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ABSTRACT
Glioblastoma multiform (GBM) is the most frequent type of malignant brain tumor with a poor 
prognosis. After optimal surgery, radiotherapy plus temozolomide (TMZ) is the standard treatment 
for GBM patients. However, the development of TMZ resistance limits its efficacy in GBM manage
ment. Runt Related Transcription Factor 1 (RUNX1) and microRNAs have been implicated in drug 
resistance of TMZ in GBM. In this study, we revealed the underlying mechanism of TMZ resistance 
and identified miR-128-3p/RUNX1 axis as a novel target for TMZ resistance in GBM. RUNX1 
expression was significantly upregulated in GBM tissues as compared to normal tissues, and its 
expression was even higher in recurrent GBM tissues and TMZ-resistant GBM cells. RUNX1 
depletion inhibited the viability, proliferation, migration, invasion and TMZ resistance of GBM 
cells, which could be rescued by RUNX1 overexpression. We further identified miR-128-3p as 
a tumor-suppressor whose overexpression restored the sensitivity of TMZ in GBM cells. miR-128- 
3p negatively regulated RUNX1 and subsequently downregulated multidrug resistance-associated 
protein 1 (MRP1). Together, the present study indicates that RUNX1 confers TMZ resistance in 
GBM by upregulating MRP1, which is negatively regulated by miR-128-3p. Targeting miR-128-3p/ 
RUNX1/MRP1 axis provides a potential strategy to overcome TMZ resistance in GBM.
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Introduction

Glioblastoma multiform (GBM) is the highest- 
grade form of glioma, as well as the commonest 
invasive and malignant brain tumor in both adult 
and pediatric patients, which has a remarkably 
poor prognosis [1–3]. Although tremendous 
efforts have been made in the study of GBM, the 
etiology and pathophysiology are largely unclear. 
Current standard treatment for newly diagnosed 
GBM combines surgery, radiotherapy and adju
vant chemotherapy with temozolomide (TMZ) 
[3]. TMZ is the first line clinical drug, however, 
most patients develop resistance to TMZ therapy 
when GBM recurs [4–6]. The acquisition of TMZ 
resistance is a major impediment for GBM ther
apy, accounting for the majority of fatality [7]. 
Due to the aggressive nature of GBM and the 
prevalence of drug resistance, virtually all patients 
with GBM suffer from cancer relapse and the 
median overall survival is dismally low [8,9]. For 

this reason, managing recurrent GBM is extremely 
challenging due to the lack of other effective ther
apeutic agents. Understanding the detailed mole
cular mechanisms underlying TMZ resistance 
could provide insight into novel strategy develop
ment to improve the treatment outcome in GBM.

Runt Related Transcription Factor 1 (RUNX1) 
has been recognized as an indispensable transcrip
tion factor for hematopoiesis. It belongs to the 
RUNX family of transcriptional and post- 
transcriptional modulators characterized of a 
highly conserved runt domain [10,11]. In tumors 
of the central nervous system, RUNX1 expression 
is significantly higher in Mesenchymal (Mes) sub
type of GBM and closely related to Mes subtype 
initiation through microRNA (miR)-mediated 
mechanisms [12]. A previous study indicated that 
RUNX1 contributes to malignant behavior of 
GBM [13]. Recently, a study further reported that 
RUNX1 overexpression can dramatically promote 
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proliferation and invasion of GBM [14]. It has also 
been reported that the downregulation of RUNX1 
restores TMZ sensitivity and inhibits glioma pro
gression [15]. However, the regulatory mechan
isms of RUNX1 expression in GBM remains 
enigmatic.

MicroRNAs (miRNAs) are a class of endogenous 
non-coding RNAs with about 22 nucleotides in 
length, which are capable of regulating the translation 
or the degradation of target mRNAs via binding to the 
3′-untranslated regions (3′-UTR) [16]. MicroRNAs 
are implicated in multiple cell functions in cancers, 
including GBM [17–21]. Of note, many studies have 
shown that the dysregulation of miRNAs is strongly 
associated with the development of TMZ resistance in 
GBM [22–25]. Whether miRNAs contribute to 
RUNX1-dependent regulation of TMZ resistance in 
GBM remains to be elucidated.

Multidrug resistance-associated protein 1 
(MRP1) belongs to the MRP superfamily of trans
porters [26]. Accumulating evidence has shown 
that MRP1 is a modulator of cellular chemoresis
tance, which is overexpressed in brain tumors [27], 
and TMZ has been recognized as a substrate of 
MRP1 [28]. The mechanism underlying MRP1 
upregulation in GBM is largely unknown.

This study investigated the underlying mechan
ism of TMZ resistance and identified miR-128-3p/ 
RUNX1 axis as a novel target for TMZ resistance 
in GBM. We validated the oncogenic role of 
RUNX1 in GBM cells. Based on miRNA databases 
(Targetscan, miRTarbase and miRWalk), we iden
tified miR-128-3p as a negative regulator of 
RUNX1. We further showed that MRP1 was upre
gulated by RUNX1 to confer TMZ-resistance. 
These results collectively indicate that miR-128- 
3p/RUNX1/MRP1 axis regulates TMZ-resistance 
in GBM cells, which could serve as potential tar
gets to modulate TMZ-sensitivity in GBM.

Methods

Cell culture and treatment

U87MG and A172 human glioblastoma cell lines 
were obtained from the China Infrastructure of 
Cell Line Resource. C8-DA astrocyte cell line was 
purchased from ATCC (Maryland, USA). All cells 
were cultured in Dulbecco’s-modified Eagle’s 

medium (DMEM) (HyClone, USA) containing 
10% FBS (FBS, Gibco, USA), 100 IU/ml penicillin 
(GIBCO, U.K.), at 37°C in a humidified incubator. 
Cells were sub-cultured every three days. TMZ- 
resistant U87MG and A172 cells were established 
by culturing the cells in 100 µM TMZ for 4 weeks.

Cell viability assay analysis

Cell viability was evaluated with the trypan blue 
staining and CCK-8 assay kit (Solarbio, Beijing, 
China) in 96-well culture plates as previously 
described [29]. For trypan blue staining, cell sus
pension in 1 × 106 cells/mL was mixed with 0.4% 
trypan blue solution at a ratio of 9:1 for 20-min 
incubation at 37°C. Dead stained with blue color 
was photographed and counted under microscope. 
The percentage of cell viability was calculated by 
the formula: cell viability (%) = (the number of 
alive cells/the number of total cells) ×100%. For 
CCK-8 assay, U87MG and A172 cells were seeded 
in to a 96 -well plate at a density of 1500 cell/well 
and cultured in a humidified cell culture incubator 
for 0, 24, 48, 72 and 96 hours, respectively. CCK-8 
solution (10 μL) was added to each well at indi
cated time point for 2h incubation. The light 
absorption value (OD value) in each condition 
was captured at 450 nm on a Synergy H1 micro
plate reader (Winooski, Vermont, USA).

Plasmid construction and cell transfection

The plasmids containing the sequence of RUNX1 
cDNA (pcDNA-RUNX1), miR-128-3p mimic and 
inhibitor were synthesized by Hanbio Biotechnology 
(Shanghai, China). Small interfering RNA (siRNA) of 
RUNX1 and the negative control si-NC was pur
chased from GenePharma (Shanghai, China). 
SiRNA, miRNA mimic, and plasmid were transfected 
in U87MG and A172 cells using Lipofectamine 2000 
(Invitrogen Carlsbad, CA, USA) according to the 
manufacturer’s instruction.

Briefly, cells were seeded in 6-well plates at 
a density of 5 × 10^5 cells/well. 24 hours later, 
indicated quantity of molecules or 6 µg of plasmid 
was added into 100 µl Opti-MEM® I Reduced- 
Serum Medium (Invitrogen, Carlsbad, CA, USA), 
and then 6 µL Lipofectamine 2000 reagent was 
added for 10 min incubation at room temperature. 
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The mixture was added into the cell culture drop
wise. 48 h after transfection, cells were harvested 
for further experiments.

Apoptosis

The percentage of apoptotic cells was detected as pre
viously described [30]. U87MG and A172 cells were 
trypsinized and resuspended in Annexin V binding 
buffer (FITC-Annexin V Apoptosis Detection Kit 
with 7-AAD, Biolegend, California, USA) at a con
centration of 1.0 × 106 cells/mL. 5 μL Annexin V-FITC 
and 5 μL 7-AAD reagent were added to 1 mL cell 
suspension of 1 million cells, and incubated for 
30 mins in the dark. Stained cells were refilled with 
400 μL Annexin V binding buffer. The percentage of 
apoptotic cells was detected by BD FACS CantoTM II 
Flow Cytometer (BD Biosciences).

Colony formation assay

Colony formation assay was performed as previously 
described [31]. U87MG and A172 cells with different 
transfection treatment were inoculated on six-well 
plates at the density of 1000 cells/well and cultured 
for 14 days, and the culture medium was changed 
every 3 days during the period. After 14 days, cells 
were fixed with 4% paraformaldehyde at room tem
perature for 10 mins and stained with Giemsa 
reagent 0.5% crystal violet (Beyotime, Shanghai, 
China) for 20 mins. Subsequently, the number of 
colonies was counted under Leica AM6000 micro
scope (Leica, Wetzlar, Germany).

Transwell migration and invasion assay

Transwell assay was performed as previously 
described [32]. Cells with different treatments were 
trypsinized and resuspended in serum-free medium. 
The transwell upper chamber (Corning, New York, 
USA) without Matrigel (BD Biosciences, Bedford, 
MA, USA) was used for migration assay, while trans
well chamber coated with Matrigel was used for inva
sion assay. Cells with different treatments were 
trypsinized and resuspended in serum-free medium 
at a density of 2 × 105 cells/mL. 100 µL cell suspension 
was inoculated into transwell upper chamber and 
500 μL of 10% serum-containing medium was added 

to the lower chamber. After 24 hours, cells were fixed 
with 10% methanol for 10 min and stained with crystal 
violet (Beyotime, Shanghai, China) for 20 min at room 
temperature. Stained cells were counted under a light 
microscope (Olympus, Tokyo, Japan).

Dual luciferase reporter assay

Luciferase reporter assay was performed as pre
viously described [32]. The sequence containing 
the wild type binding site between miR-128-3p 
and RUNX13ʹUTR or the sequence with mutated 
binding site was cloned into the PmirGLO vector 
expressing firefly luciferase respectively (Promega, 
Madison, WI, USA). The reporter plasmid and 
Renilla luciferase (hRlucneo) control plasmid 
were co-transfected into cells in the presence of 
either miR-128-3p mimic or miR-NC in a 12-well 
plate (1 × 10^5 cells/well) using Lipofectamine 
2000 reagent. 48 h post transfection, the relative 
luciferase activities were measured using Dual- 
Luciferase Reporter Assay Kit (Promega, 
Madison, WI, USA) on the Fluoroskan Ascent FL 
microplate reader (Thermofisher Scientific, USA).

RNA fluorescence in situ hybridization (FISH)

Specific probes for miR-128-3p (Cy3 fluorophore) and 
RUNX1 (Cy5 fluorophore), and a control probe (Cy5 
fluorophore) were synthesized by (RiboBio, Guang- 
zhou, China) and detected using a fluorescence in situ 
hybridization kit (RiboBio, Guangzhou, China) fol
lowed by the manufacturer’s instructions. Cells seeded 
on the cover slip were fixed with 4% paraformalde
hyde and permeabilized with 0.05% Triton X-100. 
50 nM miR-128-3p probe and RUNX1 probe, or 
miR-128-3p probe and control probe were added to 
the cells in hybridization buffer for 2-hour incubation. 
Cells was washed with TBST buffer for three times and 
then placed on the slide with mounting media con
taining DAPI (Vector Lab, Inc., Burlingame, CA, 
United States). Finally, the intensity and localization 
of each probe were observed by confocal laser micro
scope (Nikon, Japan) and the Pearson’s Correlation 
Coefficients for colocalization was analyzed by Image 
J software (Bethesda, MD, USA).
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Databases

Three databases were utilized to predict miRNA 
targets of RUNX1, including miRTarbase (http:// 
mirtarbase.cuhk.edu.cn/php/index.php), TargetSc- 
an 5.1 (http://www.targetscan.org/), and the miR- 
Walk target prediction server (http://www.mir 
walk.umm.uni-heidelberg.de/). Gene Expression 
Profiling Interactive Analysis (GEPIA: http:// 
gepia.cancer-pku.cn/index.html) was used to ana
lyze the expression level of RUNX1 in GBM. The 
Cancer Genome Atlas (TCGA: https://www.can 
cer.gov/about-nci/organization/ccg/research/struc 
tural-genomics/tcga) was used to analyze the rela
tionship between RUNX1 expression and the over
all survival of GBM patients.

Western blot analysis

Western blot analysis was conducted following 
previous description [33]. Cells were lysed for 
30 min in cold RIPA Lysis Buffer (Beyotime, 
Shanghai, CN) containing protease inhibitor cock
tail (Thermofisher Scientific, Waltham, MA, USA). 
The lysate was centrifuged at 16,000 rpm for 
15 mins at 4°C, and the supernatant was collected. 
Protein concertation in the supernatant was quan
tified by a BCA Protein assay kit (Beyotime, 
Shanghai, China). 10 µg protein sample was 
mixed with loading buffer and denatured at 99°C 
for 5 mins, and then used for SDS-PAGE electro
phoresis. Separated protein in SDS-PAGE gel was 
transferred onto the PVDF membrane (BioRad, 
CA, USA). After blocking with 5% skimmed milk 
for 1 hour, the membrane was incubated with 
primary antibodies overnight: anti-RUNX1 
(1:1000, Affinity, China), anti-MRP1 (1:1000, 
CST, USA), and anti-β-actin (1:5000, GeneTex, 
USA). The membrane was washed 3 times with 
TBST for 5 minutes each. After wash, the mem
brane was further incubated with HRP-linked sec
ondary antibody (1:3000; CST, USA) at room 
temperature for 1 hour. After wash, the protein 
bands were developed using an ECL kit (Solarbio, 
Beijing, China) and photographed using a gel ima
ger system (Bio-Rad, CA, USA). The densitometry 
analysis was performed with Image J software 
(Bethesda, MD, USA).

Patients and tissue samples

To investigate the expression of RUNX1 between 
primary and recurrent GBM, primary and recurrent 
GBM tumor samples were collected from 15 patients 
by surgical resection from patients diagnosed with 
GBM in the Affiliated Hospital of Hebei University. 
All the patients were subject to optimal surgery and 
radiochemotherpay after primary diagnosis. When 
the patients were diagnosed with GBM 
relapse, second surgery was performed to collect 
the recurrent GBM tumor samples. All experimental 
ethics were approved by the Institutional Ethics 
Committee at Affiliated Hospital of Hebei 
University. The clinicopathological feature of the 
enrolled patients were summarized in the Table 1.

Quantitative RT-PCR (qRT-PCR)

Quantitative RT-PCR was performed as previously 
described [33]. Total RNA was extracted using 
TRIzol Reagent (Invitrogen, CA, USA) as per the 
instruction. 1 µg of total RNA was converted into 
cDNA using PrimeScript RT kit (Takara, Tokyo, 
Japan). qPCR was conducted for gene expression 
analysis using SYBR Green® Premix Ex Taq 
(Takara). Relative gene expression was calculated 
based on threshold cycle (Ct) values and normal
ized against β-actin expression using comparative 
2−ΔΔCT method. Primers were listed as follows: 
RUNX1 upstream: CCTCCGGTAGTAATAAAGG 
CTTCTG, downstream: CCGATTGAG-TAAGGA 
CCCTGAA. miR-128-3p upstream: CTGGTAGG 
TCACAGTGAACCG, downstream: TCAACTGG 
TGTCGTGGAGTC. GAPDH upstream: GTTGT 

Table 1. Clinicopathological feature of the enrolled patients.
Characteristics Patients (%) (n = 15)

Age (median) 25–76 (42.0)
Gender
Male 9 (60.0)
Female 6 (40.0)
WHO grade
I 2 (13.3)
II 6 (40.0)
III 4 (26.6)
IV 3 (20.0)
Histological type
Astrocytomas 11 (73.3)
Oligodendrogliomas 3 (20.0)
Ependymomas 1 (6.7)
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CTCCTGCGACTTCA, downstream: GGTGGTC 
CAGGGTTTCTTA.

Immunohistochemistry

Histological analyses of RUNX1 protein in tumor 
tissues were performed with the avidin-biotin- 
peroxidase method as previously described [34]. 
Briefly, the tumor tissues embedded in paraffin was 
cut into 4-μm-thick sections and were deparaffinized 
and rehydrated. After antigen unmasking by heating 
in citrate solution (SignalStain® Citrate Unmasking 
Solution (10X), CST, USA) for 15 mins, the sections 
were washed in dH2O three times and incubated in 
3% hydrogen peroxide for 10 min. After three times 
washes in TBST buffer, the section was blocked 1 hour 
in 5% normal goat serum, and then incubated with 
primary anti-RUNX1 antibody (1:1000, Affinity, 
China) overnight with shaking. The section was 
washed three times using TBST buffer and soaked in 
3 drops of SignalStain® Boost Detection Reagent 
(HRP-Rabbit, CST, USA) for 30 min at room tem
perature. Then 200 µL SignalStain® substrate (CST, 
USA) was added to each section for 5 minutes. The 
section was washed in dH2O two times and mounted 
with coverslips using the mounting medium (CST, 
USA). The images were photographed under 
a confocal microscope (Nikon, Japan).

Statistical analysis

Statistical tests were performed using GraphPad Prism 
software 7.0 (Version7.00, U.S.A.). All data are 
expressed as mean ± SEM. Differences between per
centages were evaluated by Fisher’s exact test. 
Comparison of continuous variables between two 
groups were assessed using unpaired two-tailed 
Student t test, and the comparison above three groups 
were analyzed using one-way ANOVA followed by 
Tukey or Dunnett tests. A Kaplan–Meier test was used 
to estimate the overall survival from lifetime data of 
the patients and the log-rank test was used to examine 
differences in survival. P value lower than 0.05 (P 
< 0.05) was considered statistically significant.

Results

This study investigated the role of RUNX1 in GBM 
and identified the functional interaction between 

miR-128-3p and RUNX1, and validated that 
RUNX1-dependent MRP1 expression mediated 
TMZ sensitivity in GBM. RUNX1 expression was 
significantly higher in GBM tissues as compared to 
normal tissues, and its upregulation was also 
observed in recurrent GBM tissues and TMZ- 
resistant GBM cells. RUNX1 depletion suppressed 
the proliferation, migration, invasion and TMZ 
resistance of GBM cells. We further demonstrated 
that miR-128-3p functioned as a tumor-suppressor 
whose overexpression restored TMZ sensitivity in 
GBM cells. miR-128-3p downregulated RUNX1 
and subsequently reduced the expression of multi
drug MRP1. All the results indicated that miR-128- 
3p/RUNX1/MRP1 axis is implicated in TMZ sensi
tivity in GBM cells, which could serve as potential 
targets to modulate TMZ resistance in GBM.

RUNX1 expression is upregulated in recurrent 
GBM patients

To analyze the expression level of RUNX1 in GBM, we 
first used GEPIA tool and found that RUNX1 was 
significantly upregulated in GBM tumor samples as 
compared to the normal brain tissues (Figure 1a). 
Besides, primary and recurrent GBM samples from 
15 GBM patients were collected. qRT-PCR, Western 
blot and immunohistochemistry were performed to 
assess the mRNA and protein levels of RUNX1. 
mRNA level and protein levels of RUNX1 in recurrent 
GBM samples were significantly higher than that in 
primary tumors (Figure 1b-d). We also retrieved the 
survival data of 152 GBM patients from TCGA data
base and divided them into high expression group 
(n = 76) and low expression group (n = 76) according 
to the median RUNX1 expression. The overall survival 
(OS) of patients in high expression group was signifi
cantly lower than the low expression group 
(Figure 1e), which indicates that high RUNX1 expres
sion is associated with poor prognosis of GBM 
patients.

RUNX1 regulates TMZ sensitivity in GBM cells

To further investigate the intonement of RUNX1 in 
regulating TMZ resistance of GBM, we first compared 
the level of RUNX1 in U87 and A172 glioblastoma cell 
lines to C8-DA astrocyte cells. Both the mRNA and 
protein expression levels of RUNX1 were markedly 
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higher in U87 and A172 cells when compared to C8- 
DA cells (Figure 2a,b). In addition, TMZ-resistant 
U87 and A172 cell lines were established by culturing 
the cells in medium containing 100 µM TMZ for 
4 weeks. As compared to the parental cells, RUNX1 
protein level was significantly upregulated in TMZ- 
resistant cells (Figure 2c). We further evaluated the 
functional requirement of RUNX1 in TMZ-resistance 
by transfecting the resistant cells with RUNX1-siRNA. 
Western blot revealed the reduced level of RUNX1 
after the knockdown by siRNA (Figure 2d). Trypan 
blue assay showed that TMZ knockdown decreased 
the cell viability in both U87 and A172 cell lines at 
different concentrations and as well as the IC50 of 
TMZ treatments (Figure 2e,f,g). Together, these data 
showed that RUNX1 is required for TMZ resistance in 
GBM cells.

RUNX1 knockdown inhibits cell proliferation, 
migration and invasion

To validate the functional role of RUNX1 in GBM 
cells, we performed loss-of-function and gain-of- 
function experiment by either silencing RUNX1 (si- 
RUNX1) or overexpressing RUNX1 (pcDNA-RUNX 
1 expression plasmid) in both U87 and A172 cell lines 

(Figure 3a,b). As revealed by CCK-8 proliferation 
assay, silencing RUNX1 suppressed cell proliferation 
while the overexpression of RUNX1 significantly pro
moted cell proliferation. (Figure 3c). Cell migration/ 
invasion assay further demonstrated that silencing 
RUNX1 impaired cell migration and invasion, while 
RUNX1 overexpression promoted cell migration 
(Figure 2d,e). Furthermore, downregulation of 
RUNX1 markedly impaired colony formation ability 
and induced cell apoptosis, and RUNX1 overexpres
sion enhanced colony formation and prevented cell 
apoptosis (Figure 2f,g).

RUNX1 is negatively targeted by miR-128-3p in 
GBM cells

We next sought to search for potential regulatory 
miRNAs targeting RUNX1. miR-128-3p was identi
fied as a potential target which showed a binding site 
in the 3ʹUTR region of RUNX1 using three miRNA 
prediction databases (Targetscan, miRTarbase and 
miRWalk) (Figure 4a). Dual luciferase reporter assay 
was performed in both U87 and A172 cell lines using 
WT reporter containing wildtype binding site as well 
as the MUT reporter with mutated binding site. The 
presence of miR-128-3p mimic significantly suppr- 

Figure 1. RUNX1 is highly expressed in GBM and associated with a poor prognosis (a) The expression of RUNX1 in GBM tumors and 
normal brain tissues was compared using data from GEPIA database. (b-d) Relative mRNA and protein level of RUNX1 in primary and 
recurrent GBM samples, analyzed by qRT-PCR (b), Western blot (c) and immunochemistry (d) E. Kaplan–Meier survival assessment of 
GBM patients, which were divided into low and high RUNX1 expression groups (n = 76 in each group, P < 0.05). Each sample was 
analyzed in 3 independent experiments. * P < 0.05 and *** P < 0.001.
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essed the luciferase activity of the WT reporter, which 
was not observed in the MUT reporter (Figure 4b), 
indicating that miR-128-3p negatively regulates 
RUNX1 mRNA. Next, the level of miR-128-3p in 
parental and TMZ-resistant cell lines was examined 
by qRT-PCR, and miR-128-3p was significantly 
downregulated in TMZ-resistant cells (Figure 4c). To 
validate the regulatory role of miR-128-3p on RUNX1 
expression, miR-128-3p mimic and inhibitor were 
transfected into TMZ-resistant cells, which increased 

or decreased the level of miR-128-3p respectively 
(Figure 4d). qRT-PCR and Western blot showed that 
RUNX1 was downregulated by miR-128-3p mimic 
while miR-128-3p inhibitor increased Runx1 expres
sion (Figure 4e). Furthermore, fluorescence in situ 
hybridization (FISH) analysis revealed that there was 
significant colocalization of miR-128-3p and RUNX1 
mRNA in GBM cell lines. (Figure 4f). Together, these 
results indicate that miR-128-3p is a negative regulator 
of RUNX1 expression.

Figure 2. RUNX1 is required for TMZ resistance in GBM cells (a-b) mRNA and protein levels of RUNX1 in U87 and A172 GBM cell lines 
as compared to astrocytes C8-DA. (c) Western blot analysis of RUNX1 in TMZ-sensitive parental cells and TMZ-resistant cells. (d) The 
level of RUNX1 in U87 and A172 cells was analyzed after being transfected with RUNX1-siRNA and control siRNA (si-NC). (e-g) Cell 
viability (e-f) and IC50 (g) of RUNX1-silenced cells was compared to the cells treated with si-NC. Cells were treated with different TMZ 
concentration (0, 1 μM, 5μM, 25 μM, 50 μM, 100 μM, 24 h), and trypan blue assay was performed to quantify the viable cells. Each 
sample was repeated in at least 3 independent experiments. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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MiR-128-3p attenuates TMZ resistance in GBM 
cells by downregulating RUNX1

To demonstrate the functional involvement of 
miR-128-3p in TMZ resistance, we treated U87 
and A172 cells with miR-128-3p mimic, and 
then the cells were subject to with different 

concentrations of TMZ treatment for 
24 hours. Trypan blue assay showed that miR- 
128-3p mimic sensitized the cells to TMZ treat
ment and lowered the IC50 (Figure 5a and b). 
We further investigated whether the effect of 
miR-128-3p could be rescued by RUNX1 over
expression. Cells were transfected with miR- 

Figure 3. RUNX1 regulates tumor cell proliferation, migration and invasion. (a-b) The knockdown or overexpression of RUNX1 after 
the transfection with si-RUNX1 or pcDNA-RUNX1 expression vector was analyzed by Western blot and qRT-PCR in U87 and A172 
cells. (c) CCK-8 assay in cells after transfection with si-NC, si-RUNX1, Empty vector or pcDNA-RUNX1. (d) Transwell migration assay, (e) 
Transwell invasion assay, (f) colony formation assay, (g) apoptosis were performed in U87 and A172 cells after transfection with si- 
NC, si-RUNX1, Empty vector or pcDNA-RUNX1. Each sample was repeated at least 3 times. * P < 0.05, ** P < 0.01, and *** P < 0.001.
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NC, miR-128-3p mimic or miR-128-3p mimic + 
pcDNA3.1-RUNX1. qRT-PCR analysis showed 
that RUNX1 expression reduced by miR-128- 
3p mimic, which could be partially restored by 
pcDNA3.1-RUNX1 (Figure 5c). Cells in differ
ent groups were treated with TMZ (50 μM) for 
different durations and CCK-8 assay revealed 
that miR-128-3p mimic significantly increased 
the sensitivity to TMZ and RUNX1 overexpres
sion partially restored the resistance 
(Figure 5d). Similar results were obtained 
using colony formation and transwell assay. 
Overexpression of miR-128-3p markedly inhib
ited the proliferation, migration and invasion 
abilities of cells, while overexpression of 
RUNX1 impaired the effects of miR-128-3p to 
a certain extent (Figure 5d,e,f).

RUNX1/miR-128-3p axis regulates MRP1 
expression in TMZ-resistant GBM cells

Multidrug resistance is usually accompanied by 
the increased expression of MRP1 [35]. As 
expected, the mRNA and protein levels of MRP1 
in TMZ-resistant cells were significantly higher 
than that in the parental cells (Figure 6a,b). In 
order to explore whether RUNX1/ miR-128-3p 
axis regulates MRP1 expression, cells were trans
fected with miR-128-3p mimic, miR-128-3p mimic 
+ pcDNA-RUNX1 or RUNX1-siRNA and 
RUNX1-siRNA miR-128-3p inhibitor. These 
results showed that miR-128-3p overexpression 
downregulated MRP1, which was rescued by 
RUNX1 overexpression (Figure 6c,d). Similarly, 
silencing RUNX1 significantly reduced MRP1 

Figure 4. RUNX1 is a direct target of miR-128-3p. (a) Alignment of the miR-28-3p sequence with that of RUNX1 3ʹ-UTR. (b) 
Dual luciferase reporter assay was performed in U87 and A172 cells in the presence of miR-NC or miR-128-3p. WT: wildtype 
reporter containing binding site. MUT: reporter with mutated binding site. (c) The expression of miR-28-3p in TMZ-sensitive 
parental cells and TMZ-resistant cells. (d) Expression level of miR-28-3p in TMZ-resistant cells after transfection with miR- 
128-3p mimic or miR-128-3p inhibitor. (e) Gene and protein expression levels of RUNX1 in TMZ-resistant cells transfected 
miR-128-3p mimic or miR-128-3p inhibitor. (f) Fluorescence in situ hybridization (FISH) was performed using miR-128-3p 
probe + control probe or miR-128-3p probe + RUNX1 probe to investigate the co-localization of miR-128-3p and RUNX1 in 
GBM cell lines. Each sample was repeated at least 3 times. *** P < 0.001.
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level, which could be rescued by miR-128-3p inhi
bitor (Figure 6c,d). These results demonstrated 
that RUNX1/miR-128-3p axis regulates MRP1 
expression in GBM cells.

Discussion

GBM is a progressive debilitating cancer in the 
central nervous system (CNS) and takes up over 
50% of brain-related carcinomas in adults [36], 

which is associated with a very poor prognosis 
[29,37]. Despite the application of combined 
radiotherapy and chemotherapy with TMZ after 
optimal surgery, most patients eventually develop 
TMZ resistance and suffer from the malignant 
relapse of aggressive tumors [38–40].Recent stu
dies revealed that RUNX1 and miRNAs are impli
cated in the development of resistant phenotype of 
TMZ in GBM [41–43]. Here, the present study 
identified miR-128-3p as a negative regulator of 

Figure 5. MiR-128-3p attenuates TMZ resistance in GBM by targeting RUNX1 (a-b) Cell viability and IC50 of cells transfected with 
miR-128-3p mimic or miR-NC in the increasing concentration of TMZ treatment (0, 1 μM, 5 μM, 25 μM, 50 μM, 100 μM, 24 h). (c) qRT- 
PCR analysis of RUNX1 expression in U87 and A172 cells transfected with miR-NC, miR-128-3p mimic and miR-128-3p mimic + 
pcDNA-RUNX1. (d) Cell viability of U87 and A172 cells transfected with miR-NC, miR-128-3p mimic and miR-128-3p mimic + pcDNA- 
RUNX1 after TMZ treatment (50 μM) for 0 h, 24 h, 48 h and 72 h. (e) Colony formation assay, (f) Transwell migration assay, (g) 
Transwell invasion assay were performed in U87 and A172 cells transfected with miR-NC, miR-128-3p mimic and miR-128-3p mimic 
+ pcDNA-RUNX1 after TMZ treatment (0, 50 μM, 100 μM). Each experiment was repeated at least 3 times. * P < 0.05, ** P < 0.01, and 
*** P < 0.001.
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RUNX1 and validated their functional interaction 
in TMZ sensitivity of GBM cells, suggesting that 
miR-128-3p/RUNX1 axis could serve as a potential 
therapeutic target in TMZ-resistant GBM.

In CNS carcinoma, RUNX1 upregulation was 
reported in the Mes state of GBM. A study based 
on a context-specific gene regulatory network 
showed that RUNX1 mediates the expression of 
Mes signatures and is linked to the unfavorable 
prognosis in GBM patients GBM through an 
extensive microRNAs network [12,44–46]. 
Through the analysis of patient data in GEPIA, 
this study verified that RUNX1 is highly expressed 
in GBM tumor tissues. Their aberrant upregula
tion is also observed in the recurrent GBM tumors, 
suggesting a potential role of RUNX1 overexpres
sion to GBM relapse. High expression of RUNX1 
is associated with poor prognosis in GBM patients, 
indicating that RUNX1 overexpression is an unfa
vorable factor in GBM patients. Furthermore, the 

selection of TMZ-resistant cells fosters the upre
gulation of RUNX1, and RUNX1 upregulation 
confers TMZ-resistance in GBM cells. RUNX1 
upregulation also promotes the malignant pheno
type such as cell proliferation, migration and inva
sion. Together, our study highlighted the 
oncogenic role of RUNX1 in GBM.

Owing to the versatile roles in a wide spectrum 
of biological processes, miRNAs can function as 
oncogenes or tumor-suppressors by regulating dif
ferent targets. Recently the dysregulation of 
miRNAs was reported in a variety of malignancies, 
which was proposed as potential biomarkers or 
therapeutic targets [47–50]. Particularly, miRNAs 
were reported to regulate multiple phenotypes of 
GBM, such as cell proliferation, migration and 
invasion, self-renewal, angiogenesis and drug 
resistance [51–53]. Our study identified a novel 
mechanism by which miR-128-3p binds to the 
3ʹUTR region of RUNX1 and downregulates its 

Figure 6. RUNX1/miR-128-3p axis regulates MRP1 expression in TMZ-resistant GBM cells. (a-b) Gene and protein level of MRP1 in 
TMZ-sensitive parental cells and TMZ-resistant cells were detected by qRT-PCR and Western blot. (c-d) Gene and protein levels of 
MRP1 were examined in cells transfected with miR-NC, miR-128-3p mimic, miR-128-3p mimic+ pcDNA-RUNX1 or si-NC, si-RUNX1 and 
si-RUNX1+ miR-128-3p inhibitor. Each sample was repeated at least 3 times. *** P < 0.001.
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expression. Overexpression of miR-128-3p re- 
sensitizes GBM cells to TMZ treatment by down
regulating RUNX1. Therefore, our data high
lighted the regulatory role of miR-128-3p in 
TMZ sensitivity.

MRP1, a member of MRP transporter family, 
was found to be upregulated in various tumors to 
mediate drug resistance [54–56]. Accumulating 
evidence has showed that increased expression of 
MRP1 is responsible for TMZ drug resistance in 
high grade of GBM [57,58]. Inhibiting MRP1 is 
proposed as an attractive approach to improve 
treatment for recurrent GBM [15,59–61]. 
However, the regulation of MRP1 expression in 
GBM is largely unclear. In the present study, we 
provided evidence that miR-128-3p/RUNX1 axis 
regulates MRP1 expression in GBM cells. RUNX1 
silencing or miR-128-3p overexpression reduces 
MRP1 expression in TMZ-resistant cells, suggest
ing that MRP1 is a potential target of RUNX1 to 
modulate TMZ sensitivity GBM.

Conclusion

In summary, our study identified the functional 
interaction between miR-128-3p and RUNX1 in 
the regulation of TMZ resistance of GBM cells, 
and validated the role of RUNX1-dependent 
MRP1 expression in TMZ sensitivity in GBM. 
However, the functional role of miR-128-3p and 
RUNX1 in TMZ sensitivity needs to be further 
validated in animal model. Furthermore, the 
expression pattern of miR-128-3p in GBM samples 
has not been established. Future work will focus 
on GBM patient samples to investigate the expres
sion pattern of miR-128-3p, its diagnostic and 
prognostic values as well as the transcriptional 
regulation.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Medical Science Research Project of Hebei Health 
Commission in 2020 [no.20200569]; Foundation Project of 
Affiliated Hospital of Hebei University in 2019 [no.2019Q009 

and 2019Q018]; Post-graduate’s Innovation Fund Project of 
Hebei University [no.HBU2021ss026 and CXZZSS2021006].

References

[1] Abedalthagafi M, Barakeh D, Foshay K. Immunogenetics 
of glioblastoma: the future of personalized patient 
management. NPJ Precis Oncol. 2018;2:27.

[2] Wang L, Karpova A, Gritsenko M, et al. Proteogenomic 
and metabolomic characterization of human 
glioblastoma. Cancer Cell. 2021;39(4):509–528.e520.

[3] Macdonald D, Cascino T, Schold S, et al. Response 
criteria for phase II studies of supratentorial malignant 
glioma. J Clin Oncol. 1990;8(7):1277–1280.

[4] Johannessen TC, Bjerkvig R. Molecular mechanisms of 
temozolomide resistance in glioblastoma multiforme. 
Expert Rev Anticancer Ther. 2012;12(5):635–642.

[5] Zhao C, Guo R, Guan F, et al. Yang B MicroRNA-128- 
3p enhances the chemosensitivity of temozolomide in 
glioblastoma by targeting c-Met and EMT. Sci Rep.

[6] Yu F, Li G, Gao J, et al. SPOCK1 is upregulated in 
recurrent glioblastoma and contributes to metastasis 
and Temozolomide resistance. Cell Prolif. 2016;49 
(2):195–206.

[7] Osuka S, Van Meir E. Overcoming therapeutic resis
tance in glioblastoma: the way forward. J Clin Invest. 
2017;127(2):415–426.

[8] Birzu C, French P, Caccese M, et al. Recurrent glio
blastoma: from molecular landscape to new treatment 
perspectives. Cancers (Basel). 2020;13:1.

[9] Ostrom Q, Patil N, Cioffi G, et al. Corrigendum to: 
CBTRUS statistical report: primary brain and other 
central nervous system tumors diagnosed in the 
United States in 2013-2017. Neuro Oncol. 2020. 
DOI:10.1093/neuonc/noaa269

[10] Hong D, Fritz A, Finstad K, et al. Suppression of breast 
cancer stem cells and tumor growth by the RUNX1 
transcription factor. Mol Cancer Res. 2018;16 
(12):1952–1964.

[11] Levanon D, Groner Y. Structure and regulated expres
sion of mammalian RUNX genes. Oncogene. 2004;23 
(24):4211–4219.

[12] Sumazin P, Yang X, Chiu H, et al. An extensive 
microRNA-mediated network of RNA-RNA interac
tions regulates established oncogenic pathways in 
glioblastoma. Cell. 2011;147(2):370–381.

[13] Teng H, Wang P, Xue Y, et al. Role of HCP5-miR-139- 
RUNX1 feedback loop in regulating malignant beha
vior of glioma cells. Mol Ther. 2016;24(10):1806–1822.

[14] Zhao K, Cui X, Wang Q, et al. Shang R RUNX1 
contributes to the mesenchymal subtype of glioblas
toma in a TGFβ pathway-dependent manner. Cell 
Death Dis.

[15] Li W, Ma Q, Liu Q, et al. Circ-VPS18 knockdown 
enhances TMZ sensitivity and inhibits glioma 

BIOENGINEERED 11779

https://doi.org/10.1093/neuonc/noaa269


progression by MiR-370/RUNX1 axis. J Mol Neurosci. 
2020. DOI:10.1007/s12031-020-01749-8

[16] Bartel DP. MicroRNAs: genomics, biogenesis, mechan
ism, and function. Cell. 2004. DOI:10.1016/S0092- 
8674(04)00045-5

[17] Han J, LaVigne C, Jones B, et al. A ubiquitin ligase 
mediates target-directed microRNA decay indepen
dently of tailing and trimming. Science (New York, 
NY). 2020;370(6523). DOI: 10.1126/science.abc9546.

[18] Goodall G, Wickramasinghe V. RNA in cancer. Nat 
Rev Cancer. 2021;21(1):22–36.

[19] Tumilson C, Lea R, Alder J, et al. Circulating microRNA 
biomarkers for glioma and predicting response to 
therapy. Mol Neurobiol. 2014;50(2):545–558.

[20] Sun Y, Chen G, He J, et al. Clinical significance and 
potential molecular mechanism of miRNA-222-3p in 
metastatic prostate cancer. Bioengineered. 2021;12 
(1):325–340.

[21] Lu J, Liang J, Xu M, et al. Identification of an 
eleven-miRNA signature to predict the prognosis of endo
metrial cancer. Bioengineered. 2021;12(1):4201–4216.

[22] Li Q, Chang Y, Mu L, et al. MicroRNA-9 enhances 
chemotherapy sensitivity of glioma to TMZ by sup
pressing TOPO II via the NF-κB signaling pathway. 
Oncol Lett. 2019;17(6):4819–4826.

[23] Fei X, Wang Z, Shi L, et al. PI3K inhibitor combined 
with miR-125b inhibitor sensitize TMZ-induced 
anti-glioma stem cancer effects through inactivation 
of Wnt/beta-catenin signaling pathway. Vitro Cellular 
Developmental Biol Anim. 2015;51(10):1047–1055.

[24] Wu H, Liu Q, Cai T, et al. MiR-136 modulates glioma 
cell sensitivity to temozolomide by targeting astrocyte 
elevated gene-1. Diagn Pathol. 2014;9:173.

[25] Zhou D, Lin X, Wang P, et al. Circular RNA 
circ_0001162 promotes cell proliferation and invasion 
of glioma via the miR-936/ERBB4 axis. Bioengineered. 
2021;12(1):2106–2118.

[26] Dallas S. Multidrug resistance-associated proteins: 
expression and function in the central nervous 
system. Pharmacol Rev. 2006;58(2):140–161.

[27] Munoz M, Henderson M, Haber M, et al. Role of the 
MRP1/ABCC1 multidrug transporter protein in 
cancer. Iubmb Life. 2010;59:12.

[28] Schinkel AH. The roles of P-Glycoprotein and MRP1 
in the blood-brain and blood-cerebrospinal fluid 
barriers. Adv Exp Med Biol. 2001;500:365–372.

[29] Miranda A, Blanco-Prieto M, Sousa J, et al. Breaching 
barriers in glioblastoma. Part I: molecular pathways 
and novel treatment approaches. Int J Pharm. 
2017;531(1):372–388.

[30] Gao W, Jin Y, Hao J, et al. Hydroxyurea affects in vitro 
porcine oocyte maturation through increased apoptosis 
and oxidative stress. Biosci Rep. 2021. DOI:10.1042/ 
bsr20203091

[31] Costa P, Gomes A, Braz M, et al. Escherichia 
coliApplication of the resazurin cell viability assay to 
monitor and typhimurium inactivation mediated by 

phages. Antibiotics (Basel, Switzerland). 2021;10(8). 
DOI: 10.3390/antibiotics10080974.

[32] Guan B, Li G, Wan B, et al. RNA-binding protein 
RBM38 inhibits colorectal cancer progression by partly 
and competitively binding to PTEN 3ʹUTR with miR- 
92a-3p. Environ Toxicol. 2021. DOI:10.1002/tox.23356

[33] Tang W, Zhang L, Li Z. Long noncoding RNA 
LOC100911498 is a novel regulator of neuropathic 
pain in rats. Brain Behav. 2021;e01966. DOI:10.1002/ 
brb3.1966

[34] Ma H, Jiang T, Tang W, et al. Transplantation of 
platelet-derived mitochondria alleviates cognitive 
impairment and mitochondrial dysfunction in db/db 
mice. Clin sci. 2020;134(16):2161–2175.

[35] Munoz M, Henderson M, Haber M, et al. Role of the 
MRP1/ABCC1 multidrug transporter protein in can
cer. IUBMB Life. 2007;59(12):752–757.

[36] D’Angelo F, Ceccarelli M, Tala GL, et al. The molecular 
landscape of glioma in patients with neurofibromatosis 
1. Nat Med. 2019;25(1):176–187.

[37] Zhou L, Tang H, and Wang F, et al. Bioinformatics 
analyses of significant genes, related pathways and 
candidate prognostic biomarkers in glioblastoma. Mol 
Med Rep. 2018 Nov;182: 4185–4196.

[38] Yu Y, Villanueva-Meyer J, Grimmer M, et al. 
Temozolomide-induced hypermutation is associated 
with distant recurrence and reduced survival after 
high-grade transformation of low-grade IDH-mutant 
gliomas. Neuro Oncol. 2021. DOI:10.1093/neuonc/ 
noab081

[39] Tan J, Duan X, Zhang F, et al. Theranostic nanomedi
cine for synergistic chemodynamic therapy and che
motherapy of orthotopic glioma. Adv Sci (Weinheim, 
Baden-Wurttemberg, Germany). 2020;7(24):2003036.

[40] Mathur R, Zhang Y, Grimmer M, et al. MGMT pro
moter methylation level in newly diagnosed low-grade 
glioma is a predictor of hypermutation at recurrence. 
Neuro Oncol. 2020;22(11):1580–1590.

[41] Wang Q, Cai J, Fang C, et al. Mesenchymal glioblas
toma constitutes a major ceRNA signature in the TGF- 
β pathway. Theranostics. 2018;8(17):4733–4749.

[42] Miao Y, Zhao Y, Zhao L, et al. MiR-18a increased the 
permeability of BTB via RUNX1 mediated 
down-regulation of ZO-1, occludin and claudin-5. 
Cell Signal. 2015;27(1):156–167.

[43] Lu C, Wei Y, Wang X, et al. DNA-methylation- 
mediated activating of lncRNA SNHG12 promotes 
temozolomide resistance in glioblastoma. Mol Cancer. 
2020;19:1.

[44] Carro MS, Lim WK, Alvarez MJ, et al. The transcrip
tional network for mesenchymal transformation of 
brain tumours. Nature. 2010;463(7279):318–325.

[45] Cao S, and Zheng L. MiR-378 has the capacity to serve 
as a diagnostic biomarker for prostate cancer patient. 
2020. doi:10.21203/rs.3.rs-53222/v1.

[46] Liu K, Hu H, and Jiang H, et al. Transcription factor 
Runx1 activates opn to promote tumor progression in 

11780 J. XU ET AL.

https://doi.org/10.1007/s12031-020-01749-8
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1126/science.abc9546
https://doi.org/10.1042/bsr20203091
https://doi.org/10.1042/bsr20203091
https://doi.org/10.3390/antibiotics10080974
https://doi.org/10.1002/tox.23356
https://doi.org/10.1002/brb3.1966
https://doi.org/10.1002/brb3.1966
https://doi.org/10.1093/neuonc/noab081
https://doi.org/10.1093/neuonc/noab081
https://doi.org/10.21203/rs.3.rs-53222/v1


head and neck cancer. Carcinogenesis. 2021 Apr 17;42 
(3): 414–422.

[47] Turai P, Nyírő G, Butz H, et al. MicroRNAs, long 
non-coding RNAs, and circular RNAs: potential biomar
kers and therapeutic targets in pheochromocytoma/para
ganglioma. Cancers (Basel). 2021;13:7.

[48] Lin Y, Chen T, Huang Y, et al. Involvement of 
microRNA in solid cancer: role and regulatory 
mechanisms. Biomedicines. 2021;9:4.

[49] Zhang D, Ma S, Zhang C, et al. MicroRNA-935 directly 
targets FZD6 to inhibit the proliferation of human 
glioblastoma and correlate to glioma malignancy and 
prognosis. Front Oncol. 2021;11:566492.

[50] Zhao L, Li R, Xu S, et al. Tumor suppressor miR-128- 
3p inhibits metastasis and epithelial-mesenchymal 
transition by targeting ZEB1 in esophageal 
squamous-cell cancer. Acta Biochim Biophys Sin 
(Shanghai). 2018. DOI:10.1093/abbs/gmx132

[51] Shahzad U, Krumholtz S, Rutka J, et al. Noncoding 
RNAs in glioblastoma: emerging biological concepts 
and potential therapeutic implications. Cancers 
(Basel). 2021;13:7.

[52] Liu T, Zhang X, Du L, et al. Exosome-transmitted miR- 
128-3p increase chemosensitivity of oxaliplatin- 
resistant colorectal cancer. Mol Cancer. 2019;18:1.

[53] Chen Y, Wu N, Liu L, et al. microRNA-128-3p over
expression inhibits breast cancer stem cell characteris
tics through suppression of Wnt signalling pathway by 
down-regulating NEK2. J Cell Mol Med. 2020;24. 
DOI:10.1111/jcmm.15317.

[54] Tong WY, Alnakhli M, Bhardwaj R, et al. Delivery of 
siRNA in vitro and in vivo using PEI-capped porous silicon 
nanoparticles to silence MRP1 and inhibit proliferation in 
glioblastoma. J Nanobiotechnology. 2018;16(1):38-38.

[55] Huang M, Zhang D, Wu J, et al. Wnt-mediated 
endothelial transformation into mesenchymal stem 
cell-like cells induces chemoresistance in 
glioblastoma. Sci Transl Med. 2020;12:532.

[56] Cole S. Targeting multidrug resistance protein 1 
(MRP1, ABCC1): past, present, and future. Annu Rev 
Pharmacol Toxicol. 2014;54:95–117.

[57] Calatozzolo C, Pollo B, Botturi A, et al. Multidrug 
resistance proteins expression in glioma patients with 
epilepsy. J Neurooncol. 2012;110(1):129–135.

[58] Amanda T, Zaitun Z, Caitr?-N O, et al. Inhibition of 
multidrug resistance protein 1 (MRP1) improves che
motherapy drug response in primary and recurrent 
glioblastoma multiforme. Front Neurosci. 2015;9:218.

[59] Tivnan A, Zakaria Z, O’Leary C, et al. Inhibition of 
multidrug resistance protein 1 (MRP1) improves che
motherapy drug response in primary and recurrent 
glioblastoma multiforme. Front Neurosci. 2015;9:218.

[60] Zhang T, Shao Y, Chu T, et al. MiR-135a and MRP1 
play pivotal roles in the selective lethality of phenethyl 
isothiocyanate to malignant glioma cells. Am J Cancer 
Res. 2016;6(5):957–972.

[61] Hasanzadeh Kafshgari M, Alnakhli M, Delalat B, et al. 
Small interfering RNA delivery by polyethylenimine- 
functionalised porous silicon nanoparticles. Biomater Sci. 
2015;3(12):1555–1565.

BIOENGINEERED 11781

https://doi.org/10.1093/abbs/gmx132
https://doi.org/10.1111/jcmm.15317

	Abstract
	Introduction
	Methods
	Cell culture and treatment
	Cell viability assay analysis
	Plasmid construction and cell transfection
	Apoptosis
	Colony formation assay
	Transwell migration and invasion assay
	Dual luciferase reporter assay
	RNA fluorescence in situ hybridization (FISH)
	Databases
	Western blot analysis
	Patients and tissue samples
	Quantitative RT-PCR (qRT-PCR)
	Immunohistochemistry
	Statistical analysis

	Results
	RUNX1 expression is upregulated in recurrent GBM patients
	RUNX1 regulates TMZ sensitivity in GBM cells
	RUNX1 knockdown inhibits cell proliferation, migration and invasion
	RUNX1 is negatively targeted by miR-128-3p in GBM cells
	MiR-128-3p attenuates TMZ resistance in GBM cells by downregulating RUNX1
	RUNX1/miR-128-3p axis regulates MRP1 expression in TMZ-resistant GBM cells

	Discussion
	Conclusion
	Disclosure statement
	Funding
	References

