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Abstract
AIM: To construct an expression plasmid encoding hu-
man wild-type midkine (MK) and enhanced green fluo-
rescence protein (EGFP) fusion protein (MK-EGFP), and 
to analyze the subcellular localization of MK in different 
carcinoma cell lines.

METHODS: Two kinds of MK coding sequences with 
or without signal peptide were cloned into plasmid 
pEGFP-N2, and the recombinant plasmids constructed 
were introduced into HepG2, MCF7 and DU145 cells, 
respectively, by transfection. With the help of laser scan-
ning confocal microscopy, the expression and subcellular 
localization of MK-GFP fusion protein could be detected.

RESULTS: Compared with the GFP control, in which 
fluorescence was detected diffusely over the entire cell 
body except in the nucleolus, both kinds of fusion pro-
tein MK-GFP were localized exclusively to the nucleus 
and accumulated in the nucleolus in the three kinds of 
cancer cell lines.

CONCLUSION: This study reveals the specific nucleolar 
translocation independent of signal peptide, which may 
be involved in the mechanism that MK works. It provides 
valuable evidence for further study on the functions of 
MK in nucleus and its possible mechanisms, in which 
ribosomal RNA transcription and ribosome assembly are 
involved. 
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INTRODUCTION
Midkine (MK)� ��� �� ��� ���� �������� ����������� ������ ��� ��� ��� �� ��� ���� �������� ����������� ������ ��� ���is a 13 kDa protein originally found to be 
a secretory heparin-binding growth factor that is involved 
in cell growth, migration and survival. However, a number 
of  subsequent studies showed that it is expressed at high 
levels in a variety of  human carcinomas[1-5], indicating that 
it may play important roles in carcinogenesis. Recent stud-
ies demonstrated that MK can promote the growth of  
Wilm’s tumor cells and fibroblasts[6,7], the transformation 
of  NIH3T3 cells[8], anti-apoptotic activity of  Wilm’s tumor 
cells treated with cisplatin[9], and induction of  a strong 
angiogenic response in rabbit corneal assay[10]. All of  these 
suggest the multifunction of  MK in carcinogenesis, cell 
growth, differentiation and apoptosis, and the study of  
its functional mechanism might lead to a new approach 
for cancer therapy including gastrointestinal tract cancers, 
since a number of  recent studies have demonstrated that 
MK is not only highly expressed in gastrointestinal can-
cers, but also modulates biological phenotypes for gastric 
cancer growth and metastasis[2,11-13]. Moreover, it has been 
shown that MK could serve as a marker for the diagnosis 
and treatment of  gastrointestinal cancers[14,15].

In addition, several subcellular localization studies 
have demonstrated that MK localizes in nucleus[16-18], 
such as in the nucleolus of  PHA-activated peripheral 
blood lymphocytes[19], indicating that MK may serve as a 
transcriptional factor, or is involved in nuclear function. 
Nuclear transcriptional factors have been known to 
play roles in cell growth, differentiation, apoptosis and 
carcinogenesis[20-22]; however, whether MK plays roles 
in these functions is yet to be elucidated. In the present 
study, we found that MK was localized to the nucleolus 
of  HepG2, MCF7 and DU145 cells by using MK-������green 
fluorescence protein�������  ������� ��������� ��� ��������� (GFP) fusion proteins as tracking 
molecules. The results showed that both MKs with or 
without signal peptide were exclusively localized to the 
nucleus and accumulated in the nucleolus of  all the three 
carcinoma cells, while the fluorescence of  GFP control 
was detected all over the cell except the nucleolus. Our 
findings may provide valuable evidence for further studies 



on the functions of  MK in nucleus and its mechanisms, 
in which ribosomal RNA transcription and ribosome 
assembly might be involved. 

MATERIALS AND METHODS
Cell lines and culture
The following three cell l ines were obtained from 
American Type Culture Collection (ATCC, M anassas, VA): 
hepatoma cell line (HepG2), prostate carcinoma cell line 
(DU145) and breast cancer cell line (MCF7). They were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
Hyclone Laboratories, Logan, UT) supplemented with 
10% fetal bovine serum (FBS, Hyclone Laboratories, 
Logan, UT) at 37℃, with 5% humidified CO2 and 
passaged every 3 d by trypsinization.

Cloning of MK cDNA by RT-PCR
Total RNA was extracted from the 12-wk abortive fetal 
liver (provided by our own hospital) with RNeasy mini 
kit (Qiagen Corp), and full-length human MK gene 
with or without signal peptide was obtained by reverse 
transcription polymerase chain reaction (RT-PCR). The 
upstream primer of  MK gene without the signal peptide 
is 5’-AAAGAAAGATAAGGTGAAGAAGGGCGG-3’, 
which has the EcoRI site and the downstream primer is 
5’-GGGATCCGGTCCTTTCCCTTCCCTTTCTTG-3’, 
which has the BamHI site. The upstream primer of  MK 
gene with signal peptide is 5’-GGAATTCATGCAGCA
CCGAGGCTTCCT-3’, which has the EcoRI site and the 
downstream primer is the same with the former. After 
PCR amplification, the resulting fragments were digested 
with EcoRI and BamHI and identified by electrophoresis 
and sequenced by ABI 3700 (Sangon Bioengineering 
Company, Shanghai). Ethical approval for the use of  fetal 
liver tissue was obtained.

Construction of recombinant plasmids and transfection
Two MK gene fragments with or without signal peptide 
were separately inserted into pEGFP-N2 plasmids (en-
hanced green fluorescent protein N-terminal protein fu-
sion vector, Clontech Laboratories, Palo Alto, CA), and the 
recombinant plasmids were used to transform E.coli DH 
5α and the product was amplified in LB medium, Qiaprep® 
Spin Plasmid MINIPREP KIT (Qiagen, Hilden, Germa-
ny). After that, two recombinant plasmids pEGFP-MKS 
(EGFP fused with MK with signal peptide)�����������   ���������� and pEGFP-
MKN (EGFP fused with MK without signal peptide)������  �����were 
obtained. Transient transfections were performed with Ef-
fectene Transfection Reagent (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. Cells were 
plated at a density of  1 × 105 cells per well on a 35 mm 
dish 24 h before transfection and were transfected with 
0.4 μg of  pEGFP-MKS, pEGFP-MKN and pEGFP-N2, 
respectively. 

Western blotting analysis 
The cells in microplates were collected into 1.5 mL 
Eppendorf  tubes on ice, centrifuged at 2000 r/min for 5 
min at 4℃, resuspended in 100 µL cell lysis buffer, and 

incubated on ice for 1 h. The lysates were centrifuged at 
12 000 r/min for 10 min at 4℃; the supernatants were 
collected and stored at -20℃ for electrophoresis. Proteins 
in conditioned media were separated by electrophoresis on 
13% SDS-PAGE gels and transferred electrophoretically 
onto nitrocellulose membranes. After being blocked for 2 h 
with 5% skim milk, blots were incubated with 1:10 diluted 
rabbit antihuman MK (Biovendor Laboratory Medicine, 
Inc.) and 1:5000 diluted β-actin (Santa Cruze, CA, USA) at 
room temperature for 2 h. After being washed three times 
with TBST, the membrane was separately incubated with 
donkey anti-rabbit MK (Santa Cruze, USA) at a dilution of  
1:5000 and anti-mouse GAPDH (Santa Cruze, CA, USA) 
at a dilution of  1:5000. Finally, the protein bands were 
visualized with an ECL kit (Pierce, USA). Quantitative 
analysis of  the blots was performed with an imaging 
densitometer. Beta-actin was used as a control. 

Subcellular localization analysis
Ten hours after transfection, the cells were observed 
dynamically with laser scanning confocal microscopy (Leica, 
Heidelberg, Germany) for live imaging and the live images 
were obtained using a 40 × 1 NA oil immersion objective.

Immunostaining assay 
To visualize the subcellular localization of  MK, HepG2 
cells were washed three times with PBS, fixed with 4% 
paraformaldehyde (PFA) in PBS for 30 min at 4℃ and 
permeabilized with 0.1% Triton X-100. After blocked 
with 3% bovine serum albumin (BSA) in PBS at room 
temperature for 1 h, the cells were stained with 1:100 
diluted goat anti-MK antibody (Santa Cruz, CA, USA) at 
4℃ overnight. The treated cells were incubated with 1:100 
diluted FITC-conjugated mouse anti-goat antibody (Vector 
Laboratories, Ltd, Peterborough, England) at 20℃ for 45 
min. Finally, they were extensively washed with PBS and 
examined with a fluorescence microscope.

RESULTS
Identification of recombinant plasmids 
Two expected fragments of  450 bp (MKS) and 380 bp (MKN) 
were clearly shown in 1.5% agarose gel electrophoresis 
by RT-PCR and restriction endonucleases (EcoRI and 
BamHI) digestion identification, suggesting that the desired 
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Figure 1  Electrophoresis analysis 
of RT-PCR products of MKS and 
MKN genes. L1: β-actin (positive 
control); L2: fragment of MKS; 
L4: fragment of MKN; L3 and 5: 
100 bp DNA ladder.
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products were obtained (Figures 1 and 2). Subsequent 
sequence analysis also proved that the obtained fragments 
were exactly the same as the sequence of  MK gene from 
GenBank.

Western blotting and immunostaining assay
To examine whether the MK-GFP fusion proteins were 
expressed in the cells transfected with pEGFP-MKN and 
pEGFP-MKS, 24 h after transfection, Western blotting 
and immunostaining assay were performed. The results 
revealed that MK-GFP fusion proteins were highly 
expressed in all the cells transfected with pEGFP-MKS 
and pEGFP-MKN in comparison with the low levels of  
native MK proteins expressed by tumor cells themselves 
(Figure 3, Lanes 1 and 2), whereas no signals were seen in 
the cells transfected with pEGFP-N2 (Figure 3, Lane 3) 
and with no plasmid cell controls (Figure 3, Lane 4). By 
immunostaining, MK was clearly detectable in the nucleoli 
in HepG2 cells (Figure 4), thus providing evidence for 
subcellular localization of  MK by laser scanning confocal 
microscopy. 

Dynamic subcellular localization analysis by confocal 
microscopy
Dynamic subcellular localization process of  fusion protein 
MK-GFP was observed by laser scanning confocal 
microscopy at different time points using the fusion 
protein MKN-GFP in HepG2 cells. The results showed 
that 11 h after transfection, the fusion protein MKN-GFP 
began to appear in the nucleus where it accumulated in 
the nucleolus (Figure 5). At 16 h 40 min time point, it was 
degraded in the nucleolus and finally disappeared.

Subcellular localization of MK in different carcinoma cell 
lines and the effect of signal peptide on MK
The effect of  signal peptide on MK localization was 
carefully observed in HepG2, DU145 and MCF7 cell 
lines, respectively. The results showed that 24 h after 
transfection, both fusion proteins MKS-GFP and MKN-
GFP in the two cell lines, HepG2 and DU145, were 
localized exclusively to the nucleus and accumulated in the 
nucleolus, while GFP control was detected diffusely over 
the entire cell body except in the nucleolus, indicating that 
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Figure 2  Identification of 
constructed plasmids by 
digestion with restriction 
endonucleases (EcoRI 
and BamHI). L1: 1000 bp 
marker; L2: pEGFP-N2; L3: 
pEGFP-MKS; L4: pEGFP-
MKN; L5: 100 bp marker.

Figure 3  Western blotting 
analysis of MK-GFP expressed 
in HepG2 cells transfected 
with various plasmids. Cells 
were transfected with pEGFP-
MKS (L1), pEGFP-MKN (L2), 
pEGFP-N2 (L3) and with no 
plasmids (L4). 

Figure 4  Presence of MK 
in the nucleoli of HepG2 
cells. The cells were stained 
with goat anti-MK antibody 
(1:1000). Cells were fixed 
with PFA and the secondary 
antibody FITC-conjugated 
mouse anti-goat antibody 
was added. The staining 
(green for MK) is presented 
(× 400).

Figure 5  Dynamic imaging of the subcellular localization of MK-GFP fusion 
protein in HepG2 cells captured by laser scanning confocal microscopy (marked 
by an arrow). A-F: 11 h 0 min, 11h 30 min, 12 h, 12 h 40 min, 15 h 40 min, 16 h 40 
min after transfection, respectively.
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the signal peptide in pEGFP-MKS did not participate in 
the nuclear and nucleolar localization (Figure 6). Similar 
results were obtained in MCF7 cell line (data not shown). 

DISCUSSION
GFP protein is stable in vivo and has been fused to the C 
or N terminus of  many cellular and extracellular proteins 
without a loss of  activity, thereby permitting the tagging of  
proteins for gene regulation analysis, protein localization, 
or specific organelle labeling[23]. Proteins below 40 kDa, 
such as GFP, without any specific location signal can 
diffuse freely through the nuclear pore complex, and thus 
GFP can be used as a perfect positive control to detect 
the localization information of  MK. In our study, based 
on the findings that GFP had no effect on the subcellular 
localization of  the fusion protein, we confirmed that it was 
MK protein that drove the fusion protein into the nucleus, 
and to be exclusively localized in the nucleolus. 

Localization of  proteins in subcellular structures is 
important for the study of  their functions. Nuclear located 
proteins usually act as transcription factors involved in 
the regulation of  cell proliferation, differentiation and 
apoptosis. The localization of  MK to the nucleolus of  
three carcinoma cell lines suggests that MK may act as a 
nuclear factor associated with carcinogenesis. In addition, 
considering the functions of  nucleolus, MK may be 
involved in the transcription of  rRNAs and its subsequent 
manipulation in cellular proliferation and other biological 
activities. 

Nuclear translocation is mainly mediated by signal 
mechanisms[24], in which nuclear localization signal (NLS) 
helps extra-nuclear proteins bind with certain carriers to 

be transported through the nuclear pore complex and 
enter the nucleolus[25,26]. However, we have revealed similar 
distributions of  both MKN-GFP and MKS-GFP fusion 
proteins in the HepG2 and DU145 cell lines, indicating 
that there is no such kind of  a “signal” in the peptides of  
MK. Therefore, further research is needed to detect the 
possible “NLS” that leads MK to enter the nucleolus and 
to elucidate the precise translocation mechanism.
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COMMENTS
Background
MK (Midkine, MK) is a 13 kDa protein originally found to be a secretory 
heparin-binding growth factor that is involved in cell growth, migration and 
survival. Subsequent studies have suggested that it may play important roles in 
carcinogenesis. MK has been shown to be localized in the nucleus or cytosol. 

Research frontiers
Owing to the multifunction of MK in carcinogenesis, cell growth, differentiation 
and apoptosis, the study of its functional mechanism might lead to a new 
approach for cancer therapy. Further studies on the functions of MK in 
carcinoma cells and its possible mechanisms are important for understanding 
the mechanism by which MK works.

Innovations and breakthroughs
In this study, we analyzed the subcellular localization of MK in different carcinoma 
cell lines by using MK-GFP fusion proteins as tracking molecules. The results 
showed that both MK with or without signal peptide were exclusively localized to the 
nucleus and accumulated in the nucleolus of all the three carcinoma cell lines, while 
the fluorescence of GFP control was detected all over the cell except the nucleolus. 

Applications 
The results provide valuable evidence for further study on the functions of MK in 
nucleus and its mechanisms, in which ribosomal RNA transcription and ribosome 
assembly are involved. 

Terminology
NLS: nuclear localization signal which helps extra-nuclear proteins bind with 
certain carriers to be transported through the nuclear pore complex and enter the 
nucleus.

Peer review
In this manuscript by Dai et al., the authors report the subcellular localization of 
MK in different carcinoma cell lines. They employed an approach based on the 
visualization of a fluorescent fusion protein of EGFP with two different variants 
of MK, with or without signal peptide. The authors observed nuclear localization 
and nucleolar accumulation of the fusion proteins, regardless of the presence or 
absence of signal peptide. Their findings may be important for the study of the 
mechanism(s) of nuclear import of MK, and shed new light on the function of this 
protein.
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