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Background:Although temozolomide (TMZ) resistance is a significant clinical problem in glioblastoma (GBM), its
underlying molecular mechanisms are poorly understood. In this study, we identified the role of exosomal
microRNAs (miRNAs) from TMZ-resistant cells as important mediators of chemoresistance in GBM cells.
Methods: Exosomes were isolated from TMZ-resistant GBM cells and characterized via scanning electronmicros-
copy (SEM). Expression levels of miR-1238 in GBM cell lines and their exosomes, clinical tissues, and sera were
evaluated by RT-qPCR. In vitro and in vivo experiments were performed to elucidate the function of exosomal
miR-1238 in TMZ resistance in GBM cells. Co-immunoprecipitation assays and western blot analysis were used
to investigate the potential mechanisms of miR-1238/CAV1 that contribute to TMZ resistance.
Findings: MiR-1238 levels were higher in TMZ-resistant GBM cells and their exosomes than in sensitive cells.
Higher levels of miR-1238 were found in the sera of GBM patients than in healthy people. The loss of miR-
1238 may sensitize resistant GBM cells by directly targeting the CAV1/EGFR pathway. Furthermore, bioactive
miR-1238 may be incorporated into the exosomes shed by TMZ-resistant cells and taken up by TMZ-sensitive
cells, thus disseminating TMZ resistance.
Interpretation: Our findings establish that miR-1238 plays an important role in mediating the acquired
chemoresistance of GBMand that exosomalmiR-1238may confer chemoresistance in the tumourmicroenviron-
ment. These results suggest that circulating miR-1238 serves as a clinical biomarker and a promising therapeutic
target for TMZ resistance in GBM.
Fund: This study was supported by the National Natural Science Foundation of China (No·81402056, 81472362,
and 81772951) and the National High Technology Research and Development Program of China (863)
(No·2012AA02A508).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

GBM is one of themost aggressive human cancers. Despite intensive
therapeutic strategies including surgery, chemotherapy, and radiother-
apy, the median survival remains b15months [1,2]. TMZ has been used
as a first-line chemotherapy; however, resistance to the drug
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significantly limits the prognosis associated with GBM patients [3,4].
Therefore, research on themolecularmechanisms of themalignant phe-
notype of GBM is necessary for prognostic and treatment strategies for
this tumour.

Extracellular vesicles (EVs) shed by cells are membrane-enclosed
nanospheres that serve as important mediators of intercellular commu-
nication [5,6]. Exosomes are generally the most abundant type of EVs,
ranging from 40 to 100 nm in size. Their capacity as efficient carriers
of RNAs, proteins, and other bioactive molecules make them important
players during tumorigenesis and drug resistance [7,8]. Results fromour
previous study indicated that exosomes from GBM cells harbouring
PTPRZ1-MET fusion mediated the aggressive character of GBM [9].
MicroRNAs are small endogenous noncoding RNAs that act as gene reg-
ulators at the transcriptional and posttranscriptional levels by binding
to 3′-untranslated regions (UTRs) [10]. For example, miR-423-5p func-
tioned as an oncogene in GBM tissues by suppressing ING-4 [11].
Recently, exosomal miRNAs have received substantial attention.
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

GBM is one of the most aggressive tumours in adults. The current
standard treatment for GBM consists of surgical resection, adju-
vant radiation therapy, and chemotherapy. Temozolomide (TMZ)
is employed as a first-line drug for GBM.However, drug resistance
significantly limits the durability of the treatment response.
Exosomes are newly discovered extracellular vesicles. Exosomes
are involved in intercellular communication by transporting their
intracellular cargos, such as proteins and RNAs. Recent research
results indicate that the exosomal transfer of miRNAs plays an im-
portant role in glioma progression and chemoresistance. For ex-
ample, exosomes from glioma-associated mesenchymal stem
cells increase the tumorigenicity of glioma stem-like cells via trans-
fer of miR-1587. Our previous study also showed that exosomal
transfer of miR-151a enhances chemosensitivity to TMZ in drug-
resistantGBM.Thus,we tend to figure outmore availablemiRNAs
in exosomes, which contribute to chemoresistance for GBM.

Added value of this study

In this study, we found that exosomal miR-1238 from TMZ resis-
tant GBM cells confers acquired chemoresistance to TMZ sensi-
tive GBM cells. In addition, the level of exosomal miR-1238
might serve as a biomarker for predicting treatment reaction of
GBM patients. Furthermore, we investigated the mechanisms of
exosomal miR-1238 inducing TMZ resistance. Results showed
that exosomal miR-1238 activates EGFR pathway via directly
targeting CAV1. In summary, this study demonstrated that
exosomal miR-1238 plays an essential role in modulating
chemoresistance in GBM cells.

Implications of all the available evidence

This study identified a novel exosomal miRNA that contributes to
the advanced chemoresistance of GBM, and suggested that circu-
lating miR-1238 serves as a clinical biomarker and a promising
therapeutic target for TMZ resistance in GBM.
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MiR-21-rich exosomes derived from hypoxic oral squamous cell carci-
noma (OSCC) can promote pro-metastatic behaviours [12]. Moreover,
exosomal miR-29a binds to toll-like receptors in nearby tumour-
associated macrophages and triggers a proinflammatory reaction in
lung cancer [13]. However, whether exosomal miRNAs contribute to
TMZ resistance in GBM tissues remains to be elucidated. Here, we iden-
tified a significant role of exosomal miR-1238 on TMZ resistance in
GBM.
2. Materials and methods

2.1. Human tissue samples

Thirteen primary GBM specimens and thirteen recurrent samples
were obtained from the First Affiliated Hospital of NanjingMedical Uni-
versity (Nanjing, Jiangsu, China). The detailed characteristics of enrolled
patients are provided in Supplementary Table 1. All tissue sampleswere
collected during surgery, frozen immediately in liquid nitrogen, and
stored for total RNA or protein extraction.
2.2. Ethics approval and consent to participate

This study was approved by the institutional review board and the
ethics committee of Nanjing Medical University and written informed
consent was obtained from all patients, in accordance with the guide-
lines established in the Declaration of Helsinki. All animal studies
were approved by Jiangsu Animal Experimental for Medical and Phar-
maceutical Research Center and were conducted in compliance with
animal-use guidelines established in Nanjing China.
2.3. Cell culture

ThehumanGBMcell lineU251was obtained from theChinese Acad-
emy of Sciences Cell Bank (Shanghai, China) and primary human N3
GBM cells were obtained from Beijing Neurosurgical Institute, Capital
Medical University (Beijing, China). Both cell lines were maintained in
Dulbecco'smodifiedEagle'smedium (DMEM)with high glucose and so-
dium pyruvate supplemented with 10% foetal bovine serum and antibi-
otics (100 units/mL penicillin and 100 units/mL streptomycin). The
primary GBM cells (GBM1) were established from a newly diagnosed
GBM patient (51-year-old female; frontal; MGMT: unmethylated;
IDH1/2: wild-type). rGBM1 cells were established from a recurrent
GBM patient (63-year-old male; frontal; MGMT: methylated; IDH1/2:
wild-type). sGBM2 cells were established from a newly diagnosed
GBM patient (45-year-old male; frontal; MGMT: unmethylated; IDH1/
2: wild-type). rGBM2 cells were established from a recurrent GBM
patient (67-year-old female; frontal; MGMT: methylated; IDH1/2:
wild-type). GBM surgical specimens were collected and dissociated
into single cells by placing them in Accutase® (purchased from
Sigma-Aldrich, St. Louis, MO, USA) or an enzyme cocktail for
15–20 min at 37 °C. The primary GBM cells used for the experiments
were cultured in DMEM supplemented with 10% foetal bovine serum
and were replenished every three months from frozen stocks.
2.4. RNA extraction and quantitative reverse transcription PCR (RT-qPCR)

Total RNA was isolated from human GBM tissues or cultured cells
using TRIzol reagent (Invitrogen/Thermo Fisher Scientific, Carlsbad,
CA, USA) according to the standard protocol. For exosomal RNA extrac-
tion, 750 uL TRIzol-LS was used to crack 250 ul exosome suspension,
then chloroform was used to separate the pyrolysis liquid phase and
the upper liquid was added to isopropanol to precipitate RNA in the
exosome suspension. A stem-loop-specific primer method was used to
measure miR-1238 expression as described previously [14]. U6 expres-
sion was used as an endogenous control [15]. The cDNA was amplified
by qRT-PCR using SYBR® Premix Ex Taq™ (Takara, Kusatsu, Japan) on
a 7900HT system (Applied Biosystems/Thermo Fisher Scientific, Foster
City, CA, USA). Fold changes were calculated by relative quantification
(2-ΔΔCt).
2.5. Protein extraction and immunoblotting

Protein extraction and western blot analysis were performed as de-
scribed previously [16]. Antibodies against CAV1 (Cell Signaling Tech-
nology, Danvers, MA, USA)), cleaved caspase-3 (Cell Signaling
Technology), CD63 (Abcam, Cambridge, UK)), CD81 (Cell Signaling
Technology), EGFR and phosphorylated EGFR (Cell Signaling Technol-
ogy), PI3K and phosphorylated PI3K (Cell Signaling Technology), Akt
and pAkt Ser473 (Cell Signaling Technology), mTOR and phosphory-
lated mTOR (Cell Signaling Technology), and β-actin (1:10000, AC-74;
Sigma-Aldrich) were used.



Table 1:
IC50 of U251s and U251r calculated after TMZ treatment

Drug Rf p value

IC50
a (mM)

U251r U251 s

TMZ 14.26 ± 0.04 2.31 ± 0.04 6.17 p b .05

Table 2:
IC50 of N3s and N3r calculated after TMZ treatment

Drug Rf p value

IC50
a (mM)

N3r N3 s
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2.6. Plasmid construction, lentiviral packaging, and stable cell line
establishment

CAV1 and EGFR cDNAwere purified byGenechem (Shanghai, China)
and cloned into pcDNA3·1-FLAG and pcDNA3·1-Myc vectors to gener-
ate pcDNA3·1-FLAG-CAV1 and pcDNA3·1-Myc-EGFR plasmids. The
transfection was performed according to the manufacturer's instruc-
tions for LipofectamineTM 2000 transfection reagent (Invitrogen/
Thermo Fisher Scientific). A lentiviral packaging kit was purchased
fromGenechem (Shanghai, China). Lentivirus carryingmiR-1238 inhib-
itor or miR-NC was packaged in human embryonic kidney 293 T cells
and the virus was collected according to the manufacturer's instruc-
tions. Stable cell lines were established by infecting U251r, N3r,
rGBM1, and rGBM2 cells with lentivirus, followed by puromycin
selection.
TMZ 8.39 ± 0.09 1.04 ± 0.05 8.07 p b .05
2.7. Cell viability and colony formation assay

For the cell counting kit-8 (CCK-8) assay, stable transfected or
exosome-treated U251r, N3r, rGBM1, and rGBM2 cells were seeded in
96-well plates and cultured for 24, 48, 72, and 96 hwith TMZ treatment.
After a 1 h incubationwith CCK-8 at 37 °C, absorbancewas detected (OD
value) at a wavelength of 450 nm.

For the colony formation assay, cells were harvested 24h after trans-
fection and then seeded in 6-well plates and cultured for approximately
2 weekswith or without TMZ treatment until colony formationwas ob-
served. The colony formation rate was used to calculate the cell survival
rate.
Fig. 1.MiR-1238 is highly expressed in TMZ-resistantGBM cells and tissues. A: The CGGAdataba
B: RT-qPCR analysis of miR-1238 expression in thirteen primary and thirteen recurrent GBM s
and recurrent GBM specimen (rGBM1)were assessed by FISH (scale bars= 50 μm). Lower: The
bars = 50 μm). D: RT-qPCR analysis of miR-1238 expression in TMZ-sensitive U251s and N3s
experiments, data are mean ± SD of triplicate measurements. (Statistical analysis was perform
2.8. Apoptosis and flow cytometric analysis

The apoptosis assay was performed after transfection or exosomal
treatment using the annexin V-fluorescein isothiocyanate Apoptosis
Detection Kit I (BD Biosciences, San Jose, CA, USA) and assessed by
fluorescence-activated cell sorting (FACS).
2.9. Terminal deoxynucleotidyl transferase dUTP nick end labelling analysis

After transfection or exosomal treatment of GBM cells, a terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
sewas used to analyse the expression ofmiR-1238 inprimary and recurrentGBM samples.
amples. C: Upper: The expression levels of miR-1238 in primary GBM specimen (pGBM1)
expression levels of cleaved caspase-3 in pGBM1 and rGBM1were assessed by IHC (scale
cells as well as TMZ-resistant cells U251r and N3r (normalized by U6 expression). In all
ed by Student‘s t-test, *P b .05, **P b .01.)



Fig. 2.MiR-1238 levels in serumandGBMexosomes correlatewith TMZ resistance. A: Relative expression ofmiR-1238 in serum sampleswasmeasured by RT-qPCR. B: Relative expression
of miR-1238 in serum samples wasmeasured by RT-qPCR. C: Relative expression of miR-1238 in culture medium (CM) of GBM cells wasmeasured by RT-qPCR. D: Relative expression of
miR-1238 in exosomes of GBM cells wasmeasured by RT-qPCR. In all experiments, data aremean± SD of triplicate measurements. (Statistical analysis was performed by Student‘s t-test,
*P b .05, **P b .01.)
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apoptosis detection kit (MilliporeSigma, Burlington,MA, USA)was used
according to the manufacturer's instructions.

2.10. Luciferase reporter assay

Thewild-type andmutated putativemiR-1238 target in the CAV13′-
UTR were cloned into a pGL3-control luciferase reporter plasmid
(Invitrogen/Thermo Fisher Scientific). Firefly and Renilla luciferase sig-
nals were determined using a Dual-Luciferase® Assay Kit (Promega,
Madison, WI, USA).

2.11. Immunohistochemistry (IHC) and fluorescence in situ hybridization
(FISH)

Immunohistochemistry to detect CAV1 and cleaved caspase-3 in
GBM samples was performed as described previously [17].

The expression levels ofmiR-1238 inGBM sampleswere detected by
FISH as previously described [18]. The mature human miR-1238 se-
quence was: 3′-CCCCGGUCGCCCUC-5′. We used (LNA)-based probes
directed against the full lengthmaturemiRNA sequence. The 5′-FAM-la-
belled miR-1238 probe sequence was: 5′-GGGGCCAGCGGGAG-3′ pur-
chased from BioSense (Guangzhou, China). The FISH procedure was
performed according to the BioSense instructions.

2.12. Co-immunoprecipitation

Co-immunoprecipitation assays were performed using a Co-IP kit
(Thermo Fisher Scientific, Waltham, MA, USA). Briefly, precleared cell
lysates were incubated with anti-FLAG or anti-Myc antibody on a rota-
tor overnight at 4 °C. Next, the mixtures were incubated with
immobilized protein A/G beads (Thermo Fisher Scientific) on a rotator
for 2 h at 4 °C. The beads were collected and washed five times with
IP wash buffer. SDS loading buffer was then added to the beads and
the samples were denatured at 95 °C for 8–10min. Finally, the superna-
tants were collected and analysed through western blotting as de-
scribed above.

2.13. Exosome isolation and characterization

Exosomes were isolated from GBM cell culture supernatants or
the serum of GBM patients and healthy volunteers as previously de-
scribed [19]. In brief, culture supernatants or the serum were col-
lected and differentially centrifuged at 300g for 10 min, 1000 ×g for
20 min and 10,000 ×g for 30 min. Next, the supernatants were fil-
tered using 0·22 μm filter units (Millex-GP; EMD Millipore, Darm-
stadt, Germany) and ultracentrifuged at 100,000 ×g for 3 h at 4 °C.
After removing the supernatant, the pellets were resuspended in
ice-cold PBS. Then the suspension was centrifuged at 100,000 ×g for
another 3 h at 4 °C. Exosome pellets were resuspended in PBS and
stored at −80 °C. The concentration of exosomes was measured via
BCA methods. Exosomes were visualized by transmission electron mi-
croscopy and confirmed by the expression of CD63 and CD81, which
are specific proteins of exosomes. The exosome samples were de-
tected on a NanoSight NS300 particle size analyser (NTA; Malvern
Panalytical, Malvern, UK) equipped with a 450 nm laser. After the
exosome particles were irradiated by the laser beam, they were



Fig. 3. Exosomal transfer of miR-1238. A: Electron microscopy images of exosomes derived from TMZ-resistant and TMZ-sensitive cells (scale bars = 100 nm). B: Western blot analysis
showing the presence of CD63 and CD81 in exosomes and cells. C: The NanoSight particle-tracking system was used to measure the size (diameters) of exosomes. D: Representative
confocal microscopy image showing the internalization of Dil-labelled exosomes by TMZ-sensitive cells (scale bars = 10 μm). E: The level of mature and pri/pre miR-1238 in
exosome-treated TMZ-sensitive cells controlled by PBS treatment. In all experiments, data are mean ± SD of triplicate measurements. (Statistical analysis was performed by Student‘s
t-test, *P b .05, **P b .01.)
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Fig. 4.ExosomalmiR-1238 conferred TMZ resistance toGBMcells in vitro. A andB: Relative cell viability of TMZ-sensitive cells,whichwere pre-treatedwith different exosomes (30 μg/mL)
for 48 h under TMZ treatment for indicated times or indicated concentrations. C: Plate colony formation assays of the TMZ-sensitive cells after treatment with different exosomes (30
μg/mL) with or without TMZ treatment. D: FACS analysis was performed to assess the apoptotic rates of TMZ-sensitive cells fed with different exosomal treatments (30 μg/mL) with
200 μM TMZ for 48 h. E: Apoptotic protein cleaved caspase-3 in TMZ-sensitive cells after treatment with different exosomes (30 μg/mL) with 200 μM TMZ for 48 h. In all experiments,
data are mean ± SD of triplicate measurements. (Statistical analysis was performed by Student‘s t-test, *P b .05, **P b .01.)
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visualized by a microscope equipped with a camera and the video
files of the Brownian motion of the exosomes were captured. The
Einstein equation was used to calculate concentration and hydrody-
namic diameter based on motion.

2.14. Xenograft studies and treatment experiments

Male nude mice (6-weeks-old) were purchased from Shanghai Ex-
perimental Animal Centre of the Chinese Academy of Sciences and the
in vivo studies were performed as previously described [20]. To estab-
lish intracranial GBMs, 0·5 × 105 U251r and U251s cells stably express-
ing the luciferase reporter were stereotactically implanted. Before
implantation, U251r cells were transfected with a lentivirus carrying
miR-1238 inhibitor and U251s cells were treated with 50 μg of
exosomes purified from the culture supernatants of U251r cells and cul-
tured for 6 days in Exo-free medium. Themice were imaged for Fluc ac-
tivity using bioluminescence imaging after an intraperitoneal injection
of D-luciferin (10 μL/g). Tumours from mouse flanks and brains were
fixed in 4% paraformaldehyde for 24h followed by incubation in 30% su-
crose for 48h. Paraffin-embedded tissue sections were stained with
haematoxylin–eosin (H&E). Three sections per tumour were analysed
to quantify staining.

2.15. Statistical analysis

All experiments were performed three times and all values are pre-
sented as the mean ± standard deviation (SD). The correlations be-
tween miR-1238 expression and CAV1 levels in GBM tissues were
analysed using the Spearman rank test. Statistical evaluation for data
analysis was determined using the t-test. The differences were consid-
ered to be statistically significant at P b .05.

3. Results

3.1. MiR-1238 is highly expressed in TMZ-resistant GBM cells and tissues

In our previous study [21], we identified four miRNAs (miR-1280,
miR-1238, miR-938, and miR-423-5p) overexpressing in TMZ
chemoresistant tissues compared with TMZ chemosensitive tissues
Meanwhile, the aberrant expression of thesemiRNAs confer a relatively
poor prognosis. However, further research is necessary to clarify the role
of these miRNAs in the development of GBM. Therefore, we selected
miR-1238, one of the miRNAs exhibiting the highest expression levels
in the TMZ chemoresistant subtype.

To fully assess the expression of miR-1238 in GBM, all miRNA
profiles of 198 GBM samples were downloaded from the Chinese GBM
Genome Atlas (CGGA) data portal (newly updated) and analysed. As
shown in Fig. 1A, miR-1238 expression was significantly higher in
SecGBM samples than in PriGBM samples. Then, using quantitative re-
verse transcription PCR (RT-qPCR) analysis, we confirmed that miR-
1238 was dramatically upregulated in the recurrent GBM samples
(n = 13) versus primary GBM tissues (n = 13) (Fig. 1B). In addition,
using fluorescent in situ hybridization (FISH), we found that the recur-
rent tumours exhibited significantly highermiR-1238 staining intensity
compared with primary tumours (Fig. 1C). Based on these results, we
next sought to explore whether miR-1238 played an important role in
TMZ resistance. We established two TMZ-resistant cell lines using
Fig. 5. Identification of CAV1 as a direct target ofmiR-1238. A: Venn diagram displaying potentia
Wild-type andmutant CAV1 3’-UTR reporter constructs. C: Luciferase/s'-UTR reporter assays we
showed that CAV1 expression levelswere lower in cells withmiR-1238 inhibitor transfection. E:
Left: Immunoprecipitation of the RNA-induced silencing complex (Ago2-RISC) using the Ago2
employed as a negative control and β-actin was used as an internal control. Middle: RT-qPCR
used as an internal control. Right: RT-qPCR analysis was performed to measure the levels of
Western blot analysis was performed to estimate the levels of CAV1 in pGBM and the corre
Pearson's correlation analysis of the relative expression levels of miR-1238 and CAV1. In all
performed by Student‘s t-test, *P b .05, **P b .01.)
U251 and N3 cells (U251r and N3r) by stepwise revulsion with TMZ
over 6 months (Fig. S1A). To validate the chemoresistance of U251r
and N3r, we performed cell colony formation assays and RF (resistance
factor) to test the effect (Fig. S1B and C). The results showed that U251r
and N3r exhibit about a 6- or 8-fold resistance to TMZ compared with
U251s and N3s, respectively (Tables 1 and 2). RT-qPCR indicated that
U251r and N3r express higher miR-1238 levels than the respective pa-
rental cell lines U251s and N3s (Fig. 1D).

3.2. MiR-1238 levels in serum and GBM exosomes correlate with TMZ
resistance

We next explored whether miR-1238 could exist in an extracellular
milieu and act as a biomarker for GBM patients. As shown in Fig. 2A, the
average expression levels of miR-1238 in serum from LGG and HGG pa-
tients were higher than in healthy volunteers. However, there was no
significant difference between LGG and HGG samples. Furthermore, as
shown in Fig. 2B, the average expression level of miR-1238 in serum
from recurrent GBM patients (mentioned previously) was upregulated
compared with primary GBM patient serum (Fig. 1B). These results in-
dicated that the expression level of miR-1238 in the extracellularmilieu
may correlate with TMZ resistance in GBM patients. Next, RNAs in the
culture medium (CM) and exosomes of TMZ-sensitive and resistant
U251, N3, GBM1, and GBM2 cells were extracted. Compared with sensi-
tive CM,miR-1238 levelswere increased in resistant CM(Fig. 2C). A cor-
relation was also observed between sensitive and resistant exosomes
(Fig. 2D).

Together, these results indicate a possible role of miR-1238 in the
regulation of TMZ resistance. In addition, circulatingmiR-1238may pro-
vide a new biomarker for GBM patients.

3.3. Exosomal miR-1238 conferred TMZ resistance to GBM cells in vitro

Cell-secreted exosomes have been shown to act asmediators of cell-
cell communication and their cargoes can be internalized by
neighbouring cells [22,23]. Exosomal transfer of miRNAs between living
cells can facilitate their targeted exchange [24]. Recently, certain studies
have suggested that exosomes derived from resistant cancer cells can
confer drug resistance to sensitive cells [25]. Moreover, components
embedded in circulating exosomes may serve as easily accessible bio-
markers for the evaluation of drug response in patients [26]. Thus, we
investigated whether resistant GBM cells could confer TMZ resistance
to sensitive cells via exosomal miRNAs.

First, exosomes were isolated from U251r and N3r cells. Next, trans-
mission electron microscopy (TEM), immunoblot (using CD63, CD81),
and the NanoSight particle-tracking system were used to characterize
and quantify (Fig. 3A, B, and C). The number of U251r andN3r exosomes
were similar and they had similar morphology and size distributions.
Then, exosomes derived from U251r and N3r cells were labelled with
fluorescent Dil. Confocal microscopy captured the Dil-labelled
exosomes that were internalized by U251s and N3s cells during a
2-hour incubation (Fig. 3D). An increase in cellular levels of mature
miR-1238, but not pri/pre-miR-1238, was observed in recipient U251s
and N3s treated with the exosomes isolated from resistant cell lines
(Fig. 3E).

Next, we examined whether exosome-transferred miR-1238 could
confer the resistant phenotype to recipient GBM cells. First, we
l targets ofmiR-1238 by three prediction algorithms: TargetScan, miRWalk, and RNA22. B:
re used to validate the directing of the CAV1 3’-UTR bymiR-1238. D:Western blot analysis
The statistic analysis of CAV1 protein level in cells withmiR-1238 inhibitor transfection. F:
antibody in TMZ-resistant cells transfected with miR-NC or miR-1238 inhibitor. IgG was
analysis was performed to measure miR-1238 levels incorporated into RISC. U6 RNA was
CAV1 mRNA incorporated into RISC. GAPDH was used as an internal control. G and H:
sponding rGBM specimens (n = 13). The fold changes were normalized to α-tublin. I:
experiments, bars represent mean ± SD from three replicates. (Statistical analysis was
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generated 1238-down Exos (blockade of exosomal miR-1238) from
miR-1238 down cells (Fig. S2A and B). CCK-8 and colony formation as-
says were performed, and the results indicated that resistant tumour-
derived exosomes significantly increased the resistance of U251s and
N3s to TMZ (Fig. 4A, B, and C). Exosomes derived from TMZ resistant
cells also inhibited the apoptosis of TMZ sensitive cells (Fig. 4D). Simi-
larly, the apoptosis-related protein cleaved caspase-3 was measured
by western blotting and the results indicated that exosomes derived
from TMZ resistant cells significantly decreased the protein level of
cleaved caspase-3 in U251s and N3s cells under TMZ treatment
(Fig. 4E). Moreover, decreased exosomalmiR-1238 partially failed to in-
crease cell resistance to TMZ.

3.4. CAV1 is a direct target of miR-1238

To identify the potential mechanism by which miR-1238 induces
chemoresistance, we used TargetScan, miWalk, and RNA22 to predict
potential target genes and caveolin-1 (CAV1)was found to be our target
(Fig. 5A). CAV1 is the most studied member of the Caveolin family, act-
ing either as a tumour suppressor or as an oncogene [27]. Previous stud-
ies indicated that CAV1 might act as a tumour suppressor in GBM cells
[28,29]. To verify the functional significance of this finding, we mutated
the predicted 3′-UTR of the binding sites of miR-1238 (Fig. 5B) and per-
formed luciferase expression assays. The results indicated that wild-
type miR-1238 binding sites of the 3′-UTR of CAV1 led to decreased lu-
ciferase activity compared with mutated binding sites (Fig. 5C). Lower
expression levels of miR-1238 significantly increased CAV1 protein
and mRNA levels in U251r and N3r cells (Fig. 5D and E). Meanwhile,
exosomal transfer of miR-1238 also induced a significant decline in
CAV1 level in recipient cells (Fig. S3). To further verify the role of
CAV1 as a direct target of miR-1238, we used RNA-ChIP (chromatin im-
munoprecipitation) analysis to identify themRNAs thatwere selectively
abundant in the Ago/RISC complex after miR-1238 knockdown. As an
internal positive control, miR-1238 incorporation into RISC was signifi-
cantly decreased in miR1238-down cells (Fig. 5F). Next, we determined
the correlation between CAV1 levels andmiR-1238 expression levels in
the 13 pairs of GBM samples mentioned previously. CAV1 expression in
GBM samples were measured by western blot (Fig. 5G and H) and as
shown in Fig. 5I, Spearman's correlation analysis demonstrated that
CAV1 levels in GBM samples were inversely correlated with miR-1238
expression levels (Spearman's correlation r=−0.54). These data indi-
cated that CAV1 is a direct target of miR-1238.

Based on our preceding results, which support a critical role for
exosomal miR-1238 in mediating TMZ resistance and previous findings
that CAV1 could confer chemosensitivity in GBM cells [30]. Further-
more, it has been reported that TMZ can increase CAV1 expression in
experimental GBM grown in vivo [31]. Therefore, we hypothesized
that miR-1238 could confer resistance to TMZ by modulating CAV1.

Indeed, reduced expression of miR-1238 sensitized U251r cells to
TMZ treatment, as indicated by CCK-8 assays (Fig. 6A and B) and colony
formation assays supported these results (Fig. 6C). Fluorescence-
activated cell sorting (FACS) analysis was performed to detect cell apo-
ptosis rates. The results showed that miR1238-downregulation induced
more apoptotic cells compared with that of control cells in the presence
of TMZ treatment (Fig. 6D). Then, the apoptosis-related protein cleaved
caspase-3 was measured by western blotting and the results indicated
that downregulation of miR-1238 significantly increased the protein
level of cleaved caspase-3 in resistant cells (Fig. 6E). Further experi-
ments on chemoresistance were conducted. As indicated in Fig. 6A–E,
Fig. 6.Verification of CAV1 as a direct target of miR-1238. A and B: Relative cell viability of them
without sh-CAV1 transfection under 200 μM TMZ treatment for indicated times or indicated co
inhibitor-transfected TMZ-resistant cell lines (U251r and N3r) with or without sh-CAV1 transfe
rates of TMZ-resistant cells transduced withmiR-NC, miR-1238 inhibitor, or miR-1238 plus shC
apoptotic protein caspase-3 in TMZ-resistant cells transduced with miR-NC, miR-NC plus shCA
TMZ for 48 h. In all experiments, bars represent mean ± SD from three replicates. (Statistical a
the increased chemosensitivity induced by the downregulation of
miR-1238 was reversed by CAV1 downregulation. These results further
stated that CAV1 is a direct target of miR-1238 andmiR-1238/CAV1 can
regulate TMZ resistance in GBM cells.

3.5.MiR-1238/CAV1 signalingmodulates TMZ resistance via EGFR pathway

Next, we wanted to determine the mechanism by which miR-1238/
CAV1 contributes to TMZ resistance in GBM cells. CAV1 has been dem-
onstrated to interact with EGFR and stabilize the receptor kinase in an
inactive conformation thus inhibiting the autophosphorylation of
EGFR [32]. Different studies have revealed an important role for CAV1
in EGFR-induced effects on different cells [33,34]. Therefore, we exam-
ined the effects of miR-1238/CAV1 on EGFR activation in TMZ resistant
GBM cells. First, the colocalization of EGFR with CAV1 in U251r and N3r
cells were examined by confocal microscopy (Fig. 7A). To further con-
firm the interaction of CAV1 with EGFR, co-immunoprecipitations
were performed in U251 and N3 cells transfected with FLA-CAV1 and
Myc-EGFR. After immunoprecipitating CAV1, we detected the associ-
ated EGFR and vice versa (Fig. 7B). Significant differenceswere observed
in the abundance of phosphorylated EGFR (p-EGFR) among EGF-treated
U251 and N3 cells with si-CAV1 or si-Ctrl plasmids transfected (Fig. 7C).
Together, these results indicated that the activation of EGFR was sup-
pressed when interacted with CAV1 and CAV1 is a negative regulator
of EGFR activation. To measure the function of CAV1-EGFR interaction
on TMZ resistance, lipid raft fractions (fractions 3–5) were collected
and pooled (Fig. 7D). As shown in Fig. 7E and Fig. S2C, miR-1238 de-
crease in U251r and N3r cells induced a dramatic decrease in p-EGFR
to EGFR levels and increased PTEN, a famous tumour suppressor that
is mutated in a large number of GBMs and which can inhibit the devel-
opment of tumours by antagonistic tyrosine kinase andother phosphor-
ylase activity [35] levels with TMZ treatment. It is well-known that the
activation of EGFR contributes to the activation of multiple downstream
signal transduction pathways such as the PI3K-AKT-mTOR pathway,
which has been verified to contribute to chemoresistance in different
tumours, including GBM [36,37]. To illustrate the effect of CAV1 on the
activation of the PI3K-AKT-mTOR pathway, the phosphorylation of
EGFR, PI3K, AKT, and mTOR was analysed. The results showed that
downregulation of miR-1238 suppressed the activation of the PI3K-
Akt-mTOR signal transduction pathway, which could be rescued by
CAV1 knockdown (Fig. 7F and Fig. S2D). In conclusion, down-
regulation of CAV1 induced by increased miR-1238 activated the PI3K-
AKT-mTOR pathway in TMZ resistant GBM cells. At the same time, we
evaluated the activation of this pathway in TMZ-sensitive cells after in-
cubation with resistant exosomes. The results suggest that exosomal
transfer of miR-1238 from resistant cells to sensitive ones could confer
chemoresistance via activating the EGFR-PI3K-AKT-mTOR pathway
(Fig. S3).

3.6. Exosomal miR-1238 conferred TMZ resistance to GBM cells in vivo

Wenext investigatedwhether exosomalmiR-1238 regulated its tar-
get genes and TMZ resistance in vivo. Prior to orthotopic injection in
mice, N3s/luciferase cells were pre-incubated with N3r exosomes for
6 days. Then, in the presence of TMZ, tumour volume in mice was
analysed by bioluminescence imaging. Consistent with the in vitro ex-
periments, resistant exosomes increased TMZ resistance inmice and de-
creased miR-1238 expression levels negated this effect (Fig. 8A–C).
Survival analysis of the three groups also yielded statistically significant
iR-NC ormiR-1238 inhibitor-transfected TMZ-resistant cell lines (U251r and N3r) with or
ncentrations for 48 h. C and D: Plate colony formation assays of the miR-NC or miR-1238
ction under TMZ treatment or not. E: FACS analysis was performed to assess the apoptotic
AV1 treatmentwith 200 μMTMZ for 48 h. F: Western blot analysis of the expression of the
V1, miR-1238 inhibitor, or miR-1238 inhibitor plus shCAV1 upon treatment with 200 μM
nalysis was performed by Student‘s t-test, *P b .05, **P b .01.)
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Fig. 8. ExosomalmiR-1238 conferred TMZ resistance to GBM cells in vivo. A: Representative pseudocolour bioluminescence images of orthotopic tumours derived fromN3 s cells fedwith
resistant exosomes or 1238-down exosomes after treatment with vehicle or TMZ on the days indicated (n = 10 per group). B: Bioluminescence was quantified in tumours from four
groups. C: Representative H&E staining for tumour cytostructures. Scale bars = 100 mm (left panels) and 100 mm (bottom panels). D: Survival curves of mice harbouring intracranial
xenografts. E: TUNEL staining of N3 s cells injected into mice treated with TMZ plus exosomal treatment (scale bars = 200 μm). F: Relative expression of miR-1238 in serum samples
was measured by RT-qPCR. In all experiments, bars represent mean ± SD from three replicates. (Statistical analysis was performed by Student‘s t-test, *P b .05, **P b .01.)
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results (Fig. 8D). TUNEL staining was significantly increased in tumours
pre-treated with resistant exosomes and downregulation of exosomal
miR-1238 defeated the function of resistant exosomes (Fig. 8E). More-
over, we retrieved blood samples from all mice 27 days after tumour
Fig. 7.MiR-1238/CAV1 signaling modulates TMZ resistance via EGFR pathway. A: Representativ
bars=10 μm). B: Co-IPwasperformedusing lysates fromU251andN3 cells transfectedwith FL
antibodies. C: U251 and N3 cells transfected with si-CAV1 or control were treated with EGF (50
antibodies indicated. D: Subcellular fractionation of U251r and N3r cells created 10 fractions an
U251r and 4, 5, and 6 fromN3rwere pooled and considered as caveolaemembranes. E:Western
of U251r cells. F:Western blot analysis was performed to estimate the activation of the PI3K-Ak
treatment or not. All results are representative of at least three independent experiments.
formation. RT-qPCR analysis of exosomal miR-1238 extracted from the
sera of mice indicated that resistant mice have higher levels of miR-
1238 (Fig. 8F). These results confirmed our hypothesis that exosomal
miR-1238 in serummay provide a potential indicator of TMZ resistance.
e confocal images of CAV1 (green) and EGFR (red) colocalized in U251 and N3 cells (scale
AG-CAV1,Myc-EGFR, or vector control.Western blottingwas performedwith the indicated
ng/mL) for the times shown prior to harvest, lysis, and analysis by western blot using the
d each was tested for the presence of CAV1 by western blotting. Fractions 3, 4, and 5 from
blot analysis for phospho-EGFR, EGFR, CAV1, and PTEN in collected fractions or cell lysate
t-mTOR pathway in U251r cells transfected with miR-1238 inhibitor or shCAV1with TMZ
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4. Discussion

Previous studies have demonstrated that processes such as cell prolif-
eration, apoptosis, survival, andmetastasis are regulatedbymiRNAs func-
tioning as either oncogenes or tumour suppressor genes [38,39]. And,
targeting aberrantly expressed miRNAs in tumours is a promising thera-
peutic direction [40]. Our group has been devoted to the investigation of
miRNAs for decades tofindmore effient therapeutic targets for treatment
of GBM. For example, we firstly identified the role of miR-181a andmiR-
181b as tumour suppressors in human glioma cells [41]. In addition, we
reported that the MIR155HG/miR-155 axis plays a critical role in GBM
progression and NSC141562, an MIR155/miR-155 axis inhibitor, may
provide a candidate anti-GBM drug [42]. In this study, we focused on
miR-1238,which is a newly discoveredmiRNA that lacks adequate atten-
tion in the literature. ZhangHT et al. reported thatmiR-1238 functions as
a tumour suppressor via inhibiting cell proliferation by targeting LHX2 in
non-small cell lung cancer [43]. On the contrary, our previous results in-
dicated that a higher level of miR-1238 is correlatedwith TMZ resistance
inGBMpatients. Our results also showed that downregulation of TMZ re-
sistant cells significantly decreased the apoptosis rate with TMZ treat-
ment, thus conferring chemoresistance to GBM cells. EGFR has been
shown to play an important role in TMZ resistance [44,45]. EGFR kinase
inhibitor erlotinib plus TMZ has been shown to improve the overall sur-
vival of glioblastoma patients compared to TMZ alone [46]. In our study,
confocal microscopy and co-immunoprecipitation indicated that CAV1
and EGFR are mutually interactive. Loss of CAV1 binding induced the ac-
tivation of the EGFR-PI3K-Akt-mTOR pathway, leading to enhanced anti-
apoptosis of GBM cells under TMZ treatment. To the best of our knowl-
edge, this is thefirst studyofmiR-1238expressionandbiological function
in GBM cells. ThemiR-1238/CAV1 axis may provide a potential target for
future anti-tumour drugs.

Exosomes are a novel class of extracellular vesicles that have gained
enormous attention lately as facilitators of the progression of various tu-
mours [47]. Temozolomide resistance in glioblastoma stem cells can be
reflectedby extracellular vesicles [48]. In this study,we found that circu-
lating exosomes from GBM patients contain higher levels of miR-1238
than healthy circulating exosomes. In addition, exosomal miR-1238
transferred to recipient cells induced the upregulation of miR-1238
levels in TMZ sensitive cells. This process may cause partial resistance
in TMZ sensitive cells in vitro and in vivo via the intensive activation of
the EGFR-PI3K-Akt-mTOR pathway. Thus we assume that exosomal
miR-1238 in the serum of GBM patients could function as a reminder
for doctors to adopt efficacious chemotherapeutic protocols. However,
more clinical data in addition to the development of more convenient
and rapidmethods for the detection of circulatingmiRNAs are required.

5. Conclusion

In conclusion, our results demonstrate the importance of miR-1238/
CAV1 signaling in acquired TMZ-resistance in GBM cells and that
exosomes act as carriers of miR-1238. Moreover, circulating miR-1238
may be used as a clinical biomarker for TMZ response. Taken together,
these findings reveal a novel molecular mechanism of TMZ resistance
in GBM.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.03.016.
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