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A number of studies indicate that circular RNAs (circRNAs)
play paramount roles in regulating the biological behavior of
glioblastoma multiforme (GBM). In this study, we investigated
the underlying mechanism of circMELK in GBM. Real-time
PCRs were used to examine the expression of circMELK in gli-
oma tissues and normal brain tissues (NBTs). Localization of
circMELK in GBM cells was estimated by fluorescence in situ
hybridization (FISH). Transwell migration and three-dimen-
sional invasion assays were performed to examine glioma cell
migration and invasion in vitro. Spheroid formation, clonoge-
nicity, and cell viability assays were implemented to test the
stemness of glioma stem cells (GSCs). The functions of circ-
MELK in vivo were investigated in a xenograft nude-mouse
model. We have proved that circMELK functions as a sponge
for tumor suppressor microRNA-593 (miR-593) by RNA
immunoprecipitation and circRNA precipitation assays, which
targets the oncogenic gene Eph receptor B2 (EphB2). Dual-
luciferase reporter assays were adopted to estimate the interac-
tions between miR-593 and circMELK or EphB2. We demon-
strated that circMELK was upregulated in GBM, acting as an
oncogene and regulating GBM mesenchymal transition and
GSC maintenance via sponging of miR-593. Furthermore, we
found that EphB2 was involved in circMELK/miR-593 axis-
induced GBM tumorigenesis. This function opens the opportu-
nity for the development of a novel therapeutic target for the
treatment of gliomas.

INTRODUCTION

Glioblastoma multiforme (GBM), also known as the WHO grade IV
glioma, is the most prevalent and malignant primary intrinsic brain
tumor.! Despite recent advances in comprehensive therapeutics,
including surgical resection followed by temozolomide chemotherapy
and radiation treatment, the average survival after diagnosis is
currently slightly over 1 year.>” The relapse of GBM after surgical
resection is mainly due to the stem-cell-like properties of a small
number of cells, which are called glioma stem cells (GSCs). A number
of studies have found that increased migratory capacity and invasive-

ness of glioma is caused by mesenchymal transition.* " In malignant
gliomas, GSCs and the mesenchymal transition contribute to tumor

progression.” "' Characterizing the common factors that modulate

glioma stemness and the mesenchymal transition simultaneously
may aid in the development of new diagnostic, prognostic, and ther-
apeutic approaches.

Circular RNAs (circRNAs), a new class of non-coding RNA (ncRNA)
lacking a 5 cap and 3’ polyadenylated (poly[A]) tail,">'* present with
a closed continuous loop structure. circRNAs have been reported to
function via a variety of ways, including as microRNA (miRNA)
sponges, RNA-binding proteins (RBPs), or serving as a transcrip-
tional regulator.'*'® Recently, a series of studies demonstrated that
circRNAs were associated with many cancer types via sponging miR-
NAs and by inhibiting miRNA activity in breast cancer,'” bladder
cancer,” lung cancer,”’ and glioma.”>*

Eph receptor B2 (EphB2) is a member of the Eph receptor tyrosine
kinase transmembrane glycoprotein family, exerting vital functions
during development and cellular homeostasis, such as migration,
cell adhesion, and axon guidance.ﬂ’26 Recent studies have also
confirmed that EphB2 is associated with the migration of glioma cells
and GSCs.””*® However, whether EphB2 renders glioma cells’ abili-
ties of robust self-renewal and aggressive invasion remains unknown.

Wang et al.*” sequenced circRNAs in three paired GBM tissues (GBM
versus adjacent normal). Based on their study, we screened several
circRNAs upregulated in glioma tissues, alongside normal tissues.
Considering the size and the expression profiled in glioma cell lines
and normal human astrocytes (NHAs) of these selected circRNAs,
we selected circular Maternal Embryonic Leucine Zipper Kinase (circ-
MELK, cMELK), which is derived from the MELK gene, for further
study. Here, we demonstrated that circMELK is upregulated in glioma
tissues and cell lines. Importantly, we found that circMELK could act
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Figure 1. Characterization and expression of cMELK in glioma

(A) The exonic information of cMELK (circBase ID: has_circ_0005460) is illustrated as indicated. (B) Schematic representation of cMELK formation. The splice junction
sequence was validated by Sanger sequencing and (C) agarose gel electrophoresis (right panel). The cDNA length of cMELK is 150 bp. (D) The levels of cMELK in 8 normal
brain tissues (NBTs), 10 low grade glioma (LGG), and 30 high grade glioma (HGG) tissues were examined by qRT-PCR. (E) Random hexamer or oligo (dT) 18 primers were
utilized for reverse transcription assays. The relative RNA levels were examined by gRT-PCR and normalized to those generated using random hexamer primers. (F) The
relative RNA levels were examined by gRT-PCR after treatment with actinomycin D at the indicated time points in U87 cells. (G) The relative RNA levels were examined by
gRT-PCR after treatment with RNase R or mock in total RNAs derived from U87 cells. (H) The cellular distribution of cMELK was analyzed by cellular RNA fractionation assays.
ACTB and U2 were used as cytoplasmic and nuclear positive controls, respectively. (I) The cellular distribution of cMELK was analyzed by fluorescence in situ hybridization
(FISH). Green indicates cMELK. Nuclei were stained with 4',6’-diamidino-2-phenylindole (DAPI). Scale bar, 50 um. All data are presented as the means + SD. Student’s t test

was used (**p < 0.001, ***p < 0.0001).

by sponging miR-593 to upregulate EphB2 expression and conse-
quently enhance the proliferation, migration, invasion, and self-
renewal of GBM cells. Understanding the molecular mechanism of
the circMELK/miR-593/EphB2 axis in glioma development may
help found a unique RNA-based therapy for GBM management.

RESULTS

Characterization and expression of cMELK in glioma
Bioinformatics analysis showed that cMELK originates from the sec-
ond through fourth exons of the MELK gene, a novel circRNA that
has not been studied in glioma previously. The mature length after
splicing of cMELK is 299 bp (Figure 1A).”" Specific PCR primers
are first designed for cMELK and then validated by Sanger sequencing
and agarose gel electrophoresis (Figures 1B and 1C), to measure its
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expression level in glioma tissues. cMELK expression was signifi-
cantly upregulated in 30 high-grade glioma (HGG) tissues compared
with 10 low-grade glioma (LGG) tissues and 8 normal brain tissues
(NBTs) according to qRT-PCR (Figure 1D).

The circRNA characteristics of cMELK were confirmed by a series of
experiments. First, cMELK and mock expression vectors were con-
structed, and the efficiency of the cMELK overexpression vector
was verified by qRT-PCR in GBM cells (U87; Figures S1A and
S1B). Next, we applied random hexamer or oligo (dT),4 primers in
reverse transcription experiments using total RNA from U87 cells.
When oligo (dT), primers were applied, the relative expression of
cMELK was remarkably reduced compared to random hexamer
primer. On the contrary, the expression of the mature MELK
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messenger RNA (mMELK mRNA) remained unchanged, which
demonstrated that cMELK has no poly(A) tail (Figure 1E). Then,
the half-life of cMELK and mMELK in pGBM-1 cells was measured
after applying the transcription inhibitor actinomycin D, finding
that cMELK was more stable than mMELK (Figure 1F). Considering
the resistance of circRNAs to RNase R and higher stability than linear
RNA,”" RNase R was applied to digest total RNAs. The results indi-
cated that cMELK was much more resistant to RNase R than linear
MELK mRNA (Figure 1G). Moreover, we found that cMELK was
mainly localized in the cytoplasm of GBM cells (U87) through cellular
RNA fractionation (Figure 1H) and fluorescence in situ hybridization
(FISH; Figure 1I). In conclusion, cMELK is proved to be a stable and
circular transcript.

cMELK enhanced GBM mesenchymal transition and GSC
maintenance in vitro

The expression of cMELK was detected in NHAs, GBM cell lines
(U251, LN229, U118, U87, and T98G), and one primary cell line
(pGBM-1) derived from an adult primary GBM sample. cMELK
was highly expressed in U87 and pGBM-1 cells (Figure 2A), and
therefore U87 and pGBM-1 cells were selected for silencing of
c¢MELK experiments. First, loss-of-function studies were performed
using lentiviral transduction of independent small hairpin RNAs
(shRNAs) targeting cMELK (designated as shRNA-1, shRNA-2,
and shRNA-3; Figure 2B). The efficiency of cMELK knockdown
was confirmed by real-time PCR, and shRNA-2 (shcMELK) was
chosen for further study (Figure 2C). Silencing cMELK remarkably
downregulated the mesenchymal markers and transcription factors
N-cadherin, Vimentin, Snail, Slug, MMP2, and MMP9 (Figure 2D).
Further, immunofluorescence was conducted to analyze the expres-
sion of N-cadherin, and Vimentin in glioma cells, and indicated the
strong correlation of the decrease of N-cadherin and Vimentin and
the decline of cMELK in the transduced cells (Figure 2E). Transwell
migration and three-dimensional spheroid assays demonstrated
that the capacity of migration and invasion in both indicated cells
were decreased (pGBM-1-shcMELK and pGBM-1/GFP tumor-
spheres-shcMELK; Figures 2F and 2G) and phenocopied in U87-
shcMELK and U87/GFP tumorspheres-shcMELK cells (Figures
S2A and S2B).

cMELK impacted the sphere-forming capacity, GSC growth, and cell
viability of GSCs derived from U87 and pGBM-1 cells, and expression
of GSC markers was further investigated by confocal microscopy. The
co-localization of GSC markers (Nestin and Sox2) and the sphere size,
often considered a surrogate of proliferation, were smaller in GSCs-
shcMELK  cells than in GSCs-transduced non-targeting control
shRNAs (shCONT) cells (Figure 2H). Simultaneously, a clonogenic
assay revealed that the percentage of positive wells in GSCs-shcMELK
was lower than in GSCs-shCONT (Figure 2I). Subsequently, pluripo-
tency factors including Nestin, Sox2, Nanog, and Oct4 were evaluated
via western blot assays (Figure S2C). The knockdown of cMELK
decreased GSCs growth and cell viability (Figures 2] and 2K), sup-
porting that cMELK may play a key role in GBM cell mesenchymal
transition and GSC maintenance.

Knockdown of cMELK inhibits GBM growth in vivo

To further examine the effect of cMELK on glioma cells in vivo, we co-
transfected pGBM-1 cells with a lentivirus expressing luciferase and
shCONT or shcMELK. Nude mice were intracranially xenotrans-
planted with the treated pGBM-1 cells and a live animal biolumines-
cence imaging system was used weekly to monitor tumor growth after
implantation (Figure 3A). The growth of intracranial tumors was
impeded significantly by silencing of cMELK, as determined on days
14, 21, and 28 (Figure 3B). Kaplan-Meier survival curves showed
that the survival of nude mice injected with shcMELK cells was
remarkably longer (Figure 3C). Furthermore, immunohistochemical
(IHC) experiments suggested that the tumor specimens derived
from shcMELK pGBM-1 cells displayed lower expression of Vimentin,
MMP2, and SOX2 (Figure 3D), consistent with the results obtained
from the in vitro studies. These findings strongly demonstrated that
cMELK plays an oncogenic role to the tumorigenesis of GBM in vivo.

cMELK acts as a sponge for miR-593

The previous results suggested that cMELK was predominately
distributed in the cytoplasm, indicating that cMELK mainly acts as
a sponge of miRNAs. To explore whether cMELK functions as a
miRNA sponge in GBM specifically, we conducted RNA immunopre-
cipitation (RIP) assays with an AGO2 antibody. Results of gPCR and
agarose gel electrophoresis showed that the enrichment of cMELK
was remarkably increased by the AGO2 antibody and decreased by
the immunoglobulin G (IgG) antibody (Figures 4A and 4B). These re-
sults demonstrated that cMELK binds AGO2 and miRNAs. circRNA
interactome database was used to investigate potential miRNA targets
(Figure 4C). circRNA in vivo precipitation (circRIP) assay was subse-
quently performed with a cMELK-specific probe. cMELK and miR-
593 were significantly enriched by the c¢MELK-specific probe
compared with the other miRNAs (Figure 4D), indicating miR-593
as a potential target of cMELK in GBM cells.

To further confirm the miRNA target, we performed dual-luciferase
reporter assays. The data revealed that the transfection with an
miR-593 mimic observably attenuated the luciferase activity of
wild-type (WT) cMELK vector compared with the mutant cMELK
vector (Figures 4E and 4F). Moreover, knockdown of ¢cMELK in
U87 and pGBM-1 cells significantly increased miR-593 expression
(Figure 4G). Further, immunofluorescence analysis suggested that
cMELK and miR-593 were co-localized in the cytoplasm of U87
and pGBM-1 cells (Figure 4H). The expression of miR-593 in NBT
and gliomas was also investigated by qRT-PCR. The expression level
of miR-593 was remarkably lower in glioma tissues compared with
NBTs (Figure 4I). Spearman’s correlation analysis further indicated
that miR-593 expression in glioma samples was inversely correlated
with the expression level of cMELK (Figure 4J). Together, these
data suggest that cMELK can function as a sponge for miR-593 in
GBM cells.

EphB2 is a direct target of miR-593

To examine the role and clinical significance of miRNA-593, we used
Chinese Glioma Genome Atlas (CGGA) data to analyze the
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Figure 2. cMELK enhanced GBM mesenchymal transition and GSC maintenance in vitro

(A) The expression levels of cMELK in normal human astrocytes (NHAs) and GBM cells were analyzed by qRT-PCR. (B) Schematic representation of designed shRNAs
(shRNA-1, shRNA-2, and shRNA-3) for cMELK at splice junctions. (C) gRT-PCR detected the expression of cMELK in U87 and pGBM-1 cells transduced with either a non-
targeting control shRNA (shRNA) or shRNA-2 targeting cMELK (shcMELK). (D) Western blot analysis of N-cadherin, Vimentin, Snail, Slug, MMP2, and MMP9 in U87 and
pPGBM-1 cells after transfection, GAPDH served as the loading control. (E) Immunofluorescence staining of N-cadherin (red), and Vimentin (green) in treated U87 and pGBM-1
cells. Scale bar, 100 um. (F) The transfected pGBM-1 cells migration was examined by Matrigel migration assay. Scale bar, 100 um. (G) Invasion of treated pGBM-1/GFP
tumor-spheres was monitored by three-dimensional spheroid assays. Representative images and quantification at day 3 post plating. Scale bar, 50 um. (H) Colocalization of
Nestin (green) and Sox2 (red) in treated U87-GSCs and pGBM-1-GSCs showed by confocal images. Nuclei were counterstained with DAPI (blue). Scale bar, 50 pm. (I)
Clonogenic assay was used to measure the stemness of GSCs after transfection. Representative photomicrographs of new clonal sphere (left) and statistical analysis of the
percentage of positive wells (right). Scale bar, 50 um. (J) The cellular effects were transduced U87-GSCs and pGBM-1-GSCs were assessed by CellTiter-Glo assay. (K) The
cellular effects were transduced U87-GSCs and pGBM-1-GSCs were assessed by direct cell count. Data are presented as the means of triplicate experiments (*p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001).
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Figure 3. Knockdown of cMELK inhibits GBM growth in vivo

(A) The panel shows a schematic presentation of in vivo experiment. (B) After the beginning of treatment, nude mice were monitored by Iuciferase live imaging system weekly.
(C) Kaplan-Meier analysis of overall survival of the sShCONT group and the shcMELK group. (D) Immunohistochemistry on xenografted tumors from both the shCONT group
and shcMELK group. Scale bar, 50 um. The data are presented as the means + SD. Student’s t test was used (**p < 0.001).

expression of miR-593 and the associated clinical prognosis in glioma.
The expression of miR-593 in WHO II glioma was significantly
higher than in WHO III and WHO IV gliomas (Figure 5A), and
increased miR-593 expression was associated with a longer survival
period especially in the CGGA database (Figure 5B). The bioinfor-
matics tools TargetScan, miRDB, DIANAmT, miRanda, and RNAhy-
brid were employed to identify potential targets of miR-593, identi-
fying EphB2 as a potential target gene of miR-593 (Figure 5C). In
the CGGA database, EphB2 mRNA was found to be significantly
higher in WHO IV glioma, compared with WHO II and WHO III gli-
omas (Figure 5D), and increased EphB2 expression was associated
with a shorter survival period (Figure 5E). Meanwhile, in The Cancer
Genome Atlas (TCGA) database, EphB2 mRNA levels were found to
be significantly upregulated in GBM specimens as compared with
NBTs (Figure S3). Considering that miRNAs perform key functions
via binding to the 3’ untranslated region (3’ UTR) of target mRNA
to downregulate gene expression, we prognosticated that EphB2 could
be the direct target of miR-593. The miRNA-related algorithms were
executed to identify the miR-593-binding sites in the 3’ UTR of EphB2
mRNA (Figure 5F). Next, luciferase reporter assays were performed
to confirm that miR-593 could directly bind to the 3’ UTR of
EphB2. U87 and pGBM-1 cells were co-transfected with vectors

harboring WT or mutant EphB2 3’ UTRs and miR-593 mimic (Fig-
ure 5G). WT and mutated binding site 2 of the EphB2 3’ UTR both
led to significantly decreased luciferase activity in U87 and pGBM-
1 cells co-transfected with miR-593 mimics. On the other hand,
mutation of binding site 1 nearly rescued the decreased activity (Fig-
ure 5H). Collectively, data indicated that miR-593 directly regulates
EphB2 expression through its binding to site 1 (nt134-140) in the 3’
UTR of EphB2.

cMELK promotes mesenchymal transition and GSC
maintenance of GBM cells through the miR-593/EphB2 pathway
Next, we explored the interaction between cMELK and miR-593 and
its role in regulating EphB2 expression, malignant behavior of GBM
cells, and GSC maintenance. We found that cMELK knockdown
significantly decreased EphB2 mRNA and protein levels in U87 and
PGBM-1 cells, an action that could be rescued by inhibiting miR-
593 (Figures 6A and 6B). Functionally, Transwell migration and
three-dimensional spheroid assays showed that the knockdown of
c¢MELK inhibited the migration and invasion of GBM cells and that
miR-593 inhibitors could also reverse the inhibitory effect (Figures
6C-6F). Moreover, the inhibitory effects of GSC maintenance
by silencing ¢cMELK were blocked via inhibition of miR-593
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Figure 4. cMELK acts as a sponge for miR-593

(A) The binding of cMELK to the AGO2 protein was analyzed by RNA immunoprecipitation (RIP) and gRT-PCR assays. (B) The binding of cMELK to the AGO2 protein was
detected by agarose gel electrophoresis assays. The cDNA length of cMELK is 150 bp. (C) The binding sites of miRNAs and cMELK were predicted by circular RNA (circRNA)
interactome. (D) circRNA in vivo precipitation (circRIP) assays were performed using cMELK-overexpressing U87 cells with a cMELK-specific probe and NC probe. gRT-PCR
was performed to analyze potential miRNAs associated with cMELK. The enrichment of cMELK and potential miRNAs were normalized to that of the control probe. (E) The
putative binding sites of miR-593 between the wild-type (WT) and mutated-type (MUT) sequences of cMELK. (F) The association of cMELK and miR-593 was validated by
dual-luciferase reporter assays. (G) The expression of miR-593 was validated by gRT-PCR in treated U87 and pGBM-1 cells. (H) Colocalization of cMELK and miR-593 in
transfected U87 and pGBM-1 cells was measured by FISH. Scale bar, 100 um. (I) The expression of miR-593 in 8 NBT, 10 low grade gliomas (LGG), and 30 high grade
gliomas (HGG) was examined by qRT-PCR. (J) Pearson’s correlation test was used to evaluate the correlation between the expression of cMELK and miR-593 (2 = —0.6177,
p = 0.0011). Data are presented as the means of triplicate experiments. Student’s t test was used (*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).

(Figure 6G-6]). Taken together, these results demonstrated that
c¢MELK plays a key role in promoting the mesenchymal transition
and GSC maintenance of GBM cells via the miR-593/EphB2 pathway
(Figure 7).

DISCUSSION

Growing evidence has demonstrated that the poor prognosis of GBM
patients may be due to its rapid proliferation and infiltrative growth,
resulting in obstacles for resection and recurrence.”* The cellular hi-
erarchy of GBM has been consistently demonstrated, reflected in the
contribution of GSCs to tumor growth, invasion into normal brain

. . 33-35 sps
tissues, and recurrence of glioma.” ~” The mesenchymal transition
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not only facilitates the invasion of GBM but also the progression of
GSCs.***” Therefore, there remains a pressing need to decipher the
underlying mechanisms of this transition, especially in the treatment
of gliomas.

Emerging evidence has shown that circRNAs play a role in regulating
the progression of glioma.”® *” In this study, we focused on cMELK, a
functioning oncogene, and investigated its biological role in glioblas-
toma tumorigenesis. Considering the relation of mesenchymal transi-
tion and glioma stemness, we hypothesized that cMELK not only
regulated the mesenchymal transition program, but also promoted
glioma stem cell-like phenotypes. We found that the expression of
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cMELK was significantly increased in 40 gliomas compared with 8
NBT samples. cMELK was stably expressed and that knockdown sup-
pressed the migration, invasion, and the GSC maintenance of GBM
in vitro, as well as tumor growth in vivo.

Recently, a number of studies reported that circRNA acts mainly as a
miRNA sponge to regulate gene expression, serving as a cancer pro-
motor or tumor suppressor.”"**' Considering that cMELK was primar-
ily localized in the cytoplasm, we hypothesized that cMELK may act by
sponging miRNA. To verify miRNAs targeted by cMELK, we used bio-
informatic tools, circRNA in vivo precipitation, dual-luciferase re-
porter, and co-localization assays to verify the sponging capacity of
c¢MELK on miR-593. Additionally, we found that EphB2, a regulator
of the migration, invasion, and stem cell-like phenotype,d‘z’44 was
indeed a target gene of the circMELK/miR-593 axis. Luciferase

reporter assays confirmed that miR-593 could specifically bind to
the 3’ UTR region (site 1) of the EphB2 transcript. Noticeably, miR-
451 and miR-185 function as fibrosis suppressors and act synergisti-
cally to inhibit liver fibrosis via co-targeting EphB2,"” and miR-204
could inhibit the proliferation and invasion of human cervical cancer
via targeting EphB2.*° Hence, it is important in our further studies to
find whether there exist some other miRNAs that also bind to site 1 or
nearby loci of EphB2 and function synergistically with miR-593 in gli-
oma. Second, cMELK knockdown significantly decreased EphB2
mRNA and protein levels in U87 and pGBM-1 cells, which could be
rescued by inhibiting miR-593. These data uncovered the oncogenic
function of circMELK in glioma progression.

In conclusion, our current data demonstrated that the circRNA
c¢MELK was upregulated in glioma tissues compared with normal
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brain tissues. Functionally, cMELK promoted glioma cell migration,
invasion, and GSC maintenance in vitro and tumor growth in vivo.
Mechanistically, c¢cMELK increased EphB2 expression through
sponging miR-593. Collectively, our study illuminated the key role
of cMELK/miR-593/EphB2 axis in the GBM development. This novel
finding not only improves our knowledge of the molecular mecha-
nisms underlying glioma tumorigenesis, but also points to a prom-
ising therapeutic strategy against glioma.

MATERIALS AND METHODS

Human tissue samples

40 human glioma samples were obtained from surgical resection
specimens of glioma patients at the First Affiliated Hospital of Nanj-
ing Medical University (Nanjing, China). In addition, eight NBT sam-
ples were collected as negative controls from patients who underwent
decompressive craniotomy for severe traumatic brain injury. The
samples were quickly frozen in liquid nitrogen after surgery immedi-
ately. Both glioma and NBT samples were confirmed histologically.
Our study protocol was approved by the Research Ethics Committee
of Nanjing Medical University (Nanjing, Jiangsu, China).

Cell culture, transfection, and establishment of stably virus-
transduced cell lines

Five human glioblastoma cell lines (U251, LN229, U118, U87, and
T98G) were purchased from the Chinese Cell Repository (Shanghai,
China). Primary GBM cells (pGBM-1) that derived from a GBM sur-
gical specimen were maintained in DMEM supplemented with 10%
FBS. NHAs were obtained from ScienCell Research Laboratories
(Carlsbad, CA, USA). Oligonucleotide sequences of cMELK were as
follows: #shRNA-1: 5'-CATGGTTCTTGAGGTTCTTTT-3/, #shRN
A-2: 5-GGTTCTTGAGGTTCTTTTTCT-3/, and #shRNA-3: 5'-
CTTGAGGTTCTTTTTCTAATT-3. For regulating cMELK the
sequence was cloned into pcDNA3.1 vector (RioBio, Guangzhou,
China), namely pcDNA-cMELK, with pcDNA-NC as control. miR-
593 inhibitors (anti-miR-593), miR-593 mimics (miR-593), and their
paired control (anti-NC and miR-NC) were obtained from Gene-
cheom (Shanghai, China). Lentivirus vectors with shRNAs or
shCONT and anti-miR-593 or anti-NC were purchased from Gene-
chem (Shanghai, China). Stable U87 and pGBM-1 cell lines were es-
tablished by lentiviral infection and puromycin selection following
the manufacturer’s instructions.

gRT-PCR
Total RNA was extracted from harvested cells or human tissues with
TRIzol reagent according to the manufacturer’s instructions (Life

Technologies, Carlsbad, CA, USA). RNase R treatment was carried
out for 30 min at 37°C using 3 U/mg of RNase R (Epicenter Technol-
ogies, RNR07250). qRT-PCR was implemented utilizing QuantiTect
SYBR Green PCR Kit (QIAGEN) or all-in-one miRNA qRT-PCR
Detection Kit (GeneCopoeia, Guangzhou, China). The relative
expression of circMELK, MELK mRNA, miR-593, and EphB2 was
calculated through the 274" method, with glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; for circMELK, MELK mRNA, and
EphB2) or U6 (for miR-593) as internal reference. Primers for
qRT-PCR were purchased from Genepharma (Shanghai, China),
and sequences were as follows: circMELK, forward: 5'-TTGAGG
CCTTGAAGAACCTG-3, reverse: 5'-CCACCTGTCCCAATAGTT
TCA-3'; MELK mRNA, forward: 5-ACTGCCCTGGAGGAGAGC
TG-3, reverse: 5-AGCCCTGGCTGTGCACATAA-3'; GAPDH, for-
ward: 5'-ACCCACTCCTCCACCTTTGA-3/, reverse: 5-CTGTTGC
TGTAGCCAAATTCGT-3'; miR-593, forward: 5'-GTGGTCATGTA
GCGTCGATTT-3/, reverse: 5-ATTTGCATGCTACGCTATTAC-3';
and U6, forward: 5-GCTTCGGCAGCACATATACTAAAAT-3,
reverse: 5'-CGCTTCAGAATTTGCGTGTCAT-3'. Products were
separated on a 2% agarose gel and visualized with GelRed. All exper-
iments were performed in triplicate and repeated three times.

Western blot analysis

Cells were fully mixed with radioimmunoprecipitation assay (RIPA)
lysis buffer (KeyGEN, Jiangsu, China) to extract proteins. After
centrifuging at 12,000 rpm speed, liquid supernatant was collected
and then separated by equal amounts of SDS-PAGE, followed by elec-
tro-transfer onto polyvinylidene difluoride membranes (Thermo
Fisher Scientific, MA, USA). Subsequently, membranes were blocked
with 5% nonfat milk for 2 h. Primary antibody was diluted to 1:1,000
and then incubated with membrane at room temperature. Secondary
antibody was used to combine primary antibody for 2 h. Finally,
membranes were developed using an enhanced chemiluminescence
detection system (GE Healthcare, Chicago, IL, USA). Immunoblot
analysis used the following primary antibodies purchased from Cell
Signaling Technology (Danvers, MA, USA): anti-EphB2 (#83029),
N-cadherin (#14215), Vimentin (#5741), MMP2 (#40994), MMP2
(#13667), Snail (#3879), Slug (#9585), Sox2 (#3579), Nestin
(#33475), Nanog (#8822), Oct-4 (#2750), and GAPDH (#5174) .

Glioma stem cell culture, spheroid formation assay, and
clonogenic assays

To generate GSCs derived from adherent U87 and pGBM-1 cells, we
used DMEM/F12 (GIBCO), supplemented with B27(1/50, Invitro-

gen), N2(1/100, Invitrogen), 10 ng/mL recombinant human

Figure 6. cMELK promotes mesenchymal transition and GSC maintenance of GBM cells through the miR-593/EphB2 pathway

(A) gRT-PCR assays detected the expression levels of EphB2 in the U87 and pGBM-1 cells upon cMELK knockdown alone or silencing miR-593 alone or in combination. (B)
Western blot analysis of EphB2 in the indicated cells, GAPDH served as the loading control. (C and D) Representative images and quantification of Matrigel invasion for
transfected U87 and pGBM-1 cells. Scale bar, 100 um. (E and F) Representative images and quantification of three-dimensional spheroid assays for transfected U87/GFP
tumor-spheres and pGBM-1/GFP tumor-spheres. Scale bar, 50 um. (G) Representative photomicrographs of new clonal sphere after transduced. (H) The statistical analysis
of the percentage of positive wells of clonogenic assay were measured the stemness of GSCs after transduced. Scale bar, 50 um. (I and J) The cellular effects of transduced
U87-GSCs and pGBM-1-GSCs were assessed by CellTiter-Glo assay and direct cell count. Data are presented as the means of triplicate experiments. Student’s t test was

used (™p < 0.01, **p < 0.001, ***p < 0.0001).
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epidermal growth factor (EGF, Invitrogen) and 10 ng/mL recombi-
nant human basic fibroblast growth factor (FGF, Invitrogen), which
was called sphere medium for short, to dedifferentiate the above cells.
To further enrich the GSCs, we used TrypLETM Express (GIBCO) to
dissociate GSC spheres when primary spheroids got a diameter
>200 pum, then single cell population was resuspended in so-called
sphere medium. After several times of sphere culture, we used these
secondary cellular spheroids in the next experiments, which were
considered as enriched in GSC. For testing the capacity of spheroid
formation, sphere medium was added in 6-well plates together with
moderate disaggregated spheres. A week later, we assessed the sphere
formation capacity of GSC by counting the diameter of spheres bigger
than 25 pm. For clonogenic assays, disaggregated spheres were seeded
in 96-well plates at clonal density (1 cell per well). Every 5 days, sphere
medium was replaced by fresh medium to supply nutrition. 15 days
later, we counted the percentage of spheres formation.

Cell migration and invasion experiments

The ability of cell migration was measured using Transwell chambers
(Corning, USA) with 8 pm pore filters according to the manufac-
turer’s instructions. Cells were suspended in 200 puL serum-free me-
dium (5 x 10* cells per well). DMEM medium containing 20% FBS
was added to the bottom of chambers. After incubation at 37°C for
24 h (migration assay), cells on the upper surface were removed
with a cotton swab. Cells that migrated into the bottom of the mem-
brane were fixed with 4% paraformaldehyde, stained with crystal vi-
olet solution, and then visualized under a microscope. The cell
numbers were counted in five random fields of view.

To test cell invasion, we used a three-dimensional spheroid assay.
Transfected cells were grown to 70% confluence and were then seeded
in 96-well ultra-low adherence plates (#7007, Costar) at a density of
0.2 x 10° cells/mL. 96 h later, these cells were induced to aggregate
into a multicellular spheroid followed by supplement of matrigel at
48 h, and then fluorescence microscopy was used to analyze cell
motion.
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Figure 7. Schematic diagram of the cMELK-mediated
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Cytorlasm — PNA FISH

Cy3-labeled circMELK and Dig-labeled miR-593
probes were synthesized by RiboBio (Guangz-
hou, China). The signals of the probes were
detected by the FISH Kit (RiboBio, China) ac-
cording to the manufacturer’s instructions.
Nucleus  RIP assay

Magna RIP Kits (Millipore, USA) were pur-
chased for RNA-binding protein immunoprecip-
itation assays, which was performed according to instruction. Cells
were lysed in RIP lysis buffer, and cell lysate was later co-incubated
with magnetic beads with AGO2 (Abcam ab32381) or IgG antibody
together with rotation at 4°C overnight. qPCR was used to analyze
cDNA, which was reverse transcribed by immunoprecipitated
RNAs, and all data were normalized to the input control.

circRIP assay

Sample preparation

Cells were inoculated into a 10 cm culture dish and cultured for 48 h.
Biotin-labeled probe and non-specific blank control probe were trans-
fected at 200 nM, incubated at 37°C and 5% CO,. 24 h after receiving
the transfection probe, the cells were first fixed with 1% formaldehyde
for 10 min and then treated with glycine solution for 5 min, washed
three times by pre-cooling PBS, scratched with 1 mL lysate, and left
standing for 10 min. The sample was then treated with ultrasound,
centrifugating at 10,000 x g for 10 min. Finally, supernatant was
transferred to a 2 mL centrifuge tube and 50 puL was taken and stored
as input control.

Beads preparation and bond

First, streptavidin-labeled magnetic beads (Invitrogen) were washed
twice with solution A (0.1M NaOH+ 0.05M NaCl) and then washed
once with solution B (0.1M NaCl). The 100 pL magnetic beads sus-
pension was coated with 10 pL BSA (10 mg/mL) and 10 pL tRNA
(10 mg/mL), respectively, and mixed at room temperature fully
reversed for 3 h. Finally, 500 pL lytic solution was used for washing
twice, and 1 mL lytic solution was used for resuspending. The ob-
tained supernatant was mixed with a probes-M280 streptavidin dyna-
beads mixture and then reversed for 1 h. The samples were washed
twice with eluent A and B, resuspended with 200 puL lysate, and placed
for 2 h for cross-linking.

RNA extraction
The sample was mixed with 300 pL Trizol, adding 100 pL chloroform
after 5 min, vibrating for 30 s, then centrifuging at 10,000 x g for
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10 min. The centrifugal supernatant was transferred to the new EP
(RNase - Free). 1 pL DNAmate, 36 pL 3 M NaCl, and 360 pL isopropyl
alcohol were used to precipitate RNA sample at 80°C for at least 1 h,
and then samples were centrifuged at 12,000 x gfor 30 minat4°C. The
supernatant was discarded, and the precipitation was washed with
ethanol prepared with 500 pL 70% RNASE-FREE water. The ethanol
was carefully discarded. After drying at room temperature, the precip-
itate was resuspended with 50 uL RNASE-FREE water. cMELK-spe-
cific probe sequence is as follows: 5-GAATTAGAAAAAGAACC
TCAAGAACCATGAATATTTTGTTGGCTG-3'.

A dual-luciferase reporter assay

To construct luciferase reporters, we inserted the sequence of circ-
MELK or EphB2 3’ UTR containing the forecasted binding sites or
mutant binding sites into pGL3 vector (Promega, Madison, WI,
USA), namely circMELK-WT, circMELK-MUT, EphB2 3'UTR-
WT, EphB2 3'UTR MUT1, and EphB2 3'UTR MUT2. U87 and
PGBM-1 cells were co-transfected with luciferase reporter and miR-
593 or miR-NC using Lipofectamine 3000. After 48 h, the luciferase
activity was examined via a Dual Luciferase Reporter Assay Kit
(Vazyme) referring to the protocols supplied by the manufacturer.

A murine intracranial glioma model and IHC analysis

16 male Bag albino (BALB)/c nude mice (4 weeks old) were purchased
from the Shanghai Experimental Animal Center of the Chinese Acad-
emy of Sciences. pGBM-1 cells stably expressing luciferase were trans-
fected with lentiviral vector LV-shcMELK or LV-shCONT, and then
mice were subdivided randomly into an cMELK low-expression
group and control group. To establish the intracranial GBM model,
we implanted each mouse stereotactically with pGBM-1/luciferase+
shcMELK or pGBM-1/luciferase+ shCONT (5 x 10°) in each group.
Intracranial tumor growth was measured by bioluminescence imag-
ing. Each mouse was anesthetized and then given an intraperitoneal
injection of D-luciferin (50 mg/mL). Tumors were imaged by means
of the Living Image software package (Caliper Life Science, Waltham,
MA, USA). Mouse survival time was monitored until the final mouse
died. THC analysis was performed to quantify proteins Vimentin,
MMP2, and SOX2 in each brain tissue section. All the animal exper-
iments were approved in accordance with the Animal Use Guidelines
of the Chinese Ministry of Health (documentation 55,2001).

Statistical analysis

All the experiments were conducted in triplicate. All statistical
analyses and Kaplan-Meier survival analysis were performed in
GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA).
The correlation between circMELK expression and miR-593 levels
in glioma tissues was evaluated by Pearson’s correlation analysis.
Two-tailed Student’s t test was performed for other comparisons,
and the results are expressed as the mean + standard deviation.
Data with p <0.05 were considered statistically significant.
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