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Abstract: Pancreatic cancer is a deadly malignancy associated with rapid progression and poor prognosis. Perineural 
invasion (PNI) in pancreatic cancer is one of the most common characteristics of this disease, with incidence of 
nerve invasion between 53.3% and 90%. PNI is also associated with disease recurrence and pain. Despite research 
efforts, the detailed mechanisms underlying PNI in pancreatic cancer remains unknown. The main factors of PNI in 
pancreatic cancer will be introduced in the following: 1. The anatomy of the pancreas nerve: The cancer cells along 
the blood vessels, lymphatic vessels, peripheral nerve gap and perineurium to Invasion. 2. Adhesion molecules in 
PNI: Neural cell adhesion molecules. 3. Growth factor: For example, nerve growth factor and tyrosine kinase recep-
tor A; Neurotrophic factor and its receptor, etc. 4. The others: Such as matrix metalloproteinases, integrin. A neurite 
growth promoting factor and neuritrophic factor known to have a role in the pathophysiology of pancreatic cancer by 
inducing neuritis growth is midkine. In this review, we discuss the role of midkine and other growth and neurotrophic 
factors on the pathophysiology of PNI in pancreatic cancer.
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The discovery of midkine 

Pancreatic cancer is one of the most aggres-
sive and intractable human malignant cancers. 
PNI extending into the pancreatic nerve plexus 
is a histopathologic characteristic of pancreatic 
cancer. Multiple factors involved in PNI of pan-
creatic cancer (Figure 1). Midkine (MK) is a 
neurite growth promoting factor and heparin-
binding growth factor discovered in 1988. 
Midkine is highly expressed in mice during the 
mid-gestational period [1]. In humans, it was 
found that pleiotrophin (PTN, a heparin-binding 
growth factor also known as neurite growth-
promoting factor) is another growth factor that 
is structurally similar to midkine. Midkine is a 
secretory alkaline heparin binding protein con-
sisting of 10 cysteine residues that are con-
served in vertebrates. It contains 2 domains, 
linked by two or three disulfide bonds. The 
N-terminal is essential for cell exocrine signal 
peptide, while protects the C-terminus from 
proteolytic enzyme degradation. The C-terminus 
can interact with retinoic acid (RA), promoting 
neurite outgrowth and strengthening artery 
endothelial fibrinolysis [2]. Midkine is found pri-
marily expressed on the surface of cells and 

extracellular matrix, and has high affinity for 
glucose glycan heparin and heparin sulfate.

The human gene encoding for MK is located at 
11p11.2, and is flanked by genes encoding dia-
cyglycerokinase Z and muscarnic choline rec- 
eptor 4. MK genes are highly conservative in 
different species [3]. Known as MdK in rats, 
this gene consists of 7 exons and 4 introns. 
MDK is used to represent the genes for human 
and consists of 5 exons and 4 introns. Exon I of 
MDK in humans contain non-coding regions, 
while exons II encode for a signaling peptide 
and several amino acid residues in the 
N-terminus. Exons III and IV consists of amino 
acid residues in the core domain, while exon 5 
contain amino acid residues in the C-terminus. 
The promoter of the MK gene also contains reti-
noic acid-responsive element sites, IgG enha- 
ncer elements, AP-1 and NF-KB binding sites, 
WTl (a suppressor gene product)-responsive 
elements, and sterols/thyroid hormone recep-
tor binding sites.

Studies have shown that the following are struc-
turally related to MK (Figure 2): protein tyrosine 
phosphataseζ (PTPζ), LDL receptor-related pro-
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tein (LRP), ALK tyrosine kinase, syndecans 
compounds [4] and integrin [5], anaplastic lym-
phoma kinase (ALK) [6]. As described above, 
MK binds to syndecan-1, syndecan-3, syn-
decan-4 [7, 8] and PTN binds to syndecan-3 [9]. 
MK has been reported to modulate PTPζ, PI3 
kinase, PKC, and MAP kinase activity, but its 
specific transduction mechanism remains to be 
further elucidated by future research.

Biological activities of MK

MK and PTN have several cancer-related prop-
erties (Figure 2). These include regulation  
of anti-apoptotic, proliferative, fibrinolytic, ang- 
iogenic, and chemotactic properties. MK and 
PTN also have neurotrophic activities, which 
promote neuronal differentiation and cell 
migration in peripheral invasion of pancreatic 
cancer. In addition, both of these proteins  
promote the survival of dorsal root ganglion 
neurons and embryonic midbrain tyrosine car-
boxylase positive neurons in vitro [10, 11]. MK 
also has been described to promote the differ-
entiation of p19 cells to neurons. Thus, these 
observations support the activating role of MK 
in the differentiation of neural stem cells [12]. 
MK has also been demonstrated to increase 
cell migration of neutrophils [13], osteoblastic 
osteosarcoma cells [14], neural cells [15], mac-
rophages, and smooth muscle cells [13, 16], 
mediated by chondroitin sulfate chain [17],  
syndecan-3 and PTPζ [15]. Given the above, we 
assume that whether there is such a mecha-
nism and what the PNI in pancreatic cancer 
nature is; First of all, pancreatic cancer cells 
attached to the weak place of the nerve gap 
and perineurium; Second, MK binded its recep-

tor syndecan-3 and PTPζ through the signal 
transduction pathway mediated by chondroitin 
sulfate chain, which promote cancer infiltration 
or migration and rapid development of periph-
eral invasion. While the occurrence of periph-
eral invasion attract more MK to repair by its 
neurotrophic and chemotaxis function. Such a 
vicious circle, which make the further occur-
rence of PNI.

MK and cancer

In adults, MK is found at low levels in normal 
tissues, including the kidneys [18, 26]. High 
expression of MK have been confirmed in a 
variety of solid tumors, including esophageal 
cancer, stomach cancer, colon cancer, pancre-
atic cancer, hepatocellular carcinoma, and lung 
cancer [19]. MK is found highly expressed  
during early stage tumor development and pre-
cancerous lesions [20]. Nakanishi [21] and 
Miyashiro [22] showed that MK is overex-
pressed in ovarian cancer and breast cancer, 
respectively. It is reported that MK is also highly 
expressed in Wilms’ tumor [23]. In a number of 
neurodegenerative diseases, MK is detected in 
patients with Alzheimer’s [24] and in precipi-
tated glial cells of patients with multiple system 
atrophy [25]. Elevated MK levels have also 
been detected in urine of cancer patients. A 
number of studies have also reported that  
MK expression is a viable prognostic biomarker 
in a variety of tumors. Whether MK could also 
be used as a biomarker for the diagnosis  
and screening of other cancers remains to be 
determined.

MK and PNI

Pancreatic cancer is an aggressive tumor that 
is resistant to many types of therapies, with a 
five-year survival rate of only 1-4℅ [27]. Surgery 
is a treatment option for patients with pancre-
atic cancer. However, many patients initially 
present with local invasion and distant metas-
tasis which hinder surgical success [28-30]. 
Peripheral nerve infiltration is associated with 
tumor invasion and local recurrence, and  
correlates with poor prognosis [31]. MK is  
a secretory alkaline heparin-binding protein 
and a neural growth factor. The MK family is 
comprised of two members, MK and PTN [32]. 
MK and PTN share a number of common recep-
tors and biological characteristics, including 
interaction with heparin [33] and development 
of the nervous system [32]. Studies have 

Figure 1. The main factors of PNI in pancreatic can-
cer.
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showed that MK is overexpressed in pancreatic 
cancer [33] and levels of MK and PTN are also 
increased in pancreatic head carcinoma [34, 
35]. Levels of MK and syndecan-3 protein in 
tumor samples of patients with pancreatic can-
cer are significantly higher compared to control 
samples. Additionally, the expression of MK is 
being closely related to PNI, while levels of MK 
and syndecan-3 are significantly higher in 
patients with PNI than in those without PNI 
[36]. Thus, these observations provide evi-
dence that MK may promote tumorigenesis and 
peripheral nerve infiltration of pancreatic can-
cer. Additional studies are needed to further 
understand the role of MK in pancreatic cancer 
development and whether it is a viable thera-
peutic target. These include determining the 
relationship between MK and nerve infiltration 
using gene silencing and siRNA technology.

Significance of MK in pancreatic cancer

MK has tumorigenic potential and is highly 
expressed in several malignant tumors. This 
leads to the notion of whether MK could serve 
as a prognostic serum biomarker. MK is a type 
of secretory heparin binding protein, when its 
level reaches certain in the organization, cir- 
culation system of MK level began to rise. 
Therefore, the serological detection of MK in 
the serum is becoming a hot spot of research at 
present. Studies have demonstrated that up to 
60% of patients with malignant tumors have 

MtK is a truncated form of MK and founded by 
Mitashir in 1996. Compare to MK, MtK has a 
shorter mRNA, and lacks exon 3, N-terminus 
and neighboring amino acids (Asp26~Gly81). 
MtK contains a functional C-terminal end which 
performs a number biological activity. MtK is 
expressed in tumor tissue and metastastic 
lymph node, while it is undetectable in healthy 
human. Thus, like MK, MtK could be a potential 
biomarker for the diagnosis of precancerous 
lesions and the monitoring of tumor metasta-
sis. A study by Miyashiro showed that MtK is 
detectable in approximately 25% (6/26) of 
breast cancer tissues that have MK expression. 
Additionally, high levels of MtK are also found in 
colorectal cancer [40], Wilms’ tumor, and vari-
ous other tumors [41]. While MK is detectable 
at early stages of cancer, MtK is found 
expressed at all stages. These observations 
potentially demonstrate that MtK may be a 
more accurate biomarker than MK. However, 
levels of MtK are undetectable in serum of can-
cer patients that may be attributed to the lack 
of a N-terminal end. As a result, this may effect 
its stability, resistant to protease degradation, 
and ability to dimerize with other proteins. 
Specific mutations in MK can lead to the for- 
mation of MtK. Further studies are needed to 
assess the prognostic value of MtK in cancer, 
such as pancreatic cancer, and its biologi- 
cal mechanism underlying tumorigenesis and 
metastasis.

Figure 2. Glypican-2: syndecans compounds syndecan-1, -2, -3, -4. PTPζ: pro-
tein tyrosine phosphataseζ; LRP: LDL receptor-related protein; ALK: anaplastic 
lymphoma kinase; PI3K: phosphatidylinositol 3-kinase; MAPK: mitogen-activat-
ed protein kinase.

highly detectable levels of 
serum MK [37], and its lev-
els are reduced upon tumor 
removal [38]. Further stud-
ies have also showed that 
patients with neuroblasto-
ma have increasing MK lev-
els that correlate with wors-
ening clinical stage. In 
neuroblastoma, MK levels 
is also closely associated 
with MYCN amplification, 
TrkA expression, and pro- 
liferation [39]. In addition 
to MK, whether there are 
other biomarkers, such as 
MtK, that have potential 
prognostic value remains 
to be determined.

MtK



MK and PNI in pancreatic cancer

2915 Am J Cancer Res 2015;5(9):2912-2917

Gene therapy as treatment for pancreatic 
cancer

MK confers antiapoptotic and protect the cell, 
its characteristics of low expression in normal 
tissue even noexpression, which make it a 
promising therapeutic target. Interaction of 
both MK and N-syndecan induced expression 
of axons and neuronal movement, which con-
tributes to nerve infiltration observed in pan-
creatic cancer. Based on these observations, 
several therapeutic strategies could potentially 
be implemented for treatment of pancreatic 
cancer. These may include using neutralizing 
antibody which block MK binding to, but not 
secretion by, cancer cells. Additionally, decreas-
ing MK levels by antisense oligonucleotides 
(antisense oligonucleotides, ASODN) could be 
potentially treatment strategy for cancer. 
Studies have showed that the knockdown of 
MK in rat colon cancer cells and nerve fibroma 
inhibited cell proliferation and AGAR colony  
formation, and significantly decreased tumor 
growth in nude mice [42, 43]. Furthermore, 
Latest studies confirm that application for MK 
genes of siRNA can inhibit the liver metastasis 
of human pancreatic cancer cells in a concen-
tration and time dependent manner [44]. The 
application of suicide gene fragment could also 
be implemented to block MK activity. Because 
MK is primarily expressed in tumors, its gene 
promoter could be used to selectively expressed 
regulators that inhibit tumor growth. Studies 
have reported that the 5’ control region of cer-
tain genes associated with pancreatic cancer  
is transduced by thymidine kinase of herpes 
simplex virus, which inhibited tumor growth 
[45]. This strategy could also be intergrated by 
using adenovirus to enhance specificity for kill-
ing of caner cells.

Conclusion

MK is highly expressed in a various tumors and 
is detectable in serum and urine. This provides 
support that MK could be a potential prognos-
tic or diagnostic biomarker that will aid in treat-
ment decisions in patients with cancer. As a 
biomarker, high levels of MK may assist in early 
detection of nerve infiltration in patients with 
pancreatic cancer. Studies have demonstrated 
that MtK, a truncated form of MK, might also 
serve as a more accurate biomarker than MK 
for the diagnosis and prognosis of a number of 
cancers. However, future studies are needed to 

further understand the biological mechanisms 
underlying the role of MK and MtK in cancer 
and to assess the feasibility of using these as 
diagnostic and prognostic biomarkers.
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