
Hu et al. Cancer Cell Int          (2021) 21:509  
https://doi.org/10.1186/s12935-021-02212-3

PRIMARY RESEARCH

Midkine promotes glioblastoma progression 
via PI3K‑Akt signaling
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Donghua Zou3,4*   

Abstract 

Background:  Our previous bioinformatics-based study found that midkine (MDK) was associated with poor progno-
sis of glioblastoma (GBM). However, the mechanism of MDK in GBM remains elusive.

Methods:  A public GBM-related dataset and GBM tissues from our center were used validate the aberrant expression 
of MDK in GBM at the RNA and protein levels. The relationship between MDK expression and survival of GBM patients 
was also explored through survival analysis. Subsequently, we identified MDK-related GBM-specific genes using differ-
ential expression analysis. Functional enrichment analyses were performed to reveal their potential biological func-
tions. CCK-8, 5-ethynyl-2′-deoxyuridine, and Matrigel-transwell assays were performed in GBM cell lines in which MDK 
was knocked out or overexpressed in order assess the effects of MDK on proliferation, migration, and invasion of GBM 
cells. Western blotting was performed to detect candidate proteins.

Results:  Our study showed MDK is a promising diagnostic and prognostic biomarker for GBM because it is highly 
expressed in the disease and it is associated with poor prognosis. MDK is involved in various cancer-related pathways, 
such as PI3K-Akt signaling, the cell cycle, and VEGF signaling. A comprehensive transcriptional regulatory network 
was constructed to show the potential pathways through which MDK may be involved in GBM. In vitro, Overexpres-
sion of MDK augmented proliferation, migration, and invasion of GBM cell lines, whereas suppression of MDK led to 
the opposite effects. Furthermore, our study confirmed that MDK promotes the progression of GBM by activating the 
PI3K-Akt signaling pathway.

Conclusions:  Our present study proposes that MDK promotes GBM by activating the PI3K-Akt signaling pathway, 
and it describes a potential regulatory network involved.
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Background
Glioblastoma (GBM) is the most common malignant 
tumor in the brain and spinal cord [1]. Even though great 
progress has been made in the treatment of GBM, its 

mortality remains near 95% [2]. Studies have shown that 
high invasiveness is one of the most important factors 
contributing to the low survival rate of GBM patients [3]. 
Because of the invasive nature of GBM, surgical resection 
is unlikely to capture every cancer cell. Even if the tumor 
mass is removed, risk of GBM recurrence remains high. 
While a patient may undergo subsequent surgical resec-
tions, this therapeutic strategy only prolongs survival and 
is not curative. Understanding the mechanisms that con-
tribute to GBM’s invasiveness may provide new insights 
for targeting the metastasized cells, thereby transforming 
the treatment of GBM.
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Several studies have shown that gene differential 
expression or mutation is associated with the risk of 
GBM which include Genetic variants in m6A modifica-
tion core genes [4], polymorphism of KARS gene [5]. In 
our previous bioinformatics-based study, we identified 
several transcription factors as well as growth factors 
and cytokines (GFCK) that are differentially expressed 
in GBM and that are related to the prognosis of GBM 
patients [6, 7]. One of these proteins is midkine (MDK). 
MDK is a heparin-binding growth factor that promotes 
cell proliferation [8], migration [9], and angiogenesis [10] 
during tumorigenesis. MDK can interact with notch 2, 
which promotes interaction between HES1 and STAT3 
as well as the epithelial-mesenchymal transition (EMT) 
[11]. The EMT is a process by which the cell becomes 
more migratory and is a key step in cancer metastasis. 
Similarly, the gene encoding midkine can be alternately 
spliced to yield transcripts of multiple isoforms [12], and 
these abnormal transcription factors usually lead to dis-
ease. We can explore the abnormal expression of tran-
scription factors in GBM, and then probe their role in the 
development of GBM.

MDK has been shown to be overexpressed in several 
tumors, including non-small cell lung cancer, thyroid 
cancer, and GBM [13, 14]. The overexpression of MDK 
may lead to multidrug resistance in gastric cancer [15]. 
The frequent upregulation of MDK across tumor types 
may reflect that the gene’s promoter contains a hypoxia 
response element [16]. The mechanism of MDK in GBM 
remains elusive, highlighting the need for further studies.

In order to clarify the role of MDK in GBM, we veri-
fied in the present study the increased expression of 
MDK RNA and protein in tumors, and we found that 
high MDK expression is associated with poor prognosis 
of GBM patients. We constructed a comprehensive tran-
scriptional regulatory network showing potential path-
ways through which MDK is involved in GBM, and we 
identified four transcription factors (REST, TCF12, SP1, 
and XRN2) that may be direct interactors with MDK. 
Cell proliferation, migration, and invasion were inves-
tigated in GBM cell lines over- and under-expressing 
MDK. The results of our study suggest that MDK pro-
motes GBM, and our data lead us to propose potential 
mechanisms.

Materials and methods
Patients
A total of 94 GBM patients (45 males and 49 females) 
were recruited between January 2005 and Decem-
ber 2013 from the Fifth Affiliated Hospital of Guangxi 

Medical University. GBM patients were classified accord-
ing to World Health Organization (WHO) criteria, and 
their diagnosis was confirmed in the present study 
based on histology analysis by two pathologists work-
ing independently. Cancerous tissue and normal brain 
tissue samples were collected from GBM patients. This 
study was approved by the Ethics Committee of the Fifth 
Affiliated Hospital of Guangxi Medical University. The 
requirement for informed consent was waived for the 
present study because at the time of treatment, patients 
gave written consent for their anonymized medical data 
to be analyzed and published for research purposes.

Public data collection and processing
The GSE50161 [17] dataset was downloaded from the 
Gene Expression Omnibus (GEO) database [18] and 
included gene expression profiles of 34 GBM samples and 
13 normal brain samples, based on the GPL570 platform. 
Normal brain samples were obtained from pediatric epi-
lepsy patients (median age 13 years) at the time of surgi-
cal intervention. This dataset was used in the analysis of 
differentially expressed genes (DEGs). The normalizeBe-
tweenArrays function in the limma package [19] in R was 
used to normalize the gene expression profiles between 
individuals. If a gene was measured by multiple probes, 
the average expression value of these probes was used. 
The glioma datasets mRNAseq_693 (last update: Novem-
ber 28, 2019) containing mRNA sequencing (mRNA-seq) 
data and anonymized clinical information were down-
loaded from the Chinese Glioma Genome Atlas [20].

Analysis of DEGs and receiver operating characteristic 
(ROC) curves
We used the limma package [19] in R to identify the 
DEGs between GBM samples and healthy brain tissue in 
GSE50161, and the DEGs between GBM samples show-
ing high or low MDK levels, with the cut-off defined as 
the median level. Differences associated with P < 0.05 
(adjusted by the false discovery rate) were considered 
significant. Genes that were up- or downregulated in 
both pairwise comparisons were considered to be MDK-
related, GBM-specific genes. The GEPIA web tool [21] 
was used to validate the aberrant expression of MDK 
using data from The Cancer Genome Atlas (TCGA) [22, 
23] and Genotype-Tissue Expression (GTEx) database 
[24]. Finally, ROC curves were analyzed using the pROC 
package [25] to determine whether MDK had the poten-
tial to be a diagnostic marker for GBM.
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Immunohistochemistry
Two pathologists who were blind to the clinicopathologi-
cal information independently evaluated the GBM and 
health brain tissue sections of each patient. The percent-
age of MDK-positive cells were scored (0 = 0% of tumor 
cells were positive, 1 = 0–10%, 2 = 11–50%, 3 = 51–75%, 
4 = 75–100%), and MDK staining intensity was scored 
(0 = negative, 1 = weak, 2 = medium, 3 = strong). These 
two scores were multiplied to get a total score from 0 
to 12. According to protein level expression of MDK, 
the patients were divided into MDK-low patients (total 
score < 4) and MDK-high patients (total score ≥ 4).

Survival analysis
Survival was calculated starting from the date of surgery 
to date of death or last follow-up. Follow-up data lasting 
a mean of 14.74 ± 13.13 months (range, 0.03–59 months) 
were available for 43 patients, and all other patients were 
excluded from the survival analyses. Survival analysis 
was also conducted in a GBM dataset (mRNAseq_693) 
from the Chinese Glioma Genome Atlas database [20] to 
explore the relationship between MDK expression and 
survival of GBM patients. Survival curves for different 
levels of MDK in GBM patients were plotted using the 
Kaplan–Meier method [26] and compared using the log-
rank test. Differences associated with P < 0.05 were con-
sidered significant.

Functional enrichment analysis
In order to identify potential biological processes and 
pathways of the MDK-related, GBM-specific genes, Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis was performed 
using the clusterProfiler [27] package in R. To determine 
whether the candidate signaling pathway was activated 
in MDK-high patients, we applied the gene set variation 
analysis (GSVA) to score these genes using the GSVA 
package [28].

Construction of the regulatory network of MDK 
in promoting GBM
The transcription factors (TFs) that interact with MDK 
were obtained from the RNAInter database [29]. The 
Pearson expression correlation of candidate TFs and 
MDK were explored, and P < 0.05 and R > 0.7 were 
applied as thresholds. Furthermore, we downloaded the 
structures of MDK and its interacting TFs from the Pro-
tein Data Bank (PDB) database [30, 31]. The relationship 
of MDK and its TFs was explored using hex software 

(version 8.0.0) [32], and the results were visualized using 
PyMOL software [33]. To construct the MDK-related 
regulatory network, genes interacting with the candidate 
TFs were also included. The network was visualized using 
Cytoscape software [34].

Cell lines
The human GBM cell lines U87-MG, U251-MG, A172, 
and T98G were purchased from the American Type Cul-
ture Collection (ATCC). The cell lines were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine 
serum (FBS, Invitrogen) at 37 °C and humidified atmos-
phere with 5% carbon dioxide. The medium was changed 
every 2  days and cells were split when they reached 
80–90% confluence; for splitting, cells were collected by 
adding 0.25% trypsin for 5 min. Cell lines were discarded 
after passage 3. The protein and gene expression of MDK 
in GBM cell lines was quantified by Western blot and 
quantitative real-time polymerase chain reaction (qPCR).

Lentiviral transfection for MDK knockdown 
and overexpression
To maintain physiologically relevant levels of MDK 
while varying its expression, we knocked down MDK 
in high expression cell lines and overexpressed MDK 
in low expression cell lines. Lentiviral vectors encod-
ing small hairpin RNA (shRNA) targeting human MDK 
were constructed by Hanyin Co. (Shanghai, China), and 
these vectors also encoded green fluorescent protein 
(GFP). Lentiviral vectors encoding GFP alone were also 
prepared as a negative control (NC). In order to obtain 
stable MDK knockdown cell lines (MDK-KD) and stable 
NC cell lines, we inoculated U87-MG and T98G cells in a 
6-well plate, and then infected them on the following day 
at a multiplicity of infection of 1 in the presence of 8 μg/
ml Polybrene. About 72  h after infection, GFP expres-
sion was observed under fluorescence microscopy, and 
the medium was changed to selection medium contain-
ing puromycin (4  μg/ml) (catalog no. MS0011-25MG, 
Shanghai MaoKang Biotechnology). The cells were cul-
tured for at least 14 days in selection medium, then the 
puromycin dose was lowered to 2 μg/ml for amplification 
for 7–9 days. Subsequent experiments were performed in 
DMEM without puromycin. The efficiency of anti-MDK 
shRNA was verified by qPCR and Western blot.

We constructed a lentiviral vector encoding Flag-
tagged MDK based on the pMSCV-IRES-GFP vector 
(Hanyin Co.), as well as the corresponding NC lentiviral 
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vector encoding only GFP. The GBM cell lines A172 and 
U251-MG were infected with the recombinant lentivirus 
at a multiplicity of infection of 1, resulting in MDK over-
expression (MDK-OE) cells or NC cells. MDK expres-
sion was verified by fluorescence microscopy, qPCR, and 
Western blot.

qPCR
Total RNA from U87-MG, U251-MG, A172, and T98G 
cells was isolated using TRIzol (catalog no. 15596-018, 
Life Technologies). For qPCR analysis, 500  ng of total 
RNA was reverse-transcribed into cDNA using a miS-
cript II RT Kit (Qiagen, 218161), which was amplified 
by PCR involving 40 cycles of 5  s at 95  °C and 30  s at 
60  °C. Differences in gene expression were determined 
by the 2−ΔΔCT method against an endogenous control 
used for calibration [35]. The primer sequences were as 
follows: human MDK-F, CGC​GGT​CGC​CAA​AAA​GAA​
AG; human MDK-R, ACT​TGC​AGT​CGG​CTC​CAA​AC; 
human GAPDH-F, GTC​TCC​TCT​GAC​TTC​AAC​AGCG; 
human GAPDH-R, ACC​ACC​CTG​TTG​CTG​TAG​CCAA.

Western blotting
We explored the expression of MDK, phosphorylated 
Akt (p-Akt), Akt, phosphorylated ERK (p-ERK), ERK, 
phosphorylated PI3K (p-PI3K), and PI3K in GBM cell 
lines by western blot as described previously [36–38]. 
Primary antibodies included mouse antibody against 
actin (Millipore, MA, USA; 1:10,000) and rabbit antibod-
ies (Proteintech, IL, USA; 1:1000) against human MDK 
(14958-1-AP), p-Akt, Akt, p-ERK, ERK, p-PI3K or PI3K.

Cell proliferation assays
Cell Counting Kit-8 (CCK-8) assay (Beyotime, Shanghai, 
China) was used to detect cell proliferation over 5 days. 
After the cells (n = 2000) were seeded into 96-well plates, 
CCK-8 solution (10 μl) was added to each well at differ-
ent time points, and plates were cultured at 37 °C for 2 h. 
The absorbance at 450 nm was measured using a microti-
ter plate reader. The experiment was repeated three times 
to ensure reproducibility. We performed a commercial 
proliferation assay based on 5-ethynyl-2′-deoxyuridine 
(EdU) according to the manufacturer’s instructions (Inv-
itrogen, Carlsbad, California, USA).

Transwell migration assay
Cells (U87-MG, U251-MG, A172, and T98G) were 
seeded into the top chamber of 24-well Transwell 
plates with 8-µm inserts (catalog no. 3422, Corning). 

Conditioned medium from the same GBM cells was 
added to the bottom chamber. After 12-h incubation, the 
cells that migrated through the membrane were fixed in 
methanol and stained with 1% crystal violet (Beyotime 
Biotechnology, C0121). The cells were counted in four 
random fields.

Matrigel‑transwell invasion assays
Diluted Matrigel solution was added to serum-free 
DMEM in the upper chamber of 24-well Transwell plates 
(catalog no. 3422, Corning), then cells were plated in the 
upper chamber. The inserts were then placed in the bot-
tom chamber containing DMEM supplemented with 10% 
FBS as a chemoattractant. After 24 h, the top of the insert 
was wiped with a sterile cotton swab to remove the unmi-
grated cells. The remaining cells were stained with 0.1% 
crystal violet for 1 h. The cells were examined, counted, 
and imaged under a microscope. The numbers of cells 
in five random fields of each chamber were counted and 
averaged.

Co‑immunoprecipitation (CO‑IP) assay
CO-IP enables the purification of proteins based on the 
formation of antigen/antibody complexes. Thus, proteins 
can be isolated and purified from the rest of the sample 
to study the direct interaction between the protein and 
the specific binding partner.

MDK overexpressing A172 cells were collected and 
lysised, immunoprecipitation was performed by add-
ing target antibodies of MDK or control antibody, use 
immunoglobulin (IgG) as a guideline. Then adding the 
Protein-G Sepharose (P-GS) beads (Sigma, USA) to pre-
cipitate the protein complex. P-GS beads (Sigma, USA) 
were washed three times with Protein Extraction Buffer 
prior to mixing with the antibody. The concentration of 
P-GS beads used for immunoprecipitation was 10% (v/v). 
After mix purified antibody against MDK target protein 
or control antibody with 100  µl of P-GS bead solution 
and incubate for 15 min at room temperature. Incubate 
on a rocking chair for 15  min. The prepared antibody 
P-GS is added to 1  ml of the extract and incubated for 
2  h at 4  °C with shaking. Centrifuge the immunopre-
cipitate at 130×g for 3  min and discard the superna-
tant. Wash the pellet by resuspension and centrifugation 
three times with extraction buffer. The bound protein is 
released from the protein-G antibody by adding 2 × SDS 
gel loading buffer and boiling for 4 min. After centrifuga-
tion, an equal volume of each sample was fractionated by 
SDS-PAGE.
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Statistical analyses
All statistical analyses were performed using R [39]. We 
analyzed the expression levels of genes using unpaired 
t-tests. Survival curves for MDK were plotted using the 
Kaplan–Meier method and compared using the log-rank 
test. All samples were analyzed in triplicate in all experi-
ments. Differences associated with a two-tailed P < 0.05 
were considered statistically significant.

Results
MDK expression in GBM tissues
MDK RNA expression was higher in GBM brain tis-
sue than in healthy controls in three independent sets 
of patients from the CGGA, TCGA and GTEx databases 
(Fig.  1A, B). ROC curve analysis of the RNAseq data 
demonstrated that MDK has potential to be a valuable 
diagnostic biomarker of GBM: it gave an area under the 

Fig. 1  Expression of MDK in GBM as a diagnostic and prognostic biomarker. A The expression of MDK in healthy brain is lower than in GBM 
samples in GSE50161. B The expression of MDK in normal control samples (n = 207) is lower than in GBM samples (n = 163) in the TCGA and GTEx 
datasets. * p < 0.05. C The receiver operating characteristic (ROC) curve of MDK as a biomarker of GBM in GSE50161. D Representative images 
of immunohistochemical staining in tumor sections of patients with GBM. MDK showed high and low expression in GBM tissues from different 
patients. Immunoglobulin (IgG) was used as a negative control. E Kaplan–Meier curves of overall survival for 43 GBM patients, divided by MDK 
expression. F Kaplan–Meier curves of overall survival for GBM patients in the CGGA database, stratified by MDK expression. MDK: midkine; GBM: 
glioblastoma; TCGA: The Cancer Genome Atlas; GTEx: Genotype‑Tissue Expression; CGGA: Chinese Glioma Genome Atlas; IB: Immunoblotting

(See figure on next page.)
Fig. 2  Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of MDK-related, GBM-specific genes. A 
Quadrant plot of identified MDK-related and/or GBM-specific genes. The x- and y-axes show the expression values of two groups of different genes, 
and quadrants 1, 2, 4, 6, 8 and 9 are the overlapped genes showing the same expression in the two groups. The upper quadrant and right quadrant 
represent the gene counts in different expression intervals. B Biological processes (BPs) in which MDK-related, GBM-specific genes were significantly 
involved, with a focus on processes of interest in GBM. C KEGG pathway in which MDK-related, GBM-specific genes were significantly involved, with 
a focus on pathways of interest in GBM. D The enrichment score for the PI3K-Akt signaling pathway was significantly higher in the MDK-high GBM 
samples than in the MDK-low samples. MDK: midkine; GBM: glioblastoma; GSVA: gene set variation analysis; BP: biological process; KEGG: Kyoto 
Encyclopedia of Genes and Genomes



Page 6 of 13Hu et al. Cancer Cell Int          (2021) 21:509 

Fig. 2  (See legend on previous page.)
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ROC curve (AUC) of 0.91 (Fig.  1C). The level of MDK 
protein in tumors varied with the patient (Fig. 1D). When 
we divided patients into subgroups based on the level 
of MDK gene expression, we found that MDK-positive 
GBM patients had worse prognoses than those with 
MDK-negative GBM (P = 0.04) (Fig. 1E). This correlation 
was also present in CGGA datasets (P = 0.045, Fig. 1F).

MDK‑related, GBM‑specific genes and their functional 
pathways
A total of 5537 MDK-related or 8556 GBM-specific 
DEGs were identified, of which 4841 overlapped between 
the two sets, which were common up and common down 
regulated in two group, and was defined as MDK-related, 
GBM-specific genes (Fig. 2A), we did not predefine a log 
(fold change) threshold in order to detect a maximum 
number of MDK-related, GBM-specific genes. GO and 
KEGG enrichment analysis of these MDK-related, GBM-
specific DEGs showed involvement in “positive regula-
tion of neuron differentiation”, “synapse organization”, 
and “cell morphogenesis” (Fig.  2B). The MDK-related, 
GBM-specific genes were also positively associated with 
functions including “cell cycle”, “apoptosis”, “PI3K-Akt 
signaling”, and “VEGF signaling” (Fig. 2C). Since multiple 
previous studies [40–42] have reported that the PI3K-
Akt signaling pathway is associated with GBM, PI3K-Akt 
was subjected to GSVA. The PI3K-Akt signaling pathway 
enrichment score was significantly higher in MDK-high 
GBM samples than in MDK-low GBM samples (Fig. 2D), 
indicating that high MDK expression correlated with 
PI3K-Akt activation.

An MDK‑related transcriptional regulatory network in GBM
A comprehensive landscape of the regulatory pathway 
of MDK was constructed, which included 201 genes and 
20 pathways (Fig.  3A), revealing a regulatory network 
through which MDK may participate in GBM develop-
ment. This analysis highlighted interactions with four 
transcription factors (TFs) upstream of PI3K-Akt sign-
aling: RE1 silencing transcription factor (REST), tran-
scription factor 12 (TCF12), Sp1 transcription factor 
(SP1), and 5’-3’ exoribonuclease 2 (XRN2). We found 
that MDK may have a relationship with these four TF 
(Fig.  3B). While in the result of CO-IP, we found that 
there is no significant combination between MDK and 
XRN2, TCF12, SP1 (Additional file  1: Figure S1). Our 
hypothesized mechanism of MDK regulation of GBM 
cell progression and survival via PI3K-Akt is summarized 
in Fig. 3C.

MDK promotes the proliferation of GBM cells
MDK showed high expression in human GBM cell lines 
T98G and U87-MG, and low expression in GBM cell 

lines A172 and U251-MG (Fig.  4A). We knocked down 
MDK in the high-expressing GBM cell lines to give rise to 
MDK-KD cells, and we overexpressed MDK in the low-
expressing GBM cell lines to give rise to MDK-OE cells 
(Fig. 4B). The CCK8 assay showed that MDK-KD inhib-
ited the proliferation of GBM cells compared with the 
negative control (NC), while MDK-OE increased prolif-
eration (Fig. 4C). The same result was found in an EdU 
proliferation experiment (Fig.  5), confirming that MDK 
expression promotes GBM proliferation.

Overexpression of MDK enhances the migration 
and invasion of GBM cells
To understand the effect of MDK on GBM metasta-
sis, the effects of MDK expression on GBM cell migra-
tion and invasion were assessed in  vitro. Migration was 
measured with a transwell assay in each of the human 
GBM cell lines at baseline and after MDK knockdown 
or overexpression. Cell migration significantly decreased 
in the MDK-KD GBM cell lines (Fig. 6A) and increased 
in the MDK-OE lines (Fig.  6B) compared to baseline. 
The Matrigel-transwell invasion assay indicated that 
compared with the NC group, overexpression of MDK 
significantly enhanced the invasive ability of A172 and 
U251-MG GBM cells (Fig.  6D), while knocking down 
MDK inhibited invasion (Fig.  6C). Collectively, these 
results indicate that the upregulated MDK promotes 
GBM cell tumorigenesis and invasion.

MDK activates PI3K‑Akt signaling pathway in human GBM 
cells
We have clarified that, in line with our expectations, 
levels of p-Akt were significantly increased in the 
A172-MDK-OE cell line, but significantly decreased in 
the T98G-MDK-KD cell line. Contrary to our expecta-
tions, p-Akt levels were not increased in the U251-MDK-
OE, nor were they decreased in the U87-MDK-KD cell 
line.

Consistent with our expectations, p-ERK levels 
decreased significantly in the MDK-KD cell line and 
increased significantly in the MDK-OE cell line. Also 
consistent with our hypotheses, p-PI3K was found only 
in U251-MDK-OE, T98G-MDK-KD and A172-MDK-OE 
cell lines; it was slightly but not significantly decreased in 
U87-MDK-KD (Fig. 7). We have emphasized that, taken 
together, these results suggest that the PI3K-Akt signal-
ing pathway was activated in A172-MDK-OE cells and 
inhibited in T98G-MDK-KD cells.

Discussion
Prior to the present study, we identified a relationship 
between MDK and poor GBM prognosis through bio-
informatics [6], but the role of MDK in GBM remained 
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Fig. 3  MDK-related regulation network in GBM. A The regulatory network of GBM development is regulated by MDK via TFs. The circle indicates 
pathway genes; the V shape, the signaling pathway; diamonds, TFs; and the square, MDK. B Molecular of MDK with four TFs: REST, TCF12, SP1 and 
XRN2. Docking energies (kcal/mol) are indicated below each complex; negative energies indicate that they may have a relationship. C MDK may 
regulate PI3K-Akt signaling by targeting TFs in GBM. The genes in this mechanism are the MDK-related, GBM-specific genes that are involved 
in the PI3K-Akt signaling pathway. The mechanism was adapted from the KEGG pathview, and lines are colored arbitrarily. MDK: midkine; GBM: 
glioblastoma; TF: transcription factor; KEGG: Kyoto Encyclopedia of Genes and Genomes
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unclear. Here we extend that work by validating the cor-
relation in multiple datasets, characterizing the regu-
latory network of MDK in GBM, and honing in on a 
proposed mechanism of MDK action in GBM cell lines.

Growth factors play a key role in cell proliferation, dif-
ferentiation, migration, and apoptosis, and they coordi-
nate the growth signal response during development [43]. 
Many studies have found that the levels or function of 
cytokines are altered in cancer [44]. MDK has also been 
found to have abnormal expression in GBM [45]. In the 
present study, we demonstrated that the survival of GBM 
patients is inversely correlated with MDK expression, and 
that high MDK expression in GBM cell lines is associated 
with greater proliferation, migration, and invasion ability. 
To our knowledge, the present work is the first evidence 
that MDK may be a useful diagnostic and prognostic bio-
marker of GBM.

To investigate the effects of MDK on GBM progres-
sion, we extracted MDK-related, GBM-specific DEGs. 
Then, through functional enrichment analysis and cor-
relation analysis, we found that MDK could activate the 
PI3K-Akt signaling axis by targeting four TFs: REST, 

TCF12, SP1 and XRN2. Many types of cancers involve 
aberrant activation of PI3K-Akt, which contributes to 
tumor cell proliferation, migration, and invasion [46, 47]. 
REST [48], TCF12 [49], and SP1 [50] are known to be 
master regulators that maintain GBM cell proliferation 
and migration. In contrast, there are few studies on the 
role of XRN2 in GBM. XRN2 has been shown to promote 
the EMT and subsequent metastasis of lung cancer [51]. 
Preliminary analysis of the present data further suggests 
that REST can regulate EIF4EBP1, EIF4E2, CDK4 and 
MCL1; TCF12 can regulate F2R, MCL1, CDK4, EIF-
4EBP1 and EIF4E2; SP1 can regulate EIF4EBP1, EIF4E2, 
CDK4, CDK2 and MCL1; and XRN2 can regulate CDK4 
and EIF4EBP1. These potential interactions should be 
explored in further studies as mechanisms through which 
PI3K-Akt signaling is activated in GBM. Although the 
results of MDK binding to TCF12, SP1 and XRN2 in 
our experiments were not satisfactory, possibly due to 
too few validation samples. The combined experiment 
of MDK and REST was not implemented for technical 
reasons, so the CO-IP results of MDK and REST are not 
shown.

Fig. 4  MDK promotes the proliferation of GBM cells. A, B Baseline MDK expression based on western blot and quantification, showing MDK levels 
in GBM cell lines in which MDK was knocked down (MDK-KD) or overexpressed (MDK-OE), and in negative control (NC) GBM cell lines. Beta-actin 
served as a loading control. C The proliferation of MDK-KD, MDK-OE, and NC GBM cell lines was analyzed using the CCK8 assay. MDK: midkine; GBM: 
glioblastoma; IB: immunoblotting
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Fig. 5  Cell proliferation was measured using the EdU assay in GBM cell lines overexpressing MDK (OE) or Knockdown MDK (KD) and in negative 
control (NC) lines. Representative fluorescence micrographs are shown. EdU: 5-ethynyl-2′-deoxyuridine; MDK: midkine
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Consistent with a link between MDK and PI3K-Akt 
signaling, we conclude that the overexpression of MDK 
in human GBM cells probably relates to the activation 
of downstream signaling molecules through the PI3K-
Akt pathway. Together, our data from patients, cell lines, 
and bioinformatics support the idea that MDK regu-
lates the activity of certain TFs to promote PI3K-Akt 
signaling, which then increases GBM proliferation and 
invasiveness.

We conclude that MDK could function as an inde-
pendent prognostic factor and a therapeutic target in 
the management of GBM. Though this study provides 

a solid theoretical basis for the treatment of GBM, the 
role of MDK in tumor progression in  vivo is complex 
and needs further exploration. We have validated the 
importance of MDK in GBM progression in  vivo, but 
our mechanistic studies were conducted largely in silico 
and in vitro.

There are limitations inherent to these experimental 
models, so our results should be verified in  vivo. Our 
study was limited to preliminary exploration of poten-
tial molecular interactions. Future research will include 
the establishment of knockout mouse models to ver-
ify whether MDK activates PI3K-Akt signaling in the 
development of GBM.

Fig. 6  MDK promotes the migration and invasion of GBM cells. A, B The migration ability of GBM cell lines was assessed in the presence of MDK 
knockdown (MDK-KD) or overexpression (MDK-OE), or negative control (NC) conditions. Migration was measured in a Transwell assay. C, D The 
invasion ability of MDK-KD, MDK-OE, and NC GBM cell lines was measured using a Transwell assay with Matrigel. MDK: midkine; GBM: glioblastoma; 
NC: negative control
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