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Abstract: Glioblastoma (GBM) is the most frequently observed and aggressive type of high-grade malignant glioma.
Temozolomide (TMZ) is the primary agent for GBM treatment. However, TMZ resistance remains a major challenge.
In this study, we report that MDK is overexpressed in GBM, which leads to enhanced proliferation, apoptosis inhi-
bition, increased invasion and TMZ resistance in GBM cells. It was also determined that MDK could significantly
improve the stem-like properties of GBM cells. Mechanistically, MDK enhanced p-JNK through Notch1 and subse-
quently increased the expression of stemness markers, such as CD133 and Nanog, thereby promoting TMZ resis-
tance. Finally, xenograft experiments and clinical sample analysis also demonstrated that MDK knockdown could
significantly inhibit tumor growth in vivo, and the expression of MDK was positively correlated with Notch1, p-JNK
and CD133. This study revealed that MDK induces TMZ resistance by improving the stem-like properties of GBM by
upregulating the Notch1/p-JNK signaling pathway, which provides a possible target for therapeutic intervention of
GBM, especially in TMZ-resistant GBM with high MDK expression.
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Introduction

Glioma is a common primary infiltrating brain
tumor of the central nervous system, with
malignancy grades varying from | to IV and his-
tological subtypes. According to the 2016 WHO
classification, grades I-1l are low-grade gliomas,
and grades llI-IV are high-grade gliomas. Most
high-grade tumors are associated with high
malignancy, strong resistance to chemoradio-
therapy and worse prognosis [1]. The median
overall survival of patients with grade IV
glioblastoma (GBM) is approximately 16-18
months, and the 5-year relative survival is less
than 10%. Clinically, the high recurrence rate
and resistance to chemoradiotherapy have
become major therapeutic difficulties in GBM
[2]. Therefore, it is of significance to explore
the mechanism of therapeutic resistance to
improve the efficacy of GBM therapy.

The current standard therapy consists of sur-
gery followed by temozolomide (TMZ) and radia-
tion. Although TMZ combined with radiotherapy
can extend patient postoperative survival com-
pared with radiotherapy alone, due to the
increase in dose and time in the treatment of
GBM, most cases eventually demonstrate resis-
tance to TMZ [3]. Studies have shown that a
variety of mechanisms are involved in the regu-
lation of TMZ resistance in GBM, among which
the tumor stemness is an important mecha-
nism [4]. Tumor stemness refers to the charac-
teristics of stem cells, such as self-renewal and
multi-differentiation potential, which are not
only the key driving factors underlying the occur-
rence, development, recurrence and metasta-
sis of tumors but also represent an important
reason for the resistance of tumors to chemora-
diotherapy [5, 6]. In recent years, several stud-
ies have found that stemness enhancement is
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a critical mechanism facilitating of TMZ resis-
tance in GBM. For example, angiopoietin-like 4
protein (ANGPTL4) induces stemness through
the EGFR/AKT/4E-BP1 cascade, resulting in
TMZ resistance in GBM [7]. Heat shock factor 1
(HSF1) promotes the expression of the stem-
ness marker SOX2 and cancer stem-like prop-
erties, such as colony-forming activity, further
increasing TMZ resistance in glioma [8]. The
miR-381-NEFL axis is important for TMZ resis-
tance in GBM by promoting various multidrug
resistance factors and stemness factors [9].
Therefore, exploration of tumor stemness and
the underlying regulatory mechanism may pro-
vide us with new points of interference and
promising targets for TMZ resistance in GBM.

Midkine (MDK) is a heparin-binding growth fac-
tor that is involved in a variety of physiological
processes. The overexpression of MDK in neu-
roblastoma, nasopharyngeal carcinoma and
other tumor tissues was observed, and it pro-
moted the growth, migration and angiogenesis
of tumor cells [10, 11]. Studies have shown that
MDK can promote multidrug resistance in lym-
phoma, gastric cancer and other tumors [12,
13]. In addition, recent studies have found that
MDK protein was enriched in spheres of GBM,
suggesting that MDK may be involved in the
stemness regulation of GBM [14, 15]. Due to
the significant differences in the clinical treat-
ment effect between patients with high- and
low-grade gliomas, the analysis of differentially
expressed molecules with important functions
in gliomas of different grades may provide new
targets for the diagnosis and intervention of
GBM. In the present study, MDK overexpres-
sion in GBM was screened out, and further
studies on its role and the molecular mecha-
nism of TMZ resistance were explored.

Materials and methods
Reagents

MDK recombinant protein (rhMDK, D620984)
was purchased from Sangon (Shanghai, China).
SP600125 (HY-12041) is a broad-spectrum
JNK inhibitor [16]. Anisomycin (HY-18982) is an
antibiotic that can obviously activate JNK [17].
MK-0752 (HY-10974) is a moderately effective
y-secretase inhibitor that inhibits Notchl by
reducing the production of AB40 [18]. Valproic
acid (HY-10585) is a selective inhibitor of HDAC
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and activates the Notch pathway [19].
Napabucasin (HY-13919) is a kind of tumor
stemness inhibitor [20], and TMZ (HY-17364)
was purchased from MedChemExpress (Mon-
mouth Junction, NJ, USA).

Clinical samples and transcriptome sequenc-
ing

Ten surgical tissue samples of gliomas, includ-
ing 5 cases of grade IV GBM and 5 cases of
grade Il gliomas (Table S1), were obtained from
Xiangya Hospital of Central South University. It
was approved by the Ethics Committee of
Xiangya Hospital, and all patients signed an
informed consent form. The samples were ana-
lyzed at the transcriptome level by RNA
sequencing at Novogene (Beijing, China).

Cell cultures and transfection

HS683 (ATCC HTB-138) cells were cultured in
RPMI-1640 medium (Gibco BRL, Gaithersburg,
MD, USA) supplemented with 10% fetal bovine
serum (FBS, HyClone, Logan, UT, USA). HEK
293T (ATCC® CRL-11268) and three GBM cell
lines, T98G (CRL-1690), LN229 (CRL-2611) and
U251, were cultured in DMEM (Gibco BRL) sup-
plemented with 10% FBS (HyClone). Cells were
incubated at 37°C in a humidified incubator at
5% CO,. MDK- and control-siRNA were synthe-
sized by Ribo Biotechnology (Guangzhou,
China), and the siRNA sequences are listed in
Table S2. Lipofectamine™ 3000 (1888676,
Invitrogen, Carlsbad, CA, USA) was used to
transfer siRNA into cells following the manufac-
turer’s protocol.

To establish the T98G-shMDK and LN229-
shMDK cell lines, MDK-specific shRNA was pur-
chased from GenePharma (Shanghai, China)
and cloned into the pLVX-shRNA1 vector
(632177, Clontech, Mountain View, CA, USA).
Sequences of shRNAs are described in Table
S3. For recombinant transfection, lentivirus
was produced by cotransfecting 293T cells
with shRNA plasmid and packaging plasmids
(Gag-pol, pRSV-Rev and pCMV-VSV-G, Add-
gene, 14887, 12253, 8454, respectively). Viral
supernatants were harvested after 48 h of
transfection and then used to infect T98G and
LN229 cells. Cells were stably selected and
pooled with puromycin to obtain stable cell
lines.
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Real-time quantitative PCR (qPCR)

Total RNA was extracted using TRIzol (15-
596026, Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s proto-
col. Then, RNA was processed using a rever-
se-transcription kit (K1621, Thermo Fisher
Scientific) according to the manufacturer’s
instructions. PCR amplification was performed
with TagMan™ Gene Expression Master Mix
(4369016, Thermo Fisher Scientific) using an
ABI 7500 instrument (Foster City, CA, USA).
gPCR primers are listed in Table S4.

Western blot analysis

Cells were lysed using IP lysis buffer with 10%
cocktail (B14001, Bimake, Houston, TX, USA)
and quantified using a BCA kit (Pierce Chemi-
cal, Rockford, IL, USA). Then, proteins were sep-
arated using 10% SDS-PAGE gels and trans-
ferred onto polyvinylidene fluoride (PVDF)
membranes (Merck Millipore, Billerica, MA,
USA) using a Trans-Blot Turbo transfer system
(Bio-Rad, Hercules, CA, USA) followed by block-
ing with 5% nonfat dry milk in Tris-buffered
saline-Tween 20 (TBST). The PVDF membranes
were probed with primary antibodies followed
by a secondary antibody and then detected by
an enhanced chemiluminescence reaction with
luminol substrate solution (Pierce™, Thermo
Fisher). Visualization of proteins was performed
using the ChemiDoc XRS system (Bio-Rad). Anti-
MDK (ab52637), anti-CD133 (ab216323) and
anti-p-ALK (phosphor Y1507, ab73996) anti-
bodies were purchased from Abcam (Cam-
bridge, MA). Anti-P38 (8690), anti-p-P38
(thr180/try182,4511), anti-AKT (9272), anti-
ERK (4695), anti-p-ERK1/2 (Thr202/Tyr204,
4370), anti-p-STAT3 (Tyr705, 9145T), anti-
Nanog (4903), anti-Nestin (33475S) and anti-
LC3 (3868S) were purchased from Cell Sig-
naling Technology (Danvers, MA, USA). Anti-
STAT3 (10253-2-AP) and anti-p-Akt (Serd73,
66444-1-1g) were purchased from Proteintech
(Chicago, USA). Anti-ALK (sc-398791) and anti-
Notchl (sc-376403) were purchased from
Santa Cruz Biotechnology (Dallas, Texas, USA).
Anti-p-JNK (Thr183+Tyr185, AF3318) was pur-
chased from Affinity Biosciences (Cincinnati,
OH, USA). Anti-JNK (SAB4200176) was pur-
chased from Sigma-Aldrich (St. Louis, MO,
USA). Anti-actin (AC026) was purchased from
ABclonal (Wuhan, China). Except for anti-ALK
(1:500) and anti-Notch1 (1:500), all primary
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antibodies were diluted 1:1000 for western
blotting.

MTS assay

Cell viability and proliferation were measured
by an MTS kit (G5421, Promega, Madison, WI,
USA). Cells were plated in 96-well plates and
incubated for 0O, 24, 48, and 72 h. For each
time point, 200 pl of MTS mixture was added
per well, and cells were incubated in a 37°C
incubator for 1.5 h under conditions away from
light. A microplate reader (BioTek ELx800,
Winooski, VT, USA) was used to calculate the
results at 490 nm.

Colony formation assay

Cells were seeded into 6-well plates and cul-
tured for 2-3 weeks. Colonies in dishes were
fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet for 15 min. The number
of colonies with at least 50 cells was counted
under a microscope (DMI3000B, Leica, Wetzlar,
Germany).

Flow cytometry

Cells were treated and collected, trypsinized
and analyzed with an Annexin-V FITC/PI
Apoptosis Detection Kit (KGA107, KeyGEN
BioTECH, Jiangsu, China) according to the man-
ufacturer’s protocols. Apoptotic analysis was
performed with a flow cytometer (FlowSight,
Millipore, Billerica, MA, USA).

Scratch assay

Cells were seeded in 24-well plates and grown
to 90% confluence. Then, a sterile 200 pl
pipette tip was used to make a single scratch
in the bottom of the well, and cell culture was
performed for the appropriate time. Images
were captured with a microscope (DMI3000B,
Leica).

Transwell assay

A total of 1x10° cells were added to the upper
chamber (353097, Corning, NY, USA) of a
Transwell insert covered with Matrigel (356230,
BD Biosciences, San Jose, CA, USA), and the
lower chamber contained medium supplement-
ed with 10% FBS and cultured for 48 h. Then,
penetrated cells were fixed with 4% paraformal-
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dehyde and stained with 0.1% crystal violet
for 15 min. The number of invaded cells in each
group was counted under a microscope
(DMI3000B, Leica).

Sphere formation assay

Cells were seeded into ultralow-attachment
6-well plates (Corning) with serum-free DMEM/
F12 medium containing EGF (PeproTech, NJ,
USA), basic fibroblast growth factor (bFGF,
Sigma-Aldrich), B27 supplement and N-2 Plus
Media supplement (Life Technologies, NY, USA).
After incubation for 1-2 weeks, cells were
counted and photographed under a microscope
(DMI3000B, Leica).

Immunofluorescence assay

After the spheres attached to the poly-L-lysine
(PLL) slides, they were fixed with 4% parafor-
maldehyde for 20 min, permeated with 5%
Triton 100 for 15 min and blocked with 10%
donkey serum for 1 h. The primary antibody
was incubated overnight at 4°C. The primary
antibodies used were anti-Nestin (1:2000,
334758, CST), anti-CD133 (1:500, ab216323,
Abcam), and anti-Nanog (1:200, 4903, CST).
Then, a fluorescent secondary antibody (SAB-
4600042, anti-mouse or SAB4600234, anti-
rabbit, Sigma-Aldrich) was incubated for 45
min at room temperature followed by DAPI
staining solution (E607303, BBI Life Sciences,
Shanghai, China) to dye the nuclei. To prevent
fluorescence quenching, a reagent (E675001,
BBI Life Sciences, Shanghai, China) was used
to seal slides, and the fluorescence images
were captured by a confocal microscope (LSM
510 META, Carl Zeiss, Germany).

In vivo experiments

All animal work was approved by the Animal
Ethics Committee of Xiangya Hospital accord-
ing to the guidelines of the Institutional Ani-
mal Care and Use Committee. Twenty female
athymic nude mice (BALB/C) used in the pres-
ent study were randomly divided into 4 gro-
ups: LN229, LN229-shMDK, LN229+TMZ and
LN229-shMDK+TMZ. A total of 1x10" cells
were resuspended in 150 pl of PBS and inject-
ed into each mouse to establish xenografts.
Tumor volume was measured every 3 days
after injection of tumor cells. Intraperitoneal
injection of TMZ (1 mg/d/20 g, once a day, last-
ing 4 days, 2 rounds) was performed after the
tumor volume reached 60-80 mm?. The tumor
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volume was calculated as volume (mm?3) =
d?xD/2, where d and D were the shortest and
longest diameters, respectively.

Immunohistochemistry (IHC)

Forty GBM clinical tissues were obtained from
Xiangya Hospital of Central South University.
The clinical and pathological features of GBM
patients are shown in Table S5. Immunohis-
tochemistry was conducted according to the
instructions of a two-step immunohistochemis-
try kit (PV-9000, ZSGB-BIO, Beijing, China) and
DAB kit (ZLI-9017, ZSGB-BIO, Beijing, China)
with the following specific primary antibodies:
anti-MDK (1:50, ab52637, Abcam), anti-Notch1
(1:100, sc-376403, Santa Cruz), anti-p-JNK
(1:200, AF3318, Affinity), and anti-CD133
(1:500, ab216323, Abcam). Stained slides
were scored according to the intensity of stain-
ing (- O; +: 1; ++: 2; and +++: 3) and the per-
centage of cells of interest staining positive
for each antigen (0%: 0; 1~25%: 1; 26~50%: 2;
51~75%: 3; and 76~100%: 4). The intensity
score was multiplied by the percentage score to
obtain a final score, which was used in the sta-
tistical analyses [21].

Bioinformatics analysis

The gene expression profiles were from The
Cancer Genome Atlas Program (TCGA) and
Chinese Glioma Genome Atlas (CGGA), which
were also employed to analyze the effect of
MDK expression on overall survival among
GBM patients.

Statistical analysis

Statistical analyses were performed using
SPSS 19.0 statistical software (IBM-SPSS
Statistics, Chicago, IL, USA). Statistical differ-
ences were determined by Student’'s t-test
and one-way ANOVA, and a p value <0.05 was
considered to be significant. The correlations
between IHC-determined gene expression lev-
els were evaluated by Kendall’s tau correlation
tests.

Results

MDAK is overexpressed in GBM and negatively
correlated with the prognosis of GBM patients

RNA sequencing was performed using 5 clinical
specimens of GBM and 5 cases of low-grade
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Figure 1. MDK is overexpressed in GBM and negatively correlated with the prognosis of patients. (A) RNA sequenc-
ing was used to screen differentially expressed genes in 5 clinical samples of high-grade gliomas and 5 clinical
samples of low-grade gliomas. (B) gRT-PCR and (C) western blot analysis of MDK expression in the low-grade glioma
cell line HS683 and GBM cell lines T98G, LN229 and U251. (D) The differences in MDK expression between normal
glial tissues and glioma tissues were analyzed based on the CGGA database. (E) The differences in MDK expression
between low-grade glioma tissues and high-grade glioma tissues were analyzed based on the CGGA database. (F)
The correlation between the expression of MDK and the prognosis of glioma patients was analyzed based on the
CGGA database. (G) The correlation between the expression of MDK and the prognosis of GBM patients was ana-

lyzed based on the CGGA database. Columns: mean of three replicates, **: p<0.01, ***: p<0.001.

glioma. There were 90 differentially expressed
genes in the two groups, 31 of 90 genes were
significantly downregulated, and 59 of the 90
genes were significantly upregulated in GBM
when the ratio of the genes in GBM to that in
low-grade glioma was =2 (p<0.05), among
which the expression of MDK was upregulated
significantly in GBM (Figure 1A). The low-grade
glioma cell line HS683 and GBM cell lines
T98G, LN229 and U251 were used for verifica-
tion at the mRNA and protein levels. The results
showed that MDK was overexpressed in GBM
cells compared with HS683 cells (Figure 1B
and 1C). According to CGGA and TCGA data-
base analysis, the expression of MDK in glioma
tissue was higher than that in normal tissue
(Figures 1D, S1A), and its expression was posi-
tively correlated with glioma grade (Figures 1E,
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S1B). Moreover, the high expression of MDK in
patients with glioma or GBM had a significantly
poor prognosis (p<0.001) (Figure 1F and 1G).
These data suggested that MDK may be
involved in the progression of GBM.

MDK promotes proliferation and invasion and
inhibits apoptosis in GBM cells

To determine the influence of MDK on GBM cell
proliferation, T98G and LN229 cells were trans-
fected with target MDK siRNA, and MTS, colony
formation and flow cytometry assays were per-
formed. The results showed that knocking
down MDK significantly inhibited cell prolifera-
tion (p<0.001) (Figures S2, 2A and 2B) and pro-
moted cell apoptosis (Figure 2C). Furthermore,
the results of scratch and Transwell experi-
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Figure 2. MDK promotes proliferation and invasion and inhibits apoptosis in GBM cells. After transfection of T98G
and LN229 cells with siMDK (100 nmol/L) for 24 h, (A) MTS and (B) colony formation assays were used to analyze
cell proliferation. (C) Flow cytometric analysis was performed to detect cell apoptosis. (D) Wound healing and (E)
Transwell assays were applied to analyze cell migration and invasion. In U251 cells treated with rhMDK (0.3 pg/mL),
(F) MTS and (G) colony formation assays were used to analyze cell proliferation. (H) Flow cytometric analysis was
performed to detect cell apoptosis. (I) Wound healing and (J) Transwell assays were applied to analyze cell migration
and invasion. UN: untreated, NC: negative control. Columns: mean of three replicates, *: p<0.05, **: p<0.01, ***:

p<0.001.

ments showed that the migration and invasion
ability of GBM cells decreased (p<0.001)
(Figure 2D and 2E). In U251 cells treated with
recombinant human MDK (rhMDK), the data
showed that rhMDK promoted cell proliferation
(p<0.001) (Figure 2F and 2G), inhibited cell
apoptosis (p<0.01) (Figure 2H), and promoted
cell migration and invasion (p<0.01) (Figure 2I
and 2J). These results suggested that MDK
participates in the progression of GBM.
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MDK induces TMZ resistance in GBM cells

To investigate whether MDK affects TMZ resis-
tance in GBM, first, the IC50 of TMZ on T98G,
LN229 and U251 cells was identified (Figure

S3). Then, combination treatment with targeted
siMDK and TMZ decreased the growth ability of
GBM cells more significantly than treatment
with TMZ alone (p<0.001) (Figure 3A), and cell
apoptosis increased significantly (Figure 3B).
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Figure 3. MDK induces TMZ resistance in GBM cells. siMDK was transiently transfected into GBM cell lines T98G
and LN229 for 24 h and then treated with TMZ (T98G: 700 uM, LN229: 600 uM). A. The MTS assay was used to
analyze cell proliferation. B. Flow cytometric analysis was performed to observe cell apoptosis. T98G-shMDK and
LN229-shMDK cells or U251 cells were treated with 0.3 pg/ml rhMDK for 24 h and then treated with TMZ. C and E.
MTS assays were used to analyze cell proliferation. D and F. Flow cytometric analysis was performed to observe cell
apoptosis. UN: untreated, NC: negative control. **: p<0.01, ***: p<0.001.

Furthermore, T98G-shMDK and LN229-shMDK
cells with stable MDK knockdown were gener-
ated (Figure S4). The results of MTS and flow
cytometry were consistent with the results of
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transient knockdown of MDK (Figure 3C and
3D). Moreover, after U251 cells were treated
with rhMDK, the data showed that rhMDK
could promote cell proliferation, inhibit cell

Am J Cancer Res 2022;12(10):4825-4839
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apoptosis and reduce the TMZ sensitivity of
cells (Figure 3E and 3F). These results showed
that MDK can promote TMZ resistance in GBM
cells.

MDK upregulates the stem-like properties of
GBM cells

Studies have shown that TMZ resistance is
mainly related to autophagy, stemness, DNA
damage repair and so on [4]. To determine
which is involved in MDK-mediated TMZ resis-
tance in GBM cells, the autophagy marker LC3
was detected, and the results showed that
there was no significant change in LC3 after
knocking down MDK, indicating that TMZ resis-
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tance mediated by MDK is not regulated by
autophagy (Eigure S5). For stem-like properties
of GBM cells, the results showed that the size
and number of spheres decreased significantly
after knocking down MDK in GBM cells (p<0.01)
(Figure 4A and 4B). Meanwhile, the size and
number of spheres increased significantly
after rhMDK treatment in U251 cells (p<0.01)
(Figure 4C). Furthermore, the mRNA and pro-
tein expression of stemness marker molecules
CD133 and Nanog were decreased obviously
after knocking down MDK in GBM cells (Figure
4D and 4E), and the immunofluorescence
results also showed lower expression of CD133,
Nanog and Nestin after knocking down MDK in
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GBM cells (Figure 4F). These results showed
that MDK could promote the stem-like proper-
ties of GBM cells.

MDK regulates stem-like properties through
the Notch1/p-JNK signaling pathway

Studies have shown that MDK regulates signal-
ing pathways such as ALK, P38, ERK, JNK, AKT,
STAT3, and Notchl to affect multiple functions
in tumor cells [11, 15, 22-24]. To clarify which
pathway is mainly responsible for MDK regulat-
ing stem-like properties of GBM cells, after
knocking down MDK, western blotting was per-
formed, and the results showed that the ex-
pression of ALK, P38, ERK, AKT, STAT3 and the
corresponding phosphorylated proteins did not
change obviously in LN229 and T98G cells,
while the expression of p-JNK and Notchl was
significantly decreased (Figure 5A). Further-
more, the expression of the stemness markers
CD133 and Nanog was significantly downregu-
lated, followed by a decrease in p-JNK and
Notchl (Figure 5B). Moreover, CD133 and
Nanog expression increased with the upregula-
tion of p-JNK and Notchl after treatment with
rhMDK in U251 cells (Figure 5C). The results
indicated that p-JNK decreased, but Notchl
expression did not change after treatment with
the p-JNK inhibitor SP600125, whereas both
Notchl and p-JNK decreased after treatment
with the Notchl inhibitor MK-0752 in GBM cells
(Figures SB6A and S6C, 5D). These results sug-
gested that Notchl could promote p-JNK
expression in GBM cells and that the Notch1/p-
JNK signaling axis is responsible for MDK-
induced stem-like properties in GBM cells.

MDK induces TMZ resistance in GBM cells by
promoting cancer stem-like properties

To clarify whether MDK induces TMZ resistance
by promoting stem-like properties in GBM cells,
the stemness inhibitor napabucasin was used,
and the results indicated that it could inhibit
the expression of CD133; moreover, MDK
expression was not changed in T98G and
LN229 cells (Figures S6, 6A). Napabucasin
treatment significantly enhanced TMZ sensitiv-
ity according to sphere formation and MTS
assay in T98G and LN229 cells (Figure 6B and
6C), suggesting that the stemness of tumor
cells was involved in TMZ resistance. Fur-
thermore, a Notchl inhibitor (MK-0752) and
agonist (valproic acid) and a p-JNK inhibitor
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(SP600125) and agonist (anisomycin) were
used. The sphere formation data obtained
using the stable knockdown MDK cell lines
T98G-shMDK and LN229-shMDK showed that
inhibition of Notchl and p-JNK could decrease
sphere forming ability, while activated Notchl
and p-JNK could reverse the effect (Figures S7,
6D and 6F). The results of MTS also showed
that activating Notch1 and p-JNK could reduce
the TMZ sensitivity caused by knocking down
MDK (Figure 6E and 6G). After rhMDK treat-
ment in U251 cells, the significant increase of
sphere forming ability and cell viability was
observed. However, the inhibition of Notchl
and p-JNK by MK-0752 and SP600125 (their
action concentrations were determined accord-
ing to previous studies [16, 18]), can reverse
the effect (Figure 6H and 6l), implying that
inhibiting Notch1 and p-JNK could suppress the
TMZ resistance caused by overexpression of
MDK. These results suggested that MDK
induced TMZ resistance by promoting the stem-
like properties of GBM cells through the
Notch1/p-JNK pathway.

MDK knockdown suppresses GBM growth
through the Notch1/p-JNK pathway

To investigate whether MDK induces TMZ resis-
tance and promotes GBM growth in vivo, a
xenograft experiment was performed using
LN229-shCtrl and LN229-shMDK cells. As
shown in Figure 7, TMZ significantly inhibited
the growth of tumors, and there was no tumor
growth after MDK knockdown (Figure 7A-C).
Furthermore, IHC staining of forty clinical GBM
samples showed obvious decreases in MDK,
Notchl, p-JNK and CD133 expression in low-
grade tissues compared to high-grade tissues
(Figure 7D and 7E), and the correlation analysis
implied a positive correlation between MDK,
Notchl, p-JNK and CD133 (Figure 7F). These
results further indicated that MDK promotes
stem-like properties through the Notchl/p-JNK
pathway, which leads to tumor growth in GBM.

Discussion

Several reports have shown that MDK induces
drugresistance insometumors. Overexpression
of MDK could increase the resistance of che-
motherapeutic agents (5-FU, doxorubicin, and
cisplatin) in cervical carcinoma and gastric can-
cer cells [13]. MDK induces EMT by increasing
the Notchl signaling pathway and promotes
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Figure 5. MDK regulates stem-like properties through the Notch1/p-JNK signaling pathway. A. western blot analysis
was performed to detect MDK, ALK, P38, ERK, JNK, AKT, STAT3 and Notch1 expression in the siMDK group com-
pared with the control group. B. Western blot analysis was performed to detect MDK, JNK, and Notch1 expression
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D. T98G and LN229 cells were treated with the p-JNK inhibitor SP600125 (10 uM) and Notch1 inhibitor MK-0752
(200 nM) for 24 h, and then western blot analysis was performed to detect the expression of JNK and Notch1. UN:

untreated, NC: negative control.

resistance to gemcitabine in biliary tract carci-
noma [24]. MDK induces the resistance of glio-
ma cells to tetrahydrocannabinol through the
MDK/ALK axis [25]. In the present study, we
found that the high expression of MDK in GBM
could not only promote proliferation and inva-
sion and inhibit apoptosis but also enhance
TMZ resistance in GBM. These results suggest-
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ed that selectively targeting MDK might be
helpful to improve the efficacy of antitumoral
therapies for GBM.

To date, various mechanisms, such as DNA
repair, autophagy and stemness, have been
proven to be involved in the regulation of TMZ
resistance [26]. The products from the decom-
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Figure 7. MDK knockdown suppresses GBM growth through the Notch1/p-JNK pathway. LN229 and LN229-shMDK
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40 clinical patients. E. The expression differences of MDK, Notch1, p-JNK and CD133 between high- and low-grade
gliomas were analyzed from the IHC data. F. The correlations among MDK, Notch1, p-JNK and CD133 were analyzed
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bar: 100 ym, *: p<0.05, ***: p<0.001. G. Schematic diagram of MDK'’s role in regulating stem-like properties
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position of TMZ into tumor cells can lead to
DNA methylation, resulting in DNA damage.
However, there is a strong DNA repair system in
GBM cells. Tumor cells are repaired by DNA
mismatch repair (MMR) and the base excision
repair pathway (BER) initiated by DNA gly-
cosylases, such as N-methylpurine DNA gl-
ycosylase (APNG), or demethylases, such
as 06-methylguanine-DNA-methyltransferase
(MGMT), which lead to TMZ resistance in GBM
[27, 28]. Cyclopropylamine inhibited the HH/
Glil signaling pathway and decreased the
expression of MGMT, which increased the sen-
sitivity to TMZ in U251 cells [26]. Autophagy is
a process in which cells degrade damaged
organelles and abnormally folded or dysfunc-
tional proteins through the lysosome pathway.
Autophagy can also be used as a cytoprotec-
tive mechanism leading to drug resistance of
tumor cells. For example, TMZ can induce an
increase in autophagy-related ATP in some glio-
ma cells, which is beneficial to the TMZ resis-
tance of tumor cells [29]. LRRC4 is associated
with the DEPTOR/mTOR complex, and this inter-
action results in autophagy inhibition and fur-
ther restores the sensitivity of GBMs to TMZ
[30]. TRPC5-induced autophagy promotes the
resistance of glioma cells to TMZ through the
CAMMKB/AMPKa/mTOR pathway [31]. Our
findings indicated that MDK significantly pro-
moted the stem-like properties of GBM, in-
creasing TMZ resistance. Meanwhile, MDK
could not affect LC3 expression in GBM cells,
suggesting that autophagy was not involved in
the regulation of TMZ resistance mediated by
MDK. Unfortunately, this work did not analyze
whether MDK promotes GBM resistance by
regulating DNA repair, which needs further
research.

It should be noted that in this study, we did not
study whether MDK promotes GBM resistance
by regulating DNA.

MDK is a growth factor that can activate a
series of downstream signal cascades and par-
ticipate in the regulation of various biological
functions [10, 32]. MDK mediates its protective
effect in glioma cells through ALK, which can
interfere with cannabinoid-induced cell death
[25]. The MDK/ALK axis regulates the self-
renewal capacity of Glioma Initiating Cells by
controlling the autophagic degradation of the
transcription factor SOX9 (18). Long-stranded
noncoding RNA ZFAS1 induces the ERK/JNK/
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P38 signaling pathway through the combina-
tion of miR-624 and MDK to promote the occur-
rence and development of hepatocellular carci-
noma [22]. In gastric cancer cells, MDK acti-
vates both the AKT and ERK1/2 pathways to
upregulate the expression of cell cycle-related
proteins, thus promoting the survival and
growth of tumor cells [33]. This eventually leads
to the aggravation of lupus nephritis by activat-
ing the nuclear transcription factor NFAT and
IL-12/STAT signaling [34]. MDK induces EMT by
upregulating the Notchl signaling pathway in
biliary tract cancer [24]. In the present study,
we found that MDK mainly promotes p-JNK
through Notchl signaling, thus promoting the
stem-like properties of GBM cells, while MDK
does not seem to have a significant regulatory
effect on other related signaling molecules,
which should be a tumor- or cell type-depen-
dent mechanism.

In summary, the overexpression of MDK can
promote the malignant phenotype and TMZ
resistance of GBM cells by promoting the
Notch1/p-JNK signaling axis and further
enhancing stem-like properties (Figure 7G).
This study provides a new candidate target for
therapeutic intervention of GBM, especially in
TMZ-resistant GBM with high MDK expression.
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Table S1. Clinical data of pathological specimens of glioma

Case number Gender Age WHO Classification Types

1 Female 68 \% Glioblastoma

2 Female 40 \% Glioblastoma

3 Female 48 % Glioblastoma

4 Male 45 v Glioblastoma

5 Female 30 % Glioblastoma

6 Male 28 1] Diffuse astrocytoma

7 Male 28 Il Diffuse astrocytoma Diffuse astroglioma
8 Male 30 Il Diffuse astrocytoma Diffuse astroglioma
9 Male 42 Il Diffuse astrocytoma Diffuse astroglioma
10 Male 40 I Diffuse astrocytoma Diffuse astroglioma

Table S2. siMDK target sequence for RNA interference

ID target sequence (5-3)
GenOFFTM st-h-MDK_001 CCAAGAAAGGGAAGGGAAA
GenOFFTM st-h-MDK_002 GACCAAAGCAAAGGCCAAA
GenOFFTM st-h-MDK_003 GCAAGTACAAGTTTGAGAA

Table S3. shMDK target sequence for RNA interference

ID target sequence (5-3’)
shMDK#1 TGTCTGCTCGTTAGCTTTAAT
shMDK#2 CGACTGCAAGTACAAGTTTGA

Table S4. Primers for quantitative RT-PCR

Gene name Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)
MDK TTGGAGCCGACTGCAAGTACAAG GGTCTCCTGGCACTGAGCATTG
CD133 CACTACCAAGGACAAGGCGTTC CAACGCCTCTTTGGTCTCCTTG
NANOG CCCCAGCCTTTACTCTTCCTA CCAGGTTGAATTGTTCCAGGTC
B-Actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
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Table S5. Clinical characteristics of glioma patients

Characteristics No. of patients(%)
Gender

Male 25 (62.5)

Female 15 (37.5)
Age(years)

<40 20 (50.0)

>40 20 (50.0)
WHO Classification

I 5(12.5)

Il 10 (25.0)

1] 8(20.0)

\% 17 (42.5)
Tumor resection

Total 40

Subtotal 0
™Z

Yes 16 (40.0)

No 24 (60.0)
Radiotherapy

Yes 14 (35.0)

No 26 (65.0)
IDH1/2 status

WT 19 (47.5)

Mutated 13 (32.5)

Unknown 8 (20)
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Figure S1. A. The differences in MDK expression between normal glial tissues and glioma tissues were analyzed
based on the TCGA database. B. The differences in MDK expression between low-grade glioma tissues and high-
grade glioma tissues were analyzed based on the TCGA database.
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Figure S2. Analysis of the effect of targeting MDK siRNA in GBM cells. LN229 and T98G cells were respectively

transfected with three MDK siRNAs for 48 h, and the expression of MDK was analyzed by western blot. UN: untreat-
ment; NC: negative control.
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Figure S3. Cell viability of GBM cells at different doses of TMZ after 48 hours of treatment was analyzed by MTS
assay. Data, expressed as percent cell viability relative to untreated cells from 3 independent experiments carried
outin triplicate, are presented as mean + SEM in dose-response curves. IC50 values were obtained with GraphPad
Prism 8.0.
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Figure S4. MDK expression was analyzed of T98G-shMDK and LN229-shMDK cells by western blot.
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Figure S5. Analysis of the effect of MDK on autophagy in GBM cells. LN229 and T98G cells were transfected with

MDK siRNA for 24 h, and the expression of MDK and LC3 I/Il were analyzed by western blot. UN: untreatment; NC:
negative control.
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Figure S6. Cell viability of GBM cells at different doses of Napabucasin after 48 hours of treatment were analyzed
by MTS assay. (A) T98G cells, (B) LN229 cells data, expressed as percent cell viability relative to untreated cells from
3 independent experiments carried out in triplicate, are presented as mean + SEM in dose-response curves. IC50
values were obtained with GraphPad Prism 8.0.
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Figure S7. For screening of optimal working concentration of (A) Notchl inhibitor MK-0752, (B) Notch1 agonist

valproic acid, (C) p-JNK inhibitor SP600125, (D) P-JNK agonist Anisomycin, were analyzed in T98G and LN229 cells
by Western blot.



