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1  | INTRODUC TION

Glioma, as the most common primary malignant brain tumor in 
adults, has a high morbidity and mortality.1 Temozolomide (TMZ) 
is the first-line treatment for glioma, but the development of che-
moresistance limits its clinical efficacy.2,3 Resistance to TMZ and 
subsequent tumor recurrence has become a major obstacle in the 

clinical therapy of glioma.4 High levels of O6-methylguanine meth-
yltransferase and DNA damage repair barriers could be part of the 
cause of TMZ resistance.4 However, the underlying mechanism of 
TMZ resistance in glioma remains unclear.

Heparanase is an endoglucuronidase, which can change the struc-
ture and function of heparan sulfate (HS) proteoglycans by cutting 
HS chains.5,6 Studies have found that heparanase contributes to 
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Abstract
Temozolomide (TMZ) resistance is the main challenge in the management of glioma 
patients. Heparanase can mediate the secretion and function of exosomes, which 
are considered to be a promising molecular delivery system for cancer therapy. 
Therefore, this study aimed to investigate whether heparanase-mediated delivery of 
exosomes was related to TMZ resistance of glioma. Heparanase was upregulated in 
TMZ-resistant glioma cells, and overexpression of heparanase led to increased resist-
ance of U87 cells to TMZ. Knockdown of heparanase led to increased sensitivity of 
TMZ-resistant U251 cells (U251R) cells to TMZ. Heparanase promoted the secretion 
of exosomes from glioma cells, and coculture with exosomes derived from hepara-
nase knockdown U251R cells partly restored the sensitivity of U251 cells to TMZ 
compared with exosomes derived from si-control transfected U251R cells. It was 
identified by circular RNA microarrays that hsa_circ_0042003 was upregulated in 
exosomes derived from U251R, which could be positively regulated by heparanase. 
U251R cell-derived exosomal hsa_circ_0042003 conferred the resistance of U251 
cells to TMZ. In vivo studies also showed that U251R cell-derived exosomes induced 
resistance of U251 cells to TMZ, and the combination of tail-injected exosomal si-
heparanase or exosomal si-hsa_circ_0042003 and intraperitoneal TMZ applied to 
nude mice abolished TMZ resistance. Heparanase mediated the transfer of exosomal 
hsa_circ_0042003 from TMZ-resistant glioma cells to drug-sensitive cells, which con-
tributed to the chemoresistance of glioma to TMZ.
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tumor-mediated cell surface and ECM remodeling, and is closely re-
lated to tumor metastasis and angiogenesis.7,8 Recent studies have 
confirmed that the expression of heparanase in a variety of can-
cers is upregulated, which is associated with increased metastasis 
and poor prognosis.8-10 High levels of heparanase are related to the 
poor prognosis of patients with high-grade glioma; therefore, chang-
ing heparanase levels to target malignant brain tumor cells and their 
microenvironment could provide ideas for the treatment of malig-
nant glioma.11 Increasing evidence also confirms that heparanase is 
involved in all processes of tumor formation, including chemoresis-
tance.12 However, the effect of heparanase on glioma chemotherapy 
resistance is less reported.

Exosomes are nanoscale extracellular vesicles that contain a spe-
cific amount of RNA molecules, proteins, and lipids, which can be 
released by all cells and naturally exist in the blood.13 At present, 
exosomes are considered as the carriers of signal transduction be-
tween cells. Exosomes can be internalized by neighboring target cells 
and mediate cell communication by releasing their contents into the 
cellular microenvironment of the recipient cell.14 Increased data in-
dicate that tumor-derived exosomes are involved in the regulation 
of pathophysiological processes, including tumor growth, metasta-
sis, microenvironment regulation, and chemoresistance.15,16 Recent 
studies have found that circular RNAs (circRNAs) can be metasta-
sized by exosomes, and exosomal circRNAs have the potential to 
become biological indicators for cancer diagnosis, treatment, and 
prognosis.17 A previous study reported that heparanase affects the 
composition of protein and mRNA in exosomes.18 However, it is un-
clear whether heparanase is involved in exosomal circRNAs in the 
process of mediating exosome transfer.

In this study, we aimed to explore whether heparanase-mediated 
exosomal delivery is related to the TMZ resistance of glioma. We iden-
tified circRNAs related to TMZ resistance in glioma cell-derived exo-
somes. Moreover, through a nude mouse xenograft model, we initially 
assessed whether drug-resistant cells affect the resistance of sensitive 
cells to TMZ via exosomes in vivo. This study may provide new ideas 
for the development of potential therapies for TMZ-resistant glioma.

2  | MATERIAL S AND METHODS

2.1 | Serum samples

A total of 40 patients with advanced glioma from The Second 
Affiliated Hospital of Zhengzhou University were enrolled in the 
present study. Of them, 20 patients had progressive disease during 
primary chemotherapy or suffered recurrence within 6  months of 
completing primary chemotherapy (TMZ-resistant patients), and 20 
patients had recurrence beyond 6 months or were without relapse 
after TMZ-based chemotherapy (TMZ-sensitive patients). Assessment 
of each patient’s response to TMZ was based on RECIST version 1.1. 
Peripheral blood samples were collected from glioma patients prior to 
starting chemotherapy, and serum samples were obtained after cen-
trifugation. There was no healthy donor serum used as control for the 

following serum exosome analysis. The study was approved by the 
Ethics Committee of The Second Affiliated Hospital of Zhengzhou 
University, and written consent was obtained from all patients.

2.2 | Cell culture and treatment

The human malignant glioma cell lines (T98G, U138, LN382, KMG4, 
LN235, LN308, A172, AM38, U87, U251) were purchased from 
Chinese Academy of Sciences Cell Bank (Shanghai, China) and cul-
tured in DMEM (Invitrogen Life Technologies) containing 10% FBS 
(Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin (Sigma-
Aldrich) at 37℃ with 5% CO2.

As described previously, the TMZ-resistant glioma cell line 
(U251R) was obtained by gradually exposing the parental cell line 
(U251) to medium with increasing doses of TMZ.19 The medium con-
taining TMZ was changed every 2-3 days. In addition, 30 μM TMZ 
was used for subsequent analysis.

Small interference RNA targeting heparanase (si-heparanase) and 
matching control, as well as si-hsa_circ_0042003 and corresponding 
control, were obtained from GenePharma. Heparanase pcDNA3.1 
plasmid (pcDNA-heparanase), hsa_circ_0042003 pcDNA3.1 plasmid 
(pcDNA-hsa_circ_0042003) and their corresponding controls were 
obtained from RiboBio. The oligonucleotides were transfected into 
U251 and U251R cells using Lipofectamine 3000 reagent (Invitrogen) 
following the manufacturer’s protocols.

2.3 | Cell counting kit-8 assay

Cell Counting Kit-8 (Beyotime) was used to evaluate the IC50 value of 
TMZ. In brief, glioma cells (2 × 103) were incubated in media contain-
ing different concentrations of TMZ (0, 0.1, 1, 5, 10, 20, 100, 200, and 
400 μM) for 48 hours. Ten microliters of CCK-8 solution (Beyotime) 
was added to each well and incubated for 2 hours. The absorbance 
at 450 nm was measured with a microplate reader. GraphPad Prism 
version 8.0 (GraphPad Software) was used to calculate the IC50 of 
TMZ. For exosome treatment analysis, 2  ×  103 cells were seeded 
into 96-well plates, and exosomes were loaded at a concentration 
of 10 μg/mL. After incubating at 37℃ for 48 hours, the medium was 
removed, and fresh medium containing different concentrations 
of TMZ was added to each well and cells were further cultured for 
48 hours. At the end of the treatment, the absorbance at 450 nm 
was determined, and IC50 was calculated.

For cell proliferation determination, U251 and U251R cells 
(2 × 103) were seeded into 96-well plates, and cell growth was de-
termined by CCK-8 assay every 24 hours for three consecutive days.

2.4 | 5-Ethynyl-2′-deoxyuridine incorporation assay

After exosome loading (or not), cells were cultured with 30  μM 
TMZ for 48  hours. Cell proliferation was also assessed by the 
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5-ethynyl-2′-deoxyuridine (EdU) assay using a Cell-Light EdU DNA 
Cell Proliferation Kit (RiboBio) according to the instructions.

2.5 | Flow cytometry

The apoptosis rate after TMZ treatment was determined by flow 
cytometry. After 48  hours of incubation with 30  μM TMZ, the 
cells were collected and labeled with annexin V-FITC and propid-
ium iodide (BD Biosciences). Apoptotic cells were quantified by a 
fluorescence-activated cell sorting flow cytometer (BD Biosciences).

2.6 | Quantitative real-time PCR

Total RNA of exosomes from serum was isolated using the exoRNeasy 
serum/plasma midi kit (Qiagen), and total RNA from cells and exosomes 
derived from cells was isolated using TRIzol reagent (Invitrogen). The 
complementary DNA was synthesized by the High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems). The SYBR Green PCR 
Master Mix (Thermo Fisher Scientific) was mixed with primers for the 
quantitative real-time PCR (qRT-PCR) assay. The qRT-PCR was under-
taken using an ABI 7500 real-time PCR system (Applied Biosystems). 
Gene expression was calculated using the 2−ΔΔCt method; GAPDH was 
used as the internal control. The primers are displayed in Table 1.

2.7 | Western blot assay

Total proteins were exacted from cells and exosomes using lysis 
buffer (Beyotime). The protein concentration was analyzed using a 
BCA Protein Assay Kit (Beyotime). Proteins were separated using 
SDS-PAGE and then transferred onto PVDF membranes (Roche 
Applied Science). The membranes were blocked with 2% BSA (Sigma-
Aldrich), followed by incubation with the indicated primary Abs over-
night at 4℃. Membranes were then incubated with HRP-conjugated 

goat anti-mouse or goat anti-rabbit IgG for 2  hours at room tem-
perature, and the immunoblots were visualized using an enhanced 
chemiluminescence kit (GE Healthcare). The following primary Abs 
were used: anti-heparanase (sc-25825; Santa Cruz Biotechnology), 
anti-CD63 (ab134045, 1:1000; Abcam), anti-CD9 (ab92726, 1:1000; 
Abcam), anti-CD81 (ab219209, 1:1000; Abcam), anti-Flotillin-1 
(ab133497, 1:10 000; Abcam), and anti-β-actin (Abcam).

2.8 | Isolation and characterization of exosomes

As previously described,20 exosomes were isolated from vesicle-
depleted medium and serum samples using the Total Exosome 
Isolation Kit (Thermo Fisher Scientific). The exosomal protein con-
centration was detected by BCA colorimetric method. The mor-
phology of the exosomes was observed using transmission electron 
microscopy (JEM1011 Microscope; Jeol),21 and the size of exosomes 
was determined by the Nanoparticle Tracking Analysis (NTA) using 
NanoSight NS300 (NanoSight Technology).22 The protein markers 
of exosomes were identified using western blot assay, and anti-
flotillin-1, anti-CD63, anti-CD9, and anti-CD81 Abs were used.

2.9 | Circular RNA microarray

Exosomal RNA from cell culture media was isolated using the 
Qiagen exoEasy Maxi Kit (Qiagen). Total RNA was digested with 
RNase R. The quality of RNA was measured by NanoDrop ND-1000 
(NanoDrop Technologies). The Arraystar Flash RNA Labeling Kit 
(Arraystar) was used to amplify enriched circRNAs and transcribed 
them into fluorescent cRNA. After purification by the RNeasy Mini 
Kit (Qiagen), the labeled cRNAs were hybridized to Arraystar cir-
cRNA Microarray version 2.0. The G2565CA microarray scanner 
system (Agilent Technologies) was used for microarray scanning. 
Arraystar software was used to normalize the microarray data and 
the differentially expressed circRNAs (P  <  .05 and fold change 

Gene Forward primer sequence Reverse primer sequence

Heparanase 5′-CCC TTG CTA TCC GAC 
ACC TT-3′

5′-CAC CAC TTC TAT TCC 
CTT TCG-3′

hsa_circ_0041638 5′-CCG TGT GTA AGG CGG 
GAG-3′

5′-CAT AGA TAC CCG 
TGG AAG CCC-3′

hsa_circ_0005963 5′-GGC ATG TGT GGT CGT 
TTT TCA-3′

5′-AGG TCA CAA CAA 
TGG ATG CC-3′

hsa_circ_0037096 5′-GTC CGC AAC CCG GAG 
AAG-3′

5′-CCA CCA CGT GCT 
CCA AGT AG-3′

hsa_circ_0002782 5′-ACC TGC CAT CAA TGG 
TGT GA-3′

5′-GCT GTA AGA CTG 
CTG GAC AGA-3′

hsa_circ_0042003 5′-CCA AGA TGT GCT GGA 
TGC AA-3′

5′-CTA CTG CTC CAC 
GAC AGG TG-3′

GAPDH 5′-GTC AAC GGA TTT GGT 
CTG TAT T-3′

5′-AGT CTT CTG GGT 
GGC AGT GAT-3′

TA B L E  1   Primer sequences used this 
study
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greater than 2) were identified. Hierarchical clustering was carried 
out to visualize the circRNAs.

2.10 | PKH26 staining

Purified exosomes were labeled using a PKH26 red fluorescent la-
beling kit (Sigma-Aldrich). Exosomes (300 μL) were resuspended in 
100  μL Diluent C, and another 300  μL Diluent C was mixed with 
1.4 μL PKH26 to prepare the staining solution. The exosome suspen-
sion was mixed with the staining solution and incubated for 5 min-
utes. The labeled exosomes were added into U251 or U251R cells, 
and then incubated at 37℃ for 6 hours. The cells were fixed with 4% 
paraformaldehyde, and then stained with DAPI. An FV1000 confo-
cal microscope (Olympus) equipped with the UPlanSApo 40×/0.75 
objective lens with red fluorescence intensity was used to determine 
the uptake of the labeled exosomes by recipient cells.

2.11 | Xenograft model

Female BALB/c nude mice (6 weeks old) were obtained from Beijing 
HFK Bioscience and housed in a special pathogen-free animal facil-
ity. Animal studies were approved by the Ethics Committee of The 
Second Affiliated Hospital of Zhengzhou University. In order to eval-
uate the role of exosomes in vivo, exosomes derived from U251R 
cells were collected. Nude mice were randomly selected and divided 
into two groups, the PBS group and U251R exo group, with five ani-
mals in each. U251 cells (2 × 106) were injected subcutaneously in 
the right flank. When the tumor volume exceeded 500 mm3 (15 days 
after inoculation), the PBS group was injected with 30 μL PBS daily 
through the tail vein, while U251R exo group was given 15 μg U251R 
cell-derived exosomes (exosomes were resuspended in 30 μL PBS). 
At the same time, TMZ (40 mg/kg) was given daily by intraperitoneal 
injection. The tumor size was quantified every 4 days according to 
the formula: tumor volume (mm3) = (shortest diameter)2 × (longest 
diameter) × 0.52. After 28 days of treatment, blood and xenograft 
tumors of nude mice were collected for subsequent determination. 
Immunohistochemistry (IHC) analysis was carried on mice xenoge-
neic tumor tissues as described previously.23

In order to evaluate whether exosomes work by exosomal hsa_
circ_0042003 or heparanase in vivo, exosomes derived from U251 
cells transfected with si-control (si-control exo), si-heparanase (si-
heparanase exo), or si-hsa_circ_0042003 (si-hsa_circ_0042003 exo) 
were collected. First, U251R cells (2  ×  106) were subcutaneously 
inoculated into the right flank of 6-week-old nude mice. When the 
smallest xenograft tumor volume was approximately 500 mm3, the 
nude mice were randomly divided into four groups, PBS, si-control 
exo, si-heparanase exo, and si-hsa_circ_0042003, with five animals 
in each group. Then nude mice were cotreated with intraperitoneal 
injection of TMZ (40 mg/kg) and tail injection of 15 μg exosomes (si-
control exo, si-heparanase exo, or si-hsa_circ_0042003 exo) or PBS 
daily. The tumor volume was measured and calculated every 4 days. 

The blood and xenograft tumor of nude mice were collected after 
28 days of continuous treatment.

2.12 | Statistical analysis

Statistical analyses were undertaken using GraphPad Prism version 
8.0 (GraphPad Software). Data are shown as mean ± SD of at least 
three independent experiments. Student’s t test or ANOVA was 
used for comparison between groups. P < .05 was considered to be 
statistically significant.

3  | RESULTS

3.1 | Expression of heparanase in glioma cells 
correlates with their resistance to TMZ

The IC50 values of TMZ in glioma cells are shown in Figure 1A. Among 
them, U251 had the highest sensitivity to TMZ. Heparanase mRNA 
expression was positively correlated with the IC50 of glioma cells to 
TMZ (Figure  1B). The IC50 of U251R cells (160.4  μM) was sharply 
higher than that of the U251 parental cells (16.38 μM), suggesting a 
successful establishment of TMZ-resistant glioma cells (Figure 1C). 
Temozolide resistance affected the expression of heparanase, in-
cluding promoting the expression of heparanase mRNA (Figure 1D) 
and protein (Figure  1E). Compared with U251 cells, U251R cells 
showed increased cell viability (Figure 1F). Together, the changes in 
cell activity induced by TMZ resistance might be related to the up-
regulated expression of heparanase.

3.2 | Heparanase confers resistance to TMZ in 
glioma cells

As shown in Figure 2A, overexpression of heparanase increased the 
IC50 value of TMZ in U87 cells, suggesting upregulation of heparanase 
could increase the resistance of TMZ-sensitive glioma cells to TMZ. 
Additionally, knockdown of heparanase decreased the IC50 value of 
TMZ in U251R cells, suggesting downregulation of heparanase could in-
crease the sensitivity of TMZ-resistant glioma cells to TMZ (Figure 2B). 
Moreover, EdU assay showed that knockdown of heparanase inhibited 
cell proliferation of U251R cells treated with TMZ (Figure 2C). Inhibition 
of apoptosis is one of the manifestations related to TMZ resistance. It 
was found that knockdown of heparanase induced apoptosis of U251R 
cells exposed to TMZ (Figure 2D). These data revealed that heparanase 
enhanced glioma cells’ resistance to TMZ.

3.3 | Heparanase promotes exosome secretion

As shown in Figure  3A, U251R cells secreted more exosomes than 
U251 cells. To investigate the role of heparanase on the secretion of 
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exosomes, si-heparanase was transfected into U251R cells. As ex-
pected, knockdown of heparanase reduced the secretion of exosomes 
from U251R cells (Figure 3A). As shown in Figure 3B, flotillin-1, CD63, 
CD9, and CD81 were more enriched in exosomes derived from U251R 
cells than U251 cells, and knockdown of heparanase reduced flotillin-1, 
CD63, CD9, and CD81 levels in U251R-derived exosomes. Transmission 
electron microscopy revealed that the vesicles isolated from U251 and 
U251R cells contained a round or oval membrane (Figure 3C). The NTA 
analysis showed that most of the vesicles had a diameter in the range of 
50–150 nm (data no shown). Therefore, heparanase might promote the 
secretion of exosomes derived from glioma cells.

3.4 | U251R cell-derived exosomes enhance TMZ 
resistance in parental U251 cells

Exosomes have been identified to be related to chemoresistance of 
cancer cells.24 Therefore, we investigated whether exosomes func-
tion in TMZ resistance in glioma cells. U251 cells were cocultured with 
exosomes derived from U251R and U251 cells, respectively, before 
TMZ treatment. As shown in Figure  4A, immunofluorescence con-
firmed that PKH26-labeled exosomes derived from U251 and U251R 
cells could be delivered to U251 cells. Additionally, coculture with 

exosomes derived from U251R cells could enhance the resistance of 
U251 cells to TMZ, which was manifested by a significantly increased 
IC50 value (Figure 4B). Knockdown of heparanase attenuated the en-
hancement of U251R cell-derived exosomes on the chemoresistance 
of U251 cells (Figure 4B). Temozolide-resistant cell-derived exosomes 
led to a marked enhancement in the proliferation, and clearly weak-
ened apoptosis, of U251 cells (Figure 4C,D). Simultaneously, hepara-
nase knockdown in exosomes derived from U251R cells could rescue 
the effects of TMZ-resistant cell-derived exosomes on the prolifera-
tion and apoptosis of U251 cells. These results confirmed that ex-
osomes derived from TMZ-resistant cells could reduce the sensitivity 
of U251 cells to TMZ, and heparanase was involved in this process.

3.5 | Hsa_circ_0042003 is upregulated in U251R 
cell-derived exosomes and serum exosomes of TMZ-
resistant glioma patients

Circular RNAs can be carried by exosomes and transferred to ad-
jacent or distant cells for intercellular communication.22 Therefore, 
we undertook a microarray using exosomes derived from U251 and 
U251R cells. Compared with exosomes derived from U251 cells, 
104 circRNAs changed significantly in the exosomes derived from 

F I G U R E  1   Expression of heparanase in glioma cells correlates with their resistance to temozolomide (TMZ). A, CCK-8 assay was used to 
analyze the viability of glioma cells treated with different concentrations of TMZ (0, 0.1, 1, 5, 10, 20, 100, 200, 400 μM) for 48 hours, and 
the IC50 of TMZ was calculated. B, The relationship between heparanase mRNA and the IC50 of TMZ in glioma cells exposed to TMZ was 
analyzed. C, Viability of U251 and U251R cells exposed to TMZ was analyzed using CCK-8 assay. CI, confidence interval. D, The expression 
of heparanase mRNA in U251R cells was markedly higher than that of U251 cells. E, Western blot assay was used to analyze the expression 
of heparanase in U251 and U251R cells. F, Proliferation of U251 and U251R cells was analyzed using CCK-8 assay. *P < .05; **P < .01; 
***P < .001
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U251R cells (P  <  .05 and fold change greater than 2), of which 
55 were upregulated and 49 were downregulated (Figure  5A). 
The top five most increased circRNAs (hsa_circ_0041638, hsa_
circ_0005963, hsa_circ_0037096, hsa_circ_0002782, and hsa_
circ_0042003; Table 2) were selected for verification in exosomes 
derived from U251 and U251R cells (Figure  5B), or exosomes 
derived from serum of patients with and without TMZ-resistant 
glioma (Figure  5C) using qRT-PCR. There were no significant 

differences in the baseline clinical characteristics between TMZ-
resistant and TMZ-sensitive patients (Table  3). The results of 
qRT-PCR revealed that, in equal exosomal protein amounts, hsa_
circ_0042003 was significantly increased in U251R cell-derived 
exosomes compared with exosomes derived from U251 cells 
(Figure 5B). Simultaneously, hsa_circ_0042003 in serum exosomes 
derived from TMZ-nonresponders was markedly higher than those 
derived from TMZ-responders (Figure 5C).

F I G U R E  2   Heparanase confers resistance to temozolomide (TMZ) in glioma cells. A, The viability of U87 cells transfected with 
heparanase pcDNA was analyzed using CCK-8 assay when exposed to different concentration of TMZ. B, The viability of U251R cells 
transfected with heparanase siRNA was analyzed using CCK-8 assay when exposed to different concentration of TMZ. C, Proliferation 
of U251R cells transfected with heparanase siRNA was detected using EdU assay when exposed to 30 μM TMZ. Scale bar = 50 μM. D, 
Apoptosis of U251R cells transfected with heparanase siRNA was detected using flow cytometry when exposed to 30 μM TMZ. ***P < .001. 
CI, confidence interval
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3.6 | Heparanase regulates TMZ 
resistance in glioma cells by enhancing hsa_
circ_0042003 expression

As shown in Figure 6A, si-heparanase transfection could markedly 
reduce the expression of hsa_circ_0042003 in exosomes derived 
from U251R cells. Additionally, heparanase pcDNA transfection pro-
moted hsa_circ_0042003 expression in exosomes derived from U251 
cells (Figure  6B). Moreover, si-heparanase transfection decreased 
hsa_circ_0042003 expression in U251R cells (Figure  6C), whereas 
pcDNA-heparanase transfection increased hsa_circ_0042003 ex-
pression in U251 cells (Figure  6D). These data revealed that hep-
aranase positively regulated hsa_circ_0042003 expression and 
participated in the mediation of hsa_circ_0042003 from cells to ex-
osomes. Compared with coculture with U251 cell-derived exosomes, 

coculture with exosomes derived from U251R cells significantly in-
creased the level of hsa_circ_0042003 in U251 cells (Figure 6E), sug-
gesting that hsa_circ_0042003 could be received by recipient cells 
through exosomes.

To assess whether hsa_circ_0042003 was related to TMZ re-
sistance, U251 cells were cocultured with exosomes derived from 
U251R cells transfected with si-hsa_circ_0042003 or exosomes de-
rived from U251 cells transfected with pcDNA-hsa_circ_0042003. 
In a series of functional experiments, U251R cell-derived exosomal 
si-hsa_circ_0042003 could abolish the TMZ resistance of U251 cells 
induced by control U251R-derived exosomes (Figure  6F), result-
ing in decreased proliferation (Figure 6H) and increased apoptosis 
(Figure  6I). In contrast, U251 cell-derived exosomal pcDNA-hsa_
circ_0042003 increased the resistance of U251 cells to TMZ 
(Figure 6G, J, K).

3.7 | Exosomes derived from chemoresistant cells 
decrease the drug susceptibility of chemosensitive 
cells in vivo

Although it is still unclear how drug-sensitive cells develop chem-
oresistance, some studies have suggested that this might involve the 
intercellular communication function of exosomes.25 Considering 
that sensitive cells could be affected by exosomes derived from 
drug-resistant cells, we divided nude mice into a PBS group and a 
U251R exo group. A xenograft model was established according to 
the process shown in Figure 7A. The exosomes derived from U251R 
cells were collected and characterized (Figure  7B,C). U251 cells 
(2 × 106) were injected subcutaneously in the right flank. When the 
tumor volume exceeded 500 mm3, the PBS group was injected with 
30 μL PBS daily through the tail vein, while the U251R exo group 
was given 15 μg U251R-derived exosomes. At the same time, TMZ 
(40 mg/kg) was given daily by intraperitoneal injection. The tumor 
size was quantified every 4 days. After 28 days of treatment, blood 
and xenograft tumors of nude mice were collected. The volume of 
xenograft tumors in the U251R exo group was significantly higher 
than that in the PBS group (Figure 7D). Subsequently, we evaluated 
whether U251R-derived exosomes affected TMZ resistance of U251 
cells through exosomal hsa_circ_0042003. As shown in Figure 7E,G, 
the U251R exo group had significantly higher hsa_circ_0042003 lev-
els in serum exosomes and tumors than the PBS group. Similar to the 
change in tumor volume, xenograft tumor weight also revealed that, 
compared with U251 cells in the PBS group, the proliferation ability 
of U251 cells in the U251R exo group was significantly less inhibited 
by TMZ treatment (Figure 7F). In addition, IHC analysis showed that 
xenograft tumor in the U251R exo group had higher proliferating cell 
nuclear antigen (PCNA) expression and lower caspase-3 expression 
than the PBS group (Figure  7H). These data revealed that U251R 
cell-derived exosomes could enhance the resistance of U251 cells 
to TMZ, which might involve the process of exosomes delivering 
hsa_circ_0042003 to sensitive cells.

F I G U R E  3   Heparanase promotes exosome secretion. A, 
Content of exosome protein isolated from U251 and U251R cells 
transfected with or without heparanase siRNA was detected by the 
BCA colorimetric method. B, Expression of exosome (exo) marker 
proteins flotillin-1, CD63, CD9, and CD81 was analyzed using 
western blot assay. C, Morphology of exosomes was observed 
using transmission electron microscopy. ***P < .001
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3.8 | Systemically injected si-heparanase or si-hsa_
circ_0042003 exosomes could sensitize the response 
to TMZ in vivo

Subsequently, the effects of exosomal heparanase and exosomal 
hsa_circ_0042003 on the growth of TMZ-resistant glioma cells 
were investigated in vivo. In view of the strong proliferation ability 
of U251R cells, subcutaneous injection of U251R cells was chosen 

to construct a nude mouse model. When the tumors had grown to 
a suitable size, 15 μg of different exosomes (resuspended in 30 μL 
PBS) or PBS was injected through the tail vein combined with intra-
peritoneal injection of TMZ (40 mg/kg). Over time, the tumors in the 
PBS group and si-control exo group progressed, while the tumors 
in the si-heparanase exo and si-hsa_circ_0042003 exo groups were 
stable (Figure 8A). Exosomes were isolated from nude mouse serum 
and hsa_circ_0042003 levels were determined using qRT-PCR. The 

F I G U R E  4   U251R cell-derived exosomes enhance resistance to temozolomide (TMZ) in parental U251 cells. A, PKH26-labeled exosomes 
(exo) derived from U251 and U251R cells could fuse into U251 cells. Scale bar = 20 μM. B, U251 cells were cocultured with exosomes 
derived from U251R cells transfected with or without heparanase siRNA, and then exposed to different concentrations of TMZ. Viability 
of U251 cells was detected using CCK-8 assay. CI, confidence interval. C, Proliferation of U251 cells was analyzed using EdU assay. Scale 
bar = 50 μM. D, Apoptosis of U251 cells was analyzed using flow cytometry. ***P < .001
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si-heparanase exo and si-hsa_circ_0042003 exo groups had sig-
nificantly reduced hsa_circ_0042003 levels (Figure 8B). Weights of 
the xenograft tumors revealed that si-heparanase exo and si-hsa_
circ_0042003 exo resulted in significantly smaller tumors (Figure 8C). 
In addition, the expression of hsa_circ_0042003 in xenograft 

tumors of the si-heparanase exo group and the si-hsa_circ_0042003 
exo group was significantly reduced (Figure 8D). The IHC analysis 
showed that si-heparanase exo and si-hsa_circ_0042003 exo groups 
had significantly decreased PCNA expression and increased caspase-
3 expression (Figure  8E). Our findings suggested that heparanase 

F I G U R E  5   Hsa_circ_0042003 is upregulated in exosomes derived from U251R cells and the serum exosomes of temozolomide (TMZ)-
resistant glioma patients. A, Hierarchical clustering was used to identify differentially expressed exosomal circRNAs derived from U251 
and U251R cells. B, Expression of hsa_circ_0041638, hsa_circ_0005963, hsa_circ_0037096, hsa_circ_0002782, and hsa_circ_0042003 
in exosomes (exo) derived from U251 and U251R cells was analyzed using quantitative real-time PCR (qRT-PCR). C, Expression of hsa_
circ_0041638, hsa_circ_0005963, hsa_circ_0037096, hsa_circ_0002782, and hsa_circ_0042003 in exosomes derived from serum of 
patients with and without TMZ-resistant glioma was analyzed using qRT-PCR. **P < .01; ***P < .001

CircRNA Gene
Fold 
change Log2(FC) P value Chr Type

hsa_circ_0041638 ENO3 23.965 4.5829 0.0019356 17 Exons

hsa_circ_0005963 TMEM128 16.024 4.0022 0.0026448 4 Exons

hsa_circ_0037096 PCSK6 13.915 3.7986 0.0041371 15 Exons

hsa_circ_0002782 SLC39A8 12.789 3.6768 0.0224070 4 Exons

hsa_circ_0042003 CTC1 10.488 3.3907 0.0172010 17 Exons

Abbreviations: Chr, chromosome number; FC, fold change.

TA B L E  2   Top five upregulated circular 
RNAs (circRNAs) in U251R cells
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accelerated the transmission of exosomal hsa_circ_0042003 from 
TMZ-resistant glioma cells to drug-sensitive cells, thereby promot-
ing the chemoresistance of glioma to TMZ (Figure 9). Inhibition of 
heparanase-mediated transmission of hsa_circ_0042003-rich ex-
osomes might be a possible mechanism to enhance the sensitivity of 
drug-resistant cells to TMZ in vivo.

4  | DISCUSSION

Chemoresistance is one of the main problems in the management of 
glioma, which seriously affects the prognosis of patients. It is neces-
sary to study the related mechanisms of TMZ resistance and deter-
mine new targets for the prevention and therapy of TMZ resistance. 
Exosomes secreted by tumor cells have become a new hotspot in 
the research of chemoresistance,16,26 and heparanase has also been 
confirmed to be involved in mediating the secretion and function of 
exosomes.18 In this study, we found that heparanase was positively 
correlated with the resistance of glioma cells to TMZ, which might 
be achieved by mediating the intercellular communication func-
tion of exosomes. Additionally, we identified an exosomal circRNA 
related to TMZ resistance, hsa_circ_0042003, which might be in-
volved in the role of heparanase in TMZ resistance. The nude mouse 
xenograft model also confirmed that exosomal hsa_circ_0042003-
mediated communication between cells might be the mechanism 
that causes drug-resistant cells to induce TMZ resistance in sensitive 

cells. Moreover, the combination of tail-injected exosomal si-hsa_
circ_0042003 or si-heparanase and intraperitoneal TMZ applied to 
nude mice abolished chemoresistance in vivo. It can be concluded 
from this study that heparanase could facilitate tumor resistance by 
promoting the delivery of exosomal hsa_circ_0042003.

Resistance is currently the biggest obstacle to glioma therapy. It 
has been confirmed that targeting heparanase can inhibit the progres-
sion and chemoresistance of a variety of tumors.9,12,27 In this study, we 
also confirmed that heparanase is positively correlated with TMZ re-
sistance in glioma. Simultaneously, inhibition of heparanase restrained 
a TMZ-resistant phenotype and enhanced TMZ-induced cell death 
in TMZ-resistant glioma cells. Additionally, in the nude mouse model 
established by inoculation with TMZ-resistant cells, the depletion of 
heparanase in exosomes showed enhanced TMZ sensitivity compared 
with empty exosomes. These results revealed that targeting hepara-
nase could benefit the treatment of glioma patients receiving TMZ.

Initially, drug-resistant and sensitive tumor cells coexist, but most 
of the cells eventually become drug-resistant.28 How does this hap-
pen? As a key mediator of communication between tumor cells or 
other cells in the microenvironment, exosomes secreted by tumor cells 
have become a new model for chemoresistance research.25 Exosomes 
derived from chemoresistant cancer cells modify the cell phenotype to 
confer drug resistance on sensitive cells.29,30 For instance, exosomes 
isolated from cisplatin-resistant breast cancer cells can enhance the 
resistance of breast cancer cells to cisplatin.31 In the current study, 
we also confirmed that TMZ-resistant glioma cell-derived exosomes 

Characteristic All patients TMZ nonresponders
TMZ 
responders

P 
value

Gender

Male 25 12 13 >0.05

Female 15 8 7

Age (y)

≥50 25 11 14 >0.05

<50 15 9 6

KPS score

≥80 7 3 4 >0.05

<80 33 17 16

Tumor size (cm)

≥4 22 12 10 >0.05

<4 18 8 10

Abbreviation: KPS, Karnofsky performance status.

TA B L E  3   Baseline clinical 
characteristics of 40 glioma patients

F I G U R E  6   Heparanase regulates temozolomide (TMZ) resistance in glioma cells by enhancing hsa_circ_0042003 expression. Exosomes 
were isolated from U251R cells transfected with si-heparanase, or U251 cells transfected with pcDNA-heparanase. A, B, Expression of 
exosomal hsa_circ_0042003 was analyzed using quantitative real-time PCR (qRT-PCR). C, After U251R cell transfection with si-heparanase, 
hsa_circ_0042003 expression in U251R cells was detected using qRT-PCR. D, After U251 cell transfection with pcDNA-heparanase, 
hsa_circ_0042003 expression in U251 cells was detected using qRT-PCR. E, U251 cells were cocultured with exosomes (exo) derived from 
U251 or U251R cells, and then hsa_circ_0042003 expression in U251 cells was detected using qRT-PCR. U251 cells were cocultured with 
exosomes derived from U251R cells transfected with si-hsa_circ_0042003, or U251 cells transfected with pcDNA-hsa_circ_0042003. 
F, G, CCK-8 assay was used to evaluate the viability of U251 cells. H, J, Proliferation of U251 cells was evaluated using EdU assay. Scale 
bar = 50 μM. I, K, Apoptosis of U251 cells was analyzed using flow cytometry. **P < .01; ***P < .001
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could confer TMZ resistance to the parental sensitive glioma cells. It 
has been reported that the activity of heparanase is necessary to en-
hance the secretion of exosomes.18 Consistently, the knockdown of 

heparanase in the current study reduced the secretion of exosomes 
in TMZ-resistant glioma cells in vitro. In addition, inhibition of hepa-
ranase enhanced the sensitivity of resistant cells to TMZ, which might 



3502  |     SI et al.

F I G U R E  7   Exosomes derived from chemoresistant cells decrease the drug susceptibility of chemosensitive cells in vivo. A, Experimental 
design diagram of the xenograft model. Exosomes derived from U251R cells were collected. B, Expression of exosome (exo) marker proteins 
flotillin-1, CD63, CD9, and CD81 was analyzed using western blot assay. C, Morphology of exosomes was observed using transmission 
electron microscopy. D, Volume of xenograft tumors changed during TMZ and exosome treatment. After 28 days of treatment, mouse 
serum was collected and serum exosomes were extracted. E, Quantitative real-time PCR (qRT-PCR) was used to assess the level of hsa_
circ_0042003 in serum exosomes. F, Tumors were resected from mice at the same time on day 28 of treatment, and the tumor weight is 
shown. G, Level of hsa_circ_0042003 in xenograft tumors was analyzed using qRT-PCR. H, Immunohistochemical analysis of the expression 
of proliferating cell nuclear antigen (PCNA) and caspase-3 in xenograft tumors. Scale bar = 20 μM. **P < .01; ***P < .001
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be achieved by weakening the intercellular communication function of 
exosomes. It was also observed in the nude mouse xenograft model 
that knockdown of heparanase in exosomes reduced TMZ resistance 
in resistant cells in vivo. Therefore, inhibition of heparanase could reg-
ulate the influence of drug-resistant cells on sensitive cells by reducing 
the transfer and communication of exosomes between cells.

The proteins and genetic material carried by exosomes play an 
important role in the signal transduction between cells.32,33 For ex-
ample, exosomes transfer the migration inhibitory factor protein to 
the Kupffer immune cells located in the liver, thereby promoting the 
metastasis of primary cancer cells.34 It has recently been confirmed 
that circRNAs play a key role in cancer progression,35 especially in 
chemoresistance.36 Interestingly, exosomal circRNAs have also been 
found to be involved in the signal exchange between tumor cells, 

the local microenvironment, and remote target organs.37 Here, we 
used a microarray analysis and identified the high expression of 
hsa_circ_0042003 in TMZ-resistant glioma cell-derived exosomes. 
The high expression of hsa_circ_0042003 was confirmed in exo-
somes derived from serum of glioma patients with TMZ resistance. 
Our results showed that downregulation of hsa_circ_0042003 
abolished the TMZ resistance of sensitive cells induced by TMZ-
resistant cell-derived exosomes in vitro, while the acquisition of 
hsa_circ_0042003 increased the TMZ resistance of sensitive cells. 
In addition, in vivo experiments also proved that knockdown of exo-
somal hsa_circ_0042003 partially eliminated the TMZ resistance of 
drug-resistant cells. These findings suggested that blocking the in-
ternalization of exosomal hsa_circ_0042003 might be an effective 
strategy to reduce the chemoresistance of glioma cells.

F I G U R E  8   Systemically injected si-heparanase or si-hsa_circ_0042003 exosomes could sensitize the response to temozolomide (TMZ) in 
vivo. When the volume of tumors developed by inoculated U251R cells exceeded 500 mm3, exosomes derived from U251 cells transfected 
with si-control (si-control exo), si-heparanase (si-heparanase exo), or si-hsa_circ_0042003 (si-hsa_circ_0042003 exo) combined with TMZ 
were used to treat transplanted tumors in a nude mouse model. A, Tumor volume was recorded every 4 days during treatment. After 28 days 
of treatment, serum from nude mice was collected and serum exosomes were separated. B, Level of hsa_circ_0042003 in serum exosomes 
was detected using quantitative real-time PCR (qRT-PCR). C, Tumors were resected from mice at the same time on day 28 of treatment, 
and the actual tumors and tumor weight are shown. D, Levels of hsa_circ_0042003 in xenograft tumors were analyzed using qRT-PCR. 
E, Immunohistochemical analysis of the expression of proliferating cell nuclear antigen (PCNA) and caspase-3 in xenograft tumors. Scale 
bar = 20 μM. **P < .01; ***P < .001

F I G U R E  9   Schematic illustration 
of the mechanism underlying the role 
of heparanase in temozolomide (TMZ) 
resistance in glioma



     |  3505SI et al.

Heparanase can enhance the secretion of exosomes interacting 
with tumors and host cells, and promote their development toward ag-
gressive tumor phenotypes,38 which involves the influence of hepara-
nase on the composition of exosomes, including syndecan-1, vascular 
endothelial growth factor, and hepatocyte growth factor.18 However, 
no studies have reported whether heparanase can regulate the cargo 
of circRNAs in exosomes. Interestingly, we found that the level of 
hsa_circ_0042003 was positively regulated by heparanase, which 
suggested that heparanase-mediated TMZ resistance might involve 
hsa_circ_0042003. Previous studies have confirmed that circRNA 
carried by exosomes derived from drug-resistant cells is absorbed 
by drug-sensitive cells to promote drug resistance.26,39 Therefore, 
drug-resistant cell-derived exosomes could increase the resistance of 
sensitive cells to TMZ in vivo, which could involve in the process of 
exosomes delivering hsa_circ_0042003 to sensitive cells. In addition, 
exosomal heparanase knockdown enhanced the sensitivity of drug-
resistant cells to TMZ in vivo, which decreased hsa_circ_0042003 
expression in serum exosomes and tumors. Collectively, targeting 
heparanase to regulate exosome-mediated hsa_circ_0042003 deliv-
ery could become a potential method to prevent and treat TMZ re-
sistance. In addition, circRNAs have been widely reported to function 
by acting as microRNA sponges. Increasing evidence has revealed 
that circRNAs regulate chemoresistance by sponging microR-
NAs.40,41 Given these findings, we intend to further explore whether 
heparanase-hsa_circ_0042003 functions through microRNAs.

In conclusion, the present study showed that heparanase con-
tributed to the resistance of glioma to TMZ, which involved its pro-
motion of the secretion of TMZ-resistant cell-derived exosomes. 
Additionally, si-hsa_circ_0042003 delivered by exosomes derived 
from U251 cells could reverse the resistance of glioma to TMZ, inhib-
iting cell proliferation and accelerating cell apoptosis, and restraining 
tumor growth in vivo. This study could provide ideas for the develop-
ment of treatment strategies for patients with TMZ-resistant glioma.
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