clinical studies on previously collected patient
samples. However, such studies require that appropriate
material has been archived properly and is available; this is
rare. Secondly, even in cases where a biomarker demonstrates
utility in a prospective-style study, clinician professional
bodies are typically very conservative in their evaluation of
novel biomarkers. Before recommending a change to clinical
practice, they demand extremely high standards of evidence,
often from very large patient numbers in multiple studies.
Finally, the requirements by regulators such as the US Food
and Drug Administration (FDA) and the European Medicines
Agency are inconsistent and often unclear, further complicat-
ing the path of a new biomarker to becoming a product on
the healthcare market. Together, these factors conspire to
make successful development and approval of new biomarker
tests relatively rare, especially for a single biomarker meas-
ured in isolation. These difficulties are well described in an
excellent recent review (Hayes et al., 2013), and they apply to
MK just as much as to other experimental biomarkers.

A further challenge to the use of MK as a diagnostic
biomarker in isolation is its generality, as the elevation of
blood MK is not specific to a particular disease. Even within
oncology, elevated MK alone cannot differentiate between
tumour types. One strategy that increases the likelihood of
clinical success for a non-specific biomarker such as MK is to
measure it in conjunction with other biomarkers (either
known or novel). Measuring combinations of biomarkers
simultaneously (‘multiplexing’) in a single clinical sample has
become technically and commercially feasible thanks to the
many new platform technologies now available (Ling et al.,
2007). The results for each biomarker included in a multiplex
test are typically processed using mathematical algorithms
(e.g. see (Mamtani et al., 2006; Centola et al., 2013) to
produce a single diagnostic readout. This approach to diag-
nostic development has gained acceptance from the US FDA
(Boja et al., 2011), and a number of multiplex tests are now
on the market. MK is included in three multiplex cancer
diagnostic tests that are currently seeking regulatory approval
and entering the US market.

Bladder cancer recurrence: urine test

Pacific Edge Biotechnology (Dunedin, New Zealand) gained
FDA registration and entered the US market in 2013 with its
CX bladder test for detecting the recurrence of bladder cancer.
Bladder cancer is one of the most commonly recurring
cancers after treatment, and the current standard of care
requires frequent disease surveillance via flexible tube cystos-
copy, coupled with urinary cytology. Cystoscopy incurs sig-
nificant false negatives (Konety, 2006), and is invasive,
painful, intimate and costly (Abogunrin et al., 2011). Cytol-
ogy has high specificity but low sensitivity, so is not useful as
a diagnostic test in its own right (Abogunrin et al., 2011). MK
was initially identified as a promising protein biomarker in

serum and urine for detecting bladder cancer (Fiala et al.,
2006). The CX bladder test simultaneously measures urinary
mRNA expression levels for four biomarkers including MK,
and is the only non-invasive test that can match the accuracy
of cytology (O’Sullivan et al., 2012).

Early lung cancer detection: blood test

Celera (Alameda, CA, USA) has developed a six-biomarker
blood test, including MK, for the detection of early stage lung
cancer in at-risk subpopulations (Birse et al., 2011). More
than 500 proteins were assessed initially by Celera to select
the final six-biomarker panel. A recent large-scale prospective
screening trial in the United States demonstrated that tho-
racic CT imaging reduced lung cancer mortality by 20.3%
over 5 years among high-risk individuals (smokers and
ex-smokers) when compared with chest X-ray surveillance
(Aberle et al., 2011). However, any lesions identified by CT
scan still require confirmatory biopsy, which incurs signifi-
cant cost and morbidity. Further, approximately 25% of
lesions biopsied were found to be non-cancerous. Celera’s
assay could replace biopsy with a less invasive, less debilitat-
ing, safer and less costly alternative to clarify the diagnosis of
patients with suspicious pulmonary nodules. Celera has suc-
cessfully adapted and validated this assay from ELISA format to
the high-throughput multiplex Luminex bead platform
(Tomic et al., 2012).

Early stage malignant mesothelioma
(MM) diagnostic: blood test

SomaLogic (Boulder, CO, USA) had developed and validated a
panel of 13 blood-based protein biomarkers, including MK,
that can detect MM at early stages of disease (Ostroff et al.,
2012). Over 1000 proteins were assessed during the assay
development. Because MM is a relatively rare but deadly
disease, even in high-risk groups (asbestos-exposed workers),
there is a strong need of a highly specific test for risk surveil-
lance and early detection that can be given frequently and is
cost effective. Currently, many subjects exposed to asbestos
are not screened for MM at all and those who are screened
undergo expensive CT or X-ray imaging, with associated
issues of radiation exposure. The SomaLogic blood test could
replace imaging and be used to increase screening coverage of
the at-risk population.

The successful development of these multiplexed diag-
nostic tests provides a template for how MK might be incor-
porated in further multiplex tests for managing other
diseases. Strong opportunities include cancer, as currently
many cancers are diagnosed and monitored by the measure-
ment of a single protein biomarker alone, for example,
prostate cancer antigen (PSA) for prostate cancer, CEA for
CRC and AFP for HCC. In such cases, multiplexing the cur-
rently used biomarker with MK (and perhaps further bio-
markers as well) offers an obvious avenue to improving test
performance.
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HCC

Whole-genome microarray screening of over 200 patients
revealed Mdk to be one of the top five overexpressed genes in
HCC, with serum MK protein being similarly overexpressed
(Jia et al., 2007). This provides an obvious opportunity to
multiplex MK with the other most notably overexpressed
candidates, either as a protein or as a gene test. Furthermore,
a recent study of over 900 HCC patients demonstrated that
MK alone greatly outperformed the current serum biomarker
AFP in detecting early HCC (Zhu et al., 2013). MK alone also
has clear value for HCC disease monitoring and prognosis in
already diagnosed patients (Hung et al., 2011). In a head-to-
head comparison with the currently used biomarker AFP,
serum MK levels were significantly elevated even in instances
of HCC where AFP levels were normal (Jia et al., 2007).

CRC

In direct comparative testing of circulating MK with CEA
testing for detecting CRC, MK was apparently superior to CEA
in sensitivity (Krzystek-Korpacka et al., 2013). Both MK and
CEA are pan-cancer antigens; therefore, neither is suitable for
definitively diagnosing CRC at initial patient presentation.
However, MK is potentially a better blood marker for moni-
toring treatment and recurrence than CEA, and MK would
also add value to multi-marker biomarker panels (Krzystek-
Korpacka et al., 2013).

Prostate cancer

MK is frequently overexpressed in cancerous, but not healthy,
prostate tissue (Konishi et al., 1999). MK overexpression
may also indicate the more clinically serious androgen-
independent form of the disease (Nordin et al., 2013). Further
studies are needed to confirm that prostate tissue overexpres-
sion translates into concomitant increases in circulating (and
urine) MK concentrations. If so, one attractive opportunity
for measuring MK in prostate cancer may be to use pair
testing of blood MK with PSA. With billions of tests per-
formed over the past 20 years, the PSA blood test is probably
the most widely employed cancer screening and diagnostic
test to consist of a single biomarker used on asymptomatic
subjects. However, recent meta-analyses of the clinical ben-
efits from PSA testing have found marginal or no benefit
(Loeb et al., 2011; Scheerer et al., 2012; Ilic et al., 2013; Lee
et al., 2013), and professional bodies in many countries now
recommend against the use of PSA for routine screening
(Heidenreich et al., 2011; Lin et al., 2011; Moyer, 2012). Of
particular concern is evidence that PSA testing has led to
over-treatment (Lee et al., 2013), whereby patients with
benign cancer have had biopsies and surgical resections –
interventions with frequent significant and permanent
harms (Ilic et al., 2013). One suggested way to improve utility
of PSA is to test other cancer biomarkers alongside PSA
(Heidenreich et al., 2013). Measuring MK in conjunction with
PSA might achieve this; for example, perhaps only patients

with both high PSA and MK velocities would be considered
for further immediate intervention, whereas patients with
high PSA values alone would be put on active surveillance.

AKI

AKI is a significant morbidity in a number of diverse clinical
settings, including multi-organ trauma, surgery, imaging and
chemotherapy. Convenient, rapid measures to detect AKI
early in its onset would be of great clinical advantage in such
conditions, because interventions could then be taken to
protect the kidneys. Biomarkers to effectively manage AKI
remain elusive, firstly due to the heterogeneous causes of the
condition, and secondly because highly time-sensitive bio-
markers are needed (Devarajan, 2011). The traditionally used
blood (creatinine, blood urea nitrogen) and urinary markers
(protein casts and creatinine) of kidney function lack this
time sensitivity (Han et al., 2008). Multi-marker panels are
now being tested for early and rapid AKI diagnosis, with some
success (Luo et al., 2013), but the use of MK either as an
adjunct test or as a part of the panel offers opportunities to
further improve test performance (Hayashi et al., 2009).

Cardiac ischaemia

Traditionally, heart failure has been risk stratified by assessing
the cause of failure (e.g. coronary artery atherosclerosis),
pathophysiological characteristics (e.g. systolic heart failure),
and the acuity and severity of heart failure. Biomarker profil-
ing might add value to this approach, and a number have
been assessed, with inflammatory markers being the most
promising (Braunwald, 2008). Given the strong prospective
data relating serum MK to patient survival in heart failure
(Kitahara et al., 2010), and MK’s recognized role in inflam-
mation (Weckbach et al., 2011; Sakamoto and Kadomatsu,
2012), further assessment of MK both alone and in conjunc-
tion with other promising biomarkers may be a promising
avenue of investigation.

MK biology: significant
remaining questions

Although numerous studies have been published on the
many facets of MK, a number of important fundamental
questions about its basic structure, biology and bodily distri-
bution remain unanswered. Addressing these questions will
in turn help to understand further the significance of elevated
MK levels.

MK variants

MK is a 13 kDa protein, produced from a single copy Mdk
gene at chromosomal locus 11p11.2 (Kaname et al., 1993). No
glycosylation or other post-translational modifications have
been reported for MK. The Mdk gene consists of five exons
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(four coding and one non-coding; Figure 2A), which together
express a 143 amino acid polypeptide in humans. This
includes a signal sequence that is cleaved prior to secretion of
the final MK protein (Uehara et al., 1992).

The earliest report on the structure and sequence of
(murine) Mdk demarked a putative signal sequence consisting
of the first 22 amino acids at the N-terminus of the protein
product (Matsubara et al., 1990). When the human MDK
gene was cloned and sequenced soon after, the same 22
amino acids were assumed to be the human putative
signal sequence, hence giving a 121 amino acid human MK
(Tsutsui et al., 1991). Subsequently, most MK researchers
have assumed that the biologically active form of MK is
indeed the 121 amino acid species (Muramatsu, 1993), shown
in Figure 2C (‘Conventional-MK’). This assumption has
remained the case ever since (Muramatsu, 2011; Sakamoto
and Kadomatsu, 2012).

However, in the only published study where the MK
protein itself has been isolated from human peripheral blood
and analysed, N-terminal amino acid sequencing revealed
valine and alanine as the first two MK residues on the recov-
ered protein (Novotny et al., 1993), revealing a MK species
beginning two residues upstream in the signal sequence that
yields a 123 amino acid variant (‘VA-MK’; Figure 2D).

In Novotny et al., the only MK isolate reported was
VA-MK. However, using different methodologies, both con-

ventional MK and VA-MK have been recovered from the same
serum sample of a healthy volunteer (Muramatsu, 2014).
Furthermore, a mixture of conventional and VA-MK proteins
(at an approximate ratio of 35% MK: 65% VA-MK) was iso-
lated from culture supernatants of the breast cancer cell line
MCF-7 (Shoyab et al., 1991). Therefore, it seems likely that
both conventional and VA-MK may occur simultaneously in
vivo. It is not known whether VA-MK has different functions
or activities to those of conventional MK and further studies
are clearly warranted. One aspect that the VA-N-terminus
might affect is t1/2 (see separate discussion of this issue below).
Measuring VA-MK levels specifically and the differences in
the relative levels of conventional MK and VA-MK in healthy
and diseased subjects might reveal further diagnostic oppor-
tunities for MK. Capturing and measuring VA-MK would
require highly specific reagents (monoclonal antibodies,
aptamers) that differentiated VA-MK from conventional MK.
The currently developed MK-specific reagents probably rec-
ognize both variants equally well. As such, the studies of
circulating MK listed in Table 1 probably quantify VA-MK
plus conventional MK.

As well as VA-MK, two truncated MK (tMK) variants have
been reported in the literature, designated tMK (or tMKA in
some later publications) and tMKC respectively (Figure 2E,F).
tMK/tMKA results from an alternatively spliced mRNA that
skips exon 3 (Kaname et al., 1996) to give a protein of 87

Figure 2
Known expressed variants of MK protein, adapted from Muramatsu (2011) and Tao et al. (2007). (A) Exon arrangement of the Mdk gene. Lines
show introns; boxes show exons (ex1–5). Colours show location of the sequences coding for the MK signal peptide (grey), the N-terminus and
N-domain (blue), the N-C linker sequence (green), the C-domain (red) and the N-terminus (orange). (B) Fully expressed polypeptide sequence
of MK prior to signal peptide cleavage. Colours denote exo location according to (A). (C) ‘Conventional MK’ 121 amino acid sequence. (D)
‘VA-MK’ 123 amino acid sequence. (E) tMK (‘tMK’/‘tMKA’) 87 amino acid sequence encoded by exon 3 skipping, resulting in deletion of the
N-domain and most of the N-terminus. (F) tMK type c (‘tMKC’) 62 amino acid sequence, coded by skipping exon 4 and some of exon 3, resulting
in deletion of most of the N-domain plus the C-domain.
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amino acids. tMKC results from a deletion of part of exon 3
plus most of exon 4, encoding a putative 62 amino acid
products (Tao et al., 2007). Expression of tMKC is so far only
evident at the gene level in 3 of out 4 human cancer cell lines
and 2 out of 9 different resected cancer tissues tested (Tao
et al., 2007). Evidence of the expressed tMKC protein product
has not yet been reported in any cell line or tissue.

tMK/tMKA gene expression has been identified in tumour,
but not adjacent healthy, tissue in colorectal, pancreatic,
hepatocellular, gastric, oesophageal and breast cancers
(Miyashiro et al., 1996; 1997; Aridome et al., 1998). The tMK
protein has also been identified in Wilms’s tumour tissues
(Paul et al., 2001). Most strikingly, tMK/tMKA expression
appears to be strongly correlated to lymph node metastasis;
in a study of 10 patients with a variety of metastatic gastro-
intestinal cancers, 100% of the lymph node metastases (14 in
total) were tMK mRNA positive (Aridome et al., 1998). This
apparent close association of tMK with metastasis is sup-
ported by in vitro functional studies in which cancer cells
transfected with tMK more easily detached from fibronectin
and were more invasive than those transfected with conven-
tional MK (Akuzawa et al., 2007).

Alternative splicing of genes has been widely reported for
growth factors and their receptors (Tischer et al., 1991;
Kretschmer et al., 1993; Marchionni et al., 1993; Hattori et al.,
1996; Ornitz et al., 1996), presumably as a mechanism
whereby extra signalling complexity and diversity can evolve
(Blencowe, 2006). Similarly, it may be that alternatively
spliced MK species offer different functions to the single Mdk
gene. Further studies of expression and function of variant
MKs in health and disease are clearly warranted. Measuring
the relative expression levels of full length versus variant MKs
(both gene and protein, in tissues and in body fluids) might
prove to be diagnostically useful, with early studies suggest-
ing tMK may signify particularly aggressive and invasive
cancer.

MK bio-distribution and t1/2

Two fundamental aspects of MK that remain unknown are its
biological t1/2 and its bio-distribution. Both of these properties
are pertinent to understanding MK measurements, particu-
larly those taken from blood or other body fluids. These
properties may also differ for different MK variants. For
instance, VA-MK may well have a much longer in vivo t1/2 than
conventional MK, according to the N-end rule of protein
stability (Gonda et al., 1989).

Understanding the normal bio-distribution of MK will
also enhance understanding of the significance of circulating
MK levels. Bio-distribution is most probably intrinsically
related to t1/2 and clearance. Although formal, whole-body
studies of MK bio-distribution per se have not been con-
ducted, data from several other studies provide some relevant
insights. Circulating MK levels are rapidly and massively
elevated when healthy human subjects are injected i.v. with
heparin (Fujisawa et al., 1998; Hung et al., 2011). Both of
these studies found that within 30 min of heparin injection,
serum MK levels went as high as 350 ng·mL−1 (depending on
the heparin dose), or approximately 1000 times the expected
normal healthy circulating MK levels (Figure 1). Peak MK

levels following heparin injection were reached 15–30 min
after injection, which suggests that pre-existing MK was
released into the circulation, as opposed to heparin stimulat-
ing de novo MK expression and synthesis. For this to be the
case, a large pool of immobilized MK must be sequestered
somewhere in the body that is easily accessible to quick
release by circulating heparin. The most obvious and likely
site of sequestration is the internal surface of the vasculature
itself (Kadomatsu et al., 2013). MK binds to a variety of sul-
phated glycosaminoglycans in proteoglycans (Muramatsu,
2010), with affinities (KD) typically in the mid- to high-nM
range (Sugiura et al., 2012). A number of proteoglycans
have been identified as putative ‘MK receptors’, including
syndecans-1 and -3 and protein tyrosine phosphatase ζ.
Because MK is a heparin-binding protein, heparan sulphate
proteoglycans (HSPGs) such as the syndecans and integrins
are prime candidates for the MK-sequestering receptors.
Indeed MK binds to syndecans (Mitsiadis et al., 1995; Kojima
et al., 1996; Nakanishi et al., 1997) and some integrins
(Muramatsu et al., 2004). HSPGs are critical modulators of
growth factor activities, and the sequestering of growth
factors at endothelial surfaces by HSPGs is a widely observed
feature of growth factor biology (Gotte, 2003; Rusnati and
Presta, 2006). Because MK has a low nM affinity (KD) for
heparin (Kadomatsu, 2008), injection of soluble heparin is
likely to displace MK from, endothelial proteoglycans to
release MK–heparin complexes into the circulation.

A corollary of this is that MK secreted during disease
should in theory be sequestered rapidly by the vascular bed
and it seems reasonable to postulate that the entire circula-
tory system of a patient has a relatively large capacity to
absorb newly synthesized MK. A fruitful area of future MK
research may be to discern whether the MK being expressed
by, for example, a growing tumour is initially ‘mopped up’
into this sink for some time before it becomes evident as
elevated blood MK, or whether some property of the tumour
MK ensures that it stays in circulation upon secretion,
making it detectable immediately as elevated blood MK.

Conclusion

MK has already proved its utility as a biomarker in several
clinical oncology settings, and a large body of literature
strongly suggests that it would be useful in a number of other
cancers. Opportunities to employ MK as a cancer biomarker
exist throughout the disease history, from initial population
screening to monitoring for recurrence. Depending on the
particular clinical circumstance, measuring MK alone or in
combination with other biomarkers offers utility. MK also
shows early promise as a biomarker in non-oncological con-
ditions, but further studies are needed. Future studies of MK
as a biomarker in both cancer and non-cancer diseases should
focus on showing utility in addressing specific clinical prob-
lems; they should be prospective where possible, or blinded
‘retrospective–prospective’ studies; and MK should be trialled
against the current best practice test in the same clinical
setting. Finally, significant opportunities in developing novel
clinical tests lie in further investigating the occurrence of tMK
and other MK variants, in relation to disease.
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